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Abstract

This paper introduces a methodology that makes use of laser Doppler
vibrometry to assess the acoustic insulation performance of a building ele-
ment. The sound power radated by the surface of the element is numerically
determined from the vibrational pattern, offering an alternative for classical
microphone measurements. Compared to the latter the proposed analysis is
not sensitive to room acoustical effects. This allows the proposed methodol-
ogy to be used at low frequencies, where the standardized microphone based
approach suffers from a high uncertainty due to a low acoustic modal density.

Standardized measurements as well as laser Doppler vibrometry measure-
ments and computations have been performed on two test panels, a light-
weight wall and a gypsum block wall and are compared and discussed in this
paper.

The proposed methodology offers an adequate solution for the assessment
of the acoustic insulation of building elements at low frequencies. This is cru-
cial in the framework of recent proposals of acoustic standards for measure-
ment approaches and single number sound insulation performance ratings to
take into account frequencies down to 50 Hz.
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1. Introduction.

The sound insulation quality of building elements is typically specified in
terms of a frequency dependent sound reduction index R(f) (dB), given in
one-third octave bands in the frequency range of 100 - 3150 Hz. Different
single-number quantities, based on respective spectrum adaptation terms
have been proposed and used for later communication between engineers,
policy makers or other stakeholders. Among these are the ISO 717-1:2013
standard [I]. In Europe, often used descriptors are the weighted sound re-
duction index Ry, (dB), the weighted apparent sound reduction index Ry,
(dB), the weighted standardized level difference D,,r,, (dB).

A standardized manner to determine the sound reduction index R of a
building element in laboratory conditions, is described in ISO 10140:2010
[2]. Tt is known that the acoustic characteristics of the transmission suite
can influence the measured sound reduction index [3, 4, Bl [6], especially at
low frequencies. Driven by an increasing awareness of the importance of low
frequencies in people’s perception of the isolation performance of building
elements, there is a growing need to extend the reliable frequency range of
sound insulation measurements towards frequencies below 100Hz. However,
at low frequencies, the sound reduction index is highly dependent on param-
eters such as the size of the testing chambers, the sound source location and
the rooms surface absorption conditions [7], making it difficult to generalize
test results to real-world situations. This uncertainty at low frequencies has
two causes. One cause is that at low frequencies the spatial dependence of
the pressure fields in the receiving room (and sending room) is high due to
the finiteness of the room [8, [, 10]. In practice, this causes inaccuracies in
the measurement of the radiated sound power by means of microphones at a
limited number of spatial positions. Another cause is the modal behavior of
the receiving room, which influences the active sound power radiated by the
vibrating wall (see for instance [3] and section of this paper).

To assist the experimentalist with this problem, ISO 10140-4 includes
an informative annex A, in which some guidance is given for improving the
measurements in the low frequency range. The recommendations concern
the spatial sampling of the sound field, the number of sources, the averaging
time, and the minimum separation distances between the loudspeakers, the
microphones and the surfaces of the test rooms. In a paper by Hopkins et al.
[11] a modified measurement protocol was proposed in addition to the ISO
standard, to reduce the measurement uncertainty for low frequencies. The



fundamental problem, being the lack of diffusion of the sound fields in the
low frequency range, however, remains.

In order to overcome the room acoustical complications that occur when
measuring the sound field produced by a transmitting building element in
a receiving room, a logical step is to try to measure the sound producing
vibrations of the building element directly. In this paper the effectiveness of
a Laser Doppler vibrometer (LDV) measurement technique was investigated
for this purpose.

Laser Doppler vibrometer (LDV) techniques have been used for a large
variety of applications, but mainly in structural dynamics [12], or in electro-
acoustics [13]. In relation to building acoustics, LDV has been successfully
applied for the determination of the wall vibration in laboratory conditions.
Sound transmission of windows has been investigated by Kaiser et al. [14]
who have performed measurements and simulations of double glazing sys-
tems up to 1000 Hz. A laser Doppler vibrometer was used to validate their
numerical model. They showed that both the structural mode shapes and
the resonance frequencies were in good accordance. Recently Churchill and
Hopkins [15] used a scanning laser Doppler vibrometer for the measurement
of the dynamic properties of a cross laminated timber plate, with emphasis
on the analysis of structural eigenmodes.

In this paper the radiated sound power of a building element in a trans-
mission suite is numerically determined from the vibrational response of
the building element. The vibrational response is determined by means
of advanced scanning LDV measurements. This approach is compared to
the classical microphone based measurement methodology according to ISO
3741:2010. Special attention is given to the correspondence and differences
at low frequencies, where the microphone approach is known to be strongly
sensitive to effects caused by the lack of a diffuse sound field.

In Sec. |2 the different methodologies are outlined. Subsection [2.1] briefly
deals with the standardized methodology to determine the transmitted sound
power by means of microphone measurements according to ISO 10140. Sub-
section gives an outline of the newly proposed methodology to determine
the transmitted sound power from LDV measurement data. The discussion
on the newly proposed methodology is subdivided into two parts, the first
part (subsection being the measurement of the vibrational response
of the test wall by means of a scanning laser Doppler vibrometer. Special
attention is given to the desirability of measuring points on the wall sequen-
tially in time. This enables a large number of points to be measured. The



second part (subsection is devoted to the calculation of the radiated
sound power from vibration measurements.

The proposed methodology is applied to two test walls. In section (3| the
test set-up is described. In section 4| the measurement results are presented,
in which first a discussion on the vibrational patterns of the test walls is
presented (subsection , and secondly the determination of the radiated
sound power is discussed (subsection . Conclusions are given in section

2. Theory.

In this section an outline of the laser Doppler and microphone method-
ologies are given.

