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Laboratory of Environmental Monitoring and Forewarning of Trace Pollutants, Xi’an, China

This article intends to study the influence of micro-texture and Vickers hardness
on the Polished Stone Value (PSV) of four types of high friction aggregates
(90# Bauxite, 75# Bauxite, Basalt, and Granite) during the long-term polishing
process. For this purpose, profile roughness, Vickers hardness, and PSV were
tested. The relationship between profile roughness, Vickers hardness, and PSV
was analyzed with gray correlation analysis and mathematical fitting. The results
show that arithmetic mean roughness (Ra) and maximum height (Rz) influenced
PSV significantly while root mean square height (Rq), skewness (Rsk), kurtosis
(Rku), and load length ratio (Rmr (c)) had a relatively weak effect. Because of
the high correlation with PSV, Ra and Rz were chosen as indicators, and the
relationship between variables (Ra, Rz) and PSV was established. There is a good
linear relationship between the attenuation rate of Ra and Rz per polishing cycle
(K1 and K2) and Vickers hardness. Finally, a model of estimation of the polished
stone value of high friction aggregate based on micro-texture and Vickers
hardness during the long-term polishing process is developed. Measuring the
profile roughness and Vickers hardness to obtain Ra, Rz, and H correlation values
and substituting them into the modeling equations in this paper can be used for
optimal selection and life estimation of high friction aggregates, which belong
to the raw materials, and the optimal selection of high friction aggregates will
be helpful for the design of wear-resistant coatings, especially for high friction
surface treatments.
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1 Introduction

Wearing course is the top layer of pavement. The surface texture of the wearing
course is the key factor affecting the skid resistance of the pavement which is essential
to traffic safety (Pranjić et al., 2020; Zhu et al., 2022). Therefore, optimization of surface
texture characteristics which have a significant influence on pavement friction is
an effective method to increase traffic safety and reduce crashes (Leng et al., 2023).
Pavement texture is typically broken up into categories of micro-texture, macro-
texture, and mega-texture which are based on wavelength and vertical amplitude
characteristics (ISO, 2019). The definitions of the texture categories have been proposed
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TABLE 1 Chemical composition of aggregates (%).

Type SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 MnO

90#Bauxite 3.32 4.47 90.29 1.55 0.15 0.17 <0.01 0.17 0.24 0.01

75#Bauxite 19.19 3.29 75.51 1.12 0.16 0.3 <0.01 0.18 0.17 <0.01

Basalt 49.51 3.61 14 12.62 0.16 4.97 8.67 1.92 1.4 0.05

Granite 66.64 0.38 15.94 2.7 0.05 3.71 4.41 1.86 0.11 0.16

TABLE 2 Physical properties of aggregates.

Type Apparent
density
(g/cm3)

Surface-
dry

density
(g/cm3)

Bulk
density
(g/cm3)

Water
absorption

(%)

90#Bauxite 3.128 3.035 2.991 0.0146

75#Bauxite 3.080 2.790 2.640 0.054

Basalt 2.826 2.782 2.743 0.211

Granite 3.035 3.012 3.001 0.372

by the Committee on Surface Characteristics of the World Road
Association as follows (Henry, 2000). Macro-texture is texture in
a pavement with a wavelength ranging from 0.5 to 50 mm. Micro-
texture is texture in a pavement with a wavelength ranging from
1 μm to 1 mm. As many previous researches reported, the micro-
texture of pavement surface is more important and plays a decisive
role in the long-term performance of skid resistance (Gardziejczyk
and Wasilewska, 2016; Chen et al., 2020; Jiang et al., 2020;
Guo et al., 2021).

Aggregate is the main component of asphalt concrete and
an important part of pavement. The micro-texture of aggregate
surface has attracted much attention and lots of research has
been done. Ge et al. found a certain regularity between aggregate
surface texture and wear attenuation (Ge et al., 2018). Ergin et al.
analyzed the relationship between aggregate micro-texture and
pavement skid resistance (Ergin et al., 2020). Kane reported that
there is a close relationship between the mineral composition of
aggregates and their anti-slip properties when used in pavements
(Kane and Edmondson, 2020). According to previous research
results, there is a significant correlation between micro-texture and
surface friction (Chen et al., 2022). However, few studies reported
the relationship between micro-texture change and surface friction
during the long-term polishing process. Hardness is the relative
resistance of an aggregate to deformation, and it may have a
relationship with surface texture characteristics change during the
polishing process (Zong et al., 2021). In summary, up to now the
existence of the relationship between aggregate surface texture and
skid resistance is more qualitative and lacks quantitative studies
as well as accurate model derivation. Secondly, many studies
only focus on the parameters related to surface texture, without
considering the effect of hardness, so if the PSV of high friction

FIGURE 1
Four types of PSV specimens.

aggregates in the case of long-term polishing is combined with
surface friction and Vickers hardness, it will be conducive to the
theoretical development of the relevant direction of high friction
aggregates.

