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Abstract. In this paper, the effectiveness of fly ash (FA) and bottom ash (BA) on the self-
healing (S-H) behavior of expansive concrete was experimentally investigated by using the
crack closing ratio and water flow rate as indicators of the self-healing ability. To heal
cracks that may be caused by shrinkage, high CaO-8Os-free lime fly ash (FAB), high CaO
fly ash (FAA), and low CaO fly ash (FAR), and one type of expansive additive were used
as the partial binder replacement materials. A pre-soaked bottom ash with high water
retainability was used as a water-providing agent for the internal curing (IC) technique, to
reduce shrinkage and enhance long-term hydration. Pre-cracked mortar samples were
prepared in a disc shape with a fixed crack width of 0.1 mm. After crack creation, the
crack width ratio and water flow rate were monitored every 7 days for 3 months. It was
observed that expansive mortars with 30% fly ash showed significant improvement in the
self-healing ability when compared to the non-fly ash mortar. The use of 10% bottom
ash showed enhanced self-healing ability in expansive mortar. Moreover, using both fly
ash and bottom ash showed significant improvement in the self-healing behavior.
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1. Introduction

Self-healing (S-H) is a desirable ability for concrete
that helps eliminate shrinkage cracks. With this ability,
concrete can heal damage (mainly cracks) by itself
without any external course of action. In much reseatch,
the S-H ability of concrete was studied and mentioned
[1-7]. Recently, various alternative cementitious materials
have been investigated, to clarify their effects on the self-
healing ability of concrete [1, 3, 4, 5].

The S-H behavior of cementitious based materials
with calcium sulfoaluminate based expansive additives
was studied by Sisomphon et al. [1], Hosoda et al. [2],
and Kishi et al. [3]. Jaroenratanapirom and
Sahamitmongkol [4] used fly ash, silica fume, and
crystalline admixtures as different cement replacement
materials to study the self-healing potential of mortars.

Favorable conditions for the self-healing ability of
concrete have been studied. Qian et al. [5] confirmed that
submerging samples in water is better at improving the
self-healing ability of concrete when compared to air
curing. The behavior of water flow rates of pre-cracked
concrete samples was measured by Edvardsen [6]. It was
observed that the water flow rates of pre-crack concrete
samples decreased with time, meaning that concrete
cracks were healed by themselves. Reinhardt and Joose [7]
investigated the relationship between self-healing
behavior and water permeability of cracked concrete.
Their results showed that the flow rate decreased due to
self-healing, and self-healing efficiency depended on
crack width and temperature.

Internal curing is an active curing method to
promote the self-healing capability of concrete. Internal
curing is defined as “supplying water throughout a placed
cementitious mixture using reservoirs, via an internal
moisture supplying material such as pre-wetted
lightweight aggregates, that readily release water as
needed for hydration or to replace moisture loss due to
evaporation or self-desiccation” [8]. By providing internal
curing (IC), shrinkage can be reduced, and the strength
and some durability properties of concrete can be
enhanced. A variety of materials can be used for internal
curing, including superabsorbent polymers, pre-wetted
crushed returned concrete fines, pre-wetted lightweight
aggregates, and pre-wetted wood fibers.

Bottom ash (BA) is a product of coal power plants.
It has been used as a landfill material or dumped. As a
porous material with very low cost and high water-
retaining properties, BA can be used as an IC material by
partially replacing fine aggregate in concrete. It was
confirmed that 10% BA replacement of fine aggregate
showed positive effects on concrete [9, 10, 11]. In
addition, the compressive strength of OPC concrete [10]
and self-compacting concrete [9] increased with the use
of BA in a proper amount. It was reported that using BA
can help to eliminate the shrinkage cracking of concrete
[12, 13]. Sutthiwaree et al. [11] investigated the effects of
BA on the durability of expansive concrete. Their results
showed that it is possible to reduce the risk of shrinkage-

cracking at an early age by using BA as the internal curing
material. They found that BA could increase the
expansion of expansive concrete. The use of internally
cured concrete was shown to reduce cracking in field
structures [14]. An important property of BA is water
retainability (WR), and this ability of BA particles to hold
water can be evaluated. A method to determine the WR
of BA was proposed by Kasemchaisiti and
Tangtermsirikul [9], which was later modified by
Lathsoulin et al. [15]. In this study, the method to obtain
the WR of BA was developed by Nguyen et al. [25],
based on the study of Lathsoulin et al. [15].

