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Abstract: To verify the feasibility of applying dry flue gas desulfurization ash (DFGDA) to asphalt

pavement materials, the asphalt mastic (filler and asphalt composition) prepared by adding dif-

ferent proportions of DFGDA and LSP (limestone powder) into 70# matrix asphalt was studied

experimentally. The asphalt mastics were subjected to the penetration test, the softening point test,

and the ductility test. Moreover, the rheological properties of asphalt mastic were evaluated with

dynamic shear rheometer (DSR) tests and bending beam rheometer (BBR) tests. An interaction ability

index C-value based on the Palierne model was proposed to evaluate the interaction ability between

DFGDA and asphalt. The influence of DFEGDA asphalt on the interaction ability of matrix asphalt

was observed and evaluated using Fourier transform infrared spectroscopy (FTIR) and scanning

electron microscopy (SEM). The results showed that with the increasing proportion of DEGDA, the

penetration of asphalt mastic gradually decreased, the softening point increased, and the ductility

slightly decreased. At the same temperature, the dynamic shear modulus G* of the asphalt mortar

significantly increased with increasing DFGDA content. The incorporation of DFGDA negatively

affected the low-temperature plastic deformation resistance of asphalt, but the impact was weakened

with the growing DFGDA amount and the powder mastic ratio. The combination mode of DFGDA

and matrix asphalt depends on the physical blending, and their interaction ability mainly depends

check for on the miscibility between DFGDA and matrix asphalt. In conclusion, DFGDA can be utilized as a

updates novel filler in asphalt pavement materials.
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have been adopted in the steel and power industries. The commonly used desulfurization

technologies can be classified into dry desulfurization, semi-dry desulfurization, and wet
= desulfurization, with each including various processes [3,4]. Among the dry desulfurization
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difficulty in recycling DFGDA results in the waste of potential resources and environmental
pollution because DFGDA contains abundant calcium sulfate hemihydrate, The unstable
calcium sulfite during utilization is easily and slowly oxidized to calcium sulfate in humid
environments and then decomposed to sulfur dioxide under acidic or high-temperature
conditions [7,8]. Therefore, the application of DFGDA in asphalt pavement materials has
rarely been reported [9,10].

In the United States, DFGDA is mainly used for soil improvement and stabilization,
mining, and waste solidification because of its gelling properties [11]. Burgess-Conforti
et al. [12] used DEGDA as a soil amendment in a one-year field trial. The results showed
that DFGDA increased the content of trace elements (e.g., Ca, S, and Na) in the soil, with
its concentration decreased to preapplication levels within 3 to 6 months. Chen et al. [13]
employed DFGDA to remediate abandoned acidic coal mines and to monitor surface runoff
and plant and soil microbial properties in the long term. The results indicated that the pH
values of surface runoff were maintained at above 7. The trace element concentrations of Ca,
S, and B in soil and plant tissues exhibited a trend of first increasing and then decreasing,
while heavy metal concentrations showed no significant increase. Moreover, the bacterial
populations, diversity, and microbial biomass were significantly enhanced in the DFGD-
remediated restored coal mine area compared with the adjacent untreated area. Therefore,
using DFGDA can restore the mine ecology without environmental impairment [14]. Unlike
the United States, DFGDA solid waste in China is mainly used in the construction industry.
Zhang et al. [15] autoclaved bricks by mixing 77% dry desulfurization ash, 20% CFBC slag,
and 3% cement and found no formation of gypsum dihydrate and calcium alumina in the
autoclaved bricks, avoiding destructive expansion and presenting good long-term volume
stability with compressive strength up to 14.3 MPa. Feng et al. [16] chose desulfurization
ash as the main raw material to prepare a novel green grouting fire prevention material. The
results demonstrated excellent flame retardancy and performance of the prepared material.
Wu et al. [11] fabricated autoclaved aerated concrete using dry desulfurization ash as a
cement retarder. It was found that the ash could reduce water consumption and increase
the pile density by changing the macroscopic pore structure of concrete, thus improving the
concrete strength. Li et al. [17] ground and modified circulating fluidized bed combustion
(CFBC) and found that CFBC desulfurization ash was a self-consolidating material. Its
28 day compressive strength was comparable to that of pure cement mortar, and the
modified CFBC desulfurization ashes were suitable as cement admixture due to their high
activity. According to the Chinese National Standard, the admixture of desulfurization
ash in the blended cement was controlled within 30% to reach a strength grade of 32.5
or 42.5. Sheng et al. [18] also concluded that the addition of CFBC fly ash prolonged the
initial setting time due to its self-gelling properties. Duan et al. [19] showed that the ternary
hydrated gel system containing fly ash, flue gas desulfurization (FGD) gypsum, and steel
slag had better performance with the highest 28 day compressive strength.

