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Lightweight double leaf partitions are widely used and with proper design give good sound
isolation. However, when these walls are used as party walls between dwellings, then precautions
are necessary to prevent the transmission of fire and smoke. This is usually carried out by placing
a firestop in the cavity. This firestop introduces flanking transmission paths reducing the airborne
transmission loss of the wall. A simple model is developed which can predict vibration transmission
across this type of structural connection. The structural vibration transmission loss can then be used
with a more general statistical energy analysis model to give the sound transmission through the
entire system. Predicted airborne transmission loss results for a variety of different materials are
compared with measured results and good agreement is obtained. © 1997 Acoustical Society of

America. [S0001-4966(97)01002-3]
PACS numbers: 43.55.Ti, 43.55.Rg, 43.55.Vj [JDQ]

INTRODUCTION

Double walls are widely used both as internal partitions
and as high performance walls separating two different
dwellings. They normally consist of a frame of wood or pro-
filed metal channel covered with one or more layers of gyp-
sum board. If the wall is to have good sound-isolating prop-
erties, then there will usually be sound absorbing material in
the cavity which will increase the airborne transmission loss.
Sound insulation will be further improved if two separate
frames are used to support the gypsum board so that there is
no physical connection between the two leaves of the wall. Tt
is these high performance walls that are considered in this
paper. _

When properly designed these partitions woik well and
give good sound isolation. However, in walls that separate
dwellings, fire and smoke must also be considered as the
cavity can allow the spread of fire throughout the dwelling,
To prevent this, a physical barrier called a firestop is usually
placed in the cavity as shown in Fig. 1. Typical materials
used are plywood, gypsum board, or steel.’ When the
firestop is at floor level {as shown in Fig. 1) the simplest
method of construction is to make the plywood floor deck
continuous under the wall. When the firestop is a vertical
edge (in which case Fig. 1 is a plan rather than a section and
the floor is another wall), then the gypsum board that covers
the flanking wal} can be continuous across the cavity of the
separating wall.

Measurements made in real buildings show that the air-
borne transmission [oss of a wall when a firestop has been
fitzed is less than when there is no firestop. This is confirmed
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by laboratory measurements made on standard forms of
construction.

In this paper a model is developed which enables the
vibration transmission across a continuous firestop to be pre-
dicted. The predicted structural transmission loss results
from this model are then used within a more general statis-
tical energy analysis framework. This enables noise trans-
mission between the two rooms through the partition system
and also across the firestop to be determined.

A comparison. of measured results with these calcula-
tions shows good agreement. It is shown that there are con-
siderable differences in sound transmission depending on
which firestop materials are used and that this difference can
be predicted. The medel enables appropriate firestop materi-
als to be selected.

I. THEORY OF STRUCTURE-BORNE TRANSMISSION

The actual construction of the joint between the two
leaves of the wall and the two parts of the floor at the firestop
is complex and some simplifications are necessary if useable
models are to be developed. A fioor will usually consist of
wood joists with a floor covering (typically a plywood deck)
and a gypsum board ceiling. Each leaf of the wall will gen-
erally have a metal or wooden frame with gypsum board
covering. For simplicity, the effects of the joists in the floor
and the frame in the walls have not been considered, Their
omission greatly simplifies the calculation but can lead to
SOME ErTors.

In the test structure the frame reduced vibration propa-
gation across both the gypsum board wall and the plywood
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2 layers of 13 mm gypsam board
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FIG. 1. Section through a double wall resting on a wood fieor with a firestop
to prevent the passage of fire and smoke.

floor. If a panel is excited by airborne sound then the vibra-
tion energy will be uniformly distributed across the panel
and there will be no net power flow between different sec-
tions so that the effect of the frame wiil be negligible. How-
ever, in flanking paths the excitation of the receiving room
wall and floor is along an edge. In this case the effect of the
frame and the joists will be more important. In the test con-
structions the joists were parallel to the test joint and so
affected the propagation of energy away from the joint. In
the walls (both the common wall and the flanking wall} the
frame members were vertical. If the firestop element is at
floor level then the wall frame will have a smaill effect on the
distribution of energy across the panel. If the firestop is a
vertical edge then the effect will be larger.

