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Abstract  The growing need to enhance our road 
infrastructure has driven the development of several 
innovative techniques in recent years. Among these 
advancements, encapsulated rejuvenator solutions 
for extrinsic self-healing asphalt have emerged as a 
significant topic of interest. This paper evaluates the 
effect of optimised capsules containing vegetal oil 
as a biorejuvenator on the physical, mechanical, and 
self-healing properties of dense asphalt mixtures. In 
this study, previously optimised polynuclear alginate-
based capsules were synthesised using vibrating 

jet technology with 5% wt. calcium chloride and a 
biopolymer-to oil mass ratio 1:7. Optimised capsules 
were incorporated into the asphalt mixture at concen-
trations of 0.125% wt., 0.25% wt., and 0.5% wt. Their 
spatial distribution within the asphalt mixtures was 
evaluated using an alternative method to CT scans, 
which utilised machine learning-based image analy-
sis of the core asphalt samples. The main findings of 
this research are as follows: (1) a uniform distribution 
of capsules was achieved throughout the asphalt mix-
ture, although clustering was observed at higher con-
centrations. (2) The capsules successfully survived 
the asphalt manufacturing process, and mechanical 
tests highlighted the adhesive properties of the algi-
nate encapsulation material. (3) Asphalt samples with 
0.125% wt. capsules exhibited mechanical perfor-
mance comparable to samples without capsules; how-
ever, this content did not significantly enhance their 
self-healing properties. In contrast, self-healing capa-
bilities were significantly enhanced with a capsule 
content greater than or equal to 0.25% wt.; however, 
this enhancement slightly affected some physical–
mechanical properties of the dense asphalt mixture.
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1  Introduction

Asphalt mixture is the predominant material used 
for road pavement construction worldwide. Approxi-
mately 95% of the total weight of the asphalt mixture 
is associated with the aggregate, which provides the 
structural support, whilst the remaining 5% wt. is the 
bitumen, which is the binding material [1, 2]. Despite 
the low bitumen proportion in the asphalt mixtures, 
the continuous exposure of bitumen to variable tem-
peratures and oxygen induces thermo-oxidative age-
ing, leading to the formation of microcracks [3–5]. 
From the chemical viewpoint, the thermo-oxidative 
ageing is explained by the volatilisation of the lighter 
components of the maltenic fraction in the asphalt 
bitumen (i.e. saturates and aromatics) which are 
responsible for dispersing the asphaltenes and pro-
viding the bitumen with fluidity. Hence, a reduction 
of the maltenes will promote the aggregation of the 
heavier compounds in the bitumen (i.e. resins and 
asphaltenes) forming clusters [6, 7]. Consequently, 
the viscosity of the bitumen decreases, causing it to 
become stiffer and more brittle. This increase in brit-
tleness makes the asphalt mixture more susceptible to 
cracking, thereby reducing the service life of asphalt 
roads [8–10]. Given this concern, several research ini-
tiatives have been pursued to advance the early-stage 
self-healing of cracked asphalt pavements [11–14]. 
Among them, the autonomous approach by the action 
of encapsulated rejuvenating agents incorporated into 
the asphalt mixtures has gained great interest [15, 16].

Encapsulated asphalt rejuvenators consist of cap-
sules with spherical morphology containing a reju-
venator liquid, usually a low-viscosity oil with a 
high maltene content [17, 18]. Such systems have 
the capacity to induce a restoration of the asphaltene/
maltene ratio and recover the viscoelastic behaviour 
of the aged asphalt bitumen [19]. The capsules are 
incorporated during the preparation of the asphalt 
mixture, with the capsule design being such that they 
remain thermally and mechanically stable during the 
field mixing and compaction process. Thereafter, 
during the service life of the asphalt pavement struc-
ture, the crack propagation and traffic loads promote 
the activation of the capsules by rupture or deforma-
tion, depending on the capsule type (i.e. polynuclear 
or core–shell). During activation, the rejuvenator is 
released, diffusing within the cracked bitumen with 
a softening effect that decreases its viscosity, so that 

the bitumen can flow and seal the microcrack autono-
mously [20, 21].

Over the past decade, extensive research has 
focused on synthesising capsules with a polynuclear 
morphology. These capsules are based on a biopoly-
meric matrix of alginate and contain sunflower oil as 
a vegetal agent for rejuvenating asphalt. [22–28]. In 
these polynuclear capsules, sunflower oil is distrib-
uted within multiple internal cavities provided by 
the biopolymeric alginate matrix. This design ena-
bles progressive release, facilitating multiple heal-
ing events throughout the service life of the asphalt 
pavement [29, 30]. Because of its excellent thermal 
and mechanical stability during the mixing and com-
paction stages of asphalt manufacturing, alginate 
has been proposed as a viable alternative to formal-
dehyde-based synthetic polymers, which are often 
linked to adverse environmental impacts [31]. Mean-
while, virgin cooking oil (VCO), such as sunflower 
oil, has been suggested as a vegetal-derived rejuvena-
tor that softens and restores the maltenic fraction of 
aged bitumen, thereby enhancing its rheological prop-
erties [32, 33].

Asphalt mixtures must provide a reliable mechani-
cal performance under a broad range of environmen-
tal and load conditions. Therefore, any attempts to 
enhance the self-healing ability of asphalt mixtures 
using polynuclear alginate-VCO capsules must not 
compromise the asphalt mixture’s mechanical stabil-
ity. An initial study conducted by Al-Mansoori et  al. 
[34] revealed that adding alginate capsules in amounts 
ranging from 0.25% wt. to 1.0% wt. of a dense asphalt 
mixture resulted in comparable water susceptibil-
ity, particle loss, and permanent deformation com-
pared to the asphalt mixture without capsules. Later, 
Norambuena-Contreras et  al. [35] found that adding 
alginate-VCO capsules at a concentration of 0.5% by 
weight to dense asphalt mixtures did not significantly 
affect the stiffness modulus of the mixtures. This sug-
gests that the capsules can be added at the end of the 
mixing process to achieve high levels of self-healing 
capability. Zhang et  al. [36] found that incorporating 
0.5% of alginate-VCO capsules per total mass of dense 
asphalt mixture resulted in the recovery of up to 180% 
of the fracture energy under fatigue loading. Recently 
Ruiz-Riancho et al. [37] concluded that the addition of 
the alginate-VCO capsules in porous asphalt mixtures 
delays reflective cracking and increases the rutting with 
the oil released without influencing the skid resistance. 
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Garcia-Hernández et al. [38] evaluated the self-healing 
properties of Stone Mastic Asphalt (SMA), porous and 
dense asphalt mixtures incorporating 0.5% of capsules 
per total mass of asphalt mixture. This study revealed 
that self-healing is more effective in porous asphalt 
mixtures due to the gradual release of encapsulated 
oil. In contrast, in dense asphalt mixtures, the encapsu-
lated oil is released only when cracks appear. Traseira-
Piñeiro et  al. [39] proved that alginate-VCO capsules 
for asphalt self-healing purposes could also resist the 
mixing process at an industrial-scale asphalt plant, 
reducing particle loss by up to 25% in porous asphalt 
mixtures.

