The

University

yo, Of
Sheffield.

This is a repository copy of An experimental study on the acoustic characteristics of
outdoor spaces surrounded by multi-residential buildings.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/121899/

Version: Accepted Version

Article:

Yang, H.-S., Kang, J. orcid.org/0000-0001-8995-5636 and Kim, M.-J. (2017) An
experimental study on the acoustic characteristics of outdoor spaces surrounded by
multi-residential buildings. Applied Acoustics, 127. pp. 147-159. ISSN 0003-682X

https://doi.org/10.1016/j.apacoust.2017.05.037

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Hong-Seok Yang, Jian Kang, and Myung-Jun Kim: AgglAcoustics [DOI: 10.1016/j.apacoust205.037]

An experimental study on the acoustic characteristics of
outdoor spaces surrounded by multi-residential buildings

Hong-Seok Yand Jian Kan§, Myung-Jun Kinf "

&Land and Housing Institute, Korea Land and Hous$ingporation, Daejeon 34047, South Korea
P School of Architecture, University of Sheffielchefield S10 2TN, United Kingdom
¢ School of Architecture, University of Seoul, Se6@b604, South Korea

* Corresponding author

Abstract

A comfortable sound environment in the outdoor spaaf apartment complexes contributes to
the improvement of the overall environmental qwalit is expected that the characteristics of
room acoustical parameters and sound pressure (8&RI) attenuation of outdoor spaces
surrounded by multi-residential buildings dependsyany design factors such as the openness,
volume, and building layouts, etc. The aim of thtady is to clarify the influential factors
determining room acoustical parameters and SPLnwt®on in outdoor spaces that are
surrounded by buildings with complicated topographiconditions. A series of measurements
was carried out for 15 outdoor spaces in 6 apartimemplexes with different building layouts.
The 15 outdoor spaces were categorized into 4 tgpbsilding layouts: linear-shaped, parallel-
shaped, U-shaped, and square-shapkd.result showed that reverberation time (RT)0& Hz

and 1000 Hz is relatively long, over 4 sec, wittewen RT distribution showing a non-diffuse
field. With increasing source to receiver distartbe, RT and early decay time (EDT) increased
logarithmically. On the other hand, the DefinitiflDso) and rapid speech transmission index
(RASTI) decreased with increasing source to recemistances. The result for the SPL
attenuation measured at a 20 m source to receistande in 10 outdoor spaces showed a 17.7
dB difference between the 10 spaces due to thaeinfle of building geometry. An empirical
method considering the openness, size-related gaeasnand room constant is also suggested to
predict the approximate RT and SPL attenuatiohénautdoor spaces.
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1. INTRODUCTION

High-rise apartment buildings have been univershiijt for residential purposes due to the
increasing population density in urbanized citids. apartment complex consists of several
apartment buildings in a limited area of land wiltious types of building layouts and blocks of
buildings. Outdoor spaces in an apartment complex @lanned by considering many
architectural, environmental, and social factorshsas car parking, natural lighting, and outdoor
activities [1]. Recently, the importance of the dadr spaces for leisure and rest has also been
given particular attention, especially with thergase of the available land for such uses due to
underground car parking. Therefore, designing emvrents that have a comfortable sound
environment in outdoor spaces can contribute taawipg the living quality of residents.

Two approaches can be considered when designingesdar effective noise reduction in
outdoor urban environments. The first approachoiseduce background noise from external
noise sources such as road traffic, and the seappibach is to reduce background noise from
internal noise sources such as human voices inotitdoor spaces. The majority of noise
abatement schemes have mainly adopted the firsbagp related to reducing background noise
from the external noise sources such as traffisenby means of noise barriers as well as by the
building layout such as introducing courtyards [29his conventional approach is based on the
concept that a lower background noise could hedleats to feel less stressed.

Although reducing background noise in outdoor spas@n effective noise abatement approach,
it causes a relatively high signal to noise ra86\) for the internal noise sources such as human
conversation, pedestrian noise, and passing trathierefore, it is also important to control the
sound field of the outdoor space by means of amousaterials with a high absorption
coefficient such as green walls and soil which oesiuce the increased sound pressure level
(SPL) and reverberation time (RT) due to multig#ections between building fagades [8-11].

