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Abstract

In ice and snow weather, the surface texture characteristics of asphalt pavement change, which will significantly affect
the skid resistance performance of asphalt pavement. In this study, five asphalt mixture types of AC-5, AC-13, AC-16,
SMA-13, SMA-16 were prepared under three conditions of the original state, ice and snow. In this paper, a 2D-wavelet
transform approach is proposed to characterize the micro and macro texture of pavement. The Normalized Energy (NE)
is proposed to describe the pavement texture quantitatively. Compared with the mean texture depth (MTD), NE has
the advantages of full coverage, full automation and wide analytical scale. The results show that snow increases the
micro-scale texture because of its fluffiness, while the formation of the ice sheets on the surface reduces the micro-
scale texture. The filling effect of snow and ice reduces the macro-scale texture of the pavement surface. In a follow-up
study, the 2D-wavelet transform approach can be applied to improve the intelligent driving braking system, which can
provide pavement texture information for the safe braking strategy of driverless vehicles.
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Introduction
The pavement texture refers to the characteristics of the
concave-convex structure on the surface areas, and it is an
important index to evaluate the roughness of the pave-
ment surface. The pavement surface texture was subdi-
vided into four ranges based on the wavelength by PIARC
[19]: microtexture, macrotexture, megatexture, and un-
evenness with wavelengths from 0mm to 0.5mm, 0.5mm
to 50mm, 50mm to 500mm and 500mm to 50m, re-
spectively. It is known from the reports by various studies
that the pavement surface texture plays a significant role
in the road skid resistance performance. These texture
scales have different contributions to tire-pavement fric-
tion [14]. Typically, a more pronounced depth of macro-
texture leads to a better skid resistance performance for
roads of the same material [23, 24].

Snow and ice weather have a significant influence on
the skid resistance of pavement. In snow and ice wea-
ther, the ice or snow attached to the pavement surface
will fill the gap of the mixture, significantly reduce the
roughness of the pavement surface texture, and signifi-
cantly change the skid resistance performance of the
road surface, which could lead to treacherous driving
conditions (Huaxin [12, 17, 28]).
Pavement surface texture is usually characterized by

the mean texture depth (MTD) and the mean profile
depth (MPD). Previous research shows that the two pa-
rameters are highly correlated [20]. On the one hand,
the mean texture depth (MTD) obtained by the sand
patch method is not accurate enough to ensure the ob-
jectivity of the testing results. On the other hand, the
mean profile depth (MPD) by high-speed profiler mea-
surements do not consider all surface profile properties.
From what has been discussed above, the two descrip-
tion methods cover many original features of pavement
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surface texture and fails to meet the needs of current
research.
In recent years, various methods have emerged to char-

acteristics of pavement macrotexture accurately [15, 21,
22]. High-resolution equipments are frequently used to
obtain three-dimensional texture information of road sur-
face ([25, 26, 31]). Mistakidis used the surface fractal di-
mension to describe the pavement texture [16]. De Chen
proposed a cost-effective and relatively precise image-
based texture analysis method (ITAM) based on digital
image processing and spectral analysis technologies [7, 8].
Puzzo Lorenzo used five common cameras to collect
pavement surface pictures and calculate the digital Mean
Texture Depth (MTD) starting from the Digital Surface
Model (DSM) generated by the photos [20]. Liqun Hu
used a handy laser scanner to collect 3D texture data of
asphalt surface, and eight different roughness parameters
were used to describe the 3D characteristics of macrotex-
ture images [11]. Persson presented a mathematical model
that quantitatively determines the kinetic friction coeffi-
cient of rubber sliding against a hard, rough substrate,
which can be used to predict and calculate skid resistance
[18]. Andreas Ueckermann used a chromatic white light
sensor to measure pavement texture and calculated the
skid resistance based on the measured texture by means
of a rubber friction model [3].
Signal processing methods were applied to analyze the

