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ABSTRACT

Sequential spaces are a spatial system comprising a series of single spaces connected in sequence
by openings. They are not uncommon in the built environment and have similar acoustic character-
istics with long and coupled spaces. To explore the sound attenuation and reverberation in such
spaces, nine in situ measurements were conducted to examine the effects imposed by four factors,
namely, opening on separating partition, number of separating partitions, source position, and acous-
tic absorption. Results revealed that if more rooms were connected by openings, although there
could be significant changes in the distribution of sound pressure level, the resulting difference on
the average level of each room is almost unobservable in the connecting rooms. In addition, 729 of
each room decreases in the source and receiving rooms, especially in the rooms with a larger source
distance. According to the source position, the level difference between adjacent rooms by the first
separating partition is larger than those in the successive ones when the space is divided by different
number of separating partitions in the same construction. A larger source—opening distance results
in a larger level difference across the spaces unless the source is placed along the opening. Increas-
ing acoustic absorption in some rooms did not affect the level difference between those unincreased

rooms.
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1. Introduction

Practitioners need a clear understanding of sound propagation across sequential spaces, referring to
a spatial system composed of a series of single spaces connected in sequence by openings. They are
not uncommon in the built environment, e.g., open plan offices and museums/exhibition spaces. The
fundamental significance of the acoustics of such spaces has been demonstrated [1-3].

The sequential spaces without the separating partitions are similar to long spaces. They are
characterized by a length that is six or more times greater than the width or height. The outputs of
long spaces, which are usually obtained in transportation hubs/stations, have shown that the sound
pressure level (SPL) decreases continuously with source distance; the reverberation time (RT) in-
creases with source distance, and the shape of decay curves is not linear, namely, the dB levels does
not reduce linearly with an increase in time [4-7]. However, although sound also transmits through
the junctions with the floor, facade, and corridor wall, the dominant and obvious path is to propagate
directly through separating partitions. Many researchers took numerous measurements of two cou-
pled spaces that coupled spaces are lacking diffuseness like long spaces. The SPL had small differ-
ences in the room and complicated distributions around openings, which indicated that the opening
area was decisive to coupling effects [8]. Blocked pressure and surface impedance of separating
partitions between sub-spaces have been gaining interest as measures to predict sound attenuation
and reverberation of such spaces [9]. The other methodologies involve wave approach [10-14], ray
and beam tracing methods [15-18], and diffusion equation [19-23]. The classical statistical energy
analysis theory is common and efficient for predicting high frequency noise and vibration of engi-
neering systems; examples of applications to sequential spaces could be found in train coaches
[24,25]. Generally, the sound fields in sequential and long spaces could be similar. The former com-
prises coupled units in sequence exhibiting individual acoustic characteristics of source distance
and the openings.

For in situ measurements, the lack of diffuseness is less extreme than those mentioned previous
studies. The in-situ level difference between the source and receiving rooms across a separating
partition is considered as a performance standard that can be physically measured after completion
of construction. The value demonstrates compliance with building regulations, such as for schools
in the United Kingdom [26]. The level difference depends on the sound insulation capabilities of a
particular wall, ceiling, or component, which can be measured in a laboratory and assigned a sound
reduction index [27]. However, the design cannot be implemented if the limitations of the in situ
conditions are not considered. These limitations are otherwise avoided by acoustic professionals
with the relevant experiences. The in-situ conditions, e.g., the open/shut on the separating partitions
and the number of separating partitions to divide the entire space, are frequently changed by users,
and this could potentially affect the outcomes. Furthermore, for field-airborne sound insulation, the
major modes in the source room must be excited by more than one source position near the corner
of box-shaped rooms [28]. In addition, the acoustic absorption varies when the boundary conditions
change, e.g., external sources are introduced, or sound passes through an opening to external free
spaces. So far, most studies have achieved in situ outcomes to examine the prediction accuracy [29].
The scope of these studies could be extended using in situ measurements, once our research is

deemed feasible from an operational point of view.
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The aim of this research is to examine sound attenuation and reverberation in sequential spaces,

based on the in situ measurements exploring the effects caused by four factors: openings on sepa-
rating partition, number of separating partitions, source positions, and acoustic absorption.

