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Abstract

Although concrete materials generally exhibit outstanding mechanical properties, it is susceptible against crack for-
mation. It has been reported that narrow cracks (< 150 um) could be naturally sealed in the cement matrix by exter-
nally supplied water-induced hydration. However, the crack width of larger than 150 um is difficult to be sealed
without using additional self-healing admixture. In this study, the self-healing cementitious mortar was successfully
developed by using a combination of polyvinyl alcohol (PVA) fiber and superabsorbent polymer (SAP), aiming to heal
the wide cracks. Although the mechanical properties were slightly reduced, it shows outstanding self-healing per-
formance by using the dual admixtures. A self-healing rate of 60% was observed in the control sample with an initial
crack width of 300 um, while a self-healing rate of nearly 100% was confirmed with suitable SAP and PVA. In addition,
it was confirmed that lower hydration degree of self-healing mortar in early stage contributes to the enhanced self-

healing performance of developed composite system by internally supplied water from SAP.
Keywords Self-healing, Mortar, Evaluation, Cement hydration, Internal curing

1 Introduction

Concrete is one of the mostly used man-made materi-
als in the world (Gagg, 2014). Since concrete has excel-
lent mechanical properties, it is widely used in various
applications (Branco & Mendes, 1993; Gustavsson &
Sathre, 2006; Stewart et al., 2011). However, it possesses
durability issues (i.e., penetration of chloride ions and
water induced by crack formation). It can cause problems
including a rise in the maintenance costs for the concrete
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structure and an increase in user anxiety and discomfort
(Chindasiriphan et al., 2020; Gardner et al., 2018). Hence,
self-healing concrete which can seal newly formed
cracks, has been actively developed, recently (Talaiekho-
zani & Abd Majid, 2014).

The self-healing mechanisms of concrete have been
generally reported as continued hydration or swelling of
unreacted particles (Jacobsen & Sellevold, 1996; Rein-
hardt & Jooss, 2003; Termkhajornkit et al., 2006; Yang
et al, 2009). There are two potential hydration mecha-
nisms that can address the self-healing behavior in
cementitious materials: autogenous crack sealing effect
by the precipitation of calcium silicate hydrate (C-S—H)
and calcium carbonate (CaCO,). These autogenous crack
healing are easily occurred in some specific environments
such as presence of Ca®* and CO,, humid conditions
(continuous water supply), and small crack widths (Tittel-
boom & Belie, 2013). The self-healing efficiency of Ordi-
nary Portland cement (OPC) was reported to be effective
only in a relatively narrow crack width (<150 um) (Yang
et al., 2009). To maximize the self-healing effect for wider
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crack width, the additional methods have to be adopted
(Li & Li, 2011; Li et al., 1998; Tittelboom & Belie, 2013).
For example, encapsulation methods were frequently
used (Tittelboom et al., 2010, 2011). With this approach,
a material that can improve the self-healing performance
of concrete is placed in a tube. In other words, when a
crack occurs in the concrete, the tube is simultaneously
broken, creating an environment in which the concrete
can seal the crack region. After the crack is propagated
into the concrete, another tube also got cracked, and glue
released into the crack (Joseph et al., 2007; Mihashi et al.,
2000).

Another potential admixture for making self-healing
concrete is superabsorbent polymer (SAP) (Chindasiri-
phan et al., 2020; Lee et al., 2010, 2016; Snoeck et al.,
2012). Since this material has ability of absorbing a sig-
nificant amount of liquid, it can reduce self-desiccation
shrinkage and furthermore, promote an internal curing
effect by supplying water in later hydration stage (Jensen
& Hansen, 2002). Based on this mechanism, the SAP
can fill the crack parts in concrete as it releases the pre-
absorbed water into the cement matrix (Lee et al., 2016).
In addition, polyvinyl alcohol (PVA) fibers are also used
as self-healing materials (Li et al,, 2002; Nasim et al.,
2020; Sahmaran & Li, 2009). Homma et al., reported
that cracks less than 100 pm in cement matrix is almost
completely recoverable. Specifically, short-length fibers
with random distribution are the most suitable to control
crack width and heal cracks in concrete (Homma et al.,
2009). When the PVA is embedded in concrete, it can
reduce the width of cracks occurring in concrete so the
self-healing performance can be more substantial (Jonk-
ers et al.,, 2010). Furthermore, the crystallization products
can be easily deposited on the PVC fiber nearby cracks
due to hydroxyl groups attracts calcium ions (Jonkers
et al,, 2010).

