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Asphalt mixtures are commonly used in pavement engineering, especially for highway construction. The mechanism exploration and analysis of pavement distress are the main challenges for researchers and industry managers. Thereby, it is important to understand their properties and interaction mechanisms in asphalt mixtures. It is difficult to conduct some sophisticated or microscale tests in the laboratory, and numerical simulation and virtual tests can be solutions for these cases with low costs. The Discrete Element Method (DEM) is a promising tool for researchers to undertake these tasks. This paper mainly summarized and analyzed the research progress and development prospect of DEMs in asphalt mixtures from a series of technical sections. The laboratory test results were often used to calibrate the DEM simulations as well as Two-dimensional (2D) and Three-dimensional (3D) modeling. Several modeling methods were developed to generate digital samples, like user-defined, image-based, random-modeling. In addition, the conclusions can be referenced by researchers for the development of numerical simulations.
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1 INTRODUCTION
Generally, the behaviors of materials can be evaluated from the performance of asphalt mixtures, such as high-temperature stability, low-temperature crack resistance, durability, workability, etc., The laboratory test method is a good way to understand the properties of asphalt mixtures. Also, another analysis way is the numerical simulation method to get the fundamental views and insights. Different numerical simulation methods are gradually emerged to study the properties of asphalt mixtures, such as the Finite Element Method (FEM), Discrete Element Method (DEM), Molecular Dynamics (MD) method, etc., Three numerical methods focus on the different scales. The time scale is from femtosecond to second, and the length scale is from meter to Angstrom. The time scale and length scale of the DEM is microsecond and micrometer, respectively. The DEM is a suitable numerical simulation method to analyze the interactions in asphalt mixtures at the microscale. Many tests cannot deal with the interaction between materials at the microscale, but the DEM is a good way to explore mechanisms at the microscale. Therefore, many scholars used the DEM to research the properties of asphalt mixtures in recent years. The following discussions relate to applications of the DEM in asphalt mixtures.
Generally speaking, the research on the performance of asphalt mixture mainly starts from the macroscopic and microscopic aspects. Firstly, from the macroscopic perspective, the experimental method is a more traditional method to study the performance of asphalt mixtures, and it is also the most widely used method. It is controlled by humans in the laboratory, and its advantage is strong intuitiveness. 1) Although some errors cannot be avoided during the test process, the test results are still generally more reliable from realistically thinking. However, the costs of some tests are high and the operation process is also complicated and time-consuming. 2) During data collection in the tests, indirect and direct measures can be collected, like stress and strain data. However, the stress and strain values of each point in the entire material cannot be obtained directly and the route of the force transfer cannot be directly demonstrated. It indicates that the mechanisms or operation ways are not visible for the researchers during laboratory tests. Therefore, different numerical methods are invented and developed for different purposes.
Compared with the experimental method, the advantages of numerical simulations are 1) the cost is low and most cases in the tests can be simulated using the computer resource; 2) any type or amount of loading can be applied without worrying about the actual loss caused by the excessive load; 3) some extreme situations cannot be achieved and done by the experimental method and they can also be applied in the numerical methods. On the other hand, the numerical simulation method can analyze the stress of each area and measuring point of the test materials, and get the change of stress and strain, as well as the force and displacement distributions. The test results can be obtained quickly through certain operation settings, but the numerical simulation method is not perfect, and there are some shortcomings, such as abstraction, intuition, credibility, etc., The accuracy of the simulation can make certain predictions about the experiment results. The numerical simulation method mainly refers to the finite element method and DEM, which are the most commonly used. The DEM is used to solve the problems of discontinuous media by analyzing the interlocking contacts of discrete elements. The constitutive relation of the contact is found out and the physical and mechanical model of contact is established. Then the discontinuous and discrete elements are simulated according to Newton’s second law of motion. The DEM can better explain the stress or loading types, deformation mechanism, and failure processing of the asphalt mixtures from the meso and micro perspectives. It can also be used to predict rutting initiations, fatigue mechanisms, and engineering evaluation indexes for asphalt mixtures. However, the finite element method is not good for large and discontinuous deformations and is more suitable for the study of continuum problems. Therefore, the researchers tend to use the DEM to simulate the stress-strain relationships, damage situations, and fracture processing of the asphalt mixtures. The examples of specific studies on discrete elements are discussed as follows:
The parameters of the generalized Burgers model fitted by Mao (2018) were used to simulate the uniaxial test of asphalt mortars with a three-dimensional (3D) DEM. Although the results had deviations from the tests, this simulation provided a good attempt to understand the asphalt mortars and their behaviors. The scholars used the 3D DEM to simulate the porosity changes of asphalt mixtures under the dynamic loading and summarize the changing laws Zhang and Li (2017). The results showed that the DEM was an effective way to simulate elastic-plastic properties of the asphalt mixtures, and simulation results were also of great help to improve the durability and drainage performance of the asphalt pavement. Hou et al. (2015) established discrete element specimens for asphalt mastic macadam mixtures, SMA-13, and applied vehicle loads to study its meso-mechanical response under loading. Huang et al. (2008) carried out a series of biaxial compression tests on sand granular materials under different densities and confining pressures, and further analyzed their mechanical properties through the response of sand characteristics from simulation tests. Compared with laboratory test methods, the DEM simulation can provide the details of meso-structural changes in the loading process. The researchers simulated the Compaction Flow Test (CFT) of asphalt mixtures based on the 3D DEM (Roozbahany et al. (2019) and analyzed several factors, including the fluidity of asphalt mixture particles, mold size, loading strip geometry and loading rate, etc., Kusumawardani and Wong (2020) carried out the DEM simulation and laboratory tests on the mechanical properties of Porous Asphalt Mixtures (PAM) with three aggregates shapes, and also analyzed the influence of the aggregate shape on the accumulation of mixtures. Other studies tried to simulate the rutting test of asphalt mixtures with 3D DEM and analyze the influence of internal structural characteristics of the mixtures on the rutting behavior (Zhang et al., 2018). The three-stage simulations (gravity drop, static, and rotary compaction) were performed on three different asphalt mixtures to analyze the internal consistency of the mixtures (Zhou et al., 2020). The randomly generated algorithm was used to establish a model to simulate the aggregate penetration test and the uniaxial creep test. Compared with the experimental tests, it was proved that the established microstructure models were correct and simulation results are feasible (Ma et al., 2016b). The static indirect tensile test of the asphalt mixture was simulated, and the laboratory experiment was carried out to verify the model. The crack propagation mechanism of asphalt mixtures was explained through simulation and test results (Dan et al., 2018). There are many scholars to publish more manuscripts related to the DEM and they are trying to solve many kinds of engineering problems through numerical simulations. According to the currently statistical survey and literature review (main databases), research on the application of the DEM showed an increasing trend, and also the topic of the literature mainly focused on asphalt mixtures. This trend can be seen from Figure 1.
[image: Figure 1]FIGURE 1 | Trends for the discrete element method (DEM) in the literature review.
This paper briefly introduced the historical status and development of the DEM, and demonstration of its advantages and disadvantages, as well as differences between the laboratory test method and DEM in performance analysis of asphalt mixtures. The key point was to summarize characteristics of the DEM and learn from others. The DEM applications and shortcomings were also mentioned, as well as prospects of its future development in civil engineering.
2 HISTORICAL OVERVIEW AND DISCRETE ELEMENT METHOD
2.1 Basic Overview of Discrete Element Method
The numerical simulation is a more advanced analysis method based on computer resources and it is different from the traditional laboratory test method. The numerical simulation mainly included the finite element method and boundary element method before the invention of the DEM (Wang and Li, 2005). As a new numerical simulation method, the DEM was applied to various studies by researchers. Compared with the former two methods, the DEM focused on solutions of discontinuous media based on Newton’s second law of motion (F = ma) (Wang et al., 2019). The DEM software PFC (Particle Flow Code) was more suitable and widely used (Liu et al., 2020). The PFC was divided into two-dimensional (2D) and three-dimensional (3D) PFC programs. The PFC was based on the theories of Newton’s second laws and relationship between force and displacement, when simulating the related model of asphalt materials (You and Liu, 2010).
2.2 Historical Overview
The DEM was originally proposed by Prof. Cundall (1971) as a method for the analysis of granular discrete materials. It was originally used to analyze geotechnical problems. He also realized the purpose of interactive simulations after inputting and outputting geometric data on the computer (Cundall, 1974), and developed a 2D plane “Ball” program to simulate the behavior of granular media (Cundall, 1978). Cundall and Strack (1979) carried out the numerical simulation in 1979 and compared them with the real experimental data. The use of the DEM can carry out more realistic simulations of specimens. However, due to the immaturity of the technology and the limitations of the conditions at that time, the research was carried out based on the 2D plane. The 3D program was not developed because of the complexity and advanced computer technology. After the development of the computer algorithms, the DEM was gradually accepted to solve the problem of discontinuous media. One of DEM companies is called “ITASCA,” and it developed many discrete element programs including the 2D discrete element program—UDEC (Universal Distinct Element Code), and 3D discrete element program—3DEC (3D Distinct Element Code). These programs aimed to solve problems from rock mechanics and mining engineering.
Wang (1986a) introduced the basic principle and application cases of DEMs to the field of rock mechanics and engineering in China at the first National Symposium. The DEM can also be generalized for other research areas (Wang, 1986b), like mining or other engineering fields (Wang and Xing, 1986; Wang et al., 1987; Xing and Wang, 1988; Wang and Xing, 1991; Wang and Xing1993a; Wang and Xing1993b). The DEM progress was summarized from application examples (Wang and Xing, 1989; Wang, 1990). The 2D and 3D DEMs were also promoted for the simulation of civil engineering materials (Wang and Xing, 1990; Xing and Wang, 1990). One of the discrete element programs was called “MatDEM” based on MATLAB and it was developed by Liu et al. (2020) for 3D DEM. This program can build the virtual particles of asphalt mixtures with 2D and 3D models. Another discrete element simulation software “StreamDEM” was developed and it improved the simulation speed and efficiency based on the GPU operation. It met the calculation requirement of the large-scale and large number of particles (million levels), and can be commonly used in the engineering fields (Zhang and Zhang, 2016; Zhang et al., 2017).
