PORT WR 73-5

A Study of Techniques to
increase the Sound insulation
of Building Elements

Prepared for:

”‘fmu@{‘fﬂ‘if‘ o Flous
gton, DL,
r (( .z:arimrrraa(.*” =1 04

5]
3

£

2

==

Q

1 e

and Ly

=
fz,

Frepared by:
i H. Sharp
Wyle Laberato
‘1’;&‘% wﬂ aaﬁyﬂarw ¢

g Research Sialf
ﬁ'if et
salifornia 0245

Jume, 19




17, Key Words

TCCHNICAL REPORT STANDARD TITLE PAGE

ia Roport Mo,

R 73«5

7. Government Accossion Mo.

3. Recipient's Catolog Ne.

4, Title and Subtitle

IDY OF TECHNIQUES TO INCREASE THE SOUND

5. Report Date

June 1973

6. Patforming Organizatien Coda

3. Parforming Organization Repors No.

loraror e
ey land Street

s yap 5
California

s « Research Staff

90245

10. Work Unit Na.

11. Controet or Grant Mo.

H-1095

- 7th Street, S.W

ng Agency Mams end Address

sartmeni of Housing & Urban Development

Washington, D.C. 20410

13. Type of Report and Peried Covared

FINAL REPORT
June 1969 = June 1973

14, Sponsoring Agency Code

13, Supplementary Motes

V55, }:gmr\:c?

he principles and techniques that pertain fo the design of b
valuss of sound fransmission loss at low cost are presented.
princisles of transmission loss for many different ty
analytical expressions derived. The

and practical prototype constructions.

by means of o set of simple expressions.
mum design of building elements providing
of acoustical performance, cost and total mass,
are superior to constructions that are in common use today.

vilding elements providing high

A comprehensive discussion of the
pes of constructions is given and a series of
techniques developed for obtaining high values of trans-
mission loss are validated by means of a series of laboratory tests conducted on experimental
The cost/effectiveness of the proctical constructions is
compared to that for existing constructions in common use today. It is shown that the frans-
mission loss of single panels and multiple panels with sound bridges can be determined uccurately
These expressions can be applied directly to the opti=
high values of transmission loss. From the standpoint
the practical prototype constructions developed

Acoustics

18. Distriburicn Stetoment

Availability is Unlimited. Document may be
relsased to the Clearinghouse for Federal
Scientific and Technical Information, Springfield,

Virginia 22151, for sale to the public.

| 19, Sacusity Classif, {of this repoert)

Unclassified

.20. Security Ciassif. (of this poge)

Unclassified

21. No. of Pagas

228

22. Price

Form DOT F 1700.7 (o-69)



PREFACE

A program of the size and level of effort presented herein would have
impossible without significant contributions by many individuals.
all those who participated in the project, however, the author

give special acknowledgment to the contributions made by

Mr. Robert Miller of HUD who not only overviewed the program
more significonce, set the goal which provided the impetus for its
ful completion, Special thanks also to Mr. Maury Erkilla of HUD
divection and patience in seeing the project through to its com-

sincere appreciation is also due Professor Lothar Cremer of the Tech-

nical University of Berlin, who provided invaluable assistance at the

onset of the program in discussions on his most recent work and that of
his colleogues,

Yarious members of the Research Staff at Wyle Laboratories provided
much of the support in the program. In particular the author wishes to
express his gratitude fo Kenneth M. Eldred for his guidance and aid in
overcoming seemingly difficult problems. Other members of the Wyle
Research Staff who provided significant contributions include John W.
Swing for his long and arduous work in managing the test program,
Fancher M. Murray for his work on exterior structures, and Louis C.
Sutherland, Manager of the Research Staff, for his continual guidance
and enthusiasm,



3.0

TABLE OF CONTENTS

e e A A A TS
LY b FAPAA Y

Y
e

DESIGN
3.1

3.2

BOOCT L OUMD TRANSMISSTON LOSS

inole Panel diruchures .

1 Fundamental Concepls .
.2 Fundomental Expressions

p

Thin Single Panels .

Thick Single Panels
Laminated Panels
Mass-Loaded Panels

PN AN

3

I,
e
N

]
S AR

Ideal Multiple Panel Structures

2.9.1  General Theory for Multiple Panels

9.2.9  Transmission Loss of Ideal Double Panels

2.2.3  Transmission Loss of Ideal Triple .

2. 2.4  Comparison of Double and Triple Panels .
2.2.5  Cavity Absorption in Multiple Panels of Finite Size.

Sound Bridges in Muliiple Panels

2.3.1  General Theory . . . . . .
2.3.2  Experimental Verification of Sound Bridging Theory.
2.3.3  lIsolated Panels

Summary of Design Methods .

2.4.1 Design Expressions. .
2.4.2 Special Design Methods
2.4.3 STC Design Methed

OF BUILDING ELEMENTS FOR HIGH TRANSMISSION LOS5

The 20 dB Requirement ,

3.1.1 Design Parameters for the 20 dB Requirement
3.1.2  Practical Realization of the 20 dB Requirement.

Elements of Building Constructions
3.2.1  Windows .

3.2.2 Doors . .
3.2.3  Floor and Roof/Ceiling Systems

..

iit

16
18

22

22
24
34
37
37

44
44

52
56

63
63
75
79
83
83

83
87

96

96
99
101



oy
[ R

Application of Principles to Prototype Designs .

43.3.1  Experimental Prototypes.
$.3.2  Practical Prototypes

FHTERNAL STRUCTURES

A

Shislding by Barriers

COMCLUSTONS AND RECOMMENDATIONS .

KEPERENCES

AFPENDI A

APPENDIX F

DETERMINATION OF THE TRANSMISSION
IMPEDANCE OF A SINGLE PANEL

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

THE TRANSMISSION LOSS OF A DOUBLE PANEL .

THE TRANSMISSION LOSS OF A TRIPLE PANEL

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

DERIVATION OF THE EXPRESSIONS FOR THE STC
DESIGN METHOD.




U ——

{2
o

LIST OF TABLES

of Transmission Loss (dB) for o Number of Con-
\/"mwrmlf

1t Meer the 20 dB Requirement af Di fferent Frequencies

trasn Wall Thickness for Nouble Waolls of Different Materials

119t of the Advantages and Disadvantages of Various Materials
in High Transmission Loss Constructions

Experimental Prototype Test Resui%s
Mt of Possible Building Elements and STC Ratings

Summary of Measured and Predicted Values of Transmission Loss for
the Practical Prototypes

Nescription of Standard Constructions Included in Figure 79
Cretave Bond Center Frequensies — Full and Mode! Scale

Equivalent Full Scale Dimensions of Source-Receiver-Barrier
Configurations Tested

Page

]

65

G4

141
144

166



r!quw

1

o]

?

13

LIST OF FIGURES

Ihe mmqﬁrmy Part of the Transmission Impedance of a Thin Panel for
Crazing Incidence (8 = 1/2) Showing the Effect of Coincidence

i

Mensured and Caloulated Values of the Transmission Loss of 1/8-inch

woured ond Caleuioted Yolues of the Transmission Loss of 5/8«inch

‘
b

Pne Imaginary Part of the Transmission Impedonce of a Thick Panel

rozing Incidence (8 = u/2)

The Transmission Loss of a Hypothetical Panel as a Function of Fre-
quency with the Ratio f5 (the Frequency at Which Shear Waves
Doeminate} to f. (the Critical Frequency) as Parameter

’Thﬂ Measured Values of Transmission Loss for a 6=inch Concrete Panel
{ mmpmm to Values Predicted by Means of the Thin and Thick Panel

Theorias

P

T
3]

> Measured Values of Transmission Loss for a Single and Two
~inch Spot Laminated Sheets of Gypsumboard

"é"% Meuasured Values of Transmission Loss for @ Single and Two
3/8=inch Spot Laminated Sheets of Gypsumboard

Measured Values of the Transmission Loss of a 1/8=inch Fiber Glass
Panel Mass Loaded to 4 ths/f? with Sand

Measured Vaolues of the Transmission Loss of a 1/2-inch Plywood
Panel Mass Loaded to 4 ths/ft? with Asphalt Roofing Paper

The Electrical Analog Circuit Representing a Multiple Panel
Construction

Exact Form for the Transmission Loss of an Ideal Double Panel

Measured Values of the Transmission Loss of a Double Panel Com-
pored o Values Caleulated by the Approximate Method

vi

Page

19

19

20

21

23

26

29



LIST OF FIGURES ... continued

| Caleuloted Values of the Transmission Loss of 5/8

cion in Transmission Loss of an [deal Double
(= 0.01) at Frequencies Near the Critical
vencies of the Two Panels, The Parameter is the Ratio of the
Frequencies of the Panels

.
i

iormali zed Reduation in Transmission Loss of an Ideal Double
Cypsumboard Panel (= 0.1 ) at Frequencies Near the Critical
Frequencies of the Two Ponels, The Parameter is the Ratio of the

Ceitieal Frequencies of the Panels

The Effect of Varying the Panel Mass and Spacing on the Transmission
{oss of an Ideal Double Panel

A Comparison of the Transmission Loss Provided by Double and Triple
Ponel Constructions of Equal Total Mass and Overall Thickness

Meneurad Values of the Transmission Loss of an Isolated Double Panel
smstruetion with and without Full-Loyer Cavity Absorption. The
Construction Consisis of 1/4" and 1/8" Hardboard with a Spacing of
b-1/4 inches

Transmission Loss Yalues for an ideal Double Panel with o Full Layer
Eibar Glass Insulation Board and Fiber Glass Batts

Measured Values of Tronsmission Loss of an Isolated Double Panel
Construction with Perimeter Absorption. The Construction Consists
of 1/4" and 1/8" Hardboard with a Spacing of 6=1/4 inches
Measured Values of Transmission Loss of an Isolated Double Panel
Construction with a 2' x 21 Lattice in the Cavity, The Construction
Consists of 1/4" and 1/8" Hardboard with o Spacing of 6-1/4 inches

General Form for the Transmission Loss of o Double Panel with
Sound Bridges

36

39

40

41

43

49



LIST OF FIGURES ... continued

Page
in Transmission Loss TLM with Reference to the Mass 51
‘ on of the Quantities (ef.) ond (bf.) fora
sble P #h Sound Bridges '
sted Values of Transmission Loss for a Dauble 53

her of Paint Connections

2 d and Colouloted Values of Transmission Loss for @ Double 53

th @ Line Connection Between the Panels

27 asured Values of Transmission Loss for a Double Pane!l with One 55
and Both Panels Mounted with Point Connections

28 Measured and Colculated Values of Transmission Loss for a Double 55
Panel with One of the Panels Mounted with Point Connections

29 Method of Providing o Point Connection to One Panel in a Double 57
Fanel Construction

30 Measured Values of Transmission Loss for a Double Panel with no 58
Connections and with Perimeter Connections

3 Measured Yalues of Transmission Loss for a Double Panel with Both 58
Panels Mounted with Point Connections on Resilient Base Strips.

37 Measured Values of Transmission Loss for @ Double Panel with a 60
Limited Number of Isolated Point Connections

33 Measured Values of Transmission Loss for a Double Panel Construction 60
with Identical Panels Both Mounted on Isolated Point Connections

34 Measured Values of Transmission Loss for @ Double Panel Construc— 62
tion with Dissimilar Panels Mounted on Isolated Point Connections

35 Measured Values of Transmission Loss for a Double Panel with an 62
Isolated Line Connection

36 The General Form of the Transmission Loss as o Function of Frequency 66

for o Thin Single Panal

viii




46

47

48

LIST OF FIGURES ... continued

The Deperal Form of the Transmission Loss as o Function of Fre-
v for o Double Panel with Sound Bridges

J Oeneral Forn of the Transmission Loss os a Function of Fre-
anency for o Triple Ponel with Sound Bridges

Required Transmission Loss Characteristic for Design Example
ST Design Chart for a Double Panel

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

Requirements for the Masses m, and m, oand Internal Spacing d
for o Double Panel to Satisfy the 20 dB Requirement

Minimum Overall Thickness as o Function of STC Rating for a
Double Gypsumboard Panel Construction Satisfying the 20 dB
Requirement

The Minimum Overall Thickness of a Double Gypsumboard Panel
Construction Providing o Transmission Loss ATLy, dB in Excess
of the Calculated Mass Law in the Frequency Range 125 Hz to
4000 Hz

Minimum Overall Thickness D, of a Double Panel Construction
Satisfying the 20 dB Requirement as a Function of Material Density

The STC Rating as a Function of Panel Spacing for a Double Panel
Construction with Panels of Equal Mass Satisfying the 20 dB
Requirement

Calculated Values of Transmission Loss for 1/8-inch and 1/4~inch
Sealed Glass Panels

Measured Values of Transmission Loss of a 1/4-inch Aluminum
Sliding Glass Window with Conventional and Modified Seals

Page

68

70

76
80

84

20

91

92

95

96

%8



]
S EW)

64

6

[ ]

66

67

H8

LIST OF FIGURES ... continued

Siaoram of o Modified Seal for Sliding Glass Windows

Manspad Transmission Loss Values of a 1-3/4=inch Solid Core Door

Transmission

Loss Faciiity
Trarsmission
Transmission
Transmission
Transmission
Transmission
Transmission
Transmission
Transmission
Transmission
Transmission
Transmission
Transmission
Transmission

Transmission

s for o Conerete Floor with and without Carpets

i oss of the Common Wall in the Wyle Transmission

Loss Values for Prototype A

L.oss Values for Prototype B

Loss Values for Prototype C

Loss Values for Prototype D

Loss Values for Prototype E

Loss Values for Prototype F

Loss Values for Prototype G

Loss Values for Prototype H,

Loss and Impact Noise Level Values for Prototype J
Loss and Impact Noise Level Values for Prototype K
Loss Values for Prototype K

Loss Values for Prototype L

Loss Values for Prototype M

Loss Values for Prototype N

119
121

123

131
133
135

137



83

84

85

84

LIST OF FIGURES ... continued

Tremamission Lass Valuas for Protolype O

Lass Yalues for Prototype |

ion Loss Valuas for Prototype 2

ransmission Loss Values for Prototype 3

{ransmission Loss Volues for Prototype 4.

Transmission Loss Values for Prototype 5

{ransmission Loss Yalues for Prototype 6

Transmission Loss Values for Prototype 7

Teansmission Loss and Impact Noise Level Values for Prototype 8
Trapsmission Loss Values for Prototype 9

Cast versus STC Roting for Existing and New Wall Designs

The STC Rating as o Function of the Mass for Existing and Proto-
type Wall Consiructions

Experimental Curve of Insertion Loss by a Semi-Infinite Screen in
Free Space as o Function of the Parameter N

Configuration for Barrier Measurements — Full Scale
Dimensions

Sound Attenuation by Barrier Configurations 1 and 2
Sound Attenuation by Barrier Configurations 3 and 4
Sound Attenuation by Configurations 5, 6 and 7

Sound Aftenuation by Configurations 8 and 9

i

157

159

161

163

1465

169

173

175

176

176



LIST OF FIGURES ... continved

rtenuation by Configurations 10, 11 ond 12

ion by Configurations 13 and 14

: o n by stions 15, 16 and 17

b bouivalent Electeical Circuit for o Double Panel ot Low
Frequencies () >> d)

P2 “quivalent Electrical Circuit for o Double Panel ot High
Frequencies (3 = d)

R The General Form of the Transmission Loss of a Bridged Double
Ponel

Appendix F
i The Genaral Transmission Loss Characteristic of a Double Panel

with Sound Bridges Adjusted so as to Just Provide a Given STC

Resting

Page

E6



1.0

INTRODUCTORY SUMMARY

tyears, significant advances have been made in building technology —
design of building components and in building methods themselves.
tment of Housing ond Urban Development (HUD) has attempted to
yme of these technological advances in o major demonstration pro=
@TIU?"" BREAKTHROUGH — which at the time of this writing is

i, 1t s important, of course, that the technology in each of the
s of “Lhe building process advance at approximately the some rate,
the structural and environmental characteristics of a building system
sre compatible within themselves, One of the mony environmental character-
isties that must be considered is the sound insulation provided by the various
building elements, This aspect of the building system is rapidly assuming a
greater importance as people 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.

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
guined 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 low 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 loboratory. It was therefore necessary to
examine and modify the basic theories so that more accurate prediction methods

T



could be developed. Chapter 2 of this report contains a comprehensive dis-
cussion of the principles of sound transmission loss for many different types of
constructions. The discussion covers the development of methods which make
significant increases in the transmission loss of simple and complex structures
ible, For convenience, this chapter concludes with a summary of the more
corassions developed, together with a description of methods by
siructions can be designed te meet specific ucoustical requirements.

OSSE

PTG

salidity of the new expressions, a series of experimental prototypes,
riss of practicol prototype construciions, were designed, built

1 These orototvpes cover all the different types of building elements.
Heousion of the opplication of the design requirements, the practical con=
sinte involved and the prototype test results are contained in Chapter 3. It
is chown that the "20 dB requivement, " as the acoustical requirement will be
sferred 1o, can be satisfisd — but not always in a manner that results in a
practical construction suited for wide use. However, the methods that hed to
be developed io achieve the goal were successfully applied to obtain sub-

rentiel inereases in the transmission loss of more useful constructions.

o complete the study of neise reduction in buildings, a measurement program
wos conducted to determine the feasibility of using outdoor barriers to reduce
woize lavels both inside and outside buildings. Methods were examined for
fueing the noise levels in the immediate vieinity of a dwelling by the intro=
ciion of various fypes of burriers. The effect of acoustic shielding by
buildings 1s also discussed,

red

d 1)

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

o The transmission loss characteristics of practical constructions can be deter-
mined 1o o 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 elemenis providing high values of transmission loss.

o With careful design, the 20 dB requirement can be achieved in a practical
muliiple panel consiruction; however, this is at the expense of high mass
or great thickness. Consequently, constructions meeting the requirement
are limited in use to high noise level areos.

o From the standpoint of transmission loss performance, cost and total mass,

the practical prototype constructions developed in this program are superior
to constructions that are in common use today .