2.1. Determination of transmitted sound power according to 1SO 10140.

The most frequently used methodology to determine the sound reduction
index of a building element mounted between the sending and receiving room
of a measurement facility is prescribed in ISO 10140:2010. The methodology
is based on microphone measurement data of the average sound pressure
level in the sending (L) and receiving room (L), see Fig. [I] In order to
account for the contribution of the reverberant sound to the total measured
sound field in the receiving room, a correction term 10 log(S/A) is added to
the (L1 — Ly2) level difference, to obtain the sound reduction index R:

R = Lpl — Lp2 + 10 10g (%) (1)

where S is the area of the free test opening in which the element is
mounted, and A the equivalent sound absorption in the receiving room (which
can be determined from reverberation time measurements).

The sound reduction index can also be seen as the difference between the
sound power level radiated into the receiving room, Ly, [dB ref. 1 pW], and
the sound power level incident on the building element in the source room.
The sound power level Ly, radiated into the receiving room is determined
from the sound pressure level L,o(f) [dB ref. 20 pPal in the receiving room
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Figure 1: Classical measurement procedure to determine the sound reduction index of a
building element in a transmission suite according to ISO 10140.

according to ISO 3741:2010 [16], assuming diffuse field conditions:

Lw(f) =

Lps(f)+10 log (Aio) +4.34§+10 log (1 + %) +O1(f)+Cy(f)—6 dB
(2)

where V' [m?] and S [m?] are the volume and surface area of the receiving
room, ¢ [ms~!] is the speed of sound, f is the 1/3 octave band center fre-
quency, Ag is the reference area of 1 m? and A is the acoustic absorption
in the room in m?, which can be extracted from the reverberation time T}
through

V
= 55.26 3
CT60 CT60 ( )

For the low frequency range of interest, the contribution of the term
4.34%, which was proposed by Vorlander to account for high frequency air
absorption [17], as well as of the meteorological correction factors C; and Cs,
is less than 1 dB, so that the expression for L,, can be simplified to

A =24 In (10)

Lw (f) = Ly2(f) + 10 log (Ai) + 10 log (14—%) -6 dB (4
0

Summarizing, the measurement procedure to determine the sound power
level radiated into the receiving room, Ly, [dB ref. 1 pW], involves 2 as-
pects. The first aspect is the measurement of the sound pressure level in the
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Figure 2: Methodologies to determine radiated sound power. (a) Microphone based ISO
10140. (b) Illustration of Laser Doppler based approach (c) Laser Doppler based approach.

receiving room, L,s, at a number of positions in the receiving room. The
second aspect is the determination of the amount of absorption in the receiv-
ing room, denoted by the surface absorption spectrum, from reverberation
measurements. The reverberation measurements involve the measurement of
the impulse response of the room from an MLS or white noise response. This
measurement methodology is depicted graphically in Figure

2.2.  Determination of radiated sound power by Laser Doppler vibrometry.

In this section a methodology is proposed to determine the radiated sound
power from laser Doppler vibrometry measurements of the vibrating wall, as
an alternative for the methodology described in ISO 3741:2010. The sound
power, which is radiated by the vibrating wall into the receiving room is
calculated from the measured vibration data by means of a numerical model.
This can be either a Rayleigh integral model, a BEM model or a FEM model.
To this end, the pressure on the surface of the vibrating wall is calculated



with one of these models, which, when combined with the (known) velocity
of the vibrating wall, yields the sound intensity in normal direction to the
wall. Integrating the sound intensity across the wall gives the radiated sound
power. Possibly, if a BEM or a FEM model is used, information about
the absorption of the receiving room might be required. This measurement
methodology is depicted graphically in Figure , and illustrated in Figure
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Figure 3: Laser Doppler vibrometry based measurement procedure to determine the radi-
ated sound power of a building element in a transmission suite.

2.2.1. Measurement of the vibrational response of the building element.

In the proposed measurement scheme, the sound field in the source room
is generated in the same way as in 1SO2741:2010, by a loudspeaker pro-
ducing an approximate pink noise spectrum. Although such excitation is
quasi-random in time and space, the responses on different locations of the
building element are correlated to each other. The responses can be decom-
posed in standing plate wave modes that satisfy the boundary conditions
imposed by the panel mounting in the test opening between the sending and
receiving room. We have exploited this spatial coherence in order to perform
coherent averaging of the panel response as follows. The vibrational response
of the panel at a grid of locations along its surface was measured by scanning
the LDV probing spot sequentially over time across every point of the grid.
In order to keep temporal coherence between measurements at different lo-
cations i, a multipass scheme [I§] was followed. Every LDV data acquisition
was accompanied by a synchronized recording of the vibrational response at
one reference point r of the panel (Fig. . In view of only one laser Doppler



instrument being available, the reference measurement was done by an ac-
celerometer at a fixed position. In order to obtain an accurate estimate of
the spatially coherent response of the wall, the required measurement record
length needs to be longer than the (mechanical or acoustical) reverberation
time of the acousto-mechanical system involved [19].

The frequency response function between the response of the structure
functions H,;, at point i, as measured by the LDV, relative to the reference
signal r, can be estimated using the optimal estimate [20]:

Si (w)
5. @) ©)

Hir ((,U) =

where the cross-spectra between the response of the structure at N differ-
ent positions and the reference signal are denoted by S;, (w), and the auto-
spectrum of the reference signal by S, (w). w is the angular frequency. The
estimates for S;, (w) contain the phase information between the responses at
points ¢, with + = 1...N and the reference response at point r, from which
the mutual phase differences between the responses at pairs of points ¢ and
point 7, with 7,7 = 1...N, can be determined as

S’i (W)

Hij (w) = 5.0 (@) (6)

With the availability of N measurement passes, it is advantageous to estimate
the auto spectrum of the reference signal as follows [I§]

1 N
<S7‘7‘>N = N Z Srr(i) ) (7>
=1

yielding an improved signal to noise ratio as compared to each individual
autospectrum S, (theoretically a factor v/N) [19, [I8]. In combination with
the frequency response functions H,; for different locations i, the averaged
structural response function X; at each individual point ¢, can be estimated

as [18]:
Xi = Hri V <S’I‘T>N (8>

The ordinary coherence can be calculated as [20]



In the actual case of a multi-channel spectral analysis, it is advantageous
to compute the global coherence 9% which considers all measurements
simultaneously [19]:

,yglobal _ <7T151’L>N

<Si'>N

where (..) y denotes the average over all N measurement points. The thus de-
fined global coherence can be viewed as the ratio between the mean coherent
autospectrum by the mean raw autospectrum.

