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Abstract

To evaluate the feasibility of using activated coal gangue (ACG) as replacement of mineral filler in asphalt mixture, some properties of
asphalt mastic containing ACG were investigated in this paper, compared with the traditional limestone mineral filler (LMF). The inves-
tigated mastic consisted of asphalt and filler at a mass ratio of 1:1. Cone penetration test (CPT), Dynamic Shear Rheometer test (DSR),
Brookfield viscosity test (BVT) and Dynamic Mechanical Thermal Analysis (DMTA) were applied to research the shear resistance rhe-
ological property, rutting resistance, high-temperature viscosity characteristics and low-temperature property of asphalt mastic. With the
application of scanning electron microscope (SEM) and Infrared Spectroscopy (IR), the mechanism of ACG imposed on asphalt mastic
was analyzed. Results indicate the possibility of ACG as inorganic filler derived from solid waste to improve the performance of asphalt.
The ACG has better effect on improving the shear strength and temperature sensitivity of asphalt mastic than LMF. Besides, ACG has
positive effect on high-temperature properties while some negative effect on low-temperature properties of asphalt mastic. The results also
indicate that the physical adsorption between the ACG filler and asphalt binder is the main mode of action.
� 2018 Chinese Society of Pavement Engineering. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Asphalt pavements are the main paving type of highway
because of its advantages such as low noise, good skid
resistance, improved comfort, convenience of maintenance
and recyclability. Asphalt mixtures have been widely used
in road pavement [1–4]. The construction and maintenance
https://doi.org/10.1016/j.ijprt.2018.03.002
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of these pavements require large amounts of aggregates
and mineral fillers, which typically account for nearly
95% of the asphalt concrete [5].

Natural limestone is processed into mineral filler used in
asphalt mixture traditionally while the resource is being
exhausted with the development of cement and construc-
tion industry in China [6]. The use of waste powders such
as recycled waste lime, carbon black, fly ash, trass volcanic
ash, recycled red brick powder and waste ceramic materials
used as filler in asphalt mixture has been the focus of sev-
eral research efforts over the past few years [7–11]. It was
proved that these waste powders could be used in asphalt
ommons.org/licenses/by-nc-nd/4.0/).
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mixture and presented improved performance, being not
only economically viable but environmental friendly.

At present, coal gangue produced in the process of coal
mining and washing has become one of the largest industrial
solid wastes of emissions and accumulated stock in China. So
far, the accumulated amount of coal gangue has reached 4.5
billion tons and has a 300–400million tons of annual produc-
tion. But the comprehensive utilization of coal gangue is less
than 20%. In this situation, precious land resources are occu-
pied, surrounded environment is polluted and human health
suffers from hazard for its variety of harmful trace elements
[12–14]. Although in recent years, China has begun to attach
importance to the comprehensive utilization of coal gangue,
the overall level remains to be improved urgently. In particu-
lar, there is a big space to inspire coal gangue’s activity to form
ACG for road building materials recycling use [15]. Up to
now, the utilization of ACG in asphalt mixture has rarely
been reported.With the use of ACG, coal ganguewill be recy-
cled and utilized efficiently to reduce the pollution of solid
waste and conserve land resources. Themain focus of the pre-
sent investigationwas aimed to the related properties ofACG
and asphalt mastic containing ACG.

(CPT),cone penetration testtests includingMany
Brookfield viscosity test (BVT) and Dynamic Shear
Rheometer test (DSR) were applied to evaluate the related
properties of asphalt mastic with ACG and the feasibility
of ACG powder as mineral filler in asphalt pavement com-
pared with conventional LMF.
2. Raw materials

2.1. Asphalt

The base asphalt used to prepare asphalt mastic is A-110
KLMasphalt provided byKelamayi Petrochemical industry
ofChina and its penetration is between 100 and 120 (0.1 mm)
to be applied in cold regions. Table 1 shows the physical
properties of asphalt binder following ASTM standards.
2.2. ACG and mineral filler

ACG is chosen as filler modifier for asphalt mastic and
asphalt mixture. ACG derives from kaolin coal gangue in
Table 1
Physical properties of asphalt binder.

