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Concrete structures are susceptible to cracking which exacerbate the durability of these structures. For this purpose, self-
healing phenomena has been introduced in the past few decades. In order to apply the granulated healing material (Granule)
with PVA film coating in the concrete, cracks, which were generated by drying shrinkage, were introduced to plate-shaped
concrete specimens incorporating Granule with PVA film coating. Subsequently, healing efficiency was verified by test about
crack, which was subjected to the water supply. As a result, it is verified that the method by using water-soluble PVA film
coating for maintaining self-healing efficiency of the granulated healing material will be the original approach for sustainable
concrete with self-healing capability compared with the previous method.
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Introduction

Concrete cracking, which is occurred by various

factors, can subject to degradation of performance such

as appearance, durability, permeability and so on.

Also, Crack that occurred to RC structures affects

psychological worry by appearance damage of structures

as well as structural damages, which include reduction

of structural strength/stiffness, carbonation, the cause of

rebar’s corrosion and so on. In particular, the damage by

permeability can affect to contamination/corrosion of

interior material, additionally. Therefore, concrete

contractors should be noted to cracking because

various damages are caused. Also, concrete structures

crack cannot be avoided regardless of size. Although

prevention of concrete crack is developed from the

past, adequate prevention has not been achieved

because of complicated crack mechanism and various

characteristics of composition materials (e.g. cement,

aggregate etc.). However, because interest on crack is

growing rapidly according to the change of structures

design method, construction technology, and site

condition, the corresponding measures are required [1].

In the previous study, it was researched that

granulation/coating methods are applied to CSA

expansive agent and cementitious material. The self-

healing efficiency of materials can be maintained via

PVA film thickness until cracks occur, and healing

products will be formed because materials react with

moisture via the crack faces after PVA film was

dissolved by moisture [2, 3]

. The crack that generated in concrete is caused by

drying shrinkage typically. Concrete holds with

characteristics of expansion and shrinkage by absorption of

heat and drying, respectively. In particular, drying

shrinkage occurs by evaporation of non-saturated steam

and moisture [4]. Therefore, cracks, which were generated

by drying shrinkage, were introduced to plate-shaped

concrete specimens incorporating cementitious material

with PVA film coating. Subsequently, healing

efficiency was verified by test about crack, which was

subjected to the water supply. Also, it was verified that

cementitious material with PVA film coating did not

affect workability and strength of concrete.

Introduction of drying shrinkage crack
Crack that is occurred after hardening is divided into

the short-term crack, which is occurred within 28 days,

and long-term crack, which is occurred progressively

after 28 days curing or during 5~10 years. Crack after

hardening is occurred into numerous patterns due to

several factors. Therefore, crack that occurs due to

several factors may affect structures variously.

Short term crack that is caused by shrinkage occurs

in the initial curing process. The causes can be

classified into resistance against volume expansion that

occurs by structural restriction and tensile stress that

generates by plastic shrinkage. Typical crack after

hardening is classified into drying shrinkage crack,

crack by physical/chemical reaction, and crack by
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structural factors. Concrete holds with characteristics of

expansion and shrinkage by absorption of heat and

drying, respectively. In particular, drying shrinkage occurs

by evaporation of non-saturated steam and moisture.

Therefore, Crack can occur if concrete members are

restricted on elongation/contraction. However, if concrete

is able to shrink freely or drying shrinkage occurs without

restraint, the crack does not occur. Drying shrinkage is

contraction phenomenon of concrete due to evaporation of

moisture, and shrinkage occurs by loss of moisture that

is included in the gel. It depends on cross-sectional

dimensions and humidity in the air. In particular, the

amount of shrinkage of normal concrete depends on

initial water content, temperature/humidity condition

around the site, aggregate characteristics [5].

Cracking mechanism by drying shrinkage indicates

in Fig. 1. As shown in Fig. 1(b), if shrinkage stress that

is generated by drying occurs in a free end, the crack

does not occur because member length reduces without

restriction. On the other hand, shrinkage stress occurs

in the fixed end, a crack occurs when shrinkage stress

is larger than tensile stress of concrete [6].

Therefore, the Plate-shaped concrete specimens of

700 × 500 × 60 mm were made to introduce drying

shrinkage crack that is typical among crack type. Two-

Stage rebar with 50 mm spacing was installed for

generating tensile stress which can be induced drying

shrinkage crack. Subsequently, the condition of 30 oC

temperature and 40% humidity was continued for

30days. As a result, cracks (range: 0.05-0.35 mm) were

created in the Plate-shaped concrete specimens by drying

shrinkage. Fig. 2 indicates cracks that formed by drying

shrinkage on the plate-shaped concrete specimen.