Although lots of previous studies have been reported
on the self-healing performance of concrete using SAP
and PVA individually, systematic studies evaluating the
self-healing performance of concrete using a combina-
tion of the two materials are limited (Tittelboom & Belie,
2013). In addition, there are few previous studies on self-
healing performance for relatively wide crack widths
(>150 um) and accurate evaluation of the self-healing
performance of cementitious materials. Therefore, the
purpose of this study is to investigate the effect of SAP
and PVA on the self-healing performance of mortar
focused on the healing ability for a wide crack width (e.g.,
300 pm). A series of experiments of X-ray diffraction
(XRD), thermogravimetric analysis (TGA), isothermal
calorimetry, optical microscopy, leaking test, and micro-
X-ray computed tomography (micro-CT) was performed
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to evaluate the self-healing performance and elucidate
the self-healing mechanism.

2 Materials and Experimental Methods

2.1 Materials and Sample Preparations

In this study, type 1 OPC with a fineness (Blaine) of 3570
cm?/g, polyacrylic acid-co-acrylamide SAP, PVA fiber,
and silica sand were used as raw materials. The SAP,
which induces the absorption and release of moisture,
has an average particle size of 1118 um and a specific
gravity of 0.6 to 0.8 g/cm® Additionally, the PVA fiber
with a tensile strength of 1200 MPa has a length of 3 mm
and an average diameter of 0.022 mm. In particular, by
using PVA together with SAD, resistance to crack forma-
tion can be increased. These additional self-healing prod-
ucts can serve as a bridge to fill the cracks. In the case of
sand used for mortar, the well graded sand with a particle
size of 0.42-2.36 mm was mixed at a ratio of 2.4 to that
of cement. The X-ray fluorescence (XRF) results on raw
materials are shown in Table 1.

The mix design of self-healing mortar is shown in
Table 2. In the case of a self-healing mortar with a water—
cement ratio of 0.45, a large amount of water reducing
agent was required. To prevent adverse reactions such
as strength reduction and delayed hydration due to the
initial water absorption by SAP, additional water was
incorporated. Based on the flow diameter of control in
which a very small amount of water reducing agent was
incorporated, the amount of extra water was considered
based on the flow value of reference sample. In the pro-
cess of mixing the self-healing mortar, OPC, silica sand,
SAP, and PVA were dry mixed for 1 min. Subsequently,

Table 1 X-ray fluorescence results of raw materials

Formula (unit %) OPC PVA SAP
Cao 588 - -
Sio, 200 0.1 0.1
ALO; 50 - -
MgO 39 0.1 -
Fe,03 32 - -
SO, 24 0.1 0.2
K,0 12 - 0.1
Tio, 02 - -
P,0s5 0.2 - -
MnO 0.01 - -
Zn0O 0.1 - -
SrO 0.1 - -
Na,O - 0.1 137
Martix - 99.6 859

Lol 4.8 - -




Kwon et al. Int J Concr Struct Mater (2024) 18:53 Page 3 of 16
Table 2 Mix design and flow results

Notation Cement Water Sand SAP PVA (vol%) Super plasticizer Extra water Flow (mm)
Control 1.0 045 24 - - 0.0026 - 185

SO5F25 0.005 0.25 0.0233 185
SO5F50 0.5 0.0500 183

S10F25 0.01 0.25 0.0467 183

S10F50 0.5 0.0700 183

S30F25 0.03 0.25 0.1400 185

S30F50 0.5 0.1900 185

the premixed powder and water were mixed by a mortar
mixer for 5 min.

Next, paste samples were prepared for the isothermal
calorimetry experiments, XRD, and TGA test. All raw
materials (OPC, SAP, and superplasticizer) were mixed in
dry condition for 1 min and then the powder mixture was
mixed with water for 5 min. Thereafter, they were cured
for 3, 7, 14, and 28 days under the same curing conditions
as the mortar specimens described above.

