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1.0 INTRODUCTORY SUMMARY

nt vears, significant advances have been made in building technology —
= design of building components and in building methods themselves,
Jeparfment of Housing and Urban Development (HUD) has attempted to
re some of these fechnological advances in a major demonstration pro=
ATION BREAKTHROUGH = which at the time of this writing is
i progress, 11 is impertant, of course, that the technology in each of the
facets of the building process advance at approximately the same rate,
1t the structural and environmental characteristics of a building system
compatible within themselves, One of the many environmental character-
stics that must be considered is the sound insulation provided by the various
building elements, This aspect of the building system is rapidly assuming
greater importance as pe@pﬁe become more sensitive to the effects of noise
impact and learn that certain steps can be taken to avoid it. Unfortunately,
for the past several years there have been few significant advances in the
theory and practice of sound insulation, with the result that designs appearing
in modern acoustical handbooks differ little from those of two decades ago.

K

HUD has responded to the need for additional research and development by
instigating this program which is designed to study techniques of increasing
the sound insulation of building elements and lower the cost, Included in the
program is a design goal requiring that the values of transmission loss for the
constructions developed should exceed the values calculated 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 HUD, who by so doing provided the necessary challenge
which was required to develop new design methods. Even with the knowledge
gained from this program, 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 possibility.

A cursory examination of existing common constructions showed that none
satisfied or even approached the requirements for the acoustical goal of this
program. The transmission loss of some constructions approaches a value that
is 20 dB greater than the mass law at a few frequencies. To achieve the goal
over the full 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 the time predicted that the majority of existing con=
structions were capable of providing significantly greater values of transmission
loss than those measured in the laboratory. It was therefore necessary to
examine and modify the basic theories so that more accurate prediction methods

1=



could be developed. Chapter 2 of this report contains o comprehensive dis-

cussion of the principles of sound transmission loss for many different types of
cmssmq,ﬁ ons. The discussion covers the developmeni of methods which make

i cant increases in the transmission loss of simple and complex structures

e, For convenience, this chapter concludes with a summary of the more

SYSTETTIT: daveﬁep@af foge%er with a description of methods by

nstructions can be designed fo meet specific acoustical requirements.

dity of the new expressions, o series of experimental prototypes,
of practical prototype constructions, were designed, built

se protolypes cover all the different types of building elements.
Fthe app lication of the design requirements, rhe practical con-
nis involved and the prototype tes f resul%s are contained in Chapter 3. It

15 shown that the "20 dB requirement, ” as the acoustical requirement will be
referred to, con be satisfied — but not c:iwoys in a manner that results in a
practical construction suited for wide use. However, the methods that had to
pe developed to uchieve the goal were successfully applied to obtain sub-
increases in the transmission loss of more useful constructions.

To complete the study of noise reduction in buildings, a measurement program
was conducted to determine the feasibility of using outdoor barriers to reduce
noise levels both inside and outside buildings. Methods were examined for
educing the noise levels in the immediate vicinity of o dwelling by the intro-
seiion of various types of barriers. The effect of acoustic shielding by
buildings is also discussed.

The principle conclusions from this study can be summarized as follows:

o  The transmission loss characteristics of practical constructions can be defer-

mited to a high degree of accuracy by means of a set of simple expressions.

#  The design expressions can be applied directly to the optimum design of
building elements providing high values of transmission loss.

v With careful design, the 20 dB requirement can be achieved in a practical
multiple panel construction; however, this is ai the expense of high mass
or great thickness. Consequently, constructions meeting the requirement
are limited in use fo high noise level areas.

e Fs’cm the stundpoint of transmission loss performance, cost and total mass,
he practical prototype constructions developed in this program are superior
to constructions that are in common use today.



NCIPLES OF SOUND TRANSMISSION LOSS
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- PANEL STRUCTURES

quirements of this program necessitate an unrestricted Qppmach to the

F sound transmission through panels in order to determine the principles
ich building constructions exhibiting high values of transmission foss
d for high efficiency and low cost. Accordingly, a review of
' for o general type of construction is in order and is presented
Initially, the purpose of the discussion is to examine the
process by which sound energy is transmitted from one area to another
through o general type of intervening structure. Later sections deal with
specific types of construction and their optimization.

Fundamental Concepts

In the general context, it 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
it to vibrate at g 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 a panel, reasoning based on the reciprocity principle indi-
cates 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 that of the sound field inci=
dent on the panel by virtue of the energy reflected and dissipated. This is the
basic mechanism by which sound energy is transmitted by all types of construc=
tions. It is important to note that the energy is transmitted by the panel only
because it is excited into vibration.

Qualitatively, the process of sound transmission through a ponel is fairly
stroightforward. To calculate the transmission loss of a particular practical
construction, however, requires much more information on the makeup of the
construction together with o detailed understanding of its acoustical and mechan~
ical properties. Just how the estimates of transmission loss are obtained for
various construction configurations is described in the following sections.



2.1.2 Fundamental Expressions

Some aspects in the calculation of the transmission loss provided by a structure
erd] lyzed in terms of @ single general function that represenfs the

properties of the structure. A convenient function to use in this con=

impedance, " o term originating in electrical network theory. In the

it is the mechanical impedance of the structure that is required,

applied force (or pressure) to the resultant velocity. In these

o impedance of a structure is defined as the ratio of the sound pressure

iul existing between the two faces of the structure to its normal velocity.

ition is comp e?eiy analogous to that for the electrical impedance of

stem, namely, the ratio of voltage differential to current, which sometimes

it possible to simplify the solution of acoustical problems by forming what

s Z\r own as on equivalent electrical circuit.

Using the 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 a plane wave incident at an angle 8 to the normal of a structure of specific
normal impedance Z, the ratic of sound power transmitted (W,) to that inci-
dent (W;) is given by the expression:

-2
jﬁi = |y 4 Zeos® (M
\'NI ! 29c

where Z may be a complex quantity and pc is the characteristic impedance
of air. This ratio is sometimes called the "transmission coefficient” and given
the symbol 7. Since 7 is always less than unity, it is convenient to define
the transmission loss provided by the panel in terms of its reciprocal. Further-
more, 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 (‘r"]) (2)

For a plane wave incident at an angle 8, the transmission loss is given by:

Z cos 6 I
2pc

= +
TL6 20 log |1



If the sound is incident normally to the panel, the transmission loss TL is
given hy:

(3a)

ul expression given in Equation (3) is sufficient to calculate the
o loss of any structure with an overall specific normal impedance Z,
:next step is to determine the impedance 2 for various types of structures.

Thin Single Panels

The simplest type of structure to consider is the single panel whose thickness

is small compared to the wavelength of the associated airborne and structure~
borne waves. To determine the impedance of such a panel, it is necessary to
obtain a relationship 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 extent, this relationship can be obtained directly from the general wave
equation for bending waves in a plate. In the present context, the term
“infinite in lateral extent" means infinite compared to a wavelength, so that
this condition is effectively satisfied in panels of finite dimensions at the higher
frequencies but not necessarily at the lower frequencies.

The analytical procedure necessary to obtain an expression for the impedance
of o thin panel is contained in Appendix A, Equation (A-8) of that Appendix
gives the expression for the panel impedance as:

Zw*j(,‘:m—ji‘%E sint 6 ‘ (4)
c
where

w = angular frequency = 2nf

m = mass of the panel per unit area

B = bending stiffness of the panel

c = velocity of sound in air

8 = angle of incidence of the incident plane sound wave

=T

and a time dependence of el®t is assumed.

-5
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he 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

simple ponel. Equation (4) shows that the impedance of the panel is determined
; 3 the mass ot {ow frequencies, whereas at high frequencies it is the

il

hat predominates, At some intermediate frequency,
e frequency, the two terms are equal in magnitude, and
re signs, the impedance is zerc, This condition is illus-

4
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:Qi% i~ : ///”/
b -
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Figure 1. The Imaginary Part of the Transmission Impedance of a
Thin Panel for Grazing Incidence (8 = w/2) Showing
the Effect of Coincidence

Cremer was the first to study this so~called coincidence effect (Reference 1)
and show that the cancellation of terms occurs at a frequency given approxi-
mately by:



1/2
c? Ef/wr)m\}
2whsin? 8\ £

b= the thickness of the panel
i = the density of the material

£ = Young's Medulus of the pane! material

Qualitatively, the coincidence effect can be understood when it is realized
that the simple theery for determining the impedance is based on the assumption
that pure bending waves are excited in the panel. Unlike 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 result, there is a frequency — the coincidence frequency — at which the trace
velocity of sound waves in air is equal to the velocity of bending waves in the
panel.. At this frequency, energy is transferred easily from the airborne sound
wave to the panel, resulting in a low transmission loss of the panel.

The frequency at which coincidence accurs depends on the angle of incidence
of the sound waves; therefore, the panel impedance is zero at o different fre=
quency for every angle of incidence. The lowest frequency at which the effect
can occur correspends to sound waves ineident at grazing angle to the panel,
This frequency is termed the "critical frequency™ f_ and its value is given by
the expression:

1/2
S i (5)
c 2mh E

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
Equation (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 all angles of incidence are equally probable, whereas Equation (3) gives
the transmission loss for one angle only. Under diffuse sound field conditions,



it would seem natural to average the transmission coefficient 74 over the range
0 to n/2. Unfortunately, this does not produce values that agree with those
g :;s«u;ﬂc in the lcmora?ory under supposedly ’rhe same condlhons The reasons

of %‘tf: sound fieuas on both sides of ’the panel, and the coupling
e fields and the finite sized panel, A detailed discussion of the
its couses and previous attempts made to obtain alternative solu~
ntoined in Appendix B, At this point, it is sufficient to state that
it 5 less than the critical frequency, the fransmission loss TL ~ of

Ty, ~ 20 log (1 +ys ) ~ 20 fog (mf) - 33.5 dB 6)

provided that wm>> 3.6 pc. This is the familiar mass law, with the trans-
mission loss increasing at the rate of 6 dB for a doubling of either the mass or
%‘h@ Trequency Equation (6) can also be rewritten in terms of the transmission
loss Th,, for sound waves incident normally to the panel:

TL_ = TLO -5dB (ba)

m

WEre

N wm
TLO = 20 log <2pc.>

The transmission 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

critical frequency. An example of the agreement is shown in Figure 2 for a
nanel of 1/8-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 term Z, is important only at low frequencies and for sound waves
at normal incidence is given approximately by the expression:
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Figure 2. Measured and Calculated Values of the Transmission Loss of

1/8~inch Hardboard
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There are in fact a number of panel resonances at frequencies greater than f;
however, these are not normally evident in the measured values of trans-
mission loss due to the effects of internal damping.

th tguations (7) and (8) include the bending stiffness term B, it is a
stier o show that the product of the low frequency resonance f. with
eitical frequency f. is given by:

R Y 1 1
AR AN AR & ®)
o b

fn other words, the product is o function only of the dimensions of the panel.

As o result, single ponels having a high critical frequency exhibit a low mass~
stiffness resonant frequency and vice versa., Normally, the magnitude of the
quentities 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.

At frequencies approaching the critical frequency, the characteristics of the
acoustic coupling between the sound field and the panel are different from
those of lower frequencies, with the result that Equation (6) is no longer valid,
in this frequency range, the transmission loss deviates below the predicted mass
law values, exhibiting a minimum in the vicinity of the critical frequency f_.
At frequencies greater than f., the transmission loss increases and may exceed
the mass law values. The general characteristics for the transmission loss of a
single panei 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
1, 4) show that a fair agreement with measured results is obtained with the
following expression, valid only at frequencies greater than the critical
frequency:

2n
TL = TL, + 10 log (’%ﬁ ?”) F>f, (%)
Cc
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where nis the loss factor of the panel, including the energy losses due to
radiotion and dissipation ot the perimeter of the panel. Using Equations (6)

vl (9}, the predicted transmission loss of a 5/8~inch gypsumboard panel is
in Figure 3 to demonstrate the good agreement with measured results
the major part of the frequency range.

u Hrsh approximation, the transmission loss in the frequency region between

5 values T, (1/2F.) and TLy, (F) for f= 1/2 fo and f_, respectively,
v 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 Gypsumboard

It is clear that the effect of coincidence causes a significant reduction in the
fransmission 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:

-



@ The use of an extremely stiff panel — one having a high value for the
Young's Modulus — so that the coincidence dip can be made to occur at
frequencies below the frequency range of interest, For reasons that will
become clear later, this is not normally a satisfactory solution,

he use of an extremely limp panel, so that the coincidence dip will occur

S

sencies above the frequency range of interest. This is the approach

the acoustic behavior of thin single panels is fairly well understood.
possil fe to predict the transmission loss by using the expressions given in this
section. In the case of panels whose thickness is not small compared to the
wavelength, however, further refinements are required in the derivation of the
bending impedance.,

Thick Single Panels

1f the thickness of the panel is not small compared to the wavelength, then the
assumptions made in the derivation of the expression for the impedance of the
pane! are not valid, The type of wave motion that is predominant in the panel
ot 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
becomes more probable that the wave motion will change from pure bending to
some other type that presents a lower impedance.

This change in the wave type is predicted by the theory for thick panels (see
Appendix A) which provides for a more exact representation of the panel motion
than does the simple theory for thin panels. The theory shows quite clearly that
a change from bending to shearing waves occurs in o frequency range determined
by the physical properties and thickness of the panel. Within this frequency
range, the overall impedance of the panel 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):

“hz“’ sin? 8 (10)

C

Z & jum = ]
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where

“quation (10) shows that the shear impedance has the same
frequency as does the mass impedance.,

n (10} in conjunction with (4) describes the impedance of the panel

v the full frequency range. [f the change from bending to shearing waves
5 ot a frequency greater than the critical frequency, the terms in the
vession for the panel impedance cancel at the critical frequency — see
Figure 4(c). At higher frequencies, where the change in wave type occurs,
the impedance of the panel increases at a much lower rate than that predicted
for thin panels with pure bending waves. Thus, the transmission loss af these
frequencies will be less than that predicted by the theory for thin panels.

If the chonge in wave type occurs at o frequency less than the critical fre-
auency, the coincidence effect will not occur at any frequency — see Figure 4(b).
Additionally, if the shear impedance is low, the panel will be mass~controlled
over the full frequency range and the transmission loss will obey the mass law

os given in Equation (6).

The transmission loss of a hypothetical panel in which the parameters have heen
varied to represent the cases discussed above is illustrated in Figure 5. When
the change in wave type occurs at a frequency f, much greater than the crit-
ical frequency, i.e., fg >> f¢, 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 f, results in raising of the frequency at which coincidence occurs, i.e.,
the critical frequency is effectively increased. When f; = f., coincidence
occurs at grazing incidence at all frequencies greater than f_, with the result
that continually low values of transmission loss are obtained at higher frequen=
cies, If fg is reduced further, the transmission loss curve rapidly reverts to the
familiar moss law line.,

For the majority of lightweight building materials, such as 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~
ricls (concrete is a good example), the change in wave type may occur at
frequencies well within the frequency range of interest, and in the process
have a significant effect on the transmission loss. The effect is shown clearly
in Figure 6 for a 6~inch concrete panel. The theory for thick panels —
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see Appendix A — gives good agreement with measured results for the é~inch
concrete panel, except in the vicinity of the critical frequency, whereas the
mp!u ation of the theory for thin panels gives results that are substantially in
. The effect of shear is represented by the difference between the two
surves and results in the concrete panel exhibiting a transmission
f;:‘;f;’gg)?(}xﬂ“r?{ﬂfin‘;/ & dB less than the calculated mass law at frequencies
* than the critical frequency. This reduction of 6 dB is common to the
te «;md brick structures, and can be taken into account af
sincidence by assuming the effective mass of the panel is
¢ ;‘&c: actual mass. The result is that concrete and brick struc-
fide éwv v values of transmission loss than would be expected for
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Figure 6. The Measured Values of Transmission Loss for a 6=inch Concrete
Pane! Compared to Values Predicted by Means of the Thin and
Thick Panel Theories

2.1.5 Laminated Panels

To o great extent, the transmission loss of a single panel is determined by the
mass of the panel; the greater the mass or the thicker the panel for a given
material, the greater the transmission loss — except at frequencies near the
critical frequency. Since the value of the critical frequency is inversely pro=-
portional to 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

16~



and low stiffness — properties that are normally incompatible in a single material,
In pa*m;i'?r:;ef, building elements are required to exhibit a high stiffness ot low or

: wwencies in order to withstand lateral loads. Thus, the ideal panel would
' thai wes high ot low frequencies, reducing to ¢ low value at
ich o panel hos been described by Kurze (Reference 7) and

Imyw siructure, the center layer of which exhibits o shearing

quenc ies N

ot can be obtained by the use of laminated panels in which the
s de mgn@(‘* tv shear u”ld Wov:de a pcmd lmp@dc&ncc lcvwxr than

ugh §1ey Were ugmiy connected i*ogefher, exhibiting o bmd?mg

s eight times that of either panel alone (the panels are assumed to be

identical ), At high frequencies, the shearing effect of the adhesive layer

educes the bemd?na stiffness of the combination to that of each of the indi-
 panels. As a result, the critical frequency of the combination can be

increased by o factor of two without offecting the low frequericy sﬁfﬂm;s, DF O

vided that shearing of the adhesive occurs at a frequency less than the critical

frequency of the combination.

The characteristics of such o multi=layer panel are determined lorgely by the
properties and thickness of the adhesive layer. It is possible to remove this
dependency by the technique of "spot" laminating, whereby the adhesive is
applied in small discrete amountson a square lattice over the surface of the
panels. The general characteristics of such a multi~layer panel are the same
as those described above, with the exception that the two panels decouple and
move more or less independently at a frequency determined mainly by the rela-
tive spacing of the adhesive spots. It is therefore possible to design the
decoupling frequency by correct choice of the adhesive lattice spacing, which
can be determined in the following manner.

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

\g = —— (11)

vfr,
where

¢ = the velocity of sound in air, and

-
il

the critical frequency of the panel,



In the case of laminated panels, f_ is the critical frequency of the combination

in the absence of shearing. If the two laminated panels are identical and have
. ; :

critical frequencies ., then:

§
fo~ 0.5,

g on effective critical frequency of f_. Decoupling of the two panels

suin to oceur af o frequency where the bending wavelength is comparable
he adhesive lattice spacing, i.e., when \g ~ a. Rearranging Equation (11)
gives the opproximate decoupling frequency fpy as:

2
fy ™ 2‘:‘ (12)
a? Fc

For example, if the two panels are 1/2=inch gypsumboard (f_ ~ 3000 Hz) and
the adhesive lattice spacing is 2 feet, the decoupling frequency is of the order
of 210 Hz. This is considerably less than the critical frequency f_ of the
combination, assuming no decoupling (i.e., 1500 Hz) so that the effective
critical frequency of the combination with spot laminations will be of the order
of 3000 Hz.

The effect of panel decoupling is demonstrated in Figure 7, where the measured
values of transmission loss are given for two spot-laminated sheets of 1/2=inch
gypsumboard and for a single sheet of 1/2=inch gypsumboard. No reduction is
noted in the critical frequency from its value of approximately 3000 Hz, Sim-
ilar results are shown in Figure 8 for laminated 3/8-inch gypsumboard panels.
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 result of a double panel mass=spring-mass resonance
with a very small air gap between the two laminated panels (see Section 2.2.2),

Mass~Loaded Panels

An alternative approach to the problem of designing panels of high mass and

low stiffness is the so=called mass-loading technique. This involves the addi-
tion of discrete masses to o flexible base panel in such a way that the stiffness
of the base panel is not substantially increased. The addition of any material

-18-
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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
af frequencies greater than the critical frequency. In other words, the
' te masses must be less than the bending wavelength ot the

v, If the maximum lateral dimension of the discrete masses
ndition con be expressed as:

TR
where
¢ = the velocity of sound in air
f, = the critical frequency of the base panel.

An example of the acoustical performance of a panel loaded with discrete
masses is shown in Figure 9, The panel is a 1/8-inch fiber glass sheet loaded
to 4 Ibs/ft? with T~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
panel has occurred, probobly due to insufficient spacing (1/2-inch) between
the squares of added material, Clearly, 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 ]/S-r
inch Fiber Glass Panel Mass Loaded toi4 Ibs/f
with Sand
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One of the problems associated with mass-loading by means of discrete masses
concerns the amount of material that must be added. For example, if the dis-
rete masses ore squaore and spaced opart by a distance equal to their lateral

, the added mass can be cpplied over only 25 perceni of the panel
‘his meons that the density of the added material must be high if the

> bass p wuhiﬁ‘ — which normally will be of low mass if its eritical fre-
high — 15 fo be substantially increased. For this reason, it is often
ni to provide mmpief& coverage for the base panel using a limp
material such as sand, Sand is an almost perfect material for
lottenuating structures, embodying all the most desirable features — high
, low stiffness and high domping. The only reason that it is not used more
oiten in building constructions is the difficulty of holding it in place. It is
possible, however, to mointain loose sand in contact with a base panel by
means of containers resembling egg cartons (see Section 3.3),

More convenient than sand for use as a continuous coverage is a flexible sheet
f lead, lead-impregnated plastic, or something akin to asphalt roofing paper,
Due to cost, the latter is a particularly desirable material, The frqnsmrssmn
oss of a sheet of 1/2~inch plywood (1.5 Ibs/ft?) loaded to 4 Ibs/ft* with three
sheets of asphalt roofing paper stapled to the plywood surface is shown in
Figure 10, compared with measured values for the plywood alone. The first
oint to be noticed is the virtual elimination of the coincidence effect due to
the high added mass and damping. The predicted increase in transmission loss
is obtained at the low frequencies, but a slight deviation is noticed ot high
frequencies due to a slight stiffening of the panel,
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IDEAL MULTIPLE PANEL STRUCTURES

One method of obtaining higher values of transmission loss than that available

f“*‘aqie panel is by the introduction of one or more additional panels with

es, The multiple panel construction formed in this manner

m! ex to analyze thon the corresponding cose for a single
nsmission loss is dependent on a greater number of con~

. The acoustical characteristics of multiple panels will be

*-?’ion und expressions will be derived for the transmission
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:";«;Es_w’;w;ar;, a fairly uO"ﬁpK@i’. study will be made on the effect of absorption in
irspaces betweean the panels.

