
Yang Song & Jian Kang: Applied Acoustics
doi:10.1016/j.apacoust.2021.108465

Applied Acoustics, Volume 18, 2022: 108465 1 | P a g e

Effects of the absorber location on low-frequency
noise control in typical dwelling layouts

Yang Songa,1,*, Jian Kangb,2,*

aSchool of Architecture, Harbin Institute of Technology; Key Laboratory of Cold Region
Urban and Rural Human Settlement Environment Science and Technology, Ministry of

Industry and Information Technology, 92 West Dazhi Street, Harbin, China
bUCL Institute for Environmental Design and Engineering, University College London

(UCL), London WC1H 0NN, London, United Kingdom
1ORCID iD: https://orcid.org/0000-0003-0188-5843
2ORCID iD: https://orcid.org/0000-0001-8995-5636

* Corresponding author

Abstract1: Studies on the effects of absorber location on low-frequency noise control in
acoustically coupled rooms have been limited. This study investigated the effects of the
absorption area and location on low-frequency noise control in typical dwelling layouts for
different room connection types. In-situ measurements under a steady-state noise showed
significant results in rooms with an absorber. An absorption area of only 5–6 m2 in the
bedroom, wherein noise enters first, was equivalent to an area of 22.5 m2 in the bedroom
farthest from the sound source. Noise reduction generally increased by 0.3–0.5 dB/m2 within
7.5 m2 absorption area, and later increased by less than 0.2 dB/m2 or became overdamped.
Moreover, the standard deviation of the sound pressure level (loud–quiet difference)
increased with the absorption area in the living room, while it decreased in the bedroom
oriented to the sound source. Noise reduction was constantly high (approximately 6–7 dB)
when the absorption area distribution proportion between the living room and the bedroom
oriented to the sound source was within 1:5–5:1. Further, the optimal and worst absorber
locations were also suggested to ensure a low-frequency noise control in the layouts.
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1. Introduction

Low-frequency noise has pervasive sources in residential areas [1-3], causing health risks
[4-6] and more annoyance than high frequency noise [7-10]. The existing techniques for
noise reduction can better attenuate high-frequency noise than low-frequency noise [11-12],
due to the less attenuation distance and outdoor to indoor noise reduction at low frequency
[13]. Protrusive devices on dwelling facades, such as lintels and balconies, are not effective
for low-frequency noise control [14]. The connections between rooms, on the other hand,
could significantly affect the low-frequency noise control as access to a quiet side of a
dwelling reduces the self-reported annoyance by up to 30%–50% when the sound pressure
level difference between the most and least exposed facade is not less than 10 dB [15-17].
Tang et al. indicated that the arrangement of partition walls affects the surface absorption of
rooms and the noise attenuation of windows [18]. This theory was supported by Song and
Kang, who inferred that a ‘parallel connection’ between rooms might ensure a higher low-
frequency attenuation [19]. Therefore, the required safe distance could be reduced, thus,
saving land resources. Noise reduction and loud-quiet difference (standard deviation of the
sound pressure level) should be considered to indicate the absorber performance in a
dwelling layouts.
Limited studies have been conducted on the effect of the absorber location on the noise
reduction in dwellings; moreover, most studies are mainly focused on the reverberation time.
Studies on the low-frequency range are rather limited. Studies on the low-frequency sound
field in rooms started in the 1940s with research by Bolt, who suggested appropriate room
geometry and dimensions to achieve a smooth response [20]. Morse formulated the basic
theory of low-frequency sound transmission and vibration [21]. Russ and Meissner studied
the influence of the boundary conditions in rooms with an irregular and fractal shape based
on the wave theory [22,23]. It was observed that the absorber location influenced the
reverberation time at low frequencies, which was mainly affected by the absorber located on
the lateral walls. When the absorber was located on the floor or the ceiling, the reverberation
time was scarcely affected [24]. This was supported by Eda’s study, which showed that
partial elements positively affect the frequency response in rectangular rooms [25]. The
presence of elements, such as furniture, was proved to ensure a shorter reverberation time
and lower sound pressure level in single-bed hospital wards [26]. The absorber location was
also proved to influence the listening area of a dwelling room [27]. Existing studies have
mostly been conducted on the eigenmode, flatness of the frequency response, and
uniformity of the sound level distribution. Conversely, there remains a lack of research on
noise control at low frequencies.
In-situ measurements to investigate the effects of the absorber location on the low-frequency
noise reduction in dwelling layouts are necessary. In fact, the validity of the theoretical
formulas and simulation methods under complex room coupling conditions at low
frequencies remains to be demonstrated. Okuzono developed a finite-element formulation to
predict the sound field and a frequency-domain finite-element method to analyse the
absorption characteristics in a single room [28-30]. For two adjacent rooms, the sound
insulation of the partition wall was found to depend on the modal characteristics of each part
of the room–wall–room system through finite-element analysis [31]. However, the room
connections in practical dwelling layouts are much more complicated than those between
one or two rooms. Another relevant work is acoustics in long enclosures, although the sound
transmission between different rooms was not considered [32,33]. Limited studies on sound
transmission in sequential spaces paid less attention on low frequencies [34]. Research on
multi-room sound transmission at low frequency is needed.
The aim of this research was to investigate the noise reduction for different room connection
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types of dwelling layouts with different absorption levels and location, and suggest the
optimal cases, considering the lack of studies on the performance of the low-frequency
sound absorption in multi-room systems. In-situ measurement of ‘series’, ‘parallel’, and
‘series-parallel’ room connections were carried out [19]. The effects of the rooms with
absorber, absorption area, and absorption area distribution proportion between two rooms
on the absorber noise reduction and the standard deviation of the sound pressure level in
dwelling layouts were investigated at low frequencies. In addition, the best and worst
absorber locations have been proposed in this paper, providing suggestions and guidance
for low-frequency noise control in dwellings.

