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Abstract: Maintaining good friction performance of highway pavement is important for road safety.
The friction is affected by many factors, and the present study investigates the effect of the compactness
on the texture and friction of asphalt concrete during the polishing process. Two three-dimensional
(3D) texture parameters and the mean texture depth (MTD) were used to characterize the surface
texture of AC-13 asphalt concrete. The differences of surface texture are then being analyzed among
the pavement in the field, rutting slabs with 97% compactness (RS-97), rutting slabs with 100%
compactness (RS-100), and rutting slabs with 103% (RS-103). The rutting slabs were polished by a
circular vehicle simulator (CVS). The 3D surface topography, British pendulum number (BPN), and
MTD were obtained during the polishing process. Test results show that the surface of the rutting
slab can be smoother as the compactness increased from 97% to 103%. During the whole polishing
process, the rutting slab with smaller compactness had higher value of the MTD. The impact of
compactness on the BPN is insignificant during the polishing process, but rutting slabs with smaller
compactness had better friction at high speed as the result of the higher MTD.
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1. Introduction

Friction refers to the force developed in the tire-pavement interface, and it can be affected by
several factors, such as the properties of the tire, the vehicle speed, the type of the aggregate, and the
surface texture of the road pavement [1–3]. Generally, new asphalt pavement can provide enough
friction, and the asphalt pavement will be polished due to traffic in its service life. The friction of the
pavement will be deteriorated over time, which significantly increases the number of road accidents,
especially under wet weather conditions [4,5]. In locations where traffic exerts a greater horizontal
force, such as braking areas approaching roundabouts and junctions, or on bends and slopes, the
polishing effect of traffic is amplified, and the friction coefficient tends to be lower. Moreover, the
pavement will be polished even faster if the aggregate was composed of a single mineral with lower
hardness [6]. Hence, maintaining highway pavements at good friction performance is important for
road safety.

Surface texture is defined as the deviation between a pavement surface and a true planar surface.
According to the wavelength of deviations, the surface texture of asphalt pavement can be divided into
four types: Unevenness, mega-texture, macro-texture, and micro-texture [7]. For asphalt pavement,
friction is mainly determined by micro-texture (wavelength lower than 0.5 mm) and macro-texture
(wavelength ranging between 0.5–50 mm) [8].
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The micro-texture on the surface of the coarse aggregate can interact with the tire on a molecular
scale and provide adhesion. This component of the texture is especially important for friction at low
speed. Additionally, the micro-texture is mainly affected by the coarse aggregate type [6]. However, the
micro-texture cannot be easily quantified due to lack of high-precision testing equipment. Accordingly,
many studies used the BPN to characterize the micro-texture [3,9].

The macro-texture is important for the friction at high speed and pavement with greater
macro-texture has higher friction at high speed [8]. The mean profile depth (MPD) and MTD
are the most common parameters to describe the macro-texture. Kouchaki et al. reported that MPD
and friction have a strong correlation with each other [10]. With the development of testing technology,
3D topography of the pavement surface can be obtained at high resolution and precision. There are
several 3D texture parameters which can describe the roughness of the surface with more information
than MPD and MTD [11,12]. The macro-texture can be affected by many factors, such as maximum
aggregate size, mix binder content, mix gradation, and compactness [8,13]. Georgiou et al. found that
the rutting slabs with different compactness had different MTD [14]. Praticò et al. investigated the
relationship between the surface texture and compaction methods [15]. However, previous studies
only referred to the initial state of the pavement. Hence, the main objective of this study is to find
the effect of the compactness on the texture and friction performance of asphalt concrete during the
polishing process.

Many studies have been conducted to obtain texture parameters and friction coefficient either
in the field or the laboratory. In field study, Hu et al. obtained the 3D topography and measured
the friction coefficient. It was found that the peak density and the arithmetic mean peak curvature
had a significant effect on the dynamic friction coefficient [16]. Li et al. used 24 different 3D texture
parameters to describe the asphalt pavement surface and demonstrated that core material volume and
peak density have a good correlation with friction [17].

