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Abstract This paper presents the self-healing results
of asphalt mixtures by the action of capsules contain-
ing sunflower oil as encapsulated rejuvenator. Three
different capsule contents, 0.10, 0.25 and 0.50% by
total weight of the mixture, were added to the samples.
The mechanical and thermal properties of capsules
have been evaluated. In addition, the effect of the
capsule addition and the healing temperature on the
self-healing properties of asphalt mixtures have been
evaluated through three-point bending tests on the
cracked asphalt beams with, and without, capsules.
The test was implemented by comparing the strength
recovery of the broken beams after healing to their
original flexural strength. It was proven that the
capsules can resist the mixing and compaction
processes and break inside the asphalt mixture as a
result of applying external mechanical loads, releasing
the encapsulated oil. The capsules content in asphalt
mixture has a significant influence on the healing
level, where a higher capsule content led to obtaining
higher healing levels. Likewise, asphalt with, and

T. Al-Mansoori - J. Norambuena-Contreras -

A. Garcia (X))

Nottingham Transportation Engineering Centre, School of
Civil Engineering, University of Nottingham, University
Park, Nottingham, UK

e-mail: alvaro.garcia@nottinghmam.ac.uk

J. Norambuena-Contreras
LabMAT, Department of Civil and Environmental
Engineering, University of Bio-Bio, Concepcién, Chile

without, capsules presents an increase of the healing
level when the temperature increases. Finally, it was
proved that healing temperature has higher influence
on the healing levels of the asphalt below 40 °C.
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1 Introduction

Asphalt mixture is a heterogeneous and time-depen-
dant material, which is becoming the most famous
material used to build road pavements. It generally
consists of aggregates, mastic, and spaces of air voids.
Asphalt pavements are usually designed for a service
life of 15-30 years. The load carrying capacity of
asphalt pavements is related to the bond at aggregate-
mastic level. Mastic is considered the softer part of the
asphalt mixture that constitutes from mixing the
asphalt binder with fine aggregate and filler. With
time, the binding material (bitumen) ages and
becomes brittle and less adhesive, making the asphalt
pavement stiffer and less flexible [1, 2]. Cracks and
distresses will start to appear and external mainte-
nance is usually required every 8 years by replacing
the damaged top layers with new asphalt layers or by
overlaying [3]. Recycling can be one of the cost-
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effective pavement repair methods, although there is
still an important issue in dealing with large quantities
of aged bitumen [4]. Therefore, using rejuvenators,
such as sunflower oil, to restore and renovate asphalt
original properties via a self-healing process is the
most promising technique to pavement maintenance in
a low-cost and environmentally friendly solution.

Self-healing is defined as the ability of the material
to repair itself when subjected to mechanically or
thermally induced damages, and it could be activated
naturally or by external stimuli, which accelerate and
trigger the self-healing, such as heat [5-8]. For
example, a tree can heal its damaged trunk naturally
by itself, and human skin, as another example, can stop
the bleeding and heals itself naturally when suffering a
small cut or injury [9]. Bitumen is well known for
being a self-healing material due to its potential to
recover strength and stiffness by closing the cracks
that appear on the asphalt pavement during repeated
traffic loads or temperature drop [10]. Viscosity and
surface energy are highly influential on bitumen self-
healing [11-14], as lower viscosity leads to lower
stiffness, which may increase the healing level of the
asphalt mixture. The self-healing capability of asphalt
decreases or disappears with time leading to asphalt
pavement failure, including surface ravelling and
reflective cracking [15].

The natural self-healing of asphalt pavement
requires undergoing higher temperatures and enough
rest periods, which are practically difficult to achieve
due to the continuous traffic load and changing
temperature [16]. Based on that, some maintenance
techniques have been studied to trigger the healing and
increase its speed and adequacy. Some of these
techniques, which have been proven in the laboratory,
are the induction [17] and microwave heating [18]. In
these techniques, asphalt mixtures containing metallic
additives are exposed to alternating electromagnetic
fields of variable frequency to promote the flow of
bitumen into the cracks [19]. When induction and
microwave, techniques have been used in the labora-
tory, cracked asphalt beams have been able to recover
up to 80, and 90%, of their mechanical strength,
respectively [18]. Another technique to accelerate
asphalt self-healing is the use of capsules containing
rejuvenators. When external damage happens to the
pavement, cracks break the capsules leading them to
release the rejuvenator into the bitumen, which will

diffuse and reduce the bitumen viscosity so that it can
easily flow into the cracks [20].

