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Abstract: The air void content is one of the most important volumetric properties of asphalt matrixes,
such as asphalt mixtures or mortars, because it can greatly affect the performance of the matrix. At
the mixture level, there are standardized methods for measuring the air void content, which is an
important design parameter of a mixture. However, at the mortar scale, no unified method has been
proposed to determine the air void content corresponding to the asphalt mixture. Therefore, this
research aims to, first, characterize the air void distribution within the mortar of an asphalt mixture
and then develop an updated theoretical method for calculating the air void content of asphalt
mortar. The internal structures of air voids from three commonly used asphalt mixtures with different
gradations were captured using an industrial CT scanning technique and then morphologically
characterized using the image analysis method. Three-dimensional models of the air voids were
reconstructed, and the air void content calculated from the CT images was also verified by density
tests. The scanning results show that the air void content and air void size fit the cumulative Weibull
curve. The results show that the nominal maximum particle size (NMPS) of mortar and the mixture
air void content were the main parameters that affected the mortar’s air voids. The mortar air void
content had linear relationships with both the mixture air void content and the mixture asphalt
aggregate ratio. The mortar air void content was more sensitive to the NMPS of the asphalt mixture
compared with the air void content or asphalt aggregate ratio of the mixture. This research provides
a quantitative method to calculate the air void content of asphalt mortar within a mixture, which
may help in the matrix design of mortar.

Keywords: asphalt mortar; air void calculation; CT scanning; image analysis

1. Introduction

Asphalt mixtures, consisting of aggregate, asphalt and air voids, can be divided into
a coarse aggregate phase and an asphalt mortar phase. Coarse aggregates comprise the
skeleton and occupy most of the volume, while asphalt mortar fills in the intervals of the
coarse aggregates and works as a bonding material between the coarse aggregates [1,2].
The air voids in an asphalt mixture can be distinguished as open or closed porosities,
and many studies have focused on the size and distribution of the voids in a mixture
and their influence on the pavement performance [3]. The air void content is a vital
parameter which characterizes an asphalt mixture, and it is measured by one minus the
ratio of the bulk density to the maximum theorical density [4,5]. To obtain a stable mixture,
control parameters are used, such as the passing rate, asphalt aggregate ratio and air void
content. Among these constituents, the air void content has a significant effect on pavement
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performance [6]. The air void content is controlled by design, and the compaction has a
direct impact on multiple mixture’s performance, such as the fracture resistance [7–9], high-
temperature creep resistance [10] and fatigue performance [11]. For example, a mixture
with a larger air void content would be less stiff and have a smaller modulus compared
with those with a smaller air void content, while a mixture with a certain air void percent
has the best anti-rutting performance [12]. The aging rate of service pavement mixtures
is also affected by the air void content [13–15]. Thus, the air void content is another vital
control parameter for compaction, since dense and loose compactions in the same type of
mixture have different volume properties and pavement performances [16].

The multiscale approach to asphalt mixtures has drawn increasing attention at the
multiscale level, such as mortar and mastic, when comparing the asphalt materials’ perfor-
mance at this scale. Mortar, or FAM (fine aggregate matrix), is the transaction scale between
asphalt binder and asphalt mixture, which has both the viscoelastic properties of asphalt
binder and dynamic modulus and fatigue performance similar to asphalt mixture [16].
With these features, mortar research on asphalt mixtures has been vital for understanding
mixture performances or distress mechanisms [17]. With the numerous studies on mixtures,
increasing attention has been paid to the mortar phase in a mixture [18]. Currently, as there
is no standard specification for mortar preparation, testing and evaluation, many attempts
have been made to reveal the manufacturing method, various performances and relation-
ships of binder and the mixture of a mortar [18]. For further research on mortar, when
manufacturing it in laboratories, it should have similar physical properties as pavement.
However, the actual void percent and distribution condition of mortar in mixtures have
still not been fully revealed. Researchers have studied void size and distribution in mortar
and have made much progress, but the calculating the accurate air void content of mortar
is still unclear. For example, in [19], less than 25% of the air void content for a 1.18 mm
mortar and approximately 50–75% of the air void content in a NMPS 2.36 mm mortar were
reported [19,20], but a more direct and accurate solution is needed.

