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Abstract: Porous asphalt concrete (PAC) has been used to improve the traffic conditions in rainy
weather due to its high porosity. Aggregate size and gradation have great impact on the connected
pore structure, which ultimately affects the permeability of porous asphalt concrete. In this paper,
the topological properties of connective pores including pore area, pore circularity, equivalent pore
diameter, and void network of porous asphalt concrete with different nominal maximum aggregate
sizes and gradations were analyzed using x-ray computer tomography scans and the image processing
technique. It was observed that the maximum aggregate sizes will not have significant effect on the
percentage of connected pores to total pores for porous asphalt concrete. Furthermore, the percentage
of connected pores to total pores is related to the air void content, but for PAC-13 with 20% target
air void content or above, the connectivity does not seem to have a sharp increase. Additionally,
porous asphalt concrete with a smaller nominal particle size or lower target air void content seems
to generate a more concentrated distribution of Eqdiameter. Moreover, pore circularities for porous
asphalt concrete with a maximum aggregate size of 10 mm or above are independent of maximum
aggregate sizes. Air void contents ranging from 16% to 21% do not have a significant effect on
the voids’ circularity. Furthermore, the branching nodes in porous asphalt concrete with a smaller
nominal maximum aggregate size or lower target air void content have a more uniform spatial
distribution. However, the percentage of cross-linked number to total node raises as the nominal
maximum aggregate size or target air void content increases.

Keywords: aggregate size and gradation; pore characteristics; porous asphalt concrete; connectivity;
x-ray computer tomography

1. Introduction

Porous asphalt concrete (PAC) or open graded friction course (OGFC), as an environmentally
friendly road material due to its noise reduction properties, drainage, and improved traffic conditions
in rainy weather, has attracted continuous attention in recent years [1-5]. As a complex polymeric
porous media, PAC is generally considered to be composed of aggregate, asphalt mastic, and large
porosity, which usually has a void content of 14%-31% [6]. Due to higher proportions of porosity,
rainwater can quickly infiltrate underground through porous asphalt concrete to prevent aquaplaning
on the road surface and improving visibility.

Air voids have a significant influence on the hydraulic conductivity of PAC [7]. Therefore,
an number of experimental researches related to porous asphalt have been conducted to analyze
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the influence of void content on permeability. Suresha [8] carried out permeability tests using the
falling-head concept on cylindrical Particle Flow Code (PFC) specimens and concluded that the
relationship between the permeability and effective air voids followed a power model. Hamzah [9]
conducted permeability tests on porous asphalt with a falling head water permeameter and found out
that when the asphalt binder crept, the asphalt binder filled up the empty spaces in the mix air voids,
which disrupted void continuity, which translated into the observed reduction in the coefficient of
permeability. Chen [10] used a customized testing method to investigate the permeability of the OGFC
mixture. Results showed that the OGFC mixture is affected by rainfall intensity and transverse cross
slope in addition to the air voids. These factors affect the effective air voids available for water flow
and thus water saturation level in the OGFC mixture.

However, these water permeability experiments cannot provide a clear insight into the internal
structure of PAC. Thanks to computer tomography (CT) and image processing technologies, the internal
structure of asphalt concrete can be easily obtained and it is possible to analyze the characteristics of
asphalt concrete in the microstructural domain [11]. Jerjen [12] investigated the water evaporation rate
in a sample of porous asphalt concrete by means of x-ray micro computed tomography and found that
a qualitative inspection of the pore network allowed a tentative link between the sudden acceleration
of evaporation to the disappearance of water lids that were clogging pores. Zhang [13] utilized
high-resolution industrial computed tomography (CT) scans to perform on the PA concrete cores that
were obtained from the field trial sections to detect the distribution of the rejuvenation products.

In fact, permeability is actually a function of the microstructure of pores in PAC, especially the
interconnected pores. Many researchers have paid attention to the pore structure parameters such as
porosity, tortuosity, and pore sizes by applying the x-ray computed tomography scans. Alber [14,15]
analyzed the characteristic parameters of the air void and skeleton structures and influence of soiling
phenomena on air-void microstructures of the porous asphalt through the CT scanning technique.
Mahmud [16] used a non-destructive method (CT method) employing virtual cut section to analyze the
content, number, shape, and size of voids of laboratory-fabricated porous asphalt. Zhao [17] used CT
scanning technology to distinguish the valid and invalid interconnected pores in order to evaluate the
distribution of various types of pores, and finally proposed a new evaluation index of pore distribution.
Yu [18] identified the pore characteristics in pervious concrete by 2D/3D CT images and investigated
the relationship between pore characteristics and permeability. These studies showed the feasibility of
combining the computer tomography (CT) method with image processing technology to capture the
pore characteristics of porous material.

