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17 Abstract: In the composite system of asphalt mixtures, asphalt mastic, which is composed of
18  fillers and bitumen, plays a key role. To achieve precise control and prediction of the
19  performance of asphalt mastics, the effects of filler characteristics and bitumen components
20  on the performance of mastics were investigated in this study. Five bitumen sources and five
21 filler types were selected to prepare twenty-five kinds of asphalt mastics, and the macro and
22 micro tests were conducted on the mastics. The grey relational analysis (GRA) was applied to
23 quantify the relationship between raw material characteristics and mastic performances. The
24  results indicate that the properties of asphalt mastics exhibit a high correlation with the raw
25  material characteristics. The resin content of bitumen is suggested to be one of the most

26  influential properties for the fatigue performance of asphalt mastics. The penetrations, resins
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and aromatics contents of bitumen exhibit a specific contribution to the low-temperature
performance of mastics. Among all filler characteristics, D10 (the particle diameter when the
pass rate of the filler is 10%) and P20 (the content of fillers with a diameter of less than
0.02mm) are recommended as two critical indicators for selecting fillers because these two
parameters exhibit a higher correlation than other similar parameters. The filler
characteristics such as particle size and specific surface area significantly affect the fatigue
performance of asphalt mastics because the effect of fillers on the fatigue performance of
mastics is the competitive mechanism between physical hardening and particle-filling
enhancement. This study provides a reference for achieving the better performance of asphalt

mastics by controlling bitumen sources and filler characteristics.

Keywords: Asphalt mastics; Bitumen components; Filler characteristics;, Compatibility;

Grey relational analysis; Mechanical properties

1. Introduction
1.1.Key role of asphalt mastics in asphalt mixture composite

From 2016 to 2020, the highway maintenance funds of China accumulated 56.6 billion US
dollars [1]. Therefore, the main challenge facing the field of road engineering is how to
prolong the durability of asphalt pavements, thus reducing maintenance and improving the
service life of pavements. Asphalt mixtures are typical multiphase and heterogeneous
composite materials consisting of aggregates with various sizes, shapes, and random
orientations embedded in the bitumen matrix [2, 3]. According to modern mortar theory, the
asphalt mixture is a three-level spatial network dispersion system [4, 5]. Asphalt mastic is the
primary dispersion system in which fillers are dispersed in the bitumen matrix [6]. Next, the
asphalt mortar is the second dispersion system in which fine aggregates are distributed in the

asphalt mastic matrix. Finally, the asphalt mixture is the third dispersion system in which
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coarse aggregates are dispersed in the asphalt mortar matrix [7]. In the asphalt mixture
system, the asphalt mastic composed of bitumen and fillers plays the role of bonding
aggregates rather than the bitumen matrix [8].

There is no doubt that asphalt mastic is the critical component in determining the
durability and service performance of asphalt pavements [9, 10]. However, the importance of
asphalt mastics has yet to be reflected in the design of asphalt mixtures. The current design
criteria mainly specify the performance of the bitumen, and there are few specifications
specifying the performance of asphalt mastics. The reason is that there are still many
problems to be solved in the research field of asphalt mastics, and the mechanical properties
of asphalt mastics need to be accurately predicted and controlled. Undoubtedly, the
performance of the asphalt mastic depends mainly on the properties of its constituents, i.e.,
bitumen and fillers. However, when the combination of the bitumen and filler is not
appropriate, the asphalt mastic consisting of the bitumen and filler with excellent properties
may exhibit less performance. This study refers to this scientific issue as the compatibility of
bitumen and fillers. Specifically, the properties of fillers, such as particle size distribution,
mineral composition, SSA, surface morphology, etc., and properties of the bitumen, such as
component differences, may be the key factors affecting the mechanical properties of asphalt
mastics. Therefore, it is necessary to investigate the compatibility of bitumen and fillers to

improve the durability and service life of asphalt mixtures.

1.2. Macroscopic and microscopic studies of asphalt mastics

So far, researchers have carried out lots of experimental studies on asphalt mastics from

