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Cracks, caused by shrinkage and external loading, facilitate the ingress of aggressive and harmful sub-
stances into concrete and indeed reduce the durability of the structures. It is well known that self-healing
of cracks can significantly improve the durability of the concrete structure. In this research, self-healing of
cracks was proposed to be realized by providing extra water for further hydration of unhydrated cement
particles. In order to provide theoretical guidance for the practice, self-healing by providing extra water
to promote further hydration was simulated. The simulation was based on water transport theory, ion
diffusion theory and thermodynamics theory. In the simulation, self-healing efficiency under different
conditions as a function of time was calculated. The relationship between self-healing efficiency and
the amount of extra water from the broken capsules was determined. According to the results of the sim-
ulation, the amount of extra water can be optimized by considering self-healing efficiency and other
performances.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cracks, caused by shrinkage and external loading, are unavoid-
able in reinforced concrete structures. These cracks facilitate the
ingress of aggressive and harmful substances into concrete and in-
deed reduce the durability of the structures. Fortunately, cracks in
concrete structures are able to heal under certain circumstance. For
example, self-healing was directly observed in cracked water pipes
and also found in some old structures [1,2]. Since self-healing of
cracks can significantly prolong the service life of the concrete
structures, it has attracted much attention in the last decade
[3–8]. Some researchers investigated the mechanism of self-heal-
ing in water-filled cracks and concluded that further hydration of
unhydrated cement and the nucleation of calcite were the main
contributions of self-healing in cementitious materials [9–14]. As
regards further hydration, in fact, a substantial amount of cement
remains unhydrated over time due to the lack of water, especially
in high performance concrete. If concrete cracks and extra water
penetrates into the crack, further hydration of unhydrated cement
will take place in the cracks. The formation and growth of hydra-
tion products will eventually heal the cracks.

In this research, the extra water is assumed to be stored in cap-
sules which are pre-mixed in the cement paste. When the paste
cracks, the cracks could pass through the capsules because of its
low strength. In this way the water can be released from the cap-
ll rights reserved.
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sules and induces further hydration of unhydrated cement parti-
cles. The cracks will be healed by the hydration products.
Therefore, the self-healing process involves water transport, ion
diffusion and precipitation of hydration products. The self-healing
efficiency by further hydration is mainly determined by the width
of the crack, the amount of unhydrated cement and available extra
water. However, the quantitative relationships between these vari-
ables are not clear. In order to provide theoretical guidance for the
practice, self-healing by providing extra water to promote further
hydration was studied by numerical modeling.

According to the literature, microcracks are conventionally de-
fined as the cracks whose widths are about a few micrometers (less
than 10 lm) [15]. In this modeling, a microcrack, with the width of
10 lm, is supposed to propagate in the cement paste caused by
shrinkage. Based on water transport theory in concrete, the amount
of extra water in the crack was calculated as a function of time. Fur-
ther hydration taking place in the water-filled crack was simulated
with ion diffusion model and thermodynamics model. In order to
simulate further hydration, the fraction and distribution of unhy-
drated cement particles were figured out by cement hydration and
microstructural model HYMOSTRUC 3D [16–18]. With the HYMO-
STRUC model, the hydration process of cement and the formation
of microstructure can be simulated. Therefore, the fraction and dis-
tribution of unhydrated cement particles can be determined. The
concentrations of ions dissolved from the unhydrated cement were
calculated. When the concentrations of ions increase to a certain va-
lue, according to thermodynamic equilibrium, further hydration
products start to precipitate. The amount of further hydration prod-
ucts was determined by thermodynamics model based on mass
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balance, charge balance and chemical equilibrium. In this way, self-
healing efficiency as the function of time was determined. The rela-
tionship between the healing efficiency and amount of extra water is
discussed as well.
2. Self-healing by further hydration

As shown in Fig. 1, it is assumed that the extra water is stored in
capsules which are pre-mixed in the cement paste. When the paste
cracks, the cracks can pass through the capsules, as well as some
unhydrated cement particles. The unhydrated cement particles
passed through by the crack are exposed on the crack surfaces,
while the others are embedded inside the paste matrix.

