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Abstract: Permeable asphalt pavement refers to an asphalt mixture layer with an air void content of
more than 18% and internal water permeability and drainage capabilities, which can quickly drain
away water on the road surface, improve rainy day travel safety and ride comfort. This paper aims
to explore the optimal asphalt mixture design for long longitudinal slope pavement (referred to as
FAM mixture). By using CT scanning technology to analyze the air void content of different rotated
and compacted asphalt mixture specimens, and extensively testing and evaluating the performance
of permeable pavement mixtures, the following conclusions are drawn: Based on the research
philosophy of functional integration, a new asphalt mixture gradation suitable for long longitudinal
slope roads is proposed, with the optimal key factor composition being: 0.075mm passing rate of
7%, 2.36mm passing rate of 20%, 9.5mm passing rate of 55%, and oil-stone ratio of 4.8%. The FAM
mixture was divided into three parts for air void analysis, with the upper part having a slightly
higher air void content than the lower part. The air void distribution diagram of the FAM mixture
is concave, with higher air void rate curves on both sides and a lower middle curve. Through
dynamic modulus testing, the strength requirement for road asphalt mixture in pavement structure
design was evaluated. It was found that at high temperature conditions (50°C), the minimum
dynamic modulus value of the FAM mixture was 323 MPa, with a peak value of 22746MPa at a
temperature of -10°C and a frequency of 25HZ. The dynamic modulus value at high temperature
conditions is lower than at low temperature conditions, while the dynamic modulus value at high
frequency conditions is higher than at low frequency conditions. This study provides useful
information and experimental data for the design of new asphalt mixtures for long longitudinal
slope roads, and has conducted in-depth research on the air void distribution and performance of
the mixture, providing strong support for related research fields and practical applications.

Keywords: long longitudinal slope; permeable pavement; porosity; road performance

1. Introduction

Due to different conditions such as rainfall intensity and duration, rainwater may completely
penetrate through the permeable asphalt pavement after satisfying the absorption and accumulation
of water by the road surface, or some rainwater may not have time to penetrate into the pavement or
the asphalt pavement structure may be saturated, resulting in surface runoff that adversely affects
the functional performance of the road surface [1]. Therefore, it is necessary to study and analyze the
drainage characteristics of long-slope asphalt pavement to provide a theoretical basis for subsequent
pavement structure design [2,3].

Permeable asphalt pavement structures typically use open-graded asphalt mixtures with large
void spaces as surface layer materials, with void rates up to 25%. Cabrera proposed the use of dry

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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packing methods for the design of open-graded asphalt mixtures. The basic principle is to gradually
compact the coarse aggregates from the maximum particle size with the minimum void space until
the target void space rate is achieved after compacting the coarse aggregates of the minimum particle
size. Subsequently, Zoorob et al. improved the dry packing method and introduced the wet packing
method as a design method for open-graded asphalt mixtures. This method involves mixing the
aggregates with asphalt before compaction, and then determining the optimal blending form of the
aggregates [4]. Hardiman et al. used a dry packing method to design an open-graded mixture with a
maximum particle size of 14mm. Studies have found that the minimum void space generated by
several mixtures is always smaller than the minimum void space of a single component, and when
designing open-graded mixtures, the packing essence of the aggregates was not considered.
Therefore, the designed void space obtained using this method is essentially achieved by adjusting
the proportion of fine aggregates, so this design method does not have general applicability [5]. In
response to the limitations of dry packing methods, Zhang and others proposed the use of “reserved
void space” concepts and applied the Beiley method to the design of open-graded asphalt mixtures
[6]. On this basis, Zhang and others further studied the differences between the improved Beiley
method and traditional empirical design methods for open-graded asphalt mixtures, concluding that
the improved Beiley method can accurately calculate the blending ratio of aggregates of different
sizes [7]. William J.K. studied and analyzed the void space rate, permeation performance, and noise
reduction function of open-graded asphalt mixtures through laboratory experiments. He used the
Corelok Vacuum-seal Device and volume methods to measure the void space rate and compared
them to obtain a regression relationship between them; he used a variable water head permeameter
to study and analyze the permeation performance of open-graded asphalt mixtures, finding that their
permeation performance is linearly correlated with their void space rate; he studied and analyzed
the noise reduction effect of open-graded asphalt mixtures mixed with different materials at different
frequencies [8]. Mallick and others studied the void space rate and permeation performance of Open
graded granulite friction course (OGFC), finding that when the void space rate of OGFC is greater
than 17%, its permeation coefficient increases rapidly with increases in void space rate. When the
void space rate of OGFC is between 17% and 20%, it simultaneously exhibits excellent permeation
performance and excellent road performance [9].

