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Research on the low-temperature
performance of basalt fiber- rubber
powder modified asphalt mixtures
under freeze-thaw in large
temperature differences region

Xiaote Shi%2, Chundi Si**?, KeweiYan> & Yuefeng Zhu*

Accurately assessing the low-temperature performance of asphalt materials is important for asphalt
pavements in cold regions with large temperature differences. This study investigates the effects of
freeze-thaw cycles on the low-temperature performance of basalt fiber-rubber powder composite
modified asphalt mixtures (BRMAM). The influence of basalt fibers content on the mechanical
properties of asphalt binder was characterized through basic property tests and bending beam
rheometer (BBR) assessments. A freeze-thaw cycle process was designed to stimulate the more
realistic climate. The deterioration of low-temperature performance and freeze-thaw damage
mechanism were analyzed by the splitting tensile test, three-point bending test and semi-circular
bending (SCB) test. Methods suitable for evaluating BRMAM'’s low-temperature performance

were compared and explored. The results indicate that when fiber content was about 0.3%, the
reinforcement effect of basalt fibers on asphalt material was more pronounced. As freeze-thaw cycles
progress, the impact of frost heave force on the cracking resistance significantly increases, while
the influence degree gradually decreases. Excess fibers reduced the interfacial bond between rubber
powder modified asphalt and aggregate. When fiber content is between 0.2 and 0.4%, BRMAM
demonstrates optimal low-temperature performance and the least sensitivity to freeze-thaw cycles.
After 30 cycles, the TSR of BRMAM with 0.3% basalt fiber even reached 47.6%.

Keywords Sustainable materials, Freeze-thaw cycles, Fiber agglomeration, Low-temperature cracking, Frost
heave force

Freeze-thaw damage of asphalt pavement is a common disease in cold regions with large temperature
differences'. On the one hand, the asphalt pavement surface layer is directly exposed to the environment, which
bears the traffic load at the same time. The asphalt pavement surface layer produces temperature stress with the
drop in temperature. When the stress relaxation characteristics of asphalt pavement surface layer are lower than
the stress growth rate, pavement damage will gradually accumulate?. On the other hand, in freeze-thaw cycles
environment, the water entering the pavement void will produce repeated dynamic water pressure or vacuum
negative pressure suction®. After that, the initial internal micro-damage of pavement gradually develops into
loose, cracking and other damage. Asphalt pavement damage caused by the freeze-thaw effect has seriously
affected pavement service performance and life in cold regions with large temperature differences. How to
accurately evaluate the effect of freezing-thawing cycles on asphalt mixture low-temperature performance is an
urgent problem to be solved at present.

In pavement engineering examples at home and abroad, adding basalt fibers or rubber powder is one effective
technical means to ease freeze-thaw problem. Basalt fibers can improve the low-temperature performance
and durability of asphalt pavement>S. Existing studies have shown that the addition of basalt fibers to asphalt
mixtures can play a role in reinforcing asphalt mixtures, and effectively improving the high and low-temperature
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performance of mixtures’. Morova et al.® concluded that adding basalt fibers to hot-mix asphalt mixtures will
significantly enhance the high-temperature stability of asphalt mixtures. Gao et al.” observed that basalt fibers
are randomly distributed in asphalt mixtures matrix. There is a strong wrapping force of chemical bonding
connections between the matrix asphalt and basalt fibers. On the other hand, rubber powder has gradually
been used to modify asphalt by its environmental properties, and has also been proven to improve the low-
temperature performance of asphalt binder effectively. The combination of basalt fiber and rubber powder may
not only further improve the low-temperature performance of asphalt materials, but also solve the pollution
problem caused by waste tires'®. However, this aspect currently needs to receive more attention.

In terms of the low-temperature performance of asphalt mixtures, Li et al.!! applied the SCB test to study
pavement cracking at low-temperature. They used fracture energy as the evaluation index. Zhang et al.!?
proposed to use the bending strain energy at -10 °C to evaluate the low-temperature performance of asphalt
mixtures and found that it had a good test effect. Zeinali et al.'* and Qadi et al.'* used the disk-shaped compact
tensile test to explore the low-temperature crack resistance of asphalt mixtures. According to the fracture energy
index, the test temperature was selected to be 10 °C higher than the low-temperature in the PG classification. The
performance test of BRMAM can be carried out from a macroscopic perspective to analyze the attenuation law'.
Although scholars have done much research on the low-temperature performance of asphalt and mixtures, no
unified consensus has been formed so far.

The splitting tensile test mainly focuses on the initial failure of asphalt mixtures, but cannot reflect the
properties of the material during the failure process. The three-point bending test mainly reflects the strain
and material strength properties of asphalt mixtures when completely broken, but cannot accurately reflect
the expansion process of cracks. The SCB test can well characterize the crack propagation process of asphalt
mixtures. Therefore, it is more suitable for the object of this study. However, the SCB test has high requirements
for the cutting of the initial crack, and mainly reflects the properties of asphalt mixtures working with cracks.