Most recently, Concha et al. [40] developed the first 
study to establish a dosage curve for alginate-VCO cap-
sules aimed at restoring the physical and rheological 
properties of long-term aged bitumen to a state compa-
rable to short-term ageing. The dosage curve was deter-
mined based on the design parameters of the capsules, 
such as the biopolymer to oil (B:O) mass ratio and the 
oil payload. For this purpose, the study concluded that 
an optimal capsule design would be based on a B:O 
mass ratio of 1:7 incorporated in a content of 0.25% 
wt. of asphalt mixture. However, the impact of this 
optimised capsule design and dosage on the mechani-
cal and self-healing performance of asphalt mixtures 
under various loading and environmental conditions 
has not been thoroughly investigated. For these rea-
sons, the main objective and novelty of this research 
is to assess how incorporating an optimised design 
of alginate-based capsules containing virgin cooking 
oil as an asphalt bio-rejuvenator affects the physical, 
mechanical and self-healing properties of dense asphalt 
mixtures. To do that, standard laboratory procedures 
were employed to measure the physical and mechani-
cal properties of the asphalt mixtures, whilst a novel 
experimental mechanical test approach was developed 
to quantify their self-healing capabilities. Additionally, 
the spatial distribution of the capsules in varying doses 
within the asphalt mixture cores was evaluated using 
machine learning-based image analysis.

2 � Materials and methods

2.1 � Materials

Dense asphalt mixtures containing optimised algi-
nate-VCO capsules were prepared in this study. The 

aggregates used were classified into three fractions; 
coarse (size: 12.5–5  mm), fine (size: 5–0.08  mm), 
and filler (size < 0.08 mm); see aggregates gradation 
in Table 1. According to Chilean specifications [41], 
a CA-24 type bitumen was used in this study (pen-
etration of 58 dmm, softening point of 51.4 °C). This 
bitumen can be classified with a PG 64-22. Addition-
ally, an optimised alginate-based polynuclear capsule 
design was used in this study, see Fig. 1a. The encap-
sulating matrix of the polynuclear capsules consisted 
of low-viscosity sodium alginate powder (Mannu-
ronic/Guluronic ratio of 0.77, density 1.02 g/cm3 and 
viscosity of 175 mPa∙s in a 2% wt. solution @20 °C), 
provided by Gelymar company (Santiago, Chile) and 
calcium-chloride dihydrate (CaCl2·2H2O) at 77% 
purity, provided by Winkler (Concepción, Chile). 
Also, virgin cooking oil (VCO) from a commercially 
available sunflower oil (density 0.85 g/cm3, viscosity 
70  mPa∙s @20  °C, pH 5.3–5.5) was selected as the 
asphalt rejuvenator to be encapsulated.

2.2 � Synthesis and properties of optimised alginate 
polynuclear capsules

Based on the previous study carried out by the 
authors [42], optimised alginate-based capsules were 
synthesised based on the ionic gelation principle of 
alginate and Ca2+ ions from the CaCl2∙2H2O. The 
method consisted of the following two steps:

(1)	 Emulsion preparation: a 2% wt. sodium alginate 
solution was prepared by using a magnetic stir-
rer (Scilogex, Model SCI550-S, Rocky Hill, CO, 
USA) at 250  rpm for 24  h. Then, the alginate 
solution was mechanically agitated (Scilogex, 

Table 1   Particle size distribution of the dense asphalt mixture

Sieve size Particle size (mm) % passing

3/4" 20 100
1/2" 12.5 89
3/8" 10 80
N°4 5 66
N°8 2.5 44
N°30 0.63 22
N°50 0.315 16
N°100 0.16 12
N°200 0.08 9
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Model OS40-Pro-LB Pro, Rocky Hill, CO, USA) 
at 1200 rpm for 40 min, incorporating during this 
period the VCO at a biopolymer:oil mass (B:O) 
ratio of 1:7.

(2)	 Encapsulation process: The capsules were pro-
duced by the vibrating jet technique recently 
proposed by the authors to obtain more spheri-
cal capsules [43]. For this, an encapsulator Buchi 
B-390 (Flawil, Switzerland) was used and con-
figured with 450–550 mbar of air pressure and a 
nozzle of 750 µm coupled to a vibrating unit set-
tled to 350 Hz. The resulting laminar flow emul-
sion from the nozzle was broken up by vibration, 
separated into droplets, and collected in a 5% wt. 
CaCl2 solution agitated at 250 rpm using a mag-
netic stirrer. To prevent the droplets from hitting 
each other, an electrostatic charge of 1500 V was 
applied on the surface of the emulsion droplets. 
The freshly prepared capsules were filtered from 
the hardening solution and rinsed with 250 mL of 
deionised water, then dried in an oven at 30  °C 

for 24 h. The capsules were stored in a freezer at 
-5 ºC, preventing the VCO from oxidation. See 
optimised alginate capsules in Fig. 1a.

Finally, to evaluate the pure effect of the alginate 
on the mechanical properties of the asphalt mixtures, 
empty capsules (i.e., B:O ratio 1:0, without VCO) 
were synthesised following the previous procedure. 
Table 2 shows the physical, thermal, and mechanical 
properties of each capsule design.

2.3 � Manufacturing of dense asphalt mixture adding 
optimised capsule design

In this study, dense asphalt mixtures with and without 
optimised alginate-VCO capsules were manufactured 
in three different geometries: (i) Marshall specimens 
to measure the properties of stiffness modulus, resist-
ance to cracking at low temperatures, and susceptibil-
ity to water damage; (ii) Cylindrical specimens with 
150  mm diameter to evaluate the susceptibility to 

Fig. 1   a Representative image of a synthesised optimised alginate-VCO capsules, and b Test samples with empty and filled alginate-
VCO capsules. Semi-circular test samples were extracted from Marshall specimens to evaluate the self-healing properties

Table 2   Properties of the 
capsules with and without 
VCO used in this study

Property Unit Empty capsules
B:O ratio 1:0

Capsules with VCO
B:O ratio 1:7

Mean ± Std.Dev Mean ± Std.Dev

Size mm 0.95 ± 0.017 1.572 ± 0.147
Sphericity factor – 0.052 ± 0.002 0.047 ± 0.004
Encapsulation efficiency % – 94.89 ± 1.187
Encapsulated VCO/g capsule g – 0.558 ± 0.021
Mass loss @160 ºC via TGA​ % 3.9 3.5
Compressive strength @20 ºC MPa 8.72 ± 0.27 4.46 ± 1.06
Compressive strength @160 ºC MPa 3.21 ± 0.14 0.09
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permanent deformations via wheel tracking test, and 
(iii) Slab samples to evaluate the fatigue resistance. 
In addition, semi-circular test samples were extracted 
from Marshall specimens to evaluate their self-heal-
ing properties. See test samples in Fig. 1b.The man-
ufacturing of each mixture consisted of 4 steps, as 
follows:

(1)	 Heating: The aggregates and the respective 
moulds were heated at 154  °C ± 5  °C for 24  h, 
while the bitumen was heated at 154  °C ± 5  °C 
for 2 h before the mixing process.

(2)	 Mixing: The asphalt mixture was prepared in 
two batches in metallic bowls compatible with 
a mixing machine. In the first batch, to be used 
for the preparation of the Marshall and semicir-
cular samples, the aggregates and bitumen were 
mixed for a total duration of 1.5 min. In the sec-
ond batch, to be used for the preparation of slab 
samples, the aggregates and bitumen were mixed 
for a total of 45 s, until the aggregates were cov-
ered entirely by the binder material. For the addi-
tion of the optimised VCO capsules in the Mar-
shall and cylindrical test asphalt samples, VCO 
capsules were added in contents of 0.0%wt., 
0.125%wt., 0.25%wt. and 0.5% wt. of total mass 
of dense asphalt mixture during the last 15  s of 
the mixing process. For the slab asphalt samples, 
a VCO capsule content of 0.125% wt. was added 
during the 45 s mixing procedure.