The measurement of the air void content in mixtures has been well developed. The
conventional method calculates the ratio of the volume of the air void content in the
mixture to that of the whole mixture containing both solids and air voids [21]. With high-
tech approaches, such as computerized tomography (CT) [22,23], air void details, such as
their size and distribution in an asphalt mixture, can be characterized and analyzed. CT
is a meso-structure testing approach that provides details on voids inside of samples to
determine and evaluate the size and number of voids [24]. CT images with high-energy
X-ray scanning of the sample can be used to illustrate an image array. Asphalt has a
lower reflection rate, and painted as dark areas and aggregates have a larger reflection
rate than painted as light areas. DIP is a quantitative approach that can illustrate the
different phases in scanned images [10]. Using the DIP threshold segmentation method,
such as the Otsu and modified Otsu method, with erosion and dilation [25], the asphalt,
aggregate and air void parts can be separated and quantized. Then, the image information
of a mixture or mortar slice can be acquired for mixture interstructure evaluation, such
as contact indices, asphalt mortar thickness, aggregate particle orientation and air void
distribution indices. CT and DIP [26] used together are a popular approach to researching
the accurate interstructure of asphalt mixtures and asphalt mortars [24]. This approach
is widely applied in evaluating mixture and pavement meso-structures through load and
failure procedures, aging and recycling procedures and complete and distress procedures.
Air void content is characterized using a coded program or commercial software. In
addition to mixture samples, characterization of the mortar’s interstructure can also be
studied using this approach.

2. Objective

The objective of this study was to calculate the mortar air void content based on CT
scanned samples’ volume information and then to calculate the mortar’s volumetric prop-
erties. Although researchers can assume the mortar’s volumetric properties, which makes



Appl. Sci. 2023, 13, 652 3 of 15

manufacturing easier, mortar material with similar volumetric properties as a mortar mixture
would be useful when studying interstructure stress and volume change. Scholars have
conducted similar studies testing the performance of asphalt mortar and coarse aggregate
asphalt separately and then deciding on the optimal gradation composition of the mortar and
coarse aggregate asphalt for the design of a mixture [27]. The challenge of mortar theorization
and application is that there is no clear definition of the volumetric properties of mortar. When
discussing the air void percent, it means the void percent of a mixture. The void percentage in
a mortar and in the coarse aggregate will not affect the mixture’s air void value, but they may
have different mortar air void contents. There are two existing methods to conduct mortar
research. Firstly, assuming that the air voids that exist in mortar are similar to those in a
mixture, the mortar design is conducted the same as for mixture design. The usage of each part
and the volumetric properties can be controlled. Secondly, when studying the quantitative air
void properties in mortar through CT, the results are accurate but disposable, which means
that the mortar’s air void content and the mortar’s air void percent in the mixture can only
be obtained at high cost. Therefore, this study attempted to combine the accuracy of the CT
approach and the certainty of the mixture design approach to develop a general and relatively
accurate approach to mortar air void determination.

To achieve this objective, three types of asphalt mixtures with different nominal
maximum particle size (NMPS) were manufactured in the laboratory and scanned using an
industrial CT scanner. The scanned images were processed with binarization and threshold
segmentation. Then, all of the voids in mixture were identified, numbered, counted and
fitted with a statistical curve. The small voids were counted in the mortar, while the large
ones were counted in the mixture; then, the identified air voids in the mortar of the mixture
could be calculated. In addition, a new method to calculate the mortar air void content was
designed and promoted based on the specific surface area method. There were mortars
with different NMPS for each mixture; thus, in total, there were 12 types of mortar air
voids calculated, and the sensitivity of the mortar air void content to the mixture’s air void
content and asphalt aggregate ratio was analyzed.

