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Abstract: The purpose of this study is to explore the viscoelastic properties, rutting resistance, and
fatigue resistance of waste wood-based biochar-modified asphalt. The biochar with 2%, 4%, and
8% mixing amounts and two kinds of particle size, 75–150 µm and <75 µm, were used as modifiers
of petroleum asphalt. Meanwhile, in the control group, a graphite modifier with a particle size of
0–75 µm and mixing amount of 4% was used for comparison. Aged asphalts were obtained in the
laboratory by the Rolling Thin Film Oven (RTFO) test and the Pressure Aging Vessel (PAV) test. The
viscoelastic properties, rutting resistance, and fatigue resistance of biochar-modified asphalt were
evaluated by phase angle, critical high temperature, and fatigue cracking index by the Dynamic Shear
Rheometer (DSR) test. In addition, the micromorphology of biochar and graphite was compared
and observed by using the scanning electron microscope (SEM). The results show that increasing the
mixing amount of biochar gave a higher elastic property and significantly better rutting resistance
of the modified asphalt at high temperature. Compared with graphite, the biochar has a rougher
surface and more pores, which provides its higher specific surface area. Therefore, it is easier to bond
with asphalt to form a skeleton network structure, then forming a more stable biochar–asphalt base
structure. In this way, compared to graphite-modified asphalt, biochar-modified asphalt showed
better resistance to rutting at high temperature, especially for the asphalt modified with biochar of
small particle size. The critical high temperature T(G*/sinδ) of 4% Gd, 4% WD, and 4% Wd was 0.31 ◦C,
1.57 ◦C, and 2.92 ◦C higher than that of petroleum bitumen. In addition, the biochar asphalt modified
with biochar of small particle size had significantly better fatigue cracking resistance than the asphalt
modified with biochar of large particle size. The fatigue cracking indexes for 2% Wd, 4% Wd, and
8% Wd were 29.20%, 7.21%, and 37.19% lower by average than those for 2% WD, 4% WD, and 8% WD
at 13–37 ◦C. Therefore, the waste wood biochar could be used as the modifier for petroleum asphalt.
After the overall consideration, the biochar-modified asphalt with 2%–4% mixing amount and particle
size less than 75 µm was recommended.

Keywords: asphalt pavement; biochar; biochar modified asphalt; viscoelastic properties; rutting
resistance; fatigue resistance; performance evaluation

1. Introduction

Biochar is a kind of organic compound product rich in carbon. It has many varieties,
which is mainly produced by pyrolysis technology [1,2]. Most of the existing research
on biochar has worked on the environmental science and soil science fields. The biochar
plays a great role in agricultural soil improvement, environmental pollution remediation,
soil carbon pool enhancement, and greenhouse gas emission reduction [3,4]. The biochar,
acting as a soil modifier, can promote nutrient cycling to improve soil productivity and
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plant growth [5–8]. However, according to recent studies, in many cases, crop productivity
cannot be improved or even decreased due to pesticides and water adsorption [9]. The
reason is that biochar used in the soil can store toxic substances by absorbing or other
physicochemical reactions, thus bringing a negative effect on the environment [10]. Fur-
thermore, inactivated biochar is hard to isolate from soil [9,11]. In light of this, if it is piled
without control, the biochar in air will serve as a threat to our human body [12].

At present, bio-based materials and carbon-based materials, such as carbon black,
carbon fiber, and graphite, have been used for asphalt modification. Among them, carbon
fiber modifier was proven to increase the rutting resistance of asphalt exposed to high
temperature and alleviate its oxidation process [13,14], while it contributed to the increase
in asphalt fatigue life [15] as well as improved the flexural strength and self-healing
ability of asphalt concrete [16]. Adding lignin fibers to bitumen increased the rutting
resistance of asphalt binder and the adhesion between asphalt binder and aggregates [17].
Rapeseed and oleic imidazolines could improve the low-temperature crack resistance
and permanent deformations resistance of polymer-modified asphalt [18]. The asphalt
concrete modified with graphite improved the thermal conductivity, rheological properties,
and high-temperature properties of asphalt concrete [19]. The combination of graphite
and carbon fiber to modify the asphalt concrete increased its electrical conductivity and
mechanical properties [20]. In addition, carbon black modifiers can be applied to improve
the properties of asphalt at high temperature, the anti-aging performance, and the thermal
conductivity [21]. In consideration of these good performances from the carbon-based
material for pavement, the biochar may be used in road engineering. However, little
studies were made to work out the application of biochar as the modifier for road materials.
It was found that 1 wt% biochar from food waste could improve the impermeability of
mortar [22]; paper mill sludge and paper pulp-based biochar improved the mechanical
strength of concrete [23]; and pig manure-based biochar reduced the temperature sensitivity
and shear sensitivity of asphalt [24]. In addition, according to studies, 10 wt% of mixing
amount of switchgrass-based biochar significantly reduced the temperature sensitivity of
asphalt and improved the moisture susceptibility, crack resistance, and rutting resistance
of asphalt [25,26]. Furthermore, biochars derived from straw, rice husk, palm fruit ash,
and soybean powder decreased the temperature sensitivity of asphalt while improving
the high-temperature stability reflected by dynamic shear modulus [27,28]. In addition,
biochar-modified asphalt pavement was proven to remove 97.2% of nitrate and 56% of
chromium from rainwater, thus improving the groundwater quality [29].

