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� Rice husk ash was used as modifier to
improve high temperature properties
of asphalt.

� 1% and 7% were confirmed as the
optimum content and upper limit for
rice husk ash.

� Bio-oil improved the low temperature
and fatigue property of RHA modified
asphalt.

� 1% rice husk ash/20% bio-oil exhibited
optimal asphalt modification effect.

� The ideal bonding system was
established by cooperation of rice
husk ash and bio-oil.
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By-products and waste materials have become the main cause of environment contamination. In this
study, Rice Husk Ash (RHA) was used as modifier to improve the high temperature property of asphalt
binder. Bio-oil (BO) was selected as viscosity reducer to enhance the low-temperature and anti-fatigue
properties of RHA Modified Asphalt (RHA-MA). Physical and rheological indexes were measured to deter-
mine the optimal RHA and BO content. The Scanning Electron Micrographs (SEM) and Energy Dispersive
Spectrometer (EDS) analysis were adopted to reveal the modification mechanism of RHA and BO. Results
show that RHA-MA possessed desirable high-temperature but unsatisfactory low-temperature perfor-
mance compared with base asphalt and Limestone Filler Mixed Asphalt (LA). However, asphalt binder
with 1% RHA and 20% BO (RB-MA) obtained ductility (15 �C) nearly 50% higher and loss modulus approx-
imately 20% lower than those of RHA-MA. Meanwhile, the softening point is 4.2 �C more and G⁄/Sind at all
temperatures is higher than those of BO Modified Asphalt (BA). Furthermore, SEM observation illustrates
that BO is able to reduce RHA agglomeration and increase the uniformity of RHA-MA mix system, con-
tributing greatly to the excellent comprehensive performance of RB-MA. Consequently, the joint modifi-
cation of base asphalt with RHA and BO could obtain desirable high temperature, low temperature and
anti-fatigue performance. Therefore, it is likely that the development of RB-MA could be helpful to make
conventional asphalt qualified for complex service ambient, as well as improve the recycling rate of agri-
cultural waste to reduce environmental pollution and reduce the life cycle cost of asphalt pavement.
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1. Introduction

Rice is a fundamental source of food consumption. Due to the
large demand of rice in the world market, as detailed in Table 1
[1], hundreds million tons of rice paddy are consumed yearly [2]
and large quantity of rice husks are produced without proper recy-
cling. The most prevalent way in developing countries in East and
Southeast Asia is to burn rice husks directly in the filed or dump
them into rivers during the farming process, causing great environ-
mental contamination [3].

In recent years, researchers made great efforts into the utiliza-
tion of RHA as supplementary building materials to decrease the
pollution effect and overall construction cost. For example, RHA
was used as a stabilizing agent for unstable soil treatment [4–7],
as well as a supplementary cementing material for local (Egypt)
construction industry [8]. As Wei [9] reported, the durability of
sisal fiber reinforced cement could be enhanced by incorporating
with RHA. The pozzolanic activities of RHA containing highly reac-
tive silica was confirmed in lime-RHA or Portland-RHA cements
[10] and fresh/ hardened high-performance concretes [11]. Mean-
while, the water cement ratio and RHA particle size range were
also believed to affect the engineering performance of RHA-OPC
system [12,13]. Furthermore, large amount of studies focused on
the engineering performance comparison of cement-based com-
posites incorporated with fly ash, silica fume and RHA, such as
the shrinkage [14], compressive strength [15], self-compatibility
[15], porosity and corrosion resistance [16], as well as the con-
trolled low strength [17]. Nevertheless, it is reported that there
should be a limitation of 30% (RHA replacement ratio) in the
RHA-cement system [18].

To date, the functions and mechanism of RHA in Portland
cement system have been well studied. Research about application
in asphalt binder and asphalt concrete, however, is relatively lim-
ited. In Hot Mixed Asphalt Concrete (HMA), 50% RHA together with
50% lime stone filler were reported to efficiently improve the Mar-
shall stability of asphalt concrete [19]. In order to study the work-
ing mechanism of RHA in asphalt binder, silane coupling agent
modified nano-silica and RHA modified asphalt were investigated
from the view of comprehensive performance and interface
micro-structure between aggregate and asphalt, illustrating that
the RHA modification effect was undesirable [20]. Besides, no
Table 1
World Rice Trade. January/December Year, Thousand Metric Tons [2].

