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Summary

Street geometry is one of main issues on urban design which influence sound
environment as well as urban climate in a street canyon. A parametric study was
performed in order to investigate the influence of height-to-width ratio (H/W) on sound
fields in urban streets in terms of sound pressure level (SPL), reverberation time (T30),
and early decay time (EDT). A computer simulation technique based on a hybrid
method combining ray tracing and image source modeling was adopted, and an
omnidirectional sound source was used. Four typical idealized urban streets were
modeled, with street widths of 6 m, 13 m, 20 m, and 27 m, respectively. The H/W ratio
was then changed in seven steps with varying building heights while the widths of
streets were fixed. Comparisons with experimental studies showed that the computer
simulation models produce reliable results for SPL and T30. It was found that the
variation of SPL was affected by the H/W ratio only for narrow urban streets, and the
T30 and EDT increased with an increase in the H/W ratio for both narrow and wide
streets. It was also observed that the T30 decreased with increasing scattering
coefficients, and the EDT significantly increased as scattering coefficients increased for
H/W of 3 and 6. A line source representing road traffic noise was found to produce
different tendencies in SPL and EDT, showing that SPL and EDT were relatively

constant along the length.



1. Introduction

Noise from traffic and other sources produces severe problems for people in urban
environments. Recent studies have reported that the major source of noise is traffic and
exposure to such noise causes annoyance and speech interference in urban areas [1, 2].
Therefore, research has been conducted to reduce urban noises. Noise barriers are
commonly used, and green roofs and building facades treatments have also been
explored [3, 4]. Using the concept of soundscapes [5-7], various types of natural sounds
such as water sounds and bird songs have also been introduced to mask traffic noise.

Another problem is noise propagation in urban environments enclosed by tall
buildings. Calculation methods for predicting the sound fields of urban areas are
determined according to the acoustical characteristics of the street boundaries. Image
source and ray tracing method have been used for fundamental analysis of urban areas
with perfectly smooth and geometrically reflective fagades [8-12]. A number of methods
have also been developed for fagades with irregularities that produce diffuse reflections
[4, 13-17]. In particular, the recent study [17] examined the relationship between
scattering and the acoustic characteristics of urban street. Commercial software
packages such as Raynoise and ODEON were employed too to examine sound
propagation in urban areas with irregular surfaces[1, 18].

Previous studies on sound propagation in urban areas have mainly focused on street
canyons [4, 9-17], athough few studies have aso investigated urban squares [1, 18]. A
street canyon is a basic urban unit that can be found throughout urban areas. A street
canyon comprises a combination of horizontal and vertical surfaces and therefore, the
ratio of building height to street width determines how enclosed a street is perceived for

people using it [19]. In order to make people feel more comfortable and secure in a



street canyon, urban design studies have suggested ideal height-to-width ratios (H/W) of
1:2to 1:1[20], 2.1 to 2.5:1 [21], and 1:1 [19, 22]. Jacobs [23] aso described that the
proportion of building height to street width should be at least 1:2. Several studies have
investigated the relationship between the perception of urban street and H/W in relation
to safety and comfort in street canyons [24, 25], and Alexander et al. [22] reported that
the width of a street should not be greater than the building heights in order to maintain
a comfortable feeling of enclosure.

Designing urban street has been a maor issue in a global approach for an
environmental urban design. In particular, the influences of the street design on urban
microclimate have been investigated with highlighting the impacts of H/W because
H/W is the most relevant parameter on street geometry [26-28]. In environment urban
design studies, street canyons were characterized in terms of H/W; shallow canyon with
H/W below 0.5, uniform canyon with H/W of 1, and deep canyon with H/W more than
2 [29]. In addition, H/W was found to directly affect the urban microclimate such
thermal comfort and temperature at street level [26, 27].

