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h i g h l i g h t s

� Steel slag shows better microwave absorption compared to the conventional aggregate.
� Under microwave heating, adding lower than 2% SWF is optimum for healing of HMA.
� Mixtures show ductile behavior at early cycles and brittle characteristics at late times.
� Slag mixture obtain better healing performance compared to the original aggregate.
� The crack formation affects the healing effectiveness.
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a b s t r a c t

This study aims to analyze the applicability of steel slag in the asphalt mixtures for the self-healing pur-
pose using microwave heating technique. Hot mix asphalt (HMA) mixtures were developed from four dif-
ferent levels of steel wool fibers (SWF) as a conductive additive and two types of aggregate were used:
steel slag aggregate and conventional aggregate. Then, the thermal distribution, as well as the optimum
healing time of test samples, were recorded by the infrared camera. 10 damage-healing cycles were
applied in all mixtures to evaluate their healing performance under microwave heat. Test results sug-
gested that adding two percent SWF by weight of asphalt mixture provides the best healing level for both
types of aggregate mixtures. At this SWF level, the substitution of 30% normal coarse aggregate by steel
slag is very promising due to its presence not only provides better healing results but also helps the
whole mixture improve the load-displacement relationship with higher ductile behavior. Overall, the
application of steel slag in HMA is a prominent solution which contributes toward the sustainable
development.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Steel production industry releases hundreds million tons of
steel slag each year in accordance with the World Steel Association
report [1]. Due to the landfill disposal solution, this by-product
causes many environmental problems, especially concerns on the
leaching issues [2–5]. In civil construction such as asphalt pave-
ment, embankment, concrete masonry, and railroad ballast, the
application of steel slag aggregate has been increasing in recent
years. Road construction has consumed a significant amount of
nonrenewable resources from our planet. Hence, the utilization
of steel slag as a replacement for conventional aggregate in HMA
is a promising key to release environmental pressure and reserve
the natural resources.

Based on literature reviews [2–5], steel slag shows feasible
characteristics which can be applied in HMA. Steel slag particle
has some special properties such as angular shape, broken faces
which promote better skid resistance with high moisture stability.
HMA with steel slag also acquires lower permanent deformation
with higher fatigue life compared to the normal aggregate [2].
However, this special texture otherwise acts as a barrier that pre-
vents the workability of asphalt mixture [3]. It is reported in the
related literature that porous particles of steel slag may consume
a higher amount of asphalt binder and this excessive absorption
may cause a significant increase in the production cost [3,4].
Hence, utilization 100% steel slag as a replacement of conventional
aggregate is not recommended. Mansour [3] and Zongwu [4] sug-
gested that the fine part of steel slag should be excluded due to its
high binder-consumption. Another issue of steel slag composition
is the free lime (f-CaO) which draws critical concern in volume
instability [5]. If this chemical is subjected to hydration process,
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its presence will cause volume expansion and result in cracking.
However, this problem can be resolved by six months weather pro-
cessing method [3,4].

Depended on the type of mixtures, ambient temperature and
resting period, the microcracks formed in asphalt pavement can
be healed to a different level [6]. Based on the research of Bhasin
and Little [7], this phenomenon can be justified by the fact that
molecules from the two sides of the crack are diffused together,
which will form a new connection and thereby, the continuity of
the material can be reconstructed. This explanation agrees with
the findings from Kim and Daniel [8]. The authors indicated that
the self-healing in asphalt material can be activated from the tem-
perature of 55 �C when samples are free from traffic pressure. In
the research of Liu [9], the asphalt samples were pre-cracked,
and they were healed at a temperature from 70 to 120 �C. The test
results confirmed that test samples can be achieved up to 100%
healing performance. To enhance the healing process of asphalt
pavement, induction heating and microwave heating are consid-
ered to be the best effective methods [6,10].

The induction heating method has been drawn huge attention
lately due to its effectiveness in actual applicability. However,
when using the electromagnetic induction to promote self-
healing of asphalt pavement, conductive additives incorporation
is the main requirement. According to Garcia [6], the asphalt mate-
rial will be more sensitive to electromagnetic induction and the
healing capacity would be remarkably increased by adding this
additive. In accordance with the Joule law, the SWF particles
receive an electrical current from the induction heating machine
which increases their temperature [11]. Then, the thermal energy
from the SWF will be transmitted to the asphalt mixtures and
thereby, bitumen will be heated [11]. Garcia and Schlangen [10]
have conducted a series of experiments to quantify the effective
SWF content in asphalt mixtures. They concluded that the opti-
mum SWF content can be controlled from two percent to six per-
cent by weight of asphalt mixture. The authors also performed
many tests to determine the physical and mechanical properties
of asphalt mixtures containing SWF.

