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A theoretical study for the propagation of rolling noise
over a porous road pavement

Wai Keung Lui and Kai Ming Li?
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Hong Kong

(Received 10 April 2003; revised 18 February 2004; accepted 29 March 2004

A simplified model based on the study of sound diffracted by a sphere is proposed for investigating
the propagation of noise in a hornlike geometry between porous road surfaces and rolling tires. The
simplified model is verified by comparing its predictions with the published numerical and
experimental results of studies on the horn amplification of sound over a road pavement. In a
parametric study, a point monopole source is assumed to be localized on the surface of a tire. In the
frequency range of interest, a porous road pavement can effectively reduce the level of amplified
sound due to the horn effect. It has been shown that an increase in the thickness and porosity of a
porous layer, or the use of a double layer of porous road pavement, attenuates the horn amplification
of sound. However, a decrease in the flow resistivity of a porous road pavement does little to reduce
the horn amplification of sound. It has also been demonstrated that the horn effect over a porous
road pavement is less dependent on the angular position of the source on the surface of tires.
© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1751153

PACS numbers: 43.50.I[DKW] Pages: 313-322

I. INTRODUCTION pressur®’ and on the asymptotic theoriesor modeling the
horn effect. However, these models either do not consider the
The mechanisms of the generation of rolling noiseeffect of impedance ground or are somewhat inadequate in
caused by the interaction between a tire and the surface of|gyht of the recent advances in predicting the propagation of
road~* have received considerable attention over the pasiound outdoor&It is also worth pointing out that the two
few decades. The noise comes from the vibrations of tiresasymptotic models presented by Keal,' a ray theory for
the deflections from the surface of the tires, and the resultingjgh frequencies and a compact body scattering model for
displacement of air in the gap between the tire and the foadjqy frequencies, were found to be accurate on a typical tire
In this case, the propagation of noise is thus confined to a; frequencies of above 3 kHz and below 300 Hz, respec-
small area enveloped by the surface of the road and the tirﬁ'vely. However, at the frequencies of practical interégi-
belt, forming a hornlike geometry. This hornlike configura- proximately 500-2500 Hz it is not possible for the

tion leads to a substantial amplification of the sound that isasymptotic models to provide satisfactory predictions
In view of the intrinsic limitations of the existing nu-

radiated. Schaaf and Ronnebergdemonstrated this effect
merical methods and analytical models for predicting the

experimentally, and theoretically identified this so-called
horn effect” by a simple image source model. The phenom-hom amplification, and the increase in interest in using po-

enon of the horn effect amplification was also confirmed ex- ‘17 .
: 1 rous pavement especially double-layer porous
perimentally by Iwacet al.

8,19 ; eq it ;
Kropp et al® suggested a theoretical model based Onpavemeni‘, to reduce tire/road noise, it is thus desirable to

multipole synthesié. The model can provide a reasonable offer a simplified theoretical model to allow highway design-

prediction of noise levels at mid and high frequencies for &S to carry out a parametric study when selecting appropri-

tire placed on a hard surface. However, it overestimates th@te mqterlals for porou_s rog_d pavemer?t. The purpose of this
horn amplification effect at low frequencies. Since the KroppP2Per is to explore a simplified theoretical model to account
model is a two-dimensional one, the model can only be vaIic_for the gmpllflcatlon of noise due to the propagation of sound
for estimating the amplification of sound when the receiver id" the tire/road gap over a porous road pavement. The theo-
located in the plane of a tire. Although a three-dimensional€tical model is centered on a recent analytical formulation to
(3D) model of a tire can, by virtue of the boundary elementStudy tzlerlsound diffracted by a sphere above an impedance
method(BEM),>® be used for this purpose, the BEM can be ground==“"In Sec. II, we explain and justify the choice of

a time-consuming tool for predicting the horn effect for prac-our analytical model, as there are many other numerical
tical geometries. Moreover, the BEM cannot be used in anodel$®* devoted to the study of the acoustic interaction
parametric study of the influence of porous ground on thdetween tires and road. Section Il gives numerical predic-
horn amplification. In the meanwhile, researchers have ertions based on our analytical formulation. These numerical
deavored to develop three-dimensiof@D) analytical mod- results are compared with the published experimental data
els based on the modal decomposition of the soundnd theoretical predictions based on other computationally
intensive schemes. A parametric study of the influence of
@Author to whom correspondence should be addressed; Electronic maip(_)rous _ground on the horn effect is d|S_CUS59d in Sec. IV.
mmkmli@polyu.edu.hk Finally, in Sec. V, we offer some concluding remarks.
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Il. THEORETICAL FORMULATION V2¢+ K= — S(X—XJ), 1)