Test itemsMaterial

Penetration at 25Base asphalt binder �C
Ductility at 15 �C
Softening point
Wax content
Flash point
Specific gravity

RTFO binder* Mass loss
Penetration ratio at 25 �C
Ductility at 10 �C

* Rolling thin film oven (RTFO) aged, according to ASTM D2872-04.
Lingshou county of Hebei province, China. The specific
activation process is as follows. Firstly, kaolin coal
gangue is collected and sorted, and then fragmented by
jaw crusher. Secondly, the crushed coal gangue is dried
to constant weight in 105 �C oven environment. Thirdly,
it is levigated by ball-grinder to the size of No. 50 to
achieve the similar percentage passing as LMF. Finally,
the fine powder is calcined for 2 h in a 750 �C oven, seen
in Fig. 1.

LMF is levigated limestone, whose particle size ranges
from 0 mm to 0.6 mm. The SEM-EPMA (S-4800) equip-
ment manufactured by the Hitachi Group was utilized to
observe the microstructure characteristic of ACG and
LMF, seen in Fig. 2.

X-ray fluorescence spectrometer (XRF) was utilized to
analyze the chemical constituents of ACG and LMF.
Table 2 shows the test results.
3. Test methods

3.1. Preparation of asphalt mastic

For practical asphalt pavement engineering projects in
China, AC-13 is the most widely used surface paving
material. The 0.075 mm sieve passing percentage of min-
eral aggregate gradations is usually around 5% and the
optimum asphalt content (OAC) is around 5% by the
mass of mineral aggregates [7]. So the filler–binder ratio
of asphalt mastic is 1:1. According to current technical
specification requirements of China, oven-dried ACG
and LMF were passed through 0.075 mm sieve respec-
tively. Fillers passing the 0.075 mm sieve were used to
prepared asphalt mastic samples at a mass ratio of
1:1. Take ACG asphalt mastic as example, the samples
were prepared according to the following procedure.
Firstly, asphalt was heated to the desired temperature
(140 ± 5 �C) in a three-neck flask provided with stirrer
and contact thermometer. Secondly, the temperature
was held constant by an automatic control system while
stirring lasting for 10 min after ACG was dispersed into
the asphalt with different percentages. Then a series of
samples could be prepared, the same as LMF asphalt
mastic.
SpecificationValueUnit

ASTM D5-971020.1 mm
ASTM D113-99126cm

� ASTM D36-0645.2C
ASTM D3344-901.78%

� ASTM D92-02267C
ASTM D70-760.982Non

% � ASTM D2872-040.056
ASTM D5-9762.3%
ASTM D113-9915cm

https://doi.org/10.1016/j.ijprt.2018.03.002


(a) Raw gangue block                          (b) ACG powder 

Fig. 1. Macroscopic appearance of raw gangue block and ACG powder.

 (a) ACG                                    (b)   LMF                 

Fig. 2. Microtopography of ACG and LMF (�20.0 K).

Table 2
The main chemical constituents of fillers.

LMFConstituent/% ACG

SiO2 5.0050.42
Al2O3 1.7746.11
TiO2 0.071.35
Fe2O3 0.570.56
P2O5 N/A0.51

87.600.29CaO
Na2 N/A0.24O
K2 0.280.23O

4.480.10MgO
0.150.06SrO

SO3 0.030.01
N/A0.01ZnO
0.040.11Others

Besides, Table 3 shows the basic physical properties of ACG and LMF.

