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Abstract

The fundamental issue in designing encapsulation-based self-healing concrete structures
is the design of microcapsules. However there are few studies in the literature on this
topic; not only is the fracture of microcapsules crucial for releasing the healing agent to heal
fractures in the concrete matrix, but also the amount of the healing agent and expected crack
widths. Therefore, in this paper, a novel design method of dimensioning microcapsules for
encapsulation-based self-healing concrete (SHC) with consideration for a sufficient volume
of healing agent to heal a specific crack width is developed. It is based on the configuration
of the representative volume element (RVE) and the unit cell (UC), and associates them with
the volume fraction (Vf) and the crack width as variables with applied periodic boundary
conditions (PBCs). It is also validated through numerical fracture modeling using the
eXtended Finite Element Method (XFEM), and cohesive surface (CS) technique. Effects
of interfacial cohesive properties, the microcapsule size, and volume fraction on the load
carrying capacity and the crack pattern are investigated numerically. The obtained results
are in good agreement with the literature. The developed design method can serve as a
valuable tool for obtaining a preliminary design of microcapsules for SHC.

Keywords: self-healing concrete (SHC); microcapsules design; fracture modeling;
representative volume element (RVE); unit cell (UC); periodic boundary conditions (PBC);
eXtended finite element method (XFEM); cohesive surface (CS); volume fraction (Vf);
interfacial cohesive properties; microcapsule core–shell thickness ratio

1. Introduction
The ability of encapsulation-based self-healing concrete (SHC) to automatically re-

pair cracks without the need for human intervention has made it a promising technique
among others for autonomous self-healing concrete. This ability can prolong the lifespan of
concrete structures and lower their maintenance costs [1,2]. It has great prospects for infras-
tructures because as the propagating cracks strike the capsule shell, the healing agents are
released on their own to cure the fractures around the damaged zone; Figure 1. Various heal-
ing agents, such as polymer, bacteria, sodium silicate, and various capsule shell materials,
e.g., glass, ceramic, gelatin, silicon, expanded clay, cementitious, and polymers have been
developed and tested, aiming to extend the life of the healing agent, accelerate the reaction
after cracking and improve the healing capability. Also several shapes and sizes of cap-
sules such as vascular, capillary, spherical, and tubular/cylindrical, are investigated [2–4].
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A recent study developed a capsule-based self-healing system suitable for concrete in
CO2-rich environments; in sewer systems due to microbial activities, there has always
been a degradable factor, which accelerates the corrosion inside concrete sewer pipes. The
capsules, utilizing water treatment sludge, calcium hydroxide, and expansive polymers,
significantly restore water tightness and compressive strength through the formation of
calcite crystals [5].

The fracture of the capsules, the bonding between the capsules and the concrete matrix,
the healing efficiency, and the fracture process have all been the subject of numerous
laboratory investigations and experiments, for example [6,7]. Also several computational
modeling techniques based on the cohesive zone model (CZM) have been used in SHC to
investigate the interaction between capsules and concrete matrix, such as the zero thickness
cohesive element approach [8] and the extended finite element method (XFEM) with the
cohesive surface (CS) technique, which showed more accuracy [9,10]. The zero thickness
cohesive element approach has been widely used for fracture modeling in the literature,
although it has a number of important shortcomings, introducing artificial compliance and
mesh dependency [11]. The extended finite element method (XFEM) has proven itself to be
a promising, flexible, and effective discrete crack technique that allows fracture propagation
without re-meshing. Furthermore, it has been demonstrated to model fracture in concrete
materials with excellent accuracy [12], and it is already incorporated into commercial
software such as ABAQUS [13]. Moreover, computational modeling has demonstrated
benefits in simulating physical phenomena including fracture energy, healing patterns, and
capsular clustering that are hard and difficult to study experimentally [14–16].

Figure 1. Encapsulation-based self-healing using microcapsules.

Despite extensive research into self-healing mechanisms, there remains a notable lack
of experimental and modeling studies addressing the specific design parameters of these
systems. To the author’s best knowledge, the optimization of capsule size—the primary
component of such techniques—has not been sufficiently explored. While the existing
literature has addressed capsule development, the focus has predominantly remained on
material characterization (e.g., [17,18]) rather than geometric design. The determination of
capsule size is a critical primary issue in the design of self-healing systems, as the requisite
volume of the healing agent is intrinsically linked to capsule dimensions, volume fraction
(Vf), and the projected crack width. The key novelty of this study lies in the development of
a systematic design methodology for dimensioning capsules to ensure a sufficient supply
of healing agent for a target crack width. The proposed method utilizes the configurations
of the unit cell (UC) and representative volume element (RVE), integrated with periodic
boundary conditions (PBCs), while treating Vf and crack width as the fundamental vari-
ables. To establish a comprehensive framework, the following subsections summarize the
essential concepts of microstructural configuration modeling.

1.1. Representative Volume Element (RVE)

The literature provides several definitions for the representative volume element (RVE),
all of which relate to identifying an adequate volume that represents the microstructural
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geometry and its effective properties. According to one convention, an RVE must serve as a
statistically representative sample of the microstructure, encompassing a complete sampling
of all possible microstructural configurations [19]. This definition leads to a considerably
large RVE for a nonuniform microstructure which is computationally inefficient. An
alternative definition characterizes the RVE as the smallest microstructure capable of
sufficiently representing the macroscopic properties of interest, such as the constitutive
relationship between stress and strain. While this results in a more computationally efficient
size, an RVE satisfying this criterion may not always capture the full distribution of internal
microfields. In the context of the present numerical simulations, the RVE is defined as the
smallest material volume that accurately represents the structural integrity of the material.

1.2. Unit Cell (UC)

The unit cell (UC) is defined as a discrete portion of a material at a lower length scale
that can reproduce the entire material domain through appropriate symmetry transforma-
tions. When correctly defined, the UC and its translated images fill the entire space without
gaps or overlaps. The existence of a UC implies a degree of regularity in the material
architecture at the lower scale, which ensures homogeneity at the macroscopic level. While
macroscopic homogeneity can also arise from a random distribution at the lower scale
based on statistical considerations, the application of a UC typically serves as either a
realistic representation of periodic architecture or an idealization of an otherwise random
structure. As noted in [20], if the inherent randomness of the lower-scale architecture must
be explicitly modeled, a statistical RVE must be employed rather than an idealized UC.

