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SOUND RADIATION FROM VEHICLES ON THE RIGHT-ANGLE
BEND IN THE ROAD

Sound radiation from wvehicles traveling on a city road with a right-angle bend is
studied. The effect of wind on the acoustic field is taken into account. First, a so-
lution to the problem for two-point noise sources moving in opposite directions is
found using the integral Fourier transforms over space variables and time. Inverse
transforms are calculated approximately using the stationary phase method. A so-
lution to the general problem is obtained as a superposition of many partial soluti-
ons. The numerical analysis of traffic noise characteristics is carried out for the
case of a dual carriageway Textile Workers Avenue in the town of £6dZ, Poland.

Introduction. A bend in the road is one of many elements of city streets.
Because of a change in the direction of car motion, this element is an impor-
tant source of noise. Noise generated at a street bend must be different from
the noise generated by cars traveling on a straight road. However, theoretical
investigations on this field of acoustic environment have not been sufficiently
developed yet.

Recently, Chevallier et al. [3] proposed a model of noise propagation from
a roundabout. In this work, the state of theoretical and experimental resear-
ches on traffic noise generated near a roundabout were presented. At the sa-
me time, however in a different way, we investigated noise propagation from
vehicles traveling at a roundabout taking into account wind and sound wave
reflection from an elastic half-space [9]. It was found that the roundabout is a
place of a significant sound concentration. Therefore, such behavior must be
expected also in the case of a road with unclosed arc form [16]. In our new
model, we also take into account the two-way traffic of transport vehicles. In
real conditions, the inhomogeneity, temperature and humidity of air, as well
as the state of roadbed and traffic composition, have an essential influence on
the formation of sound field structure [7, 13, 14]. Therefore, this problem is
very complicated. In previous studies [10, 12], considering the mathematical
model of acoustic waves generated from the straight section of a city multi-
carriageway road and from a traffic crossroad, we showed that the structure
of traffic noise strongly depended on the type of vehicles, their velocities and
frequency of sound emission from single sources, the road geometry, as well
as the velocity and direction of wind.

The main goal of this work is to formulate and numerically implement an
analytical algorithm for the analysis of acoustic pressure and power flow den-
sity caused by many vehicles moving in two mutually opposite directions on a
city dual carriageway road consisting of six lanes with a right-angle bend in
windy conditions.

1. Formulation of the problem and the method for its solution. Let us
consider the problem of sound propagation from vehicles traveling in a road
with a right-angle bend of radius & =¢; and angular coordinate 0,

3n/2 <0 <2n. Two types of vehicles are involved in this study, namely,
personal cars (L) and heavy trucks (C). They travel at constant velocities v,
and v, respectively. The intervals between discrete vehicles are A; and A..

The road has six lanes with two, anticlockwise and clockwise, directions of
motion for personal cars and heavy trucks on quarter circles with radii

E=8 28, €=8£&, and E=§, &, &y <&, &pp <&y, & <. The

vehicles, as the carriers of noise, are determined by point sources located at
constant heights z = h;, and z = h., h_ < hg, with force vector intensities F
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and F; and with sound radiation frequencies Q; and Q.. Assume that an
acoustic medium moves parallel to the road plane at constant velocity vector

v, =(v 0) in direction 0, to axis Ox, where v, =wv, cos0,,

w wx’va’

Vyy = Uy Sin0, and v, =|v|.
The basic relations for linear acoustics of the moving media are the

equation of motion and mass balance equation [8]:

DD - pix, 1)+ Fx,0), M
__ 1 dpx,t)
V- v(x,t) = o b (2)

where p(x,t) is the acoustic pressure, v(x,t) is the particle velocity, p is the

acoustic density, ¢ is the sound velocity, t is the time, V is the Hamilton
operator, V=V +i0/0z, where V, =i 0/0x+i,0/dy, i,, i,, i, are the
unit vectors. The full derivative with respect to time is determined as
d/dt =0/0t + v, -V . Note that the particle velocity vector is connected with
particle displacement vector in moving acoustic medium by the relation
du(x,t) ou(x,t)
= +
dt ot Vw

In (1), F(x,t) is the complex mass load vector, F(x,t) = F,G(§,1)d(z - z,) ,

v(x,t) =

Y u(x,t). (3)

where F, is the vector of constant mass load real amplitudes, d(z) is the
Dirac function, G(§,t) is the function characterizing complex mass load
distribution in plane Oxy; x =& +i,z and §=1i,x+i,y are the radius-vec-
tors in space Oxyz and in plane Oxy, respectively.

