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1.0 INTRODUCTORY SUMMARY 

rf~(>fHri years,. significanf· advances have been made in building technology•­
n the design of building componeni·s and in building methods themselves. 

l)eporhnent of Housing and Urban Development· (HUD) has c:1t!'empted f·o 
noh.-:: some of these technological advances in a major demonstration pro= 

()PERA-.TIC:H'·~ BREAKTHROUGH - which at t·he time of this wrii·ing is 
n r>ros1re:s~; h is important, of course, that· the technology in each of the 
Focets of the build!ng process advance at approximately t·he same rate, 

the st'ruci'urcd and environmeni·al characteristics of a building syst·em 
r.ue cornpat·ible within ihemselves~ One of the many envlronment·al character··' 
isHcs that must be considered is the sound insulation provided by the various 
buiiding elements. This aspect of the building system is rapidly assuming a 
greoter importance as people become more sensitive t·o the effects of noise 
impact cmd learn that certain steps can be f·aken to avoid i1'. Unfortunately, 
For lhe pc1si· several years there have been few significant advances in the 
theory and practice of sound insulation, with the result· that designs appearing 
in modern acousf-ical handbooks differ I ittle from those of two decades agoo 

HUD has responded i·o f'he need for additional research and development by 
1nsHgating this program which is designed to study techniques of increasing 
t'he sound insulation of building elements and lower the cost$ Included in the 
program is a design goa! requiring that the values of transmission loss for the 
consfrucf'ions developed should exceed the values calculat-ed according to the 
mass law by at least 20 dB in the frequency range 125 Hz to 4000 Hz. This 
unusual but intriguing goal was introduced into the program by the late 
Mr. Robert Miller of HUDr who by so doing provided the necessary challenge 
which was required to develop new design methods .. Even with the knowledge 
gained from this program 17 it is hard in retrospect to define an alternative goal 
that would have inspired the same level of effort and still be within the bounds 
of poss ib ii ity © 

A cursory examination of e,dsting common constructions showed that none 
satisfied or even approached the requirements for t·he ocoustical goal of t·his 
program. The transmission loss of some constructions approaches a V(:1lue that­
is 20 dB greater than the mass low at a few frequencies. To achieve the goal 
over the ful I frequency range, however, the new constructions required an 
order of magnitude increase in the transmission loss values. Moreover, it was 
required that low-cost materials be used in the designs. 

The ·theory available at i·he f'ime predicted thai' the majority of e>dsting con= 
structions were capable of providing significantly greater values of transmission 
I oss than those measured in the I aboratory, It- was the re fore necessary to 
examine and modify the basic H,eories so t·hat more accurate predicHon methods 



could be developed. Chapt·er 2 of this report· contains a comprehensive dis­
cussion of the principles of sound transmission loss for many different types of 
consl·rucHons. The discussion covers the developmeni• of methods which make 
signil'lccud· increases 111 the transmission.loss of simple and complex structures 
posf:1 ble. for convenience v t·hi s chapter concludes with ct summary of the more 

1- ,exprassi ons deve! oped, together whh a description of methods by 
cons:rud~ons cein b~: designed to meet specific acoustical requirements. 

v,:.d idHy of :ihe new expressions, a series of experimental prototypes, 
.!r,c: k·d·;:n ti '.;cr'ies of pn:1cf·ical prot·ot-ype constructions, were designed, bui It 

. Thf:,s.,.s proh)i"ypes cover all the differen'i· types of building elements. 
,:in of th1a opp!icaHon of the design requin:m1ents, the practical con­

nvo!veJ end the protof'ype i'est results are c:onh.1ined in Chapter 3. It 
diown 1-hoi- t-he 1120 dB requirement, n as the ocous-H cal requirement wi 11 be 

nc2,Ferred l·o 1 can be satisfied - but not· always in a manner 1·hat results in a 
prnci'iccd consf'rucHon suited for wide use. However, the mef·hods f·hot had to 
be developed ·i·o achieve the goal were successfully applied to obtain sub­
rcm!'icd increnses in the transmission loss of more useful constructions. 

ro complei·e the study of noise reduction in buildings, a measurement program 
wus conduci'ecl to determine t·he feasibility of using outdoor barriers to reduce 
rH;i';e lev,Dls both inside and outside buildings. Methods were examined for 

teduc:ln£J l·he noise levels in ·i·he immediat·e vicinify of a dwelling by the intro­
ducH on of vciri ous types of bard ers. The effect· of acoustic shielding by 
bui ldinqs is also discussed, 

The principle conclusions from f'his sf'udy can be summarized as follows: 

G The ·1-rc.msmission loss characteristics of pracl'icol constructions can be deter ... 
mined h) o high degree of accuracy by means of a sef· of simple expressions. 

ri} The design expressions can be applied directly to the optimum design of 
bui I ding elements providing high values of trnnsmission loss. 

(,:!J \~/ith careful design, the 20 dB requirement ccm be c1chieved in a prctdicol 
mulnple panel construction; however, this is ct1' the expense of high mass 
or grecii· thi ckn,3ss. Consequently, consi-ructi ons meeting the re qui re men t 
ore limited in use k, high noise level areas. 

~ From f·he stcmdpoinf· of transmission loss performcmce, cost and total mass, 
Hie prnci•lca! prototype construci'ions developed in this program are superior 
'fO constructions tht1t are in common use today. 



2 ,0 PRINCIPLES OF SOUND TRA~iSMISSION LOSS 

C Pi\NE L STRUCTURES 

r:~qu1rer;1ents of this program necessitaf·e an unrestricted approach to ·the 
of sound t-r<msrn1ss1on 'through panels in order 1·0 determine t·he principles 
,ch buiidjng conshlJctions exhibiting high vcdues of fTcmsmfssion loss 

d,esfgned for high efficiency and low cost. Accordingly,. CJ review of 
ba,:;ic t·heory for a general t-ype of construction is in order cmd is presented 

[n this s1ect1on ,, Initially,, J-he purpose of the discussion is to examine the 
procf~ss by which sound energy is transmitted from one area to another 
1J1i'ough Ci general type of intervening structure. Later sections deal with 

specific 1·ypes of construcl'ion and their optimization. 

In !'he general context·, ii· is convenient to imagine a panel of infinite lateral 
dimensions situated in free space and subjected to acoustic radiation in the 
form of a plane wave produced by some undefined source. If the panel is per­
fectly rigid" the acoustic excitation produces no vibration, and all the incident 
energy is reflected in the form of a plane wave. A real panel, however, is 
never rigid; hence a portion of the incident energy is transferred to it, causing 
H· to vibrate ot a frequency identical to that of the excitation. The remainder 
of the energy is reflected as before. Since an airborne sound wave excites 
vibrations in such o ponel/l reasoning based on the reciprocity principle indi~ 
cares that a vibrating panel will excite an airborne sound wave. As a result-, 
a sound field will be established on the far side of the panel from the source~ 
The intensity of this sound field will be less than 1·hal· of the sound field inci ... 
dent on the panel by viri·ue of the energy reflected and dissipated. This is the 
basic mechanism by which sound energy is transmitted by all types of construc­
tk>ns. It is important f·o note that the energy is transmitted by the panel only 
because it is excited in 1'o vibration .. 

Qualitatively, the process of sound transmission through a panel is fairly 
st·raighi'forward. To calculate t·he transmission loss of a par1·icular practical 
construction, however, requires much more information on the makeup of the 
constTuction together with a detailed understanding of its acoustical and mechan­
ical properties. Jusf· how the estimates of transmission loss are obtained for 
various construction configurations is described in the following sections. 



2, 'J .2 Fundamental Expressions 

Sorn2 aspecl's in the calculation of the transmission loss provided by a structure 
orr: re1~J; ly anoiyzed in terms of a slngle general function that represents the 

" . F I A · f ' . h' ,xd ptoperhes o· Ll:e structure" conven1efft ·unction to use m r 1s con-
I·::!;d· is irrnpedonc(~, l! a herm originating in electrical network theory. In the 

cose., it' is 1·he mechanical impedance of the structure that is required, 
((~ u1·in9 i·he applied force (or pressure) to t·he resultant velocity. In these 
i(:tm'.~ :1 iho impedance of a structure is defined os the ratio of the sound pressure 
d H.:~renHoi existing between the two faces of the structure to its normal velocity. 

h;s definition is completely analogous to that for the electrical impedance of a 
>.;_lSi'12mi- r1arnely, the ratio of voltage differential to current, which sometimes 
mokes it possible to simplify the solution of acoustical problems by forming what 
1s known as an equivalent electrical circuit. 

Usin9 t·he concept of impedance, it can be shown either by classical methods 
(Reference 1) or by use of the equivalent electrical circuit (Reference 2) that 
for CJ plane wave incident at an angle 0 to the normal of a structure of specific 
normo! impedance Z, the ratio of sound power transmitted 0Nt) to that inci­
dent Cw;) rs given by the expression: 

"I + z cos e 
2pc 

(1) 

where Z. may be a complex quantity and pc is the characteristic impedance 
of (]iL This raf-io is sometimes called the "transmission coefficient II and given 
l·he symbol 1·. Since r is always less than unity, it is convenient to define 
i·he transmission loss provided by the panel in terms of its reciprocal. Further­
morev it is conventional to use a logarithmic scale. In this way, the sound 
transmission loss (TL) of the panel is defined as: 

TL = 10 log (, - 1 ) 

For a plane wave incident at an angle 9, the transmission loss is given by: 

TL
9 

:::: 20 log l + Z cos 0 
2pc 

(2) 

(3) 



Jf f-he sound is incident- normally to the panel, the transmission loss TL
0 

is 
given by: 

+ 2-
2 pc 

·:~•~;;n,en .. d expression given in Equation (3) is sufficient to calculate the 

(3a) 

ssYon loss of any sl'ructure with an overall specific normal impedance Z. 
next step 1s f·o determine 1·he impedance Z for various types of structures. 

The simplest type of structure to consider is the single panel whose thickness 
!s smai I compared to the wave length of the assoc ioted airborne and si"ructure­
bome waves. To determine the impedance of such a pone I, it is necessary to 
obtain a relationshlp between the sound pressure acting on the panel and the 
resultant velocity. If it is assumed for the moment that the panel is of infinite 
lateral extentv this relationship can be obtained directly from the general wave 
equaffon for bending waves in a plate. In the present context, the term 

11 infini-re in lateral extent" means infinite compared to a wavelength, so that 
this condition is effectively satisfied in panels of finif'e dimensions at the higher 
frequencies but noi· necessarily at the lower frequencies. 

The analytlca! procedure necessary to obtain an expression for the impedance 
of a f·hin panel is contained in Appendix A. Equation (A-8) of that Appendix 
gives the expression for the panel impedance cs: 

where 

w3 B Z:;;; jwm -j 
c4 

w = angular frequency = 21t f 

m ::::: mass of the panel per unit area 

B = bending stiffness of the panel 

c = velocity of sound in air 

sin4 e 

e = angle of incidence of the incident plane sound wave 

j :::::{:l 
and a ti me dependence of ejwt is assumed. 
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The impedance Z is composed of two imaginary terms which, due to their signs, 

can be considered to represent the inertia, or mass, and bending stiffness of the 
sfrnp!e pone I, Equation (4) shows that the impedance of the panel is determined 

ly by ·/he mciss ot· low frEiquencies, whereas at high frequencies it is the 
ing :;riHness tP.nr: i-hcii· predornfnoi'es., At some intermediate frequency, 

u:, ;-he co11; ence frequency, t·he two terms are equoi in magnitude, and, 
hove opposire s1gns 1 '!'he impedance is zerc. This condition is illus-

rr: 

Bending Impedance 
( -·Ve ) 

I 

I 
I 
l 
I 
I 

~~ 
~\_ Mass Impedance 

( -tve ) 

cr~~I.Wl!W~----~~~~• .. nw•-- r 

f (Log) Frequency 
C 

Figure 1. The Imaginary Part of the Transmission Impedance of a 
Thin Panel for Grazing Incidence (9 = ,r/2) Showing 
lhe Effect of Coincidence 

Cremer was !·he firsf· to study this so-called coincidence effect (Reference 1) 
and show that the cancel lotion of terms occurs at a frequency given approxi­

mately by: 



21th sin2 0 

/ 12pm)1/2 \-E-

h t'lHz thickness of the panel 

P ... ,, !he density of t·he material 
lt, 

f - Young's Mndu!us of the panel material 

()ualihJHvely, the coincidence effect· can be understood when it is realized 
fr1at i"he simple theory for det·ermining the impedance is based on t·he assumption 
thai· pure bending waves are excited in the panel. Un!ike compressional sound 
waves in air, which have a propagation velocity that is independent of fre­
quency, the velocity of bending waves increases with increasing frequency. As 
a resuh I there is a frequency - the coincidence frequency - ot which the trace 
velocrty of sound waves in air is equal to the velocity of bending waves in the 
par el .. At· thrs frequency, energy is transferred eosi ly from the airborne sound 
wove to the panel, resulf-ing in a low transmission loss of the panel. 

The frequency at which coincidence occlJrs depends on the angle of incidence 
of t·he sound waves; therefore, the pane I impedance is zero at a different· fre­
quency for every angle of incidence. The lowest frequency at which the effect 
can occur corresponds to sound waves incident at grazing angle to the panel. 
This frequency is termed the 11critical frequency 11 f and its value is given by 

C 
the expression: 

(5) 

The value of the critical frequency increases with increasing material density 
and decreases with increasing panel thickness and material stiffness. 

To calculate the transmission loss of a single thin panel, it is necessary to insert 
Equat-ion (4) into (3). By itself this is not sufficient because in the standard test 
method for the measurement of transmission loss (Reference 3), it is assumed 
that al I angles of incidence are equol ly probable, whereas Equation (3) gives 
the transmission loss for one angle only. Under diffuse sound field conditions, 
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i'I· would seem narural to average the transmission coefficient -re over the range 
0 to Tr/2, Unfortunately, this does not produce values that agree with those 
mecisured 'in !·he laboratory under supposedly the same conditions. The reasons 

discrepm1c)1 are to be found in the assumpHons made with regard to the 
i· cs of the sound fields on both sides of the pane I, and the coup Ii ng 

i+~~se fle!ds and the flnite sized panel. A detailed discussion of the 
LJ'.tspon , lrs causes and previous attempts made to obtain alternative solu-

; jrJ:is is conrmned ln Appendix B. At this point,, it is sufficient to state that 
ui f.,.:::JiUc:nces less r·han the critical frequency, the transmission loss Tlm of 
n tbin panel is given by the expression: (Reference 4) 

(6) 

provided thc,t t.Jm >> 3.6 pc. This is the familiar mass law, with the trans­
m:ssion loss increasing at· the rate of 6 dB for a doubling of either the mass or 
!·he frequency" Equation (6) can also be rewritten in terms of the transmission 
loss TL

0 
for sound waves incident normally to the panel: 

= TL - 5 dB 
0 

(6a) 

where 

TL ~ 20 log (~) o 2pc 

The trnnsmission loss predicted in this manner agrees well with measured values 
of the transmission loss of single panels at frequencies less than one-third of the 
criHcal frequency. An example of the agreement is shown in Figure 2 for a 
panel of l/8-inch hardboard. 

In considering finite sized panels, it is necessary to include an additional term 
in the expression for the impedance to account for the stiffness of the panel. 
This stiffness f·erm Z 5 is important only at low frequencies and for sound waves 
at normal incidence is given approximately by the expression: 

K z :::: - J 
s w 



where 

co 
"D 
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Vl 
V) 

0 
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Figure 2. Measured and Calculated Volues of the Transmission Loss of 
1/8-inch Hardboard 
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There ar~ in fact a number of panel resonances at frequencies .greater than fr; 
however,, t-hese are not normally evident in the measured values of trans­

:;sicm loss due to the effects of internal damping. 

601·h tquo:dons (7) and (5) include the bending stiffness term B, it is a 
rrmk.: moHer to show that the product of the low frequency resonance fr with 

::-.:,\ (~\ .. ffic;r1~ fre<.:1 L1er1cv fffa· is given by: 
1 / ~' 

(' 
I 
r 

' f C 
(8) 

Jn olher words, the product is a function only of the dimensions of the panel. 
As a result, single panels having a high critical frequency exhibit a low mass­
si"i ffness resonant frequency and vice verso. Normally, the magnitude of the 
quantities a and b ensures that this resonance occurs at very low frequencies -
10 Hz is typical for lightweight panels - so that the stiffness term can be neg­
lected in dealing with large size building elements. 

J..\1- frequencies approaching the critical frequency, the characteristics of the 
acoustic coup I ing between the sound fie Id and the pane I are different from 
those at lower frequencies, with the result that Equation (6) is no longer valid. 
In ihls frequency range, the transmission loss deviates below the predicted mass 
law values, exhibiting a minimum in the vicinity of the critical frequency fc. 
At frequencies greater than fc, the transmission loss increases and may exceed 
the mass law valuese The general characteristics for the transmission loss of a 
single panel are shown in Figure 3 for a panel of 5/8-inch gypsumboard. 

Existing simple methods for predicting the transmission loss of single panels at 
frequencies in the vicinity of and greater than the critical frequency prove to 
be inaccurate, often giving values that are as much as 10 dB too low 
(Reference 6). More exhaustive treatments - see Appendix A - (References 
l ,. 4) show that a fair agreement with measured resu Its is obtained with the 

following expression, valid only at frequencies greater than the critical 
frequency: 

TL = TL + 10 log ( 217 _f) 
0 Tr f 

C 

-10-
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where r1 is the loss factor of the panel, including the energy losses due to 
tadraHon and dissipation at the perimeter of the panel. Using Equations (6) 

(9\ l·he predicf'ed transmission loss of a 5/8-inch gypsumboard panel is 
'::,. uded in f;gure 3 to demonstrate the good agreement with measured results 

t-he major part· of the frequency range, 

'.·;·rs-;· Gppro;;dmuHon, the transmission loss in the frequency region between 
und !' can be obtained by describing a straight line between the trans­

ff:1:.:sion io::,s values TLrn (1/2 fc) and Tlm (fc) for f = 'l/2 fc and fc, respectively, 
giv,,2n by the expressions in Equations (6) and (9). 
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Figure 3. Measured and Calculated Values of the Transmission Loss of 
5/8-inch Gypsumboord 

It is clear that the effect of coincidence causes a significant reduction in the 
transmission loss of a single panel over a certain frequency range. Inspection 
of Equation (5) shows that there are two ways by which the significance of the 
effect can be reduced: 
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6 The use of an extremely stiff panel - one having a high value for the 
You:1g 1s Modulus - so that the coincidence dip can be made to occur at 
frequencies below the frequency range of interest. For reasons that wil ! 
become clear later, this 1s not normally a satisfactory solution. 

the use of an extremeiy limp panel, so that the coincidence dip will occur 
tr; frequendes abo~ the frequency range of interest. This is the approach 

Is c,fren token when consistent with the structural requirements. 

, , ;ur'.'1rnmy r -1·he ocoustlc behavior of thin single panels is fairly well understood. 
fj· ;s rx>s::dbl,;: t-c.) predict the l·ransmission loss by using the expressions given in this 
secHon" Ii7 ,-he case of panels whose thickness is not small compared to the 
wcr1e!ength, however" further refinements are required in the derivation of the 
hending impedance. 

'2, 'i .-4 ,Th.,' ~k Sing le Pane !s 

If the 1'hi ckness of the panel is not smal I compared to the wavelength, then the 
assumptions made in the derivation of the expression for the impedance of the 
pcinel are not valid. The type of wave motion that is predominant in the panel 
ol- any given frequency is the one that presents the lowest impedance to the 
applied sound field. Examination of the panel impedance, as given by Equa­
tion (4), shows that the term representing the bending wave impedance assumes 
high values at high frequencies. Therefore, as the frequency is increased, it 
bBcomes more probable that the wave motion wil I change from pure bending to 
some other type that presents a fower impedance. 

This change in the wave type is predicted by the theory for thick panels (see 
Append ix A) which provides for a more exact re pre sen tati on of the pane I motion 
than does the simple theory for thin panels. The theory shows quite clearly that 
a change from bending to shearing waves occurs in a frequency range determined 
by the physical properties and thickness of the panel. Within this frequency 
range, the overall impedance of the pone I changes from one dominated by the 
bending impedance to one in which the shearing impedance is of prime 
importance. 

At frequencies where the shear wave is predominant, the impedance of the 
panel is given approximately by the expression (see Appendix A): 

Z ~ jwm - j µhw 
2 

C 
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v.;here 

p shear modulus of panel material 

h "- o,,:in el d,1 i r:kness 

Eque;t'ion (10) shows that t·he shear impedance has the some 
(X1 frequency' as does the mass impedance. 

on (10) in conjunction with (4-) describes the impedance of the panel 
(;\/l:1 i·he full frequency rnnge. If the change from bending l'o shearihg waves 
(;cr:ur::; at a frequency greater them the critical frequency, the terms in the 
expression for the pane! impedance cancel at the critical frequency - see 
Figure 4(a)a At higher frequencies, where the change in wave type occurs, 
the impedance of the panel increases at· o much lower rote than that predicted 
for l·hln panels with pure bending waves. Thus, the transmission loss al· 1-hese 
frequencies will be less i•han that predicted by the theory for thin panels. 

If the change in wave type occurs at a frequency less than the critical fre­
quency, t·he coincidence effect will noi' occur at any frequency - see Figure 4(6). 
/\dd1tionally; if the shear impedonce is low, the panel will be mass~ .. controlled 
over the full frequency range and the transmission loss will obey the mass law 
as given in Equr.Jtion (6). 

The transmission loss of a hypothetical pone! in which the parameters have been 
varied to represen1· the cases discussed above is illustrated in Figure 5. When 
the change in wave t)tpe occurs at a frequency f5 much greater than the crit­
ical frequency, i.e., f

5 
>> fc, the transmission loss values are the same as 

those predicted by the theory for thin panels, except at the higher frequencies 
where shearing of the panel reduces the panel impedance. Lowering the value 
of f5 resu I ts in raising of t·he frequency at which coincidence occurs, i.e., 
the critical frequency is effectively increased. When f5 = fc, coincidence 
occurs at grazing incidence at oil frequencies greater than fc, wirh the result 
that continually low vedues of ~ransmission loss are obtained at higher frequen­
cies. If f5 is r~duced furt·her, the transmission loss curve rapidly reverts to the 
fami I ior mass low I ine. 

For the majority of lightweight building materials, such os gypsumboard, ply­
wood, etc., the change in wave type occurs at such a high frequency that the 
effect is of minor concern. When it comes to considering more massive mate­
rials (concrete is a good e}{ample), the change in wove type may occur at 
frequencies well within 1·he frequency range of interest, and in the process 
have a significant effect· on the transmission loss. The effect is shown clearly 
tn Figure 6 for a 6-inch concrete pone I. The theory for thick panels -
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Figure 4. The Imaginary Part of the Transmission Impedance of a Thick 
Panel for Grazlng Incidence (e = n/2) 
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see Append ix A - gives good agreement with measured results for the 6-inch 
concrete panel, e,{cept in the vicinity of the critical frequency, whereas the 
t1pp!lcaf'ion of the theory for thin panels gives results that ore substantially in 

:·rG,r The effe:::t of shear is represented by the difference between the two 
kte:d curves and results in the concrete panel exhibiting a transmission 

oss upproxr'rnately 6 dB less than the calculated mass law al· frequencies 

t·han the cril'ical frequency. This reduction of 6 dB is common to the 

ii)' of concrete (Jnd brick siTuctures, ond can be taken into account at 
1i q1Jrff1cie::; t1bove (:oincidence by assuming the effective moss of the panel is 
•Jne··hcdf i+wt· of the ach1a! mass. The result is that concrete and brick struc­
i'.;;e:: provide lower valL11ies of transmission loss than would be expected for 
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riure 6, The Measured Values of Transmission Loss for a 6-inch Concrete 
Panel Compared to Values Predicted by Means of the Thin and 

Thi ck Pone I Theories 

2, 1.5 LaminrJted Panels 

To a grea!· extent, the transmission loss of a single panel is determined by the 
moss of the panel; the greater the mass or the thicker the panel for a given 
materia I, ·the greater the transmission I oss - except at frequencies near the 
critical frequency. Since the value of the critical frequency is inversely pro­
portional t·o the thickness of the panel, any attempt to increase the transmis­

sion loss of the panel by increasing its thickness automatically lowers the 
critical frequency, perhaps into a frequency region of major importance. As 
a result, the two most desirable properties for any single panel are high density 
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and low sHffness -- properties that are normally incompatible in a single maf·eriaL 
Jn prac:Hce_. building elements are required to exhibit a high stiffness of low or 
c..:-:,o frF:quencies in order ·1·0 withsf·and l<ltera! loads. Thus, t-he ideal pone! would 

i. o sHfFr:ess i'hol wets high al' !ow frequencies/' reducing too low value at 
1·req1y:::n i'es. Such ci pCJnel has been described by l<urze (Reference 7) and 

F u :'<1ree-,lnyf,r st-ruc1'ure, the center layer of which exhibits o shearing 
;on u} -i·he hi~Jher frequencies. 

·:;r:nnt::: elfec:1" con be obf·ained by the use of !ominoJ-ed pcine!s in which the 
'ivt: !oyer is des1gned ~o shear ond provide o pane I i rnpedance lower than 

b,;,,,ci,nD ,mpedance of 1·he combination. Al· low frequenciesr l·he lwo ponels 
br::1-wve os though !·hey W(:me rigidly connected f·ogether,. exhlbiHng a benclin9 

sHffness eight' times tha1· of either panel alone (the panels ore assumed h) be 
idenHc.:cd). Al' high frequencies, the shearing effed of f'he odhes1ve loyer 
1·~:,duces the bending sliffness of the combination f'o that of eoch of i'he indi,-, 
viducd panels. f..,s o resull·, the crirical frequency of the combination ccm be 
increased by a fact-or of hNo without affecHng t·he low frequenC)/ sHffness, pro­
vided ~hat shearing of the adhesive occurs at a frequency less !·hem i-he crH-ical 
Fr·equency of the cornbinal"ion. 

fhe c:haract-eris-rics of such a multi-layer panel are determined largely by the 
properties and thickness of !·he adhesive layer. It is possible !·o remove t·his 
dependency by the technique of "spot II lmninating, whereby the adhesive is 
applied in small d:scre-l·e amounts on a square lattice over t·he surfoce of the 
pcmels, The general characteristics of such a rnulti ... layer pcmel ore the same 
os those described above, with the exception tha1· the lwo pcme!s decouple and 
move more or less independently at a frequency determined mainly by the rela·­
Hve spacing of i·he adhesive spot-s. It is therefore possible to dc-::sign the 
decoupling frequency by correct choice of the adhesive lattice spcicing, which 
can be determined in the fol lowing manner. 

The wavelength AB of bending waves on a panel at a frequency f is given 
by the expression: 

C Cl 1) 

where 

c = the velocity of sound in air, and 

f = the critical frequency of the panel. 
C 
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In the case of laminated panels, fc is the critical frequency of the combination 
In the absence of shearing. If the two laminated panels are identical and have 

I , 

,~dr, frf)(1uencies fc? then: 

j 

f ~ 0.5 fc 
C 

,·rf:c1u<";;t:c.:1t~s, w+1en the bending wavelength is much greater than the 
lulfce spocing 11

0, 
11 the combination will act as a single panel 

;· .. ;s1 o.n effective critical frequency of fc. Decoupling of the two panels 
1 l begin t-n occur ai' a frequency where the bending wavelength is comparable 

i'O lh~ odhesive laHice spacing, i.e., when AB~ a. Rearranging Equation (11) 
ves t-he approximate decoupling frequency fo as: 

f t;::3 

D 
2 c 2 

02 f I 

C 

(12) 

.for example, if the two panels ore 1/2-inch gypsumboard (fc,;:;;; 3000 Hz) and 
l'he adhesive lattice spacing is 2 feet, the decoupling frequency is of the order 
of 210 Hz. This is considerably less than the critical frequency fc of the 
u,mbinationff assuming no decoupling (i.e., 1500 Hz) so that the effective 
cdtical frequency of the combination with spot laminations will be of the order 
of 3000 Hz. 

The effect of panel decoupling is demo~strated in Figure 7, where the measured 
values of transmission loss are given for two spot-laminated sheets of 1/2-inch 
gypsumboard and for o single sheet of 1/2-inch gypsumboard. No reduction is 
noted in the critical freguency from its value of approximately 3000 Hz. Sim-
i! ar resu I ts are shown in Figure 8 for la mi noted 3/8-inch gypsumboard pane !s. 
Common to both these transmission loss characteristics is a reduction in the 
measured results in the region of 1000 Hz. The cause is unknown at this time, 
but could possibly be the resu It of a double panel mass-spring-mass resonance 
with a very small air gap between the two laminated panels (see Section 2.2.2). 

2. 1 .6 Mass-Loaded Panels 

An alternative approach to the problem of designing panels of high moss and 
low stiffness is the so-called mass-loading technique. This involves the addi­
tion of discrete masses to a flexible base panel in such a way that the stiffness 
of the base panel is not substantially increased. The addition of any material 
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in any form will, of course, increase the stiffness of the base panel at some 
frequencies, The designer's task is to arrange for the increase in stiffness to 
::: 1.:c;,::·• c1}· frequencies greater than the critical frequency. In other words, the 

i 7;:: 1f ;c: di sr.~rete mosses must be ! ess than the bending wave I ength at the 
• .. :1-;t- FrequEmcy. If the maximum I ateral dimension of the discrete masses 
1 s i :i :xmdi Hon can be expressed as: 

c -- ·the velocity of sound in air 

f c ·-· the cri ti col frequency of the base panel. 

An example of the acoustical performance of a panel loaded with discrete 
~nasses is shown in Figure 9. The panel is a 1/8-inch fiber glass sheet loaded 
to 4 lbs/ft2 with 1-inch squares of a mixture of sand and vibration-damping 
compound (the compound being used in this case simply to hold the sand 
together and provide adhesion to the surface of the panel). The reduction in 
transmission loss at the higher frequencies indicates that stiffening of the base 
pone! has occurred, probably due ta insufficient spacing (1/2-inch) between 
l·he squares of added material o Cl early, spacing as well as size of the masses 
is important in retaining the original stiffness of the base panel. 
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Figure 9. Measured Values of the Transmission Loss of a l /8-r 
inch Fiber Glass Panel Mass Loaded to,4 lbs/ft2 

with Sand 

-20-



One of the problems associated with mass-loading by means of discrete masses 
concerns the amount of material that must be addede For example, if the dis­
cn~t'e masses ore square and spaced apart by a distance equal to their lateral 

mr::1isirn,,, the added moss can be cppli ed over only 25 perceni· of the panel 
~1rf'.:;r:1 Thi·1, means i·hat 1·he densi-ty of the added material must be high if i·he 
r,H,1s:,; the bass, panel --- which normally will be of low mass if ii's critical fre-

ls high •- ;::; to be substantially increased. For this reason, it is often 
1n:::.i·t: efflcieni to provide complete coverage for the base panel using a limp 

ve materioi such ,,1s sand" Sand is an almost perfect material for 
s•·Y !nd.,,ot'l'enuoVi ng structures, embodying all the most desirable features - high 
rne1ss 1 low sHffness and high damping .. The only reason thai' if' is not used more 
::.ifi'en in building constructions is the difficulty of holding it in place. It is 
pcssibl-e, however, to maintain loose sand in contact with a base panel by 
mecms of containers ;esembli ng egg cartons (see Section 3 0 3)., 

More convenient than sand for use as a continuous coverage is a flexible sheet 
of !ead, lead-impregnated plastic, or something akin to asphalt roofing paper,. 
Due to costb' the lotter is a particularly desirable material .. The transmission 
loss of a sheet of 1/2-i nch plywood (1. 5 lbs/ft2) loaded to 4 lbs/ft2 with three 
sheets of asphalt roofing paper stapled to the plywood surface is shown in 
Figure 'JO, compared with measured values for the plywood alonee The first 
point to be noticed is the vi dual elimination of the coincidence effect due to 
the high added mass and damping. The predided increase in transmission loss 
,s obt(Jined at the low frequencies, but a slight deviai'ion is noticed at high 
frequencies due to a slighf· stiffening of the panel* 
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2, 2 ID EJ\ L MULTIPLE PAl'l EL STRUCTURES 

One me!'hod of obtaining higher values of transmission loss than that available 
frorn c! sin9le panel is by the introduction of one or more additional panels with 
'.rJBtv1c:)nlng •':.lfrspaces, The mulHple panel const-rucf·ion formed in this manner 

i; mo!"(:; cornple)( to anr:dyze than the corresponding case for a single 
couse f'he hansmission loss is dependent on a greater number of con­

lor1 p,::;rorne1·ers" The acoustical characterisl'ics of multiple panels will be 
'.ti 1-hls section and e)(oressions will be derived for the transmission 

' 
duub!e md t-riple pane! constructions in various frequency ranges. In 

ion 1 (, Fah·ly complete sf·udy will be made on the effect of absorption in 
c: 1 rsr:o<::es between l·he pCine Is, 

The sirnpiesi' cc1se f·o consider ls a number (N) of single, infinite panels 
ploced parcdlel f·o each other with intervening airspaces but no mechanical 
connect-ions,. It- will be CJSsumed for the moment thal· there is acoustical absorp­
Hon in the cavity, so that sound waves propagal'ing in the airspaces in a direc­
l·ion porcdlel to f·he panel faces are well damped. This means that the airspaces 
wil i net as sl'iffness elements at frequencies where the wavelength is much 
greol·er t·hon the panel separations? the stiffness being that of the enclosed oir. 
The rnulH-pone! shucture can then be represented by the electrical analog 
circuif 1..1sing lumped parameters as shown in Figure 11, where the impedances 
of J-he individual panels are those given in Section 2. 1. 3. At high frequencies, 
vvhere l·he panel separaHon ls comparable to or greater f·han a wavelength, 
i·here is wove rnol'ion in ·1·he airspaces in a drrecf'ion normal to the pone! facesr 
ond so disf-ribuf'ed parameters have to be used in the representation. 

