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ABSTRACT

Low frequency noise transmission between dwellings is an increasing problem due to home
entertainment systems with enhanced bass responses. The problem is exacerbated since there
are not presently available methods of measurement, rating and prediction appropriate for low
frequency sound in rooms.

A review of the classical theory of sound insulation and room acoustics has shown that both
theories are not applicable. In fact, the sound insulation of party walls at low frequencies is
strongly dependent on the modal characteristics of the sound fields of the two separated rooms,
and of the party wall. Therefore methods originally developed for measurement conditions
where the sound field was considered diffuse, may not be appropriate for room configurations
with volumes smaller than 50m3 and for frequencies where sound wavelengths are large.

An alternative approach is proposed using a Finite Element Method (FEM) to study the sound
transmission between rooms. Its reliability depends on the definition of the model, which
requires validating measurement. FEM therefore does not replace field or laboratory
measurements, but provides complementary parametric surveys not easily obtainable by
measurements.

The method involves modelling the acoustic field of the two rooms as an Acoustic Finite
Element model and the displacement field of the party wall as a Structural Finite Element
model. The number of elements for each model was selected by comparing the numerical
eigenfrequencies with theoretical values within an acceptable processing time and error. The
simulation of a single room and of two coupled rooms, defined by linking the acoustic model
with the structural model, were validated by comparing the predicted frequency response with
measured response of a 1:4 scale model.

The effect of three types of party wall edge condition on sound insulation was investigated:
simply supported, clamped, and a combination of clamped and simply supported. It is shown
that the frequency trends still can be explained in terms of the classical mechanisms. A thin
masonry wall is likely to be mass controlled above S0Hz. A thick wall is stiffness controlled,
below 100Hz. A clamped thin wall provides a lower sound insulation than a simply supported,
whereas a clamped masonry wall provides greater sound level difference at low frequencies
than a simply supported.

The sound insulation of masonry walls are shown to be strongly dependent on the acoustical
modal characteristics of the connected rooms and of the structural modal characteristics of the
party wall. The sound pressure level difference displays a sequence of alternating maxima and
minima about a trend, dictated by the properties of the party wall. The sound insulation is lower
in equal room than in unequal rooms, whatever the edge conditions and smaller wall areas
provide higher sound insulation than large areas.

A correction factor is proposed as a function of room configuration and wall area and edge
conditions. Attempts to quantify the factor were made using statistical and deterministic
analyse, but further work is required.
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1 INTRODUCTION

The last 50 years have shown a developing understanding of the sound transmission
phenomena in dwellings [Kihlman (1991)]. This has been accompanied by an increasing
requirement for high sound insulation for party walls and floors. More recently, the
rapid development in mechanical and electrical domestic appliances has resulted in
increasing numbers of domestic noise-related complaints [Brooks (1989), Murray
(1995), Grimwood (1997)], which is also due to an increase in noise environmental
awareness. Many of the complaints are due to the low frequencies originating, for
example, from hi-fis, televisions and home-cinemas. Their frequencies often are below
100Hz [Brooks (1989), Mathys (1993), Leventhall (1995), Grimwood (1995 & 97)].
They are well above background noise and are not well controlled by the separating
walls and floors between dwellings. Moreover, such noise, including infra-sound, can
affect the health of the occupant [Berglung et al (1996), Mirowska (1997)]. Good sound

insulation at low frequencies, therefore, is an important requirement in dwellings.

Laboratory measurements of sound insulation at low frequencies produce a poor
repeatability [Farina (1997)]. Repeatability is qualitatively, the closeness of agreement
between successive results obtained with the same test procedure on the same test
specimen under the same conditions (same operator, apparatus, laboratory and short
intervals of time between tests) [ISO 140 part 2 (1993)]. Measurements of sound
insulation at low frequencies are also known to produce a poor reproducibility [Roland
(1995), Goydke (1998)]. Reproducibility is qualitatively, the closeness of agreement
between individual results obtained with the same method on identical test specimens
but under different conditions (different operators, different apparatus, different
laboratories and different times) [ISO 140 part 2 (1993)]. Recent investigations have
shown that repeatability and reproducibility in laboratories can be improved by placing
special absorption panels [Fuchs et al (1998)] at positions which correspond to acoustic

modes [Pedersen (1997), Fuchs et al (1998)].

In the field, the room volumes in dwellings are smaller than those in laboratories; the
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measurements at low frequencies also have poor repeatability and poor reproducibility.

The problem, stated in Chapters 2 and 3, is that the classical theory of sound fields and
sound insulation and the measurement -procedures and corrections which result from
them, are not relevant to low frequencies. The theory does not apply when the sound
wavelength is large compared with room and wall dimensions, and must be replaced
with a modal characterisation of the sound field and of the wall vibration. A room mode
or a structural mode is defined as an acoustic or a structural wave which travels along a

path and comes back at its starting point.

Present methods of measurements of sound insulation are described in Chapter 4. It is
confirmed that the methods of measurement and rating of walls and floors are tenuous

below 100Hz.

Measurements of the vibrational field on typical brick walls, presented in Chapter 2,
show that the wall edge conditions have a strong effect on the modal behaviour and
therefore on the sound insulation at low frequencies. The need to include the edge
conditions in the study is highlighted.

The core of this thesis is an investigation of the sound transmission between dwellings
in the frequency range 25 - 200Hz. Since no accurate method is available for low
frequency measurement, various methods of predicting the sound fields and the wall

vibrations are described in Chapter 5 to find the best method.

A Finite Element Method (FEM) is proposed. The theories of the acoustic finite element
and of the structural finite element methods are described in Chapters 6 and 8. Its
implementation is described in Chapter 6, in particular, the number of elements required

to model the rooms and party wall, accurately.

To use FEM for subsequent studies, the choice of the mesh models is validated in
Chapter 7. The frequency response is measured in a 1:4 scale enclosure and then

compared with the prediction obtained by the Acoustic Finite Element model.

The Acoustic Finite Element model then is extended to describe two rooms, separated
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by a party wall, as described in Chapter 8. A Structural — Acoustic Finite Element model
is created and is validated by comparing the predicted and measured sound pressure
level differences. FEM is shown to be an appropriate method for predicting sound

transmission at low frequencies between rooms of volumes less than or equal to 50m’.
A parametric survey is conducted of the effects of edge conditions and room
configuration on the sound level difference in Chapter 9. The effects of edge conditions

and room configuration are studied.

In Chapter 10, an attempt is made to find a form of correction factor to field level

difference from the deterministic and statistical survey.

Concluding statements and suggested topics for further work are given in Chapter 11.
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2 SOUND INSULATION OF PARTY WALLS AT LOW

FREQUENCIES

2.1 INTRODUCTION

In Chapter 1, it has been highlighted that airborne sound insulation is difficult to
measure at low frequencies. In this chapter, it is shown that classical theories of sound
fields in enclosures and the transmission of sound through panels are not applicable
because the modal behaviour of the sound fields and of the panel are not described. This
will be demonstrated by first describing sound insulation of an infinite wall using
classical theory. Then, sound insulation of a finite wall is described for both diffuse and
non diffuse sound fields. The modal behaviour of the party wall and of the sound field
will be observed to control the sound transmission. Measurements of the structural
modes of two brick walls are described and the effects of edge conditions are observed

to control the eigenfrequencies, and hence the bending wave modal distribution.

2.2 SOUND TRANSMISSION OF AN INFINITE WALL

2.2.1 Transmission Loss

In classical theory, the wall is assumed thin, isotropic, flat and infinite in extent
[London(1949), Sewell (1970), Beranek (1992), Bies et al (1996)]. An incident sound
wave strikes the surface of the wall at an angle 0. Part of the sound energy is reflected,
part of it is absorbed and part of it is transmitted. The determination of the energy
transmitted through the wall is defined by the transmission coefficient , given [Beranek

(1992)], as;

Wtrans(&,a))
1(0,60)=W—— (2-1)
inc(&,a))
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where 1 (0,0) is the transmission coefficient of the party wall at incident angles 6 and

angular frequency ®, Wiy o) is the sound power incident on the source side and

Wirans(e,0) 1S the sound power transmitted to the receiver side.

The transmission can be expressed in terms of the transmission loss (T.L.) in dB, also

known as the sound reduction index (R), given by;

T.L.=10 log((e;w)) (2.2)
T b

2.2.2 Classical theory of sound insulation

The sound insulation is often described by the approximate equation [Crocker et al

(1982)];

D? ~Kw)*
T.L=10log| ! +(2“’2p s ~Kio) 2.3)
4pgch /cos’ 6

where D7 =D +2p,c,/cosf, D is the damping coefficient per unit area, K is the
stiffness coefficient per unit area, p; is the mass per unit area, p, is the air density,
cyis sound velocity in air. Equation 2.3, however, does not include the effects of the

higher order panel resonances and wave coincidence, which have been observed

experimentally.

The transmission loss against frequency, presented in Figure 2.1, is deduced partly from

theoretical and experimental considerations. Five regions are distinguished:

1.  Bending stiffness control

The wall acts as a spring, the stiffness of which controls the sound transmission, to

give;
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TL.=10log| — 2 2.4)
4pycy /cos” 8

The sound transmission loss decreases with frequency increase, at -6dB/octave,
until the first panel resonance is excited [Bies et al (1996)]. Transmission loss is

dependent on the incident angle and the medium fluid.

2.  Wall resonance
The wall resonates at frequencies where the mass and the stiffness controlled

mechanisms cancel. This phenomenon is described in detail in section 2.4.2.

3. Mass control

The sound transmission is controlled by the mass of the wall, according to;

2
TL.=10 log[ (o, ) ] 2.5)

4ptca /cos’ 6
where the terms are as in Equation 2.3. The wall in this region behaves as a limp
wall. K and D are negligible. The transmission loss also depends on the angle of

incidence, 0.

For normal incidence, when 6 = 0,

T.L.o =20 log( Ps® J (2.6)
2pgCo

Also, if the wave strikes the wall at grazing incidence (8 =90%), the sound is
assumed to transmit through the wall without attenuation. If the superficial mass,
m, is doubled or if the frequency is doubled, the sound insulation increases by
6dB. This is known as the mass law, and a thick single wall therefore has a greater

sound transmission loss than a thin wall.
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If all incident angles are included to give a random incidence value, the Equation

2.5 is rewritten as follows;

T.L.gagon = T-L. -10 log (0.23T.L.,) .7)

If angles from the normal to 78° are included (T.L., >15dB), the Equation 2.7
becomes [Beranek (1992)];

TL.7. =TL,-5 (2.8)
Diffuse

where T.L.pi. 1S known as the field incidence mass law

Coincidence region

The coincidence region starts from the critical frequency, f,, when the bending

wave speed (see Section 2.4.1) equals the sound speed.

When the wall is excited by an incident acoustic wave, A, at an angle 0, a trace

wave of wavelength A, is generated, where
Ar=A;/sin® 2.9

When the trace wavelength matches free bending wavelength, 2A,, wave
coincidence occurs and A, =A;/ sin 6. Critical coincidence takes place at grazing

incidence (i.e. 6 =0). Subsequent wave coincidences occur at non-grazing angles,

up to the damping control region.

Damping control
The sound transmission is controlled by the damping of the wall, which is mainly

due to the transfer of energy through the junctions to other parts of the buildings
[Craik (1981)]. Transmission loss is given by;

T.L.=T.L., +10log(ff, -1)+10logn -2 (2.10)
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where 1 is the loss factor of the party wall. In this region, the transmission loss
increases at 9dB per octave till the mass law performance is recovered at

6dB/octave.

2.3 SOUND TRANSMISSION OF A FINITE WALL

2.3.1 Sound insulation in a diffuse field

An isotropic wall of dimensions greater than the incident sound wavelength is
considered. Bending wave resonances are allowed at specific frequencies, dictated by
the wall dimensions. However, the predicted transmission loss for infinite walls often
applies to finite walls. The sound pressure level on the source side, L,, forces the panel
to vibrate, which then radiates to the receiving side creating a sound pressure level, L,.
The transmission loss is then obtained from the two sound pressure levels, the surface of

the party wall, S, and the absorption in the receiving room, A, giving;

TL.=L,-L,+10 ]og(%) (2.11)

Such relationships are however only applicable for frequencies well above the first
bending-wave resonance of the panel where the wavelength is small compared with the
party wall dimensions [Bhattacharya (1971)]. The edge conditions are assumed not to be
influential, whereas the real edge conditions of the party wall are found to have a strong
influence on the coincidence region [Kihlman (1970), Kihlman (1972), Bies et al
(1996)]. The coincidence region tends also to be not observable when the thickness of
the party wall is large such as for masonry walls [Bergasolli (1970)]. The damping
region is strongly influenced by edge damping and internal damping. Despite those
highlighted problems, Equation 2.11 is the accepted theoretical basis for standard

measurements.
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2.3.2 Sound insulation when wavelength is equal to panel dimensions

The same thin, flat, isotropic wall is considered. The sound wavelength, now, is equal or

greater than the panel dimensions. Two types of sound pressure fields are considered:

1) The sound field consists of a large number of excited room modes in the
measurement band (often one-1/3 octave). An example of this is the sound fields
in large rooms at low frequencies

2)  The sound field consists of a small number of excited room modes. An example of

this is the sound fields in small rooms.

In the first case, the sound transmission loss deviates from the mass law, whatever the
panel dimensions [London (1949), Sewell (1970), Nilsson (1972), Mulholland (1973),
Novikov (1998), Gargliadini (1990-91)]. The panel radiates like a piston [Heckl (1981)].
Nilsson [1972] defined a new relationship which takes into account the non-statistical
behaviour of the sound field and the modal behaviour of the panel, including edge
conditions. Novikov [1998] defined a correction factor including the area of the plate
and of the laboratory wall where the panel is placed. Utley [1968] and others [Nilsson
(1972), Bhattacharya (1972)] showed that the discrepancies depend on the configuration

of the transmission rooms (dimensions, aspect ratio, etc.).

The second case is illustrated by Figure 2.2. The transmission loss shows the same trend
as a mass law trend, but displays alternating maxima and minima due to acoustic
couplings between rooms. The phenomenon has been observed by many authors [Heckl
(1958), Utley (1968.), Mulholland (1973), Sharp (1978), Kropp (1994), Osipov (1996-
97), Pietrzyk (1997),]. The number of excited room modes is much less than that in a
diffuse sound field and the sound is transmitted by forced vibration of the wall [Josse
and Lamure (1964), Sharp (1978)]. The room modes force the surface of the wall to take
the same mode shape which then radiates into the receiving room. These strong
variations tend to cancel each other out when 20 modes at least are excited in a third

octave band [Mulholland (1973), Halliwell et al (1985)].

If the thin isotropic wall is replaced by a thick isotropic wall, the structural modal
density is then small at low and mid frequencies [Warburton (1953), Bergassoli (1970),
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Pietrzyk (1997)]. Again, the sound is transmitted by forced vibration of the wall [Josse
and Lamure (1964), Sharp (1978)]. Acoustic-structural couplings occur, which also
create alternating maxima and minima in transmission loss. The forced transmission is
seen as the most important phenomenon of transmission rather than the transmission at

resonance [Josse and Lamure (1964), Mulholland (1973)].

To summarise, the transmission loss at low frequencies is strongly influenced by both

the acoustical and the structural modal characteristics.

2.4 VIBRATIONAL BEHAVIOUR OF A FINITE WALL

2.4.1 Thin Wall

A finite wall is assumed where thickness is small compared with the airborne and
structure borne wavelengths. Various structural waves are generated when a force is
applied to the surface of the wall or a force applied to all surfaces [Fahy (1985)]. They
include shear, torsional and compressional waves. Shear waves are identified as
transverse waves with displacements normal to the plane of the wall. Torsional waves
are also shear waves, but are characterised by a torsional displacement. The direction of
particle displacement of compressional waves is in the direction of wave propagation.
The three waves are regrouped into one flexural wave; the bending wave which depends
on the thickness of the wall. A wall cannot be considered as thin when the thickness is

greater than a sixth of the bending wavelength [Cremer (1953 & 88)].

The bending stiffness, B, is defined as follows;

Eh’

B=——0"
205 2.12)

where E is the Young’s Modulus (N.m?), h is thickness of the wall (m) and v is the

Poisson ratio.
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Bending waves control the surface displacement of the wall. They are easy to excite due

to their low input impedance, and are good sound radiators because their motion is

normal to the plate surface.

Bending wave speed, ¢y, is given by;

B 2 1/2
cg =( p"’ ) (m.s") (2.13)
S

where py is the surface density of the wall (kg.m?)

The speed of the bending wave increases with the square root of the frequency. It is
dependent upon the thickness of the wall, where the lowest propagation speed is
obtained for the thinnest wall. The bending wave speed is smaller than the velocity of
sound in air at frequencies below the critical frequency and greater above the critical

frequency. Such differences in velocity explain the radiation and control of the sound

transmission through the wall.

2.4.2 Masonry wall

When a thick wall i.e. a wall with a thickness greater than 1/6 of the bending
wavelength, is excited by an acoustic wave, bending waves and shear waves are excited.
Resonance and radiation efficiency are then different from a wall where only bending

waves are excited [Heckl (1958 & 81), Llungren (1991-a&b), Rindel (1988)].

Rindel [1988] developed an expression for wall radiation, which combines the bending
wave and shear wave speeds. He showed that at low frequencies, speed of transverse
waves is asymptote to the bending wave speed. The wall radiation is therefore
controlled by the bending wave speed only. Llungren [1991] investigated analytically
the airborne sound transmission of thick walls. He also showed that the solution agrees
with the bending wave solution at low and medium frequencies. He showed that the

classical theory of thin plate can be extended to three times the thickness of the wall.
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That idea, however, is not developed here. Consequently, the thick wall can be

expressed by the classic thin plate theory [Cremer (1953 & 88)].

A brick wall of 0.125m thickness in section 2.5 and three other brick walls of 0.5, 0.1
and 0.2m thickness in Chapter 9 are investigated. The limit of applicability of the thin
plate theory to a 0.5m brick wall of longitudinal velocity equals to 2350Hz is shown in
Figure 2.3 [Cremer (1953 & 88)]. The thin plate theory can only be applied below
2475Hz. For a brick wall of 0.1m, 0.125m and 0.2m thickness, the thin plate theory is

only applicable below 1236Hz, 996Hz and 619Hz, respectively. As the frequency range
of interest is 25Hz - 200Hz, thin plate theory can apply.

2.4.3 Modal behaviour

The vibration displacement w of the finite wall [Fahy (1985), Leissa (1993)] is

expressed as;
o'w  d*w) o*w
B + =-ps| —5 2.14
(6y2 azz) ps(aﬁ @149

where t is the time.

A solution of this equation is

w(y,zt)= W expljlet -k, y-k,z)| (2.15)

where

k2 +k? =k? =(0?p, /B)" (2.16)

k, is the free bending wavenumber and k,, k, are the wavenumber components in the y-

and z-directions, respectively.

If a rectangular wall of sides L, and L, is assumed simply supported i.e., no
translational displacement at the edges, the normal vibration velocity distribution,
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v(y,z), takes the form

Tn
v(¥,2)= Vo0, sinL yy]sin (”nzz} 2.17)

for0<y<L,0<z<L,n,n,are integers and k, =

Substituting k, and k, into Equation 2.16, the natural frequencies of a simply supported
wall is given by [Warburton (1953), Leissa (1993)]

B 172 n, 2 n, 2
BIGES

f is also called the eigenfrequency of the structural mode, identified by the integers

nyng

n, and n,. Those modes occur when the structural wave reflects to form a standing wave.
Standing waves can be identified by the presence of points or lines of zero
displacement, called nodes, and areas of maximum displacement, called anti-nodes. The

modal pattern at an eigenfrequency is identified by the integers n, and n,..

Two types of mode shape can be identified. The first is when the flexural wave only
propagates in one dimension e.g. n, = 1. The second is when the structural wave
propagates in two dimensions. Those structural modes are dependent on the frequency
and the wall dimensions [Warburton (1953), Leissa (1993)]. Figure 2.4 shows one

dimensional and two dimensional modes.

When the excitation frequency coincides with the natural frequency of the plate [Fahy
(1985)], the panel is said to be resonant and can lead to a reduction in transmission loss.
The excitation can be a single frequency, corresponding to the natural frequency and it
can also be a broadband input, which contains the frequency component corresponding

to the natural frequency of a system.
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The number of modes and the mode shapes vary with the panel dimensions. The number
of modes also differs between thin and heavyweight walls. Figure 2.5 shows the number

of modes for a thin plate, while Figure 2.6 shows the number of modes for a

heavyweight wall.

For the thin plate, the first structural mode is excited at low frequency. The mode

density of a bending wave field, n(f), is independent of frequency and is given by

[Beranek (1992)];

n(f)=ﬁis= V128

o s (2.19)
cwh [ E
ps(1-v7)

where ¢, is the longitudinal speed (m.s™).

For a thick wall, the first structural mode is excited higher in the frequency range and

the modes are well spaced.

Modification of the dimensions changes the modal density and the mode shape, and
therefore influences the sound transmission loss [Gargliadini (1991)]. However, those

effects tend to be reduced when at least 3 modes per third octave bands are excited.

2.4.4 Forced Vibration

The response of the wall varies if the excitation is localised (e.g. a hammer ) or extended
(e.g. airborne sound). When excited by a localised force, the position of the excitation
can be on a nodal line of zero displacement or at an anti-node of maximum
displacements. If on the nodal line, the wall cannot be excited. Thus, the applied force
should always be placed on an anti-node to get the best response.

When an acoustic wave strikes the surface of the wall, vibration occurs over the entire
exposed surface of the plate. Free vibration occurs at frequencies corresponding to the

eigenfrequencies of the wall. Forced vibration occurs when the acoustic wave forces the
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wall surface to take the same mode shape as the acoustic mode.

2.4.5 Wall radiation

When the incident sound field drives the wall, free and forced vibrations take place. The
air particle motion, normal to the vibrating surface, tends to cancel over a bending
wavelength, in the middle of the wall surface. However, at boundaries, the cancellation

is not total and radiation occurs. Therefore, radiation is strongly dependent on the ratio

of the bending wavelength to that in air.

For a wall of dimensions greater than the acoustic wavelength, resonant modes can be
classed as either acoustically fast (A.F.) modes or acoustically slow (A.S.) modes
[Crocker (1982)]. The A.F. modes correspond to wavelengths greater than the acoustic
wavelength. They always match the trace wavelength and the fluid cannot produce
pressure waves which will move fast enough to cause any cancellation. The wall thus

radiates from the whole surface area of the wall, giving a high radiation efficiency.

The A.S. modes correspond to wavelengths smaller than the acoustic wavelength. The
fluid produces pressure waves which move fast enough to cause cancellation. The
radiation efficiency is low. The radiation is first the result of A.S. modes at plate corners
where cancellation is incomplete. At higher frequency, edge modes occur where the
bending wave speed is subsonic only in a direction parallel to one pair of edges and

supersonic in a direction paralle] to the other pair. Cancellation can only occur in one

edge direction.

When modes are not vibrating at their resonance frequencies, little sound is radiated and
there is poor coupling between the wall and the fluid. The sound transmission is termed

non resonant and gives rise to the mass law transmission.

For a finite wall of dimensions smaller that the acoustic wavelength, not many structural
modes are present and their distribution is not even. Radiation varies with the excited

structural mode [Schroter et al (1981), Lamancuza (1994)] and each mode has thus its
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own radiation efficiency o,,, defined as

O g =————2W’“’ (2.20)
<V, > PCeS

where <v?, > is the normal of the space time average mean square vibration velocity of

the radiating surface of area S and W_, is the radiated sound power.

The odd-odd modes (e.g. modes (1,1), (5,3)) are found to radiate more than the even-
odd modes (e.g. modes (2,1), (3,6)) and even more than the even-even modes (e.g.
modes (2,2), (2,4)) [Schroter et al (1981), Fahy (1985)]. It can be explained by looking
at the number of positive and negative cells seen in Figure 2.7. When cells situated on
the opposite sides of the wall are of the same sign, the wall radiates more than that with
cells of opposite sign. The radiation is also controlled by the surface of the cell. If there
are many cells i.e. cells of small area, cancellation occurs reducing the amount of

radiated energy.

The radiation efficiency of a mode can be altered with the force applied on the surface
of the wall [Simmons (1989)]. Indeed, the wall surface can be forced to take the same
shape as its eigenmode at any frequency. The radiation of the wall is then the sum of the

radiation efficiencies of all the modes.

Radiation efficiency is dependent on the dimensions of the wall [Schroter et al (1981),
Novak (1994)]. Low radiation efficiency is obtained for plates which are less than 16m?
and the critical frequency is not observed [Novak (1994)]. Radiation efficiency is
dependent on the thickness of the wall [Schroter (1981), Lamancusa (1994)] and
variable thickness can lead to minima in sound radiation [Lamancusa (1994)]. Radiation
efficiency is dependent on the edge conditions as seen in Figure 2.8 [Maidanik (1962),
Guyader at al (1994), Lamancusa (1994)]. The radiation efficiency is minimised when

edges are clamped.
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2.4.6 Damping

The damping may take the form of material damping, interface damping, or radiation
into connected fluids. In most cases, damping does not significantly change the phase
velocity and has not much effect iﬁ the sub-critical region of the party wall [Fahy
(1985)], but is effective when the response of the panel is dominated by resonant modes.

Resonant and coincidence regions are controlled by damping.

2.4.7 Edge Conditions

The two extreme wall edge conditions are simply supported and clamped. Simply
supported allows no transverse displacement and produces shear force reaction, but
rotational movement is not restrained. Clamped edge condition allows no transverse or
rotational displacement. The change of edge conditions from simply supported to
clamped condition results in a shift of the structural modes to higher frequencies
[Warburton (1953), Cremer (1988)]. The modal pattern and thus the radiation of the
wall is then modified [Warburton (1953), Maidanik (1970), Sewell (1970), Kihlman
(1970), Nilsson (1972), Berry et al (1991), Guyader et al (1994), Lamancusa (1994)].
This in turn alters the transmission loss [Balike (1994), Berry et al (1994)].

When the wall is excited by an acoustic wavelength smaller than the panel dimensions,
clamped conditions lead the thin plate to radiate twice the energy of the simply
supported condition [Maidanik (1962), Sewell (1970), Kihlman (1970), Nilsson (1972)].

To summarise; edge conditions control the forced and free bending waves and thus the

transmission loss.

2.5 MEASUREMENTS OF THE FREQUENCY RESPONSE OF

MASONRY WALLS

At present, it was shown theoretically that masonry walls are characterised by a small
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modal density, with a first eigenfrequency high in the frequency range. Also in section
2.4.7, it was highlighted that edge conditions control the modal density. It is therefore
necessary to investigate experimentally the edge conditions of real walls as a prelude to
investigating vibro-acoustic coupling in Chapter 9. It is not likely that the edge
conditions of masonry walls are properly described as simply supported, clamped or any
other classical condition. Therefore, the vibration response of typical brick walls was

measured from which the installed edge conditions could be inferred.

2.5.1 Two Brick walls

Two brick walls of a transmission suite were chosen for this experiment as seen in
Figure 2.9. The larger wall, A, was of dimensions 2.88 x 2.49m. The smaller wall, B,
was 1.84 x 2.49m. Both walls were of 115mm brick, with one side painted and the other
side covered with a plaster layer (internal face). Both were supported by a concrete slab
with a concrete ceiling on the top (see Figure 2.10). The walls formed two junction

types. The first was with the floor and the roof slab. The second formed a corner with

the other brick walls.

2.5.2 Experiment set up

Figure 2.11 illustrates the experimental set up for measuring vibrational response. The
measuring system comprised of an electro-dynamic shaker, a function generator, a

power amplifier, two accelerometers, a charge amplifier and an oscilloscope.

The position of the shaker on each wall was chosen carefully to ensure that it was not at
a structural node. According to Equation 2.18, modes (1,2), (2,1), (3,1), (1,3), (2,2), are
likely to be excited below 200Hz. The corresponding nodal lines are along the centre of
the walls or at a distance of one third dimensions from the edges. Therefore the shaker
was located one quarter dimension from the edges. The shaker on wall A was placed at
1.15m from the bottom and 0.38m from the corner edge. The shaker was placed on the
wall B at 0.61m from the bottom and 0.46m from the corner edge. The shaker was

attached to a steel indenter of the same diameter as the drilled hole, by cementing and
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bolting it in order to reduce the influence of local deformation.

2.5.3 Measurement procedure

The power amplifier and function generator were used to drive the electro-dynamic
shaker with a slow swept sine signal over 0-200Hz. The signal sent to the shaker was
shown on the oscilloscope and used as a reference. An accelerometer was used to record
the acceleration amplitudes of the surface at points on a 0.300m x 0.355m grid for wall
A and on a 0.300m x 0.250m grid for wall B. The signal from the accelerometer also
was displayed on the screen of the oscilloscope and compared visually with the
reference signal. The nodal lines were determined when the measured signal was a
minimum or when the measured signal changed phase with respect to the reference
signal. It was possible to identify several lower order modes as shown in Figures 2.12-
13. Modes (1,1), (2,1), (3,1) and (1,3) of wall A (see Figure 2.12) and modes (1,1),
(1,2), (2,1), (2,2) and (1,3) of wall B (see Figure 2.13) were obtained. The measurement
of modes shapes was relatively easy at very low frequencies, but became more difficult

as the frequency increased, particularly, the mode (1,3) of wall A.

2.5.4 Edge condition identification

In order to identify the likely corresponding edge conditions, the eigenfrequencies and

their order were compared with theoretical prediction according to Warburton [1953]
and Leissa [1993].

For a simply supported panel, the resonance frequencies are calculated from Equation
2.18. An approximate expression is given for a rectangular supported panel having one

clamped edge [Leissa (1993)];

2 2
n
ey LA e 402 (2.21)
r 24 p | L, L

z
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and for a rectangular supported panel having two clamped edges [Leissa (1993)];

2 2
fayns =% fﬁ (E—YJ +an;0‘5 ) (2.22)
ps y z

As the wall properties were not known, the factor including bending stiffness and mass

surface was defined using the wall dimensions and the measured eigenfrequency of the
first mode. The other theoretical eigenfrequencies were then calculated. That means the
clamped conditions cannot be calculated as the relationship not only depends on that
factor but also depends on Poisson’s ratio value. The clamped condition was therefore

not calculated.

Figure 2.14 and Figure 2.15 show the frequency error ¢, calculated between the
theoretical and measured eigenfrequencies of the wall A and B, respectively, for simply
supported, simply supported with one clamped edge, and simply supported with two

clamped edges, according to the following relationship;

. Predicted value - Measured value 8
B Predicted value

100 (2.23)

The smallest error for each mode was obtained for two simply supported and two

clamped edges, whatever the wall.

In general, the edge conditions of a real party wall therefore lie between simply
supported and clamped, a phenomenon already observed by Balike [1994]. However,
the two walls have corner edges which often is not present in constructions of dwellings.
Real party walls have T-edges, and they provide stiffer edge constraint than corner
edges. The approach of this study therefore was to investigate the range of possible edge
conditions likely, including simply supported, clamped and mixed edge conditions. The

real conditions could be assumed to lie somewhere in this range.
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2.6 CONCLUSION

Classical theory of sound insulation does not apply when the sound field is not diffuse
and when the party wall has only a few structural modes in the frequency range of
interest. The transmission loss is éoverned by the interaction of the acoustic and the
structural modes. Thus any modification to the structural modal distribution will
influence the transmission loss. The structural modal distribution is dependent on wall

dimension and edge condition and in real buildings, those two factors are likely to vary

significantly.

Measurements have shown that the real edge conditions of a brick wall are likely to lie
between simply supported and clamped. Consequently, the sound transmission loss at
low frequencies can only be predicted by taking account of the acoustical modal
behaviour of the source and receiving rooms and of the structural modal behaviour of

the party wall including the edge conditions. The acoustic field in rooms now will be

investigated in Chapter 3.
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3 SOUND FIELD IN ROOMS AT LOW FREQUENCIES

3.1 INTRODUCTION

In Chapter 2, the transmission loss of party wall was shown to be dependent on the
structural modal characteristic as well as the acoustic modal characteristic. The
objective of this chapter is to look at the behaviour of sound fields at low frequencies. It
will be shown that the sound field is dependent on room shape, dimensions and position

of sources; factors which are not taken account in the classical room acoustics theory.