While these studies are limited to the effect of air void topology on the hydraulic conductivity of
porous asphalt concrete, the relationship between all of these topological parameters and nominal
maximum aggregate size and aggregate gradation is not clear yet. Some efforts have been made to
investigate the influence of aggregate type and size on the compressive strength of cement-based
previous concrete. Cosi¢ [19] investigated the influence of aggregate type and size on the properties
of cement pervious concrete with five different concrete mixtures. Yu [20] studied the relationship
between aggregate size, compressive strength, pore structure, cementitious paste thickness, and then
analyzed the influence of aggregate size on the compressive strength of pervious concrete. Zhong [21]
carried out linking matrix strength, total porosity, aggregate size, and mean pore size of pervious
concrete to its compressive strength.

However, few studies have focused on the effect of porous asphalt concrete with nominal
maximum aggregate size and aggregate gradation on the pore characteristics from a microstructural
perspective. Generally, coarse aggregates (larger than 2.36 mm) are used to constitute the skeleton
structure of the porous asphalt concrete and the asphalt mastic including asphalt binder, mineral fillers,
and fine aggregates fills the pores formed by coarse aggregates. In this case, the aggregate sizes and
the aggregate gradations are critical to producing a mixture that will meet traffic loading and the
specific runoff.
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2. Objectives

Motivated by the aforementioned limitations, the objective of this study was to characterize
the connective pore system of porous asphalt concrete with different nominal maximum aggregate
sizes and aggregate gradations. To achieve this objective, five kinds of porous asphalt concrete
specimens with different nominal maximum aggregate sizes and target air void contents were scanned
by industrial CT, and the CT scan results were used to investigate the relationship between the pore
space topological properties and aggregate gradations with accessible parameters in this study.

3. Materials and Methods

3.1. Materials and Sample Preparation

Aggregate gradation has a great impact on the structural and functional performance of porous
asphalt mixture required for a specific application [22,23]. In order to investigate the effect of the
nominal maximum aggregate sizes and aggregate gradations on air void properties for porous asphalt
concrete, five kinds of commonly-used porous asphalt concretes (PAC-5, PAC-10, PAC-13(1), PAC-13(2),
and PAC-13(3)) were designed by the gyratory compaction method. As presented in Table 1, PAC-5,
PAC-10, and PAC-13(1) had the same target air void content, which was used to specify the influence
of the maximum aggregate sizes on the air void properties.

Table 1. Gradations of porous asphalt concrete (PAC) with different maximum aggregate sizes and air
void contents.

Percentage Passing (%)

Sieve Size (mm)

PAC-5 PAC-10 PAC-13(1) PAC-13(2) PAC-13(3)

16 - - 100.0 100.0 100.0

13.2 - 100.0 87.0 87.0 87.0

9.5 100.0 84.7 63.7 63.7 63.7

4.75 90.0 22.8 22.0 22.0 28.3

2.36 21.1 15.6 16.5 19.3 22.1

1.18 20.0 12.6 14.0 14.0 14.0

0.6 15.5 9.4 9.2 10.2 10.2

0.3 11.9 6.5 6.3 7.2 7.2

0.15 9.1 5.1 4.5 5.2 5.2

0.075 7.0 4.6 4.0 4.7 4.7

Asphalt binder (%) 6.3 57 5.67 5.8 59

Target air void 20 20 20 18 16

content (%)

Sieves of 2.36 mm and 4.75 mm are usually treated as critical sieves that have a great influence on
the air void volume in the mixture [24,25]. Therefore, in order to investigate the effect of gradations on
air void properties, three aggregate gradations (PAC-13(1), PAC-13(2), and PAC-13(3)) were designed
by changing the percentage passing of aggregate sizes of 2.36 mm and 4.75 mm.

Crushed granite stones were used as coarse and fine aggregates in this study and high-viscosity
modified asphalt was selected as the binder. Tests were conducted according to the Chinese
specifications (JTG E42-2005 and JTG E20-2011). The detailed properties of the materials used
are provided in Table 2. The mixture samples were prepared in accordance with ASTM D 7064.
The specimens that were 150 mm in diameter and 100 mm in height were produced using the
Superpave gyratory compactor with 50 gyrations. Each of the specimens were compacted at a vertical
pressure of 600 kPa and a gyration rate of 30 rpm to achieve the target air void contents of 20%,
20%, 20%, 18%, and 16%, respectively. Then, the specimens were cut into cylinders with a diameter
of 100 mm and height of 70 mm due to the limitations of the x-ray scanner (YXLON Compact-225,
Hamburg, Germany).
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Table 2. Properties of the materials.

