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Abstract: Buton rock asphalt (BRA) has been used in asphalt pavement for its contribution to high-
temperature stability. However, how BRA affects the durability of a corresponding asphalt mixture
requires systemic discussion. This study investigated how BRA affected durability in terms of the
fatigue resistance, thermo-oxidative aging resistance, and long-term moisture stability of asphalt
mixture. Furthermore, improvement of the long-term moisture stability of asphalt mixture containing
BRA modified asphalt (BRAM) was also included. An AC-20C asphalt mixture based on BRA asphalt,
neat asphalt, and SBS-modified asphalt were prepared and their high-temperature, low-temperature,
and moisture performance were examined. A semi-circular bending cyclic loading test was used to
characterize fatigue performance. Thermo-oxidative aging tests in both the short-term and long-term
were used to indicate the aging performance. Freeze–thaw cyclic splitting tests were carried out
to investigate BRAM’s long-term moisture stability. Finally, the optimization and enhancement of
BRAM’s long-term moisture stability was discussed in terms of ceramic, basalt, and polyester fiber, as
well as hydrated lime. Results showed that BRA can enhance the high-temperature, low-temperature,
and moisture performance of BRAM. The cracking fatigue resistance and thermo-oxidative aging
resistance of BRAM were also improved by BRA. The long-term moisture stability of BRAM was
lower than that of the asphalt mixture based on SBS and neat asphalt. It was found that the long-
term moisture durability of BRAM can be optimally enhanced by replacing mineral filler with 50%
hydrated lime by equal volume and using 0.2wt% ceramic fiber as an additive in BRAM.

Keywords: Buton rock asphalt; asphalt mixture; fatigue; thermo-oxidative aging; long-term
moisture stability

1. Introduction

Buton rock asphalt (BRA), whose composition and properties are relatively stable,
was produced from Buton Island, Indonesia. Its general asphalt content is between 20 and
30% [1]. Bulgis et al. [2] found that the compressive strength of a BRA-infused asphalt
mixture was higher than that of an asphalt mixture without modifiers. BRA has been
regarded as a potential modifier for asphalt owing to its enhancement of asphalt and its
low cost, considering the huge demand for modified asphalt in pavement construction [3].

Previous studies showed that BRA-modified asphalt mixture (BRAM) exhibited a
superior pavement performance to that of an unmodified asphalt mixture. Lv et al. [4]
reported that asphalt in BRA was able to considerably improve the high-temperature per-
formance of asphalt mixture, but its low-temperature performance was slightly reduced.
Zou and Wu [5] concluded that BRA-modified asphalt mixture has a better rutting perfor-
mance. Suaryana [6] investigated the performance of stone matrix asphalt (SMA) using
BRA as a stabilizer. BRA could behave as a stabilizer because the penetration grade of BRA
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asphalt is relatively lower, resulting in an increased viscosity of the binder. The addition
of BRA also improves the performance of the SMA mixture, as shown with increasing
in the value of dynamic stability. Li et al. [7] concluded that BRAM using modified as-
phalt with 30% BRA achieved the optimal performance. Li et al. [3] confirmed that rock
asphalt can reduce the thermo-oxidative aging rate of asphalt mixture based on long-term
thermo-oxidative aging.

However, there is a lack of detailed reports on the change rule in the pavement per-
formance of BRAM in long-term service, although existing studies point out that BRA
has certain advantages in strengthening asphalt mixtures. Fatigue of asphalt mixtures,
thermo-oxidative aging, and the long-term moisture stability of BRAM were less involved.
Chuang and Huang [8,9] evaluated the durability performance of modified asphalt through
thermo-oxidative aging. Bai et al. [10] used the R-SCB test to evaluate the fatigue cracking
performance of asphalt mixtures. Durability against fatigue cracking has been one of the
major concerns in pavement design, construction, and performance [11]. Xiao et al. [12]
concluded that the asphalt mixtures after short-term aging exhibited better moisture resis-
tance; the asphalt became deteriorated but the long-term aging of asphalt can exacerbate
moisture damage. Zou and Wu [5] evaluated the moisture stability performance of BRAM,
and results showed that BRAM has a similar moisture stability to that of SBSM, but little
research has been conducted on the long-term moisture stability of BRAM. As a conse-
quence, a systemic study on how BRA affects an asphalt mixture’s durability has not been
conducted, which hinders the application of BRA in asphalt pavement. This study focused
on the evaluation of BRAM’s durability regarding fatigue resistance, thermo-oxidative
aging resistance, and long-term moisture stability. It was supposed to provide technical
support for the long-term service performance of BRAM.

On the other hand, BRAM was found to show an inadequate low-temperature per-
formance and inadequate thermal cracking resistance, which may lower its long-term
pavement performance. Thereby, the development of BRAM’s long-term moisture dura-
bility was also included in this study, which will help to enhance its long-term pavement
performance and, consequentl, y extend its service life. Yang et al. [13] found that using
lignin fibers and glass fibers as additives can enhance the low-temperature performance and
high-temperature performance of asphalt mixtures. Tanzadeh and Shahrezagamasaei [14]
pointed out that the best rutting performance of porous asphalt mixtures was enhanced
by blending 0.2 wt% glass fiber with 0.3 wt% polypropylene. Wan et al. [15] used CF
as an additive in the preparation of asphalt mastic and characterized various aspects of
its performance. The results proved that incorporation of CF effectively increased the
composite modulus of asphalt and helped to improve the strength of asphalt mixtures.