(10)

2.2.2. Calculation of the radiated sound power from vibration measurements.

In order to calculate the radiated sound power from the LDV measured
vibration data X;, i=1...N (Eq. , two approaches were used.

In the first approach the receiving room is assumed to be a semi-infinite
acoustic domain to which the vibrating baffled test wall is radiating in a
so-called Rayleigh integral model [21) 22] 23]. The acoustic pressure p (r,w)
at position r in the acoustic domain, caused by the vibrating surface, is
calculated as

: —kR
p(r,w):%//svn(rs,w)eR dsS (11)

where v, (rs,w) denotes the velocity in normal direction at position rg of
the vibrating surface (e.g. X; in Eq. , S denotes the area of the vibrating
structure, R is the distance between r and rg, p is the density of air, w
is the angular frequency of the plate vibration, ¢ is the speed of sound in
air, k = % is the wave number, and i is the imaginary number. Since the
normal component of the active acoustic intensity I along the surface S of a

vibrating test wall, is given by

I(rs,w) = %Re [p(rs,w) vy (rs,w)] (12)

where Re denotes the real part of a complex quantity and the asterisk de-
notes the complex conjugate, the total radiated active sound power P can
be obtained by

P = [[ 1rswas (13)

The computation of p(rg,w) involves a proper handling of the singularity
in Eq. when R = 0, which has been described in many text books (e.g.
[24]).



In an alternative approach, which takes into account the reverberant field
in the receiving room, one can make use of the Boundary Element Method
(BEM) [24] or the Finite Element Method (FEM) [25], by using the measured
wall surface velocities at the scanned grid points in a multiplexed boundary
condition. A discussion on the numerical efficiency of the BEM and FEM
models is given in section [4.2.4]

When modeling the acoustics of the receiving room, the damping mech-
anisms need to be accounted for. Basically two damping mechanisms occur.
It has been shown [26] for cases similar to the present one, that the effect
of damping due to viscosity and thermal conduction within the boundary
layers at the acoustic resonance peaks is less than 1 dB, and even smaller at
non-resonance frequencies. Damping effects occur also due to the absorption
by the receiving and source room walls and the test wall, and due to inter-
actions of the sound field with equipment (i.e. laservibrometer head, tripod,
laservibrometer controller and computer) standing in the room.

A pragmatic way of dealing with damping is to extract effective damping
parameter values from reverberation time measurements, and to incorporate
them in an effective complex wavenumber, or, equivalently, a complex sound
wave velocity:

c=cy(l+1if) (14)

where ¢q is the speed of sound. The ratio of the imaginary part of ¢ to its
real part, denoted by &, can be related to the reverberation time Ty by (see
Appendix A):

In(10%) 1.1
2wTeo  [Teo

3. Measurement set-up.

Experiments were performed in the transmission suite of the Laboratory
of Acoustics of KU Leuven, consisting of two transmission rooms of almost
identical shape, with a volume V of 88.78 m? each and a total interior surface
S of 121.15 m? each. The sending and receiving room are separated by a
slightly inclined test partition (see Fig. |4). The Schroeder frequency of the
rooms is approximately 350 [Hz.

Two building elements were measured, a lightweight double wall and a
gypsum block wall.

The lightweight double wall, consisted of two gypsum board plates, each
with a thickness of 15mm. The plates were separated by an air gap with a

10
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Figure 4: Dimensions of the transmission suite of the Laboratory of Acoustics of KU
Leuven. Dimensions are given in cm.

thickness of 75 mm, which was filled with mineral wool. The double wall
panel was supported by means of five vertically placed aluminum studs,
placed in between the two gypsum board panels, every 60cm.

The gypsum block wall consisted of gypsum blocks of dimensions 666 x
501 x 100 mm (thickness 100 mm), with a density of 930 kgm™3. The test
walls were excited by a sound field that was generated in the source room, by
two sound sources emitting random pink noise, 95 dB in each 1/3™ octave
band. Two sound sources were used to have higher levels of sound power
in the source room (resulting in a better signal to noise ratio, especially in
the receiving room), and to create a better diffusion in the source room.
The responses were measured by means of a scanning system, developed in-
house, which consists of a Polytec laser head OFV-505, a Polytec controller
OFV-5000, and a dual-axis scanning mirror system from Thorlabs. Pieces of
retro-reflecting tape were glued on the walls to increase the optical reflection
at the measurement points, as shown in Fig. [}l The lightweight double wall
was measured at both sides (i.e. at the source room and at the receiving
room side of the partition). The measurement grid consisted of two inter-
leaved rectangular grids; a grid of 9 x 9 and a grid of 8 x 8, making in
total 145 measurement positions. In order to retain the phase information
of the responses at different points, a reference signal was recorded simul-
taneously with the LDV signal. The reference signal was retrieved from an
accelerometer (Bruel&Kjaer type 4343 amplified with a Bruel&Kjaer charge
amplifier type 2635) which was placed at a fixed position on the test walls,
approximately 20 cm from the bottom edge of the sending-side of the test

11



(a) (b)

Figure 5: Test walls mounted in the transmission suite. (a) Lightweight double wall. (b)
Gypsum block wall.

walls.

