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Abstract

:

The sustainable performance of asphalt pavement depends on the quality and mix design of road aggregates. Identifying aggregate morphology and size is a prerequisite step for material design and numerical modeling of asphalt mixtures. The paper aims to review the morphometric measurement, characteristic parameters and visualization technique of road aggregates. Types, calculation methods and advantages of aggregate morphological characteristics are highlighted. The applications of aggregate morphological features on the volumetric design, compaction processes, mechanical properties and size effect of asphalt mixtures are summarized. Although digital image processing technology has been studied for years, aggregates in the complex accumulation are still difficult to measure accurately. In the current research, the morphological parameters of aggregates remain diverse without a standard protocol. Compared to theoretical models, numerical models have more difficulties establishing irregular morphology features in the simulated specimens but provide a volume parameter closer to the real value. The future investigation of road performance under dynamic loading should account for the microscopic evolution of shape, orientation and distribution of aggregates over time.
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1. Introduction


Asphalt mixtures are used in over 90% of highway construction in China. Currently, asphalt pavement generally has a short service life, and there is a gap in the design life. Aggregates account for more than 90% of the total mass of asphalt mixtures. Mineral aggregate, a vitally important road material, forms a good load-bearing capacity after gradation combination and sufficient compaction and can be used directly in the paving of the subgrade or subbase of road structures [1]. At the same time, multiphase composites are structurally characterized by a coarse aggregate skeleton and fine aggregate filling through binders such as asphalt and cement [2]. These materials have long dominated the pavement structure. Using aggregate properties to improve their mixes’ mechanical properties and service life has been an important area of research in road engineering.



Most of the existing mix design methods use macroscopic bulk indicators (bulk density, void ratio, effective asphalt content, etc.) and optimize the gradation composition by mechanical empirical methods [3]. However, the reliability and accuracy of their test results lack scientific and effective verification and evaluation methods. A mixture design method based on fine mechanics has been developed recently to break through the traditional empirical and continuum mechanics design concept [4]. The interaction mechanism of aggregates, mortar and other components from the micro-factors of materials was explored by mechanical means to reveal the inner law of the mechanical properties change of the mixture for a more excellent mixture structure design [5]. Currently, researchers in various countries have carried out macroscopic and fine-scale studies in mechanical property tests and pavement structural response of pavement materials such as asphalt mixes [6,7] and cement concrete [8] and have successfully applied various mechanical analysis tools such as the analytical method [9], finite element method [10,11], and discrete element method [12]—all of which can further demonstrate the feasibility of the mix design of materials.



As early as the 1990s, researchers of the SHRP program in the United States realized that micro-factors of materials had a huge influence on the mechanical properties of the mixes and qualified the geometric characteristics of the aggregates (pinch content, angularity, fracture surface, etc.) [13]. In recent years, pavement workers have mostly analyzed aggregate shapes through two-dimensional digital images, yet their properties’ complexity and variability are not limited to flat surfaces. The anisotropy of physical mechanics should also consider the variability of three-dimensional morphology [14]. With the introduction of X-ray computed tomography (X-ray CT) scanning technology, the computer performance and digital modeling of pavement engineering tend to mature, providing an effective way to accurately describe aggregates’ properties and structural characteristics and their mixes. Therefore, this paper discusses the current research progress and main ftechnical challenges in aggregate visualization by integrating existing research and related results.



This paper reviews the techniques and numerical simulations for visualizing the morphological characteristics of road aggregates, especially asphalt mixtures. The development status of digital image acquisition equipment is summarized and introduced, including dynamic digital imaging techniques, static digital imaging techniques, and the influence of morphological characteristics of road aggregate on its fine structure and properties. The progress of visualizing the morphological characteristics of road aggregate is discussed. In addition, the evaluation methods and evaluation indexes from the shape, angularity and texture of aggregates are summarized and generalized systematically. In terms of numerical model reconstruction of aggregates, the modeling procedures of real aggregate models and random generation models are introduced, respectively. The numerical simulation methods, including discrete and finite element methods, in predicting mechanical properties, are reviewed. Moreover, the void fraction of the aggregate, the gradation design and the method of compaction of the specimens are taken into account, which is also affected by aggregate morphological characteristics. The application of the aggregate’s shape in terms of its mechanical properties and size effect is outlined. The flow chart of this review is shown in Figure 1.




2. Morphological Characteristic Evaluation


The engineering properties of building materials (e.g., asphalt mixes and cement concrete) are influenced by the morphological characteristics (shape, angle, and texture) of the aggregates [15]. Therefore, suitable evaluation methods and indicators can better quantify the morphological characteristics of aggregates. Specifically, the shape profile and angularity of coarse aggregates belong to the macroscopic category, while the surface texture belongs to the microscopic category [16]. The relationship among shape, angularity and surface texture is shown in Figure 2.



2.1. Shape


The shape of the aggregate can be divided into two dimensions and three dimensions, and the analysis of the aggregate shape can be divided into sphericity and shape factor, roundness, formation index, Fourier series, flat length ratio, aspect ratio, width ratio, symmetry, and three-dimensional shape factor [17]. As for the contour characteristics of particles, the concept of two-dimensional planes is mainly involved. With the development of digital image technology, the quantitative indexes of contour shape have progressed from shallow to deep, from the simple fine length to the development of relatively fine angular roundness. The fine length, also known as the axis ratio, is generally defined as the ratio of the long axis to the short axis of the equivalent ellipse of the planar projection of the aggregate.



The indicators characterizing the shape of the aggregates can be distinguished into 2D and 3D. Among them, most of the 2D metrics use length and area for shape characterization, such as form index (2D), roundness, the ratio of breadth to width, etc. It is easy to lose a lot of shape detail information. The aggregates’ shape, angularity and texture are effectively separated by the Fourier series method. Three-dimensional indexes include shape factor (SF), flat and elongated ratio (FER), and sphericity (ψ). These indexes can characterize the aggregate morphology more accurately. The shape index of aggregate with calculation equations and main characteristics is shown in Table 1.



Mora et al. [28] proposed a method for measuring the sphericity, shape factor and convexity of concrete aggregates, which estimated the thickness and volume of the particles, measured the thickness-dependent shape parameters, and evaluated the weighted average of individual particle shape parameters in aggregate specimens. Al-Rousan et al. [29] evaluated the accuracy of the analytical methods used in currently available imaging systems. Komba et al. [30] reconstructed a three-dimensional model of aggregate particles after obtaining data from three-dimensional laser scans of various types of aggregates. This laser scanning technique can better quantify the morphological characteristics of aggregates by calculating the sphericity from surface area and volume, the sphericity from three orthogonal dimensions, and the flat-length ratio from the longest and shortest dimensions of the aggregate particles.



The brittleness index is an important shape parameter in aggregates widely used in infrastructure construction, such as roads, and Anochie-Boateng et al. [31] developed a new equation for the brittleness index and verified its reliability. Laser scanning technology provided more accurate evaluation results and improved the selection of construction aggregates compared to traditional evaluation methods. Pan [32] and Tutumluer [33] evaluated the surface characteristics of crushed and uncrushed aggregates in asphalt mixtures using the 3D laser scanning technique, which had a good correlation with the experimental results. Ge et al. [34] proposed the flatness elongation index, sphericity index and specific surface area to characterize various aspects of the morphological characteristics of coarse aggregates and derived that small-size aggregates have a larger proportion of elongated particle number.



From the above research, it can be seen that the 3D scanning technique can well-characterize the aggregate’s shape. However, previous studies using 3D scanning technology have mainly focused on the shape, volume, and surface properties of aggregates from one or different quarries, with less research on the morphological decay pattern of aggregates during application.




2.2. Angularity


Aggregate angularity essentially describes the degree of sharpness of the angles. Corner roundness was proposed by Wadell [35] and others to describe the sharpness of the combination of corners and edges of a particle and was generally considered to be related to the radius of curvature or geometric fractal of the particle profile at the sharp end, while for quantitative evaluation, most researches have used the method of fitting similar polygons to obtain the angularity parameter of an aggregate. Fractals were first created by Mandelbrot [36] and have been widely used in various disciplines through continuous development. Fractals are used as a theoretical tool to describe and evaluate some characteristics such as hierarchical continuity, irregularity or randomness [37], and asphalt mixtures exhibit statistical self-similarity in volume and properties, which is suitable for quantitative analysis with fractal theory.



Wang et al. [38] proposed a unified Fourier morphological analysis method to quantify the shape characteristics of aggregates. Zhang et al. [39] proposed an index to characterize the combined effect of rib angle and surface texture of coarse aggregates, i.e., AT, and investigated the statistical distribution pattern of the AT index for different grain sizes of basalt aggregates and their composite aggregates. Rajan et al. [40] studied the comparison of rib angles of different grain sizes of aggregates under different crusher production. The angularity index of aggregate with calculation equations and main characteristics is shown in Table 2.



Liu et al. [47] reconstructed the microstructure model of the asphalt mixes used for uniaxial compression tests based on X-ray CT scans, keeping the original morphology of the aggregates. The 3D finite element model with different aggregate angles was established and simulated for uniaxial compression tests by artificially reducing the aggregate angles by keeping the original morphology unchanged. The effect of the aggregate angle on the mechanical response of the asphalt mixture was quantitatively analyzed. In order to obtain the probability distribution of shape features, GA values were proposed in the previous study to quantify the 2D morphology of agglomerate particles by AIMS tests. The GA values of the aggregates are shown in Figure 3.



Zhu et al. [48] collected the aggregate characteristics by a 3D blue-ray scanner, and evaluated the effect of coarse aggregate size and angles on the volumetric properties of asphalt mixtures. Huang et al. [49] prepared mixes with similar aggregate gradation using five different angular levels of coarse-grained aggregates and three different asphalt binders and evaluated the coarse aggregate angles (CAA) by compacted voids in coarse aggregates (VCA) and triaxial shear tests.



In summary, researchers have proposed various evaluation indicators to further improve the road performance of road aggregates from different angles by studying the angularity of aggregates. Currently, many shape indices have been proposed by mathematical methods. However, most of the studies of these indices are based on graphical and statistical laws. Their correlation with the mechanical properties of aggregates lacks research. At the same time, the applicability of these indices for the prediction of the structural properties of the mixture still lacks a uniform classification standard.