Alvarez et al. studied and analyzed the durability of permeable asphalt pavement, and identified
the influencing factors affecting the durability of permeable asphalt pavement through analysis [10].
Hamzah M O et al. used a rotary compactor to simulate the effect of heavy loads on single-layer and
double-layer drainage asphalt pavements. The height changes of the specimens of single-layer and
double-layer drainage asphalt pavement mixtures were observed before and after the experiment,
and the permeation parameters of the specimens before and after the experiment were measured and
recorded [11]. The results showed that after being compacted by the rotary compactor, the height of
all specimens decreased and the void space decreased. The specimens of single-layer drainage
asphalt pavement mixed with small-size aggregates and ordinary asphalt showed poor resistance to
heavy loads, while those mixed with SBS modified asphalt showed good resistance to heavy loads.
After being compacted by the rotary compactor, the height of double-layer drainage asphalt
pavement specimens decreased the most, indicating that double-layer drainage asphalt pavement
specimens had poor resistance to heavy loads compared to single-layer ones. After compaction, both
single-layer and double-layer drainage asphalt pavement specimens had a longer drainage time, and
the specimens made with SBS modified asphalt had better water permeability performance than
those made with ordinary asphalt [12,13]. Kimberly et al. studied the influence of different fibers on
the performance of permeable asphalt pavement. The results showed that adding fibers can improve
the wear resistance of permeable asphalt pavement mixture, but adding too much fiber will reduce
its water permeability performance [14]. Hokari et al. conducted a detailed study on the internal
characteristics of voids in drainage asphalt pavement using sound absorption spectrum [15]. Alber
et al. introduced a modular hydromechanical approach for evaluating both short-term and long-term
surface drainage behavior in deformable asphalt pavements. The paper demonstrated how road
geometry, road surface conditions, and rainfall properties impact the drainage capacity of the
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pavement surface through selected numerical examples [16]. Awwad examined the impact of water
floods and rainfall on Jordan's roads and highways, focusing on their effects on road sustainability
and performance. The paper delves into the influence of factors such as road slopes, asphalt surface
conditions, rainfall intensity, and water flow velocity on drainage length, drainage duration, and
water depth [17]. Kalore er al. presented an analytical model for estimating drainage time in
pavement base material, considering unsaturated characteristics. The model was calibrated using a
mechanistic approach and compared with FHWA and finite element analysis. It performed
comparably to finite element analysis, offered different results from FHWA, and was sensitive to key
design parameters. The model was recommended for drainage layer design and parametric studies
[18]. Ma et al. introduced an innovative method to assess clogging in porous asphalt pavement. It
evaluated permeability anisotropy, considering the decrease in voids and increase in clogging grains.
Finite element models based on porous media and Biot's theory were proposed. Results suggested
that assessing maximum drainage capacity (MDC) using drainage capacity coefficient (DCC) was
essential to avoid surface ponding. Clogging increased pore water pressure, affected by pavement
layer height. To enhance road safety, considered pavement thickness and drainage evaluations under
clogging and load conditions [19].

The evaluation of the water stability of asphalt concrete mainly uses methods such as Marshall
test, splitting test, immersion compressive test, Texas bearings freeze-thaw test, Lottman test,
improved Lottman test, Tunniclif and Root test, and immersion rutting test [20,21]. Currently, China
commonly uses the immersion Marshall test, vacuum saturation Marshall test, and freeze-thaw
splitting test [22]. It is not difficult to see from the above that the current research on asphalt concrete
water damage is quite insufficient [23,24]. In experimental research, most studies focus on the
experimental methods and evaluation of water damage of pavement, and do not accurately express
and demonstrate the mechanism and microscopic evolution process of water damage. In theoretical
research, although there has been some progress, most studies have remained at the stage of
qualitative description of the mechanism of water damage and local surface description [25,26]. In
fact, there are many influencing factors for the occurrence of water damage in asphalt concrete
pavement. A single factor cannot lead to the occurrence of water damage [27,28]. It is necessary to
study and propose a theoretical analysis and calculation method that reflects the damage process of
pavement structure and materials under vehicle load and water pressure [29]. In numerical analysis,
most studies start from the saturated state to analyze the distribution law of excess pore water
pressure and study the fatigue damage process in saturated state, which is different from the actual
situation of non-saturated state road surface [30]. How to more closely approximate the actual
situation and reflect the non-saturated seepage process is not yet well studied [31]. As a typical
section in road engineering, the long slope section shows different failure modes during long-term
service. Currently, research on the asphalt mixture for long slope sections mainly focuses on high
temperature resistance to rutting, shear resistance, water damage resistance, fatigue resistance, etc.

The gradation design of asphalt mixtures for long slope sections has been studied in the paper.
Taking the high-performance asphalt mixture (High functional asphalt mixture) gradation as a
starting point, an orthogonal experiment was used to design asphalt mixtures for long slope roads
(referred to as FAM mixtures). The main control indexes are shear performance and void space ratio
of the mixture. Then, the void space characteristics of the mixture were analyzed through CT
scanning. Subsequently, the performance of permeable pavement structures in long slope sections
was analyzed to provide references for the promotion of permeable pavements in long slope sections.

2. Materials and Methods

2.1. A New Asphalt Mixture Grading Scheme Suitable for Long and Long Longitudinal Slope Pavements

The main cause of damage to longitudinal gradient road surfaces is rutting due to wheel
compression from vehicular loads. Based on their load-bearing characteristics and functional usage,
primary evaluation metrics include shear strength and porosity. Shear strength is determined
through the uniaxial penetration test. Using orthogonal design principles, we focus on two key
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factors: the 2.36mm sieve passing rate and asphalt content. Additionally, by incorporating the 9.5mm
and 0.075mm sieve passing rates, we design the experiment to explore variations in these four factors.
Detailed experimental factors and levels can be found in Table 1.

Table 1. FAM-13 asphalt mixture factors and levels.