2. Methods

2.1 Spaces Surveyed

The fifteenth floor of the Arts Tower of University of Sheffield (Site 1), built in the 1960s by archi-
tects Gollins, Melvin, Ward, and Partners as a high-rise university tower block, is being used as an
open plan space by students for design purposes, while the other floors of the building have been
separated into individual offices by staff. The investigated space consisted of five box-shaped spaces
with two space scales. Rooms 1513 and 1503 were the two larger rooms in the corners, with lengths,
widths, and heights of 6.5, 7.5, and 3.9 m, respectively. Rooms 1514, 1501, and 1502 were the three
smaller ones in the middle, with lengths, widths, and heights of 6.5, 5.0, and 3.9 m, respectively.
These rooms were connected through heavy wooden doors. The widths and heights of opening were
1.0 and 3.9 m, respectively. As shown in Fig. 1a, different numbers of tables, chairs, cabinets, and
other furniture were added for scattering effects in each room. The experiments were conducted
during the summer break in the unoccupied condition, and thus no furniture effect on the results was
considered.

The third floor (Site 2) and the sixth floor (Site 3) of 22 Gordon Street of the Bartlett School
of Architecture, University College London, known as Wates House, rebuilt in 2016 by Haw-
kins\Brown, is a representative design of the educational building. The space investigated at Site 2
comprised six box-shaped spaces with two space scales. Rooms 302 and 303 were the two larger
rooms, with lengths, widths, and heights 0f 9.0, 9.0, and 2.7 m, respectively, while Rooms 305, 306,
307, and 308 were smaller with lengths, widths, and heights of 6.0, 7.5, and 2.7 m, respectively. The
openings for walkways were 1.5 m in width and 2.7 m in height. Fig. 1b shows that the interior
finishes within the site were consistent, and all the rooms were customized with the same furniture.
The investigated space at Site 3 comprised three rectangular shapes with a sloped roof. Rooms 605,
606, and 607 were similar to Rooms 306, 307, and 308 at Site 2, and the roof direction was perpen-
dicular to sound attenuation. The interior finishes were the same as those at Site 2, as shown in Fig.
lc.

Detailed configurations of each site are presented with measured results in Section 3, illustrated
by the experimental setups shown in Figs. 2, 6, 8, and 12. None of the sites comprised prescribed or
potential sound sources that might interrupt the in situ measurements. The physical structures for
the building components were continuous, and the three sites showed the following discrepancies:
(1) volume: lengths and widths were similar across the sites but the heights were not; (2) facade
window: Site 1 had sliding windows installed for safety in high-rise buildings, whereas hopper win-
dows with small opening angles were used at Sites 2 and 3; (3) furniture: the interior arrangements
were random for Site 1 but customised for Sites 2 and 3.
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Fig. 1. Configurations of site condition. (a) Site 1; (b) Site 2; (¢) Site 3.

2.2 Experimental Setups

To assess the effect imposed by four factors, a total of nine in situ measurements were conducted

across three sites. The measured results were analysed as four comparative studies, to feature the

acoustics of such spaces. Table 1 tabulates the details of each measurement, including the sites,

source position, connected volume, and boundary condition; these have also been detailed in the

Results section. The experimental conditions and procedures of the nine measurements are summa-

rized as follows.

*  Study a (effect of the openings): the open or shut door on the separating partition at Site 1;

*  Study b (effect of the number of separating partitions): the equivalent space volumes were
divided by different numbers of separating partitions in the same construction at Sites 2 and 3;

*  Study c (effect of source position): one source position A was far away from the opening in the
corner; source position B was located along the opening; source position C was placed at the
side corner near the opening; all of these were placed in the same source room at Site 1;

*  Study d (effect of acoustic absorption): open/shut fagade windows in some receiving rooms at
Site 2.
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Table 1
Experimental details of Measurements 1-9, including the site, source position, connected volume,
and boundary condition of Studies a—d.