For the gypsum block wall, a grid of 20 x 20 was scanned, making in
total 400 measurement points. The gypsum block wall was scanned at the
receiving room side only. Phase information of the responses at different
points was retained by measuring an accelerometer reference signal at the
same position as for the lightweight double wall.

The interleaving grid that was used on the lightweight double wall can be
considered as a normal rectangular grid (like was used on the gypsum block
wall), which is rotated 45 degrees. The only important factor for grids, is
the grid spacing. A courser grid limits the frequency range, whilst a more
dense grids allows vibrations with a higher spatial frequency to be captured
correctly. The grid spacing dz of the interleaved grid (measured diagonally
under an angle of 45 degrees) is 23 cm, whilst the grid spacing dz of the
rectangular grid is 16 cm. According to the Nyquist theorem, at least 2
samples per structural wavelength is required, meaning that the grid used
for the gypsum brick wall and the lightweight double wall will be capable of
capturing waves up to a wave number k = 7/dx =13 (m™'), k = n/dz =19
(m™1), respectively.

In order to quantitatively assess effects of room acoustics on the acoustic

12



(a)

Figure 6: Receiving room with absorbing material (Melamine foam) placed in the room.
(a) View on test-wall. (b) View on test facility wall.

field in the receiving room, for the gypsum block wall, LDV measurements
and sound pressure measurements were performed with and without absorb-
ing material in the receiving room. Large pieces of Melamine foam (253 x
133 x 5 cm?®) were placed against the walls of the receiving room (Fig. @ in
order to lower the reverberation time significantly.

4. Measurement results.

4.1. Measurement of structural response of the test walls.

In this section vibrational measurement results of the test walls are given,
from which conclusions can be drawn with respect to signal to noise ratio
issues (subsection [£.1.1), the influence of the acoustics of the receiving room
on the vibrational level of the test wall (subsection and the vibrational
behavior of the test walls (subsection [4.1.3).

4.1.1. Signal to noise ratio of laser Doppler measurements

The vibrations of the test walls were measured using the approach out-
lined in Sec. [2.2] obtaining 145 frequency response functions for the lightweight
double wall, and 400 frequency response functions for the gypsum block
wall, using a measurement record length of 20 s. This record length safely
complies with the rule of thumb that the measurement record length needs
to be longer than the (mechanical or acoustical) reverberation time of the
acousto-mechanical system involved [19]. The velocity power spectral den-
sity | X;| /v Af, computed according to Eq. |8, with a frequency resolution

13
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Figure 7: Velocity autopower spectra and global coherence. The dotted lines in the upper
graphs show the power level below which the coherence is low. (a) Autopower spectrum of
the lightweight wall, using a record length of 20 s. (b) Autopower spectrum of the gypsum
block wall, using a record length of 20 s. (c) Global coherence of the lightweight wall,
using different record lengths (20s, 3s, 1s, 0.4s); (d) Global coherence of the gypsum block
wall, using different record lengths (20s, 3s, 1s, 0.4s).

Af = 1/T = 0.05Hz, are shown in Fig. [7(a)[ and [7(b)| for the lightweight
double wall and for the gypsum block wall, respectively.

A limitation of laser Doppler vibrometry measurements is that the vi-
bration level of the test wall needs to be high enough. As compared to
for instance accelerometer measurements, LDV measurements suffer from a
reduced signal to noise ratio, as will be illustrated below.

The global coherence [19] given by Eq. [10] is shown in Fig. and Fig.
for the measurements on the lightweight double wall and on the gypsum
block wall, respectively. At frequencies where the power spectral density of

14
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Figure 8: Mean power spectral density of gypsum block wall velocity. Solid curve: Receiv-
ing room without added absorbing material; Dashed curve: Receiving room with Melamine
absorbing material added (for reverberation time with and without Melamine, see Fig.

the vibrational response is below approximately 1.5 - 107° ms~'Hz %% the
global coherence is dropping, indicating a low signal-to-noise-ratio for this
specific measurement device. Because the vibration level of the more heavy
gypsum block wall is significantly lower as compared to the lightweight double

wall (see Fig. and Fig. [7(b)]), the measurements on the lightweight
double wall have an overall much better coherence as compared to the gypsum

block wall.

The better coherence of measurements with a record length of 20 seconds
as compared to the measurements with a shorter record length (e.g. 3, 1
or 0.4 seconds, as shown in Fig. , is in accordance with earlier findings
[19, 27, 28] that the record length should preferably be equal or larger than
the reverberation time of the sending or receiving room (see Fig. for
the typical reverberation time of the rooms).

4.1.2. Invariability of the test wall vibration to changes in the acoustics of
the receiving room

Interestingly, putting absorbing material in the receiving room (see Fig.

for the measured reverberation time with and without absorbing ma-

terial) does not noticeably change the structural vibration behavior of the

gypsum block wall, as shown in Fig. [8 In the frequency range up to 100 Hz,

15
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Figure 9: Sound pressure levels in the rooms during the gypsum block wall measurements.
Solid lines: without absorbing material in the receiving room, dashed lines: with absorb-
ing material in the receiving room (for reverberation time with and without absorbing
material, see Fig. . (a) Mean sound pressure level in the source room and receiving
room. (b) Difference in sound pressure level between source room and receiving room.

the peak vibration levels of the gypsum block wall do not change more than
1 dB. At higher frequencies, the difference is somewhat larger. The reason
for this is that, for this experiment, the sound pressure levels in the receiving
room are 10 to 40 dB lower as compared to the sound pressure levels in the
source room, as shown in Fig. [9] The structural response of the test wall is
the combined response to acoustic excitation of the test wall from both the
sending and receiving rooms. However, due to the large difference in sound
pressure levels in the sending and receiving rooms, the exciting pressure in
the source room is dominant in comparison to the exciting pressure in the
receiving room. Even though changes of the room acoustics in the receiving
room do affect the sound pressure level in the receiving room (see Fig. ,

16



they only have a marginal effect on the structural response of the test wall.