2. Methodology

Layout classification

Analogous to the relations between the electric circuit elements, room connections are
defined as series, parallel, and series-parallel [19]. One hundred twenty-three typical layouts
of modern Chinese dwellings were summarised as the population; among them, 50 layouts
were selected by simple random sampling with replacement [35,36]. If the selected layout
had multiple possible source orientations, the orientation was determined through a random
number generated by rolling a dice. Figure 1 shows the scales and room connections of the
50 sample layouts. In terms of scale, there could be 1–3 bedrooms and a living room as the
main rooms of the layout. Two-bedroom layouts are the most typical (82%). A standard floor
covered approximately 90 m2, and this was consistent with Zhou’s results on the dwelling
layout development [36]. The series-parallel connection is the most common room
connection, followed by the series connection and parallel connection. As the frequencies of
these three types of room connections are significant, they should be included during the
test site selection.

(a) Main rooms (b) Floor space (c) Room connection
Fig. 1. Scale and room connection distributions of the dwelling layouts

Series, parallel, and series-parallel room connections were classified to propose the most
common layout types. Table 1 lists the room connection types and corresponding subdivision
types. A two-bedroom layout, with a living room having windows, typical in standard units of
slab-type dwellings, was the most common series-connection layout. In this layout, the
sound sequentially entered one of the two bedrooms, the living room, and the other bedroom.
A three-orientation layout, commonly found in end units, was the most common parallel-
connection layout. The sound entered the living room first, and later, entered the two
parallel-connected bedrooms in this layout. A blend-arranged layout was the most typical
and the most representative series-parallel-connection layout among all the tested layouts.
This layout type was commonly seen in standard units of slab-type dwellings, and sound
propagated through one of the bedrooms and the living room before entering the other
bedroom.
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Table 1. Classification of typical series, parallel, and series-parallel layouts. The tested areas are: the first room
level in blue, second in green, and third in yellow.
Room connection Subdivision types Layout plan Frequency of

occurrence
Typicality

Series
connection

Two-bedroom layout with a living
room with windows

7/13 √

Two-bedroom layout with a living
room without windows

3/13

One-bedroom layout 3/13

Parallel
connection

Three-orientation layout 9/13 √

Corner layout 2/13

Single-orientation layout 2/13

Series-parallel
connection

Blend-arranged layout 20/22 √

Transverse-arranged layout 2/22
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Tested layouts

This research investigated the three most typical layouts of the series, parallel and series-
parallel connections, as mentioned in the layout classification in Section 2.1. The tested
layouts had the same floor dimensions (90 m2) and two bedrooms to ensure their
comparability and typicality. The volume of most typical rooms was between 20 and 200 m3.
According to Schroeder, when the desired frequency range is 100–200 Hz (further discussed
in Section 2.5) and room reverberation time is approximately 0.5 s, the rooms below 200 m3

can be considered as acoustically ‘small’ rooms [37]. Sound field in such rooms cannot be
simplified as diffuse. The 100–200 Hz range includes the band below the Schroeder cut-off
frequency and contains adequate mode counts, and hence, it is considerably influenced by
axial, tangential, and oblique modes. The volumes of the living room, master bedroom, and
guest bedroom were approximately 90 m3, 50 m3, and 30 m3, respectively, which are
standard dimensions below 200 m3. The subsequent results will thus, be applicable to
layouts, with volumes of single rooms ranging from 20 to 200 m3.
Table 2 lists the distances and paths of the sound transmission and the dimensions and
space arrangements of the tested layouts. L1, L2, and L3 represent the three layouts that
include the series, parallel, and series-parallel room connections, respectively. The three
main rooms are series-connected in L1, two bedrooms are parallel-connected in L2, and the
three main rooms are series-parallel-connected in L3. L2 and L3 are two different layouts as
they have different source orientations, room connections, and sound propagation paths.