Therefore, it is necessary to select a more comprehensive and appropriate assessment index to deeply evaluate
the low-temperature performance of BRMAM, and further explore the low-temperature performance evolution
law of BRMAM under freeze-thaw cycles. According to actual pavement materials performance data under
different freeze-thaw cycles, it is essential to study the evolution law of damage in the freeze-thaw process. Based
on this, this paper explored the optimal basalt fibers content in asphalt binder through the basic properties test
and BBR test of binder. With the help of low-temperature splitting tensile test, three-point bending test and SCB
test, the deterioration law of low-temperature performance of BRMAM and the freeze-thaw damage mechanism
under freeze-thaw cycles action were deeply analyzed. This paper provided technical support for the design and
application of BRMAM asphalt concrete pavement in cold regions with large temperature differences. Figure 1
shows the flowchart of this study.

Materials and methods

Materials

Rubber powder modified asphalt binder

The rubber powder modified asphalt used in the study was prepared in the laboratory from heavy traffic #70 road
petroleum asphalt and 15% rubber powder. The preparation process consisted of two steps. First, rubber powder
was added to matrix asphalt and shear was carried out for 20 min at 175 °C at a shear rate of 2000 rpm/min.
Then the mixtures were stirred at 170 °C for 30 min using a mechanical agitator to ensure the rubber powder
grew and swelled in asphalt, obtaining rubber powder modified asphalt binder'®. The technical indicators for
modified asphalt binder are shown in Table 1. Besides, the rubber powder particles adopted in this study are of
30 mesh. The main component is styrene-butadiene rubber, with 7% ash, 7% extractable acetone, 54% rubber
hydrocarbon, and 30% carbon black.

Basalt fibers

The basalt fibers used in the study were purchased from a local company in Taian, Shandong Province. The

length of basalt fibers is 6 mm and the diameter is 14 um, and other technical indicators are shown in Table 2.
As shown in Fig. 2, the basalt fibers are gray-brown and are short-cut bundle fibers. The individual filamentous

basalt fibers can bond together due to the presence of an infiltrant.

Mineral aggregates
The limestone aggregates were purchased from a local stone processing plant in Hubei province, China. Coarse
aggregates and fine aggregates are divided into four categories, which are 0-3 mm, 3-5 mm, 5-10 mm, and
10-15 mm. The basic properties of each type of aggregates are shown in Table 3.

The mineral powder is limestone mineral powder, and its basic properties are shown in Table 4. All indicators
can meet the requirements of current technical specifications.

Test methods

Preparation of asphalt binder samples

For the actual asphalt pavement, the amount of fibers is changed as the ratio of asphalt binder to aggregates.
Therefore, in this test process, the fibers content includes 0.3%, 0.6%, 0.9%, 1.2% and 1.5% (mass ratio of rubber
powder modified asphalt binder). In addition, modified asphalt binder without fibers was used as the control
group.

Before sample preparation, the basalt fibers were dried in an oven at 105 °C for 1 h to reduce moisture. First,
the rubber powder modified asphalt binder was heated to a flowing state at 170 °C, the weighed basalt fibers were
poured into the asphalt container. The mixtures were stirred for 30 min at 2000 rpm/min, making the rubber
powder and basalt fiber effectively contact each other!”. It is appropriate to add the fibers in batches and repeat

Scientific Reports |

(2024) 14:30580 | https://doi.org/10.1038/s41598-024-82475-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Materials selection and collection

v

Rubber powder modified asphalt production

L " 1
Penetration Softening point Ductility Low-temperature rheology
l l | J

v

Approximate fiber content determination

¥

BRMAM samples production

v

Freeze-thaw cycles treatment

v

Low-temperature performance evaluation

v v ¥

Tensile behavior Deformability behavior Cracking resistance behavior

v

Pearson correlation analysis

Fig. 1. Flowchart of this study.

EEE R
Penetration (25 °C) 0.1 mm |49.7 |40-55
Softening point °C 77.1 >60
Ductility (5 °C) cm 49.3 >20
Dynamic viscosity (135 °C) Pas 1.8 | <3
After rolling thin-film oven heating
Weight change % -0.07 | <+1.0
Residual penetration ratio(25 °C) cm 92.3 >65
Residual ductility (5 °C) cm 34.1 >15

Table 1. Technical indicators of rubber powder modified asphalt binder.

Scientific Reports|  (2024) 14:30580 | https://doi.org/10.1038/s41598-024-82475-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Density g/em™ | 2.69
Average length mm 6
Fibers diameter um 14
Tensile strength MPa 3050
Elastic modulus GPa 90
Breaking elongation | % 3.12

Table 2. Technical indicators of basalt fibers.

Fig. 2. Appearance of basalt fibers.
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Percentage passing (%)
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Aggregates size | Water absorption/% | Apparent relative density/(g-cm™3) | Bulk relative density/(g cm™3)
0-3 mm 1.31 2.658 2.628
3-5mm 143 2.746 2.643
5-10 mm 0.46 2.715 2.685
10-15 mm 0.51 2.739 2.706

Table 3. Main technical indicators of aggregates.

Apparent density/ (g/cm=3) | Moisture content/% | Hydrophilic coefficient | Plasticity index/%
291 0.11 0.08 2.2

Table 4. Main technical indicators of mineral powder.
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Fig. 3. Synthetic gradation of asphalt mixtures. (a) Gradation curves; (b) Gradation table.