4.1.3. Dynamic behavior of test walls

In Fig. and a number of structural resonance frequencies are
indicated for which snapshots of the operational deflection shapes are shown
in Fig. and Fig. [T1] respectively. Interestingly, for the lightweight double
wall (Fig. , both sides of the double wall panel vibrate synchronously. As
the thicknesses of the two panels are the same (in both cases 15mm), the
dynamic behavior of both panels are similar. For this reason, and because
of the aluminum studs which connect the two gypsum board panels, the two
panels vibrate synchronously, especially at low frequencies. For frequencies
of 73 Hz and above (see Fig. [10(f)]), the vibrations are less synchronized.
This is a result of structural uncertainties such as material properties, thick-
ness variations and local imperfections becoming more apparent when the
wavelength becomes shorter than the respective length scales.

According to the operational deflection shapes shown in Fig. [II], the
outer boundaries of the gypsum block wall appear to vibrate freely at t=0m,
r=3.27Tm and at y=2.98m, which are the 2 side edges and the top edge,
respectively. At one edge, y=0m, which is the bottom edge of the wall,
the vibration levels are near to zero for all modes shown. Obviously, the
weight of the wall and its connection at the bottom to the concrete walls
of the test facility, prevent this edge to vibrate. Note that in practice the
velocity is not measured exactly at the edge y=0m, but approximately lecm
higher, for practical reasons, which causes the measured vibration not to
vanish completely. The other edges of the gypsum block wall are free (with
a sealing between the gypsum block wall and the concrete walls of the test
facility to prevent acoustic leaks).

Thus it can be concluded that the LDV measurements have the additional
benefit in that it can identify the actual boundary conditions of a building
element. Since the actual boundary conditions of walls are highly relevant
for modeling and prediction, this can be useful.

Yet another additional benefit of LDV measurements is that the material
properties of the device under test (i.e. the wall) can be determined, using
dispersion analysis techniques. However, as this topic is not the focus of this
paper, the reader is referred to [29].

17



ARG5S N
< &L ""
oL ) S

<2
L IR 777X SN

velocity [m/s]
velocity [m/s]

144

oSS TN
OSSISSS

24

Ul
IHK g
‘3'01//’/[/'1";"‘(\

;; i‘\'fjlll

</
X
OS2
“[’:“\H

velocity [m/s]
velocity [m/s]

2T
%

ANk o v'»"lo“"’";f/f‘\\v
o\ i —_— J v Y4
£ & \ ) =1 SRR A ,¢ S ’ Y, N
g 3 -0.01 ‘/
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4.2. Sound power determination
For both test walls, the lightweight double wall and the gypsum block
wall, the radiated sound power was determined in the classical way (Sec.

4.2.1)) and by means of LDV (Sec. 4.2.2)).
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Figure 12: Sound pressure levels, averaged over 8 measurement positions in the receiving
room, in 1/24*" octave bands. (a) Lightweight wall; (b) Gypsum block wall.

4.2.1. Determination of radiated sound power by microphone measurements.

The sound power radiated by the two test walls were determined by the
classical methodology as outlined in Sec. 2.1} Sound pressure measurements
were carried out at 8 uniformly spaced positions in the receiving room in
1/24™" octave bands, using a steady state pink noise acoustic excitation in
the source room. The measurement results are shown in Fig. [I2] The peaks
in the measured sound pressure level are caused by structural resonances of
the panel and acoustic resonances of the receiving room, as will be discussed
in Section (Fig. . Fig. shows that amongst the 8 microphone
positions, the standard deviation of the measured sound pressure level is
rather high, especially at low frequencies. For instance, for the lightweight
double wall measurements, the standard deviation o is about 10dB in the
frequency range up to 80 Hz, and for the gypsum block wall measurements
even up to 15 dB. At frequencies above 500 Hz, the standard deviation drops
to 1dB or less. This observation on the standard deviation at low frequencies
complies with literature (see the end of this section for a short discussion and
references).
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Figure 13: Measured reverberation time, in octave bands. Standard deviation o indicated
by error bars. (a) Thg, T2o and T5p of receiving room for the lightweight wall measurements;
(b) Tip and To of receiving room for the gypsum block wall measurements, with and
without Melamine absorption material.

The measurement of the reverberation time Tyy of the receiving room
was performed by impulse response measurements using an omni-directional
point source B&K 4295 and an omni-directional microphone B&K 2642 on
19 receiver position, regularly distributed in the room following a grid of 80
x 80 cm. The measurements were performed using an exponential sweep
signal (20-20 000 Hz), 11 seconds long. Reverberation time (739, T3 and
T3p) was calculated from the measured room impulse responses (ISO 3282
[30]). Fits with a cross-correlation coefficient larger than 0.995 were used to
determine the reverberation time and the standard deviation o. Fits with a
cross-correlation coefficient smaller than 0.995 were discarded.

Fig. shows the frequency dependent reverberation time in the room.
Separate reverberation time measurements were performed in the receiving
room for the lightweight double wall mounted in the test opening, and the
gypsum block wall mounted in the test opening. This was done in order to
account for possible effects of the finishing of the test walls on the reverbera-
tion time in the receiving room. Some small differences in the reverberation
time can indeed be seen.

At low frequencies, the slopes of the Schroeder curves are, unfortunately,
significantly time-dependent due to an insufficient number of room modes at
low frequencies, resulting in very different results for Ty at one hand, and

Ty and T3y on the other hand (see Fig. [13(a))).
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Figure 14: Active sound power level determined by classical methodology (based upon
sound pressure and RT measurements, employing Eq. . (a) Lightweight wall; (b) Gyp-
sum block wall.