Wii·h the C1ss1slance oft-he simple analog circuit of Figure 11, the general 
characi'eristics c:>f a multiple panel structure can be derived. At low fre­
quencies,, !·he circuit shows that a combination of the impedances Zn and 

Zn·-J of 1W<) odjacent pcrnels, f·ogel·her with the stiffness kn-J of the inter­
vening air" will produce a resonance at a particular frequency. This will also 
be 1-rue for all J·he remaining pairs of elemeni·s, so if there are N panels in the 
s'i'ruch1re; there will be N-1 resonances. In physical terms, these resonances 
ore produced by t·he action of the individual panel masses on the stiffness of the 
oir in t·he airspaces and (Jre commonly referred to as the fundamental 11mass­
sprinsrmass 11 resonances, or simply the fundoment-al resonances. At frequencies 
less them the lowest fund amen f·cd resonant frequency, the motion of the sl-ructure 
is mass-conf-rol led provided f'hat the individual panels are mass-control led. In 
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11. The Elecf-rical Analog Circuit Representing a 
Multiple Panel Construction 

his reg 1 on, the trans mission I oss obeys the mass I aw, the mass being that of 
ol I the panels combined. The airspace has no effect on the transmission loss 
in this frequency range. 

At frequencies greater than the fundamental resonances, the effect of the air 
stiffness is to provide a transmission loss that increases very rapidly with fre­
quency. For a structure containing N panels, the rate of increase of trans­
mission loss with frequency is 6 (2N-l)d8 per octave. This expression is 
also valid for a single panel (i.e., N:::: l) where, it will be remembered, 
the rate of increase is only 6dB per octave. In theory, then, high values of 
transmission loss can be obtained in this frequency region by the use of mul­
ti pie panels. 

At high frequencies, airborne resonances will be set up in the airspaces between 
the panels whenever any of the airspace dimensions are numerically equal to an 
integral number of half-wavelengths. This means that there will be an har­
monic series of airborne resonances for each panel separation. The transmission 
loss curve is therefore characterized by a number of sharp dips descending from 
peaks that increase in va I ue at the rate of 12 (N- l) dB per octave for a structure 
cont-aln N panels. Although this irregular behavior is predicted by the 
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theory,, a smal I amount of acoustical damping in the airspaces is sufficient to 
vidually eliminate the sharp dips from the measured results, so that the meas­
t,red fronsrnission loss increases at the rate of l2(N - 1) dB per octave . 

.. ~'. 1 1m 1-rv1r·yt J·he discussion of this section hos concerned a general multiple 
;-:x1i>,l,: siTudun~ con loin ing N pane Is, It has shown that high values of trans­

!on OS's can be obtained at frequencies greater than the fundamental low 
·::y rcsGti(mces, the rate of increase of transmission loss with frequency 

ir:,:::'',::'.G'jin9 c!s the number of panels increases. There is, of course, a limit to 

r: .,1rn6er of panels that can be included in a structure. Practical problems 
F !::crnp ! E>( support' systems I high cost and increasing fl oar area uti Ii zat ion 

quickly set on upper limit. For these reasons, and others which will become 
opomenl· h✓vo particular cases are of interest, namely, double and triple panel 
t.:;onstructi ons o 

'2,?, 2 Transmission Loss of Ideal Double Panels 

The expression for J-he transmission coefficient r8 of an infinite ideal double 
panel construction has been derived in the literature (Reference 8) using 
methods that· are extensions of that outlined in Section 2. 1 for single panels. 
A modiflcation of these methods has been uti Ii zed (Reference 9) to arrive at 
(J soluHon for the sound transmission coefficient of a multiple panel construc­
t-Ion thai· is valid for the general case of N panels. From this solution, the 
\·ransmission coefficient 1' for a single angle of incidence 0 con be obtained. 

For a finite double panel construction that is excited by a reverberant sound 
fie Id, ··ftis" necessary to employ mod a I methods to determine the tronsm iss ion 
coefficient. Such methods involve many complications resulting from the 
numerous coupling factors between the airborne and structureborne modes. It 
is therefore more convenient to toke the solution for the infinite panel trans­
mission coefficient TB and make use of the results obtained for single panels 
in Section 2. 1.3 to determine the transmission loss for excitation by a rever­
berant sound field. 

Taking this simplified approach, it is shown in Appendix C that the transmission 
loss of a finite double panel construction, with absorption in ·the cavity, at fre­
quencies lower than the critical frequency of either panel is given by the 
expression: 

10 log wM + 
3.6pc 
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where 

m 1, m2 == mass per unit area of the two pane Is 

/V\ ml + m2 = the totol mass per unit area of the construction. 

-- pone l separaH on 

rip·]· I indiccites that the expression for the transmission loss is valid 
:I mulHpie panel, i.e.,, one with no interponel connections. Equa­

s on expression for the transmission loss with the general character-
1 us sJ10\Nn in Figt.1re 12. The frequency regions of major interest in this 
r19ure ore 1+1ose where t·he i-ransmission loss of the construction is reduced by 
rescrionces, There are two such regions, one at low frequencies containing 
!!1t: Fundc1menkd panel resonance, the other at the higher frequencies with 
the cavity resonances. Knowing the frequencies at which these two types of 
resonances occur makes it possible to translate from the general characteristic 
shown in Figure 12 to the specific characteristics for any given construction 
without the need for evaluating Equation (13). 

Examination of Equation (13) shows that at low frequencies, where the wave­
length A. is much greater than the panel separation d, the transmission loss 
becomes zero at the fundamental resonance frequency f

0 
which is given by: 

where 

I 

m 

f 
0 

I 3 .6 p c 2 

\I m 1 d 

= t·he effective mass of the construction 

( 14) 

( 15) 

Clearly, the frequency f becomes lower as the effective mass m
1 

increases. 
0 

An inspection of Equation (15) shows that for a given total mass M, the effec-
tive mass is greatest when there is an equal distribution of mass between the two 
panels. Thus, the optimum design for a double panel construction of given 
total mass is obtained when the panels are of equal mass. 

At frequencies much less than the fundamental resonance, the airspace between 
the panels has very little influence on the transmission loss and the two panels 
vibrate essentially in phase and with the same velocity. From Equation (13), 
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it can be deduced l·hat the transmission loss in this frequency range is given 
approximately by the expression: 

, 2 ! l O log ) ·1 +· ( w M ) 
: 3.6p'c 

F ',i > J.6p c, then 

n 1 "' 20 log (/6~J = 20 log (M f) - 33.5 dB 

Equoticn (16) is the expression for the mass law transmission loss of the con­
strucHon similar to that of Equation (6). 

(16) 

/;.,f' frequencies greater than f
0

, but still not sufficiently high for the wave­
length t'o be comparable to the panel separation, the second term in the inner 
brackets of Equation (13) begins to dominate. In this frequency range, the 
transmission loss is given by the approximate expression: 

[ 

w
2 

m1 m2 ] 
~ 20 log ----

2 
2kd 

(3.6pc) 

= TL 1 + TL 2 + 20 log (2 kd) 

where TL 1 and TL 2 are the transmission losses of the two panels calculated 
according 'to the m~ss law by means of Equation (6). The upper frequency 

(17) 

limit ft of the frequency range for which Equation (17) is valid will be derived 
shortly. In this frequency range, the transmission loss oF a double panel 
increases at the rate of 1 BdB per octave. 
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Al' frec1uencies greater than f V where the wave length becomes comparable 
lo and less than the panel separation d, the transmission loss is characterized 
by an hormonic series of cavity resonances occurring at frequencies given by: 

n=l,2,3 .... (18) 

1~cH ll er 1·haf' \'•he fu II effect of these cavity resonances wi II not be 
;-here ls absorption in the cavity. However, the general slope of 

,,u,ve reduces from 18 to 12 dB per octave. Thus the transmission loss in 
fr2:qu0ncy region is given by Equation (13) wit·h the maximum value for the 

r·e:::oncin1· tFmn in parenthesis inserted. 

v✓ here TL 1 and TL 2 are as defined before. 

f > f 
f, 

( l 9) 

The e.>wct expression given in Equation (13) for the transmission loss of a 
double panel can therefore be approximated by means of Equations (16), (17), 
and (19) in the appropriate frequency regions. The value of the limiting fre­
quency f 1, can be determined by equating the expressions given in Equations 
( P) and ( 19), where upon: 

1T 
(20) 

It is thus possible to predict the transmission loss of an ideal double panel con­
struction, provided the individual panels obey the mass law within the frequency 
range of interest. The accuracy of the approximate prediction method is good, 
as can be seen in Figure 13. 

With the aid of the previous discussion and the approximate expressions that 
have been derived, it is now possible to examine the effects that coincidence 
wi I I have on the transmission loss of a double panel. The values of the trans­
mission loss of each of the individual panels will, of course, deviate from that 
calculated according ro the mass law at frequencies in the vicinity of and 
greater than their critical frequencies (see Section 2. 1.3). As a result, the 
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Figure 13~ Measured Values of the Transmission Loss of a Double 
Panel Compared to Values Calculated by the Approxi­
maf·e Method 

(second) panel that is not exposed directly to the source of noise wi II experi­
ence an increase in the level of excitation at the critical frequency of the 
first panel. Similarly, l·his second panel will transmit energy readily at its 
critical frequency. The increases in energy transmitted by the two panels at 
their critical frequencies ore contained implicitly in t·heir respective values 
of transmission loss. Equations (17) and (19) indicate that the two panels act 
independently in providing the overall transmission loss. Therefore, to a 
first approximation, the effect of coincidence in the double panel construction 
con be accounted for by taking the sum of the effects of coincidence in the 
transmission loss of each of the individual panels. As a result, it is possible 
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to use Equations (17) and (19), with the values of TL 1 and TL2 taken as the 
measured or calculated values of the transmission loss for the individual panels 
inciuding the effects of coincidence. 

method of prediction 0sing the approximat·e e><pressions is fairly accurate 
fr~i- fhe ccise where the two panels are ideni·ical - see Figure 14. (In, this 

~~;,:omp;c/ mechanicoi conneci'ions between the i·wo panels were minimized by 
,cc,::Hnq t!•e pone ls in the separate isola!·ed rooms of the Transmission Loss 

H \Nas necessmy ro seal the perimeter of the construction, and it is 
!·hi::: h the reason for the deviations between measured and predicted 

,;rdur.:>, in i·he region of 'IOOO Hz.) The predicted values were obtained by 
9 measured values of transmission loss for the individual panels into 

Lr:pm·:<ons (16\ (17), and (19). Note that the dip in the curve at the fundo­
,renh:d resonance has been eliminated by the introduction of acoustical 
obsoq)H on, 
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If rhe criticai frequencies of the individual panels are identical, then a large 
dip in t·he transrnission loss curve is to be expected. If they are significantly 
di :~~nr,1 1hen the I·ransrriiss1on loss curve will exhibit two individual dips of 
ic:se mow11i-ude, or simply t:J flattening in the region in between. For all 
di late condHions., the result will be a broad, shallow dip 1n the curve. 

; pc:.)ssible i"o qf'!in mnre quantitative information of the effect of coincidence 
c(,rnpu ,·inf; the lronsm i ss ion loss of o number of d oub!e pane I constructions in 

':·he Individuol panels are given values of critical frequency that vary 
(J vvide ronge" The computed values can then be plotted to determine the 

murr rotio of criHcai frequencies for the two panels for the least reduction 
l'rnnsm!sslon loss, Such a plot is shown in Figure 15 for panels of gypsum­

hDr.1rd 
1
, where the values have been nor ma Ii zed for ease of comparison. The 

roHo of 1·he critical frequencies for the two panels considered ranges from l to 
L'.a5. The frequency fmax in Figure 15 is the one-third octave band center 
frequency at which the maximum transmission loss is obtained prior to the coin­
cidence dip. Subsequent frequencies are spaced at one-third octave intervals. 

The results show, as expected, that the acoustical performance of the con­
si-ruct,on improves as the ratio of the critical frequencies of the two panels is 
increasedQ H would appear that a ratio of 2 is adequate without introducing 
o reduction of more than 6dB from the value at fmax· The results, of course, 
are dependent on the damping in the panels, the reduction being less for 
hlgher values of the damping. In the case of gypsumboard, the damping fact·or 
is ,n the order of 0.01 1 but this can be increased by using laminated panels. 
The reduction in transmission loss at coincidence for the same series of panels, 
with damping factors this time of 0. l, is shown in Figure 16. 

One of the advantages of the approximate expressions given in Equ.ations (16), 
(17), and ( 19) is that the effect of parameter changes on the transmission loss 
can be easily determined. The parameters of importance are the panel masses 
and separations. Examination of the three equations shows that the effect- of 
varying the panel separation on the transmission loss of a double panel is: 

• Zero for f < f 
O 

and f > f 
i 

1111 Proportional to 20 log (d) for f < f < f 
0 Y., 

where f O in th is case is the fundamental resonant frequency with the new 
value of d and f,e, is the limiting frequency with the original value of d. This 
behavior is i l!ustrated in Figure 17 (a). It is interesting to note that changing 
the panel separation has no effect on the transmission loss of a double panel at 
frequencies greater than f,e, although the value of ft itself is changed. Thus 
for a double panel With a spacing of 4 inches increasing the separation only 
increases the transmission loss at frequencies below 500 Hz. 
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The effec't on the transmission loss of changing the panel masses is more complex 
since ii· depends on how the mass is distributed between the panels. If the 
individual panels in a double panel construction are assumed to be identical 
(!,he o~)f·irnum configuration for a given total moss),. the effects of changing the 
r:-:c-,;r:; hcdh por.e 1s equally is: 

:·'rooort1ono l lo :20 log M For f < f 
0 

oncl 10 40 log M for f > f 
0 

1 J:; ;Jlusrrcited in Figure "17(6). At frequencies greater than f
0

, the effect 
b!inr,, f·he mass of bot-h panels is to increase the transmission loss by l2dB. 

') .. ? ':1 _·r(cu~srn_iss,on Loss of Ideal Triple Panels 

The possibilily of obl·aining transmission loss values in excess of the calculated 
mass law has been demonstrated in the discussion on double panel constructions. 
In rm at-tempt !·o obtain even greater values of transmission loss from a construc­
tion,. ii· is a natural extension to study the acoustical characteristics of triple 
p(1nels, The general principles are just the same as those described in the 
pre\rrous sect-ion and,, not surprisingly, the results prove to be remarkably simi­
!oro The exc:ct expression for the transmission loss of a triple panel construction 
wil-h no rrn~chcmicc:.tl connections between the panels is given in Appendix D. 
Wid-1oui" repeaHng the individual steps involved, this exact expression can be 
1:;irnplffied f·o provide straight· line approximations for the transmission loss in 
various freqtJency ranges in t-he same manner as that· described for the case of 
double pone is: 

( 
20 I og (M f) - 33. 5, dB f < f_ 

I 

Tl1 
II TL 1 + TL2 + TL 3 + 20 log (2kd 1) + 20 log (2 kd2) f+<f<f,e, (21) ) 
l TL 1 + TL 2 + TL 3 + 12, dB f > f .t 

where 

rn 1 v- m 211 m 3 = mass per unit area of the individual panels 
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d1 , d2 = panel separations 

i 1 Tl 75 TL 3 --· mecrsured or calcu!ated transmission loss of the three 
pcmels, includ1ng the effects of coincidence 

f ·- rhe lowest cavity resonant frequency 

F.
0
,, F+ --· lower and higher fundamental resonances of the 

construction. 

Ii- is shown fn fa1ppendb< D 1·hof' the optimum configuration for a triple panel 
Gonstruction of a given l·otal mass and thickness is: 

ml = m3 = 1/2m2 = m 

j 

a 1 = d2 = d 

(22) 

Under 1·hese conc:I iti ons I l·he fund a men ta I resonant frequencies are given by the 
ex prnssi ons ~ 

f = 

✓ 3.6 pc2 
md 

'V2 

(23) 

(24) 

The general approximated characteristic for the transmission loss of a f·riple 
panel is shown in Figure 18 where it is compared to that for a double panel 
construction of equal mass and thickness. With absorption material in both 
cavities, the effect of t'he fundamental resonances on the transmission loss is 
slgnificanrly reduced so f·hat the mass law is valid at frequencies less than f+. 
At frequencies greater than t·he higher of the two fundamental resonances f+, 
but· less than f XJ' the transmission loss increases at the rate of 30 dB per octave 
as compared to 1 BdB per ocatve for the double panel. In this frequency range, 
the transmission loss increases by 18dB if the moss of the construction 1s 

doubled~ 
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2" 2A C~mparison of Double and Triplo Panels 

f)Qlnt ft is useful 1·0 oxamine tho difference in ocoustical performance 
doub!~j cmd triple panel constructions t·o determine which of the two is 

rant fn tanns of 1tr(msmission !os~ lor a 9iven tot·ol mass and thickness. 
ossurned J·hai- thf:s some mah.,rial is us(.,d in both types oF consrrudions, 

f d1c pone I\ con Ln'l ignorud in !hi'., comparison,,) 

rnost crHico~l frequency regions to be considered in the design of 
tl1 ·:·/instn,H::Jion occurs in 1·he vicinity of the fundamentcd panel resonance f0 • 

!ier in this chapter,, ii· was shown that the value of this resonant frequency 
bofri t·ypes of construction is proportional to 1/ -Jm d where m is one-

hcii f and on e-quorter the tot a I mass for the doub I e and trip le pane Is, respec-
-r i ve l y I and d is the panel spacing (assuming on optimum configuration). Jt 
re<)d l I y fo I lows tha1· for a given tota I mass and thickness, the higher of the two 
resonances associated with the triple panel is e,rnctly twice that for the double 
pcmcl, Leo, f+ = 2f

0
, Introducing this relationship int-o the associahed 

equai·ions for the double and triple panels cont·ained in Sections 2.2.2 and 
:2, 2,, 3 shows that the transmission loss provided by the two constructions is 
equcJ i at 01 frequency four times the resonant frequency for the double pane Iv 

·1,e, r 4 f
0

• At this frequency, the transmission loss is 24 dB greater than the 
ccilcu!ated mass law, assuming ideal conditions where there are no mechanical 
connect-ions between the individual panels. Thus, the double pr;nel provides 
h1~3her values of transmission loss t·han the triple panel at frequencies less than 

4 f0 :- whereas the triple panel is superior at frequencies greater than 4 f0 . 

2,2.5 Covity Absorption in ~\ulHp_le Panels of Finite Size 

The basic acoustic theory for double panel constructions assumes that the air 
contained in the cavity separating the panels acts as a stiffness element· at low 
frequencies. This implies that· the air is unable to escape from the cavity and 
that the sound pressure is constant over the entire cavity volume. The lateral 
dimensions of practical double panel constructions, however, are sufficiently 
large compared to a wavelength for standing acoustic waves, or modes, to be 
set up in the cavity. Clearly, the cavity no longer can be represented as a 
simple stiffness element in the frequency range containing such standing waves. 
It is therefore natural to e><pect that the measured values of transmission loss 
will differ frbm the volues predicted using the simple theory- that is unless the 
lateral modes are adequately damped. In a single 2 inch x 4 inch stud con­
struction of height 9 feet with studs 24 inches on cente1·, the lowest mode of 
vibration occurs at appro)(imately 63 Hz or well below the lowest frequency of 
interest (125 Hz';in this sl·udy). In this case the stiffness assumption is incorred 
over the complete frequency range. 
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This ls only part of the problem, however. If there is little or no acoustic 
absorptfon 1n the cavity, the standing waves may be of large amplitude 
cmd may trcmsmi i' considerable energy to the panels. In fact, at the pressure 

nodes In f'he cavii'y, i'he high values of sound pressure wi 11 produce an 
'.dmilor 1·0 'i"hat of direct mechanical connedions~ It would therefore be 

t·hol' l·h-e rE:;su I i'i ng s·trong acoustical coup Ii ng between the panels at 
:1r:1hJ1i'n! frequencit-;S of the cavity would significantly reduce the transmission 

Ci dQuble ponel construction® Furthermore,. it is expected that the oddi-
; 1or1 ot:oushcal c.1bsorpHon i·o t+1e cavity would reduce the amplitude of 

·Novt::s ond result· in an increase in the transmission loss. 

h of e>(pe ri men l·a I work designed to study the effects of absorption has 
n performed on double panel systems in which some form of mechanical 

::::onrH:'.dion existed between the individual panels. It is to be expected, 
i·herefore,, that such interpanel coupling would set· an upper limit on the trans­
mission loss tho~ could be obtained. Nevertheless, o few of the results obtained 
ore vcilid since they were obtained from experiments conducted on double panels 
J-hc1J- were shown to be capable of providing greater values of transmission loss by 
J·he in trod uct ion of more absorptive materi a I. Some of the more important con­
c! us ions from previous work (References 10 and 11.) are as fol lows: 

t 1 'The pos1Hon of a iayer of absorption material in the cavity - whether it 
ls o~Jolnsl· t·he panel surface or in the center of the cavity - is not important. 

r,;i \/orration of the flow resist·ance of the material in the range 10 to 70 rayls 
per inch has little effecf' on the transmission loss. 

(h The density of the material has little effect on the transmission loss. 
(However, if the density is very high, the material may add mass to one 
of fr,e two panels if it is attached and higher values of transmission loss 
nwy be obtained.) 

These conciusronsr while probably perfectly valid, unfortunately do not fully 
e)<pkdn 1·he oction of the absorption material in the cavity. To obtain a 
nren1·er understanding, it is necessary to consider the modal properties of the 
sound field !"hat is set up in the cavity due to some external acoustic excita­
l'ion and the coupling between this sound field and the panels. 

Experimental evidence to support a modal coupling hypothesis has been 
obtained by measuring the transmission loss of a double panel in which the 
individual panels were completely isolated. In the experiments, one panel 
of l·ho double panel construct·ion was placed in the source room, the other in 
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the receiving room, and i'he edges of the cavity were sealed. The panels 
used were of 1/8-inch and 1/4-inch hardboard, chosen so that the effects of 

nd dence were removed from the frequency ronge of interest. The resu I ts of 
ex;::·\~d,;-nents ore shovm in Figure 19 a In the obsence of absorption, curve 

v~) of rhi:, fir:Jure shows 1·hat th,e strong acoustic coupling between the panels 
f·s. 'in a1most" a si.ngie panel perfonnance at frequencies less than the first 

rt:sorwnce perpendkul or to the plane of the panels (i,, e., 1100 Hz)., 
h:iHht:r rn:~·q1,1enclesv the phase of the sound pressure varies over the thick­

::::::s:') of the ccvity and the acousH c coup Ii ng is weaker., In th is frequency 
.!I t·he tronsmissi<>n loss is seen to increase ond behave more like that 

,~xpecf'ed of a double panel, although the predicted values ore not attained 0 

The introduction of a 2-inch layer of fiber glass insulation board (density 
3 !bs/ft- 3

) across the entire cavity width produces a remarkdble improvement 
1n the transmission loss - see curve (b) of Figure 19 - resulting in good agree­
ment between theory and experiment. With a 4-inch layer of fiber glass in 
'i'he cavity,. the mass of the absorption material is comparable to the mass of 
!·he panelsi which explains the additional increase in transmission loss over 

ond above ·that predicted by the simple theory- see curve (a) of Figure 19. 
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Figure 19. Measured Values of the Transmission Loss of on Isolated 
Double Panel Construction with and without Full-Loyer 
Cavity Absorption. The Construction Consists of l /4 11 

and 1/8 11 Hardboard with a Spacing of 6- l /4 inches 
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It is normal, and less costly, to use foil-backed fiber glass batts in wall cavities 
rather than the fiber glass insulation board. As the density of the batts is lower 
than i'hat of the board, their effectiveness. in damping the cavity modes is 
lower., Measured results of the transmission loss of the double hardboard panel 
(~:,1nsirucl-ion me given in Figure 20 for the two types of absorption material in 

(:ov,l·y /~t lov-1 frequencies the values are essentially the same within 
c?.:>q);;;rimentcd (;;IT◊r., bui· a reduction on the order of 4 to 5 dB is noted at fre-
' 1" in r~xcess of 500 Hzo It can be concluded that both types of material 
cJ·o ·::"qucdly ~ffective in damping the low frequency lateral cavity modes, but 

i hs bo i'i's ore l~ss effective 1·han the board in the frequency range where the 
h 9her order· cavity modes occur (i.e., those perpendicular to the surface of the 
p(.:1ih:~ls) due l'o the lower density and flow resistance. 
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Figure 20. Transmission Loss Values for on Ideal Double Panel with 
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Figure 21. Measured Values of Transmission Loss of an Isolated Double 
Panel Construction with Perimeter Absorption. The Con­
struction Consists of 1/4 11 and l/8 11 Hardboard with a 

Spacing of 6-1/4 11 

H the modal coupling theory is correct, it should be possible to provide the 
acoustic absorption solely at the periphery of the cavity. This should, in fact, 
be the optimum position for the placement of the material. Figure 21 shows 
the result of introducing layers of fiber glass (density 3 lbs/ft3 ), 2 inches and 
6 inches thick, around the periphery of the cavity. The following points can 
be noted concerning the results: 

Iii The transmission I oss at I ow frequencies increases as the thickness of the 
absorbent material at the periphery is increased. The predicted values 
are not attained, but it is reasonable to assume that they would be 
approached more closely with thicker layers of material, i.e., more 
absorption. 

-41-



0 The slight dip in the curves at 1000 Hz corresponds to the first cavity 
resonance perpendicular to the plane of the panels. This will be evident 
since the damping at the periphery of the cavity will not be fully effective 
f;1 dnmp'ing t·h is mode, 

Fi·ee1uen c::1 f.:!S greaf·er l·han the first cavity resonance, the presence of 
h;qher order cavity modes (again perpendicular to the plane of the panels) 

:ices the overall values of transm'ission ·loss. However.t the individual 
n~:;on cn-l ces c:1re noi· n ot'i ceab I e. 

:he crillcai frequency of the l/4-inch sheet of hardboard (5000 Hz), 
rh,?d'e is o morked reduction in the measured values. Obviously, perimeter 
c1bsorpf-ion hos little effect on the transmission loss at the critical frequency. 

The prindples of modal coupling provide an interesting method by which the 
f'ronsmission loss of double panels can be increased without the use of absorp­
fion., If the cavity ls divided into a large number of smaller cavities by means 
of CJ lattice network, !-he entrapped air wi II behave as a stiffness element up 
f'o hir~h frequencies, 1,eo V up to the laf·eral modc.1! frequencies of the individ­
ual elements in t·he lattice. This is demonsi·raf'ed in the measured results of 
Figure 22f where t·he lattice dimension is 2 feet square. At low frequencies, 
the mee1sured result·s follow the predicted curve closely. The strong coupling 
t➔ ffed of the fl rsi' and second latero I modes of the lattice (in the 315 Hz and 
630 Hz one-third octave bands) is evident. The lottice has very little effect 
ai' high frequer,cies" If the lattice dimensions were 6 inches rather t·han 2 
feeJ, it is an ti ci pated that the predicted resu I ts wou Id be approached af' a 11 
frequencies up to WOO Hz wit'hout t·he use of any absorption mat·erial. 

The conclusion trwl· can be drawn is that the modal coupling theory appears 1·o 
be valid. The use of peripheral absorption alone apparently is not sufficient 
!'o aHain the possibl(~ high values of transmission loss at the higher frequencies. 
Dividing the cavity into smaller individual cavities, while providing good 
results at low frequencies, again has similar limitations at high frequencies. 
At this poinl·, ii· is interesting to ·return to the st·ated conclusions obtained 
from previous experimental work. These, it will be remembered, showed that 
the influence of the density and flow resistance of the absorption material on 
the transmission loss was negligible. This result is understandable when it is 
realized that of major importance is the damping experienced by sound waves 
t·raveling parallel and not perpendicular to the surface of the panels. With a 
full lateral layer of material in the cavay, the damping will always be high 
(unless the density or flow resistance of the material is very low indeed) since 
the complete propagation path is through the material. 

-42-



C 
0 

20 \_ Mass Law 

0 'l-....~...1..-....1---'-""'""'"rr...J.----il,..,_,,l,_,_..l.--'---i---'--•.......!.-'--'-........................... .....i..--i.........il 

63 125 250 500 1000 2000 4000 8000 
Frequency, Hz 

Figure 22. Measur.ed Values of Transmission Loss of an Isolated 
Double Panel Construction with a 2' x 2' Lattice in 
the Cavity. The Construction Consists of 1/4 11 and 
'l/8 11 Hardboard with a Spacing of 6-1/4 11 

In double panels where the panel separation is smol I - say, less than 6 inches -
it has been found (Reference l l) that the position of the material (assuming it 
is a full lateral layer) is not critical. For panel separations greater than this, 
as for example in floor/ceiling constructions, the lateral modes in the cavity 
may not be adequately damped if the material is attached to one of the panels. 
It is preferable in such cases to incline the material across the cavity wherever 
this 1s possible. 
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2 o 3 SO UN D BRIDGES IN MULTIPLE PANE LS 

One of the major assumptions in the previous analysis of double panel structures 
is !'!-mt· the two individual panels are completely isolated from one another. 

; r;H~ons tho:1' the on iy path of energy transfer between the two pone ls is an 
f-•Gi·h ... In pracf· ice, if· f s necessary to have some form of connection 

f:•,··::•1-ween ·rhe pane Is to provide 1·he added stiffness for the construction to 
w1 1·hs 1·t;md le1tera! .loads. These connections·usual!y take the form of wooden 

nk'!'ii::il i;;·uds fn bul lding structures and metal ribs and stringers in aerospace 
s;,';_;,·:h.:,:f;:; Their efFect ~s f·o provide an additional transmission paf·h in 

1.;,t2ru1l:=:i i·o i·he tllrborne path previously considered, with the result that 
c rc1d1ation from the s·rrucl"ure is increased and the transmission loss 

<:Ut'i"espond ing ly reduced. It is not usually possible to e I iminate these inter­
po.'!e I connections, or 11sound bridges II as they are called, and so it is necessary 
1n the design of multipie panel structures to be able to determine the effect the.it 
the)' hove on the transmission loss .. 

There are basically two types of interpanel connections. One of these, the 
Hne connection, is commonly found in building constTuctions in the form of 
wooden or met·al studs in which the two panels are connected along a I ine or 
o series of lines. The other, which is not so common, is the point connection 
and consists of a connection or a number of connections having a smal I cross­
sec1·ioncJI area thai· approximates to a point. The method that will be used to 
determine t·he reduction in transmission loss of o double panel due to the inser­
H on of a number of such sound bridges is to add together the acoust.k power 
radia1·ed by the action of the bridges and that radiated by the ideal isolated 
panel. The result will then be compared with the power radiated in the 
absen C{~ of sound bridges. 