On the acoustic medium — elastic half-space interface (z =0), the follo-
wing conditions should be satisfied:

Gz + ptot = 0’ sz = 0’ Tyz = 0’ usz = utot,z’ (4)

where Dy = DPrag + Pretr Utotz = Urad,z T Uret,, are the total acoustic pressure

and total normal component of particle displacement vector in acoustic medi-

um z > 0, respectively, 6,, 1, and T,, are the stress tensor components in

the elastic half-space z <0, and u_, is the component of elastic displacement
vector. The «rad» and «ref» indices denote the waves radiated by a sound

source and reflected from plane z =0 in the acoustic medium. The source
term in (1) for the reflected wave may be neglected.

Elastic stress tensor o(x,t) and displacement vector u,(x,t) are expres-

sed by the following relations [2]:

®o(x,t) o [0V, (X,1)  dy (x,t)
Gz(x,t):}»Vch(x,t)+2u{—az2 +E[ 230 T oy } ) (5)

[y Pext) v (xt) (o2 ot o
sz(xyt) - H[Z Oxoz -2 axay +(ax2 - ayz - azzjwy(xﬂf) ’ (6)

2

_ [,0%x0) (2 & | & j o*y, (x,1)
Ty (X, 1) = M[Z Byoz + (6.1'2 - o + S vy (x,t)+2 B0y , (7)

do(x,t) Wy (X0 oy, (x,1)
0z ox oy

, (8)

u,(x,t) =
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where the scalar and vector potentials ¢ and y satisfy the wave equations
2 2
0
Vig- 120 o vy LoV _ y.y_o V2=V.V. (9
c; ot cp Ot

Here, ¢, = JOu+ 2u)/p, and cq = p/p, are the velocities of longitudinal and
transversal waves, A and p are the Lamé¢ elastic parameters, p, is the mate-

rial density of solid.
To solve the problem, we apply the complex integral Fourier transforms
over space variables and time:

FFk,z,0) = | T [fx,pe @ P dga, (10)

_ 1 K —i(ot-k-§
ﬂxﬁy-ggji}fﬂkz¢Me<‘ Vdk do, (11)

where k = (k. k,), &=(x,y), dk = dk, dk,, d&=dxdy. Then solving the

problem in the Fourier transforms and returning to the originals, as it was
shown earlier [9], we obtain

Praa (Xit) = F() : VPrad(X7 t) ) (12)
Pret(X,1) = F) - V'P, (x,1), (13)

r

where V* =V —i,0/0z and

Prad (X’ t) =

L[ Jelege- Lirgez-m, €]}

dE’

R 7 )
Pref (X’t) =

L Jelege- LRz -m, )

Rs(g',z +2y) d€’
) R (§,z+z) (15)
Here, § = (2,y'), d§ = dx'dy’,
R (x) = Jayx2 + 0, y’ + BTy + a2’ R(x)=V (x)/V'(x),
VE(x) =[S2 - 282 (0)]? +4S%(x)S,;, (%) p (%) *
+ N_Sa(c/ep)’[1-M, - &/R, (XS, (x)/S,(x),

S(x) =[S(x)[, S(x)=r&)/R,(x)-M_,
r(§) = (a,x + By, By T +0,Y),
S, (%) = J S3 -8%(x), S, =a,c/c,, A=LT,
S,(x) = a,,z/R (x), N, =p/p,, M, =v,]c,
a, =1-M2,, a,=1-M: , o, =1-M;, B, =2M, M, (16)
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R (x) is the reflection coefficient (as a function of angle spherical coordinates

and physical-mechanical parameters of the acoustic and elastic media), M, is

the Mach number vector for wind.

Note that presentation (14) is exact, but presentation (15) is found as the
inverse of Fourier transformations by making use of the stationary-phase ap-
proximation method [5]. Equation (15) does not imply the small contribution of
the Rayleigh surface wave into the reflected field.

First, we consider a one-point source moving along the following road

sections [11]: 1) x <0, y=-&;; 2) §=¢,, 3n/2<0<m/2;3) x=¢,, y>0.

