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Asphalt mixture stands as one of the extensively utilized materials within the 
realm of road engineering. Fibers have the remarkable ability to substantially 
enhance the road performance of asphalt mixtures. The influence of fibers 
on the physical and mechanical properties of asphalt mixtures, along with the 
microscopic strengthening mechanism, has drawn the attention of numerous 
scholars. In this research, the basalt fiber reinforced asphalt mixture (BFRAM) 
was selected as the subject of study. A series of material tests on the BFRAM 
were conducted to investigate the impact of basalt fibers on the physical and 
mechanical properties of the asphalt mixture, including bulk density, stability, 
flow value, and compressive strength. Based on the discrete element method, 
the entire process of crack formation, development, and failure of the asphalt 
mixture under uniaxial compression was simulated. This simulation served to 
uncover the microscopic strengthening mechanism of the BFRAM. The results 
indicated that as the fiber content increased, the bulk density and voids filled with 
asphalt with 6 mm and 9 mm fiber content first decreased, then increased, and 
finally decreased again. For 12 mm fiber content, the bulk density and voids filled 
with asphalt first increased and then decreased. Conversely, the void content 
of asphalt mixture and the asphalt-aggregate ratio showed an opposite trend, 
while Marshall stability consistently increased. The compressive strength of the 
asphalt mixture initially rises and then falls. When the fiber content reached 
0.3%, the stability and compressive strength of the asphalt mixture increased 
by 23.6% and 43.3% respectively, in comparison to the asphalt mixture without 
fiber. From the perspective of microscopic mechanism analysis, the adhesion 
between asphalt aggregates was significantly strengthened after the addition 
of fibers. When the fiber content was less than 0.3%, the number of cracks, 
crack width, and damage degree of the asphalt mixture were notably improved. 
However, when the fiber content exceeded 0.3%, fiber agglomeration occurred. 
This phenomenon reduced the number of contacts within the mixtures, leading 
to a decrease in the compressive strength of the BFRAM.
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1 Introduction

As a crucial material for airport pavements, asphalt mixture 
boasts advantages such as low take-off and landing noise, 
convenient maintenance, and recyclability. With the rapid 
economic development in China, the traffic volume on airport 
pavements has been continuously increasing, posing extremely 
severe challenges to the pavement performance of airport 
asphalt mixture pavements. To reduce the early damage of 
asphalt pavements, adding fibers to the asphalt mixture has 
emerged as an effective way to enhance its performance (Wang 
et al., 2019). From asbestos fibers to lignin fibers, and now 
commonly used polymer fibers, glass fibers, and basalt fibers 
(Taherkhani and Afroozi, 2017; Hosseinian et al., 2020; Yang et al., 
2024). Among them, basalt fiber is an emerging material with 
excellent properties and low cost, which can improve the 
high-temperature and low-temperature performance as well 
as water stability of asphalt mixtures and prevent reflective 
cracking. In recent years, the application of basalt fiber in asphalt 
mixtures and the related research on pavement performance have 
gradually become a popular research direction in the field of
asphalt pavements.

In recent years, scholars had found that different types 
and contents of fibers have significantly different effects on 
the performance improvement of asphalt mixtures. Zhao et al. 
(2020) evaluated the road performance of asphalt mixtures 
containing varying amounts of basalt fibers. The results indicated 
that when the incorporation ratio of basalt fibers was 0.3%, 

the asphalt mixture exhibited the optimal road performance. 
Alfalah et al. (2021) investigated the influences of fiber type, fiber 
content, and binder content on the volumetric characteristics 
and laboratory performance of asphalt mixtures. The results 
showed that without additional asphalt, the crack resistance of 
the asphalt mixture containing 0.3% carbon fibers was enhanced. 
Li et al. (2023) conducted high temperature stability tests, 
cracking resistance tests, water stability tests, and dynamic 
modulus tests to explore the improvement effect of basalt fiber 
on asphalt mixture. Yan et al. (2025) discussed the reinforcement 
of concrete structures, asphalt pavements, and chopped basalt 
fiber-reinforced cementitious composites using basalt fiber-
reinforced polymer (BFRP) plates, BFRP rebars, or grids. 
Compared to non-reinforced structures, the load-bearing capacity 
of the reinforced structures was found to increase by up to 
60%. Concrete structures reinforced with BFRP could achieve 
a service life of at least 50 years under harsh environmental 
conditions—significantly longer than that of conventional 
reinforced concrete structures. Moreover, the use of basalt fibers 
was shown to improve the fatigue crack resistance of asphalt
by up to 600%.

In addition, fiber length also had a significant impact on the 
performance of asphalt mixtures. Jiao et al. (2020) evaluated the 
enhancement effect of basalt and steel fiber on the fracture resistance 
of asphalt mixture using low temperature indirect tensile test. The 
results revealed that the asphalt mixture with 12 mm basalt fiber 
had good ductility in the final failure stage. Xie and Wang (2023) 
utilized basalt fibers of three lengths (3, 6, and 9 mm) and four 

TABLE 1  Performance indexes of asphalt.