2.3. Texture


The aggregate texture is mainly distinguished by the smoothness and roughness of aggregate particles. Miller et al. [50] proposed an analytical method to describe the surface texture of asphalt pavements using laser profiles to estimate friction characteristics. Al-Assi et al. [51] used Close-Range Photogrammetry (CRP) to measure the changes in micro texture on asphalt pavements. Khasawneh et al. [52] proposed an equation based on nonlinear regression to calculate the texture of asphalt pavements and the steady state’s texture features. Du et al. [53] utilized a 2D wavelet method to describe the texture obtained by a 3D laser scanner on asphalt pavement. Hu et al. [54] conducted an analysis of the influence of texture on the skid resistance of asphalt pavements by using the collected pavement surface texture data. The texture index of aggregate with calculation equations and main characteristics is shown in Table 3.



An asphalt mixture is a typical non-homogeneous composite material consisting of irregularly shaped and distributed aggregates, asphalt binder and voids [59,60]. The aggregate morphological characteristics significantly influence the properties of asphalt mixtures [61,62], which can be found in existing studies. Improving the performance of asphalt mixes based on morphological characteristics of aggregates accounting for 90% of the total mass of asphalt mixes is an important research direction. Traditional methods of testing aggregate morphological characteristics are time-consuming and rely heavily on subjective judgments, resulting in imprecise experimental results. In most of the tests, it is difficult for the researchers to control the aggregate morphological characteristics variables [63]. Aragão et al. [64] mixed aggregates from different sources and tested them using AIMS to obtain aggregates with different angles and textures; nevertheless, it was impossible to distinguish which morphological characteristics were responsible for the effect. Wang et al. [65] employed a modified Los Angeles (LA) wear test to obtain aggregates with different angles, calculated the fractal dimension and changed the size and surface texture of the aggregates. Puzzo et al. [66] proposed a 3D model evaluation method for pavement texture based on digital image processing techniques, which used photographs to generate a Digital Surface Model (DSM) to calculate the digital Mean Texture Depth (MTD) and calculate and analyze other texture parameters for contour extraction.



Cui [55] evaluated the effect of aggregate morphology variation on the performance of asphalt pavements and investigated the asphalt coverage ratio and the mechanical properties of the mixture for different types of aggregates to quantify the aggregate morphological characteristics by AIMS. An accurate definition of the aggregate morphological characteristics is important for the initial design phase of pavements, extending the service life of roads and reducing the use of natural aggregates and the generation of solid waste.



Inadequate adhesion between asphalt and aggregate can cause severe distress in pavement structure and service life [67], and the conventional approach, which does not consider active adhesion mechanisms, is hardly convincing. Cui et al. [68] investigated and designed an active adhesion-based test method to compensate for the adhesion deficiency and used digital image processing techniques to quantify the adhesive properties. The results showed that digital image processing could measure the asphalt coating ratio accurately and effectively.



In summary, the texture is a micro-morphological characteristic of the aggregate. The greater the complexity of the surface texture, the greater the internal friction angle that can be generated when the aggregates are embedded and locked with each other after crushing. Aggregate texture has fewer means of characterization relative to shape and angularity. At present, there is no excellent way to judge the state of the textural distribution of asphalt pavement surface texture. Further development of evaluation metrics is needed to better predict pavement friction performance.





3. Digital Image Acquisition, Processing and Modelling Reconstruction


Asphalt mixtures contain anisotropic multiphase granular materials, including coarse aggregate, fine aggregate, asphalt, and voids [69]. The mechanical properties of asphalt mixture, a multiphase granular material, are related to its spatial structure, such as the distribution of coarse aggregate, the contact behavior between aggregate particles, the size and distribution of voids, etc. Coarse aggregate is one of the main components of the asphalt mixture, accounting for 50% to 80% of the total mass. In addition, its morphology, including shape, angularity and texture, significantly influences the performance of asphalt mixtures [16]. A great deal of research on the morphological features of coarse aggregates from various aspects has been conducted.



In recent years, the development of hardware and software for digital image processing and analysis has provided powerful tools for quantitative analysis as well as for studying the microstructure of aggregates [70]. Visualization is used as an important tool to study the internal structure of asphalt mixes [71]. This section will summarize digital image acquisition devices, digital image processing analysis and digital modelling reconstruction in turn. The strengths and weaknesses of these techniques are systematically summarized, as well as current problems with the subject and future work that must be addressed are highlighted.



3.1. Digital Image Acquisition Devices


Early digital imaging devices, usually relatively inexpensive microcomputers and digitizers collected the required data to analyze and measure the shape, surface area, and roughness of the aggregates and edited the data in combination with AutoCAD and Basic programs to present them in the form of graphs, tables, and histograms [72]. This type of device can only measure the shape of the aggregate, and its accuracy is relatively low. It is clear that due to the limited technology and equipment available in the early days, it was impossible to characterize the angularity and texture of the aggregates. Among dynamic digital imaging methods, the VDG-40 particle classification video system from EMACO, Canada [73], can detect aggregates ranging in size from 1.18 mm to at least 37.5 mm, and capture 2D images of aggregates by calculating their length and width with a line-scan charge-coupled device (CCD) camera. However, the identification results can be heavily biased when the shape of the aggregate varies considerably. The computerized Particle Analyzer (CPA), which can be used in the laboratory and industrial production, applies dimensional and shape-based methods to analyze and process aggregate images [74]. The Micrometric Optisizer Particle Size Distribution Analyzer (PSDA) is used to analyze the aggregate shape by spherical and cubic methods [74]. PSDA is slow to image and captures only a fraction of the aggregates to analyze the particle size gradation. In the Video Image System (VIS), a sample holder is used to hold and move a large number of aggregates to a vibrating chute, and images of aggregates falling are captured by a CCD camera, which was further analyzed in the VIS system to generate a report. PSSDA is also able to provide information on the shape of the aggregates. The difference is that there are two systems for measuring the properties of coarse aggregates and fine aggregates, respectively. The Camsizer system captures digital images with two cameras, one taking images of coarse aggregates and the other one detecting fine particles. The Camsizer generally performs well in terms of analysis speed and accuracy, but its repeatability is relatively poor. The WipShape system, generally used for coarse aggregate analysis, has the ability to quickly analyze many aggregates. Size distribution curves and shape measurements are output by size category. Angles can be output through the minimum average curve radius method. Camsizer and WipShape acquired images of aggregates using two CCD cameras. However, these two techniques differ from each other in terms of instrumentation setup. 2D data is generated by Camsizer to determine the shape, whereas WipShape can capture images from two orthogonal views through two cameras separately, thus generating 3D shape information. The different methods presented above all use line scan CCD cameras to measure aggregates under backlight, while the difference between them lies in the physical configuration and software packages.



The imaging techniques for analyzing morphological features are described in Table 4, including early digital, dynamic, and static imaging techniques. The range of aggregate sizes applicable to each technology is presented. The morphological calculation methods corresponding to these techniques are also collected. Obviously, with the development of image technology, aggregates have been extensively studied. The camera setup in different techniques also varies greatly. Therefore, the advantages and disadvantages of these imaging techniques are summarized in Table 5.



At present, various technological means, such as high-definition digital cameras, electron microscopes, laser scanners and X-ray CT, are being applied in the field of particle morphological characterization, among which the relatively mature aggregate testing systems is the Aggregate Image Measurement System (AIMS) testing system created by the University of Illinois, USA [79]. Mahmoud et al. [82] developed AIMS and analyzed the stability of 3D dimensional measurements of coarse aggregates using X-ray CT scans for comparison. To verify the accuracy of the AIMS measurements, they used a wide selection of angular and textural indicators. Simultaneously, the true 3D dimensions of the aggregates were obtained using the X-ray scanning technique. The improved AIMS measurement method not only provides a fresh classification of aggregate particles in a sample but also automates the analysis process of aggregates, which is a positive point. Subsequent studies can incorporate statistical methods to further improve the technique. Rezaei et al. [83] proposed another improved Aggregate Image Measurement System (AIMS II), which uses a closed dark box to eliminate the influence of ambient light and LED technology to overcome the disadvantage of difficult control of light intensity. The AIMS II automatically captures different resolutions of images according to the size of the aggregates through its digital camera with an autofocus microscope. The system is able to measure the 3D size of aggregates to determine parameters such as sphericity and aspect ratio and calculates the aggregates’ angularity of various sizes by the gradient method and coarse aggregates texture by the wavelet method. The Fourier Transform interferometry system (FTI) uses a CCD camera to capture the aggregate images, which further generates the 3D coordinates of the aggregate top surface, whose shape is determined by the sphericity, flatness ratio and elongation. Wang et al. [84] compared the characteristics of different aggregate image measurement techniques and quantified the morphological features of different types of aggregates using AIMS II, a first-generation University of Illinois aggregate image analyzer (UIAIA), and a FTI system. The three aggregate imaging systems were evaluated. The results show that AIMS II provides a more direct and scientific measurement of the aggregate morphological features than traditional methods. AIMS has objectivity and reliability and can perform an accurate and comprehensive analysis of aggregate morphological characteristics and pavement texture characteristics. The X-ray CT 3D reconstruction system for aggregates has been designed and developed in the last 20 years [85]. CT technology obtains a series of perspective projection maps of the sample at different angles through the relative motion between the X-ray source, the sample and the detector, and a series of virtual slice maps of the sample interior by the 3D reconstruction algorithm, so as to complete the digital reconstruction of the 3D structure of the sample [86,87]. The core of CT technology is the theory related to image reconstruction from projection data, i.e., the inverse calculation of the line attenuation coefficient of X-rays corresponding to each point on the imaging plane from the projection data obtained from the scan. The CT device, AIMS system and laser scanner are shown in Figure 4 and Figure 5, respectively.



The quantitative characterization of two-dimensional shape parameters of aggregates using digital image acquisition equipment and digital image processing techniques is one of the current hot spots in the study of morphological characteristics of aggregates [88].



In this subsection, we review the visualization techniques for road aggregates. Recent advances in digital image acquisition devices and techniques have been presented. Summarize how these image techniques adapt to the range of aggregate particle sizes and morphological characteristics of the aggregate as a whole. It is considered to be useful for the subsequent study of the effect of aggregate size on its properties. In addition, the advantages and disadvantages of the mentioned techniques are systematically and comprehensively discussed and summarized in favor of the development of aggregate morphology for road performance evaluation.




3.2. Digital Image Processing Analysis


Digital image processing (DIP) techniques extract important information from images by converting video images into digital form and applying various mathematical procedures. Various fields, such as biology, medicine, and materials science, have applied digital image technology. DIP techniques have enabled the microstructure of aggregates and their engineering properties to be analyzed with proficiency through image recognition and reproduction techniques [89]. DIP techniques involve four steps, namely digitization, enhancement, recovery, and segmentation [90].