TY exports 2012/13 2013/14 20

Argentina 526 494 31
Australia 460 404 32
Brazil 830 852 89
Burma 1163 1688 17
Cambodia 1075 1000 11
China 447 393 26
Egypt 700 600 25
European Union 203 284 25
Guyana 346 502 53
India 10,480 11,588 11
Pakistan 4126 3700 40
Paraguay 365 380 37
Thailand 6722 10,969 97
Uruguay 939 957 71
Vietnam 6700 6325 66
Others 1116 1081 10
Subtotal 36,198 41,217 39
United States 3295 2998 34
World Total 39,493 44,215 42

TY = Trade Year. Note about dates: 2015/16 is calendar year 2016, 2014/15 is calendar y
chemical reactions were found between the biomass ashes (RHA
and wood sawdust ash) and asphalt, and the low temperature
properties of biomass ash modified asphalt was not satisfactory
[21]. Apparently, previous studies are mainly focused on the high
temperature and aging properties of RHA modified asphalt. How-
ever, the complicated asphalt pavement service condition
demands both excellent high temperature and low temperature
performance of asphalt used in the mixture. Therefore, this study
aims at seeking a proper viscosity reducer compatible with RHA-
MA to improve low temperature and anti-cracking properties, as
well as maintain high temperature performance qualified for pave-
ment service.

Researchers used bio-oil as alternative source of asphalt and
investigated the performance of bio-binder in recent years to face
the crisis of the increasingly exhausted asphalt resources. It has
been reported that the bio-oil (produced from waste wood) could
slightly enhance the tensile strength of asphalt mixture [22], sig-
nificantly improve the low temperature anti-cracking properties
[23,24]. Performance comparison of four different bio-oils (pro-
duced from Corn Stover, Miscanthus Pellet, Swine Manure and
Wood Pellet) modified asphalt indicated that Wood Pellet modified
asphalt had the most desirable low-temperature and rheological
properties, but undesirable aging susceptibility [25]. In conclusion,
bio-oils could remarkably reduce viscosity and enhance low tem-
perature performance of asphalt binder. It seems feasible to use
RHA and bio-oil as composite modifier to combine the outstanding
high temperature property of RHA-MA and the excellent low tem-
perature property of BA to obtain modified asphalt with excellent
comprehensive performance.

The physical properties test (penetration, softening point and
ductility test), rotational viscosity test and Dynamic Shear
Rheometer (DSR) were utilized to characterize the modification
effect and determine the optimal RHA and bio-oil content. Scan-
ning Electronic Microscopy (SEM) and Energy Dispersive Spec-
trometer (EDS) were utilized to analyze the modification
mechanism of RHA and bio-oil. The application of RHA and bio-
oil is supposed to provide an environmental friendly way to pre-
pare modified asphalt with excellent comprehensive performance
with less petroleum resource consumption and lower engineering
cost, as well as reduce the environment contamination caused by
agricultural by-products and waste materials.
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Table 2
Physical properties of base asphalt.

Penetration
(25 �C, 0.1 mm)

Softening point (�C) Ductility (15 �C,cm) Rotational viscosity (Pa�s)
60 �C 135 �C

69.5 48.9 >100 191 2.724
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Fig. 1. Laser particle sizes test results of rice husk ash and limestone filler.
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2. Materials and methods

2.1. Materials

‘Dong Hai’ base asphalt (70#, JTG F40-2004 [26], Table 2)
acquired from China Petrochemical industry was used. Rice husk
utilized to prepare RHA was obtained from a mill in Hubei province
in southern China. Properties of RHA and Limestone Filler (LF)
passing through the 0.075 mm sieve are demonstrated in Table 3.
Gradation of RHA and LF is presented in Fig. 1.

Bio-oil acquired from waste wood pellet was produced by a bio-
mass energy processing plant in Shaanxi province China. Properties
are shown in Table 4.

2.2. Sample preparation and tests

2.2.1. Rice husk ash preparation
RHA was obtained from controlled combustion of rich husk in a

muffle. Enough air should be supplied and the burning tempera-
ture should be in the range of 500 �C and 700 �C during the 2-h
combustion process, avoiding the carbonization of rice husks [3].
Afterwards, the burnt rice husk ash was milled in a ball mill for
30 min, and the used RHA was obtained by sieving the milled
ash through the 0.075 mm aperture-sized sieve.