Performance index Unit Test result Technical requirement

Density (15 °C) g/cm3 1.029 Actual measurement

Penetration index −0.83 −1.5∼+1.0

Softening point °C 46 ≥44

Dynamic viscosity (60 °C) Pa·S 150 ≥140

Wax content % 1.8 ≤2.2

Flash point °C 287 ≥245

Solubility % 99.97 ≥99.5

TABLE 2  Performance indexes of basalt fiber.

Performance index Unit Test result Technical requirement

Tensile strength MPa 2,100 ≥2000

Tensile modulus of elasticity GPa 88 ≥85

Fiber diameter μm 17.4 17.4

Fusing point °C 1,450 1,450

Fiber density g/cm3 2.699 2.699
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TABLE 3  Performance indexes of coarse aggregate.

Performance index Unit Test result Technical requirement

Aggregate crushing value % 16.4 ≤26

Aggregate Los Angeles wear loss % 11.5 ≤28

Apparent relative density g/cm3 2.815 ≥2.5

Solidity % 4.1 ≤12

Soft stone content % 1.8 ≤5

TABLE 4  Performance indexes of fine aggregate.

Technical requirement Unit Test result Technical requirement

Apparent relative density g/cm3 2.704 ≥2.5

Solidity % 5.6 ≤12

Sand equivalent % 71 ≥60

TABLE 5  Performance indexes of mineral powder.

Technical requirement Unit Test result Technical requirement

Apparent relative density g/cm3 2.865 ≥2.5

Water content % 0.45 ≤1

FIGURE 1
AC-13 asphalt mixture grading curve.

proportions (0%, 3%, 6%, and 9% of the asphalt mass). Dynamic 
shear and bending beam rheometer tests were conducted to evaluate 
their rheological properties. The experimental results demonstrated 
that basalt fibers enhanced the stiffness, rutting resistance, and 

cracking potential of asphalt binders, while reducing the fatigue 
performance of asphalt binders. Ashith et al. (2023) investigated 
the effect of fiber length on the mechanical performance of asphalt 
mixture with 3 mm, 6 mm, and 24 mm carbon fiber. The results of 
indirect tension cracking test indicated that the 6 mm carbon fiber 
presented the most improvement in mechanical performance of the 
mixture. Aboutalebi and Namavar (2018) evaluated the effects of 
various para-fiber lengths on the mechanical properties of hot mix 
asphalt (HMA) through tests including Marshall stability, indirect 
tensile strength, and resilient modulus. In this study, 0.5% of fibers 
with lengths of 3, 6, 9, 12, 15, and 18 mm were incorporated 
into HMA specimens, which were subsequently subjected to 
the aforementioned mechanical tests. The results demonstrated 
that the addition of fibers significantly enhanced the mechanical 
performance of the asphalt mixtures. Furthermore, it was observed 
that as fiber length increased, a higher fiber content may be required 
to ensure an adequate presence of fibers within the mixture to 
effectively inhibit crack initiation and propagation. Laib et al. 
(2025) utilized brick waste powder (BWP) as an alternative to 
conventional limestone powder (LS) filler, and simultaneously 
incorporated three different lengths of polyester fiber (PF)—3 mm, 
8 mm, and 15 mm—into the mix. The experimental design and 
analysis of variance (ANOVA) were carried out using the Response 
Surface Methodology (RSM) to evaluate the influence of BWP and 
PF on the performance characteristics of asphalt concrete (AC) 
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TABLE 6  Test conditions of Marshall test.

Fiber length (mm) Fiber content (%) Asphalt mixture oil-to-stone ratio 
(%)

0 0.0 3.5 4.0 4.5 5.0 5.5

6 0.2 3.5 4.0 4.5 5.0 5.5

6 0.3 3.5 4.0 4.5 5.0 5.5

6 0.4 3.5 4.0 4.5 5.0 5.5

6 0.5 3.5 4.0 4.5 5.0 5.5

9 0.2 3.5 4.0 4.5 5.0 5.5

9 0.3 3.5 4.0 4.5 5.0 5.5

9 0.4 3.5 4.0 4.5 5.0 5.5

9 0.5 3.5 4.0 4.5 5.0 5.5

12 0.2 3.5 4.0 4.5 5.0 5.5

12 0.3 3.5 4.0 4.5 5.0 5.5

12 0.4 3.5 4.0 4.5 5.0 5.5

12 0.5 3.5 4.0 4.5 5.0 5.5

mixtures. The results indicated that the combined use of PF and 
BWP significantly enhanced the moisture resistance and mechanical 
properties of the AC mixtures, thereby achieving superior overall 
performance. Ultimately, a PF length of 5 mm in combination 
with BWP was identified as the optimal configuration to achieve
the best AC performance.