Hydrated lime (HL) is known as a filler and an additive for asphalt mixtures [16].
Rasouli et al. [17] investigated the effect of lime amount on the fatigue properties of asphalt
mixtures with long-term thermo-oxidative aging. Results showed that the fatigue life of
asphalt mixture was sensitive to its HL content, and specimens containing 1.5% HL showed
the most fatigue life improvement. Gundla et al. [18] found a higher fatigue resistance in
aged mixtures when lime was used. Little and Epps [19] reported that applications of HL
improved the stiffness of an asphalt binder and mixture, as well as the resistance to fracture
at low temperatures. HL is also used as an antistripping additive, which is expected to
improve the bond between asphalt binder and aggregates [20,21] and further promotes the
asphalt mixture’s moisture stability. To conclude, using fibers and HL can be an effective
approach to enhancing BRAM’s long-term moisture stability.

In summary, this study firstly characterized the mechanical performance of BRAM.
Afterwards, a systematic investigation of the durability—namely the fatigue resistance,
thermo-oxidative aging resistance, and long-term moisture stability—of BRAM was con-
ducted. Asphalt mixtures based on neat asphalt and SBS-modified asphalt were used as
a control group to indicate how BRA determines an asphalt mixture’s durability. Finally,
additives such as fibers and HL were used to further improve BRAM’s durability in this
study, in the case of BRAM’s possible deficiencies for long-term service.
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2. Raw Materials and Experimental Method
2.1. Raw Material
2.1.1. Asphalt
Buton Rock Asphalt (BRA)

Figure 1 shows BRA in its natural state and in its powder form with a particle size
smaller than 0.075 mm, in parts a and b, respectively. BRA composition was tested and
is shown in Table 1. The optimal weight ratio of BRA powder to original neat asphalt in
BRA-modified asphalt was 100%:30% after trial and error. The properties of BRA-based
modified asphalt (BRA-A) are shown in Table 2.
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Figure 1. BRA appearance: (a) Natural state of BRA; (b) BRA powder with a particle size smaller
than 0.075 mm.

Table 1. BRA composition.

Property Specification Result Standard

Asphalt content (%) ≥20 27.8
JT/T 860.5-2014 [22]Ash content (%) ≤80 71.2

Table 2. Properties of BRA-based modified asphalt.

Property Specification Result Standard

Penetration (25 ◦C,
0.1 mm) 50–80 53.1

JTG E20-2011 [23]Softening point (◦C) ≥50 54.5
Ductility (5 ◦C, cm) / 36.5

Neat and SBS-Modified Asphalt

Neat asphalt with a penetration of 60–80 and SBS-modified asphalt were used in this
study. These asphalts were used to prepare corresponding asphalt mixtures which were
used as a control group to investigate how BRA-A affects the durability of asphalt mixture.
Their properties are shown in Tables 3 and 4.

Table 3. Properties of neat asphalt.

Property Technical Index Result Standard

Penetration (25 ◦C,0.1 mm) 60–80 66

JTG E20-2011 [23]

Softening point (◦C) ≥42 48.0
Ductility (5 ◦C, cm) ≥100 >150

Wax content (%) <2.2 0.8
Density (g/cm3) / 1.032

Solubility (%) ≥99.5 99.8
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Table 4. Properties of SBS-modified asphalt.

Property Technical Index Result Standard

Penetration (25 ◦C,0.1 mm) 40–60 52.7

JTG E20-2011 [23]
Softening point (◦C) ≥60 76.9
Ductility (5 ◦C, cm) ≥15 29

Flash Point (◦C) ≥230 300
Film heating pin-in ratio (%) ≥65 83

2.1.2. Aggregate

The aggregate used in this study was limestone, and its properties are listed in Table 5.
The filler used in the asphalt mixture was lime powder, the properties of which are shown
in Table 6. Aggregate and filler were collected from Hubei province.

Table 5. Properties of limestone coarse.

Property Tested Value Standard

Crushing value (%) 21.8 JTG E42-2005 [24]
Los Angeles abrasion loss (%) 26.6 ASTM C131 [25]

Water absorption (%) 2.65
AASHTO T84 [26]Apparent specific gravity 2.850

Table 6. Properties of filler.

Property Tested Value Standard

Apparent specific gravity 2.783
JTG E42-2005 [24]Hydrophilic coefficient 0.76

Water absorption (%) 0.654

Particle size range (%)
<0.6 mm 100

ASTM C117 [27]<0.15 mm 90
<0.075 mm 78

2.1.3. Additive
Ceramic Fiber (CF)

CF is a chemically stable fiber with several advantages, including being lightweight,
high-temperature resistant, and low cost. It is used to enhance asphalt mixtures by devel-
oping stiffness and strength, which may lead to higher durability and the moisture and
permanent deformation resistance of asphalt pavement. To enhance the moisture stability
and durability of asphalt mixture, CF was added based on the mass percentage of the
mixture. The properties of CF are summarized in Table 7.

Table 7. Properties of CF.