However, the effects of bottom ash and fly ash with
different contents of calcium oxide, free lime, and sulfur
trioxide on the self-healing behavior of cement-based
materials has not been studied. The objectives of this
study are to investigate the effectiveness of three types of
fly ash (having different chemical compositions) and a
bottom ash on the self-healing ability of expansive
mortars. Moreover, this study aims to develop the
practical application of BA as an IC agent, together with
the use of fly ash, especially with excessive free lime and
SO; contents. BA can eliminate shrinkage cracking and
promote the self-healing ability of concrete, especially
expansive concrete. Therefore, this paper studies the self-
healing ability of mortars with an expansive additive and
three types of fly ash and a bottom ash. This study uses
the surface crack closing rate and water flow rate as the
evaluation criteria for the experimental determination of
the degree of self-healing.

2. Experimental Program
2.1. Materials and Specimens

In this study, OPC type I cement, an expansive
additive (EA) and three types of fly ash (FA) (fly ash type
A: high CaO fly ash, type B: high CaO-SOs-free lime fly
ash, and type R: low CaO fly ash) were used as binders.
Chemical compositions and physical properties of the
binders are given in Table 1. A river sand with a specific
gravity of 2.58 at SSD conditions and a water absorption
of 1.07% was used as the fine aggregate. A bottom ash
(BA) with a specific gravity of 1.83 and a water
retainability (WR) of 36.61% was used as the partial fine
aggregate replacing material. The water retainability of
the BA was measured (developed by Nguyen et al. [25])
in the same way as Lathsoulin et al. [15], but with a
longer vibrating time to measure the WR. To measure
the WR, BA that passed sieve No. 4 was immerged in
water for 72 hours before being drained for 30 minutes
to remove the free water. After that, a PVC pipe was
filled with 3 layers of BA. Then, each layer was
compacted 30 times by a rubber hammer on the side
surface of the PVC pipe. After covering the top of the
PVC pipe to prevent evaporation of water, the PVC pipe
was vibrated for 60 minutes. The excess water in the BA
was removed while the retained water was kept by the
BA particles. The water retainability of the BA was
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obtained from the moisture content of the BA sample

that was collected from the top 3 cm of the tested sample.

To prepare cracked specimens, mortar specimens
were prepared in a disc shape with 100 mm of diameter
and 25 mm of thickness. A crack of 0.1 mm in width was
introduced into each specimen at 3 days of age. Figure 1
illustrates a photo, drawings, and dimensions of a
specimen for the surface crack closing rate test. For the
water permeability test, samples were prepared in the
same manner as that of the crack closing rate specimens
but were coated with an epoxy layer at the round side
(see Fig. 2(a)).

To investigate the effects of FA on the self-healing
behavior, samples were cured in water. Different
mixtures were cured in separate containers, and the water
was renewed after every measurement. To clearly observe
the effects of BA (to provide internal curing) on the S-H
behavior, specimens were air-cured.

2.2. Experimental Method

A crack was created on each mortar specimen by the
splitting method at the age of 3 days after casting. A
stainless ring was used to control for a constant surface
crack width of 0.1 mm before curing. A digital
microscope with computer software was applied to
observe and measure the surface crack width. Crack
widths were measured at 5 marked major points along
the crack line, as illustrated in Fig. 1(b) and Fig. 1(c)
(each major point contained 4 minor measured points,
therefore, there were 20 minor measured points in 1
sample). The distance between each pair of measured
major points was 20 mm. Initial crack widths were
monitored at 3 days of age. Then, the time-dependent
crack widths were measured at 7, 14, 21, 28, 35, 42, 49,
56, 63, 70, 77, 84, and 91 days of age. After having
recorded the crack width of the samples at each age, the
crack-closing ratio was computed. The crack-closing ratio
quantitatively indicates the decrease of crack width of the
sample at a specific age.