Consider a double panel construction that is subject to acoustic excitation 
from an unidentified noise source. The panel not exposed directly to the 
noise source wi 11 be exposed to the sound fie Id created in the cavity between 
the two panels. If the resultant rms velocity of this second panel is v2 , 
then the sound power W p radiated due to the forced response of the pane I at 
frequencies less than the critical frequency is given by the expression: 

w Ri 
p 
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where S is the area of t·he panel. This expression also holds for frequencies 
ureclter than the cri ti ca I frequency for both free and forced wave radiation. 

pov-1er WR must be added the power radiated by the action of the 
bddges which are assumed to connect the two panels. It hos been shown 

Heck! (Reference n) that the sound power Ws radiated by a panel at 
t'Jf!;:: less than !·he critical frequency, when excit·ed by a mechanical 

sudi os t-ht11 im)vided by the action of the sound bridges, is given by the 

'-Nhere v :s therms velocity of the area over which the force is acting, and 
x is given by: 

8 A2 for a point force 1{ = 
3 C 

1T 

2 t\ for a line force = 
1T 

where 

.>i. c = the critical wavelength of the panel (c/f c) 

L = the length of the I ine over which the force acts. 

(26) 

(27) 

A comparison of Equations (25) and (26) shows that the quantity x has the 
dimensions of an area and can be considered to be the effective area of rad ia­
tion from either the point or line force. If the point force acts over a small 
but "finite area A then as long as the lateral linear dimensions of this area 
are much smaller than the bending wavelength on the panel, Equat·ion (26) 
can be rewritten approximately ~s: 

pcx (28) 
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where 

r :::::: 

v,/nveleng'l·h of bending waves on the panel. 

x is independenl· of frequency, which at first may seem to be a strange 
If':;; Hir•Never,. c1t frequencies less than the critical frequency, the area of 

1 whkh is ;-iot in the immediate vicinity of the discrete point or line 
12,xperiences free wave motion from which the sound power radiation is 

s:d"itJ~! il1e onl·y sutJstar1tial radiation comes from the area of the force itse(f 
;·,(dri rhe f'orced waves. The size of this effective area of radiation wi 11 decrease 

·Hi frequency, but the power radiated per unit area will increase with fre­
quency,. so thal· the tof·al radiation will remain constant. Since the size of the 
rndic1Hng area increases as the frequency is decreased, it is possible for over­
lapping t·o occur between deformations produced on the panel by neighboring 
porn!· forces. It can be shown (Reference 13) that the effective radius of the 
rndioting area is AB /4 where AB is the wavelength of bendi_ng waves on 
lhe panel. For the individual point forces to be independent of each other, 
l·he spocing "e II must be greater than AB/2. Using the relationship given in 
E<::juoHon (l 'J), this criterion can be expressed as: 

f > 
c2 

(29) 

For example, if the panel is 1/2-inch gypsumboard with o critical frequency 
of 3000 Hz.,. the forces can be considered to be independent at a II frequencies 
greater t·hon 27 Hz for a point spacing of 2 feet. 

WHh H1ese considerai"ions, the total power Wr radiated by the second panel 
when r << AB is given by: 

= pcS v/ (30) 
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where n ~s the number of point or line forces acting on the panel. Comparing 
Four,dcms (.30) and (25) gives the result that the decrease TLB in transmission 

rhe double pcinel construction due to the introduction of the sound 
s ~:;iven by: 

·-· 'IO log (1 + 6) 

The overall transmission loss TL of a bridged double panel is then given by 
th(~ expression: 

TL 

(31) 

(32) 

where TL1 is the transmission loss of an ideal double panel with no connec­
tions, as given by the exact expression in Equation (13) or the approximate 
expressions in Equations (16), (17), and ( 19). To calculate the reduction in 
transmission loss it is necessary to determine the velocity ratio v to v2 , 

which is the ratio of the panel velocity at the position where the line or point 
force acts, to the velocity of the panel at a point well removed from this 
position. To a first approximation, it can be assumed that: 

@ The ve I oc i ty of the first pane I (that exposed to the sound fie Id) is 
unaffected by the introduction of the point or line connection. 

• The velocity of the second panel at the position where the point" or line 
force acts is the same as the velocity of the first panel (assumed constant 
over its surface), i.e., 
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WHh these assumptions, it can be shown (see Append ix E) that the ve I oc i ty 
ratio is given by: 

t..i2 m d 
V 2 

-~-·· 

V;2 l "Sp c 
f < f < f 
0 ;, 

.. w m2 
1 G 8p ,;~ 

(33) 

Linder cond1f'fons where the second term in the brackets of Equation (31) is 
much weater than unity, the rate of increase of Tls (the detraction in trans­
rniss,on loss) with frequency is 12 dB per octave for f < ft and 6 dB per 
och.1ve for f > f,e· The transmission loss of an ideal double panel increases 
of a rate of 18 dB per octave and 12 dB per octave in the two frequency 
ranges, respectively, Thus, the transmission loss of a double panel with 
sound bridges will increase at a rate of only 6 dB per octave over the entire 
frequency range where the transmission loss is governed by the bridges. The 
curve wiH thus be parallel to the mass law line. 

At lower frequencies, when the value of the second term (o) in Equation (31) is 
less H1an or comparable to unity, the slope of t·he curve will vary between the 
HmiJ·s rn dB and 6 dB per octave. Thus, the general form of the transmission 
loss for a bridged double panel is as illustrated in Figure 23. The frequency 
at which the sound bridges begin to determine the transmission loss is cal led 
r·he 11bridging II frequency fs which for the case where the two panels are of 
equal mass is given by: 

f BP f vJ2 for point connections 
0 

(34) 

f BL 
:::; f u:J4 for line connections 

0 
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Figure 23. General Form for the Transmission Loss of a Double 
Panel with Sound Bridges 
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Since, the curve of the bridged transmission loss as a function of frequency is 
parallel t'o the mass law line, a convenient method for specifying the transmis­
sion !oss is in terms of the increase 6 TLM in transmission loss over and above 
;·hor predicted by the mass law for the entire structure. It is a fairly simple 
rno1h~c :;how (see Appendix E) that the value of fl TLM can be obtained 

,,;'1(-:, fc:-i!cw1 '.ng expressions: 

For line connections .. ,.. 

b. TL M 

dB 

dB 

for m
1 

= m2 

dB 

(35) 

dB (36) 

where 

e = point lattice spacing in feet 

b :::: line stud separation in feet 

m2 = mass per unit area of the panel supported by point connections 

f = criti caf frequency of panel supported by point connections or, 
C 

in the case of line connections, the highest critical frequency 
of the two. 

It must be recognized, however, that Equations (35) ond (36) do not account 
for the effects of coincidence in either of the two panels. Thus, the method 
of adding the quantity 8 TLM to the calculated mass law transmission loss 
TLM in order to obtain the overall transmission loss of the bridged double panel 
is vol id only when the critical frequencies of both panels are either outside the 
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frequency range of interest or staggered sufficiently in value (see Section 2.2.2) 
for their individual effects to be reduced. Otherwise, it is necessary to compute 

reduc:Hon TL8 1n lTansmission loss as a result of the sound bridges and sub-
lh1s !·he trnnsmission loss of the ideal double panel, calculated from 
ons 6) r (17) r and (19). 

rne!hc,d of ccJlculation is required, however, the e><pressions given 
s (35) cmd (]6) give an indication as to the required design param­

en opi·i rnurn doub I e pane I construction incorporating sound bridges. 
surprisingly, it is found that the transmission loss increases as the number 

-:md/or length of the interpanel connections is reduced and as the critical fre­
quency (or flexibi!it-y) of the panels is increased. 

The value of .6.TLM is ploHed in Figure 24 as a function of the construction 
paramefers e fc and bf c. In a practical construction, it is to be expected 
t+iat 1·he point lattice (assumed square) spacing 11e" normally wi 11 be equal to 
1-he stud spacing 'b 11

• Figure 24 therefore shows that a value of ,6,. TLM equal 
to rn dB can be obt·ained with a panel seven times less flexible if it is mounted 
on points than if it is mounted conventionally on line studs. 
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2. 3. 2 Experimental Verification of Sound Bridging Theory 

A series of experiments was designed to check the validity of the above expres­
:;;1ons .. /\ doubie panel consisting of tvlo sheets of 5/8-inch gypsumboord was 
i) ,n ,he 1-;·amr:1ission loss testing fad lity. As before, the panels were 

h sepcnah3 rooms, ensuring that no mechanical connections existed. 
nch fiber glass (density 3 lbs/ft 3 ) was placed in the cavity to 

r1bsorption. The transmission loss of the double panel was measured; 
rneosurernen l· \,vas then repeated with the addition of one, three, and nine 

,::,)n,1ech ons bet,ween the pane Is. The point connections used were made 
oF '.;•;nod cmd hod a crnss-sectionol area of 4 square inches. These connections 
'iV1;;rP. ploced on n s9uare lattice with a spacing of 2 feet. The area of the con­
necHons wos one-tenth of the radiating area of the panel at 1000 Hz, and 
C\)uld t·herefore be neglected in considering the effective radiating area. The 
tesu I l·s of the measurements are shown in Figure 25, where they are compared 
wit·h cornpu1·ed results using Equations (16), (17), (19), (31), (32), and (33). 
The 09reement is good, even ot frequencies approaching and above the critical 
frequency. This perhaps is surprising, since the expressions are supposedly 
valid only at frequencies below the critical frequency. In any event, it would 
appear i·hat the predicted effects of point bridging in double panels are con­
firmed by J·he measurements - at least for this ideal laboratory case. 

The e)(pedrnent was repeated with a line connection replacing the points. The 
line connection consisted of an 8-foot long wooden stud, 2 inches x 4 inches, 
which was screwed firmly to both panels along its length. The measured results 
ond l·he predicted values are shown in Figure 26 ~ It can be seen that the pre­
di dion method gives values that are approximately 3 dB too low. This dis­
crepancy can be explained by remembering that in the theory, the introduction 
of -the connection is assumed to have no effect· on the motion of the panel 
d 1 rect I y e,<posed to the sound excitation. With point connections, this is a 
reasonable assumption which is justified to a certain extent by the good agree­
ment obtained between predicted and measured results. The ·continuous line 
connection, however, will exert on influence on the motion of the first 
panel, due partly to its mass and partly to the reaction of the second panel. 
Since these are rather indeterminate quantities in an already approximate 
t·heory, an empirical correction to Equations (31) and (36) may be necessary 
lo obtain predicted results for line connections. 

To see if the above results applied equally well to practical structures, further 
experiments were conducted on a single wood stud partition built in the test 
facility. The material applied to both sides of the studs was 5/8-inch gypsum­
board o The studs were mounted 24 inches on center. The resu Its of the 
measur-ements are shown in Figure 27. The three curves in this figure are: 
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@ The values of transmission loss for the basic structure 

t} The modified structure with one of the panels mounted on points 24 inches 
on cen te;· 

ThC:~ nndrfled s:·rusture wi1·h both paneis mounted on points 24 inches on 

·1 inch x 'I inch x 1/4-inch pieces of plywood nailed 

l-he pnnel(s) were subsequently nailed to the plywood points. The 
riqurc c1so depids t-he predicted values for the ·line and point connections. The 
o.greernrrnl· betv-leen predicted and measured results is good for point connections, 
but o dhcrepc:mcy is noticed in the case of the line connections. The reason for 
r!-.iis e1ddHionai discrepancy is the same as that discussed earlier regarding line 
connedrons. In this case,. however, the presence of many wooden studs is most 
likely to significantly affect the validity of the theory. As a result, it would 

appeor -chat the empirical correction factor that has to be applied to Equations 
(3'1) and (36) for line connecHons should be 5 dB to account for typical prac­
l'ical construct-ions. The practical version of Equation (36) thus becomes: 

(37) 

hlot·e thot in bot·h cases the accuracy of the theory at frequencies approaching 
coincidence is less J·han in the previous more ideal structures, as is to be 
expected. 

The increase in transmission loss produced by mounting just one of the panels 

on point connections is in the order of 5 dB over a fairly wide frequency range. 
Of particular interest is the small increase (in the order of l dB) in transmission 
loss produced by introducing point connections on both sides of the wood studs. 
It appears that this is an unnecessary complication. 

The experiments were repeated using the same wood stud system as before, but 
with 3/8-inch gypsumboard mounted on one side and 5/8-inch gypsumboard 
on the other. The results of the measurements are given in Figure 28. The 
agreement between the predicted and measured values is good at frequencies 
lower than the critical frequency for both the point and line connections, if 
the 5 dB empirical correction is applied to the latter. Again, little or no 
significant increase in values wos obtained by mounting both panels on point 
connections. Examination of Equation (34) shows that the value of fBP -

the bridging frequency - and hence the transmission loss, increases as the 
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crltical frequency is increased. It therefore follows that the panel having t·he 
highesJ· criHcal freq:Jency, i.e., the more flexible panel of the two, should be 
oHached by means of point connecti ans. 

expressions given in Equations (35) and (37) show that in the frequency 
dom'i nai·ed by the sound bridges, the i ncreose in transrni ssi on I oss for the 
h,tr_) •:;onstTucl'ions obtained by attaching one of the panels on point con­

i 9i'-;en by: 

(38) 

where ii· is assum_ed t·hat· the line sh1dy spacing b is equal to the point spacing 
e. The additional 5 dB is irduded as the empirical correction factor for the 
line corn11~cl'ion calculaf'ion. Evaluation of f·his expression gives increases of 
5 dB and 7 dl3 for t·he 5/8-inch and 3/8-inch gypsurnboard panels, respectively, 
vvhich agrees very well wit·h the measured increases shown in Figures 27 and 
.2B, 

fr; summary;' H· can be stated f·hat the simplified t·heory discussed above pro­
vides resubs that are a considerable improvement over those obtained using 
prediction rnet·hods previously available. The accuracy of t·he predict·ed 
rf:su!ts is hi~jh at frequencies less than the critical frequency. At frequencies 
in the vi c in i t-y of and greater than the cri ti ca I frequency, the theory is no 
lont)er sf·rictly volld. However, it is interesting f·hat t·he predicted results in 
this frequency region are conservai'ive (i.e., low) at worst and often agree 
surprising!y well with those measured. It is useful to f·ake advantage of this 
unexpected outcome, but extreme caution naturally must be taken in inter­
preting t·he results in the frequency region above coincidence. 

2.3.3 Isolat·ed Panels 

The preceding discussion has demonstrated the benefits of point connections 
between the pane Is of a double pane I structure. The connections used in 
the series of measurements were solid in the sense that the two opposite 
faces that connected directly to the panels moved in phase and had essentially 
l·he same velocity. It is to be expected that the int-roduction of a resilient 
connection between the panels and the connections would lessen the amount 
of energy transferred from one panel to another, and hence increase the over­
all transmission loss. An examination of Equation (31) supports this idea, 
since J·he decrease in transmission loss depends on the velocit·y ratio between 
the hvo ends of the connection. 
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In practical constructions, it is not feasible to connect the pane Is together by 
means of o resilient elemert such as a spring, because of the requirements for 

; 1 ,;ppori' S/st·errL l'foither is H feasible to employ simple point connections in 
o rnd, since the support system needs to be attached firmly to the 

or floor f·o be of any practical use. It is possible, however, to 
ihf~ point· connection and the isolated point connection by the method 

in Flgure 29 .. This illustration shows that the normal stud system 

! I bt':inq u.5ed,, but that the pane Is are attached to points protruding from 
u,ch c sys rem is likely "to be acoustically superior to one containing con­

r:er::dons 1n ~he form of rods due to the additional mass introduced by the [ine 
~:\·uds addiHon, it ls a simple matter to introduce a resilient material 
behNeen the pane! and the points. 

Fi'gure 29. 

Method of Providing a 
Point Connection to One 
Panel in a Double Panel 
Construction 

// 
/ 

/-- Wooden Stud 

Point 
Connection 

~.~ 
~ Supported Panel 

Sound bridging between the two panels of a double wal I construction occurs 
not only through the vertical studs, but also through the top ond bottom plates. 
It is f'o be expected that the transmission of energy through the plates wi 11 be 
less (per unit length, say) than that through the studs, since the plates are 
supposedly connected firmly to the floor and ceiling, respectively. Neverthe­
less, it can result in an appreciable decrease in the transmission loss. This is 
demonstrated in Figure 30 for the case of a double 5/8-inch gypsumboard wall 
mounted on a 2-inch x 4-inch wood perimeter in the test facility (total panel 
dimensions 10 feet x 8 feet), with a 2-inch layer of absorption in t·he cavity. 
It is to be noticed t·hat the effect of the perimeter is to reduce the transmission 
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loss by amounts up to 8 dB at some frequencies. In a practical construction, 
rhe Vff:'licai portion of the perimeter introduced into the test assembly is just 

G~h1;;:r ver-Hcal si-ud, In this respect, the abov( test is not truly representa-
, :,..,c: s rnp!e iengt·h basis, -however, the additional bridging by 

·-1~:ri'icol ponions oft-he perimeter accounts for ·only 2 to 3 dB of the 
1 ,.;ful in trnnsmission loss,, which may be considered as fairly 

;n·porh:;;nce of sound bridging by way of the top and bottom plates in a 

co! double wol l construction depends, of course, on the amount of 
bddgin~J thot 1s provided by the stud support system, which in turn depends 
on J·he woy 1·he individual panels are attached to the studs. In a conventional 
consl'ruction, with the panels nailed or screwed directly to the studs, the 
ornouni· of energy transmitted by means of the plates wi 11 be smal I compared 
J·o that transmirted through the studs. The concept of attaching the panels to 
l·he studs with point connections, however, will result in a significant reduc­
tion in the importance of the studs as a transmission path. This applies equally 
well to the plates since the panels can also be connected to them by point 
connections. Consequently? the only path of concern, other than that through 
i·he point connections, is through the line where the panels contact the floor. 
A reduction of the amount of energy transmitted by way of this path can be 
ob·tained by supporting the panel on a thin layer of resilient material. The 
effec1· of this measure on the overall transmission loss depends on the critical 
frequency of the panel that is being supported. For example, the increase in 
transmission loss for the case of a 5/8-inch gypsumboard panel construction, 
with point connecHons due to the addition of a neoprene resilient base support 
for both panels, is shown in Figure 31 to be 1 or 2 dB over much of the fre­
quency range. The benefit of providing the resilient base support for just one 
of the panels is presumably less than this. Similar experiments with a 3/8-
inch gypsumboard panel showed less improvement (if any), as would be 
expected with the increased value of the critical frequency. The benefits of 
this form of isolation increase in the frequency region near and above the 
critical frequency of the panel that is isolated. 

It is to be expected tbat the optimum application of a resilient isolator material 
would be at the points where the panels are attached to the studs. Accordingly, 
the simple experiment described in the previous section that was conducted to 
determine the effect of nine point connections between two otherwise uncon­
nected 5/8-inch gypsumboard panels was extended to include the effect of 
isolating the point connections to a certain degree by means of the insertion 
of a 1/4-inch layer of resilient PVC foam tape. The measured increase in 
the transmission loss of the panel resulting from the insertion of "isolators II is 
evident over the complete frequency range, as can be seen in Figure 32. It 
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is a significant increase at medium frequencies; perhaps most interesting of all, 
d1e addition of the isolai·ors substantially reduces the effect of coincidence. 

c()mparison t·he t-rcmsrnission loss of the double wall with jusr one solid 
rd" conneciion is also included in Figure 32. The stud-isolator-panel sys-

;.;;,, ,bi i>1 resoncmce phenomenon in f·he 1000 Hz frequency region that 
1 r.;:·;u 1i·:; in o r·;:;ductinn of l·he overall transmission loss. However, at· frequencies 

1:-;n!' d:i0ve l·he cridcal frequency, if' appears that the introduction of the 
has i·he effecf' of reducing the sound power radiated by a factor of 

i ,e, v Increasing the transmission loss by approximately 10dB. 

h1 ci pracl'i col const-ruct-ion, i·he effect of introducing a degree of isolation 
l'Jetw{~Em ,·he panels and the point connectors is less than that obl·ained in l·he 
cbove experirnent(d h=Jsf·s. This is illusf'rated in Figure 33 where one of two 
5/(3.,,,·nch gypsumboard panels hos resilient base and point stud supports 
Oocat·ecl on a 2---foot x 2-foot square lattice). The reduction in transmission 
loss ccused by placing screws firmly through the st·ud isolators also is shown 
in this figure. With this construction, there are obviously benefits from both 
stud and base isolation. 

Similar measurements conducted with 3/8-inch gypsumboard replacing the 
Isolaf'ed .5/8-inch panel indicated that the introduction of a resilient base 
supporf had no signiflcont effect on the measured values of transmission loss .. 
Figure 34 shows, however, that t·here is a significant increase in transmission 
ioss as a result of introducing resilient point· stud supports, particularly in the 
critical frequency region. Again, t·he acoustical performance is slight·ly 
impaired ln the 1600 f'o 2000 Hz region due to what appears to be a resonance 
phenomenon. It is int·eresHng to compare the measured results using the point 
isolators with values of the transmission loss predicted by Equation (35), neg­
lecting the effects of coincidence in the panels. Normally, significant 
errors are introduced by neglecting coincidence, but with the introduction 
of isolation between the point supports and the panel, the agreement between 
the approximate theory and measurements is fairly good. In Figure 34, the 
approximate theory - which does not account for the effect of the isolators -
is conservative in the mid-frequency range. 

The reduction in the transmission loss of a double panel due t·o the inf'roduction 
of a line connection befween the two panels has already been discussed and is 
shown in Figure 26. The effect of resiliently isolating a line connection from 
one of the two panels by means of a complete layer of 1/4-inch PVC foam is 
shown in Figure 35. It is interesting to nof·e that the resultant values of 1-rans­
mission loss are only slightly superior to those for a conventional steel stud of 
equal length, confirming the existing beliefs regarding the benefits of steel 
studs for noise control purposes. 
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On the basis of the theory and the experimental results described above, the 
following genera! conclusions con be made concerning the partial isolation of 

i 1 I f , i • t t \A/CH 1 po.ne,s rorn rne1r supper sys em: 

n1roduc1·ion of a resilient mount at the base of a panel is beneficial 
(-1n i y for th.e cose when t·he pane I hos c low value for !·he critical frequency. 

i-h:=::: 'frnDeriments conducted, base resilience ceased to have any significant 

on the overall transmission loss when the critical frequency of the panel 
.,,..s " 1J1t:·· r rc~e,· ,.,f: or· re, ter tL 3000 H "'./.), " . c . .: , .. 0 g .... a ~ nan iz. 

'~ iso!oi'ion of poinr connections results in a significant increase in the 
·/rr:insrnission lossf the increment depending upon the critical frequency of 
!·he panei,. and being especially noticeable at and above the critical 
frequency .. 

2 A SUMMARY OF DESIGN METHODS 

The acoustic principles that have been discussed and presented in the preceding 
sections form a comprehensive basis for the design of sound attenuating struc­
;·ures using single or mu!t-iple panel constructions. In the course of the discus­
s~ons, o series of expressions hove been derived with which the transmission 
!oss of many types of construction can be determined. The majority of these 
expressions are simple in form and provide values of transmission loss that are 
generally in good agreement with measured values. 

In 1·he process of designing new types of construction to meet specific acoustical 
goals, there is a definite requirement for a standard method of approach that 
makes proper use of the correct expressions for each particular case. Moreover, 
it is necessary to consider tradeoffs between parameters so that the final design 
provides good performance of· low cost within specified constraints. This sec-

ti on is designed to fulfill these requirements - first, by restating 1·he relevant 
expressions developed in the preceding sections, and second, by indicating how 
'these expressions may be used to arrive at optimum designs for specific sound 
insulation requirements. 

2 .4. 1 Design Expressions 

The expressions derived in the preceding chapters can be divided conveniently 
into the categories of single and multiple panels. They are repeated here for 
use in the discussions on the optimum design of sound attenuating structures 
and for convenience in fu1·ure references. The symbols used in this section are 
as fol lows: 
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F L 

lo 

k 

log 

M 

rn 

i 

m 

TL(f) 

TL 1 (f), 
TL2(f), etc 

TL8 (f) 

dimensions of panel (ft) 

spac: i ng of Ii ne studs (ft) 

·./r::docrty of sound in air = 1'128 (ft/sec) 

ion Qf panels 'in a double panel construction (ft) 

panels in a triple panel construction (ft) 

,qur·,1,",;: :roni' r)t i::nea cssocfated with a point connection, or 1.+1e 
(:} t:f~ ing constod if square (ft) 

., · ' " f 'H ) brldfJl ng .. requency l z 

crli·ical frequency (Hz) 

limiting frequency for single panel (Hz) 

iimiting frequency for double panel (Hz) 

fundamental double panel resonance (Hz) 

fundament·al single panel resonance (Hz) 

1·hkkness of panel (inches) 

\Nave number = 21T f /c (fr 1) 

logarithm to the base lO 

total mass of rnuli'iple panel per unit area (lbs/ft2
) 

mass of panel per unit area (lbs/ft2 ) 

mass of panels 1, 2 and 3 per unit area (lbs/ft 2 ) 

effective mass of double panel for determining f0 (lbs/ft 2 ) 

transmission loss of construction at a frequency f (dB) 

transmission loss for panels 1, 2, etc. at a frequency f (dB) 

reduction in transmission loss at a frequency f for a double 
panel due to sound bridges (dB) 

transmission loss at a frequency f of a multiple panel with no 

i nterpanel connections (dB) 

transmission loss at a frequency f according to the mass law (dB) 
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increase in transmission loss over 1·hat calculated according to 
i·he mass law (dB) 

factor of panel (dimensionless) 

·NCl'.i'e➔ length of bending waves (ft) 

.-le.•(··• .. ,.,;,, .• ,. ")c .-.,'.,, :::-: 0 0745 il'os/ft 3 ) .,._ ... • : ~ __ ,. ~ ! }· C I .. i • ~ o , \ 

ptrc~ssfons In whkh the dimensions are stated have been determined using the 
1-'001:~1 p~;~;;ds,.seconds system of units. To convert from the foot, pounds, 
5~.~-~:;;l,cfs system 1·0 the SI system of units, the following factors can be used: 

CJ ' 

I lb = 0.454 kg 

ft == 0.3048 m 

inch = 0.0254 m 

1 lb/ft2 = 4.88 kg/m2 

'J lb/ft3 =: 16 .0 kg/m3 

s < ' p 9 :...._:~)9 I e ane :1 

The single panel is defined os a homogeneous panel having no cavities. 
The transmission I oss characteristic of a sing! e pane I can be divided into 
two frequency ranges where the ratio of limiting frequency is given approxi­
mai•ely by the expression: 

This is equivalent to the condition AB :::;:: ( T::}h - See Appendix A. 

"' Thin Single Panels (f < fL) 

The transmission loss of a thin single panel as a function of frequency is 
i ! lustrated in Figure 36. 
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Figure 36, The Genen:d Form of the Transmission Loss as a Function 

of Frequency Fr)r c1 Thi'n Single Panel 

The ~ransmission loss chort':Jctedstic can be divided into frequency ranges 

where the limiting frequencies are given by the expressions: 

f :=:::; Trh 
r2 

usually low enough to be of little concern. 
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Ard given frequency, the transmission loss is given by: 

f 
f 

'r'' ( •;\ + 40 
. ( r ) dB f -,::_ f' 

I t,n t; log\···-- r 
\ f / r 

-r1 /r\ f 

l 
. Ln,\1") 

J C 

TL fr·) + 10 log 
l2n ~) + 5, dB f ,_ 

1-. ·rY) \I v-;: / 

f C I 
C 

where 

TLm (f) :::: 20 I og (m f) - 33 .5, dB 

To a flrst approx1ma1'ion I the transmission loss in the frequency region 
between 1/2 fc cmd fc can be obtained by describing a sl·raight line 
befween the transmission loss values Tlm(1/2 fc) and TL(fc) for 

\ 

f = 1/2 fc and fcg' respectively,as given by the e)(pressions in Equal"ion 
(42). 

Measured values of the transmission loss for some conventional building 
materials are shown in Table 1. 

Thick Single Panels (f > fL) 

See Appendix A. 

(42) 

(43) 

b. Double Panel 

The double panel is defined as consisting of two single panels (of any 
thickness) with an intervening airspace or cavity. It is assumed that there 
is a full layer of absorption material - at least equal to 3-1/2 inch fiber 
gloss batts - in the cavity. There may also be mechanical •connections or 
sound bridges between the two pane Is. 
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The transmission loss of a double panel wif-h sound bridges os a function of 
frequency 1s illustrated in Figure 37. 

c:.: 
0 
t/l 
I/) 

--J d 

(Log) Fiequency v Hz 

Mass 
Law 

Figure 37, The Genera! Form of the Transmission Loss as a 
Fun ctl on of Frequency for a Double Pane I with 
Sound Bridges 

The transmission loss characteristic can be divided into frequency ranges 
where the I imiting frequencies are given by the expressions: 

where m 

! 3 .6 p c2 

✓ m'd 
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rABLE: 

,VtASUkcD VALUES OF TRANSMISSIO!'-,l LOSS (dB) FOR A NU1V\BER 
CONVENTIONAL BUILD ING !v\A TERIALS 

b 

Crificaf 
On'1:~ Third Octove Bend Center frequency, Hz Mass frequency, 

Ccmtrncrim lbs/ft 2 H,Pl ' mo l25 I MO 200 250 ::ns i 800 lOJO 
! 

<600 400 500 63G !250 

1/4" Gypsumboord 1.0 6,300 7 9 rn 12 14 i6 17 19 21 23 25 27 28 

3/8" Gypsumboord 1.5 4,000 rn 12 14 l6 17 i9 21 23 26 27 29 30 32 

1 /2" Gypsumboord 2.0 3,150 n 15 i7 18 20 22 24 25 27 28 31 32 33 

5/8" Gypsumboard 2.6 2,500 14.5 16.5 18.5 20.5 22.S 24.5 26.5 28 29.5 31 32 33.5 34 

laminotioJl) of 2.0 5,000 13 15 17 19 20 22 24- 26 27 29 31 32 34 
'1/4"ondl/4" 
Gypsumboord 

lominotfon(l) of 4.0 3,150 19 21 23 25 27 28 29 31 32 33 34 35.5 36.5 
1/2" ond l/2" 
G ypsumboord 

lomi notion\2) of 4.6 2,500 21 23 25 27 29 31 33 33.5 35 35.5 35 35.5 36 
1/2" and 5/8" 
Gypsumboord 

laminution(2) of 7.2 2,000 23 25 27 29 31 33 35 34 35 35 36 38 40 
5/8h, 1/2" and 5/a" to 
Gypsum board 2,500 

J /8 '.' Hardboard 0.7 10,000 7 7 9 10.5 12.5 l4 i8 19 21 22.5 23.5 26 27.5 

1/4" Hardboard l.4 5,000 10 12 14 15 17 20 21.5 23 25 27 29 32 33.5 

2" Reinforced o,;24{4) 630 34 35 36 38 37 36 38 39 41 43 46 49 51 
Co~crete 

4" Reinforced ""4sC4) 315 39 42 42 42 42 43 43 46 50 53 54 55 57 
Concrete 

6" Reinforced ""72(4) 200 39 39 42 42 42 46 48 50 53.5 55.5 58 60 62 
Concrete 

{!)Spot laminotions- 12" on centers. 

(2)Spof lominotions - 24" on eenten. 

(3)centef" of th~ One-Third Octave !fond within which the criticd fn,9uency lies. 

(4)ksuming a density of concret~ of 144 lbs/ft This will va.-y according to ihe oggregote. 

ii 

3150 i ,moo ! sooo 2000 ::'500 
1 l 

.JU 32 33 32 25 

33 33 29 25 28 

33 29 25 C:/ 31 

30.5 25.5 29 33 35.5 

35 36 37 37 33 

37 36~.5 33.5 36 41 

34 32 3-4 36.5 4.0 

39 39 41 43 47 

29 32 34.5 36.5 36.5 

35 36 36.5 37 35 

52 54 56 58 59 

59 60 64 66 68 

64 64 66 68 70 



m 'd (I 6s/ft 2 • 1 nches) 

lO 

{ 20 I OCJ 1\) 6 J ! 