3
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the macro and micro scales. Cheng [11] et al. selected four fillers with different
characteristics, finding that the SSA of filler is the most critical factor affecting the
performances of asphalt mastics. The research of Nazary [12] et al. prepared asphalt mastics
with three penetration grades of bitumen and three fillers and found that zeolite has better
high-temperature properties and limestone has better low-temperature properties through
ANOVA analysis. The study of Shukry [13] et al. showed that diatomite has the most
significant improvement in the high-temperature performance of modified bitumen and
attributed it to the high silica content in diatomite using multiple stress creep recovery
(MSCR) test. Li [14] et al. proposed a modified MSCR test for asphalt mastics and
investigated the effect of filler on the rutting performance of bitumen. The research of Jiang
[15] et al. designed an improved LAS test, combined with the morphology analysis of
scanning electron microscope (SEM), to study the impact of the concentration and particle
size of fillers on the fatigue performance of asphalt mastics. It can be seen from the above
that the filler characteristics have a potential impact on many properties of asphalt mastics,
such as rutting, fatigue, low-temperature cracking, and anti-aging. In addition, there were part
of researchers putting forward the test methods of asphalt mastics based on the bitumen test
methods by increasing the load levels [14, 15]. Nevertheless, these studies did not lead to
broad consensus or standardized tests. The more common option is that the researchers still
tested the asphalt mastics entirely according to the bitumen test method.

The macro viscoelastic properties and complex rheological behavior of the asphalt mastic

depend primarily on its microstructure and morphology, and researchers have also conducted
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much research on this. In terms of microstructure, the study of Tan [16] et al. studied the
interaction between bitumen and fillers using the Fourier transform infrared spectroscopy
(FTIR), finding that the interaction between bitumen and fillers was mainly physical action
and the disappearance of individual peaks corresponded to weak chemical action. The
research of Zhang [17] et al. investigated the microscopic characteristics of asphalt mastics
and found no chemical reaction between bitumen and fillers. Xu [18] et al. found that the
peak area of sulfoxide of limestone asphalt mastic was larger than diabase and granite asphalt
mastics because limestone had the most substantial interaction with bitumen. The research of
Li [19] et al. investigated the aging resistance of bitumen through the FTIR test, finding that
fillers can enhance the anti-aging performance of bitumen, and fly ash showed the most
substantial enhancing effect because of its porous surface. Moraes [20] et al. also found that
the use of fillers can effectively slow down the aging of bitumen. To conclude, the existing
research shows that the interaction between mineral fillers and bitumen is mainly a physical
process.

In terms of morphology, the work of Xing [21, 22] et al. studied the effects of filler
particle size on the fatigue of asphalt mastics based on scanning electron microscope (SEM),
finding that the fatigue performance of asphalt mastics prepared by coarse particle filler was
worse. The research of Xu [18] et al. captured the SEM results of three asphalt mastics,
finding that the existence of rich folds and protrusions of limestone can effectively increase
the contact area with bitumen and thus increase the adhesion ability. Tan [23] et al. adopted

Atomic Force Microscope (AFM) to characterize the morphological characteristics and
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mechanical properties of asphalt binder at different distances from the filler surface. The
research of Fischer [24] et al. used AFM to study the interface interaction between bitumen
and fillers and found that the decisive factor was the porosity of the filler.

It can be seen from the above that many studies have been conducted to investigate the
effects of raw material characteristics on the performances of asphalt mastics. However, there
are still some areas for improvement in the current research. Firstly, the past studies mostly
focused on the characteristics of fillers, while neglecting the research on the properties of
bitumen such as bitumen components and penetration grades. Secondly, previous studies
have not accurately established the relationship between the performances of asphalt mastics
and the raw material characteristics of bitumen and filler. For example, to ensure that a good
fatigue resistance of the asphalt mastic, it is still unknown which component of the bitumen
or which characteristic of the filler should be focused on. It is currently difficult to achieve
the goal of controlling the performances of asphalt mastics by controlling the bitumen origins

and the filler characteristics.

1.3.Objectives

The objective of this study is to investigate the compatibility between bitumen and fillers
from a perspective of bitumen components and filler characteristics and to determine which
components of base bitumen and which characteristics of filler have the most contribution to
various performances of asphalt mastics. Given this, five bitumen sources and five filler types
were selected to prepare twenty-five kinds of asphalt mastics. Macro tests and micro tests

were conducted to investigate the performances of mastics on multiple scales. The GRA was
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adopted to establish the relational degree between raw material characteristics and
performances of mastics. This work provides a fundamental understanding of achieving better
performance of asphalt mastics by controlling bitumen origins and filler characteristics.

2. Materials and Methods

2.1. Materials

2.1.1. Bitumen

To investigate the effects of the origins, penetration grades, and component differences of
the base bitumen on the performance of asphalt mastics, five base bitumen (A, B, C, D, and
E) with five sources and three penetration grades (60/70, 70/80, and 90/100) were selected in
this study. Table 1 lists the basic properties of five base bitumen. The performance grade (PG)
was tested according to AASHTO M 320-21, and the SARA (Saturates, Aromatics, Resins,
and Asphaltenes) fractions were tested, referring to ASTM D4124-09.

