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� Microwave heating healed asphalt mixtures with RAP and metal fibers.
� The general effect of RAP was a decrease in the healing.
� The general effect of metallic fibers was an increase in the healing.
� CT-Scans showed clusters of fibers in the mixtures.
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a b s t r a c t

Microwave heating of asphalt mixtures containing metal fibers is a promising technology for asphalt
pavement rehabilitation. The main characteristic of these types of mixtures is that they have the ability
to self-heal their cracks when external microwave heating is applied. Prior to this study, the assessment
of crack-healing has only been conducted in mixtures prepared with virgin aggregate materials. This
paper, however, presents results of research in which the effect of adding reclaimed asphalt pavement
(RAP) and metallic fibers was studied. The volumetric properties of the mixtures indicated that the air
voids content increased with the fiber content. The indirect tensile stiffness modulus of the mixtures
increased with the addition of RAP. Clusters of fibers were found in the mixtures by means of CT-Scan
analysis. The general effect of RAP addition was a decrease in the healing of the mixtures, and the effect
of fibers was an increase in the healing. Overall, it is concluded that asphalt mixtures with RAP and metal
fibers have the potential for crack-healing via microwave heating.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Asphalt is the most common material used for road pavement
construction. For example, of the 4.3 million kilometers of roads
in the United States, 94% are surfaced with asphalt [1], while in
the European Union more than 90% of the road network is surfaced
with asphalt [2]. Asphalt mixtures are flexible and ductile [3], have
viscoelastic properties [4] that provide a good response to vehicle
dynamic loads [5], their cost is normally similar to that of other
pavement alternatives [3], and asphalt roads can be opened to traf-
fic shortly after construction [6].

Despite their robust characteristics as a paving material, the
quality of asphalt mixtures deteriorate with traffic and
environmental factors. Cracking is one of the most common indica-
tions of asphalt pavement distress and is caused by cyclic loading
(fatigue) [7], bitumen aging (oxidation) [8], and temperature vari-
ation (thermal) [9]. Cracking reduces the mechanical strength of
asphalt pavements and their durability, especially when exposed
to water infiltration [10]. Despite the distress associated with
asphalt pavements, it is well known that asphalt mixtures have
the capability of self-healing their cracks when exposed to high
temperatures (e.g., during the summer season in most latitudes).
This means that mixtures can close, seal, or heal the cracks
independently [11] because the thermoplastic characteristic of
bitumen reduces its viscosity with an increase in temperature.
When asphalt pavements reach a temperature of 30–70 �C,
bitumen can flow through open micro-cracks, similar to a capillary
flow [12]. When pavement cools down to lower temperatures, the
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bitumen that sealed the crack increases its viscosity, healing or
recovering the mechanical properties of the mixture [13].

The concept of self-healing asphalt mixtures by increasing the
bitumen temperature was used to create an asphalt mixture with
a small content of steel wool fibers that could repair cracks
[14,15]. In these mixtures, steel wool fibers absorb and conduct
more thermal energy than bitumen and aggregates, increasing
the electrical conductivity of the mixtures [16]. To artificially heat
and heal this type of asphalt mixture, an external electromagnetic
field, such as those applied by microwave devices, increases the
metal fiber temperature; the heat is then transferred to the mix-
ture, reducing the bitumen viscosity and repairing opened cracks
[13–17]. Microwave radiation is a heating technique by which
asphalt materials are exposed to alternating electromagnetic fields,
in the order of Megahertz [18]. Previous studies have shown that
microwave heating has the potential to crack-heal asphalt mix-
tures [19] and polymeric composite materials [20] reinforced with
steel wool fibers. Nevertheless, the work conducted on the healing
of asphalt mixtures by microwave heating has only considered the
use of virgin aggregates and bitumen. Only recently, has metallic
waste been added to asphalt mixtures to absorb and conduct heat-
ing energy in order to achieve asphalt mixtures with healing pur-
poses using microwave heating [21]. As a result of this research,
there is a high interest for increasing the use of reclaimed asphalt
pavements worldwide, using different construction techniques
[22,23].

Pavement recycling has technical, environmental, and social
advantages over traditional construction techniques, and it is a
requirement for road construction in some countries [24,25].
Therefore, it is considered important to study the healing capabil-
ities of asphalt mixtures prepared with various reclaimed asphalt
pavement (RAP) contents. The healing of asphalt mixtures with
RAP could be an auspicious technique in the future, whereby small
quantities of metal fibers could be added to mixtures with RAP in
Table 1
Particle size distribution of aggregates, RAP, and aggregates/RAP blends.

