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Abstract: In this paper, harmless municipal solid waste incineration fly ash (H-MSWIFA) was used
to replace part of the mineral powder in asphalt mastic prepared with different ratios of filler to
asphalt (F/A). Cone penetration (CPT), rotational viscosity, low-temperature bending, and full section
fracture energy(FSFET) tests on the prepared H-MSWIFA asphalt mastic were carried out to evaluate
the viscosity at room temperature, viscosity at high temperature, tensile property at low temperature,
and crack resistance at room temperature of the asphalt mastic with different F/A and different
H-MSWIFA content. An asphalt concrete mixture with a nominal maximum particle size of 13 mm
(AC-13) with different F/A and H-MSWIFA replacement ratios was prepared. The effects of F/A and
H-MSWIFA content on the high-temperature stability, water stability, and low-temperature cracking
resistance of the asphalt mixture were studied. The results showed that the shear strength and
viscosity of the asphalt mastic increased after H-MSWIFA replaced part of the mineral powder; and
the greater the F/A, the greater the shear strength and viscosity of the asphalt mastic. H-MSWIFA
can greatly improve the viscosity of asphalt mastic at high temperatures, and with the increase in
H-MSWIFA content, the improvement effect becomes more obvious. The high-temperature stability
of the asphalt mixture is not related to H-MSWIFA content but mainly depends on the F/A. Both the
F/A and the H-MSWIFA replacement ratio can significantly affect the water stability of the asphalt
mixture, specifically, the water stability reaches the best value when the F/A is around 1.0, and
the addition of H-MSWIFA harms water stability. Both the F/A and the H-MSWIFA replacement
ratio can significantly affect the low-temperature cracking resistance of the asphalt mixture. The
higher the F/A, the worse the low-temperature crack resistance. At the same time, the addition of
H-MSWIFA harms low-temperature cracking resistance. From the point of view of water stability and
low-temperature crack resistance of the asphalt mixture, the H-MSWIFA replacement ratio should
not be too high.

Keywords: H-MSWIFA; F/A; H-MSWIFA content; asphalt mastic; asphalt mixture

1. Introduction

Municipal solid waste incineration fly ash (MSWIFA) is the waste product of the
flue gas purification system and the bottom ash settles at the bottom of the flue and
chimney during the incineration and disposal of municipal domestic waste. China’s annual
domestic garbage incineration capacity is about 140 million tons, and the volume of total
ash generated can reach 4–5% of the total volume of garbage. The total mass of ash can
reach 15–20% of the total mass of garbage, and the quantity of MSWIFA can reach 10–20%
of the total mass of ash [1,2]. The moisture content of incineration MSWIFA is very low;
it is a light grey powder consisting of particles of uneven size, with a complex structure
and variable properties [3]. Most MSWIFA particles exist in the form of amorphous and
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polycrystalline polymer structures [4,5]. Generally, the particle size of MSWIFA is less than
100 µm [6]. The chemical elements of MSWIFA include Cl, Ca, K, Na, Si, Al, O, etc. [7]. The
main chemical components are CaO, SiO2, Al2O3, and Fe2O3 [7]. In addition, incineration
MSWIFA often contains heavy metals, such as Hg, Cr, Pb, Cd, Cu, and Zn [8]. These
heavy metals mainly exist in the form of aerosol particles and are concentrated on the
surface of the MSWIFA particles. The MSWIFA also contains a small number of dioxins
and furans, so it has a strong potential hazard. These pollutants can harm the health of
animals, plants, and human beings by polluting water and soil [9]. Therefore, it is necessary
to treat MSWIFA to render it harmless before utilization. At present, the common harmless
treatment methods include chemical treatment, high-temperature treatment, and cement
solidification [10]. The chemical treatment method refers to mixing MSWIFA with organic
or inorganic chemicals to inhibit the dissolution of MSWIFA and reduce its toxicity [2,4,9].
The high-temperature treatment method refers to burning MSWIFA into a glassy state, thus
melting toxic substances [5,8]. The principle of cement solidification is to use the setting
ability of the cement to fix MSWIFA in cement products to achieve the fixation of toxic
substances and prevent secondary pollution. At present, the treatment of fly ash to render
it harmless is accomplished at a large industrial scale in China [10]. For example, Zhongjie
Environmental Protection Technology Co., Ltd. (Beijing, China), Jiangsu Jinghuicheng
Environmental Engineering Co., Ltd. (Wuxi, China), and other enterprises have a relatively
complete capacity for the treatment of MSWIFA.