The morphological properties of aggregates have been thoroughly analyzed and sufficiently explored to reveal the mechanisms between the complex structural features and the mechanical properties of aggregates. Eventually, the relation between material composition and mechanical properties was established from macroscopic and microscopic perspectives. The DIP method effectively assists in investigating the internal structural properties of aggregated particles. Figure 6 shows a schematic diagram of the process of 2D aggregate identification.



Prudêncio et al. [91] proposed a simplified DIP based on the concept of volume factor to measure the particle shape index of fine aggregates. Scanning the aggregate image by distinguishing different resolution values, the volumetric coefficient of the aggregate was varied while the scan resolution was varied, and the value of the volumetric coefficient was stabilized at 300 dpi. Subsequently, a size correction factor “C” was proposed by comparing the manual measurement with the DIP technique. The results show that the actual largest size is equal to the multiplication of the DIP largest size and “C”. The image processing technique further validates the accuracy of the test. However, there is an uncertainty in the correction factor for the volumetric coefficients presented in this study, which is limited by the particle shape.



Li et al. [92] used image technology to characterize shape indices such as elongation (ER), flatness ratio (FR), flatness and elongation coefficient (FEC), sphericity coefficient (SC), angle index (AI) and equivalent elliptical perimeter ratio (EEPR), and further investigated the effect of coarse aggregate morphological characteristics on the performance of heavy hot mix asphalt (HMA) pavements.



After vibratory compaction of the asphalt mixture, there is an uneven distribution of aggregates on the surface, which may lead to pavement segregation. The motion and rutting mechanism of coarse aggregates under load were analyzed in depth by Shi [70]. The movement characteristics of coarse aggregates in different asphalt mixtures and the correlation between the movement fine-scale parameters and the rutting depth were analyzed from the fine-scale perspective. The mechanical properties and service life of asphalt pavement, etc., are directly influenced by the degree of homogeneity of the asphalt mixture.



Cong et al. [93] proposed an image classification separation detection method for asphalt mixtures during construction, which used image processing methods to evaluate pavement segregation and effectively predict the degree of segregation during the paving process. The texture features in IPM are obtained by the DIP technique and combined with the Naïve Byers classification algorithm to classify the isolation state of images of compacted asphalt pavement (ICP). It provides a promising solution for the segregation evaluation of asphalt pavement construction and management. The overall accuracy of the proposed method is 87.50%, which is a significant improvement over manual detection.



Accurate characterization of the aggregate morphology is significant for the initial design phase of the pavement. Cui et al. [55] studied 9.5~13.2 grades of limestone and basalt by dividing different aggregate prism angles. In addition, the accurate aggregates’ morphological characteristics can be quantified by AIMS. The angularity and sphericity of the aggregate are varied to allow for changes in the Marshall stability and flexural strength of the aggregate while keeping the texture of the aggregate the same. A linear fit to the parabolic equation yielded the “optimal angularity” for basalt and limestone at gradient angles of 3100 and 3137 and the “optimal sphericity” for basalt and limestone at sphericity of 0.68 and 0.63. There is a possibility for future studies to consider controlling the shape or angularity of the aggregates to be the same. In turn, the effect of their texture indices on the different properties of the aggregates will be investigated.



Good surface texture helps to improve the skid resistance of aggregates. However, surface texture belongs to the sub-microscopic category, which is difficult to determine accurately and is mostly replaced by the friction coefficient [94]. The pavement micro-texture is mainly influenced by the aggregate properties inside the pavement. Li et al. [95] characterized the surface texture of aggregates by mean profile depth (MPD) and investigated the relationship between pavement skid resistance and aggregate texture characteristics through extensive experiments and analysis of multiple variables. Zhang et al. [96] proposed an improved pavement texture image segmentation algorithm to comprehensively evaluate the distribution uniformity of asphalt pavement aggregates. The proposed uniformity index (D) of aggregate distribution based on the number and location of texture structures has a good correlation with the texture depth.



Surface textures have mostly been used to study the relationship between aggregates and skid resistance in asphalt paving. For asphalt pavement texture structure distribution features, field-based visual inspection methods are normally used. This approach is subjective and does not provide a satisfactory assessment of the degree of superiority of the texture structure distribution on asphalt pavement surfaces. DIP techniques are constantly being innovated and applied to study the effect of aggregate morphological features on the performance of road aggregates. Nevertheless, it is difficult to represent the spatial distribution of texture features of road aggregates in 2D images. Attempts have been made to apply 2D image processing techniques to explore texture structure distributions. Regrettably, there is no excellent method to date for determining the state of the texture structure distribution on asphalt surfaces.



In conclusion, 2D aggregate image measurement methods are widely employed in various aspects such as aggregate morphological characteristics, aggregate movement characteristics, void distribution characteristics, etc. By obtaining images of aggregate particles and processing and analyzing the images, the physical properties of aggregates can be studied. Despite the better efficiency of 2D image processing, nonetheless, the vertical depth of 2D image recognition barely reflects the surface texture and spatial morphological features of the aggregates. Meanwhile, since the mixture is a non-homogeneous spatial structure, the interaction between the aggregates and the 2D planar mechanics issue has a large gap.




3.3. Digital Modelling Reconstruction Technology


The microscopic scale properties of aggregated particles have an influential effect on their mechanical properties. In order to further investigate the microscopic scale properties and their macroscopic counterparts, the connection between the above two aspects can be facilitated by 3D digital model reconstruction techniques.



In contrast to the established 2D model, the 3D morphological characteristics of the aggregates are more abundant. In combination with characteristic parameters such as shape and angularity, the 3D aggregate has indicators such as surface texture and roughness, which makes the mechanical behavior of the contact interface more complex. In addition, the extension of 3D spatial coordinates makes the anisotropy of the aggregate accumulation behavior more significant, and the distribution characteristics, such as opening, closing, and connecting of voids, are difficult to predict. X-ray CT, a completely nondestructive technique, allows visualization of the features inside opaque solid objects to obtain digital information on 3D geometric shapes and properties.



Xing et al. [97] investigated the damaging effect of asphalt mixtures on microstructure and aggregate contact based on X-ray CT imaging and DIP methods and analyzed the relationship between the damage factor and contact properties. The results showed that there is a strong linear relationship between the distance of the main skeleton aggregate and the breakage factor [98]. Kutay et al. [69] developed algorithms to calculate the aggregates’ size, location, contact points and orientation, which is an excellent solution for better acquisition of microscopic images of aggregates based on the X-ray CT technique. The main representations are the segmentation of close aggregates and processing noisy or poorly contrasted images. The proposed image processing algorithm can guarantee the accuracy of acquisition and recognition by over 95%. Moreover, their findings also indicate that the number of contact points increases significantly with increasing compaction level and direction.



You et al. [99] proposed a framework that can be used to simulate the microscopic response of asphalt mixtures under various loading conditions. Identifying the microstructural composition of asphalt mixtures by X-ray CT imaging and other image processing techniques, the 3D microstructure of asphalt mixtures was obtained and converted into a finite element model to describe its mechanical behavior. The models in their findings reflect the effects of temperature, loading rate, repeated loading and mix ratio design on the microstructure response. Thus, macroscopic design specifications for aggregates can be achieved and guided by X-ray CT-based microscopic modeling methods.



Tashman [100] used an X-ray CT system and image analysis techniques to analyze the pore distribution in asphalt concrete specimens. During Superpave gyratory compaction, when the number of gyrations increased from 50 to 174, the void fraction distributed in the top and bottom regions also increased from 65% to 80%. The distribution of void fractions may be due to the presence of some factor that weakens the compaction effect in the top and bottom regions. The gyratory compactor’s top and bottom regions can restrict the aggregate’s flow.



Alterations in temperature can also lead to changes in the compaction characteristics of the specimens, which can affect the roadworthiness of the aggregates. Zhang et al. [101] tested the compaction levels of asphalt mixture specimens (AC13, AC16 AC20, and SMA13) under different compaction parameters at different temperatures and obtained high-quality images based on X-ray CT imaging for the microstructural characterization of asphalt mixtures. Variations in the size of the aggregates at the same temperature condition affect the compaction properties. The smaller the particle size, the higher the level of compaction. The larger the particle size, the larger the effect of temperature on the compaction level of the mixture. Figure 7 shows 3D curved surface plots of the variation in compaction level for the AC16 mixtures with an increasing gyration number for three different temperature conditions. However, the conclusions of their study were affected by the morphological characteristics of the aggregates. Therefore, variations in the parameters of the morphological characteristics of aggregates should be taken into account in subsequent studies to draw more general conclusions.



Undoubtedly, high-temperature deformation of asphalt mixtures is a key research direction for asphalt pavement damage. The critical issue in this area concerns the accurate assessment of the effect of aggregate microstructure on the high-temperature deformation of asphalt mixtures. Hu et al. [102] used X-ray CT data to establish the internal microstructure and used DIP techniques to process the 3D model. An adaptive threshold segmentation algorithm based on the annular region was improved and used to extract aggregates and air voids from the gray-scale images. The morphological distribution of pores and aggregates was also determined. The high-temperature damage mechanism of asphalt mixtures was effectively investigated.



The air-void areas in the range of 0–20 mm are reduced to a greater extent by the compression of the load. At the same time, the voids expand into macroscopic cracks in the range of 20–50 mm. At high-temperature deformation, the modification of the air voids is considerably affected by the size and content of the aggregates. This confirms that the study of the morphological characteristics of the aggregates is essential, in particular, to analyze the macroscopic properties of the aggregates. In addition, the results of the study indicate that the motion of the aggregates causes the failure of the asphalt mixture.



Future work should focus on the effect of the morphological characteristics of aggregates on their motional properties and then investigate the effect of changes in morphological characteristics on the performance of road aggregates when the aggregates move during high-temperature deformation.



To investigate the influence of the morphological characteristics of aggregates and the distribution of air voids on the mechanical properties and performance of asphalt concrete and then to investigate the mechanism of microstructural changes in the aggregate. In a subsequent study, Hu et al. [103] used an X-ray CT device to scan the internal microstructure of typical asphalt concrete and used DIP techniques to study the microstructural changes before and after high-temperature damage. An adaptive threshold segmentation algorithm based on image radius was proposed, which was applied to obtain binary images of aggregates, air voids and asphalt mastic. This method effectively distinguishes the target from the background. The distribution of air voids in asphalt mixtures is obviously affected by their gradation and coarse aggregate size. It was concluded that the aggregate shape could affect the RA. Additionally, the maximum value of RA was reached when the SF of the aggregate particles was taken to be between 1.5–3.5.



Hence, it can be seen that X-ray CT images, as well as digital model reconstruction techniques, can correlate the gradation design and microstructure of aggregates with macroscopic properties.