(3)	 Compaction: The asphalt mixtures were poured 
into the respective preheated moulds. For the 
Marshall samples, 25 blows on each side of the 
specimen were applied to test their susceptibility 
to water damage, whilst 75 blows on each side of 
the specimen were applied to test their stiffness 
modulus and resistance to cracking at low tem-
peratures, according to BS-EN 12697–30 [44]. 
This resulted in test specimens with dimensions 
of 100  mm diameter and 60  mm height. The 
cylindrical samples were compacted using a gyra-
tory compactor to reach a void content of 7 ± 1%, 
resulting in test asphalt samples with dimensions 
of 150 mm diameter and 60 mm height. The slabs 
samples manufactured were compacted using a 
standard asphalt slab roller compactor control-
ling the compaction energy according to BS-EN 
12697–33 [45], resulting in asphalt slabs with 
dimensions of 50 × 300x400 mm.

(4)	 Conditioning: Marshall and cylindrical test speci-
mens were conditioned at ambient temperature 
to be later removed from the mould. A selection 
of Marshall samples, designed to assess their 
resistance to cracking at low temperatures, were 
sectioned into four semi-circular specimens, 
each measuring 100 mm in diameter, 50 mm in 
height, and 40  mm in width. These specimens 
were used to assess the self-healing properties of 
the asphalt mixtures, both with and without cap-
sules. The asphalt slabs were removed from the 
mould 20  min after completion of the compac-
tion process. The slabs were then sawn into beam 
test samples with dimensions 50 × 50x380 mm, 
according to BS-EN 12697–24 [46].

A total of 65 Marshall specimens, 20 cylindri-
cal specimens and 36 beams were manufactured, see 
Figure  1b. The asphalt test samples with capsules 
added at 0.0%, 0.125%, 0.25%, 0.5%, and 1.0% by 
total weight of the asphalt mixture were labelled as 
AM-0.0, AM-0.125, AM-0.25, and AM-0.5, respec-
tively. The asphalt mixture with empty capsules was 
identified as AM-0.25e. Finally, the physical prop-
erties of bulk density and the air void content of 
each type of asphalt mixture were determined under 
the standards ASTM D-2726-00 [47] and ASTM 
D-3203-05 [48].

2.4 � Spatial capsule distribution in asphalt mixtures

The spatial distribution of capsules within the 
AM-0.125, AM-0.25, and AM-0.5 core test samples 
extracted from Marshall specimens was analysed 
using a post-processing image segmentation approach 
on cross-sections of asphalt mixtures. This machine 
learning-based image analysis method was proposed 
as an alternative to computed tomography (CT) anal-
ysis. This analysis involved the following four steps:

(1)	 Test sample preparation: For each Mashall speci-
men per % capsule content, a cylindrical geom-
etry measuring 55 mm in diameter and 60 mm in 
height was extracted from the geometric centre of 
the specimen. Then, to serve as a positional ref-
erence, a "V" mark was drawn along the height 
of each of the extracted cylinders, as shown in 
Fig. 2a.
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(2)	 Slice cutting: The extracted cylinders were cut 
into two external discs measuring 15  mm in 
height and 55  mm in diameter, along with four 
central discs measuring 5  mm in height and 
55 mm in diameter, see Fig. 2b. The central discs 
were selected for further analysis, considering 
a 2  mm loss due to sawing. Each of the central 
discs was labelled with numbers indicating its 
position and a letter distinguishing the upper face 
"A" and the bottom face "B". For instance, the 
upper face of the first disc coming from a sample 
AM-0.5 was labelled as AM-0.5-1A.

(3)	 Capsule identification: VCO capsules on each 
face of the discs were identified and marked for 
easy spatial location, see Fig.  2c. Then, several 
high-resolution photographs were taken of both 
faces of the resulting discs.

(4)	 Post-processing images: The images were post-
processed in ImageJ® software (Fiji distribu-
tion, version 1.54b, National Institutes of Health, 
Bethesda, MD, USA). The Trainable Weka Seg-
mentation tool, driven by machine learning, 
classified the disc components (i.e., aggregates, 
voids, and capsules). Therefore, Cartesian coor-
dinates (x, y, z) were employed to denote the 
spatial position of VCO capsules relative to a 
shared reference point outside the discs. Here, x 
and y denote horizontal and vertical coordinates, 
respectively, while z indicates height, determined 

by the position and thickness of each disc. The 
3D spatial distribution for VCO capsules and dis-
tance from the geometrical centre of the cylinder 
(Dc) were reconstructed using OriginPro 2022 
software, v9.95-2022b (OriginLab, Northampton, 
MA, USA).

2.5 � Mechanical characterisation of dense asphalt 
mixtures

The stiffness modulus ( SM ) of the asphalt mixtures was 
measured using the indirect tensile strength (ITS; see 
Fig. 3) test according to the standard BS-EN 12697–26 
(annex C) [49]. This involved applying sinusoidal load 
pulses and rest periods to induce controlled horizontal 
in three Marshall specimens for each design type. The 
test was conducted at 20ºC applied ten vertical load 
cycles to two orthogonal diameters using an Asphalt 
Mix Performance Tester (GCTS, model ATM 100, 
Tempe, AZ, USA). SM , in MPa, was determined using 
Eq. (1):

where F is the maximum vertical load applied in N; 
v is the Poisson ratio (0.35); z is the horizontal strain 
amplitude in mm; and h is the average thickness of 

(1)SM(MPa) =
F × (v + 0.27)

(z × h)

Fig. 2   Representation of the extracted cylinder from a Marshall sample and its slice-cutting process for analysis of the spatial distri-
bution of VCO capsules. Capsules highlighted in magenta
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the specimen in mm. A representative SM value for 
each mixture design was determined from the average 
of 6 measurements.

In addition, the resistance to low-temperature 
cracking was evaluated using the Fenix test, accord-
ing to the method applied by Valdes-Vidal et  al. 
[50]. To accomplish this, four semicircular samples 
of each type of asphalt mixture were conditioned at 
0 °C for 4 h. These test samples, fixed between steel 
plates, underwent testing on an Asphalt Mix Per-
formance Tester (GCTS, model ATM 100, Tempe, 
AZ, USA), applying a vertical load at a rate of 
1  mm/min, see [50]. Force and displacement were 
recorded until a force value of 0.1  kN after the 
maximum force ( Fmax ), determining the following 
mechanical parameters:

•	 Maximum tensile force ( Fmax ): Maximum force 
resisted by the samples under tensile load, in kN.

•	 Tensile Stiffness Index ( TSI ): Indicator of the 
asphalt mixtures’ stiffness, determined as:

Where Fmax is the maximum load, in kN; Δm is 
the displacement before maximum load at 1/2 Fmax , 
in mm; and Δc is the displacement before maximum 
load at 1/4 Fmax , in mm.

(2)TSI(kN∕mm) =
1∕2 × Fmax − 1∕4 × Fmax

(Δm − Δc)

•	 Dissipated energy per unit area ( GD ): The mix-
tures’ internal cohesive force, determined as:

where F is the load in, kN; x is the displacement, 
in mm; ΔR is the fracture displacement at F = 0.1 
kN post-peak load, in mm; and Alig is the fracture 
area, in m2.

•	 Toughness index ( TI ): It represents the ability of 
the mixture components to hold together once the 
failure has started, calculated as:

where ΔFmax is the displacement at Fmax , in mm; 
and  Δmdp is the displacement after maximum load 
at 1/2 Fmax , in mm. Finally, the representative 
value of each parameter was calculated from the 
average of 4 measurements (Fig. 3).

