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A new mathematical model is proposed to estimate road traffic noise at sites along a freeway where the traffic
volume fluctuates from a maximum of 900 vehicles per hour in the daytime to a minimum of 300 vehicles per hour
at night. The model considers traffic conditions such as the percentage of heavy vehicles, time interval between
successive (two or more) heavy vehicles and measurement time interval. The A-weighted equivalent continuous
sound pressure levels calculated from this model are in keeping with measured ones at several representative time

intervals both in the daytime and nighttime.

1. INTRODUCTION

Road traffic noise is a type of random variable noise, and
its magnitude is widely scattered according to traffic condi-
tions such as traffic volume, traffic content, vehicle speed, and
meteorological conditions. These conditions include the di-
rection and velocity of the wind, temperature, humidity, and
atmospheric pressure, as well as the distance and nature of the
ground surface from the road to an observation point.'”> Al-
though a mathematical model should consider as many of the
aforementioned factors as possible, most models consider only
a few factors due to estimation complexity.

Today when new roads are being planned, an environmental
assessment concerning road traffic noise and vibration should
be conducted. Accordingly, a model to predict road traffic
noise (RTN) is essential. Although predicted estimates such as
L peq,r and L 4y 7 must meet the environmental standards set
up in each country, the accuracy of the prediction affects the
assessment results.>° Hence, many prediction models have
been developed along with methods to calculate the RTN in
each country.

For example, the CoRTN model was developed by M. E.
Delany et al. of the Department of Environment in the United
Kingdom. In this model the hourly value of L1q with correc-
tions for mean speed, percentage of heavy vehicles, gradient,
and feature of road surface is calculated first.'>!! RLS 90 is
the standard for noise prediction in Germany. The mean A-
weighted sound pressure level is calculated as a function of
emission level, attenuation due to ground and atmospheric ef-
fects, and the attenuation due to the topography and building
dimensions.'? On the other hand, the USA used to employ the
FHWA Traffic Noise Prediction Model developed by Barry and
Reagan of the Department of Transportation Federal Highway
Administration.'3 This model has been published as Report No
FHWA-RD-77-108 and includes a calculator program. How-

ever, the program has been developed successively under the
title of STAMINA. ' In this model, L 40, 1 is estimated on the
basis of the A-weighted average sound pressure level at the
reference distance (usually 15 m). Version 3.0 is widespread at
the moment.'> The Acoustical Society of Japan published the
first version of a method to predict RTN in 1975, which has
been revised about every five years. The most recent version
is the ASJ RTN-Model 2008, which was published in 2010.16
The ASJ-Model adopts a method to obtain L 44,7 based on a
single event sound exposure level, L op.

The measured value of L 4.4, 7 depends not only on the na-
ture of noise fluctuation but also on the measurement time in-
terval 7. However, the measurement time interval is not clearly
specified in ISO 1996 and JIS Z 8731, and, thus, can be arbi-
trarily chosen (e.g., 1 hour, 24 hours, or a week). ISO 1996-
Part 2 states that the measurement time intervals shall be such
that all significant variations in noise emissions and transmis-
sions are covered.'!?

This study has two main goals:

a) To propose a model that simply predicts RTN even at a
road or for a time interval with light traffic.

b) To determine an appropriate method to select the mea-
surement time interval 7' for obtaining a valid and accu-
rate L aeq, 7.

Previous models to predict L 44,7 at a site along a high-
way assume that traffic volume, vehicle speed, percentage of
heavy vehicles, and accompanying conditions are stable dur-
ing the measurement time interval 7. Thus, they are static
models in which L 44,7 [dB] is uniquely determined accord-
ing to the given conditions. However, people dwelling in the
area along roads having less traffic than 1,000 vehicles per hour
are often annoyed by the passing of heavy vehicles, especially
at nighttime, even though the daily L 4, or nighttime L 4.,
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Figure 1. Configuration of the effective sections on the road.

is quite low. Our model is intended eventually to obtain the
evaluation method for annoyance in such a situation by sim-
ulating the temporal variation in road traffic noise, preferably
in the way consistent with the existing models. Although the
dynamic property of RTN comes into view in our study, the
results of prediction are compared for the same traffic condi-
tions as those obtained from two typical static models, FHWA
model and ASJ RTN-Model 1993.'%20 This report is the first
in a series of such studies.