Table 2.
Types and characteristics of the tested layouts. The tested areas are: the first room level in blue, second in green,
and third in yellow.

Layout L1 L2 L3

Plan with source and receiver
positions (the red dot at the bottom of
the diagrams represents the source)

Sound
transmission
distance

Max. polyline
distance (m)

12.2 10.4 12.3

Max. Linear distance
(m)

12.2 9.8 11.3

Depth (m) 11.3 8.1 11.3
Sound
transmits
through

Room levels 3 2 2
Number of doors in

living room
4 4 4

Concrete wall length
proportion (%)

17.9 17.2 17.9

Dimension
and space
arrangement

Room connection Series connection Parallel connection Series-parallel
connection

Geometrical
arrangement

Blend Transverse Blend

Number of bedrooms 2 2 2
Floor space (m2) 90 90 90
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Absorber location

An asymmetrically structured absorber (ASA), a sound-absorbing cotton sheet with an adequate
acoustic absorption at low frequency, was used in this study as a sound absorber. Figure 2
shows the absorption coefficients for each frequency band. The absorption coefficients were
measured based on ISO 354:2003 in a reverberation room, where the sound absorber was
mounted on a frame [38]. Moreover, ISO 266:1997 was also used as reference for preferred
frequencies [39]. The absorption coefficients were higher than 1.0 as the samples were backed
by a 200 mm air gap rather than being directly mounted on the sidewall. This setup allowed an
effective absorption area higher than the projected area. The measurement procedure was in
accordance with the absorption coefficient measurements. To make the location of absorber on
each surface independent, it was placed uniformly on each sidewall and the ceiling; moreover,
the absorption area was increased symmetrically with respect to the centre of each surface. The
absorbers were arranged on the ceilings and sidewalls because acoustic treatments on these
boundaries are strongly related to the distribution of absorption in a given layout [40].

Fig. 2. Absorption coefficient of the asymmetrically structured absorber (ASA) at different frequencies

When the sidewall and ceiling, except the door-opening and windows, were fully covered by
the ASA, the total absorption area was 22.5 m2, which is the maximum absorption area
reached in this study. To investigate the effect of the rooms with the absorber, the absorber
was placed in one or two main rooms, and the total absorption area was 22.5 m2. In one
room, the absorption area was increased from 0 to 22.5 m2 at intervals of 3.75 m2 to
investigate its effects. The absorption area distribution proportion is defined as the proportion
between the absorption areas in two rooms, and it ranged from 0:6 to 6:0. The absorber
(total absorption area of 22.5 m2) was transferred at intervals of 3.75 m2 from one room to
another to investigate its effect. Table 3 lists in detail the absorber locations.
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Table 3.
Absorber location conditions in the tested layouts
Factors
Absorption
area (m2)
Room

Series connection Parallel connection Series-parallel connection

1A 1B 1C 2A 2B 2C 3A 3B 3C
Room with
absorber

22.5 0 0 0 22.5 0 22.5 0 0
0 22.5 0 0 0 22.5 0 22.5 0
0 0 22.5 0 11.25 11.25 0 0 22.5
7.5 7.5 7.5 0 0 0 7.5 7.5 7.5

Absorption
area

0,3.75,7.5,..
.,22.5

0 0 0 0,3.75,7.5
,...,22.5

0 0,3.75,7.5,..
.,22.5

0 0

0 0,3.75,7.5,..
.,22.5

0 0 0 0 0 0,3.75,7.5,..
.,22.5

0

Absorption
area
distribution

0 22.5 0 0 0 22.5 0 22.5 0
3.75 18.75 0 0 3.75 18.75 3.75 18.75 0

7.5 15 0 0 7.5 15 7.5 15 0
11.25 11.25 0 0 11.25 11.25 11.25 11.25 0
15 7.5 0 0 15 7.5 15 7.5 0

18.75 3.75 0 0 18.75 3.75 18.75 3.75 0
22.5 0 0 0 22.5 0 22.5 0 0

Measurement procedure

The fixed microphone positions and numbers during the designing measurement procedure
were determined based on ISO 10140-4:2010 and adjusted [41]. The windows oriented
toward the sound source remained open while the others were closed. If the entrance door
was closed and no interior doors were installed, the test condition could represent the
noisiest state of tested layouts under environmental noise. This configuration would also
avoid the results being affected by the state (open–closed) of the interior doors, their
opening angle, and room modes (resonances of three-dimensional wobbling air in a room).
An omnidirectional spherical sound source was placed outside the window of the main room
of the tested layouts, approximately 7 m away from the centre of the layout facade at a
height of 1.85 m. The receiver positions in a 0.9 m × 0.9 m grid at a distance of 1.5 m from
the floor were measured under a steady-state pink noise (Table 2), referring to ISO 29955,
to study the sound pressure level (SPL) in the layouts [40]. The level of the sound source
decreased by 3 dB per doubling of the band centre frequency [42]. The distances between
the receiver positions and sidewalls were no less than 0.3 m. Moreover, a reference position
at 1 m from the centre of the open windows was added inside each layout. As a result,
possible sound level differences can be detected around the windows due to variation in the
exterior wall insulation and outdoor landscape.