The susceptibility to water damage was evaluated 
by Indirect Tensile Strength ( ITS ) tests according to 
the standard BS-EN 12697-23 [51], determining the 
Indirect Tensile Strength Ratio ( ITSR ), according to 
the BS-EN 12697-12 [52] under dry and wet condi-
tions. For this, three Marshall specimens were used 

(3)GD(J∕mm
2) =

∫ ΔR

0
F(x)dx

Alig

(4)

TI(J × mm∕m2) =
∫ ΔR

ΔFmax
F(x)dx

Alig

×
(

Δmdp − ΔFmax

)

Fig. 3   Representation of the Fenix test and its resultant load–displacement curve
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for each condition and tested in a Marshall testing 
machine (Matest, model B042-01, Treviolo, Italy). 
The subgroup for dry ITS was kept in air at 20 ± 5 °C, 
while the subgroup for wet ITS was saturated in 
distilled water and then immersed in a water bath 
at 40 °C for 68 to 72 h. Then, for both dry and wet 
conditions, the samples were conditioned at 15  °C, 
and the ITS and ITSR were determined according to 
Eqs. (5) and (6):

where P is the maximum applied load, in kN; D is 
the sample diameter, in mm; H is the sample height, 
in mm; ITSw is the indirect tensile strength of the 
wet sample, in kPa; and ITSd is the indirect tensile 
strength of the dry test sample, in kPa. Finally, the 
representative values of ITS and ITSR parameters 
were calculated as the average of 3 measurements per 
type of mixture.

Rutting performance was evaluated using a Dou-
ble Wheel Tracker test device (Controls, Model 
77-PV33B05, Liscate, Italy) according to AASHTO 
T 324:2019 [53]. The test involved measuring the 
depth of the tread formed in paired cylindrical mix-
ture samples immersed in water by repeated loading. 
First, the test samples were pre-conditioned in a water 
bath at 50 ± 0.5 °C for 30 min before the test. Then, 
a concentrated load was applied on the samples con-
sisting of an oscillating movement of a steel wheel 
loaded with 705 ± 4.5 N at a speed of 26 passes/min. 
Relevant data were recorded after 10,000 cycles (or 
20,000-wheel passes) or when a permanent vertical 
deformation of 20  mm was reached on the sample 
test surface. The representative rutting parameters 
were calculated based on an average rutting curve of 
2 measurements per type of asphalt mixture.

Additionally, the fatigue damage of each mixture 
was evaluated using the 4-point bending test, accord-
ing to the BS-EN 12697-24 standard (annex D) [46], 
under deflection control mode. First, each prismatic 
sample was kept for 24 h in a thermostatic chamber at 
the test temperature (20 °C). Using a Servo-Pneumatic 
Four Point Bend Apparatus (IPC Global, model MkIV, 
Liscate, Italy) the prismatic beams were subjected to 

(5)ITS(GPa) =
2 × P

� × D × H

(6)ITSR(%) =
ITSw

ITSd
× 100

periodic stresses under controlled temperature condi-
tions at 20 °C and a frequency of 30 Hz. The applied 
deflections were 150, 190, and 300 μm/m measured at 
the centre of the asphalt beam. The fatigue failure cri-
terion adopted was the number of cycles needed for 
a drop of the initial stiffness modulus by 50% ( Nf50 ). 
The fatigue curve was obtained from analytical inter-
polation of the data registered using the power function 
shown in Eq. (7):

where � is the value of the initial strain, in μm/m; a 
and b are interpolation coefficients related to the mix-
ture type; and Nf50 the number of loading cycles or 
repetitions of the sample up to the failure criterion. 
The representative parameters of fatigue including 
the fatigue laws were calculated as the average of 6 
measurements per deflection on each type of asphalt 
mixture.

2.6 � Self‑healing properties of the asphalt mixtures

Based on the cyclic method proposed by Noram-
buena-Contreras et  al. [35], a modified test recently 
published by the authors [54] was used to quantify 
the crack-healing properties in semi-circular asphalt 
samples by effect of the polynuclear capsules acti-
vated by a deformation mode. To achieve this, each 
semi-circular sample was tested using a three-step 
fracture-activation-healing process, see Fig.  4. For 
the first (fracture) step, each semi-circular sample 
was conditioned to − 5 °C for 2 h to generate a brit-
tle fracture under a 3-point bending test carried out 
at a load speed of 5  mm/min. The second (activa-
tion) step consisted of the activation of the capsules 
inside the fractured semi-circular samples using a 
confined compression test applying a compressive 
load during 60 s counted from a pre-load of 0.5 kN. 
The third (healing) step required the conditioning of 
the semi-circular samples at room temperature dur-
ing 24 h, after which the first step (fracture) was then 
repeated. With this method, a self-healing index ( HI ) 
was determined using the Eq. (8):

where Fi is the maximum initial force recorded by the 
sample before healing in kN, and Fh is the maximum 

(7)� = a × Nf50
−b

(8)HI(%) =

(

Fh

Fi

)

× 100
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force recorded by the same test sample after the heal-
ing process, in kN, see Fig.  4. The representative 
healing index of each sample was determined as the 
average of 10 measurements.

2.7 � Statistical analysis

Statistically significant differences in the physical, 
mechanical, and self-healing properties of the asphalt 
mixtures by the effect of the capsule addition were 
analysed by Analysis of Variance (ANOVA) (Fig. 6). 
The physical, mechanical (i.e., stiffness, resistance to 
low-temperature cracking, fatigue), and self-healing 
properties (i.e., healing indexes) of the asphalt mix-
tures were evaluated under one-way ANOVA, evalu-
ating the effect of the capsule content (4 levels: 0.0%, 
0.125%, 0.25%, and 0.5% wt.). The susceptibility to 
water damage was evaluated under two-way ANOVA, 
using a 2 × 4 general factorial design considering the 
capsule content in four levels and the type of condi-
tioning (2 levels—dry and wet). Statistical analysis 
was done with a significance level(α) of 0.05. Pair-
wise means comparisons were evaluated using the 
Tukey post-hoc test and represented by grouping 

capital letters (A, B, C, etc.), where mean values that 
do not share a letter can be considered as significantly 
different (p-value < 0.05), see Fig. 7b, 8a, and 10. All 
the statistical analysis was performed by the software 
OriginPro 2022, version 9.95-2022b (OriginLab, 
Northampton, MA, USA).

3 � Results and discussion

3.1 � Spatial distribution of capsules inside asphalt 
mixtures

Figure  5 shows the spatial distribution of the VCO 
capsules inside the asphalt mixtures (a) AM-0.125, 
(b) AM-0.25, and (c) AM-0.5, observing a total of 
41, 93, and 142 capsules, respectively. Since the rep-
resentative mass of a single capsule is estimated at 
2.578 × 10–3 g, the capsule mass dosage added in the 
AM-0.125, AM-0.25, and AM-0.5 Marshall samples 
was about 1.375  g, 2.75  g, and 5.50  g, respectively. 
Consequently, the proportion of observed capsules in 
the asphalt core cylinders for AM-0.125, AM-0.25, 

Fig. 4   Representation of a the cyclic crack-healing test process, b the compressive load–displacement curve identifying the maxi-
mum load before ( F

i
 ) and after ( F

h
 ) the healing process, and c activation mode of the capsule by deformation
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and AM-0.5 was 7.7%, 8.73%, and 6.65%, respec-
tively. These values can be considered comparable 
to those obtained from previous studies using the CT 
scan technique [35].