3 RESEARCH METHODS FOR ASPHALT MIXTURES
3.1 Analysis of the Laboratory Test Method
The traditional tests were employed to evaluate the properties of the asphalt binders and mixtures with different modifiers at different conditions based on the Marshall and Superpave systems. The recycled materials are the hotspot for the development of asphalt mixtures. Recently, Li et al. (2021) recycled SMA-13 asphalt mixtures for the pavement reconstruction project. Song (2021) utilized waste materials to reduce emissions and increase waste consumption, as well as the polypropylene fibers and glass. Yao et al. (2021) used comparative experiments to analyze performance with other waste materials, such as red mud. It was mixed into asphalt mixtures by the replacement of the mineral powder. Based on the test results, it is a good way to use the waste resources in the pavement engineering. In addition, different modifiers were used for performance improvement of asphalt mixtures. The polyester fibers can also effectively improve performance of asphalt mixtures with the Reclaimed Asphalt Pavement (RAP) (Zhong and Zhang, 2021). The comparative tests were also used to determine the optimum content of these modifiers, like the Freeze-Thaw Test, Four-Point Bending Beam, Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR) test (Gao, 2021). Meng et al. (2021) studied the effect of the snow melting agent on the adhesion of asphalt mixtures. The use of the snow melting agent (chloride) did not affect the adhesion between asphalt mixtures, but the negative effect on performance of asphalt mixtures may occur by the increase of the agent content. The Styrene-butadiene-styrene (SBS) modified asphalt binders were used for the preparation of the composite modified asphalt binders to enhance the low-temperature performance (Xia et al., 2021). Figures 2A,B show the dynamic modulus test samples and curve of stress and strain changes with time in asphalt mixtures (Jia et al., 2021).
[image: Figure 2]FIGURE 2 | Laboratory tests and processing for the dynamic modulus of the asphalt mixtures (Jia et al., 2021; You et al., 2009; Adhikari and You, 2010). (A) the dynamic modulus test samples (Jia et al., 2021); (B) changes in the stress and strain with loading frequencies (Jia et al., 2021); (C) the dynamic modulus tests with the sand mastic and asphalt mixtures (You et al., 2009; Adhikari and You, 2010); (D) stress and Strain response during the tests(You et al., 2009; Adhikari and You, 2010).
The dynamic modulus test is conducted under the haversine or sinusoid loading conditions. The output parameters (the dynamic modulus and phase angle) are measured at different temperatures and frequencies. Before testing, the samples are mixed by asphalt binders and aggregates with the certain gradation. The mixtures are compacted by the Superpave Gyratory Compactor (SGC) with a targeted air void. The samples are compacted and cut with the specified dimension (100 mm in diameter and 150 mm in height); The detailed procedure can be found from the specification AASHTO T378. The indirect tensile test is measured by the Universal Testing Machine (UTM), and this test is destructive and used to evaluate the moisture susceptibility. This test results can also be used to predict the performance of anti-stripping and fracture toughness. The range of the air void in the asphalt mixture is around 6%–8%. The dimension of the sample is 100 mm in height and 63.5 mm in diameter. One group of the samples is cured with different conditions and another group is stored in the dry environment. The procedure of this test can be found from the specification AASHTO T283. These are the details for the dynamic modulus and indirect tensile test.
3.2 Discrete Element Analysis
3.2.1 Two-Dimensional Discrete Element Method
In many early studies of the discrete element modeling method, the 2D model was commonly used and the advantage of the 2D model is high calculation speed for the complex system. Sometimes, although simulation results of some relatively complex experiments are not consistent with the actual measured data, the 2D model program is still advantageous for the experiments with the simple internal structure of the mixture and the analysis of the general trend without requiring accurate results. The asphalt mixtures with a 2D discrete element program as an example (Nian et al., 2021; Peng and Sun 2015a) are shown in Figure 3.
[image: Figure 3]FIGURE 3 | 2D DEM samples with different gradation and air void distributions (Nian et al., 2021; Zhang et al., 2018; Peng and Sun, 2015a; You et al., 2010). (A) 2Ddiscrete element samplesof the asphalt mixtureswith different sizes (Nian et al., 2021; Zhang et al., 2018). (B) 2D DEM model generation for the AC13 asphalt mixture (Peng and Sun, 2015a). (C) Air void distribution in the 2D DEM models and 3D DEM models from 16 slices of 2D models (You et al., 2010).