To confirm the self-healing performance of mortars,
the water permeability test was performed simultaneously
with the surface crack closing rate test. The water
permeability test was carried out according to the
Western Australian WA625.1 standard [16] (based on
DIN 1048 [17]). Samples were prepared in the same
fashion as that of the crack closing rate test. After
introducing a crack width of 0.1 mm, the specimens were
coated with an epoxy layer of 25 mm in thickness and 25
mm in width at the round side (Fig. 2(a)), and then cured
in air or water. The samples were immersed in water to
maintain saturated conditions before being installed in
the permeability cell and applying water pressure (Fig.
2(b)). After that, a water cylinder column (1500 mm in
height, 8§ mm in diameter) was installed, and 0.5 Bar of
water pressure was constantly applied to each specimen
until the height of water in the column dropped from the
50 c¢cm point to the 0 cm point. The time for the water
column to drop from the 50 cm point to the 0 cm point
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was recorded, to calculate the flow rate of water by using
Eq. (1). The water permeability test device is shown in
Fig. 3. The water flow rate (Q) is defined as

Yw
Qv =" (1)
where Q) is the water flow rate (m3/s), and Vy is the
volume of water in m3 flowing through the crack within a
period of time A, in seconds.

Table 1. Properties of binders.
Chemical
Compositions
and Physical b pA  EAA FAB FAR
Properties
(% by
weight)

SiO2 19.70 245 37.09 26.61 61.09
AL O3 519 521 19.69 13.60 20.35
Fe 05 334 019 1418 18.34 5.2
CaO 64.80 61.85 19.36 2497 232
MgO 120 0.60 232 233 135
SO3 2.54 2580 324 853 028
Na,O 0.16 - 035 175  0.79
KO 0.44 - 292 177 1.36
Free lime 0.87 2361 236 393 0.03
LOI 210 370 001 053  5.68
Specific gravity  3.15 294 220 257 211
Blaine fineness 5100 2700 2820 3400
(cm?/g)

100

Lo |
= /ft

100

b2
L=0.100 mm

CY

crack closing rate

Fig. 1.
measurement, (a) Dimension of the specimen (mm), (b)
Creating and marking cracks, (c) Specimen with a
stainless ring clamp, (d) Four minor points in one
marked major point.

Mortar specimen for
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(a) Water permeability specimen
Fig. 2. Specimen preparation and setup of permeability test.

Fig. 3. Water permeability testing device.

(b) Water permeability cell

2.3. Mix Proportions

Various mixtures of mortars were studied as follows:
OPC type 1 with and without 10% of BA to replace fine
aggregate, OPC + 6% expansive agent (EA) with and
without 10% BA, OPC + 30% fly ash type A, OPC + 30%
fly ash type R, OPC + 30% fly ash type B with and
without 10% BA, and OPC + 6% EA + 30% fly ash type
B with and without 10% BA. All these mixtures were
prepared with a water to binder ratio of 0.45. A summary
of the tested mix proportions is given in Table 2.

3. Result and Discussion

The effects of FA and BA on the self-healing ability
of mortar were investigated by using the crack closing
ratio and water flow rate as indicators. While the crack
closing ratio indicates S-H behavior on the surface, the
water flow rate shows the overall healing in the cracks.

The surface crack closing ratio (Bw) quantitatively
demonstrates changes in the surface crack width at a
specific time t. The crack closing ratio (B) is defined as

