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Figure 1: Overview of the CPX tyre/road noise measurement system

2.2 Test method

Two road sections paved with porous asphalt (Polymer Modified Friction Course) and dense asphalt
(Wearing Course) surface respectively are selected. CPX measurements at reference speeds of 50 and 70 km/h are
conducted with four Yokohama C.drive ACO01 (185/65 R15) tyres (a locally popular passenger car tyre). The test
tyres were worn to different extent by travelling on roads during surveys in previous years. Figures 2a and 2b
show their tread hardness and depth. By comparing tyres 1 AND 3 or tyres 2 AND 4, the tread hardness influence
on noise can be inspected while the tread depth effect can be evaluated by comparing tyres 2 AND 3 or tyres 3
AND 4.
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Figure 2a: Tread hardness of the four test tyres Figure 2b: Tread depth of the four test tyres

3 RESULTS AND DISCUSSION

3.1 Tyre/road noise level

The measured tyre/road noise levels with the four test tyres are compared. Figures 3a and 3b shows the noise
levels measured at the two reference speeds on dense and porous asphalt surfaces respectively. From Figures 3a,
the differences between measured noise levels on porous road surface by the four tyres at both reference speeds
are within 1 dB. Similar observation is noted in the case of dense asphalt surface as shown in Figure 3b. To
compare whether there is any statistical significant difference between the noise levels by the test tyres, T-test is
applied to the compare the measured noise levels.
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Measured Tyre/road Noise Level on Measured Tyre/road Noise Level on
Porous Asphalt Surface Dense Asphalt Surface
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Figure 3a: Measured tyre/road noise levels on porous Figure 3b: Measured tyre/road noise levels on dense
asphalt surface of the four test tyres asphalt surface of the four test tyres

3.2 Statistical comparison on the tyre/road noise level

T-test at 5% p-value is conducted by comparing the noise level data set of one test tyre to another on the
same road surface at the same reference speed. Tables la — 1b show the p-value of individual T-test for
comparison on any two tyres. Those p-values below 0.05 are underlined. Table 2 has summarized all those noise
level numerical differences with tyres combination making up a significant statistical difference.

PA 50 km/h PA 70 km/h
p-value Tyre 1 Tyre 2 Tyre 3 Tyre 4 p-value Tyre 1 Tyre 2 Tyre 3 Tyre 4
Tyre 1 0.00 0.00 0.01 Tyre 1 0.00 0.00 0.01
Tyre 2 0.83 0.00 Tyre 2 0.48 0.00
Tyre 3 0.00 Tyre 3 0.00
Tyre 4 Tyre 4
Table 1a: T-test p-value between noise levels by Table 1b: T-test p-value between noise levels by
individual tyres on porous asphalt surface at 50 km/h individual tyres on porous asphalt surface at 70 km/h
DA 50 km/h DA 70 km/h
p-value Tyrel Tyre 2 Tyre 3 Tyre4 p-value Tyre 1 Tyre 2 Tyre 3 Tyre 4
Tyrel 0.51 0.00 0.02 Tyre 1 0.39 0.00 0.72
Tyre 2 0.00 0.00 Tyre 2 0.00 0.21
Tyre3 0.00 Tyre 3 0.00
Tyre 4 Tyre 4
Table 1c: T-test p-value between noise levels by Table 1d: T-test p-value between noise levels by
individual tyres on dense asphalt surface at 50 km/h individual tyres on dense asphalt surface at 70 km/h
SPL difference (dB)
Surface Speed T1-T3 T2-T3 T2-T4 T3-T4
type (km/h) T1-T2 (>4.67 T1-T4 (>1.61 (<1.75 (<1.64
ShA) mm) ShA) mm)
Porous 50 +1.0 +0.9 +04 N/A -0.6 -05
asphalt 70 +0.9 +0.8 +0.3 N/A -0.6 -05
Dense 50 N/A +0.6 -0.2 +0.5 -0.3 -0.8
asphalt 70 N/A +0.6 N/A +0.4 N/A -0.6

Table 2: Numerical noise level difference by tyres combination with T-test p-value under 0.05
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Referring to the tyre properties shown in Figures 2a and 2b, we can inspect tread hardness influence by
comparing tyres 1 AND 3 or tyres 2 AND 4, and we can evaluate the tread depth effect by comparing tyres 2
AND 3 or tyres 3 AND 4. The analyses on the two effects are discussed below.

Tread hardness effect

From Table 2, the columns of “T1 — T3” and “T2 — T4” indicate that harder tread rubber results in higher
tyre/road noise in most speed/surface combinations. This finding complies with researches!™ on tyre/road noise
elsewhere. The extents of tread hardness influence are +0.18 to +0.34 dB/Sh A and +0.13 to +0.17 dB/Sh A for
porous and dense asphalt road surfaces respectively.