Data calculation and evaluation of noise control

The measured data were analysed according to ISO 10140–4:2010 procedure of correction
and spatial averaging [41]. Only the main rooms, namely the bedrooms and living rooms,
were assessed, whereas the toilets and kitchens were considered as noisy rooms. This
study focused on the frequency range of 100–200 Hz as the measurement methods differ for
frequencies above and below 100 Hz, and the frequency band of the traffic noise is usually
down to 100 Hz. The one-third octave band at 800 Hz was used as a corresponding group at
higher frequencies.
To evaluate the noise control of the absorber, two indices, namely the noise reduction and
loud-quiet difference, were analysed. In this study, noise reduction is defined as the average
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SPL difference of the receiver positions before and after using the acoustic absorber. This
index describes the overall attenuation caused by the absorber. Conversely, the loud-quiet
difference is defined as the standard deviation (STD) of the SPL values at the tested
receiver positions. The STD rather than the range of SPL is selected because significant
spatial variation in the SPL is a main feature of the modal sound field. Consequently, the
maximum and minimum low-frequency noise levels in dwelling layouts are likely caused by
accidental phase coincidences [43]. Therefore, the STD is considered as a more
representative index of the loud-quiet difference to describe SPL distribution in a layout.
According to the results of previous studies, a higher loud-quiet difference may assist in
producing quiet sections in layouts, thereby reducing annoyance [44] [15-16]. These indices
along with the room connection types could better indicate the noise control of the absorber.

3. Results

Effects of rooms with an absorber

When more than one room had an absorber in the tested layouts, the low-frequency noise
control performance did not improve. Figure 3 shows the noise reduction when the absorber
was present in different rooms in a typical series-connection layout, and the loud-quiet
difference is shown in error bars of ±1/2 standard deviation of the SPL. The noise reduction
obtained with a 6.25 m2 absorber in the RL1 room was equivalent to that obtained when an
absorber of 20 m2 or 22.5 m2 in the RL2 or RL3 rooms, respectively. Furthermore, placing
the absorber in RL1 and RL2 simultaneously could ensure the best low-frequency noise
control in terms of noise reduction and loud-quiet difference (6.2 dB and 10.8 dB,
respectively). When only one room had an absorber, the average noise reduction decreased
from 6.3 dB to 3.2 dB as the room level increases. If the absorber was only in RL1, the noise
reduction was higher than that obtained from the average distributed location in three rooms
(Figure 3a). However, the loud-quiet difference of this absorber location was the lowest (only
7.6 dB), whereas that of the absorber in RL2 was considerably higher (10.8 dB). When the
absorber was placed in two rooms simultaneously, the noise reduction shows a peak when
the absorber was in RL1 and RL2 (room 1A and 1B), as shown in Figure 3c. The lowest
noise reduction occurred when the absorber was placed in RL1 RL3 (less than 4 dB). As for
the noise reduction, the loud-quiet difference was low when the absorber was placed in RL1
RL3 (7.7 dB), whereas it was slightly high when the absorber was in RL1 RL2 or RL2 RL3
(more than 9 dB). This may be related to the normal mode theory for non-diffuse field.
According to Hopkins, axial modes play an important role in sound decay when one
dimension of the room is considerably longer than the other two [42]. The proportion of the
length to width and height of the living room was approximately 2:1:1. The absorber may
sufficiently attenuate the energy of axial modes, and consequently form a quiet section at the
end far from the sound source in the living room rather than in Room 1C. The count of axial
modes reduced with frequency and its effect significantly decreased when the room
dimensions were significantly more than the wave length [42]. Hence, the results may only
be applicable to acoustically small rooms at low-frequency and not to large-scale hall spaces.
At 800 Hz, the noise reduction in the layout increased with the number of rooms having the
absorber. This result was inconsistent with those obtained in a low-frequency band.
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Yang Song & Jian Kang: Applied Acoustics
doi:10.1016/j.apacoust.2021.108465

Applied Acoustics, Volume 18, 2022:108465 9 | P a g e

In a typical parallel-connection layout, the values of the noise reduction obtained by placing
the absorber in one or two parallel-connected rooms were similar (approximately 3 dB),
whereas the loud-quiet difference showed considerable variations. The calculated noise
reduction and loud-quiet differences are shown in Figure 4. The loud-quiet difference was
higher when the absorber was in Room 2B (8.9 dB), and the value was 2.5 dB lower when
the absorber was in Room 2C. On the contrary, the loud-quiet difference did not significantly
vary at 800 Hz with different rooms with the absorber, whereas the noise reduction varied by
1.5 dB.

