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Summary

This paper develops and assesses protocols for the
measurement of transmission functions in lightweight
buildings. A transmission function is defined that
relates the spatial-average sound pressure level in a
room to the structure-borne sound power injected into
a wall or floor. The intention is to facilitate the pre-
diction of structure-borne sound transmission from
machinery to receiving rooms. Errors in the mea-
surement of the power input can be reduced by using
a pair of accelerometers on either side of the excita-
tion point rather than a single accelerometer on one
side. Laboratory measurements on a timber-frame
wall indicate that steady-state excitation using an
electrodynamic shaker and transient excitation with a
force hammer can be considered as equivalent. Mea-
sured transmission functions from a laboratory test
construction below 500 Hz are found not to be signifi-
cantly affected by the choice of excitation position be-
ing directly above a stud or in a bay. Laboratory and
field results on different timber-frame walls indicate
that with transient excitation using a force hammer,
the transmission function is measurable in vertically-,
horizontally- and diagonally-adjacent receiving rooms
over the frequency range from 20 to 1k Hz. The ap-
proach has been applied in field measurements which
indicate that there is potential to create databases of
average transmission functions as a simplified predic-
tion tool for sound pressure levels from service equip-
ment in buildings.

PACS no. 43.40.Kd 43.50.Jh 43.55.Rg

1 Introduction

Machinery in buildings acts as a structure-borne
sound source which injects vibrational power into the
structure. This vibration can propagate across one
or more junctions into other rooms where it is re-
radiated by the walls and floors. The radiated sound
(and sometimes vibration) potentially causes annoy-
ance to the occupants in rooms that are adjacent or
distant from the source room which contains the ma-

chinery. Hence at the design stage of a new building
it is often necessary to be able to estimate the average
sound pressure level in a specific receiving room to en-
sure that the building regulations are satisfied. Two
stages are involved to make this estimation. The first
stage requires laboratory measurements on a machine
from which the structure-borne sound power that is
injected into the structure can be determined. The
second stage could either use a predictive or an em-
pirical approach to determine the sound pressure level
in a specific room. A predictive approach requires
a model to calculate structure-borne sound transmis-
sion and sound radiation into any room. An empirical
approach could be based on measurements that re-
late the injected structure-borne sound power to the
sound power radiated into a room. This would de-
velop the concept of a measured transmission func-
tion which can be defined as the ratio of the spatial-
average mean-square sound pressure in a receiving
room (normalized to the reverberation time) to the in-
jected structure-borne sound power on a wall or floor.
The transmission function was introduced in an in-
formative annex of EN15657-1 [1] to allow a piece
of machinery to be fictively connected to a reference
configuration of heavyweight walls and floors. For a
source room with different powers injected into a wall
and a floor and a diagonally-adjacent receiving room
the standard illustrates the principle of how trans-
mission functions can be combined to calculate the
resultant sound pressure level in the receiving room.
In this paper, the aim is to develop a measurement
procedure for transmission functions with particular
application to lightweight buildings.

The first stage is to characterise the structure-
borne sound power that is injected into the struc-
ture. Rigorous characterisation of structure-borne
sound power is often experimentally demanding (e.g.
see [2, 3]). However, for machinery installed in heavy-
weight buildings, a practical engineering solution to
quantify the power input in one-third octave bands
or octave bands is to use an isolated reception plate
in the laboratory [4, 5, 6]. An isolated plate is neces-
sary because field measurements that treat a wall or
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floor in a building as a reception plate can introduce
significant errors due to energy returning from other
coupled walls and floors [7].

The predictive approach to structure-borne sound
transmission in the European standard EN 12354-5
[8] is identical to first-order flanking path analysis
with Statistical Energy Analysis (SEA) [9]. This stan-
dard is primarily intended for heavyweight buildings
with receiving rooms that are horizontally-, vertically-
or diagonally-adjacent to the source room which con-
tains the machinery. However, higher-order flank-
ing paths are important in most heavyweight build-
ings, particularly when the receiving room is not ad-
jacent to the source room [10, 11]. EN12354-5 has
an informative annex which attempts to introduce
longer paths, but the procedure is unwieldy and it
is more efficient to use the matrix approach to SEA
rather than use path analysis [9, 10]. The ongoing
revision of EN 12354-5 will extend its application to
lightweight buildings (i.e. timber or light steel frame)
[12]. For heavyweight buildings, the vibration reduc-
tion indices used to describe junction transmission
can be predicted [13, 14, 15, 16] or measured [17].
However, for lightweight buildings the walls or floors
are highly-damped with non-diffuse vibration fields
and the junction details are sufficiently complicated
such that measurements of the vibration level differ-
ence are typically required for inclusion in the model
[18]. Building machinery tends to inject high levels
of structure-borne sound power in the low-frequency
range (e.g. [19, 20, 21]) for which there is the issue
of whether the average values predicted by SEA or
SEA-based prediction models are adequate. For the
above reasons, an empirical approach has the poten-
tial to simplify calculations and indicate a range of
low-frequency responses when an average transmis-
sion function can be identified for specific types of
building situations.

Empirical approaches could potentially use a trans-
fer function involving sound pressure or sound power
relative to the applied force. Steenhoek and Ten
Wolde [22] discussed mechanical-acoustical transfer
functions with regards to the advantages of reciprocal
measurements. The focus was on transfer functions
such as force or velocity at one point on a structure
to sound pressure at a specific point in a room which
was proposed as a potential transfer function for ma-
chinery in buildings. However, this is not practical
for most building acoustics applications which usually
consider spatial-average sound pressure levels rather
than levels at specific points in a room. Further work
by Ten Wolde et al. [23] developed the concept with
further experimental examples; however, these were
primarily oriented towards the identification of ex-
citation in each of the six degrees-of-freedom which
would be overly complex for the majority of building
acoustics applications.

