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Abstract The present study aims at experimentally
and numerically investigating the effect an encapsu-
lated healing agent on the mechanical characteristics
of a stone mastic asphalt (SMA). As a healing agent a
thiol-containing urethane AR-polymer is used in this
study. In order to gain a numerical insight into
mechanical behavior of the capsules in SMA, a
micromechanical finite element modeling is
employed. The developed model allows capturing
the stresses induced in the capsules at different load
cases applied to the SMA on macro-scale. Particular
attention is paid presently to the numerical evaluation
of the local stress state that arises around capsules
during compaction, operation, and also during crack
initiation. SMA mixtures with various volumetric
contents of healing capsules were manufactured and
the capsules survival during mixture production was
evaluated based on X-Ray Computed Tomography
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measurements. The effect of capsules on the self-
healing properties of asphalt mixtures has furthermore
been examined with repeated compressive strength
tests. The obtained experimental results indicate that
the absolute majority of capsules survive mixture
production, and that their addition increases the SMA
strength recovery during the healing period. The
experimental and numerical results concerning cap-
sules breakage are found to be in reasonable agree-
ment. The developed micromechanical model may
thus potentially provide a useful tool for optimization
of capsules mechanical properties in order to improve
their survival during mixture production as well as
their timely activation.

Keywords Self-healing - Asphalt concrete -
Capsule - Healing agent - FEM - Micromechanics

1 Introduction

Cracking through fatigue, static overloading or freez-
ing is one of most common distress modes for asphalt
pavements, which requires costly maintenance and
repair. It starts with micro-cracks formation in
asphalt’s binder phase or at the stone-binder interface,
which later coalesce and form macro-cracks. At the
same time, micro-cracks in asphalt mixtures may
gradually close during the load free periods due to
viscoelastic flow of the binder phase in warm seasons,
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thus preventing formation of macro-cracks. This self-
healing behavior of asphalt mixtures may extend the
service life of asphalt pavements with respect to crack
formation. However, this effect should not be over-
rated, because, in order to avoid high temperature
rutting, pavements are generally designed stiff enough
to carry high traffic loads at summer temperatures
without significant permanent deformations [1].

Recently, a number of bituminous material designs
have been proposed aiming at improving healing
capabilities of those materials, cf. e.g. [2]. One
promising way to enhance the self-healing potential
of asphalt mixtures is the use of encapsulated binder-
modifiers, which are activated after the destruction of
the capsules during the formation of cracks [3-8]. In
particular, as shown in [4, 5] average healing levels
achieved for asphalt mixture samples with encapsu-
lated sunflower oil is 40...50% of the initial strength.
At the same time, there are certain challenges asso-
ciated with use of encapsulated modifiers in asphalt
mixtures. In order to survive the mixture production
and compaction, the capsules containing a modifier
must have sufficient thermal stability [9—-11] and
strength. The collapse of capsules during mixture
production, will result in premature release of the
modifier, which may lead to aggregate segregation and
decrease in its shear stability. At the same time, the
capsules should be sufficiently weak and brittle, to
break due to stress concentration when micro-cracks
are formed in their vicinity.

In view of these complex requirements, fabrication
and design of capsules and their use for asphalt
concrete for different applications has drawn a lot of
attention recently [1, 12, 13]. Recently, [14, 15] the
possibility of controlling the release of healing agent
through microwave and induction heating has been
evaluated. In order to avoid a one-shot self-healing
effect, ideally, the capsules within the asphalt mixture
should also be of different mechanical resistance. This
would lead to gradual breaking of the capsules over the
whole in-service period of the pavement and therefore
foster a long-term self-healing effect. However, in that
respect, research is only at the very beginning. This
study may be considered as one contribution towards
this goal.

The physical, geometrical and mechanical proper-
ties of capsules, may be controlled through chemical
formulation and technological properties of suspen-
sions used to encapsulate the modifiers. In particular,

as shown in [16-18], for the capsules where rejuve-
nating agent (RA) is encapsulated in a calcium
alginate shell, the capsules diameters and wall thick-
nesses are effectively controlled through adjusting the
alginate/rejuvenator ratio. Accordingly, capsules with
different sizes and mechanical properties may be
obtained in a straightforward manner. In order to
optimize the properties of the capsules, ensuring their
timely activation, a thorough understanding of stress
distributions arising in the capsules vicinity during
asphalt mixture production and its service life is
necessary.

In literature a considerable number of recent studies
exists, focusing on various aspects of self-healing
asphalt mixtures, cf. e.g. [19-21]. The absolute
majority of those studies are focused, however, on
the development of the self-healing technology and
experimental assessment of the effectiveness of the
proposed technical solutions. Accordingly, in spite of
considerable progress made in this field, a micro-
mechanical description of the behavior of encapsu-
lated modifier in asphalt mixture is still lacking. The
present study aims to contribute to this important
topic, by studying experimentally and numerically the
mechanical performance of asphalt mixtures modified
with encapsulated healing agents. Particular attention
is given to establishing a computationally efficient and
robust modelling tool for evaluation of the local stress
state arising around the capsules at various stages of
asphalt mixture service life.