2.1. Self-healing contributed by unhydrated cement on crack surfaces

The water stored in capsules is released immediately after the
cement paste cracks and the cracks are filled with water. As shown
in Fig. 1a, the unhydrated cement particles on the crack surfaces
start to dissolve once they contact with water. Ca2+ ions begin to
diffuse out from anhydrates immediately and then the silicate
starts to diffuse out as well [19]. Consequently, the concentrations
of various ions in the solution in the crack increase gradually. Once
the concentrations of ions reach the equilibrium criteria for the
precipitation, further hydration products are formed in the crack
solution. During this further hydration processes, because there
is plenty of CSH on the crack surfaces after the crack forms, induc-
tion period of hydration does not take place [20].

As further hydration products are formed at the unhydrated ce-
ment surfaces in the crack, further hydration gradually slows down
and becomes more and more diffusion-controlled [16,21]. During
this period, some parts of the ions are consumed to form the inner
products while other parts of ions may diffuse into the crack solu-
tion. Therefore, the formation of healing products in the crack con-
tinues, but becomes slower and slower.

2.2. Self-healing contributed by unhydrated cement inside cement
paste

In addition to the unhydrated cement on the crack surfaces,
some ions also diffuse into the crack solution from the unhydrated
cement embedded inside the cement paste, as shown in Fig. 1b.
This diffusion can also increase the concentrations of ions in the
solution in the crack, thus facilitates the formation of healing prod-
ucts in the crack. In this simulation, the contribution of the ions
from the unhydrated cement particles inside the cement paste is
also taken into account.
Fig. 1. Schematic diagram of the mechanism of further hydration: (a) further hydration o
in cement matrix (UHC represents unhydrated cement particles).
2.3. Effect of the absorption of cement paste on self-healing

In general, the concrete matrix is not fully saturated. Thus the
concrete matrix is able to absorb water due to capillary action.
Therefore, the water in cracks will be absorbed by the cement
paste and the amount of water in the crack decreases. What should
be mentioned is that the precipitation of further hydration prod-
ucts only takes place in the section of cracks which is entirely filled
with water. When the water in the cracks is absorbed entirely, fur-
ther hydration in cracks will stop.

3. Modeling system and computational methods

The simulation in this research is schematically shown in Fig. 2.
A micro-crack with the size of 40 mm (length) � 40 mm
(depth) � 10 lm (width) is supposed to pass through a capsule
and also some unhydrated cement particles due to dense hydration
products formed in the cement paste with low water to cement ra-
tio. The surrounding surfaces of the cracked specimen are sealed
and the crack is isolated with air. Therefore, the water in the crack
cannot evaporate. Carbonation of calcite is prevented since no car-
bon dioxide can penetrate into the crack.

In the simulation, it is assumed that all the water stored in the
capsules can be released into the cracks due to the capillary force.
As mentioned, the water in the crack can be partly absorbed by the
cement paste. The amount of water existing in the crack can be cal-
culated with a water transport model, which is based on mass bal-
ance. Details are presented in Section 4.1.

Further hydration processes in the water-filled section of the
cracks were simulated at the micro-level. A tiny square with the
size of 100 lm � 100 lm (excluding the crack width) as simulation
system from the water-filled section of crack is shown in Fig. 2. The
distribution of unhydrated cement particles was simulated with
HYMOSTRUC3D. The tiny square was discretized into micro-pixels
with the size of 2 lm � 2 lm. The ion concentrations in each mi-
cro-pixel were calculated by the ion diffusion model based on
Fick’s second law. Meanwhile, a thermodynamics model based on
chemistry equilibrium, mass balance and ion charge balance was
utilized to simulate further hydration taking place in the micro-
pixels. At each time step, the ion concentrations calculated by
the diffusion model in each micro-pixel were input into the ther-
modynamics model. Through the thermodynamics model, the
amount of further hydration products was calculated, as well as
the ion concentrations after the chemical reaction. The outputs of
concentration from the thermodynamics model were input into
the diffusion model again as the initial conditions for the next step
of the calculation. The condensed flowchart of the model for fur-
ther hydration is shown in Fig. 3.
f unhydrated cement on crack surfaces; (b) further hydration of unhydrated cement



Fig. 2. Schematic diagram of modeling system (InP represents inner products, OutP represents out products, UHC represents unhydrated cement particles).

Fig. 3. Flowchart of the model for further hydration.
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The self-healing efficiency, defined as the volume ratio of newly
formed hydration products to the volume of the crack, can be
determined by coupling the water transport and further hydration
of cement particles. Detailed information about the coupling is pre-
sented in Section 6.2.