3. Materials Preparation
3.1. Commonly Used Mixture Designs

Basalt and limestone are the most widely used asphalt mixture aggregates in Jiangsu
Province. The surface layer uses basalt, while the middle and bottom layers use limestone.
Three types of dense mixtures with various nominal maximum particle size (NPMS), AC-13,
AC-20 and AC-25, were designed in the laboratory, and their gradation and design are
common in Jiangsu. Basalt was used in AC-13 as the surface layer, and limestone was
used in AC-20 and AC-25 for the middle and bottom layers. The mixture gradation and
design are shown below. Then, these mixtures were mixed and compacted by a Marshall
compactor for 75 cycles. All of the design symbols and abbreviations of the mixture design
correspond to asphalt pavement construction standards in China [28]. All of the design
results are the same as commonly used pavement asphalt of Jiangsu expressways. The
designed air void content for AC-13, AC-20 and AC-25 were 4.0%, 4.5% and 5%. The
designed asphalt aggregate values for AC-13, AC-20 and AC-25 were 5.0%, 4.5% and 4.2%.
The asphalt mixture gradation passing rates are shown in Table 1. The surface layer of
AC-13 was finer, so it had a larger passing rate (13.2 mm) and fine aggregate (<4.75 mm)
particles. The bottom layer of AC-25 had a smaller fine aggregate passing rate.

Table 1. Commonly used mixture designs.

Passing Rate % 31 26.5 19 16 13 9 4.75 2.36 1.18 0.6 0.3 0.15 0.075

SBS PG76-22 AC-13 5% asphalt aggregate ratio 4% air void content
Gradation 100 100 100 100 94.9 67.0 38.4 33.1 26.0 17.0 12.0 9.3 5.9

SBS PG76-22 AC-20 4.5% asphalt aggregate ratio 4.5% air void content
Gradation 100 100 97.1 87.0 76.0 59.6 43.8 27.7 21.6 14.3 8.8 7.1 5.7

AH 70# AC-25 4.2% asphalt aggregate ratio 5% air void content
Gradation 100 100 96.1 83.2 73.1 60.2 41.1 29.6 23.3 15.6 9.9 8.1 6.6
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3.2. Mortar Design

To obtain general results, maximum aggregate sizes from 0.6 to 4.75 mm (0.6, 1.18,
2.36 and 4.75 mm) were used for the mortar design. These sizes are the same as the sieve
size used for asphalt mixtures on China’s mainland. The asphalt aggregate ratio of the
mortar was calculated by the specific surface area method, and the mortar design results
are shown in Figure 1, and the gradation of each mortar is shown in Table 2, which also
shows the aggregate sieving results of the mortar.
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Figure 1. Asphalt aggregate ratio.

Table 2. Mortar design results.

Mortar Type Passing Rate (%) Asphalt
Aggregate
Ratio (%)Sieve Size (mm) 4.75 2.36 1.18 0.6 0.3 0.15 0.075

AC-13
0.6 Mortar 100.0 70.5 54.6 34.6 20.16

1.18 Mortar 100.0 65.3 46.0 35.7 22.6 14.85
2.36 Mortar 100.0 78.6 51.3 36.2 28.0 17.8 12.82
4.75 Mortar 100.0 86.2 67.7 44.2 31.2 24.2 15.3 11.69

AC-20
0.6 Mortar 100.0 61.6 50.0 40.2 21.39

1.18 Mortar 100.0 66.0 40.6 33.0 26.6 15.87
2.36 Mortar 100.0 78.0 51.5 31.7 25.7 20.7 13.57
4.75 Mortar 100.0 63.3 49.4 32.6 20.1 16.3 13.1 9.06

AC-25
0.6 Mortar 100.0 63.3 52.1 42.3 18.72

1.18 Mortar 100.0 67.0 42.4 34.9 28.4 14.04
2.36 Mortar 100.0 78.5 52.6 33.3 27.4 22.3 12.02
4.75 Mortar 100.0 72.1 56.6 37.9 24.0 19.8 16.0 9.12

The design of the aggregate rate of the mortar was calculated using Equations (1)–(3).