Measure- . .. .
Study ¢ Site Source position Connected volume Window
men
1 1514+1501+1502
a 1 1514(A) closed
2 all
6 ) 308
b 8 302 all closed
9 3 607
3 1513(A)
c 4 1 1513(B) all closed
5 1513(C)
6 closed
d 2 308 all
7 3034302 open

2.3 Measurement Technique

The attenuation performance of the entire space was evaluated based on the energy-averaged SPL
in the room, with an array of multiple microphones arranged diagonally along the room, and opening
axis; with a total of eight measuring positions in each room as illustrated in the experimental setups
shown in Figs. 2, 6, 8, and 12. Note that for each measurement, only one measuring position was
occupied with a receiver at the corresponding location of each room, that is, five, six, and three
receivers for Sites 1, 2, and 3, respectively, which were taking a multi-channel recording, simulta-
neously. Otherwise, the measurements of each room, while also covering the entire site, simultane-
ously would have not been possible.

As shown in Fig. 1a, the sound source, an omnidirectional loudspeaker with a flat response
from 100 Hz to 16 kHz was mounted on a dodecahedron, 1.5 m above the floor. Calibrated measured
01-dB type-1 omnidirectional microphones, were set on tripods 1.2 m above the floor in accordance
with [30]. For the RT measurements, an interrupted stationary pink noise was generated to get cali-
brated impulse responses. The interrupted noise method calculated RT from the decay slopes, once
the injected pink noise was abruptly stopped according to [31-33]. T20 was used rather than T3¢
because the maximum sound level for the most remote location from the source could not have been
greater than or equal to 35 dB more than the background noise level.

All the measures used were SPL across measurements, to obtain comparable sound attenua-
tions and reverberations. ‘Relative level’ and ‘level difference’ are the two main acoustic parameters
with respect to sound attenuation that were used in this study. The term ‘relative level’ refers to the
calculated value of a target room, which is the average level of the target room minus the average
level of the source room, as it was the highest one across the spaces, therefore normally started from
0.0 dB. Additionally, the term ‘level difference’ is a calculated value, which is the relative level of
the source or receiving room minus the relative level of another receiving room. Moreover, by char-
acterizing RT by using a single value instead of six octave band values for convenience, middle
frequency Tm was used:
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where Ts00 and Tiooo are the RTs in the octave bands of 500 Hz and 1 kHz.
The in situ measurements were completed between July and August 2019, during summer

)

break in unoccupied conditions, and the interiors of each room sites were consistent and regularly

cleaned.

3. Results

3.1 Effect of Opening

Fig. 2 shows the experimental setups for Measurements 1 and 2. The door in the separating partition
between adjacent rooms (Rooms 1514 and 1513; and Rooms 1502 and 1503) enabled open or shut
conditions of Rooms 1513 and 1503, that is, Rooms 1514, 1501, and 1502 were staying connected
for Measurements 1 and 2, while Rooms 1513 and 1503 were closed for Measurement 2. In this
context, the connected space volume driven by the source, increased from at least three to five rooms
by 50% or 380 m® in Measurement 2 than that in Measurement 1.

Room 1513 Room 1514 Room 1501 Room 1502 Room 1503 Room 1513 Room 1514 Room 1501 Room 1502 Room 1503
Al513 Al514 A1501 A1502 A1503 A: average AlSI3 Al514 Al501 Al502 Al1503 A: average
UOm 75m lZim I75m 225m 300m 7§m 125m |75m 2"5m 300m
(a) (b)

Fig. 2. Experimental setups for (a) Measurement 1: shut condition of Rooms 1513 and 1503 and (b)
Measurement 2: open condition between Rooms 1513 and 1503.