By = (1 - 5e2) - 100% @)
Table 2. Mix proportions of the tested mortars.
' OoPC EA Fly ash Water Fine aggregate Cut:ir'lg
Mix ID type I /m? (kg/m?3) ke/m? (kg/m?3) conditions
(g/m) *8/™) “Eaa EaB FAR  *8/™) T gind BA Water Air

orC 534.54 - - - - 240.54  1,469.99 - . °
OPCBA10 534.54 - - - - 240.54  1,322.99 145.29 °
EAG 502.10 32.05 - - - 240.36 1,468.90 - ° °
EAGBA10 502.10 32.05 - - - 24036 1,322.01 145.18 °
FAA30 366.09 - 156.9 - - 23534  1,438.21 - .
FAR30 364.84 - - - 156.36 23454  1,433.29 - .
FAB30 369.84 - - 158.5 - 23776 1,452.95 - ° °
FAB30BA10 369.84 - - 158.5 - 237.76 1,307.66  143.61 °
EAGFAB30 337.89 31.68 - 158.39 - 237.58  1,451.89 - ° °
EAGFAB30BA10  337.89 31.68 - 158.39 - 237.58  1,306.70 143.50 °
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where, CIWV; is the initial crack width (mm) and CW/ is
crack width after t days of age (mm). Therefore, B¢ = 0%
means no healing while By = 100% means complete
healing.

The water flow rate indicates the amount of water
that can flow through the crack during a period of time
under constant pressure. The smaller the water flow rate,
the smaller the crack width. The water flow rate is
calculated by using Eq. (1) in Section 2.2.

3.1. Effects of Expansive Additive and Fly Ash

The crack closing ratio and the water flow rate were
measured at different ages of pre-cracked samples with
an initial surface crack width of 0.1 mm. The effects of
expansive additive and fly ashes on the self-healing ability
are shown in Fig. 4 and Fig. 5. The crack closing ratios of
OPC, EAG6, FAB30, and EAGFAB30 samples are
illustrated in Fig. 4(a), while the water flow rates of these
samples are shown in Fig. 5(a). The crack closing ratios
and water flow rates of the OPC sample and samples
with different types of fly ash are shown in Fig. 4(b) and
Fig. 5(b).

The expansive additive can enhance the self-healing
behavior of mortar, which is shown in Fig. 4(a) and Fig.
5(@). In Fig. 4(a), the crack closing ratio of both OPC
mortar and fly ash mortar with EA are higher than those
of the mortars without EA at all tested ages. Figure 5(a)
illustrates the water flow rate of mortars with and
without expansive additive. It shows that the water flow
rates of OPC and fly ash mortars with EA are smaller
than those of the non-EA mortars. This means that the
self-healing ability of EA mortars is better than that of
the non-EA mortars.

The effects of fly ash on the self-healing ability of
mortars are shown in Fig. 4 and Fig. 5. Figure 4(a) and
Figure 5(a) show the effects of fly ash on the self-healing
ability. The crack closing ratios of OPC mortar and
expansive mortars with and without fly ash are shown in
Fig. 4(a). It illustrates that an expansive agent can
remarkably increase the crack closing ratio (the EAG
sample completely heals crack within 35 days). The crack
closing ratio is significantly improved when using fly ash
in the expansive mortar (EAGFAB30), leading to
complete crack sealing in 28 days. The same tendency of
FA on the S-H ability is confirmed by flow rate results, as
shown in Fig. 5(a).

Figure 4(b) shows the surface crack closing ratios of
pre-cracked mortars with an initial surface crack width of
0.1 mm, made from different types of fly ash (FAA, FAB,
and FAR). The results show that mortar with FAB
completely closes the crack within 77 days. The crack of
the specimen with FAA is fully healed after 91 days,
while the FAR sample cannot completely heal the crack
in up to 91 days. In addition, it is observed that the use
of fly ashes in mortar samples significantly enhances the
surface crack closing ability, compared to the non-fly ash
sample (OPC). The effects of different types of fly ash
on the self-healing ability are also demonstrated by the
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water flow rates. Figure 5(b) shows the water flow rate
with time for OPC mortar and mortars with different
types of fly ash. The graph shows the same tendency as
the crack closing ratios. Fly ash mortars show better
performance than the OPC mortar. Among different
mixtures, FAB30 shows the shortest healing time,
compared to FAA30 and FAR30.