Regards to the microwave heating technique for self-healing
purpose, researches on this method show some promising signals.
Based on the Megahertz principle, the molecules of asphalt mate-
rials will change their orientation after exposing to electromag-
netic fields [11]. This process will cause an internal friction that
increases the temperature of the whole asphalt mixture. Some lit-
erature suggests that the increase of temperature can be remark-
ably accelerated by adding a very small amount of metal
particles due to those additives have a high ability of microwave
reflection. J. Norambuena and Garcia [11] stated that microwave
heating method helps the healing process of the HMA accelerates
to a certain value. Adding SWF into mixtures will enhance the heal-
ing capacity. However, the required content of this conductive
additive is relatively small compared with the induction heating.
This statement agrees with the findings from Juan Gallego’
research [12,13]. The author concluded that steel wool content
used in microwave methods should be controlled at lower than
ten times compared to the induction heating method. The author
also mentioned that microwave heating method provides a better
economical solution due to its low energy consumption, 1.2 kW
compared to the 50 kW power supply required from the induction
heating machine.

Based on the above discussions, the application of microwave
heating to promote the healing performance of asphalt mixtures
owns some advantageous. However, the utilization of steel slag
as a microwave absorption part in HMA is neglected in related
researches. Hence, the main objective of this study is to evaluate
the possibility of utilizing steel slag aggregate in HMA to improve
the self-healing purpose by microwave heating technique. To
achieve this target, 30% steel slag as a replacement of normal
coarse-aggregate and four different contents of SWF were used
to fabricate asphalt mixtures. Based on the gradation calculation
with upper and lower limitation, 30% steel slag was found to be
the maximum amount to utilize the use of this by-product mate-
rial utilized in this study. Then, the infrared camera was
employed to determine the thermal transmitting for each mix-
ture in microwave heating. Through this test, the optimum heal-
ing time, as well as the effect of cracking formation throughout
the whole mixture, was analyzed. Finally, all test samples were
subjected to 10 damage-healing cycles to identify their crack
healing performance and load-displacement behavior. This num-
ber of damage-healing cycles was designed to remain the healing
level of samples of higher than 30%. This test concept was only
used for laboratories investigation. The previous research results
[14] recommend that the microwave heating should be applied
for actual road maintenance no higher than four times. This lim-
itation will ensure the acceptable performance of the healing
purpose.

2. Materials and methods

2.1. Materials

In this research, HMA mixtures were fabricated to conduct a
series of experiments. They were made from the coarse aggregate
(4.75–12.5 mm), fine aggregate (0.075–4.75 mm), and filler
(<0.075 mm). Table 1 shows its particle size distribution. Bitumen
PG 64-22 used in this study has a density of 1.02 g/cm3 and a pen-
etration value of 70 mm/10 at 25 �C. The general sizes and basic
properties of microwave absorption additive applied in this
research are shown in Table 2.

The steel slag aggregate was provided by the Korean steel pro-
duction company with gradation distribution presented in Table 3.
The chemical composition of steel slag is illustrated in Table 4. The
porous particles of fine steel slag may lead to the very high binder
consumption [3,4]. Hence, only coarse steel slag was used as a sub-
stitution of normal coarse aggregate in this research. The steel slag
aggregate used in this study was subjected to the weathering pro-
cess in appropriate humid condition. This process was strictly per-
formed by the company that manufactures steel slag aggregate.
The treatment will help the aggregate achieve the acceptable

Table 1
Particle size distribution of normal aggregate.

Sieve size (mm) 19 12.5 9.5 4.75 2.36 0.6 0.3 0.15 0.075

Percent passing (%) 100 98 86 60 45 23 14 8 3

Table 2
Additive properties.

Type SWF

Average diameter 70–130 (lm)
Density 7.18 (g/cm3)
Length 4–4.5 (mm)
Thermal conductivity 80 (W/m.K)
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