CGeneral Theory for Multiple Panels

The simplest case to consider is o number (N) of single, infinite panels

oloced parallel to each other with intervening airspaces but no mechanical
connections. It will be assumed for the moment that there is acoustical absorp-
tion in the cavity, so that sound waves propagating in the airspaces in a direc-
tion parallel to the panel foces are well damped. This means that the airspaces
will wet os stiffness elements at frequencies where the wavelength is much
greater than the panel separations, the stiffness being that of the enclosed air.
The multi-panel structure can then be represenfed by the electrical analog
ircuit using lumped parameters as shown in Figure 11, where the impedances
of the individual panels are those given in Section 2. ] .3. At high frequencies,
where the panel separation is comparable to or greater than a wavelength,
there is wave motion in the airspaces in a direction normal to the panel faces,
ond so distributed parameters have to be used in the representation.

o

With the assistance of the simple analog circuit of Figure 11, the general
characteristics of a multiple panel structure can be derived. At low fre-
quencies, the circuit shows that a combination of the impedances Z,, and
7,’”5., of two adjacent panels, together with the stiffness k,_, of the inter-
vening air, will produce o resonance at a particular frequency. This will also
e true for all the remaining pairs of elements, so if there are N panels in the
siructure, there will be N=-1 resonances. In physical terms, these resonances
are produced by the action of the individual panel masses on the stiffness of the
air in the °rspaces and are commonly referred to as the fundamental "mass-
spring=mass " resonances, or simply the fundamental resonances. At frequencies
fass than the lowest fundamental resonant frequency, the motion of the structure
is mass~confrolled provided that the individual panels are mass-controlled. In
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Figure 11. The Electrical Analog Circuit Representing a
Multiple Panel Construction

this region, the transmission loss obeys the mass law, the mass being that of
all 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-1)dB per octave. This expression is
also valid for a single panel (i.e., N =1) 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-
tiple 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 value at the rate of 12 (N-1)dB per octave for a structure
containing N panels. Although this irregular behavior is predicted by the
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theory, a small amount of acoustical damping in the airspaces is sufficient to
virtually eliminate the sharp dips from the measured results, so that the meas-
ured fransmission loss increases at the rate of 12(N~1) dB per octave.
the discussion of this section hes concerned a general multiple
containing N panels, It has shown that high values of trans-
can be obtained ot frequencies greater than the fundamental low
sononces, the rate of increase of transmission loss with frequency

s the number of panels increases. There is, of course, a limit to
smber of panels that can be included in o structure. Practical problems
f complex support systems, high cost and increasing floor area utilization
SIOEE an upper limit. For these reasons, and others which will become
apparent, two porticular cases are of interest, namely, double and triple panel
constructions.

Transmission Loss of Ideal Double Panels

The expression for the transmission coefficient 71, 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.
f\ modification of these methods has been utilized (Reference 9) to arrive at
a sclution for the sound transmission coefficient of a multiple panel construc-
tion that is valid for the general case of N panels. From this solution, the
transmission coefficient r for a single angle of incidence 6 can be obtained.

For a finite double panel construction that is excited by a reverberant sound
field, Tt is necessary to employ modal methods to determine the transmission
coefficient, Such methods involve many complications resulting from the
numerous coupling factors between the airborne and structureborne modes. It
is therefore more convenient o take the solution for the infinite panel trans=-
mission coefficient 7g 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, af fre-
quencies lower than the critical frequency of either panel is given by the
expression:

2 2
w'm; m L
WM 2 (- 2|kd> ; (13)

3.6pc

TL, = 101log (1 + >
(3.6pc)
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where

my, m, = mass per unit area of the two panels
M = m; + m; = the total mass per unit area of the construction.
¢ = pane! separation

cript T oindicates that the expression for the transmission loss is valid
leal multiple panel, i.e., one with no interpanel connections. Equa-

s us shown in Figure 12. The frequency regions of major interest in this
gure are those where the transmission loss of the construction is reduced by
rescnances, 1here are two such regions, one at low frequencies containing
the fundamental 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 ) s much greater than the panel separation d, the transmission loss
becomes zero at the fundamental resonance frequency f_ which is given by:

where
' 2m] m
m = —————— = the effective mass of the construction (15)
my +tmp .

Clearly, the frequency f  becomes lower as the effective mass m' increases.
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 that the transmission loss in this frequency range is given
approximately by the expression:

2
o= 10 log § 1+ (f’a’(‘d‘é‘[\g“é) Fet,
)3 J wa /
ouM == 3.épc, then
~ wM = —
TL, ~ 20 log (ngmg) 20 log (M) - 33.5 dB (16)

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

- At frequencies greater than f_, but still not sufficiently high for the wave~
length to be comparable to the panel separation, the second term in the inner
brackets of Equation (13) begins to dominate. In this frequency range, the
fransmission foss is given by the approximate expression:

b.)?' m‘ m2
TL, ~ 20 log [m- 2kd}
3.6pc)?

= TL, + TL, + 20 log (2 kd) f<f<f, (17)

where TL, and TL, are the transmission losses of the two panels calculated
according to the mass law by means of Equation (6). The upper frequency

limit f, of the frequency range for which Equation (17) is valid will be derived
shortly. In this frequency range, the transmission loss of o double panel
increases at the rate of 184dB per octave.
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At frequencies greater than f,, where the wavelength becomes comparable
te and less than the panel separation d, the transmission loss is characterized
by an harmonic series of cavity resonances occurring at frequencies given by:

3
3

P s n=1,2,3.... (18)

)
NY
[a

eariier that the full effect of these cavity resonances will not be
here is absorption in the cavity. However, the general slope of
sive reduces from 18 to 12 dB per octave. Thus the transmission loss in
requency region is given by Equation (13) with the maximum value for the
resonant term in parenthesis inserted.

A
.

TL, = TLy + TL, + 6, dB f (19)

I

where TL, and TL, are as defined before.

The exact expression given in Equation (13) for the transmission loss of «
double panel con therefore be approximated by means of Equations (16), (17),
and (19) in the appropriate frequency regions. The value of the limiting fre~
quency [y can be determined by equating the expressions given in Equations
(17) and (19), whereupon:

£ =& =1 (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
will 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 to 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=
mate Method

(second) panel that is not exposed directly to the source of noise will experi=
ence an increase in the level of excitation at the critical frequency of the
first panel. Similarly, this second panel will transmit energy readily at its
critical frequency. The increases in energy transmitted by the two panels at
their critical frequencies are contained implicitly in their respective values
of transmission loss. Equations (17) and (19) indicate that the two panels act
independently in providing the overall transmission loss. Therefore, to o

first approximation, the effect of coincidence in the double panel construction
cean 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

-29-



to use Equations (17) and (19), with the values of TL, and TL, taken as the
measured or calculated values of the transmission loss for the individual panels
including the effects of coincidence.

fedaci‘imn using the approximate expressions is fairly accurate

case where the two panels are idenfical — see Figure 14, (In this
mechanical connections between the two panels were minimized by
@ panels in the separate isolated rooms of the Transmission Loss

it waos necessary to seal the perimeter of the construction, and it is
is the reason for the deviations between measured and predicted
ne region of 1000 Hz.) The predicted values were obtained by

ng meast ured values of transmission loss for the individual panels into

, (17), and (19). Note that the dip in the curve at the funda-
mental resonance has been eliminated by the introduction of acoustical
ESZGEQUDT‘! .
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Figure 14, Measured and Calculated Values of the Transmission
Loss of 5/8=inch Gypsumboard
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if the critical frequencies of the individual panels are identical, then a large

dip in the transmission loss curve is to be expected. If they are significantly

the transmission loss curve will exhibit two individual dips of
ly a flattening in the region in between. For all

e conditions, the result will be a broad, shallow dip in the curve.
l2 to gain more quantitative information of the effect of coincidence
ing the fransmission loss of a number of double panel constructions in
Hviduol ponels are given values of critical frequency that vary

i wide range. The computed values can then be plotted to determine the
imum ratio of critical frequencies for the two panels for the least reduction
v iransmission loss, Such a plot is shown in Figure 15 for panels of gypsum=
hourd, where the values have been normalized for ease of comparison. The
ratio of the critical frequencies for the two panels considered ranges from 1 to
2.5. The frequency gy 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. Subseguent frequencies are spaced at one-third octave intervals.

The results show, as expected, that the acoustical performance of the con-
struction improves as the ratio of the critical frequencies of the two panels is
increased. It would appear that a ratio of 2 is adequate without introducing
a reduction of more than 6dB from the value at f .. The results, of course,
are dependent on the damping in the panels, the reduction being less for
higher values of the damping. In the case of gypsumboard, the damping factor
is in the order of 0.01, 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 0.1, is shown in Figure 16.

One of the advantages of the approximate expressions given in Equations (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 < fo and £ > FQ

e Proportional to 20 log {(d) for fo < f < Fp
where f_ in this case is the fundamental resonant frequency with the new
value of d and fy is the limiting frequency with the original value of d. This
behavior is illustrated 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 fy, although the value of fy 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 effect on the transmission loss of changing the panel masses is more complex
since it depends on how the mass is distributed between the panels. If the
individual panels in o double panel construction are assumed to be identical
{the optimum mnuqurchon for a given total mass), the effects of changing the

of bath panels equally is:

secrtional to 20 log M for £ < f

o]

fo 40 log M for f > Fo

< s ilustrated in Figure 17(b). At frequencies greater than f_, the effect
ibling the mass of both panels is to increase the transmission loss by 12dB.

Transmission Loss of Ideal Triple Panels

The pessibility of obtaining transmission loss values in excess of the calculated
mass law has been demonstrated in the discussion on double panel constructions.
In an affempt to obtain even greater values of transmission loss from a construc-
tion, it is o natural extension to study the acoustical characteristics of triple
p\mel, The general principles are just the same as those described in the
previous section and, not surprisingly, the results prove to be remarkably simi-
tar, The exact expression for the transmission loss of a triple panel construction
with no mechanical connections between the panels is given in Appendix D.
Without repeating the individual steps involved, this exact expression can be
simplified to provide straight line approximations for the transmission loss in
various frequency ranges in the same manner as that described for the case of

double panels:

20 log (Mf) ~ 33.5, dB f<f. \
= f TL, + Tl +TLy +20 log (2kd;) +20 log (2kdy) fo<f<f, 3 (21)
TLy +TLy +TL, +12, dB f>f,
where

M = m, +m, +my

My, My, My = mass per unit area of the individual panels
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, = panel separations

L, Th,, TL, = measured or calculated transmission loss of the three
panels, including the effects of coincidence

= b /n
e
f, = the lowest cavity resonant frequency

lower and higher fundamenta! resonances of the
construction,

it is shown in Appendix D that the optimum configuration for a triple panel
vonstruction of a given total mass and thickness is:

m, = mg = Y/Emz = m

]

Under these conditions, the fundamental resonant frequencies are given by the
exprassions:

o] 3.6 pc?
o N TR 2

s e (24)

The general approximated characteristic for the transmission loss of a triple
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 the fundamental resonances on the transmission loss is
significantly reduced so that the mass law is valid at frequencies less than fy.
At frequencies greater than the higher of the two fundamental resonances f4,
but less than fy, the transmission loss increases at the rate of 30 dB per octave
as compared to 18dB per ocatve for the double panel. In this frequency range,
the transmission loss increases by 18dB if the mass of the construction is
doubled.
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Figure 18, A Comparison of the Transmission Loss Provided by
Double and Triple Panel Constructions of Equal
Total Mass and Overall Thickness



2.2.4

2.2.5

Comparison of Double and 'Trip!c Panels

his point, it is useful to oxamine the difference in acoustical performance
s and triple ponsl construetions to determine which of the two is
i i tarms of transmission loss for a given total mass and thickness.

ssumed that the same material is used in both types of constructions,
of the panels can be ignored in this comparison )

i

Y
DTN IO ST

critical frequency regions to be considered in the design of

ha nonstruction occurs in the vicinity of the fundamental panel resonance f .
Caplier in this chapter, it was shown that the value of this resonant frequency
for both types of construction is proportional to 1/y/md where m is one=
half and one~quarter the total mass for the double and triple panels, respec-
tively, and d is the ponel spacing (assuming on optimum configuration). It
readily follows that for a given total mass and thickness, the higher of the two
resononces associated with the triple panel is exactly twice that for the double
panel, T.e., fy = 2f,. Introducing this relationship into the associated
equations for the double and triple panels contained in Sections 2.2.2 and
2.2.3 shows that the tronsmission loss provided by the two constructions is
aqual at o frequency four times the resonant frequency for the double ponel,
ie., 4f,. At this frequency, the transmission loss is 24 dB greater than the
colculated mass law, assuming ideal conditions where there are no mechanical
connections between the individual panels. Thus, the double ponel provides
higher values of transmission loss than the triple ponel at frequencies less than
4 f,, whereas the triple panel is superior at frequencies greater than 4f,.

Cavity Absorption in Multiple 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 thot 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 expect that the measured values of transmission loss
will differ from the values 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 center, the lowest mode of
vibration occurs at approximately 63 Hz or well below the lowest frequency of
interest (125 Hz\in this study). In this case the stiffness assumption is incorrect
over the complete frequency range.
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This is only part of the problem, however, If there is little or no acoustic
absorption in the cavity, the standing waves may be of large amplitude

and may transmit considerable energy to the panels. In fact, at the pressure
antinodes in the cavity, the high values of sound pressure will produce an
similor to that of direct mechanical connections. It would therefore be
that the resuliing strong acoustical coupling between the panels at

1l éreqwam:om of the cavity would significantly reduce the transmission
i double panel construction, Furthermore, it is expected that the addi-
cousticol a :vsurpman to the ccv;fy would reduce the amplitude of

s and result in an increase in the transmission loss.

of the experimental work designed to study the effects of absorption has
been performed on double panel systems in which some form of mechanical
connection existed between the individual panels. It is to be expected,
therefore, that such interpanel coupling would set an upper limit on the trans=-
imission loss that could be obtained. Nevertheless, a few of the results obtained
are valid since they were obtained from experiments conducted on double panels
that were shown to be capable of providing greater values of transmission loss by
the introduction of more absorptive material. Some of the more important con-
clusions from previous work (References 10 and 11) are as follows:

@ The position of a layer of absorption material in the cavity — whether it
is against the panel surface or in the center of the cavity — is not important.

»  Yariation of the flow resistance of the material in the range 10 to 70 rayls
per inch has little effect on the transmission loss.

@  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 the two panels if it is attached and higher values of transmission loss
may be obtained.)

These conclusions, while probably perfectly valid, unfortunately do not fully
explain the action of the absorption material in the cavity. To obtain a
greater understanding, it is necessary to consider the modal properties of the
sound field that is set up in the cavity due to some external acoustic excita-
tion 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 the double panel construction was placed in the source room, the other in
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the rweiving room, ond the edges of the cavity were sealed, The panels
used were of /Bm?nch and 1/4=inch hardboard, chosen so that the effects of
id re removed from the frequency range of interest, The results of
sents are shown in Figure 19, In the absence of absorption, curve
- figure shows that the strong acoustic coupling between the panels
in almost a single panel performance at frequencies less than the first
- resonance perpendicular to the plane of the panels (i.e., 1100 Hz).
cies, the phase of the sound pressure varies over the thick-
/ity and the acoustic coupling is weaker, In this frequency
ihe iransmission loss is seen to increase and behave more like that
sxpacted of o double panel, although the predicted values are not attained.
The mi‘mdw tion of @ mech !cyer of fiber glass insulation board (density
3 1bs/fi?) across the entire cavity width produces a remarkable improvement
in 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
the cavity, the mass of the absorption material is comparable to the moss of
the pcmai s, which explains the additional increase in transmission loss over
and 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 an Isolated
Double Panel Construction with and without Full-Layer
Cavity Absorption. The Construction Consists of 1/4"
and 1/8" Hardboard with a Spacing of 6=1/4 inches

3P



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 that of the board, their effectiveness. in damping the cavity modes is
tower, Measured rc:sulis of the transmission loss of the double hardboard panel
sction are given in Figure 20 for the two types of absorption material in
At low frequencies the values are essentially the same within

i Wﬂm“ error, but a reduction on the order of 4 to 5 dB is noted at fre-
i ess of 500 Hz. It can be concluded that both types of material
squatly effective in domping the low frequency lateral cavity medes, but
ihe baits are less effective than the board in the frequency range where the
e order cavity modes occur (i.e., those perpendicular to the surface of the
ponels) due to the lower density and flow resistance,
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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" and 1/8" Hardboard with a
Spacing of 6=1/4"

If 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/ft®), 2 inches and
6 inches thick, around the periphery of the cavity. The following points can
be noted concerning the results:

e The transmission loss at low 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.
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@  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 ot the periphery of the cavity will not be fully effective
in damping this mode.,

Vo Rrequencies greater than the first cavity resonance, the presence of
rder cavity modes (again perpendicular fo the plane of the panels)
the overall values of transmission loss, However, the individudl

snces are not noticeable,

¢ the critical frequency of the 1/4=inch sheet of hardboard (5000 Hz),

there is a marked reduction in the measured values. Obviously, perimeter
absorption has little effect on the transmission loss at the critical frequency.

The orinciples of modal coupling provide an interesting method by which the
transmission loss of double panels can be increased without the use of absorp-
tion. If the cavity is divided into o large number of smaller cavities by means
of o lattice network, the entropped air will behave as a stiffness element up
to high frequencies, i.e., up to the lateral modal frequencies of the individ=-
val elements in the lattice. This is demonstrated in the measured results of
Figure 22, where the lattice dimension is 2 feet square. At low frequencies,
the measured results follow the predicted curve closely. The strong coupling
effect of the first and second lateral modes of the lattice (in the 315 Hz and
630 Hz one-third octave bands) is evident. The lattice has very little effect
at high frequencies, If the lattice dimensions were 6 inches rather than 2
feet, it is anticipated that the predicted results would be approached at all
frequencies up to 1000 Hz without the use of any absorption material.

The conclusion that can be drawn is that the modal coupling theory appears to
be valid. The use of peripheral absorption alone apparently is not sufficient
to attain the possible 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 point, it is interesting to return to the stated 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
traveling parallel and not perpendicular to the surface of the panels. With
full lateral layer of material in the cavity, 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.

“h D



80

5 A A S S E I Y A N
w2 20 Lattice / n
1 Ak orplion /
Ao~ S
o f/ //@« I,O/
o aloulates “ / /ﬁr /,O” =
3 P pavy o // -~
Zz AL // /ﬁ\ . H/ /)/ P -
e
g 72l |
" S o \
20— /wjf" — Mass Law -
0 R R AR RN TN N N N N A NN S BN
63 125 250 500 1000 2000 4000 8000
Frequency, Hz
Figure 22. Measured Values of Transmission Loss of an Isolated

In double panels where the panel separation is small —say, less than 6 inches —

Double Panel Construction with a 2' x 2' Lattice in
the Covity. The Construction Consists of 1/4" and
1/8" Hardboard with a Spacing of 6-1/4"

it has been found (Reference 11) 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 domped 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 is possible.



2.3

SOUND BRIDGES IN MULTIPLE PANELS

One of the major assumptions in the previous analysis of double panel structures
is that the two individual panels are completely isolated from one another.

15 that the only path of energy transfer between the two panels is an
1. In practice, it is necessary to have some form of connection

lateral loads. These connections-usually take the form of wooden
ol studs in building sfructures and metal ribs and stringers in aerospace

25, Their effect is to provide an additional transmission path in
| to the airborne path previously considered, with the result that
ic radigtion from the structure is increased and the transmission loss
correspondingly reduced., It is not usually possible to eliminate these inter-
panel connections, or “sound bridges" as they are called, and so it is necessary
in the design of multiple panel structures to be able to determine the effect that
they have on the transmission loss.

“

General Theory

There are basically two types of interpanel connections. One of these, the
line connection, is commonly found in building constructions in the form of
wooden or metal studs in which the two panels are connected along a line or
a series of lines. The other, which is not so common, is the point connection
and consists of a connection or @ number of connections having a small cross—
sectional area that approximates to a point. The method that will be used to
determine the reduction in transmission loss of a double panel due to the inser=
tion of a number of such sound bridges is to add together the acoustic power
radiated 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
absence 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 will be exposed to the sound field created in the cavity between
the two panels. If the resultant rms velocity of this second panel is v,,
then the sound power W _ radiated due to the forced response of the panel at
frequencies less than the critical frequency is given by the expression:

Wp ~ pcS v22 (25)
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where $ is the area of the panel. This expression also holds for frequencies

greater than the critical frequency for both free and forced wave radiation.