To analyze the self-healing performance, the optical
microscopic analysis and leaking test were conducted
with the mortar samples. Firstly, three replicate cylin-
der specimens with a dimension (diameter: 50 mm and
height: 100 mm) were prepared for each variable. Then
the specimens were cured in water for 7 days at a tem-
perature of 20 °C. Subsequently, crack widths of 100, 200,
and 300 um were generated by performing a split tensile
test after curing under water for 7 days. The 0.1-mm-
thick silicone sheet(s) were employed to control the crack
width of the specimens, and the circumference of the
stainless band was carefully adjusted until the desired
crack width was achieved. As for the specimens for
micro-CT measurements, three downsized cylindrical
specimens (diameter: 25 mm and height: 25 mm) were
prepared in the same procedure as above, and cracks
(width: 200 pm) were introduced and controlled.

2.2 Experimental Details

Flexural and compressive strength tests were conducted
to examine the effect of the incorporation of self-healing
materials on mechanical strength of mortar samples.
The slurry was placed into the 40x40x 160 mm?® molds
(Kang & Moon, 2021). The curing conditions of the sam-
ples were as follows. After casting, the slurry was cured
in the condition of 20 °C for 1 day. And then, the samples
were demolded. Lastly, the samples were cured under
water until the designated curing period. For mechanical
strength at 3, 7, 14, and 28 curing days, three mortar sam-
ples for each variable were measured. The loading speed
was controlled by the speed increment rate and was set

to 50+ 10 N/s for the flexural strength test and 2400 + 200
N/s for the compressive strength test.

The isothermal calorimetry experiments were per-
formed using the device (TAM Air 8-channel, TA Instru-
ments, New Castle, DE, USA) to analyze the hydration
reaction in the early stage (Jansen et al., 2012). The heat
normalization using aggregate was performed consid-
ering the specific heat of OPC, water, and self-healing
materials. The paste was used, and the measurement
start point was precisely set to 2 min after the mixing
started. Before the measurement finished, heat flow was
stabilized for 1 h (Kang et al.,, 2021). Based on the pre-
liminary tests, the reproducibility of the conducted test
method was verified.

For XRD and TG analyses, the paste samples cured for
3,7, 14, and 28 days were pulverized for 10 min. Subse-
quently, to apply the hydration stop method, the fine
powders emerged for 30 min in isopropyl alcohol and
ethyl ether, respectively. And then, the obtained powder
was dried in the condition of 40 °C for 40 min (Jeong
et al., 2019). The XRD experiments were performed with
an X-ray diffractometer (D2 PHASER, Bruker Co. Ltd.,
Land Baden-Wiirttemberg, Germany). The measurement
range was set from 5° to 60°, and the Cu-k o (A\=1.5418
A) radiation source was adopted (Jeong et al., 2018;
Kang & Moon, 2021). TG analysis (TGA) measurement
was conducted with a DSC/TG system (SDT Q600, TA
Instrument Ltd., Newcastle, DE, USA). The 10 K/min of
heating rate was selected, and the temperature range was
set from 20 to 1050 °C (Kang et al., 2022). The chemically
bound water (CBW) value was assigned as weight loss at
600 °C, and the amount of calcium hydroxide was cal-
culated based on the difference between 400 and 500 °C
(Deboucha et al., 2017; Jeong et al., 2015).

For optical microscopic measurement, the self-heal-
ing performance was evaluated by surface observation
(AM7515MZT, Dino-Lite, USA). Surface crack width
according to the curing duration of 0, 3, 7, 14, and 28 days
after crack formation was recorded by image processing
(Shin et al., 2020). Three specimens per one variable were
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measured, and five points per specimen were recorded
to obtain reliable data collection. For the leaking test, a
200-mm-height acrylic pipe was used to measure the
leaked amount of water for 10 min. If all water was dis-
charged within 10 min, the total leaking time (i.e., less
than 10 min) was recorded. Subsequently, the amount of
water leaked through the crack was measured at the cur-
ing dates of 0, 3, 7, 14, 28, 56, and 91 days, respectively.

