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• The rejuvenator dosage used in the cap-
sule healing system is less than that
in RAP.

• The type and amount of rejuvenator
need to be optimized for the capsule
healing system.

• Re-ageing test is important in the evalu-
ation of a rejuvenator.

• The calcium alginate capsules are capa-
ble of encapsulating different rejuvena-
tors.

• The encapsulated rejuvenator largely
determines the capsule performance.
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Rejuvenator encapsulation technique showed great potential for extrinsic asphalt pavement damage healing.
Once the capsules are embedded within asphalt pavement, the healing is activated on-demand via progressing
microcrack. When the microcrack encounters the capsule, the fracture energy at the tip opens the capsule and
releases the rejuvenator. Then the released rejuvenator wets the crack surfaces, diffuses into and softens the
aged bitumen, allowing two broken edges to come in the contact, preventing further asphalt pavement deterio-
ration. The quality and speed of the damage repair process strongly depend on the quality of rejuvenator, thus it
is important to choose a proper rejuvenatorwith good abilities to restore the lost properties of bitumen fromage-
ing and show a sustainable performance after healing. To this aim, three different rejuvenators were studied and
ranked based on the performance of their rejuvenated bitumen, including physical properties, rheological prop-
erties, chemical properties and the performance after re-ageing. Furthermore, these rejuvenators were encapsu-
lated in calcium alginate capsules and the tests on these capsules indicate the diameter, mechanical resistance
and thermal stability of the capsules are influenced by the encapsulated rejuvenator. The findings will benefit
the development of rejuvenator encapsulation technique and the optimization of the capsule healing system to-
wards a better healing effect in asphalt pavement.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Asphalt pavement is a heterogeneous material composed of coarse
aggregates, sand, filler and bitumen. Bitumen is a material within the
mix that binds the asphalt pavement mix, gives it flexibility and ability
to heal. However, overtime bitumen ageing takes place due to environ-
mental conditions (Oxygen, UV light, moisture, etc), causing it to lose its
volatile chemical compounds, making it brittle and prone to cracking
which in turn can cause premature asphalt pavement failure [1–5].

However, the effects of bitumen ageing can be reversed. The bitu-
men rejuvenator can be used to reverse the effects of bitumen ageing
process by restoring the lost properties, i.e., chemical composition,
physical properties and rheological properties [6–8].

The bitumen rejuvenation highly depends on the rejuvenator type
and dosage [9]. Bitumen with a high penetration level (70/100 or
higher) is often used in industry to soften the aged bitumen. General re-
juvenator types include bio-based rejuvenators either pure or stem-
ming from waste streams, chemically modified rejuvenators and
maltene rich fractions produced in oil refining processes and the recom-
mended dosage ranges from 2% to 20% (by weight of bitumen)which is
highly dependent on the rejuvenator type and the characteristics of the
aged bitumen (e.g., ageing level) [9–13].

The bitumen rejuvenator can be applied in three ways:
i) rejuvenation of reclaimed asphalt pavement (RAP), ii) asphalt pave-
ment surface treatment (e.g., fog sealing), and iii) embedded rejuvena-
tor encapsulation (e.g., capsules and fibres) [14]. For different
rejuvenation purposes, the rejuvenator usage and dosage vary in these
applications:

i. In the production of RAP, a rejuvenation process on old aggregates is
always needed before mixing with the fresh material. For such rea-
son, the rejuvenator is usually used to form a low viscosity layer
and rejuvenate the aged bitumen of the reclaimed asphalt, and by
this means, the recycled asphalt can be reused as part of a new as-
phalt pavement [15–17]. The type and amount of rejuvenator need
to be properly determined to optimize the performance of pavement
with RAP [14,18]. Although the use of RAP successfully achieves the
recycling of aged asphalt, the recycling process involves removal,
milling, and crushing of the old pavement, which consumes plenty
of resources and energy andmay result in a huge delay of traffic [14].

ii. When an asphalt pavement shows early signs of distress after
around 3 to 7 years of service, a fog seal treatment can be employed
on the surface layer, thus prevent or delay the damagingprocess and
finally extend the pavement lifespan. The fog seal treatment not
only rejuvenates the aged bitumen in the top portion of the surface
layer but also seals cracks against intrusion of air and water to pre-
vent serious damages like ravelling [14,19]. However, the sprayed
rejuvenator can penetrate only 5 to 10 mm of a dense surface
layer and no more than 20 mm of a porous surface layer, which
means the majority depth of asphalt layer cannot be covered. Be-
sides, it is also reported that some of the fog seal treatment can
Fig. 1. The rejuvenation needed in en
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reduce the skid resistance of an asphalt pavement [20]. To enhance
the internal coating of porous asphalt an air jet is sometimes applied
to force the rejuvenator into the open-graded pavement.