So far, two different methods are known for
producing capsules containing rejuvenator that can
be used to accelerate asphalt self-healing: (1) Micro-
capsules of size less than 100 pm, which consist of oil
droplets covered by a polymeric shell [4, 21, 22]; and
(2) Capsules of sizes greater than 100 pm. Microcap-
sules have been proven to release their rejuvenator
content in the presence of cracks but have not been
tested to resist asphalt mixing and compaction [4, 23].
Furthermore, the healing of cracks in the presence of
this type of capsule has been tested for bitumen only,
not for asphalt mixture [24]. The other type of capsules
are either of a porous sand core [25] or polymeric [26].
The healing agent used in this type of capsule is
sunflower cooking oil because of its availability,
safety, and ability to rejuvenate bitumen [27]. All
these types are proven to release the healing agent in
the asphalt mixture when cracked, and successfully
resisted asphalt mixing and compaction [25, 26, 28].
The mechanical properties of asphalt mixture includ-
ing rutting, stiffness modulus and particle loss, have
been tested in the presence of this type of capsule and
the results show that these capsules affect positively
the asphalt pavement performance [31]. The healing
ability of the capsules in Micaelo et al. [26] was
evaluated in the laboratory by using computer tomog-
raphy scans (CT-scans) and the results show visualised
healing where all cracks have vanished after specified
healing time.

The aim of this paper is to evaluate the effect of the
capsule addition and the healing temperature on the
self-healing potential of asphalt mixtures. With this
purpose, an extensive experimental programme was
carried out to measure the (1) thermal and mechanical
properties of capsules containing sunflower oil, and
(2) the crack-healing properties of asphalt mixture at
different temperatures and healing times. Asphalt
healing properties have been evaluated through mea-
suring strength recovery by three-point bending
(3 PB) tests on the cracked asphalt mixture samples
with, and without, capsules. This test reports the
flexural strength recovery of the asphalt beams after
healing and its proportion to their original strength.
Finally, all the methodologies and results of these
analyses are presented and discussed in the sections of
this paper.
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2 Materials and test methods
2.1 Asphalt mixture and polymeric capsules

A dense asphalt mixture AC 20 base (EN 13108-1) and
polymeric capsules were used in this study. Asphalt
mixture consists of virgin bitumen 40/60 pen with a
density of 1.030 g/cm® and a softening point of
49.8 °C and graded Tunstead limestone aggregate
with a density of 2.700 g/cm®. Table 1 presents the
aggregates gradation and design properties of the
asphalt mixture used. Furthermore, capsules were
made of a calcium-alginate polymer that encapsulated
the healing agent. The healing agent used in the
capsules was a commercial sunflower oil. Its smoke
point is 227 °C, while the flash point is 315 °C. This
type of oil was selected because of the low cost and the
fact that extra health and safety procedures are not
required for handling in the laboratory [27]. The
polymer structure of the capsules is made of sodium
alginate (C¢H;OgNa), which is an anionic polysac-
charide widely distributed in the cell walls of brown
algae; and a calcium source, provided by Sigma-
Aldrich as anhydrous, granular pellets of calcium
chloride (CaCl,), of 7 mm diameter, and 93% purity.

Table 1 Design properties of asphalt mixture AC 20 base
40/60

Aggregates gradation (mm) % passing
20 100.0
10 80.2
6.3 60.3
4 453
2 29.7
0.5 15.5
0.125 9.9
0.063 8.0
Property Value
Binder content (%) 4.5
Bulk density (kg/m®) 2384
Air voids (%) 4.5
Voids in mineral aggregate (%) 14.9
Voids filled with bitumen (%) 69.8

