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In Situ Detection of Leakages
in Partition Elements through

SONAH and Beamforming
Techniques
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Abstract

Airborne sound insulation in buildings, whether in fixed partition elements, like
partitions or party walls, or mobile elements, like doors or screens, is always related
to the performance of the weakest element involved. In situ assessment of airborne
sound insulation in building elements can be carried out by pressure techniques or
sound intensity techniques. Sound pressure techniques are very quick but fail to
discriminate the sound insulation contribution of each building element involved.
Sound intensity techniques, on the other hand, allow to determine the sound
transmission of each element and also to discriminate indirect transmissions up to a
certain degree. In order to find areas with high sound transmission, such as leakages
or weakened regions, a large number of measurements on the building element
surface have to be performed. Moreover, the sound intensity technique is very time-
consuming, because it is necessary to carry out the measurement in each grid point
defined. This chapter describes the use of beamforming and SONAH techniques
to detect areas with lower airborne sound insulation in a building element. These
techniques unify the advantages of both, pressure and sound intensity techniques,
allowing the quick visualization of leakages or weakened areas of different building
elements.

Keywords: building, insulation, leakage, SONAH, beamforming

1. Introduction

Standard in situ methods to obtain airborne sound insulation in building ele-
ments are based on sound pressure measurements (ISO 16283-1) [1] and on sound
intensity measurements (ISO 15186-2) [2].

The method described in ISO 16283-1 [1] states that the acoustic field generated
at the emitting room must be diffuse, stationary, and spectrally flat, at least for the
frequency range under consideration (100-3150 Hz). Acoustic field and reverbera-
tion time measurements are averaged in space and time to ensure low statistical

spread.
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The apparent sound reduction index (R’) is one of the parameters used to
express the acoustic behavior, and it stems from Eq. (1):

R [dB] = L;- L;+10logs (1)
Alm?] - 0';6‘/ (2)

where

* L, [dB] is the average sound pressure level at the emitting room.

L, [dB] is the average sound pressure level at the receiving room.

S [m?] is the total surface of the common partition element between both rooms.

A [m”] is the equivalent acoustic absorption area at the receiving room. It is
obtained using the Sabine Eq. (2).

V [m?] is the volume of the receiving room.
* T [s] is the reverberation time in the receiving room.

The main difference in the measurement procedure ISO-15186-2 [2] regarding
to ISO 16283-1 [1] is that reverberation time measurement is not required, and in
the receiving room, the measured parameter is the acoustic intensity normal to the
surface of the partition element being assessed, whether by scanning or by grid
techniques, depending on the resolution required. In this case, the acoustic behavior
is defined by the apparent sound reduction index by intensimetry R’, which is
different from the index obtained by acoustic pressure and is calculated according

to Eq. (3):
RildB] = |L,-6+10 logsio] - [m+ 10 log‘z—f (3)
where

* L, [dB] is the average noise pressure level at the emitting room.

¢ S [m?] is the surface of the partition element under study.

Ly, [dB] is the average sound intensity level, normal to the measuring surface/s in
the receiving room.

SM [m?] is the total surface of the measuring surface/s.

SO (1 m?) is the reference surface.

The procedure described in ISO-15186-2 [2] provides a partial assessment of the
sound insulation of each surface present in the partition element. Nevertheless, the
final evaluation of the acoustic behavior depends strongly on the resolution defined
throughout the measurement procedure and is closely related to a high density of
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measuring points. The validity range of this technique is determined through the
calculation and the monitoring of the so-called field indicators (F,, F3, F4) accord-
ing to ISO 9614-1 [3], which allow to ascertain whether the acoustic intensity
measurement conditions fulfill or not the minimal requirements.

After the examination of the measurement procedures, it is noticed that the
main advantages of the pressure method [1] are its standardization and the reduced
time required to take the measurement; its main disadvantages are the incapability
of detecting leaks and areas with a poor insulation level, and, additionally, it does
not reject the possible indirect transmissions. On the contrary, the technique based
on intensity measurements [2], identifies leakages or weakened areas; its resolution,
however, depends on the density of points of the measuring grid and hence, on the
measuring time for each test. In order to achieve intensity data with high resolution
in terms of space and frequency, a highly dense (every 5-10 cm) point grid must be
designed, which leads to long measuring times.