Fiber content/% 0 0.1 [02 |03 (04 |05

Optimum asphalt content/% | 4.90 | 5.12 | 5.25 | 5.31 | 5.38 | 5.17

Table 5. Technical indicators of basalt fibers.

the above steps until no obvious fibers are floating above the asphalt binder. Prepared test samples as soon as
possible to avoid segregation.

Preparation of asphalt mixtures samples

Referring to the Technical Specifications for Construction of Highway Asphalt Pavements JTG F40-2004, the
median value of the aggregate gradation for upper and lower limits prescribed by AC-13 was taken as the
optimization objective. The final selected aggregate gradation is shown in Fig. 3.

Through literature research, the content of basalt fibers was determined to be 0.1%, 0.2%, 0.3%, 0.4% and
0.5% (mass ratio to aggregates), and the asphalt mixtures without basalt fibers were used as the control group.
The optimal asphalt content was preliminarily estimated, and 5 groups of asphalt content were selected to form
Marshall specimens around the optimal asphalt content. The optimal asphalt content was determined according
to the volume index, stability and flow value of asphalt mixtures. Repeated the above steps for asphalt mixtures
under each group of fibers content. The optimal asphalt content was determined as shown in Table 5.

Table 5 shows that the basalt fibers and optimal asphalt content are not consistently positively correlated.
When the fibers content is low, the phenomenon of fibers adsorption asphalt is more obvious, and the optimal
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Fig. 5. Properties test of binder. (a) Penetration test; (b) Softening point test; (c) Ductility test; (d) Bending
Beam Rheometer test.

asphalt content increases rapidly. After continuing to increase fibers content, the excess fibers are easy to
agglomerate in a limited space. They are not easy to disperse, increasing the effective surface area of fibers and a
decrease in the amount of asphalt adsorbed.

The production process of mixtures specimens is shown in Fig. 4. The fibers were added to the mixtures using
dry method. Add the asphalt binder after the fibers and aggregates have been stirred, and finally add mineral
powder. Because basalt fiber has good heat resistance, the aggregate can enable the fiber to be better dispersed
evenly'8. The mixing temperature was controlled to 170 °C, and the total mixing time was not less than 5 min.
The loose asphalt mixtures were compacted by a Marshall compactor, roller mill machine and rotary compactor
according to the requirements of specimens.

Basic properties test of asphalt binder material

According to the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering
JTG E20-2011, the basic properties of asphalt binder were tested, as shown in Fig. 5a-c. The penetration test
temperature is 25 °C. The ductility test was carried out at 5 °C, and the tensile rate was 5 cm/min.

Bending beam rheometer (BBR) test

The BBR test was conducted according to the JTG E20-2011, as shown in Fig. 5d. The flexural creep stiffness
modulus S and creep rate m were measured to evaluate the low-temperature performance of binder. The BBR
test temperature was set from — 6 °C to -18 °C, and the temperature interval was 6 °C.

Freeze-thaw cycles process
The study subjects were located in a cold region with large temperature differences. The average temperature in
the coldest month was —9.3 °C, the average daily minimum temperature in the coldest month was —16.7 °C,
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and the average daily maximum temperature was 9.6 °C. The temperature change on a day in the coldest month
is shown in Fig. 6. It can be found that the daily minimum temperature occurred at about 8:00 am, and the
maximum temperature occurred at about 16:00. The average temperature of each day is below 0 °C for more
than 16 h.

In practice, after long-term freezing, asphalt pavement cannot thaw in a short period at temperatures just
above freezing®®. Therefore, to consider extreme cases, the minimum temperature for the freeze-thaw cycles
test was set to be -16 °C and the maximum temperature was 10 °C. An automatic low-temperature freeze-
thaw testing machine provided the freeze-thaw environment. Freezing was achieved by reducing the internal
temperature of environmental chamber. The initial temperature was set to 0 °C, the cooling rate was 1 °C/h,
the target temperature was — 16 °C, and the total freezing time was 16 h. Thawing was achieved by increasing
the internal water temperature of environmental chamber. The thawing temperature was set at 10 °C and the
thawing time was 8 h. A complete freeze-thaw cycles consist of a freezing procedure and a thawing procedure
(Fig. 7).

Splitting tensile test

The splitting tensile test was carried out according to the JTG E20-2011. Before the test, the specimens were
subjected to freeze-thaw cycles. When the specimens reached the expected freeze-thaw cycles times, they were
removed immediately and placed in an environmental box at -10 °C together with the specimens without freeze-
thaw treatment. After 4 h, the specimens were removed and tested immediately. The test was loaded using a
universal testing machine. The loading rate was set to 1 mm/min®. The splitting tensile strength ratio (TSR) of
the specimen can be calculated by Eq. (1).

ltTl
/ =

x 100 (1)

T2

Where R, is the splitting strength (MPa) of the specimen after freeze-thaw cycles, R, is the splitting strength
(MPa) of the specimen without freeze-thaw cycles treatment. All tests were run in quadruplicate.
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Fig. 6. Temperature changes on a given day of the coldest month.
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Fig. 7. Splitting tensile test. (a) Test instrument; (b) Schematic diagram of specimen force.
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Fig. 8. Three-point bending test (a) Test instrument; (b) Schematic diagram of load situation; (c) Load-
midspan deflection curve.