3.2 SOUND FIELD AT LOW FREQUENCIES

Large fluctuations in the sound pressure level inside an enclosure are obtained at low
frequencies [Morse (1948), Bolt (1950)]. This is explained by the eigenmode spacing,
which is large, usually greater than half an octave at low frequencies. The phenomenon
also is observed in small rooms [Knudsen (1932)]. The room volume of the enclosure
controls the density of room modes (see Section 3.3) [Bonello (1981), Walker (1992)] -
and accurate measurement of frequency response at low frequencies can be difficult
[Knudsen (1932), Walker (1992)]. Introduction of damping e.g. by placing absorption
on the floor or on the walls has been observed to reduce the large fluctuations of the
sound level [Craggs et al (1989), Pedersen (1997), Fuchs (1998)]. The damping affects
the decay of each room mode and also can alter the frequency response of the room
[Craggs et al (1989), Walker (1992)]. Cavity-wall coupling also can play a part in the
response of the room in the low frequency range [Pretlove (1965), Bhattacharya (1969),
Pretlove et al (1970), Nefske et al (1990), Pan et al (1990)], affecting the steady state

sound field levels and the room reverberation time. The source and receiver positions

also must be considered.

3.2.1 Standing waves
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The sound pressure throughout the volume of a rectangular enclosure with the

dimensions L,, L, and L, (see Figure 3.1) is governed by the wave equation [Morse
(1948)];

0? 0? o? 1 82
. G.1)
ox* oy° oz c, Ot

where t is the time and c, is the speed of sound in air.

Equation 3.1 can be rewritten as an Helmholtz Equation ;

Vip+k’p=0 (3.2)
where k = 2nf/c

The sound field is strongly dependent on the room boundaries [Bies (1996)]. If the six
surfaces are considered hard i.e. the air particle velocity is equal to zero and the

variation of the pressure normal to the surface of the walls is also equal to zero, then;

2|e

=0 3.3)

where Jn is the normal to the surface of the wall

Using separable functions, the boundary condition is satisfied by the form;

7Tn.X 7 n,X 7 n,x
= X cos! z 3.4
p pocos[ L ]cos[ L, } [ L. ] 34)

for 0<x<L,,0<y<L,0<z<L, where n,, n,, n, are integers and p, is the maximum

pressure amplitude.

The corresponding wavenumber components are
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k, =22x g =—2Y k =ZTz (3.5)

2
with K=k2+k?+k2= (ﬂ) (3.6)

Co

The eigenfrequencies f“x’ny’nz are then calculated from Equation 3.6, where

c n 2 n ’ n 2
RO
X y z

The eigenfrequencies identify normal modes of vibration which have nodes, positions of

minimum pressure, and anti-nodes, positions of maximum pressure. Those modes of

vibrations are called standing waves.

Equation 3.7 applies to standing waves inside rectangular rooms. It can be observed,
that the eigenfrequencies are shifted upward when the room dimensions decrease. If the
room width and the length have the same dimensions, then standing waves will be
created with different integers n, but with the same frequency. If the room volume is
kept constant but the dimensions are altered, the number of eigenfrequencies within a
set frequency range remains approximately the same but the particular values of (n,, n,,
n, ) and their order on the frequency scale will differ. A more random distribution of
eigenfrequencies can be created by a room with irregular walls and thereby create a
more uniform room response [Bolt (1939), Morse (1948)]. Equations have been derived

for non rectangular rooms but it is a very difficult task to calculate the eigenfrequencies.

3.2.2 Axial, tangential and oblique modes

Three categories of normal modes can be identified, described as axial, tangential and

oblique modes.

Axial waves travel parallel to the axes of the room with nodal planes normal to the x-
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axis and parallel to the end walls (see Figure 3.2). In this case, two of the three integers

n, Ny, 1, in Equation 3.7 are zero, where;

x-axial waves, parallel to the x axis (n,, B, = 0),
y-axial waves, parallel to the y axis (1, n, = 0),
z-axial waves, parallel to the z axis (n,, n, = 0).
Tangential waves travel parallel to two opposite walls (see Figure 3.3) of the enclosure

while reflecting from the other four walls and have one integer zero, where;
y,z-axial waves, parallel to the y,z plane (n, = 0),
X,z-axial waves, parallel to the x,z plane (n, = 0),

x,y-axial waves, parallel to the x,y plane (n, = 0).

Oblique waves travel in paths non parallel with all room surfaces and all integers are

non zero (see Figure 3.4).

3.2.3 Modal density

For modes with frequency less than f, Equation 3.7 is rewritten as

£ >(°_0J &_2+ 5'_2+n_zz (3.8)
Ny, Ny, fiz ) Lx Ly LZ .

The total number of eigenfrequencies below a frequency, £, is given by the number of

points in the positive octant of the ellipsoid represented by Equation 3.8. The number of
points equals the volume of this octant and thus the number N of eigenmodes having

frequencies less than f is given by

2L f 3
N___14n 2L, f y 2L, f =47[Vf—3 (3.9)
8 3\ ¢ Co Co 3 ¢

where V is air volume in the room.
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This expression is for the case where the acoustic wavelength is small compared with
the room dimensions and therefore becomes inaccurate at low frequencies. Maa [1939]
therefore introduced a correction term to Equation 3.9. Points lying on the co-ordinate
planes are shared between two octants and those on the axes by four octants. Therefore
Equation 3.9 is corrected by the addition of half the number of points on the co-ordinate

planes and half the number on the axes. A new relationship is given;

4z v 7 28,4 fL g
Nz( = ]+[ 702 J+[ 8:‘° (3.10)
0 0 0

where S, is the total area of the enclosure and L., is the length of all the edges of the

enclosure.

The modal density is obtained from Equation 3.10 by differentiating N with respect to
frequency f;

2
ﬂz 4xf°vV + 7 f Acncl + Lcncl (311)
df c3 2c2 8¢,

The following example illustrates the application of the theory. Different room
configurations were selected, varying from 25m’® to 65m’, where width and height of

each room are the same (L, =4m and L, = 2.5m). The number of eigenmodes calculated

by Equations 3.9 and 3.10 are presented in Table 3.1. It shows that the predicted
number of modes below 200 Hz for room volume smaller than 60m’ is greater when

using Maa’s Equation 3.10 than with the classical theory (see Equation 3.9).
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Room Volume (m-) Number of eigenmodes below 200 Hz

Equation 3.9 Equation 3.10
25 21 38
30 25 44
35 30 50
40 34 56
45 38 62
50 42 69
55 46 75
60 51 81
65 55 87

Table 3.1. Number of modes using the classical and Maa’s Equation

The eigenfrequencies for the 25m® room also are calculated according to Equation 3.7.
The first eigenfrequency is 45.6Hz corresponding to the mode (0,1,0) and the 38th
mode, the last mode below 200 Hz, is the mode (2,3,1). The total number of modes
below 200Hz corresponds then to the number calculated according to Equation 3.10.

Maa’s Equation must therefore be used for rooms smaller than 60m’.

Equations 3.9 & 10, apply to rectangular rooms only. Non rectangular rooms e.g. a L
shaped room, which are found in some dwellings, thus, are problematical. However,

they are not developed or described here as rectangular rooms remain the most popular

configuration.

The determination of the sound pressure level in a frequency band, not only includes the
modes with maxima inside that band, but also modes with residuals, here called “tails’,
inside the band. In Figure 3.5, a window is selected in order to calculate the sound level.
Three modes are present in the band, but also the ‘tails’ of the modes excited in the

neighbourhood of the windows. The tails must therefore be taken into account as they

contribute to the total sound level.

3.2.4 Resonant sound fields
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At low frequencies, mainly axial and tangential waves are excited and the modal density
is low. The sound field is characterised by a large spatial and spectral variation in
pressure as seen in Figure 3.6. When the frequency of the sound source equals one of
the eigenfrequencies, resonance occurs, generating a strong room response. This
phenomenon is emphasised when the room dimensions are equal and the frequency

response of the enclosure is strongly distorted.

At higher frequencies, the number of axial modes and tangential modes are small
compared with the oblique modes excited. The modes have small frequency spacing and
are difficult to identify separately, producing weak resonances. The modes in a band
need only be considered and “tails’ can be neglected. In this case, there is approximately
the same mean energy flow in all directions at any point in the field and the pressure is
the same at any position (see Figure 3.7). The steady state sound field depends only on
the power and frequency characteristics of the sound source, its position in the room and

an average room absorption. The sound field is said to be diffuse.

The sound field is said to be diffuse above a specific frequency, called the cut-off
frequency, f,, defined by the following equation [Schroeder (1969), Crocker (1975 &
971

3Mc, T\'?
f = 9 3.12
¢ ( 8.87[V) G.12)

where M is the modal overlap, T is the reverberation time.

The modal overlap is a measure of the spacing between modes and overlap of the sound
field [Schroeder (1969)]. As seen in Figure 3.8, the modal overlap is calculated from the
bandwidth Af of each mode, called here i, which is the width in Hertz if the response
curve of the mode measured 3dB down from the peak response in the measurement

frequency band, B,. It is defined as follows;
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M == (3.13)

According to Schroeder, a modal overllap equal or greater than 3, means that the sound
field is ‘sufficiently diffuse’ [Schroeder (1969)]. The frequency where this occurs will
be referred to as the high frequency range [Crocker (1997)]. Crocker and Price [1975],
however, have shown that M= 1/3 provides a sufficiently diffuse field. Lyons [1993]

preferred an intermediate value M =1. All three criteria will be considered in section
3.4.

3.3 DAMPING

The presence of damping inside rooms affects the room modes, by reducing the
amplitude of the standing waves. The presence and the position of absorption is less
effective on the axial modes than the tangential and oblique modes. The axial modes
have the longest mean free path and undergo the smallest number of reflections per
second. The oblique modes are more affected than the tangential modes, because they
have the shortest mean free path and undergo the greater number of reflections.

Moreover, the surfaces are less absorbing for grazing than oblique incidence sound.

The absorption in the enclosure can be quantified by measuring the reverberation time
of the room [Kuttruff (1979), Beranek (1992)] which is one of the fundamental
quantities in architectural acoustics. It is the time taken for the sound energy to decay by
60dB. The decay can be described as a multitude of mode decays close to each other in
frequency (See Figure 3.9). The initial decay is controlled by the oblique waves which
decrease more rapidly than the tangential and axial modes. The final decay curve is
controlled by the axial modes, which are less damped than those of the oblique and
tangential modes. When the mode density is small, such as in rooms smaller than 50m®
or at low frequencies, the logarithmic decay will not be linear due to the difference in
the damping constant of the modes [Hirata (1982)] (see Figure 3.10). This leads to large

variations in measured decay rate and to poor repeatability and reproducibility at low
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frequencies [Bartel (1978), Halliwell (1983), Davy (1988), Yegnaranayana (1974)].

The reverberation time measurements also depend upon the position of the
measurements point, the room volume, shape and contents [Knudsen (1932), Davy
(1988)]. Therefore, the accuracy of the reverberation time can be improved by placing
the microphones close to the wall [Waterhouse (1955)] in order to measure more

oblique modes or by having an irregular room where nodal lines are distributed

randomly [Sato et al (1959)].

Consequently, the measurement of damping inside enclosures is difficult at low
frequencies and in small rooms, due to the low modal density. In general, the classical
theory of reverberation time is inadequate for low frequencies, because the theory

assumes a large modal density [Davy (1988), Knudsen (1932)].

3.4 NUMBER OF MODES REQUIRED FOR SOUND FIELD

SIMULATION

In Chapter 9, a description is given of an investigation of the effects of room
configurations on the sound level difference in the frequency range of 25-160Hz using a
Finite Element Method. A question arises on how many modes, including the tails of the
modes in the neighbourhood of the bandwidth, are required to properly estimate room
response. The modal approach is assumed unnecessary when diffuse sound field
conditions were reached, as identified by the cut off frequency. The cut-off frequency
was calculated for the room volumes: 20m®, 30m?, 35m’, 40m® and 50m’® according to
Equation 3.12. Each cut off frequency therefore set a limit where any individual modes

calculated above it, will not affect the room response.

The cut off frequency depends on absorption, and thus the reverberation time, values of
which were obtained from the literature. Jackson et al [1972] show that the

reverberation time in typical living rooms is close to 0.5s in the mid and high frequency,
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but is higher at lower frequencies. They measured an average value of 0.69s at 100Hz,
which is close to the value obtained by Johansson and Shi [1996]. They found that the
averaged reverberation time in a room of 66m’ is 0.76s in the third octave band from
31.5Hz to 100Hz. However, specific materials used for example in studios and placed at
carefully chosen positions [Walker (1992)] can damped the low frequency modes and
reduce the reverberation time to 0.4s. Such conditions were not considered as those

materials are seldom, if ever used in dwellings.

Assuming the reverberation time is 0.8s in any room, the cut off frequency and the

corresponding wavelength are presented in Table 3.2.

Modal overlap, M
1/3 1 3!
Room volumes fe Ac fe Ae fe Ae
(m3) (Hz) (m) (Hz) (m) (Hz) (m)
20 1383 25 2395 1.4 415 0.8
30 113 3 195.5 1.7 339 1
35 104.5 33 181 1.9 313.6 1.1
40 98 35 169.3 2 293.3 12

Table 3.2: Cut off frequency calculated with T = 0.8s [Johansson and Shi (1996)]:
': Value given by Schroeder [1969]

For the cases considered, when the modal overlap is equal to 1/3, the wavelength
remains larger than the smallest room dimension and therefore this criterion was
rejected. When M= 1, the cut-off frequencies for the smallest room volume, 20m?®, was
above the frequency range of interest 31.5Hz-200Hz. Values for the larger room
volumes considered were in the frequency range of interest. Therefore, the modes of
natural frequencies above the critical frequency would need to be processed in order to

have a predicted frequency response from 25Hz-200Hz.

Consequently a modal overlap of 1 was assumed to provide acceptable simulation of the

room modes for each room configuration as seen in Chapters 7 to 9.
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3.5 INFLUENCE OF SOURCE POSITION

When the sound field is diffuse, the sound field is not influenced by the source position
[Beranek (1992)]. Knudsen [1932] and others [Davy (1989), Gargliadini (1991)],
however, show experimentally that the s;)und field at low frequencies or in small rooms
is dependent on the loudspeaker position. This phenomenon is described numerically by
Gargliadini [1991]. An axial mode is best excited when the loudspeaker is placed at the
end wall i.e. at a pressure anti-node. The corner position is the best position to excite the
largest number of room modes [Knudsen (1932), Gargliadini (1991), Beranek (1992)]
because every room mode has a pressure anti-node. It has been suggested that two
loudspeakers should be placed in opposite corners when measurements are carried out
below 300Hz in order to ensure that all room modes are properly excited and thus have
small sound level fluctuations [Benello (1981), Craggs (1989)]. The excitation of the
sound field in large rooms is better when three loudspeakers are used with one of them
in a corner [Walker (1992)]. A better low frequency performance is obtained by placing
the loudspeakers near the longest side of the room and without any contact with the
floor. The type of loudspeaker can influence the excitation of the sound field. A
spherical sound source excites the sound field better than a plane sound source. Two
‘octospeakers’, not placed in a corner [Seller (1998)], will provide a good excitation due

to the different directivities.

3.6 CONCLUSION

The sound field at low frequencies in small rooms, has been shown not to be statistical.
The frequency response and the reverberation time measurements, two parameters
which characterise the sound field properties, are thus inaccurate or unrepresentative.
Classical theory is not applicable to the low frequencies since the sound field is strongly
dependent on the modal density and thus on the room shape and dimension, and on the

source and microphone positions.

The investigation of sound transmission between rooms at low frequencies must involve

a study of modal behaviour of the two rooms as well as of the structural modal
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behaviour of the party wall.

In the next chapter, a description is given of the implementation of classical and other

theories in the development of standard and non standard test methods of sound
insulation between dwellings.
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4 SOUND INSULATION MEASUREMENT

4.1 INTRODUCTION

Field measurements of sound transmission between rooms does not distinguish between
the paths of sound transmitted directly (airborne) and that by indirect (flanking)
transmissions. Different methods of measurement are available, but only the method
found in ISO140, part3 [1995] and part4 [1978], is recognised internationally. The
objective of this chapter is to investigate the present methods of measurement of sound
insulation and to show that all were developed from assumptions derived from the
classical theory described in Chapters 2 and 3. It will be demonstrated that the methods

are generally not appropriate for rooms smaller than 50m’ and for frequencies below

100Hz, which are the conditions of special study in this thesis.

4.2 STANDARD METHOD

The conventional two-room method is the most widely used for sound insulation
measurements. It is defined in the International Standards ISO 140 part 3 [1995] and 4
[1978], which correspond to the measurement of sound insulation in laboratories and in
the field, respectively. Part 4 was written in 1978. Part 3 was reviewed recently, in 1995,
including an annex for sound insulation measurements at low frequencies. The method
is also found in the British Standard, BS 2750 [1980]. The method applies when the
party wall is between two adjacent rooms. The sound energy passing from one room to
the other can then be estimated by calculating the sound pressure level difference. Two

formulae, one for laboratory measurements and one for the field measurements are
defined.

Assuming that the sound field is diffuse inside the source room and the receiving room,
and that flanking transmission effects are negligible, the sound insulation is obtained by
measuring the difference between the spatial-averaged sound pressure levels in the

source and receiving rooms. The difference is normalised by adding a correction factor
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to take into account the sound absorption inside the receiving room. The sound
reduction index, R, is then obtained from Equations 2.1 and 2.2, assuming that all the

energy transmitted from the source room to the receiving room comes through the wall,

to give

S
R=L,-L, +1010g(X) dB @.1)

where L, and L, are the space-averaged sound pressure levels in the source room and in
the receiving room, S is the surface area of the party wall, A is the absorption in the

receiving room.

That relationship is based on the definition given for an infinite panel, with dimensions

greater than the acoustic wavelength (see Chapter 2) and for diffuse sound [Beranek

(1992)]. The laboratory design must therefore be constructed under specific conditions

to justify those assumptions. They are:

1. Room volumes are greater than 50m* with at least a 10% difference between
volumes.

2.  The sound field must be steady and have a continuous spectrum in the frequency
range considered. It has to be diffuse in each room. Diffusing panels can be
installed to ensure this.

3. The area of the party wall must be 10m? with the shorter edge being not less than
2.3m. A smaller size will be allowed if the wavelength of free flexural waves at
the lowest frequency considered is smaller than half the minimum dimension.

4.  Edge conditions of the panel must be specified.

5.  Flanking transmission is minimised.

Six microphone positions outside the direct field of the sound source, are required to
measure the sound field. They must be well spaced from each other and 1/4 wavelength
from the loudspeaker and from room boundaries. An averaging time of 6s is required for

frequencies below 400Hz. The loudspeaker must produce a sound level 10-15dB above
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the background noise and the radiation must be uniform and omnidirectional.
Assuming that the sound fields in the source room and in the receiving room are diffuse,
the measurements in the field are comparable to the laboratory measurements by using

the following relationship

R'=L,-L, +1010g(Tl) d 4.2
0

where R’ is called the apparent sound reduction index or standardised level difference, T

is the reverberation time measured in the receiving room, and T, is the reference
T T, . .
reverberation time equals to 0.5s. The term 10log| 03 is introduced to normalise the

sound insulation of the party wall whatever the furniture and thus the absorption in the

receiving room where the measurements are performed.

The methods for the laboratory and field require measurements from 100Hz to 3150Hz/
5000Hz. It is only recently, in the ISO 140 Part 3 [1995], that an informative annex
considers measurements from 50Hz to 100Hz with a 1/3 octave band resolution.
Guidelines are given for microphones, loudspeakers and for measurements. The
minimum distance between microphones and between microphone and the room
boundaries is 1.2m. The number of microphones must be double that for 100Hz to
3150Hz, and distributed homogeneously inside the enclosure. Their positions have to be
selected carefully in order to measure the low and high pressure levels inside the room
at resonances. The averaging time should be greater than 15s in the 50Hz third octave
band. Guidelines recommend the use of three loudspeaker positions, but the positions
are not defined. It is also recommended that damping material is installed inside the

enclosures to improve the modal overlap but, again, little detail is given.

The accuracy of measurement of sound insulation using the conventional two room
method depends on the measurements of the steady state sound field and of the
reverberation time. The sound field at low frequencies depends strongly on loudspeaker

position and number, microphone number and position, and on the averaging time
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[Fothergill (1982)]. The method for field measurements is derived from the formulae
given for laboratory measurement and the two relationships are said to be equivalent
when the sound fields are diffuse and when flanking transmission is negligible. The
former is not likely to be the case, particularly at low frequencies, where wavelength is
greater than room and wall dimensions [Halliwell et al (1985)]. The number of
microphones is too small to provide a meaningful average. In a furnished room, the
number of microphones cannot be increased if the 0.5m distance from the boundary
requirement is to be respected. The guidelines given in Annex F of ISO 140, part 3

[1995] are therefore generally not applicable to small rooms.

Reverberation time measurements at low frequencies also produce decays which are not
linear at low frequencies (see Section 3.3) [Davy (1988)]. The interrupted source (gun)
method gives unacceptable repeatability. The sound source does not provide sufficient

energy and thus the decaying signal is quickly masked by the background noise.

There have been several attempts to improve reverberation time measurements at low
frequencies. The interrupted method can be improved when used with a time reversed
analysis to give smooth sound pressure level decays [Rasmussen et al (1991)]. However,
the decay range may be insufficient due to the short impulse which does not excite the
sound field significantly [Milosovi¢ et al (1998)]. Repeatability is improved when the
source and the microphone positions are close to the wall since the relative contribution
of oblique modes is increased [Jacobsen (1982)]. This explains the use of the
Waterhouse correction factor (see Section 4.3). Another proposal is to average a large
number of initial decay rate measurements [Briiel (1978), Larsen (1978), Jacobsen
(1982)]. The methods, however, are not considered in ISO 140, part 3 [1995] and 4

[1980] and moreover are time consuming.

The agreement between successive measurements of sound reduction index data of the

same party wall under the same condition is poor at low frequencies [Kropp (1994),

Farina (1996)]. The differences in room dimensions and the non statistical behaviour of

the two sound fields explain such discrepancies. However, recently, the use of bass

absorbers placed in the four comers of each room with a sufficient coverage (20%

average by Compound Baffle Absorber (CBA) coverage modules according to Fuchs
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[1998]) to damp the acoustic modes, were found to improve the repeatability of
measurements from S0Hz to 300Hz [Fothergill (1982), Walker (1992), Pedersen (1997),
Fuchs (1998)].

The measurement of sound insulation, using the conventional method, also gives rise to
differences between the sound reduction index measured in different laboratories and
between the sound reduction index measured in laboratories and in the field [Lang
[1972], Fothergill (1980)]. The differences between laboratories are thought to be the
results of differences in edge conditions of the test wall [Kihiman (1970), Kihlman et al
(1972), Guy et al (1985)] and in the type of laboratories used [Utley (1968),
Bhattacharya (1972), Halliwell et al (1985), Guy et al (1985), Craik (1992), Roland
(1995)]. The apparent sound reduction index includes the sound power transmitted by
flanking elements, which are present in dwellings, while practically non existent in
laboratories. Moreover, the room dimensions in dwellings are appreciably smaller than
standard test chambers. Special diffusors, used in test chambers, do not exist in
dwellings. Mounting conditions of party walls in dwellings are also different from those
in laboratories [Goydke (1998)]. It can also be added that rooms in dwellings have doors
and windows, with resonances which can alter the sound fields. It is therefore not

surprising that poor reproducibility is obtained between the field and laboratory data.

To summarise; the most common method for sound insulation measurements is
recommended in ISO140, part3 and 4. The method, however, is inaccurate at low
frequencies, due to large variations of the sound field. It also does not take into account
the effect of room volume and shape, which assume importance when the wavelength is
of the same order as room dimensions. Microphones and loudspeaker position
recommendations are not applicable to rooms smaller than 50m>. It remains to describe
more recent proposals for field measurements of sound insulation, with particular

references to the low frequency problem.

4.3 WATERHOUSE CORRECTION FACTOR
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The Waterhouse correction factor was first introduced for measurements carried out in
the middle of reverberant rooms to calculate the total sound energy in the enclosure, but
it is also used to increase the accuracy of sound insulation measurements at low
frequencies where the energy density ‘inside an enclosure is actually not uniformly

distributed [Larsen (1980), Halliwell et al (1985)].

The use of the Waterhouse correction factor takes account of the increase of pressure
near room boundaries by considering the room volume and the total surface area of the

enclosure and wavelength [Waterhouse (1955)]. It is defined as;

W, =1+% 4.3)

In decibel form, the correction factor is expressed as

C, =10log Wy

~10log[ 14+ 230 @49
8V

Larsen [1980] used it for sound power measurements and showed that the insertion of
the correction factor reduces the standard deviation. The correction is shown in Figure
4.1 for the room sizes typical in this study. Its introduction reduces the discrepancy
between the transmission loss data measured by the standard method and that by the

intensity method (see section 4.4)at low frequencies.

The Waterhouse correction factor, however, assumes a diffuse sound field in the room
centre and takes no account of the modal behaviour of the sound field. Uosukainen
[1995] defined a new correction factor, taking into account the modal density of the
room. The number of axial and tangential modes, which are greater than the number of
oblique modes in small rooms, are therefore considered. The modified Waterhouse
correction factor, again, has an obvious effect on the standard method. However, the

discrepancy between the standard method and the intensity method remains large
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[Halliwell et al (1985), Jonasson (1991 & 93), Uosukainen (1995)]. The use of the

Waterhouse correction factor remains under investigation.
4.4 INTENSITY METHOD

The intensity method is not new [Schultz (1956)], but was only commercialised at the
end of 1970 when digital signal processing and FFT analysers improved speed and
reliability of the method. The method is mainly used for the determination of sound
power of complex sources, radiation of highly reactive sound fields near panel surfaces
or energy flow in ducts. It is also used for the measurements of acoustic absorption and
sound transmission loss in laboratories and in situ [Halliwell et al (1985), Hopkins
(1996), Nightingale (1996), Jonasson (1991 & 93)].

The method for sound insulation is not yet standardised, but a draft proposal is in
circulation [Hopkins et al (1996), Jacobsen (1997)]. To measure transmission loss, one
reverberant room only is necessary, the other space can be any size and can be free field

or partially reverberant. The transmitted power, p,, is determined from the surface

averaged sound intensity as

p.=1..8 @5)

where the transmitted intensity, I, is measured directly on the receiving side of the party
wall surface. The transmission loss is obtained by combining Equations 4.5 and 2.2 to
give the following relationship:

2
TL.=10 log (w] (4.6)
LS
TL=L,-L,—6 dB @.7)

where L, is the averaged sound pressure level inside the source room and L, is the
normal sound intensity in the receiving room. L, is measured as in the draft standard i.e.
as a spatial average from different microphone positions and L; is measured by scanning

the wall surface with an intensity probe or by placing it at fixed positions on the
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receiving side of the wall.

The method is shown to be accurate, when compared with the conventional method,
when the Waterhouse correction factor is included [Haliwell et al (1986)]. The method
is not affected by flanking transmission [Jonasson (1991 & 93)] or high background
noise. The fixing conditions of the party wall, the different parts of a composite party
wall, or areas of leakage can be identified [Cops et al (1984)]. The sound reduction
index of small area walls can be measured and components which gives large sound

transmission can be identified [Briiel & Kjar (1980)].

The incident sound field, however, must be diffuse. If not, the standard deviation
calculated from measurements between laboratories will be high at low frequencies
[Roland (1995)]. On the other hand, Pedersen [1997] showed that the reproducibility is
improved by placing a large number of microphones inside the source room, all close to
the party wall, or by placing an absorbent material on the wall opposite to the party wall
in the receiving room and then performing a large number of intensity measurements
close to the party wall surface. It can be argued that such method is only applicable to
source rooms of volumes greater than 50m®. The procedure is time consuming and the
presence of an operator is required for the scanning of the surface of the party wall.
Errors result due to movement of operator or probe and if the surface is not sampled
uniformly. Even if uniformly sampled, errors arise when the wall radiates at resonances.
Some parts of the wall may radiate more than others and the sampling will not correctly
represent their contribution [Brilel & Kjar (1988)]. Flanking transmission, when
included in the measurement, gives an overestimated sound power level [Nightingale
(1996)]. Measurements of panels with high absorption result in overestimation of the
transmission loss [Cops et al (1984), Halliwell et al (1985), Jacobsen et al (1996)]. In
fact, the partition provides a significant part of the absorption of the receiving room. The
error depends on the ratio between the absorption of the wall and the total absorption of
the room.

To summarise; the sound intensity method is reliable for sound insulation measurements
for frequencies greater than 100Hz and does not require a measurement of reverberation
time. However, the sound field inside the source room must be diffuse and this seldom
will be the case in dwellings. Measurements therefore are not accurate at low
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frequencies, as described in Section 4.2.

4.5 POWER METHOD

Reverberation time is an indirect indication of the sound power inside the receiving
room, but cannot be measured accurately at low frequencies [Briiel (1978), Larsen
(1980)]. Sound reduction index can instead be measured by determining the sound

power emitted by the wall into the receiving room by comparing it with a reference

sound source.

Transmission loss is expressed under the assumption that the sound field is diffuse in

the source room and in the receiving room:

A8
R=L1+1010g[1+'8—\°,“°1‘)+1010g(si)-6-(L2+LWR-ng) dB  (4.8)

1 o

where L, and L, are the spatial averaged sound pressure levels in the source and in the
receiving rooms, respectively, S, is the surface area of the source room , V, is the
volume of the source room, S is the area of the party wall, S, = 1m’ is a reference value,

L,; is the spatial averaged sound pressure level inside the receiving room when the

reference sound source is switched on, and Ly, the power level, is defined as

W,
Lyg = 10 1og(W“—) dB 4.9)
0

with W, = 1072 Watts and Wy, is the sound power emitted by the reference sound source.

It can be seen that the term (L, + Ly -L,g)is equal to the sound power level emitted

into the receiving room by the party wall.

The method consists of measuring the sound pressure level difference between two
rooms and the power level in the receiving room, in terms of the averaged pressure with

a reference sound source switched on. A reference sound source is placed 1.5m from the
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walls and the microphone is placed far from the speaker. The power method is quick
since only measurements of sound pressure levels are required. The errors relate only to
sound level difference. The instrumentation required to measure the sound insulation is
simple. There are no observed effects of room configuration in the frequency range 100-

3150Hz.

Large discrepancies, however, are obtained at low frequencies, when the Waterhouse
correction factor is not included as described in section 4.3. The power level inside a
small receiving room volume is difficult to measure as the microphone cannot be placed
far from the speaker and the speaker cannot be placed far from the walls. The averaged
pressure level depends on the averaging time, microphone and loudspeaker positions.
The sound field also depends on the directivity of the reference sound source. It is also
difficult to drive loudspeakers much above the background noise. The method,
therefore, does not offer significant advantages for the measurements of the sound

insulation at low frequencies.

4.6 SHORT TEST METHODS

Sound insulation measurements are time consuming and costly when applying ISO 140.
Within the last 20 years, there have been several proposals for a simple method of
measurement, in particular in a CEN draft [Vorldnder (1995), Cocchi (1989), Schmitz
(1997)]). The CEN method involves a visual estimate of the room dimensions and the
furniture in order to estimate the acoustic properties of the room, and a measurement of
the sound pressure level difference [Vorlander (1995)]. The method is defined according

to the following;

D=L, -L,+¥ dB (4.10)

where D,; is the standardised sound pressure level difference, L, and L, are the averaged

sound pressure levels in the source room and in the receiving room, ¥ is the
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reverberation term, equal to 10 log (%‘—) , with T, the reverberation time of the source

0

room and T, = 0.5s, the reference reverberation time.

D, is measured, by performing the measurements with an operator who moves the
sound level meter or microphone [Vorliander (1995)], or by measuring the sound level
difference in dB(A) according to ISO/TC43/SC2/WG10 [Cocchi et al (1989)]. ¥ is
given in Tables contained in the standard. The domestic rooms are classed in four
categories: volumes smaller than 15m’, between 15m’ and 35m’, between 35m’ and
60m’ and greater than 60m’. The state of the room, furniture and surface absorption are

considered separately in each category.