Polished StoneValue (PSV) is used to evaluate the skid resistance
of aggregate. The higher the PSV, the better the skid resistance of
aggregate (Descantes and Hamard, 2015). With the passage of time,
the surface texture of the aggregate in the wear-resistant layer of the
pavement is susceptible to abrasion by round-trip traffic, resulting
in a gradual reduction of the skid resistance to an equilibrium
value. In addition to the polished stone value (PSV), a number of
methods have been used to determine the polishing properties of
aggregates, such as the petrography counting approach, mechanical
polishing test methods, and image analysis techniques. However,
PSV is more widely used, and the polishing resistance of coarse
aggregates used for pavements is usually quantified by the Polished
Stone Value (PSV) uniform test method in Europe (Slimane et al.,
2008; Huang, 2010; Descantes andHamard, 2015). Profile roughness
is often used to describe surface texture (Praticò and Astolfi, 2017).
The Vickers test is a suitable method that could quantify the
hardness of aggregates and is more convenient to use than other
hardness tests (Liu et al., 2020). Therefore, this article explores the
influence of profile roughness and Vickers hardness on the Polished
Stone Value (PSV) of four high-friction aggregates (90# Bauxite,
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FIGURE 2
Four aggregates under laser microscopy and its 3D profile (A) 90#Bauxite (B) 75#Bauxite (C) Basalt (D) Granite.

75# Bauxite, Basalt, and Granite) during different polishing cycles.
It investigates the relationship between profile roughness, Vickers
hardness, and PSV, using gray correlation analysis andmathematical

fitting methods to understand their impact patterns. Ultimately, it
establishes a model to estimate the Polished Stone Value of high-
friction aggregates.
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FIGURE 3
Illustration of Ra.

FIGURE 4
Illustration of Rz.

FIGURE 5
Illustration of Rq.

FIGURE 6
Illustration of Rmr(c).

TABLE 3 Roughness parameters.

Symbol Parameters Definition

Ra Arithmetic mean
roughness

the average of the absolute height
value along the reference length

Rz Maximum height the absolute vertical
distance between the highest peak and the
deepest valley along the reference length

Rq Root mean
square height

the root mean square
along the reference length

Rsk Skewness the degree of symmetry of the surface
heights about the mean plane

Rku Kurtosis the kurtosis and steepness of texture,
it indicates the nature of the height
distribution

Rmr (c) Load length ratio the ratio of the load length Mr (c) of
profile curve elements to the evaluation
length at cut level c

2 Materials and methods

2.1 Raw materials

Bauxite, granite, and basalt with the size of 9.5/13.2 mm were
used to study the surface morphology, hardness, and anti-polishing
in this study. Bauxite is was provided by Yangquan Co., Ltd.
According to the dosage of Al2O3, there are two kinds of bauxite
which are 90# and 75#, respectively. Chemical compositions of
four kinds of aggregates are shown in Table 1 and their physical
properties are shown in Table 2.

2.2 Experimental method

2.2.1 PSV test
The PSV test was carried out with an Accelerated Polishing

Machine according to the literature (Guan et al., 2018). Four types
of PSV specimens are shown in Figure 1. The polishing velocity was
320 ± 5 r/min and the load was 725 ± 10N. Then 40000, 80000,
120000,160000, and 200000 cycles of polishing with emery flour
were followed. The specimen polish degree was measured by a
British Pendulum device. Each test group was repeated six times to
acquire the reliable value of PSV.

2.2.2 Profile roughness measurement
In this experiment, the micro-texture profile was observed by

a 3D color laser microscope which was produced by Keyence Inc.
The scanning range was 500 × 700μm, scanning resolution was
0.01 µm. Five stone surfaces of each specimen were obtained to
reduce acquisition error. Besides, each stone has been tested three
times in an attempt to improve the accuracy of the data and
avoid excessive discretization results. Figure 2 illustratesmicroscopy
and its 3D profile of four aggregates. The 3D surface topography
images illustrate that 90# bauxite and granite have excellent
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TABLE 4 Original data of each factor.

