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Statistical Tyre/Road Noise M odeling in Hong Kong on Polymer
Modified Friction Course
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Abstract: Based on the Close Proximity (CPX) method specified in 1ISO/DIS 11819-2, we recorded and
analyzed the instantaneous tyre/road sound pressure levels with 4 road sections that are constructed with the
same pavement surfacing materials, that is, polymer modified friction course (PMFC). A total of 488 segments
weremadein urban areaswith apair of Standard Road Test Tyre (SRTT). Wetried to relate the tyre/road noise
with the instantaneous acceleration, vehicle speed, road temperature, road gradient and road surface age to
develop amulti-variants model. It was subsequently found that a simple tyre/road noise model linking driving
speed and acceleration is the best model. The model provides an easy way to estimate the instantaneous
tyre/road noise level. Asthe tyre/road noise is becoming more dominant component of the road traffic noise,
our proposed model has the potential to improve the current practice in estimating the road traffic noise by
introducing the interaction effect to statistical tyre/road noise model.
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INTRODUCTION

Road traffic noise comprisesthree main components,
i.e, the vehicle engine and exhaust noise, the
aerodynamic noise and the tyre/road noise. The engine
and exhaust noise depends on the power demand required
of the engine during operation and is higher at
accelerating mode. The design of the engine however has
improved over the years and becomes quieter over
evolution of thevehicledesign technology. Themigration
to electric vehicles in the coming decades will gradually
reduce the vehicles propelled by engines on the road. In
order to improve fuel efficiency of vehicles, car
manufacturers have been improving the aerodynamics of
vehicles. Subsequently, the noise generated by vehicle
movements has also gradually reduced over theyears. As
engine noise reduces, tyre noise has become one of the
major sources of passenger car noise nowadays. Tyre/road
noise is becoming a significant contributor in the loca
environment. I nthispaper, the characteristics of tyrefroad
noise are studied in order to find waysto reduce the noise
emitted by the interaction between vehicle tyre and road
surface. AccordingtoLi et al. (2009), many factorsaffect
the amount of tyre/road noise emissions. These factors
include vehicle speed, acceleration, road gradient,
thickness of surface layer and the age of road surface. It
isgenerally accepted that traffic noise levels are affected
by the road gradient. Johnson and Saunders (1968) was
fist concluded that the effect of gradient dependsuponthe
percentage of heavy vehicles and predicted increases of
up to 12 dB (A) for agradient of 1 in 8. However, later

research suggested the estimation was too high and under
normalized conditions the increase was only of the order
of 4 dB (A). Road gradient was first applied in noise
model in the 1952 Handbook of acoustic Noise control
(WADC., 1952), correction were included for gradients.
Anonymous (1975) wasfurther included road gradient for
finding L10 value. MITHRA aso further consider road
gradient as one of the parameters in the algorithm for
traffic noise estimation. EMPA (1987) and O’'Boy and
Dowling (2009) tried to model tyre/road noise by using
the finite element method. The model, however, has
limitation to mimic the noise generated in the real road
conditions. A more practical approach to measure the
on-road tyre/road noisedirectly isbeing practicedin order
to understand the characteristics of road noise. Mak and
Hung (2014) applied statistical method on modeling
tyre/road noiseon fiction course material, however, rarely
researchestry toinvestigatetheinteraction effect between
variable. Therefore, in thisstudy, we aimed to investigate
the interaction effect between variables.

ISO/DIS 11819-2 (2012) on the close proximity
(CPX) tyrefroad noise measurement method specifies
placing two mandatory microphonesclosetoarollingtyre
and road contact surface to record the sound pressure
level. A CPX tyre/road noise measurement vehicle was
developed by Hung et al. (2007) in Hong Kong and has
been used to measure the tyre/road noise of many road
surfaces. Simultaneoudly, thisCPX vehicleal so measures
the instantaneous speed-time profiles of the vehicle. The
data set enables the analysis of the relationship between
tyre/road noise and instantaneous driving pattern.
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MATERIALSAND METHODS

Thedevelopment of our proposed stati stical tyre/road
noisemodel started fromthe principal component analysis
on urban driving condition and road surface condition
variables. Statistical principal component analysis was
used for identify redundant variables and to identify the
most important components and also quantify the
percentage of variation represented by each component.
The principa components results can indicate if
interaction effects exist between variables. For amultiple
significant coefficient factorscomponent, it representsthe
interaction effect that exists between corresponding
factors. Interaction effect between corresponding factors
should beinvestigated further toidentify their relationship
with tyre/road noise.