Another approximation that simplifies the calculations is
to ignore in-plane vibration. Where a floor and a wall meet at
a right angle it is reasonable, as a first approximation, to
assume that each will prevent lateral motion of the other.
Thus, the floor will prevent in-plane motion of the wall that
is at right angles to it and vice versa. The wall and floor are
still free to rotate but there is no lateral motion of the actual
joint. This assumption prevents the generation of in-plane
displacements and power is then transmitted by moments
only. With these assumptions the structural transmission at
the joint can be determined.

The parameter used to describe transmission is the trans-
mission coefficient, 7, defined as the ratio of the power trans-
initted across a joint to the power incident on it. This is then
related to the structural transmission loss, H = 10 log(1/7).

The method commonly used to determine the structural
transmission loss at the joints between plates is to examine
the behavior of semi-infinite plates connected at a joint.3 In
this case there are four plates (two walls and two floors). It is
assumed that there is a bending wave incident on the joint
and that the objective of the analysis is to calculate the am-
plitude of the waves leaving the joint and hence the struc-
tural transmission loss. This is a standard procedure for cal-
culating structural transmission loss.™*

The general coordinate system used for the calculations
is shown in Fig. 2. On each plate there will be a traveling
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FIG. 2. Coordinate system used to cafculate the structural transmission loss.

bending wave with amplitude T and a near-field bending
wave with amplitude T, . In addition on plate 1 there is as-
sumed to be a wave incident on the joint with unit amplitude.
The displacement on plates 14 (&, to &) can then be given
as

é‘:}:(emh’cl cos 6]x+ Tle""' cos le_l_ Tnlekﬂ:x)

xeﬂikl sin Hlyei.:uf’ (1)
523 (T28~:’k2 cos B3z Tnze—-k,,zz)e-ikz sin ﬂzyeimt! (2)
§3 = (T3€ —iky cos iz Tnjemkﬁgz)e ~iky sin Bayefcat, (3)
54:(7}&7&&4 oS B4 1 TMé'Mk““x)e_Ek"’ sin 64yeiwf’ (4)

where & is the wave number.

Since power Is transmitted only by moments in this
model the orientation of the plates can be changed without
affecting the structura] transmission ioss, Thus, the number-
ing can be changed so that plate 1 is the wall and plate 2 is
the floor. The only necessary assurnption is that plates 1 and
2 are on one side of the firestop and that 3 and 4 are on the
other.

If the sound field on plate 1 is diffuse then all angles of
incidence are possibie. For a given angle of incidence #,
{measured from the normal) on plate | the angle of transmis-
sion of the other waves can be found from the relationship

ki sin @)=k, sin 6,=k; sin f3=k, sin 8. (3)

k, is the near-field wave number in the x or z direction and
can be found for any plate from®

Fpi= K2+ K7 sin? 6, (6)

The requirement that the displacement of all the plates
be zero at the boundary {where x and z =) gives, from Egs.
(D-4),

1+T}+Tﬂl="T2+Tnz=T3+Tn32T4+Tn4:O, (7)
so that the amplitude of the near-field waves can be given in
terms of the traveling wave amplitude for each plate.

At the boundary it is assumed that the plates on the left
of the joint and those on the right are rigidly bonded together

so that the angle between them is preserved. This leads to
two equations linking the slope, ¢, on plates 1 and 2 and the
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slopes on plates 3 and 4, Equating the slopes on plates 1 and
2 gives ¢ =¢,. Expressing the slope as the derivative of the
displacement® gives

hok ®

Evaluating this at the origin where x, and z=0 gives
T\—k,+iky cos 6]+ To[ —k,s+iks cos 6]

=k, tik, cos 6;. 9)
Similarly, equating the slopes of plates 3 and 4, so that
B3 =4, gives

a3  dé,
o e (10)
which can be given as

Ts[k,3—iks cos O3]+ Tyl —k, .+ ik, cos 8,]=0. (11)

Two other equations can be written relating the mo-
ments., Summing the moments about each side in turn and
using the coordinate system shown in Fig. 2 gives

and
M+ My—M =0, (13)

where M, is the moment acting on the firestop from plate
and M ; is the moment acting on the plates due to the firestop.
The moment (per unit width) acting on the boundary due

© to wave motion on a plate can be given by’

M= 352§+ 525
= a2 T ) (14)

so that, by substituting the displacement into Eq. (14) and
evaluating at x, y and z=0, the moment due to each plate
can be found. For moments on plates 2 and 3 the x depen-
dence in Eq. (14) is changed to z. Here, B is the material
stiffness per unit width and is given in terms of Young’s
modulus E, the thickness %, and Poisson’s ratio u, as

Eh?