From Cremer et al. [24] a reciprocal relationship ex-

ists between radiation and response by interchanging
excitation and observation points. Using this relation-
ship, Buhlert and Feldmann [25] defined structure-
borne sound sensitivity as the ratio of sound power
radiated into the receiving room to the mean-square
force applied by a machine to the structure, multiplied
by a normalisation term. By using the reciprocity
relationship and assuming diffuse sound fields, this
normalisation allowed the structure-borne sound sen-
sitivity to be determined from measurement of the
mean-square pressure at a point in a room and mean-
square velocity at the excitation point. As noted by
Cremer et al. this approach potentially allows the
identification of locations to fix machinery that lead
to low sound pressure levels in any room. However,
most machines have multiple connection points so this
might only apply to relatively compact machines. By
assuming that the mobility of the receiving structure
is much lower than the mobility of the machine, Ver-
cammen and Heringa [26] re-defined structure-borne
sound sensitivity as the ratio of sound power radiated
into the receiving room to the mean-square force (i.e.
without the normalisation term used by Buhlert and
Feldmann). They used the reception plate method to
give the structure-borne sound power from which the
mean-square force was calculated (a similar approach
was used by Gerretsen [27]). Arnold and Kornadt
[28] considered a transfer function of pressure over
the input force as an alternative to the predictive ap-
proach of EN 12354-5 for lightweight buildings. This
transfer function was measured between horizontally-
adjacent rooms with eleven different lightweight sep-
arating walls. The transfer functions in decibels were
arithmetically averaged to get a spatial-average value,
but the variation was between 20 dB and 40dB. This
variation was reduced to between 10dB and 30dB by
normalizing the transfer function to the driving-point
impedance of the excited wall and the reverberation
time of the receiving room. An additional step was
to normalize to the airborne sound insulation of the
wall; whilst this might be a justifiable approximation
for horizontally- or vertically-adjacent rooms where
the separating wall or floor is excited it would not ap-
ply to the general situation. The general conclusion
is that transfer functions are a useful tool in the iden-
tification of complex forms of excitation over many
degrees-of-freedom and for noise control where there
is a specific excitation point and a specific receiver
point. However, they are less well-suited to the de-
termination of spatial-average sound pressure levels
in rooms with uncertain or undefined excitation posi-
tions for the machinery.

An empirical approach using transmission functions
quantifies the combination of all the transmission
paths from the power injected at one or more source
positions on an element to a spatial average sound
pressure level in a receiving room. For horizontally-
or vertically-adjacent rooms the transmission func-
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tion corresponds to the combination of the direct
transmission path and all the flanking paths, but for
diagonally-adjacent and more distant rooms it cor-
responds to the combination of all flanking paths.
With the latter, transmission functions could include
flanking paths which involve not only bending wave
transmission but also in-plane wave transmission. An
advantage of the transmission function over trans-
fer functions using mean-square forces is that it is a
power-based descriptor which is described by the ratio
of sound power to structure-borne sound power. For
this reason it is aligned with other approaches com-
monly used in building acoustics such as prediction
models using SEA or SEA-based methods, as well as
descriptors such as transmission coefficients for air-
borne sound insulation.

Machinery can also radiate significant airborne
sound although this only tends to be significant in
receiving rooms that are horizontally-, or vertically-
adjacent to the source room which contains the ma-
chinery. This can be incorporated in predictive ap-
proaches such as EN 123545 for adjacent rooms and
in SEA for more distant rooms. Hence it can also be
calculated and used alongside the transmission func-
tion approach.

In this paper, a methodology is proposed for trans-
mission function measurements by considering the
feasibility and implications of using steady-state and
transient excitation on lightweight building struc-
tures. As building machinery tends to have sig-
nificant low-frequency structure-borne sound power,
this proposal incorporates the low-frequency proce-
dure [29] used for field measurements of sound in-
sulation [30, 31] and in ISO 16032 [32] used for the
assessment of service equipment installations in exist-
ing buildings. Experimental work on a timber-frame
junction in the laboratory is used to investigate the
influence of excitation position on the measured trans-
mission function. Laboratory and field measurements
using the measurement protocol are used to indicate
the range of transmission functions that are likely to
occur in practice.

2 Methodology

2.1 General principle

A linear and time-invariant system from source to re-
ceiver is assumed. This is appropriate as the levels
of vibration generated by machinery in non-industrial
buildings are unlikely to induce non-linear response.
A wall or floor is mechanically excited and the narrow-
band injected power, Wyg i, is calculated from the
cross-spectrum of the force and velocity at an excita-
tion position, k, as given by

WNB,k =0.5Re {F v*} (1)

where F is the peak force (N) and v* is the complex
conjugate peak velocity (m/s).

The narrow-band injected power level is converted
into one-third octave bands to give Ly j at excitation
point k which is calculated according to

WNB,k,j

J
Jj=1

Ly, =10lg Wo (2)

where Wy, 1,5 is the injected power for narrow-band j
at excitation position k, Wy is the reference structure-
borne sound power of 1IE-12W, and J is the number
of narrow bands that form the one-third octave band.

The narrow-band autospectrum for the sound pres-
sure level at microphone position ¢ is converted into
one-third octave bands using

J
p?,k = ZPI%IB,i,j,k (3)
j=1

where pnB,i ;% is the root mean square pressure for
narrow band j at microphone position ¢ with excita-
tion position k. For each microphone position ¢ the
one-third octave band sound pressure levels are cor-
rected for background noise.

The spatial-average sound pressure level, L,y j is
determined by

A 2

_71pi,k,corr

Loy =10l1g Z_W (4)
0

where p?, k.corr 1 the ome-third octave band mean-
square préssure at position ¢ with excitation position
k corrected for background noise, M is the number
of microphone positions and pq is the reference sound
pressure of 2E-5 Pa.

If necessary a correction for possible airborne flank-
ing transmission should be applied to the spatial-
average sound pressure level, L,y .

