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Abstract

:

Asphalt mixtures exhibit complex mechanical behaviors due to their multiphase internal structures. To provide better characterizations of asphalt pavements under various forms of potential distress, a two-dimensional (2D) finite element simulation based on images of asphalt mixtures can be used to increase computational efficiency and reduce labor consumption. Nonetheless, using a representative image to eliminate the influence of dimension reduction from three dimensions to two dimensions is of great significance for attaining a reliable simulation result. Therefore, in this study, we investigated the consequence of dimension reduction for open-graded asphalt mixtures (denoted as OGFC-16), including a comprehensive characterization of these 2D models in terms of their morphologies and the similarities between them. This study aimed to reveal the variation in a 2D finite element simulation when applied to open-graded asphalt mixtures. Structural compositions, gradations, the aspect ratios of aggregates, and aggregate orientations were counted and calculated. In addition, the cosine similarity and structural similarity index measure (SSIM) were also calculated. Consequently, we performed a statistical analysis on the aforementioned indicators to quantitatively identify the discrepancy in the 2D images caused by dimension reduction. The results demonstrate that this 2D simulation might not be sufficient for representing the realistic mechanical performance of asphalt mixtures due to the remarkable variations in the image morphologies in different 2D images. However, the basic rules of stress behavior within structures can be accurately simulated. A compensative methodology for conducting a 2D simulation of open-graded asphalt mixtures should be based on a morphological characterization, considering structural compositions and the structural similarity index measure.
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1. Introduction


During their service period, asphalt pavements are subject to various potential distresses, such as rutting deformation, moisture damage, and fatigue cracking [1]. These distresses are caused by varying inductions at different scales. Hence, it is vital to characterize asphalt mixtures from multi-scale perspectives to efficiently eliminate relative distresses. At the macro scale, also known as the global scale, critical pavement responses have been identified under the mechanistic–empirical pavement framework. To date, the most popular method of pavement design adopts finite element calculation to examine the mechanical responses of entire pavement structures. In terms of the mesoscale (also known as the local scale), asphalt mixtures are regarded as multi-phase composite materials. Approached from this aspect, cracking mechanisms and the stiffness contribution from each component can be well characterized in detail. Some research interests such as bitumen–aggregate adhesion, bitumen diffusion, and bitumen modification require a better understanding of the asphalt mixtures at the micro scale.



Cross-scale research has always been an arduous challenge for highway researchers, particularly in the field of finite element simulation. In finite element modeling on a global scale, pavement is usually deemed a homogenous material in order to reduce computational costs. Previous studies demonstrated that simplification would not significantly affect simulation accuracy only if it was employed under proper mesh treatment [2,3]. On a local scale, two approaches are feasible for constructing an asphalt mixture model, depending on the simulation’s purpose. One method is identical to that conducted on the global scale, in which a geometry model of asphalt mixtures is established with homogenous materials. Wang et al. used the extended finite element method to simulate a semi-circle bending (SCB) test. In their study, 3D SCB samples were modeled in ABAQUS, regarding the asphalt mixtures as isotropic and homogenous [4]. In addition, damage and fracture mechanical methods, such as the viscoelastic continuum damage (VECD) approach, were taken into account to investigate the fundamental mechanism behind the propagation of cracks within asphaltic materials [5]. Moreover, numerous efforts have been made towards deeply investigating crack initiations and propagations in asphalt pavements [6,7,8]. These studies provide a comprehensive outlook on the damage behavior of asphaltic materials and greatly facilitate research on improving the performance of asphalt pavements. However, the methods above failed to characterize micro-damage behavior, only accounting for the entire mechanical response. Alternatively, the asphalt matrix, aggregates, and air voids can be separately defined in one model to achieve a more precise simulation. Two methodologies are employed to construct microstructural models of asphalt mixtures; they are known as the random generation method and digital-image-processing (DIP) technology, respectively.