Serial number 1 2 3 4
Factor 9.5 mm 2.36 mm 0.75 mm Asphalt content /%
Horizontal 1 55 16 5 4.8
Horizontal 2 59 18 7 5.1
Horizontal 3 63 20 9 5.4

In this study, the theory of orthogonal experimental design with multiple factors and levels is
adopted. By varying the control sieve sizes and asphalt content, we select transformation factors.
After determining the factors, levels for each factor are decided based on empirical methods to
conduct the orthogonal design. The L(34) orthogonal design table is used, leading to nine distinct
experimental setups. The aggregate passing rates for these nine gradation experiments can be found
in Table 2.

Table 2. Target grading passing rate data table.

Number 16 132 95 475 236 118 06 03 015 o075 Asphalt

content
1 100 95 55 22 16 15 14 12 10 5 48
2 100 95 55 22 18 15 14 12 10 7 51
3 100 95 55 22 20 15 14 12 10 9 54
4 100 95 59 22 16 15 14 12 10 7 54
5 100 95 59 22 18 15 14 12 10 9 48
6 100 95 59 22 20 15 14 12 10 5 51
7 100 95 63 22 16 15 14 12 10 9 51
8 100 95 63 22 18 15 14 12 10 5 54
9 100 95 63 22 20 15 14 12 10 7 48

Specimens were prepared using the gyratory compaction method. According to the
experimental scheme, void ratio and shear strength tests were conducted on different experimental
groups. The results of these tests are presented in Table 3.

Table 3. Orthogonal experimental results.

Factor 95  2.36 0075 Asphalt g osity Shearing

binder strength
Experiment1 1 1 1 1 6.85 1.24
Experimen 2 1 2 2 2 6.8 1.32
Experimen 3 1 3 3 3 4.6 1.90
Experimen4 2 1 2 3 6.15 1.82
Experimen5 2 2 3 1 7.85 1.58
Experimen 6 2 3 1 2 59 1.25
Experimen?7 3 1 3 2 7.75 1.53
Experimen 8 3 2 1 3 6.2 1.57
Experimen9 3 3 2 1 7.55 1.60

After consulting domestic standards on the shear strength of asphalt mixtures, it was found that
for asphalt pavement surface layers, when considering the most unfavorable situations where shear
fatigue failure is likely to occur, the shear strength of the asphalt mixture should be above 1.04MPa
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to meet the requirements. For general traffic areas, the shear strength of the asphalt surface layer
mixture should also be above 0.55MPa to satisfy the design criteria. The gradation ranges for FAM
mixtures with good shear performance are shown in Table 4.

Table 4. FAM-13 mixture grading range.

Screen hole size (mm) 16  13.2 9.5 475 236 118 06 03 015 0.075

UPPET 400 100 62 30 26 18 15 13 11 10
limit

Pass rate (%) lower
W 400 90 54 20 18 12 11 10 9 7
limit

Performance tests were conducted on the mixture specimens, and the results met the
construction technical specifications. Notably, the shear strength index reached 1.73MPa, which is
significantly higher than the required value of 0.7MPa specified in the standards. Additionally, the
dynamic stability showed a notable improvement compared to the standard values.

2.2. Digital Image Processing and Recognition of Asphalt Mixture Based on CT Technology

During the image processing of the scanned images of the asphalt mixture specimens, the
aggregate part in the picture was close to white, while the voids tended to be black or gray. Therefore,
based on the principle of contrast, in the processed image, the voids are treated as the subject, with
the aggregate and binder serving as the background. In this experiment, a CT scanner was used. The
asphalt mixture specimens were formed using the gyratory compaction method, with the height
controlled at around 100mm. Cross-sectional and longitudinal images of the specimens were
obtained through scanning. The technical parameters of the CT machine are detailed in Table 5.

Table 5. Machine parameters of CT detection equipment.

The number of

Voltage Current FDD FOD Resolution Inti‘,?rl::on projection  Device model
sheets
240KV 140 pA 805mm 232mm 0.04 mm 2000 ms 1800 Diondo D2

The objective of this research is to distinguish between the voids, asphalt, and aggregate in the
scanned images. Based on comparative studies, the thresholding method is employed to segment the
CT images of the asphalt mixture. The selection of the threshold is the crux of threshold segmentation.
Through thresholding, pixels below this level are re-designated as black, while those above this level
are re-designated as white. The standard approach is to set values below the threshold to 0 and those
above the threshold to 1. Based on our research and comparisons, the threshold for the image was
determined empirically. Figure 1 showcases the segmentation results of the CT-scanned mixture

""l"' "'.'l"
. - @

. ....:"
SH ATk
j 20,7

a) Before the spht (b) After Division

specimen.
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Figure 1. Comparison diagram before and after image segmentation.
2.3. Experimental method for water permeability

2.3.1. Shear performance test

Based on the uniaxial penetration test conditions, a small diameter of 28.5mm is used as the
pressure head. The cylindrical sample has a diameter of 100mm and a height of 100mm. The sample
preparation method is rotary compaction, with a loading speed of Imm/min. The test environment
temperature is 60°C, and the sample is placed in a 60°C constant temperature box for 6 h before the
experiment.

(b) UTM wuniversal material testing
machine

(a) Single-axis penetration test head

Figure 2. Single-axis penetration test instrument.

Due to the cylindrical sample size of 100mm x 100mm, in the standard Marshall compaction
process, a mixed material of 1200g is typically used to compact the sample to a height of 63.5mm.
Based on this information, the amount of material required for the rotary compaction process can be
calculated using Equation 1.

1200  m
S,-h, S-h "
In Equation 1, SO refers to the base area of the small Marshall specimen, h0 refers to the height

of the small Marshall specimen which is 63.5mm, m refers to the mass of the uniaxial penetration or
ring shear test specimen, s refers to the base area of the uniaxial penetration test specimen, and h

refers to the height of the uniaxial penetration test specimen.