Experimental Procedure

The pilot test was conducted according to according

to the mix design method that specified in KCI. And

then the concrete mixtures were determined to have the

following properties: W/C = 50.0%; S/a = 49.5%;

target slump = 150 mm; and target strength at 28days =

21 MPa. Concrete mixture level included Plain,

Granule-EA, and Granule-Cm as shown mentioned in

chapter 5. Where EA is the granulated CSA-based

healing material with PVA film coating, Cm is the

granulated cementitious material (Cement+CSA-based

expansive agent +sodium carbonate). In particular,

Granule-Cm used #2 (CSA-based expansive agent to

cement ratio = 2:8) that indicated the superior healing

efficiency. Cracks (range: 0.05-0.35 mm) were created

in the Plate-shaped concrete specimens by drying

shrinkage, and then the self-healing closing ratio and

crack images were obtained via microscopy investigation.

Also, internal self-healing efficiency was evaluated

through the change in crack depth, which was

measured by ultrasonic velocity. In addition, water

passing test was conducted. Table 1 indicates detail of

the experimental procedure.

In this study, in order to introduce drying shrinkage

crack, plate-shaped concrete specimens were cured

under condition of 30 oC temperature and 40% humidity

for 30 days. Subsequently, cracks (range: 0.05-0.35 mm)

were created in the Plate-shaped concrete specimens by

drying shrinkage. As shown in Fig. 3, moisture was

Fig. 1. Cracking mechanism due to drying shrinkage.

Fig. 2. Cracks that formed due to drying shrinkage.

Fig. 3. Water penetration test setup.

Table 1. Concrete mix details.

Item Features

Concrete property
and

healing efficiency

W/C=0.50, S/a= 0.495 (Binder: 336kg/m3)
Replacement ratio of Granule with PVA film 
coating is 10% of cement wt.%
Mixture: Plain, Granule-EA*, Granule-Cm**

* Granule-EA: the granulated CSA-based expansive agent with
PVA film coating.
** Granule-Cm: the granulated cementitious material with PVA
film coating.
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flowed in crack faces by using a water supply system

in order to simulate the condition of water leakage.

Afterward, the crack widths and images were obtained

via microscopy investigation depending on the elapsed

time with respect to each mixture. 

Changes in the crack width and image by microscopy

investigation are qualitative evaluation [7]. Therefore,

many researchers were attempted various quantitative

evaluations for self-healing efficiency. The modified

self-healing closing ratio (β(t)) which, was mentioned

in literature, was introduced in this study [8]

. Self-healing closing ratio β(t) at a specific time can

be calculated by using the following equation 1.

(1)

Where, Ai is an initial area of crack before self-healing,

A(t) is an area of crack-closing at a specific time. β = 0

means that no crack-closing occurs while β = 1 means

that complete crack-closing has been achieved.

Therefore, self-healing efficiency verified by using

equation 1 on the change in crack width which was

investigated by a mobile microscope.

Ultrasonic pulse velocity method is very useful with

respect to the investigation of crack depth. A basis for

measurement of crack depth is to install transducers on

the same plane with crack. Various methods for

measurement of crack depth have been suggested

depending on detecting the type of wave and items.

Among them, Tc-T0 method is the most typical. In Tc-

T0 method, transducers (transmitter and receiver) are

installed at intervals L/2 from the center of the crack

opening, and then propagation time around crack

obtains by using pulse velocity instrument [9]. Also,

propagation time along the surface of the same type

concrete without any crack obtains. The crack depth

can be calculated by using the following equation 2.

(2)

Although recovery of crack on the surface of the

specimen can be monitored via microscope, internal

crack of the specimen is unable to monitor via microscope.

Therefore, propagation times were measured depending on

elapsed time by using pulse velocity instrument with

respect to each crack, which formed on plate-shaped

concrete specimens. Afterward, crack depths at a

specific time were obtained by using equation 2. Self-

healing efficiency of internal crack was evaluated

based on internal self-healing closing ratio (β(t)), which

can be calculated by using the following equation 3.

 (3)

Where, Di is a crack depth before self-healing, D(t) is a

crack depth at the specific time. β = 0 means that no

internal crack-closing occurs while β = 1 means that

complete internal crack-closing has been achieved. Fig.

4 indicates a view of the measurement of propagation

time by pulse velocity instrument.

In this study, with respect to each plate-shaped

concrete specimen, coring operations (the part with and

without any crack) was conducted. As a result,

specimens of 100 × 50 mm for water passing test were

obtained. Also, side of specimens was sealed by using

epoxy to prevent penetration of water through the side.

