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ABSTRACT. This present research assesses tire/pavement noise by analyzing and comparing noise data acquired from low noise
pavement (Asphalt Rubber Concrete) and conventional pavement (Asphalt Concrete). Close Proximity (CPX) tests are employed in
this research to acquire the tire/pavement noise generated from the test pavements. A numerical simulation model established via the
finite element method is conducted to simulate the noisegenerated by the impact mechanism, which is observed from the CPX test on
both the test pavements. The simulated tire/pavement noise pressure levels are compared with those tested to verify the reliability of

the numerical model.
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1. Introduction

Noise may induce many negative effects in human be-
ings, physiologically and psychologically. With many techno-
logies developed to reduce industrial noise, traffic noise has
become a major noise resource disturbing the normal lives of
people in urban areas. Nowadays, environmental pollution
caused by traffic noise is very serious in urban areas. The ge-
neral acceptable traffic noise level for residential areas should
be less than 55 dBA (WHO, 1999). In many big cities, traffic
noise levels of some streets can reach more than 80 dBA (Li
et al., 2002; Ali and Tamura, 2003). This high noise pressure
level is harmful to human health. Thus, decent activities for
traffic noise reduction need to be implemented in areas where
the traffic noise is so high that residents are seriously disturb-
ed.

Tire/pavement sourced noise has been proven to be the
major sources of traffic noise for cruise driving conditions, es-
pecially for light vehicles (Sandberg and Ejsmont, 2002), which
is the dominant form of traffic in urban areas. de Graaff and
van Blokland (1997) indicated that about 90% of the equiva-
lent sound energy in urban traffic is generated by tire/pave-
ment noise. Thus, reducing tire/pavement noise can be an effi-
cient method for traffic noise control, especially for urban tra-
ffic noise control. Porous pavement has been proven to have a
higher ability to reduce traffic noise, especially tire/pavement
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sourced noise (Meiarashi et al., 1996). According to the stu-
dies conducted, the noise reducing principles of porous pave-
ments can be concluded as follows:

Absorption of acrodynamic sourced energy. Aerodynami-
cally generated sound energy is created by air displaced into/
out of cavities in or between tire treads and pavement surfaces
while the tire is in contact with the pavement surface (Sand-
berg and Ejsmont, 2002). The open texture creates a porosity
that prevents the creation of high air pressure gradients at the
edges of the tire/road contact patch and within the contact pa-
tch. As a result, the sound created by air pumping could be re-
duced because of aerodynamic power reduction.

Sound absorption. Sound waves carry a certain amount
of energy, called sound energy. When a sound wave hits a ma-
terial, a portion of the sound energy will be reflected or "boun-
ced" back. The less sound being reflected, the better the acou-
stic performance of the pavement surface. The porosity in the
porous structure creates a sound absorption effect so the sound
wave is dissipated into heat within the narrow pores of the
pavement.

Changing sound reflection geometry. The traffic noise
heard by people consists of two parts — one is the sound
wave generated from the noise sources, which include mecha-
nical sourced noise (engine and electric fan noise) and the
noise generated directly from the interaction between the tire
and pavement. The other part is the noise reflected by the pave-
ment surface. The surface of porous pavement is much rough-
er than that of nonporous pavement because of the voids on
the pavement surface. Thus, the surface of porous pavement
can be considered an unreflective surface compared with that
of nonporous pavement. The reflected sound power is dispers-
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ed by the voids’ surfaces. Therefore, to the receiver, sound
power reflected by porous surfaces is much lower than that of
reflective surfaces.

In the present research, tire/pavement noise is studied by
analyzing and comparing the noise data from the porous pave-
ment and the nonporous pavement with utilizing a Close Pro-
ximity (CPX) test. The CPX test is designed specifically for
testing the tire/pavement noise on the roads considered by this
research. In the tests, the microphones are located close to the
tire/pavement interaction so the effect of noise emitted by
other noise resources, such as engine and exhaust noise, can
be diminished. The test standard available for the CPX test is
ISO/CD 11819-2 (10S, 1997).

The porous pavement studied in this research is Asphalt
Rubber Concrete (ARC) and the nonporous pavement is As-
phalt Concrete (AC). The CPX test was conducted on the
ARC test section of Saskatchewan. The test section is located
on Highway 11 and it was constructed by the Department of
Saskatchewan Highways and Transportation. The test section
consists of four lanes — two lanes in each direction. The dri-
ving lanes in each direction are paved with ARC and the pass-
ing lanes are paved with AC. The tire/pavement noise data for
porous pavement are acquired from the driving lanes and that
of nonporous pavement are acquired from the passing lanes.