Fig. 3. Cone penetration test.
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3.2. Testing physical and mechanical properties of asphalt

mastic cone penetration test

In order to evaluate the shear strength of asphalt mastic,
the cone penetration test (CPT) was developed [1], as
shown in Fig. 3. During the test, 250 g asphalt binder
and 250 g filler (No. 200) were mixed at (140 ± 5 �C). Sub-
sequently, the uniform asphalt mastic was filled in a funnel
and then was slightly oscillated into an iron vessel. The pre-
pared sample was kept at room temperature for 40 min
until it cooled and solidated. Then it was immersed in
water at 30 �C for more than 1 h. Afterward, the sample
was taken out and an iron cone (195 g) was released from
the mix surface. The cone would gradually penetrate into
the asphalt mastic until a stable situation. During the

https://doi.org/10.1016/j.ijprt.2018.03.002
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experiment, the sink depth was measured and recorded. It
should be noted that the cone would not completely pene-
trate into the mix. Based on the force balance, the shear
stress s(kPa) of asphalt mastic at the direction tangential
to the cone surface can be determined as follows:

s ¼ 981Q cos2ða
2
Þ

ph2 tanða
2
Þ ð1Þ

where Q is the cone weight (195 g); h is the sink depth (0.1
mm); a is the cone angle (30�). Three replicate specimens
were measured for each filler type. Here, the cone sink
depth and calculated shear stress, according to the force
balance, are used to evaluate the resistance to shear force
of asphalt mastic.

3.3. Dynamic Shear Rheometer test (DSR)

Rheological measurement is the basic method to investi-
gate the viscoelasticity of materials. In this paper, the
Dynamic Shear Rheometer (DSR) test was conducted to
measure the shear modulus and phase angle of asphalt bin-
der. According to ASTM D7175, the rheological properties
and rutting resistance of asphalt mastic were evaluated at
30 �C, 40 �C, 50 �C, 60 �C and 70 �C. Strain sweep test
was firstly carried out to fix the value of shear strain. Under
the strain-controlled mode, complex shear modulus (G*)
and phase angle (d) of asphalt mastic samples were
obtained at each temperature. In this experiment, the
asphalt film sample with a diameter of 25 mm and a thick-
ness of 2 mm was sandwiched between a fixed steel plate
and an oscillating plate with an angular frequency of 10
rad/s under a constant torque. The shear modulus G*

and phase angle d (shear lag of strain to stress) can be
determined as follows:

G� ¼ rðtÞ
cðtÞ ¼ ix

Z 1

0

uðnÞ expð�ixnÞdn ¼ G0 þ iG00 ð2Þ

tgd ¼ G00

G0 ð3Þ

where i is the imaginary unit; x is the angular frequency; r
is the shear stress; c is the shear strain; d is the phase angle;
G0 is the elastic part and G00 is the viscous part of G*. In
addition, G�= sin d is the performance index to evaluate
asphalt mastic’s rutting resistance. A higher G�= sin d value
indicates a higher elasticity and rutting resistance of filler
asphalt mastic.

Traffic loading is a dynamic loading and is over a wide
range of frequency and temperature conditions [7]. Due
to the characterization of the viscoelastic properties of
the asphalt mastic system, it is difficult to obtain the vis-
coelastic parameters of the asphalt mastic by the conven-
tional method. The dynamic viscoelastic test has become
one of the most effective means for simulating the deforma-
tion characteristics under the dynamic load of the pave-
ment and characterizing the asphalt mastic performance.
Previous research results show that the shear frequency
can be correlated with the traffic volume and high fre-
quency simulates heavy traffic while low frequency simu-
lates light traffic. The shear frequency of 0.01 rad/s–100
rad/s (0.0016 Hz–16 Hz) can simulate the normal road traf-
fic [16,17]. In this paper, the filler asphalt mastics were
frequency-scanned by DSR. The temperature range is 30
�C, 40 �C, 50 �C, 60 �C, 70 �C, and the load frequency
range is 0.0016 Hz–16 Hz.
3.4. Brookfield viscosity test (BVT)

Brookfield viscosity test (BVT) is often applied to inves-
tigate the apparent viscosity of asphalt in the temperature
range above 45 �C. Based on the viscosity curves at differ-
ent temperatures, the mixing temperature and compaction
temperature of various asphalt mixes can be determined. In
this experiment, the viscosity of asphalt mastic at 135 �C,
150 �C, 165 �C, 180 �C was conducted in accordance with
JTG E20-2011.