{ l O I 0: ( b f C) - 29 I 

20 50 100 

I i::.TLfA \) I ,V\ 

\ .. Lf.O ; 
\ . j 

\ , 

dB for point bridges 
spaced e feet apart 
on one panel only 

dB for line bridges 
spaced 6 feet apart 

(45) 

(46) 

for m1 = m
2

• For other combinations of mass, see Equations (35) and (36). 

C' f :::: -;,;---r 
i, LTIO 

r 12 P 
/_~ c2 

f c~ ~ \} E 
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ill, 

At a grven frequency, the transrnissior,. loss i:; given by: 

·r't" 0 pvprp<; ••• : e~·· ;·. j'., t: . 1 ,~ -~ ,,, • ~· .. s I o 1 1 g I v ,j 1 • n ,... l u o , ur.cuicie 

quencies i.: isolai·ors are inse,·!i d • - '.:,e,: ~H.: 
,~, r~1 r'\ 

: ; 1-l L: ) ~) 1 \) " 

At frequencies approaching nr greater t·han :hf, ic.::1 frcouency off he 
pcinei mounted on poinl·s or lines, rhe Foilrn,vinu t:xprr::'.'>s1on:s ;Ti•is;· i·okf~ 

with dlscretion, 

TL(f) 

where 

TL I (f) F'0 TL 
1 
(f) + TL)f) + 20 log (fd) .,. 39; c!B 

f < f 
0 

f > f 
.Q, 

and TL 1 (f), TL 2 (f) can be measured or calculated values of l·ransmiss1on 
loss. 
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For point connections to~ panel only: 

) + 20 log (f) + 27.5, 
/ 

dB f < f < f 
0 £ 

dB 

- rnoss poni;'. on point conned-ions. For line connections: 

2 2 

4' 
/ rn2· d \ 

+ 40 log (f) - 44, dB f < f < f ~ 10 log\ t--r;-) I 0 f_, 

11 

fl {,;\ -- i t.B 'j; ··-· 

l , m 2 ) 
, 10 log (£t + 20 log (f) + 1, dB f > f 1, 

TLM(f) - 20 log(Mf) - 33.5, dB 

where M = rn, + m2 

CAUTION: - The transmission loss of a double panel, calculated by the 
method described above, in some cases may not be obtained 
in practical installations because of flanking transmission 
through adjoining elements. 

For design purposes, Equation (49) can be combined with Equation (46) to 
give an expression for parameter requirements for f > fs: 

(52) 

(53) 

(54) 

= 1 t"I [TL(f) + 94.5] 
Me f c f · an I og 20 for point con·nections (55) 
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t .1 [ TL ( f) + 6 2 • 5 ] 
• an I og 

f2 10 
for I ine connections 

i·dp!e por,e! is defined as consisting of three single panels (of any 
1hir::kness) \At/i·h i·wo lntervening airspaces or cavities. It is assumed 
'IFir,j'~hi~r~ h Ci full layer of absorption material-at least equal to 3-1/2 

flher gloss bcJtts ··- in each cavity. There may also be mechanical 
r::>rH1ecH ons or sound bridges between the individual pane Is. 

The i'ronsrnission loss of a triple pone! as a function of frequency is illus­
frated in Figure 39 ,, 

"· 1/) 

b 
_J 

C 
0 
Vl 
Vl .E 
Vl 
C 
0 
'-

1--

HVaB Per 
Octave 

l 

6 dB Per 
Octave 

_J--

Octave 

(Log) Frequency, Hz 

Figure 39. The General Form of the Transmission Loss as a 
Function of Frequency for a Triple Panel with 
Sound Bridges 
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The transmission loss TL1(f) of a triple panel with no sound bridges is 
grven by the expression: 

' TLlv\ (f) f. < f+ 

\ I, 
~;-~ ( Tli(f) + TLif) + Tlif) f + < f <f.e, 

' ( 
+ 40 log(fd) -, 78, dB 

. (( 

\ TL
1 
(f) + TL2(f) + Tl3(f) + 12 I dB f > f,e, 

TLM (f) = 20 log (M f) - 33. 5, 

·wh,:;ire 

f+ ·- 3.6 p c 2 

211 m1 d1 

where 
1 m, = m3 == 2 m2 [{i \ 

i 

and 

(See Append ix D for other confi gurati ans.) 

C 

f .t = 2nd 

dB 

(See Figure 38) 

(' 
I .. J ... ) 

(57) 

(58) 

(59) 

The transmission loss of a triple panel construction with sound bridges depends 
on the configuration of the bridges. If they ore in line, as illustrated in 
Figure 39, then at frequencies less than the critical frequency of all ·the three 
panels, the transmission loss of the construction is given approximately by 
Equation (49), where TL1(f), TLM(f) and~ TLM are given in Equations (57), 
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(58) and (46). At frequencies greater than the critical frequency of any 
of the panels, the expression for the transmission loss becomes too com­
plex to be of practical use although it is possible to make conservative 
esi•1 mates, 

()hl: •«·· The trnnsmission loss of a triple panel calculated by the 
mel·hod described above may not be obtained in practical 
installations because of flanking' transmission through 
adjoining elements, 

The expl'ess1ons given in the preceding section are sufficient for the design of 
ci construction that is required to satisfy a specific transmission loss requirement. 
In many cases where the requirement is not severe, a simple single panel may 
suffice, provided, of course, the moss required to achieve the transmission loss 
ls not too high. If a practical single panel does not provide sufficient trans­
mission loss, a brief review of the HUD Noise Control Guide (Reference 14) 
c;r t·he prototypes given in Section 3.3 will show if there is any existing con­
srruction that wi 11 satisfy the requirement.. If both of these approaches fail to 
come up with a desirable construction or if the requirement itself is for a con­
struction having low cost and/or high transmission loss, then it is necessary to 
design a construction by means of the expressions in the preceding section. 

As an example, suppose the transmission loss requirement shown in Figure 40 
is required for an internal load-bearing wall construction. To define a con­
struction that will satisfy this requirement, the steps in the calculation are as 
follows: 

1. Draw a straight line with a slope of 6 dB per octave tangential to the 
required transmission loss characteristics. See Figure 40. 

2. Note the value of the transmission loss given by this line at a certain 
frequency - say, 1000 Hz for convenience - and insert the value into 
Equation (43) to determine the moss of the single panel that would provide 
the straight line characteristic. In this case, TLM ot 1000 Hz is equal to 
58 dB; hence a mass of 38 lbs/ft2 is required. 

3. Determine the feasibility of using a single panel of mass 38 lbs/ft2 to 
satisfy the requirement. Such a high mass can be obtained only by using 
concrete or masonry wal Is which invariably exhibit low values for the 
critical frequency. For example, a 3-inch concrete panel of moss 36 lbs/ft2 
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Figure 40,, Required Transmission Loss Characteristic for Design 
Example 

has a critical frequency of approximately 400 Hz. At frequencies greater 
than 400 Hz, the concrete panel wi 11 provide a transmission loss approxi­
mately 6 dB less than that calculated according to the mass law -
Equation (43). That is, its effective mass is one_.half of its actual mass. 
Thus, a 6-inch concrete panel of mass 72 lbs/ft 2 is required to satisfy 
the transmission loss requirement shown in Figure 40. Examination of the 
measured values of transmission loss for a 6-inch concrete panel as given 
in Figure 6 show that this panel would in fact satisfy the requirement. If 
the 6-inch panel is too massive or undesirable for other reasons, it is 
necessary to consider a double panel construction. 

4. Consider the possibilii-y of a double panel with line connections, i.e., 
a common wooden or metal stud wal I. Insert the value of the required 
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transmission loss (58 dB) at a given frequency (1000 Hz) in Equation (56) 
determine the required va!ue of the quantity M2 b fc. In this case, the 

;:·, 1rnum n-::,r:~u rr~meni" is given by: 

(lbs 2 /ft /sec) 

H' the slud spocing b is taken as 2 feet, the requirement becomes: 

(16s 2 /ft 2/sec) 

Using gypsumboard,. it is possible to obtain values of the critical frequency 
in i·he range 2500 Hz for 5/8-inch thickness to 6000 Hz for 1/4-inch thick­
ness. Taking a med ion value of 4000 Hz (3/8-inch gypsumboard), the 
minimum requirement for the total mass of the construction, excluding the 
studs, is then: 

M ~ 12 lbs/ft2 

5. Consider the possibility of a double panel with one of the panels mounted 
on point connections. Repeating the general method described in (4. ), 
but this time using Equation (55), shows that for a panel having a critical 
frequency of 4000 Hz mounted on points with a lattice spacing of 2 feet 
the minimum requirement for the total mass of the construction, excluding 
the studs, is: 

M ~ 5.3 lbs/ft2 

This is significantly less than the 12 lbs/ft 2 required with the some panel 
mounted directly to the studs. The remainder of this example therefore 
assumes the presence of point connections for the pane I of critical fre­
quency 4000 Hz, although the method for the case of line connections is 
exactly the some. 
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6. Calculate the transmission loss for the total mass of 5.3 lbs/ft 2 according 
i·o Equation (43) and insert the mass law line onto the diagram - see 
Figure 40. 

nTvv (i sl-rai9h1· line with a slope of 18 dB per octave tangential to the 
!''~;y:i'r 1.'!'C' '.-ronsmissfon loss curve as shown in Figure 40~ 

1+ifi frequency f0 at which the mass low line intersects the 
ci\' 18 dB/och:ive. In this case f

0 
~ 72 Hz. 

Using Equation (44) det·errnine the spacing d of the two panels in a double 
r,nnel construction with each panel of mass 1/2 x 5.3 lbs/ft2 (the optimum 
c.ondHfon) for the Frequency f0 to be 72 Hz. In this case d = 7.5 inches. 

fr would oppecJr from this result that the requirement would be satisfied by 
B•-inch wooden sf'uds (actual dimensions 7.5 inches) with 5/8 inch gypsum­
board (rn = 2 ,6 lbs/ft2 ) mounted on both sides. However, the critical fre­
quency of 5/8-lnch gypsumboard is 2500 Hz, which is well below the required 
valt.1e e>f 4000 Hz. The critical frequency can be raised by using 3/8-inch 
gypsumboard (fc =4000 Hz); however, since the mass of this material is only 
1i • .5 lbs/ft 2 , it is necessary to use two laminated panels. Checking back 
through f'he calculations shows that this combination of materials with cl spacing 

. of 5~·'1/2 inches in place of 7 .5 inches would provide a value of 80 Hz for f
0

, 

vvhich rs close to that required. To obtain an increase in the transmission in the 
vkinii-y of the criHcal frequency of the two panels, the point connection can 
ccmsis1· of 1/4 11 x 1 11 x 1 11 squares of PVC foam tape through which the laminated 
pcinel is narled. Thus f"he final construction is as follows: 

2 11 ;,<6 11 wooden studs, 24 11 on center; S/8 11 gypsumboard 
nailed to one side; on the other side, two laminated panels 
of 3/8 11 gypsumboard mounted on point connections 24 11 on 
center. Fiber glass batts (3-1/2 ") to be included in the 
cavity. 

This construction is one of the prototypes that was tested in the program - see 
the results for prototype 2. It is interesting to compare the total mass of this 
cons1-rucHon (5 ,6 lbs/ft2 excluding studs) to that of the single panel with 
equivalent performance (72 lbs/ft 2 ). 

The design method described above is based on the simplified expressions given 
in Section 2.4. 1, without considering the effect of coincidence on the indi­
vidual panels. On completion of this approximate method, the transmission 
loss of the final construction can be checked more accurately by using 
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Equations (49) and (50) in the appropriate frequency ranges. In some cases, 
;1•erntiva calculations may be necessary to obtain the required characteristic 

'i 5tab~d porameter constraints" 

lha!· dei·errn!ne the transmission loss of a double wall can be 
;ndependent-iy to provide almost any acoustical characteristic that may 
red,. PracHcal limi1·ations on the size and weight of the construction 

i'o set bounds on the degree of variation possible in each of the param-
buf' i'he opt'imurn configuration for a specific application can still be 

obtained only by means of iterative calculations (see Section 2.4.2). Clearly, 
H wou Id be of value to combine the independent parameters in the form of an 
expression or chart so that the effects of perturbations of any one parameter 
could be readily observed. It is possible to do this in terms of the STC rating. 

Tc, determine the STC rating of a construction (Reference 15), the STC weight­
ing cont·our is superimposed upon the measured values of transmission loss and 
adjusted so 1·hat the sum of the deficiencies (i.e., deviations of the transmission 
loss values below the STC weighting contour) does not exceed 32 dB, with the 
oddiHonal constraint that· no single deficiency exceeds 8 dB. With the contour 
adjusted to its highest value that meets these requirements, the STC rating of 
the construci"ion corresponds to the value of the transmission loss in dB given by 
f·he weighting contour at a frequency of 500 Hz. 

The general form of the transmission loss curve for a double panel with bridging 
as a function of frequency is characterized by a slope of 18 dB per octave at 
i-he low frequencies and 6 dB per octave at higher frequencies, neglecting for 
the mome_nt the effects of coincidence. The changeover between the two dis­
tinct slopes occurs at the bridging frequency f8 • Since the shape of the curve 
is well defined, it is possible to determine its STC rating in terms of the 
important parameters of the construction. The deriyation of the expressions 
necessary for this to be accomplished is contained in Append ix F. It is assumed 
in this derivation that the maximum allowable deviation of 8 dB is taken at 
125 Hz. The results have been simplified and incorporated into the design 
charts shown in Figures 41 (a) and (b) for cases involving point connections to 
one panel and line connections to both panels respectively. This chart contains 
two sets of diagonal lines which provide information on the required value of 
the parameters such that the portions of the transmission loss curve both above 
and below the bridging frequency fB are compotible with a given STC ral"i ng. 
The solid lines have the panel mass m (assumed equally distributed between 
the panels) and the separation d as abscissa and ordinate, respectively, with 
S TC rating as the parameter, and represent the criterion for the portion of the 
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Figure 41. STC Design Chart for a Double Panel 
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transmission loss curve at frequencies less than fB. For ex amp I e, Figure 41 (a) 
d1ov1:~ i'hc:rt q mass of 3,5 lbs/ft2 and a panel separation of 3.5 inches are 
:-e,~u r red hJ comp I ete the requirement at I ow frequencies for an S TC rating of 

To qchieve the r-ating, however,, the dashed lines which have the product 
I\: c1s porometer indkafe ·that o minimum value of e fc :::: 7070 is required. 

'ih·e i·wo set·s of curves on the chart are used to determine the design param­
'~'!h:~rs fc,r :J d .. ,uble panel in the low ond high frequency ranges. It is of course 
(J2c,1sS(ff1/ to ensure that the critical frequencies of the two pane Is are either 
:A1fl";clenlly high or spaced sufficiently far apart - see Figures 15 and 16 - so 
,.JS no:;, !"o affecr the S TC rating" 

The STC rating of the construd'ion is dependent on the transmission loss at 
'i25 H.z, so any perturbations in the product 11md II will directly affect the 
rat-1ng 1n a manner that can be determined from the chart. The chart does nol· 

give 1·he direct STC rating for a construction where the quentity 11efc 11 is 
incompatible with the same rating as that given by the product 11md 11

• It is 
difficL,lt to state an exact method for calculating the change in STC rating 
due to such a condition; in general, however, it can be assumed that the reduc­
tion (L\STC) in the rating is given approximately by the expression: 

where 

== the value of the product required to be compatible 
with the product 11md 11 in giving a specific STC rating 
(e.g., 7070 in the example given above) 

the value of the product actually used in the design of 
the construction. 

Because the S TC rating as determined from the chart of Figures 41 (a) and (b) are 
dependent on the transmission loss of the construction at 125 Hz, it is not possible 
to increase the rating by increasing the value of the product 11efc"· 
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3"0 DESIG~~ OF BUILDING ELEMENTS FOR HIGH TRANSMISSION LOSS 

THE 20 dB REQUIREMEl'H 

:--1ed in i'he contract· stotement of work, the acoustical goal for the build­
t,[1 eieme•·l'i·s le:: be designed in this study is that the transmission loss musl' exceed 

moss law values by at least 20 dB in the frequency range 125 Hz 
Hz~ Jn addition, it is required that the elements perform sotisfactorily 

respec.;· ro the environment and be lower in cost (per STC value) than other 
c~mshucHons presently known. A cursory examination of the acoustical require­
ment- indicai·ed that existing techniques in the theory and practice of sound 
irnnsm1ss1on loss were insufficient for the design task. For example, the require­
ment ---which will be referred to simply as the 1120 dB requirement" in all future 
discussions··-· is not satisfied by any of the common consl-ruction types such as 
i·hose lisred in the HUD Noise Control Guide (Reference 14). Additionally, a 
foirly intensive search has shown that nowhere in the main published literature 
is there mention of a const-ruction satisfying i·he requirement over the enf'ire 
frequency range 125 Hz to 4000 Hz. As a result, it was necessary to return to 
1·he fundamentals of sound transmission loss to develop new techniques by which 
the 20 dB requirement could be satisfied. The results of this study are sum­
madzed in Section 2a 4. 

This section contains an examination of the design parameters necessary to 
satisfy the 20 dB requirement and a discussion on the practic.al realization of 
~hese parameters. 

3. 1. l Design Parameters for the 20 dB Requiremenf· 

Single panels alone cannot be used to satisfy the 20 dB requirement since their 
transmission loss exceeds the mass low only at frequencies below the natural 
panel resonance and above the critica I frequency. It is therefore necessary to 
consider double and triple panel constructions. 

Section 2.2.4 shows that for a given total mass and thickness, the double panel 
provides a greater transmission loss at low frequencies than the triple panel c 

The transmission loss of the f'wo types of constructions are equal at a frequency 
(4f0 ) which is four times the fundamental resonant frequency of the double 
panel, where the value is 24 dB in excess of the mass law. The double panel 
is therefore slightly superior to the triple panel in achieving the 20 dB require­
ment at the lowest frequency of interest. At frequencies greater than 4f0 , the 
transmission loss of the triple panel is greater than that of the double panel, 
provided there are no mechanical connections between the individual panels. 
When the cost and complexity of the support· system required for a triple panel 
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construction are also taken into account, however, it turns out that double 
pcmel s prov1 de the most cost-effective method of achieving the 20 dB require­
menL If more than 20 dB in excess of the mass law is necessary, it might be 
nec,:::ssr1ry to use: o i-rip!e pane! construction. 

en 
-0 

f 
O 

f B = 125 Hz 

(Log) Frequency 

Figure 42@ Minimum Design Requirement for a Multiple Panel Construction 
with Sound Bridges to Satisfy the 20 dB Requirement 
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H is necessary 1n i·he design to arrange for the fundamental panel resonance (or 
i'f:son(:mces in the case of more than two panels) to occur at a sufficiently low 

and 

~:;o l'hr::it t'he transmission loss is 20 dB greater than the calculated mass 
H2 .. , Equotions 04) and (17) of Section 2.2.2 can be rearranged to 

;:'-t1(r!· the lr1cr(:.c1se Is n.M in the transmission loss over and above that 
by the moss I ow is obf·,al ned at ct frequency f ti. TLM, where: 

p = l 40 for a double panel 

80 fora triple panel 

( 61) 

and f for the triple panel ls taken as the higher of the two fundamental reso­
o 'f ) nc1nces 1, + o 

I nserl·ii n9 the values of' ~ TLM and f ~ TL into Equation ( 6 l) shows that the 
M 

r~Jquhemenl· for the fundamental resonant frequency f
0 

is: 

f ::;; 
0 

40 Hz for a double panel 

70 Hz for a triple panel 

The corresponding values for the product 11 md 11 are given by Equation (44) as: 

md ~ !65 (lbs/ft 2
) ins. for a double panel 

21 (lbs/ft 2
) inso for a triple panel 

(62) 

The above design figures are the minimum allowable to satisfy the 20 dB require­
ment and apply in the case of optimum moss distribution between the panels, 
namely: 

m - m for a daub le panel 

m 2m - m for a triple panel 
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and the panel spacings (d) in the triple panel configuration are equal. Other 
combinations of panel mosses for specific panel spacings are shown in Figure 43 
for a double panel construction& The spacings given in this figure refer to the 
nchwl (ra,·her than the nominal) dimensions of commonly used wooden studs. It 

Id be noted that '...v:th an 8-inch wooden stud (octua! dimension 7.5 inches), 
pone! rs required to have a mass of 8.7 !bs/ft 2 to satisfy the 20 dB require­

m~Jni ,i\lh~rnotrvedy.r the panel masses could be 30 lbs/ft 2 and 5 lbs/ft 2 for the 
::un:::: s;-:,oc;ng w·hkh, although !ess efficient in terms of total mass, may be more 
foosl f~ us 1nq common bui I ding materials. Note that with a 7 .5-inch spacing, 

rnuss for eii"her of the panels is in the order of 4.5 lbs/ft 2 • 

. : ()CJ ' , .... , ~~T "-"'"'Tl""'--r-,.-T""'l"l """"""l'1~""""1"'----------_.,-,._,._,.....,._ 

E 
50 ~ 

20 -· 

Minimum 
Total 
Mass 

E H) 
"iii 

t:: 
0 ,,._ 

2 

7. 5 11 

9 .5 11 

11. 5 II 

Curves Drawn for the Condition 
m 'd : 65 (lbs/ft2 inches) 

where 
2m 1 m2 m'=---
m1 + mz 

I 

I 
I 1 ';,'-1 ---~2 ______ _,., ___ 5 ........, ___ ...i...;.J_10.._ ___ 2oi......-...i......-s-'o-""---'--.i.....l.-1L....loo 

Moss of Pone! m2 , lbs/ft 2 

Figure 43. Requirements for the Masses m1 and m2 and Internal Spacing d 
for a Double Panel to Satisfy the 20 dB Requirement 
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.At higher frequencies, it is necessary to maintain the value of 6.TLM at 20 dB 
by correct- choice of panels and support systems. If one of the two panels is 

· on point supports, then the volue of f·he quantity ATLM is given by: 

f 

Li TL - 20 log (ef ) - 61 M C 
dB ( 63) 

e --- t·he square roof' of the panel area associated with each point 
support 

the critical frequency of the panel mounted on the point studs. 

,6,,9c1 inf it is assumed thai· the masses of the two panels are equal; otherwise, the 
more general expression given in Equation (35) must be used. 

InserH ng the condition that ll TLM is equa I to 20 dB resu I ts in a requirement for 
l'he product ef,_, namely: 

\., 

ef ~ 11,200 (ft/sec) 
C 

(64) 

If the point connections are located on a 2-foot square I at1'i ce, the critical 
frequency of the supported panel must be at least 5600 Hz for the construction 
to satisfy the 20 dB requirement. 

3.1.2 Practical Realization of the 20 dB Requirement 

The design of a double panel construction according to the requirements stated 
in Equations (62) and (64) wi 11 ensure that the transmission I ass wi II exceed the 
mass law values by ·20 dB at frequencies greater than 125 Hz. The cost of such 
a construction will be determined partly by the materials used. It is frequently 
convenient for both panels to be of the same material so as to minimize the 
number of techniques involved in the construction. In this case, for a given 
material, the material cost wi 11 be dependent on the mass or thickness of the 
panels, which should therefore be as light and thin as possible. The overall 
cost also is dependent on the floor area taken up by the construction, indicating 
that the overall thickness should be as small as possible. These two require­
ments are mutually incompatible with the requirements given in Equation (62) .. 
It is therefore worthwhi I e to study more closely the practical combinations of 
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panel mass and separation that will satisfy the 20 dB requirement in order l·o 
def-ermine the optimum configuration in terms of acoustic performance cmd cost. 

o 9lven to1·<)l mass., the optimum configuration for a double panel construc-
1s obhJi ned when the mosses of the two panels are equal. Equation ( 62) 

!·ho1· pcmels of high mass are required if a small panel separation is chosen. 
,. , 1 I . . . . d ~ 

'..·1 D1ven rnc1tena1,r 1owever, an increase m mass 1s accompan1e ,)ya corres~· 
r\~.J increase in panei thickness, whkh to some extent negates f'11e useful-

·--,:,,;;-,, ing a smaf ! separation a Continuing this argument, it can be shown 
the:i·e k; ci minimum ()Verall thickness with which the 20 dB requirement 

uny tJfme:roi XdB requirement') can be met using a given material.. This 
.ri;;"1irnurn thickness can be determined by expressing the overall thickness D 

doub!e panel as: 

D = d + 2m 
Pm 

m - mass per unit area of each of the two panels 

Pm - density of the material of the panels 

d -- panel separation 

(65) 

Combining lhe requirement of Equation (62) wii·h (65) results in the expression: 

D = 5.5 
m 

2m + 
An 

feet (66) 

w+1t:re m 1s expressed in lbs/ft 2 and Pm is in lbs/ft3'. The minimum volue of 
·thf1 oven·cdl constTuction thickness D is given by: 

D 
6.6 

feet = 
min -vii m 

(67) 

where 

m = 1. 7 Vp lbs/ft 2 
m 

(68) 
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cmd 

d -~· i /2 D . 
' min 

(68a) 

·1i de,flnithn of rhe 20 dB requirement is in terms of the calculated mass 
hvr r)ver the enfire frequency range "125 Hz to 4000 Hz, it is clear thai· the 

k,n loss of a sh·udure just saf'isfying the requirement is implicity 
{}-epend.;-:-;ni· en i·he mass of the structure. For a given total moss, t·herefore, 
ly1~h 1-he transmission loss and the STC roting are completely defined. More­
c,vr,;r·,, {·he rransmission loss curve will be parallel to the mass law line, as it 
wrl be 1n any bridged double panel construction. It is easily shown that for 
a !-rcmsrnission loss characteristic that follows the mass law, the numerical value 
of the STC rating is given by the expression: 

STC :::: TLM (500) + 4 (69) 

where TLM (500) the mass law transmission loss at 500 H zo 

In i·he present case, the transmission loss of the construction is 20 dB in excess 
of the mass !cw, Therefore, the STC of t·he construction STC can be expressed 

C 
as: 

STC = TLM (500) + 24 
C 

= 20 log (m) + 50 (70) 

where m is the mass (in lbs/ft 2) of each of the two panels in f·he construction. 
Combining (66) and (70) results in an expression relating the STC to the overall 
thickness for a construdion meeting the 20 dB requirement. The only parameter 
in this relationship is the density Pm of the moterial of the panels. 
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For the case of gypsumboard panels, which have a density of approximately 
48 lbs/ft 3 

1 the relationship is plotted in Figure 44. The minimum overall 
rhickness of a double wall with gypsumboard panels meeting the 20 dB require­
ment s lightly less than l l .5 inches. At this thickness, the STC rating for 

15 
.,s::. 
I-

tJ ..... 
()) 

> 
0 
E 10 -
::> 
E ·-C 

2: 

5 
50 

is approximately 72. For all other combinations of panel mass 
ng product constant - the overal I thickness is greater 

minimum thickness of course will be less than 11.5 inches 
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Figure 44. Minimum Overall Thickness as a Function of STC Rating 
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The minimum thickness for a double panel construction satisfying any general 
increment above th(➔ mass law can be determined from Figure 45, for the case 

hNc prJneis are of gypsumboard. If the maximum allowable thkk­
·H- '-~- ,v-i··•.~·:.,_-- B, ... ,,i,j-,~~ ; ,: ~ei a·I' 8 ·1 !-.ches i:or instance then ·, t ·, c ""ot pose ib I e , 1· I 'f.~,r .. ,~·t..., l ,_l :! , .1,.J. ~-,> f . U j I ~ ~-.• :::, ! I , / fl , / .,,., I ii •··· L 
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Figure 45. The Minimum Overall Thickness of a Double Gypsumboard 
Panel Construction Providing a Transmission Loss 6 TLM dB 
in Excess of the Calculated Mass Law in the Frequency 
Range 125 Hz to 4000 Hz 
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It is possible that a thickness of 11.5 inches is too great for a practical wall 
construction, although it wou Id be satisfactory for floor and roof-ceilings. The 
parameter involved in the determination of the minimum thickness is the material 
density; therefore, it is useful to study the relationship between these two 
quanfr~Ies in the hope that the use of alternative materials may result in a more 
1,:,::1cl':cc! cons'i'nJction" The relationship between the overall thickness and the 
n°ci'e,riol ,.,er,:;, :.:;; plo'l'i'ed 1n Figure 46, with particular points on the curve 
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The constructions of least total thickness are associated with the most expensive 
mai',erials, namely, lead, steel and aluminum. Concrete is not particularly 

vef but is has a low value for the critical frequency in the thickness 
::t: i trih! ~ For pn:1ct, cal use,. Th is meons that any sound bridges between the 
,::1,Jr·,~d::; 1/\"t:iuld greatly reduce f·he transmission loss - see Section 2.3. Sand 
·Noulc: b€! cm ideai material to use due to its low cost and stiffness, but the 

::,:3ven:; problem of containing it in the form required reduces its useful-~ 
rw\.s, Lightvve!ght plaster suffers from similar problems as concrete, namely, the 
c,~N tH:i for coincidence. For this material, the required pdnel thickness 

• 11ln1dd bt::! olmost 205 inches, according to Figure 46 and Equation (68a), As a 
rns1.dtv H appears that there ore no low cost materials well qualified to provide 
fi·he 20 dB acoustic requirement in a double wall construction of practical 
di rnensi ens 3 

A slmiiar calculation for the case of a triple wall construction shows tho!· the 
rnin!mum total thickness consistent with achieving the 20 dB requirement is 
given by: 

where 

D .. = 
min 

7.5 

-vr;;, 

m = 0.93 ~ 

feet 

lbs/ft 2 

In other words, the minimum thickness and associated mass are greater than that 
for a double wall construction. Thus the triple wall does not offer any benefits 
in reducing the overall minimum thickness. 

Approaching the problem from a different viewpoint, the best material that 
could be used is gypsumboard, based on cost/performance. As stated earlier, 
the overall thickness of a double wall construction that meets the 20 dB require­
ment at frequencies greater than 125 Hz is approximately 11.5 incheso The only 
way of reducing this thickness to a practical value is to relax the requirement 
on the lower frequency bound. For example, if the lower bound is allowed to 
be increased from 125 Hz to 200 Hz, the overall thickness of the consf'ruction 
ls reduced by a factor of 1 .6 to 7. l inches, which is more reasonable - see 
Tobie 2. 
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TABLE 2 

MINIMUM WALL THICKNESS FOR DOUBLE WALLS OF DIFFERENT /v\ATERIALS 
REQUIRED TO MEET THE 20 dB REQUIREMENT AT DIFFERENT FREQUENCIES 

l 

L 

-·· 
Minimum Woll Thickness in Inches for 

Density 20 dB Requirement at and Above: 

iv\ol'erial (lbs/n3) 125 Hz 160 Hz 200 Hz 
··--- .. ,,., -

rnh,,,,.r 40 12.5 9.8 7.8 

Board 48 11.4 8.9 7. l 

Ughhveight Plas!-er 64 9.9 7.7 6.2 

Sand 100 7.9 6.2 4.9 

Co~crete 140 6.7 5.2 4.2 

/\luminum 180 5.9 4.6 3.7 

S~ee ! 450 3.7 2.9 2.3 

Lead 700 3.0 2.3 1. 9 

·-
Relaxing the frequency constraint in this manner does not affect the STC rating 
to any significant extent because the only reduction in transmission loss occurs 
at one or two of the lowest frequencies.. Changing the lower bound from 
125 Hz to 200 Hz results in a reduction of only one point in the rating. Further 
relaxation, however, reduces the rating by four points for every succeeding 
!/3 octave increase in the lower bound frequency. 