Mathematical and numerical noise prediction models are
also very useful for tire/pavement studies. They can be em-
ployed to optimize the design of tire or pavement to acquire
better acoustic performance and they can also benefit the re-
searchers to create a better understanding of the noise gene-
ration mechanism. However, the simulation of tire/pavement
is a great challenge to traffic noise studies because of the com-
plexity of the noise generation mechanism. It is a multi-phy-
sics problem that concerns the topics of structure statistics/
dynamics and fluid dynamics. The finite element method
(FEM) has proven to be effective in solving this sort of
problem. In this research, a world-leading FE software ANSYS
(a commercial FE software designed by ANSYS, Inc. Corpor-
ate, which was founded in 1970) is employed to acoustically
analyze one of the important tire/noise generation mechanisms
— tread impact, which is observed from the field tests.

2. CPX Test Design

2.1. Test Microphone Positions

In reference ISO/CD 11819-2, there are six microphone
positions selected in the test to present the sound level distri-
bution close to the tire/pavement interface. The microphone
positions can be classified into three groups according to the
distance between the microphones and the tire surface —
inner, middle and outer. Each microphone group includes two
positions — front and rear. The layout for the microphone po-
sitions is shown in Figure 1. The detailed geometric dimen-
sions for the arrangement of the microphones are tabulated in
Table 1.

2.2. Test Trailer Design
For the CPX test, a single-axle trailer is designed, fabric-

cated and used as the vehicle for road tests. Figure 2 shows
the CPX test trailer used in the filed tests. The microphones are
mounted close to one tire of the trailer. The microphone mount
structure is jointly designed by the University of Regina
Acoustics Research Group and the Saskatchewan Highways
and Transportation Department, Saskatchewan, Canada. The
mounting arrangement and the structure of the microphones
are shown in Figure 3.
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Figure 1. The CPX test microphone positions.
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Figure 2. CPX test trailer.

Table 1. CPX Test Microphone Positions

Microphone h d; d> d; = dIﬁ
1. Inner 100 mm 200 mm 200 mm 283 mm
2. Middle 150 mm 300 mm 300 mm 424 mm
3. Outer 200 mm 400 mm 400 mm 566 mm
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Figure 3. Microphone mounting structure and wind screen.

Since the CPX test is conducted on a moving vehicle, the
aerodynamic noise becomes a major contributor that may af-
fect the accuracy of the tire/pavement noise level. The aero-
dynamic noise includes the noise of wind turbulence generat-
ed by the airflow around the microphones while it is moving
and external turbulence caused by towing the vehicle. During
the test trailer design, three treatments are employed to de-
crease the influence of aerodynamic noise in the test.

The first treatment involves mounting the microphone
support on the inside of the trailer body instead of the com-
mon method — mounting the microphone on the outer side of
the trailer so that the trailer body can be utilized as a screen.
The speed of airflow inside the trailer body is lower than out-
side the trailer body. As a result, wind turbulence around the
microphone can be reduced. This design is based upon the
assumption that the dynamic tire conditions on the inner and
outer sides of the trailer are the same while the tire is rotating.
However, for this design, the noise produced by the other tire
would affect the test result. Therefore, an obstacle between the
two tires is needed to block noise from the other tire. On the
other hand, because the tests are conducted on the highway
with free traffic conditions, the design — mounting the micro-
phone inside the trailer body, can reduce the width of the test
trailer so the impact of the test on traffic flow can be reduced.

The second treatment is an enclosure around the test tire.
The enclosure can reduce the vehicle's aerodynamic airflow.
Moreover, the enclosure and the trailer body constitute a screen
for blocking the noise generated from other noise sources.

The third treatment employs the 150 mm microphone
wind screen to cover the test microphone, which decreases the
wind turbulence inside the trailer enclosure. However, the
trailer body and enclosure create a housing that can reflect the
noise coming from the tire/road interaction. To decrease the
reflected noise, the sound absorption material — Z-Foam 12"
Panel, which is produced by the Primacousitc company, is at-
tached to the inner surface of the trailer body and enclosure.

The tire pattern can influence tire/road noise. Based on the
information provided by the tire dealers in the Regina region,
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the universal tire is the most commonly used tire adopted for
light automobiles in this region. In order to let our test fit real
conditions, the universal tire LXR (P225/60 97T) was selected
as the test tire.

2.3. Test Speed and Segment

The test speeds for the CPX test were 50 km/h, 80 km/h
and 110 km/h. The three speeds represent the average vehicle
speeds on city roads of residential areas, high-speed city roads
and highways, respectively.

According to ISO/CD 11819-2, for each test speed, the
test road segment should be no less than 20 m. To satisfy this
requirement, during the test, the speed of the test vehicle is
kept constant for about 20 seconds at each reference speed for
data acquisition. Then 10 s of continuous data are acquired as
a data group for analysis. Thus, the test distance for the lowest
test speed, 50 km/h, is about 138 m which fulfills the required
distance. In order to decrease the error caused by uncertain
factors, six groups of data are recorded for each microphone
position and speed. The test segment is chosen randomly along
the test road section. Then the tire/pavement noise pressure le-
vels for a given speed and microphone position can be aver-
aged.