Our model assumes that every automobile runs freely at
steady speed on a flat and straight road one by one. For veri-
fication, L s¢q,1n’s were measured every hour throughout a 24-
hour period. As shown later, the measured data agrees well
with estimated ones.

2. MATHEMATICAL MODEL
TO REPRESENT THE SOUND INTENSITY
OF TIME-VARYING NOISE

2.1. Model of Traffic Flow that Divides the
Road into Small Sections along its
Length

If the distance between two successive cars running at a
steady speed on a freeway is assumed to obey the exponen-
tial distribution, and if road traffic is simulated using random
numbers exponentially distributed, then the inconvenience that
the interval between two successive cars is zero or excessively
short often occurs. Hence, herein an exponential distribution
where such an inconvenience is avoidable is considered.

Our model assumes that the road is flat, straight, and cov-
ered by a reflective material. The center line of the road is
taken as the x-axis, and the foot of a perpendicular drawn from
observation point P to it is taken as its origin O. The length of
line OP is indicated by dy [m], and the right side of O is the

D in s 80, 100, or 120 m, respectively. Thus, there is a rela-
tion of ¥ = 1000V. If the traffic volume per hour is shown as
@ [vehicles/h], the probability density function of distance D
is given by:

P(D) = /\D exp(_/\D(D - szn))7 (1)

where the average distance between successive two cars, D=
1/Ap + D,yin, obeys an exponential distribution and Ap
Q/( — Q- Dypin). In addition, it is assumed that (a) a car is a
point source noise emitter; (b) there is not another noise source
nearby; (c) the sound propagation path from the source to the
observation point is free of obstacles; and (d) the sound level
does not fluctuate due to meteorological origins.

Dividing the center line of the road into consecutive sec-
tions with the same length AX; (j = +1,4+2,+3,...) where
AXj is the center, the center of each section is placed at
T1,%9,x3, ... along the x-axis in the positive (right) direction
and z_1,z_o,7_3,... in the negative (left) direction. If the
length of the j-th section, A X, is appropriately selected rela-
tive to dy, then the total level of sound from the vehicles within
a section can be replaced by that from a single source with
sound power W; [W] placed at the center of the section, x;,
where W; is the sum of the sound power emitted from all ve-
hicles present in section AX;.

2.2. Relation Between the Length
of a Section, AX;, and d,

Suppose a vehicle with sound power W is located at the cen-
ter z; of the j-th section, AXj, and another vehicle emitting
sound at the same power is located at either end (z:; = AX;/2)
of the section. Then the difference in the level at point P be-
tween the sounds from both vehicles is expressed as:

N —
2m(dg+a7)

L . e ALj; =10logy, [dB]. (2
positive direction (Fig. 1). The assumption is that all the cars [ 57 {d2+ (s, £AX, /2] J
are running at steady speed of ¥ [m/h] along the x-axis from
left to right while maintaining a safe interval between the two  If
cars. Consequently, one car cannot overtake another. Gener- |AL;| <1 [dB], 3)

ally, the distance between the two successive cars required for
safe driving on a freeway is roughly ¥ x 10~ m or more.?!
Hereafter this minimum allowable distance between the two
successive cars is represented by D,,;, m. Namely, if a car
runs at an average speed of V = 80, 100, or 120 km/h, then

then both sound sources have equivalent in sound emissions.
AX; that satisfies both Egs. (2) and (3) can be obtained. Sub-
stituting Eq. (2) into Eq. (3) yields:

o5 +4AX z; + (df — AXF) > 0. )
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Discriminant D may be required to satisfy Eq. (4) to be valid:
D =4AX7 — (df — AX3) <0. (5)

Thus, AX; is bounded by:

do (. do
ogAngﬁ<:3>. (©6)

For an arbitrary j-th section, if AXj is nearly equal to dy/2,
the replacement mentioned in the last part of Section 2.1 is
valid.

2.3. Extent of Effective Sections

In principle, the intensity of sound arriving at point P is
the superposition of sounds from an infinite number of virtual
point sources placed at each z; (—oo < j < +00), although
the effective sources actually exist in A X and sections close
to it. In other words, it is sufficient to consider a limited num-
ber of sections with A X as the center. Hereafter, the number
of such sections is called the number of effective sections.

