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Highlights
What are the main findings?

• Compared with ordinary asphalt mixtures, L-shaped steel fibers significantly enhance
the comprehensive mechanical properties of asphalt mixtures, improving the overall
performance enhancement effect by approximately 20%.

• When the content of L-shaped steel fibers reaches 2%, the asphalt mixture achieves the
optimal comprehensive performance.

• The data dispersion was characterized by standard deviation and coefficient of variation.
Results indicated that data related to L-shaped steel fibers exhibited smaller relative
fluctuations, suggesting a higher degree of uniformity and stability.

What is the implication of the main finding?

• The incorporation of L-shaped steel fibers can effectively improve the performance of
asphalt mixtures, enhancing their high-temperature stability, low-temperature crack
resistance, and water stability. This is of great significance for enhancing the service
performance of asphalt pavements.

• Compared with straight steel fibers, L-shaped steel fibers have more advantages in
improving the performance of asphalt mixtures, providing a reference for the selection
of appropriate steel fiber types in practical engineering.

• The optimal comprehensive dosage of L-shaped steel fibers was determined to be 2%,
providing specific parameter basis for the rational application of L-shaped steel fibers in
practical engineering projects.

• The low data dispersion and high uniformity stability of L-shaped steel fibers indicate
that they are evenly distributed within the asphalt mixture. This even distribution
contributes to the assurance of the performance stability of the asphalt mixture and is
beneficial for the control of engineering quality.

Abstract: Taking AC-13 asphalt mixture as the matrix, this research delves into the
impacts of assorted steel fibers on AC-13 asphalt mixture, especially the influence of
17.5 mm × 17.5 mm L-shaped steel fibers. A gradient design with mass dosages of 0%,
1%, 2%, and 3% was employed to evaluate the reinforcement effect of L-shaped steel
fiber-reinforced asphalt mixture compared with conventional mixture. Also, comparative
analysis between L-shaped and straight steel fibers was conducted through comprehen-
sive mechanical performance tests, including the Marshall stability test, high-temperature
wheel tracking test, low-temperature beam bending test, freeze–thaw splitting strength
test, and immersion Marshall test. The results demonstrate that L-shaped steel fibers signif-
icantly improve the comprehensive mechanical properties of asphalt mixture compared
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to conventional asphalt mixture, showing remarkable improvements in high-temperature
stability, low-temperature crack resistance, and water stability. The overall performance
enhancement effect increases by approximately 20%. Compared with straight steel fibers,
the performance improvement of the mixtures is slightly greater, with the optimal perfor-
mance achieved at 2% mass dosage. The standard deviation and coefficient of variation are
used to reflect the degree of data dispersion. The results show that the data of L-shaped
steel fibers have relatively smaller fluctuations, being more uniform and stable.

Keywords: asphalt mixture; L-shaped steel fiber; mechanical properties; reinforcement
effect

1. Introduction
Asphalt mixture, being the core material of asphalt pavement structure, directly

determines the service quality and service life of the pavement. The mechanical strength of
the mixture mainly results from the bonding effect of the asphalt binder and the interlocking
friction between the aggregates. When the interfacial bonding performance between the
asphalt and the aggregates weakens, or there are pore defects within the mixture, fatigue
damage is likely to occur under the repeated action of vehicle loads. This leads to the
deterioration of the material strength and subsequently the generation of macroscopic
cracks, thereby triggering typical diseases such as rutting and bleeding [1]. When the
cohesive force of the mixture decreases and pores exist, the dynamic water pressure in
pores and freeze–thaw damage from ice crystals become the main causes of damage
in porous asphalt pavement during winter [2]. The reduction in frictional resistance
between aggregates can easily lead to a series of pavement issues, including rutting and
pushing deformation.

To effectively improve the service performance and durability life of asphalt pave-
ments, adding fiber reinforcement materials to asphalt mixtures has become a common
technical means in engineering practice. The incorporation of fibers can significantly
improve the crack resistance, rut resistance, and fatigue durability of the mixture.

The incorporation of basalt fibers, glass fibers, natural fibers, polypropylene fibers,
and steel fibers into asphalt mixtures can all have a positive impact on the performance
of asphalt mixtures and the service performance of pavements. Qin et al. [3] and Wu
et al. [4] explored the influence of basalt fibers with different lengths and contents on the
properties of asphalt binders. Their findings indicated that basalt fibers create a robust
three-dimensional network in the asphalt binder. This network efficiently distributes
stress and restrains crack growth, enhancing the binder’s overall performance. Piuzzi
et al. [5] and Yang et al. [6] conducted in-depth analyses of the reinforcement mechanisms
of glass fibers in asphalt mixtures. Their research revealed that augmenting the glass
fiber content significantly enhances the stiffness, rutting resistance, creep recovery, and
low-temperature cracking resistance of the mixtures. This improvement in key mechanical
properties effectively extends the fatigue life of asphalt concrete pavement structures.
Pirmohammad et al. [7] and Hojjati et al. [8] investigated the fracture behavior of asphalt
mixtures modified with two types of natural fibers. Their findings showed that both fiber
modifications significantly improved the fracture strength of the asphalt mixtures. Wang
et al. [9] demonstrated that both the length and content of polypropylene fibers significantly
enhance the fracture properties of asphalt binders. The main toughening mechanisms are
crack bridging and fiber pull-out. Mohd Rodz et al. [10] conducted microstructural analyses
of steel fiber-reinforced porous asphalt mixtures, showing that steel fibers significantly
enhance the performance of porous asphalt mixtures.
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Numerous research studies have shown that steel fibers outperform other fibers in
reinforcing asphalt pavements, markedly improving crack resistance, crack propagation
patterns, high-temperature performance, and durability. Nian et al. [11] demonstrated
that steel fibers effectively enhance the low-temperature crack resistance of recycled as-
phalt mixtures, thereby improving their durability under cold conditions. Fu et al. [12]
evaluated three fiber types using acoustic emission parameters and found that steel fibers
promote the conversion of tensile cracks to shear cracks under low-temperature conditions.
Yang et al. [13] and Gao et al. [14] investigated the impact of freeze–thaw cycles on the
mechanical properties and healing efficiency of fiber-modified asphalt mixtures. Their
findings indicated that steel fibers with larger diameters enhanced heating uniformity and
demonstrated better fracture resistance than steel wool and carbon fibers. Additionally,
these fibers showed reduced vulnerability to moisture and freeze–thaw damage, high-
lighting their potential for improving the durability of asphalt mixtures. Shapie et al. [15]
highlighted steel fibers’ significant contribution to pavement durability. Liu et al. [16] and
Du et al. [17] investigated the thermal conductivity and self-healing performance of steel
fiber-modified asphalt mixtures. Their research validated the material’s superior thermal
and self-healing properties, underscoring its potential for enhancing pavement durability.

