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The morphological characteristics of aggregate include outline shape, angularity, and surface texture, which determine the mutual extrusion and friction between aggregates, and significantly affect the performance of asphalt pavement. At present, the research on the morphological characteristics of coarse aggregate is mainly focused on indoor visual identification technology (AIMS, XCT, etc.), in which the applicability of the proposed aggregate shape characterization index is weak, and these instruments could not serve the practical engineering well. In this article, the Coarse Aggregate Morphological Identification System (CAMIS) is developed based on computer vision technology, and the system can recognize the shape features of aggregates above 2.36 mm particle size and carry out uninterrupted feeding and removal based on the mechanical arm system, which can realize large sample detection. Based on CAMIS aggregate identification system and laboratory tests (rutting test, dynamic modulus test, and penetration shear test), the shape identification and performance test of aggregate samples from construction site are carried out, and an aggregate performance evaluation index, CEI, suitable for high-temperature areas is proposed in combination with the improved response surface method. The processing parameters of vertical shaft impact aggregate crusher are optimized based on the CEI index, and the recommended processing parameters are verified by laboratory tests. The results show that the morphological characteristics of coarse aggregate affect the high temperature performance in order angularity, needle flake, axial coefficient, and convexity. The combination of processing parameters of vertical axis impact crusher is recommended to be of 45 m/s rotational speed, 3 t/h feed quantity, and 30% air intake. Verified by laboratory tests, the aggregate identification system CAMIS developed in this article and the proposed aggregate performance evaluation index, CEI, are highly reliable.
Keywords: asphalt pavement, coarse aggregate, computer vision, technology, mesomorphology, quantitative characterization, performance evaluation
INTRODUCTION
The morphological characteristics of aggregate include outline shape, angularity, and surface texture, which are closely related to the formation of asphalt mixture spatial skeleton and the interaction between asphalt and aggregate, significantly affecting the road performance of asphalt mixture (Li et al., 2019). The shape, angularity, and surface texture of coarse aggregate determine the intercalation and friction between aggregates and make a certain contribution to the formation of good mechanical properties and structural strength of asphalt mixture. It is a key factor for asphalt pavement to overcome permanent deformation (Zhang et al., 2012). Many scholars have done in-depth research on the acquisition and characterization of morphological characteristics of coarse aggregate. Al-Rousan et al. (2007) revealed that the influence of coarse aggregates angularity and shape on the performance of asphalt mixture is significant, but the existing research techniques cannot distinguish the effect of angularity and shapes. Arasan et al. (2011) used the DIP technique to study the morphological characteristics of the aggregate and proposed some new evaluation indexes such as elongation and roundness. Rezaei and Masad (2013) quantitatively characterize the relationship between aggregate morphology and pavement skid resistance using the data of laboratory test and field investigation. In recent years, some scholars have used X-ray tomography (XCT) to obtain internal continuous tomographic images to reflect the three-dimensional spatial structure information of materials. The digital image obtained based on XCT technology can show the three-dimensional structural and geometric features of coarse aggregate more accurately and truly. Wang et al. (2016) used a modified Los Angeles Abrasion Test (LAAT) to change the shape of the aggregate and studied the correlation between aggregate shape parameters and high temperature performance of asphalt mixture. Ding et al. (2017) obtained the realistic shape of granular aggregates and made the statistical analysis to quantify the morphological differences. Ghuzlan et al. (2019) proposed the flatness index and roundness index as morphological evaluating indexes of coarse aggregate based on the image identification and image processing techniques. Kuang et al. (2019) proved that the average angular coefficient of coarse aggregate is also correlated with the high temperature stability, water stability, and low temperature performance of asphalt mixture. Singh et al. (2013) compared the morphological characteristic parameters (angularity, texture, and flatness) of aggregates with different lithologies (granite, rhyolite, and limestone) and found that the morphological characteristic parameters of coarse aggregate of different lithologies are different. Liu et al. (2016) optimized the Fourier transform interferometry (FTI) system and used the sphericity, flatness, elongation, angularity, and surface texture to identify the morphological characteristics of coarse aggregate. Kwon et al. (2017) studied the relationship between the aggregate morphology and the permanent deformation capacity of asphalt mixture and analyzed the key factors affecting the permanent deformation of the asphalt mixture. Wang et al. (2019a) proposed the sphericity, flatness, elongation, angularity, and surface texture index to describe the morphological characteristics of coarse aggregate based on the AIMS experiment instruments. Thus, the research on the morphological characteristics of coarse aggregate is mainly focused on indoor visual identification technology (AIMS, XCT, etc.). The proposed aggregate shape characterization index lacks pertinence, and the testing equipment cannot effectively provide services for asphalt mixture site construction control because of economy and portability (Plati et al., 2016).