Then function G(§,t) may be represented as

G(Et) =G (§,1) =[G (€,t) + G (§,1) + Gi (§,1)] e, (17)
where

G (&,t) = d(x + xy —vyt)d(y + &)H(—x),
Gy (8,) = 8(5 — )8, (0 — 3/2) — v, (¢ — t;)] [H(0 — 3n/2) - H(0 - 2m)],
G; (§,1) = 8(x — &)y — v,(t - t)]H(y),

ty = xy/vy, b =ty +(m/2)E /vy =8 vy, 8T =2, +(n/2)E,.  (18)
In the case of opposite motion of the single-point acoustic source, i.e. along the
road sections: 1) y >0, x=§,;2) £=¢,, 3n/2<0<2n; 3) y=-¢§,, <0,
we obtain:

G(E,1) =G (1) =[G (& 1)+ Gy (§,0)+ G5 (§ )] e ™", (19)

where
G (&,1) = 8(x — §,)d(y — yy + vyt)H(y),
G, (&,t) = 8(5 — £,)3[&, (21 — 0) — v, (t — t;)][H(6 - 3n/2) — H(O - 21)],
G35 (§,1) = 8[x + vy (¢ — 8|3y + & )H(- ),

ty =Yo/Vy, b =ty +(n/2)E /v, =8 [v,, s =y, +(n/2),. (20)

Here and above, H(x) is the Heaviside step function, v, > 0 is the velocity of

source motion on height z = z;, €, is the circular frequency of sound radiati-

on, x, >0 is x-coordinate and y, >0 is y-coodrinate of the sources at the

time t =0.

Substituting function G(&,t) into integrals (14) and (15), and applying the
property of Dirac function [1]
d(x — x;)

3 =y — 21
[f(x)] ; 7)) (21)

where x; are the zeros of f(x), f'(xj) is the derivative of f(x) over x in

point x = x., as well as the formula

J

b
J-f(x')S(.x' —x')dx' = f(x)[H(x — a) — H(x - b)], (22)
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we calculate the acoustic potentials in radiated and reflected waves P (x,t)

and P_.(x,t) for these cases as follows:

Pq+(x,t) = Pq+(x, xo,éo,t,vO,QO)e_iQ‘)t,
qu(x,t) = qu(x, yo,éo,t,vo,Qo)e%QOt, q =rad,ref, (23)
where
P (8,2,,t,8,%),v,Q) = P, (& + x5 —vpt, Y + &, 2, ) X
x Hx, — vyt + &] LI (x + x, —vot,y-i-cio,zq)]—i-
+ Py (& 2,,1,Q)) {H0"(§,2,,t) ~ 37 / 2] -
H[O"(§,2,,t) —2n]} + P s (x — &),y + 5" —vyt,2,, Q)
x H[=(s" —vgt) —e5L5(x = &,y + " —vyt,2,)], (24)

_(é Zq7t7E_>07x[)7U()7Q[)) = Pq_,l(x_E-’O’y_yO +U0t,Zq,Q )
x Hlyy — gt + &, Ly (& = &, ¥ = Yy +0yt,2,)] +
2(%7 q;t Q ){He (g; q? 3“/2]

21t}+ 5(x sf+v0t,y+<‘,o,zq,Qo)><

—H[07(§,2,,t
x H[— (s~ —vyt) —e3L5(x — s~ +v,t,y + F,O,zq)] . (25)
In these formulas
Zrad = %~ 2q Zref:Z+Zo7
Proa,m (%, Q) = —exp[iK;, L, (x)] / (47R,, (%)),
Pt m(x,Qy) = R (x)exp[iK; L} (x)] / 47R,(x)), m=1,3,
na2(%,6,Q) = —exp[iK,Li (x,0)] / (4nR;, (%)) ,
r0(X,1,Q)) = —R_(x,t)exp[iK,Ly(x,1)] / (4nR; (x,1)), (26)
and
R (x) = |af 2% +of % + 2%, xy + ol 20,
L, (x) =R, (x)- My, ,x-M;, y, m=13,
R;(x,t) ={R,(§- &, z)[l —&,M_ sin(0'-0,,)]+
+e[r, (B~ E)sin 0~ 7 B~ Eeos O} o
(27)

Ly(x,t) = [R,,(§-8.2) - M, - -8, o gty

with the parameters
af =1- (M;Uy m) ,

OL;cm_l (M':vxm) ’ y,m
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Uy = 1= M) = My ) Baym = Maw My m »