Que et al. [18] highlighted that fiber geometry and spatial arrangement are pivotal
in optimizing performance. Kim et al. [19] and Rezakhani et al. [20] modeled the impacts
of steel fiber dimensions and geometries on asphalt concrete, demonstrating performance
variations that depend on these parameters. Park et al. [21] and García et al. [22] found
that longer fibers enhance ductility, while finer, shorter fibers improve high-temperature
rutting resistance. Serin et al. [23] and Liu et al. [24] optimized asphalt mixture performance
under specific fiber lengths and dosages, reporting significant improvements in rutting
resistance, low-temperature cracking resistance, and freeze–thaw durability. Hooked-end
fibers demonstrated superior bond strength due to anchoring effects, as confirmed by
Abdallah et al. [25] and Mohammed et al. [26]. Wang et al. [27] conducted in-depth analyses
of bond–slip behavior in hooked-end and semi-hooked steel fibers, providing insights for
geometric optimization. Li et al. [28] and Liu et al. [29] compared pull-out behaviors of
hooked-end straight fibers and curved steel fibers, finding curved fibers more effective in
reinforcement under identical conditions.

Steel fibers have demonstrated significant advantages in engineering applications
due to their remarkable mechanical enhancement effects and durability. Existing research
has been predominantly focused on simple-shaped fibers such as straight and hooked-
end types. While notable progress has been made in understanding the effects of fiber
dimensions, dosage, and basic geometries on composite performance, there remains a
conspicuous research gap regarding specifically designed complex-shaped steel fibers. We
chose L-shaped fibers for testing because the hooked ends of the L-shape form a mechanical
interlocking structure in the mixture. The interfacial bonding mechanism depends on
mechanical anchoring and chemical bonding. Compared with straight fibers that only rely
on chemical bonding and friction force, their pull-out resistance and stress transfer efficiency
are better. During the mixing process, it is easier to form a spatial network, reducing the
phenomenon of fiber agglomeration. The uniform dispersion of fibers ensures the feasibility
of construction. Based on the limitations of existing research on steel fibers with complex
shapes and the urgent need for novel reinforcement materials, we propose the L-shaped
folded-line fiber as a reinforcement material for the first time. Its unique geometric shape
promotes the interlaced distribution of fibers, enabling a multi-point anchoring mechanism
within the asphalt matrix. This distinctive structure can significantly enhance the interfacial
bonding strength between the fibers and asphalt, outperforming the single anchoring
mode of traditional straight fibers or hooked fibers, owing to its ability to more effectively
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transfer stress and resist pull-out forces. This study investigates 17.5 mm × 17.5 mm
L-shaped folded steel fibers at three dosages (1%, 2%, and 3%) through multi-dimensional
performance tests. The effects on high-temperature rutting resistance, low-temperature
cracking resistance, deformation resistance, load-bearing capacity, water damage resistance,
and freeze–thaw cycle resistance are evaluated in comparison to mixtures containing 35 mm
straight steel fibers and plain asphalt mixtures.

2. Experimental Preparation for Performance Study of Steel Fiber
Reinforced Asphalt Mixture
2.1. Materials

1. Asphalt

In this experiment, the Zhongmao Brand SBS (Styrene–Butadiene–Styrene Triblock
Copolymer) modified asphalt was provided by Maoming Weilong Petrochemical Co., Ltd.,
Maoming City, Guangdong Province, China. All test standards GB and GB/T are derived
from Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40-2004) [30].
Its technical indicators are shown in Table 1.

Table 1. Technical indicators of asphalt.

Test Items Test Results Specification Requirements Test Methods

Softening Temperature (%) 78 ≥60 GB/T4507

Plastic Deformation Capacity (cm) 26.3 ≥20 GB/T4508

Needle Penetration Depth (1/10 mm) 51.4 40–60 GB/4509

Absolute Viscosity (pa.s) 2.1 ≤3 Viscometer method

Flash Point (◦C) 281 ≥230 GB/T267

Dissolution Capacity (%) 99.5 ≥99 GB/T11148

Segregation, Softening Point Difference (◦C) 1.8 ≤2.5 T0660-98

2. Coarse Aggregates

The coarse aggregates used in this test are crushed basalt stones, which are provided
by Langfang Lüxiang Environmental Protection Technology Co., Ltd., Langfang City, Hebei
Province, China. The performance metrics are listed in Table 2.

Table 2. Technical indicators of coarse aggregates.

Test Items Particle Size Test Results Specification Requirements Test Methods

Apparent Relative
Density

10–15 mm 2.841
5–10 mm 2.834 ≥2.5 T0304
3–5 mm 2.837

Water Absorption Rate
(%)

10–15 mm 0.53
5–10 mm 0.56 ≤3.0 T0304
3–5 mm 0.64

Stone Crushing Value (%) 17.3 ≤28 T0316

Los Angeles Abrasion Loss (%) 20.1 ≤30 T0317

Content of Flaky and Elongated Particles (%) 3.1 ≤20 T0312
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3. Fine aggregate

The fine aggregates used in this test are natural river sands, which are provided by
Langfang Lüxiang Environmental Protection Technology Co., Ltd., Langfang City, Hebei
Province, China. The performance metrics are listed in Table 3.

Table 3. Technical indicators of fine aggregates.

Test Items Test Results Specification Requirements Test Methods

Apparent Relative Density 2.741 ≥2.5 T0316

Water Absorption Rate (%) 1.34 ≤3.0 T0317

Content of Particles
Smaller than 0.075 mm by

Water Washing Method (%)
0.31 ≤1.0 T0333

4. Mineral powder

The mineral powder used in this test is slag powder, which is provided by Henan
Hengyuan New Materials Co., Ltd., Xinyang City, Henan Province, China. The performance
metrics are listed in Table 4.

Table 4. Technical indicators of mineral powder.

Test Items Test Results Specification Requirements Test Methods

Apparent Specific Gravity 2.81 ≥2.8 T0352

Hydrophilic Coefficient 0.75 ≤1 T0353

Water Content (%) 0.42 ≤1 T0103

Appearance Anti-caking Anti-caking

Particle Size Range
<0.6 mm 100 100
<0.15 mm 93.2 90–100 T0351

<0.075 mm 88.1 75–100

5. Steel fiber

The steel fibers used in this test are plain carbon steel fibers, which are supplied
by Hengshui Pufang Steel Fiber Factory, Hengshui City, Henan Province, China. The
performance metrics are listed in Table 5.

Table 5. Technical indicators of steel fibers.

Testing Performance Test Results

Diameter 0.75 mm

Length 35 mm

Dimension Ratio 76.08

Volumetric Mass Density 7850 kg/m3

Ultimate Tensile Strength 400–1200 MPa

2.2. Fabrication of L-Shaped Steel Fibers and Design of Steel Fiber Addition Amounts

The L-shaped steel fibers with a cross-sectional dimension of 17.5 mm × 17.5 mm
and a thickness of 0.75 mm were fabricated by manually cold-bending commercial
straight steel fibers. The straight steel fibers, type SS-410 stainless steel with a tensile
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strength ≥ 1100 MPa and smooth surface, were fixed at one end using a manual fixture
during the bending process. Gradual external force was applied to the midpoint of each
fiber to cold-bend it into a 90◦ angle. The mass dosage of steel fibers was designed at 0%,
1%, 2%, and 3%, respectively. The L-shaped fibers are manually bent from straight fibers.
The appearance of the fibers is shown in Figure 1.

   
(a)  (b) 

Figure 1. (a) Straight steel fiber; (b) L-shaped steel fiber.

2.3. Gradation Design of Asphalt Mixture

The gradation design of the asphalt mixture is shown in Table 6.