3.1.1 Level difference

According to the paired t-tests (p) of SPL, no significant difference was observed in the source room,
that is, Room 1514, in each measuring position between Measurements 1 and 2. As expected, the
levels in each measuring position were statistically significant (p < 0.01) in Rooms 1513 and 1503
at 500 Hz and 1 kHz, respectively. Furthermore, significant differences were only observed in the
first receiving room (Room 1501; p = 0.011) and second receiving room (Room 1502; p = 0.024) at
1 kHz.

Fig. 3 shows the relative levels of each room to illustrate the sound attenuation across spaces.
Similarly, Fig. 4 shows the level difference between adjacent rooms at 500 Hz and 1 kHz. Results
showed that the level difference between adjacent rooms (Rooms 1514 and 1513) consequently
decreased by 10.0 dB, that is, 22.6 and 13.2 dB at 500 Hz and 23.8 and 13.3 dB at 1 kHz for Meas-
urements 1 and 2, respectively, owing to the change in the open/shut condition at the two partitions.
Moreover, the level difference between adjacent rooms (Rooms 1502 and 1503) was larger as a
decrement of 14.3 dB, thatis, 16.7 and 1.6 dB at 500 Hz, 16.8 and 3.4 dB at 1 kHz for Measurements
1 and 2, respectively.
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Fig. 3. Relative level of each room for Measurements 1 and 2.
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Fig. 4. Level difference between adjacent rooms for Measurements 1 and 2.

It was observed that the level difference in the rooms that stayed connected for both measure-
ments, namely, entire space composed of Rooms 1514, 1501, and 1502, were 22.0 and 23.4 dB at
500 Hz, 21.7 and 22.1 dB at 1 kHz for Measurements 1 and 2, respectively, which generally had an
under 2.0 dB difference between the two measurements. Therefore, the effect of the openings, as a
connecting larger space volume driven by the source, was proven to be limited in those rooms that
stayed connected, and only profound in those that were blocked.

Note that all the separating partitions were of the same construction at Site 1. As shown in Fig.
2, the space volume ratio between the source and receiving rooms (Rooms 1514 and 1501) was 1,
which is larger than that between the source and receiving rooms (Rooms 1514 and 1513). Results
of Measurement 2 also revealed that the level difference between the former set of rooms was
slightly smaller than that between the latter by 1.7 dB at 500 Hz and 2.3 dB at 1 kHz, when the
sound transmitted through two similar separating partitions. The effects of the space volume ratio
between source room and receiving room were then demonstrated: space volume is important be-
cause as the sound energy condenses in a smaller room, it would lead to a higher level difference in
a receiving room, and consequently, a smaller level difference between adjacent rooms. Therefore,
when the source was placed in Room 1514, which was between Rooms 1513 and 1501, and the
former was larger than the latter in space volume, to achieve an equal level in two receiving rooms,
a designed higher value of level difference in lab than that required in situ for the separating partition

between Rooms 1514 and 1501 was recommended in this context.
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3.1.2 Reverberation time

The RT, T2, averaged over all measured values obtained by Measurements 1 and 2 is shown in Fig.
5. The uncertainties of the measured RT were estimated in accordance with [34] to characterize the
quality of the measurements. Table 2 shows reported values of the expanded uncertainty expressing
at approximately the 95% confidence level using a coverage factor (k = 2). When estimating uncer-
tainty in measurement, ‘expanded uncertainty’ is the last calculation. Typically, the calculation only
requires multiplying the uncertainty by a desired coverage factor. When the data represent a normal
distribution, the & factor reflects the number of standard deviations used when calculating a confi-
dence level. The values of the expanded uncertainty were not significant compared to the just no-
ticeable difference characterizing the sensitivity of listeners to small changes in the acoustic param-
eters, which in this case should be lower than 5%, as discussed in [31]. Thus, the variation caused
by measurements was nearly unobservable. The quality of measurements was demonstrated as ac-
ceptable.
Table 2
Expanded uncertainty of the measured reverberation time 7> (s).