40f16

Materials Physical Properties Unit Test Results  Test Method
Relative Apparent Density - 2.601 T0304
Coarse Aggregate Water Absorption % 0.93 T0304
Aggregate Crushed Value % 18.25 T0316
Relative Apparent Density - 2.653 T0328
Fine Aggregate Clay Content % 12 T0333
Sand Equivalent % 75 T0334
. . Relative Apparent Density - 2.606 T0352
Mineral Filler Moisture Content % 0.8 T0332
Hich-viscosit Softening Point °C 81.8 T0606
Mo Penetration at 25 °C 0.1 mm 3.1 T0604
p Viscosity at 135 °C Pa.s 4.72 T0619

3.2. X-Ray Computer Tomography (CT) Scanning and Digital Image Segmentation

In this study, a YXLON Compact-225 X-ray scanner was used to obtain the detailed microscopic
structure of the specimens. The highest spatial resolution of the YXLON Compact-225 X-ray scanner
can reach 20 microns. We collected a piece of image every 0.1 mm along the specimen height direction
of the specimens by industrial CT. The pixel size of the CT slice was 1500 x 1458 and the resolution
obtained from the x-ray CT scan was 0.12 mm/pixel. A total of 700 slices of each specimen with the
dimensions of 100 mm (diameter) X 70 mm (height) were obtained. In order to eliminate the edge
artifacts of the CT slices that affect the accuracy of air void measurements, the slices were cropped to a
region of interest (ROI) of 90 mm in diameter and 60 mm in height. Figure 1 shows typical original
slices from five kinds of PAC specimens and cropped slices from them.

PAC-13(3)

PAC-10

PAC-13(2)

Figure 1. Illustration of cropping a region of interest from the original slices.
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The CT slices had different grayscale intensities between 0 and 255, where denser materials had
a higher intensity. Based on the different gray values, the image processing method was applied to
distinguish different materials among the aggregates, asphalt mastic, and air voids. The results of the
air void phase in a typical slice of PAC-10 is illustrated in Figure 2a. Volume rendering reconstruction
of the air void can be generated by stacking every segmented slice in the AVIZO software (AVIZO
9.0.1, Thermo Fisher Scientific Inc., Waltham, MA, USA) as shown in Figure 2b.

(b)

Figure 2. (a) Air void phase in a typical slice. (b) Volume rendering reconstruction.

It is known that the isolated pores in the specimen do not allow for the evaluation of the
permeability of PAC. As a result, it is important to distinguish the interconnected pores in the specimen
before statistically analyzing the air void properties. There are three types of connected domains of
pores (6-connected, 18-connected, and 26-connected) in the three-dimensional volume render digital
sample, as shown in Figure 3. The rule for 6, 18, and 26 connectivity can be defined as: voxels are
connected if their faces touch, voxels are nonconnected if their faces or edges touch, and voxels are
connected if their faces, edges, or corners touch, respectively. In this paper, the 6-connected method
was used in the process of detecting connected pores in the PAC digital samples and Avizo software
was applied for this purpose. Typical visualization of connectivity and disconnectivity of air voids in
PAC-10 are illustrated in Figure 4.

6 faces 6 faces 6 faces
+12 edges + 12 edges
+8 corners

Figure 3. Voxel connectivity.
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Connected air void

Air void in specimen

Disconnected air void

Figure 4. Visualization of connectivity and disconnectivity of the air void.

3.3. Characteristics of Air Void

Air void properties of each CT slice cross-section considered in this study included individual
void area, pore circularity, and equivalent void diameter. These properties are commonly used to
analyze the geometry of porous media [26-29].

3.3.1. Equivalent Void Diameter

Equivalent void diameter is calculated with Equation (1):

[4A
EgDiameter = — 1)

where EqDiameter is the void equivalent diameter (mm) and A is the pore area (mm?).

3.3.2. Pore Circularity

The pore circularity is defined as Equation (2), in which the value of 1.0 indicates a perfect circle
and the value of 0.0 means otherwise. High pore circularity facilitates water transport in the PAC with

the increased accessibility.

Cc— 4nA
LZ

where C is the pore circularity and ranges between 0 and 1; A is the pore area (mm?); and L is the pore
perimeter (mm).

)