In general, the introduction of the AIMS system and X-ray CT technology provides great convenience for studying the morphological characteristics of aggregates, and the 3D digital reconstruction technology can better study the microstructural characteristics of asphalt mixtures. At present, most studies mainly use 2D digital image reconstruction and industrial X-ray CT scanning to establish and characterize the 3D morphological model of real aggregates. 2D image processing methods are more efficient in a generation but difficult to describe the surface texture of aggregates finely, while industrial X-ray CT equipment is expensive and has complicated algorithm requirements.





4. Numerical Simulations and Modeling Based on Visualization Techniques


As an important branch of road material design, the accuracy and reliability of the mesoscopic modeling design method depend on the precision of the aggregate visualization technique. Aggregate visualization techniques and mesostructure modeling provide significant solutions to the study of the strength mechanisms of pavement materials. An example is the material genome study of asphalt concrete. However, there are numerous limitations in meso-mechanical numerical modeling due to the available computer technology and hardware facilities. For example, refined aggregate modeling requires a large amount of memory, and the computation of contacts between irregular aggregates is complicated and consumes a large amount of computational time. These reasons make aggregate visualization techniques necessary to be compatible with the reliability of numerical models. Thus, this section briefly introduces numerical modeling methods related to aggregate visualization.



In numerical modeling, idealized numerical modeling is widely used [104]. Two main types of modeling are distinguished: modeling related to metrological properties and modeling related to morphological characteristics. The main difference lies in the choice of regular spherical and irregular shapes. In addition, several novel modeling approaches (LDPM, mesoscale modelling) could improve the accuracy and computational efficiency. The illustration of the aggregate modelling categories is shown in Figure 8.



4.1. Idealized Aggregate Model


The self-defined aggregate models can be divided into idealized aggregate models, ordinary angular aggregate models, and special angular aggregate models. This chapter focuses on and summarizes the self-defined digital aggregate models. The previous article describes in detail the application of X-ray CT-based imaging technology. The digital aggregate modeling approach based on aggregate properties is shown in Figure 9.



Existing research tends to combine aggregate accumulations with computer computing to deal with the complex problems arising from the accumulation of large numbers of particles by modeling the dense accumulation of particle assemblies and developing algorithms. Liu [105] used the discrete element method to simulate the creep flexibility tests of ideal HMA mixtures. A total of 102 digital specimens of ideal asphalt mixtures were constructed by two user-defined models, and both the DE model and the FE model are capable of building ideal models. Tan [106] developed a finite element model of an aggregate consisting of multiple randomly distributed irregular aggregates and cement mortar, which was also used to calculate the effect of large-size recycled coarse aggregate on the strength of recycled aggregate concrete. Kurumatani [107] proposed an isotropic damage model for quasi-brittle materials and demonstrated its performance in the analysis of crack extension in concrete. A benchmark test of a mixed-mode fracture was also performed to demonstrate the performance of the proposed damage model. A simple and reliable two-dimensional finite element (FE) model was defined by Bencardino [108]. The comparison between numerical analysis results and experimental data was also used to highlight the reliability of the finite element model and analytical model.



Structural indicators of asphalt mixtures determine the mixture’s non-uniform nature, which significantly impacts the micromechanical response of the mixture. Virtual modeling based on real aggregates aims to simulate the microstructure of the mixture using computer image processing techniques to extract real aggregates using CT [109,110] or laser scanning equipment. However, Jin et al. [87] proposed a virtual design method for mixture microstructure based on the structural indicators of a digital library of real aggregates, and the microstructure of the virtual mixture was obtained by compaction simulation with DEM software. The microstructure of the virtual mix was obtained by determining the location orientation according to the distribution of the selected aggregates, and the indirect tensile test was simulated numerically to obtain the different mechanical properties of the specimens. Liu et al. [111] proposed a user-defined material model in DEM based on a random polygon algorithm for simulating the dynamic modulus test of asphalt mixes by creating polygon particles to represent the shape and size of aggregates. Meanwhile, Liu et al. [112] developed a 3D visualization simulation technique for random particle generation without the use of the X-ray CT technique and used a 3D discrete cell model to visualize and simulate the microscopic properties of asphalt concrete under mechanical loading.



Most researchers used digital imaging techniques to prepare the required samples. However, this method was laboratory dependent and required the preparation and scanning of real asphalt mixtures to obtain digital samples [113], and expensive equipment, labor consumption, and time costs were limitations, which made it difficult to obtain a large number of numerical samples of different grading types, aggregate shapes, angles, and void ratios. Instead, the aggregate stochastic generation model is a method that is independent of the laboratory. The pros and cons of the image-based model and the computer-generated model are summarized and shown in Table 6.



In general, the main advantage of image-based models is the accuracy of the internal structure of the composite, while the main advantage of custom aggregate models is the cost-effectiveness and ease of implementation of the model [114].



Stochastic numerical modeling, a new technique developed in recent years, has been used to study the accumulation model and complex rock structure from a probabilistic point of view, which is of great significance in studying the complex problems existing in the accumulation. The stochastic numerical simulation technique generates the spatial distribution form of aggregates and enables the study of aggregate gradation, particle size, particle shape, and porosity.




4.2. Realistic Aggregate Model


Real shape modeling approximates the real aggregate shape by using different particles, which is especially needed in DE models [115]. Numerical models based on real aggregate models can save time and material, which is much better than the numerical models obtained by X-ray imaging techniques because numerical aggregate particles can be stored and reused to reconstruct the numerical model of the aggregate.



Since the 3D structure of aggregates cannot be clearly visualized, Wang [116] used a method for the automatic generation of spherical clusters to model the 3D shape of real aggregates. Latham [117] built a realistic aggregate model based on laser scans of the aggregate surface from different angles. A 3D meshing of the aggregate particles was performed for finite element modeling, which was further investigated by creating a shape library. In many previous studies [118], non-overlapping circular clusters were utilized to represent the true shape of irregular aggregate particles, which indicates that the nature of the real aggregate model is using small circles or spheres to simulate the real shape of aggregate particles. An example of the randomly generated aggregate basic unit is shown in Figure 10. In the figure, the red extension line indicates the direction of the long axis of the irregular particle cluster clump.



Sobolev et al. [119] developed an algorithm for simulating the dense accumulation of large, spherical materials and investigated the way of particle filling and particle distribution by geometrical parameters and model variables. Gopalakrishnan et al. [120] applied the concept of particle stacking simulation to develop a model of stable random dense stacking of particles with size distribution and studied the density and coordination number of fillers. Combined with nondestructive imaging and DEM simulation techniques, various parameters of the aggregate structure were optimally described. Fu et al. [121] proposed a novel computer simulation of random stacking of variable-size particles in 3D space using DEM to model particle matrix stacking. Liu et al. [122] used ellipsoidal and convex polyhedral particle random stacking models to study the effect of aggregate shape on the 3D diffusivity of mortar. The diffusivity of mortar was predicted by combining numerical fine view structure and dot matrix methods. The results show that aggregate shape has a significant effect on mortar diffusivity. He et al. [123] utilized DEM to develop a novel system that can consider particle size, shape and filling method and proposed a numerical calculation method for dynamic motion calculation. The results showed a significant effect on filling density by particle shape. Salemi et al. [71] proposed a method for mixing image scanning with aggregate filling to randomly generated 2D digital asphalt concrete specimens for virtual testing and captured the detailed shape characteristics of the aggregates by calibrated high-resolution images. The differences between the simulated results and the measured values are discussed. Du et al. [124] proposed a practical modeling method for 2D arbitrarily shaped aggregates. An effective algorithm is proposed for large-volume concrete with aggregate content up to 60–70%. The effect of aggregate shape on the mechanical properties of concrete was analyzed and explored. Ma et al. [125] demonstrated in detail a convex extension method for constructing convex polygons and polyhedral represented by crushed coarse aggregates in two and three dimensions by building a fine-scale structural model of three-phase, fully graded concrete consisting of anisotropic high-content aggregates and cement slurry. Li et al. [126] introduced a method for constructing convex extensions using parametric shape and particle size gradation for the simulation of aggregates and asphalt mixtures and used plane geometry factor (PGF) and section aspect ratio (SAR) to describe the 3D geometric characteristics of aggregates. A simplified method of asphalt mortar filling based on a coarse aggregate skeleton is proposed to obtain a dense structure of asphalt mixtures. A digital specimen of asphalt mixtures is shown in Figure 11.



Modeling real aggregated shapes using ball clustering or clumps requires a balance between modeling accuracy and the number of balls [127]. In other words, the more balls, the more accurate the model, and the longer the computation time, inspiring the users.




4.3. Numerical Methods


The two main types of numerical simulation methods are the DEM method and the Finite Element Method (FEM). Both methods have been mentioned several times in this manuscript, and their applications to numerical reconstruction models have been reviewed. In addition, two novel models, namely LDPM and mesoscale modelling, are introduced in this section.



Meso-structure modeling methods are effective tools for understanding the mechanical behavior of stone-based materials and provide an important complement to experiments. Yang [128] reconstructed the fine-structure model of stone matrix materials by building a library of realistic shape-based numerical representations of aggregates with high accuracy and time and cost savings for both discrete and finite element models. Zhou et al. [129] developed a full 3D mesoscopic finite element model of concrete and used an advanced finite element mesh solver to mesh the highly unstructured region. The 3D mesoscopic numerical simulations were performed on concrete specimens under different loading conditions. Yu [130] performed 2D multiphase simulations of recycled aggregate concrete using the interface element technique to investigate the relative strength of old and new mortar, the amount of bond of old mortar, the performance of the transition zone between old and new interface, and the replacement rate of recycled aggregate. Coleri [131] developed 2D and 3D micromechanical finite element models by ABAQUS, which has strong nonlinear functions. Liu [126] investigated the shear modulus of steel-reinforced recycled aggregate to solve the problem of difficult interface modeling in finite element analysis that does not allow for a proper and accurate consideration of the bonding properties. Souza [132] conducted uniaxial static creep tests and indirect tensile fracture energy tests and combined the fracture energy test results with finite element simulations of virtual specimens to investigate the effect of the angle of the aggregate prism on the properties and characteristics of the mix. Shahbeyk [133] used FEM to simulate a two-phase cubic concrete specimen containing spherical aggregates in homogeneous mortar, studied the damage of concrete from a fine viewpoint, and investigated the damage of concrete. Wang [134] proposed a random aggregate structure generation method for round and angular aggregates based on the Monte Carlo random sampling principle, which was combined with nonlinear FEM for a fine-view concrete study. Liu [47] developed 3D finite element models for different aggregate angles by keeping other properties of asphalt mixes constant and artificially reducing the angle of aggregates, and uniaxial compression test simulations were carried out. The relationship between the angle of the aggregate prism and the mechanical response of the asphalt mixture in terms of bearing capacity, asphalt mastic creep deformation, damage behavior and energy dissipation were investigated. The calculation results showed that the aggregate angle of inclination had a significant effect on the mechanical properties.