Table 6. Particle size gradation design for AC-13 asphalt mixture.

Sieve Opening Size (mm) Composite Gradation (%)

16 100

13.2 93.5

9.5 74.3

4.75 49.3

2.36 30.3

1.18 20.2

0.6 14.2

0.3 9.8

0.15 7.8

0.075 5.1

3. Experimental Items and Test Methods
To elucidate the effects of L-shaped steel fibers on the AC-13 asphalt mixture’s mechan-

ical properties, this study delves into their interactions. The following tests were designed:
Marshall stability test, high-temperature wheel tracking test, low-temperature small beam
bending test, immersion Marshall test, and uniaxial compression test (cylindrical specimen
method). All tests were conducted according to the standards specified in Test Methods for
Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011) [31].

3.1. Marshall Stability and Its Test Method

Marshall stability refers to the maximum load-bearing capacity of asphalt mixture
specimens under vertical loading until failure under standard testing conditions. It directly
represents the high-temperature compressive resistance of asphalt mixtures and serves as a
core indicator for mix design and construction quality control.

In accordance with Test Methods for Bitumen and Bituminous Mixtures for Highway
Engineering (JTG E20-2011), standard Marshall specimens (101.6 mm diameter, 63.5 mm



Fibers 2025, 13, 71 7 of 27

height) were fabricated via the standard compaction method. Subsequently, they were
immersed in a 60 ◦C water bath for 30 min to reach thermal equilibrium. Each test group
comprised at least four specimens to ensure statistical reliability. The specimens were
loaded at a rate of 50 mm/min using a loading device [31]. The compacted Marshall
specimen is shown in Figure 2.

 

Figure 2. Marshall specimen.

Test data were plotted as load–deformation curves. The deformation at maximum
load was recorded as flow value (mm, accurate to 0.1 mm), while the maximum load
was measured as stability (kN, accurate to 0.01 kN) using the method shown in Figure 3.
The bulk density of Marshall specimens was determined through standard methods, with
subsequent calculations of void ratio, mineral aggregate void ratio, and asphalt saturation.

 

Figure 3. Load–deformation curve.

3.2. Rut Depth, Dynamic Stability and Their Test Methods

In standard rutting tests, rut depth quantifies the permanent deformation of asphalt
specimens under cyclic wheel loading. It reflects the actual deformation risk. Dynamic
stability is described as the number of wheel-rolling passes required to produce a rut
depth of 1 mm within a unit time (usually 45–60 min), which quantifies the rut-resistance
performance of materials. Rut depth and dynamic stability are key indices for assessing
the high-temperature stability of asphalt mixtures. They directly indicate the pavement’s
resistance to deformation under high-temperature, heavy-traffic conditions.

In accordance with Test Methods for Bitumen and Bituminous Mixtures for Highway
Engineering (JTG E20-2011), rutting tests are conducted to study the dynamic stability
of asphalt mixtures with different types and dosages of metal materials added. Plate
specimens with dimensions of 300 mm × 300 mm × 50 mm are formed by wheel rolling.
The test temperature is set at 60 ◦C, and the wheel pressure is 0.7 MPa. The specimens are
kept at the test temperature for 5 h before the test [31]. The wheel rolling of the rutting test
piece is shown in Figure 4.
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Figure 4. Wheel rolling of rutting specimens.

The recorder records the rutting deformations d1 and d2 at 45 min (t1) and 60 min (t2).
The calculation method of the dynamic stability is shown in Equation (1) [30].

DS =

(
t2 − t1

)
× N

d2 − d1
× C1 × C2. (1)

In the formula,
DS—the dynamic stability of the asphalt mixture (times/mm);
dl—the deformation corresponding to the time t1 (mm);
d2—the deformation corresponding to the time t1 (mm);
C1—the type coefficient of the testing machine, for the operation mode in which the loading
wheel is driven by a crank-link mechanism to move back and forth, the coefficient value is
1.0;
C2—the specimen coefficient. For specimens with a width of 300 mm prepared in the
laboratory, the coefficient value is 1.0;
N—the back-and-forth rolling speed of the test wheel, which is typically 42 times per
minute.

3.3. Flexural Tensile Strength, Maximum Flexural Tensile Strain, Flexural Stiffness Modulus and
Test Methods

The flexural tensile strength tested is the maximum stress value that a material can
resist fracture under bending load. The maximum flexural tensile strain represents the peak
tensile deformation a material can endure prior to bending failure. The flexural stiffness
modulus, calculated as the ratio of bending stress to strain during the material’s elastic
phase, offers insights into its stiffness properties. To evaluate the material’s ability to resist
bending deformation under low-temperature scenarios, the standard low-temperature
beam bending test is employed. This test effectively characterizes the material’s ductility
and deformation-resistance capabilities, providing crucial information about its perfor-
mance in cold environments.

At the optimal asphalt–aggregate ratio for each group, asphalt mixture rutting speci-
mens sized 300 mm × 300 mm × 50 mm are prepared. Subsequently, a cutting machine is
utilized to slice the fabricated rutting specimens into beam specimens, each with dimen-
sions of 250 mm × 30 mm × 35 mm. According to the requirements of Test Methods for
Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011). Before the
test, the beam specimens are placed in a temperature-humidity test chamber at 10 ◦C for
more than 45 min. During the test, the three-point loading method is adopted. For the test,
the test span is set at 200 mm, the test temperature is maintained at 10 ◦C, and the loading
rate is fixed at 50 mm/min [31]. The loading process of the beam specimens is shown in
Figure 5.
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Figure 5. Loading of the beam specimens.

When the specimen fails, the flexural tensile strength RB, the maximum tensile strain
εB, and the flexural stiffness modulus SB of the specimen are calculated according to
Equations (2)–(4) [30] as follows:

RB =
3 × L × PB

2 × b × h2 . (2)

εB =
6 × h × d

L2 . (3)

SB =
RB
εB

. (4)

In the formula,
RB—the flexural tensile strength when the specimen fails (MPa);
εB—the maximum flexural tensile strain when the specimen fails (µε);
SB—the flexural stiffness modulus when the specimen fails (MPa);
b—the width of the specimen at the mid-span cross-section (mm);
h—the height of the specimen at the mid-span cross-section (mm);
L—the span of the specimen (mm);
PB—the maximum load at which the specimen fails (N);
d—the mid-span deflection when the specimen fails (mm).

3.4. Immersion Marshall Stability, Immersion Residual Stability and Their Test Methods

The immersion Marshall stability refers to the maximum failure load measured
through the Marshall test after the asphalt mixture specimen is immersed in water at
a specified temperature for a certain period. This indicator is pivotal in assessing the water
damage susceptibility of asphalt mixtures. Its value significantly influences the lifespan of
pavements in wet environments.

According to Test Methods for Bitumen and Bituminous Mixtures for Highway Engi-
neering (JTG E20-2011). The Marshall specimens are divided into two groups. One group
of specimens is immersed in a water bath maintained at a constant temperature of 60 ◦C for
30 min, after which its Marshall stability is measured. The other group is placed in a 60 ◦C
water bath for 48 h prior to the measurement of its Marshall stability. The water stability of
the mixture is characterized by the ratio of the stabilities of these two groups of specimens,
namely the immersion residual stability [31]. The partial instruments for the immersion
Marshall test are shown in Figures 6 and 7.