Liu et al. (2009) established a 2D discrete element model to focus on the viscoelastic properties of asphalt mixtures with the burger model. Through the DEM simulation of the asphalt mixtures, the dynamic modulus and phase angle of the asphalt mixtures were predicted under the sinusoidal loading, and the viscoelastic models were verified by the measured results. There is only a little research on the influence of aggregate uniformity on the splitting strength test of asphalt mixtures. The simulation results showed that whether the aggregates are uniform or not has little effect on the average splitting strength. However, it was closely related to the variability of splitting strength, which showed that the coefficient of variation of the splitting strength decreases with a better aggregate uniformity (Peng Y. and Sun L., 2015a). The variation relationship of the splitting strength under different loading rates was that the higher the loading rate was, the higher the splitting strength was with a logarithmic growth (Pei et al., 2010). The cracking and failure properties of asphalt mixtures with three different gradations were analyzed and compared under the splitting test simulations using the 2D DEM. The simulation results demonstrated that the large nominal maximum particle size and huge porosities of aggregates with low asphalt contents caused low splitting strength in asphalt mixtures. The crack resistance of the OLSM-25 (Open-graded Large Stone Asphalt Mixes) asphalt mixture was better than that of AC-16 and AC-25 (Asphalt Concrete) (Guo and Chen, 2014; Guo and Chen, 2015). The splitting test process of four different aggregates was simulated by the 2D DEM and the influence of aggregate properties on splitting strength was also analyzed with laboratory tests. It was concluded that the high stiffness and strength of aggregates lead to a strong bearing capacity of the asphalt mixture models (Xiong, 2013). The indirect tensile test of the asphalt mixture was simulated by 2D DEM to analyze the influence of the bond strength ratio and loading rate on the splitting strength of the asphalt mixture. The results showed that the splitting strength decreased with the increase of the bond strength; the splitting strength increases with the increase of loading rate, and it is proved that the performance of asphalt mixtures plays the most important role in enhancing the crack resistance of asphalt mixture (Chang et al., 2011). Four kinds of aggregates with different properties and gradations were selected (Yu, 2015) for laboratory tests and simulations of the splitting test with the 2D DEM. The feasibility of discrete element simulation was studied and the influence of aggregates with different properties on the cracking of asphalt mixtures was analyzed. The results demonstrated that the DEM simulation may provide more intuitive and effective details compared to the laboratory test processing, like loading changes, displacements, and cracking propagations during testing. However, this study also revealed the limitations of the 2D DEM, such as the lack of geometric information. Figure 4 shows the loading-displacement relationship of the AC-16 gradation section at different temperatures when simulating the splitting test of the asphalt mixture by a 2D DEM (Peng and Sun 2015b). In addition, the 2D DEM can be also used in many other studies, like other Marshall system tests of asphalt mixtures.
[image: Figure 4]FIGURE 4 | Load-displacement curves of the splitting test (indirect tensile test) and contact distributions (Peng and Sun, 2015b; Huang et al., 2008; Nian et al., 2021). (i) force-displacement distributions in the DEM models, AC13 and AC16. (ii) Distributions of contacts with different shearing statuses (A) 0; (B) 10%; (C) 20%; (D) 40% (Huang et al., 2008); (iii)Scanning 2D samples of the asphalt mixtures(Peng and Sun, 2015b); (iv) the contact responses under the loading (Nian et al., 2021).
3.2.2 Three-Dimensional Discrete Element Method
From the morphology perspective, the effect of the 3D model is close to the real experiment compared to the 2D one and the 3D model has more complex structures and interactions. During the generation and optimization of 3D models, the calculation time is longer than that of the 2D model and the time depends on the element number in the simulation system. Sometimes, the computing time can be greatly reduced using the temperature-frequency superposition method, but the computation time is still relatively long compared to the 2D model. The temperature-frequency superposition method specifically is to amplify or adjust the normal loading frequency from the available test results and convert Burger’s model parameters under the normal frequency into parameters under the virtual frequency. The model can be established with the magnified virtual frequency and is matched by the modified Burger’s model parameters. The comparative test results of the dynamic modulus of asphalt mixtures at different temperatures and frequencies showed that the simulation results were close to measured results under the temperature-frequency superposition method. However, the calculation time was greatly reduced. When the computation time took months or even years in the traditional method, it can be reduced to only hours, and the calculation speed increased rapidly (Liu and You, 2011a). It has been used most by scholars in recent years.
Due to the limitation of the computer technology in the early stage, the research with the 3D DEM is far less than the 2D one. Dr. You’s research team members conducted much research on the 3D DEM, like a 3D DEM model to predict the dynamic modulus and phase angle of asphalt mixtures, and the relative errors between the laboratory and simulation results were within an acceptable range (You and Liu, 2010). Another 3D DEM model was established to simulate the creep test of the asphalt mixture to study the creep stiffness and response (You et al., 2011), and also, it was used to analyze whether the element size affected the performance of the asphalt mixtures (especially in mechanics) (Liu et al., 2012). The dynamic modulus of the asphalt mixture was predicted and the influence of the aggregate size was analyzed by comparing the predicted results with the measured data (Adhikari and You, 2011). The fitting curves of the dynamic modulus and phase angle of asphalt mixtures are shown in Figure 5, and the relationship between the 2D and 3D DEM simulation values and laboratory-measured values was demonstrated (Liu and You, 2011b). Both 2D and 3D DEM coincide with the test results. Zhang et al. (2015) modeled rubber particles and aggregates, respectively, to simulate the splitting test of the asphalt mixture by the 3D DEM. The simulation results were in good agreement with the test results. It can be seen that it was successful to use the DEM to simulate the test processing from the initial loading and cracking to the failure of the asphalt mixture. In addition, the contact model in the DEM is composed of three built-in parts: “stiffness model, slip model and bonding model.” These models constitute other complicate models. The slip model in the DEM means the frictional properties between contact points. The bonding model represents shear and normal strength between contact points. The stiffness model addresses the relationship between the contact forces and displacements of elements. The viscoelastic models or properties of asphalt mixtures can be expressed by the Burger’s model and this model can be constituted from three parts (stiffness model for asphalt mastics and aggregates or within asphalt mastics; slip model for all contacts; bonding model for all contacts except between aggregates). Thereby, different viscoelastic models can be further formed from three contact parts in the DEM (Liu et al., 2012).