4. Theory

4.1. Water transport from cracks into the matrix

In general, the pore space of cement paste is not fully saturated.
Water will therefore penetrate into the cement paste once the
cracks are filled with water. According to the mass balance, the de-
crease of water volume in the crack should be equal to the increase
of water volume in the cement paste, which is expressed as:

DVcon ¼ �DVcra ð1Þ

where DVcra (m3) is the water volume in the crack, DVcon (m3) is the
water volume in the cement paste.

The relationship between the water volume in cement paste
and the degree of saturation can be expressed as:

DVcon ¼
X

i

Dsi � / � Vi ð2Þ

where Vi (m3) is the volume of cement paste in ith element, Dsi (–)
is the variation of the degree of saturation, and / (–) is the porosity.

Therefore, the volume of water in cracks as the function of time
can be calculated as:
VcraðtÞ ¼ Vcra;o �
X

i

DsiðtÞ � / � Vi ð3Þ

where Vcra,o (m3) is the total volume of available extra water.
The variation of the degree of saturation in cement paste can be

described by the extensive Darcy’s law [22]:

@s
@t
¼ r � ðkl þ kvÞ

@p
@s
rs

� �
ð4Þ

where kl (1/(N s)) is the unsaturated permeability depending on the
degree of saturation, kv (1/(N s)) is the vapor diffusion coefficient in
pores. In this study, the vapor diffusion is minor and neglected. kl

can be calculated as [23]:

kl ¼
q/2

50B2l
� 1� ln

e
1� s

� �
� ð1� sÞ

h i2
ð5Þ

whereq (kg/m3) is the water’s density; / is the porosity of the cement
paste; B (1/m) is constant of Reyleigh-Ritz pore size distribution,
which represents the peak of pore size distribution on a logarithmic
scale; l (Pa s) is the viscosity of water under ideal conditions of the
connected pores; e � 2.72, which is mathematical constant.

The relationship between the capillary force and degree of sat-
uration can be expressed as [23]:

@p
@s
¼ 2BCc cos a
ð1� sÞln2ð1� sÞ

ð6Þ

where C (–) is the constant, which is determined as 2.15 according
to the literature [23]; c (N/m) is surface tension of water; a (�) is
contact angle between water and solid.
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According to Eqs. (3)–(6), the volume of water in cracks as the
function of time can be calculated.

4.2. Further hydration

As mentioned above, further hydration process includes ion dif-
fusion and precipitation of further hydration products. The theories
used to describe these two phenomenons are presented in the
following.

4.2.1. Ion diffusion
In this simulation, ion diffusion takes place both in crack space

and cement paste matrix. The ion diffusion in both systems can be
described by Fick’s second law [24]:

@ci

@t
¼ r � ðDirciÞ ð7Þ

where ci (mol/m3) is the concentration of the ith ion and Di (m2/s) is
the diffusion coefficient of the ith ion.

Inside the crack, when hydration products are formed, the ion
diffusion from the cement paste matrix to the crack is hampered.
Therefore, the diffusion coefficient in the water-filled cracks de-
creases with the increase of further hydration products. In the
model, the diffusion coefficient in the water-filled cracks is calcu-
lated as:

Di ¼ Di;0 � ðDi;0 � Di;HPÞ �u ð8Þ

where Di,0 (m2/s) is the initial diffusion coefficient in solution with-
out solid phases; Di,HP (m2/s) is the diffusion coefficient in hydration
products. u (–) is the fraction of solid phases in the pixel-elements
of water-filled cracks. For the diffusion inside the hydration prod-
ucts in the cement paste matrix, the diffusion coefficient is Di,HP

(m2/s).
As shown in Fig. 2, the crack surfaces are composed of unhy-

drated cement and hydration products which are formed before
the crack appears. Based on this, the boundary conditions of ion
diffusion inside the crack are classified as boundary conditions
for unhydrated cement and hydration products. The amount of
ions dissolved from the unhydrated cement is related to the pene-
tration depth of the unhydrated cement particle. The mathematical
expression of the boundary conditions for unhydrated cement par-
ticle surface is written as:

@ci;S�UHC

@n
¼ � dhðdÞ

Di;s � DAUHC � dt
ð9Þ

where ci,S-UHC (mol/m3) is the concentration of the ith ion on the
surface of unhydrated cement; n is the normal direction of the crack
surface; AUHC (m2) is the area of the unhydrated cement particle
contacting with crack solution; t (s) is diffusion time; Di,s (m2/s) is
diffusion coefficient of the ith ion on the unhydrated cement parti-
cle surfaces; h(d) (mol) is the number of mol of the ith ion diffusing
from the unhydrated cement as the function of penetration depth d
(m). The penetration depth d is the depth of hydration products
which occupy the original space of unhydrated cement.