The most common way is to use H-MSWIFA in cement-based material products
to replace some of the fly ash. There are also reports on the application of H-MSWIFA
in compression-stabilized soil mass [11]. It is also possible to prepare an environment-
friendly geopolymer from H-MSWIFA and red mud carbonization residue [12]. There are
also reports that H-MSWIFA can be applied to cement-stabilized soil to exert its bonding
ability [13]. In short, H-MSWIFA is used more and more widely. In view of the high cost
of the treatment of MSWIFA, how to realize high-value applications of H-MSWIFA has
become a difficult problem and stands in the way of the application of H-MSWIFA. In
view of the small particle size of H-MSWIFA and the high similarity between its technical
performance and mineral powder, replacing the mineral powder with H-MSWIFA and
apply it in asphalt mixtures with high value has become a hot research topic [14–18].
This is of far-reaching significance to the construction of energy-saving and environment-
friendly highway projects and the promotion of the sustainable development of the highway
industry [19–22]. However, in view of the limited application of H-MSWIFA in asphalt
mixtures, to date, the following problems remain unsolved in its large-scale application.

(1) The effect of harmless H-MSWIFA replacing some of the mineral powder on the viscosity
of asphalt mastic at room temperature, viscosity at high temperature, tensile property at
low temperature, and crack resistance at room temperature is not clear [23–25].

(2) After harmless H-MSWIFA replaces some of the mineral powder, it is necessary to
study the effect on the performance of the asphalt mixture [26–29].

In view of this, H-MSWIFA was used to replace some of the mineral powder, and
asphalt mastic was prepared with different F/A. CPT, rotational viscosity, low-temperature
bending, and FSFET tests were carried out to evaluate the viscosity at room temperature,
viscosity at high temperature, tensile property at low temperature, and crack resistance at
room temperature of the asphalt mastic with different F/A and different H-MSWIFA re-
placement ratios. AC-13 samples with different F/A and different H-MSWIFA replacement
ratios were prepared. The effects of F/A and different H-MSWIFA replacement ratios on
the high-temperature stability, water stability, and low-temperature cracking resistance of
the asphalt mixture were studied. The aim of this study is to provide a reference for the
application of H-MSWIFA in asphalt mixture.
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2. Materials and Experimental Design
2.1. Materials

The H-MSWIFA is produced by Zhongjielan Environmental Protection Technology Co.,
Ltd. (Beijing, China). The process of rendering the MSWIFA harmless is as follows: circu-
lating gradient washing to remove soluble salt, water treatment, drying and transportation,
and evaporation to separate mineral salts.

Circulating gradient washing to remove soluble salt and water treatment: the fly ash after
cyclic gradient washing and chlorine removal is directly transported to the high-temperature
section at the kiln end through a sealed pipeline. The dioxin contained is completely decom-
posed, and the heavy metal can be effectively fixed in the cement clinker lattice.

Drying and transportation, and evaporation to separate salt: After water treatment,
the washed water is evaporated and crystallized to extract sodium potassium salt from the
wastewater, and then made into industrial sodium chloride and potassium chloride. The
evaporated water is recycled and returned to the system for reuse.

The elemental composition of the H-MSWIFA used in this study is shown in Table 1
and the technical indicators are shown in Table 2. The mineral powder is made by grinding
limestone in the laboratory and its technical indicators are also shown in Table 2.

Table 1. Distribution of H-MSWIFA elements.

Element O Na Mg Si Al P Cl S K Ca Other

Proportion, % 27.66 3.11 0.78 0.99 0.47 0.24 20.76 1.75 4.65 38.18 1.66

Table 2. Technical performance of H-MSWIFA and mineral powder.

Technical Indicators H-MSWIFA CV Mineral Powder CV Test Method [30]

Hydrophilicity coefficient 0.69 0.031 0.71 0.042 T 0353
Plasticity index, % 3.6 0.065 3.5 0.091 T 0353

Size range, %
<0.6 mm 100 0.023 100 0.066 T 0351
<0.15 mm 96.4 0.029 91.8 0.070 T 0351

<0.075 mm 92.5 0.063 88.2 0.081 T 0351

The asphalt used in this study is “Donghai” road asphalt, produced by China Petro-
chemical Corporation (Beijing, China), and its technical indicators are shown in Table 3.
The aggregate is basalt aggregate and its technical indicators are shown in Table 4.