Three-point bending test

The three-point bending test was carried out according to the JTG E20-2011. Before the test, the specimens
were subjected to freeze-thaw cycles. After the specimens reached the expected freeze-thaw cycles times, they
were immediately removed and placed in a temperature-controlled bath at -10 °C together with the specimens
without freeze-thaw treatment. After 1 h, the specimens were removed and tested immediately. A universal
testing machine was used for loading until the specimen broke. Before the test, the temperature of environmental
chamber was set to -10 °C and the loading rate was 50 mm/min. Analysis parameters including the flexural

tensile strength R, the maximum bending strain € p, flexural stiffness modulus S. These parameters can be
calculated using Eqgs. (2)-(4).

3LPg
2z 2
Ro = S @
6hd
€B = F (3)
R
Sp=—2 (4)
€B

Where L is the fulcrum spacing (mm), P, is the maximum load (N) when the specimen is damaged, b is the
width (mm) of specimen, 4 is the height (mm) of specimen, d is the mid-span deflection (mm) when specimen
is damaged. The schematic diagram of specimen loading position is shown in Fig. 8a,b, where the load is applied

in the middle of fulcrums. Figure 8c shows the relationship curve between the load and middle span deflection
of the specimen. All tests were run in triplicate.
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Semi-circular bending (SCB) test

The specimen diameter was 150 mm and the height was 110 mm. The upper and lower of the molded specimen
were removed by a cutting machine, and a cylindrical slice with 100 mm thickness was intercepted. A single
cylindrical slice was cut along its axis into two cylinders with 150 mm diameter and 25 mm height?!. Next, cut a
slit with 5 mm long and 1.5 mm wide in the middle of each half-cylinder. The specific molding process is shown
in Fig. 9a. The test method was based on the Standard Method of Test for Determining the Fracture Energy of
Asphalt Mixtures Using the Semicircular Bend Geometry AASHTO TP 105-2013. Before the test, the specimens
were subjected to freeze-thaw cycle treatment. After the specimens reached the expected freeze-thaw cycle
times, they were immediately removed and placed into a temperature-controlled bath at -10 °C together with
the specimens without freeze-thaw treatment. After 2 h, the specimens were removed and tested immediately. A
universal testing machine performed loading. The loading rate was 0.5 mm/min.

Based on the fracture mechanics theory, the test mainly characterizes the anti-crack propagation performance
of asphalt mixtures when working with cracks. The fracture energy is obtained by calculating the area under
the load-displacement curve, which is not affected by the fracture area. A schematic diagram of the specimen
loading position is shown in Fig. 9b,c. In this loading mode, specimen cracking belongs to mode I (opening
crack)?2. The typical load and displacement curves are shown in Fig. 9d. According to this curve, parameters
such as fracture energy G, (k]J/m?), fracture toughness K. (MPaxm®?) and cracking resistance index CRI (m™)
can be analyzed?*. These parameters can be calculated using the following Eq.

_ Wy

Gy = 5

"= A, (5)

Ko = YlecT\t/w a )
_ Gy

CRI = B (7)
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Fig. 9. SCB test. (a) The production process of the SCB test specimen; (b) Test instrument; (c) Schematic
diagram of load situation; (d) Load-displacement curve.
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Where: W is fracture work (J) and equals f Pdus; P is applied load (N); u is load-line displacement (m); Ah.g is
ligament drea (m2) and equals (r-a) x t; r is specimen radius (m); a is notch length (m); ¢ is specimen thickness
(m); Y, is the normalized stress intensity factor (dimensionless); P, is critical load (peak stress) (MN). All tests
were run in quintuplicate.

Results and discussion

Basic properties test of asphalt binder

The test results of asphalt binder basic properties are shown in Fig. 10. According to Fig. 10a, the penetration of
rubber powder modified asphalt binder decreases first and then gradually stabilizes with the increase of basalt
fibers content. When the fibers content is 1.2%, the binder had the lowest penetration of 33.5 (0.1 mm). If the
fibers content increases to 1.5%, the penetration of binder will increase slightly.

According to Fig. 10b, the softening point of rubber powder modified asphalt binder shows a gradual
increase trend with the increase of basalt fibers content, and it is shown that the softening point of rubber
powder modified asphalt binder can be significantly improved by adding 0.3% basalt fibers. When the basalt
fibers content is 0.3%, the softening point of binder reaches 83.3 °C, which is higher than that of the control
group. Further addition of basalt fibers has limited effect on improving the softening point of rubber powder
modified asphalt binder.

Figure 10c shows that the ductility of rubber powder modified asphalt binder decreases with the increase of
basalt fibers content. When the basalt fibers content is 0-0.3%, the decrease in ductility of binder is small. When
the fibers content reaches 0.3-0.9%, the ductility of binder decreases rapidly. If the fibers content continues to
increase, the ductility of binder will rarely decrease.

The main reason why basalt fibers can improve the basic properties of asphalt binder is that basalt fibers
are evenly dispersed in the asphalt binder by mixing to form a network structure each other, which plays an
important role in reinforcing the asphalt binder. Basalt fibers have excellent tensile properties, which can
increase the crack resistance and high-temperature stability of basalt fiber modified asphalt binder, thus showing
a decrease in penetration and an increase in softening point. Of course, the addition of basalt fibers will affect the
cohesion between matrix asphalt, so that the complete asphalt is interspersed with fibers, thereby reducing the
viscosity of asphalt itself, leading to premature fracture of the binder during the ductility test.