From the use of micro-CT, it is possible to analyze
the pore properties of cementitious materials (Pae et al.,
2021a), and a tomography scanner (SkyScan 1272, Bruker
Belgium, Kontich, Belgium) was utilized. 0.11 mm Cu
energy filter equipped with a certain current (100 pA)
and voltage (100 kV) were selected for obtaining the spa-
tial resolution of 8 um/pixel with 2452 %2452 pixels (Pae
et al., 2021b). After micro-CT measurement, the crack
region was segmented for calculating the largest con-
nected area in binary images.

3 Results

3.1 Compressive Strength Results

The compressive strength results with average and
standard deviation are presented in Fig. 1. With Control
sample, the compressive strength cured for 3, 7, 14, and
28 days were 14.4, 33.4, 40.9, and 43.4 MPa, respectively.
The most increased degree of the development of com-
pressive strength was observed between 3 and 7 days.
Meanwhile, the compressive strength was generally
reduced in samples with the inclusion of SAP and PVA.

Page 4 of 16

This phenomenon could be explained as follows. SAP
initially absorbs moisture, resulting in a relatively low
water—cement ratio, which allows excellent compressive
strength to be obtained in the early stages. Specifically,
the dense cement matrix induced by the initial water
absorption of SAP and PVA is closely related to the high
compressive strength, especially in the initial stage. How-
ever, the effect of lowering the water—cement ratio due to
initial moisture absorption leads to initial strength devel-
opment but can generally result in a later reduction in
strength. Furthermore, the dense cement matrix induced
by initially absorption of water in SAP and PVA was
closely related to the high compressive strength espe-
cially in the early stage (Wong & Buenfeld, 2009). That
is, while SAP may initially absorb a portion of the mixed
water, SAP swollen in water can act as SAP-filled pores,
significantly degrading mechanical properties (Kang
etal,, 2017; Kim et al., 2022).

In the meantime, water for full hydration reaction is
insufficient due to the early water absorption by SAP.
Therefore, compressive strength could not be sufficiently
developed when the excessive amount of SAP and PVA
increased by 0.03 wt.% and 0.5 wt.%, respectively (Kirby
& Biernacki, 2012). This trend was observed continu-
ously until 28 days. Therefore, rapid initial hardening was
confirmed in the samples in which self-healing materials
were adequately mixed. For the samples of SO5F25 and
S10F25, both the initial and later compressive strength
have been confirmed.
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Fig. 1 Compressive strength results
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3.2 Flexural Strength Results

The flexural strength was measured by three-point bend-
ing experiments. Except for S30F25 sample, the enhanced
flexural strength was obtained compared to the Control
sample (Fig. 2). In particular, an interesting trend was
observed in the sample of S10F50. The flexural strength
of the Control sample cured for 3 days was measured at
5.0 MPa, but the results of comparing the difference in
flexural strength on the 3 and 28 days of curing accord-
ing to the added amount of SAP and PVA are as follows.
On the 3 days, the flexural strength of the SI0F50 sample
with 0.01 wt.% of SAP and 0.5 vol.% of PVA was 6.6 MPa.
This showed that the flexural strength of the SI0F50 sam-
ple was 31.2% higher than that of the Control sample.
And on the 28 days of curing, the flexural strength of the
Control sample and the S10F50 samples were 9.6 MPa
and 8.5 MPa, respectively. In addition, it showed that the
flexural strength of the S10F50 sample was 12.79% lower
than that of the Control sample. Consequently, it was
verified that the incorporation of a suitable quantity of
SAP and PVA (i.e., SI0F50) exerted a positive influence
on the initial flexural strength of the developed cementi-
tious system. However, this effect was observed to dimin-
ish somewhat in later stages. Nonetheless, when taking
into account the error bars associated with the flexural
strength measurements, it can be concluded that the flex-
ural strength remained largely consistent.
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3.3 Isothermal Calorimetry Results