Property Tested Value

Category temperature (◦C) 1260
Apparent shape White flocculent

Average length (mm) 22
Average diameter (um) 4

Al2O3 -
Al2O3 + SiO2 ≥99.1

ZrO2 -
Density (kg/m3) 126

The microstructure of CF was observed using scanning electron microscopy. As
depicted in Figure 2, CF exhibited a thin diameter and a substantial contact surface area
with the asphalt, which facilitated a desirable bonding state between the fiber and the
asphalt.
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Figure 2. (a) SEM image of CF (1000×); (b) SEM image of CF (5000×).

Basalt Fiber (BF)

This study introduced fibers as additives in the asphalt mixture mixing process. One
third of the fibers were added and mixed with hot aggregate. Another 1/3 of the fibers
were added and mixed when mixing with the asphalt binder, while the last 1/3 were
added when mixing with fillers. Basalt fiber is an environmentally-friendly fiber material
that has chemical stability, high strength, and good dispersion. Its addition to asphalt
mixture can improve the corresponding performance of asphalt pavement, including its
high-temperature, cracking, and fatigue resistance. The properties of BF are summarized in
Table 8.

Table 8. Properties of BF.

Property Tested Value

Elongation at break (%) 2.83
Fracture strength (MPa) 2000

Average length (mm) 9

Polyester Fiber (PF)

PF is a synthetic fiber obtained by spinning polyester, which is condensed from organic
dicarboxylic acids and diols. It offers advantages such as high strength and resilience,
which can enhance a mixture’s resistance to high-temperature deformation and delay the
development of reflection cracks. The properties of PF are summarized in Table 9. The
microstructure of polyester fibers was observed using scanning electron microscopy, as
shown in Figure 3; this illustrates that the micro-appearance of PF was smoother than that
of CF.

Table 9. Properties of PF.

Property Tested Value

Shape Bundle makeup fine silk
Tensile strength (MPa) 469
Elongation at break (%) 24
Average length (mm) 11
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Hydrated Lime (HL)

HL can improve adhesion between asphalt aggregates due to its alkalinity, so the
fatigue, moisture, and low-temperature cracking resistance of asphalt mixtures was also
presumed to be increased. This study used it as filler, instead of mineral powder, for
enhancing the asphalt mixture’s long-term moisture stability. The properties of HL are
shown in Table 10.

Table 10. Properties of HL.

Property Tested Value

Ca (OH)2 90.0%
Moisture 1.5%

Iron (as Fe) content 0.1%
Magnesium and alkali metal content 3.0%

Hydrochloric acid insoluble matter content 1.0%
Al2O3 Content 0.5%

Fineness
Residue over 325 mesh screen 5.0%
Residue over 200 mesh screen 1.0%

2.2. Research Program

An outline of this study is illustrated in Figure 4. This study can be divided into
three aspects: the preparation and performance of BRAM, durability evaluation, and long-
term moisture stability improvement. Firstly, raw materials were characterized. ACM,
BRAM, and SBSM were, respectively, designed and prepared. Their pavement performance,
including moisture, low-temperature cracking, and high-temperature performance were
tested. Afterwards, durability performance in terms of the fatigue, thermo-oxidative
aging, and long-term moisture stability of the asphalt mixtures were investigated and
analyzed. The third part of this study tried to address the problem of BRAM’s poor long-
term moisture stability, which was found during the durability analysis. A composite
modification method that substituted mineral powder with HL and used fiber materials
as an additive in BRAM was introduced and discussed. The optimal ratio of composite
material composition was quantitatively studied by using freeze–thaw splitting tests.
Finally, the pavement performance of the enhanced BRAM was verified to secure the
rationality of the corresponding composite modification method.
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2.3. Gradation Design

An AC-20C mixture was designed and prepared in this study. Figure 5 presents the
gradation of the AC-20C asphalt mixture for all kinds of asphalt mixtures. Their mass ratio
of asphalt and aggregate was 4.4% regardless of asphalt type.
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2.4. Experimental Method
2.4.1. High-Temperature Stability

Rutting tests were used to imply the high-temperature stability performance of BRAM.
High-temperature performance was evaluated by dynamic stability (DS). DS refers to
the number of times a test wheel travels for each 1mm of rutting produced after rutting
plate specimen deformation enters a stabilization period at 60 ◦C. The high-temperature
performance of the asphalt mixture was tested according to JTG E20-2011 [23]. DS was
calculated by Equation (1):

DS =
t2 − t1 × N

d2 − d1
× C1 × C2, (1)

where:
DS: dynamic stability of asphalt mixture, cycles/mm;
t1, t2: test time, normally 45 and 60 min;
d1, d2: deformation of specimen surface corresponding to specimens t1 and t2, mm;
C1, C2: correction coefficient of test machine or specimen, dimensionless;
N: rolling speed of test wheel round-trip, 42 cycles/min.

2.4.2. Low-Temperature Crack Resistance

The fracture strength of BRA was evaluated using the fracture strength of the semi-
circular bending test (SCB). The SCB specimen was approximately 30 mm in height and
150 mm in diameter, with a notch depth of 3 mm in middle of its bottom, and was cut from
an SGC specimen. A universal testing machine (UTM-100) was used to conduct the SCB
test. SCB specimens were first placed in a thermostat at −10 ◦C for 3 ± 0.5 h to ensure
the temperature uniformity of specimens from external to internal. The loading rate of
the principal axis was 0.05 mm/min, and it would stop when the SCB specimen fractured.
Equations (2) and (3) explain the calculation of the fracture toughness of SCB specimens:

KIC= YIσ0
√

πa (2)

σ0 =
PC

2rt
, (3)

where:
KIC: fracture strength (MPa ×m0.5);
YI: experimental constant;
PC: maximum load (N);
r: radius of the semicircular specimen (m);
t: the thickness of the specimen (m);
a: length of the open seam (m).

