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Abstract

:

The air voids distribution has a significant effect on the pavement performance related distresses such as rutting, cracking, moisture damage and permeability. However, most studies only quantified the air voids by average content, ignoring the heterogeneity inside the materials. This study focuses on the heterogeneity of air voids distribution inside the open-grade asphalt mixture based on 2D image analysis. Equivalent aperture is proposed to measure the area of each air void. Results showed that along both vertical and horizontal sections inside the open-grade asphalt mixture, the number of voids with 0~2 mm equivalent aperture would have a great impact on the total number of voids, while large amounts of small voids would not significantly affect the total voids number. Additionally, voids with 0~4 mm equivalent aperture account for the largest proportion, and when the equivalent aperture is beyond 4 mm, the number of voids would decrease as the equivalent aperture increases, regardless of the void areas. Furthermore, in both vertical and horizontal sections, as the equivalent aperture increases, the speed to accumulate voids area would firstly increase and then decrease. As the equivalent aperture increases, the contribution to the total voids area would increase accordingly, and it would approach the peak when the equivalent aperture reaches about 8 mm.
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1. Introduction


Air voids have a significant influence on the mechanical properties of asphalt mixtures. It is well established in many pieces of literature that air voids distribution can be a major factor which affects asphalt pavement performance, such as cracking, rutting, fatigue and moisture damage [1,2,3,4]. Some researchers found that under the same air voids, different air voids distribution can lead to different pavement performances [2,5]. Except for pavement performances, in open-graded pavements, air voids have a strong relationship with field permeability, and a mixture’s nominal maximum aggregate size would greatly affect the permeability characteristics of the pavement [6]. Due to the lack of laboratory techniques to capture the air voids distribution in pavements, most of the research results are based on the average air voids content, no matter in pavement designing or specifying asphalt mixtures [7,8]. The current Superpave mixture design procedure is based on developing mixtures that attain certain average percent air voids at different compaction levels. However, quantifying the air voids by an average value means assuming the material to be homogeneous, while materials with the same air voids may have different distributions of air voids, which may lead to materials showing different properties [9]. Castillo and Caro (2019) also argued that taking the spatial variability of material properties into consideration is helpful to obtain a better insight into the actual structural reliability of the pavements [10]. Thus, the testing results of some specimens which have uneven air voids distribution would lead to certain variations in mechanical properties, affecting the testing reliability and misleading the material response [11]. To address the non-uniform distribution of air voids in materials, it is necessary to characterize and quantify the air voids inside the materials.



In order to capture the internal structure of asphalt mixtures and evaluate the effects of air void distribution, X-ray Computed Tomography (CT) and digital camera processing have been widely used non-destructive imaging technologies, which could provide a 2D or 3D image of the internal structure of a solid object [12]. From the digital camera or CT image processing, the location or coordinates of aggregates, reconstructed pore geometry, void-distribution segregation, the two-or three-dimensional internal structure of hot-mix asphalt or some distresses like cracking can be obtained [13,14,15,16,17,18]. As an increasing number of researchers have analyzed the asphalt pavement from the microstructure perspective [19,20,21,22,23], some of them have applied digital camera and CT image processing in the field of asphalt pavement, especially in terms of air voids. You (2009) analyzed the air voids distribution along the height using the X-ray computed tomography and predicted the dynamic modulus of the asphalt mixture [24]. Shashidhar (2000) used three-dimensional X-ray computed tomography for non-destructive evaluation of air void distribution and found that the rutting performance of mixes could be qualitatively related to the aggregate structure [25]. Besides, Mahmud et al. (2017) used virtual cut section to investigate the air voids properties and found that the air voids within the porous asphalt mixtures were homogeneously distributed with an elongated shape [26].



Nowadays, more and more researchers tend to study the effect of air voids distribution on the asphalt mixture performances, and the heterogeneity of air voids distribution has been proved to be related to material properties. Investigating the air voids distribution inside the materials could provide the outline of the structure, which would further be related to the asphalt mixture performances. Therefore, the objective of this research is to study the air voids distribution of the material, including its number and area magnitude, which could be related to mixture characteristics and pavement performances in the future.



In this study, OGFC samples with the size 300 mm × 300 mm × 50 mm were made under a specific open-grade design, they were cut into many regular sections and their vertical and horizontal profiles were scanned by a digital camera with 800 pixels per inch (ppi) resolution. Photoshop and MATLAB software were used to process the images. The concept of the equivalent aperture was proposed to study the area of each void and the air voids distribution was analyzed in both vertical and horizontal sections.