The major theories of DEM [135] are derived from molecular dynamics and particle media mechanics, also known earlier as the particle element method, and proposed by Cundall to analyze the stacking behavior of bulk particles, which is considered to be a unique advantage in dealing with the fine-scale mechanisms such as displacement, rotation and contact fracture of granular materials [136]. The compaction of asphalt mixtures is actually a process of aggregate accumulation in which slip occurs between the aggregates [137]. Therefore, DEM can simulate the compaction process of the asphalt mixture. Figure 12 presents the transformation of the aggregate from images into discrete element models. Figure 13 is a flowchart of the DEM modeling of asphalt mixtures considering composition and structural characteristics.



At present, the general and technically mature discrete element software includes PFC, a commercial granular flow software developed by Itasca; MatDEM, a matrix discrete element software independently developed by Nanjing University; Yade, a large open-source discrete element software, and SudoDEM.



The investigation of morphological characteristics allows for a better understanding of the mechanical behavior of aggregate particles. The volume or mass of the stone base material is composed of mineral aggregate particles, whose morphological characteristics allow the creation of a digital sample and a discrete element modeling [138]. Collop et al. [139] used an artificially generated specimen of an idealized asphalt mixture. The behavior of a highly idealized asphalt mixture was simulated by different unit models in uniaxial compression creep tests. Meanwhile, Collop et al. [140] investigated discrete unit models to simulate the behavior of highly idealized asphalt mixtures under uniaxial and triaxial compression creep tests, which used single-size spherical particles to model mineral aggregates and the highly ideal model to simulate the expansion and deformation of the asphalt mixture; however, the models were clearly not accurate enough in representing the shape of the aggregates. Asphalt concrete or cement concrete mixtures were simulated by scanning laboratory-prepared samples, processing the images, and reconstructing the microstructure through image pixels. You et al. [141] developed a microstructure-based 3D discrete unit model of asphalt mixtures to study the dynamic modulus in stress-strain response under compressive loading. The 3D model predicted better than the 2D model. The effect of different void fractions and aggregate modulus on the modulus of the mix was significant.



Wang [142] developed a computationally efficient DEM method that directly employs spherical harmonic functions to simulate 3D irregularly shaped particles. Dondi et al. [143] used the 3D discrete element method to study the combined effect of aggregate particle shape and angle on the accumulation and stability of the aggregate in asphalt mixtures, and conducted triaxial tests on different types of particle specimens and obtained the results when the shape and angle of the particles had a significant effect on their properties. Ferellec et al. [144] used overlapping spheres to establish a DEM of irregular particle shapes and discussed the effect of parameters on particle shape resolution. Fu et al. [145] used DEM to study the effect of particle shape on the shear localization of granular materials. He et al. [146] used a parallel algorithm-based DEM system to simulate aggregate and cement structures. Zhang et al. [147] developed an algorithm for generating 3D aggregates and used the discrete cell model generated by the algorithm to predict the mixing modulus in different loading frequency ranges. Yao et al. [148] used DEM to numerically simulate asphalt concrete specimens, considering coarse recycled aggregates’ distribution characteristics. The results showed that temperature and loading rate significantly affect the damage strength. Meanwhile, Yao [149] investigated the differences in mesoscale characteristics between irregularly shaped and proportioned the soil-rock mixture (SRM) models using the discrete element method, which can accurately predict the mechanical properties and deformation behavior of SRM. The pros and cons of FEM and DEM are summarized in Table 7.



Sherzer [150] proposed a novel model to obtain quad-sphere discretization in candidate aggregate spheres, thus enabling the introduction of local discussions around selected aggregate spheres. The introduction of four smaller spheres can replace the original aggregated sphere, and experimental tests show a better fit and a straighter cracking pattern for this method, indicating a more brittle behavior. Sherzer [151] investigated the structural response of concrete under different loads using LDPM in comparison with FDEM. Simulations of uniaxial compressive strength, Brazilian disk and three-point bending were also performed using these two methods, respectively. Obtaining the size effect contributes to the accuracy of the prediction of the structural response and properties of the aggregate.



Naderi [152] proposed a mesoscale model, considering the structural properties of concrete to study the fracture process of concrete under uniaxial and biaxial compression tests. The irregularity of the aggregates is an important factor in the fracture of concrete. His results showed that the compressive strength of concrete is significantly affected by the random position and size distribution of aggregates. However, the shape characteristics of the aggregates do not have much influence, suggesting that simplified aggregate shapes can be used to predict their compressive strength.



Finite elements can establish the connection between the microscopic material and the macroscopic mechanics of the structure. Nevertheless, apart from the real microstructure, the accuracy of mechanical response depends more on the complexity and convergence of the intrinsic model. However, the discrete element method is based on the principle of discontinuous medium mechanics, which bypasses complex mathematical expressions and parameter take-offs. It can fundamentally establish the connection between the microscopic properties of aggregates and the mechanical properties of the mixtures.





5. Applications and Outlook


Gradation measurement is important for quality control of pavement construction. The gradation is obtained by digital image segmentation of the aggregates and transformed from 2D to 3D gradation. The visualization studies of the morphological characteristics of aggregates, as seen in the void fraction and gradation design of aggregates, include the development of 2D images and 3D digital reconstruction techniques for better application in engineering practice [153]. The mechanical properties and dimensional effects analysis of different aggregates are discussed through the establishment of real aggregate models and stochastic models.



5.1. Aggregate Void Ratio and Gradation Design


Asphalt mixtures are multiphase composites consisting of asphalt binder, coarse aggregate, fine aggregate, mineral filler and other additives. The properties of asphalt mixtures are closely related to the volume fraction and spatial distribution of these components. The void fraction is one of the important volumetric properties that affect the stability and durability of asphalt mixtures [154]. Dubois et al. [155] quantified the inhomogeneity of pore distribution by measuring the internal structure of rotating compacted specimens and roller compacted specimens with gamma rays.



X-ray CT and image analysis techniques allow non-destructive and accurate analysis of void distribution in asphalt mixtures. Liu et al. [156] applied DIP techniques based on X-ray CT technology to reconstruct the 3D microstructure of asphalt specimens and determine the specimen tensile strength. During the compaction process, the 3D fractal dimension of the pores showed a trend of first changing and then changing. A hypothesis based on the evolution of the 3D fractal dimension of the pores is proposed to explain the phenomenon.



Park et al. [157] evaluated the physical and mechanical properties and sound absorption characteristics of porous concrete by evaluating the design based on the target void ratio and recycled aggregate content and found that the difference between the target void ratio and the measured void ratio was less than 1.7%. Aliha et al. [158] performed a statistical analysis of tensile cracking in asphalt mixes based on the Weibull model to test the void ratio for different parameters. The study results found that the average fracture toughness values and the Weibull parameter decreased by increasing the porosity content.



Mineral gradation is the main factor affecting the road performance of asphalt mixtures, and gradation is one of the important characteristics of the mix. Golalipour et al. [159] studied the effect of aggregate gradation variation on the rutting characteristics of asphalt concrete mixes. Elliott et al. [160] conducted experiments on six asphalt concrete mixes and tested their different gradations to study the effect of gradation variation on the properties of the mixes.



As shown above, the void ratio and gradation characteristics of aggregates often affect their road performance. By visualizing the morphological characteristics of the aggregates, the researchers quantified the internal structure and spatial distribution of the aggregates and investigated the mechanisms affecting the road performance of the aggregates. The iterative revision of the research results has effectively improved aggregate performance.




5.2. Compaction Method of Aggregate Specimens


The application of different compaction techniques and compaction environments to aggregate specimens may vary considerably. The performance of asphalt mixes is greatly influenced by the quality of the compaction [48]. Excessive or premature permanent deformation and deterioration damage are often the results of inadequate compaction. Commonly used laboratory compaction methods include SGC, vibratory compaction, and plane compaction [92]. Hunter [161] et al. used SGC compaction, vibratory compaction, and field compaction to investigate the mechanical properties of asphalt mixtures from stiffness, modulus, permanent deformation, and fatigue resistance after compaction. The results showed that the mechanical properties were not the same after the same degree of compaction.



The Marshall impact compaction method [162], as the first and most widely used method, takes into account volumetric parameters as well as Marshall stability and flow rate, etc. The SGC method is usually [163] used for testing purposes such as analyzing volumetric properties of asphalt mixtures, evaluating mixture denseness, estimating sensitivity to aggregate shape, and field quality control. Specimens using the SGC method can well simulate the density, aggregate orientation, and structural characteristics of asphalt mixtures on real pavements [109]. Both methods have been used extensively by domestic and international researchers for evaluating and analyzing the performance of asphalt mixtures, and the two methods have been compared to complement each other [164,165].



The purpose of compaction is to reduce a void fraction, optimize aggregate contact behavior and increase bulk-specific gravity [166]. The compositional properties of the asphalt mix, compaction environment, compaction method and field conditions may lead to changes in compaction results. Coenen et al. [167] investigated the development of software that can be used for 2D image analysis and aggregate structure characterization of asphalt mixtures, which has the advantage that the images can be processed prior to the analysis so as not to affect the accuracy of the results. By using the SGC method, the aggregate structure characteristics of the specimens were analyzed under different compaction conditions, including the orientation, spatial distribution, and a number of contact points of the aggregates in the images, and key features describing the influence of the aggregate structure and compaction conditions were proposed. Chang [168] developed a new method to generate 3D models of real aggregate shapes to characterize aggregate segregation during the Superpave gyratory compactor (SGC). In addition, the orientation and distribution of aggregates in asphalt mixtures have an important influence on the performance of asphalt mixtures. Hassan et al. [169] used different compaction methods (gyratory compaction, vibratory compaction and slab compaction) to compact gap-graded asphalt mixture specimens and analyzed the image characteristics using the X-ray CT technique to characterize the orientation and distribution of the ground in the compacted specimens. The results showed that the aggregates near the edge of the samples tended to be arranged along the circumferential direction, while those near the center of the samples were randomly oriented. Figure 14 presents the random asphalt mixture and virtual compaction model.



In summary, scholars have explored the changes in asphalt mixtures under different compaction parameters by varying their relevant properties. Moreover, the existing studies mainly stay in the compaction process without changing the loading parameters. Nevertheless, the loads in the real working environment are adjusted, and how to change the simulated compaction loads at different stages is a problem to be solved in subsequent studies.