3. CPX Test Process

The CPX tests used to compare the acoustic performance
of ARC and AC pavements were conducted in August and Se-
ptember, 2006. The tests were performed under weather con-
ditions with no rain and little wind. The air temperature was
about 15 to 30 degrees during the test. The tests are performed
on the open highway, to avoid the influence of noise and vi-
bration generated from other vehicles, the noise pressure le-
vels were recorded when there were no vehicles near the test
trailer. During the test the B&K 4489 microphone is mounted
on the test trailer. The sound level is recorded with a B&K
sound intensity meter 2260. The sound is collected in the form
of a 1/3-octave band. The equivalent sound-weighting net-
work is A-weighted. The sound recording period is set at 1 se-
cond, which means the sound data is recorded every second.

4. Analysis of CPX Test Results

4.1. A-Weighted Equivalent Noise Pressure Levels

Table 2 shows the A-weighted noise pressure levels for
each microphone position and speed and their standard devi-
ations. Figure 4 shows the comparison of noise pressure levels
under a variety of microphone positions with different vehicle
speeds. The standard deviations of all the A-weighted noise
pressure levels are lower than 1 dBA. Thus, the noise levels
with the same test parameters are the same on either the ARC
or AC pavements. This proves the acoustic performance of each
test section is uniform for either ARC or AC pavement. The
low standard deviation values also prove the credibility of the
recorded tire/pavement noise data.

For most microphone positions and speeds, the noise pre-
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Table 2. A-weighted Noise Pressure Levels for Each Microphone Position and Vehicle Speed

Speed Microphone position ARC Ly Standard Cony. Lyeq Standard Difference ARC-Conv.
(km/h) (dBA) Deviation (dBA) Deviation (dBA)
50 Front Outer 86.78 0.48 85.72 0.48 1.06
Middle 87.73 0.67 87.31 0.68 0.42
Inner 90.00 0.62 89.12 0.42 0.88
Rear Outer 84.68 0.42 86.01 0.49 -1.33
Middle 85.31 0.64 88.08 0.74 -2.77
Inner 88.03 0.73 89.28 0.43 -1.25
80 Front Outer 92.80 0.57 93.39 0.49 -0.59
Middle 94.11 0.47 94.80 0.46 -0.69
Inner 96.54 0.51 96.88 0.64 -0.34
Rear Outer 90.39 0.51 93.31 0.49 -2.92
Middle 91.89 0.49 95.21 0.52 -3.32
Inner 93.98 0.44 96.69 0.68 -2.71
110 Front Outer 98.25 0.49 98.89 0.37 -0.64
Middle 99.28 0.57 99.73 0.3 -0.45
Inner 101.74 0.48 102.16 0.37 -0.42
Rear Outer 94.98 0.39 98.03 0.28 -3.05
Middle 96.62 0.42 99.37 0.34 -2.75
Inner 98.08 0.34 101.15 0.46 -3.07

ssure levels tested over the ARC pavement are lower than those
tested from AC pavement except for the front microphone at
50 km/h. This indicates ARC pavement has the ability to re-
duce tire/pavement noise. However, from Table 2, the noise
pressure level reductions for the front microphone positions
on the ARC are not as significant as those of the rear micro-
phone positions. In most cases, the difference in noise pre-
ssure levels between ARC and AC pavement are less than 1
dBA for the front microphone positions. The great noise re-
ductions from ARC pavement are demonstrated by the rear
microphone position data. The range in noise reduction for all
the rear microphone positions and speeds is 1 dBA to 3 dBA,
which is higher than those of the front microphone positions.
The magnitude of the noise pressure level reduction increases
with increasing vehicle speed. The reduction range increases
from 1 to 2 dBA at 50 km/h to approximately 3 dBA at the
speed of 80 and 110 km/h. This phenomenon indicates that
ARC pavement has better tire/pavement noise reduction abi-
lity at high speeds of the vehicle used.

The major sources of tire/road noise are located near the
leading and trailing edges of the tire/road contact patch (Sand-
berg and Ejsmont, 2002). Structure-born vibration and aero-
dynamic mechanisms are the two major mechanisms for noise
originating from the tire/pavement contact patch. For the lead-
ing edge, both the mechanism of structure-born vibration and
the aerodynamic mechanism play important roles in noise ge-
neration. However, the aerodynamic mechanism provides a
greater contribution to the noise generated from the trailing
edge than the structure-born vibration. Since ARC is porous
pavement, there are many voids on the pavement surface and
inside the pavement. These create spaces to reduce the streng-

th of the air pumping, which is a major aecrodynamic mechani-
sm for tire/pavement noise generation, by preventing air com-
pression. As a result, the noise reduction of the trailing edges
is higher than those at the leading edge on ARC pavement.
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Figure 4. Comparison of noise pressure levels under a variety
of microphone positions with different vehicle speeds.