A new measurement procedure is proposed to unify the advantages of both
methods mentioned above: quickness and detection of leaks. This new procedure is
based on beamforming and accompanied by SONAH; its main aim is the identifica-
tion of the areas with weak insulation in one shot measurement [4].

Beamforming is performed, in its simplest approach, through the delay-and-sum
algorithm, which consist of the sum of the delayed signals from the array micro-
phones with different delays in order to put all the signals in phase. With this, the
signal of interest is reinforced against the noise and other signals propagating in
other directions [5].

In the statistically optimal near-field acoustic holography (SONAH) method
[6], the acoustic quantities on a mapping surface near the measurement surface are
calculated by using a transfer matrix defined in such a way that all the propagating
waves and a weighted set of evanescent waves are projected with optimal average
accuracy. The main advantage of SONAH is the fact that it does not use the discrete
spatial Fourier transform used in the classical NAH procedure. Therefore, undesir-
able spatial leakage effects are avoided [7].

SONAH [6] and beamforming [8] techniques use a measurement system based
on specially designed geometrical configurations of microphone arrays [9], which
help to understand the acoustic field at a given distance from the acoustic source,
using various signal processing algorithms. These techniques are mainly used to
locate acoustic sources [10].

Besides the different array geometries [11] and algorithms [5] used, the main
differences in practical applications between SONAH and beamforming techniques
reside in:

* The distance between the array and the acoustic field—SONAH technique
requires near-field measurements close to the surface [6], whereas beamform-
ing technique does the measurements in the far field [12].

* In the covered surface of study.
* In the use of references, which are mandatory in SONAH.

Using only one of these two methods—beamforming or SONAH—would
not suffice to cover the whole frequency range of interest (100-3150 Hz), since
beamforming shows poor resolution in low-frequency range and SONAH requires
a large number of microphones to attain good resolutions at high frequency [13].
Therefore, a combination of both methods can be applied throughout the desired
range.
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2. Methodology

All the recommendations laid down in measurements based on pressure [1]
and intensity [2] standards have been interrelated regarding the execution of the
beamforming and SONAH measurements.

In the emitting room, two omnidirectional sound sources, one placed close to a
corner generating white noise and the other one in the center of the room generat-
ing pink noise, are independently triggered and equalized to generate an acoustic
field diffuse, stationary, and spectrally flat (90-95 dB approx.) with no tonalities
over the desired frequency range.

At the receiving room measurement positions are defined based on the features
of the surface under study, the instrumentation, and the technique used.

Beamforming technique states that the measuring distance between the array
and the source, to cover the whole area of interest at the partition element, must be
the minimum value required according to Eq. (4) [14]:

L=115 (4)
where
* z [m] is the measuring distance.
* L [m] is the length of the sound source.
Nevertheless, the bigger the distance of Beamforming measurement is, the lower

the resolution will be, and therefore, the more difficult will be to locate the maxi-
mum sound radiation areas. The resolution can be calculated according to Eq. (5):

R-= 1.22(%)x (5)
where
e R [m] is the resolution.
c[¥] .
A [m] = FlHz] is the wavelength.

* D [m] is the array diameter.

Taking this into account, in the measurements, distances from the partition
element should be chosen in such a way that the array can be placed at a distance
that allows to fully cover the surface under study, carefully combining the values for
calculation distance, covered surface, and expected resolution.

When the measurements have been taken, to process the data, the calculation
points are defined over a flat grid. This grid should have an x/y axis spacing as dense
as possible in order to allow an accurate identification of leaks, fissures, or sealing
defects.