Table 1. Basic properties of the base bitumen

Properties A B C D E
High PG 66.68 65.35 66.42 69.48 66.86
PG (°C)

Low PG 22.98 22 21.85 2941 -30.72

Penctration at 25 °C (0.1 62.2 68.4 66.5 762 93.9

mm)

Saturates 12.78 11.12 31.11 8.00 10.99

SARA Aromatics 40.78 47.96 30.53 37.73 31.45
fractions (%)  Resins 30.06 25.63 24.13 47.17 50.43

Asphaltenes  16.38 15.29 14.23 7.10 7.13

2.1.2. Fillers

Five types of fillers were selected in this study. As a considerable amount of solid waste,

7
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the application of steel slag as filler in asphalt pavement has gained some attention [25, 26].
In addition, cement is increasingly widely used as a filler in asphalt pavement due to the
excellent moisture resistance and aging resistance of cement as a substitute for limestone
powder [27-29]. Therefore, steel slag powder and cement were also selected in addition to
three mineral fillers (granite, basalt, and limestone). Table 2 lists the basic properties of the
fillers used in this study. In the table, SSA refers to the specific surface area of fillers. D10,
D50, and D90 refer to the corresponding particle diameter when the pass rate of the filler is
10%, 50% 90%. P20, P10, and P5 refer to the content of fillers with a diameter of less than
0.02 mm, 0.01mm, and 0.005mm, respectively. More parameters of the filler, such as P45 and
P75, were not included, which is because the values of these parameters for fillers were all
100%. In addition, the contents of the two main components (SiO, and CaO) in the mineral
composition of the fillers are also listed in Table 2. Besides, Table 2 also presents the volume
fractions of each filler. In this study, the bitumen-filler mass ratio for all asphalt mastics was
fixed to 1:1. It is worth noting that the difference between the volume fractions of different
fillers under the same bitumen-filler mass ratio is not significant. Considering that this study
has set enough variables (25 kinds of asphalt mastics), the impact of different volumetric
concentrations of fillers on compatibility is not the focus of this study.

Table 2. Basic properties of the fillers

Characteristics Granite Basalt Limestone Steel slag Cement
Density (g/cm?) 2.673 2.874 2.696 3.19 3.045
SSA (m%/kg) 252.0 238.2 308.5 477.6 335.8
D10 (um) 3.48 3.77 3.00 2.66 2.90
D50 (um) 16.20 17.18 10.63 5.79 9.38




D90 (um) 25.62 25.80 23.62 8.68 22.42

P20 (%) 65.64 63.13 77.58 100 84.05
P10 (%) 34.03 30.33 47.34 98.08 53.27
P5 (%) 15.49 13.39 21.88 41.17 24.86
Si02 (%) 67.39 40.57 2.68 22.00 15.98
CaO (%) 3.08 8.99 74.61 29.54 50.00

Volume fraction

28.20 26.76 28.03 24.76 25.64
(%)

168  2.1.3. Preparation of asphalt mastics

169 First, the filler sieved through the 0.075mm standard sieve was put into an oven at the
170  temperature of 145°C for two hours to evaporate the potential moisture, and base bitumen
171  was put into an oven at the temperature of 145°C for one hour. Second, the filler was slowly
172 added into the bitumen in several small portions for mixing. The mixing temperature was
173 150°C, the shear rate was 1000rpm, and the shear time was 0.5h. Until there was no obvious
174  bubble in the mastic, it indicated that a uniformly dispersed asphalt mastic had been prepared.
175  Finally, the asphalt mastic was quickly poured into a sealed aluminum tank and stored for
176  use. It is worth mentioning that, to prevent the precipitation of the filler caused by the long
177  storing time of the asphalt mastic, the asphalt mastic must be stirred evenly before each

178  sampling.

179  2.2.Micro test methods

180  2.2.1. Fourier transform infrared spectroscopy (FTIR)

181 To detect the potential chemical reactions between the bitumen and fillers, the Nicolet iS50
182  Fourier Transform Infrared Spectrometer manufactured by Thermo Scientific Company of

183  USA was adopted to conduct the FTIR test on the fillers, base bitumen, and asphalt mastics
9
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used in this study. For each sample, the tests were repeated three times. FTIR tests of bitumen
and asphalt mastics adopted attenuated total reflection (ATR) mode, and tests of fillers
adopted transmission mode of FTIR. The ATR mode does not require additional treatment for
test sample, while the transmission mode needs to adopt the potassium bromide (KBr) disc
method for sample preparation, and the detailed steps can refer to the research of Usman et al
[30].
2.2.2. Scanning electron microscopy (SEM)

The microscopic surface morphology of the fillers was characterized by the Merlin
Compact field emission scanning electron microscopy (SEM) produced by Carl Zeiss
Company of Germany. Before the test, the filler samples were sprayed with a thin layer of

gold to enhance the conductivity of the samples.