The transmission function, Dy j, for an excitation
point, k, is defined by

Drr i = Laviy — Lwk (5)

The spatial-average transmission function, Drr 4y,
from K excitation positions is given by

K
E 100-1DTF,k

S — ()

Drp . = 101g K

The standardized spatial-average transmission func-
tion, DTF av,nT, is then given by
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DTF,av,nT = DTF,av —10 lg <71:) (7)
0
where T is the reverberation time in the receiv-
ing room and Tj is the reference reverberation time
of 0.5s. Alternatively, a normalized spatial-average
transmission function can be defined using absorption
area rather than reverberation time.

Note that there is no normalisation to the reverber-
ation time of the source room in which the excitation
is applied. The reason is that in the majority of sit-
uations the sound transmitted via an airborne path
involving the sound field in the source room will be
negligible compared to the structure-borne paths.

2.1.1 Low-frequency measurements

Following the approach in international standards
for field sound insulation measurements [30], a low-
frequency procedure can be introduced for measure-
ments in the 50, 63 and 80 Hz one-third octave bands
where the receiving room has a volume smaller than
25 m3. However, structure-borne sound from machin-
ery is potentially problematic below 50 Hz; hence mea-
surements to cover the audio low-frequency range in
the 20, 25, 31.5, 40, 50, 63 and 80 Hz one-third octave
bands can be used on the basis that the low-frequency
procedure has been validated down to the 20 or 25 Hz
one-third octave bands in previous work in room vol-
umes ranging from 18 to 245m3 [29, 33].

The low-frequency procedure in ISO 16283-1 [30]
requires additional sound pressure level measurements
to be taken using a fixed microphone in the corners of
the receiving room at a distance of 0.3 to 0.4 m from
each boundary that forms the corner. In ISO 16283-1
a minimum of four corners are measured with two
corners at ground level and two corners at ceiling
level; however, due to time constraints this paper
presents results determined using only two corners,
one at ground level and one at ceiling level.

For each excitation position, the highest sound
pressure level is determined from the set of measured
corners for each of the relevant frequency bands after
making any required correction for background noise.
For each frequency band, the corner sound pressure
level is then calculated using

p2
Lcorner,k =10 lg &;r,k (8)
Do

where p2 . . are the highest mean-square sound
pressures in one-third octave bands (corrected for
background noise where necessary) from corner mea-
surements corresponding to the k™ excitation posi-
tion. Note that for each of the frequency bands, the
mean-square sound pressure values needed to calcu-
late Leorner,x may be associated with different corners
in the room.

The low-frequency energy-average sound pressure
level in the relevant frequency bands is calculated
by combining L,y ; from the default procedure and
Lcorner,r, from the low-frequency procedure using

109-1Lav,corner, & 4 (2 . 100.1L,w,k)
3

Loy kr = 101g
(9)

For the low-frequency bands the transmission func-
tion is calculated using Eq.(5) by replacing Ly
with L,y pr. If the standardized spatial-average
transmission function is then required, it is necessary
to measure reverberation times in the low-frequency
range. These measurements are problematic if (a)
the room volume is small, room modes are sparse and
the decays in one-third octave bands are not primar-
ily determined by room modes within the filter pass
band, and (b) the reverberation times are sufficiently
short that the use of octave bands rather than one-
third octave bands becomes essential to avoid mea-
surement errors from the filter and detector in the
analyser [29]. The latter is a more common issue in
lightweight buildings.

For receiving room volumes smaller than 25m?
in one-third octave bands below 100Hz, the low-
frequency procedure used in ISO 162831 can be fol-
lowed where the reverberation time is measured in the
63 Hz octave band to represent the 50, 63 and 80 Hz
one-third octave bands [31]. For larger room volumes
where room modes occur at frequencies down to the
20 Hz one-third octave band, then the 31.5 Hz octave
band could be used to represent the 25, 31.5 and 40 Hz
one-third octave bands respectively (and potentially
the 20 Hz one-third octave band).

2.2 Steady-state and transient excita-
tion

Steady-state excitation commonly makes use of an
electrodynamic shaker; hence a force transducer (or
impedance head) needs to be fixed to the wall/floor
to measure the injected power at the excitation point.
In contrast, transient excitation tends to be applied
using a force hammer and therefore no transducers
need to be physically connected to the wall/floor.
The choice between steady-state and transient exci-
tation is initially determined by whether it is pos-
sible to fix a force transducer (or impedance head)
to the wall/floor. In lightweight buildings it is often
possible to fix a force transducer or impedance head
into timber, but this is not usually possible for ma-
terials such as plasterboard which are relatively brit-
tle. Hence transient excitation can be useful in many
lightweight buildings. However, an important consid-
eration when choosing steady-state or transient exci-
tation is whether it is possible to achieve sufficiently
high signal-to-noise ratios for the sound pressure level
measurements in the receiving room. If broadband
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noise signals with shaker excitation require excessively
high levels of excitation to give the required signal-
to-noise ratio, then it is preferable to use a Maximum
Length Sequence (MLS) or a swept-sine signal to ob-
tain the impulse response of a system with increased
immunity to noise. The only drawback can be an in-
crease in measurement time.

For field measurements, transient excitation with a
force hammer is a practical option because the mea-
surements are relatively quick and require fewer ca-
bles. This is particularly useful in the field where
there is often intermittent background noise (e.g. road
traffic, construction site noise). However, with tran-
sients from a metal-tipped force hammer the upper
frequency limit tends to be around the 1k Hz one-
third octave band, whereas it is feasible to measure to
higher frequencies when using steady-state excitation
from a shaker. There is also a potential limitation due
to non-linearity because the excitation also has to be
sufficiently high to achieve a suitable signal-to-noise
ratio at the microphones in the receiving room. This
is more likely to be an issue with lightweight (rather
than heavyweight) buildings at high frequencies where
structure-borne sound can be highly-attenuated due
to the use of isolated double-leaf constructions and
relatively high internal losses. However, structure-
borne sound transmission from machinery to distant
rooms in a building only tends to be problematic be-
low 1kHz so this upper frequency limit is not ex-
pected to be problematic in many situations. Note
that with transient excitation, the measurer stands
on the floor; hence for lightweight floors that form a
junction with other lightweight walls that are likely to
form the dominant transmission path it needs to be
checked that the static load of the measurer and/or
equipment on the floor does not affect vibration trans-
mission.