According to Section 2, the unhydrated cement particles are dis-
cretized into micro-pixels. The hydration can be simplified as flat
surface reaction of the pixels which represent the surfaces of unhy-
drated cement particles. The rate of phase-boundary reaction can
be described as [16]:

dd
dt
¼ R ð10Þ

where R depends on the chemical composition of the reactant and
the ion concentration in the liquid phase. For the diffusion-con-
trolled reactions, the reaction rate can be expressed as:
dd
dt
¼ R

d
ð11Þ

In addition to the boundary of unhydrated cement (described
by Eq. (9)), the boundary of hydration products (formed before
crack appears) on the crack surface can be described by Robin
boundary conditions (the third type boundary conditions) [25]:

@ci;S-CP

@n
þ r

Di;0
� ci;S-CP ¼

r
Di;0
� ci;CP ð12Þ

where ci,S-CP (mol/m3) is the concentration of the ith ion on the sur-
face of cement paste on crack surfaces; n is the normal direction of
the crack surface; Di,0 (m2/s) is diffusion coefficient of the ith ion in
the solution of the crack; r is the exchange coefficient between the
solution in the crack and the hydration products on the crack sur-
faces. According to the reference [25], r can be calculated by the
formula:

r ¼ dh=½ðci;CS � ci;CPÞ � DAHP � dt� ð13Þ

where ci,CS (mol/m3) is the concentration of the ith ion in the crack
solution near the crack surfaces; ci,CS (mol/m3) is the concentration
of the ith ion in the pore of the cement paste near the crack sur-
faces; AHP (m2) is the area of the hydration products (formed before
the crack appears) on crack surfaces; dh (mol) is the number of mol
of the ith ion diffusing from the hydration products (on the crack
surface) into the crack solution. Because the amounts of ions diffus-
ing through the CSH and CH are very limited [26], it is assumed that
the ion diffusion in the hydration products is mainly through the
capillary pores. Therefore, dh can be calculated by the formula:

dh ¼ �Di;0 � DAHC � / � dt � ðci;CS � ci;CPÞ=L ð14Þ

where L is the length of each pixel, which is 2 lm in this study.
For the ion diffusion inside the cement paste matrix, the bound-

ary conditions for the surface of unhydrated cement particles
embedded in the paste can be also expressed by Eq. (9). What
should be mentioned is that the penetration depth of the cement
particles inside the cement paste should be calculated according
to the age of the cement paste, rather than the saturation time of
the crack. Regarding the boundary with the crack solution, it can
be described by Robin boundary conditions as well.

4.2.2. Thermodynamics model for further hydration
Accompanying with the dissolution of the clinkers and the ion

diffusion, the precipitation of solids in the crack solution can be de-
scribed by the thermodynamics model. This model was established
based on the assumption of thermodynamics equilibrium, mass
balance and charge balance. The mathematic description of the
model is presented as the governing equations.

The cement–water system containing N chemical species was
considered. In this system, there are l independent chemical reac-
tions taking place. The charge balance for the ions involved in
hydration process in the system can be written as [27]:

XN

i¼1

Zici ð15Þ

where i is the number of the species and Zi (–) is the valence
(including sign) of the ith species. For example, Zi would be �2
for SiO2ðOHÞ2�2 .

In this reaction system, the mass of each chemical element be-
fore and after chemical reaction should keep balance, which is gi-
ven as [27]:

Be �
X

e

bece ¼ 0 ð16Þ

where Be (mol/m3) is the molar concentration of the element e in
the system (such as

P
Ca in this modeling) and be (–) is the number



Table 1
Details of paste matrix.

Main compositions of cement (wt.%) Water/cement ratio Age (h)

C3S C2S C3A C4AF

65.8 14.8 8.3 11.1 0.3 1000

Table 2
Parameters for water transport model.

