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1.0 INTRODUCTORY SUMMARY

The average person spends a major part of his life inside bulldings. The home,
the workplace, and places for recreation, all provide protection so that we can pursue
achivities without distraction from the outside world, Such distractions may be in the form
of inclement weather or temperature extremes, over which we have no control, and air
quality and noise, factors that affect cur quality of life and which are technically con-
trollable. The costs of providing this protection have risen rapidly in recent years, yet
building attributes, such as acoustical privacy, have bacome increasingly important as

the noise from both outdoor and indoor sources has been rising.

Although the noise levels experienced inside buildings, other than manufacturing
plants, are generally not sufficiently high to cause direct physiological damage, such es
hearing impairment, there are other undesitable effects, The most obvious effect of nolse
is to interfere with speech communication. This is serious at school, particularly when
students have a language problem or slight (and undiagnosed) hecring Impairment, It is
also annoying to people engaged in debate or listening to music. Noise also Interferes
with sleep, interrupting the body's restorative processes, and hence even at moderate lavels
is considered a health hazard. Finally, the presence of noise reduces the accuracy of work,
and sometimes also the quantity of work, particularly when performing complex or demanding
tasks. Thus we can see that excessive noise In buildings Is not only undesirable, but Is

pofentially harmful to learning ond productivity in general.

National programs for controlling noise have been directed mainly towards mitiga~
tion of noise at the source, although there are instances where noise control in buildings
has been included. This is unfortunate because a virtually complete solution of noise problems
in buildings is technically feasible using ovallable methods and is fully compatible with the
requirements for cost and energy conservation. This is not to say that the state-of-the~art
in building nolse control js satisfactory. On the contrary, there are many areas that need
further research and development. For example, additional knowledge is required to increase
the accuracy and utility of measurement and prediction procedures, so that the cost of noise
control can be reduced. Also, we need to explore new types of construction so as to take
full advantage of the synergy between sound lsolation and energy conservation. Research

in these and other areas has declined markedly in recent years, with the result that the

1=1
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techniques we use today are no different than those of two decades ago. European countries,
on the other hand, have successfully used their national laboratories to identify noise problems
in buildings and to conduct research programs, so that they have been constantly updariné
their technology. Unfortunately, this technology is not alwoys campatible with construction

practices in the United States.

The purpase of this report is to present a critical review on the status of technalogy
in sound transmission through butlding structures, and to identify specific aroos for further
research. The appraach taken in the review follows the steps involved in the design process,

nameiy, prediction, measurement, and evaluation, as outlined below.

The multiple requirements of cost, energy conservation, and noise control make it
necessary to continually raview bullding construction methods and incorporate the latest
advances in technology, emphasizing the many areas of compatibility, Accurate metheds
of noise prediction allow the engineer and the designer to evaluate the benefits of techno=
logical advances, and to aptimiza designs to satisfy non-acoustical requirements. Sefore
new designs are installed, they must be tested to verify tha performance characteristics and
to make a realistic comparison with other designs. Thaese tosts must be conducted in the
laboratory so that the test conditions can be standardized. The field porfarmanco will
certainly be different from that measured In the laboratory, and the architect will need to
know what differences can be expected under various conditions. Hence the need for field
measurements, using a procedure thot accommodates the widely varying conditions encountered
in buildings, and prediction procedures to account for the difference in performance resulting
from the varying conditions. With this information available, the architect can design a
building for noise control. The final step is to evaluate the offectiveness of the overall
design by on-site measurements. For routine evalvation, a simple, quick procedure is
required, If the design fails to provide the necessury acoustical conditions, diagnostic

techniques are needed to identify the problem arens.

Each of the areas described above are reviewed in this report. Priorities for rasearch

are based on the patential for achieving the following objectives:

o Todevelop new technology to reduce the cest of nolse control in buildings;
s Toincrease confidence that designs will provide the required acoustical privacy;

s To identify and apply sound isolation techniques that reduce energy consumption,
1-2



The results of this review are summarized in the following recommendatians for
research;

1. A study of sound fields in rooms to quantify and develop methods for measuring
the degree of sound diffusion. The application of this work is to imprave the
theoretical reprasentation of real sound fields in prediction methods for trans-
mission loss, understand the effects of sound diffusion on transmission loss,
develop performance standards for laboratory test facilities, and relate data

measured in the laboratory to that obtained in the field.

2, A poradllel project to that of Item F1 1o develop a mathod for measuring room
absorption in field situations where diffuse sound fields do not exist, and to

utilize this method in the normalization of measured field transmission loss and

noise reduction.

3. A study lo improve theoretical predictions and procedures for measuring
structure<bome flanking transmisston in buildings. Existing theories need to
be extended for more general application to the type of constructions comman
te bulldings in the United States, and simplified prediction methods developed
for use in bullding design. In great demand is o simple method for diagnosing
and quantifying strueture=borne flanking in buildings as an alternative to the

exlsting, time=consuming ASTM procedure,

4, A measurement method for the noise reduction of building facades is needed
to eliminate the use of individual techniques. The existing 150 and the draft
ASTM procedures are not generally applicable to all situations, and include o

variety of measurement locations and source types with no guidance on their

Interrelationship,

‘ 5. A natlonal program should be considered for soundpraofing buildings in high
! noise areas to complement gevernment noise source regulations and to reduce
energy consumption, The technology for such a program is weil known and
has been demonstrated, but the costs by region need to be evalvated,

| é. A study to categorize subjective reactions lo nolse in bulldings and fo relate
these reactions to acoustical and building paramaters. The results should be

1-3



used to develop o madel building code based on acoustical privacy, con-

taining realistic provisions for enforcement and for ensuring quality control

in construction.

7. Further theoretical and experimental studies are required to extend the theory
for double=panel structures te more complex designs. In addition, further
development of laminated panels is required, together with a better under-
standing of thick panels, to reduce the weight and cost of achieving certain

STC specifications,

8. A series of studies are needed to exemine, both theoretically and experimentally,
ways of reducing the cost of achieving the required transmission loss and
decreasing the thermal transmittance of certain double~panel structures by
modifying the panal=frame connections. New designs for building elements
showing an increased benefit/cost ratio have been demonstrated. These designs
need f6 be further developed and tested for fire retardance, flammabiiity, etc,
This development should be promoted in the interest of reducing the cost of pro-
viding acoustical privacy and reducing energy consumption in buildings after

air infiltration paths have been treated.

?. Guidellnes are needed to optimize the design of building elements, and com-

binattons of elements, for noise control and thermal transmittance., The data

bate necessary for the eptimization is avoailable In o convenient and campatible

form for both quantities,
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2.0  TRANSMISSION LOSS OF BUILDING ELEMENTS

The mechanisms of sound transmission through materials and the prediction of the
transmission loss of building elements are fundamental to the design of buildings that
provide a satisfactory noise environment for the occupants. In this chapter, prediction
methods will be discussed for Individual elements, such as walls, floors, ceilings, etc.,
without any consideration for the interaction between different elements that oceurs in
field installations, The sound=transmitting properties for any given excitation are then a
function enly of the structural parameters of the element. The application of these pre-

diction methods to buildings will be discussed in a larer chapter,

2.1 Transmission of Sound Through Single Panels

The simplest type of structure to consider is a single panel whese thickness is small
compared to the assoclated airborne and structure=borne wavelengths, If the panel is
Infinite in size, 1.e., the dimensions are much greater thah the wavelength of bending
waves, it can be shown by classical mathodsl that the tronsmission caefficlent 7, , defined
os the ratio of transmitted to incident sound power, for sound waves incident at single
nnglé g, is given by the expression: |

-2
|

T = |1 + Z cos 8/2pc (1

where
Z = jwm - iuwd B {1 + in) sint 9/c4 . @)

and w isthe cireular frequency (=2F), m is the mass of the panel per unit area, gc is
the characteristic impedance of air, B is the bending stiffness of the panel, n is the
panel loss factor, ¢ Is the speed of sound in air, and i =y/=1 . The corresponding trans=

mission loss TL of the panel at this angle of incidence is given as TLB = 10 log (1/1'9) .

At low frequencies, Equation (2) is dominated by the inertial impedance 'wm',
giving the familior mass law where the transmission loss increases at a rate of 6 dB per octave,
At high frequencies, the bending stiffness term dominates. At some intermediate frequency,
the mass and bending stiffness terms are equal in magnitude and oppesite In sign, so that in

the absence of damping, the panel impedance Z is zero. The frequency af which this

2-1
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occurs is termed the coincidence frequency. The lowest coincidence frequency occurs
at grozing incidence (6 = 1/2), ond is known as the critical frequency f_ given by

the expression:

b = (22m (m/o)} @)

To determine the transmission coefficient for excitation by a reverberant sound
field, it Is generally assumed that all angles of incidence are equally probable (i.e., the
sound Field is diffuse — see Chapter 3) and thot the average value of the coefficlent is
gliven by integrating Tg multiplied by an appropriate welghting facter, over all angles
in the range 0 to /2. However, at frequencias less than f, , the value of the transmission
loss cbtalned in this way is found to be from 3 to 5 dB lower than measured values® with the
panel installed in the dividing wall between two revetberant rcu::ms?’3 The agreement
between the calculated and measured results can be improved by arbitrarily limiting the
integration ranga from 0 to qa (Qa < m/2) where ?ﬂ is chosen simply on the basis that
the agreement Is good. It is found that different laboratories require different values of
6y for the calculated results to agree wi‘th thase measured in the laboratory, The values
of % used by various workers ranges from 78° up to 85‘:’.1‘l The explanation that is usually
glven to Justify this empirical correction is thot the sound field in a reverberation chomber
is not totally diffuse and that little sound energy is incident to the pane! at grazing angles

of incidance. However, there appeors to be no experimental justification for this assumption,
At frequencies greater.than f,, the tronsmission loss is given by the expression:"s
TL = 20 log (mf) + 10 log (nf/f) + 101og (1 = f./F) =~ 44.5, dB (4)
where 5 is the panel loss facter, and the mass m is expressed in kg/rnz.

The transmission loss of a single panel has been formulated by daBruijn3 inan
alternative way by representing the incident sound field in tems of the spatial cross-
correlation coefficient, For a perfectly diffuse sound field, the coefficient is known,
and debruijn shows that the calculated valves of transmission loss for a large panel agree
well with those obmained using Cremer's theoryl with integration over the range 0 to 90°

By measuring the cross-correlation coefficient of the sound field in the test laboratory,

* Methods of measuring transmission loss are discussed in Chapter 3.
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good agreement is abtained with measured values of transmission loss = see Figure 1. This
demonstrates that the theory Is corract, but that the simple representation of the sound Field
as perfectly diffuse is not adequate. Perfectly diffuse sound fields do not exist in the

vicinity of test panels in laboratory facilities,

To investigate the affect of sound field diffusion on the transmission loss of a single
large panel, deBruijn used fictitious values of the spatiel cross~correlation coefficient
that might occur In laboratories. Tha rasults are shown inFigure 2. At frequencies above fer
the difference Tn the three curves shown Ts small, Indicating that sound fiald diffusion is

not important in this frequency roglon. Below f,, the difference Is up to 5 dB.

The theocries developed by ‘.:remnr1 and chs[!n.uijn:i are applicable to very large, or
infinite panels excitad by on unbounded sound field. Sewell™ hos used classical methods
to develop an expression for the transmission loss of a finite single panel excited by a
similar sound fleld. His results show reasonably good agreement with measurements in one
test facility = see Figure 3 = without the need to Iimit the integration over angle to an
arbitrary value 8y . It is stated that the reason for the better agreement with measured
results is because finite panals radiate less efficiently at high angles. Sewell demonstrates
that the transmission at frequencies fess than f, is dominated by forced or nen=resonant
motion of the panel, provided that the cdges of the panel are free. Clomping the panel
can decrease the transmission loss by about 6 db due to the Increased tronsmission by

resonant panel motion.

Josse and Lamure7 have developed an expression for the transmission foss of a panel
between two reverberation chambors by evaluating the coupling between the sound fields
in both chambers and the wall, [In this case, the panel is finite ard the sound field is
bounded. At frequencies less than the critical frequency, the major portion of the sound
energy is transmitted by forcod vibration of the panel, us oppesed to resonant vibration,
and, according to Josse and Lomure, the major transmission is from sound energy that is
Incident at small angles to tha normal of the ponel. The final expression is in good agree-
ment with values ménsured in saveral Ioborutor!tes‘,l’ Bﬂnd is equivalent to assuming a value
of about 80° for 8y 1n the integration of Equation (1}. Tho transmission loss at frequencias

below f. is given by:

TL = 20 log (mf) =48 , dB (f < f,) (5)
23
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where the panel mass m s in l<g/m2 . Abnve f,, Josse and Lamure develop an expression

which agrees with that obtained by Cremer and Sewell?

Similar conditions have been examined by Sewell’ who considers the transmission

SRS it 2

of sound through a single panel in a wavegulde, At frequequencies greater than f_ , he

finds good agreement with infinite panel theory, i.e., Equation (4). Below f. , resonant

-t

transmission is 3 dB greater than for a panel in an infinite baffle if panel losses are low,

R e

and & dB greater if the losses are high. Forced transmission in the frequency range is the

same as the integration of Equation (1) over the angular range 0 to 7/2 . Therefore, regard-

s

less of whether resonant or forced transmissian dominates, the transmission loss for a panel
i forming the entire wall between reverberant rooms is less than if it is placed in o baffle
i between the rooms. As will be discussed later in Chapter 3, this result is significant in

the design of laboratery test facilities.

Finally, Nilssonw has developed expressions for the transmission loss of a single
panel forming the common wall between two rooms, His estimation of the effect of panel
boundary conditions are similar to Sewe!l's for an unbounded sound field? At frequencies

greater than f;, he shows that panel boundary conditions are unimportant, and that the

transmission |oss agrees within 1 or 2 dB with that given in Equation (4), Below f,,
Nilsson's expression for transmission loss is within 1 dB of that obtained by Josse and

;‘j Lumure7 in Equation (5). In this frequency range, Nilsson also includes factors related
;.“ to tha room absorptlon ta account for non~diffuse sound fields,
“; Using Equations (4) and {5), it has been shown8 that the available theory agrees

¥ well with measured values for simple panels in one laboratory facility ~ see Figure 4. The
problem is that different measured results are obtained 1n different facilities (more on this

in Chapter 3}, Since deBruijn has :.Iu':wn:a that good agreement can be obtained by carefully

et

measuring the sound field characteristics and inserting them into the theoretical expressions,
it is clear that all current theorles suffer from an Inadequate, generalized representation
of the incident sound field, In the discussions that follow, the expressions given for the

transmission loss of building elements are those that agree with the average of measured

results taken in various test facilities,

2-7
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2.2 Corrections For Panel Thickness

If 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, Z, of the panel
1

s 11,12
are not valid. Cremer * ‘shows that this occurs when the hending wavelength is less than

6 times the panel thickness. The type of wave motion that is predominant in the panel

at any given frequency is the one that presents the lowest impedance to the applied sound
field. Examination of the panel impedance, as given by Equation (2), shows that the term
representing the bending wave impedonce assumes high values at high frequenciss, There-
fore, as the frequency is increased, it becomes more probable that the wave motion will

change from pure bending to some other type that presents a lower impedance.

This change in the wave type is predicted by the theory for thick panelsa’ 13 which
provides for a more exact representation of the pane! motion than does the simple theory
for thin panels. The theory shows 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 averall impedance of the ponel changes from one dominated by

the bending impedance to one in which the shearing impedance is of prime importance.

For the majority of lightweight building materials, such as gypsumboard, plywood,
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 materials (concrete is a good example)
the change in wave type may occur at frequencies well within the frequency range of
interest, resulting in a significont reduction of the transmission loss.  The effect
is shown clearly in Figure 5 for a 15em concrete panel, The theory for thick panels gives
good agreement with measured results for the 15em concrete panel, except inthe vicinity
of the critical frequency, whereas the application of the theory for thin panels gives results
that are substantially in error. The effect of shear is represented by the difference between
the two predicted curves and results in the concrete pane! exhibiting a transmission loss

approximately & dB less than the calculated mass law at frequencies greater than the critical
frequency. This reduction of 6 dB is common to the majority of concrete and brick structures,
and can be taken into account at frequencies above coincidence by assuming the effective
mass of the panel is one-half that of the actual mass. The result is that concrete and brick
structures provide lower values of transmission loss than would be expected for their mass,

a fact that {s well known from field and laboratory measurements .]4']5

2-9
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2.3 Mulfi=layer Panels

To a large extent, the transmission loss of o single panel is determined by its mass;
the greater the mass, or the thicker the panel, the greater the transmission loss, except
at frequencies near the critical frequency where the characteristic dip in transmission loss
curve 1s exhibited, Below the critical frequency, the maximum achievable transmission
loss is given by the mass law. Above the critical frequency, theory shows that values
greater than those given by the mass law can be achleved, unless the panel thickness is
suffictantly graat for shaaring fo accur — sce Section 2.2, Since the value of the critical
frequency is Inversely proportional to tho panel thickness, any attampt to increase the
transmission loss by increasing the thickness cutomatically lowers the eritical frequency,
perhaps into a frequency region of major importance. Multi~layer panels offer the possibil=
ity of a transmission loss greater than that given by the mass lawby designing for o very low
value of the critical frequency. Alternatively, they allow for an increase in panel mass

without a corresponding daerecso in eritical frequency.

For o multi=layar panel consisting of two or more Individual thin panels rigidly
connected at the interface, the bending stiffness can be calculated from the results of
Ol'.ner.'.i‘]'5 or Kerwin, et al.” This value can then be inserted into Equation (1), and Inte=
grated over angle B to determine the transmission loss. This is the approach token by
Cremer and V.!\u"ltaif:irl 8 and Holmerw with fairly geod results in some cases. Altematively,
the wave equation for the multi=layer panel can be solved directly with the appropriate
fercing function to determine the transmission coefficient T which is then integrated

2

ovar angle @. This approach is taken by V.Me!er,zo Sharp and Beachamp, 22

! Ford, et al.;

with mixed resulis,

In general, attempts to achleve in proctice o multi=layer panel with high stiffness
to take advantage of the Increased transmission loss chove the critical frequency have not
bean suecessful . The most popular mathod has been to use a honeycomb core, exhibiting
high shear stiffness, sandwichad between two thin panels. The problem with this construc-
tion is that core materials with a sufficiently high shear stiffness are difficult to find and
expensive to produce .20 As the bending stiffness of the overall structure is increased so as
to reduce the critical frequency, the preferrad wave motlion in the panel changes from
bending to shearing {see Section 2,2),

211
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In contrast, attempts to increase the panef moss without increasing its stiffness
have been successful, Two methods have been demonstrated for achieving this objective.
The first moy be termed "mass-loading", and invalves the addition of discrete masses to
a flexible panel with a high critical frequency.zs’a If the masses are separoted by a distance
less thon the bending wavelength, the construction will exhibit a critical frequency iden-
tical to that of the flexible panel, but with a greatly increased total mass. An example
of the acoustical performance of such a panel is shown in Figure 68 The construction in
this case is 0 0,32 em fiberglass panel loaded to a moss of 19.5 kg/m2 with small squares
of a mixture of sand and vibration damping compound (the latter used merely to hoid the
sand in place; containing the sand in egg cartons would be preferable, but was difficult
to manufacture). The reduction in transmission loss at the high frequencies indicates that
the base panel was stiffened somewhat by the addition of the sand mixture, but the principle
of mass=loading is demonstrated, An alternative method of mass~ioading, and one that is
easier to manufacture, is to apply o flexible sheet of a heavy material to o base panel.
The application of lead in this way has been demonstrated by Cremer and V, Meier.ls An

example of adding asphalt roofing poper to a plywood pane! is shown in Figure 7,

The second method of increasing panel mass without increasing its stiffness is by

means of a 3=layer canstruction, the center loyer selected so that the bending stiffness

is high at low frequencies but low at high frequencies?4 In this way, the structure ean

provide the stiffness necessary to withstand lateral, zerofrequency loads, yet exhibit

a high eritical frequency. The center layer may be an adhesive material used to join the
two outer punels, The characteristics of the structure are then determined by the properties
of the adhesive. It is possible to remove this dependence by "spot" laminating, whereby
the adhesive is applied in small discrete amounts on a square lattice over the surface of

the ;:n‘.mfal.'..8 The two panels then effectively decouple and behove more ar less independently
at a frequency determined mainly by the spacing of the adhesive spots. An example of the
acoustical performance of such a construction is given in Figure 8, showing that the trans=
mission loss can be increased by increasing the mass without moving the dig occurring at

the critical frequency to lower frequencies. This type of multi-layer panel has significant
advantages over single panels in the design of bullding elemenis exhibiting high transmission

Ioss.B It remains to be shown that it satisfies the requirements of local building codes, and

can be installed with no added difficulties.
2-12
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2.4 Double-Panel Constructions

One method of cbtaining higher values of transmission loss thon that available
from a single panel is by the introduction of one or more additional panels with inter=
vening air spaces, The multiple-panel construction formed in this way Is naturally more
complex to analyze than the corresponding case for a single panel, because the transmission
loss is dependent on a greater number of construction parameters. Expressions for the
transmission loss of a double=pane! canstruction of infinite lateral extent have been derived
by Hurst25 for normal incidence, and by Londongé Josse,27 aond Mulholland, et cil.g8 for
rondom incidence. Sewell” has developed a solutien for a finite double panel in an
infinite baffle, In most cases, problems have been encountered in wecounting for absam~-
tion in the cavity, London26 obtains agreement between theory and measurement by
postulating a resistive term in the panel impedances, olthough there is no experimental
evidence for such a term. Mulholland, et al .2,8 use simple ray theory and some arbitrary
ossumptions on cavity absorption to obtain satisfactory agreement. Cummings and Mulholland
obtain reasonable agreement by assuming that absorption oceurs enly at the cavity edges.
Sewell's approach for finite double puanels aisumes that the cavity edges are completely
open, i.e., the absorption coefficient is unity,

In each case, reasonable agreement is obtained between measurements and theory,
but the expressions are very cumbersome . Shcurp8 haos shown that, if there is absorption in

the cavity, the transmission loss of a double panel with no intercannections between the

panels can be approximated by the expressions:

TLM f<fy
TL = TLm] + TI."12 + 20 log (fd} = 29 fy<f< fﬂ (6)
TLm]+TLm2+6 f>§,

where TLM' TLm] , and TL,.,,2 are the values of the mass law transmission loss caleulated
from Equation (5) for the total construction (M = m) + mg), panel 1 (= mq) and

panel 2 (= my), respectively. The quantity f, is given by 113/3/m,d, where m, is
equal to 2my my/{m) + mg), and represents the frequency at which the fundamental

mass~spring-mass resonunce of the panel masses ond the cavity air stiffness accurs, The

2-16
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quantity d is the separation of the two pancls in meters, and I_:ﬂ. Is equal to (55/d) Hz.
The transmission loss caleulated by these expressions is in good agreement with measured
values ot frequencies less than the critical frequency of either panel, os shown in Figure 9

for two panels that obey the mass law over the entire frequency range of interest, If the

“critical frequency of the panels lies within the frequency range of interest, then Equation {6)

also applies, provided that the values of LLVY: TL“"I , and TLmz are taken as measured or
calculated values of transmission loss for the individual panels, including the effects of

coincldence — see Figure 10.