"D



PRINCIPLES OF SOUND TRANSMISSION LOSS

(51 ‘::f_l‘”’*f—\ﬁ NEL STRUCTURES

he requirements of this program necessi itate an unresiricted approach to the
rheory of sound Fransmission ?hmugh panels in order to determine the principles
hich building constructions exhibiting high values of transmission loss

s signed for high efficiency and low cost. Accordingly, a review of
basic theory for @ general type of construction is in order and is presented
his section. Initially, the purpose of the discussion is to examine the
process by which sound energy s transmitted from one area to another

through o general fype of intervening structure. Later sections deal with

specific types of construction and their optimization,

Fundamental Concepts

In the general context, if is convenient to imagine a panel of infinite lateral
dimensions situated in free space and subjected to acoustic radiation in the
form of o 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 ot o frequency identical to that of the excitation. The remainder
of the energy is reflected as before. Since an airborne sound wave excites
vibrations in such o 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
straightforward. 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.



Fundamental Expressions

Some aspects in the calculation of the transmission loss provided by a structure
ily analyzed in terms of o single general function that represents the
51 properties of the structure, A convenient function to use in this con~
Mimpedance, ' o term originating in electrical network theory. In the
. it is the mechanical impedance of the structure that is required,
e applied force {or pressure) to the resultant velocity. In these

@ impedance of a structure ‘s defined as the ratio of the sound pressure
el existing between the two faces of the structure to its normal velocity.
it

o

Ihis definition is completely analogous to that for the electrical impedance of a
systemn, namely, the ratic of voltage differential to current, which somefimes

Jices it possible to simplify the solution of acoustical problems by forming what
ts known as an equivalent electrical circuit.

ing the concept of impedance, it can be shown either by classical methods
Beferance 1) or by use of the equivalent electrical circuit (Reference 2) that
for o plane wave incident at an angle 6 to the normal of a structure of specific
normal impedance Z, the ratio of sound power fransmitted (W,) to that inci-
deni (W;) is given by the expression:

b 1+ Z cos B M

W 2pc

where 7 may be a complex quantity and pc is the characteristic impedance
of air. This ratio is sometimes cailed the "transmission coefficient” and given
the symbol 7. Since T i 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 o logarithmic scale. In this way, the sound
transmission loss (TL) of the panel is defined os:

TL = 10 log (1) (2)

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

Z cos B
2pc

= +
TLy = 20log |1



If the sound Is incident normally to the panel, the transmission loss Th,
given by:

)
v Z

Mo = 20log | 1+ ’

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

Thin Single Panels

Th@ 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 @ wavelengfh, so that
this condition is effectively satisfied in panels of finite dimensions at the higher
frequencies but not necessarily af the lower frequencies.

The analytical procedure necessary to obtain an expression for the impedance

of a thin ponel is contained in Appendix A. Equation (A-8) of that Appendix
gives the expressicn for the panel impedance as:

wgB . 4

Z = jum = j —— sin* 8§ ‘ (4)
C4
where

w = angular frequency = 2 f

m = mass of the panel per unit area

B = bending stiffness of the panel

c = velocity of sound in air

6 = angle of incidence of the incident plane sound wave

=T

and o time dependence of eJ®t is assumed.
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The impedance Z s composed of two imaginary ferms which, due to their signs,
can be considered to represent the inertia, or mass, and bending stiffness of the
sonel . Equation (4) shows that the impedance of the panel is determined
by the mass ot low frequencies, whereas at high frequencies it is the

s finass tarm thot predeminates. Af some intermediate frequency,

nee frequency, the two terms are equal in magnitude, and,

simpie

[ e S
oy G TNE

MG
. opposite signs, the impedance is zerc. This condition is illus=

Bending Impedance

(~ve)

f

1
e
o

Mass Impedance
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~y 8
3

impedan
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e

te3
anel

B oo o
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Figure 1. The Imaginary Part of the Transmission Impedance of a
Thin Panel for Grazing Incidence (8 = 7/2) Showing
the Effect of Coincidence

Cremer was the first to study this so=called coincidence effect (Reference 1)
and show that the cancellation of ferms occurs af d frequency given approxi-
mately by:
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2ahsind 8 - /

b= the thickness of the panel

i = the density of the material

Cualitatively, the coincidence effect can be understood when it is realized
hat the simple theory 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~
gquency, 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 occurs depends on the angle of incidence
of the sound waves; therafore, the panel impedance is zero at o different fre-
quency for every angle of incidence. The lowest frequency at which the effect
can occur corresponds to sound waves incident at grazing angle to the panel.
This frequency is termed the "critical frequency” f_ and its value is given by
the expression:

1

/2
N 2P (5)
c 2nh 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,



't would seem natural to average the fransmission coefficient g over the range
0 to /2. Unfortunately, this does not produce values that agree with those
yred in the laboratory under supposedly the same conditions. The reasons
repancy are to be found in the assumptions made with regard to the
¢ of the sound fields on both sides of the panel, and the coupling
dhese Falds and the finite sized panel. A detailed discussion of the
ey, its causes and previous atfempts made to obtain alternative solu=~
boinad in Appendix B, At this point, it is sufficient to state that

: less than the critical frequency, the transmission foss TL,, of
thin panel is given by the expression: (Reference 4)

o

SR

i 7
ML, ~ 20 Jog (1 +3=.?6%_5> ~ 20 log (mf) - 33.5 dB 6)

provided that wm>> 3.6 pc. This is the familior mass law, with the frans—
mission loss increasing at the rate of 6 dB for a doubling of either the mass or
ihe frequency. Equation (4) can also be rewritten in terms of the transmission
loss Tl for sound waves incident normally to the panel:

m

TL = TLO -~ 5dB (ba)

where

N wm
TL_ =~ 20 log (Qpc>

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 fora
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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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.

=

i

vations (7) and (5) include the bending stiffness term B, it is «
‘o show that the product of the low frequency resonance f. with

matter

leal frequency f. is given by:

2
P = Ly L (8)
o b

I other words, the product is a function only of the dimensions of the panel.

As o result, single panels having a high critical frequency exhibit a low mass~
stiffness resonant frequency and vice versa. Normally, the magnitude of the
guontities o 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 ot 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 o
single panel are shown in Figure 3 for a panel of 5/8=inch gypsumboard.

Existing simple methods for predicting the transmission loss of single panels at
frequencies in the vicinity of and greater than the critical frequency prove fo
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:

on  f
TL = T, + 10 log (-ﬂ—” ?..) F>f, (%)
C
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where 11is the loss factor of the panel, including the energy losses due to
radiation and dissipation at the perimeter of the panel. Using Equations (6)

71, the pred licted transmission loss of a 5/8=inch gypsumboard panel is
‘n Figure 3 to demonstrate the good agreement with measured results
aajor part of the frequency range.

i appt oximation, the transmission loss in the frequency region between
. and . con be obtained by describing a straight line between the trans-

v loss values TL (1/28,) and TLy, (f¢) for = 1/2f_ and f_, respectively,
en by *he 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
transmission loss of a single panel over a certain frequency range. Inspection
of Equation (5) shows that there are two ways by which the significance of the
effect can be reduced:

1=



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

‘he use of an extremely limp ponel, so that the coincidence dip will occur
frequencies above the frequency range of interest. This is the approach
bt is often roken when consistent with the structural requirements,

nary, the acoustie behavior of thin single panels is fairly well understood .
possible to predict the fransmission loss by using the expressions given in this
iori. 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
panel are not valid. The type of wave motion that is predominant in the panel
af 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-
ton (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 o 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 a 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):

Z &~ jum = ] thw sin® 8 (10)
c

=12~



where

1w = shear modulus of panel material

o= panel thickness

f Equation (10) shows that the shear impedance has the same
i fraquency s does the mass impedance.,

D in conjunction with (4) describes the impedance of the panel
frequency range. If the change from bending to shearing waves
frequency greater than the critical frequency, the terms in the
ession 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 ai a much lower rate than that predicted
for thin panels with pure bending waves. Thus, the transmission loss at these
frequencies will be less than that predicted by the theory for thin panels.

o]
.

1% the change in wave type occurs at a frequency less than the critical fre=
quency, 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 ond the transmission loss will obey the mass law

os given in Equation ().

The transmission loss of a hypothetical panel in which the parameters have been
varied to represent the cases discussed above is illustrated in Figure 5. When
the change in wave type occurs af a frequency f, much greater than the crit-
ical frequency, i.e., f, >> fc, the transmission loss values are the same as
those predicted by the theory for thin panels, except at the higher frequencies
where shearing of the panel reduces the panel impedance. Lowering the value
of 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 f, is reduced further, the fransmission loss curve rapidly reverts to the
familiar mass 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-
rials (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 —

13w
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see Appendix A — gives good agreement with measured results for the 6-inch
concrete panel, except in the vicinity of the eritical frequency, whereas the
application of the theory for thin panels gives results that are substantially in
arror. The effect of shear is represenied by the difference between the two

bl 4

sted curves and results in the concrete panel exhibiting o transmission
ioss approximately 6 dB less than the calculated mass law at frequencies

2o than the critical frequency. This reduction of & dB is common to the
jerity of concrete and brick structures, and can be taken into account at
auencies above coincidence by assuming the effective mass of the panel is

half that of the uctual mass. The result is that concrete and brick struc=
orovide lower values of transmission loss than would be expected for

iromeass,
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Laminated Panels

To a 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 @ 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 practice, building elements are required to exhibit o high stiffness at low or
sevo frequencies in order to withstand lateral loads. Thus, the ideal panel would

o5 that was high of low frequencies, reducing to o low value at
Such a ponel hos been described by Kurze (Reference 7) and
e~layer structure, the center layer of which exhibifs o shearing

t ine higher frequencies,

e effect can be obtained by the use of laminated panels in which the
e laver is designed to shear and provide o panel impedance lower than
bending impedance of the combination. Ab low frequencies, the two panels

have as though they were rigidly connected together, exhibiting o bending

stiffness eight times that of either panel alone (the panels are assumed to be
identical), At high frequencies, the shearing effect of the adhesive laver

p

reduces the bending stiffness of the combination to that of each of the indi-
vidual panels. As o result, the critical frequency of the combination can be
increased by o factor of two without affecting the low frequency stiffness, pro=-
vided that shearing of the adhesive occurs at a frequency ltess than the eritical
frequency of the combination.

The characteristics of such a multi-layer panel are determined largely 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 o less independently at a frequency defermined 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:

Ng = s (11)

where

o
]

the velocity of sound in air, and

-
|

the critical frequency of the panel.



2.

1.4

In the case of laminated panels, fg is the critical frequency of the combhination

in the ahsence of shearing. If the two laminated panels are identical and have
- n f 1] '

aritice! freguencies fo, then:

H
Fom 0.5

requancies, when the bending wavelength is much greater than the

2 lattice spucing "o, " the combination will act as a single panel

- effective critical frequency of f_. Decoupling of the two panels

will begin to oceur at u frequency where the bending wavelength is comparable
to the adhesive laftice spacing, i.e., when )\ & d. Rearranging Equation (11)
gives the approximate decoupling frequency fp as:

2¢c?

1
o’ f
¢

£ (12)

D

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
5 210 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 a 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, ‘nerease the stiffness of the base panel af some
frequencies. The designer's task 1s to arrange for the increase in stiffness to
ot frequencies greater than the critical frequency. In other words, the
rote mawes must be less than the bending wavelength at the

1f the maximum lateral dimension of the discrete masses

condition can be expressed as:

ﬂ o c
fe
¢ = the velocity of sound in air
f = the crifical frequency of the base panel.

An example of the acoustical performance of a panel loaded with discrete
asses s shown in Figure 9, The panel is a 1/8-inch fiber glass sheet loaded
to 4 1bs/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
fransmission loss at the higher frequencies indicates that stiffening of the base
panel has occurred, probably due fo insufficient spacing (1/2-inch) between
the squaras 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 1/8=
inch Fiber Glass Pane! Mass Loaded to:4 \bs/ﬂ2
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-
crate masses are squore ond spaced apart by a distance equal to their lateral
1 ion, the added mass can be applied over only 25 percent of the panel
This meons that the density of the added material must be high if the
the bose ponel — which normally will be of low mass if its critical fre-
s high — Is to be substantially increased. For this reason, it is often
ni te provide complete coverage for the base panel using a limp
s materfal such s sand, Sand is an almost perfect material for
sttenuating structures, embodying all the most desirable features — high
low stiffness and high domping. The only reason that it is not used more
in building constructions is the difficulty of holding it in place. It is
pessible, however, to mainfain loose sand in contact with a base panel by
meons of containers resembling egg cartons (see Section 3.3).

More convenient than sand for use as a continuous coverage is a flexible sheet
of lead, lead-impregnated plastic, or something akin to asphalt roofing paper,
Due to cost, the latter is a particularly desirable material, The transmission
loss 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
point fo be noticed is the virtual elimingtion of the coincidence effect due to
the high added mass and damping. The predicted increase in transmission loss
is obtained ot the low frequencies, but a slight deviation is noticed at 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
from a single panel is by the introduction of one or more additional panels with
: :irxg fzz?rmcmma The multiple panel construction formed in this manner

2 complex to analyze than the corresponding case for a single
c fransmission loss (s dependent on a greater number of con~
The acoustical characteristics of multiple panels will be
and expressions will be derived for the transmission

: ple panel constructions in various frequency ranges. In
o, a faivly complete study will be made on the effect of absorption in
es between the panels,

rameters

| Theory for Multiple Panels

‘he simplest cuse to consider is o number (N) of single, infinite panels
placed parallel to each other with intervening airspaces but no mechanical
connections. It will be assumed for the moment that there is acoustical absorp-
*'hm in the cavity, so that sound waves propagating in the airspaces in a direc-
ton parallel to the panel faces are well damped. This means that the airspaces
will act as stiffress elements at frequencies where the wavelength is much
greater than the panel separations, the stiffness being that of the enclosed air.
The mulii-panel structure can then be represented by the electrical analog
civeuit using lumped parameters as shown in Figure 11, where the impedances
of the individual panels are those given in Section 2.1.3. 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,
and so distribuied parameters have to be used in the representation.

With the assistance of the simple analog circuit of Figure 11, the general
choracteristics of a multiple panel structure can be derived. At low fre=
quene ies, the circuit shows that a combination of the impedances Z, and
W,v of two adjocent panels, together with the stiffness k,_, of the inter-
vening air, will produce o resonance at a particular frequency. This will also
be true for all the remaining pairs of elements, so if there are N panels in the
structyre, 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 airspaces and are commonly referred to as the fundamental "mass-
spring-mass " resonances, or simply the fundamental resonances. At frequencies
tess than the lowest fundamental resonant frequency, the motion of the structure
is mass~controlled 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 édB 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-
Lred fransmission loss increcses at the rate of 12(N=1) dB per octave.

the discussion of this section has concerned a general multiple
containing N panels. It has shown that high values of trans-
an be obtained at frequencies greater than the fundamental low
ey resonances, the rate of increase of transmission loss with frequency
ssing as the number of panels increases. There is, of course, a limit to
wumber of panels that can be included in o structure. Practical problems
cmplex support systems, high cost and increasing floor area utilization
aulckly set an upper limit. For these reasons, and others which will become
apparent, two particular cases are of interest, namely, double and triple panel

construckions,

Transmission Loss of ldeal Double Panels

The expression for the transmission coefficient 1, of an infinite ideal double
panel construction has been derived in the literature (Reference 8) using
methods that are extensions of that outlined in Section 2.1 for single panels.
A modification of these methods has been utilized (Reference 9) to arrive at
a solution 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
fransmission coefficient 7 for a single angle of incidence 8 can be obtained.

For a finite double panel construction that is excited by a reverberant sound
field, it 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 to take the solution for the infinite panel trans-
mission coefficient Tg 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-

herant sound fieid.

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

w m] m ot
TL, = 101log | 1 + - 2y - 2ikdy (13)
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where

my, m, = mass per unit area of the two panels
M = my + m; = the total mass per unit area of the construction.
J = panel separation

ipt 1 indicates that the expression for the transmission loss is valid
multiple panel, i.e., one with no interpanel connections. Equa-

an expression for the transmission loss with the general character-
s vz shown in Figure 12, The frequency regions of major interest in this
are those where the transmission loss of the construction is reduced by
rescnonces, 1here are twa such regions, one af low frequencies containing
the fundamental panel resonance, the other at the higher frequencies with
the covity resonances, Knowing the frequencies at which these two types of
resonunces 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-
ength ) is much greater than the panel separation d, the transmission loss
becomes zero at the fundamental resonance frequency f, which is given by:

] 3.6pc?
., e, o 1
fo 2w m'd ‘ (14)
where
' 2m] m
m = —————— = the effective mass of the construction (15)
my, +m, ‘

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:

i
w M
i, = 10 loa ;? 1 P(&ép‘rf) F<fo
FudMe== 3.épc, then
s
TL, =~ 20 log -‘i_’\i_) = 20 log (Mf) = 33.5 dB (16)
1 3.6pc ' )

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 loss is given by the approximate expression :

2

A] T‘(’I1 m2
TL, ~ 20 log | —- 2kd:'
(3.<Spc)2
= TL, +TL, + 20 log (2 kd) £ <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 a double panel
increases at the rate of 184B per octave.
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At frequencies greater than f,, where the wavelength becomes comparable
to and less than the panel separation d, the transmission loss is characterized
by an hormonic series of cavity resonances occurring at frequencies given by:

L =123 (18)

| sarlier that the full effect of these cavity resonances will not be
if there is absorption in the cavity, However, the general slope of
rve reduces from 18 to 12 dB per octave. Thus the transmission loss in
squency region is given by Equation (13) with the maximum value for the

L= Thy +TL, +6, dB P (19)

where TL, and TL, are os defined bhefore.