Through the limited experimental design of the set of sample points in the specified design space, the response surface method fits the global approximation of the output variable (system response) to replace the real response surface (Mohamed et al., 2016). However, for the morphological characteristics of coarse aggregate, the optimal solution corresponding to different evaluation indexes is different. Therefore, the traditional response surface design method needs to be improved. The improved method is to use gray correlation analysis according to different high temperature evaluation indexes. The comprehensive evaluation method of gray correlation degree can give an evaluation value to each evaluation index of the evaluation object according to the given conditions, so as to comprehensively judge the evaluation object under the interaction of multiple factors (Luo et al., 2016).
Machine vision is a modern comprehensive measurement technology that has been active in recent years, covering a wide range of fields, including computer vision, digital image processing, digital signal analysis, pattern recognition, artificial intelligence, and other technologies. In simple terms, it is to use a camera instead of the human eye to identify and judge the target object to be detected. First, the target image is acquired through the visual sensor, and then the image is transmitted to the host computer for a series of analyses such as digital image processing, and finally according to the pixel point distribution or image color, brightness and other information are used to complete the detection of target size, shape, and color. Chen et al. (2019) discussed the causes of global calibration errors in detail and built a four-camera vision system to obtain the visual information of targets including static objects and a dynamic concrete-filled steel tubular (CFST) specimen. Tang et al. (2019) presented a dynamic real-time detection method for surface deformation and full field strain in recycled aggregate concrete-filled steel tubular columns (RACSTCs). Majidifard et al. (2020) developed a U-net based model to quantify the severity of the pavement distresses and a hybrid model by integrating the YOLO and U-net models to classify the pavement distresses and quantify their severity simultaneously. Liu et al. (2019) adopted U-Net to detect the concrete cracks, and U-Net is found to be more elegant than DCNN with more robustness, more effectiveness, and more accurate detection. Wang et al. (2019b) used neural network technology to assist the robot patrol in an unknown work environment and to use faster R-CNN methods to find scattered nails and screws in real time, so that the robot can automatically recycle nails and screws.
Based on this, an expressway in Guangdong province is selected as a practical case, and a self-developed fast recognition system for the morphological characteristics of coarse aggregate is used to quickly identify the needle flake, axial coefficient, angularity, and convexity of the aggregate used in the field engineering. Based on the Gray Correlation Response Surface Design method (GCRSD), the coarse aggregate monomer index is associated with dynamic stability, dynamic modulus, maximum shear stress, and internal friction angle. The evaluation index of aggregate performance suitable for the study area is put forward, and the reasonable operation parameters of aggregate processing equipment are recommended to reveal the road performance of asphalt mixture from the point of view of aggregate shape characteristics, so as to realize the effective control of asphalt pavement construction quality.
OBJECTIVE
In order to enhance the applicability of mesomorphological characterization index of road aggregate, this research puts forward an aggregate performance evaluation index, CEI, which is suitable for high-temperature areas based on CAMIS aggregate identification system and laboratory test combined with improved response surface method. Finally, the processing parameters of vertical shaft impact aggregate crusher are optimized based on CEI index.