Numerous studies have been carried out to chaiaetsound fields with acoustic descriptors
including RT and SPL distribution. The results skdwhat RT and SPL distribution are useful
parameters to predict transient and steady-stateds@ropagation in urban spaces that are
influenced by complicated acoustic phenomena sucimaltiple reflections, diffraction, and
diffusion due to surrounding buildings and obstscléhus, various prediction models for RT
and SPL distribution have been developed for maatesurban environments to understand the
effect of boundary conditions and width-to-heightio in sound propagation [12-15]. The results
from these prediction models suggest that withudéfy reflecting boundaries, the RT is shorter
than that with geometrically reflecting boundariiswas also predicted that the RT in street
canyons increases with increasing source to recedlistances for both diffusely and
geometrically reflecting boundaries.

Several studies have also involved site and scaldemmeasurements to examine sound
propagation characteristics in urban spaces [16i&ifail and Oldham [22] investigated the role
of sound reflection from building fagcades with gudar surfaces using physical scale models.
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The result suggested that the scattering coeffigseabout 0.09-0.13 for urban fagades in Europe.
Although the scattering coefficient is small, th&use reflection mechanism is dominant at
higher orders of reflections due to the effect afitiple reflections. Thomas et al. [23] carried
out a series of measurements in 99 streets to erathe influence of geometrical parameters
such as street width, average height, and facadghness in SPL distribution by analyzing the
reflection ratio, defined as the reverberant tectisound energy ratio. The result showed that
the reflection ratio strongly correlates with thteest width. A model was also suggested to
predict SPL according to the influence of changethé street width and average building height
in street canyons.

In comparison with street canyons and squares,atimistic quality in outdoor spaces of
residential buildings could be more important beeauesidents require a high level of
comfortable sound environments for leisure and irestutdoor spaces and in living rooms that
face outdoor spaces. This is especially importamind summer when residents open their
windows, because sound energy containing multipfeections transmits through the indoor
spaces of high floors [24]. Thus, it is importahatt architects understand how architectural
design can affect the RT and SPL attenuation idanrtspaces.

The purpose of this study is therefore to investighe acoustic characteristics of outdoor spaces
surrounded by multi-residential buildings by analgzdata measured in 15 outdoor spaces of 6
apartment complexes with different building layouf®ie 15 outdoor spaces were categorized
into 4 types of building layouts: linear-shapedrafial-shaped, U-shaped, and square-shaped.
Some of the measurement data (4 of 15 outdoor sp&oen the preliminary work was used for
the parametric study [24]. Based on the site measents, the RT, early decay time (EDT), and
SPL attenuation were analyzed according to theceotar receiver distances. The characteristics
of room acoustical parameters were also analyzedy iefinition (Dsg) and the rapid speech
transmission index (RASTI), both of which are rethto speech intelligibility. An empirical
model using AutoCAD to predict RT and SPL atterarats also suggested in this study.

2. METHODOLOGY
2.1. Description of the studied sites

In this study, a series of field measurements veeslgcted to investigate the characteristics of
sound propagation in 15 outdoor spaces of 6 apattm@mplexes in Korea. The apartment
complexes were selected by taking into accounttyipes of building layouts and building
blocks. Figure 1 shows the bird’s-eye views forheapartment complex and Figure 2 shows the
photographs for each site. Table 1 describes ttee aid measurement conditions for each
apartment complex.