In this study, the effect of the capsules with thiol-
containing urethane polymer on the self-healing
performance of a stone mastic asphalt (SMA) is
evaluated. The mixtures with various contents of
healing capsules are manufactured and the perfor-
mance of the capsules during the mixture production
and compaction is examined with X-Ray computed
tomography (CT). The effect of capsules on the self-
healing properties of asphalt mixtures is evaluated
based on the repeated damage and recovery tests. In
order to investigate computationally the mechanical
behavior of the capsules in SMA, a micromechanical
model of SMA is developed based on the finite
element method (FEM). In this model the asphalt
mixture is represented as a four-phase material
consisting of elastic aggregates, elastic healing agent
capsules and air voids embedded into viscoelastic
matrix, representing bituminous mastic, i.e. a dense
mixture of bitumen with aggregates smaller than
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71 pm. Viscoelastic properties of the mastic and
capsule strength are measured with the dynamic shear
rheometer (DSR) and with uniaxial compressive tests
respectively. The developed model is used to examine
the stresses in the capsules at three different cases of
macro-scale loads applied to the mixture. The
obtained numerical results indicate that the proposed
modelling approach can capture the stress state in the
capsules in a computationally efficient manner. Com-
putational predictions concerning the capsules break-
age at different load cases are compared with the
observations from the experiments and the feasibility
of using the developed model for optimizing the
properties of the capsules to ensure their timely
activation is discussed.

2 Problem formulation and methodology

Self-healing asphalt mixtures may be considered as
four-phase materials, consisting of air voids, aggre-
gates, binder, and capsules with a healing agent. They
are subjected to different types of loads during their
production and service life. In particular, during
compaction mixtures undergo profound compressive
and shear plastic deformations, [22]. During service,
the mixtures are subjected to compressive and tensile
loads, with magnitude and orientation of the loading
depending on the location in asphalt layer, [23]. The
response of the mixture is predominantly viscoelastic
at this stage. Furthermore, initiation of cracks will give
rise to local stress and strain concentrations in the
asphalt mixtures. For effectively activating the encap-
sulated modifier it is crucial that the strength of the
capsules allows them to survive mixture compaction.
At the same time, the capsules should be sufficiently
brittle and weak to break at excessive stresses arising
due to crack formation in their vicinity, [14].

The healing capsules may be approximately con-
sidered as spherical shells, with wall thickness, 4, and
diameter, D, containing the healing agent, as illus-
trated in Fig. la. It has to be pointed out, that this
representation of capsule’s geometry is a simplifica-
tion—as reported in [11] in reality the capsules are
sponge-like structures containing several pockets of
healing agent. The implications of this simplified
description of the capsule’s geometry for the numer-
ical analysis are discussed in somewhat more detail in
Sect. 4 below. The thickness and/or diameter of the

capsules may be controlled by adjusting their produc-
tion process such that capsules with different strength
characteristics may be obtained. An increase in the
thickness of the capsules’ walls and decrease of their
diameter increases the strength of the capsules, as
discussed in detail in [24]. This dependency is also
shown in Fig. 1b where, following the results pre-
sented in [24], for the capsules where calcium alginate
shell is used for encapsulation, the diameter, strength
and wall thickness of the capsules are shown as a
function of ratio of rejuvenator agent (RA) to alginate
(A). The capsules geometrical design and mechanical
properties may thus be adjusted in order to ensure their
optimal performance provided that the stress state
induced in capsules at various load cases is known.

In this study the mechanical behavior of SMA
mixtures containing capsules with the healing agent is
investigated experimentally and numerically at con-
stant temperature. The capsules content in the mixture
evaluated ranges from 0 to 13.5% by weight.
Micromechanical modelling is employed in order to
investigate the stress state in the capsules under three
macro-scale loading cases: tri-axial compression,
uniaxial tension and uniaxial tension in presence of a
notch for crack simulation. The three evaluated
loading cases are intended to represent mixture
compaction, service condition and damage initiation
respectively. The viscoelastic properties of the SMA
mastic phase and strength of the capsules are measured
with the DSR and uniaxial compressive test respec-
tively. The performance of the healing capsules during
mixture production and their effect on mixtures self-
healing properties is examined experimentally based
on X-Ray CT measurements and on uniaxial com-
pressive strength tests. The numerical and experimen-
tal methods used in this study are summarized in
Sects. 2.1 and 3 below.

2.1 Micromechanical model

A multiscale modelling approach is used, as presented
by Fadil et al. [25], where a micromechanical model of
asphalt mortar is utilized as an intermediate model to
provide the homogenized viscoelastic mortar matrix
properties for an asphalt mixture model. This approach
was chosen for its computational efficiency. There-
fore, the modelling approach uses two separate size
scales, where aggregates sizes between 2.5 and
10.0 mm are assigned to asphalt mixture scale model
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Fig. 1 a Geometry of capsules under uniaxial compression and b dependence of capsule geometry and strength on RA/A

together with the healing capsules and air voids, while
the aggregates sizes between 0.16 and 2.5 mm are
assigned to the mortar scale model as outlined in
Fig. 2a.

In the mortar scale model the material is assumed to
be composed of bitumen based mastic, as a matrix, and
randomly distributed spherical aggregates. Periodic
boundary conditions (PBCs) are employed to reduce

the size of the mortar modelled representative volume
element (RVE), following the procedure developed in
[26]. On the other hand, the micromechanical model
for the asphalt mixture scale has been developed for a
RVE of the asphalt mixture with capsules. The model
contains 4 phases: an elastic aggregate phase, an
elastic capsules phase, an air voids phase and a
viscoelastic matrix representing asphalt mortar. The
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phases of the aggregates as well as the capsules are
represented by randomly distributed elastic particles
in the viscoelastic matrix, i.e. the mortar. Figure 2b
shows the particles randomly distributed within the
RVE space. The matrix is assumed to consist of
isotropic linear viscoelastic material, with its proper-
ties described by two viscoelastic functions: the shear
relaxation function, G(¢), and the viscoelastic Pois-
son’s ratio, v(z). Due to the experimental difficulties
associated with measuring v(¢) [27], the bulk relax-
ation function, K(7) is instead used to describe the
binder. The generalized Maxwell model is used to
describe G(t) of the binder:

G()=G,~ > G [1 - e—f/f:} (1)

where N is the number of elements in the Prony series,
G, is the instantaneous shear modulus or G(r = 0),
while G; and 7; are the modulus and the relaxation time
for the i element of the Prony series respectively.