Although the height-to-width ratio in street canyons has been widely investigated in
architecture, urban planning, and urban environment, there has only been limited
research about the influence of H/W on sound propagation in street canyons. Kang [15]
examined the H/W of 0.3, 0.9, and 1.5 with a fixed width (20 m) and varying street
heights (6, 18, 30 m) in street canyons. Kang [16] also dealt with sound propagation in
the interconnected streets but the range of the H/W was limited: 1) H/W of 2.0 and 0.5
with varying street widths (10 m and 40 m) and constant building height (20 m) and, 2)
H/W of 1.0 and 3.0 with combinations of a fixed street width (20 m) and varying

building heights (20 m and 60 m). Onaga and Rindel [17] aso investigated the H/W of



0.3, 0.9, and 1.5 but the width of the street was fixed at 20 m. The range of H/W and the
combinations of street width and building height used in these studies [15-17] are
insufficient to cover the full range and urban settings that can be found in real urban
areas. This is mainly because previous studies focused on the influences of boundary
reflection pattern on sound propagation with limited numbers of urban streets. Therefore,
it isimportant to systematically investigate the influence of H/W on sound propagation
in the street canyons in order to get an overview of the sound propagation in streets with
wide range of H/W.

The H/W and cross-section ratio of enclosed spaces significantly influences sound
fields, in particular lateral reflection [30]. If the height and width increase, the level of
lateral reflections will decrease relative to the direct sound, and the ratio of latera to
non-lateral sound will also fal [31]. Therefore, a smaller width produces stronger lateral
reflections, and thus leads to better spatial impression in auditoriums. It seems likely
that the significance of H/W can also be found in street canyons. Similar to enclosed
spaces, a street canyon is surrounded by reflective building fagades and the distance
between the buildings and building heights has an impact on the amount of latera
reflections, which can be interpreted by acoustic parameters such as sound pressure
level (SPL) and reverberation time (RT).

In this paper, therefore, the propagation of sound in urban streets is investigated
with a range of H/W. The purpose of this study is to provide an overview of the sound
fields in narrow and wide urban streets with a large variation of H/W. It was expected
that the reflected sounds from building fagades would play a significant role in the
sound fields in urban streets and the acoustical characteristics of street canyon would be

different according to H/W. The sound fields were predicted using a software package



based on image source method and ray tracing technique. Computer simulations were
validated by comparisons with experimental studies [32, 33]. Sound pressure level and
reverberation time were then obtained from the simulations while H/W varies from 0.5
to 6. Moreover, the influences of the scattering coefficients of the fagades were

examined.

2. Method

Using computer simulation, a parametric study was carried out in a number of
idealized street canyons in order to systematically explore the influence of H/W on the
sound fields. The H/W was varied at street widths of 6 m, 13 m, 20 m, and 27 m,

representing narrow to wide streets.

2.1 Simulation model

The configuration used in this study is shown in Figure 1. Similar to a previous
study [15], the buildings were continuous along a street at constant heights. The street
length was 200 m so that sound propagation is not affected by the street length, in the
source-receiver range considered. Nelessen recommended widths for urban streets as 6
m (20 ft) for aleys, 19.5 m (64 ft) for amain street, and 26.2 m (86 ft) for a boulevard
[20]. In addition, an examination of major cities revealed that the maximum widths of
major urban streets in Rome, Los Angeles, and Baghdad are around 26 m that
corresponds to the width for the main street as suggested by Nelessen [20]. Therefore,
asillustrated in Figure 1(b), the canyon widths varied from 6 m to 27 m in order to fully
cover the range of widths of urban streets from narrow street (6 m) to wide street (27 m).

Omnidirectional point sources were located around the middle of urban streets: 1) x=30



m, y= 2 m for width of 6 m, 2) x=30 m, y= 3.9 m for width of 13 m, 3) x=30m, y=6 m
for width of 20 m, and 4) x=30 m, y= 8.5 m for width of 27 m. Thirteen receivers
simulating walking pedestrians on sidewalks were located in the range of x=31 m and
x=90 m along a direction length. The distances from the nearest building fagade to
receiversin y direction were different, namely 1 m for the street width of 6 m, 1.5 m for
width of 14 m, and 2 m for widths of 20 m and 27 m, because it was assumed that the
width of the sidewalk would be changed according to the width of urban street. The
source-receiver distance along the length was 1-60 m in terms of the horizontal distance
along the street length. The heights of the point source and receiverswere 1.0 m and 1.5

m, respectively.