Generally spherical capsules have less influence on the mechanical properties as their
shape reduces the stress concentrations around the void left from empty capsules [2,3].
Therefore, the developed design method in this paper focused on spherical microcapsules.
However the same principals used in this design method can be applied for any shapes of
capsules. The healing mechanism, which occurs by releasing the healing agent once the
capsules are cracked, depends critically on the fracture of the capsules. As a result, the
developed design method is also validated through numerical fracture modeling using
extended finite element method (XFEM), and cohesive surface (CS) technique for the
previously mentioned advantages. In this validation, the effects of microcapsule size and
the volume fraction (Vf) on the load carrying capacity and the possibility of debonding or
fracture of the microcapsules from the concrete matrix are numerically investigated. 2D
numerical fracture modeling is performed for the obtained SHC design samples including
the microcapsules loaded under uniaxial tension. XFEM is used for modeling the concrete
matrix and the microcapsule shell, while the interaction between them is modeled by CS
with PBCs applied. The potential use of the developed design method could act as a helpful
tool to obtain a preliminary design of microcapsules for self-healing concrete without any
complications, especially for costly detailed modeling.

2. Proposed Design Method of Microcapsules/Design Sample
It is assumed that the spherical microcapsules are uniformly distributed in an infinite

concrete matrix domain. Therefore, the material can be represented using a representative
volume element (RVE) with multiple uniform distributed microcapsules, as illustrated in
Figure 2a. Due to the regularity in the distribution of microcapsules, the material also can
be represented using a unit cell (UC) with a single microcapsule as illustrated in Figure 2b.
The UC for this hypothesis is a cube, and includes a single microcapsule at its centroid.
The three dimensions of the cube have the same length (Luc) and at the same time it is
equal to the interdistance between the periodic distributed microcapsules. Hence Luc can
be defined as the dimension of the SHC design sample. The microcapsule dimensions are
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represented by the outer diameter (Dc) and the wall shell thickness (tc). In order to model
this proposed design method of microcapsules, the periodic boundary conditions (PBCs)
should be applied on the outer edges of the SHC design sample, which is basically the UC,
to obtain a proper mechanical response of such infinite SHC domains represented by RVE.
Although the hypothesis of the uniform distribution microcapsules is somewhat far from
the real random distribution of microcapsules, it is suitable to provide a simple method to
design the microcapsule based on the definition of RVE and UC. However, the effects of
microcapsule clustering, which could be generated from the real random distribution of
microcapsules, are studied computationally on the fracture mechanism based on a simple
developed approach in another study [14].

(a) (b) 

Luc 
Luc 

Luc 

 

Luc 

Dc 
Luc 

tc 
Luc 

Luc 

Figure 2. Geometry dimensions of (a) RVE and (b) UC of the proposed design method of microcapsules.

2.1. Virtual Domain of the Unit Cell

The volume fraction (Vf) is a parameter which represents the volume ratio of the
microcapsule to the unit cell (UC) of the concrete matrix—see Equation (3). The volume of
the microcapsule is calculated based on its outer diameter (Dc) as shown in Equation (1)
and the volume of the unit cell shown in Equation (2).

Vc =
πD3

c
6

(1)

Vm = L3
uc (2)

Vf =
Vc

Vm
(3)

Substituting Equations (1) and (2) into Equation (3), Vf could be expressed as follows:

Vf =
πD3

c

6 L3
uc

(4)

From Equation (4) the following equation of Luc could be obtained:

Luc = Dc 3

√
π

6 Vf
(5)

This equation relates the dimension of UC (Luc) which is equal to the distance between
microcapsules to the microcapsule size represented by its diameter Dc. Vf can be estimated
based on the expected crack width and the required volume of healing agent required to
heal that crack.
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2.2. Expected Crack Width of the Unit Cell

It is assumed that only one crack will be generated inside the design sample and
break the microcapsule. Therefore the healing agent is encapsulated in a microcapsule,
which, placed inside the SHC design sample, must be sufficient to heal the crack surface
around it. Taking into account the roughness of the crack surface and the possibility that
the healing agent will not be completely released from the fractured microcapsule and
there will be some healing agent remaining in it. So, it is assumed that the volume of the
released healing agent is half of the microcapsule volume. Assuming also that the crack
width (tcr) is constant along the crack path, the volume of the healed crack (Vcr) and Luc

can be obtained as follows:

Vcr =
Vc

2
=

(
Luc −

Dc

2

)2
tcr (6)

Luc =

√
Vc

2tcr
+

Dc

2
(7)

Design curves of microcapsules can be developed based on Equations (4) and (7)
depending on the capsule diameter, volume fraction, and the expected crack width which
can be healed, as shown in Figure 3. It can be seen easily from these curves that a range of
volume fraction between 5% and 25% for a range of microcapsule diameters between 2 mm
and 12 mm will be able to heal the crack width ranging from 0.1 mm to 1 mm.
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Figure 3. Design curves of microcapsules.

3. Modeling Framework
In this study, the simulations of the proposed microcapsule design method as dis-

cussed in the previous section are performed to study the effects of microcapsule size,
volume fraction (Vf), and interfacial fracture properties between the microcapsule shell and
the concrete matrix on the load carrying capacity and the possibility of the microcapsule
fracture or debonding from the concrete matrix. The concrete matrix, microcapsule shell,
and interaction between them compose the three phases of the specimens that are modeled.
Periodic boundary conditions (PBCs) are applied to the outer edges of the SHC design
sample using two computational techniques to carry out the simulations. The fracture prop-
agation in both the concrete and the microcapsule has been modeled using the eXtended
Finite Element Method (XFEM). The interaction between these two components is modeled
by the cohesive surface (CS) technique, as shown in Figure 4. A traction–separation law
serves as the basis of damage modeling for both computational techniques.
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Figure 4. Zoom view of the modeling techniques.

