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To establish evaluation criteria for the pavement skid resistance and noise level in tunnels pavements, the zoning and control
standards for skid resistance and concrete pavement noise were examined. Transverse friction coefficient (TFC) test equipment
and the on-board sound intensity (OBSI) method were used to evaluate the antisliding characteristics and noise levels of several
tunnel pavements. +e results indicated poor antisliding characteristics and noise levels in ordinary grooved cement concrete
pavement, whereas new types of cement concrete pavements, such as exposed concrete pavements and polymer-modified cement
concrete pavements, had good antisliding characteristics and achieved low noise levels. Combined with the cluster analysis
method, a zoning method for the antisliding and noise level in concrete pavement is proposed. +e antisliding characteristics and
noise levels of the pavement are divided into three zones. To ensure safety and comfort during driving, the antisliding value (SFC)
of the tunnel pavement should be more than 50, and the noise level should not exceed 105 dB. Finally, the correlation between the
antisliding and noise levels for pavement was analyzed. +e results indicated that the antiskiding value of pavement has a strong
correlation to the noise level.

1. Introduction

In recent years, concrete pavement has been encouraged to
replace the asphalt pavements because of their advantages,
such as easy maintenance, long service life, and durability
[1]. +e concrete pavement is completely nonflammable
and nontoxic in the case of a fire accident in tunnels [2].
Additionally, compared to asphalt pavement, it can reduce
the electrical energy consumption because of its light
surface [3].

However, because of the unique climatic environment
within tunnels and the material characteristics of the cement
concrete pavement, the concrete pavement of the tunnels has
many shortcomings. +e most problematic of which are the
skid resistance and noise [4–6]. Domestic research on tunnel
engineering mainly focuses on the structural design and
construction technology. Previous research on the concrete
pavement used in tunnels mainly focuses on the skid re-
sistance, and relatively little attention has been paid to noise
reduction for ensuring driving comfort [7].

Conventional methods for highway cement concrete
pavement design and construction are being applied to
concrete pavements used in tunnels. Because of the unique
environment inside tunnels, the pavement performance
requirements differ significantly from those of ordinary
cement concrete.+is leads to a different degree of disease in
tunnel cement concrete pavement [8]. One of the most
significant problems results from the susceptibility of ce-
ment concrete pavement to pollution and the susceptibility
of the surface texture to wear. +e pollutants such as vehicle
oil pollution and tire scraps spilled on the road surface,
which can reduce the skid resistance of the concrete
pavement. +e antisliding performance of the pavement
attenuates quickly [9]. +e skid resistance of pavements
decreases by 8–12% owing to the filling of pavement porosity
[10]. +is reinforces traffic security dangers. Additionally,
owing to the long-term wet condition of the tunnel pave-
ment surface [11], particularly during the low-temperature
winter period, the concrete pavement is more likely to freeze,
which significantly affects its skid resistance [12].
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Temperature variations can influence significantly the skid-
resistance values [13].

Furthermore, owing to the closed environment of the
tunnel, it is difficult to dissipate noise during driving, sig-
nificantly affects driving comfort [14]. Tire-pavement noise
is one of the main sources of vehicle noise. Road surface
noise is emitted and is superimposed in the tunnel, making it
last longer and making it more difficult to be dissipated,
which reduces the driving comfort. +e tire-pavement noise
is generally higher than 90 dB in the long highway tunnels
[15]. Zhang found that the tire-pavement noise inside the
tunnel is 20 dB (A) higher than that of external pavement
[16]. +ere is poor correlation between skid-resistance
values and tire-pavement noise, regardless of groove textures
[16]. +e tire-pavement noise is a key problem to be solved
in tunnel driving [15, 17].

In summary, the unique environment of the tunnel
rapidly attenuates the skid resistance of pavement. It also
amplifies road-traffic noise and negatively influences the
safety and comfort of tunnel driving. +erefore, research on
skid resistance and noise control for tunnel pavements is
imperative needed [17]. In this study, via the comprehensive
testing of different road types and surface textures, skid
resistance and noise classification standards for tunnel
concrete pavement were proposed.+e control standards for
skid resistance and noise security ensure that vehicles
operate “safely” and “quietly” in tunnels. For the sections
below the limits for the sliding resistance and low noise,
pavement maintenance must be promptly conducted to
ensure the safety of vehicle travel.