In summary, it is possible to use the biochar in the asphalt. However, in light of its
varieties, biochars may have performance differences due to different material sources. Few
studies on the evaluation of the properties of waste wood-based biochar-modified asphalt
exist currently. In addition, the application of biochar to pavement materials can both
reduce the environmental pollution caused by biochar and reuse waste biomass resources.
Therefore, this study worked on the waste wood-based biochar as a modifier for petroleum
asphalt to evaluate the viscoelastic properties, rutting resistance, and fatigue resistance
of biochar-modified asphalt with different biochar mixing amounts and particle sizes. In
parallel, the waste wood-based biochar-modified asphalt was compared with petroleum
asphalt and graphite-modified asphalt to probe the possibility of using biochar as an asphalt
modifier, and to recommend biochar-modified asphalt with better performance.

2. Test Material
2.1. Matrix Asphalt

Petroleum asphalt with performance grade PG 58-28 was used as the base asphalt,
and its performance meets the requirements of specification [30]. The detailed technical
indexes are shown in Table 1.
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Table 1. Basic properties of petroleum asphalt PG 58-28.

Evaluation Index Result Specification
Requirements Specification

Specific gravity 1.03 - -
Rotational viscosity (135 ◦C, Pa·s) 0.350 <3.0 AASHTO T316-13

Rutting resistance factor of the original
asphalt G*/sinδ (58 ◦C) (kPa) 1.995 >1.0 AASHTO T315-12

Rutting resistance factor of aging asphalt
after RTFOT G*/sinδ (58 ◦C) (kPa) 5.018 >2.2 AASHTO T315-12

m-value (−18 ◦C) 0.31 >3.0 AASHTO T313-12

2.2. Graphite and Graphite-Modified Asphalt

For comparison, the graphite modifier was used, with the particle size less than
75 µm, density 2.25 g/cm3, and minimum particle thickness of 0.11 mm [19]. The graphite-
modified asphalt was prepared by adding 4% mixing amount of graphite into a base binder
of PG 58-28 and stirring them at 120 ◦C for about one hour by a mixer with a mixing speed
of 3000–5000 revolutions per minute.

2.3. Biochar and Biochar-Modified Asphalt

Biochar with a density of 0.4 g/cm3 was prepared from waste wood by a special
pyrolysis process [31]. To study the effect of biochar with different mixing amounts and
particle sizes, three mixing amounts were used: 2%, 4%, and 8%, as well as particle sizes of
75–150 µm and <75 µm. The biochar-modified asphalt was prepared by adding biochar with
different particle sizes and mixing amounts into the base binder of PG 58-28 and stirring
them at 120 ◦C for about one hour by a mixer with a mixing speed of 3000–5000 revolutions
per minute.

This study worked on 1 graphite-modified asphalt and 1 petroleum asphalt as the
control, and 6 biochar-modified asphalt, altogether 8 kinds of asphalt, as shown in Table 2.
Here, “W” represents waste wood-based biochar, “G” represents graphite, “D” represents
larger particle sizes of 75–150 µm, and “d” represents smaller particle sizes of <75 µm.

Table 2. Test samples.

