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£ = length

m = mass ;ﬂ o

m, = total mass of the alr in the source rocom

m, = total mass of the slab rﬂ i
n, = acouctical medal denslity :ﬁ ﬁ
N

ng = structural modal density i
ﬁ i

n' = number of vibration mounts per unit slab area i
)

p = sound pressure B ﬁ
p, = static pressure E

P = radiating perimeter

PWL = sound power level in dB re 107’2 watts

r = % n = real part of the mount impedance
SPL = sound pressure level 1ln dB re 0.0002ubar ;ﬂ ﬁ
TL = sound transmission loss F} ﬁ
'I‘Lf = flanking sound transmisslon loss e

v = veloclty amplitude

V = volume ig i

ws = gsurface weight g ﬁ

S

x = displacement p g
% = acceleration nJ
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= point input admittance of the slab
= point input admilttance of an infinite slab

= impedance of the vibration mount

= phase difference between the Torce and
acceleration signal

= velocity transmisslon factor deflned ln Eq. 95

increase in TL obtained by adding the floating
floor to the structural floor

= logs [lagtor
= logs factor of the slab

= coupling loss factor {acoustlec to structure)

= angle of sound incldence {normal incldence = B0°)
= ratio of specific heats

= wavelength
= wavelength at colincidence frequency

= acoustical wavelength

= power
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= mass denslty of air
= surface mass density of the slab
= radiation efficlency
= angular frequency
= refers to the ten-base logarithm of the
enc¢losed number
= refers to the real part of the enclosed symbol;
indlcates spatial average of the enclosed symbol
as superscript indlcating the complex conjugate

Subscripts: 1 refers to the floating slab

2 refers to the structural slab
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I. SUMMARY

The purpose of the Investlgations described 1n this report was
to provide better understanding of the acoustleal and vibrational
performance of floatling floors and to use the knhowledge galned for
the preparation of design charts.

The behavior of the sound and vibration transmisslon of float-
ing fleers In the low=frequency and high-frequency ranges were ana-
lyzed separately. In the low-frequency reglen, the basle resonance
frequency, above which excess attenuation® becomes possible, was
calculated. The hlgh-frequency behavior was investigated by the
statistical energy analyslis method.

In order to evaluate the theoretical results, we measured the
dynamlc stiffness and loss factors of varlous commonly used resil-
ient mounts. For all measured mounts, the dynamic stiffness was
found to be frequency Independent and to lnerease with inecreasing

statlic load.

The theoretical investlgation showed that the lowest possible
hasic resonance 18 glven by the surface mass of the floating floor
and the stiffness of the trapped alr cushion, It 1z demonstrated
that properly loaded neoprene, precompressed glass f'lber, or cork
mounts, being nearly as scft as the trapped alr, enable one to ap-
preach thls basic rescnance frequency.

Well above the basic resonance frequency, the excess sound
transmission loss obtained by adding the fleating slab Increases
wilth a slope of 30 dB/decade.

aThe excess attenuation is the increase 1ln attenuatlon obtained
by adding a reslliently supported slab on tc the exlsting floor,

R
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This large potential excess attenuatlon can be only partilally ﬁ i
reallzed because of unavoidable flanking transmlssilon through the
walls common to the source and recelving rooms, A simple engi- ﬁ i
neering procedure is suggested for estimating the flanklng trans-

misslon, ﬁ
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I
| ed I1. INTRODUCTION
In order to increase the sound transmission loss (TL} of a

structural floor, it is customary %o add a second slab supported
on resllient mounts, The resllient mount can be a contlnuous re-
sillent layer, suech as a glass fiber blanket, cork layer, etec.,

or may consist of lndividual isclators, such as steel springs,
cori, neopreﬁe, or preccmpreassed glass-Ciber unit mounts, sultably

ww!

spaced.

"]

)

In the analysis of the low frequency behavior of the floating
slab, we conslder the surface mass of the floor, the combined
stiffness of the supporting mount, and the enclosed alrspace as
lumped parameters. In the high frequency regime the effect of the
varlous modes excited in the floor is analyzed by statlstical
methods. In both cases we caleculate first the TL of the strue-
tural slab alone and then the TL of the entire floating slab sys-
tem. The difference between the two TLs provlides the excess trans-
EE misslion loss ATL gained by the addltion of the resiliently sup-

ported second slab.

55 52 il

EE A knowledge of the baslc resonance [{requency and the hilgh

frequency asymptotle slope of ATL vs. frequency permits a simple

EE engineering estimate of the transmission loss gain ATL., The de-

talled analysis also provides useful informatlon about the rela-

o ﬂ tive importance of the design parameters.

“ff o E; The ATL calculated in thils manner can be regarded as the maxi-
' EE mum possible value that can be obtalned by the additlon of a float-
p ing fleoor. In practice Tlanking transmission through walls common

to source and receliving room tends te reduce ATL and we indicate
how this reduction can be estimated.
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ITI. LOW FREQUENCY BEHAVIOR

In the deslign of floating [loors one frequently overlooks the
faet that the dynamle stiffness of the ailr ecushion trapped between
the two slabs in many cases exceeds the stiffness of the resllient
mounts. Consequently, the desired low basic resonance frequenciles,
predicted from the surface mass of the supported slab and the
§Liffness ol the mount alone, are not realized In many installa-
tions,

In order to 1llustrate this limitation, we calculate the reso-
nance frequency that 1s obtalned when only the air cushilon provides
the stiffness. This frequency is the lowest possible,

Sketech SK-1 shows a section of the floated flecor system:

P, o] = surface mass of slab 1
51 sl
(:) Pgp = surface mass of slab 2
4
do d, = thickness of alr cushion

Psa The pressure in the air cavity
1s given in Egq. 1:
SK-1. g?ction of the floated ' v Kk
oor system,
Y p = Po‘ﬁ%) , (1)

where the symbols are as follows:

p, = static pressure

V, = d,A = statle volume

A = surface area of the slab

T
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V = instantaneous volume
k = ratio of speciflc heats
(k = 1.4 alr for adiabatlc compression and k =1 for iso-

thermal compression.)?

The dynamic pressure, p.s can be calculated by differentiating
Eq. 1 with respect to V:

d ~ (k1
E% = —poKVf g~ (k+1) {2)
Py = dp = -pyx & . (3)

The dynamic force F' actlng on unit area of both slabs 1s
F' = p = =Pk == . (4)

If the displacement amplitude causing the compression ls x, then
Vy =dyd and dV =-xA.

Accordingly,

1 = puK
B = kux = _do— X (5)

glves the dynamic stiffness k, per unlt area of the air cushion:
D,k
ko--a_u"- (6)

2Tf the entlre alrspace is filled with glass fiber, the compressilon
process becomes isothermal at low frequencies (below 50 Hz), and
k=1 indleating 40% more compressibllity than the adlabatlec pro-

cess [1].
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For a completely rigid structural slab and harmonic motlion of the
floating slab, the external force F' must balance the inertial force
of the slab and the restoring force of the compressed air cushion.
The balance of foreces for unlt area of the slab is

= —.2 ————
Pt wip, X b X (7)

The frequency at which motlon can be sustained in the absence of
an outslde force follows from Eq. 7 by putting F=0 and solving for

3
an 25 (8)
muo - dnps .
1

For a slab of surface welght wsl, ps=wsl/g, where g ls the accelera-
tion of gravity. The resonahnce frequency is then :

1 D, KB
T L ——— (9)
o0 ~ Tw ‘\/;uwsl

In deriving Eq. 9, we assumed a completely rigld struciural
glab, In practlce, however, though the structural slab ls usually
a heavier, stiffer structure than the floating slab, it cannot be
considered completely rigid. For a conservatlive estimate, we as-
sume that 1t has a mass-like behavior., Consequently, the surface
welght Ws in Eq. 9 should be replaced by Wg=(Ws Ws,)/(Ws +Ws, ),
where wsz is the surface weight of the structural slab. This modl-
fles the resonance frequency somewhat:
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|
bead P, KE k&
I 8 = _..-‘!'... o = .L ..D_ R (10)
0 2 doW, &r Wy

Using the following constants:

]
it py = 2.12 = 10? 2p/rt?
| 2 g = 32.2 ft/sec?
ene
‘ 71 k = 1.4 for adiabatic compression
el
ih K = 1 for 1sothermal compression, (11)

we obtain the followlng formula for the lowest posslble resonance
frequency due to the stiffness of the enclosed alr volume alone:

&2 k.2

oo = —llL—Afor adiabatie compression , (12a)
AR

8.8

oo = _Lho_ for lzothermal compression . (12b)
AN

8.5 EB

W, 1s the equivalent surface weight in 1b/ft?* and d,, the thickness
of the alrspace in inches. (Isothermal compression occeurs when the
airspace 1s filled with glass fiber, and adiabatiec compressilon,
when the airspace 1s [ree.,) Egquation 1l2a 1s shown in graphical
form in Flg., 1. TFor isothermal compression, the resonance fre-
quency read in Filg, 1 should be multiplied by 0.85.

o I
W

If the floating slab is supported on resilient mounts, each
having stiffness &k, and the number of mounts per unilt surface area
is n', the resulting stiffness per unit area, k ls inereased to

res?

B2

kpeg = Ko 'k, {13)

T
v

and the resulting Iinereased resconance freguency f“ is given by

2

v

(R
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1 (k,n'idg
Pp = o [ (14a)
]
or
£, 5 fop [ 1+ % . (14b)

For convenlence 1In comparing the stiffnescees, the formulas for b,

are

k, = 31533 for adlabatic compression {15a)
and

k, = E;Eg:lgi for isothermal compresslon, {15%0)

where k, 1s the stiffness of the air cushion per sq ft of floor

area in 1lb/in. per ft?, and d, 1ls the thlckness of the alrspace

in inehes. Equations 15a and 15b are shown in graphical form in
Fig. 2.9

It is clear from Eq. 1Hb that making the resilient mounts
much softer than the enclosed air (n'k<<k0) does not decrease the
baslie resonance frequency significantly.

As & practical example, the baslc resonance {requency, f{,, for
a slab of 50 1b/ft? equivalent surface welght and 2-in. thick air-
space without plass flber cannot be reduced below a limiting value
(see Eq. 1l2a) of f4 =17.1 Hz, If the stiffness of the enclosed

%1n drawing up the right-hand scale in Flg, 2, we used the simpli-
fied relation 1m? =10 ft?, instead of the accurate im? =10.76 ft2.