Applying industrial waste as filler in asphalt mixture can address the problem of
industrial waste disposal and solid waste resource reuse [20]. DFGDA has not been
reported in the application of asphalt and asphalt mixtures, but FGD byproducts similar to
DFGDA have been identified in some studies. For example, Cloutier et al. [21] added spray
dryer absorbers (SDA) to asphalt mixtures at a filler replacement rate of 10% and tested the
aging, fatigue, and low-temperature crack resistance of asphalt mixtures. SDA and DFGDA
are FGD byproducts produced by different desulfurization processes. The results showed
that SDA did not compromise the compatibility of asphalt mixtures. Instead, it improved
their aging resistance, water stability performance, and fatigue life. Bautista et al. [22]
concluded that coal combustion byproducts, including fly ash, bottom ash, boiling slag, and
FGD materials, increased the high-temperature deformation resistance of asphalt materials.
The aging resistance and fatigue properties were also improved with the addition of SDA.
Mistry and Kumar Roy [23] reported that the joint substitution of 4% rice husk ash and
6% Class F fly ash for mineral dust as a filler improved the deformation resistance and water
damage resistance of asphalt mixtures. However, the further increase in the substitution
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ratio led to a deterioration in the performance of asphalt mixtures. Chen et al. [24] replaced
LSP with calcium sulfate-based desulfurization ash as a filler for asphalt mixtures for
related experiments. The results indicated that this ash enhanced the high-temperature
road performance, but slightly reduced the water stability performance of asphalt mixtures.
Asphalt mastic is a binary system composed of filler and matrix asphalt, playing a
crucial role in the asphalt mixture. Its composition and ratio directly affect the macro
road performance of asphalt mixtures [25]. Therefore, studying asphalt mastic is critical
to improving the performance of asphalt mixtures. In this paper, the physicochemical
properties of DFGDA in the circulating fluidized bed were first investigated. Afterward,
the rheological properties of the asphalt mastic with varying amounts of DFGDA and
the corresponding action mechanism were studied using desulfurization ash as a new
type of filler in asphalt mastic. The findings of this study can provide a theoretical and
experimental basis for the application of desulfurization ash in asphalt mastic.

2. Materials and Methods
2.1. Raw Materials
2.1.1. Asphalt

In the test, Shell 70# road petroleum asphalt was selected. The basic performance
indicators were measured according to the “Testing Procedures for the Mixing of Asphalt
and Asphalt Mixtures for Highway Engineering”. The test results are shown in Table 1.

Table 1. Basic performance of 70# matrix asphalt used in the test.

. Test Technical Single
Test Items Unit Results Requirements Conclusion

Density (15 °C) -- 1.013 -- /
Penetration (25 °C,100 g, 5 s) 0.1 mm 72 60-80 Qualified
Softening point °C 47.5 >46 Qualified
Ductility (15 °C) cm >100 >100 Qualified
Kinematic Viscosity (60 °C) Pa.s 190 >180 Qualified
Wax % <2.2 <22 Qualified

2.1.2. Fillers

DFGDA and LSP were used as fillers in the test. DEGDA was supplied by a steel mill,
and the basic properties of the fillers are shown in Table 2.

Table 2. Physical and technical indicators of LSP and DFGDA.

Sample Name Particle Size (um) Apparent Specific Hydrophilic
D(10) D(50) D(90) Density (g/cm3) Surface Area (mzlg) Coefficient
LSP 1.397 14.086 75.005 2.70 1.37 0.55
DFGDA 1.390 6.231 17.323 2.54 2.79 0.81