[image: Figure 5]FIGURE 5 | Fitting curves between the simulation data and measured values in the laboratory with the 2D and 3D DEMs, (A) the dynamic modulus; (B) the phase angle (Liu and You, 2011b).
The Digital Image Processing Technology and Computerized Tomography (CT) Scanning Technology were also employed and assisted for the DEM simulation to explore the interaction mechanisms in the asphalt mixtures. Different factors were analyzed through the splitting test of the asphalt mixture with the 3D DEM by Wan (2016), including the aggregate gradation, asphalt contents, temperatures, and loading rates. The research results were consistent with the previous analysis results. A possible reason for the error between simulation and measured results is the selection of parameters in the DEM models. It can be concluded and referred that 3D DEM simulation is more stable and reliable than the 2D one through the comparison between microstructures of the 2D and 3D DEM models (Peng et al., 2016). The accuracy of the simulation model was also improved from the 2D model to the 3D model (Peng and Bao, 2018). The influence of the aggregate gradation and temperature on the splitting strength of asphalt mixtures was also analyzed with the 3D DEM by Peng et al. (2019). The DEM simulation data trend of the asphalt mixtures was consistent with the laboratory test results. However, minor errors can be found in the simulation data. Further studies were needed for the improvement method and fundamental interactions. Figure 6 shows the 3D asphalt mixture DEM model (Shan et al., 2019; Liu and You, 2011b; Ma et al., 2016b; You et al., 2008; Zhou et al., 2020; Liu et al., 2012).
[image: Figure 6]FIGURE 6 | Three-dimensional discrete element model and DEM viscoelastic configurations of the asphalt mixtures (Shan et al., 2019; Liu and You, 2011b; Ma et al., 2016b; Zhou et al., 2020; You et al., 2008; Liu et al., 2012). (A) 3D DEM models for the asphalt mixtures with different sizes and gradations (Shan et al., 2019; Liu and You, 2011b; Ma et al., 2016b; Zhou et al., 2020; You et al., 2008; Liu et al., 2012). (B) The configuration of 3D DEM models with the viscoelastic properties (Liu and You, 2011b). (C) 3D DEM models of the asphalt mixtures from 2D DEM models(You et al., 2008). (D) Three basic contact models in the DEM.
The aggregate uniformity of asphalt mixtures was also investigated with the 3D DEM through the low-temperature splitting strength, and the Cohesive Zone Model (CZM) was also used in the DEM model to explore the relationship between the aggregate uniformity and splitting strength of asphalt mixtures. In the study of Liu et al. (2018), the same conclusion was obtained as the previous study (Yu, 2015) did. In recent years, the 3D DEM and the cohesive zone model were also used by many scholars to study the splitting strength of asphalt mixtures. The asphalt and aggregate models were reconstructed by Liang et al. (2019) to simulate the splitting test with the 3D DEM and MATLAB, and the cohesive model in this model was applied. The cohesive model was also combined with the finite element analysis in six kinds of asphalt mixtures. The results showed that the splitting strength trends of the asphalt mixtures were the same as the experimental results roughly. The DEM simulation was feasible for the asphalt mixtures and provided a reference for the fundamental research. The applicability of the contact bond and parallel bond models was explored by Shan et al. (2019) and Sheng et al. (2018) through the 2D model and 3D DEM models with different parameters. The results showed that it was reasonable to adapt the parallel bond model when simulating the mechanical properties of asphalt mixtures with the load-displacement behavior. The splitting test is commonly used for the evaluation of water susceptibility and permanent deformation resistance of asphalt mixtures. The dynamic modulus test of the asphalt mixture is also used for the evaluation of the high- and low-temperature performance. The 3D DEM is a promising way to understand the microscopic behavior of the asphalt mixtures, as well as the splitting test and dynamic modulus test of asphalt mixtures. More fundamental understanding between the materials may be revealed and induced from the DEM simulations in the near future.
4 DISCRETE ELEMENT MODELING METHOD AND SIMULATION PROCESS
4.1 Modeling Method
Generally speaking, there are three modeling methods to construct the microstructure of asphalt mixtures with DEM, including the idealized model, randomly generated irregular shape model and image-based model. The idealized model cannot represent the geometric properties of aggregates and mixtures, and does not have authenticity; the image-based model can truly simulate the characteristic structures of asphalt mixtures with the help of computer scanning technology. However, it is dependent on the laboratory conditions. The scanning equipment is expensive and the cost is relatively high. The testing process is long and complex; the randomly generated irregular shape model is independent of the laboratory, which is more convenient and faster than the former two modeling methods and consumes less manpower and material resources. The above has been emphatically mentioned in many kinds of literature. The idealized model is idealized, which is not consistent with the real experimental results, the latter two models are mostly used in general research. Therefore, only the latter two modeling methods are introduced in this article.