Thus, Fig.  5a shows that the AM-0.125 sample 
presented a high capsule concentration for the first 
10 mm height, identifying two groups (clusters) of 
capsules. Elsewhere in the sample the capsules were 
dispersed heterogeneously throughout the cylindri-
cal volume. The AM-0.25 sample in Fig. 5b shows 
a more homogeneous distribution of capsules in 
the cylindrical volume. Nonetheless, more groups 
of capsules are formed compared to the AM-0.125 
sample. Figure  5c shows that the AM-0.5 sam-
ple presented a capsule distribution concentrated 
in the middle portion of the cylinder (10–18  mm 
height), resulting in more groups of capsules than 
the AM-0.25 sample.

Overall, these groups are composed of a high num-
ber of capsules, which increase in number in proportion 
with the overall capsule concentration in the asphalt 
mixture. From the previous analysis, it is concluded that 
the capsules exhibit better dispersion within the volume 
of the asphalt mixture as their content increases. How-
ever, this also leads to the formation of more capsule 
clusters. Supplementary information shows an anima-
tion of the 3D spatial distribution of the capsules inside 
the samples AM-0.125, AM-0.25, and AM-0.5.

Additionally, Fig.  5 presents the histograms of 
the distance-to-centre (Dc) of the VCO capsules fit-
ted to a Weibull distribution for the asphalt mix-
tures (d) AM-0.125, (e) AM-0.25, and (f) AM-0.5. 
The Weibull distribution can be associated with the 
stochastic process governing the distribution of cap-
sules within each test sample [55]. Overall, these 
histograms show a probability of 50% of finding 
VCO capsules at a Dc up to 16.4 mm, 18.6 mm, and 
16.5  mm, respectively. These distances exceed Dc/2 
(≈13.8  mm), suggesting that the majority of VCO 
capsules are situated on the outer half of the cylin-
der. Refer to the top view of the cylinder alongside 
each histogram for visual clarification. Based on this 
analysis, it is evident that the groups of capsules pre-
dominantly reside in the outer region of the asphalt 
mixture. Furthermore, the content and distribution 
of these capsules play a significant role in influenc-
ing the mechanical and self-healing capabilities of 
asphalt mixtures. Conversely, heterogeneous distribu-
tion of capsules could result in potential anisotropic 

mechanical behaviour, contributing to increased vari-
ability in these properties. As has been previously 
demonstrated [24, 35], the self-healing properties 
heavily rely on both the content and distribution of 
the capsules. For example, higher capsule contents 
can enhance the healing capability of the mixture. 
Nonetheless, a heterogeneous capsule distribution in 
the asphalt matrix could lead to capsule activation in 
a zone where the cracking damage is not occurring, 
decreasing the overall healing ability in the damaged 
area. These aspects will be covered in the following 
sections.

3.2 � Effect of capsule content on the physical and 
mechanical properties of asphalt mixtures

Figure  6a shows a dispersion graph with the results 
of bulk density, air voids, and the stiffness modulus 
( SM ) for each tested sample. Regarding physical prop-
erties, this figure illustrates that adding capsules to 
asphalt mixtures increases their density and reduces 
their air void content compared to a reference asphalt 
mixture without capsules. For instance, the average 
bulk density and air voids of the reference mixture 
were 2.418 g/cm3 and 3.022%, respectively, while for 
AM-0.5, they were 2.445  g/cm3 and 1.932%. These 
variations in bulk density due to the addition of cap-
sules were attributed to changes in the total volume 
of the samples rather than changes in their total mass.

Additionally, comparing mixtures with capsules 
showed a decrease in bulk density and consequently 
an increase in air voids content as the capsule dosage 
was increased. This phenomenon can be explained 
by the formation of clusters of capsules at higher 
dosages, as discussed in the previous section, Fig. 5, 
which increases the total volume of the mixture. 
From this initial analysis, it can be concluded that the 
addition of capsules primarily led to densification of 
the asphalt mixtures overall.

Regarding the effect of the capsules on the stiff-
ness modulus SM property, Fig. 6a shows two distinc-
tive effects: i) a stiffening effect for capsule addition 
up to 0.125% wt. and ii) a softening effect, for cap-
sule addition of 0.25% wt. and 0.5% wt. These effects 
can be attributed to the influence of each component 
of the capsules (i.e., the Ca-alginate matrix and the 
VCO rejuvenator) on the bituminous material, see 
details of the capsule in Fig. 4c. Similarly, the average 
SM results showed in Fig.  6b reveals a tendency for 
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Fig. 5   a–c Spatial capsule distribution and d–f Histograms of distance “Dc” fitted to Weibull distribution for the asphalt mixtures 
AM-0.125, AM-0.25, and AM-0.5 (N: number of capsules, Avg: Average value, S.D: Standard deviation, P(0.5): 50% probability)

this property to decrease with the capsule addition, 
from 4233.6 MPa to 3007.6 MPa for the AM-0.0 and 
AM-0.5 samples, respectively. Particularly, variations 
of SM for the AM-0.125, AM-0.25, and AM-0.5 sam-
ples compared to the AM-0.0 were + 8.22%, -18.60%, 
and -28.95%, respectively. The progressive decrease 
in SM for mixtures with capsules is attributed to a par-
tial oil release from the capsules, leading to a greater 
softening effect in the bitumen. Since SM was assessed 
under non-destructive testing conditions, it is hypoth-
esised that partial activation of the capsules occurred 
during the manufacturing of the asphalt mixtures.

Regarding the effect of the alginate biopolymer on 
the SM values, Fig. 6b shows the average SM for the 
AM-0.25e test sample with a value of 4393.8  MPa, 
corresponding to a variation of + 3.78% compared to 
a reference mixture, indicating a stiffening effect pro-
vided by the alginate biopolymer inside the asphalt 
matrix. Comparing the AM-0.25e and AM-0.25 sam-
ples, it is seen a reduction in SM of − 21.57%, mean-
ing that the encapsulated oil had a softening effect 
in the rigid matrix of alginate, facilitating the oil 
release and reducing the SM of the asphalt mixture. 

Additionally, the one-way-ANOVA results indicated 
significant statistical differences (P-value < 0.001) for 
the SM property. From Fig.  6b, samples not sharing 
a letter indicate statistically significant differences in 
SM . From this, an A-group, enclosing the AM-0.0, 
AM-0.125, and AM-0.25e samples, and B-group 
enclosing the AM-0.25, and AM-0.5 test samples can 
be identified. With these results, it is concluded that 
the SM value for the AM-0.125 sample was dominated 
by stiffening effect of the alginate biopolymer, while 
the SM values for the AM-0.25 and AM-0.5 samples 
were dominated by the softening effect of the oil par-
tially released from the capsules during the manufac-
ture of the asphalt mixtures, see Fig. 6b.

Concerning the crack resistance of the asphalt 
mixtures at low temperatures (0 °C) evaluated by the 
Fenix test, Fig. 7a shows the average results of maxi-
mum force ( Fmax ), displacement after 0.5Fmax ( Δmdp ) 
and tensile stiffness index ( TSI ). In reference to the 
effect of adding capsules to an asphalt mixture, it can 
be observed i) a reduction in Fmax ranging from − 5% 
and − 30%, (ii) a reduction of TSI between − 13% and 
−  19%, and (iii) an increase of Δmdp between + 5% 
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and + 30%. These variations were proportional to 
the number of capsules added to the asphalt mixture. 
Consequently, the asphalt mixtures with capsules 
tended to exhibit decreased resistance to cracking at 
lower temperatures, displaying more ductile behav-
iour, and reduced stiffness due to the addition of a 
softer material. Also, Fig.  7a presents the average 
results of Fmax , Δmdp , and TSI parameters for the AM-
0.25e sample, with variations of + 37.9%, −  19.2%, 
and + 6.5% compared to the AM-0.25 sample. Such 
variations indicate a stiffening effect provided by the 
alginate biopolymer to the asphalt matrix, which is 
reduced with the incorporation of the VCO (work-
ing as a softening agent) partially released during the 
manufacture of the asphalt mixtures, as previously 
evidenced by modulus SM results.