After determining the amount of material required, the number of rotation compaction cycles is
set. For SMA and FAM asphalt mixtures, the rotation compaction cycles are 100 times, and for
permeable asphalt mixtures, the rotation compaction cycles are 75 times.

2.3.2. Anti-slip performance test

Asphalt pavement on long slopes must adapt to heavy traffic and ensure traffic safety, therefore
it must have excellent anti-skid performance. Two methods were used to evaluate the anti-skid
performance of different asphalt mixtures: the sand method for constructing depth test and the
Brinell method for friction coefficient test.

2.3.3. Dynamic modulus test

The dynamic modulus is an important dynamic parameter in the road structure design, and it
is of great significance to explore and study the test methods of dynamic modulus for asphalt
pavement. First, the rotary compaction test specimen was formed with a size of 150mm x 170mm
(diameter x height). A core was taken out with a diameter of 100mm and a height of 150mm as the
preparation for the dynamic modulus test using a drill core machine. The dynamic modulus test
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adopts the NCHRP9-29-SPT pavement design basic performance test system of the Beijing
Transportation Ministry Highway Test Station. The test refers to the AASHTO TP62 standard test for
dynamic modulus of hot-mixed asphalt mixtures. By applying a semi-sinusoidal pressure load to the
specimen, the dynamic modulus and phase angle of the asphalt mixture under different temperatures
and load frequencies can be determined. During the test, the specimen was placed in the
environmental chamber for a long time to ensure that the temperature of the entire specimen was
consistent. The test temperatures were 5°C, 20°C, 35°C, and 50°C, and the frequencies were 25Hz,
10Hz, 5Hz, 1Hz, 0.5Hz, and 0.1Hz. The stress-strain relationship of viscoelastic hot-mixed asphalt
mixtures under continuous sinusoidal load is determined by its complex dynamic modulus E*. The
complex modulus is defined as the ratio of stress to strain at any temperature and frequency. During
the experiment, the dynamic modulus and phase angle of the asphalt mixture under each test
condition were determined by measuring the average peak-to-peak amplitude of the load and the
average peak-to-peak amplitude of the recoverable axial deformation in the last five loading cycles.
The average time delay t between the deformation peak and load peak in the same loading cycle was
also determined. For dynamic modulus tests on core samples, due to the test specimen size of
diameter 100mm and height 150mm, the specimens were first taken to 100mm in height using a
coring machine along the vertical midline. Then, a cutting machine was used to cut 10mm from each
end of the specimen, resulting in a final height of 150+0.5mm. However, due to the displacement
sensor installation location limitations for dynamic modulus testing, as shown in Figure 3, the
resulting size was only about 138mm=+0.5mm in height after processing.

Figure 3. Dynamic modulus specimen drilling and sensor installation.

3. Results and discussion

3.1. Analysis of Void Distribution Characteristics of Long Longitudinal Slope New Asphalt Mixture

By using computed tomography scanning to obtain the cross-section and longitudinal section of
an asphalt mixture sample, and through digital image processing of these images, the distribution of
void fractions in different gradation test specimens can be analyzed.

3.1.1. Analysis of Longitudinal Distribution Characteristics of Voids in Mixture

To study the longitudinal distribution of void fractions in FAM mixtures, cross-sectional CT
scans were taken of the rotated and compacted test specimens. The scanning scheme is shown in
Figure 4, with a scanning interval of Imm. The resulting cross-sectional images were processed to
extract the void features. To demonstrate the void fraction variations in the vertical direction, the
experiment first selected FAM mixture specimens at distances of 25mm, 50mm (mid-plane), and
75mm from the base surface for threshold processing and void feature extraction.
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(b)50mm  scan  original

(a) 25mm scan original image drawing

(c) 75mm scan original image

Figure 5. CT Scan Original Image.

(a) 25mm icture (b) 50mm icture .
enhancement P enhancement P (c) 75mm picture enhancement

Figure 6. Image enhancement of CT scan images.
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(a) Void separation at 25mm  (b) Void separation at 50mm  (c) Void separation at 75mm
Figure 7. Gap separation.
During image enhancement, median filtering was used for processing, with a 3x3 two-
dimensional median filter as an example. Thresholding method (threshold method) was used for

image segmentation, with the threshold set to 128. The void parameters of the three cross-sections
were statistically analyzed and are shown in Table 6.

Table 6. Summary table of CT image parameters at different heights.

Height(mm) Nu.mber of Void area(mm?) Void equivalent diameter Porosity (%)
voids (pcs) (mm)
25 54 440 0.292 5.62
50 57 445 0.309 5.66
75 61 479 0.312 5.83

From Table 6, it can be seen that the void distribution at the 75mm height cross-section is more
complex than the other two. Based on the void fraction index, the void fraction is smallest near the
bottom at 25mm, followed by 50mm and 75mm, which is consistent with the height change pattern
of the cross-section. The maximum equivalent diameter of voids obtained by conversion is 0.312mm
at a height of 75mm, which is considered as the pore diameter of each void in the specimen. The
minimum equivalent diameter is 0.292mm at a height of 25mm.

Through analysis, it can be concluded that there are differences in void parameters at different
heights, and the void distribution is uneven, but the difference is not significant. Considering the
direction of different heights, during the molding process, some fluid-like asphalt and asphalt cement
will be affected by gravity and flow towards the bottom, resulting in more fine aggregates and asphalt
fluid at the bottom compared to the upper part, leading to a lower void fraction.

