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Abstract: To improve the performance of petroleum asphalt, bio-char was used as a modifier for
a petroleum asphalt binder, in this study. The rheological properties of bio-char modified asphalt
binders were compared with different particle sizes and contents, with one control and one flake
graphite modified asphalt binder. Specifically, the bio-char modifiers with two particle sizes (ranging
from 75 µm–150 µm and less than 75 µm) and three contents of 2%, 4%, and 8% were added into the
asphalt binder. A flake graphite powder with particle sizes less than 75 µm was used as a comparison
modifier. The Scanning Electron Microscopy (SEM) image showed the porous structure and rough
surface of bio-char as well as dense structure and smooth surface of flake graphite. A Rotational
Viscosity (RV) test, Dynamic Shear Rheometer (DSR) test, aging test, and Bending Beam Rheometer
(BBR) test were performed to evaluate the properties of bio-char modified asphalt in this study.
Both modifiers could improve the rotational viscosities of the asphalt binders. The porous structure
and rough surface of bio-char lead to larger adhesion interaction in asphalt binder than the smooth
flake graphite. As a result, the bio-char modified asphalts had better high-temperature rutting
resistance and anti-aging properties than the graphite modified asphalt, especially for the binders
with the smaller-sized and higher content of bio-char particles. Furthermore, the asphalt binder
modified by the bio-char with sizes less than 75 µm and about 4% content could also achieve a better
low-temperature crack resistance, in comparison to other modified asphalt binders. Thus, this type of
bio-char particles is recommended as a favorable modifier for asphalt binder.

Keywords: bio-char; asphalt; modified asphalt; microscopic morphology; rheological properties;
anti-aging properties

1. Introduction

Bio-char has been studied since the 20th century [1]. It is a product rich in carbon consisting
of organic compounds, generally produced by pyrolysis technology [2,3]. The pyrolysis process
is the biomass decomposition under free oxygen, with the products of gas, liquid (bio-oil) and
solid (bio-char) [4,5]. There are various processes for pyrolysis: fast pyrolysis, slow pyrolysis,
carbonization, and gasification according to the heating temperature and residence time [6–9]. The yield
of by-products depends on the conditions of pyrolysis process, including heating temperature, heating
rate, residence time, condensate rate and so on [10–13]. More bio-char can be produced within
400–500 ◦C, while the pyrolysis temperatures above 700 ◦C benefit the production of bio-based liquid
and gas. The pyrolysis process occurs faster at high temperatures, usually taking a few seconds instead
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of a few hours. Typical yields at high-temperature conditions include 60% bio-oil, 20% bio-char and
20% gases. In contrast, a higher yield of bio-char can be produced through slow pyrolysis, nearly a
50% yield [14].

The majority of studies on bio-char have been focused on its ability to act as an amendment for soil,
to increase the soil productivity and to enhance the nutrient cycling and plant growth [15–18]. However,
according to studies in recent years, it has been found that in some cases, the crop productivity
cannot be increased and could even decrease because of the sorption of pesticides and water [19].
The use of bio-char in soil has a negative impact on the environment. It can lead to a detrimental
impact on Greenhouse Gas (GHG) levels and the environment [20]. Bio-char can act as a sink of soil
pollutants. Various toxic substances can be retained by bio-char through sorption or physicochemical
reactions. Moreover, bio-char is difficult to be separated again from the soil, after its inactivation [19,21].
Currently, as one of the biomass pyrolysis waste by-products, bio-oil can get efficient use as a
biofuel [11,22–24]. Along with bio-oil, bio-char is also produced as another byproduct, and if it
cannot be used appropriately, and is instead randomly stacked, the bio-char in the air will also be a
health risk for humans [25].