One-way ANOVA results showed statistically sig-
nificant differences for the Fmax (P-value < 0.001) and 
Δmdp (P-value = 0.03) parameters, while not signifi-
cant differences for TSI (P-value = 0.67) were identi-
fied, see pairwise means comparisons represented by 
grouping letters in Fig.  7a. Comparing the AM-0.0 
sample with those incorporating capsules (AM-0.125, 
AM-0.25, AM-0.5), statistically significant differ-
ences were only identified in Fmax for asphalt mixtures 

with capsule contents starting from 0.25% wt., indi-
cating a significant softening effect of the VCO. Also, 
taking as a reference the AM-0.25e sample, One-way 
ANOVA revealed statistically similar results with the 
AM-0.125 and AM-0.25 samples, meaning that the 
softening effect of the oil partially released from the 
capsules had no significant effect on Fmax , Δmdp , and 
TSI parameters. This phenomenon can be explained 
by the adhesive properties of the alginate biopolymer, 
a natural water-soluble polysaccharide extracted from 
some brown algae cell walls. This biomaterial par-
tially mitigates the softening effect of the oil released 
into the asphalt mixture when the capsule content is 
increased.

Furthermore, Fig. 7b shows the average results of 
the dissipated energy ( GD ) and the toughness index 
( TI ) of the asphalt mixtures under study. Regarding 
the effect of the capsule addition in the asphalt mix-
tures, it is observed a reduction of GD between − 0.5% 
to −  18%, and an increase of TI between + 9.0% 
and + 80.4% compared to the AM-0.0 sample. As a 
result, asphalt mixtures containing VCO capsules 
required less energy to crack and displayed more duc-
tile behaviour after reaching their maximum strength. 
One-way ANOVA results showed statistically 

Fig. 6   a Results of bulk density, air voids, and stiffness modulus for each mixture design; and b Average results of stiffness modulus 
for each mixture design. Mean values not sharing a capital letter (A, B, C, etc.) are statistically significant different (p-value < 0.05)
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Fig. 7   Average results of (a) maximum force ( F
max

 ) and tensile stiffness index ( TSI ); and (b) dissipated energy per unit area ( G
D
 ) 

and toughness index ( T
I
 ). Mean values not sharing a capital letter (A, B, C, etc.) are statistically significant different (p-value < 0.05)

significant differences for GD (P-value = 0.005) and TI 
(P-value < 0.001) parameters, see the pairwise mean 
comparison in Fig. 7b.

Overall, statistically significant differences were 
appreciated for capsule dosages starting from 0.25% 
wt. The similar GD values between the AM-0.25e 
and AM-0.25 suggest similar energy to achieve 
cracking, so the softening effect of the oil partially 
released from the capsules was compensated by the 
bio-adhesive effect of the alginate matrix. Nonethe-
less, the significantly lower TI value for the AM-
0.25e compared to the AM-0.25 one suggests that the 
bio-adhesive effect of the alginate mostly dominated 
until Fmax . Then, the softening effect of the oil take 
place, increasing the ductile behaviour of the asphalt 
mixture. The previous analysis indicates a signifi-
cant decrease in crack resistance of the mixtures at 
low temperatures for capsule dosages above 0.125% 
wt. This is characterised by lower energy required 
to achieve cracking and more ductile behaviour after 
mechanical failure due to the softening effect of the 
VCO partially released from the capsules.

Conversely, the water damage susceptibility of the 
mixtures (with and without capsules) is proven in 
Fig. 8a, showing the average values of Indirect Ten-
sile Strength (ITS) under dry (ITSd) and wet (ITSw) 
conditions. Overall, the ITS of the mixtures decreased 
with the addition of VCO capsules and after wet con-
ditioning, compared to the ITS values of the respec-
tive reference mixtures.

The decrease of ITSd values with the addition of 
VCO capsules can be attributed to the softening effect 
of the VCO partially released as increased the capsule 
dosage. The additional decrease of ITSw with the 
addition of capsules is explained by the induction of 
a rubbery and softer behaviour in the encapsulating 
alginate matrix. This is attributed to the glass transi-
tion temperature of the alginate close to the testing 
temperature of 40 °C [56] summed to the hydrophilic 
nature of the alginate [57], reducing its adhesive prop-
erty. This is verified when comparing the AM-0.25 
and AM-0.25e test samples (i.e., ITS results in sam-
ples with and without VCO), where the higher ITSd 
and ITSw values for the mixture with empty capsules 
suggest an adhesive effect of the alginate biopolymer 
into the asphalt matrix, as previously identified by the 
Fenix test results (see Fig. 7).

Additionally, Fig. 8b presents the Indirect Tensile 
Strength Ratio ( ITSR ) values for each mixture design. 
It is seen a decrease in the ITSR values in the asphalt 
mixture with the addition of capsules (with and with-
out VCO), evidencing their softer nature compared 
to the rest of the components of the asphalt matrix. 
Comparing the ITSR values of the AM-0.0, AM-0.25, 
and AM-0.25e samples, it is seen a drop of 16% on 
the ITSR when compared to the AM-0.0 and AM-
0.25e samples. Nonetheless, a drop of 9% is regis-
tered on the ITSR when compared to the AM-0.0 
and AM-0.25 samples. These variations indicate that 
adding VCO inside the capsules counteracted the 
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softening effect caused by the alginate matrix under 
wet conditions at a temperature of 40ºC.

Table  3 summarises the ANOVA p-values and 
pairwise means comparison of the ITS values by the 
effect of the capsule addition and conditioning state. 
From this Table, it is seen that the capsule content, 
the conditioning (dry–wet), and their interactions 
were statistically significant on ITS values. Regard-
ing the effect of the capsule content, Table 3 revealed 
statistically significant differences except for the AM-
0.25e–AM-0.0 and AM-0.25–AM-0.125 pairwise 
mean comparisons. The statistically similar values 
for the AM-0.0 and AM-0.25e samples allow to con-
clude that the alginate biopolymer worked as an adhe-
sive/binder material inside the asphalt matrix rather 

than a stiffening material under this load condition. 
As well, the statistically similar ITS values between 
AM-0.25–AM-0.125 samples evidence no sensibility 
in changing the ITS values when doubled the initial 
capsule dosage. So, the softening effect of the VCO 
partially released from the AM-0.25 sample was bal-
anced by the adhesive effect of the alginate.

To better understand the interaction between fac-
tors, Fig. 8a also shows the Tukey-post hoc analysis 
by grouping letters. Overall, no significant differences 
are noted when comparing the ITSd and ITSw for the 
same capsule dosage, except for AM-0.25e samples. 
The fact that the differences between ITSd and ITSw 
were significant for the AM-0.25e samples but not for 
the AM-0.25 sample means that the softening of the 
alginate under wet conditions was counteracted by 
the addition of VCO in the alginate matrix. In con-
clusion, based on the previous analysis, the addition 
of capsules led to a decrease in the Indirect Tensile 
Strength (ITS) of the asphalt mixtures under both dry 
and wet conditions, attributed to the softening effect 
of the VCO released from the capsules. This reduc-
tion was more pronounced under wet conditions, as 
the additional softening compromised the adhesive 
properties of the alginate biopolymer when exposed 
to water.