K, =Koy, . & = My/ay, ., m=13,

K, = Ko/axy, gy = Mo/axy,

M:;zm =M, —-M,, M:;zy,l = Mwy’ M\:/;c,S =M.,

M:;zy,3 = Mwy _Mo’ M\;/;c,l = Mw;c’ M\;/y,l = Mwy + Mo’

M, 5 = Mg, +M,, Mg, s =M,

0% (x,1) = 65 (t) — (/&) Ly (%, 1),

05 (t) = 3m/2+ (vt — 24)/E,, 05 (t) = 21 — (vt — Yy)/E, - (28)

Note that zeros x; for the case of straight road sections are obtained

exactly, but for the case of curved road section, they are found using the
iterative technique of solution of corresponding transcendental equations by
the method described in our previous work [9]. Substituting functions

P>, (x,t) and P..(x,t) into (12) and (13), we obtain the expressions for

acoustic pressure in waves radiated from single sources moving in two
opposite directions, and reflected from the surface of elastic half-space:

Prot (%, 80, 20,29, 9, 0, Fy) = [p:ad(§7z_ZO’t’FvO"IO’UO’QO’FO) +
+ p:ef(giz + Z07t7E_;Oix[)’v[pQ[)’F())]e_iQOt7 (29)
p;ot(x’t’ao’yo’zo’v(wgo’Fo) = [p;ad(g’z _Zo’t@o’yo’vo’Qo’Fo)*'

+ Prer (8,2 + 20,8,80, Uy, 0, @, FyJe (30)
where
p;(g’zq’t’éo’xO’UO’QO’FO) = 1K, F, '<A;1(.x'+xo — vt Y + éo,zqygo)x
x P/ (ax+ 3y —vgt,y + &), 2,, Q) X
x H[x, — vyt + e] L (x + ¢y — v,t,y + go,zq)]+
+ AL, (82,,1,Q))P (.2, 1,Q) x
X{H[eJr(g’ZQ’t) —3113/2] _H[eJr(g?qut) _27'5]} +
+A;3(x—c“;0,y +s" —vot,zq,QO)x
xP(Ig(x_go’y +s" —vot,zq,QO)x
x H[=(s" = vt) 5Ly (@ — &,y + 57 — vyt 2,)]), (31)
D3 (624060 0200 20, B) =10y (A5 (2~ 800~ + 038.2,:24) %

x Pl (2 — &g,y — Yy + vyt, 24, Q) X
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x Hly,y — vyt + &1Ly (x = &),y — Yy + 0yt 2,)] +
+ A;,Z(szq’ t? Q[) )Pqiz (§72q5 ty Q[)) X
x{H[67(§,2,,t) - 3n / 2] - H[67(§, 2,,t) - 2n]} +

+A;,3(.x'—sf + vty + F;O,zq,Qo)x

x P g(x—s" +opt,y +&g,2,,Q) %

X H[= (5™ = vy) — 5 L5(x = 5™ + vty + &, 2,)]) (32)
with
AL (%, 1,9Q)) = {4; ,(x,Q), 4, ,(x,9Q,), AL, (x,Q, 1)},
A;_ref,z(xy t, Qo) = {Aaic,é(X, Qo)y A;[(X, Qo ), _A;_r,z(xy Qov t)}, t=1,2,3,(33)
and

A (0= L {M* T () [1 1 }}
a,m\*reeg) T T T wo,m o+ E—— y
2y,m R: (x) 1K, R, (X)

1
Ar (x,0Q,)=—= [1 - } ,
am " REx)L iKIRE(x)

.
, (&) .
AT (x,Q,t)=-——(M —{Ta— 1¥M_e,sin[05(t)—-0_ ]} +
cx,Z( 0 ) axy< wo R;(X,t){ + w2 [ O() w]}

+g,7 [sin 07 (t) — cos 0 (t)] [1 - m}}> ,

+ _ ’ _ _
&0 =1, & -8 gogry, @=xy, m=13. (34)

In the particular case of monopole sound source, the vector F, has only

one radial component F; = Fjip in the moving spherical coordinates associated
with a location of this source in an acoustical medium and its mirror image in
an elastic half-space, where iy is the unit vector.

Then in the moving Cartesian coordinates of this source and its mirror
image, we obtain, e. g.
i - (T +x) —vt)i, +(y+Ei, + (2 —2)i,

’

R(x +x, —vit,y +&§;,2 - 2)

. (x +a; —vyt)i, +(y+§0)iy —(z+20)iy
ip =

35
R(x +xy, —vyt,y +&y,2 +2,) ’ (35)

where R(x) =y x?+ y2 +22.

