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Abstract
In the asphalt pavements, which are prepared by mixing bitumen and aggregates, fatigue cracking and thermal cracking
failure occur due to continuous loading and climate conditions. Extending the life of asphalt pavements is very important
from an environmental and economic point of view. In this study, reactions are conducted to investigate the effects of six
ionic liquids (IL) with different side-chain lengths on the self-healing properties of bitumen. Thermogravimetric analysis and
differential scanning calorimetry analysis are performed for ionic liquid characterization, while for bitumen characterization,
Saturates, Aromatics, Resins, Asphaltenes (SARA) fractionation of bitumen and Gel Permeation Chromatography, Nuclear
Magnetic Resonance, Elemental Analysis of these sub-fractions were performed. In addition, two new test methods have
been developed to measure the self-healing capacity of bitumen. The first method shows the effects of rest times when
intermittent loading is applied to the sample at high temperatures, while the other method was developed to demonstrate
the self-healing ability of bitumen at low temperatures with long rest periods. Stripping tests, asphalt fatigue tests and zeta
potential measurements are done to investigate the effects of ionic liquids on bitumen and aggregate interactions. The results
indicated that different ionic liquids have different effects on asphalt self-healing mechanism. IL improved the self-healing
performance of asphalt 40% at high temperatures, and 100% at low temperature while stripping properties 25% and asphalt
fatigue life 20% improved. Therefore, it can be concluded that different bitumen-IL modification recipes could be used for
self-healing of asphalt pavements, depending on climatic conditions and traffic density.
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1 Introduction

Asphalt concrete is one of the most widely used materi-
als in the pavement industry, with about 300 million tones
throughout Europe in 2018 [1]. Asphalt is prepared by mix-
ing bitumen and aggregates at temperatures around 190 °C
and then compacting them at around 150 °C. Bitumen is a
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black and viscous hydrocarbon that is obtained as a prod-
uct of crude oil distillation. Bitumen acts as a binder in the
asphalt mixtures to stick the aggregate materials together
[2]. Due to continuous loading and varying climatic condi-
tions, fatigue cracking, rutting, and thermal cracking occur
on the roads. These are some of themost common reasons for
asphalt pavement failure. As a result of the weaknesses in the
asphalt pavements, new roads need to bebuilt, or the damaged
roads need to be maintained. According to Organization for
Economic Co-operation and Development (OECD), around
230 million e was spent on road maintenance in Turkey in
2017. The amount is higher for countries like Japan and Italy,
with road maintenance spending around 17.2 and 8.8 billion
e, respectively [3].

Since bitumen and aggregates need to be heated to the
mixing temperatures for building new roads, road mainte-
nance requires a large consumption of fossil fuels, which has
economic and environmental consequences. Greenhouse gas
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emissions occur during manufacturing and the compaction
of the asphalt roads, resulting in further negative impacts on
the environment [4]. Therefore, extending the service life of
asphalt pavements is of paramount importance from an eco-
nomic and environmental perspective [5]. The asphalt roads’
life can be extended by different methods, such as modify-
ing bitumenwith different additives,mainly polymers, which
is the most common technique. Styrene-butadiene styrene
(SBS) is the most widely used polymer for bitumen modifi-
cation, followed by styrene-butadiene rubber, vinyl acetate,
and polyethylene [6]. SBS addition to bitumen results in an
increase in strength and elasticity of the bitumen via the phys-
ical cross-linking of the molecules into a three-dimensional
network. However, modifying the asphalt pavements using
SBS has its limitations, and innovative alternative solutions
should be implemented to increase the service life of asphalt
roads.

An emerging alternative for extending asphalt life is to
delay the failure at micro- and macro-level cracks through
self-healing property. The self-healing technology has been
used in the automotive and aerospace industries for some
time [7–9] and recently started to be applied to asphalt con-
cretes. Asphalt concrete already has the intrinsic self-healing
property, which can be accelerated artificially. In his work,
Phillips explained the self-healing mechanism by a three-
step process (TSP). TSP involves closure of macro-cracks
due to consolidation of stresses and flow of bitumen, adhe-
sion of two crack surfaces resulting from the surface energy,
and complete recovery of the mechanical properties due to
diffusion [10]. Other studies have also pointed out that bitu-
men can recover its mechanical strength by closing the gaps
between the cracks at high temperatures or during long rest
periods [11–15]. In practice, the features may not always be
sufficient. The intrinsic self-healing properties of the bitu-
men need to be improved to shorten the time or decrease
the temperature required for self-healing. Thanks to the self-
healing properties of bitumen binders, asphalt pavement has
its self-healing functions. Asphaltmaterials with self-healing
properties will reverse the cracking damage and repair the
damage in the asphalt. The self-healingmechanism in asphalt
is like a zipper, simulating that it first opens (crack formation
and propagation) and then closes (healing) [16].