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

c Fl
Fﬂ - 2nd - T (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

first approximation, the effect of coincidence in the double panel construction
can be accounted for by taking the sum of the effects of coincidence in the
transmission loss of each of the individual panels. As a result, it is possible
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to use Equations (17) and (19), with the values of TL, and TL, taken as the
measured or calculated values of the transmission loss for the individual panels
including the effects of coincidence.,

e, mechanical connections between the two panels were minimized by
he panels in the separate isolated rooms of the Transmission Loss

Fwas necessary fo seal the perimeter of the construction, and it is
this is the reason for the deviations between measured and predicted

v ihe region of 1000 Hz.) The predicted values were obtained by

ing t

ring measured values of transmission loss for the individual panels into
Hons {16}, (17), and {19). Note that the dip in the curve at the funda-
al resonance has been eliminated by the introduction of acoustical
ahaorstion.
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Figure 14. Measured and Calculated Values of the Transmission
Loss of 5/8=inch Gypsumboard
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[f the eritical frequencies of the individual panels are identical, then a large
'p in the fransmission loss curve is to be expected. If they are significantly
.nt, then the transmission loss curve will exhibit two individual dips of

- magnitude, or simply a flattening in the region in between. For all
wediate conditions, the result will be a broad, shallow dip in the curve.
¢ o gain more quantitative information of the effect of coincidence
ting the ransmission loss of @ number of double panel constructions in
- individue! panels are given values of critical frequency that vary
vide range. The computed values can then be plotted to determine the
Cetimom ratio of critical frequencies for the two panels for the least reduction
in transmission loss. Such a plot is shown in Figure 15 for panels of gypsum-
hoard, 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 fmgx in Figure 15 is the one-third octave band center
frequency at which the maximum transmission loss is obtained prior to the coin-
cidence dip. Subsequent frequencies are spaced at one-third octave intervals.

The results show, us expected, that the acoustical performance of the con-
siruction 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 £ . 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 n 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< f and f> f
o} 4

#  Proportional to 20 log (d) for {o < f < F;@

where f_ in this case is the fundamental resonant frequency with the new
value of d and f 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 fg itself is changed. Thus
for o 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 foss of changing the panel masses is more complex
since i depends on how the mass is distributed between the panels. If the
individual panels in o double penel construction are assumed to be identical
{the optimum configuration for o given total mass), the effects of changing the

i

masses of both panels equally is:

sortional to 20 leg M for f < Fo
Frooortional fo 40 leg M for f > Fo

‘s Hlustrared in Figure 17(b). At frequencies greater than for the effect
t doubling the mass of both panels is fo increase the transmission loss by 12dB.

fransmission Loss of Ideal Triple Panels

The possibility of obtaining transmission loss values in excess of the calculated
mass taw has been demonstrated in the discussion on double panel constructions.
I an attempt to obtain even greater values of transmission loss from a construc=
tion, it is a natural extension to study the acoustical characteristics of triple
panels. The general principles are just the same as those described in the
previous section and, not surprisingly, the results prove to be remarkably simi-
lar. 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 tog (Mf) = 33.5, dB f< f_ \
‘f{”ﬂ_.{ = TLy + T +TL; +20 log (2kd;) + 20 log (kdy)  fi< F<fy > (21)
Thy +TLy +TL, + 12, dB fF> Fz
where

M= m, *my +tmy,

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

T, Th,, Th, = weasured or caleulated transmission loss of the three
ponels, including the effects of coincidence

o . ra
o= f

f, = the lowest cavity resonont frequency

f.: T = lower and higher fundamental resonances of the
construction.

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

m =m3:'l/2m2=m

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

e 1 3.6 pc?
R T e (23)

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 f..
At frequencies greater than the higher of the two fundamental resonances fy.,
but less than ), 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
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2,2.4 Comparison of Double and Triplc Panels

2.2.

)

noint, it is useful to oxomine the difference in acoustical performance
and triple panel constructions to determine which of the two is

riin tarms of transmission loss for a given total mass and thickness.,

he assumed that the same maoterial is used in both types of constructions,

teo ihickaess of the p(;zm:ls can be ignorud in this C()xr'ly)arisanu)

i the most critico! frequancy regions to be considered in the design of

tha construction occurs in the vicinity of the fundamental ponel resonance f_,
Carlier in this chapter, it was shown that the value of this resonant frequency
for both types of construction is proportional to 1/4/md where m is one=
ha!f and one=-quarter the total mass for the double and triple panels, respec-
fively, 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 ponel is exactly twice thet for the double
panel, T.e., f+ = 2f,. Introducing this relotionship into the associated
equaiions for the double und triple panels contained in Sections 2.2.2 and
2.2.3 shows that the transmission loss provided by the two constructions is
squal at o frequency four times the resonant frequency for the double panel,
fe., 4f,. Atthis frequency, the transmission loss is 24 dB greater than the
caleulated 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 panel at frequencies less than
4 f,, wheraas 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 o stiffness element at low
frequencies. This implies that the air is unable to escape from the cavity and
that the sound pressure is constant over the entire cavity volume. The lateral
dimensions of practical double panel constructions, however, are sufficiently
large compared to o 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 ¢ feet with studs 24 inches on center, the lowest mode of
vibration occurs at appreximately 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 complefe frequency range.
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This is only part of the problem, however, If there is little or no acoustic
absorpiion in the cavity, the standing waves may be of large amplitude
and may transmit considerable energy to the panels, In fact, at the pressure
ntinodes in the cavity, the high values of sound pressure w1|| produce an
wot similar to thet of direct mechanical connections. It would therefore be
hat the resulting strong acoustical coupling between the panels at
al frequencies of the cavity would significantly reduce the transmission
doubie panel construction, Furthermore, it is expected that the addi-
ical absorption to the cavity would reduce the amplitude of
and result in an increase in the transmission foss,

5ol
1

he experimental work designed to study the effects of absorption has
formed on double panel systems in which some form of mechanical
tion existed between the individual panels. It is to be expected,

therefore, that such interpanel coupling would set an upper limit on the trans-

iission 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 frem previous work (References 10 and 11) are as follows:

The pesition of a layer of absorption material in the cavity — whether it
is aigainst the panel surface or in the center of the cavity — is not important,

Variation 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 ond 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 receiving room, ond the edges of the cavity were sealed, The panels
used were of 1/8- qnch and 1/4=inch hardboard, chosen so that the effects of
- were removed from the frequency range of interest, The results of
- are shown in Figure 19, In the absence of absorption, curve
is figure shows that the strong acoustic coupling between the panels
in almost a single panel performance at frequencies less than the first
nance perpendicolor to the plane of the panels (i.e., 1100 Hz),
cies, the phase of the sound pressure varies over the thick-
cavity and the acoustic coupi?ng is weaker, In this frequency
aransm"sfom loss is seen to increase and behave more like that
sxpected of o double panel, olthough the predicted values are not attained,
The introduction of a 2-inch layer of fiber glass insulation board (density

3 ibs/fi’ ) across the entire cavity width produces a remarkdable improvement
in the transmission loss — see curve (b) of Figure 19 — resulting in good agree-
ment between theory and experiment, With a 4-inch loyer of fiber glass in
the covity, the mass of the absorption material is comparable to the mass of
tha panels, which explains the additional increase in transmission loss over
and avove 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
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Itis nomal, and fess 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 demping the cavity modes is
lower. Measured results of the transmission loss of the double hardboard panel
onstruction are given In Figure 20 for the two types of absorption material in
@ity At low frequencies the values are essentially the same within

ental error, but a reduction on the order of 4 to 5 dB is noted at fre-
i excess of 500 Hz., Tt can be concluded that both types of material
ective in damping the low frequency lateral cavity modes, but

ts are less effective than the board in the frequency range where the
2 cavity modes oceur (i.e., those perpendicular to the surface of the
we to the lower density and flow resistance.,

BQ prempeprmprreey I A i l LR
~ O 2" Fiber Glass Board © . -
s 3-1/2" Fiber Glass Batts
60 L— > ° —
o - Predicted ]
S 40f- 7]
g
e - -
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20 f— —
0 ’ ] L ! N 1 I L by L 1 l

63 125 250 500 1000 2000 4000 8000
Frequency, Hz

Figure 20, Transmission Loss Values for an Ideal Double Panel with

a Full Loyer Fiber Glass Insulation Board and Fiber Glass
Batts
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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 Ibs/ft3), 2 inches and
6 inches thick, around the periphery of the cavity. The following points can
be noted concerning the results:

®  The transmission loss at low frequencies increases as the thickness of the
absorbent material af 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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3 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 domping at the periphery of the cavity will not be fully effective
in damping this mode.,

requencies greater than the first cavity resonance, the presence of
rder cavity modes (again perpendicular fo the plane of the panels)
verall volues of fransmission loss. However, the individugl!

At the critical frequency of the 1/4=inch sheet of hardboard (5000 Hz),
there Ts o marked reduction in the measured values. Obviously, perimeter
absorption has little effect on the transmission loss at the critical frequency.

The principles of modal coupling provide an interesting method by which the
fransmission loss of double panels can be increased without the use of absorp-
tion, If the cavity is divided into a large number of smaller cavities by means
of a lattice network, the entrapped 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 onewthird octave bands) is evident, The lattice has very little effect
at high frequencies, If the lattice dimensions were 6 inches rather than 2
'eet, 1t is anticipated that the predicted results would be approached at all
frequencies up to 1000 Hz without the use of any ahsorption 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 aftain 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.
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Figure 22. Measured Values of Transmission Loss of an Isolated

Double Panel Construction with a 2' x 2' Lattice in

the Cavity. The Construction Consists of 1/4" and

1/8" Hardboard with a Spacing of 6=1/4"
In double panels where the panel separation is small —say, less than 6 inches —

it has been found (Reference 11) that the position of the material (assuming it
is o full lateral layer) is not critical. For panel separations greater than this,
as for example in floor/ceiling constructions, the lateral modes in the cavity
may not be adequately damped if the material is attached to one of the panels.
It is preferable in such cases to incline the material across the cavity wherever
this is possible.



SOUND BRIDGES IN MULTIPLE PANELS

Qma of the major assumptions in the previous analysis of double panel structures

Mﬂr’r the fwo Imd vidual panels are completely isolated from one another.

the only path of energy transfer between the two panels is an

In practice, it is necessary to have some form of connection

he panels to provide the added stiffness for the construction to

lateral loads, These connections-usually take the form of wooden

‘uds in building structures and metal ribs and stringers in aerospace
Their effect s to provide on additional transmission path in

caratlel to the airborne path previously considered, with the result that

acoustic vadietion from the structure is increased and the transmission loss

mpmmimqu reduced. It is not usually possible to eliminate these inter-

| connections, or "sound bridges" as they are called, and so it is necessary

» the deszgn of multiple panel structures to be able to defermme the effect that

they have on the transmission loss.

Ceneral 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 « line or
a series of lines. The other, which is not so common, is the point connection
and consists of a connection or a number of connections having a small cross-
sectional orea 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 ~ peS v22 (25)
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where S is the area of the panel. This expression also holds for frequencies
greuater thon the critical frequency for both free and forced wave radiation.
e swer W must be added the power radiated by the action of the
cound bridges which are assumed to connect the two panels. It hos been shown
Heoki 12} thot the sound power Wp rodiated by a panel at
han the critical frequency, when excited by a mechanical

s that provided by the action of the sound bridges, is given by the

{(Feference

WB = pcuv? (26)

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

no= g A g for a point force
1 e
n
(27)
-2 LA for a line force
m
where
X« = the critical wavelength of the panel (c/f.)
4 = the length of the line over which the force acts,

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

n3r2

2
2>‘B

= +
WB pcxn | 1
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where

T

b= wavelength of bending waves on the panel.

is independent of frequency, which at first may seem fo be a strange
¢, at frequencies less than the critical frequency, the area of

‘oh is not in the immediate vicinity of the discrete point or line
wperiences free wave motion from which the sound power radiation is
The anly substanticl radiation comes from the area of the force itself

i the forced waves. The size of this effective area of radiation will decrease
with frequency, but the power radiated per unit area will increase with fre-
_quency, so that the total radiation will remain constant. Since the size of the
radiating area increases as the frequency is decreased, it is possible for over-
lapping to occur between deformations oroduced on the panel by neighboring
point forces. It can be shown (Reference 13) that the effective radius of the
radiating orea is A /4 where xp s the wavelength of bending waves on
the penel, For the individual point forces to be independent of each other,
the spacing e must be greater than Ap/2. Using the relationship given in
Equation (11), this criterion caon be expressed as:

i

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 Wt radiated by the second panel
when r << \p is given by: '

W =
T Wp +WB
— 2 1 +I’1?( A4 3
= pCSV2 —g—‘ (g) (30)



where n is the number of point or line forces acting on the panel, Comparing
Fquations (30) and (25) gives the result that the decrease Tl in fransmission
' f the double panel construction due to the introduction of the sound

g by:

loss ¢

whare

Ire overall fransmission 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 at a point well removed from this
position. To a first approximation, it can be assumed that:

s The velocity of the first panel (that exposed to the sound field) is
unaffected by the introduction of the point or line connection,

s 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:

2

g ) mzd
- e f < f
Vo 1.8pc FO £
(33)
= BMg f>f
‘] cgp o ‘Q’ ),

g

where ; 1s 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 < fy and 6 dB per
outave for 2> fp. The transmission loss of an ideal double panel increases
ot o 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 af 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 (8) in Equation (31)1s
less than or comparable to unity, the slope of the curve will vary between the
fimits 18 dB and & 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:

o 1/2 \
fBP = Fo ' <r) for point connections
c
L (34)
L 1/4
FBL = Fo (%;—) for line connections J
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where

2 I o o o s a
o? = the grea (In square feet) associated with each point connection
v amentol resonance of the double panel

wr

F; B

5 {in feet) between the line connection

the distrinution of mass between the panals is nol
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Figure 23. General Form for the Transmission Loss of a Double
Panel with Sound Bridges
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Since, the curve of the bridged transmission loss as a function of frequency is
parallel to the mass law line, a convenient method for specifying the transmis-
ston loss is in terms of the increase ATLp4 in fransmission loss over and above
»hm’ MWM red by the mass law for the entire structure. It is a fairly simple

wo(see H\pp@na!x E) that the value of ATLy, can be obtained
allowing expressions:

For oniar connactions (fo one panel only) —

m
I 1
ATL. = 20 Y+ ——— ) -
ATL, = 20 Tog {ef ) + 20 log (m] + 2) 55, dB

20 log (e fc) - 61, dB for m, = m (35)

“or line connections -

: m
, 1
ATy = 10 log (b f.) + 20 log (_"71 - m—;—-) - 28, dB
= 101og (bf.) -~ 34, dB form;, = m, (36)
where
e = point laftice spacing in feet
b = line stud separation in feet
mp = 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 ATLpy to the calculated mass law transmission loss
TLpg 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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frequency range of interest or staggered sufficiently in value (see Section 2.2.2)
for their individual effects to be reduced. Otherwise, it is necessary to compute
the reduction Tlp in fransmission loss as a result of the sound bridges and sub~-

hic from rhe transmission loss of the ideal double panel, calculated from
fons {163, (17), and (19).

wihod of caiculation is required, however, the expressions given
s {35} and (34) give an indication as to the required design poram-
imum double panel construction incorporating sound bridges.

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,

tor an opt

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 i [ i } P ] } i | l IR
Point
Bridges
20 (ef ) 7
¢ Line
=S B Bridges
o (bf )
= c
=
= 10§ ]
Y
0 b o Ll I N N A ;
1 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 (bf ) for a Double Panel with Sound Bridges
c
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Experimental Verification of Sound Bridging Theory

A series of experiments was designed to check the validity of the above expres-
siens, A double panel consisting of two sheets of 5/8-inch gypsumboard was

n the transmission loss testing facility, As before, the panels were

\ separate rooms, ensuring that no mechanical connections existed.
©ch fiber glass (density 3 lbs/ft?) was placed in the cavity to
nbsorption.  The trensmission loss of the double panel was measured;
surement was then repeated with the addition of one, three, and nine
nections between the panels. The point connections used were made
and had a cross-sectional area of 4 square inches. These connections
leced on o square lattice with a spacing of 2 feet. The area of the con-
Hions 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
cesults of the measurements are shown in Figure 25, where they are compared
with computed results using Equations {16), (17), (19), 1), (32), and (33).
The agreement is good, even at frequencies approaching and above the critical
fraquency. This perhaps is surprising, since the expressions are supposed |y
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.

el
i
t

The experiment was repeated with a line connection replacing the points. The
line connection consisted of an 8=foot long woaoden 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 a 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
nanel, 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 basie structure

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

The modified siructure with both panels mounted on points 24 inches on

sied 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
1o depicts the predicted values for the line and point connections. The
agreement between predicted ond measured results is good for point connections,
but a discrepancy is noticed in the case of the line connections. The reason for
this addirional discrepancy is the same as that discussed earlier regarding line
connections. In this case, however, the presence of many wooden studs is most
likaly to significantly 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:

L\TLM ~ 10 log (b fc) = 29 dB (37)

Mote 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 fransmission loss produced by mounting just one of the panels

on point connections is in the order of 5 dB over g 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 thon 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
ottached by means of point connections,

¢ expressions given in Equations (35) and (37) show that in the frequency

dominated by the sound bridges, the ircrease in transmission loss for the
ons obtained by attaching one of the panels on point con-

10 log (e f,) - 32 (38)

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

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

In summary, It can 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 high ot frequencies less than the critical frequency. At frequencies
in the vicinity of and greater than the critical frequency, the theory is no
longear strictly 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.