Measurement Room 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz

1513 0.05 0.07 0.06 0.06 0.07 0.04
1514 0.07 0.08 0.05 0.04 0.07 0.05
1 1501 0.07 0.05 0.04 0.06 0.05 0.05
1502 0.05 0.04 0.04 0.07 0.07 0.05
1503 0.08 0.04 0.07 0.05 0.08 0.04
1513 0.05 0.07 0.07 0.07 0.04 0.07
1514 0.09 0.05 0.08 0.09 0.07 0.10
2 1501 0.07 0.07 0.07 0.10 0.09 0.07
1502 0.05 0.07 0.05 0.08 0.07 0.09
1503 0.07 0.08 0.07 0.08 0.04 0.09

In general, a lower T value was observed across the spaces for Measurement 2 than that for
Measurement 1, as shown in Fig. 5. The lowest values were found in source room (Room 1514; T»g
=1.0and 1.1 s) at 500 Hz and 1 kHz, and the highest were obtained for Measurement 1 in the third
receiving room (Room 1503; 720 = 2.0 and 2.4 s) at 500 Hz and 1 kHz. Results of RTs were similar
to those of long spaces because they increased with the source distance. As shown in Table 3, the
values of Ty, in the first two receiving rooms (Rooms 1513 and 1501) were equal in both measure-
ments, although they varied with space volume.

According to the paired t-tests (p) of Tm between Measurements 1 and 2, statistically significant
differences were observed (p = 0.001 and 0.002) in the first and third receiving rooms (Rooms 1501
and 1503), while no significant differences were observed in the source room (Room 1514), first
receiving room (Room 1513), and second receiving room (Room 1502). However, the values of 7},
for Measurements 1 and 2 showed a difference of 0.1 s in the source and receiving rooms, except
that for the third receiving room (Room 1503), which reached 0.6 s.

In terms of the effect of different 7%, the results were surprising to an extent, due to a common
coupling effect that is frequently used in concert halls with adjustable RT. When the coupled spaces

8
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are reverberant, RT increases when the door in between is open; however, if it is absorbing, then an
opposite effect is delivered. Therefore, the measured Tz is expected to increase once the door is
opened in Measurement 2. However, this could be because the coupling effect mentioned above
was not considered to be the same as the results of the comparison between Measurements 1 and 2:
when the sound source was placed in Room 1514 under the condition of closed rooms (Rooms 1513
and 1503) for Measurement 1, the sound reflected as the absorbing opening between Rooms 1514
and 1513 was blocked between Rooms 1502 and 1503. Therefore, the connected spaces, which were
driven by the source, were dominated by the direct component, and therefore, attained a higher 72o.
Furthermore, use of 7>9 was more significant in this context as compared to 730 due to the smaller
decay. Furthermore, in the first receiving room (Room 1513), although the decay was due to start
low, the separating partition between the source and receiving rooms (Rooms 1514 and 1513) with
a blocked opening, were more like a plane source, or additional paths through conjunctions of the
separating partition. The ceiling and floors should also be considered in this context. The value of

T>0 was also higher in the receiving room, as the receiver was closer to a ‘source’.
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Fig. 5. Measured reverberation time for (a) Measurement 1 and (b) Measurement 2.
Table 3
Calculated middle frequency reverberation time 72 (8).
Measurement Room 1513  Room 1514  Room 1501 Room 1502  Room 1503
1 1.3 1.2 1.3 1.5 2.2
2 1.2 1.1 1.2 1.4 1.7

