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h i g h l i g h t s

� Two asphalt mixtures were healed through heating fibers or aggregate respectively.
� Induction heating and microwave heating were used to provide healing atmospheres.
� Infrared images were used to demonstrate the temperature field of the sample.
� Cyclic fracture-healing test was conducted to investigate the healing performance.
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a b s t r a c t

In this paper, two different designs of self-healing asphalt mixtures were promoted, the asphalt mixtures
were healed through heating fibers or aggregate respectively. Induction heating and microwave heating
were applied respectively to provide healing atmospheres. The thermal conductivity and temperature
raising tests were conducted to measure the heating performance of those two self-healing asphalt mix-
tures. Infrared images were used to demonstrate the temperature field of asphalt specimens during heat-
ing. Cyclic fracture-healing test with three-point bending method was recorded to investigate the healing
performance of the designed asphalt mixtures.
It is concluded that asphalt mixtures containing steel fibers or steel slags could be healed with appro-

priate heating methods. It is also indicated that the healing performance of samples with microwave
heating was a little better than the healing performance of steel fiber modified asphalt mixture with
induction heating. The steel slag asphalt mixture showed a better performance of healing with the micro-
wave as the temperature distribution was more uniform. Furthermore, the locally overheating and tem-
perature uneven distribution remained to be big problems in the self-healing performance of asphalt
mixtures in practical application.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Self-healing materials are a class of smart materials that have
the ability to repair damage caused by mechanical usage over time.
Self-healing mechanisms utilized in the design of these materials
draw many concepts from the related field of crack healing [1].
The design of self-healing asphalt mixtures has also become a the-
matic topic for past decade. Several self-healing methods of asphalt
mixtures were proposed and investigated in recent researches,
including microcapsule [2–4] (capsules are ruptured during crack
propagation and rejuvenators are released to heal the crack),

induction heating [5,6], microwave heating [7,8] (as external inter-
ventions to initiate healing) and so on.

Asphalt is a special kind of raw materials which has an original
ability to heal itself under some conditions. The healing perfor-
mance of bitumen is highly dependent on its temperature. Some
researchers employed this property to enhance the healing proper-
ties of asphalt mixtures. García et al. firstly investigated the induc-
tion healing property of dense asphalt concrete with steel wool
fibers. The results proved that there is a minimum temperature
for asphalt concrete to heal [9]. Some other researchers also con-
ducted series of experiments to analyze the thermal heating and
healing characteristics of asphalt mixtures. Steel fiber modified
asphalt mixtures with induction healing method were mainly
applied in those tests. Liu et al. proved that this kind of electrically
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conductive porous asphalt concrete can be easily heated via induc-
tion heating [10–12]. The electrical conductivity, particle loss resis-
tance and induction heating speed of electrically conductive
porous asphalt concrete was also studied in his research and the
result indicated that damage in the material can be healed with
induction heating [11]. The performance of long fibers with small
diameter were better than short fibers with bigger diameter in
those experiments. The fatigue life of porous asphalt concrete
was significantly extended by induction heating as well [6]. The
influences of the fibers’ type on self-healing asphalt properties
were investigated as well [13]. It is shown that the short and thick
fibers disperse very well in the mixture, while long and thin fibers
produce clusters. It is also shown that fibers with different length
would be damaged during the mixing and compaction processes,
and the final length of the fibers after mixing and compacting
increases with their diameter [14].

Microwave heating has also been investigated in this field. In
1988, Al-Ohaly et al. studied the effect of microwave heating on
adhesion and moisture damage of asphalt mixtures [15]. Micro-
wave treatment of asphalt mixtures is believed to have the poten-
tial to improve the adhesion between asphalt and aggregate. Sun
et al. applied microwave heating on steel slag asphalt mixtures
[16]. It is concluded that microwave heating can be used to pro-
mote self-healing of steel slag asphalt mixture. Contreras and Gal-
lego believed that the microwave technology is more effective than
induction heating to heal cracks in asphalt roads [8,17].

Previous researches indicated that heating could significantly
improve the healing performance of bitumen and asphalt mixtures.
But most thermal heating and healing treatments of asphalt mix-
tures mainly healed asphalt mixtures by heating the incorporated
fibers and fillers. There’s no doubt that the heating area would
have a strong influence on the heating efficiency. However, few
researches investigated the heating performances of asphalt mix-
tures through heating aggregates. So the self-healing
performance-of asphalt mixtures through heating fibers or aggre-
gates was investigated in this research.

Two kinds of self-healing asphalt mixtures were designed in
this research. Steel fiber modified asphalt mixture was considered
as a representative of self-healing asphalt mixtures through heat-
ing fibers, and the steel slag asphalt mixture was considered as a
representative of self-healing asphalt mixtures through heating
aggregate. Both the thermal conductivity and temperature raising
test were conducted to measure the heating performance of those
two asphalt mixtures. Cyclic fracture-healing in three-point bend-
ing test was conducted in this research to investigate the healing
performance of the designed asphalt mixtures.