Table 3. Technical indicators of asphalt.

Technical Indicators
Asphalt

Test Method [31]
SBS I-C CV 90A CV

Penetration (25 ◦C, 100 g, 5 s), 0.1 mm 75.7 0.029 91.6 0.052 T 0604
PI 0.98 0.074 −0.89 0.087 T 0604

Softening point (globe method), ◦C ≥80.1 0.091 46.7 0.024 T 0606
Ductility (5 ◦C, 5 cm/min), cm 41.8 0.041 —— 0.07 T 0605

Ductility (10 ◦C, 5 cm/min), cm >100 0.065 >100 0.057 T 0605
Ductility (15 ◦C, 5 cm/min), cm >100 0.024 >100 0.027 T 0605
Dynamic viscosity at 60 ◦C, Pa.s —— 0.05 182.4 0.051 T 0619

Kinematic viscosity at 135 ◦C, Pa.s 1.812 0.063 —— 0.056 T 0625
Flashpoint, ◦C 327 0.07 331 0.062 T0611
Solubility, % 99.85 0.026 99.87 0.09 T0607

Density (15 ◦C), g/cm3 1.004 0.023 1.033 0.043 T0603
Wax content, % —— 0.09 1.6 0.03 T0615

Elastic recovery (25 ◦C), % 95.1 0.086 —— 0.015 T0662
Segregation, 48 h softening point difference, ◦C 0.7 0.06 —— 0.068 T0661

RTFOT 1

163 ◦C, 5 h

Quality change, % 0.011 0.094 −0.077 0.018 T0610
Residual penetration ratio, % 78.4 0.035 70.2 0.093 T0604
Residual ductility (10 ◦C), cm 25.3 0.017 15.3 0.038 T0605

1 RTFOT: Rolling Thin Film Oven Test. SBS I-C: Styrene–Butadiene–Styrene Block Copolymer modified asphalt
with quality grade I-C. 90A: Grade A asphalt with a median penetration of 90 (0.1 mm).
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Table 4. Technical indicators of Aggregate.

Aggregate Type Technical Indicators Measured Value CV Test Method [30]

Coarse aggregate

Crushing value, % 10.1 0.067 T 0316
Los Angeles abrasion loss, % 8.4 0.040 T 0317

Water absorption, % 0.36 0.032 T 0307
Soundness, % 7.7 0.089 T 0314

Needle and flaky content, % 5.6 0.053 T 0312

Fine aggregate

Soundness, % 8.0 0.038 T 0340
Mud content, % 1.4 0.064 T 0335

Sand equivalent, % 74.8 0.066 T 0334
Methylene blue value, g/kg 14.4 0.090 T 0349

Angularity, s 17.3 0.051 T 0345

2.2. Experimental Design

In this paper, H-MSWIFA is used to replace some of the mineral powder, and the
replacement ratio is 0%, 25%, 50%, 75%, and 100% respectively. Asphalt mastics are then
prepared with F/A ratios of 0.6, 0.8, 1.0, 1.2, and 1.4 respectively. The specific preparation
process is as follows. A sample of 90A asphalt is heated to 150 ◦C, and the H-MSWIFA
and mineral powder are mixed according to the corresponding replacement ratio, and then
heated to 140 ◦C. A certain amount of H-MSWIFA and mineral powder are added into the
asphalt slowly according to the established F/A, and a mixing rod is used to ensure even
mixing. A high-speed shearing instrument is then used to shear at a speed of 1000 r/min
for 5 min, then at a speed of 3000 r/min for 10 min, and finally, at a speed of 1000 r/min for
5 min to prepare H-MSWIFA asphalt mastic. The asphalt mastic should be used as soon as
possible after preparation to avoid deposition of H-MSWIFA and mineral powder resulting
in interference with the test results caused by long-term placement.