2.3.Macro test methods
2.3.1. Multiple stress creep recovery (MSCR) test

The rutting factor parameter (G/sind) composed of complex modulus (G) and phase angle
(6) was not adopted in this study to evaluate the high-temperature performance of asphalt
mastics. It is because G/sind is a parameter of materials in the linear viscoelastic range, it
reflects the mechanical properties of materials in a non-damaged state [31]. The MSCR test
was carried out according to AASHTO TP 70 to characterize the high-temperature damage
performance of asphalt mastics by DSR (DHR-2, TA Company, USA). The rolling thin-film
oven (RTFO) procedure was performed on the samples before the test, and the test
temperature was 60°C.
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2.3.2. Linear amplitude sweep (LAS) test

Like the rutting factor, the fatigue factor (G*sind) is also a parameter that characterizes the
mechanical properties of materials in a non-damaged state, and has no strong correlation with
the fatigue cracking of asphalt pavement [32]. Thus, the LAS test was conducted according to
AASHTO TP 101-12 to indicate the medium-temperature damage performance of asphalt
mastics by DSR (DHR-2, TA Company, USA). The RTFO and pressurized aging vessel
(PAV) procedures were performed on the samples before the test, and the test temperature
was 25°C.
2.3.3. Bending beam rheometer (BBR) test

To characterize the low-temperature cracking performance of asphalt mastics, the BBR test
was carried out according to ASTM D6648-08 by the TE-BBR manufactured by Cannon
Instrument Company of the USA. Before the BBR test, the RTFO and PAV procedures were
performed on the samples, and three thin beams (127 = 2 mm x 12.7 = 0.05 mm x 6.35 £
0.05 mm) were manufactured, and two test temperatures were set for each kind of asphalt
mastic.
2.3.4. Boiling water test

Referring to ASTM D3625M-12, the boiling water test was carried out on asphalt mastics
to evaluate the adhesion performance between the asphalt mastic and the coarse aggregates.
At first, the coarse aggregates with the size of 13.2~19 mm were selected for testing. The
aggregates were cleaned with distilled water and dried for use. Secondly, 10g asphalt mastic
and 100g aggregates were mixed evenly at the test temperature of 155°C. Thirdly, the mixture

was immediately put into the slightly boiling distilled water to boil for 10 minutes. After the
11
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water was cooled to room temperature, the moisture resistance of the asphalt mastic was
determined by comparing the peeling of the asphalt mastic on the aggregate surface. It is
highly subjective to judge the peeling of the asphalt mastic by visual inspection, which would
lead to inaccurate results. Therefore, this study employed a high-definition digital camera to
photograph the asphalt mastic after the boiling water test. The professional image analysis

software Image-Pro Plus was used to calculate the peeling rate of the asphalt mastic.
2.4. Grey relational analysis (GRA)

GRA is a multi-factor statistical method that obtains the gray correlation degree by
processing the sample data of different factors [33]. It can describe the strength of the
correlation degree between other factors, and the detailed procedures of GRA are as follows
[33, 34]:

(1) Determine the reference sequence Xy and the comparison sequence Xp:

X, ={ X0, X5 (2),..., X, (N)} (1)

X, ={ X0 (1), X,(2),... X, (N)} )

(2) Calculate the dimensionless sequences of Xy and X),.

(3) Calculate the difference between the dimensionless series:

A, (k) = |x, (k) = x,(k)|,(k =1,2,3,...,n) 3)

(4) Determine the maximum and minimum of the sequence differences:

A, =max max A, (k),A,,, =min mkin A, (k) 4)

min

(5) Calculate the correlation coefficient y,, (k) :

12



Amin+ pA max

7 (k)= A, (k) + pAmax )

243  Where p is the resolution factor, which is usually equal to 0.5.

244 (6) Calculate the grey relational degree y,, :
1 <
Yoi :;Zk=17/0i(k) (6)