A. Justifications for the use of a simple theoretical
model

The dependence of the horn effect on different geometriwhere k,= w/c is the wave numberw is the angular fre-
cal parameters such as the radius of the curvature of the tiguency of the source, ardlis the sound speed in air. For a
shoulders, the load, the width of the tire, and the geometricadphere resting on a ground surface, the total sound field at
configurations of the source/receiver have been investigatethe receiver is contributed by the direct waves, by scattered
through experiments, the formulation of exact boundary elewaves from the sphere, and by waves disseminating from the
ment (BEM)® and other asymptotic theoriésThe experi- image source and the image sphere, as shown in Fig. 1. The
mental measurements showed that the effect of the horn amerigin is taken as the center of the sphere. In this situation,
plification accounted for about 10—20 dB, with the maximumthe acoustical properties of the porous medium are crucial in
amplification occurring at the plane of the tire. In view of the determining the sound field produced due to the combination
fact that the amplification of sound reaches a maximum abf direct and boundary-reflected sound waves. In our earlier
the plane of the tire, as shown by the published experimentajtudy?®*' we developed a numerical scheme to compute the
results?®* we hypothesize that the horn effect induced by diffraction of sound by a sphere located above an impedance
the semi-closed space formed between the curved surface gfound. The scheme was based on the expansion of the wave
a sphere and the ground surface is similar to that created Beld in terms of a series of associated Legendre functions.
the hornlike geometry formed between the tire belt and thejere, we extend the solution to model the corresponding
surface of the road. Although this hypothesis may at firstsound field above an extended reaction ground. In particular,
appear questionable, we will validate it through detailedine road pavement is modeled as either a single or double
comparisons of the numerical predictions using the publi:shegOrous layer above a hard-backed layer. In facteBgier
experimental data described in Sec. Ill. et al*® used a hard-back layer model to study the acoustical
characteristics and propagation effects of porous road pave-
ments.

The effect of a single or double porous layer above a
hard-backed layer on the radiation from a point source can be
modeled by an approximate analytical solution developed by

When an object is subject to radiation from a pointLi et all*for the reflection of a spherical wave. By introduc-
source located atg, the total sound field at point is gov-  ing an effective admittanceg,, the sound field contributed
erned by the Helmholtz equation, expressed in terms of &om the point source above a hard-backed layer surface can
scalar velocity potentialy, as follows: be approximated by

B. Review of sound diffracted by a sphere above an
extended reaction ground
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 eikoRy eikoR2 1
where For a single porous layer above a hard-backed layer, the
Q,=V+(1-V)F(w), (39  effective admittance is
v Sosu By (3 By=—im\n?—sir? a; tan(kol \n?—si a;),  (4)
cosa;+ By’
v . and for a double layer with a hard backing, the effective
Flw)= 1+i\/;we*“’ erfd —iw), (3¢ admittance can be determined according to

tan(Kol 1 \/n?—sir? o) +0; tan kol ,\/n2—sirf a;)

1-7; tan(kol 12 —sir? a;)tan kol ,\/n3—sirf a;) |

Bg=—im;ni—sirf a; (5)

where makes this simple model for porous road pavements attrac-

tive. In addition, the density ratio, , the index of refraction
2 .
— _m2V”2_5'”2 ay n,, and the normalized surface impedarteZ./p.c are

- ’ 6 . . . .
% my N3 —sir? a; €3 related according to the following relationship:
nj=kj/k, and my=p,/p; with j=1,2. (6b)
1
Here, p, is the density of airg; is a dimensionless ratio Z:mlnl' (13

characterizing the change of media properties from the first
layer to the secondR, is the distance between the image

source and the field point;, is the angle of incidence of the ) .
reflected wave, and andl, are the thickness of the first and Hence, by using Eq¢4)—(13), we can determine the effec-

second layers, respectively. According to the phenomendive admittance for a given frequency and other physical pa-
logical model for porous pavement proposed byeBgier rameters.