Type Cycles (×104) PSV Ra (μm) Rq (μm) Rz (μm) Rsk Rku Rmr(c) (%)

X0 X1 X2 X3 X4 X5 X6

90# Bauxite

0 74.100 11.292 18.738 97.469 0.621 2.772 35.660

4 70.600 9.824 12.240 94.447 −0.356 2.895 49.440

8 66.800 8.533 11.055 81.309 0.337 2.546 27.280

12 59.300 7.865 8.551 69.293 −0.336 3.178 71.980

14 53.200 7.283 7.673 65.240 0.006 2.454 56.810

20 50.500 6.343 6.895 57.252 −0.024 2.519 80.760

75# Bauxite

0 63.700 10.763 16.764 92.799 −0.267 2.123 62.390

4 61.200 9.022 12.678 82.340 −0.462 2.303 68.960

8 59.100 7.652 10.074 64.922 0.273 2.587 33.020

12 55.500 7.556 9.343 58.071 −0.414 2.150 67.450

14 49.300 5.988 6.178 54.370 −0.208 2.705 67.610

20 46.800 4.965 4.802 44.680 −0.113 2.653 57.190

Basalt

0 60.800 9.578 12.183 93.630 −0.346 2.255 47.210

4 56.700 7.719 9.604 80.456 −0.351 1.909 69.410

8 44.500 5.487 7.115 65.309 0.005 2.435 67.150

12 39.200 3.679 4.124 53.965 −0.725 2.150 91.580

14 34.800 3.101 3.718 43.968 −0.060 3.541 76.920

20 30.200 2.881 3.483 42.527 −0.019 2.324 64.560

Granite

0 63.400 10.340 15.256 86.080 −0.389 1.953 41.590

4 60.600 9.191 13.413 80.463 −0.255 2.378 65.490

8 58.500 8.350 11.803 69.182 0.067 2.627 48.520

12 50.300 6.031 8.342 55.222 0.173 2.053 81.150

14 40.600 5.262 5.322 49.725 −0.379 2.150 80.430

20 36.100 4.687 4.542 38.045 −0.276 2.481 62.360

surface microstructure; the micro-roughness of basalt shows poorly.
Although the 75# bauxite looks more flat under the microscope, it
still has a lot of small and dense micro-texture.

In order to measure the degree of change in the microscopic
texture of aggregate, there are a total of six typical roughness
parameters being chosen as indicators. The profile roughness
parameters are obtained byVK-Analyzer software of a 3D color laser
microscope.The six profile roughness parameters include arithmetic
mean roughness (Ra), maximum height (Rz), root mean square
height (Rq), skewness (Rsk), kurtosis (Rku), and load length ratio
(Rmr (c)), as shown in Table 3.

1) Arithmetic mean roughness (Ra) indicates the average of the
absolute height value along the reference length. Ra calculation
determines the absolute value of the height difference between
the reference surface and the measured surface, and then
calculates the average of the distance between each dot on the
roughness curve surface and the reference surface, which is
illustrated in Figure 3.

Ra =
1
lr

lr

∫
0

|Z(x)|dx (1)
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TABLE 5 Data Initialization for each factor.