This paper uses experimental studies in the lab-
oratory and the field to compare and assess steady-
state and transient excitation in order to identify their
advantages and disadvantages with lightweight con-
structions.

2.3 Test constructions and experimen-
tal procedures in the laboratory

2.3.1 Laboratory situation:
Lightweight construction

A T-junction comprising two timber-frame single
walls and a timber joist floor was installed in the
transmission suite at the Rosenheim University of Ap-
plied Sciences. This junction forms a receiving room
downstairs which has a volume of ~50m? to be able
to measure transmission functions for horizontal and
diagonal transmission as indicated in Figure 1.

The framework for the walls is constructed from
vertical timber studs (without noggins), a timber base
plate and a timber top plate each with cross-sectional

Transmission functions in lightweight buildings, p. 5

Section A-A
2.68
Power input <A
for diagonal |
transmission 0 !
.- IS}
S
Power input
for horizontal
transmission -
— || Receiving room ~
S
|
dA
3.70 5.06
Figure 1: Laboratory test construction: Sketch of

cross-section through T-junction (dimensions in me-
tres).

dimensions of 9x 6 cm. For the floor the timber joists
had cross-sectional dimensions of 24 x 6 cm. Each side
of the wall and the upper surface of the floor had a
single layer of 19 mm chipboard screwed to the timber
studs/joists. The cavities were empty (i.e. without
sound absorptive material). The spacing for the wall
studs and floor joists was 62.5 cm.

The junction between the walls and the floor is
rigidly connected. Every floor joist was screwed to
the frame of the lower wall before the framework of
the upper wall was mounted and fixed with screws to
the floor joists.

The lower wall of the T-junction and the joists of
the floor were supported on resilient mounts to de-
couple them from the rest of the laboratory building;
this resulted in a junction with a mass-spring reso-
nance frequency of ~20Hz above which it was iso-
lated from the ground floor. All other boundaries of
the T-junction were free (i.e. disconnected from other
parts of the structure).

2.3.2 Laboratory measurements:
Comparison of steady-state and tran-
sient excitation

For diagonal transmission, the excitation point on the
wall was on the chipboard directly above a vertical
timber stud. For steady-state excitation, a washer
was glued to the surface of the chipboard in order to
mount the force transducer. For transient excitation,
a force hammer with a metal hammer tip was used to
impact the chipboard.

For horizontal transmission, two different excitation
points were used, one directly above a vertical timber
stud and another in the bay between two adjacent
vertical timber studs. For steady-state excitation on
a stud, a washer was glued to the surface of the chip-
board and screwed into the timber stud in order to
mount the force transducer and only glued to the sur-
face of the chipboard for excitation in a bay.

Transient excitation was applied using an impact
hammer (Endevco, Type 2302-10) with rubber and
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metal tips and steady-state excitation was applied us-
ing an electrodynamic shaker (Bruel & Kjeer, Type
4810) with an MLS signal (Norsonic RTA 840). A
force transducer (MMF, Type KF24) was used in-line
with the shaker.

To determine the power input for both tran-
sient and steady-state excitation, two accelerometers
(MMF, Type KS95B100) were mounted on either side
of the excitation point to estimate the response at the
driving point from averaged signal. The power input
was calculated from (1) the pair of accelerometers, A
and B, to give a time-average signal from (A + B)/2
and (2) a single accelerometer A.

Sound pressure in the receiving room was measured
using three microphones; one Norsonic Type 1220
(with a Norsonic pre-amplifier Type 1201) and two
low-noise microphones (G.R.A.S. half-inch low-noise
microphone Type 40HL). The same microphone po-
sitions were used for transient and steady-state ex-
citation. The transmission function between power
input and mean sound pressure level was determined
as described in section 2.1.

For diagonal transmission and transient excitation,
the same protocol was used as for horizontal trans-
mission. For steady-state excitation, time limitations
meant that only measurements with white noise were
possible; hence MLS results were not available. The
sound pressure was measured using the same multi-
channel FFT analyser as for the force and the accel-
erations at the excitation point.

The average sound pressure level was corrected for
airborne flanking transmission; however, this was neg-
ligible in most cases because the structure-borne path
was usually dominant.

2.3.3 Laboratory measurements:
Limitations related to measurement of
the power input with a pair of ac-

celerometers

To determine the power input with steady-state ex-
citation the applied force and the response at the
driving point can either be determined using an
impedance head or a force transducer in combination
with one or more accelerometers. For the latter the
only option is to put the accelerometer(s) adjacent to
the driving point because there is no access inside the
wall or floor to position an accelerometer directly be-
hind the excitation point. With transient excitation
from a force hammer the only option is to put the
accelerometer(s) adjacent to the excitation point. As
a rule-of-thumb the aim is to position the accelerome-
ter(s) at a distance, d, from the excitation point such
that kg d < 1 [9] where kg is the bending wavenum-
ber.