The random generation method develops a microstructural model with randomly distributed aggregates and air voids through a computer program, allowing for a great deal of labor to be efficiently reduced [9,10,11]. However, the random generation method fails to capture the natural characteristics of asphalt mixtures produced in the laboratory, likely generating unreliable simulation results. The introduction of DIP technology helps to construct more realistic microstructural models of asphalt mixtures. By far, the combination of DIP technology and the finite element (FE) method has been successfully adopted in many cases. Aiming to characterize the fracture-associated responses of asphalt mixtures, Rami et al. proposed a computational two-dimensional (2D) FE microstructural model [12]. Similarly, Coleri et al. demonstrated the feasibility of using two-dimensional (2D) and three-dimensional (3-D) FE models to predict the shear modulus values of asphalt mixtures [13]. Huang et al. also adopted the image-based finite element approach to study the rheological and mechanical responses of asphalt mixtures [14]. Liu et al. compared the mechanical responses of asphalt mixtures using different compaction methods via the 2D finite element method [15]. Kollmann et al. [16] adopted an optimized 2D microstructural FE model to explore the microstructural fracture behavior of asphalt mixtures. Sun et al. combined the local scale and global scale to analyze load-induced top-down cracking initiation in asphalt pavements [17]. It can be concluded from the above that, concerning the computational cost and technical efforts, most researchers prefer to use a two-dimensional-image finite element model to study the mechanical responses of asphalt mixtures.



On the other hand, it should be noted that, once the simulation scale is reduced to the local scale, damage initiation is usually ascribed to the presence of stress concentration, indicating an asphalt mixture’s heterogeneity [18]. Therefore, the morphology of the 2D images used for finite element modeling is of great importance, likely governing the revelation of some decisive conclusions. Hence, selecting a representative 2D image plays a critical role in reasonable finite element modeling. Zhao et al. [19] noticed this issue and investigated two-dimensional finite element modelling for AC-type asphalt mixtures. It was concluded that aggregate content can be a critical indicator for the image selection process, aiming to improve calculation efficiency and accuracy. Compared with the AC-type mixture, open-graded asphalt mixtures, owing to their discontinuous aggregate gradation, show more distinct structural variation. Therefore, aggregate content is not a sufficient indicator for the image selection process.



The finite element method has undoubtedly made significant contributions to the investigation of asphalt mechanical performance. However, it is crucial to emphasize that the 2D finite element model fails to accurately represent the actual microstructural characteristics of asphalt mixtures, potentially leading to a deviation in simulation accuracy. Therefore, this study focused on the simulation accuracy of open-graded asphalt mixtures in the case of two-dimensional simulation. For this reason, ten different 2D finite element models for open-graded asphalt mixtures were systematically characterized. Enlightened by the work conducted by Zhao et al. [19], similar analyses were carried out. In practice, the 2D models for open-graded asphalt mixtures showed significant variation concerning the mixtures’ morphological characteristics. Hence, this study did not present a large number of 2D models, as the ten models already revealed the essential differences between these models. On the other hand, this study presents considerable work on the characterization of morphological characteristics, including regarding structural compositions, gradations, the aspect ratios of aggregates and aggregate orientations, cosine similarity, and the structural similarity index measure (SSIM). Finite element simulation was performed to calculate the indirect tensile strength (ITS) and indirect tensile modulus (ITSM). The entire structure of this manuscript is displayed in Figure 1.




2. Characterization of 2D Models


2.1. Morphological Analysis of 2D Models


Ten 2D images of open-graded asphalt mixtures with a maximum nominal particle size of 16 mm (OGFC-16) were sourced from computed tomography (CT) scanning. In what follows, the morphological characteristics of aggregates and air voids are considered. All aggregates and air voids were identified with respect to their positions at constructed coordinates, as shown in Figure 2. The distance of each element to the center of a specimen was denoted as r. The area of each element was calculated in pixel units. An element’s orientation refers to the angle between the long axis of the fitting ellipse and the y-axis. The Feret diameter is defined as the distance between two parallel planes constraining an object perpendicular to the direction in question. The minimum and maximum diameters were derived through calculating each element’s aspect ratio using Equation (1).