In practical constructions, it is not feasible to connect the panels together by
mecns of a resilient element such as a spring, because of the requirements for
+ svstem,. Neither is it feasible to employ simple point connections in
't o red, since the support system needs to be attached firmly to the
or floor to be of any practical use. It is possible, however, to
paint connsction and the isolated point connection by the method
1 Figure 29, This illustration shows that the normal stud system

. but that the panels are attached to points protruding from
ch o system is likely to be acoustically superior to one containing con-
nections in the form of rods due o the additional mass introduced by the line
studs,  Tn oddition, it is g simple matter to introduce a resilient material

hetween the ponel ond the points,

PR

//——— Wooden Stud

Figure 29,

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

Connection

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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loss by amounts up fo 8 dB at some frequencies. In a practical construction,
the vertical p@r*:cn of the perimeter introduced into the test assembly is just
i stud ., In this respect, the above test is not truly representa-
imple length basis, however, the additional bridging by
fons of the pel?me’rer accounts for only 2 to 3 dB of the
transmission loss, which may be considered as fairly

importance of sound bridging by way of the top and bottom plates in «
§ double wall construction depends, of course, on the amount of
sridging that is provided by the stud support system, which in turn depends

o the way the individual panels are attached to the studs. In a conventional
construction, with the panels nailed or screwed directly to the studs, the
amount of energy transmitted by means of the plates will be small compared

to that tronsmitted through the studs. The concept of attaching the panels to
he studs with point connections, however, will result in a significant reduc-
tion in the importance of the studs as a transmission path. This applies equally
well to the plates since the panels can also be connected to them by point
connections. Consequently, the only path of concern, other than that through
the paint 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 @ 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 a 3/8-
inch gypsumboard panel showed less improvement (if any), as would be
expected with the increased value of the critical frequency. The benefits of
this form of isolation increase in the frequency region near and above the
critical frequency of the panel that is isolated.

It is to be expected 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 increase in

n

the transmission 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 increuse af medium frequencies; perhaps most interesting of all,

the addition of the isolators substantially reduces the effect of coincidence.

omparison, the transmission loss of the double wall with just one solid

tion is olso included in Figure 32, The stud-isolator-panel sys-

o rescnonce phenomenon in the 1000 Hz frequency region that
iction of the overall transmission loss, However, at frequencies

he aritical frequency, it appears that the introduction of the

he effect of reducing the sound power rodiated by a factor of
vely 9, i.e,, increasing the transmission loss by approximately 10dB.

noa procticol construction, the effect of introducing a degree of isolation
between the panels and the point connectors is less than that obtained in the
above experimental 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 a 2=foot x 2=foot square lattice). The reduction in tronsmission
loss coused by placing serews firmly through the stud isolators also is shown
in this figure. With this construction, there are obviously benefits from both
stud and base isolation.

Similar measurements conducted with 3/8-inch gypsumboard replacing the
isolated 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
{oss as o result of infroducing 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 isolation between the point supports and the panel, the agreement between
the approximate theory and measurements is fairly good. In Figure 34, the
approximate theory — which does not account for the effect of the isolators —
is conservative in the mid-frequency range.

The reduction in the transmission loss of a double panel due 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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2.4.1

On the basis of the theory and the experimental results described above, the
following general conclusions can be made concerning the partial isolation of
wotl panels from their support system:

peinfroduation of o resilient mount at the base of ¢ panel is beneficial
of the cose when the panel has @ low value for the critical frequency.
riments conducted, base resilience ceased to have any significant

WS in i?'w order of or greater than 3000 Hz.

#  The isolotion of point connections results in a significant increase in the
nsmission loss, the increment depending upon the critical frequency of
the panel, and being especially noticeable at and above the critical

frequency .

SUMMARY OF DESIGN METHODS

The acoustic principles that hove been discussed and presented in the preceding
sactions form a comprehensive basis for the design of sound attenuating struc-
tures using single or multiple panel constructions. In the course of the discus~
sions, o series of expressions have been derived with which the transmission

loss of many types of construction can be determined. The majority of these
axpressions are simple in form and provide values of transmission loss that are
generally in good agreement with measured values.

n 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.

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:

33

he overall transmission loss when the critical frequency of the panel



~
b

Tﬂ} ; 77’]:2, ”’\3

[}

m

TL(F)

TLy(F)

dimensions of ponel (ft)
spacing of line studs (ft)

valocity of sound in alr = 1128 (ft/sec)

seporation of panels in o double panel construction (ft)

poration of panels in o triple panel construction (ft)

M Aty iie (e AT S 2
Modulus {bs/Tt/s2c®)

sob of areo associated with a point connection, or the
s spacing constont if square (ft)

frequency (Hz)

bridging frequency (Hz)

critical frequency (Hz)

Hmiting frequency for single panel {Hz)

limiting frequency for double panel (Hz)

fundamental double panel resonance (Hz)
fundamental single panel resonance (Hz)

thickness of panel (inches)

wave number = 2nf/c (ft~1)

logarithm to the base 10

total mass of multiple panel per unit area (Ibs/ft?)
mass of panel per unit area (Ibs/ft?)

mass of panels 1, 2 and 3 per unit area (Ibs/ft?)
effective mass of double panel for determining fg (tbs/ft?)
transmission loss of construction at a frequency f (dB)

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

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

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

transmission loss at a frequency f according to the mass law (dB)
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ATLy increase in transmission loss over that calculated according to

the mass law (dB)

‘oss factor of panel (dimensionless)

walangth of bending waves (ft)

air = 0.0745 (Ibs/f°)

ity of pone! material {Ibs/ft?)

Ty of

s in which the dimensions are stated have been determined using the
ot, pounds, seconds system of units, To convert from the foot, pounds,
seconds system o the S system of units, the following factors can be used:

I 1b = 0.454 kg
T = 0.3048 m
I inch = 0,0254 m
11b/f#2 = 4,88 kg/m2
b/ = 16.0 kg/m3

a. Single Panel
The single panel is defined as a homogeneous panel having no cavities.
The transmission loss characteristic of a single panel can be divided into
fwo frequency ranges where the ratio of limiting frequency is given approxi-
mately by the expression:

_0.030-0f [E

m

This is equivalent to the condition )\g = («?:%m) h — See Appendix A.

e  Thin Single Panels (f < f|)

The transmission loss of o thin single panel as a function of frequency is
iHustrated in Figure 36.
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The transmission loss characteristic con be divided into frequency ranges
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At @ given frequency, the transmission loss is given by:

rs 5 .

FL () + 40 log <+""> , dBF e
L =4 TLL () el p iz

, . Zyp f ,

M (F) +10 log (\"T f-) +5, dB P>t

c/
where

e Tl (f) = 201log (mf) - 33.5, dB (43)

l'o g first approximation, the transmission loss in the frequency region
between 1/2f. and f. can be obtained by describing a straight line
befween the tronsmission loss values TL,(1/2f,) and TL(f) for
F=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 1.

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 fo 3-1/2 inch fiber
glass batts — in the cavity. There may also be mechanical connections or
sound bridges between the two panels,

b7



The transmission loss of a double panel with sound bridges as a function of
frequency is illustrated in Figure 37,

f f F&

(Log) Frequency, Hz
Figure 37. The General Form of the Transmission Loss as a

Function of Frequency for o Double Panel with
Sound Bridges

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

(see Figure 38) (44)

2m

i

where m —
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At o given frequency, the transmission loss is given by:

A é i
Do 3
£
AR
g 3’;
- / K
i £
\I i
! . |
L BooA f\
i~ ‘ e ; P : A g : ;
MNote: The EXROFEsSION givean I oucf o (A6 50 mitvly aoou \
guencies if isolators are insested ~aeo boriion 2,0,
i
s )
fo- i f (for either panel}
2 c

At frequencies approaching or gre
pana! mounted on points or hmasg
wn!f\ discretio

where

TLi(F) = T, (f) + TL,(F) +20 log (fdy - 39, B fo oty

L) +TL(f) +6, dB ff,

and TL,(F), TL, {F) can be measured or caleulated values of transmission

loss,
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For peint connections to one panel only:

m_d

; 2
+ ' - .
4, 20 1@9(@ ‘Fc ) 40 log (f) = 17.5, dB FO<F<FﬂJ
g
(0 2 : 52)
+ 20 log () +27.5, dB f> f,@ |
iy = omoss of ponel on point connections. For line connections:
o ir/(“{f;“) \ 40 | (f) " " e \
oipr, ) 1401ee - 44, o<ty
T’L% {¥) . (53)
m;
10 ‘-”*9< > +20 log (f) + 1, dB  f>f
fﬁ y )
TL () = 20 log (Mf) - 33.5, dB (54)
where M = m + m,

CAUTION: — The transmission loss of a double panel, calculated by the

T 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 > fg:

Mef, = % - antilog [&)22—?—4—?] for point connections (55)
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i oSt ot

+
MibF = d. antilog [TLG) 62'5} for line connections (56)
€ g2 10
tiinle panel is defined os consisting of three single panels (of any

Vwith fwo intervening afrspaces or cavities, It is assumed
s o full layer of absorption material — at least equal to 3-1/2
gless botts - in each cavity. There may also be mechanical

connections o sound bridges between the individual panels.

The fransmission loss of  triple panel as o function of frequency is illus=
trated in Figure 39.

'% 6 dB Per
Qctave
o A‘qifj@i"dB Per /L/{
© Octave /M

~r

//,/led

| o
6 dB Per ‘ l B

Transmission Loss, «

Octave

fo fa
(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 TLi(f) of a triple panel with no sound bridges
given by the expression:

\

FLyify ~ fgy TLE) + TL(F) + TL,(F) fp<f<f,
; + 40 log(fd) - 78, dB
\ L, () +TL,(f) +TL(f) + 12, dB f> 1y

Tl () = 20 log (MF) - 33.5,  dB

where

M= m, -i"m2 "F'm3

] 3.6 pc? .
Fom
i, g —— (See Figure .38)
i’] o = = 1 e "‘\’W{ w’\’r//; L
where  my = my = 5m, i o /
and dy =d, =d R Jeiy
(See Appendix D for other configurations.) SRR
¢ :
fo = 73

is

o )

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 TL[(f), TLp(F) and ATLpy 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-
Jlex to be of practical use although it is possible to make conservative

SZAPIGATES .

CalITICN: — The transmission loss of a triple panel calculated by the
nethod described above may not be obtained in practical
tnstallations because of flanking transmission through
adjoining elements.

7. 4.2 Special Design Mefhods

The exprassions given in the preceding section are sufficient for the design of
o construction that is required to satisfy a specific transmission loss requirement.
in many cases where the requirement is not severe, a simple single panel may
suffice, provided, of course, the mass required to achieve the transmission foss
s not too high, If a practical single panel does not provide sufficient trans-
mission loss, a brief review of the HUD Noise Control Guide (Reference 14)
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 fransmission 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 caleulation 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.

5. 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, TLpy ot 1000 Hz is equal to
58 dB; hence a mass of 38 lbs/ff2 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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has a critical frequency of approximately 400 Hz, At frequencies greater
than 400 Hz, the concrete panel will provide a transmission loss approxi=
mately & 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, o é=inch concrete panel of mass 72 Ibs/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

7



rransmission loss (58 dB) at a giveh frequency (1000 Hz) in Equation (56)
to determine the required value of the quantity MQbfc. In this case, the

minimum requirement is given by:

M fo= 1.1 x 10° (Ibs2/ft/sec)
[f the siud spacing b s taken as 2 feet, the requirement becomes:
Mg'fc = 5,55 10° (lbs?/ft 2/sec)

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

14

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 Ibs/ft?

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.
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6. Calculate the transmission loss for the total mass of 5.3 Ibs/ft2 according
to Equation (43) and insert the mass law line onto the diagram - see
Figure 40,

Live o straight line with o slope of 18 dB per octave tangential to the
required fronsmission loss curve as shown in Figure 40,

ne the frequency f, of which the mass faw line intersects the
i 18 dB/octave. In this case f, ™ 72 Hz,

Using Lauation {(44) determine the spacing d of the two panels in a double
panel constiuction with each panel of mass 1/2 x 5.3 lbs/ft? (the optimum
condition) for the frequency fy to be 72 Hz, In this case d = 7.5 inches.,

]‘{n:' would appear from this result that the requirement would be satisfied by

~inch wooden studs (actual dimensions 7.5 inches) with 5/8 inch gypsum-
Emmm (m = 2,6 ths/f12) mounted on both sides. However, the critical fre-
uuwmy 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
gypsumbcmrd (f. = 4000 Hz); however, since the mass of this material is only

5 ths/ft2, it vs necessary fo use two laminated panels, Checking back

rarmjgh the calculations shows that this combination of materials with d spacing
of 5-1/2 inches in place of 7.5 inches would provide a value of 80 Hz for fo
\/\thcn is close to that required. To obtain an increase in the transmission in the
vieinity of the critical frequency of the two panels, the point connection can
consist of 1/4" % 1" x 1" squares of PVC foam tape through which the laminated
pane! 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 profo‘rype 2, It is interesting to compare the total mass of this
construction (5.6 lbs/fi? excluding studs) to that of the single panel with
equivalent performance (72 Ibs/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 colculotions may be necessary to obtain the required characteristic

witnin stated sorometer constraints,

e maa

Che sorameters that defermine the transmission loss of o double wall con be
sendently to provide almost any acoustical characteristic that may
ired . Practical limitations on the size and weight of the construction

i set bounds on the degree of variation possible in each of the param-
eters, out the optimum configuration for a specific application can still be
obtained 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 1 readily cbserved. 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
foss values below the STC weighting contour) does not exceed 32 dB, with the
cdditional constraint that no single deficiency exceeds 8 dB. With the contour
adiusted 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 a 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~
tinet slopes occurs at the bridging frequency fp. Since the shape of the curve
is well defined, it is possible to determine its STC rating in terms of the
important parameters of the construction. The derivation of the expressions
necessary for this to be occomphshed 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 (o) 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 os the parameter, and represent the criterion for the portion of the
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transmission loss curve at Frequenaes less than fg. For example, Figure 41(a)
’mw» thot @ mass of 3.5 Ibs/ft2 and a panel separation of 3.5 inches are

ed to complete the requ;remenf at low frequencies for an STC rating of
o *”"L ieve the rating, however, the dashed lines which have the product
rameter ndicate that o minimum value of efe = 7070 is required.
1@ two sets of curves on the chart are used to defermine the design param-
for o double panel in the low and high frequency ranges. It is of course
y ¢ ensure that the critical frequencies of the two panels are either
#ly high or spaced sufficiently far apart - see Figures 15 and 16 — so
s gffact the STC rating.

& T

The STC rating of the construction is dependent on the transmission loss at
125 Hz, so any perturbations in the product "md" will directly affect the
cating in a monner that can be defermined from the chart. The chart does not
give the direct STC rating for a construction where the quentity "efc"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

du

due to such a condition; in genercl however, it can be assumed that the reduc-
Hon (A‘SfC) in the rating is given approximately by the expression:

ASTC = 20 log (eFC)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
fo increase the rating by increasing the value of the product "ef_ .
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DESIGN OF BUILDING ELEMENTS FOR HIGH TRANSMISSION LOSS

20 dB REQUIREMENT

ed in the contract statement of work, the acoustical goal for the build-
mends i be designed in this study is that the transmission loss must exceed
Imied mess low values by at least 20 dB in the frequency range 125 Hz
in nddition, it is required that the elements perform satisfactorily
ot to the environment and be lower in cost (per STC value) than other
srructions presently known. A cursory examination of the acoustical require-
ment indicated thot existing techniques in the theory and practice of sound
fransmission loss 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 — s not satisfied by any of the common construction types such as
those listed in the HUD Noise Control Guide (Reference 14). Additionally, «
‘M"' cly intensive search has shown that nowhere in the main published literature

there mention of o construction satisfying the requirement over the entire
‘quteﬂcy 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,
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 frequenmes 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
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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
necassary fo use a iriple panel construction,

for u multiple panel construction that just satisfies the
s depicted Tn Figure 42,

i

§ Doukle Panel ~ 18 dB/Octave 6 dB/
\\ (ﬁ Triple Ponel « 30 dB/Cctave Octave
AN
Z.{'.]}

. o = 2 .
w ATLM 0d8 -
’QI N ,f"ﬂ‘d g"\ l/ ’/”/

8 T /| =
et | e
: : |
g’; L”/z’"\' N
/-

Wﬂj”(( ! Mass Law TLM ()
= | 6 dB/Octave

| l

] |

; |

| |

| !

T T

f f, =125 Hz

) B

{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
resoncnces in the cose of more than two panels) to occur at a sufficiently low
f r 5o that the tronsmission loss is 20 dB greater than the calculated mass
j Mz, Fouations (14) and (17) of Section 2,2,2 can be rearranged to
srease ATLyy in the transmission loss over and above that

so by the mass low Is obtained af o frequency FATLM’ where:

ATL,

L3
v P log (f

/f ) (61)

ATL, o

M

and b= 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-
nanees (%‘Jr)ﬁ

sarting the F AT df i i
Inserting the values of ATLM an ATLM into Equation (61) shows that the

requirement for the fundomental 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:

4> 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 apply in the case of optimum mass distribution between the panels,
namely:

m — m for a double panel

m — 2Zm ~— 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 o double panel construction, The spacings given in this figure refer to the
wtuel (rather than the nominal) dimensions of commonly used wooden studs. It

[}

ne noted that with an 8~inch wooden stud (actual dimension 7.5 inches),
el is required to have a mass of 8,7 Ibs/ft? to satisfy the 20 dB require-
Aternaiively, the panel masses could be 30 Ibs/ft? and 5 bs/ft? for the
sing which, although less efficient in terms of total mass, may be more
g common buflding materials, Note thot with a 7. 5-inch spacing,

s muss for either of the panels is in the order of 4.5 Ibs/ft2 .

el
R i i ! [ B 1 | ! U T TT
Minimum :
50 L Total —
Mass
o201 =
"}3 d= 3.5"
LTy =
i} P e S W, U, =
K L
€ L ! 5.5 ]
HES t '_H
d.{; - l “
£ s5h ! 75"
{
- | 9. 5u ]
l n
— 1 11.5 N
, .
‘ ! Curves Drawn for the Condition
2 b : m'd =65 (lbs/ft? inches) _
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| 2rnl m,
] m; +m,
] | Loty I N A
1 2 5 10 20 50 100

Mass of Panel m,, fbs/ft?