In addition to macroscopic research methods, numerical 
simulation can also be used to further explore the mechanical 
properties of basalt fiber-reinforced asphalt mixtures from a 
microscopic perspective. Zhang et al. (2023) conducted X-
ray computed tomography and discrete element simulations 
to obtain the morphological parameters of BFRAM related 
to fiber length distribution. Dan et al. (2018) investigated 
the cracking mechanism of asphalt mixtures by establishing a 
three-dimensional discrete element model. The research results 
indicated that cracks initially appeared near the loading rod. 
Cheng et al. (2022) utilized ABAQUS to construct three-
dimensional fiber reinforced asphalt mixture beam models 
with diverse distribution patterns. The simulation outcomes 
demonstrated that the addition of fibers enhanced the tensile 
performance of the asphalt mixture beam model. Stukhlyak et al. 
(2015) investigated the shock fracture mechanisms of epoxy 
composite materials from different structural scales. The findings 
demonstrated that pronounced heterogeneity in epoxy composites 
across structural scales governed their physical and mechanical
properties.

To enhance the road performance of asphalt mixtures, a 
series of material performance tests were conducted, including 
the BFRAM test, Marshall test, and uniaxial compression test. 

These tests demonstrated the influence of the content and 
length of basalt fibers on the physical and mechanical properties 
of asphalt mixtures, such as bulk density, asphalt-aggregate 
ratio, stability, and compressive strength. Based on the test 
results, a discrete element model of the BFRAM was constructed 
using the Particle Flow Code (PFC) software. This model was 
employed to investigate the entire stress-strain process and 
the microscopic mechanism of the fiber asphalt mixture under 
axial pressure. The influence mechanism of basalt fibers on the 
deformation mechanical behavior of the reinforced mixture was 
comprehensively analyzed from both macroscopic and microscopic
perspectives. 

2 Materials and methods

2.1 Properties of raw materials

The asphalt of grade 70A was used in the tests, which was 
produced by Huate Company in China. Table 1 showed performance 
indexes of the asphalt. It could be concluded from Table 1 
that the properties of asphalt satisfied the requirements of
the test.

Compared with other fiber materials, basalt fiber had the 
advantages of high strength, better heat resistance and corrosion 
resistance, which could improve the mechanical properties of 
asphalt mixture. In this study, the basalt fiber of length of 6 mm, 
9 mm and 12 mm were adopted, and the performance indexes were 
illustrated in Table 2.
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FIGURE 2
The variation of the physical properties of asphalt mixtures: (A) Bulk density; (B) VV; (C) VFA; (D) VMA.

In the asphalt mixture, the aggregate with particle size greater 
than 2.36 mm was defined as the coarse aggregate, and that 
with particle size less than 2.36 mm was the fine aggregate. 
In this study, both coarse aggregate and fine aggregate were 
limestone, and the properties of the aggregate were demonstrated in
Table 3 and 4.

The filler adopted in the test was mineral powder of 
class S105 that was obtained from grinding limestone. The 
technical requirements and test results were illustrated in
Table 5. 

2.2 Aggregate grading

According to the specifications (Civil Aviation Administration
 of China, 2017), asphalt mixture of type AC-13 was selected as 
the research object. The aggregate grading limits of AC-13 asphalt 
mixture and the designed grading were demonstrated in Figure 1. 
The curves of three colors could be seen from the figure, where 
the black curve was the upper limit of the aggregate grading of the 
mixture, the red curve was the lower limit, and the blue curve was 
the grading designed in this paper. 

2.3 The optimum oil-to-stone ratio for 
asphalt mixture

Ascertaining the optimal oil-to-stone ratio for asphalt mixtures 
was a crucial step in the mixture design process. The Marshall 
test approach was employed to gauge the stability, flow value, 
and density of the specimens. Subsequently, the air void content 
(VV), voids filled with asphalt (VFA), and voids in mineral 
aggregate (VMA) of the mixture were computed to identify 
the optimal oil-to-stone ratio of asphalt mixtures with varying
fiber contents.

The Marshall specimen took the form of a cylinder, featuring 
a diameter of 101.6 mm and a height of 63.5 mm. The density 
of the specimen was determined using the net-basket method. 
The specimen was immersed in a constant-temperature water tank 
maintained at 60 °C for 30 min. After removing the surface water, it 
was promptly placed on the Marshall stability test equipment. The 
sample was subjected to a uniform load at a rate of 50 mm/min until 
the specimen failed, and the stability and flow value were recorded 
by the equipment. In the Marshall test, 3 fiber lengths, 5 oil-to-
stone ratios, and 5 fiber contents were taken into account. This 
resulted in a total of 75 test conditions. Each test condition involved 
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FIGURE 3
Marshall stability of the asphalt mixture.

FIGURE 4
Flow value of the asphalt mixture.

4 specimens for repeated testing. The specific test conditions were 
presented in Table 6.

2.4 Mechanical properties test of asphalt 
mixture

Uniaxial compression tests were carried out on asphalt mixtures 
to investigate the influence rules of the length and content of basalt 
fiber on the mechanical properties of asphalt mixtures. In the test, 
the cylindrical specimen (100 mm in diameter × 100 mm in height) 
was prepared by the compaction method. Testing was conducted 
at 20 °C under displacement-controlled axial loading at a rate of 
2 mm/min until significant failure occurred.