Figure 1

As listed in Table 1, the heights of the buildings were changed when the widths of
an urban street were fixed to 6 m, 13 m, 20 m, and 27 m. It was assumed that the
minimum height of buildings is 3 m, which corresponds to the standard height from
floor to next floor. The maximum values of the building heights were 36 m and 162 m
for narrow and wide streets, respectively. Therefore, the height-to-width ratio (H/W)
varied in seven steps from 0.5 to 6, and this range was much larger than the 0.3-1.5 of
H/W considered in the previous studies [15, 17] with afixed width of 20 m. In addition,
atotal number of streets examined in the present study is 28, which is much larger than

the cases considered in the previous studies [15-17].

Table 1



The ground was assumed to be smooth and hard and therefore, the absorption and
scattering coefficients of the ground were both 0.1 [15]. All the vertical planes (facades)
were also assumed to have an absorption coefficient of 0.1. A previous study suggested
a scattering coefficient of 0.09-0.13 for facades with surface irregularities [34].
However, a recent study reported that typical facades behave more likely as diffuse
reflectors for the most dominant frequency components [35]. This result implies that the
scattering coefficient of the building facades would be larger than 0.1. It is also
suggested in ODEON that the scattering coefficient would be about 0.4-0.5 for rough
building structures with a depth of 0.3-0.5 m [36]. Therefore, in the present study, a
scattering coefficient of 0.3 was applied to the building facades in the simulation. The

ceiling (open sky) was compl etely absorbent.

2.2 Simulation method

Acoustics software package ODEON version 12.0 was used to model typical urban
streets. For point sources, a hybrid calculation method combining the image source
method for low order reflections with a ray tracing method for the late part of the
response was used [36]. Simulations were performed by setting the transition order
(TO) = 2, by using 50000 rays and a reflection order of 2000. Impulse response lengths

were fixed at 4000 ms throughout the ssmulation.

2.3 Acoustical parameters
Previous studies [15-18] focused on sound attenuation and reverberation in urban

streets in terms of steady-state sound pressure level (SPL), reverberation time (T30),



and early decay time (EDT). Correspondingly, SPL, T30, and EDT were also analysed
in the present study. Only the results at 1 kHz were presented because the absorptions of

the facades were uniform over the frequency range.

2.4 Validation of the computer simulation

For validation of the computer ssimulation, predicted results obtained from the
computer simulation were compared with results from previously reported experimental
studies [32, 33]. Picaut et al. [32] performed an experimenta study of sound
propagation in a street with H/W of 2.3 (18 m height and 7.9 m width), which can be
compared with the ssmulated street with a H/W of 2.0 (width: 6.0 m) in this study. They
used a piston as a point sound source and considered four measurement configurations
(S1-$4) with different source and receiver positions. For the S3 where the sound source
was located at the beginning of the street and 0.52 m above the pavement, the SPL at 1
kHz for receivers with a height of 1.2 m was attenuated by 11.5 dB, while the source-
receiver distance varied from 6 m to 50 m. Figure 2(a) shows the relative SPLs with
reference to the SPL at 6 m from the source and it was observed that predicted results
show a good agreement with the experiments. The SPL decreases at 50 m for simulation
and experiment were -11.5 dB and -12.6 dB, respectively. As shown in Figure 2(b), the
reverberation times from the computer simulation are also in accordance with those of
the experimental study. The measured T30 for S3 at 1 kHz was almost constant with
only very small fluctuationsfrom 1.2 to 1.4 s, whilethe T30 at 1 kHz predicted from the

simulation ranged from 1.1to 1.4 s.

Figure 2



Figure 3 represents the SPL, RT, and EDT for simulated street with a H/W of 2.0
(width: 6.0 m) while the number of rays varied from 1000 to 500000. The relative SPLs
with reference to the SPL a 1 m from the source are not influenced by increase of
number of rays, and all the results are consistent with experimental data. However, the
RT and EDT are dightly scattered at several locations compared with experimental data
when number of rays are 1000 and 10000. The predictions of RT and EDT become

stable when number of raysis greater than 50000.