Size (mm) Aggregates fractions RAP fractions

19 mm 12.5 mm Dust 19 mm

19 100 100 100 100
12.5 36 100 100 89
10 1 77 100 69
5 1 5 90 27
2.5 0 1 60 18
0.63 0 0 30 12
0.315 0 0 22 9
0.16 0 0 16 7
0.08 0 0 11 5.3

(a) (

Fig. 1. The 19 mm fractions of (a)
asphalt plants, retrofitting the mixture into one with healing capa-
bilities by external heating. Fibers need to be added to improve the
electrical and thermal conductivity of the mixtures with RAP, sim-
ilarly to conventional asphalt mixtures with crack-healing proper-
ties using microwave heating.

This research aimed to evaluate the effect of adding RAP and
metal fibers on the properties of asphalt mixtures with crack-
healing capabilities by microwave radiation heating. With this
purpose, an extensive experimental program was carried out to
measure the influence of the factors mentioned above on: 1) the
bulk density and air voids content, 2) the indirect tensile stiffness
modulus, 3) the crack-healing properties, and 4) the volumetric
distribution of fibers inside the mixtures.

2. Materials and methods

2.1. Aggregates, RAP, and bitumen

A standard dense asphalt mixture with different contents of RAP was used in
the laboratory research. The RAP, aggregates, and bitumen were supplied by a local
construction company in Chile. The aggregates and RAP were provided in three and
two different fractions respectively (Table 1). The aggregates consisted of a 19 mm
coarse gravel (Fig. 1a), a 12.5 mm gravel, and crushed dust. The RAP, in 19 mm
(Fig. 1b) and 10 mm fractions, was obtained from standard pavement rehabilitation
projects, where aged pavements were milled and replaced by new asphalt mixtures.
The different fractions of aggregates and RAP were blended to achieve the particle
size distribution of dense asphalt mixtures. The content of RAP in the mixture was
0%, 10%, 20%, and 30%, by mass. The penetration grade of the CA24 bitumen used for
mixture preparation was 80/100 mm at 25 �C. A constant total bitumen of 5.2% by
volume was targeted for all the asphalt mixtures. The aged bitumen content in the
19 mm and 12.5 mm RAP fractions was 3.75% and 7.06%, respectively.

2.2. Metal fibers

Steel wool fibers (Fig. 2), or simply in this paper ‘‘metal fibers” or ‘‘fibers”, com-
posed of low-carbon steel with a density of 7.180 g/cm3 were added in small pro-
portions to the mixtures. The metal fibers had an average diameter of 0.133 mm,
with an average aspect ratio of 44 and an initial length range of 2–14 mm, which
Aggregate/RAP blends for different RAP contents

12.5 mm 0% RAP 10% RAP 20% RAP 30% RAP

100 100 100 100 100
100 87 88 89 90
100 76 77 78 79
91 55 56 57 58
68 36 37 39 40
32 18 19 19 20
23 13 14 14 14
17 10 10 10 11
13.4 6.6 7 7.3 7.7

b)

virgin aggregates and (b) RAP.



Fig. 2. Optical image of metallic fibers used in the study.
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implies that both short and long metal fibers were added to the asphalt matrix. The
fiber content by total volume of the bitumen were: 0%, 1%, 2%, and 4%. The mixtures
without RAP were also prepared with 6% of metal fibers in order to learn the effect
of a larger content of metal in mixtures with virgin materials only.

2.3. Preparation of asphalt specimens

The materials were heated for at least two hours at 150 �C before mixing. The
mixing sequence for specimens with metal fibers was the following: 1) the bitumen
was placed in a bowl that was previously heated in the oven to keep the mixing
temperature; 2) 1% of the metal fibers was initially added to the mixture, and the
remainder was gradually added after the addition of aggregate/RAP batches; 3)
the blend aggregate/RAP was added in four small batches separated by particle size,
starting with the batch with the largest particles. Once the particles were com-
pletely coated with fresh bitumen, the next batch with smaller particles was added
to the mixture. The mixture batch was used to prepare cylindrical Marshall speci-
mens of 100 mm in diameter and approximately 60 mm in height. For the prepara-
tion of each specimen, a sample of approximately 1200 g of mixture was compacted
using a Marshall compactor, giving 75 blows to each face of the specimen. The tar-
geted total bitumen content for each Marshall specimen was 57 g, equivalent to the
5.2% volume. Therefore, the fresh bitumen content added to the mixtures with 0, 10,
20 and 30% of RAP was 57 g, 51 g, 44 g and 37 g, respectively. The aged bitumen
coming from the RAP was 0 g, 7 g, 13 g, and 20 g, for the same RAP contents. Once
compacted, the specimens were cut through their diameter using a saw for asphalt
to obtain two semi-circular halves. Then, each half was cut through a plane parallel
to the original Marshall face to produce four semi-circular samples from one Mar-
shall specimen. The resulting dimensions of the semi-circular samples were 100
mm in diameter and approximately 30 mm thick. In addition, a group of Marshall
specimens were tested for Indirect Tensile Stiffness Modulus (ITSM) before sawing,
as will be described below. Finally, a 10 mm depth notch with a thickness of 3 mm
was cut at the midpoint of the semi-circular samples flat face parallel to the coaxial
axis of the sample. This notch was cut to induce a crack in the three-point bending
test, as described below.