In concluding this section, it can be stated that the 20 dB requirement can be 
met with careful design considerations using both double and triple wall con­
structions. However, for constructions that will meet the approval of the 
building industry in terms of total thickness and weight, it is necessary to relax 
the constraints on the frequency range over which the 20 dB re9ui rement is 
achieved~ Since the transmission loss of such a construction is determined com­
pletely by the total mass, and since the mass cannot be smal I to comply with the 
minimum requirement for the product 11 md 11 with as small o separation as possible, 
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the STC rating of a 11 20 dB 11 construction will invariably be high. For the 
gypsumbc,ord construction, the STC rating is 72 at the mini mum overal I thick­
'.'H~iss c,f i l ., 5 inches,, This is extremely high when compared to the rating of 55-

recornrnended by FHA for Grade I instalfations. In general, it is not possible 
nbt-uin much lower STC ratings for 20 dB constructions without large panel 

c:,t.::pc:i·rJtiom, which allow correspondingly lower panel mosses. This is clearly 
in Figure 4 7 which is a plot of the STC rating of a double wall 

,::rlt1::;tr1.'1eted as a function of the panel separation (which, of course, is less than 
~;Vt:rd i thickness)" 

/\s Ci resuit., the practical realization of the 20 dB requirement is a construction 
i'hai" will find an extremely limited application in the building industry because 
of H's size or weight. However, the principles involved in the design can be 
tised 1·0 design more useful constructions to meet a specific acoustical require­
ment less than 20 dB in excess of the cafculoted mass law. 
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Figure 47. The STC Rating as a Function of Panel Spacing for a Double 
Panel Construction with Panels of Equal Mass Satisfying the 
20 dB Requirement 
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3"2 ELEMENTS OF BUILDING CONSTRUCTIONS 

Much of the preceding discussion on the principles of sound transmission loss 
and on the acoustical goal to be satisfied in this study has been directed 
primarily towards the acoustic performance of walls. However, the basic 
•i\1t'.io::-e1·1f:.:cd ond practical principles are completely general; they can be 

,ed f·o oi! ·rypes of bL1ilding elements, and indeed to all types of structures 
f:!:re high values of sound attenuation are required. Of interest in this study 

!."f;: H·H:~ vurious E~lemeni·s of building construction which include windows, doors, 
!ings ond roof/ceilings, as well as walls. Each of these elements per­

:specHic fu'nction in the overall building system, and as such is subject 
spec'iflc pradical constraints in its construction. It is the purpose of th.is 

:;c~dlor1 t'o briefly review the functional constraints imposed on each of the 
er mcJjor elements and to examine techniques for obtaining optimum acous­

H,:::al performance within these constraints. 

3 ,, 2 ,, II Windows 

The primary functions of windows, if ventilation is provided by alternative 
means, are to provide natural I ighting and to provide the occupants of the 
dwelling with an external view. Both of these functions require that the 
wlndow be constructed of a transparent material such as glass or acrylic. 
Typicol!y, the glass installed in residential windows is either single strength 
(thickness 3/32·-inch), double strength (thickness 1/8-inch) or occasionally 
V4·-inch piateG The calculated transmission loss values for panels of 1/8-inch 
ond 11/4-inch glass are shown in Figure 48. 
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Figure 48. Calculated Values of Transmission Loss for 
l/8-inch and 1/4-inch Sealed Glass Panels 
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As would be expected, i·he thicker panel provides the greatest transmission loss 
ot low frequencies., At high frequencies, however, there is I ittle to choose 
b1rween the two,, The effect of coincidence in 1·he 1/4-inch panel is evident 
:x:· /'t:.1p end of the frequency range most important for speech communication~ 

f11~·thc;1r L1creose in 1,he thickness of the glass is undesirable, since the 
d;•]cu:i frequency is lowered to a value well within t·his important frequency 

·e:r;~JE ~] n:>.suii"r t'he 9n:1-ah~st thickness of glass t-hat can be used in window 
1i£:!S i:; probably in l·he order of 'l/4-inch~ 

r;s ndow is operable, rhe f'ransmission loss is normolly less than that· of l·he 
seoled version shovvn in Figure 48 due to leakage of sound between the moving 
pods and the frame.. Typical values of transmission loss for a standard aluminum 
snding glass window with 1/4-inch glass panels are shown in Figure 49. The 
reduction in transmission loss in the frequency range 1000 Hz to 2000 l'"iz is a 
resul1· of sound leakage and not coincidenceo The critical frequency of the 
glass ponel in f·his case is 2400 Hz .. The vvea1·herst·ripping that- is included in 
operable windows reduces the leakage of sound bui· if·s condition usually 
deteriorates fairly rapidly with use, thus limiting its usefulnesso 

A, more effective and dumb le seal thal· can be applied to t·he perimeter of the 
movin9 section is shown 1n Figure 50,. The seal consisi•s of a metal channel con­
taining a strip of fairly dense foam or soft neoprenee If the window is in con­
stant use, the mai'erial in i·he channel should not contacf· the frame and should 
be of f·he foam variety h, provide absorption in t·he channel thus formed. If 
the window is rarely opened, it is possible to obtain a betf'er seal wi1·h neoprene 

f·hat contacts the frame() The effect of such a seal on f·he i'ransmission loss of a 
standard aluminum sliding glass window is shown in Figure 49., The improvement 
in performance over 1·he unsf3aled window is evident over f·he eni'ire frequency 
ronge and is in the order of 10 dB in i·he range 1000 Hz to 2000 Hz., 

The results of Sections 2.2 ond 2.3 indicate !·hat a double window can be 
designed to provide higher values of transmission loss than c1 single window,· 
provided that precautions are taken to reduce sound bridging between the glass 
panels. If the maximum practical thickness of the two panels is taken as l/4-
inch and the maximum possible separation as 8 inches, the lowest fundamental 
resonance wi l I occur at a frequency (f 0 ) of 62 Hz. In the absence of sound 
bridges, the transmission loss will exceed the values calculated according to 
the mass law by 20 dB at a frequency of 195 Hz. Thus, if appears that a 
practical window system canno1· be designed to satisfy the 20 dB requiremen1· at 
frequencies as low as 125 Hz., It is possible to increase the separation of the 
glass panels if the wall is sufficiently 1·hick or if one of the panels is allowed 
to protrude from the exterior wall, i .. e .. , a bay window., However, since the 
reduction in the value of f is proportional to 1/~ a spacing of almost 

0 
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20 inches is required in conjunction with 1/4-inch glass panels to satisfy the 

~?O dB requirement at the low frequencies. 

hl9ne:i· frequencies, the transmission loss of a double window is determined 
t+1e 3CHJnd bddging between the two glass panels, which in turn depends 

i·he method tJsed to mount the glass panels and the type of wall in which 

tid•} mounted.. lf the wal I is sol id, then it is necessary to mount the glass 
Is ,n soft neoprene gaskets so as to provide partial isolaf'ion. This ls not 

:H:;r:;':::S~;:iry H' ·1·he paneis are mounted in separate walls which are partially 
isolcted from each 01·her ~ The presence of sound bridges is one more reason 
For 1:rdf1n9 ',·he thickness of the glass in order for the critical frequency to 
rernoin high~ It is ... however, beneficial for the two panels to be of different 
thickness so that the crif'ical frequencies are staggered - see Section 2q2.2. 

The functional requirements of o window do not allow full coverage of acoustic 
absorption material in the airspace between the panels. As a result, the 
material must be placed at the internal perimeter of the window. The results of 
Section 20 20 5 indicate that perimeter absorption is not as effective as 1·he full 
coverage in damping the cavity modes, so the maximum transmission loss can­
not· be obtained.. This is i'rue over the major part of the frequency range above 
i·he fundamentai rescmance of the construction. Naturally, higher values of 
transmission loss can be obtained by increasing the thickness of the perimeter 
absorption o 

Since the lateral dimensions of a typical window are normally less than the 
height of the accompanying wall, the stiffness of the air in the window cavity 
can be reduced by arranging for the perimeter to be unsealed, that is, having 
the window cavity open directly into the wal I cavity. In this manner, the 
fundamenta I resonant frequency can be reduced. It is important, however, to 
ensure that the fundamental resonance does not have the same frequency as 
the fundamental lateral cavity modes. 

3. 2., 2 Doors 

Since the primary function of a door is to provide a means of entry and exit to 
the dwelling, it has to be operable and must be light enough so that it can be 
used easily by young and old alike. Most doors presently are limited, by the 
avail ab ii ity of operating hardware such as handles and locks, to a maximum 
thickness of about 2 inches; however, there is no reason why this obstacle can­
not be overcome in the future. 

The majority of doors in common use today are either of the ho! low core or solid 
core type, the former being restricted normally to internal use. The solid core 
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door is typically 1-3/4 inches in thickness, constructed of compressed wood 
shavings and hos a fairly low value for the critical frequency. The transmission 
loss of such a door with neoprene bulb seals is shown in Figure 51. At high 
frequencies, the transmission rises more slowly with frequency than would be 
'f:Xpec,i'ed d1,.1e to, leakage of sound through the seals. The acoustic performance 
::;ho,Nn !n Flgure 5l is probably the best that can be obtained from a solid core 
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Figure 51. Measured Transmission Loss Values of a 
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There are two main mef·hods by which the maximum f'ransmission loss can be 
d::itained from a structure, such as a door, where there are severe limitations 

·+dckness ond mass,, The first is by the application of the double panel 
ique." The second 15 i·o use a sandwich type panel that has the properties 

ei pcinel over ci cerf·ain frequency range. This behavior can be 

by usrng u massive though porous material, such as cemenf·ed wood 
fr' onh, whrch 'l-wo facing layers are oppl ied - one rigidly, one resi 1-

ly,, The porous (:enter layer successfully simulates a cavity with absorp­
i'ii::!r ,:ind provldes odded moss. The transmission loss From this structure can 

mw::l1:'.!', ro eqtwl or e><ceed the calculated mass law over a major port of the 
f\·riquency rnnge of interest· - see Section 3. 3. 

S:nce the area taken up by a door (or a window) is usually only a small per·~ 
cent-age" of the total wall area, it is not· necessary for the acoustic performance 
of the door to equal thaf· of i'he wall for optimum results& For e>wmple, if the 
door area is rn percent of the wa 11 area, the transmission I oss of the door can 
be 5 or 6 dB less them i·hat of the wall while still retaining a composite value 
essentially equal to that of the wall. However, for an STC 60 wall, this con­
straint requires a door providing an STC 55 rating which could be obl·ained 
onlly with a fairly cumbersome structure. One method of obtaining addif'ional 
•::itf'enuation is to provide a short foyer with a 180-degree bend that is I ined 
with an acoustical absorbent material similar to a lined duct .. This addition 
would be capable of providing an additional 5 to 10 dB, pari•icularly af· the 
n:edium ond high frequencies" 

3Q 2. 3 Fioor and Roof/Ceiling Systems 

The design principles described above for walls are also applicable to floor/ 
ceiling and roof/ cei Ii ng constructions, except that different functional and 
loading requirements have to be considered. For example, the floor has to be 
rigid enough to wif·hst·and I ive cmd dead loads without too much deformation .. 
In addition, t·he ceiling can be neither too massive nor too f!e)(ible or it will 
sag under its own weighL 

It would appear that one of t·he advantages of a floor/ cei I ing system,. from an 
acoustic point of view, is that the large allowable sepc1ration between the 
floor and ceiling (up to 18 inches or more) should allow high values of trans­
mission loss to be obtained. Unfortuna1·ely, this is the case only at low 
frequencies. At higher frequencies, the necessity to provide closely spaced 
connectors between the cei I ing and the floor (joists which are commonly 
16 inches on center) introduces a substantial sound bridging that negates the 
effect of the large cavHy .. It is therefore difficult to achieve the 20 dB 
requirement with such sysf'ems unless a resiliently suspended or separately 
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supported ceiling is used. This is excellent proof that high values of tran~­
mission loss are not necessarily obtained by incorporating large panel separa­

tions" 

\Nit·h walls,. H 1s desirable to have a massive flexible ceiling in a floor/ 
cei n~;J sys~em, However,, the practical difficulties of installing such a 

d '; ng kde the use of sorre of the panels that are satisfactory for wa !! s. 
:·dternaHve method of achieving the required properties is to install i·he 

1 "vhich moy be flexible, to the ceiling joists and to subsequently 

A. Z'l." l/2··0 irn-:h of sand pugging from above .. 

pr-evinus d!scussion of design principles has been concerned primarily with 
the problem of constructions that are subject to excitation from airborne sound 
,f,avesQ In the case of floor/ceiling constructions, there also exists the problem 
oF irnpacl' excitation such as would be obtained from footfalls, dropping 
object·s, etc. This is a different type of excitation in that the area impacted 
is usuc)Hy quite small and the forces involved quite large, when compared to 
airborne exdtation. Impacts are also characterized by being of short duration 
rather than of a continuous nature. 

The properfies required of a floor/ceiling construction, as far as impact 
excii-ation is concerned, are similar to those required for airborne excitation. 
For excm1ple,. the more massive the floor the greater in general will be the 
irnpaci· insulotlon. However, the resilience of the floor surface, which is of 
l1rlle or no importance in determining the airborne transmission loss, is 
e>d-reme\ y i rnpor'f"an-r in reducing the imp act energy that is transmitted to the 
base floor. The transfer of sound or vibrational energy from the floor to the 
ceiling ls again essentially the same as in a double wall with sound bridges. 
Consequently, many well designed double panel structures would exhibit 
properties similar to those required of floor/ceiling systems if a resilient layer 
was added f·o the imp acted surface. 

The impact insulation provided by a floor can be increased by adding a 
11 floating floor., 11 This consists of a fairly massive slab that is separated from 

the main floor by a resilient material such as rubber pads or rigid fiber glass. 
Although substantial increases in the insulation can be obtained by this 
method, the added slab must be fairly massive so as to keep the frequency at 
which the floating system resonates to as low a value as possible. However, 
substantial improvements in the impact noise rating of the basic floor/ceiling 
structure can be obtained by the addition of a carpet and under-pad. Figures 
52 and 53 show the reduction in impact sound pressure level that can be 
obtained from a .reinforced concrete floor and a typical wooden joist floor, 
respectively, by the addition of carpeting. 
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In t·he past, carpets have been considered more a luxury item than a part of 
t·he construction, particularly in low-cost housing. One reason that they have 
not been specified as part of the construction is that they have tended to 
deteri()rate quickly in places with heavy traffic flow, Today, however, man­
rnnde fiber carpei·s with an appropriate under-pad are capable of supporting 

traffic for 151·0 20 years without undue wear,, In view of their remark­
pr::)p(:!rties Gt reducing impact noise both in the source and receiving 

rnc:r1:::,( it ·we,uld seem appropriate to consider carpets as port of the building 
·.cnstr·,y·:r1on itself.. ln doing so, it is possible to reduce the complexity and 

tr1E, r:ost of floor/ ce iii ng systems • 

. , ? /.PPUC/.\'TK) 1·~ OF PRINCIPLES TO PROTOTYPE DESIGNS 

rhe mah, objective of this study was to design and test building elements 
hoving higher val•Jes of transmission loss and a lower cost than that avai I able 
from existing elements. Some of the principles which make the design of such 
improved building elements possible have been summarized in Section 2.4. 
These principles and associated design methods have been used to design: (1) 
o series of experimental prototypes with which the principles could be verified, 
and (2) a series of final prototypes which, with few modifications, could be 
considered as practical constructions. The designs and acoustic performance 
of t·hese experimental and final prototypes are contained in this section. 

3, 3" 'l Expe_rimental Prototypes 

The purpose of designing and testing a series of experimental prototypes was to 
put into practice the ideas and principles that· had been enlarged upon or 
developed in the analytical and initial testing programs. Some of the principles 
which were considered to be worthy of further study had already been validated 
lo a certain extent in tests conducted on what can be called II laboratort' con­
sfructions - constructions in which no attempt was made to consider practical 
constraints. However, it wos necessary to combine some of the principles in a 
single construction to determine the values of transmission loss that could be 
obtained with optimum, though still partially idealized, designs. It was not 
intended that the experimental prototypes should be fully practical; but rather, 
they should be designed with 11 reasonable 11 constraints. 

The main objectives of the experimental prototype test program can be sum­
marized as follows: 

• To verify the transmission loss theories and design procedures for semi­
practical multiple panel constructions with sound bridges. 
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• To examine the feasibility of achieving the 20 dB requirement in a con­
struci'ion with reasonable constroi nts. 

Tr; de-rerm:ne the maximum values of transmission loss that could be 
~·1:;in1;jd i'n ci construci'ion with reasonable constraints. 

dei·e,rmlne i"he feosibility of using laminated and mass-loaded panels 
1n :nulHp!e panel constrtJctions, and to deveiop semi-practical methods 

the configuration and construction of such panels. 

•~- To r1pply the principles and design methods to all types of building 
,;;::~lements inclt.,ding walls (internal, external, foadbearing and non-load­
beoring); floor/ceilings, roof/ceilings, windows (sealed and operable) 
and doors~ 

,:r, lo determine the combinations of materials most suited to constructions 
designed according to the methods outlined in Section 2.4. 

ct, To determine the increase in transmission loss that can be obtained by 
modifying existing construction types. 

For a single panei to provide high values of transmission loss economically, the 
most desi rnble properties are as follows: 

~' High mass or density 

~, Low stiffness 

e Low cost 

An examination of the advantages and disadvantages of existing materials in 
this context - see Table 3 - shows that the most promising types are gypsum­
board, hardboard, plywood and concrete, although not necessarily in this· 
order. The remaining types of materials exhibit some desirable properties but 
in general are not at all comparable to the four mentioned above, unless some 
particular combination of acoustical and environmental criteria has to be 
satisfied. 

One possible approach to the design of the experimental prototypes would be 
to attempt to satisfy the 20 dB requirement in every case. This was not the 
approach taken.,. however, for the following reasons. First, the discussion in 
Section 3 .. 1 shows quite clearly that o construction satisfying the 20 dB require­
ment over the complete frequency range 125 Hz to 4000 Hz is either too thick 
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TABLE 3 

A LIST OF THE ADVANTAGES AND DISADVANTAGES 
OF VARIOUS MATERIALS FOR USE IN HIGH 

TRANSMISSION LOSS CONSTRUCTIONS 

f"'',', '·""""•·,,,.!,,.·.,,,-,,, ... ., =·c,;,,,.'W;{<,_0,"1iitL .. O'"'-"•'"" ---------..-------------a 
~ 
" i' 

r:;l Typ Advantages Disadvantages 
'i 
;~ .~ .·: .•. ~%~·,:,''."~-~~-... -- ,,-,,,-

,1 

:J i\A .. t,Jr:Jls t f~ High Mass • Expensive 
it 

1 .. c:~o:U~:~~::;-' -~<~~ ::Y~::~::-:s-:-e --: y-:-:-:-a-1 _..,_.._:-:-:-:-
9
-ri i-'.-:-~-~m-:a-:-:-'. ~-I:_~_' 

0

-t-o-rs--t 
r • T 
\l Critical Frequencies Thicknesses 
l Available 

l 
I 

Hord board 

e Inexpensive 

• Good Fire Resistance 

• Flexible - Good for 
Mass Loading 

• Inexpensive 

• Poor Fire Resistance 
but can be Treated 

11 .. r .. =-u~-==-=~ .. -,,,,. ... ____________ ..,_ _________ --1 

i Plastics • Flexible - Good for • Low Mass 
~ 1 Mass Loading 

Concrete • High Mass 

• Can be Molded to 
any Shape 

• Inexpensive 

• Expensive 

• Poor Fire Resistance 

• High Stiffness 

~-·,------1------------------------------t 
Plywood • Flexible in Thinner 

Types 

• Good for Mass Loading 
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• Poor Fire Resistance 
but can be Treated 

• More Expensive than 
Gypsumboard or 
Hardboard 



or too expensive, and provides such inordinately high values of transmission 
loss 1·hal· Its oppllcations are very limited. Second, it is impossible to achieve 

',?.O cm requirement over the complete frequency range with a practical 
:,mH· due to the limitations on glass thickness ond spacing. Therefore, 

~:ombinoi'ion of a wc1li and window cannot be made to meet the 20 dB 

n~-:::;u 1! cf these consi'roints, only a limited number of prototypes were designed 
;c; sot-hFy the 20 dB requirement; these were termed Type I prototypes. The 
,err(,inder (Type II prototypes) were designed to provide a transmission loss that 
Ve'GS equol 1·0 or slight·ly betf'er than that required by FHA for Grade I construc-
H ons, The majority of 'these building e I emen ts, with the exception of windows 
cmd doors, were designed to provide an STC rating in the range of 60 to 65. 
The window was designed to provide an STC rating of 55. For typical areas of 
~Jlazing (say 20 percent of the wall area), the combination of such a window 
with a woll of STC 60 would result in on overall roting in the order of 58, which 
is fairly respectable. It shou Id be mentioned, however, that the method of 
specifying the transmission loss charocteristics of an exterior wall by its STC 
rating is not a good one because the rating is based on a typical internal noise 
environment and there is sometimes a great difference between the frequency 
spectra of the indoor and outdoor noise environment. Therefore, it is recom­
mended that external walls be designed for a particular location ond not be 
defined by an STC roting. 

a" Designs and Resu I ts 

The experimental prototypes were tested in the Transmission Loss Facility 
at Wyle Laboratories. This facility consists of two reverberation rooms of 
identical dimensions, each having a volume of 6400 cubic feet (181 cubic 
meters). One of the rooms (the source room) is constructed of damped 
steel panef s and is mounted directly onto a concrete base. The other 
room (the receiving room) is constructed of gypsumboard and plywood 
laminations and is mounted on four air springs, one at each corner. 
Other than the indirect and isolated coupling through the concrete base, 
there are no connections between the two rooms. The overa 11 transmission 
loss of the wall separating the two rooms is show~ in Figure 54. 

Since both source and receiving rooms are identical in shape and size, the 
natural modes in the two rooms are essentially the same and wi 11 tend to 
couple via the test panel. As a result, it is expected that lower values of 
transmission loss would be measured in this facility than in one having 
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Figure 54, Transmission Loss of the Common Wall in the 
Wy!e Transmission Loss Facility 
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dlssimilar rooms, especially at the low frequencies. This is, in factr what 
hcts been found - i·he familiar flattening of the rransmission loss curve for a 
Ingle pone! at' low frequencies is not observed from measurements in f·his 

l:1·y,. cind the ~heoreticai mass law is obeyed as shown in Figures 2 and 
Thie, Hie values of t·ronsmission loss and STC ral'ings given in this report 

<m:: probcibly !owe! thon those that would be measured in many other 
r lihes 

i;; on t+1~~ construction of the experimental prototypes are to be found 
{he following pages, together with the measured values of transmission 

and brief comments on the overal I acoustic performance. Included in 
i·he det(ll Is for the wed I constructions are the estimated in-place cost figures 
g1ven 1ndollarsper square foot of surface area. These costs do not include 
Finishing and have been determined from the 1971-72 edif'ion of the National 
Construction Estimator (Reference 16) as far as this is applicable. Because 
1·hese construct1ons are e,<perimental, the costs musi' be considered 
approximnte, 

Prototypes Building Element 

A H Walls 

J Floor/Cei I ings 

K L Roof/Cei I ings 

M Doors 

N- 0 Windows 
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PROTOTYPE A - WALL 

C()~l STRlJCTIC) t'-,l DETAILS: 

vvoo(fon sh1dsf l 6ir on centers staggered, 811 on centers attached to 
x 

1
' c.Nooden p!oh-::s ot base and top® On one side, 5/81r gypsum wall-
(rn i) mounted on i/4 11 x l 11 x 111 double-sided adhesive backed PVC 

I-ope scware 24° on center vertically e On the other side, two sheets 
gypsum wali board (m 2 ) spot-I am i noted on a 12 11 square I atti ce 
on i/4 11 >< 'I 11 x ] 11 'double-sided adhesive backed PVC foam tape 

c-1n cenh=::r· vertically. 2 11 fiber glass insulation hung between the studs. 

r: f ER VJ.\ LUE;,-; z 

iv\ (L,5 lbs/ft:i: 

rn 1 
-- .2 a6 lbs/ft 2

; m 2 = 4.0 lbs/ft 2 

(' 

rel 2500 Hz; f c
2 

= 3000 Hz 

D = 7"25 inches; d = 6.0 inches 

(:; --- L6 ft 

CC)MMENTS~ 

Tl1i s conshrlJldi on contains a conventional staggered wooden stud system 
and si·andard materials. However, it includes resilient point-mounting 
ond a I arr11 naf·ed panel on one of the sides. The STC rating of 57 is a 
considerable improvement over that of approximately 46 for the conven­
H on al staggered stud construction (see Prototype H). 

16-PPROXIMATE COST: $1.45/ft 2 
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PROTOTYPE B - WALL 

wooden studs 11 24 11 on centers, attached f'o 2 11 x 8 11 wooden pl ates at 
,, On one side, 1/2 11 plywood mass-loaded to 4 lbs/ft 2 nailed to 

i 11 x 'In r>lvwood squares,, 24a on centers vertically. On the other side, r I 

2 hordboord mass~•-ioaded to 4 lbs/ft mounted and screwed 
ihrnuqh 1/4>' x 1 11 x l 11 squares of double-sided adhesive backed PVC foam 

,c,r, centers vertically. Mass-loading in both cases achieved by 
iinfJ l!oyers of asphcdi' roofing paper 1·0 the base panel. 2 11 fiber glass 

l nsu 1 c;t· ion bot ts hung bet-ween the studs. 

!'ARAM ER VALUES~ 

/v\ 9.2 lbs/ft 2 

rn 
1 

_, 4 lbs/ft 2 ; m 2 = 4 lbs/ft 2 

f ·- '1800 Hz; 
Cl 

f c
2 

= 4000 Hz 

D ~ 9 inches; d ~ 8 inches 

e .2 H 

'.)TC RATit',,.l G~ 67 (with screws) 

COMME~~TS: 

This construction was designed to test the concept of mass-loading and 
res iii ent point connections. The method of loading is therefore not neces­
sarily praci'ical for field constructions. The measured values of transmission 
loss exceed those predicted. This is probably due to inaccuracies in deter­
mining the critical frequency of the loaded panels. It will be noticed that 
t"he construction meets the 20 dB requirement at all frequencies greater than 
200 Hz. 

APPROXIMATE COST: $2.00/ft 2 
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Figure 56. Transmission Loss Values for Prototype B 
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PROTOTYPE C - WALL 

Yw<, sei's of x 4 11 wc::,oden studs, 24 11 on centers, attached to double 211 
>< 4 11 

rd c1tfis c:1!· base and top spoced 1/2 11 apar'I' e On the outer sides f 
,m 1/4 11 x '1 11 x l 1

1 double~sided adhesive backed PVC foam tape 
24 1

' on centers vertically, sheets of 1/2 11 and 3/8 11 gypsum wal I board 
1nminol·edo In ·1·he center, mounted on solid point supports, consisting of 

>< ·i •~ 1/2 11 plywood 1 24 11 on centers vertically, sheets of 5/8", 
cmd .5/8 n gypsum wa ii board spot-I am i nated on a 24rr square I atti ce. 2 11 

nloss 1nsulatfon batts hung between the studs in each cavity. 

RAiv'\E'rER VALUES~ 

M - '16"7 lbs/fr 2 

rn 
1 

n\3 - 3.6 ibs/ft 2
; = 7. 2 lbs/ft 2 

f - fc 
3 
~ 2500 Hz 

C2 Fe 1 
·-

=: 1:3.5 inches, 
f 

D d1 = d2 = 5 inches 

~=; 2H 

C ()MME t'-1 TS ~ 

This f'riple panel consf"ruction is not well-suited for normal use due to its large 
overoll thicknessv although t·he acoustic performance - STC 76 - is high, 
which means 1·hat it could be of use in special conditions. The construction 
wos designed to obtain the maximum transmission loss possible within 
11 reosonable 11 design constraintsD The transmission loss exceeds 20 dB greater 
than 1·he cdculated mass law in the frequency range above 125 Hz, and 
30 dB greater than the mass law over the frequency range 315 Hz to 3150 Hz. 
It was necessary 1·0 correct the measured values of transmission loss at the low 
frequencies since they approached the facility limit. 

APPROXIMATE COST: $2. 36/ft2 
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Figure 57 .. Transmission Loss Values for Prototype C 
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PROTOTYPE D - WALL 

STRUCTIO!,J DETAILS: 

i( wooden sf·uds,, 24 11 on centers attached to 2 11 x 8 11 wooden plates at 
':,Qsr? cmd top. On one side, sheets of l/2 11

, 3/8 11
, l/2 11 ond 3/8 11 gypsum 

•N:.:dP:.>omd.;' spot·~laminated on a 24" square lattice, mounted on 1/4 11 double­
,;[ ded qdhc:si ve backed PVC foam tape, 24u on centers vertically, On the 
orh~ff side,,. sheets of 5/8 11

, l/211 and 5/8 11 gypsum wa( lboord, spot-laminated 
(,no 24n squore lattice, mounted on l/4 11 x 2 11 x l-1/2 11 plywood points, 24 11 

un c>mhm vertically. 211 fiber glass insulation batts hung between the studs. 

P/\RA!v\LTER \//\LUES: 

/V1 16,7 lbs/ft 2 

rn 1 7 o O I bs/ft 2; m2 = 7 .2 lbs/ft 2 

("',; 3000 Hz; fC2 ~ 2500 Hz 

D 11 . 5 inches; d = 8 inches 

:~?. 2ft, 

src RATING: 69 

COMJV\ Er--lTS: 

This double panel construction has the same total mass as that of the triple 
panel in Prototype C. It is 2 inches less in overall thickness and exhibits on 
STC rating t·hat· is 7 points lower. The main reason for this difference is the 
lower values of transmission loss in the mid-frequency region. This supports 
the previous contention that triple panel constructions are superior to the 
double panel types (for similar mass and thickness) at medium and high 
frequencies (see Section 2.2). Again, this panel is suitable for use in 

speciol conditions. It is to be noted that the STC rating of 69 for an overall 
thickness of 11.5 inches does not quite meet the analytical criterion for the 
20 dB requirement - see Section 3. 1.2 - and this fact is verified by the meas-
ured resu I ts. ' 

APPROXIMATE COST: $1 .85/ft2 
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PROTOTYPE E - WALL 

CC r--!STRUCTIOi'-1 DETAILS~ 

i'.f\ 

rn; 

f 
C] 

D 

e 

nforced concrete panel, together with l/2 11 plywood sheet mas;-
l·o 4- i bs/ft 2 by means of loose sand contained in II egg cartonrr type 

n:c:H·s .. Plywood sheet mounted on point· supports of dimensions 2 11 x 
"24/i on centers;' with 1/4rrdouble-sided adhesive bocked PVC foam 

flb.~~r gioss 'insulation batts hung between the point studs. 

ES~ 
Ji) I~ ... If 2 

'" - .), O.;;,/ .. t 

48 !bs/ft2 ,~ m2 = 4 lbs/ft 2 

= 200 Hz; f c
2 

= 1800 Hz 

- rn.s inches; d = 6 inches 

-- 2 fr 

The method of mass-loading used in this construction was included as an 
etHernpi· to utilize the beneficial properties of loose sand, i.e., high mass 
cmd iow stiffness,, The measured values of transmission loss are affected by 
vv+iat appears to be resonances in the mass-loaded pane I and a lack of low 
frequency absorption, although the STC is substantial. 

/\PPRO)OMATE COST: $2.00/ft2 
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. Transmission Loss Values for Prototype E 
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PROTOTYPE F - WALL 

t-s~STRUCTION DETAILS: 

"i:~;;iJorced i;oncrete panel (m 1) with 2 11 x 8 11 wooden studs, 24 11 on centers 
,·,·,i -,Mith nails i'o simulate concrete ribs~ On the other side l/2 11 plywood 

) rna.ss,,.loe1ded to 4 ibs/ft 2 by stapling three layers of asphalt roofing paper 
(0.9 !bs/fl· 2 eoch layer) attached by means of l/4 11 x l II x 111 double-sided ad­

VG baci<ed PVC foam tape squares 24 11 on centers vertically .. 2 11 fiber glass 
both huriq be-1·ween the studs .. 

\//\LlJ 

-· 28 ibs/n 2 

n:-1 
22 ! bs/ft 2; m2 = 4 lbs/ft 2 

f;c i ·-· 400 Hz; 
".--.• l 

fc 2 = 1800 Hz 

f) -· rn .. s inches; d = 8 inches 

E.~: - 2 feet 

fV\TJNG; 68 

MMENTS: 

is consi·ruction is similar in basis to that of Prototype E with the exception that 
j·he rnei'hod of mass-loading is different and that 2 11 concrete is utilized in place 
of 4 11 concrete., Comparing the measured results of transmission loss for the two 
prototypes shows that the low frequency performance approaches the predicted 
values more closely for this construction using 2 11 concrete, although the absolute 
values for the 4 11 concrete are comparable or higher. At high frequencies, the 
measured results for Prototype F exceed those predicted, probably as a result of 
the PVC foam isolators, the effect of which is not included in the prediction 
method.. The memured results do not satisfy the 20 dB requirement, but at 
frequencies greater than 200 Hz they are 20 dB or more in excess of the values 
of transmission loss for the 2 inch concrete. 