After identified the existence of interaction effects
between principal factors, cluster analysis on tyre/road
noise levels with the pre-defined principal factors has
been applied to generate a three-dimensional matrix in
order to identifying the relationship of the interaction
effectsbetween factors. Cluster analysisclassified aset of
observations into two or more mutualy exclusive
unknown groups based on combinations of interval
variables. The purpose of cluster analysisisto discover a
system of organizing observations. An instantaneous and
small interval range three-dimensional tyre/road noise
matrix is developed by applying cluster analysis. The
corresponding tyre/road noiseis calculated and placed in
each cell of two pre-defined principal factors, with one
being the row and the other one being the column of the
matrix. The matrix can help with quantify the interaction
effects.

Lastly, doatistical stepwise multiple regression
analysis was applied on the urban driving behaviour
factor for overall tyre/road noiselevel. Besidesidentifying
the principal tyre/road noise impacting factors, the
regression model can also be used to quantify the
contribution of each factor.

The statistical tyre/road noise prediction model can
express as follow:

SPL cequency = Zaixi + ZBiXin

Coefficient of parameter X,

Parameter of urban driving condition
Coefficient of the interaction effect between
parameters X; and X;

Datacollection: The CPX methodin measuringtyre/road
noiseas specified inthe | SO/DIS 11819-2 wasemployed.
This method uses two mandatory microphones;, one
positioned at 200 mm from the tyre side wall and the

102

other at 100 mm above the surface. At+ and -45° with
respect to the centre of the contact patch, the tyre/road
noise is to be measured. The CPX method enhances the
ability to determine the noise characteristics of the road
surface at amost any arbitrary site. Most importantly, the
CPX method allows tyre/road noise measurement on the
in-use traffic roads and hence the real situation of the
tyre/road noiseinfluence can be measured. A CPX trailer
towed by alight duty vehicle has been built to measure
the tyre/road noise in Hong Kong. This CPX assembly
has been certified and detail swerereported by theauthors
(Hung et al., 2008).

Torecord thetravelling speed of the CPX vehiclefor
speed monitoring and speed correction in dataanalysis, a
Microstar Speed Sensor from Corrsys-datron is adopted.
Mak et al. (2011) applied a microwave speed sensor on
the CPX vehicle to measure instantaneous speed in
parallel with the tyre/road noise measurement. The
microwave antenna is fixed at the side of the CPX
vehicle. The data acquisition system, power supply
system and alap-top computer are placed in the vehicle.

Polymer Modified Friction Course (PMFC) with a
thickness of 30 mm and the maximum chipping size of
10 mm is selected for study in this survey. The survey
involves driving the CPX vehicle repeatedly along these
selected road sections.

A total of 488 segments along the 4 selected road
sections were made in urban areas with a pair of SRTT,
the pavement surface age, road gradient, air temperature
and road temperature were also recorded for analysis.

RESULTS

On every trip, the data for both tyre/road noise and
speed were recorded on a second-by-second basis. These
congtituted the database for the analysis of spatial
differences in driving characteristics. Besides driving
behaviour, the pavement surface age, road gradient and
sampling road temperature were also recorded for
analysis.

According to our proposed analytical stepsdescribed
in above, the linear relationships between tyre/road noise
in terms of sound pressure level and all variables by
different road surfacetypewerefirst tested and theresults
are shown in Table 1. The significance test on Pearson’s
correlation coefficients showed that most of the variables
had significant linear relationshipsto SPL, except for road
surface age. Besides, both correlation values indicated
strong rel ationships. Pearson correl ation together with the
significance test on Pearson correlation for each variable
was calculated as shown in Table 2. It can be observed
that most of the variables do not have significant linear
relationships with other variables, except for road
temperature and air temperature.
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Table 1: Correlation table between SPL and other variables
Correlation parameters Gradient (tan 0) Vehicle speed (msec™®)  Absolute vehicle acceleration (m sec™) Road temperature (°C)

Left mic (dB) 0.635 0.838 0.795 0.711

Right mic (dB) 0.617 0.825 0.763 0.693

Table 2: Correlation table between variables

Correlation parameters Gradient (tan 0) Vehicle speed (m sec™?) Absolute vehicle acceleration (m sec™?)
Vehicle speed (m sec™) 0.142

