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The vehicle noise from a road with a bump consists of the deceleration noise, bump noise,
and acceleration noise. The bump is modeled by the Dirac delta function. The linear density of
sound energy (in Joules per meter) is used for the calculation of sound energies, e. and e, emit-
ted by a vehicle on a road without- and with a bump, respectively. The ratio n = (e. — e)/e
defines the efficiency of noise reduction by a speed bump. To determine 7, four measure-
ments of the sound exposure level have to be done. The example of such measurements and
calculation of 7 is given.
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1. Introduction

During the cruise mode of motion at a steady speed, the sound power of a vehicle is
constant. While the vehicle approaches the bump, the sound power decreases. Then, due
to the wheel impact on the bump and vehicle body vibration, the bump noise appears. It
is characterized by a spike-like change of the sound power. Later, during departure, the
sound power increases and finally achieves again the cruise sound power. The question
is, how much the speed bump reduces or increases the total sound energy.

This problem was addressed in Ref. [1] under rather flimsy assumption: the bump
noise can be neglected. In the present paper it is taken into account. The use of the linear
density of sound energy (expressed in Joules per meter) differentiates this study from
the others, which consider the stop-and go traffic noise [2—11].

2. Linear density of sound energy

A road vehicle is modeled by a nondirectional point source (see ref. [12]) with the
A-weighted sound power W 4. Above an acoustically hard surface, a few tens of meters
from the road (at the first row of buildings), the geometrical spreading predominates the
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ground effect and the noise reflection beneath the vehicle yields a virtual change in the
A-weighted sound power, W4 — BW 4.

Suppose the noise source S moves along the x-axis. Assuming H > h (Fig. 1) we
introduce the perpendicular distance between the source track and the receiver M,

d~ /D% + H2, (1)

and obtain the instantaneous distance between S(z,0) and M (X, d) (Fig. 2),

r=+d+ (x— X)2. (2)

M(X,D,H)

A ; Zf
d
¢S/ H
h v
Pk D

Fig. 1. The perpendicular distance d (Eq. (1)) between the track of the source .S and the microphone M.
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Fig. 2. Location of the microphone M, determined by the perpendicular distance d and the longitudinal
distance X, with the vehicle S moving at the velocity V' along the x-axis.

Hence, the A-weighted squared sound pressure of the noise produced by the vehicle

equals

Wapc
Pl = T )
where pc is the characteristic impedance of air. In practice, traffic noise propagation is
affected by buildings reflection, air absorption, refraction, and scattering by atmospheric
turbulence [13]. Consequently, the dependence of p% upon the distance r becomes quite
complex. However, within tens of meters from the road axis, the most important phe-
nomena are geometrical spreading and reflection from the road surface, so Eq. (3) seems
to be relevant.
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When the source S moves at a varying velocity V' (z), the time increment dt =
dxz/V (z) brings about a change in the sound exposure (Fig. 3) [1],

2
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Fig. 3. Increment of the sound exposure dE (Eq. (4)) due to the infinitesimal displacement of the
source dzx.

Equations (3) and (4) imply the sound exposure of noise from the road segment
(z1,x2) (Fig. 4),

E(xy,z9) = Z;/f;((?)da:, ®))
where -
S(a) = T ©

is the linear density of sound energy, expressed in Joules per meter [1, 14—-16]. The
function S(x) characterizes the sound energy which is shed by a source moving along
its track i.e. the z-axis.

The cruise mode of motion at a steady speed V. and a constant A-weighted sound
power (W y4)., is described by the uniform radiation of energy along the z-axis. In
such a case the linear density of the sound energy is (Eq. (6)),

S(z) = 5. )

M(X,d)

)
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Fig. 4. Sound exposure F(z1,z2) (Eq. (5)) of noise coming from the road segment (x1, z2).
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The road with a bump has two cruise segments: —oo < < —[; and +l3 < x < +00
(Fig. 5).

cruise | deceleration | acceleration | cruise
Ve V.
.1'=—11 x=0 .1'=+!2
- +&

Fig. 5. A road consisting of the cruise parts (—oo, —l1), (+I2, +00), deceleration and acceleration parts
(=l1, —&; + &,+l2), with the very narrow bump (—¢, +¢) between them.