After some simplifications, the formulae (31) and (32) can be given as

p;'( ,zq,t,ﬁo,xo,vo,QO,FO) = —K0F0<Bf'(ac+ac0 —vot,y+§0,zq,QO)><

qufl(:Jc+x0 —vot,y+§0,zq,(20)><
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x H[xy — vyt + &7 LI (x + 2, — v,y + c’;o,zq)]—l-

+ B2+ (g’ Zq 2 QO )Pth (§7 Zq ,t, Qo) X

x{H[6"(§,2,,t) - 3n / 2] - H[6" (&, 2,,1) — 27|} +

+ By (x = &,y +57 —vyt,2,,Q))

xPlg(x— &gy +5" — vyt 2, Q) x

x H[-(s" —vt) —esLi(x - &,y +s* —vot,zq)]>, (36)

p;(g,zq,t,&O,yO,UO,QO,FO) =-K,F, <Bl_(x—§0,y—y0 +vot,zq,QO)><
XP(;1(I_§0’y - Y, +vot,zq,QO)x
x Hlyy — gt + & Ly (x ~ &,y = Yy + 05, 2,)] +
+ By (§,2,,t,Q )P, (8,24, t,) x

x {H[07(8,2,,t) - 3n / 2] - H[67(§,2,,t) - 2n]} +

+By(x—s" +vot,y+§0,zq,QO)><

x P g(x—s +opt,y +&g,2,,Q) %
x H[~(s™ —vyt) —e5L5(x — s~ +v0t,y+§0,zq)]>, (37)
where
1-iK:LE (x)
Bi(X’Q):—$, m:1535
m 0 K, R(x)

1-4K,Ly(x,1)

Bi(x’t,Q ) = -
2 0 K,R*(x,1)

+ _ _ ’
, R7(x,t)=R(§ E’Z)|&;’=&;O,e’=9§(t)' (38)

2. Numerical analysis of acoustic field and discussion. In the case when
many sound sources move in each direction, we should replace initial positions

x, and y, in the foregoing formulas by x; and Yj» where j=—n,
-n-1),...,-1,0,1,....m-1,m, n>0, m>0, ie at present, we have
2(n + m + 1) sources.

Let the distances between the sources on straight road sections be equal

to A. Then instead of x, =x; and y, = y,, they can be written as x;, = jA

and y, = jA, respectively.

Suppose that in each direction of motion, the three lanes are as follows:
two lanes along which personal cars travel at intervals between them being

Ay, £ =12, and at the same velocity v, (§, is replaced by &fé =& &,
¢ =1,2), and the third lane on which heavy trucks travel at distances betwe-
en them being A, and velocity v, (§, is replaced by F,E =&, £&:). Simi-
larly, we replace numbers m and n by mg, and n;,, £ =1,2, for personal

cars, and by m. and n; for heavy trucks.
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Applying the mentioned changes in the formulas for acoustic pressure
and summarizing the contributions of all particular sound sources, we can
analyze the acoustic field near the bend in the dual carriageway road
composed of six lanes taking the wind impact into consideration:

mp, 9
Pyot (X, 1) = Z Z [p:—ot(x’tvg_{,f’jALﬁ’hL’UL’QL’FL)+

j=-ng, (=1

+ p;ot(x’t’éil’jALl’hL’vL’QL’FL)] +

mc
+ Z [p:—ot(x’t’éz’jAC’hC’UC’QC’FC)+

j=—nc

+ P (%, 8,0, A, he, Qc, Fo )] (39)

The instantaneous acoustic pressure level from the considered sources of
noise is obtained on the basis of the formula (in dB or phones)

I(x,1) = 201g ('ptog—x’t)lj : (40)
0

where p, =2- 107 Pa is the threshold pressure.

The other energetic characteristic (as a result of noise analysis) is the
acoustic pressure level averaged over time period T, (in dB)

2
I _ 1 fif? | Prot (%, 1)]
aw(X) = 101g o [|=ee==t] dy, (41)

0 —1y/2 Po
where, for example, T, = 2n/Q,.

The analysis of acoustic pressure in radiated and reflected waves is car-
ried out using (29), (30), (36)—(39), i.e. for a monopole sound sources with

F, = F,ip (A=L,C).

It can be shown that
F,K, =41-10'4*"p - 1metre, (42)

where I, is the average acoustic pressure level measured at the one-metre
distance from individual A -type source, K, =Q,/c (A =L,C).