Low-temperature rheological property of binder

Two key indicators can be obtained through the BBR test: the flexural creep stiffness modulus S and the creep
curve slope m (the curve slope of the stiffness modulus against the load time) to evaluate the low-temperature
cracking resistance of asphalt binders. The S characterizes the flexibility of asphalt binder. The smaller S value,
the better the flexibility of asphalt binder and the greater the allowable deformation, which indicates the better
low-temperature cracking resistance. The m represents the relaxation performance of asphalt binder. The larger
m value, the faster stress release speed, the stronger relaxation ability, and the better low-temperature cracking
resistance. The low-temperature performance test results of basalt fiber modified asphalt binder are shown in
Fig. 10d.e.

It can be seen in Fig. 10d that under the same temperature condition, the S of basalt fibers asphalt binder
shows a trend of first decreasing and then increasing with the increase of basalt fibers content. When the fibers
content is 0.9%, the creep stiffness of the asphalt binder is the lowest, indicating that the flexibility of asphalt
binder is more evident at this time, and the maximum allowable deformation is larger. This phenomenon
shows that the dispersion and uniformity of basalt fibers in asphalt binder are the best at this time, and the
reinforcement effect is more significant. Under the same content condition, with the decrease in temperature,
the influence of basalt fibers on the stiffness modulus of asphalt binder is more obvious. The lower temperature,
the harder and more brittle basalt fiber modified asphalt binder, the higher stiffness modulus and the worse low-
temperature crack resistance.

According to Fig. 10e, under the same temperature condition, with the increase of basalt fibers content, the
m of asphalt binder shows a trend of first increasing and then decreasing. When the basalt fibers content is about
0.9%, the creep rate of asphalt binder is the largest. At -18 °C, the m value of asphalt binder is 0.366. If the basalt
fibers content continues to increase, the creep rate of asphalt binder will decrease, which is unfavorable to the
low-temperature crack resistance. However, under the the same basalt fibers content, the creep rate of asphalt
binder at different temperatures is smaller than the stiffness modulus. In conclusion, specific content of basalt
fibers can appropriately improve the creep rate of asphalt binder, enhance stress relaxation capacity, and reduce
the risk of asphalt binder cracking. However, too much basalt fibers may lead to fibers agglomeration and other
phenomena, forming a weak interface in asphalt binder and instead reducing the stress relaxation capacity of
the asphalt binder.

In general, the improvement of creep rate of asphalt binder after the addition of basalt fibers is small, and the
increase of the stiffness modulus is large. When fibers content is lower than 0.3%, the positive promoting effect
is weaker. As the temperature decreases, the improvement of low-temperature crack resistance of asphalt binder
by basalt fibers becomes much weaker. To some extent, it also reflects that the BBR test is not very objective in
evaluating the low-temperature performance of modified asphalt?.

Tensile performance of BRMAM in low-temperature

The low-temperature splitting tensile test can analyze the resist crack ability of asphalt mixtures under low-
temperature conditions. When the internal stress exceeds the ultimate tensile strength of material itself, cracks
will occur?. Figure 11a shows the change in splitting tensile strength of BRMAM samples after 1, 5, 10, 15, 20
and 30 freeze-thaw cycles under different basalt fibers content. By comparing the freeze-thaw splitting tensile
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Fig. 10. Effect of basalt fibers content on the properties of asphalt binder. (a) Penetration; (b) Softening point;
(c) Ductility; (d) Creep stiftness S; (e) Creep rate m.

strength of asphalt mixtures under different freeze-thaw cycles, it can be found that the splitting tensile strength
of BRMAM with each content decreases gradually with the increase of freeze-thaw cycles. Taking basalt fibers
content of 0.4% as an example, after 30 freeze-thaw cycles, the splitting tensile strength of BRMAM decreases
from 4.11 MPa to 1.80 MPa. By comparing the effect of different fibers content on the splitting tensile strength of
BRMAMV, it can be found that the splitting tensile strength of BRMAM under each fibers content decreases with
the increase of freeze-thaw cycles. However, with the progress of freeze-thaw cycles, their order of magnitude is
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Fig. 11. Splitting tensile test results of BRMAM with different content. (a) Splitting tensile strength; (b) TSR;
(c) Change rate of splitting tensile strength of BRMAM.

not consistent. Interestingly, the splitting tensile strength curves of three groups of BRMAM intersect, including
asphalt mixtures with 0.3% and 0.4% basalt fibers, 0.2% and 0.5% basalt fibers, and no fibers and 0.1% basalt
fibers, respectively.

Figure 11b shows the TSR changes of BRMAM specimens after 1, 5, 10, 15, 20 and 30 freeze-thaw cycles
under different basalt fibers content. With the increase of freeze-thaw cycle numbers, the TSR of the BRMAM
with each content gradually decreases. When the fibers content is 0.3%, the TSR of asphalt mixtures are 95.1%,
88.6%, 79.6%, 64%, 52.4% and 47.6%, respectively. Compared with the control group, the addition of basalt
fibers can effectively improve the TSR of BRMAM, especially when the fibers content is 0.2-0.3%. After 30
freeze-thaw cycles, the TSR of the BRMAM with 0.3% fibers content was 6.7% higher than that of the control
group. Continuous increase of fibers content will not bring a positive effect on the TSR. Because too many
fibers cannot be evenly dispersed in the asphalt mixtures, it is easy to agglomerate and reduce the bond strength
between asphalt and aggregates, resulting in structural defects inside the asphalt mixtures specimen?. Although
the effect of fibers content on the TSR will change with the number of freeze-thaw cycles, when freeze-thaw
cycles 20 times, the TSR of BRMAM under each fibers content is about 51%.