et al,® the complex wave number and characteristic imped- ~ Since the scattered waves from the sphere above a
ance can be written as ground surface are spherically spreading waves, the total
scattering sound field due to the presence of a hard-backed

_ Uy o 112
k=koQF, Ty—(y=D/F ™ @) porous ground can be calculated?b$*
Ze=(poCHQF A y—(y—1)IF ;] 2 ®)

The functions

7=+ Qa7 (14
F,=1+if /f 9

and . ) .

where ¢° is the scattered sound field from a real sphere in

Fo=1+if,/f (10)  free space ang; is the scattered sound field from the image

sthere. The spherical wave reflection coeffici€nt for a

c . .

Scattered wave reflection on an impedance ground can be

obtained in a similar formulation as Ea). In fact,Q, can

are related to the viscous and thermal dependencies, whi
are given respectively by

fM=QR3/(2wpoq2), (12) be computed by replacing; andR, in Egs.(3)—(6) with «a,
andR;, respectively, wher®; is the distance of separation
fo=Rs/(27poNpy). (12 petween the center of the image sphere and the field point,

and e, is the angle of incidence of the scattered wave on the

In the above equations;is the specific heat ratidy,, is the porous layer. The total sound field e.lbove a hard—packed pq—

Prandtl numberR; is the airflow resistivity of the porous rous layer can now be represented in a real spherical coordi-
structure () is the porosity of the air-filled connected pores, hates system, which consists of four components: direct

and g° is the tortuosity. These last three parameters casource, scattered waves from the real sphere, image source,
be independently determined, directly or indirectly, whichand scattered waves from the image sphere, as folfés:
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where

Li(n—m)!(2n+1)(2- 5r0)k,
Amn= 4ar(n+m)! ’

(16)

and 6,0 is a Kronecker delta function that vanishesnif
#0. The translation coefficiem4(k,d,) is given in Refs.
20 and 21. The unknown scattering coefficiént, can be

(15

important to validate the hypothesis. There are published ex-
perimental results and BEM calculations for the interaction
of a tire with hard ground. In this section, these published
results are compared with the predictions computed by the
simplified model.

Based on the experimental configuration described in
Ref. 8, the following geometrical configuration is useoh-

determined by imposing the rigid boundary condition on theless stated otherwisdor all of the numerical calculations
surface of the sphere if it is regarded as acoustically hard. ABiroughout this section. The sphere, which has a diameter of
a result, we can get a set of coupled linear complex equatiorfs64 m, is placed on the ground, and a point source is located

for solving b,,,, in a matrix form, as follows:

XB=D. (17
The diagonal elements of are
Xmn= i (koRo) PR(€0860) + Qo T( —1)™ "hi!
X (koRo) PR(c0sbo) Amri(kodo), (183

the off-diagonal elements of are

Xng=Q2Tn(— 1)m*‘*hg“<koRo)Pq’“(coseo)Amﬁ(kodo),)
(18b

and the elements of the vectbrare

D,=— amnTn[h%D(koRo) an(COSBO) + thﬁl)(koRé)

X Pp(cosé,)], (180
with
Jn(Kob)
"h(keb) ted

The system of complex equations in E4.7) can be trun-
cated to an order dfl; that is, the number of sums fromor

g=0 to N, depending on the degree of accuracy required.

The complex matriXX has an order ofN+1—m)xX(N+1
—m), and the complex vectoB andD have dimensions of
(N+1—m) for eachm, wherem ranges from 0 td\. The

details of the numerical techniques, which can be found

elsewheré®2! are not repeated in this paper for brevity.

IIl. COMPARISONS WITH PUBLISHED RESULTS

According to the hypothesis stated in Sec. Il above, the Contact point |
tire belt can be replaced by a sphere for predicting the hor

2.57 m from the center of the sphere and 0.72 m above the
surface of the ground. In the graphs, the amplification due to
the horn effect is plotted against the frequency. Throughout
this section, amplification is defined as the difference in
sound levels with and without the presence of the sphere.
Equation(15) is used in the computations, witQ; andQ,

set to 1 in the case of hard ground. For all of the simulations
in this section, the receiver is located on the ground at a
distanced from the contact point and at an offset distaice
from the center of the sphersee Fig. 2 The computed
results are plotted for comparison with the published experi-
mental results.