2. Experiment and Method

2.1. Road Information. To test the antisliding force coeffi-
cient and noise level of the concrete pavement for several
expressways in China, data were collected for traditional
grooved cement concrete pavement and new types of cement
concrete pavements (polymer-modified cement concrete
pavement (PCC) and exposed concrete pavement
(EACCP)). +e main pavement texture types are shown in
Figure 1. To ensure the diversity of the antiskid grading data
samples, this study also selected asphalt pavements, namely,
dense asphalt concrete (AC) and stone matrix asphalt
(SMA), which were used as comparison samples to com-
prehensively test the antiskid value and noise level of dif-
ferent types of pavement textures. Details regarding the
concrete pavement testing are presented in Table 1.

2.2. Test Methods

2.2.1. Pavement Surface Friction Coefficient. +e pavement
friction coefficient detection system (as shown in Figure 2)
was mainly used to determine the transverse friction coef-
ficient (SFC) of the concrete pavement, to assess its skid
resistance. +e measurement system included the following
instruments and equipment, all of which utilized numerical
control: a test trailer, sprinkler equipment, an electric
control box, and supporting computer software. +e test
speed was 60 km/h. +e sampling frequency was 1m. Under

these conditions, the SFC of the road surface was accurately
measured; thus, the skid resistance of the road surface was
assessed.

+e SFC has become an important index for the eval-
uation of the antiskid force during the completion and
acceptance of highways in China. Regulations stipulate that
the SFC for general sections of highways should not be less
than 0.50, while it should not be less than 0.55 in special
sections [18].

2.2.2. Road/Tire Noise Test. +e pavement noise was eval-
uated using the on-board sound intensity (OBSI) method,
where digital signal acquisition was employed to measure
the noise signal on the unit area of the space point near the
tire/road interface at a constant speed over a period of time.
+e road noise sound pressure level and octave spectrum
were analyzed and obtained [14, 19, 20]. +e A-weighted
sound level was used because A-weighting is a valid indi-
cator of the perceived loudness or annoyance of road-traffic
sound [21]. A standard test tire (ASTM E 1136) was used to
evaluate the road noise. +e vehicle speed in the test was
60 km/h. +e frequency of tire/road noise data acquisition
was 10000Hz, as shown in Figure 3.

2.3. Cluster Analysis Method for Evaluation. A multivariate
statistical clustering analysis was performed to extract the
primary features of the sample data and establish clustering
indices among different data, to define the classification
standards for antiskid and noise levels of different tunnel
pavements. +e cluster analysis method is a multivariate
statistical analysis method in which research objects are
classified according to the characteristics of different types of
samples and the “affinity” of the sample data. Clusters are
determined via the clustering analysis method, according to
the similarity of the internal data features. +ere is a large
difference between different clusters, to accurately distin-
guish the characteristic relationship between different data
groups [22]. +e main calculation process is shown in
Figure 4 [23].

3. Results and Discussion

3.1. Pavement Antiskid Characteristics and Zoning

3.1.1. Antiskid Characteristics of Pavement. +e statistical
results for the slip resistance values of different tunnel
pavements are presented in Figure 5. Table 2 shows the
statistical results of SFC.

As can be seen from Figure 5 and Table 2, we can get the
following:

(1) +e sliding resistance of the asphalt surface was
significantly higher than that of ordinary cement
concrete pavement. When the cement concrete road
surface in the form was used, such as EACCP and
PCC, the skid resistance of the cement concrete
pavement was significantly improved.With regard to
the sliding resistance of EACCP, the skid-resistance
value is larger than 65, and the coefficient of variation
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was small. When a bridge deck is made of ordinary
asphalt concrete, the antisliding force of the bridge
deck is weaker than that of the ordinary road section
because of its higher stiffness.

(2) +e antislip force of the newly laid cement con-
crete pavement was relatively strong and was
significantly affected by the microtexture of the

cement concrete. When the road surface was
treated with drag, its antiskid value become sig-
nificantly higher than that of the smooth cement
concrete pavement. Its antislip value increased by
up to 50%.

(3) Common grooved cement concrete pavement had
poor skid resistance.

(a) (b)

(c) (d)

Figure 1: Typical pavement texture types. (a) PCC. (b) EACCP. (c) Groove (no drag). (d) Groove (artificial turf drag).