@ power J\f must be added the power radiated by the action of the
bridges wrz ch are assumed to connect the two panels. It has been shown

(Reference 12) that the sound power Wp radiated by a panel at

less than the critical frequency, when excited by o mechanical

oh ais that provided by the action of the sound bridges, is given by the

Wp = peuv? (26)

where v is the rms velocity of the area over which the force is acting, und
% s given by:

no= g A for a point force
3 ¢
T
(27)
=2 ) for a line force
1r

where

S
i

= the critical wavelength of the panel (C/Fc)

§
i

the length of the line over which the force acts,

A comparison of Equations (25) and (26) shows that the quantity » has the
dimensions of an area and can be considered to be the effective area of radia-~
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, Equation (26)
can be rewritten approximately as:

32
W = pen |1+ “2’ v2 (28)
2),
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wheare

h,, = wavelength of bending waves on the panel,

independent of frequency, which at first may seem to be a strange
r, at frequencies less than the critical frequency, the area of
is not in the immediate vieinity of the discrete point or line
seriences free wave motion from which the sound power radiation is
The only substantial radiation comes from the area of the force itself
s the forced waves. The size of this effective area of radiation will decrease
rith frequeney, bub the power radiated per unit area will increase with fre-
cquency, so that the totol radiation will remain constant. Since the size of the
radiating orea increases as the frequency is decreased, it is possible for over=
lopping to occur between deformations produced on the panel by neighboring
point forces. It con be shown (Reference 13) that the effective radius of the
radiating area is Ag /4 where \p is the wavelength of bending waves on
the panel. For the individual point forces to be independent of each other,
the spucing "e" must be greater than Xp/2. Using the relationship given in
Equation (11}, this eriterion con be expressed as:

Fo —S (29)

For example, if the panel is 1/2=inch gypsumboard with a critical frequency
of 3000 Hz, the forces can be considered to be independent at all frequencies
greater than 27 Hz for a point spacing of 2 feet.

With these considerations, the total power Wy radiated by the second panel
when r << Ap is given by: '

We =
T Wp +WB
- pCSV2 —~§- (-‘;2—) (30)
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s the number of point or line forces acting on the panel. Comparing
{(30) and (25) gives the result that the decrease TLg in transmission

double panel construction due to the introduction of the sound

Ty = 10 log (Wy/W )

= 10 log (1 + ) (31)

whers

The averall transmission loss TL of a bridged double panel is then given by
the expression:

L= T - Tl (32)

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

2 The velocity of the first panel (that exposed to the sound field) 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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With these assumptions, it can be shown (see Appendix E) that the velocity
ratic is given by:

. w? m, d
_.__/,,,_ . fous) P F < f < F
Vo 1.8pc o b/
| (33)
= e My f > f
F.8pc 4 )

where f; is given by Equation (20).

Under conditions where the second term in the brackets of Equation (31) is
much greater than unity, the rate of increase of TlLp (the detraction in trans-
mission loss) with frequency is 12 dB per octave for f < f; and 6 dB per
octave for £ > f,. The transmission loss of an ideal double panel increases
af 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 will thus be parallel to the mass law line,

At lower frequencies, when the value of the second term (§) in Equation (31)is
less than or comparable to unity, the slope of the curve will vary between the
fimits 18 dB oand 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 called
the "bridging" frequency fg which for the case where the two panels are of
equal mass is given by:

1/2 \
fog = 7 (»—?m> for point connections
BP o Ac
L (34)
b 1/4
f = f (_J_T___,_) for line connections
BL o SAC )
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Since, the curve of the bridged transmission loss as a function of frequency is
parallel to the mass law line, a convenient method for specifying the transmis-
sion loss is in terms of the increase ATLp4 in transmission loss over and above
that pre m."!!’”}é‘:‘d by the mass law for the entire structure, It is a Fclrly simple

wo(see Mppend:x E) that the value of ATLy, can be obtained
oltowing expressions:

ions (to one panel only) -

ATL,, = 200log {ef ) + 20 1o (
i 5 b AN {:} g \ m

= 20 log (ef ) - 61, dB form, = m (35)

' m
ATy = 10 log (bf.) + 20 log (-r;-—---l—-—> - 28, dB
1

+ m,
= 10 log (bf,) - 34, dB form, = m, (36)
where
e = point lattice spacing in feet
b = line stud separation in feet
m, = mass per unit area of the panel supported by point connections
Fc = critical frequency of panel supported by point connections or,
in the case of line connections, the highest critical frequency
of the two.

It must be recognized, however, that Equations (35) and (36) do not account
for the effects of coincidence in either of the two panels. Thus, the method

of adding the quantity ATLp to the calculated mass law transmission loss
TLapy in order to obtain the overall transmission loss of the bridged double panel
is valid only when the critical frequencies of both panels are either outside the
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luction TLy in transmission loss as a result of the sound bridges and sub-
track this from the transmission loss of the ideal double panel, calculated from

- {173, and (19),

a ;e
gitons |

thod of caleulation is required, however, the expressions given
iions (35} and (38) give an indication os to the required design param=-
or an optimum double panel construction incorporating sound bridges.
MNet surprisingly, it is found that the transmission loss increases as the number
and/or length of the interpanel connections is reduced and as the critical fre-
quency (or flexibility) of the panels is increased.

The value of ATLpy s plotted in Figure 24 as a function of the construction
parameters ef, ond bf.. In o practical construction, it is to be expected
that the point lattice (assumed square) spacing "e" normally will be equal to
the stud spacing "b'. Figure 24 therefore shows that a value of ATLp equal
to 10 dB can be obtained with a panel seven times less flexible if it is mounted
on points than if it is mounted conventionally on line studs.

30 T T =TT T T
Point
Bridges
20 (ef ) —
c Line
e B Bridges
£ (bf )
C
=
= 10 ~
<
0 el I N N N
! 2 5 10 20 50 100x 10°
(ef ) or (bf ) in ft/sec
c c
Figure 24. The Increase in Transmission Loss TLpy with Reference

to the Mass Law as a Function of the Quantities (ef )
and (bfc) for a Double Panel with Sound Bridges
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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=
.. A double panel consisting of two sheets of 5/8=inch gypsumboard was
in the fransmission loss testing facility, As before, the panels were
1 separate rooms, ensuring that no mechanical connections existed.
inch fiber glass (density 3 Ibs/ft?) was placed in the cavity to
tbsorption.  The transmission loss of the double pane! was measured;
isurement was then repeated with the addition of one, three, and nine
smnections between the ponels. The point connections used were made
P and had o cross-sectionol area of 4 square inches. These connections
ced on o square lattice with a spacing of 2 feet. The area of the con-
‘tions was one-tenth of the radiating area of the panel at 1000 Hz, and
could therefore be neglected in considering the effective radiating area. The
results of the measurements are shown in Figure 25, where they are compared
with computed results using Equations (16), (17), (19), (31), (32), and (33).
The agreement is good, even at frequencies approaching and above the critical
frequency. This perhaps is surprising, since the expressions are supposedly
valid only ot frequencies below the critical frequency. In any event, it would
appear that the predicted effects of point bridging in double panels are con-
firmed by the measurements — at least for this ideal laboratory case.

The experiment 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
and the predicted values are shown in Figure 26. It can be seen that the pre~
diction method gives values that are approximately 3 dB too low. This dis-
creponcy 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
directly exposed to the sound excitation. With point connections, this is a
reasonable assumption which is justified to o certain extent by the good agree-
ment obtained between predicted and measured results. The continuous line
connection, however, will exert an 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
theory, an empirical correction to Equations (31) and (36) may be necessary

to 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. The studs were mounted 24 inches on center. The results of the
measurements 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

@ The modified structure with one of the panels mounted on points 24 inches

on center

ad structure with both panels mounted on points 24 inches on

nis consisted of 1 inch x 1 inch x 1/4~inch pieces of plywood nailed

the panel(s) were subsequently nailed to the plywood points, The

2 uiso depicts the predicted values for the line and point connections. The
greement hetween predicted and measured results is good for point connections,
but o discrepancy is noticed in the case of the line connections. The reason for
this additional discrepancy is the same as that discussed earlier regarding line
connections. In this case, however, the presence of many wooden studs is most
likely to significontly affect the validity of the theory. As a result, it would
appear that the empirical correction factor that has to be applied to Equations
(31) and (36) for line connections should be 5 dB to account for typical prac-
tical constructions. The practical version of Equation (36) thus becomes:

ATL, = 10 log (bf ) ~ 29 dB (37)

Note that in both cases the accuracy of the theory at frequencies approaching
coincidence is less than 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 1 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 was obtained by mounting both panels on point
connections. Examination of Equation (34) shows that the value of fgp —
the bridging frequency — and hence the transmission loss, increases as the
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critical frequency is increased. It therefore follows that the panel having the
highest critical frequency, i.e., the more flexible panel of the two, should be
attached by means of point connections.

he expressions given in Equations (35) and (37) show that in the frequency
+dominated by the sound bridges, the increase in transmission loss for the
ft:c\m*a:;r tions obtained by attaching one of the panels on point con-

10 og (e f.) - 32 (38)
g ®&le

where it is assumed that the line study spacing b is equal to the point spacing
e. The additional 5 dB is included as the empirical correction factor for the
line connection calculation. Evaluation of this expression gives increases of

5 dB and 7 dB for the 5/8=inch and 3/8=inch gypsumboard panels, respectively,
which agrees very well with the measured increases shown in Figures 27 and

28,

s\J

I summary, it con be stated that the simplified theory discussed above pro-
vides results that are o considerable improvement over those obtained using
prediction methods previously available. The accuracy of the predicted
results is hig ;m af frequencies less than the critical frequency. At frequencies
in the vicinity of and greater than the critical frequency, the theory is no
longer S‘i‘ICHy’ valid. However, it is interesting that the predicted results in
this frequency region are conservative (i.e., low) at worst and often agree
surprisingly well with those measured. It is useful to take advantage of this
unexpected outcome, but extreme caution naturally must be taken in inter~

preting the results in the frequency region above coincidence.

Isolated Panels

The preceding discussion has demonstrated the benefits of point connections
between the panels of a double panel 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
the same velocity. It is to be expected that the introduction 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 the decrease in transmission loss depends on the velocity ratio between
the two ends of the connection.
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In practical constructions, it is not feasible to connect the panels together by
means of o resilient element such as a spring, because of the requirements for
cport system,  Nelfther is it feasible to employ simple point connections in
of a rod, since the support system needs to be attached firmly to the
i floor to be of any practical use. It is possible, however, to
point connection and the isolated point connection by the method
Figure 29, This illustration shows that the normal stud system
d, but that the panels are attached to points protruding from
1 a system is fikely to be acoustically superior to one containing con=
in the farm of rods due to the additional mass introduced by the line
In oddition, it is a simple matter to introduce a resilient material

studs,

hetwaen the poanel and the points.,

e Wooden Stud

/

Figure 29,

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

Connection

T~
S~ Supported Panel

Sound bridging between the two panels of a double wall construction occurs

not only through the vertical studs, but also through the top and bottom plates.
It is to be expected that the transmission of energy through the plates will 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 o 2~inch layer of absorption in the cavity.
It is to be noticed that the effect of the perimeter is to reduce the transmission
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foss by amounts up to 8 dB at some frequencies. In a practical construction,
the veriical portion of the perimeter introduced into the test assembly is just

' stud . In this respect, the above test is not truly representa~-
length basis, however, the additional bridging by
‘tions of the perimeter accounts for only 2 to 3 dB of the

in transmission loss, which may be considered as fairly

importance of sound bridging by way of the top and bottom plates in a
oubie wall construction depends, of course, on the amount of

jing that is provided by the stud support system, which in turn depends
on the way the individual panels are attached to the studs. In a conventional
construction, with the ponels nailed or screwed directly to the studs, the
amount of energy transmitted by means of the plates will be small compared

to that transmitted through the studs. The concept of attaching the panels to
he studs with peint connections, however, will result in a significant reduc—
ion 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
the 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
obtained by supporting the panel on a thin layer of resilient material, The
effect 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 connections 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 o 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.

&
I
%
{

It is to be expected that 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 increcse in

the fransmission loss of the panel resulting from the insertion of "isolators" is
evident over the complete frequency range, as can be seen in Figure 32. It
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is a significant increase af medium frequencies; perhaps most interesting of all,
e addition of the isolators substentially reduces the effect of coincidence.

i > transmission loss of the double wall with just one solid
nection 1s also included in Figure 32, The stud-isolator-panel sys-
5o rescnance phenomenon in the 1000 Hz frequency region that
ietion of %e overall transmission loss. However, at frequencies
i*w wrivical frequency, it appears that the introduction of the
 the effect of reducing the sound power radiated by a factor of

9, t.e., increasing the transmission loss by approximately 10dB.

m

I o practicol construction, the effect of introducing a degree of isolation
hetween the paneis and the point connectors is less than that obtained in the
obove wmwﬂmmmf tests, This is illustrated in Figure 33 where one of two
5/8=inch gypsumboard panels has resilient base and point stud supports
located on o 2=foot x 2=foot square lattice). The reduction in transmission

coused by placing serews firmly through the stud isolators also is shown
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
isclated 5/8-inch panel indicated that the introduction of a resilient base
support had no significont effect on the measured values of transmission loss.,
Figure 34 shows, however, that there is a significont increase in transmission
loss as a result of introducing resilient point stud supports, particularly in the
critical frequency region. Again, the acoustical performance is slightly
impaired in the 1600 to 2000 Hz region due to what appears to be a resonance
phenomenon. It is interesting 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 isclation 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 to the introduction
of a line connection between 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 note that the resultant values of trans-
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 general conclusions can be made concerning the partial isolation of
waoll panets from their support system:

case when the panel has @ low value for the critical frequency.
tha pwmorim g o recy 1l & H 1 61
the experiments conducted, base resilience ceased to have any significant
fon the overall transmission loss when the critical frequency of the panel
was in the order of or greater than 3000 Hz.

@ ine isolation of point connections results in a significant increase in the
transmission loss, the increment depending upon the critical frequency of
the panel, and being especially noticeable at and above the critical
frequency.

2.4 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-
fures using single or multiple panel constructions. In the course of the discus-
sions, @ series of expressions have been derived with which the transmission

loss 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 the 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 at low cost within specified constraints, This sec-
tion is designed to fulfill these requirements — first, by restating the 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 future references. The symbols used in this section are
as follows:
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¢, b dimensions of panel (ft)
b spacing of line studs (ft)

velocity of sound in air = 1128 (ft/sec)

d ation of panels in o double panel construction (ft)
seporation of panels in o triple panel construction (ft)
Yeung's Modulus (bs/ft/sec?)
P of orea associated with a poinf connection, or the
' pocing constant if square (ft)
fraquency {Hz)
b hridging frequency (Hz)
fo aritical frequency (Hz)
fr {imiting frequency for single panel (Hz)
iy limiting frequency for double panel (Hz)
3!:(;3 fundamental double panel resonance (Hz)
F, fundemental single panel resonance (Hz)
h thickness of panel (inches)
le wave number = 2w f/c (ft=1)
log logarithm to the bose 10
M total mass of multiple panel per unit area (Ibs/ft?)
m mass of panel per unit area (Ibs/ft?)

My, My, My mass of panels 1, 2 and 3 per unit area (Ibs/ft?)

m' effective mass of double panel for determining fy (Ibs/ft?)

TL(F) transmission loss of construction at a frequency f (dB)

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

Tlg(f) reduction in transmission loss at a frequency f for a double

panel due to sound bridges (dB)

TL(F) transmission loss at a frequency f of a multiple panel with no
interpanel connections (dB)

Ti,(F) transmission loss at a frequency f according to the mass law (dB)
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ATy increase in transmission loss over that calculated according to

the mass law (dB)

loss fantor of panel (dimensionless)
wvelength of bending waves (ft)

vy oof air = 0.0745 (Ibs/R>)

v of panel material (Ibs/ft?)

ids, seconds system of units. To convert from the foot, pounds,

seconds system to the 51 system of units, the following factors can be used:

1 b = 0.454 kg
1 ft = 0.3048 m
T inch = 0,0254 m
1ib/fi2 = 4,88 kg/m?
Tib/f = 16.0 kg/m3

Single Ponel

The single panel is defined as a homogeneous panel having no cavities.

The transmission loss characteristic of a single panel can be divided into

two frequency ranges where the ratio of limiting frequency is given approxi-
mately by the expression:

_0.03(1-0 [E
Lo 5 (39)
m

This is equivalent to the condition \g = ('TZ:_% h — See Appendix A,

Thin Single Panels (f < f)

The transmission loss of a thin single panel as a function of frequency is
iltustrated in Figure 36,
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igure 36, The General Form of the Transmission Loss as a Function
of Frequency for a Thin Single Panel

The transmission loss characteristic con be divided into frequency ranges
where the limiting frequencies are given by the expressions:




At o given frequency, the transmission loss is given by:

! L (f + 40 log {\;‘:) . dB fo« %‘%ﬁ ‘I
FLm = 4 TLh fef< { fp (42)
L (F) +10 log ‘%ﬁ ni;E +5, dB f>f
| m fc ; C
where
@ mm(F) = 20 log (mf) - 33.5, dB (43)

To g first approximation, the transmission loss in the frequency region
between 1/2f. and f. can be obtained by describing a straight line
between the transmission loss values Ty, (1/2f.) and TL(fg) for

fz = 1/2 f. and f_, respectively,as given by the expressions in Equation

42).

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

Thick Single Panels (f > f|)

See Appendix A,
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
glass batts — in the cavity. There may also be mechanical connections or
sound bridges between the two panels.
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The transmission loss of o double panel with sound bridges as a function of

frequency is illustrated in Figure 37.
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The transmission loss characteristic can be divided into frequency ranges
where the limiting frequencies are given by the expressions:

where m =

f = _..I.....
o T
2mI m,
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MEASURED VALUES OF TRANSMISSION LOSS {(dB) FOR #

még_

- Critical OneThird Octove Bond Center Frequency, Hz
. Mass_ | Frequency, - e 7 ;

Construction bs/f2 | HzlS 100 | 125 1 w0 | 200 | 250 | 315 | 400 | 500 | 630 | 800 | 1000 | 1250 { 600 ¢ 2000 ¢ 2500 | 215C | 4000 | 5000
1/4" Gypsumboard 1.0 6,300 7 2 10 12 14 16 17 iy 21 23 25 27 28 3G 32 33 32 25
3/8" Gypsumboord 1.5 4,000 in 12 14 6 17 i9 2% 23 26 27 29 30 32 33 R et 25 28 :
1/2" Gypsumboard 2.0 3,150 iz 15 7 18 EGW 22 24 25 27 28 31 32 32 33 2% 5 27 13
5/8" Gypsumboard 2.6 2,500 14.5 . 6.5 18,51 20.5 1 22,5} 24.5 | 26.5; 28 29.5 1 31 32 33.5 1 4 30.5 1 25,5 ;2% 33 35.5
‘iamino}bﬂm of 2.0 5,000 i3 15 17 19 20 22 24 25 27 29 31 32 34 3z 3. 37 37 33
1/4" and 1/4"

Gypsumboaord

Lamination® of 5.0 | 3,150 9 t20 f23 f25 |27 j28 120 |31 (32 133 |38 |3ss5i3siay w3 iassia |4
1/2% and /2" - -

Gypsumboard

Laminationt) of 4.6 2,500 21 23 25 27 22 31 33 33.5] 35 35.31 35 35.5 {2 24 32 34 3.5 1 4.0
1/2" and 5/8"

Gypsumboard

Lamination®) of 7.2 2,000 23 125 27 t29 |3 33 135 134 {35 {3 |3 |38 {40 |3 |3y |41 43 |47
5/8", 1/2" ond 5/8" to -

Gypsumboard 2,500

1/8" Hardboard 0.7 | 10,000 7 7 14 0.5 12,51 14 i8 19 2} 22,5} 23.5 | 26 27.51 29 32 34,51 36.5; 3.5
1/4" Hardboard 1.4 5,000 [y 12 14 15 17 20 21,51 23 25 27 29 32 33.5} 35 3% ¥%.513% 35
2" Reinforced w2d® | s30 Ja fas fa jas far Jas s Jae [a |43 [ fas |51 [s2 |se s [ss |59
Concrete .

4" Reinforced ~ 48 35 139 |42 |42 |42 la2 |43 |43 |46 (50 |53 |54 155 |57 |59 {60 [es |es |es
Cancrete

6" Reinforced =3 72(4) 200 39 39 42 42 42 46 48 50 53.5] 55.5} 58 60 62 4 &4 (% 48 70
Concrete

mSpor lominations — 127 on centers.

(2Y5pat tominations — 24" on centars.,

BiCenter of the One-Third Octave Band within which the critice! freguency lies.