Before the test, it is important to choose a suitable rotor
according to estimated asphalt viscosity and applicable rate
for different type of rotors. In order to ensure the measure-
ment accuracy, the torque reading should be between 10%
and 98%.

Conventionally, the sensitivity of the viscosity to tem-
perature changes reflects the temperature sensitivity of
the asphalt material. The excellent asphalt material should
be viscous at high temperatures to resist deformation under
load and at the low temperature with sufficient flexibility to
enhance cracking resistance [18]. Viscosity index VTS put
forward by Saal is applied to evaluate the viscosity charac-
teristics of asphalt mastic according to the following for-
mula [19]:

V TS ¼ lg lgðg1 � 103Þ � lg lgðg2 � 103Þ
lgðT 1 þ 273:13Þ � lgðT 2 þ 273:13Þ ð4Þ

where T is absolute temperature, K; g1 and g2 are viscosi-
ties at different temperatures, Pa�s. The greater |VTS| means

masticasphaltofthe more obvious viscosity change
affected by temperature.
3.5. Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical behavior refers to the mechanical
response of the material under the vibration condition of
alternating stress (alternating strain). The relationship
between mechanical properties (modulus, internal friction)
and temperature and frequency can be obtained. Dynamic
Mechanical Thermal Analysis (DMTA) is often applied to
measure the variation of dynamic mechanical properties of
the material in a certain temperature range. DMTA is sen-
sitive to the glass transition temperature (Tg), molecular
crosslinking, phase separation and molecular chain move-
ment of viscous polymer materials. The main parameters
of the instrument are the storage modulus (E0), the loss
modulus (E00) and the loss factor (tand), where E0 reflects

https://doi.org/10.1016/j.ijprt.2018.03.002


Fig. 5. Results of CPT.
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the elasticity of the material, characterizing the stiffness of
the material; E00 reflects the damping nature. Tand is the
ratio of E0 to E00 which can also characterize the damping
properties of the material.

When the temperature is low, the polymer material
appears in a glassy state, where the molecular segments
of the material are frozen. At this moment, only small
deformation due to the change of bond angle and bond
length happens which is elastic deformation and the inter-
nal friction is little. When the temperature is further
increased, the molecular segments of the polymer material
are free to move. When the molecular segments within the
polymer material are transformed from thawing to free, the
segments need to overcome a large frictional force during
the movement and so the internal friction is large. Mean-
while, when the internal friction reaches the maximum,
the material is at vitrification transition state. The glass
transition temperature (Tg) is the characteristic tempera-
ture that characterizes the motion of the polymer material.
In this paper, Tg is applied to evaluate the low-temperature
property of asphalt mastic.

ispreparationsampleandinstrumentThe DMTA
shown in Fig. 4.

4. Results and discussion

4.1. Shear behavior

Fig. 5 shows cone penetration test (CPT) results of
asphalt mastic including the calculated shear strength
according to measured cone sink depths. The shear
strength of asphalt mastic ranked in a decreased order as
follows: ACG asphalt mastic, LMF asphalt mastic and
A-110 base asphalt. Compared with base asphalt, fillers
increase the shear strength of asphalt binder. This is
because fillers can perform the absorption and stabilization
of asphalt (especially light components) and increase the
viscosity and stiffness. ACG improving the shear strength
more than the LMF is because ACG is much finer than
LMF, as indicating by Table 3 which shows that ACG
has 85.4% finer than 0.075 mm whereas LMF only has
75.3%. Besides, the shear strength of each type of asphalt
mastic decreases with the increase in temperature. Like
unmodified base asphalt, filler asphalt mastic is also
Fig. 4. DMTA (Q800, TA instrument) and sample preparation (60 mm �
12 mm � 3mm).
viscoelasto-plastic material, affected greatly by the temper-
ature. When the temperature increases, the stability of
asphalt mastic deteriorates, causing asphalt mastic shear
strength becomes smaller.

