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Abstract

Capsule-based self-healing technologies offer a promising solution to extend pavement
service life without requiring external activation. The effect of the capsule content on
the mechanical behaviour of self-healing asphalt mixtures still needs to be understood.
This study presents a numerical evaluation of the isolated effect of incorporating capsules
containing encapsulated rejuvenators, at different volume contents, on the stiffness and
strength of asphalt mixtures through a three-dimensional discrete-based programme (Virtu-
alPM3DLab), which has been shown to predict well the experimental behaviour of asphalt
mixtures. Uniaxial tension–compression cyclic and monotonic tensile tests on notched
specimens are carried out for three capsule contents commonly adopted in experimental
investigations (0.30, 0.75, and 1.25 wt.%). The results show that the effect on the stiffness
modulus progressively increases as the capsule content grows in the asphalt mixture, with
a reduction ranging from 4.3% to 12.3%. At the same time, the phase angle is marginally
affected. The capsule continuum equivalent Young’s modulus has minimum influence
on the overall rheological response, suggesting that the most critical parameter affecting
asphalt mixture stiffness is the capsule content. Finally, while the peak tensile strength
shows a maximum reduction of 12.4% at the highest capsule content, the stress–strain
behaviour and damage evolution of the specimens remain largely unaffected. Most dam-
aged contacts, which mainly include aggregate–mastic and mastic–mastic contacts, are
highly localised around the notch tips. Contacts involving capsules remained intact during
early and intermediate loading stages and only fractured during the final damage stage,
suggesting a delayed activation consistent with the design of healing systems. The findings
suggest that capsules within the studied contents may have a moderate impact on the
mechanical properties of asphalt mixtures, especially for high-volume contents. For this
reason, contents higher than 0.75 wt.% should be applied with caution.

Keywords: discrete element method; asphalt mixtures; capsules content; mechanical
assessment; sustainability; smart infrastructures

1. Introduction
Asphalt mixtures are widely used for road surfacing due to their positive performance

under traffic loads, low traffic noise, and high skid resistance. Despite their advantages
and a potential service life of several decades, these materials are prone to deterioration,
leading to negative environmental, economic, and maintenance impacts. Such impacts not
only lead to increased greenhouse gas emissions due to frequent interventions and material
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production, but also contribute to the unsustainable use of resources and higher long-term
infrastructure costs. This damage, typically cracking associated with the stiffening and
brittleness of the aged binder [1,2], occurs despite the intrinsic self-healing capacity of
asphalt mixtures [3].

To reduce these impacts and enhance sustainability, capsule-based self-healing tech-
nologies offer a promising solution, extending pavement service life without requiring
external activation [4–7]. In the capsule–asphalt mixture method, capsules containing low-
viscosity rejuvenators are embedded during fabrication [8]. These capsules remain intact
during early use and break when cracks develop, releasing a rejuvenator that reduces the
viscosity of the aged binder and enables it to flow into micro-cracks via capillary action [9].
This approach supports the development of cost-effective, durable, and environmentally
sustainable road materials, representing a shift towards low-carbon infrastructure.

Experimental studies have indicated that capsules enhance the self-healing perfor-
mance of asphalt mixtures without compromising their overall mechanical behaviour [10,11].
Nonetheless, encapsulated rejuvenators may influence the mechanical properties of mix-
tures [7,12,13]. Ozdaemir et al. [14] evaluated the effects of capsules on the mechanical
properties of asphalt mixtures, showing that as the capsule content increases from 0.25 to
1.00 wt.%, the stiffness and resistance to permanent deformation gradually decrease. Aguirre
et al. [15] used three-point bending tests to calculate the stiffness for three conditions (un-
damaged, damaged, and healed) under different temperature conditions. Other factors that
may affect the mechanical behaviour of asphalt mixtures include capsule breakage, prema-
ture rejuvenator release, the localised softening effect of the released rejuvenator, capsule
low mechanical strength, and capsule size, which may influence the overall durability and
performance of the pavement [16–19].

Despite these advances, the full effect of capsules on the mechanical properties of
asphalt mixtures remains insufficiently understood. Most analyses are experimental, facing
challenges in (a) defining interactions among different materials, (b) isolating the effect of
specific conditions, such as the number of broken capsules, and (c) assessing the actual
effects of capsules on stiffness and tensile strength of asphalt mixtures without considering
the effect of the rejuvenator. For example, laboratory tests show that the initial stiffness of
asphalt mixtures (undamaged) is lower than that of specimens without capsules [20]. Fol-
lowing experimental investigations to understand these factors is challenging. Numerical
modelling may provide valuable insights into these concerns, particularly regarding the
impact of capsules on the stiffness modulus and tensile strength of asphalt mixtures before
the rejuvenator is activated, thereby guiding capsule performance.

Numerical modelling, particularly through the Discrete Element Method (DEM), offers
an effective way to overcome the limitations of laboratory testing. The DEM has been
widely adopted by pavement researchers to model the heterogeneous nature of asphalt
mixtures and easily simulate large deformations and fractures in these materials [21–25].
Recently, numerical studies on the effect of rejuvenators and capsules on asphalt materials
have gained attention [26,27]. Zhang et al. [28] investigated crack resistance and design
properties of microcapsules in asphalt pavement, showing that capsules can be modelled as
elastic and have no significant effect on the elastic constants of asphalt mixtures. Through
uniaxial tensile numerical tests, Ding et al. [9] verified the effects of capsule content, wall
modulus, and wall thickness of microcapsules on the mechanical behaviour of asphalt
pavements. Zhang et al. [29] assessed the mechanical behaviour of microcapsules to
improve their survival rate, achieving a minimum survival rate of 70%.

Even though significant progress has been made in recent years in modelling as-
phalt mixtures, further improvements are needed, e.g., most studies still adopt simplified
contact models and two-dimensional approaches [30–33]. In addition, few studies have
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been conducted at a meso-scale to evaluate self-healing asphalt mixtures incorporating
capsules. Even though it is assumed that the effect of capsules is more pronounced once
the rejuvenator is released, a more detailed meso-scale assessment is necessary to evaluate
the performance of capsules before rejuvenator activation, especially because they may
influence the mixture modulus even without releasing the rejuvenator [34].

2. Objectives
In line with the Green Deal goal of transforming Europe into a modern, digital,

resource-efficient, climate-neutral, and competitive economy, this research aims to develop
a virtual laboratory for asphalt materials—VirtualPM3DLab—to assist in road design and
the evaluation of self-repair techniques that may help reduce maintenance needs and
extend service life.

