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h i g h l i g h t s

� The focus is centered here on induced heating and healing of asphalt concrete.
� Carbon black (CB) enhanced the mechanical and electro-magnetic absorption of asphalt concrete.
� The CB improved the induced healing index (H.I) under the breaking-healing cycles.
� H.I of low temperature crack is more than that of intermediate temperature crack.
� Proposed model captured the effects of damage level and effective healed length on induced healing.
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a b s t r a c t

This study focused on induced heating and healing of asphalt concrete. Carbon black (CB) was added to
asphalt binder as a conductive component to increase the electro-magnetic sensitivity of the asphalt con-
crete and to accelerate the heating and healing rate of this material. Samples were fabricated using silic-
eous and limestone aggregate types. Then, semicircular bending (SCB), indirect tensile (IDT), and uniaxial
compressive tests were conducted in order to study the mechanical properties of the CB modified asphalt
concrete. In addition, a healing index (H.I) was introduced to evaluate the performance of the CB modified
asphalt concrete under repeated breaking-healing cycles. Experimental results indicate that the CB con-
siderably enhanced the mechanical strength of asphalt concrete. At the first breaking- healing cycle the
CB could properly heat and heal the asphalt concrete such that the H.I was up to 70 and 60 percent at low
and intermediate temperatures, respectively. Also, as the breaking-healing cycles increased, the H.I
decreased. An empirical-mechanical model was then proposed to clarify the influences of the damage
level and effective healed length on the induced healing index. It was concluded that the healing index
of the asphalt concrete depends on modes of the mechanical testing, crack length, damage level, and
temperature.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Asphalt pavements are widely used in the modern world. One of
the key characteristics and advantages of using asphalt as an engi-
neering construction and maintenance material is its versatility.
That being said, asphalt concrete pavement consists of multiple
layers of different materials undergoing various combinations of
traffic loading and varying environmental conditions that lead to

deteriorations. Asphalt concrete may experience significant
micro-cracks due to both traffic loading and weather changes
[1–3]. After their propagation, micro-cracks join together and form
visible cracks. Cracking is amongst the most common deteriora-
tions affecting the performance of asphalt concrete. The cracks
can adversely affect the serviceability of pavement and lead to
the formation of more severe distresses such as frost heave and
potholes. The resultant distresses would dramatically increase
the cost of pavement management and maintenance due to struc-
tural losses.

Asphalt concrete is a self-healing material with the ability to
repair its cracks. Given the capillary flow and by means of heating
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up the asphalt binder to reach more than its Newtonian fluid tem-
perature, some of the micro-cracks and cracks will be filled. The
Newtonian fluid temperature of binders is reported to be in range
of 30 �C–70 �C [4]. Reaching this rheological state, the crack dam-
ages can be healed because of flowing bitumen through the cracks
and filling them. An alternating magnetic field can provide the heat
that the binder needs to flow. This procedure is defined as induced
healing technology [5–8].

Generally, the process of increasing the temperature of neat
asphalt pavement needs a great deal of time and energy which
might not be cost effective and environmentally friendly. As a solu-
tion, some electrically conductive particles can be used to acceler-
ate the heating process and to increase the efficiency of induced
healing. In relevant literature, steel wool fiber (SWF) is the most
frequently used additive to accelerate the heating process of dense
graded asphalt concrete [5,9,10]. However, using SWF as the con-
ductive component in asphalt concrete has considerable draw-
backs. It is proved that the distribution of steel wool fibers can
lead to a higher air void in the asphalt concrete resulting in poor
durability [8,10]. Furthermore, it has been shown that asphalt con-
crete containing the SWF was heated non-homogeneously [5].

To circumvent the problem associated with non-homogeneous
heating, a binder-based additive is recommended. This additive
can be added to the asphalt binder as a modifier to improve the
ability of the electro-magnetic radiations to heat the asphalt con-
crete. Afterwards, the durability issues can be addressed by con-
ducting laboratory performance tests at different conditions. In
this regard, there are studies suggesting that the carbon-based
mineral can improve the electrical conductivity of the asphalt bin-
der and concrete. Different types of carbon-based materials that
have been used are carbon fiber [11,12], flake graphite and exfoli-
ated graphite [13,14] and carbon black (CB) [12,15,16]. Given the
findings in previous researches, high content of the conductive
fiber is needed to enhance the conductivity and sensitivity of the
asphalt concrete to the electro-magnetic radiation. On the other
hand, high content of the fibers results in clustering, high air void,
and mechanical degradation of asphalt concrete [12]. In addition,
using high content of the graphite-based minerals to improve
electro-magnetic sensitivity of the asphalt concrete is not econom-
ically efficient for pavement industries. CB is one of the carbon
mineral fillers used to improve durability, wear resistance, and
the temperature susceptibility of the rubber, ink, and plastic. In
this research, CB was added to the asphalt binder as the binder-
based conductive material. The aim of this modification was to
increase the absorption of the electro-magnetic radiation which
facilitates the induced heating and healing of the asphalt concrete.