To assess the errors involved in using accelerometers
adjacent to the excitation point, a free-hanging panel
was used so that there was access to both sides. This

Transmission functions in lightweight buildings, p. 6

Figure 2: Force hammer excitation with accelerome-
ters A and B with a separation distance, d.

panel was 19mm chipboard (2.05 x 0.92 m) as was
used in the laboratory test construction. The power
input was measured with transient excitation from a
force hammer (Endevco, Type 2302-10) and three ac-
celerometers. Two accelerometers, A and B, (MMF,
Type KS95B100) were positioned on the source side
of the chipboard equidistant from the excitation point
at distances between 1 and 10cm using 1cm steps
that were measured from the centre of the force ham-
mer tip to the centre of each accelerometer (see Fig-
ure2). In addition, accelerometer C' (MMF, Type
KS95B100) was positioned directly opposite the exci-
tation point on the reverse side of the chipboard, and
this was assumed to give the most accurate estimate
of the actual power input. For these accelerometers
the diameters were ~ 11 mm which is a practical min-
imum diameter which allows the accelerometers to be
close to the excitation point and avoid spatial sum-
mation of the response over too large an area.

2.3.4 Laboratory measurements:
Spatial variation of excitation positions

To investigate the influence of excitation position on
the transmission function, measurements were carried
out on the laboratory construction. For horizontal
and diagonal transmission, the transmission function
was measured at a number of excitation points which
represented potential fixing points for service equip-
ment. For horizontal transmission with excitation on
the lower wall and diagonal transmission with exci-
tation on the upper wall, measurements were carried
out to assess the variation between excitation points
on bay and stud positions. For diagonal transmis-
sion, measurements were also carried out to assess
the effect of distance from the T-junction; this was
not carried out for horizontal transmission as the di-
rect transmission path across the wall was assumed
to be dominant. The excitation positions on the up-
per wall (diagonal transmission) and lower wall (hor-
izontal transmission) are shown in Figures 3 and 4
respectively.
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Figure 3: Excitation positions on the upper wall for
diagonal transmission (45 excitation positions).

Junction

271

=

0

@
.

e e ge0etoccge e

y-dimension (m)

0 0625 125 1875 25 3125 375 4375 5
x-dimension (m)

Figure 4: Excitation positions on the lower wall for
horizontal transmission (17 excitation positions).

2.4 Test constructions and experimen-
tal procedures in the field

2.4.1 Case study

To assess the measurement of transmission functions
from a source room (SR) to the adjacent receiving
room (RR1) and non-adjacent receiving rooms (RR2,
RR3, RR4) in the horizontal direction, field measure-
ments were carried out in an unoccupied timber-frame
building with a regular floor plan as shown in Figure 5.
The transmission function was determined using tran-
sient excitation with a force hammer and steady-state
excitation using an electrodynamic shaker with MLS
(MLS signal-to-noise ratio was at least 6 dB). In each
receiving room the sound pressure was measured at
four positions in the central zone of the room and two
positions in corners.

All the test rooms were cuboids with a volume of
35.2m? (2.71x5.20x2.50m). The timber-frame sep-
arating walls were built with two layers of plaster-
board (12.5mm gypsum board and 25mm gypsum
fibre board) on one side, and 25mm gypsum fibre
boards on the other side screwed to laths mounted
on resilient channels that were perpendicular to the
framework of the wall. These separating walls had a
sound reduction index of ~58dB R,,. Each room had
a suspended ceiling as well as a floating screed on the
floor.
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Figure 5: Field test construction: Ground floor plan
of the timber-frame building (dimensions in metres).

2.4.2 Comparison of different field construc-
tions

To gain initial insights into the range of transmis-
sion functions that exist in different lightweight build-
ings, field measurements were taken in seven timber-
frame buildings (single family houses, guesthouses
and apartment buildings) built by two different com-
panies. These measurements were scheduled at the
end of the construction process just before transfer to
the residents; hence all the main construction work
had been completed. Several transmission functions
were measured in each building for horizontally, ver-
tically or diagonally adjacent rooms. Only walls were
excited because every building had a floating screed
on the base floor. In total, 34 transmission functions
were measured.

Only transient excitation was carried out with a
force hammer using two or three excitation positions.
Where possible, one position was chosen in a bay
and another above or close to a stud but there was
some uncertainty as to the exact positions due to
the finished surface obscuring the exact positions of
the studs. The injected power was determined using
two accelerometers with the force hammer described
in section 2.3.3 and accelerometer spacing, d, of 2 to
2.5cm. The average sound pressure level in the re-
ceiving room was measured using four positions in
the central zone of the room and two corner positions
(rather than four corner positions in order to reduce
on-site measurement time). The sound pressure lev-
els were corrected for background noise or rejected
if the signal level was below the background noise
level. In addition, the average sound pressure level
was corrected for airborne flanking transmission; how-
ever, this was negligible in most cases as the structure-
borne path was usually dominant.

The different types of construction were timber-
frame single walls with plasterboard on both sides,
timber-frame single walls with plasterboard on both
sides with additional plasterboard lining (used to con-
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Figure 6: Laboratory measurements. Comparison of
the spatial-average driving-point mobility in bays and
directly above studs.

tain pipework in bathrooms and kitchens), interior
and exterior framed walls, timber-frame double walls
with individual frames (party wall), and masonry or
concrete walls in basements where the transmission
was measured to timber-frame single walls (plaster-
board on both sides) on the ground floor.

3 Results

3.1 Laboratory measurements: Com-
parison of steady-state and tran-
sient excitation

Figure 6 shows that there are significant differences in
the measured driving-point mobility in bays compared
to directly above the studs. This has also been shown
to occur with other lightweight constructions, e.g. see
[34]. For this reason, the measurements were taken
with excitation in bays and directly above the studs.

A comparison of transmission functions determined
with steady-state and transient excitation are shown
in Figure7 for the following three cases:

(1) Horizontal transmission with excitation directly
above a stud. For steady-state excitation, a washer
was glued to the surface of the chipboard and screwed
into the stud in order to mount the force transducer.
For transient excitation with a force hammer, a rub-
ber tip was used in the 20, 25 and 31.5 Hz one-third
octave bands, and a metal tip at and above the 40 Hz
one-third octave band (Figure 7(a)).