2. Materials and Methods


2.1. Materials and Sample Preparation


In this study, an 800 ppi digital camera was used to scan the materials. OGFC samples with size 300 mm × 300 mm × 50 mm were made based on the asphalt content and aggregate gradation of Wuzhoudadao permeable pavement in Shanghai, China. Two of them were dissected horizontally and the rest were dissected vertically. The gradation is OGFC-13 and the passing percentage of each sieve size is shown in Figure 1. The aggregates were basalt and the asphalt content was 4.9%, compromised by 70# neat asphalt with 12% TPS. The air voids of the mixtures were 21.6%, which was measured according to ASTM D1188.



The samples were dissected according to Figure 2. Firstly, each sample was cut into six small specimens along the vertical direction, then each small specimen was cut horizontally. After that, the same scanner was used to scan the profile. The vertical and horizontal section numbers were shown in Figure 2.



Research activities of this study involve four steps. The first step is making specimens and incising them both vertically and horizontally. Then using the digital camera to scan each profile followed by using painting software and MATLAB to extract air voids structure. Subsequently, calculating the air voids and conducting analysis.




2.2. Digital Camera Scan


2.2.1. Image Acquisitions


In this study, the profiles of the specimens were scanned, which is easy, cheap, and feasible to study the internal pore diameter distribution. After dissecting the OGFC samples, Figure 3 shows a typical image obtained by a digital camera with a resolution of 800 ppi. Compared to the real profile of specimens, it could be found that the darkest color in mixture scanned profiles corresponds to the air void, the shallowest color patterns are aggregates and the rest is the asphalt mortar.




2.2.2. Image Contrast Adjustment


The scan image shown in Figure 3 is difficult to distinguish the boundary of each kind of component. It is necessary to increase the discrimination of the image in order to do further research, thus, the photoshop software was applied to process the scanned images. The black contrast degree was enhanced in the image to make the difference between voids, aggregates, and asphalt mortar more distinct. The image after processing is shown in Figure 4. Note that there are some white dots among air voids patterns (black areas), which represent the aggregates behind the voids.




2.2.3. Image Denoising


To study the distribution of the air voids, MATLAB software was used to extract the voids and calculate voids structure-related parameters. The images processed by photoshop software were imported to MATLAB and transferred into gray images. In gray images, the black color was used as the reference color in order to extract voids patterns which were in black areas, and each pixel had a different saturability from 0% (white) to 100% (black). The grayscale value was quantized into 256 grayscale levels ranging from 0 to 255. The smaller the value was, the darker the color would be. However, there are some relatively dark points in aggregates and asphalt mortar areas among gray images, which are called noisy points and those noisy components must be eliminated before it can be used for further process or analysis. Therefore, image denoising was indispensable in this study. In this paper, median filtering was adopted to reduce the noise. This method can restrain disturbing pulses and points and keep the image edge better, which is more effective than the convolution method when the goal is to simultaneously reduce noise and preserve edges [27,28]. In MATLAB, median filtering could be achieved by function medfilt2 which performs the images in two dimensions, each output pixel contains the median value in a 3-by-3 neighborhood around the corresponding pixel in the input image [28].




2.2.4. Image Segmentation and Voids Extraction


The original image was converted into a binary image which only included black and white colors. The pixels having a high gray value would become white when its value was above the threshold level, while all other pixels would become black [29]. White and black pixels received respective values of 1 and 0. Due to the high resolution of the digital camera, the boundary of the picture has its own pixels, the boundary pixels would also receive values of 1 and 0 and then display black or white. Thus, the key is to select an optimal threshold. In this paper, the optimal threshold was obtained by function graythresh in MATLAB [30]. According to the function result, a good segmentation effect could be gained when the threshold was set by 35, as shown in Figure 5a. The gray value was assigned to be 0 when they were no more than 35 and to be 1 when they were more than 35. Consequently, the profile of each air voids shown in Figure 5b was obtained by conducting a searching calculation of the boundary position in binarization graph.






3. Calculation


Given that the resolution of images was consistent during the image process and the resolution unit was ppi, the area of each air voids can be calculated according to the number of pixels and the area of each pixel. Since each inch has a specific number of pixels, which depends on the resolution. Thus, the area of each pixel can be calculated on the area of each inch divided by the resolution, as shown in Equation (1). The area of each air voids can be calculated based on Equation (2). Alternatively, applying software Image J could also achieve the same results, the area of each air voids could be calculated automatically in the software.