The mechanical viscoelastic properties of the
mortar matrix, G(¢) and v(¢), are obtained as homog-
enized viscoelastic properties of the mortar scale
micromechanical model. In the mortar scale model,
the viscoelastic matrix represents the mastic phase and
its properties are measured by a dynamic shear
rheometer (DSR) frequency sweep test. These DSR
measurements are converted to the time domain using
the Schapery and Park approximate interconversion
method [28].

In order to identify the homogenized viscoelastic
properties of the mortar, the RVE of the mortar model
is loaded uniaxially, with a constant tensile
strain,e, = 2%, at the start of the simulation as defined
by Eq. (2):

& (r) = 2% x H(r) 2)

where H(z) is the Heaviside step function. The

homogenised time-dependent Poisson’s ratio, v(¢), as

well as the relaxation function E(t) are then obtained

from the volume average strains and stresses, Ey(t),

€,(¢) and 6,(¢) of the mortar scale model as follows:
& (1) + &)

V(l) = _T(l) (3)

(4)

Using the loading defined by Eq. (2), simplifies the
analysis, as the elastic—viscoelastic correspondence
principle is applicable in this case also on relations
including the Poisson’s ratio [27]. Therefore, Hooke’s
law can be used in the Laplace domain to obtain linear
viscoelastic solutions.

The homogenised shear relaxation function, E(l), is
calculated from E(¢) and %(¢) as in Egs. (5) and (6);
where Eq. (5) is obtained using the elastic—viscoelas-
tic correspondence principle of the elastic relation
shown in Eq. (7).

s x E(s)

s Gls) = 201 +5 % ()

M) 7

where £7! represents the inverse Laplace transform,
and G(s),E(s) and ¥(s) represent the Laplace trans-
forms to the s-domain of G(t), E(t) and W(z)
respectively.

The mixture scale model is used to assess the
stresses arising in the healing capsules at three
different macro-scale load cases applied to SMA.
Namely, the RVE was subjected to the following load
cases, as is also illustrated in Fig. 3: (1) a triaxial
compressive load of ¢ = 1 MPa, (2) a uniaxial tensile
strain of ¢, = 0.03% and (3) a notched model of the
RVE under action of uniaxial tensile strain. In loading
case (3), the simulated notch has length of 22.5 mm
and width of 1 mm. The loading case (1) above is
chosen in order to capture the stresses arising at
healing capsules when mixtures are subjected to high
levels of compressive stresses pertinent to com-
paction. Loading cases (2) and (3) are intended to
represent the intact and damaged asphalt material at
the bottom of SMA layer during the roads service life.

3 Experimental study
Mechanical behavior of self-healing SMA mixtures is

examined experimentally. The materials and tests
methods used in this study are summarized in

Sects. 3.1 and 3.2 respectively.
nilem
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Fig. 3 Different loading cases used in the model

3.1 Materials

BND 60/90 bitumen (Russian state standard
22,245-90) with a softening point of 51°C (ASTM
D36/D36M-20, EN 1427:2015) is used as a binder for
asphalt concrete.

As self-healing promoting agent, an AR-polymer
reducing agent was used. AR-polymer is a thiol-
containing urethane polymer with terminal mercaptan
groups (SH-), produced by «PolyMix Kazan» LLC
following TU 2226-001-90,014,974-11. The hard-
ener used for the polymer is tetramethyl thiuram
disulfide C¢H1,N,S,4. The mechanism of action of this
healing agent consists in wetting the surface of the
defect, partial diffusion into the matrix, polymeriza-
tion, and “gluing” of the crack. As reported in
previous studies by the authors, the AR polymer is
found to be more effective in promoting asphalt
mixture healing as compared to more traditional
healing agents, such as sunflower oil, cf. [24].

In the present study, SMA mixtures with different
contents of healing capsules 1.5, 3.0, 4.5, 9.0 and
13.5% by weight of bitumen (corresponding to 0.105,
0.21, 0.31%, 0.63 and 0.945% by weight of mixture)
were prepared. The capsules were added at the stage of
mixing dry components. The encapsulation of the
reducing agent was carried out using alginate tech-
nology, by which calcium alginate capsules are
formed. An aqueous solution based on sodium alginate
(CgH,0¢Na), which is a sodium salt of alginic acid
extracted from brown algae, is used for encapsulation
[31]. The technological process for encapsulating a
treating agent includes five main stages: preparation of
an alginate solution using a high-speed stirrer, prepar-
ing an alginate emulsion of a healing agent using a

high-speed stirrer, dividing the alginate emulsion into
separate drops, fixing individual drops of alginate
emulsion through a solution of calcium salt and drying
of alginate balls. The technological scheme of encap-
sulation of the healing agent is shown in Fig. 4a
[9, 16, 19, 35].

The calcium salt solution is prepared in a forced-
action mixer until CaCl, is completely dissolved in
water. To prepare an alginate emulsion, sodium
alginate is first added to water, which is mixed with
a high-speed mixer (at least 2000 rpm), after which a
healing agent is added to the resulting solution, from
which an emulsion is formed. The resulting emulsion
is divided into individual particles (alginate balls)
using a separating funnel, which is fixed with calcium
ions, passing through a bath with a solution of calcium
salt. Alginate balls are dried to constant weight at a
temperature of 50°C at the final stage. The appearance
of the encapsulated healing agent is shown in Fig. 4b.
The capsules had a diameter of 1.30 £ 0.05 mm with
a wall thickness of 0.10 £ 0.005 mm. The healing
content was (83 £ 2)%.