2.4.3. Moisture Stability

The moisture stability of the BRA-modified asphalt mixture was studied by using
the Marshall immersion test and the freeze–thaw splitting test. The residual Marshall
stability (MSR0) of the Marshall immersion test refers to the residual stability performance
after immersion in water at 60 ◦C for 48 h. Freezing-thawing split-strength (TSR) reflects
the asphalt mixture’s residual strength after freeze–thaw. MSR0 and TSR of asphalt mix-
tures were characterized according to JTG E20-2011. MSR0 and TSR were calculated by
Equations (4) and (5):

MSR0 =
MSR1

MSR
× 100, (4)

where:
MSR0: the average residual stability of specimen in moisture, %;
MSR1: the average stability of specimen in immersion at 60 ◦C for 48 h, kN;
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MSR: the average stability of specimen in moisture at 60 ◦C for 30 min, kN.

TSR =
RT2

RT1
× 100, (5)

where:
TSR: freeze–thaw splitting test strength ratio, %;
RT2: splitting tensile strength of specimens after freeze–thaw, MPa;
RT1: splitting tensile strength of specimens without freeze–thaw, MPa.

2.4.4. Fatigue Durability

Repeated loading semi-circular bending (R-SCB) tests were employed based on SGC
specimens. UTM-100 was also used and its semi-sinusoidal loading mode was applied
at a frequency of 2 Hz. It was found that the difference in the fatigue life of samples
under different factors showed more statistical significance when the frequency was
2 Hz after trial and error. Specimens were kept in a temperature control box for 5 h to
ensure the temperature uniformity of specimens, and the temperature of the box was set as
25 ◦C before the test. The cycle number of repeated loading when the specimen failed
was recorded as the corresponding fatigue life, which was used to evaluate the fatigue
resistance of the asphalt mixtures. For the R-SCB test, the loading peaks were set at 40%,
50%, 60%, 70%, and 80% of the semi-circular fracture toughness (KIC) at 25 ◦C. Figure 6
shows the state of the R-SCB specimen before and after failure.
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2.4.5. Thermo-Oxidative Aging Resistance

Continuous exposure to environmental effects such as heat, light, and oxygen during
long-term service lead to aging of the asphalt mixture due to thermal and oxidative factors.
Therefore, the thermo-oxidative aging resistance of asphalt pavement was also included
in this study as a part of the durability investigation. This study used the aging time
of mixed materials under conditions of thermal oxidation as a variable. The residual
fatigue life of BRAM of various aging degrees, based on the R-SCB test, was used to
assess the thermo-oxidative resistance of the corresponding asphalt mixture by aging time
dependency according to JTG E20-2011.

Figure 7 shows the procedure for aging the asphalt mixture in this study. The unaged
asphalt mixture was firstly compacted while the asphalt mixture was mixed and prepared.
Aging owing to heat and oxygen mostly happens in an asphalt binder, which can be divided
into short-term and long-term aging. Short-term aging refers to the aging that happens
during heating, mixing, transporting, and paving. The short-term aging test procedure is
as follows: prepare uncompacted asphalt mixtures based on different types of asphalt. Mix
the uncompacted asphalt mixtures uniformly at 160 ◦C then place them in a ventilation
oven at 135 ± 3 ◦C for 4 h; short-term aging is thus completed. It is emphasized that
short-term aging was unchanging for all aging specimens.
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Afterwards, specimens formed after the short-term aging were placed in a forced ven-
tilation oven and were subjected to continuous heating for 120 ± 0.5 h at a temperature of
85± 3 ◦C. The specimens should not be touched or moved during the constant temperature
heating process. Once the designated heating time is reached, the test samples are to be
taken out and allowed to cool naturally for at least 16 h, until they reach room temperature.
This cooling process is regarded as the long-term thermo-oxidative aging test.

After short-term thermo-oxidative aging, samples were designed and prepared in this
study with long-term aging times of 72, 120, and 168 h. Asphalt mixtures with different
aging times were investigated using semi-circular bending fatigue tests. The test results
were fitted with a power function to obtain a fatigue curve of the residual fatigue life versus
the stress intensity factor, and the residual fatigue life was used as an indicator to evaluate
the degree of aging.

2.4.6. Long-Term Moisture Stability Durability

The specimens were divided into two groups: one group was placed at room tempera-
ture after molding, and the other group was soaked in water for 20 min at room temperature,
then vacuumed under 98.3~98.7 kPa for 15 min to maintain moisture, followed by restor-
ing atmospheric pressure and allowing to stand for 0.5 h. Then, the specimens were
placed in a plastic bag with 10mL of water, insulated in a constant temperature freezer at
−18 °C for 16 h, and taken out to stand at 60 ◦C in a constant temperature water bath for
24h after removing the plastic bag. Finally, the specimens for the current freeze–thaw cycle
were taken out, all specimens were immersed in a circulating water tank at 25 ◦C for 2 h
and were then subjected to a splitting test at a loading rate of 50 mm/min. For the study
of water stability and durability, this paper designed a freeze–thaw cycle of 1, 3, 5, and
7 times. The splitting test was conducted on the specimens with different freeze–thaw
cycles, and the TSR in equation 5 was used as an index to evaluate the long-term water
damage degree of the material. By observing the change of TSR of different asphalt mix-
tures under different freeze–thaw cycles, the long-term moisture stability durability of the
material could be summarized.