This paper investigates the effect of capsules on the mechanical performance of undam-
aged asphalt mixtures through DEM–based numerical simulations, aiming to contribute
to the development of more durable and sustainable pavement solutions by identifying
critical thresholds of capsule incorporation. Two aspects are analysed: (a) the effect on
stiffness properties and the influence of capsule continuum equivalent Young’s modulus,
based on dynamic tests, and (b) the effect on tensile strength, based on monotonic tests. In
the rheological analysis, tension–compression simulations are conducted with loading fre-
quencies ranging from 2 to 20 Hz. In the tensile strength analysis, numerical tensile tests are
performed with a constant applied velocity of 1 × 10−4 m/s. In both assessments, capsules
are randomly distributed throughout the asphalt mixtures and vary in size. The numerical
evaluations consider different capsule contents introduced into the particle models, with
values ranging from 0% (control specimen) to 1.25% of the total mass of the asphalt mixture.
The numerical studies use the DEM-based VirtualPM3DLab software, adopting the cali-
brated parameters derived from previous studies [35,36]. In addition, these analyses focus
on the isolated effect of capsule incorporation, without considering the combined influence
of rejuvenator release due to cracking. In the adopted DEM model for asphalt mixtures,
both the aggregates and the mastic are explicitly represented. Compared to other DEM
approaches that employ a finer discretisation of the material’s internal structure [37–41],
the proposed methodology offers a significantly lower computational cost.

3. 3D DEM Model of Asphalt Mixtures
3.1. Numerical Specimen Generation

This numerical assessment considers that the reference asphalt mixture (AM–0 for
tension–compression tests; AM–t–0 for tensile strength tests) is a heterogeneous material
consisting of mineral aggregates, mastic, and air voids. The specimens are created using
a random generation method, previously devised for concrete material [42] and asphalt
materials [35], assuming the aggregate gradation shown in Table 1. In the generation
process, aggregates are first inserted into the predefined domain.

The reference asphalt mixtures represent a dense-graded mixture (0/14 mm) for
surface courses, produced with paving grade bitumen 35/50, granite aggregates, and
limestone filler. The asphalt mixture was designed following the Marshall method, with an
optimum binder content of 5.2% by mass [35,36]. The differences in the number of particles
and the corresponding volume (Table 1) are due to the presence of notches in the specimen
used for the tensile strength test.

Contrary to the methodology in [35], where air voids are not directly represented,
the present study introduces air voids by randomly inserting particles with dimensions
between 1.5 and 2.0 mm within the domain to account for their effect on the numerical
results. DEM studies have highlighted the importance of considering air voids in the
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computational modelling of asphalt mixtures, given their significant effects on damage
propagation and modulus [24,43]. The remaining space is filled with particles representing
the mastic portion, with dimensions similar to those of the air voids. In cases where
capsules are considered, the previous steps are followed; however, capsules are introduced
into the domain before the mastic. After filling the domain with the constituent elements, a
3D Voronoi polyhedral structure is created based on the particle assembly, using the centres
of gravity of the particles and their respective radii [42]. The interactions between each
element are defined based on the adjacent 3D Voronoi cells. Finally, the air void particles
are deleted, and the asphalt mixture specimen is generated.

Table 1. Mineral aggregate gradation and corresponding generated aggregate particles for refer-
ence specimens.

Mineral Aggregates Mastic

Sieve size [mm] 19.0 12.5 9.5 4.75 2.0 >2.0

AM–0

Particles retained - 13 28 288 2184 22,861
Volume [mm3] - 26,286.8 21,400.2 40,913.3 29,256.4 74,551.0

AM–t–0

Particles retained - 13 26 282 2117 22,168
Volume [mm3] - 26,286.8 19,961.4 40,122.6 28,387.2 72,285.4

The AM–0 model is a prismatic specimen (8.0 × 5.0 × 5.0 cm3) that follows the
specified dimensions, aggregate gradation, and mastic characteristics detailed in Table 1.
In the assembly, particles larger than 2.0 mm represent the aggregates, while those be-
tween 1.5 and 2.0 mm represent the mastic. The AM–0 model comprises 25,374 particles,
138,573 particle–particle contacts, and 1537 particle–wall contacts. The AM–t–0 model
follows the same dimensions as the AM–0 model and adopts a similar particle size distri-
bution for both aggregates and mastic. However, the specimen includes a notch measuring
0.80 cm in length and height on both sides at mid-height to facilitate fracture initiation and
localisation. The relationship between the minimum specimen width (between notches)
and the maximum aggregate size is approximately 2.5, which is considered an acceptable
ratio (see Figures 1 and 2).

The AM–t–0 model comprises 24,606 particles, 133,620 particle–particle contacts, and
1537 particle–wall contacts. The air void content in both specimens is 3.8%. Table 1 also
presents the number of aggregate particles retained on each sieve size, along with the
mastic elements and their equivalent volume. Figures 1 and 2 illustrate the schematic
representations of the AM–0 and AM–t–0 models.

To assess the effect of capsules on the modulus and tensile strength of asphalt mixtures,
an in-depth analysis is conducted by adopting three capsule contents, expressed as mass
proportions of the total asphalt mixture—0.30, 0.75, and 1.25 wt.%—respectively referred
to as AM–30, AM–75, and AM–125 (dynamic loading), and AM–t–30, AM–t–75, and AM–
t–125 (tensile loading). These values are generally regarded as lower and upper limits
for self-healing applications in experimental investigations, with pavement researchers
typically selecting values within this range [14,16,44]. Figures 1 and 2 show schematic
representations of the asphalt mixture models containing capsules.

The number of capsules inserted into the AM–30, AM–75, and AM–125 assemblies
is 519, 1251, and 2128, respectively, while for the AM–t–30, AM–t–75, and AM–t–125
specimens, the corresponding numbers are 503, 1210, and 2061. In both cases, the air
void content ranges between 3.8% and 4.1%. These capsules have diameters ranging from
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1.5 to 2.0 mm, with an average of 1.75 mm. The selected capsule size aligns with the range
commonly used in experimental tests [10,45,46]. Capsules that are too small carry only a
limited amount of rejuvenator, whereas larger capsules are more prone to breakage during
manufacture, potentially releasing the rejuvenator prematurely and negatively affecting
the performance of asphalt pavements in the early stages of service [7,18].

Figure 1. Asphalt mixture for tension–compression sinusoidal simulations: reference AM–0 and
with capsules.