The experiment also included a control group with two specimens of SMA mixture and PAC
mixture. Similarly, the CT scanning sections were enhanced and voids were segmented, as shown in
Figure 8.

(a) Void at FAM (b) Void at SMA (c) Void at PAC

Figure 8. 50mm height CT scan void separation diagram of different mixtures.
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The void parameters of the three types of mixtures are shown in Table 7. By analyzing Figure 8
and Table 7, it can be seen that the void indices of FAM mixtures are between the other two types of
mixtures. Specifically, PAC mixtures have a high value of 1328mm?2, with a void fraction of 16.92%
and an equivalent diameter of each void of 2.595mm. FAM mixtures have the smallest values for all
indices, followed by SMA mixtures.

Table 7. The results of void parameters of different mixtures.

Mix type Numb(e;czf voids Void area(mm?) Void equivalent diameter (mm) PO::/)S)lty
FAM-13 57 445 0.309 5.66
SMA-13 31 260 0.152 3.32
PAC-13 95 1328 2.595 16.92

It is believed that the CT scanning parameters of each void are closely related to the mixture
gradation. When the maximum particle size is maintained at 13.6mm, the FAM mixture controls the
key gradation of 2.36mm aperture pass rate to ensure that the overall water permeability is not
exceeded while achieving a void fraction between 4% and 7%.

3.1.2. Analysis of lateral distribution characteristics

To understand the lateral distribution of void fractions in asphalt mixtures, CT scanning was
used to scan the rotated and compacted test specimens. The scanning position schematic is shown in
Figure 9, with six cross-sections scanned. The void feature extraction image is shown in Figure 10.

(d) (e)

Figure 9. Extraction map of side section gap separation at different distances from the center of the
circle.

The statistical results of the void parameters for these three cross-sections are shown in Table 8.
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Distance from Number of voids Void Void equivalent diameter .
. Porosity (%)
center of circle(mm) (pcs) area(mm?) (mm)
0 74 462 0.312 5.63
10 58 372 0.311 5.63
30 32 221 0.307 5.64

As shown in Figure 9, the void parameters of the vertical cross-sections are not significantly
different from the horizontal cross-sections, but the skeleton structure of the FAM mixture can be
more easily observed from the vertical cross-sections. There are no continuous voids found in the
different cross-sections, indicating that the mixture is non-permeable.

From the void parameters in Table 8, it can be seen that the void fraction remains consistent
across different cross-sections and the equivalent diameter of voids varies little. Therefore, it can be
concluded that the lateral distribution of the FAM mixture is relatively uniform, which is speculated
due to the uniform stress applied to the mixture during the rotational compaction process. This
uniform stress results in a uniform distribution of asphalt mixture in the transverse direction.

3.2. Analysis of the Spatial Distribution Characteristics of Voids in Mixtures

3.2.1. The spatial distribution pattern of porosity

In order to obtain a more intuitive pattern of void change, the void content of FAM mixture
specimens was statistically analyzed at the longitudinal height, and the void content change curve
was obtained, as shown in Figure 10.

—
(=}
1

Void fraction (%)

-20-10 0 10 20 30 40 50 60 70 80 90 100 110 120
Height (mm)

Figure 10. Distribution of FAM-13 porosity along height.

As shown in Figure 10, the void fraction distribution image resembles a bucket shape, with
higher void fractions on both sides and a smaller void fraction in the middle. The void fraction
distribution is uneven across different heights, with a relatively large dispersion. The minimum void
fraction occurred at a distance of 9.7mm from the bottom of the specimen, with a value of 3.2%. The
maximum internal void fraction of the mixture occurred at a distance of 54mm from the bottom, with
a value of 7.4%. The void fraction in the upper part of the specimen is generally slightly higher than
that in the lower part.

Further analyzing the void fraction distribution of the three types of mixtures, as shown in
Figure 11, it can be observed that the void fraction distribution of all three mixtures is concave, with
the void fraction in the top and bottom parts much higher than in the middle part. The overall void
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fraction distribution curve of FAM-13 mixture is similar to SMA. PAC mixture has a much higher
void fraction value than the other two types of mixtures. To compare the internal dispersion of the
mixtures, the height range from 30mm to 70mm was classified as the internal mixture. By analyzing
the range of void fractions in the three types of mixtures, it was found that the minimum was SMA-
13 with a range of 3.99% from 30mm to 70mm, followed by PAC-13 with a range of 4.62%, and FAM-
13 with a range of 4.23%, which is between the other two.
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=0 o FAM-13
. —A— SMA-13
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Figure 11. Porosity distribution of different mixtures along height.

From the vertical change law of void fractions, it was found that the upper part of the mixture
has a slightly higher void fraction than the lower part. To further verify this conclusion, the CT
scanning data of void fractions were divided into three equal parts according to their height during

molding and each part's CT scanning data of void fractions was calculated. The results are shown in
Table 9.

Table 9. Porosity statistics table of upper, middle and lower specimens.