   A p  =    (    25.4  r   )   2   



(1)




where:




	
Ap = The area of each pixel, mm2,



	
r = resolution, ppi.










  A = n  A p  = n    (    25.4  r   )   2   



(2)




where:




	
A = The area of each air voids, mm2,



	
n = the number of pixels in each air voids.








In this study, all materials were considered to be non-spherical, and this is because the aggregates are non-spherical due to its corner angle, the air voids are almost all non-uniform after the mixture being compacted. In order to compare different non-uniform voids characteristics, the equivalent aperture was proposed to measure the voids uniformly. It was calculated to study the voids structure distribution in this study. Equation (3) indicates the calculation of equivalent aperture when transferring the voids area into a circle.


  D = 2   A π    



(3)




where:




	
D = equivalent aperture, mm,



	
A = The area of each air voids, mm2.








Equations (4) and (5) show the calculation of air voids and the average equivalent aperture of each section profile.


  V =   ∑ A    A s    × 100 %  



(4)




where:




	
V = the air voids of each section profile, %,



	
As = area of each section profile, mm2 (Equal to total pixels areas).










   D  a v g   = 2     ∑ A   N π      



(5)




where:




	
   D  a v g     = average equivalent aperture of each section profile, mm,



	
A = the area of each air voids, mm2,



	
N = number of air voids in each section profile.








In this study, to figure out the air voids distribution along both vertical and horizontal sections, the average value of voids number and content were used. To figure out the variations between different samples, the number and area of voids in each section were compared and analyzed.




4. Results and Discussion


4.1. Vertical Voids Distribution


Table 1 shows the voids numbers and equivalent aperture distribution. As Figure 6 shows, except for the equivalent aperture ranging from 0~2 mm, the number of voids would decrease as the range of equivalent aperture increases. It means that under specific air voids, the larger the areas of the voids are, the smaller the number of them would be, which is probably because that it is more likely for materials to form small voids after rolling instead of large ones due to the compaction. Although the distribution of voids with equivalent aperture ranging from 0~2 mm does not show such a clear trend with that ranging from 2~4 mm, this trend is apparent from the overall distribution. The total air voids number could also support this trend. In addition, it could be found that in all cases, the number of voids in relatively small equivalent aperture ranges account for a large proportion. In other words, a large number of voids in the specimens are small ones. Thus, from the vertical direction, the main voids of the material are those with equivalent aperture below 10 mm for OGFC-13, which account for more than 90% of the total number.



The correlations between the parameters in Table 1 and equivalent aperture ranges were studied and the results were shown in Table 1. It can be noticed that the number of voids has a high correlation with the equivalent aperture ranging from 0~2 mm, whose R2 is 0.79. As Figure 7 shows, as the total number of voids increases, the number of voids whose equivalent aperture ranges from 0~2 mm would increase accordingly. It supports the aforementioned trend that the number of small voids accounts for a large proportion of the total number. However, a poor correlation was found between the air voids content of each section and voids with equivalent aperture ranging from 0~2 mm, indicating that although there are a lot of small voids in materials, they do not affect the air voids content remarkably. In fact, the void number with different equivalent aperture ranges in vertical sections has no apparent correlation with the air voids of each section and the highest R2 is only 0.29. It means the number of each vertical equivalent aperture range may not significantly impact the total air voids. From the determinant coefficient perspective, there is no significant difference between the small size voids which have a large amount and large size voids which only have a small amount. Therefore, it can be inferred that the overall air voids content may not be influenced by a single or several sizes of voids significantly.



To further explore the relationship between voids and the equivalent aperture, the gradation of the voids number along the vertical section was drawn in Figure 8a,b. Each section in both OGFC samples shows a similar trend, which means the air voids number distribution of the material is relatively even. As the equivalent aperture range increases, the speed to accumulate voids number would decrease. When the equivalent aperture range reaches 8~10 mm in each section, the accumulated number of voids is close to the total number, which means that voids with the equivalent aperture below 10 mm account for almost all the voids. The relationship between the average accumulated voids and equivalent aperture range is shown in Figure 8c, a high correlation can be found in a quadratic polynomial with R2 of 0.98. From the equation shown in Figure 8c, the speed to accumulate voids number decreases as equivalent aperture increases. The cumulative function of the voids number correlates well with the Exp function with R2 of 0.99, which could be used to calculate the voids number of different sizes or accumulated voids number with a certain equivalent aperture range.