In a typical series-parallel-connection layout, if the absorber was placed in the living room
(3A) or in the front bedroom (3B), oriented to the sound source, these locations showed a
similar noise reduction. In addition, if the absorber was simultaneously placed in both rooms,
the low-frequency noise level could be effectively controlled. Figure 5 shows the noise
reduction and loud-quiet difference. The noise reduction obtained by placing a 12.5 m2

absorber in the living room was equivalent to that obtained by placing a 5 m2 absorber in the
front bedroom or a 22.5 m2 absorber in the rear bedroom (3C). As shown in Figure 5a, when
the absorber was either in the living room or the front bedroom, the noise reduction was
generally the same (approximately 4 dB). However, when absorber was placed in the living
room and the front bedroom, the noise reduction was the highest (up to 7.3 dB), as
demonstrated in Figure 5c. This may be because the sound energy in the rear bedroom can
originate from the living room and the front bedroom simultaneously. When only one of the
two rooms was arranged with the absorber, sound energy could still transmit into the rear
bedroom through the other room with lower damping. Consequently, the noise reduction was
not as high as expected [43]. The loud-quiet difference is expected to be smaller when the
front bedroom also had the absorber. In particular, when all absorbers were in the front
bedroom, the difference was significantly low (only 5.3 dB), approximately 4 dB lower than

(a) Absorber in one room,
100–200 Hz

(b) Absorber in one room,
800 Hz

(c) Absorber in two rooms,
100–200 Hz

(d) Absorber in two rooms,
800 Hz

Fig. 3. Noise reduction obtained by placing the absorber in different rooms in a typical series-connected layout (line:
noise reduction; error bar: ±1/2 loud–quiet difference; horizontal reference line: noise reduction obtained from the
average distributed location in three rooms) at typical frequencies of 100–200 Hz and 800 Hz.

(a) Absorber in one room, 100–200 Hz (b) Absorber in one room, 800 Hz
Fig. 4. Noise reduction when the absorber is in different rooms in a typical parallel-connected layout (line: noise
reduction; error bar: ±1/2 loud–quiet difference; horizontal reference line: noise reduction obtained from the average
distributed location in two rooms) at the typical frequencies of 100–200 Hz and 800 Hz.
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that obtained when the absorber was in the living room. Similarly, if the two rooms with the
absorber included the front bedroom, a loud-quiet difference of nearly 3 dB lower was
observed. At 800 Hz, the absorber caused a uniform noise reduction of 4.9 dB. However,
placing the absorber in the living room and in the front bedroom remained the best option
(7.1 dB).

Effects of the absorption area

Figure 6 shows the curves of the noise reduction and loud-quiet difference with the
absorption area in a typical series-connected layout. Noise reduction generally increased by
approximately 0.3–0.5 dB/m2 with an absorption area of 7.5 m2; subsequently, it increased
by less than 0.2 dB/m2 in most cases, or plateaued. Conversely, the loud-quiet difference
showed an increasing trend with the absorption area in the living room and a decreasing
trend in the bedroom oriented toward the sound source, on comparing the first and second
diagrams of Figure 6b. The series-parallel connection between rooms may contribute to the
opposite trends. When the absorber reduces the SPL in the front bedroom, which is the
noisiest section, and the resulting noise reduction in the rear bedroom is not as large as
expected, the loud-quiet difference will decrease. With the absorption area in RL1, the noise
reduction increased by 0.5 dB/m2 until a 7.5 m2 absorber was used, and then increased by
less than 0.2 dB/m2. Conversely, the loud-quiet difference decreased by 1.5 dB. Unlike RL1,
the noise reduction continuously increased up to 4.2 dB with the absorption area in RL2 and
the loud-quiet difference increased by 1.7 dB. The effect of the absorption area in RL3 was
minimal (approximately 0.2 dB/m2) after 7.5 m2. However, it increased faster than with the
absorption area in RL2 (second and third diagrams of Figure 6a). In addition, in RL3, the
loud-quiet difference fluctuated around 9 dB as the absorption area increased, which may be
because of the location of the quiet section. Corresponding to Hopkins’ results, the quiet
section was located in Room 1B, in which the length was considerably longer than the other
two dimensions, rather than in Room 1C [42]. Consequently, the absorber in Room 1C was
less likely to contribute to loud-quiet difference. Moreover, the curve tends to reach a
plateau before 7.5 m2 and in the range of 11.25–15 m2 absorption area before the noise
reduction increased again (second diagram of Figure 6a), which may be because the
location of the additional absorber was close to the nodes of some local modes. Hence, the
additional absorber may not attenuate adequate low-frequency noise as expected. Some
cases have recorded negative noise reductions when the absorber was in the rear bedroom
because some of the tested rooms were overdamped before fully installed with absorber;
therefore, a continuous increase in the absorption area did not increase the noise reduction.
Conversely, distinct changes in boundary damping and spatial shape changed the phase of