Once defined the calculation grid, the simplest algorithm that can be used is the
delay-and-sum one. With this algorithm, it is possible to define the minimum work-
ing frequency for a 30° opening angle as [12].

fmm(300) :% (6)
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with
* ¢ the speed of sound (344 m/s)
* D [m] the array diameter

The highest frequency is defined according to the sidelobe level as

Fuas(307) = 411, @)

being fr [Hz] the sidelobe threshold frequency [12].

The frequency range obtained can be used for the case of the beamforming
delay-and-sum algorithm and could be increased if other algorithms (such as mini-
mum variance or Capon [15], clean-SC [16], DAMAS [17], beamforming through
using eigenvalues and eigenvectors [18], MUSIC [19], or orthogonal beamforming
[20]) are used.

In the case of SONAH measurements, the instrumentation setup is configured to
carry out the measurements in the near field. The calculation grid is limited by the
array dimensions (although we can take more measurements to synthesize a larger
grid [21]). Depending on the array dimensions and the possibility of synthesizing a
large grid, the measurements can be performed in two manners:

* Over the whole partition element

e Over smaller characteristic areas, made with different materials, where there
might be suspicions fissures or leakages

The use of references is compulsory in SONAH. They are selected according
to the features of the sound field at the receiver (microphone references) [22] or
to the vibration level at the partition elements (accelerometer references) [14],
which could be related to sound insulation by the pressure and intensity calcula-
tions obtained by these techniques.

For SONAH measurements, the working frequency range is determined by

Fnin [Hz] = AL (8)
and

Somax [Hz] = ﬁ )
where

* cisthe speed of sound (344 m/s).
* dx [m] is the average spacing between array microphone positions.
* D [m] is the diameter of the array.

Once the array-based measurements are performed and processed, results are
displayed in color maps where the areas of the studied surface with higher pressure
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or intensity levels can be identified. These areas, therefore, corresponding to leaks,
fissures, or sealing defects, are those with higher sound transmission.

2.1 Practical application of the method

An applied experiment has been carried out to check the correctness, valid-
ity, and practicability of this new methodology to quickly detect in situ acoustic
leakages.

Specifically, in situ measurements were performed through multiple testing of
various partition elements present in different buildings. Partition elements were
chosen as a broad sample of the most common elements in use, both by their typol-
ogy and materials [23]. Eight different partition elements were selected to validate
the method, such as laminated plasterboard wall and different kinds of homoge-
neous or heterogeneous doors made of metal, wood, or glass. The assessment of
those doors considered their placement onto either a plasterboard system partition
element or a normal brick wall, with better sound insulation properties than the
door itself; in all cases, walls with minimum indirect transmission conditions were
selected (i.e., surrounding walls with heavy elements and T junctions, without
ventilation grids nor cabling boxes) [24]. Figure 1 displays all the partition elements
under study. Table 1 summarizes the main features of the performed tests, where

¢ Ve [m®] and Vr [m?] are the volume of emitting and receiving rooms,
respectively.

o Sse [m?] and Ssr [m?] are the floor surface of emitting and receiving rooms,
respectively.

e ST [m?] is the total surface of partition element or common compartmentaliza-
tion element.

To perform beamforming and SONAH measurements, an 18-microphone slice
wheel array (Figure 2) was used. Ten-second time signals were recorded with the
array linked to a data acquisition system with a sample frequency of 65,536 Hz [25]
governed by a computer.

In the beamforming measurements performed, the distances varied between 2
and 5 m from the partition element. Figure 3 shows the beamforming layout used to
carry out the measurements.

To process the data, the delay-and-sum algorithm was used over a flat grid with
a maximum x/y axis spacing of 0.05 m. With this algorithm and an array diameter
of 35 cm, the minimum working frequency would be about 1 kHz, according to
Eq. (6). Moreover, defining a threshold r - -8as, as it is established by the manu-
facturer of the array for the delay-and-sum algorithm, and taking into account the
array characteristics, applying Eq. (7), a £,,x(30°) about 6143 Hz is obtained [26].
Taking this into account, the frequency range was defined from the third octave
band centered on 1 kHz to the one centered on 5 kHz.