Position Porosity (%) Rate of change
Surface 7.38 0.17
Central 598 -0.06
Bottom 5.62 -0.11
Specimen void rate 6.3 -

Based on the results in Table 9, it can be further verified that the void fraction of the FAM mixture
rotating compaction specimen is slightly higher in the upper part than in the lower part. In terms of
molding, during the molding process, the mixture is subjected to pressure to form a skeleton interlock
structure. At the same time, under the influence of gravity, some high-temperature fluid and some
fine aggregates flow to the bottom. Overall, the upper part of the specimen lacks fine aggregates and
binder, and some voids are not filled, resulting in a slightly higher void fraction in the upper part
and a slightly lower void fraction in the lower part.

In addition, the change rates of different parts relative to the overall void fraction were
calculated. When the change rate is positive, it means that the void fraction of this part is higher than
the overall average void fraction, and the density of this part is lower than the overall value. When
the change rate is negative, it means that the density of this part is higher than the overall average

doi:10.20944/preprints202311.0619.v1
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void fraction. From the data in Table 9, it can be seen that the upper part has a positive change rate
of 0.17, which means that the void fraction of this part is 17% higher than the overall average void
fraction, indicating that this part is relatively loose. The middle part has a negative change rate of -
0.06, which is not significantly different from the overall average void fraction. The lower part has a
negative change rate of -0.11, which means that the void fraction of this part is 11% lower than the
overall average void fraction, indicating that this part is relatively dense. Therefore, it can be inferred
that using the middle part of FAM mixture to characterize the void fraction characteristics of this type
of mixture is the most accurate and appropriate method.

To verify the conclusions derived from CT scanning data and explore the correlation between
mixture experiments and CT scanning data, laboratory void fraction testing was conducted on FAM
mixture specimens with the same gradation, as shown in Figure 12.

(a) The cutting position of the specimen (b) Different parts of the spcimen

Figure 12. Porosity test pieces in different parts.

Measure the porosity of these three parts using the surface dry method, and the measurement
results are shown in Table 10.

Table 10. Summary of porosity of different parts measured by dry method of FAM mixture.

Position Porosity (%) Rate of change
surface 5.68 0.014
Central 5.61 0.002
bottom 5.57 -0.005

Specimen void rate 5.6 -

The void fraction data obtained by the two methods were processed and shown in Figure 13.
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|:| CT scan void fraction (%)
|:| Experimental void fraction (%)
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Void fraction (%)
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Figure 13. Void ratio measured by CT scan and test.

Based on Figure 13 and Table 10, it can be observed that the experimental results on the void
fraction of different parts also show variations, with a similar trend to the CT scan results. The upper
part has a slightly higher void fraction compared to the average, while the middle part has the closest
void fraction to the average. The lower part has a smaller void fraction and is relatively dense.
However, the differences between each part are not significant, with the highest change rate of 0.014
for the upper part.

Furthermore, the experimental values for each part's void fraction are overall lower than the CT
scan values. From the perspective of overall void fraction, the experimental value is 5.6% while the
CT scan value is 6.3%, with an experimental value that is 11% lower than the scan value. This
difference can be attributed to the experimental method using the immersion method to measure the
void fraction of the mixture. During the process of immersing the sample in water, water cannot enter
the non-connected voids inside the mixture. On the other hand, CT scanning can detect all the voids
in the sample, leading to a higher void fraction value in the scan experiment compared to the
experimental one.

3.2.2. The spatial distribution pattern of gap types and quantities

In order to visualize the distribution of voids inside the FAM mixture more intuitively, we
classified the voids based on their size into four categories: 0-5mm3, 5-10mm3, 10-50mm3, and
100mm3 and above. The separation plot is shown in Figure 14. By analyzing the distribution of voids
based on their size, we can gain a better understanding of the internal structure of the FAM mixture
and how it affects its performance. For example, larger voids may have a greater impact on the
strength and durability of the mixture, while smaller voids may not significantly impact these
properties but may still influence other factors like water absorption. Understanding the distribution
and size of voids can help guide mix design and optimization efforts to improve the performance of
FAM mixtures.
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Figure 14. Effect of void separation for different volume types.

Calculate the number of classified gaps, and the statistical results are shown in Table 11.
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Table 11. Distribution of void volume and quantity.

Void volume

0-5 5-10 10-50 50-100 100 or more Total
(mm?)
quantity 1062 3 67 18 60 1250
Dwma(f;o)“ ratio 8496 3.4 5.36 1.44 48 i

In the FAM mixture, voids with a volume of 0-5mm3 account for the majority, far exceeding the
number of other types of voids. Void volume of 50-100mm3 is the least. Observing the distribution
of various types of voids, 0-5mma3 voids are most evenly distributed, which is directly related to their
number. On the other hand, voids with a volume greater than 100mm3 are distributed more on the
top and bottom of the mixture, with some on the sides, and less in the interior.

3.2.3. Gap modeling based on VG studio software

In order to further study the spatial distribution of FAM mixture, CT scanning was used to
reconstruct the three-dimensional model of FAM mixture specimens, as shown in Figures 14 and 15.

Figure 14. CT scan restoration image.
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Figure 15. A three-dimensional model of voids in FAM mixture.

Based on Figure 15, it can be observed that the void distribution in the FAM mixture is relatively
uniform. In the figure, the red areas represent voids with a volume greater than or equal to 100mm3.
It can be seen that these larger voids are more prevalent on the top of the mixture, while there is also
some distribution at the bottom, but it is much less than on the top. Additionally, the blue areas
represent voids with a volume less than or equal to 30mm3, which are mainly found within the
internal regions of the mixture.