Using the estimates of the reverberation time (Fig. and the mea-
sured sound pressure levels (Fig. 7 the radiated sound power levels for
the lightweight double wall and the gypsum block wall were calculated by
means of Eq. [ and shown in Fig. [[4] The uncertainty in the reverberation
time only marginally influences the computed sound power levels, with vari-
ations less than 0.3 dB when comparing T5y and T3p-based estimates, and a
maximum of 4 dB when comparing 779 and T5y-based estimates.

It is well known that the uncertainty in the reverberation time at low
frequencies, together with the standard deviation of the sound pressure mea-
surements (with standard deviations up to 15 dB in the measurements pre-
sented in this work), results in a high uncertainty in the radiated sound power
level estimates using the standardized approach [, [, [10].

In addition to the uncertainties that result from the limitations of the
measurement technique, also the modal behavior of the receiving room cre-
ates an additional uncertainty. This uncertainty is related to changes in the
receiving room dimensions (amongst different test facilities) and changes in
the dynamics of the test wall [6l 5] 4 [3].

The large uncertainty due to both measurement limitations and modal
effects of the receiving room was our main incentive to apply the more ro-
bust, complementary LDV+Rayleigh approach for characterizing the sound
insulation of building elements in the frequency range below 100Hz, which
does not suffer from both types of uncertainties.
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Figure 15: Radiated active sound power levels of the lightweight wall depicted in a spec-
trum with high resolution (A f=0.05Hz). Solid blue curve: BEM, damping parameter £

based on T5y. Dashed green curve: Rayleigh-integral. Dashed-dotted red curve: Spatially
averaged velocity of test panel.

4.2.2. Determination of radiated sound power by Laser Doppler vibrometry

In this section the determination of the radiated sound power by means
of LDV is discussed. For brevity, emphasis is put on a discussion of the
narrow band computed sound power for the lightweight double wall, in this

subsection. In Sec. the 1/24" octave band results will be discussed for
both test panels.

The radiated sound power was calculated from LDV measurement data,
as discussed in Sec. , using BEM/FEM simulations and a Rayleigh inte-
gral approach. In particular, Eq. [13|is used to compute the active part of the
radiated sound power. BEM simulations were performed for the lightweight
double wall case, with a frequency resolution of 0.05 Hz (corresponding to the
frequency resolution at which the LDV measurements were performed). This
frequency resolution was more than sufficient to accurately capture the struc-
tural and acoustic resonances. Results of the BEM simulations are shown
in Fig. In the simulations a complex speed of sound was used, using &
values (see Eq. based on the reverberation time measurements shown
in Fig. The values of the damping parameter £ for the lightweight
wall are shown in Fig. (Appendix A). The narrowband estimates of
the radiated active sound power which is based upon the Rayleigh integral,
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Figure 16: Acoustic eigenmodes of the receiving room, calculated by means of a FEM
model. Red and blue colors denote a positive and negative pressure, respectively. The
bulge on the front left of each plot corresponds with the location of the test panel. (a)
34.0 Hz; (b) 39.1 Hz; (c) 41.8 Hz; (d) 53.4 Hz; (e) 58.1 Hz; (f) 66.9 Hz.
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Figure 17: Radiated active sound power levels of the lightweight wall depicted in a spec-
trum with high resolution (Af=0.05Hz) for different width dimensions of the receiving
room. Solid curve: standard dimensions receiving room. Dashed red curve: width de-
creased by 2.5%. Dash-dotted green curves: width increased by 2.5%.

employing Eq. and the spatially averaged vibration spectrum of the test
wall, are shown in Fig. as well.

The differences in the sound power levels as estimated by the Rayleigh
integral and BEM approach, clearly quantify the influence of the transmission
suite due to modal effects of the receiving room. For instance, at a frequency
of 66.8 Hz, the BEM-model estimates a rather sharp peak in the sound
power level, whilst the Rayleigh-integral does not show a peak. Many other
examples of this situation can be found, e.g. at 33.5 Hz, 39.1 Hz, 41.2 Hz,
53.1 Hz, 57.7 Hz, 78.6 Hz, 82.8 Hz and 92.2 Hz, indicated in Fig. [I5] by means
of vertical dotted lines (in blue color). All these frequencies correspond to
acoustic resonance frequencies of the receiving room. The eigenmodes of the
receiving room up to 70 Hz, as calculated by means of a FEM model, are
presented in Fig.

The active sound power that is radiated by the building element into the
receiving room is larger at acoustic resonances of the receiving room. This
is due to the fact that the acoustic impedance that is felt by the vibrating
wall is much larger at acoustic resonance frequencies of the receiving room
as compared to non-resonant frequencies. This causes the radiated active
sound power of a panel to be dependent on the dimensions of the receiving
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room.

To study this effect in more detail, additional simulations were performed
to calculate the radiated active sound power for different dimensions of the
receiving room. Considering the eigenmodes of the receiving room (Fig. ,
it can be expected that the resonance frequency of the 53.4 Hz and 66.9 Hz
acoustic resonances (Fig. and Fig. , respectively) will be shifted
to higher (lower) frequencies when reducing (increasing) the width of the
room. Indeed, a 2.5% reduction (increase) of the width of the receiving room
gives a shift of these resonance frequencies. It can also be seen that at these
(shifted) resonance frequencies the radiated active sound power increases (see
Fig. . This study confirms that the active sound power that is radiated
by the building element into the receiving room is larger at the acoustic
resonances of the receiving room, and that this increase shifts in frequency
when the acoustic resonances of the receiving room are changed as a result
of a change in room dimensions.
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Figure 18: Radiated active sound power levels of the lightweight wall depicted in a spec-
trum with high resolution (A f=0.05Hz) for different values of the damping parameter &..
Solid black curve: BEM, calculation of damping parameter £ based on Thy. Solid gray
curve: BEM, damping parameter ¢ multiplied by factor 2. Solid light gray curve: BEM,
damping parameter ¢ multiplied by factor 10. Dashed green curve: Rayleigh-integral.