(A)Assuming o density of concrete of 144 ths/ft . This will vary occording 1o the nggregate.
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Af o given frequency, the transmission loss is given by:
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where

TLI(F) = o TL](F) +TL,(F) +20 log (/) -

TL(® +TL(F +6, dB fof,

and TL, (f), TL, (F) can be measured or calculated values of transmission

loss .
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For peint connections to one panel only:

lzosﬁg(:‘fn + 40 log () = 17.5, dB f <f<f )
PN, 2 o )

| +20 log (f) +27.5, dB ERP

e of ponel on point connections. For line connections:

/ { mgz d% \
(10 iﬁégii\*#gﬂ?;m) + 40 fog (f) ~ 44, dB fo<f< Fﬂ
Ty () ¢ (58)
{ mz2 \3
1 ! O + +
i iﬂag{\g%i; 20 log () + 1, dB €>FL
Ty (F) = 20 log (Mf) ~ 33.5, dB (54)

where M = m, + m,

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 > fp:

1 ‘ + 94, .
Mef, = T antilog [mﬁzﬁ] for point connections (55)
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?\/‘\Qbfﬂ = -1; © antilog [Hﬂ.}%ﬁi] for line connections (56)
S f

o s

s defined os consisting of three single panels (of any
) with two intervening airspaces or cavities, It is assumed
5 full layer of absorption material — at least equal to 3=1/2
dess batts - in each cavity. There may also be mechanical
r sound bridges between the individual panels.

O

> transmission loss of o triple panel as o function of frequency is ilttus-
trated in Figure 39,

i

6 dB Per
/ Octave
o }Egdg Per . s
- Octave M
% s
)
’S /
oé el : l dl I 1d2 i
& 6 dB Per
= Octave
e h—
fi fB

(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 TLy(f) of a triple panel with no sound bridges is
given by the expression:

g T, 6) e,
2 TL(F) + TLy(F) + TL,(F) foaf<f, (57)
/ + 40 | og (fd) = dB iy
) 00y '9“ N ’ ‘
TL](F) + TLz(f) +T'L3(f) + 12, dB f>1
TLy, () = 20 log (Mf) - 33.5,  dB (58)

where M= m, + m, *m,

, 1 3.6 pc? .
F [ ——
fp = 5o —— (See Figure A38) (59)
her _ ] R, e e
where m1 m3 = “2"m2 ,r H“"A-,/ 7 5 { Ly
and dy =d, =d EET ‘

(See Appendix D for other configurations.)

O

i = 60

The transmission loss of a triple panel construction with sound bridges depends
on the configuration of the bridges. If they are 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 TLi(f), TLp () and ATLp 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=
clex to be of practical use although it is possible to make conservative

s

eV e R
ERVIMOTSRS

T - The transmission loss of o triple panel calculated by the
method described above may not be obtained in practical
installations because of flonking transmission through
adjoining elements.

Special Design Methods

The expressions given in the preceding section are sufficient for the design of
i construction that is required to satisfy a specific transmission loss requirement,
in mony coses where the requirement is not severe, a simple single panel may
suffice, provided, of course, the mass required to achieve the transmission loss
is not toe high, If o practical single panel does not provide sufficient trans-
mission loss, a brief review of the HUD Noise Control Guide (Reference 14)

or the prototypes given in Section 3.3 will show if there is any existing con=
struction that will 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 mass of the single panel that would provide
the straight line characteristic. In this case, TLyy at 1000 Hz is equal to
58 dB; hence a mass of 38 lbs/ft? is required.

3. Determine the feasibility of using a single panel of mass 38 lbs/ft? to
satisfy the requirement. Such a high mass can be obtained only by using
concrete or masonry walls which invariably exhibit low values for the
critical frequency. For example, a 3-inch concrete panel of mass 36 lbs/ft
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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 will provide a transmission loss approxi=
mately 6 dB less than that caleulated according to the mass law —
Equation (43). That is, its effective mass is one~half of its actual mass.
Thus, a é=inch concrete panel of mass 72 lbs/ft2 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.

Consider the possibility of a double panel with line connections, i.e.,
a common wooden or metal stud wall. Insert the value of the required
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transmission loss (58 dB) at a given frequency (1000 Hz) in Equation (56)
to determine the required value of the quantity M?bf.. In this case, the
um requirament is given by:

= 11 x 10° (los?/ft/sec)

¥ the stud spacing b is taken as 2 feet, the requirement becomes:
A2 - 5 2 /2
M. = 5.5x 10 (Ibs*/ft %/sec)

Using gypsumboard, it is possible to obtain values of the critical frequency
in the range 2500 Hz for 5/8=inch thickness to 6000 Hz for 1/4=inch thick=
ness. Toking o medion 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/ft?

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/f2

This is significantly less than the 12 lbs/ft? required with the same panel
mounted directly to the studs. The remainder of this example therefore
assumes the presence of point connections for the panel of critical fre~
quency 4000 Hz, although the method for the case of line connections is
exactly the same,

T



6. Caleulate the transmission loss for the total mass of 5.3 Ibs/ft? according

to Equation (43) and insert the mass law line onto the diagram — see
Figure 40.

UHHN

aight line with a slope of 18 dB per octave tangential to the
cronsmission loss curve s shown in Figure 40,

ne the frequency f, of which the mass faw line intersects the
}dB/octave. In this case f, ~ 72 Hz.

Z:jfs%’s"m Equation (44) determine the spacing d of the two pcmels in a double
panel constiuction with each panel of mass 1/2 x 5.3 Ibs/ft* (the optimum
condition) for the frequency fy to be 72 Hz. In this case d = 7.5 inches.

t would appear from this result that the requirement would be satisfied by
S-inch wooden studs (actual dimensions 7.5 inches) with 5/8 inch gypsum-
board {(m = 2,6 1bs/f2) mounted on both sides. However, the critical fre-
quency of 5/8=inch gypsumboard is 2500 Hz, which is well below the required
value of 4000 Hz, The critical frequency can be raised by using 3/8-inch
ww:;aumbourd (f, = 4000 Hz); however, since the mass of this material is only
5 tbs/ft2, it T necessary to use two laminated panels. Checking back
nmuqh the calculations shows that this combination of materials with d spacing
Cof 5 ? inches in place of 7.5 inches would provide a value of 80 Hz for f
which is close to that required. To obtain an increase in the transmission in rhe
vicinity of the critical frequency of the two panels, the point connection can
consist of 1/4" x 1" x 1" squares of PVC foam tape through which the laminated
panel is nailed, Thus the final construction is as follows: ‘

2" % 6" wooden studs, 24" on center; 5/8" gypsumboard
nailed to one side; on the other side, two laminated panels
of 3/8" gypsumboard mounted on point connections 24" 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 p:a‘roiype 2. It is interesting to compare the total mass of this
construction (5.6 Ibs/ft? excluding studs) to that of the single panel with
equivalent performance (72 lbs/ft?).

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,
iterative calculations may be necessary to obtain the required characteristic
within stated porameter constraints,

s that determine the transmission loss of a double wall can be
ndependently to provide almost any acoustical characteristic that may
2. Practical limitations on the size and weight of the construction

‘o set bounds on the degree of variation possible in each of the param-
2ters, but the optimum configuration for a specific application can still be
chtained only by means of iterative calculations (see Section 2.4.2), Clearly,
it would 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.

To determine the STC rating of a construction (Reference 15), the STC weight-
ing contour is superimposed upon the measured values of transmission loss and
adjusted so that 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
odditional 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 construction corresponds to the value of the transmission loss in dB given by
the weighting contour at o frequency of 500 Hz.

The general form of the transmission loss curve for a double panel with bridging
as o function of frequency is characterized by a slope of 18 dB per octave at
the low frequencies and & dB per octave at higher frequencies, neglecting for
the moment the effects of coincidence. The changeover between the two dis~
tinct slopes occurs at the bridging frequency fr. Since the shape of the curve
is well defined, it is possible to determine its %TC rating in terms of the
important parameters of the construction. The derivation of the expressions
necessary for this to be accomphshed is contained in Appendix 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 fp are compatible with a given STC rating.
The solid lines have the panel mass m (assumed equally distributed between
the panels) and the separation d as abscissa and ordinate, respectively, with
STC rating cs 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 foss curve at frequencies less than fg. For example, Figure 41(a)
shows thot a mass of 3.5 Ibs/ft2 and a panel separation of 3.5 inches are

equired to complete the requirement at low frequencies for an STC rating of
ieve the rating, however, the dashed lines which have the product
imeter indicate that o minimum value of efg = 7070 is required.

two sets of curves on the chart are used to determine the design param-
i double panel in the low and high frequency ranges. It is of course
to ensure that the critical frequencies of the two panels are either
ficiently high or spaced sufficiently far apart — see Figures 15 and 16 — so

5 not to affect the STC rating.

The 5TC rating of the construction is dependent on the transmission loss at

125 Hz, so any perturbations in the product "md" will directly affect the

rating in a manner that can be determined from the chart. The chart does not
give the direct STC rating for a construction where the quentity "ef."is
incompatible with the same rating as that given by the product "md". It is
difficult to state an exact method for calculating the change in STC rating

due to such o condition; in general, however, it can be assumed that the reduc-
tion (ASTC) in the rating is given approximately by the expression:

ASTC =~ 20 1log { (e fC)STC/ (EFC)DES

where

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

(e FC)DES = the value of the product actually used in the design of
the construction.

Because the STC 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 'e f
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3. 1.1

DESIGN OF BUILDING ELEMENTS FOR HIGH TRANSMISSION LOSS

THE 20 dB REQUIREMENT

ihe contract statement of work, the acoustical goal for the build-
:ments to be designed in this study is that the transmission loss must exceed
fculated mass law values by at least 20 dB in the frequency range 125 Hz

v In addition, it is required that the elements perform satisfactorily
sect to the environment and be lower in cost (per STC value) than other
constructions presently known. A cursory examination of the acoustical require-
ment indicated that existing techniques in the theory and practice of sound
fransmission foss were insufficient for the design task. For example, the require-
ment — which will be referred to simply as the "20 dB requirement” in all future
discussions — is not satisfied by any of the common construction types such as
those listed in the HUD Noise Control Guide (Reference 14). Additionally, a
fairly intensive search has shown that nowhere in the main published literature

is there mention of a construction satisfying the requirement over the entire
frequency range 125 Hz to 4000 Hz. As a result, it was necessary to return to
the 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-
morized in Section 2,4,

4l
nea iy

St

This section contains an examination of the design parameters necessary to
satisfy the 20 dB requirement and a discussion on the practical realization of
these parameters.,

Design Parameters for the 20 dB Requirement

Single panels alone cannot be used to satisfy the 20 dB requirement since their
transmission loss exceeds the mass law only at frequencies below the natural
panel resonance and above the critical 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.
The transmission loss of the two types of constructions are equal at a frequency
(4f5) 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 4f,, 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

-83-



construction are also taken into account, however, it turns out that double
panels provide the most cost-effective method of achieving the 20 dB require-
ment, If more than 20 dB in excess of the mass law is necessary, it might be
necessary o use a iriple ponel construction,

1 muitiple panel construction that just satisfies the
eted in Figure 42,

{ Double Panel ~ 18 dB/Octave 6 dB/
<" E “{;—Zp?a Pare!l — 30 dB/Cctave Octave
N,
\\

[Au ’
1’: \\ P ATL = 20 dB -
l;: a M .—"“"
\,,,»"‘i T
f:: _:"“"' 4 -
- I - A
E} .;v_' E“?rﬂ”x
= wdmf,_r"’ ; Mass Law TLM (f)
M«v’ | | 6 dB/Qctave
.
o
| |
| I
1 i
f f, =125 Hz
o
(Log) Frequency

Figure 42, Minimum Design Requirement for a Multiple Panel Construction
with Sound Bridges to Satisfy the 20 dB Requirement



It is necessary in the design to arrange for the fundamental panel resonance (or
resonances in the cose of more than two panels) to occur at a sufficiently low
 so that the transmission loss is 20 dB greater than the calculated mass
25 Hz, FEguations (14) and (17) of Section 2.2,2 can be rearranged to
i the increase ATLy, in the fransmission loss over and above that

d by the mass low is obtained at o frequency FATLM' where:

ATL,, = Plog(f /f) (61)

e}

M AILM

and p = 40 for a double panel

80 for a triple panel

and f for the triple panel is taken as the higher of the two fundamental reso-
O .
nAncCes s\¥+)n

Inserting the values of ATLM and FATLM into Equation (61) shows that the

raquirement for the fundamental resonant frequency f_ is:

40 Hz for a double panel
70 Hz for a triple panel

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

d = 65 (Ibs/ft?) ins. for a double panel (62)

21 (lbs/ft?) ins. for a triple panel

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

m — m for a double 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 masses for specific panel spacings are shown in Figure 43
for a double ponel construction, The spacings given in this figure refer to the
actuel (rather than the nominal) dimensions of commonly used wooden studs. It
wied that with an 8=-inch wooden stud (actual dimension 7,5 mches)
el is re equi ired to have a mass of 8.7 [bs/ft? to satisfy the 20 dB require~

notively, the panel masses could be 30 Ibs/ft? and 5 1bs/ft? for the
1 which, olthough less efficient in terms of total mass, may be more
: 4 common b;r?id"r~g materials, Note that with a 7,5-inch spacing,
musn muss for either of the panels is in the order of 4.5 Ibs/ft?,

100 - 1
B0 o
{33 ’;2(} -
g“ pee . [ y
& - !
g s !
: :
- |
|
— |
| ;
! Curves Drawn for the Condition
9 - i m'd =65 (Ibs/fZinches)  _
! where
! 2ml m,
i m' -
/ 1 m; +m,
: | Lol ! Lol
1 2 5 10 20 50 100

Mass of Panel m,, {bs/ft?

Figure 43. Requirements for the Masses m, and m, and Internal Spacing d
for a Double Panel to Satisfy the 20 dB Requirement



3.1.

At higher frequencies, it is necessary to maintain the value of ATL,, at 20 dB
srract choice of panels and support systems. If one of the two panels is
- on paint supports, then the value of the quantity ATLy, is given by:

ATL . = 20 log {(ef ) — 61 d (
ATL,, g tef ) 6 B (63)
e = the square root of the panel area associated with each point
support

f = the critical frequency of the panel mounted on the point studs,

Aguain, it is assumed that the masses of the two panels are equal; otherwise, the
more general expression given in Equation (35) must be used.

Inserting the condition that ATLM is equal to 20 dB results in a requirement for
the product ef , namely:

efc > 11,200 (ft/sec) (64)

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

Practical Realization of the 20 dB Requirement

The design of a double panel construction according to the requirements stated
in Equations (62) and (64) will ensure that the transmission loss will exceed the
mass law values by 20 dB ot 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 will 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 os possible. These two require~-
ments are mutually incompatible with the requirements given in Equation (62),
It is therefore worthwhile 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 to
determine the optimum configuration in terms of acoustic performance and cost.

For o glven total mass, the optimum configuration for a double panel construc=-
is obluined wher the masses of the two panels are equal. Equation (62)
w thot panels of high mass are required if a small panel separation is chosen,

given material, however, an increase in mass is accompanied by a corres-
wraase in panel thickness, which to some extent negates the useful-
ing a small separation, Continuing this argument, it can be shown
o minimum overail thickness with which the 20 dB requirement

Z2m .
D =d+=— (65)
Pm
yihiere
m = mass per unit area of each of the two panels
Oy = density of the material of the panels
d = panel separation

Combining the requirement of Equation (62) with (65) results in the expression:

D:§L§.+
m

feet (66)

Py

*

whare m s expressed in lbs/ft? and P s in Ibs/ft3. The minimum value of
the overall construction thickness D is given by: " '

= 7\
Dmm ‘VZ)— Feef (é/}
m
where
m= 1.7 V5 Ibs/ft? (68)
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and

d = 1/2D . (68a)

loss of a structure just satisfying the requirement is implicity
on the mass of the structure, For a given total mass, therefore,

hoth the transmission loss and the STC rating are completely defined. More-~
the fransmission loss curve will be parallel to the mass law line, as it

be in any bridged double panel construction. It is easily shown that for

a transmission 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 TL .~ (500) = the mass law transmission loss at 500 Hz,

n the present cose, the transmission loss of the construction is 20 dB in excess
of the mass law, Therefore, the STC of the construction STCC can be expressed

il

TL,, (500) + 24

STCC M

i

20 log (m) + 50 (70)

where m is the mass (in Ibs/ft?) of each of the two panels in the construction,

Combining (66) and (70) results in an expression relating the STC to the overall

thickness for a construction meeting the 20 dB requirement, The only parameter
in this relationship is the density p, of the material of the panels.
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For the case of gypsumboard panels, which have a density of approximately

48 ths/ft?, the relationship is plotted in Figure 44. The minimum overall

thickness of a double wall with gypsumboard panels meeting the 20 dB require~

ment is slightly less than 11.5 inches, At this thickness, the STC rating for

tha construction is approximately 72, For all other combinations of panel mass
ing — keeping the product constant — the overall thickness is greater

3 i . The minimum thickness of course will be less than 11,5 inches

G dB r"qu’u’s‘emc;nt is changed to o requirement for only 15 dB or 10 dB

hw the mass law .

Gypsumboard Panels Only

1
0]
L
L)
o

of Construction,

min

Mass

Decreasing

Mass

Increasing

10 |— —

Minimum Overall Thickness D

5 | | |
50 60 70 80 90
STC Rating

Figure 44. Minimum Overall Thickness as a Function of STC Rating
for a Double Gypsumboard Panel Construction Satisfying
the 20 dB Requirement
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The minimum thickness for o double panel construction satisfying any general
sment above the mass law can be determined from Figure 45, for the case

s by Is are of gypsumboard. If the moximum allowable thick=-
is set at 8 inches, for instance, then it is not possible
y greoter than 14 dB,

20

10 20

., inches
min

Figure 45, The Minimum Overall Thickness of a Double Gypsumboard
Panel Construction Providing a Transmission Loss ATLp4 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 would 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
quantities in the hope that the use of alternative materials may result in a more

; construction, The relationship between the overall thickness and the

| density is plotted in Figure 46, with particular points on the curve

fing to specific materials.

I‘ ] i H i | i i T 1 l T T ]
L Wood

12 - \ﬁ““\\ — Gypsumboard .
% g™ ,
E ~ Lightweight Plaster
S0 | N |
g
g& \ Sand
% 8 b s, C _
L oncrete
— 6t =
® Aluminum -
c 4 _
2
c \
s 5 Steel

Lead
) N 1] ] ] ] | R T T
20 50 100 200 500 1000

Density pm of Panel Material, Ibs/ft’

Figure 46, Minimum Overall Thickness Dmin ©f a Double Panel
Construction Satisfying the 20 dB Requirement as a
Function of Material Density
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onstructions of least fotal thickness are associated with the most expensive
2rials, nczme?y,, lead, steel and aluminum. Concrete is not particularly
sive, but is has a iow value for the critical frequency in the thickness

for practical use. This means that any sound bridges between the

ould gwaﬂy reduce the transmission loss — see Section 2.3, Sand

- an ideal material to use due to its low cost and stiffness, but the

; re problem  of containing it in the form required reduces its useful~
ess. Lightweight ploster suffers from similar problems as concrete, nomely, the
. for coincidence., For this material, the required panel thickness
would be almost 2.5 inches, according to Figure 46 and Equation (68a). As a
esull, it appears that there are no low cost materials well qualified to provide
he /’J d¥ acoustic requirement in a double wall construction of practical
dimensions,

r
¥

A similar caleulation for the case of a triple wall construction shows that the
minimum total thickness consistent with achieving the 20 dB requirement is
given by:

D, = «-—7—«?5— feet
min Voo
m

where

m = 0.93 Vg lbs/ft?

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 inches. 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 construction

is reduced by a factor of 1.6 to 7.1 inches, which is more reasonable —see

Table 2.
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TABLE 2

MINIMUM WALL THICKNESS FOR DOUBLE WALLS OF DIFFERENT MATERIALS
REQUIRED TO MEET THE 20 dB REQUIREMENT AT DIFFERENT FREQUENCIES

,M Minimum Wall Thickness in Inches for
; Density 20 dB Requirement at and Above:
Maierial (Ibs/ft3) 125 Hz 160 Hz 200 Hz
. | 40 12.5 9.8 7.8
Gypsum Board 48 11.4 8.9 7.1
Lightweight Ploster 64 9.9 7.7 6.2
Sand 100 7.9 6.2 4.9
Concrete 140 6.7 5.2 4.2
Aluminum 180 5.9 4.6 3.7
Steal 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

1/3 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 requirement is
achieved, Since the transmission loss of such o construction is determined com-
pletely by the total mass, and since the mass cannot be small to comply with the
minimum requirement for the product "md" with as small o separation as possible,
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the STC rating of a 20 dB" construction will invariably be high. For the

q fpsi,mbc:md construction, the STC rating is 72 at the minimum overall thick-

f 11.5 inches. This is extremely high when compared to the rating of 55~
mmended by FHA for Grade I installations. In general, it is not possible
in much lower STC ratings for 20 dB constructions without large panel

s whi ch allow cmrespendmg!y lower panel masses. This is clearly
Figure 47 which is a plot of the STC rating of a double wall

las a ?unr“iuar-, of the panel separation (which, of course, is less than
1o thickness),

As o result, the practical realization of the 20 dB requirement is a construction
that will find an extremely limited application in the building industry because
of its size or weight. However, the principles involved in the design can be
used o design more useful constructions to meet a specific acoustical require~
ment less thon 20 dB in excess of the calculated 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
heoretical and practical principles are completely general; they can be
sl to all 1}/’ pes of building elements, and indeed to all types of structures
high values of sound attenuation are required, Of interest in this study
various elements of building construetion which include windows, doors,
i ug“ and roof/ceilings, as well as walls. Each of these elements per-
specific function in the overali building system, and as such is subject

fic prrm tical constraints in its construction. It is the purpose of this
section to briefly review the funchonal constraints imposed on each of the
sther major elements and to examine techniques for obtaining optimum acous-

tioal performance within these constraints,

The primary functions of windows, if ventilation is provided by alternative
means, are to provide natural lighting and to provide the occupants of the
dwelling with an external view, Both of these functions require that the
window be constructed of a transparent material such as glass or acrylic,
Typically, the glass installed in residential windows is either single strength
(thickness 3/32=inch), double strength (thickness 1/8-inch) or occasionally
1/4~inch plate. The calculated transmission loss values for panels of 1/8-inch
and 1/4-inch glass are shown in Figure 48,

A0 L N A S S S RO S (NN B B A Y NS AR Y BN A
= 1/4" glass ]
- ====1/8"glass
o)
&
-
c . .
2
g
g 20— =
- - - Calculated Velues
- Equation (42) .
0 l R AR ’ b ] [ l J | SRS _l

63 125 250 500 1000 2000 4000 8000
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Figure 48, Calculated Values of Transmission Loss for

1/8-inch and 1/4-inch Sealed Glass Panels
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As would be expected, the thicker panel provides the greatest transmission loss

at low frequencies, At high frequencies, however, there is little to choose

v the twe, The effect of coincidence in the 1/4=inch panel is evident

i the top end of the fmqussmcv range most important for speech communication,
F »increase in the thickness of the glass is undesirable, since the

v 15 fowered to a value well within this important frequency

the greatest thickness of glass thot can be used in window

s in the order of 1/4~-inch.

i# the window is operoble, the transmission loss is normally less than that of the
sealed version shown in Figure 48 due to leakage of sound between the moving
narts and the frame. Typical values of transmission loss for a standard aluminum
sliding 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 Hz is o
result of sound leakage and not coincidence. The critical frequency of the
glass panel in this case is 2400 Hz. The weatherstripping that is included in
operoble windows reduces the leakage of sound but its condition usually
deteriorates fairly rapidly with use, thus limiting its usefulness.