Table 2 shows that DFGDA has a slightly smaller particle size and a larger specific
surface area than LSP. The apparent density of DFGDA is 94% that of LSP. Lower density
indicates more DFGDA particles per unit mass, larger volume, greater total surface area,
and more contact of asphalt with the particles, which helps to improve the particle asphalt
bond, resulting in a better performance of the mixture. The hydrophilicity coefficient is the
ratio between the volume in water and the volume in kerosene, which is used to evaluate
the adhesion performance of fillers and asphalt binders. The hydrophilic coefficient of
DFGDA was 1.47 times greater than that of LSP, indicating the stronger hydrophilic ability
of DFGDA. However, DFGDA and LSP meet the requirement of the Chinese specifications
for a hydrophilic coefficient of not more than 1.
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2.2. Preparation of Asphalt Mastic

LSP and DFGDA were sieved through a 0.075 mm square hole sieve, and the part below
0.075 mm was selected for subsequent tests. A total of 300 g of base asphalt was weighed.
According to the mass ratio of filler to asphalt, which is 0.8, 1, and 1.2, a certain amount of
LSP was weighed and mixed with a high speed shear at 150 °C. The asphalt mastic was
prepared at a shear rate of 500 r/s for 10 min and then at 3000 r/s for 20 min, during which
the effect of asphalt heating and aging was ignored. By replacing the LSP with an equal
mass of DFGDA, five groups of asphalt mastics with different powder mastic ratios were
prepared and marked as Ty, T, T5, Tg, and T (pure DFGDA), corresponding to DFGDA
admixtures of 0% (pure LSP), 20%, 50%, 80%, and 100% (pure DFGDA), respectively.

During the preparation of DFGDA asphalt mastic, it was difficult to mix the asphalt
and completely dissolve DFGDA when the mass ratio of fillers to asphalt reached 1.2 and
100% of DFGDA was added to the asphalt LSP. As a result, the mastic could not be prepared
and shaped because the desulfurization ash completely absorbed the light components of
the asphalt, causing it to harden and lose its fluidity.

2.3. Preparation of Asphalt Mastic
2.3.1. Basic Performance

To quantitatively evaluate the influence law of DFGDA on the macroscopic physical
properties of asphalt, asphalt mastic with different amounts of DFGDA was tested regarding
penetration, ductility, and softening point.

2.3.2. Dynamic Shear Rheology

The complex shear modulus G*, phase angle §, and rutting resistance factor G*/sin of
asphalt mastic with different DFGDA admixtures were determined using a dynamic shear
rheometer (DSR). The high-temperature performance of the asphalt mastic was evaluated.
The test was conducted in strain controlled mode with strain set at 12% and frequency at
10 rad/s. A test plate with a diameter of 25 mm was selected, with a 1 mm spacing between
two parallel plates. The test temperature was set at 58 °C and increased by 6 °C until the
specimen failed [26].

2.3.3. Multiple Stress Creep Recovery (MSCR)

After short-term aging, a DSR was used to perform repetitive MSCR on asphalt mastic
specimens. The test temperature was set at 70 °C, with a loading cycle of 1 s of creeping
loading and 9 s of unloading recovery. The stress of 0.1 kPa was first applied and repeated
10 times, and then the stress of 3.2 kPa was used for 10 cycles. The strain recovery ratio
R and the irrecoverable creep flexibility Jnr were calculated according to the strain value
changes at the end of the cycle. The permanent deformation resistance of asphalt mastic
was evaluated in this way [27].

2.3.4. Bending Beam Rheometer (BBR) Tests

To explore the anti-cracking performance of asphalt mastic with different filler addi-
tions at low temperatures, the creep response at —6, —12, and —18 °C was evaluated using
the BBR test. (ASTM D 6648). The bending creep modulus S and creep rate m were tested
to evaluate the low-temperature crack resistance of asphalt mastic [28].

2.3.5. Scanning Electron Microscopy (SEM)

A Hitachi 5-4800 high-resolution field emission scanning electron microscope was
used to perform SEM tests on three asphalt slurries (i.e., Ty, T5, and T) to observe the
microscopic distribution morphology of LSP and DFGDA in asphalt [29].

2.3.6. Fourier Transform Infrared Spectroscopy (FTIR)

The infrared spectra of the filler, matrix asphalt, and asphalt mastic with different
amounts of DFGDA were tested using a Bruker TENSON II infrared spectrometer at



Coatings 2024, 14, 591

50f 16

wavelengths from 650 cm~! to 4000 cm~! with a resolution of 4 cm~!. In addition, the
functional group variations of different specimens and the possible chemical reactions
were explored by analyzing the changes in the absorption peaks of the main functional
groups [30].