The experiments were performed using the controlled-variable 
method. The oil-to-stone ratio of the asphalt mixture was selected 

as the optimal ratio in the absence of basalt fiber. The basalt 
fiber content was set at 0%, 0.2%, 0.3%, 0.4% and 0.5%, and the 
fiber lengths were 6 mm, 9 mm and 12 mm, resulting in a total of 
13 test conditions. For each test condition, 4 parallel specimens 
were employed. 

3 Test results and analysis

3.1 Influence of basalt fiber on the physical 
properties of asphalt mixture

Figure 2 depicted the variations of bulk density, VV, VFA, 
and VMA in relation to the fiber content. Specifically, Figure 2A 
illustrated the variation of the bulk density of BFRAM as a function 
of fiber content. As could be observed from Figure 2A, when the 
fiber length was 12 mm, the bulk density of the asphalt mixture 
initially increased and subsequently decreased with the increasing 
fiber content. In contrast, when the fiber lengths were 6 mm and 
9 mm, the bulk density of the asphalt mixture first decreased, then 
increased, and finally decreased again as the fiber content increased. 
Moreover, a maximum density was identified in these cases. When 
the fiber length was 12 mm, the maximum bulk density was achieved 
at a fiber content of 0.2%, and that was attained at a fiber content of 
0.3% for fiber length of 6 mm and 9 mm.

Figure 2B illustrated the variation in the VV of BFRAM as a 
function of fiber content. As could be observed from Figure 2B, for 
fiber length of 12 mm, the VV initially decreased and subsequently 
increased with the increasing fiber content. In the cases where the 
fiber lengths were 6 mm and 9 mm, the VV first increased, then 
decreased, and finally increased again. Specifically, the maximum 
increase percentages of the VV for the 6 mm and 9 mm BFRAM 
were 27.3% and 31.8%, respectively. In comparison to the non-fiber 
asphalt mixture, the maximum increase percentage of the VV for 
the 12 mm BFRAM was 4.5%, indicating nearly negligible change. It 
was evident from Figure 2B that as the fiber content rose, the VV of 
the BFRAM increased. Consequently, this increase in VV lead to a 
reduction in the bulk density of the mixture.

Figure 2C showed the variation pattern of the VFA in 
relation to the fiber content within the BFRAM. As could be 
observed from Figure 2C, when the fiber length was set at 12 mm, 
the VFA of the asphalt mixture initially exhibited an upward trend 
and subsequently declined with increasing fiber content. When 
the fiber lengths were 6 mm and 9 mm, the VFA of the asphalt 
mixture first decreased, then increased, and finally decreased again. 
Moreover, the VFA values of the mixtures with fiber lengths of 
6 mm and 9 mm were 4.8% and 5.9% lower, respectively, compared 
to the mixture without fiber. With the increment of fiber content, the 
basalt fibers adsorbed a greater amount of asphalt. This adsorption 
phenomenon led to a reduction in the asphalt distribution within 
the mixture, consequently resulting in a decrease in the VFA.

Figure 2D illustrated the VMA changing with fiber content. 
As could be observed from Figure 2D, when the fiber length was 
12 mm, with the increase in fiber content, the VMA of the asphalt 
mixture initially decreased and subsequently increased. When the 
fiber lengths were 6 mm and 9 mm, the VMA of the asphalt mixture 
first increased, then decreased, and finally increased again. When 
the fiber content was 0.5%, compared to the asphalt mixture without 
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FIGURE 5
Specimen in uniaxial compression test: (A) Before test; (B) Typical failure mode.

TABLE 7  Uniaxial compressive strength of specimens.

Fiber length 
(mm)

Fiber content (%) Ultimate compressive strength Average of 
ultimate 

compressive 
strength (MP)

Specimen 1 Specimen 2 Specimen 3 Specimen 4

0 0.0 3.31 3.78 3.65 3.97 3.80

6 0.2 4.18 4.35 4.32 4.51 4.34

6 0.3 4.73 4.56 4.54 4.37 4.55

6 0.4 4.94 4.88 4.94 5.24 4.91

6 0.5 5.27 5.48 5.71 5.71 5.63

9 0.2 4.06 4.22 4.01 4.05 4.04

9 0.3 4.29 4.35 4.29 3.99 4.24

9 0.4 4.4 4.67 4.27 4.38 4.35

9 0.5 4.64 4.72 4.64 4.70 4.68

12 0.2 3.88 3.88 4.13 3.81 3.86

12 0.3 3.93 3.82 3.83 3.75 3.83

12 0.4 3.33 3.26 3.41 3.37 3.34

12 0.5 3.15 3.12 3.26 3.20 3.18

fiber, the VMA of the asphalt mixtures with fiber lengths of 6 mm, 
9 mm, and 12 mm increased by 9.5%, 9.5%, and 3.8% respectively.