The presence of absorption in the cavity hos been found to be important in achieving
high values of transmission loss for double~panel constructions with no interconnections
between the [:acam':ls.8 r 31,32 It has been demonsfrutedathar the effect of the absotption 1s to
reduce the amplitude of lateral standing waves in the cavity thot effectively couple the two
panels at the antinodes. In the absence of absorption, this coupling is so strong that the trans-
mission loss is little better than that given by the mass law =see Figure 11 =thus explaining
some of the results obtained by Lc:andt)n.26 It is interesting to note the increase in transmission
loss at low frequencies = a result that is contrary to commen opinion. In the context of
meeting STC requirements {see Section 3,3), this is an important result since the STC of double-

wall constructions is often determined by the transmission loss values at low frequencies.

In practice, of course, the transmission loss of double-wall constructions at any
given frequency has on upper limit that is determined by the type and number of mechanical
connections between the two walls, As o result, the usefulness of absorption material in single=
stud walls is debatable, and should be considered on a case~by~case basis using available
mothods of prediction. However, the upper limit introduced by connections usually occurs
at a frequency which is a few one=third octaves greater than the fundemental mass-spring=
mass resonant frequency of the double wall, The addition of absorption material apparently
can increase the transmission loss ot these frequencies, and hence should be considered as

a useful addition.

In other forms of double-wall construction that incorporate framing consisting of
staggered studs, split studs, or double studs, or where the walls are resiliently mounted
te the studs, the additien of absorption material in the cavity can result in a significant

incraase in transmission loss ~ on the order of 3 to 8 dB depending largely on the wall

construction.
2=17
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One of the major assumptions in the previous discussion of double-panel structures
is that the two Individual panels are completely isolated from one another. This means
that the only path of energy transfer betwoen the two panels is an airborne path, In prac-
tice, it is necessary to have some form of connection between the panels to provide the
added stiffness for the construction to withstand lateral loads, These connections usually
take the form of wooden or metal studs in building structures and metal ribs and stringers
in aerospace structures. Their effect Is to provide an additional transmission path in paralle!
to the aitborne path previously constdered, with the result that acoustic radiation from the
structure is increased and the transmission loss correspondingly reduced. [t is not vsually
possible to eliminate those intarpanel connections, or “sound bridges" as they are called,
and so Tt is necessary in the design of multiple=panel siructures to be able to determine
the effoct that they have on the transmission loss.

Fahyaa has studled the propagation of waves in frame walls, and has developed
generalized expressions”  for panel displacement coofficients and acoustie coupling factors
that can be used in analyses similar to those for sound transmission through single paneis.
No experimental data are given to validate the theory. Zc:l:acm:n.rﬂ5 has obtained expressions
for the transmission of sound through double walls joined at the edges showing reasonably
goed agreement with measured results conducted on ene-fifth-scale plywood models, He
shows that lengitudinal wave motien in the panels must be considered together with flexural
motion if the edge connections are very stiff. Simple expressions are given to predict the
increase in transmission loss over that provided by a single wall. Lin and ('.?o:lrrulit:k36
have also formulated solutions for the transmission of sound through an infinite double panel
with perlodically spaced, rigid frames. Absorption is not included in the cavity, so the
numerical results show a considerable number of resonances that are not apparent in meas=
ured results, However, the formulation is useful as it allows dotermination of the relative

strangths of structure-bormne and airborne transmission.

More recently, Sharpa'37

has made use of relutlianships developed by Heckl38 for
calculoting the sound power radiated by panels excited by line and point forces to derive
simple expressions for the transmission loss of double panels with line stud and point con-
nections. The general form of the transimission loss for mass~controlled panels as a function

of frequency s shown by the dashed line in Figure 12, where it can be seen that the values

221
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at medium and high frequencies are a constant ATLM greater than the mass law for the
total structure, In the simplest case where the two panels are identical, the expressions

for ATLM are os follows:

For Line Connections, i.e., Studs:

ATLy,

where b is the stud spaging in m,

= 10 log (bf) — 24 , dB (7)

For Point Conneclions:

ATL, = 20 log (ef,) — 51 , dB (®)
where e is the spacing of the connections, assumed to be on a square lattice, in m.,
Expressions for other configurations are given In References 8 and 37,

The agreement of this prediction method with measured resulls is good at frequencies
less than the critical frequency = see Figure 13. DBetter agreement at the critical frequency
tan be obtained using measured or calculated transmission loss values for each pane|
Including the coincidence effect. The value of the quantity ATLM can be increcsed
by 5 to 10 dB by changing frem line (stud) connections to peint connections =
see Figura 14 = ﬁarﬁculurly if one of the panels has a high eritical frequency. The use
of laminated pancls for this purpose is demonstrated In Referance B, where the calculated
and measured transmission loss are presented for a series of experimental and practical proto-
type constructions covering o wide range of 5TC values. Figure 15 shows that the transmission
less of these new constructions 1s significantly graater than that for existing constructions
of equal total rm:lss.a This is particularly true at the higher masses where existing masonry
and concrete structures tend to perform poorly in relation to their mass. The approximate
in=place costs (in 1972 dollars} of the new constructions are shown in Figure 16 together

with costs for existing constructions calculated by the same methed, It is noticeable that

there is a significant reduction In cost for constructions with an STG rating greater than 45,

Tha transmission loss of double panels with studs can be increased by inserting
resilient materials between the panels and the studs. For a common gypsumbeoard wall

with wooden studs, the transmission loss is increased by up to 10 dB at medium and high

2-23
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frm:p.uar'nr:itas.8 This intreose is greater than that obtained by substituting resilient metal
studs for the wooden studs, and the structure retains its load=bearing copabilities, Inserting
resilient materials between panels and point studs can result in an increase of up to 5 dB

at medium and high frequem:ies.B

The results presented in Reference 8 show that building elements can be designed to

provide high tronsmission loss without the need for massive and costly masanry and concrete

panels, Converely, it is possible to achieve a performance equal to that of existing structures,

but at reduced mass and cost. Using the data in Figures 15 and 1& as & rough Indlcator, it

appears possible te achieve STC ratings in the range 45 to 60 at o weight reduction of 20 per-

cent and a cost reduction of 30 to 35 percent relative to existing structures that have been

typically used over the last 20 years,

It bas been shown by Crazame.-r,]8 Shf::rp_.8 and Reinicke39 that certain multi-layer
constructions can perform mere like double panels and provide values of transmission loss
in excess of the mass faw, This performance can be achieved using a three-layer can-
struction where the center layer is porous, Further improvements are passible if the center

layer is porous and massive,

2.5  Summary and Recommendations

The theories for sound transmission through single panels are well established,
with the exception that existing methods for representing the incident sound field are
inadequate. Current prediction methods incorporate an empirical adjustment factor to
aceount for the fack of understanding of the sound field, this factor being specific to the
laboratory in which the basic theory is verified. As will be shown In the following chapter,
measurements performed on nominally identical structures in different laboratories con vary
by 5 to 10 dB at soma frequencies, This introduces major problems (n attempts to validate
new theories of sound transmission for more complex structures. Furthermore, it complicates
the application of measured data and existing theories to field application, where com~
pletely different sound fields are encountered. Some approaches to gain a better under-
standing of sound field characteristics are given in Chapter 3. Finally, it should be noted
that an etror of only 3 dB in the prediction of transmission loss can result in the specification

of a panel that is 40 percent too heavy.
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Prediction methods are also availoble for thick panels and leminated structures of
simple design, alfhouéh further work 1s required to understand, ond perhaps make use of,
'; shearing effects, Since the current trend in buildings is away from the use of massive
brick and concrete structures, further research on thick panels may not be a high priority .
= Laminated structures, however, have a large opplication in the design of deuble=panel
o constructions, ond should be developed further,” Specifically, it Is necessary to examine
i proposed concepts and designs, understand thelr characteristics more fully, and develop
; o range of optimum paramoters for particular applications, Existing simple theorles can

S serve as a good basis for this work.

Double-panel constructions provide the increased transmission loss necessary to
ensure acoustical privacy in buildings, relying on the performance of the two individual
A panals and the intervening air space. In the absence of any connections between the two
!,' panels, the transmission loss can be accurately predicted, In the more usual case, with
g cannections via wooden or steel studs and edge frames, prediction methods are reasonably
o good at frequencies below the critical frequency, but only fair at higher frequencies. The

N prediction mathods described in this chapter are applicable to all building elements,

T g

including windows, if the type of connection can be defined simply, or if the vibration

oy
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transmission through the connection is known, To date, the theory has been applied to

fairly simple structures only. Further work is required to extend it to more complex structures,

and to occount for more complex connections. For example, the application to floor/ceiling
assemblies needs to be studied more thoroughly. In addition, design guides similar to those

prasentad in Reference 8 need to be deveioped to enabie the designer to select optimum

materials and configurations for a given transmission loss performance .

Initial work on the performance of double~panel constructions with a rigid porous

St

center layer acting as the cavity has shown considerable promise. Such constructions have
7 the potential for achieving STC ratings on the order of 45 at a thicknass of only Sem, They
are thus svitable for internal partitions in offices and for exterior doors, provided that ade-
quate edge seals are included, The theory for this type of structure is in its infancy, and

o needs to be further developed so thot the material parameters can be optimized,

The review of predicHon metheds in this chapter has shown that there are several

new concepls for achleving required values of transmission loss at [ower cost and welght

2229



than for typical existing structures. Some of these concepts have been tested and their
potential demonstrated in the form of prototype constructions. Yet very few, if any, hove
found their way into common building practics, perhaps because they are relativaly unknown,
or because their performance In other areas, such as firo retardation, flammabllity, ond
load-bearing copacity, has not been determined. In some cases, changes may bo necessary
in outdated building codes, to pammit constructions to be selected on the basls of performance
standards, so that new designs can be accepted.

To promote this now technology for the building industry, It is first nocessary to
translate tha conceptunl designs and exparimental proiofypes into practicai structures.
These structures must then be tested to determine compliance with building performance
requiremonts. Finally, the advantages gained by using the new technology must be

demonstrated.

2-30



Ol oAl

3.0 LABORATORY MEASUREMENTS OF TRANSMISSION LOSS

3.1 Philosophy of Laboratory Testing

The sound transmission loss of & structure can be measured by placing it in the
dividing wall between two rooms, one of which = the source room = is equipped with
o source of sound, and measuring the sound level in each room. The difference In sound
levels, when suitably corrected for the area of the structure and the absarption in the
raceiving room, is then equal to the transmission loss of the structure, The correction,
or normalization, is designed to provide values of transmission loss that are independent
of the test factlity, so that the transmission loss is purely a function of the structural
parameters, If the sound fleld in the source room Is diffuse (see Section 3.5.1), then the
measured transmission loss should be equal to that predicted by the metheds described in
Chapter 2, assuming that these methods properly acecount for all significant structural parometers.
Unfortunately, it is difficult to obtaln a diffuse sound field ot low frequencies unless the rooms
are very large, and even the dogree of "diffuseness” requirod has not been established and 1s
even more difficult to meosure, Moveaver, the way in which the structure 1s mounted in the
dividing wall, together with other factors, can affect the measured values of transmission loss,
The result is that the measured values can, and do, depend on thae characteristics of the meas-

urement facility.

It can be argued that it doss not matter If there 1s some limited varlation between
measurements conducted in different facilities, bocouse the acoustic performance of structures
in field applications Is often completely diffarent to that moasured in the laboratory ~ see
Chapter 4, This is often true when careful attention Is not given to flanking transmission,
alr leaks, and good workmanship In the construction. Mowever, poor field performance need
not be assumed outright — it indicates that improvements are required in buflding design, or
that our understanding of field structures is Incomplete. This approach to luboratory testing
tends to discourage the search for improved prediction procedures, and hence makes the

deslgn process even more difficult and costly than it is at prasont,

Another factor that must be considered in this context Is the application of laboratory
measurements to validate theorles of transmission loss. This Is, In fact, the only way to test

different theories for uccurady. If different factlities provide different values for the same
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construction, it is possible to conceive of situations where theories are facility specific|
That this actually occurs even with current standard test methods suggests that considerable

control is needed in the measurement of transmission loss,

There are two possible approaches to the development of a standard test procedure.
The first approach is to attempt ta measure the transmission loss of a structure in such o way
that the values obtained are independsnt of the measurement facility and are a function
only of the properties of the structure, This method allows direct comparison of the perfor-
mance of different structures, thus simplifying the architect's job in seleéting structures for
a given building requirement, The disadvantage Is that this type of test provides Information
as to the potential performance of a structure = a performance that often may not be achieved
In the field. This places the burden on the acoustical engineer to develop improved pro~

cedures for predicting or improving the field performance of structures.

Since the field performance of a structure Is the factor that determines the noise
environment in the finished bullding, the second approach to testing is to simulate field
conditions as élosely as possible. Then no adjustments to the measured data would be required
far it to be used in culculéting building sound levels, This approach is not satisfactory
because the range of conditions to be simulated is too extensive to be approximated in any
one facility. The standard test procedures for measuring transmission loss in the leboratory

are therefore designed to minimize the influence of the facility.

3.2  Standard Test Procedures

In the United States, testing Is performed according to the ASTM E90-75 pror:edure.0
In Europe, the procedure used up until 1978 is defined in the 1SO Recommendation R140
(1960)“ (subsequently replaced in 1978 by I1SO Recommendation 140 — see Section 3.4).

The basic elements of both these procedures are essentially the same.

The structure to be tested is Installed In the common wall between two reverberotion
rooms designed so that the flanking transmission loss (see Chapter 5) is ot Jeast 10dB greater
than the transmis;ion loss of the structure at all frequancies, In this regard, It is recommended
that the common wall be a double isclated construction with the test structure mounted in
the wall of the receiving room. The ASTM procedure recommends room volumes of at least

160mS for measurements in the one~third octave band centered on 100 Hz, although in
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deference to existing smaller facilities, a room size of 80N is acceptable but not
recommended for new installations. The 150 R140 procedure states that the room volumes
should be greater than 50n13, with a desirable volume greater than 100085, Thus the ASTM
procedure is the stricter of the two and should give more repeatable results of low frequencies.
To increase the diffusion of the sound field, the ASTM procedure suggests the use of randomly
.spaced diffusing elements or rotating reflectors. A minimum dimension of 2.4m is required

for the test structure, except for doors and windows, which should be of normal size. Both
pracedures state that the structure should be installed so that the edge conditions are as

similar as possible to nomal fleld insraliation.

A source of sound, usually one or more loudspeakers emitting white or pink noise,
is provided in one of the rooms = the source room = and mensurements are taken of the
space~time average sound pressure levels 1; and E; in the source and receiving rooms
using bandwidths of one~=third ¢ctave in the frequency range 100 or 125 Hz to 4000 Hz,
The number of meosurements required in the ASTM procedure to sample the sound field In
each room is calculated to ensure 95 percent confidence limits of £3 dB in transmission loss
at 125 Hz and 160 Hz, 2 dB at 200 Hz and 250 Hz, and 1.1 dB at higher frequencies.

No such requirements are contained in the ISO R140 procedure. The transmission loss, TL,

of the test structure is then given by the expression:

TL = E; - E‘z‘ + 10 log (5/A) )

wheare S is the area of the lest structure, and A is the absorption in the receiving room,

The term 10 log (S/A} is commonly referred te as the normalization factor,

3.3  Single Number Descriptors For Transmission Loss

The methods described above for measuring transmission loss in the lahoratory are
designed to give detailed data on the acoustical petformance of structures as a function of
frequency. It is common to present the results in each of 16 or 17 ane=third octave bonds,
This information Is voluable to the acoustic specialist so that he can fully understand the
change in perfermance with frequency and can perfomm detailed caleulations on the expected
sound Tsolation in finished buildings. However, the data in this form are often confusing to

the non-acoustical specialist, such as the architect who hos the task of designing the building,
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and the official responsible for checking compliance with local building codes, Furthemmore,
the amount of data presented makes it difficult to rank-order structures and assess their
sultablitty for specific applications, To simplify the design and enforcement tasks, consid=-
erable effort has been given to developing single number descriptars of the acoustical per~

formance of structures,

The earliest fcheme for deseribing in a single number the transmission loss properties
of a structure was simply to average the values of transmission loss over the frequency range
of interest, 1t was soon discovered that this method was unsatisfactory because the same
average number would be given fo structures wiih compleiuly different frequency characteristies.,
A more suitable method was therefore daveloped to account for the variation of performence
with frequency in a way that is consistent with the requirements for acoustical privacy.