texture data through the researchers’ study in recent years
[10]. Aggregate physical descriptors and Fourier trans-
forms have been used to characterize the texture proper-
ties of the aggregates used in asphalt concrete surface
courses [6]. The power spectral density (PSD) was applied
to analyze the pavement texture profile signals [1]. How-
ever, the advanced data analysis methodologies mask the
spatial reference of the data [13]. Wavelet transforms
allow frequency domain analysis while preserving spatial
reference [4]. Hence, the wavelet transform was carried
out to research the correlation between MPD and
wavelet-based parameters [27, 29, 30]. The wavelet ana-
lysis was applied in quantifying aggregate particle surface
texture using two-dimensional (2D) grey-scale images [2].
Work by Abbas et al. also used wavelet analysis to
characterize the 3D surface texture of Portland cement
concrete (PCC) cores captured through X-ray computed
tomography [1]. Yuchuan Du conducted the 2D-wavelet
decomposition on eight types of mixtures and used the
Relative Energy (RE) and 2D-Entropy to represent the
mixture surface texture distribution properties [9].
After making a general survey of studies conducted in

the past decades, there is still an obvious limitation that
the previous research only focuses on the profile analysis
in one direction and neglects the entire surface feature.
The pavement surface is a complex three-dimensional
structure, and many important features will be lost in

transforming the three-dimensional pavement surface
structure into two-dimensional images and sections.
Therefore, the current indicators are the average value
of calculating the feature based on a two-dimensional
profile, so they lack spatial relations and cannot accur-
ately represent the pavement texture. Because of the
above shortcomings, this paper analyzes the three-
dimensional pavement surface structure.
This paper aims to implement a two-dimensional

discrete wavelet transform to decompose pavement sur-
face texture at micro and macro scales. The 2-D wavelet
transform approach separates microtexture and macrotex-
ture into six levels by wavelengths while preserving spatial
information. The total energy of each level and the nor-
malized energy (NE) of all surface macro-scale textures
are used as the wavelet-based indicators. To evaluate the
pavement texture performance under ice or snow condi-
tion, we compare the decomposition results of five types
of mixtures under three different conditions.
Table 1 compares the methods used to characterize

the micro and macro texture of pavement in this paper
with those used in other researches.

Data acquisition and processing
Preparation of test specimens
In this paper, two types of asphalt mixtures (asphalt con-
crete (AC), stone mastic asphalt (SMA)) were chosen to
characterize the pavement texture. Three nominal max-
imum aggregate sizes (NMAS) were used with mixture
AC (AC-5, AC-13, AC-16). At the same time, two
NMASs were used with SMA (SMA-13, SMA-16). The
forming method of the mixture specimen was the wheel
- grind method. Figure 1 shows the grading curve of the
mixture types.
The asphalt mixture slabs of different gradation types

were respectively cut into three specimens of 100 mm ×
300mm × 50mm. A simulated test of snow and ice on
the five mixtures surface was carried out to describe the
influence of snow and ice on the surface texture. When
simulating the road surface with ice, water was sprinkled
on the surface of the specimens and frozen outdoors at
− 10 °C for 1 h. Considering the rolling action of the
wheel on the road surface, the snow was scattered on
the surface of the specimens and compacted with a rub-
ber hammer to simulate the texture state of the pave-
ment surface after snow.

Data acquisition
In order to measure the surface texture of the specimen,
we used a high-resolution three-dimensional profile
scanner called VR-3000, which is developed by the com-
pany KEYENCE. In this paper, the scanning rate was set
to 12x. The scanning accuracy of the apparatus is 1 μm
for horizontal and 0.5 μm for vertical, the sampling
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frequency of the specimen scanning in this paper is 1
mm. The scanner measured the surface texture of a 200
mm × 100mm area at one time. After the scanning, the
texture data was cropped to the size of 110 mm × 80mm
according to the marked points on the specimen in ad-
vance to ensure the same position of each measurement

every time. Three-dimensional scanning results of the
specimen surface are shown in Fig. 2. The bright colored
areas, such as red, can be regarded as the convex parts
of the specimens, while the dark colored areas, such as
blue, can be regarded as the concave parts of the
specimens.

Table 1 Review of pavement texture research methods

Method/Equipment Description Measuring parameters Characteristics

Sand patch method Spread sand with a volume of 25 cm3 on the
measuring point to form a uniform circle and
measure the diameter of the circle. The result is
the volume of the sand divided by the spread
area.

Mean Texture Depth
(MTD)

The method is simple but with large error, and
is not suitable for large sample detection.

The 1-kHz laser scanner The scanner is capable of measuring texture
with wavelength as low as 0.03 mm.

Mean Profile Depth
(MPD), Root Mean
Square (RMS)

This equipment can be used to evaluate both
macro and micro textures. Besides, it allows
users to produce repeatable texture parameters
and to capture the detailed surface features.