Afterward, a water passing test, which can be evaluated

prevention of aggressive agents such as the migration

of water due to crack faces, was conducted on prepared

specimens. Healing efficacy was evaluated via the

water permeability coefficient that was calculated by

using the following equation [10]. Fig. 5 indicates an

instrument and view of water passing test.

(4)

Where k is water permeability coefficient (cm/s), a is

the cross-sectional area of the pipette (cm2), L is the

specimen thickness (cm), A is the cross-sectional area

of the specimen (cm2), t is the time (seconds), h1, h2 is

the initial and final water heads (cm).

Also, self-healing efficiency was evaluated by using

the water permeability coefficient at a specific time.

Self-healing closing ratio (β(t)) by water permeability

coefficient can be calculated by using following

equation 5.

(5)

Where ki is a water permeability coefficient before self-

healing, k(t) is a water permeability coefficient at a

specific time. β = 0 means that no crack-closing occurs
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Fig. 4. Ultrasonic pulse velocity measurement. 

Fig. 5. Water passing test.



73 Jun Hyeong Kim, Yong-Soo Lee, Abdul Qudoos, Hong Gi Kim, Tae Ho Ahn and Jae-Suk Ryou

while β = 1 means that complete crack-closing has

been achieved.

Results and Discussion

Evaluation of self-healing efficiency via microscopy
investigation

The Plate-shaped concrete specimens of 700 ×

500 × 60 mm were made to introduce drying shrinkage

crack that is typical among crack type. Subsequently,

the condition of 30 oC temperature and 40% humidity

was continued for 30 days. The prepared specimens are

concrete incorporating Plain, Granule-EA, and Granule-Cm

as shown mentioned above. Microscopy investigation

was conducted on a representative three-site with

respect to each mixture. The crack width that formed

on each mixture indicates in Table 2.

After drying shrinkage crack occurred, moisture was

flowed in crack faces by using water supply system.

Afterward, changes in crack width observed by a

mobile microscope. Self-healing closing ratio (β(t) at a

specific time can be calculated by using the following

equation 1. Table 2 indicates self-healing closing ratio

(β(t) of each specimen, which holds 0.05-0.35 mm

crack width, at a specific time. Where β = 0 means that

no crack-closing occurs while β = 1 means that

complete crack-closing has been achieved. In Fig. 6,

self-healing did not achieve because self-healing

closing ratio of Plain is below 0.40 at 40-days. In

particular, although a little self-healing efficiency

shows up to 30-days, self-healing closing ratio hardly

changed since then. It verified that complete crack-

closing did not achieve by only CaCO3, which would

be formed by their action of the leached Ca(OH)2 out

of the cracks and the CO2 in the air. Self-healing

closing ratio of Granule-EA significantly increased

since 10-days, and that of Granule-EA-1 was achieved

within 20-days, and that of Granule-EA-2,3 were

achieved within 27-days. Finally, self-healing closing

ratio of Granule-Cm, which indicates the granulated

cementitious material with PVA film coating, shows

constant slope since 5-days. Granule-EA indicates

complete crack-closing because of that of Granule-EA-

1, 2, 3 show 1.0 at 28, 30, 31-days, respectively.

Therefore, it was verified that all mixtures, except for

the Plain, was achieved complete crack-closing within

31-days.

Also, as mentioned from the results in previous

research, time of crack-closing of Granule-EA (CSA-

based healing material) is faster than that of Granule-

Cm (Cement+CSA-based expansive agent +sodium

carbonate) [2]. This indicates that the formation rate of

healing products, which were formed on crack faces by

hydration of healing material (CSA-based expansive

agent and cementitious material) is different. Therefore,

it was verified that the healing material of the inside

might have reacted with water because the water-

soluble PVA film was dissolved by the migrated

moisture via the crack faces. As a result, crack-closing

was achieved.

Evaluation of internal crack-closing by changes in
crack depth

Although recovery of crack on the surface of the

specimen can be monitored via microscope, internal

crack of the specimen is unable to monitor via

Table 2. Crack width of each mixture for microscopy
investigation.

Type Classification Crack width

Plain

Plain-1 0.1-0.35 mm

Plain-2 0.05-0.25 mm

Plain-3 0.05-0. 3mm

Granule-EA

Granule-EA-1 0.1-0.3 mm

Granule-EA-2 0.05-0.25 mm

Granule-EA-3 0.05-0.15 mm

Granule-Cm

Granule-Cm-1 0.05-0.15 mm

Granule-Cm-2 0.05-0.2 mm

Granule-Cm-3 0.05-0.3 mm

Fig. 6. Self-healing closing ratio of each mixture depending on
elapsed time: (a) Plain (b) Granule-EA (c) Granule-Cm.