Tread depth effect

From columns of “T2 — T3” and “T3 — T4” in Table 2, it is observed that tyre with lower tread depth
produces less tyre/road noise on dense asphalt surface at a rate of —0.28 to —0.43 dB/mm drop of tread depth.
Nevertheless, such observation does not apply to the case of porous asphalt surface as there exist no consistent
relationship between the noise level and tread depth differences.

4 CONCLUSIONS

Results of CPX measurements with four Yokohama C.drive AC01 (185/65 R15) tyres with different tyre
rubber hardness and tread depth indicate that tyres with higher tyre rubber hardness produces higher noise on both
porous and dense asphalt surfaces. The extents of influence are +0.18 to +0.34 dB/Sh A and +0.13 to +0.17 dB/Sh
A for porous and dense asphalt road surfaces respectively. For tread depth effect, results show that lower tread
depth produces less tyre/road noise on dense asphalt surface at rate of —0.28 to —0.43 dB/mm drop of tread depth.
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Abstract: Laboratory and on-road experiments are devised to test for influence of microphone vibration on the
tyre/road noise level measured with Close-Proximity (CPX) method. Results show that vibration-induced error
exists and traceable relationship of it with the vibration level is found. An attempt to correct such error is
demonstrated with a case study, showing that microphone vibration can introduce significant error to the tyre/road
noise measurement results.

Key words: tyre/road noise; CPX; vibration, error
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1 INTRODUCTION

Close-Proximity (CPX) method is a standard™ tyre/road noise measurement in which a trailer equipped with
test tyre(s) and microphones is towed to travel on test road sections at a certain reference speed. The tyre/road
noise emitted is directly measured by the microphones mounted close to and pointing at the tyre/road contact
patch. This measurement method can be used for assessing tyre/road noise performance of real public roads under
normal traffic. Figure 1 shows the overview of the twin-wheeled CPX measurement system used in this study. It
was developed and certified” in 2009 at The Hong Kong Polytechnic University. The trailer has an acoustic
enclosure for shielding external noise with minimized internal reflection. The two test tyres and two microphones
assigned for each are mounted inside.

Figure 1: Overview of CPX tyre/road noise measurement

In most experimental practices, microphone is placed stationary at the measuring point and remains intact
throughout the measurement. This is because movement and vibration of it may induce error to the measured
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noise signal owning to its sensing mechanismt®! by detecting air pressure fluctuation through vibration of
microphone diaphragm relative to the back plate electrode. It is a matter of fact that microphone produces electric
signal when it is vibrated. Some researchers!”) even make use of this properties to measure vibration using
microphone. Since public roads can be of great variety in roughness and bumpiness, vibration maybe imposed
from the road and transmitted to the mounted microphones as the CPX trailer travels on it. The measured noise
signal may then be contaminated with an additional vibration-induced signal component. This erroneous
component is termed as *“vibration-induced error” in this paper. Equation 1 expresses the hypothetic relationship

between the measured noise level at vibration level, the actual tyre/road noise level and the vibration-induced
error.

SPLL_{- = S‘DLactuaI + E(Lx) .......... Q)

2 METHODOLOGY

Laboratory and on-road experiments are devised for testing the microphone vibration influence on its
measured noise signal based on comparing the respective measured noise levels when the microphone is
stationary and vibrated. Both tests utilize the same speaker for emitting white noise as a controlled sound source.
Vibration is excited to the microphone by shaker and road bumpiness for the laboratory and on-road tests
respectively. Analysis is made to search for any traceable relationship between the vibration level and the
vibration-induced error in the measured noise level. Equation 2 express the definition of the error term as the

difference between the noise levels measured when the microphone is at vibration level L and when it is
stationary.

E(Lx) = SPLL,C - SPLStatiC .......... (2)
For both tests, the microphone vibration is measured with the microphone/accelerometer setup kit designed

as shown in Figure 2. The x and y axes denote the measuring directions of the accelerometer and the microphone

respectively. This kit is screwed and mounted to the frame of the CPX trailer rigidly. It is utilized in both the
laboratory and the on-road tests.

Steel rod connected to
the frame of CPX trailer

BE=
=)
=
==
=

Accelerometer

Microphone holder

Microphone
Figure 2: Microphone/accelerometer kit for measuring the vibration of microphone

2.1 Laboratory Experiment

As it is practically infeasible to put the entire CPX trailer into the anechoic chamber, a replica of its
microphone mounting frame is made for the laboratory test. It is also equipped with the microphone/accelerometer
kit shown above and is vibrated by a shaker. Figure 3 shows the setup of the test. The shaker is hanged over the air
with the orientation offering vibration to the frame replica at horizontal direction. The mounted microphone is
oriented pointing towards the speaker emitting white noise. The x and y axes are defined the same way as in

Figure 2. The analysis is done by comparing the measured noise levels in cases when the shaker is ON and OFF
respectively.
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Figure 3: Setup of the laboratory test for the microphone vibration
impact on the measured noise

2.2 On-road Experiment

The test concept of the on-road experiment is the same as that of the laboratory measurement in which the
method of analysis is also based on comparing the measured noise levels in vibrated and stationary conditions of
the microphone. The main differences of the setup are that the whole CPX trailer is used this time and the
vibration excitation is offered by the road bumpiness transmitted to the trailer via the vehicle.