As seen in Fig. 1 in asphalt pavements’ adhesive struc-
tures have two self-healing mechanisms. These mechanisms
are known as adhesive healing and cohesive healing. The
healing mechanism resulting from the separation of bonds
between the mastic and aggregate surfaces is called adhesive
healing. The healing resulting from the healing of micro-
cracks in asphalt is called cohesive healing. In both cases,
microcracks are self-healing with the rest periods and high
temperatures.

There are several technologies in use for improving the
self-healing property of asphalt concrete. One approach

involves heating the asphalt concrete by adding conduc-
tive fibers to enhance the material’s conductivity [17, 18].
In their study, Garcia et al. investigated the conductivity of
asphalt mortar with different sand-bitumen ratios and vol-
umes of conductive particles. They prepared the specimen
by mixing conductive materials, bitumen, and aggregate.
Their results indicated that the mixture could be heated with
induction energy. They also found that there is an optimum
content of additives for different sand-bitumen ratios [19].
In another study aiming to develop inductively heated self-
healing asphalt layers, Garcia et al. found that the maximum
temperature achieved in a certain period can be controlled by
the bitumen-sand ratio and volume of the fibers. They also
carried out Gel Permeation Chromatography (GPC) analysis
to investigate molecular weight distribution change of heated
induction samples found that there is no aging of bitumen
during heating [20]. The zeta potential, an expression of the
repulsive force between similar and neighboring charged par-
ticles in distribution, expresses the electrokinetic potential
in colloidal systems. When the pulling force overcomes the
driving force, a low zeta potential occurs and clusters form.
Therefore, the high zeta potential is known as stability.When
we evaluate the zeta potential values, zeta potential between
30 and 40 means averages stability, zeta potential between
40 and 60 means good stability, while values above 60 are
shown as excellent results [21].

In another study, Liu et al. studied the effects of different
conductive additives on the induction heating speed, bend-
ing strength, and induction healing rate. They concluded
that the fractured asphalt beams with some conductive addi-
tives could regain their bending strength to fresh samples
after induction heating [22]. In addition, the effects on the
self-healing function of ionic liquids are reviewed, including
their ionic diffusion ability and environmental conditions.
Also, ionic liquids are defined as basic self-healing agents
with their high healing properties, easy healing conditions,
and excellent conductivity. Ionic liquids are combined with
different materials by reversible reactions, electrochemical
and coordination reactions such as Diels–Alder, giving the
materials self-healing properties. This property provides self-
healing to ionic liquids due to secondary bonds such as
ion–dipole interactions, hydrogen bonds, and ionic aggre-
gation [23]. It is seen that the rate constant and extraction
kinetics of bitumen decrease with the addition of IL and the
contribution of its viscosity. This showed that I.Ls could
be an alternative to the Clark hot water-based extraction
(CHWE) process. In addition, the electrochemical interac-
tions between oil sands and IL hydrodynamic shear stress
affect the kinetic profile of the extraction. Greater surface
tension and contact angle are necessary from the thermo-
dynamic point of view. The effect of viscosity significantly
influences the release dynamics of bitumen, independent of
the interactions between IL and co-solvent and oil sand [24].
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Fig. 1 Schematic illustration of
self-healing of thermal cracks in
asphalt

