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Abstract: As a calculation method of road traffic noise at the roadside area of a semi-underground
road, the “hypothetical point source method” was proposed in the road traffic noise prediction model
“ASJ RTN-Model” proposed by the Acoustical Society of Japan. In this method, noise radiation from
a straight semi-underground road is simply modeled as sound propagation from a hypothetical point
source that has a directivity specific to the dimensions of the structure and is assumed to be at the
center of the mouth. In the ASJ RTN-Model 2003, the directivity characteristics were determined on
the basis of the results of a scale model experiment, and the variation of the applicable dimensions of
the road structures was limited. In this paper, the directivity characteristics of the hypothetical point
source are examined by wave-based numerical analysis to extend the variation. In the numerical
analysis, a Fourier-type transformation technique from a two-dimensional field to a three-dimensional
field is applied to the calculation results obtained by the two-dimensional finite-difference time-
domain method. In addition, the practical expression of the sound power of the hypothetical sound
source is investigated.
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1. INTRODUCTION
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field. For such cases, another practical calculation method,

As a means of mitigating the propagation of road traffic
noise, depressed or semi-underground roads are often
constructed in Japan. In such cases, it is difficult to predict
the noise propagation from the road structures to the
roadside areas, because noise propagation inside the
structure is very complicated owing to multiple reflections
and diffraction.

As a practical noise prediction method for roadside
areas of these road structures, energy-based calculation
models are proposed in the ASJ RTN-Model published by
the Acoustical Society of Japan. One of them is the image
source method, in which multiple reflections between
retaining walls of the structure and diffraction over the
edges of the walls are considered. This method can be
applied to depressed roads and semi-underground roads
with relatively small overhangs, but it becomes difficult
to apply this calculation model to the cases where the
overhangs are large, because of a limitation in applying
simple geometrical acoustics in such a complicated sound
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in which noise radiation from the semi-underground road is
modeled as sound propagation from a hypothetical direc-
tional point source, was also shown in the ASJ RTN-
Model. The calculation method has been developed on the
basis of a scale model experiment and the applicable road
structures have been limited [1,2]. Upon the revision of the
ASJ RTN-Model, the author investigated the practical
calculation method based on a wave-based numerical
analysis using the finite-difference time-domain (FDTD)
method in order to extend the applicability of the method.
In the wave-based numerical analysis, a Fourier-type
transformation technique of a two-dimensional (2-D)
response to a three-dimensional (3-D) response [3] was
applied to the calculation results of transient responses
obtained by the FDTD method. From the obtained 3-D
responses, the values of several model parameters included
in the practical calculation model of the “hypothetical
point source method” were determined and the applicabil-
ity of these parameters was examined. In this paper, the
investigation based on the numerical analysis and the
determinations of the values of the model parameters are
described.
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Fig.1 Cross-sectional shape of semi-underground road
under investigation.
Table 1 Variation of dimensions of the road structure. Fig.2 Sound field with uniform cross section in z-
direction, 23 being the 3-D domain and €2, being the
R T w 2-D domain.
Case 1 Sm
Case 2 7.5m o/ ra/”
1m N 50 mr 50 mr
Case 3 10 m = g
N « I

Case 4 15m Scattering field Scattering field
—_— 20m

Case 5 S5m

S Semi-underground part

Case 6 75m Mirror boundary—|
N — | 4m (a)A As%u!m:.d 2-D dom';.xin for calculating

Case 7 10m noise radiation from semi-underground road

C 8 15 Scattering field

ase m
Case 9 Sm
Case 10 7.5m PML
1m —

Case 11 10m (b) 2-D domain for a high-order FDTD
% | analysis made in this study

Case 12 15m

Case 13 30m 5m Fig.3 Setting of domain for 2-D FDTD analysis.