2.2.2. Modified asphalt samples preparation
RHA-MA samples with RHA (1, 3, 5, 7, 9 and 11% bymass of base

asphalt) were prepared to determine the optimal RHA content. Due
to the high specific surface of RHA, pre-mixing of the heated RHA
and asphalt binder is necessary for easier mixing. Firstly, base
asphalt and prepared RHA was heated to 150 �C in an oven and
preserved for 2 h. After pre-mixing, a high-speed mixer was
adopted to make the RHA mixed more uniformly with base asphalt
by remaining low mix speed of 1000 r/min for 5 min and a higher
speed of 3000 r/min for 15 min afterwards.

Voids and unevenness on the surface of modified asphalt can be
observed after the mixing, indicating that RHA is not well dis-
persed. Therefore, RHA-MA was heated to 150 �C and mixed by
the high-speed mixer again after 24 h. The surface of modified
asphalt presented as mirror after the second mixing process, which
was conceived as evidence of uniformly mixing.

The control samples (LA) with 1, 5 and 9% LF were prepared
according to the same process as RHA-MA. Bio-oil Modified Asphalt
(BA) samples with 15, 20, 30 and 40% bio-oil were prepared to
determine the optimal bio-oil content to improve low temperature
properties of modified asphalt. Similar to the modification method
of RHA-MA, base asphalt was heated in the oven and preserved for
2 h. It was noteworthy that the heating temperature was set as
Table 3
Physical and chemical properties of rice husk ash and limestone filler.

Physical properties

Specific surface
(cm2/g)

Specific gravity
(g/cm2)

Bulk density
(g/cm3)

Silicon
(SiO2/%

RHA 4450 2.53 – 88.84
Limestone filler 3440 – 2.6 –
100 �C, taking into account that the bio-oil contains water and pos-
sesses a boiling point of 76 �C. Soon after the base asphalt was taken
out of the oven, bio-oil was slowly added into the heated base
asphalt with a clean glass rod stirring around, avoiding spilling
caused by the boiling of bio-oil and vaporizing of water. The high-
speedmixer was used to uniformlymix the BA till there are no bub-
bles by keeping low stirring speed of 1000 r/min for 5 min firstly
and high speed of 3000 r/min for 15 min afterwards.

The RHA/bio-oil modified asphalt samples with optimal content
of bio-oil 1, 5 and 9% content of RHA were prepared to verify the
benefits that bio-oil offered to RHA-MA. Firstly, RHA was mixed
with heated asphalt according to the preparation method of
RHA-MA. Soon after RHA was mixed into base asphalt, the bio-oil
was added into and mixed with the mixture based on the prepara-
tion procedures of BA.

The preparation methods of RHA-MA, BA and RB-MA are pre-
sented in Fig. 2. The asphalt binder samples used in this study
are demonstrated in Table 5.

2.3. Physical and chemical property test of mineral filler, RHA and bio-
oil

The micro-structure of RHA was observed via Hitachi S-4800
Scanning Electronic Microscopy (SEM) at the acceleration voltage
of 5 kV.

Malvern laser particle sizes analyzer (MS 2000) and BET N_2
absorption apparatus (ST-2000) were adopted to characterize the
particle gradation and specific surface area of RHA and LF (see
Fig. 1). Clean water was used as the dispersant in the particle size
Chemical properties

dioxide
)

Calcium oxide
(CaO/%)

Potassium oxide
(K2O/%)

Aluminum oxide
(Al2O3/%)

Others
(%)

1.60 3.99 0.55 5.02
– – – –



Fig. 2. Preparation methods of modified asphalt.

Table 5
Description of different modified asphalt binders used in this study.

Binder
no.

Binder
identification

Asphalt binders
component

Component
proportion
(by mass)

1 Base Base asphalt –
2 1%RHA-MA Rice husk ash: Base asphalt 1:100
3 3%RHA-MA Rice husk ash: Base asphalt 3:100
4 5%RHA-MA Rice husk ash: Base asphalt 5:100
5 7%RHA-MA Rice husk ash: Base asphalt 7:100
6 9%RHA-MA Rice husk ash: Base asphalt 9:100
7 11%RHA-MA Rice husk ash: Base asphalt 11:100
8 1%LA Limestone filler: Base asphalt 1:100
9 5%LA Limestone filler: Base asphalt 5:100
10 9%LA Limestone filler: Base asphalt 9:100
11 15%BA Bio-oil: Base asphalt 15:100
12 20%BA Bio-oil: Base asphalt 20:100
13 30%BA Bio-oil: Base asphalt 30:100
14 40%BA Bio-oil: Base asphalt 40:100
15 RB-MA Rice husk ash: Bio-oil: Base

asphalt
1:20:100

16 5%RB-MA Rice husk ash: Bio-oil: Base
asphalt

5:20:100

17 9%RB-MA Rice husk ash: Bio-oil: Base
asphalt

9:20:100

Table 4
Chemical and physical properties of bio-oil.