Additional simulations were also performed to investigate the effect of
absorption in the receiving room. The results, shown in Fig. indicate
that the larger the absorption, the lower the radiated active sound power at
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the acoustic resonance frequency of the receiving room, but the higher the
radiated active sound power at non-resonant frequencies. From this figure it
can also be seen that when increasing the sound absorption in the receiving
room, the radiated active sound power converges to the free field case, as is
simulated by the Rayleigh integral (dashed green curve in Fig. .

The structural resonances, as shown in Fig. [10, are indicated in Fig.
by means of vertical dotted lines (in red color). At the structural eigen-
frequencies, both the radiated sound power as estimated by the Rayleigh
integral (or the BEM method) and the spatial averaged velocity of the test
panel show high responses.

Depending upon the coupling of structural panel modes and acoustic
modes of the receiving room, the active sound power radiated by the test
panel is significantly influenced. At low frequencies (in this study below
100 Hz), the radiated active sound power tends to increase at the acoustic
resonance frequencies of the receiving room, while the radiated active sound
power decreases at non-resonant frequencies, as compared to the free-field
radiation (calculated by means of the Rayleigh integral). An interesting
way to exclude the effect of the acoustic modes of the receiving room is to
calculate the radiated active sound power by means of a Rayleigh integral.
This possibility makes the LDV approach a unique tool to determine the
intrinsic sound transmission and insulation behavior of building elements,
without being hampered by room acoustical effects.

4.2.3. Comparison of laser Doppler vibrometry based sound power levels and
conventionally determined sound power levels.

In Fig. the measured active sound power spectrum of the lightweight
double wall, according to ISO 3741:2010, is compared with numerical esti-
mates based upon the laser Doppler based approach. Both estimates based
upon the Rayleigh integral (assuming free field radiation) and BEM are
shown. For the computation of the active sound power levels by means of the
BEM, the measured reverberation time 759 was used for the determination
of the imaginary part of the speed of sound, as discussed in Sec 2.2.2] For
the classical ISO 3741 approach Ty, was used as well. Reverberation time
determined from an interval of 20 or 30 dB were reported to be the most ap-
propriate [31]. The correspondence between the LDV-BEM-based estimate
for the lightweight double wall and the classical ISO complying estimate is
reasonably good.

In Fig. the measured active sound power level of the gypsum block
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Figure 19: Active sound power estimates, in 1/24*" octave bands. Solid curve: Sound

power level determined by classical methodologies (based upon sound pressure and RT
measurements). Dashed curve: Sound power level determined by BEM/FEM simulations,
using LDV measurement data and room acoustic damping based upon Ty measurements.
Dash-dotted curve: Sound power level determined by Rayleigh integral, using LDV mea-
surement data. Dotted curves: background noise level. (a) Lightweight wall (BEM); (b)
Gypsum block wall (FEM).

wall, according to ISO 3741:2010, is compared to the numerical estimates
based upon the laser Doppler based approach. Again, the measured rever-
beration time 75, was used for the classical approach. In this case a FEM
model was used for the LDV-approach. The dissipation in the room was
modeled by means of a complex speed of sound, as was done for the BEM
model also, determining the imaginary part of the speed of sound from the
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measured reverberation time Ty, as discussed in Sec [2.2.2]

Also in this case the correspondence between the FEM-based estimate for
the gypsum block wall and the classical ISO complying estimate is reason-
ably good. The Rayleigh-based approach gives much lower estimates of the
radiated active sound power at frequencies which correspond to the acoustic
resonances of the receiving room. This confirms earlier conclusions in this
paper that, at low frequencies, the radiated active sound power increases at
the acoustic resonance frequencies of the receiving room, as compared to the
free-field radiation (calculated by means of the Rayleigh integral).

For frequencies above 250 Hz, all estimates are converging. At these
frequencies a sufficient number of acoustic modes are present in each 1/24"
octave band, which makes the acoustic field diffuse, and the influence of the
room acoustics of the receiving mode small.

4.2.4. Numerical efficiency considerations

For the gypsum block wall, a FEM model of the receiving room was
used consisting of approximately 220000 elements (about 90% tetrahedral
and 10% triangular) and 300000 nodes (thus also about 300000 degrees of
freedom). The radiated sound power was computed from 0.98 Hz up to 343
Hz, in steps of 0.49 Hz, 700 frequencies in total. The computation time on a
3.4GHz Intel i7 computer was about 38 hours, requiring about 9 GBytes of
physical memory.

For the lightweight double wall case, BEM simulations were performed.
The model consisted of approximately 2200 triangular elements and 1100
nodes (thus also about 1100 degrees of freedom). The radiated sound power
was computed from 30 Hz up to 80 Hz, in steps of 0.05 Hz, 1001 frequencies
in total. The computation time on a 3.0GHz Intel Pentium computer was
about 3 hours, requiring about 200 MBytes of physical memory.

It should be noted, however, that the mesh of the BEM model of the
lightweight double wall was sufficiently fine to compute results up to about
90 Hz, whilst the FEM model of the gypsum block wall was sufficiently fine
up to a frequency of about 400 Hz.

The evaluation of the Rayleigh integral for the gypsum block wall (from
0.98 Hz up to 343 Hz, in steps of 0.49 Hz, 700 frequencies in total) took about
15 minutes on 3.0GHz Intel Pentium computer, requiring about 50 MBytes
of physical memory. For the lightweight double wall (from 30 Hz up to 80
Hz, in steps of 0.05 Hz, 1001 frequencies in total), it took about 20 minutes,
and about 60 MBytes of physical memory.
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The BEM is computationally faster than FEM for this type of problem, as
the number of degrees of freedom is significantly smaller (but the population
of the system matrix is larger). The Rayleigh integral approach is by far the
cheapest way to compute the radiated acoustic power.

