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To ensure that building regulations are satisfied, the sound pressure level due to machinery has
to be predicted at the design stage of a new building. With the increasing popularity of multi-
story timber dwellings, prediction becomes an important issue for designers and consultants. At
present previous project experience is often used when considering the design of wall and floor
constructions and the mounting positions for machinery. Simple tools to calculate the sound
pressure levels in rooms based on machinery data and construction details are not currently avail-
able. The approach involves two stages: firstly the description of the source and secondly the
prediction of vibration transmission across the building and sound radiation into the rooms. In
this paper a simple empirical model is proposed for the second stage. This approach is based
on measured transmission functions that are defined as the average sound pressure level in a re-
ceiving room relative to the injected structure-borne sound power. This is a logical extension of
approaches to characterize structure-borne sound sources that also use a power based descriptor
(e.g. prEN 15657:2016-02: Acoustic properties of building elements and of buildings - Labora-
tory measurement of structure-borne sound from building service equipment for all installation
conditions) and provides a simple method to estimate the sound pressure level in a room.
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1. Introduction

The EN 12354-5 model [1] is primarily intended for heavyweight buildings and for receiving
rooms that are horizontally-, vertically- or diagonally-adjacent to the source room which contains
the machinery. The extension of the scope of this standard to lightweight constructions requires an
adaptation of the methods to cope with more complex description of sound transmission in framed
constructions. A potential approach is to use transmission functions which quantify the combination
of all transmission paths. This quantity is expected to be unique for a specific situation, whereas
predictive approaches like the model described in EN 12354-5 are more general. However it is pos-
sible that different construction types could be grouped and an average transmission function could
adequately predict sound pressure levels. For this reason transmission functions could provide a sim-
plified calculation technique for consultants and manufacturers.

Mechanical-acoustical transfer functions have previously been investigated by Steenhoek, Ten
Wolde and Verheij [2, 3] to describe the excitation of a strucure-borne sound source by reciprocity,
including all six degrees-of-freedom. Later Buhlert and Feldmann [4], Vercammen and Heringa [5],
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Gerretsen [6], Fischer [7] as well as Kornadt, Arnold, Wittstock and Scholl [8, 9] proposed methods
based on transfer functions to predict machinery noise in buildings based on the ratio between sound
pressure and applied force. A method to measure the total transmission from force excitation to sound
pressure is also described in Annex F of EN 12354-5:20009.

In this paper a transmission function is proposed that relates the spatial-average sound pressure
level in a room to the structure-borne sound power level injected into a building element [10]. Us-
ing a descriptor that includes the installed power is aligned with standardized methods for source
characterisation like prEN 15657 [11] and SEA-based prediction models like EN 12354-5. Since ma-
chinery tends to inject high levels of structure-borne sound power at low frequencies [12, 13, 14], the
frequency range was extended down to the 20 Hz one-third octave band, following a low-frequency
procedure described in [15, 16, 17]. Using the protocol described in section 2, a survey was conducted
to collect data for various timber constructions in the laboratory and in the field including horizon-
tal, diagonal and vertical transmission as well as transmission to non-adjacent rooms. Further, the
application of transmission functions to predict machinery noise is presented in case studies with an
idealized as well a real structure-borne sound source.

2. Proposed methodology to determine transmission functions

The injected narrow-band power Wyg x, at an excitation position, k, is calculated from the real
part of the cross-spectrum of the force and velocity.

Wiy = 5 Re {F i} (1)

where F is the complex peak force and ©* is the complex conjugate peak velocity. The power in
decibels in one-third octave bands Lyy ;, at excitation point k is calculated according to

Z}Ll WNB,k,j)

Wo 2)

LW,k =10 lg (

where Wip i ; is the injected power for narrow-band j at excitation position k, W is the reference
structure-borne sound power of 1072 W, and J is the number of narrow bands that form the one-third
octave band.

For each excitation position £, the sound pressure is measured in narrow bands using various
microphone positions 7. The narrow band autospectrum is converted into one-third octave bands
using

J
2 ~2
Pix = ZPNB,i,j,k 3)
j=1
where png; jk 1S the root mean square pressure for narrow band j. For each microphone position ¢
the one-third octave band sound pressure levels are corrected for background noise.
The spatial-average sound pressure level, L, ; for M microphone positions is determined by

S P
i=1 pi,k,corr

M p3 @

Lav,k =10 lg (

where ﬁi k.corr 18 the one-third octave band mean-square pressure at position ¢ with excitation position
k corrected for background noise and py is the reference sound pressure of 2 x 107° Pa. If required,
a correction for possible airborne flanking transmission can be applied to the spatial-average sound
pressure level, L,y .