2.4. Morphological characterization of metal fibers

To determine the morphological characteristics of the steel wool added to the
asphalt mixtures, 120 individual fibers were selected randomly. The length and
diameter of the metal fibers were determined by using an optical microscope with
35� magnification and an image software [26]. The morphological variables of
metal fibers were presented in frequency histograms with the aim of comparing
their length and diameter distributions.

2.5. Bulk density and air voids content

In addition to assessing the crack-healing capabilities, it was important to eval-
uate the bulk density and air voids content, which are physical properties of asphalt
mixtures. Bulk density was calculated as the relationship between the dry mass and
the real volume of each specimen, including air voids determined by water-
submerged weight. The air voids content of each specimen was calculated based
on the previous calculation of bulk density. Hence, as the exact percentage of mate-
rials and their density for each asphalt mixture type were known, the theoretical
maximum density without voids for each specimen was found. The air voids con-
tent (AV) of each test sample was calculated as:

AV ¼ qmax � qb

qmax
ð1Þ

where qmax is the theoretical maximum density without voids of each specimen in
g/cm3, and qb is the bulk density of each specimen in g/cm3. The bulk density and
air voids content were calculated from the average of six test specimens for 17
mixture types.

2.6. Indirect tensile stiffness modulus (ITSM) tests

The stiffness of the asphalt mixtures was measured with the indirect tensile
stiffness modulus test (ITSM). The stiffness was measured using European Standard
UNE-EN 12697–26:2006 Annex C [27]. In the test, a vertical cyclic load is diametri-
cally applied to the Marshall cylindrical specimen to attain a 50 el horizontal defor-
mation measured using two transducers located parallel to the horizontal diameter.
Ten loading pulses were vertically applied on two orthogonal diameters. The ITSM
was calculated applying the following equation:

SM ¼ P � ð0:27þ mÞ
d � t ð2Þ

where SM is the measured stiffness modulus in MPa, P is the maximum vertical load
diametrically applied in N, m is the Poisson’s ratio (0.35 was adopted according to
testing standards [27]), d is the horizontal maximum deformation in mm, and t is
the specimen thickness in mm. ITSM tests were carried out in specimens with 2%
metal fibers and RAP contents of 0%, 10%, 20% and 30%, and control specimens with-
out RAP and without metal fibers. The tests were performed in a temperature con-
trolled chamber at temperatures of 10, 20, 30, and 40 �C. Before testing, the
specimens were left in the temperature chamber for a minimum of 4 h, to ensure
that the target temperature was the same in the entire specimen volume.

2.7. Crack-healing tests by microwave radiation

The microwave healing of these asphalt mixtures was measured testing the
semi-circular specimens with three-point bending tests (Fig. 3). In these tests, a ver-
tical monotonic load was applied to the semi-circular samples until maximum load
or failure. The test setup for the three-point bending tests consisted of placing the
flat face of the semi-circular sample on two supporting rollers separated by 80 mm.
A third loading roller was positioned at the midpoint of the semi-circular arch of the
specimen (Fig. 3). A multispeed static universal testing machine, with a load cell of
50 kN and controlled by computer, was used as the loading equipment. The load
speed ratio was set to 0.5 mm/min. All semi-circular samples were preconditioned
at �20 �C during 24 h before the test to achieve a brittle failure. Once the bending
test finished, cracked asphalt samples were left at room temperature for 3 h until
they reached 20 �C, ensuring that the surface moisture resulting from freezing
had completely evaporated.

Microwave heating was applied to the previously cracked semi-circular sam-
ples by using a 700 Wmicrowave oven with a work frequency 2.45 GHz, which cor-
responds to an approximate wavelength of 120 mm. The heating time was set to 40
s for all samples, this time has been found suitable for microwave healing based on
previous research results [18]. The room air temperature during the heating was
approximately 20 �C.

The healing ratio reached for each asphalt sample, HR, was defined as the rela-
tionship between the maximum force of the test sample initially tested, F0, and the
maximum force measured in the test sample after the healing process, Fa; as
follows:

HR ¼ Fa

F0
ð3Þ

Finally, to quantify the efficiency of the repair process, a total of 7 damage-
healing cycles were carried out in the test samples, completing more than 700 tests.

2.8. Temperature analysis by thermographic camera

The temperature of the semi-circular specimens was measured on their surface
using a 320 � 240 pixel full color thermographic camera during 10 s immediately
after heating. Temperature was measured at 43 points of the asphalt sample sur-
face, and the data was later analyzed using a software [28]. The points were
selected so that each point could represent approximately 1/43 of the measured
sample face.