Fibers 2025, 13, 71 10 of 27

 

Figure 6. Loading of Marshall specimens.

 

Figure 7. Thermostatic incubator.

The immersion residual stability MS0 of the specimen is calculated according to
Equation (5) [30] as follows:

MS0 =
MS1

MS
× 100. (5)

In the formula,
MS0—the immersion residual stability of the specimen;
MS1—the stability of the specimen after being immersed in water for 48 h;
MS—the stability of the specimen.

3.5. Freeze–Thaw Splitting Strength, Freeze–Thaw Splitting Strength Ratio and Test Methods

The freeze–thaw splitting strength refers to the maximum failure stress measured in
the splitting test after the asphalt mixture specimen has undergone freeze–thaw cycles. It
reflects the material’s capacity to withstand cracking and resist strength decrease under
repeated freeze–thaw effects. The ratio of the splitting strength of a specimen after under-
going freeze–thaw cycles to that of the same specimen without freeze–thaw treatment is
defined as the freeze–thaw splitting strength ratio. This ratio serves as a vital metric for
assessing the vulnerability of asphalt mixtures to low-temperature water damage.

According to Test Methods for Bitumen and Bituminous Mixtures for Highway Engi-
neering (JTG E20-2011), randomly divide the prepared standard Marshall specimens into
two groups (each group containing at least 4 specimens), and measure their diameters and
heights. The first group should be stored at room temperature for later use. The second
group shall be maintained under a vacuum condition of 97.3–98.7 MPa for 15 min, then
immersed in water at normal atmospheric pressure for half an hour. Upon removal, put
the specimens into plastic bags. Add 10 mL of water to each bag, seal them tightly, and
then store the bags in a constant-temperature freezer set at a temperature of (−18 ± 2) ◦C
for (16 ± 1) h. Subsequently, after retrieving the specimens from the freezer, remove them
from the plastic bags and immerse them in a 60 ± 0.5 ◦C constant-temperature water bath
for 24 h. Both groups of specimens are then completely immersed in a 25 ± 0.5 ◦C constant-
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temperature water bath for at least 2 h (with specimen spacing greater than 10 mm). Finally,
conduct splitting tests at room temperature (25 ◦C) using a loading rate of 50 mm/min [31].
Loading of test specimens is shown in Figure 8.

 

Figure 8. Loading of test specimens.

The freeze–thaw splitting strength ratio is calculated according to Equation (6) [30] as
follows:

TSR =
RT2

RT1
× 100. (6)

In the formula,
TSR—freeze–thaw splitting strength ratio (%);
RT1—the average value of the splitting tensile strength of the effective specimens in the
first group without freeze–thaw cycles (MPa);
RT2—the average value of the splitting tensile strength of the effective specimens in the
second group after freeze–thaw cycles (MPa).

3.6. Compressive Strength, Ultimate Load and Their Test Methods

In the compression test of asphalt mixtures, the compressive strength and ultimate load
are measured when the specimens are loaded until they are damaged. The compressive
strength reveals the compression resistance of the material per unit area, and it plays a
dominant role in the high-temperature stability and structural strength. The ultimate
load reflects the overall bearing potential, which is comprehensively affected by factors
such as the material composition, construction quality, and stress state. Combined, these
two metrics can comprehensively assess the performance of asphalt mixtures in diverse
environments, particularly under high-temperature and heavy-load conditions.

Asphalt mixture specimens for the test are formed according to the static pressure
method T0704 in Test Methods for Bitumen and Bituminous Mixtures for Highway Engi-
neering (JTG E20-2011). The specimens are 100 mm diameter and 100 mm high cylinders.
After forming, the asphalt mixture specimens are placed in a 20 ◦C constant-temperature
water tank for at least 2.5 h, then promptly transferred to the incubator of a universal testing
machine to initiate the test. The diameter of the indenter should be larger than that of the
specimen itself to ensure that no confining pressure is generated on the specimen when
the indenter applies a load to it. The uniaxial compression test is conducted at a loading
speed of 50 mm/min. Each test group comprises four asphalt specimens with identical
gradations [31]. Uniaxial compression is shown in Figure 9.
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Figure 9. Uniaxial compression.

The compressive strength of the specimen is calculated according to Equation (7) [30]
as follows:

Rc =
4P

πd2 . (7)

In the formula,
Rc—the compressive strength of the specimen (MPa);
P—the maximum load when the specimen fails (N);
d—the diameter of the specimen (mm).

4. Result Analysis
4.1. Results of the Marshall Stability Test

The Marshall stability test was conducted to measure the bulk specific gravity of
asphalt mixtures with L-shaped steel fibers and straight steel fibers at dosages of 0%, 1%,
2%, and 3%. Void ratio, voids in mineral aggregate (VMA), asphalt saturation, stability, and
flow value were calculated. Four specimens were prepared for each group, and the mean
values are shown in Tables 7 and 8.

Table 7. Marshall test results of steel fiber-reinforced asphalt mixture (1).

Type Dosage/% Asphalt–Aggregate
Ratio/%

Bulk Specific
Gravity/g-cm−3 Void Ratio/%

Ordinary Asphalt 0 4.9 4.176 3.94

Straight Steel Fiber
1 4.9 4.208 3.83
2 4.9 4.211 3.72
3 4.9 4.231 3.68

L-shaped Steel Fiber
1 4.9 4.205 3.88
2 4.9 4.216 3.76
3 4.9 4.235 3.73

Table 8. Marshall test results of steel fiber-reinforced asphalt mixture (2).

Type Dosage/% Voids in Mineral
Aggregate/%

Asphalt
Saturation/% Stability/KN Flow Value/mm

Ordinary Asphalt 0 14.15 71.25 12.13 3.39

Straight Steel Fiber
1 14.12 71.81 13.21 3.51
2 14.06 72.47 14.02 3.64
3 13.92 73.05 13.73 3.69

L-shaped Steel Fiber
1 14.08 71.71 13.56 3.55
2 13.98 72.53 14.31 3.71
3 13.90 73.22 13.84 3.76
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This study conducted a comparative analysis of the Marshall performance between
conventional asphalt mixtures and those reinforced with straight or L-shaped steel fibers.
All specimens were prepared with an asphalt–aggregate ratio of 4.9%, ensuring a consistent
basis for performance evaluation.

According to Technical Specifications for Construction of Highway Asphalt Pavements
(JTG F40-2004), the stability requirement is >8 kN, and the change is shown in Figure 10.
The void ratio requirement is 3–5%, and all data fell within the specified range, meeting
the requirements. The voids in mineral aggregate (VMA) requirement is ≥ 14%, and both
the ordinary asphalt and fiber-reinforced mixtures met the minimum value specified in the
specifications. The asphalt saturation requirement is 65–75%, and the asphalt saturation of
the specimens complied with the standard. All data met the code requirements, and the
L-shaped steel fiber exhibited the best comprehensive performance at a dosage of 2% [30].

 

Figure 10. Marshall stability test results.

4.2. Analysis of the Influence of L-Shaped Steel Fibers on the High-Temperature Rutting Resistance
of Asphalt Mixtures

Rutting tests were conducted on asphalt mixtures with L-shaped and straight steel
fibers at dosages of 0% (control), 1%, 2%, and 3% to measure rut depth and dynamic
stability. Four specimens were prepared for each group, and the mean values are shown in
Table 9.