TRTIIEREM
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alr volume is larger than the stiffness of the mounts, the some-
what stiffer cork and neoprene mounts can perform nearly as well

as a soffer precompressed glass fiber mount.

If the cork or neo-

prene provide better resistance agalnst environmental factors,
they can be used wlihout substantlial increase of the basie reso-

nance frequenay.

11
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IV, HIGH FREQUENCY BEHAVIOR

A, Transmission of Vibration from the Floating Slab
to the Structural Slab through a Mount

In dealing with the high frequency behavior of the lloating
slab system, we assume that the point admlttance of the slabs for
bending waves 1s 1ike that of an infinite plate, 1.e., real and
'fm;' independent of frequency. This assumption is certainly not valid
at low frequencies for a single mount. But sinece very many mounts
are lnvolved in conducting vibrational energy between the two
slabs, we shall assume that the average polnt Input admlttance
over a finite plate can be approximated by the admittance of the
infinite plate.

Using thls assumptlon, we caleculate the power tranamitted
through a mount of impedance Z from the floating slab (slab 1} to
the structural slab (slab 2) when an incldent bending wave of the
veloclty amplitude v, arrives at the mount. Sketch 3K-2 shows the
slab arrangement and defines the notatilons.

v = peak amplltude of the
Vo arriving bendlng wave,
idubes J Vv, assumed simple harmonic

Y, C) v. = peak normal velocity of
slab 1 at the mount,

! assumed simple harmonile

|

|

|

A z lF v, = peak normel velocity of
} slab 2 at the mount,

Yo C) assumed simple harmonie

point input admittance
1 Yo of the infinite slab,
assumed real

Z = lumped inmpedance of the
SK-2, Schematic slab mounst
arrangement. F = peek dynamic force exerted

on both slabs by the mount,
assumed simple harmonic

=<
-
-

<
N

u

12

et
i
1

P B LR L LI

L&

t

B

AT g



Report No. 1830 Bolt Beranek and Newman Inc.

s

i

The following three equations permit us to calculate the force
and power transmitted from slab 1 to slab 2:

-Lfl E] F = (v,-v,)Z (16a)
m Vl o VO—YIF (16h)
i E} v, = Y,F . (16¢c)

Solving the above equatilons for the force glves

i} )

_ Z
F =V oy, 57,7 * (an

8.2

In eorder to obtaln F conjugate, F¥, 1t is convenient to re-
write Eq. 17 in a form where its denominator 1s real:

Zr|2|2 (Y, +Y,)

v
TLH(ZHZH) (Y, HY, )+ 2] 2 (Y, 4Y,)?

(18)

BRE BE i3

and

ZRH[Z]2 (Y 4Y,) . (19)

=V

-
3
i

P 1e(aHER) (Y, Y, )+ 2] 2 (Y, #Y,

LW

The asterisk as superscript indilcates the complex conjugate of

%1 a symbol.
The power transmitted from slab 1 to slab 2 1s given by
EE M, = (1/2) Re{FF#y,} ., (20)
%?"' ﬁﬁ (8ince the bending wavelength in the frequency reglon of interest
| i1s much smaller than the horizontal dimenslion of a typlcal floor
fﬂ mount, the power transfer through bending moment 1s negllgible
vees compared with the power ftransfer through the force.)
M
L
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Fellowlng some elementary caleculatilons, we obtain

v2 [z]*Y,

'ﬂ'12 = '—2—

{(21)

1+(Z+2 %) (Y +Y, 212 (Y, +Y, )

where m,,1s the time average power and v, iIs the peak value of the
transverse veloeity in slab 1.

In the Tollowing statlstical considerations we will be deal~
ing with the space average ol the slab veloelty; therefore, we
substitute <v{> for vi/2 in Eq. 21 so that

. lz]*Y, .
L = <yt> = <y®> K (w) (22a)
' DX L1+(Zez*) (¥, 4Y,)H[ 2 ]2 (¥, 4y, )P °Tx Tr2 ’
giving
(z|*y
X, (w) = z 5 (22b)
‘ 1+2Re{Z} (Y, +Y, )+ Z2]% (¥, +Y,)

B. Sound Transmission Loss of the Single Structural Sjab

3ince we are primarily interested in the ilncrease 1n trans-
migsion loss, ATL, provided by the addition of the floating floor
to the structural floor, the TL of the structural floor alone -~ as
well as the TL of the composlite structure — must be caleculated.
The calculation of the structural floor TL is less complicated, so
we use 1t to provide insight into the statlstical energy analysis
procedure that will also be used for the TL calculatlon of the
more compllicatad composite structure. To understand more clearly
the physlcal phenomenon of the sound transmisslon, we distingulsh
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between the so-called forced (or mass-law) transmission and trans-
misaslon by the resonant modes.

1. Forced transmission

If a sound wave strikes a partition at an oblique angle, the
wall reacts to the sound wave by ylelding to the local pressure,
The forced wave In the wall, as a direct response to the exciting
sound wave, preopagates wilth the trace velocilty of the sound wave,
which for low frequenciles is usually much greater than the propaga-
tion speed of free bending waves in the wall at the same frequency.

If we disregard for a moment the free bending waves that are
always present 1n a resonant system of finite dimensions (due to
reflectlons of the forced wave at the boundaries}, we obtain s
locally reacting mass-like behavlor. The amplitude of the wall's
transverse veloclty at each point 1s proportional to the local
pressure, and the transmission loss is given by the mass law:

w
c

Ps

o cosh , {23)

TL{8) = 20 log

gro

where Pg 1s the surface density of the wall and 6 1s the angle of
incidence (normal incidence = 0°),%
From Eq. 23 we see that the TL 1s dependent on the angle of

incidence, If one averages over all angles of incldence from 8=0°
to 8=809, one gbtalns the so-called fleld lnecidence TL:

2
. 1 Pg¥
Thrierg ¥ 10 log 3 (——-—gpnca) (24)
or
TLpygyq = 20 108 Wy + 20 log £ - 33 dB , (25)

“Phe symbol 'log' refers to the l0-base logarithm throughout this
report,
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where WS is the surface weight in 1b/ft? and f 1s the frequency in
Hz, Eqguation 25 1s plotted in Pig. 3.

=R

The field ineldence TL given in Egq. 25 should be considered
as an upper limit for the sound transmission loss (for nenabsorb-
ing walls) that can be achleved only in the complete absence of

=B

the resonant waves,

=8

Since the veloclty of free bending waves 1s frequency depen-
dent and at low frequencles (well below the eritical frequency) is
small compared with the velocity of sound in the surrounding me-
dium, the free bendling waves do not radlate efficlently 1n the low
freduency range. Consequently, the TL 1s often successfully pre-

dlcted by the mass law (Eg. 25).

-

2. Sound transmission by the resonant modes

In addition to the sound energy transmitted by the forced
waves, free bendlng-wave resconances (excited by the forced wave)
transmlit an additicnal amount of sound energy and thus reduce the
transmission loss of the wall. If we calculate the "mass-law
transmission loss" and the "resonant mode transmlssion loss" sep-
arately, we can caleculate the actual transmilssion loss on the
basls of the total transmitted power. Should the "mass-law TL"
be the same as the "rescnant mode TL", the actual TL would then
be 3 dB below the value calculated from the mass law alone.

| Flrst we describe gualitatlvely the process of sound trans-
misslon by these free resonant waves, As mentloned earlier, the
bending wave speed depends on frequency, increasing with the square
root of frequency. At low frequenciles the bending wave speed is
small compared wlth the veloclty of sound; and the alr acted upon
by different parts of the plate vibrating in opposite phases can

be shuffled back and forth without belng compressed and, therefore,

16
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wlthout causing effective sound radiation. Only at the edges and
cornerd of the plate, where such a compensation 1s not possible and
a net volume change occurs, wlll there be some scund radiation.

Near and above the colncidence {requency,? however, the bending
wave speed has the same order of magnitude as the scund veloclty,
The free hending waves radiate efficiently from every point of the
wall surface, and the sound transmiasion loss 1n thls region 1s usu-
2lly controlled by resconance rather than by forced waves. If the
structure does not have sufficient structural damping, the free bend-
ing waves can run many times across the plate (radiating sound effi-
clently) without noticeable loss In amplitude; consequently, the TL

in this region depends very much on the structural damping.

The gqualitative discussion glven above in terms of a wall is
equally applicable to a floor slab.

The energy balance of the basle slab for resonant medes can be

wrltten as

"as = 1Tlcss + TTrad 3 (26)

where 7,5 1s the power flow from the acoustlcal fleld Into the reso-

nant modes of the structure, Tioss +5 the power lost In the struc-

ture due to Internal damping and edge losses, and Trad 1s the power
loss due to acoustlcal radlation of the structure,

According to the statistical energy znalysis [2], the above
power balance can be written as

n..un_ |2 - 3 = E un, + pﬂcﬂAUrad<v2> , {273

acoustical modal denslty in the source room
structural modal density in the structural slab

1}

where n

i=1
@
L

%The coincidence frequency of a homegeneous slab ls given in Eq. 45,
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N

! Lﬂ Ea = total acoustical energy in the source room?