The healing effect of induction heating on less commonly
practiced porous asphalt was also studied in the literature.
Gallego et al. studied the impact of usingmicrowaves instead
of electromagnetic induction as an alternative to heating the
asphalt concretes. They concluded that microwaves could
decrease the optimum amount of steel wool by ten times
[25]. The experimental results suggest that induction heating
can be successfully applied to porous asphalt with extended
[26]. Biological approaches are also employed to increase the
self-healing capacity of construction materials. One strategy
involves adding bacteria with calcium carbonate to synthe-
size into the concrete to seal the formed cracks rapidly. In
their study, Jonkers et al. investigated the potential of bacteria
as a self-healing agent in concrete. They found that specimens
produced more crack-plugging minerals than the control
specimens after bacteria addition [27]. In another study,Wik-
tor and Jonkers investigated the crack-healing potential of a
two-component bio-chemical self-healing agent embedded
in porous expanded clay particles. They concluded that the
self-healing agent could improve the durability of the con-
crete in wet environments [28]. The self-healing ability of
asphalt was improved by another method in which healing
microcapsules are used. In this method, when the microcap-
sule encounters themicrocrack, it is opened using the fracture
energy at the crack’s tip, and the healing agent is released
into the matrix. In this way, the healing agent diffuses into
the microcracks and prevents the crack from spreading [29,
30].

Moreover, the biological approach for self-healing
requires certain conditions, such as high pH, for the calcium
carbonate synthesizing bacteria to remain viable. Therefore,
there is a need for more effective alternative technologies to
improve the self-healing capability of bitumen. The use of
ionic liquids might be an alternative technology for enhanc-
ing the self-healing capability of bitumen. Ionic liquids are
made up of an anion and a cation and are usually liquid at
room temperature. The ionic liquids have many applications,
including catalysis, biological reaction media, and electro-
chemistry. In studies conducted about Canadian tarsand,
the bitumen contained in tarsand is separated using IL and
organic solvents. In this method, themixture formwasmixed
in the temperature range of 25–55 °C and separated into
phases. By this way, it is completely separated from the

bitumen sands. Water is not used directly in this pro-
cess, and then only small amounts of water could be used
to separate the entrained sand and clay. The technologies
that are mentioned above also have some drawbacks. Self-
healing by induction heating technology requires an external
heat source, making the application of the technology hard
[31–35].

Asphalt self-healing can improve the fatigue cracking
performance of asphalt pavements. Asphalt is known as a
viscoelastic liquid with its surface wetting and diffusion
features. Because of these features, it can close its micro-
cracks, regain its strength and hardness, and heal itself.
When the self-healing features of asphalt become better, the
self-healing process is completed better. In this study, the
effects of ionic liquids with different side-chain lengths on
the self-healing behavior of bitumen are investigated. The
self-healing behavior of bitumen is measured with the newly
developed techniques on Dynamic Shear Rheometer (DSR)
and Fraass Breaking Point devices.

2 Materials andMethods

50/70 penetration grade bitumen from TUPRAS Izmit
Refinery is used in the studies. The ionic liquids,
1-allyl-3-methylimidazolium chloride (IL 1 short) >
98% purity, 1-hexadecyl-3-methylimidazolium bis-
trifluoromethylsulfonyl)imide (IL 1 long) > 98% purity,
1-butyl-3-methylimidazolium chloride (IL 2 short) 99%
purity, 1-hexadecyl-3-methylimidazolium chloride (IL 2
long) > 98% purity, 1-butyl-3-methylimidazolium bromide
(IL 3 short) 99% purity and Methyltrioctylammonium
bis(trifluoromethylsulfonyl)imide (IL 3 long) 99% purity
are purchased from IOLITEC Inc. Agilent 1200 series GPC
performs molecular weight analysis with 300 × 7.5 mm
sized mixed gel Zorbax column. Tetrahydrofuran is used
as solvent and carrier phase. Twenty μ injections with a
1 ml/min volumetric rate are applied for the measurements.

Elemental analysis of bitumen is carried out by a Thermo
Finnigan Flash EA 1112 Series model elemental analyzer
using 3 − 4 mg samples. The thermal behavior of ionic
liquids over specific temperature ranges is studied by a Met-
tler Toledo 822e Differential Scanning Calorimeter. DSC
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Fig. 2 TGA results of ILs

analysis for bitumen and ILs is carried out under theN2 atmo-
sphere. The temperature range used in the studies is from−50
to + 300 °C with a heating rate of 10 °C/min. Zeta potential
measurements of the distributions weremade on theMalvern
2000 Zetasier instrument. For their measurement, the disper-
sions need to be diluted. So, the dispersions were subjected
to precipitation at 600 rpm for 30 min. The zeta potentials of
the non-precipitated fractionsweremeasured ten times in two
consecutive series, and these measurements were averaged.
Nuclear magnetic resonance (NMR) analysis of bitumen is
carried out by a Varian Unity Inova 500 MHz NMR model
analyzer using 1–2 mg samples.