245  Where n is the length of the comparison sequences. A higher y,; indicates that the sequences

246 Xi(k) and Xy(k) are more strongly related.
247 3. Results and discussion

248  3.1.Microscopic test results

249  3.1.1. FTIR test results

250 Figure la shows the FTIR test results of five fillers used in the study. First, the
251  characteristic peaks at 1425 cm™, 876 cm’!, and 712 cm™! are the absorption peaks of CaO.
252 Limestone has significant absorption peaks at these three places, and steel powder and
253  cement have significant absorption peaks at 1425 cm™ and 876 cm™!, which indicates that one
254  of the constituents of these fillers is calcium carbonate (CaCOs3). Secondly, the characteristic
255  peaks at 1097 cm™! and 1008 cm™ are the anti-symmetric stretching vibration peaks of Si-O-
256  Si. Granite has significant absorption peaks at 1097 cm™ and 1008 cm’!, basalt and steel
257  powder have peaks at 1008 cm™, and cement at 1097 cm!. In addition, the characteristic peak
258  at 514 cm’! is the symmetric stretching vibration peak of the Si-O bond, which can be found
259  in granite, basalt, steel powder, and cement.

260 Figure 1b ~ 1d show the FTIR test results of asphalt mastics based on bitumen A. Because

13
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the laws observed from the FTIR test results of the five types of base bitumen are consistent,
this part only takes bitumen A as an example. From the figures, the FTIR test results between
the fillers and bitumen can be divided into two categories. The first category is mineral
fillers, including granite, basalt, and limestone. For these three fillers, it can be seen from the
figure that some new functional groups do appear on the FTIR curves of the asphalt mastic
compared to that of the bitumen. For example, two new characteristic peaks can be found in
the FTIR curves of A+Limestone at 876 cm™ and 712 cm’!, and two new characteristic peaks
can be found in A+Granite at 1097 cm™ and 1008 cm™'. However, combined with the FTIR
results of the fillers above, it is not difficult to see that these functional groups are native to
the filler. It can be concluded that no prominent new characteristic peaks independent of
bitumen and filler are observed in the asphalt mastics, indicating that the interaction between
the bitumen and these three fillers is mainly physical adsorption, and there is no significant
chemical reaction. The second category includes steel slag and cement. From the figures,
three are also functional groups from the fillers found in the FTIR curves of the asphalt
mastics, such as the characteristic peaks in the FTIR curves of A+Steel slag and A+Cement at
514 cm™'. More importantly, it is found that the sulfoxide group (S=0 at 1030 cm™) in the
base bitumen cannot be found in the FTIR curves of these two asphalt mastics (A+Steel slag
and A+Cement). Thus, it is easy to infer that these strong alkaline fillers (steel slag and
cement) produce chemical reactions with the acid group (sulfoxide group) in the base
bitumen. According to previous literature, the products formed by the chemical reaction

above have extremely firm adhesion [35, 36]. It is foreseeable that adding steel slag and
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cement will significantly improve the adhesion properties between the bitumen and

aggregates.
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Figure 1. FTIR test results of (a) five fillers; (b) A+Granite and A+Basalt; (¢) A+Limestone

and A+Steel slag; (d) A+Cement

3.1.2. SEM ftest results

Figure 2 presents the SEM surface morphology of the fillers. From the figure, the granite

particles have a smooth surface, a small specific surface area, and no apparent microporous

structure, so it can be concluded that the surface morphology of granite has very limited

benefits in terms of its adhesion ability to bitumen. As a comparison, the particle surface of
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the steel powder is rough and uneven, with rich folds and protrusions, which can effectively
increase the bonding area between the bitumen and filler. Furthermore, many microporous
structures are observed on the surface of steel powder particles, which means that
components in bitumen easily penetrate the microporous structure of filler particles through
the adsorption and capillarity, thus significantly improving the adhesion between the bitumen
and steel powder filler. The surface morphology of the other three fillers (basalt, limestone,
and cement) is between granite and steel powder. Combined with the above FTIR test results,

it can be foreseen that the steel slag and cement will show better adhesion performance.
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Figure 2. SEM surface morphology of fillers: (a) Granite; (b) Basalt; (c) Limestone; (d) Steel

slag; (e) Cement

3.2.Macro test results
3.2.1. MSCR test results

Figure 3 shows the results of the average percent recovery (R) and non-recoverable creep
compliance (J»-) of the MSCR test of asphalt mastics under the two stress levels of 0.1kPa