As shown in Figures 1 and 2, each apartment comipdesxa different building layout, block,
size, and height. On the other hand, most of tlidibhg facades have acoustically reflective
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(e) Site 5 (Jeung-Pyung) (f) Site € (Chon-Wang)
Fig. 1 Bird’s-eye views of each apartment complex

Hf;
! um i
o T

(d) Site 4 (Pa-Ju) (e) Site 5 (Jeung-Pyung) (f) Site € (Chon-Wang)
Fig. 2 Photographs of each apartment con

surfaces with concrete waland window balcdes which can result irrelatively long RT an
increased SPL due to strosgeculi reflections in comparison with a sefmee field.
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Table 1 Siteand measuremeconditions for each apartmenimple:

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Name Jeon-Nong Shin-a]ung Shin-Jung 8 Pa-Ju Jeun¢-Pyung | Chon-Wang
2n
No. of 15 20 8 11 6 13
buildings
No. of flats 867 471 238 648 504 1044
No. of floors 9~15 3~7 9~15 12~25 10~15 9~18
Temp. 11.1 215 215 24.3 26.4 21.2
(°C)
Humidity 56.5 39.5 395 60.1 57.5 57.5
(%)
wind speed <33 <20 <20 <21 <15 <21
(m/s)

In Figure 3, thel5 measurment zones in the apartment complexe shown. The buildin
layouts surrounding theutdoor spaces arcategorized into 4 typedinear-shaped (i.e. -),

parallel-shaped (i.e. =), Bhaped (i.e. 1), and rectangular-shaped (il€l). The building blocks
also have 4 different typesiich can becategorized abnear, L, U, and “types

| .: 2371.’5
| O oy
bacssscncssssssscannnnass 1

(b) Site 2 (Shin-Jung™®

<-50m->

(a) Site 1 (Jeon-Nong)

-

(c) Site ¢ (Shin-Jung )

<50m> <-50m>

() Site 4 (Pa-Ju)

(e) Site 5 (Jeung-Pyung) (f) Site 6 (Chon-Wang)
Fig. 3 Groundalan and measurement zones for each aparttomple:
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Fig. 4 Locatiors of source to receiver points in th® zone:

The number and locationf the source and receivgroints at eacl measurement zone
described in Table 2, with total of 209 points used to measure ime responses. Whilthe
receiver points (microphon were fixed in an outdoor space, the locis of the source points
(pistol) were changedn ordel to analyze theRT distribution in an outdoor space.
measurement of SPL attertion was also carried out using a speake thesource to receiver

points along a line of sight itil zones. The source to receidestance fo each measureme
Applied Acoustics, Volume 127,2017, Pages 147-159 Page 6
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Table 2 Description on source to receiver pointsmeasurement parameters at each measurement zone

Name of | No. of No. of Source-receiver Measurement Type of
zone sources | receiver distance (m) parameter building
Impulse SPL _ layout
response | attenuation
Site 1 Z1-1 1 5 1,5, 10, 20, 40 0] o U
Z1-2 1 5 1,5, 10, 20, 40 @] (0] 0
Z1-3 1 5 1,5, 10, 20, 40 o (0] -
Z1-4 1 6 9, 10, 12,13, 20, 21 O X 0
Site 2 Z2-1 4 5 1,7, 14,21, 28 O @] U
72-2 4 5 1,7,14,21, 28 @] X 0)
z72-3 2 5 1,7,14,21, 28 ) @] =
Site 3 Z3-1 3 6 1,5, 15, 25, 35, 4b @) X 0
Site 4 Z4-1 4 6 1, 10, 20, 30, 40, 30 @] o) u
Z4-2 4 5 1,5, 10, 15, 20 0] O =
z74-3 4 6 1, 10, 20, 30, 40, 50 O (@] =
Site 5 Z5-1 3 4 1,7,14, 21, 28 O @] -
Z75-2 2 4 1,7,14,21 o X =
Site 6 Z6-1 4 5 1, 10, 20, 30, 40 o) ) =
76-2 3 4 1,8,16,24 O @] -

zone was determined by considering the size ofotlteloor spaces. Figure 4 illustrates the
locations of source to receiver points in the 15em

2.2. M easurement method

The impulse signal was generated using a starséolpivhich can produce a strong impulse to
noise ratio (INR). At the source to receiver disgamf 50 m, the maximum source to receiver
distance considered in this study, the INR was B&d125 Hz, 30 dB at 250 Hz, 38 dB at 500
Hz, 41 dB at 1000 Hz, 47 dB at 2000 Hz, and 50 d#080 Hz. According to ISO 3382-2 [25],
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Laptop computer