The isothermal calorimetry analysis results are presented
in Fig. 3. Since extra water was added to the sample con-
tained SAP, a Control sample for S10F25 was additionally
prepared; Control-No.4 was configured to have the same
water-to-cement ratio except for SAP in the S10F25 to
consider the effect of extra water. As the SAP incorpo-
rated, the heat of hydration decreased for 3 days. It is due
to absorbed water by the SAP in initial hydration period
which led to the reduction of mixing water for OPC
hydration. As a result of comparing Control and Control-
No.4, the cumulative heat of hydration slightly decreased
with the extra water. Furthermore, as the content of SAP
increased, the total amount of heat released between 10
and 30 h decreased. In this period, hydration behavior
was prolonged, substantially. Therefore, it can be con-
cluded that the inclusion of SAP has a retardation effect
as a function of the dosage of those admixtures.

3.4 TGA Results

The TGA measurement results are shown in Fig. 4a—g.
In all samples, similar trend was confirmed. Firstly, the
calculated CBW values increased as the curing duration
increased. It indicated that the hydration reactions con-
tinuously occurred, and the increased hydration products
[e.g., AFm, AFt, and calcium-silicate-hydrated (C-S—H)]
could be confirmed as curing duration increased (Pane
& Hansen, 2005; Wang et al., 2020). The main weight
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Fig. 2 Flexural strength results
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according to the curing, which indicated that the car-

bonation effect was not occurred in this study (Ho et al.,
2018).
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Fig. 5 Analysis of TGA results: a the weight percentage of chemically bound water of Control and S10F50 samples and b improvement rate of CBW
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As shown in Fig. 5a, the CBW values of S10F50 sample
were lower than those of the Control sample. Meanwhile,
the difference between those was reduced as the curing
proceeded. In each mix proportion, the improvement
rate of CBW according to the curing days compared to
that of 3 days of curing is shown in Fig. 5b. The CBW
improvement rate of the self-healing mixture was lower
than that of the Control at the early age; this retardation
effect was also confirmed in the results of the isother-
mal calorimetry test. However, it significantly increased
at 28 days of curing, surpassing the CBW improvement
rate of the Control sample. It indicated that the internal
curing effect actively occurred in the sample. As summa-
rized, additional hydration reaction (i.e., internal curing
effect) actively occurred from 7 to 28 days. Therefore,
it can be confirmed that more water content was ini-
tially absorbed as the SAP was helpful, and as the water
released over time, the secondary hydration which is
called self-healing effect was activated.

Page 8 of 16

3.5 XRD Results

The measured XRD patterns for all variables are shown
in Fig. 6. In this study, basic hydration mechanism has
not been substantially modified using dual admixtures.
In Fig. 6, the AFt and AFm phases were observed in a
20 range from 6 to 14°. In particular, when the curing
date increased, the increased amount of AFm phase was
observed in all samples investigated. However, trivial dif-
ferences were observed depending on the variables. In
addition, the amount of AFm formed differed according
to the content of SAP and PVA. The hydration mecha-
nism was slightly changed when the SAP and PVA were
added. Except for the samples of Control and S10F50,
the aluminate reaction increased in the later stage. Fur-
thermore, the solid solution having hemicarbonate phase
was observed in the certain sample; in the samples of
S10F50-7 days and S30F25-28 days, the peak located in
11° at 20 was clearly confirmed (Nedyalkova et al., 2020).
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As mentioned in prior section, interesting results
were observed in the XRD analysis; in the specific sam-
ples, the different AFm phase was confirmed (Fig. 7).
This phenomenon could be explained as follows. The
crystallographic properties of AFm phase series could
be easily changed depending on the environment in
which it is formed as a solid solution (Balonis et al.,,
2010; Mesbah et al., 2011). In other words, when the
SAP and PVA were applied, the environment of the
cement matrix could be significantly changed owing
to the relative humidity variation induced by the excel-
lent water absorption properties (Mudiyanselage &
Neckers, 2008). Furthermore, the increased amount of
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monocarbonate was also observed in the SI0F50 sam-
ple. Hence, the variations of AFm phase could be the
evidence of the internal curing effect induced using
SAP or PVA or both.