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



3.1.2

At higher frequencies, it is necessary to maintain the value of ATLy, af 20 dB
by eorrect choice of panels and support systems, If one of the two panels is
d on point supperts, then the value of the quentity ATLy, is given by:

= the square root of the panel area associated with each point
support

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

o
o

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

Inserting the condition that ATL
the oroduct @fﬁ_“f namely:

is equal to 20 dB results in a requirement for

M

ch = 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 at frequencies greater than 125 Hz, The cost of such
a construction will be determined partly by the materials used. It is frequently
convenient for both panels to be of the same material so as to minimize the
number of techniques involved in the construction. In this case, for a given
material, the material cost 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 as 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.

o glven sotal mass, the optimum configuration for a double panel construc-
oteined when the masses of the two panels are equal. Equation (42)

Ajred

ven material, however, an increase in mass is accompanied by a corres-
isa in panel thickness, which to some extent negates the useful-

25ing a small separation, Continuing this argument, it can be shown

a minimum overail thickness with which the 20 dB requirement

iy general XdB requirement) can be met using o given material,  This

rimum thickness can be determined by expressing the overall thickness D

a4 double panel as:

o
D

D =d+Zm (65)
Pm

yphare

.

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

Py = density of the material of the panels

d = panel separation
Combining the requirsment of Equation (62) with (65) results in the expression:

5,5 2m

D = + — feet (66)
P

m

whore m is expressed in Ibs/ft? and g is in Ibs/ft>. The minimum value of
the overall construction thickness D is given by: ’ '

D . = e.6 feet (67}
min p
m
where
m = 1.7 v5_ Ibs /1 (68)



d w 5/2 Dmin (680)

Sinee the definition of the 20 dB requirement is in terms of the calculated mass
cer the entire frequency range 125 Hz to 4000 Hz, it is clear that the
sion loss of a structure just satisfying the requirement is implicity

i on the mass of the structure. For a given total mass, therefore,
hoth the trensmission loss and the STC rating are completely defined. More~
over, the fransmission loss curve will be parallel to the mass law tine, as it
will be in any bridged double panel construction. It is easily shown that for

o iransmission loss characteristic that follows the mass law, the numerical value
of the 5TC rating is given by the expression:

N 4 0
STC TLM (500) + 4 (69)

whare TLM (500) = the mass law transmission loss at 500 Hz,

In the present case, 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

N

o]

i

STC TL,, (500) + 24

c M

Il

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 pp, of the material of the panels.
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For the case of gypsumboard panels, which have a density of approximately

48 tbs/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

*ha construction is approximotely 72, For all other combinations of panel mass
spacing — keeping the product constant — the overall thickness is greater
'1.5 inzhes, The minimum thickness of course will be less than 11,5 inches
20 dB raquirement is changed to o requirement for only 15 dB or 10 dB
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Figure 44. Minimum Overall Thickness as a Function of STC Rating
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The minimum thickness for o double panel construction satisfying any general

anit above the mass law can be determined from Figure 45, for the case

are of gypsumboard, If the maximum allowable thick-
« sat af 8 inches, for instance, then it is not possible

ALy, greoter thon 14 dB.
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Figure 45, The Minimum Overall Thickness of a Double Gypsumboard
Panel Construction Providing a Transmission Loss ATLpg dB
in Excess of the Calculated Mass Law in the Frequency
Range 125 Hz to 4000 Hz
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[t Ts 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
quontities in the hope that the use of alternative materials may result in a more
practical construction,  The relationship between the overall thickness and the

’ s ofotted in Figure 46, with particular points on the curve
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Figure 46. Minimum Overall Thickness Dmin ©of a Double Panel
Construction Satisfying the 20 dB Requirement as a
Function of Material Density
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The constructions of least total thickness are associated with the most expensive
materials, namely, lead, stee! and aluminum. Concrete is not particularly
cxpensive, but {s has a low value for the critical frequency in the thickness

for practical use. This means that any sound bridges between the
weuld greatly reduce the transmission loss — see Section 2.3. Sand

. on idea! material to use due to its low cost and stiffness, but the

re problem of containing it in the form required reduces its useful-
Lightweight plaster suffers from similar problems os concrete, namely, the
N je for coincidence. For this material, the required panel thickness
wenld he almost 2.5 inches, according to Figure 46 and Equation (68a). Asa
cesult, it appears that there are no low cost materials well qualified to provide
the 20 dB acoustic requirement in a double wall construction of practical
dimensions.

(H

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

s

aiven by:
D, = — feet

where

m o= 0.93¥g, Ibs/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

Teble 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

‘((u Minimum Wall Thickness in Inches for
Density 20 dB Requirement at and Above:
(s /ft3) 125 Hz 160 Hz 200 Hz
Gryosan Boord 48 11.4 8.9 7.1
Lightweight Ploster 64 ?.9 7.7 6.2
Sond 100 7.9 6.2 4.9
Concrete 140 6.7 5.2 4.2
| Aluminum 180 5.9 4.6 3.7
z 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 offect 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 a separation as possible,
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the STC rating of a "20 dB" construction will invariably be high. For the
gypsumbeard construction, the STC rating is 72 at the minimum overall thick-
$ 11,5 inches, This is extremely high when compared to the rating of 55~
iended by FHA for Grade I installations. In general, it is not possible
ich lower STC ratings for 20 dB constructions without large panel
ns which allow correspondingly lower panel masses. This is clearly

A in Figure 47 which is a plot of the STC rating of a double wall
srstruated as o function of the panel seporation (which, of course, is fess than

th o]l 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
ssed fo design more useful constructions to meet o specific acoustical require-

ment less than 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 fowards the acoustic performance of walls, However, the basic
theoretical ond practical principles are completely general; they can be

o all types of building elements, and indeed to all types of structures
high volues of sound attenuation are required, Of interest in this study
sarious elaments of building construction which include windows, doors,
+ifings and roof/ceilings, as well as walls, Each of these elements per-
o specific funation in the overall building system, and as such is subject
fic practical constraints in its construction. It is the purpose of this
section to briefly review the functional constraints imposed on each of the
cther major elements and to examine techniques for obtaining optimum acous-
rioal performance within these constraints.

7.

Windows

The primary functions of windows, if ventilation is provided by alternative
means, are te 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 YT T o T T v T
== 1/4" glass N
- === =1/8" glass
o
g
—
j -~ e
2
g 20 =
. - - Calculated Values
- Equation (42) -
oL Lo vty v e b ey

63 125 250 500 1000 2000 4000 8000
Frequency, Hz

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 freauencies. At high frequencies, however, there is little to choose
the twa, The effect of coincidence in the 1/4=inch panel is evident
sp and of the frequency range most important for speech communicotion,
ther increase in the thickness of the glass is undesirable, since the
fregquancy is lowered 1o a value well within this important frequency

o rasult, the greatest thickness of glass that can be used in window

: 13 probably in the order of 1/4=inch.

P .
e b

i the window is operoble, the transmission loss is normally less than that of the
sealed version shown in Figure 48 due fo ledkage of sound between the moving
svts and the frame. Typical values of fransmission loss for a stundard aluminum
ing glass window with 1/4~inch glass panels are shown in Figure 49, The
ion 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 cose is 2400 Hz. The weatherstripping that is included in
operable windows reduces the leakage of sound but its condition usually
deteriorates fairly ropidly with use, thus limiting its usefulness.

12
L

-;::dU@T

A more effective and durable seal that can be applied to the perimeter of the
maving 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
he of the foam variety to provide absorption in the channel thus formed. If

the window is rarely opened, it is possible to obtain a better seal with neoprene
that contacts the frame. The effect of such a seal on the transmission loss of
standard aluminum sliding glass window is shown in Figure 42, The improvement
in performance over the unsealed window is evident over the entire frequency
range and is in the order of 10 dB in the range 1000 Hz o 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 precautions 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 a frequency (f,) of 62 Hz, In the absence of sound
bridges, the transmission loss will exceed the values caleulated according fo
the mass law by 20 dB at a frequency of 195 Hz. Thus, it appears that «
practical window system cannot be designed fo satisfy the 20 dB requirement at
fraquencies 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
reduciion in the value of FQ is proportional to 1/Vd, o spacing of almost

ey
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3.2,2

20 inches is required in conjunction with 1/4=inch glass panels to satisfy the
20 dB requirement at the low frequencies.

er frequencies, the transmission loss of a double window is determined

sound bridging between the two glass panels, which in turn depends

o the methed used to mount the glass panels and the type of wall in which
‘ i If the wall is solid, then it is necessary to mount the glass

«els in soff neoprene gaskets so as to provide partial isolation, This is not

y if the panels ore mounted in separate walls which are partially

2ol from each other, The presence of sound bridges is one more reason

o limiring the thickness of the glass in order for the critical frequency to

remain high. It is, however, beneficial for the two panels to be of different

thickness so that the critical frequencies are staggered — see Section 2,2.2.,

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 damping 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
absarption,

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. It is important, however, to
ensure that the fundamental resonance does not have the same frequency as
the fundamental lateral cavity modes.

Doors

Since the primary function of a door is to provide a means of entry and exit to
the dwel!ling, it has to be operable and must be light encugh 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
loss of such o door with neoprene bulb seals is shown in Figure 51. At high
frequencies, the fransmission rises more slowly with frequency than would be
axpecied due o leakage of sound through the seals, The acoustic performance
in Figure 51 is probably the best that can be obtained from a solid core
ical installation. Most other types of seal configurations will

r values of fronsmission loss,

123/4" Solid Core Door with

Neaprene Bulb Edge Seal

di

Loss,

£

Tranemission
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Figure 51. Measured Transmission Loss Values of a

1=3/4=inch Solid Core Door
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There are two main methods by which the maximum fransmission loss can be
shiained from o structure, such os o door, where there are severe limitations

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

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

i f‘};{ﬂrﬁn{;{’

fg @ massive though porous material, such os cemented wood
onte which two facing layers are applied — one rigidly, one resil=
the pornus center layer successfully simulates a cavity with absorp=
ad provides added mass, The transmission loss from this structure can
be made fo equal or exceed the calculated mass law over a major part of the
fraquency range of interest — see Section 3.3,

o n}/ 115

Sinue the area token 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 deor 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 & dB less than that of the wall while still retaining @ 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
attenuation 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 an additional 5 to 10-dB, particularly of the

s

medium 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
rigid enough to withstand live and dead loads without too much deformation.
In addition, the ceiling can be neither too massive nor too flexible or it will
sag under its own weight,

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 fo 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. 1t 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,

hsowith walls, it is desirable to have a massive flexible ceiling in a floor/
vsterm, However, the practical difficulties of installing such «
ude the use of some of the panels that are satisfactory for walls.,
ve method of achieving the required properties is to install the

=t, which may be tlexible, to the ceiling joists and to subsequently
dre 1/ J5'<>1r:¢,}3 of sand pugging from above,

the nrevious discussion of design principles has been concerned primarily with
the problem of constructions that are subject to excitation from airborne sound
waves, In the case of floor/ceiling constructions, there also exists the problem
of impact excitation such as would be obtained from footfalls, dropping
objects, ete, This is o different type of excitation in that the area impacted

is usually quite small and the forces involved quite large, when compared to
airborne excitation, Impacts are also characterized by being of short duration

rather than of o 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 some 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 a
"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 a typlcol 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-
macle fiber carpets with an appropriate under-pad are capable of supporting
wy trattic for 15 1o 20 years without undue wear, In view of their remark-
; es at reducing impact noise both in the source and receiving

b would seem appropriate to consider carpets as part of the building

on ifself. In doing so, it is possible to reduce the complexity and
hence the cost of floor/ceiling systems,

APPLICATION OF PRINCIPLES TO PROTOTYPE DESIGNS

The muin objective of this study was to design and test building elements
hoving higher values of transmission loss and a lower cost than that available
from existing elements, Some of the principles which make the design of such
improved building elements possible have been summarized in Section 2.4,
These principles and associated design methods have been used to design: (1)

a 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 as proctical constructions. The designs and acoustic performance
of these experimental and final prototypes 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
fo 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
single construction to determine the values of transmission loss that could be
obtained with optimum, though still partially idealized, designs. [t was not
infended 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:

e To verify the transmission loss theories and design procedures for semi-
practical multiple panel constructions with sound bridges.
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s To examine the feasibility of achieving the 20 dB requirement in a con-
struction with reasonable constraints,

mine the maximum values of transmission loss thet could be
n o construction with reasonable constraints,

:

ine the feasibility of using laminated and mass-loaded panels
‘n multiple ponel constructions, and to develop semi-practical methods
for the configuration and construction of such panels,

To apply the principles and design methods to all types of building
slaments including walls (internal, external, loadbearing and non-load-
bearing), floor/ceilings, roof/ceilings, windows (sealed and operable)
and doors.

&  Ta determine the combinations of materials most suited to constructions
designed according to the methods outlined in Section 2.4,

%  To determine the increase in fransmission loss that can be obtained by
maodifying existing construction types.

For o single panel to provide high values of transmission loss economically, the
mast desirable properties are os follows:

&  High mass or density
e Low stiffness
& 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 fo 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

@

High Mass

Low Stiffness in Typical
Thicknesses

Expensive
Poor Thermal Insulators

Possible Corrosion

Grypsumboard

Variety of Masses and
Critical Frequencies

Available

Inexpensive

Fragile in small
Thicknesses

® (Good Fire Resistance
Hardbeard @ 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
Plywood ¢ Flexible in Thinner Poor Fire Resistance

Types
Good for Mass Loading

but can be Treated

More Expensive than
Gypsumboard or
Hardboard
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oF too expensrve and provides such inordinately high values of transmission
‘s that Ts z:zppi ications are very limited. Second, it is impossible to achieve
) el reauirement over the complete frequency range with a practical

hit due to the limitations on gloss thickness and spacing. Therefore,
inotion of @ wall and window cannot be made to meet the 20 dB

v other words, the wall is over-designed for the window.

ha 20 df requirement; these were termed Type I prototypes. The

er {Type 1l prototypes) were designed to provide a transmission loss that
saual to or slightly better than that required by FHA for Grade I construc-
tions., 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 o wall of STC 40 would result in an overall rating in the order of 58, which
is fairly respectable. It should be mentioned, however, that the method of
spacifying the transmission loss chcracfenshcs of an exterior wall by its STC
rating is not a good one because the rating is based on a typical internal nois
environment and there is sometimes a great difference between the Frequency
spectra of the indoor and outdoor noise environment, Therefore, it is recom-
mended that external walls be designed for o 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 besn found — the familiar flattening of the transmission loss curve for a
ingle panel at low frequencies is not ohserved from measurements in this

and the theoretical mass law is obeyed as shown in Figures 2 and

K,’x

us the values of trensmission loss and STC ratings given in this report
wably lowsr than those that would be measured in many other

the ronstruction of the experimental prototypes are to be found
: Hlowing pages, together with the measured values of transmission

and beief comments on the overall acoustic performance. Included in
M- sinils for the wall constructions are the estimated in-place cost figures
given indollarsper square foot of surface area. These costs do not include
finishing and hczve been determined from the 1971-72 edition of the National
Construction Estimator (Reference 16) as far as this is applicable. Because

these constructions are experimental, the costs must be considered

anproximeate .

H

Profotypes. Building Element
A - H Walls
I - J Floor/Ceilings
Ko~ L Roof/Ceilings
M Doors
N - O Windows
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PROTOTYPE A — WALL

CONSTRUCTION DETAILS:

2" AT wooden studs, 16 on centers staggered, 8" on centers aftached to
y

27 47 woodern plates of base and top., On one side, 5/8" gypsum wall-

I (m;) mounted on 1/4" x 1" x 1" double~sided adhesive backed PVC
ce square 24" on center vertically, On the other side, two sheets
aypsum wallboard (m,) spot-laminated on a 12" square lattice
i/4% % 1" x 1" double-sided adhesive backed PVC foam tape

i centar verticolly, 2% fiber glass insulation hung between the studs.

M = 8,5 lbs/ft?

iy = 2,6 lbs/ft?; m, = 4,0 lbs/ft?
fe = 2500 Hz; o = 3000 Hz

D = 7.25 inches; d = 6.0 inches
e = [,6 ft

STC RATING: 57
COMMENTS:

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

APPROXIMATE COST:  $1.45/ft2
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PROTOTYPE B — WALL

U B wooden studs, 24" on centers, attached to 2" x 8" wooden plates af
el be On one side, 1/2" plywood mass-loaded to 4 Ibs/ft? nailed to
“oiywood squares, 24" on centers vertically. On the other side,
d hardboard moss-loaded to 4 1bs/ft? mounted and screwed
VAT e 1 x 17 squares of double-sided adhesive backed PVC foam
24 o centers vertically. Mass-loading in both cases achieved by
‘ng layers of asphalt roofing paper to the base panel. 2" fiber glass
ation batts hung between the studs,

PARAMETER VALUES:

M = 9,2 lbs/ft?

), = 4 tbs/ft?; mo = 4 lbs/ft?
‘E"m = 1800 Hz; Ecz = 4000 Hz
D ~ 9 inches; d ~ 8 inches
€ = 2 1

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/%t?
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PROTOTYPE C — WALL

N DETAILS:

2% x 4" wooden studs, 24" on centers, attached to double 2" x 4"
v plates of base and top spaced 1/2" apart.  On the outer sides,
s T/4% 5 10 x 1 double-sided adhesive backed PVC foam tape
"on centers vertically, sheets of 1/2" and 3/8" gypsum wallboard
ated.  In the center, mounted on solid point supports, consiang of
205 1=1/2" plywood, 24" on centers vertically, sheets of 5/8"

1/ umH ‘3/% gypsum wallboard spot-laminated on a 24" square lof’rlce., 2v
filer glass insulation batts hung between the studs in each cavity.

FARAMETER VALUES:
I = 16,7 ths/ft?
m, = omy = 3.6 lbs/Ft2; m, = 7.2 lbs/ft?
foy = ﬂ:z = fo, ™ 2500 Hz
i = 13.5 inches, dy = dy = 5inches

e = 2
S5TC RATING: 76

COMMENT:

This i'ripE@ 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
"reasonoble" 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,

APPROYIMATE COST:  $2.36/F
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PARAMET

PROTOTYPE D — WALL

JCTION DETAILS:

vooden studs, 24" on centers attached to 2" x 8" wooden plates af

5. On one side, sheets of 1/2", 3/8%, 1/2" und 3/8" gypsum
spf:u laminated on a 24" square la’rhce, mounted on 1/4" double~
adhesive backed PVC foam tape, 24" on centers vertically., On the

sther side, sheets of 5/8% 1/2" and 5/8" gypsum wallboard, spot-laminated

W square lottice, mounted on 1/4" x 2" x 1-1/2" plywood points, 24"

on canters vertically. 2% fiber glass insulation batts hung between the studs.