Although field experiments can provide measured actual data in the real environment and
conditions, such data are difficult to be obtained during the entire polishing process. In contrast, test
factors are easier to be controlled in the laboratory. Therefore, many types of equipment have been
developed to accelerate the polishing process in the laboratory. Do et al. used a Wehner/Schulze (WS)
machine to polish asphalt pavement specimens in the laboratory. The WS machine can polish the
specimens fast and measure friction coefficient. The surface was polished on a ring 16 cm in diameter
and 6 cm in width and the slip rate between the specimen surface and the polishing cones was between
0.5% and 1% [18]. Wang et al. used an indoor micro circular track-accelerated abrasion tester with
mute solid rubber tires to polish the specimens [19]. However, the tester can polish only one specimen
at a time. Therefore, a large-size apparatus, which can simulate the vehicle, should be designed. Such
equipment has been designed by the Chang’an University, named the circular vehicle simulator (CVS).

During the polishing process in the laboratory, the proper selection of specimens is important for
reliable test results. Do et al. used cores from the field as specimens [18], which is a difficult procedure.
Hence, Qian et al. used rutting slabs as specimens to be polished in the laboratory [20]. Concerning
surface texture, there have been few studies discussing the differences between rutting slab and the
pavement in the field. It is important to know whether a rutting slab can simulate the pavement in
the field.

In this paper, the main objective is to find the effect of the compactness on the texture and friction
of asphalt concrete during the polishing process. Firstly, the 3D surface topography of the pavement
in the field and rutting slabs with different compactness was obtained. The aim was to determine
whether the surface of the rutting slab can simulate the pavement in the field. Then, rutting slabs with
different compactness were polished by the CVS. The BPN, MTD, and the 3D surface topography at
different stages of the polishing process were obtained.
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2. Materials and Methods

2.1. Material and Compaction Methods

In order to compare the surface texture between pavement in the field and rutting slabs, a new
field asphalt pavement was selected from Xi’an, China. SBS modified asphalt, limestone aggregate,
and continuous dense mixture gradation with nominal maximum aggregate size of 13 mm (AC-13)
were used for both the field test section and the rutting slabs utilized in the study. The gradation curve
is presented in Figure 1, and the asphalt content is 5.1%.

Figure 1. Gradation curve.

During compacting process in the field, the laying temperature was around 150 ◦C with an
ambient temperature of 15 ◦C. The initial compaction of the AC-13 pavement was carried out one or
two times by a smooth wheel roller. Then, compaction was carried out 4–6 times by a rubber roller.
Finally, the surface was compacted by a smooth wheel roller twice.

In order to ensure that the material used in the laboratory was identical with that in the field,
some loose asphalt mixture was collected from the transport cart in the field, which was then placed in
the oven of the laboratory. When the temperature of the loose asphalt mixture reached 150 ◦C, it was
placed into a mixing pot and mixed for 30 s. Finally, the mixture was placed into a mold using the
‘cone-and-quarter’ method to reduce segregation [21]. Subsequently, the loose asphalt mixture was
compacted with a wheel roller compactor (Figure 2). The rutting slabs were compacted according to
the JTG E20-2011 standard [22] and the size of the rutting slabs was 300 mm × 300 mm × 50 mm.

In this paper, the compactness is defined as the ratio between the specific volume density of
the rutting slab and the volume density of the Marshall specimens. The Marshall specimens were
compacted according to the JTG E20-2011 standard [22]. In order to obtain surface texture with different
compactness, the mass of the loose asphalt concrete, which was filled into the mold, was adjusted
according to the required compactness (97%, 100%, and 103%). The wheel roller compactor was
manually stopped when the height of the rutting slab was equal to 50 mm. There are four parallel
specimens for each compactness.