iii. The rejuvenator can also be encapsulated and embedded in an
asphalt pavement (i.e. capsule healing system), thus rejuvenate
the aged bitumen when the rejuvenator is released upon damag-
ing, and finally, heal the damage. For this purpose, different
rejuvenator encapsulating techniques have been proposed, such
as calcium alginate capsules [21–24], alginate fibres [25,26],
Malamine-Formaldehyde microcapsules [27], epoxy capsules
[28], polyurethane/urea-formaldehyde microcapsules [29], etc.
Fig. 1 shows that, with target asphalt binder at different ageing
levels, the amount of rejuvenator needed for the capsule healing
system is much lower than the amount needed for the rejuvena-
tion of RAP. RAP usually requires the rejuvenated bitumen to be-
have like the virgin bitumen to mix with new materials [19].
However, the rejuvenation from the capsule healing system
works earlier and mainly focuses on accelerating the in-situ
crack healing process in asphalt pavement, therefore the rejuve-
nated bitumen does not need to meet the condition of re-mixing.

In a capsule healing system, it is important to optimize the type
and amount of the embedded rejuvenator, since insufficient rejuve-
nator release will result in inadequate healing and too much of
released rejuvenator may cause asphalt failures, such as stripping
and rutting [9,30]. The rejuvenator type plays an important role in
the encapsulation process which may affect the performance of the
capsule products.

As such, this study investigates the effects of various types and dos-
ages of rejuvenator on the physical, rheological and chemical properties
of aged bitumen, and evaluates the performance of the calcium alginate
capsules encapsulating these rejuvenators for the application in self-
healing asphalt. Fig. 2 presents themethodology used in the study of dif-
ferent rejuvenators, and the abbreviations in Fig. 2 are defined in
Table 1. First, laboratory ageing methods including the Rolling Thin-
Film Oven (RTFO) and Pressure Ageing Vessel (PAV) were employed
to prepare bitumen samples with different ageing levels namely origin
bitumen (virgin), short-term aged bitumen (after RTFO) and long-
term aged bitumen (after RTFO + PAV). Afterwards, the long-term
aged bitumen was blended with different rejuvenators, and the perfor-
mance of rejuvenated bitumen was evaluated. To examine the stability
of the rejuvenated bitumen [31], the properties of the rejuvenated bitu-
men after a re-ageing processwere investigated. In this way, the rejuve-
nation effect of three different types of rejuvenator was studied and
ranked, and the recommended type and amount of rejuvenator for the
design of a capsule healing systemwas determined.Moreover, the pros-
pects of these rejuvenators being encapsulated in calcium alginate cap-
sules and the influence of encapsulated rejuvenators on diameter,
mechanical resistance, and thermal stability of the capsules were
investigated.
capsulated rejuvenator and RAP.



Fig. 2.Methodology for rejuvenator study.

Table 1
List of abbreviations.

Abbreviations Full name

RTFO Rolling Thin-Film Oven
PAV Pressure Ageing Vessel
NP Needle Penetration
R&B Ring and Ball
DV Dynamic Viscosity
DSR Dynamic Shear Rheometer
FTIR Fourier-transform Infrared Spectroscopy
LM Light Microscopy
TGA Thermogravimetric Analysis
MC Micro-compressive

Fig. 3. Image of three different rejuvenators.
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2. Materials and methods

2.1. Bitumen and rejuvenators

The bitumen used in this study is the PEN 70/100 bitumen, which is
widely used as a binder in the porous asphalt mix across the
Netherlands. The specifications and the measured physical properties
of the virgin bitumen are shown in Table 2.

Fig. 3 shows the image of the three different rejuvenators, the reju-
venator R20 and rejuvenator B are shown as a black liquid, and the
Table 2
Physical properties of the 70/100 bitumen.

Property Unit Specification Measured Standard

Penetration at 25 °C 0.1 mm 70–100 73 EN 1426
Softening Point °C 43–51 48 EN 1427

3

reseed oil presents in a transparent light-yellow liquid. Rejuvenator
R20 and rejuvenator B used in this study were provided by Latexfalt B.
V., Koudekerk aan den Rijn, the Netherlands. The rejuvenator R20 is an
industrial rejuvenator which was designed to introduce the polar func-
tionalities in asphaltene rich domains in an aged multi-phase bitumen
system. According to specifications from the producer (Latexfalt), the
rejuvenator R20 is especially suited for high RAP asphalt mixes pro-
duced at regular asphalt production temperature (160 °C).

Rejuvenator B is a low viscous liquid rejuvenator, which contains se-
lected components for the re-compatibilization of the various phases in
oxidized mastic, also is in particular suited for aged polymer modified
asphalt and cold rejuvenation.