4.2. Spectrum Noise Level Analysis of CPX Test

4.2.1. Comparison of Spectra Noise Pressure Levels on ARC
and AC Pavement

The inner microphone positions for the CPX test are re-
commended by the ISO/CD 11819-2 standard. As a result, the
noise pressure levels acquired by the inner microphones are
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employed to compare the spectral acoustic performance on
the ARC and AC pavements.

Figures 5 and 6 show the spectral noise levels from the
front and rear microphone positions, respectively. In this ana-
lysis, the data at 50 and 110 km/h were selected to represent
the noise pressure levels at low and high speeds. In these two
figures, all the spectral noise level curves on the different
pavements and at different speeds have a similar trend. The
noise pressure levels at low frequencies are higher than those
at high frequencies in the frequency range between 800 Hz
and 1000 Hz where a noise pressure peak appears. The noise
pressure in this range is much higher than in adjacent fre-
quencies.
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Figure 5. Spectra noise levels of front microphone position.
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Figure 6. Spectra noise levels of rear microphone position.

The noise reduction on the ARC pavement can be found
in the frequency range higher than 1 kHz for both the front
and rear microphone positions. However, there is a significant
difference between the noise level curves of the front and rear

66

microphone positions. At the front microphone position, the
low frequency noise levels (less than 315 Hz) on the ARC
pavement are much higher than those on AC pavement.
Comparatively, for the rear microphone position, the noise
levels over the two pavements in the same frequency range
are not as different as those for the front microphone positions.
The same phenomenon can also be found in the spectral noise
results acquired from field tests. In the low frequency range,
noise pressure levels of the ARC pavement are higher than
those in the high frequency range and the obvious noise redu-
ction of the ARC pavement is shown only in the high frequen-
Cy range.

In A-weighed networks, the weights given to noise pre-
ssure levels at high frequencies are higher than those in the
low frequency range. Therefore, the results of the A-weighted
equivalent noise pressure level and the noise pressure level
spectrum can be related for the following reasons. The tested
A-weighted equivalent noise pressure levels of the front mi-
crophone positions on both pavements are not significantly
different because the noise reduction in the high frequency
range can counteract high noise levels in the low frequency
range. Great noise reduction appears at the rear microphone
positions because the reduction in noise pressure levels is
present in the high frequency range. This phenomenon proves
that ARC pavement is more efficient in reducing tire/pave-
ment noise pressure levels in the high frequency range.

4.2.2. The Impact of Speed on the Noise Pressure Level Spec-
trum

The noise pressure levels are magnified with increasing
speed on both spectral curves in Figures 7 and 8 in the fre-
quency ranges under 100 Hz and higher than 1k Hz. The lin-
ear relationship between noise pressure levels and speed can
be found in these figures. This means the noise energy gene-
rated by certain mechanisms corresponding to certain noise
frequency ranges increase as the speed increases. However,
the frequency of the noise generated by such mechanisms is
not influenced by the speed. However, an irregular range can
be found between 125 Hz and 1 kHz. In this range, the linear
relationship between noise pressure levels and speed does not
exist. Some irregular high noise pressure levels appear on the
spectral noise level curves. These noise pressure levels are
marked in Figures 7 and 8. The frequencies of these irregular
high noise pressure levels correspond to noise frequencies ge-
nerated by the impact mechanism.

The impact mechanism of a tire occurs on the treading
edge of the tire/pavement contact patch during tire rotation.
The tread blocks of the treading edge hit the texture of the
pavement surface. The force generated by the impact causes
the sudden displacement of the tread blocks and pushes the
tread block in toward the tire's rotational center. Thus, the sound
generated by the deflection and vibration of the tire tread
blocks causes the impact mechanism.

The tire surface is not smooth. There are blocks on the
tire surface, which are designed for increasing the friction be-
tween the tire and surface. The force caused by the impact is
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not continuous. It is only in effect while the tread block of the
treading edge is in contact with the pavement surface. The
force disappears during the gaps between the tread blocks ro-
tating on the contact patch. For most tires available on the
commercial market, the tire tread block is arranged regularly.
The tire's rotational speed is kept constant while the vehicle
drives at a constant speed. Thus, the regularly arranged tread
blocks hit the pavement surface at a constant rhythm. This
phenomenon is the same as a hammer hitting the tire surface
ata certain frequency. According to research by Larsson (2002),
the frequency of the impact force is dependent upon the dis-
tance between the tread blocks and the speed of the vehicle.
The frequency of the impact force can be described by the fo-
llowing equation:

1 =vii (1)

where f; is the frequency of impact force in Hz, v is the ve-
hicle speed in m/s and A is the distance between tire tread
blocks.

racteristic frequencies under the test speeds, calculated with
Equation 1. The frequencies of irregular high noise pressure
levels measured are also shown in the table. Figures 7 and 8
illustrate the specified irregular high noise pressure levels on
the spectral noise level curves corresponding to the ARC and
AC pavements.