5.3. Mechanical Properties and Dimensional Effects of Aggregates


Aggregate shape and spatial distribution influence the microscopic mechanical properties because particle shape and spatial location lead to anisotropy in the interaction between particle skeletons and stress dispersion effects, and this microscopic behavior undergoes redistribution and alternate evolution as new contacts are created and slip during loading.



Aggregates are an important component of cementitious granular materials (CGMs) and significantly impact their mechanical properties. Jiang [170] systematically evaluated several factors affecting the macroscopic compression response of CGMs, including aggregate shape, strain rate, and moisture conditions, with the help of CT focusing on the corresponding microscopic feedbacks, and combined the aggregate fine-scale fracture mechanics with the macroscopic damage of CGMs to reflect the shape effect of aggregates by quantifying the effect of crushed bricks, whose mechanical properties as coarse aggregates in concrete has been the focus of research [171]. Bektas [172] evaluated the effect of fine aggregates of crushed clay bricks on durability using mortar specimens.



Considering the void ratio of the aggregates as well as the gradation, etc. Mostofinejad [173] used spherical particles to represent aggregates and modeled aggregate filling. The use of spherical aggregates lacked representativeness and realism. Previous studies have used regular spheres to represent aggregates and build aggregate filling models to predict the accumulation density of aggregates. DEM simulations, which randomly generate irregular aggregate models by mathematical methods, do not represent the real shape of the aggregate. Li [174] established a 3D digital model of the real shape of irregular aggregates and concluded that the more irregular the shape of the aggregate, the higher the natural accumulation void ratio. Zhao [175] generated a DEM stacking model to reflect the real shape of the aggregates based on digital photogrammetry. Under external forces, the distribution of particles becomes tighter, and the porosity of the sample becomes smaller. Overall, the stacking density of particles with different elongation index (EI) and flatness index (FI) values increases with the increase of EI and FI values, indicating that flatter or more elongated particles lead to less dense stacking. The results for the packing density are shown in Figure 15.



Wu [176] combined DIP and 3D reconstruction techniques to digitize the aggregate morphology and quantitatively analyzed the effect of the spatial distribution of voids in different grades of aggregates. The aggregate loose packing is divided into the top (Vt), middle (Vm) and bottom (Vb). As shown in Figure 16, the packing density gradually increases with the increase of aggregate sphericity or decrease of angularity index (AI) under different gradation conditions.



The strength of concrete is mainly determined by two factors, water-cement ratio and compactness, while the shape of coarse aggregates largely determines the stresses of crack formation. Under increasing loads, the aggregate shape influences concrete fracture energy, tensile strength and modulus of elasticity [177]. Jaya et al. [178] prepared AC14-graded aggregates and evaluated the influence of aggregate shape on asphalt concrete mixes. The effect of cubic aggregates in asphalt mixes can improve their volumetric properties. Increased geometric irregularity of aggregates significantly improves their stability. Sun et al. [179] investigated the effect of aggregate shape on the fine mechanics prediction of viscoelastic properties of asphalt concrete based on random aggregate generation and digital image processing techniques.



Sengoz et al. [180] investigated the effect of aggregate shape on the surface properties of hot-mix asphalt and evaluated the weaving and friction properties of asphalt mixtures. Lucas Júnior et al. [27] concluded that the mechanical properties of hot mix asphalt are influenced by the properties of aggregates and asphalt binder by studying the shape characteristics and texture of aggregate particles as an indicator of aggregate properties. Pouranian [181] investigated the effect of coarse aggregate shape characteristics on the compaction and microstructural properties of asphalt mixtures using DEM simulations, and among the aggregate shape characteristics parameters, flatness, elongation, roundness and sphericity were statistically correlated with the initial density of the asphalt mixture as a compaction parameter.



Shigang [4] investigated Polyurethane Polymer Concrete (PPC) and analyzed its mechanical properties. The effect of aggregate shape on the mechanical properties (strength, modulus of elasticity, damage behavior) of the new concrete was discussed by establishing a two-dimensional finite element model. Rocco et al. [177] investigated the effect of aggregate shape on the mechanical properties of concrete by designing and testing eight simple cementitious composites and found that the aggregate size significantly affected the fracture energy of crushed and spherical aggregates. Cook et al. [182] investigated the effect of aggregate particle shape on the durability and performance of unbound aggregate bases used in road structures. Singh [183] investigated the effect of aggregate particle size on shape parameters and discussed shape parameter measurements for coarse aggregate (CA) and fine aggregate (FA), and compared the shape parameters using statistical methods. Ghabchi [184] investigated the effect of aggregate shape parameters and gradation on Oklahoma’s permeability of commonly used aggregate substrates. The study’s results showed that an increase in the uniformity factor and the fines content led to a decrease in permeability. Piotrowska et al. [185] investigated the performance of concrete under high triaxial loading. They used a high-capacity triaxial press to study the shape and composition of coarse aggregates to analyze their effect on concrete.



The inhomogeneous microstructural features are affected by the nonlinear mechanical response. Grigorovitch [186] couples macroscopic and microscopic domains using the embedded unit cell (EUC) homogenization method. The EUC method considers standard periodic boundary conditions and specific boundary conditions around the cell boundary. This method is more accurate and efficient in terms of stress than direct numerical simulations. The particular boundary conditions around the UC are necessary to enforce acyclicity. The inclusions have different corresponding stress levels in different regions under different loads.



Meng [187] proposes a new method for the stochastic model building based on the periodic microstructure of aggregates. The models established when periodic boundary conditions are not considered are subject to certain stochastic errors. Most of the boundary conditions are reflected in the variance of the elastic modulus. It is worth noting that when the model size is very small, the boundary conditions cannot be neglected even more. The boundary effect and the size effect have significant effects on model accuracy; however, most studies do not consider them. Considering boundary effects when predicting aggregates’ tensile or compressive strength can effectively reduce the errors introduced by the calculations. Meng [188] generated a UC that takes into account periodic boundaries to characterize the periodic microstructure of aggregates by an efficient algorithm. The effect of the boundary conditions on the elastic modulus is investigated separately for different size models. Periodic boundary conditions enable the UC model to produce higher elastic moduli. Both the increase in sample size and the increase in UC size reduce the boundary effect. The above studies facilitate the rapid design and optimization of granular materials to increase the aggregate capacity for road use. In the future, multiscale numerical simulations can be performed to investigate more complex material properties.



Asphalt mixtures are a multi-phase system, and the contact parameters of aggregates and asphalt mortar need to be determined separately. Qian et al. [189] investigated the tracking void fraction and distribution of aggregates and asphalt mortar during compaction by establishing an indoor compaction numerical simulation method considering both the critical aggregate particle size and boundary effects and developed a stacking model with binary particle combinations to determine the size limits of fine particles. Alam et al. [190] conducted a three-point bending test for concrete crack openings with similar geometry but different dimensions, combined with digital image processing techniques to observe crack expansion on the specimen surface. They investigated the effect of size effect on crack expansion. Jin [191] established a three-dimensional mesoscale numerical calculation method. It conducted a splitting tensile damage test study on concrete cubic specimens with different lengths, different aggregate contents and maximum aggregate particle sizes. The static and dynamic uniform size effect law can quantitatively predict the size effect of splitting tensile strength of concrete. The size effect is much more pronounced under dynamic than static loading. The compressive strength of the aggregates under dynamic loading is enhanced as the size of the aggregate increases. Consider that at high-strain-rate, the dynamic size effect is minimally affected by the aggregate content. The splitting tensile strength of the concrete is continuously enhanced due to the increased strain rate. Based on ANOVA and Weibull, Wang [192] analyzed the underlying mechanism of dynamical dimensionality reduction in roller-compacted concrete (RCC) materials under impact loading. The dispersion of the stress-strain curves and dynamic increase factors for aggregates at high-strain-rate is more pronounced. The dynamic compressive intensity variance of the specimen deserves to be focused on in subsequent studies.



At high strain rates, there is a correlation between the cracking phenomenon and the morphology of the aggregates. The shape of the aggregate belongs to unnatural angles and flatness. This makes the spherical shape not simulate the irregular morphology of the aggregate and cannot characterize the cracking phenomenon. The existence of interconnected structural features of the angular aggregates in the real specimen model allows for enhanced interlocking effects. This also results in some enhancement of the compressive strength and fracture toughness of the aggregate. The effect of aggregate shape on the strength of the specimens is enhanced at higher strain rates.



Under external loading, stress concentration occurs within the aggregate particles, leading to structural damage. Along with the increase in strain rate, microcracks appear inside the specimen and gradually expand the rupture surface where cross-cracking occurs. The interaction between the particles is usually manifested as angular fragmentation, with the coarse particles breaking into a body of smaller particle size and a series of fine particles. Aggregate-crack interaction increases the stress intensity factor and energy release rate of interfacial cracking, making concrete more susceptible to cracking and damage. In addition, factors such as aggregate location, particle size and external loading affect the stress intensity factor and expansion angle.



In summary, the characteristic parameters of aggregate shape significantly impact the compressive strength and damage behavior of the concrete. The morphological characteristics of the aggregates also have an influential effect on the mechanical properties of asphalt mixtures, asphalt concrete and concrete. The studies on the effect of aggregate shape on the compressive properties of concrete have mainly focused on quasi-static loading conditions. Further exploration is still needed for the dynamic state of aggregate shape loading.





6. Summary and Recommendations


The morphological characteristics of the aggregates have a significant impact on the properties of the mixtures. Accurately characterization and evaluation are imperative to correlate morphological characteristics with the mixtures. Visualization techniques can help us better capture images or digital images of the aggregates. On this basis, the structural characteristics of the aggregates are further analyzed using digital model reconstruction techniques to establish the link between macroscopic design indicators and microstructures. In this study, the aggregates’ morphological characteristics (shape, angularity and texture) are considered for the evaluation method. The optimal way to characterize the morphological characteristics of an aggregate is to consider several evaluation parameters simultaneously. There is also a connection between these evaluation parameters. The calculation methods of aggregate size range and morphological characteristics applicable to three types of digital image acquisition devices (early digital imaging devices, dynamic imaging techniques, and static imaging techniques) are systematically summarized. Furthermore, the advantages and disadvantages of these devices and techniques are collated and included in Table 4 and Table 5.