B= (15)

- The moment {per unit width) acting on the plates due to
the firestop can be wiitten in terms of the change in slope
across its width (¢, — ¢,) and the stiffness {per unit width) of
the firestop component. This depends on both the stiffness of
the firestop material B and the cavity depth d to give

B
M=~ (¢~ ). (16)

where d, the width of the firestop, is taken as the separation
between the sole plates of the wall (25 mm for the test struc-
ture). At normal incidence the bending stiffness of the fir-
estop can be found from Eq. (15). At other angles of inci-
dence there also will be bending along the y axis which will
increase the overall stiffness. Accounting for this more cor-
rectly would increase the overall complexity of the model
and is not justified, given the other approximations and as-
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sumptions that have been made. Therefore in all calculations

the simple approximation of Eq. (15) has been used.
Inserting Eqgs. (14) and (16) into Eqgs. (12) and (13), and

substituting for the displacement, gives the two moment

equations as
T\[2B k3 Bk, /d—iB sk, cos 6, /d]+T,{ — 2B k3]
+ Ty Byknqd—iBgis cos 0,0d]
=— 2Bk}~ Bk, Id—iBsk, cos 6,/d (17)
and
Ty[ Bk, /d=iB gk, cos 6;/d]+T5[2B3k3]
+ To[2Boki+ Bik,q/d—iBsks cos 6,/d]
=—Bk, ld—iBk; cos 8 /d. (18)

The four equations, (9), (11), {17), and (18), can be
solved numerically to give the amplitude of the waves leav-
ing the joint from which the structural transmission coeffi-
cient 7 can be found using

Psak) cos 32|T2|2

T2 )= (19)

Psiky cos 6

where p, is the surface density.
The angular averaged transmission coefficient can then

be found from?®
i
'rm,=f 7{B)cos 6 d8. (20)
0

As the four plates that make up the joint are often very
stmilar a useful approximation is to assume that all the plates
are made from the same materials and have the same thick-
ness. In this case, the normal incidence solution for the struc-
tural transmission loss can be given as

16B%k%d? . 16Bkd N
Z
B} B

H13=H14= 10 log g1. (21)

This can be used to give an estimate of the structural trans-
mission loss and can be used to quickly rank different mate-
rials.

The relation between the parameter Bkd/B; and the
structural transmission loss can be seen-in Fig. 3 for the case
where all four plates are assumed to have the same material
properties. The results show both the random incidence so-
lution and the normal incidence approximation. It can be
seen that the normal incidence approximation is about 2 dB
less than the random incidence solution. At low frequencies
or for stiff firestops (the left of Fig. 3} the structural trans-
mission Joss tends to a constant value. The limits are 9 dB
for the normal incidence solution and 10.8 dB for the random
incidence solution and are the same as the result for a rigid
cross joint. As the frequency increases or the stiffness gets
less so the structural transmission loss increases.

The solution given above is for four plates connected at
a joint. In some cases there may be additional plates if
example the walls under the floor were included. For cach
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FIG. 3. Structural transmission loss between plates 1 and 3 {or 4) at 2 jeint
where all the plates are made from the same material and have the same
thickness. , random incidence; ----, normal incidence.

additional plate there is one additional equation relating the
slope of the new plate to an existing plate and ene additional
term in one of the moment eguations.

Il. TEST FACILITY

In order to test the theory given in the previous section
measurements were carried out in the flanking laboratory of
the National Research Council of Canada.? The test facility
consists of four rooms (twe up and two down) with volumes
from 35 to 50 m>. The test joint shown in Fig. 1 formed the
only link between two pairs of otherwise separate rooms.
The walls were made from wood frames covered with two
layers of gypsum hoard and the floors were constructed from
38- X235-mm joists with 16-mm plywood on the top and 2
layers of 13-mm gypsum board on the ceiling attached using
resilient furring strips. The separating wall (13.5 m? had
independent frames with two layers of plasterboard on each
side and the cavity between the two leaves was filled with
sound absorbing material,

Sound transmission was measured between the upper
pairs of rooms and the firestop was either at floor level or at
a wall edge. When the firestop was at floor level the joint is
like that shown in Fig. 1, except that there are rooms under-
neath. Due to the method of construction it was not appro-
priate to include the walls below the floor in the analysis, as
there was no significant physical connection between the
floor assembly and the lower party wall.