SAr = ∑(Pi × FAi) (1)
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where SAr is the total surface area of the mortar (m2/kg); Pi is the passing rate of each
mortar particle aggregate (%); FAi is the specific surface area of the particle size aggregate;
and r (0 < r < mixture NMPS) is the NMPS of the calculated mortar (mm).

Pa−r =
(SAr/SA)× Pa

Pr
× 100 (2)

where Pa−r is the asphalt aggregate ratio of the mortar (%); SA is the total surface area of
the selected mixture (m2/kg); Pa is the asphalt content of the selected mixture (%); and Pr
is the mortar mass rate of the mixture (%).

Psi−r = 100− Pa−r

100 + Pa−r
(3)

where Psi−r is the aggregate rate of the mortar (%).
Equations (2) and (3) determine the usage of asphalt in designing the mortar. SA is the

total surface area of all aggregates. This step in the mortar design can be conducted using
the specific surface area method. Assuming that all of the aggregate particles had the same
asphalt film thickness, the specific surface area method was used for deciding the mortar
asphalt dosage.

4. CT Scan and Image Processing
4.1. CT Scan Test

CT scanning is an accurate and commonly used method for confirming the internal
structure of asphalt samples. The investigation of the air void distribution characteristics
of the laboratory fabricated samples was conducted with CT scanning tests on the three
types of asphalt mixture. The AC-13, AC-20 and AC-25 samples were compacted in
the laboratory. Then, a high-resolution industrial CT scanner, Compact-255 by YXLON,
was used for scanning. The volumetric properties of the samples are presented after the
introduction of the CT scanners, as well as the number and distribution of the air voids of
the mortar in asphalt mixtures.

To obtain the same mixture used in Jiangsu, the CT scanned samples’ diameter was
101 mm and the height was 63.5 mm. The mixture samples were compacted by a Marshall
striker to the designed air void content in the laboratory. Figure 2 shows a picture of the
three mixture samples. In the scanned images, the light areas are the stone, while the black
areas are voids, whether air voids or outside. The scanned images had a resolution of
0.11 mm × 0.11 mm. The distance between neighboring images was 0.11 mm. The scanned
images are grayscale map with 256 bit depth. The voxels of the voids in the CT images
correspond to the volume in the slices of the scanned sample; each fraction was identified
and marked. The 2D images were analyzed using the MATLAB program.
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4.2. Image Processing

Each sample’s images were used without the top and bottom 10 mm to obtain stable
void data. The scanned images consisted of voxels (volume elements) with different gray
scales. The resolution of the images was 0.11 mm × 0.11 mm, and the distance between
adjacent images was 0.11 mm. Image enhancement was the first step for the scanned
images to make unclear details clearer and to reduce uninteresting regions. CT scanning of
the sliced images was conducted, and median filter and grey level transformation were
used [29]. The second step was image segmentation, which was based on ring region
and Otsu method [30]. The circle image was cut into 6 different rings to reduce the
brightness change in the radial direction, and the Otsu method was used for each ring for
the segmentation and then combined back into one picture [31]. For example, the image
segmentation results for AC- 20 is shown in Figure 3; from left to right is the scanned image,
voids, mortar and aggregate, which are plotted in white at the same position as in the
scanned image.
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Then, post-processing was applied, and the particle diameters and void diameters were
calculated by assuming that all of the particles in the picture were circles [24,29,32]. After
a 2D void analysis, the 2D slice images were integrated and 3D models were constructed
using industrial CT software; the different materials were identified as coarse aggregate,
mortar and voids. In this section, mortar with NMPS 2.36 mm and no air voids was
used, since this NMPS is widely selected. Then, the voids were classified by volume and
characterized using Equations (4) and (5).