Porosity Initial degree
of saturation
s0

Viscosity of
water l
(Pa s)

Surface
tension c
(N/m)

Constant
B (1/m)

Constant
C

0.08 0.78 0.001 0.0728 3.6 � 107 2.15
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of the atoms of the element e in the chemical formula of every spe-
cies. For example, in this modeling the mass balance equation for
the element Ca, be for the species (Ca(OH)2)2(SiO2)2.4�(H2O)2 should
be 2.

The equilibrium equations can be expressed as [27]:

� log Kk þ
XN

i¼1

mki log bi þ
XN

i¼1

mki log ci ¼ 0 ð17Þ

where Kk is the equilibrium constant for the kth chemical reaction
(in this simulation, there are five reactions for further hydration.
It means that k = 5); mki is the number of times the ith species occur-
ring in the kth chemical reaction; bi is the activity coefficient of the
ith species. The set of Eqs. (15)–(17) constitute a nonlinear system
which can be dissolved by Newton–Raphson method. Eqs. ((15)–
(17)) can be generalized as:

WðciÞ ¼ 0 ð18Þ

According to Newton–Raphson method, the Eq. (18) can be
approximated by the linear system as follow [28]:

ci;nþ1 ¼ ci;n �Wðci;nÞ=W0ðci;nÞ ð19Þ

Eq. (19) can be rewritten as:

W0ðci;nÞ � dci ¼ �Wðci;nÞ; ci;nþ1 ¼ dci þ ci;n ð20Þ

The concentration of ith species can be calculated when the
iteration is the convergent according to Eq. (20).
Fig. 4. Fraction and distributio
5. Modeling parameters

5.1. Materials

In the simulation, the details of the cement paste matrix are
shown in Table 1.

5.2. Parameters for water transport model

In the simulation, the water to cement ratio of the matrix is 0.3
and the age of the paste is 1000 h. According to the simulation by
HYMOSTRUC3D, the degree of hydration is 0.7 and the porosity is
0.08. The relative humidity is about 75% when the degree of hydra-
tion is 0.7 [16]. According to Power’s model, the initial degree of
saturation approximates 0.78 [29]. The parameters used in the
simulation of water transport from cracks into the cement paste
matrix are shown in Table 2.

5.3. Parameters for further hydration model

5.3.1. Kinetics of cement hydration
As mentioned, the unhydrated cement particles are represented

by micro-pixels in the model. The hydration can be simplified as
flat surface reaction of the pixels which represent the unhydrated
cement particles. The rate of reaction is described by Eqs. (10) and
(11). In the model, the parameter R related to the rate of reaction is
cited as [16]: R = 0.045 lm/h.

5.3.2. Fraction and distribution of unhydrated cement
In order to simulate further hydration in the crack, the fraction

and distribution of unhydrated cement particles were simulated by
HYMOSTRUC3D, as shown in Fig. 4. After hydration for 1000 h,
there is around 30% of the cement remains unhydrated in the
matrix.

5.3.3. Chemical reaction and species
In the simulation, only the further hydration of C3S and C2S was

considered in the self-healing process. The chemical reactions and
equilibrium constants involved in further hydration are presented
in Table 3. The species in the solution are shown in Table 4.

6. Results and discussion

6.1. Water transport from cracks into matrix

After the capsules are broken by the crack, the extra water is re-
leased into the crack immediately. It should be mentioned that the
n of unhydrated cement.



Table 3
Chemical reactions in the modeling.

Chemical reaction logk Reference

CaOHþ () Ca2þ þ OH� �1.18 Hummel et al. [30]

H2O() OH� þ Hþ �14.00 Hummel et al. [30]

H3SiO�4 () H2SiO2�
4 þ Hþ �13.33 Hummel et al. [30]

CaH2SiO4 () Ca2þ þ H2SiO2�
4

�8.6 Mazibur Rahman et al. [31]

CaðOHÞ2 () Ca2þ þ 2OH� �5.19 Reardon [32]

Table 4
Chemical species in the modeling.

No. 1 2 3 4 5 6 7 8 9

Species Ca2+ OH� H+ H2O H3SiO�4 CaOH+
H2SiO2�

4
Ca(OH)2 CaH2SiO4

Fig. 5. Amount of water in the crack at different time.

Fig. 6. Degree of saturation of the matrix close to the crack.

Fig. 7. Self-healing efficiency of crack under saturation condition.
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amount of water released into cracks is less than the amount of
capsules because only some fraction of capsules are passed
through by the cracks. Regardless of the shape and size of the cap-
sules, only the amount of water which is able to be released was
taken into account in the model.