4. Results and Discussion

4.1. Pore Distribution

Pore distribution is an important indicator as it can describe the pore characteristics of porous
asphalt concrete. The area of pores and percentages of connected pores to total pores along specimen
height direction in this study were selected to evaluate the pore distribution of PAC with different
nominal maximum aggregate sizes and aggregate gradations.
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As shown in Figure 5, by comparing PAC-5, PAC-10, and PAC-13(1), which had the same target air
void content, it can be observed that these three types of PAC specimen exhibited similar distribution
characteristics along the specimen height direction. In terms of connected pores along the specimen
height direction, it can be seen that the PAC specimen with high maximum aggregate sizes tended
to have a slightly higher connectivity as presented in Figure 6 and Table 3. However, the mean
percentages of connected pores to total pores for PAC-5, PAC-10, and PAC-13(1) were all above 90%.
This is an indication that the maximum aggregate sizes had no significant effect on the percentage of
connected pores to total pores of the porous asphalt mixture. This has also been observed by other
researchers [30]. One of the main reasons that cause the high-volume connectivity of pores is due to
the large porosity in PAC. In the interlocking process of aggregate skeletons in the PAC specimen with
a higher porosity, the fine aggregates will fill the voids. While porous asphalt concrete has fewer fine
aggregates, which means that the pores created by large aggregates cannot be filled up by the fine
aggregates and mineral fillers. On the other hand, in the procedure of voxel connectivity detection,
as shown in Figure 3, the dimension of voxel distinguishing the interconnected pores was 0.12 mm
in length, width, and height, which means that many voids will be linked by tiny pores. Therefore,
the volume of connectivity of the porous asphalt concrete will be high. For PAC-13(1), PAC-13(2), and
PAC-13(3) with different target air void contents, the mean percentage of connected pores to total pores
increased largely as the target air void content increased, as shown in Figures 5 and 6 and Table 3,
which means that the percentage of connected pores is related to the air void content. It also can
be seen in Table 3 that the mean percentage of connected pores to total pores of PAC-13(1) was up
t0 96.2%. In other words, for PAC-13 with a 20% target air void content or above, the connectivity
does not seem to have a sharp increase. A similar result was obtained by Aboufoul and Garcia [31].
This is because the PAC specimen with higher air void content had less fine aggregates, filling the
voids created by the coarse aggregates. When the porosity of PAC increases to a certain extent (96.2%
connectivity for 20% target void in this paper), the connectivity of the PAC specimen will not improve
sharply anymore. Based on this, these findings can provide future designers with a reference referring
to hydraulic conductivity.

350 L ——PAC-10

—PACI3(D) 1
300 - ——PACI32) ]
20 [ — PACI3G) |

Specimen height/mm

0 I N 1 L T " | 1 S I L ]
300 450 600 750 900 1050 1200 1330

Area/mm”

Figure 5. Area of pores along the specimen height direction.
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GO0 i

550 - ——PAC-5 &
L ——PAC-10 ;
500 F ——PpAC-13(1Y
r ——PAC-13(2)
~ ——PAC-13(3)

Specimen height/mm

65 70 75 80 8 90 95 100
Ratio/%

Figure 6. Percentage of connected pores to total pores along the specimen height direction.

Table 3. Pore distribution properties.

Aggregate Gradation PAC-5 PAC-10 PAC-13(1) PAC-13(2) PAC-13(3)
Target air void content/% 20 20 20 18 16

Mean percentage of connected

pore to total pore /% 206 94.1 96.2 90.1 85.2

4.2. Void Dimensional Property

To predict the influence of nominal maximum aggregate sizes and aggregate gradations on air
void characteristics, pore circularity and equivalent void diameter were selected for discussion in
this section.

The equivalent void diameter of every pore in each CT slice was calculated through Equation (1).
As shown in Figure 7a, the percentage distributions of pore number in different equivalent void diameter
ranges were highly consistent. The diameter range corresponding to the peak point percentage for
PAC-5, PAC-10, PAC-13(1), PAC-13(2), and PAC-13(3) was 0.4 to 0.8 mm. For porous asphalt concrete
(PAC-5, PAC-10, and PAC-13(1)) with different nominal maximum aggregate sizes, the peak point
percentages reached 25.0%, 14.7%, and 11.8%, respectively. That is, porous asphalt concrete with
a smaller nominal particle size tends to have a narrower distribution of Eqdiameter. This is mainly
because porous asphalt concrete with a smaller nominal maximum aggregate size has a uniform
particle distribution. Therefore, the PAC specimen with a smaller nominal maximum aggregate size
has a more uniform pore size, resulting in a more concentrated pore distribution. To further clarify
this observation, the cumulative percentage of pore number vs. range of Eqdiameter was drawn in
Figure 7b. As shown in Figure 7b, nearly 90% of the pore diameters for PAC-5 were located between
0 and 1.4 mm, but for PAC-10 and PAC-13(1), the cumulative percentage of pore number fell in the
range of 0 to 2.8 mm and 0 to 3.6 mm, respectively. Another important observation was that the peak
point percentages of the porous asphalt concrete were affected by the target air void content. That is,
pore size distribution was narrower as the target air void content increased, as shown in Figure 7a.
Figure 7b can also provide a direct visualization for the pore size distribution characteristic affected by
the target air void content by taking into account the cumulative percentage of pore number, where the
cumulative percentage of pore number fell in the range of 0 to 2.8 mm and 0 to 3.6 mm for PAC-13(1),
PAC-13(2), and PAC-13(3), respectively. A total of 90% of the pore diameters for PAC-13(1), PAC-13(2),
and PAC-13(3) were located in the pore size category from 0 to 3.6 mm, 0 to 2.8 mm, and 0 to 2.6 mm,
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respectively. The observations above denote that porous asphalt concrete with a smaller nominal
particle size or lower target air void content seems to generate a more concentrated distribution
of Eqdiameter.
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Figure 7. (a) Percentage of pore number in the range of Eqdiameter. (b) Cumulative percentage of pore
number in range of Eqdiameter.