The self-healing measurements at high temperatures are
carried out on an Anton Paar SmartPave 102 Dynamic Shear
Rheometer. The self-healing behavior of bitumenduring long
resting periods at low temperatures is studied by an Anton
Paar BPA5 Fraass Breaking Point device. The asphalt per-
formance of the developed formulations is studied on the
Cooper Universal Testing Machine device according to the
EN 12697-24 E standard.

The effect of ionic liquid addition on bitumen aggregate
interactions is studied by using a modified version of the
method given in the work by Painter et al. [36]. Tar sand,
toluene, and ionic liquids are used in a weight ratio of 1:2:3.
The ionic liquid is added to tar sand, and toluene is added to
tar sand-ionic liquid mixture. The final mix is mixed at 55 °C
with a magnetic stirrer. The phase separation is investigated
via visual investigation. The effects of ionic liquid addition
on bitumen- aggregate affinity are further investigated by
stripping tests. 100 g of 6.3–10 mm aggregate is mixed with
5 g of bitumen until the aggregate surface is fully covered
with bitumen. The aggregates are taken into a petri dish, and
water is added. The petri dish is placed in an oven at 60 °C
for 24 h. At the end of 24 h period, the percentage of the
aggregate area covered with bitumen is investigated.

3 Results and Discussion

3.1 Ionic Liquid Characterization

The ionic liquids were characterized by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC).
TGA investigations are carried out to determine the thermal
stability of the ionic liquids. Thermal stability is critical for
the additives since asphalt mixing, and compaction temper-
atures are high (~ 180 °C). The TGA results for the ionic
liquids are given in Fig. 2.

Looking at Fig. 2, it is seen that the temperatures at which
mass loss of long-chain ionic liquids is higher than that of
short-chain ionic liquids. The results indicate that all of the
ionic liquids used in this study have high thermal stabilities.
It can be concluded that these ionic liquids can be bitumen
additives since they will remain in the mixture at asphalt
mixing and compaction temperatures.

In addition to the TGA studies, DSC analysis is carried out
to investigate the possibility of endothermic or exothermic
reactions at asphalt mixing and compaction temperatures and
results are shown in Fig. 3. According to literature results, the
boiling points of ILs are generally below 100 °C. The results
of DSC analysis of ILs indicate that the ILs have boiling
points in the range 60–80 °C. These results are in agreement
with the literature results. The results indicated that five ionic
liquids have only one peak within the investigated temper-
ature range, indicating the melting temperature. In contrast,
no peaks were obtained for the last ionic liquid since it is
already a liquid at the lower limit of the temperature range
(°C) used in the investigations.

3.2 Bitumen Characterization

Bitumen chemistry is an essential parameter in bitumenmod-
ification. Gaestel et al. found that the relative amounts of
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Fig. 3 DSC results of ILs

Table 1 Characterization results of bitumen and SARA fractions

Bitumen Saturate Aromatic Resin Asphaltene

Sara analysis (%) – 27 40 21 12

Elemental analysis

% C 83.67 86.34 84.82 81.72 82.84

% H 10.95 11.90 9.23 9.03 5.68

% S 3.17 1.59 3.34 2.52 3.68

% N 0.85 – – 1.06 1.05

H/C ratio 1.57 1.65 1.31 1.33 1.40

GPC analysis

Mw (g /mole) 803 724 674 719 1460

% Molecular weight 803 195 270 151 175

Calculated % Molecular Weight for Bitumen 791

H-NMR results (%)

Methyl ends (CH3) 1.27 0.97 5.26 1.10 6.72

Methylene chain(CH2) 19.94 20.21 19.85 20.79 –

Saturated rings or hydroaromatic rings (CH2,CH) 66.98 73.96 60.95 62.85 86.12

α-aromatic branches (CH2, CH) 9.98 3.78 11.31 11.35 2.68

Single aromatic ring(C6H6) 1.93 1.09 2.63 – 4.48

Diphenyl methane bridge(CH2) – – – 0.15 –

Single, double or triple aromatic rings – – – 3.76 –

Saturates, Aromatics, Resins, Asphaltenes (SARA) fractions
of the bitumen are of primary importance for the compatibil-
ity between the polymer and the bitumen [37]. Since bitumen
chemistry is an essential parameter in bitumen modification,
the amounts of SARA fractions and their elemental compo-
sition of the SARA fractions in bitumen are determined. The
results are given in Table 1.