Figure 2. Wheel roller compactor.
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2.2. 3D Surface Topography Measurement

As it can be seen in Figure 3a, a 3D scanner (HandySCAN 300, Creaform Inc., Quebec, Canada)
was used to obtain the 3D topography of the pavement surface. During the measurement, the laser
emitter of the instrument can produce a beam of energy at an angle. It hits the surface of the object at
the point that is being measured. A part of the reflected signal hits the receiving sensor. The distance
between the laser emitter and the receiving sensor is known. The angle of the incoming ray can be
calculated by applying the trigonometric formulas. Based on the geometrical relationship between
components, the coordinates of the 3D data of the surface point cloud can be determined [11,16]. In
this study, the instrument could provide point cloud with a resolution of 100 um and precision of
40 um. As shown in Figure 3b, during the measurement process, in order to achieve the expected
precision, the locating point should be used. In addition, to avoid the effects of the environmental
conditions, the tested area should be clean and dry.

Figure 3. The three-dimensional (3D) surface topography acquisition process. (a) Field setup.
(b) Laboratory setup for the rutting slabs.

The 3D surface topography of the new pavement in the field was obtained during the night. Six
parallel test areas were randomly selected and the test area was 200 mm × 120 mm. As shown in
Figure 3b, in order to measure the 3D surface topography of the rutting slabs without load repetitions,
a custom-made tool was used to fix the test area. The tool was a 300-mm-diameter disk with a hole
measuring 200 mm × 120 mm.

In order to obtain the 3D topography of the rutting slabs during the polishing process, three
rutting slabs with 97%, 100%, and 103% compactness were polished using the CVS. As it can be seen in
Figure 3b, the custom-made tool was also used to ensure that the test area was fixed strictly during the
different stages of polishing.

2.3. Texture Parameter Calculation

After the point clouds were obtained, GEOMAGIC was used to discard useless points and
build a coordinate system for the point clouds. Since the resolution was not enough to describe the
micro-texture, the point clouds were disposed by a Gaussian filter with a wavelength of 0.5 mm to
take out the micro-texture. Then, the point clouds were processed in MATLAB 2018a to obtain the
macro-texture parameters.

In this study, the texture parameters should describe the surface texture of the pavement.
Considering the parameters used in previous studies, this paper selected the root mean height (Sq) and
developed interfacial area ratio (Sdr), following the specifications of surface roughness (ISO-25178) [23].
The abovementioned texture parameters can be calculated according to the following equations:

Sq =

√
1
N

x

A
z2(x, y)dxdy, (1)
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Sdr =
1
A

xA


√1 + (

∂z(x, y)
∂x

)2

+

(
∂z(x, y)
∂y

)2− 1

dxdy

, (2)

where, z(x, y) = the deviation of the surface irregularities from the base plane [24]; A = projection area
of the evaluation area; N = number of points in the evaluation area.

Sq is the standard deviation of the height distribution. Additionally, the Sq belongs to the height
parameters. It is sensitive to the texture amplitude of the surface, and is often used to describe the
roughness [25]. When the texture of the surface becomes smooth, the value of Sq can become smaller.
Sdr reflects the additional surface area contributed by the surface texture compared to the projection
area of the evaluation area [26]. It is affected by both texture amplitude and spacing. Hence, the Sdr
belongs to the hybrid parameters. When the texture of the surface becomes smooth, the value of Sdr
can decrease. In addition, it can be used to qualify the tribological properties of a surface [24].

2.4. The CVS

The CVS was developed by the Chang’an University to simulate traffic loads. As it can be seen
in Figure 4, the CVS uses four pneumatic tires, 600 mm in diameter and 195 mm in width, to polish
the specimens. The four tires are fixed on four arms which are attached to the central rotary table
(Figure 5). The pressure of each tire is 2.5 bar. The vertical load of the tire can be adjusted between
2 kN and 6 kN by changing the weight clump. The slip rate between tire and specimen is 4%. It should
be noted that in the field, for the deformation of the tire tread, the slip rate between rolling wheel
and road pavement is usually less than 5% [27]. The linear speed of the tire can be adjusted between
0 km/h and 30 km/h by changing the power frequency. A groove 8 m in diameter can be used to fix the
specimens. The polishing width of each specimen is 170 mm.