A more effective and durable seal that can be applied to the perimeter of the
moving section is shown in Figure 50, The seal consists of a metal channel con-
taining o strip of fairly dense foam or soft neoprene. If the window is in con~
stant use, the material in the channel should not contact the frame and should
be of the foam variety to provide absorption in the channel thus formed. If

the window is rarely opened, it is possible to obtain o better seal with neoprene
that contacts the frame. The effect of such a seal on the transmission loss of a
standard aluminum sﬁiding glass window is shown in Figure 49, The improvement
in performanee over the unszaled window is evident over the entire frequency
range and is in the order of 10 dB in the range 1000 Hz to 2000 Hz

The results of Sections 2.2 and 2.3 indicate that a double window can be
designed to provide higher values of transmission loss than a single window,
provided that g;)recm,l‘l*lcmr are taken to reduce sound bridging between the glass
panels. If the maximum practical thickness of the two panels is taken as 1/4-
inch and the maximum possible separation as 8 inches, the lowest fundamental
resonance will occur at o frequency (f,) of 62 Hz. In the absence of sound
bridges, the transmission loss will exceed the values caleulated according to
the mass law by 20 dB at a frequency of 195 Hz. Thus, it appears that a
practical window system cannot be designed to satisfy the 20 dB requirement at
frequencies as low as 125 Hz, It is possible to increase the separation of the
glass panels if the wall is sufficiently thick 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/¥d, o spacing of almost
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20 inches is required in conjunction with 1/4-inch glass panels to satisfy the
20 dB requirement at the low frequencies,

i higher frequencies, the fransmission loss of a double window is determined
und bridging between the two glass panels, which in turn depends

. the method used to mount the glass panels and the type of wall in which
mounted. I the wall is solid, then it is necessary to mount the glass
n eoft neoprene goskets so as to provide partial isolation, This is not
ry it the panels are mounted in separate walls which are partially

from each other. The presence of sound bridges is one more reason
miting the thickness of the glass in order for the critical frequency to
wain high, 1t is, however, beneficial for the two panels to be of different

¢

thickness so that the critical frequencies are staggered —see Section 2,2,2,

y the

The functional requirements of a 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 2.2,5 indicate that perimeter absorption is not as effective as the full
coverage in domping the cavity modes, so the maximum transmission loss can-
not be obtained. This is true over the major part of the frequency range above
the fundamental resonance of the construction. Naturally, higher values of
transmission loss can be obtained by increasing the thickness of the perimeter
absorption,

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 wall cavity. In this manner, the
fundamental resonant frequency can be reduced. 1t 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
availability 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 hollow 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 has a fairly low value for the critical frequency. The transmission
foss of such a door with neoprene bulb seals is shown in Figure 51. At high
frequencies, the fransmission rises more slowly with frequency than would be
expected due fo leakage of sound through the seals, The acoustic performance
in Figure 51 is probably the best that can be obtained from « solid core
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There are twe main methods by which the maximum transmission loss can be

shigined from o structure, such os a door, where there are severe limitations

ickness and mass, The first is by the application of the double panel

The second is io use o sandwich type panel that has the properties
el over o certain frequency range. This behavior can be

ch two facing loyers are applied — one rigidly, one resil=
he porous center layer successfully simulates a cavity with absorp=
provides added mass. The transmission loss from this structure can

e to equal or exceed the calculated mass law over a major part of the
quency range of interest — see Section 3.3.

Since the area taken up by a door (or a window) is usually only a small per-
centage of the total wall area, it is not necessary for the acoustic performance
of the door to equal that of the wall for optimum results. For example, if the
door area is 10 percent of the wall area, the transmission loss of the door can
be 5 or 6 dB less than that 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 obtained
only with o fairly cumbersome structure, One method of obtaining additional
atfenuation is to provide o short foyer with a 180~degree bend that is lined
with an acoustical absorbent material similar to a lined duct. This addition
would be capable of providing on additional 5 to 10 dB, particularly at the
medivm and high frequencies.

Floor and Roof/Ceiling Systems

The design principles described above for walls are also applicable to floor/
ceiling and roof/ceiling constructions, except that different functional and
loading requirements have to be considered. For example, the floor has to be
igid enough to withstand live and dead loads without too much deformation.,
n addition, the ceiling can be neither too massive nor too flexible or it will
sag under its own weight,

¢
i

It would appear that one of the advantages of a floor/ceiling system, from an
acoustic point of view, is that the large allowable separation between the
floor and ceiling (up to 18 inches or more) should allow high values of trans-
mission loss to be obtained. Unfortunately, this is the case only at low
frequencies. At higher frequencies, the necessity to provide closely spaced
connectors between the ceiling and the floor (joists which are commonly

16 inches on center) introduces a substantial sound bridging that negates the
effect of the large cavity, It is therefore difficult to achieve the 20 dB
requirement with such systems unless a resiliently suspended or separately
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supported ceiling is used. This is excellent proof that high values of trans-
mission loss are not necessarily obtained by incorporating large panel separa-
tions.

As with walls, it is desirable to have a massive flexible ceiling in a floor/

i sstem.  However, the practical difficulties of installing such a

the use of some of the panels that cre satisfactory for walls.
method of achieving the required properties is to install the
[, which may be flexible, to the ceiling joists and to subsequently
» 1/2-inch of sand pugging from above.

"“ﬁws discussion of design principles has been concerned primarily with
| l“ em of constructions that are subject to excitation from airborne sound
waves. In the case of floor/ceiling constructions, there also exists the problem
of smf;uu% excitation such as would be obtained from footfalls, dropping
objects, ete, This is a different type of excitation in that the area impacted
is usually quite small and the forces involved quite large, when compared to
airhorne excitation., Impacts are also characterized by being of short duration
rather than of a continuous nature,

The properties required of a floor/ceiling construction, as far as impact
excitation is concerned, are similar to those required for airborne excitation.
For example, the more massive the floor the greater in general will be the
impact insulation. However, the resilience of the floor surface, which is of
little or no importance in determining the airborne transmission loss, is
extremely imporfant in reducing the impact energy that is transmitted to the
base floor. The transfer of sound or vibrational energy from the floor to the
ceiling is 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 to the impacted surface.

The impact insulation provided by a floor can be increased by adding «
"floating floor. " 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 « fyp;ccl wooden joist floor,
respectively, by the addition of carpeting.
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In the past, carpets have been considered more a luxury item than a part of
the 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
deteriorate quickly in places with heavy traffic flow, Today, however, man~-
mude fiber carpets with an appropriate under-pad are capable of supporting

i for 15 1o 20 years without undue wear, In view of their remark-
s af reducing impact noise both in the source and receiving

reuld seem appropriate to consider carpets as part of the building

In doing so, it is possible to reduce the complexity and

toor/ceiling systems,

i [

CATION OF PRINCIPLES TO PROTOTYPE DESIGNS

The main objective of this study was to design and test building elements
having higher values of transmission loss and o lower cost than that available
from exisiing elements, Some of the principles which make the design of such
improved bullding 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) o series of final prototypes which, with few modifications, could be

considered os practical constructions. The designs and acoustic performance

~of these experimental and final protfotypes are contained in this section.

Experimental 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
to o certain extent in tests conducted on what can be called "laboratory" con-
structions — constructions in which no attempt was made to consider practical
constraints. However, it was 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 "reasonable" 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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a  To examine the feasibility of achieving the 20 dB requirement in a con-
struction with reasonable constraints,

s T ueﬁwww ne the maximum values of transmission loss that could be
j n o sonstruction with reasonable constraints,

nine the feasibility of using laminated and mass-loaded panels
> panel constructions, and to develop semi-practical methods
configuration and c:onsfrur’*hen of such panels,

To apply the paaiﬂﬂples and design methods to all types of building

zlements m"fkdmg walls (internal, external, loadbearing ond non~load-
bearing), floor/ceilings, roof/ceilings, windows (sealed and operable)
and doors.,

# To determine the combinations of materials most suited to constructions
designed according fo the methods outlined in Section 2.4,

a  To determine the increase in transmission loss that can be obtained by
medifying existing construction types.

For a single panel fo provide high values of transmission loss economically, the
~ most desirable properties are os follows;

s  High mass or density
s  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 a 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

Advantages Disadvantages

Metrls High Mass Expensive

Low Stiffness in Typical Poor Thermal Insulators

Thicknes . .

HeKnesses Possible Corrosion

Gypsumbaard Variety of Masses ond Fragile in small

Critical Frequencies Thicknesses

Available

Inexpensive

Good Fire Resistance
Hardboard Flexible — Good for Poor Fire Resistance

Mass Loading but can be Treated

Inexpensive
Plastics Flexible — Good for Low Mass

Mass Loading .

Expensive
Poor Fire Resistance

Concrete High Mass High Stiffness

Can be Molded to

any Shape

Inexpensive
Plywoed Flexible in Thinner Poor Fire Resistance

Types
Good for Mass Loading

but can be Treated

More Expensive than
Gypsumboard or
Hardboard

~106-




or teo expensive, and provides such inordinately high values of transmission

s that its applications are very limited. Second, it is impossible to achieve
4B requirement over the complete frequency range with a practical

init dus to the limitations on glass thickness and spacing. Therefore,
ination of a wall and window cannot be made to meet the 20 dB

"7 In other words, the wall is over~designed for the window.

: ' of these consiraints, only a limited number of prototypes were designed
to s ihe 20 dB requirement; these were termed Type I prototypes. The

was equal to or slightly better than that required by FHA for Grade I construc-
ilons. The majority of these building elements, with the exception of windows
and 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
glazing (say 20 percent of the wall area), the combination of such a window
with a wall of STC 60 would result in an overall rating in the order of 58, which
is fairly respectable. [t should be mentioned, however, that the method of
specifying the transmission loss characteristics of an exterior wall by its STC
rating is not o good one because the rating is based on a typical internal noise
environment and there is sometimes a great difference between the frequency
spectro of the indoor and outdoor noise environment, Therefore, it is recom=
mended that external walls be designed for a particular location and not be
defined by an STC rating.

a. Designs and Results

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 panels 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 overall transmission
loss of the wall separating the two rooms is shown 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 will tend to
couple via the test panel. As aresult, it is expected that lower values of
transmission loss would be measured in this facility than in one having
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dissimilar rooms, especially at the low frequencies. This is, in fact, what
has been found — the familiar flattening of the transmission loss curve for «
e ponel ot low frequencies is not observed from measurements in this
3 the theoretical mass law is obeyed as shown in Frgures 2 and
Thus the values of transmission loss and STC ratings given in this report
* than those that would be measured in many other

sy e

an the construction of the experimental prototypes are to be found
following pages, together with the measured values of transmission

s and brief comments on the overall acoustic performance. Included in
the details for the wall constructions are the estimated in-place cost figures
given indollars per square foot of surface area. These costs do not include
finishing ond have been determined from the 1971-72 edition of the National
“onstruction Estimator (Reference 16) as far as this is applicable. Because
these constructions are experimental, the costs must be considered
approximate ,

Pretotypes Building Element
A - H Walls
I - J Floor/Ceilings
K o~ L Roof/Ceilings
M Doors
N - O : Windows
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PROTOTYPE A — WALL

CONSTRUCTION DETATLS

oy

27 AT wooden studs, 16" on centers staggered, 8" on centers attached to
2% % 47 wooden plates af base and top. On one side, 5/8" gypsum wall-
rd (m,) mounted on 1/4" x 1" x 1" double~sided adhesive backed PVC
tope square 24" on center vertically, On the other side, two sheets

" gypsum wallboard (m,) spot-laminated on a 12" square lattice

no /4% s 1" x 17 double-sided adhesive backed PVC foam tape
center vertically. 2" fiber glass insulation hung between the studs.

41

PARAMETER VALUES:

M = 8.5 lhs/ft*

i, = 2,6 lbs/ft? m, = 4,0 lbs/ft?
fes = 2500 Hz; 2 = 3000 Hz

D = 7.25 inches; d = 6.0 inches
& = 1.6 ft

STC RATING: 57
COMMENTS

This construction contains a conventional staggered wooden stud system
and standard materials, However, it includes resilient point-mounting
and a laminated panel on one of the sides. The STC rating of 57 is a
considerable improvement over that of approximately 46 for the conven-
tional staggered stud construction (see Prototype H),

APPROXIMATE COST:  $1.45/5+2
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PROTOTYPE B — WALL

CONSTRUCTION DETAILS:

" wooden studs, 24" on centers, attached to 2" x 8" wooden plates at
On one side, 1/2" plywood mass-loaded to 4 Ibs/ft? nailed to

" plywood squares, 24" on centers vertically. On the other side,
ardboard mass—loaded to 4 1bs/ft? mounted and screwed

< 1" x 1" squares of double-sided adhesive backed PVC foam

47 or centers vertically, Mass-loading in both cases achieved by
avers of asphalt roofing paper to the base panel. 2" fiber glass

M = 9,2 lbs/ft?

iy = 4 lbs/ft?; m, = 4 lbs/ft?
P, = 1800 Hz; ., = 4000 Hz
D ~ 9 inches; d ~ 8 inches
@ = 2 ft

STC RATING: 67 (with screws)

COMMENTS:

This construction was designed to test the concept of mass-loading and
resilient point connections. The method of loading is therefore not neces-
sarily practical 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
the construction meets the 20 dB requirement at all frequencies greater than
200 Hz,

APPROXIMATE COST:  $2.00/ft?

-112-



R

)

oy F
a

mission Loss,

2

Trar

[
(o]

20

- Polat Supparts
{ - 12 Plywood, Mass=Looded

&
=
s ﬁf
- 4
a1
- 7
e
Y]

e
%\-\*«r«Mass Law

Mass Law

STC &7

l ! !

63 125 250

Figure 56, Transmission Loss Values for Prototype B

2000
Frequency, Hz

4000

8000



PROTOTYPE C - WALL

RUCTION DETAILS:

of 2% x 4" wooden studs, 24" on centers, attached to double 2" x 4"

plates ot base mnd top spaced 1/2" apart. On the outer sides,

on /4" x 1" x 1" double-sided adhesive backed PVC foam tape

4 on centers verﬁca“y, sheets of 1/2" and 3/8" gypsum wallboard

nated, In the center, mounted on solid point supports, consisting of
¢ 1=1/2" plywood, 24" on centers vertically, sheets of 5/8",

y_ und @/8“‘ gypsum wallboard spot-laminated on a 24" square lattice, 2"

fiber glass i insulation batts | hung between the studs in each cavity,

FARAMETER VALUES:

A = 16,7 lbs/ft?

m, = omy o= 3.6 lby/ft% m, = 7.2lbs/ft?
fo) = fo, = fo = 2500 Hz

D = 13.5 inches;, dy = d; = 5inches
s = 2

STC RATING: 76
COMMENTS:

This triple panel construction is not well-suited for normal use due to its large
overall thickness, although the acoustic performance — STC 76 - is high,
which means that it could be of use in special conditions. The construction
was designed to obtain the maximum transmission loss possible within
“reasonable" design constraints. The transmission loss exceeds 20 dB greater
than the calculated 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 to correct the measured values of transmission loss at the low
frequencies since they approached the facility limit.

APPROXIMATE COST:  $2.36/f
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PROTOTYPE D — WALL

JCTION DETAILS:

Cwooden studs, 24" on centers attached to 2" x 8" wooden plates at
1d top. On one side, sheets of 1/2%, 3/8", 1/2% and 3/8" gypsum
allboord, spot-laminated on a 24" square lattice, mounted on 1/4" double~
[ adhesive backed PVC foam tape, 24" on centers vertically, On the
side, sheets of 5/8", 1/2" and 5/8" gypsum wallboard, spot-laminated
247 square lattice, mounted on 1/4" x 2" x 1-1/2" plywood points, 24"
nters vertically, 2" fiber glass insulation batts hung between the studs,

M = 16.7 lbs/ft? |

iy = 7.0 ths/ft2; m, = 7.2 lbs/ft?
f., o~ 3000 Hz; f, ~ 2500 Hz

D = 11,5 inches; d = 8 inches

=) = 2 “F?‘

STC RATING: 69

COMMENTS:

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 an
STC rating that 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), Agoain, this panel is suitable for use in
special 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 results, |

APPROXIMATE COST:  $1.85/ft2
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PROTOTYPE E — WALL

COMNSTRUCTION DETAILS:

sinforced concrete panel, together with 1/2" plywood sheet mass-

i 4 1bs/ft% by means of loose sand contained in "egg carton” type

s, Plywood sheet mounted on point supports of dimensions 2" x
on centers, with 1/4" double~sided adhesive backed PVC foam

‘iber gloss insulation batts hung between the point studs.

i Y ft:‘-fi//ﬁ“?

= A8 lbs/ft?; m, = 4 Ibs/ft?
ol = 200 Hz; Fc:;z = 1800 Hz
¥ = 10.5 inches; d = 6 inches
@ = Zf}

/2

N
H
e

he method of mass~loading used in this construction was included as an
idtempt to utilize the beneficial properties of loose sand, i.e., high mass
and fow stiffness. The measured values of transmission loss are offected by
what appears to be resonances in the mass-loaded panel and a lack of low
frequency absorption, although the STC is substantial,

APPROXIMATE COST:  $2.00/ft
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PROTOTYPE F — WALL

CONSTRUCTION DETAILS:

ced concrete panel {my) with 2" x 8" wooden studs, 24" on centers
ith noils 1o simulate concrete ribs. On the other side 1/2" plywood
oaded to 4 lbs/ft? by stapling three layers of asphalt roofing paper
=aich §<~sve=r) aftached by means of 1/4" x 1" x 1" double-sided ad-
ced PV foom tope squares 24" on centers vertically. 2" fiber glass
e baits hung befween the studs,

A HA VALUES:
iA = 28 ths/ft?
iy = 22 lbs/ft?; mo = 4 |bs/ft?
. = 400 Hz; fe, = 1800 Hz
I = 10,5 inches; d = 8 inches
g = 2 feet

ST RATING: 68

This construction is similar in basis to that of Prototype E with the exception that
the method of mass-loading is different and that 2" conerete is utilized in place
of 4" conerete. 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" concrete, although the absolute
values for the 4" 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 measured 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.

APPROXIMATE COST: $1.74/ft°
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PROTOTYPE G — WALL

CONSTRUCTION DETAILS:

2% 8% wooden studs, 24" on centers, attached to 2" x 8" wooden plates at

1 top, On both sides, 1/8" fiber glass sheets loaded to 4 Ibs/ft? with
squares of a mixture of sand and a commercially available vibration

) material (this being used simply to hold the sard in place) mounted on
< 17 17 sguares of double-sided adhesive backed PVC foam tape 24"
certically. 2" fiber gloss insulation batts hung between the studs.