RAW MATERIALS
Aggregate
The basalt aggregate used in this study comes from the construction site, and the technical index of the aggregate is tested, as shown in Table 1 (JTG E42-2005, 2005).
TABLE 1 | Basic performance test of aggregate.
[image: Table 1]Asphalt
SBS modified asphalt was employed in this study, and the content of SBS modifier is 3%. The technical performance indexes of SBS modified asphalt are shown in Table 2.
TABLE 2 | The technical performance indexes of SBS modified asphalt.
[image: Table 2]According to the situation of pavement construction on site, SMA-16 is selected as the gradation in this article, the best dosage of asphalt is 5.2%, and the amount of fiber is 0.3%.
RESEARCH METHOD
Aggregate Identification System
Based on the previous research results, the morphological characteristics of coarse aggregate are characterized by edge and angularity parameters, needle-like content, axial coefficient, and convexity (Gao et al., 2018). The specific algorithm of each index is as follows.
(1) Angular Value
Angular value is the square of the ratio of the circumferential polygon perimeter Pc to the equivalent elliptical perimeter PE, which can characterize the angular properties of the particles. The larger the value, the better the angular property of the particles, such as 
[image: image]
(2) Needle Flake Content
Through the image recognition technology, the maximum length L, the maximum width w, and the maximum thickness t of the maximum length surface are determined (t < w < L). The particles with L/t ≥ 3 are screened out as needle-like particles. Because the density of the same aggregate is the same, the needle-like content is calculated directly by volume. The equivalent ellipsoid method is used to calculate the needle-like particle volume Vi and the total aggregate volume V, as shown in (2). Finally, the needle-like content is calculated, as shown in (3).
[image: image]
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(3) Axial Coefficient
The axial coefficient characterizes the needle-like size of the particles, and the larger the axial coefficient is, the greater the needle-like property of the particles is. It reflects the macroscopic state and characteristics of aggregate particles, and the calculation formula is shown in 
[image: image]
In the formula, L is the maximum length of the particle equivalent ellipse and W is the secondary axis width of the particle equivalent ellipse.
(4) Convexity
The original intention of the design of the convexity index is to consider that the coarse aggregate rapid identification system can directly measure the actual area of a particle SA and calculate its circumscribed polygon area SC. The convexity is the square root of the ratio of these two quantities, as shown in
[image: image]
Based on the Python Programming Language and the above algorithms, a Coarse Aggregate Morphological Identification System (CAMIS) is developed independently, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Coarse aggregate morphological identification system. (A) Analysis software. (B) Hardware equipment. (C) Flowchart of CAMIS system.
The principle of the system is to first binarize the original aggregate image, then reduce the noise of the aggregate image, then calculate the geometric parameters of each aggregate based on the OPENCV computer vision module, and finally calculate the needle-like content, axial coefficient, angular value, and convexity of the coarse aggregate. The system can identify the shape characteristics of aggregates above 2.36 mm particle size and carry out uninterrupted feeding and removal based on the mechanical arm system, which can achieve large sample detection and improve the accuracy of calculation results. The response time of single aggregate result is less than 1 s.
Improved Response Surface Method
First of all, the response surface design uses the sequential method to observe and analyze the factors that affect the response variables one by one and then uses the Box-Behnken central combination design method to design the experiment with four factors and three levels, so as to establish the quadratic equation of the response surface and use the mathematical method to find the optimal solution. The weight distribution of several evaluation indexes is carried out to determine the evaluation index value of the morphological index of coarse aggregate to the high temperature performance of asphalt mixture (Shen et al., 2014). In this study, the calculation processes of improved response surface method are as follows.
(1) The angular value X1, needle flake content X2, axial coefficient X3, and convexity X4 are selected as the four factors affecting the high temperature performance of asphalt mixture, and the evaluation indexes of high temperature performance of asphalt mixture are determined. The evaluation indexes of high temperature performance of asphalt mixture are dynamic stability, dynamic modulus, maximum shear stress, and internal friction angle. And the corresponding evaluation index value of high temperature performance of asphalt mixture is determined.