This method involves the use of a grading curve, specifying the transmission loss required

in each one-third octave band, against which the measured values for o given structure are
compared. The grading curve concept can be used in two ways = it can represent a strict
requiremont for all structures to be used in a given butlding type, or it can be adjusted to
give a ranking of one structure agalnst another. Sinca it would be unreasonable to discrim-
inate between twa structures whose transmission loss characteristics differed by anly one or
two decibaels in o frequency band, current grading procedures allow for a certain number of

deviations below the grading curve,

Soveral different grading curves have been developed or suggested for use In
building design. Basically, the curves have been detormined by taking the difference
between typical source levels in buildings and suitoble criteria for acoustical privacy In
nelghboring rooms, A comprehensive description of the basis for the different grading
curves has been prepared by Yanlv and Flynn :12 In their review, they conclude that the
subjective response data used ta establish the mquirerﬁents for sound levels in dwellings
is extremely variable and has led to the development of a number of grading curves that
differ by up to 10 dB at some frequencies, The lack of a comprehensive data base on subjec=
tive response does not allow an assessment te be made of the impertance of these differences.
Also, the shapo of the grading curve for partitions is dependent on the typical source spectrum

selected for the calculations. As a result, there is considerabla uncertainty as to the

validity of current grading procedures,
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In the United States, the standard grading procedure for the transmission loss of
building structures Is given in ASTM E413-73, Standard Classification for Determination
of Sound Transmission Class (..‘STC):‘3 Initially, this procedure was intended for application
to data measured In the loboratory, and thus provided a single number for ranking the poten-
tlal performance of structures, The seme grading curve is also used to describe the field
transmission loss of structures (FSTC) and the noise reduction between rooms (NIC — Noise

Isolation Class)M- see Chapter 4,

3.4  Repeatability of Transmission Loss Measurements

In using tho standard procedures for measuring trénrmission less, it has been observed
that different results can be cbtained for nominally Identical structures tested in different
laborateries. In seme cases, tho differances have been sufficiently large to cause concern
about the test specifications contained In the standard procedures. To determine the mag=
nitude and the extent of the potential inaceuracies for tests canducted in factlities that satisfy
the standard requirements, there have boon several attempts to obtain inter=facility compar=
isons under carefully contralied conditions. Three of these comparison tests are described

in this section.

Kihlmun45 hos reported tests conducted in five facilities in Sweden and Denmark,
each one satisfying the requirements specified in ISO R140, that are considered to be
typical designs. The source and recelying rooms were identical in size in three of the
factlities, In one factlity the difforence tn volume was less than 5 percent (although the
width and heighf wers the same for both roems), and in one facility the difference was
about 60 percent, The tests were conducted on two structures , lightweight concrete and
chipboard, first mounted firmly in the test aperture, and then supported by a rubker lining
around the perfmetor. Sound level moasurements ware taken at 20 posttions In each room
with diffusers used to Increase the diffusion at low frequencies. In addition, the loss

factors of the mounted test structures were measured.

The range of measuremants in five facilities Is shown in Figure 17 for the chip=
board panel and in Figure 18for the lightweight concrete panel. The data in these two
figures corresponds to the firm mounting condition. It can be seen that the range of values

measured In the different factlities is only about 3 dB abeve the critical frequency, but
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is as much as 10dB ot lower frequencies, increasing os the frequency decreases. Considering
that the tests were well controlled using standard materials, the discrepancies are indeed

disturbing,

Higginson46 describes a series of controlled measurements conducted by twelve
different testing organizations on a single structura forming part of a field test factlity.
The source and receiving rooms were both 42af in volumo which is rother small for test
loboratories, but aceording to the requirements of ASTM E90~75, they are acceptable
{but not recommended for new installatiens) for measuring transmission loss at froquencies
of 125 Hz and greater. Each of the twelve arganizations were first asked to measure the
transmission loss of @ 23 em solid brick wall using thelr own equipment In their normal way.
This led to a considerable variation in equipment, sound field sampling, number and type
of diffusers, and noise sources, The results of these tests are shown in Figure 19, the spread

being 10 dB at frequencies up to 500 Hz, and 3 to 5 dB at higher frequencies.

Jones4 reports the results of measurements conducted in seven test factlities in the
United States, The tests were conducted over a number of years according to different
versions of the ASTM procedure (E90-66, EF0~70, and E90-75) with gradually stricter
requirements for room design and measurement accuracy . - Thus the results do not necessarily
represent the current state-of=the=art in transmission loss testing, The spread of values
obtained on measurements of a 0.16 cm lead vinyl sheet is shown in Figure 20, indicating
a range of 7dB up to 200Hz, and 3 to 5dB at higher frequencies, Similar tests conducted
an 22=gauge palvanized shoet metai and 1.3 em gypsumboard panels showed a smaller spread
of data on the order of 3 to 5dB ovar the frequency range 125 Hz to 4000 Hz. Tasts at two
facilities on o wood=frame wall with gypsumboard on double«row studs showed a similar

difference of between 3 to 5dB at all frequencies = see Figure 2] =~ the difference in 5TC
rating being & points,

In summary, Tt appears that measurements of transmission loss conducted in laboratories
satisfying the requirements of standard test procedures can vary by as much as 5 to 10 dB at
low frequencies and 3 to 5 dB at high frequencles. This range has aiso been reported by other
authors in more limited comparisons of test data .47'48 These ranges are very approximate,

but the infarmation 1s sufficiantly discouraging to warrant further inspection of the standard

test procedures.
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The only common feature of the tests described chove is that each series was
performed using the same, or nominally the same, test structures, All other parameters
were allowed to vary. Accordingly, the results by themselves cannot be used to identify
the cause of the discrepancies. Fortunately, in two of the series, additional tests were
performed with constraints on some of the more important parameters, These fests are

described in the following section.

3.5  Factors Influencing Measured Values of Transmission Loss

Several thearies have been presentad in an ottempt to exploin the di.screpcncies
between measurements conducted in different laboratories, The fuctors influencing the
measured values are individually discussed In this section and finally summarized to provide

a basis for recommending further study.

3.5.1 The Sound Field In The Source Room

. It was noted in Chapter 2 that the transmission loss of a structure is a function of
the incident sound field, and hence dopends on the characteristics of the source and
receiving rooms in a laboratory test facility. To obtein agreement with measured data,
it is necessary to perform the integration of Equation (1} over the range O to 8y, , where
Onax is different for different laboratories, This does not necessarily mean that no sound
is incident at angles greater than 8, « The value of Bnax s selected merely to give
agreement with the measured results. It has been shown by De Bruijn™ that good agreement
can be obtained between measured and calculated values if the sound field characteristics
(specified in terms of the spatial correlation coefficient) are measured and inserted into
the theoretical expressions. Sewell's classical appronc‘hd does not require the assumption
of a limiting angle of integration, but pravides fairly good agreement with measurements
in one facility only. Similorl}, the theorles of Josso and Lomure, and Nilssonlowho con-
sider transmission between two rooms, do not include sufficient descriptions of the sound
field to be applicable to different t.eslt factlities that are known ta give different measured
values, Clearly, a better knowledée of the incident sound field is necessary to understand

the reasons for interlaboratory differences in measured data,
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Sound Field Diffusion

It is common to describe the characteristics of a sound field in terms of its "diffusion”,
a useful concept if only it could be quantified, As noted I::;,"St:hultz,49 "verfect diffusion”
can be defined in many alternative ways, some of them seemingly equivalent, Two common
definitions are: equal probability of sound propagation in all directions, and uniformity
of sound pressure; although it is not at all certain that the two are equivalent, An equol
prebability of sound propagation in all directions may result in the sound pressure being
uniform, but the reverse is not necessarily true, To be consistant with the derfuation of the
expression for transmission loss, the first definition will be used to describe perfect diffusion
(see also Schroedersg. This condition can be represented mathematically in terms of o rela~

tively simple expression for the spatial correlation function,

A perfectly diffuse condition can be approached in the laboratory at high frequencies,
or if the source and receiving rooms are very large. Practical constraints set a limit to the
size of a measurement facility, however, so that it has been necessary to study methods for

achieving diffuse sound fields in rooms smaller than desirable.

The angular distribution of sound energy flow in a reverberation room has been
maeasured by Meyer5 ] and Yenzke and Dammi952 using u directional microphone array con-
sisting of a group of microphones Inserted in paralle!, slotted tubes. Using this array, Venzke
and Dammig have shown that the angular distribution is far from uniform even at medium and
high frequencies. The introduction of diffusing elements was found to improve the uniformity
significantly, Unfortunately, this method of measurement is practical only at medium and
high frequencies. At low frequencies, where the increased modal frequency separation leads
to poor sound diffusion, tHa dimensions of the directional microphane array become uncccept=

ably large and cumbersome for routine measurements.

Bolt and Rc;mps3 have suggested tentatively that an estimate of sound diffusion in a
room can be obtained by studying the frequency response characteristics obtalned with
single, fixed loudspeaker and microphone locations. They noted that the value of the
4

';Frequency irregularity " per unit bandwldth (a term eriginally defined by Wonte>" as the
sum of the peak levels minus the sum of the minimum levels over a given frequency band In
the room frequency response) was consistently lower for a room designed specifically for
high sound diffusion than for hard=wall rectangular rooms, However, subsequent studies,
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as reviewed by Schul!z,w have shown theoretically and experimentally that, abave o
certain frequency, the frequency irregularity is a funchion of the reverberation time of

the room =~ a quantity that is unrelated to sound diffusion.

The effect of room shape on sound diffusion hos been studied by Bolt, et ul.,s ,
using boundary perturbation theory to extend wave acoustics techniques to non-rectangular
rooms. A greater spreading of sound energy, and hence increased sound diffusion, was
found by reducing the symmetry of the room and by introducing Trregularities ot the boundary,
The same conclusions have been drawn by Warerhouse56 in an analysis of data presented by
Sato and Koyusu.s 7 In a theoretical development, Mxms"3 shows that non=uniformity in the |
angular distribution ot a surface in rectangular rooms is caused by modes perpendicular and ;
patallel to the surface. Sepmeyer59 has calculated the angulor and spatial distribution of :
sound in a reverberant room and has examined in detail the effect of roem dimensions. In |
general, he determined that the distributions are strongly dependent on the room dimension :
rut.ios, and that only in very few cases are both uniform spatial and angular distributions

found in rooms of any dimension.

Studies on the effect of room perturbations have led to the development of stationary
and rotating diffusers that effectively increase the modal density. Actually, the rotating
diffuser, which is currently the most popular method for increasing diffusion, does not |
Increase the modal density as such, but increases the number of modes excited over the time
period for each rotation. There are no generally accepted methods for quantifying or meas=
uring the degree of diffusion in o room, so thai the benefits of rotating diffusers have often
been assessed by noting a decrease in the spatial variance of the sound pressure level,éowhich
as noted previously is not neéessarily a good indicater, Cook, et al., ! have demonstrated
that perfecr diffusion, as defined in terms of the spatial correlation coefficient, is approached
by the use of rotating vanes, but they also note that large departures from perfect diffusion
may cause only small changes in the coefficient. This insensitivity of the correlation coef-
ficient for measured sound field diffusion has been reported by other workers. One fact is
known, however = using rotating diffusers does not provide transmission loss values that agree
with the diffuse sound field theory when the integration of Equation (1) is performed over the

range O to /2, Therefore two possibilities arise:
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s Rotating diffusers do not provide a sufficiently diffuse sound field when

defined os equal probability of sound propagation in all directions;

s A perfectly diffuse sound field may exist in the body of the room, but not

at the surface of the test structure,

R e e R RN

It has been shown by Furt:iuw,‘,s2 Cook, et al.,él and De Brufjn3 that the spatial

TF, cross-correlation coefficlent is a useful method for defining sound field diffusion, but that
: it is rother insensitive to changes in diffusion. Cook suggests that better results could be
' E obtained by measuring the coefficient in three mutually perpendicular directions, but it is
' *‘ not clear how these data would be interpreted or introduced into the theoretical expres=
o 1: sions for transmission loss, Balachandran®° has used the cross~correlation coefficient fo
:1 compare the efficiency of diffusing elements in producing a perfectly diffuse sound field.
:ﬁ He shows that measured absarption coefficients depend on the diffusion up to a peint
ti where the standard deviation of the difference between measured and "perfect" values
.-\ of the correlation coefficients Is less than a certain amount. This approach could be
fﬁ applied to transmission loss measurements, and would provide a simple criterion with which
i

to rate facility performance,

An altemative approach to measuring sound diffusion, discussed by Bartf"q and by

L e i

Blake ond Waterhouse?s is to use the imaginary part of the normalized cross~spectral density

e

between the sound pressure at two locations (the cross=correlation coefficient used by

Cook, et al., represents the real part). Analysis shows that this function is quite sensi=

tive to sound propagatien direction.

i Stochastic models of sound fields are normally used te provide statistical measures
; of the spatial variations of sound pressure in rooms, Howaver, Lubmanéé has demonstrated
that directional information can also be obtained from these models, He proposes a method
that involves measuring the power spectrum from a microphone moving in a straight line.
The traversing microphone spectra provides estimates of the mean square pressure and spatial
variation, but also gives an indication of directional diffuseness. For o perfectly diffuse

field the spectra is o rectangle, making it easier to distinguish deviations from the ideal

e HILERE oL e b L LR

condition than is possible for the damped sinusoid function of the cross~correlation coefficient,
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Modal Coupling

In measuring the transmission loss of structures, it is often found that the values
obtained at low frequencies are greater than would be expected from Equation (1) in
Chopter 2, London67 was one of the first to notice this discrepancy, and proposed the addi=
tion of a reslstive term to tha impedance expression to account for it. Sewell's expression
for transmission loss contunns terms involving the ponel area and shape, and ot low frequencles,
these terms predict a flottening of the transmission loss curve. From this result, .J::nnes4 con-
cludes that the flattening of the curve is due to panel size effects. The effect can be
explained by considering the coupling of the acoushc modes in the source and receiving
rooms with the panel modas of vibration. thlman hus shown theoretically that, within
a limited frequency mtarval, there are very few acoustic modes that couple strangly with
the pune! modes. He predicts that the transmission loss of the eommon wall between twe
reverberant chambers is greater If the two chambers are dissimiler In shape than if they are
identical. Flgure 22 shows dota measured by Kihlman te suppart his theory, Note that the
measured values obtained with the two dissimilar raoms are essentially the same o5 those
cbtained with identical rooms equipped with hanging diffuser panels, To volidate the modal
coupling concept further, the sound transmission between the some two chambers was arranged
to occur through a tube in the common wall, thereby eliminating the coupling to the panel
modes. It was then found that changing the dimensions of one of the chambers had a negli-
gible effect on the meaosured values of trensmission loss.

A similar effect hus been noted by Schultz49 in the maasurement of transmission loss
for a single wall=board panel forming the common wall between two rooms. He found that
by moving the panel less than 4 inches, the transmission loss ot low frequencies could be
increased by up to 3 dB,

Nilss:an10 has shown theoretically that room shape and size has little effect on the

transmission loss of a panel if the exciting sound field is diffuse. However, when the fiald

is not diffuse, his theory indicates that it is necessary to take into account the absorption

in both the source and receiving rooms,

The coupling of acoustic and panel modes was also well demonstrated In initial tests

conducred in the Wyle Research transmission loss testing facﬂlfy.? The two rooms of this
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facility are identical in size and shape, each having o volume of 18] cubic meters. When
conducting tests with the rooms empty, the measured values of transmission less agreed

very well with those calevlated according to the mass law, even af very low frequencies,
In other words, the familiar flattening of the curve was not evident. By introducing five
diffuser panels in cne of the rooms, the transmission loss measured of low frequencies
increased by up to 3 dB, Moreover, the same result was obtained without the diffusers

by filling one of the rooms with carbon dioxide to change the modal frequencies without
changing the room dimensions or the modoi density. In this latter experiment, the meosured

vetlues at medium and high frequencies remuined unchanged.

At higher frequencies where the modal density in the source room is high, the
condltion of ideal sound field diffusion with an equal probobility of propagation in all
directions should be approached, Under this condition, the measured transmission loss
should agree with the colculated value using a limited angle of incidence of 909, There
is some indicafion that this oceurs in some loboratories with the result that the measured |
transmission loss increases at a rate of 4 to 5 dB per doubling of frequency rather than the
6 dB per doubling of frequency ds predicted by the mass law. Low coupling of the sound
field with the test structure at low frequencies together with more perfect diffusion at high '
frequencies would explain this lower rate of increase with frequency, However, this

measured trend in the transmission loss is far from the general rule.

The effect of absorption in one or both of the rooms in a transmission loss facility
is to broaden the bandwidth of the acoustic modes. The couplfng between the sound field,
the test structure, and the acoustic modes in the receiving room fs then less critically
dependent on slight differences in room dimensions. Kihlmanbahasshown theoretically that
the effect of different room sizes on the transmission loss decreases as the room absorption
is increased ., In field studies, Joned? presents data showing that the field transmission loss
increases as absorption is added to the source and receiving rooms. These data tend to-
support the hypothesis that the coupling between room modes plays an important part in

determining the measured transmission loss in both laboratory and field tests,

In summary, there is strong evidence to suggest that some of the discrepancies
between measurements and calculations are the result of imperfect sound diffusion in the

vicinity of the fest structure, The theoretical modeis for sound transmission do not include
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a good representation of the exciting sound field obfained in the labarotory. Efforts to
imprave the sound diffusion are hampered by the luck of a suitable measurement technique,
At low frequencies, discrepancies are due to modal coupling effects. In fact, these effects
should be expected where the modal density is low and the acoustic wavelength is the same
order of magnitude as the panel dimensions, Moreover, the magnitude of the discrepancy
will be dependent on the relative dimensians of the twa rooms and the location of the panel

in the common wall,

3.5.2 Test Structure Mounting

The transmission loss of an infinite panel is dependent on the forced response of
the panel = the bending waves being forced by the exciting sound field, In a finite panel,
the forced waves are reflected at the perimeter to produce free waves that are in resanance
at certain frequencies, Thus the transmission through o finite panel is part forced and
part resonant, Below the critical frequency, forced tramsmission predominates. However,
if the edges of the panel are securely clomped, resonant transmission can increase and
reduce the overall transmission loss as caleulated by the mass law. This effect has been
predicted by Nilsst:mlo and Sewell? The difference in transmission loss between simply
supported and clamped conditions is estimated by Nilsson to be Independent of the panel
loss factor with a magnitude of about 3 dB af low frequencies, decreasing as the frequency
approaches the critical frequenay. Sewell's formulation indicates a strong dependence
on the panei loss factor, as might be expected since resonant respense should decrease
with increasing panel damping. Data taken by Kihlman45 do not necéssurily agree with
either theory, but do indicate an increase in transmission loss just beloaw the eritical

frequency for an elastically mounted lightweight concrete panel.

Above the critical frequency, the predicted transmission loss according to Cremer's'
theory 1s strangly dependent on the panel damping, but is unaffected by the panel boundary
conditions if these are lossless, In practice, edge losses occur at the boundaries due to
the type of mounting and to transmission of energy into the surrounding structure, Thus the
moasured transmission loss is dependent of the coupling between the test panel and the
facility structure, the dependence being a function of the properties of the test panel,
Measurements conducted an lightweight concrete panels firmly and elastically mounted
confirm these findings and show that the differences in transmission loss can be explained

by the difference in measured panel loss factors,
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3.5.3 Test Structure Size and Location

Theories for sound transmission through finite panels predict o decrease in the
transmission loss ot low frequencies as the panel size Increases. At higher frequencies,
but still below the critical frequency, the theories predict o reverse trend with panel size.
Thus the slope of the transmission loss curve as a function of frequency may increase as the

panel size Is incroased. Above the critical frequency, there is no dependence on panel size.

If the test panal takes up the entire common wall batween the source and receiving
rooms, [.e,, wall to wall, floor to ceiling, then the coupling of the sound field with
the panel may be such os to decrease the transmission loss from the value obtained for a
smaller panel mounted in a massive commen wall. Kihlmun45reports data showing o dif-
ference of up to 5 dB at low frequencies between the two conditions. To minimize the
difference between loboratories and to be more representative of fleld conditions, Kihlman
recommends that laboratory test openings extend the full width and height of the source
room. This would normally require either farge test panels or small source rooms, although

the required candition can be realized if the test rooms are constructed with angled ceilings

and splayed walls,

3.5.4 Test Aperture

Holmerﬂ has suggested that the lack of diffuseness in the incident sound field is
not due to the proparties of the source rcom, but may be the result of localized sound
field perturbations at the aperture in which the panel is placed. He specifies the size,
shape, and depth of the aparture as paremeters influencing the incident sound field, and

hypothesizes that irregularities in the transmission loss at certain frequencies are due to
aperture resenances,

Kihimarit has conducted experimants to demonstrate that the aperture parameters
can indeed affect the measured tronsmission loss of a panel. A single wall of gypsum board
was tested in a laboratory facility with and without a simulated aperture on one and on
both sides of the wall, The source and receiving rooms in the test facility were of equal
size, the depth of the simulated apertures was 1.3m. The results of the experiment are
shown inFigure 23, Note that the values of transmission [oss without apertures and with
apertures on both sides of the wall are essentially the same, except at very low frequencies,
Howaver, a noticeable Increase is nated at all frequencies with an aperture on one side
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only. These results can be partly explained by considering the coupling between room

and panel modes, With a simulated aperture on one side of the wall, the accustic modes
on each side of the panel are different, resulting in poor coupling and a higher fransmis-
sfon loss. With apertures on both sides of the panel, the two rooms ore again identical,

thus reducing the transmission loss to the value without any apertures,

3.5.5 Measurement of Sound Levels

To determine the transmission los of a structure, it Is necessary to measure the
space~time average sound levels in the source and receiving reoms. The criteria for the
number of measurement locations required to sample adequately the sound fields in both
rooms are given in the ASTM ES0~75 procedure:wThe largest allowable measurement tol~
erance is given at the lowest frequencios, Unfortunately, this can significantly affect the
STC rating of a partition measured in different laboratories. However, unrealistically large
numbers of microphone locations would be required if this tolerance were reduced. If the
number of measurement locations is large, us may ba the case at low frequencias in the
smalier test rooms, then a large number of microphones are required in each room, together

with a suitable switching network, to avoid excessive test times.