Let us consider the number of effective sections. Assum-
ing that the average sound power of a single vehicle, including
n, passenger cars each with a sound power W), and n; heavy
vehicles each with a sound power Wy, is W within AX, then:

Wi, + Wing

i, + np

W= [W]. @)

The intensity of sound at P is obtained as the sum of those com-
ing from virtual sources placed at each center of the sections.
Thus, the intensity of sound at P is denoted by:

_ nW _ 1 9
“ X o @Ay M ®

where n = np, + n;.

If the number of effective sections is 2. + 1, then the inten-
sity of sound originating from all the vehicles within sections
from j = 0 to &=J at observation point P can be written as:

+J —57

]iJ:ZnW 1

2
o Begaxy b O

j=0
If the following equation is satisfied, then 2J + 1 can be re-
garded as the number of effective sections:

L,y

101og;o (17

> >10 [dB], (10)
too — L4y

where the subscript I must be this order of compound. Substi-
tuting Eq. (8) and Eq. (9) for Eq. (10) gives:

J =12. (11)

Hence, the number of effective sections is 25.

2.4. Sound Intensity and a Suitable
Integration Time
In this estimation method the intensity of sound arriving at

the observation point from each virtual sound source varies
stepwise with time. The relation between the intensity of sound

arriving at observation point P at time ¢ and the integration time
for the sound energy to be observed is considered here.

Sound arriving at P at time ¢ from a virtual source passing by
the reference point 2o (= 0) should be emitted from the source
at time ¢ — dy/c where ¢ is the sound velocity. As shown in
Fig. 1, the power of a sound emitted from each virtual source
is assumed to be W_yo,... ., W_j;, ... . Wo,..., W;, ..., Wiy
at time ¢ — dp/c. Because the sound power of a source in the
A X section varies stepwise with time, the change is approxi-
mated by the source passing on along a lane from left to right
instantaneously every AX /v [s]. The sound power W; of a
source placed at x; at time ¢ — do/c remains constant until
t — do/c + dp/2v, and then the sound power of a source at
x; changes to W;_; and is kept constant during dy/2v, and so
forth.

According to this approximation, if the average integration
time for sound energy at P is dy/2v, then it can be assumed
that the macroscopic property of sound intensity fluctuation is
maintained even though information of the stepwise variation
of sound power from each virtual source is lost. Here, v [m/s]
is the average car speed per second, and has the relation of v =
/3600 with T [m/h]. Table 1 shows the time when sound is
radiated from each virtual source as well as the sound energy to
be integrated at observation point P during time ¢ to ¢ + d /2v.
Representing this energy as Jp(t; do/2v), it is expressed as:

(o /20)

Jp(t;do/20) = ‘Z T (12)
j=—12 J
2 2 AN 2 i
where r; = dj + (T) =dj (1 + 7), and
do AN
Jj(t,dg/Q’U) = ’IIj+1Wj+1 ? 1+ 5 -1
+n;W; do _ do 1+ J 2—1 (13)
1t 20 c 9
This equation can be transformed into:
do
d i\
+ <?0) 1+ (§> =10 (njraWip —n;Wj).
14

where n; and n;; are the sound power coefficients for sound
sources placed at x; and x4, respectively, and they are inte-
gers.

Equation (13) represents the sound energy arriving at ob-
servation point P that originates from the virtual sound sources
located in section j during the time interval from ¢ to t+dg /2v.
In other words, Eq. (13) and Eq. (14) mean that the sound
source in section X at time ¢ was previously located in sec-
tion X; at t — do/2v, and the sound source contributes to the
sound energy coming from the j-th section to point P during
dy/2v. In these equations c is the sound velocity (= 342 m/s).
If ¢ > v, the sound energy emitted by a virtual sound source
located in section j is irrelevant to the source located in the
(j + 1)-th section. Hence, in this case, the sound energy arriv-
ing at point P during the time interval between ¢ and t + dg /2v,
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Table 1. Time that a sound arrives at the observation point at time ¢ is emitted from the virtual point source and its energy emitted during dg/2v [s]

Place of virtual Time when sound is emitted

sound source

Sound energy emitted during do/2v [s]