Figure 2. Asphalt mixture for tensile strength simulations: (a) reference AM–t–0; (b) AM–t with
capsules; (c) AM–t, capsules only shown.

3.2. Contact Modelling Approach

From Figures 1 and 2, the AM–0 and AM–t–0 specimens comprise two material phases:
aggregate and mastic, positioned between two structure walls where the loading conditions
are applied. In both models, six types of interaction exist, including contacts between
adjacent aggregates, within the mastic phase, aggregate–mastic, and between any particle
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and the loading walls (aggregate–wall and mastic–wall). When capsules are incorporated
(AM–30, AM–75, AM–125, AM–t–30, AM–t–75, and AM–t–125), these previous interactions
remain, with the addition of aggregate–capsule, mastic–capsule, and capsule–wall contacts.
This study treats capsules as an elastic material, consistent with other DEM simulations [28].
In addition, capsule–capsule contacts are also considered.

Under dynamic loading, two contact models represent all interactions in the AM
assemblies (Figure 3). A linear elastic contact model describes interactions between adjacent
aggregates (4), aggregate–capsule (3), and capsule–capsule (5) contacts (when capsules are
present). Previous studies indicated that interactions involving mastic particles (aggregate–
mastic (1) and mastic–mastic (6)) should follow a viscoelastic approach, particularly when
represented by a generalised Kelvin (GK) contact model [26,35,47]. For AM–30, AM–75,
and AM–125, the mastic–capsule (2) interaction also follows this viscoelastic representation.

Figure 3. Contact model representation: viscoelastic model—(1) aggregate–mastic, (2) mastic–
capsule, and (6) mastic–mastic; Elastic model—(3) aggregate–capsule, (4) aggregate–aggregate, and
(5) capsule–capsule.

In the adopted approach, the capsule content is directly represented, and its influence
is governed by the number of contacts within the volume. For this reason, the same
contact models are applied to all interactions involving capsules. As an approximation,
the aggregate–capsule and mastic–capsule follow the aggregate–mastic and mastic–mastic
contact model with the stiffness associated with the capsule. The capsule–capsule contact
model follows an elastic behaviour, as calibrated in Section 3.3.1.

For both dynamic and tensile loading cases, however, the relationship between any
particle and the loading walls is treated with an elastic approach. Table 2 presents the
number of interactions for each type of contact in the particle models.
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Table 2. Total number of contacts by contact type in the AM and AM–t models.

Asphalt Mixture Model: AM (AM–t)

Interaction type AM–0 (AM–t–0) AM–30 (AM–t–30) AM–75 (AM–t–75) AM–125 (AM–t–125)

Aggregate–aggregate 4670 (4499) 4667 (4493) 4738 (4452) 4670 (4499)
Aggregate–mastic 55,108 (53,048) 53,486 (51,522) 51,710 (49,774) 50,235 (48,354)

Mastic–mastic 78,795 (76,073) 73,689 (71,044) 67,312 (65,032) 62,497 (60,360)
Aggregate–capsule – 1284 (1236) 2961 (2841) 4873 (4694)

Mastic–capsule – 3877 (3730) 9428 (9089) 15,763 (15,203)
Capsule–capsule – 23 (21) 143 (137) 535 (510)
Aggregate–wall 164 (164) 163 (163) 157 (157) 164 (164)

Mastic–wall 1373 (1373) 1356 (1356) 1299 (1299) 1257 (1257)
Capsule-wall – 28 (28) 86 (86) 116 (116)

3.2.1. Elastic Contact Model

In the linear elastic contact model, the relationship between the Young’s modulus of
the equivalent continuum material (Eξ) and the contact stiffness in the normal direction
(kn

ξ ) is given by [42]

kn
ξ =

Eξ Aξ

Lξ
(1)

where Lξ is the length associated with the contact interaction, Aξ is the effective contact area
between the interacting particles, and ξ may refer to either a or c to represent the aggregate
or capsule, respectively. The contact stiffness for the shear direction (ks

ξ) is determined as
the product between kn

ξ and the contact stiffness ratio α, which follows the calibrated value
for each specific contact interaction. For these interactions, the contact stiffness ratio α is
set to 0.10 for a macroscopic Poisson coefficient of 0.40 [35].

The relationship between the contact force increments (∆Fn
i and ∆Fs

i ) and relative
displacement increments (∆xn and ∆xs

i ), associated with a linear elastic contact model in a
DEM cycle, are given by

∆Fn
i = −kn

ξ ∆xn = −kn
ξ

( .
xn

i ∆t
)

ni

∆Fs
i = −ks

ξ ∆xs
i = −ks

ξ

( .
xs

i ∆t
)
− ∆xnni

(2)

where i is the contact direction.

3.2.2. Generalised Kelvin Contact Model

The GK contact model combines, in series, a Maxwell model—a combination of an
elastic and a viscoplastic unit placed in series, describing the instantaneous response and
permanent deformation—and j-chains of the Kelvin model—a combination of springs and
dashpots arranged in parallel that describes the delayed elastic response [35]. The number
of Kelvin chains is determined during the calibration process, based on the material’s
composition and behavioural complexity. Experimental results can be used to facilitate the
calibration process. Compared to the commonly used Burgers contact model [1,22,48–50],
the proposed GK contact model provides a more accurate rheological representation over a
wider range of frequencies and temperatures. In 2D, a generalised Maxwell model [51,52]
and a generalised Kelvin model [53], similar to the adopted 3D GK contact model, have
also been proposed to improve the numerical predictions.

The total contact force ( f ) is assumed to be the same for each of these elements. The
total displacement of the GK model (ut), on the other hand, results from the sum of the
displacement corresponding to the Maxwell unit (um)—comprising the elastic (uel) and
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viscoplastic (uvp) displacements—and the cumulative displacement arising from the Kelvin

chains (∑
j
i=1 ui

ve). The total displacement increment (∆ut) is

∆ut = ut+∆t
el − ut

el + ut+∆t
vp − ut

vp + ui
ve

t+∆t − ui
ve

t
(3)

The time-dependent displacement in the GK contact model follows an incremental
formulation, based on the hereditary integral formulation of the relationship between force
and the rate of creep compliance (J), and is expressed as

uξ(t) = Jξ(0) f (t) +
∫ t

0

dJ{ξ} (t − t′ )
d (t − t′ )

f
(
t′
)
dt′ (4)

where ξ may refer to either ve or vp, representing the viscoelastic and viscoplastic elements
of the generalised model, and t′ is an integration variable. The initial creep compliances for
both displacement components are assumed to be zero.