2.9. X-ray computed tomography (CT scan)

To analyze the distribution of the metal fibers in the asphalt mixtures with dif-
ferent RAP contents, X-ray micro computed tomography was conducted on samples
with different contents of RAP and fiber contents. Prismatic samples with dimen-
sions approximately 30 mm in height, 30 mm width, and 50 mm length were cut
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from the center of the semi-circular samples after the seven healing cycles. A
scheme of the vertical cuts through the semicircular specimens is shown by axes
A-A’ and B-B’ in the bottom right of Fig. 3. The advantage of this specific cut is that
it contained the healed crack and the notch, and, therefore, it was possible to iden-
tify the crack in the scan and determine whether it passed through the bitumen
mastic or the aggregate.

The X-ray micro-tomography scans were obtained using a scanner operated at
160 kV and 200 mA; images were reconstructed at a spatial resolution of 25 mm
(voxel side). The classification of voxels with the different types of materials in
the asphalt mixture samples was achieved by segmenting voxel intensity values,
which are proportional to average density of the specimen within the volume
mapped by each voxel. Each sample had more than 2.4 � 109 voxels; therefore, his-
tograms that represented the frequency or volume of each component of the mix-
ture were able to be analyzed.

For the analysis, the first millimeters of the sample surface were discarded to
avoid effects related to the sample preparation (e.g., sawing) and handling, which
could result in fragments detaching from the sample. To determine an approximate
spatial distribution of the metal content, for each sample a total of 12 sub-samples
of approximately 2 cm3 were taken. The bottom part of the sample that contained
the notch was discarded from the analysis because, in some samples, significant
deformations were observed in this area. From each sub-sample a voxel intensity
histogram was generated, consisting of matrices with more than 15,000 rows. Since
this was a large volume of data, scripts were programmed in a computer code [29]
to handle the information. Then, a cutoff in the histogram was defined based on
graphical analysis to define the voxel intensity for the fibers.
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3. Results and discussion

3.1. Analysis of the morphology of metal fibers

Frequency histograms for all morphological data measured
using the optical microscope are presented in Fig. 4. These his-
tograms demonstrate that, regardless of the amount of metal fibers
added to the recycled asphalt mixtures, there is an 85% probability
to have long metal fibers between 4 and 8 mm, while the probabil-
ity of adding shorter (<4 mm) or longer (>8 mm) metal fibers is
lower (1% and 14%). As a result, the length of the metal fibers ran-
ged from 2 to 14 mm, with an average length of approximately 5.8
mm (Fig. 4a). This value can be considered as a medium-length
fiber according to published results [18]. Finally, the diameter cal-
culated from the measurement of 120 individual metal fibers was
in average 0.133 mm (Fig. 4b), which is considered a thick type of
metal fiber [30]. The analysis shows that long and thick metallic
fibers were added to the recycled asphalt mixtures. Since metals
have good thermal conductivity, long metal fibers should increase
the heating homogeneity of asphalt mixtures.
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3.2. Effect of metal fibers and RAP on the bulk density and air voids
content

The average bulk density for all specimens tested was
2.334 g/cm3 (SD = 0.031 g/cm3). No clear effect of the RAP content
on the bulk density was observed, with average bulk densities of
2.331, 2.340, 2.323, and 2.339 g/cm3 for RAP contents of 0%, 10%,
20%, and 30%, respectively. On the other hand, the average bulk
density of all specimens decreased with an increase in the metal
fiber content, with bulk densities of 2.353, 2.323, 2.339, 2.322,
and 2.314 g/cm3 for fiber contents of 0%, 1%, 2%, 4% and 6%, respec-
tively. The detailed results of bulk density of asphalt mixtures are
shown in Fig. 5a. As expected, the Figure shows that the mixtures
with highest bulk density were those without metal fibers.

The overall average air voids content for mixtures with different
fiber and RAP content was 8.0%. A general increase in the air voids
content was measured with increasing fiber content. The average
air voids content measured were 6.7%, 8.1%, 7.7%, 8.8%, and 10.4%
for metal fiber contents of 0%, 1%, 2%, 4% and 6%, respectively. Con-
versely, a decrease in the air voids was measured with increasing
RAP content. The average air voids content measured 9%, 7.9%,
8.0%, and 6.8% for RAP contents of 0%, 10%, 20% and 30%. Detailed
results of the air voids content versus metal fibers content are
shown in Fig. 5b. These results are explained because the bitumen
content and aggregates remained constant in the mixtures, while
the metal fiber content changed.

In addition, it was observed during the asphalt specimen prepa-
ration that mixing and compaction was more difficult for higher
fiber contents. The higher air voids content is also explained by
the formation of metal fiber clusters in the mixture, as shown
below. The higher the metal fiber content, the higher the number
of longer fibers in the mixtures, and, therefore, the probability of
having clusters increases. The clusters of metal fibers make the
compaction of the asphalt specimens more difficult because there
is less space for the bitumen to freely flow and fill the voids within
the mixtures.