(a) Absorber in one room,
100–200 Hz

(b) Absorber in one room,
800 Hz

(c) Absorber in two rooms,
100–200 Hz

(d) Absorber in two rooms,
800 Hz

Fig. 5. Noise reduction when the absorber is in different rooms in a typical series-parallel connected layout (line: noise
reduction; error bar: ±1/2 loud–quiet difference; horizontal reference line: noise reduction obtained from the average
distributed location in two rooms) at the typical frequencies of 100–200 Hz and 800 Hz.
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reflected waves and local modes of the room, especially at low-frequency. Consequently, the
noise reduction fluctuated slightly within 1 dB after overdamping instead of increasing
continuously. This phenomenon may occur in acoustically small rooms (<200 m3) at low
frequency, where the sound field cannot be simplified as diffuse. A similar tendency was
observed at 800 Hz, despite the loud-quiet difference increase of 3 dB with the absorption
area in RL3.

Absorber in Room 1A Absorber in Room 1B Absorber in Room 1C
(a) Noise reduction

Absorber in Room 1A Absorber in Room 1B Absorber in Room 1C
(b) Loud-quiet difference

Fig. 6. Noise reduction and loud-quiet difference for different absorption areas in a typical series-connected layout at
the typical frequencies of 100–200 Hz (solid line) and 800 Hz (dotted line).

The curves of the noise reduction and loud-quiet difference function of the absorption area in
a typical parallel-connected layout are shown in Figure 7. The noise reduction shows similar
trends, whereas the loud-quiet difference shows different trends in each parallel-connected
room. The noise reduction increased continuously up to 1.8 dB until the absorption area
reached 7.5 m2, and then increased gradually by less than 0.1 dB/ m2. The loud-quiet
difference increased from 6.6 dB to 9.5 dB with the absorption area in Room 1B. Conversely,
the value increased gradually up to 7.3 dB and then declined to 6.4s dB. The noise reduction
and the loud-quiet difference showed a similar trend at 800 Hz and 100–200 Hz.

Absorber in Room 2B Absorber in Room 2C Absorber in Room 2B Absorber in Room 2C
(a) Noise reduction (b) Loud-quiet difference

Fig. 7. Noise reduction and loud-quiet difference for different absorption areas in a typical parallel-connected layout at the
typical frequencies of 100–200 Hz (solid line) and 800 Hz (dotted line).
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In a typical series-parallel-connection layout, the curves of the noise reduction and loud-
quiet difference with the absorption area are shown in Figure 8. With the absorption area in
the front bedroom, the noise reduction increased faster than in the living room until it
reached a plateau. The loud-quiet difference showed opposite trends with absorption area in
these two rooms: it increased from 2.0 dB to 9.2 dB with the absorption area in the living
room, whereas it decreased to 5.3 dB (by 2.1 dB) with the absorption area in the front
bedroom. This result was consistent with the results discussed earlier in Section 3.1, which
indicated that the value was lower when the front bedroom had the absorber. With the
absorption area in the front bedroom, the noise reduction rapidly increased to 2.4 dB by
more than 0.3 dB/m2. However, when the absorption area reached 7.5 m2, it increased
gradually (only 0.1 dB/m2). The noise reduction increased faster with the absorption area in
the front bedroom than with the absorption area in the living room before 7.5 m2. However,
the final noise reduction was the same at approximately 4 dB, as shown in the first and
second diagrams in Figure 8a. When more than 7.5 m2 absorber was used in the rear
bedroom, the noise reduction increased by only 0.4 dB, while the loud-quiet difference
remained almost constant due to overdamping of the room boundaries. At 800 Hz, the two
indices showed similar trends; however, an increase of approximately 1 dB in the loud-quiet
difference was observed with the absorption area in the front bedroom. Furthermore, unlike
the results obtained for the low-frequency band, the absorption area in the rear bedroom
significantly influenced the loud–quiet difference at 800 Hz. This may be related to the
different location of the quiet section at different frequency bands (at the end of the living
room at 100–200 Hz and in the rear bedroom at 800 Hz).