3.2 Effect of Number of Separating Partitions

As shown in Fig. 6, the entire spaces of two sets of rooms at Site 2 (Rooms 305, 306, and 307; and
Rooms 302 and 303) were equivalent in length (approximately 18.0 m) and comparable in volume.
The former was separated by two separating partitions (three units each: 218.7 m?, entire: 427.4 m?),
while the latter was separated by only one (two units each: 121.5 m?, entire: 364.5 m®). In addition,
the volume was larger with three slope roofs (two units each: 182.3 m®, entire: 364.6 m®) in the
rooms at Site 3 (Rooms 605, 606, and 607) that were similar to the rooms at Site 2 (Rooms 305,
306, and 307). As indicated by the experimental setup details in Table 1 and Fig. 6, the results of
Tests 6, 8, and 9 were compared to assess the potential effect of the number of separating partitions

to divide the entire space.
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Fig. 6. Experimental setup for (a) Measurement 6; (b) Measurement 8; (c) Measurement 9.

According to the ANOVA tests (p), the comparison of the SPL at each measuring position
among Measurements 6, 8, and 9, showed statistically significant differences (p = 0.001) among
Rooms 307, 302, and 606. In addition, statistically significant difference (p = 0.000) was found in
comparing Rooms 305, 303, and 605.

Fig. 7 illustrates the relative level of each room for Measurements 6, 8, and 9. Results show
that the level difference of 17.0 dB across Rooms 305, 306, and 307 for Measurement 6; this was
equivalent to that across Rooms 302 and 303 for Measurement 8. Furthermore, the level difference
between adjacent rooms (Rooms 308 and 307; Rooms 307 and 306; and Rooms 306 and 305) was
7.5, 4.9, and 4.7 dB, respectively. Therefore, for Measurement 6, the ratio of level difference for
each separating partition along the source distance was approximately 1.5:1:1. Comparatively, the
level difference between adjacent rooms (Rooms 302 and 303; and Rooms 303 and 305), was 10.0
and 6.7 dB, respectively. Consequently, the ratio for Measurement 8 was 1.5:1. Additionally, alt-
hough the level difference across the spaces for Measurement 9 was much smaller than those for
Measurements 6 and 8 by 4.5 dB on average, the level difference between adjacent rooms (Rooms
607 and 606; and Rooms 606 and 605) was 6.0 and 4.0 dB, respectively; the ratio along the source
distance was 1.5:1. As a result, when the entire space was divided into equal units with different
number of separating partitions in the same construction, the ratio of level difference was fixed for
the first and second separating partitions, e.g., 1.5 in this case. The level differences of the successive
separating partitions along the source distance were in general, equal.

10
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Fig. 7. Relative level of each room for Measurements 6, 8, and 9.

3.3 Effect of Source Position

As outlined in Table 1, three representative source positions on the corners of the source room
(Room 1513) were considered, as shown in the experimental setups in Fig. 8. Source A (Measure-
ment 3) is located on the left corner, 8.2 m away from the opening; source B (Measurement 4) is
placed on the end of the opening axis, 6.5 m away from the opening; source C (Measurement 5) is
positioned on the right side corner, 2.6 m away from the opening.

Room 1513 Room 1514 Room 1501 Room 1502 Room 1503 Room 1513 Room 1514 Room 1501 Room 1502 Room 1503
Al513 Al514 A1501 A1502 A1503  A:average AlSI3 Al514 AL1501 A1502 A1503 A average

source B

' e — - - - ; - - - — -
0.0m 7.5m 125m 17.5m 22.5m 300m 0.0m 7.5m 12.5m 17.5m 225m 30.0m

(@) (b)

Room 1513 Room 1514 Room 1501 Room 1502 Room 1503
AlSI3 Al5l4 A1501 A1502 A1503 A average

ource C

00m 75m  125m  175m  225m 300m
(c)
Fig. 8. Experimental setups for (a) Measurement 3: source position A; (b) Measurement 4: source
position B; (¢) Measurement 5: source position C.