It is likely that bio-char can be used as a modifier for asphalt modification, to reduce environmental
impacts and human health concerns. Meanwhile, carbon-based materials, such as carbon fiber, graphite,
and carbon black, have been successfully applied in asphalt modification. With the addition of carbon
fiber, the high-temperature properties and rutting resistance of asphalt binder, as well as the alleviation
of the aging and oxidation processes, were improved [26,27]. Moreover, the fatigue life could be
increased with the action of carbon nano-fiber [28]. The combination filler of graphite and carbon fiber
improved the electrical property and the mechanical performance of asphalt concrete [29]. Carbon black
could also be used to increase the anti-aging property, high-temperature performance and thermal
conductivity of asphalt binder [30]. In addition, there has been a limited number of studies, over the
past few years, about the application of bio-char as a construction and building material. A 1 wt%
bio-char generated from food waste was found to increase the impermeability of mortar [31]. A pulp
and paper mill sludge bio-char, with a content of 0.1% of total volume, was found to improve the
mechanical strength of conventional concrete [32]. A 10 wt% swine manure bio-char decreases the
temperature susceptibility and shear susceptibility of asphalt binder [33]. A 10 wt% switchgrass
bio-char also significantly reduces the temperature susceptibility of asphalt binder and increases the
moisture, cracking and rutting resistance of asphalt mixture [34,35].

Overall, a limited number of studies have focused on the performance evaluation of modified
asphalt by using bio-char from waste wood as a modifier. Moreover, the application of bio-char as a
pavement material can not only reduce the environmental pollution caused by bio-char but can also
achieve the reuse of waste biomass sources. Motivated by these, the rheological properties of asphalt
binder modified by bio-char, with different particle sizes, were evaluated in this study.

2. Motivation and Objectives

In order to seek a performance-favorable modifier, this study made a comprehensive investigation
of the properties of asphalt binder modified by bio-char (different size ranges and contents) and flake
graphite. The rheological properties were evaluated in the laboratory, and the effect of microscopic
morphology, the particle size and the content of bio-char in the properties of bio-char modified asphalt
binder, were researched in this study. Performance grade petroleum asphalt PG 58-28 and asphalt
modified by commercial flake graphite were selected for comparison, in this study.
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3. Materials and Preparation

3.1. Control Asphalt PG 58-28

The performance grade asphalt, PG 58-28, was one of the control binders in this study. It was
obtained from Detroit, Michigan in the United States. The detailed properties of PG 58-28 are shown in
Table 1. The test results all met the requirement of the specification [36].

Table 1. The properties of performance grade asphalt PG 58-28.

Test Properties Test Results Requirement of Specification

Specific gravity 1.03 –
Rotational viscosity @135 ◦C (Pa·s) 0.350 <3.0

G*/sinδ @ 58 ◦C for original binder (kPa) 1.995 >1.0
G*/sinδ @ 58 ◦C for RTFO binder (kPa) 5.018 >2.2

3.2. Graphite and Preparation of Graphite Modified Asphalt

Graphite was used in this study for comparison. The particle size of graphite was less than 75 µm
and its density was 2.25 g/cm3. The minimum thickness of the flake graphite layer was 0.11 mm [37].
The graphite was added to the base asphalt PG 58-28, based on the selected weight percentage of 4%,
and was mixed by a high-speed shearing mixer, at 120 ◦C for approximately 1 h.

3.3. Bio-Char and Preparation of Bio-Char Modified Asphalt

The bio-char was supplied by an energy company. It was generated from waste wood resources,
at temperatures ranging from 500–650 ◦C, through the pyrolysis technology, with a high heating rate
of 104–105 ◦C/s. The bio-char particles were sieved to separate the different size ranges of particles.
Only smaller particle sizes of bio-char were used in this study to achieve homogeneous and uniform
mixing. The specific particle sizes of bio-char ranging from 75 µm–150 µm and less than 75 µm,
were chosen in this study. The bio-char contents were 2%, 4% and 8% by weight of the total asphalt
and its density was about 0.4 g/cm3, in this study. The bio-char was added into the base asphalt
PG 58-28, based on the selected weight percentages, by a high-speed shearing mixer, at 120 ◦C for
approximately 1 h.

Petroleum asphalt PG 58-28 sample and graphite modified asphalt sample were used in this study,
for comparison purposes. As can be seen in Table 2, a total of seven bitumen blended with additives
and one original binder of PG 58-28 were produced. In this research, ‘B’ stands for bio-char, ‘G’ stands
for graphite, ‘L’ for larger particle size, and ‘S’ for smaller particle size.

Table 2. Sample range matrix.