Figure 11c illustrates the change rate of the splitting tensile strength of BRMAM. It can be found that as the
number of freeze-thaw cycles increases, the splitting tensile strength reduction rate of asphalt mixtures goes
through two processes of increasing and decreasing. This is because when the asphalt mixtures are immersed
in water, there will be a small amount of water into the mixtures through the cracks and voids. This moisture
will produce dynamic water pressure and slowly penetrate the interface between the asphalt and aggregates,
thereby reducing the adhesion between the two. When the temperature is reduced, the water molecules inside
the mixtures are transformed from liquid to solid, which is manifested as crystallization and volume expansion,
resulting in the internal structure of the mixtures becoming loose, the tensile capacity is reduced, and the
maximum tensile stress can be borne is reduced. At the end of each freeze-thaw cycles, the internal water content
of the mixtures increases accordingly, which reduces its strength?’. Since the mixtures can only partially thaw at
low-temperature for a short time after freezing for a long time, the mixtures are always in the process of repeated
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freeze-thaw, so the reduction rate of its strength is not an obvious linear trend. When the splitting test is carried
out, its failure mostly occurs in the initial dense void of the specimen, where water is easy to enter the specimen.

Deformability performance of BRMAM in low-temperature
As the environment temperature drops, the pavement will shrink and the internal stress will increase. If this
shrinkage occurs fast enough, tensile stress can build up in the asphalt mixtures and may cause cracking®. The
low-temperature bending test results of BRMAM are shown in Fig. 12. Figure 12a presents that the flexural
tensile strength of asphalt concrete is significantly enhanced after the incorporation of basalt fibers. Before
freeze-thaw cycles, the flexural tensile strength of asphalt concrete without basalt fibers is only 8.03 MPa. In
contrast, with the addition of 0.2% basalt fibers, the flexural strength of asphalt concrete specimen increases
to 8.64 MPa, with an increase of 7.6%. With the increase of freeze-thaw cycles, the flexural tensile strength of
asphalt mixtures with each fibers content continues to decrease, and the reduction trend gradually slows down.
This is mainly because the mixtures under the repeated action of frost heave and osmotic pressure, the asphalt
binder and aggregates phase around its internal void separation, resulting in the overall bending and tensile
strength of mixtures reduced. In the early stage of freeze-thaw, the mixtures inside voids play a dominant role,
and provide space for the subsequent freezing heave action caused by the transformation of water to ice, so
the freeze-thaw damage rate slows down in the later freeze-thaw stage. With basalt fibers content increasing,
the flexural tensile strength of asphalt mixtures generally increases first and then decreases. When basalt fibers
content is low, the fibers can be more evenly dispersed in the asphalt mixtures. Under vertical loads, basalt fibers
by their high tensile strength, bear part of tensile stress and delay the cracking of mixtures. However, when the
basalt fibers content is too large, the fibers are difficult to uniformly disperse after mixing, and even the problem
of fibers clumping will occur, reducing the adhesion force of asphalt and aggregates®.

As shown in Fig. 12b, the maximum flexural tensile strain of asphalt mixtures at each fibers content decreases
with the increase of freeze-thaw cycles, and the rate decreases gradually. Because repeated freeze-thaw cycles
will reduce the adhesion force of asphalt and aggregates, resulting in the asphalt producing tensile deformation
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Fig. 12. Low-temperature bending test results of BRMAM with different contents. (a) Flexural tensile strength;
(b) Maximum flexural tensile strain. (¢) Flexural stiffness modulus of BRMAM with different contents.
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peeling off from the aggregates surface, generating adhesive failure. The maximum flexural strain of asphalt
mixtures without fibers was 2925ue before freeze-thaw cycles and decreased to 1150pe after 30 freeze-thaw
cycles. However, the maximum flexural strain of asphalt mixtures can be increased to a certain extent after fibers
are added. When the content of basalt fibers is 0.3-0.4%, the maximum flexural strain of asphalt mixtures is the
largest. After 30 freeze-thaw cycles, the maximum flexural strain of the BRMAM with 0.3% fibers is 1479,
which is 1.28 times that of the control group. Compared with the flexural tensile strength, the maximum flexural
strain of the BRMAM decreases more rapidly with the increase of freeze-thaw cycles. This means that BRMAM
is accompanied by large deformation when bending and tensile failure, reflecting that basalt fibers can well
extend the fracture path of asphalt mixtures and inhibit cracks development®. Although basalt fibers have
a low breaking elongation, they can overlap each other in the asphalt mixture to form a three-dimensional
spatial structure, which helps to reduce the internal stress of asphalt material and enables it to withstand greater
deformation’!.