An alternative approach is to use a single moving microphone to obtain the spatial
average sound level, Lubmannund Schroeder 3have shown that spatial averaging over straight
lines or circular paths is rather wasteful as compared to averaging the levels measured at
discrota points because the variability is not decreased, Howaver, since it may be posible
to parform the spatial averaging in less time than it takes to measure the sound level at many

discrate locations, the moving microphone technique may be o useful techniqus in somo

test laboratories.,

3.5.6 Measurement of Receiving Room Absorption

Both the ASTM end ISO test procedures specify that the total absomption A in the

receiving room Is to be determined by measuring the rate of decay of sound D and using

the equation

A - 292LVD (1)
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where V is the volume of the room, D is the rate of decay of sound in dB per second,
and ¢ is the speed of sound in air. If metric unlts are used, the abserplion is given in

metric sabins; if English units are used, the absorption is in sabins.

The inverse relationship between the rate of decay of sound and the room absorption
was first derived experimantally by Subine.74 The derivation of Equation (10) is ottributed

to Franklin ,7 3 and contains the following assumptions:

o  The sound energy density is uniform throughout the room before and during

the sound decay.
o  The sound energy is transmitted uniformly in all directions {a diffuse sound field),
e  Energy Is dissipoted continuously with time.

The Sabine equation, perhaps more than any other in acoustics, has been the subject

of long standing dobate as to its applicability in non-diffuse sound fields. Eyring and
77,78

' Nurr!s? é Millington and Sette, and Fitzroy79 have developed relationships for

room absorption under conditions where the assumptions staled above are not satisfied,

More recently, Joyceao has demonstrated analytically that the Sabine equation Is valid in
rooms where the absorption 1s lew, Since this is generally the case in laboratory facilities,
there is considerable justification for using the Sebine equation in calculating the normali-
zation factor 10 log (S/A) necessary [n the determination of transmission loss, Furthermore,
errors in measuring and calculating the absorption are diluted by the logarithmic nature of

the normolization factor.

3.6  The 15O 140 Standard For Laboratory Measurement of Sound Insulation

As a result of the work conducted by Kihiman and othars, the International Organi-
zation for Standards has daveloped a modified standard for the measurement of sound insula-
tlon in the laboratory. The new standard designated as 1SO 140?' Parts [, 11, and IIl, was
published in 1978 and replaces the 150 Recommendation R140, The most significant revisions

to the standard are as follows:

&  The volumes and shapes of the source and receiving rooms should not be exactly
the same. A difference of ot least 10 percent is recommended between the

volumes of the two rooms.
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o Diffusing elements should be installed if necessary to obtain a diffuse sound

field.

¢ It is noted that theory and experiment indicate the advisobility of the test

panel covering the entite dividing wall or ceiling between the test rooms.

@ [f the test specimen is installed in an aporture between the two rooms, the

aperture depths should be the same on both sides,

o Defore routine testing is performed, a laboratory shall chack the repeatability
of the test procedure and the test setup to demonstrote the capability of pro-
ducing relicble and repeatable results. Standard proceduros and criterio for

luboratary checks are provided in ISO 140, Part 11,

e Examples are given for a suitable test precedure, for the measurement of

flanking transmission, and for checking the partition loss factor,

By recognizing and addressing some of the facters that can affect the measured
velues of transmission loss, the rovised ISO standard is an improvement over the original
version, 1t is noted In the standord that certain aspects concerning the room sizes and

test spocimen mounting are still under review, Indicating that subsequent revisions may

be Introduced at o later date.

3.7 Summary and Recommendations

A-review of the available data on laboratery measurements of transmission loss
shows that there Is considerable variation in the values measured in different test facilities.
The factors responsible for these varlations are:

e The cho'racterlsﬁcs of the sound field incident to the test structure, including

the effects of any aperture, and the sound fleld in tho receiving room.

s The test strueture mounting.

s Tha size and location of the test structure.
Insufficient understanding of these factors i1 the main roason for the noted differences
botween measured and caleulated values of transmission loss. The economic implications
of the variation: from laboratory to laboratory can be assessed from the data shown in Figure 16.

This shows that the in-place cost of a wall construction varies by about 25 percent for a

change of 5 points in the STC rating,
3-24
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There are strong indications that the sound field in laboratory test facilities
approaches perfect diffusion except at low frequencies and in cases where the rooms are
small, However, the sound field incident to the test structure does not appear to be per=
fectly diffuse. IF this exciting sound field could be defined and measured, and specific
eriteria established for test facilities, then many of the problems associated with the theories
of transmission loss and the interlaboratory differences in its measurement may be solved.
This approach is considered preferable to those that merely attempt to increase sound field
diffusion without really understanding what is, or is not, being achleved, It is therefore
necessary to develop a method for measuring the sound diffusion in o room in terms of a

quantity that is readily incomporated into the theoretical expressions for transmission loss,

It Is recommended that proposed methods for quantifying and measuring snund.field
diffusion are applied in a serles of experiments conducted il"l a transmission loss testing facility,
The experiments would involve transmission loss measurements on o simple structure with
simultoneous measurements of the sound field diffuston, Different degreas of diffusion could
be achieved by adding absomtion, by using rotating diffusers, and by introducing apertures
of various types. In addition, the size of the test structure should be varied, including, if
possible, one version that extends the complete width and helght of the test facility rooms.
The results of the experiments would be used to:

» Develop a method for measuring sound diffusion;

s Compare measured values of transmission loss with those calculated from theory

incorporating a suitable representation of the exciting sound field;

e Determine the dependence of measured transmission loss on the incident sound

field diffusion;

e Develop methods of Increasing the sound diffusion in tost facilities; and

e Develop performance erlteria for test facilities.

The idea of a performance test for a transmission loss tesf facility Is not new. An
ASTM subcommittee (E33,05) is currently considering a procedure for determining the accuracy
in measuring transmission loss. The procedure involves measuremants on specified config=
urations of simple structures, the data being used to give performance informufion on avall=
able theorles, It is possible that the data obtalned from tests using the procedure witl be

used to develop performonce criteria, at least for new laboratories,
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4,0  APPLICATION OF THEORY AND MEASUREMENT PROCEDURES TO BUILDINGS

4.] Introduction

In Chapter 2, methods have been presented for predicting the sound transmission
loss of various simple and complex structures., These methods involve the use of equations
relating the transmission loss to structural parameters such as mass per unit area, bending
stiffness, panel separation, etc., so that the predicted values of transmission loss at each
frequency are a function only of the properties of the structure, The stondard laboratory
test procedure.r.40' 8l described in Chapter3 are designed to measure the transmission loss of
structures, and shauld provide values that can be compared with these predictions as welf

as with meosured values for different structures on an equal basis.

If fleld conditions were identical to the test conditions required in the standard
laboratory procedures, then laberatory measurements of transmission loss could be used
to predict the sound levels in one room of a building due to a source of sound in an adjacent
room. In praétice, however, the conditions ancountered in typical field installations differ
markedly from those in the laboratory. The differences include the way in which a structure
is mounted, 1.e., the boundary conditions existing at the perimeter, the size of the struc-
ture, the fact that it may extend the full width and height of the rooms that it separates,
and the lack of sound diffusion in the room.. Thus, even under ideal conditions, it Is often
difficult to make accurate sound level predictions. Unfortunately, conditions are not often
ideal tn many field situations, for 'there are other paths by which sound can be transmitted

from room to room. These so=called "flanking" paths con be summarized as follows:

® . Alr leaks exist Tn most buildings, particularly around pipe and duct penetra~

tions, and ot the perimeter edges of floors and walls.

e Airborne transmission paths exist via ventilation ducts, ceiling plenums, and

through doors and common corridors.

o Part of the sound energy passes from ane room to another by structure-borne

paths that bypass the direct path threugh the intervening structure.

Finally, there is the factor related to good workmanship in construction, without

which no structure can be expected to perform to its full potential.

4=1
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It is not possible to account for oll of these factors in predicting sound levels in

buildings, and so great emphasis Is placed on field measurements of the acoustic performance

. of structures, There are two quantities of interest in these measurements, namely:

e Field Transmission Loss (FTL) =~ A measure of the transmission loss or sound

insulation of o structure under field conditions, The FTL is defined in exwctly
the same way as the transmission loss, namely, the logarithm of the ratio of
incident to transmitted sound power, and for o diffuse sound field, is dépendant

only on the properties of the structure and the way it is mounted,

s Nolse Reduction {INR) ~ A measure of the sound isolation between two rooms

including all paths of sound propagation from one room to the other. The NR
is the quantity of interest to the occupants of the building since it deseribes

the real protaction provided agalnst noise.

It is important to note the fundamental difference between these two definitions,
The field transmission less is a praperty of the structure, whereas the noise reduction Is a
property of the structure and the building In which it Is installed, The noise reduction can

only be measuted between rooms, The term transmission loss, defined in Chapter 2, is

generally applied only to the acoustic parformance of a structure as measured under con=
trolled laboratory conditions or calculated by the methods described in Chapter 2.

The single-number rating procedure designed for application to the measurement
of transmission loss (see Chapter 3.0) can alto be applied to fleld measurements. The single-
number rating for transmission loss Is the Sound Transmission Class (STC), Corresponding
single-number ratings for FTL and NR are Fleld Sound Transmission Class (FSTC) and Noise
Isolation Class {NIC), respoctively,

4.2  Comparisen of Laboratory and Field Data

There is a considerable data bose on the measured difference in the sound insulating

properties of structures under laboratory and field conditions. A summary of these data is

as follows:

e Berendt, ot al.,w indicate that field measurements of the sound insulatlon for

structures constructed with typical or pormal workmanship can be os much as
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8 to 10 dB lower than the transmission loss measured in the loboratory, On
an average, it is stated that the degradation in performance is equivalent to
a redyction of 4 or 5 points in the STC rating of the structure, With special

care, the difference may be only 1 or 2 points. In some cases, field measured

e e

S T
.

values exceeded those measured In the laboratery by 1 or 2 dB,

Heebink and Granfham82 compared laborotory (STC) and field (FSTC) data

y for 16 wood~framed walls and found an average difference equivalent to 3% STC
points. When severe cases of air leakage and flanking were corrected, the

N average differonce was reduced to 24 STC points. However, there wero sig~
nificant differences at individual frequencies that are not reflected in the

STC rating.

. .J‘cmm70

e ey

reports differences botwaen laboratery and field measurements equivalent

to a reduction In STC rating of botween 0 and 8 points for wood~frame walls
constructed on o wood joist floor, At somie frequoncies, the difference was as

large at 14 dD =~ se0 Flgure 24, Under certain conditions with no flanking

transmission, the sound insulation was found to be up to 5 dB greater than the

valves measured In the laboratery. i

m ° Lt.':nga":l summarizes a large number of measuremonts conducted in Europe and
' ; shows that differences in sound insulation as large as 20 dB have been noted,

:1% As much as 10 dB difference has been noted for a given partition in different

1 buildings.

L . Zc:i:t:u‘a\.'84 reports that differences in sound insulotion of 1.5 te 2,5 dB have

. baon measured in buildings with concrete walls and floors, ond states that this
i 1s consistent with other reported data, Howaver, a difference of 8 dB over most
1 of the frequency range 1s reported for a floor structure of reinforced concrete

with a suspended coiling — soe Figure 25,

: In some of tho mora severe cases noted above, It is evident that some of the dif-
farences between measurements in the laboratory and in the field are due to the presence of
air leoks. In the cases where attention has boen given to minimizing air leaks, significent

structure~borne flanking effects have been reported for some siructures. The magnitude of

443



T R LT L M S TR e LA s Fwnn
i

70 T T T T T T

604~

50 ,Q\ o

=]
©
g? 40 -
3
lg "
2 a0} ]
£
20 -
O Leboratory Data = STC 56
10f- Q© Field Data = FSTC 48 -

] ] ] t _
iég 250 500 1000 2000 4000

Qna~Third Octave Band Center Frequency, Hz

Figure 24, Laboratory and Field Measurements of Tronsmission Loss
For a Wood=Frame Partition With Gypsumboord Mounted

on Resilient Channels,/0

4-4



pa e e L

i

Mk bRl R e

SO T LI

SO el a2l Y

i, f s

ey

NEETE T e

e kst P
e R Y A AT e

N T T e B R T R A ey

A TEme e

gor T T T T T
2 720k -
u\
5
5 ok -
4
E
a, i
k-
=]
o
2 J

L e L I 1 L
100 200 400 800 1600 3200
Frequency (Hz)

Figure 25. Floor Sound Insulation in a Building. (1) Sound Insulation
Measured For a Wooden Floor With Reinforced Concrete Plates
ond Suspended Ceillng With Indirect Paths of Noise Transmission;
(2) Measured Floor Sound Insulation With Asbestos Cement

"Piates Installed at a Distance Frem Internal Walls to Reduce

~ Flanking Transmission 8



s g
.

the flanking effects depends to a large extent on the physical properties of the structural
elements and the way in which they are connected. Also, the difference between laberatory
ond field measurements generally Increases as the transmission loss of the intervening parti=

tion is increased. These facts help to explain the rather wide divergence in the reported data,

If aitborne and structure=borne flanking transmission is low, then the major difference
between laboratory and fleld measurements is due to the different degrees of sound diffusion
in the test rooms. In the field, rooms are generally much smaller than the standard labora~
tory test facilitiés, with the result that the modal density at any given frequency is corre-
spondingly lower, Thus the effacts caused by lack of sound diffusien that were discussed in
Chapter 3 are magnified in the typical conditions where fleld measurements are required,
Moreaver, the presence of uneven amounts of absorption on the floor or ceiling con change
the characteristics of the sound field considerably, particularly ot the sensitive grazing angles
of ineidence. Recalling the discussfon in Chapter 3 on the effect of sound diffusion on the
measured transmission loss, It is not surprising that laboratory and field results do not agree.
It should be emphasized, however, that the effect of poor sound diffusien generally results
In an increase in the noise reduction between rooms, whereas flanking transmission will, of
course, decrease the noise reduction, Janes70 has found that these two factars may counter=

act one another resulting in a field performance equal to that predicted from laboratery resuls,

The presence of air leaks and other airborne flanking paths can significantly reduco
the acoustic performance of structures Tn buildings. Howover, the metheds for eliminating
these paths are well known and are documented in guidelines for building nolse control.‘s
Therefore little more need be sald on this subject, except that the available metheds need
to be implemented in the design process, and ﬁorkmnnsh!p needs to be checked during

construction.

Summarizing the dota reported in the literature, and extracting that which appears
to be dominated by airborne flanking paths, it appears that the measured fleld transmission

loss of o structure can be from 10 dB less to 5 dB greater than the transmission Joss measured

in the loboratory. A typical range would be -5 to +3 dB,
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- 4.3 Prediction of Noise Reduction In Buildings

In the design of a new building, the architect must select building elements,
such as walls, floors, and ceilings, that meet the requirements of the applicable building
codes. Where these codes include a consideration for acoustical privacy between adjacent
rooms or dwellings, it is common for the requirements to be specifled In terms of the STC
rating of the elements, as determined from laboratery measurements. According to the
data presented in the previous section, this approach to noise control may result in the
noise reduction between adjacent rooms being In the range 5 dB less than, or in some cases
up to 5dB greater than, the design valué. These facts are known by many architects who
tend to compensate for the apparent discrepancy by overdesigning the elements. It is in
fact common to assume a discrepancy of between 3 and & dB between laboratory and field
performance of building elements, The term "apparent discrepancy" Is used here because
the building elements themselves are not always at fault, The real culprits may be poor
sealing at the petimeter, and airborne or structure=borne flanking. IF this 1s so, then over-
designing the building element may ave little or no effect on the nolse reduction, although
the building costs wiil most certainly be higher. Using the data shawn in Figure 14 for
typlcal structures, overdesign by 5 STC points can inerease the material cost by about
25 parcent, Thus the use of laboratory dota can lead to inadequate acoustical privacy

in the finished building, as well as increased building costs.,

As an altemative to using laboratory data, acoustical engineers will sometimes
perform predictions of noise reduction with data cbtained from field measurements, where
these are avallable. Provided that the fleld duta were taken for constructions without air
leaks or alrborne flanking paths, and that the finished building will incorporate the same pre=
cautions, this approach can lead to better predictions of noise reduction. However,
thera is still the danger that structure~borne flanking, which can vary significantly for
different building types, may be present and render the predicted values too high. If the
measured fleld datawere obtained in a building similar to the one under design, then it
may be reasonable to assume similarities in flanking transmission. Under this condition,

the factors that reduce the accuracy of the predicted noise reduction are:

s Differences in the sound fiald in the rooms where the data was collected

and in the reoms-under design.
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e Differences in construction from the structure for which field data are available,

¢  Poor workmanship in construction.

A problem does exist in designing exterior building structures simply because
there is limited data for some of the building elements. This is particularly true for
roof/ceiling systems, which, because of their large area, can be extremely significant
paths of sound transmission. Although these are exceptions, most guidelines on building
noise control completely ignore this impartant element. The transmission loss of a roof/
ceiling system is not easy to measure In the laboratory, so that there is heavy dependence

on field measurements, with all the inaccuracies that are Inherent in these data,

The other major element that determines the noise reduction of a building structure
is the window. In this case there is an abundence of data for many different window designs
tested in the labaratory, some of which must be ‘regnrded os dubious at best. The problem
lies in the application of the laboratory test procedure to the usuvally small window sizes
availoble, Although it is certainly true that the size of the test specimen is representative
of fleld upplicdﬁon, the placement in the test facility wall may be critical — see Chapter 3,
Mereover, the exterior sound field cannot under any circumstances be considered diffuse,
so that the field performance may be quite different to that predicted by the laboratory
test results. In this context, prediction methods suffer from a lack of knowiedge of the

transmission properties of structures as a function of the angle of sound incidence,

Predicting the noise reduction of cxizting building structures is generally difficult
because the structural composition may not be obvious from a visual inspection, and rela~
tive movement of the structures or warping of the wood may introduce air leaks. The
prediction is particularly difficult for exterior structures with windows and doars, where
perimeter cautking has dried and shrunk, and where the weatherstripping has deteriorated.,
Much of the dak on the accuracy of prediction methods for exterior structures is contained
in the files of acoustic consulionts and hence is inaccessible, However, data obtained
from Wyle Filesasindicate that the mean difference between predicted and meosured values
is zero with a standard deviation of about 2,5 dB. Thus measured values can be predicted
to within £4 dB with a 90 percent confidence, Such predictions are normaily required to
identify the steps that need to be token to soundproof existing buildings from exterior nofse.