7 days
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3.6 Micro-CT Results

The self-healing performance on the intended crack was
confirmed using a micro-CT. The crack width image of
one cross-section through CT is shown in Fig. 8, and the
entire crack surface is shown in Fig. 9. Additionally, the

Control

0 day 3 days

Fig. 8 Micro-CT measurement results

7 days
S10F25

Control

b0 s
o

14 days 28 days
S10F25
Fig. 9. 3 dimensions rendering results
Table 3 Crack volume analysis according to the curing days
No. Notation Crack volume percentage (%)
0 day 3 days 7 days 14 days 28 days

1 Control 2.82 2.75 2.58 2.51 2.09

2 ST0F25 5.12 5.08 4.98 4.21 4.08
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volume of entire crack width with respect to the volume
of interest (VOI) scanned through CT was converted
into percentage and shown in Table 3. With the Control
sample, a remarkable degree of self-healing effect was
observed at the specific durations (until 14 days), but it is
difficult to confirm the self-healing effect between 14 and
28 days. Meanwhile, a different trend was observed in the
S10F25 sample. That is, the self-healing effect was clearly
expressed a lot between 14 and 28 days.

3.7 Optical Microscopy Measurement Results

The crack width measurement results using opti-
cal microscopy are presented in Fig. 10. It was visually
confirmed that the crack width is well controlled on
the surface of the crack and was filled by the self-heal-
ing material. Fig. 11 shows the normalized crack width
according to self-healing performance. In all mix design,
the crack width decreased rapidly at the early stages.
With Control sample, as the initially controlled crack
width widened, the self-healing effect was significantly
lower than that of other mixtures. In particular, the

3 days 7 days

»

14 days
Control
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control sample with a crack width of 300 pm maintained
about 60% of the initially introduced crack even after
curing for 91 days. On the other hand, in all self-heal-
ing mortars, the crack tended to decrease as the mixing
amount of SAP and PVA increased.

3.8 Leaking Test Results

The results of the leaking test are presented in Fig. 12.
In the case of Control sample, the normalized water
amount increased with the crack width increase. Sig-
nificant normalized water content was observed despite
the sample being cured for 91 days in the Control sam-
ple with a crack width of 300 pm. This trend was similar
to the results of crack width measurement. In addition,
the lower normalized water amount of the sample with
SAP and PVA was confirmed in the later stage. Especially,
as the crack gradually filled with self-healing material,
the amount of water leaked over a period of 30 min was
greatly reduced. As mentioned above, the self-healing
abilities of SAP and PVA for a quite wide crack width are
also extensively supported.

28 days

sﬁﬁx

ﬁ:": \

. 20 - . :
14 days 28 days 56 days 91 days
Fig. 10 Optical microscopy measurement results (measured area in the photo: 7.651 mmx5.596 mm)
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Fig. 11 Results of the optical microscopy measurement: a 100 um of crack width, b 200 um of crack width, and ¢ 300 um of crack width
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Fig. 13. 3-dimensional rendering results through micro-CT: a Control and b S30F25

4 Discussion
4.1 Improved Self-healing Effects According to the SAP
and PVA
Fig. 13 shows the results of 3-dimensional render-
ing through micro-CT based on the crack thickness
and crack volume analysis results. The results of ana-
lyzing the cracks in the self-healing mortar sample
through 3 dimensions tomography are as follows. In
the case of the Control sample with a crack width of
200 um, the self-healing effect was hardly confirmed at
the early stage, but it was clearly observed between 14
and 28 days. On the other hand, with the S30F25 sam-
ple containing SAP and PVA, the effect was generally
high, and this phenomenon was the most pronounced
in the sample containing 3 wt.% of SAP. Therefore, it
can be concluded that the use of dual admixture of SAP
and PVA enhances the self-healing performance in the
designed cementitious system.