The rapeseed oil was purchased from De Smaakspecialist,
Ulvenhout, the Netherlands. The major component of the rapeseed oil



S. Xu, X. Liu, A. Tabaković et al. Materials and Design 202 (2021) 109564
is unsaturated fat, which includes 27.5% polyunsaturated fat and 65%
monounsaturated fat. The measured densities of rejuvenator R20, reju-
venator B and rapeseed Oil are 0.96, 0.93 and 0.90 (g/cm3) respectively.
Further in the text, the three types of rejuvenator, including rejuvenator
R20, rejuvenator B and rapeseed oil, are referred as to R, B and O.

2.2. Rejuvenator evaluations

2.2.1. Bitumen ageing and rejuvenation tests
Following the European standard EN 12607–1, the Rolling Thin-Film

Oven (RTFO) was employed to simulate the ageing of bitumen during
its production process which refers to the short-term ageing process
(STA). In the STA test, the virgin bitumen samples were kept in the cy-
lindrical glass bottles designed for RTFO, and the test was conducted
for 75 min with the oven temperature maintained at 163 °C.

Following the European standard EN 14769, the Pressure Ageing
Vessel (PAV) was employed to simulate the ageing of bitumen after 5
to 10 years in service, which refers to the long-term ageing process
(LTA). In the LTA test, the aged bitumen sample from RTFO test was
kept a thin oven pan and then heated in the PAV at 100 °C under a pres-
sure of 2.1 MPa for 20 h.

Rejuvenation of long-term aged bitumen is achieved by blending the
aged bitumenwith rejuvenator, and the rejuvenating procedure is illus-
trated in Fig. 4. To this aim, the aged bitumen sample was weighed and
contained in an aluminium plate. Then, based on the objective dosage
(1% ~ 5% by volume of bitumen where the density of the aged bitumen
is 1.04 g/cm3), the rejuvenator was carefully dropped on the bitumen
sample and wetted the surface. Finally, the rejuvenated bitumen was
prepared by blending the bitumen and rejuvenator under 140 °C for
20 min at 300 rpm.

2.2.2. Physical property tests
The physical properties of the bitumen sample were investigated

using Needle Penetration test (NP), Ring and Ball (R&B) and Dynamic
Viscosity test (DV). The NP and R&B tests were performed following
the European standard EN 1426 and EN 1427, respectively. The DV
tests were performed with a HAAKE RheoStress 1 viscometer, and the
viscosity of a bitumen sample was measured every 10 °C from 80 to
160 °C, following EN 13302.

2.2.3. Rheological property tests
Following the European standard EN 14770, the rheological re-

sponse of the bitumen samples was investigated with a frequency
sweep test using a Dynamic Shear Rheometer (DSR) MCR 502 from
Anton Paar, Graz, Austria (Fig. 5).

The frequency sweep tests were carried out at five different temper-
atures: 0, 10, 20, 30 and 40 °C, using a range of loading frequency from
(0.01 Hz to 50 Hz). The tests were performedwith 8mmparallel plates,
and the bitumen sample has a thickness of 2 mm. Based on the time-
temperature superposition principle, the master curves of complex
Fig. 4. The procedure of aged
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modulus (G ∗) and phase angle (δ) at the reference temperature
(20 °C) can be obtained, by shifting with Williams–Landel–Ferry equa-
tion (1),fittingwith Symmetrical Sigmoidal equation (2) and errormin-
imizing with equation (3).

logαT Tð Þ ¼ −C1 T−T0ð Þ
C2 þ T−T0ð Þ½ � ð1Þ

Where:
αT: is the superposition parameter;
T: is the temperature (°C);
T0: is the reference temperature (°C);
C1, C2: are empirical constants;

log G⁎�� ��
fit ¼ log G⁎�� ��

min þ
log G⁎�� ��

max– log G⁎�� ��
min

1þ eβþγ log fþ logαTð Þ ð2Þ

Where:
G ∗: is the tested complex modulus (Pa);
f: is the loading frequency (Hz);
β, γ: are the shifting parameters;
αT: is the shift factor;
|G ∗|max: s the assumed maximum complex modulus (Pa);
|G ∗|min: is the assumed minimum complex modulus (Pa);
|G ∗|fit: is the fitted complex modulus (Pa);

∑N
n¼1error ¼ ∑∞

n¼1

log G⁎�� ��
test− log G⁎�� ��

fit

log G⁎�� ��
test

 !2

ð3Þ

Where:
|G ∗|test: is the tested complex modulus (Pa);
|G ∗|fit: is the fitted complex modulus (Pa);
error: is the fitting error.