PARAMETER VALULES:

Moo= 10 lbs/Ffr?

i, = f_, = 6000 (with no mass-loading)

ol c2
D = 8,5 inches; d = 8 inches
e = 27 feet

STC RATING: 60

COMMENTS:

A different type of mass=loading is utilized in this construction and appears to
have been successful, 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
they are not required. For practical purposes, however, a cheaper base material
is required,

APPROXIMATE COST:  $3.55/ft¢
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PROTOTYPE H — WALL

CONSTRUCTION DETAILS:

“ e 47 waoden studs, 32" on centers, staggered 16" on centers attached to

wooden plates at base and top., On both sides, 5/8" sum wallboard
S p ) gayp

P24 on center to studs. 2" fiber glass insulation batts hung between

d = 5,5 inches

STC RATING: 43

e
f,

COMMENTS:

This staggered stud construction is fairly typical of a standard construction, with
the exception that the studs are on 32" rather than 16" centers. The STC rating

of 43 is low for the construction and is completely determined by the transmission
toss at the critical frequency of 2500 Hz at which the maximum allowable deviation
of B dB is taken, An increase of only a few dB inthis frequency region raises the

STC rating to its more usual value of 46,

APPROXIMATE COST: $1.25/f?
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PROTOTYPE I —FLOOR/CEILING

UCTION DETAILS:

e 10 wooden joists, 24" on centers, on one side of which is nailed 1/2"
od . Spot lominated to the plywood (at 12" on centers) are sheets of
lywood and 5/8" gypsum wallboard which in turn are spot laminated at
47 on centers, On the other side, sheets of 5/8" and 1/2" gypsum
simiforly laminated, are mounted on 1/4" x 1" x 1" squares of

d adhesive backed PVC foam tape. 2" fiber glass insulation batts
g diagonally between the joists.

A0 Ao b AL
PARAN

ROVALUES:

M = 12 lbs/R?

My = 5,3 tbs/ft?; msy = 4.6 lbs/ft?
foy = 1400 Hz; fes = 2500 Hz

D = 12.6 inches; d = 10 inches
2 .= 2 feet

STC RATING: 62
HC RATING: 49 (with vinyl tiles)

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 its 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, ot least with
the vinyl floor covering.
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PROTOTYPE J — FLOOR/CEILING

CONSTRUCTION DETAILS:

27y 18" wooden joists, 24" on cenfers, acting as a simulated subfloor system,
side of which is 2" reinforced concrete. On the other side, 1/4" hard-
mass loaded with asphalt roofing paper to approximately 4 lbs/ft? mounted
A7 Tx 17 squares of double sided adhesive backed PVC foam tape.

ass insulation batts are hung diagonally between the joists.,

ROYALUES
Mo = 32 ibs/f
m, = 24 lbs/ft? my, = 4 lbs/f
f. = 400 Hz; f = 4000 Hz
ol c?
D = 20.25 inches; d = 18 inches
e = 2 feet

STC RATING:

“J
a2

[TC RATING: 59 (with vinyl on cork)
60 {(with carpet)
73 (with carpet and foam pad)

COMMENTS:

The measured 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 graphjare 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 undemeath the carpet does result in a substantial reduction.
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PROTOTYPE K — ROOF/CEILING

CONSTRUCTION DETAILS:

T
i
o

[

, 307"on centers, on one side of which is 2" reinforced
te {my ). On the other side, a lightweight steel channel is nailed per-
~ularly to the main joist direction, to which is mounted 1/2" and 5/8"

o wallboard (m5) spot-laminated at 24" on centers, by means of 1/4" x 17
squaras of double-sided udhasive backed PVC foam tape, 24" on centers,
e glass tnsulation batts are hung diagonally between the joists.,

Wooten joists

¢
20

= 30 lbs/ft?

m = 24 lbs/ft2; my = 4,6 lbs/ft?
fe! = 400 Hz; fcz = 2500 Hz

D = 15 inches; d = 12 inches
& = Z feet

STC RATING: 69

COMMENTS:

The effect of coincidence in the 2" concrete roof in this construction is evident
at 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.

-130-




2" Reinforced Concrete
= 2% 10" Wooden Jolsts Simwlating

' Floar Substrugturs

RN

“ AT 4
R N

A R

[,

!
i
if,a

= Ligh

- PIC Foatn Tope

(‘3{?; S

% e
“ig' Y @

2O|‘t|{1|211f11li|

STC &9

k]

|

L

63 125 250 500 1000
Frequency, Hz

Figure 65. Transmission Loss Values for Prototype K

~131-

2000

4000

8000




PROTOTYPE L — ROOF/CEILING

ded 1o 4.2 Ihs/ft? (m,) with asphalt roofing paper, On the other side,
s of 5/8" gypsum wallboard (m,) spot-daminated at points 24" on centers,

i, = 4,2 tbs/ft%; my; = 5,6 lbs/ft?
f. = 2000 Hz; F, = 2500 Hz
D = 12 inches; d ?.5 inches
& = 2 feet

STC RATING: 863

COMMENTS;

construction is 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

re backed PVC foam tape 12" on centers vertically and horizontally,
d of 2" x 2% lumber, to which the gypsum wallboard and the

1780 brdbhocird ware ilad
PO harcdpodr ware naiied,

2.6 1bs/ft?

ma =
2, my = 0,7 lbs/ft2
Em = (unknown) FC2 = 2500 Hz
f = 5000 Hz f = 10,000 Hz
ol C4
0 = 3 inches
& = 1 fnof

STC RATING: 43 (sealed)

COMMENTS:

Of major interest in this construction is the tectum which is a porous material
and hence provides both mass and absorption, With the 1/8" hardboard spaced
away from the tectum, a double panel characteristic is obtained without the
need for large, empty cavities that are wasteful of space,
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PROTOTYPE N — WINDOW (SEALED)

COMNSTRUCTION DETAILS:

LAY (my) and 3/16" (mg) plate glass panels mounted 8" apart in two sides of an
solated, high transmission loss wall system (STC 69). The perimeter of the assembly
ectively sealed without introducing significant sound bridges and 2" fiber
ulation board was placed around the perimeter,

JES

5.7 lbs/ft?
m = 3.3 lbs/ft%; my = 2.4 lbs/ft?
£ = 2400 Hz; f = 3200 Hz
LR c2
iy = 8.4 inches; d = 8 inches

STC RATING: 54
COMMENTS:

The need for complex and costly perimeter gaskets is partially eliminated by
placing the two glass panels in separate panels of a high transmission double
panel construction. At high frequencies, greater than 300 Hz, the transmission
loss s determined by the degree of isolation between the two panels of the wall
and by the lack of a full layer of absorption in the airspace.
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PROTOTYPE O — WINDOW (OPERABLE)

CONSTRUCTION DETAILS:
yand 3/16" {m,) plate glass panels mounted in standard aluminum sliding

s 8" apart in two sides of an isolated, high transmission loss wall syster
). The penme’?ef of the assembly was effectively sealed without introducing
it sound bridges, and 27 fiber glass insulation board was placed around
Metal channels containing neoprene seals were screwed to the
movable section of each window.

A = 5,7 lhe/ft# .
iy = 3.3 ths/ft%; mo = 2,4 lbs/ft?
§ = 7, > =

o 2400 Hz; fe: , 3200 Hz

D = 8.4 inches d = 8 inches

COMMENTS:

The effect of the neoprene edge seals is evident in the frequency region near
1500 Hz., The STC rating of 50 is just 4 points lower than for a sealed double

window - see Prototype N,

-138-



,,,,,,

STC 50

!I!iii!l!!!!iilgiltlli

63 125 250 500 1000 2000 4000 8000
Frequency, Hz

Figure 69. Transmission Loss Values for Prototype O



Summary of Experimental Prototype Results

In order to present the results in o simplified summary form, the perfor-
maonce of the various prototypes has been rated in terms of two single

s a combination of which indicates whether or not a particular
fruction achieved the goals presented in the contract. One of the
feations used 1s the familior STC method. In nearly every case,
he determining factor in the classification of the measured
‘or the prototypes using this method is the value ot 125 Hz. Thus,
 tigure for these prototypes is purely a low frequency classification.
ﬁ Btain o classification of the constructions in terms of the
sured gmf“ﬂrmance results at high frequencies, it was decided to use
the SIL (Speech Interference Level) method. The SIL figure is the numeri-
el e:nmmqe of the measured transmission loss values in the 500, 1000 and
2000 Hz octave bands, A combination of the two methods of classifi-
cation enables a clear picture to be obtained for the overall performance

of the prototype constructions,

The results of the prototype tests are condensed in Table 4 to illustrate the
most important features, This table briefly describes the basic construc-
tion of the various prototypes; it includes the mass and the single~figure
methods of classifying the performance. Additionally, there are three
columns that relate to the goal of the contract, The fourth column shows
the percentage (F) of the 16 measured frequencies at which the measured
results atfain or exceed the 20 dB requirement, The sixth column shows
the difference in dB (ASTC,,) between the STC figure for the measured
v czﬁ m‘ transmission loss c:nd the STC figure for the calculated mass law
line, The final column is similar, except that differences in the SIL

] gums are presented.

A study of the ASTC_ and ASIL  columns presents a picture of the
relationship existing between the low and high frequency results, It is
revealing to compare the figures for the prototypes with those for the
standard type of staggered stud wall (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 wall (Prototype A) has significantly
greater performance than that of the standard, 14 dB in STC and 18 dB in
SIL transmission loss,
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TABLE 4

YPERIMENTAL PROTOTYPE TEST RESULTS

P

. |
Totai Tetai i
Mass Thickness Deasign KN
{bs/Te<) {inches) Type F(%Y | STC | ASTC Lo ASIL
N ’ m m
fa) Walls
Moditied gypsum- | 8,5 8- 1/2 1 8 | 57 17 e | 21
hoord staggersd
stud
B. Plywood/loaded 9.2 8~ 3/4 It 24 &7 24 74 2%
hardboard double
wall
C. Tiple gypsum= 16.7 13~1/2 1 100 | 76 25 |81 | 33
board {leminated)
D, Double gypsum~ 16.7 1-1/2 I 94 49 22 74 26
beard {leminoted
£, 4% concrete/loaded| 52 10 = 1/2 I 19 72 i5 76 17
plywood double
woll
F. 2" concrete/loaded | 24 10-1/2 I 0 48 ) 70 16
plywood double
wall
G. loaded fiber glass | 10 8~ 1/2 1 13 60 17 1 16
double wall
H. Stondard staggered
stud w/gypsum 6,2 6~ 3/4 - 0 43 4 45 4
board ,
() Floor/Ceilings
1. Modified 12 12~ 5/8 1 13 62 19 63 18
wood joist
J. 2% concrete/loaded | 32 20 - 1/4 [ 50 73 20 79 24
hardboard
{c) Roof/Ceilings
K, 2" concrete/ 29.5 15-1/8 1 19 &9 16 73 17
laminated gypsum-
board
L. loaded plywood/ 11.4 11-1/8 1 38 63 18 &7 19
gypsumboard
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The average values of ASTC,, and ASIL,, 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 o similar manner, the results of the other major structural elements, roof/
cailing and floor/ceiling, give averages at about 19 and 20 dB, respectively.
It should be emphasized, however, that these single-number figures of
fransmission loss represent only an approximate method for classifying the

g

he results of the tests on the Type Il prototypes demonstrate that Type [I
performaonce (i.e., better than FHA Grade I) is generally obtained; in some
coses, it is exceeded, The results of the tests conducted on constructions
oredicted to be of Type | (i.e., 20 dB better than mass law) are varied.
Becouse of the low frequency anomaly* in the test results, which reduced
the observed values of transmission loss at low frequencies, the values
obtained in this frequency range do not meet the "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 law is the presence of the coincidence and shearing effects in the
concrete panels which reduce the single panel transmission loss to 5 to

10 dB below the mass law over most of the frequency range. In all 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 follows:

* The transmission loss of the dividing wall between the source and receiving room
deteriorated 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 af the end
of the experimental prototype tests,
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o The methods of predicting the transmission loss of multiyie panel con-
structions with sound bridges as detailed in Section 2,,1~’~ i provide values
Mm are in fair agreement with measured values. With the exception
of some of the constructions containing concrete panels, the pre-

ts ave normally conservative estimates of the measured per-

This is partly because the true affect of wall isolators is

ac i the theoretical predictions,

vail’g

s The concepts of spot-laminating and mass-loading single panels
appear to he Au;?me:‘i‘ory methods of obtaining higher masses without
significantly increasing the stiffness of the panels. More refined
me} 51005 may be required for the fabrication of mass~loaded panels,

o  The 20 dB requirement can be satisfied; in fact, an excess of 30 dB
greater than the mass law at frequencies above 315 Hz was obtained
with the triple panel of Prototype C. The 20 dB requirement was not
quite satisfied in the double panel of Prototype D, perhaps due to the
low frequency problem in the Transmission Loss Facility.

@  The techniques of peint-mounting and spot-laminating can be applied
o existing constructions to provide a substantial increase in the

acoustic performance.

&  The resuits from the tests conducted on Prototype B indicate that it is
possi Mm to nail or screw through the point isolators without reducing
the values of transmission loss by more than a few dB. This is on
important result, as one of the main reasons that some of the experi-
mental profotypes are not fully practical is to be found in the method
of mounting the panels.

Practical Prototypes

The results gained from the experimental prototype fests provided valuable
indications of the applicability of the theory to the design of building elements,
To put the theory into use for the design of practical constructions, it was
decided to select goals that included not only very high values of transmission
loss but also moderate values of low cost. Three ranges of STC values were
considered — namely, 40-50, 50-60 and 60-70 - for each of the building ele-
ments, as shown in the matrix of Table 5. The STC range 50-60 covers that
required for FHA Grade | and Grade Il constructions. A fourith 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

5&;; ]d;n;;g STC Rcﬁng
lement 43-50 50-60 60-70 20 dB
| {45} —— ———
(55) (70)
(66) 67 (64)
Floor/Ceiling s 66)
Window (55) — —
Daoor (43) —— —

it 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
are 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 loadbearing or non-loadbearing
and of either conventional or new construction, whether this be represented by
the choice of new materials or by construction techniques. This, of course,
leads to a very large number of combinations from which eight final con-
structions 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 to 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 overall 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 1 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,
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Secend, os 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 Il require-
ments at low cost, This was preferred over systems that provided higher trans-
mission ﬂmsy even though the cost per STC value for these was com=-

le fo or less than that for the one selected. Consequenfiy, a party wall
ding an STC rating of approximately 55 was included. In addition, an
ior dwelli f

3 wall of simple construction having an STC rating of 45 was
ah "ghw rating than nomally associated with this type of
ained of o fairly low cost.

cluded in the selections for testing were two exterior walls designed for

i external noise environment (STC 62 and 67 without meeting the 20 dB
requirement) and o floor/ceiling design suited for low~rise buildings (STC 63).
Finally, o window with an STC rating of 54 and a door of STC rating 43 were
included to be tested in combination with two of the walls,

a. Material Considerations

The materials that were used in the prototype constructions were limited
mainly to gypsumboard, concrete, hardboard and plywood. The thickness
of these materials was chosen for the specific application. Each of these
materials, of course, could have been replaced with any other material,
provided the physical properties of the replacement 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,

[+ will be noticed that extensive use has been made of the laminating or
mass-loading technique to increase the mass of a panel without sub-~
stantially changing the stiffness. Since both methods achieve essentially
similar results, it is of interest to discuss the rationale 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
lominate 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 would be carried out in a factory, The material

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 obtained

at o reasonable cost more efficiently than by using laminations.

cull to estimate the relative cost of panels fabricated by these
rigues becouse of the unknown tooling expenses that would be
However, inspection of the cheaper building materials indicates
nboard panels are extremely omenable to being laminated,
wardboard or plywood (which are less massive than gypsumboard in
2 common thicknesses) would require mass-loaded configurations,

ninated gypsumboard would be the cheaper of the two methods,
pravided only small increases in mass are required. For larger masses,
mess~ioading would probably be more cost/effective,

At this point, o word is in order concerning the designs and costs of the
profotype constructions, Incorporated in these constructions are several
techniques or materials that are not used in common building practice
today. The methods of utilizing the techniques and the materials chosen
are considered to be reasonably practical and cost/effective. Because
they have not been extensively tried out in the practical confines of -
building 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
are the best method in each case. Such a statement could be made only
after several years of experience with application of the new concepts.

It can be anticipated that many, if not all, of the techniques would under-
go substantial changes before the final constructions actually appecred at
the building 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 building codes require the use of non-
combustible materials for all but interior walls and partitions. The
materials that constitute the proposed constructions are 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
oroperties 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 fire 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 allow accurate estimates
o he made. In the case of non-loadbearing constructions, it is antici=

oy

e

d that the fire resistance requirements will be met. The only

ining auestion may be with loadbearing constructions with PVC foam
their equivalent, included in the method of fastening.

nce the panels are nailed through such isolators, o failure of
i ¢ should not affect the structural integrity of the construction.
sonclusion, it is considered thot the majority of the proposed con-
cifons can be expected to provide adequate fire protection.

2,

BS, O

eOPRa

Design and Measured Resulis

Full descriptions of the eight practical prototype constructions are given in
thiz section together with their acoustical performances, Included in the
construction 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 edition of the National Con-
struction Estimator (Reference 16) as far as this is applicable. In cases
where the material or type of construction is uncommon to present building
technology, attempts have been made with the assistance of an experienced
architect to obtain a realistic estimate. Costs are based on the material
and {abor rates applicable in the Los Angeles area in 1971-72, which is
fairly typical of the rates in other large cities across the nation. In the
smaller cities, the costs may be somewhat lower.

The elements represented in the prototype constructions are as follows:

Prototype Building Element
1 , Interior Wall
2,3 Party Wall
4, 5,7 Exterior Wall
Window
8 Floor/Ceiling
2 Door

~147~



PROTOTYPE 1 — INTERNAL WALL

2N DETAILS:

den studs, 24" on centers, aitached to 2" x 4" wooden plates at
fop.  On one side, 1/2" gypsum wallboard (m;) nailed to studs.
other side, 1/2" gypsum wallboard (m, ) nailed through 1/4" x 1% x

vares of PVC foam tape. 3-1/2" fiber glass batts hung between the

L woo

R I o e = F e 2
ESTIMATED COS5T: $1.00/#

M = 4,2 ths/f?

i, = 2,0 lbs/ft?; m, = 2.0 lbs/ft
fcgr = 3000 Hz. ‘Fcz = 3000 Hz

D = 4=7/8 inches; d = 3-1/3 inches
& = 7 feet

STC RATING: 45

COMMENTS:
The agreement between calculated and measured results is good over the
complete frequency range., The STC rating of 45 is good for an internal wall
and approaches that for a standard staggered stud wall with 5/8=inch gypsum-
board panels, which is both more massive and more costly (see Experimental
Prototype H),
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PROTOTYPE 2 — PARTY WALL

ind top. On one side, 5/8" gypsum wallboard (m,) nailed 24" en
ally. On the other side, two sheets of 3/8" gypsum wallboard

rinated 12" on centers nailed to studs through 1/4" x 1" x 1"
PV foam 24" on centers. 3~1/2" fiber glass batts hung between

COST: $1,21/8°

PARAMETER VALUES:

M = 7 lbs/ft’

m, = 2.6 lbs/ft?; m, = 3.0 Ibs/ft’
i::i = 2500 Hz; Fcz ~ 4000 Hz

D = 7=1/8 inches; d = 5=1/2 inches
e = 2 feet

STC RATING: 54

COMMENTS:

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 wall, both in terms of STC rating and cost.
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PROTOTYPE 3 — PARTY WALL

SN DETAILS:

ced concrefe panel {m, ) on each side of which are sets of 2-1/2"

i on centers attached to 2-1/2" steel channels at base and
hoside, two sheets of 1/4" gypsum wallboard (m, ) spot laminated,
ewed through 1/4" » 1% squares of PVC foam tope, cf poinis
ically, 3-1/7 fiber glass batis hung between studs in each

PARAMETER VALUES:

M = 27 lbs/ft
My = 22 lbs/ft?; m, = 2 |bs/ft?
5:“(:1 ~ 630 Hz; fcz =~ 5000 Hz

2-1/2 inches

i

= 8 inches; d

= 2 feet

&
{

STC RATING: 72

COMMENTS:

This triple 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 rooms.
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PROTOTYPE 4 — EXTERNAL WALL

psum wallboard (mj) spot laminated 127 on centers,
* x 1" squares of PV foam tape at points 247 on centers
3-1/2% fiber glass batts hung between the steel studs.

"y
Asr ‘a

M = 26 lbs/ft’

m, = 22 tbs/ft; m, = 2 lbs/fr

fe., ~ 630 Hz; e, ~ 5000 Hz

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

[4

STC RATING: 64

COMMENTS:

This construction provides a high STC rating at low cost and is extremely thin —
only 5 inches overall. Applications include exterior and party walls. Of all
the prototypes listed, it is probably the construction with the widest range of
applications,
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PROTOTYPE 5 — EXTERIOR WALL

UCTION DETAILS:

2% veinforced, modular concrete wall (ml ), 4' wide, with two sheets of 1/4"
tboard (m; ), spot laminated at points 12" on centers, nailed

4" 5 1 o 17 squares of PVC foam tape 24" on centers, 3=1/2"

ts hung in the cavity,

SMETER VALUES:

» = 26 ibs/ft?

m, = 22 Ibs/ft°; m, = 2 lbs/ft
51 ~ 630 Hz; Fc2 = 5000 Hz
D = 8-3/4 inches; d = 6 inches
@ = 2 feet

STC RATING: 43

COMMENTS:

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

1/4% (m,) plate glass panels mounted in metal channels 8"
riin fwo walls of an Tsolated , high transmission loss wall system (Proto=
5, 5TC 63). The perimeter of the assembly opened into the cavity of

wall which contained 3=1/2" fiber glass batts.

L L I SO N
i Ly g dngd

Unknown ~ will depend largely on the cost of a practical type of frame.