3.1. Extended Finite Element Method (XFEM)

The concept of local partition of unity serves as the basis for the extended finite element
method (XFEM), which could be considered as an extension of the common finite element
method. As a result, the cracks can be simply integrated into a finite element mesh and
represented as local enrichment functions, avoiding the need for remeshing throughout
the simulation [21]—see Figure 5. Cracks are represented by enrichment functions that
are integrated into the usual displacement interpolation function, Equation (8) [22]. The
standard nodes are not displayed, while the enriched nodes are indicated by black dots,
and the crack-tip enriched node by white dots. XFEM is a highly promising approach
for fracture modeling, as it has already been incorporated into commercial software like
Abaqus [13,23]. More detailed description of this modeling method can be found in [21].
The concrete matrix and microcapsule shell cracks inside Abaqus are modeled by XFEM,
which is defined in the interaction module.

u =
N

∑
I=1

NI(x)

[
uI + H(x)aI +

4

∑
α=1

Fα(x)bα
I

]
(8)

Shape functions are represented by NI(x), nodal displacement vectors are represented
by uI, jump functions, like Heaviside functions, are represented by H(x), nodal vectors of
the enriched degree of freedom are represented by aI and bI

α, and crack-tip functions are
represented by Fα(x). The first term on the right affects every node in the model, whereas the
second term only affects nodes whose shape function support crosses the inner area of the
crack. The third term is applied only to nodes whose form function support extends to the
crack tip. This third term is called the “crack tip enrichment” and contains the information
of the analytical solution in linear elastic fracture mechanics. However, concrete materials
cannot be well handled by linear elastic fracture mechanics. For this reason, in this study the
final term on the right-hand side has been eliminated. Consequently, as Figure 5 illustrates
that the crack tip will be at the element edge rather than inside the element where it cannot
be stopped. XFEM has few drawbacks despite its many benefits for fracture modeling [23].
Two main limitations need to be taken into account. The first one is related to fracture
propagation close to the element edge. Allowing numerous cracks to initiate in the same
enrichment zone is the second. However, to get around this restriction, there is a setting in
the Abaqus input file; see [9,23] for more detailed information.
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Enriched nodes 

Original nodes 

Figure 5. Crack with enriched elements.

3.2. Cohesive Surface Technique (CS)

The cohesive surface (CS) is a modeling technique that uses the traction–separation
response to simulate a zero-thickness contact interface between two surfaces [9,23]. The
interaction between the microcapsule and the concrete matrix is modeled in this work using
the CS technique. Pure master–slave roles are used to model it in the contact formulation
and it is characterized as a cohesive surface interaction property in Abaqus. Within this
work, the concrete matrix’s interior surface is referred to as a master surface and the
microcapsule’s outside surface as a slave surface.

3.3. Cohesive Zone Model (CZM)

The cohesive zone model (CZM) is used across the crack surface that links the displace-
ment jump, which is defined by the separation vector, to the cohesive traction conveyed by
the discontinuity surface. It uses a traction–separation law to model the failure mechanism
of cracks. Figure 6 shows the initially rigid CZM for XFEM, and the initially elastic CZM
for CS, which is represented by the linear zone (linear elastic traction) followed by the
softening zone (damage evolution). Damage initiation and damage evolution are the two
criteria that Abaqus uses to describe both models. A cracked element’s elastic behavior can
be represented as an elastic constitutive matrix that links shear and normal stresses with
shear and normal separations. The nominal traction stress vector (t) in the 3D modeling is
made up of three components.

tn, ts, and tt, represent the normal and shear tractions in two directions, respectively.
The corresponding separations are denoted by δn, δs, and δt. The elastic behavior can then
be written as:

t =


tn

ts

tt

 =

Knn 0 0
0 Kss 0
0 0 Ktt




δn

δs

δt

 = Kδ (9)

Figure 6. Traction–separation law.
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The elastic response is governed by the penalty stiffnesses, Knn, Kss, and Ktt, which are
calculated as functions of the two neighboring material stiffnesses [24]. These values have
been taken to be 1 × 106 MPa/mm in this paper, and they have no effect on the overall
stiffness of the specimen [25]. Furthermore, it is assumed that the shear and normal penalty
stiffnesses are decoupled, meaning that shear forces are not produced by the interface’s pure
normal opening force and vice versa [9]. By default, the elastic zone is assumed to be linear.
For the softening zone, there are several damage evolution laws available, such as the linear
and nonlinear traction–separation law [23]. The softening in this research is specified as
linear, implying the use of a bilinear transcription–separation law—see Figure 6b. Although
the traction–separation behavior is defined inside the material properties for the XFEM, it
is specified as part of the interaction properties for the CS.

3.3.1. Damage Initiation

Numerous damage initiation criteria have been successfully included into software
such as Abaqus and are described in the literature. These criteria include, for example,
the maximum nominal stress criterion, quadratic stress criterion, maximum separation
criterion, and quadratic separation criterion. When the maximum stress is more than the
material’s maximum strength, damage will start in the case of the stress criteria. In this
work, the maximum principal stress damage criteria is applied to the XFEM. Consequently,
if the maximal primary stress obtained by its integration points satisfies the condition of
Equation (10), a crack may develop. Nevertheless, the CS technique uses the maximum
nominal stress damage criterion, which implies that a separation can occur when the great-
est nominal traction satisfies Equation (11). In this context, a more thorough explanation
may be found in [23].

max
{

0,
σmaxps

σ∗

}
≥ 1 (10)

max
{
⟨tn⟩
t∗n

,
ts

t∗n
,

tt

t∗t

}
= 1 (11)

σ* is the maximum strength of the material, and σmaxps is the maximum primary
stress that can be calculated. The letters n, s, and t stand for the normal, shear, and
tangential components of the interfacial tractions, respectively. * stands for the maximum
interfacial tractions.

3.3.2. Damage Evolution

The damage evolution characterizes the cohesive stiffness deterioration by specifying
the softening portion of the traction–separation law. The scalar damage variable (D) has an
initial value of 0 and increases to 1 throughout the loading process. It is necessary to specify
in Abaqus the maximum displacement or the fracture energy, which is the area under
the traction–separation law’s curve [23]. The damage evolution with linear softening is
defined in this work using the fracture energy. An effective separation is defined using the
approach described in [26] to characterize the development of damage when both normal
and shear separations exist across the interface:

δm =

√
⟨δn⟩2 + δs

2 + δt
2 (12)

D =
δ∗m
δu

m

(
δu

m − δ0
m

δ∗m − δ0
m

)
(13)
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tn =

{
(1 − D)tn i f tn ≥ 0
tn i f tn < 0 (compression)

(14)

ts = (1 − D)ts (15)

tt = (1 − D)tt (16)

The directions of the interfacial separations’ normal, shear, and tangential components
are, respectively, δn, δs, and δt. While δ*

m is the maximal effective separation during
loading, δm is the effective separation. The effective separation at the initial stage of the
damage process is δ0

m, whereas the effective separation right before unloading is δu
m. This is

in contrast to the elastic traction–separation behavior, which states that tn, ts, and tt are the
contact traction components for current separations without damage. Utilizing Macaulay
brackets 〈〉 helps prevent compressive damage.