Table 3. Impact Force Frequency

Speed Impact Frequency Frequency of Irregular High
(km/h) Calculated by Noise Pressure Level
Equation (Hz) (Hz)
50 397 400
80 635 630
110 873 800
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Figure 7. Spectra curves of the noise pressure levels tested
from the front inner microphone position under different
speeds on arc pavement.
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Figure 8. Spectra curves of the noise pressure levels tested
from the front inner microphone position under different
speeds on ac pavement.

The tread block distance of this tire — LXR (P225/60
97T) is 35 mm. Table 3 shows the results of impact force cha-

Sandberg and Ejsmont (2002) mention that the noise
caused by the impact mechanism is the dominant noise source
for the related noise frequency range. The noise level of the
impact force frequency is about 3 to 5 dB higher than that of
adjacent frequencies. This means the sound energy emitted by
tread block impact is much higher than that caused by other
factors in the related sound frequency band. The Decibel sound
level of the center frequency band can be calculated by the fo-
llowing equation (Finch, 2005):

L, =10log,, (> 105710 )
i=1

where L, represents the noise level of a certain frequency band
and LE; represents the noise level of frequencies of a certain
band.

According to the logarithmic equation for the Decibel
noise level of a certain frequency band, the highest noise level
plays an important role in calculating the noise level of a re-
lated sound frequency band. Since the level of impact sourced
noise is much higher than adjacent frequencies in the same
frequency band, it can be used to represent the noise level of
certain frequency bands.

From Table 3, the frequencies of tested irregular high
noise pressure levels fit with the calculated impact frequen-
cies very well. Therefore, this proves that irregular noise pre-
ssure levels measured are generated by the mechanism of
tread impact, which is a major mechanism of structural vibra-
tion in tire/pavement noise generation.

5. Numerical Simulation of Tire/Pavement Noise
Generated by the Impact Mechanism

It is proven through CPX tests that the impact mecha-
nism is an important mechanism in tire/pavement noise gene-
ration especially in terms of the tire rotating within certain
frequency ranges. The tire/pavement noise generated by the
impact mechanism is also observed in the CPX tests. The
wavelength of the impact sourced noise is related to the vehi-
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cle's speed and distance between tire block treads. For the sake
of a quantitative investigation on the basis of an analytically
sound approach, a numerical analysis model based on a FE
acoustic-structure coupled method is established to simulate
the generated impact noise.

5.1. Finite Element Method Formation

In most engineering practices, the FEM was developed
for solving complex elastic structural analysis problems. With
the mathematical method becoming rigorous, FEM can be im-
plemented to solve partial differential equations over complex
domains such as in structure-fluid coupled problems since the
acoustic structure coupled problem can be recognized as a
branch of structure-fluid coupled problems. Thus, the FEM
can also be applied for solving acoustic structures coupled
with the discrete integral of the fluid-structure interaction equa-
tion which is written as:

vl ¢2 r ot

[ SopZLaony+ | (L) 6p)({L}p)d(Vol)

=~ popinf’ (s;{u}JﬂS) 3

where Vol is the volume of the domain, ¢ is sound speed in the
propagation medium, dp is a virtual change in pressure (=
op(x, y, z, 1)), t is time, S is the surface where the derivative of
the pressure normal to the surface is applied (a natural boun-
dary condition), {n} is the unit normal to the interface S, [L]"
matrix operators (gradient and divergence) for three-dimen-
sional coordinates, {u} is the displacement vector of the stru-
cture at the interface and p, is the mean air media density.

Equation 3 evolves from the governing acoustic equation.
The left hand side of the equation describes the relationship
between sound pressure and the coordinate distance and the
left hand side describes the acoustic pressure condition on the
fluid-structure interface. The parameter S is treated as the in-
terface of the fluid-structure interaction problem.

p in Equation 3 designates the air media pressure and the
structural displacement components u,, u, and u, as the de-
pendent variables to be solved. The finite element approxi-
mating shape functions for the spatial variation of the pressure
and displacement components are given by:

p={N{'{p} 4)

u={N"Y {u} (5)

where {N} is the element shape function for the pressure, {N'}
is the element shape function for the displacements, {p.} is
the nodal pressure vector and {u,} represents the nodal displa-
cement component vectors {u,,},{u,.} and {u.}.