Fig. 5 lllustrationof the experimental setup of source, receigad FFT analyzer

the recommended INR is aast 35dB and 45dB for accurate RT meement of T20 and T3z
respectively. Therefore, it n be said that the INR above 500 Hz isicient to calculate T2(
for the source to receivdistances within 50 r

The impulsive signal for thetarter pistol was captured using the-channel Symphonie syste

(01dB) with a ¥ inchmicrophone (G.R.A.S. TypMCE 201)and preamlifiers (01dB-Stell Pre
12H). The four channel Hmonie system (01dB) was also used a % inch microphone
(G.R.A.S. Type 40AFand peamplifiers G.R.A.S Type 26AG). Theeceiver and sourcheights

from the ground were 1.5.nfrigure 5 illustrates the experimental conn. Gun shots for eac

measurement were repeateve times and averaged to calculthe RT.

RT, EDT, Do, and RASTIfor the impulse responses recorded from teld measurement ere
analyzed using thBirac program from B&Kk which has a noise compeation function to reduc
the effect of background ne onthe RT calculationln this study, the dcay range is selected
T20 (-5 dB to 25 dB) conddering the INRSPL attenuation witldistaice was also measut
using a directional speakerith a height of 1.5 m. The sound source the measurement w
white noise with theS/N of 47 dB at 1m fronthe source, indicating sficient sound power t
measure SPL attenuation fwurce to reeiver distances within 50 m.

3. MEASUREMENT RESULTS

3.1. Impulseresponses and decay curvesin 15 outdoor spaces

To examine the difference multiple reflection patterns of sound enein 15 outdoor spaces, it
is useful to compare thienpulse respons and decay curves measu at the samisource to
receiverdistance. In compaon with a shorsource to receiver distanaghere the direct sour
dominants theverall soundenergy, an analysis of impulse responseasured at a rather lol
source to receiveadistance ould show distinct differens in multiple refection patterns. Thu
Figure 6 and Figure 7 showne impulse responses and correspondin@y curve, respectively,
at receiver distances of arad 20 m from a sourcin 15 outdoor spaces.
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Fig. 8 Maximum, averagand minimum RT with frequency between 500and 2000 Hin the 15

outdoor spaces

The resultfrom Figure 6 shws impulse responses containing strongnd reflections arrivini
after the direct sound fromuilding facades, ground, and other obsis such as lo-profiled
street furniture, barriergnd trees. Thus, it can be said that the refd sound energy caus
increased SPL and RT, re2d to noise annoyance and spatial imprns. It is noted that the
reflection patternsof impulse respons: differ among thel5 outdoo space, although the
measurements werearried out at similarsource to receivedistance. This is because t
reflection pattern is influen:d by many design factors such as buildheight, building layout
building shape, gaps betwe buildings, configuration of building facac,the acoustic materials
of surfaces, etdAccording tc the different typs of outdoor spaces, reflced sound enercin the

U and[] shapess relativelystrong compared to thin the -and = shaps if the building heigls

aresimilar. For example, it an be seen that the reflected sound ener¢1-1, Z1-2, and Z1-4 is
stronger than that at Z3-which can be confirmed again frohe decay urve in Figure "

3.2. Room acoustical parameters (RT, EDT, Dsp, and RASTI)
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Fig. 9 Measured R@&t 500 Hz with differentsource to receiver distances fbdifferent types of buildin

layouts

3.2.1. RT and EDT

In Figure 8, themaximum, averag, and minimum RT measured @achmeasurement zone ¢
shown with different frequacies from 500 Hz to 4000 Hz in octavand to examine the F
distribution in the outdoor aces. RT at low frequencie: not presentehere due to insufficiel
INR. The result shows thale differencesin RT between maximum id minimum values fc
each measurement zone aignificant at all frequencies, indicatia non-diffuse sound field of
the outdoor space with aper ceiling. It can be seen that theximum,averag, and minimum
RT differ according to eacheasurement zone due theinfluence of arhitectural design ithe
reflection patterns. It is nod that RT is relatively long at 500 Hz an000 Hz in comparisc
with other frequencies. Manum RT at 500 Hz is found at -2 with abat 4 sec