Biomass
oil
indexes

Chemical composite percentage w (%) Density (g/cm3) pH

wC wH wO wN

Test results 53–55 7.5–9.2 34–46 0–0.5 1.15 2.7

Note: WC, WH, WO, WN: mass percentage of carbon, hydrogen, oxygen and nitrogen element in biomass oil utilized in this study, respectively.
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analysis; the particle RI and dispersant RI was taken as 1.52 and
1.33, respectively. The chemical composites and density of bio-oil
are presented in Table 2.

2.4. Physical property and rheological property test of asphalt binders

The physical properties of asphalt binders, including penetra-
tion, softening points and ductility, were tested according to ASTM
D5 [27], ASTM D36 [28] and ASTM D 113–86 [29], respectively.
The Brookfield Viscometer was used to measure the apparent
viscosity according to ASTM D4402 [30]. The DSR4000 dynamic
shear rheometer was applied to characterize the rheological prop-
erty of asphalt binders. Performance grade test and frequency
scanning test from 0.1 rad/s to 100 rad/s with a fixed strain per-
centage of 10% at 40 �C, 50 �C, 60 �C and 70 �C were conducted
according to ASTM D7175 [31] to obtain main curves of asphalt
binders. Temperature creep test with angular frequency of
10 rad/s and strain percentage of 10% was conducted according
to ASTM D7175[31] under temperature ranging from 45 �C to
70 �C with increment of 5 �C.
2.5. Scanning electronic microscopy test of asphalt binders

Hitachi S-4800 scanning electronic microscopy was utilized to
observe the micro-structure of asphalt binders, while energy dis-
persive spectrometer was used to characterize the rice husk ash
distribution by scanning of silicon element. For the observation
with SEM, the asphalt samples were coated with gold in a sputter
coater to obtain clearer SEM images. The SEM samples were
observed at the acceleration voltage of 5 kV.

Finally, tests conducted in this work are summarized in flow-
chart shown in Fig. 3.
3. Modification effect of RHA

3.1. Physical properties of RHA-MA and LA

The physical properties of LA and RHA-MA are given in Fig. 4. It
is obvious that RHA-MA possessed lower penetration values (at
15 �C, 25 �C, and 30 �C in Fig. 4a) and higher softening points (see



Fig. 3. Flow chart of laboratory tests.
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Fig. 4. Penetration (a), softening point (b) and ductility (c) comparison of RHA-MA, base asphalt and limestone filler mixed asphalt (LA).
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Fig. 4b) than those of LA and base asphalt, indicating that RHA-MA
possessed better high temperature properties. However, it can be
observed from Fig. 4(c) that ductility of RHA-MA is remarkably less
than that of LA, and the gap became greater as modifier contents
increased, representing a deterioration trend of resistance against
low temperature cracking.
Also, it can be observed that 1% RHA-MA obtained the
highest softening point and ductility, the lowest penetration at
25 �C and 30 �C, and the highest penetration at 15 �C compared
with other RHA contents, referring that 1% RHA seems to be
the optimal choice for excellent overall performance of modified
asphalt.
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3.2. Rotational viscosity (RV) of RHA-MA and LA

RV test results at 60 �C and 135 �C are shown in Fig. 5. The vis-
cosity of RHA-MA at 60 �C is higher than that of LA when the con-
tent is less than 4%, peaking at 400 Pa�s as RHA content was 1%. In
marked contrast, LA sample was barely 186.7 Pa�s at the content of
1%. Thus, it seems that RHA-MA represents better high-
temperature deformation resistance than LA at the typical high
pavement service temperature.

RV test results at 135 �C suggest that viscosity of RHA-MA with
RHA content less than 7% meet the upper limit of 3 Pa�s given in
AASHTO T316 [32] considering the compatibility during pavement
construction. Besides, 1% RHA-MA presented the lowest viscosity
of 2.585 Pa�s at 135 �C, demonstrating the optimal compacting per-
formance compared with other RHA-MA samples. Consequently,
the optimal content and the upper RHA content limit obtained
from RV test results was1% and 7%, respectively.

3.3. Dynamic Shear Rheometer (DSR) test of RHA-MA and LA

3.3.1. Performance grade test
Performance grade test results are presented in Fig. 6. It is evi-

dent that RHA-MA obtained failed temperature higher than LA on
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regard to all modifier contents, peaking at 72.9 �C. In marked con-
trast, fail temperature of 1% LA is 5.8 �C less than that of 1% RHA-
MA.