Figure 4. Circular vehicle simulator (CVS) configuration.
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Figure 5. CVS working scene.

In a nutshell, the CVS has three major advantages:

1. The simulating loads of the CVS is similar with the traffic in the field.
2. A lot of specimens can be polished simultaneously.
3. The polishing area is wide and is convenient for the follow-up texture and friction tests.

In the present study, the vertical load of the tire was set as 4 kN, which resembles a passenger car.
The linear speed of tire was 10 km/h. In 7 h, the CVS can be rotated 2500 times and the number of load
repetitions is 10,000. Three rutting slabs with 97%, 100%, and 103% compactness were polished by
the CVS. After a certain number of load repetitions, the CVS was stopped and the specimens were
removed in order to obtain their BPN, MTD, and the 3D surface topography. During the polishing
process, the range of the temperature for the rutting slabs was from 30 ◦C to 45 ◦C.

2.5. Friction and MTD Measurement

In this experiment, the friction property was characterized by the British pendulum number (BPN)
using a British Pendulum Tester (Figure 6) in accordance to EN 13036-4 [28]. In order to eliminate the
effect of the temperature, the rutting slabs were conditioned in a room with a constant temperature of
20 ◦C. In order to obtain the traditional macro-texture parameter, the MTD was also obtained using the
sand patch method.

Figure 6. British pendulum tester.
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Additionally, it should be mentioned that, after a certain number of load repetitions, a large
amount of the rubber powder appeared on the surface of the rutting slabs. It was important to clean
the surface of the test area so that the measuring for the macro-texture could not be affected by the
rubber powder.

3. Results and Discussion

3.1. Texture Parameters Comparison between Field and Rutting Slabs without Load Repetitions

Firstly, the difference among the rutting slabs based on compactness was discussed. As it can be
seen in Figure 7b–d, the volume of the valleys on the surface decreased significantly with the increase
of compactness. That shows the surface of the rutting slabs became smoother with the increase of
compactness. As it can be observed in Figure 8a–c, the values of MTD, Sq, and Sdr decreased with the
increase of compactness, which demonstrated that the rutting slabs with higher compactness have
worse macro-texture. In addition, the decrease of the macro-texture can weaken the drainage capacity
of road surface. The friction at high speed maybe decreased for that [29,30]. In conclusion, for the
AC-13 asphalt concrete studied in this study, the compactness exhibited a significant effect on the
surface texture parameters of the rutting slabs, while surfaces with higher compactness were smoother.

Figure 7. Reconstructed 3D surfaces topography. (a) Pavement in the field; (b) rutting slabs (RS)-97;
(c) RS-100; and (d) RS-103.
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Figure 8. Surface texture parameters without load repetitions. (a) MTD; (b) Sq ; and (c) Sdr.

Secondly, in order to determine whether the surface of the rutting slab can simulate the pavement
in the field, the differences between pavement in the field and rutting slab were discussed. As it can be
seen in Figure 7a–d, the surface of the pavement in the field is similar with the RS-97, and the surface of
the RS-100 and RS-103 were smoother than the pavement in the field and the RS-97. As it can be seen
in Figure 8a–c, there was no obvious difference in the MTD, Sq, and Sdr values between the pavement
in the field and RS-97. The MTD, Sq, and Sdr values of RS-100 and RS-103 were significantly smaller
than those of the pavement in the field. In conclusion, according to the MTD, Sq, and Sdr values, the
RS-97 can simulate the pavement in the field under standard compaction, the RS-100 and RS-103 may
simulate the pavement in the field under excessive compaction.