3. Results and Discussion
3.1. Pavement Performance
3.1.1. Low-Temperature Cracking Resistance

Figure 8 shows the fracture toughness results of SCB at −10 ◦C. SBSM presented the
highest fracture toughness, followed by BRAM and ACM successively. They also showed
the same rule in terms of fracture energy as shown in Figure 9 and illustrate that BRA
enhanced the cracking resistance of asphalt mixture at a low temperature, although SBS
showed higher enhancement as an asphalt modifier. It was analyzed that BRA could
develop the hardness of the asphalt, which developed the rigidity of the asphalt binder
at low temperatures, considering the lower penetration of BRA-based modified asphalt.
Therefore, using BRA as a modifier of asphalt was supposed to be an adequate approach to
increasing the asphalt mixture’s low-temperature cracking resistance.
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3.1.2. Moisture Stability

MSR0 and TSR were used as indicators for evaluating the asphalt mixtures’ moisture
stability. Figures 10 and 11 show the results of MSR0 and TSR, respectively. The asphalt
mixtures all meet the requirements of the specification (JTG F40-2004 [28]), Technical
Specification for Construction of Highway Asphalt Pavements). Both the MSR0 and TSR of
BRAM were superior to those of ACM, while SBSM showed the highest MSR0 and TSR
values. This revealed that BRA can improve the moisture stability of the corresponding
asphalt mixture. Additionally, the tensile strength of BRAM was the highest regardless of
the freeze–thaw process, proving that BRA can significantly develop an asphalt mixture’s
tensile resistance, which was presumably a result of BRA’s rigidity.

3.1.3. High-Temperature Stability

Figure 12 illustrates the DS results of three asphalt mixtures, which all meet the require-
ments of the JTG F40-2004 specification. BRAM’s DS increased by 139% compared to the
ACM, reaching 3079 cycle/mm, which met the requirements for modified asphalt mixtures.
Furthermore, SBSM’s DS was over 4000 cycle/mm, suggesting the highest permanent
deformation resistance at high temperatures. Considering the BRA’s improvement on the
softening point and Marshall stability of BRAM, it was supposed that the stiffness of the
asphalt binder in BRAM was developed due to the high strength of the asphaltene released
by BRA.



Sustainability 2023, 15, 12708 12 of 21Sustainability 2023, 15, x FOR PEER REVIEW 12 of 21 
 

 

Figure 10. MSR0 of ACM, BRAM, and SBSM. 

 

Figure 11. TSR of ACM, BRAM, and SBSM. 

3.1.3. High-Temperature Stability 

Figure 12 illustrates the DS results of three asphalt mixtures, which all meet the re-

quirements of the JTG F40-2004 specification. BRAM’s DS increased by 139% compared to 

the ACM, reaching 3079 cycle/mm, which met the requirements for modified asphalt mix-

tures. Furthermore, SBSM’s DS was over 4000 cycle/mm, suggesting the highest perma-

nent deformation resistance at high temperatures. Considering the BRA’s improvement 

on the softening point and Marshall stability of BRAM, it was supposed that the stiffness 

of the asphalt binder in BRAM was developed due to the high strength of the asphaltene 

released by BRA. 

Figure 10. MSR0 of ACM, BRAM, and SBSM.

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 21 
 

 

Figure 10. MSR0 of ACM, BRAM, and SBSM. 

 

Figure 11. TSR of ACM, BRAM, and SBSM. 

3.1.3. High-Temperature Stability 

Figure 12 illustrates the DS results of three asphalt mixtures, which all meet the re-

quirements of the JTG F40-2004 specification. BRAM’s DS increased by 139% compared to 

the ACM, reaching 3079 cycle/mm, which met the requirements for modified asphalt mix-

tures. Furthermore, SBSM’s DS was over 4000 cycle/mm, suggesting the highest perma-

nent deformation resistance at high temperatures. Considering the BRA’s improvement 

on the softening point and Marshall stability of BRAM, it was supposed that the stiffness 

of the asphalt binder in BRAM was developed due to the high strength of the asphaltene 

released by BRA. 

Figure 11. TSR of ACM, BRAM, and SBSM.

Sustainability 2023, 15, x FOR PEER REVIEW 13 of 21 
 

 

Figure 12. DS of ACM, BRAM, and SBSM. 

3.2. Durability Performance 

3.2.1. Fatigue Performance 

It was explained previously that the durability indicators included in this study were 

fatigue resistance, thermo-oxidative aging resistance, and long-term moisture stability. 

Above all, the test results of R-SCB were analyzed to evaluate the fatigue performance of 

the asphalt mixture. Fatigue Equation (6), based on repeated loading, can be described as 

below: 

Nf = K × kI
-n, (6) 

where 

Nf = fatigue life (Cycle number, dimensionless); 

kI = the stress intensity factor (MPa × m0.5); 

K, n = the fitting constant (Dimensionless). 