The SMA mixtures were prepared, based on the
standard [29], with the aggregate gradation presented
in Table 1. For all healing capsules contents, the binder
content was set to 7%, resulting in an air void content
of 3%, 2.9%, 2.9%, 2.8%, 2.6%, and 2.4% for the
capsules contents of 0, 1.5, 3.0, 4.5, 9.0 and 13.5%
correspondingly. 0.3% by weight of cellulose fibers
Viatop-66 is used as a stabilizing additive to prevent
segregation. Manganese oxide, sulfur, and tetramethyl
thiuram disulfide (TMTD) were added to modify the
binder when using the encapsulated AR-polymer in
the composition of SMA. Modifiers were added to
bitumen as hardeners and -catalizators for the
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Fig. 4 a Encapsulating modifier (healing agent) schema, b encapsulated healing agent

Table 1 Sieve grain analysis (particle size distribution)

Parameter Value
Sieve size, mm 10 5 2.5 1.25 0.63 0.315 0.16 0.071
Passing, % 100 373 27.2 21.8 18.7 18.3 15.8 12.6
polymerization process of the released AR-polymer. capsules was determined as the maximum load
Namely, to prepare a complex binder, 0.33% TMTD, registered during the test.
1.22% manganese oxide, and 2.00% sulfur by weight The load application rate during the test was
of bitumen were added to the bitumen heated to a maintained at a constant level of 10 N/s. The maxi-
temperature of 120°C. mum compressive load for capsules with different
SMA cylindrical specimens with a height and wall thicknesses, &, and diameters, D, has been
diameter of 71.4 mm were manufactured, following measured. For each h, D combination three measure-
the standard [30], by placing the required mass of the ments have been performed and the average measured
mixture into a mold (inner height and diameter are 160 failure loads, P, are reported in Table 2 along with the
and 71.4 mm) and compacting it in two stages. First observed scatter, AP. As may be seen in Table 2,
vibration compaction has been applied for 3 min increasing the ratio of healing agent to alginate, RA/A,
followed by hydraulic press compaction. increases the ratio between wall thickness and diam-
eter, of the capsules which in turn results in profound
3.2 Mechanical characterization increase in maximum compressive load sustained by
capsules.
In order to obtain the input parameters for the Viscoelastic properties of the mastic were deter-
micromechanical model described in Sect. 2.1, the mined at 10°C, 20°C, and 30°C using the Dynamic
strength of the capsules with the healing agent and Shear Rheometer Kinexus DSR using a frequency
complex modulus of mastic phase were measured. The sweep tests in the frequency range of ® = 0.1...10 Hz
strength of capsules was measured at room tempera- at a shear strain of 0.1%. The mastic specimens were
ture in uniaxial compression test. The ultimate load prepared by mixing 60% by weight of filler with the
was determined with a mechanical Uniframe press binder using an overhead mixer IKA RW 20 Digital.
using a dynamometer with a maximum measuring The test was carried out by EN 14,770-2006.
limit of 1 kN. In the test, the capsules were placed The internal structures of the SMA specimens with
between two rigid plates and compressed in load an encapsulated healing agent were studied by X-Ray

controlled mode, the compressive strength of the CT using a VTOMEX M300 tomograph, General
Electric. Scanning of the sample was carried out
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Table 2 Properties of the capsules with different RA/A ratio

Parameter ~ Parameter value

RA/A 0 1 2 3 4 5 6 7 8

h, mm 0.717 0.258 0.140 0.109 0.101 0.099 0.098 0.098 0.098
D, mm 0.72 0.89 1.05 1.17 1.26 1.30 1.36 1.38 1.40
h/D 1.00 0.29 0.133 0.093 0.080 0.076 0.072 0.071 0.070
P, N 355 319 28.3 24.7 21.0 18.0 13.8 10.2 6.6
AP, N + 0.90 + 0.89 + 0.77 + 0.68 + 0.58 + 0.50 + 0.37 + 0.29 + 0.18

“layer by layer” with the further transformation of
2400 cross-section images into a 3-D model. Scan
mode parameters were as follows: the voxel size used
was 39.909 um, the X-ray voltage and current were
270 kV and 180 pA respectively. The X-Ray beam
was pre-hardened with the 1.0 mm Cu + 0.5 mm Sn
filter.

The effect of capsules on the self-healing properties
of asphalt mixtures is evaluated based on the com-
pressive strength tests. The compressive strength tests
were conducted at a temperature of 20°C and at 3 mm/
min load rate. In order to calculate the healing index
(HI) the tests were performed in cyclic fracture and
recovery mode. Each cycle consisted of a compressive
strength test followed by 7 days of healing at 20°C.
For each content of healing capsules, the SMA
mixtures were tested with 4 fracture and recovery
cycles, i.e. the test program included 4 compression
tests and 3 healing periods. A substantial amount of
damage is introduced in the tests, with mixtures
exhibiting certain amount of dilation, in particular
after the 3" and 4" test. It is accordingly expected that
only part of the induced cracks would be recovered
fully during healing periods.