2.2 Encapsulation procedure of capsules

Capsules of average diameter 2.9 mm were fabricated
at 20 °C by ionotropic gelation of alginate in the
presence of calcium, as it is defined in Micaelo et al.
[26] and shown in Fig. 1a and their internal structure
presented in Fig. 1b. To prepare the polymeric cap-
sules, 50 g of oil were added to 550 g of water and
stirred to produce an emulsion. Oil and water were
mixed using a laboratory gear drive mixer for 1 min at
400 rpm. Then, the sodium alginate was added and
stirred until its complete dissolution at 400 rpm for
10 min. The amount of the sodium alginate used to
produce the capsules was 15 g, since lower amounts
could not form capsules because the structure of the
calcium-alginate (shown in Fig. 1b) was not strong
enough to hold the oil, and higher values produced too
strong capsules, with a high polymer to oil proportion.
At the same time, a calcium chloride solution was
prepared by dissolving 12 g of calcium chloride in
600 ml of water (CaCl, at solution 2%). Capsules
were formed by letting the oil-in-water emulsion drop
into the calcium chloride solution from a 1000 ml
pressure-equalizing dropping funnel with 3 mm
socket size. The process is called a cross-link of
calcium-alginate via a chemical process known as
ionotropic gelation of sodium alginate in the presence
of calcium ions [29]. During the capsule formation
process, the calcium-chloride solution was gently
agitated using a magnetic stirrer at 60 rpm. Capsules
were allowed to stay in the solution until the end of the
encapsulation process. Then, the capsules were
washed with deionized water and dried in an electric
dryer at 40 °C for 12 h. Finally, the capsules were
stored in a freezer to avoid any possibility of release
and oxidation of the sunflower oil at room
temperature.

2.3 Manufacturing of asphalt mixture samples

Asphalt mixture beams with and without capsules
were manufactured in this study. In asphalt mixture
with capsules, three different capsules contents as a
percentage of the total mixture were used, 0.1, 0.25
and 0.5%. These contents provide an approximate oil-
to-bitumen content by mass in bitumen of 1.1, 2.8 and
5.5%, respectively. These values were not exceeding
(6-8%), which is the maximum sunflower oil content
in bitumen to be used as a rejuvenator [30]. In a
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Fig. 1 a Spherical capsule produced in this study. b Scanning electron microscopy (SEM) image of the internal structure of capsule

previous research, Micaelo et al. [26] concluded that
this type of capsule can release oil to the asphalt
mixture during the mixing and compaction process.
Therefore, an equivalent amount of sunflower oil was
added to the asphalt mixture without capsules to
differentiate the healing caused by the capsules from
that caused by the oil released during the manufactur-
ing process. It was assumed that the oil released during
mixing and compaction was uniformly dispersed in
the asphalt mixture as they are considered as a part of
aggregate during mixing. Asphalt mixture was pro-
duced in the laboratory in batches of approximately
14 kg, using a lab mixer equipped with a helical
horizontal mixing shaft. The aggregates and bitumen
were pre-heated at 160 °C for 12 and 4 h, respectively,
while the capsules were left to defrost for 2 h at 20 °C
before mixing. All these materials were mixed for
2 min at 125 rpm at 160 °C, ensuring an adequate
dispersion. Then, capsules or oil were added to the
drum and mixed for 20 s to obtain a uniform
dispersion of them. Then, the mixture was poured
into the moulds for compaction by using a roller slab
compactor to produce an asphalt slab with dimensions
of 306 x 306 x 60 mm. The slabs were compacted
to the design air voids, see Table 1. The samples used
were asphalt mixture beams cut from the produced
slabs where each slab is cut into six identical asphalt
beams of 150 x 100 x 60 mm, see Fig. 2. Likewise,
to facilitate the creation of a single crack surface
during crack-healing tests, a transverse notch of
5 x 5 mm was carved at the mid-point, on the bottom
surface of the beams. Finally, a total of 360 asphalt
mixture beams with, and without, capsules were
manufactured in this study.

-

; 7,

o <«—— Notch 5x5 mm

Fig. 2 The asphalt mixture beam used in the crack-healing tests
2.4 Compressive strength of capsules

The mechanical strength of capsules was measured
through uniaxial compression tests on a total of 10
capsules. Capsules were loaded until failure, at a
loading rate of 0.2 mm/min. The tests were performed
at temperatures of 20 and 130 °C, using an Instron
equipment Model 5969 with a 5 kN load cell and
environmental chamber with temperature control.