2.3.7. Evaluation Indicators for Asphalt-Filler Interaction Based on Palierne Modeling

For the prediction of rheological properties of multiphase blended materials, re-
searchers have developed various prediction models, among which the Palierne model is
the most widely used [31], as shown in Equation (1).

1+3Y. ¢iHi(w)
1 -2y ¢iH;(w)

where G} (w) is the complex shear modulus of the multiphase blend (Pa); G;,(w) is the
complex shear modulus of the continuous phase (Pa); ¢; is the volume fraction of the
dispersed phase particles with a radius of Ri (%); and is normalized to unity for rigid
dispersed phase particles H;(w), this can be calculated using Equation (2).

Ge(w) = Gy(w) @

L AR /R)2G (@) + 56} )] + (G (w) — G ())[16G (w) +19G; ()]
(9) = 0w/ R;) Gy (@) + G (@)] + G (w) T 3G(w)][16G (@) + 19G ()]

()

where « is interfacial tension (N/m), G/ (w) is the complex shear modulus of the dispersed
phase (Pa).

Graebling and Muller [32] suggested that the particle size distribution of the dispersed
phase could be replaced by an average diameter representing the filler volume. Thus, the
Palierne model can be rewritten as Equation (3).

1+ 3%, pHi(w)
1-2Y pHj(w)
When the dispersed phase is hard solid particles, it can be approximated that the

G/(w) — o0 and H;(w) = 0.5, and the Palierne model can be further simplified as
Equation (4).

Ge(w) = Gy (w) ©)

14 1.5¢
1-¢
Asphalt mastic consists of asphalt and filler, which is essentially a multiphase comin-
gled material, and its complex shear modulus can be analyzed using the Palierne model for
prediction. According to Ziegel and Romanov [33], when dissipated energy is considered,
¢ in the above equation can be replaced by ¢rC, and Equation (4) can be expressed as
Equation (5):

Ge(w) = Gy (w)

4)

1+ 1.5¢rC
1—¢rC
where ¢r is the volume fraction calculated from the mass and density of the packing
material, C represents the degree of interaction between the asphalt and filler, and its value
is influenced by the chemical composition of the asphalt, the specific surface area of the
filler, the particle size, and the mineralogical composition.
The asphalt-filler interaction parameter C-value can be derived via Equation (6):

Ge(w) = Gy (w) )

Gi(w)/Gp(w) =1

€= 15+ G @)/ G (@)9r

(6)

The conversion relationship between the mass ratio of fillers to asphalt m; /m; and
the volume fraction of mineral powder or is given in Equation (7).
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(my/my)/prF

PF = (m1/ma)/pr +pa

@)
where pr, p4 is the density of mineral powder and asphalt, respectively, g/cm?.

3. Results
3.1. Basic Performance Test Results

The conventional performance indexes of asphalt mastic with different amounts of
DFGDA are shown in Figures 1-3.

5 Ts Ty T
bituminous mastic number

Figure 1. Penetration (25 °C).

Softeng point/°C

bituminous mastic number

Figure 2. Softening point.

Ductility/cm

bituminous mastic number

Figure 3. Ductility (10 °C).

Figures 1-3 illustrate that with the increasing mass ratio of fillers to asphalt, the
penetration degree of various fillers into the asphalt mastic decreases, the softening point
increases, and the ductility decreases. At a mass ratio of 0.8, the permeability of T asphalt
increases by 4.8% and 11.2% compared with that at a mass ratio of 1 and 1.2, respectively;
the softening point decreases by 4.6 and 7.5%, while ductility decreases by 22.9% and
40.2%. At a constant filler-to-asphalt ratio, a higher content of DFGDA leads to a lower
permeability and ductility and a higher softening point. For instance, when the mass
ratio of filler to asphalt is 1, increasing the DFGDA content from 0% to 100% can result
in a 21.6% reduction in permeability, a 14.7% increase in the softening point, and up to a
28.9% decrease in ductility. These results indicate that the incorporation of fillers enhances
the hardness, consistency, and high-temperature deformation resistance of asphalt, with
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DFGDA showing significantly higher improvement than LSP. Nevertheless, filler addition
does not enhance the low-temperature ductility of asphalt, and the impact of DFGDA on
diminishing this property is more pronounced than that of LSP.