During deceleration, both the A-weighted sound power W (z) and the velocity
V (x) decrease along the road segment —; < x < —¢&, where ¢ — 0 denotes half width
of the bump (Fig. 5). It is assumed that the corresponding density of the sound energy
declines parabolicly to zero (Fig. 6),

2
T
Si(e) = Se - [—l] : ®)
1
where [; is the unknown acoustical length of deceleration (see Sec. 4.1). The above rela-
tionship is not yet empirically proved. At the start of deceleration (x = —I), the linear

density of the sound energy meets the condition, S; = S.. At the end of deceleration,
when the vehicle approaches the bump (z — 0), the power unit noise and tyre/road
noise tend to zero, thus one can write, S7 — 0 (Fig. 6, Eq. (8)).

_ll x=0 +12

Fig. 6. Linear density of sound energy S(x) for a road segment with a bump (Egs. (7)—(9), (11)).

The bump noise is emitted from the road segment, —¢ < x < +¢ (Fig. 5). It comes
from the vehicle body vibrations, produced by the wheels impact on the bump. The
linear density of the sound energy of the spike like bump noise is modeled by (Fig. 6),

Sp =1y S. 5(z), 9)
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where [, is the bump noise coefficient (see Sec. 4.2), and S, is the linear density of
sound energy for the cruise mode of vehicle motion (Eq. (7)). For any function F'(z)
continuous at x = 0, the Dirac delta function §(x) meets the condition [17],

+e
lim | F(z)d(x) = F(0). (10)

e—0
—&
During acceleration, both W4 (z) and V' (x) increase along the road segment, +¢ <
x < ly where ¢ — 0 (Fig. 5) and the following dependence of the linear density of sound

energy on the distance z is assumed,
x
&@y—&-bl} (1)
2
where [ is the unknown acoustical length of acceleration (see Sec. 4.3). Similar to
Eq. (8), the above relationship is not empirically founded. At the start of acceleration

(x — 0) and at the end of acceleration (x = Il3) one gets Sy — 0 and Sy = S,
respectively (Fig. 6).

3. Sound energy

The efficiency of noise reduction due to a road bump is defined by:

p="° (12)

€c

where e, is the total noise energy emitted from the road segment of the length I; + o
without a bump, and e is the total sound energy emitted from the same road segment
with a bump. Note, that bump efficiency expressed in terms of energy is independent on
both propagation conditions as well as receiver’s position, M (Figs. 1, 2).

When e, — e the above definition yields the vanishing efficiency: 7 — 0. Be-
cause S(z) denotes the amount of sound energy emitted from the track of a unit length
(Eq. (6)), thus the total sound energy from the road segment /; + o with a bump is,

—€ +e +lo
e= /Sl(x)dx+/5b(x)dx+/Sg(x)da;. (13)
-l —£ +e

Equations (8)—(11), (13) yield the total sound energy,
1 1
= L+ + =l 14
e Sc|:31+b+22:| (14)

Without a bump, there is a uniform distribution of the sound energy along the road
segment [ + la, and S(z) = S, for —I; < z < +l2. Consequently, the corresponding
value of the total sound energy equals,

ec = Se - [l1 + 1], (15)
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and the efficiency of noise reduction due to a bump can be calculated from (Egs. (12),

(14), (15)),
_ 201 + 6lp + 3l

"7 60t k)
To determine 7, the acoustical lengths of deceleration and acceleration (I, ls), as well

the bump noise coefficient (I;) are needed. In the next section it will be shown how to
determine all of them from the measurements of the sound exposure level Lag.

(16)

4. Sound exposure level

The directly measurable sound exposure level is defined by:

Lap — 1010g{ £ } (a7)
D5 - to
where the reference sound pressure pg = 20 pPa, the unit time ¢g = 1 s, and the sound
exposure F is defined by Eq. (5). In this study the measurements of L g for light vehi-
cles were performed with the sound level meters SVAN 945, equipped with a GRASS
49AN microphones, located at the height H = 1.2 m above the concrete pavement, at
the horizontal distance D = 7.5 m from the vehicle track (Fig. 1). Using Eq. (1) we
got the perpendicular distance between the road axis and the microphone: d = 7.6 m.
For each vehicle, 4 measurements of L ox were made at a varying longitudinal distance

X and at a constant perpendicular distance d, namely: LX%(—X 1) and LX%(O) for the

approach noise, LS@E (0) for the bump noise, and finally, LS\C% (0) for the departure noise.