To evaluate the water transport potential of the PAC with different nominal particle size or target
air void content, the pore circularity distributions calculated with Equation (2) were investigated by
counting the number of pores in each category. The pore circularity distributions along the specimen
height direction presented in Figure 8a shows that PAC-10, PAC-13(1), PAC-13(2), and PAC-13(3)
had a similar category of pore circularity ranging from 0.55 to 0.65, which was very different from
that of PAC-5 with a range of 0.7 to 0.75. It was also found that the mean pore circularity of PAC-10,
PAC-13(1), PAC-13(2), and PAC-13(3) were very close to each other while distinctly different from
PAC-5, as shown in Table 4. Researchers [30] have reported that void circularities of porous asphalt
concrete with 14 mm, 20 mm, and 28 mm maximum aggregate sizes for 17% air void content were 0.54,
0.57, and 0.54, respectively, which did not sharply change. This means that the pore circularities for
test samples with the maximum aggregate size of 10 mm or above are independent of the maximum
aggregate size compared with the results analysis in this study. Furthermore, void circularities of
porous asphalt concrete with a 20 mm maximum aggregate size for 13%, 17%, 21%, and 26% air void
contents were 0.59, 0.57, 0.55, and 0.49, respectively [30]. This means that the void circularity of porous



Materials 2020, 13, 1355 10 of 16

asphalt concrete with air void contents from 16% to 21% had a small range of 0.55 to 0.62, as seen in
the combined results in Table 4 and [30]. This finding implies that air void contents ranging from
16% to 21% do not have a significant effect on the voids’ circularity. However, additional specimens
with air void contents above 21% should be investigated to further discuss the influence of air void
content on void circularity in the future. Additionally, Figure 8b illustrates the percentage of pore
number in the range of pore circularity for the five types of specimens. It is noteworthy that PAC-10,
PAC-13(1), PAC-13(2), and PAC-13(3) had a consistent distribution while the distribution for PAC-5
was a little different. This implies that PAC-5 tends to have a narrower pore circularity distribution,
which is similar to that of an equivalent void diameter. The peak point percentage of pore number for
the five kinds of specimens fell in the category of 0.8 to 0.9. However, the percentage of pore number
at the peak point for PAC-5 was about 30.9%, sharply higher than that of the other four specimens.
This finding implies that PAC-5 tends to have more regular shapes.

600

33

—PAC-5 T T T T T
550 | ——PAC-10 r : i
——PAC-13(1) 30 L (—=—PAC-S x|
500 ——PAC-132) i ® PAC-10 '.l‘
o 1——PAC-133) = A< Vo]
450 1 - & 25 |
2 \
0 = a
= 400 E 2 Q -
2 = P
£ 350 5 AT
] 215 ALY
B 300 = I . l
g o
E 250 F10 .
sy =
2 200 3 A
P2 5 s 1
150 J
100 0 4
|
50
3 o 5
0 of i
050 055 060 065 070 075 080 N Ny 4

Pore circularity Range of pere eireulanty

(a) (b)

Figure 8. (a) Pore circularity distributions along the specimen height direction. (b) Percentage of pore
number in the range of pore circularity.

Table 4. Mean pore circularity.

PAC-5
0.74

PAC-10
0.59

Aggregate gradation PAC-13(1)

0.62

PAC-13(2)
0.62

PAC-13(3)
0.59

Mean pore circularity

4.3. A New Proposed Void Connnectivity Index: Cross-Linked Number

Luo [32] found that the number of connected paths was the best predictor for the hydraulic
conductivity of soils. It can be drawn that the permeability efficiency of two cross-linked water flow
paths is higher than that of two non-cross-linked water flow paths because more crosslinking means
more flow paths for water to transit, as shown in Figure 9. Therefore, the number of node including
the terminal node and branching node, as shown in Figure 9a, can represent the degree of cross-linking
for water flow paths. However, a subset of the voids are connected with the outside, but make no
contribution to the permeability of the mixture [17]. In this paper, the branching node was selected to
evaluate the potential permeability of the porous asphalt mixture.
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Figure 9. Graphs representing the through-depth water flow path pattern of porous asphalt concrete:
(a) non-cross-linked; (b) cross-linked.