In SONAH measurements, since the array is 35 cm in diameter, they were per-
formed at a distance on 10 cm on areas where fissures could be observed, which can
be those characteristic areas of the door made with different materials or because
they had some particularities. Figure 4 shows the SONAH layout used to carry out
the measurements.

To process the data, a flat grid with a maximum x/y axis spacing of 0.01 m
was used. As the average spacing between measurement points is 0.073 mand D
is 0.35 m, and applying Egs. (8) and (9), the minimum working frequency would
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Id.7 1d.8

Figure 1.
Photographs of partition elements under study (descriptions of each Id. included in Table 1).

be 123 Hz and the maximum working frequency 2353 Hz [26]. Taking this into
account, the measurements were taken from the third octave band centered on
160 Hz to the one centered on 1600 Hz.

Both beamforming and SONAH tests were post-processed considering also the
option of including reference signals. In this way, five reference signals were used:
two vibrating signals and three sound pressure signals. Since some partition ele-
ments are made of two different materials, it was decided to place an accelerometer
centered on the surface of each material and three microphones in the array plane
along a diagonal line across the assessed surface [27]: top left, center, and bottom
right. Figures 3 and 4 show the reference configuration in each case.
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Emitter Receiver Surface R’,, [dB]
ISO
Id. Description Ve Sse Vr Ssr ST [m’] 16283-1
m’] [’  [w’]  [m]
1 Plasterboard wall 519 181 219 75 16.7 35
2 Glass door 98 33 244 85 53 18
3 Anti-panic door 246 91 124 39 11.9 24
4 Wood door-2 67 25 144 54 12.7 28
5 Metal door 114 48 200 213 119 23
6 Wood door 200 80 350 546 15.0 26
7 Metal door with glass spyhole 204 82 280 62 8.0 21
8 Wood door with glass window 421 145 170 60 85 19
Table 1.
Features of testing environment.
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Figure 2.

Left, 18-microphone slice wheel arvay. Right, microphone positions (dimensions are given in meters).

The post-processed calculations with the reference signals were as follow:

» Without reference signals in the calculations (only in the beamforming case)

* Reference with the central microphone of the array

* Reference with three ¥2” microphones in the array plane along a diagonal line

across the assessed surface: top left, center, and bottom right

* One accelerometer at the surface center in homogeneous elements or two
accelerometers centered on the center of each material/surface for elements
made of two different materials (e.g., wooden door with glass window—for

instance Figure 1, Id. 8).

The best results were obtained in beamforming measurements without using
references at all and using the central microphone of the array or accelerometers

located in areas with different materials in SONAH measurements.
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Figure 3.
Example of the beamforming measurement layout.

As the amount of data collected is very large, only the results for the base parti-
tion element and a typical and representative example for one of the doors (anti-
panic door, Figure 1; Id. 3) are exposed. The remaining elements under study were
treated in a similar way.

In order to compare the results obtained with those from a standardized tech-
nique, the partition elements under test were also measured using the intensity
standard described in ISO 15186-2 [2]. The configuration of the emitting room was
the same than in the array-based measurements. In the receiving room, measure-
ment grids with at least one point every 30 cm in horizontal and 40 cm in vertical
were defined, carrying out two measurement sequences and averaging in each
measurement point the intensity obtained for both measurements. Twenty-second
measurements were taken in each measurement point using the 12-mm separator,
which make possible the measure in a frequency range from the third octave band
centered on 200 Hz to the one centered on 5 kHz. Moreover, the calculation of field
indicators (F,, F3, F,) according to ISO 9614-1 [3] was performed to evaluate the
accuracy of the measurements. Favorable results were obtained for the engineering
degree of accuracy in all the cases.

The base partition element consists of a laminated plasterboard wall built on
metal profiles. Even though there are other eligible elements such as brick or plaster
walls, the laminated plasterboard wall is proposed as a base reference due to the
extensive bibliography available for such element [28]. In addition, this element is
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Figure 4.
Example of the SONAH measurement layout.

frequently used either independently or combined with doors as partition solutions,
forming vertical walls between rooms.