As shown in previous research, the CB can significantly increase
the oxidation aging resistance of asphalt concrete [15,17]. More-
over, Geckil et al. [18] showed that the 10% (wt of the binder) CB
is the optimum content to provide the low and high temperature
resistance of the asphalt binder. High percentages of the CB reduce
the low temperature (thermal cracking) resistance of asphalt bin-
der [15,18,19]. Feng et al. [17] demonstrated that the high temper-
ature (rutting) resistance of the asphalt concrete is improved using
CB modifier. Furthermore, CB improved thermal conductivity, ther-
mal diffusivity and specific heat of both asphalt binder and asphalt
concrete [15,19]. Also, CB significantly increased the electrical con-
ductivity of the asphalt binder [15] and asphalt concrete [16].

The thermal conductivity, specific heat, and electrical conduc-
tivity of asphalt concrete play crucial roles in induction heating
and induced healing features. Based on the aforementioned
research studies, it can be concluded that the CB is a potential can-
didate to improve the thermal and electro-magnetic features of the
asphalt concrete. However, there remains a real need for a thor-
ough understanding of the effects of CB on the induction heating
and healing of asphalt concrete which undergo repeated

breaking-healing cycles. Furthermore, the inherent mechanical
and rheological characteristics of the CB modified asphalt concrete
containing different types of aggregate under various environmen-
tal and traffic loads are needed to be investigated. To this end, the
siliceous (S) and limestone (L) aggregate types were used to fabri-
cate the neat and modified asphalt concrete samples. The heating
rate of the neat and CB modified asphalt concrete under the micro-
wave radiation were investigated. Mechanical tests were con-
ducted to study the effects of the CB on mechanical and
rheological performance of the asphalt concrete. Induced healing
index and strength recovery of cracked asphalt concrete samples
under the repeated breaking-healing cycles were determined. In
addition, the effects of the damage level, effective healed length
and temperature on asphalt concrete samples under repeated
breaking-healing cycles were studied through the IDT and SCB
tests.

2. Experimental

2.1. Materials and sample preparation

Garcia et al. [20] showed that softer binder (Pen 70/100) needs lower energy
than harder binder (Pen 40/50) to heal the cracks. Furthermore, to mitigate the
low temperature cracking and to maintain the rut resistance, a softer binder is rec-
ommended when carbon black modification is applied [18]. Accordingly, Pen
85/100 (or PG 58–22 in performance grading) asphalt binder produced by Iranian
petroleum refineries was used as the base binder amongst three different asphalt
binders produced in Iran (Pen 85/100, Pen 60/70 and Pen 40/50) for which the spec-
ifications are presented in Table 1. To prepare CB modified asphalt binder, a high
shear laboratory mixer with a shear rate of 4000 rpm was employed for 30 min
at 150 �C. The mechanical, physical and chemical properties of CB used in this
research are shown in Table 2. The optimum percentage of the CB was determined
based on the heating and mechanical test explained in the next section.

To fabricate the specimens, dense graded aggregates with a nominal maximum
aggregate size (NMAS) of 12.5 mm (meeting ASTM D3515-01 requirements) were
used. To investigate the effects of aggregate mineral on the induced heating and
healing of the asphalt concrete, two types of the commonly used siliceous and lime-
stone aggregates were used. Fig. 1 shows the dense graded aggregate gradation. Fol-
lowing Marshall mix design method, a binder content of 5% of total mix weight was
calculated to achieve the target air void of 4%.

Table 1
Physical properties and chemical compositions of Pen 85/100 asphalt binder.

Physical Properties

Softening Point (�C) 50 Penetration (�C) 85–100
Flash Point (�C) 285 Loss on Heating (%) 0.03
Fire Point (�C) 320 Solubility in

Trichloroethylene (%)
+99

Ductility at 15 �C (cm) +100 Viscosity at 60 �C (p) 1000 ± 200

Chemical Compositions

Saturates 18 Naphthene-aromatics 41
Polar-aromatics 22 Asphaltenes 19

Table 2
Physical and chemical properties of carbon black.

Parameter ASTM Value

Type – N550
Volatile Content (%) – <1
Iodine value (mg/g) ASTM D1510 38–48
Ash Content (%) ASTM D1506 0.75
Heating Loss (%) ASTM D1509 <1
Nitrogen Surface Area (m2/gr) ASTM D6556 35–45
D.B.P Absorption (ml/100 g) ASTM D2414 116–126
Pour Density (gr/Lit) ASTM D1513 340–380
Tint Strength ITRB (%) ASTM D3265 58–68
PH ASTM D1512 7.5–9
Toluene Discoloration (%) ASTM D1618 >75
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