Binder Types Modifier Type Modifier Content (wt %) Particle Size

PG58-28 N/A N/A N/A
2% BL Bio-char 2 75 µm < d < 150 µm
4% BL Bio-char 4 75 µm < d < 150 µm
8% BL Bio-char 8 75 µm < d < 150 µm
2% BS Bio-char 2 d < 75 µm
4% BS Bio-char 4 d < 75 µm
8% BS Bio-char 8 d < 75 µm
4% GS Graphite 4 d < 75 µm

4. Experimental Program

4.1. Scanning Electron Microscopy (SEM) Test

SEM test was applied to obtain the microscopic morphology of materials [38]. In this study,
the SEM test was conducted by a Hitachi (Schaumburg, IL, USA) S-4700 and JEOL (Peabody, M,
USA)-6400. The bio-char or graphite particles were dispersed onto double-sided adhesive carbon
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tape, which was applied to the aluminum sample mounts. For the operation of Hitachi S-4700,
the accelerating voltage was 1–5 kV, the emission current was 9 A, and the working distance was
2.8–8 mm. For the operation of JEOL-6400, the accelerating voltage was 20 kV and the working distance
was 39 mm. The bio-char and graphite samples were coated with a carbon thin film.

4.2. Rotational Viscosity (RV) Test

The rotational viscosity test was applied to measure the asphalt’s resistance to flow and the
workability of asphalt binders. The viscosity measurements were conducted on asphalt by a Brookfield
Rotational Viscometer following the American Association of State Highway and Transportation
Officials (AASHTO) Designation: T 316-13 [39]. The test temperatures were: 90 ◦C, 110 ◦C, 135 ◦C,
150 ◦C, and 165 ◦C, respectively, and the shear rate was set at 20 r/min. Three replicates were used for
each type of asphalt sample.

4.3. Dynamic Shear Rheometer (DSR) Test

The Dynamic Shear Rheometer (DSR) test can be conducted to determine the rheological behavior
of asphalt binders in varying temperature and frequency conditions [40,41]. The asphalt PG 58-28,
graphite modified asphalt and bio-char modified asphalts were tested by the DSR in the original RTFO
(Rolling Thin-Film Oven)-aged and PAV (Pressurized Aging Vessel)-aged states. The test temperatures
chosen for the original and the RTFO-aged asphalt were, 52 ◦C, 58 ◦C, 64 ◦C, 70 ◦C, and 76 ◦C,
to characterize the rutting resistance. The test temperatures were 13 ◦C, 19 ◦C, 25 ◦C, 31◦C, and 37 ◦C,
for PAV-aged asphalt binders. A water bath was used to control the temperature. The AASHTO
T315 [42] test procedure was followed for the DSR test. Three replicates were used for each type of
asphalt sample.

4.4. Aging Test

The RTFO test and PAV test were conducted for asphalt binders. The RTFO test and the PAV test
were applied to simulate the aging of asphalt binder, during the process of construction and its service
life, respectively [7,43]. In the standard RTFO test, the binders were conditioned at 163 ◦C, for 85 min,
with sufficient air. The procedures of the standard RTFO test followed the AASHTO T240 [44]. Then,
the RTFO-aged samples were used for the PAV test, under an air pressure of 2.1 MPa, for 20 h, based on
the AASHTO R28 [45].

4.5. Bending Beam Rheometer (BBR) Test

The Bending Beam Rheometer (BBR) test was used for the evaluation of the rheological and
thermal cracking properties of asphalt binders. The specific operation process of this test was based on
AASHTO standard T 313-12 [46]. The results of the BBR test could be applied to indicate the resistance
to cracking in asphalt binders, at low temperatures. The asphalt samples were aged by the PAV test
before the BBR test. The test temperature was controlled to be kept at the low temperature of −18 ◦C,
by using an ethanol fluid. Moreover, stiffness was calculated based on Equation (1) [47].

St = (PL3)/(4bh3δt) ( 1)

where

P—Applied constant load (100 g or 0.98 N);
L—Distance between beam supports (102 mm);
b—Beam width (12.5 mm);
h—Beam thickness (6.25 mm);
St—Asphalt binder stiffness at a specific time;
δt—Deflection at a specific time.
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5. Results and Discussions

5.1. Microscopic Morphology Analysis

The microscopic morphologies of graphite and bio-char were observed by using the SEM test.
The images of graphite and bio-char, magnified by the SEM, are shown in Figure 1.
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Figure 1. (a) Images of graphite magnified by SEM; (b) images of bio-char magnified by SEM.