(2) The aggregate of a stone factory in Guangdong Province is selected, and the local aggregate is scanned and tested by using the rapid recognition system of coarse aggregate morphological characteristics, and the ranges of angular value X1, needle-like content X2, axial coefficient X3, and convexity X4 are determined.
(3) Box-Behnken design (BBD) with four factors and three levels is used to carry on the response surface test design.
(4) The gray correlation analysis is used to analyze the impact factor of four coarse aggregate morphological indexes on each response value, and the correlation degree between morphological index and each high temperature performance evaluation index is calculated. As a result, the proportion of each high temperature performance evaluation index in evaluating the high temperature performance of asphalt mixture can be calculated.
(5) According to the proportion, the evaluation index values of each group of tests are calculated by comprehensively considering the dynamic stability, dynamic modulus, maximum shear stress, and internal friction angle, and the evaluation index value is taken as the response value for the establishment of the model.
(6) The response surface test data were analyzed by quadratic multinomial regression fitting, analysis of variance, significance test, and response surface analysis with Design-Expert 8.0 software.
(7) Finally, the model is constructed; that is, the functional relationship between each coarse aggregate shape index and evaluation index value is established.
RESULTS AND DISCUSSION
High Temperature Performance Test
Sampling and Morphological Testing of Aggregates
The basalt aggregates used in the field were sampled and equally divided into 29 parts, which were used in rutting test, dynamic modulus test, and penetration shear test, respectively. The self-developed aggregate shape recognition system (CAMIS) is used to test the aggregate shape, and the average value of the 29 groups of aggregate shape data is shown in Table 3.
TABLE 3 | Average value of sample aggregate shape data.
[image: Table 3]Rutting Test
The above 29 groups of aggregates with different morphological characteristics were used to form rutting specimens, and the automatic rut instrument was used to determine the dynamic stability of asphalt mixture. The size of the specimen is 300 × 300 × 50 mm, the total load applied is 780 N, the test wheel pressure is 0.7 ± 0.05 MPa, the loading rate is 42 times/min, and the test temperature is 60°C. According to the “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTGE20-2011),” the test results of dynamic stability of asphalt mixture are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Test results of dynamic stability of asphalt mixture.
Dynamic Modulus Test
In all the asphalt pavement designs based on mechanical methods, the modulus of asphalt mixture is one of the most important parameters, and it is also the bridge between material performance and pavement structure. Therefore, the high temperature performance of asphalt mixture can be considered from the point of view of modulus (Lei et al., 2015). In this research, the dynamic modulus of asphalt mixture is measured by UTM-30, the cylindrical specimens with diameter of 100 ± 0.2 mm and high 150 ± 0.2 mm are formed by rotary compactor (SGC), and the asphalt mixture is molded with coarse aggregates with different morphological characteristics. There are 29 groups of specimens and there are three parallel specimens in each group, and the test results are taken as the average. Combined with the local climate and traffic conditions, the loading frequency is 0.5 hz and the experimental temperature is 60°C. The test results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Test results of dynamic modulus of asphalt mixture.
Penetration Shear Test
There is a good corresponding relationship between the penetration shear test index and the high temperature performance of asphalt mixture; the test parameters are easy to determine and have a good engineering application prospect (Tasdemir, 2009). Same as above, 29 groups of aggregate forming mixtures with different morphological characteristics are used, and the size of the specimen is 100 × 63.5 mm pieces. There are 29 groups of specimens, each group has three parallel specimens, and the test results are taken as the average. The loading rate is 1 mm hammer min, the size of the indenter is 28.5 mm, the test is carried out at 60°C, and finally the maximum shear stress and internal friction angle are obtained. The results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Test results of penetration shear test of asphalt mixture. (A) Maximum shear stress. (B) Internal friction angle.