   Aspect   ratio =     Max .    F  eret   diameter     Min .    F  eret   diameter     



(1)







In addition to primary indicators, we further characterized the images in terms of component fractions, particle area distribution, aspect ratio, and orientation distribution. Furthermore, two indicators were calculated based on the counted angles for aggregates, namely, the average orientation angle (θ) and the vector magnitude (Δ), as follows [20,21]:


  θ =     ∑  i = 1   N        θ   i         N    



(2)






  ∆ =   100   N         ∑    sin  ⁡  2   θ   i           2   +      ∑    cos  ⁡  2   θ   i           2     



(3)




where N is the particle number, and θi is the particle orientation angle.



In our quantitative analysis, we used the coefficient of variation (CoV) to describe image variation. In probability theory and statistics, the coefficient of variation is a measure of probability or frequency distribution. It is often expressed as a percentage and defined as the ratio of the standard deviation to the mean value, as expressed in Equation (4) [1].


  C o V =   σ   μ   ×  100 %   



(4)







Here, σ represents the standard deviation, and μ is the mean value.




2.2. Image Similarity Estimation among Different 2D Models


2.2.1. Cosine Similarity of Images


Cosine similarity is used to measure the similarity between two vectors, a quality defined in the following equations:


  S i m i l a r i t y =   cos  ⁡    θ     =   A · B     A     B     =     ∑  i = 1   n      A   i   ×   B   i          ∑  i = 1   n          A   i       2      ×    ∑  i = 1   n          B   i       2         



(5)




where Ai and Bi represent the components of vectors A and B, respectively.



Before using cosine similarity to evaluate image similarity, the images were transformed to the vector format, followed by a cosine calculation conducted between two vectors. The whole calculation process was completed using MATLAB.




2.2.2. Structural Similarity Index Measure (SSIM)


The structural similarity index measure (SSIM) is another widely used method for estimating the similarity between two images. Structural similarity was defined using the following equation:


  S S I M     x , y   =   [ l ( x , y ) ]   α     [ c ( x , y ) ]   β     [ s ( x , y ) ]   γ    



(6)




where l, c, and s represent the comparative measurements of luminance, contrast, and structure between two images, respectively. α, β, and γ are the weight parameters concerning the importance of l, c, and s, respectively. In this calculation, the weight parameters used for α, β, and γ were 0, 0, and 1, respectively.






3. Finite Element Modeling of 2D Images


3.1. Model Construction Using Digital Image Processing (DIP)


Figure 3 illustrates the modelling process from the original image to the 2D microstructure model developed via FEM. Original X-ray CT images of asphalt mixtures were first converted into binary images based on the grayscale of the images in MATLAB. The binary images provided essential information on the internal structures of the asphalt mixtures, including regarding aggregate particles and air voids. Afterwards, the outlines of the aggregates and air voids were extracted using a polygonal approximation algorithm, whereby the internal structures of the asphalt mixtures were transformed into coordinates. Therefore, these coordinates were input into Abaqus software (version Abaqus/CAE 2017) to develop 2D models of the asphalt mixture using a Python (version 2.7.3) pre-processor [22]. Subsequently, the images were transferred into 2D FEM models. As a result of this process, the aggregate resolution critically influenced precision and efficiency; aggregates smaller than 2.36 mm were removed from the model. On the other hand, the mesh size is supposed to account for computational duration and accuracy simultaneously. For this reason, a preliminary mesh study was performed to determine the mesh size, considering the models’ complexities, computation time, computation convergences, and computational precision. Consequently, the global mesh size for the OGFC-type mixture was 2.5 mm.



In addition to asphalt compositions, the zero-thickness cohesive element was incorporated in the model to simulate asphalt mixtures’ cracking behavior. Cohesive elements were inserted among asphalt matrix elements as well as matrix–aggregate interfaces. In this case, micro cracks can randomly generate and propagate along the boundaries of aggregates and within the asphalt matrix. The constructed FEM models for OGFC-16 are shown in Figure 4.