2.5 Thermal stability of capsules

The composition and thermal resistance of capsules
and their individual components were evaluated by
means of Thermogravimetric Analysis (TGA). The
tests were performed on a NETZSCH TG 449 F3
Jupiter Thermo-Microbalance, using nitrogen atmo-
sphere and a heating rate of 10 °C/min. TGA profiles
were recorded in a temperature range of 0—1000 °C.
Finally, aluminium crucibles were used for sample
measurements.
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2.6 Self-healing asphalt measurements

To evaluate the self-healing properties of asphalt with
capsules under conditions similar to that in the field, a
novel experimental crack-healing methodology was
used [31]. Self-healing of asphalt mixtures was
quantified as the healing level reached from the
flexural strength recovery of cracked asphalt mixture
beams tested under a three-point bending (3 PB) test
after a defined healing time. The crack-healing test
was implemented according to the following steps (see
Fig. 3):

e Step A. Asphalt mixture beams, with and without
capsules, were conditioned at — 20 °C for a
minimum of 4 h and then, a 3 PB test was carried
out on the asphalt mixture beam at a loading rate of
2 mm/min until the beam was broken in two
pieces.

e Step B. After the 3 PB test, a thin plastic mem-
brane, able to adapt its shape to the faces of the
crack, is placed between the two broken pieces of
the asphalt beam. This is to prevent oil from
capsules to diffuse to both sides of the crack at time
0 h, which could affect the accuracy of self-
healing results at different healing times. Then, the
two pieces of the broken beam are put back
together and introduced into a steel mould. To
break the capsules, the beam inside the steel mould
must be defrozen by placing it in a temperature

controlled chamber at 20 °C for 2 h and later a
compressive load is uniformly applied on the top
surface of the beams, at a loading rate of 2 mm/
min, until the vertical deformation reached is
5 mm. This vertical deformation breaks the cap-
sules to release their content inside the asphalt
beam. Later, the broken beam is taken out of the
mould and the plastic sheet is removed, then the
two pieces of the beam are put together again in the
steel mould.

e Step C. To begin the healing of the broken beam,
the asphalt beam in the steel mould was placed into
a temperature-controlled chamber at 20 °C for a
defined healing time, ranging from 6 to 192 h
(0.3-8 days). Once the healing time was reached,
the healed beam was removed from the chamber
and steel mould, and Step A was repeated thus
completing a damage-healing cycle.

The healing level, HL, reached for each cracked
asphalt mixture beam after a specific healing time was
defined as the relationship between the maximum load
of the beam initially tested, F,, and the maximum load
measured in the same beam after the healing process,
Fy

Fy
F(]

HL = (1)

Finally, with the aim of evaluating the temperature
influence on the efficiency of the self-healing process

Step A
F

i -20°C

Step B A
100 mm

Compressive load
(Strain-controlled)

F
Steel plate ~, ‘ 20°C

Step C

Healing time: 6-192h (k
(6, 17,24, 48,72, 96, 120, 137, 144, 168, 189 and 192 h)

Temperature chamber 20°C

=N

Without plastic
membrane

With plastic

membrane Steel mould

Fig. 3 Schematic diagram of the crack-healing test for asphalt mixtures with capsules (based on Ref. [31]

PIEM
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of the asphalt with, and without, capsules, crack-
healing measurements were also carried out on the
asphalt mixture beams, with 0.5% of capsules, at eight
different healing temperatures (— 5, 5, 10, 15, 20, 30,
40, and 50 °C), see Step C in Fig. 3.

2.7 Quantification of oil release from capsules

The release of the oil from the capsules into the asphalt
mixture was chemically analysed by using Fourier
Transform Infrared Spectroscopy (FTIR) spectrum
model Bruker Tensor 27. Samples were taken from the
asphalt mixture beams with capsules after 72 h of
healing time. Moreover, oil was added to some asphalt
samples, this amount represents 100% of oil release
(full breakage of the capsules). Based on this, the
percentage of oil release in asphalt samples with
capsules are calculated and quantified accordingly.
Samples for this test were taken to cover the lens of the
FTIR equipment, which are about 2 mm in diameter
and 1 mm height. Three to five samples were repeated
for each case, depending on their consistency.

