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Abstract: In urban areas, medium and high-rise buildings are usually constructed on both sides of an
arterial road and a viaduct road often exists above it. There are many reflections by building facades,
the pavement and the underside of the viaduct road in such places. Therefore the roadside noise levels
may exceed the recommended limits in city street canyons. In this paper, a simple calculation model
for estimating the mean increase in noise level owing to multiple reflections has been proposed in
order to predict road traffic noise in city street canyons more accurately. This model is based on a
diffusion method. We have also investigated the effects of multiple reflections on noise propagation
using a 1:40 scale model of a city street canyon with a viaduct road. As a result of this study, it has
been found that the mean increase in noise level owing to multiple reflections by building facades and
the underside of the viaduct road in built-up urban areas is up to about 8 dB. Comparisons between the
results of experiments and calculations show that the simple calculation model gives results consistent
with experimental ones.
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1. INTRODUCTION

The presence of medium and high-rise buildings on

both sides of an urban road can cause an increase in the

noise level owing to multiple reflections between building

facades and the pavement. Thus, noise in urban areas is a

problem of major importance for people living in modern

large cities. In addition to buildings, a viaduct road is often

constructed above the flat road. For such road structures,

the prediction of road traffic noise is very complicated.

Several studies have been made on the effect of multiple

reflections in city street canyons by using image source

methods, diffusion methods and two-dimensional wave-

based numerical analysis (BEM, FDTD) [1–6].

We have examined the effect of multiple reflections on

road traffic noise propagation, considering various situa-

tions of building facades and a viaduct road. From an

engineering point of view, a simple calculation model for

estimating the mean increase in noise level owing to those

multiple reflections have been developed. This model is

based on a diffusion method and is widely applicable to

almost configurations of urban roads.

In the present work, the authors intend to make a partial

improvement of the calculation method discussed earlier

[7] to predict the mean increase in noise level at individual

receiving points. Moreover, the properties of noise prop-

agation in a city street canyon have been investigated in a

1:40 scale model experiment [8]. The results calculated by

the simple calculation model were compared with exper-

imental data.

2. CALCULATION MODEL BASED ON
DIFFUSION METHOD

2.1. Modeling Sound Propagation in Street Canyon

To simplify sound field modeling in street canyons that

have various configurations of buildings and a viaduct

road, we assumed that the street canyons may be

represented by an infinite rectangular duct, as shown in

Fig. 1. The walls of the rectangular duct are regarded as

two parallel building facades, a flat road and the underside
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of a viaduct road. In this approach, it is assumed that a

street canyon is a reverberant closed space with a diffuse

sound field. The interference effects between the direct and

reflected waves are not taken into account in the calcu-

lation.

The street width is 2w, the average height of buildings

is h and a is the average sound absorption coefficient of

building facades. The height and width of the underside of

a viaduct road are H and 2w0 and the average sound

absorption coefficient of the underside is a0.

The acoustic power of the point source is P and the

sources are located on the center of the flat road. The

surface of the pavement is taken to be perfectly reflecting.

The influence of the perfectly reflecting pavement can be

approximated by doubling the effective source strength.

The sound energy incident on the surface per unit length of

a rectangular duct (street canyon) from the nondirectional

point sources is given by

Pi ¼
4

2�
ð� þ �0Þ2�P ð1Þ

� ¼ tan�1ðh=wÞ; �0 ¼ tan�1ðw0=HÞ; ð2Þ

where � is the number of sources per unit length, � and �0

are the angles subtended at the source by building facades

and the underside of the viaduct road, respectively. The

sound energy supplied by multiple reflections from those

surfaces is also written by

Pr ¼
4�P

�
½�ð1� �Þð1� aÞ þ �0ð1� a0Þ� ð3Þ

� ¼
Xn
i¼1

gi=l; ð4Þ

where the coefficient � is a parameter which represents the

ratio of open space gi to the length l of the evaluation street

section in order to take into account the absorption by open

spaces between buildings. This coefficient � is defined as

varying from 0.0 to 1.0. If buildings line both sides of the

street without open spaces, the coefficient � is given as 0.0.