3.2. Constitutive Models Used for Simulation


Constitutive models and specific parameters are listed in Table 1. The Young’s modulus and Poisson’s ratio of the aggregates were 55,000 MPa and 0.2, respectively. Linear viscoelastic constitutive relation in the form of the Prony series was used to describe the asphalt matrix, as shown in Equation (7) [17]:


  E =   E   e   +   ∑  i  = 1    N      E   i     e   −  t /    ρ   i        



(7)




where Ee is the equilibrium modulus; the set of [ρi, Ei] (i = 1, 2, …, N) is the discrete relaxation spectrum.



Crack propagation was described by the cohesive zone model (CZM) [23]. Figure 5 presents a schematic of the CZM model. In accordance with previous studies, the bilinear traction–separation law (TSL) was used to characterize the cracking behavior of asphalt mixtures [17,23,24]. The bilinear TSL is determined by three parameters, including traction strength t0, separation displacement δsep, and fracture energy G. The following quadratic nominal stress damage criterion was employed to initiate cracking [17]:


    G   n   =   1   2     t   n   0     δ   n   sep    



(8)






    G   t   =   1   2     t   t   0     δ   t   sep    



(9)




where the subscripts n and t refer to the normal and tangential components, respectively.




3.3. Simulation of an Indirect Tensile Test


An indirect tensile test was simulated in compliance with AASHTO TP31-96 [26]. The environmental temperature and loading rate for simulating the two asphalt mixtures were set to be identical: 20 °C and 50 mm/min, respectively. According to the simulation results, the indirect tensile resilient modulus and the indirect tensile strength can be calculated using the following equations [26]:


    S   T   =     P   T   ×   0.27 + μ     h ×   X   T      



(10)






    R   T   = 0.006287   P   T   / h  



(11)




where ST is the indirect tensile resilient modulus (MPa); RT is indirect tensile strength (MPa); PT is the amplitude of the applied load (N); μ is Poisson’s ratio; XT is the amplitude of the horizontal strain (mm); and h is the height of the specimen (mm), which was set as 40 mm in this study.





4. Results and Discussion


4.1. Morphological Characteristics of 2D Images


Asphalt mixtures are composed of an aggregate skeleton, a bitumen matrix, and air voids. The mechanical performance of asphalt mixtures is associated with the air void ratio, aggregate gradation, aggregate angularity, and microstructures after compaction. Accordingly, our morphological analysis of the 2D images focused on the phase compositions, particle size distribution, aspect ratios of aggregates and air voids, and the orientations of aggregates and air voids. It is worth noting that the calculated parameters might vary with respect to those in real asphalt mixtures due to dimension reduction.



4.1.1. Phase Compositions


Figure 6 shows the counted phase components for the OGFC asphalt mixtures. It can be seen that the aggregate fraction varied from 35% to 55%, indicating a broad range of aggregate content. The aggregate structure contributes to the strength formation of asphalt mixtures. Therefore, it can be deduced that the significant variation in aggregate content would undoubtedly cause a simulation difference, provided that 2D images were used rather than three-dimensional models. Concerning air voids, the OGFC asphalt mixture is that with an air void above 15%, according to the corresponding definition [27]. However, the calculated air void based on the 2D image was smaller than the actual value (decreasing from 6% to 13%). Therefore, reducing an image from 3D to 2D could induce an unavoidable error in calculation, and this fact was considered in advance. In both cases of aggregate or air void fractions, two primary compositions with a significant variation were detected, indicating that the use of 2D images in finite element modelling might induce a loss of structural information.




4.1.2. Particle Area Distribution


Apart from the phase composition, aggregate gradation is another critical factor that affects the mechanical performance of asphalt mixtures. In a 2D image, the particle area distribution can indirectly reflect the particle size distribution. Also, it should be noticed here that the counted particle area distribution deviated from the actual distribution due to dimension reduction. However, the variation in the counted ten images is the primary concern of this study. Figure 7 presents the particle area distribution, including aggregate and air void components.