Table 1: Details of testing concrete pavement.

No. Pavement type Spacing, width, and depth of groove (mm) Test location Traffic condition
A Transverse groove (artificial turf drag) 20, 5, 5 Tunnel 1 Newly builtB 50, 5, 5
C Transverse groove (no drag) 25, 5, 5 Tunnel 2
D Longitudinal grooving 25, 5, 5 Tunnel 1 5 yearsE 25, 5, 2∼4 Tunnel 3
F Transverse groove 25/50, 5, 5 Tunnel 1 Newly built
G Longitudinal grooving Random Tunnel 1 3 yearsH Random Tunnel 4
I Transverse groove 23, 5, 1∼3 Tunnel 5 2 years
J EACCP — Tunnel 6 Newly built
K PCC — Tunnel 4 Newly built
L SMA SMA-13 Tunnel 7 Newly built
M HMA AC-13 Highway pavement Newly built
N Transverse groove (no drag) 25, 5, 1–3 Tunnel 8 Newly built
O Bridge deck pavement AC-13 A large bridge Newly built
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(a) (b)

Figure 2: +e pavement surface friction coefficient test equipment: (a) test trailer and (b) data acquisition system.

(a) (b)

Figure 3: On-board sound intensity (OBSI) method: (a) noise testing system and (b) data acquisition system.
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Figure 4: Dynamic clustering computing process [23].
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Figure 5: Test results of different pavement skid resistance.
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Under the existing technical conditions, the endurance
of the antiskid structure in cement concrete pavement is
poor, and the antiskid value of most pavements declines
rapidly within a very short period of traffic. Two years after
the start of use to traffic of ordinary cement concrete
pavement, the antisliding force can be reduced by 50% or
more, particularly for cement concrete pavement used in
tunnels. In a humid environment, the concrete macro-
structure is quickly ground flat, the macrostructure is rapidly
attenuated, and the lateral force coefficient variation is large,
which significantly affects the safety and comfort of driving.

3.1.2. Pavement Antiskid Zone. +e K-means clustering
analysis method was employed, and the minimum, maxi-
mum, mean, and variance of the SFCs were used as the
independent variables to obtain the final K-means clustering
results for the SFCs of the concrete pavement, as shown in
Table 3. As can be seen from Table 3, the aggregated SFC
sample data were divided into three categories: SFC< 50,
50≤ SFC< 65, and SFC≥ 65. +e classified statistical results
for different road surface types are presented in Figure 6.

As can be seen from Figure 6, types D, J, K, and M
represent the newly laid longitudinal grooved cement
concrete pavement, EACCP, PCC, and asphalt pavement.
+ey are classified as zone 1, with the best slip resistance.+e
skid resistance of zone 2 was lower than that of typical
pavement types, and this zone included varieties such as
newly paved transverse grooves, combined vertical and
horizontal grooves, and bridge deck pavement. Zone 3 had
the worst skid resistance and included varieties such as no-
galling cement concrete pavement and typical cement
concrete pavement after several years of operation. For the
road sections corresponding to zones 1 and 2, it is safe to
drive, whereas for the road section corresponding to zone 3,
the skid resistance is insufficient and presents a potential
safety hazard. +erefore, to ensure safe driving, timely
maintenance should be performed to improve the skid re-
sistance to zone 1 or 2 values, to ensure safe driving.

3.2. Noise Characteristics

3.2.1. Sound Intensity (SI). +enoise test results for different
cement concrete pavements are presented in Table 4.

As shown in Table 4, the noise level of grooved pavement
was high, and after traffic, the noise level of grooved road
surfaces increased significantly. Because of the coarse ag-
gregate exposed outside, there were rich texture structures
on the surface of EACCP, which can significantly reduce
noise levels [24].+e noise reduction principle was similar to
that of asphalt pavement. Circulation channels were formed
to compress air. +erefore, the EACCP had a noise-re-
duction effect. +e sound pressure level was maintained at

Table 2: Statistical results of pavement skid resistance.