Es = total mechanlecal energy in the structural slab
Ej ng = loss factor of the slab

' r} A = slab surface area

.'m’ Opng = radiatlion efficiency of the slab
fﬂ g} Nag = coupling loss factor {from acoustic to structural

8 slab)

)

<v®> = mean square slab veloclty

p, = density of alr
!
teed ¢, = veloclty of sound in air.
EE Since Nas is not well known, we shall replace it by know gquanti-
ties.
From Tag = ~Tga 1t follows that
EE E E E E
a s s a
— = —in._wn 2 =l = —|n_uwn (28)
na ns a 'as Ng n i s sa 4
E’g
EE which gives
ng (
o Nae = —— T . 29)
LE as n, 's&
w! The definitien of the loss factor 1s
s
= R = <y? = 2
& Tsa = BgWlgg = SV >Pghung, = <vi>p e Aty » (30)
Lens
providing
vt %y and Eg are measured within a unilt bandwldth centered at the
frequency, u,
SRR
, el
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PeCy
Nsa = 72:" Ipad (31)
where pg 1s the surface mass density of the slab,
Putting Egs. 29 and 31 into Eg. 27 glves
E E p.c
4 _ 5 90 2 T 2
| - m| g 5 Oppg = Bgung+<v?>p .c Ao, g . (32)
: a ] 3
L The acoustical and vibrational energy is
i (33)
a ot 3
Py
and
= oey? ,ﬁq
ES = <v >pSA ] (3”) '3
. B
where <p,>" is the mean square pressure in the source room and V £
is the volume of the source room. Thus, we obtain for the mean
square slab veloeclty, as a function of the source room pressure, iJ "
- z 2 Ng v ®pag 1 ¢ 3 ‘J'
<vy?> = <p?» 2 L . 35) M:J
1 n, A CoPg pswns+2pncucrad i
|
iy !
o The power radiated by the slab Into the receilving room is kg y
. 2 1
Tac pucoAGrad<v > (36) ﬁ; .
2 ‘
' i = <p >2 E'S_\_f' p_o. Gr'adA (3?) u ’
ac ! a A Py ps”“s+epﬂc0°rad o
1
I8
20 "
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The power incident on the slab from the source room is [3]

2
<p1>

= — A .
in Hpuc‘J

w

The ratlo of the inecident to transmitted acoustical power 1s

sequently
<p,>
To o A
Tin = PoCy
Ll 2
ac <p >2 Eﬂ_ 1"_’- ..p..o— UI"ad A
1 a A Pg o psun+Zpococrad

which simplifles to:

pgh
Tin _ 1 R, P WN*2p,C 0rpg
Tac qsrad Po'o PaC4%nagq
Ny
_or’
s
n_on, .
L= 10 log i > 2%
rad _¢ Nae
Na

Inc,

(38)

con-

(39)

{40)

(413

where m_ 1s the total mass of the 'slab and m, 1s the mass of the

s
alr in the socurce room.

The TL 1z directly proportional tc the ratio of slab mass per
structural mode to air mass in the scurce room per acoustical mode,

and also proportional to the ratlo of total loss factor to the

21
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acoustical loss factor; the TL 1s inversely proportional to the
radlation efficlency of the alab, If one replaces n, and ng with
their actual numerlecal velues, the TL naturally becomes independent
of room volume and slab surface area., Equation 41 is easy to re-
member and provides a remarkably simple solution to a complicated
problen.

In order to obtain the "resonant-TL" of the slab, we put [2]

3
na = u'le V (ug)
¢y
and
_ YIZ A
Py T Fooh (43)
L
into Eq. 40 and obtain
2
Tyn ant cths Mot (4
m — 3 :
ac /12 CyPOpgq Ted

Using (ntot/nrad):[psmn)/(pocauradj and considering the equation
for the colneclidence frequency,?

2

o4
_ VY12 o (45)

e 27 th 2

where h 1s the salab thickness, we get

aFigure 4 gives the colnecidence frequency for dense and light-
welght conerete slabs as a funetion of the slab thickness,
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T bp2p 12 P W ?
in _ s £ _n_.1/s L 2n (46)
T 2 2 L_ 2 T | P, T o2 )
ac PaCso ¢ %nag ¢ 9paq

Recognizing that the first term in Eq., 46 is the field incidence
transmission, the "resonant TL" can be wriltten as

= f ., 2n
Thyog = TLfield + 10 log F— —_— (47)
¢ Oprad

When [(r/rc)(zn/ogad)] <1, the "resonant TL" ls smaller than the
field 1ncidence mass law TL.

Below the eritical frequency and when the dimensions of the
slab are large compared with the acoustical wavelength, the radia-
tion efficlency Unaq CBN be approximated [4] by the following
function:

c

P
- rad "o 1
Ipad ™ ~4 T, g(fc) ’ <ty (48)

where A 1s the surface area of the slab, Prad is the radilating
perimeter {(which 1s the actual slab perlmeter plus twice the
length of all stiff ribs or flexible joints, if any). The func-
tion 20 log [g(f/fc)] is plotted in Fig. 5.

Above the eritlcal frequency the radiatlon efficlency becomes

unity and the TL for the resonant modes can be calculated accord-
ing to Eq. 47:

- ef .
Thioag = TLfield 4+ 10 log f; n 3 > . (49)

Figure 6 shows the calculated resonant TL of Eq. 47 and the fleld
incldence mass law TL of Eq. 24 for a 12-in.-thileck 121 1b/ft?® dense
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conerete block wall. The circles show the measured values ob=-
tained in a laboratery test.® The loss factor (n=0.015) represents
the viscous logses plus the power loss through conduction of vi-
bratlonal energy into adjeining structural elements., The agree-
ment between the measured and calculated TL 1s very good.

c. Sound Transmission Loss of the Composite Floor

1, Forced wave transmission

The sound waves ineldent on a fleating slab force it to re-
spond locally te the sound pressure, In the absence of the vibra-
tion isolating mount and the structural slab; the forced response
of the (infinlte) rleating slab would obey the mass law.

The presence of the vibration lsolator creates a force which
resists the motion of the floating slab; and this resisting force
15 transmitted through the isolator to the structural slab, foreing
it to respond. Since the forced excitatlon runs along the floating
3lab with the trace velocity of the incoming waves, the forced re-
sponse of the structural slab 1s an effective radiator with a radi-

ation efficilency of nearly unity.

The sound pressure of the incoming scund wave p, must be bal-
anced by both the inertial force of the floating slab and the re-

storing force of the lsclator:

p, = ipslmvl'i-n'ZV1 (50)

where Ps, is the surface mass density of the rloating slab, v, is

ANational Gypsum Company, 14 June 1967, Test No. 3002,
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its veloelty at the l1solater, Z i1s the impedance of the Isolator
and n' is the number of 1solators per unit area. The force trans-
mitted to the structural slab through each iselator is glven by

F =z Zv, for v, >> v, . (51)

Using the value of v, from Eq. 40, we get

_ _ Z
F=2v, = fag—zﬁ;rﬁ? Py (52)
1 .

The forced mass law response of the structural slab 1s

_ Fn!
V2 = ips W ] (53)
2

where Ps, 1s the surface mass density of the structural slab, The
sound power radlated by the structural slab is

2
= y? = _ _nt Z 2
1TEaF = V2 pocuA 2 2 ips wtn 'tz <p1>po°aA . (54)
Ps1 1

Assumlng the mount 1s adequately represented by a spring with vis-
cous damping, we pget

r, (55}

where r represents the real part of the impedance of the mount.
The power incldent on the floating slab from the source room is

<pf>

Ta = Hpocu A (56)
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2.2
wps

w

=2 = — . (57)
*% ”n'z(pocnf’m
5y

Using Eg. 55 and making the justifled assumption that k/w > »,

we obtaln the following approximations for the forced wave trans-
misslon loss: above the natural frequency where Pg w? {(k/w)n?,

z .2 &
psxpszm
TLp = 10 log 3 (58)
4n'2x2(pyc,)?
at the natural frequency of the floor where n'(k/w)=ps w,
1

2 2, .4 2 2 2

pszr Wy pszr n'
TLF = 10 log -——-—2 ; = 10 108 -—""—_"2 2 ¢ (59)

Bk*(pyey) g, (Pocy)

Equation 58 gives the forced-wave TLp of the scmposite floor
above the natural frequency of the floor,

Egquation 59 permits us to approximate the 'I‘LF of the composite
floor at the resonance frequency of the floor.

2. Resonant transmission

The power suppliled to fhe floating slab by the acoustical
fleld is partly transmitted through the isolators to the struc-
tural slab, partly dissipated in the floating slab ltself, and
partly reradlated as sound toward the source room. A part of the
power transmitted through a mount intc the structural slab willl
re-enter the floating slab through the other mounts,

29
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The power balance reads

Moy = My, + wnl 4 "radl - T, (60)

where Tas = Power inftroduced into the floating slad by the
acoustilcal field

Ty, = POwer transmitted from the Tloating slab to the
structural slab through the isolators

Trag, - 2eoustical power radiated by the floating slab
!

nn = power lost in the floating slab due to its
1
Internal damping

T, = power transmitted from the structural slab back
into the floating slab.

Using the same nomenclature as far the single slab caleula-
tions in See, IV.B.2, and recalling the value of m,, from Eq. 22,

nth {zfty,

= 2 t = H
T = <VI2K, (wdn'A = <vi> s

L+(ZHL¥) (Y, 4Y, )+] 2]2 (¥, 4Y,)°

(61}
we can write the power balance as:
Ea Esl .
Tas = Naglny E; - E;- = <VI>A[k12(m)n*+pslwn,+pncncradJ
!
-<vi>K,, (u)n'A (62)

where K,, (w) can be immediately evaluated by changlng the subseripts

30
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in Eq. 22. Accordlingly, we get:

[zf?Y, Y,
K21 (m) = 3 = Y_- KIZ (m) 0 (63)
L+ (Z42%) (Y +Y, )+ ]2 |2 (¥, +Y,) 2
Combining Eqs. 29 and 31 glves
‘rI'S1 pocn (64)
n = e —— g .
as n, pslw rad,

Using Eqs. 33, 34, and 63, we get

n o
8 rad
2 i o 2
P> 45— . vV = <v1>A[klz(w)n'+pslwn1+2pocnaradJ
1
Yl
~<v2> T;-Klz(m)n'A . (65)

. The power balance of the structural slab (slab 2) provides
<v§> as a funetion of <vf>. The power balance is

M, = “nz + “radz L PN (G6)

where ™, is the power lost in the floating slab due to 1ts in-
ternal damping and transmlssion of vibrational energy Into adjoln-

ing structures.

Inserting the appropriate terms into Eq. 66, we get

Y
1
<vf>K12(m)n'A = <v§>A pszmn2+puc°cradz-byz K, (wn'f (67)
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which ylelds

K, (win®
i = <yd> L : (68)

1
psamnl+pacuoradz-+?:vKlz(w)n'

Putting this value of <v§> into Eq. 65 and solving for <vf> glves

ns1 0r-ad1 v
<p2> —— —
1 N, Py A

1

<vf> = 7
1 2
?—a [K,, (w)n']
Ky (m)n'+p51mnl+2pnc°0rad] - Y,
_— '
Pg,UNatPoCo0pgq + T, Ky (09)n

(69)

Combining Egs. 68 and 69 ylelds the veloclty of the structural
s8lab:

3 rad Klz(m)n'

Y

1
1 L '
Pszm”2+pncacrad2 + 7, Ky, (w)n

<v§> v
7= [Ky, (w)nt]?
2

Ky, (m)n'+pslu.mI -!-.Z’;:)acoul,'a_“c11 - Y,
pszw”a+pocncrad2 +?:-K12(w)n'

(70}

The acoustic power radilated by the resonant bending waves of the
structural slab 1s:
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A, (71)

= 2 \

eag © V2P %rag,

Now consldering that for thiek concrete walls the radlation term

(pﬂcﬂdrad) is always small compared with the internal ioss terms
(psmn} and inserting Eq. 70 into Eg. 71 we get:

v, 5P
2, ¥ L
P> g A n, P, rad,’rad,
19
- = . (72}
2a
R p, N )
s 1 5, n, Y1

1
Y o ) L oy
S, T2

A qualitative evaluatilon of Eq. 72 reveals that above a cer-

tain frequency [defined by pslmn1=K12(m)n']a the acoustical power
transmlitted by the fleoatlng slab sy=tem decreases with the seventh

power of the frequency. Furthermore, the transmitted power is in-
directly proportional to the loss factor of the slabs and directly
proportional to their radiation effileciency. Accordingly, the sound
transmisslon loss of & floating slab system depends to a very large
degree on the loss factor of the floating slab.