3.2. DSR Text Results
3.2.1. High-Temperature Dynamic Rheological Properties

The rheology properties of asphalt mastic play a decisive role in the performance of
the asphalt mixture [34]. The SHRP program in the United States indicated that asphalt
rheological properties could be expressed in terms of a dynamic shear modulus and phase
angle of asphalt at constant temperature or loading time and frequency. Figures 4-6 show
the dynamic shear modulus, phase angle, and rutting factor of the asphalt mastic with
different amounts of DFGDA at different temperatures.

—#— 0.8 To —+—08T:
—4— 0.8 Ts —0—0.8Ts

12 ——08T —a—IT,
10 4 ——1T, —A—1Ts
—A— 1Ty —<—1T

g8 -B--12Te -—4--12T:
- --k--12Ts --8--12T;
o6

4

2{ 0 TS,

04 . . . .

58 64 70 76 82
Temperature(°C)

Figure 4. Dynamic shear modulus.

90 1

89.5 Y

ol g AT

88.5 1 08T

. —+—08Ts ——08T:
© 83 —— 08T —a—1T,
——1T —A—1Ts
875 1 —A—1Ty ——1T
-B--12To ----12T,
8 —-k--12Ts --e--12Ts
86.5 4 , , , ,
58 64 70 76 82

Temperature(°C)

Figure 5. Phase angle.

G*/sind /kPa

Temperature(°C)

Figure 6. Rutting factor.
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As shown in Figure 4, under the same amount of DFGDA, the dynamic shear modulus
of the asphalt mastic shows a rapid decline at 58-70 °C, a gradual decrease at 70-76 °C, and
enters into a flat stage at 76-82 °C. The results indicate that the asphalt mastic deformation
resistance weakened with the elevated temperature. The phenomenon is due to the increase
in temperature accelerates the speed of molecular movement, weakening intermolecular
van der Waals forces, increasing spacing, transforming asphalt macroscopic performance
(from the low-temperature highly elastic state to high-temperature viscous flow state), and
decreasing dynamic shear modulus of asphalt mastic. At the same temperature and powder
mastic ratio, the dynamic shear modulus of LSP asphalt mastic was the smallest; with the
increase in DFGDA admixture, the dynamic shear modulus of asphalt mastic increased,
reaching the maximum when the DFGDA admixture was 100%. Consequently, the elastic
component became more extensive, and the deformation resistance was improved. These
results suggest that the DFGDA addition could improve the high-temperature properties
of the asphalt mastic. The phase angles of the asphalt mastic specimens ranged from
86° to 90° within the test temperature, indicating the dominant viscous component and
the relatively small elastic component of the asphalt (Figure 5). The rutting factor of the
asphalt mastic decreased continuously as the test temperature increased from 58 °C to
82 °C, implying that the rutting factor was influenced by temperature (Figure 6). At the
same temperature and powder mastic ratio, the rutting factor of asphalt mastic was greater
with higher DFGDA dosing, demonstrating the improved high-temperature deformation
resistance of asphalt mastic. Compared with LSP, DFGDA possesses relatively similar
surface properties but a larger specific surface area, which enhances adsorption between
asphalts and the intermolecular force. Finally, the macroscopic performance of the load
under the high-temperature deformation resistance of asphalt mastic was improved.

3.2.2. High-Temperature Dynamic Rheological Properties

Superpave specification of the asphalt bond requires a rutting resistance factor of
the original sample asphalt higher than 1 kPa, and the temperature corresponding to this
condition is taken as the high-temperature failure temperature to determine the high-
temperature PG classification grade of asphalt. By regarding the asphalt mastic as the
original asphalt, the temperature corresponding to each asphalt mastic with a rutting
resistance factor of 1 kPa was calculated using interpolation using the DSR test results of
the previous asphalt mastic, which was the high-temperature failure temperature of the
asphalt mastic (Figure 7).

u038 m] ml2

80

o 78

<

bt )

576

g 74

]

<72

bt

Z 70

= 12
68 1
6 0.8

T, T, Ts Ts T

A—\spha{lt mastic
Figure 7. Failure temperature of asphalt mortar with different powder mastic ratio.