To determine the spatial-average sound pressure level at low frequencies the procedure for field
measurements of sound insulation [15] can be applied as described in [10]. As previous work showed
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[18, 19], this can be used down to the 20 Hz one-third octave band for room volumes ranging from
18 m? to 245 m?, which can be particularly important for machinery noise.

Using the spatial-average sound pressure level, L, ; and the level of the injected power Ly, the
transmission function Dy, for an excitation point, &, is defined by

Drp g = Loy — Lwp )

This transmission function can be spatially averaged for K excitation positions to give an average
transmission function, D ., by

K 0.1D
10 TF,k
DTF,aV =10 lg <Zk_1 K ) (6)
The standardized spatial-average transmission function, Drp ,y »7 1S then given by
T
DTF,av,nT = DTF,av —101g (T) (7N
0

where 7' is the reverberation time in the receiving room and 7 is the reference reverberation time
of 0.5s. Similarily the absorption area can be used to get a normalized spatial-average transmission
function.

3. Survey of measured transmission functions

At present there is a lack of validated prediction models for the transmission of structure-borne
sound caused by machinery in timber-frame constructions. Some data sets are available from previ-
ous work (e.g. [5, 8, 9]), but only for direct transmission to either vertically- or horizontally-adjacent
rooms. Using the protocol described in section 2 a field survey was carried out to determine transmis-
sion functions in timber-frame constructions.

3.1 Field measurements

In the field study, transmission functions were measured in seven timber-frame buildings to hori-
zontally-, vertically- and diagonally-adjacent rooms as well as non-adjacent rooms. A total of 34 aver-
age transmission functions were determined in detached houses, guesthouses and apartment buildings.
Only walls were excited because every building had a floating floor. At least two excitation positions
were taken into account, one position was above, or close to a stud and one was in a bay. This allowed
calculation of an average transmission function to cover both situations. In all situations transient
excitation was used, except for transmission to non-adjacent rooms where steady-state excitation was
used in addition to the force hammer. In all cases the power input was measured by using a pair of
accelerometers next to the excitation point following the procedure that was validated and described
in [10]. Measurements were performed in unoccupied buildings during the construction phase. To
ensure measurements were taken in completed buildings with minimal construction noise and with-
out airborne flanking due to missing doors, the measurements were scheduled just before transfer
to the owner when all the main construction work had been completed. The transmission functions
were calculated according to equation (7) at and above the 50 Hz one-third octave band. Below 50 Hz
equation (6) was used.

3.2 Results

In Figures 1 (a) - 1 (f) the measured data is grouped in terms of the direction of transmission and
the type of construction. These data give initial insights into the range of transmission functions that
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Figure 1: Survey of transmission functions measured in the field.

exist in typical timber-frame buildings. The spread of results within groups of similar constructions
and transmission direction is up to 20 dB. However the available dataset is relatively small; hence
future work will need to collect more data in order to form more detailed groups to try and reduce the
variation.

Figure 1g shows transmission functions to non-adjacent rooms measured with transient as well as
steady-state excitation. These results show the reduction of transmission across successive receiving
rooms in a timber-frame building which means that it is not always possible to take measurements
using transient excitation.

The average transmission functions in Figures 1 (a) - 1 (f) are determined using at least two exci-
tation positions to account for significant differences in the driving point mobility that can occur in
framed constructions (e.g. see [20]). As an example, Figure 2 (a) shows the driving point mobilities of
a basic construction formed by a single framework with a single layer of chipboard in the laboratory
for positions above studs and positions in bays. Following these findings, at least one position was
chosen in a bay and another above or close to a stud in the field although there was some uncertainty
due to the finished surface obscuring the exact positions of the studs. Figure 2 (b) shows the spatial
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Figure 2: Influence of the excitation position on the driving point mobility and and the transmission function.

variation of mobilities determined in the field. The variation is smaller compared to the laboratory due
to double layers of plasterboard and the uncertainty in finding the exact stud positions as mentioned
above. The influence of the excitation position on the transmission function is shown in Figure 2 (c)
in terms of the difference between the maximum and minimum in every transmission situation. The
upper quartile (75 %) of the differences between the excitation positions is up to 6 dB in the 63 Hz
and 80 Hz one-third octave band, where the driving point mobilities also differ most (see Figure 2 (b)).
However the difference is ~ 3 dB on average for the frequency range from 20 Hz to 1000 Hz.