These oil contents were added as a percentage of
the total amount of bitumen content with respect to the
capsule percentage used in each asphalt mixture, and
they were 1.1, 2.8 and 5.5% for asphalt mixtures with
capsule content of 0.1, 0.25 and 0.5%, respectively.
Samples for asphalt mixture beams without capsules
were also tested to compare the results. The test was
set in the absorption mode, in the range of 400 to
4000 cmfl, with a resolution of 4 cm ™! and the effect
of sunflower oil in bitumen was evaluated from
changes in the absorption peak between the wavenum-
bers 1700 and 1800 cm ™. This range was adopted to
determine the amount of oil in the asphalt mixture.
Vegetable oils have a distinct peak at ~ 1745 cm™!
(C-O stretch) while the bitumen has zero index in this
range [30]. The curves were normalised in the selected
wavelength range and the area under the curve was
measured using the trapezoidal rule of numerical
integration [32].

2.8 Thermal expansion of asphalt

Thermal expansion measurements of asphalt samples
at different temperatures, ranging from 5 to 50 °C,
were developed by means of a Thermomechanical
Analyser (TMA) equipment model Q400. The thermal
expansion test was applied to asphalt samples to

measure the change of dimensions of the asphalt when
heated, while the sample is simultaneously subjected
to mechanical loading. The tests were conducted at a
heating rate of 5 °C/min for asphalt samples with, and
without, oil. The percentage of oil added to the asphalt
samples was as that released from capsules inside the
asphalt mixture after full breakage, and the highest
content of capsules (0.50% by total weight of the
mixture) was considered. Samples with dimensions
5 x 5 x 10 mm were placed in a conditioned cham-
ber and the temperature was changed in steps. Finally,
all sensors and LVDTSs were previously calibrated and
connected to a computer to provide a continuous
record of the length with every temperature change.

2.9 Viscosity test of bitumen

The viscosity test was performed by means of a
Dynamic Shear Rheometer (DSR) supplied by Mal-
vern Instruments Ltd. The bitumen samples were
tested with, and without, oil at eight different temper-
atures —5, 5, 10, 15, 20, 30, 40 and 50 °C with
oscillatory sweep frequency of 0.1-10 Hz. The same
oil percentage considered in the thermal expansion
tests was used in the viscosity test for samples with oil.
A two parallel-plate geometry was used: 8 mm
diameter for test temperatures of — 5 to 40 °C, and
25 mm diameter for the temperature of 40-50 °C. A
gap of 2 mm between the spindle and the sample was
used to minimise the effect of rubber particles on the
viscoelastic measurements.

3 Results and discussion
3.1 Characterisation of capsules

Capsule characteristics investigation is crucial to
evaluate their feasibility as healing agents for asphalt
pavement. The size distribution and composition of
these capsules is presented in [33]. In this way, two
main characteristics of the capsules were presented in
this study: mechanical strength and thermal suscepti-
bility of the calcium-alginate capsules. The capsules
mechanical strength were tested at two different
temperatures, namely, 20 and 130 °C. These test
temperatures were aimed at representing capsules
conditions at ambient temperature and during asphalt
mixture fabrication and in-service. For the highest
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temperature condition it was important to be above
100 °C. Testing at higher than 130 °C, for example
150 °C or more, was not possible due to the equipment
used. In Fig. 4a, the average results of load—displace-
ment curves of the capsules broken by compression at
these two temperatures, 20 and 130 °C are presented.
It can be observed that capsules presented a limited
stiffness depending on the test temperature used. In
general, capsules showed a ductile behaviour and the
peak load was reached at deformation levels between
0.3 and 0.5 mm. For the curve of the capsule tested at
130 °C, it can be seen that there are some small pumps
on the curve before the rupture. This reason for that
could be the movement of oil inside the capsule, due to
higher temperature. The amount of deformation
capsules undergo before rupture is called the defor-
mation level, represented in (mm). This deformation
level measured at 130 °C is reduced to almost half the
value of that measured at 20 °C, which proves that the
compressive strength of the capsules is highly affected
by the test temperature. However, Garcia et al. [25]
proved that the minimum strength necessary to resist
the mixing and compaction process for capsules of
similar size to those in this research was 10 N.
Therefore, based on the results obtained in this study,
the capsules tested can resist the asphalt mixing and
compaction process.