Table 9. Rutting test results.

Type Dosage/%
Rutting

Depth/mm
45 min

Rutting
Depth/mm

60 min

Dynamic
Stability/Times·mm−1

Specification
Requirement

Ordinary
Asphalt 0 2.083 2.246 3865

Dynamic
Stability ≥ 3000

Straight Steel
Fiber

1 1.876 2.029 4118
2 1.813 1.952 4532
3 1.817 1.959 4468

L-shaped Steel
Fiber

1 1.842 1.991 4228
2 1.823 1.959 4632
3 1.839 1.978 4532

4.2.1. Analysis of Discreteness and Stability

As shown in Tables 10 and 11, from the dispersibility perspective, the L-shaped
steel fiber group exhibited significantly lower coefficients of variation than the straight
steel fiber group, with coefficients of variation for rutting depth below 3.5% at 2% and
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3% dosages, indicating enhanced uniform distribution and reduced test fluctuations. In
contrast, the straight steel fiber group showed the coefficient of variation in rutting depth
approaching 10% at high dosages, potentially due to material inhomogeneity from fiber
agglomeration or variability in testing loading conditions. All data satisfied strict material
testing dispersibility requirements: the L-shaped steel fiber group demonstrated excellent
low-variability performance across dosages, while the straight steel fiber group necessitated
attention to fiber uniformity at high dosages. Despite these dosage-dependent coefficients
of variation differences, the overall experimental results remained reliable within acceptable
variability ranges for both fiber types.

Table 10. The standard deviation of rutting depth and dynamic stability.

Standard Deviation

Type Dosage/% Rutting Depth/45 min Rutting Depth/60 min Dynamic Stability

Ordinary Asphalt 0 0.0737 0.1027 81.2358

Straight Steel Fiber
1 0.0957 0.1155 163.9399
2 0.0995 0.1369 179.1118
3 0.1720 0.1653 229.2627

L-shaped Steel Fiber
1 0.0909 0.0784 170.1930
2 0.0528 0.0577 126.2900
3 0.0628 0.0306 103.7764

Table 11. The coefficient of variation of rutting depth and dynamic stability.

Coefficient of Variation

Type Dosage/% Rutting Depth/45 min Rutting Depth/60 min Dynamic Stability

Ordinary Asphalt 0 3.54% 4.57% 2.10%

Straight Steel Fiber
1 5.10% 5.69% 3.98%
2 5.49% 7.01% 3.95%
3 9.47% 8.44% 5.13%

L-shaped Steel Fiber
1 4.93% 2.43% 4.02%
2 2.90% 1.41% 2.73%
3 3.41% 1.55% 2.29%

4.2.2. Comparison of Rutting Resistance Between L-Shaped Steel Fiber-Reinforced Asphalt
Mixtures and Straight Steel Fiber-Reinforced Asphalt Mixtures

As can be seen from Figures 11 and 12, with the addition of steel fibers, at 45 min, the
rut depth decreases to 1.823 mm when the dosage is 2%, which is 12.5% lower than that
of ordinary asphalt. At 60 min, the rut depth decreases to 1.959 mm when the dosage is
2%, which is 12.8% lower than that of ordinary asphalt. Meanwhile, the dynamic stability
of the L-shaped steel fiber-reinforced asphalt mixture reaches 4632 times/mm when the
dosage is 2%, which is 19.9% higher than that of ordinary asphalt.

At 45 min, the rut depth of the straight steel fiber-reinforced asphalt mixture decreases
to 2.083 mm when the dosage is 2%, while the rut depth of the L-shaped steel fiber-
reinforced asphalt mixture decreases to 1.823 mm at the same dosage. At 60 min, the rut
depth of the straight steel fiber-reinforced asphalt mixture decreases to 2.246 mm when the
dosage is 2%, and that of the L-shaped steel fiber-reinforced asphalt mixture decreases to
1.959 mm at a 2% dosage. Meanwhile, the dynamic stability of the L-shaped steel fiber-
reinforced asphalt mixture reaches a peak of 4632 times/mm when the fiber dosage is 2%,
and its core index is 2.2% higher than that of the straight steel fiber.
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Figure 11. Comparison of rutting depth between L-shaped and straight steel fibers.

 

Figure 12. Comparison of dynamic stability between L-shaped and straight steel fibers.

Analysis of the rutting test results reveals that L-shaped steel fibers significantly
enhance the high-temperature rutting resistance of the mixture, outperforming straight
steel fibers in terms of reinforcement efficiency. This superiority can be attributed to the
unique structural characteristics of L-shaped fibers. Upon incorporation, these fibers form
a robust skeleton-locking structure within the mixture, interweaving with aggregates to
restrict their relative movement at elevated temperatures. The mechanical interlocking and
anchoring mechanisms provided by L-shaped fibers directly contribute to an increase in
the mixture’s overall stiffness. Additionally, the high thermal conductivity of steel fibers
promotes a more uniform temperature field distribution, mitigating the risk of localized
softening and further enhancing the mixture’s rutting resistance.

4.3. Analysis of the Influence of L-Shaped Steel Fibers on the Low-Temperature Crack Resistance of
Asphalt Mixtures

Low-temperature beam bending tests were performed on asphalt mixtures with L-
shaped and straight steel fibers at dosages of 0%, 1%, 2%, and 3%. The tests measured
flexural tensile strength, maximum flexural tensile strain, and flexural modulus. Four
specimens were prepared for each group, and the mean values are shown in Table 12.
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Table 12. Results of low-temperature beam bending test.

Type Dosage/%
Flexural Tensile

Strength RB
(MPa)

Maximum
Flexural Tensile

Strain εB (µε)
Flexural Stiffness

Modulus SB (MPa)
Specification
Requirement

Ordinary Asphalt 0 9.31 2762 3373

Maximum
Flexural Tensile
Strain ≥ 2500 µε

Straight Steel Fiber
1 10.20 3082 3311
2 10.78 3313 3255
3 10.62 3245 3273

L-shaped Steel Fiber
1 10.43 3155 3306
2 11.17 3423 3262
3 10.87 3297 3298

4.3.1. Analysis of Discreteness and Stability

As shown in Tables 13 and 14, the coefficients of variation of the indices for the L-
shaped steel fiber group are between 2% and 6%, indicating a low degree of dispersion and
relatively good stability across different dosages which demonstrates that the L-shaped
steel fibers play a positive role in maintaining the stability of the flexural stiffness modulus
of the material while for the straight steel fiber group the coefficients of variation of the
indices range from 5% to 10% and some of them even exceed 10% indicating that a high
dosage of straight steel fibers may lead to inhomogeneity in the internal structure of the
material or there are certain factors during the test process that affect the stability of the test
results thus increasing the degree of dispersion of the indices but the overall test results
are reliable.

Table 13. The standard deviation of flexural tensile, maximum flexural tenstraine strain and flexural
stiffness modulus.