The acoustical power incident on the floating slab Trom the

source room side is:

‘ITin = mc-; A, (?3)

934nce the Tloating slab does not have rigild connections wlth the
rest of the structure, 1ts loss factor, ny, 1s governed by the
viscous losses alone.
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The logarithmie ratio of 1ncident to transmltted power gives the
sound transmission loss of the composlte floor,

T

Q
TL = 10 log — (74)
CoMPR Toa tM2a,, ’

where the power transmitted by the forced waves, "2an and the
power transmitted by the resonant waves, “EaRa are given in Bgs. 5/
and 72, respectively. Using the above equatlons and replacing ns1
n, with their respective values from Eqs. 42 and 43, we obtain the

gsound transmission loss of the composite Tloor:

-
1
TL = 10 log
CCOMP ) p— P
2pyc,n'k 2VIZ (pyey) c49rad,%rad,
3
Ps Ps @ , Ps, ¥, n,  Ps,un
cthpslpSanm 1 +""'""""ps Y—z" E‘i']{-—(—)-—rlz I J

(75)

We are also concerned wlth the difference 1in sound transmls-
slion loss, ATL, between the composlte and the single salabs. ATL
1s the logarithmlec ratio of the total acoustic power transmitted

by the single slab and the total acoustic power transmitted by the

composite slab, namely:

m +1r

2a‘F 2a‘R )single
ATL = 10 log .
T +7
EaF EaR

(76)

composite
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" The transmitted powers are given in Eqs. 24, 37, 54, and 72, re-

spectively. Inserting these in BEq. 76 gives:

[ 2 12 cig? 7
( /e ) . ¢“rad,
p. W 2 3
P ECLzthsznzw
ATL = 10 log E o
2 m/l2 cto a
0tk N 0"rad, "rad, 1
k] 3 p p, wn
pslpszw QcLlhlps Pg Tpu Le 5, El El.+ 8, !
Ps T, My Ky, (w)n?

(77)

Assuming that the forced terms are neglliglble compared wlth the
regsonant terms, we can reduce Eg, 77 to

‘ h, psx cLz psl Lo 951“”1
ATL = 10 log Hz—p—;—ch-l-a;—-Y?ﬁ“;*W . (78)
2 2 2

If both slabs are of the same materlal, then

Ps, b, Y, n?
— = ; g-=— and ¢, =c, .
psz h, ’ Y, hf L L,

Accordingly, for a common slab materlal the improvement in sound
tranamisslon loss is simply
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2 n ps wnl
1 2 1 1
ATL = 10 lopg ;-2-' 1+ E—- ﬁz— + k—;——m‘—r . (79)
2

As we wlll prove later, K,; () is proportional w", Conseguently,
above a certaln frequency (above which the third sum in the brack-
et of the right side of Eg. 79 becomes larger than unity), ATL
starts to increase with a slope of' 30 dB per decade.

In order to evaluate our end results {(Egs. 77, 78, and 79),
we had to measure the dynamle stiffness of the frequently used vi-
bration lsclation mountings as a function of statlc load, The
measurement method and the measured dynamle stlffness and loss
factor are reported Iin Sec. V.
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V. MEASUREMENT OF THE DYNAMIC STIFFNESS AND LOSS FACTOR
OF VARIOUS VIBRATION ISOLATION MOUNTS

The design of a floating floor or any other vibration lsola-
tion system requires knowledge of both the dynamlc stiffness of
the vibration isolation mounts (usually as a function of the static
locad and frequency} and the loss factor of the mounts, However,
vibration isolator manufacturers almost never provide this impor-
tant design informatlon to thelr c¢llents., Many times the only in-
formation glven is the recommended loading and some type of an iso-
latlon factor. Occaslonally, a load-deflection curve is provided;
but though &hls might be sufficilent for static deslgn, 1t reveals
little informatlon about the dynamic properties needed for desipgn-
ing a vibration isclation system,

The purpose of the following experimental program was fo mea-~
sure the dynamlc stiffness of a number of vibratioen 1soclation
mounts currently used in flecatlng floor construction.

A. Measurement Method

The measurement setup in shown in Fig. 7. The vibration iso-
lator (sample) rests on a flat rigid foundatlon. The dynamic
foree 1s provided by an electrodynamlc shaker and is.applled to the
semple through an impedance head (Wilcoxon Model Z6021) and an
adapter., A static load is applied £o the test sample at the
adapter by the welghts attached to the [lexible plano wire. The
impedance head provides two electriec signals, one of which is
proporticnal to the lorce actlng across the impedance head, and
the other, proportional to 1ts acceleration.

The dynamic force F (which we would like to keep constant),
acting on the sample, 1Is smaller than the force measured by the
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force gauge impedance head by the inertlal forece due to the adapter,
In order to keep the dynamic force acting upon the sample constant,

the shaker must supply the force,
Ft = F + ¥m , (803

where m 1s the mass of the adapter, ¥ the acceleration of the
adapter, and F the dynamic force acting on the sample. An elec-
triec signal proportional to ¥m can be obtained by taking an appro-

priate fraction of the acceleration signal from the lmpedance head,

as shown schematically in Filg. 7. By the addition of this term to
the force silgnal, the inertia of the adapter mass is compensated —
a process often referred to as electronic "mass cancellation”.

In the present measurements 1t was possible to reduce the
virtual mass of the adapter (the sample holder) to one-thirtieth
of its actual value in the frequency range from 20 Hz to 4000 Hz.
Above 4000 Hz, cancellation is not possible because of the first
bending wave rescnance of the sample heolder.

Using electronic "mass cancellatlon", we could hold constant
the dynamle foree F acting upon the sample during each frequency
sweep. A Bruel & Kjaer beat frequency oscillator supplied the
excltation signal teo the shaker and drove a Graphic Level Re-
corder, which recorded the acceleration slgnal as a function of

frequency.

B. Measurement of the Dynamic Stiffness

The dynamic stiffness of the sample 1s defined as

2!
k=Pa E . _w (1)
bt 4
w.".
39
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and

(82)

where x 1s the displacement and k is the dynamic stiffness of the
mount,

Since the dynamic force actlng on the sample is held constant,
the acceleratlon signal will Increase with the square of the fre-
queney 1f the dynamlc stiffness of the mount is frequency inde-
pendent. On a logarithmic plot of acceleration, the curve of ac-
celeration vs frequency would then have a positive 40 dB per de-
cade slope below the frequency of the lowest resonance that is due
to the stiffness of the mount and the uncancelled mass of the
adapter.

Filgure B shows a typlcal acceleration vs freguency curve, ob-
tained for a low-density cork mount in the form of a 2-in. cube,
The acceleration response curve has a 40 dB/decade slope, indicat-
ing that the dynamic stiffness of the mount 1s independent of fre-
quency. The [first rescnance frequency 1s arcund 1000 Hz. For
comparison, the acceleration response for a pure mass 1s alse
shown in Fig, 8, Por a constant force, the representation of this
response is naturally a horlzontal line. Actually, the response
of the system to a known mass 1s used to evaluate the dynamic
stiffness of the mount. Namely, at the frequency £*, where the
horizontal line for the mass alone crosses the stralght sloping
part of the response of the meount, hoth mechanilcal impedances are

equal:
kx = m¥ = -Un?f*imx , (83a)

and
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k = ln2r¥2y | (83b)

Both the frequency and the mass can be measured accurately,.

c. Loss Factor Measurement

Let us assume a complex Young's medulus for the mount in the

r'orm:
£ =E (1+jn) (84)

where E is the real part of the Young's modulus and n 1s the loss
factor. This gives the followlng relationship between dynamic

forece and acceleratlon:

7= - 2K 34407 . (85)

Accordingly, the loss factor can be measured directly in terms of
the angular phase difference o between the force and acceleration

signals:

n=tan a . (86)

This method of measuring the loss factor 1s conceptually
simple, In practice, however, even small disturbances — such as
building vibratlon superimposed on one of the signrals — make an
accurate reading of the phase difference difficult at low signal
levels. Such disturbances can be reduced by simultaneous flliter-
ing of both signals, provided that both filter sets have l1ldenti-

‘cal phase characteristics.
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D. Dependence of the Dynamic Stiffness on Static Load

It is frequently observed that the dynamiec stiffness of a
vibration lsolatien mount increases with lncreasing statle load.
In designing a vibration isolation system, therefore, it is of
prime importance to know the magnitude of the dynamic stlffness
corresponding to the design statle load.

The dependence of the dynamic stiffness of the sample mounts
on statlc load was determined by recording the acceleratlon re-
sponses for various statie loads applied to the sample, The ap-
paratus used to record these responses is shown schematically in
Pig. 73 the statlic load on the sample is glven by vector addition
of the tension forces in the loading wires.

Figure 9 shows the effect of the static load on the acceler-
ation response for a 2-in. cube of standard density cork. The
upper curve was cbtained for no static load, the lower curve for
73-1b stetle load. It is clear from the Figure that the statie
load increases the dynamic stlf'friess by about 3 dB, corresponding
to a 41% Iincrease of the dynamlc stilffness (that 1s, there is
less acceleration for the same foprece execltatlion).

The stlffening effect of statlec load for a precompressed
glass-fiber sample 1s much more proncunced. FRFigure 10 shows the
acceleration response (for constant dynamlc force) for a 2-in.
cube of precompressed glass-{iber mount, both with and without
statlc loading, The 73-1b static load increased the dynamic
stiffness of this particular mount by 3%5%.