The energy dissipated to produce a totally separated pair of surfaces is called the
interface fracture energy (Gf), and it is represented by the region beneath the curves in
Figure 6. A cohesive interface for healed cracks may have a mixed-mode propagation
response depending on where the interface is placed in relation to the applied stress. This
mixed mode includes a range of energies linked to the ability of debonding in both the
normal (n) and parallel (s, t) directions to the interface. The formula given in [26] is then
used to calculate the maximum fracture separation:

δ∗n =
2G∗

n

t0
n

(17)

δ∗s =
2G∗

s

t0
s

(18)

δ∗t =
2G∗

t
t0
t

(19)

The interaction between the energies for each mode, n, s, and t, is assumed in this
study to satisfy the power law fracture requirement as described in [26]:{

Gn

G∗
n

}α

+

{
Gs

G∗
s

}α

+

{
Gt

G∗
t

}α

= 1 (20)

where Gn, GS, and Gt are the energy release rates obtained from the traction and normal,
shear, and tangential displacements during interface opening, and power α is a cohesive
property parameter that characterizes the interaction between modes. For each direction,
the critical interface toughness is represented by the properties G∗

n, G∗
s , and G∗

t . It is
assumed in this study that the critical fracture toughness is constant in all directions.
Additionally, a value of α = 1 has been used [26] to take into account the impact of this
parameter on the response.

3.4. Periodic Boundary Conditions (PBCs)

Periodic boundary conditions are usually used in micromechanics for the study of
heterogeneous media. The periodic boundary condition (PBC) stipulates that opposite
pairs of edges or surfaces on the boundary of an RVE should deform identically under
a given loading history. The PBC basically prevents the constraint of enforcing edges to
remain planar after deformation [27], as illustrated in Figure 7 for 2D RVE.
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(a) (b) 

δx δx 

Figure 7. Typical periodic boundary conditions (a) and the associated deformation shape (b).

The implementation of PBCs within FEM is classified according to the type of mesh
discretization. Generally, the mesh discretization could be a periodic or non-periodic
mesh. In the case of the periodic mesh, the number of nodes on one edge is equal to the
number of nodes on the other opposite edge—see Figure 8a. In the other case with the
non-periodic mesh, the number of nodes on one edge is not equal to the number of nodes on
the other opposite edge—see Figure 8b. The implementation of PBCs on the non-periodic
mesh has some complications and is out of the scope of this work. Due to the proposed
design method of microcapsules, and based on the unit cell, which does not generate any
complication with mesh discretization, and the periodic mesh which can be generated
easily, in this paper, the implementation of PBCs focused only on the periodic mesh.

(a) (b) 

Figure 8. Periodic mesh (a) versus non-periodic mesh (b).

In order to implement PBC on a periodic mesh, consider a 2D RVE which is pinned at
one of the corner nodes N1 to prevent rigid body motion, as illustrated in Figure 9. Every
edge node should be linked kinematically on opposite edges. The principle is that the
displacement of node b must be equal to the displacement of node a and so on, as expressed
in Equations (21)–(24).

UNB
(x,y) = UNA

(x,y) hence UNB
(x,y) − UNA

(x,y) = 0 (21)

UNC
(x,y) = UND

(x,y) hence UNC
(x,y) − UND

(x,y) = 0 (22)

UN2
(x,y) = UN1

(x,y) hence UN2
(x,y) − UN1

(x,y) = 0 (23)

UN4
(x,y) = UN1

(x,y) hence UN4
(x,y) − UN1

(x,y) = 0 (24)
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δx 

ΩB 

ΩT 

ΩL ΩR 

N3 

NA 

N2 

NC N4 

ND N1 

NB 

Figure 9. Implementation of PBC within periodic FEM mesh.

The boundary condition can be expressed as mathematical equations (canonical equa-
tions) where the displacements of the internal edge nodes are kinematically tied to the
homogeneous displacements of the corner retained nodes. Note that N3 is not considered a
retained node as its deformation is influenced by the deformations of nodes N2 and N4;
this is why it is called a slave or a dummy node. In order to enforce an axial deformation
(δx), the displacements of the corner retained nodes must be linked kinematically to the
edge internal nodes. Because the loads are applied on the corner nodes, the previous
displacement boundary equations (canonical equations) can be rearranged as follows:

UNB
(x,y) − UNA

(x,y) − UN2
(x,y) + UN1

(x,y) = 0 (25)

UNC
(x,y) − UND

(x,y) − UN4
(x,y) + UN1

(x,y) = 0 (26)

The PBC is imposed by applying the above canonical equations on the boundary nodes.
So, if node 2 moves a certain distance, every other thing in the model will have a connection;
there is a connectivity between them and so the system will respond accordingly. The
canonical equations are introduced into Abaqus using a multifunction constraint equation
in the interaction module. Due to the simulation here in 2D, the canonical equations need
to be defined in two degrees of freedom (DOF); x and y directions at every edge node as
shown in Figure 10 respectively for nodes NB and NA. The same principle is also applied
on the top and bottom edges of RVE; for example, NC and ND linked kinematically to the
corner nodes N1 and N4.

 
(a) x direction (b) y direction 

NB 
NA 
N2 
N1 

NB 
NA 
N2 
N1 

Figure 10. Constraint equations of PBCs in Abaqus interaction module.

4. Numerical Modeling
2D SHC design samples, which are basically RVE body-centered unit cell samples with

one microcapsule and volume fraction (Vf = 5% and Vf = 25%), are loaded under uniaxial
tension. The outer diameter of the microcapsule is 2 mm with four values of core–shell
ratio: 1:1, 5:1, 10:1, and 15:1. The microcapsule with the thinnest shell is the one with the

https://doi.org/10.3390/ma19132878

https://doi.org/10.3390/ma19132878


Materials 2026, 19, 2878 12 of 21

biggest core–shell ratio (15:1), and vice versa. The dimensions of the design samples are
calculated according to Equation (5); Luc = 4.4 mm for Vf = 5% while Luc = 2.6 mm for
Vf = 25%. Since in this study it is important to investigate how the crack will initiate, there
is no need for a preexisting crack. Figure 11 displays the overall geometric dimensions of
both specimens with the boundary conditions. The PBCs have been implemented along
the four sides of the design sample using equation constraints to connect each node with
its corresponding node on the other side. Vertical displacement 0.05 mm is applied to the
reference point (RP). The Abaqus/Static simulation was run on the assumption of plane
stress conditions. Table 1 shows the used material properties, which are characterized
according to [9,17,28–31]. Young’s modulus (E), Poisson’s ratio (ν), maximum tensile
strength (σ*), and fracture energy (Gf) are used to represent their properties. The cohesive
surface that represents the interface between the microcapsule and the concrete matrix is
assumed to have equal normal and shear fracture properties due to a lack of experimental
verification in the literature.