The weather was windless and sunny.

4.1. Approach noise

The approach noise is emitted by the vehicle during its travel from z = —oo to the
bump, z = —e (Fig. 5). It consists of the cruise noise (—oo, —I;) and deceleration noise
(—ly, —€), where ¢ — 0 (Fig. 6). For the microphone M at the longitudinal distance

X from the bump (xz = 0), the corresponding sound exposure level is LX%(X 1)
(Eq. (17)), where the sound exposure of the approach noise has two components,

Eo(X, 1) = Eci(—o0, =l1) + E1(=l1, —¢), (13)
where ¢ — 0. The cruise noise is characterized by (Egs. (2), (5), (7)),
-
pc dz
Eq=-—5, —_— 19
VT an /(:U—X)2+d2 (19)
and the deceleration noise by (Egs. (2), (5)),
pc | Si(x)dx
Fi=— | ————— 20
! 477/(33X)2+d2’ 20)

I
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where ¢ — 0 and the linear density of sound energy S;(x) is defined by Eq. (8). After
some calculations we arrive at (Egs. (18)—(20)),
_ peSe

E. (X, lh) = 1d F, (X, 1), 21)

where

(X X2 g2 A h+X (X
Fo(X, 1) = g—tan 1< ! d )+ l% {tan 1<1d> — tan 1<d)}

d Xd,_ (lh+X)?+d

B (22)
The sound exposure level of the approach noise is (Egs. (17), (21)),
LX) :Ls+101og{$ Fa(X,ll)}, do = 1m, (23)
where
Ls = 101log { 20} : So = 10712 [J/m], (24)

defines the level of the linear density of sound energy for the cruise segment of the
source approach, x < —I; (Figs. 5, 6). The perpendicular distance from the track, d,
and the longitudinal distance from the bump, X, determine the microphone location
(Fig. 2). The level of the linear density of sound energy, L, and the acoustical length of
deceleration, /1, are free parameters of the model. To estimate their values, two simul-
taneous measurements of the sound exposure level LX%(X ) of the approach noise must
be performed (Fig. 7): the first at the longitudinal distance X = —X; (left from the
bump) and the second at the longitudinal distance X = 0 (opposite the bump middle).
Making use of Eq. (22) one gets two equations with two unknowns, L, and /5,

a d
LE&]%}(_Xl) ZL3+1OIOg{47r0d Fo (=X, 11)}, (25)
1) -x) 1))

Je— & —pO—

&
I
4

X X] x=0

Fig. 7. Microphones location at two simultaneous measurements of approach noise.
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and

a d
L{.(0) = Ly + 101og {47r0d F,(0, 11)}. (26)

Because LX%(—X 1) and LX%(O) represents the measurement output, Egs. (25) and (26)

enable determination of the acoustical length of deceleration, {1,
Fo(—X1, )

Fa (07 ll)
where the explicit forms of F,(—X7, 1) and F,(0, /1) are determined by Eq. (22).

Consequently, using the calculated value of /; and Eq. (26), one can find the second
parameter of the model, namely L.

(@) (@)
_ o[- x-rio]. 27)

Example 1

The results of 71 measurements of LX%(—X 1) and L&%(O) are shown in Fig. 8. Two
microphones were located at (X7 = 20 m, d = 7.6 m) and (X; = 0, d = 7.6 m). The
average values of the sound exposure levels are: LE{%(—X 1) = 70.5 dB and Lsf) (0) =
65.6 dB. With the perpendicular distance d = 7.6 m and the longitudinal distances
X1 =0, X1 = 20, Egs. (22) and (27) yield, [y = 11 m. Inserting d = 7.6, X = 0 and
1 = 11 into Eq. (22) one arrives at F,(0, 11) = 0.834. Finally, with the average value
of L'%.(0) = 65.6 dB, Eq. (26) gives L, = 86.2 dB.
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Fig. 8. Histograms of the sound exposure levels of the approach noise, Lsfé(fX 1) and Lglé(o, d).