The trailer is rigidly fixed onto the deck of the light goods vehicle as shown in Figure 4 so that the sound
source can be controlled with a speaker placed inside emitting white noise, and the uncontrollable tyre/road noise
can be eliminated as the tyres are not rolling. The measured noise when the vehicle is stationary is compared to
that when it is travelling with vibration transmitted to the microphone.

Figure 4: Setup of the on-road test with the CPX trailer fixed onto the deck of the light goods vehicle

3 RESULTS AND DISCUSSION

For both the laboratory and on-road experiments, the 1/3-octave spectra of the measured noise and the
microphone vibration are computed. The vibration-induced error of a frequency band in the measured noise is
computed with the band levels yielded from the vibrated and stationary cases using Equation 2. The error is
plotted against the vibration level of the same band to search for any observable relationship.

Traceable linear relationship between the vibration-induced error and the vibration level is observed in both
laboratory and on-road experiments for five bands (315, 400, 500, 800 and 1000 Hz). Figures 5a and 5b show two
typical plots. Under the same vibration level, the error in the on-road case is higher than that in laboratory case.
This may be caused by additional unknown noise event when the trailer is vibrated in field environment. With the
trend line equations, the error can be estimated from the microphone vibration level. Notice that only positive
value of error is accepted since it is assumed that vibration induces positive deviation to the measured noise level.
The trend line equations are listed in Table 1.
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Vibration-induced Error against Vibration Level
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Figures 5a — 5b: Vibration-induced error (dB ref. 20 uPa) against vibration level (dB ref. 1X10® g)

Table 1: Yielded trend lines between vibration-induced error and
vibration level from laboratory and on-road experiments

Laboratory Experiment On-road Experiment
L/3-octave . . Goodness . . Goodness
band (Hz) Trend Line Equation of fit (Rz) Trend Line Equation of fit (Rz)
315 E=05068L;— 32,658 0.60 E=0.6086L;— 19665 0.54
400 E =0,5385L; — 35.548 0.88 E=066111L;—34.0%4 0.35
500 E=104%944L; — 30,432 0.94 E=10.8389L; —47.323 0.55
800 E=061358L;— 36,873 0.96 E=06803L;—30.186 0.48
1000 E =0.6353L; — 38.8582 0.95 E=108253L;— 45372 0.44

4 Evaluation Study

The microphone vibration data in an ordinary CPX measurement on a concrete road surface at reference
speed 70 km/h is collected. A case study attempting to estimate the vibration-induced error and make a correction
to the measured tyre/road noise is demonstrated. Figure 6 shows the microphone vibration level measured. Using
the vibration band levels, the vibration-induced error in the noise spectra is estimated using the equations in Table
1, and correction is applied through subtracting this erroneous component from the measured band levels. Figure 7
shows the noise spectra of the original and the corrected ones using the equations yielded from laboratory and
on-road measurements respectively.

Measured Microphone Vibration Level on Concrete Road at 70 km/h

315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
1/3-octave frequency band (Hz)

Figure 6: Measured Microphone Vibration Level in a CPX measurement
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Tyre/road Noise Spectra before/after Correction for Vibration Influence
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Figure 7: Tyre/road noise spectra before/after correction for vibration influence

From Figure7, the noise spectra after correction using the trend line equations yielded from laboratory and
on-road experiments have similar pattern in which there are dips at 500 Hz and 800 Hz. The overall tyre/road
noise level of from measurement and those corrected with laboratory and on-road results are 101.6, 100.5 and
98.3 dB(A) respectively. A reduction of about 1 or even 3 dB is registered after the correction. The vibration
induced error on the measured tyre/road noise level is significant.

5 CONCLUSIONS

Laboratory and on-road experiments are devised to test for influence of microphone vibration on the
measured tyre/road noise level with CPX method. Traceable relationship between the error and vibration level is
found for five frequency bands and correction method is developed. A case study demonstrated shows that the
vibration-induced error can alter the noise spectral shape and the overall tyre/road noise level can be deviated up
to +3 dB which is significant to the measurement results.
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Abstract: This paper mainly analysis the machanism and characteristics of elevator noise and introduces a new
technology of elevator noise reduction—elevator scilencer
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