Through the crack width measurement and leak-
age test of the self-healing mortar for 91 days, self-
healing effect was evaluated by calculating the healing
rate of both crack width (HRcy) and leaking water
test (HR[y). The HRcy of each variable was calcu-
lated using Eq. 1, where Wy, ¢, and W; indicated that the
crack width at 0 day, self-healing curing date after crack
introduction, and crack width at ¢ day(s), respectively:

Wo

- W
— L % 100[%)].
Wo x 100[%] (1)

HRcw =

The HR;y, was calculated using the following Eq. 2,
where wy, t, and w; indicated that the amount of leaked
water at 0-day, self-healing curing date after crack intro-
duction, and the amount of leaked water on ¢ day(s),
respectively:
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Mo We o 100%).
wo

HRpw = (2)

The healing rate for crack width of samples with SAP
and PVA were higher than that of Control sample. In
particular, when the crack width increased, the reduc-
tion of self-healing performance was observed in the
Control sample. The improved HR(y was observed
when the added amount of SAP and PVA increased
regardless of the crack widths (Fig. 14). It indicated
that the combination of SAP and PVA maximize the
self-healing effect in the cement matrix. It should be
noted here that the HR.y of samples of SI0F50 and
S30F50 is higher than other samples. The self-healing
performance of the fore-mentioned samples was the
highest in all widths, which is due to the incorpora-
tion of a significant amount of PVA fiber. Although SAP
also contributes to the self-healing effect, in the case
of PVA fiber, it showed a surprising increase in self-
healing performance because it adheres to cracks and
allows the formation of self-healing products (Park &
Choi, 2018). In the case of Control sample with a crack
width of 300 pm, the HR(y, in lower than 60% on all
curing dates. Meanwhile, when the proper amount of
SAP and PVA was applied, the HRy, was approaching
100% at 91 days. These results strongly support that the
self-healing performance of SAP and PVA for relatively
wide crack widths are evident.

As shown in Fig. 15a and b, the HRpw of Control
sample with crack widths of 100 and 200 pm dramati-
cally increased until 7 days. However, the self-healing
effect was not observed in the Control sample with a
crack width of 300 pm. Instead, the self-healing effect
was confirmed in the samples containing SAP and PVA,
and in particular, the effect was strengthened as the
content of SAP increased (Fig. 15c). The discrepancy

35

35
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between the results of the leaking test and optical
microscopy measurement might have originated from
the measurement site. That is, in the case of optical
microscopy measurement, the upper end of the speci-
men was measured locally, but in the case of the leaking
test, the water flow inside the specimen was measured.

5 Summary and Conclusions

This study elucidated that the newly developed cementi-
tious composite with SAP and PVC fiber has self-healing
ability and suitable mechanical performance. The self-
healing performance was evaluated with the micro-CT,
leaking test, and optical microscopy measurement. In
addition, the self-healing hydration mechanism of OPC
accompanying the SAP and PVA were studied based on
the XRD, TGA, and isothermal calorimetry methods.
The conclusion of this study is as follows:

For narrow cracks (100 um), the self-healing mate-
rials showed lower crack healing ratios (CHRs) com-
pared to the Control sample. However, for wider cracks
(200 and 300 pm), samples with SAP and PVA exhibited
excellent self-healing performance. The used materials
absorbed and slowly released water, resulting self-healing
and internal curing effects. Initially, the water absorp-
tion led to higher compressive and flexural strength
(up to 3 days), possibly due to the effect of reduction of
water-to-cement ratio. Subsequently, the control sample
showed the highest increase in mechanical properties
from 3 to 14 days. Compared to other cementitious sys-
tems with dual admixtures, the SI0F50 sample displayed
improved mechanical properties due to the internal cur-
ing effect.

In the TGA, XRD, and heat flow results, the control sam-
ple showed accelerated OPC hydration in the early stage
(up to 3 days). In contrast, the addition of SAP and PVA

35 -
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Fig. 14 Self-healing performance evaluation results using the microscopy measurements: a 100 um of crack width, b 200 um of crack width, ¢ 300
um of crack width, d standard deviation of HR, (100 um), e standard deviation of HR, (200 pm), and f standard deviation of HRq, (300 um)
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(S10F50) resulted in an anomalous hydration reaction
compared to the Control sample. Most of the AFt phase
was formed in the Control sample before 3 days, with lit-
tle change after 3 days. However, in samples with SAP and
PVA, significant AFt phase formation occurred between 7
and 14 days, along with the remarkable formation of hydra-
tion products attributed to the internal curing effect in the
later stage.
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