As shown in Figure 7, the failure temperature of asphalt mastic is lower than 76 °C
when the mass ratio of filler to asphalt is 0.8, but is higher than 76 °C when the mass ratio
of filler to asphalt is 1.2. It indicates that a higher mass ratio of fillers to asphalt can lead to a
greater high-temperature failure temperature of asphalt mastic under the same conditions.
Therefore, the addition of filler can improve the high-temperature performance of asphalt.
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The failure temperature of asphalt mastic increases with increasing DFGDA. For example,
when the mass ratio of fillers to asphalt was 1, the failure temperature of Ty was 73 °C,
while that of T was 77 °C, with a total increase of 4 °C. This result suggests that DFGDA
significantly improved the high-temperature rheological performance of asphalt mastic
compared to pure LSP.

3.3. MISCR Test Results

An MSCR test can accurately assess the viscoelastic deformation of asphalt mastic
under the action of repeated stress levels. The asphalt mastic produces creep deformation
during stress loading, and the elastic deformation and delayed elastic deformation are
recovered during the unloading stage, which is called recoverable creep deformation.
In contrast, the viscoelastic deformation is unrecoverable, which is defined as residual
deformation. MSCR test can simulate the deformation of asphalt pavement under load
more realistically. The results are shown in Figures 8-11.

1600 - 0.8 To 08T 0.8Ts
——087Ts 08T 1To

1400 1 7, ITs —1Ts

1200 - IT —12T 12T

—12Ts 1:2'Ts

1000 1
800
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0

Strain/%

100 120 140 160 180 200
Time/s

Figure 8. Creep recovery curve (0.1 kPa).

30000 A 0.8 To 0.8 T2 0.8Ts
—0.8Ts 08T 1 To
25000 { —— 1 T2 1Ts ——1Ts
1T —12To 1.2 T2
20000 { — 1.2 Ts 1.2 Ts
=
E 15000 A
&
10000 -
5000 A
(O T T T T \
200 220 240 260 280 300

Time/s

Figure 9. Creep recovery curve (3.2 kPa).
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Figure 10. Strain recovery ratio.
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Figure 11. Non-recoverable creep flexibility.

As shown in Figures 8 and 9, the asphalt mastic strain of different DFGDA doses
increases with the loading time. Under the same loading time and powder mastic ratio,
a higher DFGDA amount leads to a smaller corresponding mastic strain. When the mass
ratio of fillers to asphalt was 0.8, the strain generated by T decreased by 61.3% compared
with that by Ty after cycle loading at a stress level of 0.1 kPa. In addition, the cycle loading
was reduced by 58.8% after a stress level of 3.2 kPa. These results indicate that DFGDA
could significantly improve the asphalt mastic resistance to deformation. As shown in
Figure 10, higher loading stress causes a smaller strain recovery ratio of asphalt mastic at a
certain number of load actions and powder mastic ratio, implying that a higher load led to
a poorer permanent deformation resistance of asphalt mastic. When other conditions were
specific, the strain recovery ratio of asphalt mastic gradually increased with increasing
DFGDA admixtures, suggesting that the increasing DFGDA admixture increased the strain
recovery ratio of asphalt mastic. Compared with LSP asphalt mastic, DFGDA asphalt mastic
showed better elasticity and a higher elastic deformation percentage in creep deformation,
eventually exhibiting an increasing strain recovery ratio. As shown in Figure 11, at a certain
number of load actions and a certain mass ratio of fillers to asphalt, the irrecoverable
creep flexibility of asphalt mastic increases with increasing stress, leading to the greater
residual deformation of asphalt mastic. These results demonstrate a poor deformation
resistance of asphalt mastic. Under other conditions, the irrecoverable creep flexibility
of asphalt mastic decreased with the increasing DFGDA admixture, implying that the
DFGDA addition could reduce the irrecoverable creep flexibility of asphalt and improve
the permanent deformation resistance of the asphalt. This phenomenon could be attributed
to the excellent elasticity of DFGDA and greater intermolecular forces within the DEFGDA
asphalt, which allowed the DFGDA asphalt mastic to form a more substantial damping
effect, macroscopically manifesting by the decrease in irrecoverable creep flexibility and
increase in strain recovery ratio produced by the asphalt mastic under the same stress.

3.4. BBR Test Results

The low-temperature cracking resistance of asphalt binders was measured based on
two indicators (i.e., flexural creep modulus of strength S and creep rate m) through the
BBR test. A smaller flexural creep modulus of strength resulted in a more flexible asphalt
mastic, greater allowable deformation, and better low-temperature crack resistance. The
creep rate characterizes the relaxation performance of asphalt mastic. A larger creep rate
indicates a greater internal stress release rate, a stronger relaxation capacity, and better
low-temperature crack resistance. The flexural creep modulus of strength and creep rate
corresponding to asphalt mastic of different DEFGDA admixtures were measured. The
results are shown in Figures 12 and 13.
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Figure 13. Changes in creep rate over time.