Standard Deviation

Type Dosage/% Flexural Tensile
Strength RB

Maximum Flexural
Tensile Strain εB

Flexural Stiffness
Modulus SB

Ordinary Asphalt 0 0.3398 37.1179 93.4933

Straight Steel Fiber
1 0.6702 161.4214 176.6974
2 0.8729 105.2205 154.8879
3 1.2053 173.6134 283.0499

L-shaped Steel Fiber
1 0.5518 102.4214 123.2136
2 0.4824 108.6620 90.1300
3 0.4605 90.2205 70.9143

Table 14. The coefficient of variation of flexural tensile, maximum flexural tenstraine strain and
flexural stiffness modulus.

Coefficient of Variation

Type Dosage/% Flexural Tensile
Strength RB

Maximum Flexural
Tensile Strain εB

Flexural Stiffness
Modulus SB

Ordinary Asphalt 0 3.65% 1.34% 2.77%

Straight Steel Fiber
1 6.57% 5.24% 5.34%
2 8.11% 3.18% 4.76%
3 11.35% 5.35% 8.65%

L-shaped Steel Fiber
1 5.29% 3.25% 3.73%
2 4.32% 3.17% 2.76%
3 4.24% 2.73% 2.15%

4.3.2. Comparison of Low-Temperature Crack Resistance Between L-Shaped Steel
Fiber-Reinforced Asphalt Mixtures and Straight Steel Fiber-Reinforced Asphalt Mixtures

It can be seen from Figures 13–15, with the addition of steel fibers, the low-temperature
crack resistance of the asphalt mixture is remarkably improved. The performance reaches
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its peak when the dosage of L-shaped steel fibers is 2%. The flexural tensile strength
amounts to 11.17 MPa, registering a 20.0% increment compared to that of ordinary asphalt
(9.31 MPa). The maximum flexural tensile strain is 3423 µε, representing a 23.9% increase
over that of ordinary asphalt (2762 µε). The flexural stiffness modulus is 3262 MPa, which
is 3.3% lower than that of ordinary asphalt (3373 MPa). This evidently indicates that
the addition of L-shaped steel fibers augments the flexibility of the material and confers
superior low-temperature adaptability.

 

Figure 13. Comparison of flexural tensile strength between L-shaped and straight steel fibers.

 

Figure 14. Comparison of maximum tensile strain between L-shaped and straight steel fibers.

 

Figure 15. Comparison of flexural stiffness modulus between L-shaped and straight steel fibers.

The flexural tensile strength of L-shaped steel fibers reaches a peak of 11.17 MPa when
the dosage is 2%, which is 3.6% higher than that of straight steel fibers (10.78 MPa). The
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maximum flexural tensile strain of L-shaped steel fibers reaches a peak of 3423 µε when the
dosage is 2%, which is 3.3% higher than that of straight steel fibers (3313 µε). The flexural
stiffness modulus of L-shaped steel fibers reaches a peak of 3262 MPa when the dosage
is 2%, which is slightly higher than that of straight steel fibers (3255 MPa), indicating
better flexibility. When the dosage is 3%, the performance relatively declines, but the
reinforcement effect of L-shaped steel fibers is still better than that of straight steel fibers.

Based on comprehensive analysis, in a low-temperature environment, if the modulus
is too high, the elastic stiffness is higher, and the material is too brittle and prone to cracking;
when the modulus is moderate, the flexibility of the mixture is better. With the addition of
L-shaped steel fibers and straight steel fibers, the flexural stiffness modulus measured in
the test decreases.

4.4. Analysis of the Influence of L-Shaped Steel Fibers on the Water Damage Resistance of
Asphalt Mixtures

Marshall tests were conducted on asphalt mixtures containing L-shaped and straight
steel fibers at dosages of 0%, 1%, 2%, and 3%. The tests measured immersion Marshall
stability, residual immersion stability, and Marshall stability. Four specimens were prepared
for each group, and the mean values are shown in Table 15.

Table 15. Results of immersion Marshall test.

Type Dosage/% Marshall
Stability/KN

Immersion
Marshall

Stability/KN

Immersion
Residual

Stability/%

Specification
Requirement

Ordinary Asphalt 0 12.31 11.06 89.84

Immersion
Residual

Stability ≥ 85%

Straight Steel Fiber
1 13.42 12.39 92.32
2 14.39 13.51 93.88
3 13.61 12.59 92.51

L-shaped Steel Fiber
1 13.51 12.47 92.30
2 14.76 13.88 94.04
3 14.36 13.32 92.76

4.4.1. Analysis of Discreteness and Stability

As shown in Tables 16 and 17, the coefficients of variation of the indices for the L-
shaped steel fiber group range from 2% to 6%, and the coefficients of variation in Marshall
stability before and after immersion are generally lower than those of the straight steel fiber
group, indicating high performance stability of the material under immersion conditions,
while the coefficients of variation of the indices for the straight steel fiber group range from
4% to 8%, suggesting that the addition of straight steel fibers increases the dispersion degree
of the material’s immersion Marshall stability, possibly associated with the influence of
steel fibers on asphalt under immersion conditions and the changes in the internal structure
of the material.
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Table 16. The standard deviation of Marshall stability and immersion Marshall stability.

Standard Deviation

Type Dosage/% Marshall Stability Immersion
Marshall Stability

Ordinary Asphalt 0 0.3106 0.4772

Straight Steel Fiber
1 0.6568 0.7542
2 0.7105 0.9654
3 0.9348 0.9253

L-shaped Steel
Fiber

1 0.6525 0.5852
2 0.6348 0.4995
3 0.4995 0.6260

Table 17. The coefficient of variation of Marshall stability and immersion Marshall stability.

Coefficient of Variation

Type Dosage/% Marshall Stability Immersion
Marshall Stability

Ordinary Asphalt 0 2.52% 4.31%

Straight Steel Fiber
1 4.89% 6.10%
2 4.93% 7.15%
3 6.87% 7.35%

L-shaped Steel
Fiber

1 4.83% 4.70%
2 4.30% 3.60%
3 3.48% 4.70%

4.4.2. Comparison of Water Damage Resistance Between L-Shaped Steel Fiber Reinforced
Asphalt Mixtures and Straight Steel Fiber-Reinforced Asphalt Mixtures

It can be seen from Figures 16 and 17, with the addition of L-shaped steel fibers, the
Marshall stability of the asphalt mixture is gradually enhanced. The Marshall stability
reaches a maximum of 14.76 kN when the dosage is 2%, which is 19.9% higher than that of
ordinary asphalt (12.31 kN). Through a calculation and analysis of the Marshall stability
after immersion, the peak value of the residual immersion stability calculated for L-shaped
steel fibers is 94.04%. Compared with the residual immersion stability of ordinary asphalt
(89.84%), it has increased by 4.2 percentage points. When the dosage is 3%, the residual
immersion stability relatively decreases but still remains at 92.76%, which is still better than
that of ordinary asphalt.

 

Figure 16. Comparison of Marshall stability between L-shaped and straight steel fibers.
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Figure 17. Comparison of immersion Marshall stability between L-shaped and straight steel fibers.