3.2. Change of Texture Parameters during the Polishing Process

During the polishing process, the change of texture parameters for the rutting slabs with different
compactness is shown in Figure 9. The MTD is one of the most common parameters to characterize the
macro-texture of road surface. During the polishing process, Qian et al. came up with the fact that the
change of the MTD can be defined as three phases: The compacting phase, the polishing phase, and
the equilibrium phase [20].

From 0 to 5000 load repetitions, as shown in Figure 9a–c, the values of the MTD, Sq, and Sdr for the
RS-97 all decreased sharply. In contrast, for the MTD, Sq, and Sdr of the RS-100 and RS-103, the extent
of the decrease became smaller as the compactness increased from 100% to 103%, which indicates
that the decrease for the RS-97 was mainly due to the compaction of the rutting slab. For RS-100 and
RS-103, the extent of the decrease was not obvious for the rutting slabs with higher compactness was
hard to be compacted again. That proves the existence of the compacting phase. The asphalt concrete
has nonlinear viscoelasticity. During the early stage of the loading process, with the increasing of the
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load repetitions, Darabi et al. regarded that the permanent deformation caused by the irrecoverable
strain increased fast [31]. During the compacting phase, the permanent deformation can change the
texture parameters fast.

In Figure 9a–c, from 5000 to 80,000 load repetitions, the values of the MTD, Sq, and Sdr for all the
rutting slabs decreased slowly. After the compacting phase, the reason for the decrease of the texture
parameters is mainly due to the polishing of coarse aggregate by the load repetitions [20]. In a previous
study, during the polishing process, Do et al. showed that the limestone which was composed of a
single mineral was mainly subjected to the general polishing. The general polishing tends to remove
materials and its polishing mechanism is shown in Figure 10 [30]. Hence, the MTD, Sq, and Sdr which
reflects the texture amplitude of the surface decreased slowly, and the decrease rate is lower than the
compacting phase. In addition, there was no obvious difference between the decrease rate among the
RS-97, RS-100, and RS-103.

In Figure 9a, from 80,000 to 300,000 load repetitions, the values of the MTD stabilized. During this
phase, although the coarse aggregate was polished by the load repetitions as before, the extent of the
decrease for the texture amplitude was so tiny that the MTD cannot capture the change. Hence, this
phase is regarded as the equilibrium phase. In addition, it is obvious that the rutting slabs with smaller
compactness have the bigger value of MTD.

As it can be seen in Figure 9b,c, from 80,000 to 300,000 load repetitions, the values of the Sq and
Sdr still decreased slowly. The reason may be that the Sq and Sdr were calculated from the 3D surface
topography with high resolution. Additionally, the Sq and Sdr can reflect more details than the MTD
using the sand patch method. Moreover, it is obvious that the rutting slabs with smaller compactness
have the higher value of Sq and Sdr too.

In conclusion, although the rutting slab with smaller compactness was easy to be compacted
again during the early stage of the polishing process, the rutting slab with smaller compactness had
higher values of the MTD, Sq, and Sdr during the whole polishing process. Compared with the
MTD, the Sq and Sdr can reflect the change of the macro-texture with high accuracy during the whole
polishing process.

Figure 9. Cont.
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Figure 9. Change of texture parameters with load repetitions. (a) MTD; (b) Sq ; and (c) Sdr.

Figure 10. General polishing mechanisms.

3.3. Change of Friction during the Polishing Process

As it can be seen in Figure 11, the specimens polished by the CVS demonstrated an obvious
abrasion phenomenon. It is worth mentioning that, without the polishing agent, only the peaks of the
coarse aggregate on the surface can be polished and the valleys of the surface still have asphalt film (if
the picture was taken without good lighting effect, it is hard to distinguish the aggregate in gray color
and the asphalt film on the valleys). That shows the tire can only contact the partial area of the surface
for the rutting slabs.

Figure 11. Fixed area of the RS-97 after different load repetitions.
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The measured BPN values at different load repetitions are presented in Figure 12. It can be
observed that the BPN of all rutting slabs decreased quickly in the early stage, then decreased slowly,
and finally it was stabilized at a low value. This is in accordance with previous studies. For example,
Khasawneh polished hot-mix asphalt specimens in the laboratory and reported that the BPN initially
decreased quickly and then slowly [32].