Absorber in Room 3A Absorber in Room 3B Absorber in Room 3C
(a) Noise reduction

Absorber in Room 3A Absorber in Room 3B Absorber in Room 3C
(b) Loud-quiet difference

Fig. 8. Noise reduction and loud–quiet difference for different absorption areas in a typical series-parallel connected
layout at the typical frequencies of 100–200 Hz (solid line) and 800 Hz (dotted line).
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Effects of the absorption area distribution proportion

The trends of the noise reduction and loud-quiet difference with the absorption area
distribution proportion depended on the room connection types. The distribution proportion
was divided into seven intervals from 0:6 to 6:0. When the proportion of the absorber in the
living room increased, the loud-quiet difference gradually increased by 3.9 dB. Noise
reduction was higher with an intermediate proportion value, i.e. 1:5–5:1, than with extreme
proportion values (0:6 or 6:0) wherein the noise reduction varied up to 1.8–3.4 dB. Figure 9
shows the curves of the noise reduction and loud-quiet difference with the absorption area
distribution proportion between two series-connected rooms. In Section 3.1, it has been
concluded that placing absorber simultaneously in RL1 and RL2 was the best configuration
for a typical series-connection layout. This section mainly focuses on the absorption area
distribution proportion between these two rooms. The noise reduction increased with the
proportion until it peaked at 6.6 dB when the proportion was 4:2, after which the noise
reduction decreased. Because the living room (RL2) was connected with all the other rooms
through door openings, chances of the sound waves reflecting on the boundaries in the
living room were more. Therefore, the RL1 room, with the highest sound energy radiation per
unit area of boundary surface, did not necessarily have the highest absorption and the two
rooms had similar absorption amounts in the proportion range of 3:3–5:1. The proportions
between 3:3 and 5:1 could be ideal for noise reduction, as shown in the first diagram in
Figure 9a, ensuring a negligible variation (less than 0.5 dB). The loud-quiet difference
increased from 7.6 dB to 10.8 dB with the increase in the proportion. Similar trends were
also observed between RL2 and RL3. At 800 Hz, the trends of the two indices were similar
to those obtained at low frequencies between RL1 and RL2 but differed from those obtained
between RL2 and RL3, as noise reduction fluctuated with the proportion.

(a) Absorber in Rooms 1A-1B (b) Absorber in Rooms 1B-1C
Fig. 9. Noise reduction and loud-quiet difference for absorption area distribution proportion between typical series-
connected rooms at the typical frequencies of 100–200 Hz (solid line) and 800 Hz (dotted line).

Figure 10 shows the curves of noise reduction and loud-quiet difference for two parallel-
connected rooms. The noise reduction generally fluctuated around 2.5 dB. The maximum
noise reduction (over 3 dB) occurred when the absorption area distribution proportion was
6:0 or 0:6, that is, when the absorber was only in one room. This may be related to the
relatively small effect of the absorber in one parallel-connected room on the SPL in the other
room. The noise reduction in the layout is therefore, generally determined by the slope of
noise reduction with absorption area in each room. Because the slopes in the two rooms
were close, the noise reduction fluctuated within a small range of only 0.4 dB. The loud-quiet
difference increased by 2.5 dB with the proportion between Room 2B and Room 2C (Figure
10b). This might be related to the the quiet section located in Room 2B, and consequently
the higher proportion in this room were more likely to cause higher loud-quiet difference [42].
The results at 800 Hz differed from those obtained at low frequencies because the noise
reduction did not show a distinct trend and the loud-quiet difference generally remained
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constant around 5–6 dB.

Figure 11 shows the curves of noise reduction and loud-quiet difference for two series-
parallel-connected rooms. As placing absorber simultaneously in the living room and front
bedroom is the optimal configuration for a typical series-parallel-connection layout, as
suggested in Section 3.1, this section mainly focuses on the absorption area distribution
proportion between these two rooms. Noise reduction increased up to approximately 7 dB
with the proportion, after which it remained constant as the proportion ranged from 5:1 to 1:5
(variation ≤ 0.5 dB). Conversely, the loud-quiet difference increased by up to 3.9 dB with the
proportion. When the 22.5 m2 absorber was placed in the living room, the loud-quiet
difference peaked at 9.2 dB. At 800 Hz, the noise reduction was the highest (7.5 dB) when
the proportion between these two rooms was 5:1. The loud-quiet difference showed a similar
trend to that obtained at low frequencies.

(a) Noise reduction (b) Loud-quiet difference (a) Noise reduction (b) Loud–quiet difference
Fig. 10. Noise reduction and loud-quiet difference for
different absorption area distribution proportion between
typical parallel-connected rooms (2B–2C) at the typical
frequencies of 100–200 Hz (solid line) and 800 Hz (dotted
line).

Fig. 11. Noise reduction and loud-quiet difference for
different absorption area distribution proportion between
typical series-parallel connected rooms (3A–3B), at typical
frequencies of 100–200 Hz (solid line) and 800 Hz (dotted
line).