It can be seen that the particle area distribution of aggregates exhibited differences; however, the basic shapes for the distribution curve were consistent, excluding images I8 and I1. Nevertheless, the maximum particle area showed significant variation, as shown in the positions at an accumulative passing percentage of 100%. The maximum particle area for image I4 was around 0.5 × 104, while in the case of image I1, this value reached 1.3 × 104.



As for the air voids, a consistent particle area distribution for most images can be observed. Also, two exceptions were found, as seen in images I3 and I8. Accordingly, one should be cautious when using images I1, I3, and I8 to model asphalt mixtures.




4.1.3. Aspect Ratio


Another factor influencing the mechanical performance of asphalt mixtures is the angularity of coarse aggregates characterized by the aspect ratio of the aggregates. Therefore, in this study, we calculated the aspect ratio of each aggregate in 2D images and the aspect ratios of formed air voids. Statistical analysis of the counted aspect ratio was carried out, as shown in Figure 8.



The ten investigated images showed an identical aspect ratio distribution with the medium value fluctuating between 1.5 and 2.0. Because the aspect ratio is not related to the compaction process, the stable values of different images indicated a relatively homogenous distribution of coarse aggregates. However, concerning the aspect ratio of the air void, the variation was significant. For example, in image I3, the aspect ratio shows a broad distribution and is higher than the others. This illustrates that the air voids that formed in I3 tended to be flat, while in other cases, the air voids tended to be very round. Different from the aspect ratio of aggregates, the air voids were formed in the compaction process. Therefore, the medium value of the aspect ratio of the aggregates showed more significant variation than the air voids.




4.1.4. Summary of Our Morphological Analysis of the 2D Images


Table 2 shows the calculated coefficients of variation for different indicators. It can be seen that the CoV varied from 1.74% to 68.12%. Some concerning indicators presented stability with a low CoV, such as the aspect ratio of aggregates (ASRA) at 5.99%, and the aggregate fraction (AF) was 7.4%. On the other hand, the CoV of the ASRAV reached 68.12%, and the air void fraction (AVF) was 46.3%. The CoVs of the average orientation angles (θ) of the aggregates, denoted as θ (A), and the vector magnitudes (Δ) of the aggregates, denoted as Δ (A), were 7.22% and 5.91%, respectively. Almost all the CoVs were constrained within 10%, which is an acceptable level in most practical engineering scenarios. It was indicated that the average orientation angle and vector magnitude would not significantly change due to the dimension reduction from 3D to 2D. Concerning the average orientation angle (θ) of the air voids, denoted as θ (AV), the CoV was 11%. However, regarding the vector magnitude (Δ) of the air voids, denoted as Δ (AV), the CoV reached 16.31%. This large CoV could be ascribed to a limited amount of air void, thus tending toward a large variation coefficient.



The morphological analysis of the 2D images of the OGFC asphalt mixtures revealed that, due to the dimension reduction from 3D to 2D, the 2D-based finite element modeling method might not be adaptable. Based on the comparison made in this study, several preliminary conclusions can be inferred regarding morphological characteristics: (1) The reduction in dimensions from 3D to 2D leads to a loss of crucial structural information, particularly regarding composition and pore structures. Consequently, this results in the distortion of simulated mechanical properties. (2) Morphological features associated with the original source, such as aggregates, remain relatively unchanged. Hence, the variations in AF, ASRA, θ (A), and Δ (A) fall within an acceptable range (within 10%). However, significant disparities exist in the features formed during the compaction process, which introduces uncertainty into the simulated mechanical properties.





4.2. Image Similarity Matrixes


The abovementioned indicators are conventional parameters used to evaluate image morphology. However, these indicators can vary due to the accuracy of image segmentation and recognition. This section discusses the possibility of an overall comparison that includes all the model information between two models, for which an analysis of image similarity was attempted. Specifically, the cosine similarity and structural similarity index measure were calculated.