The 2D equivalent diameters of the particles were as in Equation (4):

Feremeter2 = 2
√

Area/π (4)

where Feretmeter2 is the equivalent diameter (mm), and Area (mm2) is the area of the voids
in the image.

The 3D equivalent diameters of the particles were as in Equation (5):

Feremeter3 = 2 3
√
(3×Volume)/(4× π) (5)

where Feretmeter3 is the equivalent diameter (mm), and Volume (mm3) is the area of the
voids in the image.

5. Void Analysis and Mortar Void Percent
5.1. 2D Void Analysis

The multiscale approach to asphalt pavement often divides the asphalt mixture into
coarse aggregate, mortar and voids [33,34]. All voids are counted when designing a
mixture, but for mortar, some voids are too large. In this study, a simple but effect method
is introduced where only the voids smaller than the NMPS are counted as voids in mortar,
while voids lager than the NMPS are counted as voids not in the mortar but in the mixture.
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An analysis of the 3D model followed the same rule [18]. The voids in the mortar example
are shown in Figure 4.
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With image processing, each void’s details were identified. By conducting the void
static using the equivalent diameter, as in Equation (4), the void passing rate at an integer
void size was identified. The void passing rates are introduced and shown in Table 3, and
the void passing rate can be regarded as the concept of “void gradation”, which is similar
to the mixture aggregate gradation.

Table 3. Void passing rate with different void sizes of the different mixtures.

Mixture
Type

Void Passing Rate (%)

1 mm 2 mm 3 mm 4 mm 5 mm 6 mm

AC-13 13.2 38.6 63.4 81.4 91.8 96.9
AC-20 10.8 32.1 54.8 73.2 85.8 93.2
AC-25 10.9 28.5 46.6 62.4 74.9 84.0

Void gradation is defined as the passing rate of the void size, similar to the aggregate
gradation, and the calculation of the void gradation of the mixture and the results are as
follows: Using Table 3, we can obtain the void percent in mortar using Equation (6). The
cumulative void percent followed the cumulative Weibull distribution. The cumulative
value and regression value of the void gradation of the three mixtures are shown in Figure 5.
With the fitting curve, the void percent of any size can be calculated. For mortar with the
maximum particle of 2 mm, the AC-13 mortar had 38.6% voids for the total void content of
4.1% in the mixture, while AC-20 had 32.1% of 4.2% and AC-25 had 28.5% of 4.4%. For the
mortar with the maximum particle of 4 mm, the AC-13 mortar had 81.4% of the total void
content for 4.1% of the mixture, while AC-20 had 73.2% for 4.2% and AC-25 had 62.4% for
4.4%. The cumulative Weibull curve was fitted with the void passing rate and obtained
relatively ideal fitting results. With this we could obtain the void percent of the mortar with
a common NPMS. The regression of the cumulative Weibull curve of the three mixture’s air
void sizes is shown in Figure 5, and the void percent results of the commonly used sizes
are shown in Figure 6. The parameter vr is the void percent (%) which is the percent of air
voids that exist in certain types of mortar [29].
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Figure 6. Mortar void percent for the mortar in the mixture.

The void passing rate of a mixture fitting the cumulative Weibull curve is calculated
using Equation (6):

F(x) =
[
1− e−(x/λ)k]

× 100, x ≥ 0 (6)

where x is the void size (mm); λ (mm) and k (dimensionless) are the shape parameters;
and F(x) is the fitted passing rate responding to size x (%). The parameter λ controls the
void size distribution, and the larger the value of λ, the larger the scale of the air void size.
Parameter k controls the void size concentration, and the larger the value of k, the greater
the concentration of air voids at the middle size.