The displacement increment (∆uξ) for the viscoelastic and viscoplastic elements is
determined by deriving Equation (4). The elastic displacement increment (∆uel) and
corresponding displacement at time t + ∆t, on the other hand, reflect the direct relationship
between the contact force and the stiffness in the Maxwell element (κm). The displacement
increment of these components is given by

ut+∆t
el − ut

el = +cel f t (5)

ut+∆t
ve

i − ut
ve

i
= +ut

ve
i
(

e(−
∆t
τi
) − 1

)
+ ∆te(−

∆t
2τi

)ci
ve

(
f t +

∆ f
2

)
(6)

ut+∆t
vp − ut

vp = +∆tcvp

(
f t +

∆ f
2

)
(7)

where cel , ci
ve, and cvp are the inverses of contact parameters κm, ηi, and ηm, respectively,

and τi corresponds to the retardation times defining the relationship between the viscosity
and stiffness of the ith-element of the delayed elastic chain.

The total displacement increment (∆ut) of the model is calculated by substituting
the displacements from Equations (5)–(7) into Equation (3), and can be simplified into a
pseudo-elastic formulation, given by

∆ f =
u
ct

(8)

where ct is the total flexibility matrix of the GK contact model—the sum of the elastic and
time-dependent components, and u is the pseudo-elastic displacement. The pseudo-elastic
displacement increment ∆u is defined as

∆u = ∆u1 − ∆tc1 f t (9)

where c1 and ∆u1 are the flexibility matrix and displacement increment of the time-
dependent portion of the contact model, respectively. The displacement increment ∆u1 is
then given by

∆u1 = ∆u −
j

∑
i=1

[
ut

ve
i
(

e−(− ∆t
τi
) − 1

)]
(10)

The total contact force at time t + ∆t results from the sum of the contact force at the
previous time t and the increment defined in Equation (8).
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3.2.3. Bilinear Softening Damage Model

Asphalt pavements are susceptible to damage, with cracking being the most common
form of distress in these infrastructures. Cracks typically initiate due to traffic loading and
climatic conditions at intermediate temperatures. Within this temperature range, damage
in asphalt mixtures tends to propagate through softer forms of degradation. Previous DEM
studies have shown that softening-based models improve the representation of damage
propagation phenomena in asphalt mixtures [54–56]. By adopting a linear model, Peng and
Gao [25] assessed the impact of air void size and distribution on the indirect tensile strength
of mixtures at different temperatures and loading directions. Dan et al. [57] investigated
the effect of notch eccentricity on low-temperature crack propagation in asphalt mixtures
under single-edge notched bend test simulations.

Most studies, however, have adopted linear softening models in DEM numerical
simulations. In order to enhance the potential to represent the overall time-dependent
damage behaviour of asphalt materials, this study adopts a bilinear softening model (see
Figure 4), previously proposed in [36], to account for post-peak behaviour in numerical
tests considering a softening damage evolution response. Under tensile loading, a bilinear
softening damage model—associated with either the elastic or GK contact model (Figure 4),
depending on the nature of the contact—is adopted to assess damage evolution [36]. The
Elastic–Bilinear model is used for aggregate–aggregate, aggregate–capsule, and capsule–
capsule contacts, while the GK–Bilinear model is applied for interactions involving mastic
particles (aggregate–mastic, mastic–capsule, and mastic–mastic). This damage model has
been shown to significantly improve material representation compared to brittle and linear
damage models.

Figure 4. Damage model representation: (a) force-displacement; (b) damage evolution.

The bilinear damage model requires the following input parameters: the maximum
tensile strength (σt), the contact fracture energy in mode I (GI), the maximum contact
cohesion stress (τ), the contact friction term (µ), and the contact fracture energy in mode II
(GI I). The force–displacement relationship presented in Figure 4 is defined as follows:

Fmax
(n,s) = σmax

(n,s)Ac (11)

where σmax
(n,s) refers to σt (normal direction) or τ (shear direction).

The GK–Bilinear model adopts a total contact displacement-controlled criterion. Once
the maximum displacement allowed before damage (umax

(n,s)) is reached, either in the nor-
mal or shear direction, the maximum contact strength gradually decreases based on the
accumulated damage factor D(n,s). In the elastic approach, the total contact displacement
includes both an elastic and a damage term, whereas in scenarios adopting the GK–Bilinear
contact model, the total contact displacement includes both a viscoelastic and a damage
component. From Figure 4, when the elastic behaviour is adopted, umax

(n,s) corresponds to
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the peak strength. However, under a viscoelastic approach, umax
(n,s) does not necessarily

correspond the to the peak load due to the time-dependent behaviour of the interaction.
The post-peak load zone is characterised by three distinct regions, defined by the

displacements umax
(n,s) and u0

(n,s); the second by u0
(n,s) and ud

(n,s); and the final region, where

the maximum contact displacement u(n,s) exceeds ud
(n,s). These parameters, which govern

the force-displacement relationships shown in Figure 4, are given by

umax
(n,s) =

Fmax
(n,s)

k(n,s)
(12)

u0
(n,s) = 0.75

(
Gθ Ac

Fmax
(n,s)

)
+ umax

(n,s) (13)

ud
(n,s) = 5.0

(
Gθ Ac

Fmax
(n,s)

)
+ umax

(n,s) (14)

F0
(n,s) = 0.25Fmax

(n,s) (15)

where Gθ refers to GI (contact fracture energy in mode I) and GI I (contact fracture energy
in mode II)—both terms corresponding to the area of the softening region—and k(n,s) may
refer to either the contact stiffness from the elastic interaction types or the associated Kelvin
model from time-dependent interaction types. In either case, this relationship is defined by
Equation (1). For time-dependent interactions, however, the spring stiffness of the Maxwell
unit (km) is adopted as the modulus of the material from Equation (1).

In the bilinear softening model, damage is defined as a function of the maximum
displacement u(n,s) in the normal and shear directions. Note that the accumulated damage
factor D(n,s) varies between zero (intact contact) and 1.0 (fully cracked contact), as illustrated
in Figure 4. The total damage factor is assumed to be the sum of the contact damage in the
normal D(n) and shear D(s) directions.