The dependence of the dynamic stiffness on static loading was
evaluated for a number of vibravion isolatlon mounts. Figures 11
and 12 summarlze the results of these tests. The dynamic stiff-
ness 1lncreased with increasing static load 1in &ll cases, but more
50 for the soft pads, such as the precompressed glass-fiber and
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light-density cork mount. In PFigure 1l the dynamic stiffness of
the enclosed alr cushion is shown for comparison.

E. Resonance Method

" ® B

In order to evaluate the dynamic stiffness of the vibratlon
isolation mounts by a second Lndependent method, the shaker, im-
pedance head, and adapter assembly were inverted (turned 180°);
the sample was then placed on the adapter and leaded with differ-
ent known masses. The acceleratlion vs frequency curves obtalned
under these conditions for different mass loadings of the sample
are shown in Flg., 13. At each resonance frequency, the lnertia
and stiffness terms cancel each other and the response is con-
trolled by the resistive component of the impedance of the mount.
Equating the 1nertla and stiffness terms ylelds the stiffness di-

BT TIRTVE PEO T S

B I T T

rectly:

s ol il il R

k = 4n%f2M = wiM , (87)
1

where f | 1s the resonance frequency and M the added mass.

The nonrescnant response at frequency t (obtalned without
the additional mass) 1s given by Eq. 82 as i

cur st

(88)

%] = w?

==

T

According to Eq. B85, the acceleration response with the added

mass M is .

Iires’ = ug g% ! (89) Rdé
W
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where w =k/M, and n is the loss factor of the mount. Dilviding
Ea. 89 by Eq. 88 provides a convenlent methed for the evaluation
of the loss factor:

|% 0l
—res. - & (90)
|51
or in logarithmic form:
20 log n = 20 log A s (91)
xresl
where ¥, ires and n are evaluated at the resonance Trequency fo.

Figure 13 shows the acceleration response evaluated for three
different additional masses: M=4.3, 3,07, and 1.22 Kg. The
fourth response curve, wlth the highest peak, 1s obtained for ne
additional mass and partial compensation of the adapter mass.
According to Eq., 91, the loss factor n can be directly read as
the distance in dB between the two dotted lines at frequency fu
in Pig. 13. The loss factors of the measured mounts are shown 1n
Table I.

TABLE I. Estimated loss factor of the measured
vibration isolation mounts.

e e T — e rmar—t.
— m—rem——

. Average
Description Size Loss Factor
High density cork 24n, % 2 in, x 1 in. 0.26
2 in. x 2 in. x 2 1in. 0.206
2 in. x 2 in., x 3 in. 0.25
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TABLE I (eentinued)

Average
Description Size Loss Factor
Standard density cork 2 in. x 2 In. x 2 in. 0.21
2 in, x 2 in. x 3 in, 0.23
Low denslty cork 2 1In. x 2 1n. x 2 1n. 0.19
Precompressed glasa-filber 2dn., x 2 1in, x 2 1in. 0.15
Neoprene 2 in., x 2 in, %x 3 in. 0.198

A detailed description of the measured vibratlon isolation mounts

is given 1n Appendlx I.

F. Anisotropic Behavior of Dynamic Stiffness

In measuring the dynamic stilffness, we c¢bserved a pronounced
anlsotropy of the cork mounts. The dynamic stiffness was 40% to
B0% lower when the load was applied at the smooth-surface? than
at the rough surface (perpendicular to the smooth-surface). The
statiec load deflectlon curves discussed in Sec. VI coenfirm these
findings. (The dynamiec stiffness vs static load curves summarized
in Figs. 11 and 12 are those obtained with load applied to the
smooth surface of the cork samples.) Therefore, 1in order to
achieve the bhest performance of the cork mounts, the contracter
responsible for the installation should be aware of, and made re-
sponsible for, the proper corientation (smooth surfaces horizontal)

of the mounts.

%Phe smooth surfaces result from the application of the pressure
to these sides during steam curing,

51
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vI. STATIC LOAD-DEFLECTION CURVES

The statle load-deflection curves of representative samples
were measured by the Korfund Dynamics Corporation. The samples
were identical with those used for the evaluation of the dynamic
stiffness, as described in Sec. V.

Figure 1% shows the static load-deflectlion curves for a 2-in.
cubiec standard-density cork mount measured with twe different
orientations of Lhe sample, These curves are qualitatively ropre-
sentative for all the measured cork mounts; they demonstrate the
anlsotropy of the cork mount, and confirm the findings already
made 1n the measurement of dynamic stiffness (see Sec. V.E).

The most controversial feature of all the measured statle
load-deflection curves of cork mounts is that the curves\lndicate
a "softening" of the mount with 1increasing static load.® This is
contrary to the dynamic measurements (see Sec. V.C), which show a
definite increase of dynamic stiffness with statie load.

Figure 15 shows the static load~deflection curves measured
for a 2-in, x 2-in., ¥ 3-in. neoprene mount and a 2-in. x 2-in, x
2=in., precompressed glass-fiber mount. While the load-deflectlon
curve of the neoprene mount seems to be linear, the curve of the
precompressed glass~fiber mount shows pronounced stiffenlng with
Increasing statle load.

If one tries to evaluate the "dynamic stiffness" as the tan-
gent of the load-deflectlon curve at the required statice load,
the result would be in complete dlsagreement with the dynamically

@he load-deflectlion curves published in the Korfund Engineering
Manual indicate the same behavilor,
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measured Stiffness.b Thils is ftrue not only for the cork but also
for the neoprene and precompressed glass—f{iber mounts.

Correlation between the statie and dynamic stiffnesses could
be found only by using the initlal slcpe (taken at small dellec-—
tions) of the statlec load-deflection curve. Here the stiffness
evaluated from the initlal slope was two to three times smaller

_than the measured dynamic stiffness,

In summary, we conclude that the static load-deflection curve
does not provide useful information about the dynamlecal behavior
of the measured mounts. This curve always predicts dynamic stiff-
nesses too small — with the possibllity of errors as large as
500% (e.g., cork under high loading). Consequently, any criteria
for the measured mounts hased on statlc deflection under load are
irrelevant and should not be used in specificatlons.

Since the above findings are very much in contrast to common
bellef and also seem to indicate that the currently recommended
deslgn procedures {(which are hased on the bellel that the static
load-deflection curve enables one to predilet the dynamic behavior)
are wrong, the sublect needs to be more extenslvely investigated
than 1t was possible to do in the framework of the present study
of floatlng floors.

e
Since the dynamie stiffness was measured by two independent
methods (impedance head and resonant method), both providing the
same result, the correctness of these data 1s assured.
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VII, POINT INPUT ADMITTANCE OF CONCRETE SLABS

In order to evaluate Eqs., 21, 75, 77, 78 and 79, we need the
point input admittance of the concrete slab, The Iinput admittance
of an infinite uniform, homogeneous plate is given by [&§]:

Y=—"1—3 (92)
2.3chh2

where p-is the density of the slab materlzl, ey, is the propagation
velocity of longitudinal waves in the slab material, and h 1s the
slab thickness., If we 1nsert into Eg. 92 the appropriate values,a

Dense Concrete Lightweight Concrete
g = 2.3 10% kg/m? p = 6,10% kg/m?
cy, = 3.4 103 m/sec ep, = 1.7 10% m/sec ,

we obtaln the input admittance,

_ B.9 10-5 m/sec

Yopnse = T {h in inches, Y in ~———Newton) {93)
. 6,8 10-* m/sec

YLromy = 77— (b ininches, ¥in guen) - (9

Equations 93 and 94 zre plotted in Fig. 16,

a = .
lm= 40 in., 1 Newton = 0.225 0 n et
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VIII. CALCULATION OF A CONCRETE EXAMPLE

In order to demonstrate how to use the results of the pre-
vious Sections, we shall calculate the acouatical performance of
a floating floor system conslsting of an 8-in,-thlck structural
glab and a 4-in.-thick floatling slab, both of dense concrete,

The floating slab 1s supported on standard-denslty cork mounts,

of 2 in., ¥ 2 in, * 2 in. dimenslons. The alrspace between the

slabs 1s assumed to be filled with low-density (e.g., 0.5 1b/ft?)
~glass flber, as shown schematically in the followlng sketch,

~MOUNT
R RNV
~—— GL.ASS FIBER
08WHR  pi (R A VW AN AT D

a8 %2

SK-3. Sketch of the floating
floor.

A. Calculation of the Basic Resonance Freguency

The surface welght of the slabs 1s:

W. = 144 1p/ft® x - £t = 4B 1lb/ftZ
8, 12
and
W = 06 1b/ft? .
Sg
Accordingly,
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W, xW

5 s 3
b0 A8 %307 | ap qpspet

8 W Mg 1. x 102

W

The lowest possible resonance frequency can elther be calculated
from Eq., 12b, or can be obtalned dilreetly from Flg., 1:

pa MO _3K0 _ognn g

nn nr o
AW, /TR 32

The welght of 1m? of floating slab 1s?
W= 4B x 10.76 = 516 1b/m* ,

Since the rated load of the standard density 2 in, x 2 in, x 2 1n,
cork mount is 133 1lb, the number of mounts per m? of slab area is

4 - 516 1b/m? _ 3.8 -1 . 4 “%.' )

nt = ===l —_ =
133 1b m? m?

The dynamile stiffness of the standard density cork mount under the
rated load (133 1b) can be approximated from Fig, 11:

k = 4,5 x 10° 1b/in., = 8 x 105 N/n® .

The stiffness of the mounts, per 1m® of a slab area, is four times
the stiffness of a single mount:

n'k = 4 x 4,5 x 10* = 1,8 x 10* 1b/in, = 3.2 108 N/m .

The dynamlc stiffness of the trapped alr per square meter of slab

@1m? = 10.76 £t? ,
bq3p/in, = 1.78 102 N/m .
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82 B

area 1s obtalned from Flg. 2:

kK, = 1.07 x 10" 1b/in, = 1.9 10° N/m .

=8

The actual natural frequency of the floated floor system 1s cal~
culated according to Eq. 1li4b:

.8
£, = Lo 1+%=17.5-\/1+W:28.8Hz.