For numerical calculations, we take I, =75dB for personal cars and
I, =85dB for heavy transport [4, 7]. The vehicles move in air medium with
density p =1.293kg/m3 and sound speed c = 331m/s. The road is coated by
asphalt with material density p, = 2000 kg/m3 and velocities of longitudinal
and transversal waves c¢; =3468m/s, ¢ =1667m/s [6, 15]. The chosen fre-
quencies of source vibrations are Q; =300Hz for personal vehicles and
Q. =250Hz for heavy trucks [6]. The heights of sources are h;, =1m and
he = 2m, respectively.

In the model situation, we consider a road with a bend as in the Textile
Workers Avenue in Lodz (Poland), the radius of which is §; =152m, with

distances from the road axis on both sides to the first, second and third lane
being &, =3m, §;, = 6m and &, =10 m, respectively. From the observations
carried out between 10 and 11 am. on 22 June 2011 it was calculated that
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1255 personal cars and 151 heavy vehicles moved in both directions”™. Taking
approximately small distances along straight sections of the carriageway from
bend in the road along which the wvehicles travel at the same wvelocity,

v, = v, = V. =40km/h, we obtain the following values for the number of
vehicles m;; =m, =n;, =n;, =10, my=n, =2, A=A, =64m, A, =
= 264 m. The calculations are mainly done for height z = 4m.

Re(p,y,),Pa Re(pm),Pa

0.04 |
0.01 r il LA f
0.02 [
0 0
0.01 —H oozt
0.04 |
-0.02
50 40 -20 0 20 40 ts
a)
Re(p,y,),Pa Re(p,,,),Pa
0.004 0.004 | -y
0 0
-0.004 ] -0.004 | =y
ooog Lol L 1L 1L -0.008 Lo R N
60 -40 20 0 20 40 t,s 60 -40 20 0 20 40 t,s

)

c)

d)

)

Fig. 1. Acoustic pressure Re(p,,,) on height z = 4m vs. time in windless
conditions on the bisector of road bend: a) in the center of curved road
secton x=y=0; b) x=-y=152m; ¢) x=-y=304m;
d)x=-y=456m.

The structure of total acoustic pressure Re(p,,) (in Pa) is displayed in
Fig. 1 as a function of time for windless conditions on the different radii with
the origin in the road arc center and for 6 = 315° (i.e. on the axis of geometric
symmetry of this road section). The signals are calculated in the four points
during 120s. Because of non-symmetrical conditions of vehicle motion, the
structure of acoustic pulses calculated in the two points, £ =0 and & = 304 m,
symmetrical about the road axis, is different. It is also shown that in these
points, the amplitudes of signals are smaller than the ones on the road axis. In
turn, on the road axis, the signals are more separated as compared to the
signals on the road periphery. The strong acoustic signals are generated by
heavy transport, while lesser pulses are radiated by personal cars.

Fig. 2 illustrates the impact of wind velocity (v, =20km/h and

v, = 40km/h) on the structure of acoustic pressure calculated at the distance
of 40m from the axis of bend in the road (x = -y =192m). It follows from

this illustration that an increment of wind velocity causes a ‘diffusion’ of the
signal in time. It is worth noting that in these conditions, the acoustic pressure
radiated from personal cars is increased too.

* The observations were done by students of Lodz University of Technology Mariola
Madra and Paulina Midera.
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Re(p,,,), Pa

0_017 i il bl ]y

-0_017 1] |||-|v,||\|1]]1

60 -40 20 0O 20 40 t,s
a)

Fig. 2. Acoustic pressure Re (p,,,) at the distance of 40 m from the road bend
(xr=-y=192m) vs. time taking wind velocity into consideration:

a) v, =20km/h; b) v, =40km/h (0, =315").
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Fig. 3. Acoustic pressure Re (p,,,) at the distance of 40 m from the road bend
(x=-y=192m) vs. time taking wind direction into consideration
(v, =40 km/h) a) 6, =0"; b) 6, =180"; ¢) 6, =45";
d) 6, =225".

Similar effects are observed in the structure of signals radiated from
vehicles on a roundabout [9]. Thus, the influence of wind parameters on
radiated sound signals is evident.