No. Pavement type SFCmin SFCmax SFCave SFCvariance

A Transverse groove (artificial turf drag) 53.7 60.1 56.7 1.7417
B Transverse groove (artificial turf drag) 39.9 52.2 46.5 3.1118
C Transverse groove (no drag)) 30.2 47.0 37.0 4.0939
D Longitudinal groove 64.6 70.5 67.5 1.8506
E Longitudinal groove 28.0 39.6 32.6 2.8036
F Transverse groove 51.6 58.6 55.7 1.9220
G Transverse groove 56.8 66.5 62.1 2.8490
H Longitudinal groove 30.4 37.5 34.1 2.2065
I Transverse groove 16.2 38.1 25.9 4.3963
J EACCP 67.2 75.0 72.1 2.4381
K PCC 63.2 70.6 67.3 1.6146
L SMA 47.6 69.6 56.1 4.4005
M HMA 70.6 81.0 76.8 2.2827
N Transverse groove (no drag) 20.6 44.7 34.7 4.5327
O Bridge deck pavement 51.3 73.5 63.2 6.1121
Note. SFCmin means the minimum value of SFC, SFCmax means the maximum value of SFC, SFCave means the average value of SFC, and SFCvariance means the
variance of SFC.

Table 3: K-means clustering center of SFC of concrete pavement.

Variation (SFC)
Cluster

1 2 3
Minimum 66.4 50.2 25.1
Maximum 74.3 65.4 41.4
Mean 70.9 56.7 32.9
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Figure 6: Results of the antiskid zone of concrete pavement.
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approximately 97.0 dB, which was 5 dB higher than the noise
level of traditional grooving cement concrete pavement.
Because of the unique road surface texture, the polymer-
modified cement concrete pavement can significantly reduce
the noise level of cement concrete pavement. Compared with
the ordinary grooving cement concrete pavement, the noise
level of PCC was 6 dB lower. +e sound pressure level was
similar to that of EACCP, which was nearly 96 dB. +e
microstructure of the concrete surface significantly affected
the noise reduction of the cement concrete pavement. +us,
for reducing noise, ordinary cement concrete pavement
should be treated with galling to form rich microstructures.

3.2.2. Road Noise Octave. +e noise octave of different
concrete pavements is presented in Figure 7.

As shown, for all the tested roads, the center frequency of
1/3 of the octave of the road noise was a continuous octave,
and the noise octave was mainly between 500 and 5000Hz.
+e noise for the different types of concrete pavement
exhibited similar frequency trends. At the beginning, the
noise frequencies increased. With the increase of noise
frequency, the sound pressure level also gradually increased.
After reaching the maximum value, it gradually decreased
with a further increase in the frequency. +e frequency
corresponding to the highest noise level of the road was
commonly in the range of 800–1600Hz.

Classification noise and pavement frequency range tests
revealed that louder pavement noise corresponded to a
higher noise frequency range curve, and when the frequency
was 1000Hz, the sound pressure level suddenly increased.
+is phenomenon led to sharp noise and worsened the
texture, and it occurred in transverse grooved concrete
pavement or grooved surfaces after a long time. +e noise
octaves for pavements such as EACCP, asphalt pavement,
and PCC were lower than those of other pavement types,
indicating that these pavements have low noise and provide
adequate comfort. +erefore, in the design and construction
of concrete pavement, it is necessary to avoid selecting poor
surface texture, to reduce the road noise and avoid sharp
road noise.

3.2.3. Road Noise Zoning. According to the clustering
analysis, the minimum value, maximum value, average
value, and variance of antipavement noise were selected as
the independent variables to obtain the final clustering re-
sults for concrete pavement noise, as shown in Table 5.

As indicated in Table 5, the same concrete pavement
noise can be divided into three categories: SI< 100,
100≤ SI< 105, and SFC≥ 105.+e classified statistical results
for different road surface types are shown in Figure 8.

As can be seen from Figure 8, according to the clustering
results of the noise level for different concrete pavement
types, the noise test samples can be divided into 3 zones.
Among them, zone 1 had the lowest noise value. Basically, all
asphalt pavements, EACCP, and PCC belonged to this zone.
+e noise level for this type of pavement was low and the
driving comfort was acceptable. +e average condensation

Table 4: Noise of pavement test results.