W | H-( e

d
.Io = noWgﬁ

)~ 0

r_1 ~ I (

i)
do

J_1 = noWo % (,/1+§—1) oWy {do _do (,/1+% —1)},

+do Jl:nQWr_)dT“<\/Efl)+n1W1 77%0( 1+§71)}

T_j~Tj <t7d70\/1+§>~ (tf%o 1+§> J,j:n7j+1W7j+1d*°( 1+j )+n7]W7 {2—07470< l+§*1>}7
d, d, 2 d, 2
+ﬁ JJ—n]+1W]‘+1TO( 1+]T )+n]W {7770( 1+]771>}
T_19 ~ T12 (t*djo\/1+62) ~ (t*dTO 1+62> J_12:Tl_11W_11dTD( 1+6271>+n_12W_12 d70<\/1+6271)},
0

Ji2 = n13W13d7f’ ( 1462

) +n1aWip{do _ do <\/1+62 - 1)}

Jp(t; do/2v) is obtained by integrating the intensity of sound
coming from each virtual sound source located in each effec-
tive section of the road.

3. SOUND INTENSITY AND SOUND
PRESSURE LEVEL

3.1. Sound Power of each Virtual Sound
Source at the Time ¢ — d;/c

In the aforementioned method, if the number and type of ve-
hicles present in section AX; at time ¢ — dy /¢ is stochastically
estimated, then the total sound power from the virtual sound
source located at center x; of the j-th section is also stochasti-
cally estimated by the following equation:

W, = (np)jWIET;;j(nt)th _ (%)ij+ (%)th

(j=-12,-11,...,0,...,11,12), (15)

where (n,); is the number of passenger cars, and (n;); is the
number of heavy vehicles located in section AX;, and (n),
is the total number of automobiles in AX;, that is, (n); =
(np); + (n);. W, and W, represent the average sound power
of a passenger car and that of a heavy vehicle, respectively.

W; is the average sound power emitted from automobiles
situated in section AX;, but obviously differs from the sound
power W used to estimate the number of effective sections as
well as from the average sound power W in Eq. (7). W in
Eq. (15) takes a probabilistic value that varies with time ac-
cording to the numbers of passenger cars and heavy vehicles
present in AX; at a given time, whereas W in Eq. (7) rep-
resents a certain constant value regardless of the time lapsed.
Thus, Eq. (15) can be rewritten as:

(n);W = (nW); = (ny);Wp + (1) ; W4,

16)

where j equals —12,—11,...,0,...,11, or 12. With this

modification, Eq. (13) can be expressed as:
2
) 1

1+ (
£ ) (0

IS

Ji(t; do/20) = (nW) 41 <d70)

+ (nW)j

N |,

A7)

3.2. Sound Intensity and Sound Pressure
Level Observed at Point P at Time ¢

From Eq. (12) and Eq. (17), sound intensity Ip(t) to be mea-
sured for every average integration time dy/2v [s] at the obser-
vation point P is given by:

12 d
2v d, 2v Jj (t; 52
Ip(t) = = Jp (t; %) == % [W/m?],
= J

(18)
where r? = d? (1 + %) Hence, the sound pressure level at P
can be expressed as:

I
L(t) = 1010gm( ’}ff)) [dB],

where I is the reference sound intensity, Io = 107!2 [W/m?].

19)

4. RESULTS AND DISCUSSION

4.1. Comparison Between the Measured and
Calculated L, +’s

To verify the validity of our mathematical model for road
traffic noise, the A-weighted sound pressure level, L, 1, was
measured at select observation points along a freeway and
compared with the calculated one. Additionally, the mea-
sured and calculated cumulative frequency distributions of the
A-weighted sound pressure levels were compared with each
other.

4.1.1. Measurement of L, 4

The measurement was made along a freeway with two lanes
and a straight and flat road. This model assumes that cars are
traveling while maintaining a steady flow. The measurement
site and time where traffic volume was 1,000 vehicles or fewer
per hour was selected. L, was measured every second for
5 minutes. The traveling speed of every car V' [km/h] was
measured, and regardless of the time, the speed was within
100+£10 km/h. The residual noise around the freeway was
about 50 dB in the daytime and 40 dB in the night time.