HandySCAN 300 The device provides resolutions as clear as
0.100 mm, and precision as high as 0.040 mm.

The coordinates of the
3D data of surface
point cloud

High adaptability, high precision, after
obtaining the point cloud data, the 3D model
can be reconstructed by software.

Close range
(stereoscopic)
photogrammetry or
microscopic
measurement

Based on images captured by a camera or
microscope, proprietary software is used to
model and analyze them in three dimensions.

Mean Texture Depth
(MTD), spectral
indicators

the visualization of 3D terrain, Overlay micro
texture, macro texture and coarse texture.

VR-3000 (this paper) This paper aims to implement a two-
dimensional discrete wavelet transform to de-
compose pavement surface texture at micro
and macro scales.

Mean Texture Depth
(MTD), Normalized
Energy (NE)

Compared with MTD values, the NE values
have the advantages of full coverage, full
automation and wide analytical scale.

Fig. 1 Grading Curve
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After getting the scanned data, it is necessary to pre-
process the data first. The first step was meshing the point
cloud. A 1170 × 850 grid was established at 0.1 mm inter-
vals both in x- and y-direction. The interpolation method

was applied to assign values to z in the grid. Afterward,
the data were normalised by subtracting the mean value.
However, because of the roughness of the pavement tex-
ture, the scanner will miss some concave data blocked by

Fig. 2 Three-dimensional scanning results of the specimen surface
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the convex texture. In order to ensure the accuracy of the
data, we need to use a 2-D filter to remove the outliers in
the scanned data. A 3*3 sliding window was applied to de-
tecting outliers in two directions with a step size of 1.
When the variance of z (z means the height of the point)
of the points in the sliding window was greater than a cer-
tain threshold (0.1 in this paper), the point was regarded
to be abnormal, and its value was replaced by the median
value of the surrounding points.
Considering that the contact part of the tire and

road surface where friction occurs is located at the
top of the road surface, the roughness of the top
topographic surface of the road surface is character-
ized in this study. The skid resistance performance of
the asphalt mixture is closely related to its surface
convex and concave distribution, which is a macro-
scopic reflection of its microstructure [5]. The convex
points are the main factors of hysteresis on dry roads,
and the concave points are the main factors of drain
away running water on wet roads, so the concave and
convex points are necessary conditions for skid resist-
ance. In this paper, the influence of convex points on
skid resistance performance is mainly considered, but
the influence of concave points on drainage is not
considered. Kanafi and Tuononen suggest that the
analysis from a top cut of the surface topography on
50% or less surface area and found a high correlation
with friction and top 20% of PSDs [13]. The top PSD
calculated at any portion of the top surface profile ex-
cept the top 50% leads to false conclusions about the
actual asperity distributions. In this paper, based on
existing practical experience, the top 50% of the frac-
tal surface was selected as the cutting plane for re-
search and analysis and the top 100% of the fractal
surface was used to make comparative observations,
and the z values below the plane were denoted as
zero. Figure 3 shows the fractal surface plane on the
different cutting planes.

Extended measuring method of MTD
There are many standard parameters for the characterization
of the pavement surface macrotexture. The most commonly

used parameters are mean texture depth (MTD), mean pro-
file depth (MPD), and sensor measured texture depth
(SMTD). Among them, MTD is obtained by calculating the
ratio of the volume of sand to the average area of the covered
circle by the sand patch method. Although this method is
easy to operate and has no special requirements for operators,
reproducing the results on one spot is difficult so that it is not
suitable for large-sample testing. At the same time, this
method is a fixed-point detection method, which cannot re-
flect the macrotexture of the whole region. After the surface
profile is generated by the laser detection system, MPD and
SMTD can be calculated according to the average algorithm,
which can be used to represent the construction depth of the
landmark. However, they have similar limitations to MTD.
For example, the use of average algorithms masks some of
the macroscopic construction characteristics of the pavement
surface.
In this study, based on the basic MTD measurement

principle that the ratio of the volume of sand and the
area of the sand, an extended method of MTD is pro-
posed. The concave volume can be easily obtained from
the software VR-3000, which is the bundled software
with the 3D scanner. As shown in Fig. 4, after setting
the peak and nadir plane, the volume of the blue area
means the concave diagram. The area of the texture is
the scanning area. The MTD is calculated by the follow-
ing equation:

MTD ¼ Vc

S
ð1Þ

where Vc is the concave volume, and S is the scanning
area.