3.3. Indirect tensile stiffness modulus

The indirect tensile stiffness modulus (ITSM) results for the
mixtures with 2% fibers with different RAP contents are presented
in Fig. 6a. In addition, ITSM for the control mixtures (0% RAP and 0%
fibers) are included in that Figure. Results show that modulus
Fig. 5. Effect of metal fiber and RAP content on
decreased with increasing temperature for fiber mixtures and dif-
ferent RAP contents, which is explained by the visco-elastic nature
of bitumen that experiences a loss of viscosity and stiffness when
temperature increases, resulting in a decrease in the modulus of
the asphalt mixture. Fig. 6a shows that the inclusion of 2% metal
fibers reduces the stiffness of mixtures without RAP. The average
stiffness considering all testing temperatures for the control mix-
tures without RAP and fibers was 3954 MPa, while the average
stiffness considering all testing temperatures and all RAP contents
for the mixtures with metal fibers was 3975 MPa. Similar stiffness
were measured by Norambuena-Contreras et al. [18] in a previous
research on dense asphalt mixtures. It was also observed that an
increase in the RAP content increases the stiffness of the mixtures
with metal fibers, which is explained by the higher stiffness of the
bitumen from the RAP compared to that of the fresh bitumen.
Although viscosity tests were not performed on the aged bitumen
from RAP, an increase in viscosity for bitumen that has been
exposed to solar radiation, high temperatures and oxygen during
its service life would be expected by the volatilization of light
hydrocarbon fractions, and oxidation by reacting with oxygen from
the environment [31]. Regression equations were fitted to the log-
arithm of the measured stiffness modulus and temperatures
(Table 2) with a good average R2 of 0.988.

Fig. 6b presents the stiffness modulus measured for the test
specimens in the longitudinal (A-A’) and (B-B’) directions, respec-
tively. The Figure indicated that stiffness modulus in each direction
(A and B) were very similar for almost all the mixtures tested,
which demonstrates that the addition of metal fibers did not
induce anisotropic behavior of asphalt mixtures in the plane per-
pendicular to the coaxial axis of the specimens.

3.4. Effect of metal fibers and RAP on the crack-healing ratios

In total, more than 700 three-point bending tests were con-
ducted to evaluate the crack-healing of asphalt mixtures. The gen-
eral effect of the RAP addition into the asphalt mixtures was a
decrease in the healing ratios. For example, if the healing ratios
of the seven healing cycles and all the metal fiber contents are
averaged, the healing ratios of the mixtures are 0.5634, 0.4844,
0.4354, and 0.4617 for 0%, 10%, 20%, and 30% of RAP content (see
Fig. 7a). Conversely, the general effect of the metal fiber content
was an increase in the healing ratios. Fiber contents of 0%, 1%,
2%, 4%, and 6% yielded healing ratios of 0.4556, 0.4926, 0.4866,
(a) bulk density and (b) air voids content.
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B B’

Fig. 6. (a) Indirect tensile stiffness modulus of mixtures with 2% fibers and (b) modulus measured in the longitudinal (A) and cross (B) directions.

Table 2
Linear fitting of measured stiffness modulus to temperature for asphalt mixtures with
2% steel fibers.

RAP (%) Fibers (%) Fitted equation ITSM in MPa, T in �C R2

0 0 logðITSMÞ ¼ 4:3997� 0:04077 � T 0.999
0 2 logðITSMÞ ¼ 4:2774� 0:04190 � T 0.990
10 2 logðITSMÞ ¼ 4:4796� 0:04457 � T 0.996
20 2 logðITSMÞ ¼ 4:4329� 0:04001 � T 0.991
30 2 logðITSMÞ ¼ 4:3804� 0:03603 � T 0.991
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0.5085, and 0.5696 (see Fig. 7b). The general effect of the number
of healing cycles (see Fig. 7c) was initially an average increase of
the healing ratio (from 0.4936 to 0.5409) and then a gradual
decrease of the healing up to the last cycle. The initial average heal-
ing ratios were low compared to previous research studies in
which microwave was used for heating the specimens. For exam-
ple Garcia and Norambuena [32] found that the minimum and
maximum healing ratios for the first healing cycles were approxi-
mately 0.80 and 0.96 for mixtures with 6% and 2% metal fibers,
respectively. For the second cycle, they found minimum and max-
imum healing ratios of approximately 0.65 and 0.82 for the same
metal fibers contents. Only in their fifth healing cycle were the
ratios similar to the ratios for the first healing ratio obtained in this
research. Sun et al. [33] found healing ratios above 0.5 for asphalt
Fibers conte
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Fig. 7. General effects of (a) RAP content and (b) me
mixtures with steel fibers and steel slag healed by microwave, after
nine healing cycles. In their mixtures, the average surface temper-
ature of the specimens with fibers was similar to those used in this
research, which after heating was over 98.7 �C, higher than the
temperatures measured in this research, as shown below. The gen-
eral effect of the RAP content in the mixtures could be explained by
the higher viscosity of the aged bitumen. The mixtures with higher
RAP content have a larger proportion of aged bitumen, and a lower
proportion of virgin 80–100 bitumen. In other words, the 80–100
bitumen added, could be acting as rejuvenator in the new asphalt
mixture, which will reactivate aged bitumen and lead to a higher
binder content in the mixture. Hence, it would be expected higher
healing ratios when bitumen with higher penetration grades are
added to this type of mixtures.