4.1.2. Calculation of L, 4

L,4 at observation point P was calculated according to
Eq. (19). The road was assumed to be a straight line. The
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Figure 2. Daytime temporal variation of L, 4 for 5 minutes at a point 56 m
from the road.
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Figure 3. Nighttime temporal variation of L, 4 for 5 minutes at a point 56 m
from the road.

distance between two successive automobiles, the speed, and
the sequence of them were equalized to those measured in the
previous section. Similar to the previous section, the sampling
and measurement time intervals were the same (1 second and
5 minutes, respectively). The power levels of a passenger car
and a heavy vehicle were obtained by the following equation
according to the method for estimating road traffic noise pro-
posed by the Acoustical Society of Japan, ASJ Model 1993.

PWL = A"log,,V + B* [dB], (20)
where the regression coefficients A* and B* are referred to in
the literature.?

Figure 2 sequentially shows the daytime measured and cal-
culated data. The observation point was 56 m away from the
freeway, and 50 dB was taken as the reference level (0 dB) for
L, 4. Figure 3 denotes similar data for the nighttime, but the
reference level was 47 dB. As both figures indicate, the calcu-
lated values are consistent with measured ones (within 2 dB).

4.2. Cumulative Frequency Distribution

To account for the fluctuation of the A-weighted sound pres-
sure level due to changes in traffic volume with the time of day,
Figs. 4-7 plot the cumulative frequency distributions. L,
was calculated by the Monte Carlo simulation method based
on Eq. (19).

The traffic volume corresponding to the cumulative fre-
quency distribution shown in Fig. 4 was 837 vehicles/h, which

consisted of 721 passenger cars and 116 heavy vehicles, and
dy = 50 [m]. The measurement was conducted during the day-
time. The percentile levels from this figure were L5y = 65 dB,
L; = 70 dB, and Lg; = 62 dB. Figure 5 shows the nighttime
traffic volume. It consisted of 374 vehicles/h including 313
passenger cars and 61 heavy vehicles, yielding Lso = 62 dB,
L5 =69 dB, and Lyg; = 55 dB.

Despite the nighttime traffic volume being considerably
smaller than the daytime volume, the five percentile levels Ls
are similar. However, the interval between Ly — Lgs, which
represents the fluctuation range, was 14 dB in the nighttime
and 8 dB in daytime. This fact shows the difference in the
nature of traffic at different times of day.

Figure 6 shows the daytime cumulative frequency distribu-
tion for the traffic volume of 777 vehicles/h, which consisted of
700 passenger cars and 77 heavy vehicles. Measurements were
made at a point 100 m from the freeway. As seen from the fig-
ure, the percentile levels were Lsq = 62 dB, L; = 66 dB, and
Lg; = 59 dB, and the range of fluctuation was 7 dB. Figure 7
shows the same information as Fig. 6 but for nighttime mea-
surement. The traffic volume was 385 vehicles/h, which in-
cluded 317 passenger cars and 68 heavy vehicles. In this case,
Lso = 59 dB, L; = 65 dB, and Lys; = 53 dB. By compar-
ing Figs. 6 and 7, the range of fluctuation is 5 dB greater in the
nighttime, although the five percentile levels are similar in both
cases. The reason for the larger fluctuation range in the night
may be due to the decreased traffic volume and the relative in-
crease in the content rate of heavy vehicles. The fact that the
five percentile level, L5, does not change with the time of day
suggests that it is determined by the number of times a heavy
vehicle passes by and/or how many times two heavy vehicles
pass by consecutively while maintaining the minimum allow-
able inter-vehicular distance, D,,;,. Additionally, the length
of the time interval such a situation repeats may be notewor-
thy.??

4.3. Temporal Development of L .,
in a Day

To further verify the validity of the mathematical model
proposed in section 3, the A-weighted equivalent continu-
ous sound pressure levels for an hour calculated according to
Eq. (19) were compared with those measured consecutively
during a 24-hour period.

4.3.1. Measurement of L 4., 1n

The A-weighted equivalent sound pressure levels were mea-
sured for each hour over a 24-hour period. Measurements of
the traffic volume, content, and speed of each car were ex-
ecuted at points 50 m and 100 m from the center line of a
freeway. The traffic content was classified into two categories:
passenger cars and heavy vehicles.