Absolute vehicle acceleration (m sec™?) 0.231 0.354

Road temperature (°C) 0.123 0.027 0.204

Table 3: Eigenvalues and percentage of variance represented by corresponding components

Components Eigen values Variance (%)
1 1.715 38.26

2 1531 34.13

3 1.065 23.74

4 0.173 3.86

Table 4: Result of principal components analysis

Components
Parameters 1 2 3
Road gradient 0.120 0.015 0.148
Road temperature 0.007 -0.226 0.173
Vehicle speed 0.918* 0.302 0.645*
Vehicle acceleration 0.309 0.716* 0.548*

*Coefficient issignificant at the 0.05 level

Table 5: Coefficient of each statistical model together with the R-square value

Overall SPL (dB)
Parameters Left mic Right mic
Constant 90.212 89.729
Vehicle speed (m sec™) 0.759 0.724
Road temperature (°C) Not significant Not significant
Absolute acceleration (m sec™) 1.618 1514
Interaction effect (speed X absolute acceleration) 0.073 0.096
Gradient Not significant Not significant
R-square 0.839 0.731

The corresponding componentsareshowninTable3.  these significant factors. To conclude, 96.14% of the
The component analysis was carried out on the dataset  overal variation could be represented by the suggested
and the eigenvalues and percentage of variance  three components.
represented by the corresponding components are shown As the results of the principal component analysis
in Table 4. The result showed that three componentshad  showed that vehicle speed and vehicle acceleration have
eigenvalues greater than one, so these three components  asingle principal effect, further analysis on the impact of
were selected as the principal factors in our data set.  thecorresponding factorswas undertaken. Aninteraction
Varimax with Kaiser normalization was applied for  effect between vehiclespeed and vehicleaccel erationwas
rotation methods on extracting the principal components. suggested by the result of the principa component

After Varimax rotation, three components were  analysis. Therefore, the effect of the interaction between
extracted by principal component analysis. The first  vehicle speed and vehicle acceleration on tyrefroad noise
component was dominated by the factor vehicle speed, was investigated further.
which was also the only significant coefficient in thefirst We further try to develop a tyre/road noise model
component. This means that vehicle speed canrepresent  with overal SPL. The tyre/road noise (SPL) was
38.26% of the overall variation. The second component  considered as the dependent variable and the five
was dominated by vehicle acceleration only, which  parameters (i.e., vehicle speed, road gradient, absolute
represented 34.13% of overall variation. The last  acceleration, road temperature, interact effect between
component had two significant coefficients which were  vehicle speed and absolute acceleration) were
vehicle speed and vehicle acceleration. The last  independent variables in this regression analysis. The
component represented 23.74% of overall variation. As  coefficient of each statistical model together with the
the second component covered two significant factors, it R-square value is shown in Table 5. Furthermore, the
represented an interaction effect that existed between  residuasof al modelsshownin Table5 havefulfilled the
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Fig. 1. Measured and predicted noise level (dB)

requirement of independent, normal distributionwith zero
mean and constant variance. Theresultsshow that vehicle
speed, absolute acceleration and the interaction effect
between vehicle speed and absolute acceleration are
particularly significant factors in the model. Relatively
high R-square values, i.e., 0.839 and 0.731 are observed
for left and right microphone, respectively.

Model verification: We validated the developed
prediction model in this study using the data collected at
another sampling site in Hong Kong in 2013 with same
surface texture and tyre. Figure 1 indicated the
comparison between measured and predicted noise level.
Figure 1, indicted the comparison between measured and
predicted noised levels at Hong Kong in the developed
prediction model. From the result shown in Fig. 1, it
indicated that the predicted values by the developed
model in this study were very accurate in statistical point
of view.

CONCLUSION

The tyrelfroad noise generation mechanism is so
complicated that the influences or effects are not only
fromindividual factors, but also a combination of two or
more factors or even interaction effects. Also, the
influence of each factor is hard to estimate since the
travelling conditions of avehiclewill involve changesin
thesefactors, such as speed, road surface materialsaswell
as the tyres. Multiple regression analysis was applied to
the data set and statistical tyre/road noise models were
developed for urban driving conditions. The model
showed that vehicle speed, absolute acceleration and the
interaction effect between vehicle speed and absolute
acceleration are the major factors in the tyre/road noise
model. Verification was carried out in Hong Kong, ahigh
accuracy was showed in our prediction model. The
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introduction of the interaction effect can help to improve
the current tyre/road noise model and also provide abetter
and more complete picture of urban driving tyre/road
noise.
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