The advantages of this method are that only one operator is required and reverberation
time measurements are not required. Again, the method, however, was only developed
for sound insulation measurements above 100Hz or from the 63Hz octave band. Also,

when A-weighted sound pressure level difference are considered, only frequencies

above 100Hz are considered.

4.7 CONCLUSION

There are many available methods for measurement of sound insulation. The methods
are seen to be strongly dependent on the accuracy of the measurements of the sound
fields and of the reverberation time. In general, they show poor repeatability and poor
reproducibility at low frequencies. This is because all methods were defined primarily
with the assumption that the sound fields are diffuse. Consequently, the present methods
of measurements are not accurate enough for sound insulation measurements at low
frequencies.

The problem of accuracy of sound insulation measurements at low frequencies still
needs to be investigated further. It remains to investigate it by computer simulation,

where different methods are available.

85



4.8 REFERENCES

Beranek, L.L. and Ver, LL., (1992): ‘Noise and Vibration Control Engineering:
Principles and Applications’, Ed.‘ J.Wiley and Sons

Bhattacharya, M.C. and Guy, R.W., (1972): ‘The influence of the measuring facility
on the measured sound insulating property of a panel’, Acustica, Vol.26, 344-348

Briiel and Kjzer, (1988): ‘Sound Intensity’, B&K booklet

Briiel, P.V., (1978), ‘The enigma of the sound power measurements at low frequencies’,
Briiel&Kjar, N° 3, 3-40,

BS 2750, (ISO 140/111: 1978), (1980): ‘Measurements of sound insulation in buildings
and of building elements. Part 3. Laboratory measurements of airborne sound
insulation of building elements’

BS 2750, (ISO 140/1V: 1978), (1980): ‘Measurements of sound insulation in buildings
and of building elements. Part 4. Field measurements of airborne sound insulation
of building elements’

Cocchi, A. and Garai, M., (1989): ‘Experimental Verification of a short method for the
determination of the acoustical insulation index of party walls’, Applied
Acoustics, Vol.28, 83-94

Cops, A., and Minten, M., (1984), ‘Comparative study between the sound intensity
method and the conventional two room method to calculate the sound
transmission loss of wall construction’, Noise Control Engineering Journal, May-
June 1984, 104-111

Craik, J.M., (1992): ‘The influence of the laboratory measurements of walls
performance’, Applied Acoustics, Vol.35, 25-46

Davy, J. L., (1988): ‘The variance of decay rate at low frequencies’, Applied Acoustics,
Vol.23, 63-79

Farina, A, Fausti, P., Pompoli, R. and Scamoni, F., (1996): ‘Inter-comparison of
laboratory measurements of airborne sound insulation of partitions pompoli’,
Proceeding of Inter-Noise 96, 881-886

Fothergill, L.C., (1980): ‘Recommendations for the measurements of sound insulation
between dwellings’, Applied Acoustics, Vol.13, 171-187

Fothergill, L.C., (1982): ‘Simple methods for assessing reverberation time’, Applied

86"



Acoustics, Vol.15, 11-29

Fuchs, H.V., Zha, X., Spah, M. and Pommerer, M., (1998): ‘Qualifications of small
Jreefield and reverberation rooms for low frequencies’, Proceeding of Euro-Noise
98, Vol.2, 657-662 |

Goydke, H., (1998): ‘Investigations on the precision of laboratory measurements of
sound insulation of building elements according to the revised Standard ISO 140’,
Proceeding of Inter-Noise 98, 480

Guy, R'W,, De Mey, A., and Sauer, P., (1985), ‘The effect of some physical
parameters upon the laboratory of sound transmission loss’, Applied Acoustics,
Vol.18, 81-98

Halliwell, R.E. and Warnock, C.C., (1985), ‘Sound transmission loss: Comparison of
conventional techniques with sound intensity techniques’, Journal of Acoustical
Society of America, Vol.77 (6), 2094-2103

Hopkins, C. and Emmanuel, (1996): ‘Intensity measurements for building acoustics’,
Proceeding of .0.A., Vol.18 (3), 21-30

ISO 140, (1978): ‘Measurements of sound insulation in buildings and of building
elements. Part 4. Field measurements of airborne sound insulation of building
elements’ _

ISO 140, (1995): ‘Measurements of sound insulation in buildings and of building
elements. Part 3. Laboratory measurements of airborne sound insulation of
building elements’

Jacobsen, F. and Ding, H., (1996), ‘Observations of the systematic deviations between
the results of the conventional method and the sound intensity method of
measuring transmission loss’, Proceeding of Inter-Noise 96, 2719-2724

Jacobsen, F., (1982): ‘Decay rate and wall absorption at low frequencies’, Journal of
Sound and Vibration, Vol.81 (3), 405412

Jacobsen, F., (1997). ‘Sound intensity and its measurements’, Fifth International
Congress on Sound and Vibration, December 15-18, Adelaide

Jonasson, H.G., (1991): ‘Measurements of the sound reduction index with intensity
technique’, Nordtest Project 746-788, SP report 1991:23, Swedish National
testing and research institute, Boras

Jonasson, H.G., (1993), ‘Sound intensity and sound reduction index’, Applied
Acoustics, Vol.?, 281-293

87 -



Kihlman, T and Nilsson, A.C., (1972): ‘The effects of some laboratory designs and
mounting conditions on reduction index measurements’, Applied Acoustics, Vol.5

Kihlman, T., (1970): ‘Report on the influence of boundary conditions on the reduction
index’y Report NO ISO/TC43/SC2/W G2, Chalmers Tekniska Hogskila, Goteborg,
Sweden

Kropp, W., Pietrzyk, A., Kihlman, T., (1994): ‘On the meaning of the sound
reduction index at low frequencies’, Acta Acustica, Vol.2, 379-392

Lang, J., (1972): ‘Differences between acoustical insulation properties measured in the
laboratory and results of measurements in situ’, Applied Acoustics, Vol.5, p21-37

Larsen, H., (1978): ‘Reverberation Process at low frequencies’, Briiel and Kjar
Technical Review, N%, 3-42

Larsen, H., (1980): ‘Power based measurements of sound insulation’, Briiel and Kjer
Technical Review: Transmission loss, N°3, 3 -22

Milosovic, M.A. and Ciric, D.G., (1998): ‘Short reverberation time measurement

using integrated impulse method’, Proceeding of Euro-Noise 98, Vol. 2, 711-716

Nefske, D.J. and Sung, S.H., (1990): ‘Sound in small enclosures ’, Engineering
Mechanics Department, General motor Research Laboratories Research

Publication GMR-7069

Nightingale, T.R.T., (1996): ‘Acoustic intensity as a tool for assessing sound isolation
and flanking transmission in lightweight buildings’, Proceeding of Inter-Noise 96,
2685-2690

Pedersen, D.B., (1997), Laboratory measurement of the low frequency sound
insulation, DAGA 97, Kiel, 105-106

Rasmussen, B., Rindel, J. H. and Heinriksen, H., (1991): ‘Design and measurements
of short reverberation times at low frequencies in talk studios’, Journal of Audio
Engineering Society, Vol.39 (1/2), 47-57

Roland, J., (1995): ‘Adaptation of existing test facilities to low frequencies
measurements’, Proceeding of Inter-Noise 95, 113-1115

Schmitz, A. and Raabe, G., (1997): ‘Testing of the CEN survey method for building
acoustic measurements in Germany’, Proceeding of Inter-Noise 97, Vol.3, 1453-
1456

Schultz, T.J., (1956), ‘Acoustic Wattmeter’, Journal of Acoustical Society of America,

88 -



Vol.28, 693-699

Uosukainen, (1995): ‘On the use of the Waterhouse correction’, Journal of Sound and
Vibration, Vol.186 (2), 223-230,

Utley, W.A., (1968): ‘Single leaf tr&nsmission at low frequencies’, Journal of Sound
and Vibration, Vol.8 (2), 256-261

Vorlinder, M., (1995): ‘Survey test methods for acoustic measurements in buildings’,
Building Acoustics, Vol.2 (1), 377-389

Walker, R., (1992): ‘Low frequency room responses. Part 1: Backgroung and
qualitative considerations’, BBC Report RD 1992/8

Waterhouse, R.V., (1955): ‘Interference patterns in reverberant sound fields’, Journal
of the Acoustical Society of America, Vol.27, 247-258

89



v
s

.............................................

IS

................................................

W
.

(8]

Waterhouse correction factor (dB)

—
a4

1600 10000
Frequency (Hz)
25113 _g_ S0NT3

Figure 4.1. Calculated Waterhouse correction factor for the 25m® and 50m’ rooms

90



5 CHOICE OF INVESTIGATIVE METHOD

5.1 INTRODUCTION

Sound insulation measurements at low frequencies between domestic rooms are shown
in chapter 4 to be not controllable when using full scale measurements. The classical
diffuse sound field theory has limited application in this frequency range. Other
predictive methods are thus required. Their application to sound insulation at low
frequencies is investigated in this present chapter. It will be demonstrated that analytical
modal decomposition methods can only be used for the simplest room geometry and for
the simplest wall edge conditions. Geometrical acoustics, using ray tracing or image
source methods, does not take account of the wave phenomenon and the fluid-structural
interaction. It is most commonly used in large room acoustics where the ratio of

wavelength to room dimensions is small.

What is required, is a robust, flexible prediction method, which will highlight the
dominant resonant characteristics of rooms and walls and which will allow
consideration of irregular room shapes and edge conditions of the party wall. Hence,-
numerical modal modelling will be shown to be an appropriate tool to predict sound

transmission at low frequencies and for small rooms.

5.2 ANALYTICAL MODEL METHOD

The method has been considered in studies of panel response to acoustic fields and the
resultant insulation [Maidanik (1962), Sewell (1970), Gurovich (1978)]. The modal
approach initially was developed to model the panel response when backed by a closed
cavity [Pretlove (1965), Bhattacharya (1969), Pretlove et al (1970), Guy (1973 & 79)].
Here the modal characteristics of the panel were taken account, but also the modal
characteristics of the sound field. Theoretical studies of sound transmission have been
undertaken by Heckl [1958], Josse and Lamure [1964], Kihlman [1967], Nilsson [1972],
Mulholland [1973], who considered the room - partition - room system. The lack of
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computational power at the time of their studies, limited the work although the
phenomenon of room coupling was highlighted. More recently, Gargliadini et al [1991],
Kropp et al [1994] and Osipov [1997-a] have been able to develop the approach for low
and medium frequency sound transmission between two rectangular rooms of different

volumes.

The principles of the analytical model are to describe the room — party wall — room
system by a set of equations expressing the coupling between the sound fields and the
panel displacements. The room pressure amplitudes and wall displacements are obtained
from the plate equation of motion and from the continuity conditions between the sound
fields and the plate surfaces [Osipov (1997-a)]. This method results in a large set of

equations and requires computers for solutions.

The analytical model has become more accessible in the last 10 years due to the
availability of much greater computing power than previously. It can be used to
calculate the frequency response of the two rooms, the party wall and the coupling
between those sub-systems. It works for rectangular shapes and for the study of
asymmetric and symmetric room configurations [Gargliadini (1991)]. It also was
preferred to other methods for the short computation times required [Kropp et al
(1994)]. Different analytical models can be defined to predict the sound transmission,
but Osipov [1997-a] shows that the analytical model of the room-partition-room system
is the best method when compared with the baffled plate and infinite plate models; the
last being the worst model.

The method has limitations in that rectangular and cubic shapes only are considered to
facilitate the modal decomposition of the panel displacement and the sound field of the
enclosure [Gargliadini (1991)]. It does not take account of wall position, i.e. where the
partition is placed within the test opening [Kihlman et al (1994)] and it cannot handle

non-uniform distributions of surface treatment.

The party wall is assumed simply supported since other boundary conditions are too

difficult to model [Gargliadini (1991), Atalla & al (1994), Osipov (1997-a)]. Modelling

the party wall as a baffled or infinite plate, ignores the coupling between structural
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modes and acoustic modes [Osipov (1997-a)]. The analytical model is not as accurate as
is required; there are large discrepancies between prediction and measurement due to the
selected energetic equations, and due to the effect of edge conditions on the party wall at
low frequencies [Gargliadini (19915]. It is also time consuming to truncate all energetic

equations inside a computer program.

To summarise; the analytical method could be used for the study of sound transmission
at low frequencies between two finite sound fields, but modelling the room-panel-room
system and developing a computational program to resolve the set of equations would
be excessively time consuming. Changing the boundary conditions at the wall edges
would be intractable. The use of an analytical method for modelling the sound

transmission at low frequencies will not be pursued any further.

5.3 GEOMETRIC MODELS

Ray tracing and image source methods were proposed 30 years ago [Krokstad (1983)]
and continue to be developed as useful predictive tools in room acoustics [Ondet
(1988&89), Raynoise (1993), Dance (1995), Christensen et al (1998)] although each
method has its advantages and disadvantages [Hammad (1988)].

5.3.1 Ray tracing method

Ray tracing [Schroeder (1970)] was originally developed for the study of auditoria,
where it was used to understand the relationship between the shape of an enclosure and
the sound decay characteristics [Schroeder (1970)]. The method then has found
application for other large enclosures [Dance (1995)].

To simulate a sound field, an enclosure is modelled using room dimension co-ordinates
and material characteristics. The source is modelled as a point [Ondet (1988 & 89)], or a
surface [Raynoise (1993)], in three dimensional space. Energy particles leave the source

at the same speed of sound along a ray coming from the centre of the source [Kuttruff
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(1991)]. Rays are randomly and regularly distributed inside the room and build up a
sound field by reflecting along the plane surface according to Snell’s law of specular

reflection; the reflected angle equals the incident angle as shown in Figure 5.1.

Each ray is traced until its energy content decreases below a set value. The receiver
sums the energy of the direct and reflected rays passing through it in order to predict the
sound energy inside the enclosure. The sound energy propagation takes account of the
effects of air absorption and surface absorption, the latter by a factor (1-a), where o is
the absorption coefficient of the surface. Obstacles inside the enclosure diffract the rays
and rough surfaces scatter the rays according to Lambert's law [Vorlander (1998)]. The
sound field can be presented in two ways. The first is to add the energy of each ray to
achieve a steady state behaviour. Contour plots can then be displayed showing the
sound pressure level distribution in the enclosure. The second is the impulse response,
displayed in the form of an histogram; vertical lines are displayed against time, each one
representing a reflected ray separated by the travel time delay, and the decreasing
amplitude represents the reflection order. Acoustical parameters like reverberation time,
Early Decay Time, speech intelligibility, sound transmission and others thus are
derived. Computation time is reduced because the calculation is reciprocal i.e. if the

source and receiver are interchanged, the result will be the same.

Ray tracing is mainly used for the study of the acoustics of large rooms e.g. auditoria
[Kleiner (1993), Madalik (1996), Raynoise (1993), industrial buildings [Raynoise
(1993), Dance (1995)], environmental problems [Raynoise (1993)], train stations,
airports and stadia [McCulloch (1998)]. The main application was and still is for
auditoria as ray tracing can be used for any enclosure shape with different absorption
coefficients assigned to any surfaces of the room [Hammad (1988)], with or without
obstacles [Benedetto et al (1984), Dance (1995)]. The method also is used for the
prédiction of non diffuse fields such as the interior of factories, reviewed by Dance
[1995]. It is recognised to be the most accurate geometrical method for predicting the
factory noise level [Beranek (1992)] and the effect of barrier insertion loss [Benedetto
(1984)]. Ray tracing also is used for the study of sound field inside car enclosures at mid

and high frequencies due to noise transmission of the engine [McCulloch (1997)]. The

94



method is cheaper, faster and more flexible when compared with measurements carried
out on physical scale models.

The method has limitations in that vibrating surfaces are not taken into account and
again, the coupling effects between sound field and vibrating panels are neglected. The
method is applicable to a statistical sound field above the cut off Schroeder frequency,
when the ratio wavelength/room dimensions is small. Time is consumed in the design of
the database representing the wall characteristics of the model and in defining the
position of source and receiver [Vorldnder (1998)]. It requires powerful computer

processing when the defined model is large and therefore does not lend itself to large-

scale parametric surveys.

5.3.2 Image source method

The image source method was first developed for the study of the steady-state sound
field and the distribution of absorption in rectangular rooms [Gibbs et al (1972)] and

since, has been developed for many other applications, as described By Dance [1995].

The principle of the image source method is to consider a room as a combination of
acoustic ‘mirrors’ at the room surfaces. The sound source gives rise to a large
(theoretically, infinite) number of image sources which contribute to the sound field.
This is the same as the sound source sending a ray of a given intensity in the room,
which is then mirrored by the first surface impinged. According to the optical geometry
law, an image source is built up symmetrical to the main source through the wall and
creates a reflected ray forming an angle with the surface equal to the incident angle.
Another image source is then formed from the first image source, when the reflected ray

impinges upon another wall and so on, shown by Figure 5.2.

A large number of image sources is then processed, created as a regular lattice in three-
dimensional space around the room. The steady state energy density at one point in the
room is then calculated by adding the energy radiated by the sound source and the
image sources through the different walls of the room [Allen et al (1979)]. The transient

response, is processed as a histogram in the same way as in ray tracing. Such prediction
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of the energy density of the field is-dependent on the directivity of the sources, the
reflection coefficients of the surfaces and the distance travelled by the sound. The
energy intensity of each ray varies with the introduction of absorption inside the room
by attributing properly reduced acousticé power to the image sources. Other methods can
be used for scattering effects [Akil (1995)], but are not discussed here. The method also

has been used for the prediction of reverberation time in small rooms [Allen et al
(1979)].

The model mainly has been developed for noise prediction and control inside factories
[Shield (1980), Dance et al (1994 & 97-a&b), Dance (1995)]. It is also used for the
study of the room acoustics in auditoria [Kirszenstein (1984), Kleiner et al (1993)],

predicting the decay time, clarity, speech transmission index in a similar manner as ray

tracing.

The method is generally limited to prediction of sound pressure level in rectangular
rooms and where the ratio wavelength/room dimensions is large. Large computational
time and memory size are required to process and test the validity of the lattice of virtual
sources needed for the prediction [Kuttruff (1991)]. Interference effects are normally not
included, but Dance and Shield [1997-a] showed that such effects can be considered if

intensity is replaced by sound pressure including phase difference between the incident

ray and the first reflected ray.

Recently, hybrid models have been developed, using the ray tracing method to process
image sources [Ondet et al (1989), DeGeets (1996), Dance et al (1995 & 97-b),
McCulloch (1997)]. Such models can predict the sound field where the wavelength is
still long with respect to room dimensions i.e. by modelling the eigenmodes. They are
modelled using coherent image sources i.e. by including the phase between the direct
and the first order reflected ray or between two reflected rays. The sound fields at low
frequencies in large rooms [Dance and Shield (1997-b)] or the sound fields in smaller
rooms at medium frequencies [DeGeets (1996)] can be predicted. Good agreement was
obtained with Boundary Element Methods (see Section 5.4.1) for rectangular rooms.
Prediction at very low frequencies, however, is still poor [DeGeets (1996)].
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According to McCulloch [1998], the sound transmission between two rooms could be
predicted using geometric methods. The sound field in the sending room is calculated
and reused to calculate the sound field in the receiving room by considering the
frequency dependent transmission properties of the wall. However, the wave
phenomena created by the coupling between the two or three subsystems still will not be
represented and the sound insulation will depend on material properties measured in
laboratories which often are not accessible below 100Hz. Ray tracing and image source
methods are therefore not suitable for the modelling of the sound transmission between

two rooms at low frequencies.

5.4 NUMERICAL MODEL METHODS

5.4.1 Boundary Element Method

The Boundary Element Method (BEM), was developed after the Finite Element Method
(FEM) to model the system at its boundaries and to predict radiation and scattering
phenomena in infinite domains [Cops (1994), Atalla et al (1994), Crocker (1997)]. The -
principle of BEM is to discretize any systems into surface elements to which surface
potentials are allocated. A matrix equation is created, linking the normal velocity
distribution and the surface pressure distributions. Such variables are used to predict the

radiation and the resultant sound fields in semi- infinite and infinite media.

Two boundary element methods are commonly used; the direct boundary element
method and the indirect method. The first allows the normal velocities and surface
pressure to be processed to predict interior or exterior fields. The second yields the
pressure and normal velocity discontinuity through the surface, predicting mixed
regions i.e. involving interior and exterior spaces simultaneously [Sysnoise (1993),
Crocker (1997)]. When the system is divided into surface elements at the boundaries,
the fluid density and speed of sound, or material properties, are assigned to the system.
The sound pressure distribution on the surface of the body and at other points in the

field, the sound intensity and the sound power then are processed.
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BEM is very popular for the study of radiation phenomena and the insertion loss of
barriers in the field [McCulloch (1997)]. Complex surfaces with junctions also can be
modelled. BEM is used for the prediction of muffler and silencer performance of sound
barriers and for the control of noisy machines [Augusztinovicz (1998)] and it is
recognised to be the most suitable method for radiation prediction and scattering
problems. It describes accurately the geometry of the model i.e. corners, edges,
curvatures and a relatively short time is necessary to model a three dimensional system.
The modelling requires only the discretization of the surfaces and not of the adjacent or
surrounding medium, for which general properties such as density and sound velocity
are assigned. The dimension is therefore reduced by one and leads to a more effective
computational process. Reflecting surfaces can be assigned with an arbitrary reflection
coefficient and a range of boundary conditions, including the impedance boundary

conditions, are available. Point sources can be included.

BEM requires meshes fine enough to represent the vibration or sound pressure
distribution on surfaces of the system. The size of the surface element has to be
carefully defined with respect to the upper frequency range of interest. Coarser meshes .
can be used for finite acoustic fields, but the surface meshes require a large
computational effort, hence, a long processing time [Pietrzyk (1996)]. BEM is limited in
the prediction of acoustics modes in enclosures and prediction of acoustic modes is less

accurate than by the Finite Element Method.

To summarise, the Boundary Element Method is appropriate for predicting interior and
exterior sound fields and takes into account the fluid and structural interaction.
However, the main application is for exterior problems as acoustic mode prediction is
relatively poor. The method therefore was not selected for the prediction of the sound

transmission at low frequencies. -

5.4.2 Finite Element Method

Finite Element Methods (FEM) were first developed for structural problems in the
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1960s [Gladwell (1965), Gladwell et al (1965 & 71), Zienkiewicz (1971)] and more
recently as reviewed by Crocker [1997] and Astley [1998]. Important contributions have
been made by Craggs [1973, 1994], Petyt et al [1976], Nefske et al [1990], Easwaran et
al [1995 a&b, 1996] and Astley [1998] by predicting the sound field inside complex
enclosures, including the effect of damping and boundary flexibility. An important
break-through was in the application to coupled systems where mutually interdependent

structural and acoustical subsystems are solved simultaneously [Augusztinovicz
(1998)].

The principle of FEM is to solve a system described by a set of governing differential

equations, by discretizing it into elements [Zienkiewicz (1971), Pietrzyk (1996),

Tetambe (1996), McCulloch (1997), Crocker (1997), Astley (1998)]. The elements can
have different geometry, straight or curved, and each is described by a motion equation.

They are characterised by a number of nodes, which fulfil continuity conditions between
elements. The choice of the number of elements is determined by the upper frequency of
the range of interest [Astley (1998)]. FEM is used to model structural and acoustic

systems and can be used to model the coupling between radiating walls and the enclosed
sound fields [Craggs (1973)]. The structural model describes the wall vibration in terms.
of a mass matrix, stiffness matrix, with or without a damping matrix. The nodal variable

is displacement. The acoustic model describes the enclosed field in terms of pressure

variable, mass matrix, stiffness matrix, and with or without a damping matrix, and the

nodal variable is pressure. To model the sound transmission between two rooms, the

structural modes are linked to the acoustic modes by adding the acoustical mass

matrices and structural matrices [Atalla et al (1994)].

The numerical method is renowned for solving interior problems and is recognised to be
the best method for the modelling of sound fields and associated wall vibrations [Wright
(1996), Pietrzyk (1996 & 97)]. It allows simulations of acoustic fields as functions of
frequency and space, where the wavelength is comparable to the dimensions of the
room. It also includes wall radiation onto finite spaces, and therefore predicts acoustic-
structural coupling. There is no need to redefine the matrices of elements when
processing the frequency response of the system resulting in relatively small computer
processing time. The matrices are symmetric, allowing data reduction and reduced
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memory size. The computational process can be also reduced using modal
superposition. The sound field can be predicted within rectangular or complex room
shapes, with or without surface absorption [Easwaran et al (1996)]. Point sources and
vibrating surfaces can be assigned to the model. The eigenfrequencies of the two and
three-dimensional models are easy to obtain. Sound pressure level, including phase,
displacement and other acoustical parameters can be extracted from the simulation. The

method is applicable to simulation at low and mid frequencies.

There are limitations to the method in that the time necessary for the discretization of
the three-dimensional model is greater than for a BEM model. The element size has to
be small enough, at least a 1/6 of the wavelength for reliable prediction [Atalla et al
(1994)]. The process of data acquisition also is slow, depending on the size of the
defined system, on the number of elements and on the processing power of the
computer. FEM can only be used to study the system at low and mid frequencies, as
more elements are required to model higher frequencies. Also, the more complicated the
model geometry, the more elements are necessary, leading to a loﬁger computation time.
When coupling an acoustic model with a structural model, the meshes must match
[Sysnoise (1993), Pietrzyk (1996)], which often leads to an underestimation of the panel.
radiation. A large number of elements is needed to approximate an infinite or semi-

infinite sound field and the method is not appropriate for such problems.

To summarise; FEM is a numerical method which models finite sound and vibrational
fields and the structural-acoustic interactions. It gives accurate prediction of acoustic
modes which can be linked to the structural model to predict the effect of the incident
sound field on a wall and the effect of a radiating wall on a sound field. Although long
processing times and powerful computers are required, FEM is the best method to
investigate the effect of edge conditions of the separating wall and of the sound fields
inside complex room shapes. It also can include the effect of absorption inside the room
[Geddes et al (1988)]. The method therefore was selected to predict sound transmission
between two rooms at low frequencies. Although FEM has yet to be used extensively in
building acoustics, recent works by Pietrzyk et al [1996 & 97] and Osipov [1997-b]

support the decision to use this approach in the present investigation.
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5.4.3 SYSNOISE

Sysnoise Vol.5.3 is a numerical system for acoustic and structural acoustic modelling
[1996]. It is designed to model fluid-structure interaction by combining an acoustic with
a structural finite element model. Sysnoise is used to assign a numerical method to
imported discretized models. The structural and acoustical models are simulated after
the material and air properties have been assigned. Solutions are expressed in different
ways: sound pressure level contours, acoustic and structural eigenfrequencies, panel

displacements, etc.

Sysnoise was seen as a software package which could address the following components

of the proposed investigation;
1.  effect of a finite acoustic field on a structural field,
2.  effect of finite acoustic field and structural field coupling on a finite acoustic field,

3. effect of varying room dimensions and wall boundary conditions on sound level

difference between rooms.

5.5 CONCLUSION

In laboratories and the field, the methods of measuring sound insulation give poor
repeatability and reproducibility at low frequencies. The relationship between sound
level difference between rooms and the sound reduction index of the intervening wall
has yet to be established at low frequencies. To this end, analytical methods have been
considered but are shown to be time consuming, expensive, and inflexible. A
comparison of other numerical methods shows that the FEM is the most appropﬁate
approach for this study. It provides a description of room-wall combinations, including
edge effects. It was foreseen that there would need to be a compromise between
prediction accuracy and computational power and time and therefore, the full study
would have to be preceded by a methodical selection of element number supported by a

comparison between prediction and measurements in order to validate the numerical
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simulation.
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Figure 5.1. Construction of the first rays reaching the receiver position

V5]

Figure 5.2. Construction of the first and second order image sources
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6 IMPLEMENTATION OF TRANSMISSION ROOMS MODEL

6.1 INTRODUCTION

No method of measurements is found to be reliable enough to measure sound insulation
at low frequencies as seen in Chapter 4. In Chapter 5, a Finite Element Method (FEM),
was selected as the most appropriate approach to model sound transmission between
two rooms at low frequencies. Despite requiring long computer processing times to

simulate a large model and a large frequency range of interest, it is a method easy to

use.

The sound transmission between two rooms is estimated by knowing the pressure field
in each room and the vibrational velocity of the party wall [Fahy (1985)]. This requires
the determination of the effect of the sound source on the source room acoustic volume,
the effect of the pressure field on the vibration of the separating wall and response of the
receiving room acoustic volume to the vibration of the party wall. Each system was
modelled using a software package, Sysnoise V5.3 [1996]. It was, however, important
to ensure numerical stability because previous investigations had shown that such an
analysis suffered from numerical errors due to the mesh size [Tetambe et al (1996)].
That means the acoustic field models and the structural model need to be discretized
with a finite number of elements sufficient to accurately reproduce the pressure and

displacement variation.

The objectives of this chapter are therefore to find the number of elements to correctly
model the sound pressure level variation inside the enclosures and the surface
displacement of the party wall. A compromise had to be found between the number of
elements and the CPU time in order to simulate the sound transmission between two

-

rooms within an acceptable accuracy.

6.2 ROOM MODEL
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6.2.1 Introduction

As seen in Chapter 3, the sound field at low frequencies is not statistical, but is
characterised by distinguishable room modes. Also, as seen in Chapter 4, the
measurement of reverberation time at low frequencies is problematical, leading to a
poor repeatability and poor reproducibility. Previous works by Craggs [1994], Geddes
[1988], Easwaran et al [1995-a&b, 1996], using FEM, investigated the effect of
introducing damping inside an enclosure [Astley (1998)]. The absorbing surfaces were
assumed to be locally reacting, for which sound propagation parallel to the absorber
surface is prohibited. So, the absorber areas were considered large compared with the
wavelength and the sound field is dominated by oblique modes. That explains why
room volumes greater than 100m® were chosen. However, other works have shown that
modelling an enclosure with 6 hard walls (of infinite impedance) gives values which
agree with measurements [Walker (1992)]. Therefore, for the purposes of this study, it
was decided to adopt a ‘worse case’ where all the surfaces are non absorbing and where
the effects of furnishing is not included. It was expected that fluctuations in predicted
sound level would be large as well as the variance of spatial and spectral averages.
However, whilst the measurements and characterisation of low frequency room

absorption remains problematical, this approach would appear logical.

6.2.2 Discretization

The sound field is discretized into a number of contiguous elements. An element, as
seen in Figure 6.1 can have different shapes, such as rectangular, or hexahedron
[Zienkiewvich (1971)]. The corners of each element are called nodes. The use of
straight-edged elements depends on the shape of the sound field. The sound field under
investigation as seen in Figure 6.2 is rectangular, allowing the use of straight-edged
elements such as cubes. In order to model the sound field, each element possesses a
mathematical formula, which is associated with a simple geometrical description,
irrespective of the overall geometry of the sound field. The mathematical formula is
expressed as a function of the nodal values, which are values of the field variable i.e. the
unknowns called degrees of freedom. The unknowns correspond to the sound pressures

and their spatial derivatives. Consequently, the element forms a polynomial function
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with a number of coefficients corresponding to the number of degrees of freedom. The
co-ordinates of the nodes are substituted in this polynomial function in order to define
the sound pressure and the pressure gradient in the directions given by the element (i.e.
three directions if the element is cubic, or two directions if the element is square). The

polynomial function can then be written as

{r} = [N] {p}. 6.1

where {p} is the pressure function in each element, {p}. are the nodal values of the
pressure function associated with the element and [N] is a listing of shape functions of
the co-ordinates only. The shape functions are therefore used to express both the co-

ordinates and pressure of an internal point in term of values at the nodes.

When the function of each element is defined, an algebraic equation for the overall finite
element system is required, which corresponds to Equation 6.15 and Equation 6.17. To
do so, continuity conditions must exist between elements ie. no discontinuities,

overlaps or openings must take place between elements when adjacent elements deform.