On the other hand, the sound energy lost at those

surfaces is expressed as

Pl ¼ cEr½h� þ hð1� �Þaþ ðw�w0Þ þ ðH � hÞ
þw0a0�;

ð5Þ

where Er is the energy density of the reflected sound from

surfaces inside the duct. By considering that the sound

energy density is the same everywhere in a diffuse field,

from Eqs. (3) and (5), the energy density of the reflected

sound in the street canyon is obtained as

Er ¼
16

�al�

�P

c
½�ð1� �Þð1� aÞ þ �0ð1� a0Þ� ð6Þ

a ¼ 1�
hð1� �Þð1� aÞ þw0ð1� a0Þ

wþ H
ð7Þ

l� ¼ 4ðwþ HÞ; ð8Þ
where a is the average effective sound absorption coef-

ficient of the surfaces inside the street canyon and l� is the

length around the cross section.

The energy density at the receiver owing to sound

waves traveling along the direct path from the nondirec-

tional sources is given by

Edðy; zÞ ¼
�P

2c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p ; ð9Þ

where z is the height of the receiver above the flat road and

y is the horizontal distance between the center of the street

and the receiver. Consequently, the total energy density at

the receiver is obtained by the sum of the direct and

reverberant components.

Eðy; zÞ ¼ Er þ Edðy; zÞ

¼ Edðy; zÞ 1þ
8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
�ðwþ HÞa

ð�� þ � 0�0Þ

" #
ð10Þ

� ¼ ð1� �Þð1� aÞ; � 0 ¼ ð1� a0Þ ð11Þ

In order to estimate the effect of multiple reflections in

a street canyon, we use the increase in the sound pressure

level �Lðy; zÞ, which is defined as the ratio of the total

energy density to the direct sound energy density, as

�Lðy; zÞ ¼ 10 log10½Eðy; zÞ=Edðy; zÞ�

¼ 10 log10 1þ
8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
�ðwþ HÞa

ð�� þ � 0�0Þ

" #
;

ð12Þ

where, if the height h of building facades is higher than H

of the viaduct road, the parameter h in Eq. (7) is replaced

by H. The mean increase in the sound pressure level in
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Fig. 1 Model geometry of idealized city street canyon
with viaduct road ( - - - : image space considering the
effect of sound reflection from the pavement of the flat
road).
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street canyons with a viaduct road can be easily calculated

from Eq. (12).

2.2. Calculation Results

In order to investigate the relationship between the

increase in the sound level at the roadside receiver and the

configuration of urban streets, the mean increases in the

sound pressure level were calculated with different param-

eters (h, H, w0) in Eq. (12). Figure 2 shows the calculated

results �Lðw; z ¼ 0Þ near the pavement in front of building

facades plotted as a function of the coefficients w0=w,

which is the normalized viaduct road width w0 in the street

width w. In this calculation, the height H of the viaduct

road is lower than h of buildings and is the same as the

street width w, as shown in Fig. 2(a). The average sound

absorption coefficients a and a0 of 0.02 are used in the

calculations, assuming that the building facades and the

underside of the viaduct road are reflective surfaces [9].

The results in the figure are the calculated values with

coefficients � in the range from 0.0 to 0.8.

The sound pressure levels increase with increases of

both the viaduct road width and building density, owing to

multiple reflections from building facades and the under-

side of the viaduct road. If the buildings line both sides of

the street and the viaduct road is wide (� ¼ 0:2,

w0=w ¼ 0:7), the mean increases in the sound pressure

level in front of building facades are up to almost 8 dB

from that in the hemi-free field. In the typical case of

an urban street in which some intersections or vacant lots

exist (� ¼ 0:4, w0=w ¼ 0:6), the mean increases in the

sound pressure level are estimated to be almost 6 dB

[10–13].