It could be seen that the flake graphite and the bio-char had different structures and surface
textures. The flake graphite had a smooth surface texture. Meanwhile, graphite had a dense
microscopic morphology, that could be determined on the basis of Figure 1, and had a higher density
of 2.25 g/cm3. The bio-char was irregular hollow fibrous particles and had a very porous structure.
The bio-char had a more complex and rough surface texture than the graphite. The hollow, fibrous,
porous structure, and rough surface texture led the bio-char to have a higher surface area, which then
led to a larger adhesion interaction, in the asphalt. Therefore, the special microscopic morphology of
bio-char, the hollow, fibrous, porous structure and rough surface texture, might have contributed to
the form of a strong biochar-binder matrix structure [34]. This might have led the bio-char modified
asphalts to have a better resistance to deformation, at high temperatures. Meanwhile, the solid particles
of bio-char and graphite were stiff particles. The addition of bio-char and graphite particles might
have stiffened the asphalt binder to some degree.

5.2. Rotational Viscosity Test

5.2.1. Rotational Viscosity Analysis

The rotational viscosities of asphalt binders before and after RTFO aging, are shown in
Figure 2a,b, respectively.
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(b) rotational viscosities of control, graphite modified and bio-char modified asphalts after RTFO aging.

From Figure 2a, it is noteworthy that all the asphalt binders could satisfy the specification
requirement for the rotational viscosity of no more than 3000 mPa·s, at 135 ◦C. The addition of the
graphite or the bio-char contributed to the increase of rotational viscosities of the asphalt binders.
As the bio-char content increased, the rotational viscosities of the bio-char modified asphalts had an
increasing trend. For example, the rotational viscosities of 4% GS, 2% BL, 4% BL and 8% BL increased
by an average of 8.06%, 9.90%, 26.19%, and 82.81%, respectively, as compared with the control asphalt
binder at 110–165 ◦C. However, the increased value was smaller when the bio-char content was
lower. For example, the rotational viscosities of 2% BL and 2% BS were only higher than that of the
control asphalt binder by 25 mPa·s and 116.6 mPa·s, respectively. These could be explained by the
stiffening influence from the increasing concentration of stiff particles. The addition of bio-char or
graphite increased the concentration of stiff particles in asphalt and contributed to the increase of
elastic components, which accordingly increased the viscosity of the asphalt binder. The bio-char size



Appl. Sci. 2018, 8, 1665 7 of 15

had an effect on the rotational viscosities of bio-char modified asphalt. At 135 ◦C, the viscosities of
2% BS, 4% BS, and 8% BS were higher than 2% BL, 4% BL, and 8% BL by 91.7 mPa·s, 112.5 mPa·s,
and 25.0 mPa·s, respectively (Figure 2a). This illustrated that bio-char modified asphalt binders with
smaller-sized particles had higher viscosities than those with larger-sized particles. Furthermore,
the bio-char modified asphalts had higher viscosities compared to the graphite modified asphalt
binder. The rotational viscosities of 4% BL and 4% BS were higher than that of 4% GS, by 17.26% and
52.93%, on average, respectively. Under the same dosage, the bio-char had a higher volume and surface
area than the graphite because of its lower density and porous structure. Moreover, the smaller-sized
bio-char particles had a higher number of particles than the larger-sized ones, thereby, this also led to a
higher surface area. The higher surface area and porous structure of bio-char led to a larger adhesion
interaction in the base asphalt binder, which lowered the fluidity of asphalt binder and increased
the viscosity.

After RTFO aging (Figure 2b), all the asphalt binders had higher viscosities than the original
asphalt binders, because of the oxidation of the asphalt binders [48,49]. However, all the rotational
viscosities of asphalt binders were still far less than 3 Pa·s. The obvious change was that the viscosity
differences of the bio-char modified asphalts, with different bio-char contents, were lower than those
before the RTFO aging had. When unaged, the viscosities of 4% BS and 8% BS were higher than 2% BS
by 8.44% and 29.31%, on average, respectively. But after the RTFO aging, the viscosities of 4% BS and
8% BS were higher than 2% BS by 7.03% and 20.58%, on average, respectively. This indicated that the
bio-char modified asphalts had different age degrees.

5.2.2. Anti-Aging Property Analysis

To further compare the anti-aging properties of different asphalt binders, the aging index was
applied, in this study. The aging index was obtained from Equation (2).