As could be seen from the above, the trends of bulk density and 
VFA with fiber content were basically consistent, and the trends of 
VV and VMA changes were also basically consistent. It could be 
concluded that added fibers formed a certain spatial structure within 
the asphalt mixture, increasing its porosity and thus reducing its bulk 
density. Adding different amounts of fibers results in increments of 
VV and VMA not exceeding 10%, which was attributed to the small 
amount of fiber, having a minor impact. 

3.2 Influence of basalt fiber on the 
mechanical properties of asphalt mixture

3.2.1 Marshall test
Figure 3 presented the variation of Marshall stability of BFRAM 

with the fiber content. It could be obtained from Figure 3 that 
the Marshall stability of asphalt mixture first decreased and then 
increased with the increase of fiber content for different fiber 
lengths, indicating that the maximum failure load of specimens 
changed with the increase of fiber content. When the fiber content 
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FIGURE 6
Compressive strength of the asphalt mixture.

FIGURE 7
Load-displacement curve of asphalt mixture.

was 0.5%, the stability of the asphalt mixture with 6 mm and 
9 mm fiber reached the maximum value, and the stability of 
the mixture increased by 7.3% and 9.8%, respectively, compared 
with that without fiber. The stability of asphalt mixture with 
9 mm fiber was higher than that with other length of fiber. 
For specimen of 12 mm fiber, the maximum stability of asphalt 
mixture appeared when the fiber content was 0.3%, and the 
stability of asphalt mixture with 12 mm fiber was smaller than that 
without fiber. The suitable content of basalt fiber could bridge the 
aggregates in the asphalt mixture and form a network structure, 
contributing to an improvement of the strength of the mixture. At 
the same time, the fiber could enhance the interaction between 
the particles of the mixture, and the increase of cohesion and 
adhesion helped to reduce the movement and separation of the 

FIGURE 8
The BFRAM discrete element model.

particles in the mixture, and improved the overall stability of
the mixture.

Figure 4 illustrated the variation of the flow value in the Marshall 
test of BFRAM with respect to the fiber content. Figure 4 revealed 
that the flow value of the asphalt mixture initially decreased and 
subsequently increased as the fiber content rose. As the fiber 
content increased, the minimum flow values of asphalt mixtures 
containing 6 mm, 9 mm, and 12 mm fiber specimens decreased 
by 15.1%, 23.1%, and 28.1%, respectively, in comparison to the 
mixture without fiber. The flow value represented the deformation 
of the mixture under the maximum load, which reflected the 
free asphalt content and the deformation resistance of the asphalt 
mixture. The fiber exerted an influence on both the free asphalt 
content and the deformation resistance of the asphalt mixture. 
On one hand, the adsorption of asphalt by the fiber reduced 
the free asphalt content within the mixture. On the other hand, 
the bridging effect between the fiber and the aggregate could 
enhance the deformation resistance of the mixture. The effects 
of the fiber on the free asphalt content and the deformation 
resistance were opposite, which lead to the increase and decrease of
the flow value.

3.2.2 Uniaxial compression test
Uniaxial compression test of asphalt mixture was used 

to measure the compressive strength of asphalt mixture. 
Figure 5 showed the view of specimens before test and the 
typical failure mode of the specimen. The compressive strength 
under different fiber content and length were showed in
Table 7.

Figure 6 demonstrated the variation in the ultimate compressive 
strength of BFRAM in relation to the fiber content. From Figure 6, 
it could be deduced that as the fiber content increased, the 
ultimate compressive strength of asphalt mixtures containing 
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TABLE 8  Parameter of the contact model.

Contact parameter Fiber and aggregate Fiber and fiber Aggregate and aggregate

spring elastic modulus 3 × 108 1 × 109 1 × 109

Material elastic modulus 3.9 × 108 1 × 109 1 × 109

Tensile strength 9.95 × 105 5 × 107 1.5 × 107

Bond strength 1 × 107 5 × 107 1.5 × 107

Friction coefficient 0.5 0.5 0.5

Stiffness ratio 0.4 0.4 0.4

TABLE 9  The compressive strength of test and simulation.

Fiber length/mm Fiber content/% Test strength/MPa Simulated strength/MPa Error/%

0 0.0 3.8 3.85 1.32

6 0.2 4.33 4.32 −0.23

6 0.3 4.55 4.63 1.76

6 0.4 4.94 5.08 2.83

6 0.5 5.71 5.72 0.18

9 0.2 4.04 4.01 −0.74

9 0.3 4.29 4.31 0.47

9 0.4 4.39 4.36 −0.68

9 0.5 4.64 4.66 0.43

12 0.2 3.88 3.77 −2.84

12 0.3 3.83 3.85 0.52

12 0.4 3.34 3.29 −1.5

12 0.5 3.18 3.2 0.63

6 mm and 9 mm fibers exhibited an upward trend. In contrast, 
the ultimate compressive strength of the asphalt mixture 
with 12 mm fibers initially rose and then declined. The 
maximum compressive strengths of the asphalt mixtures with 
6 mm, 9 mm, and 12 mm fibers occurred at fiber contents of 
0.5%, 0.5%, and 0.2%, respectively. Compared to the asphalt 
mixture without fiber, these maximum compressive strengths 
showed increases of 48.2%, 23.2%, and 1.6%, respectively. 
By comparing the ultimate compressive strengths of asphalt 
mixtures with different fiber lengths, it was evident that the 
compressive strength of asphalt mixtures decreased as the fiber
length increased.

