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Abstract: To thoroughly explore the relationship between concrete pavement texture characteristics
and tire/pavement noise of grooving concrete pavement, the surface texture, i.e., roughness,
macrotexture, and microtexture, was investigated in numerous highway pavements. The On-Board
Sound Intensity (OBSI) method was used to test the pavement/tire noise. The statistical correlation
between concrete pavement texture characteristics and tire/pavement noise was quantitatively
described by two correlation analysis methods for highway concrete pavement: origin of linear
regression and the Pearson two-sided test method. The results indicate that the effect of pavement
roughness on tire/pavement noise is significant, while the noise level is minor for the flat pavement.
The macro texture depth also has a marked impact on the tire/pavement noise. In addition, a large
grooving depth of concrete pavement could cause a high tire/pavement noise level; however, there is
no clear correlation between side-way force coefficient (SFC) and tire/pavement noise.
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1. Introduction

With the rapid development of the economy, concrete pavement design should not only meet
the basic requirements of vehicular traffic, but also improve its surface functions, such as skidding
resistance, durability, and low noise. A serious concern in engineering to reduce the noise of concrete
pavement, especially in heavily populated areas, highways near the city, and tunnels [1,2]. In recent
years, noise barriers, green forest, and other ways were often used to reduce the tire/pavement noise
level. However, the infrastructure is expensive and difficult to repair after damage [3]. Recently,
some results have shown that concrete pavement surface textural features are closely correlated to
the tire/pavement noise. Utilizing a “quiet” concrete pavement texture has a significant advantage in
noise reduction on pavements [4-6].

Han et al. indicated an exposed aggregate cement concrete pavement (EACCP), a new style of
cement concrete pavement with a superior performance, i.e., excellent skidding resistance and noise
reduction, for a pavement texture depth of 0.7-1.8 mm and a pavement noise reduction amplitude
of 3—4 dB(A) [7,8]. Liu et al. found that the porous cement concrete pavement, EACCP, and the
longitudinal groove pavement have a similar noise level to that of the asphalt pavement, and each
of them has a good skidding resistance performance [9]. Tian et al. tested the concrete pavement
noise value of 10 different texture types using the control pass method. The results showed that
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porous concrete pavement with a void ratio of 17% can reduce the tire/pavement noise value by about
4~8 dB(A) compared with the groove concrete pavement [10]. Ling Tianqging et al. found that, with
the aim of ensuring the mechanical properties and wear resistance of pavement, adding ceramsite to
concrete can reduce traffic noise by reducing the road slab stiffness [11]. The use of new cement concrete
pavement, i.e., EACCP, porous concrete pavement, or ceramic, creates superior skidding resistance and
has a great effect on the noise reduction of pavement; however, due to the relatively high construction
costs and the difficulty of technology promotion and application, many countries still use the groove
method in the concrete pavement surface texture. Jaecke et al. found that a uniform and random
transverse tin plating produces a higher effect on internal and external noise than either skewed or
longitudinal tin planting. Transversal tin plating, even in some randomly spaced textures, causes
discrete frequencies or whine [12]. Burge provides a contrast between the longitudinal diamond road
and the transverse diamond road for the newly built Portland cement concrete pavement. The results
show that the noise of the longitudinal rthombic ground shows a low range from 2 to 5 dB and mainly
depends on the composition of the traffic vehicles [13]. Kohler t al. also measured and compared
the pavement noise level of existing concrete pavement by the onboard sound intensity method.
The surfaces encountered were classified into five texture categories: burlap drag, diamond ground,
diamond grooved, longitudinally broomed, and longitudinally tined [14]. The results show that the
quietest section is measured on the surface of diamond abrasive particles. However, the longitudinal
viewing surface as a group is the quietest, based on the average noise level of the assessed slices for
each texture type. Liu et al. revealed that the noise level of the transverse groove concrete pavement is
the highest, followed by smooth concrete pavement and longitudinal groove concrete pavement, and
the noise level of porous concrete pavement is the lowest [15]. Li compared the noise characteristics of
newly-built Portland cement concrete pavement with longitudinal and transverse diamond grooved
pavement by the tire acceleration method [16,17]. The results show that, compared with the transverse
grooving road surface, the longitudinal grooving has good performance at preventing vehicle sideslip
and reducing noise.

Generally, the noise is a focus of concrete pavement. However, there is limited research on the
correlation between texture features and noise of concrete pavement. In this paper, concrete pavement
noises are collected by an on-board sound intensity system (OBSI). Statistical analysis is used to discuss
the correlation between common concrete pavement surface texture and noise value.