(2) Horizontal transmission with excitation in a bay.
For steady-state excitation, a washer was glued to the
surface of the chipboard to mount the force trans-
ducer. For transient excitation with a force hammer,
a rubber tip was used in the 20, 25 and 31.5 Hz one-
third octave bands and a metal tip at and above the
40 Hz one-third octave band (Figure 7(b)).

(3) Diagonal transmission with excitation on the
chipboard directly above a stud. For steady-state ex-
citation, a washer was glued to the surface of the chip-
board to mount the force transducer (NB The signal-
to-noise ratio when using steady-state excitation was
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Figure 7: Laboratory measurements. Comparison of
transmission function for steady-state and transient
excitation:

(a) horizontal transmission with excitation on a stud,
(b) horizontal transmission with excitation in a bay,
(c) diagonal transmission with excitation on a stud,
(d) difference between transmission functions deter-
mined using transient and steady-state excitation.
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Figure 8: Laboratory measurements. Investigation

into the effect of different strength of transient exci-
tation: (a) different force levels of the transient ex-
citation with the force hammer, (b) difference be-
tween transmission functions determined using tran-
sient and steady-state excitation.
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too low in the 20 and 25 Hz one-third octave bands
to yield data). For transient excitation with a force
hammer, a metal tip was used (Figure 7(c)).

For one-third octave bands from 31.5 to 1kHz
the differences between steady-state and transient ex-
citation in all three cases are typically +£2dB al-
though it is £5.5dB at 20 Hz (Figure 7(d)). For hor-
izontal transmission with stud excitation where the
shaker was attached directly to the stud using screws
through the chipboard, the difference between steady-
state and transient excitation above 250 Hz is ~ 2.5 dB
whereas it is only ~0.5dB with bay excitation. The
differences could partly be due to the different mount-
ing conditions for which the glued and screwed washer
used with steady-state excitation could apply a force
directly to the stud which would not occur with tran-
sient excitation; however, there is no systematic differ-
ence across the frequency range. As building machin-
ery often has significant structure-borne sound power
input at frequencies up to 250 Hz, the fact that both
methods are in reasonable agreement leads to the con-
clusion that both methods can be used for field mea-
surements.

To investigate differences between transient and
steady-state excitation in the laboratory, different
force levels were applied with a force hammer as indi-
cated in Figure 8 (a). With the force hammer, a metal
tip was used to give a 'weak’ and a ’strong’ hit (al-
though with the 'weak’ hit the signal-to-noise ratio
was only >6dB at and below the 25 Hz one-third oc-
tave band and therefore these bands were rejected).
A rubber tip was also used that gave signal-to-noise
ratios >10dB up to 500 Hz. The comparison of tran-
sient with steady-state excitation is shown in Fig-
ure 8 (b) for horizontal transmission. To exclude vari-
ations due to microphone positioning, only one fixed
microphone in the receiving room was used instead of
several positions. The results indicate that transient
excitation with metal or rubber tip gives ~ 1 dB lower
values (on average) than steady-state excitation up to
1k Hz. However, this occurs with both the 'weak’ and
‘strong’ hits so there is no conclusive evidence of non-
linearity with high levels of transient excitation. For
most engineering applications it is therefore reason-
able to opt for the most convenient form of excitation
which will usually be transient excitation with a force
hammer.

3.2 Laboratory measurements: Limi-
tations related to measurement of
the power input with transient ex-
citation

This section assesses the limitations related to mea-
surement of power input (as described in Sec-
tion 2.3.3) when accelerometers can only be positioned
adjacent to, rather than directly behind, the excita-
tion position. The measured power input from a sin-
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Figure 9: Power input for (a) a pair of accelerome-
ters and (b) a single accelerometer on the same side
as the excitation point normalized to the power input
using the accelerometer directly opposite the excita-
tion point on the reverse side of the chipboard.

gle accelerometer and a pair of accelerometers were
normalized to the power input calculated from the
accelerometer directly opposite the excitation point
on the reverse side of the chipboard as the latter was
assumed to give the most accurate estimate. The nor-
malized power inputs are shown on Figure9 in terms
of d/Ag, as this is a more practical descriptor than
the bending wavenumber, kg. This indicates that if a
pair of accelerometers is used rather than a single ac-
celerometer, then the errors are significantly reduced
and are a smoother function of d/Ag. For a pair of
accelerometers, the error is <1dB when d/Ag <1/10
(and <3dB when d/A\g <1/6). To put this in con-
text for a 19 mm chipboard plate, d/A\g =1/10 cor-
responds to a frequency of ~ 1.7k Hz when d =2 cm.
Although transient excitation was used, the benefit
of using a pair of accelerometers also applies when
excitation is applied using an electrodynamic shaker.

3.3 Laboratory measurements: Spa-
tial variation of excitation posi-
tions on lightweight structures

The effect of different excitation positions on the
transmission function is investigated by considering
the distance to the nearest stud. In addition, for diag-
onal transmission the distance to the junction was also
considered. Five different distances for positions in
the middle of two bays and above five studs were cho-
sen. For horizontal and diagonal transmission, mea-
surement positions were used on a line perpendicular
to the studs. Three groups of excitation positions
were considered: (1) five positions above a stud, (2)
four positions in the middle of each bay and (3) eight
positions at a distance of 15cm from the centre line
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Figure 10: Laboratory measurements. Average transmission functions.
a) Horizontal transmission measured above the stud and at different distances from the stud in the bay.

¢) Diagonal transmission measured above the stud at different distances from the junction.

(
(b) Diagonal transmission measured above the stud and at different distances from the stud in the bay.
(
(

)
d) Diagonal transmission measured in the bay at different distances from the junction.

of the studs.

Figure 10 shows the average transmission functions.
For each curve in Figures 10 (a), (b) and (c) the 95%
confidence interval was ~3dB (Student ¢ distribu-
tion), and for Figure 10 (d) the range for each pair
of points was ~ 3 dB. Hence in Figure 10 (a) the only
region in which the confidence intervals don’t overlap
is between 500 and 1kHz. On (b), (¢) and (d) the
degree of uncertainty in these average values means
that there is no strong dependence of the transmis-
sion function on excitation position.