Once within the softening region, the contact tensile and cohesive strengths are ad-
justed accordingly based on the updated value for the damage factor D, as described by
the following:

Fmax,updated
n = (1 − D)× Fmax

n (16)

Cmax,updated = (1 − D)× Cmax (17)

Fmax
s = Cmax,updated + Fn (18)

The contact forces (in both the normal and shear directions), adjusted according to
the updated strength values at each step following the attainment of their peak values, are
given by

Fn = Fmax,updated
n (19)

Fs = Fmax,updated
s

Fs

∥Fs∥
(20)

Finally, once the accumulated damage factor D reaches its maximum value, the contact
is fully fractured. In this scenario, the contact forces are set to zero in tensile loading
simulations. However, the contact may still function under pure frictional conditions,
following a viscoelastic model under compression/shear.
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3.3. Contact Model Parameter Calibration
3.3.1. Elastic Model

The aggregate Young’s modulus (Ea) is taken as 61 GPa, derived from the previous
calibration presented by Câmara et al. [35]. The relationship between Ea and the contact
stiffness in the normal and shear directions (kn

a and ks
a) is defined in Equation (1).

The contact stiffness calibration process for the capsules follows a similar procedure.
The capsule continuum equivalent Young’s modulus (Ec) is calibrated following the force-
displacement experimental results from a uniaxial compression test on a single capsule [58].
In [58], the authors tested several capsules, which exhibited initial rupture at 33.0 ± 2.2 N
for an average deformation of 0.50 mm. At this point, however, the amount of rejuvenator
released was minimal due to the encapsulation method. This represents an advantage
for the present calibration, as the aim of this study is to assess the effect of the capsules
solely on the mechanical properties of asphalt mixtures, thus avoiding the influence of the
rejuvenator itself.

To determine the capsule continuum equivalent Young’s modulus, a virtual monotonic
compression test is performed on a single capsule (1.50 mm in size) positioned between two
parallel walls (Figure 5a), similar to the procedure used by Zhang et al. [29], who defined
the mechanical properties of capsules using FEM and DEM simulations to investigate their
effects on asphalt mixture performance. A vertical velocity of 1.0 × 10−5 m/s is applied
to the upper wall in the downward Z-direction, while the bottom wall remains fixed in
all directions. The results shown in Figure 5b demonstrate a close agreement with the
experimental response [58] for a capsule stiffness modulus of 3.35 × 104 kPa. The resulting
capsule contact stiffness in the normal and shear directions (kn

c and ks
c) is derived using the

relationship from Equation (1).

Figure 5. Capsule uniaxial compression calibration: (a) test configuration; (b) experimental vs.
DEM results.

In the asphalt mixture model, for interactions between two different material types,
such as aggregate–capsule contacts, an equivalent contact stiffness (κn

eq) is estimated by
following two elements in series to represent the effective contact stiffness of the interaction.
The equivalent elastic relationship for the normal direction is given by

κn
eq =

κmat1κmat2

κmat1 + κmat2
(21)

where κmat1 and κmat2, calculated in accordance with Equation (1), represent the elastic
units of particles 1 and 2, respectively, in a particle–particle system. The contact stiffness
for the shear direction follows the same relationship described in Section 3.2.1.

3.3.2. Generalised Kelvin Contact Model

The calibrated macroscopic parameters from [35] are adopted in the DEM simulations
to characterise the viscoelastic interactions, which are modelled using the GK contact
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model in the AM models (see Figure 3). These macroscopic properties are derived through
a fitting procedure that minimises the error of a function accounting for experimental
data. During this process, the number of Kelvin chains in the model is determined via an
iterative procedure that also reduces the predicted error, ensuring the best agreement with
the reference experimental results. As shown in Table 3, three Kelvin chains were required
to accurately represent the time-dependent interactions within the asphalt mixture models
at 20 ◦C [35].

Table 3. Calibrated parameters of the macroscopic GK model [35].

Chain Number GK Macroscopic Component Value

1
E1 [kPa] 8.95 × 106

C1 [kPa·s] 3.80 × 105

2
E2 5.70 × 106

C2 1.60 × 106

3
E3 1.11 × 106

C3 4.31 × 107

Maxwell components Em [kPa] 1.12 × 107

Cm [kPa·s] 2.52 × 106

The macroscopic properties from Table 3 are then converted into contact parameters—
stiffnesses (kn

ξ ) and viscosities (ηn
ξ ), where ξ takes the value of i for the ith-viscoelastic

element in the Kelvin chain, and m for the elastic and viscoplastic elements of the Maxwell
component—based on Equation (1) for the normal direction. The shear contact stiffness is
calculated using the relationship previously described in Section 3.2.1 (α = 0.10 [35]).

The same methodology applied for interactions represented by an elastic contact
model—where different types of particles are in contact—to calculate an equivalent contact
stiffness relationship (see Equation (20)) is adopted for viscoelastic interactions involving
different material types, such as aggregate–mastic and mastic–capsule contacts. In this case,
however, the equivalent normal contact stiffness (κn

eq), estimated from two springs in series
(Figure 3), replaces the elastic spring in the Maxwell unit (κm).

3.3.3. Bilinear Softening Model

The bilinear softening damage model employs the calibrated parameters from [36]
to represent damage initiation and propagation when asphalt mixtures are subjected to
tensile loading. Table 4 presents the contact parameters for the GK–Bilinear contact model
in both the normal and shear directions. Note that although the maximum contact cohesion
stress and the contact fracture energy in mode II—associated with the shear direction—
are computed, these parameters, within the selected range of values, do not significantly
influence the predicted macroscopic response under tensile loading. The damage properties
of capsule–mastic interactions follow those defined for aggregate–mastic interactions. The
same applies to aggregate–capsule and capsule–capsule contacts. In tensile tests, it is
assumed that the mastic surrounding the capsules provides their contact tensile strength.

Table 4. Contact strength parameters for the GK–Bilinear model [36].

Contact Parameter Calibrated Value

Maximum contact tensile stress [MPa] 6.12
Maximum contact cohesion stress [MPa] 24.48
Contact fracture energy in mode I [N/mm] 0.35
Contact fracture energy in mode II [N/mm] 56.44
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4. Numerical Tests
This study evaluates the effect of capsule incorporation on the mechanical properties of

asphalt mixtures using the VirtualPM3DLab DEM software. The validation of the adopted
numerical implementation and the calibration of the contact models presented in Section 3
was carried out in [35,36].