After freeze-thaw cycles, the flexural stiffness modulus of BRMAM with different fibers content is shown in
Fig. 12¢. In a complete freeze-thaw cycle, the asphalt mixtures will become hard and brittle after a long period of
freezing and unable to thaw at a short period of low-temperature?*32, Therefore, the flexural stiffness modulus
of BRMAM at each fibers content is also increasing. Interestingly, after adding basalt fibers, the flexural stiffness
modulus of various asphalt mixtures decreased to varying degrees. This is due to the high oil adsorption of basalt
fibers, which can stabilize part of free asphalt, so that it provides more lubrication to the mixtures, softening the

asphalt mixtures®.

Cracking resistance performance of BRMAM in low-temperature

The fracture energy and fracture toughness of BRMAM after freeze-thaw cycles can be calculated by Egs. (6)
and (7). The SCB test results of BRMAM with different fibers contents are shown in Fig. 13. Figure 13a shows
that the fracture energy of each sample of BRMAM decreases after freeze-thaw cycles, especially for the first
freeze-thaw cycles. After the first freeze-thaw cycles, the fracture energy of the BRMAM sample with 4% fibers
content decreases the most, up to 49.4%. With the increase of freeze-thaw cycles, the fracture energy reduction
rate of asphalt mixtures decreases gradually. This means that the freeze-thaw cycles reduce the crack resistance
of asphalt mixtures at low-temperature, and the greater freeze-thaw cycles number, the more prone to crack
disease.

By analyzing the reasons, it can be seen that the greater freeze-thaw cycles number, the greater interior
damage of asphalt mixtures caused by the frost heave force generated by the phase transformation, and the more
the internal microscopic cracks*%. The increase of microscopic cracks induces the asphalt concrete failure with
destructive macroscopic cracks under vertical loads. The fracture energy of asphalt concrete increases obviously
when the fibers are added. This is because the addition of fibers strengthens the asphalt concrete, so the asphalt
concrete needs to consume more energy from the initial crack to develop into crack failure, and it is less likely to
crack. Before freeze-thaw cycles, the fracture energy of the BRMAM with 0.4% basalt fibers is as high as 4.12k]/
m?, which is 97.1% higher than that of the control group. After several freeze-thaw cycles, the difference of
fracture energy of the BRMAM with different fibers content is minimal compared with that before freeze-thaw
cycles. This indicates that freeze-thaw cycles can weaken the difference in fracture energy of BRMAM caused by
different fibers content. The fracture energy of asphalt concrete with different fibers content varies greatly in the
early and late stages of freeze-thaw cycles, and the difference is slight in the middle stage. After 30 freeze-thaw
cycles, the maximum fracture energy of asphalt concrete with 0.4% fibers content is 0.47k]/m?, which is 1.67
times that of the control group.

The fracture toughness of the BRMAM with different fibers contents is shown in Fig. 13b,c. Figure 13b shows
that the fracture toughness of different BRMAM fluctuated greatly with the increase of freeze-thaw cycles.
According to the Eq. (6), only the critical load value is different in the calculation of fracture toughness of
different asphalt concrete samples, and the comprehensive performance of the sample in the whole fracture
process is not considered, which induces the relationship between fracture toughness and freeze-thaw cycles to
fluctuate obviously. Therefore, the relationship between them is fitted by the primary function, and the results are
shown in Fig. 13c. As can be seen from the figure, with the progress of freeze-thaw cycles, the fracture toughness
of asphalt concrete shows a gradual decline in general. This is caused by the decrease of adhesion between
asphalt binder and aggregates interface due to freeze-thaw damage, and the decrease of cohesion in some asphalt
binder®. In terms of curve slope, asphalt concrete without fibers has the most minor curve slope of -0.0181.
However, the asphalt concrete mixed with 0.3% fibers has the highest curve slope of 0.0067. This phenomenon
indicates that the addition of basalt fibers can effectively improve the fracture toughness reduction rate of asphalt
concrete and help to delay the occurrence of fracture failure at low-temperature. Interestingly, when the fibers
content is 0.2-0.3%, the fracture toughness of asphalt concrete does not decrease significantly. The possible
reason is that freeze-thaw cycles make asphalt concrete hard and brittle. Although the specimens gradually
lose their viscous properties, the maximum load they can withstand under the load action does not decrease
significantly, so the fracture toughness calculated by Eq. (6) does not change significantly. This phenomenon
indicates that it is not proper to analyze the low-temperature performance of asphalt concrete only by using the
fracture toughness.

Research shows that the cracking resistant index (CRI) proposed by Kaseer?® is more objective and has low
variability when used to evaluate the low-temperature cracking resistance of asphalt concrete®. The CRI value of
each asphalt concrete calculated from Eq. (7) is shown in Fig. 13d. It is obvious that the CRI of asphalt concrete
at each fibers content gradually decreases with the increase of freeze-thaw cycles. This phenomenon indicates
that the flexibility of asphalt concrete is weakened and the brittleness is enhanced after freeze-thaw cycles. This
is consistent with the previous results. Before the freeze-thaw cycles started, the CRI of asphalt concrete without
fibers was the lowest at 0.47 m™!. However, the asphalt concrete with 0.4% basalt fibers had the highest CRI of
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Fig. 13. SCB test results of BRMAM with different fibers contents. (a) Fracture energy; (b) Fracture toughness.
(c) Fitting curve of fracture toughness. (d) CRI of BRMAM with different fibers contents.