ER WALUES:

= 16.7 lbs/1t?

i | = 7.0 lIbs/®2, m, = 7,2 lbs/ft?
‘n"fm ~ 3000 Hz; fes ~ 2500 Hz

[ = 11,5 inches; d = 8 inches

& = 2%

S5TC RATING: 69

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), Again, 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:

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

| to 4 Tbs/ft? by means of loose sand contained in "egg carton™ type
wis. Plywood sheet mounted on point supports of dimensions 2" x
0 ocentars, with 1/4" double-sided adhesive backed PVC foam

) = 48 lhs/ft?. M, = 4 |bs/fi?
P = 200 Hz; fo, = 1800 Hz
0 = 10,5 inches; d = 6 inches

STCRATING: 72

COMMENTS:

The method of mass-lcading used in this construction was included as an
attempt to utilize the beneficial properties of loose sand, i.e., high mass
and low stiffness. The measured values of transmission loss are affected 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/ft2
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¢

CONSTRUCTION DETAILS:

{

A

PROTOTYPE F — WALL

2 reinforced concrete panel {my ) with 2" x 8" wooden studs, 24" on centers

ad with noils to simulate concrete ribs, On the other side 1/2" plywood
ss-loaded to 4 lbs/ft? by stapling three layers of asphalt roofing paper
‘1% soch layer) attached by means of 1/4" x 1" x 1" double~sided ad-
| PV foam tope squares 24" on centers vertically, 2" fiber glass
s hung between the studs,

A = 28 ihs/ft?

aF = 22 Ibs/ft?; mo = 4 |bs/ft?
f.| = 400 Hz; fes = 1800 Hz
[ = 10,5 inches; d = 8 inches
@ = 2 fest

ST RATING: 68

i

COMMENT 5

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" concrete is utilized in place
of 4" concrete, Comparing the measured results of transmission loss for the two
prototypes shows that the low frequency performance approaches the predicted
values more closely for this construction using 2" 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.

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

COMSTRUCTION DETAILS:

w 4% woaden studs, 24" on centers, attached to 2" x 8" wooden plates at
ttop, On both sides, 1/8" fiber glass sheets loaded to 4 Ibs/ft2 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
v 17 17 sguares of double-sided adhesive backed PVC foam tape 24"
centers vertically, 2" fiber glass insulation batts hung between the studs.

PARAMETER VALUES:
Moo= 10 1bs/Fr 2
myo= my = 4 Ibs/fr?

,a

L= E, = 6000 {with no mass-loading)

i

= 8.5 inches; d = 8 inches
e = 2 feef

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/f2

-122-



Y
T

Loss,

Trensmission

¥
SO w
iii [ S A O e e S A I e
Measured  —
. \Q"‘ry,
Predicted P -
_\ o
o
Al ,‘
] oy P e
50 ® SFM -

as
eighes Barts

2 8" Woodan Studs

A e .

=
i
B,
)
S
&
\
Z
O
o
o
g
s
=

& -
4 -
- 7 //f////
,‘-‘"4/‘6‘
“§
200 —

STC 60

O’llyllr[ll]ll‘!ll:;l!l|
63 125 250 500 1000 2000 4000 8000

Frequency, Hz

Figure 61, Transmission Loss Values for Prototype G

-123-



PROTOTYPE H — WALL

CONSTRUCTION DETAILS:

95w A weoden studs, 32" on centers, staggered 16" on centers attached fo

2 wooden plates af base and top.  On both sides, 5/8" gypsum wallboard
Gt 4% an center to studs, 2" fiber glass insulation batts hung between

m, = mg = 2,6 lhs/f2

P f o= 2500 Hz

£l G2

o= 4,75 inches; d = 5.5 inches

ST RATING: 43

COMMEMNTS:

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
loss at the critical frequency of 2500 Hz at which the maximum allowable deviation
of 8 dB is taken. An increase of only a few dB inthis frequency region raises the
STC vating to its more usual value of 46.

APPROXIMATE COST: §1.25/ft7
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PROTOTYPE I —~FLOOR/CEILING

2% 1 weooden joists, 24" on centers, on one side of which is nailed 1/2"

sk, Spot lominated to the plywood (at 12" on centers) are sheets of
raod and 5/8" gypsum wallboard which in turn are spot laminated at
" on centers, On the cther side, sheets of 5/8" and 1/2" gypsum
similarly laminoted, are mounted on 1/4" x 1" x 1" squares of
sided adhesive backed PVC foam tape. 2" fiber glass insulation batts
ng diagonally between the joists,

FARAMETER VALUES:

M = 12 Ibs/ft?

Py = 5,3 ths/ft?: msy = 4.6 lbs/ft?
fey = 1400 Hz; Fcz = 2500 Hz

D = 12.6 inches; d = 10 inches
8 = 2 feet

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

COMMENTS:

This floor/zeiling 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, at least with
the vinyl floor covering.
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PROTOTYPE J — FLOOR/CEILING

CONSTRUCTION DETAILS:

7 18" wooden joists, 24" on centers, acting as a simulated subfloor system,

o side of which is 2" reinforced concrete., On the other side, 1/4" hard-

cird moss uadec with asphalt roofing paper to approximately 4 Ibs/ft2 mounted
FEEE R " squares of double sided adhesive backed PVC foam tape.

e ¢ ‘nsulation batts are hung diagonally between the joists,

M= 32 ths /R

iy = 24 tbs/Tt Y My = 4 |bs/ft’
f = 400 Hz; f = 4000 Hz
(81 c?

» 20,25 inches; d = 18 inches
2 = 7 feet

ST RATING: 73

INE RATING: 59 (with viny! on cork)
60 {with carpet)
73 (with carpet and foam pad)

COMBENTS:

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 notf 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

COMNSTRUCTION DETAILS:

2%« 107 wooden joists, 30"on centers, on one side of which is 2" reinforced
ste (my ). On the other side, o lightweight steel channel is nailed per-
dicularly io the main joist direction, to which is mounted 1/2" and 5/8"

v waliboard (my) spet-laminated at 24" on centers, by means of 1/4" x 1
squares of double-sided adhesive backed PVC foam tape, 24" on centers,
s insulafion butts are hung diagonally between the joists,

i
i

= 30 Ibs/ft?

it | = 24 ibs/f+4; mo = 4,6 lbs/ft2
Fm = 400 Hz; fcz = 2500 Hz

o = 15 inches; d = 12 inches
2 = 2 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.
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PROTOTYPE L — ROOF/CEILING

TOb DETAILS:

wooden studs, 24" on centfers, on one of which is nailed 1/2" plywood
to 4,2 Ibs/Tt2 (m,) with asphalt roofing paper. On the other side,
of 5/8" gypsum wallboard (m,) spot-daminated at points 24" on centers,
mounted to the joists with 1/4% x 1" x 1 squares of double-sided adhesive backad
PV Toam tape, 2V fiber glass batts were hung diagonally between the joists.

ParaneTER YALUES:

A = 11,5 ths/f1?
i 1 = 4,2 qu/?T?; fﬂz = 5.6 “35/“2
{"{“ : = 2000 Hz; f = 2500 Hz

o 2
D = 12 inches; d = 9.5 inches
@ = 2 fect

STC RATING: 463

COMMENTS:

The agreement between the measured and approximate predicted results for this
construction is good. [t 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
tfransmission loss is fairly accurate,
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PROTOTYPE M ~ DOOR

satum {m, ) {cemented wood shavings), one side of which has bonded to it
F5/8" gypsum wallboard (m,) and 1/4" hardboard {(m;). On the other
hardboard {my) mounted on 1/8" x 1" x 1" squares of double sided
acked PVC foem tape 12" on centers vertically and horizontally.

% 2" lumber, to which the gypsum wallboard and the

T A B 31
consisted of 2

saard were natled.

PARAMETER VALUES:

A = & Ths/fi 2

My = 3 lbs/Ft?; mo = 2.6 Ibs/ft?
M = 1,4 ths/ft 2 my = 0,7 lbs/ft?
v‘;"m = {unknown) Fc:z = 2500 Hz
f = 5000 Hz fe, = 10,000 Hz
D = 3 inches

&) = 1 foot

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:

VA

ny and 3716" (my) plate glass panels mounted 8" apart in two sides of an
high transmission loss wall system (STC 69). The perimeter of the assembly
ively sealed without introducing significant sound bridges and 2" fiber
Hion board was placed around the perimeter,

5.7 ths/F1?

m, = 3,3 ihs/ft?; m = 2.4 lbs/ft?
f. = 2400 Hz f, = 3200 Hz
) = 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 15 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:

/4% (1t and 3/16" (m,) plate glass panels mounted in standard aluminum sliding
mes 8" apart in two sides of an isolated, high transmission loss wall syster
The perimefer of the assembly was effectively sealed without introducing
sund bridges, and 2" fiber glass insulation board was placed around
Metal channels contuining neoprene seals were screwed to the

» of the movable section of each window.

M, = 5.7 lbs/ft? k
mn = 3.3 lbs/ft?; mo = 2,4 lbs/ft?
‘?’m = 2400 Hz; s = 3200 Hz

p) = 8,4 inches d = 8 inches

STC RATING: 50

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 - ses Prototype N.
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Summary of Experimental Prototype Results

In order to present the results in a simplified summary form, the perfor-
mance of the various profotypes has been rated in terms of two single
sumbers, o combination of which indicates whether or not a particular

o : achieved the goals presented in the contract. One of the
used is the familiar 5TC method, In nearly every cose,
determining faoctor in the classification of the measured

& prototypes using this method is the value at 125 Hz. Thus,
ure for these prototypes is purely a low frequency classification.
20 to obtain o classification of the constructions in terms of the
sured performonce resulfs of high frequencies, it was decided to use

IL (Speech Interference Level) method. The SIL figure is the numeri-
e average 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 o clear picture to be obtained for the overall performance
of the prototype constructions.

iy

The results of the prototype tests are condensed in Table 4 to illustrate the
most important features. This table briefly describes the basic construc-
fion 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 attain or exceed the 20 dB requirement. The sixth column shows
the difference in dB (A STC,,) between the STC figure for the measured
values of transmission loss and the STC figure for the calculated mass [aw
line. The final column is similar, except that differences in the SIL
figures are presented.

A study of the 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 profotypes with those for the
standard type of staggered stud wall (Prototype H). The STC rating of the
fatter 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

FHPERIMENTAL PROTOTYPE TEST

i
Total Total
Mass Thickness Dasign SEL
Pro Hhs/5r5) {{nches} Typa Fl%) | STC | A8 '(“m TLo | A3 L.m

A, Moditied gypsume 8.5 ] 1/2 i1 38 57 i7 &3 21
boord stoggered
stud

B. Plywoed/loaded 9.2 8-~3/4 4 P4 &7 24 74 pi
hardboard double
wall

C. Triplz gypsume 18,7 13«1/2 1 100 76 29 gl 33
board {lominated)

5, Double gypsum~ 16,7 11 -1/2 i 94 &9 22 74 26
hoard {laminated

£. 4" concrete/loaded| 52 10=-1/2 ! 19 72 15 76 17
plywood double
wall

F. 2"concrete/loaded| 26 10 - 1/2 1 0 48 6 70 14
plywood double
e {d

G, Loaded fiber gloss 10 8~1/2 i i3 60 17 &1 16
double wall

H. Stondard stoggered
stud w/gypsum 6.2 6=3/4 - ] 43 4 45 4
board ,

&) Floor/Ceilings

1. Modified 12 12 - 5/8 i1 i3 62 19 63 18
wood joist

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

{c) Reof/Ceilings

K, 2"concrete/ 29.5 15=1/8 1 19 69 16 73 17
lominated gypsum—
board

L. Loaded plywood/ 11.4 11-1/8 1 38 43 18 &7 19
gypsumbaoard

=1 41 -




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,

sveraged over the complete frequency range, has been essentially achieved.
I a similor monner, the results of the other major structural elements, roof/
wolling and Floor/ceiling, give averages ot 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

Vi

fEsdl

The results of the tests on the Type Il prototypes demonstrate that Type Il
verformance (i.e., better than FHA Grade I) is generally obtained; in some
cases, it is exceeded, The results of the tests conducted on constructions
vredicted to be of Type I (i.e., 20 dB better than mass law) are varied.
Because of the low frequency anomaly* in the test results, which reduced
the observed values of transmission loss af 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 at the end
of the experimental prototype tests,
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o The methods of predicting the transmission loss of multipie panel con-
structions with sound bridges as detailed in Section 2.4 provide values

that are in fair agreement with measured values, With the exception

of some of the consiructions containing concrete panels, the pre-

4 results are normally conservative estimates of the measured per-

This is partly because the true effect of wall isolators is

FIndnce

rimated in the theoretical predictions.

Ihe concepts of spot-laninating and moss-loading single panels
appear to be soiisfactory methads of obtaining higher masses without
significantly increosing the stiffness of the panels. More refined
methods may be required for the fabrication of mass-loaded panels.

s The 20 dB requirement con 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 Protatype D, perhaps due to the
low frequency problem in the Transmission Loss Focility.

& The techniquas of point=mounting and spot-laminating can be cpplied
fo existing corstructions to provide o substantial increase in the
acoustic performance.

&  The resuits from the tests conducted on Prototype B indicate that it is
possible to nail or screw through the point isolafors without reducing
the values of fransmission loss by more than a few dB. This is an
imporrant result, as one of the main reasons that some of the experi-
mental profotypes are not fully proctical is to be found in the method
of mounting the pansls,

Proctical Protolvpes
Yl

The results gained from the experimental profotype tests 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 wos
decided to select goals that included not only very high values of transmission
loss but also moderate values ot 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 II consiructions. A fourth 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

‘ Building ; STC Rating
: Element 40-50 50-60 50-70 20 dB
{45) — -
E (55) (70)
(66) (67) (64)

Floor/Ceiling —— (66)
Windaw (55) —— —_—
Door 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 o 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 reasoncble 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 af 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 II require-
ments ab low cost, This was preferred over systems that provided higher trans~
ission ﬁms even though the cost per STC value for these was com-

le o or less than that for the one selected, Consequently, a party wall
STC rating of approximately 55 was included, In addition, an
ing wall of simple construction having an STC rating of 45 was

: is o higher rating than nomally associated with this type of

iz obtained ot o fairly low cost.

ded in the selections for testing were two exterior walls designed for
2rnal noise environment (STC 62 and 67 without meeting the 20 dB

re qﬂr"ﬂ'ﬁ nt} 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
mainty 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,

I+ 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 o method used to connect together two

or three flexible panels of a given material, using discrete spots or points
of adhesive. Since it would seem to be wasteful in time and money to
laminate more than two or three such panels, it is generally not practical
to increase the mass of the composite panel to more than two or three times
the mass of each constituent panel. Mass-loading on the other hand, in-
volves the addition of a series of discrete masses to a flexible base panel,
such as hardboard, that may be of low mass and contribute nothing to the
composite panel other than its flexibility. It is anticipated that this
fabrication technique 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 reasoncble cost more efficiently than by using laminations.

ta diffieult o estimate the relative cost of panels fabricated by these
hnigues because of the unknown tooling expenses that would be
Howaver, inspection of the cheaper building materials indicates
mboard panels are extremely amenable to being laminated,
Lardboard or plywoed (which are less massive than gypsumboard in
. commarn thicknesses) would require mass-loaded configurations.
s cost of gypsumboard compared to other materials tends to indicate
minated gypsumboard would be the cheaper of the two methods,
srovided only small Increoses in mass are required, For larger masses,
moss~loading would probably be more cost/effective.

At this point, o word is in order concerning the designs and costs of the
nrofotype 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 -
bullding sites, however, and since the designs have not been thoroughly
-zviewed by all the various types of engineers and tradesmen who may
eventually be involved in their usage, it is premature fo 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.

I+ can be anticipated that many, if not all, of the techniques would under-
go substantial changes before the final constructions actually appeared 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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difficuit 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
re nade, In the case of non-loadbearing constructions, it is antici-
that the fire resistance requirements will be met. The only
question may be with loadbearing constructions with PVC foam
ot thelr equivalent, included in the method of fastening.