4.2. Dynamic Shear Rheometer analysis

The test results are shown in Fig. 6. It can be clearly seen
that rutting factor G�= sin d of base asphalt and asphalt
mastic increases with the increase in load frequency. Under
the action of external load, deformation of asphalt and
asphalt mastic occurs, including elastic deformation, recov-
erable viscoelastic deformation and irreversible viscous
deformation. The greater the load frequency is, the shorter
the load time of the samples at each cycle becomes, result-
ing in the smaller amount of deformation of asphalt mate-
rials and an increase in modulus, and vice versa.

Furthermore, a marked increase for G�= sin d is obtained
by the addition of filler. The addition of ACG results in
more significantly increased G�= sin d than LMF under
load frequency range, meaning that ACG asphalt mastic
has better high temperature property than LMF especially
within the test temperature range of 40 �C–60 �C. For the
same asphalt or asphalt mastic, the rutting factor
G�= sin d at low temperature or high frequency is much lar-
ger than that at high temperature or low frequency.

4.3. Brookfield viscosity test (BVT)

In general, there is a close relationship between the vis-
cosity of asphalt or asphalt mastic and the mixing and
compacting temperatures of asphalt mixture. The effect of
ACG on high temperature viscosity of asphalt mastic is dis-
cussed here compared with LMF. The high temperature
viscosity test was conducted by a Brookfield Viscometer
at 135 �C, 150 �C, 165 �C and 180 �C. There is a linear rela-
tionship between the common logarithm of the viscosity
values (lgg) and temperature (T).Table 4 illustrates the
viscosity-temperature index VTS of asphalt mastic under
different temperatures.

https://doi.org/10.1016/j.ijprt.2018.03.002


Table 3
Physical properties of ACG and mineral powder.

SpecificationLMFItems ACG

ASTM1001000.6 mm sieve size percent passing/wt.% C136
90.296.60.15 mm sieve size percent passing/wt.%
75.385.40.075 mm sieve size percent passing/wt.%

Density/(g/cm3 ASTM2.7232.626) D3800
Specific surface area/(m2 ASTM0.270.29/g) D3037

Fig. 6. Frequency sweep test results of base asphalt and asphalt mastic.
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Table 4 shows that the |VTS| of asphalt mastic ranked in
an increased order as follows: ACG asphalt mastic <LMF
asphalt mastic <A-110 base asphalt. Compared with the
base asphalt, fillers decrease the Viscosity-temperature
index of asphalt binder. That means the addition of filler
can effectively improve the high-temperature sensitivity of
asphalt binder, and the ACG has a better effect than LMF.
4.4. Dynamic Mechanical Thermal Analysis (DMTA)

Fig. 7 shows the DMTA typical curve of A-110 base
asphalt. With the increase in temperature, the storage mod-
ulus E0 gradually decreases and finally tends to be gentle.
The loss modulus increases first and then reaches the peak
and subsequently decreases. Meanwhile, the loss factor E00

keeps increasing. The Tg of base asphalt can be achieved
from the DMTA curve and its value is �17.19 �C. Simi-
larly, Tg of ACG and LMF asphalt mastic are �12.42 �C
and �10.89 �C, respectively. It indicates that ACG may
have some negative effect on low-temperature property of
asphalt mastic. So when ACG is used in extremely cold
areas, the low-temperature performance of asphalt mixture
needs paying attention to.
4.5. Mechanism analysis of ACG reinforcing asphalt binder

Fig. 8 shows the infrared spectrogram of ACG, A-110
base asphalt and ACG asphalt mastic. The characteristic
peak at 3427 cm�1 is the broad absorption peak caused
by the hydroxyl group, and the characteristic peak near
2800 cm�1 is the absorption peak of methylene ‘‘ACH2A”.
Meanwhile, the broad absorption band near 1200 cm�1 is
caused by the expansion of the aliphatic amine CAN,
and the absorption peak near 750 cm�1 is caused by the
NAH out-of-plane bending vibration absorption. After
the interaction between the ACG and the asphalt, the most
absorption peaks are the superposition of the respective
Table 4
indexViscosity-temperature VTS differentundermasticasphaltof

temperatures.