Type X0 X1 X2 X3 X4 X5 X6

90# Bauxite

2.053 2.409 4.125 2.562 −2.248 1.117 0.572

1.956 2.096 2.695 2.483 1.291 1.167 0.793

1.850 1.821 2.434 2.137 −1.221 1.026 0.437

1.643 1.678 1.883 1.821 1.217 1.281 1.154

1.474 1.554 1.689 1.715 −0.023 0.989 0.911

1.399 1.353 1.518 1.505 0.086 1.015 1.295

75# Bauxite

1.765 2.296 3.691 2.439 0.967 0.856 1.000

1.695 1.925 2.791 2.164 1.674 0.928 1.106

1.637 1.633 2.218 1.706 −0.989 1.043 0.530

1.537 1.612 2.057 1.526 1.499 0.867 1.082

1.366 1.278 1.360 1.429 0.754 1.090 1.084

1.296 1.059 1.057 1.174 0.410 1.069 0.917

Basalt

1.684 2.044 2.682 2.461 1.252 0.909 0.757

1.571 1.647 2.114 2.115 1.271 0.769 1.113

1.233 1.171 1.566 1.717 −0.017 0.981 1.077

1.086 0.785 0.908 1.418 2.626 0.867 1.469

0.964 0.662 0.819 1.156 0.217 1.427 1.233

0.837 0.615 0.767 1.118 0.068 0.937 1.035

Granite

1.756 2.206 3.359 2.263 1.409 0.787 0.667

1.679 1.961 2.953 2.115 0.924 0.959 1.050

1.620 1.782 2.599 1.818 −0.241 1.059 0.778

1.393 1.287 1.837 1.451 −0.625 0.828 1.301

1.125 1.123 1.172 1.307 1.372 0.867 1.290

1 1 1 1 1 1 1

2) Maximum height (Rz) indicates the absolute vertical distance
between the highest peak and the deepest valley along the
reference length, which is illustrated in Figure 4.

Rz = max (Zn) + |min (Zn)| (2)

3) Root mean square height (Rq) indicates the root mean square
along the reference length, which is illustrated in Figure 5.

Rq = √
1
N

N

∑
n=1

Zn
2 (3)

4) Skewness (Rsk) uses the cube of the root mean square height
to display the dimensionless cube of the reference length Z(x),
which represents the degree of symmetry of the surface heights
about the mean plane.

Rsk =
1
Rq

3[
1
N

N

∑
n=1

Zn
3] (4)

5) Kurtosis (Rku) uses the fourth power of the root mean
square height to display the dimensionless fourth power of
the reference length Z(x), which describes the kurtosis and
steepness of texture, it indicates the nature of the height
distribution.

Rku =
1
Rq

4[
1
N

N

∑
n=1

Zn
4] (5)

6) Load length ratio (Rmr (c)) shows the ratio of the load length
Mr (c) of profile curve elements to the evaluation length at cut
level c (height in % or μm), which is illustrated in Figure 6.

Rmr(c) =
100
ln

m

∑
n=1

Ml(c)i(%) (6)

2.2.3 Vickers hardness test
The Vickers hardness test was carried out according to ASTM

E92-2016 (ASTM E92-2016, 2023). Tests with Vickers hardness
testers manufactured by Mega (Suzhou) Co., Ltd. The Vickers
hardness is obtained by Eq. 7.

H =
2F sin 136∘

2

d2
= 1.854 F

d2
(7)

Where H is Vickers hardness (Hv), F is the force applied to the
diamond (kgf), d is the average length of the diagonal left by the
indenter (mm).

2.3 Methodology of gray correlation
analysis

Gray correlation analysis is one of the most widely used models
of Grey system theory (Dews and Bishop, 2007). Gray correlation
analysis has been used in many fields such as engineering,
financial, physical, etc (Deng, 1989; Zhu et al., 2021; Cao et al.,
2022; Gosavi and Jaybhaye, 2023). Grey correlation analysis is a
suitable mathematical method for researching the correlation with
each factor (Li et al., 2023). The polishing process of aggregate
is complex, and profile roughness parameters are multiple and
interdependent (Wang et al., 2017). The Gray correlation coefficient
was adopted to describe the correlation degree between the profile
roughness parameters and PSV. A higher gray correlation coefficient
shows good corresponding to a correlation degree. The calculation
of the Gray correlation coefficient is generally divided into the
following four steps:

(1) With the intention of evaluating the significance of each factor,
PSV was extracted to determine the reference sequence, X0(k).
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TABLE 6 The absolute differential value of X0 with Xi.

Type ∆1 ∆2 ∆3 ∆4 ∆5 ∆6

∆1 = X0(k)-
X1(k)

∆1 = X0(k)-
X2(k)

∆1 = X0(k)-
X3(k)

∆1 = X0(k)-
X4(k)

∆1 = X0(k)-
X5(k)

∆1 = X0(k)-
X6(k)