APPROXI/\i\A TE COST: $1. 74/ft2 
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PROTOTYPE G - WALL 

TRUCTION DETAILS: 

',)" 1~ H' 0 wooden st.'uds 1 24" on centers, attached to 2 11 x 8 11 wooden plates at 
ci!':1d '!"op,, On both sides,. l/8 11 fiber glass sheets loaded to 4 lbs/ft 2 with 

·in x: i: squaries of a mixture of sand and a commercially avoilable vibration 
n9 moterioli (t·his being used simply to hold the sard in place) mounted on 
x I 1; x l "1 square~ of double-sided adhesive backed PVC foam tape 24 11 

ccri h;;r:..; ·Jert-icol !y c 2 11 fiber glass insulation batts hung between the studs. 

rn l -·- m2 = 4 lbs/ft· 2 

fc
1 

-- fc
2 

::::: 6000 (with no mass-loading) 

D .::.::: B.,.5 inches; d == 8 inches 

COMMf:~sJTS: 

A different type of mass-loading is utilized in this construction and appears to 
have been successfu!.. The agreement between measured and calculated results 
is good over most of the frequency range. Since the critical frequencies of both 
panels are high, the effect of the isolators on the transmission loss is small; hence 
i·hey are not required. For practical purposes, however, a cheaper base material 
is required. 

t\PPROXIMATE COST: $3.55/ft2 

-122-



STC 60 

125 250 500 1000 2000 4000 8000 
Frequency, Hz 

Figure 6 L Transmission Loss Values for Prototype 



PROTOTYPE H - WALL 

CONST!~UCTIO~-J DETAILS: 

•
1 

11 4;, wooden studs, 32a, on centers, staggered l 6 11 on centers attached to 
·, ;f 1in wnr,den plat·es at base and top~ On both sides, 5/8 11 gypsum wallboard 
ii l :xi" ., •:)n (:enter to studs. 2 11 fiber glass insulation batts hung between 

5 lbs/h 2 

m;;, 2. 6 lbs/ft 2 

-r- ·::." 2500 Hz • I!~: :2 

6. 75 inches; d = 5. 5 inches 

This staggered stud construction is fairly typical of a standard construction, with 
-the exception that the studs are on 32 11 rather than 16 11 centers. The STC rating 
of 43 is low for the construction and is completely determined by the transmission 
loss at the critical frequency of 2500 Hz at which the maximum allowable deviation 
of 8 dB is takeno An increase of only a few dB in this frequency region raises the 
STC rating to its more usual value of 46 .. 

APPROXIMATE COST: $1.25/ft 2 
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PROTOTYPE I - FLOOR/CEILING 

c: TRl,.JCTJOt,1 DETAILS: 

fv\ 

!(;iii ·wooden joists, 24 11 on centers, on one side of which is nailed 1/2" 
, .... ,, .. .,., , Spot kmlinoted to the plywood (at· ·12" on centers) are sheets of 

plp1vood and 5/8 11 gypsum wallboard which in turn are spot laminated at 
24 i;, on cenh:rs ,, On t·he other side, sheets of 5/8 11 and 1/2 11 gypsum 

,;lrn:1arly laminated, are mounted on 1/4 11 x 1 u x l 1
1 squares of 

ided odhesive backed PVC foam tap!L 2 11 fiber glass insulation batts 
h:m9 d 1 ogona I iy between t·he joisf·s. 

I< VALUES: 

-- ·12 I bs/ft 2 

rn 1 
--.. , 5,3 lbs/ft 2; mz = 4 .6 lbs/ft2 

f ··- '1400 Hz; 
cl 

f = 2500 Hz 
C2 

D ...... ~ 12.6 inches; d = 10 inches 

(f,) -·• 2 feet 

COMMENTS: 

This floor/ceiling construction is of fairly conventional design with a few 
modifications such as laminated floor and ceiling panels and point isolaltion 
for the ceiling. In if·s tested form, it is anticipated that the ceiling suspension 
would not be adequate, but could be improved by methods discussed earlier. 
The STC rating is high but the IIC rating is disappointingly low, at least with 
i·he vinyl floor covering. 
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PROTOTYPE J - FLOOR/CEILING 

C 01'-lS TRUCTIOl'~ DE TAILS: 

'./ n :;r, H3 1
" wooden joists,, 24 u on centers, acting as a simulated subfloor system, 

ur on:~i side oF which is 2 11 reinforced concrete. On the other side, 1/4 11 hard­

H 

1n 1 

f 
C 

rnci:;s locided with asphalt roofing paper to approximately 4 lbs/ft2 mounted 

--

--• 

'l '1 squares of double sided adhesive backed PVC foam tape. 
sidoHon batts cJre hung diagonally between the joists. 

32 ibs/ft
2 

24 lbs/ft- 2; m 2 = 4 lbs/ft
2 

400 Hz; f C2 
::::: 4000 Hz 

20a25 inches; d = 18 inches 

2 feet 

HC Rl\rJt,,.~G: 59 (wi'th vinyl on cork) 
60 (with carpet) 
73 (with carpet and foam pad) 

(:. ()tv\ME ,·,,! TS : 

The meosured values of transmission loss exceed the predicted values at medium 
and high frequencies. The reason for the fairly large discrepancies at the high 
frequencies are not fully understood. At low frequencies, the measured values 
are close to the transmission loss of the facility, and so the necessary corrections 
(included in the graph)are probably inaccurate. This partly explains the negative 
discrepancies in this range. It is interesting to note that the introduction of a 
carpet alone does not significantly reduce the impact noise levels, but that a 
foam pad underneath the carpet does result in a substantial reduction. 
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PROTOTYPE K - ROOF/CEILING 

CC)~"lSTRUCTIO~..J DETAILS: 

::~. wooden jo:sts, 30)/on centers, on one side of which ls 2 11 reinforced 
.:, ;.,,,.rei'e (rn 1), On f·he other side, a ! ightweight steel channel is nailed per··· 

i 1::ulcrly i'o t-he main joist direction, to which is mounted 1/2 11 and 5/8 11 

,_rypsurn w(.;d !board (m 2 ) spot--laminated at 24 11 on centers, by means of 1/ 4 11 x 111 

;:, l :;qucir•.~s of doutde .. ,-sided adhesive backed PVC foam tape, 24 11 on cent·ers. 

') gloss 1nsulatkm batts are hung diagonally between the joists. 

'/J\!.UES; 

rn 1 

..... 30 lbs/ft- 2 

··- :~4 lbs/ff- 2; 

- 400 Hz,; 

- 15 inches; 

e - 2 feet· 

STC RATING: 69 

CCMtv\Et"J.TS: 

f 
C2 

d 

= 4., 6 lbs/ft 2 

= 2500 Hz 

= l 2 inches 

The effect' of coincidence in the 2 11 concrete roof in this construction is evident 
ot' 400 Hz. It results in more substantial reduction in transmission loss in this 
frequency region than was observed in the previous prototype (J) because the 
ceiling panel in this construction is less flexible .. Again, the predicted results 
fall below those measured .• This is partly due to the resilient connections 
between the ceiling panel and the joists. 
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Figure 65. Transmission Loss Values for Prototype K 
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PROTOTYPE L - ROOF/CEILING 

t--l DETAILS~ 

wo 1:x.l0n studs;- 24 11 on centers, on one of which is nailed 1/2 11 plywood 
rn:Jss---(oaded tc, 4" 2 ibs/ft2 (m 1) with asphalt roofing paper. On the other side, 

of 5/8 1
; gypsum waliboard (m 2 ) spot-laminated at points 24 11 on centers; 

,·nounred h,1 1the joists with 1/41
; x 111 x l II squares of double-sided adhesive backed 

room tGpe, 2n fiber giass batts were hung diagonally between the joists. 

v/\LlJES: 

M l.L5 ibs/ft 2 

fn I 
~~-.- 4,,2 lbs/ft 2; m 2 ·- 5. 6 I bs/ ft 2 

r -- 2000 Hz; 
f(; '! f = 2500 Hz 

C2 

D = 12 inches; d = 9. 5 inches 

e -· 2 feet 

CO/v\MEt'--!TS: 

The agre0~rnent between the measured and approximate predicted results for this 
construction ls good. It is interesting to note that the effect of coincidence at 
2500 Hz for the gypsum wallboard is not evident indicating the value of the PVC 
isolators. In addition, the approximate straight line method for predicting the 
transmission loss is fairly accurate. 
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PROTOTYPE M - DOOR 

11 T hffn 
1

) (cemen1·ed wood shavings), one side of which has bonded to it 
,:: k1ycr of 5/8" gypsum ·wallboard (m 2) and 1/4 11 hardboard (m 3) .. On the other 

'l/8''1 hCirdboard (m 4 ) mounted on l/8 11 x 1 11 x 111 squares of double sided 
✓6 b,~Jcked PVC foam tape 12 1

' on centers vertically and horizontally. 
fror,1e c:>nsisi·r;,1:d of 2 11 x 2 11 lumber I to which the gypsum wal !board and the 

I! hardboord WE.!re nailedo 

FTtR \//J,L U E.S: 

·-··· B lbs/ft 2 

al·1 - 3 !bs/ft 2; m2 = 2. 6 lbs/ft 2 

rri :·3 ·- L4 lbs/ft 2; m4 = 0.,7 lbs/ft 2 

.r: 
1
c1 

--- (unknown) fC2 
::;:; 2500 Hz 

{,' - 5000 Hz 
·cJ fc4 = 10,000 Hz 

D = 3 inches 

f) -- 1 foot· 

STC R1\TT>JG: 43 (sealed) 

COMMENTS: 

Of major interest in this construction is the tectum which is a porous material 
and hence provides both mass and absorptiono With the l/8 11 hardboard spaced 
away from the tectum, a double panel characteristic is obtained without the 
need for I arge, empty cavities that are wastefu I of space. 
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Figure • Transmission Loss Values for Prototype M 



PROTOTYPE N - WINDOW (SEALED) 

'(m-1) ond 3/16 11 (rn2) plate glass panels mounted 8 11 apart in two sides of an 

1111 

F 
Cl 

D 

y high c·ronsrnission loss wall system (STC 69). The perimeter of the assembly 
veil)' sealed without introducing significant sound bridges and 2 11 fiber 

nHon board 'was placed around the perimeter .. 

-- 5,"? lbs/ft 2 

"" u6 / 2 ~ 3 ,,~ ~~ i s ft ; 

.... ~ 2-4~00 Hz; 

= 2 .. 4 lbs/ft 2 

= 3200 Hz 

= 8 inches 

STC RA.TJ~,lG~ 54 

CC)M1\/\Et'-lT S: 

The need for complex and costly perimeter gaskets is partially eliminated by 
plocing -i·he two glass panels in separate panels of a high transmission double 
panel construct·ion. At high frequencies, greater than 300 Hz, the transmission 
loss is det·ermined by J·he degree of isolaf·ion between the two panels of the wall 
and by l·he lack of a fu 11 I ayer of absorption in the airs pace. 
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Figure 68. Transmission Loss Values for Prototype N 



PROTOTYPE O - WINDOW (OPERABLE) 

CON srRUCTION DETAILS: 

) ond 3/16 11 (m 2 ) plate glass panels mounted in standard aluminum sliding 
•N nr:Jr)'f/ frc:rie:; 8 11 apart in hr10 sides of an isolated, high transmission loss wall syster 

69)., The perimeter of the assembly was effectively sealed without introducing 

:::i~1nl ccint sound bridges, and 211 fiber glass insulation board was placed around 
:>":f'i1t::,:r1·ei''$ f"v\etal channels containing neoprene seals were screwed to the 
rnetor of t·he movoble secf'ion of each wlndow., 

LUES: 

fl '7:" 5J lbs/ft 2 

rn ·1 - 3.:3 lbs/ft- 2; 

~ .... 2400 Hz; 

- 8,.4 inches 

STC Ri-\TING; 50 

COMMENTS: 

f 
C2 

d 

= 2. 4 lbs/ft 2 

-" 3200 Hz 

== 8 inches 

The effect of the neoprene edge seals is evident in the frequency region near 
L500 Hz. The STC rating of 50 is just 4 points lower than for a sealed double 
,N; ndow ·~· see Prototype N. 
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b. Summary of Experimental Prototype Results 

In order t-o present the results in a simplified summary form, the perfor­
mance of the various prototypes has been rated in terms of two single 
nurnbers, a combrnation of which indicates whether or not a particular 
conshudfon t:ichieved the goals presented in the contract. One of the 
:i f:i ons used is i·he familiar STC method. In nearly every case, 

.r rhe determining factor in the classification of the measured 
~-hr: protoi'ypes 1.d ng this method is the value at 125 Hz. Thus, 

fi~3ure for these prototypes is purely a low frequency classification. 
i"o ob-tciin a classification of 1-he constructions in terms of the 

:neusured performance results at high frequencies, it was decided to use 
SIL (Speech Interference Level) methodc The SIL figure is the numeri­

cu! cwerage of the measured transmission loss values in the 500, 1000 and 
2000 Hz octave bands., A com bi nation of the two methods of c I assi fi-
caN on enables a clear picture to be obtained for the overal I performance 
of f·he prototype constructions¢> 

The resulrs of the prototype tests are condensed in Table 4 to illustrate the 
most important features. This table briefly describes the basic construe­
Hon of the varrous prototypes; it includes the mass and the single~figure 
methods of cf assrfyi ng the performance.. Addi ti ona[ I y, there are three 
coiumns that· rel ate to the goal of the contract. The fourth column shows 
1-he percentage (F) of the 16 measured frequencies at which the measured 
results attain or exceed the 20 dB requirement. The sixth column shows 
the difference in dB (~ STCm) between the STC figure for the measured 
values of hansmission loss and the STC figure for the calculated mass [aw 

line. The final column is similar, except that differences in the SIL 
figures are presented. 

A study of the /J. STCm and Ii SIL columns presents a picture of the 
relationship existing between the lg1w and high frequency results. It is 
revealing to compare the figures for the prototypes with those for the 
standard type of staggered stud wal I (Prototype H). The STC rating of the 
latter is lower than the normal measured rating of approximately 46, 
primarily due to the large dip in transmission loss at the critical frequency 
of the panels. For the purpose of comparison, however, consistency is 
maintained by taking the STC rating of the standard construction as 43. 
Note that the modified staggered stud wal I (Prototype A) has significant I y 
grea1·er performance than that of the standard, 14 dB in STC and 18 dB in 
SIL transmission I ass. 
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TABLE 4-

EXPfR!Mt!'~JT,A.l. PROTOTYPE TEST Ri-:StJLTS 

,..,.r_,,,_. ''.'''J'IM .. •~•·• .• c~ - ... , ... , ....... , .. _.,,: ......... ,.i,,•··--· 
! . r•"'"C •• .... ,.~ 

Total ~ Totoi · I 
Mass Thickness Desi 9n SJL I 

" (lbs/f!· 2
) (Inches) Typa F(%) src ASK TL f LISil. n•.) : . .,, ·1Jr., 

, .. , .. " -.. ~¥,,.,. ................. t.,.•• --~-- .,.,_, :;,,,.-· . ✓ ',~:o- __ ,_ ·-~•-·:··· •v:-;r,,-.,.,_..,__,,. ~ m_l _, -. ": ... , 

(o) Wai h 
I 7._,,,_ .... ,,., •• ,.._.,_ .. _ ... v• 

I 
.Modified gypsum-, 8.5 I 8 1/2 II 38 57 i7 63 21 

' board staggered I 
I 

stud 

B,, Plywocd/k,aded 9.2 8 .. 3/4 II 94 67 24 74 29 
hcrrdboard double 
·wc1II 

C Tdple gypsum-- 16.7 13 ... 1/2 ? too 76 29 8J 33 ! 

board (laminated) 

D., {)l..,ub !e gypsum - 16.7 11 = 1/2 I 94 69 22 74 26 
"board (laminated 

r 4 11 concrete/loaded 52 10 .. 1/2 I 19 72 15 76 17 
plywood doubie 
wall 

,. 
r·" ~2" -c:oncrete/:oaded 26 10 = 1/2 l 0 68 16 70 U1 

plywood double 
wal! 

G. loaded flber glass 10 8 - 1/2 II 13 60 17 61 16 
double wal! 

H. Standard staggered 
stud w/gypsum 6.2 6- 3/4 - 0 43 4 45 .4 
board 

Co) Floor/Ceilings 

I. Modified 12 12 - 5/8 II 13 62 19 63 rn 
wood joist 

J. 2" concrete/loaded 32 20 - 1/4 I 50 73 20 79 24 
hardboard 

(c) Roof/Ce iii ngs 

K. 2 11 concrete/ 29.5 15 - 1/8 I 19 69 16 73 17 
laminated gypsum-
board 

L loaded p I ywood/ 11.4 11 - 1/8 II 38 63 18 67 19 
gyp~umboard 
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The average values of Ll ST Cm and L\ SI Lm for the wall prototypes 
(excluding Prototype F) are 20 dB and 23 dB, respectively, to the nearest 
dB" This indicates that the contract goal of the 20 dB requirement, 
averaged over the complete frequency range, has been essentially achieved. 

In u sf rn ii er manner, the resu I ts of the other major structu ra I elements, roof/ 
!Ing ond floor/ceiling,, give averages at about 19 and 20 dB, respectively. 

a shouid be emphasized, however, that these single-number figures of 
honsrniss1on loss represent only an approximate method for classifying the 

resu l ti:," 

!"he results of the tesJ-s on the Type II prototypes demonstrate that Type fI 
performance (i. e ~, beHer than FHA Grade I) is generally obtained; in some 
coses 1, rt- is exceeded. The results of the tests conducted on constructions 
predicted to be of Type I (i .e~, 20 dB better than mass law) are varied. 
Because of the low frequency anomaly* in the test results, which reduced 
l'he observed values of transmission loss at low frequencies, the values 
obtained in this frequency range do not meet the 11 20 dB requirement." At 
high frequencies, most of the Type I constructions containing concrete do not 
meet the requirement. The reason for this reduced performance relative to 
mass I aw is the presence of the coincidence and shearing effects in the 
concrete panels which reduce the single panel transmission loss to 5 to 
l O dB be! ow the mass I aw over most of the frequency range. In al I cases, 
the performance of the prototypes containing concrete averaged 20 dB, or 
more,. greater than the transmission loss of the concrete panel alone which 
provided most of the mass of the prototype. Despite this defect, the 
absolute values of STC and SIL transmission loss for the prototypes con­
taining concrete are very good and should encourage utilization of these 
new designs in future construction. 

The main conclusions to be drawn from the results of the experimental 
prototype tests can be summarized as fo 11 ows: 

* The transmission loss of the dividing wall between the source and receiving room 
deterl oraf'ed in the one-third octave bands centered on 100 Hz and 160 Hz by as 

much as 4 dB. The defect was subsequently investigated and corrected at the end 
of t·he experimental prototype tests. 
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1•.,) The met·hods of predici'ing t-he i·rcmsmission loss of muli'l~.da panel con-, 
st-rucl'loM with sound bridges as def·ailed in Section 2.4 provide values 
t+,at- are in fair ogreement wii"h measured values. Wit·h f'he exception 

of some of the consf'ructions containing concrete panels., the pre­
di,i:;hJd result·s ore norrnolly conservative esf'imates of the measured per•~ 
Fnnronce,, Thi5 is partly because the true effect of wall isolators is 
:.nidere•,h 111ci1'er1 i ,:-: H1e theoreti ca! pre di dions. 

HH<:: concepJ-s of :.pol·•-larninai'ing and mass-loading single panels 
oppr:~ar i·o be sol'; sfoc1'ory methods of obtaining higher masses w i thouf' 
si gnlfl can'l'ly , ncreasi ng t·he s!-i ffness of 1+1e panels" More refl ned 
rne-thods rnc.1y be re9uin~d for the fabricalion of moss-loaded ponelso 

~;, The 20 dB requirement can be soti sfi ed; in foci", an excHss of 30 dB 
greater lhan th,e mass I cm at frequencies above 315 Hz W·'J.S obtained 
with J·he hi pie panel of Prototype C. The 20 dB requirement was not 
qliil-e sa'l'isfied in the double panel of Prototype D, perhaps due to the 
low frequency problem in the Trnnsmission Loss Facility. 

e The techniques of point·-mounting and spot-laminating can be c1pplied 
h:> C➔ )<isi'ing cons.l"n;cl'ions lo provide a subs1·antial increase in the 
acousli c perfor;·ncmcc~ .. 

® The resul'l"s from l+le test·s conducted on Prototype B indicc1te thcii' it' is 
possibl(~ i'o nail or screw rhrough the poinl· isolators wHhout r,1ducing 
the values of i-rc:nsmission loss by more than a few dB. This is an 
important result., as one of the main reasons that some of the experi= 
menh:.il prototypes are no1 fu 11 y pracf'i ca I is to be found in the mei·hod 
of mount;ng i·he panels., 

3,. 3. 2 P~·acti ccd Prol·otypes 

The results gaitrnd from thr~ experimental prototype i'ests provided valuable 
indications of -the applicability of the theory to t·he design of buildin9 elem1:.mts., 
To put the theory i nt·o use for the design of practical constructions, it was 
decided to select goals f·hat included not only very high values of transmission 
loss but also moderate values at low cost. Three ranges of STC values were 
considered- namely 1 40-50, 50-60 and 60-70 - for each of the building ele­
ments, as shown in t·hE~ rrwtrix of Table 5. The STC range 50--60 covers that 
required for FHA Grode I and Grade II construdions. A four1{1 category is 
included in Table 5 for constructions meeting the 20 dB requirement. 
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TABLE 5 

MATRIX OF POSSIBLE BUILDING ELEMENTS 
AND STC RATINGS 

STC Rating Suildi!1g 
(iemcr,r 

!'"""'-''"''-=--------·-----------------..« 
40-50 50-60 60-70 20 dB 

(45) 

(55} (70) 

(66) (67) (64) 

Fioor/Cei I ing (66) 

Wlndow (55) 

Door {43) 

if' should be noted that some of the elements of the matrix presented in Table 5 
have been deleted. These combinations of construction type and STC rating 
ore considered to be of less interest and hence have been excluded from 
further study. For the majority of the remaining combinations, there exists 
the possibility of the building element being loadbeoring or non-loadbearing 
and of either conventional or new construction, whether this be represented by 
the choice of new materials or by construcf-ion techniques. This, of course, 
ieads to a very large number of combinations from which eight final con­
sf·ructions were selected. Those selected include at least one element from 
each type, with the exception of a roof/ceiling which was excluded because 
of its obvious similarity in many respects to both an exterior wall and a floor/ 
ceiling design. · 

The approach f'o the selection was twofold. First, it was decided to include 
one or more systems that would meet the 20 dB requirement at frequencies in 
excess of 200 Hz rather than 125 Hz, so that the overal I dimensions could be 
kept within reasonable limits. The obvious choices for this requirement were 
a party wall and an exterior wall. The party wall was designed to provide an 
STC rating of 70, which is 10 to 15 greater than that recommended by FHA 
for Grade i constructions. It would therefore provide substantially greater 
sound insulation between dwelling units than is presently available at com­
parable weight and cost. The exterior wall was designed to provide an STC of 
65, which would be well suited to an airport environment. 

-144-



Second, as cost is of major concern, it was decided to include a system that 
provided an STC value consistent with or exceeding FHA Grade I or II require­
ments at low cost. This was preferred over systems that provided higher trans-. 
rnisskm loss .. even though the cost per STC value for these was com-

:/e., lh:,, or less ihon that· for the one selected. Consequently, a party wall 
d:in9 en~ STC n:11'ing of approximately .55 was included. In addition, an 
or dwe:lling wc:dl of simple construction having an STC rating of 45 was 

:; o higher rating than nonna!ly associated with this type of 
s obtoi ned al' c:1 fairly low cosf·. 

included 1n i'he selections for testing were two exterior walls designed for 
h exhm1cd noise environment (STC 62 and 67 without meeting the 20 dB 
rnqulrement) and a floor/ceiling design suited for low-rise buildings (STC 63). 
IHrwllyr a window with an STC rating of 54 and a door of STC rating 43 were 
1nci1Jded to be tested in combination with two of the wal Is. 

n Material Consideraf'ions 

The mat·erials that were used in the prototype constructions were limited 
mainly to gypsumboord, concrete, hardboard and plywood. The thickness 
of these materials was chosen for the specific application. Each of these 
mal·ericds 1 of course, could have been replaced with any other material, 
provided the physical properties of the rep I ocement were identical to 
those of the original" Thus the prototype constructions contained only a 
few of the many combinations of materials that could have been used. 

It wi II be noticed that extensive use has been made of the I ami nati ng or 
mass-loading technique to increase the mass of a panel without sub­
stantially changing the stiffness. Since both methods achieve essentially 
si mi I ar resu I ts, it is of interest to discuss the ration ale for the choice of 
one over another. Laminating is a method used to connect together two 
or three flexible panels of a given material, using discrete spots or points 
of adhesive. Since it would seem to be wasteful in time and money to 
laminate more than two or three such panels, it is generally not practical 
to increase the mass of the composite panel to more than two or three times 
the mass of each constituent panel. Mass-loading on the other hand, in­
volves the addition of a series of discrete masses to a flexible base panel, 
such as hardboard, that may be of low mass and contribute nothing to the 
composite panel other than its flexibility. It is anticipated that this 
fabrication technique wou Id be carried out in a factory. The materi a I 
used to load the base panel would ideally be inexpensive - a good example 
is loose sand. The cost of mass-loading a panel would therefore not depend 
greatly on the additional mass required; consequently, increases in mass in 
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the order of four or five times the original base panel could be obtoined 
o!' c reasonable cost more efficiently than by using laminations. 

d;fficull' h:-; estimate the relative cost of panels fabricated by these 
1·v-/c 1'0chn~c~ues because of the unknown tooling expenses that would be 
nvc ,ff,jtt However, i!1spection of the cheaper building materials indicates 

gypsurnboard panels are extremely amenable to being laminated., 
ree1:~ hClrdboard or plywood (which are less massive than gypsumboard in 
·· rnnre common thicknesses) wou Id require mass-loaded configurations G 

k,,N C(>St of gypsum board compared to other materials tends to indicate 
lcun1r·,G1ted gypsumboard wou! d be the cheaper of the two methods, 
dad only small increases in mass are required.. For larger masses, 

mc1ss•~lc,c::1ding woufd probably be more cost/effective. 

At this point, a word is in order concerning the designs and costs of the 
prototype construcl"i ons ~ Incorporated in these constructi ens are several 
techniques or materials that are not used in common building practice 
today" The methods of utilizing the techniques and the materi a! s chosen 
are considered to be reasonably practical and cost/effective. Because 
they have not been extensively tried out in the practical confines of · 
bunding sites, however, and since the designs have not been thoroughly 
reviewed by all the various types of engineers and tradesmen who may 
eventually be involved in their usage, it is premature to state that they 
ore the best' method in each case. Such a statement could be made on I y 
aft-er several years of experience with application of the new concepts. 
a can be anticipated that many, if not all, of the techniques would under­
go substantial changes before the final constructions actually appeared at 
the bui I ding site. The same is true for the estimated costs of the con­
structions@ Without a full knowledge of the final details, these factors 
can be based only on assumption. Much work remains for industry to 
further develop means of fully utilizing and manufacturing the designs 
that are presented in this report. 

One of the most important requirements that a building element must meet 
concerns its resistance to fire. Most bui I ding codes require the use of non­
cornbusti bl e materials for alf but interior walls and partitions. The 
materials that constitute the proposed constructions ore mainly gypsum-'­
board, concrete and tempered hardboard, the first two of which are non­
combustible. As far as hardboard is concerned, recent developments 
appear to have rendered the material non-combustible. The fire resistance 
properties of a building element depend not only on the materials used for 
the panels, but also on the method of support, i.e., the framing. With­
out conducting a fl re test on each of the proposed constructions, it is 
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difficult to state what the fire resistance properties will be. It appears 
that the state-of-the-art in this field does not al low accurate estimates 
1'') be mode., In the case of non-loadbearing constructions, it is antici• 
pot·ed i·hat' th<:-:: fl re resistance requirements wi l I be met. The on I y 

r,,hg question may be with loadbearing constructions with PVC foam 
·;·;;c1!nl'ors,1 <H their equivalent, included in the method of fasf·ening. 

s1nce '!'he panels are nailed i·hrough SlJch isolators, a failure of 
uror shouid not nffect the structural integdty of the construction., 

cone! on it ~s considered that the majority of the proposed con-
;~h·i1ctfrms can be expected to provide adequate fl re protection. 

Full descriptions of f·he eight practical prototype constructions are given in 
rhis section together with their acoustical performances. Included in the 
const"n,;ction details are the estimated in-place cost figures given in dollars 
per square foot of surface area. These costs do not include finishing and 
have been determined using the 1971-72 edii-ion of the National Con­
shuction Estimator (Reference 16) as far as this is applicable. In cases 
·where the material or type of construction is uncommon to present building 
!·echnology, attempts have been made with the assistance of an experienced 
architect to obtain a realistic estimate. Costs are based on the material 
and iabor rates applicable in the Los Angeles area in 1971-72, which is 
foir!y typical of the rates in other large cities across the nation. In the 
smaller cities, the costs may be somewhat lower. 

The elements represeni'ed in the prototype constructions are as fol lows: 

Prototype 

2, 3 

4, 5, 7 

6 

8 

9 
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Interior Wall 
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Exterior Wall 
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Floor/Ceiling 
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PROTOTYPE 1 - INTERNAL WALL 

2 \r\fooden st-uds, 24 11 on centers 1 attached to 2 11 x 4" wooden plates at 
ond :rope, On one side, 1/2 11 gypsum wallboard (m 1 ) nailed to studs .. 

fr1f; ::)t·her side 1 1/2 13 gypsum wallboard (m 2) nailed through 1/411 x 111 x 
" sr:1unr8:~ of PVC foam tape. 3,-, 1/2 11 fiber glass baHs hung between the 

M 

STC: RATil'-JG; 45 

= 4. 2 ibs/ft2 

= 2. 0 lbs/ft 2i 

::::: 3000 Hz. 
f 

= 4-7 /8 inches; 

= 2 feet 

= 2. 0 lbs/ft 

= 3000 Hz 

= 3-1/3 inches 

The agreement between calculated and measured results is good over the 
complete frequency range,. The STC rating of 45 is good for an internal wol I 
and approaches that for a standard staggered stud wol I with 5/8-inch gypsum­
board panels, which is both more massive and more costly ( see Experimental 
Prototype H ),, 
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Figure 70. T ransm issi on Loss Va i ues for Prototype 
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PROTOTYPE 2 - PARTY WALL 

f'.JS"fRUCT10N DETAILS~ 

? x '.Nc.x)den studs, 24 11 on centers, attached to 2 11 x 6 11 wooden plates at 

bo:so c.nd top~ On one side, 5/8 31 gypsum wallboard (m1 ) nailed 24 11 on 
·:.r:-r;{'t3lrs vertkaily o On the other side, two sheets of 3/8 11 gypsum wallboard 

) spo·l· rnn1noted 12u on centers nailed to studs through 1/ 4 11 x 111 x l 1
1 

PVC foam 24i' on centers. 3-1/2 11 fiber glass batts hung between 

ED COST: $1 ~ 2 l/ft2 

Fl-\ RA,~/\ ET ER \/ALU ES: 

tv\ ··- 7 lbs/ft2 

ml -·- 2 • 6 I b s/ ft 2 
; 

f = 2500 Hz; 
cl 

D = 7-1/8 inches; 

= 2 feet 

ST C RA Tl NG : .54 

COMMENTS: 

m2 = 3.0 lbs/ft 2 

f ~ 4000 Hz 
Cz 

d = 5-1/2 inches 

The agreement between calculated and measured results is again good, except 
at frequencies near the critical frequency. This construction is well suited for 
a party wa 11, both in terms of STC rating and cost. 
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Figure 71. Transmission Loss Values for Prof-ol·ype 2 



PROTOTYPE 3 - PARTY WALL 

srnuc ·no~J DETAILS: 

~
1

•• n concrel·e panel (mi) on each side of which are sets of 2··-l/2' 1 

';h~:f:>: sluds,1 ?4n on centers cii-tac:hed to 2-" 1/2 11 steel channels at base and 
~c,:h sid.ev two sheei'~ of '!/4 11 gypsum wallboard (m2 ) spot laminated., 

cenf';:ns. screv.,red f·hrough 1/4° x l II squores of PVC foam tape5' at poinb 
.~dnter:~ ~-·,:;,rHca! ly ,, 3-, 1/2 flber glass bans hung between sh,ds in each 

P/\!U\1V\FT VALUES: 

M -- 27 1 bs/ft2 

- 22 lbs/ft 2 ; 

R:; 630 Hz; 

- 8 inches; 

e ·-· 2 feef 

STC RATING: 72 

COMiV\t~llS: 

rn 
2 

fc 
2 

d 

== 2 lbs/ft 2 

~ 5000 Hz 

-= 2-1/2 inches 

This tTiple panel construction was designed to satisfy the 20 dB requirement 
at frequencies greater than 200 Hz. The high STC rating and low cost make 
it' a useful construction for separating areas of high noise level to living or 
studying roomse 
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PROTOTYPE 4 - EXTERNAL WALL 

!·-lSTRUCT10N DETAILS: 

,; nforced concrete panel (ml) \Nit-h 2--1/2" si·eel sf·udsf 211-'1 on cerih::-r:· .. 