CPT, rotational viscosity, low-temperature bending, and FSFET tests on the prepared
H-MSWIFA asphalt (90A) mastics were carried out to evaluate the viscosity at room
temperature, viscosity at high temperature, tensile property at low temperature, and crack
resistance at room temperature of the asphalt mastic with different F/A and different
H-MSWIFA replacement ratios. AC-13 samples with different H-MSWIFA replacement
ratios and F/A were prepared with SBS I-C, H-MSWIFA, mineral powder, basalt aggregate,
etc. Dynamic Stability (DS), Maximum bending and tensile strain (εB), Residual Marshall
Stability (MS’), and Frozen-Thaw and Split Residual Strength Ratio (TSR) tests were carried
out to detect the high-temperature stability, low-temperature cracking resistance, and water
stability of H-MSWIFA asphalt mixture, respectively.

3. The Performance H-MSWIFA Asphalt Mastic
3.1. Analysis of CPT Results

CPT is a test method specially used to evaluate the viscosity of asphalt mastic at
room temperature. It is an improvement of the asphalt penetration test. The long needle
of the penetration is replaced by a cone needle, and the size of the sample container is
increased [31,32]. The cone needle for cone penetration is shown in Figure 1. It is made of
stainless steel and can carry a certain weight according to the experimental requirements.
The dimensions of the stainless steel sample container are diameter, 70 mm, and depth,
50 mm. The procedure for CPT is largely the same as the asphalt penetration test method.
The freshly prepared asphalt mastic is poured into the sample container such that the
sample height reaches 2/3 of the container depth, after cooling at room temperature, the
container is placed in water (25 ◦C) for 2.5 h, and then CPT is conducted according to the
asphalt penetration test method. The test result is accurate to 0.1 mm.
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Figure 1. Dimensions of the CPT cone needle.

According to the CPT results, the shear strength of an asphalt mastic can also be
calculated as shown in Equation (1).

τ =
981Q cos2(α/2)
πh2 tan2(α/2)

(1)

where τ is shear strength, KPa; Q is penetration mass (total mass of cone needle, connecting
rod, and method), g, 1950.685 g in this paper; H is cone penetration, 0.1 mm; and α is the
cone needle tip angle, 30◦ in this paper.

In this paper, CPT at 25 ◦C had been carried out for asphalt mastics with different F/A
and H-MSWIFA replacement ratios. The test results are shown in Figure 2.
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Figure 2 shows that, for asphalt mastics with the same H-MSWIFA replacement ratios,
the greater the F/A, the smaller the cone penetration of the asphalt mastic, Taking the cone
penetration of asphalt mastic with a F/A of 0.6 as the reference value, under the same
H-MSWIFA replacement ratio, when the F/A is 0.8, 1.0, 1.2, and 1.4, the cone penetration
of the asphalt mastic is about 80~85%, 10~76%, 63~68%, and 57~59% of the reference
value. The cone penetration of asphalt mastics with different H-MSWIFA replacement
ratios is gradually reduced with the gradual increase in replacing ratio, but the decrease is
relatively small compared with the F/A. Taking the H-MSWIFA replacement ratio of 0% as
the reference value, when the F/A is 0.6, the cone penetration of the asphalt mastics with
the H-MSWIFA replacement ratio of 25%, 50%, 75%, and 100% is 96%, 93%, 89% and 88%
of the reference value respectively. When the F/A is 0.8, this ratio is 96%, 92%, 88%, and
84% respectively. When the F/A is 1.0/1.2/1.4, this ratio is 92%/94%/93%, 88%/87%/90%,
87%/83%/88%, and 81%/82%/85% respectively. It can be seen that the viscosity of the
asphalt mastic is improved after H-MSWIFA replaces some of the mineral powder, which
is related to the smaller particle size and larger pH value of H-MSWIFA.

The asphalt mastic shear strength at 25 ◦C is shown in Table 5.
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Table 5. Shear strength calculation results.

H-MSWIFA
Replacement Ratio, %

Shear Strength of Ratio Of Filler Asphalt (KPa)

0.6 0.8 1 1.2 1.4

0 44.2 63.1 75.5 96.0 126.2
25 47.8 67.4 88.3 109.6 146.9
50 51.5 74.1 98.1 126.2 154.9
75 55.4 81.5 100.2 138.0 163.7
100 57.0 88.3 114.7 139.4 173.1

With the increase in the H-MSWIFA replacement ratio, the shear strength with the
same F/A increases correspondingly, but the increase is limited. However, the change
in the F/A has a great impact on the shear strength. For asphalt mastics with the same
H-MSWIFA replacement ratio, the shear strength at a F/A of 1.4 is about three times that
at a F/A of 0.6. This rule can also be explained by Equation (1). In conclusion, it can be
concluded that the shear strength increases after H-MSWIFA replaces some of the mineral
powder. At the same time, the greater the F/A, the greater the shear strength.