Uniaxial tension–compression sinusoidal tests are simulated with an imposed strain
amplitude of 1.0 × 10−4 m/m, measuring the stiffness and phase angle across loading
frequencies of 2, 5, 10, and 20 Hz. A parametric study is also conducted to assess the
influence of capsule continuum equivalent Young’s modulus on the stiffness behaviour of
mixtures. In this analysis, the impact of capsule content on the rheological response of as-
phalt mixtures is evaluated. Following, the impact of capsule content on the tensile strength
of asphalt mixtures with an imposed constant velocity of 8.0 × 10−4 m/s is assessed.

In both numerical tests, simulations are carried out for a group of asphalt mixtures,
including control specimens (AM–0 and AM–t–0) and specimens containing capsules (AM–
30, AM–75, AM–125, AM–t–30, AM–t–75, AM–t–125). Simulations assume that the load
is applied to the upper wall in the vertical direction, while the bottom wall is constrained
in all degrees of freedom. A timestep of approximately 2.0 × 10−7 s/step is adopted in
the numerical analyses. The same boundary and loading conditions are applied to all
specimens (with or without capsules) under their respective loading scenarios.

5. Results and Discussion
5.1. Tension–Compression Sinusoidal Test

Figure 6 illustrates the effect of incorporating capsules on the stiffness behaviour of
asphalt mixtures under dynamic loading. The stiffness modulus progressively decreases as
the capsule content increases. As shown in Table 5, a higher capsule content results in a
more pronounced reduction in stiffness. On average, the reductions observed for specimens
AM–30, AM–75, and AM–125 are 4.3%, 8.7%, and 12.3%, respectively.

Figure 6. Effect of capsules on the stiffness behaviour of asphalt mixtures under dynamic loading.

Table 5. Stiffness modulus behaviour results for asphalt mixtures.

Asphalt Mixture Variation in Stiffness (%)
Min (Max)

Difference in Phase Angle (◦)
Min (Max)

AM–30 4.3 (4.4) 0.02 (−0.11)
AM–75 8.4 (8.9) −0.11 (−0.31)
AM–125 12.1 (12.4) −0.10 (−0.31)

Across all loading frequencies, the stiffness results show no substantial variation. The
reduction in stiffness modulus at frequencies of 2, 5, 10, and 20 Hz remains similar for
each capsule content case, with a maximum variation of only 0.3% for the highest capsule
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content. The impact on the phase angle is also minimal across all capsule ratios. The
deviation in phase angle relative to the reference specimen (AM–0) remains below 0.8%
across all frequencies, with differences ranging between −0.31◦ and 0.07◦ (see Table 5).

The DEM results indicate that higher capsule ratios influence the stiffness modulus of
asphalt mixtures more significantly than the phase angle, which remains nearly constant
regardless of the capsule content. These findings are expected, as the capsules act similarly
to aggregates with a low modulus, thus reducing the overall stiffness of the mixture in
proportion to their concentration.

These results are consistent with previous DEM-based analysis [47], where the authors
investigated the effect of activated capsules (particles representing the blend of rejuvenator
and asphalt mastic) on the post-healed rheological behaviour of asphalt mixtures, using
similar capsule contents and loading conditions. For capsule concentrations of 0.30, 0.75,
and 1.20 wt.%, the reported reduction in stiffness modulus ranged from 4.9% to nearly 30%,
while the phase angle remained largely unaffected.

Several factors may account for the smaller effect of capsules observed in the present
modelling results compared to those reported in [47]. The more pronounced reduction
in stiffness modulus found in [47] can be primarily attributed to the additional effect of
rejuvenator release within the asphalt mixtures. Interestingly, in both numerical analyses,
the phase angle remained nearly constant, indicating that the rheological behaviour of
asphalt mixtures with these capsule ratios is not significantly altered in terms of their
elastic–viscous components, even at a high capsule content of 1.25 wt.%.

Nevertheless, the incorporation of capsules into asphalt mixtures should be under-
taken cautiously to avoid an excessive reduction in stiffness modulus of asphalt pavements.
Following the same reasoning adopted in [47], a capsule content of 1.25 wt.% may be
considered excessive; accordingly, adopting a lower content, such as 0.75 wt.%, would be
more appropriate for self-healing purposes. Based on this hypothesis, a capsule dosage of
0.75 wt.% alone would lead to a stiffness reduction on average of approximately 8.7% in
the asphalt mixture. According to the findings in [47], this effect on stiffness could reach a
maximum level between 13.5% and 18.4% considering the rejuvenator effect, depending on
the rejuvenator release rate considered.

Most experimental studies have reported a reduction in the stiffness modulus ranging
from 10% to 30%, depending on the test type, capsule content, capsule size, rejuvenator
release rate, and other influencing factors [18,19,59]. Li et al. [7] demonstrated that both
capsule type and content influence the performance of asphalt mixtures after investigating
three different types of capsules. Kargari et al. [16] observed a reduction in stiffness of
approximately 11% and 15% for capsule contents of 0.35 wt.% and 0.70 wt.%, respectively,
in laboratory tests. Similarly, experimental tests conducted by Micaelo et al. [58] reported a
14% reduction in the stiffness for mixtures containing 1.00 wt.% capsule content.

The reduction in stiffness modulus observed in the present study is considerably less
pronounced than that reported in most experimental investigations for similar capsule
contents and capsule types. This may be primarily because the present numerical study
considers only the physical presence of the capsules, excluding the effect of rejuvenator
release that is typically included in experimental work. Most experimental studies assess
the combined effect of capsules and rejuvenators on the modulus of asphalt mixtures, often
overlooking the isolated influence of the capsules themselves. Few studies have assessed
the impact of the capsule alone, without rejuvenator. One such example is the study by
García et al. [34], who demonstrated, in a laboratory, that even capsules without rejuvenator
incorporation can affect the stiffness of mixtures. This underscores the importance of
investigating the standalone effect of capsules as a critical step in improving the design of
self-healing asphalt technologies.
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In recent years, several studies have investigated the incorporation of calcium–alginate
capsules into the mechanical behaviour and self-healing capacity of asphalt mixtures [45,46].
These capsules offer advantages over alternative types, such as the ease of production,
lower costs, and the ability to encapsulate larger amounts of rejuvenator [10]. Although
experimental studies have examined the influence of capsules with various materials
and activation mechanisms, such approaches do not allow for an isolated assessment
of the mechanical effect of the capsules themselves [60,61]. Numerous capsule-related
parameters can influence the stiffness of asphalt materials under dynamic loading. Different
characteristics may define the calibration parameters of capsules used in asphalt mixtures,
such as the constitutive material and the elastic properties that govern their interactions
with other constituents of the mixture.