Wavelet transform
As we all know, the wavelet transform is an improved
method of Fourier transform, which is widely used for
multi-scale signal decomposition. Mallat came up with
an efficient algorithm for discrete wavelet transform
which is widely used in pavement texture analysis [27,
29, 30].
In Mallat’s algorithm, the wavelet transform decom-

poses the discrete signal s into an equivalent

Fig. 3 An Example of Fractal Surface on Different Cutting Plane
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approximation signal and a detail signal. The approxima-
tion signal is subsequently decomposed into another set
of approximation and detailed signals and so on (i.e. the
approximate component ai is decomposed into ai + 1 and
di + 1).
For signal s, the wavelet transform decomposition

process of five-level can be represented by

s ¼ a1 þ d1

s ¼ a2 þ d2 þ d1
s ¼ a3 þ d3 þ d2 þ d1

s ¼ a4 þ d4 þ d3 þ d2 þ d1

s ¼ a5 þ d5 þ d4 þ d3 þ d2 þ d1

ð2Þ

The energy is an indicator that measures the overall
condition of each part. Two-dimensional wavelet energy
can be denoted as:

E ¼
X

x

X

y

Zx;y

�� ��2 ð3Þ

The unit of wavelet energy is the square of the unit of
length (e.g., mm2), which represents the sum of squares
of the elevation of the macro texture profile. The energy
(E) characterizes the overall roughness, which varies sig-
nificantly from different specimens. Moreover, for the
same specimen, E is susceptible to slight changes in the
detection position. Therefore, the Relative Energy (RE) is
considered to represent the proportion of energy of each
scale in the total energy, is introduced as:

REij ¼ EijPn
i¼1

Pn
j¼1Eij

; 1≤ i≤n; 1≤ j≤nð Þ ð4Þ

where Eij represents the energy of wavelet band decom-
posed in two directions.
The Normalized Energy (NE) allows comparisons be-

tween total energy statistics obtained from different
specimens.

NE ¼
Pn

i¼1

Pn
j¼1Eij

Ndxdy
ð5Þ

where dx is the sampling interval in the x-direction (e.g.,
m), dy is the sampling interval in the y-direction (e.g.,
m). N is the number of points that are calculated.

In this paper, the analysis was carried out using MATL
AB Wavelet Toolbox. The selection of the mother wavelet
function plays a critical role in the wavelet transform. The
Daubechies wavelet families are the most common appli-
cation in surface texture analysis, which is composed of 10
compactly supported orthonormal wavelet functions (db1,
db2, db3, …, db10). Several studies have used db3 mother
wavelet to analyze pavement surface texture, roughness,
and degree of aggregate segregation. The Symlets wavelets
are the improved version of dbN. In this paper, sym4 was
chosen as the mother wavelet for further analysis.
Decomposing the data into six levels, five of which

were the detail signal denote as Level 1 (d1), Level 2
(d2), …, Level 5 (d5). Level 6 (a5) represents the approxi-
mation signal. The wavelengths of the decomposition
levels are 0.1881 mm, 0.3761mm, 0.7523 mm, 1.5046
mm, 3.0092 mm, 6.0183 mm. According to the definition
specification, the wavelength range of macrotexture is
0.5 mm~ 50mm. Therefore, Level 3 ~ Level 6 represents
macro-texture. Two-dimensional discrete wavelet trans-
form algorithm is used by decomposing the data in both
x- and y-direction, as shown in Fig. 5.

Results and discussion
Determination of MTD
A comparison between the original specimens and the
ice-snow conditions, specimens MTD results is shown in
Fig. 6. The higher the MTD value, the more complex the
macrotexture of the road and the rougher the surface.
The texture complexities of different specimens were

analyzed by comparing the MTD values of the original
surfaces of the five specimens in Fig. 6. A closer look at
the statistic reveals that higher MTD values were mea-
sured in SMA specimens, which means SMA is rougher
than AC. Compared with all the specimens, AC-5 had
the lowest MTD values and SMA-13 had the highest
MTD values. As can be noticed from Fig. 1, the SMA
specimens used a gap grinding, which considered a
higher percentage of coarse aggregates resulting in
higher MTD results. AC-5 had the lowest MTD values
because of its minimum nominal particle size. Normally,
SMA-16 should have the highest MTD values; however,
because the feature extraction area of the scanner was
small, the texture features of SMA-16 specimens with
larger aggregate size were not fully displayed in a small
area, so the experimental results showed that SMA-13
had the highest MTD values.
The detailed statistical analysis was asked to identify

the changes of MTD values when specimens were in ice
or snow conditions. It can be noticed from Fig. 6 that,
for most different types of asphalt mixtures, the original
surface had the highest MTD value when the surface
with snow had the lowest MTD value. The reason why
AC-5 had different results from others is when sprayed