The idealized modeling approach and the realistic aggregate model for aggregates are reviewed separately, explaining where their respective advantages exist. Mainstream numerical modeling methods (FE, DE) have been used in both idealized and general aggregate models. In addition, some novel methods (such as LDPM) are introduced for aggregate particle modeling to study more accurately the fracture behavior of the mixes and their properties. The methods and techniques described above are designed to serve the working performance of road aggregates. Finally, the void ratio and gradation design of the aggregates are considered, and their mechanisms affecting the performance of the aggregates are analyzed. Different perimeter pressures and dynamic loads also change the relevant properties of the aggregate. In addition, dimensional effects and different boundary conditions also change the microstructure of the aggregate. The effects of morphological features are evaluated to account for particular damage processes and deformation patterns of aggregates. Some summaries and recommendations are shown as follows.



(1) A single quantitative measurement of the evaluation parameters (2D or 3D parameters) cannot fully describe the aggregate morphology. 2D image processing methods generate more efficiency, but struggle to finely describe the surface texture of aggregates. The development of digital image acquisition devices has achieved high accuracy of acquisition results. Nevertheless, part of the morphological features was ignored or missed in the imaging process for computational efficiency or to reach an idealized state. This is a future work that needs to be addressed. It is desirable to ensure that the imaging technique is optimized so that the morphological features of the aggregate can be properly characterized. In addition, the choice of evaluation parameters is also crucial for a proper analysis of the performance of the mixture. Furthermore, efficiency improvements should remain an area of focus. Through the study and analysis of digital imaging acquisition methods, future work should focus on using direct measurements to obtain the morphological characteristics of aggregates and to establish some connection between aggregate morphology and mixture properties.



(2) The advantage of 3D digital modeling is that the obtained void fraction is closer to the actual value of the real specimen. In the 3D numerical model of the mixture constructed based on the one-to-one mapping of 3D image pixels to numerical units, there is only a simple binding relationship between the units. The lack of realistic microscopic interface information prevents the effective simulation of various types of behavior of microscopic interfaces, and the simulation scale is enormous. Microstructure modeling, such as 3D digital model reconstruction based on X-ray CT, can be used to model the level of macroscopic specimens at different temperatures, loading and morphological characteristics. The reviewed methods are well-suited to help us understand the effect of microstructure on the macroscopic response of aggregates. Subsequent research has focused on improving the acquisition and recognition methods for aggregated digital images. At the same time, there is broad promise in exploring digital image reconstruction techniques that can reflect the characteristics of real aggregates.



(3) Idealized aggregate models are often used in studies that are not affected by aggregate shape. Numerical models related to the morphological characteristics of the aggregates are more reflective of the real aggregate characteristics. It facilitates the study of correlations between the morphological properties of aggregates and the mechanical properties of mixtures. Consequently, combining the respective advantages of digital image technology and computer modeling can effectively improve the efficiency of digital aggregate modeling. The mutual verification of experimental tests and numerical simulations can provide further insight into the microstructure properties of the mixture. This includes an efficient method to address the anisotropy of mechanical behavior induced by specimen compaction, skeleton embedding, aggregate contact and non-uniform distribution.



(4) Numerical simulations at the microscopic scale have been extensively used to investigate the mechanical behavior, such as stress-strain relations, fracture behavior, and fatigue properties of heterogeneous mixtures with aggregates as the substrate. These inhomogeneous mixtures mainly refer to road engineering composites with aggregate particles and binder slurry as constituents, where cement concrete and asphalt mixtures are represented. Therefore, future numerical studies on unbonded granular materials (graded crushed rock) are needed. The shape characteristics and gradation design of the aggregates influence the meso-mechanical properties. Particle shape and spatial position lead to anisotropy in the interplay between particle skeleton and stress dispersion effects. This microscopic behavior alternately redistributes and evolves as new contacts are created and slip during loading. In the case of contact networks, the inhomogeneity of the contact force explains the strong evidence to elucidate that the particle distribution is disordered and anisotropic. Further development of mesoscale fracture models that can take into account aggregate voids and internal friction is needed in the future. The analysis of whether to consider boundary conditions affects the accuracy of the model results. The model’s boundary conditions and size need to be considered simultaneously. From the microscopic analysis, the spherical particles are less prone to cracking phenomena compared to the irregular particle model. Irregular particles lead to more severe aggregate damage. For future research, suitable dynamic loads are selected, and mesoscale models are established to study the evolution of specimens under the coupling effect of micromechanics and macroscopic fracture processes. Of course, this also relies on high-resolution CT scanning devices.
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Figure 1. Flowchart of this review. 
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Figure 2. Relationship among shape, angularity and surface texture. 
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Figure 3. Distribution of GA values for aggregates. 
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Figure 4. AIMS system. 
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Figure 5. The laser scanner. 
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Figure 6. Schematic diagram of 2D aggregate particle identification. 
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Figure 7. Surface plots of the variation in compaction level versus gyration number for the AC16. 
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Figure 8. Categories of idealized model and modelling methods for aggregate. 
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Figure 9. Digital aggregate modeling approach based on aggregate properties. 
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Figure 10. Basic unit and polygon particle clusters. 
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Figure 11. Digital specimen of asphalt mixtures: (a) aggregate skeleton; (b) specimen assembly. 
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Figure 12. Transformation of the aggregate from images into discrete element models. 
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Figure 13. Flowchart of DEM modeling of asphalt mixtures. 
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Figure 14. Simulation of asphalt mixtures with SGC. 
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Figure 15. The results for the packing density. 
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Figure 16. The volume ratio of aggregates at different parts affected by: (a) angularity; (b) sphericity. 
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Table 1. Shape index of aggregate with calculation equations and main characteristics.
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Shape Indexes

	
Equations *

	
Characteristics

	
Literatures






	
Form index (2D)

	
     ∑  θ = 0   360 − Δ θ         R  θ + Δ θ   −  R θ       R θ        

	
Quantifying the 2D image of fine aggregates of relative form and using incremental changes in the particle radius.

	
[18]




	
Aspect ratio (AR)

	
      D  max      D  min       

	
These parameters use the length and area method to characterize the shape of the aggregate; however, it loses a large amount of shape detail information

	
[19]




	
Rectangular degree (RD)

	
    A   A  M E R       

	
[20]




	
Axial coefficient (AC)

	
      L  max      L  min       

	
[21]




	
Eccentricity (E)

	
    c a    

	
Eccentricity could characterize the shape of the aggregate particles and reflect the elliptical oblate degree.

	
[19]




	
Roundness

	
     4 π A    L 2      

	
Roundness was the inverse of the form factor. In early imaging techniques, it was used to calculate 2D features of particle shape.

	
[22]




	
Form index using Fourier series (FRFORM)

	
   R  θ  =  a 0  +   ∑  m = 1  ∞      a m  cos   m θ   +  b m  sin   m θ         

	
Fourier series can be used to analyze the form, angularity, and texture of aggregate shape.

	
[23]




	
Form (shape) index(Fourier series)

	
    1 2    ∑  m = 1   m =  n 1              a m     a 0       2  +        b m     a 0       2        

	
[23]




	
Ratio of Breadth to Width

	
     min    x c      max    x  F e         

	
Breadth to width ratio can be used to describe the form of aggregate particles.

	
[24]




	
Symmetry

	
    1 2    1 + min      r 1     r 2          

	
Symmetry is a term that some imaging systems use to describe aggregate form.

	
[24]




	
Shape Factor (SF)

	
      D S       D L  ×  D i        

	
Shape Factor was a typical index in a system that represented in terms of three dimensions (longest, intermediate, and shortest dimensions).

	
[25]




	
Flat and elongated ratio (FER)

	
      D L     D S      

	
FER represents the ratio between the longest dimension and the shortest dimension of a particle.

	
[26]




	
Sphericity ( ψ )

	
        D S  ×  D i     D L    2     3    

	
Sphericity is a 3D parameter, which can characterize the aggregate morphology more accurately.

	
[27]








*  θ —directional angle;   Δ θ  —incremental difference in the angles;    R θ   —radius of the particle at angle  θ ;    R  θ + Δ θ    —radius of the particle at angle   θ + Δ θ  .    D  m a x    —the maximum length of the minimum external rectangle of the aggregate profile;    D  m i n    —minimum size of the minimum external rectangle.  A —Area of the aggregate profile;    A  M E R    —area of minimum circumscribed rectangle.    L  m a x    —major axis length of equivalent ellipse;    L  m i n    —minor axis length of equivalent ellipse.  c —focal length of ellipse with same second moment;  a —major axis of the ellipse.  L —Circumference of the aggregate profile.  m —frequency;    a 0   —average radius;    a m  ,    b m   —Fourier coefficients    n 1   —threshold frequencies separating shape and angularity.    x c   —maximum chord;    x  F e    —the Feret diameter.    r 1   ,    r 2   —the distances of the center of gravity to the edge in a given direction.    D L   —length, longest dimension;    D i   —width, intermediate dimension, the maximum dimension in the plane perpendicular to the length;    D S   —thickness, shortest dimension.
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Table 2. Angularity index of aggregate with calculation equations and main characteristics.
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Angularity Indexes

	
Equations *

	
Characteristics

	
Literatures






	
Angularity

	
    1 2    ∑  m =  n 1  + 1   m =  n 2              a m     a 0       2  +        b m     a 0       2        

	
Fourier series analysis was applied to measure the angularity of aggregate in PIAS.

	
[38]




	
Angularity factor (AF)

	
   A F =   ∑  p = 1    N A       ∑  q = 1    N A             a   p , q      a 0       2  +       b   p , q      a 0       2          

	
The fast Fourier transform method could be applied to calculate and analyze the angularity factor (AF) of aggregate in FTI.

	
[41]




	
Surface erosion-dilation method

	
      A 1  −  A 2     A 1    × 100 %   

	
As a popular image processing technique, erosion dilation was utilized to analyze the angularity of aggregate particles in the UIAIA.

	
[42]




	
Gradient angularity (GA)

	
    1   n 3  − 1     ∑  i = 1   n − 3       θ i  −  θ  i + 3         

	
Higher values of GA indicate more angular aggregate particles.

	
[43]




	
Angularity index (AI) (radius)

	
     ∑  θ = 0   θ = 360 − Δ θ         R  p θ   −  R  E E θ        R  E E θ       θ   

	
As the defining equation of angularity.

	
[27]




	
3D angularity (3DA)

	
    1 3      ∑  i = 1    n t        P  t i   ⋅  A  t i      P  t e           ∑  i = 1    n t      A  t i       +     ∑  i = 1    n r        P  r i   ⋅  A  r i      P  r e           ∑  i = 1    n r      A  r i       +     ∑  i = 1    n f        P  f i   ⋅  A  f i      P  f e           ∑  i = 1    n f      A  f i         

	
3D parameters for more accurate characterization of aggregate morphology.