4 Computational study

A micromechanical model for the SMA mixture
containing healing capsules has been developed
following the procedure described in Sect. 2.1. The
numerical study is focused on the case of SMA
mixture with a capsules content of 1.6% by volume,
which approximately corresponds to the case of
capsules content of 9.0% by weight of the binder.
The mortar and the asphalt mixture models utilized
cubic RVEs, with dimensions of L x L x L, with L =

3.74 mm for the mortar model and L = 40 mm for the
asphalt mixture. The aggregates, capsules as well as
the air voids are idealized as spheres, as shown in
Fig. 2b. These spheres are randomly distributed within
the RVE while the viscoelastic matrix fills the
remaining cubic volume. The sizes of spheres used
were set to the average size of the spheres within each
sieve. As Table 3 shows, the sizes of the spheres were
picked based on the aggregates’ sizes distribution
reported in Table 1.

The number of spheres was calculated based on the
chosen RVE size, the sphere size and volumetric
proportions of aggregates as a percentage of the total
volume of aggregates. The proportions for the RVEs,
are calculated to follow the volumetric composition of
SMA described in Sect. 3. The spheres representing
the air voids were chosen to be equal to the capsule
diameter, d = 1.3 mm, to avoid generating a large
number of spheres and to reduce the computational
time. Hence, 2122 spheres for air voids and 1132
spheres for healing capsules were used in the model.

The models are generated in LAMMPS according
to the methodology detailed in Fadil et al. [25, 26]. The
elements for meshing were tetrahedral quadratic
elements. The models for the mortar and mixtures
consisted of 500,00 to 800,00 elements.

The aggregates were assumed to be linear elastic,
with Young’s modulus, E = 39.3 GPa and Poisson’s
ratio v = 0.23, corresponding to elastic parameters of
limestone [32]. Young’s modulus for the capsules was
assumed to be E. = 3 GPa.

The complex shear modulus for matrix in the
mortar model is assumed to have viscoelastic proper-
ties corresponding to measured mastic properties. The
complex bulk modulus, K*(w), was assumed to be
constant and equal to K* (@) = 2336 MPa as measured
by [33] at 20 °C. The DSR measurements have been



Materials and Structures (2022) 55:230

Page 9 of 18 230

Table 3 The number of spheres representing aggregates in the RVE and the volumetric proportions of the components of each RVE

as a percentage of the total RVE volume

Mixture model

Mortar model

Aggregates Sphere diameter (mm) 7.5 3.75
No. of spheres 146 189
Volume proportion (%) 50.64 8.16

Matrix Volume proportion (%) 36.6

Capsules 1.6

Air voids 3.0

1.875 0.94 0.473 0.238 0.1155
1 7 7 335 3757
11.95 6.85 0.90 5.52 7.07
67.7

converted into relaxation moduli G(f) using the
Schapery and Park approximate interconversion
method [28]; the G(¢) is then fitted with Prony series,
Eq. (1), with n = 13. The viscoelastic properties of the
mortar, G(¢),v(¢), are obtained by using the mortar
micromechanical model as explained in Sect. 2.1.

In order to determine the maximum tensile and
compressive stresses induced in capsules in the
uniaxial compressive tests, a simple axisymmetric
FE model for the test is used. It should be reminded
that capsules are modelled as elastic balls, similarly to
the SMA mixture model. This representation of
capsules’ geometry does not fully capture the reality,
as the capsules shells contain several pockets of
healing agent more or less randomly distributed
throughout the capsule, cf. [11]. As the geometries
of those individual pockets are not well defined, some
approximation of the capsule’s shape for numerical
modelling is however necessary. The approximation
used may result in a certain error in the determined
tensile and compressive strengths of the capsules. The
effect of those errors on the modelling predictions
regarding the capsules breakage in SMA, is minimized
by using the same geometry approximation in SMA
modelling and individual capsule analysis.

In the model, the vertical compressive load, P, is
transferred to the capsule through a rigid plate, the
load is monotonically increased from 0 to 25 N.
Hertzian contact interaction is defined between the
plates and the capsule model. From the maximum
compressive force values, reported in Table 2 the
tensile and compressive strength of the capsules may
thus be determined. As reported in Table 2, the
capsules used in the present experimental study had
the maximum forces in the range of
P =175...18.5 N. Accordingly their tensile and

compressive strengths, S, and S, may be estimated
to be in the range of §; = 12...13.5 MPa and S, =
500...550 MPa.

5 Results and discussion

First, the stress state induced in the capsules is
examined numerically for the three load cases outlined
in Sect. 2.1:

Load case 1: a tri-axial compressive load of p =
1 MPa;

Load case 2: a uniaxial tensile strain of ¢, = 0.03%;

Load case 3: a notched model of the RVE under
action of uniaxial tensile strain.

In Fig. 5a, b, the distribution of minimum principal
strains in SMA is reported for the load case 1. The
results in Fig. 5a, b are presented for the time under
load t =1le —4s and t = le +4s, respectively. In
order, to highlight the stress concentrations in the
mortar phase the aggregates are removed in Fig. 5a, b.
As may be seen in the figures, the relaxation in the
matrix phase with time results in profound increase of
compressive strains, with maximum compressive
strains increasing by approximately a factor of 2.5,
during the first 10e4 seconds under load. In Fig. 5c, d,
the maximum principal stresses arising in healing
capsules at load case 1 and 7 = le —4s, le 4 4s is
shown. It is seen that increase in compressive defor-
mation, as presented in the figures, results in signif-
icant increase of local tensile stresses in the capsules.
In particular, as seen in Fig. 5d at t = le 4 4s, a
considerable portion of capsules experiences tensile

stresses above 1 MPa.
nilem
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(@)
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+0.000e+00
-1.000e-04
-1.520e-04
-2.310e-04
-3.511e-04
-5.337e-04
-8.111e-04
-1.233e-03
-1.874e-03
-2.848e-03
-4.329e-03
-6.579e-03
-1.000e-02
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S, Max. Principal