Iag
r = VRTFO/Vorigin (2)

where

Iag
r—Aging index of the asphalt binder;

VRTFO—Rotational viscosity of RTFO aged asphalt binder;
Vorigin—Rotational viscosity of the original asphalt binder.

The aging indexes of all asphalt binders, at 135 ◦C, were calculated and are displayed in Figure 3.
The higher the aging index, the worse the anti-aging property of asphalt binder was found to be.
The aging indexes of 2% BS, 4% BS, and 8% BS decreased by 29.13%, 17.58, and 17.65% more than
those of 2% BL, 4% BL, and 8% BL, respectively. This illustrated that as the bio-char content increased,
the anti-aging properties of bio-char modified asphalts increased. This could be explained by the
stiffening effect caused by the high content of bio-char, which reduced the aging effects. Meanwhile,
the bio-char modified asphalts with smaller-sized particles had better anti-aging properties than those
with larger-sized particles. At the same content, the smaller-sized bio-char led to higher numbers
of stiff particles, as a result, the aging effects were more likely to be suppressed with this stronger
stiffening effect. Moreover, 2% BS, 4% BS, and 8% BS had higher anti-aging property compared to the
control asphalt binder. In addition, the 4% BS had a better anti-aging property than 4% GS. The bio-char
had lower density and higher volume than graphite, at the same dosage. On one hand, this could be
explained by the higher volume filling, which decreased the oxidation. On the other hand, the complex
fibrous and porous structure of bio-char might have led to larger adhesion interaction between the
bio-char and the base asphalt binder molecules, and thus decreased the oxidation.
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5.3. Dynamic Shear Rheometer Test

5.3.1. Rutting Resistance Analysis

From Figure 4a, the rutting indexes of 2% BL, 4% BL, 8% BL, 2% BS, 4% BS, and 8% BS increased
by 4.55%, 17.49%, 45.72%, 23.61%, 31.70%, and 58.40%, on average, as compared to that of the control
asphalt binder within a 52 ◦C to 76 ◦C temperature range. This meant that bio-char modified asphalts
had better resistance to rutting at higher temperatures than the control asphalt binder. This was
partially attributed to the stiff volume-filling particles, such as the bio-char particles. The other reason
might be that the porous structure of bio-char led to a higher surface area which, accordingly, led to
the higher adhesion between the bio-char and the base asphalt binder. With the increasing of bio-char
content, the rutting resistance became stronger. The enforcement of interaction among the bio-char
particles might be a contributor to the higher rutting resistance. With the increase of bio-char content,
stiff porous particles came into contact with each other, and a skeleton framework could be formed
when the bio-char content increased to a higher amount. The higher rutting resistance also could be
explained by the higher viscosity. The conclusions were consistent with the above conclusions about
the viscosities.

From Figure 4b, after the RTFO aging, the rutting indexes of bio-char modified asphalts were
higher than those before RTFO aging, because of the aging. Additionally, the bio-char modified asphalts
still had higher aging resistance than the control asphalt binder. It was evident that bio-char modified
asphalts, with larger-sized particles, had a more obvious change than those with smaller-sized particles.
The rotational viscosities of 2% BL, 4% BL, and 8% BL were 5.80%, 3.09%, and 4.16% higher than those
of 2% BS, 4% BS, and 8% BS, respectively, after the RTFO aging, while they were 15.36%, 10.76%, and
8.01% lower, respectively, before the RTFO aging. This could be attributed to the relatively weak aging
resistance of bio-char modified asphalts with larger particle sizes. These conclusions were consistent
with the above conclusions about the anti-aging properties.
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The rutting indexes of the control asphalt binder, 4% GS, 4% BL, and 4% BS, before and after
RTFO aging, are displayed in Figure 5. Before the RTFO aging, the rutting indexes of 4% GS, 4% BL,
and 4% BS increased by 2.32%, 17.49%, and 31.70%, on average, compared to that of the control asphalt.
Therefore, the graphite modified asphalt had a similar rutting index to that of the control asphalt, and
bio-char modified asphalt has better rutting index than that of the graphite modified asphalt. After the
RTFO aging, the rutting indexes of 4% GS, 4% BL, and 4% BS increased by 7.07%, 20.59%, and 16.98%,
on average, compared to that of the control asphalt binder. This indicated, to a large extent, that the
bio-char modified asphalts had better aging resistance than the graphite modified asphalt, especially,
for the bio-char modified asphalt with smaller-sized particles. The higher number of stiff particles and
the fibrous and porous structure of the bio-char contributed to the form of a biochar-binder matrix.
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5.3.2. High Critical Temperature Analysis