The rutting parameter (G ∗/ sin δ) and fatigue parameter (G ∗ · sin δ)
were deduced from the master curve at 10 rad/s, in which the rutting pa-
rameter reflects the irrecoverable deformation of bitumen, and the fatigue
parameter represents the loss modulus of the bitumen, therefore they
were used to evaluate the rutting resistance and fatigue resistance of the
bitumen samples. Besides, the cracking resistance of the bitumen sample
was characterized using the black space diagram. In this study, the black
space diagram was divided into different crack-sensitive zones based on
Glover-Rowe (G-R) parameters (4) and R-values (5), and the results
frommaster curveswereplottedat the frequencyof 0.005 rad/s, 15 °C [32].

GR ¼ G⁎ � cos 2δ
sin δ

ð4Þ

Where:
GR: is theG-R parameter, which is 180 kPa and 450 kPa in this study;
G ∗: is the complex modulus (kPa);
bitumen rejuvenation.



Fig. 5. The Dynamic Shear Rheometer MCR 502 and the bitumen sample sandwiched between 8 mm parallel plates.

Fig. 6. The reference areas of FTIR spectrogram.
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δ: is the phase angle (°).

R ¼
log 2ð Þ � log G

Gg

log 1− δ
90

� � ð5Þ

Where:
R: is the R-value, which is 1, 2, and 3 in this study;
G ∗: is the complex modulus (kPa);
Gg: is the glassy modulus, assumed to be 109 (Pa);
δ: is the phase angle (°).

2.2.4. Chemical property tests
Fourier-transform infrared spectroscopy (FTIR) was employed in

order to study the change in bitumen chemical composition caused by
the bitumen ageing [33]. The FTIR test was performed using the Spec-
trum 100 FT-IR spectrometer with Attenuated Total Reflectance (ATR)
fromPerkinElmer, United States, and each bitumen samplewas scanned
20 times, at thewavenumbers from600 to 4000 cm−1 with a resolution
of 2 cm−1.

After ageing, the infrared spectra of bitumen may show changes in
peak areas at 1030 cm−1 and 1700 cm−1, which is due to the accumu-
lation of oxidation products during the ageing process, namely car-
bonyls and sulfoxides [34]. For this reason, the carbonyl index (Ic), the
sulfoxide index (Is) and the combined index (Ic + Is) are usually used
to quantify the ageing level in a bitumen [35], which can be calculated
based on the reference area (∑A) with the following equations:

Ic ¼ A1700

∑A
ð6Þ

Is ¼ A1030

∑A
ð7Þ

∑A ¼ A 2953,2862ð Þ þ A1700 þ A1600 þ A1460 þ A1376 þ A1030

þA864 þ A814 þ A743 þ A724#
ð8Þ

Following the experience of Lamontagne et al. [33], Zaumanis et al.
[36] and Jing [37], the reference area (∑A) used in this study is derived
based on the bitumen characteristics and presented as the highlighted
area in Fig. 6. Each highlighted area represents the band of a specific
functional group of the bitumen, in which the carbonyl band (A1700)
is selected between 1670 cm−1 and 1722 cm−1, to exclude the charac-
teristic peak of the rejuvenator (1743 cm−1) [36]. Besides, the sulfoxide
band is selected between 995 cm−1 and 1047 cm−1.
5

2.3. Capsule evaluations

2.3.1. Rejuvenator encapsulation procedure
Fig. 7 illustrates the rejuvenator encapsulatingprocedure for calcium

alginate capsules, which includes three steps [38,39]:

i. Mixing of the alginate solution with rejuvenator and PEMA.
Two solutions, including a 6 wt% sodium alginate solution and a re-
juvenator & Poly(ethylene-alt-maleic-anhydride) (PEMA) solution
(with the ratio of 40% PEMA and 60% rejuvenator), were prepared
and mixed by the alginate/rejuvenator ration of 30/70 for 30 s at
100 rpm.

ii. Pumping and dropping into the CaCl2 solution.
The alginate and rejuvenator blendwas placed in a vacuumchamber
for 30 min to remove air bubbles. Then, the blend was pumped
through a needle and the capsule beads were dropped into the
CaCl2 solution.

iii. Capsule collecting and drying
The capsules solidified in the CaCl2 solution were collected, and the
final calcium alginate capsuleswere acquired after drying in an oven
at 30 °C for 48 h.



Fig. 7. Schematic of the rejuvenator encapsulation in calcium alginate capsules.
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2.3.2. Capsule property tests
Light Microscopy (LM), Thermogravimetric Analysis (TGA) and

Micro-compressive test (MC) were employed to evaluate the perfor-
mance of calcium alginate capsules encapsulating different rejuvena-
tors. A Leica MZ 6 light microscope device was used to observe the
morphology of calcium alginate capsules. The colour and diameter of
calcium alginate capsules were studied using this device.