The analysis suggests that during the molding process of the mixture, fine aggregates and
asphalt are influenced by gravity and settle towards the bottom, resulting in the lack of fine
aggregates between the coarse aggregates on the top surface. This causes a higher void volume on
the top of the mixture. On the other hand, due to the edges of the mixture not being fully loaded
during molding, there are some larger voids present on the sides and bottom of the mixture.

By considering these observations, it can be inferred that improving the molding process,
especially for the top surface of the mixture, to ensure proper compaction and even distribution of
fine aggregates may result in a more uniform void distribution and improved overall performance
of the FAM mixture.

3.3. Performance analysis of a new type of asphalt mixture with long longitudinal slopes for road use

Through experimental analysis and evaluation of the road performance and different
mechanical indicators of FAM mixtures, comparisons were made with commonly used mixtures
types such as SMA and PAC, including shear resistance, water stability, skid resistance, and dynamic
modulus of the mixtures.

3.3.1. Shear performance results

The shear strength test results of different asphalt mixtures are shown in Table 12.

Table 12. The shear strength results of three types of asphalt mixtures tested by uniaxial penetration

method.
Mixture type Temperature 14 24 34 Average value
20°C 2.12 2.01 2.02 2.05
FAM
60°C 1.73 1.59 1.54 1.62

SMA 20°C 1.68 1.74 1.77 1.73
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60°C 1.4 1.6 1.32 1.44
20°C 1.25 1.16 1.1 1.17
PAC
60°C 0.83 0.71 0.68 0.74

From Table 12, it can be seen that the uniaxial penetration test results indicate that the shear
strength of FAM asphalt mixture is higher than the other two mixtures at both temperatures, followed
by SMA and PAC mixtures with the lowest shear strength. The order of shear strength from high to
low for the three asphalt mixtures is FAM asphalt mixture, SMA asphalt mixture, and PAC asphalt
mixture. The experimental data also shows that the test temperature has a significant impact on the
shear strength of the mixtures. From 20°C to 60°C, the shear strength of FAM asphalt mixture
decreased from 2.05KN to 1.62KN, a 21% reduction; the permeability asphalt mixture experienced a
36.75% decrease. Among them, SMA asphalt mixture exhibited the best temperature stability, with a
temperature change resulting in a 16.76% decrease in performance. This indicates that the
temperature sensitivity of the shear strength of these three asphalt mixtures is consistent with their
high-temperature anti-rutting performance.

3.3.2. Anti-slip performance results

Long longitudinal slope asphalt pavement must adapt to heavy traffic and ensure driving safety,
therefore it must have excellent anti slip performance. The study evaluates the anti slip performance
of different asphalt mixture specimens using two methods: sand spreading method to construct
depth test and pendulum friction coefficient test.

According to the current testing regulations, the structural depth test was conducted, and the
results are shown in Table 13.

Table 13. Structural depth test results.

Mixture type Paving area diameter(mm) Construction depth TD(mm)
FAM 7.15 1.44
SMA 8.9 1.35
PAC 6.55 1.56

As can be seen from Table 13, the pervious asphalt mixture has a larger TD compared to the
other asphalt mixtures. This is due to the fact that TD is sensitive to the oil-stone ratio and has a strong
correlation with the voidage. When there is a high use of coarse aggregates in the surface mixture,
the opening voids become larger, resulting in a greater structural depth. The structural depth of the
FAM surface is also quite different from that of the SMA asphalt mixture, and is comparable to that
of the pervious asphalt mixture. Based on the construction depth index, the anti-skid performance of
the three mixtures is ranked as follows: pervious asphalt mixture, FAM asphalt mixture, and SMA
asphalt mixture.

According to the current testing regulations, the friction coefficient test was conducted, and the
results are shown in Table 14.

Table 14. Three types of asphalt mixture pendulum test results.

) Serial number Average
Mix type 1# 24 value
FAM 71.7 729 72.3
SMA 62.5 63.1 62.8
PAC 75.4 74.8 75.1

The friction coefficient of asphalt pavement is influenced not only by the microstructure of
coarse aggregates, but also by the number of contact points in the sliding area. When the strength of
the former is greater than the latter, the more coarse aggregates, the higher the friction coefficient of
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asphalt pavement. On the other hand, when there are fewer coarse aggregates and more asphalt and
fine aggregates, the more contact points formed by the passing of the sliding block, the greater the
anti-skid force. The above experimental results should meet the requirements of "Asphalt Pavement
Design Code for Expressways and Primary Highways" (JTJ014-97), which proposes that FB>45bpn.
PAC asphalt mixture has the maximum BPN value of 75.1, and FAM mixture is similar. The friction
coefficient of asphalt pavement decreases as the content of fine aggregates increases. This is due to
the increase in the addition of fine aggregates in the gradation, which increases the number of contact
points between the sliding block and the test plate, leading to an increase in friction force.

3.3.3. Dynamic modulus results

The dynamic modulus test results of FAM mixture are shown in Table 15.

Table 15. Dynamic modulus experimental results under different temperature and frequency

conditions.