. sinica the panels are nailed through such isolators, o failure of
atctor should not affect the structural integrity of the construction,
i, 1t is considered that the majority of the proposed con-
yetions con bu«» expected to provide adequate fire protection,

Design and Measured Results

Full descriptions of the eight practical prototype constructions are given in
this section together with their acoustical performances, Included in the
thh,,f:hom 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 o obtain a realistic estimate. Costs are based on the material
and labor 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
I _ Interior Wall
2,3 Party Wall
4, 5,7 Exterior Wall
6 Window
8 Floor/Ceiling
9 Door
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PROTOTYPE T — INTERNAL WALL

CTION DETAILS:

owooden studs, 24" on centers, attached to 2" x 4" wooden plates at
On one side, 1/2" gypsum wallboard (m; ) nailed to studs.
ide, 1/2" gypsum wallboard (mz) naited through 1/4" x 11 x
t PYC foom tape. 3-1/2" fiber glass botts hung between the

UAATED COST: $7.00/0°

PARARMETER WAL LIFS
) = 4,2 lbs/ft?
i, = 2,0 lbs/ft?; m, = 2.0 lbs/ft
£ = 3000 Hz. f = 3000 Hz
e, ; <,
D = 4=7/8 inches; d = 3~1/3 inches
& = 7 feet

STC RATING: 45

COMMENTS:

The agreement between calculated and measured resulis s 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

CONSTRUCTION DETAILS:

2% v A" weoden studs, 24" on centers, attached to 2" x 6" wooden plates af
bass and top, On one side, 5/8" gypsum wallboard (m;) nailed 24" on
ticaily, On the other side, two sheets of 3/8" gypsum wallboard
tlaminated 12" on centers nailed to studs through 1/4" x 1" x 17
PV foam 24% on centers, 3-1/2" fiber glass batts hung between

FSTIMATED COST: §$1.21/R°

FARAMETER VALUES:

M = 7 lbs/ft

m, = 2.6 lbs/ft?; m, = 3.0 lbs/ft’
;a] = 2500 Hz; fcz ~ 4000 Hz

D = 7=1/8 inches; d = 5-1/2 inches
& = 7 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

ed concrete panel {(m, ) on each side of which are sets of 2-1/2"
24% on centers attached to 2=1/2" steal channels at base and

[

Oy ecch side, two shests of

5, serewed througn 1747 % 1" cquores of PVC foom tope, ot poinis
LA

an aenters verfically, 3=1/7 fiber gloss batts hung between studs in each

1o
N
3
et
5
\\
y
—t

PARAMETER VALLIES:
M = 27 ibﬁ/ﬂ“z
iy = 22 ths/ft?; i = 2 lbs/Ft?

fo, ~ 630 Hz; e, ~ 5000 Hz
[ = 8 inches; d = 2=1/2 inches
e = 2 feet

STC RATING: 72

COMMENTS:

This trinle panel construction was designed to satisfy the 20 dB requirement
af 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

COMNSTRUCTION DETAILS:

« 17 squares of PVC foam tape at points 24" an centers
" fiber glass batts hung between the sreel studs,

FARMMETER WVALUES:

M = 26 ths/fi’

m, = 22 lbs/ft?; m, = 2 lbs/ft

fe, ~ 630 Hz; fe, ~ 5000 Hz

D = 5 inches; d = 2~1/2 inches
& = 2 feet

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 al]

the prototypes listed, it is probably the construction with the widest range of
applications,
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PROTOTYPE 5 — EXTERIOR WALL

SOPESTRUCTION DETAILS:

£

AU rEinTor:

is hung ir the cavity.

$0., 59/

sed, modulor concrete wall {(m ), 4' wide, with two sheets of 1/4"
d (my), spot laminated at points 12" on centers, nailed
17 % 17 squares of PVC foam tape 24" on centers. 3=1/2"

= 26 lbs/ft

my = 22 lbs/fi?; m, = 2 lbs/ft
{“:1 ~ 630 Hz; fe, 7 5000 Hz
[ = 8-3/4 inches; d = 6 inches
e = 2 feet

STO 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

CTION DETAILS:

and 1/4" {m,} plate glass panels mounted in metal channels 8"
rwo owalls of an Tselated, high transmission foss wall system (Proto~
63). The perimeter of the assembly opened into the cavity of

(a3 )

ch contained 3=1/2" fiber glass batts.

A = 5,7 lbs/F

e = 2.4 lbhs/ft Mg = 3.3 Ibs/ft?
Cl = 3200 Hz fe, = 2400 Hz
D = 8=7/16 inches d = 8 inches

STC RATING: 67 in combination with the wall of Prototype 5.

COMMEMNTS:
The 3TC 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

, 24" on centers, with 0.025" prefinished steel siding riveted
and spraysd with stucco (m;) to a depth of 1", On the other
“temperad hardboard mass loaded to 4 Ibs/f nailed through

o 1" squares of PVC foam tape, at points 24" on centers verti-
rdboard was loaded with loose sand contained in a plastic

o matrix of enclosed pockets. 3-1/2" fiber glass batts

er the shuds,

PARAMETER VALUES.

P = 15 ths/ft?

M, 22 0 fhos /2 my = 4 lbs/ft?
fm ~ 430 Hz fez = 5000 Hz
[ = 4-1/4 inches d = 5 inches
& = 2 feet

STC RATING: 61

COMMEINTS:
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

LOMNSTRUCTION DETAJLS:

" waoden floor joists with o floor (m,) of 5/8" plywood (nailed) and
layer of 1/2% fiber glass insulation board on top of which is floated
or of 1/2" plywood nailed to 7/8" % 7/8" wood stripping, 16" on

5, with leese sand in the cavity space formed. On the ceiling side,
of /4" gypsum wallboard (m,) 2 in width, spot laminated at
2% an 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"
es of PV foam tape. 3-1/2" fiber glass batts hung diagonally between

ESTIMATED COST.  $2,17/f2

PARAMETER VALUES:

M = 17 Ibs/ft?

iy w11 Tbs/f my = 2 |bs/ft?

fel = (unknown) fes = 5000 Hz

D = 14-1/2 inches d = 11-1/2 inches
2 = 1.6 feet

STC RATING: 63
HC 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

COMNETRUCTION DETAILS:

or of 1/4" tempered -hardboard (m ), 1/2" gypsum wallboard (m ;)
nented wood shavings (ms) (Tectum) in a wooden perimeter frame,

" tempered hardboard (mg) mounted on 1/4" x 1" x 1" squares of

Tompressed neoprene gaskets installed on the door frame.

lrderowm )

= & s /5t
my = 1.4 lbs/ft’ Mo = 2 |bs/ft?
My = 1,5 lhs /5 My = 0.7 lbs/ft’

STC RATING: 446

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 asingle door, and could be effectively increased by the addi-
fion of o 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 fransmission lass for the practical proto-
fypes are presented in Table 6 in terms of the STC rating and the trans-
ission loss in the speech interference range of frequencies, The first
: © be noticed is the generally good agreement between the measured
1 precicted values, Prototype 3, a tfriple panel construction, as
ned successfully meets the 20 dB requirement at all frequencies in
e 200 Hz to 4000 Hz, with an overall thickness of only 8 inches,
thar wall designed to meet the 20 dB requirement, Prototype 7,
d to 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 cannct be satisfied if one of the panels is of con-
crefe, aven 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 moss of only 7 lbs/ft 2. 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 Tgi‘f:irr:‘;is Es*(‘:::’:ed STC SIL - TL
Prototype (Ibs/ft2) | (Inches) | $/ft2 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 54 70 67
5. Exterior Wall 26 8-3/4.1 1.59 .67 63 &7 64
7. External Wall 15 13-1/27f 2.25 64 61 66 63
8. Floor/Ceiling 17 4-1/2 217 66 63 68 73
9. 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 combination of Prototype 6 provides an STC rating
only 2 points less than that of the wall alone. Note that
slacing the two glass ponels in the two partially isolated

in eptimum performance of the window unit without the need
t gaskets, The door of Prototype ¢ gave an STC rating of 46
Hition of good quality vinyl bulb seals,

the floor/ceiling configuration, Prototype 8, with standard
wooden Joists and o floor loaded with sand, provides an Impact Insulation
Cless (110) of 50 with no covering. The addition of an indoor/outdoor
type carpet with an integral rubber under-pad improves the I1C rating to
o value of 64, emphasizing 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 a
significant reduction in cost from those structures in common use today.

An alternative method of comparing the prototype constructions with
existing types is fo plot the STC rating against the total mass of the con-
struction — see Figure 80, Again, the data for existing constructions has
been taken from the HUD Noise Control Guide (Reference 14). Three
deductions can be made from Figure 80, namely:

@ It is possible with the new methods to obtain STC rafings suitable for
internal walls — see Prototype 1 — with a significant reduction in
mass from that of existing constructions,

e High values of the STC rating — STC 60-70 — can be obtained with-

out excessive surface mass and with reasonable overall wall thickness.

® The STC rating of the practical constructions increases at a rate
approximately equal to 6 points for a doubling of the mass. The
rating thus follows the slope of the mass law, but is 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

Mass* .
N Deseription (Ibs/ft?) STC $/ft
| 9% thick brick wall with 1/2 plaster both sides, 100 52 2.52
h ‘{f}ou%‘)%e W?H of 4-1/2" brick leaves separcted by 2" air cavity — 100 54' 2.72
no tles. /2" plaster on exposed surfaces,
o Hollow cif‘.def blocks 4" x 8" x 16" with 5/8" sonded gypsum % i 1.3
i plaster both sides, .
o 1 &Y 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" :
apurt,
f 5/8" gypsumboard on both sides of stoggered 2" x 4" wood studs,
16 inches on center, One loyer 2-1/2" foil-backed fiber glass 6,2 43 1.25
| in cavity,
; g S/fﬂu” gypsumboard on both sides of common 2" x 4" woed studs, 7.2 35 0.87
16 inches on center,
I h 1/2" wood fiberboard end 1/2" sended 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" % 4" woed styds, 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 wall. '
k Double wall, 3-5/8" metal channel studs 24" o.c. with two
fayers of 5/8" gypsum wallboard laminated. 1-1/2% mineral 11.5 55 1.80
fiber felt in covity,
#
Inclusive of studs,
P
Laboratory data from Reference 4 with the exception of construction f which
is a Wyle measurement.
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4.0

EXTERNAL STRUCTURES

easing S"hp transmission loss of the exterior walls is only one method of

5 noise levels in residences. A barrier around o building or at specific
around o bullding con also reduce internal noise levels; of greater
however, it may also reduce the levels in the immediate cutdoor
ST vl the bui Eﬁﬂmgi thus improving the local outdoor noise environment.
The rasults of o recent study (Reference 17) on the feasibility of soundproofing
nomas near airports, gave an indication that if the local external noise levels
sxcead o certain value — approximately 80 dB (SIL) in this case — no amount
of acoustical freatment to the building could make it satisfactory for living
because the external levels are too high. The possibility of using external
thus required further investigation.

barriar

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
‘]u‘rc taken on a semi-~infinite screen in free space.
] E T l Ay manty T
o .
A = Wavelangth of Sound

25 b .
a0
-

"\20 - -4
3
<
8

15 - .
2
g
=

10 |- .

Receiver
Source
5+ -
A+B-¢C
Q 1 I ] ] i Lo L l L A]xl ) L l Ao bt
-0, 1 0o o.l 1 2 5 0 20 50 100
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

nd receiver are situated in free space. It is to be expected that the

< witl differ somewhat 1 reflections from the ground plane are taken into
unt. The curve of insertion loss with frequency then exhibits maxima and

riaima due to the effacts of interference between the direct and reflected paths.

wdditien, 1T o barrier is situated close to the wall of a building, reflections

trom this wall will reduce the effective insertion loss of the barrier,

A measurement progrom was conducted to evaluate the acoustic performance

of harriers located close to large reflecting surfaces. The measurements were
taken using o 1:6 scale model of a barrier with a rigid reflecting ground plane.
In seme cases, the vertical barrier was modified to include a 45 or 90-degree
sverhang. The effect of back reflections from a second barrier (i.e., house
wall) was also studied. An electrostatic speaker was used with c reverse horn
flaring down to @ 1=inch opening to approximate a point source of sound. The
megsurements were faken 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
i feet in the full scole dimensions. This value remained constant through-
the ;:”z:w oF measurements, Fzgure 82isa diagmm of a typical measure~

‘w’:;i“?ng surface,

e Reflecting
Mofse Source Surface

480 17¢

>
-
-

5t 24

——a-g

5l
Barrier
\ 3.5'
T T T T T T T T

Recelving Microphone

I s

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 fo show the insertion loss provided by the barrier
with and without the rear reflecting surfaces.
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TABLE ¢

FQUIVALENT FULL SCALE DIMENSIONS OF
URCE-RECEIVER-BARRIER CONFIGURATIONS TESTED

Haight in Feet

Overhang

Front Rear Angle Length
S Kecelvar Bovyri ar Barrier 8 Feet

) 3.5 & - - -

2 3 K ) 24 - -

3 8 3.5 b - - -

4 ! 3.5 é 24 = -

5 8 3.5 8 - - -

) 8 3.5 8 8 - -

7 8 3.5 - 8 - -
g 5 3.5 - 45°
9 5 3.5 24 45°
10 8 - 45°
i 3 8 45°
12 8 24 45°
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Figure 89,

I e o ‘
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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 providec by
the barrier alone by 2 to 8 dB.

® The insertion loss decreases as the height of the rear reflecting surfaces

increases, There will, of course, be a limiting height above which no
further reduction is obtained. In the case of single story dwellings, the
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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 baleanies, the insertion loss 1s small unless the length of the balcony
jerably greater than its height. At low frequencies, the effect of
s fector was negative in some cases so that the noise level

sed rother than decreased as a result of introducing the barriar.

urce above the ground increases. As @ result, o barrier affords
litile protection from the noise of passing aircraft.

e With the source 8 feet above the ground and 4 feet (full scale) from the
barrier, computed and measured values of the insertion loss for configura-
tions ¥10 and #15 (see Table 9) are both very similar to the computed
values for o barrier of height 14 feet. Thus, there appears to be little
lustification for the use of en inclined barrier or overhang such os
ittustrated 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
surfece. However, the effect of reflections from this surface can be reduced 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~
I

tion provided by the building structure.
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5.0

COMCLUSIONS AND RECOMMENDATIONS

'he princigles and techniques that pertain to the design of building elemenis
ieling high values of transmission loss have been presented. Not all the
jues are new; some are developments of existing methods, and some
ssed quite extensively in the past. These techniques have been

- means of o series of laboratory tests conducted on experimental
| protolype constructions. The cost/effectiveness of the practical

16 has been compared to that for existing constructions in common

The principle conclusions from this study are as follows:

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

2 The design expressions given in.Section 2.4 can be applied directly to
the optimum design of building elements providing high values of trans-

2

mission loss,

& 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 greaf thickness. Consequently, constructions meeting tne
requirement are limited in use to high noise level areas.

s  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.

-181 -



Some of the constructions described and tested in this program make use of
matetials or material combinations that are not commercially available at the
present time, Particular cases in point include mass-loaded and laminated
ponels. The methods of utilizing these two techniques in the constructions

; 4 are considered to be realistic and cost/effective, but because they have
ried out in field installations, it is premature to state that these are
st methods, The physical properties required of the component materials
& been examined in the main body of the report and can be considered as
wmance requirements for future designs. It remains for industry to develop
riols and material configurations so that the performance requirements
- met at low cost,

inclusion in @ computer program that could be used to design constructions to
specific performance requirements. For example, the input of parameters such
ns maximum 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-
outer 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
derant to single family residences. Moreover, it need not necessarily be a com-
nlex program requiring sophisticated computer facilities.

=

[

=
g

-182-



o

12.

13,

REFERENCES

Tramer, L., Akustische 70, Vol, 7, p 81, 1942,

"Transmission of Sound Through Structures — Basic Principles, ”
in Acoustic Envirenments and Structural Response, Goddard

enter, NASA, 1970,

standard Recommended Practice for Laboratory Measurement of Airborne

! Transmission Loss of Building Partitions, E 90-70, ASTM Standards,

b 14, Nevember 1970,

Josse, R. and Lamure, C., "Transmission Du Son Par Une Paroi Simple, "

Acustica, Vol, 14, pp 266-280, 1964,

Leissa, Arthur W., "Vibration of Plates, " NASA SP-160, National Aero-
noutics and Space Administration, Wash., D.C., 1969

Shorp, B.H. end Beauchamp, J.W., "The Effect of Damping Treatments on
the Transmission Loss of Panels, " Conference on the Damping of Vibrations,

Louvain, Belgium, 1967,

Kurtze, G. and Waﬂ'ers,; B.G., "New Wall Design for High Transmission Loss
or High Damping. " J. Acoust. Soec. Am., Vol. 31, No. 6, June 1959,

London, A., "Transmission of Reverberant Sound Through Double Walls, "
Bureau of Standards Journal, Research Paper RP 2058, Vol. 44, January 1950.

Sharp, B.H. and Beauchamp, J.W., "The Transmission Loss of Multilayer
Structures, " J. Sound Vib., Vol. 9, No. 3, pp 383-392, 1969 .

Utley, W.A., et al., "The Use of Absorbent Material in Double-Leaf Wall
Constructions, " J.Sound Vib., Vol. 9, No. 1, pp 90-96, 1969.

Sabine, H.J., "Uses of Glass Fiber Insulation for Sound Control in Residential
Construction, " Presented at a Symposium on Household Noise, 80th Meeting
of the Acoustical Society of America, Houston, Texas, November 1970.

Heckl, M., Acustica 9, p 378 (1959).

Cremer, L. and Heckl, M., Korperschall, Springer=Verlag, Berlin, 1967.

-183=



4. Berendt, R.D., Winzer, G.E., and Burroughs, C.B., "A Guide to Airbome
‘ Impact, and Structure Borne Noise — Control in Multifamily Dwellings, "
FT/TS-24, U.S. Dept. of Housing & Urban Development, Wash., D.C,,
Seprember 1947,

ive Classification for Determination of Sound Transmission Class,

5

rican Society for Testing and Materials, Standards Part 14,

fotional Censtruction Estimator, Eighteenth Edition, Craftsman Book Co.,
Los Angeles, Ca,, 1970-71.

"Final Report on the Home Soundproofing Project for the Los Angeles Depart=
ment of Alrports, " Wyle Laboratories Consulting Report WCR 70-1, 1970,

8. Maskawa, 7., "Noise Reduction by Screen of Finite Size, " Memoirs of the
Facolty of Engineering, Kobe Univ., No. 12, 1966,

19, Kurze, U.J. and Anderson, G.5., "Sound Attenuation by Barriers, " Applied
Acoustics, Vol . 4, p 35, 1971,

20. Scholes, W.E., Salvidge, A.C., and Sargent, J.W., "Field Performance of a
MNoise Burrier, " J. Sound Vib. Vol. 16, No. 4, pp 627-642, 1971.