Figure 3, which is extracted from Fig. 11 of Ref. 8,
shows the experimental measurements for a cylinder and an
unloaded tire for different distancedrom the contact point.

In the same figure, we also show the theoretical predictions
for the amplification of sound, calculated by assuming a hard
sphere rested on a hard ground for the same geometrical
configurations. In these measurements and numerical predic-

\\ ¢ Source
—

z

b=0.

Ground surface

Receiver

QIG. 2. A rigid sphere on flat ground to simulate the horn effect. The

gffect of a tire/road jnteractio_n. In order to apply this Simplij receiver is located on the ground at a distaddeom the contact pointthe
fied model to investigate the influence of porous ground, it isenter of the spheyand at an offset distanazfrom the contact point.
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d = 90mm FIG. 4. Dependence of sound amplification @by a rigid sphere simula-
tion model(compared to Fig. 4 in Ref.)8
20+ .
Q Not surprisingly, the predicted amplification spectra are in
‘g closer agreement with the measured results of an unloaded
g0 . tire than with the corresponding results of a cylinder. This is
& " understandable, because the hypothesis of using a sphere to
Z Sl replace a tire belt is used in our numerical simulations.
of w A N The dependence of the amplification dris plotted in
' Fig. 4. It is obvious that at low frequencies the amplification
| . is independent ofl. The amplifications give almost no dif-
1% 2000 3000 5000 8000 10000 ferences for sufficiently small values df(less than 40 mm
Frequency / Hz _ Our theoretical predictions show good qualitative agreement
30 , . . : with the trends shown in the experimental observations
d = 130mm found in Ref. 8; see their Fig. 4. In Fig. 5 of this paper, the
results of the simulation of differemt at various offset dis-
20t 4 tanceso of the receiver away from the center of the sphere
@ are shown for comparison with the experimental measure-
‘g ments obtained from Fig. 16 in Ref. 8. Our theoretical model
£10 is consistent with this in predicting the general trend of the
£ amplification due to the horn effect: it decreases as the offset
5 distance increases. We note that, as shown in Figs. 4 and 5,
0 the interference minima are less distinct in the predicted re-
sults according to the numerical model presented in this pa-
per. This is due to the corner effect of the sphere.
-105 4000 5000 The ability of the proposed simulation model to describe

Frequency / Hz the amplification of sound by a smooth tire is compared with
11 H H
FIG. 3. Comparison of sound amplification by a rigid sphere simulationthe ray the‘?ry developed by_ Kuet al,™ as shown in Fig. 6.
model to the experimental measurements of cylinder(firg. 11 in Ref. § The numerical results predicted by the ray theory and the
on a hard ground for different distancds The receiver is located at the measurements given in Fig. 6 are extracted from Fig. 5 of
centerline of the scatter. The solid line and dotted line represent the experRef. 11. The locations of the microphone and receiver are
mental results of a cylinder and tire, respectively. The dash-dotted line rep-. . 'F' 6. wheral is the di fth f h
resents the result predicted by the simulation model. given in F1g. o, W er '_St e distance of t e source irom the
contact patchl. is the distance of the receiver from the con-
tact patch, and g is the angle made by the receiver with the
tions, the receiver was located at the centerl;me 0, of the  ground(see Figs. 2 and 5 of Ref. 11t is of interest to point
respective scatter. It can be seen from Fig. 3 that, accordingut that our proposed simulation model seems to give closer
to our model, the predicted dips are shallower than thosagreement with the experimental data than the ray model.
shown in the experimental measurements for the cylindeHowever, as in our previous observations, the interference
and the tire. According to Gradt al. with respect to the BEM  dips predicted by our simulation model are consistently shal-
results shown in Fig. 12 of Ref. 8, the effect of the roundedower than those obtained by the ray model and measure-
shoulders of the tire can broaden the dips of the acoustiments.
interferences, reduce the maximum amplification, and shift It is worth noting that use of a sphere to represent a tire
the dips to higher frequencies. This can be confirmed in ouhas somewhat limited the quantitative accuracy of the nu-
numerical predictions because a sphere has a much largererical model proposed in Sec. Il. Indeed, it can be seen
radius curvature of the round edges than an unloaded tirdcom Fig. 3 that the BEM results of a cylinder and the ex-
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FIG. 5. Comparison of sound amplification by a rigid sphere simulation 30
model to the experiments for a cylindgfig. 16 in Ref. 8 on a hard ground