No. Type of pavement SImin (dB) SImax (dB) SIave (dB) SIvariance
A Transverse groove (artificial turf drag) 103.36 108.11 105.81 1.73
B Transverse groove (artificial turf drag) 105.63 110.01 107.82 1.89
C Transverse groove (no drag)) 106.63 111.92 109.61 2.88
D Longitudinal groove 99.26 105.62 102.16 2.87
E Longitudinal groove 107.87 112.05 110.15 3.57
F Transverse groove 105.45 109.97 107.92 1.7
G Transverse groove 102.78 107.57 105.29 2.83
H Longitudinal groove 106.83 112.57 109.58 3.17
I Transverse groove 108.9 113.82 111.23 2.97
J EACCP 93.27 99.8 97.67 0.81
K PCC 94.22 97.9 96.09 0.79
L SMA 94.47 96.55 95.44 0.45
M HMA 95.14 100.68 99.13 0.67
N Transverse groove (no drag) 105.72 111.02 108.43 1.86
O Bridge deck pavement 97.63 102.15 100.31 0.89
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Figure 7: Comparison of the 1/3 octave of different pavement
textures.
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center of noise for the concrete pavement in zone 2 was
102.8 dB, and the maximum and minimum condensation
centers were 105.71 dB and 100.41 dB, respectively. +e
traditional grooved cement concrete pavement belonged to
this zone. +e average condensed center of the noise in zone
3 was 108.61 dB, and the maximum and minimum con-
densed center values were 111.72 dB and 106.03 dB, re-
spectively.+e opening groove of the concrete pavement, the
noise level of the concrete pavement with poor grooves, and
the grooved road surface after opening to traffic were similar.
+ese types of concrete pavements exhibit a high noise level,
and the road driving comfort is poor; thus, they should be
avoided in the design and construction process.

To satisfy the overall needs of paved road surfaces, the
boundary line of area 2 should be adopted and enforced in
design and construction. +us, the noise level should not be
lower than the maximum value, which makes the noise level
of the concrete pavement the overall control in zones 2 and
1, and noise levels close to the area 3 limit should be avoided.
+is is due to poor road traffic, which is relatively rough and
uncomfortable. Additionally, the texture of this type of
pavement is poor, and the noise level is high.

3.3. Correlation between Pavement Noise and Antiskid Force.
+e correlation between the noise levels of different road
surfaces and the antiskid force was analyzed, and the results
are shown in Figure 9. +e sliding resistance of the road
exhibited a correlation with the noise level, and the corre-
lation coefficient was 0.7889. A higher sliding resistance of
the pavement corresponded to lower noise. +is is mainly
because the pavement with sufficient sliding resistance has

an adequately textured structure, which provides circulation
channels for compressed air during vehicle traffic, reducing
the road/tire noise. However, the sample size surveyed in
this study was small. A large amount of sample data should
be investigated in future study.

4. Conclusion

SFC testing equipment and the OBSImethod were employed
to evaluate the antisliding force and noise characteristics of
multiple tunnel pavements. Using the clustering analysis
method, zoning standards for antisliding and noise reduc-
tion of pavements were determined. +e main conclusions
are as follows.

Traditional grooved cement concrete pavement had poor
skid resistance. +e initial skid-resistance level was high, but
the skid-resistance level decreased rapidly soon after exposure
to traffic. In comparison, new types of cement concrete, such
as EACCP and PCC, exhibited higher skid resistance. Similar
results were obtained in pavement noise tests. +e traditional
grooved pavement was noisy and produced sharp noise,
whereas the EACCP and PCC significantly reduced the noise
between the pavement and tires. +e cluster analysis method
was adopted to divide the skid resistance and noise of the road
surface into three areas. To ensure the safety and comfort of
driving, it is proposed that the skid-resistance SFC of the
tunnel road surface should not be <50 and the noise should
not exceed 105 dB. Additionally, there is a correlation be-
tween the skid resistance and the noise.

However, this study was an exploratory investigation of
the zoning standard for the skid resistance and the noise
level of tunnel concrete pavement. +e sample size surveyed
was small. To improve the reliability of the zoning standard
for the skid resistance and noise of pavement concrete,
additional types of tunnel pavement concrete should be
investigated in future studies, for increasing the sample size.

Data Availability

+e data in the manuscript are available to the readers.

Table 5: Clustering analysis results of the noise level of concrete
pavement.

Variation (SI)
Cluster

1 2 3
Average 97.73 102.81 108.61
Variance 0.70 0.85 0.97
Maximum 95.15 100.41 106.03
Minimum 99.42 105.71 111.72
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