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Fig. 1 Schematic of a representative domain for crack patterns

(a) X-CT results of the agglomeration (b) Microcapsules agglomeration (c) Uniformly dispersed microcapsules'™
microcapsules triggered by and single agglomeration
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Fig. 2 Microcapsules distributed in self-healing composite material
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(a) Spherical microcapsules (b) Spherocylindrical microcapsules
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Fig. 3 Astrategy for random and uniform distribution of microcapsules
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Setting the size of sampling region and geometric
parameters such as dosge, size and morphology of
the microcapsules

A

Generate a sampling region: first generate a cell with side length L, and later grow similar
N’ cells around this cell in its three mutually perpendicular directions, ensuring that there

are N cells in both radial and latitudinal directions
\ 4

Randomly generating the required number of Randomly generating the required number of
spherical microcapsules, and the spherical spherocylindrical microcapsules, and the
microcapsules are randomly embedded into spherocylindrical microcapsules are randomly
some cells embedded into some cells

4
Generate a random planar crack in the Generate a random planar crack in the
sampling region sampling region

Execute the algorithm to determine if the Execute the algorithm to determine if the planar

planar crack hits m spherical capsules crack hits m spherocylindrical capsules
| Yes: K(m)=K(m)+1 | | No: K(m)=K(m) ‘ | Yes: K(m)=K(m)+1 | ‘ No: K(m)=K(m) ‘
Output: K(m) Output: K(m)
| Calculate: P(m)=K(m)/K ‘ ‘ Calculate: P,(m)=K(m)/K |

K7 BERREE
Fig. 7 Simulation algorithm flowchart

F1 BREHAREEE TERISHEEHERME(N=512, L=1, m=15)
Table 1 Theoretical probability table for the spherical model with N3=512, L=1, m=15

P(m)

" D=0.1 D=0.3 D=0.5 D=0.7 D=0.9
512 0.0009 0.058 8 0.0000 0.0000 0.0000
450 0.000 3 0.1012 0.000 3 0.0000 0.0000
400 0.0001 0.1170 0.0035 0.0000 0.0000
350 0.0000 0.099 4 0.020 4 0.0000 0.0000
300 0.0000 0.0580 0.067 2 0.0015 0.0000
250 0.0000 0.0208 0.1151 0.020 4 0.000 3
200 0.0000 0.003 8 0.0870 0.090 8 0.0149

n is the number of spherical microcapsules; D is the diameter of a microcapsule; P(m) is the probability of a planar crack intersecting exactly m spherical
microcapsules; N2 is the number of cubic cells; L is the edge length of a cubic cell; m is the number of spherical microcapsules intersected by a planar crack.

*2 HEHRERESREMEILTSH
Table 2 Geometric parameters of spherical microencapsulated self-healing model materials

N3 L D n m P(m)
512 1 0.1 410 15 0.0001
0.3 410 0.1163
0.5 410 0.0022
0.7 410 0.0000

0.9 410 0.0000
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K(m) is the number of times for a planar crack intersecting exactly m
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Fig. 8 Comparison of simulation results with theoretical

values for the intersection probability of the spherical
microcapsule model
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Table 3 Theoretical probability table for the spherocylindrical model with N®=512, L=1, m=15

Py(m)
n 1=0.117 6 1=0.353 2 1=0.588 7 1=0.501 5 1=0.166 8
r=0.032 2 r=0.096 6 r=0.161 0 r=0.259 6 r=0.4119
512 0.0026 0.0239 0 0 0
450 0.0008 0.0640 0 0 0
400 0.0002 0.1020 0.0004 0 0
350 0.0001 0.1166 0.0047 0 0
300 0 0.0895 0.0299 0.0008 0
250 0 0.0414 0.0904 0.0143 0.0004
200 0 0.0096 0.1120 0.0803 0.0167

n is the number of spherical microcapsules; | is the column length of a spherocylindrical microcapsule; r is the radius of a spherocylindrical microcapsule; P1(m)

is the probability of a planar crack intersecting exactly m spherocylindrical microcapsules; N2 is the number of cubic cells; L is the edge length of a cubic cell;

m is the number of spherocylindrical microcapsules intersected by a planar crack.
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Table 4 Geometric parameters of spherocylindrical microencapsulated self-healing model materials