Figure 11. Geometry dimensions of design samples and modeling techniques.

Table 1. The material properties.

Material E
(MPa) ν

σ*
(MPa)

Gf
(N/mm)

Concrete 25,000 0.2 6 0.06
Capsule 3600 0.3 10 0.1
Interface - - Varies Varies

4.1. Mesh Convergence

Several preliminary calculations, similar to those performed in [10,14], have been
carried out to investigate the mesh convergence as a means of balancing accuracy with
computing effort. The design samples are meshed with quadrilateral elements (Q4) with
full integration. In order to have a periodic mesh to facilitate the application of PBC, the
average mesh element size of the design sample is 0.44 mm; the number of elements for
each side is fixed at 15 for Vf = 5%, as shown in Figure 12. For Vf = 25% the average mesh
elements size of the design sample is 0.26 mm, and the number of elements for each side
is fixed at 10, as shown in Figure 13. The number of circumferential elements around
the microcapsule opening is fixed at 25 for both cases. The average mesh element size
for microcapsule core–shell ratio 1:1 is 0.1 mm with 5 elements through its thickness, for
microcapsule core–shell ratio 5:1 is 0.0417 mm with 4 elements through its thickness, for
microcapsule core–shell ratio 10:1 is 0.0303 mm with 3 elements through its thickness, and
for microcapsule core–shell ratio 15:1 is 0.03125 mm with 2 elements through its thickness.
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(a) (b) (c) (d) 

Figure 12. The mesh discretization for Vf = 5% with different microcapsule core–shell ratios, (a) 1:1
(b) 5:1 (c) 10:1 (d) 15:1.

 
(a) (b) (c) (d) 

Figure 13. The mesh discretization for Vf = 25% with different microcapsule core–shell ratios, (a) 1:1
(b) 5:1 (c) 10:1 (d) 15:1.

4.2. Parametric Studies

The effects of the interfacial transition zone (itz) between the microcapsule shell
and the concrete matrix are investigated through parametric studies of various interfa-
cial fracture properties. Four different microcapsule core–shell ratios—1:1, 5:1, 10:1, and
15:1—are studied, as shown in Figures 12 and 13 for Vf = 5% and 25%, respectively, re-
garding load carrying capacity and crack patterns. The interfacial fracture properties are
represented by two parameters that define the cohesive surface between the concrete matrix
and the microcapsule shell: the maximum interfacial tensile strength σ*, which is known
also as the bonding strength, and the interfacial fracture energy Gf. In order to investigate
the effects of interfacial strength and fracture energy, parametric studies of five different
material inputs for σ* and Gf were carried out. These two parameters for the interfacial
transition zone (itz) are varied relative to the properties of the concrete for each simulation
while the other parameters were constant; i.e., they are ranging from 10% (σ* = 0.6 MPa,
Gf = 0.006 N/mm) to 100% (σ* = 6 MPa, Gf = 0.06 N/mm).

5. Results and Discussion
The effects of the interfacial cohesive properties, the microcapsule size, and volume

fraction on the load carrying capacity and the crack pattern of self-healing concrete are
examined in this section by using the results of the numerical simulations. In addition the
obtained results will be compared with other results from previous computational fracture
modeling of encapsulated self-healing concrete in order to validate the developed design
method of microcapsules.

5.1. Effects of Interfacial Fracture Properties and the Microcapsule Size on the Load
Carrying Capacity

The effects of interfacial fracture properties (itz) for the design samples with core–shell
ratios 1:1, 5:1, 10:1, and 15:1 on load carrying capacity are defined by variation of itz from
10% of the concrete fracture properties (σ* = 0.6 MPa, Gf = 0.006 N/mm) to 100%; this
is the same as the concrete fracture properties (σ* = 6 MPa, Gf = 0.06 N/mm), which are
demonstrated in Figure 14a–d for Vf = 5% and in Figure 15a–d for Vf = 25%. Figure 14a
shows the effects of the interfacial fracture properties (itz) on the load carrying capacity of
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the design sample for the microcapsule Vf = 5% with core–shell ratio 1:1. The maximum load
of the design sample decreased from 21.3 N for itz = 100% to 16.9 N for itz = 10%. Figure 15
shows the effects of the interfacial fracture properties (itz) on the load carrying capacity of
the design sample for the microcapsule Vf = 25% with core–shell ratio 1:1. The maximum
load of the design sample decreased from 8.9 N for itz = 100% to 4.5 N for itz = 10%. As
a result, it is clear that the interfacial cohesive properties (itz) have a significant role in
governing the load carrying capacity of the design samples. The same phenomenon can
also be found in Figure 14b–d for the microcapsule Vf = 5% and in Figure 15b–d for the
microcapsule Vf = 25% with ratios 5:1, 10:1, and 15:1, respectively. It is clear that when the
interfacial cohesive fracture properties have the same values of the concrete matrix, the
higher maximum load carrying capacity will be achieved. Consequently, it is obvious that
the higher the itz, the higher the load carrying capacity and vice versa. These results are in
good agreement with the results obtained from previous computational fracture modeling
of encapsulated self-healing concrete [10,14].
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Figure 14. Load displacement curves for microcapsule Vf = 5% with different itz values and four
core–shell ratios: (a) 1:1; (b) 5:1; (c) 10:1; (d) 15:1.
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Figure 15. Load displacement curves for microcapsule Vf = 25% with different itz values and four
core–shell ratios: (a) 1:1; (b) 5:1; (c) 10:1; (d) 15:1.