Self-healing phenomena using PVA coated granules for sustainable construction 74

microscope [11]. Therefore, propagation times were

measured depending on elapsed time by using pulse

velocity instrument with respect to each crack, which

formed on plate-shaped concrete specimens. Afterward,

internal crack-closing was evaluated by crack depths at

a specific time, which were obtained by using equation

2. Table 3 indicates changes in crack depth of each

crack depending on elapsed time. Where, Plain-1,2,3

are crack range of 0.1-0.35 mm, 0.05-0.25 mm, 0.05-

0.3 mm, respectively. and Granule-EA-1,2,3 are crack

range of 0.1-0.3 mm, 0.05-0.25 mm, 0.05-0.15 mm,

respectively. Finally, Granule-Cm-1,2,3 are crack range of

0.05-0.15 mm, 0.05-0.2 mm, 0.05-0.3 mm, respectively.

As shown in Table 3, depths of drying shrinkage

crack that formed on each plate-shaped concrete

specimen are as follow: Plain-1,2,3 indicate 33.90 mm,

23.81 mm, 29.61 mm, and Granule-EA-1,2,3 indicate

27.55 mm, 26.84 mm, 18.89 mm Finally, Granule-Cm-

1,2,3 indicates 20.39 mm, 23.82 mm, 32.08 mm,

respectively. In particular, there are sites that hold a

similar range in crack width (e.g. Plain-3, Granule-EA-

1, and Granule-Cm-3 etc.).

Also, self-healing efficiency on internal crack was

evaluated by self-healing closing ratio, which was

calculated by using equation 3. Fig. 7 indicates an

internal self-healing closing ratio of each mixture

depending on elapsed time. In Fig. 7(a), self-healing

did not achieve because internal self-healing closing

ratio of Plain is below 0.3 after 40-days. These values

are the lower compared to that compared to results of

microscopy investigation. it can be supposed that the

crystals such as calcium carbonate did not form in the

internal crack. On the other hand, the calcium

carbonate was formed on surface crack according to

microscopy investigation. Also, internal self-healing

closing ratio was hardly changed since 30 days. As

shown in Fig. 7(b), internal self-healing closing ratio of

Granule-EA significantly increased since 10-days as

shown in microscopy investigation, and that of

Granule-EA-1 was over 0.95 within 20-days, and that

of Granule-EA-2,3 were 0.95 within 27-days. Therefore,

internal crack-closing of Granule-EA was achieved

within 27-days. As mentioned above, complete internal

crack-closing was achieved when internal self-healing

closing ratio is over 0.95. Finally, in Fig. 7(c), internal

self-healing closing ratio of Granule-Cm shows

constant slope since 5-days, and that of Granule-EA-1,

2, 3 show over 0.95 at 26, 28, 28-days, respectively.

Therefore, it was verified that all mixtures, except for

the Plain, was achieved complete internal crack-closing

Table 3. Changes in the crack depth of each mixture depending on the elapsed time.

Classification
Crack depth (mm)

Initial 7day 14day 19day 21day 26day 28day 31day

Plain-1 33.90 33.56 30.95 29.81 29.73 27.62 28.22 26.86

Plain-2 23.81 22.89 21.35 20.50 20.68 19.44 18.60 18.91

Plain-3 29.61 29.06 27.88 26.31 26.16 25.81 24.88 23.64

Granule-EA-1 27.55 23.64 18.72 7.43 3.96 0.86 0.90 0.65

Granule-EA-2 26.84 22.83 16.50 6.07 2.80 0.75 0.85 0.71

Granule-EA-3 18.89 14.89 8.80 1.36 0.63 0.82 0.83 0.68

Granule-Cm-1 20.39 18.87 13.95 11.70 5.89 0.73 0.59 0.60

Granule-Cm-2 23.82 20.82 12.73 10.13 8.33 2.98 0.76 0.42

Granule-Cm-3 32.08 29.82 18.03 16.58 13.19 4.21 1.31 0.80

Fig. 7. Internal self-healing closing ratio of each mixture
depending on elapsed time: (a) Plain (b) Granule-EA (c) Granule-
Cm.
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within 28-days. In particular, these results are faster

than the time of crack-closing, which obtained in

microscopy investigation. Therefore, it can be

supposed that the time of internal crack-closing is

faster than that of surface crack-closing.