Figure 5 displays the cumulative Weibull curve and fitting curve of the three mixtures.
Using these curves, the cumulative void percent can be obtained. For a 0.6 mm mortar, the
mortar void percent is 5.1% to 5.5% of the total mixture air void content of 4.1% to 4.4%; for
a 1.18 mm mortar, this value is 13.8% to 17.4% of 4.1% to 4.4%; for a 2.36 mm mortar, it is
35.1% to 48.1% of 4.1% to 4.4%; and for a 4.75 mm mortar, this value is 72.1% to 89.8% of
4.1% to 4.4%. This also means that most of the void volume is less than 4.75 mm, nearly
half of them are less than 2.36 mm and only a slight amount of the void volume is less than
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0.6 and 1.18 mm. For a 1.18 mm mortar size, the void percent results are in the range of
other studies [20], verifying the reliability of both the previous and this study.

5.2. 3D Void Analysis

The sliced images were reconstructed as a 3D model, and the total voxel number of
the coarse aggregate, mortar (without voids) and voids were plotted. A three-dimensional
model of AC-13 with voids is shown in Figure 7. The voids, after measuring tests and
CT scanning, were compared, and the results are shown in Table 4. In this section, all
of the mortar mentioned had an NMPS of 2.36 mm for research consistency and one
NMPS mortar was enough to clarify the different parts of the mixture [32]. Then, the
air void content of the three laboratory manufactured asphalt mixtures were calculated
using Equation (7). The density of the mixture samples was tested by the surface dry
method, and the theoretical maximum density was tested by the vacuum method. The
two methods follow the “Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering”. Table 5 shows the voxel statistic results of air void, mortar and
coarse aggregate. And Table 4 shows that the CT scanned air void content matched the
tested air void content.
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Table 4. Air void content, coarse aggregate volume and deviation of the CT and test results.

Mixture
Type

Air Void Content

Designed
(%)

Tested
(%)

Scanned
(%)

Deviation
(%)

AC-13 4 4.1 4.2 0.1
AC-20 4.2 4.2 4.1 −0.1
AC-25 4.5 4.4 4.6 0.2

Table 5. Calculation results of the air voids, mortar and coarse aggregate volume.

Mixture
Type

Air Void Mortar (without Voids) Coarse Aggregate

Voxel Volume
(mm3) Voxel Volume

(mm3) Voxel Volume
(mm3)

AC-13 1.08 × 107 15,646.3 8.97 × 107 129,641.1 1.57 × 108 227,244.5
Percent (%) 4.2 34.8 61

AC-20 1.58 × 107 22,842.0 1.27 × 108 183,293.0 2.43 × 108 350,986.6
Percent (%) 4.1 32.9 63

AC-25 1.57 × 107 22,721.8 9.87 × 107 142,752.1 2.27 × 108 328,478.1
Percent (%) 4.6 28.9 66.5
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The aggregates and asphalt parts in the mortar (without void) occupied a larger
volume percent in AC-13 than that in AC-20, and the aggregates and asphalt parts in the
mortar occupied a larger volume percent in AC-20 than that in AC-25. The coarse aggregate
volume percent of AC-13 was less than AC-20, and the coarse aggregate volume percent of
AC-20 was less than AC-25. The larger the mixture’s NMPS, the less the mortar, and the
larger the mixture’s NMPS, the larger the coarse aggregate percent.

6. Mortar Air Void Content Calculation Equation

Based on the preparation work, the method to calculate the designed mortar air void
content with various NMPS and different mixture types was introduced. The calculation
method consists of several equations from Equations (7)–(13), and the calculation results
are shown in Figure 8.
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Equation (7) is the calculation for the mixture air void content:

VV =

(
1−

γ f

γt

)
× 100 (7)

where VV is the designed mixture air void content (%); γf is the measured sample density
(g/cm3); and γt is the theoretical maximum density (g/cm3) of the mixture sample.

The effect density of the mortar is determined by Equation (5), which is similar to the
effect density of the mixture aggregate. Equations (8)–(12) determining the effect density
for the mortar, which is vital for calculating the mortar voids.

The bulk density, γsb−r (g/cm3), of the mortar aggregate with r NMPS is calculated as
per Equation (8):

γsb−r =
100

P1−r
γ1−r

+ P2−r
γ2−r

+ · · ·+ Pn−r
γn−r

(8)

where Pi−r is the mass content of aggregate particle i (%); γi−r is the bulk density of mortar
particle i (g/cm3), 1 ≤ i ≤ n.