Effect of Morphological Characteristics of Aggregate on High Temperature Performance of Mixture
Based on the aggregate shape data in Table 2, the response surface test factor level is established, as shown in Table 4.
TABLE 4 | Response surface test factor level.
[image: Table 4]The dynamic stability, dynamic modulus, maximum shear stress, and internal friction angle of asphalt mixture are used as control indexes to evaluate the high temperature stability of asphalt mixture. Four factors and three levels of test design are carried out by using Box-Behnken central combination design method, with a total of 29 groups of tests (Mourabet et al., 2012).
Combined with the test results in High Temperature Performance Test, the average value of each index is obtained by the method of gray correlation degree, in order to evaluate the influence of coarse aggregate shape index on the high temperature performance of mixture. The correlation degree analysis is shown in Table 5.
TABLE 5 | Correlation between morphological characteristics and high temperature performance index.
[image: Table 5]From the data in the Table 5, it can be seen that the influence degree of various morphological characteristics of coarse aggregate on high temperature evaluation index from high to low is angularity parameter > needle flake content > axial coefficient > convexity. Among them, the impact factor of angularity on the high temperature performance of asphalt mixture is the highest, while the influence of convexity is the least, which is consistent with the previous research results and the actual test results. Generally speaking, the coarse aggregate is rich in edges and corners, and when the surface texture is rougher, the mixture can form a good squeezing effect after compaction, which can increase the internal friction angle of the asphalt mixture and improve the strength of the asphalt mixture, and then improve the high temperature deformation resistance of asphalt mixture. The void age of asphalt mixture and the void age of mineral aggregate gradually increase with the increase of needle-like particle content of aggregate, while the asphalt saturation of gross bulk density decreases. The increase of needle-like content will reduce the high temperature stability of asphalt mixture to some extent.
Construction of High Temperature Performance Evaluation Model of Aggregate
Model Establishment
Based on the gray correlation analysis between the morphological eigenvalues of coarse aggregate and the high temperature performance index, the evaluation index (Comprehensive Evaluation Index, CEI) for evaluating the high temperature performance of asphalt mixture is put forward, and the evaluation model of high temperature performance of aggregate is established based on the four morphological indexes of aggregate angularity X1, needle flake content X2, axial coefficient X3, and convexity X4. By embedding the evaluation model into the self-developed fast scanning and recognition system of coarse aggregate, it is more convenient to optimize or evaluate the aggregate at the construction site. The response surface test data are shown in Table 5. Based on the Minitab platform, the step-by-step selection method is used to test the significance of the test data in Table 6, and the insignificant items are excluded (Yusoff et al., 2015).
TABLE 6 | Response surface test design.
[image: Table 6]The quadratic function of aggregate performance evaluation index, CEI, on X1, X2, X3, and X4 is established by using Design Expert 8.0 software. The standard deviation of the fitting equation is summarized in Table 7.
TABLE 7 | Summary of standard deviation of fitting equation.
[image: Table 7]Finally, the high temperature performance evaluation model of aggregate is shown in (6). The higher the CEI value, the better the high temperature performance of the aggregate.
[image: image]
Interaction Analysis of Morphological Indexes of Coarse Aggregate
In order to directly investigate the influence of the interaction of various factors on the high temperature performance of asphalt mixture, based on the above experimental data, the three-dimensional response surfaces of X1, X2, X3, and X4 are established, as shown in Figures 5–8.
[image: Figure 5]FIGURE 5 | Interaction between angular property and axial coefficient.
[image: Figure 6]FIGURE 6 | Interaction between axial coefficient and needle flake content.
[image: Figure 7]FIGURE 7 | Interaction between axial coefficient and crown.
[image: Figure 8]FIGURE 8 | Interaction between angularity and convexity.