	
[43]




	
Angularity parameter

	
          p  c o n v e x      p  e l l i p s e        2    

	
All of them optimize the profile of the particles of the aggregate but cannot retain the original morphological characteristics of the aggregate.

	
[44]




	
Convexity

	
        A  p a r t i c l e      A  c o n v e x         

	
[45]




	
Average angularitycoefficient

	
   I =     ∑  i = 1  n    P i  ×    I  a i     100     

	
[46]








*    n 1   ,    n 2   —threshold frequencies separating shape, angularity, and texture.    N A   —threshold value;  N —size of   z   x , y     matrix;   a , b  —the real and imaginary roots of FFT2 coefficients;    a 0   —the average value of   z   x , y    .    A 1   —initial area (in pixel) of 2D projection of particle in the image;    A 2   —area (in pixel) of the particle after performing a sequence of ‘n’ cycles of erosion—dilation.  θ —directional angle;  i —the  i th point on the boundary of aggregate;  n —total number of the points on the boundary of aggregate.    R  p θ    —radius of the particle at a directional angle  θ ;    R  E E θ    —radius of an equivalent ellipse at the same  θ .    P  t i   ,  P  r i   ,  P  f i    —the parameters of grain particles;    P  t e   ,  P  r e   ,  P  f e    —the equivalent ellipse perimeters of grain particles;    A  t i   ,  A  r i   ,  A  f i    —the areas of grain particles;    n t  ,  n r  ,  n f   —the total number of CT images,  i —the  i th CT image.    p  c o n v e x    —perimeter of an equivalent ellipse;    p  e l l i p s e    —perimeter of the bounding polygon.    A  p a r t i c l e    —area of the real projection of aggregate;    A  c o n v e x    —area of convex aggregate’s projection.    P i   —mass percentage composition of each grade of particle size;    I  a i    —angularity coefficient of each grade of particle size.
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Table 3. Texture index of aggregate with calculation equations and main characteristics.






Table 3. Texture index of aggregate with calculation equations and main characteristics.





	Texture Indexes
	Equations *
	Characteristics
	Literatures





	Texture factor (TF)
	     ∑  p = 1  N     ∑  q = 1  N           a   p , q      a 0       2  +       b   p , q      a 0       2        − A F   
	Fast measurement of aggregated morphological features based on 2D fast Fourier transform.
	[55]



	Texture index (TI)
	    1  3 N       ∑  i = 1  3     ∑  j = 1  N      D  i , j     x , y          2    
	Quantization of textures using wavelet methods.
	[55]



	Erosion dilation area ratio (EDR)
	      A 1  −  A 2     A 1    × 100 %   
	Changes in area after erosion and dilatation cycles are directly related to aggregate texture.
	[56]



	Comprehensive erosion dilation area ratio (CEDR)
	       ∑ i n      a i  × E D  R i          ∑ i n    a i        
	Aggregate gradation is considered.
	[57]



	Surface texture
	     ∑  m =  n 2  + 1   m =  n 3        a m    2  +  b m    2        
	The shape, angularity and texture of the aggregates are considered separately.
	[38]



	Fourier series analysis method
	    1 2    ∑  m =  n 2  + 1   m = ∞             a m     a 0       2  +        b m     a o       2        
	Calculation of the surface fabric of aggregates used in PIAS.
	[23]



	Direct measurement of aggregate dimensions
	        P   P  c o n v e x        2    
	For evaluating textures, the texture parameters are related to the perimeter.
	[44]



	Three-dimensional Texture (    MT   3 D   SHF  )
	     MT   3 D   =   ∑  n = 26    n  max        ∑  m = − 1  n      a  n m           

     MT   3 D N   =   M  T  3 D      a  00       
	3D textures can be calculated.Can differentiate between aggregates with similar sizes.Used to compare aggregates of different sizes and volumes.
	[58]







*  N —the level of decomposition;  i —a value of 1, 2, or 3 for the three detailed images of texture;  j —the wavelet coefficient index.    A 1   —the 2D profile area of the aggregate;    A 2   —the 2D profile area of the aggregate after the erosion and expansion.    a i   —the proportion of the  i th grade aggregate in the gradation;   E D  R i   —erosion expansion area ratio of the  i th grade of aggregate in the sample.  P —the perimeter of a particle measured on a black and white image;    P  c o n v e x    —the perimeter of a bounding polygon.   M  T  3 D    —3D microtexture.
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Table 4. Characteristics of different imaging techniques.






Table 4. Characteristics of different imaging techniques.





	
Imaging Techniques

	
Aggregate Size Range

	
Morphological Calculation Methods

	
Literatures




	
Shape

	
Angularity

	
Texture






	
Early digital imaging devices

	
No.8-1-inch

	
Shape

	
-

	
-

	
[72]




	
Dynamic imaging techniques

	
VDG-40

	
No.16 to 1.5 inch

	
Length and width

	
-

	
-

	
[74]




	
CPA

	
No.140 to 1.5 inch

	
Gradation and aspect ratio

	
-

	
-

	
[75]




	
PSDA

	
No.200 to 1.5 inch

	
Shape, and gradation

	
-

	
-

	
[76]




	
VIS

	
No.16 to 1.5 inch

	
Shape

	
-

	
-

	
[76]




	
PSSDA

	
No.200 to 1.5 inch

	
Grading

	
-

	
-

	
[76]




	
Camsizer

	
No.50 to 0.5 inch

	
Sphericity and aspect ratio

	
-

	
-

	
[45]




	
WipShape

	
No.4 to 1.0 inch

	
Grading and aspect ratio

	
Minimum average curve radius method

	
-

	
[77]




	
UIAIA

	
No.4 to 1.5 inch

	
Sphericity and aspect ratio

	
Change of outline slope

	
Erosion and dilation technique

	
[78]




	
Static imaging techniques

	
LAAS

	
No.10 to 4.0 inch

	
Aspect ratio

	
Wavelet method

	
[26]




	
AIMS II

	
No.200 to l.0 inch

	
Sphericity and aspect ratio

	
Gradient method

	
Wavelet method

	
[79]




	
FTI system

	
No.50 to 0.75 inch

	
Sphericity and aspect ratio

	
Two-dimensional Fourier transform method

	
[80]




	
PIAS

	
No.200 to 1.0 inch

	
Fast Fourier transform method

	
[23]




	
OSAAS

	
No.16 to 5.0 inch

	
Sphericity, aspect ratio, and

Spherical Harmonic Series

	
Wavelet method and Spherical Harmonic Series (SHS)

	
[81]




	
X-ray CT

	
No.200 to 5.0 inch

	
Spherical Harmonic Series

	
[81]
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Table 5. Advantages and Disadvantages of Imaging Techniques.






Table 5. Advantages and Disadvantages of Imaging Techniques.





	
Imaging Techniques

	
Camera Setup

	
Advantages

	
Disadvantages






	
Early Imaging method

	
Digitizer with microcomputer

	
Measures shape.

	
No angularity or texture addressed.




	
Dynamic imaging techniques

	
VDG-40

	
One line-scan CCD camera

	
Measures shape of large aggregate quantity.

	
Assume idealized ellipsoid is a particle shape; cannot measure angularity and texture; use one camera magnification to take images of all aggregate sizes.




	
CPA




	
PSDA

	
Separate vibratory feed systems and backlights required to scan fine and coarse samples.




	
VIS




	
PSSDA

	
Measures shape of aggregates.

	
Two-dimensional shape information; no angularity or texture addressed.




	
Camsizer

	
Two digital cameras

	
Measures shape of large aggregate quantity.

Use two cameras to capture images at different magnifications depending on the size of the collection.

	
Expensive.

Assume the idealized ellipsoid as particle shape.

No texture addressed.




	
WipShape

	
Two orthogonal cameras

	
3D measurement of the shape of large aggregates.

	
No texture addressed.

Use one camera magnification to take images of all aggregate sizes.




	
UIAIA

	
Three orthogonal positioned cameras

	
3D measurement of the shape of large aggregates.

	
Use one camera magnification to take images of all aggregate sizes.




	
Static imaging techniques

	
LAAS

	
One CCD camera

	
Measure three dimensions of aggregates.

	
Use the same scan to analyze aggregates with different sizes.




	
AIMS II

	
One camera with microscope

	
Capture images at different resolutions with a microscope depending on the size of the aggregates.

	
Expensive.




	
FTI system

	
One CCD camera

	
Measuring three dimensions of aggregates with 3D image data.

	
Use the same scan to analyze aggregates with different sizes.




	
PIAS

	
One digital camera

	
Measure shape, angularity, and texture.

Acquire images using different scanning methods depending on the size of the aggregate.

	
The calculation is based on the 2D outline of aggregates.




	
OSAAS

	
Two digital cameras

	
Measurement of 3D points on the aggregate surface.

	
Expensive.

Use the same camera to analyze all sizes.

Measure the shape of relatively small amounts of aggregates.




	
X-ray CT

	
X-ray

	
Obtain the voxels of aggregate.

	
Expensive.

Complicated operation.
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Table 6. Pros and cons of image-based and computer-generated models.






Table 6. Pros and cons of image-based and computer-generated models.





	Approach
	Pros
	Cons





	Image = based model
	Better accuracy of the real morphology of the aggregates and the internal structure of the composite.
	High time cost;

Scanning equipment requirement;

Limited accuracy of the model;

Difficulties with aggregate size and aggregate segregation in 3D schemes.



	Computer-generated model
	Low cost;

No equipment limitations;

Undifferentiated aggregates;

Facilitates control of aggregate size.
	Shape and distribution for aggregate and air voids may not be consistent with the actual condition.
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Table 7. Pros and cons of FEM and DEM.






Table 7. Pros and cons of FEM and DEM.





	Methods
	Pros
	Cons





	FEM
	(1) Accurately model the micro geometry of aggregates and asphalt.

(2) Investigate the internal strain distribution of asphalt mixes.
	(1) Inability to solve the issue of aggregate-to-aggregate sliding in asphalt mixes, which makes the geometrical characteristics of aggregate contact not change dynamically.

(2) Inherent defects in dealing with large deformation problems such as fracture behavior of microstructures.

(3) The characteristics of voids in asphalt mixtures have not been fully considered.



	DEM
	(1) Better characterization of the microstructure of asphalt mixes.

(2) Convenient to simulate large deformation mechanical behavior such as cracking.
	(1) The time step in the calculation needs to be small, and the number of cells is large, and the computational efficiency needs to be improved

(2) The linkage between aggregate distribution state and macroscopic mechanical properties has not been clearly established.

(3) The mechanism of the influence of the aggregate distribution state on the properties of asphalt mixtures is not revealed.
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