Furthermore, the TGA results for the capsules
studied in this paper are presented in Fig. 4b. From
this figure, it can be observed that the material’s mass
changed with the temperature, starting with a small
mass loss of about 5% at 200 °C. However, at
temperatures higher than 500 °C, the capsules lost
approximately 90% of their mass. This result could be

reélated to the mass loss of the oil and the polymer with
temperature individually. Likewise, Fig. 4b shows
tha TGA results of the individual components used for
the\encapsulation process: calcium-alginate polymer
and\sunflower oil.

In\Fig. 4b it can be observed that calcium-alginate
polymer loses about 6% of mass before 200 °C and

°C and it loses about 21% of the mass up to

dditionally, between 300 °C and 490 °C
there is a fist decrease of mass and, afterwards, only a
small mass\oss can be observed. The remaining mass
after TGA analysis was 7.0%. From these results, it
can be concliyded that the polymeric capsules suffered
only a minor\ mass loss (< 5%) in the temperature
range used fdr the production of hot mix asphalt
(~ 160 °C), which was mainly caused by the effect of
degradation of the polymer and water evaporation.

3.2 Influence of tapsules content on the healing
properties

Figure 5 presents se{f-healing results of asphalt beams
containing different percentages of capsules (0.1, 0.25
and 0.50% by total wgight of the mixture) and tested at
a healing temperature\of 20 °C. Figure 5a shows the
healing levels results\ reached for all the asphalt
mixture beams, with, aNd without, capsules, at differ-
ent healing times rangipg from 6 to 192 h. In this
figure, it can be observed\that the healing levels in the
asphalt beams with capfules were higher than in

Fig. 4 Capsule (a) (b)
characteristics for 100 T ==\~ - ~ Capsule
a mechanical strength, and 90 - ' - - -0il
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Fig. 5 Self-healing results for asphalt mixture samples with and without capsules: a healing level depending on healing time, and b box
plots of the maximum healing range (96-196 h) with capsule content in the mixture

beams without capsules and that the healing level of
asphalt mixtures with and without capsules increased
with the healing time until a maximum value, and then
remained constant. Based on the results, maximum
healing level value was reached, which is, the value
that healing level stops increasing until the end of the
test. In general, the healing level at 96 h is the highest
value that can be reached and remained mostly
constant until 192 h, see the box in Fig. 5a.

The healing level curve start to be constant after a
certain healing time, namely after 96 h until the end of
the test. The average healing level obtained from these
healing times is called the maximum healing range.
Results reached in the maximum healing level are
shown in box plots in Fig. 5b: 13.75, 39.44 and
52.72% for asphalt mixtures with capsule content of
0.10, 0.25 and 0.50%, respectively. Likewise, asphalt
mixtures without capsules (WO/C) presented an
average maximum healing level of 11.22%. These
results prove that a higher capsule content in the
mixture resulted in higher healing levels for all the
healing times studied. This conclusion is reasonable
due to the fact that a higher capsule content increases
the probability of breaking more capsules when the
mixture is subjected to external damage, which
increases the potential released oil content in the
mixture [31]. To prove this, Fig. 6 presents the results
for the quantity of broken capsules as a percentage of
the total capsules used for asphalt mixtures with
different capsule content and tested at healing tem-
perature of 20 °C. The results of broken capsules were
represented before, and after, the external

100 T
90 +
80 +

O Before compression

| After compression

70 4
60 1 56,31
49.20

50
40 1
30+

20 +

Amount of broken capsules (%)

10 +

0.10 Caps 0.25 Caps 0.50 Caps
Capsule content in mixture (%)

Fig. 6 Amount of broken capsules for asphalt mixtures with
different capsule content in mixture

compression load applied to the samples in the
laboratory as described in Sect. 2.6 (Step B). From
Fig. 6 it can be observed that asphalt mixtures with the
highest capsule content, 0.50%, presents the highest
percentage of broken capsules after the compression
loading of 56.31% of the total amount of the capsules
in the mixture, compared to 49.20 and 31.29% of
mixtures with capsules contents of 0.25 and 0.10%,
respectively.