5. Conclusion.

It was shown that the active sound power radiated by a vibrating wall
at low frequencies can be determined without the influence of the acoustic
modes of the receiving room of a transmission suite, using laser Doppler
vibrometry (LDV). The radiated active sound power was calculated from
the measurement data by means a Rayleigh integral. The methodology was
demonstrated for two test walls, a lightweight double wall and a gypsum
block wall.

Besides estimating the radiated active sound power by means of a Rayleigh
integral approach, a Finite Element model (FEM) and Boundary Element
model (BEM) were also used. The FEM/BEM approaches take into account
the acoustic properties of the receiving room, which results in a deeper insight
into the effects of standing waves in a non-diffuse sound field on the sound
power radiated by the panel. Comparing the BEM-based estimates of the
radiated active sound power to the Rayleigh-based estimates, it was shown
that, depending upon the coupling of structural panel modes and acoustic
modes of the receiving room, the active sound power radiated by the test
panel can be significantly influenced. The radiated active sound power of the
BEM-based estimate increases at the acoustic resonance frequencies of the
receiving room by more than 10 dB, whilst it decreases at non-resonant fre-
quencies, as compared to the free-field radiation (calculated by means of the
Rayleigh integral). This is due to the fact that the acoustic impedance that
is felt by the vibrating wall is much larger at acoustic resonance frequencies
of the receiving room as compared to non-resonant frequencies.

A crucial advantage of the LDV approach is that, by making use of a
Rayleigh integral, the intrinsic sound transmission properties of a building
element are obtained, independently of the particular properties of the test fa-
cility. In addition, uncertainties in the microphone based approaches caused
by the spatially varying sound pressure levels at low frequencies as a result
of the non-diffuse sound fields in the receiving room, were not encountered
when using the LDV approach combined with the Rayleigh integral.
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The proposed methodology is complementary to the standardized, mi-
crophone based methodologies to determine the radiated sound power. The
standardized methodology produces reliable estimates of the radiated active
sound power at the higher frequencies, where the sound fields of the sending
and receiving rooms are diffuse and where modal effects on the radiated active
sound power averages out across the frequency bands. The LDV approach
combined with the Rayleigh integral offers an alternative measurement tool
for the lower frequencies, which does not suffer from the mentioned uncer-
tainties.

Once having determined the intrinsic sound transmission properties of a
building element by means of LDV, the acoustic radiation into any virtual
room can numerically be computed by means of a suitable model (e.g. a
FEM or a BEM model), to take into account the room acoustic effects of a
particular application.

LDV measurements have the additional benefit in that it can identify the
actual boundary conditions of a building element, which can be useful for
modeling and prediction.

In order to cope with modal effects in the receiving room, which are not
avoided by the present methodology, once can make use of a 2D loudspeaker
array, combined with a feedback loop from multiple microphones in the source
room. By controlling the incident sound field at the element boundary, a flat
and spatially uniform excitation spectrum, which is not affected by the send-
ing room modes, can be created (see e.g. Bravo et al. [34]). In combination
with the receiving room independent laser vibrometry approach, the genuine
sound reduction index R of the building element can be determined, without
the disruptive effects of the room acoustics of source and receiving rooms at
low frequencies.
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Appendix A. Relation between the reverberation time and damp-
ing descriptors.

For systems characterized by an exponentially decaying impulse response,
with decay time 7, the decay of the vibrational energy of the mechanical
system is often described in terms of the loss factor n:

E(t) = Ege™™7T (A1)

where nw = I is the decay constant. Cremer, Heckl and Ungar ([32], section
[11.4) proposed a relation between the loss factor n of a structure, and its
reverberation time Ty, Where Ty 18 the time required for the structure
to dissipate its vibrational energy to one millionth of its initial value, as in
room acoustics:

6
_ In (10°) ~ 2.2 (A.2)

WTstruct fTstruct
AS Tyiruet 1s the time required for the structure to dissipate its vibrational
energy to one millionth of its initial value, it is clear that e™Zstruct =105,
from which Eq. can be derived. The incorporation of a complex speed

of sound results in a complex wavenumber k

w w w T
b=t e e s ORS00 (A

According to the modal theory of sound in enclosures (see [26], or for a basic
introduction see [33]), the sound pressure evolution inside a rectangular room
after a source emitting a pure tone is switched off can be described by

p(z,y,2,w) = Z Apun (3, Y, 2,w) e¥1mnte=Cimn®imnt (A.4)

Imn

where Ay, (7,9, 2) is the amplitude of a given mode at a certain frequency
and location (z,vy, z), given by

Bincos (kyx) cos (kyy) cos (k,2)
[(w/wlmn - Wlmn/w>2 + (1/€lmn)2]

Ax,y, z,w) = (A.5)

1/2

The indices [, m, and n denote the number of maxima of the normal modes in
xr—, y—, and z— directions, respectively. The constant By,,, depends on the
mode shape and the location of the source and its properties. Assuming that
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one mode is dominant in the frequency range around its natural frequency,
the evolution of the energy E(t) can be described as:

E () o< |Appan (2, y, 2, w)|* e~ 2mn@imnt (A.6)

The acoustic reverberation time Tgq is thus related to the ratio of the imag-
inary part over the real part of the speed of sound, &, as follows:

E (t = Tg)
E(t=0)

_ 6_2€lmnwlm'nT60 — 10_6 (A?)

so that
ln(106) N 1.1

2wTeo  fTeo

Note the subtle difference by a factor 2 in the equation for n and &, given in
Eq. and Eq. [A.§] respectively.

A fully accurate characterization of damping requires specifying the damp-
ing constant for each mode separately and calculating the resulting sound
field as a combination of all modes. In this work, although mode-independent
damping was assumed, i.e. £=&,,,, frequency dependence was included via
damping parameter &.

Figure shows the values for ¢ as function of frequency that result
from the measured Ty reverberation time, for the lightweight wall case stud-
ied in this paper.

(A.8)

glmn -
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