According to the Superpave TM specification, the high critical temperature of asphalt is the
temperature at which the rutting index at 1.59 Hz (10 rad/s) is 1.0 KPa for the unaged asphalt, and is
2.2 KPa for the RTFO aged asphalt. The high critical temperatures of asphalt binders were determined
based on Equation 3, and the results are shown in Table 3. It is obvious that bio-char modified asphalts
had better high-temperature properties than the control and graphite modified asphalts. The high
critical temperatures of 4% GS, 4% BL, and 4% BS were higher than the control asphalt binder by
0.31 ◦C, 1.57 ◦C, and 2.92 ◦C, respectively. Moreover, the bio-char modified asphalts with smaller-sized
particles had the best high-temperature properties. The bio-char has a lower density than graphite,
therefore, the amount of stiff bio-char particles were higher as compared to that of graphite, at the same
dosage. Furthermore, the smaller-sized bio-char particles had the highest number of stiff particles
and the highest surface area. The porous structure and higher surface area might have played a
significant role, which led to larger adhesion interaction in the asphalt binder, promoted the formation
of a biochar-binder matrix and, thus, decreased the thermal influence [34].

T(G*/sinδ) = Minimum (To
(G*/sinδ), TR

(G*/sinδ)) (3)

where

T(G*/sinδ) = The high critical temperatures of asphalts;
To

(G*/sinδ) = The high critical temperatures of original asphalts;
TR

(G*/sinδ) = The high critical temperatures of RTFO aged asphalts.

Table 3. The high critical temperatures of control, graphite modified, and bio-char modified asphalts.

Control Asphalt 4% GS 2% BL 4% BL 8% BL 2% BS 4% BS 8% BS

To(G*/sinδ) 63.56 63.87 63.90 65.13 67.07 65.76 66.48 68.03
TR(G*/sinδ) 64.61 65.18 66.62 66.34 68.21 65.91 66.22 68.09
T(G*/sinδ) 63.56 63.87 63.90 65.13 67.07 65.76 66.48 68.03

5.4. Bending Beam Rheometer Test

5.4.1. Low-Temperature Cracking Resistance Analysis

The BBR test was conducted for all the asphalt binders, to evaluate their low temperature cracking
resistance. Based on the Superpave TM specification, −18 ◦C is recommended for the test temperature.
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And the specification requirement for the PAV-aged sample is the creep stiffness of less than 300 MPa
and an m-value of higher than 0.3. The test results of creep stiffness and m-value for control, graphite
modified, and bio-char modified asphalts are shown in Table 4.

The stiffness of 2% BL, 4% BL, 8% BL, 2% BS, 4% BS, and 8% BS was higher by −2 MPa, 64 MPa,
66 MPa, 34 MPa, 83 MPa, and 105 MPa, respectively, compared to the control asphalt. Though bio-char
modified asphalts had higher creep stiffness than the control asphalt binder, they all satisfied the
specification requirement of less than 300 MPa. The m-values of 4% BL, 8% BL, and 8% BS were
0.29, 0.28, and 0.28, respectively, which could not satisfy the requirements of the specification. As the
bio-char content increased, the low-temperature properties of bio-char modified asphalts decreased.
Therefore, there should have been a limit on the bio-char content of less than 4%. The reason is that stiff
particles made the asphalt binder stiffer and more brittle, at low temperatures. This led to the smaller
deformation capacity or compliance, according to the weak low-temperature properties. It could
also be found that the bio-char particle size had an effect on the low-temperature performances, and
the bio-char modified asphalts, with smaller-sized particles, had better low temperature cracking
resistance than those with larger-sized particles. The m-values of 2% BS and 4% BS were 0.33% and
2.4% higher than those of 2% BL and 4% BL, respectively. The PAV-aged samples were used in the
BBR test. This might have been caused by the more uniform distribution and interaction with the
smaller stiff particles. Alternatively, the better anti-aging properties of bio-char modified asphalts,
with smaller-sized particles, might have made the asphalt binder softer, and, thus, led to better cracking
resistance at low temperatures. The m-values of 4% BS and 4% GS were both 0.30. This illustrated that
bio-char modified asphalts had very similar low-temperature properties as that of the graphite asphalt
binder, for the same particle sizes.