Fig. 5 shows the amount of water in the crack at different time.
For the crack with the size of 40 mm (length) � 40 mm
(depth) � 10 lm (width), the volume of crack space is 16 mm3.
Some extra water is still stored in the broken capsules if the total
volume of extra water in broken capsules is larger than 16 mm3.
The whole crack keeps saturated until the extra water stored in
broken capsules is used up. When there is no more water provided
from the broken capsules, the volume of water in the crack stars to
decrease with the transport into the matrix. As shown in Fig. 5,
after the capsules which store 100 mm3 of water are broken by
the crack, the amount of water in the crack is equal to the crack
space (16 mm3) until 2 h. It means that the whole crack keeps sat-
urated for 2 h. In comparison, the volume of water in the crack
keeps as much as 16 mm3 until 3.2 h when there is 150 mm3 water
stored in the broken capsules. In the case of 200 mm3 of extra
water, the time for the crack keeping saturated increases to 4.7 h.
As mentioned above, self-healing only takes place in the water-
filled section of the crack. Therefore, self-healing in the whole
crack is simulated until the extra water stored in broken capsules
is used up. After the extra water in broken capsules is used up,
the water-filled section of the crack decreases. Further hydration
stops in the section of crack without water and the modeling sys-
tem in micro-level for this section will be ‘‘locked’’ and no more
healing products will be formed.

Fig. 6 shows the water content of the cement paste perpendic-
ular to the crack. As the water penetrates into the matrix from the
crack, the water content in cement paste increases. After the water
is released into the crack for 300 s, the degree of saturation in the
cement paste at the distance of 50 lm from the crack surface is
about 0.93. This value increases to 0.99 when the time is 1800 s.
Therefore, in the simulation the ion diffusion from unhydrated ce-
ment particles into the water-filled crack was assumed to take
place under saturation condition.
6.2. Self-healing of cracks by further hydration

6.2.1. Self-healing of cracks under saturation condition
Fig. 7 shows self-healing efficiency by further hydration under

saturation condition. Since some unhydrated cement particles are
passed by the crack and exposed on the crack inside surfaces,
further hydration takes place immediately after these cement
particles contact with water. The amount of hydration products
in the crack increases dramatically during the first 20 h. After



Table 5
Calculation of healing efficiency by coupling saturation and nonsaturation condition.

Condition Time
(h)

Volume of
extra water
in cracks/mi

(mm3)

Healing
efficiency under
saturation
condition/ps,i (%)

Healing
efficiency by
coupling
nonsaturation/
pus,i (%)

Saturation 0.0 16.0 0.00 0.00
0.1 16.0 0.42 0.42

..

. ..
. ..

. ..
.

2.0 16.0 8.26 8.26

Nonsaturation 2.1 10.8 8.68 8.58
2.2 7.5 9.10 8.77
2.3 5.3 9.52 8.91
2.4 3.9 9.94 9.01
2.5 2.9 10.36 9.09
2.6 2.3 10.78 9.15

..

. ..
. ..

. ..
.

4.8 0.1 19.74 9.48
4.9 0 20.28 9.48

466 H. Huang, G. Ye / Cement & Concrete Composites 34 (2012) 460–467
20 h, the speed of self-healing of the crack starts to slow down. The
reason is that the transport of ions to and from the surface of the
unhydrated cement particle is getting more and more difficult as
further hydration products are formed around the unhydrated ce-
ment. From the modeling results, it can be learned that after 20 h
of further hydration about 30% of the crack’s volume is healed
when the width of crack is 10 lm under saturation condition.
6.2.2. Self-healing of cracks under condition from saturation to
nonsaturation

In the real situations, the saturation of the crack changes with
the transport of water in cement paste. The self-healing efficiency
should be calculated by coupling the results of water transport
(Fig. 5) and the healing efficiency under saturation condition
(Fig. 7). The calculation is shown in Table 5.The formula for the cal-
culation can be written as:

pus;i ¼
ps;i;v i ¼ vc

pus;i�1 þ v i � ðps;i � ps;i�1Þ=vc; v i 6 vc

(
ð21Þ

where pus,i is the self-healing efficiency for which nonsaturation
condition are also taken into account; mc is the volume of cracks,
in this simulation mc = 16 mm3; mi is the volume of water in the
Fig. 8. Self-healing efficiency at different time by providing extra water.
crack, which is shown in Fig. 5; ps,i is the healing efficiency under
saturation condition, which is shown in Fig. 7.