2. Materials and Methods

The characteristics of concrete pavement surface texture in highway tunnels were collected in
Gansu province. The test site information and textural characteristics of the samples are shown in
Table 1.

Table 1. Test section information of concrete pavement.

. Groove Spacing/Groove Number of
Texture Type Test Sites Width/Groone Dgepth (mm) Sample Group
. 20,5,5 20
Wang Jiaba Tunnel 25.5,5 20
Transverse groove Guo Jiashan Tunnel 20,5,5 20
Mai Jishan Tunnel 24-25,5,3-4 /
Wu Shaoling 2# Tunnel 20, 4,2-3 /
Wu Shaoling 4# Tunnel 22-24,4,2-3 /
Wang Jiaba Tunnel 25,5,5 20
Longitudinal groove Guo Jiashan Tunnel 25,5,5 20
Mai Jishan Tunnel 22-24,5,3-4 16
T Wang Jiaba Tunnel 25/50,5,5 25
ransverse random
spacing groove Guo Jiashan Tunnel 15/25,5,5 22
20/40,5,5 22
L Wang Jiaba Tunnel 25,5,5 24
Longitudinal random Guo Jiashan Tunnel 25,5,5 24

spacing groove Mai Jishan Tunnel 24-25,5,3-4 22
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2.1. Measurement of Concrete Pavement Texture

In this study, test methods of concrete pavement texture are shown in Figure 1. During the testing,
the pavement roughness is measured by a continuous roughness tester (LXBP-3, Changsha Instruments
Company, Changsha, China). Meanwhile, the macrotexture and microtexture are tested by the sanding
method and friction coefficient test equipment (JGMC-2, Beijing JinGuShenJian Measuring and Control
Technology Institute, Beijing, China), respectively.

(a) Continuous roughness tester (b) Sanding method (c) Friction coefficient test equipment

Figure 1. Test methods of concrete pavement texture.

2.2. Tire/Road Noise Test

The on-board sound intensity system (Figure 2) is a useful method in tire/road noise testing
for measuring the noise level of each test section. The test vehicle ran at a constant speed of
60 km/h. Dewesoft 7.0 (DEWEsoft, Trbovlje, Slovenia) and Coinv DASP ET software (v2005, China
Orient institute of Noise and Vibration, Beijing, China) were used to collect and analyze the noise
characterization, respectively, and the frequency of collection was 10,000 Hz.

Figure 2. The on-board sound intensity system (OBSI).

3. Results

3.1. Pavement Roughness and Noise

Before the statistical analysis, the measurement data of pavement roughness must be revised to
eliminate the obvious systematic errors such as the effect of concrete pavement joints. Then Origin Pro
8.5 was used to perform a regression analysis between the international roughness index (IRI) and the
tire pavement noise level. The statistical results are shown in Figure 3.
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Figure 3. Regression analyses between groove concrete pavement roughness and tire/road noise.

Figure 3 shows that there is a quadratic relation between the concrete pavement roughness
and the noise level, and the correlation coefficient (R?) is 0.74. It is indicated that there exists a
certain correlation between the pavement roughness and tire/pavement noise of concrete pavement.
To further investigate this relationship, Statistical Program for Social Sciences (SPSS) 19.0 statistical
analysis softwarewas used for the correlation analysis of test samples. Table 2 presents the results of
SPSS correlation analysis of descriptive statistics.

As can be seen from Table 2, the average IRI and OBSI values of the samples are 1.73 m/km and
103.1 dB(A), respectively, and the standard deviations of the two variables are relatively small. This
indicates a small discrete degree among various samples, which to some extent reflects the accuracy of
the test data.

Pearson correlation coefficient and p-value from the T statistics test were calculated through the
SPSS correlation matrix analysis process. The results are shown in Table 3.

Table 2. Statistical description of international roughness index (IRI) and On-Board Sound Intensity

System (OBSI).
Sample Mean Standard Deviation N
IRI (m/km) 1.73 0.675 35
OBSI (dB(A)) 103.1 1.366 35

Table 3. Correlation analysis between pavement roughness and tire/pavement noise.