'.•Hodied io 2-- l/21! s'teel channels ai base and top, On the other side '!wo 

of l/4': gypsum wdlboard (rn 2 ) spot lominated 12!• on cEnfer:-:;' 

i;·,i'Udt:Jh l/4;; >< ·1 a >< 1 '! squares of PVC foam tape at points 24" on csnte·rs 
/'..:r:· ,.·:ol !y, 1/2 11 fiber gloss botts hung between l'he steel sh..1ds" 

ST: $1 .. 34/ft2 

M ,,_. 26 lbs/ft2 

-· 22 lbs/ft 2
; m2 = 2 ibs/ft 

fc ;::::j 5000 Hz 
2 

:;:::::; 630 Hz; 

D = 5 inches; d = 2-1/2 inches 

e -- 2 feet 

src RATI!"-JG: 64 

COMMENTS: 

This construction provides a high STC rating at low cost and is extremely ~hin -·· 

only 5 inches overal I. Applications include exterior and party walls.. Of al I 
the prototypes listed, it is probably the construction with the widest range of 
a pp I lea ti ons 0 
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PROTOTYPE 5 - EXTERIOR WALL 

):i nforced, modulor concrete wcJI I (m 1 ), 4' wide, with two sheets of l/41f. 
V•/C' !board (m 2 )rr spot laminated at points 12u on centers, nailed 

411 x I !i x 111 squares of PVC foam tape 24 11 on centers~ 3-"1/2" 
'Js.::, bc1Jt;:; hnng 1r1 the cavity" 

$'
'· i:;Q /&1.2 ~ .,_, .t I 1 

:~/.;,MET F:P 1/A.L.UtS: 

- 26 lbs/ft2 

- 22 16s/ft 2
; 

;:=:::J 630 Hz.; 

-· 8-3/ 4 inches; 

e -- 2 feet 

STC R/\TlNG: 6~3 

COMMl:f"-JTS: 

m 
2 

fc 2 
d 

::::: 2 lbs/ft 

Rj 5000 Hz 

6 inches 

The measured results generally are lower than those predicted at all but the 
highest frequencies due to coincidence effects in the 2-inch concrete - in 
the region of 500 to 630 Hz.. Since the cavity perimeter in this case is bounded 
byconcrete ribs with high sound reflection coefficients, the low values of trans­
mission loss may be due also to insufficient absorption in the cavity. 
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PROTOTYPE 6 -WINDOW 

1-R:t.J(''.ll()l'.J DETA.ILS: 

(, 
11 (rn J) nnd 'l/4 11 (m 2) pl ate glass pane Is mounted in meta I channe Is 8 11 

in 1-wn wniis of an isolated, high transmission loss wall system (Proto= 
5, STC 6;3),. The perimeter of the assembly opened into the cavit·y of 

coni·ained 3-'1/2 11 flber glass batf's. 

!fr:,known -· wn! depend largely on t·he cost of a practical type of frame. 

R \/ALUl:S: 

JV\ -· 5. 7 lbs/Ft2 

m -- 2 A lbs/ft2 

= 3200 Hz 

D ·- 8,~7/16 inches 

= 3. 3 lbs/ft2 

= 2400 Hz 

= 8 inches 

ST( RATING:. 61 in combination with the wall of Prototype 5. 

The STC of 61 for !·he combrnation of exterior wall and window is wel I suited 
for high external noise environments. Since the glass panels are located in 
partially isolated wal Is, there is no requirement for complex gaskets. 
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PROTOTYPE 7 - EXTERNAL WALL 

CONSTRUCTIOI'~ DETAILS: 

6 '1 ,t-1:ced ::luds~. 24 11 on centers, with 0.025 11 prefinished steel siding riveted 
c:r1 ": ;.;:de ~1Pd sprayed with stucco (m 1) to a depth of 1 11

• On the other 
:~ide ·:i 

II tempered hc.1rdboard mass loaded to 4 lbs/ft2 nailed through 

M 

f 
1
Cl 

D 

CO MME l'--l TS: 

I 11 x 1 B squaces of PVC foam tape, at points 24 11 on centers verti­
rLt~, hcirdboard was loaded with loose sand contained in a plastic 

i·c~kdng n rnatdx of enclosed pockets. 3-1/2 11 fiber glass batts 

,.._ 

:~ 

--· 

-· 

•·he sh,ds. 

15 lbs/ft2 

9 !bs/ft2 

630 Hz 

6-1/4 inches 

2 feet 

= 4 lbs/ft2 

~ 5000 Hz 

= 5 inches 

This const-ruction wcis on attempt to achieve the 20 dB requirement at fre­
quencies greater than 200 Hz. The main reason for its failure to do so 
is t·he effect of coincidence at 630 Hz. The transmission loss is, of course, 
well in excess of 20 dB greater thon the measured values for the stucco 
alone, which provides most of the total mass. 
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PROTOTYPE 8 - FLOOR/CEILING 

1'.'RUCTfOt--,1 DETAILS: 

)
1
: l?" wooden floor joists with a floor (m 1) of S/8 11 plywood (nailed) and 

P,f:t ·i· iayer of 1/2 .:J fiber glass insulation board on top of which is floated 

cf ~./21r p!ywood nailed to 7/Bu x 7/8" wood stripping, 16 11 on 
1+1 loose sand in the cavity space formed. On the ceiling side, 
of 1/4" gypsum wallboard (m 2) 2 1 in width, spor laminated at 

Vi'.,: on centers, such that during installation nails are driven through 
nnl'./ one loyer of fhe laminate◊ The nails were driven through 1/4 11 x l l[x 1 11 

s9u(:1r1::s oF PVC foom f'ape. 3-1/2" fiber glass batts hung diagonally between 
the joists, 

TirV\/\TED COST: $2.17/ft2 

M = 17 lbs/ft 2 

m1_ ~ 11 I bs/ft2 m 2 = 2 lbs/ft 2 

(' - (unknown) 'ct f = 5000 Hz 
c2 

D - 14- l /2 inches d = 11-1/2 inches 

e - 1 .6 feet 

STC RATING: 63 

IIC RA TING: 50 Base floor 

64 Base floor with carpet and underpad 

COMMENTS: 

This construction again demonstrates the benefits of a carpet and underpad 
in reducing impact noise levels. The transmission loss values exceed 20 dB 
greaf'er than the mass law at all frequencies above 250 Hz. 
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PROTOTYPE 9 - DOOR 

".'.:C)t'.!S TRU CTIO~--l DETAILS: 

notloti 1/4 i: i-ernpered ~rnrdboord (m 1), 1/2 11 gypsum wal I board (m 2) 

:Jr,::, i cemeinred wood shavings (m 3 ) (Tectum) in a wooden perimeter frame, 

i: l·ernpernd hardboard (m,d mounted on 1/4 11 x 1 11 x ·1 '
1 squares of 

., r:::ompressed neoprene gaskets insta I led on the door frame. 

1, (Unknov·rn) 

iv\ 6 ,bs/ft 2 

rn 1 -- ·1 A I b ;··t·~.2 
" .- , S I = 2 lbs/ft 2 

rrl3 -- 1 ,, 5 I bs/ft2 = 0. 7 lbs/ft2 

CO 1\~/V\E t-..J TS: 

This construction provides an STC rating greater than that of the experi­
mental Proto1-ype M which implies that either that the seals were more 
efficient or 1·hat the construction method was superior. The rating of 46 
is good for a single door, and could be effectively increased by the addi­
J-ion of a foyer. As such the door would be wel I suited for external 
opp I icati on. 
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c 0 Summary of Practi ca I Prototype Resu I ts 

L 

2. 

3, 

4. 

5. 

6. 

7~ 

8 .. 

9. 

Measured and predicted results of transmission loss for the practical proto­
types me presented in Tab I e 6 in terms of the STC rating and the trans-
it: I ss1 on loss in the speech interference range of frequencies. The fi rsl· 

1 n be noH ced [ s the generally good agreement between the measured 
ond predicted values. Prototype 3, a triple panel construction, as 

:qned succ.:essfu I! y meets the 20 dB requirement at a 11 frequencies in 
rnnqe 200 Hz to 4000 Hz, with an overall thickness of only 8 inches. 
olher wed I designed 'to meet i·he 20 dB requirement, Prototype 7, 

led k> do so because of the effect' of coincidence in the concrete panel. 
rorr,: th Is cmd previous resu I ts on double pane I structures, it appears that 

; he 20 dB requirement cannot be satisfied if one of the pane Is is of con­
cre'l'e" i:-?V(:m though the overall transmission loss is more than 20 dB in 
{~xcess of the transmission loss of the concrete panel. 

/V\ore Interesting, however, are Prototypes 2 and 4. Prototype 2 is a load­
bearing party wall of extremely simple design with an STC rating of 54 
ond a mass of only 7 lbs/ft 2 • Prototype 4 could be either a party or 
e>derior wall, providing an STC rating of 64 with an overall thickness of 
only 5 inches. In both cases the costs are low. 

TABLE 6 

SUMMARY OF MEASURED AND PREDICTED VALUES OF TRANSMISSION 
LOSS FOR THE PRACTICAL PROTOTYPES 

Overall Estimated 
STC SIL-TL* 

Mass Thickness Cost 
Prototype (lbs/ft 2 ) (Inches) $/ft 2 Estimated Measured Estimated 

Interior Wall 4.2 4 - 7/8 1.00 45 45 50 

Party Wall 7.0 7 - 1/8 1 .• 21 55 54 54 

Party Wall 27 8 2. 18 70 72 75 

Exterior Wal I 25 5 1. 34 66 64 70 

Exterior Wal I 26 8 - 3/4. 1.59 67 63 67 

Window in 5.7 8 - 7/16 61 
Exterior Wall #5 - - -
External Wall 15 13 - 1/2 2.25 64 61 66 

Floor/Ceiling 17 14- 1/2 2. 17 66 63 68 

Door 7 3 - 43 46 -

*Transmission loss of construction in the frequency range most important for speech inter­
ference, i, e, r ~he octave bands centered on 500, 1000 and 2000 Hz. 
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Prototype l is an excellent interior wall configuration with a mass of 
only 4.2 lbs/ft 2 and an STC rating of 45, which is similar to that for a 
common staggered stud wal I with 5/8-i nch gypsumboard - see Prototype H. 

vri ndow (;ombi nation of Prototype 6 pro vi des an STC rating 
l."!l \A/ilif:h r~. only 2 points less than that of the wall alone. Note that 

l'hf:i placing 1·he two glass panels in the two partially isolated 
b t 1:-isu1i·s fn 1,:,ptim1Jm performance of the window unit without the need 

::ot tf'Si ! ent gaskets,, The door of Prototype 9 gave an STC rating of 46 
.:iddi-Hon of good quoiity vinyl bulb seals. 

incdly,, the floor/ceiling configuration, Prototype 8, with standard 
wooden joists cind a floor loaded with sand, provides an Impact Insulation 
Cius::; (IIC) of 50 wit·h no covering,. The addition of an indoor/outdoor 
·:·ype carpet with an integral rubber under-pad improves the IIC rating to. 
n value of 64, emphasizing once again the value of including the carpet 
os par1· of the structure" 

To see how these practical prototypes compare with existing constructions 
(see Table 7), the estimated costs have been plotted against the STC 
rating in Figure 79 for both types. The method for estimating the costs 
was the same for both types of constructions. The general trend is cl ear; 
l·he cost/effectiveness of the prototypes is superior to that of existing 
constructions and improves relatively as the STC increases. In particular, 
H appears that STC ratings in the range 60-70 can be obtained at a 
significant reduction in cost from those structures in common use today. 

An alternative method of comparing the prototype constructions with 
existing types is to plot the STC rating against the total mass of the con­
struction - see Figure 80. Again, the data for existing constructions has 
been taken from the HUD Noise Control Gui de (Reference 14). Three 
deductions can be made from Figure 80, namely: 

• It is possible with the new methods to obtain STC ratings suitable for 
internal wol ls - see Prototype 1 - with a significant reduction in 
mass from that of existing constructions. 

e High values of the STC rating - STC 60-70 - can be obtained with­
out excessive surface mass and with reasonable overall wall thickness. 

• The STC rating of the practical constructions increases at a rate 
approximately equal to 6 points for a doubling of the mass. The 
rating thus follows the slope of the mass law, but is lO to 12 points 
greater than f·he STC rating according to the mass of a structure. 
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TABLE 7 

DESCRIPTION OF STANDARD CONSTRUCTIONS 
INCLUDED IN FIGURE 79 

Moss* 
Description (lbs/H 2) $/ft 2 

••>••••-C·"••-•,---cc, _____________________ ..,.. ____ i------t-----t 

thick bric:k wo!l w:th 1/2 11 plaster both sides, 

Double wall of 4-1/2" brick leaves separated by 211 ciir cavity­
no tios, f/2" plaster on exposed surfacl;!s. 

Hollow cinder blocks 4-i: x 8 11 x 16 11 with 5/8 11 sanded gypsum 
plaster bot·h sides. 

6 11 thick concrete woli with 1/2 11 plaster both sides. 

5/8" gypsumboard and 1/2 11 sound-deadening board on both 
sides of 2" x 411 wood studs, )6 inches on center, two 
separate 211 x 4 11 wood plates, floor and ceiling, spaced 2 11 

apart, 

5/8 11 gypsumboord on both sides of staggered 2 11 x 411 wood studs, 
!6 inches on center, One layer 2-1/2 11 foil-backed fiber gloss 
in cavity,. 

5/8 11 gypsumboard on both sides of common 2 11 x 4 11 wood studs, 
'I 6 inches on center" 

1/2 11 wood fiberboard ond 1/211 sanded gypsum plaster on both 
sides of common 2 11 x 4 11 wood studs, 16 inches on center. 

3/8 11 gypsum lath and 1/211 sanded plaster on both sides of 
2° x 4" wood studs, 16 inches on center. 

Double wall with 4-1/211 thick brick leaves, 6 11 cavity (no ties) 
with 1/211 plaster on J II wood wool slobs mortared to each wol I. 

Double wall, 3-5/8 11 metal channel studs 24 11 o.c. wi.th two 
layers of 5/8 11 gypsum wallboard laminated. 1-1/211 mineral 
fiber felt in cavity. 

Inclusive of studs. 

100 

100 

36 

80 

10 

6.2 

7.2 

12.6 

15 

120 

11.5 

laboratory data from Reference 4 with the exception of construction f which 
is a Wy!e measurement. 
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4, 0 EXTERNAL STRUCTURES 

Tnc1tfrc.1s1ng the transmission loss of the exterior wed Is is only one method of 
ng noise levais in residences. A barrier around o building or at specific 
ons rn\Jt.md c building can aiso reduce internal noise levels; of greater 

1mpor1·nncet' however, it may also reduce the levels in the immediate outdoor 
cirHJs fhe bui!ding, thus improving the local outdoor noise environment. 
Th0 r,~sults of a recent study (Reference 17) on the feasibility of soundproofing 

neor airportsr gave an indication thot if the local external noise levels 
~;¾><t~i~ed o certain value~ approximately 80 dB (SIL) in this case - no amount 

":>f c,coustical treatment to the building could make it satisfactory for living 
bE.icause the exi-ernal I eve is are too high. The possibility ·of using external 
borriers thus required furthe11 investigation. 

4. SH1ELDH"'!G BY BARRIERS 

A review of the published literature shows that the insertion loss of barriers -

1'he difference in dB between noise levels before and after the introduction of 
1·he barrier - has been treated both experimentally and theoretically 

(References 18, 19, and 20). Figure 81 (Reference 18) shows experimental 
datG taken on a semi--inflnite screen in free space. 

30 -
X "" Wavelength of Sound 

25 -

C Rec~lver 

5 

t'l=A+B-C 

-0. 1 0 0.1 2 5 20 50 100 

N = 251). 

Figure 81. Experimental Curve of Insertion Loss by a Semi-Infinite Screen 
in Free Space ,1s a Function of the Parameter N 
(Reference 18) 
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The horizontal scale is logarithmic in the region of the nondimensional distance 
parameter N > l, but is altered to a I low a stroi ght Ii ne to pass through zero 
hJ negative numbers of N. The condition for N :::: 0 exists when the 
sotH'Ce f receiver and top of the barrier lie on a straight Ii ne. The theoretical 

ues of 1nserHon ioss given in Figure 81 are for the condition where the 
:,c)uict:~ naceiver arE:: sltucited in free space. It is to be expected that the 

!ues 'Ii dlffer somewhat if reflections from the ground plane are taken into 
C'f'.:()iJi"'! ·rhe curve of insertion loss with frequency then exhibits maxima and 
1 irnc due to J·he effects of interference between the direct and reflected paths. 

,, 'i a barrier is sii'uated close to the wall of a building, reflections 
1s wcill vvill reduce the effective insertion loss of the barrier. 

/'\ meos11ren1enJ program was conducted f-o evaluate the acoustic performance 
borriers located close to large refleding surfaces. The measurements were 

i"oken using a l :6 scale model of a barrier with a rigid reflecting ground plane. 
In some ccises, the vertical barrier was modified to include a 45 or 90-degree 
overhang., The effect of back reflections from a second barrier (i . e., house 
Wl':d I) was also studied. An electrostatic speaker was used with a reverse horn 
Flming down 1·0 a 1-inch opening to approximate a point source of sound. The 
rneasurements were token using one-third octave bands of random noise centered 
on the frequencies given in Table 8. · 

TABLE 8 

OCTAVE BAND CENTER FREQUENCIES -
FULL AND MODEL SCALE 

Model Scale Approximate Ful I Scale 
One-Third Octave Band One-Third Octave Band 
Center Frequency (Hz) Center Frequency (Hz) 

' 
2,500 400 
4,000 630 
6,300 l, 000 

10,000 1,600 
16,000 2,500 
25,000 4,000 

,:!l::tm::::u,ia:,,~l!Ull:II~ ~ 
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The he,ght of the receiving microphone above the ground corresponded to 
3,5 feE!t in the full scale dimensions. This value remained constant through­
.:;;.uf !-he .series of measurements" Figure 82 is a di ogram of a typi ca I measure­
ri'ie··:1 :' configuration showing the locotions of the barrier (with overhang) and 

refl eci-1 ng surface,, 

48' 

Reflecting 
Surface 

17 1
-

Receiving Microphone 

Figure 82. Configuration for Barrier Measurements -
Fu! I Scale Dimensions 

Table 9 shows the full scale dimensions of the configurations that were tested. 
The receiving microphone was used to survey the area between the barrier and 
the reflecting surface to determine the variation in noise level .. For a given 
configuration, typical variations at various receiver locations were in the 
order of ±2 dB. This amount of variation was observed for conditions with 
and without the rear reflector. A standard receiver location was then chosen 
5 feet in fu I I sea I e to the rear of the borri er. 

The results of the measurements ore shown in Figures 83 through 89. In each 
case, the data is presented to show the insertion loss provided by the barrier 
with and without the rear reflecting surfaces. 
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TABLE 9 

EQUIVALENT FULL SCALE DIMENSIONS OF 
:;()U RCF:,,.RECEIVER -,.BARRIER COl'~ FIGURA TIO NS TESTED 

- .,, ' ,. • ··•. ··c.,,·· .;. ,, .• , cc,,.._ .. L:. .,;,..-,_,:., ., .. , ·_;,:... ,.,o:,.......:,~,.,.,.-.....,.:..:..· ...... :-..,~ • .;;,_::.:,::.:. . ..;:.,_ __ ,,c.,a ..... 1-~c.z. 

Hf::1gh1· P'l feef' 

-{'~ () Front Rear Angle 
v,er Bard er Barri er e 

,,,. "'.'! ;:; 6 "" ...,..: .. ,..,..1 

~} ,, 5 ~3. 5 6 24 .~!-

3 8 3 $ 5 6 

4 8 ') h. 
,,J ~ .,,,,,,J 6 24 

,:::_ 8 3~5 8 .. ) 

6 8 3o5 8 8 
7 8 .. ., r 8 I .,,: w :> 

8 "5 3,,5 8 45° 6 

9 ,,5 3.,5 8 24 45° 6 

v, \~ 8 3.5 8 45° 6 

n 8 3~5 8 8 45° 6 

12 8 3.5 8 24 45° 6 

73 24 3.5 8 45° 6 

14 24 3.5 8 24 45° 6 

15 8 3,.5 8 90° 6 

16 8 3.5 8 8 90° 6 

17 8 3.5 8 24 90° 6 
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Figure 84. 

Attenuation by Barrier 
Configurations 3 and 4. 
Source Height = 8 feet 

63 
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Sound Attenuation by 
Configurations 8 and 9. 
Source Height = 0. 5 feet 
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Sound Attenuation by 
Configurations 13 and 
14. Source Height = 
24 feet 

20 

l.lO 
,::; 

J 
5 10 
'i 
·i 
6 

t!:: 

0 

i 
·;1 

He:1ghi 
Source 
n feet· 

V 
-.i...,...-,_,&,,,..,.;,..-i,,,...-.L.~,_..___,__,.,__.___,_.,._..__. 

63 125 250 500 l 000 2000 4000 8000 
Frequency, H % 

0--0' 
o-a 

8
,(® ,Th"P'l~ 

24' 

Configuration 13 ConFlgur~•ion 14 

-177-



Computed 

125 250 500 1000 2000 4000 8000 
Fre9uency, Hz 

,,.......,. 6·. L. 
LJ 

Configuration' )6 Configuration 17 

foll ng conclusions can be drawn from the results: 

Figure 89. 

Sound Attenuation by 
Configurations 15, 16 
and 17. Source 
Height =.: 8 feet 

® The calculated values of insertion loss for the barrier are similar to the 

measured values for each configuration except at frequencies affected 
by interference between the direct and reflected paths. These dis­
crepancies are caused by the presence of the ground plane which is not 
considered in the simple theory. The ground plane intrnduces maxima 
and minima in the insertion loss at frequencies where the reflections are 
out-of-phase and in-phase, respectively. The magnitude of the effect 
increases as the height of the source above the ground in crease;;;. 

@ The presence of the rear reflector reduces the insertion loss provi dee. by" 

the barrier a lone by 2 to 8 dB. 

@ The insertion loss decreases as the height of the rear reflecting surfaces 

increases. There will, of course, be a limiting height above which no 
further reduction is obtained. In the case of single story dwellings, the 
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mmdmum height of the reflecting wal I is approximately lO feel, so the 
data for 8--foot· reflecting surfaces is applicable. For high-rise buildings 

i·~ bokoriies, the insertion loss is small unless the length of the balcony 
;,. uin~)derab!y greater than its height. At low frequencies, the effect of 

rcw reflecl··c;r was negative in some coses so ·rhat the noise level 
i,-,cremed rother than decreased as a result of inf·roducing the barrier. 

,:nsi=;rtlor-i loss Fer c~!I configurations decreases markedly as the height 
source obove the ground increases. As o result·, a b(.lrriier affords 

, •. I • C h • f • • r ltH,ici prot-ect1on irom t e noise o passing a1rcrart. 

1t· W\th the source 8 feet above the ground and 4 feet (full scale) from the 
bctrrier, computed and measured values of the insertion loss for configura­
H ons # W and # 15 (see Tobie 9) are both very si mi I ar to the computed 
values for a barrier of height 14 feet. Thus, there appears to be little 
justification for the use of on inclined barrier or overhang such as 
illustrated in Figure 87. 

In summary, a barrier located near a building can provide a significant reduction 
in external noise levels, provided that the source is close to the ground. In al I 
coses, the reduction wi 11 be less than that obtained without the rear reflecting 
surface. However, the effect of reflections from this surface can be .. ~duced by 
the application of on outdoor absorption material such as cemented wood shovi ngs. 
Thus,, it is possible to improve the outdoor noise ·environment and in so doing 
perhaps in crease the sati sfocti on that can be obtained by imp roved noise reduc­
tion provided by the building structure. 
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5~0 CONCLUSIONS AND RECOMMENDATIONS 

The pr:ndples and techniques that pertain to the design of building elemeni·s 
PF)VidkifJ high volues of transmission loss have been presented~ Not all the 

\~1',ses Cfff, nev,r; some are developments of existing methods, and some 
betm used qu1re ext·ensively in the past. These techniques have been 

by means of a series of laboratory tests conducted on experimenf·ai 
protot-ype constructions, The cost/ effectiveness of the practical 

·:,.,,·:,;:;1!·1)cH01'W been compared to that for existing constructions in common 

pr':r,cip!e conclusions from this study are as follows: 

~i The transmission loss characteristics of single panels and multiple panels 
with sound bridges can be determined accurately by means of a set of 
simple express'ions - see Section 2.4. 

ili The design expressions given in.Section 2.4 can be applied directly to 
the optimum design of building elements providing high values of trans­
mission loss© 

c, With careful design, the 20 dB requirement can be achieved in a 
practical multiple panel construction; however this is at the expense of 
high mass or great thickness. Consequently, constructions meet·ing the 
requirement are limited in use to high noise level areas. 

o From the standpoint of transmission loss performance, cost and total mass, 
the practical prototype constructions developed in this program are 
superior to constructions that are in common use today .. 

Perhaps one of the major outputs of this program however is a fuller understand­
ing of the process of sound transmission through structures. It is always possible 
to refine this knowledge, but, since the real world of building design requires 
advances in technology which can provide adequate and improved sound insula..; 
tion between dwellings at a reasonable cost, at this time it is probably more 
i mportont to assess the performance of the imp roved constructions under ft e Id 
con di ti ons. 

As a result, it is recommended that some of the constructions described in.this 
report should be incorporated in a building demonstration program so that their 
acoustica I characteristics con be compared to those of existing constructions. 
At the same time, the structural and fire resistance properties of the new con­
structions shou Id be examined, and modi fl cati ans made if necessary. 
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Some of the constructions described and tested in this program make use of 
materials or material combinations that are not commercially available at the 
present time. Particular cases in point include mass-loaded and laminated 
ponels, The methods of utilizing these two techniques in the constructions 

cn-1::: 1~onsi de red 1·0 be realistic and cost /effective, but because they have 
i::-ied out in field installations, it is premature to state that these are 

mei•hods, The physical properties required of the component materials 
hci\/(:;: been e,<ornlned in rhe main body of the report and can be considered as 
per·F,)rmcmce requirements for future designs. It remains for industry to develop 

:-r;c.:.i~ erkds o:1d mated al configurations so that the performance re qui rem en ts 
::-:in rrn:d' Qr iow cost. 

Firn:d lyr ,·he simple expressions that have been developed to describe the trans­
r·i·i ssi on I oss characteristics of bui I ding structures are extreme I y amenable for 
indusion in a computer program that could be used to design constructions to 
specific performance re qui re men ts. For example, the input of parameters such 
os maximum allowable mass, overall thickness, required ST~ roting or preferred 
rnat-eri a Is cou Id be sufficient for such a program to define alternative structures. 
P.,!ternatively, the reverse procedure could also be adopted, and the STC roting 
or required moss determined given certain material constraints. A versatile com­
pui·er program such as this might prove invaluable to HUD as an aid to designers 
,:-.md builders in the design of al! types of constructions, from high-rise apartments 
down to singie family residences. Moreover, it need not necessarily be a com­
ple)< program requiring sophisticated computer facilities. 
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where 

APPENDIX A 

TER!vHNATION OF THE TR.At'~SMISSION IMPEDANCE 
OF ,6.. SINGLE PANEL 

,·t'l'·•.i:.· ... ;~li''l1'er~ 0

lr" J-he olt•1·,p "7 {) w',tl--, i'·l.1,, ;••oo·•d:t'\t'•llf":· •. ,,-, !"/ --· 1 ·i •·• ,._,, , i ..,,-' \..., . ,..11 f l , :I ,..,.a i .,..,.. ""- "· ~ , f. •-J ~.J \. l t , v'' ! _.. ,.J• ~ t ► I 

f_-;r ,r,~. Tr1P equation fr•r bPrirling WQ>.ff:.•t' t)n 1•.i..,.,c, pane' :..-,.-.J;,df,--;r1 ' f ,... • . ",,. ~ \._., - • .,_., V ..,_,,.;;,. '- , 1 ( ~ ......... t / :1 ,l I • ,J ,, ...,,, ...... • : ~ :-:J 

, .. r,,1:1.r,,..\., inpr1'·1{" r-an br::, writ~er-1 ac: t·c!!,-y,p,· f 0ef@.rt::.nc~ l\ \. I ·.~Y -.◄' ,I !) • J ... ... i' """' ... .- ,, ~ . V ' ~ i \_ ... ( ,,) \ !\ . ., .,.,. ~-~ : , l ··' 

i 

{ f.i ,;) 

\ 

7 2 -·-· ·ihe ::.aplacian operator 

P,n ~- de!1srty of panel material 

h = panel thickness 

µ = shear· modulus of panel material 

B = bending stiffness of panel 

~p == sound pressure differential across the panel 

~ = panel displacement 

+ 

1A'l \ \' / 

It will be assumed that the panel is subject to excitation by an incident sinusoidal 
plane acoustic wave of the form: 

p(x,y,z) = p F(x,y,z) 
a 

A-1 

exp Qwt) (A2) 



where 

F6<,YrZ) --- exp [·"J kx sin fj cos¢"" j ky sr/n fl sin¢ j kz cos 9] 

i l I 

I! 1 

u (x y) 

/J, p F (x ,, y ,, 
0 ' • " " 

ond pone! velocity ccin be 1,,vrrtf'en as: 

u(x,y) -- jw ;(x,y) 

Inserting Equations (A3), (A4) and (A5) into (Al) and performing the operations with 
t·he operator v2 results in the expression: 

A-2 

(AA) 

(AS) 

(A6) 



The spec 1fl c transmission i mpedcin ce :Z of the pane I is defl ned (see Sec ti on 2, 1) os the 
'') ,.•'.j1_"-.'. 1•'.)l,1 ,',.:,!,1· :I! ''Jr',P (',. IJ I"''' r 1 : ffe i"P""' 1:• '1 ~~ I h ,.., 11''1 \'et::. t"l ,1.LI e fc1 ces tc~ ,l,,h e r~ O''m a 11 r.•·1"' ,a, I ,, /0. I Ci<'; ·1'·'\'' -t. . 11 }' ·- ;~ ~ , , ,,.... -l u ,, ... ~ ~ . '~ ..... , ~ .,.,. ~..,.. , 1 r , '•-.~ , I r .J I 1 ~ ....... i),..., I 4 .,,.,, .. l ~ ..,-:.,, I •.. -..~, ,/' 1 f~ 

! ' 

w·here 

li n 
l() 

n 

! 1 + Bw 2 
sin

2 
6 

[ fJ c2 h 

B -·-·· 

E ~- Young's Modulus for the panel mat·erial 

cr = Poisson 1s Ratio 

'\ 
V 

If the thickness h of the panel is much smaller than a wavelength, f·hen: 

w h < < 1 

and Equation (A7) can be approximated by the expression: 

Z • 1 h B w3 • 4 e l :=::::: J w Pm - T sin 

which is the Forni llar expression for the transmission impedance of a f·hrn panei, 

A=3 

(A8) 



Returning to the more general expression of Equation (A7), the denominator is dom­
inated by the first two terms except at very low values of e where a minimum is 

e·1(h1bited" However, at low values of e the second term is very smal I. Therefore,­
dero:ninol·or can bP- approximated by neglecting Jhe third term. In the numerator, 

t·enn ir: t-he right-hand bracket is much less in value than the first; again, 
2:(c;~ en !ovv cmgles of incidence, However, low angles of incidence are of major 
irnt:YJr·rance onlv at frequencies below coincidence; at these frequencies, the 

, I • 

,..,,.,,v·,.-,r·, bnxket- can be ignored in comparison to the mass term in the I eft-hand 
n1\~;:-~ket ,1,s a result 1 it 1s pc,ssib!e to neglect the second term in the right-hand 

I. \/frrh ·these; approximations,it is possible to express Equation (A?) to a 
nppmxirnoHon for l·he genera! case as: 

Z ::::! j~>P h - J 
m 

Bw 2 sin2 e 
1 +----

(A9) 

(A 10) 

Bw3 sin4 9 
where ZB = - j 

4 

anrl 

C 

µhwsin 2 e 
c2 

is the bending wave impedance 

can be shown to be the shear wave impedance. 