for different offset distances from the centerline of the scatter. The solid

lines represent the experimental results of a cylinder. The dashed line anc  2pk
dotted line represent the simulation results of an offset distance 5 and 8 cm

respectively. 2

= 10}

8

ki
perimental data of a tire are different from our predicted ‘g o
results by an order of 5 dB. However, we stress that an

objective of our present study is to exploit the acoustic char- .4g
acteristic of porous road pavement for reducing the amplifi-
cation of sound due to the horn effect. As our model has . . C
proved to be accurate in predicting the general trend of the ~ © 2000 00 eney P 8000 10000
amplification spectra at a much reduced computational time deney

especially at high frequencies, we shall use itin a parametriEIG. 6. Comparison of sound amplification by a rigid sphere simulation
Study of porous road pavement, as detailed in Sec. IV. Thiiodel with smooth tire measurement and ray theory given in Fig. 5 of Ref.

. . L. . 1. The solid line and dash-dotted line represent results from smooth tire
detailed study can lay a foundation to optimize the design Ofeasurement and ray theory, respectively. The dashed line represents the

porous road pavements for reducing noise caused by the igimulation result.(a) d=60mm, (,$)=(2.67 m,15°); (b) d=60 mm,
teraction between tire and road. (L.¢)=(1.92m.24°); (c) d=120 mm, (,¢)=(2.67 m,15°).

Next, we verify the validity of Li’'s approximate analyti-
cal model* for the propagation of sound above a hard-
backed layer of porous ground, as follows r&agier’s pub- ment.

lished results(Fig. 7 of Ref. 16 are compared with the Finally, we end this section by comparing our predic-
numerical predictions according to the approximate modefions with those calculated by a 2D-BEM model for a rigid
for porous groundsee Fig. 7. The geometrical configura- cylinder on porous ground. The predicted results of the 2D-
tions and other details of the porous pavement can be foundEM model are taken from Fig. 2 of Ref. 10. Figure 8 shows
in Ref. 16. We can confirm that Li's prediction results arethe geometrical locations of a point source and receiver of
consistent with Beengier's numerical results. Hence, our the simulation. In this numerical example and other simula-
proposed sound propagation model for a spherical wavédons shown in Sec. IV, unless otherwise stated, the sound
propagated above a porous road pavement can be confidengurce is assumed to be localized at a single point on the

adopted to study the horn effect above a porous road pave-
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F.IG' 7 Reprod_uctlon of Bengier's results(Flg._? |n_Ref. 16 (.)f level FIG. 9. Comparison of the amplification of sound by a rigid sphere simu-
differences obtained above a porous asphalt using Li's approximate analyt|étion model to a 2D-BEM mode! for a rigid cylinder on porous ground. The
cal model for sound propagation above a finite hard-backed layer of porou
ground!* Solid line: measurement results bymggier; dashed line: results
predicted by Beengier; dash-dotted line: results predicted by“Li.

Scoustical  structural parameters of the porous layer drg
=20000Nsm* Q=15%, g°=3.5, andl;=0.04 m. (Solid line: 2D-
BEM model; dotted line: rigid sphere simulation modlel.

surface of a sphere with a radius of 0.3 m and situated at an tical dicti based h ical sch W
angle ofyy=5° measured from the vertical axis. The receiverCr€tical Predictions based on other numerical schemes. Ve

is located at a horizontal distance of 1 m from the contacf@" NOW use our prediction mpdel to explore the_ effect of
point of the sphere and situated at a height of 0.3 m abov%Ound propagation due to a point source located in the gaps

the porous pavement. The acoustical structural parameters ptween th? tire anq a porous road pavement. The rpad pave-
the porous layer ar®=20 kNsni?, Q=15%, q2=3.5 ment has either a single layer or double layers. The influence
S ) 1 -y

and|,=0.04 m. It is shown in Fig. 9 that our model gives of porous road pavement on the horn effect can be investi-
1_ . . .