Figure 7 depicted the curve representing the relationship 
between the axial force and displacement of the asphalt mixture 

in the uniaxial compression test, with a fiber length of 9 mm 
and a fiber content of 0.5%. This curve could be partitioned into 
three distinct stages. In the first stage, the specimen undergoes 
compaction under the action of the axial force, during which the 
voids within the specimen are eliminated. The elastic modulus at this 
stage was comparatively low. During the second stage, as the mixture 
became void-free, the elastic modulus of the specimen exhibited a 
significant increase. The displacement increased in tandem with the 
increase in the axial force until the ultimate axial load was reached. 
Concurrently, the specimen started to crack, and the width of the 
crack gradually expanded. In the third stage, as the internal structure 
of the mixture was damaged, the displacement continues to increase 
while the force decreased. The width of the crack kept growing until 
the specimen was completely destroyed.
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FIGURE 9
Stress-strain curve of test and simulation results: (A) Fiber content of 0.2%; (B) Fiber content of 0.3%; (C) Fiber content of 0.4%; (D) Fiber content of 0.5%.

4 Discrete element analysis of the 
asphalt mixture

4.1 Discrete element model

The discrete element software was employed to construct the 
numerical models of BFRAM. Spherical elements were utilized 
to mimic the aggregates with a particle size larger than 2.36 mm 
in the asphalt mixture. The contact model was implemented 
to simulate the asphalt mortar, which consisted of aggregates 
with a particle size smaller than 2.36 mm and matrix asphalt. 
The discrete element model was randomly generated by two-
dimensional particles, and the dimensions of the asphalt mixture 
model were consistent with those of the specimen in the uniaxial 
compression test. The detailed modeling process is presented
as follows. 

1. Particle Generation. The mass percentages of aggregates 
with various particle sizes were transformed into 
volume percentages to mimic the grading composition. 
Subsequently, particles of different sizes were generated 
within the specified model scope to construct a
particle system.

2. Fiber Establishment. By utilizing the FISH language to define 
particle boundaries, multiple spherical particles having the 
same diameter as basalt fibers were bonded together to 
create flexible clusters, which were employed to simulate the 
basalt fibers.
3. Contact Model Setting. The contacts within the model were 
classified into three categories: the contact between aggregates, 
the contact between aggregates and fibers, and the contact 
between fibers. A parallel bonding model was chosen for all 
contact models based on the study of Shi et al. (2024) and Liu et al., 
2023, and the contact parameters were calibrated based on the 
outcomes of the uniaxial compression test.

4. Pre-pressing. A specific speed was assigned to the wall to 
compress the particle sphere and form a cylindrical specimen. 
As depicted in Figure 8, the two-dimensional discrete element 
model of BFRAM consisted of 7 types of aggregates with 
different particle sizes and clusters of fiber particles, amounting 
to a total of 14,245 particles.

Note that a two-dimensional model was applied to 
represent the three-dimensional specimen to improve the 
computational efficiency, which was verified to be practicable in 
reference (Yao et al., 2022). 
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FIGURE 10
Compressive strength of asphalt mixture changing with basalt 
fiber content.

4.2 Model verification and parameter 
calibration

The stress and displacement of the upper and lower walls 
of the model were monitored and documented using the FISH 
function. Subsequently, the stress-strain curve of the uniaxial 
compression test for the asphalt mixture model could be plotted. 
Drawing upon the parameter selection experience from literature 
(Ye et al., 2020) and making a comparison with the uniaxial 
compression test results presented in Section 3.2, the parameters of 
the model were calibrated. The contact parameters of the model were 
detailed in Table 8.

Table 9 presented a comparison between the test results and 
simulation results of BFRAM with different fiber lengths and 
different fiber contents. Figure 9 depicted the comparison of 
the stress-strain curves between the test results of the asphalt 
mixture containing 6 mm fibers and the corresponding simulation 
results. As showed in Table 9, there was a small error in the 
compressive strength between the simulation results and the test 
results, with the maximum error being 2.84%. Figure 9 indicated 
that under different fiber contents, the stress-strain curve of the 
test results aligns well with that of the simulation results. The 
above findings validated the prediction accuracy of the discrete
element model for BFRAM. 