(Avg: 75%)
+7.500e+01
+8.660e+00
+1.000e+00
+3.162e-01
+1.000e-01
+3.162e-02
+1.000e-02
-1.000e-02
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-6.310e-02
-1.585e-01
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-3.046e+00

(b)

E, Min. Principal

(Avg: 75%)
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-3.810e-02
-7.880e-02
-1.632e-01
-3.379e-01
-6.997e-01
-1.449e+00
-3.000e+00
-1.208e+02

(@)

Fig. 5 SMA at tri-axial compression (load case 1) showing the distribution of minimum principal strains at a t = le —4s; b r =
le + 4s as well as the distribution of maximum principal stresses in the healing capsules at ¢ t = le —4s;d t = le + 4s

As seen in Figs. 5c, d the stresses induced in the
capsules vary in a wide interval depending on their
location in the mixture. Accordingly, the capsules
propensity to breakage is best evaluated from statis-
tical point of view. In order to gain a better quantitative
insight into stresses induced in the capsules at load
case 1, cumulative probability distributions of

maximum and minimum principal stresses induced
in capsules are presented in Fig. 6a, b. For a given
stress level, o., cumulative probability, F,(o.), is
calculated according to Eq. (8).

Fo(a.) = 225% . 100% (8)

total



Materials and Structures (2022) 55:230

Page 11 of 18 230

(a)
100 -
[
90 1
1
80
o
gi. 70 F !
— I
L 6ot !
;g 1
50 1
= 1
ST
)
~— ]
~ sl
S 1
= 1
20
: _Fm(U)
10 -
. - - F . (0)
o le ! ‘ ‘ ‘ I
0 5 10 15 20 25

o [MPal

(b)
X
O
F
LL ]
— 40}
S 1
S 300
3
20 F
—F5,(0)
o - F,(0)
0 . . L I .
0 10 20 30 40 50

o [M Pal)
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where n;<, is a number of healing capsules
subjected to stresses less than or equal to ., and Ny
is the total number of capsules in the volume. As seen
from Eq. (8), F,(0.) denotes a share of the capsules
subjected to stresses below o,.. For example, if for a
given loading scenario F,—g, (S;)=90%, where g; is
the maximum principal stress and S, is the tensile
strength of the capsules, 10% of the capsules may be
expected to break.

As seen in Fig. 6a, at t = le — 4s, all the capsules
in the mixture are subjected to stresses which are
significantly smaller than their measured tensile and
compressive strengths, S; and S.. In particular, the
maximum tensile stress, 1, induced in the capsules is
approximately 1.8 MPa; and for 90% of the capsules
their maximum tensile stress is below 0.5 MPa. The
maximum compressive stress, o3, induced in the
capsules at f = le — 4s is 5.5 MPa and below 2 MPa
for 90% of capsules’ volume. At the same time, the
stresses induced in capsules grow as a function of time
and at t = le + 4s (Fig. 6b), 3% of the capsules are
subjected to tensile stresses exceeding their tensile
strength. It may thus be concluded that a small portion
of the capsules may be expected to break when SMA is
subjected to tri-axial compressive pressure of 1 MPa.
The majority of capsules, are however still subjected
to moderate stresses at t = le + 4s. For instance, as
seen in Fig. 6b, 90% of the capsules are subjected to
tensile stress below 2 MPa, which is significantly

smaller than their measured tensile strength, S,
presented in Sect. 4.

In Fig. 7, the results analogous to the ones
presented in Fig. 6 are presented for the case of
SMA mixture loaded in uniaxial tension (i.e. load case
2). As tensile load is applied in strain controlled mode,
the stresses in the capsules decrease with time under
load. As observed in Fig. 7a the maximum compres-
sive stresses induced in capsules are quite small, below
1.3. MPa, i.e. below 0.5% of the measured, compres-
sive strength, S., of capsules. At the same time, the
tensile stresses induced in capsules are much closer to
their measured S;, with maximum tensile stresses
being approximately 7.2 MPa, and 10% of capsules
subjected to tensile stresses above 3.8 MPa, which is
approximately 60% and 30% of their S;.

The maximum principal stress distribution for the
load case 3, i.e. uniaxial tension in presence of notch,
is shown in Fig. 8a. As expected, the presence of notch
results in tensile stress concentration in front of the
notch tip. As is also seen in Fig. 8a this stress
concentration reaches approximately 24 MPa. These
tensile stresses decrease fast with increasing distance
from the notch tip and become nearly constant at
4 mm distance from it. The effect of these tensile
stress concentrations on the stresses induced in healing
capsules is examined in Fig. 8b, where cumulative
probability distributions of maximum and minimum
principal stresses induced in capsules at load case 3 are
presented for r = le —4s. As seen in Fig. 8b, the
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Fig. 8 a Distribution of maximum principal stress in notched SMA at uniaxial tension (load case 3), t = le — 4s; b cumulative
probability distributions of maximum (o) and minimum (—o73) principal stresses experienced by capsules (load case 3), t = le — 4s

tensile stresses induced in the majority of the capsules
do not change significantly due to presence of the
notch. In particular, 90% of capsules experience
tensile stresses below 3.8 MPa, which is very similar
to observations in Fig. 7. At the same time, a small
portion of the capsules, positioned in the vicinity of
notch tip, experience significantly higher tensile
stresses as compared to a notch free specimen.
Namely, the maximum tensile stress in Fig. 8b is
12.5 MPa which is approximately 70% higher com-
pared to the notch-free material.