The discretization has to be done accurately otherwise numerical errors occur. Indeed,
the discretization of the sound field at one specific frequency will not necessarily be
applicable for higher frequencies [Tetambe et al (1996)]. The number of required
elements is therefore dependent upon the upper frequency of interest with the initial
assumption that 6 elements are required to properly represent the pressure/displacement
over the governing wavelength [Astley (1998)]. As seen above, the sound field can be
discretized with cubic elements, which, however, can have different numbers of nodes.
For example, a Hex8 element is a cubic element with 8 nodes; a Hex 16 is a cubic
element with 16 nodes; a Hex 20 is a cubic element with 20 nodes and so on. The more
nodes are present to describe the sound field, the less number of elements are required to
process the sound field. A large number of nodes, however, involves the manipulation
of a large matrix {p}. and therefore a large overall matrix. Thus the CPU time necessary
to process that overall matrix will be greater than that defined with Hex8 to the
detriment of the accuracy. Indeed, it has been shown [Crocker (1997)] that the
prediction of eigenfrequencies is more accurate with a Hex20. The next two chapters,
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however, will show that the selection of Hex 8 provides a good agreement between
prediction and measurement.

The discretization of the acoustic field, begins by first considering the dimensions of the
transmission room. As seen in Chapter 1, the size of typical domestic rooms is not
generally represented in the acoustic laboratories. In this study, the transmission rooms
represented typical rooms in adjacent dwellings, 4m x 4m x 2.5m and 3.5m x 4m x
2.5m. The size of the mesh depends upon the maximum frequency of interest, which, in
this study, was 200 Hz, corresponding to a wavelength of 1.7m. Compared with the
longest room dimension, 4m, 14 elements ideally are required to represent the pressure
variation over a wavelength along the y-axis (See Figure 6.2). The same number of
elements was selected to discretize the sound pressure level variation along the x- and z-
axes, x being the largest dimension. The number of elements required for the A/6
criterion is as follows; 12.35 along the x- axis (equal to 3.5m) and 9 elements along the
z-axis (equal to 2.5m). A model discretized with 14° elements, was known as 14 mesh
model, while a model discretized with different number of elements was known as 1x

m x n mesh model.

6.2.3 Acoustic field

The sound pressure level inside an enclosure can be written as an Helmholtz equation;
Vp+kp=0 (6.2)

The 6 walls of the enclosures were considered as hard surfaces i.e. the air particle
velocity is equal to zero and the variation of the pressure normal to the surface of the

walls is also equal to zero:

op
=0 6.3
™ (6.3)

where 8 n is the normal to the surface of the wall.

It is impossible to determine an exact solution to the differential equation of the sound

field i.e. an explicit expression for p in terms of known functions, which exactly satisfy
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the governing equation and boundary conditions. However, the use of a variational
method allows an approximate solution with an element wise Rayleigh -Ritz treatment
and shape function discretization. The acoustic field is therefore discretized into finite

elements [Petyt et al (1976)], using Equation 6.1.

The total acoustic sound energy, E, is the sum of the acoustic potential energy P and the

acoustic kinetic energy C [Zienkiewicz (1971)] where;

P= %J‘ p.£,dV (6.4)

where p is the pressure, V is the volume of the enclosure and €., is the volumetric strain

related to the pressure by the bulk modulus:

£y =L : (6.5)
PoCo

Equation 6.4 can therefore be rewritten by using Equation 6.5

P=— j pzz dv (6.6)

The kinetic energy of the sound field is defined as

1
C= EIPOZZ v 6.7

v

where y is the pressure velocity defined as

z=--2 638)
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where & means a small variation.

Equation 6.7 can be rewritten as

-

1} o p2
C= "3 J. -dV 6.9)
Equations 6.6 and 6.9 are discretized using Equation 6.1, where

P26y [P av

g P (6.10)

=——{p}" [}
Po

where [M] is the acoustic mass matrix [M]= jm dv
o
v

2
2P (6.11)

b-lemmWw

K =-—— " [K]ip}

2p,0°

where [K] is the acoustic stiffness matrix [K]= I[B]T [Blav
v

The total energy, E, of the sound field is the sum of the potential and kinetic energy,

according to the Hamilton’s principle;
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E=P+K
_ r 1 (ar (6.12)
B =5 - M- )7 K}

The solution of this equation is obtained by minimising the total energy E

JE _

Ip 1 (6.13)
e}~ K} =0

(K] - @*[M]){p} =0 (6.14)

In the presence of an acoustic force resulting from a loudspeaker or/ and an oscillating
fluid-structure interface at the boundary of the acoustic domain, Equation 6.14 is

rewritten as

([K]- o Mfp} = ~ippr{Q} (6.15)

where {p} and {Q} are the amplitudes of nodal pressures and flows, respectively. The

two matrices are only calculated once and are independent of the frequency.

The resonance frequencies of the enclosure are obtained when there are no acoustic
force {Q}=0 and the frequency response of the enclosure is calculated according to
Equation 6.15. The method is called the Acoustic Finite Element (AFE) method
[Sysnoise (1993)].

It is however time consuming to process the pressure distribution when using Equation
6.15, as it requires to resolve that equation for each frequency. A quicker way to solve
this equation is by using modal superposition [Sysnoise (1993)], which reduces the
system of equations. The modes have to be processed first and then the pressure is
calculated in the form of a linear combination of a limited number of modal

eigenvectors;
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‘- m

{p}= E L{e;}=[ef (6.17)

) i=l
where {1} contains the modal participation factors and [@] is a matrix whose columns
are the m retained modal eigenvectors. The unknown of the problems become the modal
participation factors and they are the solution of the following m x m system of

equations:

([eI'[k -w*M][0])(1} = [0] {Q} (6.18)

6.2.4 Modelling

The acoustic field was defined using software, P3/Patran [1993]. The acoustic field was
designed from a reference point of co-ordinates (0, 0, 0) again, (see Figure 6.2). The
Sysnoise software cannot link two acoustic models with one structural model to
simulate the sound transmission between two rooms, but can link one acoustic modei
with the structural model. Consequently, a solid of dimensions representing the two
rooms combined (7.5m x 4m x 2.5m) was defined. The solid was then discretized by
defining firstly the number of nodes on each edge of the box, incorporating elements of
type Hex8. Once the dimensions and elements were defined, the mesh model was
generated and imported into the software package Sysnoise V5.3 (see Chapter 5) to
apply the Acoustic Finite Element method. The matrix bandwidth depends on the largest
difference between internal numbers of nodes connected to the same elements [Sysnoise
(1993)]. Consequently, before defining the properties of the sound field, i.e. the stiffness
and mass matrices, it is normal to renumber the nodes of the imported mesh model in
order to have the smallest possible matrix bandwidth. This reduces storage me’mory and
CPU time. The smallest bandwidth is therefore obtained by renumbering the internal
nodes while the external number remains the same. In the present case, the number of
nodes is quite small when compared with large models or high frequencies, but the

renumbering option was used each time an AFE model was defined, as a check. The

117



stiffness matrix and the mass matrix were defined from values given for mass density
and sound velocity. Here, no air absorption was considered giving a sound velocity, ¢, =
340 m.s” and mass density p, = 1.225kg.m™. In order to obtain the room modes of the
source and receiving rooms, a ‘hard’ wall of zero thickness [Sysnoise (1993)] had to be
created at the position of the party wall (x = 4m) to distinguish the source room from the
receiving room. The nodes situated at x = 4m and the elements connected to them were
selected. The nodes were then duplicated by creating a new set of nodes connected to
the selected set of elements having the same co-ordinates as their pé.rent nodes
[Sysnoise (1993)]. Two volumes are now created, defining the source room and the
receiving room. The room modes can be calculated for the whole system by

superimposing the modes of the source room and of the receiving room.

As the frequency range of interest is 25Hz to 200Hz, the eigenfrequencies were

computed from the 1st acoustic mode to a mode having an eigenfrequency greater than
200Hz (See section 3.4).

6.2.5 Accuracy versus Mesh Size

The CPU time can be large, depending upon the number of finite elements and on the
processing power of the computer [Zienkiewicz (1971), Astley (1998)]. It was found
that two days of processing were required for the simulation of the room modes for 12
mesh and greater models. The simulation run was much longer than CPU time, since the
network system was shared with other users. It was also foreseen that the CPU time for
simulating the transmission, obtained by coupling the Acoustic Finite Element (AFE)
and the Structural Finite Element (SFE) would be also large. Consequently, an optimum
between accuracy of simulation and required CPU power had to be determined.

It was necessary to reject the 6 elements per wavelength condition, at least in one
direction. Consequently, a range of seven acoustic models were constructed from 5 to
11 meshes in order to select a mesh model for which the CPU time is acceptable, and

eigenfrequencies would be processed within an acceptable error. Also, two acoustical
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models were defined with a 7x8x5 mesh (i.e. 7 elements in the x direction, 8 elements in
the y direction and 5 elements in the z direction) and a 8x9x6 mesh. To evaluate the
error due to the finite element discretization, an error ratio g, was calculated by
comparing the theoretical eigenfrequencies given by Equation 3.7 with the finite

element eigenfrequencies processed for each mesh model, where

_ numerical eigenfrequency - theoretical eigenfrequency x100 (6.19)

&
0 theoretical eigenfrequency

Figure 6.3 shows the error for the 7, 8, 9 and 7x8x5 and 8x9x6 mesh models plotted
against the number of modes. The prediction for the 7x8x5 and 8x9x6 mesh models had
a greater error than the 8 and 9 mesh models, as the number of defined elements along x
and z directions are greater than for the 7x8x5 and 8x9x6 mesh models. The pressure
variation is therefore better described by selecting mesh models with equal number of
elements in each direction. Figure 6.4 shows the error from a 5 mesh to a 11 mesh
model plotted against the number of modes, which corresponds to. a frequency range of
0 to 220Hz. The room mode calculation for a 5 mesh model has a maximum error of
17%, which occurs in the upper part of the frequency range of interest, whereas the -
calculated modes for a 11 mesh model are within an error of 6%. This was expected as
the number of elements must be increased to describe accurately the variation of sound
pressure level along a standing wave at mid and high frequencies. That explains the

similar trend observed for all curves.

The calculated errors are positive, which means that the numerical modes are too stiff,
due to the discretization [McCulloch (1998)]. The observed peaks are not only due to
the mesh size, but also due to the calculation procedure when the room modes of the
transmission suite are processed. By duplicating the nodes along the position of the
party wall, the calculation procedure gives an increased error when identical modes in
the source room and in the receiving room are processed. If an error of 10% is
considered as the maximum allowed error, the 10, 9 and 8 mesh models are seen to be

acceptable.
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6.2.6 Estimation of the Frequency Response

Another way to select the correct mesh model is to look at the frequency response
obtained at one position (3, 3.5, 1:75m) in each mesh model using Field point (see
Chapter 7). The level difference is calculated between the sound pressure level of the
11mesh model with those obtained with the other mesh models from 31.5Hz to 160Hz
1/3 octave bands. The data are presented in Figure 6.5.

As expected, the greatest level differences are obtained for the 5 and 6 mesh model. It
varies between —7 to 13dB. When the number of elements is increased, the discrepancy
becomes smaller, making the 9, the 10 and the 11 mesh models the most appropriate
AFE models to study the frequency response of the room.

6.3 PANEL MODEL

6.3.1 Introduction

The proposed use of the method was to model the domestic rooms with typical party -
walls found in dwellings. Here, the wall separating the two rooms was to be of brick. It

was modelled as a finite isotropic panel of dimensions L, and L, (see Figure 6.6).

In order to model the surface displacement, it was necessary to distinguish between thin
plate and thick plate assumptions. In this study, the wall was of 100mm brick, with a
surface area of 10m? (4m x 2.5m). Such a wall has a critical frequency of approximately
152Hz. As seen in Chapter 2, the wall can be considered as a thin plate when A,> 6
[Cremer (1957 & 88)], where A, is the governing bending wavelength and t is the wall
thickness. Thus, the wall can be assumed to be a thin plate below 1100Hz. This
assumption is also confirmed by Llungren [1991]. Therefore thin plate theory was
assumed to apply in the frequency range of interest 25-200Hz.

6.3.2 Discretization
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The surface displacement was discretized into a number of contiguous elements, which
describe the governing differential equations described in Chapter 2. The requirement
that the wavelength should be described with 6 elements, also applied to the surface
displacem;nt. The bending wavelength of a 0.1m thick brick wall is obtained from
Equation 2.11 and is equal to 1.5m at the highest frequency of interest, 200Hz. In the
same manner as in Section 6.2.2, the wavelength was divided into 6 elements to define
the length of the element. That was then compared with 4m the longest dimensions of
the party wall to define the number of elements. The panél vibration was therefore
modelled with 16 elements using elements with 4 nodes, known as QUAD 4. The
elements were chosen for the same reasons given for the selection of HEXS8 elements in
Section 6.2.3. It was foreseen that the simulation of the structural model would be faster

than for the acoustic modes as the amount of time required for the solution is
proportional to n? where n, is the number of elements along one axis [Zienkiewicz

(1971), Maluski et al (1997), Maluski et al (1998)]. The polynomial function of the
element has the same expression as Equation 6.1, but now the variables are

displacements and their derivatives.

6.3.3 Structural field

As with the acoustic damping (see Section 6.2.1), the structural damping is also difficult
to measure at low frequencies [Craggs(1994)]. The party wall was therefore modelled
with zero damping in order to reduce the number of errors introduced during the
modelling and the simulation. As in Section 6.2.3, the wall surface displacement was
discretized into finite elements using a variational method [Zienkiewicz (1971)], giving

an equation of a form;

(K- o M]){w} = -jp,0{F} (6.20)
where [K,] and [M,] are the stiffness and the mass matrices, {w} is the displacement
vector and {F} is the force applied on the surface of the panel. .

As for the acoustic modes, the structural eigenfrequencies of the party wall are obtained
when -jp,0 {F}=0
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([KJ-o’M]){w}=0 (6.21)

Like for the Acoustical Finite Element model, the two matrices are only calculated once
and are ‘independent of the frequency. The numerical method used to define the
structural modes and the displacements is called the Structural Finite Element (SFE)
method [Sysnoise (1993)].

6.3.4 Modelling

The process was practically the same as for the acoustic field except that the party wall
is modelled as a structural finite element (SFE) model. Using P3/Patran [1993] the mesh
model of the party wall was defined in the plan (y-z) at the reference point (4, 0, 0)
corresponding to the position of the party wall from the reference point (0,0,0) (See
Figure 6.6) defined in Section 6.2.4. The panel was discretized by defining all the
elements of type Quad 4 on the surface of the wall. The mesh model is now ready to be

transferred to Sysnoise.

SFE was selected before importing the mesh model, then the nodes were renumbered m
order to reduce the matrix bandwidth (see Section 6.2.2). Before assigning the
properties of the brick wall, the mesh model could be defined as a panel or a shell. As
seen in Chapter 2, the edge conditions of a brick wall could be assumed to lie between
simply supported and clamped conditions meaning that rotational and translational
displacements were moving in three dimensional space. A plate model allows three
degrees of freedom per node: one normal translation and two of rotation. The plate

element can be modelled in the XY-plane only. A shell model allows curved bodies,

with 6 degrees of freedom per node giving three displacements (U, Uy, U,) and three

rotations (R,, Ry, R)), to be modelled. A shell can be modelled in any direction.
Consequently, the mesh model was modelled as a shell with the material properties
corresponding to a brick wall [Gibbs (1973)]:

Young’s Modulus, E: 1.1 E' N.m?

Mass density, p: 1860 kg.m”

Poisson’s ratio, v: 0.4
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For the study of the accuracy of mode process and assuming that the software processes
linearly, only one thickness was defined

Thickness: 0.1m
As it is only a matter of finding the correct number of elements to model the surface
displacement of the panel, the calculation of eigenfrequencies is easier for the simply

supported condition with no translational displacement;

U,=0,U;=0and U, =0. (6.22)
The structural model was now defined and the eigenfrequencies processed according to

Equation 6.21.

6.3.5 Accuracy versus mesh size

12 modes were processed for the 5 to 14 mesh models, the last structural eigenfrequency
being well above the upper frequency range of interest. Mesh models greater than 14
were not considered as the elements of the structural model must geometrically be
identical to the corresponding faces of the AFE model. Also, mesh models defined with
a number of elements along the y-axis different from the z-axis were not selected as

such modelling was not chosen for the acoustic modes (see Section 6.2.5).

The error of the estimate was expressed as in Equation 6.19 with respect to theoretical
eigenfrequencies calculated from Equation 2.21 . Results are shown in Figure 6.7. The
structural mode calculation for a 5 mesh model give a maximum error of 91%, which
occurred in the low and upper part of the frequency range of interest, whereas the
calculated modes for a 9 to 14 mesh model are within an error of 20%. Only the 14
mesh model gives errors within an initial target of 10%. Instead of displaying error
versus mode number, the results can be displayed as error versus mesh model. Figure
6.8 shows that panel modes 7, 8, 9, 11 and 12 of the 9 mesh model and modes 7, 11 and
12 of the 10 mesh model have an error equal or greater than 10%, but the
eigenfrequencies of the modes 11 and 12 are outside the frequency range of interest.

Also, the error tends to be negative for the first and second modes. This is the result of
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having too many elements to describe the surface displacement. [McCulloch (1998)]. It
was observed that the time necessary to process the eigenfrequencies was much less
than that for the acoustic eigenfrequencies, as expected. Consequently, the structural

eigenfrequencies were predicted with an error of 8% when the model was discretized

with 113 elements or more.

6.4 MESH SELECTION

The aim of this study was to model the sound transmission between two rooms i.e. to
predict the fluid-structural interaction effects for which prediction, accuracy and
computer processing time are acceptable. In order to do so, different acoustic and
structural mesh models were investigated individually. The eigenfrequencies of the
Acoustic models of 5% 6°, 7°, 8%, 9°, 10® and 11° elements were compared with the
theoretical ones. The 8, 9 10 and 11 mesh models were found to have their
eigenfrequencies processed with an error less than 8%. The predicted structural
eigenfrequencies of the 5 to 14 mesh models were compared with the theoretical ones.
The 10, 11, 12, 13 and 14 mesh models were found to have their eigenfrequencies
processed with an error less or equal to 10%. The transmission room is modelled by
linking the Acoustic Finite Element Model with the Structural Finite Element model.
The structural mesh size needs to be the same as the acoustical mesh size [Sysnoise
(1993)]. By selecting the 11 AFE mesh model, the simulation ran within an error of 6%.
The panel simulation ran within an error of 7%. By selecting the 10 AFE mesh model,
the simulation ran within an error of 7%. When the panel was modelled with 10°
elements, the simulation ran within an error of 8% except at 144Hz where the error was
10%. By selecting the 9 AFE mesh model, the simulation ran within an error of 8.5%.
When the panel was modelled with 9° elements, the simulation ran within an error of
11% except at 144Hz where the error was 16%. The error for the 9 SFE mesh mt;del is
therefore too high and therefore was not selected. The 11 mesh transmission room
model also was not selected because it takes more time to process the acoustic
eigenfrequencies than the 10 mesh model does. Consequently, the coupled system was

modelled using a 10 mesh model for room and party wall and can be seen in Figure 6.9.
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6.5 CONCLUDING REMARKS

Before processing the simulation of the sound transmission between two rooms, the
number of elements had to be chosen carefully when discretizing the sound field of the
source room, of the receiving room and of the panel displacement. Many AFE models
and many SFE models were considered in order to find the right number of elements for
which the eigenfrequencies are processed accurately, but a compromise is required with
the computational power and time. The predicted eigenfrequencies were compared with
the theoretical eigenfrequencies. It was found that the simulation of each sound field
discretized with 10° cubic elements and the party wall discretized with 10? surface
elements had their eigenfrequencies processed with an error of 8%, except at 144Hz
where the simulation of the party wall had an error of 10%. Such selection needs now to
be validated by comparing the predicted and measured frequency response of a single
room in Chapter 7, and by comparing the predicted and measured sound pressure level

difference of a transmission room in Chapter 8.
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7 EXPERIMENTAL VALIDATION FOR ONE ROOM

7.1 INTRODUCTION

In Chapter 6, 10° elements were selected to model enclosures of volumes smaller than
50m® and 10? elements for the party wall in order to have an acceptable time process for
simulation. The acoustic and structural modes were estimated within an error of 10%.
The objective of this chapter is therefore to validate this mesh selection by comparing
the predicted frequency response of a single room with that of a 1:4 scale room model in

order to use a FEM model for subsequent studies.

7.2 REVIEW

Although the frequency response of enclosures is difficult to measure accurately at low
frequencies, as seen in Chapters 3 and 4, it is possible to obtain a representative
response signature and the number of peaks corresponding to the room modes. Chapter,
4 shows that the measured frequency response is strongly influenced by the background
noise level, the loudspeaker and microphone positions, and the construction of the
enclosure. The background noise level at low frequencies is often high and a correction
factor is required when the difference between the signal and the background level is
less than 10 dB [ISO140, part 3 (1995)]. If the difference is less than 3dB, the response
measurements will not be accurate and normally are ignored. Some methods circumvent
the problem by driving the loudspeaker to a maximum power within the limitations of
the loudspeaker technology, or by providing a conditioned input [Chu (1984), Zuomin
et al (1993), Vorldnder et al (1997-a)]. Using a pseudo-random signal, the signal can be
pre-averaged yielding a greater signal/noise ratio [Chu (1984), Vorldnder et al (1997-a)].

The loudspeaker position influences the frequency response (see Section 3.5). If the
loudspeaker is placed at the node of a mode, the sound level in the room will be a

minimum and this particular mode will not be observed on the frequency response.
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When the loudspeaker is placed at an anti-node, the sound level will be maximum and
will dominate other modes [Beranek (1992)]. By placing the loudspeaker in one of the
corners of the room, it is found that a maximum of room modes is excited (see Chapter
3) [Knudsen (1932), Bolt (1950)]. In addition, the best excitation is when the
loudspeaker radiates uniformly in all directions with a flat frequency response. It then

can be considered as a point source in the computer simulation.

Similarly, the position of microphones should be such that all room modes are
registered. As seen in Chapter 3, the sound pressure is maximum in the comer of the
rectangular room, while it is a minimum at the centre of the room when one of the
integers n,, n, or n, is odd. Sound level differences of 30dB can occur between
positions in corners and middle of a room [Fuchs (1998)]. Also, the pressure will be a
minimum at the centre of one of the walls when two of the three integers are odd. Those

different positions must be avoided to get a correct frequency response.

The frequency response of a room is strongly affected by vibration of the enclosing
walls [Pan et al (1990)]. A panel can act as a secondary sound source when excited into
vibration by a loudspeaker nearby and becomes a non-zero boundary impedance
[Craggs (1973), Nefske (1990)). Additional peaks, corresponding to acoustical-
structural couplings can then be observed in the room frequency response [Pan (1992)].
Panel vibration must therefore be avoided in order to obtain the true frequency response

of the enclosure.

The frequency response at low frequencies is therefore difficult to measure accurately
since it is strongly influenced by background noise including that due to wall vibration,
and the low power of the loudspeaker. A physical scale model must be designed to
overcome all the difficulties.

Physical scale models are a design aid or a research tool [Hegvold (1971), Burd (1975),

Barron (1983)]. They are mostly used to study the room acoustics of large projects such

as auditoria, theatres [Jordan (1970 & 80), Barron (1983))], but also for sound

transmission [Gibbs (1974), Osipov (1997)]. A physical scale model is similar to a full

scale system at least geometrically, but often little attention is paid to the detailed
134



acoustic characteristics of the surfaces of the walls.

7.3 FREQUENCY RESPONSE MEASUREMENTS

-

7.3.1 Physical scale model

A 1:4 physical scale model of dimensions 1.2 m x 1.2 m x 0.6m as seen in Figure 7.1
was used to measure the frequency response of a single enclosure. Five walls of the
enclosure were made of 18mm blockwood. They were glued and screwed to form rigid
corners, which then were sealed with mastic to avoid acoustic leaks. The sixth wall was
to be the party wall in future measurements of level difference between rooms. At
present, a 10mm perspex sheet of dimensions 1.2 x 0.6m was sealed and screwed at
100mm centres. An additional 115mm of perspex formed a perimeter to the party wall
to reduce future flanking transmission between the connected rooms.

The model was placed in a small sound transmission suite where the background noise
level was low and was positioned on 400mm resilient foam to reduce vibration to and
from the floor. To approximate a point source, a hole of 100mm diameter was drilled m
one of the corner of the enclosure, opposite to the future party wall, allowing a
loudspeaker to radiate into the enclosure. Microphones were inserted through two holes
in the top of the enclosure. The positions of the microphones were carefully chosen to
avoid room nodes. Position 1 was at (0.5, 0.4, 0.4m) and position 2 was at (0.8, 0.8,
0.2m) (see Figure 7.2). Another microphone was located in front of the loudspeaker to
measure the direct field. A photograph of the model is shown in Figure 7.3.

7.3.2 Maximum Length Sequence measurements

The frequency range of interest, in the full scale, is 25-200Hz, which converts to 100-
800Hz in the quarter-scale model. Different methods can be used to measure the
frequency response of an enclosure. A well established method involves the use of a
slow swept sine [Chu (1984 & 85)]. A pure tone excitation is used and a specific
number of frequencies are selected. The slow swept sine starts then from the lowest

frequency of the selected frequency range and is incremented till the upper frequency.
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The sweep has to be very slow in order to pick up all peaks and dips and repeated
several times. That makes the method time consuming [Chu (1984 & 85)]. White noise
can be used, with the microphone response being swept filtered. The spectral energy of
white noise is distributed continuously over the frequency band, causing the room
modes of interest to be excited. Being a random signal, however, the rms values and
hence the power are not the same when changing the bandwidth. In order to increase the
signal noise ratio, the measurements are repeated several times, creating stochastic
deviations. Those deviations tend to disappear when using a deterministic signal such as

a Maximum Length Sequence (MLS ) [Bjor (1994), Chu (1984 & 85)].

MLS is a recent innovation in building acoustics [Zuomin et al (1993): Chu (1994), Bjor
(1994), Vorlénder (1997-a,b), Bietz (1997)], environmental measurements [Vorldnder
(1997-b), Heutschi (1997)], loudspeaker characteristics measurements [MLSSA (1992),
MLSSA (1987 et al)], and also in medicine [Schneider et al (1995)]. It is a pseudo-
random sequence which approximates a series of Dirac impulses. The spectrum of the

MLS is flat. The length period of the M-sequence is equal to
J=21 (7.1)

where m is the order of the sequence and J is the largest possible number of pulses in a

repeated pattern at the output of the system.

The input and output of the system, therefore, are deterministic, giving an enhanced

signal/ noise ratio (SNR) according to;
SNR=10Log Y (72)
where Y is the period of the Maximum Length Sequence.

For example, if the signal is pre-averaged 10 times, the SNR is increased 10dB. The
method has been shown to be as accurate as the sweep frequency technique and is much
faster [Chu (1984)]. MLS was therefore selected for the measurement of the frequency
response of the sound field and later in Chapter 8 for the sound pressure level
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difference.

A MLS analyser card for PC [MLSSA (1987 & 94)] was used in this investigation. A
burst MLS stimulus of length J = 2'°-1 was used as a source of excitation. MLSSA, like
a digital scope, acquired and displayed 2'¢ points sampled at 4000Hz. The result is a
response as a time history. To get a fine resolution of the power spectrum, a FFT
rectangular window of 8192 points was selected, giving a spectral resolution of 0.49Hz
from 0 to 1000Hz. A Blackman-Harris window is then applied to obtain the power
spectrum from 100Hz to 800Hz with the same resolution.

7.3.3 Set up of the experiment

A loudspeaker of 50mm cone diameter was used. It had a stated flat frequency response
from 180Hz to 800Hz, which was confirmed by measurements in the free field as seen
in Figure 7.4. An increase of 4dB is observed from 100Hz to 180Hz and the response
then is flat till 800Hz. The loudspeaker was positioned outside the model enclosure in
front of the 10cm diameter hole.

The input signal was amplified by a Quad 4 to the loudspeaker. The sound pressure
level was measured by one of three B&K ' inch microphones (B&K type of 4165),
amplified and then processed by MLSSA. The sound pressure level was amplified using
a dual microphone supply (B&K type 5935). The gain for each microphone was
adjusted until they were matched i.e. when microphone 1 registered the same sound
pressure level as microphone 2 when each was at the same position. The experimental

arrangement is shown in Figure 7.5.

74 MODELLING ONE ROOM

7.4.1 Mesh selection
As seen in Chapter 6, the eigenfrequencies of a 10 mesh model for a transmssion room
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and a vibrating party wall could be estimated within an error of 8%. To validate the
selection of the mesh model, the frequency response of a single room was investigated
as a prelude to the study of the two room model, described in the next chapter. In the
previou; chapter, it was shown that the eigenfrequencies of a 35m’ and 40m’ rooms are
processed within an error of 8% when each room is discretized by 10° elements,
whereas the modes are processed with very little error when the models are discretised
by 14 elements, each. In order to define the number of elements to discretise the

enclosure for which the eigenfrequencies are processed within 8%, a ratio 1 was defined

as following;

- (V)
y= Meshmodelhav.mganerr.orof8/o ___E=7.14 10-1 73)
Mesh model having very littleerror 14

The model of the quarter scale enclosure, for which the eigenfrequencies can be
processed with very little error, as defined in Chapter 6, is given by a 17 mesh. It
follows then that the model of the % scale enclosure which will give an error of 8% is

defined by a 12 mesh model.

The quarter-scale model was therefore modelled with 12* elements which will give

eigenfrequencies within an error less than 8%.

7.4.2 Sound field simulation

As seen in Chapter 6, the sound field in the enclosure was modelled using the software
package P3/Patran. The model is imported into Sysnoise V5.3 after having selected the
acoustical finite element method. The AFE model was defined with 6 hard walls in
order to have no structural - acoustical interactions. The mass density and :(he sound
velocity were assigned and 90 room modes were then processed, 30 of which had
eigenfrequencies above the frequency range of interest. A point source was defined in
one of the corners of the room at a position as close as possible to the selected position
in the experimental set up. This selection was carefully chosen as the modal behaviour
of the sound field is strongly dependent on.the loudspeaker position (see Section 3.5).
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The best position for the loudspeaker was (0.05, 0,0.05). A sound power was assigned to
the point source, which initially did not correspond to the power obtained in the
experimental set up. This was not critical, since the measurement was a prelude to an
investigati;n of sound level difference between rooms (see Chapter 8). Indeed, the
source sound power in the source room and receiving room is cancelled out when
calculating the sound pressure level difference. The frequency response was processed
with a resolution of 1Hz from 100Hz to 800Hz using modal superposition. The pressure
was then evaluated at the field points, which is calculated by using the shape function to
perform an interpolation between the known nodal values (see Appendix 1). The field
points behave as microphones and have no influence on the sound field. Two field
points were defined called microphone 1 (0.5, 0.4, 0.4) and microphone 2 (0.8,0.8,0.2).
The data was then compared with the measured data to validate the simulation. The

acoustic model can be seen in Figure 7.6.

7.5 FREQUENCY RESPONSE

The sound pressure level measurements at microphone positions 1-3 are shown in
Figure 7.7. The sound pressure level displays maxima and minima corresponding to the
room modes of the enclosure. The peak at 150Hz corresponds to the mode (1,0,0), the
peak at 210Hz corresponds to the mode (0,1,0), etc. The sound field is therefore modal
at low frequencies, as expected. The peaks corresponding to all room modes are
identified by the three microphones. As expected, the sound level at microphone
position 3 is greater than the sound level measured at microphones 1 and 2, which
display overall the same level. From 650Hz, the fluctuations measured at microphones 1
and 2 tend to reduce. Although the frequency response measured at microphone 1 is
similar to that of the microphone 2, the dips are less pronounced. The frequency

response, therefore, depends strongly on the microphone position.

The predicted sound pressure levels at positions 1 and 2 are shown in Figure 7.8. As
with the measured frequency responses, the sound pressure level fluctuates as a series of

maxima and minima due to the room modes. The sound pressure level measured at
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positions 1 and 2 display the same maximum level; only the magnitudes of the dips
differ between the two curves.