PARAMETER VALUES:

M = 5,7 lbs/ft

m; = 2.4 lbs/ftt m, = 3.3 lbs/ft?

fuq = 3200 Hz fe, = 2400 Hz

D = 8=7/16 inches d = 8 inches
STC RATING: 61 in combination with the wall of Prototype 5.

COMMENTS:

The 5TC of 61 for the combination of exterior wall and window is well suited
for high external noise environments. Since the glass panels are located in
partially isolated walls, there is no requirement for complex gaskets.
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PROTOTYPE 7 — EXTERNAL WALL

ONSTRUCTION DETAILS:

, 24" on centers, with 0,025" prefinished steel siding riveted
and ,;immfs:d with stucco (m,) to a depth of 1", On the other
rempersd hardboard mass loaded to 4 Ibs/f? nailed through

1" squares of PVC foam tape, at points 24" on centers verti-
wirdbourd was loaded with foose sand contained in a plastic
ing o matrix of enclosed pockets. 3-1/2" fiber glass batts

3

the shuds,

M = 35 ibS/ﬂ'z

my ~ 9 lbs/f? my = 4 lbs/ft?
fcz ~ 430 Hz fez = 5000 Hz
D = 4-1/4 inches d = 5 inches
e = 7 fest

COMMENTS:

This construction was an attempt to achieve the 20 dB requirement at fre-
quencies greater than 200 Hz. The main reason for its failure to do so

is the effect of coincidence at 630 Hz. The transmission loss is, of course,
well in excess of 20 dB greater than the measured values for the stucco
alone, which provides most of the total mass.
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PROTOTYPE 8 — FLOOR/CEILING

NSTRUCTION

of 1/27 fiber glass insulation board on top of which is floated
‘plywoed nailed to 7/8" x 7/8" wood stripping, 16" on
; cose sand in the cavity space formed. On the ceiling side,

efs of 1/4" gypsum wallboard (m;) 2' in width, spot laminated at

27 o centers, such that during installation nails are driven through
one layer of the laminate. The nails were driven through 1/4"x 1" x 1"
squares of PVC foam tape. 3-1/2" fiber glass batts hung diagonally between

-
i
i

the joists,
ESTIMATED COST:,  $2,17/87

PARAMETER VALUES:

M = 17 lbs/ft?

iy w11 fbs/R ms = 2 lbs/ft?

fel = (unknown) o2 = 5000 Hz

D = 14=1/2 inches d = 11-1/2 inches
& = 1,6 feet

STC RATING: 63
IIC RATING: 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
greater than the mass law at all frequencies above 250 Hz,
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PROTOTYPE 9 =DOOR

COMSTRUCTION DETAILS:

ction of 1/4" tempered hardboard (m}, 1/2" gypsum wallboard (m ;)
" cemented wood shavings (m3) (Tectum) in a wooden perimeter frame,
rempered hardboard {mg} mounted on 1/4"x 1" x 1" squares of
v tape. Compressed neoprene gaskets installed on the door frame.

fyor i
Unlknown)

) = & lbs/ft?
i = 1.4 tbs/ft’ Mo = 2 lbs/ft?
ig = 1,5 lbs/f’ ma = 0.7 lbs/ft

STC RATING: 46

COMMENTS:

This construction provides an STC rating greater than that of the experi-
mental Prototype M which implies that either that the seals were more
efficient or that the construction method was superior. The rating of 46
is good for a single door, and could be effectively increased by the addi-
tion of a foyer. As such the door would be well suited for external
application.
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Summary of Practical Prototype Results

Measured and predicted results of transmission loss for the practical proto-
types are presented in Table 6 in terms of the STC rating and the trans-

" r loss in the speech interference range of frequencies. The first

> be noticed is the generally good agreement between the measured
edicted values, Prototype 3, a triple panel construction, as

i successfully meets the 20 dB requirement ot all frequencies in

ge 200 Hz to 4000 Hz, with an overall thickness of only 8 inches.
Her woll designed to meet the 20 dB requirement, Prototype 7,

=d o do so because of the effect of coincidence in the concrete panel.
From this and previous results on double panel structures, it appears that
the 20 dB requirement cannot be satisfied if one of the panels is of con-
crete, even though the overall transmission loss is more than 20 dB in
excess of the transmission loss of the concrete panel,

More 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
and a mass of only 7 lbs/ft%. Prototype 4 could be either a party or
exterior wall, providing an STC rating of 64 with an overall thickness of
only & inches. In both cases the costs are low.

TABLE 6

SUMMARY OF MEASURED AND PREDICTED VALUES OF TRANSMISSION
LOSS FOR THE PRACTICAL PROTOTYPES

Mass T?ivci:iis Esr(l:ZsaftEd S1C SIL—TL”

Prototype (Ibs/ft2) | (Inches) | $/ft? Estimated | Measured | Estimated { Measured
1. Interior Wall 4,2 4-7/8 1.00 45 45 50 50
2, Party Wall 7.0 7-1/8 1.21 55 54 54 56
3. Party Wall 27 8 2.18 70 72 75 77
4, Exterior Wall 25 5 1.34 66 64 70 67
. Exterior Wall 26 8-3/4,] 1,59 67 43 &7 64
7; External Wall 15 13-1/2 2,25 64 61 66 63
8, Floor/Ceiling 17 14-1/2 2,17 66 63 68 73
Door 7 3 - 43 46 - 48

*Transmission loss of construction in the frequency range most important for speech inter-
ference, i,e,, the octave bands centered on 500, 1000 and 2000 Hz.
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Prototype 1 is an excellent interior wall configuration with a mass of
only 4.2 lbs/ft? and an STC rating of 45, which is similar to that for a
common staggered stud wall with 5/8-inch gypsumboard — see Prototype H.

[ and window zombination of Prototype 6 provides an STC rating

n 15 only 2 points less than that of the wall alone. Note that

of placing the two glass panels in the two partially isolated

s in aptimum performance of the window unit without the need

nt gﬁqm&v The door of Prototype 9 gave an STC rating of 46
ition of good quality vinyl bulb seals,

an foists amd a ﬂcmr loaded with sand, provcdes an Impact Insulation
s (11C) of 50 with no covering. The cddmon of an indoor/outdoor
tvpe carpet with an infegral rubber under-pad improves the I1C rating to
a value of 64, emphosizing once again the value of including the carpet
as part 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 clear;
the cost/effectiveness of the prototypes is superior to that of existing
constructions and improves relatively as the STC increases. In particular,
it appears that STC ratings in the range 60-70 can be obtained at
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 B0, Again, the data for existing constructions has
been taken from the HUD Noise Control Guide (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 walls — see Prototype 1 — with a significant reduction in
mass from that of existing constructions.

@ 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 of 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 10 to 12 points
greater than the STC rating according to the mass of a structure.
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TABLE 7

DESCRIPTION OF STANDARD CONSTRUCTIONS

INCLUDED IN FIGURE 79

W

Inclusive of studs,

Laboratory data from Reference 4 with the exception of construction f which

is o Wyle measurement,

Mass* -
N {Description (Ibs/ft?) STC $/ft?
{;!‘ ‘ ”:y"’” thick brick woll with 1/2" plaster both sides, 100 52 2,52
b Double wall of 4-1/2" brick leaves separated by 2" air cavity - 100 54' 2.79
ao Hes, 1/2" plaster on exposed surfaces, ‘
c Hollow cinder blocks 4" x @ x 16" with 5/8" sanded gypsum % 46 1.33
plaster both sides, ’
o & thick concrete wall with 1/2" plaster both sides. 80 53 1.97
@ 5/8" gypsumboard and 1/2" sound-deadening board on both
sides of 2" x 4" wood studs, 16 inches on center, two 10 50 1.62
separate 2" x 4" wood plates, floor and ceiling, spaced 2" '
apart,
§ 5/8" gypsumboard on both sides of staggered 2" x 4" wood studs,
16 Inches on center, One layer 2-1/2" foil-backed fiber glass 6.2 43 1.25
in cavity,
g ?/.80” gypsumbaard on both sides of common 2" x 4" wood studs, 7.2 35 0.87
16 inches on center.
h 1/2" wood fiberboord and 1/2" sanded gypsum plaster on both 12.6 42 1 .48
sides of common 2" x 4" wood studs, 16 inches on center, ) )
i 3/8" gypsum lath and 1/2" sanded plaster on both sides of 15 4% 1.12
2" x 4™ wood studs, 16 inches on center, :
i Double wall with 4-1/2" thick brick leaves, 6" cavity (no ties) 120 62 2.80
: with 1/2" plaster on 1" wood wool slabs mortared to each well, ’
ke Double wall, 3~5/8" metal channel studs 24" o,c. with two
layers of 5/8" gypsum wellboard laminated. 1-1/2" mineral 11.5 55 1.80
fiber felt in cavity.
#
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EXTERNAL STRUCTURES

> fransmission loss of the exterior walls is only one method of

2 levels in residences. A barrier around a building or at specific
ind o building con also reduce internal noise levels; of greater
however, it may also reduce the levels in the immediate outdoor
nd the building, thus improving the local outdoor noise environment.
2 rasults of o recant study (Reference 17) on the feasibility of soundproofing
homes near oirports, gave on indication that if the local external noise levels
sxceed o certain valus — approximately 80 dB (SIL) in this case — no amount

of acoustical treatment to the building could make it satisfactory for living
because the external levels are too high. The possibility of using external
barriars thus required further investigation.

SHIELDING BY BARRIERS

A review of the published literature shows that the insertion loss of barriers —
the difference in dB between noise levels before and after the introduction of
the barrier — has been treated both experimentally and theoretically
(References 18, 19, and 20). Figure 81 (Reference 18) shows experimental
datg taken on a semi-infinite screen in free space.

g T T } T Y ""“l Y T T

3¢ -
x = Wavslength of Sound

25 - -
o
a

V:ZO - by
8
<
8

€ls b 4
€
g
=

10 -

Receiver
Source
5 - -
8= A+8~C
4] l t | ! i 1 lllx]xi 1 Llll,le.
«0.1 0 0.1 1 2 5 10 20 50 100
N = 26/

Figure 81. Experimental Curve of Insertion Loss by a Semi~Infinite Screen
in Free Space as 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 > 1, but is altered to allow a straight line to pass through zero
to negative numbers of N. The condition for N = 0 exists when the

source, receiver and top of the barrier lie on a straight line. The theoretical
of insertion loss given in Figure 81 are for the condition where the
receiver are situated in free space. It is to be expected that the
will differ somewhat if reflections from the ground plane are taken into
areount. The curve of insertion loss with frequency then exhibits maxima and
“ima dus o the effects of interference between the direct and reflected paths.
i, 17 o barrier is situated close to the wall of a building, reflections
this wall will reduce the effective insertion loss of the barrier.

A meosurement progrom was conducted to evaluate the acoustic performance

of harriers located close to large reflecting surfaces. The measurements were
taken using a 1:6 scale model of a barrier with a rigid reflecting ground plane.
In some cases, the vertical barrier was modified to include a 45 or 90-degree
everhang. The effect of back reflections from a second barrier (i.e., house
wall) was also studied. An electrostatic speaker was used with a reverse horn
flaring down to a 1-inch opening to approximate a point source of sound. The
measurements were taken 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 Full Scale
One-Third Octave Band One-Third Octave Band
Center Frequency (Hz) Center Frequency (Hz)

2,500 400
4,000 630
6,300 1,000
10,000 1,600
16,000 2,500
25,000 4,000
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The height of the receiving microphone above the ground corresponded to
3.5 feet in the full scole dimensions. This value remained constant through-
st the series of measurements, Figure 82 is a diagram of a typical measure~-
onfiguration showing the locations of the barrier (with overhang) ond

[ PPV 1§ IR 5 PI% SN
CivE ey el :i‘?*ﬁ!!ﬁlg surrace.,

1

i

Reflecting
Surface

48¢ 17

R
&

enfiisnd 5; -

Barrier r‘
\

i 3.5

SR A L AT AT A AL A A A ALy L Al

Receiving Micrephone

Figure 82, Configuration for Barrier Measurements —
Full Seale 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 full scale to the rear of the barrier,

The results of the measurements are 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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g

10

12
13
i4

16
i7

TABLE ¢

EQUIVALENT FULL SCALE DIMENSIONS OF
SOURCE-RECEIVER-BARRIER CONFIGURATIONS TESTED

o

o0 oo o

24
24

(83

Overhang
Rear Angle Length
Barrier 8 Feet

é - - _
3.5 8 24 ; -
3.5 6 - - -
3.5 6 24 - -
3.5 8 - - -
3.5 8 8 - -
- 8 - -
3.5 8 - 45° 6
3.5 8 24 45° 6
3.5 8 - 45° 6
3.5 8 8 45° 6
3.5 8 24 45° 6
3.5 8 - 45° 6
3.5 8 24 45° 6
3.5 8 - 90° 6
3.5 8 8 90° 6
3.5 8 24 90° 6
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The following conclusions can be drawn from the results:

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 introduces 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 increases.

The presence of the rear reflector reduces the insertion loss provideu by
the barrier alone by 2 to 8 dB.

The inserfion 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



maximum height of the reflecting wall is approximately 10 feet, so the
data for 8-foot reflecting surfaces is applicable. For high-rise buildings
with baleonies, the insertion loss is small unless the length of the balcony
i ioerobly greater thon its height. At low frequencies, the effect of
reflector was negative in some cases so that the noise level

ssed rather than decreased as a result of introducing the barrier.

oss for all configurations decreases morkedly as the height
> cibove the ground increases. As a result, a barrier affords

With the source 8 feet obove the ground ond 4 feet (full scale) from the
parrier, computed and measured values of the insertion loss for configura-
vions #10 and #15 (see Table 9) are both very similar to the computed
values for a barrier of height 14 feet. Thus, there appears to be little
justification for the use of an inclined barrier or overhang such os
itlustrated in Figure 87,

in summary, o barrier located near a building can provide a significant reduction
in exiernal noise levels, provided that the source is close to the ground. In all
coses, the reduction will be less than that obtained without the rear reflecting
surface. However, the effect of reflections from this surface can be ~educed by
the application of an outdoor absorption material such as cemented wood shavings.
Thus, it is possible to improve the outdoor noise environment and in so doing
perhaps increase the satisfaction that can be obtained by improved noise reduc~
tion provided by the building structure.
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5.0

COMNCLUSIONS AND RECOMMENDATIONS

maans of a series of laboratory tests conducted on experimenial
| prototype constructions. The cost/effectiveness of the practical
¢ has heen compared to that for existing constructions in common

iple conclusions from this study are as follows:

#  The transmission loss characteristics of single panels and multiple panels
with sound bridges can be determined accurately by means of a set of
simple expressions — see Section 2.4,

& The design expressions given in.Section 2,4 can be applied directly to
the optimum design of building elements providing high values of trans-

a

mission loss.

e 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 meeting the
requirement are {imited in use to high noise level areas.

@  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
important to assess the performance of the improved constructions under field
conditions,

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
acoustical characteristics can be compared to those of existing constructions,
At the same time, the structural and fire resistance properties of the new con-
structions should be examined, and modifications 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

The methods of utilizing these two techniques in the constructions

ire cansidered to be realistic and cost/effective, but because they have

ried out in field installotions, it is premature to state that these are

methods, The physical properties required of the component materials

en examined in the main body of the report and can be considered as

mance requirements for future designs. It remains for industry to develop
sterials and material configurations so that the performance requirements
mef ab low cost,

inciusion in a computer program that could be used to design constructions to
specific performance requirements. For example, the input of parameters such
us moaximum allowable mass, overall thickness, required STC rating or preferred
materials could be sufficient for such a program to define alternative structures.
Alternatively, the reverse procedure could also be adopted, and the STC rating
or required mass determined given certain material constraints. A versatile com=
puter program such as this might prove invaluable to HUD as an aid to designers
and builders in the design of all types of constructions, from high-rise apartments
down to single family residences. Moreover, it need not necessarily be a com-
plex program requiring sophisticated computer facilities.
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APPENDIX A

VINATION OF THE TRANSMISSION IMPEDANCE
OF ASINGLE PANEL

situated in the plane z = 0 with the coordine
y}. The equation for bending waves on th
ary inertio, can be written as follows (Re

where

3

the Loplocion operator

p_ = density of panel material
h = panel thickness
p = shear modulus of panel material |

B = bendihg stiffness of panel

il

Ap

sound pressure differential across the panel

£ = panel displacement

It will be assumed that the panel is subject to excitation by an incident sinusoidal
plane acoustic wave of the form:

P(Xr)’fz) = Po Fix,y,z) exp(jwt) (A2)

A=l



where

i by FEIGOITY O Thie

o z} o ) £
b Fl,y,0) exp(jw t) {43

Similarly, the ncoustic pressure differential existing between the surfaces of the panel

will be of the form:

Apl,y,0) = A Pe Flx, v, 0 exp(jw t) (A4)

and the panel velocity can be written as:

vk, y) = jwél,y) (A5)

Inserting Equations (A3), (A4) and (A5) into (A1) ond performing the operations with
the operator 72 results in the expression:

3 3 2 2
O Bp pn?\h ‘ BK2sict 8 pmh Y
gkfisinA@u(JM +__L_m) u2k2 » 2 4 2 T j‘k’ 1+ }_lh - ?ZH Apo

(A6)
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ratio of gooustio

o

P 6L

> gives an expression for the impedonae 7

N N I l . . 4 m k

jpieh - + \]) e 5in? @l w = | = sin® @ F e m‘?‘t
7 . q[ x\ ﬂ? U ,:] C i c4 T?}j g
B 2 2

5 h®w
N Bw?sin? 6 P
uelh 12 (A7)
where
;3
; h . ‘
Bom . st s 3 . )
12(1=¢?) IR
E = Young's Modulus for the panel material
g = Poisson's Ratio
If the thickness h of the panel is much smaller than a wavelength, then:
wh << 1
and Equation (A7) can be approximated by the expression:
. Buw' .4
Z=jlup_h - sin’ @ (A8)
m 4
c



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 8 where a minimum is
exhibited. However, at low values of 8 the second term is very small, Therefore,
the denominator can be approximated by neglecting the third term. In the numerator,
cord term in the right=hand bracket is much less in value than the first; again,
ot ai fow ungles of incidence., However, low angles of incidence are of major
saly ot frequencies below coincidence; at these frequencies, the
hracket can be ignored in comparison to the mass term in the left-hand
u result, it is possible to neglect the second term in the right-hand
Yith these approximations,it is possible to express Equation (A7) to a
proscimalion for the general cose as:

{

Bussin“ﬁ_ :
y
Z ~jup h - ] < ‘ (A9)
| + BuZsin’ @
pczh
Z Z
BS
Mojwp h -+ AT (A10)
m ZB ZS
3 o4
where ZB = Busin®8 is the bending wave impedance
¢
‘ . phosin® g .
and ZS = -] - can be shown to be the shear wave impedance.
c

Although this result is approximate, it is useful since it provides a qualitative insight
into the mechanism of sound transmission through thick panels. As presented in
Equation (A®), the impedance consists of a mass term in series with the parallel com~
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:



&

Zs bc?(1 = o)
6.6 1 hy\
- 725 (1) ATD
Thus, for panels in the frequency range where the thickness is much smaller than «

elength, the bending impedance is smaller than the shearing impedance, Since

the 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 ot high frequencies.
Under these conditions,the panel impedance will be as given in Equation (A8). Con-
versely, in the frequency range where the thickness is much greater than the wavelength,
the shearing impedonce will predominate.

Examination of Equations (A10) and (A11) shows that for the parallel combination of
banding ond shear impedances to be within 10 percent — approximately 1 dB in terms
of the transmission loss at frequencies above coincidence — of the value of the bending
impedance alone, the condition

77\,

e

must be satisfied, where Ap is the wavelength of bending waves on the panel. Thus,
for concrete (o~ 0.15), shearing effects will become evident at frequencies where
the bending wavelength becomes less than the quantity 9h. The condition given in
Equation (A 12) can be restated in terms of a limiting frequency f, above which
shearing waves predominate and below which bending waves predominate. This
limiting frequency is given by the expression:

_ c2 (1 _0,)*2.

59h?f

c

This value for the limiting frequency agrees well with measured results for concrete
panels — see Figure 6. At frequencies greater than f, the transmission impedance of the
pane! will be:
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. . phwsin?g
Z = }wpmh - | ﬁ—-—-—zm-.._.

C

O

2
ooy [1-(Far o] e

IR VI . .
/o, )" is the velocity of shear waves on the panel. The expression
wtion (A13) indicates that the panel impedance will be zero for a single
idence 8, given by: .

6, = arcsin (Ec_) (A14)

$

If e, < ¢ then 8 isimaginary and the impedance will be nonzero for all dngles
of incidence. Also, the condition ¢, < ¢ implies that the change from bending to
chearing waves occurs at o frequency less than the critical frequency; hence coin-
cidence cannot occur. This is therefore the optimum condition. If ¢, > c, not only
will coincidance occur, but a zero will be evident at an angle 6; given by
Equation (Al4), so that the transmission loss for thick panels at frequencies greater

than the critical frequency does not increase with frequency as rapidly as that for a
thin panel .