Optimal absorber location

Table 4 summarises the optimal and worst locations for the noise reduction and loud-quiet
difference. These values were obtained by analysing the effects of rooms with the absorber,
absorption area, and proportion between its distributions on the low-frequency noise control
in the residential layouts. The best place for the absorber was in the rooms at lower levels to
ensure optimal noise reduction, which could consequently reduce the noise level in the
rooms at higher levels. When noise entered the rear bedroom from multiple rooms, the
absorber should be located in these rooms simultaneously. In addition, the absorption area
within 7.5 m2 was relatively efficient for low-frequency noise control, according to the results
in Section 3.2.

The living room is the best place for an absorber to achieve an optimal loud-quiet difference
at low frequency. This might be because the living room is connected to most of the rooms in
a layout; thus, an absorber in this room better contributes to achieving a quiet section.
Conversely, placing an absorber in the rooms at lower room levels is expected to be the
worst solution to achieve an optimal loud-quiet difference.
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The optimal location for an absorber in typical series, parallel, and series-parallel connection
layouts could be improved by analysing the noise reduction curve with the absorption area
distribution proportion. A comparable absorption area distribution proportion between the
living room and the bedroom, where noise enters first, was found optimal for low-frequency
noise control. It was optimal for a typical series-connection layout to simultaneously place an
absorber in RL1 and RL2 with a proportion of 3:3, achieving a noise reduction and loud-quiet
difference of 6.2 dB and 9.1 dB, respectively. As the proportions between 3:3 and 5:1 may
result in an ideal noise reduction (variation ≤ 0.5 dB) and the loud-quiet difference decreases
with the proportion, 3:3 represents the ideal proportion for both indices. Furthermore, for a
typical parallel-connection layout, placing the absorber only in the room with one dimension
considerably longer than the other two could be the optimal solution. As a result, the noise
reduction and loud-quiet difference would be approximately 3.0 dB. For a typical series-
parallel-connection layout, placing the absorber in the living room and front bedroom with a
4:2 proportion leads to optimal performance. In particular, the noise reduction and loud-quiet
difference were 6.8 dB and 7.5 dB, respectively. The comparable proportion was likely to be
more optimal, which is consistent with the higher efficiency of the absorption area within 7.5
m2 as described in Section 3.2.

4. Conclusions

In-situ measurements of typical series, parallel, and series-parallel connection dwelling
layouts demonstrated the effects of rooms with the absorber, absorption area, and
absorption area distribution proportion on low-frequency noise control. The results indicated
optimal absorber locations for the measured layout types. The conclusions of this research
are as follows:
(1) The presence of absorber in more than one room did not ensure optimal performance.

In series and series-parallel connection layouts, the noise reduction obtained by placing
a 5–6 m2 absorber in the bedroom, where the noise entered initially was equivalent to
that obtained by placing a 22.5 m2 absorber in the farthest bedroom from the sound
source.

(2) Noise reduction increased by 0.3–0.5 dB/m2 with absorption area until a 7.5 m2

absorber was used, and then increased by less than 0.2 dB/m2 in most cases or was
overdamped. The loud-quiet difference, which represents the standard deviation of the
SPL in the layout, showed an increasing trend with the absorption area in the living
room and a decreasing trend in the bedroom oriented to the sound source.

(3) Noise reduction was constantly high value (approximately 6–7 dB) when the absorption
area distribution proportion between the living room and the bedroom oriented to the
sound source was in the range of 1:5–5:1 and the variation was up to 2–3 dB in series
and series-parallel connection layouts. The loud-quiet difference increased
continuously by 4 dB with the proportion.

(4) Placing an absorber in the living room and the bedroom oriented to the noise source in

Table 4.
Optimal and worst location of the absorber in typical series, parallel, and series-parallel connection layouts
Room connection Indices Optimal location Worst location

Room with absorber Value Room with absorber Value
Series connection Noise reduction (dB) 2A–2B 6.6 2C 2.7

Loud-quiet difference (dB) 2B 10.8 2A–2C 1.9
Parallel connection Noise reduction (dB) 1C 3.3 1B–1C 1.7

Loud-quiet difference (dB) 1C 8.9 1B 6.4
Series-parallel connection Noise reduction (dB) 2A–2B 7.3 2C 1.5

Loud-quiet difference (dB) 2A 9.2 2B 5.3
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a relatively comparable absorption area distribution proportion (3:3–4:2) is the optimal
solution for both low-frequency noise reduction and loud-quiet difference (6–7 dB and
8–9 dB, respectively).

This research provides clear evidence for low-frequency noise control through acoustic
absorber location in dwelling layouts. As reported in Section 2.5, further measurements
could be performed at lower frequencies. Furthermore, the results have been obtained for
measurements performed in the most typical layouts with series, parallel and series-parallel
room connection in China. Future studies should therefore be conducted on other worldwide
common layouts. This study demonstrated the effect of absorber location on low-frequency
noise control. Moreover, future studies can focus on the relationships between loud-quiet
difference and subjective noise level.
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