Ideally, the prediction process should be accompanied by measurements, the latter to
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determine the actual noise reduction, the former to identify the mojor paths of transmission.
By inspecting the measured noise reduction in different frequency bands it is then possible
to detect the presence of air leaks, ond take them into account in the prediction proce.ss.
Usually, air leaks occur at the perimeters of windows and doors, and, since the first step
in soundproofing is to seal the leaks, it may not be too important that the predictions are
in error, 'provided that measurements are performed to identify the need for soundproofing

in the first place;

4.4 Field Measurement Procedures

Although laboratory measurements are necessary to provide comparative data for
diffarent structures under controlled cenditiens, it is clear from the last two sections of
this chapter that the data obtained do not necessarily represent the performance achieved
under field conditions. Field measurement procedures provide data to evaluate the field
performance of structures when they ore installed for thelr designoted use. Specifically,

they are used as follows:

e To verify that the design noise reduction Is achieved in the final construction.

e To verify that each individual element is performing to its potential, partic-

vlarly if it is found that the design noise reduction is not achieved.

o To provide the basis for the design of modifications necessary to increase the

noise reduction in existing buildings.

s To develop o comprehensive data base of field measurements to identify trends

in acoustic performance and common problems that need to be addressed in design,

There are basically two types of field procedure required, ane to measure noise
reduction between rooms, the other to measure the field transmission loss of iﬁdividual
elements. Such procedures must be available for application to interior and exterior structures.
The different types of field procedures that are designed to measure noise reduction and
field transmission loss as a function of frequency (in octave or one-third octave bands) are
discussed in the following sections, IProcedures for measuring single=number values of nolse

reduction are discussed in Section 4.5.
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4.4.1 Measurement of the Field Transmission Loss of Interior Structures

The field transmission loss (FTL) of a structure is a measure of its transmission loss
under field conditions and s generally only measured when measurements of nolse reduction
hetween rooms show lower results than originally predicted. The FTL cannct be used to
calculate the noise reduction between two rooms because factors such as flanking trans~
missien thot degrade the fleld performance of structures are deliberately excluded in its
definition, The usefulness of the quantity FTL is therefore limited to comporing the field

perfermance to the maximum potential performance as measured in the laboratory, In this

respect, it is a useful diognestic tool,

In terms of measurable parameters, the field transmission loss of o partition is
dofined as follows:

FTL = ].T - ].-5 + 10 log (S/A) (am

where 'l._]' is the average (over space and time) sound pressure level in the source room;

].-5 is the average {over space and time) sound pressure level in the receiving room as a
result of sound radiation from the partition only; $ is the area of the partition; and A is
the absorption in the recelving room. The facter 10 log (5/A) is included to nomalize the
difference in sound levels to'a standard condition, theoretically making the value of FTL

independent of the recelving room characteristics.

To moasurs the field transmission loss it is therefore necessary to eliminate airborne

and structure=borne flanking transmission. Even with this precaution, the measured values

“will not necessarily be the same as those measured in the loboratory. The lower sound

diffusion tn small rooms will tend to pravide higher values of FTL than in the laboratory,
wheraas tho size of the structure with respect to the source and receiving rooms will tend
to glve lower values, as discussed in Chapter 3.

The ASTM E336-77H procedure for fleld measurement specifies certain conditions
that must be met for the results to be as Independent as possible of the sound fields in the
two rooms and the butlding in which the structure is Installed, For example, the procedure
is valid only ot Frequencies equa!l to or greater than o lower limiting frequency that is a

function of the room volume. In fact, for any given lower limiting frequency, the minimum
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room volume is about one~half that recommended for laboratory facilities in the ASTM
4
E90~75

would be suitable ot frequencies equal to and greater than 250 Hz, this criterion may lead

0 procedure. Judging by the results presented by Higginson?é whose test rooms

to poor repeatability at the lawer and even medium frequencies. In small rooms it is dif=
ficult to increase the sound diffusion because the size of the diffusing elements necessary
to madify the low-frequency modes would be comparable to the roem dimensions, leaving
very little space for suitable microphone locatlonsa.é Thus poor diffusion must be accepted

in the measurement of field transmission loss,

If significant flanking transmission exists between the scurce and receiving rooms,
then steps must be taken for 1is reduction before the FTL can be meosured, The E336~77
pracedure pravides guldance in determining whether flenking transmission exists by spee=
ifying a numher of qualitative and quantitative tests. A mandatory test involves adding
o temporary shield to the partition and repeating the FTL moasurements. This tost is dis-
cussed more fully in Chaptar § — it is suificient here to say that it is a most complicated

and time=consuming test that is totally unsuited to routine testing in the field.

The 150 MO/IVB‘ procedure for the moasurement of sound insulatien of bullding
elaments is somewhat confusing as it doos not differentiate batween sound insulation and
the sound isolation {or molse reduction). In addition ta the nomalized noise reduction,

NNR, defined as follows:
NNR = q ~ I, + 101leg (1/0.5) (12)

where T is the recelving room ravarberation time in seconds, it introduces a term called
the "apparent transmission los”, R', which is the transmission loss of a partition as if all
the sound energy reaching the receiving room passed through the partition, and is defined

as follows:

—

R = L - r2 + 10 log (S/A) {13)

assuming diffuse sound fields in the two rooms,

The quantity R' is the same as the quantity FTL only in the absence of flanking transmission,

Thus the ISO procedure does not In fact measure the field transmission loss or sound Insulation

of a partition, but enly two versions of the nolse reduction with different normalization factors,
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There are two methods given in the [SO procedure for measuring flanking transmission.
One of these involves the use of additional shields to the test structure, similar to the ASTM
E336 procedure, The other requires o measurement of the average velocity levels of the
test structure and other surfaces in the receiving room. This data is then used to calculate
the sound power radiated by each surface, and hence the contribution from structure=borne
flanking transmission. The method of calculation is satisfactory for massive structures of
concrete or masonry, where the radiation factor is known to be close to unity over most of
the frequency range of interest. For the test structure, which Is excited directly by the
sound field in the source room, the radiation factor is also close to unity at most frequencies,
However, for frome walls with high eritical frequencies, the value of the radiation factor
is unknown at low and medium frequencies = see Chapter 5. In this case, the flanking

contribution connot be accurately calculated.,

4,4,2 Measurement of Room Absorption

To determine the field transmission loss of a structure It is necessary ta measure the
amount of absorption in the receiving room so that the final value of FTL is independent of
the receiving room characteristics, The 1SO and ASTM standards for field measurement of
transmission loss provide two alternative methods for measurement of absorption in the receiving
room. The first method follows the [aboratory approach of measuring the time decay or
reverberation time of the enclosed sound field and calculating total absorption by applica-
tion of the Sabine relationship — see Chapter 3, The alternative method is to measure the
spatial average sound pressure level ' i.'; , in the room produced by a standard source of

known sound power output, L, and insert the value in the following equation:

A = antileg (L, = I_.E + 6,2)/10 , metricsabins (14)

Cookund Proctof 7describe an elegant way of using a standing wave tube apparatus te provide
an absolute sound power reference source which can be used for such absorption measurements.
Although under idealized diffuse field conditions the reference source measurement provides
absorption values identical to these derived from decay measurements, caution should be
exercised for applications to rooms with high sbsorption. As discussed In Reference 88, the
use of the reference source method in rooms with high absofption results in a higher relative

contribution of the initial reflections which are not randomly distributed thus restricting the

range of validity of the measurements. 4ei2



Both methads for measuring absorption rely on equations developed under the
assumption that the sound field is diffuse = a questionable assumption in small rooms,

Factors that limit the degree of diffusion are as follows:

o  The volume of the room is so small that isolated acoustic standing waves are
in evidence at lower frequencies where FTL measurements are required,
§ Diffuse field conditions require the existence of many overlapping acoustic

resonances down to the lowest frequencies tested.

i o  Becauze of symmatry in the chope of the roem, cortain reom modes or gioups
of modes contain a disproportionate share of the energy. Extreme examples

i would be cubical or spherical shaped rooms.

o o  As the absorption in the room is Increased, the direct field from the sound

source becomos predominant over an Increasingly large area.

s Tha concentration of soupd=absorbing materials in the room affects the distri=
bution of sound energy. This con occur when the absorbent material is placed

on one or two surfacos in the form of a carpet or ceiling tiles.

Deviations from diffuse fleld conditions aftect the measurement of room ubsorption fn several

!

!

1} ways. In a non=diffuse field, the timo decay of sound pressure level can differ significontly

i from a Itnear relationship, A decay rosponse with a continuousiy changing slope presents
3 a problem in defining a unlque absorption valve. In a non-diffuse field the sound level as
; well as revarberation time will show considerable variation with position within the room.

! Obtalning a spatial average value, even if such a value has meaning, requires a large
number of measurements, Most importantly, under non-diffuse conditions, the astablished
relationships betweon room absorption and either reverberation time or sound pressure
i generated by a standard source is no Jonger valid.

An additional facter affecting the sound diffusion in the receiving room is the type
and location of the sound sm.:rt:efhs In the source room, the source of sound {5 o loudspeaker
placed close to one of the corners to excite as many room modes as possibile, [In the recelving
room, the "source" of sound is the test structure that couplos to the room modes in a different
way than a small source, Therefare, even if the sound field in the source room were diffuse,

! this does not necessarily moan that the fleld in the receiving room (of the same size) is

4=13



diffuse. In general, the lotter will be less diffuse, Since the measured absorption ina

room is a function of the sound field diffusivity, the correct value of absomtion for the
nomalization factor cannot be deduced from reverberotion time measurements obtained

using a small source placed in the room corner. The actual error introduced by assuming

a diffuse sound field in the recelving room is not known, because the effect of sound diffusion

on measured absorption is not well understood.,

4.4.3 Measurement of Noise Reduction Between Rooms

The noise reduction (NR} between two rooms is o measure of the protection afforded
an occupant in one of the reoms from noise in the other room. It is defined w the difference

in spatial average sound pressure levels In the two raoms, namely,

NR=1'I'-F2 (15)

In contrast to the field transmission less, which is a measure of the field performance of
a specific structure, the noise reduction between rooms includes all paths of transmissien,
direct and flonking, and so cannot be directly related either to FTL or the transmission
loss measured in the laboratory. Furthermore, the term “noise reduction® con be used to

describe the protection provided from sources of noise in non=adjacent raoms,

The measurement of noise reduction is performed in exactly tho same way as the
measurement of field transmission loss, with the exception that no attempts are made to
eliminate flanking tronsmission or to achieve diffuse sound fialds in the measurement rooms.
Thus the measured values represent the protection that the eventual occupant will experiance.
Of course, it is possible to increase the noise reduction merely by adding absorption to the
receiving room. [f the measurements are performed with the recelving room furnished by
the occupant, then the measured nolse reduction requires no correction. However, It s,
or should be, common practice to perform the measurements at the completion of construc~
tion with all rooms empty. Under these conditions, the measured noise reduction will in

general be less than that experienced by the occupant for the following twe reasons:

o The addition of furnishings in the receiving room will increose the receiving

room absorption and hence lower the sound level.
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o The addition of furnishings, particularly carpets and ceiling tiles in the source
and receiving rooms, will decrease the sound diffusion and may Increase the

measured tronsmission less of the partition separating the two rooms.

The effect of receiving room absorption can be accounted for by nomalizing the measyred
noise reduction to a reverberation time of 0.5 second. The normalized nolse reduction,
NINR, is thus gi\.ren by Equation (12), A standard reverberation time of 0.5 second is chosen
because it closely répresents the typlcal value for most furnished rooms, If It fs Inconvenient
to meosure reverberation time (this requires additional equipment), it Is claimed that a

goed approximation cun be obtained by using the following expression:

NNR = [T = T + 10 log (5./A) . (18)

whera SF is the Floor area, In this case, the receiving room absarption, A, can be
measured using a source of constant and known sound power, The problems of determining

absorption in small rooms has been discussed In Section 4.4,2,

The effect of absorption on the transmisston loss of a structure cannot be aceounted
for with the current understanding of sound ffeld diffusfon. According te data collected
by Jones ,7 % the nermalized nolse reduction between two ampty rooms may be lower by as
much as 3 to 5 dB thon the actual nelse reduction achieved when the rooms are furnished.

Additional dato are required to determine whether this range is typical,

4.,4.4 Measurement Procedures For Bullding Facades

Historically, the effarts to devalop test procedures for measuring the acoustic
performance of structures have concentrated on interior building elements, leaving methods
suitable for building facades to the discretion of the acoustical consultant. Genoral guide-
lines for such measurements are given in Appendix A2 of the ASTM E336-7786procedure,
but these allow significant and imporiant variations within the stated conditions. Accords
ingly, data for building facades have been presented In a variety of forms. The recent
interest in providing protection for buildings against the external noise produced by highway
traffic and aircraft, and for soundproofing existing buildings, has led to the requirement for
a much more closely controlled test procedure, As a result, the Internationo! Qrganization
for Standardization has established a standard test procedure ~ 150 140/Y & _ and an
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ASTM subcommittee is currently working on the draft version of a similar procedure. Both

procedures require an exterior source of sound and measurements of the sound level inside
and outside the building.

Unlike the measurement procedures for interior building oreos, the noise reduction
and field transmission loss of bullding facades depends on the noise source characteristics.
The exterior sound field often consists of progressive waves radiated from the source with
few reflections from nearby obstucles. For a point source, such as a single piece of machinery,
the sound will be incident on the building facade at a single engle of incidence. Far a line
source, such as a highway, or for aircraft averflights, sound will be incident ot many angles,
To account for this fact, both the ISO and draft ASTM procedures allow for measurements
to be parformed usin'g highway noise or loudspeakers as the sound source. The field trans=~

mission loss, FTL, of the facade is given by the following expressions:*
For Mighway Noise: FTL = Leq,o - [eq,i + 10 log (S/A)
Ly = I; + 10 log (S cos 6/A)

(17)

For Loudspeakers:  FTL

where L, is the exterior sound pressure level; L Is the spatial average of the interfor

sound pressure level; the subscript “eq" referring to the equivalent sound pressure level;

and & is the anQIa of incidence of ‘rhe incident sound measured from the normal to the facade.
The ISO procedure also aliows for the measurement of normalized level difference (noise

reduction), D, defined as follows:

Dy = Lego = Tagi * 10 log (1/T,) (18)

where T, 1s 0,5 second for dwellings.

For taffic noise, both procedures recommend that the exterior sound level Leqo
be measured 2 meters away from the exterior facade, although an alternative location very
clote to the facade surface is allowed If the surface is smooth. In the latter case, 3 dB is

subtracted from the value of FTL calculated frem the ohove expressions.

* The draft ASTM procedure uses the term “"tronsmission loss" rather than field transmission
loss. Strictly speaking, the above expressions represent the noise reduction normalized
by the factor 10 log {S/A), since flanking transmission may occur. In practice, windows
are the weakest element of the facade, flanking transmission should be negligible, and

the difference in terminology is not important,
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Using the loudspeaker as a source, the exterior level L, in the ISO procedure
is the level that would exist at the facade surface if there were no reflections, i.e., itis
the sound level that would be produced at that distance in the absence of the surface,
The draft ASTM procedure diso allows for measurements to be taken 2 meters from the
facade. Unfortunately, there is very little available data on the relationships between
the different microphone locations, or between the use of traffic noise and a loudspeaker

as the sound source.,

The draft ASTM procedure states that for measuring FTL using highway noise as
the source, the rouquy shauld be stroight and parallel to the building facade, Other
highway cenfigurations can be used, but the data should not be used to develop data for
general applications. This procedure is apparently aimed primarily ot developing a data
base for different constructions. There remains the question — how does one check that
a facade is performing to ifs field potential if the highway configuration is complex ? The
loudspeaker methed can be used to check the building construction anly if there is care~

fully controlled data available for comparisen .

Lewis?ohcs performed measurements of fisld transmission loss using highway naise
and incorporating an average value of the cos 8 term in Equation {17}, the value of 8
being obtained unalytically for each highway configuration. This additional factor enables
the length of the roadway and the elevation of the building to be taken into account,
whereas the draft ASTM procedure specifies limitations on both these quantities. Using
this method, Lewis shows that the field transmission loss for o facade on the ninth floer is
from 3 to 5 dB less than that far a similar facade on the first floor. However, because of
the difference in the angle of sound incidence, the noise reduction, and hence the protec-

tion provided to the oceupant, is about the same at the two elevations,

The 150 procedure ollows much greater flexibility than the proposed ASTM method
in highway location and so the measured data can be expected to show larger variations
from building to building, The actual effect of highway complexity and location with respect
te the building facade is not well documented, so that the magnitude of the variations is
unknown. In this context, neither procedure addresses the method of measurement for corner

rooms, or for roofs, which are of major concem in buildings near airports.
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The measurement of the interior sound levels and obsorption are subject to the
same problems discussed in the previous sections. There are {nsufficient dato avoilable to
comment on the repeatability of the wo procedures, but Lewis presents |imited dato to

show that it compares favorably with the repeatability of field noise reduction measure~

ments between interior spuces,

4.4.5 The Repeatability of Field Measurements

The repeatability of fieid sound insulation measurements has been studied af consid~
ergble length byHigginscn46 and Fc.‘hcrgill?] by means of un vxperimental study conducted |
in a laboratory house. The spread of measured results taken by 12 organizations on a 23 cm
solid brick party wall have been described In Chaptar 3. Following this Inftial phase of ;
the study, Higginson used several variations of loudspeaker size, cabinet design, location ‘
and orientation, ond found noticedble variations in the sound field for each configuration.
In most cases, however, the sound lavel uniformity at low frequencies was increosed sig-

nificantly by adding abserption to the room, although the reverse was true at high frequencies, i

The addition of absorption to the receiving room alone incrensed the normaolized nolse
reduction (the difference in sound levels in the two rooms normelized to a reverberation

time of 0,5 sec) by 1.5 dB on average over the frequency range 100 Hz to 3150 Hz, although

increases of up to 4 dB were noted ot medium and high frequencies. Similar results have

been reported by Jones .7 oﬁigginson acknowledges that the normalization precedure Is not

justified with such nonwdiffuse ¢orditions, and so it is uncertain that there is an actual

increase in transmission loss or whether it is an artifact of the absorption measurement

used for normalizing the level difference, If the latter is the case, then the implication

is that the measured absorption is lower than the actual absorption in the receiving room,

Since there are strong indications (see Chapter 2} that sound diffusion can affect the

measuted transmission loss, the measured increase Tn nomalized noise reduction may be due

to a combination of both effects, :
It was also found that temperature differences between the source and recelving |

rooms tended to increase the measured noise reduction. This increase was essentially

nullified by adding absorption to the receiving room. These results illustrate the effect

of madal matching between the two rooms. Adding absorption or changing the temperature
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" in one of the rooms effectively mismatches the modes and increases the noise reduction.
With the added absorption, changing the temperature in one room has little effect because
the modes are already mismatched.

Fothergi!191 reports the results of o series of fleld tests conducted by 7 different
measurement teams showing that the standard deviation of the noise reduction is in the
range 1 to 2 dB at frequencies below 500 Hz, and about 1 dB at higher frequencies.

A small but significant improvement in repeatability was achieved by devising rules for
source and microphone locations,

Utlﬂyg2 has shown that as many as 20 microphone locations may be required to
obtain the average one-third octave band sound pressure level with a 95 percent confidence
in small rooms at low frequencies. The number of locations can be reduced by a factor
of 2 by using octave band measurements, The ASTM EB336~77 flald measurement procedure
spacifies a required number of measurement locations based on the spread of the data in
order to achleve a precision of 1 dB with a 90 percent confidence, For example, if the
range between the highest and lowest sound level measured is § dB, then 10 measurement

locations are required.

In an attempt to reduce the time necessary to obtain the average sound leve! while
maintaining the sume confidonce In the results, continuously maving microphones have
been proposed. Simply rotating & microphone aleng o circular path may not adequately
sample the sound field tn small rooms, A more complex path involving both herizontal
and vertical motions has bean proposed by Rohrberg ,9 3 and also by i-liggil"nsc-:nf6 whe demon-
strated that the mean sound level deviation {over 16 one=third octave bands) between this
procedure and a large number of stationary microphones is fess than 0.5 dB, By using a
moving microphone, the time required for testing can be reduced by a factor of 4. The dis~
advantages of the method for use in the field ara the requirements for a device to provide the

complex motion, and an instrumentation system capable of time~averaging the sound level.