Figure 3

A similar experimental study was conducted by Picaut and Simon [33] in the street
with a H/W of 0.7 (8 m height and 12 m width), and this can be approximately
compared with the simulated street with a H/W of 0.5 (13 m width). In the experimental
study, a sound source was located at the beginning of the street where the source-
receiver distance ranged from 2 m to 96 m. Measured results were reported for the SPL
and reverberation time at 630 Hz and 2 kHz; however, only measured results at 2 kHz
were comparable with the simulation because ODEON provides the prediction results in
1/1 octave band. In general, good agreement was observed for both the SPL and
reverberation time. The SPL decrease at 64 m was around 18 dB in the experimental
study, and the predicted SPL decreased by around 17 dB in the similar distance (2 m-60
m). The reverberation times in the experimental study were similar to those of the
simulation in the near field with less than 1.0 s. The measured reverberation time was

around 1.5 s in the far field, whereas the ssmulated T30 was less than 1.3 s. These
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results represent the computer simulation is reliable. Therefore, in the rest of this paper,

the effects of H/W on sound fields were investigated based on computer simulations.

3. Results and discussions
3.1 Sound attenuation along the length

Figure 4 shows comparisons between different H/W in the sound attenuation along
the length, with reference to the SPL at 1 m from the source, with four street widths.
The results correspond to the findings of Kang [15] based on aradiosity model, namely,
higher building facades result in less sound attenuation along the length due to the
reflection from facades, and the sound attenuation curves are concave, indicating that

the sound attenuation becomes less with the increase of source-receiver distance.

Figure 4

However, significant differences between widths were also found. The SPL at x=1
m for the 6 m width is greater than the SPL at x=1 m with other widths. Thisis because
the actual distances between the source and receiver at x=1 m for other widths are much
larger than that with a width of 6 m, resulting in a decrease in direct sound energy. For
the width of 6 m, the SPL attenuation becomes significantly less when H/W is increased
from 0.5 to 2 but H/W does not significantly affect the SPL attenuation with H/\W>2.
The influence of H/W on the SPL attenuation is more significant in the far field than in
the near field. As shown in Figures 4(b), 2(c), and 2(d), differences between different
H/W decrease with the increase in street width. For widths of 13 m and 20 m, sound

pressure levels for H/W of 0.5 and 1 are less than those for other H/W but the ranges of
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the sound pressure levels for H/W at same receiver positions are much smaller than that
for the width of 6 m. In particular, with the width of 27 m, there is no significant
difference between different H/W. Overall, those results suggest that the influence of
H/W on sound propagation is significant only in the range of H/'W=0.5-2, and in the
meantime, the influence becomes less with the increase in street width. In other words,
the increase of building height does not contribute significantly to the SPL in the streets
with alarge width.

Differences between narrow and wide urban streets also can be explained by
analysing sound pressure levels of direct sound, specular reflections, and scattered
sounds. As shown in Figure 5(a), for width of 6 m, the dominant reflection is specular
reflection in the near field, within about 10 m from the source, whereas the scattering
reflection is dominant in the far field. The contribution of the specular reflection to the
total sound energy in the near field decreases as H/W increases, particularly H/W varies
from 0.5 to 2. Thisis because the scattering sound quickly absorbed by open sky (100%
absorbent) in urban streets with low H/W [17], and scattering energies increase as H/W
increases. It is also observed that the increase of the scattering energy is significant in
the far field. Onaga and Rindel [17] examined the urban streets (width: 20 m) with
different H/Ws (0.3, 0.6, and 1.5) and reported the specular and scattering reflection
energies while the direct sound was included in the specular reflection. They
demonstrated that the specular and scattering reflections are dominant in low and high-
facade streets, respectively. Similar streets with same width (presented in Figure 5(c))
showed similar tendency in the far field. The specular reflection is dominant in the
street with H/W of 0.5 and the scattering reflection becomes larger as H/W increases.

For width of 27 m, the specular reflection is dominant at most receivers except for very

12



far field, beyond about 40 m from the source. In addition, the scattering energy is amost
constant along the length and the increase of the scattering with increasing H/W is
smaller than urban street width of 6 m. This represents the tall building facades do not

lead to the increase of scattering reflections from the facades in wide urban street.