Case 14 7.5m .
I — 4m = 2.2. FDTD Analysis

Case 15 10m For a 3-D sound field with uniform geometry, a sound

Case 16 15m pressure response for a point source can be obtained from

2. NUMERICAL ANALYSIS

2.1. Semi-Underground Road under Investigation

In this study, a straight semi-underground road with a
symmetric cross section was considered, as shown in
Fig. 1. The parameters characterizing this type of road
structure are the width of the road, R, width of the mouth,
W, height of the underground part of the road structure, H,
and the thickness of the overhangs, T. The value of H was
made constant (= 5m) and sixteen combinations of the
other three parameters were chosen, as shown in Table 1.
All of the surfaces of the road structure were reflective. As
sound sources, two incoherent sources with the same sound
energy level of 100dB were assumed to be at the center of
each driving lane on the road surface. Therefore, the total
sound energy level generated inside the road structure is
103 dB.
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a 2-D solution using a Fourier-type integration [3]. This
technique was applied to the calculation results obtained
from 2-D numerical analysis of the cross-section of the
semi-underground roads, as shown in Fig. 2. A 3-D
response at point P is calculated from the 2-D solution at
point P’ obtained by 2-D FDTD analysis. Figure 3(a) shows
the 2-D sound field for the 2-D FDTD analysis. The sound
field inside the semi-underground road and a scattering
field with a width of 50 m and height of 25 m were modeled
for the analysis. Around the scattering field, perfectly
matched layers (PML) [4,5] were set in order to realize
nonreflecting termination. As FDTD calculation condi-
tions, the discrete spatial grid size and time step interval
were 0.025 m and 0.01 ms, respectively. In the sound field
inside the semi-underground structure with rigid surfaces,
multiple reflections and diffraction occur and the duration
of the transient response becomes long. Therefore, the
number of calculation steps was 600,000 (6 seconds). As a
sound source condition, the initial sound pressure distribu-
tion with the following Gaussian profile was adopted:
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r2
po(r) = eXp(— $>, (1)

where r = v/(x — x;)> + (y — y,), in which (x,,y;) is the
coordinate of a source point, and d is a constant and equal
to 0.05 m in this study. To reduce dispersion error, a fourth-
order spatial finite difference scheme was adopted [6]. In
reality, the calculation accuracy of the high-order scheme
used in this calculation decreased when a source was
located at a boundary. Therefore, this analysis was
conducted for the sound field shown in Fig. 3(b). Sound
propagation in the upper or lower half-space in Fig. 3(b) is
theoretically identical with that in Fig. 3(a) according to
the principle of mirror image.

In order to examine directivity characteristics of sound
radiation from the mouth of the semi-underground road,
102 receiving points were distributed on the quarter-
spherical surface of 20m radius, as shown in Fig. 4.
Hereafter in this study, the positions of receiving points are
indicated in polar coordinates as (7,6, ¢), where r is a
constant of 20 m.

2.3. Analysis of Calculation Results

From the calculation results of the 2-D FDTD analysis,
3-D impulse responses at all receiving points were obtained
by the 2-D to 3-D transformation [3]. The detailed
procedure of the transformation is described in [3]. In the
transformation from 2-D to 3-D, the fast Fourier transform
(FFT) algorithm was used in order to obtain frequency
components from transient responses calculated by the 2-D
FDTD, and the number of FFT points set in the trans-
formation was 524,288 (219), and consequently, the
frequency resolution for the integration became 0.19 Hz.
An example of the responses is shown in Fig. 5. On the
basis of such 3-D impulse responses, directivities of sound
radiation are examined. In the energy-based practical
calculation model proposed in the ASJ RTN-Model, the
A-weighted sound pressure level is directly calculated.
Therefore, in this study, the A-weighted single event sound
exposure level was calculated from the 3-D impulse
response, under the condition that the A-weighted sound
energy level of a sound source was 100 dB. The procedure
for obtaining the A-weighted single event sound exposure
level is as follows.
[1] Calculation of single event sound exposure level at
receiving point