In summary, the hpeufubil“y of field measurements conducted in typical sized rooms
is generally poor unless considerable care and time are taken to sample adequately the sound
field In each room. The problem is particularly acute ot low and medium frequencies where
sound diffusion’is low.,
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4.5  Descriptors For Sound Iselation

4.5,) Descriptors Based on Weighted Level Differences

Descriptors based on grading curves (see Chapter 3) may be suitable for describing
the potential transmission loss of a structure from laboratory measurements, but are unsuited
to routine field measurements because of the large amount of one~third octave band data
that must be obtained. If a single number descriptor is required, it makes sense that the
sound leve] measurements should be taken in terms of @ single numher, at least for enforce=
ment of building code provisions in the field. Several warkers have noted that o good agree-~
ment exists between deseriptors based an grading curves and the difference in waighted sound

levels between rooms separated by a parti rion.4

Siekmon, et al .(;,'4 have suggested a simplified test for the field performance of
structures, using a pink noise source und measurements of the A-weighted sound pressure
level in the source and receiving fooms. It wos found that the difference in the sound
levels, normalized by the factor 10 log {S/A), agreed very well with the STC rating of

the partitions between the two rooms for many different building constructions. The standard
daviation of the difference between the results obtained by the simple test and the standard
E~336 procedure was reporfed by Siekman to be about 1 dB. As noted by Sr:hultz?5 this
agreement was quite fortuitous because the measurements were in foct of naise reduction

or apparent transmission loss R' as defined in ISO 140, including flanking transmission,

and the STC rating represents only the fransmission loss of the separating partition. In the
general case, where flanking may be present, the difference in A~weighted sound levels
should be compared to the NIC rating, Quindry and Flynn% show that, for unfurnished
rooms, the standard deviation of the A=level difference minus the NIC rating is about 0,8 dB.

Flynn97 recommends measurements of the C~weighted level in the source room and A-weighted
level in the receiving room.

Bri Hcﬁn98 shows that the agreement is not so goed for some structures ~ differences
of up to 5 rating points were noted by using the simplified procedure in a loboratory test
facility. He aseribes the reason for poor agreement to the inability of the simplified test

to account for the low transmission for some partitions at low frequencies.
Although there appears to be good agreement between weighted level differences

ond the NIC rating, this does not justify their use in building codes because, us noted
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previously, there is considerable uncertainty as to the validity of the NIC grading procedure,
In fact, it has been shown by Schulfz,99 using a data base of 35 case histories, that both
the NIC rating and the weighted level difference by themselves correlate poorly with the
subjective response of building occupants. But when either of these quantities is combined
with the source level, source room absorption, the degree of privacy required, and the
background noi&:e lavei in‘the receiving room, the comrelation improves considerably.
Moreover, the corelation is nof a strong function of the source spectrum used in caleula-
tions of the weighted levei difference. Since it is inconvenient to include all five factors,
it has been suggestedw that an appropriate descriptor for use in building codes is the
Privacy Index lp . which is the sum of the A-weighted level difference, AL, , between

two rooms and the A~weighted background noise level, NA . in the receiving room,

IP = ALy + Ny (19)

Using data developed by Young‘,oo Sl:hl.l“299 suggests indices of B5 for confidential privacy
or high=rent dwellings, and 73 for less eritical situations. In opplying the Privaéy Index
concept to bullding codes, it would, of course, be necessary to stipulate @ maximum
allowable value for the background nolse level, NA . One of the advantages of this
concept is that the index Ip Is independent of the absomption in the receiving room —
absorption has an equal ond opposite effect on the quantities AL, ond NA , respectively,

The disadvantage is that the correlation with subjective response is not much betia ilan
for AL, or NIC alone.

A rating scheme for building facades has been developed by Mange, et c:l.],m to
facilitate the calculation of interior A~weighted sound levels produced by transportation
nolse sources. It is bosed on the rationale that the inferior noise spectrum should have the
characteristics of the 40 dB equal loudness contour, which is on inverse A-weighted rasponse
curve. On this basis, the transmission Joss characteristics of an exterior structure can be
evaluated if the exterior noise spectrum is identified. The result is an Exterior Wall Naise
Rating {EWNR) for the structure. Different correction fuctors must be applied to the EWNR
to account for the variation in spectra from different transportation noise sources, As a
method for ranking the performance of exterior facodes in terms of subjective response, this

method suffers from the same eriticisms given to other grading procedures — see Chopter 3.
However, it is a useful method for caleulating the reduction in A-weighted sound levels

between the outside and inside of o building.
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4.5.2 Measurement of Weighted Level Dilference

Based on the relative simplicity of performing measurements of waighted level
difference as compared to the NIC, the ASTM has opproved a Tentative Recommended
Practico £597-777)92 The procedure involves measurement of the A~weighted sound levels
in the source and receiving rooms, with a specified random noise spectrum established in
the source room. The source spectrum is specified to be within a given range, this tolerance
following from the discussion in the previous section) %3 Provisions are also made for measuring
the absorption {A-weighted} in the receiving room using a source of constant power and
specified spectrum, so that the level difference can be nomalized if necessary, . Note that

the normalization is not required in the calculation if lp .

A rapid procedure for measuring the noise reduction between rooms has also been
suggested by de Tricaudlmusing a pistal shot as the source of sound. The quantities meas=~
ured in the source and receiving reoms are the integrals over the pistol shot duration of
the squared sound pressures — proportional to the sound energy. In aseries of measurements
on different structures, de Tricaud shows good agreement between the octave-band nolse
reduction measured by this method and by the more normal method using o steady~state
source. The meon difference in A=weighted sound isolation measured by the two methods
was found to be 0.5 dB, with o standard deviation of 1.1 dB, The method using pistol shots
requires the use of an analogue integrator specially built by de Tricaud for the project,
but the integration could be performed by modified sound level meters that are designed

to measure impoct noise energy .

4,6  Summary and Recommendations

The data presented In this chopter show that the tronsmission loss of a structure
measured {n the laboratory can be anywhere in the range 0 to 10 dB greater than the noise
reduction, normalized by the factor 10 log (S/A), between rooms separated by the same
structure. The reasons for the difference are the presence of flanking transmission and the
dimensions and mounting of the structure in the field relative to the lobaratory installation.
In some cases, it is possible to note an apparent incroase of up to 5dB in the acouste per-
formanca of a structure due to an extreme lack of sound diffusion in the rooms, particularly
when the rooms are smaoll, As a result of these differences, prediction methods for new
buildings using laboratory measured data can be high by as much as 10 dB or low by as
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much as 5dB, depending en the field conditions. A typical range would be +5 to -3 dB,
similar to the accuracy of predicting the noise reduction for existing structures using avail~

able field measured data.

To increase the accuracy of prediction metheds, it is necessary to obtain a better

understanding of the following fastors:
o  Flanking transmission between rooms.
#  The effect of sound field diffusion on the transmission loss of structures,

s  The effect of structure size an transmission loss, i.e., wall-to-wall, floor-

to~celling structures versus baffled structures as tested in the laboratory.
¢ The effect of sound obsorption on the space-overaged sound levels in a room,

The first of these factors is addressed in Chapter 5 of this report; the second and
third factors have already been addressed in Chapter 3. To provide the information appli-
coble to field predictions, the study recommended in Chopter 3 needs to be extended ta
include small rooms. In particuler, it would be Interesting te determine if any significant
increase in transmission loss can be achieved by designing for low sound field diffusion,
Thus this study should consider the effect of absarption and its placement on the hransmission

loss of structures.

Sound Field Sampling

The measurement of field transmission loss and noize reduction is performed in
essentially the same way as Tn the laboratory. However, the typlcal small room sizes
encauntered in the field require additional microphone locations to sample the sound field
adequately at low and medium frequencies. The festing time can be reduced significantly
without redueing accuracy by using a rotating microphone together with a suitable time-
averaging network, but such a system is cumbersome for use in the field, An alternative
method for sampling the sound field is to place a single microphone in the room corner,
where the amplitudae of all modes is a maximum. The corner lacation would not only reduce
the time required for measurements, but would also eliminate any uncertainty as to where
the microphones are placed. Further work 15 needed to establish the validity of this deter-
ministic approach to sound field measurement, and to identify which of the room comers

1 itable,
is most suitable 4.23
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The purpose of measuring the noise reduction between rooms is to determine the
speech privacy the eventual occupants will enjoy, and the protection they will be afforded
from noise in adjacent dwellings. Therefore measurements of the sound level in the receiving
room are only required at locations where the listener's head is likely to be located, It is
not necessary or desirable to perform a spatial average of the sound level throughout the
entire volume of the room. It is more realistic to measure the average sound level at the
noisiest locations in the room narmally occupied by the listener, These locations will often
be closest to the source of noise and near the walls of the receiving reom = locations normally

excluded in the spatial average required by the standard ASTM E336-77 test procedure.

A recommended procedure for selecting microphone locations in measuring sound
levels in rooms is given in the draft standard method for measuring and rating room noise
prepared by members of the ANSI Working Group 53-57-51, [t is necessary to gain experience
with this procedure and gather data to establish its validity.

Nomnaltzation

Since noise reduction measurements are normally performed before the rooms are
furnished, it is necessary to take account of the increase in absarption, and hence noise
reduction, that the furnishings will provide. This is nomally achieved by correcting the
measured noise reduction to a reverberation time of 0.5 second which is fairly typical in
furnished dwellings. Alternative corrections involving room absorption have been developed
to eliminate the need for measuring reverberation time. The problem, however, is that
adding absorption increases the measured normalized noise reduction. Whether this is a
result of decreased sound diffusion increasing the transmission loss of the dividing partition,
or errors in determining the room obsorption, or both these factors, is not known. What it
means is that the nolse reduction measured and normalized in unfurnished rooms will reflect
a lower value than that achieved with the rooms furnished, The discrepancy may be as much
as 5 dB ot some frequencies, or approximately 3 points in the Noise Iselation Class (NIC).
A more realistic value of the noise reduction between rooms that will be subsequently
furnished can be obtained by performing the measurements with absomption in both source
and recelving rooms, The amount of absorption ideally should be representative of typlcal

furnishings, but it may turn out that this is not a strict requirement, The noise reduction
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measured in this way can then be normalized to o reverberation time of 0.5 second, so

that the value achieved for any given degree of furnishing can be calculated where necessary.
Before such a procedure is adopted, the relationship between roise reduction and absorp-

tion needs to be understood. The Introduction of absorption in this way will also reduce

measurement uncertainties caused by mode matching between rooms of equal size,

Absorption Measurement

The actual methed of normalizing values of field transmission loss or noise reduc~
tion by measuring the room absorption is subject to two kinds of errors, First, the single
source used for reverberation or constant sound power measurements excites the room modes
in a different way than the partition that transmits the sound energy from the adjoining
room. It is not known if this difference is significant, A possible altemative method for
determining the room absorption is to calculate the sound power radiated by the partition
with a sound source in the source room. This can be achieved by measuring the overage
velocity of the partition and assuming a radiation factar of unity = not an unreasonable
assumption for the radiation of forced waves, The absarption is then colculated using
Equation (14). If this procedure wos found to be sultable, the velocity measurements could
be performed at the same time as the sound levels in the two rooms are measured. Inci-
dentally, in the absence of flanking transmission, the field transmission foss could then be
determined without the need for sound level measurements in the receiving room, as can
be seen by combining Equations{(10) and (14). Experiments are required to test the need for,
and feasibility of, this procedure, to ensure that a completely different set-of errors are
not introduced.

The second error in the nomalization process, and one that applies equally to the
alternative procedure described above, arises through the use of statistical sound field theory
to calculate the room absorption, In the laboratory the experimental conditions can be
controlled to achieve a high degree of diffuseness in the receiving room, thus permitting
a reasonably accurate measurement of sound absorption. In fleld application such ideal
experimental conditions are rarely approached, In the field, therefore, the uncertainty
introduced in absorption measurements contributes to the difficulty in obtaining acourale
field trarsmission loss values, A recommended area for future research is therefore o more
concentrated study of the acoustical characteristics and absorption measurements in actual

habitable rooms. 4-25
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An approach to evaluating absorption in a non-diffuse room follows from the
conventional practice of relating the rate of decay of sound to total absorption, Ina
non-diffuse field, a decay rote will be more sensitive to source and receiver position than
for o more diffuse field. Sound decay resulting from termination of a sound source may or
may not be linear with time. A variety of curve~fitting or other graphicol techniques are
available to provide a measure of slope or daéree of curvature of the decay time history.
Sampling o decay parameter at a varlety of locations in the-room will provide a set of
decay data which can be analyzed aither statisticolly or as a function of position within
the room, The relationship between these data and absorption within the réom can be
explored either theoretically, making use of the various conceptual room acoustic modeis,

or empirically, by means of experimental programs or computer simulations.,

An approach which may have some promise in measuring abserption within a non-
diffuse field involves the concept of Introdueing infrasonic amplitude modulation to a sound
source within a room, Cooklosdescribes a technique for use In diffuse sound fields by which
a measurement of the degree to which the phase of the modulated sound field lags the phase
of the sound source can bo simply related to total absorption, The difficulty in applying
this technique in o non=diffuse sound field lies in the resulting spatial variation of phase
throughout the room interior, Further experimentation, however, may yield a method by
which the phase variotion within the room can be either compensated fer or integrated into
a relationship for the total interior absorption. This epproach may be too cumbersome for

field application, but may be useful in laboratory studies of non~diffuse sound fields.

Without fully understanding the characteristics of non-diffuse sound fields, and their
relation to the amount and location of absoption, suitable methods of absorption measure-
ment in the field cannot be develepad., Therefore a first priority must be to examine the

type of sound fields produced in real buildings and the influence of room parameters on

sound diffusion.

Flanking Transmission

The current ASTM E336-77 procedure for measuring the field transmission loss of
a structure In the presence of flanking transmission is cumbersome In the extreme and is

totally unsuited to routine field measurements, Structure~borne flanking can be identified

4-26
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in many cases by measuring the velocity of the room surfaces, pravided that some guldance
is glven to account for the rodiation efficiency of different structures, Such o procedure,
but without the guidance, is included in the 150 140 standard, Mote details of this method
are given in Chapter 5, The adeption of structural velocity measurements is consistent with
the earlier recommendation for measuring room absorption.

Building Facades

Standard procedures for measuring the field transmission loss and nolse reduction
of building facades am'raldrively now, and the data base available is teo limited for
comments to be made on the precision and accuracy, However, a review of the procedures
shows a cortain degree of internal Inconsistency and the potential for inaccuracy, as well
as some sarious omissions,

First, there is the quastion as to the type of external sound source to be used in the
tests, Both the ISO and druft ASTM procedures allow either traffic noise or a single
loudspeaker to ba used, but the relationships betwean measurements performed with the
two sources are not avalloble. Certalnly, there will be confusion as some people use one
methed, and others ute a different, but allowable, method. Furthermore, the draft ASTM

procedure allows the use of traffic nolse as a source only for a specified highway configuration,

Second, the extarnal sound level can be measured in three different ways in each
of the two procedures, Microphones can be placed in contact with the exterior building
surface, if it is smeoth, of o distance of 2m from the surface, or in the free field of the
source when a loudspeaker is used. In ordar to obtaln consistent results, it s hecessary
to perform carefully controlled tests to develop relationships between measuroments taken
at these different locations, It Is not at ail clear, for example, that the sound level
measured 2m from the facade Is sufficiently deterministic to be suitable for all conditions.

Third, the measurement of fleld transmission loss requires a dofinition of the facads
araa to normalize the measured lave! dlfferencg. Guldelines need to be given to account
for the equivalent area to be used when performing measurements in comer rooms, and for
cases when part of the extemal sound energy s transmitted through the roof. In this context,
since protection from oxternal noise is a major consideration for bulldings located near afr~
ports, it is also necessary to include procadures for measuring the field transmission loss with

aircraft as the source of sound.
A4=27
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In summary, it is necessary to develop relationships between the field transmission
loss measured using different sound sources and different external microphone locations

before the draft ASTM procedure is adopted.

Descriptors For Sound Insulation and Isolation

The review of descriptors for sound insulation and isolation shows that there are
many different grading curves either proposed or in use, but that the lack of subjective
data makes it difficult to Justify any of them. The data that does exist indicates that
grading cuives and weighted level differences by lhemselves do not correlaie well with
subjoctive reactions, Much better correlation is obtained with a combination of either
of these measures of sound isolation with four other quantities, Whether or not this can
be reduced to two quantities, as In the proposed Privacy Index, cannot be established

without a substontial increase in the data base on subjective response.

The data base used by Schultz” in proposing the Privacy Index is fimited to only
35 case histories. One of the major uncertainties in developing the correlation between
various indices cu:nd subjective response lies in categorizing peoples’ reactions to naise on
some form of scale, Improvements in design criterla cannot be expected until this is done,
and the existing data reexamined or additional data Is gathered, Meanwhile, Schultz's
suggestion that field evaluation should be performed using A=weighted level differences,
rather than the more complex NIC rating, is a good one. However, the Privacy Index for
design purposes, while intuitively correct, appears to have [ittle advantage aver the use

of A=weighted level differences, according to the data shown in Reference 99,

Coordination of Efforts

Finally, it should be noted that data on field measurements of transmission loss and
noise reduction aie largely in the files of acoustical consultants and hence are generally
Inaccessible, In many European countries, government loborataries have estahlished con=
tinuing programs in which a vast quantity of field data have been acquired for a wide range
of construction types. These data have been used to:

o  Identify and evaluate the effectiveness of current trends in building designs

for noise control;

4-28
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¢ Identify problem areas where field measured data differ significantly from

those measured in the laboratory, and as a result, formulate research programs
to provide selutions; '

s Provide a means for improving and testing prediction methods and for developing
simplified field measurement procedures, As an example, data are required to
improve the procedure for predicting the transmission loss of building facade

elements exposed to sound incident at certain angles.

In the United States, there is no agency fulfilling the rola of a leader in archi-
tectural acoustics and bullding noise control, with the result thot there is a lack of coor=

dination and impetus for the promotion of new and existing technology.

4-29



5.0 STRUCTURE-BORNE FLANKING TRANSMISSION

5,1 Introduction

It was noted in Chapter 4 that one of the reasons for measured values of fisld

transmission loss being lower than would be expected from laboratory measurements is the

P e i WA i I

| presence of structure=borne flanking transmission. The magnitude of such transmission Is

’- dependent on the properties of the total building structure and the way in which the various
» elements are connected. The effect of flanking transmission on the noise reduction between
-‘1: two raoms is alsn o function of tha sound insulating properties of the dividing partition,

: If the transmission loss of this partition is low, then the sound energy transmitted by flenking
i paths is usually much less than that transmitted directly through the partition. Thus flanking
3 transmission becomes more impartant in cases where the sound insulation of the dividing

J partition is high,

i

1' 5.2 Factors Influencing Flanking Transmission

I

‘: An illustration of possible flanking paths batween two horizentally adjacent rooms

;i is shown in Figure 26, The sound waves genorated by the source excite bending waves in

gL

the walls, cefling, and floor of the source room. These waves are transmitted through the
structure and can radiate sound energy Into adjacent areas of the building. The ratic of the
sound energy transmitted via path A in Figure 26 to the sound energy incident on the partition
between the rooms is aquﬁl to the transmission coefficient, T, of the partition, and can be
caleulated with reasonable accuracy using the procadures summarized in Chapter 2, The
energy transmitted via paths B, C, and D is dependent on the properties of the side walls

1 and the partition and thair method of attackment. If the transmission via flanking paths B,

C, and D combined is small comparad to that via path A, the sound Isolation between rooms
) is determined by the transmission loss of the intervening partition. If the transmission via

i flanking paths is comparable to that via path A, then the sound Isolation will be less than

the values predicted using the transmission loss of the partition.

An opproximate magnitude of flanking transmission in buildings can be determined
in tarms of the overall performance of the building elements in the following manner. The

sound field in the source room excites vibrations In the side walls (assuming that Figure 26

§=1



P A
PRTR

SIDE WALL

A
-
3o
C

RECEIVING AD
ROOM

Figure 26. Flanking Poths of Transmission Between Two Rooms.



represents a view looking down on two horizontally odjacent rooms), the transverse
velocity of the walls being directly related to their sound transmission loss t:c:effit:iernf!ﬂ6
These vibrations propagate along the’ continuous wall, losing some of their energy at the
junetion with the partition, and radiate sound energy inte the recelving room. The soun.d

energy transmilted via poth B is therefore dependent on the following fuctors:

s The sound level in the source room;

o  The airborne transmission loss of the side wall (TL);
@ The propagation losses in the side walls (Tl);

&  The losses occurring at junctions or corners (Tj);

& The radiation factor of the side wall,

Since we are interested only in the sound insulation between the two rooms, it is convenient
to normalize the sound level in the receiving room resulting from flanking transmission to
the sound level in the source room, and to call the inverse of this ratio the "flanking trons=
mission coefficlent” 7. The flanking transmission loss TLf is then equal to =10 log T

If the areas of the side walls in the source and receiving rooms are §; and S; , respectively, :

1
then.the flanking transmission loss can be expressed as

TLF = T, + TI + Tj + 10 log (‘ﬁ*‘orced/afree) + 10 log (5,/5,) {20) j
where o and o are the radiation factors of the side wall for forced and free
forced free

hending waves, respectively. This expression only accounts for sound energy transmitted
via pathl B. Similar expressions con be developed for the other paths of transmisslon, and

for radiation from the other surfaces of the receiving room.