4.3.2. Method of Simulation Calculation

Lpeq,m’s were calculated by a Monte Carlo simulation
method based on Eq. (19). An exponentially random num-
ber as shown in Eq. (1) was adopted for traffic volume and the
average inter-vehicular distance D [m], while a binominal ran-
dom number was used to represent the traffic content rate of
the two classification categories. These values were the same
as those measured. The mean car speed V [km/h] and the dis-
tance from the center of the road to the observation point dy

68
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Figure 4. Daytime cumulative frequency distribution of 7., 4 at a point 50 m
from the road.

Figure 6. Daytime cumulative frequency distribution of I.,, 4 at a point 100 m
from the road.
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Figure 5. Nighttime cumulative frequency distribution of L, 4 at a point 50 m
from the road.

were also the same as those in the measurements. The simu-
lation calculation was conducted for the minimum allowable

distance, D,,;n, that corresponded to the mean speed, V.
L p¢q,7 is defined by:

Loa(t)

1T tea
Laeqr = 10logyq | o / 1070
J0

dt} [dB], (1)

where L, 4 () is the instantaneous A-weighted sound pressure
level obtained from Eq. (19), and T is the measurement time
interval. The authors have previously demonstrated that the er-
godic theorem can be applied to Ly 4 (%), if L4(t) is a station-
ary stochastic process.”*?> That is, in most cases, the temporal
average for the probability distribution of Ly, 4 (¢) is equal to its
ensemble average. Thus, Eq. (21) can be rewritten as:

In10

Laeqr = 10logyg <exp <TLPA(t)>> [dB], (22)
where () denotes the ensemble average. If 7" is 1 h, Eq. (22)

can be replaced by the following cumulant expansion:

Lacgn = 7+0.1157,40.0088v540.000574+0(v;) [dB],
L - (23)
where v1 = m, o = 0%, 93 = X3, v, = X" — 3(X2)2,
X" = Lya(t) — m, and m and o2 denote the average and the
variance for Ly 4 (t), respectively.

To investigate the validity of road traffic noise models,

measured L qq,m’s are compared with those calculated from

Figure 7. Nighttime cumulative frequency distribution of L, 4 at a point
100 m from the road.

Eq. (24), FHWA model, and ASJ RTN-Model 1993. Only traf-
fic conditions and geometrical conditions were taken into ac-
count in the model estimations.

Lpeqr is calculated by the following equation in
STAMINA program for FHWA model:'4

(LAeq’lh),j = Tm+ 01150’3 + 10 lOglO <T751

D 14+« o .
+ 101log; <30) + 101log;, <M)

[dB],

NﬂrDo)

+ Ag 24)
where 7 designates each of three classes of vehicles, that is,
passenger cars, medium trucks and heavy trucks. Lg; [dB]
shows the averaged A-weighted sound pressure level of the
noise from ¢-class vehicles at the reference distance, Dy [m]
(usually Dy = 15 [m]). 07? is the variance of A-weighted
sound pressure level of noise from class-i vehicle, and D is the
observation distance. 7' is a measurement time interval (usu-
ally 7' = 1 h). N; is the number of i-class vehicles passing
by the observation point during measurement time interval, 7',
and S; is their average vehicle speed. v, (1, @2) is the an-
gle of the observation’s view of a section of the road. Here
Yal(p1,p2) is %ﬂ' rad. « is a site parameter, 0 < a < 1. ais
taken as 0.4 for D = 50 m and 100 m. Ag is the excess atten-
uation due to obstacles such as barriers, buildings, and woods.
In the present examination, Ag is 0.
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Figure 8. Temporal development of I 4., 1, at a point 50 m from the road.

Figure 10. Temporal development of L 44, 1 at a point 100 m from the road.
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Figure 9. Temporal variation of traffic volume per hour and the number of
heavy vehicles an hour corresponding to the measurement at dgp = 50 m.

Furthermore, the calculated L 44,1’ from the simulation
were compared with those obtained according to the estima-
tion method proposed by the Acoustical Society of Japan, ASJ
Model 1993. According to ASJ Model 1993, L 4.4, at the site
along a road should be calculated for the range of car speed be-
tween 60 km/h and 120 km/h using the following equation:*°

L eqm = 10log,y @ +10log,, V —101log,, do +32.1 [dB],

(25)
where Q* represents the traffic volume calculated in terms of
passenger cars by the following equation:

Q" = (r1 + Mr2)Q

where 7y and r» are the rate of passenger cars and that of heavy
vehicles, respectively, (r1 + ro = 1). M is the number of pas-
senger cars per each heavy vehicle in regard to noise emission,
and here it is assumed to be 5.