Let the matrix operator {L} applied to the element shape
functions {N} be denoted by:
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(B} ={L} {N}' (©6)

Substituting Equation 6 through Equations 5 and 4 into
Equation 3, the finite element statement of wave Equation 7 is
given by:

LN+ ] (B (Bl (vl )

o [{NHn) (V) d($){ii} =0 @)

N

Equation 7 can be written in matrix notation to obtain the
discretized wave equation:

(M2 [+ K2 ]{p)+ o [R] i} =0 (8)

where [M!]=0/chH, (NN} d(ol) is the air media mass ma-
trix, [K/1= LW{B V' {B}d(vol) is the air media stiffness matrix
and p,[R.]=p,[ (N}{n}) {N'}" d(5) is the coupling mass matrix.

For the tread impact mechanism, the noise is generated
by the vibration of the tire tread caused by the interaction be-
tween the tire and pavement. For the whole system, the vibra-
tion happens not only in the air media domain but also in the
structure. Equation 8 can be employed to solve the problem of
sound propagation in the air media domain. The excitation is
applied on the domain boundary. The equation does not take
the structural vibration into account. This problem can be sol-
ved by coupling the fluid-structure interaction equation with
the structural vibration equation.

The structural vibration equation can be expressed by
Equation 9 (ANSYS, 2004):

[M. ]t} +[ K.

where [M,] is the structural mass matrix, [K,] is the struc-
tural stiffness matrix, {u } is the nodal acceleration vector, {u}
is the nodal displacement vector and {Fe} is the applied load
vector.

(F) 9)

e

Given that the air media pressure load acts at the acou-
stic-structural interface, the structural vibration equation is ex-
pressed as:

[a, Y} +[K.uy ={F}+{F (10)

where {F"} is the air media pressure load vector at the inter-
face S, which is expressed as:

() =[Ny ta(s) ) =[R i) an

Substituting Equation 10 into Equation 11, the dynamic ele-
mental equation of the structure becomes:
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[MJ{iij+K )[R 2= (12)

By assembling Equations 9 and 12, the finite element discre-
tized equation for the fluid-structure interaction problem is

obtained in the form of:
[l e s s R

5.2. Model Establishment
5.2.1. Tire/Pavement Acoustic Modeling

The three-dimensional tire/pavement acoustic model es-
tablished in the research is shown in Figure 9. The model con-
sists of three main subsections—tire, pavement and air media.
The tire is established as having the real dimensions of the
CPX tire — LXR (P225/60 97T). In the model, the tire con-
tacting with the pavement surface and is covered by air media.
The air media is modeled as a sphere because the infinite
acoustic element FLUID130, which has the acoustic energy
absorption function, can only be effective at the boundary of a
body with a spherical shape. The tire structure can be consi-
dered symmetric in the axial direction by setting the center of
the tire at the origin of the coordinate system. Therefore, it is
assumed that the dynamic and acoustic boundary conditions
of the tire in the negative and positive axial directions are the
same when the tire is rotating on the pavement. To reduce cal-
culation time and save computer resources that are needed for
the model calculation, the symmetric relationship is establi-
shed for the tire/pavement acoustic model. The vertical mid-
dle section of the tire is selected as the symmetric surface.
The structure of the tire model is shown in Figure 10.

Tire

Pavement

Figure 9. Tire/pavement Acoustic Model.

5.2.2. Element Selection

The 3-D tire/pavement acoustic model is established to
evaluate the propagation of the noise generated by the inter-
action of the tire and pavement. This acoustic model includes
seven element types. They are 3-D-fluid elements with and
without structure, shell elements, 3-D infinite acoustic ele-
ments and 3-D solid element and contact elements. 3-D sound
propagation mediums — atmospheric air and the air inside the

tire are meshed with the 3-D-fluid element — FLUID30. The
thin thickness parts — tire rubber surface and arm ring are
meshed with the shell element -- SHELL63. The solid struc-
ture — pavement is meshed with the 3-D solid element —
SOLID45 and the outer boundary of the atmospheric air is
meshed with the 3-D infinite acoustic element — FLUID130.
CONTA173 and CONTA174 elements are employed to si-
mulate the contact relationship between the tire and pavement
surfaces. The acoustic model and the meshing of the model
are shown in Figure 11.

Rubber Surface

Arm Ring

Air inside of Tire

Figure 10. Tire Structure.

The tire is a structure where the air media interfaces both
sides of a rubber shell. The energy would be absorbed by the
shell material when the sound wave passes across the shell.
Therefore, the sound pressures are different on each side of
the shell. However, it has been described by some researchers
(Maluski and Gibbs, 2000; Nguyen, 2001) that each node in
the shell element will have the same pressure on each side of
the shell and using shell elements with air media and structure
interfaces on both sides will lead to some mistakes.