Frequency components of the 3-D impulse response
at a receiving point positioned at (7,6;, ¢;) are calculated
by FFT, and a band level in each 1/3 octave band,
Le s(fex.0i, ¢i), 1s obtained by integrating squared values of
frequency components included in the objective band.
Here, 6; and ¢; mean azimuth and elevation angles of the
i-th receiving point, respectively, and f.; means the center
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Fig.4 Geometrical setting of semi-underground road,
sound sources and receiving points in the calculation.
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Fig.5 Example of impulse response (a) calculated for
2-D domain by the FDTD method and (b) transformed
from 2-D response to 3-D response, at a receiving point
(r,60°,60°) for Case 2.

frequency of the k-th band. The calculated values are band
levels under the sound source condition of a certain
Gaussian pulse expressed by Eq. (1), and the source has
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spectral characteristics specific to the source condition.
Therefore, at first, the frequency characteristics of the
sound energy of the source should be evaluated in order to
appropriately correct the calculation results at receiving
points.
[2] Sound energy level of source

The sound energy level of the source was determined
from 3-D responses calculated under the free field
condition. To accomplish this determination, an additional
2-D FDTD analysis for a free field and transformation
processing from 2-D to 3-D were conducted. In the 2-D
FDTD analysis, the discrete spatial grid size, the time
interval and the initial condition were the same as those of
2-D FDTD for the sound field in which a semi-underground
road existed. From the calculation results of the 3-D
impulse response, the single event sound exposure level in
each 1/3 octave band was obtained through FFT, and the
sound energy level of the source was calculated consider-
ing the distance between the source and the receiving point.
[3] Correction of spectral characteristics

In ASJ RTN-Model 2008, the correction terms of
the spectral characteristics of running vehicle noise,
ALrtN(fo k), are specified as a function of frequency, as

2
ALrin(fox) = —2010g10|:1 + < Je ) } )

2500

Considering the spectral characteristics of the sound
energy level of a source set in the numerical analysis, of
running vehicle noise, and of A-weighting denoted by
ALA(fex), the values of correction regarding spectral
characteristics, AL.(f.x), is calculated as

AL(fer) = —Lj(fex) + ALRTN(fex)
+ ALA(fex) + ALy (fex)s

where Lj(f.x) is the sound energy level in the k-th
frequency band of the source set in the FDTD analysis,
ALqygj(fex) is an adjusting term to render the overall sound
energy level of the source 100 dB.

The 1/3 octave band level, Lg s(f.x, 6i, ¢:), calculated
from the 3-D impulse response at the i-th receiving point, is
corrected with the correction term of AL.(f.x) to obtain
band levels of sound radiated from the sound source with
an overall energy level of 100dB, as follows:

Le(fo g, 05, 0i) = Les(fex, 05> 1) + AL(fep0). 4

[4] Calculation of A-weighted single event sound exposure
level

The A-weighted single event sound exposure level at
the i-th receiving point is calculated as the energy sum of
the 1/3 octave band levels, as

N
Lac(6;, i) = 1010gm{2 10%eUestie] 10}, (5)
k=1

3
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Fig. 6 Experimental setting of source and receiving points.

where N is the number of bands. From the A-weighted
single event sound exposure levels calculated when the
sound source was located at the source position of S;, the
single event sound exposure level at a point on an spherical
surface at each azimuth angle 6 (6 = —90°, —89°,.. ., 89°,
90°) and elevation angle ¢ (¢ = 0°,1°,...,89°,90°) was
calculated by spline interpolation in order to obtain detailed
directivity characteristics of sound radiated from the mouth
of the semi-underground road. The level for the case with
the sound source at position S, was determined by
considering the axis symmetry of the sound field. By
summing these levels on an energy-base, the A-weighted
single event sound exposure level was obtained for the case
where two sound sources with the same sound energy level
exist in the two driving lanes.