Figure 8 shows the temporal development of calculated
L geq,n’s at a point 50 m away from the road for a 24-hour
period. As seen from the figure, L gqqm’s calculated from
Eq. (23) are slightly higher than the measured values, but the
difference is within 1 dB. L 4.q,1’s calculated according to
Eq. (24) exceed the values estimated from Eq. (23) through-
out the 24-hour period. On the other hand, L .4 1’s estimated
by Eq. (25) are about 1 dB or more lower than the daytime
measurements, but they are higher than the nighttime measure-
ments. Thus, the results obtained by the model proposed in this
paper coincide well with those measured.

Figure 9 plots the measured traffic volume per hour and the
number of heavy vehicles for a 24-hour period. The maximum

[vehicles/h], (26)

Figure 11. Temporal variation of traffic volume per hour and the number of
heavy vehicles an hour corresponding to the measurement at dg = 100 m.

volume exceeds 900 vehicles/h in the day and the minimum
volume is about 300 vehicles/h at night. The latter is about
one-third of the former. Figure 10 shows the measured and
calculated L g¢4,1n’s at a point 100 m from the road on a differ-
ent day. Similarly, the calculated L 44,1 s are in keeping with
measured ones (within 1 dB). Most L 4., n’s estimated from
Eq. (24) exceed the observed values by 1.0-1.6 dB, except for
the time intervals between hours 19 and 23. In contrast, most
of Leq,m’s calculated by Eq. (25) are lower by 1.0-1.6 dB
compared with the measured values, except for the values cal-
culated between hours 23 and 04. Figure 11 denotes the traffic
volume during the measurement at the 100 m point. The max-
imum traffic volume exceeds 900 vehicles/h, while the mini-
mum is about 300 vehicles/h in this case. From Figs. 8 and
10, the range of fluctuation in L 4.4,1n’s is about 4-6[dB], but
varies somewhat according to traffic conditions. Both Figs. 9
and 11 demonstrate that the number of passenger cars changes
greatly according to the time of day, but that the number of
heavy vehicles is nearly independent of time. Consequently,
the rate of content of heavy vehicles increases at night, which
explains why the L 4.4 1 values do not fall below about 59 to
60 dB.

5. CONCLUSIONS

As shown in Egs. (17)—(19), the mathematical models pro-
posed herein are expressed in the form of the recurrence for-
mula with comparatively fewer variable factors. When obsta-
cles in the sound propagation path are not present, level fluctu-
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ation of noise from a straight and flat freeway can be simulated
easily and precisely using our models.

A-weighted sound pressure levels, L,4, measured 56 m
away from a freeway for 5 minutes in the daytime and night-
time are in keeping with those calculated by Eq. (19) (within
2 dB).

The cumulative frequency distributions of L, measured
50 m and 100 m from a freeway coincide well with those cal-
culated according to Eq. (19).

Levels of L.y m calculated based on the mathematical
model proposed in this paper agree exceedingly well (within
1 dB) with those measured even for a small traffic volume be-
low 1,000 vehicles/h.

The nighttime range in the level fluctuation is far greater
than in the daytime because the traffic volume decreases
markedly at night despite the nearly constant number of heavy
vehicles passing.

6. DISCUSSION

Because road traffic noise has a time-varying nature as men-
tioned in the introduction, a static model cannot sufficiently
estimate the influence of road traffic noise on the community.
Thus, it is sometimes necessary to consider the fluctuation in
the sound level. Actual traffic conditions change with time,
and accordingly the appearance rate of the maximum L4 and
L peq,7 for a short time interval should vary with time. The dy-
namic model, which explicitly represents the fluctuating char-
acteristic, may be indispensable for estimating the influence of
road traffic noise, especially from a road with light traffic on a
community.?

REFERENCES

Duhamel, D. and Sergent, P. Sound propagation over noise
barriers with absorbing ground, J. Sound Vib., 218, 799—
823, (1998).