5.2. Effects of Interfacial Fracture Properties and the Microcapsule Size on the Maximum
Carrying Load

The core–shell ratio is used to define the effects of the microcapsule size on the maxi-
mum carrying load for the four design samples with different interfacial fracture properties
(itz), which are shown in Figure 16. It is demonstrated that the sample’s maximum carrying
load increases with decreasing core–shell ratio (increasing shell thickness) in the microcap-
sule. Conversely, a higher itz value increases the maximum load that the design sample is
capable of carrying. It also shows that the varying effect of itz on the microcapsule Vf = 5%
with lower shell thickness is almost constant, as seen in Figure 16a for microcapsules
core–shell ratios 10:1 and 15:1.
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Figure 16. Effects of interfacial fracture properties and the microcapsule size on the maximum
carrying load for Vf = 5%.

5.3. Effects of Interfacial Fracture Properties and the Microcapsule Size on the Crack Pattern

The effects of the interfacial fracture properties (itz) and microcapsule core–shell
ratios 1:1, 5:1, 10:1, and 15:1 on the crack pattern are shown in Figure 17A–D for the design
samples with volume fraction Vf = 5% and in Figure 18A–D for Vf = 25% respectively. The
effects of the interfacial fracture properties are represented by variation of itz from 10% of
the concrete fracture properties (σ* = 0.6 MPa, Gf = 0.006 N/mm) to 100%; this is the same
as the concrete fracture properties (σ* = 6 MPa, Gf = 0.06 N/mm). Figure 17A illustrates
that design samples with Vf = 5% and microcapsule core–shell ratio 1:1 (the largest shell
thickness) produced the same crack patterns as the microcapsule that is debonded from
the concrete matrix, regardless of the ratio of the interfacial fracture properties (itz).
The propagating crack could not break the microcapsule shell even when the interfacial
fracture properties have the same values of the concrete matrix—see Figure 17A(1–5)—as
an interfacial crack occurs regardless the itz ratio. The same phenomena happened for
design samples with Vf = 25% and microcapsule core–shell ratio 1:1—see Figure 18A.
Figure 17B illustrates that for design samples with Vf = 5%, microcapsule core–shell ratio
5:1, and when the itz ratio of the concrete fracture properties ranging between 0% and
50%, an interfacial crack occurred, and the microcapsule is debonded from the concrete
matrix, as shown in Figure 17B(1–3). When the itz is ranged between 75 and 100%, the
propagating crack became an interfacial crack when it reached the microcapsule shell and
broke it from the other side, as illustrated in Figure 17B(4,5). That means that a partial
fracture crack is developed when the microcapsule core–shell ratio is 5:1 and the ratio
of the interfacial fracture properties between the microcapsule and the concrete matrix
(itz) is ranging between 75 and 100%. The same phenomena happened for the design
samples with Vf = 25% and microcapsule core–shell ratio 5:1—see Figure 18B. Figure 17C
illustrates the fracture pattern for the design samples with Vf = 5% and microcapsule core–
shell ratio 10:1 and varying itz ratios. When itz range between 0% and 25%, an interfacial
crack occurs and the microcapsule is debonded from the concrete matrix as shown in
Figure 17C(1,2). However, when the itz ranges between 50 and 100%, the propagating
crack became an interfacial crack when it reached the microcapsule shell and broke it
from the other side, as illustrated in Figure 17C(3–5). The same phenomena happened for
the design samples with Vf = 25% and microcapsule core–shell ratio 10:1—see Figure 18C.
Figure 17D illustrates the fracture pattern for the design samples with Vf = 5% and
microcapsule core–shell ratio 15:1 and varying itz ratios. When itz ranges between 0%
and 25%, interfacial cracks occurred, and the microcapsule is debonded from the concrete
matrix, as shown in Figure 17D(1,2). However, when the itz ranges between 50 and 100%
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the propagating crack could break the microcapsule, as illustrated in Figure 17D(3–5).
The same phenomena happened for the design samples with Vf = 25% and microcapsule
core–shell ratio 15:1—see Figure 18D. These results are in good agreement with the results
obtained from previous computational fracture modeling of encapsulated self-healing
concrete [10,14].

It can be easily noticed by comparing the crack patterns generated from the design
samples with volume fraction (Vf = 5%) in Figure 17 and the crack patterns generated from
the design samples with volume fraction (Vf = 25%) in Figure 18 that increasing the volume
fraction leads to an increase in the possibility of the microcapsule being fractured.

    
(1) (2) (3) (4) (5) 

(A) Microcapsule core–shell ratio 1:1 

(1) (2) (3) (4) (5) 
(B) Microcapsule core–shell ratio 5:1 

    
(1) (2) (3) (4) (5) 

(C) Microcapsule core–shell ratio 10:1 

    
(1) (2) (3) (4) (5) 

(D) Microcapsule core–shell ratio 15:1 

Figure 17. Crack pattern of microcapsule Vf = 5% with four core–shell ratios and different itz values:
(1) itz = 10%, (2) itz = 25%, (3) itz = 50%, (4) itz = 75%, (5) itz = 100%.
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(1) (2) (3) (4) (5) 

(A) Microcapsule core–shell ratio 1:1 

    
(1) (2) (3) (4) (5) 

(B) Microcapsule core–shell ratio 5:1 

    
(1) (2) (3) (4) (5) 

(C) Microcapsule core–shell ratio 10:1 

    
(1) (2) (3) (4) (5) 

(D) Microcapsule core–shell ratio 15:1 

Figure 18. Crack pattern of microcapsule Vf = 25% with four core–shell ratios and different itz values:
(1) itz = 10%, (2) itz = 25%, (3) itz = 50%, (4) itz = 75%, (5) itz = 100%.

6. Conclusions
A simple design method of dimensioning microcapsules for encapsulation-based

self-healing concrete (SHC) with consideration for a sufficient volume of healing agent
to heal a specific crack width is developed in this paper. The developed design method
is based on the configuration of the representative volume element (RVE), the unit cell
(UC), and associates them with the volume fraction (Vf) and the crack width as variables
with periodic boundary conditions (PBCs) applied. The developed design method is
also validated through numerical fracture modeling using the extended finite element
method (XFEM), and cohesive surface (CS) technique. The effects of microcapsule size and
volume fraction (Vf) on load carrying capacity and the likelihood of microcapsule fracture
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or debonding from the concrete matrix are investigated numerically in this validation. 2D
numerical fracture modeling is performed for the developed SHC design samples including
the designed microcapsules, which loaded under uniaxial tension with PBCs applied. The
concrete matrix and the microcapsule shell are modeled using XFEM, while CS models the
contact surface between them. The following conclusions can be made:

• The obtained results from the numerical simulations for the developed design of micro-
capsules are in good agreement with the results obtained from previous computational
fracture modeling of encapsulated self-healing concrete.