135Type �C/150 � 150C �C/165 � 165C �C/180 �C

A-110 base asphalt �2.467 �4.098 �2.992
LMF asphalt mastic �2.325 �3.651 �2.507
ACG asphalt mastic �1.836 �2.937 �2.098

http://C136
http://D3800
http://D3037
https://doi.org/10.1016/j.ijprt.2018.03.002


Fig. 7. Temperature scanning mechanics curve of A-110 base asphalt
through DMTA.

Fig. 8. IR test results.
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absorption peaks of the ACG and asphalt binder. There is
no obvious new stretching vibration or deformation vibra-
tion peak, which indicates that physical adsorption
between the ACG filler and asphalt is the main mode of
action.

5. Conclusions

The related properties of asphalt mastic with activated
coal gangue as alternative filler were investigated through
laboratory experiments in this paper. The following con-
clusions can be drawn.

(1) Compared with LMF, the ACG has porous surface
and larger specific surface area, indicating the possi-
bility and feasibility of ACG as inorganic filler
derived from solid waste to improve the performance
of asphalt. In addition, the physical adsorption
between the ACG filler and asphalt is the main mode
of action.
(2) The ACG has the better effect on improving shear
strength of asphalt binder than LMF. In asphalt mas-
tic, filler can perform the absorption and stabilization
of asphalt (especially light components) and increase
the viscosity and stiffness.

(3) The addition of ACG resulted in more significantly
increased G�= sin d than LMF under load frequency
range, so ACG has better effect on high-
temperature property of asphalt mastic.

(4) ACG and LMF can effectively improve the high-
temperature sensitivity of asphalt binder, and ACG
is the better one.

(5) ACG may have some negative effect on low-
temperature properties of asphalt mastic. So when
ACG is used in extremely cold areas, it is necessary
to consider carefully the low-temperature perfor-
mance of asphalt mixture.

Acknowledgements

The authors wish to thank the financial support from
the National Natural Science Foundation of China
(No. 51608046), the China Postdoctoral Science Founda-
tion (No. 2014M550476), the Preeminent Youth Fund of
Chang’an University (No. 310831163501), the Qinghai
Science and Technology Project (2017-ZJ-763) and the Spe-
cial Fund for Basic Scientific Research of Central Colleges
for Chang’an University (No. 310831171001, No.
310831171009) .

References

[1] H. Chen, Q. Xu, Experimental study of fibers in stabilizing and
reinforcing asphalt binder, Fuel 89 (2010) 1616–1622.

[2] Q. Xu, M. Solaimanian, Measurement and evaluation of asphalt
thermal expansion and contraction, J. Test Evaluat, ASTM 36 (2008)
1–6.

[3] Zhuangzhuang Liu, Mingliang Xing, Shuanfa Chen, et al., Influence
of the chloride-based anti-freeze filler on the properties of asphalt
mixtures, Constr. Build. Mater. 51 (2014) 133–140.

[4] Rui Xiong, Jianhong Fang, Xu. Anhua, et al., Laboratory investi-
gation on the brucite fiber reinforced asphalt binder and asphalt
concrete, Constr. Build. Mater. 83 (2015) 44–52.

[5] Mei-zhu Chen, Jun-tao Lin, Wu. Shao-peng, et al., Utilization of
recycled brick powder as alternative filler in asphalt mixture, Constr.
Build. Mater. 25 (2011) 1532–1536.

[6] F.R. Liu, F.C. Yang, Status and demand forecast of limestone
resources for cement industry in China, China Non-metallic Min.
Indust. Herald 2 (2004) 44–51.

[7] Shaopeng Wu, Jiqing Zhu, Jinjun Zhong, et al., Experimental
investigation on related properties of asphalt mastic containing
recycled red brick powder, Constr. Build. Mater. 25 (2011) 2883–
2887.

[8] Bing Huang, Lijuan Ma, Wenjuan Xu, Research development of
modified asphalt, Mater. Rev. 24 (1) (2010) 137–141.