A NETZSCH STA 449 F3 Jupiter TGA systemwas used to evaluate the
thermal stability of calcium alginate capsules. The analysis was con-
ducted in the environment of argon gas (Ar). A Sample Temperature
Control (STC) programme was employed: the TGA test started at 40 °C
and increased at the rate of 5 °C/min until 160 °C which simulated the
temperature for asphalt mixing and production, then hold on 160 °C
for 10 min.

Amicro strength testingmachine (Fig. 8)was used to investigate the
mechanical response of the capsules. Fig. 8(a) shows the MC test setup
where the compressive loading is applied at a displacement control of
0.01 mm/s. The tests were performed under the ambient temperature
of 20 °C and a camera was used to film the testing period with which
the capsule contact area can be acquired from the image process.

Fig. 8(b) shows the schematic of load vs displacement curve mea-
sured from theMC test, and the four data points in this curve can be re-
lated to different compressive stages of a capsule recorded by the
camera: (1) loading start, (2) elastic response region, (3) capsule
Fig. 8. The micro-compressive test on a calcium alginate capsule: (a) test setup and
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broken and (4) end of the test. The rupture strength of a capsule is de-
fined with the tensile hoop stress calculated at data point (3) with the
following equation [40]:

σ r ¼ 0:4
Pt

At
ð9Þ

Where:
σr: is the rupture strength (MPa);
Pt: is the load at time t (N);
At: is the capsule cross-sectional area, at time t (m2);

3. Results and discussions

3.1. Physical properties

3.1.1. Physical properties of the aged bitumen
For the engineering purpose, bitumen is graded based on its pene-

tration level which is described in European standard EN 12591.
Table 3 summarises the bitumen specifications for grades from 20
(0.1 mm) to 100 (0.1 mm) penetration. In general, ageing leads to a
change in bitumen physical properties, e.g., penetration, softening
point and viscosity, which results in a decreased grade level, thus the
ageing level can be evaluated by referring the bitumen grade to its orig-
inal (virgin) state.
(b) the load-displacement curve and the test images recorded from the camera.



Table 3
The bitumen grade specifications from EN 12591.

Property Unit 20/30 30/45 35/50 40/60 50/70 70/100

Penetration at 25 °C 0.1 mm 20–30 30–45 35–50 40–60 50–70 70–100
Softening Point °C 55–63 52–60 50–58 48–56 46–54 43–51
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The physical properties of the virgin bitumen and the results after
the short-term and long-term ageing process are presented in Fig. 9.
Fig. 9(a) shows that, after the short-term ageing (STA) process, the pen-
etration and softening point of the PEN 70/100 bitumen were changed
from 73 (0.1 mm) and 48 °C to 51 (0.1 mm) and 55 °C, which indicates
a change of bitumen grade to 40/60. While the penetration and soften-
ing point of the long-term aged bitumen (LTA) reached 24 and 62,
which refers to the PEN 20/30 bitumen. Fig. 9(b) shows that the viscos-
ity of the bitumen is increased after ageing, and the bitumen viscosity
after LTA is higher than that after STA.

A capsule healing system aims to improve the intrinsic healing ca-
pacity of the aged bitumen without causing premature damages, and
as such, the released rejuvenator from capsules should not over-
rejuvenating the bitumen to a grade lower than its grade after paving.
Hence, the STA bitumen grade (40/60)was set as the limit of the rejuve-
nated bitumen, which was applied in the rejuvenator dosage determi-
nation for a capsule healing system.
3.1.2. Physical properties of the rejuvenated bitumen
Fig. 10 shows the penetration, softening point and dynamic viscosity

of the long-term aged bitumen rejuvenated with R, B and O (refers to
LA_R, LA_B and LA_O), with dosages from 1% to 5% (by volume of bitu-
men). It is found that rejuvenation of an aged bitumen leads to an in-
crease in penetration (Fig. 10(a)) and a decrease in softening point
(Fig. 10(b)), and this change becomes more significant when a higher
dosage of rejuvenator is applied. Among the three types of rejuvenator,
O shows the greatest changes in both penetration and softening point,
which indicates the highest rejuvenation efficiency, then followed by
B and R. Fig. 10(c) presents the dynamic viscosity test result which
shows that, when LTA is rejuvenated with 5% of R, B and O (refers to
LA_R5, LA_B5 and LA_O5), the dynamic viscosity decreases from
LA_R5, LA_B5 to LA_O5 which agrees with the findings from NP and
R&B.
Fig. 9. Physical properties of the 70/100 bitumen at different ageing lev
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Based on the NP and R&B results, the optimum amount of R, B and O
can be determined for the application in capsule healing system. The
dash-lines in Fig. 10(a) and (b) indicate the values for PEN 40/60 bitu-
men which refers to the objective grade for the rejuvenated bitumen.
When the penetration values reach 40 (0.1 mm), the optimum amount
of R, B and O are determined following the trend of penetration values
with rejuvenator dosages, which are 3.9%, 2.7% and 2.2%, respectively.
However, the softening point of the aged bitumen blended with 3.9%
R is beyond the upper limit of PEN 40/60. Although it does not fulfil
the requirement of PEN 40/60, it is more stable with better resistance
to the temperature changes.
3.2. Rheological properties

3.2.1. Complex modulus and phase angle
Fig. 11 shows the master curves of complex modulus and phase

angle of the 70/100 bitumen at different ageing levels. Compared to
the virgin 70/100 bitumen, STA showed higher complex modulus and
lower phase angle, while the LTA showed more significant changes in
complex modulus and phase angle.