N3 L 1+2r n m Py(m)
512 1 0.1176+2x0.0322 410 17 0.000 00
0.3533+2x0.0966 410 0.112 00
0.5888+2x0.1610 410 0.001 20
0.5015+2x0.2597 410 0.000 00
0.1668+2x0.4119 410 0.000 00
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Extended Abstract

Introduction  The distribution characteristics of microcapsules incorporated into matrix can influence the quantity of microcapsules
required for embedding in the cementitious matrix, thereby determining the self-healing efficiency. Self-healing systems are
essentially passive systems that autonomously initiate the healing process when cracks occur. The efficacy of such systems
necessitates both adequate distribution and sufficient bonding of the capsules with the matrix. The recent preparation of microcapsules
in self-healing composites presents significant challenges in achieving optimal self-healing effects. One of the key obstacles is the
aggregation and uneven distribution of capsules within the matrix, which can significantly impair the healing efficiency of
microcapsule self-healing cementitious materials. This nonuniform distribution diminishes the effectiveness of the capsules and
adversely affects properties like early mechanical strength. Furthermore, the uneven distribution of capsules in the matrix will lead to
the reduction of the number of capsules encountered by cracks. It is therefore essential to ensure the uniform distribution of capsules
within the matrix in order to maximise the probability of microcapsule rupture and self-healing capacity.

Methods In order to avoid agglomeration of microcapsules, a uniformed distribution model for microcapsules inspired by the
structural form of a honeybee's hive is designed in self-healing cementitious materials and some embedded microcapsules are
dispersed within the honeycomb. This honeycomb model ensures the uniform distribution of microcapsules inside the matrix and
prevent the aggregation of microcapsules, thereby achieving a design strategy for the uniform distribution of microcapsules in
self-healing cementitious materials.

The probabilistic characteristics of a planar crack that appears inside a composite matrix and intersects with embedded
microcapsules is investigated from the viewpoint of geometrical probability. The probability of a randomly occurring planar crack in
the matrix when it encounters a spherical or spherocylindrical microcapsule is derived, and an intersection probability formula is
obtained. Furthermore, the influences of capsule dimensions and quantities on the intersection probability is examined in
capsule-based self-healing composites. In addition, comparative analysis is conducted on microencapsulated composite matrix models
with varying shapes. Finally, the results of the theoretical model are validated using Monte Carlo simulation.

Results and discussion The honeycomb-like composite structure is a three-dimensional structure composed of several small
cubes (cells), with a certain number of spherical or spherocylindrical microcapsules randomly dispersed within the small cubes,
ensuring the uniform distribution of the capsules and avoiding the aggregation of microcapsules. When a random planar crack appears
within the composite, the crack will meet some microcapsules and causes the ones to rupture releasing a healing agent to heal the
crack, which is necessary for self-healing to work. Three-dimensional probabilistic analytical models are developed for the spherical
microcapsules and spherocylindrical microcapsules in order to represent the intersection of a planar crack with randomly dispersed
microcapsules, respectively.

The findings indicate that uniformly dispersed microcapsules can increase the probability of capsule rupture and improve the
self-healing efficiency. The developed three-dimensional geometric probability model of a planar crack intersecting with randomly
distributed microcapsules in the matrix cells is close to a binomial probability distribution. The use of spherocylindrical microcapsules
can increase the healing potential of the same volume fraction of spherical microcapsules if the microcapsules are correctly oriented.
The theoretical probability values are verified by comparison with the results obtained independently by computer programming
simulations.

Conclusions The proposed theoretical formulas quantitatively express the effect of the size and dosage of different-shaped
microcapsules within the matrix on the probability of a planar crack hitting microcapsules and to predict the number of microcapsules
that are most likely to intersect. If the volume fraction (or size) of microcapsules is given and a planar crack requires a fixed number
of microcapsules to heal, the maximum intersection probability can be calculated from the theoretical equation to determine the
optimum size (or volume fraction) of microcapsules to be mixed within the model. The results of this research will help to provide a
theoretical basis for the quantitative design of self-healing materials based on microcapsules of different shapes. Furthermore,
employing 3D printing technology could be a feasible approach to realize the design strategy for the uniform distribution of
microcapsules within self-healing cementitious materials.

Keywords self-healing; microcapsule aggregation; healing efficiency; cementitious material; Monte Carlo simulation