4.1.1 Based on Scanning and Image Processing Technology
A 3D viscoelastic model of the asphalt mixture was established by You et al. (2008) based on X-ray image scanning technology to simulate and restore the creep flexibility test. A time-temperature superposition principle was developed to improve the calculation time. The microstructure reconstruction of asphalt mixtures with the 3D DEM was completed by You and Liu (2010) based on images from the X-ray computed tomography. The frequency-temperature superposition principle was used to shorten the simulation time. The advantage of this image processing technology is that it can truly show most of the structural characteristics of asphalt mixtures. The dynamic modulus and phase angle of the asphalt mixtures were predicted and compared with the laboratory test results. The results showed that most of the predicted values were close to the measured values. The 3D discrete element model of the asphalt mixture was reconstructed through the scanned 2D model of the aggregates and the related research was carried out to analyze the influence factors of the modulus (You et al., 2011). Also, the 3D structured light scanning technology was used to scan the aggregate particles and the aggregate information was compiled with the help of the MATLAB program. The 3D model of asphalt mixtures was established based on the aggregated information in PFC5.0 to study the multiscale influence factors of volume characteristics (Li et al., 2020). X-ray CT technology was used to scan aggregates for the microstructure of aggregates. The MATLAB program and PFC3D were employed to establish a 3D model of the asphalt mixture to simulate the uniaxial penetration test to explore how aggregate affected the shear performance (Wu et al., 2021). The scanned internal images of aggregates were processed by Guo (2020) and Peng et al. (2021)with image information acquisition software with the help of CT scanning. The aggregate characteristics were imported into PFC3D to generate a 3D discrete element model of the asphalt mixture to study the effect of the gap distribution on the shear fatigue life. the relevant information of aggregate particles was obtained by Shi (2020) from the laser scanning and established a PFC3D model of the asphalt mixture. The model was verified with the help of the laboratory experimental data and it was used to analyze the aggregate characteristics. The particle images of aggregates were intercepted by Lu (2020) with CT scanning technology and processed them with the MATLAB program to establish a 3D model of the asphalt mixture in PFC3D. The virtual splitting test (indirect tensile test) and uniaxial penetration test of the asphalt mixtures were carried out and verified with real experimental data for further research. The 2D mixture image and the scanning process of 3D specimens obtained with the help of scanning technology are shown in Figure 7 (Liu, 2011) You et al., 2009; Adhikari and You, 2010) and Figure 8 (Ge et al., 2021) (Adhikari and You, 2010).
[image: Figure 7]FIGURE 7 | Virtual samples of the asphalt mixtures (Liu, 2011; You et al., 2009; Adhikari and You, 2010). (A) 3D virtual samples from X-ray computedimages (You et al., 2009; Adhikari and You, 2010); (B) aggregates, mastic,and air void distributions in the 2D models (You et al., 2009; Adhikari and You, 2010). (C) 2D DEM samples with loading platen(Liu, 2011); (D) 2D samples with different vertical cuts(You et al., 2009; Adhikari and You, 2010).
[image: Figure 8]FIGURE 8 | 3D DEM scanning samples and digital generation specimens (Ge et al., 2021; Adhikari and You, 2010). (A) 3D scanning processingand model generation of the asphalt mixtures (Ge et al., 2021). (B) X-ray CT images, Mastic, aggregate, andair void samples (Adhikari and You, 2010).
4.1.2 User-Defined Method
The randomly generated irregular shape model refers to the aggregates of the asphalt mixtures represented by irregular polygonal particles in the discrete element model established by a random polygon algorithm (Liu and You, 2008). A self-defined discrete element model was established by Chen et al. (2012) and the cyclic loading uniaxial compression tests of asphalt mixtures were carried out. The model was verified to predict the dynamic modulus and phase angle of asphalt mixtures and analyze factors for the viscoelastic characteristics of asphalt mixtures. four kinds of typical aggregate gradations were selected by Zhou (2016) to carry out the dynamic modulus test and generate the numerical model to analyze the DEM feasibility for the virtually mechanical test of asphalt mortars and mixtures. The classically viscoelastic model (Burger’s self-defined constitutive contact model) was adopted in the discrete element model. The digital cylinder specimen was composed of multiple discrete elements with different sizes and the discrete element model was used for the dynamic modulus test. The randomly generated PFC3D models of asphalt mixtures were used to simulate the creep experiments to study the influence of void-related factors at different temperatures (Ma et al., 2016a). A 3D user-defined model was established by Du et al. (2021) to simulate the indirect tensile test to analyze the gradation effect on the crack propagation at low temperatures, as well as the virtual performance test of different gradation asphalt mixtures. Different mixture gradations were adapted for the performance analysis and improvement measurements (Ling et al., 2020). the user-defined method was used by Wang et al. (2021) to establish PFC2D and PFC3D models of asphalt mixtures and simulated the dynamic creep and rutting tests. Other tests were modeled with the PFC2D program to study the factors of asphalt mixtures for the low-temperature performance, such as the Semicircular Bending Test (SCB) (Figure 9), Splitting Test (indirect tensile test), and Three-point Bending Test (Figure 10) (Liang et al., 2021; Nian et al., 2021).
[image: Figure 9]FIGURE 9 | SCB digital samples, loading setting and deformations of the asphalt mixtures (Liang et al., 2021; Nian et al., 2021).
[image: Figure 10]FIGURE 10 | Splitting test (indirect tensile test) and three-point bending test samples of the asphalt mixtures with the DEM models (Nian et al., 2021).