2. Materials and experiments

Penetration grade bitumen 70# used in this paper was provided by Hubei Guo-
chuang Hi-tech Material Co. Ltd. of China. Andesite aggregates from Chifeng, Inner
Mongolia Province and steel slag from Wuhan Iron and Steel (Group) Company,
Hubei province were used. Limestone mineral filler (from Macheng, Hubei) and
steel fiber (provided by Shanghai Auticar Metal Products Co. Ltd.) were also
involved in this research. The properties of bitumen and steel fiber were shown
in Table 1. The physical properties of steel slag aggregate were listed in Table 2.

Three kinds of AC-13 asphalt mixture specimens were prepared in this research,
including normal andesite asphalt mixture, steel fiber modified andesite asphalt
mixture and steel slag asphalt mixture. The grading curves of those two kinds of
self-healing asphalt mixtures were shown in Fig. 1. The coarse and fine andesite
aggregates was used in the steel fiber modified asphalt mixture. While the coarse
steel slag aggregate and fine andesite aggregate were used in the steel slag asphalt
mixture.

The asphalt-aggregate ratio of all specimens was kept at 5.3%. The recom-
mended steel fiber content 6.0% (by volume of bitumen) was used [9].

2.1. Thermal conductivity test

A thermal constant analyzer (HotDisk TPS 2500) was used in this test to mea-
sure the thermal conductivity, thermal diffusivity and specific heat of the samples.
Standard Marshall Specimens were cut into two part of cylinder with a dimension
of 101.6 mm diameter � 31 mm height. A small sensor was placed in the middle of
the two part of cylinder samples. The data of thermal conductivity results were
recorded by a computer.

2.2. Infrared thermal imaging test

Two heating methods namely induction heating and microwave heating were
involved in this study to provide healing atmospheres. An infrared camera (Fluke
Ti400) was applied to demonstrate the temperature field of asphalt specimens dur-
ing heating. Pure bitumen, steel fiber modified bitumen (6.0% by volume of bitu-
men), steel fiber modified asphalt mixture sample and steel slag asphalt mixture
sample were tested in this stage. Each kind of samples was heated for 120 s, but
pure bitumen and steel fiber modified bitumen were only heated for 5 s with micro-
wave heating. This is because the exposed steel fiber on the surface of the modified
bitumen caused some discharge phenomenon during the microwave heating pro-
cess. And the bitumen around steel fiber began to burn at that moment. Taking
the laboratory safety into consideration, the pure bitumen and steel fiber modified
bitumen was only heated for 5 s with the microwave technique. The temperature
evolutions of those samples with both induction heating and microwave heating
were recorded. The temperature distributions of these materials after heating were
compared and analyzed.

2.3. Temperature raising test

A microwave oven with an output of 800 W provided the microwave heating
condition. Induction heating experiment was also conducted in this research, with
a 7.3 kW induction heating generator at a frequency of 123 kHz. 30 s of heating and
10 s of rest were defined as one healing cycle. During the healing process stage, the
temperature in the middle of the top surface of Marshall Specimen was recorded.
The inner temperatures were also measured as a hole was dug from the bottom
to the body-center of the Marshall specimen. The temperatures of three uniformly
spaced points on the flank of the cylinder sample were tested as well. The test
points of the flank was selected at the middle of the height. The Five test points
of Marshall Specimens were shown in Fig. 2. In this test, optical fiber temperature
sensors were applied to record those temperature data. Each test was repeated for
three times, and the average value was calculated.

2.4. Three-point bending test

A Dynamic Mechanical Analyzer (DMA) EPLEXOR 150 N-HIGH END was used to
conduct the three-point bending test in this research. Small rectangular asphalt
concrete samples with a dimension of 10 mm height � 8 mm width � 40 mm
length were prepared for the test. This kinds of rectangular samples were fractured
at �20 �C with DMA at first. Then these samples were heated with both heating and
healing technics for healing.

As the heating properties of the asphalt mixtures were different, 80 �C [18] was
defined as the highest healing temperature in this stage. During the healing process,
an optical fiber temperature sensors was attached to the top surface of the rectan-
gular samples. The temperature in the middle of the top surface was measured and
recorded by a computer one time per second. For samples with good heating per-
formance, when the temperature of its top surface reached 80 �C, the heating pro-
cess would be interrupted. The temperature was kept at around 80 �C (±5 �C) by

Table 1
Properties of 70# base bitumen and steel fiber.

Tests Results Specification

70# base
bitumen

Penetration (25 �C, 100 g, 5 s)
[0.1 mm]

68.7 60–80

Softening point (ring & ball) [�C] 50.2 44–54
Ductility (5 cm/min, 15 �C) [cm] >150 �100

Steel fiber Gravity [g/cm3] 7.8 –
Average length [mm] 4.2 –

Table 2
Properties of steel slag aggregate.

Tests Results

Size range [mm] 9.5–13 4.75–9.5
Apparent Specific Gravity 3.421 3.487
Water absorption [%] 1.4 1.6
Flakiness and elongation [%] 6.4 10.5
Los Angeles abrasion [%] 14.5 14.4
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