• The interfacial cohesive characteristics have a significant impact on the load carrying
capacity of the design samples as the higher the itz, the higher the load carrying
capacity and vice versa.

• The microcapsule size represented the by core–shell ratio has an impact on the max-
imum carrying load of the design samples. The maximum carrying load of the
sample increases with decreasing the core–shell ratio (increasing shell thickness) of
the microcapsule.

• The interfacial cohesive characteristics (itz) are directly proportional to the design
sample strength. On the contrary, the microcapsule core–shell ratio and the volume
fraction (Vf) are inversely proportional to the sample strength. It has also been noticed
that the varying of the itz on the microcapsule with higher microcapsule core–shell
ratio and lower Vf almost has no significant effect on the design sample strength.

• Increasing the volume fraction (Vf) leads to an increase in the possibility of the micro-
capsule being fractured.

• The interfacial fracture properties (itz), the microcapsule core–shell ratio, and the
volume fraction (Vf) also affect the crack pattern as increasing them leads to an increase
in the possibility of the microcapsule being fractured. Though, the microcapsule core–
shell ratio of 1:1, which has the thickest shell but the smallest healing agent volume, is
not advised. As a result, irrespective of the itz ratios, the microcapsule will debond
from the concrete. The likelihood of the microcapsule debonding from the concrete
increases generally when the itz is less than 50% of concrete fracture properties. A
partial fracture/interfacial crack develops when the itz ranges between 50 and 75%.
The microcapsule fractures when the itz ranges between 75 and 100%.

• The developed design method for microcapsules is very simple and neglects the
random distribution of the microcapsules. However, it is a helpful tool to design the
microcapsule size with the consideration of the sufficient volume of healing agent
to heal a specific crack width. This design method can help practical engineers to
obtain a preliminary design of microcapsules for self-healing concrete without any
complications, especially for costly detailed modeling.

Future works for this developed microcapsule design method could study more com-
plex models such as fracture modeling of microcapsules designed by this method and
distributed randomly inside the sample to mimic the realities of SHC members. The Monte
Carlo simulation should be applied to generate such random distribution of the microcap-
sules. However, these simulations would be computationally expensive in addition to the
complications generated from mesh discretization and capsular clustering. Computational
simulations for RVE samples could be a useful improvement to reduce the computational
cost by studying the proper representing RVE size. The first step in carrying out these
investigations is to look at XFEM’s limitations, which primarily allow for the creation of
several fractures within the same enrichment zone. These limitations may be addressed by
adjusting the Abaqus input file. 3D computational simulations should also be considered
for future work to validate the 2D computational simulation and estimate the accuracy
difference ratio between 2D and 3D simulations, which allows practical engineers to get
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much more reliable results based only on 2D simulations that can be built easily and are
not as computationally expensive as 3D simulations.

Author Contributions: Conceptualization; methodology; software; validation; formal analysis;
investigation; resources; data curation; writing—original draft preparation; visualization; supervision;
project administration; writing—editing, J.H.; writing—review, M.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We acknowledge the support by publication fund the BTU Cottbus-Senftenberg.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Souradeep, G.; Kua, H.W. Encapsulation technology and techniques in self-healing concrete. J. Mater. Civ. Eng. 2016, 28, 04016165.

[CrossRef]
2. Hanna, J. Self-Healing Concrete Techniques and Technologies and Applications. Recent Prog. Mater. 2024, 6, 1–20. [CrossRef]
3. Hanna, J. Computational Fracture Modeling and Design of Encapsulation-Based Self-Healing Concrete Using XFEM and Cohesive

Surface Technique. Ph.D. Thesis, Bauhaus University Weimar, Weimar, Germany, 2022.
4. Hermawan, H.; Simons, A.; Teirlynck, S.; Anglani, G.; Serna, P.; Tulliani, J.M.; Antonaci, P.; Minne, P.; Gruyaert, E. Prediction

of Aggregate Packing with Tubular Macrocapsules in the Inert Structure of Self-Healing Concrete Based on Dewar’s Particle
Packing Model. Materials 2024, 17, 2455. [CrossRef] [PubMed]

5. Ataabadi, H.S.; Liu, Y.; Zeng, J.-J.; Zhuge, Y. Self-healing efficiency of sludge-based composite in CO2-rich environment. Cem.
Concr. Compos. 2025, 163, 106202. [CrossRef]

6. Snoeck, D.; Malm, F.; Cnudde, V.; Grosse, C.U.; Van Tittelboom, K. Validation of Self-Healing Properties of Construction Materials
through Nondestructive and Minimal Invasive Testing. Adv. Mater. Interfaces 2018, 5, 1800179. [CrossRef]

7. De Nardi, C.; Gardner, D.; Cazzador, G.; Cristofori, D.; Ronchin, L.; Vavasori, A.; Jefferson, T. Experimental investigation of a
novel formulation of a cyanoacrylate based adhesive for self-healing concrete technologies. Front. Built Environ. 2021, 7, 660562.
[CrossRef]

8. Mauludin, L.M.; Zhuang, X.; Rabczuk, T. Computational modeling of fracture in encapsulation-based self-healing concrete using
cohesive elements. Compos. Struct. 2018, 196, 63–75. [CrossRef]

9. Gilabert, F.; Garoz, D.; Van Paepegem, W. Macro-and micro-modeling of crack propagation in encapsulation-based self-healing
materials: Application of XFEM and cohesive surface techniques. Mater. Des. 2017, 130, 459–478. [CrossRef]

10. Hanna, J. Accurate computational modelling for impacts of microcapsule size and interfacial fracture properties on the fracture of
self-healing concrete. Int. J. Hydromechatronics 2022, 5, 397–415. [CrossRef]

11. Tabiei, A.; Zhang, W. Cohesive element approach for dynamic crack propagation: Artificial compliance and mesh dependency.
Eng. Fract. Mech. 2017, 180, 23–42. [CrossRef]

12. Tang, Y.X.; Chen, H.N. Simulation of crack propagation in concrete based on extended finite element method. Key Eng. Mater.
2018, 783, 165–169. [CrossRef]

13. Rabczuk, T. Computational methods for fracture in brittle and quasi-brittle solids: State-of-the-art review and future perspectives.
ISRN Appl. Math. 2013, 2013, 849231. [CrossRef]

14. Hanna, J. Computational Modelling for the Effects of Capsular Clustering on Fracture of Encapsulation-Based Self-Healing
Concrete Using XFEM and Cohesive Surface Technique. Appl. Sci. 2022, 12, 5112. [CrossRef]

15. Hanna, J.; Elamin, A. Computational fracture modeling for effects of healed crack length and interfacial cohesive properties in
self-healing concrete using XFEM and cohesive surface technique. Computation 2023, 11, 142. [CrossRef]

16. Hanna, J. The Effects of Fracture Energy on the Interfacial Strength of Self-Healing Concrete. In EG-ICE 2021 Workshop on
Intelligent Computing in Engineering; Universitätsverlag der TU Berlin: Berlin, Germany, 2021.