and 3.2kPa, respectively.
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Figure 3. MSCR test results of asphalt mastics: (a) R of A; (b) Ju- of A; (¢) R of B; (d) Ju- of
B; (¢) R of C; (f) Jur of C; (g) R of D; (h) Ju- of D; (1) R of E; (j) Jur of E
The higher the R, the lower the J,,, and the better the high-temperature damage resistance
of asphalt mastics. Firstly, the MSCR test can clearly distinguish the high-temperature
performance between different types of asphalt mastics based on the same bitumen matrix. As
far as the five kinds of base bitumen in this study are concerned, among the five fillers, basalt
has a minor enhancement on the high-temperature performance of the base bitumen in most
cases. In addition, the enhancement effect of fillers on the base bitumen mainly manifests in
the significant decrease of J,-, while the increase in R is not substantial. This rule is shown in
the other four base bitumen except for bitumen D.
3.2.2. LAS test results
Figure 4 presents the stress-strain curves of asphalt mastics. It can be seen from the figure
that the peak stress of the stress-strain curves of asphalt mastics is significantly increased due
to the addition of fillers. Among the five kinds of base bitumen, bitumen A, and bitumen C
have the most significant increase, both of which can be increased from 4.0E5Pa to 1.2E6Pa.
And the shapes of the stress-strain curves of different asphalt mastics based on the same
bitumen matrix are similar. In addition, in the stress-strain curve, the strain corresponding to
the peak stress represents the toughness of bituminous materials. The larger the strain value,
the better the toughness of asphalt mastics. It can be seen intuitively that steel slag modified

asphalt mastics has the strongest toughness among all asphalt mastics.
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330 Figure 4. Stress-strain curves of asphalt mastics: (a) bitumen A; (b) bitumen B; (c) bitumen
331 C; (d) bitumen D; (e) bitumen E

332 Figure 5 presents the integrity parameter curves of asphalt mastics, which describes the

333 change of the integrity parameter with the damage integrity. The lower the integrity
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parameter, the more seriously the material is damaged. From the figures, the integrity
parameter of bitumen is much higher than that of the asphalt mastic under the same damage
integrity, which indicates that the use of fillers significantly weakens the fatigue damage
properties of bitumen judging from the integrity parameters. In addition, there is no
significant difference in the integrity parameter curves between the asphalt mastics based on

the same bitumen matrix.
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Figure 5. Damage integrity curves of asphalt mastics: (a) bitumen A; (b) bitumen B; (¢)
bitumen C; (d) bitumen D; (e) bitumen E

Figure 6 shows the fatigue life (V) of asphalt mastics at different strain levels. In addition
to the two most used strain levels of 2.5% and 5% for the LAS test, two strain levels of 10%
and 15% were added in this study. Firstly, the effect of fillers on the fatigue life of bitumen
may be related to the strain level selected. Some fillers like steel slag and cement may extend
the fatigue life of bitumen at low strain levels (2.5% and 5%), but the extension effect no
longer exists when the strain level becomes larger (10% and 15%). In other words, the strain
levels of 2.5% and 5% are problematic for computing the fatigue life of asphalt mastics
whose modulus is much bigger than bitumen binder, which was also mentioned in a recent
study by the research team that proposed the LAS test [37]. In addition, as far as the base
bitumen used in this study is concerned, steel slag exhibits the strongest fatigue performance
among the five asphalt mastics prepared from each base bitumen, followed by cement. At the
same time, the other three types of fillers do not draw uniform rules in different base bitumen.

In response to this phenomenon, this study interprets the effect of fillers on the fatigue
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performance of bitumen as the competitive mechanism between physical hardening and
particle-filling enhancement. On the one hand, adding fillers increases the bitumen's
modulus, making it brittle and weakening its fatigue properties. On the other hand, adding
fillers has a reinforcing effect on bitumen. Specifically, with the decrease of the particle size
and the increase of the specific surface area of the fillers, the number of interfaces between
fillers and bitumen inside the asphalt mastic increases. Therefore, the asphalt mastic sample
needs to destroy more filler-bitumen interfaces in the fatigue failure process; that is, the crack
propagation path is more and longer, thus enhancing the fatigue life to a certain extent. This
also explains why the steel slag and cement with the smaller particle size and the larger

specific surface area significantly improve the fatigue life of bitumen.
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Figure 6. The fatigue life of asphalt mastics at different strain levels of (a) 2.5%; (b) 5%; (c)
10%; (d) 15%