4.2 Simulation Process
4.2.1 Modeling
The basic steps of the discrete metamodels (Randomly Generated Models) for asphalt mixtures in PFC3D were roughly divided into the following steps (Liu, 2011) (You et al., 2009; Adhikari and You, 2010). 1) the digital size and aggregate gradations were defined, and the asphalt content and air voids were set based on the volume characteristics of asphalt mixtures; 2) balls with the same size were created and a polyhedron was randomly created; 3) A two-phase system of the aggregate and mortar was generated; 4) the volume characteristics of the two-phase system were verified. The air voids were randomly generated by deleting the balls in the two-phase system. Finally, a digital PFC sample of the asphalt mixture was generated with the air void by the random method. The Aggregate Imaging Measurement System (AIMS) was used to measure the aggregate particles to get the image characteristics. Three methods were adopted to form the virtual aggregate samples, including the Radius Expansion (RE), Interior Filling (IF), and Contour Filling (CF) Methods (Ding et al., 2019). The relationship between the contact points was also demonstrated and defined in the literature (Ding et al., 2019) (Cundall and Strack (1979). Three parts (asphalt mastic, aggregates and air voids) was combined to generate the asphalt mixture samples in PFC3D with the user-defined procedure. The asphalt mixture samples were made for the wheel tracking test (Ma et al., 2018). The complex processes and interaction behaviors of these methods are shown in Figure 11 (Liu, 2011; You et al., 2009; Adhikari and You, 2010; Cundall and Strack,1979; Ding et al., 2019; Ma et al., 2018).
[image: Figure 11]FIGURE 11 | Dem modelling steps and interaction behaviors between balls (Liu, 2011; You et al., 2009; Adhikari and You, 2010; Cundall and Strack,1979; Ding et al., 2019; Ma et al., 2018). (A) Steps for the discrete element models with different methods(Liu, 2011; You et al., 2009; Adhikari and You, 2010; Ma et al., 2018). (B) The force-displacement law in the DEM(Cundall and Strack,1979).
4.2.2 Loading Model
The shapes and sizes of the asphalt mixture models were relatively different from the test samples. The dynamic modulus test models of asphalt mixtures were cylindrical; the splitting strength test models of asphalt mixtures were cylindrical with the same size as the actual Marshall specimen, and the four-point bending beam test model is rectangularly trabecular. It is necessary to apply the load in the model with “force” after the generation of the mixture model. The specific operation was summarized as follows: setting several different gradations; writing the servo control program in the Fish language; and achieving the function of applying load to the top and bottom of the model specimen. It is worth noting that the force on the “wall” cannot be directly controlled in the program. Instead, it is necessary to control the speed of the “wall” through commands. The “wall” at the bottom of the specimen is not moving and a downward speed is applied to the “wall” at the top of the specimen to realize the loading of the model, and the control of the speed of the “wall” is realized using the servo control program to apply the periodic load to the model specimen. The PFC2D and PFC3D models of the asphalt mixtures are generated as shown in Figure 12 (Shan et al., 2019; Peng and Bao, 2018; Ma et al., 2016b).
[image: Figure 12]FIGURE 12 | 2D and 3D DEM simulations for the splitting test (indirect tensile test) of the asphalt mixtures (Shan et al., 2019; Peng and Bao, 2018; Ma et al., 2016b). (A) 2D DEM model with simple ball systems (Shan et al., 2019); (B) 3D DEM model with simple ball systems (Shan et al., 2019). (C) 2D DEM model with different shapes of aggregates(Peng and Bao, 2018); (D) 3D DEM model with different shapes of aggregates(Peng and Bao, 2018). (E) the coarse aggregates in the 3D DEM models (Ma et al., 2016b).
5 DISCUSSIONS

(1) The DEM was designed for the analysis of rock problems and it was extended to solve the pavement problems later, as well as to explore the mechanical behaviors of asphalt mixtures or cement. The difference between the continuum-based method and DEM is the system topology and construction manner, as well as the solution strategies and material behaviors. During the development of discrete elements, the DEM algorithms were invented and developed for different scenarios of materials at the micro scales, such as the boundary types, contact-point constitutions, force transfers, and calculation, sample generation, particle shape and types, fluid flow mechanics, geomaterial micromechanics, etc. Many algorithm blocks and methods were investigated to fully satisfy different research proposes and objectives, such as the discrete fracture network, the Navier-Stokes equation, deformation analysis, stiffness matrix, heat conduction, stress wave propagation, various moduli, tensile test, etc. There are many advantages and disadvantages for the laboratory test method and the discrete element numerical simulation method to evaluate the performance and analyze the interaction between elements. The virtual laboratory test plan is the main reason for us to use the simulation to conduct the test; Another reason is that the simulation can solve the problems and it is hard to deal with or figure out them through the laboratory test. Most importantly, the simulations can avoid most laboratory risks during real testing in the laboratory, and it is safe that the hazardous materials are also processed with the simulations. Thereby, more scholars tried to use different simulations to solve the problems with different scales. In addition, the required simulation time is shorter than that used in the laboratory. Some tests in the laboratory may take as long as several years, like the creep test for concretes. For instance, during the dynamic modulus simulations of asphalt mixtures, the calculation time in the DEM simulation can be shortened to several days or even hours using the temperature-frequency superposition method (Liu and You, 2011a). It can be found that most DEM simulations are verified by real experimental data from different studies. The computational and numerical simulations may be the promising way to understand the behavior of materials based on the fast development of computer technologies. Some advantages are highlighted compared to laboratory testing, like the fast calculation, low cost, less labor, less risk, no damage to human health, and so on. Most importantly, the numerical simulation can explore the interactions between materials, which cannot easily realize by the experiments, such as the interaction at the nano- and micro-scale between materials compositions. In addition, experimental data is still needed in the DEM simulations of asphalt mixtures to ensure the relative accuracy of the results.