In this study, a hypothesis for the mechanism of the
self-healing ability of mortar is proposed. Crack filling by
ettringite (product) is considered as the major mechanism
of the self-healing ability. In general, ettringite, calcium
hydroxide, and other products can be found inside the
sample. When they occur at the crack area, they
participate in the self-healing ability by filling the crack
(see Fig. 6). In this study, ettringite is formed as a
product of the hydration reaction at an early age. It is
also formed by the reaction of fly ash, especially by the
fly ash with high SO; and free lime contents. For regular
fly ash with low SO3 and free lime contents, the long-
term pozzolanic reaction can also help in producing
pozzolanic products to fill the cracks. In contrast, EA
may not help long-term cracks as the reaction of EA
stops in about 3-7 days, especially when there is no fly
ash in the EA mixture. A. Hosoda et al. [20] showed that
ettringite and calcite were found to fill 50 to 100 um and
200 um cracks of 34-year PC concrete poles by image
analysis (RGB method). It was observed that ettringite
existed along the crack and at the interface area of the
crack and the matrix. The main components of ettringite
are Ca?*, AP, and SO4z. When cracks occur in the
matrix, the cement paste matrix is the source for
providing these constituent elements to generate
ettringite. Moreover, T. Danner et al. [21] also confirmed
that ettringite formation was one of two major
mechanisms of the self-healing ability of cracks in
concrete exposed for 25 years to marine conditions. In
Fig. 7, N. Thuy et al. [22] used XRD analysis for the
mineralogical investigation of paste specimens at an age
of 7 days, using the same materials (OPC, EA, FA), but
slightly different mixes from those tested in this study.
Ettringite was observed in the FA paste, EA paste, and
EA paste using FA, except for the OPC paste. This
explains the self-healing ability of EA mortars in that the
self-healing ability of FA mortars and EA mortars with
FA is significantly improved when compared to OPC
mortar. Their samples were prepared with the same
materials as those of this study. The mix proportions
were similar except for the amount of EA used in the
expansive mortar with fly ash (5% EA was used in their
study instead of 6%). However, the tendency of the
result is expected to be similar, except that the ettringite
amount of EAG should be higher than that in EAS.

ENGINEERING JOURNAL Volume 25 Issue 2, ISSN 0125-8281 (https://engj.otg/) 125



DOI:10.4186/¢.2021.25.2.121

ssifie PG -t BAG & OPC ——+-—TFAA30

—x— FAB30 —e— EAGFAB30 —x— FAB30 —e— FAR30
100 —

100

== 80 = 3
8 2 4
< < -
o 90 o 00 =
= 5
S 40 & 40
] 9]
o d
2 20 g 20
@) ®)
0 0
3 7 14 21 28 35 42 49 56 63 70 77 84 91 3 7 142128354249 56 63 70 77 84 91
Age of samples (days) Age of samples (days)
(@) OPC mortar and expansive mortar with and (b) OPC mortar, and mortar with different types of fly
without fly ash ash

Fig. 4. Crack closing ratio of mortar (in water curing conditions).

=== QRC ----a---BEAG ---&--- OPC ---—+---FAA30
- —x— FAB30 —e— EAGFAB30 > —x— FAB30 —— FAR30
g e [ S 1E-04
o LE05 Toeeg S 1E-05
& _1E-06 &
S < o 1.E-06
T 2
§ "LE/ 1E—07 E“-ﬂ..ﬂ\ﬂ‘ § ME 1E-07
é 1.E-08 & E 1.E-08
5 1.E-09 S LE-09
S 1E10 S 1E10
1.E-11 1.E-11
7 14 21 28 35 42 49 56 63 70 77 84 91 7 14 21 28 35 42 49 56 63 70 77 84 91
Age of samples (days) Age of samples (days)
(a) OPC mortar, expansive mortar with and without fly (b) OPC mortar, and mortar with different types of fly
ash ash

Fig. 5. Water flow rate of mortars (in water curing conditions).