At the optimal dosage of 2%, L-shaped fibers form a denser three-dimensional re-
inforcement network through the end-hook anchorage effect. The residual immersion
stability reaches 94.04%, which is 0.16% higher than that of straight steel fibers (93.88%).
When the dosage is excessive at 3%, L-shaped fibers inhibit agglomeration by virtue of
their geometric self-locking characteristics, and the residual immersion stability remains
at 92.76%, which is still 0.25 percentage points better than that of straight steel fibers
(92.51%). In terms of the residual immersion stability, both straight and L-shaped steel
fibers effectively enhance the water damage resistance of asphalt mixtures. Although the
performance improvement of L-shaped fibers is marginally better, the difference between
the two fiber types remains negligible. This proves that its unique geometric design can
more effectively block the water penetration path and enhance the durability of interface
bonding. Especially under the long-term water-force coupling effect, the performance
degradation is slower.

4.5. Analysis of the Influence of L-Shaped Steel Fibers on the Freeze–Thaw Splitting Strength of
Asphalt Mixtures

Freeze–thaw splitting tests were conducted on asphalt mixtures with L-shaped and
straight steel fibers at dosages of 0%, 1%, 2%, and 3%. Four specimens were prepared for
each group, and the mean values are shown in Table 18.

Table 18. Results of freeze–thaw splitting test.

Type Dosage/%
Unfrozen–Thawed
Splitting Strength

Rt1/MPa

Post-Freeze–
Thawed Splitting
Strength Rt2/MPa

Freeze–Thaw
Splitting
Strength
Ratio/%

Specification
Requirement

Ordinary
Asphalt 0 1.08 0.89 82.56

Freeze–thaw
Splitting

Strength Ratio ≥
80%

Straight Steel
Fiber

1 1.16 0.98 84.48
2 1.19 1.01 85.01
3 1.18 1.00 84.60

L-shaped Steel
Fiber

1 1.23 1.04 84.75
2 1.37 1.17 85.14
3 1.26 1.07 84.99

4.5.1. Analysis of Discreteness and Stability

As shown in Tables 19 and 20, the coefficients of variation of the indices for the L-
shaped steel fiber group range from 4% to 10%. The coefficients of variation in the splitting
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strength both before and after freeze–thaw are generally lower than those of the straight
steel fiber group and are not significantly different from those of ordinary asphalt. The
coefficients of variation of the indices for the straight steel fiber group range from 8% to
15%. The addition of straight steel fibers causes significant fluctuations in the dispersion
degree of the material’s splitting strength after freeze–thaw, which may be related to the
effect of steel fibers on asphalt during the freeze–thaw cycle and the changes in the internal
structure of the material.

Table 19. The standard deviation of unfrozen–thawed splitting strength and post-freeze–thawed
splitting strength.

Standard Deviation

Type Dosage/% Unfrozen–Thawed
Splitting Strength Rt1

Post-Freeze–Thawed
Splitting Strength Rt2

Ordinary Asphalt 0 0.0426 0.0852

Straight Steel Fiber
1 0.0932 0.1245
2 0.1203 0.0912
3 0.1348 0.1446

L-shaped Steel Fiber
1 0.0821 0.0965
2 0.0675 0.0522
3 0.0590 0.0675

Table 20. The coefficient of variation of unfrozen–thawed splitting strength and post-freeze–thawed
splitting strength.

Coefficient of Variation

Type Dosage/% Unfrozen–Thawed
Splitting Strength Rt1

Post-Freeze–Thawed
Splitting Strength Rt2

Ordinary Asphalt 0 3.94% 9.57%

Straight Steel Fiber
1 8.03% 12.70%
2 10.11% 9.03%
3 11.42% 14.46%

L-shaped Steel Fiber
1 6.68% 9.28%
2 4.93% 4.46%
3 4.68% 6.31%

4.5.2. Comparison of Freeze–Thaw Splitting Resistance Between L-Shaped Steel
Fiber-Reinforced Asphalt Mixtures and Straight Steel Fiber-Reinforced Asphalt Mixtures

It can be seen from Figures 18 and 19 that, in the absence of freeze–thaw cycles,
the splitting resistance of asphalt mixtures steadily improves with the incorporation of
L-shaped steel fibers. The splitting strength peaks at 1.37 MPa with a 2% fiber dosage,
representing a 26.85% increase compared to plain asphalt. After freeze–thaw treatment,
the specimens achieve a maximum splitting strength of 1.17 MPa at the same 2% dosage,
a 31.46% enhancement over the control group. Additionally, the freeze–thaw splitting
strength ratio increases by 2.58%, confirming the effectiveness of L-shaped steel fibers
in enhancing freeze–thaw resistance. Throughout the fiber addition process, L-shaped
fibers consistently improve asphalt mixture performance, both before and after freeze–thaw.
Although a slight performance decline occurs at a 3% dosage, the fibers’ positive impact on
freeze–thaw resistance remains significant.
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Figure 18. Comparison of freeze–thaw splitting strength between L-shaped and straight steel fibers.

 

Figure 19. Comparison of freeze–thaw splitting strength ratio between L-shaped and straight
steel fibers.

Without freeze–thaw treatment, the splitting strength of straight steel fiber-reinforced
asphalt mixture peaks at 1.19 MPa, whereas that of L-shaped steel fiber-reinforced as-
phalt mixture reaches 1.37 MPa at the same dosage. After freeze–thaw, the maximum
splitting strength of straight and L-shaped steel fiber-reinforced mixtures is 1.01 MPa and
1.17 MPa, respectively. The freeze–thaw splitting strength ratio of the L-shaped steel fiber-
reinforced mixture is 85.14%, 0.13 percentage points higher than that of the straight steel
fiber-reinforced mixture (85.01%).

Based on the above comparative analysis of splitting strength results, it can be seen that
L-shaped steel fibers significantly enhance the freeze–thaw resistance of asphalt mixtures,
and there is not much difference between them and straight steel fibers. L-shaped steel
fibers can reduce interface delamination during freeze–thaw cycles, inhibit water intrusion
and ice crystal expansion damage, disperse freeze–thaw stress through the formed fiber
network, and reduce the probability of micro-crack initiation.

4.6. Analysis of the Influence of L-Shaped Steel Fibers on the Compressive Performance of Asphalt
Mixtures

The uniaxial compression test was carried out to measure the ultimate load and
compressive strength of asphalt mixtures with L-shaped steel fiber and straight steel fiber
dosages of 0%, 1%, 2% and 3%. Four specimens were prepared for each group, and the
mean values are shown in Table 21.
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Table 21. Results of uniaxial compression test.

Type Dosage/% Ultimate Load/KN Compressive
Strength/MPa

Ordinary Asphalt 0 40.13 5.11

Straight Steel Fiber
1 43.32 5.52
2 46.15 5.88
3 45.43 5.79

L-shaped Steel
Fiber

1 44.63 5.68
2 47.26 6.02
3 46.22 5.89

4.6.1. Standard Deviation and Coefficient of Variation

As shown in Tables 22 and 23, for the L-shaped steel fiber group, increasing the dosage
from 1% to 3% reduced the coefficient of variation of the ultimate load from 5.65% to 2.94%
and the coefficient of variation of the compressive strength from 5.46% to 3.13%. This
decline in coefficients of variation indicates improved material uniformity and enhanced
performance stability with higher fiber content.

Table 22. The standard deviation of ultimate load and compressive strength.