On the other hand, the relationship between the accumulated void areas and equivalent aperture range is shown in Figure 9a,b. As Figure 9a shows, each section of OGFC sample -I has a good consistency with others, with minor fluctuation on the equivalent aperture ranging from 6~8 mm, 8~10 mm and 10~12 mm. For the OGFC sample -II in Figure 9b, a similar trend could be found, while for the equivalent aperture ranging from 6~8 mm, 8~10 mm, and 10~12 mm, a more remarkable fluctuation could be noted. Figure 9c shows the relationship between average accumulated voids areas and equivalent aperture range, the fluctuation on the equivalent aperture ranging from 6~8 mm, 8~10 mm, and 10~12 mm is more apparent. As in vertical sections, the number of voids whose equivalent aperture ranges from 12~14 mm is few and there are no voids with the equivalent aperture ranging from 14~16 mm, it is understandable that there is no large variation in accumulated voids areas. However, as aforementioned, as equivalent aperture increases, the number of voids would decrease, while the trend of accumulated voids areas differs from the accumulated voids number. Additionally, as the equivalent aperture range increases, the speed to accumulate voids areas would firstly increase then decrease, and the inflection point is obtained by calculated the point when the second derivative of the equation reaches 0. The result of the inflection point is about 8 mm, which means that the speed to accumulate voids area becomes the highest when the equivalent aperture is 8 mm, indicating that those air voids account for the largest part of the total area. Before equivalent aperture reaches 8 mm, the speed to accumulate number of voids decreases while the speed to accumulate voids area would increase. It means that before the equivalent aperture reaches 8 mm, the contribution to the total voids area would become greater as the equivalent aperture increases, and then the contribution to the total voids area would decrease. The cumulative function of voids area fits DoseResp function well with 0.99 R2, which could be used to calculate the proportion of voids area with a specific size or the accumulated voids area with a certain equivalent aperture range along the vertical direction.




4.2. Horizontal Voids Distribution


As Figure 10 shows, a similar trend can be found as a vertical equivalent aperture range distribution. when the equivalent aperture is above 4 mm, the number of voids would decrease as then range increases. For the range from 0~2 mm and 2~4 mm, the numbers of voids are compatible. In addition, in Figure 10, it is more apparent that the number of voids with small equivalent aperture ranges account for a large proportion, which is more than 90% of the total voids number.



The correlations between the parameters in Table 2 and the equivalent aperture were studied, and the results were shown in Table 2. It can be noticed that in horizontal sections, the number of voids still has a high correlation with the equivalent aperture ranging from 0~2 mm, whose R2 is 0.71. As Figure 11 shows, as the total number of voids increases, the number of voids whose equivalent aperture ranges from 0~2 mm would increase. Therefore, in horizontal sections, the 0~2 mm equivalent aperture voids still account for a large proportion of the total voids. Similar to the vertical sections, the 0~2 mm equivalent aperture voids in the horizontal sections has a poor correlation with the air voids, while its R2 is the highest among all equivalent aperture ranges. In addition, in horizontal sections, the total air voids would not be impacted by one or several sizes of voids, which is similar to vertical sections.



The gradation of voids number in OGFC samples along the horizontal sections was drawn in Figure 12a,b. Each section in both samples shows a similar trend. As the equivalent aperture increases, the speed to accumulate voids number would decrease. When the equivalent aperture range reaches 8~10 mm in each section, the accumulated number of voids is close to the total number, which is similar to the vertical cases. The relationship between the average accumulated voids area and the equivalent aperture is shown in Figure 12c, a high correlation can be also found in a quadratic polynomial with R2 of 0.98. From Figure 12c, the speed to accumulate voids number would decrease as equivalent aperture increases, which is similar to the cases in vertical sections.



The relationship between the accumulated voids areas and equivalent aperture range along horizontal sections is shown in Figure 13a,b. It could be found that when the equivalent aperture ranges from 4~6 mm, 6~8 mm, 8~10 mm, 10~12 mm, and 12~14 mm, the accumulated voids areas have a relatively high fluctuation. Also, the overall trend is that as the equivalent aperture increases, the speed to accumulate voids areas would firstly increase then decrease, and the inflection point occurs when equivalent aperture reaches about 8 mm, which is similar with the vertical cases. Figure 13c shows the relationship between average accumulated voids areas and the equivalent aperture, the fluctuation on the equivalent aperture ranging from 6~8 mm, 8~10 mm, and 10~12 mm are notable and the trend is the same as separate ones. In addition, the voids with the equivalent aperture ranging from 8~12 mm are the most important to the voids structure distribution as well as vertical sections because they contribute a larger proportion to the total voids area. The cumulative function of voids area also fits DoseResp function well with 0.99 R2. It could be used to calculate the proportion of voids area with a specific size or the accumulated voids area with a certain equivalent aperture range along the horizontal direction.