3.2.3. BBR test results

Figure 7 shows the BBR test results of asphalt mastics, and the low-temperature PG of
asphalt mastics was calculated based on the BBR test data and listed in Table 3. It is evident
that the addition of all fillers significantly weakens the low-temperature cracking resistance
of base bitumen. Among the five fillers, limestone and cement have the least negative effect
on the low-temperature performance of base bitumen, which is the same among the five base
bitumen used in this study. This may be due to the lower hardness of sedimentary rock
(limestone) and cement compared with igneous rocks (granite and basalt) and steel slag,
which leads to better low-temperature performance. In addition, it is worth noting that the
BBR test only reflects the hardness and relaxation properties of bituminous materials. As
mentioned above, the addition of fillers will improve the toughness of bitumen. To
comprehensively evaluate the crack resistance of asphalt mastics, some tests characterizing
the fracture toughness of materials, such as single-edge notch bending (SENB) [38] and
double-edge-notched tension (DENT) tests [39], can be taken into consideration as the

supplement of BBR test.
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Figure 7. BBR test results of asphalt mastics: (a) S of A; (b) m-value of A; (c) S of B; (d)
m-value of B; (e) S of C; (f) m-value of C; (g) S of D; (h) m-value of D; (i) S of E; (j) m-
value of E
Table 3. Low-temperature PG of the asphalt mastics
Low-
Bitumen Asphalt mastics Ts (°C) Ty (°C) temperature PG
°C)
A -27.55 -26.98 -26.98
A+Granite -16.72 -17.61 -16.72
A+Basalt -14.68 -15.63 -14.68
A A+Limestone -17.64 -18.91 -17.64
A+Steel slag -16.83 -15.86 -15.86
A+Cement -17.37 -17.74 -17.37
B -27.38 -22.00 -22.00
B+Granite -18.53 -18.96 -18.53
B-+Basalt -18.86 -18.90 -18.86
. B+Limestone -19.65 -19.92 -19.65
B+Steel slag -18.90 -18.35 -18.35
B+Cement -20.01 -19.88 -19.88
C -26.63 -21.85 -21.85
¢ C+Granite -15.76 -17.59 -15.76
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393

394

395

C+Basalt -20.92 -20.16 -20.16

C+Limestone -22.05 -21.67 -21.67

C+Steel slag -19.86 -20.60 -19.86

C+Cement -21.01 -21.56 -21.01

D -30.25 -29.41 -29.41

D+Granite -21.08 -24.33 -21.08

D+Basalt -21.49 -25.72 -21.49

b D+Limestone -23.07 -26.09 -23.07
D+Steel slag -22.65 -24.81 -22.65

D+Cement -22.86 -25.71 -22.86

E -30.72 -30.72 -30.72

E+Granite -23.25 -25.43 -23.25

E+Basalt -23.94 -25.43 -23.94

: E+Limestone -24.42 -26.07 -24.42
E+Steel slag -22.91 -25.67 -22.91

E+Cement -23.92 -25.87 -23.92

3.2.4. Boiling water test results

Figure 8 presents the peeling rate results of asphalt mastics. From the figures, granite
modified asphalt mastics show the worst adhesion performance, followed by basalt modified
asphalt mastics. In contrast, cement modified asphalt mastics exhibit the best adhesion
performance, followed by steel slag modified asphalt mastics and limestone modified asphalt
mastics. Among the five kinds of base bitumen used in this study, the ranking of adhesion
performance between five asphalt mastics is consistent, which verifies the analysis

conclusions of the microscopic test results above.
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3.3.1. GRA results of high-temperature performances

Since the use of fillers does not significantly affect the R of asphalt mastics, the J, at the
two stress levels of 0.1kPa and 3.2kPa was selected as the parameters reflecting the high-
temperature performance of asphalt mastics in this study. Figure 9 presents the grey relational
grades between the high-temperature indexes and the raw material characteristics (including
components and penetrations of bitumen and filler characteristics). It can be seen from the
figures that the penetrations of bitumen properties, and fineness parameters (D10 and D90)
and P20 of filler characteristics are the most significant factors affecting the high-temperature
performance of asphalt mastics. This study adopted the same criteria as the literature [33],
stating that when the grey correlation degree is greater than (.75, it indicates a substantial
correlation between the raw material characteristics and the performances of asphalt mastics.
In the GRA results of J,0.7 and J,.-3.2, the correlation degrees of D10, penetrations, D90 and
P20 are the highest, all of which are greater than 0.75 and followed by some bitumen
components (asphaltene and aromatics), as well as the SSA and D50 of the fillers. In addition,
the mineral powder composition of the fillers (SiO, and CaO) is the least influential factor
among all raw material characteristics. Moreover, it is worth mentioning that, compared with
P5 and P10, the correlation between P20 and J, is significantly higher than that of the former
two. To conclude, the high-temperature performance of the mastics mainly depends on the
fineness parameters (D10 and D90) of the fillers and the penetrations of bitumen. Besides, the
content of fillers with a diameter of less than 0.02 mm (P20) is also a critical parameter

affecting the high-temperature performance.
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Figure 9. Grey relational grades between the high-temperature indexes and the raw material
characteristics: (a) Jur-0.7; (b) Jur-3.2