The apparent density, γsa−r (g/cm3), of the mortar aggregate with r NMPS is calculated
as per Equation (9):

γsa−r =
100

P1−r
γ′1

+ P2−r
γ′2

+ · · ·+ Pn−r
γ′n

(9)

where γ’i is the bulk density of mortar particle i (g/cm3), 1 ≤ i ≤ n.
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The effective density, γse−r (g/cm3), of the mortar aggregate with r NMPS is calculated
as per Equation (10):

γse−r = C× γsa−r + (1− C)× γsb−r (10)

where C is the aggregate absorption index (%).
The aggregate absorption index, C, is calculated by Equation (11), which is a widely

used empirical equation in China and also recommended in the standard for the use of
modified asphalt mixtures. Equation (11) is as follows:

C = 0.033W2
x−r − 0.296Wx−r + 0.9339 (11)

where Wx−r is the water absorption percent (%).
The water absorption percent, Wx−r, is calculated as per Equation (12):

Wx−r =

(
1

γsb−r
− 1

γsa−r

)
× 100 (12)

Finally, the air void content of a given mortar NMPS can by calculated by Equation (13),
which clarifies each phase’s volume, including the air voids in the mortar, mortar aggregate
and asphalt. In this equation, vp−r is the void percent of the mortar (%); Pa is the mortar
aggregate passing rate (%), and Pa = 100% in this equation; γa is the density of the asphalt
(g/cm3); and VVm−r is the air void content of the mortar with NMPS r (%). The final step is
the calculation of the mortar voids, as shown in Equation (13); the top part of the fraction
are the air voids in the mortar, and the bottom part of the fraction is the accumulated
volume of voids, mortar aggregate and mortar asphalt. This equation is the calculation for
a certain mortar NMPS and asphalt mixture type.

The air void content, VVm−r, of a mortar with an NMPS is calculated as per Equation (13):

VVm−r =
VV × vp−r(

VV × vp−r +
Psi−r
γse−r

+ Pa−r
γa

) × 100 (13)

7. Equation Calculation Results and Analysis
7.1. Mortar Air Void Content Results

The expressway pavement consisted of an AC13 layer as the surface layer, an AC20
layer as the middle layer and an AC25 layer as the bottom layer, and the mixture’s air
void contents were 4%, 4.5% and 4.2%, like the commonly used mixture mentioned before.
When designing the air void content of the mortar, we first determined the volume in this
mortar with a certain mixture type, mixture air void content and mortar NMPS. The air
void content of the mortar may larger or smaller than that of the mixture, because the
total mortar volume consists of only some part of the whole mixture. For example, the
calculation for the mortar with an NMPS of 2.36 mm, the void percent is 48.1%, 40.5% and
35.1%. The Pa values are 33.1%, 40.5% and 35.1%; γse−r are 2.74, 2.71 and 2.71 g/cm3; Pb−r
are 12.8%, 13.6% and 12.0%; γb is 1.03 g/cm3. For example, the air void content of the
AC-13 mortar with an NMPS of 2.36 mm is:

VVAC−13−2.36 =
4%× 48.1%(

4%× 48.1% + 33.1
2.74 + 12.8

1.03

) × 100 = 4.8 (%)

Using the same method to calculate the other mortars with different NMPS and
mixture types, the results are shown in Figure 8. From Figure 8, the air void content of the
AC-13 mortar is smaller than that of AC-20 and AC-25 with a certain NMPS. The air void
content of the AC-13 mortar increases with an increasing NMPS.

With this calculation method, a more accurate air void content of the mortar can be
obtained. From Figure 4, the air void content of a 0.6 mm mortar is approximately 1% and
that of a 4.75 mm is approximately 8%. Different NMPS have a much smaller effect on the
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air void content than mortar NMPS. With the increase in the mortar NMPS, the mortar air
void content increases at the same time.