Evaluation of self-healing efficiency by water
passing test

It was mentioned in the literature that concrete

improvement by self-healing plays an important role in

the prevention of water migration rather than in the

recovery of the mechanical properties [12]. Coring

operations (the site with and without any crack) was

conducted with respect to each plate-shaped concrete

specimen, and then specimens of 100 × 50 mm for

water passing test were obtained. Subsequently, the

water passing test of prepared specimens was

conducted. Table 4 indicates crack width of each

mixture for water passing test. Plain-0, Granule-EA-0,

and Granule-Cm-0 indicate specimen without any

crack for water passing test.

Subsequently, self-healing closing ratio was evaluated

by using the obtained water permeability coefficient at

specific ages. Fig. 8 indicates the self-healing closing

ratio of each mixture depending on elapsed time. In Fig.

8, although the self-healing closing ratio of Plain

shown a significant deviation up to 30-days, they

indicate a stable value after then. Self-healing closing

ratio of this time is below 0.3, and it indicates that

crack closing for improvement of permeability

resistance was hardly achieved. Self-healing closing

ratio of Granule-EA noticeably increased since 10-

days, and that of Granule was over 0.95, which means

complete crack-closing, after 20-days. Finally, Self-

healing closing ratio of Granule-Cm shows constant

slope since 5-days, and that of Granule-EA was over

0.95 after 26-days. Where it was evaluated that

complete crack-closing was achieved when self-healing

closing ratio is over 0.95 because their water

permeability coefficient did not match to that of

specimens without any crack. Therefore, the crack

closing, which prevents water migration through the

self-healing of the granulated healing material with

PVA film coating, was verified by self-healing closing

ratio.

Conclusions

In order to apply the granulated healing material

(Granule) with PVA film coating in the concrete,

cracks, which were generated by drying shrinkage,

were introduced to plate-shaped concrete specimens

incorporating Granule with PVA film coating.

Subsequently, healing efficiency was verified by test

about crack, which was subjected to the water supply.

Also, it was verified workability and strength of

concrete, which incorporated Granule with PVA film

coating. The following conclusions were arrived at:

1. In self-healing closing ratio of each specimen by

microscopy investigation, which holds 0.05-0.35 mm

crack width, at a specific time, crack-closing of Plain

Fig. 8. Self-healing closing ratio depending on elapsed time by
water permeability coefficient: (a) Plain (b) Granule-EA (c)
Granule-Cm.

Table 4. Crack width of each mixture for water passing test.

Type Classification Crack width

Plain

Plain-0 None crack

Plain-4 0.05-0.15 mm

Plain-5 0.1~0.35 m

Plain-6 0.2~0.4 mm

Granule-EA

Granule-EA-0 None crack

Granule-EA-4 0.05-0.1 mm

Granule-EA-5 0.05-0.25 mm

Granule-EA-6 0.1-0.25 mm

Granule-Cm

Granule-Cm-0 None crack

Granule-Cm-4 0.05-0.15 mm

Granule-Cm-5 0.05-0.3 mm

Granule-Cm-6 0.1-0.35 mm
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did not achieve because self-healing closing ratio of

Plain-1,2,3 at 31 days is 0.21-0.36. Granule-EA-3,

which holds the smallest crack width, indicates

complete crack-closing within 21 days, and Granule-

1,2 show complete crack-closing within 28 days.

Finally, Granule-Cm indicates complete crack-closing

which 28-31 days. Also, time of crack-closing of

Granule-Cm is slower than that of Granule-EA.

2. In results of internal self-healing closing ratio,

self-healing did not achieve on internal crack because

internal self-healing closing ratio of Plain-1,2,3 indicate

0.16-0.22. Granule-EA-3, which holds the smallest

crack width, indicates complete internal crack-closing

within 21-days, and the others show complete internal

crack-closing within 24-days. These are the faster

compared to results of the microscopy investigation,

which was observed crack surface. Finally, Granule-

Cm-1 indicates complete internal crack-closing within

26-days, and Granule-EA-2,3 show complete internal

crack-closing within 28-days.

3. In water passing test, Self-healing closing ratio of

Plain is below 0.3, and It indicates that crack closing

for improvement of permeability resistance was hardly

achieved. Self-healing closing ratio of Granule-EA

noticeably increased since 10-days, and that of

Granule-EA-1 was over 0.95, which means complete

crack-closing, after 21-days. Finally, Self-healing

closing ratio of Granule-Cm shows constant slope since

5-days, and that of Granule-EA was over 0.95 after 26-

days.

Therefore, self-healing efficiency of the granulated

healing material (CSA-based expansive agent and

cementitious material) with PVA film coating was

verified in the concrete because complete closing on

drying shrinkage crack was achieved.
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