The performance grade results of RHA-MA and LA samples are
in line with that of fail temperature, demonstrating that RHA-MA
samples possess better high-temperature property than LA. Also,
1% RHA content exhibits better modification effect for high tem-
perature performance.

3.3.2. Dynamic frequency and temperature creep test
Frequency creep test results of RHA-MA and LA samples of all

modifier contents presented identical tendency and pattern at dif-
ferent temperatures (40, 50, 60 and 70 �C). Thus, the temperature
of 40 �C was selected as the representative condition for dynamic
frequency creep test. Temperature creep test is adopted to compre-
hensively analyze the high temperature property of asphalt
binders.

Complex shear modulus (G⁄) and phase angle (d) are the basic
parameters of DSR test. G⁄ is the characterization of resistance to
deformation when asphalt binder is repeatedly sheared (Eq. (1)).
Phase angle is a measurement of the elastic and plastic proportion
of asphalt binder. These two parameters are usually utilized to
evaluate the rutting and fatigue performance of asphalt binder by
calculating G⁄/Sind and G⁄ � Sind, respectively.

G� ¼ smax

cmax
ð1Þ

In which

smax ¼ 2T
pr3

ð2Þ

cmax ¼
h
h
� r ð3Þ

where: smax: Maximum applied stress; cmax: Maximum resultant
strain; T:Maximum applied torque; r: Specimen radius; h: Deflec-
tion angle; h: Specimen height.

Fig. 7(a and b) show that 1%RHA-MA obtained the highest com-
plex modulus compared with other RHA contents (see Fig. 7a) and
all LA samples, as well as base asphalt (see Fig. 7b). Furthermore, it
can be observed from G⁄ main curves of base asphalt, 1% RHA-MA
and 1% LA in Fig. 7(c) that 1% RHA-MA presents the highest G⁄ on
the whole range of angular frequency from 1 � 10�4 rad/s to
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100 rad/s. Besides, temperature creep test results shown in Fig. 7
(d) demonstrated that 1%RHA-MA possessed the highest G⁄ and
the lowest phase angle within the whole temperature range (45–
70 �C), indicating better high temperature and plastic deformation
resistance performance than base asphalt and LA.

Phase angle results of RHA-MA, LA and base asphalt are pre-
sented in Fig. 8 (a) and (b). It is evident that 1% RHA-MA obtained
the lowest phase angle among all samples, indicating the best plas-
tic deformation resistance. Besides, phase angle results of other
RHA-MA and LA samples fluctuated around that of base asphalt
(see Fig. 8a), showing no obvious improvement for the elastic
deformation recovery property.

Phase angle (d) main curves of base asphalt, 1% RHA-MA and 1%
LA expands the angular frequency (w) range from 0.1 rad/s–
100 rad/s to 0.0001 rad/s–100 rad/s according to test results at
40, 50, 60, 70 �C based on time–temperature equivalence principle
(see Fig. 8b). As characterization of loading rate, the expanded
angular frequency range is able to reveal more complete rheologi-
cal properties of asphalt binder under a wider scale of loading rate.
As is illustrated in Fig. 8b, d of RHA-1% is apparently less than and
generally show similar downward trend as that of LA and base
asphalt. Noticeably, the irregular d peak of base asphalt appeared
at w of 0.01 rad/s was attributed to the fact that the part of data
was collected at temperature (70 �C) higher than its fail tempera-
ture 67.2 �C. Therefore, d measured at 70 �C under low angular fre-
quency less than 0.01 rad/s is invalid, and 1% RHA-MA seems to
obtain the best plastic deformation resistance property.

Fig. 8(c) shows the rutting factor (G⁄/Sind) of base asphalt, RHA-
MA and LA. It can be observed that 1% RHA-MA possessed the high-
est G⁄/Sind at all temperatures, followed by 5 and 9%RHA-MA, leav-
ing LA and base asphalt with similar lower rutting factor values.
Hence, it is likely that RHA-MA has better permanent deformation
resistance than LA and base asphalt at the typical asphalt pave-
ment service temperature ranging from 40 �C to 70 �C, and 1%
RHA presented better modification effect compared with other
RHA contents and LF. The loss modulus of base asphalt, RHA-MA
and LA indirectly representing the anti-fatigue performance of
asphalt binder are presented in Fig. 8(d). It can be seen that LA
and 9%RHA-MA showed similar loss modulus which was less than
that of base asphalt, indicating better anti-fatigue performance
than base asphalt. It can be referred from the loss modulus test
result that the addition of inorganic ash enhanced the cohesive
strength of asphalt binder and reduce the energy loss when asphalt
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Fig. 9. Physical properties of
experienced repeated deformation, making asphalt binder more
reliable against fatigue damage. However, 1%RHA-MA presented
higher G⁄�Sind than base asphalt, and 5%RHA-MA illustrated sim-
ilar value to base asphalt, which might have been attributed to the
reason that the insufficient asphalt cohesion formed by RHA and
base asphalt when the content was less than 5%, as well as the
stress concentration caused by the irregular-shaped RHA blocks.