5. Conclusions


This paper studied the voids structure distribution inside the materials. The digital camera processing was adopted to obtain the vertical and horizontal section profiles of the materials and software such as MATLAB and Photoshop were used to process the images. Given that the voids inside the materials are irregular and complicated, equivalent aperture was proposed in this study to simplify the voids. The conclusions are summarized as following:




	
In both vertical and horizontal sections, voids with the equivalent aperture ranging from 0~4 mm account for a large proportion, and when the equivalent aperture is beyond 4 mm, the total number of voids would decrease as equivalent aperture increases.



	
In both vertical and horizontal sections, the number of voids with the equivalent aperture ranging from 0~2 mm has a great impact on the total voids number. However, large amounts of small voids do not significantly affect the overall air voids content. In addition, the number of voids with different equivalent apertures do not have a good correlation with the air voids content, no matter in vertical or horizontal sections. The air voids content would not be affected significantly by a single or several sizes of voids.



	
The accumulated number of voids is close to the total voids number when the equivalent aperture reaches 10 mm in both vertical and horizontal cases, and voids with equivalent aperture ranging from 0~10 mm comprise most of the voids area.



	
As the increase in the equivalent aperture, the speed to accumulate voids area would firstly increase then decrease, the trend could be found in both vertical and horizontal cases. The inflection point would occur when the equivalent aperture is around 8 mm. For the vertical section, the speed to accumulate voids area has a high fluctuation when the equivalent aperture range is from 6~12 mm, while for horizontal sections, the range is from 4~14 mm.



	
The contribution of the voids to total voids area increases as the equivalent aperture size increases, and it would approach the peak when the equivalent aperture reaches about 8 mm.



	
Due to the limitation of the technique used in this study, the air voids discussed including both connected and closed voids, which are difficult to differentiate and need further research. Additionally, the equivalent aperture method proposed in this study also needs further validation.
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Figure 1. Gradation curve. 
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Figure 2. Dissection Direction. 
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Figure 3. Initial Digital Image. 
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Figure 4. Adjusted Digital Image. 
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Figure 5. Image Process, (a) Image segmentation, (b) Voids extraction. 
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Figure 6. Voids number distribution along the vertical section. 
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Figure 7. Correlation between the number of voids and that with 0~2mm equivalent aperture. 
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Figure 8. Relationship between accumulated number of voids and the equivalent aperture, (a) OGFC sample I, (b) OGFC sample II, (c) Average value of OGFC samples. 
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Figure 9. Relationship between accumulated voids area and the equivalent aperture, (a) OGFC sample I, (b) OGFC sample II, (c) Average value of OGFC samples. 
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Figure 10. Voids number distribution along the horizontal section. 
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Figure 11. Voids number distribution along the horizontal section. 
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Figure 12. Relationship between accumulated voids area and the equivalent aperture, (a) OGFC sample I, (b) OGFC sample II, (c) Average value of OGFC samples. 
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Figure 13. The relationship between the accumulated voids areas and the equivalent aperture along horizontal sections, (a) OGFC sample I, (b) OGFC sample II, (c) Average value of OGFC samples. 
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Table 1. Coefficient Determinant Matrix.






Table 1. Coefficient Determinant Matrix.





	R2
	0~2 mm Voids Number
	2~4 mm Voids Number
	4~6 mm Voids Number
	6~8 mm Voids Number
	8~10 mm Voids Number
	10~12 mm Voids Number
	12~14 mm Voids Number
	14~16 mm Voids Number





	Total Number of voids
	(+) 0.79
	(+) 0.49
	(+) 0.47
	(+) 0.16
	(+) 0.13
	(-) 0.01
	(-) 0.22
	0.00



	Air voids of each section (%)
	(+) 0.16
	(+) 0.02
	(+) 0.09
	(+) 0.02
	(+) 0.21
	(+) 0.29
	(+) 0.01
	0.00







Note 1: The symbol in the bracket represents the positive (+)/negative (-) correlation.
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