Figure 9 presents the similarity matrices for the ten images studied. It can be seen that using cosine similarity to measure image similarity resulted in a higher similarity degree compared with such degrees calculated using the SSIM. It can be intuitively seen that, according to both cosine similarity and the SSIM, the highest similarity degree was observed between images I1 and I3. Images I2 and I6 had the lowest similarity for both methods.



On the other hand, the similarity determined via cosine similarity ranged from 0.85 to 0.88, while the similarity based on the SSIM ranged from 0.55 to 0.65. Through comparison, it can be found that the SSIM was superior to cosine similarity with respect to identifying image differences. Therefore, we selected the SSIM as the similarity measure for the ten images investigated.




4.3. Variation Analysis Based on 2D FE Simulation Results


This section shows the finite element simulation results for the ten 2D images above. On the one hand, the variation analysis of the simulated indirect tensile strength and indirect tensile modulus demonstrated that the dimension reduction could affect the simulation reliability. On the other hand, the stress distribution pattern of the simulation results provided a visual evaluation of image variation.



4.3.1. Stress Distribution Pattern


The horizontal stress distributions simulated for the different images are presented in Figure 10. Most of the images showed identical stress distribution patterns, which can be expressed as follows. Stress concentration primarily occurred along the loading axis. Tensile stress was observed in the asphalt matrix, while aggregates bore the compression stress. However, the stress distribution patterns for I1 and I5 were different. Significantly, stress concentration was not observed. This might have been due to the presence of a large air void near the loading point. As a result, the targeted deformation was easily achieved on account of the compression of the air void. Therefore, the actual applied stress for I1 and I5 was relatively lower than that of the other images. This indicates that the distribution of air voids remarkably affected the simulation results. In addition, 2D images with large air voids near the loading point are not recommended for simulation.




4.3.2. Force–Strain Curves


Force–strain curves derived from indirect tensile strength simulation were also investigated, as shown in Figure 11. The simulated force–strain curves of I7 and I8 were peculiar: as shown, the peak values could be reached with a small strain applied. This finding can be ascribed to the same phenomenon discussed for the stress distribution pattern.






5. Conclusions


The research in this article reveals significant disparities in the microstructure and simulation outcomes of asphalt mixtures, particularly for the OGFC type, when employing two-dimensional finite element modeling. This highlights the necessity of carefully considering the representativeness of 2D models while investigating asphalt mixtures using the two-dimensional finite element method. This study examined OGFC asphalt mixtures from both morphological characteristics and simulation result perspectives, leading to the following key findings.



The morphologies of the 2D images, although sourced from the same asphalt mixtures, showed remarkable variations in the mixture compositions and aggregate gradations. In addition, morphological characteristics such as aspect ratio were not significantly altered. By comparing ten 2D finite element results, it was found that 2D simulation might not represent the actual mechanical responses of asphalt mixtures due to the dimension reduction from 3D to 2D. However, the stress pattern exhibits reasonable stress transformations in structures, constituting the key properties of asphalt mixtures for withstanding external loads. Hence, it is still meaningful to use 2D finite element simulations to identify the basic rules of material properties.



This study revealed the consequences of dimension reduction from 3D to 2D in the finite element modelling of asphalt mixtures in terms of morphological characteristics and simulation results. However, 3D models of the two asphalt mixtures could not be developed due to a lack of three-dimensional information. Hence, the three-dimensional mechanical behavior of asphalt mixtures remains unknown, and the relationship between the 3D and 2D simulation results was unclear. To this end, further work should be focused on preparing asphalt mixture samples in a laboratory and developing 2D and 3D models for finite element simulations. Consequently, deep insight into the mechanical characterizations yielded by 2D and 3D models can be developed, and reasonable methods for aiding the selection of the optimal 2D image when modelling asphalt mixtures can be proposed.
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Figure 1. Flow chart of this study. 
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Figure 2. Schematic of image characterization. 
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Figure 3. Images depicting the application of digital image processing (DIP) to the CT images. 
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Figure 4. Image of element distribution within the microstructure model. 
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Figure 5. Image of the bilinear traction–separation law (TSL) [25]: (a) normal component; (b) tangential component. 
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Figure 6. Component fractions of aggregates and air voids for OGFC. 
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Figure 7. Particle area distribution of OGFC: (a) aggregate; (b) air void. 
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Figure 8. Aspect ratio distribution of OGFC asphalt mixtures: (a) aggregates; (b) air voids. 
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Figure 9. Image similarity matrix: (a) cosine similarity; (b) SSIM. 
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Figure 10. Images of stress distribution. 
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Figure 11. Indirect tensile strength simulation results: (a) Force–displacement curve; (b) CoV results. 
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Table 1. Model parameters of the 2D simulation of asphalt mixtures.