2.4. Comparison with Experimental Result

The calculated sound radiation characteristics were
compared with the experimental results obtained with a
scale model in order to validate the applicability of the
calculation. A 1/20 scale model experiment of the sound
radiation characteristics was carried out using a spark
discharge impulse source [2]. Figure 6 shows the geo-
metrical configuration of the sound source and the
measurement points in the scale model experiment. As
the sound source, a spark discharge impulse source was
used to realize an omni directional point source, and it was
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set at the position of S;. To examine the directivity of the
sound radiation from the mouth, a quarter-spherical
measurement surface of 1m (20m in real scale) radius
was set at the mouth so that its center was positioned on
the centerline at the mouth in the source section. The
measurement surface was divided into 44 subareas of
almost equal area, and a measurement point was set on
each of the subareas. In the experiment, impulse responses
from a source to receiving points were measured, and the
A-weighted single event sound exposure levels, assuming
that the source had the spectral characteristics of running
vehicle noise, were determined by the same procedure as
for the calculation. The single event sound exposure levels
at points on the measurement spherical surface at each
azimuth angle 6 (0 = —90°, —89°,...,89°,90°) and eleva-
tion angle ¢ (¢ =0°,1°,...,89°,90°) for the cases of a
single source (S;) and double sources (S; and S;) were
calculated by spline interpolation in the same manner as the
calculation.

Figures 7(a) to 7(d) show the results of calculation and
experiment for Cases 1, 2, 3 and 4 when a source was
located at Sy, and Figs. 8(a) to 8(d) show the results for two
sources located at S; and S;. In these figures, the single
event sound exposure levels on a receiving surface when
the sources had a 100 dB sound energy level are shown in
the form of a net graph. We can see that the radiation
directivity varies with the sectional shape. In all cases, the
directivity in the x-y plane is sharp in the upper and oblique
directions, whereas that in the longitudinal section of the
y-z plane is rather gentle. The agreement between the
calculation results and the experimental results is fairly
good. In order to elucidate the quantitative correspondence
between the calculation and the experiment, as the most
fundamental quantity, the total sound energy radiating from
the mouth of the semi-underground structure was com-
pared. In both of the calculation and the experiment, single
event sound exposure levels at receiving points distributed
on a hemispherical surface of r =20m radius were
obtained. Therefore, levels of total sound energy radiating
from the mouth, Ljapprp from the calculation and
LjA experimen: from the experiment, can be approximated
by surface integration of sound exposures as

LJA,FDTD — 1010g10 Z{loLAE,FDTD(G,‘P)/IO . AS(Q’ (/))} , (6)
0.9

LJA,experiment =10 10810 Z{ IOLAE,experimenl(G,Qo)/10 . AS(Q’ (p)} ,
R

@)
where LAE,FDTD(ea (0) and LAE,experiment(g’ (P) are Single event
sound exposure levels at point (7,6,¢) obtained by

calculation and experimentally, respectively, and AS(6, ¢)
is the area of a segment of a spherical surface for point
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Fig.7 Results of calculation and scale model experiment
for the case where sound source is positioned at S;.

(r,0, ) (see Fig. 9). The result of the comparison is shown
in Fig. 10. Differences between the calculation and experi-
ment were within 1.4 dB for cases 1, 2, 3 and 4.
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Fig. 9 Definition of area, AS, and receiving point, P.
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Fig. 10 Sound energy radiating from the mouth ob-
tained by calculation and experiment.

3. DETERMINATION OF PARAMETERS
IN ASJ RTN-Model

Sound radiation characteristics obtained by the numer-
ical analysis described above are applied to the determi-
nation of model parameters in an energy-based practical
calculation method, the “hypothetical point source meth-
od,” included in ASJ RTN-Model 2008. Firstly, here, the
hypothetical point source method is described briefly. It
should be noted that the expressions for a stationary sound
source of running road vehicles are described in the ASJ
RTN-Model, whereas the transient sound source of a unit
impulse is dealt with in this study. In this section, the
descriptions in the ASJ RTN-Model are translated into
those for transient sound source to gain physical corre-
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spondence with the calculation results in this study. The
relationship between the sound energy level, L;, for a
transient sound source and the single event sound exposure
level, Lg, is equivalent to that between the sound power
level, Ly, for a stationary sound source and the sound
pressure level, L.