Spatial distribution of five kinds of porous asphalt mixture specimens can be found in Figure 10.
The distribution of branching nodes in the specimen with a smaller nominal maximum aggregate size
had a more uniform spatial distribution, as shown in Figure 10b,d,f. In other words, with the decrease
in the maximum aggregate size, the cross-linked points gradually converge along the column center of
the specimen and form a large cluster at the center of the specimen along the height direction. This is
mainly because aggregates in the specimen with a smaller aggregate size are easy to rotate during
compaction, so that the pore distribution is well-distributed. For PAC-5, PAC-10, and PAC-13(1), which
had the same target air void content, the percentage of cross-linked number to total node (including
terminal nodes and branching nodes) of 66.1%, 77.0%, and 79.0%, respectively, rises as the nominal
maximum aggregate sizes increase, as illustrated in Table 5. In turn, cross-linked points are opposite in
distribution with the decrease of the target air void content due to its larger content of fine aggregates,
as shown in Figure 10f,h,j. While the percentage of the cross-linked number to total node for PAC-13(1),
PAC-13(2), and PAC-13(3) were 79.0%, 71.5% and 69.5%, respectively, were the opposite, with the
decrease in the target air void content due to its larger content of fine aggregates in lower air void
content specimens. This finding indicates that porous asphalt concrete with a larger nominal maximum
aggregate size or higher air void content seems to have a greater inter-connectivity. Though the porous
asphalt concrete with a lower target air void content (ranging from 16% to 20%) possesses a uniformed
pore distribution, more specimens with different target air void contents need to be conducted to
investigate the distribution characteristics of branching nodes.

Table 5. Cross-linked number properties.

Aggregate gradation PAC-5 PAC-10 PAC-13(1) PAC-13(2) PAC-13(3)

Percentage of cross-linked
number to total Node/%

66.1 77.0 79.0 71.5 69.5
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Figure 10.

Cross-linked number of interconnected pores along the specimen height direction.
(a) Cross-linked number spatial distribution of PAC-5; (b) Cross-linked number of PAC-5 along
the specimen height direction. (c) Cross-linked number of the spatial distribution of PAC-10;
(d) Cross-linked number of PAC-10 along the specimen height direction; (e) Cross-linked number
of the spatial distribution of PAC-13(1); (f) Cross-linked number of PAC-13(1) along the specimen
height direction; (g) Cross-linked number of the spatial distribution of PAC-13(2); (h) Cross-linked
number of PAC-13(2) along the specimen height direction (i) Cross-linked number spatial distribution
of PAC-13(3); (j) Cross-linked number of PAC-13(3) along the specimen height direction.

5. Conclusions

This paper investigated the microstructural connective pore properties of porous asphalt concrete
with different nominal maximum aggregate sizes and gradations using x-ray computer tomography
scans and an image processing technique. The pore characteristics including pore area, pore circularity,
equivalent pore diameter, and void network of porous asphalt concrete were studied in order to find the

relationship between aggregate sizes, aggregate gradations, and the permeability of PAC. According to
the results, the main conclusions can be given as follows:
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1)  PAC specimens with a high maximum aggregate size tend to have a slightly higher connectivity.
However, the mean percentages of connected pores to total pores for porous asphalt concrete with
the same target air void content were all above 90%, which means that the maximum aggregate
size will not have a significant effect on the percentage of connected pores to total pores for
porous asphalt concrete. Furthermore, the percentage of connected pores is related to the air void
content, but for PAC-13 with a 20% target air void content or above, the connectivity does not
seem to have a sharp increase.

2)  Porous asphalt concrete with a smaller nominal particle size or lower target air void content
seems to generate a more concentrated distribution of Eqdiameter. Furthermore, pore circularities
for porous asphalt concrete with a maximum aggregate size of 10 mm or above are independent
of maximum aggregate sizes, and air void contents ranging from 16% to 21% do not have a
significant effect on the voids’ circularity.

3) The branching nodes in porous asphalt concrete with a smaller nominal maximum aggregate
size or lower target air void content seem to have a more uniform spatial distribution. However,
the percentage of cross-linked number to total node rises as the nominal maximum aggregate
size or target air void content increases. This finding indicates that porous asphalt concrete
with larger nominal maximum aggregate sizes or target air void content seems to have a
greater inter-connectivity.

6. Further Research

Additional specimens with a wide range of nominal particle sizes and air void contents should
be investigated.

Author Contributions: WH., X.C., X.L., W.C., and K.W. conceived and designed the experiments; W.H. performed
the experiments; W.H. and X.C. analyzed the data; X.L., W.C., and K.W. contributed materials/analysis tools; and
W.H. wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This publication was funded by the Science and Technology Program of Guangzhou (No. 201804010231)
and the National Natural Science Foundation of China (Nos. 51908154 and 51878193). The authors thank all those
who contributed to the experimental part of this study.

Acknowledgments: The authors would like to thank the technicians at the Road laboratories of South China
University of Technology, and Di Zhang for their technical support and assistance in the experimental activities.

Conflicts of Interest: The authors declare that there are no conflicts of interest.