90# Bauxite

0.357 2.073 0.509 4.301 0.935 1.481

0.140 0.739 0.527 0.665 0.789 1.163

0.030 0.584 0.287 3.072 0.824 1.413

0.035 0.240 0.179 0.425 0.362 0.488

0.080 0.216 0.241 1.497 0.484 0.563

0.046 0.119 0.106 1.313 0.384 0.104

75# Bauxite

0.532 1.926 0.675 0.798 0.909 0.764

0.230 1.096 0.469 0.022 0.767 0.589

0.005 0.581 0.069 2.626 0.594 1.108

0.075 0.520 0.011 0.038 0.671 0.456

0.088 0.005 0.063 0.612 0.275 0.281

0.237 0.239 0.122 0.887 0.227 0.379

Basalt

0.359 0.998 0.777 0.432 0.775 0.927

0.076 0.544 0.544 0.300 0.801 0.458

0.062 0.334 0.484 1.249 0.251 0.156

0.301 0.178 0.333 1.541 0.219 0.383

0.302 0.145 0.192 0.747 0.463 0.269

0.222 0.070 0.281 0.769 0.100 0.199

Granite

0.450 1.603 0.506 0.348 0.969 1.089

0.282 1.274 0.436 0.755 0.720 0.628

0.161 0.978 0.198 1.862 0.562 0.842

0.107 0.443 0.058 2.018 0.566 0.092

0.002 0.047 0.182 0.247 0.258 0.165

0 0 0 0 0 0

TABLE 7 The minimum and the maximum differential value of X0 with Xi.

min X0(k)-Xi(k) Max X0(k)-Xi(k)

0 4.3

In addition, the other parameters (Ra, Rq, Rz, Rsk, Rku, Rmr(c))
whichwere selected on the basis of original data, were specified
as comparison sequence, Xi(k); where k = 1,2,3 …… , m.

(2) To eliminate the effect of differences in data between
the reference sequence and comparison sequences,

the dimensionless treatment of initial values was
normalized by Eq. 8.

Xi
′ =

Xi

Xi(n)
, i = 0,1,2,3,4....n (8)

(3) In order to obtain the maximum absolute difference and the
minimum absolute difference, Eqs 9, 10 could be used to calculate
for each sequence. Afterwards, the gray correlation coefficient ξ was
calculated by Eq. 11.

max
i

max
k
Δi(k) =max

i
max
k
|x0(k) − xi(k)| (9)
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TABLE 8 The correlation coefficient ξi(k) of each factor.

Type ξ1(k) ξ2(k) ξ3(k) ξ4(k) ξ5(k) ξ6(k)

90# Bauxite

0.858 0.509 0.808 0.333 0.697 0.592

0.939 0.744 0.803 0.764 0.732 0.649

0.986 0.787 0.882 0.412 0.723 0.603

0.984 0.900 0.923 0.835 0.856 0.815

0.964 0.909 0.899 0.590 0.816 0.793

0.979 0.947 0.953 0.621 0.849 0.954

75# Bauxite

0.802 0.527 0.761 0.729 0.703 0.738

0.904 0.662 0.821 0.990 0.737 0.785

0.998 0.787 0.969 0.450 0.783 0.660

0.966 0.805 0.995 0.983 0.762 0.825

0.961 0.997 0.971 0.779 0.886 0.884

0.901 0.900 0.946 0.708 0.904 0.850

Basalt

0.857 0.683 0.735 0.833 0.735 0.699

0.966 0.798 0.798 0.878 0.729 0.825

0.972 0.866 0.816 0.632 0.895 0.932

0.877 0.924 0.866 0.583 0.907 0.849

0.877 0.937 0.918 0.742 0.823 0.889

0.906 0.969 0.884 0.737 0.956 0.915

Granite

0.827 0.573 0.809 0.861 0.689 0.664

0.884 0.628 0.831 0.740 0.749 0.774

0.930 0.687 0.916 0.536 0.793 0.718

0.953 0.829 0.974 0.516 0.792 0.959

0.999 0.979 0.922 0.897 0.893 0.929

1 1 1 1 1 1

TABLE 9 The grey correlation degree between roughness parameters
and PSV.