The double-layer shell method, which is recommended
by Howard (2000), is employed to solve this problem. This
method is based on the theory that two layers of shells are
coincident and the displaced degrees of freedom are coupled
but release the freedom of pressure from each layer which is
free to correspond with the pressure from each side of the
shell. The material properties of the single panel should be ad-
justed to ensure the material properties of the double layer
shell are in accordance with that of a one layer shell. The
Young's modulus and density of the double layer shell should
be calculated by dividing the modulus of the real material by
2 but the other material prosperities do not need to be chan-
ged.

5.2.3. Loads and Boundary Conditions

The sound absorption coefficient indicates how much of
the sound is absorbed in the actual material. The absorption
coefficient can be expressed as:

a == (14)
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FLUID30—With Structure Absent

SOLID45-Pavement

SHELL63—Shell Structure

FLUID30—With Structure Present

Figure 11. Finite element meshing of tire/pavement noise propagation.

where a is the absorption coefficient, 7, is the reflected sound
energy and /; is the sound energy.

The sound absorption occurs where the two media inter-
act. In the tire/pavement model, there are three material inter-
actions — the air/tire rubber interaction, air/arm ring inter-
action and tire/pavement interaction. In the previous media,
the sound absorption is caused by the sound energy fraction in
the media interaction. The sound absorption coefficient can be
calculated by the following equation (Kinsler et al., 2000):

4p,c1Pucy

a(w) =
(pre; + pucy )2

(15)

where o is the circular frequency, p; and ¢; are the density and
sound speed of the incidental media and p;; and ¢; are the den-
sity and sound speed of the refracted media.

The sound speed can be calculated by the conventional
expression as show in the following equation:

c=+\lk/p (16)

where £ is the bulk modulus and p is the density of the media.

However, the pavement is a mixture of different mater-
ials. The major materials in AC pavement include sand, gravel,
asphalt and on the others. In addition, the ARC pavement is a
porous material. There are many voids on the surface and in-
side the pavement. As a result, the sound absorption area of
porous media is largely increased by the voids on the surface
and inside the media. Acoustic energy can be absorbed in por-
ous media. Thus, the sound absorption coefficient of porous
material is much larger than that of dense material. For the
above reasons, in this research, the sound absorption co-
efficient of pavement is acquired by sound absorption tests ra-
ther than theoretical calculations from Equation 15. In refer-
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ence to research on sound absorption coefficients of porous
and nonporous pavements (Marolf et al., 2004), (Ge and Wang,
2003) and (Zhu and Carlson, 2001), the sound absorption co-
efficients of the different pavements under the frequencies that
should be analyzed are listed in Table 4, where “Conv.” repre-
sents the conventional material (AC).

Table 4. Sound Absorption Coefficients («) of Each
Multi-Physics Interface

Air/Pavement Air/Pavement
Air/rubber  Air/Steel Interface Interface
Interface  Interface at 400 Hz At 630 Hz
ARC Conv. ARC Conv.
0.01 4.2x10° 0.2 0.1 0.3 0.1

5.2.4. Load Applications

The pressure is applied to the elements, which are lo-
cated on the treading edge of the tire in the form of harmonic
vibration to simulate the impact caused by the road texture.
The harmonic frequencies of the applied pressure are decided
by Equation 1 to simulate the tread impact phenomenon,
which is observed in the CPX tests. In this research, the fre-
quencies 397 and 635 Hz are selected as excitation frequen-
cies to simulate the load condition of the tire at 50 and 80
km/h.

The impact mechanism is caused by the pavement tex-
ture hitting the tire tread block while the tire is rotating. In the
present research, dynamic movement of the tire is translated
into the dynamic load applied to the tire surface. Thus, the tire
can be considered unmovable compared with the dynamic
loads. All freedoms of the nodes on the arm ring edge are fix-
ed since the spokes connect with the edges of the arm ring and
constrain its deformation.
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AVG ELEMENT SOLUTION

HTER=1 (a)
SUB =1

FREQ=397

HMIE4 (AVE)
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AVG ELEMENT SOLUTION (d)
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Figure 12. Noise pressure level distributions (in dB) corresponding to the conditions: (a) the inner microphone position under
the load pressure frequency 397 Hz and pavement sound absorption coefficient 0.1, (b) outer microphone position under the load
pressure frequency 397 Hz and pavement sound absorption coefficient 0.1, (¢) inner microphone position under the load pressure
frequency 397 Hz and pavement sound absorption coefficient 0.2, (d) inner microphone position under the load pressure
frequency 635 Hz and pavement sound absorption coefficient 0.1.

According to the research conducted by Fong (1998), the
amplitude of the contact pressure is related to the roughness of
the pavement surface and the weight of the vehicle (Fujikawa
et al., 2005). The heavier the vehicle, the rougher the pave-
ment responds to the tire. For different degrees of roughness
and vehicle weights, the contact pressure ranges from 10* Pa
to 5 X 10° Pa. Since the highway is a kind of high standard
road, the roughness is comparably low compared to other pave-
ments. The trailer is a light vehicle. The contact pressure is com-
parably low. Thus, in the simulation, 4 X 10* Pa is applied
to the treading edge of the tire as the excited load on the AC
pavement. The surface of the ARC pavement is much rougher
than that of AC pavement. Thus, the tire/pavement impact en-
ergy on the ARC pavement should be higher than that on AC
pavement. Thus, the excited load on ARC pavement is set at
55 X 10*Pa.