7.2. Results of the Sensitivity Analysis

Changing the air void content of the mixture could affect the mortar voids, and a
commonly used asphalt aggregate ratio and air void content range were studied. The
mortar void sensitivity analysis of the AC-13 mortar is shown in Figure 9.
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Figure 9. AC-13 mortar voids: (a) with different mixtures’ air void content; (b) with different asphalt
aggregate ratios.

AC-13 had a designed air void content of 4% and a designed asphalt aggregate ratio
of 5%. Several changes were applied to the air voids and asphalt aggregate ratio. From
Figure 9, it is revealed that the mortar with different NMPS had different sensitivities. For
the mortar with a 0.6 mm NMPS, a 1% parameter value change in the air content or asphalt
aggregate ratio in the corresponding asphalt mixture could lead to an approximately 0.1%
change in the 0.6 mm mortar’s air void content and a 1% change in the 4.75 mm mortar’s
air void content. The air void content of the mortar with a larger NMPS was more sensitive
than that of a smaller NMPS. With same mortar NMPS, the air voids of the mixture were
more sensitive to the mortar air voids than the asphalt aggregate ratio of the mixture.
Because this result was calculated by the given design, the mortar air void content versus
the different AC-13 air void contents had a significant linear correlation, and each coefficient
of determination, R2, was almost 1. These results were calculated by their scanned mixture
samples; therefore, they had good correlation.

When changing the mixture air void content and asphalt aggregate, the mortar air
void content of AC-20 and AC-25 are shown in Figures 8–10. The mortar air void content
versus the different AC-20 and AC-25 air void contents had a significant linear correlation,
and each coefficient of determination, R2, was close to 1, similar to AC-13. The AC-13 slope
absolute value of the mortar air void content versus the mixture air void content was bigger
than that of AC-20, and AC-20’s was bigger than AC-25’s. This indicates that with the
same mixture air void content as in AC-13, it would have a larger mortar air void content
whether the mortar NMPS and the mixture with a lower NMPS had a higher mortar air
void content sensitivity. The AC-13 slope absolute value of the mortar air void content
versus the asphalt aggregate ratio was bigger than that of AC-20 and lower than that of
AC-25, indicating that this slope absolute value did not have a clear rule with NMPS. The
Figure 10 showed AC-20 mortar void content with different mixture’s air void content and
with different asphalt aggregate ratios. The Figure 11 showed AC-25 mortar void content
with different mixture’s air void content and with different asphalt aggregate ratios.

The sensitivity analysis of the mortar air void content was more sensitive with the air
void content change and less sensitive with the common asphalt aggregate ratio change.
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Figure 10. AC-20 mortar voids: (a) with different mixtures’ air void content; (b) with different asphalt
aggregate ratios.
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Figure 11. AC-25 mortar void: (a) with different mixtures’ air void content; (b) with different asphalt
aggregate ratios.

8. Conclusions

1. Three commonly used asphalt mixture samples were scanned using industrial CT and
the air void distribution and void passing rate of the samples were calculated. A new
method for calculating a mortar’s designed air void content was created and used.

2. The mixture that had a small NMPS had a larger void percent, larger air void content
and lower coarse aggregate percent for the mortar with a certain NMPS; for same
gradation type, the mortar with the larger NMPS had a larger void percent and more
air void content. The CT scanned air void content matched the tested air void content
for the mixture samples.

3. The asphalt aggregate ratio had a lower impact on the mortar air void content, while
the mixture air void content greatly affected the mortar air void content. The mortar
with a 2.36 mm NMPS had an air void content that was closest to the mixture air void
content; the mortar with an NMPS less than 2.36 mm had a lower air void content
than that of the corresponding mixture; the mortar with a 4.75 mm NMPS had larger
one than that of the corresponding mixture.

4. Both the mixture air void content and the asphalt aggregate ratio had a good linear
correlation with the mortar air void of any NMPS.
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