Statistical Test Parameters IRI (m/km) OBSI (dB(A))
Pearson correlation coefficient 1.0 0.82 **
Significant (bilateral) 0.0
IRI (m/km) Sum of squared 16 26
Covariance 0.46 0.76
N 35 35
Pearson correlation coefficient 0.82 ** 1
Significant (bilateral) 0.00
OBSI (dB(A)) Sum of squared 26 63
Covariance 0.76 1.9
N 35 35

** means the correlation was significant at the level of 0.01 (both sides).

Table 3 shows that the Pearson correlation coefficients of two variables are 1.0 and 0.82, respectively.
This indicates that there is a strong correlation between the roughness and noise of concrete pavement.
Indeed, a positive correlation between the concrete pavement roughness and tire/pavement noise can
be observed. In other words, using the same test section the corresponding tire/pavement noise level
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also increases when increasing the international roughness index (IRI). What needs to be noticed is that
when the IRI increases over 2.4 m/km, the noise level does not increase any more. The reason is that
the fast scroll wheels make contact with the uneven concrete pavement surface, which can generate
vibrational noise during the high-speed driving. The worse the roughness of concrete pavement,
the higher the corresponding vibration noise will be [18].

3.2. Macrotexture and Noise

3.2.1. Transverse Groove Concrete Pavement

The statistical results of a correlation analysis between the macrotexture and the noise of a
transverse groove concrete pavement are shown in Figure 4.
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Figure 4. Regression analysis between macrotexture of transverse groove pavement and tire/road noise.

Figure 4 shows that there is a quadratic relationship between the macrotexture and tire/pavement
noise of transverse groove pavement, and the correlation coefficient (R?) is 0.63. This implies that
there is a certain correlation between macrotexture and tire/pavement noise of transverse groove
concrete pavement. Likewise, SPSS 19.0 statistical analysis software was used for testing samples
of two variables’ correlation analysis. Table 4 presents the calculation results of an SPSS correlation
analysis of descriptive statistics.

Table 4. Statistical description of macrotexture and OBSI of transverse groove concrete pavement.

Sample Mean Standard Deviation N
Macrotexture (mm) 0.720 0.105 40
OBSI (dB(A)) 103 1.59 40

As can be seen from Table 4, the sample mean of macrotexture is 0.720 mm, and the OBSI
is 103 dB(A). In addition, the variable dispersions are small, reflecting well the accuracy of the
experimental data.

Pearson correlation coefficient and p-value from the T statistics test are shown in Table 5.

Table 5 shows the Pearson correlation coefficient of the two variables is 0.79. This indicates that
there is a strong, positive correlation between the macrotexture and the tire/pavement noise. In other
words, under the same test conditions, the corresponding tire/pavement noise level will also increase
with the increase of macrotexture. The main reason may be the direct contact of fast scroll wheels with
road trench when the vehicle is driving at high speeds. Thus, a certain degree of deformation in rubber
tires occurs because of the tire contact impact force. The vibration noise will be generated during the
repeated tire deformation and recovery. The higher the macrotexture, the higher the corresponding
vibration noise will be [19]. Meanwhile, it is noticed that the noise level does not increase obviously
when further increasing the value of macrotexture.
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Table 5. Correlation analysis between macrotexture and noise of transverse groove concrete pavement.

Statistical Test Parameters Macrotexture/mm OBSI/dB(A)
Pearson correlation coefficient 1 0.79 **
Significant (bilateral) 0.001
Macrotexture/mm sum of squared 0.427 5.19
Covariance 0.011 0.133
N 40 40
Pearson correlation coefficient 0.790 ** 1
Significant (bilateral) 0.001
OBSI/dB(A) sum of squared 5.19 98.8
Covariance 0.133 2.53
N 40 40

** means the correlation was significant at the level of 0.01 (both sides).

3.2.2. Longitudinal Groove Concrete Pavement

The statistical results of correlation analysis between macrotexture and noise of longitudinal
groove concrete pavement are shown in Figure 5.
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Figure 5. Regression analysis between macrotexture of longitudinal groove pavement and

tire/road noise.

Figure 5 shows that there is a quadratic relationship between the macrotexture and tire/pavement
noise of longitudinal groove pavement, and the correlation coefficient (R?) is ~0.60. This indicates
that there is a certain correlation between macrotexture and tire/road noise of longitudinal groove
concrete pavement. Likewise, SPSS 19.0 statistical analysis software was used to test samples for the
two variables correlation analysis. Table 6 presents the calculation results of SPSS correlation analysis
of descriptive statistics.

Table 6. Statistical description of macrotexture and OBSI of longitudinal groove pavement.