Figure5

3.2 Reverberation time (T30)

Predicted reverberation time (T30) is shown in Figure 6. The results show similar
tendencies to the results with diffusely reflecting boundaries reported by Kang [15].
With widths of 6 m and 13 m, the T30 is almost constant with increasing source-
receiver distance, whereas the T30 dlightly increases along the source-receiver distance
for widths of 20 m and 27 m. The T30 for the width of 6 m are lessthan 2.0 s, while the
maximum T30 gradually increases up to around 7.0 s for the width of 27 m. This can be
explained by differences in the volume of the street canyon. With a fixed H/W, the T30
are much longer with a greater width because the street volume is significantly
increased. Another reason of long reverberation times may be attributed absorption
coefficient. Onaga and Rindel [17] reported that the apparent absorption coefficient of a
street canyon (width: 12 m and height: 8 m) is between 0.15 and 0.2, and Forssén et al.
also [43] used absorption coefficient of 0.2 for fagcade in urban canyon situations. In
contrast, the absorption coefficients of facades are fixed at 0.1 in the present study, since
the purpose is to examine more uniformly distributed building with reflective facades so
that the canyon effects are more obvious. As expected, the T30 becomes longer with the

increase of building height for al widths. However, the increase in T30 becomes less
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with arelatively high H/W. For example, for the width of 27 m, the difference between

H/W of 5 and 6 isless than 9 %, as can be seen in Figure 6(d).

Figure 6

3.3 Early decay time (EDT)

Figure 7 shows the early decay time for the urban streets with four different widths.
Overdl, the EDT increases along the source-receiver distance in each street, which isin
agreement with a previous study [15]. With the width of 6 m, the EDT rapidly increases
in the near field, within about 10 m from the source, and becomes relatively steady in
the far field. The EDT increases with the increase of H/W, but the increase is

insignificant with about H/W>4.

Figure7

Similar to the T30 results, the EDT becomes longer with increased street width, due
to the increase in the volume between buildings. For the width of 6 m, the longest EDT
is less than 2.0 s in the far field, whereas with the width of 27 m the longest EDT is
more than 5.0 s. Compared with the width of 6 m, other widths show dlightly different
tendencies with increasing H/W. For smaller H/W, the EDT quickly increases in the near
field and then becomes relatively even in the far field, whereas for larger H/W, the EDT
continuously increases even in the far field. For instance, the EDT for the width of 27 m
almost increases linearly along the length when the H/W is greater than 3. The results

also show that alarger H/W produce alonger EDT in each street canyon. The influence
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of H/W on the EDT is significant when H/W is small, and the EDT increase becomes
less with a relatively high H/W. For widths of 20 m and 27 m, it is interesting to note
that the EDT at x=4 is around 0.1 s for al H/W cases even though the T30 at the same
positions are more than 2.0 s. This is because the direct and first reflected sounds are
dominant, and the reflected sound from the opposite facades only arrives after 80 ms.
Figure 8 shows reverse integrated sound level decay curves at distances of 10 m
and 35 m from the source representing the near and far fields, respectively. The initial
shapes of the curves are dightly different according to the receiver position. The decay
curves in the near field are ‘cliff-type’ decays because the direct sound and the specular
reflections are dominant [37]. Therefore, the EDTs in the near field are shorter than the
T30s, particularly for widths of 20 m and 27 m. In contrast, the decay curves in the far
field could be classified into ‘plateau type’ decay indicating that the scattering reflection
is more dominant rather than the early (specular) reflection. The T30 is longer than the
EDT in the far field but the differences between them are much smaller than those in the

near field.