As mentioned above, the sound pressure level at the

roadside receiver depends on the viaduct road widths. Next,

the increases in the sound pressure level �Lðw; z ¼ 0Þ were
calculated against the heights of buildings. Figure 3 shows

the calculated values plotted as a function of the coefficient

h=w, which is the normalized building height h in the

street width w. For this calculation, the viaduct road width

becomes 0.6 times as large as the street width and the

average sound absorption coefficients a and a0 are 0.02, as

shown in Fig. 3(a). It can be seen that the sound pressure

levels increase with increasing height of buildings. How-

ever, if the coefficient � is greater than 0.6, the increases in

the sound pressure level in front of building facades are

lower than 5 dB.
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Fig. 2 Cross section of street canyon used in the calculation and calculated increases in the sound pressure level at building
facades for different viaduct road widths (w0) and coefficients of open spaces between buildings (�).
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Fig. 3 Cross section of street canyon used in the calculation and calculated increases in the sound pressure level at building
facades for different building heights (h) and coefficients of open spaces between buildings (�).
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To estimate the noise reduction effects of absorptive

treatments on the underside of the viaduct road, we

calculated the differences between the increases in sound

pressure levels with absorptive surfaces and those with

reflective surfaces. In this calculation, the absorption

coefficient a0 of the underside was assumed to be 0.8,

even though the actual absorption coefficient depends upon

the frequency and the material [14–16]. Figure 4 shows the

increases in the sound pressure level �Lðw; z ¼ 0Þ for a0 of
0.8 and the differences between the level increases with

absorptive surfaces and those with reflective surfaces in

Fig. 2. The noise reduction effects of absorptive treatments

increase with increasing viaduct road width. The effects of

absorptive treatments have been estimated to be around

3 dB, when the viaduct road width is 0.6 times as large

as the street width. Consequently, if suitable absorptive

treatments on the underside of the viaduct road are

adopted, the increase in the sound pressure level in built-

up urban areas (� ¼ 0:2) is estimated to be almost 5 dB, as

shown in Fig. 4.

3. SCALE MODEL EXPERIMENT
OF STREET CANYON

3.1. Experimental Technique

Assuming a general cross section of an urban street

with four lanes, a 1:40 scale model was made. The scale

model had two flat floors of a flat road and a viaduct road

and two parallel walls of building facades on the flat road,

as shown in Fig. 5. The model was made of rigid boards

covered with a high-density polystyrene resin to ensure

good reflection of sound in a wide frequency range. The

length of the road was 3,600mm (144m in full scale) and

the height of building facades was 750mm (30m in full

scale). The flat second floor regarded as the underside of

the viaduct road was located at a height of 200mm (8m in

full scale) above the flat road. A spark source was used as a

nondirectional sound source and was set at a height of

10mm (0.4m in full scale) above the center of the road.

There were 21 receivers in a line at a distance of 25mm

(1m in full scale) from building facades. The receivers

were located at heights of 37.5mm and 112.5mm (1.5m

and 4.5m in full scale, respectively). A reference micro-

phone was also set at a distance of 600mm from the spark

source in the absence of any reflective surfaces.

The relative sound pressure level was obtained from

two signals received at the reference point and each

receiver, by using FFT analyzer (sampling frequency of

256 kHz, 4,096 data points). To estimate the sound pressure

level of noise generated from a vehicle, the spectrum of the

spark source obtained at the reference point was numeri-

cally fitted with the A-weighted sound power spectrum in

1/3 octave bands for the range of frequencies from 10 kHz

to 40 kHz (250Hz to 1 kHz in full scale) [9]. Moreover, the
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Fig. 4 Calculated increases in the sound pressure level
at building facades for absorptive surfaces (a0 ¼ 0:8)
and differences between level increases with absorp-
tive surfaces and those with reflective surfaces
(a0 ¼ 0:02), for different viaduct road widths (w0)
and coefficients of open spaces between buildings (�).
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sound exposure level when a vehicle runs on the road was

calculated from the relative sound pressure levels at all

receiving points.

Several arrangements of building facades were selected

for the experiments and a total of 46 trials, shown in

Table 1, were carried out. These arrangements were

divided into the following three cases: (1, 2) a building

facade is or is not set at the back of receivers in the vicinity

of the source and (3) building facades are arranged by

considering actual urban roads. The coefficient � of open

spaces between building facades was calculated from the

distance between building facades gi and the length l of the

model street canyon, using Eq. (4).

The sound reduction due to atmospheric absorption was

not corrected, because the effect of multiple reflections was

calculated from the difference between the sound exposure

level in each trial and that in the hemi-free field, and

the preliminary experimental results of impulse response

showed that the decreases in the sound pressure level were

less than 0.3 dB at distant receiving points owing to

atmospheric absorption for reverberant components. Thus

the effect of atmospheric absorption on the difference in the

sound exposure level could be ignored.