1.03 m™!, which was 2.19 times higher than that of the control group. After 30 freeze-thaw cycles, the CRI of
asphalt concrete mixed with 0.2% basalt fibers was lower than that of the control group, while the CRI of other
asphalt concrete was higher than that of the control group. This indicates that the addition of fibers effectively
improves the low-temperature cracking resistance of asphalt concrete and makes its flexible characteristics more
obvious. Of course, it can also be found that the CRI of asphalt concrete is more consistent with the trend of
fracture energy changes with the increase of freeze-thaw cycles.

Correlation analysis of low-temperature performance parameters of BRMAM

After summarizing the test results of the different parameters above, Pearson correlation analysis was carried
out on the low-temperature performance indicators of the BRMAM. The analysis results are shown in Fig. 14. It
can be found that the fracture toughness and other indicators are weakly correlated (-0.5-0.5). The correlation
between TSR and maximum flexural tensile strain, flexural tensile strength and flexural tensile stiffness modulus
is higher than 0.95. It can be seen that the results of low-temperature splitting test and three-point bending test
of the BRMAM are in good agreement. However, due to the attention paid to the energy consumption in the
whole deformation process, the correlation of fracture energy, cracking resistance index and other indexes is low,
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all lower than 0.95. Therefore, it is suggested that the low-temperature performance of BRMAM be evaluated by
combining the semi-circular bending test with other tests.

The schematic view of the synergistic mechanism of basalt fiber-rubber powder in asphalt mixtures is
presented in Fig. 15. The basalt fiber and rubber powder are evenly dispersed in the asphalt mixtures. Because
of its high molecular weight and flexible molecular chain, the rubber powder dispersed in asphalt enhances
the elasticity of asphalt binder. When cracks begin to expand between the aggregates, the chain segments of
the rubber powder and the basalt fibers firmly pull on the asphalt binder to reduce its deformation. When the
basalt fiber tends to slip, the adhesive rubber powder particles on the fiber surface increase its surface roughness,
making it more difficult to slip. Generally speaking, rubber powder particles play a major role in inhibiting
the growth of minor cracks, while basalt fibers play a major role in inhibiting the growth of larger cracks. The
cooperation of basalt fiber and rubber powder particles improves the low-temperature performance of asphalt
mixtures.

Conclusions

In this paper, the optimal content of basalt fiber in rubber powder modified asphalt binder was evaluated by the
basic properties test and BBR test. Furthermore, utilizing the low-temperature splitting tensile test, three-point
bending test and SCB test, the low-temperature deterioration pattern and freeze-thaw damage mechanisms
of BRMAM under freeze-thaw cycles were deeply analyzed. The findings of this research provided technical
insights for the design and application of basalt fiber-rubber powder modified asphalt concrete pavement in cold
regions with large temperature differences. The principal research conclusions were outlined as follows.

1. When the fibers content is below 1.2%, the incorporation of basalt fibers will markedly reduce the pene-
tration and ductility of asphalt binder, and increase the softening point of asphalt binder. The uniformly

Scientific Reports |

(2024) 14:30580

| https://doi.org/10.1038/s41598-024-82475-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Aggregate

Basalt ﬁber/'

/

Crack path

Fig. 15. Schematic view of the synergistic mechanism of basalt fiber-rubber powder in asphalt mixtures.

dispersed basalt fibers form a network structure in the asphalt material, which plays a role in reinforcing the
asphalt material.

. The splitting tensile strength and TSR of BRMAM exhibited a notable decline with the progress of freeze-

thaw cycles. The decrease rate has gone through two processes increase and decrease. In the fiber content
range of 0.1-0.5%, basalt fibers can substantially enhance the resistance of asphalt concrete to indirect tensile
failure at low-temperature.

. Because basalt fibers form a three-dimensional network structure within asphalt mixtures, the low-temper-

ature bending test shows that even 0.1% basalt fibers have a good improvement on the possibility of bending
and tensile failure of asphalt concrete at low-temperature. With the progress of freeze-thaw cycles, the in-
fluence of frost heave force on the low-temperature crack resistance of BRMAM gradually diminished. The
incorporation of excessive basalt fibers may lead to contrary effects, which is an essential consideration for
engineers.

. Based on the SCB test, when the fibers content exceeds 0.2%, basalt fibers can significantly increase the ener-

gy consumption of asphalt concrete during the crack propagation process until complete failure. At the same
time, the flexibility of asphalt concrete is enhanced and the brittleness is reduced.
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5.

The correlation between TSR and maximum flexural tensile strain, flexural tensile strength and flexural
tensile stiffness modulus of BRMAM is very high, while the correlation between fracture energy, crack re-
sistance index and other indicators is not very high. It is suggested that the low-temperature performance of
BRMAM be evaluated by combining the semi-circular bending test and other tests.

This paper does not discuss the influence of rubber powder parameters, such as type and dosage, on the low-
temperature performance of asphalt mixtures. In the future, we will combine advanced technology such as
computed tomography to analyze further the collaborative improvement mechanism of rubber powder-basalt
fibers parameters on the low-temperature performance of asphalt mixtures.

Data availability
The table data used to support the findings of this study are included within the article. The image data used to
support the findings of this study are available from the corresponding author upon request.
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