Table 3   ANOVA p-values of the main factors and their inter-
actions on the ITS property

X: capsule content (0.0, 0.125, 0.25, 0.5); Y: conditioning (dry, 
wet)

Variable ITS p-value Significant differences

X  < 0.001 AM-0.25e–AM-0.125(0.25; 0.5)
AM-0.0–AM-0.125(0.25; 0.5)
AM-0.5–AM-0.125(0.25)

Y  < 0.001 Dry–Wet
X*Y 0.0251 *see Fig. 8

Fig. 8   Average results of a Indirect Tensile Strength ( ITS ) 
under dry and wet conditions and b Indirect Tensile Strength 
Ratios ( ITSR ) for each of the asphalt mixtures studied. Mean 

values not sharing a capital letter (A, B, C, etc.) are statistically 
significant different (p-value < 0.05)
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Continuing with the effect of capsules on the 
mechanical behaviour of mixtures containing cap-
sules, Fig. 9 shows the results of wheel tracking tests 
in the asphalt mixtures with and without VCO cap-
sules. In Fig.  9a the evolution of the Rutting Depth 
(RD) can be seen in relation to the number of cycles 
used for the wheel tracking test. The results show 
that, at 10,000 cycles, the AM-0.125, AM-0.25, and 
AM-0.5 mixtures presented RD values higher than 
the reference mixture by + 22%, + 22% and + 28%, 
respectively. From this, the mixtures with VCO cap-
sules reached RD values up to 50% of their initial 
height, as seen by the Percentage of Rutting Depth 
(PRD) in Table 4 determined as the ratio between RD 
and the initial height of the samples.

Table  4 also shows the results of the Wheel 
Tracking Slope (WTS) determined between 5000 
and 10,000 cycles. It is seen that the WTS parameter 
decreased from 3.807 mm/10–3 to 0.490 mm/10–3 as 
the content of VCO capsules in the asphalt mixtures 
increased from 0.125% wt. to 0.5% wt., respectively. 
The decrease in WTS is explained by the early 
development of abrupt slope changes as the capsule 
content was increased. For instance, a change in 
the slope for the AM-0.125, AM-0.25, and AM-0.5 
happened at 4500, 3500, and 2500 cycles, prior to 

the WTS range, to later stabilise at 9000, 8500 and 
6000 cycles, respectively. As the number of cycles 
increases, no longer deformation is produced, due 
to a densification of the asphalt mixtures by the 
wheel passes. An earlier change in WTS indicates 
that the mixture was affected by the stripping phe-
nomenon, i.e., the loss of adhesiveness between 
the aggregates and the asphalt binder. As example, 
Fig. 9b shows the final rutting state of the mixture 
samples at the end of the test (i.e., cycle 10,000). 
Regarding the impact of the alginate biopolymer on 
rutting resistance, Fig. 9a shows similar curves for 
the AM-0.250e and AM-0.0 samples, see Table 4.

Fig. 9   Results of wheel 
tracking tests: a Rutting 
depth (RD) curves for the 
AM samples with and 
without VCO capsules, and 
b final state of the asphalt 
mixtures at 10,000 cycles

Table 4   Wheel tracking test parameters for each of the sam-
ples studied

Sample Initial height
(mm)

RD
(mm)

PRD
(%)

WTS
(mm/10–3)

HMA-0.0 65.0 25.6 39.42 3.269
HMA-0.125 64.7 31.2 48.21 3.807
HMA-0.25 64.8 31.3 48.23 2.567
HMA-0.5 64.7 32.8 50.69 0.490
HMA-0.25e 64.9 24.6 37.84 2.701
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This result aligns with the previously discussed 
adhesive property of alginate, which helps main-
tain the cohesion of mixture components over time. 
However, this effect diminishes with the gradual 
release of oil from the capsules, which softens the 
binder material and promotes reduced adhesion 
between aggregates and bitumen.

Based on the previous analysis, it can be concluded 
that the incorporation of VCO capsules into dense 
asphalt mixtures increased their susceptibility to rut-
ting. This is evidenced by the occurrence of stripping 
at an earlier stage with increasing capsule content, 
attributed to higher VCO release. In summary, lower 
capsule dosages combined with enhanced stripping 
additives should be considered to manage rutting sus-
ceptibility when designing asphalt mixtures incorpo-
rating healing capsules. This previous evaluation of 
the physical and mechanical properties of the asphalt 
mixtures with, and without VCO capsules, suggests 
that there may be a partial release of encapsulated 
oil, which is proportional to the content of capsules in 
the mixture. This phenomenon resulted in softer bitu-
men, leading to asphalt mixtures that are more ductile 
and less resistant to mechanical stresses. Nonetheless, 
this effect is less pronounced in asphalt mixtures with 
0.125%wt. of capsules (AM-0.125). Since the amount 
of oil released in the AM-0.125 samples is insufficient 

to markedly decrease their stiffness modulus and 
increase their ductility compared to a reference mix-
ture (AM-0.0), it was concluded a capsule dosage of 
0.125% wt. is optimal for evaluating the fatigue per-
formance of the asphalt mixture. As a result, Fig. 10a 
and b displays the average results of fatigue tests of 
the initial and final at Nf50 condition for the stiffness 
modulus and phase angle results, respectively, for the 
AM-0.0 and AM-0.125 prismatic beams at 150, 190, 
and 300 microstrains.

Figure  10a shows that the stiffness modulus 
increased with the addition of VCO capsules and 
decreased with the increment of the microstrain level. 
At the same time, the phase angle decreased with 
the addition of VCO capsules and increased with 
the increment of the microstrain level, as shown in 
Fig. 10b. The increase in stiffness modulus and reduc-
tion in phase angle with the addition of VCO cap-
sules in the asphalt mixture resulted in a more rigid 
bituminous material. This finding aligns with the 
analysis conducted from the ITS test and indicates 
that the encapsulated VCO, which may be partially 
released during manufacturing and compaction pro-
cesses, does not negatively impact the fatigue life 
results. Conversely, the decrease in stiffness modulus 
and the increase in phase angle with the increase in 
microstrain levels indicate an increase in the viscous 

Fig. 10   Average fatigue test results at Nf50 condition for the 
initial and final a stiffness modulus and b phase angle for the 
AM-0.0 and AM-0.125 prismatic asphalt beams. Mean values 

not sharing a capital letter (A, B, C, etc.) are statistically sig-
nificant different (p-value < 0.05)
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component of the asphalt mixture. This leads to ear-
lier deterioration of the test samples due to fatigue at 
the Nf50 condition.

Moreover, Fig.  11a presents the fatigue laws 
obtained for the AM-0.0 and AM-0.125 samples at 
300, 190, and 150 microstrains. The results indicate 
that adding 0.125% wt. of VCO capsules had a ben-
eficial effect on the fatigue resistance of the mixture, 
showing an average increase in the number of cycles 
of approximately 31% compared to the reference mix-
ture without capsules. Furthermore, the fatigue resist-
ance of the mixtures evaluated at one million cycles 
was characterised by the Fatigue Law, see Table  5. 
The strain values per million cycles (ε (106)) for the 
AM-0.0 and AM-0.125 mixtures were 130.61 and 
137.51  μm/m, respectively, indicating that the mix-
tures with 0.125% wt. of VCO capsules increased 
their bending capacity and energy absorption when 
subjected to fatigue stress. Additionally, the respec-
tive fatigue laws of the asphalt mixtures showed 
a high correlation with the experimental data, as 

evidenced by the R2 values of the linear fitting curves 
in Table 5.