4. Case studies

In this section the application of transfer functions to the prediction of machinery noise is inves-
tigated for two multi-contact structure-borne sound sources. These were an idealized source (steel
frame, driven by an inertial shaker) and a ventilation unit - see Figure 3. The approach involves two
stages, the description of the source including the coupling to the structure and the description of the
transmission, which is covered by the transmission function.

(a) Idealized source (b) Ventilation unit

Figure 3: Structure-borne sound sources.
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4.1 Structure-borne sound source characterization

To determine the power injected into the structure, three quantities are needed: (a) The source
activity (e.g. the free velocity), (b) the source mobility and (c) the mobility of the receiver (e.g. see
[21]). For a single point the power input can be calculated according to equation (8).

|0

1
N T ®)
2|V + Yy| el

WNB,sp =

where 0g; is the free velocity and Yq and Yy are source and receiver mobilities respectively.

For multi-point sources these quantities must be available for every contact point, including the
phase information. To account for interactions between the contact points the complex transfer mo-
bilities are required to calculate the input power according to equation (9), where {0} is the vector
of free velocities and Y ¢ and Y are the mobility matrices of the source and the receiver.

1T

1
Wiy = 5 {Zsr} Y [Ys+ Yl (Y5 + Y] o} ©)

The source quantities were measured in the laboratory approximating free conditions using rub-
ber cords. For both sources the full set of point and transfer mobilities was determined but only
perpendicular forces were taken into account. Moments and in-plane forces were neglected.

The receiver mobilities were measured in the transmission situations described in the following
section. The input power was calculated using three different approaches including two steps of
simplification. In (A) the power input was calculated according to equation (9) using full mobility
matrices and the vector of free velocities. In (B) the power input was also calculated according
to equation (9), but the transfer mobilities were neglected. In (C) the power input was calculated
according to equation (8) using the sum of free velocities, averaged magnitudes of point mobilities
for the source and a constant value of 1 x 1072 m/(N's) for the receiver mobility.

4.2 Transmission situations

The idealized source was mounted for a horizontal transmission situation in the field, whereas
the ventilation unit was in a laboratory test rig. In both situations the average transmission function
was determined by averaging stud and bay positions. In the field situation two excitation positions
were used, in the laboratory 17. The idealized source was screwed to studs at all four contact points.
The contact points on the ventilation unit included both stud and bay positions. With the sources in
operation, the sound pressure level was measured in the receiving room at various fixed microphone
positions. The sound pressure level was corrected for background noise and airborne flanking where
necessary.

4.3 Results

Figure 4 shows the comparison of measured sound pressure levels and the prediction for both
situations. There are differences up to approximately + 10dB. On average all approaches (A), (B)
and (C) showed close agreement with the measured sound pressure level down to 20 Hz.

5. Conclusions

An empirical approach based on transmission functions provides a practical method to predict ma-
chinery noise in timber-frame constructions. Field data collected to-date gives insights into the range
of transmission functions that are likely to occur with different timber frame constructions. How-
ever more field data is needed to identify average transmission functions for consultants, architects or
manufactures and to give an indication of the uncertainty. Two case studies with different machinery
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Figure 4: Results of the case studies. Calculation (A): power input acc. to eq. (9), full mobility matrices and the
vector of free velocities; Calculation (B): power input acc. to eq. (9), transfer mobilities neglected; Calculation
(C): power input acc. to eq. (8), sum of free velocities, averaged magnitudes of point mobilities for the source
and constant value of 1 x 1073 m/(Ns) for the receiver mobility.

indicate that by considering only perpendicular forces (neglecting moment excitation) it is possible to
accurately predict the sound pressure level between 20 Hz and 1 kHz. For practical implementation it
would also be useful to have a catalogue of structure-borne sound power data for machinery.
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