Table 4. The Bending Beam Rheometer (BBR) results of control, graphite modified and bio-char
modified asphalts at −18◦C.

Asphalt Binder Time (s) Deflection (mm) Stiffness (mPa) m-Value Remarks (for Stiffness
and m-Value)

Control 60.0 0.446 179 0.31 Pass the specification
4% GS 60.0 0.422 187 0.30 Pass the specification
2% BL 60.0 0.447 177 0.30 Pass the specification
4% BL 60.0 0.329 243 0.29 Fail the specification
8% BL 60.0 0.328 245 0.28 Fail the specification
2% BS 60.0 0.378 213 0.30 Pass the specification
4% BS 60.0 0.308 262 0.30 Pass the specification
8% BS 60.0 0.284 284 0.28 Fail the specification

5.4.2. Low Critical Temperature Analysis

The low critical temperature of asphalt was determined on the basis of the Superpave TM
specification, in which the creep stiffness is 300 MPa and the m-value is 0.3 [36]. The low critical
temperatures of all asphalts are shown in Figure 6.

From Figure 6, it could be seen that 4% BS had better low critical temperature than 4% GS.
The 2% BL, 2% BS, and 4% BS had better low critical temperatures which were no higher than −18 ◦C.
The bio-char content should have been less than 4% because the low critical temperatures of bio-char
modified asphalts increased with the added bio-char, and the low critical temperatures of 8% BL and
8% BS were much higher than −18 ◦C. Furthermore, the low critical temperatures of 2% BS and 4% BS
were lower than those of 2% BL and 4% BL. Therefore, the smaller bio-char particles size of less than
75 µm were recommended to be used as the modifier.
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6. Summaries and Conclusions

The bio-char was investigated as a favorable modifier to improve the rheological performance
of asphalt binders. Bio-char with two particle size ranges of 75 µm–150 µm and less than 75 µm
were used as the modifiers. The content of bio-char was 2%, 4%, and 8% respectively. The flake
graphite with a size range of less than 75 µm and a content of 4% was utilized as a modifier of asphalt,
for comparison. The Scanning Electron Microscopy characterization, Rotational Viscosity test, Dynamic
Shear Rheometer test, and the Bending Beam Rheometer test were conducted to evaluate the modified
binder performance. The conclusions obtained are as follows:

(1) Compared with dense and smooth flake graphite, the bio-char particle had a more porous
microstructure and rough surface texture.

(2) Both bio-char and graphite could increase the rotational viscosity of the asphalt, with the added
contents. The bio-char modified asphalt binders with smaller-sized particles had higher viscosities
than those with larger-sized particles. They all satisfied the requirement for the specifications of
rotational viscosity—less than or equal to 3000 mPa·s at 135 ◦C.

(3) The porous structure and rough surface of bio-char could lead to a larger adhesion interaction in
asphalt binder than those of the smooth flake graphite. As a result, the bio-char modified asphalts
had a better high-temperature rutting resistance and better anti-aging properties than that of the
graphite modified asphalt. A more noticeable improvement was found for the bio-char modified
asphalt with the smaller-sized and higher number of particles. Moreover, the bio-char modified
asphalts with the smaller-sized particles had the highest critical temperatures among all other
binder types.

(4) Though the crack resistance, at low temperatures, of the bio-char modified asphalts decreased
with the added bio-char, as seen in the BBR test results, the low critical temperatures were still
lower than −18 ◦C, with the smaller-sized bio-char particles. The bio-char modified asphalts had
similar low-temperature properties as that of the graphite modified asphalt binder.

In summary, it is possible to use bio-char as a modifier for the petroleum asphalt binder. This study
showed that the bio-char with a size range of less than 75 µm and a content of less than 4% could
increase the anti-aging property and rutting resistance of the asphalt binder, as well as keep a good
low-temperature crack resistance in the asphalt binder. Thus, this type of bio-char particles could
be used as an environment-friendly and favorable modifier for the asphalt binder. In future studies,
the porous structure of bio-char and the interface bonding between the bio-char and the asphalt will
be investigated to facilitate this application.
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