K is the fatigue resistance indicator. Higher K values result in higher fatigue re-

sistance. n refers to the sensitivity of the fatigue life based on the change of loading, which 

is positively correlated with the mixture’s fatigue life’s sensitivity to loading change. Fa-

tigue curves fitting the changing trend of the cycle number at various loading intensities, 

which were used to calculate the fatigue fitting equation, were introduced. A determina-

tion coefficient (R2) was also used to demonstrate the reliability of fitting. The value of R2 

should not be less than 0.8, which determined the fitting reliability. The fitting curves of 

fatigue lives are shown in Figure 13, and the corresponding fitting equation is shown in 

Table 11. 

The R2 values in Table 12 were above 0.91, indicating that the fatigue equations were 

well fitted. Figure 13 shows that the fatigue life of BRAM was higher than that of ACM 

when the stress intensity factor was over 0.6 MPa×m0.5. Additionally, the K value of BRAM 

was also superior to that of ACM. This suggested that the fatigue performance of BRAM 

was better than that of ACM. SBSM showed the highest K value, which was supposed to 

have the best fatigue performance.  

However, it was found that the slope of BRAM’s fitting curve was significantly lower 

than that of ACM and SBSM. It revealed that decreasing rate of BRAM’s fatigue life along 

with the increment of the stress intensity factor being lower than that of others. In addi-

tion, the n values demonstrated in the fatigue fitting equations also support that BRAM 

showed the lowest sensitivity to loading change compared with that of ACM and SBSM. 

It was analyzed that it was the component of BRA that reduced the loading change sensi-

tivity of BRAM in fatigue [29]. 

Therefore, BRAM’s fatigue life was higher than that of ACM due to BRA’s enhance-

ment, while SBSM still showed the highest fatigue life. In addition, BRAM’s lowest sensi-

tivity to loading change was advantageous for fatigue resistance, especially under various 

Figure 12. DS of ACM, BRAM, and SBSM.

3.2. Durability Performance
3.2.1. Fatigue Performance

It was explained previously that the durability indicators included in this study were
fatigue resistance, thermo-oxidative aging resistance, and long-term moisture stability.
Above all, the test results of R-SCB were analyzed to evaluate the fatigue performance of
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the asphalt mixture. Fatigue Equation (6), based on repeated loading, can be described as
below:

Nf= K × k−n
I , (6)

where
Nf = fatigue life (Cycle number, dimensionless);
kI = the stress intensity factor (MPa ×m0.5);
K, n = the fitting constant (Dimensionless).
K is the fatigue resistance indicator. Higher K values result in higher fatigue resistance.

n refers to the sensitivity of the fatigue life based on the change of loading, which is
positively correlated with the mixture’s fatigue life’s sensitivity to loading change. Fatigue
curves fitting the changing trend of the cycle number at various loading intensities, which
were used to calculate the fatigue fitting equation, were introduced. A determination
coefficient (R2) was also used to demonstrate the reliability of fitting. The value of R2

should not be less than 0.8, which determined the fitting reliability. The fitting curves of
fatigue lives are shown in Figure 13, and the corresponding fitting equation is shown in
Table 11.
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Table 11. Fatigue fitting equation and R2 of SBSM, BRAM, and ACM.

Types Fatigue Fitting Equation R2

SBSM Nf = 4390.3 × KI
−3.857 R2 = 0.9224

BRAM Nf = 2154.4 × KI
−1.174 R2 = 0.9432

ACM Nf = 1006.4 × KI
−2.429 R2 = 0.9145

The R2 values in Table 12 were above 0.91, indicating that the fatigue equations were
well fitted. Figure 13 shows that the fatigue life of BRAM was higher than that of ACM
when the stress intensity factor was over 0.6 MPa×m0.5. Additionally, the K value of BRAM
was also superior to that of ACM. This suggested that the fatigue performance of BRAM
was better than that of ACM. SBSM showed the highest K value, which was supposed to
have the best fatigue performance.

However, it was found that the slope of BRAM’s fitting curve was significantly lower
than that of ACM and SBSM. It revealed that decreasing rate of BRAM’s fatigue life along
with the increment of the stress intensity factor being lower than that of others. In addition,
the n values demonstrated in the fatigue fitting equations also support that BRAM showed
the lowest sensitivity to loading change compared with that of ACM and SBSM. It was
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analyzed that it was the component of BRA that reduced the loading change sensitivity of
BRAM in fatigue [29].

Table 12. Fatigue equations and determination coefficients for asphalt mixtures with different degrees
of thermo-oxidative aging time.