Therefore, it can be concluded that RHA-MA obtained better
comprehensive mechanical, elastic deformation recovery and per-
manent deformation resistance performance than base asphalt and
LA. 1% RHA could be the optimal choice for excellent high temper-
ature and comprehensive mechanical performance, although it
demonstrated undesirable low temperature and anti-fatigue prop-
erties. In order to make use of the excellent high temperature per-
formance of RHA-MA to produce modified asphalt with desirable
comprehensive performance, 1%RHA-MA was selected to conduct
further modification utilizing the viscosity reducer bio-oil.
4. Modification of RHA-MA with bio-oil

Physical and rheological tests of RHA-MA, LA and base asphalt
have proven that 1% RHA could effectively improve the high-
temperature property of asphalt binder. The low-temperature
property (ductility, 15 �C), however, decreased sharply from
120 cm (base asphalt) to 66.3 cm (1% RHA-MA), and was about
40 cm less than that of 1% LA. Besides, 1%RHA-MA presented unfa-
vorable loss modulus value compared with base asphalt and LA.
Thus, the viscosity reducing modifier, bio-oil, was utilized to coop-
erate with RHA to improve the low-temperature and anti-fatigue
properties of RHA-MA.
4.1. Physical property of BA, RHA-MA and RB-MA

The physical properties of BA are presented in Fig. 9. In general,
penetration at 25 �C and ductility at 10 �C increased steadily as the
bio-oil content keep growing, while softening point experienced a
gradual decline instead. Thus, bio-oil is able to reduce the viscosity
of asphalt binder, enhancing the low-temperature properties and
weakening high-temperature performance. However, 20% BA pre-
sented desirable high temperature and relatively excellent low tem-
perature properties compared with other contents. Consequently,
30 35 40

30 35 40

30 35 40
il content (%)

bio-oil modified asphalt.
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together with 1% RHA, this study selected 20% bio-oil to prepare
modified asphalt with excellent comprehensive performance.

Physical properties comparison among RHA-MA, BA, RB-MA
and base asphalt samples are demonstrated in Fig. 10(a) and (b).
BA sample presented the highest penetration, ductility and the
lowest softening point, indicating that BA obtained the best low
temperature property but the poorest high temperature perfor-
mance among all asphalt samples. In contrast, the penetration
and softening point of RB-MA is almost 20 (0.1 mm) lower and
4 �C higher than that of BA, demonstrating the effective improve-
ment of high temperature property brought by RHA. Besides, the
ductility of RB-MA exceeds about 30 cm, almost half of RHA-MA,
indicating that bio-oil remarkably improves the low temperature
anti-cracking property of RHA-MA.
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4.2. Rheological property of BA, RHA-MA and RB-MA

Dynamic frequency and temperature creep results are shown in
Fig. 11. As is shown in Fig. 11(a), G⁄ of RB-MA is higher than that of
BA, indicating that RHA enhanced the comprehensive mechanical
property of BA; while RHA did not make obvious improvement
on the phase angle of RB-MA compared with BA, and RB-MA
obtained no better plastic deformation resistance than base asphalt
and RHA-MA. Accordingly, modification of BA by RHA could only
slightly enhance its mechanical property and provide little help
with the plastic deformation resistance. Besides, temperature
creep test results shown in Fig. 11(b) were in line with that of fre-
quency test, illustrating that RHA could improve the mechanical
performance but offered little help to the plastic deformation resis-
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tance of BA under temperature ranging from 45 to 70 �C. However,
it is the aggregate in asphalt mixture that is mainly responsible for
mechanical supporting and deformation resisting. Therefore, it is
acceptable that RB-MA is not as well-behaved at mechanical per-
formance as RHA-MA.