According to the ANOVA tests (p) that compared the SPL in each measuring position among
Measurements 3, 4, and 5, significant differences were found in the source room (Room 1513; p =
0.018), and statistical significances (p < 0.01) were delivered in all the receiving rooms at 500 Hz.
However, there was no significant difference in source room (Room 1513) at 1 kHz. Furthermore,
statistical differences were only found in the first (Room 1514; p = 0.002) and fourth (Room 1503;
p = 0.000) receiving room at 1 kHz. In addition, significant differences were observed in receiving
rooms (Room 1502; p = 0.012 and Room 1503; p = 0.014) at 500 Hz, and statistically significant
difference in receiving room (Room 1503; p = 0.004) at 1 kHz by the ANOVA tests (p) comparing
the SPL obtained by the measuring positions along the opening axis in each room.

11
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Fig. 9 shows the relative level of each room for Measurements 3, 4, and 5, at 500 Hz and 1

kHz. Results revealed that the level difference across spaces for Measurement 4 was smaller than

that for Measurement 5 by approximately 2.5 dB at 500 Hz. Furthermore, the level differences

across the spaces for Measurement 3 were 26.0 dB at 500 Hz, and 27.4 dB at 1 kHz, greater than

those for Measurements 4 and 5 by approximately 5.0 dB. These results indicated that a larger

source-opening distance would cause a larger level difference across spaces. However, if the source

was located on the opening axis, the level difference could be smaller. Good agreements were ob-
tained by the measuring positions along the opening axis, as shown in Fig. 10.

Room Number Room Number
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Fig. 9. Relative level of each room for Measurements 3, 4, and 5. (a) 500 Hz; (b) 1 kHz.
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Fig. 10. Relative level along the opening axis for Measurements 3, 4, and 5. (a) 500 Hz; (b) 1 kHz.

Fig. 11 illustrates the level differences between adjacent rooms for Measurements 3, 4, and 5
at 500 Hz and 1 kHz. As shown, the level differences between the source room (Room 1513) and
first receiving room (Room 1514) were much smaller than those between the adjacent rooms
(Rooms 1514 and 1501; and Rooms 1501 and 1502). Furthermore, the differences in level differ-
ences across the three measurements due to different source positions, were greater between Rooms
1514 and 1501, and Rooms 1501 and 1502 as compared to those between the source and first re-
ceiving room. Therefore, the effect of different source positions was likely reflected in the output of

receiving rooms farther from the source room.
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Fig. 11. Level difference between adjacent rooms for Measurements 3, 4, and 5. (a) 500 Hz; (b) 1
kHz.

3.4 Effect of Acoustic Absorption

The acoustic absorption was partly changed by opening six windows on the fagade of the receiving
rooms (Rooms 302 and 303) as shown in Fig.12. According to the paired t-tests (p) comparing the
SPL in each measuring position between Measurements 6 and 7, there was no significant difference
in Room 307 (p =0.767), Room 306 (p = 0.612), and Room 305 (p = 0.168). However, statistically
significant differences were observed in Room 303 (p = 0.006) and Room 302 (p = 0.000).

As shown in Fig. 13, the level difference across the spaces delivered a decrement of 7.8 dB for
Measurement 7. It was further observed that the level differences between source and receiving
room (Room 308 and Room 307), and between the adjacent rooms (Rooms 307 and 306; and Rooms
306 and 305) were almost equal in the two measurements. When sound passed through three rooms,
meeting the corner at the location of Room 305, the attenuation of levels ceased only for Measure-
ment 6. However, for Measurement 7, the level differences between adjacent rooms (Rooms 305
and 303; and Rooms 303 and 302) were equivalent to those obtained in the previous three rooms
(Rooms 308 and 307; and Rooms 307 and 306). Therefore, increasing the acoustic absorption
through partial changes in boundary conditions of sequential spaces, has been proven to be unnec-
essarily interplaying the overall sound attenuation across the spaces. Especially, for spaces designed
in a corner type, the effects were confined in the changed part of the spaces.