comparable spectra as that computed by the 2D-BEM modeg"’lted.bbyd gsigg Eq(lf)z' The bphenorrenzI?gigaL model tﬁs
Again, the difference in the amplification factor is of an or- escribed in Eqs(7)—~(12) can be employed to determine the

der of about 5 dB. This observation is consistent with theﬁecﬁve ac:rmlt;[ance_gf thg .potrho.us Iai/_er bytﬁs'ggﬁm)' .
earlier simulation results for hard ground, shown in Fig. 3. It € horn efiect considered in this section Is the ditierence in

is worth pointing out that the discrepancies between the pres_,ound pressure level due to a localized sound source on the

dictions made by our model and the 2D-BEM model forsurface of the tire with and without porous ground. The
porous ground are less than that for hard ground. The diﬁeépurcg/reqeiver configurations of the following examples are
ences in magnitude are less than 3 dB in the frequency ran ven in Fig. 8.

between 800 Hz to 4000 Hz in the case of the amplification In Fig. 10, we show thg |an.uence of the th|c}<nes§ of a
of sound over porous ground. porous layer on the reduction in the horn amplification of

sound radiating from tires. In these simulations, the acousti-
cal structural parameters of the porous layer dRg
IV. A PARAMETRIC STUDY OF POROUS ROAD =20 kNsm*, Q=15%, g?=3.5, with the thickness of the

PAVEMENT ON THE HORN EFFECT porous layer varying from 0.0 rthard groungito 0.04 m at
Section Ill presents a set of comprehensive numerical
comparisons with published experimental data and theoreti- 30

cal predictions of horn amplification above the surface of the
ground. It is reassuring to find that the numerical results of
our simulation model can give a reasonable agreement witt 290
the general trend of the published experimental data and the%

2
g5
Source <
0
Receiver
-5
E
(3]
) 1 ‘
© oo 1000 4000
Ground surface Frequency / Hz
Contact point [+ 1m > FIG. 10. Influence of the thickness of a porous road pavement on the horn

effect. The acoustical structural parameters of the porous laRer:
FIG. 8. Localized sound source located on the surface of the sphere at an20 000 Ns m*, Q=5%, andg?=3.5. (Solid line: hard ground; dashed
angle ¢ measured from the vertical axis. line: 1,=0.02 m; dotted linel;=0.04 m.)
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FIG. 11. Influence of the porosity of a porous road pavement on the hord /G- 12. Influence of the flow resistivity of a porous road pavement on the
effect. The acoustical structural parameters of the porous laRer: horn effect. The acoustical structural parameters of the porous l&yer:
—20000Nsm? ¢2=3.5, andl,=0.04m. (Solid line: hard ground; = 15%, g?=3.5, andl,;=0.04 m. (Solid line: hard ground; dashed line:
dashed lineQ) = 15%; dotted line)=30%.) Ry=20000 Nsm*; dotted line:R;=5000 Nsm*.)

a step of 0.02 m. A porous road pavement can effectiveamplification above a hard ground are also given in the fig-
suppress the amplification of sound due to the horn effect byres for the purpose of comparison.

creating interference minima in the amplification spectrum.  In Fig. 13, the acoustical structural parameters of the
The interference “dips” shift to higher frequencies when the coarse top layer are given B,=6000 Nsn*, Q=20%,
thickness of the porous layer is reduced. Obviously, the overg?=3.5, and 1,=0.025m. For the bottom layerR

all effectiveness of the porous road pavement in reducing= 1500 Nsm*, Q=20%, g?=4, andl,=0.045 m are used
noise will decrease as the thickness of the layer decreases. Fig. 13. On the other hand, the predicted amplification
For instance, there is only one interference dip in the domifactors for the porous road pavement with a fine top layer are
nant frequency range of the noise of a rolling tire, i.e., 500 tashown in Fig. 14. The respective acoustical structural param-
4000 Hz, at a layer thickness of 0.02 m. eters of the top and bottom layers are given as follows. For