Asphalt Type Instruction

PG 58-28 Petroleum asphalt

2% WD Biochar-modified asphalt, with 2% of biochar mixing amount,
in 75–150 µm particle size

4% WD Biochar-modified asphalt, with 4% of biochar mixing amount,
in 75–150 µm particle size

8% WD Biochar-modified asphalt, with 8% of biochar mixing amount,
in 75–150 µm particle size

2% Wd Biochar-modified asphalt, with 2% of biochar mixing amount,
in 0–75 µm particle size

4% Wd Biochar-modified asphalt, with 4% of biochar mixing amount,
in 0–75 µm particle size

8% Wd Biochar-modified asphalt, with 8% of biochar mixing amount,
in 0–75 µm particle size

4% Gd Graphite-modified asphalt, with 4% of biochar mixing
amount, in 0–75 µm particle size
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3. Test Method
3.1. Rolling Thin Film Oven (RTFO) Test

The RTFO test was used to simulate the asphalt aging during storage, transportation,
mixing, and paving. A short-time aging test was conducted on the asphalt according to the
specification AASHTO T240 [32], where the test temperature was 163 ± 0.5 ◦C, the aging
time was controlled for 85 min, the weight of the asphalt sample in the sample bottle was
35 g ± 0.5 g, and the flow rate of air injection in the oven was 4000 L/min ± 200 mL/min.

3.2. Pressure Aging Vessel (PAV) Test

The PAV test was designed to accelerate the asphalt aging with high temperature and
pressed air, to simulate the oxidative aging of asphalt during 5–10 years of road use. The
samples used were residues from the RTFO test of asphalt. The PAV test was performed
based on the specification AASHTO R28 [33], where the air pressure was 2.1 ± 0.1 Mpa,
the aging time was controlled for 20 h, the mass of the asphalt sample in the aging plate
was 50 g ± 5 g, and the asphalt film was about 3.2 mm thick.

3.3. Dynamic Shear Rheometer (DSR) Test

The DSR test was performed on the asphalt according to the specification AASHTO
R28 [34]. The phase angle (δ) and rutting index (G*/sinδ) of the original and RTFO-aged
sample were measured, and the critical high temperature of asphalt was calculated based
on specification AASHTO M32-10 [30]. These were used to characterize the viscoelastic
properties and rutting resistance of asphalt exposed to high temperatures of 52–76 ◦C
with a temperature interval of 6 ◦C. The fatigue cracking index (G*sinδ) of the PAV aged
sample was measured to evaluate the fatigue resistance of asphalt exposed to medium
temperatures of 13–37 ◦C with a temperature interval of 6 ◦C. Three parallel samples were
tested each time.

The critical high temperature refers to the minimum temperature of To
(G*/sinδ) and

TR
(G*/sinδ). To

(G*/sinδ) is the critical high temperature of original asphalt, the rutting index
at that temperature of original asphalt is 1.0 kPa at 1.59 Hz (10 rad/s); TR

(G*/sinδ) is the
critical high temperature of RTFO aged asphalt, the rutting index at that temperature of
RTFO aged asphalt is 2.2 kPa at 1.59 Hz (10 rad/s), as shown in Formula (1).

T(G*/sinδ) = min. (To
(G*/sinδ), TR

(G*/sinδ)) (1)

where T(G*/sinδ) = Critical high temperature of asphalt; To
(G*/sinδ) = Critical high tempera-

ture of original asphalt; TR
(G*/sinδ) = Critical high temperature of RTFO-aged asphalt.

3.4. Electron Microscope (SEM) Test

The microtopography of biochar and graphite was observed by using Hitachi
(Schaumburg, IL, USA) S-4700 and JEOL (Peabody, KS, USA)-6400, where Hitachi S-4700
had an acceleration voltage of 1–5 kV, an emission current of 9 A, and the working distance
of 2.8–8 mm; JEOL-6400 had an acceleration voltage of 20 kV and the working distance of
39 mm. The prepared biochar or graphite particles were moved to a double-sided adhesive
carbon tape, which was then coated on an aluminum sample holder.

4. Results and Analyses
4.1. Analysis of Viscoelastic Properties

The viscoelastic properties of asphalt can be evaluated by its phase angle. The larger
phase angle presents a higher viscous component of asphalt. The phase angle of the original
asphalt and RTFO aged asphalt is shown in Figure 1.
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Figure 1. Phase angle (δ) of biochar-modified asphalt. (a) Phase angle (δ) of original sample; (b) Phase
angle (δ) of RTFO aged sample.