4.3 Variation of uniaxial compressive 
strength

To comprehensively uncover the impact of basalt fiber content 
on the uniaxial compressive strength of asphalt mixtures, the range 
of basalt fiber content was extended to 0%–1%. The variations in 
the compressive strength and strain of BFRAM under different fiber 
lengths and fiber contents were investigated. Figure 10 presented the 
variation of the ultimate compressive strength of the asphalt mixture 

with fiber content through the established discrete element model. 
As depicted in Figure 10, the fiber content could notably influence 
the axial compressive properties of the asphalt mixture. When the 
fiber content was 0.5%, 0.6%, and 0.2%, the compressive strengths of 
the asphalt mixtures with 6 mm, 9 mm, and 12 mm fibers reached 
peak values of 5.71 MPa, 4.73 MPa, and 3.83 MPa, respectively. 
When the fiber lengths were 6 mm and 9 mm, the compressive 
strength of the asphalt mixture initially increased and then 
decreased as the basalt fiber content increased, and this strength was 
higher than that of the non-fiber asphalt mixture. The underlying 
reason was that when the fiber content was appropriate, the fibers 
were well-distributed within the mixture. The bridging effect was 
significant, which could effectively impede crack propagation and 
enhance the strength of the mixture. However, when an excessive 
amount of fiber was added, the fibers would agglomerate, and the 
bonding between the fibers and asphalt became weaker, leading 
to a reduction in the overall strength. When the fiber length was 
12 mm, the compressive strength of the asphalt mixture exhibited a 
downward trend. This might be attributed to the fact that the overly 
long fibers had a negative effect on the bonding between the asphalt
and the aggregates. 

4.4 Microscopic mechanism analysis

4.4.1 The microscopic mechanism of different 
fiber contents

Figure 11 presented the strain-fracture cloud diagram of the 
asphalt mixture containing 6 mm fibers at four typical fiber 
contents, namely, 0.0%, 0.1%, 0.5%, and 1.0%. From Figure 11, 
it could be deduced that as the fiber content increased, the 
small strain area represented by the red particle region increased 
notably. It evolved from an unconnected small-strain state to a 
continuous one. Meanwhile, the breakage phenomenon became less 
prominent, and the number and width of cracks in the specimen 
decreased. This was consistent with Stukhlyak et al. (2015) that the 
microscale mechanisms dominated the start of a main crack. By 
comparing the particle strain distributions in the figure, it could 
be inferred that the addition of basalt fibers significantly mitigated 
the edge stripping phenomenon of the specimen. Figures 11C,D 
illustrated that when the fiber content was excessive, the lower 
right edge of the specimen experienced breakage. Moreover, the 
width of the cracks expanded, while the number of cracks in
the specimen reduced.

Figure 12 depicted the contact force chain cloud diagram of the 
asphalt mixture at four typical fiber contents, namely, 0.0%, 0.1%, 
0.5%, and 1.0%. In the diagram, the green color represented the 
contact between fibers and aggregates, the red color represented the 
contact between fibers, and the blue color represented the contact 
between aggregates. By analyzing the distribution, quantity, and 
thickness of different types of contact force chains in the figure, it 
could be deduced that fibers could remarkably enhance the contact 
quantity between particles. Specifically, the contact quantity at a 
fiber content of 1.0% was 2.61 times that at a fiber content of 
0.0%. Upon comparing Figures 12C,D, it was evident that when an 
excessive amount of fiber was added, the contact between fibers 
and aggregates increased, while the contact between aggregates 
decreased and the force chains became thinner. Consequently, 
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FIGURE 11
Strain-fracture cloud diagram of the asphalt mixture: (A) No fiber; (B) Fiber content of 0.1%; (C) Fiber content of 0.5%; (D) Fiber content of 1.0%.

FIGURE 12
Contact cloud diagram of the asphalt mixture: (A) No fiber; (B) Fiber content of 0.1%; (C) Fiber content of 0.5%; (D) Fiber content of 1.0%.
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FIGURE 13
Crack distribution of the asphalt mixture: (A) No fiber; (B) Fiber content of 0.1%; (C) Fiber content of 0.5%; (D) Fiber content of 1.0%.

this led to a reduction in the compressive strength of the
asphalt mixture.

Figure 13 showed the cracks in the asphalt mixture 
corresponding to four typical fiber contents, namely, 0.0%, 0.1%, 
0.5%, and 1.0%. In the figure, the black cracks represented tensile 
cracks, while the red ones denoted shearing cracks. By comparing 
the quantity and type of cracks in the figure, it was evident 
that the number of tensile cracks exhibited a significant decline 
as the fiber content increased. When the fiber content reached 
0.5%, a substantial number of shearing cracks emerged. This 
phenomenon led to a notable enhancement in the compressive 
strength, which was significantly higher than that of the asphalt 
mixture without fiber or with a fiber content of 0.1%. This was 
consistent with Stukhlyak et al. (2015) that microcracks developed 
due to
shear strain. 