3.2. Analysis of Rotational Viscosity Test Results

Asphalt mastics were prepared with H-MSWIFA replacement ratios of 0%, 25%, 50%,
75%, and 100%, and F/A of 0.6, 0.8, 1.0, 1.2, and 1.4 respectively. The rotational viscosity
of asphalt mastic at 135 ◦C was measured by using a rotational viscometer as shown in
Figure 3.
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Figure 3. Rotational viscosity test results of asphalt mastics.

The rotational viscosity at 135 ◦C of asphalt mastics with different H-MSWIFA re-
placement ratios is different, and the rotational viscosity increases with the increase in the
H-MSWIFA replacement ratio. This rule is not obvious when F/A is 0.6 and 0.8, but it
becomes very significant when F/A is 1.0 and above. Taking a F/A of 1.2 as an example,
when the H-MSWIFA replacement ratio is 25%, 50%, 75%, and 100%, the rotational viscosity
of asphalt mastic is 2.6 times the 1.3, 1.6, and 2.0 grades when the H-MSWIFA replacement
ratio is 0%. This further shows that H-MSWIFA can greatly improve the viscosity of asphalt
mastic at high temperatures.

3.3. Analysis of Low-Temperature Bending Test Results of Asphalt Mastic

Some scholars have applied this test to the determination of the low-temperature ten-
sile properties of asphalt mastic. The test results can well reflect the low-temperature tensile
properties and have been unanimously recognized by the construction industry [32–36].
The asphalt mastic was prepared with H-MSWIFA replacement ratios of 0%, 25%, 50%,
75%, and 100%, and F/A of 0.6, 0.8, 1.0, 1.2, and 1.4, respectively. This is then poured into
the test mold with an inner diameter of 40 mm × 40 mm × 140 mm, which is placed on a
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horizontal plate after natural cooling and kept for 2.5 h at −10 ◦C. The support of the test
piece of the press is adjusted to ensure that the span of the test piece is 125 mm ± 0.5 mm,
and then it is loaded at −10 °C with single-point loading at a loading rate of 5 mm/min.
During this test, the stress and strain values of the test piece are collected, and the bending
stiffness modulus (SB), flexural strength (RB), and maximum bending and tensile strain (εB)
are obtained and calculated when the test piece is damaged. The calculation equations of
RB, εB, and SB are shown in Equations (2) to (4).

RB =
3LPB

2bh2 (2)

εB =
6hd0

L2 (3)

SB =
RB
εB

(4)

where b is the width in the middle of the test piece, mm; h is the height in the middle of the
test piece, mm, mm; L is the span of the test piece, mm; PB is the maximum load when the
test piece is damaged, N; d0 is the midspan deflection when the test piece is damaged, mm.

The test results are shown in Figures 4–6.
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Figure 6. Test results of SB.

Figure 4 shows that the RB of the test piece first increases and then decreases with the
increase in F/A, reaching a maximum at the point where F/A is 1.0 or 1.2. This rule is
consistent for all H-MSWIFA replacement ratios. For different H-MSWIFA replacement
ratios, the RB of the asphalt mastic test piece changes with the change in replacement ratio.
When the replacement ratio is about 50%, the RB of asphalt mastic with the same F/A
is the largest. Figure 5 shows the εB decreases with the decrease in asphalt mastic F/A
and the increase in the H-MSWIFA replacement ratio. Figure 6 shows the relationship
between SB and F/A, and the relationship between SB and H-MSWIFA replacement ratio,
which is similar to the relationship between RB and F/A or H-MSWIFA replacement ratio.
This phenomenon shows that the addition of H-MSWIFA has an adverse effect on the
low-temperature performance of the asphalt mastic. From the perspective of controlling the
low-temperature performance of asphalt mastic, the H-MSWIFA replacement ratio should
not be too high.