Detailed results for the healing ratios of samples without RAP
and with different contents of metal fibers are presented in
Fig. 8a–d for 0%, 10%, 20%, and 30% RAP contents, respectively. In
each Figure, one bar shows the average of five three-point strength
tests. For the mixtures without RAP (Fig. 8a), the contribution of
metal fibers to the crack-healing of mixtures was not clear, i.e.,
for some contents the average healing ratios increase, while for
others they decrease. In addition, the average healing ratios for
all the mixtures without RAP increased from the first to the third
cycle, and from the fourth to the seventh cycle showed only a small
decrease. Overall, the average healing ratio for the mixtures with
Healing cycles
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Fig. 8. Healing ratio for different contents of metal fibers and (a) 0% RAP, (b) 10% RAP, (c) 20% RAP, and (d) 30% RAP.
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all the fiber contents and without RAP at the first healing cycle was
0.5505, while for the seventh cycle it was 0.5225, i.e., only a 5.5%
reduction. The overall average of the healing ratio for the mixtures
with 10% RAP (Fig. 8b) was 0.4844. In these mixtures, higher heal-
ing ratios were measured for mixtures with 2% fiber content. The
average of the seven healing cycles was 0.4649, 0.4820, 0.5442,
and 0.4464 for fiber contents of 0%, 1%, 2%, and 4%, respectively.
Little difference was measured between the average healing ratios
of the first healing cycle (0.4571) and the seventh healing cycle
(0.4640). Nevertheless, the average healing ratios increased from
the first to the second healing cycle, and then started to decrease.
The only exception for the mixtures with 10% RAP was the healing
ratio of mixtures with 2% fibers that remained relatively constant
for all healing cycles.

The general effect of the fiber contents and number of healing
cycles in the mixtures with 20% RAP (Fig. 8c) was more significant
than the previous results with lower RAP contents. The average
healing ratio for mixtures without metal fibers was 0.3489 (SD =
0.1506), while for the mixtures with metal fibers, the average heal-
ing ratio of the seven cycles was 0.4708 (SD = 0.1332), 0.3508, and
0.5711 (SD = 0.1002), for fiber contents of 1%, 2%, and 4%, respec-
tively. The effect of the number of healing cycles on the healing
ratios was similar to that of the previous mixtures. The healing
ratio increased from the first (0.4353) to the second cycle
(0.4753) and then continued to decrease until the seventh cycle
(0.3749). Clearly, the mixture with 4% metal fibers showed the
highest healing ratios.

The effect of the fiber content for the mixtures with 30% RAP
(Fig. 8d) was an increase in the healing ratio, i.e., for metal fiber
contents of 0%, 1%, 2%, and 4%, the average healing ratio for all
the cycles was 0.4013, 0.4896, 0.4669, and 0.4890, respectively.
The effect of the number of healing cycles was similar to the other
mixtures with different contents of RAP. The healing ratio for the
first cycle was 0.4395, for the second healing ratio 0.4741, and
for the seventh 0.4250.

The three-point bending test with semi-circular specimens was
a good method for the asphalt healing evaluation, since little dam-
age was observed in the specimens after the seven healing cycles.
Damage was reported by Norambuena-Contreras and Garcia [32],
who observed that microwave heating can overheat and damage
specific areas of the semi-circular asphalt specimens. Nevertheless,
the average healing ratios remained relatively constant, showing
that specimens could be reused for the seven cycles.

3.5. Temperature analysis of samples

The temperature analysis was performed using a specialized
software [28]. For each specimen, the temperature was recorded
for 10–12 s immediately after the 40 s microwave heating was fin-
ished. Then the microwave door was opened with the infrared
camera recording. To obtain representative results, temperature
was obtained in 43 points of the sample surface. The location of
each point was selected so that each point covered approximately
the same area of the specimen face (91.3 mm2 total area). Since the
time was recorded for 11 s, a total of 43 � 11 = 474 points were
recorded in each test. Outliers were detected in the data collection;
hence, the 10 maximum and minimum 10 temperatures collected
were eliminated from the analysis, with a total of 454 data for each
temperature measurement. Typical infrared images obtained at t =
10 s for a sample without RAP and 2%metal fibers, and for a sample
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with 30% RAP and 4% metal fibers are shown in Fig. 9a and b,
respectively.