The expression given in Equation {20) shows the importance of the factor o for
the Flanking wall in determining the flanking transmission loss. The forced bending waves
excited in the wall by the sound field in the source room propagate as free waves past the
junction with the partition. The radiation faclor for free waves is frequency dependent,
having a value in the range 0.01 to 0.1 at frequencies less than the critical frequency,
increasing to unity ot higher frequencies, asshown in Figure 27}07 The radiation factor for
forced waves is also approximately unity obove the critical frequency, but does not decrease
ree) in Equation (20)

decreases rapidly as frequency increases up to the critical frequency, and assumes the

significantly at lower frequencies, Thus the factor 10 log (o-ferced/oi:
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value zero at higher frequencies. On this basis alone, it is evident that flanking trans=
mission can be high if the critical frequency of the flonking structure is low, as In the case
for concrete and masonry walls. Opposing this trend, however, s the fact that the airborne
transmission loss Tk is generally hiéh for such massive structures with low critical frequency.
For any given frequency, there is acrual-ly a range of mass or thickness for a given wall,

above which the flanking transmission increases sharply,

An examination of Equation (20) shows that if {as s usual) the propugation loss T
in the wall is low comparod to losses ot the junetions, the flanking transmission loss Tl for

path B in Figure 26 at frequencies greater than the critical frequency is given by the approx~

imate expression

=T, + T (21)

for the case where the side walls in the source and receiving rooms are Identicol in size.
This simpliifled expression is applicable to masslve structural elements of concrete or masonry

exhibiting low values of the erltical frequency.

~ With this simple expression, we can make some rough estimations of the effect of
flanking transmission on the sound insulation between two rooms. WUsing the room arronge«
ment shown In Figure 26, transmission along path B causes sound to be radiated from the
two side walls plus the ceiling and floor. We will assume that this radlating area is three
times the area of tha intervening partition, since not all the four surfaces will narmally

contribute equally to the radiated sound field, Under this condition, and at frequencies

" greater than the eritical frequency, the reduction in sound insulation due to the presence

of the flanking transmission is shown in Figure 28 as o function of the difference in airborne
transmission loss for the partition and side walls TLP =~ Tlg. This figure shows, as men~
tiened earlier, that the degradation in sound lnsulation Incraases as the value of (TLP - TL)

increases. If TLP = Tt, = @, which is the case whon the partition is identical to the

side walls, a junction loss of at least 10 dB is required for flanking to be insignificant,
T, =T is in the range 5 to 10 dB, such as might be the case for the construction
tasted by Jones’ (sac Figure24), a junction loss of 15 to 20 dB would be required. Even
though these simple calculations do not apply directly to frequencies less than the critical
fraquency, the general trend Is the same for all structures. Positive values of (TLp - TL)

5-5
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can be found in buildings with party walls supported on lightweight conerete o wooden
floors, and for continuous lightweight concrete walls with floors incorporating resiliently

mounted ceilings.

5.3  Theoretical Developments

There have been many attempts to establish theoretical relaHonships describing
the effects of flanking in structures with application to buildings. The more important

studies are briefly reviewed in this section,

The propagation of structure=borne sound in structures has been treated In detail by
Cremer using classical wave theory opplied to infinite plates with corners and junctions.
Although the radiation of sound occurs primarily from bending waves, Cremer found that
it wos also necessary to include longitudinal waves in the formulation since there is some
degree of tronsformation from one wave type to another at corners ond junctions. The
insulating effect of elastic layers inserted in plates and at corners is shown to occur at
high frequencles, with an accompanying maximum transmission at a low=frequency resonance.,
Although experimental verification of the theory was not performed, it is stated that the

results agree qualitatively with measured data for reinforced concrete structures.

Kihlmanwaalso uses classical bending wave theory in developing expressions for the
transmission of energy at rigid structural junctions. The theory is valid at all frequencies
for propagation of free bending waves. For forced waves excited by airbome excitation,
the results are valid only at frequencies greater than the critical frequency. Kihlman
derives expressions for the energy transmission coefficients at a junction consisting of four
semi-infinite plates (see Figure 29) with no internal domping in a similar manner to that
employad by Cremer, considering bending, longitudinel, and transverse waves. These
ceefficients are averaged over all angles of incidence assuming a diffuse two=dimensional
field. The advances in digital computers since the time of Cremer's initial work allowed
Kih!man to compute numerically values of the transmission coefficient as a function of the
plate parameters for concrete and lightweight concrete structures. The transmission of
energy along a continuous structure (i.e,, from plate 1 to plate 3) ot a cross=junction of
four structures was found to increase with increasing frequency. However, the transmission

around the corner (i.e., from plate 1 to plate 2) at a junction was found to be independent

5=7
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of frequency, For the transmission of bending waves along a lightweight concrete structure
via a cross~junction consisting of o concrete slab, there is one angle at which the maojority
of the incident energy Is transmitted, This is shown in the cuswve lobelled g tn Figure 30,
The transmission coefficient 9 around a corner of a cross=junction is also shown in this
figure. If longitudinal and transverse waves were omitted from the formulation, T3 would
exhibit the some function of angle as o Kihlman's computations ¢learly show the impor-
tance of including these other wave types in predicting the transmission through junctions,
but they are not required for transmission around corners at junctions. The results indicate
that transverse displocements of the junction are much more important than refation in
determining the transmission coefficient, Furthermore, rather large changes in the elastic
properties of concrete are required to decrease significantly the trunsmission of energy at

junctions.

Kihlman's theory for semi~infinite platos is applled to finite structures using an
energy flow approach, resultlng in expressions for tha velocity of each of the connected
panels. Laboratory experiments showed that the theory agreed reasanably well (generally
within 5 dB) with measurements for vibrational excitation of concrete junctions over the
fraquency range 200 Hz to 3150 Hz = see Figure 31, However, os expected from the
assumptions made in developing the theery, the agreement for airborne excitation was
good only above the eritical frequeney. The expériments demonstrated the importance
of Ineluding longitudinal and transverse waves in the theoretical formulotien. Further tests
illustrated that significant decreases in transmission can be obtained by using sandwich
structures with an inner shear layer providing an overall structure that exhibits higher values

of critical frequency than single homogeneous struciures of the same mass,

Similar agreement between theory and measurements was found in field tests con-
ducted Tn buildings with different combinations of concrete elements — see Figure 32.
Thus it would seem reasencble to assume thot junctions in concrete buildings do in fact
consist of rigidly connected panels. However, since edge losses Tn bulldings cun be
considerabla, It is possible to use the simpler infinite panel theory. Only in one cose
was poor agreement found, this being in the transmisston of free waves {excited by o

vibrator) from a concrete slab floor to a lightweight concrete wall. In this case, the

5-9
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theory predicted values that were consistently high by about & dB, due largely to unusually
strong propapoation of longitudinal and transverse waves in the thick concrete slab, No

explanation of this discrepancy is provided,

Kihlman's work concentrates on propagation through a cross~junction, with only
possing reference to "T* junctions, However, a preliminary analysis of @ "T" junction
using results derived by Cremer showed that high transmission of bending wave energy is
possible under certain conditions of incident angle and frequency. Accordingly, Kihiman
claims that flanking transmission along outer walls can be higher than for crois=junctions

of the same structural elements used as interior walls.

Whereas Kihiman considered only the prepagation of structure~borne sound past
junctions (Tj), chloc:rcnf84 extended the theery to include radiation of sound from flanking
structures and calculates the flanking transmission loss batween rooms. In his theory, Zabarov
assumes semi=infinite penels, rigid cennections at junctions, and o structure radlation factor
of unity. Accordingly, the results are valid only at frequencies greater than the critical
frequency. For the concrote panels considered, this validity extends over most of the fre~

quency range of interest In building acousties.

"The transmission coeffictonts used by Zabarov for corners and junctions are token
directly from the work of Budrin and leif:»r-:z\n'lo9 The expressions used aro for normal
incidence bending and longttudinal waves in semi-infinite plates. No experimental vali=
dation is glven inReference 109. The frequency dependence of the transmission coefficients
is similar to that determinod by Kthiman, Furthermore, Zabarev also found that it is necessary
to consider bending waves enly for the transmission around comers at junctions, but that
longltudinal waves must be considered for transmission along the continuous structures through
junctions. However, Zabarov goes on to state that connections between floors and walls are

filled partly with elastic materials and mortar, al low!ngl some deviation frem the assumed

rlgid connections and reducing the transmission of energy. This, he sxplains, is the reason
for the calculated transmisslon, including tha offect of longitudinal waves, being greater
than that measured In the fleld. On the basis of this practical evidence, the calculations
are performed using the simpler equations Tnvaiving bending waves enly. This appears to be
in contradiction with Kihlman's findings. Navertholess, laboratory experiments pnrform'ed
on a scale model gave excellent agrecmenf.botwo'en measurement and theory. Similarly, good

agreement was also found in field tests axcept at low frequencies —see Figure 33,
: 5-13
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The energy flow approach for calculating propagation losses in connected shructures
was first developed for aircruft applications, where the riveting or welding of panels to ribs
ensures o rigid connection at corners and junctions. Lyon and Eichler"ohave developed
expressions for losses at junctions between plates using the energy flow method considering
bending waves only and assuming diffuse wave fields In the plates. The agreement between
theory and measurement is considered satisfactory only for engineering estimates of trans~

mission at junclions between the stee] plates,

Gibbs and Gilfordmhnve applied the encrgy flow method for calculating the sound
transmission between rooms in a building, including both-direct and flanking paths. They
presant colculated data showing that the transmission of bending waves through a simple
“T" junction can be quite accurately determined without considering longitudinal and
transverse waves, [t 1s stated that these waves anly need to be Included when propagation
is over long distances and several junctions, This is in agreement with Zabarov's assumptions,
Nevertheless, hoth types of waves are included in the formulation which uses impedance
expressions derived by Kihlman and Cremer for cross-junctions and corners. The calculations
of bending wave transmission across a cross~junction exhibit @ maximum value approaching
unity at an incident angle that is dependent on frequency, similar to Kihlman's results,
Averaging over the incident angle, there is fair agreement between theory and measurement
for laboratory experiments on cross=junctions at medium and high frequencies = see Figura 34,
At low frequencies, the authors explain the poor agreement is due to the low modal density

in the individual plates, rendering the energy flow approach invalid,

Measurements of bending wave transmission conducted in two model rooms with
one connecting edge showed only reasonable agreement between theory and measurement
when one of the woils wos excited by a vibrater. However, the measured and predicted

difference in sound levels in the two rooms agreed quite well,

In summary, it appear: that the busic theory for the propagation of structure-borne
sound is well established for single homagenoous panels. The application of classical
bending wave theary and anergy flaw analysis provides values for the transmission coef=
fleient of corners and junctions that are In reasonable agreement with measured results
obtained from laboratory experiments. However, the agreement holds enly at frequencies

greater than the critical frequency for airborne excitation, Thus the theory is appliceble
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to the more massive building structures, such as concrete and masonry. Furthermore, the
modal density of plates ot low frequencies is generally too low for the energy flow approach
to be valid, unless the calculation bandwlidth is increased. When applied to building struc~

tures with high energy losses at the edges, it Is acceptable to use the infinite plate theory.

In calculating the bending wave transmission coefficients for cross=junctions, it is
necessary to include longitudinal and transverse waves for transmission through the junction.
For transmission at right angles and around corners, it is only necessary to consider bending
waves. When the theory is applied to buildings, however, the imperfect connections
(which may be elastic) between elements may eliminate the need for including wave types
other than bending. In this context, there appears to be some discrepancy in the literature

as to the rigidity of the connections between conerete plates in buildings.

It should be noted that, in general, validation of the basic theory has been limited

to measurements of plate velocities on both sides of Junctions and corners. In only a few

- cases has the theory been applied to the calculation of noise levels in adjacent rooms with

flanking paths. At frequencies greater than the eritical frequency, where the radiation
factor for plates is unity, the extension to calculating noise levels is trivial and reasonably
accurate, At lower frequencles, the:low modal density and the uncertainty in estimating
plate rodiation efficiency (other than by direct measurement = seo Section 5.4.4) can lead to

significant disugreement between theery and measurement of noise levels,

The fact that the theories are net applicable for airbome excitation in the frequency
region below the critical frequeancy may be important for lightwelght structures with low
bending stiffness. For these shuctures, flanking transmission can only be determined at the
higher frequencies. Below the critical frequency, the propagation velacity for forced
waves coused by airborne excitation Is greater than for free waves, with the result that the
transmission coefficlents for comers and junctions is different to that predicted by the theories
discussed in this section, Howaver, the importance of structure=borne wave propagation in
this frequency range in determining the Hanking transmission loss between two adjacent rooms

may be minimized because the radiation factor for free waves decréases below the critical
frequency.

In reviewing the state~of=the~art for flanking transmission theory, it is apparent

that there is u lnck of prediction methods available for wood~frame structures. The effect
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of wood~frame motion in a double-panel wall has been treated by Fahy33 in predicting the
airborne transmission loss, but the effects of junctions In wave propogation was not con~
sidered. There are various statements in the literature that frame walls couple well ot
Junctions resulting in a higher transmission of energy by flanking paths. However, wood=
frame wall structures commonfy used in the United States generally hove at least one of the
walls of gypsumboard or a similar material with a high critical frequency. Accordingly,
flanking should nat be a serious problem at low and medium frequencies, unless the direct
airborne transmission Joss of the separating partition is high. On the other hand, the
critical frequency of concrete/wood and wooden floors is much lower, so that significant

flanking transmission is sometimes observed.

5.4  Measurement of Flanking Transmission

There are numerous examples of field measurements in the published literature
illustrating the effect of flanking transmission in reducing the airborne sound insulation
between rooms in buildings. This section describes some of the methods that have been
used to quantify the flanking transmission loss and identify the major paths of sound propa-

gation, ond discusses their application to diagnostic evaluations of building structures,

5.4.1 Comparisen With Laboratory Data

The most commonly used method for fdentifying flanking transmission Is to compare
values of tronsmission loss of partitions measured in the field with those measured in the
laboratory under controlled conditions, This method has several drawbacks, First, measure~
ments conducted in the laboratory cannot be considered absolute since the methods of con=
struction and mounting together with differences between laboratory facilities can lead to

considerable uncertainty in the "true" transmission loss of a partition (see Chopter 3},

- Second, it has been noted by \Jones?0 that field measurements of transmission loss
can be affected to a significant extent by the absorption characteristics and sound diffusion
in the source and receiving rooms, Whereas the presence of flanking paths can reduce the
sound isolation between rooms, an increase in room absorption can increase the measured
sound insulation of the intervening partition. Jones concludes that one effect can cancel

the other, with the result that the real magnitude of flanking transmission is unknown, For
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exomple, a difference of 3 STC points was noted in the transmission loss of o wood-frame
partition measured in the laboratory and in the field with bare source and receiving rooms,

When campets and drapes were added to the rooms there was no difference between laboratary

and field measurements.

Third, it is necessary to ensure that all air leaks are sealed and other airborne
flanking paths are eliminated to estimate the extent of structure=berne flanking paths.
Of course, the major airborne paths of transmission should be sealed in a well-constructed
building, However, it may be necessary to seal all potential airborne poths to determine
the upper limit of sound insulation irﬁposed by structure-bome flanking, With these con-
siderations, it is apparent that a comparison of laboratory and field data can only be used

as an opproximate screening method for identifying serious cases of flanking transmission.

5.4.2 The ASTM Procedure !

The standard test procedure for measuring airborne sound insulation in buildings,
ASTM E336-77€6 includes a flanking test that must be used in determining the field trans-
mission loss of a partition. The test involves a standard measurement of sound insulation :
followed by a similar measurement with the opplication of a temporary shield to the test
partition. If the difference in the two measured values of sound insulation is at least 3 dB,
then it is assumed that no significant flanking exists. With a properly designed and installed ;
shield, this method, although cumbersome and time consuming, will correctly identify sig=
nificant flanking in most cases. It is possible, however, that measurement errors, partic—
ularly at low and medium frequencies in small rooms, could lead to an incorrect decision
in cases where flanking transmission is high, Furthermore, the method does not identif).r the
specific flanking paths that Jimit the sound isolation between rooms. The ASTM test pro-
cedure suggests a method for identifying flanking paths by adding shields to the wolls,
ceiling, and floor of the recejving room. This method is so time consuming as to be imprac-

tical in most situations.

5.4,3 The Vibration Simulation Methed

A methad for measuring the direct and flanking contributions to the sound field in
a room has been proposed by Meyer, erul.llz using vibrators to excite bending waves In the

surfaces of the adjacent source room. The level of excitation is adjusted to provide the
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same surface velocity distribution in the receiving room as measured with airborne exci-
tation of the structure from the adjoining source reom. Then, by selective excitation of
the suifaces and the partition, the radiated sound energy contributions from each path in

Figure 26 can be determined and the flanking transmission via each surfuce identified,

Meyer found that relatively few vibrators were required to simulate the bending
wave patterns in the room surfaces, provided thot a high accuracy was not required.
The reproducibility of the measured vibration levels for different vibrator locations was
about the same as for airborne excitation. However, the complexity of the methed renders

1t sultable only for research purposes, or for the design and development of techniques for

reducing flanking hransmission.

5.4.4 The Sound Power Method

The sound power radiated by a vibrating surface s proportional to the product of
the mean square velacity of the surface and its radiation facter. At frequencies greater
than the critical frequancy, the radiation factor for free bending waves is unity. Therefore,
in this frequency range, the sound power radicted by each surface of a room adjoining a
source room can be calculated from measutements of the surface velocity. For accurate
results at low frequencies, soveral velocity measurements must be taken at different posi-

tions on the room surfaces. This mothod has boen used extensively and is capable of pro-

viding accurate results =see Figure 35.I 13 The edvantage over many other methods is that

flanking contributions from' each surface can be identified.

At Frequeﬁcles lower than the critical frequency, the radiation facter for free
waves is much less than unity and is a complicated function of the panel damping, the
pane| dimensions, and the methed of mounting. Therefere, to use the sound power method,

1t Is first nacessary to measure the radiotion factor, Alternatively, the sound power
radiated by a panel can be measured directly. Muducamlm’ s has conducted experi-
ments to measure radiated sound pewer by suitably processing the cutputs from a closely
spaced accelerometer and microphone. The total radiated sound power is determined by
averaging the data over a number of moasuroment locations,  Using this methed, .Macadam

showed that the colculoted and measured sound levels in a room are in good agreement =

see Figure 36,
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5.4.5 The Correlation Methed

The strength of individual contributions from fianking paths of transmission can also
be determined by performing a cross-correlation between the acoustic signals in the source
and receiving rourns]lé'"?'"8 Using a random noise source, the acoustic signals received by
microphones in each room are delayed in time with respect to each other, multiplied together,
and integrated over o given tHme that is long compared to the period of the lowest frequency
of interest. The resulting cross-correlation function, when plotted as a function of delay
time, can be used to separate and identify the arrival of contributions from each airbome

or structure~borne flanking path.