Figure 8

3.4 Line source

In the above sections, omnidirectional point sources were used to understand sound
propagation in street canyons with different H/W. However, road traffic noise, the most
common noise source in urban streets, has generally been considered to be an
incoherent line source [38-41]. Therefore, additional computer simulations were

performed using line sources for streets with widths of 6 m and 27 m. The SPL, T30,
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and EDT for two widths are plotted in Figure 9. As expected, with the point source, the
SPL decreased linearly along the length, whereas the SPLs are almost constant for both
widths with the line source. It is interesting to note that similar tendencies were found in
the results of EDT. The EDT of two streets is found to be relatively constant with aline
source. The average values of EDT obtained from the setting with a line source are
similar to those for far field in simulations with a point source. However, T30 is not
influenced by change of sound source type. For both streets with different widths, T30
is steady along the length. Additional analysis for quantifying the direct, specular and
scattering reflections is not available in the present study because transition order is
always zero and only late energy contributions are calculated for a line source in

ODEON [38].

Figure9

3.5 Boundary reflection pattern

Irregularly shaped facades produce different sound fields compared with
geometrically reflecting boundaries [17, 18]. Therefore, conditions in between partially
diffuse and partially geometrical boundaries were investigated, with the scattering
coefficients varied from 0.1 to 0.9 with an interval of 0.2. Three cases with H/W of 0.5,
3, and 6 were selected among the seven H/W cases used in the previous sections for
widths of 6 m and 27 m. Three receivers located at x=10 m, 30 m, and 50 m were
chosen in order to investigate the near, middle, and far fields.

Variations in SPL, T30, and EDT with increasing scattering coefficient ranging

from 0.1 to 0.9 are illustrated in Figure 10 for the width of 6 m. The SPL at three
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receiver positions are aimost steady for all H/W cases. This confirms the previous
finding of Onaga and Rindel [17] reporting that the sound pressure levels are rarely
affected by the change of scattering coefficients. However, the T30 and EDT show
different tendencies according to the change of H/W. For a H/W of 0.5, the T30
decreases when the scattering coefficient increases from 0.1 to 0.3, and then the changes
in T30 decreases when the scattering coefficient further increases. On the other hand,
the T30 dlightly decreases with an increase in scattering coefficient for H/W of 3, while
the T30 is amost constant when the scattering coefficient increases from 0.1 to 0.9 for
H/W of 6. The variations in the EDT are aso different according to H/W. For H/W of
0.5, the EDT dlightly decreases when the scattering coefficient increases from 0.1 to 0.3
but the change is insignificant when the scattering coefficient is greater than 0.3.
However, the tendencies for the H/W of 3 and 6 are opposite to those with the H/W of
0.5. The EDT increases with scattering coefficients below 0.5 and then, turns to be

approximately constant with scattering coefficients above 0.5.

Figure 10

Figure 11 shows the variations in SPL, T30, and EDT for the width of 27 m. The
overal tendencies for SPL, T30, and EDT with changing H/W are similar to those for
the width of 6 m. The SPL is little influenced by the scattering coefficient as well as
H/W, whereas the T30 and EDT are significantly influenced with changing scattering
coefficient. For the T30, the differences between the three receiver positions are
significant with low scattering coefficients such as 0.1 and 0.3, whereas for the EDT, the

differences between the receiver positions becomes greater with increasing H/W.
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Previous studies [17, 42] aso reported that the reverberation time is amost constant in
the range of scattering coefficients from 0.2 to 1 for urban streets with H/W of 0.3, 0.9,

and 1.5 (width: 20 m).

Figure 11

4. Conclusions

Effect of height-to-width ratio (H/W) on the sound propagation in urban streets has
been systematically investigated through computer simulation. Acoustical results of the
present study are validated by comparing with those of experimental studies, and it is
found that the differences between simulation and measurement are less than 15% in
both sound pressure level and reverberation time. Considerable differences between
street widths have been observed in SPL. For a width of 6 m, H/W results in a
significant change in SPL, especialy in the far field. A larger H/W leads to less sound
attenuation along the length, by about 8 dB with a source-receiver distance of 36 m.
However, the influence of H/W on the SPL gradually becomes less, while street width is
increased from 6 m to 27 m. For the widest street of 27 m, only 1.2 dB difference
between H/W has been found at a source-receiver distance of 36 m. The T30 increases
with increasing H/W, typically by 150%-300%, but the increase in T30 becomes less
with arelatively high H/W. T30 is amost even aong the length for all the street widths
studied and a greater street width produces a longer T30. Similar to T30, the EDT also
increases as H/W increases, by 200%-400% with a source-receiver distance of 36 m, but
the change in EDT is not significant for small H/W. The EDT increases along the