R1 R2 R3 R4 R5 R6

0.9287 0.8061 0.8834 0.7144 0.8087 0.8042

min
i

min
k
Δi(k) =min

i
min
k
|x0(k) − xi(k)| (10)

ξ(x0(k),xi(k)) =
min
i

min
k
|x0(k) − xi(k)| + ρmax

i
max
k
|x0(k) − xi(k)|

|x0(k) − xi(k)| + ρmax
i

max
k
|x0(k) − xi(k)|

(11)

Where, ρ is the distinguishing coefficient (0<ρ < 1); ρ = 0.5.
(4) In accordance with the results above, the average value of the

correlation coefficient Ri could be calculated by Eq. 12:

Ri =
1
n

n

∑
k=1

λkξ(x0(k),xi(k)) (12)

3 Results and discussions

3.1 The correlation degree between the
profile roughness parameters and PSV

Profile roughness parameters and PSV of four types of
aggregates during different polishing cycles are illustrated in Table 3.
The gray correlation coefficient is calculated in four steps. At
first, the original data of each factor including Ra, Rq, Rz, Rsk,
Rku, and PSV was summarized in Table 4. Then, the initial value
is normalized after dimensionless processing, and the results
are shown in Table 5. The absolute difference between X0 and
Xi was obtained and shown in Table 6. Thirdly, the minimum
differential and maximum differential are also calculated and
shown in Table 7. After these steps, the correlation coefficient
ξi(k) of each factor are obtained and shown in Table 8. Finally,
the grey correlation degree (Ri) is shown in Table 9, and the
correlation degree between PSV and profile roughness parameters
is evaluated.

Table 4 shows that the change rule of four kinds of aggregates
is basically the same. As the polishing time increases, the values of
PSV, Ra, and Rz decrease, which proves that the changes of these two
parameters (Ra, Rz) have a certain correlation with PSV.

According to the results of gray correlation analysis in Table 9,
the sequence of six factors is Ra > Rz > Rku > Rmr(c)> Rq > Rs.
Ra has the maximum correlation degree with PSV (R1 = 0.929).
The correlation degree of Rz is the second largest indicator. The
decreasing tendency of the values Ra and Rz could well represent
the decay trend of PSV.The value of PSV increased with the increase
of Ra and Rz. It indicates that high arithmetic mean roughness and
maximumheight of the surface is beneficial to the PSVof aggregates.
Polishing cycles have a great effect on the PSV of aggregates. With
the increase in polishing cycles, the value of Ra, Rz, andRq decreased.
The micro-texture of the surface is destroyed and friction decreases
significantly.

The link between roughness parameters and PSV is multiple
and difficult to characterize due to such numerous profile
roughness parameters. Therefore, fewer parameters need to be
selected depending on the correlation degrees between profile
roughness parameters and PSV. Moreover, the result of gray
correlation entropy indicates that it is difficult to describe the
relationship between micro-texture and the polishing resistance
of aggregates using only a single parameter. It requires several
parameters together to characterize the micro-texture of the
surface for describing the relationship between micro-texture
and the polishing resistance of aggregates. Because of the
high correlation with PSV, Ra, and Rz are chosen as the main
indicators.
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TABLE 10 Model F-test results.

DF Sum of squares Mean square F value Prob > F

Regression 2 71717.23057 35858.61529 3017.83122 0

Residual 22 261.40943 11.88225

Uncorrected Total 24 71978.64

Corrected Total 23 3091.905

TABLE 11 t-Test Results.

Variable t Statistic DF Prob>|t|

Ra

Equal Variance Assumed −19.17721 46 1.41497E-23

Equal Variance Assumed −19.17721 24.97034 1.86785E-16

Rz

Equal Variance Assumed 3.16478 46 0.00275

Equal Variance Assumed 3.16478 38.99075 0.00301

3.2 Deriving the link between profile
roughness parameters and PSV

The relationship between these variables (Ra and Rz) and PSV
were analyzed with mathematical fitting by origin 8.0, and the
independent variables of the multivariate regression model were
established in three variables called Ra and Rz, which is presented as
Eq. 13. The correlation coefficient of determination R2 = 0.912. The
results of the F-Test are shown in Table 10. Based on the analysis the
following model was obtained (F theoretical << F observed) relating
PSVwithRa andRz. Results of the t-Test are summarized inTable 11.
All p-values are less than 0.01. F-tests and t-tests are conventional
methods of accuracy testing, and their results point to a high degree
of accuracy of the model. Therefore, it can be concluded that the
relationship between PSV and independent variables is linear
for all models.

PSV = 3.912Ra + 0.034Rz + 19.661 (13)

3.3 Deriving the link between profile
roughness parameters and vickers
hardness

3.3.1 Correlation analysis between Ra and vickers
hardness

Figure 7 shows the good linear relationship between Ra and
polishing cycles. The relationship between Ra and polishing cycles
can be described by Eq. 14.