3.1. Hypothetical Point Source Method Specified in
ASJ RTN-Model

Suppose a straight semi-underground road, which has
asymmetrical cross section and equal traffic volume on
both driving lanes, and a receiving point, P, as shown in
Fig. 11. When sound sources are positioned at S; and S,
with the total sound energy level of L;, the A-weighted
single event sound exposure level at P, Lag, is calculated
using the following equations, as sound propagation from a
hypothetical directional sound source, S’, located at a
center point at the mouth of the semi-underground road
structure.

Lag = Lyas + 101logofa + (1 — a) cos™® ¢}
—8—20log,,r (8)
1(0) = Nyax sin’ 0 9)

Here, Ljagq is the apparent sound energy level of a
hypothetical sound source of S, r is the distance from S’ to
P, and a, np,x and B are model parameters that represent
the directivity of sound radiation from the mouth. These
parameters have specific values for the dimensions of the
cross-sectional shape of the road structure. Ljaq 1S
calculated as

LJA,su = LJA + ALdim,su + ALdir,su + ALabs,su’ (10)

2n  pm/2 s
/ / {a+ (1 — a) cos™=""% u} sin pdedd
0o Jo

Receiving point P

o

R

Fig. 11 Coordinate system for calculation of the hypo-
thetical point source method.

where ALgimsu, ALgirsy and ALgpgs, are correction terms
for the dimensions of the road structure, the directivity of
sound radiation and the absorbing condition inside the
structure, respectively. The term ALgin g, is dependent on
the dimensions of the road structure R, W and H, and the
determination of its value is described in the next section.
The term ALgiq iS a correction so as not to change the
total amount of radiating sound energy when using a
directivity function, and it is dependent on the model
parameters of a, mp,x and B, which characterize the
directivity of sound radiation. The values of ALy, are
calculated using

ALdir,su =-10 logIO

In this study, ALupssu = O because semi-underground
roads with reflective surfaces are dealt with.

Figure 12 shows examples of the polar pattern of noise
radiation calculated by (a) numerical analysis and (b) the
“hypothetical point source method” specified in Eqs. (8),
(9) and (10). The practical calculation model simplifies the
directivity of sound radiation, as shown in Fig. 12(b). The
directivity is gentle in a y-z plane (6 = 0°), where the
calculation model shows omnidirectional characteristics
when the value of the directivity function of n(0) is zero, as
indicated in Eq. (9), whereas it is sharp in the x-y plane
6 =90°).

2 an

3.2. Sound Energy Level of Hypothetical Sound
Source

In the simplified calculation model described above,
the sound energy level of the hypothetical source of S’ is
assumed to be the total sound energy emitted through the
mouth of the semi-underground road. In order to establish
the calculation model of the sound energy level of S', the
total sound energy emitted through the mouth is discussed
from the viewpoint of geometrical acoustics. Now, let us
assume the following simplifications for a sound source
existing inside the road structure and for sound propagation
inside the semi-underground structure.
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Fig. 12 Sound radiation characteristics obtained by (a)
FDTD analysis and (b) ASJ RTN-Model, for Case 2.

Assumption-1: Sound sources existing inside the structure
(that is, the source on each driving lane) are lumped
together as an omnidirectional point source positioned at
the center of the road.

Assumption-2: Sound energy arriving at the mouth with-
out reflecting from ceilings, and the road surface contrib-
utes sound radiation to the outside area; any multiple
reflection path including reflection from the ceiling or from
the road surface is ignored. That is, only sound reflection
paths from sidewalls are considered.