Table 1 indicates that the aromatic fraction is the most
common subgroup in the bitumen structure of this study.

Furthermore, it is seen that asphaltene and resin fractions con-
tain most of the sulfur and the whole nitrogen that is present
in the bitumen. After separating the subgroups, the molec-
ular weight of bitumen and SARA fractions was measured
using gel permeation chromatography (GPC), and results are
also given in Table 1. Asphaltene has the highest molecular
weight among the fractions, as expected. The measured bitu-
men molecular weight in GPC is 803, and the calculated
molecular weight of bitumen by multiplying percentages of
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each fraction with their molecular weight was found as 791.
Comparing the measured and calculated bitumen molecular
weights is reasonably close to each other, indicating high
extraction performance. The H/C ratios for the saturate and
the asphaltenes fractions are given as 2 and 1, respectively,
in the literature [38, 39]. However, the H/C ratio for satu-
rate fraction is found as 1.65, whereas for asphaltenes, it is
seen as 1.4. H-NMR studies are carried out to explain the
disagreement between the results. An investigation of Table
1 indicates that saturates contain high amounts of saturated
rings or hydroaromatic rings. This arrangement of carbons
decreases the hydrogen content in saturates, which explains
the slightly lower H/C results. On the other hand, asphaltene
fractions have α-aromatic alkyl chains with a higher H/C
mole ratio.

3.3 Preparation of Bitumen and ILs Mixtures

Based on our preliminary studies and observations in the
laboratory, a method has been developed to mix bitumen
and ionic liquids. According to the developed method, the
bitumen is first heated up to 100 °C, rendered fluid. The
heated bitumen was added to the reactor and mixed for 5 min
at 250 rpm. Then ILs are added to the reactor. After each
addition of 1% additive IL, the mixture is mixed at 250 rpm
for 3 min. At the end of the ILs addition, mix bitumen and
ionic liquids are mixed at 250 rpm for 30 min.

3.4 Self-Healing Capability Measurements

There is no standard test method for measuring the self-
healing capability of bitumen. Therefore, new test methods
are developed to carry out the measurements for quantifying
the self-healing capabilities of the formulations.

The Multiple Stress Creep Recovery (MSCR) test is
modified to measure the self-healing characteristics at high
temperatures. In theMSCR test, a load is applied to the spec-
imen for a certain period, followed by a relaxation period
with no load on the specimen. At the end of the test, the
non-recoverable creep compliance (Jnr) is measured, which
measures the amount of strain the specimen cannot recover.
It is known that the resting period has a significant effect on
the self-healing capability of bitumen. Therefore, as part of
method design studies, the resting period in theMSCR test is
varied. The non-recoverable compliance value is measured
to see the effects of resting periods. The results obtained with
base bitumen are given in Table 2.

The results in Table 2 indicate that the Jnr value decreases
with increasing resting periods. This decrease can be related
to the enhancement of self-healing to occur at more extended
rest periods, meaning that the developed method can be used
to investigate the self-healing capability of bitumen. After
determining the adequacy, the technique is used to elaborate

Table 2 Modified MSCR results for bitumen and bitumen + ILs, at
64 °C

%
IL

Resting Period
(sec)

Non-recoverable
compliance (Jnr)
(1/kPa)

Bitumen 9 6.81

18 0.68

Bitumen + IL 1
short

1 9 5.47

18 0.6

5 9 4.46

18 0.48

Bitumen + IL 2
short

1 9 5.65

18 0.64

5 9 4.06

18 0.46

Bitumen + IL 3
short

1 9 5.01

18 0.58

5 9 6.71

18 0.72

Bitumen + IL 1
long

1 9 7.65

18 0.86

5 9 8.26

18 1.17

Bitumen + IL 2
long

1 9 5.45

18 0.61

5 9 7.44

18 0.8

Bitumen + IL 3
long

1 9 6.83

18 0.74

5 9 8.91

18 2

on the effects of ionic liquid addition on the self-healing prop-
erties of bitumen. For this purpose, six different ionic liquids
are mixed with bitumen at two different ratios (1% and 5%
bitumen to ILs, % wt) to prepare a total of 12 specimens.
The specimens are then tested with the newly developed
technique, and the Jnr values are compared with the base
bitumen. The results indicated that ionic liquid incorporation
could improve the self-healing properties of bitumen at high
temperatures. In particular, IL 1 short chain and IL 2 short
chain yielded excellent results with a nearly 40% improve-
ment compared to base bitumen. This improvement results
from the lower viscosity values of the modified bitumen,
which increases the mobility of the molecules and results in
the closure of the microcracks.