B. Calculation of the Improvement in Sound Transmission
Loss (aTL)

The improvement in sound transmlsslon loss over the single
slab, ATL, 1s given in Eq, 76b, In order to evaluate this equa-
tlon, we first have to calculate X,, (w), as glven in Eq. 22:

il
4

;
'
)
'3
L
]
-

m
SR

R T T D ST

Mmoo

|21%Y,

K w) =

iz

1+2Re{ B} (¥, +Y, )+ ]2 |? (¥,+Y,)° '

Since the real part of the impedance of the mount is smell compared : ﬁ

with the imaginary part, we can reasonably assume that }

ik .k _ 4 8x10°  N/m H 2

Za.ia-i-l"-ia—i S F * 175ec ° E

|z| = 1.27 = 105 Nsec from Sec, Vi E

- T mo 2 &J:L

p=nqk

N a._ 1.62 x 10 [Nsec na o
EEERPRN IZI = 2 m ] Iy
o f n=0.21 Eﬂ ¥
and Eﬂ E

CE

w
-

e
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- _ 1,27 x 10° _ 2,67 % 10% Naec
RE{Z} -l][Z' -0.21* f = f m L]

The point input admittances, Y, and Y,, can be calculated from
Eq. 93 or cbtained directly from Fig, 16:

m
secN *

Y 5.55 x 1076

1

- ~e _m
1.39 x 107 M

<
»
|

Y+, = 6,94 x 1078 T,

2
2 _ ~11 m
(Y1+Yz) = 4.8 x 10 (secN) )
Accordingly,
1'52 x 10 1,39 x 19-¢
K, (w) = " L 10
l+2 2-67; 10 6.94 » 10"5 +1.—62x—lg.....x 4.8)( 10-“
fz
2.26 x10 L ) a .
K, (w) = L = 820 2 10 s
1 2

1
1+ 0.38 ¥ + 0.78 2

which shows that, for fleated rloor applications, K,, (w) can be
simplified to

Ky, (w) = IZ|2Y2 .

Inspecting the former numerical result, we see that
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Klz(w) > 1 1t f < 1650 Hz ,

and
Kip (w) <1 if £ » 150 Hz .

Using the material constants listed below, we can numerlecally
evaluate the various terms in Eq., T7:

¢, = 340 m/sec n, = n, =107%
1

e, = 3.4 x 10 m/sec n' = 4 =

L m2

p = 2.3 x 10 kg/m? k=8,10° %

= 2 2 - 2.26 x 10" Nsec

Ps, 2,3 x 10* kg/m Ky (w) 2 m
Py = 4.6 x 10% kg/m?

2

Now we start the numerical evaluation of Eq. 77 by calculating
the respective terms of the numerator and the denominator sepa-

rately.

The first term in the numerator is:

e e B e B
Pl 4.6 10% x 27f 1,65 10%F r2

Assuming & loss factor of n,=0.01, we find that the second term
in the numerator becomes
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2 13 242 42
rad, /IZ (3.4 x 10%) Orad,

h,ed myu® 2 x (3.4 10%) x 0.2 x (4,6 x 10*) x 0,01 x Bu’f’
2

~3
_1.75 1072
fS

’

rad,

Comparing the above two terms, we notice that below 4.9 kHz the
resonant contribution is large compared with the forced centrlbu-
tion,

The rirst term of the denominator I1s

2 2
n'k - 4 x (B x 10%) - 1.48 1072
p_ p. w? {2.3 x 10%)(4.6 x 10%)87n?¢? re
5, 8,
The second term of the denominator is
TS 2
Wi e drad,dradz 1
x N
3 p Py wn
EcLlh,pslpsznzw - _iL EL EL . 8, '}
Py T, M, K, (win’

2

The {irst part of the second term of the denomlnator is
(pszhz)/(pslhl) times the second term of the numerator (already

caleculated).

m/IZ c§

o a
rad, rad, —3
= 1077

c
rad, r'ad2

3 3
EcLlhlps,psznzm T

If we assume n1=10‘2, the second part of the second denominator

term glves
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1 1
P P, wn - 2 -2
. 8, El EL N s, 1 1+ % % % + (2.3 10%) x 2nf % 10
Pg, T2 My Ky (a)n? 2.26 x 10% .
2
fz

= = )

3+ 1.6 10-% p*

whieh, for f > 26 Hz, reduces to (6.25 x10%)/(f?).

Putting the previcusly evaluated terms into Eq. 77, we obtaln,
for the lmprovement in sound transmission loss over the single

slab,
3.6 1077 L 1.75107° 2
2 PE rad,
ATL = 10 log 3 .
1.48 1072 1.7510°°% 6,25 10
2208 S0 by x X a
ré 3 £ rad1 rad2

Since the first terms in the numerator as well as in the de-
neminator are small compared with their respectlve second terms,
the ATL can be approximated by

8] a

rad, £ rad,
ATL ~ 10 log|z = 10 logl|4 x 10-° 5 31,
rad, 4 x 6.25 10° rad,
Ur-ad2
ATL = ~ 44 dB + 10 log = + 30 log £ .
rad

1

Figure 17 shows the calculated improvement in sound transmis-—
=g 1.

sion loss for o
r 2

ad rad1=
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The rapid ilnerease of ATL with lncreaslng frequency implies
a very large improvement at high frequencles. Thils lmprovement,
however, usually cannot be fully realized because of flanking
transmlssien., The next Sectlon of this report gives a brilef
treatment of the flanking problem.
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FIG.17 CALCULATED ATL VS. FREQUENCY
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IX. DISCUSSION ON FLANKING TRANSMISSION

It is common knowledge that the improvement of sound trans-
mission loss for floating flocors iIs limited by flanking transmis-
slon through structural elements common to the source and recelv-
Ing rooms. Figure 18 shows the three principal paths of sound
transmission between the source and receiving rooms. Path 1 rep-
resents the direct sound tranamission threush the floating {leor
systém. The sound transmission loss through this path was ealcu-
lated in Seec. IV. Path 2 represents the flanking transmission
through the walls common to the source and recelving rooms. Thls
is the flanking path mainly responsible for limitation of the po-
tential performance of a floating floor system. Path 3 represents
the flanking through the walls of the source room into the struc-
tural slab, whlch in turn radiates sound into the recelving room.

One of the flrat treatments of flanking transmission was
given by Meyer et al. [6], in a paper presenting measured data
and a qualitative theory. Westphal [7], in a subsequent work,
presented measured data obtained 1n a variety of buildings. Kihl-
man [8] has derived a theoretical solution for the transmission of
incident bending waves at the junction of seml-infinite plates.
G8sele [9], 1n a recent work, has reviewed the flanking transmis-
slon problem and has glven an englneering formula for the calcula-
tion of bending wave transmission through a junction. According
to Gosele's formula, which sgrees with measured results, the ve-
locity transmission factor, y, through Path 2 (see Fig. 18) is

<vg> Wied
y = 10 log = 20 log e + 12 dB , (95)
<V§> ng
67
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YTl
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5-:'.:3'?3."5*‘“’"9
y [R5 SOURCE ROOM
L@
'?Llf.'-?;:
ol T
ok
" ,i Wit
1 DIRECT TRANSMISSION
2and 3 FLANKING TRANSMISSION
FIG. 18 PRINCIPAL PATHS OF SOUND ENERGY
TRANSMISSION BETWEEN SOURCE AND
RECEIVING ROOM
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%

the space-averapge aguared veloclty of the flanking
wall in the source room

where <v§>

<vﬁ> = the space-average squared veloclty of the flanklng
partition in the recelving room

wkd = the surface welght of the flanked partition (in our
case, the structural slab only?)

an = Lhe surrace weight of the [lanking partition (the

wall in our case}.

Using G8sele's englneering approximation for the velocity trans-
mlisslon factor, one can calculate a so-called flanking transmis-

slon loss TLfb:

To Bra Yiea
TL, = 10 log =— = Thyg * 10 10g g= + 20 log =+ 12, (96)
" by ' ng ng

where 7 = the sound power incident on the flanked partition
due to the alrborne sound fleld in the source room

= the sound power radlated lnto the receiving room

m
£ through flanking Path 2
TLng = the scund transmission loss of the flanking partition
Akd = the surlface area of the flanked partltion (the struc-
tural floor slab)
Ang = the surface area of all flanking partlitions in the

recelving room (four walls, in our case).

9above the basic resonance frequency of the floating slab system,
the floating slab is dynamlcally deccupled from the structural

slab.
bphe derivation of Eg. 96 1s given in Appendix II.
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For convenience in evaluation of Eq. 96:

W
¥ = 20 log £ + 12 is plotted in Fig. 19.
ng
The "Flanking-Sound Transmission Less'", as defined in Eq. 96, is
directly comparable with the TL of the flanked partition (e.g.,

ir 'I‘.T_.f ls less than TL, the partltion is flanked),

As an example, let us calculate the "Flanking-Sound Transmis-
slon Loss" at a frequency of 1000 Hz for a constructlon consisting
of a 4-in, floating slab resiliently supported on & 1l2-in. dense
concrete structural slab, with flanking walls made of 12-1in. dense
concrete, From Filg. 6, we get the TL of the 12-in. wall at
1000 Hz:

TLng = 62 dB .

Since wkd/wng = 1, Fig. 19 gives ¥ = 12, Further, assuming that
the surface area of the four flanking walls, Ang’ 1s 2.5 times
the area of the structural slab, we obtain, from Eq. 96,

= 1 =
TLf = 62 + 10 log 55 + 12 = 70 d B.

This means that the flanking transmission will not permit us to
reallze more than 8 dB improvement in sound transmission loss by
adding the 4-in. floating slab to the 12-in. structural slab,
This example clearly indlcates that an expenslve floating floor
construction, intended to increase the sound transmission loss of
4 structural floor, is not Justifiable if the flanking transmig-~
slon is not reduced at the same tlime. It should be noted that
vibration isolation of a floating floor Zs not subjeet to flank-
ing, slnce the floating slab does not have any rigld connection
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30 ” 4
/

A
—d Ly (gB) ,/

TLe = Tlyg+ 10 LOG

Ang //

] Tl %
/

/

; /

ol 02 2 5

0.5 wkd/wng ....I.-p-

TLng = TL OF FLANKING PARTITION
Akd' = SURFACE AREA OF FLANKED PARTITION
Ang = SURFACE AREA OF FLANKING PARTITIONS IH

SOURCE ROOM
Weg ~ SURFACE WEIGHT OF FLANKED PARTITION

wrlg = SURFACE WEIGHT OF FLANKING PARTITION

FIG. 19 GRAPH FOR THE ESTIMATION OF THE
FLANKING TRANSMISSION LOSS TLf
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~—B B

to the walls, The concluding Section contalns advice for the re-
duction of flanking transmisslon,
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X, VIBRATIONAL AND ACOUSTICAL RESPONSE TO POINT-FORCE
EXCITATION

In the preceding Sectlons we have calculated the response of
a single slab and a floating floor system to acoustical excitation,
In many applications, however, the floor is excited by vibrationazl
forces as well as by alrborne sound field. It 1s of lnterest to
khow the vibration response of the floor system teo sunh forces,
for, with this knowledge one can caleulate the sound power radlated
by the floor into the room below. The polnt force gives a good ap-
proximation for thé vibratlon forces transmitted to the floor by
the supports of the machines.