Then, sound energy directly arriving at the mouth, Ej,
is expressed below, for the case when a source with sound
energy Q (sound energy level is made to be L) exists in
the semi-underground structure with road width R, semi-
underground height of H and mouth width of W, as shown
in Fig. 13.

E=0%=02tm Y (12)
= —_ = — tan —.
0 T T 2H

The components of reflected sound can be considered
as the sound energy from a series of mirror image sources
of sidewalls. Figure 14 illustrates the contribution from the
n-th order image source. The contribution from the n-th
order image source, E,, is expressed as

E, = Q% (n>1). (13)

When nR > H, the following relationships hold to a
fair approximation.

% .
5 sin, ~ VA + (nR)z%, (14)

H

VH? + (nR?

sin 6, ~ (15)
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s, R

Fig. 13 Contribution of directly arriving sound energy.

w2 ;
r=+H" +(nR)
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So “ 2 6, Ts”
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Fig. 14 Contribution of sound reflecting from a sidewall.

On the basis of the above relationships, ¢, can be
expressed as

o= Ry iR

and consequently, sound energy from the n-th mirror image
source can be approximated as

WH? 1 )
(17)

£ of

The total sound energy radiating from the mouth is
given as the sum of directly arriving energy and contribu-
tions from a series of mirror images, as

o0
E:E0+2ZEn

n=1

2 W 2WHI 1 2WH K 1
= Q{=tan + — — . (18)
T

2H 7R? &~ pn? TR 4~ pt
n=1 n=1

Considering that infinite sums of series that appear in
Eq. (18) are Y o2 1/n*> = 7%/6 and Y oo, 1/n* = 7*/90,
the total sound energy and its level expression are
approximately described by

2 W  aWH
E=0[—-tan — +

T WH?
T 2H ' 3R2 ’ 19

45R*

LiaModet = Lya
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4 W aWH

N T WH?
2H 3R2

45R*
(20)
Consequently, the correction term regarding the dimen-

sions of the road structure, ALgimgsi, in Eq. (10) is
expressed as

2
+ 101log;, (— tan
b1

2 W aWH mWH
ALgimsu = 101og, ;tan — —— ). 2D

2H * 3R? 45R*

In order to confirm the validity of this approximation,
the estimated sound energy calculated using Eq. (20) for all
cases was compared with the calculation results obtained
by the FDTD method. For the calculation of Eq. (20), Lya
was made to be 103 dB. To accommodate this situation,
calculation results by the FDTD method, under the
condition that the two sources S; and S, existed, were
used and surface integration of the sound exposures on the
receiving surface was accomplished in the same manner as
described in 2.4 to estimate the total sound energy radiating
from the mouth. Results of the comparison are shown in
Fig. 15. The total energy radiating to the outside area tends
to become lower as the width of the mouth becomes
smaller. The difference between the two values is within
1.3dB.

3.3. Parameters Characterizing Directivity

Figure 8 indicates that the directivity of sound radiation
characteristics varies with the cross-sectional shape of the
road structure. Therefore, model parameters of a, ny,x and
B in Egs. (8) and (9), which characterize the directivity of
sound radiation are determined for all cases investigated in
this study.
3.3.1. Determination procedure

In the practical calculation model expressed by Egs. (8)
and (9), a hypothetical sound source S’ can be regarded to
have an omnidirectional component characterized by the
parameter a, and a directional component. Here, let us
express an omnidirectional and a directional component as
LaEomni and Lag directional, respectively; then the level of
total sound exposure is expressed as the sum of the
omnidirectional and directional components as follows:

LAE — 10 loglo{loLAE,omni/lo + IOLAE.direclionul/lo} . (22)