In addition to MSCR studies, a Fraass Breaking Point
tester was used as a part of test design studies to determine
the self-healing capabilities of bitumen at low temperatures
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Table 3 Time to breakage in base and ionic liquid added bitumen with different rest periods

% IL Fatigue time (min.) (at−4 °C) Resting period
(day)

Failure temperature (°C) Load exposure time until failure
(min)

Bitumen 30 0 −7 50

2 80

4 240

Bitumen + IL 1
short

30 0 −7 250

2 233

4 333

30 0 −7 Failure at first twist

2 214

4 Failure at first twist

Bitumen + IL 2
short

30 0 −7 144

2 150

4 81

30 0 −7 130

2 168

4 95

Bitumen + IL 3
short

30 0 −7 3

2 50

4 70

30 0 −7 6

2 162

4 112

Bitumen + IL 1 long 30 0 −7 81

2 616

4 140

30 0 −7 123

2 240

4 333

Bitumen + IL 2 long 30 0 −7 80

2 48

4 100

30 0 −7 450

2 116

4 166

Bitumen + IL 3 long 30 0 −7 43

2 45

4 410

30 0 −7 31

2 42

4 Failure at first twist

during very long resting periods. The idea of the test is to
apply a load, which will not fail, on the specimen, then give
a rest period to allow the sample to heal itself, use a load once
more until failure andmeasure the time of load exposure. The

results indicate that as the resting period increases, the spec-
imen can withstand loading for longer without failure. This
means that the specimen can heal itself during the resting
periods, indicating that the developed technique can be used
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Fig. 4 The effect of ionic liquids on bitumen–filler interactions after one week

tomeasure the self-healing capability of bitumen during very
long resting periods. Results are shown in Table 3.

The developed technique is used on ionic liquid-modified
bitumen samples to investigate the effect of ionic liquid
addition on the self-healing properties of bitumen at low
temperatures and very long resting periods. When the results
obtained for additive-free and ionic liquid added bitumen are
compared, it has been determined that longer bending times
are required for a fracture to occur in bitumen modified with
1% IL1 short and 5% IL 1 long ionic liquid. In this context,
positive results have been obtained with bitumen modified
with these two ionic liquids. The results indicate that ionic
liquid addition can extend the loading time until failure two
times more than base bitumen. IL 1 long is the ionic liquid
that gives the best results in this test. The ionic part of the
ionic liquids allows the formation of dipole–dipole and H
bonds. In contrast, the hydrocarbon part makes it possible
to form van der Waals forces within bitumen. These non-
covalent bonds can explain the improvements compared to
base bitumen.

3.5 Measurement of Ionic Liquid
on Bitumen–Aggregate Interactions

Visual investigations were used to study the effect of ionic
liquids on bitumen-filler interactions in this study. The results
obtained with mixtures involving six different ionic liquids
at the end of one week are given in Fig. 4.

An investigation of Fig. 4 reveals that the addition of ionic
liquid can trigger or prevent phase separation, depending on
the properties of the ionic liquid. The results indicate that
the IL-3 short side chain prevents phase separation between
the bitumen and filler materials. This is indicated by the
almost homogeneous mixture that is obtained at the end of
1 week period. On the other hand, complete phase separa-
tion is obtained with the IL-3 long side-chain combination.
However, zeta potential measurements were also made to
determine the stability of these phases. The results obtained

as a result of the zeta potential measurements are given in
Fig. 5.

The zeta potential results obtained support the observa-
tional analysis results given in Fig. 4. Figure 5 shows that
the highest zeta potential was obtained with IL 3 short, while
the lowest zeta potential value was obtained with IL 3 long.
According to these results, the stability of the mixture pre-
pared with IL 3 short is the highest, and the stability of the
mix prepared with IL 3 long is the lowest. The bitumen–ag-
gregate interactions are further studied by stripping tests. The
binding between bitumen and 6.3–10mm aggregate particles
in the presence of water is measured in this test. The obtained
results are given in Table 4.