The self-healing efficiency for which nonsaturation condition
are also taken into account is presented in Fig. 8. When 100 mm3

of water is provided into the crack, of which the size is 40 mm
(length) � 40 mm (depth) � 10 lm (width), self-healing efficiency
rises sharply in the first 2 h. After 2 h, the water provided by bro-
ken capsules becomes less and less, thus the increasing rate of
self-healing efficiency gets smaller and smaller. After all the water
in the crack was consumed, self-healing efficiency becomes steady.
While 150 mm3 of water is provided, the crack is able to keep sat-
urated for more than 3 h. Therefore, self-healing efficiency is much
higher than that of 100 mm3 of extra water. When 200 mm3 of ex-
tra water is available, self-healing efficiency increases apparently
until 4.7 h. After that, it almost reaches the maximum value.
6.2.3. Self-healing efficiency and the amount of extra water from
broken capsules

The relationship between the final self-healing efficiency and
the amount of extra water released from broken capsules is shown
in Fig. 9. The final self-healing efficiency rises with the increase of
extra water at two different rates. When 100 mm3 of water is pro-
vided into the crack, of which the size is 40 mm (length) � 40 mm
(depth) � 10 lm (width), the final self-healing efficiency is about
9.5%. While the broken capsules provide 150 mm3 of water, the fi-
nal self-healing efficiency increases to 15.3%. With this significant
rate, the final self-healing efficiency rises to 22.9% when the extra
water increases to 250 mm3. However, the increasing rate of heal-
ing efficiency slows down after this point. This relationship be-
tween self-healing efficiency and the amount of water can be
analyzed by coupling Figs. 5 and 7. Further hydration products in-
crease dramatically before 7 h. This is the reason why the increas-
ing rate of self-healing efficiency is large when the amount of extra
water increases from 100 mm3 to 250 mm3. However, as shown in
Fig. 7, the formation of further hydration products starts to slow
down gradually after 7 h. Therefore, the increasing rate of healing
efficiency to the amount of extra water slows down when the
water is more than 250 mm3.

What should be mentioned is that as shown in Table 3, in the
simulation the CSH gel was assumed as CaH2SiO4, which contains
absolutely only 1 unit of chemically bound water per mole and
no gel water was taken into account. From the literatures, how-
ever, the water content of CSH gel in cement paste is higher than
this value, for example, the jennite (Ca1.5Si0.9O1.8(OH)3�0.9H2O)
Fig. 9. Self-healing efficiency by providing different amount of extra water.
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[33,34]. Therefore, in this simulation the consumption of water in
the self-healing process is slightly underestimated. However, as
discussed in Section 6.1, the decrease of water in the crack is
mainly caused by the capillary absorption of the cement paste.
Therefore, the effect caused by the underestimation of the con-
sumption of water for the formation of CSH is slight.

Based on the simulation, the quantitative relationships between
self-healing efficiency, the amount of unhydrated cement and the
extra water provided were determined. In practice, in order to con-
sider other performances of the concrete, such as the strength, it is
impossible to add too many capsules into the concrete matrix.
With the results of this simulation, the optimized amount of extra
water can be determined by considering self-healing efficiency and
other performances. Further research about this will be carried out
in the future.
7. Conclusions

Self-healing by providing extra water to promote further hydra-
tion was simulated in this paper. Based on water transport theory,
the volume of extra water in the crack was calculated as the func-
tion of time. Further hydration taking place in the water-filled
crack was simulated with ion diffusion model and thermodynam-
ics model. In order to simulate further hydration, the fraction and
distribution of unhydrated cement particles were simulated by
HYMOSTRUC3D. The concentrations of ions dissolved from the
unhydrated cement were calculated. When the concentrations of
ions increase to a certain value, further hydration products start
to precipitate. The amount of further hydration products was
determined by thermodynamics model based on mass balance,
charge balance and chemical equilibrium. Through the simulation
of self-healing by further hydration, the relationship between self-
healing efficiency and the amount of extra water released from
broken capsules was quantified. According to the results of the
simulation, the amount of extra water can be optimized by consid-
ering self-healing efficiency and other performances.
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