The loss modulus reflects the energy loss in form of heat when
asphalt binder experiences deformation, indirectly characterizing
the anti-fatigue capability of asphalt binder. As can be seen in
Fig. 11 (c), RB-MA possessed the lowest loss modulus, even slightly
less than that of BA, while RHA-MA presented the highest loss
modulus instead. Consequently, it is likely that RB-MA obtained
Fig. 12. SEM images of rice husk ash at magnifications of�200 (a),�500 (b), �1000 (c) an
�5000 (h).
excellent anti-fatigue performance even better than that of BA
owing to the cooperated modification of RHA and bio-oil, while
RHA-MA possessed the most undesirable fatigue damage resis-
tance. The improvement of anti-fatigue performance for RHA mod-
ified asphalt could have been achieved by the viscosity reducing
and RHA/asphalt interface enhancing effect of bio-oil.

G⁄/Sind results shown in Fig. 11(d) illustrate that RHA-MA
presented the highest rutting factor under temperature ranging
from 46 to 76 �C, followed by RB-MA. Not surprisingly, RHA-MA
presented the best high-temperature deformation resistance, but
it can also be summarized that RB-MA obtain much better
d�5000 (d); of limestone filler at magnification of�200 (e), �500 (f), �1000 (g) and
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permanent deformation resistance and high temperature stability
at typical high asphalt pavement service temperature (40–70 �C)
than BA and base asphalt.

Finally, it seems from physical and rheological test results that
the modification of RHA-MA by bio-oil greatly enhanced the low-
temperature and anti-fatigue properties, in spite of a small degree
decline of mechanical performance that can be compensated by
the supporting of aggregate in asphalt mixture. In conclusion,
RHA/bio-oil could be a promising asphalt modifier to combine
desirable high-temperature performance of RHA-MA, excellent
low-temperature and anti-fatigue performance of BA, making
(a) Base asphalt

(c) 1% RHA-MA 

(e) 5% RHA-MA

(g) 9% RHA-MA

Fig. 13. Scanning electron micrographs and energy dispersive X-ray spect
RB-MA obtain desirable comprehensive performance qualified for
the demand of complex pavement service ambient conditions.

5. Modification mechanism of RHA and bio-oil

5.1. Modification mechanism of RHA

Scanning electron micrographs observed at magnifying power
of �200 and �500 are shown in Fig. 12(a and b). Irregular flakes
and blocks with sizes (maximum length or width) ranging from
several microns to about 600lm can be seen in the microstructure
(b) 1% RHA-MA

(d) 3% RHA-MA 

(f) 7% RHA-MA

(h) 11% RHA-MA 

rometer analysis of rice husk ash modified asphalt and base asphalt.
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of RHA. In marked contrast to the spherical modifier particles, the
irregular-shaped blocks are very likely to generate sever stress
concentration in asphalt binder, making the modified asphalt more
prone to fail in low-temperature test (such as ductility). However,
the microstructure of RHA is a three-dimensional porous and
multi-layer system: the exterior layer, interior layer and interlayer,
as can be observed in the cross section SEM image of RHA in Fig. 12
(c). Xu et al. [3] have obtained similar results and drawn the con-
clusion that the interlayer is consisted of a crisscross mesh of chips
and pores ranging from several nanometers to several microns. The
multilayer structure and micro-pores in RHA contributed greatly to
the adhesive property of modified asphalt.

It can be seen from Fig. 12(c) that the surface of the exterior
layer and interior layer was rough. Further magnified SEM image
of the exterior layer surface presented in Fig. 12 (d) indicates that
the surface of micro RHA particle was consisted of microchips and
micro sheets in three-dimensional reticular distribution. Moreover,
white columnar SiO2 crystal whiskers found on the surface and
edges of the microchips and micro sheets might generate attrac-
tion between SiO2 crystal whiskers and base asphalt. In remarkable
comparison, the shape and size of limestone filler particles were
found to be more regular and uniform than that of RHA in the
SEM images of LF in Fig. 12(e and f). Different from the three-
dimensional porous and multi-layer system of RHA, limestone fil-
ler particles presented as dense solid particles in Fig. 12(g) which
can be further validated in Fig. 12(h). As a result, the adhesion
between LF and base asphalt was weaker and the stress concentra-
tion degree was less than that between RHA and base asphalt.
Besides, it can be observed from Fig. 12(h) that the surface of lime-
stone filler particles was commonly smooth and appeared no white
columnar crystal whiskers as RHA did. Consequently, RHA could
form a more stable and viscous three-dimensional meshed bond-
ing system with base asphalt than limestone filler or other mineral
asphalt modifiers, effectively increasing the high temperature plas-
tic deformation resistance performance and adhesion property.
(a) RB-MA (1%RHA+20%Bio-oil) 

(c) RB-MA (9%RHA+20%Bio-oil) 

Fig. 14. Scanning electron micrographs and energy dispersive X-ray
5.2. Modification mechanism of bio-oil

The SEM and EDS images of base asphalt, RHA-MA and RB-MA
with different RHA contents are demonstrated in Figs. 13 and 14.
The EDS images of silicon verified that the light particles observed
in SEM images are RHA particles.

