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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 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 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 Stone Value (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 and Hamard, 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, 75# Bauxite, Basalt, and Granite) during different polishing cycles. It investigates the relationship between profile roughness, Vickers hardness, and PSV, using gray correlation analysis and mathematical fitting methods to understand their impact patterns. Ultimately, it establishes a model to estimate the Polished Stone Value of high-friction aggregates.
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.
TABLE 1 | Chemical composition of aggregates (%).
[image: Table 1]TABLE 2 | Physical properties of aggregates.
[image: 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.
[image: Figure 1]FIGURE 1 | Four types of PSV specimens.
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 illustrates microscopy and its 3D profile of four aggregates. The 3D surface topography images illustrate that 90# bauxite and granite have excellent 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.
[image: Figure 2]FIGURE 2 | Four aggregates under laser microscopy and its 3D profile (A) 90#Bauxite (B) 75#Bauxite (C) Basalt (D) Granite.
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 by VK-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.
[image: image]
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.
[image: image]
3) Root mean square height (Rq) indicates the root mean square along the reference length, which is illustrated in Figure 5.
[image: image]
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.
[image: image]
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.
[image: image]
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.
[image: image]
[image: Figure 3]FIGURE 3 | Illustration of Ra.
[image: Figure 4]FIGURE 4 | Illustration of Rz.
[image: Figure 5]FIGURE 5 | Illustration of Rq.
[image: Figure 6]FIGURE 6 | Illustration of Rmr(c).
TABLE 3 | Roughness parameters.
[image: Table 3]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.
[image: image]
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). In addition, the other parameters (Ra, Rq, Rz, Rsk, Rku, Rmr(c)) which were 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.
[image: image]
(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.
[image: image]
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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:
[image: image]
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 [image: image] 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 | Original data of each factor.
[image: Table 4]TABLE 5 | Data Initialization for each factor.
[image: Table 5]TABLE 6 | The absolute differential value of X0 with Xi.
[image: Table 6]TABLE 7 | The minimum and the maximum differential value of X0 with Xi.
[image: Table 7]TABLE 8 | The correlation coefficient [image: image] of each factor.
[image: Table 8]TABLE 9 | The grey correlation degree between roughness parameters and PSV.
[image: Table 9]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 maximum height of the surface is beneficial to the PSV of aggregates. Polishing cycles have a great effect on the PSV of aggregates. With the increase in polishing cycles, the value of Ra, Rz, and Rq 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.
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 PSV with Ra and Rz. Results of the t-Test are summarized in Table 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.
[image: image]
TABLE 10 | Model F-test results.
[image: Table 10]TABLE 11 | t-Test Results.
[image: Table 11]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.
[image: image]
[image: Figure 7]FIGURE 7 | Correlation between Ra and polishing cycles.
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).
There is a certain relationship between K1 and Vickers Hardness. The correlations between K1 and Vickers hardness are shown in Figure 8. From Figure 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.
[image: image]
[image: Figure 8]FIGURE 8 | Correlation between K1 and vickers hardness.
Where H is Vickers hardness of aggregate (Hv).
With Eqs 14, 15, Ra can be determined through Eq. 16
[image: image]
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.
[image: image]
[image: Figure 9]FIGURE 9 | Correlation between Rz and polishing cycles.
Where Rz is maximum height (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 between K2 and Vickers Hardness. 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 obtained by Eq. 18.
[image: image]
Where H is Vickers hardness of aggregate (Hv).
[image: Figure 10]FIGURE 10 | Correlation between K2 and vickers hardness.
With Eq. 17 and Eq. 18 Rz can be determined through Eq. 19:
[image: image]
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:
[image: image]
Where Rai, Rzi, and H are the basic parameters, which can be obtained by profile roughness measurement and Vickers hardness test. According to these test results, the basic parameters of Bauxite, Basalt, and Granite are shown in Table 12.
TABLE 12 | Basic parameters in calculation model.
[image: 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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