Figure 5 shows the results through intensity and beamforming for the whole
wall and through SONAH in three points of the wall in the third octave band. It can
be observed, in the three images, that the wall is homogeneous separating element
without leaks and, as a consequence, the intensity and pressure maps are uniform
over all the surface of the element without leakages or fissures.

In the case of the anti-panic door, Figure 6 shows the results obtained. Figure 6(a)
shows the graphical results obtained from the sound intensity measurements (the
upper-left point should not be considered because a measurement error took place).
Analyzing the results obtained, it is possible to observe that the door exhibits a very
homogeneous behavior with very little differences in sound intensity transmission and
in addition in the sound insulation. Taken into account that, according to the intensity
standard ISO-15186-2 [2], it is not possible to expand the measurement grid until the
floor, it was not possible to identify the leakage in the bottom part of the door because
the measurement grid does not cover this part.

The sound pressure maps obtained with beamforming and SONAH are those
shown in Figure 6(b) and (c), where it is possible to observe the areas where there
is a higher sound pressure level emitted, in other words, the areas with the lower
sound insulation. This area is located at the bottom of the door, because there is
no adjustment between the door and the floor. The rest of the door exhibits a very
homogeneous behavior because there is a big difference in sound pressure level
among the main noise source and the rest ones.

10
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Figure 5.

Results obtained for the base element. (a) Intensity map (200—5 kHz). (b) Pressure map with Beamforming
(1-5 kHz) with 10 dB dynamic range. (c) Pressure map with SONAH (160-1600 Hz) with 10 dB dynamic
range.

11
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Figure 6.

Results obtained for the anti-panic door. (a) Sound intensity map (2005 kHz), (b) pressure map with
beamforming (1—5 kHz) with 10 dB dynamic range, and (c) pressure map with SONAH in the door center
(160-1600 Hz) with 10 dB dynamic range.

If both measurements are compared, the results show a similar behavior, but
intensity measurements do not identify the leakage at the bottom part of the door
due to the measurement grid chosen.

3. Conclusions

The sound pressure technique based on ISO 16283-1 regulation only requires
an analyzer with a third-of-an-octave accuracy, both in sound pressure level and
reverberation time readings. In order to apply the measurement technique based on
ISO 15186-2, however, it is necessary to use an intensity probe kit in conjunction with
a two-channel analyzer with higher sensitivity than that required for sound pressure
measurements. Beamforming and SONAH techniques require complex and costly
sound instrumentation if compared with that commonly used for in situ assessment
of airborne sound insulation, whether by pressure or intensity techniques; this is due
to the large number of channels required, the application of processing algorithms
with high computational cost and to the design, and preparation of specific micro-
phone arrays.

Although beamforming and SONAH techniques are usually successfully applied
in free-field conditions, the use of these techniques under different conditions pin-
points those areas with higher sound transmission. The joint use of beamforming
and SONAH techniques on the construction elements under study quickly allows to
identify areas of maximum sound transmission on the constructive element under
test. In addition, whereas the setting up and the verification of the measurement
system based on beamforming and SONAH are initially a time-consuming task,
subsequent measurements are carried out in less time than that needed for pres-
sure and intensity techniques, resulting in a greater repeatability of the test and
therefore with less influence of potential sound field variations during the in situ
measurement.

In beamforming technique applications, the best results are obtained without
reference signals, while in SONAH technique are obtained using the reference
from accelerometer signals or from the central microphone of the array. The use of
alternative processing algorithms in beamforming would allow greater detail and
definition on the identification of different sound transmission areas through the
partition element.

In conclusion, the implementation of a measurement system based on the
combined use of beamforming and SONAH techniques identifies in an accurate way

12
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leakages and weakened areas of partition elements under test. This working model
allows to analyze quickly and effectively the behavior of acoustic insulation in areas
where there are leaks or weakenings of the partition elements since, once config-
ured the instrumentation system, it is only necessary to perform one measure at
each application distance of the corresponding technique to obtain a first estimation
of the partition element sound insulation quality.
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