Ra = K1n+Rai (14)

Where Ra is arithmetic mean roughness (μm), n is polishing
cycles (times), Rai is the initial value of Ra (μm), and K1 is the
attenuation rate of Ra per polishing cycle (um/times).

FIGURE 7
Correlation between Ra and polishing cycles.

There is a certain relationship betweenK1 andVickersHardness.
The correlations between K1 and Vickers hardness are shown in
Figure 8. FromFigure 8, it can be seen that the correlation coefficient
of the linear fitted equation is 0.9423, which shows the good
correlation between K1 and Vickers hardness. Thus, K1 can be
obtained by Eq. 15.

K1 = 0.0007H− 0.6259 (15)

Where H is Vickers hardness of aggregate (Hv).
With Eqs 14, 15, Ra can be determined through Eq. 16

Ra = (0.0007H− 0.6259)n+Rai (16)
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FIGURE 8
Correlation between K1 and vickers hardness.

FIGURE 9
Correlation between Rz and polishing cycles.

3.3.2 Correlation analysis between Rz and vickers
hardness

Figure 9 shows the good linear relationship between Rz and
polishing cycles. The relationship between Rz and polishing cycles
can be described by Eq. 17.

Rz = K2n+Rzi (17)

Where Rz ismaximumheight (μm), n is polishing cycles (times),
Rai is the initial value of Rz (μm), and K2 is the attenuation rate of Rz
per polishing cycle (μm/times).

There is a certain relationship betweenK2 andVickersHardness.
The correlations between K2 and Vickers Hardness are shown
in Figure 10. From Figure 10, it can be seen that the correlation
coefficient of the linear fitted equation is 0.917, which shows the
good correlation between K2 and Vickers hardness. Thus, K2 can be

FIGURE 10
Correlation between K2 and vickers hardness.

TABLE 12 Basic parameters in calculation model.

Type Rai (μm) Rzi (μm) H (Hv)

90# Bauxite 10.883 98.981 571

75# Bauxite 10.385 86.865 511

Basalt 8.918 90.189 387

Granite 10.337 87.859 427

obtained by Eq. 18.

K2 = 0.0024H− 3.53 (18)

Where H is Vickers hardness of aggregate (Hv).
With Eq. 17 and Eq. 18 Rz can be determined through Eq. 19:

Rz = (0.0024H− 3.53)n+Rzi (19)

In the above mathematical derivation procedure from
Eq. 14–19, it is easy to find that the absolute value of K1 and K2
decreased with the increase of Vickers Hardness. It indicates that
the high Vickers hardness of aggregates can stabilize the micro-
texture of aggregates and retard the frictional attenuation during the
long-term polishing process.

3.4 Deriving the link between roughness
parameters, vickers hardness, and PSV

From Eqs 13–19, the link between surface profile roughness,
hardness, and PSV can be obtained as follows:

PSV = 0.0032Hn− 2.859n+ 4.376Rai + 0.034Rzi + 19.661 (20)

Where Rai, Rzi, and H are the basic parameters, which can be
obtained by profile roughness measurement and Vickers hardness
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test. According to these test results, the basic parameters of Bauxite,
Basalt, and Granite are shown in Table 12.

The proposal indicators in the regression could well instruct
the selection of high friction aggregates so that a practical
method that could improve the ability of pavement skid
resistance is obviously reported in the further study. Aggregate
friction life also can be predicted by this regression, which
may contribute to the service life estimation and condition
prediction of the wearing course, especially high friction
surface treatment.

4 Conclusion

(1) The influence of profile roughness parameters of four types
of aggregates was calculated by gray correlation analysis.
According to the analysis results, Ra and Rz influenced PSV
significantly while Rq, Rsk, Rku, and Rmr (c) had a relatively
weak effect.

(2) The relationship between the variables (Ra, Rz) and PSV
was established. The higher the values of Ra and Rz,
the more favorable the PSV of the aggregate; there is a
good linear relationship between Ra and Rz attenuation
rates (K1 and K2) and Vickers hardness. The higher
the Vickers hardness, the more stable the microtexture
of the aggregate and the less frictional attenuation
during polishing.

(3) Based on microtexture and Vickers hardness, a multiple
regression model was developed for estimating the PSV of
high-friction aggregates during long-term polishing.
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