Although this result is approximate, it is useful since it provides a qualitative insight 
L1!-o the mechanism of sound transmission through thick panels. As presented in 
Equatio:i (A9), the impedance consists of a moss term in series with the parallel co:11-
bination of bending and shearing wave impedances. The ratio of the bending to shear­
ing wave impedances is maximum for grazing incidence and is given as: 
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-- ~ ( h )2 
l - a X' (A 11) 

r:,u.r:,, for panels in the frequency range where the thickness is much smaller than a 
Vluvetengt·hr the bending impedance is smaller than the shearing impedance, Since 
/·he two are effectively in parallel to one another, the bending impedance predominates. 
This will occur for all panels at low frequencies. and for thin panels at high frequencies. 
Uqder l·hese conditions, the panel impedance wi II be as g;ven in Equatio:i (A8). Con­
versely, in the frequency range where the thickness is much greater than the wavelength, 
the shearing impedance will predominate. 

Exa:ninaHon of Equations (A 10) and (A 11) shows that for the paral lei combination of 
bending and shear impedances to be within lO percent - approximately 1 dB in terms 
c.,f the f'ransmission loss at frequencies above coincidence - of the value of the bending 
impedance afone, the condition 

(A 12) 

must be satisfied, where AB is the wavelength of bending waves on the panel. Thus, 
for concrete (cr ~ 0. 15), shearing effects will become evident at frequencies where 
the bending wavelength becomes less than the quantity 9 h. The condition given in 
Equation (A 12) can be restated in terms of a limiting frequency fl, above which 
shearing waves predominate and below which bending waves predominate. This 
limiting frequency is given by the expression: 

f l 

·2 
= c 2 (1 -0') · 

59h2 f 
C 

This value for the limiting frequency agrees well with measured results for concrete 
panels - see Figure 6. At frequencies greater than fL, the transmission impedance of the 
panel wi ii be: 
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µhwsin 2 0 
Z ~ jwp h - j 

m c2 

(A 13) 

.. ,(: (W/P )i/:z is the velocity of shear waves on the panel. The expression . m, 
,:;1ve·'. ir !::quot-ion (A.l3) indicates that the panel impedance will be zero for a single 

of 1i·1cidence es given by: 

6
5 

= arcs in ( c ) c; (A 14) 

If c
5 

< c then 9
5 

is imaginary and the impedance will be nonzero for all angles· 
{Jf incidence" Also, the condition cs< c implies that the change from bending to 
:.heoring waves occurs at a fre9uency less than the critical frequency; hence coin­
cidence cannot occur. This is therefore the optimum condition. If c

5 
> c, not only 

will corncid9nce occur, but a zero will be evident at on angle f\ given by 
Equation (A'l4), so t·hat the transmission loss for thick panels at frequencies greater 
J·han i-he crif'i cal frequency does not increase with frequency as rapidly as that for a 
thln pane I • 

With the use of the expressions derived in this Appendix it is possible to extend the 
validity of the simple theory of transmission loss-as represented by Equation (AS)-
to higher frequencies where the panel thickness is comparable to the structureborne 
wavelength. There are however additional wave types - such as Rayleigh waves 
where the velocities of the two faces of the panel ore not the same - not considered 
in the above treatment that may limit the validity of the expressions when the pane I 
thickness greatly exceeds the wavelength (Reference A2). 
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APPENDIX B 

THE TRANSMISSION LOSS OF A FINITE SINGLE PANEL SUBJECT 
TO REVERBERAt--.JT SOUND FIELD EXCITATION 

i method of deriv'ing an expression for the transmission coefficient re of a 
pcinel ir, to consider a plane wave incident to the panel at a given angle, 

using f·he concept of impedance, the expression given in Equation (l) can 
obh:dned,, To determine the transmission coefficient for excitation by a rever­

v~:::rcm[· sound Held, if· is assumed f'hat all angles of incidence are equally probable 
und tncl· the average value of the coefficient is given by integrating re multiplied 
by cm oppropriate welght·ing factor over al I angles in the range O to n/2. When 
rhe ·lrnnsmission loss is obtained by inserting the result of the integration into 
fquction (2), it is found that the result is usually about 3 dB lower than the measured 
values" The agreement between the calculated and measured resuHs can be improved 
by arbitrarily limiting the integration range from O to 0,e (0.R, < n/2) where 0,e is 
chosen simply so that the agreement is good. It is found that different laboratories 
require different values of 0,Q, for the calculated results to agree with those measured 
in the laboraf'ory O The values of 01., used by various workers ranges from 78° up to 
85° ,, The explanation that is usually given to justify this empirical correction is that 
the sound field in a reverberation chamber is not totally diffuse and that little sound 
energy is incident to the panel at grazing angles of incidence. However, there 
appears 1·0 be no experimenl'al justificat-ion for this assumption. 

The problem of the angle of incidence occurs again when considering f·he transmission 
loss of a double panel. At low frequencies in a double panel, the masses of the two 
panels .combine with the stiJfness of the air trapped in the cavity to produce 
a resonance. For a plane sound wave incident at an angle 9, the frequency f9 at 
which this resonance occurs is given by the expression: 

c2 

21T cos e 
✓ r., c2 

md 

where m is the mass of the panels - assumed equal - and d is the panel spacing. 

(B 1) 

It is important to note that the value of the resonant frequency is dependent on the 
angle of incidence of the sound waves. This means that there is a different resonant 
frequency for every angle of incidence. Since the transmission loss of a double panel 
is low at the frequency of this resonance, it would be expected that low values would 
be obtained at all frequencies; in fact, this is the result obtained if the integration 
is ccrred out. This is not born out by measured results.. Even when there 
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1s little or no absorpHon in the cavity, the transmission loss does not fall below values 
given by the mass law. 

wo,1kl i·herefor,e appear that there are some inconsistencies in the simple theory of 
h"-rirwris:d,:x~ loss which can be eliminated 0111ly in the case of single panels by 

;,c,ol"lcm of cm empirical correction factor. The simple theory does, of course, 
:,,:;surne -i-hot- l·he panels are of infinite lateral dimensions. At low frequencies, the 

poneis tesred in transmission loss facilities are· not very large compared 
b,~mdinfJ wt1velength1 -~herefore they cannot be considered as infinite. In this 

;1e.sonanl frequencies or modes of the panel and the coupling of the incidence 
vvr'.'1'•/B~; ro these modes must be taken into consideration. 

The transmission of sound through a finite single panel has been treated in the pub­
lished literat·ure (References s·1, 82). In Reference Bl, a classical approach is 
ndopted by considering a plane wave incident to a panel in a baffle; the solution 
is obtained in matrhc form. In Reference 82, the panel is taken to be the common 
woll between two reverberation chambers. The solution is determined by evoluoting 
the coupling between the sound fields in both rooms and the panel. An approximation 
in this solution is that the sound pressure on the incident side of the panel is much 
greoter than that on the receiving side. Presumably the solution is valid only for 
pc.me is of high i'ransmission loss, although how high hos yet to be determined. At 
frequencies below the critical frequency, both mei·hods give similar results. In this 
frequency range, the major portion of .sound energy is transmitted by forced vibro-
1-lon of i·he panel ra·ther than by resonance vibration. It also turns out that the major 
i'rnnsmission is from sound energy that is incident at small angles to the normal of the 
panel. The expression for t·he transmission loss given in Reference B2 is 

TL(w) = 20 lo (w m.) g 2pc (B2) 

where /1 f is the bandwidth of t·he noise signal used for testing. If one-third octave 
bands of noise are utilized, then Equation (B2) becomes: 

f < f 
C 

(63) 

Thus the "effective 11 moss of a single panel for providing sound transmission loss at 
frequencies below the crii'ical frequency is a factor of 1.8 less than the actual mass. 
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At frequencies greater than the crit'ical frequency, the transmission loss is quite 
penderd· on the internal losses in the panel. In this frequency range, the trans­

k>~:s 1' niven by the expression -· see Reference B2: 

+ 10 log (
211 ~) 

1T We; 

n i:; the loss factor for t·he panel material. This expression is identical to 
de,+,ed by Cremer (Reference B3). 

(84) 

The expressions given in Equations (B3) and (B4) give values of transmission loss that 
agree well with the measured values - see Figure 3. Equation (83) is valid only at 
frequencies less than approximately one-half the critical frequency (1/2 fc)· At 
frequencies between 1/2 f c and f c resonance transmission assumes a greater 
importance in determining the transmission loss and analytical expressions do not 
seem to give good agreement with the measured results. Unti I more accurate expres­
sions cm~ available, an approximate method that can be used to predict the trans­
mission loss in this frequency range is to describe a straight line between the value. 
of transmission loss at the frequency 1/2 fc (Equation B3) and the value at the fre­
quency fc (Equation B4). It should be noted that this is only approximate. 
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APPENDIX C 

E TRA~!SMISSi.ON LOSS OF A DOUBLE PAN EL 

k:1r ,~xpressbn for tha transmlssion coefficient of an inflni!·e 
x con,·oins er derivation of 1·he t-ransmission loss of o Fini~e 
bv o reverberant sound field. In this derivation, use is , . 

i; ,::, ism 1:;s :~';,·, i: i e11i' •(f) for n sound wove incident at an angi e 0 to the no,-

; :;fl n i h r~u1-1hl~ panel ;5 given by the expression (Reference Cl)o 

(C 1) 

v-iherc 

z cos e 
l r 2 

2 Pc 

Z ·· transmission impedances of panels l and 2 
1 ~· 2 

er -- 2 k d cos e 

k c:::: 2 ,rf/ c 

d - panel separation 

At low frequencies, where the wavelength of sound is much greater than the panel separa­
tion d, Equation (Cl) can be written as: 

-2 

(C2) 

At· frequencies below the critical frequency, the impedance of the panels is given by: 

(C3) 

where m1 a,id rn 2 are the masses of the two panels. In this frequency range, Equation 
(C2) can be' written as: 
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-2 

i == e 1 + case (C4) 

e:><pression q!ven t l::quotfon {C4) is exoc1·ly similar to that of Equation (3)@ The 
r.xw~I r:i,:i'.~ c1s n :;incl:?i<E:, oanel of mass (m 1 + m2 ). In Section 2. 1 .. 3 and Appen-
• ,,.J, :I ' I 

: 1f:. h·-cJ:1ism~ss1on loss of a finite single panel excited by a rever~~ 
srnnd field ;·:; (1l·1E-::n by the expression of Equation (6)~ In the same way, t"he 

1,1 le pcmei ot very low frequencies ls given by t-he expres-~ 

(C5) 

\/.there iv\ m + m l 2 

/\t h'igher frequenciesf buts-till under t·he condition that the wavelength is less than the 
panel seporation d, t·he exponential term in Equation (Cl) can be expressed as: 

-j cr 
e ~ 'J-jcr 

ln this frequency range, the ~hird term of Equation (Cl) rapidly assumes major importance 
nnd the transmission coefflcien!' is given as: 

(C6) 

and 
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Equation (C7) indicates that the transmission loss of the double panel construction is 
equal to the sum of the transmission losses of the two component panels plus - or more 
usucdly minus····· a contribution for the effect of the cavity. The contributions from 

or 

is 1·0 i'he total transmission loss are therefore effectively independent. 
"ni-o uccount that for the transmission of sound at frequencies below the critical 

i lhe rnost important angles f) are those approaching normal incidence, 
0,1 l·he l-ronsmission loss in this frequency range is given by f·he expression: 

TL == TL + TL + 20 log (2 k d) 
1 2 

(C9) 

where TL
1 

and TL 
2 

ore the transmission losses of the sing I e panels l and 2. 

Al frequencies where the wavelength is equal to or smaller than the panel separation, 
Equation (C 1) indicates the presence of an harmonic series of cavity resonances, the 
first of which occurs at a frequency f1 given by: 

C f = 
1 2 d 

The effect of these resonances can be greatly diminished by the addition of absorption 
material in the cavity. Thus, to a first approximation, the cavity resonances can be 
ignored and the transmission loss in this region determined by allowing the bracket 
containing the exponential term in Equation (Cl) to assume its maximum value. In this 
manner, with the third term of Equation (Cl) dominating the expression, the transmission 
coefficient for the double panel at frequencies where the wavelength is small compared 
with the panel spacing is given by the expression: 

[ 2 
(-J) m 1 cos e ) (w m 2 cos e ) ]-

2 

\ 2pc 2pc (C 10) 
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By the method described above, the transmission loss for a double panel of finHe size 
subject to a reverberant sound field is therefore given as: 

( 
'T ·- l "! 

i 

\ 
+ [ c0 tv'1 

3.6 pc 2 
(3. 6 pc) 

- h . • ' '- ·r·•. ·10 J ' - i' orid 'i· e transm:ss,on mss ,.,y _ ···· 109 ,T J. 
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APPENDlX D 

F T RA t'.! SM ISSI ON LOSS O F A TR I PL E PAN EL 

•c<,.,,p11,(.;~!don iCH tht:~ ITansmission coefficient of an infinite triple pone!,, 

;-;:, o dcTi,m'/·ion •0f the trnnsmission loss of a finite 1-riple ponel 
;:·;eld, ·the derivation proceeds olong the some !irie<,: os 

been est-c.:ib!ished for the transmission coefficient T for a con­
:,()nTc:ni.•g 1'-,J! nfinite panels·-· see Reference D1. The e><pression for t·hr~ 

•:-:·,;":nsrni:ssfon codfic eni· -r
8 

for an ongle of incidence 0 is given as: 

(D l) 

vvhere 

X ~ 
l, 2,., 2 oc 

= transmission impedance of panels l, 2 and 3 

O" 
1, 2 

::::: 2 k d 
1 2 

cos e 
I 

= cavity dimensions 

k = wave number == 2,.,f/ c 

At extremely low frequencies, when k d1 and k d2 are much less than unity, Equation 
( D1) becomes: 

-2 

1 + (x + X + X) 
l 2 3 

-2 

(D2) 
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If, as is usual, this frequency range lies well below the critical frequency, then the 
impedance of the individual panels will be dominated by the mass. Therefore, 
EquaHon (D2) can be written as: 

,· e 
r_,, 
I I + 
L 

jwM cos 
2 pc 

e 
]

--2 

f < f 
C 

(D3) 

:r1Hismiss1<)1·: loss for a finite triple panel can be obtained in the manner discussed 
r, Sr:~cllon 2~ ·1,, 3 cmd Appendix C v by inspection of the result for a single panel. The 

' • • I ' • b t-rc:nsrn:ssicn ioss 1s given y: 

TL = 10 log [1 + ( w M )
2

] f < f c 
, 3.,6 p C 

(D4) 

Vfrthout repeating the operations involved-they can be determined by examination of 
Appendi," C ··• the transmission loss of the triple panel at higher frequencies, but still 
under the condition that· the wavelength is greater than the panel separations, is given 
by the expression: 

+ 20 log (2 k d
1 

) + 20 log (2 k d
2

) (D5) 

or TL ~ TL 
1 

+ TL
2 

+ TL
3 

+ 20 log (2 k d
1 

) + 20 log (2 k d
2 

) (D6) 

where TL
1

, TL
2 

and TL
3 

are the transmission loss values for the panels 1, 2, and 3. 

At higher frequencies, where the wavelength is equal to or smaller than the panel 
separation, the transmission loss of a finite triple panel is given by (see Appendix C): 

TL~ TL + TL + TL + 12, 
l 2 3 

dB (D7) 
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The expression for the transmission loss of a triple panel as given by Equation (D 5) is 
approximate ln the frequency region of the two I ow frequency resonances. The more 
f;)WCl" expression is given in Equation (D 1), which can be used to determine the 

rn:Jtn con fl gurat'i oti of pane I masses and separat i ans. At I ow frequencies, when 
oc<,usL c wmrelengl·h ls much less than the panel separations, the quantities in 
•:;q,.icr,:c~ brocket·s of EqlJation (D 1) can be approximated as fol lows: 

-j a 
e ~ Ja 

i·hi,; bw frequeric.y region, it is usual for the transmission impedance Z of the 
!s i·o be dominated by the mass reactance jwm, so that the effect of reverberant 

sound fi€id excitation can be taken into account by introducing the factor 1.8 - see 
Appendix B, With these simplifications, the expression for r can be set equal to 
zero tc determine the values of the two low frequency resonances f+ and f_. 

The resulting expression is complicated because there are five variables involved -
the masses of the three panels end the two cavity dimensions. Examining the results 
obtained for double panel constructions, it seems logical that each of the cavity 
dimensions should be os large as possible, so that the fundamental resonances are as 
iow as possib!e for a given overall thickness. The only way that this can be achieved 
is for the two cavity di mens ions _to be equal, i.e., d 1 = d2 = d, even though the 
high frequency cavity resonances in the two cavities will occur at the same frequencies. 
In CJ similar manner, it seems logical for the triple panel const'ruction to be symmet-
rical about the center panel, i.e., m1 m3, so as to achieve the lowest possible 
values for the fundamental resonances for a given total mass. Thus, the optimum 
configuration for the lowest fundamental resonant frequencies is obtained with the 
following relationships: 

(D8) 

In this way the expression for the fundamental resonant frequencies can be simplified 
as fol lows: 

D-3 



m 

l 
J 

i- ' r· , 'I J H J• • • " ' h L ' 1-·ur1-riennun::: 1 iOr a given i·oh:::1, mriss 01nc1 nver<:Hi1 c 1mens1on, 1t 1s easy ro s ow IT1at 

·rhe ! owesl vcd ue of rhe frequency f+. ls obtained when p = 2" 

RE FE RE t'-l C ES 

[)'l ., S hmp.,. B. H. S" and Beauchamp 7 ,J :w. j' 
11The Transmission Loss of Mui H layer 

S'!-ruclun~s,"",L Sound Vib.,</ VoL 9_, l'fo. 3, pp 383-392, 1969, 

D-4 



APPENDIX E 

THE DETERMINATION OF THE RA TIO OF PANEL VELOCITIES 
FOR A DOUBLE PANEL CONSTRUCTION 

conla1ns the derivation of t·he expression for the velocity ratio of the 
n n double panel construe-Hon. The rat-io is required so that the reduction 

f-i/', ssion loss of a double panel construction with sound bridges can be 
eh:Frr11ned" Simple expressions for the reduction in transmission are subsequently 

l 'I ., 
c eve 1op:ec1" 

ider a double panel consf'ruction consisting of panels with masses m 1 and m2 
,;eparated by a distance d. At low frequencies where the wavelength of sound waves 
in air is much greater than the pane I separation d, the construction can be conven~ 
iently represented by its electrical analog circuit for the purpose of analysis. In this 
ancdog,., the mass of each panel is analogous to an inductance element, and the stiff­
ness of the airspace is represented by a copacitive element. In keeping with the· 
discussion of Section 2. l and Appendix B, the finite size of the panels will be taken 
into account by assuming that· the masses of the panels are reduced from their absolute 
vaiue by the factor 1.8. 

The electrical analog circuit for a double panel construction is illustrated in Figure El 
where the individual elemenf·s are represented in i·erms of the specific impedance. 

Figure E 1. Equivalent Electrical Circuit for a Double 
Panel ot Low Frequencies (A>> d) 
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Analysis of the circuit will show that the ratio of the velocities of the two panels is 
given by: 

\/ 

(E 1) 

wher-e 
0 

is the fundamental resonant frequency 

fo: i"he double panel constructiono By definition,. the second term in Equation (El) is 

much smoi !er than unity and hence can be ignored, with the result that the Equation 
cc1n be rewriHen os: 

Equaf'ion (E2) indicates that the velocity ratio approaches unity at frequencies mtJch 
less than f0 • In this frequency range the two panels vibrate in phase and with th,1 
same velocity. At frequencies much greater than f

0
, the velocity ratio is negative 

qncJ I arge, indicating that the two pane Is are vibrating 180 degrees out of phase and 
f hnt the velocity of the second panel is much less than that of the first. In this fre­
quency range: 

w2 m d 
2 

1 • 8p c2 
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where the upper limiting frequency f,e, is given by the expression: 

iE~s great-er than f e where the acoustic wavelength is comparable to the 
f·he panelsff the equivalent circuit and the resulting velocity ratio given 

nre no longer val id., Inspection of the straight-line approximation t·o the trans­
rnl'ssk,n loss chr:iracteristics of a double panel -see Equations (16), (17), and (19)­
shows that the transmission loss of a double panel with no sound bridges increases at a 
rnte of !8 dB per octave at frequencies between f

0 
and f;,, and 12 dB per octave at 

frequencies greater than f .t· This represents a change from a transmission loss that is 
proportional to the sixth power of the frequency (f6 ) to one proportional to the fourth 
power of t+e frequency (f4 ). Clearly, the frequency dependence of the mass terms -
proport·ional to the square of 1·he frequency - cannot have changed, so that the term 
replacing the cavity stiffness in this region must be independent of frequency. Accord­
ingly, the electrical analog circuit is as illustrated in Figure E2,with the impedance 
Z representing the cavity element. 

z 

Figure E2. Equivalent Electrical Circuit for a Double 
Panel at High Frequencies (A:;; d) 
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The raf'io of the velocities v; and v~ cc:m be writt-en as~ 

Inserting Equo'!'ions (El) cmd (E4) into (E.5) cmd solving for R give~; l·he result· l·hot: 

10n: 

( 
w m2 )

2 

1.Bpc· (fo) 

if wm 2 >>3.6pc 
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The expressions given in Equations (E3) and (E6) can then be inserted into Equation (31) 
tc, calculate the transmission loss of o double panel with sound bridges in t·he frequency 
rcmges. F,. < f < f_,e, and f > ft. The square of the panel velocity ratio is prop.or-
, " . (, ,, 4 , • I h 2 ,. • I. 

iit:,nci ro r m frequencies iess tan f ;_, and to f at trequenc1es greater tnan f 2,, 

Frequencl'e:; greoter rhan f
0

; when the velocity ratio rapidly becomes much greater 
;!i,~;!n ii-y,. i·he reduc·l·ion Tla in the transmission loss of a double panel construction 

bddges is-~- see Equaf'ion (3i) 

TL
8 

R:1 10 log o 

TL8 = 20 log ( ~
2

) + constant 

Thus the reduction TLB increases at a rate of 

12 dB/octave 

6 dB/octave f > f X, 

The transmission loss of the unbridged double panel from which the values of TLB have 
to be subtracted to give the transmission loss of the bridged consf·ruction increases at 
a rate of 18 dB per octave and 12 dB per octave at frequencies less than and greater 
than f,e, respectively. As a result, the transmission loss of a bridged double panel 
increases at a rate of 6 dB per octave at all frequencies. 

The general form of the transmission loss of a bridged double panel is ii lus1Tated in 
Figure E3. The discontinuity at the frequency fs - termed the bridging frequency -
shown in this figure is a straight· line approximation to the more gradual transition 
between the two slopes that is exhibited in practice. To determine the value of the 
frequency fB it is necessary to return to the more exact expression for the reduction 
in transmission loss due to bridging, namely: 

TL
8 

== 10 lag (1 + 6) 

E-5 



w h.::Jre 

TrnnStT, is:;lon 
~~i(:tt(:srrn l f'.1f1r-·;~ 

Mass Lcsw 
6 dB/Och:we 

(Log) Frequencyu Hz 

Figure E;J. The General Form of i-he Transmission Loss of' c1 

Bridged Double Panel 

11 J{ 

s 

?,t == the radiation factor for point or line force excitation as given by 
Ec1uation (27) 

The frequencr FH can be determined by inserting the expression for the velocity rati,1 
at frequencies less than f 1

1 
as given in Equation (E3), and allowing 6 to assume the 

vcdue unHy. By this method, 
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r i 
' l o \ m 1 

[qur:illon (E con b~J further simplified by introducing the expressions for 'X. 

CGses ure i n:l·erest-: 

ci" Poi n i· Conned ions 

(Equation (27)) 

·1· 
IWO 

(ES) 

where e2 =: S/n is the effective lattice spacing constant for the point connec­
tions. For the optimum double panel configuration where m1 = rn 2 • 

• 

Since the transmission loss curve at frequencies greater than fBP is parallel to 
the mass law - assuming that the motion of the two individual panels is control led 
by the mass - a convenient way of describing the acoustical performance is by 
means of the quantity A TLM, which is the amount in dB that the transmission 
loss exceeds the mass law value. In this case, with reference to Equation (17), 
.6. TLM is given by the expression: 

E-7 



= 20 log I
" ? w-m

1
m2 

.....,_a::.;__ • ~•-✓ ... 

l·: -i~ ~ ~\? 
l t 5 " f,) ;J '",} 

20 • ( w m ) -~· 109 
3.6 pc 

(E 9) 

U ne Connections 

2 
£~\ 'E . (27)) ~~ ·-· \-qucit1on /'I. 

1T C 

m. l ;:c· (-ml mJr4 
l 

f~~ f. fo ;1iL + (E 12) 

whE:re b = S/n 2, is the mutual spacing of typical vertical wooden or metal 
:~tuds of iengi'h fl. 

For t+e case where m 1 ::::::: m 2: 

(E 13) 

In a similar manner to that described above for point connections, it can be 
i:-hown th al·: 

(E 14) 

E-8 



(E 15) 

q1.:es1i,.x, adses at this point as to which value of the critical frequency must be 
i·hE: obove expressions , f the con stru cti on contains pane Is of differing 

":ri fl ,:o r:·r09u~:mc i es. In the case of both point and I ine connections, the assumption 
i mnde; :+1..::it i-he motion of the panel exposed directly to the source of sound is 
!.W r:-.Jfected by i-he presence of any connections. In other words, the connections are 

coJ1sklered to be massless and to move with the same velocity as the first panel. How­
eVer r (f the two panels have different values for the critical frequency, this assump­
tk>n appears t·o conflict with the principle of reciprocity, which states thar the 
transmiss1on loss must be the same whichever side is exposed directly to the sound 
source, The reason for the conflict is evident since the connections between the 
panels do have an impeding effect on the motion of the first panel, and the velocity 
of the connection is less than that of th is pane I. These two effects can only in crease 
t·he transmission loss of the structure and as a result it is considered satisfactory to 
select- the highest value of the critical frequencies of the 1wo panels to insert into 
1·he above expressions for transmission loss. However, if the point connections to one 

lhe panels are merely point projections from the familiar line connections to the 
ot·her pane IP then the critical frequency that has to be inserted in the above expres­
sions Is that for the panel supported by the points. 
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APPENDIX F 

DERIVATION OF THE EXPRESSIONS FOR THE STC DESIGN METHOD 

:·. /.\f:;pt::nd 1)( contains the derivation of the expressions by which the S TC rating of 
-:, doubl(~, pone! construction car. be defined in terms of i1·s important parameters. 

1:lc;·ermhE, l·he STC rating of a construction,the STC weighting contour is super-
.,. .. , .• n ... ,.,, .. i;pon t·he rneasured values of ln:msmission loss and adjusl·ed so that the sum of 

deficiencies (i "e•; deviations of the transmission loss values below the STC 
\,veighHng ccmt·our) does not exceed 32 dB, with the additional constraint that no 
sin9le deficiency exceeds 8 dB. With the contour adjusted to its highest value that 
meets these requirements, the STC rating of the construction corresponds to the value 
of rhe I·ransrnission loss in dB given by the weighting contour at a frequency of 500 Hz. 

The general form of the transmission loss curve for a double panel with sound bridges 
os (:l function of frequency is characterized by a slope of 18 dB per octave at the low 
Frequencies and 6 dB per octave at the higher frequencies, neglecting for the moment 
the effects of coincidence. The changeover between the two distinct slopes occurs at 
i'he bridging frequency f8 . Since the STC weighting contour also has a standardized 
formv if' is possible to adjust the general transmission loss characteristic of the double 
panel to its highest value such that it just meets the requirements for the STC rating 
method. This is demonstrated in Figure Fl where both the standard STC contour and 
t·he general transmission loss characteristic are shown. 

T 
gl 

20 "0 

a dB 
_, l C: 
0 -; 
1 

C 

l: 
""" 

1
6 dB ,,,..,,,.,,,. 

18 dB --.... ,./ Per Octave~,., 
Per Oc:tova / ,,..,,/' 

I' .,,,-:.,...-,----

✓ /' ,,,.,,. 
I _,_., 

_,,..,,. STC 
7,,. Weighting 

/ Contovr 
I 

1"-.._.._ Double Panel 
~ Transmis.sion Lou 

Characteristic 

63 125 250 500 1000 2000 4000 8000 
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Figure Fl. The General Transmission Loss Characteristic of a Double 
Panel with Sound Bridges Adjusted so as to Just Provide a 
Given STC Rating -
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The maximum allowable deficiency of 8 dB is taken at 125 Hz, which then sets the 
location of the 18 dB per octave characteristic precisely. The 6 dB per octave char­
acteristic is then inserted s'o that the sum of the deficiencies is as close as possible to 
'l2' On this ccise ii· is 29). The transmission loss characteristic thus derived is the 

rr.u;n 1hcf corms ponds h::> J-he STC rating given by the location of the contour. 

k1 rrgure F'l, the difference in dB between the ordinate values of the STC 
ol· ! Hz. Clod 500 Hz is given by: 

L (500) - L (125) == 16 dB (Fl) 

rhe Irotisrnissi on loss choracteristi c: 

TL (125) = TL 1 (125) + TL2 (125) + 20 log (125 d) - 39 (F2) 

when:' d ls the spacing of the panels. The transmission loss characteristic has been 
adjusted (see above) such that: 

L(l25) - TL(125) = 8 (F3) 

Substituting the values of L (125) and TL (125) given in Equations (Fl) and (F2), and 
remembering that the STC rating is equal to the value of L (500) 

STC = TL 1 (125) +TL2 (125) +20 log (125d) - 15, dB 

Inserting the expression for TL 1 and TL2 given by Equation (53), it can be shown 
that 

. ( STC - 44) m1 m2 d = ant, log 
20 

where m 
1

, m 2 are the masses of the two pane Is, and d is the pane I separation. 

F-2 

(F4) 



This expression effectively describes the relationship of the 18 dB per octave portion 
of the transmission loss characteristic to the STC contour for this particular minimum 
condition. To complete the design method, a relationship is required between f·he 

contour and the transmission loss characteristic a1· the higher frequencies (t .e,,, 
H·i'·; r~ :·:1er octave portion), Referring again to Figure Fl, it can be deduced tha1·: 

S TC = TL (5 00) + 2 

Thus 

For a pc1rticular configuration of the construction,the value of the quanHty !.l TLM 
con be written as (see Equation (35)): 

= 20 I og (e f ) + 20 I og ( m; ) - 55, dB 
c m

1 
m2 

Eliminating /);. TLM from the above two expressions leads to the equality: 

f = fl (STC + 32.5) m 1 e c an I og 
20 

lbs/ft/sec (F5) 

The expression given in (F4) and (F5) can. now be used to relate the various construe~~ 
tion paramel'ers to the STC rating. It is difficult, however, to retain the individualii·y 
of the panel masses m1 and m2 in the overall relationship. Therefore, it is assumed 
that m 1 == m2 = m (i.e., the optimum distribution of mass). 

A design chart for a double panel construction with point connections to orie pone!, 
based.on the above expressions, is shown in Figure 41 (a). 
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/:>, similar derivation for a double panel with line connections results in a design 
expression similar to that given in Equation (F5): 
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