Fig. 4 Concave volume diagram
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water on the surface, AC-5 formed an ice sheet on the
surface because of its dense structure. At the same time,
water sprayed on other specimens permeated into the
texture slot and frozen. In general, the MTD value range
from 0.469 mm for the frozen AC-5 specimen surface to
1.741 mm for the original SMA-13 surface.

Determination of wavelet energy
The 2D energy matrix was formed as 6*6. The levels in
two dimensions are redefined in Fig. 5: Level 6 includes

the sixth row and column; Level 5 contains the fifth row
and column except for the part in Level 6; Level 4 in-
cludes the fourth row and column except for the part in
Level 5 and 6, and so on. As mentioned above, the 3-D
model was respectively cut at the top 50% and 100% of a
fractal surface plane. Figures 7,8, 9, 10 and 11 show the
energy results on the 50% and 100% cutting plane in mi-
cro- and macro-scale. In each of the figures below, the
black line represents the original surface, the red line
represents the icy surface, and the blue line represents
the snowy surface.
The wavelet energy parameter for each of the decom-

position levels can be used to explain the differences in
the properties of pavement surfaces. It can be seen from
Figs. 7,8, 9, 10 and 11 that the micro-scale energy results
of AC-5, SMA-13, SMA-16 specimens on the 50% cut-
ting plane were consistent. On the micro-scale, the
original surface showed the highest energy and the icy
surface showed the lowest energy. As for the micro-scale
energy results of AC-13 specimens, the energy results of
icy surface and snow surface were quite similar; the fac-
tors that contribute to this situation include the errors
generated in the preparation and data collection of spec-
imens. In the micro-scale energy results of AC-16 speci-
mens, the energy value of the snowy surface exceeded
that of the original surface. The above characteristics
showed that snow increases the micro-scale texture of
the pavement surface because of its fluffiness, which
leads to severe irregularities on the micro-scale, and the

Fig. 5 Two-dimensional discrete wavelet transform

Fig. 6 MTD Results
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snow surface has abundant micro-scale texture. The icy
surface had the lowest energy and the simplest micro-
scale texture, which meant the formation of ice sheets
on the surface reduced the micro-scale texture.
In Figs. 8, 9, 10 and 11, it is shown that the macro-

scale energy results of AC-13, AC-16, SMA-13 and
SMA-16 specimens on the 50% cutting plane are con-
sistent. The original surface showed the highest energy
and the snowy surface showed the lowest energy. It indi-
cated that the original surface texture is the most com-
plex, and because of the filling effect of snow and ice on
the surface texture, the energy value of the pavement
surface was reduced.
In Figs. 7,8, 9, 10 and 11, it can be seen that the energy

results of each mixture type on the 100% cutting plane
showed the same change rule no matter on the macro

scale or the micro-scale. The original surface showed the
highest energy and the snowy surface showed the lowest
energy.

Wavelet NE results
The energy on a single scale is not suitable to represent
the overall macrotexture of the pavement surface.
Therefore, the Normalized Energy (NE) was proposed as
a new alternative metric to characterize the overall pave-
ment macrotexture. NE is introduced as Eq. (7). This
statistic represents the sum of the squares of the profile
for the wavelengths in the macrotexture range. For the
data set analyzed in this paper, it includes wavelengths
longer than 0.5 mm (i.e., wavebands d4 to d6).
Figure 12 presents a comparison of wavelet NE values