The minimum value of the directional components of
10Fasaireiona/10 g 7ero because the directivity is modeled as
the n(0) power of a cosine function, as expressed in Eq. (8),
and therefore, the omnidirectional components can be
determined from the minimum sound exposure obtained on
equidistant receiving points. Hence, firstly, the minimum
single event sound exposure level, LagMinimum, Of direc-
tivity characteristics obtained by the numerical analysis on
a quarter spherical surface with 20m radius was deter-

103 , , {
— y=x+0.03 Wais
1024~ R=0.914 ¢ <y
-
101 %
—_ W=10
%1 ~ 0/
= 100
E . W=7.5m
= 0 /
PN
98 '\.—/ W=5m
97
97 98 99 100 101 102 103
LJA,ModeI [dB]
Fig. 15 Correspondence between total energy radiating

from the mouth obtained by FDTD analysis and that
obtained using Eq. (18).

mined, and the sound energy level of the omnidirectional
component, Lja o, was calculated as

Lja,0 = Lag Minimum + 34. (23)

To obtain the directional components,
LAE directional (0, ), included in the single event sound
exposure levels at the observation surface, the value of
LagMinimum Was subtracted from all single event sound

exposure levels in energy-based as

LAE,directional(Q, (0)

— 1010g]0{10LAE(0"p)/10 _ 1OLAE,Minimum/10}. 24

On the basis of the above values that represent
directional components, parameters npy,x and § are calcu-
lated by the method of least mean squares, which
comprised the following two steps. First, for every azimuth
angle of 6, a functional parameter of n(f) is determined.
When an omnidirectional component is subtracted from
Eq. (8), the level of a directional component included in
single event sound exposure at an observation point of
(7,6, ¢) is expressed as

LAE \directional

(25)
= LJA,directional + 10”(9) 1OglO{Cos QO} - 34’

where Lja directional = Lyasu + 1010g;o(1 — a).
Now, assuming that Lja girectional and n(6) are unknown
parameters in Eq. (25), the two values can be determined
by the method of least mean squares based on
LAE,directional(ea 90) for every 0.

In the next step, nmax and S are calculated from the
obtained values of n(f). The logarithmic expression of
Eq. (9) is
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log,, n(6) = log;; fimax + B - log;, sin 6. (26)

Assuming that log;;nmax and B are unknowns, these
two constants can also be determined in terms of the least
mean squares using the values of n(9).
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In the first step, multiple values of Lja directional fOr
every azimuth angle, 6, were obtained. In order to obtain
the value of a, average LJA,directional (LJA,directional) was used.
The value of a is calculated as

10Lva0/10

a =

3.3.2. Results

The determined values of model parameters a, ny,,x and
B are shown in Figs. 16(a), 16(b) and 16(c), respectively.
In the figures, values of the parameters are arranged in a
relationship with the open ratio, W/R. Regarding the
variation of the values of the parameters owing to the
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Fig.16 Determined model parameters a, ny.x and .
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differences of the dimensions of semi-underground roads,
the following tendencies are seen.

[1] The values of a are in the range between 0.1 and 0.2 for
all cases.

[2] The values of ny,x are in the range between 1 and 2,
and it becomes smaller with larger open ratio.

[3] A rough tendency that the values of 8 become larger
with the open ratio can be seen, and 8 values scatter in the
range between 1.6 and 2.7.

4. INVESTIGATION OF SINGLE EVENT
SOUND EXPOSURE LEVELS
IN ROADSIDE AREA

In order to confirm the validity of the energy-based
practical calculation model, the hypothetical point source
method, A-weighted single event sound exposure levels in
the roadside area were calculated by the hypothetical point
source method and the results were compared with the
calculation results obtained by FDTD analysis. Figure 17
shows sound sources and receiving points. Receiving
points were distributed on a straight line, parallel to the
road and 15m from the center of the mouth. In the
calculations using Egs. (8), (9) and (10), the values of «,
Nmax, B and the correction of ALy, Were determined by
the procedure described in 3.3.1. The values are shown in
Table 2. The calculation results obtained using the prac-
tical calculation model and those obtained by FDTD