7
6 ==
= 5 =
e %O % S e B P Jel 2 4 =
> U“hkealed 7" Unhealed g 5
TRt arga/ ¥ O %~ crack area E
| 5 * % * % | = |
L > o x T % 3 2 =
' ’ o e S B =
/// P 3 // B 1 = ==
S S S 7 S = = —
s V4 / 3 0
E - OPC FAB30 EA5 EASFAB30
% Ettringite O Others (Portlandite, Calcite, etc.) Mixtures

Fig. 6. Self-closing of crack due to the filling by expansive  Fig. 7. Results of ettringite amount in different mixtures.
products.

126 ENGINEERING JOURNAL Volume 25 Issue 2, ISSN 0125-8281 (https://engj.org/)



100 o
5’5/ 80 0 OPC
-ﬁ X
oy 60 K FAB30
g
% 40 5 A BAG
.-'5
g 20 ® TAGFAB30
o
0
0 5 10 15 20

Free lime (kg/m?)

a) Relationship between free lime content and the crack
closing ratio of the tested mixtures

100 .
< 80 )
3 » O OPC
g
%neo * FAB30
S 40
d O o EAG6
4
2 20 ,,
3 ® EAGFAB30
0
0 10 20 30 40

SO; (kg/ ms)

b) Relationship between SO3 content and the crack
closing ratio of the tested mixtures

300 80
8 250 =
-gﬂ‘q 200 o %
g <
o™ -

o
= <2150 40 &
EE| ‘
g 100 by
o 20 &
T 50 S
=
0 -"" 0
FAR30 FAA30 FAB30
I Free lime T Sulfur trioxide
==Ca0 —e— Crack dosing ratio

¢) Relationship between total chemical composition in
mixture and the crack closing ratio of fly ash mixtures at
an age of 28 days

Fig. 8. Relationship between total chemical composition
in mixture and result of the crack closing ratio of
mixtures at an age of 28 days.

The CaO, free lime, and SO3 contents in mortar
mixture were calculated, to study the relationships
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between them and the self-healing behavior. They can be
calculated by using Egs. (3), (4), and (5).

F= (%FCch)+(%1;e;<0We)+(%foWf) 3

WSCXW ) +(%SeXWo)+(%S £XW
S:( cX C)+( 1:0 )+( fx f) (4)

%CeXW ) +(%CeXWo)+(%C £ XW
C=( cX C)+( 102 )+( fX f) (5)

F - Total free lime content in the
mixture (kg/m3).

Free lime content in OPC I
cement, EA, and FA,
respectively (% by weight).

Total sulfur trioxide content in
the mixture (kg/m?3).

Sulfur trioxide content in OPC I
cement, EA, and FA,
respectively (% by weight).

Total calcium oxide content in
the mixture (kg/m?3).

Calcium oxide content in OPC 1
cement, EA, and FA,
respectively (% by weight).
Weight of OPC I, EA, and FA in
1 m? of mortar, respectively

(kg/m?).

where

%Fc, %F., %l -

%Sc, %0S., %S¢ -

C -

%Cc, %Ce, %Cs -

We, We, Wi -

Figure 8 shows the relationship between the targeted
oxide compound (CaO, free lime, and SO3) and the crack
closing ratio of samples at an age of 28 days. The
correlation between the total amount of free lime in the
mixture and the crack closing ratio is illustrated in Fig.
8(a). The more the amount of free lime content, the
higher the crack closing ratio. The figure shows a good
relationship between the free lime content and the crack
closing ratio. The presence of lime leads to the formation
of colloidal ettringite, which can result in a large
expansion of the whole system [23]. In Fig. 8(b), the
correlation between total SO3 content in the mixture and
the crack closing ratio is shown. Similarly, the larger SO;
content in the mixture enhances the crack closing ability.
The EAG mixture contains a smaller amount of SOj; but
its crack closing ratio is higher than that of the FA30
mixture because both the free lime content and the SO;
content affect crack healing. The EAG mixture contains a
smaller amount of SOz (1.89 kg/m3 of mortar) but a
higher amount of free lime (2.5 kg/m?3) when compared
to the FAB30 mixture, leading to a better self-healing
ability for the EAG mixture. Nawaz et al, [24]
investigated the behavior of the expansion of concrete
with different types of FA. They considered the CaO,
free lime, and SO; contents. In their report, they
confirmed that fly ashes containing a higher amount of
SO; showed higher expansion due to the internal sulfate
from ettringite formation.
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Fig. 9. Crack closing of mortars at the initial age (3 days),
and at 28, 56, and 91 days of age (initial surface crack
width = 0.1 mm) in water curing conditions.