5.3. Results and Discussion

Various numerical simulations are performed with the
acoustic models established. The noise pressure level distribu-
tions are determined for different microphone positions, fre-
quencies and noise absorption coefficients. The noise pressure
level distributions are shown in Figure 12. The figures of
Figure 12 are the noise pressure level distributions on the
cross sections, corresponding to the positions where the mi-
crophones are actually located in the field tests.

The noise pressure levels simulated by the FE model are
compared with that tested by the CPX test. Figures 13 and 14
show the comparison of tested and simulated noise pressure
levels at different microphone positions on the ARC and AC
pavements, respectively. From the figures it can be found that
the simulated noise pressure levels decrease as the distance
increases from the excited source. This agrees with the results
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mentioned by Donavan, Oswald (1980) and Ruhala (1999)
about tire/pavement noise pressure level distributions tested
using NAH and CPI noise mapping techniques.
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Figure 13. Comparison of tested and simulated noise
pressure levels at different microphone positions on
conventional pavement.
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Figure 14. Comparison of tested and simulated noise
pressure levels at different microphone positions on arc
pavement.

In the comparison between tire/pavement noise levels on
ARC and AC pavements, respectively, the paired t-test tech-
nique (Goulden, 1956) is used to test the fitness of simulated
noise levels and measured noise levels. During the CPX tests,
there are six microphone positions for acquisition tire/pave-
ment noise pressures. The two vehicle speeds used for simu-
lation were 50 and 80 km/h. Thus, in total, there are twelve
noise pressure levels acquired from the tests. Meanwhile, the
tested results are compared with that acquired from the simu-
lation. Paired t-tests adopt a significance level of 0.05. The
paired t-test value of the simulated noise pressure with the
tested noise pressure levels on ARC pavement is 0.91 and that
of AC pavement is 1.37. Both of these t-test values are lower
than the t critical value (two-tail) with a sample size of twelve:
1.796. This means the simulated results are acceptable when
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compared to the level of significance, 0.05, which implies the
simulated results for both ARC and AC pavements fit with the
tested results at the 95% confidence level. The numerical
models established are there for valid for the acoustic analysis
on the propagation of the noise generated by the interactions
of the tire and pavements.

6. Concluding Remarks

This research studies tire/pavement noise via experi-
mental and numerical approaches with the comparisons for
the noise levels on two different types of pavement — porous
pavement (ARC) and nonporous pavement (AC). Close Proxi-
mity (CPX) tests are performed in the field to acquire the
noise generated from the tire-pavement interaction. A multi-
physics finite element (FE) model is established to study the
noise generated by the tire/pavement noise with consideration
for the impact effects between the tire and pavement surface
and the influence of the pavement surface and tire texture
structures.

The CPX tests show that for most test options the noise
pressure levels on ARC pavement are lower than that on AC
pavement. The A-weighted equivalent noise pressure reduce-
tions at the rear microphone positions are found to be more
significant and the great noise reductions from ARC pavement
are found in the tests. The contribution of the aerodynamic
sourced noise power absorption of ARC pavement to the noise
reduction is evident. From the analysis of the results of spec-
tral noise pressure levels, it is found that the great A-weighted
noise reduction at the rear microphone positions can be attri-
buted to the noise pressure reduction in the high frequency
range of the spectrum. In terms of the A-weighted equivalent
noise pressure levels, the tire/pavement interaction is found to
be the major source of tire/pavement noise. Noise frequencies
corresponding by the impact mechanism are also identified
from the CPX test. The impact mechanism noise frequencies
obtained in the field tests compare well with those calculated
with the theoretical equation.

Solving the acoustic-structure coupled problem using the
structure dynamic method is found very complicated and may
cause accuracy concerns. The structural dynamic problem is
therefore transferred to a load dynamic problem for the nume-
rical simulation model in this research. The numerical models
established consist of the solid, shell and acoustic fluid. The
models show reliability, applicability and efficiency in simula-
ting the noise generated by the interaction between a running
tire and road surface.

The simulated tire/pavement noise pressure level distri-
butions agree with those of existing studies available in the
current literature. Sound absorption considerations are found
to play an important role in traffic noise reduction with the
ARC material. The results between the tire/pavement noise
pressure level simulated using the FE model and that from
CPX tests are compared well with implementation of the pair-
ed t-test technique. The results generated by the simulation
models established can be accepted in 95% confidence level
for both the ARC and AC pavements.
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