Figure 12. Changes of British pendulum number (BPN) with load repetitions.

At the initial stage, the RS-97 and RS-100 had similar BPN, while the RS-103 had the smallest BPN.
This phenomenon vanished after the 20,000 load repetitions. Except the obvious difference before
20,000 load repetitions, no significant difference in the BPN of the rutting slabs during the polishing
process was observed. It shows that the pavement with higher compactness may have smaller BPN in
the early stage of the polishing process. As shown in Figure 7b–d, the reason maybe that the surface
with higher compactness is smoother. When the asphalt film on the coarse aggregate was worn off, the
BPN which reflects the friction coefficient at low speed was determined by the micro-texture of the
coarse aggregate. Since all the rutting slabs used the same aggregate, the rutting slabs with different
compactness had the similar BPN in most case.

By harmonizing the BPN test and MTD test, the international friction index (IFI) was used to make
a comprehensive evaluation on the friction of road pavement [20,33]. The IFI contains two parameters:
F60 and Sp, the calculation of the IFI is as follows:

Sp = a + b·Tx (3)

F60 = A + B·FRS·exp
[
(S− 60)/Sp

]
(4)

where Sp is the texture parameter of IFI; F60 is the friction parameter of IFI; Tx is the macro-texture
parameter of pavement, equivalent to the MTD in this research; a, b, A, and B are empirically determined
coefficients, a = −11.5981, b = 113.63426, A = 0.07784, B = 0.00709 [30]; S is the slip speed, which was
defined as the swing speed of BPT, S = 10 km/h; FRS is defined as the BPN value measured at speed S.

Considering both BPN and MTD, the F60 can reflect the friction at high speed [14,20]. The F60

values of rutting slabs under different load repetitions are shown in Figure 13. During the polishing
process, the F60 decreased as the load repetitions increased. During the whole polishing process, the
rutting slab with smaller compactness had the higher F60. As shown in Figure 12, in most cases, the
BPN which reflects the friction at low speed had no obvious difference among the rutting slabs with
different compactness. When the test speed increases, the friction can decrease. For the wet road
surface, the macro-texture was conducive to enhancing the drainage capacity and the deformation
of tire. That could reduce the extent of the decrease for friction. Hence, with the similar BPN, the
rutting slab with smaller compactness had higher F60 for the higher value of the MTD, as shown in
the Figure 8a. In conclusion, in order to improve the friction at high speed of the road pavement, it is
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necessary to avoid the asphalt pavement for the wearing course that is compacted excessively during
the process of construction.

Figure 13. Changes of friction parameter (F60) with load repetitions.

4. Conclusions

During the polishing process, the texture and friction of the asphalt pavement changed as the
number of load repetitions increased. This study used rutting slabs to simulate the asphalt pavement
in the field. Three rutting slabs with 97%, 100%, and 103% compactness were polished by the CVS. The
BPN, MTD, and the 3D surface topography were obtained during the polishing process. Sq and Sdr
were used to characterize the texture of the surface. The effect of the compactness on the texture and
friction of asphalt concrete were mainly studied, the main conclusions are as follows:

1. At the initial state of the AC-13 asphalt concrete in this study, the values of the MTD, Sq, and
Sdr of the rutting slabs decreased obviously as the compactness increased, and the surface was
smoother when the compactness was higher.

2. Although the rutting slab with smaller compactness was easy to be compacted again during the
early stage of the polishing process, the rutting slab with smaller compactness had higher value
of the MTD during the whole polishing process.

3. The impact of compactness on BPN is insignificant during the polishing process. However,
the rutting slab with smaller compactness could have higher F60 owing to the higher values of
the MTD.

4. To improve the friction at high speed, it is necessary to avoid excessive compaction for the asphalt
concrete for the wearing course in the process construction.
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