3.3.2. GRA results of medium-temperature performances

Figure 10 presents the grey relational grades between the medium-temperature indexes (Ny
at four strain levels of 2.5%, 5%, 10%, and 15%) and the raw material characteristics. From
the figures, when Ny is at a low strain level (2.5%), the SSA and P20 of fillers have the most
significant impact on the fatigue performance of the mastics, followed by P5 and P10, and the
next are the aromatics and resins contents, and penetrations of bitumen. In other words, at
low strain levels, the fatigue performance of the mastics mainly depends on the SSA and
small particle proportion parameters (P20, PS5, and P10) of fillers. When the strain level was
increased (5%, 10%, and 15%), the resins content of bitumen was the most remarkable factor
affecting the fatigue performance of the mastics, followed by SSA of the filler, the small
particle proportion parameters (P20, P10, and P5) and the fineness parameters (D10, D50,
and D90). To sum up, to achieve a better fatigue performance of asphalt mastics, the key is

controlling the resin content of bitumen and the SSA and fineness of fillers.
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3.3.3. GRA results of low-temperature performances

439

Figure 11 presents the grey relational grades between the low-temperature indexes (7's and
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content of bitumen, followed by D90 and the aromatics content of bitumen. Among all the
raw material characteristics, the mineral composition of fillers (CaO and Si0O,) was the least
relevant factor, which is also consistent with the previous results. To summarize, the low-
temperature performance of asphalt mastics mainly depends on penetrations of bitumen, and
some characteristics of fillers such as D10, P20, and SSA. Moreover, the resin content of

bitumen also has a high contribution to the low-temperature performance.
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Figure 11. Grey relational grades between the low-temperature indexes and the raw material
characteristics: (a) 7s; (b) T

3.3.4. GRA results of adhesion performances

Figure 12 presents the grey relational grades between the adhesion index (peeling rate) and
the raw material characteristics. As we can find in the figure, the fineness parameters of the
filler (D10, D50, and D90) are the most influential factors in the moisture resistance of
asphalt mastics. Followed by penetrations, and aromatics and asphaltenes contents of
bitumen, and next is P20 of fillers. Furthermore, it is worth mentioning that the gray

correlation degree of D10 is much higher than other factors. It is not difficult to conclude that

32



460

461

462

463

464

465

466

467

468

469

470

471

472

473

the adhesion performance of mastics mainly depends on the fineness parameter of the filler.
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Figure 12. Grey relational grades between the adhesion index and the raw material

characteristics

4. Conclusions and outlook

The current study focuses on the compatibility between bitumen and fillers. Both macro
and micro tests were carried out on the asphalt mastics, and the grey relational analysis was
conducted to investigate the relationship between raw material characteristics and
performances of asphalt mastics. The major conclusion from this study includes:

(1) In general, the properties of asphalt mastics, such as high temperature, fatigue, low
temperature, and adhesion, exhibit a high correlation with the raw material characteristics.
Asphalt mastics can achieve better performance by controlling the bitumen components and
filler characteristics such as fineness, specific surface area (SSA), and small particle

composition content.
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(2) The resin content of bitumen is suggested to be one of the most influential properties on
the fatigue performance of asphalt mastics. With the increase in strain levels, the difference
between the gray correlation degree of resins and that of other factors is more significant. In
addition, the contents of resins and aromatics also exhibit a specific contribution to the low-
temperature performance of asphalt mastics.

(3) D10 of filler has the highest correlation with the high-temperature, low-temperature,
and adhesion performance of asphalt mastics. P20 of the filler also shows a relatively high
correlation in these properties of mastics. Furthermore, these two parameters exhibit a higher
correlation than similar parameters (D50, D90, P10, and P5). Therefore, D10 and P20 are
recommended as two critical indicators for selecting fillers.

(4) The filler characteristics such as fineness and SSA will significantly affect the fatigue
performance of asphalt mastics because the effect of fillers on the fatigue performance of
mastics is the competitive mechanism between physical hardening and particle-filling
enhancement. The filler with small particle size and large SSA can prolong and increase the
propagation path of fatigue cracks, thus effectively improving the fatigue performance of
asphalt mastics.

This study investigates the effects of bitumen components and filler characteristics on
various performances of asphalt mastics only from the perspective of raw materials. In the
future study, further research will be conducted to achieve precise control and prediction of
the performance of mastics, such as characterization of the contribution of the physical and

chemical interaction between bitumen and filler to the performance of mastics, and study of
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the interaction between bitumen and filler from the molecular dynamics (MD) scale.
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