In the identification of flanking paths by the cross-correlation method, it is not
necessary to measure the sound level in the source room — the electrical input to the sound
source can be correlated with the acoustic signal from the mii:rophone in the receiving room,
and a correction applied for the frequency response of the source. This effectively elimi-
nates the multiple reflections that would be picked up by a microphone in the source room,
and provides @ much smoother correlation function, Good agreement has been obtained
between one=third octave band measurements and the correlation technique for determining

the increase In sound levals due to flanking parhs.] 16

In some respects, this method is similar to the short-pulse method proposed by Rues,] 19

in which a short tone burst is produced tn the source room and the amplitudes of the direct
and flanking contributions are separated directly in time on an ascilloscope. In both cases,
the time delay between the direct and flanking signals can be varied by moving the source
and microphone to identify the location of flanking paths. Both methods are suitable for iden«
tifying aitborne flanking transmission paths, but difficulties may be encountered in identifying
specific structure~borne flanking paths. Furthermore, both methods involve only single
angles of incidence from the source to the partition separating the two rooms and fo

the flanking structures, which further complicates the analysis of the results |2 OF the tweo,
the pulse method is simpler to perform and involves less complicated instrumentation. How=~
ever, with further development, porticularly with regard to understanding the resulis obtained,
and the increasing availability of compact instrumentation, the correlation technigue could

be a useful teol for field diagnostic measurements,
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5.4.6 Summary of Measurement Methods

Several methods have been dovised or adapted ta quantify flanking transmission in
buildings. Some of these = namely, the vibration simulation and correlation mathods —
are too complex to bo used for field diagnostic work, but may be valuable for R&D studies.
As a screening tool to Identify serious cases of flanking transmission, measured data con be
compared te |laboratery results, In fact, such a comporison should always be made to verify
the overall design of the building. This leaves twe methods which are available for iden=~
tifying specific paths of flanking transmission, namely, the ASTM procedure and the sound
power method., |

The ASTM procedure 1s cu&ently only required in the measurement of field sound
transmission loss. It Is a cumbersome methed that may not always provide the correct answers,
unless shiolds are added to each reom surface. However, with the additional shields, it is
a workable mothod that does not require any additional instrumentation or tratning beyond
that required for field sound insulation measurements.

_ The sound power method using an accelerometer only can be applied successfully
to structures such os concrete or masonry which have lew values of the critical frequency.
It is not complex, requires only ona additional plece of instrumentation, end can be
conducted quickly with reasonable aceuracy. For lightweight structures, and particularly

wood=frame structuras, it is necessary to know the radiation factor to make aceurate dlag-

nostic measurements,

5.5 Summary and Recommendations

A raview of the |iterature shows that cases of structure~borne flanking that degrade
‘the sound Insulation 1n buildings are commen. The magnitude of the degradation depends
on the proporties of the structural elements and the way in which they ore connected. In
Europe, considerable werk has been conducted in an attempt to understand the mechanisms
iof flanking transmission, with particular application to high~rise bulldings constructed of
lightwalght concrete. As a result of this work, bullding codes in many European countries
Include a requirement on 'propagarlon losses at junctions to minimize flanking transmission.
)\Ithough the problem has been acknowledged in the Unlted States, little work has baen
cenducted on typleal bullding structures. The cost of overdesign or of modifying the
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structure after construction can be consideruble, However, the cost of incorporating
measures to reduce flanking in the design stage may be relatively low. At present, there
are minimal guidelines for use in the design of such measures.

The basic theory for propagation of structure=bome sound has been well established
by the work of Cremerl ] and Kihiman .108 However, bacause of the interest in lightweight
cancrete structures In post=war Europe, 1t is largely restricted to vibrational excitation of
structures at frequencies greatar than the critical frequency. Moraover, few attempts have
been made to apply the theory to frame walls which are common in the United States,

To extend the theory, it Is necessary to include the rediatien facter for various structural
types. Theoretlcal expressions are avai l_able, but it may bo more convenient to perform a
serios of measurements of the radiotion facter for different structures and attempt to collapse
the data into a few typical categorles, Tho theories should then be simplified for use in

the design process = something that was nat done by provieus workers — and the attenva-
tion characteristics of different maturials and different jolnts Included,

The lack of a simple procedure for routinely measuring structure=borne flanking
transmission has severely limited quantitative diagnosls of problems in finshed, or partly
finished, buildings. The current ASTM procedure is just too cumbersome for this purpose.
The measurement of wall and floor velocities can bo a valid technique if information on
radlation factors is available. It is rocommended that the results ebtained from the expan=-
ston of the theory = soe above = be used to develop a simple method for assessing the relative
contribution of tho radiation from each room olement to the total sound level.

Although data exist to indicate the presence of significant structure=borne flanking
transmission in some bulldings, the extent of the problem 1s not well documented, largely
because flanking has not been separated from other factors degrading the performances of
structures in the field, [t is recommended that the program for gathering field dota described

in Chapter 4 also include measurements of flanking transmission. The data would be used

to identify porticular building types with flanking preblems that would then be the subject

of research programs.
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6.0 ENERGY CONSIDERATIONS
&.1 Introduction

In recent years the cost of energy, in particular that generated from petroleum
products, has increased dramatically, and forecasts indicate that this trend will continue
for the foraseeable future. Rising energy costs have significantly increased the operating
costs in residential and commercial buildings, where a major portion of the energy,

51 percent and 3% percent, respectively, is used for heaﬁng.]z' It has been postuloredmzthuf
"without o great deal of increased discomfort or cost to the owner, it is technically pos=-
sible to reduce the heating energy consumption of an average house at least 50 percent,”

If the same technology were applied to commercial building space heating, the imple=-
mentation of a conservation program could reduce energy costs by many billions of dollars
and substantially reduce the dependence on scarce notural resources. This type of energy
conservation has, in fact, been accepted as official U.S. policy with the passage of the

National Energy Canservation Act of 1978,

It has been noted that a certain degree of synergy exists between energy conser-
vation in buildings and methods for protecting occupants from exterior noise. By applylng
the proper noise control technology, it is possible in some cases to achieve energy conser-
vation. The success of this approach to obtain mutual benefits depends on the ability to
understand the similarities and differences between methods for achieving energy conservatiion

and nolse control in residential and commercial buildings.

6.2 Mechanisms of Heat Loss in Buildings

There are two fundamental mechanisms by which heat energy is lost from buildings.
The first mechanism is air infiltration, the second is the transmission of heat through the

building structure.

Heat 1s lost by air infiltration through the process of convection, Warm inside oir
escapes to the outside through openings around windows and doors and cracks through the
walls, floors, and ceilings. As the warm air escapes, it is replaced with colder outside air
which must then be heated and possibly moisturized, It s the energy used to heat and
maisturize this new alr that is considered wasted and can be saved through proper conser~

vation methods.

6~1
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In high=rise buildings, air is transferred from the lower floors to the higher Floors
by convection. As the warm air rises, cold outside air Is drawn into the lower level of
the building to replace it; the rate ot which this takes place is proportional to the height
of the building.

The exchange of the air inside a bullding with fresh outside air is a natural and
necessaty process. It 1s necessary in order to rid the building of alr which has a high
density of corbon dioxide, to clear the air of contaminants such os smoke from cigarettes,
cooking and heating by-products, dust, etc., in order to make the inside space more
comfortable for the inhabitants. Currently, residentlal buildings in the U.S. have air
infillration rafes of one 1o two air chonges per hour. There have, however, been homes
built In Capada, Sweden, and the U.S, with air infiltration rates on the order of ane-quarter
air change per hour. While reducing the air infiltration rate to this low level does indeed
lower the energy usage, there are health hozards associated with It which must be taken
into nccount.lm These problems Include Tncreased odors from human activity, increased
humidity in the building, and increased chemical contamination such as formaldehyde and
Radon produced from the outgassing of the building materials = especially masonry products =

i.e., bricks, blocks, ate.

Conduction is the process by which heat s lost by transmission through the building
structure, i.e., walls, floors, roof, windows, etc. The amount of heat loss is dependent
on the thermal resistance of the specific building material used. The structure acts os @
heat sink, absorbing tha heal In the air and releasing it to the outside, Energy must then

be spent to reheat the inside air. It is this energy that can be saved os a result of a successful

energy cansesvation program .

6.3  Epergy Conservation and Sound Insulation

In designing @ new bullding, or in soundproofing an existing building, it is necessary

to consider three major paths by which noise can be transmitted. These paths are illustrated
tn Figure 37, and may be summarized as follows:us
s Air infiltfatl’on (gaps, cracks, and vents)

o Small wall elements {walls and doors)

& Main wall oand roof elements

6=2
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Figure 37. Cenceptual lllustration of the Three Major Types of Paths
By Which Noise Is Transmiited To Building Interiors,
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With all windows and doors closed, the weakest acoustical elements will be gaps,
cracks, and vents., Gops and cracks occur most often in the older houses where the weather-
stripping is in poor condition, and where cracks have appeared in the wall near to the window
or ¢ door frame. Other paths of entry 1n this class of acoustical weak links inciude chimneys
without dampers and most types of vents to the exterior, including mail slots. The first step
of soundproofing invelves closing or sealing these leaks, and providing acoustic baffles for
the vents. However, for the building to be habi table, a certain minimum air infiltration is

necessary, and this must be provided by an air ventilation system of some kind.

Further reduction in the interior noise level buyend this first step requires more core
since the weak acoustical paths are now not so obviocus and the effort may be wasted on
unnecessary items. In most cuses, the noxt step is to modify the windows and doors them=
selves which become the dominating paths in terms of nolse entry after the gaps and cracks
are sealed. A double-window system is required together with a solid core~type door, both
of which must include good quality edge seals, The exceptions to these requirements oceur
on the shielded sides of the butlding which often require no further treatment beyond the first
stage. If o dwelling has a beamed ceiling, then modification of the roof may be necessary,
partly on account of the poor attenuation characteristics of beamed ceilings but mainly because

of the large area involved. These modifications form the second stage of soundproofing,

The final stage of soundproofing, 1f the two previous stages do not provide adequate
noise reduction, is modification of the maln wall and roof elements, Two of the simpler
medifications are addition of absorbing material to the ceiling, and resilient mounting of
the intarior wall panels. For walls with single continuous studs, adding absorption to the
cavity increases the transmission loss at low frequencies only. Over most of the frequency

range, the transmission occurs thraugh the studs rather than the cavity.

The three stuges of soundpracfing correspond to the stages of modifying buildings to
consarve energy. Table 1 shows the benefits gained at each step and a qualitative estimate
The actual costs incurred (In 1978 dollars) in previous

124 for residential strucruresms and commer=
127

of the initial medification costs]

soundproofing programs are shown in Figure 38
cial .'-true:ture.r.]26 Also included in this figure are data points for schools and hospitals

avaraged nationwide for different climate conditions. Procedures for detemining the initial

costs of modifications and savings due to lower energy usage have been published, and used
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Table 1
Relative Aspects of Noise Reduction Modifications to External Wmlls]24
Increase in Initial Additional Heating and
Noise Reduction Modification Modification | Ventilation { Air Conditioning
NR of Structure "
Cost Required Energy Savings
SEAL LEAKS
Seal all cracks, openings, leaks, with
cautk, tepe, or weatherstripping around - .
door, window, wall joint seams. Provide Up to 4 dB Low High High
acousticai baffles for chimneys, ventilators,
ete.
SMALL ELEMENT MODIFICATION
For windows, doors, air conditioners .
vent! latars, ;nstall 'new elements wiﬂ; ::Jr};::s]? d?:;ler sia:;ng 3; Moderate None Moderate
vpgraded EWNR comparable to that of i typieally,
wall structure,
WALL PANEL MODIFICATION

Construction changes to walls, roof Up to 10 dB over small element .

" Ingluding stud space Insularicu: and :-esilienr modifications; higher for more High None Moderate
mounting of interior surface, extensive modifications,
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to evaluate the benefits of soundproofing public buildings egainst aircraft noisc.l27 It has
been estimated that soundproofing schools and hospitals near major airports alone would
result in a net energy cost saving of over $36 million (in 1977 dallars} in 10 years. The
most striking example of such mutual benefits occurs In the Northeast region of the United
States, where the energy savings per school are estimated to be obout $6, 000 per year,
Thus it is apparent thot existing methods for soundproofing buildings can result in significant

energy savings,

in general, it can be stated that modifications to an existing structure to increase
the noise reduction result in decreased energy losses. However, existing common siructures
providing o high transmission loss are not always the most efficient for energy conservation.
For example, whereas a concrete or brick wall exhibits an STC rating 5 to 10 points greater
than a stondard stycco wall on @ wood frame with gypsumboard interior panels, its thermai
transmittance is much higher if the latter structure includes absorption in the cavity. Another
example can be found in the use of metal resilient mountings, which can increase the trans-
mission loss significantly without affecting the thermal transmittance. A good data base on
the thermal transmittance and sound insulating properties of bosie building elements that

demonstrates this fact is presented in Reference 128.

In Chapter 2 of this report, construction methods were described for reducing the
cost of sound insulation. One method is to reduce the transmission of vibration through the
studs In double-pane! assemblies by inserting o resilient material between the penels and
the studs, With absarption in the cavity, the heat flow through the studs in o typical exterior
wood=sided wall with cavity absorption is in the range 10 to 20 percent of the heat flow for
the complete wct”.]28 This could be reduced significantly if the resilient material was also
a heat insulator, such as plastic foam or rubber, Heat flow through panel connections may
also be important in double-window assemblies with metal frames. The transmission loss of
double windows is certainly improved by reducing vibrational transmission vig this path,
Therefore research aimed at improving the transmission loss of double~panel constructions

by modifying connections between the paneis will provide energy benefits as a side result.

It should be noted that the new construction methods described in Chopter 2 rely
partly on cavity absorption to achieve their stated values of transmission loss. Single-stud

exterior constructions commonly used in existing buildings do net require cavity absorption
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for noise control, and benefit acoustically only at low frequencies il it is added, The new

constructions therefore provide mutual benefits of increesed transmission loss at low cost

and reduced heat losses.

The similarity between noise reduction and heat loss has been used to develop a
method for identifying palhs of heat flow by means of acoustic measurements. ™" The method
applies only to energy losses by air infiltration, and involves sound leve] measurements near

potential leaks in external structures with a source of sound inside the building.

In contrast to the synergy thal exists between noise reduction and energy conserva-

tion, there is little relaticnship bohwean noise raduction and ihe fire relardant properties

of structures. The fire rating of a structure is the period of time that the structure can resist

a standard fire exposure before exhibiting certain critical characieristics, [t is normally
expressed in integral time periods, i.e., 1 hour, 2 hours, ete., end for typical interior
building partitions, lies within the range from 1 fo 3 hours. With such o course rating scheme
cavering the wide range of STC values available from interior partitions, it is therefore not
surprising that there is a Jow correlation hetween fire rating and sound insulation. In fact,

the STC rating for different partitions can vary by up to 10 dB for the some Ffire rating.

é.4  Ventilation Requirements

As noted in the previous section, air leakage paths are the controlling factor for
both sound insulation and energy conservation in buildings. Attempts to achieve henefits
in either area by structural modifications are wasted if air leakage paths are not first treated,
The noise reduction provided by the building shell can be increased by up to4dB, and pessibly
more in old buildings, at a relatively low cost, so the benefit/cost ratio of eliminaling air
leakage paths is high, However, once air lecks are sealed, ventilation must be provided by
other means in order to preseive the interior air quality, In warm or humid elimates, air
conditioning may alse be required, and energy must be expended to move and condition the

air. As a result, the benefit/cosl ratio of sealing leaks is often decreased,

Natural ventilation can be provided without compromising the sound insulation of

0
the building shell by installing baffled vents of the type shown in Figure 39.]3 Alternatively,

the ve

ent can be built into the wall itself, as shown in Figure 40, If necessary, additional
air'griculation can be achieved by installing & small fan in the boffled duct. Several different
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versions of such vents for different applications have been designed and shown to be suitable
for protection against high exterior noise levels 20 They are particularly effective for
under~floor areas, and attics, A flow~through system can significantly lower attic temper-
atures and reduce the enargy needed to cool dwellings in the summer months. In some cases,
cases, the need for cooling may be eiiminoted with a combination of natural ventilation

and o flow-through attic system,

The use of artificial ventilation systems to provide the needed air changes in resi-
dential buildings medified to reduce interior noise levels from nearby highways has been
successfully demonstrated in England by the Building Research Er.fc:blishment.131 A simple
mechanical ventilator unit, as shown in Figure 41, was used in conjunction with a permanent
exhaust vent, shown in Figure 42, Both systems were provided with lined ducts to reduce
the transmission of sound. The fans, operating against the backpressure introduced by the
ducts, generated interior A=weighted sound levels of 40 dB or less. The results of this
demonstration formed the basis of the United Kingdom Noise Insulation Regulurions,]
which provide for the noise insulation of residential buildings exposed to increased external

noise from new or modified highways.

In the warmer climates, air conditioning is required to provide a satisfactory environ-
ment in the summer months. Reducing air infiltration for sound insulation purposes will
reduce the cooling load required. It is stil} necessary to Introduce fresh air and exhaust
stale air, but this can be done more effectively through controlled vents than by air leaks
distributed about the building. In the dry climatic regions of the country, it is possible o
use the old type of evaperative air conditioners that use considerably less energy to operate
than the common electrical systems. In humid regions, air conditioning is often used more
as a dehumidifier than as o method for cooling the interior air. Where temperatures are
moderate, commercially available dehumidifiers can be used alane, thus reducing the energy

consumption,

The noise reduction provided by a building shell can be increased by intraducing

balconies or shields outside windows facing major sources of nofse, By the careful use of absorp-

tion, May has shown that interior noise levels can be reduced by 5 rcIOdB.] 33 Balconies
also serve to reduce solar heating in the summer, while allowing this additional and free

type of heating in the cooler months, The sliding glass doors often associated with balconies
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present a major problem in butlding noise reduction because of their large surface areq,
relatively low transmission loss, and extensive perimeter leaks, The latter can be minimized
by careful design and maintenance, but increases in the transmission loss can only be

achieved by installing double-glazing, either in the existing frames or as o separate structure.,

The mojor use of energy in the home and in commercial buildings is for heating,
Increasing the sound insulation of the building shell by eliminating air infiltration paths
will therefore cut down on heating costs considerably. Again, fresh air can be Introduced
in a controlled way through one or two baffled vents. Innovations such as heat exchangers

can he used to preheat the incoming air using the heat collected from the exhausted air.

6.5  Summary and Recommendations

A review of energy considerations in buildings shows that modifications of structural
elements to increase the sound insulation generally reduces energy losses, However, sound
insulation alone s not always a good Indicater of energy efficiency. The steps involved in
soundproofing a building against exterior noise are the same as those for reducing energy
losses — namely, first to eliminate air leaks, second to modify windows and doors, and
third to modify the main structural elements. The technology for these madifications is
known and has been successfully demonstrofed.] 25 Therefore a national program to sound-
proof buildings in high noise areas would be expected to reduce operating costs and conserve

scarce natural resources,

New types of construction, discussed in Chapter 2, designed for increasing the
benefit/cost ratio for sound insulation, also offer potential savings in energy over existing
structures, althoeugh this has not been demonstrated experimentally. Further work is required
to design resilient mounting methods for double-panel assemblies that reduce themmal trans-

misslon through the connecting studs and metal window frames.

The Iiter-::rure37 contains methods for predicting the fransmission lass of double-pane!
constructions, and these can be used to optimize dasigns for low cost, weight, or thickness.
Metheds are also available for predicting the sound insulation provided by a combination of
bullding elements]za The thennal transmittance of each element can be estimated using
well-established methods, provided that the transmittance of the components of each element

are known.ma’128 A valuable tool for building design would consist of a combination of
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g these prediction procedures, enobling the designer to optimize for both sound insulation

g and energy conservation, and to evaluate hrade-offs between the two.

Q Sealing the air leaks in a building increases sound insulation and reduces energy

Lj losses. However, fresh air must be introduced into the building ond stale air exhausted.
E The required air changes can be controlled effectively by means of single vents, baffled
..'_.-" to reduce sound transmission, and equipped with heat exchangers fo reduce heat losses.

Mechanical ventilation systems have been shown to be effective in building noise control,
and are used extensively in the United Kingdom, Simple calculations indicate o significani

savings in operating costs, if air conditioning is not required, which can offset the initial

costs of modification Jo a considerable degree, It would be a simple and useful exercise

to perform similar cost estimotes for typical huildings in different climatic regions of the

United Stotes.

Matienal programs for noise abatement have generally addressed the source of noise,
often the most cost-effective means of reducing community noise exposure, but one that

involves long lead times for the benefits to be achieved. The Department of Housing and

Urban Development does include noise reduction requirements for federally funded develop-

ment loans, and the Federal Highway Administration is currently conducking demonstration

projects to evaluate soundproafing as a means for reducing the exposure to noise from federally

funded highways. Also, the Federal Aviation Administration has studied the Teasibility of

soundproofing public buildings near airports, However, thern have been few studies of the
benefits and costs of a national soundpreofing program for residential buildings. Soundproofing
by ifself is not suitable for residentiaf houses in very high noise areas, because the exlerior
noise levels are too high, but it is suitable for apartment buildings in these areos, and for
residences exposed to lower noise levels, [t is recommended that soundproofing buildings

be given more emphasis in national and local noise abatement programs, particularly in view

of the potential benafits In reduced energy consumption,
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