In urban spaceshe source ) receive distance is an important factdetermining RT. In Figur:
9, RT at 500 Hz measured different source receiver distances in th meisurement zones is
measuredby categorizing th outdoor spaces the 4 types obuilding layouts: -, =, U, and-.
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Fig. 10 Measured ED@&t 500 Hz with differenisource to receiver distancies 4 different types of

building layouts

The result shows that RT ireases logarithmically with increasisource to receive distances
in all 15 outdoor spaces.1is is because the amplitude of the diisound decreases w
increasing source to receiveistarces, implying thathe influence of reected sound energy ¢
increasing RT increasedth increasincsource to receivatistances. Th correlation coefficien
R, of the logarithmic regresion curve has a relatively high vaof between 0.55~1.00. It
also shown that RT at the mesource to receivetistance has differervalues due to differer
architectural design§:or exemple,Figure 9(c) shows the U typie, which RT at Z2 is relatively
short in comparison with tit at Z1 and Z4 because the rdatively snall volume of outdoo
space.

In Figure 10, theEDT at eah measurement zone is shown accordil the source to receiver
distances. EDT is a paramr, derivedfrom the decay curve section :.ween 0 dB and 10 d
below the initial level. Hencehe sound energy from early reflections ; a significant influenc
on this parameter. The resin Figure 10 shows that EDT tends to incie with increasin
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Fig. 11 DB with differentsource to reeiver distances for thé different types of building layou

source to receivatistances garithmically, which is similar to RT. It caalso be seen that at t
same source to receivdistanc, EDT has different values due tbe different architectural
designs.

3.2.2. Definition (Rg)

Energyrelated parameterscluding Cso and Clarity (Go) are useful dscriptors to investigal
how sound energy arrives the early and late pis of the impulse resmse. [5o is a parameter
related to clarity for spebcadefined b' the ratio of early (50ns) to tota arriving sound enerc
measured using unit of pecentage. In this study,g is not consideredas it is appropriate fc
music signals.

Figure 11 shows £ with different source to receiver distances fodifferent types of building
layouts. The result showsa, except for a few cases,sPdecreass logarithmically with
increasing source to receiveistances. This indicates that with iacereasingsource to receiver
distance, theclarity of spetch decreses The correlation coefficientf regression curves
between 0.03 an@.94, whicl is relatively low compared to that of RT.s also noted that s at
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Fig. 12 RASTI with differensource to reeiver distances for thé different tyes of building layou

the same source to receivistance varis according to the characterist of outdoor spaces. F
example, @y at 20msourceto receive distance for U type spadas a ange between 0. and
0.57, showing the importan ofselecting theorrect design for the outor layout

3.2.3. RASTI

Acoustic descriptors relateo speech intelligibility such as RASTI piide useful informatiol
onthe design of public addss (PA) systems that announceices to theresidents in an outdo
space of an apartment colex. In this study, the RASTI in the ouor spaces is measur
according to the source receiver distances to examine speeatelligibility evaluated
according to 5 grades: @3, very pool 0.3-0.45, poor; 0.48-6, fair; 05-0.75, good; 0.75-1.0,
excellent [26].

As shown in Figure 12, it ci be seen that RASTI tends to decrease vie increase of distan
which is similar to theesult o Dso. This is because within a shadurce o receiver distance, the
direct sound dominates tlearly sound energy the impulse responsegsulting in eshort RT,
while RT increases with incased distance duethedecreased amplitu: of the direct soun
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Fig. 13 SPL attenuann according tsource to receiver distance in ddtdoor spact

Based on the result shownkigure 12, it isconcludedhat the design o?A systems needs to
changed ta@onsider the chacteristics othebuilding layouts surroundir an outdoor spac