References

1. Xu, B,; Chen, J; Li, M., Cao, D.; Ping, S.; Zhang, Y.,; Wang, W. Experimental investigation of
preventive maintenance materials of porous asphalt mixture based on high viscosity modified bitumen.
Constr. Build. Mater. 2016, 124, 681-689. [CrossRef]

2. Wang, X;; Gu, X.; Dong, Q.; Wu, J.; Jiang, J. Evaluation of permanent deformation of multilayer porous
asphalt courses using an advanced multiply-repeated load test. Constr. Build. Mater. 2018, 160, 19-29.
[CrossRef]

3. Garcia, A.; Aboufoul, M.; Asamoah, E; Jing, D. Study the influence of the air void topology on porous asphalt
clogging. Constr. Build. Mater. 2019, 227, 116791. [CrossRef]

4. Yang, B; Li, H,; Zhang, H.; Xie, N.; Zhou, H. Laboratorial investigation on effects of microscopic void
characteristics on properties of porous asphalt mixture. Constr. Build. Mater. 2019, 213, 434—446. [CrossRef]

5. Cui, P; Wu, S.; Xiao, Y.; Niu, Y; Yuan, G.; Lin, J. 3D reconstruction of moisture damage resulted volumetric
changes in porous asphalt mixture. Constr. Build. Mater. 2019, 228, 116658. [CrossRef]

6.  Aboufoul, M.; Chiarelli, A.; Triguero, I.; Garcia, A. Virtual porous materials to predict the air void topology
and hydraulic conductivity of asphalt roads. Powder Technol. 2019, 352, 294-304. [CrossRef]

7. Kutay, M.E. Modeling Moisture Transport in Asphalt Pavements; University of Maryland: Baltimore, MD, USA,
2005.


http://dx.doi.org/10.1016/j.conbuildmat.2016.07.122
http://dx.doi.org/10.1016/j.conbuildmat.2017.11.028
http://dx.doi.org/10.1016/j.conbuildmat.2019.116791
http://dx.doi.org/10.1016/j.conbuildmat.2019.04.039
http://dx.doi.org/10.1016/j.conbuildmat.2019.08.039
http://dx.doi.org/10.1016/j.powtec.2019.04.072

Materials 2020, 13, 1355 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Suresha, S.N.; George, V.; Shankar, A.U.R. Laboratory and theoretical evaluation of clogging behavior of
porous friction course mixes. Int. |. Pavement Eng. 2010, 11, 61-70. [CrossRef]

Hamzah, M.O.; Hasan, M.R.M.; Ven, M. Permeability loss in porous asphalt due to binder creep.
Constr. Build. Mater. 2012, 30, 10-15. [CrossRef]

Chen, J.; Wang, H.; Zhu, H. Investigation of permeability of open graded asphalt mixture considering effects
of anisotropy and two-dimensional flow. Constr. Build. Mater. 2017, 145, 318-325. [CrossRef]

Plessis, A.; Boshoff, W.P. A review of X-ray computed tomography of concrete and asphalt construction
materials. Constr. Build. Mater. 2019, 199, 637-651. [CrossRef]

Jerjen, I.; Poulikakos, L.D.; Plamondon, M.; Schuetz, P; Flisch, A. Drying of Porous Asphalt Concrete
Investigated by X-Ray Computed Tomography. Phys. Procedia 2015, 69, 451-456. [CrossRef]

Zhang, Y.; Verwaal, W.; van de Ven, M.E.C.; Molenaar, A.A.A.; Wu, S.P. Using high-resolution industrial
CT scan to detect the distribution of rejuvenation products in porous asphalt concrete. Constr. Build. Mater.
2015, 100, 1-10. [CrossRef]

Alber, S.; Ressel, W.; Liu, P; Hu, J.; Wang, D.; Oeser, M.; Uribe, D.; Steeb, H. Investigation of microstructure
characteristics of porous asphalt with relevance to acoustic pavement performance. Int. J. Transp. Sci. Technol.
2018, 7, 199-207. [CrossRef]

Alber, S.; Ressel, W.; Liu, P.; Wang, D.; Oeser, M. Influence of soiling phenomena on air-void microstructure
and acoustic performance of porous asphalt pavement. Constr. Build. Mater. 2018, 158, 938-948. [CrossRef]
Mahmud, M.Z.H.; Hassan, N.A.; Hainin, M.R.; Ismail, C.R. Microstructural investigation on air void
properties of porous asphalt using virtual cut section. Constr. Build. Mater. 2017, 155, 485-494. [CrossRef]
Zhao, Y.; Wang, X,; Jiang, J.; Zhou, L. Characterization of interconnectivity, size distribution and uniformity
of air voids in porous asphalt concrete using X-ray CT scanning images. Constr. Build. Mater. 2019, 213,
182-193. [CrossRef]

Yu, F; Sun, D.; Hu, M.; Wang, J. Study on the pores characteristics and permeability simulation of pervious
concrete based on 2D/3D CT images. Constr. Build. Mater. 2019, 200, 687-702. [CrossRef]

Cosi¢, K.; Korat, L.; Ducman, V.; Netinger, I. Influence of aggregate type and size on properties of pervious
concrete. Constr. Build. Mater. 2015, 78, 69-76. [CrossRef]

Yu, E; Sun, D.; Wang, J.; Hu, M. Influence of aggregate size on compressive strength of pervious concrete.
Constr. Build. Mater. 2019, 209, 463-475. [CrossRef]