(2) Generally speaking, there are two ways to simulate different tests or models of asphalt mixtures with discrete element programs, PFC2D for 2D mixture models and PFC3D for 3D mixture models. It also means that two aspects and perspectives are available to explore the digital materials. The PFC3D program is developed and extended from the PFC2D. It is difficult to reflect the simulation authenticity with the PFC2D under different conditions and research proposals. Thereby, the PFC3D programs are produced and introduced with more accurate simulation results, and the programs restore the actual actions between materials. The 2D and 3D discrete element models of asphalt mixtures are established, respectively, and the two-type models are compared from these aspects, such as the calculation speed and simulation effect compared with the laboratory-measured data. Some example models can be described as follows: Prediction for the dynamic modulus of the asphalt mixture with DEMs (You et al., 2009; Adhikari and You, 2010); Influence of voids and its distribution laws in asphalt mixtures with DEMs (You et al., 2010). After comparison, the effect of 3D model simulation is better than that of the 2D model in most cases. It is relatively close to the laboratory results.
(3) The generation methods or algorithms of DEM samples were discussed here, like the image-based, user-defined, idealized and random models. Three methods had their advantages and the application scenarios depend on the research purposes. Integrating the current simulation databases and computer resources, the image-based method seemed to be more likely to be real samples. However, the image-based model was restricted by the image capturing technology and image numbers or databases. More images of samples needed to be captured and processed under different conditions and these are not transferable. Compared to the idealized models, the other two methods (image-based and user-defined models) are commonly used in 2D or 3D discrete element programs. Through the study of the literature (Yang et al., 2016), the image-based DEM models are inseparable from the scanning equipment and image processing technology, and these are needed to be completed in the laboratory with the high cost and long time-consuming processing. The advantage of this method is that the simulation effect is close to the real status for materials, which can accurately present the shape, position, and distribution of aggregates, and also reflect the real structures of the asphalt mixtures. In contrast, the user-defined model method is used to build the model according to the basic data of the simulation test in the discrete element program with the help of the “Fish” language in the program. It is not expensive and also not time-consuming, as well as the independence of the laboratory restriction. However, sometimes, the accuracy of the simulation data is less than that of the image-based model method. It is difficult to fully show the internal structures of the aggregates in the asphalt mixtures.
6 CONCLUSION
After the above discussions, we can understand that:
(1) The application of DEMs in pavement engineering, especially in asphalt mixtures, was also studied from the function realization to the mechanism discussion. Many contact/connectivity patterns and behaviors were generated and developed for the interaction discovery of asphalt and aggregates. Many tests of asphalt mixtures were simulated to explain and investigate the performance by the DEM, like the splitting test (indirect tensile test), dynamic modulus test, three-point, and four-point beam test, compressive test, etc., Those were demonstrated partially in this manuscript. There are still more questions and mechanisms needed to be discovered and explored in the DEM simulation, for instance, 1) interaction between the water and mixtures under different conditions, 2) damage patterns of different shapes and forces under different conditions in the pavement, 3) contribution rates of different aggregates and asphalt in asphalt mixtures under different conditions, 4) void distributions in asphalt mixtures and formation laws, 5) water propagations in asphalt mixtures, etc., Sometimes, these questions may be divided into different pieces and can be solved from different views and sights. In addition, it is common that the DEM simulation explores from 2D to 3D for the reality demonstration and links the microscale to macro scale. Also, there are some different advantages in the 2D and 3D simulations and researchers need to integrate your aims and thoughts to make decisions.
(2) The user-defined and random models also have more potential to be developed for virtual laboratory tests, 1) The difficulty of the methods is the useful and universal databases for the virtual sample generation; 2) The shape and texture properties of aggregates can be precisely described and added in the virtual samples, as well as other properties in the models; 3) The interaction between materials, like asphalt and aggregates in asphalt mixtures, can be accurately expressed in the models; 4) The physical and chemical reactions can be strictly presented in the models; 5) The DEM calculation speed and element numbers also affect the simulation effect and generalization. 6) the contact model between the elements may be updated for the constitutive models in DEM model, and this update may provide an option for the solution of the plastic deformation problems in the DEM simulation. It helps to understand behaviors of visco-elastic plastic materials. These points are needed to be considered for us to generate good models, as well as other possible factors.
Therefore, the DEM is a promising tool for us to explore the micro behaviors of asphalt mixtures. It is also affordable for researchers to conduct the tests in the virtual laboratory. It can achieve different test simulations at different dimensions and explore mechanisms under extreme conditions. These operations can not be easily realized in the laboratory or fields. The researchers benefit from these advantages and program the simulation with their purposes. The research results can directly guide the industry application and production, and also, accelerate the research development for the engineering field.
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