Figures 7.9 and 7.10 show the predicted and measured sound pressure levels at positions
1 and 2, respectively. Predicted and measured frequency responses show common peaks
and dips, but a shift between the first two measured and predicted modes are observed at
position 1 and 2. Such differences could be explained by vibrations of the walls of the
enclosure. It was also observed in the upper part of the frequency range, that many
peaks were not measured at microphone position 1 and 2. It was thought that the
number of elements is too low to provide an accurate frequency response. Microphone
3, however, displayed more peaks in the same upper part of the frequency range. That
means the number of elements is still sufficient enough to predict the sound field. Those
differences observed at microphones 1 and 2 are probably due to the effect of damping
which increases as the frequency increases and when the microphone is far from the

loudspeaker.

The magnitude of the measured peaks and dips are not as great as predicted. This was
expected since the computer model did not include absorption. At high frequencies, the
agreement between prediction and measurement is less good because of the limited

number of mesh elements used to describe the frequency response.

Different frequency resolutions were used for prediction and measurements and
therefore sound levels were re-calculated with a 1/12 octave band resolution in order to
compare data. Results are presented as a level difference (simulation-measurements) in
Figure 7.11. The large differences are the result of the often quite small frequency shifts
observed with respect to expected peaks. Again, the numerical model does not include
surface or air absorption and therefore the simulation may over emphasise peaks and

>

dips.

The sound levels were then calculated with a 1/6 octave bands resolution in Figure 7.12.

Both curves display nearly the same trend except from 180Hz to 400Hz. The maximum

discrepancy between simulation and measurements is 25dB at 141Hz and 18dB at

315Hz. The discrepancy is less for the microphone position 1 than for position 2. This
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can be explained by the fact that the former was closer to the loudspeaker than the latter,
and was therefore less affected by the absorption of the room. Also microphone 2 is
placed closer to the perspex panel, which may vibrate more than the other surfaces. Both

curves show that the sound field is overestimated by the prediction.

In real measureménts, the data are commonly presented in 1/3 octave bands (see Figure
7.13). Figures 7.11 and 7.12, compared with Figure 7.13, show that the discrepancy
between simulation and measurement decreases when calculated within a larger
bandwidth. The peak at 141Hz, which corresponds to the 1st room mode, is again
evident in all curves. The maximum discrepancy between simulation and measurements
is 15dB. The discrepancy is less for the microphone position 1 than for position 2. The
simulation overestimates the overall sound level by approximately 5-10dB in third
octave bands. This could be explained by the sound power of the point source, which
may have been incorrectly assigned. Viscous and thermal losses in air and at boundaries
were not included in the FEM model as it is difficult to quantify at low frequencies
[Davern (1987), Swenson (1993)]. A frequency response of high levels with sharp peaks
is created. However, it will be shown in Chapter 8 that if two rooms are modelled in the
same manner, these effects will cancel each other when calculating the sound pressure

level difference.

The comparison between calculated and measured frequency response using 1/12, 1/6
and 1/3 octave bands show that the band resolution can induce errors due to the non
statistical behaviour of the sound field. The position and the levels of peaks and dips can
alter the calculated level in each band. Although the presentation in 1/12, 1/6 or 1/3
octave bands is acceptable in order to compare the experiment and the simulation, such
presentation, and particularly the 1/3 octave band presentation, tends to cancel the non
statistical behaviour of the sound field.

To summarise, the AFE model was validated by comparing the predicted with the
measured frequency response of a 1:4 scale model enclosure. Three microphone
positions were selected in the 1:4 scale model, but only two (positions 1 and 2) were
chosen in the predicted model. The narrow band presentation shows that the predicted
and measured frequency response at positions 1 and 2, show common peaks and dips.
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However, some shifts were observed as well as some missing peaks in the upper part of
the frequency range of interest and the predicted dip and peak amplitudes are greater
than the measured ones. Those .differences [Maluski et al (1997), Maluski et al
(1998)]were explained as follows;

1.  The eigenfrequencies are processed within an error of 10%

2.  Error in assigning the source position and source power

3. No acoustic damping was assigned in the predicted model

The presentation of the frequency response with different band resolutions (1/12, 1/6
and 1/3 octave bands) emphasised these differences. This explains why the discrepancy
obtained for position 1 is smaller than for position 2. However, both positions show that
the simulation emphasises the frequency response. This is due to the non-introduction of

acoustic damping and also of stiffer elements at the upper part of the frequency range of

interest.

7.6 CONCLUDING REMARKS

Measured and predicted frequency responses of an enclosure at low frequencies show
that the sound field is not statistical. The effects of room resonances are stronger when
measured far from the loudspeaker. The comparison between measured and pfedicted
data show that the predicted frequency response is an overestimate due to errors in
assigning source power and in the positioning of the point source, and no absorption.
The effects of those errors need now to be investigated further when FEM is used for

modelling sound transmission between two rooms.
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Figure 7.1. Dimensions of the 1:4 scale enclosure
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Figure 7.3. Physical scale model
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8 EXPERIMENTAL VALIDATION FOR TWO ROOMS

8.1 INTRODUCTION

In chapter 7, it was argued that incorrect assignment of sound power to the source and
non-inclusion of absorption in the FEM model explained the discrepancies between the
predicted and measured frequency response of one enclosure. It was suggested that the
effects of the two causes would cancel when calculating sound level difference between
rooms. A transmission room model was therefore created by linking an acoustic FE
model with a structural FE model as described in Chapter 6, and a physical scale model

was built to validate the computer model.

The objectives of this chapter are to validate the transmission room model by comparing
the predicted and measured frequency response of the receiving room. Then, by

comparing the predicted and measured sound pressure level differences.

8.2 THEORY OF SOUND TRANSMISSION BETWEEN

RECTANGULAR ROOMS

8.2.1 Analytical approach

Various analyses are available for the sound transmission between rooms at low
frequencies [Josse and Lamure (1964), Utley (1968), Nilsson (1972), Mulholland
(1973), Fahy (1985), Gargliadini (1991)]. A transmission room is considered of
dimensions as shown in Figure 8.1. The two rooms are built with hard wall surfaces, the
sixth wall being the party wall at position (0,0,0). The sound field in the source room,
T',, is the results of two sources. The primary source is the sound source Q,, and the
secondary source is the vibrating panel Q, [Fahy (1985), Nilsson (1972)]. The sound
field in the receiving room, I',, is due only to the panel radiation [Nilsson (1972)]. The
sound transmission is defined by calculating the two steady state sound fields, which
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have the same time dependence as the source function Q. N, represents the modes of the

source room of integers nx1 ny, n,. N, represents the modes of the receiving room of

integers Dy > Nys Iy, and N represents the modes of integers ny n, of the panel.

The sound field in the source room is described by

where Q, is the sound field created by the sound source only

1829
viQ, -— =0 8.2
1 c% P tz 32)
for which the boundary conditions are
0Q,
=0 8.3
= (8.3)

and Q, is the sound field created by the wall vibration only. The initial source strength is

doubled because of the reflections

2

2 ) S(x)¢ (8.4)

2 1
VoQy ——
2 cgﬁtz

for-L, <x<L, ; 0<y <L, 0 <z <L,; where 3(x) is the Dirac function and C is the

party wall velocity and for which the boundary conditions are

. oQ, |
Jim | 2] &)
oQ,
o”_ =0 everywhere except for the party wall (8.6)
n
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The secondary sound field only is considered. Equation 8.4 is solved by considering the
boundary conditions, defined by Equation 8.6, which are satisfied by the normalised and
orthogonal eigenvectors. Also the functions of I',, I';, and £, for the steady state solution,
have the same time dependence as the source function Q, which is given by e'*. The
details of the derivations are not included but can be found in the work of Nilsson

[1972] to give;

°° 2 gN gN] jat
Q, = z 2, oo e’ 8.7)
N1=0 A M

where @, are the normalising factors, £ are the expansion coefficients for the panel

velocity, g, are the orthogonal eigenvectors in 3 dimensions, k2 are the eigenvalues
N, N,

2
. 1)
corresponding to gy and k? =— is the complex wavenumber.
c
0

The primary sound field is given by Equation 8.2. This equation is solved in the same

manner as for Equation 8.4 for the secondary sound field, where ;

QN jat
Q] = 2 —= gN el (8_8)
Z k%,l k2

Ny=0

Qu is the expansion coefficient for the sound source. The equation expresses the

dependence of the excitation of the room modes on loudspeaker position.

The sound field in the source room is then the sum of Equations 8.7 and 8.8;

I = K +2anx’ en Jot 8.9
1= gNl N € ( . )

, 2 2
N1=0 Lxl k _kNl
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where kf«. is the square of the eigenvalue corresponding to the orthogonal eigenvector

in y-z plane and K, is the expansion coefficient.

-t

The sound field in the receiving room is defined as follows

1621,
V[, —— =-2 5(x 8.10
2 c(z) P t2 x)¢ ( )

for-L, <x<L, ;0<y<L;0<z<L, and for which the boundary conditions are;
or

2 —( except the party wall
on
. [or,
lim =-¢ at the party wall (8.11)
x=>+0 | dx

The steady state sound field is given [Nilsson (1972)];

ny GONE -
N @1
X2

Ny=0
where a, , is the normalising factor, y is the expansion for the panel velocity, gy, is

the orthogonal eigenvector in three dimensions, sz is the eigenvalues corresponding

to gy,

The wall velocity £ is then derived from the equations obtained for the sound field in the
source room and in the receiving room, by calculating the sound pressure level
difference at x = 0. The panel velocity is then described by the sound source term. When
the equation of the panel velocity is inserted in Equations 8.9 and 8.12, t;ne two

unknown equations are then only dependent on the sound source.

Consequently, the expressions given for the sound field of the source room and

receiving room are different from the equations given by the classical theory [Fahy
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(1985), Beranek (1992)]. The sound transmission is dependent on the closeness of the
eigenfrequencies of the acoustic modes and on the degree of spatial matching between

the acoustic mode pressure distribution over the panel and the distributions of panel

mode displacements.

8.2.2 Numerical approach

Sound transmission between two rooms is simulated by taking into account the two
sound fields of the source room and of the receiving room, the structural behaviour of

the panel and the coupling.
The frequency response of the acoustic field is given by an equation of form

[k - w*M|{p} = {Q} (8.13)
The frequency response of the structural field is of form;

K. - oM, |iw} = a} 8.14)

A link, described in Appendix 2, is formed between the structural and acoustical models
to create the model of the sound transmission between rooms. Equations 8.13 and 8.14

are grouped into a global coupled system of equations;

2 t
[Ks —oMs. € ]{W}=[Q] (8.15)
C K-o’M|P] |4

where C is the geometrical coupling matrix

8.3 SCALE MODEL MEASUREMENT

8.3.1 Transmission rooms
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Two enclosures of the same dimensions, (1.2 x 1.2 x 0.6m), and construction as the
enclosure described in section 7.3.1 formed the quarter scale transmission room system.
The model was placed in a transmission suite, where the background noise was low.
Thick resilient foam was placed under the model to reduce vibration from the floor. A

photograph of the model is shown in Figure 8.2.

Four microphone positions were selected. Microphone 1 (0.5,0.4,0.4) and 2 (0.8, 0.8,
0.2) were the same as in Chapter 7. The two microphone positions (4 and 5) in the
receiving room had co-ordinates (1.6, 0.5, 0.4) and (1.9, 0.75, 0.2), respectively. The set
up is shown in Figure 8.3. The frequency response was measured at the four calibrated
microphones using the same set up as described in Chapter 7. The sound level
difference was then calculated between position 1 and 4, positions 1 and 5, positions 2

and 4 and positions 2 and 5.

8.3.2 Party wall

Two perspex sheets of dimensions 1.430 x 0.830m and thickness 10mm and Smm
formed the party wall. Their material properties, were [Gibbs (1974)];

Young’s Modulus. E: 5.610° N.m?
Material density, p: 1.2 10° kg.m?
Poisson’s ratio: 0.4

Thickness, h: Smm and 10mm

The plate was attached to the source room using wood screws distributed at 100mm

centres along the perimeter. The two sides of the perspex panel were sealed with flexible

mastic to prevent acoustic leaks.

As described in Chapter 2, party wall edge conditions affect the structural
eigenfrequencies and the wall radiation. Measurements on a full-scale masonry wall
showed that the edge conditions could be assumed to lie between simply supported and
clamped. Simply supported is described by a rotational stiffness equal to zero, while the
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clamped condition is defined by an infinite rotational stiffness. In both conditions,

translational stiffness is infinite.

It is by no means straightforward to physically model the two conditions. Clamped
conditions can be approximated by clamping the panel between two metallic strips
using screws on each side [Balike (1994)] or by placing the panel between two
demountable steel frames with screws [Gibbs et al (1987), Sung et al (1997)]. Whatever
the method used for clamping the plate, the clamped condition was not fully provided,
causing plastic deformation when too firmly clamped or allowing small displacements
when not tight enough. Clamped design also has a higher chance of increasing the
flanking transmission between the two rooms. The clamped conditions thus are not

possible to simulate exactly [Balike (1994)].

Simply supported edges can be created by cutting a notch parallel to the edges and the
plate beyond the notch is clamped [Gibbs (1987)]. The rotational stiffness, A, of the
plate is defined as

. :
_|bh | [B
A-(h J (AJ (8.16)

where B is the bending stiffness of the plate at the notch, h, and h are the thickness of
the notch and of the plate respectively and Al is the width of the notch (see Figure 8.4).

The rotational stiffness can also be expressed in terms of the unnotched plate stiffness,

A',as

-

Gl
A’=%— 8.17)

The simply supported condition is approximated but with a finite rotational stiffness
which can be determined. Moreover, simply supported condition design will not

increase the flanking transmission. Due to the small thickness, the perspex panel was
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notched on one side to a width of 200mm at the perimeter, and the two notches were of
different depths. The first was 2mm deep for the Smm perspex panel giving a rotational
stiffness of 2.22x10° N and the second was 3mm deep for the 10mm sheet, giving a
rotational stiffness of 7.50x10° N. The 10mm perspex can be seen in Figure 8.5, when
the panel is fixed to the source room.

50 modes were calculated for the Smm panel, with the first eigenfrequency at 19Hz and
the highest eigenfrequency at 901Hz. 28 modes were processed for the 10mm panel.
The first eigenfrequency was at 37Hz and the highest calculated at 921Hz. The first

eigenfrequencies are therefore excited well below the frequency range of interest.

8.4 NUMERICAL MODEL

According to Section 7.4.1, each room was discretized into 12° elements. The party wall
could only be linked to the rooms, when the structural mesh model matched the
acoustical mesh model. Hence, the party wall was discretized into 122 elements.

Both the acoustic and the structural models were first defined using P3/Patran, and then
exported into Sysnoise V5.3 [1996]. 180 acoustical modes i.e. 90 room modes in each
enclosure were processed after having defined an infinite hard wall at position x = 1.2m,
which is the position of the party wall (see Chapter 6). The frequency response was then
obtained with a resolution of 1Hz from 100Hz to 800Hz after a point source was defined
in the corner opposite to the party wall as seen in Chapter 7.

The structural FE model was defined in Sysnoise V5.3 at position x = 1.2m. Smm and
10mm perspex sheets were defined, giving two structural models. Two different sets of
eigenfrequencies were processed: 50 structural modes for the Smm panel and 28

structural modes for the 10mm panel. |

Once the acoustical and structural models were defined, the sound transmission between
two rooms was modelled (see Figure 8.6). The faces at position x = 1.2m of the acoustic

model was selected and linked to all elements of the structural model (See Appendix 2)
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and a fluid-structural behaviour was created. The sound level was calculated at two field
points in the source room and at two field points in the receiving room. The sound level
difference was then calculated between the four field points to compare with that
obtained from measurements on the scale model. A schematic diagram in Figure 8.7

presents a summary of the simulation of the transmission room.

8.5 VALIDATION

8.5.1 Frequency response of the receiving room

Figures 8.8 and 8.9 show the frequency response of the receiving room at position 4 for

the Smm panel and the 10mm panel, respectively. Both show alternating maxima and

minima. The measured peaks correspond to the room modes, but the predicted peaks are

emphasised more for the 10mm panel. The sound field behaves like in an enclosure of

six hard surfaces. The sound field in the receiving room, like in the source room (see

Chapter 7), is clearly non-statistical. The predicted frequency response displays more

peaks and dips than the measured frequency response due to the structural modes. The.
simulation emphasises the effects of the structural modal characteristics on the sound

field.

The measured and predicted frequency responses at positions 4 and 5 are compared by
calculating the level difference (predicted - measured) in 1/12 octave band. The results
are shown in Figure 8.10. As for the source room, the large differences are the results of
small shifts in observed resonant frequency with respect to expected ones. The assigning
sound power is not correct as well as the loudspeaker position. The acoustic absorption
was not modelled. Some differences are also due to the presence of peaks corresponding

to the structural modes, which are emphasised as no structural damping was modelled.

Overall, the measured and predicted frequency responses display a good agreement. The
degree of agreement between predictions and measurements, is practically the same for

the 5Smm and 10mm panels. However, the simulation tends to overestimate the

161



frequency response for the same reasons given in Chapter 7 and overemphasises the

contribution of the structural modes to the sound field of the receiving room.

8.5.2 Sound level difference

Measured and predicted sound level difference for a Smm panel are shown in Figures
8.11-14. Each figure shows frequencies where the sound pressure level difference is
negative, for example at 280Hz, 420Hz, 630Hz. These frequencies correspond to a
strong acoustic-structural coupling creating a sound level greater in the receiving room
than in the source room. This phenomenon is observed more often when sound pressure
level difference is predicted. Thus, the effect of acoustic-structural coupling tends to be
emphasised by the simulation, but the predicted and measured curves still show similar

trends.

The sound level difference of the 10mm panel are shown in Figures 8.15-18. As with
the 5Smm panel, the predicted and measured sound level difference curves display
similar trends. Doubling the thickness of the panel increases the measured sound
pressure level difference and reduces the number of negative dips, except at 320Hz and '
410Hz as seen on Figures 8.17 and 8.18. Those two frequencies correspond to two room
modes excited in the source room and receiving room, giving rise to strong acoustic

couplings.

The representation of the measured and predicted sound pressure level difference in
narrow band shows good agreement, although the simulation emphasises the different
couplings which take place between the acoustic fields and acoustic-structural fields.
Increasing the thickness of the party wall reduces the number of couplings and the

occurrence of negative sound pressure levels differences.

The sound level differences for the two panels were calculated for microphone positions
2 and 5 with a 1/12 octave band resolution, shown in Figures 8.19-20. The presentation
of sound level difference in a 1/12 octave band is the sum of many sound level

difference data in each band which results in better agreement between the simulation
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and the measurements than the narrow band resolution shows. Figures 8.21-22 show the
sound level difference between the averaged sound level of microphones 1 and 2 and the
averaged sound level of microphone positions 4 and 5 to decrease the effects of sound
level fluctuations taking place in the two enclosures. Again, large discrepancies are the
result of often quite small shifts in observed with respect to expected resonant
frequencies, but the differences between measurements and prediction of the 10mm
panel tend to be smaller than that of the Smm panel. This is the result of the prediction

which emphasises the structural resonances.

As in real measurements, the data are commonly presented in 1/3 octave bands. The
sound level difference was calculated with a 1/3 octave band resolution, for all the
microphone positions in combination, for the Smm and 10mm panels. The results are
shown in Figures 8.23-30. It is observed that for both panels, the signature of the sound
level difference curves change with the microphone combinations. This observation
again highlights the non-diffusitivity of the sound field inside the source room and of
the receiving room. Alternating maxima and minima are cancelled because there are
averaged in each third octave band. The predicted and measured sound level difference
displays similar trends for any microphone combination, whatever the thickness of the

panel.

Figures 8.31-32 present the sound level difference between the averaged sound levels of
microphones 1 and 2 and the averaged sound levels of microphones 4 and 5 for the Smm
and 10mm panels. Again, the measurements overestimate the sound level difference.
The overall discrepancy between the predicted and measured sound level differences of
the 10mm panel is about 4dB. However, the discrepancy obtained for the Smm panel is
6dB. That difference is explained by emphasised predicted couplings when the party
wall is Smm and by the edge conditions of the perspex which are more rigid than the

-

predicted. Despite such differences, there is generally good agreement.

The discrepancies obtained for the Smm and 10mm panels are compared by presenting

the discrepancy of the Smm and 10mm panels obtained between positions 1 and 4 (see

Figure 33); between positions 2 and 5 (see Figure 8.34); and between the averaged

positions 1 & 2 and 4 & 5 (see Figure 8.35). Figure 8.33 displays the same trend with a
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discrepancy of 2-3dB, between the Smm and 10mm panels. However, the discrepancy
increases to 4-5dB (see Figure 8.34) due to emphasised acoustic and acoustic-structural
couplings. Figure 8.35 shows that when positions are averaged, the discrepancy between
the two curves is about 3-4dB. The effect of emphasised peaks and dips recorded in the
narrow band frequency response tends to average out. The tendency of the prediction,
also, is to underestimate the sound level difference by less than 5dB except at 640Hz,
where its increases to 14dB due to an insufficient number of elements in the numerical

model.

The presentation of the sound level difference in 1/12 and 1/3 octave bands shows that
peaks and dips are less obvious than for the narrow bands. Similarly for average sound
level difference calculated for two microphone positions in each room. That explains
why many authors [Utley (1968), Osipov (1997)] show that the presentation of the
sound insulation at low frequencies in octave bands improves the repeatability of the

measurements.

To summarise; the numerical model was validated by comparing the predicted and
measured frequency response of the receiving room at two positions. The predicted
response was found to overestimate the frequency response as expected. That is caused
by the same reasons given for the numerical enclosure model. However, extra peaks and
dips due to panel resonances are emphasised causing also an overestimation of the
frequency response. The predicted sound pressure level difference was then compared
with the measured one. Good agreement was obtained between measurement and
simulation irrespective of the party wall thickness. Better agreement is obtained when
the measured or predictéd frequency responses at the two microphones in the source
room or in the receiving room are averaged. Averaging indeed tends to make less

obvious the peaks and dips.

The good agreement between the predicted and measured sound pressure level

difference means that the errors responsible for the overestimation of the sound field,

identified in Chapter 7 are found to cancel each other when the sound pressure level

difference is calculated. However, the tendency of the simulation is to underestimate the

sound pressure level difference by 4-8dB. As seen in Section 8.3.2, a simply supported
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edge condition was difficult to model physically. However, the rotational stiffness of the
S5mm panel is closer to zero than that of the 10mm panel. When the structural model was
defined into Sysnoise, the rotational stiffness was assumed zero. Consequently, the real
edge conditions are stiffer, giving a measured sound level difference greater than the

predicted sound level difference.

8.6 CONCLUDING REMARKS

The Finite Element Method simulation was validated by comparing the predicted and
measured frequency response of a single room. The simulation was found to
overestimate the sound field because no surface or air absorption was included.
Moreover, the simulation emphasises the structural resonances. The FEM model was
then validated by comparing predicted and measured sound level difference between
two rooms. The effects of the incorrectly assigned power to the point source and the
assumed zero acoustic damping cancel each other by calculating the sound level
difference. However, the predicted sound level difference was found to be
underestimated compared to the measured sound level difference by 4-8dB, except at‘
640Hz where it is 14dB. That was caused by the edge conditions of the panel, which are
stiffer that those defined in the numerical model. Despite that, the choice of Finite
Element model for the coupled room model was validated. The effect of room

configuration on the sound level difference of masonry walls can now be investigated.
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Figure 8.8. Measured and predicted frequency response of the Smm panel at position 4

130
120 4
110 1
100 4

80 1

°§ LA I -‘) ‘( u ‘ 
. 'r } ‘l \/ | j‘p "“

Sound pressure level (dB)

Y

21
| ‘ i :

10

L

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Frequency (Hz)
wmees Measured —_ Predicted
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Figure 8.12. Sound pressure level difference between positions 1 and 5 of the Smm
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Figure 8.21. Sound level difference between averaged positions of a Smm panel in a
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Figure 8.24. Sound pressure level difference between positions 1 and 5 of a Smm panel

in 1/3 octave bands
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Figure 8.26. Sound pressure level difference between positions 2 and 5 of a Smm panel
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9 EFFECTS OF EDGE CONDITION ON THE SOUND

INSULATION OF A SINGLE WALL

9.1 INTRODUCTION

Many investigations [Josse and Lamure (1964), Kihlman (1967,1970), Nilsson (1972),
Kihlman and Nilsson (1972), Gargliadini (1991), Kropp et al (1994), Osipov (1997-a),
Pietrzyk (1996 & 97)] have examined the sound transmission at low frequencies for
simply supported single walls. Measurements of the structural modal shapes on the
surface of a brick wall as seen in Chapter 2, showed, however, that the edge conditions
lie between simply supported and clamped conditions. Moreover, a change in boundary
condition at the edges of a party wall affects the wall displacement field and thus its
radiation, which might have a strong influence on the sound transmission. Problems of
repeatability and reproducibility of sound insulation measurements at low frequencies
have been highlighted and are explained by the non statistical behaviour of the sound
field (see Chapter 3), as well as the differences in room volume and test wall boundary
conditions between laboratories (see Chapter 4). The use of FEM allows the
investigation of a range of edge conditions and the simulation of the sound field in any
transmission room. The effect of the edge conditions and of the room configuration on

the sound insulation properties of a party wall can therefore be investigated.

The purpose of this chapter is to show that low frequency sound pressure level
difference across a party wall is strongly dependent on the edge conditions. The sound -
level difference was calculated for three different types of boundary condition: simply
supported, clamped and mixed. The mixed condition is defined as two simply supported
edges in the vertical direction and two clamped edges in the horizontal direction. For a
fixed room pair volume (40m’® and 35m®), the party wall thickness was varied for each
condition. Finally, for a fixed wall thickness, the room pair volume was varied, leading
to a study of the effects of room configuration and size of the party wall on the sound

level difference.
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9.2 REVIEW

Sound insulation measurements at low frequencies in the field or in the laboratory,
produce poor reproducibility [Roland (1991)] caused by edge conditions of the party
wall [Kihlman (1970), Kihlman et al (1972)], niche effects [Sewell (1970-b), Guy et al
(1985)] and laboratory design [Kihlman & Nilsson (1972), Bhattacharya (1972), Guy
(1985), Roland (1991), Craik (1992)], even for room volumes greater than 50m’.

The effects of the room dimensions on the sound insulation properties of the party wall
were highlighted by the works of, Josse and Lamure [1964], Utley [1968], Kihlman
[1967 & 70], Kihlman et al [1972], Bhattacharya et al [1972], Nilsson [1972], Crocker
and Price [1975], Michelsen [1983], Guy et al [1985], Craik [1992]. The sound
reduction index measured for a party wall in a transmission room of equal volumes is
lower than that measured in transmission rooms of unequal room volumes. Room
configurations were found to influence the sound reduction index data below but not
above the coincidence frequency [Kihlman et al (1972)]. When differences occur above
the coincidence ﬁ'equency, they were attributed to incorrectly estimated loss factor
[Kihlman (1970)]. Bhattacharya [1972] investigated the effect of the volume of the .
source room on the sound insulation properties of the party wall. It was found that the
large source room decreases the sound reduction index by 5 to 6dB compared with that
measured with a source room of small volume. In order to account for such significant
differences he suggested a formula taking into account the room dimensions. However,
his work is contradicted by that of Guy et al, who showed that sound transmission loss
is lower over all the frequency range from 125Hz to 4kHz, when the larger room acts as
the receiving room [Guy et al (1985)]. The work of Guy was based on measurements
carried out in the transmission room of 94m® and 37m’, whereas Bhattacharya’s work
was on rooms of dimensions of 120m® and 75m’. The absolute and relative difference in

room volumes could be the explanation for the two findings.

Most of the work discussed above, however, was carried out by using room volumes
greater than 50m’ and the lowest frequency of interest was 100Hz. It is only recently
that the effect of smaller room dimensions and lower frequencies has been investigated

[Kropp (1994), Pietrzyk (1996 & 97), Osipov (1997-a&nb)]. Pietrzyk [1996] examined
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the effects of room configuration on a limp wall and on a simply supported heavyweight
wall [Pietrzyk (1997)]. The position of the party wall was varied from its original
position in the middle of the two rooms and then moved a total of 1m from its original
position in both directions in 0.05m steps, for 16 different room configurations for
which the length and the width were varied. In the case of a limp wall, a spread of data
of 18dB was obtained at the lowest frequency and 10dB with increasing frequency.

Equal room configurations provided the lowest sound level difference. For a simply
supported heavyweight concrete wall, a large spread of results was recorded for the
different room dimensions. The sound reduction index displayed alternating of maxima
and minima. The equal room configuration was however not the worst configuration for
the sound reduction index [Pietrzyk (1997)]. This was obtained when the partition was
at 0.75m far from the central position. The eigenfrequencies of the room modes and of

the structural mode were then the same.

Mulholland [1973], Gargliadini [1990 & 91], Osipov[1997-a] and Pietrzyk [1996 & 97]
highlighted that the sound transmission at low frequencies is controlled by acoustic-
acoustic coupling, and acoustic-structural coupling. When the number of acoustic modes
is large in the frequency band, e.g. 20 in a 1/3 octave band [Mulholland (1973)], with at
least 3 structural modes [Gargliadini (1991)], the effects of the different couplings are
reduced. Osipov [1997-a] also showed that a wall with a low bending stiffness and with
a high modal density reduces the strong acoustic-structural couplings.

Few workers have investigated the effects of the edge conditions on single walls.
Maidanik [1962], Sewell [1970-a&b], Kihlman [1970], Kihlman et al [1972] and
Nilsson [1972] looked at the effects of simply supported and clamped conditions on a
thin wall placed in a diffuse sound field. The clamped thin wall was shown to insulate
less than when simply supported. Kihlman [1970] also investigated the edge conditions
of heavyweight walls which were found to have no effect. Recently, the edge conditions
of double walls were investigated using FEM [Kang et al (1996)]. The clamped

conditions were found to insulate more than the simply supported conditions.
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9.3 SOUND LEVEL DIFFERENCE PREDICTION

As demonstrated in Chapter 6, one acoustic FEM model can be used to represent the
source and receiving room to simulate the sound transmission between them. An infinite
impedance wall, of zero thickness was defined at the proposed position of the party wall
as seen in Chapter 8. The room modes were then processed according to Table 3.2
which define the upper eigenfrequencies to have a modal overlap factor of 1. The sound
field was generated by a point source at a position, near a corner opposite to the party
wall, to excite the maximum number of room modes. A finite thickness party wall of
dimensions 4x2.5m was defined at the same position of the infinite impedance wall,
with the material properties of brickwork [Gibbs (1974)]: Young ‘s modulus 1.1 10"
N.m?, density 1860 kg.m™ and Poisson’s ratio 0.4. Three thicknesses were selected in
order to investigate the effect of bending stiffness: 0.05m, 0.1m and 0.2m. Three edge
conditions were defined, leading to the creation of three structural models. The simply
supported (SSSS) was defined by zero translational motion at the edges in the (X, y, z)
directions. The clamped conditions (CCCC) was defined by zero translational and
rotational motion in the three directions (X, y, z). The mixed boundary condition (SCSC)
was defined by assigning zero translational motion along the vertical edges, and zero -
translational and rotational motions along the two other edges. When material
properties, thickness and boundary conditions were defined, the structural modes were
then processed. The sound transmission between the two rooms was then modelled by
linking the acoustic model with the structural model as described in Chapter 8. Coupled
modes and the frequency response were processed from 25Hz to 200Hz in 1 Hz step

increments.

Two field point volumes were defined at 0.5m from the walls in the. x and y directions
and at 0.3m in the z directions. Each co-ordinate axis was subdivided by 5, which create
150 Quad 4 field elements connecting 152 field points (see Appendix 1). 152 field point
values in each room were spatially averaged to the average frequency response of the
source room and receiving room. To do so, a short program was written for Unix to
select the values of mean pressure at each point. Those files then were transferred to a
PC where EXCEL macros were used to calculate the narrow-band average sound

pressure levels inside the source room and the receiving room, and hence the third
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octave band values.