source-receiver distance in the near field for all street widths, but the variations in the
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far field are dightly different with different street width. The SPL is not influenced by
any boundary reflection pattern, but T30 and EDT varied with a change in the scattering
coefficients. For a width of 6 m, T30 dlightly decreases with increasing scattering
coefficient for H/W of 0.5 and 3, by 15%-40%, but T30 is constant for H/W of 6. The
EDT increases by 50%-200% for H/W of 3 and 6 with increasing scattering coefficient.
For a width of 27 m, the T30 decreases by 20%-70% when the scattering coefficient is
increased from 0.1 to 0.9. The increases of EDT for H/W of 3 and 6 are greater than that
for H/W of 0.5.

The present study focused on long streets with buildings lined up continuously
along both sides; however, there are also other types of street configurations in urban
areas such as intersection. Therefore, in the future, additional experiments are needed to
extend the knowledge on the influences of height-to-width ratio on sound propagation

into avariety of street configurations.
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Table 1. Heights of building facades for urban streets with different widths

Width [m] Height [m]
6 3 6 12 18 24 30 36
13 6.5 13 26 39 52 65 78
20 10 20 40 60 80 100 120
27 135 27 54 81 108 135 162
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Figure Captions

Fig. 1. Configurations of urban streets. a) Plan view and b) Cross-section view.

Fig. 2. Simulation and experiment. a) Sound pressure level and b) Reverberation time
(T30).

Fig. 3. Sound attenuation, reverberation time (T30), and early decay time (EDT) aong
urban streets with variations of number of rays.

Fig. 4. Sound attenuations along urban streets. a) Width of 6 m, b) Width of 13 m, ¢)
Width of 20 m, and d) Width of 27 m.

Fig. 5. Sound pressure levels of direct sound, specular reflections, and scattered sounds.
a) Width of 6 m, b) Width of 13 m, c) Width of 20 m, and d) Width of 27 m.

Fig. 6. Reverberation time (T30) along urban streets. a) Width of 6 m, b) Width of 13 m,
c) Width of 20 m, and d) Width of 27 m.

Fig. 7. Early decay time (EDT) along urban streets. a) Width of 6 m, b) Width of 13 m,
c) Width of 20 m, and d) Width of 27 m.

Fig. 8. Reverse integrated sound level decay curves. a) At distance of 10 m from the
source and b) At distance 35 m from the source.

Fig. 9. Sound attenuation, reverberation time (T30), and early decay time (EDT) aong
urban streets obtained from the simulations with line source. a) Width of 6 m
and b) Width of 27 m.

Fig. 10. Variation of the SPL, RT, and EDT with increasing scattering coefficient for the
width of 6 m (top: H/W=0.5, middle: H/W=3, and bottom: H/W=6).

Fig. 11. Variation of the SPL, RT, and EDT with increasing scattering coefficient for the
width of 27 m (top: H/W=0.5, middle: H/W=3, and bottom: H/W=6).
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Figure 3
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Figure 4
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Figure 5(b)
0

H/W: 0.5
-10 F

SPL [dB]
@

—&—Sum

Direct

-=A=-Specular
—O— Scattering

20 30 40 50 60
Source-receiver distance [m]

SPL [dB]
@

20 30 40 50 60

SPL [dB]
=

20 30 40 50 60
Source-receiver distance [m]

H/W: 6

SPL [dB]
g

20 30 40 50 60
Source-receiver distance [m]

SPL [dB]

SPL [dB]

SPL [dB]

H/W: 1

1 10 20 30 40 50 60

1 10 20 30 40 50 60
Source-receiver distance [m]

H/W: 5

1 10 20 30 40 50 60
Source-receiver distance [m]




Figure 5(c)
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Figure 5(d)
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Figure 6
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Figure 7
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Figure 8(a)
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Figure 8(b)
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Figure 9(a)
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Figure 9(b)
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Figure 10
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Figure 11
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