The effect of wind direction on the structure of acoustic signals is shown
in Figs. 3 and 4. The value of Re(p,,) is calculated also at the distance of
40 m from the road axis (x = —y =192 m) as a function of time with wind ve-
locity v, =40km/h for the four mutually opposite wind directions, namely,
0, =0°and 180° 45° and 225°, 90° and 270°, 315° and 135° This also shows a

sufficient influence of wind direction on the structure of sound waves.
However, in both considered cases the amplitudes of acoustic pressure do not
change considerably, i.e. the effect of wind parameters has a local character.
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Fig. 4. Acoustic pressure Re (p,,,) at the distance of 40 m from the road bend
(x=-y=192m) vs. time taking wind direction into consideration
(v, =40 km/h): a) 6, =90°; b) 6, =270°; ¢) 0, =315";
d) 6, =135".
Figure 5 shows the distribution of acoustic pressure level in space
I(x,y) = I(x,y,t) (in dB) for t =20s, calculated by (39) and (40). From the
calculations carried out in windy conditions (v, =40km/h, 0, =315°) it

follows that noise propagation is characterized by a high acoustic pressure
level (near 70 dB) over straight road and curved road section.
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Fig. 5. Sound intensity distribution in space Fig. 6. Sound intensity distribution
I(z,y) = 2010g(|p,,|/py) inthe 1(&) = 20 log(|p,..|/p,) along
moment of time ¢t = 0 s on the bisector 0 < & < 500m, 6 = 315°
square 300 x 300m®, z = 4m for as a function of wind velocity v,
v, =40 km/h and 0, =315°. (6, = 315")in the moment of time

t=0s.

In Figs. 6—8, the distributions of sound intensity I(x,y) are displayed
along bisector 0 <& <500m, 6 =315° for different velocities v (0, =315°)
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and directions 0, (v, =40km/h) of wind, and also for different velocities of
vehicles v, (v, =40km/h, 0, =315°). It is shown that the effects of wind

and car motion on sound intensity structure is the biggest far from the road,
while immediately over the carriageway it is insignificant.

1§),dB

Fig. 7. Sound intensity distribution
I() = 2010g(|py,|/py) along
bisector 0 < & <500m, 6 = 315°
as a function of wind direction 0_,
(v, = 40km/h) in the moment of
time t = 0s.

Fig. 8. Sound intensity distribution
I() = 20 log(|p,.|/P,) along

bisector 0 < & <500m, 6 = 315°
as a function vehicles velocity

v, =V, = Ve (v, =40km/h,

0,, = 315") in the moment of time
t=0s.
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Fig. 9. Average sound intensity distribution
in space I, (x,y) on the square

600 x 600 m?, z =4 min

Fig. 10. Average sound intensity distribution
in space I, (x,y) on the square

600 x 600 m?, z =8 min

windless conditions. windless conditions.

Figs. 9—11 show the distribution of acoustic sound intensity in space
I,,(x) averaged over time period T, =40s for z =4,8 and 12m. In this case
the calculations are obtained using (39) and (41) neglecting the effect of wind.
It is shown that the right-angle bend in the road is the place of high noise
concentration (near 66 dB), which decreases with an increase of the height
and distance from this road section.

In Figs. 12—14, the distributions of sound intensity averaged power flow
density I (x) are displayed for z =4 along bisector 0 <& <500m, 6 =315°

for different velocities v, (0, =315°), directions 0, (v, =40km/h) and
velocities v, (v, =40km/h, 6, = 315°). These results have also shown that

the effect of wind and motion of sound sources on sound intensity structure is
the biggest far from the road.
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Fig. 11. Average sound intensity distribution ~ Fig. 12. Sound intensity distribution in space

in space I, (x,y) on the square I, (x,y) averaged for time period
600x 600 m?, z =12 min 40 s along bisector
windless conditions. 0<&<500m, 6 =315"asa

function of wind velocity v_,
(6, =315",v) = v, =
=v; =40 km/h).
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Fig. 13. Sound intensity distribution I, (&) Fig. 14. Sound intensity distribution I, (&)

averaged for time period 40 s averaged for time period 40 s
along bisector 0 < & < 500 m, along bisector 0 < § < 500 m,

0 = 315° as a function of wind 0 = 315° as a function of vehicles
direction 0, (v,, = 40 km/h, velocity v, = vy, = V¢

vy = vy, = v =40 km/h). (v, =40km/h, 6, =315°).