9.4 EDGE CONDITIONS

The selected volume was 40m* for the source room and 35m® for the receiving room,
both rooms having the same width and height. The number of room and structural
modes per 1/3 octave band are given in Table 9.1 and 9.2, respectively. The
eigenfrequencies of the wall are given in Table 9.3. The effect of change of structural
modal density was investigated by observing the frequency response of the source room

and receiving room and the sound pressure level difference.

9.4.1 Source room-party wall

As demonstrated in Chapters 7 and 8, the predicted sound level inside the source room
includes the effect of coupling between the source room and the party wall. Such fluid-
structural interactions were now investigated by changing the bending stiffness and
boundary conditions of the wall. Figures 9.1-3 display the difference between the sound
level in the source room with respect to the predicted sound level with six hard surfaces. .
The wall resonances affect the frequency response of the room. Figure 9.1 shows that
the resonance of the 0.05m clamped wall can affect more strongly the frequency
response of the source room than a simply supported wall. Conversely, resonances of
the 0.1m and 0.2m simply supported brick wall are more influential than the clamped.
Figure 9.3, however, shows that the 0.2m wall has nearly no effect on the sound field.
The room can be regarded as a room of 6 hard surfaces except around 98Hz and 139Hz
which correspond to the first structural mode and to three room modes of the enclosure
(139, 139 and 140Hz). These room modes are evident at all thickness when the wall is
simply supported. Not only is the sound field inside a source- room affected by the
loudspeaker position, as seen in Chapter 3, but also by the party wall which acts as a
secondary sound source. The wall effect is controlled by thickness and edge condition.

9.4.2 Party wall - receiving room

36 receiving room modes are present in the frequency range of 25Hz - 160Hz. The
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sound field is processed when the party wall is simply supported and when the party
wall is clamped. To observe any effects of edge conditions on the sound field, Figures
9.4-6 show the difference between the sound pressure level of the clamped case and of

the simply supported case for the three wall thickness.

A 0.05m clamped wall provides a greater sound level thali the simply supported wall.
The 0.1m clamped wall provides a lower sound level than the simply supported and a
0.2m wall does not display a consistent difference. The greafest fluctuations in Figure
9.4 are explained by the large differences in the panel resonances of the simply
supported and clamped walls. Those effects are however diminished when the wall
thickness is 0.2m, where only two structural resonances affect strongly the sound field.
One is at 53 Hz, corresponding to first mode of the simply supported wall and the other
is at 98Hz, corresponding to the first mode of the clamped wall. Consequently, the
sound level inside the receiving room is controlled by the bending stiffness and edge
conditions, which control the modal density of the wall. The sound field is also affected
by the low modal density of the room modes. Only 36 room modes and between 4 to 7
structural modes for the 0.1m and 0.2m walls are present in the frequency range of

interest.

9.4.3 Source room - party wall- receiving room

The narrow band averaged sound pressure level difference between rooms is shown in
Figures 9.7-8 for the 0.05m and 0.2m clamped walls, respectively. Figure 9.7 displays
pronounced peaks and dips, with some negative values. At those frequencies, the sound
level inside the receiving room is greater than that in the source room, due to strong
structural resonances and structural-acoustic couplings. This confirms the observations
of Osipov [1997-a]. For example, in the 60-100Hz range, two structural modes of the
clamped 0.05m wall, 65.9Hz and 98.5Hz, are excited while one acoustic mode, é z-axial
mode at 68 Hz is excited in the source room and in the receiving room. The signature of
the simply supported and clamped 0.05m walls show similar trends, but present many
different peaks and dips attributed to the different structural modal densities (see Table

9.2) and therefore different resonances, different acoustic-acoustic and acoustic-
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structural couplings.

The sound level difference of the 0.2m wall exhibits less alternating maxima and
minima. The small dip observed at 42Hz corresponds to a coupling of two acoustic
modes in the source room and one acoustic mode in the receiving room. The dip at
53Hz corresponds to the first structural mode. Acoustic couplings and resonances
increase the sound transmission through the wall and thus reduce the sound level
difference. Despite the thickness of the wall the sound transmission is affected by
acoustic couplings. However, the dips and peaks vary with the wall mass and with the
number of structural modes excited in the frequency range of interest. The number of
structural modes in the frequency range of interest is small: four modes in total for the
simply supported wall and two modes for the clamped wall. The change from four to
two structural modes causes an increase in sound level difference and reduce the dips,
giving a better control of the acoustic-structural and acoustic-acoustic couplings.
Despite the different number of modes, the signature of the simply supported and
clamped 0.2m walls display a better agreement than that of the 0.05m wall.

The narrow band phenomena, so far described, will not be observed in normal °
measurements. Figures 9.9-11 display the sound level difference in 1/3 octave bands in
order to compare practically the simply supported and clamped sound pressure level
differences. Both display alternate maxima and minima, due to acoustic-structural
couplings and acoustic-acoustic couplings. Figure 9.9 shows that for a 0.05m wall, the

sound pressure level difference is greater when simply supported rather than clamped.

A mass law trend is observed above 40Hz, which corresponds to a coupling of the first
acoustic modes with structural modes, with the weaker simply supported wall giving a
slightly higher value. The simply supported 0.05m wall appears mass controlled
whereas the clamped wall appears to stay stiffness like, up to 80Hz. Such trend is also
observed on sound reduction index measurements of a brick wall carried out by Josse

and Lamure [1964] at low frequencies.

The maximum sound pressure level difference of the 0.05m wall is 35dB. The
maximum values for the 0.05m brick wall found by Josse and Lamure [1964] was 35dB.
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However, their lowest sound insulation value is far above than the predicted ones. That
can be due to the room dimensions which are greater than 50m® and the fact that no
structural damping was modelled. The maximum sound level difference of a simply
supported 0.2m thick wall (see Figure 9.10) is 45 dB. Measured data by Parkin [1960],
Josse and Lamure [1964], and Kihlman [1970] give similar values. They are, not greater
than 51dB. The sound level difference decreases with increasing frequency about -6dB/
octave. This supports the findings of Parkin [1960], Bergassoli [1970], Gargliadini
[1991], Gibbs et al [1991] and Osipov [1997-a]. The predicted minimum values are
however much lower than the measured ones. This is due to the same explication given
for the 0.05m wall. The 0.2m wall appears stiffness controlled (see Chapter 2) and
therefore the clamped condition gives the highest value.

The sound level difference of the simply supported 0.1m wall (see Figure 9.11),
however, tends to increase with the frequency, while the sound level difference of the

clamped wall decreases with increasing frequency.

In order to understand these two different trends, the simply supported 0.1m wall curve
is presented with the clamped 0.05m wall in Figure 9.12 and the clamped 0.1m wall is -
presented against the simply supported 0.2m wall in Figure 9.13. Both curves in each
figure present similar trends, but with a 10dB difference in Figure 9.12 compared to 5-
15 dB in Figure 9.13.

The similar trends can be explained by the position of the first structural mode of the
two walls. In the case of the simply supported 0.1m wall and the clamped 0.05m wall,
both have their first structural modes excited below the first acoustic mode. The sound
transmission is mass law controlled. In the case of the clamped 0.1m wall and the 0.2m
wall presented in Figure 9.13, the first structural modes are excited above the first
acoustic modes. The sound transmission is stiffness controlled. The sound level

difference of the 0.1m wall displays a transition between stiffness and mass law control.

Consequently, the classic monotonic decrease and increase with frequency for the
stiffness controlled and mass controlled regions, respectively, are not observed.
However, despite the fact that the sound fields in the source room and in the receiving
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room are not statistical, the curves display trends, which can be interpreted by the
classical mechanisms.

Mixed edge conditions (SCSC) are shown in Figures 9.9-11. The altering maxima and
minima are also observed on measurements carried out by Bergassoli [1970], which
then tend to settle down with increasing frequencies representing the mass law. The
critical frequency is hidden by the strong resonances which only take place at low
frequencies [Bergassoli (1970)]. The fact that the sound insulation is only investigated
in the limited frequency range from 31.5Hz to 160Hz, means that the mass law is not
applicable.

The sound level difference of the mixed edge condition 0.05m wall is greater than that
of the simply supported 0.05m wall (see Figure 9.9), whereas the sound level difference
of the 0.1m and 0.2m walls tends to lie between the simply supported and clamped
values. For the three thickness, the mixed edge conditions give values which tend
towards those of the simply supported case, with a difference of + 5-10dB. The selection
of the simply supported condition seems closer to the real boundary conditions than a

clamped condition.

To summarise; at low frequencies, the party wall response is influenced by the modal
characteristics of rooms and of the party wall. Large variations in sound level difference
can therefore be observed. However, the frequency trends may still be explained in
terms of classical mechanisms. A thin masonry wall is likely to be mass controlled
above 50Hz. A thick wall, typical of accepted domestic dwelling construction, will be
stiffness controlled, below 160Hz. The edge conditions are found to have an effect on
the sound pressure level difference since they change the structural modal density and
the trend of the sound level difference curves. Mixed edge conditions gave results

similar to that of the simply supported.

9.5 EFFECT OF ROOM CONFIGURATION

The different room configurations existing in dwellings in U.K. are looked at to
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investigate their effect on the sound level difference of a 0.2m wall with different edge

conditions, by presenting the data in 1/3 octave bands.

9.5.1 Dwellings

9.5.1.1 Transmission paths

Two or three bedroom houses and one or two bedroom flats are the most popular form
of dwelling in England [Karn et al (1994)]. Floor layouts for both single and multiple
occupancy dwellings were studied to establish a range of r;)om-pair configurations.
Many dwellings are constructed according to the Handing and Stacking principle,
yielding identical dwelling plans [BRE (1993)]. This is to ensure that habitable noise
sensitive spaces (living rooms, bedrooms and dining rooms) are not placed next to

kitchens or bathrooms, which normally are the noise producing spaces.

Between attached houses, noise is transmitted from bedroom to bedroom or from living
room to living room (handing). In high-rise accommodations, the sound is mainly
transmitted vertically between the bedrooms or between living rooms. Therefore the '
design for the ground floor is reproduced and living rooms lie above living rooms and

bedrooms above bedrooms (stacking).

Sound transmission occurs mainly in symmetric room configurations. However, there
are cases where the sound is transmitted in asymmetric room configurations, such as
between living rooms and bedrooms, where the dimension of the wall of the bedroom is

smaller than that of the living room.

9.5.1.2 Room dimensions -

In case studies by Fothergill [1980-a], it was confirmed that living rooms and bedrooms
in Victorian Houses were large; 67m’ for living rooms and 55m® for bedrooms. In
modern dwellings, rooms are more modest [Jackson et al (1972)]. Houses built since

1975 have, typically, lounges and bedrooms of 28m’ and 26m?, respectively with floor
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to ceiling height of 2.5m. Minimum floor areas are recommended for living rooms and
kitchens [Karn et al (1994)]. 13m? is the minimum required for a living room without
kitchen (Peabody standards), although Karn et al [1994] estimates that 7% of houses
have living room areas less than this. That means living room volumes can be less than
33m? without taking into account the amount of space taken by stairs. Table 9.4 shows

groupings of volumes of bedrooms and living rooms likely in the UK.

It shows that airborne sound is mainly transmitted between bedrooms, between living
rooms or between living rooms and bedrooms. The living rooms are bigger than the
bedrooms. All room volumes are much less than 50m’ except for un-converted
Victorian houses. All volumes are smaller than those required for laboratory
measurements [ISO140, part 3 (1995)]. Houses with three bedrooms have even their

third bedroom with a room volume much less than 19m?, being sometimes 13m’.

In England and Wales, there are no minimum requirements for habitable rooms [Karn et
al (1994)] and no requirements for the height of the room. In other countries, there are
minimum requirements; 20.7m* in France with a ceiling height of 2.3m, 24m’ in

Germany [Sheridan (1999)].
Most rooms are rectangular, but with a minority of L shaped [Fothergill, (1980-b)]

To summarise; volumes of domestic rooms were found to be much smaller than the
minimum volume required in laboratories. They varied between 20m® and 40m>. The
effects of those room volumes on sound insulation at low frequencies were investigated
by defining two categories of transmission rooms for which the width (4m) and the
height (2.5m) are kept constant. The first one is the equal room configuration and the
second is the unequal room configurations. They are presented in Table 9.5. The 10
room configurations obviously does not represent the entire population, but will still
provide information on their effects on the sound insulation of 10m? party wall for

which different edge conditions are assigned.
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9.5.2 Symmetric rooms

The mean sound pressure level difference is investigated in a transmission room as
shown in Table 9.5 and was calculate;d for the three different boundary conditions in 1/3
octave bands from 31.5Hz to 160Hz for equal room configurations and for unequal
room configurations. The data are presented in Figures 9.14-15. At 31.5Hz, the sound
level difference lies between 50-53dB. No acoustic modes are excited in this band. The
edge conditions have practically no effects on the sound level difference. The sound
level difference then fluctuates over the frequency range 40Hz-160Hz. The dips in
sound level difference at 40Hz correspond to the couplings of the first acoustic y-axial
modes of each room. The dips at S0Hz and 100Hz for the simply supported case
correspond to the first and second structural resonances of the simply supported wall.
The dip at 63Hz of the mixed edge conditions wall corresponds to the first structural

resonance.

The effects of resonance can be controlled by the type of excited acoustic modes in each
room. For example, the first resonance frequency of the clamped wall is only visible
when rooms are unequal. This demonstrates that the acoustic modes control the
resonances, leading to an acoustic-structural coupling. The different couplings and
resonances tend to control the shape of the sound level difference curves. When the
room configuration is unequal, the shape of the curve of the flexible party wall presents
less peaks and dips than that of the simply supported and clamped walls. The structural
modal pattern is modified by non-homogeneous edge conditions and therefore reduces
the strength and the number of acoustic-structural couplings. Despite the numerous
couplings, the sound level difference still decreases with increasing frequency at about -
6dB/octave. The sound level difference is stiffness controlled. The clamped values are
therefore greater than the simply supported values. The mixed boundary conditions case

lies between the simply supported and clamped cases.

The effects of edge conditions on the sound transmission direction were investigated by
calculating the level difference between the predicted sound level difference obtained
with the source room having the largest volume then with the source room having the

smallest volume. The data are presented in Figures 9.16-18. The boundary conditions
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are found to have practically no effect on the sound direction up to 100Hz for any room
configuration with the exception of the mixed edge conditions in the 40-20m* room
configuration at 63Hz. The first structural resonance and the presence of one excited
acoustic mode in the 20m® room and two excited acoustic modes in the 40m® can
explain the behaviour of the 40-20m® room configuration. From 125Hz, the boundary
conditions have a strong influence on the sound direction, mainly when one of the room
volumes is 40m’® and when the party wall is simply supported or clamped. The mixed -
edge conditions tend to reduce those effects, but the difference is still in the order of 5-
10dB. The presence of the second structural mode of the mixed edge conditions wall

might well explain that phenomenon.

Values of the sound level difference predicted for 10 different room configurations are
presented in Figures 9.19-21. The spread of data for the simply supported wall varies
between 5-54dB and is much larger than that of the mixed edge conditions and clamped
conditions. In the case of the mixed edge conditions (see Figure 9.20), the spread is
reduced to 30dB or 20dB when the data for equal room configuration are removed
before the 63Hz 1/3 octave band. In the 63Hz and 125Hz band, the spreads are 40dB
and 30dB, respectively, whereas the spread is 20dB and 25dB when not including datd
for equal room configuration. Similar phenomena are observed for the clamped wall
(see Figure 9.21) at 100Hz, where the spread is 10dB without the equal room
configuration data or 30dB with. These variations are explained by the presence of the
first and second structural modes for which the strength of the acoustic-structural
coupling varies with the room configuration. Strong acoustic-acoustic couplings take
place when the room configuration is equal and therefore the spread of data is increased.
The spread of data is small when no structural modes are present, recalling the work of
Kropp et al.[1994] and Pietrzyk[1996] on a limp wall [Maluski et al (1998-b)].

The effects of equal room configuration vary also with the edge conditions as seen in
Figures 9.22-25. The simply supported wall insulates less than the clamped wall and the
mixed edge conditions lie between these two. However, different peaks and dips are
taking place every time a set of equal room configuration is used, due to different
acoustic-acoustic couplings and acoustic-structural couplings. Figure 9.25 shows that
when the wall is placed between two rooms of volume equal to 50m’, the sound level
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difference is equal to 10-28dB at -31.5Hz depending on edge conditions. That is

explained by the acoustic-acoustic coupling of the first mode, x-axial mode.

Figures 9.26-9.28 show the sound level difference obtained for each edge condition, and
each figure displays the sound level difference obtained for each room configuration.
The two curves for the 20m* and 40m’ equal configurations display the same trend. The
two other curves for the 30m* and 50m’ equal room configurations also display the same
trend. The length of the 20m® room is 2m i.e. half of the length of the 40 m®. The x-axial
modes are only half of the x-axial modes of the 40 m* and so on. Changing the edge
conditions of the party wall reduces the spread of data (see Figures 9.26-28). The mixed

edge conditions lie between simply supported and clamped conditions.

The sound level difference data of the three different edge conditions are averaged for
equal and unequal room configuration in Figure 9.29. As expected, a decrease in sound
level difference with increasing frequency has been observed for both equal and unequal
room configurations. The mean sound level difference in equal rooms is lower than that
in unequal room configurations. Such behaviour is expected as strong acoustic-acoustic
couplings take place between modes of identical shapes and eigenfrequencies [Kropp et
al (1994), Pietrzyk (1997), Maluski et al (1998-b)]. The effects of the equal room
configuration, which cause the decrease in the sound level difference, are therefore true
not only for the mid and high frequencies [Bhattacharya (1972), Nilsson (1972)], but

also for low frequencies in small rooms.

The effects of the source room volume on the sound level difference are presented in
Figure 9.30. Vg >Vyp means that the larger room acts as the source room. Vg < Vig
means that the smaller room acts as the source room. Discrepancies of only a few dBs
are obtained with the exception of 125Hz, where there are 9 acoustic modes in the 40m’
enclosure. The sound level difference can then be reduced by the excitation of large
number of acoustic modes in the receiving room compared with the number in the
source room. At 160Hz, the difference is decreased to 3dB. The number of modes in
each room is equal to or greater than 9 over the range of room volumes, but it is
practically the same when the rooms are 30m’ (14 modes) and 40m® (15 modes). The
acoustic modal density of each room controls, therefore, the effects of room
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configuration on sound insulation.

To summarise, the sound level difference is affected by the acoustic-acoustic couplings
and acoustic-struc.tural couplings, due to the non-statistical behaviour of the sound fields
and to the structural modal density. Edge conditions of the party wall therefore affect
the sound level difference. A masonry heavyweight wall, when clamped insulates more
than when simply supported. Values of sound level difference for mixed edge
conditions lie between those for simply supported and claﬁped conditions. The sound
pressure level difference also varies with the room configuration. The values for equal
rooms are lower than for unequal rooms. The trend of the curves display stiffness

control at low frequencies. The mass law was not observed due to the narrow frequency

range investigated.

9.5.3 Asymmetric rooms

The airborne sound is usually transmitted between two symmetric rooms of equal
volume, but domestic dwellings also show that the sound is transmitted between two

asymmetric rooms of equal volumes as seen in Figure 9.31.

To investigate the effects of asymmetric room configuration on the sound insulation of
the 0.2m wall, the area of the party wall could not be maintained at 10m?, otherwise the
room volumes would have to be in excess of 50m’. In the present study, only
transmission rooms with volumes of 20m® and 30m* were investigated. Two party walls
of different area of 2x2.5m’ and 3x2.5m’ respectively, were then defined. Two
symmetric room configurations thus had to be defined with the corresponding
dimensions of the wall in order to understand the effects of the asymmetric room

configuration on the sound insulation of the party wall.

In line with the reduction in surface area of the party wall, the number of structural
elements was decreased along the y-axis. 50 structural elements were defined for the
wall of 2x2.5m? and 90 elements were defined for the wall of 3x2.5m?. The transmission

rooms were then redefined in order to have the same number of structural elements as
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the acoustic elements at the interface. Two other symmetric transmission rooms of 20m’
and 30m’ were modelled to compare the predicted level differences with those of the
asymmetric transmission rooms (see Figure 9.32). The loudspeaker position and field

point mesh boxes were defined as earlier.

The different effects of the asymmetric and symmetric configurations on the sound level
difference were investigated by calculating the level difference between the sound
pressure level difference of the asymmetric and of the symmetric room configurations.
The level differences are presented in Figure 9.33 for the 20m® configuration and in
Figure 9.34 for the 30m’® configuration. The sound insulation of the party wall placed in
an asymmetric 20m® configuration was found to be 3dB greater than that in the
symmetric configuration, except at 125Hz. The sound insulation of the party wall placed
in an asymmetric 30m® configuration was found 9-12dB greater than that in the
symmetric room configuration in the frequency band [31.5- 63Hz] and then 3dB greater
for the remaining other 1/3 octave frequency bands. The effects of the asymmetric room
configuration tend to improve the sound insulation of party wall. The couplings of the
modes of same shape and same eigenfrequencies are indeed more difficult due to the
geometry of the transmission rooms. The drops in sound insulation due to acoustic
couplings are therefore controlled by the geometry of the room. Figures 9.35-36
illustrates this phenomenon by displaying only the first acoustic mode in the source
room and in the receiving room of the asymmetric and symmetric room configuration,
respectively. Figures 9.33-34 also shows that the edge conditions have negligible effect.
The wall area is small and therefore few structural modes are excited in the frequency
range of interest, presented in Table 9.6. Thus only a limited number of acoustic-
structural couplings take place. The room configuration has therefore negligible
influence. The sound level difference for the three different types of edge conditions for
the 20m* and 30m® asymmetric room configurations are shown in Figures 9.37-38,

»

respectively.

The signatures of the curves are the same as those obtained with the symmetric
configuration. The sound insulation of the party wall is stiffness controlled. The simply
supported case insulates less than the clamped case and the case of mixed edge

conditions insulate as well as the clamped case.
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In summary, the effect of the asymmetric room configuration improves the sound
insulation by reducing the strength ‘and the number of acoustic-acoustic couplings and
acoustic-structural couplings. The effect of the edge conditions are generally the same
whatever the room configuration, but the mixed edge conditions case was observed to

behave more as a clamped wall than a simply supported wall.

9.5.4 Wall size

The sound level difference of two party walls 5m* and 10m?® in area were investigated
when the party wall was placed in the 20m’ equal room configuration. Two other party
walls of 7.5m? and 10m? in area were investigated in the 30m® equal room configuration.
The level difference was calculated between the sound level difference of the smallest

and largest area wall. The data are presented in Figures 9.39-40.

Both figures show that the sound level differences vary with the size of the wall and
with the conditions applied along the edge of the wall. The value is greater for small
wall area than for large wall area. This phenomenon also is observed by other authors ['
Josse and Lamure (1964), Sewell (1970-b), Nilsson (1972), Michelsen (1983), Guy et al
(1985)]. The sound insulation of the Sm” area wall is improved by roughly 8dB when
clamped and 12dB when the wall has mixed edge conditions. The simply supported Sm?
wall displays the worst case being less rigid than the other cases. For any edge
conditions, the sound insulation of a 7.5m? wall is again better than the 10m? wall
except at 40Hz and 80Hz corresponding to acoustic couplings [Table 9.1].

According to BRE [1993], the sound insulation of a party wall of area of 2 LxL is lower
than that for a wall of area LxL; where L corresponds to one dimension of one equal

room configuration, as shown in Figure 9.41. A 3dB improvement is obtained when the
party wall has an area LxL.

Compared to the present work, the corresponding length, 1, of the 5m? and 10m? walls is
2.23 which lies between 2m (length of the room) and 2.5m (height of the room). An
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improvement of 8dB for the clamped wall and 12dB for the mixed edge conditions is
obtained. The 8dB improvement is greater than predicted BRE [1993]. The conditions
given by BRE [1993] are therefore not only applicable for the mid and high frequencies

but also at low frequencies.

9.6 DISCUSSION

The sound level difference at low frequencies was observed to be strongly influenced by
both acoustic-acoustic and acoustic-structural couplings leading to a large spread of data
for each type of wall. Such behaviour can be attributed to the non statistical behaviour
of the sound field and the small structural modal behaviour of the party wall thus
explaining the poor reproducibility of the field measurements at low frequencies
[Roland (1995), Goydke (1998)].

The sound level difference was found to be dependent on the boundary conditions
whatever the thickness of the party wall, a phenomenon already observed by many other
workers [Maidanik (1962), Kihlman (1970), Kihlman et al (1972), Nilsson(1972))]. The
sound level difference of the thin clamped lightweight wall is lower than the simply
supported case, while structural eigenfrequencies are shifted upwards and the rigidity of
the wall increased (see Section 2.4.7) [Berry et al (1994)]. Maidanik [1962], Utley
[1968], Sewell [1970], Kihlman [1970] and Nilsson (1972) have previously
demonstrated this when considering a thin wall positioned in a diffuse sound field. They
have shown that 3dB difference separates simply supported from clamped until the
coincidence region. Such differences, however, are not observed with the present work.
That is due to the small acoustic modal density in the frequency range of interest. For
walls with a thickness equal to or greater than 0.1m, the sound level difference for
clamped conditions is greater than for the simply supported case. This confirms the
work of Kihlman [1970] again, where the sound field was assumed diffuse. However, in
this case, Kihlman attributed that difference to the loss between the two rooms and not

to the edge conditions. Thus the effects of edge conditions might be negligible in front
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of the flanking sound transmission which takes place at a T-junction [Kihlman (1998)].

The shape of the sound level difference curve of the 0.2m mixed boundary conditions
tends however to be flat when the room configurations are unequal. The presence of two
clamped sides and two simply supported sides are the main causes of such a response.

The alternating edge conditions could change the wall from isotropic to orthotropic.

The small number of excited modes at low frequencies leads to a greater spread of
sound level difference data. However, the sound level difference with a resolution in the
third octave band leads to an increase in the number of excited modes in the band and
therefore a decrease in the spread of data. Such behaviour can explain the comment
made by Osipov [1997], that the accuracy of the sound insulation is improved when
presented with a resolution in octave bands. However, such resolution in 1/3 octave
bands of the sound level difference can mislead the real effects of the party wall and
room configuration on the sound transmission. With regard to the sound pressure level
difference values, a resonance can give a negative value in a narrow band, whereas it
can give a positive value in a third octave band. The same remark can be made when the
dip in sound level difference is set between two 1/3 octave bands. A 1/6 or 1/12 octave’
band resolution would seem more appropriate for sound insulation at low frequencies to

have the maximum of information on sound insulation

The use of FEM to investigate the sound transmission at low frequencies in dwellings
was observed to predict sound level difference data, which agree with data obtained in
laboratory conditions [Maluski and Gibbs (1998-a)]. The non-introduction of acoustic
and structural damping in the model seem therefore negligible when calculating the
sound level difference. However, the spread of data obtained in this present study when
investigating the effects of room configuration is much greater than that obtained by
Pietrzyk [1996 & 97] or Osipov [1997]. The reason for this is that an acoustic ,damping
was defined in their model by setting a reverberation time value in the source room and
in the receiving rooms. This damping results in a reduction of the peak response of each
mode excited in each room and therefore reduces the spread of data. The acoustic

damping as well as the structural damping need further investigation.
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The sound level difference was found to be lower when the volumes of the two rooms
are equal. Such a configuration is typical in domestic dwellings in the U.K. and other
European countries [see Chapter 10]. According to Fothergill [1998], if rooms were
staggered, it is already enough to decrease the number of acoustic couplings and

therefore improve the sound insulation.

The sound pressure level difference is stiffness controlled because of the small structural
modal density and the first structural mode which is excited after the first acoustic
mode. The control of sound insulation is thus controlled by the real dimensions.
According to Osipov [1997-a], a wall of surface area less than 9m® i.e. a wall placed
between two rooms of volumes greater than 36m® and smaller than 54m’ will present a
sound transmission which is stiffness controlled. When the room volume and when the

area of the party wall are increased, the sound transmission tends to be mass controlled.

9.7 CONCLUDING REMARKS

The sound level difference at low frequencies is strongly influenced by the structural .
mode density of the party wall. Walls having their first structural modes excited before
the first acoustic modes will tend to be mass controlled, while walls having their first
structural mode excited after will tend to be stiffness controlled. The sound level
difference at low frequencies of a 0.2m brick wall is stiffness controlled, presenting
alternative maxima and minima due to structural-acoustic and acoustic-acoustic
couplings. Varying the room configuration and the edge conditions varies the different
couplings and thus the sound level difference. The sound level difference is found to be
the Jowest when the party wall is simply supported and when the room configuration is
of equal volumes. A large spread of sound pressure level data was therefore obtgined in
the frequency range 31.5-160Hz. Such a spread needs to be quantified in order to ;)redict
the sound pressure level difference of a party wall at low frequencies. A correction
factor is therefore needed to account for these variations and an attempt is made in
Chapter 10.
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Frequency (Hz)
Volume (m*) 31.5 40 50 63 80 100 125 160 Total

20 o 1 o0 1 3 3 5 9 22
30 o 1 0 3 3 3 6 14 30
35 o 1 1 2 3 5 6 18 36
40 o 2 0 2 4 5 9 15 37
50 1 1 1 2 5 6 9 22 47

Table 9.1. Number of room modes per 1/3 octave bands
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Thickness (m) 0.05m 0.1m 0.2m

Frequency SSSS SCSC CCCC SSSS SCSC CCCC SSSS SCSC CccccC

(Hz)
25 2 2 1 1 1 0 0 0 0
31.5 0 1 0 0 1 0 0 0 0
40 1 0 1 0 0 0 0 0 0
50 2 1 0 1 0 1 1 0 0
63 0 2 2 0 1 0 0 1 0
80 2 1 1 1 1 1 0 0 0
100 3 2 2 2 0 0 1 0 1
125 2 3 0 0 2 2 0 1 0
160 2 1 4 2 1 1 2 1 1
Total 15 13 11 7 7 5 4 3 2

Table 9.2. Number of structural modes per 1/3 octave bands
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Thickness (m) 0.05m 0.1m 0.2m

Mode SSSS SCSC CCCC SSSS SCSC CCCC SSSS SCSC cccCcC
1 13.5 161 262 268 320 518 527 623 98.9
2 253 330 395 502 651 778 97.1 123.8 146.7
3 440 452 659 869 893 128.6 166.3 1704 2359
4 47.1 603 685 929 1183 1332 176.6 221.0

5 55,5 61.6 80.0 109.2 1204 1553 206.1 222.0

6 76.5 874 103.0 149.7 169.7 1985

7 82.5 1006 1103 161.3 1959 212.0

8 99.8 1074 140.5 194.6 206.3

9 110.7 113.9 143.0 214.7 220.8

10 110.8 1313 150.9

11 130.8 1384 170.9

12 1385 178.8 1829

13 163.0 181.0 205.9

14 164.6 190.4

15 189.9 2022

16 200.1 202.2

Table 9.3. Structural modes predicted for a brick wall
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Figure 9.1. Level difference in the source room with a 0.05m thick party brick wall
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Figure 9.2. Level difference in the source room with a 0.1m thick party brick wall
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Figure 9.6: Level difference between the clamped and the simply supported 0.2m wall
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Figure 9.10. Sound pressure level difference of the 0.2m wall in 1/3 octave bands
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Figure 9.11. Sound pressure level difference of the 0.1m wall in 1/3 octave bands
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supported 0.1m wall in 1/3 octave bands
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supported 0.2m wall in 1/3 octave bands

220



Type of Bedroom 1 Bedroom 2 Bedroom 3 Living room Living room

Rooms + dining
room

Room 25, 24, 32, 17,19,19.5, 14,13,184 30,31,34 45,441 672

volumes 27, 34, 41, 195,20,

in semi 553 22.6,26

detached

houses

Room 28.2, 25, 15.7 37.5,30,37, 44,448,433

volumes in 28.6, 28.6, 35

storey blocks 20.4, 24,214

1 Leventhall [1972]: averaged living room size in domestic houses

2: Fothergill [1980-a] giving the volume for 67m3 for lounge room in Victorian Houses

Table 9.4. Typical room volumes found in dwellings

Equal Room Configurations

Unequal Room Configuration

Source room

Receiving room

Source room

Receiving room

m3 m3 m3 m3
20 20 20 30
30 30 20 40
40 40 30 20
30 40
40 20
40 30
40 35

Table 9.5. Room configurations
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Figure 9.16. Effect of the edge conditions when the sound transmission direction is
interchanged. Transmission room 30-20m’ and 20-30m’
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Figure 9.17. Effect of the edge conditions when the sound transmission direction is
interchanged: 40-20m’ and 20-40m’
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Figure 9.18. Effect of the edge conditions when the sound transmission direction is

interchanged: 40-30m’ and 30-40m’
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Figure 9.19. Effects of room configuration on a simply supported wall
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Figure 9.20. Effects of room configuration on a mixed edge conditions
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Figure 9.21. Effects of room configuration on a clamped wall
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Figure9.22. Effects of 20-20m’ equal room configuration on sound level difference
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Figure 9.23. Effects of 40-40m’ equal room configuration on sound level difference
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Figure 9.24. Effects of 30-30m’ equal room configuration on sound level difference
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Figure 9.25. Effects of 50-50m’ equal room configuration on sound level difference
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Figure 9.26. Sound level difference of a simply supported wall when placed in different
equal room configuration
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Figure 9.27. Sound level difference of a mixed edge conditions wall when placed in
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Figure 9.30. Effects of the source room volume on the sound level difference
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Figure 9.33. Effects of 20m® asymmetric and symmetric equal configuration on the
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Figure 9.34. Effects of 30m’ asymmetric and symmetric equal configuration on the
sound level difference
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Thickness (m) 0.2 0.2

Dimensions 5x2.5 3x25

(m x m)

Mode SSSS SCSC CCCC SSSS SCSC CcCcCC

1 97 159 177 64 97 115
2 206 240 295 143 200 209
3 176 218 253
4 247

Table 9.6 Eigenfrequencies of the Sm* and 7.5m? party walls
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Figure 9.37. Sound level difference of the 0.2m wall of different edge conditions placed
in a 20m® asymmetric equal room configuration.
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Figure 9.38. Sound level difference of the 0.2m wall of different edge conditions placed
in a 30m’ asymmetric equal room configuration
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Figure 9.39. Effects of the size of the wall placed in a 20m’ equal room configuration
on the sound level difference
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Figure 9.40. Effects of the size of the wall placed in a 20m® equal room configuration
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10 CORRECTION FACTOR FOR SOUND INSULATION IN

DWELLINGS

10.1 INTRODUCTION

The deterministic study of the sound transmission at low frequencies in dwellings in
Chapter 9 highlighted that room configurations and edge conditions influence
considerably the sound level difference. Also, the sound level difference of a real wall
installation is likely to be between that of an idealised simply supported and clamped
wall. The variability of the sound insulation of a wall needs therefore to be taken into
account by defining a correction factor since laboratory measurement does not provide

the correct values.