of the selected pavement specimens under various

Fig. 7 The Energy Results of AC-5; a 50% Cutting Plane in micro-scale, b 50% Cutting Plane in macro-scale, c 100% Cutting Plane in micro-scale,
d 100% Cutting Plane in macro-scale
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conditions. A Higher NE value indicates more complex
macrotexture and vice versa. Firstly, the NE values of
the original surfaces of various specimens were com-
pared and analyzed. As shown in Fig. 12, on the 50%
cutting plane, the maximum value of NE is 26.785
measured by the SMA-13 specimen, and the mini-
mum value of NE is 2.810 measured by the AC-5
specimen. As can be noticed from Fig. 1, the SMA
specimens used a gap grinding, which considered a
higher percentage of coarse aggregates resulting in
higher NE results. It is an unexpected result that
SMA-16, which has a larger aggregate particle size,
has a lower NE value than SMA-13, so as the AC-13
and AC-16. The reason for this result may be due to
the limited scanning area of the 3D profile scanner,
that larger particle size reduces the macrotexture of

the surface. The NE results on the 50% cutting plane
are consistent with the MTD results of the original
surfaces of various specimens mentioned above. On
the whole, the NE value of the AC mixture type was
less than that of the SMA mixture type. While the re-
sults of the 100% cutting plane of each gradation type
show different characteristics from that of the 50%
cutting plane. On the 100% cutting plane, the max-
imum value of NE is 4721.311 measured by the AC-
16 specimen and the minimum value of NE is
865.374 measured by the AC-5 specimen. It shows
that the texture features of the 50% cut plane can
better represent the macrotexture characteristics of
the road surface.
Besides, by observing and comparing the NE values of

each specimen under different conditions, it can be

Fig. 8 The Energy Results of AC-13; a 50% Cutting Plane in micro-scale, b 50% Cutting Plane in macro-scale, c 100% Cutting Plane in micro-scale,
d 100% Cutting Plane in macro-scale
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found that, compared with the original surface, the NE
value of the snowy surface decreases more than that of
the icy surface. Only on the 50% cutting plane of
AC-5 specimens, the NE value of the icy surface de-
creases more than that of the snowy surface, and the
minimum value is 1.219. The reason why AC-5 had
different results from others is when sprayed water
on the surface, AC-5 formed an ice sheet on the sur-
face because of its dense structure. At the same time,
water sprayed on other specimens permeated into the
texture slot and frozen. On the 100% cutting plane,
the minimum value of NE is 160.525 measured by
the snowy AC-5 specimen. It can be known that ice
and snow will reduce the pavement surface macrotex-
ture and the snow has a more significant impact on
pavement texture than ice does.

Comparison between MTD and NE
A simple comparison between MTD and NE values was
given in the previous section. The statistical correlation
between MTD and NE for each specimen in different
conditions was presented in Table 2. The correlation co-
efficient (R2) is used to evaluate the correlation between
the two parameters and distinguish the accuracy of their
data. The results in this Table suggest that NE is directly
related to MTD and can be described by a simple linear
relationship (i.e., y = ax+b). It is evident that when a 50%
cutting plane was chosen, the correlation between MTD
and NE would show a higher R2 value, which indicates
that the texture upper than 50% height can almost rep-
resent the surface macrotexture.
In addition, Fig. 13 displays a comparison between

MTD and NE on the 50% cutting plane for each

Fig. 9 The Energy Results of AC-16; a 50% Cutting Plane in micro-scale, b 50% Cutting Plane in macro-scale, c 100% Cutting Plane in micro-scale,
d 100% Cutting Plane in macro-scale
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specimen in different conditions. For simplicity, the
MTD values and the NE values were plotted on the
same figure. The NE values were shown in the form of a
histogram with the vertical axis on the left. The MTD
values were shown in the form of a scatter diagram with
the vertical axis on the right. For the convenience of ob-
servation, the three points under different conditions of
the same gradation type were connected into three-point
line segments.
It is shown in this figure that the trends (increase, de-

crease, or no change) in macrotexture properties among
the specimens were consistent for both MTD and NE.
However, compared with MTD values, the NE values
have the advantages of full coverage, full automation and
wide analytical scale. Firstly, the variations in the macro-
texture properties are better captured using the NE than

the MTD. The NE values are calculated based on the en-
tire pavement texture information. In contrast, the MTD
values use the sand patch method, a fixed-point detec-
tion method, to not reflect the macrotexture of the
whole region. Out of the vehicle driving characteristics
in daily life, the wheel tracks on the road surface are dis-
tributed on the cross-section of the lane according to
certain rules, and they also have randomness. Therefore,
the texture characteristics of the whole pavement surface
should be analyzed, which shows that the NE value has
practical value due to its full coverage advantage. Sec-
ondly, the use of the computer algorithm realizes the
automatic measurement of pavement texture properties,
this greatly reduces the tedious manual calculation.
Thirdly, because of a high-resolution three-dimensional
profile scanner and wavelet transform method, NE