Frequency (Hz)
Tempera 25 10 5 1 0.5 0.1
ture (OC * o * o * o * o * o * o
) 1 C @ © B 1 C @ ¢ 1B C @ ¢ B C @ ¢ 1B C @ ¢ 1B ( ¢ (
MPa) ) MPa) ) MPa) ) MPa) ) MPa) ) MPa) )
-10 22746 8.2 21607 849 18642 11.01 15432 1351 13830 155 9942 20.6

5 15701 12.68 13860 13.85 12487 16.84 9216 1946 7866 20.74 5221 23.72
20 8266 20.85 6742 2196 5504 2496 3499 2795 2820 2878 1755  29.1
35 4240 26.14 3212 259 2316 30.01 1349 30.18 1076 29.63 667 27.3
50 1689 2557 1549 2271 796 2787 518 2558 436 2484 323 2244

Based on the dynamic modulus results, it can be observed that the FAM mixture exhibits an
increase in dynamic modulus with increasing test frequency at different temperatures. Additionally,
the dynamic modulus at high temperatures is lower than at low temperatures, which is attributed to
the softening of the asphalt at higher temperatures resulting in a decrease in the cohesive force
between the aggregates and between the aggregates and the asphalt. Similarly, the dynamic modulus
under high-frequency test conditions is higher than under low-frequency conditions.

According to the research results of NCHRP Project 9-19, the value of E*/sin ® (E*-dynamic
modulus; ®-phase angle) is more representative of the high-temperature anti-rutting performance of
asphalt mixtures. A larger value of E*/sin @ indicates a stronger high-temperature anti-rutting
performance of the mixture, while a smaller value indicates a weaker performance. In this article, the
dynamic modulus data under different test conditions were processed to calculate the rut factor, as
shown in Table 16.

Table 16. Rutting factor E*/sin @ values at different test temperatures.

Temperature Rutting factor (E*/sin @)
(°C). 25 10 5 1 0.5 0.1
-10 159476.8 146352.4 97612.15 66057.38  51751.55 28257.03
5 71528.91 57899.37 43103.2 27663.32  22212.32 12978.93
20 23224.15 18028.7 13043.1 7465.316 ~ 5857.333  3608.621
35 9623.984 7353.45 4630.6 2683.412  2176.388  1454.269
50 3913.223 4012.256 1702.794 1199.71 1037.883  846.1794

At high temperatures, asphalt mixtures for long longitudinal slope roads typically become more
pliable, with reduced viscosity, making them prone to deformation. This can have a positive impact
on the pavement's flexibility and compression performance, but it may also lead to plastic
deformation and the formation of ruts.At low temperatures, asphalt mixtures become more brittle,
losing their elasticity and becoming susceptible to cracking. This can pose a threat to the pavement's
resistance to freeze-thaw cycles and overall durability.Under high-frequency loading, asphalt
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mixtures dissipate more energy due to their stress-strain response, which can result in material
deformation and reduced fatigue performance. Low-frequency loading may induce plastic
deformation in asphalt mixtures, affecting their permanent deformation characteristics.

To assess the performance of asphalt mixtures, it is crucial to consider the influence of
temperature and frequency. This involves conducting bending and compression tests under different
temperature conditions to understand the material's real-world performance. Additionally,
frequency affects material properties such as dynamic modulus and damping, which are vital
considerations in designing road structures and predicting material service life. Taking the rut factor
(E*/sin ®) under different test temperatures and analyzing it, as shown in Figure 16. It can be
observed from the graph that at each temperature, the rut factor increases with the increase of test
frequency. Among them, at low temperature conditions (-10°C, 5°C), the rate of change in rut factor
with frequency is much greater than at high temperature conditions (50°C, 35°C). The relevant results
indicate that the proposed long longitudinal slope asphalt mixture can meet the application
requirements.

175000 - ~10Hz

150000 4

125000 1

100000 4

75000

Rutting factor (E*/sin®)

50000

25000 1

Figure 16. The variation of rutting factor with load frequency at different temperatures.

4. Conclusion

This article conducts a study on the design of new asphalt mixtures for long slopes, using CT
scanning to analyze the void fraction of different rotated and compacted test specimens. Through
image processing technology, the article analyzes their void characteristics. Meanwhile, the article
also carries out experimental research and technical evaluations on the various performance
characteristics of the FAM mixture. Parallel experiments are set up to compare and analyze the
performance of the mixture. The main conclusions are as follows:

(1) Based on the research philosophy of functional integration, a new asphalt mixture gradation
suitable for long slopes is proposed. The optimal key factor composition is: 0.075mm passing rate of
7%, 2.36mm passing rate of 20%, 9.5mm passing rate of 55%, and oil-stone ratio of 4.8%.

(2) The spatial distribution of void fractions in the upper image of the test specimen is similar to
a bucket shape. By statistically analyzing the internal void fraction of the test specimen, it is found
that the minimum value is located 9.7mm away from the bottom with a value of 3.2%, which is 49.2%
smaller than the average void fraction.

(3) Analysis of the void fractions show that the upper part has a slightly higher void fraction
overall than the lower part, while the middle part is closest to the overall void fraction. The largest
voids are distributed mostly on the top part of the test specimen, followed by the bottom and side
parts, while small voids are evenly distributed within the mixture test specimen.
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(4) The three tested mixtures' void distribution profiles all follow an inverted V-shape pattern,
with high void fraction curves on both sides and a low curve in between.

(5) It is found that under high temperature conditions (50°C), FAM mixtures have a minimum
dynamic modulus value of 323 MPa and a peak value of 22746 MPa at -10°C and a frequency of 25
Hz. Under high temperature conditions, dynamic modulus values are lower than under low
temperature conditions; high frequency conditions have higher dynamic modulus values than low
frequency conditions.

(6) In the future, comprehensive research should be conducted on the mix design of asphalt lakes
and rivers with long longitudinal slopes from the perspectives of resistance to weathering and
temperature changes, vehicle loads, and long-term maintenance.
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