Moreover, Fig. 5b presents the maximum healing
range that can be obtained from asphalt mixtures with
three different capsule contents compared to a mixture
without capsules. Apparently, the healing range is
dependent on the capsules content in the mixture,
where a higher capsule content presents the higher
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healing range obtained. However, the healing range of
the asphalt mixture without capsules was similar to
that of mixtures with 0.10% capsule content, see
Fig. 5b. In fact, these asphalt mixtures without
capsules were treated with some oil during the mixing
process. The amount of oil added to these mixtures
was similar to the amount of oil released from
damaged capsules during mixing and compaction
process because of mixing temperature or compaction
loads.

Figure 6 presents the quantity of broken capsules
before compression, which means during mixing and
compaction processes. These amounts were evaluated
as 0.1, 0.2 and 0.5 g from mixtures with capsule
content of 0.1, 0.25 and 0.50%, respectively. So, the
reason for adding these amounts of oil to mixtures
without capsules is to exclude the effect of this
released oil from self-healing evaluations and keep it
restricted to the oil released from capsules after
applying compressive loads to damage the capsules
in the mixture. The amount of oil added to the mixture
without capsules in Fig. 5b was 0.5 g, which was
similar to the oil released from asphalt mixtures with
0.50% of capsule content.

3.3 Influence of temperature on the healing
properties

Figure 7 shows the results of healing level for all
asphalt mixture beams without capsules (Fig. 7a) and
with capsules (Fig. 7b), tested at eight different
healing temperatures (— 5, 5, 10, 15, 20, 30, 40 and
50 °C) in the healing times range from 6 to 192 h. The

capsules content used in this test was 0.50% of the
total weight of the asphalt mixture. Similar to Fig. 5b,
the results from Fig. 7 show that the healing level of
asphalt mixtures increased with the time until a
maximum value where it remained constant. In
general, this maximum healing level was reached
after approximately 96 h and remained approximately
constant until the end of the test for both mixtures
with, and without, capsules. Evidently, this behaviour
depends on the healing temperature and the quantity of
broken capsules in the asphalt beams after compres-
sive load. Figure 8 shows the quantity of capsules
broken by external compressive loads at different
temperatures. In this figure, it can be observed that the
stiffer the asphalt samples the fewer the broken
capsules, and that the percentage of broken capsules
increased with temperature as mixtures become less
viscous. Therefore, in less stiff asphalt samples tested
at — 5 °C the broken capsules were 10.39% of the total
capsules in the mixture, while in asphalt samples
tested at 50 °C the percentage of broken capsules
reached 60.47%.

Furthermore, from Fig. 7 it can be noticed that tests
performed at 30 °C or below show higher healing
levels for asphalt samples with capsules than those
without capsules, except at — 5 °C where the healing
levels results were similar. This could result from the
reduction of the bitumen viscosity with temperature in
the presence of the rejuvenator (sunflower oil) as
shown in Fig. 9a. In this figure, it can be observed that
the viscosity of bitumen (the asphalt binder) consid-
erably decreased with temperature in the presence of
oil, except at — 5 °C, which remains almost the same
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results for asphalt samples o-5°C e 5°C A10°C m]5°C o-5°C ®5°C a10°C m[5°C
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80 4 s N “ 804+ i R
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S 601 S 601 4
5 Temperatures over 40°C % ¢ o ° Q o o
I I R i e — 50 © [ ] on
0 [ 8"
0 Temperatures under 40°C b= []
= 40 T ° = 401, 0 Q a A
S .l ° % e ° g .l A
T 30+ 4 © = 301, . P o M
20 Ta o ° ° 201 w4
10 0° Q o og 6 Ba 10 2‘ ° ° M
1 ° ]
0 1889 s s . j_um_cm. 4 8 2 0 E g¢ g o % @ f 8 &
0 50 100 150 200 0 50 100 150 200

Healing time (h)

Healing time (h)



53 Page 10 of 12

Materials and Structures (2018) 51:53

100 T
90 +
80 +
70 +
60 +
50 +
40 +
30 +
20 +
10 4

0

54.24
56.31
56.78

60.11
60.47

45.97

35.97

10.39

Amount of broken capsules (%)

5005 10 15 20 30 40 50
Healing temperature (°C)
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0.5% capsule content at different temperatures
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and that explains the lower healing level at this
temperature shown in Fig. 7. Likewise, comparing
Fig. 7a, b it can be seen that for tests at healing
temperatures of 40 °C or higher, the healing level of
samples without capsules begin to rise reaching
similar or higher values than those of the samples
with capsules.