Zhong, R.; Wille, K. Linking pore system characteristics to the compressive behavior of pervious concrete,
Cement. Cem. Concr. Compos. 2016, 70, 130-138. [CrossRef]

Suresa, S.N.; Varghese, G.; Shankar, R. Effect of aggregate gradations on properties of porous friction course
mixes. Mater. Struct. 2010, 43, 789-801. [CrossRef]

Mansour, T.N.; Putman, B.J. Influence of aggregate gradation on the performance properties of porous
asphalt mixtures. J. Mater. Civ. Eng. 2013, 25, 281-288. [CrossRef]

Martin, W.D.; Putman, B.J.; Andrew, I. Influence of aggregate gradation on clogging characteristics of porous
asphalt mixtures. J. Mater. Civ. Eng. 2014, 26, 14-26. [CrossRef]

Chen, J.; Li, H.; Huang, X.; Wu, ]. Permeability loss of open-graded friction course mixtures due to
deformation-related and particle-related clogging: Understanding from a laboratory investigation. J. Mater.
Civ. Eng. 2015, 27, 15-23. [CrossRef]

Katuwal, S.; Moldrup, P.; Lamandé, M.; Tuller, M.; de Jonge, L.W. Effects of CT number derived matrix
density on preferential flow and transport in amacroporous agricultural soil. Vadose Zone J. 2015, 14, 7.
[CrossRef]

Li, Z; Liu, D.; Cai, Y.; Ranjith, P.G.; Yao, Y. Multi-scale quantitative characterization of 3-D pore-fracture
networks in bituminous and anthracite coals using FIB-SEM tomography and X-ray p-CT. Fuel 2017, 209,
43-53. [CrossRef]

Tang, B.; Gao, S.; Wang, Y.; Liu, X.; Zhang, N. Pore structure analysis of electrolytic manganese residue based
permeable brick by using industrial CT. Constr. Build. Mater. 2019, 208, 697-709. [CrossRef]

Zhou, H.; Li, H.; Abdelhady, A.; Liang, X.; Wang, H.; Yang, B. Experimental investigation on the effect of
pore characteristics on clogging risk of pervious concrete based on CT scanning. Constr. Build. Mater. 2019,
212,130-139. [CrossRef]

Aboufoul, M.; Garcia, A. Factors affecting hydraulic conductivity of asphalt mixture. Mater. Struct. 2017, 50,
116. [CrossRef]


http://dx.doi.org/10.1080/10298430902730554
http://dx.doi.org/10.1016/j.conbuildmat.2011.11.038
http://dx.doi.org/10.1016/j.conbuildmat.2017.04.028
http://dx.doi.org/10.1016/j.conbuildmat.2018.12.049
http://dx.doi.org/10.1016/j.phpro.2015.07.063
http://dx.doi.org/10.1016/j.conbuildmat.2015.09.064
http://dx.doi.org/10.1016/j.ijtst.2018.06.001
http://dx.doi.org/10.1016/j.conbuildmat.2017.10.069
http://dx.doi.org/10.1016/j.conbuildmat.2017.08.103
http://dx.doi.org/10.1016/j.conbuildmat.2019.04.056
http://dx.doi.org/10.1016/j.conbuildmat.2018.12.135
http://dx.doi.org/10.1016/j.conbuildmat.2014.12.073
http://dx.doi.org/10.1016/j.conbuildmat.2019.03.140
http://dx.doi.org/10.1016/j.cemconcomp.2016.03.016
http://dx.doi.org/10.1617/s11527-009-9548-1
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000602
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000975
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0001282
http://dx.doi.org/10.2136/vzj2015.01.0002
http://dx.doi.org/10.1016/j.fuel.2017.07.088
http://dx.doi.org/10.1016/j.conbuildmat.2019.03.066
http://dx.doi.org/10.1016/j.conbuildmat.2019.03.310
http://dx.doi.org/10.1617/s11527-016-0982-6

Materials 2020, 13, 1355 16 of 16

31. Aboufoul, M.; Garcia, A. Influence of air voids characteristics on the hydraulic conductivity of asphalt
mixture. Road Mater. Pavement Des. 2017, 18, 39-49. [CrossRef]

32. Luo, L.; Lin, H,; Li, S. Quantification of 3-D soil macropore networks in different soil types and land uses
using computed tomography. J. Hydrol. 2010, 393, 53—-64. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1080/14680629.2017.1304256
http://dx.doi.org/10.1016/j.jhydrol.2010.03.031
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Objectives 
	Materials and Methods 
	Materials and Sample Preparation 
	X-Ray Computer Tomography (CT) Scanning and Digital Image Segmentation 
	Characteristics of Air Void 
	Equivalent Void Diameter 
	Pore Circularity 


	Results and Discussion 
	Pore Distribution 
	Void Dimensional Property 
	A New Proposed Void Connnectivity Index: Cross-Linked Number 

	Conclusions 
	Further Research 
	References