Figure 11 presents another important piece of informathe top layer,Rs=24000 Nsm*, =20%, g’°=2.5, and
tion for investigating the material properties of a porousl;=0.015m, and, for the bottom layeR,=1500 N s,
layer on the horn effect. It shows the effect of the porosity of(=25%, =4, andl,=0.055 m.

a porous layer on the horn amplification of sound. In this It is not surprising to see that a double layer of porous
example, the acoustical structural parameters of the porousad pavement can provide better attenuation of the horn
layer are chosen to bBR~=20kNsm 4 ¢?=3.5, andl,  amplification by creating more interference dips in the fre-
=0.04 m. The respective porosity wiR=0% (for a hard quency range of interest. The first dip shifts to the lower
ground, 15%, and 25% are shown in the same figure forfrequency region in the case of a double layer of porous road
ease of comparison. As expected, a higher porosity can prgavement.

vide a better attenuation of the horn effect by reducing the
magnitude of the sound amplification. The finding is consis- ¢
tent with the conclusion drawn in Ref. 15. With regard to the
flow resistivity of a porous layer, the change in its value does 20t
not do much to alter the sound spectrum, as evidenced in Fig |
12. Nevertheless, some noticeable changes can still be ok
served at frequencies higher than 3500 Hz.

Recent studiéé~*°have identified that a double layer of
porous road pavement can better reduce the road traffig
noise. Its application in road construction has received atten-g 9
tion in recent years. Hence, the influence of a double layer of
porous road pavement on the horn amplification of sound is
worth exploring in the present study. For practical signifi- -10r !
cance and numerical convenience, two different types of 15 ‘ L
double-layer porous road pavement are investigated. The firs 100 Frequency / 900 4000
type has a coarse porous surface and the second type has a
fine porous surface. Both types of double-layer porous roaé!G. 13. Reduction in the horn effect due to a double layer of porous road
pavement are currently used in the Netherldhdsd are pavemgnt—the t_op_layer is a coarse porous surféﬁeﬁg line: h;':ll’d
selected for the current study. Figures 13 and 14 illustrate th rc’:“g%, iizhlefolfggé%?%egtstgdtcl’iﬁfé'zjﬁfgg&gigﬂaég:ﬁg@r and
comparison of a double layer of porous road pavement with pottom layer with Re=1500Nsm?* Q=25%, ¢?=4, and I,
that of a single layer of road pavement. The spectra of souné 0.045 m.)

ation /_c!B
[=]

[l

5
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30 . studies of the horn effect above hard and porous types of
ground. The principal aim of this simplified model is to pro-

% vide a parametric study of the acoustical parameters of po-

20 rous road pavements on the horn effect. In the study, the

5 source of the noise is assumed to be a monopole point source
© localized on the surface of the tire. It has been shown that a
D10} porous road pavement can effectively reduce the level of
§ 5 sound amplification resulting from the horn geometry of the
8 tire/road in the frequency range of interest. A decrease in the
:%0 thickness of the porous layer leads to an increase in the

sound amplification of the horn effect. An increase in poros-

ity or the use of a double layer of porous road pavement can

1950 1560 2000 enhance the attenuation of sound and create more interfer-
Frequency / Hz ence dips in the amplification spectrum. The interference

o dips shift to lower frequencies when porosity increases or
FIG. 14. Reduction in the horn effect due to a double Iayer of porous .roanhen a double layer of porous road pavement is used. How-
pavement—the top layer is a fine porous surfd&alid line: hard ground; . .
dashed line: a fine top layer witR,—24 000 Nsm*, 0 =20%, g?>=2.5  €Ver, changes in the flow resistivity of a porous road pave-
andl,;=0.015 m; dotted line: double layers—a fine top layer and a bottomment do not seem to have a significant effect on horn ampli-
layer with R;=1500 N s m*, Q=25%, q°=4, andl,=0.055 m.) fication. As shown in the predictions, the variations in the

angular position of the source on the tire surface have no
The dependence of the horn effect on the angular posisignificant effect on the horn amplification of sound.

tion of the source on the surface of the sphere is presented in
Fig. 15. It shows that the amplification factor is rather insen-ACKNOWLEDGMENTS
sitive to changes in the angular position of the source. There
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