3.3. SPL attenuation

The daracteristics of SPLttenuation in outdoor spaces provide usinformationabout the
way in whichthe multiple rdlectionsfrom thesurrounding geometry hance SPL at a certe
receiver point from a soul source. The enhanced sound energy es an increased noise
annoyance for theesidentsin outdoor spaces as well as in livingyms, especially during
summer whemsing natural entilation

Figure 13 shows the reswlf SPL attenuation relative to theference SL measured & source
to receiver distance of 1 in 11 outdoor spaces. The result showstin all of the outdoor
spaces, SPL decreases wiicreasincsource to receivatistance due toe characteristics the
non-diffuse field. It can als be seen that SPL attenuation at trme source to receiv point
varies with thedifferent chagacteristics othe surrounding geometrffor 2xample, ¢ a source to
receiver distance afround 2 m, SPL attenuation ranges between &éh&-28.5 dB, indicating a
17.7 dB difference due tihe surounding building geometry. The outor spaceof Z2-3 has an
SPL attenuation of -9.8 dByith a low value in building height, gapetween buildin¢, and
volume, while Z41 showel an SPL attenuation of -28.5 dBue t high valus for the
architectural design factor3he overall result indicates tharchitectual design significantl
affects the level of noise anyance experienced by residk.
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4. EMPRICAL METHOD TO PREDICT RT AND SPL ATTENATION
41. RT

It is well known from Sabine’s equation that théwoe and absorption power of a space play an
important role in determining RT. In comparisontwihe diffuse sound field in enclosed rooms,
outdoor spaces have a non-diffuse sound field malné to the open ceiling and gaps between
buildings which can be treated as surfaces withabsorption coefficient of 1.0. Generally,
apartment buildings consist of concrete walls amadaws with acoustically flat and reflective
surfaces. Therefore, it is expected that the omnpé an outdoor space is an important factor
determining RT. In terms of volume, the size ofcamdoor space as well as the building height
can have an influence on RT.

To evaluate the openness and size-related parav@tan outdoor space, in this study, a ray-
tracing technique is applied by drawing 360 raysiéfjree between rays) emitted from a sound
source, which can be easily drawn in AutoCAD. Tbeation of a sound source is determined
considering the point measured at each measureznaat The openness of an outdoor space is
calculated by the percentage of the effective thgs reach building facades within a boundary
line of the outdoor spaces. A distance threshotdiéen the source, the fagade, and the source is
defined as 170 m by assuming a maximum S/N of 45ndButdoor spaces at a 1m source to
receiver distance, which is a comparative valuestaind attenuation for 170 m in a semi-free
field. The maximum S/N of 45 dB is determined bysidering shouted speech (85 dBA at 1 m)
and quiet outdoor background noise (40 dBA). Setated parameters including total ray length,
average ray length, closed area, and closed vofomthe effective ray are also calculated to
investigate the relationship between design facwrd RT. The definition and calculation
method of each design factor are given as follows.

- Openness: 1 — (Number of effective rays on bugdatades/360)
- Total ray length (m): Sum of the effective raydén

- Average ray length (m): Total ray length/Numbeetiéctive rays
- Closed area (fit Sum of area closed by rays and facades

- Closed volume (f): Closed area building height

Figure 14 shows an example of the method used ltulate the size-related parameters by
drawing the effective rays at Z1-1. Table 3 deswilthe design factors including openness,
building height, and the size-related parametarg&ch measurement zone.

Figure 15 shows the relationship between opennedsRA. RT in Figure 15 is the value
measured at the source to receiver distance ofndrd20 m from which RT changes
insignificantly with increasing source to receidéstance. The result shows that the correlation
Applied Acoustics, Volume 127,2017, Pages 147-159 Page 17
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R=="=;

Fig. 14Example of the calculan method for effective ray and s-related parmeters at z-1

Table 3Description of design ctors including openne: building heightand tte siz-related parameters
for each measurement zone