The results in Table 4 indicate that the addition of 1% IL
results in a high stripping performance with all ionic liquids.
However, further addition of some ILs decreases the bitumen
viscosity to such an extent that the bitumen can no longer
cover the aggregate surface effectively. This is indicated by
the 20–25% results obtained for IL 1 short chain and IL 2
short chain.

3.6 Asphalt Performance

Fatigue tests are carried out on compacted asphalt specimens
that are prepared by the base and ionic liquids-modified bitu-
men. In fatigue tests, a loading-resting cycle is applied on the
asphalt specimens, and the number of cycles until failure is
determined. The results for fatigue tests are given in Fig. 6.

The results indicate that the addition of IL 1 long improves
the fatigue performance of the asphalt by around 30% com-
pared to base asphalt. The long hydrocarbon chain of the
ionic liquids improves the solvation power of the bitumen,
thus making the binding between the bitumen and the aggre-
gates stronger.

These stronger bonds between the bitumen and the aggre-
gatemoleculesmake thematerialmore robust, explaining the
30% improvement in resistance to fatigue property compared
to the base bitumen.
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Fig. 5 Z potential of ILs-oil sand mixtures, IL-1 short (a), IL-2 short (b), IL-3 short (c), IL-2 long (d), IL-1 long (e) (red line), IL-3 long (e) (black
line)
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Table 4 Stripping test results
%
IL

% Stripping strength

Bitumen +
IL 1 short

Bitumen +
IL 2 short

Bitumen +
IL 3 short

Bitumen +
IL 1 long

Bitumen +
IL 2 long

Bitumen +
IL 3 long

1 95–100 95–100 95–100 95–100 95–100 95–100

5 20–25 20–25 50–55 95–100 80–90 95–100

Fig. 6 Fatigue test results

4 Conclusions

This study aimed to investigate the effects of ionic liquids
with different side-chain lengths on the self-healing behavior
of bitumen. Ionic liquids, with their ionic parts and hydro-
carbon parts, are considered good candidates for improving
the self-healing capability of bitumen. The thermal stabil-
ity examination of ionic liquids is of great importance since
bitumen needs to be heated up to 150 °C for mixing and
compaction. The thermogravimetric analysis results obtained
from the studies with long- and short-chain ionic liquids indi-
cate that these ionic liquids could remain stable at asphalt
mixing temperatures between 150 and 160 °C. In addition to
those, from theDSC analyses it was determined that no unex-
pected reaction was observed during heating in the tested
ionic liquids; therefore, ionic liquids could be used safely in
bitumen/asphalt mixtures.

Two test methods are developed to measure the self-
healing capability of bitumen at high and low temperatures.
With the help of the developed new self-healing determina-
tion techniques, IL 1 short chain and IL 2 short chain gave
excellent results in high-temperature self-healing measure-
ments with a nearly 40% improvement compared to base
bitumen. Ionic liquid incorporation improved the self-healing
capability of bitumen during long-resting periods at low tem-
peratures,with almost 100% improvementwith IL1 long side
chain. In addition to the self-healing measurements at high
and low temperatures, stripping tests are carried out to study
the effect of ionic liquid incorporation on bitumen–aggregate

interactions under wet conditions. The results indicated that
ILs with long side-chain yielded results around 95–100% for
all 1% addition and 5% addition for ILs 1 and IL 3.

In the observational analyses, while almost no phase sep-
aration is observed in the mixture prepared with IL 3 short,
phase separation is observed with IL 3 long, which indicates
a high separation performance. In this context, IL 3 short
increases the interaction between bitumen and fine aggre-
gate/filler. Increasing the attraction between bitumen and
aggregatewill have a positive effect, especially on the healing
of adhesive cracks.

Each of the mentioned tests is used to measure a certain
property of the bitumen. For example, the self-healing test
developed on DSR predicts bitumen performance in regions
with high temperatures. In contrast, the stripping test is used
to predict the performance of the formulations in areas that
receive large amounts of rain. The results obtained with
different ionic liquids indicate that different ionic liquids
are suitable for improving different qualities of the bitu-
men. Therefore, ionic liquid-bitumen formulations should
be prepared for road applications depending on the climatic
conditions and traffic loading.
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