3.4. Analysis of FSFET Results

FSFET can obtain the stress-real strain on the central full fracture surface at room
temperature, allowing an accurate full-section fracture energy (FSFE) to be obtained [37].
The test is carried out with reference to the Direct Tensile (DT) test. In theory, the DT test is
an appropriate method to obtain asphalt fracture energy. However, because the middle
part of the DT sample is too long, the tensile stress in this part is consistent, and cracking
may occur anywhere in this part, resulting in an inability to obtain the true strain on the
failure surface. In addition, the error generated during asphalt pouring means that stress
concentration readily occurs in the area with reduced cross-section, which leads to failure
and fracture. For some asphalts with large ductility, the loading rate of DT test equipment
cannot meet the requirements of the room temperature fracture test. Therefore, scholars
have improved the DT specimen model to keep the stress concentration of the specimen
consistent in the middle cross-section [37]. MTS is used as the tensile test equipment to
obtain different tensile rates and test temperatures and to test the FSFE of asphalt at a
constant temperature.

On this basis, this paper applies the method to the study of asphalt mastics. The
test rate is 500 mm/min at 15 ◦C, and. In this paper, asphalt mastics were prepared with
H-MSWIFA replacement ratios of 0%, 25%, 50%, 75%, and 100%, and F/A of 0.6, 0.8, 1.0, 1.2,
and 1.4. Six test pieces are prepared for each type of asphalt mastic, and the representatives
of each working condition are shown in Figures 7–11.
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Figure 7. FSFE curve of asphalt mastic at F/A of 0.6.
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Figure 8. FSFE curve of asphalt mastic at F/A of 0.8.
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Figure 9. FSFE curve of asphalt mastic at F/A of 1.0.
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Figure 10. FSFE curve of asphalt mastic at F/A of 1.2.
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Figure 11. FSFE curve of asphalt mastic at F/A of 1.4.

Figures 7–11 show that during the FSFE, the stress-strain curves of asphalt mastics
under different working conditions are similar, and the stress gradually increases with the
increase in strain. After reaching the maximum stress value, the stress decreases rapidly
until fracture with the continuous increase in strain. The specific performances of the
full-section fracture test curves of asphalt mastics with different H-MSWIFA replacement
ratios differ. When F/A is fixed, the maximum stress value of asphalt mastic during the
test gradually decreases with the gradual increase in the H-MSWIFA replacement ratio, or
the strain corresponding to the maximum stress decreases when the maximum stress value
is similar. The calculation results of the FSFE of each specimen are summarized in Table 6.

Table 6. FSFE results of asphalt mastics.

H-MSWIFA
Replacement Ratio, % No.

Calculated Value of FSFE Density with Different F/A, MPa

0.6 0.8 1 1.2 1.4

0

1 1.73 1.54 1.22 1.16 0.91
2 1.58 1.6 1.37 1.15 1.13
3 1.62 1.64 1.45 1.13 1.01
4 1.59 1.47 1.44 1.03 1.18
5 1.64 1.49 1.23 0.99 1.07
6 1.66 1.58 1.24 1.29 1.09

average value 1.637 1.553 1.325 1.125 1.065
CV 0.033 0.042 0.081 0.094 0.089

25

7 1.67 1.54 1.39 1.27 1.14
8 1.73 1.66 1.21 1.37 1.23
9 1.66 1.43 1.32 1.46 1.34

10 1.79 1.72 1.36 1.13 1.02
11 1.68 1.69 1.48 1.16 1.08
12 1.62 1.74 1.27 1.05 1.23

average value 1.69 1.63 1.34 1.24 1.17
CV 0.035 0.074 0.0706 0.126 0.099

50

13 2.06 1.8 1.41 1.27 1.37
14 1.95 1.86 1.44 1.45 1.16
15 2.17 1.69 1.45 1.33 1.34
16 2.14 1.85 1.48 1.38 1.02
17 2.07 1.6 1.57 1.44 1.13
18 2.05 1.65 1.31 1.26 1.31

average value 2.07 1.74 1.44 1.36 1.22
CV 0.037 0.063 0.059 0.060 0.1138
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Table 6. Cont.

H-MSWIFA
Replacement Ratio, % No.