Measuremen No. of Opennes Total Averaged Closed Closed Building

zone effective ray length ray length area volume height
rays (m) (m) (m?) (m’) (m)
Z1-1 260 0.2¢ 7189 27.6 2685 104726 39
Z1-2 242 0.32 6803 28.1 2733 106587 39
Z1-3 143 0.6C 4613 32.3 2135 83265 39
Z1-4 306 0.1t 8992 29.4 3065 119535 39
z2-1 335 0.07 4245 12.7 896 18816 21
z22-2 349 0.0z 4005 11.5 643 7716 12
Z2-3 167 0.5¢4 2059 12.3 254 3048 12
Z3-1 305 0.1t 6585 21.6 2154 77544 36
Z4-1 194 0.4¢ 6631 34.2 2566 161658 63
Z4-2 272 0.2¢ 5581 20.5 1542 107940 70
Z4-3 206 0.3¢ 7080 34.4 2833 127485 45
Z5-1 172 0.5Z 1349 7.8 117 4914 42
Z75-2 143 0.6C 5323 37.2 2889 121338 42
Z6-1 221 0.3¢ 6673 30.2 3448 139644 40
26-2 171 0.5¢ 2950 17.3 1273 57285 45
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Fig. 15Correlation analysis bween openness and RT measurea 20 msource to receive distance (-
value = 0.413)

coefficient between RT ancpenness is 0.05 w ap-value of 0.413, indating a low orrelation
due to the influence of the riation in width and height of each outdooace

Figure 16shows the resultof correlation analysis to examine the relnship between RT ar
sizerelated parameters inding total ray length, average ray leh, closed are, and closed
volume. The result showsiat RT tends to increase with increasindue of the siz-related
parameters. The high coration coefficient and lowp-value indicae that the si-related
parameters play an import role in deternning RT in outdoor space Particularly, it can b
seen that three sizelated pirameters including total ray length, close¢e:, and closed volume
show very strong correlatidsecaus p-value approaches less thau@01. It isalso observed that
the clogd volume has the jhest correlation coefficient with RT. Theore, it can be said th
the empirical equation reted to the sizrelated parameters prdes a useful tool t
approximate RT at a 20 source to receive distance.

Although the proposed grical equatio used to predican approxinate RT in the outdoor
spaces with nowliffuse soud field has a limitation in terms of accurathis simjle calculation
method could provide a usd tool in the design stage for architectptredictRT.

4.2. SPL attenuation

In a diffuse sound field, Sl in a room is calculateusing Eq. 4.1combining the direct fielc
contribution with the reverlrant field contribution to the sound press

Q 4
LszW+1010glO [m"‘ﬁ] (41)
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Fig. 16 Mrrelation analysis 2tween the si-related parameters and RT mared ¢ a 20 m source to

receiver distance

where

L, = sound pressure lev dE

Lw = sound power level|B

Q = directivity factor

r = distance from the soce, n
g

R = ——— = the room constant, m?
(1-5)

Applied Acoustics, Volume 127,2017, Pages 147-159

Page 20



Hong-Seok Yang, Jian Kang, andyung-Jun Kim: Applied Acostics [DOI: 10.216/j.apacoust.2017.05.0.

'
ul

-10 O (@]
-15
-20

-25 @) e}
o8

R?=0.24
-30

-35

Relative SPL at 20m, ref. 1m (dB)
o

-40

0.0 0.2 0.4 0.6 0.8 1.0

Openness
Fig. 17Correlation analysis beeen (enness and SPL attenuation measura®@tm source to receiver

distance f-value = 0.337)

& = average Norri&yring ebsorption coefficie

S = total area of the absamsurfaces, m

Eq. 4.1 indicates th&PL wih the direct field is determined using thestance from the sourt
and directivity factor, whileSPL in th reverberant field is determindbm the room constant
influenced by thesurface aborpticn. Therefore, it can be assumed thal at a receiver point i
an outdoor space is mainlyluenced by the amount of surface absory.