To prove this, Fig. 10 shows the average maximum
values of healing levels for the asphalt samples with,
and without, capsules versus the different healing
temperature evaluated. In Fig. 10, it can be seen that
the maximum average healing level for samples with
capsules is almost linear with temperature, while there
is a jump in the curve of the healing levels for samples
without capsules. The curve of samples without
capsules is linear until 20 °C, then jumps considerably
intersecting the curve of asphalt samples with capsules
when it reaches 40 °C, see Fig. 10. So, the effect of the

-10-5 0 5 10 15 20 25 30 35 40 45 50 55
Temperature (°C)

0 5 10 15 20 25 30 35 40 45 50 55
Temperature (°C)

capsule addition on the healing levels of asphalt is
more easily appreciable at temperatures lower than
40 °C.

This result may be due to the combined effect of
decreasing viscosity and thermal expansion with
temperature, as presented in Fig. 9. In this way, as
can be seen in Fig. 9b, for the temperature range
evaluated between 5 and 50 °C, the thermal expansion
of asphalt mixture samples without oil, 15.62 um/
(m. °C), was higher than that for asphalt mixture
samples with oil 9.202 pm/(m. °C), and it continues
until reaching the melting point, which is 48.05 and
36.37 °C for asphalt mixture samples without and with
oil, respectively. Therefore, from Figs. 9 and 10
results it can be concluded that: (1) asphalt mixture
samples with, and without, capsules present a propor-
tional increase of the healing level when the temper-
ature increases, and (2) there is a relationship between
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the healing level results of asphalt mixture samples
with, and without, capsules, which in turn is a function
of the variables of viscosity and thermal expansion
with the temperature.

4 Conclusions

This paper explains the effect of capsule addition and
the healing temperature on the self-healing properties
of asphalt mixtures. Based on the results, the following
conclusions have been obtained:

e The encapsulation procedure presented in this
study succeeded in manufacturing self-healing
capsules that contain up to 80% by volume of
healing agents, higher than any other capsule of
asphalt presented in the literature.

e Mixing temperature did not affect capsules
mechanical strength as they can survive mixing
and compaction processes during asphalt prepara-
tion. Some oil release was noticed but it was about
0.7% of the total encapsulated oil in the mixture.

e Thermal stability results proved that the capsules
suffered only a minor mass loss in the temperature
range used for the production of the asphalt
mixture, which was caused by the effect of
degradation of polymer and water evaporation.
The use of other polymer and measure its feasi-
bility for self-healing is recommended for future
research.

e The capsule breaking methodology performed in
this research was successful to break the capsules
under the effect of external loading, releasing their
oil to the bitumen. This method could be followed
by other researchers for similar tests.

e Capsules show a significant healing levels when
added to asphalt samples in comparison to asphalt
samples without capsules at healing temperatures
equal or less than 30 °C. In addition, the healing
level of asphalt samples with, and without capsules
increased with the healing time until a maximum
value where the healing level remained constant
until the end of the test. It is recommended for
future research to study the possibility of providing
enough rest period on asphalt roads, with respect to
rest period that healing start to be constant. Then
measuring the self-healing, which might be more
economic.

e Healing levels of asphalt samples without capsules
start to increase considerably after 30 °C. At
50 °C, the healing levels of asphalt samples
without capsules is higher than that with capsules.
This explains the effect of viscosity and thermal
expansion on self-healing, in the presence of
temperature. In this way, it is recommended to
study different types of asphalt binder and how
their thermal expansion affect self-healing at
different temperatures.

e The healing levels for asphalt samples with and
without capsules were almost similar at healing
temperatures over 40 °C. This indicates that these
capsules are not useful for asphalt self-healing at
hot climate. For future work using calcium-algi-
nate capsules with oil, the authors recommend that
asphalt self-healing tests be performed at healing
temperatures below 40 °C, in order to obtain a
significant influence of the capsules on self-
healing.
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