Fig. 10 The Energy Results of SMA-13; a 50% Cutting Plane in micro-scale, b 50% Cutting Plane in macro-scale, c 100% Cutting Plane in micro-
scale, d 100% Cutting Plane in macro-scale
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extracts and analyzes the pavement texture properties
on micro and macro scales respectively, and the analysis
scale was wider. Above all, it suggests that the wavelet
approach is better suited to characterize the macrotex-
ture properties of asphalt pavements.

Conclusions
In this study, a 2D-wavelet transform approach was pro-
posed to decompose the 3D pavement texture measured
by a high-resolution 3D profile scanner into micro-scale
and macro-scale in two directions. The asphalt pave-
ment specimens consisted of two asphalt mixture types
(asphalt concrete (AC) and stone mastic asphalt (SMA)),
and the pavement surface was under different conditions
(original, icy, and snowy). The surface topography was

made a top cut off at 50% and 100% height before de-
composition. The Normalized Energy (NE) was used as
the wavelet-based indicator. Through the observation
and data analysis of the experimental results in this
paper, the following conclusions were obtained:

(1) The 2D-wavelet transform approach can be used as
a tool to make in-depth use of the high-resolution
3D data, and then the road performances, such as
skid resistance and degree of wear, can be evaluated.
It shows that the Normalized Energy (NE), a macro
texture description index based on the 2D-wavelet
approach proposed in this paper, has a strong cor-
relation with the traditional index MTD. MTD and
NE results show the same trend of macroscopic

Fig. 11 The Energy Results of SMA-16; a 50% Cutting Plane in micro-scale, b 50% Cutting Plane in macro-scale, c 100% Cutting Plane in micro-
scale, d 100% Cutting Plane in macro-scale
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texture. Compared with MTD values, the NE values
have the advantages of full coverage, full automa-
tion and wide analytical scale. Therefore, the 2D-
wavelet transform approach is more suitable for the
characterization of texture properties of pavement
surfaces.

(2) The 2D-wavelet transform approach is further ap-
plied to analyze the texture properties on the pave-
ment covered with snow and ice. On the micro-
scale, original surfaces had the highest micro-scale
energy, and icy surfaces had the lowest micro-scale
energy. The snow increased the micro-scale texture
of the pavement surface because of its fluffiness,
which led to severe irregularities on the micro-
scale, and the snowy surface had abundant micro-
scale texture. The formation of the ice sheets on
the surface reduced the micro-scale texture, making
the texture of the icy surface the simplest. As for
the macro scale, the origin surfaces had the highest
energy, and the snowy surfaces had the lowest en-
ergy. The reason for this was that the filling effect

of snow and ice on the surface reduced the macro-
scale texture of the pavement surface.

(3) The 2D-wavelet transform approach can be used to
extract and analyze the micro and macro texture,
and can be applied to both scientific researches and
engineering practice in a future study. For example,
nowadays, the unmanned drive is a hot topic in to-
day’s smart city construction. This approach can be
applied to improve the intelligent driving braking
system due to its full automation characteristics,
which can provide pavement texture feature infor-
mation for the safe braking strategy of driverless ve-
hicles and improve the braking safety of driverless
vehicles.

Table 2 Correlation between MTD and NE

Cutting Plane Condition Equation R2

50% Original MTD = 0.045NE + 0.699 0.7616

Icy MTD = 0.045NE + 0.624 0.7146

snowy MTD = 0.079NE + 0.324 0.9489

100% Original MTD = 0.0003NE + 0.637 0.7153

Icy MTD = 0.0003NE + 0.791 0.5806

snowy MTD = 0.0006NE + 0.633 0.7466

Note: R2 means the correlation coefficient
Fig. 13 Comparison between MTD and NE for 50% cutting plane

Fig. 12 The NE result; a The NE results on 50% cutting plane, b the NE results on 100% cutting plane
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Finally, in a follow-up study, we will attempt to use
long-term texture monitoring to evaluate the wavelet-
energy variation during traffic loads adequately. Further
research can focus on both the macro and micro-texture
under different gradation types and working conditions.
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