Types Aging Fatigue Fitting Equation R2

SBSM

Un-aged Nf = 4390.3 × KI
−3.857 R2 = 0.9224

Short-term Nf = 3844.0 × KI
−3.444 R2 = 0.9435

Long-term (72 h) Nf = 3057.4 × KI
−3.317 R2 = 0.8866

Long-term (120 h) Nf = 2567.9 × KI
−3.437 R2 = 0.8204

Long-term (168 h) Nf = 2416.5 × KI
−3.474 R2 = 0.8578

BRAM

Un-aged Nf = 2154.4 × KI
−1.174 R2 = 0.9432

Short-term Nf = 1985.4 × KI
−1.210 R2 = 0.9127

Long-term (72 h) Nf = 1819.7 × KI
−1.136 R2 = 0.9169

Long-term (120 h) Nf = 1403.7 × KI
−1.272 R2 = 0.9037

Long-term (168 h) Nf = 1190.3 × KI
−1.348 R2 = 0.8452

ACM

Un-aged Nf = 1006.4 × KI
−2.429 R2 = 0.9145

Short-term Nf = 1091.8 × KI
−2.185 R2 = 0.8982

Long-term (72 h) Nf = 942.79 × KI
−2.345 R2 = 0.9130

Long-term (120 h) Nf = 841.17 × KI
−2.127 R2 = 0.9393

Long-term (168 h) Nf = 563.08 × KI
−2.781 R2 = 0.9767

Therefore, BRAM’s fatigue life was higher than that of ACM due to BRA’s enhance-
ment, while SBSM still showed the highest fatigue life. In addition, BRAM’s lowest
sensitivity to loading change was advantageous for fatigue resistance, especially under
various loading intensities, compared with ACM and SBSM. To summarize, BRA’s benefit
in terms of higher fatigue life and lower loading change sensitivity can effectively enhance
the asphalt mixture’s fatigue performance.

3.2.2. Thermo-Oxidative Aging Durability Performance

Figures 14–16 show the residual fatigue life under various thermo-oxidative aging
times. Thermo-oxidative aging showed a significant reduction in specimens’ residual
fatigue life. Aging time, positively corelated with aging degree, showed a negative relation-
ship with residual fatigue life. This result also suggested that using residual fatigue life
based on the R-SCB test to evaluate the asphalt mixture’s thermo-oxidative aging resistance
is discriminative. It should be noted that the slopes of the fitting curves were independent
of aging degree. Therefore, it was supposed that thermo-oxidative aging did not signifi-
cantly change the asphalt mixtures’ sensitivity to loading change, which is presented in
Table 11.
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Figure 16. Fatigue performance of ACM.

Fitting fatigue equations are shown in Table 12. The determination coefficients were
above 0.82, which suggested that the fitting was adequate. The K values of asphalt mixtures
showed a decreasing tendency as aging time increased, signifying a gradual loss in residual
fatigue life along with deepening of the aging degree. Additionally, the K values of BRAM
were also superior to those of ACM, while SBSM showed the highest K value. It also
indicated that the n value of BRAM was smaller than that of the other asphalt mixtures
regardless of aging time. Additionally, most n values of the asphalt mixture showed no
statistical change by aging time dependency. This proved that BRAM showed the best
resistance to loading change, and a longer residual fatigue life than that of ACM throughout
both short-term and long-term aging.

3.2.3. Long-Term Moisture Stability Performance

TSR of the asphalt mixtures showed a decreasing trend with an increase in the number
of freeze–thaw cycles as Figure 17 illustrates. SBSM showed the highest TSR regardless
of freeze–thaw cycle number. BRAM showed a higher TSR than that of AC-M after the
first freeze–thaw process. However, BRAM’s decreasing TSR rate along with freeze–thaw
cycles was much higher than those of the other asphalt mixtures, so its TSR was lower than
that of ACM when the cycle number was over 5. This revealed that BRAM showed the
worst long-term moisture resistance. It was analyzed that the enhancement of BRA in terms
of rigidity reduced the asphalt mixtures’ flexibility, which lowered the asphalt mixtures’
long-term resistance to frost heaving in turn. In summary, the moisture damage risk of
BRAM in long-term service was higher than that of other asphalt mixtures, which certainly



Sustainability 2023, 15, 12708 16 of 21

led to its low durability. Therefore, developing the long-term moisture resistance of BRAM
was included in this study, through which the durability of BRAM can be enhanced.
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3.3. Long-Term Moisture Stability Performance Improvement
3.3.1. Effect of Fiber Type on Long-Term Moisture Stability

This study introduced fibers and hydrated lime (HL) as composite additives to achieve
higher long-term moisture durability. Fibers constrain the internal structural changes of
asphalt mixtures during moisture damage through reinforcement. HL was supposed to
develop the adhesion between the asphalt binder and aggregate. Moisture resistance was
consequently improved. Ceramic fiber (CF), basalt fiber (BF), and polymer compound
polyester fiber (PF) were first characterized. These fibers were used as additives in BRAM,
and their contents were set as 0.1%, 0.2%, 0.3%, and 0.4% by the asphalt mixture’s weight.
MSR0 values of BRAM with fibers are presented in Table 13. MSR0 values showed no
statistical correlation with fiber type or fiber content. The fibers’ contribution to BRAM’s
moisture resistance was not significant, since the MSR0 value of BRAM without fiber was
also over 90%. Thus, the cyclic TSR of BRAM was also applied to determine the optimal
fiber.

Table 13. MSR0 of BRAM with CF, BF, and PF.