Fig. 12 shows the master curves of the bitumen samples, namely
LA_R3, LA_B3 and LA_O3 (with 3% R, B and O, respectively), and their
status after re-ageing, namely RA_R3, RA_B3 and RA_O3. The complex
modulus and phase angle of LTA is also plotted as a reference. The com-
plexmodulus of LA_R3 ismuch higher than LA_O3, which indicates that
the complex modulus of the aged bitumen can be reduced more signif-
icantly when blended with O than R. The complex modulus master
curve of LA_B3 generally locates between the curves of LA_R3 and
LA_O3, which overlaps with LA_R3 in the low-frequency region and
LA_O3 in high-frequency region, therefore B has an intermediate com-
plex modulus reducing effect, which also indicates that LA_B3 has the
best low temperature and high temperature performance. The phase
angle of the rejuvenated bitumen samples decreases from LA_R3,
LA_B3 to LA_O3, which indicates that the rejuvenator's ability to restore
the phase angle decreases from R, B and O.

The rejuvenated bitumen becomes brittle after the re-ageing pro-
cess, which can be observed in Fig. 12 where the complex modulus
grows higher and the phase angle becomes lower. The LTA samples re-
juvenated with B and O all showed significant changes in both complex
modulus and phase angle, and their changing amplitude ismuchgreater
than those rejuvenatedwith R. Hence, aged bitumen rejuvenatedwith R
els: (a) Penetration and softening point and (b) dynamic viscosity.



Fig. 10. The physical properties of the rejuvenated bitumen: (a) penetration, (b) softening point and (c) dynamic viscosity.
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will demonstrate a more stable behaviour in time and the material is
less prone to ageing than the other re-aged rejuvenated samples.
3.2.2. Rutting and fatigue resistance
Fig. 13 shows the rutting parameter and fatigue parameter of the re-

juvenated bitumen samples at 20 °C and their status after re-ageing, and
the results of STA are plotted with dash-lines as references. As shown in
Fig. 13(a), for the rejuvenated bitumen, the bitumen sample blended
with 3% R showed a higher rutting parameter thus a better rutting resis-
tance which might be due to LA_R3 had the highest complex modulus
(see Fig. 12). After re-ageing, all these rejuvenated bitumen samples
showed improved rutting resistances, and RA_O3 became even higher
than RA_R3 as a result of significantly increased modulus for O rejuve-
nated bitumen.

Fig. 13(b) shows that the fatigue parameter for LA_R3 ismuchhigher
than LA_B3 and LA_O3,which indicates a lower fatigue resistance. How-
ever, the difference of fatigue parameters for three different bitumen
8

samples becomes much lower after re-ageing, which indicates the fa-
tigue resistance of the R rejuvenated bitumen decreases much slower
in the ageing process. Besides, the fatigue parameters for all the bitumen
samples are below 5MPa which satisfies the limit of PAV aged bitumen
determined in SHRP.
3.2.3. Black space diagram
In the black space diagram, a range of G-R values between 180 kPa

and 450 kPa can beused to predict the onset and propagation of damage
which refers to the damage zone, and the area below is regarded as no
block cracking zone [32,41]. R-values can further divide the black
space diagram into different crack-sensitive regions where a higher R-
value indicates the greater cracking potential [32].

Fig. 14 shows the black space diagramof the bitumen samples based
on the cracking prediction with G-R parameters and R-values. In gen-
eral, ageing made the bitumen brittle, which results in a change in
black space diagram that drives the data of a bitumen sample moves



Fig. 11.Master curves of the 70/100 bitumen at different ageing levels.

Fig. 12.Master curves of the rejuvenated bitumen samples and their status after re-ageing.

Fig. 13. The rutting parameter and fatigue parameter f

Fig. 14. The black space diagram at 15 °C and 0.005 rad/s divided with R-values.
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to the upper left, therefore a higher cracking potential, and this can be
found in the development from ORI to LTA. All the tested bitumen
samples are located below the damage zone within the region between
R = 1 and R = 3, which indicates no significant block cracking is
expected for these bitumen samples. However, LA_R3 is in the region
between R = 1 and R = 2, as such less cracking potential than LA_B3
and LA_O3. Furthermore, the bitumen samples blended with B and O
showed more significant changes after re-ageing than samples blended
with R. Hence, R can better improve the cracking resistance of the aged
bitumen, especially after another long-term ageing process.