Sample Mean Standard Deviation N
Macrotexture (mm) 0.71 0.729 36
OBSI (dB(A)) 101 1.48 36

As can be seen from Table 6, the sample mean of macrotexture is 0.71, which meets the relevant
requirement of the current industry standard. The standard deviations of the two variables are
relatively small, which implies that the individual sample is closer to the sample mean with a less
variation degree. Macrotexture of samples are consistent with the new concrete pavement construction,
furthermore, validate the accuracy of the test data.
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The Pearson correlation coefficient and p-value from the T statistics test are shown in Table 7.
The Pearson correlation coefficients of the two variables are ~0.78, indicating that there is a high,
positive correlation between the macrotexture and the tire/road noise of longitudinal groove concrete
pavement. In addition, the corresponding pavement noise level will also increase when increasing
the macrotexture under the same test conditions. Meanwhile, it is worthwhile noting that there is no
saturation of noise level when varying the macrotexture.

Table 7. Correlation analysis between macrotexture and noise of longitudinal groove pavement.

Statistical Test Parameters Macrotexture/mm OBSI/dB(A)
Pearson correlation coefficient 1 0.78 **
Significant (bilateral) 0.001
Macrotexture/mm Sum of squared 0.186 2.97
Covariance 0.005 0.085
N 36 36
Pearson correlation coefficient 0.78 ** 1
Significant (bilateral) 0.001
OBSI/dB(A) Sum of squared 297 76.7
Covariance 0.085 2.19
N 36 36

** means the correlation was significant at the level of 0.01 (both sides).

3.3. Microtexture and Noise

Figure 6 shows the statistical results of the regression analysis between side-way force coefficient
(SFC) and the corresponding tire/road noise.
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Figure 6. Regression analysis between side-way force coefficient (SFC) and tire/road noise.

As can be seen from Figure 6, there is no noticeable correlation between SFC and noise of concrete
pavement. The pavement noise level of some test sections remains nearly unchanged for the same
type of concrete pavement texture despite the varying of SFC. The tire/pavement noise level, however,
varies greatly with SFC. Table 8 presents the results of an SPSS correlation analysis of descriptive
statistics. As can be seen from Table 8, the sample mean of SFC is 57.8, which meets the requirements
of the current industry standard. Nonetheless, the standard deviation of SFC is 7.299, indicating a high
degree of dispersion.



Appl. Sci. 2018, 8, 2141 8 0f 10

Table 8. Statistical description of side-way force coefficient (SFC) and OBSL

Sample Mean Standard Deviation N
SFC 57.8 7.30 92
OBSI/dB(A) 100 227 92

The Pearson correlation coefficient and p-value from the T statistics test are shown in Table 9.
Table 9 shows that the Pearson correlation coefficients of two variables is 0.136, which shows that the
two variables may have a weak correlation. In another word, the SFC of concrete pavement has no
obvious correlation with the noise. The main reason may be that SFC is mainly related to the material
properties of pavement, water film thickness, speed, wear, and pollution of pavement surface [20].

Table 9. Correlation analysis between SFC and noise.

Statistical Test Parameters SFC OBSI/dB(A)
Pearson correlation coefficient 1 0.136
Significant (bilateral) 0.196
SFC Sum of squared 4847.652 204.803
Covariance 53.271 2.251
N 92 92
Pearson correlation coefficient 0.136 1
Significant (bilateral) 0.196
OBSI/dB(A) Sum of squared 204.803 466.972
Covariance 2.251 5.132
N 92 92

4. Discussion

Based on current research, tire/road noise mainly comes from the air pumping effect and vibration
effect, which depend on the surface texture characteristics of grooving concrete pavement [21].

From the test results, it was found that there is a significant correlation between tire/pavement
noise and pavement surface texture index, such as IRI and macrotexture, besides the microtexture.
The pavement noise increases with the groove depth, because of the increased volume embraced by
the tire grooves in contact with the concrete pavement. With the tire rolling on the road, air pumped
volume increases, leading to high noise. At the same time, as the groove depth increases, the volume of
the gas pipeline cavity formed between groove and tire tread increases, which enhances the tire cavity
resonance effect during the tire rolling. Additionally, when the tires leave the road, the air volume
in the contact surface will increase, which causes an increased Helmholtz resonance effect and thus
noise amplification. For microtexture that does not induce vibration and air pumping effect, there is
no correlation with noise.

5. Conclusions

Concrete pavement noises are collected by an on-board sound intensity system (OBSI) and
statistical analysis results show that there are different correlations between pavement surface texture
characteristics and the noise value.

The roughness of concrete pavement has a significant influence on the noise level. The corresponding
noise level increases with the increase in the international roughness index (IRI).

The macrotexture of concrete pavement is closely related to the noise level. The noise level of
transverse groove concrete pavement is lower than that of longitudinal groove concrete pavement.

The microtexture of concrete pavement has no significant influence on the tire/pavement noise
level. In other words, pavement noise can be reduced by choosing superior pavement texture while
ensuring vehicle safety.
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