The average temperatures during the 11 s tests ranged from 54
to 87 �C, with a general average of 69 �C. The detailed temperature
results for each sample are shown in Fig. 10. The average of tem-
peratures measured in samples without RAP was 67.0 �C (SD =
9.3 �C); whereas, 75.3 �C (SD = 7.9 �C), 71.4 �C (SD = 7.2 �C), and
67.4 �C (SD = 3.3 �C) were measured as averages for specimens
with 10%, 20% and 30% of RAP, respectively. The average tempera-
ture for specimens with fiber contents of 0%, 1%, 2%, and 4% were
70.2 �C (SD = 7.5 �C), 70.6 �C (SD = 12.9 �C), 67.8 �C (SD = 4.0 �C),
and 67.3 �C (SD = 3.99 �C), respectively. Therefore, no clear effect
could be established between measured surface temperature and
RAP content. Similarly, no overall effect could be established
between metal fiber content and surface temperature. The temper-
atures obtained are lower compared to those of other studies [33]
where the average temperature after heating was 98.7 �C, and the
healing ratios were higher than those obtained in the present
study. Conversely, in a separate study [32], surface temperatures
of 45–60 �C were obtained, and healing ratios were higher than
those obtained in this research.

Results also show that samples without fibers could be heated
between 60 and 80 �C because microwave is optimized to heat
compounds with polar molecules such as bitumen [32], and also
because aggregates contained metals that can be heated with
microwave radiation [34,35]. Metals were detected in CT-Scan
results, detailed below in this paper. To verify that aggregates
could be heated without metal fibers, approximately 500 g of the
19 mm aggregate fraction of the mixture (Fig. 1a) was microwaved
for 60 s. As a result, the temperature of the aggregate measured
(a) Without RAP 
and 2% fibers

Fig. 9. Infrared temperature profiles for asphalt sa

Fig. 10. Average of surface temperatures measured
with an infrared thermometer increased to 106.3 �C immediately
after heating, showing that aggregates could absorb heat.

3.6. Evaluation of the CT-Scan results

3.6.1. Analysis of voxels histograms
In the histogram of the voxel values, the transition between air

and solids was a null in the derivative of the histogram values.
Nevertheless, transition from bitumen to aggregate was less appar-
ent, and was identified as the first maximum in the derivative of
the histogram at voxel values above the air-solids transition. Due
to the relatively low spatial resolution of the reconstruction of
the CT-Scan images, as compared to the diameter of the metal
fibers, it was not possible to clearly identify a definitive marker
for the transition between aggregate and metal fibers. Neverthe-
less, the image filter options of the reconstruction software helped
to identify an approximate threshold between aggregates and
fibers by visual inspection. Metal particles were also observed in
the aggregates, which were difficult to separate from the metal
fiber count because the aggregates had similar densities to the
fibers. Finally, a threshold was defined for the transition from
aggregates to fibers for all the CT-Scan analyses conducted, and
results were consistent with the metal fiber contents added to each
asphalt mixture.

3.6.2. Spatial distribution of fibers in the mixture
For the analysis of the spatial distribution of metal fibers, each

sample scan was virtually subdivided into 12 volumes of approxi-
mately 1.8 cm3, using a software for CT-Scan analysis [36] (Fig. 11).
For each sub-sample, the histograms containing the frequency of
(b) With 30% RAP 
and 4% fibers

mples heated by using microwave radiation.

after heating, in samples heated in microwave.



Fig. 11. Partition of the volume analyzed in the CT-Scans.
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voxels were exported to spreadsheets for detailed analysis using
scripts written in a computer code [29]. In addition to the calcula-
tion of the fiber contents for the 12 sub-samples, the fiber content
for the total sample was calculated. Little difference between the
fiber content in the total sample, and the 12 sub-samples should
be obtained in mixtures with a homogeneous metal fiber distribu-
tion. Conversely, a mixture with poor fiber distribution should con-
centrate the metal fibers in specific spots of the sample, and
therefore it would be expected to find a large difference between
the fiber content in the total sample some of the 12 sub-samples.
Since it was difficult to match exactly the fiber content of the mix-
tures analyzed with the CT-Scan results, correction factors to
approximately equal the fiber content with the measured content
were introduced into the analysis to achieve a better agreement
between the CT-Scans and the known material proportions of the
mixtures. The adjustments applied, however, do not affect the
objective of calculating the spatial distribution of metal fibers,
since the fiber content calculation for all the sub-samples and total
sample was equally affected by the analysis.

The results for the spatial analysis are shown in Fig. 12. The bars
represent the calculated fiber content for each sub-sample, and
many sub-samples had a metal content similar to the target con-
tents of the mixtures; however, for some sub-samples the metal
content doubles the target value. For example, sub-sample 10 for
the mixture with 30% RAP and an average fiber content of 2%
shows a fiber content of 4.9%. Similar results were observed for
samples with 0% RAP and 2% fibers (see sub-sample 11) and
Fig. 12. Metal fiber conten
sub-samples 6 and 10 for mixture with 30% RAP and 2% fibers. This
analysis shows that spontaneous fibers concentration occurs in
mixtures with and without RAP, and for different fiber contents,
despite the efforts made during the mixing phase in the laboratory
to avoid clustering of fibers. In addition to the fiber clusters, metal
concentration was observed in some aggregates. For example, in
the mixture with 0% RAP and 4% fibers, 7.9% of metal in sub-
sample 1 is explained by an aggregate with higher metal
concentration.