To analyse the material properties of the capsules, this next analysis investigates the
effect of the capsule continuum equivalent Young’s modulus on the stiffness properties
of asphalt mixtures. The modulus used for capsules in the AM assemblies was calibrated
based on the calcium–alginate capsules used in previous experimental tests [58]. To assess
this influence on asphalt mixtures subjected to tension–compression loading, the study
considers two hypotheses for the capsule continuum equivalent Young’s modulus: (a) half
of the calibrated value and (b) twice the calibrated value.

Figures 7 and 8 show the influence of this parameter on the stiffness and phase angle of
the specimens (AM–30, AM–75, AM–125), compared to those obtained using the calibrated
capsule continuum equivalent Young’s modulus. Within the range of values considered,
the influence of this parameter on the AM specimens does not significantly affect their
stiffness behaviour, regardless of the capsule content in the numerical models. The variation
in the rheological properties is minimal and primarily dependent on the capsule content
incorporated into the assemblies. When adopting half of the calibrated value, the stiffness of
asphalt mixtures reduces by less than 0.10% on average, while a slight increase in the phase
angle—nearly 0.14% on average—is observed. Conversely, a higher capsule continuum
equivalent Young’s modulus results in a marginal increase in stiffness and a slight reduction
in the phase angle.

Figure 7. Influence of capsule calibration on AM models: 1/2 modulus.

This parametric analysis suggests that the capsule ratio is the primary factor influ-
encing the stiffness of asphalt mixtures when using this specific capsule type. To generate
a more significant impact, the capsule continuum equivalent Young’s modulus would
need to be either considerably lower or higher than the value derived from the experi-
mental study [58]. This would likely require the use of capsules composed of alternative
materials with different mechanical properties. Additional significant effects may arise
from the action of the rejuvenator and breakage of capsules in simulations that include
fracture–healing processes.
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Figure 8. Influence of capsule calibration on AM models: 2x modulus.

5.2. Tensile Strength Monotonic Test

The isolated effect of capsules—excluding the additional influence of rejuvenator
release—is also evaluated in terms of tensile strength of notched asphalt mixtures under
monotonic tensile loading. Figure 9 presents the stress–strain response of mixtures for
three capsule contents. The initial elastic behaviour of the specimens is not affected by the
presence of capsules, with a similar trend observed across all assemblies up to the peak
tensile stress. The incorporation of capsules leads to a reduction in tensile strength, with
decreases ranging from 4.3% to 12.4%, depending on the capsule content. The highest
reduction is observed for the AM–t–125 specimen. The post-peak region of the stress–strain
curve follows a similar trend for all analysed assemblies, suggesting that the capsule content
mainly affects the tensile strength value. Consequently, the overall fracture resistance of
the specimens appears to be only marginally influenced.

Figure 9. Tensile loading test results: tensile stress and damage evolution in the overall and mid-
section of and of the AM–t models.

The influence of capsules is also reflected in the damage evolution observed during
tensile simulations. As shown in Figure 9, the evolution of cumulative damage follows a
similar pattern across all specimens. When considering the overall damage—taking into
account the entire volume of each AM–t specimen—the damage levels reach approximately
6.2% at a strain level of around 1.75%, regardless of the capsule content.

In general, notched asphalt mixtures are expected to exhibit a concentration of damage
in the vicinity of the notch region. Figure 9 also shows the local damage evolution within
the notch region. By the end of simulations, damage levels in this area range between 31%
and 34.5%, depending on the specific assembly. These values are indicative of significant
localised damage, typically associated with well-defined fracture planes initiating from the
notch tips.
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Despite the uniform distribution of capsules in the numerical specimens—replicating
the typical configuration used in experimental tests—the influence of existing capsules on
the damage magnitude in the notch-tip zone is minimal. A slight reduction in localised
damage is observed in the capsule-containing specimens compared to the control specimen
(AM–t–0), as can be seen in Figure 9. However, the overall impact remains limited.

5.2.1. Contact Damage Evolution

The evolution of contact damage (overall and notch region) is the cumulative result
of the damage from the different types of particle interactions. These include aggregate–
aggregate, aggregate–mastic, mastic–mastic, and, when applicable, interactions involv-
ing capsules—namely aggregate–capsule, mastic–capsule, and capsule–capsule contacts.
Figure 10 presents the damage evolution for each contact type, providing further insight
into the progression of damage throughout the simulations. It also illustrates the damage
evolution within the region between the notch tips, where failure is most likely to occur.

Figure 10. Contact damage evolution in the AM–t assemblies during simulations.

In both specimen scenarios (with and without capsules), and regardless of the capsule
content, the evolution of contact damage during numerical tensile simulations can be
divided into three distinct stages:

• Stage 1: This stage (strain ε ≤ 0.12%) is characterised by the absence of contact damage
in interactions involving mastic and capsules. The observed response primarily results
from the initial rearrangement of the constituent materials in the asphalt mixtures
in response to internal air voids and the deformability of the material phases. The
elastic response from the contact models—either linear elastic or viscoelastic (GK
model)—also dominates at this early point. During this stage, limited damage is
observed exclusively between adjacent aggregates. However, because of the relatively
low number of these interactions, this early damage has negligible influence on the
overall damage progression.
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• Stage 2: As tensile loading increases, contact damage begins to escalate, particularly in
the vicinity of the notch tips (0.12% < ε ≤ 0.70%). This growth in damage predomi-
nantly occurs in aggregate–mastic and mastic–mastic interactions. At this point, the
average overall contact damage reaches approximately 5.8%, while in the notch-tip
region, damage rises to 24%, indicating a clear concentration of failure and a pre-
disposition toward fracture initiation. In addition, interactions involving capsules
remain unaffected during this stage. This observation suggests that the mechanical
interactions involving capsules can withstand the initial loading stages, minimising
the risk of premature activation—an important condition for self-healing applications.

• Stage 3: As shown in Figure 10, a trend of damage stabilisation is observed beyond
this strain threshold (ε > 0.70%) for aggregate–aggregate, aggregate–mastic, and
mastic–mastic contacts. Final average values for overall damage and notch-region
damage reach approximately 6.31% and 33.24%, respectively. Among these interac-
tions, aggregate–mastic contacts show a higher proportion of damaged interfaces
when compared to mastic–mastic ones. This implies that while both types of interac-
tion contribute to the damage process, aggregate–mastic contacts are more susceptible
to failure, being a dominant role in the crack propagation mechanism. This finding
highlights the importance of the bond between aggregates and mastic for the fracture
resistance of mixtures—an observation corroborated by previous studies [8,27,36].
Damage to contacts involving capsules occurs only during this third stage, which
supports their intended function in asphalt pavements. Capsules are designed to
remain intact under initial loading and only become active once micro-cracking occurs
in the surrounding asphalt binder. This simulated behaviour agrees with experimental
findings, which suggest that capsules typically activate only after crack initiation [58].