The computational results presented in Figs. 5, 6, 7,
8, indicate that the proposed modelling approach
allows to examine the stresses induced in healing
capsules embedded in SMA at various macroscopic

load cases. It has to be pointed out, however, that the
model developed in this study relies on simplified
representation of SMA structure, with aggregates
idealized as spheres. Accordingly, it may not fully
capture the stress concentrations arising in capsules
due to contact with real aggregate asperities. This
realistic contact conditions may contribute to a
significantly wider distribution of stresses in capsules
as compared to the ones presented in Figs. 6, 7 and 8b.
At the same time, the presented model allows to
quantify the effect of change in SMA design and in
loading conditions on the capsules stress state, in
average sense. In particular, comparing the calculated
maximum tensile and compressive stresses in capsules
for the three load cases with the measured tensile and
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compressive strengths of the capsules, S; and S, of
capsules the following expectations regarding their
performance at various stages of SMA service may be
formulated.

First of all, it appears that compressive stresses
induced in capsules in all cases remain significantly
below their S.. Accordingly, with respect to capsules
damage, their tensile loading is the most critical case.
At tri-axial compaction (load case 1) some capsules
experience tensile stresses close to their tensile
strength, provided that the load is applied for suffi-
ciently long time. Accordingly, some capsule breaking
during compaction may be expected. The share of
those capsules is, however, very small. The results
presented in Fig. 7 furthermore indicate that, at
uniaxial tension at strain level as approximately found
at the bottom of asphalt layer, the stresses are
sufficiently low to ensure that the capsules can survive
without breaking. Examining the case of uniaxial
tension in the presence of a notch (load case 3) shows
that a small portion of capsules, located in the vicinity
of the notch tip, experience much higher tensile
stresses compared to the notch free situation. This
increase of tensile stresses at load case 3 as compared
to the load cases 1 and 2 allows to optimize the
capsules design to ensure timely activation of the
healing. For instance, based on the results presented in
Figs. 6,7 and 8b, it may be expected that capsules with
10MPa < S; <12.5MPa may survive mixture com-
paction (approximately 97% of the capsules) and
traffic loads, but break with a crack tip in their
immediate vicinity.

In order to validate the numerical results presented
above, the samples of SMA with encapsulated healing
agent were examined with X-Ray CT. The results of
the CT images obtained on SMA specimen before
strength testing are shown in Fig. 9. The specimen
shown in Fig. 9 contains 3.0% of capsules by weight
of the binder. In Fig. 9a, a 3D view of the specimen is
presented with capsules indicated by red markers, in
the figure the aggregate and binder phases were
filtered out, in order to allow for capsules observation.
It is seen that capsules are uniformly distributed
throughout the mixture volume.

Through visual evaluation of CT images it was
observed that absolute majority of capsules survived
the mixture production. Approximately 5% of cap-
sules were however damaged either during mixing or
compaction processes. This finding is in at least

qualitative agreement with computational results pre-
sented in Figs. 5 and 6. It should be pointed out that
perfect quantitative agreement between modelling and
experimental results may not be expected. In partic-
ular, as the mixing process is not evaluated in the
model and as spherical aggregate shapes used in the
model do not fully capture the stress concentrations
arising in capsules due to their contacts with aggre-
gates. Examples of capsules surviving the mixture
production and broken during compaction are shown
in Figs. 9b and c respectively.

The CT-scanning of SMA specimen has also been
repeated after the first compressive strength test. In
Figs. 10a, b a close-up CT images of the same capsule
with healing agent obtained before and after strength
test are shown. It may be seen in Fig. 10b that during
the strength test a crack has formed in the vicinity of
the capsule and as result the capsule was destroyed.
Crack formed in the capsule is indicated with red
pointer. The capsule thus sufficiently fulfilled its
function by breaking when the crack formed at its
vicinity. It has also been observed that after the
strength test, the capsules located away from the
cracks remained intact, accordingly maintaining their
healing potential. The CT results in Figs. 9 and 10
indicate that the functionality of alginate containers is
adequate, ensuring the survival of the capsules during
hot mixture production and timely release of healing
agent at damage initiation.

To determine the effect of capsules on self-healing
properties of SMA, compressive strength of specimens
containing various capsules content have been mea-
sured in cyclic fracture and recovery mode. Four
cycles have been applied to each specimen, each cycle
consisting of compressive strength test, where spec-
imen was monotonically loaded in displacement
control mode until the measured reaction force would
start to decrease, followed by 7 days of recovery at
20°C.

The compressive strength measured at each cycle is
reported in Table 4 for SMA mixtures healing capsules
content of 0%, 1.5%, 3.0%, 4.5%, 9.0% and 13.5% by
weight of the binder. As seen from the results
presented in Table 4 for the cycle 1, addition of
healing capsules reduces somewhat the initial strength
of SMA. For instance, addition of 13.5% of capsules
results in approximately 17% decrease of SMA
strength. This may be explained by two factors. First
of all, capsules and their interfaces with bitumen may
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Fig. 9 CT images of SMA mixture after compaction a complete specimen view with capsules indicated by red markers; b a close up
view of intact capsule; ¢ a close up view of capsule damaged during compaction

Eigi.IO A cl(ise—upbv(iiedwdof (a) (b)
ealing capsule embedde w & Y A A : N 411
in SMA before a and after o e : ‘ T i i

b strength test

Table 4 Compressive

strength of asphalt concrete
with different content of 1 2 3 4
healing capsules

Capsules content, % Compressive strength at given cycle, MPa

0 4.02 3.40 3.03 291
1.5 3.70 3.33 2.99 292
3.0 3.59 3.25 3.17 3.06
4.5 3.55 3.20 3.06 291
9.0 3.42 2.86 2.60 2.38
13.5 3.35 2.81 2.57 2.27

act as stress concentrators in bituminous matrix SMA without capsules. In particular, the strength

promoting thus fracture initiation. Secondly, excessive
capsules activation may result in more compliant
response of SMA close to peak load.