From Figure 1a, the phase angle of asphalt increases when the temperature rises,
indicating that the asphalt is more likely to exhibit viscous properties at higher temperature.
However, the adding of biochar lowered the phase angle of the asphalt. It can be found
that the phase angle of biochar-modified asphalt decreased with the addition of biochar.
Compared with asphalt, biochar exhibits harder and more rigid characteristics. When
harder biochar was added into the asphalt, the asphalt volume was filled, thus improving
the elastic composition. The particle size of biochar had a significant effect on the phase
angle of the asphalts. As shown in Figure 1a, at 52–76 ◦C, the phase angles of 2% Wd,
4% Wd, and 8% Wd are 0.31◦, 0.39◦, and 1.21◦ smaller than those of 2% WD, 4% WD, and
8% WD, respectively. This demonstrated that the biochar-modified asphalt with a small
particle size had the smaller phase angle than that of biochar-modified asphalt with a large
particle size. The reason could be that the biochar of small particle size has a high surface
area accompanied by a porous structure, resulting in stronger adhesion between them and
the matrix asphalt. In this way, a strong structure is formed [31].

According to Figure 1b, the phase angles of all asphalt are relatively similar, which
means that compared with petroleum asphalt and biochar-modified asphalt of large par-
ticle size, the phase angle of biochar-modified asphalt of small particle size had the least
change after the RTFO aging. Therefore, the viscoelastic properties of asphalt modified
by biochar of small particles were less affected by high temperature, which had the best
aging resistance.

To compare the viscoelastic properties of asphalt affected by different modifiers, the
phase angles of PG 58-28, 4% Gd, 4% WD, and 4% Wd before and after RTFO aging test are
shown in Figure 2. Compared with 4% WD, 4% Gd had a smaller phase angle and more
elastic components, which may be caused by the large volume filling of small hard particles.
After short-term aging, the phase angle change of 4% Wd was slightly smaller than that of
4% Gd by 0.072 ◦C on average. This may be caused by the surface difference that graphite
has a relatively smooth surface, while biochar has a complex multi-hole structure. Adding
the latter may enhance the formation of the biochar–matrix asphalt structure. Therefore,
the elastic components of asphalt modified with biochar of small particle size were higher,
and the viscoelastic properties were least affected by high temperature.
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4.2. Analysis of Rutting Resistance

After the DSR test, the temperature (To
(G*/sinδ)) at which the rutting index (G*/sinδ) of

original asphalt was 1.0 kPa at 1.59 Hz (10 rad/s) was obtained as well as the temperature
(TR

(G*/sinδ)) at which the rutting index (G*/sinδ) of RTFO aged asphalt was 2.2 kPa at
1.59 Hz (10 rad/s). The critical high temperature of petroleum asphalt, biochar-modified
asphalt, and graphite modified asphalt is shown in Figures 3 and 4.
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Figure 3. Critical high temperature of biochar-modified asphalt.

The smaller one of To
(G*/sinδ) and TR

(G*/sinδ) was considered as the critical high tem-
perature of the asphalt sample, which can more intuitively characterize its rutting resistance
under high temperature. As shown in Figure 3, the greater the amount of biochar, the
higher the critical high temperature of asphalt, indicating that biochar-modified asphalt
had better rutting resistance at high temperature. In this regard, the volume filling of harder
biochar particles is one of the main reasons, which increases the elastic components of
asphalt to a certain extent. This is in line with the above analysis of viscoelastic properties.
For another possible reason, the porous structure of biochar led to its higher surface area,
thus causing higher adhesion between biochar and petroleum asphalt [31]. In addition, the
resistance to rutting of biochar-modified asphalt exposed to high temperature increased
with the increase in biochar mixing amount. This is because increasing the mixing amount
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of biochar makes it more easily for hard porous particles to come into contact with each
other. In this way, a skeleton frame is formed in asphalt to enhance its rutting resistance.
After analyzing the influences of biochar of different particle sizes on the critical high
temperature of modified asphalt, it was seen that the asphalt modified with biochar of
small particle size had better rutting resistance under high-temperature conditions than
the asphalt modified with biochar of large particle size. This can be explained by the large
volume filling of harder biochar particles and the higher specific surface area. With the
same mass, biochar with a smaller particle size has a larger volume and higher specific
surface area than biochar with a larger particle size.
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After comparing the critical high temperature of different types of asphalt, it was
found that biochar-modified asphalt had better rutting resistance than petroleum asphalt
and graphite-modified asphalt. For example, the critical high temperature T(G*/sinδ) of
4% Gd, 4% WD, and 4% Wd was 0.31 ◦C, 1.57 ◦C, and 2.92 ◦C higher than that of petroleum
bitumen. The addition of carbon-based particles increased the elastic components of asphalt
and enhanced the properties at high temperature of asphalt. Furthermore, the asphalt
modified with biochar of small particle size had the best high-temperature performance. As
the density of biochar is lower than that of graphite, the particle volume of biochar is higher
than that of graphite at the same mixing amount. In addition, under the same mass, smaller-
sized biochar particles have a higher surface area and porous structure, which promotes
the asphalt to generate a greater adhesion to biochar and to form a biochar–asphalt base
structure, thus reducing the influence of high temperature on asphalt. These results are
consistent with those of the elastic components test.