-184-



APPENDIX A

DETERMINATION OF THE TRANSMISSTION IMPED ANCE
OF A SINGLE PANEL

bsituated in the plane z = 0 with the coordinates of any

The equation for bending waves on the panel, |
tary inertia, con be written as follows (Reference £
/ wmhﬂ E‘z\\ i P ‘Dﬂhg (_‘2
q&a} Epy) *p b= Eb,y) = {1 - 77 RALE .,;3_,,> Aple,y, O}
i Y 3 \ ‘ 12p 3
(A1)
whers
2
— wl il N a 52
v* = the Laplacian operator e T S
2 2
Q% 3y
o = density of panel material
h = ponel thickness
u = shear modulus of panel material
B = bending stiffness of panel
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:
pbe,y,z) = p, Flx,y,z)  exp(jut) (A2)



where

= jkz cos 8]

Moo v, ) ERAVIE RN

Simitarly, the acoustic pressure differential existing betweer the surf of the nonel

witl be of the form:

3 ~ er‘l’ Y fA A4
3 enpllw b 2y

and the panel velocity con be written as:

-~

ulbe,y) = jukb,y)

—
T
o

-l

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

3
p b Bp p2h
]rnz *;——) w2k2 Siﬁ2 6 + -1—2—}]- o m-pmh w2 Uo = “,;

(A6)



The specific transmission impedance Z of the panel is defined (see Section 2. 1) as the
v > differential between the faces to the normal panel velocity

3
W
- 2 12 ;
i pet h B (A7)
wnere
P
B ,ﬂ,:m;t;ﬂbm:‘.“.WWM . ’
12(1=g?) e
E = Young's Modulus for the panel material
o = 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:
B ° 4
= h - . ,f. 3
Z = jluw P y sin' @ (A8)

which is the familiar expression for the transmission impedance of a thin panel.



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 6 where a minimum is
exhibited. However, at low values of 8 the second term is very small. Therefore,
the dencminator can be approximated by neglecting the third term. In the numerator,
: ondd tarm in the right-hand bracket is much less in value than the first; agein,

righi-hand bracket can be ignored in comparison to the mass term in the left-hand
| As g result, it is possible to neglect the second term in the right<hand
With these approximations, it is possible to express Equation (A7) to «
good gpproaimation for the generol case os:

Buwsint 8
e
Lo~ jmpmh - J < (AQ)
|+ Buw?sin? 6
wcth
Z Z
, B™S
~2 prmh T (A10)
B °S
3 i a4
where ZB =] »B-Em%r—]-—e- is the bending wave impedonce
c
W
and ZS = -] E__F_\_&stm i 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:

A-4



p—— = mm RS—
L5 41~ o)
6.6 7 hy
= 1=e (%) (A1)

Thus, for panels in the frequency range where the thickness is much smaller than o
wavelength, 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 at high frequencies.
Under these conditions,the panel impedance will be as given in Equation (A8). Con-
varsely, in the frequency range where the thickness is much greater than the wavelength,
the shaaring impedance will predominate,

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

7.7 e

e

must be satisfied, where \p 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(l-g)*

59h%f
C

fo=

This value for the limiting frequency agrees well with measured results for concrete
oanels — see Figure 6. At frequencies greater than f|, the transmission impedance of the
panel will be:

A=5



. . phwsin?6
Z =~ prmh -] Roe:n s

C2
c \2
, : s .
= jmpmh ! n(—cg—) sin” @ : (A13)
Ty 3| I i a -
core o = {u/p 3% is the velocity of shear waves on the panel. The expression

‘suation (A13) indicates that the panel impedance will be zero for a single
sidence 8, given by: :

6, = arcsin (i) (A14)
c.
s .
If ¢, < ¢ then 8 isimaginary and the impedance will be nonzero for all dngles

of incidence. Also, the condition ¢, < ¢ implies that the change from bending to
hearing waves occurs at a frequency less than the critical frequency; hence coin-
cidence cannot occur., This is therefore the optimum condition. If ¢ > ¢, not only
will coincidence 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 (A8) —
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
i 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

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

Pl

worrae ] o

ethed of deriving an expression for the transmission coefficient g of a
- to consider a plane wave incident to the panel ot a given angle,

sing the concept of impedance, the expression given in Equation (1) can
ed. To determine the transmission coefficient for excitation by a rever-

it sound field, it Is assumed that all angles of incidence are equally probable

d that the average value of the coefficient is given by integrating Tg multiplied
by an oppropriate 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 (8 < 1/2) where 6 is
chosen simply so that the agreement is good. It is found that different laboratories
require different values of 6, for the calculated results to agree with those measured
in the laboratory. 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 fo be no experimental justification for this assumption,

The problem of the engle of incidence occurs again when considering the fransmission
loss of @ 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:

_ c? ,ch
F@ 2T cos 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 af 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 corred out. This is not born out by measured results, Even when there

B-1



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

iilo tharefore appeor that there are some inconsistencies in the simple theory of
emission loss which can be eliminated only in the case of single panels by
o of an empirical correction factor. The simple theory does, of course,
¢ the panels are of infinite lateral dimensions. At low frequencies, the

15 rested in transmission loss facilities are not very large compared

. wavelengthy therefore they cannot be considered as infinite. In this

he resoncnt frequencies or modes of the panel and the coupling of the incidence
.« to these modes must be taken into consideration.

The tronsmission of sound through a finite single panel has been treated in the pub-
lished literature (References B1, B2). In Reference Bl, a classical approach is
adopted by considering o plane wave incident to a panel in a baffle; the solution

s obiained in matrix form. In Reference B2, the panel is taken to be the common
well batween two reverberation chambers.  The solution is determined by evaluating
the coupling between the sound fields in both rooms and the panel. An approximation
i this solution is that the sound pressure on the incident side of the panel is much
greater than that on the receiving side. Presumably the solution is valid enly for
penels of high transmission loss, although how high has yet to be determined. At
frequencies below the critical frequency, both methods give similar results. In this
frequency range, the major portion of sound energy is transmitted by forced vibra=
tion of the pane! rather than by resonance vibration. It also turns out that the major
transmission s from sound energy that is incident at small angles fo the normal of the
nonel. The expression for the transmission loss given in Reference BZ is

TL@) = 20 log (;g;() - 10 log -f-;— + ::Iz-ln (2—;) (82)

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

TL() = 20 log (’3’%’%’5’) 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.



At frequencies greater than the critical frequency, the transmission loss is quite
dependent on the internal losses in the panel. In this frequency range, the trans-
ton oz is given by the expression ~ see Reference B2:

IR
LA

TLl) = 20 log ;%'“C} + 10 log (-Z-T-T-”-j“l-) Fof (B4)
_\ -

¢ 11 is the loss factor for the ponel material. This expression is identical to
ihet deiived by Cremer (Reference B3).

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 fo and f_ resonance transmission assumes a greater
importance in determining the transmission loss and analytical expressions do not
seem fo give good agreement with the measured results. Until more accurate expres-
sions are available, an approximate method that can be used to predict the trans-
mission loss in this frequency range is to describe a straight line between the value
of transmission loss at the frequency 1/2 f.  (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

nothe tamilior expression tor the tronsmission coefficient of an infinite
1% containg o derivation of the transmission loss of a Finite

2ol b everberant sound field, In this derivation, use is
s discussed in Section 2.1.3.

cosfficient 1, for o sound wave incident at an angle 8 to the noe-
s given by the expression (Reference C1).

fouble pane!

-2
;o= M(x +><>+><><(1-e“’) 1)
9 1 172
where

3 “1 g cos 0

W = . A

1,1 2pc

7z = fransmission impedances of panels | and 2

g = 2kdcos 8
k = 2#f/c
d = panel 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

o~ |1+ (x1 + xz) (€2)

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

Z = jwm (C3)

where m ond m, are the masses of the two panels. In this frequency range, Equation
(C2) can be written as:



g = 1 +—-—»—-—-qu;&=—— cos B (C4)

Fauation (C4) is exactly similor to that of Equation (3). The
anel of mass {m, +m,). In Section 2,1.3 and Appen=
ission loss of o finite single panel excited by a rever-
e expression of Equation (6). In the same way, the
sanel ot very low frequencies is given by the expres-

where M = m, + 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:

IR IR

Ir this frequency range, the third term of Equation (C1) rapidly assumes major importance

and the transmission coefficient is given os:

wm, cos e wm, cos o] "
Ty kS o0 Toe 2kd cos 8 (Cé)
and
wm, cos 8 wm_ cos B
w2 et ———
TLe 0 log 5 e + 20 log 7B + 20 log (2kd cos 8) (C7)

-



Equation (C7) indicates that the transmission loss of the double panel construction is
equal to the sum of the transmission losses of the two component panels plus — or more
y minus — a contribution for the effect of the cavity. The contributions from

s panels fo ihe total transmission loss are therefore effectively independent.

into account that for the transmission of sound at frequencies below the critical
; the most important angles 8  are those approaching normal incidence,

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

fmml \) u;m2 '
TL & 20 log | w—p— + 2 2 b
L 2( ngﬂ(\B%épc/ + 20 log (3.6pc) 0 log (2kd) (C8)
or TL = TL1 + TL2 + 20 log (2k d) (C9)

where ﬂ,l and TL, are the transmission losses of the single panels T 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 occurs at 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
Ty ™ 2 Thc Toe (C10)




I3

ite size

By the meihod described obove, the transmission loss for a double panel of fin
sublect to o reverberant sound field is therefore given as:

o3
[
e

8} show that the overall express)
o finite double panel is given by

et

2 2 el
wim, m .
''''' ~ % ) 1 { wrkd) .
7= E,E s i ; I = e J (C13)
{ (3.6 pc)
=1.
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APPENDIX D
THE TRANSMISSION LOSS OF A TRIPLE PANEL

the fransmission coefficient of an infinite triple panel,

rivation of the transmission loss of a finite triple panel

'he derivation proceeds along the same lines us

transmission coefficient 7 for a con-

P X T
SYruerion CC

Fromemis

| ) i
i! / " 10 -0,
- i 7%} }( _% \\ gﬁ Y j_§_ 7 4 - I,_ -
IH j i &\ } /? /\:} )\1 >\2 alj &1 XZ X3 1 e
oy
BRGNS -ig, -jo,
+ XK - + XXX | 1-e 1 -e (D1}
N 17727 e
whare
y ) ZU’;B cos
1}2/3 2 DC
Z, , T transmission impedance of panels 1, 2 and 3
01,2 :2kdl,2 cos H
dl,z = 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
g | T (X, v x,)
o -2
COS
- H+<Zl+zz+23>_§—5€— (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,
Foauation (D2) can be written as:

-2
T, = g-'ﬁ +M] f<f (D3)
L L pc c
y i ‘.‘i,y + rks
The transmission joss for o finite triple panel can be obtained in the manner discussed
ir n 2,1.3 and Appendix C, by inspection of the result for a single panel. The
tronsmission loss s given by:
oM\
= 101 1+ | —— < D4
TL 0g (3.6pc> f<f. (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 that the wavelength is greater than the panel separations, is given
by the expression:

wm wm, wm,
L = 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 + TL2 + TL3 + 20 log <2kd1) + 20 log (2kd, ) (Dé)
where TLl ; TL2 and TL3 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)
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The expression for the transmission loss of a triple panel as given by Equation (D 5) is
epproximate in the frequency region of the two low frequency resonances. The more
sxact expression {s given in Equation (D 1), which can be used to determine the
configuration of panel masses and separations. At low frequencies, when

io wavelength is much less than the panel separations, the quantities in
= brackers of Equation (D 1) can be approximated as follows:

i ,
mej %jg

In this low frequency region, it is usual for the transmission impedance Z of the
panels to be dominated by the mass reactance jum, so that the effect of reverberant
sound field excitaticn 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 twa cavity dimensions to be equal, i.e., d| = d, = d, even though the
nigh frequency cavity resonances in the two cavities will occur at the same frequencies.
in o 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:

dl :dzzd

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



L

.; 4
" n
thermore, Tor o glven total mass ond overall dimension, it is easy to show that
the lowest value of the frequency o is obtained when p =2,
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APPENDIX E

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

i« contains the derivation of the expression for the velocity ratio of the

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

Cornsider a 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 o double panel construction is illustrated in Figure E1

where the individual elements are represented in terms of the specific impedance.

1 mez

Eidii)
e Y (YY e

f :-J_—._J-%Eaz gpc

Vi v

:

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
given by:

[ 1.8pcz (M ™
where [ = i \ is the fundamental resonant frequency
o 27 d mym, J ‘

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 rewriffen os:

Equation (E2) indicates that the velocity ratio approaches unity at frequencies much

less than fj. 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:




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

f e ._.E._

g 2nd

s than f  where the acoustic wavelength is comparable to the
on of the panels, the equivalent circuit and the resulting velocity ratio given

loss characteristics of a double panel —see Equations (16), (17}, and (19) —
shows that the transmission loss of o double panel with no sound bridges increases at
rate of 18 dB per octave at frequencies between f_ and fy, and 12 dB per octave at
frequencies greater than Fye This represents a change from q transmission loss that is
proportional to the sixth power of the frequency (f¢) 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

7 representing the cavity element.

i
1,

jumy jums,

Figure E2. [Equivalent Electrical Circuit for a Double
Panel ot High Frequencies (A< d)
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The ratio of the velocities vl’ and v’j can be written as:

Inserting Equations (€1} and E4) into ES5) and solving for B gives the resul

The £, s therefore given by
v W m
1 2
—_—] = 4 +
V3 1.8 pc
/ wm 2
w 2
\L pe
if wm, >>3.6pc

Eedl

(&)



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
ranges f, < F < fo and £ > f. The square of the panel velocity ratio is propor-

5 1% wi frequencies less than f, and to f2 gt frequencies greater than f,.
sencies greater than [, when the velocity ratio rapidly becomes much greater
i reduction Tlg in the transmission loss of a double panel construction
ridges is — see Equation (31)

TLB ~ 10 Jog 6

v

1
TL, = 20 log (»—\7-> + constant
2

Thus the reduction TLp increases at a rate of

12 dB/octave f < f < f
6 dB/octave f > {’J&

The transmission loss of the unbridged double panel from which the values of Tl 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 fp — 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 fp it is necessary to return fo the more exact expression for the reduction
in transmission loss due to bridging, namely:

TL, = 101og (1+ 6)



B

_ Mass Lave
& dB/ Cotave
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=

e )
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Figure E3. The General Form of the Transmission Loss of o

Bridged Double Panel

whare

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

at frequencies less than fy as given in Equation €3), and allowing & to assume the
value unity. By this method,

The frequency F, con be determined by inserting the expression for the velocity ratio




Equation {&

WL .
{ T /& g
SN (PR B A 7
B o Ny tmy/ K/ S

L can be further simplified by introducing the expressions for . Two

/

w25 are of interesh:

Point Cornections

2
¥ o= ,%_ﬂ Ae {Equation (27))
‘rr
) Py a3t M ak
o =R | TS (EWI ) m # o, (£8)

e

where & = S$/n is the affective lattice spacing constant for the point connec-
tions. For the optimum double panel configuration where my = m,.

Since the fransmission loss curve at frequencies greater than fgp 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 ATy, which is the amount in dB that the transmission
loss exceeds the mass law value. In this case, with reference to Equation (17),
ATLpy is given by the expression:
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v AT i 20 log (e F@,; a1 4B 11
Connectons
2
. - - 12 .. °
I Y {Equation (27))
T <

- 11
@ ¢ - Tt b " 51 214 £12)
B R 2, \m T, {£12

wheve b = S/n 4 is the mutual spacing of typical vertical wooden or metal
studs of length 2,

For the cose where my = my:

- Th \!/4 :
L = ("ﬁ;) €13)

In a similar manner to that described above for point connections, it can be
shown that:

m
1
@ ATy = 10 log bf) + 20 log (-——-’m-m - 28 dB

M, Fmy/ (E14)



o AThy, = 101og bf.) -~ 34 dB (E15)

arises ur this point as to which value of the critical frequency must be

'o the above expressions if the construction contains panels of differing
cequencies, In the case of both point and line connections, the assumption
hat the motion of the panel exposed directly to the source of sound is

eted 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-
@ver, if the two panels have different values for the critical frequency, this assump-
‘o appears to conflict with the principle of reciprocity, which states that the
iransmission 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
sanels 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 #he 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

‘. containe fhe derivation of the expressions by which the STC rating of

e panel construction can be defined in terms of its important parameters,

Aine the STC rating of a construction, the STC weighting contour is super=

| upon the messured values of transmission loss and adjusted so that the sum of
te deficiancies (i.e., deviations of the transmission loss values below the STC
weighting contour) does not exceed 32 dB, with the additional constraint that no
single deficiency exceeds 8 dB. With the contour adjusted to its highest value that
neets these requirements, the STC rating of the construction corresponds to the value

£ the fransmission loss in dB given by the weighting contour at a frequency of 500 Hz.

fhe general form of the transmission loss curve for a double panel with sound bridges
s o function of frequency is characterized by a slope of 18 dB per octave af the low
frequencies and 6 dB per octave af the higher frequencies, neglecting for the moment
ihe effects of coincidence. The changeover between the two distinct slopes occurs at
the bridging frequency fg. Since the STC weighting contour also has o standardized
form, it is possible to adjust the general fransmission loss characteristic of the double
ponel to its highest value such that it just meets the requirements for the STC rating
ethod. This is demonstrated in Figure F1 where both the standard STC contour and
ihe general transmission loss characteristic are shown.

Ill‘llli‘llllil‘lTlllll
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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~
acteristic is then inserted so that the sum of the deficiencies is as close as possible to
32 (in this caose it is 29). The transmission loss characteristic thus derived is the
winfmum thot corresponds to the STC rating given by the location of the contour.

Cioure Fl 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)
Far 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 cbove) 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 TLy given by Equation (53), it can be shown
that

Mﬁ) Ibs2 /f (F4)

m; m, d = antilog < 0

where m,, m, are the masses of the two panels, and d s 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 pc:rﬁcuior minimum
condition. To complete the design method, a relationship is required between the

ST contaur and the irrmsmmmn loss chczrccferishc at the higher frequencies (i.e.,
~ df per ootave portion), Referring again to Figure F1, it can be deduced thai:

STC = TL(500) + 2

il

L, (500) + ATL, + 2

Thus

ATLy, = 5TC - 20 log (m] +m,) - 22.5, dB

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

-+~

: ™
ATLy = 20 log (eFC)+20 log <-m-;> - 55, dB

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

M) ths/ft/sec (F5)

m, ef. = antil
, efe a log( 50

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

tion parameters to the STC rating, It is difficult, however, to retain the individuality
of the panel masses m; and m, in the overall relchonshlp 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 orie panel,
hased on the above expressions, is shown in Figure 41 (a).
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A similar derivation for o double panel with line connections results in a design
expression similar to that given in Equatien (F5):
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