At the same time, relative decrease in strength after
4 fracture and recovery cycles is smaller for SMA
mixtures containing healing capsules as compared to

measured in the 4™ cycle for the mixture without
healing capsules is approximately 72% of the value
measured in the 1% cycle. The corresponding number
for the mixture containing 3% of the capsules is 85%,
indicating better resistance to repeated loading. At the
same time, the dependence is of SMA recovery
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characteristics is non-linear as positive effects of
capsules are offset by their negative influences in
terms of stress concentrations and excessive softening
of the binder phase. For instance, as seen in Table 4,
the strength of SMA mixture with 13.5% of capsules
measured in 4" cycle is 78% of the corresponding
value measured for the mixture without capsules.

The effect of capsules content on the damage
recovery in SMA is further explored quantitatively in
Fig. 11, where healing index (HI) is presented as a
function of test cycle and capsules content. HI is a
measure commonly used to assess the healing, through
the relative change of strength before and after healing
[18, 19, 37-41]:

HI = 2. 100%, (9)

where HI is the healing index; R, is strength after
healing; Ry is strength before healing.

As seen in Fig. 11, for all the capsules contents
except 13.5%, the addition of capsules increases the
HI of the mixtures, as compared to the reference
mixture without the capsules. The most profound
effect is observed in a case of SMA with 3% capsules
content, where HI = 85% is observed after 4t testing
cycle, this may be compared to 72% observed for the
mixture without capsules. Accordingly it may be
concluded that out of the contents of capsules exam-
ined, 3% is the optimal content for this SMA mixture,
ensuring optimal healing characteristics without
excessive negative effects. As may also be seen in
Table 4, the SMA mixture containing 3% of healing
capsules shows in 4™ test cycle approximately 5%
higher strength as compared to the mixture without
healing capsules.

Capsules content:
O -0.0% - 1.5%0 - 3.0 %W - 4.5%M - 9.0%M - 13.5%

3rd Recovery period
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Fig. 11 HI of SMA after repeated compression tests with
different contents of capsules

The experimental results presented in Figs. 9, 10,
11 and Table 4 indicate that the healing capsules
successfully withstand the loads applied during mix-
ture production and are broken only when damage
forms in their vicinity. This findings are also in line
with the computational observations discussed above.
In particular, as seen from the modelling results
presented in Figs. 6, 7, in absence of cracks at least
97% of capsules are subjected to stresses below their
measured strength and accordingly are not expected to
break. At the same time, as seen in Fig. 8, when crack
forms in the material, the tensile stresses in the
capsules located in the vicinity of the crack tip may
exceed the capsule’s strength resulting in its breakage
and release of the healing agent.

6 Summary and conclusions

In this study, the mechanical behavior of the SMA
mixtures containing capsules with the healing agent
has been investigated experimentally and numerically.
An FEM micromechanical model of asphalt mixture
containing encapsulated binder modifier as healing
agent is developed based on simplified computer-
generated internal structures. The model is used to
examine the stress state arising in capsules at different
cases of macro-scale loads applied to the mixture. The
macro-scale load cases evaluated in this study are
assumed to be representative for loads experienced by
the material during compaction, during service life
and damage initiation. It is shown that the developed
model can capture the stresses arising in healing
capsules at different load scenarios. The numerical
predictions concerning capsules breakage are at least
in qualitative agreement with experimental findings.
Accordingly, it appears to provide a feasible tool for
optimization of capsules mechanical properties in
order to improve their chance of survival during
mixture production as well as their timely activation at
damage initiation.

The effect of the capsules with thiol-containing
urethane polymer (AR-polymer) on self-healing per-
formance of a stone mastic asphalt (SMA) is also
evaluated experimentally. Capsules were manufac-
tured in the laboratory and it was possible to control
their geometry and strength by varying the ratio of
healing agent to the capsules wall made from alginate
and AR-polymer as healing agent. The technological
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process resulting in optimum capsules characteristics
has been identified and SMA specimens with various
volumetric contents of capsules have been manufac-
tured. X-Ray computed tomography (CT) has been
employed in order to investigate possible damage of
capsules during mixture production. It is observed that
the majority of capsules remain intact during com-
paction, which is also in line with the numerical
observations.

The effect of healing capsules on damage recovery
of SMA is examined experimentally based on repeated
fracture recovery tests. It is shown that, for most
capsules contents examined, capsules improve SMA
healing characteristics. The magnitude of this
improvement depends furthermore on the capsules
content in a nonlinear fashion, as the beneficial effects
of capsules are reduced by their negative influences in
terms of stress concentrations and eventual excessive
softening of the binder phase due to excessive
activation of capsules. The fracture-recovery test
results indicate that, for the mixture design used in
the present study, optimal capsules content is 3% by
weight of the binder. The loss of strength of SMA with
3% capsules content after four fracture-recovery tests
was found to be 46% less as compared to the mixture
without capsules. The effect of capsules on strength
recovery may be potentially improved further pro-
vided that their size distribution and/or strength
properties are optimized in order to ensure their
gradual activation with the progression of fatigue
damage. In this context, the micromechanical model-
ing approach proposed in this study may be particu-
larly instrumental as it allows to identify the target
capsule properties for different macro-scale load cases
applied to the mixture. This direction will be explored
as part of the future studies.
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