Standard Deviation

Type Dosage/% Ultimate Load Compressive Strength

Ordinary Asphalt 0 2.0082 0.2618

Straight Steel Fiber
1 3.1906 0.3238
2 2.4314 0.3638
3 4.2082 0.3638

L-shaped Steel
Fiber

1 2.5201 0.3103
2 1.6574 0.2450
3 1.3586 0.1845

Table 23. The coefficient of variation of ultimate Load and compressive strength.

Coefficient of Variation

Type Dosage/% Ultimate Load Compressive Strength

Ordinary Asphalt 0 5.00% 5.12%

Straight Steel Fiber
1 7.37% 5.87%
2 5.27% 6.19%
3 9.26% 6.28%

L-shaped Steel
Fiber

1 5.65% 5.46%
2 3.51% 4.07%
3 2.94% 3.13%

In contrast, the straight steel fiber group showed pronounced fluctuations in coeffi-
cients of variation across dosages. The coefficients of variation of the ultimate load ranged
from 5.27% to 9.26%, and those of the compressive strength varied between 5.87% and
6.28%, with the former showing greater variability. This suggests that straight steel fiber
dosages significantly impact the dispersion of the ultimate load property.

Overall, the L-shaped steel fiber group exhibited lower coefficients of variation than
the straight steel fiber group, especially at higher dosages, demonstrating its superior
control over material property dispersion.
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4.6.2. Comparison of Compressive Performance Between L-Shaped Steel Fiber-Reinforced
Asphalt Mixtures and Straight Steel Fiber-Reinforced Asphalt Mixtures

As illustrated in Figures 20 and 21, incorporating L-shaped steel fibers significantly
enhances the compressive performance of asphalt mixtures. At a 2% fiber dosage, the
ultimate load peaks at 47.26 kN, corresponding to a maximum compressive strength of
6.02 MPa—an increase of 17.8% compared to plain asphalt. As the dosage of L-shaped
steel fibers increases, the compressive strength initially rises, reaches a maximum, and then
begins to decline. Nevertheless, the overall improvement in the compressive strength of
the asphalt mixtures remains substantial.

 

Figure 20. Comparison of ultimate load between L-shaped and straight steel fibers.

 

Figure 21. Comparison of compressive strength between L-shaped and straight steel fibers.

An analysis of the ultimate load and compressive strength of L-shaped and straight
steel fibers at different dosages reveals the following trends. The compressive strength
of straight steel fibers rises initially and subsequently declines as the dosage increases,
peaking at 5.88 MPa when the dosage reaches 2%. Similarly, the compressive strength of
L-shaped steel fibers follows an increasing-then-decreasing pattern with dosage increments,
attaining a maximum of 6.02 MPa at a 2% dosage. Moreover, the ultimate load of L-shaped
fibers (47.26 kN) exceeds that of straight steel fibers (46.15 kN), aligning with the upward
trend in compressive strength values. The addition of L-shaped steel fibers can significantly
enhance the compressive strength of the asphalt mixture, and it is slightly better than that
of straight steel fibers in terms of reinforcement effect. Both types of steel fibers reach their
peak values when the dosage is 2%. The compressive strength of L-shaped steel fibers is
0.14 MPa higher than that of straight steel fibers, with a higher increase range. However,
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when an excessive amount of either type of fiber is added, the performance may slightly
decline due to uneven fiber distribution or deterioration of interfacial bond performance.

5. Conclusions
In the field of road engineering, the research on the influence of L-shaped steel fibers

on the performance of asphalt mixtures is of great significance. Experimental results
indicate that L-shaped steel fibers exhibit multifaceted reinforcing characteristics, thereby
enhancing the overall performance of asphalt mixtures by approximately 20%. Their
reinforcing performance is slightly superior to that of straight steel fibers. By quantifying
data dispersion through standard deviation and coefficient of variation, L-shaped steel
fibers exhibit smaller values for both indices, demonstrating that their reinforcing effect on
asphalt mixtures is less variable, more uniform, and more stable. As a result, the following
conclusions can be drawn:

(1) High-temperature rutting resistance

With respect to high-temperature rutting resistance, the rut depth of asphalt mixtures
incorporating L-shaped steel fibers decreases by 12%. The core parameter—dynamic
stability—exhibits a 2.2% improvement compared to straight steel fiber-reinforced asphalt
mixtures. Although the numerical difference is modest, the L-shaped steel fiber group had
notably lower coefficients of variation than the straight steel fiber group. At 2% and 3%
dosages, the coefficients of variation for rutting depth were below 3.5%, suggesting better
uniformity and less test variability.

(2) Low-temperature crack resistance

In terms of low-temperature crack resistance, the reinforcing effect of L-shaped steel
fibers on asphalt mixtures increases by approximately 20%. At the optimal steel fiber
dosage, L-shaped steel fiber-reinforced asphalt mixtures show a 3.6% enhancement over
straight steel fiber-reinforced counterparts. The coefficients of variation of various indices
for the L-shaped steel fiber group range from 2% to 6%. Compared with those of the
straight steel fiber group, which range from 5% to 10%, the L-shaped steel fiber group
exhibits better stability.

(3) Water damage resistance

For water damage resistance, the Marshall stability of L-shaped steel fiber-reinforced
mixtures increases by 19.9% relative to ordinary asphalt mixtures. The residual immersion
stability of straight steel fiber-reinforced asphalt mixtures is 93.88%, whereas that of L-
shaped steel fiber-reinforced mixtures reaches 94.04%, representing a 0.16 percentage point
increase. The L-shaped steel fiber group exhibits coefficient of variation values between
2% and 6% for all indices, compared to 4–8% for the straight steel fiber group. Notably,
its Marshall stability coefficients of variation before and after immersion are consistently
lower than those of the straight steel fiber group.

(4) Freeze–thaw splitting strength

Regarding freeze–thaw splitting strength, L-shaped steel fibers increase the pre-freeze–
thaw splitting strength of asphalt mixtures by 26% and post-freeze–thaw splitting strength
by up to 30%. The freeze–thaw splitting strength ratio of straight steel fiber-reinforced
mixtures is 85.01%, compared to 85.14% for L-shaped steel fiber-reinforced mixtures—a 0.13
percentage point increase. The coefficients of variation of various indices for the L-shaped
steel fiber group range from 4% to 10%, showing relatively good stability. In contrast, the
coefficients of variation of the indices for the straight steel fiber group range from 8% to
15%, indicating greater volatility.

(5) Compressive strength
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In the context of compressive strength, L-shaped steel fibers increase the ultimate load
of asphalt mixtures by 17%. The compressive strength of straight steel fiber-reinforced
mixtures is 5.88 MPa, whereas that of L-shaped steel fiber-reinforced mixtures is 6.02 MPa,
reflecting a 2.4% increase. As the dosage of the L-shaped steel fiber group increases, the
coefficients of variation in both the ultimate load and the compressive strength decrease. In
contrast, for the straight steel fiber group, the situation is the opposite, indicating that its
dosage significantly affects the dispersion of the ultimate load.

Collectively, L-shaped steel fibers exhibit superior reinforcing effects on asphalt
mixtures. Compared to straight fibers, their unique geometric configuration provides
a marginal improvement in the mechanical properties of the mixture, accompanied by a
more uniform and stable enhancement. Future studies should focus on optimizing steel
fiber parameters and validating the material’s applicability and reliability in real-world
engineering scenarios.
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