As is shown in Fig. 13, agglomeration was more prone to occur
as RHA content increased from 1% to 11%, referring the inhomoge-
neous mix of RHA and base asphalt. In marked contrast to RHA-MA
samples, the addition of bio-oil into RHA-MA with 1, 5 and 9% RHA
can obviously improve the mixing uniformity of RHA-MA binder,
which can be observed in Fig. 14. Therefore, it is likely that the
increase of penetration, the decrease of softening point and sharply
drop of RHA-MA ductility as RHA content increased might have
been caused by the agglomeration of RHA. And mixing uniformity
enhancement of RB-MA binder derived from the addition of bio-oil
make great contribution to the improved low temperature anti-
cracking (ductility) and anti-fatigue performance (see Fig. 11c).

Furthermore, the ideal bonding system (see the schematic dia-
gram in Fig. 15) formed by RHA, bio-oil and base asphalt can be
obtained according to SEM analysis of RHA and RB-MA. As is illus-
trated in Fig. 15, the addition of bio-oil is conducive to the uniform
dispersion of RHA and sufficiently filling of asphalt in the voids and
micro-structure of RHA particles, providing a more stable adhesive
system and stronger bonding function in the interface of asphalt
binder and irregular RHA particles. These modification effects of
bio-oil can be validated by the aforementioned comparative SEM
and EDS analysis of RHA-MA and RB-MA samples. Consequently,
rice husk ash and base asphalt could be bonded more closely by
the three-dimensional crisscross meshed adhesive system,
enabling the RB-MA acquire desirable high-temperature, low-
temperature and anti-fatigue performance.

However, it can be seen in Fig. 14 that the increasing amount of
RHA in RB-MA would also cause agglomeration. Apparently,
RB-MA with 1% RHA and 20% bio-oil demonstrated the most uni-
(b) RB-MA (5%RHA+20%Bio-oil) 

(d) Partially enlarged view of (c) 

spectrometer analysis of rice husk ash/ bio-oil modified asphalt.



Fig. 15. Schematic diagram of the bonding system formed by rice husk ash and base asphalt.
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form modifier distribution. This is also in good agreement with the
test results that the modification of RHA-MA by bio-oil signifi-
cantly improved the ductility and reduce the loss modulus, while
the high-temperature properties such as penetration (at 30 �C),
complex modulus and rutting factor of RB-MA did not experience
obvious reduction.

Therefore, it can be concluded that bio-oil can effectively
improve the low-temperature and anti-fatigue performance of
RHA-MA by providing a uniformly mixed modified asphalt system.
1% RHA and 20% bio-oil is the optimal content for RB-MA to
achieve the desirable balance between high-temperature and
low-temperature properties.

6. Conclusion

In this study, agricultural by-product RHA (1–11%) was utilized
as modifier to prepare modified asphalt. Physical and rheological
property test results indicated that the addition of RHA can dra-
matically improve the high-temperature performance of base
asphalt. 1% RHA was confirmed to be the optimum content for
70# base asphalt modification and 7% was determined as the upper
content limit for compatibility demand during pavement construc-
tion. However, RHA-MA samples presented unsatisfactory low-
temperature and anti-fatigue performance, greatly limiting its
application in the pavement.

Bio-oil was utilized to ameliorate the viscosity increasing effect
of RHA. Test results prove that the modification of RHA-MA with
bio-oil can effectively improve the low temperature and anti-
fatigue performance, as well as maintain qualified high tempera-
ture performance, making RHA/bio-oil the optimal modifier combi-
nation to achieve the balance between high temperature and low
temperature performance.

SEM and EDS analysis are adopted to explore the modification
mechanism of RHA and bio-oil. Results indicate that the crisscross
mesh of irregular chips and micro pore structure of RHA could be
the main reasons why RHA-MA obtained excellent high-
temperature performance. The ideal bonding system and unifor-
mity of RB-MA obtained by the addition of bio-oil contributed
the most to the excellent overall performance of RB-MA.
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