A, Single Slab

When a point force F 1is applied to a slab, the power, Tys
transmitted into the slab 1s gilven by

w(x) = F2¥(x) , (97)

where Y(x) is the point input admittance of the slab at the exci-
tation point x. In order to simplify the analysis, we agaln as-
sume that the point input admittance ol the finite floor can be
approximated by the point input admlttance Y_ of an infinite slab
of the same thilckness; Y 18 real and independent of frequency,
This assumptilon 1s valid only at high frequencles, At low fre=-
quenciles one has to caleculate or measure the polnt Input admit-
tance st the point of excltatlion., While Y(x) for the finite slab
fluctuates strongly with position, the space average of Y(x)
equals the point input admittance of the infinite floor Y_. Ac-
cordingly, even at low frequencles, Y 1is a good approximation for
Y(x). Using the input admittance of the infinite floor in Eq. 97,

73

e

N

I Tk S SN L I e

e

1R TN WG T T R BT AT TR R T

e

ST

o

s



Report No. 1830 Bolt Beranek and Newman Inc.

we obtain the followlng approximatlon:

T, = F2Y . {98)

13

This power supplied to the slab must be equal to the power lost gﬂ
in the slab, Moo plus the power radlated as alrborne sound by the -
. The power balance of the slab can be wrltten as

slab, Trad

Egg

= p? =
Ty = FAY Tt Tpag - {99)

-
Ty

Using the nomenclature introduced in Sec. IV.B.1, we obtain

PO T AT T R S

izl

PRY = <vi>p_Awn + <vE>pycpho, o, (100) :

B3 L

which lmmedlately yields the space-time average squared veloclty, Ej §
i

F2Y,_ B

<vi> = . (101) 3
A(psmn+pﬂcocrad) 2

It should be noted here that the loss factor n represents
both the internal viscous losses In the slab material, and the -
power lost through conduction of vibration energy into adjoining )
gtructural elements, At low frequencles usually the latter loss
mechanism is the domlnant one.

j ot
S

gﬁ

BT

The sound power radiated by the slab inte the room below is
glven by

E

p,C,0
- 070" prad . (102)
PgN*PCoTpag

= ] = 72
L <y >po°oA°rad Pey

T4
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Since the power lost by radiation is usually negliglble compared
with the other losses, we obtalnd

p.c o
1 ¢ o rad
m, = FTY ——B;aﬁ—— . (103)
Further, we have already glven the polnt 1nput admittance of an
infinite, uniform, homogeneous slab of thiekness h 1n Eq, 92 as:

Y o= et (1o4)
- 2.3 chh2

Using Eq. 104 and considering ps=ph, Eq. 103 reduces to:

chﬂUrad

m, = F? (105)

2.3 pchnhsm

Using m, =10-!? watts as reference, we get the follow equation for
the power level of the sound radiated Into the recelving room:

F2 PeCo%pad
T 2.3 paanhaw
PWL = 10 log = = 10 log . . (106)
2 10- .

Inserting the approprlate values for the constants for dense

®Note that the surface area of the slab 1s canceled out. The in-
fluence of the surface area 1s, however, stilll contained in the
loss factor which decreases with increasing slab area (1.e., as
the area~to-perimeter ratlo increases). Below the coincidence
frequency of the slab, %rad also depends on the surface area.
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2

e

conrete, p= 2.3 10% kg/m?

T e a T

3.4 10% m/sec

°,

P,C, = 400 mks rayls ,

we find that Eq, 106 ylelds, in mks units (FN in Newtons, hm in
meters),%

sl

PWL,. ;p-12y = 20 log Fy + 10 log g, 4 ~ 10 log n + By , (107)

o

with i
a

6y = 32 - 30 log h - 10 log f . (108) ﬁ% E

i

o

In Engllsh units (Flb in pounds; hin in inches) we get 51 ﬁ
]2 - n - " :

PWL{re 10" Yatts) = 20 log Fip + 10 log 0,4 - 10 log n + alb . :
(109) H g

when ;
£

8.y = 93 - 30 log hy, - 10 log f . (110) g

To speed up caleulation, we have plotted GN and le in Fig. 20.

In calculating & concrete example, one reads the respective
value for © from Filg. 18 and adds 10 log F + 10 log Opag — 10 log n
{(wlth F in the appropriate units), The radiation effleiency term
10 Jog %rad 1s zero above the coincidence frequencyb of the slab;
below the colncidence frequency it can be evaluated from Fig, 5.

H

T
fad
'

21 Newton = 0,225 lbf 5 lm = 40 in.

! bThe colnecidence frequency is given as a function of slab thick-
ness in Fig, &4,
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20 log Fip +1010g & rad =10 log 7+ 81

PWL (re 10" WATTS)={
‘ 20 log Fy +10 Jog @ rad - 10 log 7+ 8y - s0

70 Fip 5 FORCE IN POUNDS
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Ag = TOTAL ABSORPTION IN THE SOURCE ROOM IN FT2

pevy -1 0
u 10 | ] H | l I ]

3.5 63 125 250 500 1000 2000 4000 8000
!....l FREQUENCY (Hz)
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As an example, let us evaluate the sound power level of an
8-in.-thick dense conerete slab for a vibration point force of
10 1b at a frequency of 1000 Hz and n=0,01, From Fig. 18 we get
@lb=36. Since f>fc, 10 log Tpad =0, 20 log F =20 log 10 =20, and
10 log n=10 log 0.01 =~ 20,

Thus, the sound power radiated by an 8-in.-thick slab exclted
by a 10-1lb force at 1000 Hz 1s

PWL = 20 + 0 + 20 + 36 = 76 dB {re 1L0"'*yatts) .

B, Floating Slab System

Having calculated the response to point-force excltation of
a single slab, we are Ilnterested 1in knowlng how much can be galned
by adding a floating slab, It 1s reasonable to assume that the
point input impedance of the floating slab well above the basie
resonance frequency (given in Egq. 14} 1s not influenced consider-
ably by the soft vibration isolation mounts., Accordingly, the
power injected by the point force into the floatling slab 1s

LI FZY1 . (111)

This injected power 1s partly dissipated In the slab itselfl
through vlscous losses,? partly transmlitted through the lseclators
to the structural slab, and partly radlated as sound. A part of
the power transmitted through a mount into the structural slab
wlll re-enter the floating slab through the other mounts. The

%since the floating slab has no rigld connectlon to the rest of
the structure, its loss factor is always smaller than that of
the structural slab.
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5oL

i

power balance reads

My = Mo Ty F Ty paq — Tars (112)

e

where T, = power suppllied to the floating slab by the point

n

force
n power lost 1in the floating slab due to its internal
1

f? damplng
b T, * bower transmitted from the floating slab to the

51 structural slab through the isolators

— Tivag = acoustieal power radlated by the floating slab

ﬁ} Ty, = power transmitted from the structural slab back

into the floating slab,

Wlth the nomenclature introduced in See, IV, Egqs, 111 and 112

§.1

yleld

E] 2 2 Yy

E] FeY, = <v¥i> A [Kn (“)n'+pslmn1+p°°n°radl] + <v§> AY:'Klz(m)“' .
{113)

C] The power balance of the struetural slab is

D 1]'12 = TTn2+ T]'ra.d2 + '.'T2l (llu)

ey or,

Ld

2 1 2 Yl
<vi> AK,, (wln' = <vy> A[psamn2+p°cucrad2+ oy K1z(“)n'] R

(115)

which ylelds

[ N

1

=
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Ky, (w)n?
<V§> = <V§> Yl . (116)

B IE I®

Inserting this into Egq. 113, solving for <vf> and putting back o
<vi> into Eq. 116 gives

i

Ky, (u)n? i

A

<
(o

v

n
i

Y
i '
[psz"mz"'po“"uo'rad2 +Y_; Ky, (w)n ]

g
=g
ST

F2Y, ﬁ 5

o4

X A !
¥y ﬁi(

(Y—)[K,z (wint)? #l 1

2 i

Pa, MR8 Opag iy (W17 - 7 £y
P, WNatPyCo0nag, +(?:JK12(“)“' Eilé

(117)

Neglecting the radlation loss terms and multiplying by pocoﬂradzﬂ
gives the sound power radiated into the source room:

: . PoC0%aq, 1 5

m =F Y1 . (1'1 )

2a Ps,¥M2 L, s, ¥, n, Ps oM
—_— — 4+
ps2 I, n, Ky, (w)n’

The improvement in performance cover the single slab 1s the Eﬂ {
logarithmie ratlo of the acoustic power radiated in the source “
room by the single and composite slabs (as given 1in Egs. 103 and Eg f
11B, respectively). g
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I t = 10 Taa 10 1 Y. Pa, ¥, n,  Ps MM
mprovem = —_ = — —_— g — !
nprovemen log ﬂé 0 log T, 1 +ps Yz 7, K:;TEﬂTT

a 2

(119)

If both slabs are of the same material, Bg. 119 simplifies to

2 Pe WN
h h1 n, s I ) (120)

1 1
Improvem = — + — = —
provement 10 log [hz (l B, A, + RT:TIﬁh'

2

Comparing Eq. 120 with Eg. 77, we notlce that the lmprove-
ment to be exactly the same as ATL, 1f one neglects the contribu~
tion of the forced terms in Eq. 77. The practical example calcu~
lated in Sec., VIII showed that in fact these terms are negligible
compared with the resonant terms. Acdordingly, the improvement
for point-force excltatlon and ATL are practically ldentical.