4.3. Analysis of Fatigue Resistance

In this study, the fatigue cracking index (G*sinδ) was utilized to characterize the
fatigue resistance of biochar-modified asphalt, as shown in Figure 5.

The higher fatigue cracking index (G*sinδ) represents the worse anti-fatigue cracking
ability of asphalt. According to Figure 5, as the temperature rises, the asphalt fatigue
cracking index (G*sinδ) decreased, indicating that the fatigue resistance of asphalt was
better at higher temperature. The added biochar reduced the fatigue resistance of asphalt.
The G*sinδ of biochar-modified asphalt was basically higher compared to petroleum asphalt
PG 58-28, and it increased with the higher mixing amount of biochar. Moreover, the size of
biochar particles had a significant influence on the fatigue resistance of biochar-modified
asphalt. Compared with the asphalt modified with biochar of large particle size, the
asphalt modified with biochar of small particle size had a lower fatigue cracking index. For
example, the fatigue cracking indexes for 2% Wd, 4% Wd, and 8% Wd were 29.20%, 7.21%,
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and 37.19% lower by average than those for 2% WD, 4% WD, and 8% WD at 13–37 ◦C. It
demonstrated that the fatigue cracking resistance of asphalt modified with biochar of small
particle size was better than that of asphalt modified with biochar of large particle size.
Furthermore, little difference exists between the fatigue resistance of 2% Wd and that of
petroleum asphalt, especially when the temperature was 19–37 ◦C; the fatigue resistance of
2% Wd was similar to or even better in comparison with asphalt PG 58-28.
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To compare the effects of different modifiers on the fatigue resistance of asphalt, the
fatigue cracking index of PG 58-28, 4% Gd, 4% WD, and 4% Wd is shown in Figure 6. The
G*sinδ of 4% Gd was higher than that of petroleum asphalt, but lower than 4% WD and
4% Wd. It indicated that graphite-modified asphalt owned better fatigue cracking resistance
compared to biochar-modified asphalt. However, there was no significant difference in
the fatigue cracking index (G*sinδ) of 4% Gd and 4% Wd; the G*sinδ of 4% Wd was only
408.00 kPa higher than that of 4% Gd. This demonstrated that smaller particle-sized biochar-
modified asphalt had a similar fatigue cracking resistance to graphite-modified asphalt.
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4.4. Analysis of Microstructure

The SEM images for biochar and graphite are shown in Figure 7.
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According to Figure 7, the biochar particles are mostly tubular or flake, with a sig-
nificant porous structure and rough surface, while the flake graphite surface is relatively
smooth. On one hand, this porous, fibrous, and hollow structure on the surface of biochar
particles enables it to have a larger specific surface area, which makes it fully bond with
asphalt. On the other hand, the irregular shape of biochar particles makes it easier to
lap with asphalt to form a skeleton network structure, forming a more stable biochar–
asphalt base structure. Therefore, it promotes the modified asphalt to have better road
performance. To some extent, it can explain the reason why biochar-modified asphalt
has better high-temperature performance than graphite-modified asphalt. As the biochar
utilized for this study was obtained from waste wood by the thermal pyrolysis process, its
microstructure still retains part of the structural characteristics of biomass raw materials.
The microstructures of biochar obtained from different kinds of biomass raw materials
may be different, including the macroscopic performance. Therefore, before the applica-
tion of biochar, biomass raw materials should be selected according to the application
requirements so as to achieve the best application effect.

4.5. Statistical Analysis

In order to study whether the change in properties of asphalt after the use of biochar
was significant, a statistical analysis was performed based on SPSS software. The tests
of the between-subjects effects on phase angle, critical temperature, and fatigue cracking
index of modified asphalts are shown in Tables 3–5, respectively. A p-value of less than
0.05 is considered to indicate that the factor has a significant influence on the property
of asphalt.