Sound transmission between the test rooms was pre-
dicted using a statistical energy analysis model. Statistical
energy analysts modeling is described in more detail by
Craik* and details of the model used are given in Ref. 5.

The firestops used were all 25 mm wide and were
0.38-mm steel, 16-mm plywood or 26-mm gypsum board
{made from 2 sheets of 13-mm gypsum board).

. RESULTS

All of the tests carried out were of airborne sound trans-
mission between two rooms separated by a test wall, as

967  J. Acoust, Soc. Am., Vol 101, No. 2, February 1997

I-il’l!llLliLL}!|ll!l.'
63 125 230 500 1000 2000 4000

Frequency Hz

FIG. 4. Reverberation time measured in the cavity of the double wall and
flocr, —-CJ—-, measured in the wall, ——-O-—, measured in the floor
, estimated curve 3/yf; ..........., measured in an isolated cavity.

shown in Fig. 1 but with additional rooms underneath. A
noise source was placed in room 1 and a standard sound
transmission test® was carried out to give the airborne trans-
mission loss of the wall.

The first tests were carried out when there was no fir-
estop connecting the two leaves of the separating wall so that
direct transmission through the wall together with any minor
flanking paths through the rest of the laboratory could be
determined.

As the dominant transmission path is the direct path
through the wall, the absorption in the cavity is important,
Transmission through the double wall can be considered as

transmission into the cavity followed by transmission out of . . . ...

the cavity. The sound-pressure level in the cavity is inversely
proportional to the cavity damping so that the overall air-
borne transmission loss is inversely proportional to the rever-
beration time of the cavity.

The reverberation time, T, that was measured in the wall
cavity and in one of the floor cavities can be seen in Fig. 4.
The reverberation time was much less than would be ex-
pected for a normal room and was very difficult to measure.
A standard decay rate method was used with a small loud-
speaker placed in the cavity, There was considerable inter-
ference in the cavity decay curve from energy returning from
the rooms and the rest of the structure making the decay
curves difficult to interpret. It was assumed that the high
readings of around 0.5 s were due to the reverberation time
of the rooms and that the true reverberation time was the
lowest of the measured readings. A best fitting estimate of
T=3/f was therefore used as this passed through the lowest
readings. Subsequent measurements were made on an iso-
lated test structure that reproduced the conditions in the cav-
ity without interference from any surrounding structure. The
results for the isolated cavity (also shown in Fig. 4) confirm
that the estimate is a good one.

Using these data and a standard SEA model, sound
transmission through the basic partition was predicted. This
is shown together with the measured airborne transmission
loss in Fig. 5. It can be seen that there is good agreement
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FIG. 5. Airborne transmission loss of a double wall with no firestop. A
simplified SEA model is shown in the insert. , predicted; ———-,
measurad.

between the measured and predicted data, although the pre-
dicted dip at around 3 kHz associated with the critical fre-
quency is not at the correct frequency. The SEA model used
included all of the surrounding structure (using 20 sub-
systems) and is therefore more complex than the 5 subsystem
model shown in the insert. However, the 5 subsystem model
describes the direct paths through the partition and is suffi-
clent for most purposes. In the SEA model the arrows from
the room to the cavity represent the nonresonant (mass-law)
transmission path and will dominate transmission at frequen-
cies below the critical frequency.

Using the 5 subsystem model the airborne transmission
loss due to the direct path can be given as*

R=R,+R,+10log 7+ 144, (22)

fT.
where X is the overall airborne transmission loss, R ; is the
airborne transmission loss of the individual leaves of the wall
and can be approximated to the mass-law equation’ below
the critical frequency, and T, is the reverberation time of the
cavity. This equation assumes that the cavity is sufficiently
narrow that it behaves as a two dimensional space. f is the
band center frequency (usually 1 octaves).

When the firestop is introduced then sound is transmit-
ted by additionai paths which decrease the overall airborme
transmission loss. The model is then much more compiex
and there is no singie simple algebraic expression for the
sound reduction index equivalent to Eq. (22). Either a full
SEA model has to be set up or eise a path by path analysis
carried out.* The results of such calculations can be seen in
Fig. 6, which shows the measured results for no firestop
(shown in Fig. 5) together with the measured and predicted
results for sitnations where there is a steel firestop and a
plywood firestop at floor level.