To confirm the numerical analysis of the histograms, three-
dimensional and cross-sections images of the CT-Scan were thor-
oughly analyzed. The three-dimensional image for the mixture
with 2% fibers and 30% RAP is shown in Fig. 13a. In the Figure, it
is possible to see a cluster of metal fibers that belongs to the
sub-sample with the highest concentration of fibers mentioned
above. The three-dimensional image for the mixture with 4% fibers
and 0% RAP is shown in Fig. 13b, where the metal concentration
from aggregates is shown in the upper left part of the sample. Note
that metal from the aggregates is shown as small dots or spheres
instead of the long thread shape of the fibers. In addition, it is clear
that the overall higher concentration of fibers of Fig. 13b compared
to Fig. 13a, explains the higher air voids in mixtures with higher
fibers contents. The denser concentration of fibers, makes it more
difficult for the bitumen mastic to flow and fill the voids.
3.6.3. Qualitative analysis of aggregate fracture and fibers through the
cracks

A qualitative analysis of the cracks produced by the three point
tests, and the fiber location through the cracks was performed
examining the CT-Scan images. For a faster analysis, the images
were organized in sequences using an image software [26], so that
it was possible to identify the cracks and fibers by superposing sev-
eral images of the sample cross sections. The analysis showed that
the cracks induced by the three point tests started from the notch
and then typically followed the mastic of the asphalt mixture or
the transition between the mastic and the larger aggregate parti-
cles. In addition, cracking of the aggregates was observed in the
CT-Scan top view images of the specimens tested (see Fig. 14a).
The very stiff condition of the bitumen at the testing temperature
of�20 �C favored the crack propagation through the aggregate. The
fracture of the aggregates does not favor the healing of asphalt
mixtures, since the fractured surface does not contain bitumen that
can flow and seal the crack when heated under microwave radia-
tion. Nevertheless, after several healing cycles the bitumen could
flow to the aggregate fractured surface and improve the crack-
sealing. Although this phenomenon was not investigated in this
paper, it should be further analyzed in future research.
t for each sub-sample.



Fig. 14. Top cross-section of the samples after seven healing cycles (a) cracking through the aggregate and (b) fiber orientation throughout the crack.
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Fig. 13. Three-dimensional reconstruction of samples with (a) 2% fibers and 30% RAP and (b) 4% fibers and 0% RAP.
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In addition to the aggregates, the condition of the fibers through
the crack was examined with the CT-Scan images (see Fig. 14b).
Fracture of fibers was not observed, indicating that the strength
of the fibers can withstand three point strength test loads. Never-
theless, it was apparent that, during the heating, fibers align with
the direction of the crack, following the fracture trajectory, which
could be caused by the bitumen flow and when, after fracture in
three point tests, the two parts of the samples are held together,
pushing the fiber onto the fractured face. The orientation of the
fibers in the direction of the crack should improve the healing since
the healing will cover a larger surface of the fractured face, helping
the bitumen to flow throughout the crack.

4. Conclusions

This paper has explained the effect of adding RAP and metal
fibers on the properties of asphalt mixtures with crack-healing
capabilities gained by microwave radiation heating. Based on the
analysis of results, the following conclusions can be drawn from
this study:

� No clear effect of the RAP content was observed on the bulk
density of the mixtures, while a decrease in the bulk density
was observed for increasing fiber content. Conversely, a
decrease in the air voids was measured with increasing RAP
content, and a general increase in the air voids content was
measured with increasing fiber contents.

� The indirect tensile stiffness modulus of mixtures with a con-
stant fiber content increased for increasing RAP contents, while
the stiffness modulus decreased with increasing temperature
for fiber mixtures and different RAP contents. The addition of
fibers does not induce anisotropic behavior of asphalt mixtures
with RAP in the plane perpendicular to the coaxial axis of the
specimens.

� The general effect of the addition of RAP into the asphalt mix-
tures was a decrease in the healing ratio. Conversely, the gen-
eral effect of the fiber content was an increase in the healing
of the mixtures.

� The average surface temperature of the asphalt samples after
microwave heating ranged from 54 to 87 �C, with an average
of 69 �C.

� Clusters of fibers were found from CT-Scan images although
during the mixing particular care was taken to reduce this
effect. It was found that the aggregate particles of the mixtures
contained metals, which explains the heating of samples with-
out fibers. Also, it was found from CT-scans that aggregates not
coated by bitumen were cracked during the three point bending
tests, leaving parts of the cracked surface not coated with
bitumen.

� Overall, it is concluded that asphalt mixtures with up to 30% of
RAP and metal fibers have the potential of being crack-healed
by microwave heating.
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