3.2. Experimental Results

Figure 6 shows examples of the measured relative

sound pressure levels plotted against the distance from the

source position, when the coefficient � of open spaces

between building facades is 0.3 in CASE1 and CASE2,

respectively. The broken line in the figure represents the

reference data measured in the case of sound propagation

over the flat road without building facades and the viaduct

road. The sound pressure levels in the street canyon

increase more than 5 dB as compared with those in the

hemi-free field, even though the variations of the sound

pressure levels depend on the arrangement of building

facades.

The relative sound exposure levels obtained for every

experiment were compared with the reference data meas-

ured in the case of sound propagation over the flat road

without building facades and the viaduct road. From these

Table 1 Experimental conditions ( : spark source).

Case Number of trials Examples of arrangement of building facades

CASE1

12 trials

� ¼ 0:1; 0:2; 0:3; 0:4; 0:5; 0:6

building facades

g1 g 2 g n

l

z ¼ 1:5, 4.5m

CASE2

12 trials

� ¼ 0:1; 0:2; 0:3; 0:4; 0:5; 0:6

building facades

g1 g 2 g n

l

z ¼ 1:5, 4.5m

CASE3

22 trials

� ¼ 0:1; 0:2; 0:3; 0:4

g1 g 2 g n

building facades

l

g1 g 2 g n

l

building facades

z ¼ 1:5, 4.5m
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R
el

at
iv

e 
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.P
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]

 : CASE1
 : CASE2
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10dB

Fig. 6 Measured relative sound pressure levels in
CASE1 and CASE2 (� ¼ 0:3, – – –: measured result
in the case of sound propagation over the flat road
without building facades and the viaduct road).
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comparisons, the increases in the sound exposure levels

owing to multiple reflections in the street canyon were

estimated. Figure 7 shows the results for the coefficients �

of 0.1, 0.2 and 0.4, and the average level increase at each

receiver height. It can be seen that the effect of multiple

reflections in the street canyon increase with decreasing

coefficient � of the open space between building facades.

For example, the mean increases in the sound exposure

levels at a height of 1.5m were 8.3 dB for the coefficient �

of 0.1 and 7.1 dB for � of 0.4.

4. VALIDATION OF CALCULATION MODEL

In order to validate the simple calculation model

proposed in this paper, the comparisons between the

experimental results and the values calculated in the same

configuration as in the experiment were made. The sound

absorption coefficients a and a0 of building facades and the

underside of the viaduct road were assumed to be 0.02.

Figure 8 shows the calculated and measured data for all

experiments. The symbols (n; r; s) in the figure represent

the number of data, the correlation coefficient and standard

error, respectively. The calculated values agree reasonably

well with the experimental results. Also, the relationship

between the level increase and the coefficient � in the

calculation is similar to the tendency in the experimental

results.

It can be said that the simple calculation model is

useful for estimating the increases in the sound pressure

level in street canyons owing to multiple reflections by

building facades and the underside of a viaduct road.

5. CONCLUSIONS

In urban street canyons with a viaduct road, the

roadside noise level is increased by multiple reflections

from building facades and the underside of a viaduct road.

The authors have proposed a simple calculation model for

estimating the mean increase in the sound pressure level by

multiple reflections. This model is based on a diffusion

method, so it can be widely applied to almost configu-

rations of urban streets. As a result of this study, it has been

found that the mean increases in the sound pressure level

are estimated to be up to almost 8 dB from that in the hemi-

free field, if the viaduct road is wide (w0=w ¼ 0:7) and the

coefficient of open spaces is small (� ¼ 0:2), such as in a

built-up area.

It is concluded that the proposed calculation model is

applicable to a general four-lane road surrounded with a

viaduct road and high buildings. There still remain some

problems in the prediction accuracy in the case of adopting

noise abatement treatments on building facades or the

underside of the viaduct road. Also, it is necessary to

investigate the applicability of the model in an urban street

with porous asphalt pavements, and to examine the

applicable limits of the model by comparing calculated

noise levels with those measured in actual urban streets.
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