4.4.2 The microscopic mechanism of different 
fiber lengths

In order to uncover the microscopic mechanism underlying 
the influence of basalt fiber length on the mechanical properties 
of asphalt mixture, the particle strain-fracture cloud diagram of 
the asphalt mixture with a fiber content of 0.6% was presented 
in Figure 14. As depicted in Figure 14, in comparison to the 
asphalt mixture without fibers, the small strain area of the asphalt 
mixtures containing fibers of different lengths expanded, and 
the edge stripping phenomenon of the specimens significantly 
diminished. By comparing Figures 14B,D, it was clearly showed 
that as the fiber length increased, the fracture degree and crack 

width of the specimen decreased, and the large strain area at the
edge reduced.

Figure 15 presented the contact force chain cloud diagram of 
asphalt mixtures without fiber, and those containing 6 mm, 9 mm, 
and 12 mm fibers. By comparing the distribution, quantity, and 
thickness of the contact force chains in the figure, it was evident that 
as the fiber length increased, the number of green contacts between 
the fiber and the aggregate significantly rose. Specifically, the contact 
quantities of the asphalt mixtures with 6 mm, 9 mm, and 12 mm 
fibers were 1.98, 2.09, and 2.42 times that of the mixture without 
fiber, respectively. A comparison between the specimens with 
and without fiber revealed that the ultimate compressive strength 
of the specimens increased. This increase could be attributed 
to the augmented contacts between the fiber and the aggregate, 
as well as those between the aggregate and the fiber, after the
addition of fibers.

Figure 16 depicted the cracks in asphalt mixtures without 
fiber, and those with 6 mm, 9 mm, and 12 mm fibers. 
As showed in Figure 16, red shear cracks emerged after the 
addition of fibers. Moreover, the number of shear cracks in the 
mixture with 6 mm fibers was greater than that in the mixture 
with 9 mm fibers. This implied that the 6 mm basalt fibers offered 
more shear resistance during the uniaxial compression test of the 
asphalt mixture, thereby enhancing the compressive strength of 
the specimen. Among these mixtures, the asphalt mixture with 
12 mm fibers exhibited the largest total number of cracks and the 
highest number of red shear cracks. The reason could be that 
longer fibers were more prone to aggregating, which hindered 
the bonding between the asphalt and the aggregate, resulting in 
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FIGURE 14
Strain-fracture cloud diagram of the asphalt mixture: (A) No fiber; (B) Fiber length of 6 mm; (C) Fiber length of 9 mm; (D) Fiber length of 12 mm.

a greater number of cracks in the mixture compared with that
without fiber. 

5 Conclusion and discussion

5.1 Conclusion

To enhance the road performance of asphalt mixture, material 
tests were conducted to investigate the impacts of basalt fiber 
content and length on the physical and mechanical properties of 
asphalt mixture, including the bulk density, stability, flow value, and 
compressive strength. Based on the test outcomes, a discrete element 
model of BFRAM was developed. Subsequently, the entire stress-
strain process and the microscopic mechanism of the fiber asphalt 
mixture under axial force were explored. The influence mechanism 
of basalt fiber on the permanent deformation mechanical behavior 
of asphalt mixture was discussed from both macroscopic and 
microscopic perspectives. The primary conclusions are as follows. 

1. The basalt fiber has significant influence on the physical and 
mechanical properties of asphalt mixture. It increases the 
VV and compressive strength of asphalt mixtures by up to 
31.8% and 48.2%.

2. The developed discrete element model of asphalt mixture 
could accurately simulate the microscopic mechanism of 
the internal interactions within the asphalt mixture. As the 
basalt fiber content increased, the failure phenomena and the 
number of cracks at the edge of the asphalt mixture were 
significantly reduced, while the number of contacts between 

particles increased remarkably. The cracks development law 
and microscopic reinforced mechanism of BFRAM is revealed.

3. For the asphalt mixture used in this study, the optimal fiber 
content and length are 0.3% and 6 mm respectively. The results 
suggest to add the basalt fiber in the asphalt mixture to enhance 
its road performance.

5.2 Limitations and future work

The authors acknowledge several limitations in this study, which 
also highlight important directions for future research. These are 
summarized as follows. 

1. Due to the limitations of the test conditions, only the Marshall 
test and uniaxial compression test of BFRAM are carried out 
in this study. Subsequently, further research can be conducted 
in aspects such as freeze-thaw splitting test, bending test and 
shear strength test of asphalt mixture.

2. Due to the limited computing power of computers, the discrete 
element model of the asphalt mixture established in this 
study is a two-dimensional model. Subsequently, a three-
dimensional discrete element model can be established for 
further analysis.

3. The effect of asphalt and filler is simulated with contact model 
rather than establishing the discrete particles, neglecting 
the low-temperature stress buildup in bitumen and the 
behavior of asphalt film-aggregate interface. Future efforts 
will explore discrete particle modeling of binder-filler
systems.
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FIGURE 15
Contact cloud diagram of the asphalt mixture: (A) No fiber; (B) Fiber length of 6 mm; (C) Fiber length of 9 mm; (D) Fiber length of 12 mm.

FIGURE 16
Crack distribution of the asphalt mixture: (A) No fiber; (B) Fiber length of 6 mm; (C) Fiber length of 9 mm; (D) Fiber length of 12 mm.
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