Figures 12 and 13 show that the creep stiffness of the asphalt mortar increases signifi-
cantly, and the creep rate decreases significantly with increasing temperature, with the most
significant decrease in creep rate at 12-18 °C. The results demonstrated that the sensitivity
of stiffness modulus and creep rate increased as the temperature decreased, induced by
the hardening asphalt. The proportion of viscous components in asphalt was lessened
gradually, and the reduction rate rose with decreasing temperature. The content of viscous
components in asphalt was positively correlated with the low-temperature performance of
asphalt. Under the same temperature and powder mastic ratio, asphalt mastic presented a
gradually increased creep modulus and a decreased creep rate with the increasing DFGDA.
These results indicate that the incorporation of DFGDA deteriorated the low-temperature
performance of asphalt mastic, which is consistent with the ductility test results. At the
same temperature, with the mass ratio of fillers to asphalt, the flexural creep modulus
of strength significantly increased, while the creep rate showed only a small reduction.
When the mass ratio of fillers to asphalt was 1 and 1.2, the creep rate change curve of the
DFGDA asphalt mastic presented an intersection. The increase in mass ratio of fillers to
asphalt reduced the deformation resistance of asphalt mastic. However, it slightly affected
its stress relaxation capacity, revealing the limitations in evaluating the low-temperature
performance of DFGDA asphalt mastic using a single value of flexural creep modulus of
the strength and creep rate.

4. Evaluation Index Analysis and Microscopic Mechanism of Interaction between
Mastic Asphalt and DFGDA

4.1. C-Value

Since a larger C-value indicates that the filler can adsorb asphalt more strongly, the
C-value can be used to evaluate the ability of interaction between fillers and asphalt. The
interaction indicator C-value calculated with Equation (8) is shown in Figure 14.
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Figure 14. Results of indicator C-value between different fillers and asphalt.

It can be seen from Figure 14 that when the filler composition is consistent, the C value
increases with the increase of the powder mastic ratio. Moreover, in the case of Ty, the
C-value under a mass ratio of fillers to asphalt of 1 is enhanced by 33% compared to that
under a powder mastic ratio of 0.8, while the C-value under a mass ratio of fillers to asphalt
of 1.2 is enhanced by 41% compared to that under a powder mastic ratio of 1. It is shown
that in the range of 0.8 to 1.2 powder mastic ratio, the elevation of the mass ratio of fillers
to asphalt can help improve the ability of interaction between asphalt and filler. Under the
same powder mastic ratio, the C-value increased with the increase of DFGDA content in
the filler. Compared with mineral powder, the addition of DFGDA can effectively facilitate
the interaction between filler and asphalt, which is mainly due to the larger surface area
of DFGDA and its increased contact area with asphalt. This contributes to enhancing the
physical adsorption between them, leading to superior overall performance.

4.2. SEM Test Results

The microscopic morphology of asphalt mastic Ty and T was analyzed using SEM,
and the results are shown in Figure 15.

As shown in Figure 15, both DFGDA and LSP can be evenly distributed in asphalt.
DFGDA and LSP particles were dispersed in asphalt, and their internal voids absorbed
the lighter components of asphalt, increasing the asphalt powder binding capacity (i.e.,
improved interaction ability between asphalt and filler and enhanced high-temperature
rheological properties of asphalt). The LSP particles were embedded in the asphalt, and
there were certain voids around the DFGDA and asphalt. The existence of voids caused
local stress concentration, manifested as a material strength reduction. Therefore, the
asphalt mastic ductility and flexural creep modulus of strength decreased to a certain extent
with the increase in DFGDA.
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Figure 15. SEM Analysis of Asphalt Mastic Morphology at Different Aging Stages: Ty and T. (a) Ty
asphalt mastic 1000 magnification (10 um); (b) T asphalt mastic 1000 magnification (10 um); (c) Ty
asphalt mastic 2000 magnification (5 um); and (d) T asphalt mastic 2000 magnification (5 um).