O Receiving point
® Source point

Fig.17 Sources and receiving points for investigation
of single event sound exposure levels in roadside area.
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Table2 Values of the parameters.

a :B Mmax ALdir,su (dB)
Case 1 0.17 1.63 1.31 1.52
Case 2 0.15 2.00 1.24 1.39
Case 3 0.17 2.25 1.06 1.16
Case 4 0.15 241 1.18 1.24
Case 5 0.15 1.74 1.37 1.57
Case 6 0.13 2.06 1.40 1.54
Case 7 0.14 1.87 1.12 1.35
Case 8 0.12 2.05 1.16 1.37
Case 9 0.17 2.04 1.53 1.54
Case 10 0.15 2.18 1.54 1.55
Case 11 0.15 2.28 1.33 1.38
Case 12 0.16 224 0.89 1.03
Case 13 0.16 1.86 1.53 1.62
Case 14 0.13 2.59 1.74 1.59
Case 15 0.12 2.33 1.51 1.55
Case 16 0.13 2.67 1.26 1.28

B h=7.5m Model
—O—h=1.5m FDTD _--/\-- h=4.5m FDTD _~{1h=7.5m FDTD

70.

‘ —@—h=1.5m Model --A - h=4.5m Model

SPL [dB]

SPL [dB]

z[m] z[m]

Fig. 18 Single event sound exposure levels in roadside
area for Cases 1, 2, 3 and 4.

analysis for Case 1, Case 2, Case 3 and Case 4 are shown
in Fig. 18. The correspondence between the model and the
FDTD is fairly good. However, at receiving points far from
the source, results of calculation using the model are lower
than those of the FDTD analysis. This tendency is caused
by a difference in the sound radiation characteristics in the
longitudinal (small ) direction. For the y-z plane (6 = 0),
as seen in Figs. 12(a) and 12(b), the directivity of sound
radiation is modeled in the omnidirection by the practical
calculation model, whereas the wave-based numerical
analysis gave higher levels of sound radiation near
¢ = 90° in the longitudinal direction. The correspondence
between the model and the FDTD analysis for all cases is
shown in Fig. 19. The average difference for all points and
the standard deviation of the differences were 0.05dB and
1.45dB, respectively.

5.  CONCLUSIONS

An energy-based practical calculation method of road
traffic noise in a roadside area of a semi-underground road

Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Casel0
Casell
Casel2
Casel3
Casel4
Casel5
Casel6

y=x+0.05
- N=288

R=0.855 .

SD=1.45 Ag:’i

~
(e}
|

D

(e}

e
o Fie
& VQ &

W
o

SPL by the FDTD analysis [dB]

50 60 70
SPL by practical calculation model [dB]

O v A g O OD O @v A4 eon »o

Fig.19 Correspondence between the practical calcula-
tion model and the FDTD analysis.

was investigated by a wave-based numerical analysis with
the finite-difference time-domain method. The practical
calculation method, in which the sound source is simply
modeled as a hypothetical point source with a specific
directivity to the dimensions of the semi-underground road
structure, has been proposed in ASJ RTN-Model 2003. In
this study, values of parameters characterizing the direc-
tional characteristics of the hypothetical point source were
determined for several cases, and a correction term
regarding the sound energy of the hypothetical sound
source was examined, on the basis of wave-based numer-
ical analysis. For wave-based numerical analysis of sound
propagation in a three-dimensional sound field around a
straight semi-underground road, a technique of transfor-
mation from 2-D to 3-D using a Fourier-type integration
was applied to transient responses obtained by two-dimen-
sional finite-difference time-domain analysis. In this study,
semi-underground roads with reflective boundaries were
dealt with and noise reduction effects of absorptive
treatment were not examined. To extend the applicability
of this practical calculation method, it is necessary to
further investigate road structures with finite impedance
boundary conditions.
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