Conclusions. A new analytical approach to the description of vehicle
sound radiation from a road bend taking into consideration wave reflection
from the boundary interface: acoustic moving media — elastic solid half-space,
is presented. A solution to this problem is obtained with the help of Fourier
transforms over time and space variables in the plane parallel to the surface
of elastic half-space. The same resulting integrals are calculated using the
stationary phase method. The mathematical modeling was carried out for a
dual carriageway road with three lanes each traveling in opposite directions
of personal cars and heavy trucks. For numerical calculations data collected
from one of Lddz streets were used. The analytical and numerical results of
our work are as follows.

e The temporal structure of acoustic signal from a group of vehicles as
the monopole sound sources moving on the road bend is very complicated
and presented as a superposition of two series of quasi-sinusoidal pulses. The
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calculations carried out in the immediate proximity to the road show that
signals with bigger amplitudes (of the order of 0.05Pa) belong to heavy
transport, while signals with smaller amplitudes (of the order of 0.02Pa,
frequently) — to personal cars.

e The obtained formulas allow us to describe and estimate the acoustic
field generated by vehicles traveling on the straight road sections and on the
road bend. The straight and curved road sections are the places of high con-
centration of sound energy, where the acoustic pressure level can increase
by 20 +30dB in comparison to the outside of road.

e The influence of wind and velocities of cars on the acoustical pressure
and acoustical pressure level near road is important for the inner structure
of these characteristics, but not for amplitude. The noise quickly weakens to
the level of 50dB with a small increase of the distance from the road axis
and remains on this level in large space in the neighborhood of a road.
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BUMPOMIHIOBAHHA 3BYKY ABTOMOBIIAMU HA NMPAMOKYTHOMY NMOBOPOTI JOPOI'U

Buguaemwvcsa 3a0aua 36YK08020 SUNPOMIHIOBAHHS ABMOMOOIAAMU, AKLI PYXAOMBCS MO
MICHKIU 8YAUYL 3 NPAMOKYMHUM NOBOPOMOM. Bpaxosyemuves snaus eimpy Ha axyc-
muune noae. Cnouamxky po3s’ 130K 3a0aui 00eprHcano 045 080X MOUK08UX Oxcepes WYymy,
AKL PYXaromsves 8 NPOMULCHHUL HANPAMAL, 3 BUKOPUCMAHHAM THMEZPALbHUX nmepe-
meoperd Dyp’e 3a npocmoposumu 3miHHuMU i wacom. ObepHeni mpancgopmanmu 06-
Yucaeni HabAUNeHO 3 BUKOPUCAHHAM memo0y cmayionapHol gpasu. Pose’ssok 3azaasb-
HOl 3a0aui 00epiaHO AK CYnepno3uyito 06azambvoxr uacmKosux pose’s3kis. HJucaosuu
anaai3 rapaxmepucmurx 00POHCHB020 WYMY nposedeno Oas sunadxy syauyl Texcmunas-
HuKie 3 0gocmoponHim pyxom 8 Jodsi, IToavwa.

N3NYYEHUE 3BYKA ABTOMOBUNAMU HA NMPAMOYIrOJibHOM NOBOPOTE AOPOI'v

M3yuaemcs 3a0aua 38YK08020 UAYUEHUSL ABMOMOOULAMU, 08ULAIOWUMUCS NO 20POOCKOU
YAauYe ¢ NPAMOYLOAbHbLU NOBOPOMOM. Yuumbleaemecs sAUAHUE 6eMPA HA AKYCMUYECKOe
nose. Crauanra pewenue 3a0a4U NOAYUEHO 04 08YX MOUEUHBLL UCTMOUYHUKO8 WYMA, Ne-
pedsuzaroUWUTCs 8 NPOMUBONOLOHCHHLL HANPABACHUAL, C UCNOALIOBAHUEM UHMEZPAAb-
HuLL npeodpaszosarull Pypwve no npocmpancmeeHHblm nNepemennvim U epemenu. O6pam-
Hble mparcPopmanmsvL onpedesenvb,. NPUOAUNCEHHO C UCNOALI0BAHUEM Memo0d CMaAYyUo-
HapHot pa3vl. Pewenue obwell 3adauu mnoayueno 6 sude CYNepno3uUyUu MHOUL
yacmublr peweHuti. JucaeHnsvldl aHaau3 xrapaxmepucmux O0OPOHCHOZO0 WYma NPosedeH
oas cayuas yauysvt Texemuavwukos ¢ 0sycmopornrum dsusceruem 8 Jloosu, IToavwa.
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