4.3. FTIR Test Results

FTIR was used to test the absorption peak changes of the main functional groups of
the filler (LSP and DFGDA), matrix asphalt, and asphalt mastic (T, Ts, and T). The results
are shown in Figure 16.
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Figure 16. FTIR spectrum of filler (LSP, DFGDA), asphalt, and asphalt mortar (T, Ts, and T).

As shown in Figure 16, eight absorption peaks appeared in the DFGDA FTIR curve.
Among them, 3400 cm~! and 1625 cm ™! were the stretching vibrations and bending vibra-
tion bands of crystalline water, respectively; 1431 cm ! and 876 cm~! were the asymmetric
stretching vibration and in-plane bending vibration bands of CO%‘ in calcite, respectively;
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1151 cm~! and 654 cm~! were the asymmetric stretching vibration and bending vibra-
tion bands of SOi*, respectively; and 993 cm~! and 947 cm~! were the symmetric and
asymmetric stretching vibration bands of SO%~, respectively. A comparative observation
of matrix asphalt, DFGDA, and T revealed no significant change in the spectrograms,
no new peaks (i.e., no new functional groups), and no chemical reactions. The intensity
of SO%‘ absorption peaks at 993 cm ™! and 947 cm~! in T did not change significantly,
indicating that SO%‘ in DFGDA was not thermally decomposed and maintained a stable
state during the preparation of asphalt mastic. Similarly, the LSP also did not chemically
react with the matrix asphalt, indicating similar action mechanisms for DEGDA asphalt
mastic, DFGDA/LSP composite asphalt mastic, and LSP asphalt mastic. DFGDA and
matrix asphalt were mainly physically mixed. Therefore, the performance of DFGDA
asphalt mastic depended mainly on the degree of miscibility between DFGDA and matrix
asphalt. By comparing the magnitudes of the characteristic peaks in the spectra of the three
mastics, it could be seen that the DFGDA addition had a greater effect on the absorption
peak at 1605 cm !, characterizing aromatic hydrocarbons and the benzene ring substitution
region from 900 cm ! to 650 cm~! than LSP, which was the main reason for the changes in
DFGDA-induced asphalt properties.

5. Conclusions

In this paper, the changes in high- and low-temperature rheological properties of
DFGDA-added asphalt mastic were investigated at filler-to-asphalt mass ratios of 0.8, 1,
and 1.2. The influence mechanism of DFGDA on the low-temperature properties of asphalt
mastic was revealed through SEM and FTIR tests:

(1) The basic performance test of the DFGDA asphalt mastic showed enhanced consis-
tency and hardness with the incorporation of DFGDA. The high-temperature perfor-
mance of asphalt mastic was improved, while the low-temperature performance was
reduced with increasing admixture.

(2) At the same temperature, with the increasing DFGDA admixture, the dynamic shear
modulus of asphalt mastic was gradually improved, indicating that the elastic com-
ponent of asphalt mastic became more extensive, and the deformation resistance
was improved. The MSCR test at 70 °C indicated that with the increasing DFGDA
admixture, the strain recovery ratio gradually rose, and irrecoverable creep flexibility
decreased when other conditions were unchanged. The results implied that the in-
crease of DFGDA admixture could improve the strain recovery rate and permanent
deformation resistance of asphalt mastic. The BBR test demonstrated that the DFGDA
incorporation adversely affected the low-temperature plastic deformation resistance
of asphalt. However, the influence was inhibited by the growing DFGDA amount and
the powder mastic ratio.

(3) Based on the Palierne model, an evaluation index C-value for the interaction capacity
of asphalt and mineral powder was proposed. The interaction ability of DFGDA, LSP,
and asphalt was evaluated using the C-value. It was concluded that DFGDA has a
stronger ability to interact with asphalt than LSP.

(4) The FTIR test identified that the DFGDA incorporation did not produce new functional
group vibrational bands. The DFGDA asphalt interface was dominated by physical
interaction, and the performance of DFGDA asphalt mastic mainly depended on the
miscibility between DFGDA and matrix asphalt. Due to its greater specific surface
area, DFGDA improved the interaction ability of asphalt more significantly than LSP,
thus obtaining better high-temperature performance. The SEM images showed voids
between the DFGDA and asphalt, exerting a particularly negative impact on ductility
and flexural creep modulus of strength.

In summary, DFGDA can be utilized as a novel filler in asphalt mastic, with guaranteed
performance and effective alleviation of the disposal problem associated with DFGDA.
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