2 Chien, C. F. and Wsoroka, W. A note on the calculation of
sound propagation along an impedance surface, J. Sound
Vib., 69, 340-343, (1980).

3 Yamamoto, K., Yamashita, M., and Mukai, T. Revised
expression of vehicle noise propagation over ground, J.
Acoust. Soc. Jpn. (E), 15, 233-241, (1994).

Maruyama, M. On the diffraction effect on noise radiation
from moving sources influenced by a semi-infinite barrier,
Inter Noise 87, 391-394, (1987).

Maruyama, M. Estimation of L 4.4, 7 in the diffracted sound
field effected by a semi-infinite barrier against noise radi-
ation from running motor-cars, International Seminar on
Road Traffic Noise (in France), 1-8, (1988).

(=)}

ISO 9613-2, Acoustic — Attenuation of sound during prop-
agation outdoors — Part 2: General method of calculation,
(1996).

Cho, D. S., Kim, J. H., et al. Highway traffic noise predic-
tion using method fully compliant with ISO 9613: compar-
ison with measurements, Applied Acoustics, 65, 883-892,
(2004).

Steele, C. A critical review of some traffic noise prediction
models, Applied Acoustics, 62, 271-287, (2001).

9 Alberola, J., Findell, I. H., and Bullmore, A. J. Variability in
road traffic noise levels, Applied Acoustics, 66, 1180-1195,
(2005).

10 Delany, M. E., Harland, D. G., Hood, R. A., and Scholes,
W. E. The prediction of noise levels L,y due to road traffic,
J. Sound Vib., 48(3), 305-325, (1976).

' Givargis, Sh. and Mahmoodi, M. Converting the UK calcu-
lation of road traffic noise (CORTN) to a model capable of
calculating L gcq, 1 for the Tehran’s roads, Applied Acous-
tics, 69, 1108-1113, (2008).

12 Wetzel, E., Nicolas, J., Andre, Ph., and Boreux, J.-J. Model-
ing the propagation pathway of street traffic noise: practical
comparison of German guidelines and real-world measure-
ment, Applied Acoustics, 57, 97-107, (1999).

13 FHWA traffic noise prediction model, USA. Washington:
Department of Transportation, Federal Highway Adminis-
tration National Technical Information Service, Washing-
ton, (1978).

FHWA Highway traffic noise prediction model, Report
FHWA-RD-77-108: Department of Transportation, Federal
Highway Administration, USA, (1977).

http://www.thwa.dot.gov

Yamamoto, K. Road traffic noise prediction model ASJ
RTN-Model 2008: Report of the Research Committee on
Road Traffic Noise, Acoust. Sci. & Tech., 31(1), 2-55,
(2010).

17 JIS Z 8731, Description and Measurement Method of Envi-
ronmental Noise, (1999).

ISO 1996-1, Acoustics — Description, measurement and
assessment of environmental noise — Partl: Basic quanti-
ties and assessment procedures, (2003).

ISO 1996-2, Acoustics — Description, measurement and
assessment of environmental noise — Part2: Determination
of environmental noise levels, (2007).

20" Tachibana, H. Energy base prediction method of road traffic

noise from general types of Japan, J. Acoust. Soc. Jpn. (J),
50(3), 227-252, (1994).

2l The National Police Agency Traffic Bureau Traffic Plan-

ning Division Editorial Supervision, Safety Adviser — Ad-
vise and Data Collections, (1998).

22 Sone, T., Kono, S., and Iwase, T. Power levels and their

spectra of automobile noise, J. Acoust. Soc. Jpn. (J), 50(3),
233-239, (1994).

23 Maruyama, M. and Sone, T. A consideration of the mea-

surement time interval for obtaining a reliable equivalent
level of noise from expressway, 4th Joint Meeting of the
ASA and ASJ, (2006).

24 Maruyama, M. Estimation of the values of L, in residen-

tial areas, 2nd Japan-Korea Symposium on Acoustics, 2-3
November, 27-34, (1983).

23 Maruyama, M. and Sone, T. A study on the estimation of

L a¢q,7 in residential areas, J. Acoust. Soc. Jpn. (E), 6(3),
235-240, (1985).

International Journal of Acoustics and Vibration, Vol. 16, No. 2, 2011

71