Number Dosing Method MSR0 (%)

1 0.1% CF 88.93
2 0.2% CF 93.29
3 0.3% CF 94.25
4 0.4% CF 93.14
5 0.1% BF 88.55
6 0.2% BF 90.05
7 0.3% BF 91.86
8 0.4% BF 93.41
9 0.1% PF 88.35
10 0.2% PF 91.11
11 0.3% PF 93.32
12 0.4% PF 94.69

Figure 18 illustrates the results of cyclic TSR by fiber type and content dependency. It
can be seen from the results that specimens with 0.3% and 0.4% CF showed the highest TSR
value after three freeze–thaw cycles, which were generally followed by specimens with
PF and BF sequentially. Therefore, CF was used as an additive to enhance the long-term
moisture stability of BRAM.
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3.3.2. Determination of the Optimum Composite Modification

Hydrated lime (HL) was used as a replacement for lime filler in BRAM in this study.
HL’s replacement ratio for lime filler was set as 50% and 100%, and the effect of the
replacement ratio on moisture resistance was individually characterized. On the other
hand, the enumeration method, which combined HL replacement ratios (50% and 100%)
and CF contents (0.1%, 0.2%, 0.3% and 0.4%) together, was used to figure out the optimum
composite addition of HL and CF.

Table 14 illustrates the MSR0 values at different compositions. The MSR0 values of
BRAM containing HL were generally higher than those of specimens with only fibers, as
shown in Table 14. This preliminarily proved that using composite additives to modify the
BRAM’s long-term moisture resistance was feasible. Results showed that the MSR0 of the
composite modified BRAM was enhanced significantly by composite modification based
on CF and HL, which was generally higher than that of SBSM.

Table 14. MSR0 of BRAM with HL and CF.

Number Composition MSR0 (%)

1 50% HL 96.29
2 100% HL 94.93
3 50% HL + 0.1% CF 84.61
4 50% HL + 0.2% CF 97.77
5 50% HL + 0.3% CF 98.61
6 50% HL + 0.4% CF 96.47
7 100% HL + 0.1% CF 97.20
8 100% HL + 0.2% CF 97.24
9 100% HL + 0.3% CF 96.55
10 100% HL + 0.4% CF 96.47

Figure 19 shows that the TSR of the composite-modified BRAM with 100% HL was
better than that of the composite-modified BRAM with 50% HL at the first freeze–thaw
cycle, but showed a significant decrease with the increase in the number of freeze–thaw
cycles. The TSR value of specimens with 50% HL was superior to that of specimens with
100% HL as the freeze–thaw cycle number was over three, indicating that an excessive HL
replacement ratio was not positive for long-term moisture stability. Results also suggested
that the TSR of composite-modified BRAM with 50% HL and 0.2% CF was the highest. On
the other hand, BRAM with 50% HL and 0.2% used as few additives as possible, and was
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superior to other group in terms of economy. In addition, the TSR of composite-modified
BRAM was better than that of SBSM after compound modification.
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In conclusion, the composite modification based on CF and HL could effectively
improve the long-term moisture stability of BRAM. Comparing the freeze–thaw cycling
tests of 10 different dosing methods of composite-modified BRAM, this study determined
that the best long-term moisture stability of composite-modified BRAM was achieved when
the composite modification ratio was 50% HL and 0.2% CF.

3.3.3. Pavement Performance of Composite Modified Asphalt Mixture

The pavement performance of BRAM with 50% HL and 0.2% CF was tested, and was
used to verify the feasibility of optimum composite modification, considering that the
effect of composite modification on pavement performance was still unclear. This study
characterized the Marshall stability, flow value, and DS of composite-modified BRAM
with 50% HL and 0.2% CF. As shown in Figures 20 and 21, test results proved that the
Marshall stability of the material was 14.56 kN, the flow value was 3.59 mm, and the DS
was 3897 cycle/mm. This proved that the pavement performance of optimally modified
BRAM based on 50% HL and 0.2% CF could meet the requirements. It indicated that the
long-term moisture stability composite modification method adopted in this study not only
enhances the long-term moisture stability of BRAM but also ensures its excellent pavement
performance.
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4. Conclusions

Based on the purpose of investigating the durability of Buton rock asphalt mixture
(BRAM), a neat asphalt mixture (ACM) and an SBS-modified asphalt mixture (SBSM) were
designed and prepared. Their cracking resistance, high-temperature stability, and moisture
stability were first characterized. Then, this study focused on the durability performance of
BRAM in three respects: fatigue resistance, thermo-oxidative aging resistance, and moisture
stability. Finally, to address the problem of the insufficient long-term moisture stability
of BRAM, an innovative composite modification of BRAM, involving the replacement of
mineral powder with hydrated lime (HL) and the external addition of ceramic fiber (CF),
was proposed.

(1) BRAM showed a higher Marshall stability, low-temperature fracture strength, mois-
ture stability, and dynamic stability than those of ACM. The fatigue resistance of
BRAM was higher than that of ACM. The fatigue life of BRAM was significantly less
sensitive to changes in stress ratio compared to both ACM and SBSM.

(2) The residual fatigue life of BRAM also decayed with the gradual increase of aging
time. BRAM’s sensitivity to changes in stress was lower than that of the other asphalt
mixtures, and was positively correlated with aging time. As the number of freeze–
thaw cycles was over five, the freeze–thaw splitting test strength ratio of BRAM was
significantly lower than that of ACM.

(3) BRAM with 50% HL as an equal volume replacement of mineral powder and 0.2% CF
was the best in terms of long-term moisture stability. The subsequent validation tests
proved that this modification of BRAM based on HL and CF not only improved the
long-term moisture stability of the BRAM, but also met the requirements of pavement
performance.
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