4.2. Bump noise

The bump noise is emitted when a vehicle moves over the bump (—¢ < = < +¢).
It is assumed that the bump is so narrow (¢ — 0) that the Dirac delta function, §(z),
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can be applied. The sound exposure of the bump is (Egs. (2), (5), (13)),

+e
_pc Sp(x) dz
By = A | (z— X)2+d?° (28)
—€
where ¢ — 0 and Egs. (9), (10), (17), (24), (28) imply,
®) do lp
Lyt = Ls+10log {477[)(2 e } (29)

If the sound exposure level of the bump noise, LX)I)E, and the location of microphone

(X, d) are known, then the bump noise coefficient can be calculated from (Eq. (29)),
2 2 (b)
7TX +d 10% [20%-L.] .

I, =4
b o

(30)

Example 2

The results of 71 measurements of bump noise (generated by the same vehicles

as in Example 1) are shown in Fig. 9, with the average value of LE@E = 63.2 dB.
The microphone was located opposite to the centre of the bump. With the longitudinal
distances X = 0 and the perpendicular distance d = 7.6 m (Fig. 10), Eq. (30) yields

the bump noise coefficient, [, = 3.6 m.
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Fig. 9. Histogram of the sound exposure level of the Fig. 10. Microphone location at the bump noise
bump noise, LX%(O). measurement.

4.3. Departure noise

Departure noise is produced when the vehicle moves away from the bump, z = +-¢,
to x = +oo (Fig. 5). It is composed of the acceleration noise (+&, +I2) withe — 0, and
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cruise noise (+l2, +00) (Fig. 6). For the microphone M at the longitudinal distance X
from the bump, the corresponding sound exposure level Lg%(X , l2) can be calculated

from Eq. (16), with the sound exposure of the departure noise,
Eq(X, l2) = Ea(+e, +l2) + Eca(+l2, +00), (3D

with ¢ — 0. The sound exposure of the deceleration noise can be calculated from
Egs. (2), (5,

+1l2
_pc Sa(x)dx

T4r ) (@-X)2+d?’
+e

) (32)

where the linear density of sound energy, Sa(x), is defined by Eq. (11). The sound
exposure of cruise noise equals (Egs. (2), (5), (7)),

+00
pc dx
Eo=—5 | ———- 33
2 47TS /(:E—X)2+d2 (33)
+l2

Finally, Egs. (9), (31)—(33) yield the sound exposure of the departure noise,
_ pesSe

d \rd d( ) 2), (4)
where
d (12 — X)2 + d2
d( ! 2) 2[2 ( X 2 d2

+ I [tan ( ] >+tan <d>] + 5 tan ] . (35)

Making use of Egs. (17) and (34) one arrives at the sound exposure level of the
departure noise,

d do
L(X) = Ly + 101og {W Fy(X, lz)}, (36)
where L; (Eq. (24)) could be calculated from the measurements of the approach noise
(see Example 1).

To determine the acoustical length of departure /o, one measurement of the sound
exposure level LX% has to be made at X = 0 (opposite to the bump centre). Then
Eq. (36) yields:

drd . 0.1[L8)(0)- L]

Fd(07 12) = di() 10 ) (37)

where the explicit form of the function F;(0, l2) is defined by Eq. (35).
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Example 3

The microphone was located opposite to the centre of the bump, i.e. at position:
X =0,d = 7.6 m (Fig. 11). The results of 71 measurements of Lfgg}(O) are shown

in Fig. 12. The average value is: LX%(O) = 66.3 dB. With the perpendicular distance
d = 7.6 m and the longitudinal distance X = 0, Egs. (35), (37) give s = 11.5 m.

L20)
25 +

(d) @ 07—~
=4

LAE(O,d) %15_ ___________________________
1 2

S 10+---------mm e
f g
2

d 5--Iy - -~

i Q At

[ 63 65 67 69 71 73 75 77

x=0 sound exposure level [dB]
Fig. 11. Microphone location at the Fig. 12. Histogram of the sound exposure levels of the
departure noise measurement. departure noise LX%(O).

5. Conclusions

To calculate the efficiency of noise reduction due to a road bump 7 (Eq. (16)), the
acoustical lengths of deceleration and acceleration (I, l2), as well as, the bump noise
coefficient () are needed. All three parameters are available from L g measurements
in an open space, without reflecting objects nearby, when the shortest distance from line
of vehicle motion and the microphone, d, is a few meters.

For the case under consideration, the 71 measurements of vehicle noise yield: [; =
11.0 m (Example 1), [, = 3.6 m (Example 2), and [; = 11.5 m (Example 3). Substitu-
tion of all of them into Eq. (16) gives the road bump noise efficiency: n ~ 0.58.
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