Finally, the analysis of the fatigue test, presented 
in Fig.  11b, shows the accumulated and average 

Fig. 11   a Fatigue laws; and b Total and average dissipated energy for the AM-0.0 and AM-1.25 samples under a four-point bending 
test at 20 °C

Table 5   Fatigue law parameters of the AM-0.0 and AM-0.125 
evaluated per million cycles

Asphalt mixture a (μm/m) b ε (106) R2

AM-0.0 2477.2 − 0.213 130.61 0.9991
AM-0.125 2794.6 − 0.218 137.51 0.9999

Fig. 12   Average results of healing index and healing index 
improvement ratio parameter (see percentages) for asphalt 
mixtures with and without capsule addition

Table 6   ANOVA p-values of the healing index for each 
asphalt mixture design

Variable P-value Significant differences

HI  < 0.001 AM-0.0–AM-0.25(0.5)
AM-0.125–AM-0.25(0.5)
AM-0.25–AM-0.5
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dissipated energy results. These results indicate that 
the AM-0.125 samples showed an increase of + 26% 
and + 29% in accumulated and average dissipated 
energy, respectively, compared to the AM-0.0 refer-
ence sample. This suggests that asphalt mixtures con-
taining 0.125%  wt. of VCO capsules require more 
mechanical work to induce fatigue failure in the sam-
ples. These results align with the observations made 
by Cheng et  al. [58], who suggest that the fatigue 
life of an asphalt mixture is well correlated with the 
increase in accumulated dissipated energy. However, 
it is essential to note that studies on asphalt mixtures 
with capsules are relatively new and require further 
investigation.

3.3 � Effect of the content of VCO capsules on the 
self‑healing properties of asphalt mixtures

Optimised alginate capsules containing Virgin 
Cooking Oil (VCO) as an asphalt rejuvenator were 
prepared in this study for asphalt self-healing pur-
poses. Figure  12a shows the average healing index 
( HI ) measure for each asphalt mixture with val-
ues of 22.47% (SD: 6.17%), 22.58% (SD: 5.59%), 
35.84% (SD: 10.06%), and 43.47% (SD: 6.17%) for 
the AM-0.0, AM-0.125, AM-0.25, and AM-0.5 test 
samples, respectively. Statistical results of ANOVA 
p-values indicate statistically significant differences 
between the asphalt mixtures with capsules and 
the reference one (without capsules), except for the 
AM-0.125 samples, as demonstrated in Table 6.

It should be noted that the previous healing indi-
ces for the asphalt mixtures containing capsules con-
sider the intrinsic healing effect of the bitumen. With 
this in mind, to evaluate the contribution of the oil 
released from the capsules at each capsule dosage, a 
healing index improvement parameter was calculated 
as depicted in Eq. (9):

where HRn is the healing ratio of the asphalt test sam-
ples with a content of n% wt. of capsules, in %; HIn is 
the average healing index for samples with a content 
of n% wt. of capsules, in %; and HI

0
 is the average 

healing index for the reference samples without cap-
sules, in %.

Figure  12 shows the results of HRn with val-
ues of + 0.11%, + 13.40%, and + 21.00% for asphalt 

(9)HRn(%) = HIn − HI
0

test samples with capsule contents of 0.125%wt., 
0.25%wt., and 0.5% wt., respectively, indicating a 
significant increase in the healing level with a cap-
sule content from 0.25%wt. or greater. These results 
can be explained by the capsule distribution inside 
the asphalt mixture previously analysed, see spatial 
capsule distribution in Fig. 5. At a low capsule con-
tent of 0.125%wt., the capsule dispersion inside the 
asphalt mixture leads to a lower capsule activation in 
the cracked zone, so the healing ability of the mix-
ture behaves mainly as a reference mixture without 
capsules.

In contrast, when the capsule dosage is increased, 
they disperse throughout the asphalt mixture and 
form groups, leading to a higher number of cap-
sules being activated in the cracked area. Accord-
ing to Norambuena-Conteras et  al. [35], once the 
polynuclear capsules are activated within the asphalt 
mixture, the subsequent release and diffusion of the 
encapsulated rejuvenating agent led to a softening 
effect on the bitumen, allowing it to flow through the 
open crack and seal it. In conclusion, the previous 
analysis indicates that the self-healing capacity of the 
asphalt mixture is influenced by the distribution and 
quantity of capsules. In this study, the capsules were 
activated by the deformation mode resulting from the 
compressive load applied to the asphalt mixture sam-
ples. Therefore, dense asphalt mixtures with a higher 
capsule content are more likely to activate capsules in 
the cracked area, thereby enhancing their self-healing 
ability, as evidenced in Fig. 12.

4 � Conclusions and future research

This study evaluated the effect of the content of an 
optimised biopolymer-based capsule design on the 
mechanical and self-healing properties of dense 
asphalt mixtures. A new approach was adopted to 
assess the spatial distribution of the capsules within 
the asphalt mixture and its impact on the mechanical 
and self-healing performance. From this work, the 
following conclusions were drawn:

•	 Capsules presented a better distribution as their 
% content was increased in the asphalt mixture, 
with a tendency to be grouped near the mix-
ture’s external zone. Overall, at a concentration 
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of 0.25% wt., the capsules exhibited a more uni-
form distribution.

•	 The addition of capsules led to a proportional 
increase in the bulk density of the asphalt mix-
tures, attributed to a decrease in the total air void 
content within the asphalt mixture.

•	 The addition of capsules resulted in decreased 
stiffness modulus values due to the release of oil, 
which softened the bitumen. The alginate matrix, 
however, functioned as a stiffening agent, con-
tributing to an overall increase in the rigidity of 
the asphalt mixture.

•	 The addition of capsules exceeding 0.125% wt. 
reduced the low-temperature crack resistance, 
resulting in a more ductile behaviour post-failure 
due to the softening effect of the VCO released 
from the capsules. Additionally, the alginate 
matrix demonstrated adhesive properties.

•	 The susceptibility to water damage in the asphalt 
mixtures increased with the addition of capsules, 
suggesting a reduced adhesive capacity of the 
encapsulating biopolymer in water. However, 
this effect was mitigated by incorporating VCO 
into the biopolymeric alginate matrix.

•	 The presence of capsules in the asphalt mix-
tures led to earlier and deeper rutting due to 
the increased release of VCO, highlighting the 
necessity for additional research into adhesion 
promoter additives to address this issue.

•	 Asphalt mixtures with a capsule addition of 
0.125% wt. exhibited improved resistance to 
fatigue damage and higher average stiffness 
modulus compared to a reference asphalt mix-
ture. At higher strain values, mixtures containing 
VCO capsules showed increased ductility and 
energy absorption.

•	 Overall, asphalt samples with 0.125% wt. VCO 
capsules exhibited mechanical performance 
comparable to test samples without capsules; 
however, this content did not significantly 
enhance their self-healing properties. In con-
trast, self-healing capabilities were significantly 
enhanced with a capsule content greater than 
or equal to 0.25% wt.; however, this enhance-
ment slightly affected some physical–mechanical 
properties of the dense asphalt mixture.

Based on the previous findings, future research 
could focus on evaluating: (1) The impact of adhesion 

promoters to enhance the mixture’s performance 
against moisture damage. (2) The durability of 
asphalt mixtures with capsule additions in pavement 
structures using empirical mechanistic analysis. And 
(3) The influence of temperature variations and differ-
ent healing rest periods on the self-healing properties 
of asphalt mixes incorporating optimised rejuvenat-
ing agents.
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