17. Hilloulin, B.; Van Tittelboom, K.; Gruyaert, E.; De Belie, N.; Loukili, A. Design of polymeric capsules for self-healing concrete.
Cem. Concr. Compos. 2015, 55, 298–307. [CrossRef]

18. Šavija, B.; Feiteira, J.; Araújo, M.; Chatrabhuti, S.; Raquez, J.-M.; Van Tittelboom, K.; Gruyaert, E.; De Belie, N.; Schlangen, E.
Simulation-aided design of tubular polymeric capsules for self-healing concrete. Materials 2016, 10, 10. [CrossRef] [PubMed]

19. Drugan, W.; Willis, J.R. A micromechanics-based nonlocal constitutive equation and estimates of representative volume element
size for elastic composites. J. Mech. Phys. Solids 1996, 44, 497–524. [CrossRef]

https://doi.org/10.3390/ma19132878

https://doi.org/10.1061/(ASCE)MT.1943-5533.0001687
https://doi.org/10.21926/rpm.2401006
https://doi.org/10.3390/ma17102455
https://www.ncbi.nlm.nih.gov/pubmed/38793521
https://doi.org/10.1016/j.cemconcomp.2025.106202
https://doi.org/10.1002/admi.201800179
https://doi.org/10.3389/fbuil.2021.660562
https://doi.org/10.1016/j.compstruct.2018.04.066
https://doi.org/10.1016/j.matdes.2017.05.050
https://doi.org/10.1504/ijhm.2022.127036
https://doi.org/10.1016/j.engfracmech.2017.05.009
https://doi.org/10.4028/www.scientific.net/KEM.783.165
https://doi.org/10.1155/2013/849231
https://doi.org/10.3390/app12105112
https://doi.org/10.3390/computation11070142
https://doi.org/10.1016/j.cemconcomp.2014.09.022
https://doi.org/10.3390/ma10010010
https://www.ncbi.nlm.nih.gov/pubmed/28772370
https://doi.org/10.1016/0022-5096(96)00007-5
https://doi.org/10.3390/ma19132878


Materials 2026, 19, 2878 21 of 21

20. Li, S.; Sitnikova, E. Representative Volume Elements and Unit Cells: Concepts, Theory, Applications and Implementation; Woodhead
Publishing: Cambridge, UK, 2019.

21. Rabczuk, T.; Song, J.-H.; Zhuang, X.; Anitescu, C. Extended Finite Element and Meshfree Methods; Academic Press: Cambridge, MA,
USA, 2019.

22. Moës, N.; Dolbow, J.; Belytschko, T. A finite element method for crack growth without remeshing. Int. J. Numer. Methods Eng.
1999, 46, 131–150. [CrossRef]

23. Dassault Systémes Simulia Corp. Abaqus Documentation; Dassault Systémes Simulia Corp: Johnston, RI, USA, 2017.
24. Dong, B.; Han, N.; Zhang, M.; Wang, X.; Cui, H.; Xing, F. A microcapsule technology based self-healing system for concrete

structures. J. Earthq. Tsunami 2013, 7, 1350014. [CrossRef]
25. Edvardsen, C. Water permeability and autogenous healing of cracks in concrete. In Innovation in Concrete Structures: Design and

Construction; Thomas Telford Publishing: London, UK, 1999; pp. 473–487.
26. Camanho, P.P.; Dávila, C.G. Mixed-Mode Decohesion Finite Elements for the Simulation of Delamination in Composite Materials;

NASA/TM-2002–211737; NASA: Hampton, VA, USA, 2002.
27. Okereke, M.; Keates, S. Finite Element Applications: A Practical Guide to the FEM Process; Springer: Berlin/Heidelberg, Germany, 2018.
28. Quayum, M.S.; Zhuang, X.; Rabczuk, T. Computational model generation and RVE design of self-healing concrete. Front. Struct.

Civ. Eng. 2015, 9, 383–396. [CrossRef]
29. Mauludin, L.M.; Oucif, C. The effects of interfacial strength on fractured microcapsule. Front. Struct. Civ. Eng. 2019, 13, 353–363.

[CrossRef]
30. Wang, X. Computational Technology for Damage and Failure Analysis of Quasi-Brittle Materials. Ph.D. Thesis, University of

Manchester, Manchester, UK, 2015.
31. Wang, X.; Jivkov, A.P. Combined numerical-statistical analyses of damage and failure of 2D and 3D mesoscale heterogeneous

concrete. Math. Probl. Eng. 2015, 2015, 702563. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19132878

https://doi.org/10.1002/(SICI)1097-0207(19990910)46:1%3C131::AID-NME726%3E3.0.CO;2-J
https://doi.org/10.1142/s1793431113500140
https://doi.org/10.1007/s11709-015-0320-z
https://doi.org/10.1007/s11709-018-0469-3
https://doi.org/10.1155/2015/702563
https://doi.org/10.3390/ma19132878

	Introduction 
	Representative Volume Element (RVE) 
	Unit Cell (UC) 

	Proposed Design Method of Microcapsules/Design Sample 
	Virtual Domain of the Unit Cell 
	Expected Crack Width of the Unit Cell 

	Modeling Framework 
	Extended Finite Element Method (XFEM) 
	Cohesive Surface Technique (CS) 
	Cohesive Zone Model (CZM) 
	Damage Initiation 
	Damage Evolution 

	Periodic Boundary Conditions (PBCs) 

	Numerical Modeling 
	Mesh Convergence 
	Parametric Studies 

	Results and Discussion 
	Effects of Interfacial Fracture Properties and the Microcapsule Size on the Load Carrying Capacity 
	Effects of Interfacial Fracture Properties and the Microcapsule Size on the Maximum Carrying Load 
	Effects of Interfacial Fracture Properties and the Microcapsule Size on the Crack Pattern 

	Conclusions 
	References