Figure 17shows the relatiaship between openness and SPL attem measured ea 20 m
source to receivedistancein 10 outdoor spaces to examine thdluence of absorptio
quantified by opennessyhich can be treated @he absorption coeffient of 1.0. The resu
indicates that the correlaticcoefficient between SPL attenuation and:nness ias low as 0.24
with ap-value of 0.337although the coefficient is higher than that betn RT and openne

To reflect thesurface areavith an absorption coefficient of 1.0, theirface area cthe gaps
between buildingmeeds tc be calculated, as well as that of tloper ceiling, if the extra
boundary such as buildinfacades and ground is assumed as szs with an absorption
coefficient of 0. Howevercalculaing the area of the open surfate difficult due to the
complicated geometry. In 5 study, it i therefore asumed that the an of the open surface

proportional to thebuilding height. Based on is, a new parameter ced the weighted room
constant is suggested gisen ir Eq. 4.2.
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where h (m) is building heig.

Figure 18shows the relatiship betweerthe weighted room constd and SPL attenuatic
measured at a 20 source t receive distance. As shown in Figure 1fBe correlation betwee
the weighted room constarand SPL attenuation is very str, since ne p-value is less than
0.001. It can be seen that v the increase ctheweighted room constat SPL is less attenuate
The high correlation indicas that the weighted room constant is a 4l descriptor to predic
the increased SPL in an ouor spact

5. DISCUSSION AND CONCLUSIONS

In this study, a series of fiemeasurements for SPL attenuation and acoustical paramete
including RT, EDT, 3, and RASTI were carried out for 15 outdospaces in 6 apartme
complexes, which were demined by considerir the different buildin¢ layouts, blocs, sizes,
and heights fola parametri study. Based on the data from field murements, an empiric
method determining RT ansPL attenuation is also sugges
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The result for RT distribution indicated that RT ggnificantly influenced by the source to
receiver distance, building layout, and sizes dfdngs. It was demonstrated that a maximum
RT at 500 Hz and 1000 Hz is relatively long, abéigec, which shows the outdoor spaces are
reverberant due to multiple reflections betweerdmg facades with specula surfaces. RT was
distributed with a high deviation in the same owtdspace, showing a non-diffused sound field
mainly due to the open ceiling and gaps betweeltibgs. With increasing source to receiver
distance, RT is generally increased logarithmicdliywas also found that RT tends to rapidly
change at a short distance from the sound soureédadihe strong effect of the direct sound. On
the other hand, the change in RT above a souraedeiver distance of about 15 m was
insignificant. EDT also showed a similar tendensytteat of RT. It was also shown thag,@nd
RASTI tend to decrease with the increase of sotogeceiver distances. At the same source to
receiver distance in 15 outdoor spaces, 8nd RASTI also varied significantly due to the
influence of the building geometry. The measurenresult for SPL attenuation showed a
difference of 17.7 dB between the 11 outdoor spateéke SPL at a 20 m source to receiver
distance measured due to the characteristics afutreunding building geometry.

By using AutoCAD, in this study, RT and SPL attetmra were predicted with an empirical
model considering openness and size-related pagesndt was shown that RT is strongly
influenced by size-related parameters, includinglt@y length, closed area, and closed volume.
On the other hand, SPL attenuation had a stroragioathip with the absorption power of the
space, which was quantified with the new desigrofacalled weighted room constant. The
overall result indicated that the empirical modeed to predict RT and SPL attenuation is a
useful tool for architects during the design precés understand how a space affects the
reverberance and noise annoyance due to the iedre8RL by the surrounding building
geometry.

Although the acoustic characteristics of outdooacgs surrounded by high-rise residential
buildings were investigated in this study by aeseof measurements, it is still necessary to carry
out more systematic studies by using simulatiomnepies to suggest design guidelines for
outdoor sound environments according to the size\erlume of the spaces. Also, subjective
evaluation on a spatial impression of the outdopaces needs to be carried out using
spaciousness parameters such as inter-aural @ostation coefficient (IACC), apparent source
width (ASW), listener envelopment (LEV), etc. Anethtopic of interest is the effect of audio-
visual interaction in outdoor spaces on noise aanog. It is expected that the proposed topics
could provide useful information on the design aoanfortable level of sound for environments
in outdoor spaces.
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