3.3. Chemical properties

3.3.1. Chemical composition of the aged bitumen and different rejuvenators
Fig. 15 shows the FTIR spectrogram and the ageing indices of 70/100

bitumen at different ageing levels. Fig. 15(a) shows that increased peak
area at 1030 cm−1 and 1700 cm−1 are found on STA compared to ORI,
which indicates an increased number of carbonyl groups and sulfoxide
or the rejuvenated bitumen and re-aged bitumen.



Fig. 15. The FTIR results of the 70/100 bitumen at different ageing levels.

Fig. 16. The FTIR spectrogram of the three different types of rejuvenator.
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groups as a result of oxidation, and the changes becomemore significant
for LTA. Fig. 15(b) presents the ageing indices of ORI, STA and LTA.

Fig. 16 shows the chemical composition of three different types of
rejuvenator characterized using FTIR. A significant absorbance peak at
1743 cm−1 is found in the spectra for all three types of rejuvenator
which is regarded as the characteristic peak for rejuvenator. In the spec-
trum of rapeseed oil, the absorbance bands at 1660 cm−1 and
3010 cm−1 are due to the alkenyl C=C stretch and the relative C–H
stretch from the rich unsaturated fat content [9,11]. Rejuvenator B
shows a similar spectrum to rapeseed oil, and the presence of unsatu-
rated groups can also be detected with the absorbance bands at
1660 cm−1 and 3010 cm−1. The rejuvenator R20 shows absorbance
bands at 1600 cm−1 which might be due to the aromatic C=C bending
vibrations from the polar functionalities. Besides, these results also indi-
cate that the chemical composition of rejuvenator R20 is very different
from rejuvenator B and Oil.
3.3.2. Chemical composition of the rejuvenated bitumen
The FTIR spectrogram and the combined index of the rejuvenated

and the re-aged bitumen samples are shown in Fig. 17. Fig. 17
10
(a) shows the FTIR spectrogram of bitumen samples rejuvenated with
R, B and O 3% and their status after re-ageing. Incorporating a rejuvena-
tor in LTA results in a growth of the absorbance bands at 1743 cm−1,
which is the evidence for the presence of R, B or O. Fig. 17(a) shows
that LA_R3 and LA_B3 have no significant change nor development of
new absorbance bands after re-ageing. However, the rejuvenator char-
acteristic peak of LA_O3 is largely decreased after re-ageing which
might be due to the emissions contained C=O (e.g., aldehydes, ketones)
formed from the rapeseed oil degradation [42], thus a less fat content
and weaker absorption at the characteristic peak of O (1743 cm−1).
Fig. 17(b) shows the combined healing index of the rejuvenated and
the re-aged bitumen which indicates that, although LA_R3 shows the
highest ageing index, it becomes the lowest after re-ageing, thus a
more stable behaviour than LA_B3 and LA_O3.

3.4. Characterization of capsules with different rejuvenators

3.4.1. Optical microscopy
Following the rejuvenator encapsulation procedure described in

2.2.1, the calcium alginate capsules encapsulating different rejuvenators
were prepared. Fig. 18 presents the optical microscopic images of the
calcium alginate capsules. These capsules are presented in different col-
ours which are determined by the encapsulated rejuvenator. The cap-
sule encapsulating R (Cap_R) has the largest diameter of 1.95 mm,
while the diameters for capsule encapsulating B (Cap_B) and O
(Cap_O) are 1.44 mm and 1.38 mm, respectively. The difference in cap-
sule diameter might be because of the different densities of these reju-
venators which resulted in different morphologies of the capsule
beads formed during the dropping process of capsule preparation pro-
cedure (step ii).

3.4.2. Thermal stability
Fig. 19 shows the TGA results of calcium alginate capsules encapsu-

lating different rejuvenators. Following the STC programme, all three
types of capsules showed a stable behaviour below 100 °C and the
mass loss was within 2%. Afterwards, the mass loss of these capsules
grew with the temperature increasing with might be due to the weight
loss from calcium alginate [39], and Cap_R showed optimal thermal sta-
bility which had the lowest mass loss, while the highest mass loss was
found in Cap_O. The general trend of the thermal stability of these cap-
sules characterized by the TGA tests agrees with the rejuvenator stabil-
ity evaluated from the re-aged rejuvenator-bitumen blends, which