Figures 10 (a) and 10 (b) show the average trans-
mission function for each of these three groups for hor-
izontal and diagonal transmission respectively. For
horizontal transmission the results only differ by
+3dB below 315Hz. Above 315Hz the positions
above the studs have the highest value which indi-
cates that transmission is strongest for this type of
excitation position; this is likely to be due to more ef-
ficient transfer via the structure-borne path across the
stud compared to the path involving the sound field
in the cavity. For diagonal transmission the results
only differ by £4dB over the frequency range from
20 to 1k Hz. In comparison to horizontal transmission

it seems that the influence of varying the excitation
position is less important with increasing complexity
of the transmission path.

For diagonal transmission, positions with five differ-
ent distances to the junction were measured directly
above the studs or in the middle of a bay as shown
in Figures 10 (c¢) and 10 (d). In each case the results
vary by £4dB (on average) below 500 Hz. For stud
excitation above 500 Hz there are indications that the
excitation positions closest to the junction give the
highest transmission functions. For bay excitation,
the effect of distance to the junction is negligible in
this case; this might be due to the empty cavities and
it is hypothesised that this might be different if the
cavities were filled with absorbent material.

It is concluded that below 500 Hz the measured
transmission function is not significantly affected by
the choice of excitation position (i.e. directly above a
stud or in a bay).

Figure 11 shows the average transmission function
with error bars indicating the 95% confidence lim-
its (Student ¢ distribution) for 17 excitation positions
for horizontal transmission and for the 45 excitation
positions for diagonal transmission. The 95% confi-
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dence limits are approximately +2dB for horizontal,
and approximately +1dB for diagonal transmission
across the frequency range from 20 to 1k Hz. For di-
agonal transmission the signal-to-noise ratio was not
sufficient to measure the 20 Hz one-third octave band.
It is notable that the curves are relatively uniform,
and tend to decrease with increasing frequency. As
they are relatively featureless curves it might be fea-
sible to establish average values for a broad frequency
range. This is considered further with field measure-
ments in the next section.
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Figure 11: Laboratory measurements. Transmission
functions for horizontal and diagonal transmission.
Results are shown as an average value from positions
above studs and between studs with shaded area in-
dicating the 95% confidence limits (Student ¢ distri-
bution).

3.4 Field measurements

Figure 12 shows the average signal-to-noise ratio for
receiving rooms RR1, RR2 and RR3 for metal and
rubber tips on the force hammer where values be-
low 6 dB were rejected. In receiving room RR1, the
signal-to-noise ratio is >10dB up to 1k Hz for both
the metal and the rubber tips. However, the rubber
tip can provide a higher signal-to-noise ratio than the
metal tip below 250 Hz. For the non-adjacent rooms
(RR2 and RR3) it was not possible to measure in all
bands between 20 and 1k Hz with signal-to-noise ra-
tios > 10dB and in this particular field measurement
the background noise was particularly high at 125 Hz
which prevented it being possible to measure in that
band.

The findings indicate that transient excitation can
be used for lightweight timber party walls to measure
the transmission function between adjacent rooms.
For measurements between 20 and 1k Hz it is reason-
able to use a metal tip. Measurements with a rubber
tip can be used to increase the signal-to-noise ratio by
a few decibels below 100 Hz. Depending on the fre-
quency range of interest, a metal tip, a rubber tip or
a combination of both can be used. For non-adjacent

— —v—RR1, rubber tip —© -RR2, rubbertip --2-- RR3, rubber tip
% —v—RRL metal tip —®-RR2, metal tip —=-RR3, metal tip
5 50|
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Figure 12: Field measurements. Signal-to-noise ratio
in receiving rooms RR1, RR2, and RR3 for transient
excitation. Grey shading indicates signal-to-noise ra-
tios between 6 and 10 dB.
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Figure 13: Field measurements. Transmission func-
tion to receiving rooms measured using an electro-
dynamic shaker and MLS at one excitation position.
Results are shown as an average value with error bars
indicating the 95% confidence limits (Student ¢ dis-
tribution) where the variation is due to individual mi-
crophone positions.

rooms, transient excitation is only likely to be feasi-
ble for the whole frequency range from 20 to 1k Hz in
buildings with very low background noise.

As it was not feasible to use transient excitation
to measure transmission functions to non-adjacent
rooms in this particular case, measurements were
taken using MLS excitation. Figure13 shows the
transmission functions determined from the source
room (SR) to four receiving rooms (RR1, RR2, RR3,
RR4). The transmission function to the adjacent re-
ceiving room (RR1) is at least 11dB higher than to
the non-adjacent receiving rooms (RR2, RR3, RR4).
The transmission functions for the non-adjacent re-
ceiving rooms (RR2, RR3, RR4) tend to be within
10dB of each other which indicates the importance of
flanking transmission.

To try and identify an average transmission func-
tion for different constructions, transmission functions
for the different field constructions were grouped in
terms of the direction of transmission (i.e. horizon-
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tal, vertical or diagonal) and the type of construction.
For the latter, the constructions were divided into
four groups: (1) single framework without additional
lining (common interior walls), (2) single framework
with additional lining (common interior walls in bath-
rooms), (3) interior and exterior framed walls and (4)
separated framework (party walls). With the avail-
able data is was possible to form five groups from the
combination of these grouping criteria with at least
two measured transfer functions for each combina-
tion. A sixth group is formed by transmission func-
tions measured from the basement to a ground floor
room. Since the basement is usually the place where
household appliances are installed, this is an impor-
tant path. On this path there is usually a masonry or
concrete wall in the basement separated with a con-
crete floor to the timber-frame construction above.
The grouped transmission functions are shown in Fig-
ure 14 which are in terms of Drp o, (calculated ac-
cording to equation 6) for the 20 to 40 Hz one-third
octave bands and Dy a4y nr (calculated according to
equation 7) for one-third octave bands at and above
50 Hz. Below 100 Hz the low-frequency procedure was
applied as described in section 2.1.1.