Table 1. Model parameters of the 2D simulation of asphalt mixtures.





	
Bilinear Cohesive Zone Model

	
t0 = 3 MPa, G = 2.75 kJ/m2




	
Prony Series with μ = 0.35






	
i

	
ρi (s)

	
Ei (MPa)

	
i

	
ρi (s)

	
Ei (MPa)




	
1

	
1.00 × 10−7

	
5218.14

	
8

	
1.00 × 100

	
512.63




	
2

	
1.00 × 10−6

	
5381.72

	
9

	
1.00 × 101

	
154.93




	
3

	
1.00 × 10−5

	
5499.81

	
10

	
1.00 × 102

	
55.72




	
4

	
1.00 × 10−4

	
5570.35

	
11

	
1.00 × 103

	
13.97




	
5

	
1.00 × 10−3

	
5112.13

	
12

	
1.00 × 104

	
6.79




	
6

	
1.00 × 10−2

	
3608.49

	
Ee

	
-

	
34.20




	
7

	
1.00 × 10−1

	
1489.17

	

	

	











 





Table 2. Coefficient-of-variation analysis for concerning indicators.
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AF

	
CoV

	
AVF

	
CoV

	
ASRA

	
CoV

	
ASRAV

	
CoV




	
1

	
53.72

	
7.4%

	
2.85

	
46.3%

	
1.62

	
6.0%

	
1.84

	
68.1%

(14.1% *)




	
2

	
53.4

	
5.84

	
1.95

	
2.09




	
3

	
60

	
1.22

	
1.76

	
8.05 *




	
4

	
56.67

	
2.07

	
1.98

	
2.17




	
5

	
57.7

	
2.29

	
1.95

	
1.75




	
6

	
53.8

	
1.98

	
1.74

	
2.66




	
7

	
50.28

	
2.05

	
1.92

	
2.15




	
8

	
58.4

	
3.8

	
1.81

	
1.74




	
9

	
45.6

	
2.27

	
1.77

	
2.37




	
10

	
55.6

	
2.25

	
1.86

	
1.84




	

	
θ (A)

	
CoV

	
θ (AV)

	
CoV

	
Δ (A)

	
CoV

	
Δ (AV)

	
CoV




	
1

	
39.59

	
7.2%

	
50.32

	
11.0%

	
54.32

	
5.9%

	
47.00

	
16.3%




	
2

	
49.26

	
48.69

	
53.04

	
57.06




	
3

	
46.96

	
61.99

	
62.27

	
76.38




	
4

	
46.22

	
48.21

	
54.85

	
41.12




	
5

	
42.43

	
51.38

	
63.06

	
61.84




	
6

	
50.04

	
45.1

	
60.66

	
60.81




	
7

	
48.96

	
46.56

	
55.97

	
54.04




	
8

	
44.78

	
43.67

	
61.62

	
59.40




	
9

	
41.86

	
51.14

	
58.65

	
56.12




	
10

	
44.88

	
41.57

	
60.29

	
48.83








θ (A): Average orientation angle of aggregates. θ (AV): Average orientation angle of an air void. Δ (A): Vector magnitude of aggregates. Δ (AV): Vector magnitude of an air void. * The value 14.1% was calculated by removing the data 8.05.
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