At low freguencies sound is mainly transmitied via the
direct paths so that the additional flanking paths through the
firestop make little difference. At higher frequencies the re-
sults show clearly the effect of the additional flanking paths.
The steel firestop provides very weak coupling and gives
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FIG. 6. Airborne transmission loss for a wall with a steel and a plywood
firestop at floor level, w-{J~~, measured with a steel firestop; e
predicted with a steel firestop; ——C—~, measured with a plywood firestop;
——-O——, predicted with a plywood firestop; .o , measured with no
firestop.

results that are more or less the same as the results for no
firestop. The results for the plywood firestop show a signifi-
cant decrease in airbome transmission loss at the higher fre-
quencies. This resuit shows that the best method of reducing
flanking is to use a flexible firestop such as a thin steel plate,

An analysis of the different transmission paths associ-
ated with transmission between the two rooms when there is
a plywood firestop can be seen in Fig. 7. The figure shows
the predicted airborne transmission loss when there is no
firestop together with the four main paths associated with the
firestop. The least important is the path from source room to
the wall in the source room across the firestop to the wall in
the receiving room followed by radiation into the receiving
room. The most important of the flanking paths is from the
source room, into the floor of the source room, across the
joint into the floor of the receiving room, followed by radia-
tion into the receiving room. The other two flanking paths

8O-

Airborne transmission loss dB

Y A I N YT AU SN S T S NN ST SN UV M [N T

53 125 250 500 1000 2000 4000
Frequency Hz.

FIG. 7. Transmission paths associated with the plywood firestop. ="
sum of all paths; ~—O——, wall-wall path; ~-O--, wali-floor pal
~~0——, floor~wall path; A~ -, floor-floor path; ..........., predicii: with
no firestop.
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FIG. 8. Airborne transmission loss for transmission between the two rooms
when a floating floor is placed over the fipor to reduce excitation of and
radiation from the floor. ............ , measured with no firestop; ~—O——, mea-
sured with a plywood firestop and a floating ficor; ——A~~, measured with
a plywood firestop; , predicted.

from the source room wall to the receiving room floor and
from the source room floor to the receiving room wall are
approximately equal and lie midway between the other two
flanking curves. As was shown in the measured data in Fig.
6, the transmission at low frequencies is dominated by the
direct path through the wall. In this figure the prediction for
the wall with no firestop is shown for comparison. At the
higher frequencies, above about 123 Hz, the dominant path is
the flanking path involving transmission from one floor to
the other and shows clearly the effect of this path on trans-
mission between the two rooms.

Given that the dominant flanking path involves the floor
in each room then one method of improving the overall
transmission loss between the two rooms would be to place a
floating floor on top of the structural floor to reduce excita-
tion of the floor and radiation from it. The results for such a
floor can be seen in Fig. 8. This shows the measured and
predicted results for the case where there is a floating floor
on the receiving side only. For simplicity it was assumed that
the floating floor only eliminated coupling between the fioor
and the room (effectively eliminating two of the four main
flanking paths). The predicted results are lower than the mea-
sured results but both show a significant increase in the air-
borne transmission loss compared to that for a plywood fir-
estop.

Figure 9 shows results for flanking along the external
wall where the firestop was two sheets of gypsum board
carried through from the wall of one room to the wall of the
other. Again the results are shown for a system with and
without & firestop. In this case the firestop has little effect
except at the higher frequencies.
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FIG. 9. Airborne transmission loss of the double wall when there is a gyp-
sum board firestop providing flanking along the external wall. —~—~, mea-
sured; , predicted; ............, easured with no firestop.

IV. CONCLUSIONS

Despite the simplicity of the model used for the calcu-
lation of structural transmission loss, -it gives reasonable
agreement hetween the measured and predicted resuits. The
theory predicts the correct trends and therefore allows a com-
parison of the effect of different firestop materials. The ply-
wood firestop is the simplest method of forming a firestop at
floor level and leads to significant flanking paths for doubie
partition constructions. In the test construction these could be
reduced by placing a floating fleor on top of the structural
ficor. Alternatively a thin steel sheet can be used as a firestop
to minimise fanking transmission.

An estimate of the structural transmission loss can be
found from Eq. (21) which can be used to rank different test
materials.
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