Equation 120 again demonstrates the impertance of high loss
factor for the performance of a floating floor, It 1s recommended
that further research should be directed to find practical methods
for the construction of fleating slabs of high viscous losses. In
contrast to the sound isclatlon performance of the floating fleoor
system, the vibratlon isolatlon performance is not subject to
flanking, since the floating slab does not have rigid conrnection
to walls,
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XI. CONCLUSIONS AND RECOMMENDATIONS
*‘ - As a result of the study described in thls report, theopreti- Eﬁ :
B cal methods for the calculation of sound and vibration 1solation P
properties of single and floating floors have been developed. The Eﬁ §

most 1lmportant results are presented in graphlecal form, to give

the designer a gquick grasp of the somewhat complicated equations. Eq »
:?ff“"T;T“” The theoretical calculatiovns show bthal bhe stlffuess ol the %
. trapped air sets a lower limit for the basic resonance [lrequency Eﬂ i
: of the floating floor. The low resonance frequencies often claimed ' E

for very soft mounts, such as precompressed glass-fiber, usually
neglect the stiffness of the alr, Such a low resonance frequency
may be realizable Iin isolating individual items of small equip-
ment, but In fleated floor applications, where the air ls trapped
between the slabs, it 1s completely unrealistie,

X ewm

Our measurements ol the dynamle stiffness of varlous elastile

floor mounts, such as cork, neoprene and precompressed glass-fiber, 7

showed that the dynamlc stiffness of all measured mounts increases RJ i

wlth increasing statlc load. The dynamic stiffness was found to B

be independent cf frequency in the region from 20 Hz to 2 kHz, A %!;;
comparison of the statlc load-deflection curves? with the curves . f

of dynamically measured stiffness indicates that the tangent of 54 :

the static lead-deflectlon curves does not agree with the mea- E‘gf

| sured dynamie stiffness. The tangent of the statie load-deflection Ej f
i

curve for every type of mount indicates stiffness two to three
times smaller than the stiffness measured dynamically., Both the
static and the dynamic stiffness of the cork meunts show an anilso-
troplc behavior, The static load-deflection curve of the cork

%The static load-deflectlon curves were measured by the Korfund
Dynamlcs Corporation.
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samples would also indlcate a dynamic softening of the mount with
inereasing statie load — an indication disproved by the dynamic
measuremnents.

A sample calculation of the improvement in sound and vibra-
tlon isolation achleved by a resiliently supported floating slab
Indlcates that, abaove the basle resonance frequency of the system,
the improvement increases wlth increasing frequency at the rate
of 30 dB/decade, For a given [loating floor system, the improve-
ment in air-borne sound isolation i1s practically the same as the
improvement in vibratien isolation. The caleulations point out
the importance of a high loss factor for both the acoustical and
the vibrational performance of a floating floor system,

Caleculation of the flanking sound transmission between the
source and recelving rcom shows that the large potential improve-~
ment in transmlssion loss for air-borne sound, to be expected from
the addition of a floating floor, cannot be realized in practice
unless one alsc reduces the flanking transmission. On the other
hand, since a properly lnstalled floating slab had no rigid con-
nections to the walls of the source rocm, its vibration isolatlon
performance remalns practically unaffected by flanking through the
walls.

Flgure 21 illustrates the proper use of a floating floor 1in
a typical mechanlcal equipment room. The zlrspace between the
structural slab and floating slab 1s filled with low-density non-
load~bearing glass-~fiver, designed to reduce the dynamic stifrf-
ness of the trapped alr.? Machines with a disturbing frequency

%por isothermal processes y = 1.0, compared to l.4 for adiabatic
processes; thls result of adding the glass-fiber 1s an apparent
increase of about U40% in the volume of the airspace, even though
the glass~fiber ltself occuples some of the volume,
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(RPM/6Q) lower than twice the basle resonance frequency, f,, of
the fleating floor system (as given in Eq. 14) will require Inde-
pendent treatment, they should be bolted to a heavy concrete 1in-
ertia block resting on steel springs 1in serles wlth two layers of
ribbed neoprene, supported on a housekeeping pedestal. The house-
keeping pedestal should be somewhat higher than the level of the
floating slab, Machines with disturbing frequencies above 2f, can
either be rigidly mounted on the flcating floer as shown in Fig.
21, or may need addiltlonal vibration isolatlion, The cholce of

the mounting depends on the degree of vibration 1solation required.

The alr gap around the perimeter of the floatlng slab and
also around the housekeeping pedestal should be cleaned, filled
with low-denslty glass-fiber (0.5 1b per ft?), and caulked with a
non-hardéning caulking compound. This treatment is absolutely
esgentlal, to reduce flanking transmission of vibration from the
floating slab to the walls,

In order to protect the vibration mounts and the glass-[{lber
in the alrspace from water, the floating slab should have a rim
around the perimeter, as shown schematlcally in Flg. 21, If pos-
sible, no pipes or ducts should penetrate the floating floor.
When penetrations are unaveidable, carefully detail them to aveoid
short-circuiting the floating {lcor.

In order to realize the potential improvement 1in ailr-borne
sound isolation expected from the floating {loor, one must 1lnter-
rupt the flanking path through the mechanlcal equipment room walls.
This can be done elther (1) by setting the walls on a layer of
vibration isclating material, such as cork, neoprene, etc. (as
shown in Fig, 21), or (2) by erecting a second gypsum beard or
similar wall on the floating slab 1ltself, which would protect the
primary walls from incident sound. When a large improvement is
sought, the celling must also have similar protection.
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BBN has frequently used the second method in the deslgn of
music hulldings; but we have found thls methed t¢ be both expen-
sive and impractlcal for mechanical equlpment rooms, where the
walls are penetrated in many places by pipes and ducts. Because
of 1ts simplicity, the first method seems to be better sulted for
mechanical equipment room applications than Method 2. Unfortu-
nately, the scope of the present work dld not permit us to assess
the inarease in flanking transmission loss due tn the rerilient
supporting of the walls. Since the acoustical perfermance of a
floating floor depends entirely on how well one controls the
flanking, further study of the reduction of flanking transmission
by resiliently supported walls is strongly recommended. The
simplest approach would be experlimental evaluatioen.
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APPENDIX I: DESCRIPTION OF THE TESTED SAMPLES

A, Cork Mounts

The samples were cut from a large block made cof pure granules
of cork, compressed and baked under steam pressure at a steam
temperature of B00°F without the addition of any floreign binder.
The physical properties are controlled by granule size and density.

The denslity deslgnatlon and load bearing capacity range for
the different cork samples are:

DENSITY DESIGNATION LIGHT STANDARD HEAVY
Specific welght lb/ft? 6.7/7 15/16 18/20
Load capaelty  1b/ft? 500—1400 14004300 4300—-8000
Range psi 2.768-10 10--30 35-55

—— drruem—.

B. Neoprene Mount

The mounts are made of neoprene, specially compounded to meet
the requirements for elastomeric bridge bearlng pads and cured for
30 minutes at 300°F. They have the following performance speci-
fications;:
1. Original physical properties:

1.1 Hardness (Shore A) (ASTM D-676)} +.vvovirvvesrs. DOES

1,2 Tensile strength (min} {ASTM D-412) ......... 2500 psl

1.3 Eilongation at break ..iveeeiereenrroasresenss 350%

2. Accelerated tests to determine long-term aging

characteristices:
2.1 Oven aging — 70 hours at 212°F (ASTM D-573)
Hardness points change, maximum ... vve0000e. 0 to +15
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Tenslle strength, percent change, maximum .., #*15
I Elongation at break, percent change, maximum, =40

Ozone (1 PPM in air by volume ~ 20% strain —

100°F) (ASTM D~1143)

100 hOUDPS vt erierrisnsranarsnasasannsnsssnss NO cracks
2.3 Compression set (22 hours at 158°)

(ASTM D-395, method B)

§
N
o

R Percent maximum ...ievuieivnrerisrrsessaenenss 25

2.4 Low temperature stiffness (ASTM D-797)

At =40°9F Young modulus, maximum .....ve0000.. 10,000 psd
2.5 Tear test (ASTM D-624-DIE "C")

pound/lin in., minimum ,...cevvrirrusrasearenss 225

The pad 1s of the compound known as neoprene cast in mold un-
der pressure and heat. It 1s Iin accordance with the require-
ments of ASTHM method D-15, Part B,

o O o )

c. Precompressed Glass-Fiber Mount

The precompressed glass-flber pad, of 2 In. x 2 in. % 2 in.
dimensions, was supplied by the Korfund Dynamles Corperatlon and
1s believed to be equivalent to the "Q"-PAD of the Consolldated
Kinetles Corporation,

L
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APPENDIX II: CALCULATION OF THE FLANKING TRANSMISSION LOSS

The flanking sound transmission loss 1s defined as

T
[
TLf = 10 log F; . (II-1)
where T, 18 sound power incldent on the flanked wall from the
cocurce room, and L 1s the sound power radlalted into Lhe vecelving
room through the flanking wall.®

In a diffuse sound fleld the sound power incident on a wall
of surface area A 1s given by:

<pf> _
Tl'u = W—D—c—o— A . (II"'E)
The normal sound transmission loss of the flanking wall is

glven by

<p?>
Toge; * .
TLyg = 10 log s {II-3)

2
<vl>pocoA Opad

NG

where <p§> 1s the space-average mean square pressure ln the recelv-~
ing room, <v§> ls the space-average mean square veloclty of the
flanking wall in the source room, Sradyg 18 the radiation effi-
clency of the flanking wall, and A is the wall surface area,

%In this derivation we assume that the flanking partition Is a
single wall.
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Solving Eq. II-3 for <vi> gives

2 it (II-4)
CYyr> = N -
1 TLyg
10 2
10 M(puco) UP&dNG
The velocity transmission factor, y, is defined as
<y?>
y = 10 log (II-5)
<v:>

where <v:> is the space-average mean square veloelty of the lank-
ing wall in the receiving rocm.

Solving Eq. II-5 for <vi> gives

A

vis ‘
<viy = 5 (11-6)
T

10

The power transmlitted through the flanking walls 1s

= <v§>pococ ANG s (II-7)

m
£ radyq Nogg

where ANGRR ls the total surface of flanking walls in the receivy-

ing room.

Using Eqs. II-l4 and II-6, we get

2 A
T, = <p1> NGRH . (II-8)
f %p,2, TLyqg y
10 10 1010
91
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Comblning Eqs. II-8, ITI-2, and II-l ylelds

<pf>
Ty Tp ey fo
‘I‘Lf = 10 log F; = 10 log " X R

or,
TLf = ’I'LNG + v + 10 log W
NGRR

where AKD is the surface area of the flanked wall.
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(II-9)

{(II-10)
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