5.2.2. Contact Damage Patterns

Figure 11 presents cross-sectional views of the predicted damage paths for notched
specimens with and without capsules under tensile loading. These images display contacts
exceeding 85% damage, effectively highlighting the expected principal zones of failure within
the virtual assemblies. Consistent with observations in Figure 10, the dominant damage paths
are localised around the notch-tip region. This confirms the critical role of notch-induced
stress concentrations in facilitating damage propagation through the asphalt matrix.

Figure 11. AM-t models: damage path under tensile loading—line thickness proportional to con-
tact damage.
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Experimental studies with notched asphalt mixtures have similarly shown that macro-
cracks typically evolve from the coalescence of micro-cracks in this specific region [5].
Although aggregate–aggregate interactions slightly contribute to the overall damage, these
contacts are simulated using the GK–Bilinear model, representing the thin binder layer
enveloping adjacent aggregates. As such, their contribution to macro-crack formation in
the notch region remains limited.

The failure modes obtained for asphalt mixtures with capsules are similar to those
obtained in [36] for asphalt mixture without capsules, where a good agreement with
experimental results was verified.

5.2.3. Contact Damage Patterns—Capsule Behaviour

As previously discussed, most damaged contacts in the asphalt mixture specimens are
localised in the vicinity of the notch tips, where stress concentration is most pronounced.
However, it is essential to evaluate how the interactions involving capsules respond under
monotonic tensile loading. Figure 12 provides detailed cross-sectional views of the asphalt
mixtures containing capsules, offering further insight into this behaviour.

Figure 12. Cross-sectional views of AM-t specimens: damage contact path of capsules—line thickness
proportional to contact damage.

The results demonstrate that all contacts involving capsules—aggregate–capsule,
mastic–capsule, and capsule–capsule—were fully damaged (i.e., reached a damage factor
D = 100%) during the simulations. These failed contacts were located exclusively within
the notch-tip region, indicating that damage to capsule-related contacts occur only under
critical stress conditions where crack initiation and propagation are concentrated.

This outcome supports the primary design principle of using capsules in asphalt
mixtures: they should remain intact under normal loading conditions and only become
active in the presence of existing damage. The localisation of damaged capsule contacts near
the notch tip also implies that, in scenarios where rejuvenator release is modelled, healing
would likely occur precisely in the regions where it is most needed—where micro-cracks
form and merge into macro-cracks. Thus, the presence of capsules in these high-damage
zones can be strategically advantageous for fracture healing in asphalt pavements.

6. Modelling Limitations and Future Developments
To address some of the modelling limitations of this study, experimental and subse-

quently numerical validations have been planned. Ongoing studies are being conducted
to extend the proposed methodology to a broader temperature and frequency ranges. In
addition, future studies will include controlled experimental work to further validate the
simulation of rejuvenator release and healing mechanisms. Modelling capsule breakage and
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the subsequent diffusion of rejuvenators will provide a more comprehensive understanding
of self-healing efficiency.

A key contribution of this work is the proposed methodology for calibrating capsule
parameters and evaluating their effects on the mechanical properties of asphalt mixtures.
This approach can be readily extended to capsules with different mechanical properties and
sizes. The proposed developments will be essential for optimising capsule design and dosage,
ensuring an effective balance between mechanical performance and healing capacity.

Additional work, both numerical and experimental, is still required to demonstrate
that asphalt mixtures containing encapsulated rejuvenators provide cost-effective and
durable road pavement structures. In addition, it should be noted that the rejuvenators used
in this technology should be bio-based and exhibit low toxicity to minimise environmental
impact and associated risks.

7. Conclusions
The presented study contributes to the development of resilient and sustainable

pavement solutions by providing key insights into the mechanical behaviour of self-healing
asphalt mixtures. This study adopted the VirtualPM3DLab DEM-based model to assess
the isolated mechanical effect of capsule incorporation into asphalt mixtures. The research
focused on analysing the stiffness and tensile strength of mixtures through virtual tension–
compression cyclic and monotonic tensile tests, considering realistic air void content and
notched specimens. The influence of different capsule contents, based on commonly
adopted values in experimental tests (0.30, 0.75, and 1.25 wt.%), as well as a parametric
study on the calibrated capsule continuum equivalent Young’s modulus, were evaluated.
The main findings are summarised below:

• The three-dimensional DEM model effectively captured the behaviour of asphalt
mixtures with capsules under different loading conditions and provided detailed
insight into contact interactions and damage evolution.

• The addition of capsules led to a progressive reduction in stiffness modulus. On
average, reductions of 4.3%, 8.7%, and 12.3% were verified for capsule contents of
0.30, 0.75, and 1.25 wt.%, respectively. The phase angle, however, remained unaffected
across all frequencies and capsule ratios.

• The capsule continuum equivalent Young’s modulus, within the studied range (half
and double of the calibrated value), had minimal influence on the overall rheological
response. The most critical parameter affecting asphalt mixture stiffness was the
capsule content, rather than the capsule stiffness itself.

• Under tensile loading, the presence of capsules reduced the peak tensile strength (up to
12.4% for the highest capsule content), but did not significantly affect the stress–strain
and damage evolution of the specimens. Damage was highly localised around the
notch tips, and the trends remained consistent among all capsule contents.

• Contacts involving capsules remained intact during early and intermediate loading
stages and only fractured during the final damage stage, suggesting a delayed ac-
tivation consistent with the design of healing systems. All these damaged contacts
were localised within the notch-tip region, showing that simulations considering the
rejuvenator effect would possibly influence the recovery of damaged asphalt mixtures.

• Capsules themselves have limited mechanical influence, particularly on damage
evolution. The main mechanical benefit expected from their use is associated with the
rejuvenator release mechanism.

• The numerical findings suggest that capsule contents of up to 0.75 wt.% can be incor-
porated without significant compromise to mechanical performance. Higher contents
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should be applied with caution due to the additional effect of rejuvenator in self-
healing applications.

The proposed methodology and main findings are essential for optimising capsule
content, not compromising the balance between mechanical performance and the desired
healing capacity.
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