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 (A 8) —
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 are not the same — not considered
in the above treatment that may limit the validity of the expressions when the panel
thickness greatly exceeds the wavelength (Reference A 2).
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APPENDIX B

THE TRANSMISSION LOSS OF A FINITE SINGLE PANEL SUBJECT
TO REVERBERANT SOUND FIELD EXCITATION

| method of deriving an expression for the transmission coefficient 7g of o
is to consider a plane wave incident to the panel at a given angle,

ing the concept of impedance, the expression given in Equation (1) can
e To determine the transmission coefficient for excitation by a rever-
verant sound field, it Is assumed that all angles of incidence are equally probable
and thet the average value of the coefficient is given by integrating 1¢ multiplied
by an appropriate weighting factor over all angles in the range 0 to m/2. When
the transmission loss is obtained by inserting the result of the integration into
Fauation (2), it is found that the result is usually about 3 dB lower than the measured
values. The agreement between the calculated and measured results can be improved
by arbitrarily limiting the integration range from 0 to 6y (By < m/2) where 8 is
chosen simply so that the agreement is good. It is found that different laboratories
require different values of 8, for the calculated results to agree with those measured
in the loboratory. The values of 8, 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 to be no experimental justification for this assumption.

The problem of the angle of incidence occurs again when considering the transmission
loss of a double panel. At low frequencies in a double panel, the masses of the two
panels combine with the stiffness of the air trapped in the cavity to produce

a resonance., For a plane sound wave incident at an angle 8, the frequency fg at
which this resonance occurs is given by the expression:

- cz ’ pcz
f@ 2mcos B md ‘ (B1)

where m is the mass of the panels — assumed equal —and d is the panel spacing.

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 ot 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 carred out. This is not born out by measured results. Even when there



is liftle or no absorption in the cavity, the transmission loss does not fall below values
given by the mass law,

7 would therefors appeor that there are some inconsistencies in the simple theory of
nsmission loss which can be eliminated only in the case of single panels by
ication of an &f"*p“‘?cai correction factor. The simple theory does, of course,
ot the panels are of infinite lateral dimensions. At low frequencies, the
panels tested in fransmission loss facilities are not very large compared

ng wavelengthy therefore they cannot be considered as infinite. In this
‘esonont frequencies or modes of the panel and the coupling of the incidence
sound weves fo these modes must be token into consideration.

?'xf;'c:i hmmmrn (Rc—eferenr*es B1, B?) In Reference B1, a classical approcch is
axdc :g: ted by considering o plane wave incident to o pcmel in a baffle; the solution
‘ained in matrix form. In Reference B2, the panel is taken to be the common

i etween two reverberation chambers. The solution is determined by evaluating
ma, caupfmg between the sound fields in both rooms and the panel. An approximation

this solution is that the sound pressure on the incident side of the panel is much
g;re:c:xi“er than that on the receiving side. Presumably the solution is valid only for
pm@% of high transmission loss, although how high has yet to be determined. At
awqdmc*es below the critical frequency, both methods give similar results, In this
frequency range, the m(‘;}j portion of sound energy is transmitted by forced vibra-
tion of the panel rather than by resonance vibration. It also turns out that the major
transmission is from sound energy that is incident at small angles to the normal of the
panel. The expression for the transmission loss given in Reference B2 is

TLw) = 20 log (%) = 10 log 231— + %—ln (i?) (82)

where Af is the bandwidth of the noise signal used for testing. If one-third octave
bands of noise are utilized, then Equation (B2) becomes: ~

TL) = 20 log <§—9-6-%—C—> f<f (B3)

Thus the "effective " mass of a single panel for providing sound transmission loss at
frequencies below the critical frequency is a factor of 1.8 less than the actual mass.
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At frequencies greater than the critical frequency, the transmission loss is quite
lependent on the internal losses in the panel. In this frequency range, the trans-
n lose s given by the expression — see Reference B2: ‘

..... o o / 2
Thiw) = 20 log g\%%%\} + 10 fog (% %) f>f, (B4)

s the loss factor for the ponel material. This expression is identical to

The expressions given in Equations (B3) and (B4) give values of transmission loss that
agree well with the measured values ~ see Figure 3. Equation (B3) is valid only at
frequencies less than approximately one-half the critical frequency (1/2 f.). At
frequencies between 1/2 f. and f_ resonance transmission assumes a greater
importance in determining the fransmission loss and analytical expressions do not
seem o give good agreement with the measured results, Until more accurate expres-
sions are aveiloble, 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 fo  (Equation B3) and the value at the fre-
quency f. (Equation B4). It should be noted that this is only approximate.
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APPENDIX C
THE TRANSMISSION LOSS OF A DOUBLE PANEL

te

io

mendix containg a derivation of the transmission loss of o finite

by a reverberant sound field, In this derivation, use is

A

15

liscussed in Section 2.1,3,

- for g sound wave incident af an angle 6 to the nor~
15 given by the expression (Reference C1).

§ -
r f;[qmg»(x + X +><><1~ng) ()
8 1 Vol 2 12 i
where
. L, cos B
X T e ey e
)51 ) g 2 Q{;
Z = fransmission impedances of panels 1 and 2

g = 2kdcos 8
k = 2of/c
d = pane! separation

At low frequencies, where the wavelength of sound is much greater than the panel separa-
tion d, Equation (C1) can be written as:

-2

1+ (xl " xz) (€2)

o~
o]

Tg

H

At frequencies below the critical frequency, the impedance of the panels is given by:

Z .= jwm (C3)

where m, and m, are the masses of the two panels. In this frequency range, Equation
(C2) can be written as:
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jw(ml + mg)

. e cos 6 | (C4)

n in Equation (C4) is exactly similar to that of Equation (3). The

: panel of mass (m, +m,). In Section 2,1,3 and Appen-
ission loss of o finite single pane? excited by a rever-
sy the expression of Equation (6). [n the same way, the

fa panel ot very low frequencies is given by the expres-

£
<
(9]

where M = m_ 4+ m

At higher frequencies, but still under the condition that the wavelength is less than the
panel separation d, the exponential term in Equation (C1) can be expressed as:

In this frequency range, the third term of Equation (C?) rapidly assumes major 1mpormnce
and the tronsmission coefficient is given as:

1 wm, cos 8 wm, cos 8 "t
Ty Ty 75 2kd cos 6 (C9)
and
wm. cos B wm_ cos 8
TL,. = 20 log + 20 log + 20 log (2kd cos 8) (C7)

e 2 pc 2 pc

/



Equation (C7) indicates that the transmission loss of the double panel construction is

eaual to the sum of the transmission losses of the two component panels plus ~ or more

usually minus — o contribution for the effect of the cavity, The contributions from
els o the total transmission loss are therefore effectively independent,

into ceeount that for the transmission of sound at frequencies below the critical

! v, the most important angles 8 are those approaching normal incidence,

boe @ = 0, the transmission loss in this frequency range is given by the expression:

/wm \} wmg '
TL = 20 log | w—g—r + 20 2 "8
i 2C é%‘(fj@é 5% ) + 20 log (3.6pc) log (2kd) (C8)
or TL = TL1 + TL2 + 20 log (2k d) (C9)

where L and TL, are the transmission losses of the single panels 1 and 2,

At frequencies where the wavelength is equal to or smaller than the panel separation,
Equation {C1) indicates the presence of an harmonic series of cavity resonances, the
first of which eccurs ot a frequency f| given by:

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 (C1) to assume its maximum value, In this
manner, with the third term of Equation (C1) 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

wm, cos 8 wm, cos 8
Tef’*‘i 2 The Toe (C10)




By the method described above, the transmission loss for a double panel of finite size
subject 1o o reverberant sound fisld is therefore given as:
¢ + A AR i"r:‘
Lo T 5 4B |
ow Ehm‘ the ov%mi* e\rp ession of sny
fevy }f’}\f
{ win, m 2 31
. 2 wzkd} PO
i - ﬁ é = = § = & K 1‘1{%‘ H 1};
¥ el ¢
i (3.6 pc) i

. . s 1,
and the transmission loss by TL = 10 leg {7 ).
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APPENDIX D
THE TRANSMISSION LOSS OF A TRIPLE PANEL

ion for the transmission coefficient of an infinite triple pane!,
F
derivation of the transmission loss of a finite triple panel

‘ne derivation proceeds along the same lines os

established for the transmission coefficient 7 for a con-
infinite panels — see Reference D1. The expression for the
v, for an angle of incidence 8 is given as:

k4

{

- .
/v % | “jC}'lﬂg ”JUZ‘i
pooE TN K, e XX X [T -e ;+><><11-e
“ } H ? 3
R J IR J
-2
lig N
" “j o Gzﬂ "9, "9
+ X X 11 -e XXX I1-e I ~e (D1)
4 Ji ’ 1 2 3 ' ’
where
. 3 ZI,?;B cos B
irsz ) 2 [ole
Z1 2y transmission impedance of panels 1, 2 and 3
0‘1,2 = zkdl,z cos O
dl,? = cavity dimensions
k = wave number = 2#f/c

At extremely low frequencies, when kd, and kd, are much less than unity, Equation
(D7) becomes:

-2
76% ]+(X1+X2+X3)
6 -2
_ , cos ,
= 11+ <21 +Z o+ 23) T (D2)

D-1



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,
Equation (D2) can be written as:

-2
{ jwM cos 0 \
T, = | 4 e cos b F<f (D3)
o | 2 pc c
L
' 5 T oan, T,
ks smission loss for o finite triple panel can be obtained in the manner discussed

6 2,1.3 and Appendix C, by inspection of the result for a single panel. The
rronsmission loss is given by:

w M Z
T = N
Tl 10 log |1 +<M3°6pc> < (D4)

Without repeating the operations involved--they can be determined by examination of
Appendix C - the transmission loss of the triple panel at higher frequencies, but still
under the condition thot the wavelength is greater than the panel separations, is given
by the expression:

wm, wm, wm,
TL = 20 log (3.6 pc> + 20 log (3.6 pc) + 20 log (3.6 pc)

+ 20 log (2kd, ) + 20 log (2kd,) (D5)

or TL = TL1 +TL + '!'L3 + 20 log(del)-l-QO ]og(dez) (D6)
where TL). ; TL2 and TL, 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 ~ TL1 + TL2 T+ 12, dB (D7)

D-2



The expression for the transmission loss of a triple ponel as given by Equation (D 5) is
approximate in the frequency region of the two low frequency resonances. The more
ion of panel moasses and separations. At low frequencies, when
¢ wavelength is much less than the panel separations, the quantities in
rackets of Equation (D 1) can be approximated as follows:

. =] 0 .
ﬂwe‘! ~oo

I this low frequency region, it is usual for the transmission impedance Z of the
panels to be dominated by the mass reactance jwm, so that the effect of reverberant
sound field excitation can be taken into account by introducing the factor 1.8 — see
Appendix B. With these simplifications, the expression for T can be set equal to
zero to determine the values of the two low frequency resonances fy and f_.

The resulting expression is complicated because there are five variables involved —
the masses of the three panels and the two cavity dimensions. Examining the results
obtained for double panel constructions, it seems logical that each of the cavity
dimensions should be as large as possible, so that the fundamental resonances are as
low as possible for a given overall thickness. The only way that this can be achieved
is for the two cavity dimensions to be equal, i.e., dy = d; = d, even though the
high freguency cavity resonances in the two cavities will occur at the same frequencies.
In a similar manner, it seems logical for the triple panel construction to be symmet~
rical about the center panel, i.e., m; = 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:

In this way the expression for the fundamental resonant frequencies can be simplified
as follows:



]

e b o g e £ o e
FUTTNErmore , ror

s f N [ N N ) ® ® °© ° M . ‘I ol
g given total mass and overall dimension, it is easy fo show that

the lowest value of the frequency f. is obtoined when p =2,
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APPENDIX E

THE DETERMINATION OF THE RATIO OF PANEL VELOCITIES
FOR A DOUBLE PANEL CONSTRUCTION

. contains the derivation of the expression for the velocity ratio of the

g double panel construction. The ratio is required so that the reduction
fon loss of o double panel construction with sound bridges can be
Simple expressions for the reduction in transmission are subsequently

Censider o double panel construction consisting of panels with masses m; and m,
separated by o distance d. At low frequencies where the wavelength of sound waves
in air is much greater than the panel separation d, the construction can be conven=
iently represented by its electrical analog circuit for the purpose of analysis. In this
analog, the mass of each panel is analogous to an inductance element, and the stiff-
ness of the airspace is represented by a capacitive element. In keeping with the
discussion of Section 2.1 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
value by the factor 1,8,

The electrical analog circuit for a double panel construction is illustrated in Figure E1
where the individual elements are represented in terms of the specific impedance.

11
[}
d
zi‘O
ajf,
AAS
Ro}
(2}

Y1 V2

Figure E1. Equivalent Electrical Circuit for a Double
Panel at 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
g?\leﬂ by

(AR vl
L4 & % i v @8 | ;9“5&“ \
- = /‘) ) 1 “8 J ((‘l d /’
y VLA
’ < wd /

2 ,m, tm
= 1 +j wd __,(’.i._\ ( : m..?;) E1)

c f ./ m
o 1
[ +
. 1 | 1.8pc? M .
where [T e is the fundamental resonant frequency
o 2m 8 4 m; m,

for the double panel construction. By definition, the second term in Equation (E1) is
much smaller thon unity and hence can be ignored, with the result that the Equation

can be rewritten os:

Equation (E2) indicates that the velocity ratio approaches unity at frequencies much
less than fy. In this frequency range the two panels vibrate in phase and with the
same velocity. At frequencies much greater than f_, the velocity ratio is negative
and large, indicating that the two panels are vibrating 180 degrees out of phase and
that the velocity of the second panel is much less than that of the first. In this fre-
quency range:

vy ¢ 2 m, +m2>
Vs (fo) ( my
wzmzd
= - f < f<f E2)
1.8pc? o L



where the upper limiting frequency f, is given by the expression:

ncies greater than | where the acoustic wavelength is comparable to the

1+ of the ponels, the equivalent circuit and the resulting velocity ratio given
sre no longer valid, Inspection of the straight-line approximation to the trans-
lon loss choracteristics of o double panel —see Equations (16), (17), and (19) —
shows that the transmission loss of a double panel with no sound bridges increases at a
rate of 18 dB per octave at frequencies between f, and f;, and 12 dB per octave at
frequencies greater then f,. This represents a change from a transmission loss that is
sroportional to the sixth power of the frequency (f¢é) to one proportional to the fourth
power of the frequency (F4). Clearly, the frequency dependence of the mass terms —
proportional to the square of the 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 covity element.

jumy jum,
1.8 1.8

—rrm Y/

Figure E2. Equivalent Electrical Circuit for a Double
Panel ot High Frequencies (A< d)



The ratio of the velocities vl’ and vé can be written og:

g ., g ¢
g m"z E; ;
H £ i o
=i = | 5
Yl !
Inserting Equations (E1} and E4) into E5) and solving for R gives the result that:
The velooity ratic {, 1z therefore given by the expression:
K " : '

|
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The expressions given in Equations (E3) and (E6) can then be inserted into Equation (31)
to caleulate the transmission loss of a double panel with sound bridges in the frequency

< f < fy and f > f,. The square of the panel velocity ratio is propor-
frequencies less than f, and fo f2 at frequencies greater than fo

cies greater than f_, when the velocity ratio rapidly becomes much greater

, the reduction TLp in the transmission loss of a double panel construction
ridges is — see Equation (37)

£ e
i [eH

-
-
2

10 log 6

'

1
20 log (—\;-—) + constant
2

It

TL

Thus the reduction TLp increases at a rate of

12 dB/octave f «<f <« f
6 dB/octave f=1f

The transmission loss of the unbridged double panel from which the values of TLy have
to be subtracted to give the transmission loss of the bridged construction increases at
a rate of 18 dB per octave and 12 dB per octave at frequencies less than and greater
than f; respectively. As aresult, 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 illustrated in
Figure E3. The discontinuity at the frequency fg — 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 fg it is necessary to return to the more exact expression for the reduction
in transmission loss due to bridging, namely:

TLB = 10 log (1 + §)
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Figure E2. The General Form of the Transmission Loss of o
Bridged Double Panel

whare

1l

A"

the radiation factor for point or line force excitation as given by
Equation (27)

The frequency [, can be determined by inserting the expression for the velocity ratin
4 E g s

at frequencies less than f, as given in Equation (E3), and allowing 6 to assume the
value unity. By this method,




&7
Two
g .2 ,,
o= A (Equation (27))
wd

1 /
- . gm 3 eZ / m 2 “’i /4 i}
ot T T Loy 2 {Fﬁ;"‘?};{;‘ J m, % m, 8)

L. &/\c

where & = 5/n is the effective lattice spacing constant for the point connec-
tions. For the optimum double panel configuration where m; = m,.

{e
® ‘FBP%FO X; m, = m,

Since the transmission loss curve at frequencies greater than fpp is parallel to
the mass law — assuming that the motion of the two individual panels is controlled
by the mass — a convenient way of describing the acoustical performance is by
means of the quantity ATLpy, which is the amount in dB that the transmission
loss exceeds the mass law value. In this case, with reference to Equation (17),
ATLp is given by the expression:
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e vt
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Fom, F o,
' 2 H”M = 20 log {ef.) ~ 41 dB ARy
Line Connections
noE S AN (Equation (27))
i C
b s m, 2 'L/‘é
wk i o
w7 f 12
it © 2 A’C (\ m, + m 2 } )

where b = $/n 4 is the mutual spacing of typical vertical wooden or metal
studs of fength 2.

For the case where my = my:
e b \!/4 -
%{3[_ = fy ( é__):; \) (E13)

"

in a similer manner to that described above for point connections, it can be
shown that:

! jag)
ATy = 10 log (b fc) + 20 log {\}QMTE";’) - 28 dB (E14)
!
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e ATy = 10log bf.) - 34 dB (E15)

j In the cose of both point and line connections, the assumption
the motion of the panel exposed directly to the source of sound is

ted by the presence of any connections. In other words, the connections are
considered to be massiess and to move with the same velocity as the first panel. How=
ever, if the two panels have different values for the critical frequency, this assump=
tion appears te conflict with the principle of reciprocity, which states that the
transmission 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
vanels do have an impeding effect on the motion of the first panel, and the velocity
of the connection is less than that of this panel. These two effects can only increase
the transmission loss of the structure and as a result it is considered satisfactory to
select the highest value of the critical frequencies of the two panels to insert into
the above expressions for transmission loss, However, if the point connections to one
of the panels are merely point projections from the familiar line connections to the
other panel, 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

o

This Appendix contains the derivation of the expressions by which the STC rating of
- panel construction can be defined in terms of its important parameters,

fermine the STC rating of o construction, the STC weighting contour is super-
! gpon the meosured values of transmission loss and adjusted so that the sum of
the deficiencies (i.e., deviations of the transmission loss values below the STC

of the transmission 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
as a 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
the bridging frequency fp. Since the STC weighting contour also has a standardized
form, it is possible to adjust the general transmission loss characteristic of the double
vanel to its highest value such that it just meets the requirements for the STC rating
method. This is demonstrated in Figure F1 where both the standard STC contour and
the general tronsmission loss characteristic are shown.

[ R I T e - (LA S A M S A e Mttt
6 dB — ///

"~ 18 db —., Per Octave M~ 1

Per Octava 7 e

g 20 STC
s d8 | Weighting 7
s L / Contour
§ - 4 -
‘8 /& Double Panel
E \\_ Transmission Loss
g 8 Characteristic -
Yo

- d

Lo b b e Lo b v b s 1

63 125 250 500 1000 2000 4000 8000
frequency, Hz

Figure F1. The General Transmission Loss Characteristic of a Double
Pane! 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~
cscf‘@r istic is then inserted so that the sum of the deficiencies is as close as possible to
A2 (in m s cose it 1s 29). The transmission loss characteristic thus derived is the

ot corresponds to the STC rating given by the location of the contour,

Figure B the difference in dB between the ordinate values of the STC
5 Hz and 500 Hz is given by:

L{(500) = L{(125) = 16 dB (F1)
For the tronsmission loss characteristic:

TL(125) = TL, (125) + TL, (125) + 20 log (125d) - 39 (F2)

where d is the spacing of the panels. The transmission loss characteristic has been
adjusted (see above) such that:

L(125) - TL(125) = 8 (F3)

Substituting the values of L (125) and TL (125) given in Equations (F1) and (F2), and
remembering that the STC rating is equal to the value of L (500)

STC =TL,(125) +TL, (125) +20 log (125d) - 15, dB

Inserting the expression for TL, and TL, given by Equation (53), it can be shown
that

m, m, d = antilog (W} Ibs2 /8 (F4)

where m,, m, are the masses of the two panels, and d is the panel separation.
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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 the

5 Four and the transmission loss characteristic af the higher frequencies (i.e .,
ser cotave portion). Referring again to Figure F1, it can be deduced thai:

(e

TC = TL(500) + 2

il

TLM(EOO} + ATLM + 2

Thus

ATLy, = STC = 20 log (m, + m,) - 22.5, db

]

For a particular configuration of the construction, the value of the quantity ATy,
can be written as (see Equation (35)):

m, \

+ m

ATLy, = 20 log (ef ) +20 log <mI :

Eliminating ATLp from the above two expressions leads to the equality:

w) Ibs/ft/sec (F5)

m, ef. = antilog ( 70

The expression given in (F4) and (F5) can. now be used to relate the various consiruc=

tion parameters to the STC rating, It is difficult, however, to retain the individuality
of the panel masses m; and m, in the overall relationship. Therefore, it is assumed
that m; = m, = m (i.e., the optimum distribution of mass).

A design chart for a double panel construction with point connections to one panel,
based.on the above expressions, is shown in Figure 41 (a).
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