Calculated Value of FSFE Density with Different F/A, MPa

0.6 0.8 1 1.2 1.4

75

19 1.33 1.12 1.08 0.65 0.58
20 1.16 0.85 0.99 0.89 0.63
21 1.45 0.91 0.72 0.69 0.76
22 1.18 1.06 1.09 0.84 0.73
23 1.48 1.19 0.96 0.81 0.59
24 1.17 1.02 0.77 0.62 0.54

average value 1.30 1.03 0.94 0.75 0.64
CV 0.1127 0.124 0.167 0.162 0.1378

100

25 0.99 0.97 0.67 0.67 0.55
26 0.93 0.88 0.84 0.47 0.53
27 1.17 0.85 0.82 0.5 0.46
28 1.21 0.74 0.76 0.56 0.49
29 0.86 0.7 0.79 0.54 0.39
30 0.85 0.98 0.77 0.69 0.35

average value 1.00 0.85 0.78 0.57 0.46
CV 0.154 0.135 0.1768 0.157 0.170

Table 6 shows that for asphalt mastics with the same F/A, with the gradual increase
in the H-MSWIFA replacement ratio, the FSFE of the asphalt mastic first increases and then
decreases, reaching a maximum when the H-MSWIFA replacement ratio is 50%. For the
asphalt mastic with the same H-MSWIFA replacing the mineral powder ratio, its FSFE
decreases rapidly with the increase in the F/A. This shows that H-MSWIFA can improve
the anti-cracking performance of asphalt mastic at room temperature to a certain extent
by replacing part of the mineral powder, but when the replacement rate exceeds 50%,
the anti-cracking performance at room temperature will be rapidly reduced. In addition,
the larger the F/A, the smaller the anti-cracking performance of asphalt mastic at room
temperature. Therefore, from the perspective of cracking resistance of asphalt mastic at
room temperature, the H-MSWIFA replacement ratio should not be too high, and should
not be higher than 50%, and the F/A should not be too large.

4. The Performances of H-MSWIFA Asphalt Mixture

AC-13 with different F/A and different H-MSWIFA replacement ratios were prepared
with SBS I-C, H-MSWIFA, mineral powder, and basalt aggregate. Then the DS, εB, MS’,
and TSR were tested to evaluate the high-temperature stability, low-temperature cracking
resistance, and water stability of the H-MSWIFA asphalt mixture, respectively. In this paper,
the Marshall volume design method is used to design the asphalt mixtures. The test of DS
adopts a 300 mm × 300 mm × 50 mm test piece formed by the wheel rolling method, with
a wheel width of 300 mm and a compaction line load of 300 N/cm. At 155 ◦C, the test piece
can be made after 4 times preloading and then 24 times rolling. The prepared test piece can
be cut after cooling to obtain the specified 250 mm × 30 mm × 35 mm small beam for εB,
and the loading rate during the test is 50 mm/min. The test pieces used by TSR and MS’
are Marshall test pieces, with a diameter of 106.6 mm and a height of 63.5 mm. They are
made by lifting a flat circular indenter with a diameter of 98.5 mm to a height of 457.2 mm,
and free-falling compaction. The test piece for the TSR test is obtained by 50 repeats of
double-sided compaction, while the test piece for the MS’ test is obtained by 75 repeats
of double-sided compaction. In order to avoid interference from the gradation to the test
results, the gradation of AC-13 is unified in this paper, as shown in Figure 12. Considering
the influence of the F/A, the asphalt-aggregate ratio is fixed at 5.0%. Partial mix design
data of the H-MSWIFA asphalt mixture are shown in Table 7, and the measurement method
of the volume parameters is the water weight method.
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Figure 12. The Grading Curve of AC-13.

Table 7. Partial mix design data of the H-MSWIFA asphalt mixture (AC-13).