For horizontal transmission across single timber-
frame constructions (i.e. typical internal walls within
single-family houses) the spread of results is =20 dB
over the frequency range from 20 to 1k Hz — see Fig-
ure 14(a). The lowest transmission function was an
outlier in this group which could be attributed to ad-
ditional cross battens that were screwed to the frame-
work on one side that meant it was not suitable for
the chosen grouping. Excluding this outlier means
that the main group has a variation of ~15dB. As
with the laboratory results (refer back to Figure1l)
the spectral shape is relatively uniform, and decreases
with increasing frequency. Only three measurements
were available for horizontal transmission across typi-
cal internal walls with an additional lining and whilst
two of the three results are similar to those without an
additional lining there is one outlier that has a signifi-
cantly lower transmission function due to a decoupled
lining — see Figure 14(b).

For diagonal transmission across single timber-
frame constructions, three measurements are shown in
Figure 14(c) for which the variation is ~10 to 20dB.
In the 20, 25 and 31.5 Hz one-third octave band re-
sults are only available for one or two of the datasets
due to insufficient signal-to-noise ratios.

For vertical transmission with interior and exterior
timber framework walls, the results are shown in Fig-
ure 14(d). The results for these four situations show
a spread of ~ 10 to 20dB.

For horizontal transmission across a timber-frame
double wall with individual frames (party wall), the
isolation between these frames results in a significant
decrease in the transmission function with increasing
frequency — see Figure14(e). However, in one-third

Transmission functions in lightweight buildings, p. 12

octave bands below 50 Hz the transmission function
is similar to those for a single timber-frame (Fig-
ure 14(a)).

For both vertical and diagonal transmission, the
transmission path from a masonry or concrete wall
in the basement to a framework construction in the
ground floor results in a spread of ~ 10 dB as shown in
Figure 14(f). In one-third octave bands below 63 Hz
the signal-to-noise ratio was not sufficient. In general,
the transmission function tends to be slightly higher
than with diagonal or vertical transmission in timber-
frame constructions.

In general, there was a spread of transmission func-
tion values up to 20dB when grouping similar con-
structions and transmission directions in this study.
The transmission function curves do not show promi-
nent features and vary uniformly with frequency;
hence it should be feasible to identify average values
for different types of constructions. These results are
the first step in identifying typical spectral features
of the transmission function for lightweight construc-
tions. The general trend for horizontal transmission is
that the spectrum is relatively flat, except for double
walls where the spectrum tends to rapidly fall-off with
increasing frequency. For vertical and diagonal trans-
mission, the spectrum tends to slowly fall-off with in-
creasing frequency. Below 50 Hz there is evidence that
all types of construction give a similar transmission
function regardless of whether there is horizontal, ver-
tical or diagonal transmission. However, this dataset
is relatively small, and future work will need to col-
lect larger datasets in order to give guidance suitable
for building regulations. Issues that need consider-
ation include whether it is necessary to restrict the
range of room volumes that are used to determine the
average response in the low-frequency range, partic-
ularly when considering frequencies down to 20 Hz,
and whether it is possible to consider timber-frame
and light-steel frame structures as a single group when
the cavity is empty (i.e. no absorbent material).

4 Conclusions

The prediction of structure-borne sound transmission
from machinery in lightweight buildings can be con-
sidered by using measured transmission functions that
relate the spatial-average sound pressure level in a
room to the structure-borne sound power injected into
a wall or floor. An advantage with this power-based
descriptor is that it is aligned with other approaches
commonly used in building acoustics such as predic-
tion models using SEA or SEA-based methods (i.e.
EN 12354), as well as descriptors such as transmis-
sion coefficients for airborne sound insulation. The
transmission function approach does not identify the
strength of individual transmission paths but for fu-
ture work it does allow validation of models which can
give these insights.
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Figure 14: Field measurements. Summary of transmission functions measured with transient excitation in ad-

jacent rooms.

(a) Timber-frame single wall with plasterboard on both sides, horizontal transmission

(b) Timber-frame single wall with plasterboard on both sides, horizontal transmission, with additional plaster-
board lining (used to contain pipework in bathrooms and kitchens).

(¢) Timber-frame single wall with plasterboard on both sides, diagonal transmission

(d) Interior and exterior timber-frame walls (single and double), vertical transmission

(e) Timber-frame double wall with individual frames (party wall), horizontal transmission

(f) Masonry or concrete wall in basement to timber-frame single wall with plasterboard on both sides on the
ground floor, vertical and diagonal transmission
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Laboratory measurements of transmission func-
tions on a timber-frame wall show that steady-state
excitation using an electrodynamic shaker and tran-
sient excitation with a force hammer can be consid-
ered as equivalent. It is shown that errors in the mea-
surement of the power input can be reduced by using a
pair of accelerometers on either side of the excitation
point rather than a single accelerometer on one side.
Below 500 Hz the measured transmission function is
not significantly affected by the choice of excitation
positions being directly above a stud or in a bay.

Laboratory and field results on different types
of timber-frame walls indicate that with transient
excitation using a force hammer, the transmission
function is measurable in vertically-, horizontally-
and diagonally-adjacent receiving rooms over the fre-
quency range from 20 to 1kHz. For non-adjacent
rooms (i.e. distant rooms in a building) it is likely
that an electrodynamic shaker will be required using
MLS or swept-sine signals.

Field measurements indicate that there is potential
to create databases of average transmission functions
as a simplified prediction tool. This would allow es-
timation of noise from the same equipment installed
in buildings which are built from different elements
with a similar room layout. Future work involving
the application of such databases will need to focus
on the rules needed to define the grouping of different
constructions.
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