[9] Chen Zhiguo, Research on performance of volcanic ash asphalt
mastic, Harbin Institute of Technology, Harbin, 2010.

[10] Yang Xiaokai, Xiong Rui, Fan Tianqi, Yang Tao, Sheng Yanping,
Laboratory investigation of the rheological property of activated coal
gangue modified asphalt binder, Mater. Rev. 29 (6) (2015) 135–139.

http://refhub.elsevier.com/S1996-6814(17)30259-6/h0005
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0005
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0010
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0010
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0010
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0015
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0015
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0015
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0020
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0020
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0020
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0025
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0025
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0025
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0030
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0030
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0030
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0035
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0035
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0035
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0035
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0040
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0040
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0045
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0045
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0045
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0050
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0050
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0050
https://doi.org/10.1016/j.ijprt.2018.03.002


732 R. Xiong et al. / International Journal of Pavement Research and Technology  11 (2018) 725-732
[11] Sun Simeng, Li Xiaolin, Zheng Guangjun, Zhang Liqun, Preparation
and properties of nano-monlmorillonite modified asphalt emulsion,
Mater. Rev. 29 (1) (2015) 129–132.

[12] Tianling Fu, Yonggui Wu, Lisha Ou, et al. Effects of different redox
environments on the release of coal gangue contaminants, Acta
Scientiae Circumstantiae, 32(10): 2476–2482.

[13] Liu Yang, Liu Chang, Xing Zhaokai, et al., Study on soil nutrition
and enzyme activity under different afforestation models in coal waste
pile, Ecol. Environ. Sci. 22 (8) (2013) 1418–1422.

[14] Tang Zhaohui, Dong Xinxin, Yang Yue, et al., Research on the
relationship between grain composition and repose angle of coal
gangue in Dongkuang Mine, J. Earth Sci. 25 (2014) 309–314.
[15] He Aixiang, Liu Nan, Wei Guangfen, et al., Coal-gangue acoustic
Ind. Instrum.signal recognition based on sparse representation,

Control SystemsⅡ 336 (2013) 722–727.
[16] Zhan Xiaoli, Research on the viscoelastic properties of asphalt using

DMA, Harbin Institute of Technology, Harbin, 2007.
[17] Rui Xiong, Road performance and corrosion damage of mineral

composite fiber asphalt mixture in salt enrichment condition,
Chang’an University, Xi’an, 2012.

[18] Dou Huaibin, Design and pavement performance of ultra-thin snow
melt salt asphalt mixture pavement overlay, Chang’an University,
Xi’an, 2015.

[19] Shen Jinan, Performance of asphalt and asphalt mixtures, China
Communications Press, Beijing, 2001.

http://refhub.elsevier.com/S1996-6814(17)30259-6/h0055
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0055
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0055
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0065
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0065
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0065
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0070
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0070
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0070
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0075
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0075
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0075
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0080
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0080
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0080
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0085
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0085
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0085
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0085
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0090
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0090
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0090
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0090
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0095
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0095
http://refhub.elsevier.com/S1996-6814(17)30259-6/h0095
https://doi.org/10.1016/j.ijprt.2018.03.002

	Experimental investigation on related properties of asphalt mastic �with activated coal gangue as alternative filler
	1 Introduction
	2 Raw materials
	2.1 Asphalt
	2.2 ACG and mineral filler

	3 Test methods
	3.1 Preparation of asphalt mastic
	3.2 Testing physical and mechanical properties of asphalt mastic cone penetration test
	3.3 Dynamic Shear Rheometer test (DSR)
	3.4 Brookfield viscosity test (BVT)
	3.5 Dynamic Mechanical Thermal Analysis (DMTA)

	4 Results and discussion
	4.1 Shear behavior
	4.2 Dynamic Shear Rheometer analysis
	4.3 Brookfield viscosity test (BVT)
	4.4 Dynamic Mechanical Thermal Analysis (DMTA)
	4.5 Mechanism analysis of ACG reinforcing asphalt binder

	5 Conclusions
	Acknowledgements
	References