F/A

H-MSWIFA Replacement Ratio

Mix Design
Data

0 25 50 75 100

Value cv Value cv Value cv Value cv Value cv

0.6 VV 3.62 0.064 3.89 0.082 3.7 0.085 3.79 0.047 3.63 0.058
MS 8.3 0.129 5.5 0.112 5.4 0.131 7.5 0.142 7.9 0.148

0.8 VV 3.74 0.087 3.72 0.081 3.51 0.084 3.75 0.065 3.83 0.072
MS 8.1 0.088 9.9 0.157 8.3 0.162 7.4 0.138 7.2 0.119

1.0 VV 3.57 0.038 3.54 0.068 3.75 0.071 3.72 0.09 3.82 0.042
MS 8.1 0.161 8.9 0.101 9.9 0.172 0.123 0.128 9.2 0.164

1.2 VV 3.53 0.052 3.91 0.089 3.59 0.061 3.66 0.05 3.69 0.057
MS 9.2 0.16 9.4 0.156 10.7 0.094 11.8 0.134 11.3 0.159

1.4 VV 3.83 0.083 3.97 0.034 3.8 0.068 3.64 0.04 3.87 0.068
MS 10.3 0.141 10.9 0.129 11.3 0.111 12.6 0.136 12.7 0.167

The rutting test of AC-13 with different F/A and different H-MSWIFA replacement
ratios was carried out to obtain the DS. The test results are summarized in Figure 13.
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Figure 13 shows that the DS of AC-13 increases significantly with the increase in the
F/A, which is applicable to all H-MSWIFA replacement ratios. However, for AC-13 with a
fixed F/A, the effect of the H-MSWIFA replacement ratio on DS does not show a certain



Buildings 2023, 13, 498 13 of 16

rule. This shows that the high-temperature stability has little to do with the replacement of
mineral powder by H-MSWIFA but mainly depends on the value of F/A.

Immersion Marshall and freeze-thaw splitting tests of AC-13 with different F/A and
different H-MSWIFA replacement ratios were carried out to obtain the MS’ and TSR. The
test results are summarized in Figures 14 and 15.
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The MS’ and TSR are both evaluation indicators of the water stability of asphalt mix-
tures. It can be seen from Figures 14 and 15 that the F/A and the H-MSWIFA replacement
ratio have a certain impact on the test results. Specifically, when the H-MSWIFA replace-
ment ratio is fixed, MS’ and TSR first increase and then decrease rapidly with the increase
in F/A and reach a maximum near a F/A of 1.0. When F/A is fixed, MS’ and TSR gradually
decrease with the increase in the H-MSWIFA replacement ratio. This phenomenon shows
that the water stability of the asphalt mixture can be significantly affected by the F/A and
the H-MSWIFA replacement ratio. The specific performance is that the water stability
reaches the best value when F/A is around 1.0, and the addition of H-MSWIFA can harm
water stability. From the perspective of water stability, the H-MSWIFA replacement ratio
should not be too high.

Low-temperature bending tests of AC-13 with different F/A and different H-MSWIFA
replacement ratios were carried out to obtain the εB. The test results are summarized in
Figure 16.
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εB as an evaluation index of low-temperature crack resistance of asphalt mixtures, the
larger the value, the stronger the low-temperature crack resistance of the asphalt mixture.
It can be seen from Figure 16 that the F/A and the H-MSWIFA replacement ratio have
a certain impact on the test results. Specifically, when the H-MSWIFA replacement ratio
is fixed, εB decreases rapidly with the increase in F/A, and when F/A is fixed, the value
of εB also shows a decreasing trend with the increase in the H-MSWIFA replacement
ratio. This phenomenon shows that both the F/A and H-MSWIFA replacement ratio can
significantly affect the low-temperature anti-cracking performance of the asphalt mixture.
The higher the F/A, the worse the low-temperature anti-cracking performance of the
asphalt mixture. At the same time, the addition of H-MSWIFA harms low-temperature anti-
cracking performance. From the perspective of low-temperature anti-cracking performance,
the H-MSWIFA replacement ratio should not be too high.

5. Conclusions

This paper has studied the performance of asphalt mastic and asphalt mixture with
H-MSWIFA replacing fly ash, and the conclusions are as follows.

(1) The shear strength and viscosity of asphalt mastic increased after H-MSWIFA replaced
some of the mineral powder; At the same time, the greater the F/A, the greater the
shear strength and viscosity of the asphalt mastic. H-MSWIFA can also improve the
viscosity of asphalt mastic at high temperatures.

(2) From the point of view of the cracking resistance of asphalt mastic at room tem-
perature, the H-MSWIFA replacement ratio should not be too high—not more than
50%—and the F/A should not be too large.

(3) The high-temperature stability of the asphalt mixture is not related to the H-MSWIFA
replacement ratio but mainly depends on the F/A.

(4) Both the F/A and the H-MSWIFA replacement ratio can significantly affect the water
stability and the low-temperature cracking resistance of the asphalt mixture. Specifi-
cally, water stability reaches the best value when the F/A is around 1.0, and the higher
the F/A, the worse the low-temperature crack resistance.

(5) The addition of H-MSWIFA harms water stability and low-temperature cracking
resistance. From the perspective of water stability and low-temperature cracking
resistance, the H-MSWIFA replacement ratio should not be too high.
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