Fig. 17. The FTIR results of the rejuvenated and the re-aged bitumen samples: (a) the spectrogram of the rejuvenated and the re-aged bitumen samples, and (b) their combined index.
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means the stability of the encapsulated rejuvenator might affect the
thermal stability of the capsule. It is also noticed that due to the en-
capsulated rejuvenators, the capsules show different diameters as
such various relative surface area, which means the Cap_O that has
the largest relative surface area is easier to dehydrate during the
heating process.
Fig. 19. The TGA results of calcium alginate capsules encapsulating different rejuvenators.
3.4.3. Mechanical response
Fig. 20 shows the rupture strength of calcium alginate capsules en-

capsulating different rejuvenators. The average rupture strength of
Cap_R, Cap_B and Cap_O is 2.9, 10.3 and 10.5 MPa, respectively, and
all these values are much higher than the pressure from vehicle load-
ings [43] which indicates that, if these capsules survive the asphalt
mixing and production process, they are able to show elastic behav-
iour upon the dynamic vehicle loadings until the capsules get dam-
aged from the accumulation of fatigue damage or from crack
penetrating. The compressive test results also indicate that the me-
chanical response of the calcium alginate capsules is largely deter-
mined by the encapsulated rejuvenator. It is also noticed that
smaller capsules showed a higher rupture strength, which might be
related to the size effect.
Fig. 18. The optical microscopic images of the calcium alginate capsules: (a) capsule encapsulating R, (b) capsule encapsulating B and (c) capsule encapsulating O.
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Fig. 20. The rupture strength of calcium alginate capsules encapsulating different
rejuvenators.
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4. Conclusions

The main objective of this study is to clarify the important role of bi-
tumen rejuvenator for the embedded damage healing in asphalt pave-
ment. To this aim, three different bitumen rejuvenators were
evaluated based on the performance of the rejuvenated bitumen and
the prospect for being encapsulated in the calcium alginate capsules.
The following conclusions can be drawn:

• All three types of tested rejuvenator, namely rejuvenator R20, rejuve-
nator B and rapeseed Oil (R, B and O) are able to restore the physical
properties of the aged bitumen, namely improve the penetration
and reduce the softeningpoint and viscosity. However, their efficiency
to restore the bitumen physical properties decreases from O, B to R. A
similar trend is also found in complexmodulus. Based on the penetra-
tion values, the recommended dosages for R, B and O are obtained,
which are 3.9%, 2.7% and 2.2%, respectively.

• The three types of rejuvenator show different capacity to restore the
phase angle of the LTA which decreases from R, B to O. Besides,
based on the results from rutting parameter and black space diagram,
the rutting and cracking resistance of different types of rejuvenator
decreases from R, B to O. Although LA_R shows lower fatigue resis-
tance, its fatigue resistance is more stable during the ageing process
than LA_B and LA_O.

• The DSR and FTIR results on re-aged bitumen indicate that the bitu-
men samples rejuvenated with R showed less changes in both rheo-
logical properties and chemical properties than those with B and O,
thus a more stable behaviour in the long-term service.

• The encapsulated rejuvenator largely determines the performance of
the calcium alginate capsules. Among the three types of calcium algi-
nate capsules, Cap_R has the largest diameter, highest thermal stabil-
ity and lowest rupture strength, Cap_O has the smallest diameter,
lowest thermal stability and highest rupture strength and the perfor-
mance of Cap_B are between Cap_R and Cap_O.

Based on thesefindings, O is determined as themost efficient rejuve-
nator which can soften the aged bitumen to a required level with the
least amount of rejuvenator. R is determined as the best performing re-
juvenator since its rejuvenated bitumen showed the best rutting and
cracking resistance, and the restored properties are more stable in the
next ageing period. Compared with O and R, B showed an intermediate
12
rejuvenation efficiency and a relatively better performance under low
temperature and high temperature. Nevertheless, the life extension
prospect of an asphalt pavement with capsule healing system is largely
determined by the durability of the rejuvenated asphalt binder. As such,
based on the evaluations of the rejuvenated bitumen, R is determined as
themost suitable type of rejuvenator for the capsule healing system and
the recommended amount is 3.9% (by volume of bitumen).

5. Recommendations

The type of rejuvenator which determines the capsule performance
is recommended to be considered in the optimization of an encapsula-
tion technique. In general, capsules with a smaller diameter may have
better distribution in asphalt mix, while a higher capsule thermal and
mechanical resistance may contribute to a better chance to survive the
asphalt mixing and production process. However, if capsules are too
strong, they may have problem in rejuvenator releasing when healing
is needed, as such the encapsulated rejuvenator (capsule) needs to be
further evaluated in an asphalt mix.

It is also noticed that the optimal rejuvenator type and amount are
proposed based on the condition that rejuvenator and aged bitumen
are evenlymixed. However, in the capsule healing system, the encapsu-
lated rejuvenator is gradually released, then the released rejuvenator
needs to diffuse slowly into the aged bitumen, and the rejuvenator re-
leasing and diffusion process will become the research interest in the
future.
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