The objectives of this chapter therefore is to make some attempts to predict the sound

insulation of a 10m? party wall when built into the range of domestic buildings.

10.2 REVIEW

Kihlman et al [1972], Utley [1968], Bhattacharya et al [1972] investigated the effects of
the room configuration on the sound reduction index data of the party wall placed in
laboratories using the traditional method of measurements described in Chapter 4. All
show experimentally that the room configuration affects the measurements. In particular
it was demonstrated that equal room configurations provide the lowest measured sound
level difference and hence implied sound reduction index. Bhattacharya [1972]

suggested a new correction factor to take into account the room dimensions.

Kropp et al [1994] and Pietrzyk et al [1997] investigated the effect of partition position
by calculating the sound level difference of 16 room combinations. Limp and simply
supported solid walls were investigated. The effects of boundary conditions were not

taken into account. The mean sound pressure level difference in equal rooms is found to
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be lower than that in unequal room configurations and it is also observed that the sound
level differences vary more with volume change for the equal room configurations. For
the simply supported solid wall, the expected drop of sound level difference when the
two rooms are identical was not observed. A greater reduction in sound insulation was
obtained when the partition was moved 0.75m from its original position due to the close

matching of the room and wall modes.

In addition, Kropp et al [1994], Pietrzyk [1997] and Osipov [1997] have generated
standard deviations and minimum and maximum deviations, but no attempts to define a

correction factor.,

10.3 STATISTICAL CORRECTION FACTOR

We would like to predict the sound level difference values of a 0.2m thick brick wall
when built in domestic buildings ie the likely sound insulation value, the flexible wall
will take when placed in a certain room configuration. A statistical analysis of the sound
level difference data [Gibbs at al (1998)] obtained for the simply supported, the clamped
and the mixed edge conditions is required in order to state, with a fair measure (;f

confidence, the sound level difference of the party wall.

A statistical analysis can only be applied if the events cannot be predicted with
certainty, but the relative frequency with which they occur in a long series of trials are
often remarkably stable [Godfrey (1988)]. Such events possessing this property are
called random or stochastic. In this case, the event is the room configuration, as the

sound level difference is dependent upon the room configuration.

Are we in the presence of random events? If a transmission room with a volume of
20m*-30m’ is considered, a specific sound level difference is processed for each third
octave band. As the frequency range of interest is 31.5Hz to 160Hz, 8 values of the
sound level differences are processed. If the simulation was repeated, the same sound

level difference would be obtained. Consequently, we are in the presence of events,
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which are not random as the room configurations were chosen among the full room
configurations found in dwellings. Moreover, the events generate sound level difference
values which can be predicted. Therefore, we are in the presence of an ordered, rather

than a random population.

Even if the population was random, the sample of studied room configurations is also
too small for a correct prediction of the sound level difference. The minimum required
sample for a statistical study is 30 in order to have accurate standard deviations and

confidence limits [Godfrey et al (1988)].

To summarise, statistical analysis strictly should not be applied to predicted sound level
difference data, because the studied population of room configurations is not random.
However, in the presence of a large sample, a statistical study would allow us to observe
and quantify the acoustic-structural coupling effects on the sound level difference. The
statistical study could then be compared with the deterministic study to see if the two

studies come to the same conclusion.

Although the sample in this study is small, attempts were made to define a correction
factor using the worst case i.e. the lower limit given by the standard deviation, as .a
preliminary study. The standard deviation was calculated from the sound pressure level
difference of 10 room configurations, for each edge condition. The data are presented in
Figure 10.1. The standard deviations are greatest for simply supported and mixed edge
conditions, in the 40 to 63Hz third octave bands. In this case the standard deviations of

the mixed edge conditions and the clamped tend to be the same.

As the edge conditions of real party walls were found to lie between simply supported
and clamped as seen in Chapter 9, the highest standard deviation was selected to predict
what likely values the sound insulation of a 10m’ party wall will take in the different

third octave bands. The correction values are given in Table 10.1.

If equal room configurations only are considered (see Figure 10.2 and Table 10.2),

different standard deviations are obtained. They cannot be compared with those in Table

10.3 as the sample size was 3. The data can be compared with Figure 10.3, which
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displays the standard deviations of the same party wall when placed in unequal rooms
where the source room volume is greater than the receiving room volume. The standard
deviations for equal rooms are seen to be greater than those for unequal rooms. Equal

room configurations therefore provide the worst sound insulation as seen in Chapter 9.

The standard deviations obtained for the three edge conditions are displayed in Figure
10.4. They might be more appropriate as correction factors, because the sample is 30,

but cannot be compared with values given in Table 10.2.

To this point, the correction factors were defined for sound insulation measurements in
dwellings of room volumes smaller than 40m’. No correction factor was defined for a
specific room configuration. Although the population is not random, and the sample is
only 3, the standard deviation was calculated for each room configuration for the three
different edge conditions. The results are given in Table 10.3. The standard deviations
are different for each room configuration except at 31.5Hz and 40Hz. There is no
reciprocity between room configurations of same volume. All values are collapsed to
give Table 10.4. Again, differences between standard deviations are obtained for the
different room configurations.

Consequently, correction factors were defined from the standard deviations calculated
from the sound level differences obtained for the three different edge conditions. This
statistical study was only a preliminary study and is not correct to use, because the
samples of room configurations or edge conditions are smaller than 30. It therefore

needs further work with a much larger sample of room configurations.

10.4 DETERMINISTIC CORRECTION FACTOR

>

Since the statistical analysis is not reliable, attempts were made to define a deterministic
correction factor in each third octave band frequency. The parameters responsible for
variations of sound pressure level difference when varying the room configuration are

presented below;
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The height of the room is 2.5m and remains constant whatever the dwelling room
as shown in Section 9.5.1. The axial mode along the z-axis therefore is likely to be
the same whatever the room configuration. The structural mode along the z-axis is
the same when the party wall is of same material properties and thickness.

Width in this present study was kept constant when investigating equal and
unequal room configurations. The width of the rooms and also the length of the
party wall are constant at 4m. Identical acoustic and structural modes take place
along the y-axis.

y- and z- axial modes and yz-tangential modes are identical in each room
configuration, giving couplings of modes of same shape and eigenfrequencies.
Acoustic and structural couplings are the same, when the party wall placed in the
different room configurations have the same structural modal distribution.

Wall size, 10m?, is a reasonable value for dwellings. However, there is a high
chance to find party walls of other dimensions. The change in size will lead to
different resonances, acoustic-structural couplings, and thus different sound
pressure level difference values

Thickness of the wall will change the strength and position of the acoustic- .
structural couplings

Double and single masonry walls have different structural modal distributions and
thus acoustic-structural couplings.

Edge conditions of party walls are likely to vary with the building design and
workmanship and thereby modify the structural modes in the frequency range of
interest, giving rise to different acoustic-structural couplings.

The length of the room is modified when modifying the room configuration. The
acoustic modal density is changed as the position of the excited acoustic modes in

the frequency range of interest.

Consequently, the correction factor for sound insulation of a masonry wall must include

the effects of acoustic and structural modal densities.

Three attempts were made for each third octave band. The first attempt was to calculate

the mean value of the sound level difference data obtained for simply supported and
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clamped and also select the maximum and the minimum sound level difference in each
band to evaluate the spread of the data. The results for the simply supported and the
clamped are presented in Figures 10.5-6. As expected the spread of data is not constant
when the party wall is simply supported, but then tends to be when the party wall is
clamped. The maximum values for the simply supported case are greater than for the
clamped wall. As the edge conditions of real walls lie between simply supported and
clamped, the sound level difference is going to lie between the minimum values of the
simply supported and the maximum values of the clamped. The mean sound level
difference was calculated accordingly and displayed in F.igure 10.7, including the
maximum and minimum deviations. The maximum and minimum deviation curves
therefore set the limits. The limits are small at 31.5Hz and 40Hz, then increase greatly
with increasing frequency. However, those limits do not provide information when the

party wall is placed in a specific room configuration.

The second attempt was to look at the sound level difference of the simply supported,
clamped and mixed edge conditions, as well as, the mean sound level difference for
each room configuration. The data are presented in Figures 10.8-15. It is observed that
for each third octave band, the four curves representing the simply supported, mixed
edge conditions, clamped and the mean, often display the same trend for fixed source

room volume.

The spread of data, the dB range, is then calculated for each room configuration as
shown in Figures 10.8-15. It will be observed that the mixed edge conditions can set the
maximum value or the minimum value instead of the simply supported and clamped
(see Figures 10.13-15), due to weak acoustic-structural couplings. Consequently, the dB
range is not only calculated from the minimum and maximum values given by the
simply supported and clamped, but also from the values set by the sound pressure level
difference obtained with the mixed edge conditions. The results are shown in the Table
10.5. 160Hz band is not considered, because there are poor agreement betv'veen the

measured and predicted sound level difference as seen in Chapter 8.

The spread of data is identified for each room configuration. It is likely that at 31.5Hz,
the sound insulation will vary within 2-4dB, with room volume change. At 40Hz, it will
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vary within 10dB due to the acoustic couplings. Such observations are only applicable
for rooms of volumes equal to or smaller than 40m’. If the room is 50m’, the spread
would have increased due to the excitation of the first acoustic mode of the room. When
the party wall is in resonance, e.g. at 50Hz, large dB ranges are obtained. At 125Hz, the
sound insulation in room configuration 40-20m? varies within a range of 5dB, while for
the configuration 20-40m?, it varies within 23dB. There is no reciprocity when the
source room becomes the receiving room as seen in Section 10.3. The ranges defined for
room configuration 20-30m’ and 30-20m? are then collapsed to give new ranges for the
room configuration 30/20m®, The same was done for the room configuration 30/40 and
40/20m’. The data are presented in Table 10.6.

This table allows an estimation of the spread of sound insulation when the party wall is
placed in a specific room configuration. It shows that when one of the rooms is 40m?,
large dB ranges are obtained, a phenomenon which is emphasised when the two rooms
are 40m’. This is explained by the identical length and width, which give identical x-
and y axial modes and identical xy-, xz- and yz- tangential modes. Those modes then

create strong couplings.

The defined dB ranges do not consider room configurations which strongly are coupled .
with the structural mode leading to poorer sound insulation than that in equal room
configurations. Indeed Pietrzyk [1997] showed that in particular room configurations, a
strong coupling can take place between three modes ( a structural mode, an acoustic
mode of the source room and an acoustic mode of the receiving room) presenting the
same eigenfrequency. They have matching modeforms creating a drop in sound

insulation.

Only one speaker position, the comer opposite to the party wall, was investigated in the
study. Other loudspeaker positions will prébably give different sound insulation values.
Moreover, a traditional living room with a hi-fi will have at least two loudspeakers. The
excitation of the sound field is then different from that given by one loudspeaker.

Different maximum and minimum sound level difference data will be obtained.

The acoustic and structural damping were not included for any model of the room
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configuration. If the acoustic damping has real effects on the sound field at low
frequencies, the peaks and dips of the sound transmission loss will decrease [Kropp et al
(1994), Osipov et al (1997), Pietrzyk et al (1997), Maluski et al (1998-b)] and therefore
reduce the spread of data. The maximum and minimum deviations will then be different,
giving different range of values. However, those new ranges will be automatically found

within the ranges defined in Table 10.6.

Flanking transmission might change the sound pressure level difference curve for each

different room configuration. New range values might be obtained.

The range values given in Table 10.6 are the double of the values given in Tablel10.4.
That reinforces the argument of the sample, which is too small for statistical study.

The defined dB ranges is not a function of the length of the room only. Attempt to
define a correction factor which includes the axial and tangential modes along the length

of the two rooms was not successful due to the small sample.

To summarise; the correction factor defined here was only an attempt. It was defined for
rooms, which are unfurnished and do not have windows and doors and there is no

flanking transmission between rooms.

10.5 CONCLUDING REMARKS

Statistical and deterministic studies were undertaken to define a correction factor to
predict the likely value of sound level difference when the party wall is built in a
specific room configuration. The statistical study was found not relevant as the sample
is too small. It needs further development. .
The deterministic study gave a range of correction factors which provide information on
room configuration. Again, it is likely that this range will be modified with a greater

sample.
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Standard deviation(dB)

315 40 S0 63 80 100 125 160

Frequency (Hz)
@ Simply supported gy Flexible g Clamped

Figure 10.1. Standard deviation for a 10m? party wall placed in room configurations of

volumes smaller than 50m*

Frequency Correction fact(;r
(Hz) (dB)
31.5 -2
40 -6
50 -9
63 -12
80 -6
100 -13
125 -20
160 -11

Table 10.1. Correction factor for sound level difference data of a 10m? party wall
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Standard deviation(dB)
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[

315 40 50 63 80 100 125 160

Frequency (Hz)
m Simply supported g Flexible gg Clamped

Figure 10.2. Standard deviation for the three different edge conditions of a 10m* wall

placed between two identical rooms

Frequency Correction facto.r
(Hz) (dB)
31.5 -1
40 -8
50 -11
63 -16
80 -7
100 -15
125 -9
160 . -6

-

Table 10.2. Correction factor for sound level difference data of a 10m?* wall placed in

equal room configuration
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Standard deviation(dB)

Frequency (Hz)
m Simply supported g Flexible g Clamped

Figure 10.3. Standard deviations for the three different edge conditions of the 10m?
party wall placed in unequal room (Source room volume > Receiving room volume)

21

20

Standard deviation(dB)
=)

63 80
Frequency (Hz)

Figure 10.4. Standard deviation of a 10m? party wall of any edge conditions placed in

room configuration of volumes smaller than 50m’.
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Room configurations: Third octave band (Hz)
Source  Receiving 31.5 40 S0 63 80 100 125 160

room (m’) room (m’) '
20 20 0 S5 -5 -5 4  -11 -2 -1
20 30 -1 5 -12 -8 -1 -4 -1 9
20 40 -1 S 9 -5 -2 -14 26 -8
30 20 -1 5 -11 -8 -2 -4 -6 -6
30 30 -1 5 -15 -9 -5 -4 -7 -5
30 40 -1 6 -14 -9 -2 -4 -18 -4
40 20 -2 S5 -9 -9 9 13 -9 -9
40 30 -2 -6 -12 -8 0 -6 -3 -5
40 35 -2 -7 -13 -5 0 -14 -2 -6
40 40 -2 9 -12 -6 -1 -16 -5 -4

Table10.3. Correction factor for each room configuration
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Room configuration Third octave band (Hz)

Volume (m°)  Volume () 31.5 40 50 63 80 100 125 160

20 20 0 S S5 5 4 -11 2 -]
30 20 -1 5 -12 8 -2 4 -6 9
30 30 -1 5 <15 9 S5 4 T 5
40 20 2 5 9 95 9 -14 -26 9
40 30 2 6 -14 9 -2 -6 -18 -5
40 40 2 9 12 6 -1 -16 -5 4

Table 10. 4. Corrections when the party wall is placed in a specific room configuration
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Sound pressure level difference (dB)

Figure 10.5. Spread and mean sound pressure level difference of a simply supported
wall

Sound pressure level difference (dB)

Frequency (Hz) -

Figure 10.6. Spread and mean sound pressure level difference of a clamped wall
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Sound pressure level difference (dB)

Frequency (Hz)
—Minimum —— Mean —g—Maximum

Figure 10.7. Spread and mean pressure sound level difference of a wall
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Room configuration Third octave band (Hz)
Source  Receiving 31.5 40 S0 63 80 100 125

Room (m*) room (m®)

20 20 1 10 9 9 8 21 3
20 30 1 10 23 15 2 9 2
20 40 2 10 15 9 5 26 56
30 20 1 10 22 14 4 7 11
30 30 2 11 29 19 10 8 13
30 40 2 11 28 17 4 7 32
40 20 4 11 16 8 2 23

40 30 4 11 25 14 0 12 6
40 35 4 14 27 10 0 27 3
40 40 5 19 23 12 1 31 11

Table 10.5. Wall of 10m>: dB ranges for different room configurations in dwellings
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Room configuration Third octave band (Hz)

Volume (m") Volume(m’) 315 40 50 63 80 100 125
30 20 1 10 23 15 4 9 i1
40 20 4 11 16 9 5 26 56
40 30 4 11 28 17 4 12 32
40 35 4 14 27 10 0 21 4
20 20 1 10 9 9 8 21 3
30 30 2 11 29 19 10 7 13
40 40 5 19 23 12 1 31 11

Table 10.6. Wall of 10m?: dB ranges for different room configurations in dwellings
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11 CONCLUDING REMARKS

The work reported in this thesis has been concerned with the use of a Finite Element

Method model to investigate the sound insulation between dwellings at low frequencies.

The sound field in enclosures of volumes corresponding to those in dwellings, at low
frequencies, is non diffuse. In addition, masonry walls in the low frequency range have
only a few structural modes. Therefore the classical room acoustic and insulation

theories are not applicable.

The sound transmission process is actually governed by the interaction of acoustic and
structural modes. Any change in the acoustic and/or structural modal distributions lead
to a change in the sound level difference between rooms. Mode distribution is controlled
by room dimensions, particularly in small rooms. Wall vibration modes are controlled
by the bending stiffness and edge conditions. The edge conditions of a party wall are
likely to lie between simply supported and clamped conditions.

A review of different existing standard and non standard methods for sound insulation
measurements at low frequencies shows that they were defined primarily with the
assumptions that the sound field is diffuse and are not appropriate for investigating
sound insulation at low frequencies. A numerical method is proposed which describes
the modal characteristics of both rooms and the party wall. A Finite Element model is
employed where an appropriate element number was selected by optimising prediction
accuracy and computation time. It is shown that the simulation of sound field
discretized with 10* cubic elements and the party wall discretized with 10? surface
elements had their eigenfrequencies processed with an error of 8%.

It was found that the predicted frequency response gave an overestimate when compared
with scale model measurement due to errors in assigning source power, in positioning of
the source and by not including the effects of absorption. The errors tended to cancel

when calculating sound pressure level difference between rooms. The predicted sound
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level difference gives an underestimate of 4-8dB from 31.5Hz to 125Hz in one third
octave bands. This was due to incorrect modelling of the edge conditions of the party
wall and also by not including structural damping, amplifying the effects of wall
resonances. This was circumvented by considering three different edge conditions on
three different masonry brick wall thickness. Simply supported, clamped and mixed
edge conditions. The mixed edge conditions consisted of two vertical sides simply

supported and two horizontal sides clamped.

The walls were assumed placed between two rooms of 40m’ and 35m’. The non
statistical sound fields of the two rooms make the sound level difference vary between
maximum and minimum values due to acoustic couplings. A thin 0.05m wall is mass
law controlled whatever the edge conditions. The simply supported case insulates more

than the clamped case.

A 0.2m wall is stiffness controlled, but is strongly affected by acoustic-acoustic and
acoustic-structural couplings and structural resonances. The simply supported
conditions insulate less than the clamped case.

The 0.1m wall is a transition between the 0.05m wall and the 0.2m wall.

The position of the first structural mode compared with that of the first acoustic modes
explained those different trends. Walls having their first structural modes excited before
the first acoustic modes will tend to be mass controlled, while walls having their first
structural mode excited after will tend to be stiffness controlled.

The effects of room volume change were then investigated on the sound insulation of
the 0.2m wall, for which the three different edge conditions were applied. The room
volume was varied between 20 and 40m’, which are the extreme volumes for living
room and bedroom in dwellings. The so‘ilnd level difference is found to be the lowest
when the party wall is simply supported and when the room configuration is eglual. The
changes in volume and edge conditions created a large spread of sound level difference
data. The largest spread was obtained for the simply supported conditions, and the

smallest for the clamped condition.
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An attempt was made to define a correction factor to include the variation of the sound
level difference with the room configuration and the edge conditions. However, the
studied room configuration sample is too small for a statistical study. It is only possible
to conclude that equal room configuration in dwellings should be avoided as strong

acoustic and acoustic-structural couplings take place.
The present work poses and in part, answers the following questions;

1. Is the numerical method a good tool for the study of the sound insulation at low

frequencies?

The Finite Element Method selected was appropriate for the study of sound
transmission at low frequencies. It provided much of information, which would have
been difficult to obtain by measurement. However, fast computers are required. The
present study could have been simplified by investigating just the symmetry of the

model when using a single and identical loudspeaker position and uniform absorption if

included.

2. Has the present numerical model resolved the problem of sound transmission at low

Jrequencies?

The answer to the question is negative. The present model forms only a preliminary

study of sound transmission between dwellings and has the following limitations;

L The wall was modelled as a shell. Despite the agreement with the results of
other authors, the wall also should be modelled as a solid and compare it with
the shell.

II. No damping was included for the acoustic field or for the vibrating party
wall. Their introduction is likely to decrease the strength of the ;:ouplings
between the two sound fields and between the sound field and the structural
field.

I1L. No windows were modelled, while window resonances are known to

influence the sound field.
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IV.  Only one wall of the source room and receiving room was modelled as |
flexible panel; the other walls were assumed to be hard surfaces. A better
approximation to a real system might include six flexible walls for each
room. Many more acoustic-structural couplings then can be considered.
However, measurements using the quarter physical scale model have shown
that predicted and measured sound level differences did not differ greatly.
That could signify that after all, the numerical model might be sufficient

V. Domestic rooms are furnished. Although carpets might not have great
influence on the sound field, the presence of furniture should be investigated
since the room volume will be altered and the sound field changed by
damping or shifting the acoustic modes. Will the sound field thus become
more diffuse?

Only masonry walls were investigated, while double party walls made of wood or

lightweight constructions, are popular in many dwellings.

11.1 TOPICS FOR FURTHER RESEARCH

Consequently, future research should be to develop the present model to approximate

more closely sound transmission in dwellings. In particular, there is a need to:

1. Increase the frequency range of interest to observe the mass law controlled region by
having more powerfull computer

2. Model the party wall as a solid and compare the predicted sound insulation with the
predicted sound insulation of the party wall modelled as a shell.

3. Consider flanking transmission, by modelling the six walls of each enclosure as
flexible walls. _

4. Investigate the effects of stacking/handing designs and L-shaped rooms on the sound
insulation

5. Investigate the effect of the introduction of furniture corresponding to living rooms
and bedrooms

6. Investigate the effects of position of the loudspeakers and their number
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. Investigate the effects of double walls on the sound insulation
. Define a correction factor from a large sample of case studies using statistical
analysis.

. Investigate a new method for field measurements
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APPENDIX 1

Field points are defined after the sound field was evaluated inside the Acoustic Finite
Element model. They process the pressure data by using the Finite Element shape
functions to perform an interpolation between the known nodal values. They are
transparent and therefore do not affect the predicted sound field when defined in the
model. They are equivalent to the simulation of microphones and therefore can be

placed at any chosen position.

Two types of field points were defined. They were an individual field point and a box-
field point mesh.

1. The individual field point
They are defined by their co-ordinate values in the (x,y,z) planes.

2. The box field point mesh

It is a box whose its edges are parallel to the XYZ coordinate axes. They are defined by
two diagonally opposite corner points, which also are defined by their coordinates. A
number of subdivisions is determined by m,, m,, m,, integer values, which then create.

2x(m,.m, + m,.m,+ m,.m, ) Quad 4 field elements connecting 2x(m,.m, + m,.m,+ m,.m,
+1 ) field points.
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APPENDIX 2

The transmission room model can be produced by creating a link between the Acoustic
Finite Element model and the Structural Finite element model. Coupling modes are then
processed by re-using the processed acoustic and structural eigenfrequencies of the
Acoustic Finite Element model and the Structural Finite Element model. It was
recommended to process the acoustic eigenfrequencies and then the nodal pressure by

defining a specific loudspeaker position before creating any link. .

A new set of equations is created. The sound transmission is calculated by processing
the acoustic and structural response i.e. the displacement and the nodal pressures

according to the following equation;

R S

where C is the geometrical coupling matrix,, w is the vector of nodal displacement, p is

the vector of the nodal pressure.

The sound transmission was calculated by using the modal co-ordinates in order to have
a faster simulation. Indeed, the size of a set of equations is reduced by having the
different matrices projected in a modal basis and w and p replaced by the structural and
acoustic modal participation factors [Sysnoise V5.3 (1996)]
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ABSTRACT

The sound leve! difference of party walls at low frequencies [25-200 Hz] has been shown to be strongly depend-
ent on the modal characteristics of the sound fields of the separated rooms. The modal characteristics can be
modelled by numerical methods and a Finite Element Method has been selected to model sound transmission
between adjacent rooms separated by a party wall. The numerical eigenfrequencies were compared with the
theoretical eigenfrequencies to select a mesh model for which the eigenfrequencies are processed within an
acceptable error range.

As a prelude to the study of sound transmission between dwellings, the simulation of one single room. mod-
elied with the selected mesh model, was validated by predicting the frequency response and comparing values
with measured frequency response of a 1:4 scale room model. Results show promising agreement and establish
the reliability of the work.

I. INTRODUCTION

Increasingly, it is recognised that noise from adjoining dwellings occurs at low frequen-
cies, below 100 Hz."? The recommended method of measurement of sound insulation,
ISO 140/BS 2750/Part 4 (1980), is limited to frequencies above 100 Hz and therefore may
lead to an underestimate of likely complaints. Despite an Annex F in ISO 140/Part 3
(1995) for sound insulation measurements at low frequencies, there is a poor repeatability
between measurements**and Roland* shows that a problem remains of poor reproducibi-
ity between laboratories for sound insulation measurements from 50 Hz. No method of
measurements below 100 Hz has been agreed yet.*

Recent investigations show that the sound insulation properties of a party wall at low
frequencies are strongly dependent upon the modal characteristic of the two rooms.® a
phenomenon also confirmed by computer simulation.” The utilisation of numerical tech-
niques in building acoustics becomes therefore a very useful method in order to identify
the influential room and partition characteristics with respect to low frequency sound
transmission.

The work reported in this paper is divided into two parts. In the first part, using a Finite
Element Method (FEM), the number of elements required to model a transmission suite
was specified from a comparison of the theoretical and numerical eigenfrequencies. In the
second part. as a prelude to an investigation of sound transmission between dwellings at
low frequencies, the selected mesh model was validated by considering a single room,
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where the predicted frequency response was compared with the measured frequency re-
sponse of a 1:4 scale model.

2. MODELLING THE ACOUSTICAL AND STRUCTURAL FIELDS

To estimate the sound transmission between two rooms, the pressure field in each room
and the vibrational velocity of the party wall has to be known.? This requires the determi-
nation of the effect of the sound source on the source room acoustic volume, the effect of
the pressure field on the vibration of the separating wall and response of the receiving
room acoustic volume to the vibration of the party wall.

2.1 Acoustic Field
The sound pressure throughout the volume of an enclosure with the dimensions L, L and
L, is governed by the wave equation®

Fplox? + &pldy? + &ploz? = 1/c &pldtt m

where p is the pressure, t is the time and c is the speed of sound in air.
Equation (1) can be rewritten as an Helmotz equation:

V2p + k?p = 0 where k = 2xf/c 2
In order to obtain the normal modes of the enclosure, the 6 walls were considered as
hard surfaces, i.e. the air particle velocity is equal to zero and the variation of the pressure
normal to the surface of the walls also is equal to zero:
Sp/dn=0 . 3)
Using separable functions, the boundary condition is satisfied by the form:
P = p,cos [nn x/L,] cos [nn yy/LY] cos [mn z/L,) 4)

wheren,, n,n, are integersand 0Sx<L ,0sy<L ,0<z<L.
The corresponding wavenumber components are

k,=nn/L, ky = nn,lL,. k,=nn/L, )
with
P=k?+ l(y2 +k? 6)
The eigenfrequencies can then be calculated from Equation (6), where

fnl"y"z = (CIZ)[(anLl) + (ny,L!) + (nlﬂ‘!)l” (7)
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The acoustic field can be discretised into finite elements,'° by considering the pressure
function p in each element as

{p} =[N], {p}, (®)

where {p}, are the nodal values of the pressure function associated with the element, and
[N] is a listing of so-called shape functions of the co-ordinates only.

Using a Rayleigh-Ritz method, which considers the total acoustic sound energy as the
sum of the acoustic potential energy and the acoustic kinetic energy," and Equation (8),
then Equation (2) can be discretised to give a matrix equation of the form,

M(p}+K {p} ={q} &)

where K is the acoustic stiffness matrix and M is the acoustic mass matrix; { p} is the
second time derivative of the nodal pressure and {q} is the acoustic force, resulting from
a loudspeaker or/and an oscillating fluid-structure interface at the boundary of an acoustic
domain.

For the frequency domain analysis, {p} and {q} are assumed to be time harmonic func-
tions, {p} = {P}exp{jot} and {q} = {Q)exp(jwt} where {P} and {Q} are the amplitude of
nodal pressures and flows, respectively. The Equation (9) can therefore be rewritten as the
following:

(K] - o [MD){P} = {Q} (10)

The resonance frequencies of the enclosure are obtained when there are no acoustic
force {Q} =0:

.I

K] - @’ [M] =0 11

The numerical method used to define the acoustic modes and the pressure variation of
an acoustic field is called the Acoustic Finite Element (AFE) method."