It can be seen from Figure 5 that the larger the axial coefficient is, the smaller the CEI index is. This is because the larger the axial coefficient is, the flatter the aggregate is, which is more disadvantageous to the high temperature performance of asphalt mixture. With the increase of the angular value, the CEI index value becomes larger, indicating that the angular value is positively correlated with the high temperature performance (Hülsheger et al., 2011). As can be seen from Figure 6, there is a negative correlation between axial coefficient, needle-like content, and CEI evaluation index, which is consistent with the actual situation. As can be seen from Figure 7, the smaller the convexity is, the smaller the actual area of the aggregate and the area of the circumscribed polygon are and the rougher the aggregate surface is, which is beneficial to the high temperature performance. On the other hand, the smaller the axial coefficient is, the closer the aggregate particles are to spherical or square, which will improve the high temperature performance of asphalt mixture. When the convexity and axial coefficient are taken to the minimum, the CEI evaluation index reaches the maximum value. It can be seen from Figure 8 that the smaller the convexity is, the smaller the actual area of aggregate and the area of circumscribed polygon are and the better the angularity is. Therefore, when the convexity takes the minimum value and the angularity takes the maximum value, the evaluation index CEI of high temperature performance of asphalt mixture reaches the maximum value.
Optimization and Verification of Processing Parameters of Coarse Aggregate
The proposed aggregate performance evaluation index CEI is embedded into the aggregate shape recognition system CAMIS, and the parameters of the vertical shaft impact aggregate crusher are optimized based on the improved CAMIS system, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Vertical impact crusher.
Select the combination of three factors and three levels of parameters, including rotational speed (35, 45, 55 m/s), feed quantity (2, 3, 4 t/h), and air intake (10, 20, 30%). The experiment was designed based on the L9 (34) orthogonal table, as shown in Table 8.
TABLE 8 | Parameter combination of aggregate processing equipment.
[image: Table 8]As can be seen from Table 7, the CEI value of the fourth group of processing parameters is the largest, so the processing parameters of S3 jaw crusher are recommended as rotational speed: 45 m/s feed: 3 t/h air intake: 30%. The recommended processing parameters are verified by laboratory tests, and the dynamic stability, dynamic modulus, maximum shear stress, and internal friction angle are selected as verification indexes, respectively. The aggregates needed for the test are prepared by using the processing parameters in Table 7, and the preparation parameters and test methods of the asphalt mixture used are the same as the previous ones, and the test results are shown in Table 9.
TABLE 9 | Verification of the test results.
[image: Table 9]It can be seen from Table 8 that the high temperature performance index corresponding to the fourth group of aggregate processing parameters is the best, and the results are consistent with the above, so the aggregate evaluation index CEI proposed in this article can be used to evaluate the high temperature performance of regional aggregates.
CONCLUSIONS

(1) A simple and economical coarse aggregate morphological feature recognition system (CAMIS) is developed based on computer vision technology. The system can identify needle-like content, axial coefficient, angular value, and convexity of aggregates above 2.36 mm particle size, can supply materials uninterruptedly, and realize mass inspection. The response time of single aggregate is less than 1 s.
(2) Based on the CAMIS system, combined with the laboratory test, it is concluded that the impact factor of the morphological characteristics of coarse aggregate on the high temperature performance is angular > needle flake > axial coefficient > crown.
(3) The evaluation model of high temperature performance of aggregate is established by using the improved response surface design method, the aggregate evaluation index CEI is put forward, and the effect of pairwise interaction of each morphological index on CEI index is analyzed. The results show that CEI index can be used to evaluate the high temperature performance of aggregate.
(4) The proposed aggregate performance evaluation index CEI is integrated into the aggregate shape recognition system CAMIS, and the parameters of S3 jaw aggregate crusher are optimized. The combination of processing parameters is recommended as rotational speed: 45 m/s feed: 3 t/h air intake: 30%. Laboratory tests show that the aggregate identification system CAMIS and the aggregate performance evaluation index CEI developed in this study are of high reliability.
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