As can be seen from Table 3, all p-values were higher than 0.05. This indicated that the
influence of type, mixing amount, and particle size of biochar on the phase angle of asphalt
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was not significant. However, for the influence factor of mixing amount of biochar, the
p-value of 0.116 is the smallest. The mixing amount of biochar had a significantly higher
influence on the phase angle of asphalt than the type and particle size of biochar. From
Table 4, it can be found that the type, mixing amount, and particle size of biochar all had a
significant influence on high-temperature performance. This is consistent with the above
results of rutting resistance. According to Table 5, the type of modifier, with a p-value
of 0.860, has no significant influence on the fatigue resistance of asphalt. However, both
the mixing amount and particle size of biochar exhibited a significant influence on the
fatigue resistance of asphalt. Overall, the resistance to rutting and fatigue were significantly
affected by the mixing amount and particle size of biochar.

Table 3. Tests of between-subjects effects on phase angle.

Source df Mean Square Statistic Value (F) Significance
Probability (p)

Corrected model 10 57.482 129.509 0.000
Intercept 1 247,350.122 557,285.216 0.000

Type of modifier 1 0.172 0.388 0.535
Mixing amount of biochar 2 0.986 2.222 0.116

Particle size of biochar 1 0.491 1.106 0.297

Table 4. Tests of between-subjects effects on critical high temperature.

Source df Mean Square Statistic Value (F) Significance
Probability (p)

Corrected model 7 8.709 43.976 0.000
Intercept 1 52,912.657 267,169.545 0.000

Type of modifiers 1 8.789 44.379 0.000
Mixing amount of biochar 2 10.056 50.775 0.000

Particle size of biochar 1 3.721 18.788 0.000

Table 5. Tests of between-subjects effects on fatigue cracking index.

Source df Mean Square Statistic Value (F) Significance
Probability (p)

Corrected model 9 18,420,737.266 28.445 0.000
Intercept 1 100,839,554.363 155.714 0.000

Type of modifiers 1 20,424.173 0.032 0.860
Mixing amount of biochar 2 6,459,913.709 9.975 0.000

Particle size of biochar 1 6,210,405.133 9.590 0.004

5. Conclusions

In this study, biochar was utilized as a modifier of petroleum asphalt. Three mixing
amounts were used: 2%, 4%, and 8%, as well as two particle sizes of 75–150 µm and <75 µm.
In addition, flake graphite with a particle size <75 µm and mixing amount of 4% was used
as the control modifier. The viscoelastic properties, rutting resistance, and fatigue resistance
of biochar-modified asphalt were evaluated by using RTFO, PAV, and DSR tests, and the
microstructures of biochar and graphite were observed by using SEM. Statistical analysis
was performed. The following conclusions were obtained:

1. Asphalt showed more obvious viscous characteristics with increasing temperature.
The addition of biochar particles promoted the improvement of the elastic components
of asphalt, and it increased with the increasing amount of biochar. Compared to
asphalt PG 58-28, graphite-modified asphalt, and biochar-modified asphalt of large
particle size, the elastic components of biochar-modified asphalt of small particle size
was higher, whose viscoelastic properties were least affected by high temperature.
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2. The addition of biochar increased the critical high temperature of asphalt, and the
rutting resistance of biochar-modified asphalt significantly increased with the increase
in biochar mixing amount. The biochar-modified asphalt had better rutting resistance
at high temperature than petroleum asphalt and graphite-modified asphalt, especially
for the asphalt modified with biochar of small particle size.

3. The fatigue cracking resistance of asphalt reduced with the addition of biochar. How-
ever, the fatigue resistance of 2% Wd was similar to or even better than that of
petroleum asphalt, and 4% Wd had a similar fatigue cracking resistance to 4% Gd.
The particle size of biochar had a significant influence on the fatigue resistance of
biochar-modified asphalt. The binder modified with biochar of small particle size
had better fatigue cracking resistance than the asphalt modified with biochar of large
particle size.

4. The biochar had a rougher surface and more pores than graphite, which provided
its larger specific surface area. This made it easier to bond with asphalt to form a
skeleton network structure, thus forming a more stable biochar–asphalt base struc-
ture. Therefore, biochar-modified asphalt showed better rutting resistance at high
temperature.

Overall, the addition of a biochar modifier can increase the elastic property and rutting
resistance at high temperature while maintaining good resistance to fatigue. Therefore, it
may be widely applied in the future. After full consideration, the biochar-modified asphalt
with 2%–4% mixing amount and particle size less than 75 µm was recommended.
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