2.2 Structural Field

The wall separating the two rooms is modelled as a finite isotropic panel of dimensions L

and L,. In order to model the surface displacement, we had to distinguish between thin
plate and thick plate theories to characterise the selected wall. In this study, the chosen
panel was a brick wall of a thickness of 100 mm, with a surface area of 10 m?. Such a
wall has a critical coincidence frequency of approximately 152 Hz."* Also, according
to Cremer."* the wall can be considered as a thin plate when A, 2 2h, where A, is the
governing bending wavelength and h is the wall thickness. Thus, the wall can be assumed
to be a thin plate below 1100 Hz, condition also confirmed by Llungren.' Therefore thin
plate theory applied to the frequency range of interest [25-200 Hz). The vibration dis-
placement w of the wall *'* is expressed as
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B (Bw/By? + §w/bz2%) = —p Swidt: (12)

where p, is the mass per unit area, B is the bending stiffness where B = Eh¥/12(1 —v?),E is
the Young Modulus, and v is the Poisson’s ratio.
A solution of this equation is

w(y.z.t) = W explj(@t -k y -k 2)] (13)
in which
k2+k!=k?= (p/B)* (14)

where k, is the free bending wavenumber at angular frequency ©.
The rectangular wall initially, was assumed simply supported, i.e. no displacement at
the edges. The normal vibration velocity distribution takes the form

v(y,z) = Vas, sin[rtn y/L,] sin. [tn,2/L,] (15)

where n. p are integersand 0<y <Ly, 0<z<Lz,andk =nn/L Kk, =np/L,
Substituting k_and k, into the Equation (14), the natural frequencies of a simply sup-
ported wall is given by"

f, = (B2D)P(M /LY + (n/L,)] (16)

At a specific frequency, the bending wavelength matches the acoustic wavelength. The
latter is called the critical frequency of the panel, which is determined when the acoustic
wavenumber k = avc is equal to k,

k=kb
, = cp/BY* (7

Using variational method,! the thin panel is also discretised into finite elements and
gives an equation of a form

(K, - @M){w} = {q’} (18)

where K_and M_ are the stiffness and the mass matrices, {w} is the displacement vector
and {q"} is the force applied on the surface of the panel.
As for the acoustic modes, the numerical eigenfrequencies of the party wall are ob-

tained when {q’} = 0:

(K, - @*M]=0 (19)
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The numerical method used to define the structural modes and the displacements is
called the Structural Finite Eiement (SFE) method."

2.3 Sound Transmission between Rooms

To model the airborne sound transmission from one room to another, an AFE model rep-
resenting the sound field of the two rooms was linked to a SFE model, representing the
party wall. In order to create the source and receiving room, the acoustic nodes situated on
the party wall position were duplicated to create an infinite hard wall'? of zero thickness.
Two volumes were created and the room modes were calculated for the whole system by
superimposing the modes of the source room and of the receiving room. After the normal
modes of the structural model were computed, coupled modes were processed when the
acoustic model was linked to the structural model. The modal formulation of the stiffness,
mass of the coupled systems were then calculated from the acoustical and structural stiff-
ness matrices of the uncoupled models.

3. MESH ERROR

3.1 Discretization of the Acoustic Fields

Each model is subdivided into connected finite elements to model the pressure field or the
displacement field of the party wall. The number of elements is dependent upon the upper
frequency of interest with the initial assumption that 6 elements would be required to
properly represent the pressure/displacement over the governing wavelength. An incor-
rect selection of the number of elements can result in numerical errors and consequently
affects the accuracy of the simulation.' The time taken for the simulation (CPU time) can
be very long, depending upon the number of finite elements and on the processing power
of the computer. In the investigation described, the simulation run was longer than CPU
time, since the network system was shared with other psers. It was also foreseen that the
CPU time for simulating the transmission, obtained by coupling the acoustic finite ele-
ment (AFE) and the structural finite element (SFE), would be large also. Consequently, an
optimum between accuracy of simulation and required CPU power had to be determined.

The dimensions selected for the transmission room represented typical rooms in attached
dwellings, 4 m x 4 m x 2.5 and 3.5 x 4 x 2.5. The size of the mesh depends upon the
maximum frequency of interest, which, in this study, was 200 Hz, corresponding to a
wavelength of 1.7 m. Compared with the longest room dimension, 4 m, 14 elements ide-
ally are required to represent the pressure variation over a wavelength. In the case of a
three dimensional model. 14”3 elements were required to model the sound field of one
room. Such a model was known as 14 mesh model.

It was found that three days of processing were required for the simulation of the room
modes for 12 mesh and greater models and therefore, it was necessary to reject the 6
elements per wavelength condition. Seven acoustic models were constructed from 5 meshes
to 11 meshes in order to select a mesh model for which the CPU time is acceptable, and
for which data would be processed within an acceptable error. To evaluate the error due to
the finiie element discretisation, a ratio € was calculated by comparing the theoretical
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eigenfrequencies given by Equation (7) with the finite element eigenfrequencies proc-
essed for each mesh model.

e _numerical eigenfrequency — theoretical eigenfrequency
- theoretical eigenfrequency

x 100 (20)

Figure 1 shows the error from a 5 mesh to a 11 mesh model plotted against the number
of modes, which corresponds with a frequency range of 0 to 220 Hz. The room mode
calculation for a 5 mesh model has a maximum error of 17%, which occurs in the upper
part of the frequency range of interest, whereas the calculated modes for a 11 mesh model
are within an error of 6%. The observed peaks are not only due to the mesh size, but also
the calculation procedure when the room modes of the transmission suite are processed.
By duplicating the nodes along the position of the party wall, the calculation procedure
gives an increased error when identical modes in the source room and in the receiving
room are processed. The errors for the 10, 9 and 8 mesh models were also acceptable as
they were below 10%.
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Figure 1. Acoustic model: Error versus Mode.
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3.2 Discretization of the Wall Response

In a similar manner, the eigenfrequencies of a simply supported party brick wall were
obtained. Again, the error of the estimate was expressed as in Equation (20) with respect
to theoretical eigenfrequencies calculated from Equation (16). Results are shown in Fig-
ure 2. The wall mode calculation for a 5 mesh model has a maximum error of 91%, which
occurs in the low and upper part of the frequency range of interest, whereas the calculated
modes for a9 to 14 mesh model are within an error of 20%. Only the 14 mesh model gives
errors within an initial target of 10%. Instead of displaying error versus mode number, the
results can be displayed as error versus mesh model. Figure 3 shows that panel modes 7,
8,9, 11 and 12 of the 9 mesh model and modes 7, 11 and 12 of the 10 mesh model have an
error equal or greater than 10%, but the eigenfrequencies of the modes 11 and 12 are
outside of the frequency range of interest. The 11 to 14 mesh models have their
eigenfrequencies processed within an error less than 9% except for the mode 11.

The intention for future studies was to link the AFE model of the rooms, with the SFE
model of the partition. In order to do so, both mesh sizes have to be the same.'? By select-
ing the 10 AFE mesh model, the simulation ran within an error of 7%. When the panel was
modelled with 10° elements, the simulation ran within an error of 8% except at 144 Hz
where the error was 10%. The coupled system was therefore modelled using a 10 mesh
model for room and party wall.

4. VALIDATION

As a prelude of the investigation of the sound transmission between dwellings at low
frequencies, the simulation was compared with measurements of a 1/4 scale model, of one
room of dimensions 1.2 x 1.2 x 0.6 m and with 6 hard walls, i.e. infinite acoustic imped-
ance. The maximum frequency range was [100-800 Hz] corresponding to [25-200 Hz]
full scale. The enclosure mesh was designed using Patran3,! then transferred into
SYSNOISE 5.3 where the values of mass density and sound velocity were assigned to the
sound field of the enclosure. Damping and absorption wese not included in the model. 90
room modes, 30 of which had eigenfrequencies above the frequency range of interest,
were then processed. A point source with a specified power level was assigned to one
corner opposite to the party wall, in order to excite the maximum room modes. The fre-
quency response was obtained with a resolution of 1 Hz. A field point mesh was processed
to produce the sound pressure levels at position 1 (0.4, 0.5, 0.6 m) and at position 2 (0.8,
0.8, 0.2 m), to allow a comparison with measurements.

An enclosure with the same dimensions as given above was made of 24 mm blockwood,
with one side of 10 mm perspex. The perspex was to form the party wall in later measure-
ments of sound pressure level difference, not reported here. The physical scale model was
placed in a small sound transmission suite where the background noise level was low and
was positioned on resilient foam to reduce vibration from the floor. A photograph of the
physical scale model and scale modelling set up is shown in Figure 4. The set up for
measurements is shown in Figure 5. To provide a sound source, which approximated a
point source, a loudspeaker was placed outside of model room and radiated through a 10
mm hole in one comer (Figure 5). Two 172 inch B&K microphone type 4165 were placed
at the same positions as selected in the simulation. A maximum length sequence
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Figure 4. Physical scale model.
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Figure 5. Sct up for sound pressure level measurements at microphone positions 1 and 2.
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(MLS) signal was used as a source of excitation.' The spectra of the sound levels at two
microphone positions were obtained for a bandwidth of 100 Hz to 800 Hz, with a resolu-
tion of 0.5 Hz in order to record all dips and peaks in the response.

Figures 6 and 7 show the predicted and measured sound pressure levels at positions 1
and 2, respectively. As expected, the sound field shows peaks and dips, corresponding to
the modes of the enclosure. The magnitude of the measured peaks and dips are not as
great as predicted. This was expected since the computer model did not include absorp-
tion. At high frequencies, the agreement between prediction and measurement is less good
because of the limited number of elements used to describe the frequency response. The
simulation also indicates the effect of the perspex panel resonances on the sound field at
350 Hz, 430 Hz and 630 Hz while the measured frequency response did not show such
effects.

Due to two different frequency resolutions for prediction and measurements, sound
levels were calculated with a 12th octave band resolution in order to compare data. Results
are presented as a level difference (simulation-measurements) in Figure 8. The large dif-
ferences are the results of often quite small shifts in observed with respect to expected
resonant frequencies. Again, the numerical model does not include surface or air absorp-
tion and therefore the simulation emphasises peaks and dips. Figures 9 and 10 show the
level difference calculated with a 1/6 and 1/3 octave band resolution, respectively. In real
measurements, the data are commonly presented in a 1/3 octave band. The two figures,
compared with Figure 6, show that the discrepancy between simulation and measurement
decreases when calculated within a larger bandwidth. A peak at 141 Hz, which corre-
sponds to the 1st room mode, is evident in all curves. The maximum discrepancy between
simulation and measurements is 18 dB when calculated within a 1/6 octave band and 15
dB within a 1/3 octave band. The discrepancy is less for the microphone position 1 than
for position 2. This can be explained by the fact that the former was closer to the loud-
speaker than the latter, and was therefore less affected by the absorption of the room.

The simulation overestimates the overall sound leve] by approximately 5-10 dB. This
could be for two reasons. The first is that the sound power of the point source may have
been incorrectly assigned. Secondly, as stated earlier, damping was not included in the
FEM model as it is difficult to quantify at low frequencies. The simulation therefore over-
estimates the sound field when processed inside any room of hard walls. This is confirmed
in Figure 11, which shows the measured and simulated sound level difference between
two rooms in third octave bands."

5. CONCLUDING REMARKS

Although the size of the element is less than a 1/6 of the governing wavelength, the com-
parison between simulation and measurements for one room is promising and validates
the choice of the mesh number to model the rooms and party wall. Three sources of error
were identified: incorrect assignment of sound power to the source, non inclusion
of absorption in the FEM model and shifts in the predicted resonance frequencies with
respect to measured, which produce larger discrepancies than is indicated by visual in-
spection of the frequency response curves. However, in the prediction and measurements
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of the sound level difference between two rooms, the effect of the first two sources of error
tends to cancel. The third error may be due to resonances of the blockwood panels, which
made up the model.
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SOUND LEVEL DIFFERENCE BETWEEN DWELLINGS AT LOW
FREQUENCIES

B M Gibbs[1] and S Maluski[2]

[1] Acoustics Research Unit, University of Liverpool, Liverpool L69 3BX, U.K.
[2] School of Construction, Sheffield Hallam University, Sheffield S1 1WB, U.K.

1. INTRODUCTION

With the growth in noise problems at low frequencies in dwellings, there is an
increasing need to understand sound transmission at frequencies below

100 Hz in order to provide better sound insulation. Wave theory has shown that
the sound insulation of a limp or simply supported wall is strongly dependent on
the room dimensions due to the non statistical sound fields [1-3]. Field
measurements of the vibrational fields of brick walls show that at low
frequencies, the wall edge conditions lie between classical simply supported
and clamped conditions [4]. Using a Finite Element Method, a parametric study
has been conducted on the effect of wall edge condition on the sound level
difference between two rooms. It was confirmed that the sound level difference
depends upon both the wall bending stiffness and edge condition. For brick
walls of 0.1m thickness and more, the sound level difference of a clamped wall
is greater than the simply supported.

The aim of this work is to investigate the variance in sound level
difference due to the range of wall edge conditions and room configurations
likely in the U.K. on the sound level difference at low frequencies. Results are
presented as one third octave band values, from 31.5 Hz to 160 Hz, in the form
of means and standard deviations from populations of room configurations and
wall edge conditions.

2. FEM MODEL

Many plans of houses in the U.K. were looked at and room dimensions were
registered. The resultant data base shows that typical domestic room
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volumes are lower than 50m’ and equal or greater than 20m°. The most
common configuration in storey blocks and attached dwellings is that of equal
rooms. Consequently, 20m®, 30m*> and 40m® equal room configurations and
three unequal room configurations using the same three volumes were
selected. A FEM model was used of the sound transmission between two
rooms. The model had been validated as a result of good agreement between
predicted and scale model measurement [5,6].

The model did not include surface absorption in the two rooms or
material damping in the separating wall. The source always was placed in the
same position whatever the room volume and therefore the effect of
loudspeaker location is not included in this paper. In the case of the unequal
room configuration, the largest room was selected as the source room. A 0.2m
brick wall with three possible edge conditions was investigated: simply
supported, clamped and a combination of two simply supported edges and two
clamped edges [7].

3. RESULTS

The mean sound pressure level difference for the three wall edge conditions
are displayed in Figures 1-4. The sound pressure level difference in unequal
rooms is seen to be greater than that in equal rooms and this supports the
findings of Pietrzyk [2]. Also, the standard deviations are greater. The level
difference decreases with frequency in all cases. As’expected, the number of
wall vibration modes, in the range of interest, is greater in the simply supported
case than the clamped case. In all cases, there are no room or wall modes in
the 31.5 Hz band and the sound level difference is of the order of 50 dB,
whatever the room configuration and the standard deviation is small. The
effects of boundary conditions and room configuration can be considered
negligible. This remains true for the clamped wall up to 63 Hz and it can be
considered stiffness controlied below this frequency.

From 40 Hz, the room dimensions affect the sound level difference. At
least one room mode is excited in each room. In addition, the standard
deviations become large when wall vibration modes occur in or near the
frequency band of interest. At 63 Hz the standard deviation of the simply
supported wall is a maximum due to panel resonance, a phenomenon which is
repeated at 100 Hz. The standard deviations for the clamped wall are smaller
than for the simply supported and mixed edges walls except at 160 Hz. The
wall edge conditions have an effect on the sound level difference when the
rooms are equal in volume. The wall resonances give rise to strong coupling
with the room modes and edge conditions control the distribution of the panel
eigenfrequencies.

The effect of unequal excited room modes in each third octave band
reduces the number of strong structural-acoustic couplings, but the simply
supported wall still displays strong resonances. This, generally, is not the case
for the mixed and clamped edge conditions.
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4. CONCLUDING REMARKS

A limited survey has been conducted on the effect on sound level difference
between dwellings of room dimensions and wall edge conditions likely in the
U.K. Below the standard measurement range of 100 Hz to 3,150 Hz masonry
walls of thickness 0.2 m do not display the classical mass law trend but rather a
stiffness controlled decrease in value with increase in frequency.

Above 31.5 Hz room modes occur and, depending on the assumed edge
condition, wall vibration modes can strongly couple. This will cause large
fluctuations in sound level difference due to the variation in room dimension
and the method of bonding of the separating wall into the surrounding building
structure. These effects can be controlled by having unequal room
configurations and mixed or clamped edge conditions. Unfortunately the
obtained sound insulation at low frequencies in dwellings is the worst as most
of the room configuration encountered are of equal volume. The edge condition
of the domestic wall can be assumed to lie between the simply supported and
clamped, tending to the former.
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VARIATION OF SOUND LEVEL DIFFERENCE IN
DWELLINGS DUE TO ROOM MODAL CHARACTERISTICS

Sophie Maluski' and Barry Gibbs®

1. School of Construction, Sheffield Hallam University, Sheffield S1 1WB, UK.
2. Acoustics Research Unit, University of Liverpool, Liverpool L69 3BX, UK.

Sound insulation at low frequencies is known to be difficult to measure accurately and to
produce poor reproducibility. The use of numerical or analytical methods with the help of
powerful computers allows us to understand the phenomenon of sound transmission at those
Jrequencies. In this review, the sound insulation of party walls are shown to be strongly
dependent on the acoustical modal characteristics of the connected rooms and of the
structural modal characteristics of the party wall. Equal room configurations give a poorer
sound insulation, compared with unequal room configuration. The sound insulation is

strongly dependant on room dimensions, as well as size, type and edge conditions of the party
wall.

1.1 INTRODUCTION

Increasingly noise from adjoining dwellings occurs below 100Hz, due to powerful
modern hi-fi and home cinema systems with enhanced bass response [1,2]. However, the’
present measurement standards [3,4] are confined to frequencies above 100Hz and therefore
there is little field data or prediction methods available for these low frequencies. The
introduction of an annex in the standards [3] for laboratory measurements at low frequencies
has not solved the problem and at present, no method has been agreed for laboratory
measurement [S]. Poor repeatability [6] and reproducibility [S] are explained by the non
statistical behaviour of the sound field in the rooms, even for room volumes greater than 50m’
as found in test laboratories. In dwellings, the rooms are much smaller than the standard
volumes in laboratories and the problem is exacerbated. Large measurement surveys for
frequencies below 100Hz would be expensive and it is not clear yet how the data should be
treated.

Recently, analytical and numerical methods have been employed in preliminary studies of
the sound insulation of party walls in simulated test and field conditions. The methods are not
based on classic statistical sound field assumptions, but take account of the acoustical and
structural modal characteristics [5,7-12,14,16,20-23]. The reliability of the methods is strongly'
dependant on the way the numerical model is defined, but good agreement between prediction
and validating measurements has been obtained [7-11].

The present paper is a review of the use of numerical methods for investigation of sound

insulation at low frequencies. Effects of room configuration and the size and edge conditions
of party walls are examined.



1.2 ANALYTICAL/NUMERICAL METHODS

Analytical or numerical methods are based on the wave theory rather than diffuse field
theory. Using the analytical model, tlie sound transmission between two rooms is modelled by
describing the room - party wall - room system with a set of equations for which the boundary
conditions are defined. Solutions of the set of equations give the room pressure amplitudes and
wall displacements, and the frequency response of the room and party wall. Its utilisation thus
gives information not obtainable by classical theory [7-8], but the method is limited to
rectangular and cubic shapes to facilitate the decomposition of the modal characteristics. The
wall edge conditions also are difficult to model.

Numerical methods and particularly, the Finite Element Method (FEM), are able to
describe the interaction between the party wall and the sound fields for all room shapes. The
principle of the FEM is to solve a system described by discretising a set of governing
differential equations. The elements can have different geometry, and each one is described by
a motion equation. They are characterised by a number of nodes, which fulfil continuity
conditions between elements. The choice of the number of elements is defined by wavelength
and thus the upper frequency of the range of interest. The modelling of the sound transmission
between two rooms involves linking the rooms, modelled as Acoustic Finite Elements, and the
party wall, modelled as the Structural Finite Elements. The advantages of this method are that
the sound field can be predicted in any room shape with or without absorption. The numerical
method also provides information not obtainable by classical theory or easily by measurement
[12]. Change of parameters such as room dimensions, panel size, edge conditions can be done
very easily and observed. The limitations of FEM are that it requires powerful computers, and
only the low and mid frequencies can be modelled as nore elements are required to model
higher frequencies leading to long process times. The more complex the model, the more
elements are required. When coupling the acoustic FE and the structural FE, the acoustic
meshes need to match the structural meshes, which leads to an underestimation of the panel
radiation. The model must also be validated by measurement.

The investigations reviewed here, only modelled airborne sound transmission and
modelling flanking transmission between two rooms remains problematical. Acoustic damping
has been incorporated in some investigations [7-9,14, 20, 21, 23] by setting a reverberation
time of 1s[8,14] or 2.5s [9]. However, it is well known that measurements of absorption at low
frequencies are not accurate [13] or easy to interpret and the selected reverberation times
might not be representative.

Another issue to be addressed is that of the terminology. Terms such as transmission loss
(or sound reduction index) are used to characterise sound transmission at low frequencies.
Originally defined for measurement conditions where the sound field was considered statistical,
they may not be appropriate for room configurations with volumes smaller than 50m® and
where sound wavelengths are large. Consequently, the term sound pressure level difference
will only be employed excepts where referenced work indicates otherwise.

1.3 ROOM CONFIGURATIONS

To date, most studies of the effect of the room configurations on the sound level
difference involve homogenous masonry walls. Figures 1-2 show the spread of the sound level
difference in third octave bands, for a limp wall and for a clamped brick wall, after Pietrzyk
[14] and from work of the present authors, respectively. The limp wall, which represents a
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Fig. 1 Effects of varying the room configuration on the sound level difference of a limp wall
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Fig. 2 Effects of varying the length of the two enclosures on the sound level difference of a 10m?
clamped heavyweight wall

gypsum board of 20kg/m? is a wall theoretically without resonant characteristics and the
clamped brick wall has no resonant characteristics from 31.5Hz to 80Hz 1/3 octave bands. The
sound level difference of the limp wall (Fig. 1) is presented as a bandwidth of data from 656
room configurations varying from 15m’ to 105m°. For the brick wall (Fig. 2), the sound level
difference was investigated for a much smaller sample of 10 room configurations, varying from
20m® to 40m’. In the first case, the room configuration was modified by changing the length
and the width of the rooms, while for the second case, only the length was varied. It is
observed that for the limp wall, the spread of results is 18dB at 50Hz and then tends to 10dB
as the frequency increases. For the heavyweight wall, the spread is 10dB from 31.5Hz to 80Hz
if 40-40m’, 30-30m® and 20-20m® equal room configurations are not included in the 40Hz,
63Hz and 80Hz third octave bands, respectively. Then the spread tends to increase above -
100Hz due to the presence of the first wall structural mode. The trends of the sound level

difference of the limp wall and of the heavyweight wall are different. The sound level difference

of the limp wall is mass controlled and increases on average at 6dB/octave, while the sound .
level difference of the heavyweight wall is stiffness controlled and decreases at -6dB/octave.

Room configuration therefore does not affect the ‘average’ properties of the wall, but

introduces variations of sound level difference about the trend line due to strong acoustic



couplings. Those couplings vary with the number of excited acoustic modes in each third
octave band. Table 1 shows the number of acoustical modes per 1/3 octave bands for volumes
of 20m®, 30m’, 35m’ and 40m®, which are typical room volume in dwellings and used to obtain
the data displayed in Figure 2. The room height is 2.5m and the width is 4m.

Volume(m’) Third Octave Bands(Hz)
31.5 40 50 63 80 100 125 160
20 0 1 0 1 3 3 5 9
30 0 1 0 3 3 3 6 14
35 0 1 1 2 3 5 6 18
40 0 2 0 2 4 S 9 15

Table 1 Number of acoustical modes per 1/3 octave band

The number of modes per third octave band is small. The total number of modes in the
frequency range of 31.5Hz-160Hz is 22 for a 20m® room and 37 for a 40m’ room. Thus, no
band contains more than 20 modes, which is the minimum required for not having
discrepancies in the sound level difference measurements [15]. Also, the 40m® room has
identical length (X) and width (Y) and thus the X- axial modes are identical to Y- axial modes,
and the XZ tangential modes are identical to the YZ tangential modes. This also explains why
the 40m’® equal room configuration displays a large drop in sound level difference, because of
the coupling of four axial modes of wavelength identical to the dimensions of the party wall.

The dip at 63Hz and 80Hz corresponding to the 30m’® and 20m® equal room configurations,

respectwely are also due to strong acoustic couplings whith take place between 3 acoustic
modes in each room. Those three identified dips are therefore due to the equal room
configurations, which create strong acoustic-acoustic couplings.

The presence of lightweight and heavyweight party walls introduces resonances in the
frequency range of interest. Figure 3 shows the sound level difference of a lightweight and
heavyweight partition, according to Osipov [9], and Figure 4 shows the sound level difference
of another heavyweight partition obtained by the work of the present authors. '

In the three cases, the sound level difference varies as alternating maxima and minima,
which are more pronounced for the heavyweight walls. The number of excited structural
modes can explain that difference. The lightweight wall presents more modes in each third
octave band and the first structural mode is excited before the first room resonances. The
heavyweight wall presents well-spaced resonances, separated by two third octave bands and
the first structural mode is excited above the first room resonances. Acoustic-structural
couplings take thus place between the rooms and the partition. Their effects change with the
number of room modes and structural modes present in the third octave band. Again the
couplings do not affect the trend of the curves of lightweight wall and heavyweight wall.
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Fig. 3 Effects of varying the length of the receiving room of the transmission rooms (Source
room: 72m’) on the sound level difference of a 12m? lightweight and heavyweight
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Fig. 4 Effects of varying the length of the two enclosures on the sound level difference of a 10m®
heavyweight partition

The spread of values for both the lightweight and heavyweight partitions of Osipov [9]
amounts to some 18dB (Fig. 3). The spread for heavyweight party walls can also be very large
(Fig. 4). The differences observed between the two heavyweight walls could be explained by
the room volumes, which are in general much smaller than those selected by Osipov. The
difference can also be explained by the acoustic damping, which is modelled in the source room
and in the receiving room of Osipov’s model. The effects of high peaks of each mode are then
reduced yielding to a smaller spread of the sound pressure level difference. Figure 5 shows the
effect on the sound level difference for a gypsum wall placed in 16 different room
configurations [14]. The mean sound pressure level difference in equal rooms is found to be .
lower than that in unequal room configuration, a phenomenon already observed with
measurements at higher frequencies [17-19]. The number of couplings is smaller in unequal
rooms than in equal rooms. In Figure S, it is also observed that the sound level differences vary



more with volume change for the equal room configurations. This phenomenon is also
observed in Figure 2. It highlights that the sound level difference in a 20m’® equal room
configuration is better than in a 30m® or 40m® room configuration except in the 80Hz and

100Hz third octave bands, which correspond to acoustic -acoustic and acoustic-structural
coupling.
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Fig. S SPL difference as a function of the displacement of the partition from the original position
of equal rooms. - case of single wall partition with 20 kg/m?. '
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The effects of room configuration on the sound level difference of two double walls have
been investigated by Pietrzyk [14]. The first was of double gypsum board for each leaf and a
cavity of 0.095m, with a mass-spring-mass resonance at S0Hz. The other was of triple gypsum
boards for each leaf (30kg/m2) and a cavity of 0.15 and a mass - spring - mass resonance at
33Hz. The sound pressure level difference was obtained for 656 different room configurations
and is displayed in Figure 6-8. Figure 6 shows that the spread approaches 20dB and the mean
value of sound pressure level difference is close to the analytical results for the infinite wall.
Despite the low modal density of rooms, the spread of results is nearly independent of
frequency, but decreases significantly at the mass-spring-mass resonance frequency. When the

sound pressure level difference is presented in 1/3 octave bands (Fig. 7-8), the spread is
reduced to 10dB.
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Figures 9-10 show the sound pressure level difference varying with wall position. Again, the
sound level difference is a minimum when the wall is placed in an equal room configuration,
but large variations are obtained when the wall is placed in unequal room configurations.
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Fig. 10 Sound pressure level difference as a function of the displacement of the partition from
the original position of equal rooms. - case of double leaf partition DD 70/70 303 M150.

To summarise, the sound pressure level difference varies with the room configuration,
because the sound field is not statistical. Strong acoustical couplings take place, but also
structural and structural-acoustical couplings. A correction factor which take account the
acoustic coupling and structural-acoustic couplings may be necessary in order to predict the
sound level difference of the party wall at low frequencies.

1.4 THE PARTY WALL

In the previous section, it was shown that the sound level difference is dependant on the
acoustic couplings which take place between the two rooms. The variations also are affected



when at least one structural resonance is excited in the 1/3 octave band. The structural modes
can be shifted in frequency by changing the dimensions and edge conditions of the party wall.

The effect of wall size has been investigated by Gargliadini [7,20], Pietrzyk{14], and
Osipov[9,21]. Figure 11 shows that the sound level difference of a party wall of different sizes
[9]. Again, alternating maxima and minima are observed, but such variations tend to smooth
out when the party wall has a large modal density as seen in Figure 3. For a lightweight wall,
the sound level difference tends to increase with frequency. The spread is 25 dB, but decreases
with increasing frequency and increasing wall size. For thick wall, the sound level difference
can be classified into two groups. For walls of sizes smaller than 12m? there is an observed
decrease of —6dB/octave. For the less stiffened walls of sizes greater than 12m?, there is an
increase with frequency. The spread in value is much greater than for lightweight walls. In
general, the spread decreases with increase in the number of acoustic and structural modes in
the third octave band. Gargliadini [7,20] investigated, analytically, the effects of panel size in
one specific room configuration of volumes greater than SOm’. Large variations were also
obtained but were shown to be reduced when three structural modes at least are excited in a
third octave band. However, Osipov [9] showed that, in the presence of a single acoustical
mode in a third octave band, the sound level difference of the partition varies with position in
the laboratory wall of the transmission suite. Indeed, the position of the party wall can
correspond to a pressure node of for example a tangential mode in the receiving room. The
excitation of the sound field in the receiving room will be weak and thus provide a peak in the
sound level difference. While the panel placed at the comer of the laboratory wall will
correspond to an anti-node pressure and will strongly excite the sound field inside the receiving
room. This results in a drop in the sound level difference.
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The effects of edge conditions including simply supported, clamped and mixed edge
conditions (SCSC) were investigated on a masonry wall of 50mm thickness, placed in a room
configuration of 40m® and 35m’ [16]. The edge conditions were applied on the four side of the
party wall. The results for a single wall are presented in Figure 12. The change from simply -
supported to clamped conditions shifts the eigenfrequencies upward. Large variations of sound
level difference are then obtained. The structural resonances and the structural-acoustical



couplings are then modified, leading to a different arrangement of peaks and dips of the sound
level difference. A large difference between simply supported and clamped conditions is also
obtained. Clamped thin walls insulate less than simply supported. Similar observations are
found in the work of Khilman [17], but the present difference between simply supported and
clamped is not constant due to strong room couplings.

The effects of edge conditions of two types of double walls also have been investigated
[22], but the double wall, here, is a panel system of infinite lateral extent and only the normal
incidence transmission loss was investigated. Clamped conditions increase the sound insulation
at low frequencies owing the mounting stiffness and insulate more than the simply supported.
The edge conditions have a strong effect on the sound insulation owing to the strong modal
response in the low frequency range. It can be added that a similar phenomenon was observed
with heavyweight walls [16]. Gargliadini [23] also has investigated analytically the dynamics of
the double wall, but the work is not reported here.

To summarise, the room/wall couplings and thus the sound pressure level difference are
strongly influenced by the structural modal characteristic, which can be changed by varying the
size and edge conditions of the party wall.
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Fig. 12 The effects of the edge conditions of a 50mm brick wall on the sound level difference

1.5 DISCUSSION AND CONCLUSION

Numerical modelling of sound insulation at low frequencies at present is mainly confined
to masonry walls, however some observations have relevance to lightweight inhomogenous
constructions. Low acoustic modal density of small rooms, at low frequencies causes
fluctuations of sound level difference in stiffness or mass control walls. Moreover, those
fluctuations increase when there are structural resonances, which are controlled by the size and
edge conditions of the party wall. That explains why poor field measurement reproducibility is
obtained at low frequencies and the sound insulation of a party wall is difficult to predict when
placed between any room pairs. In order to predict the sound pressure level difference of a



party wall at low frequencies, it may be necessary to define a correction factor, which takes
account of room and party wall dimensions. In particular, knowledge of the modal density of
the party wall and of the enclosures may be required to identify the type of coupling in each
third octave bands: acoustical, acoustical-structural couplings, structural resonances.

So far, not much work has been carried out on lightweight panels and the numerical
model of sound transmission between rooms needs also further developments, in particular
appropriate modelling of damping at low frequencies is required.
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