Room 305 Room 306 Room 307 Room 308 Room 305 Room 306 Room 307 Room 308

A305 A306 A307 A308 A: average A305 A306 A307 A308 A: average

o 240m o 18.0 m 120m
a )
22 R
52 8’2 o
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Fig. 12. Experimental setup for (a) Measurement 6; (b) Measurement 7.
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Fig. 13. Relative level of each room for Measurements 6 and 7.

4. Discussions

4.1 Limitation of the study

Limitations observed during the study involve measurement techniques used, such as the amount of
source and receivers involved at the same time. Additionally, limitations were imposed by site-spe-
cific features of case sites, such as the plan of Site 2, that is featured with the corner spaces rather
than linear spaces; and the issues faced in handling investigation of customized furniture interven-
tions. Another limitation of the study is the characteristics of the case rooms, which were generally
of a small or middle space volume. Simultaneously, the sequential units could have been lesser.

4.2 Associations between four factors and implementation of the findings

For optimization of the design plan to implement the findings, among the four factors discussed,
source position should be high on the list of priorities. (1) If the entire space is divided into several
parts by blocked openings, whether a connected space contains the source is of great significance
because the results reveal that by connecting an increasing number of rooms by openings could
almost negate the changes in sound attenuation in these rooms. On the contrary, the changes in the
levels on the blocked parts, and their level difference would be large. However, the difference in RT
imposed by blocked openings on separating partitions, could be very limited; especially if they are
close to the source, the effect of a separating partition acting as a plane source would be desirable;
(2) For the spaces adjacent to and near the source, the level difference between the source and first
receiving room is generally larger than the rest of the separating partitions even though they are a
part of the same construction. An advice in this context is that if a source is fixed in the design plan,
a lower rated separating partition should be workable between the source and first receiving room
to achieve similar performance as the rest of the rooms; (3) In achieving a larger level difference
across the spaces within a certain source distance, the source is suggested to be positioned in the
corner of the room rather than along the opening, and far from the opening area, or vice versa.

The same construction when measured in a lab will result in the same level difference in each
measurement, while in situ results will vary from room to room. The findings of this paper demon-
strated that it is necessary for the calculation to convert from lab to site, on level difference in such
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spaces to consider the effects of source position, such as source-receiving room volume ratio, and
source-opening distance.

5. Conclusions

The acoustics of sequential spaces were defined by analysing the sound attenuation and reverbera-
tion through conditional openings, numbers of separating partitions, source position, and acoustic
absorption. The major findings of this study are listed as follows:

e  For the rooms that remained connected in the open/shut condition at the separating partition,
significant changes were not observed for all the SPL distributions in the source and receiving
rooms. The difference in the average level of each room and its level difference across the
spaces were both within 2.0 dB. Therefore, the effect of openings was limited and only pro-
found in the rooms that were blocked.

e Alarger ratio of source—receiving space volume resulted in a smaller level difference between
adjacent rooms, and as a result, in the lab level difference are recommended to be larger. 729 of
each room increased with source distance, and it decreased in both the source and receiving
rooms if more rooms were connected in the general space, because of the strong effect of plane
source imposed by a blocked separating partition. The larger the source distance, the more
significant were the changes in the value of 7.

e According to source position, the level difference between adjacent rooms by the first separat-
ing partition was larger than that between the successive rooms when the space was divided by
different number of separating partitions in the same construction. In case of a settled source
position, a lower level difference is considered as workable for the first separating partition.

e When using the source position to adjust the sound attenuation across the spaces within a cer-
tain source distance, a larger source—opening distance resulted in a larger level difference
across the space unless the source was placed along the opening, the value of which was smaller
than the others.

e The increase of acoustic absorption only affected the level difference in those increased spaces
rather than the rest of them.

In addition to applications of coupled spaces in many performing venues [35], the effect im-
posed by the four factors suggest that the layout designing of sequential spaces should be careful in
source position, in the interest of its associations with the source and receiving rooms.
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