In Fig. 8(c), the correlation between CaO, free lime,
and SOj content in the mixtures and the crack closing
ratio of non-EA mixtures with different types of fly ash
is illustrated.

To compare only the effect of fly ash types, only the
mixtures without EA but with different types of fly ash
are considered in Fig. 8(c). It is seen in Fig. 8(c) that the
higher the contents of CaO, free lime, and SOs in the fly
ash, the higher the crack closing ratio. This indicates that
FA containing higher CaO, free lime, and SO3 contents is

more effective for improving the self-healing ability. It is
evident that the effectiveness of crack closing is different
for mortar samples with different types of fly ash. The
high CaO - SOj; - free lime fly ash (FAB) provides the
highest surface crack closing speed. In this study, fly ash
type B (FAB) contains the highest contents of calcium
oxide, sulfur trioxide, and free lime, followed by fly ash
type A (FAA). Fly ash type R (FAR) contains the smallest
amounts of those compounds.

Figure 9 shows pictures of surface crack healing of
the tested samples. By using a Dino microscope device,
the surface crack width can be clearly observed and
measured. Figure 9(a) illustrates the crack closing images
of the expansive mortar sample at the age of crack
initiation (3 days of age), and at 28, 56, and 91 days of
age (initial surface crack width = 0.1 mm, cured in water).
Figure 9(b) shows the crack closing images of the
expansive mortar sample with fly ash type B at the age of
crack initiation (3 days of age), and at 28, 56, and 91 days
of age (initial surface crack width = 0.1 mm, cured in
water). It clearly illustrates that fly ash type B remarkably
enhances the healing ability of expansive mortar, as
previously mentioned.

In summary, the self-healing ability of mortar
samples is improved significantly when using expansive
additive and fly ash with high contents of CaO, SOs3, and
free lime. These compositions demonstrate a major role
in the self-healing process. During the hydration reaction,
expansive products are formed. As a result, a crack is
filled by these expansive products, especially ettringite.

3.2. Effects of Bottom Ash

Figure 10 illustrates the crack closing ratios of
samples with and without bottom ash for up to 91 days.
The crack closing ratios of OPC mortars with and
without BA, and fly ash (FAB) mortars with and without
BA, are illustrated in Fig. 10(a). Fig. 10(b) shows the
crack closing ratios of the expansive mortars with and
without BA, and expansive mortars containing FAB with
and without BA. It was found that, the effects of FA on
OPC mortar and expansive mortar gave the same
tendency in air curing conditions as that in water curing
conditions. Figure 10(a) indicates that fly ash sample
(FAB30) heals cracks faster than the OPC sample, and
the crack closing ratios of both the OPC sample and the
fly ash sample are much improved with the use of BA. At
the age of 91 days, the crack closing ratio of OPCBA10 is
40% while the ratio of the OPC sample is only 30%.
Also, the crack closing ratio of FAB30BA10 is 51% while
that of FAB30 is 47%. Figure 10(b) shows that expansive
mortar with BA heals cracks faster than expansive mortar
without BA. With the IC by BA, the crack closing ratio
of EAGBA10 mixture is 61%, which is 4% higher than
that of the EAG mixture. The crack closing ratio of the
EAGFAB30 mixture is 61%, while that of the
EAGFAB30BA10 mixture is higher at 68.5% at an age of
91 days.
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Figure 11 describes the flow rates of samples with
and without BA at an age of 91 days. The effects of BA
on the water flow rates of OPC and fly ash (FAB)
mortars are shown in Fig. 11(a). The water flow rate of
OPCBA10 mixture is smaller than that of the OPC
mixture, and the flow rate of the FAB30BA10 mixture is
smaller than the flow rate of the FAB30 mixture. This
means that the S-H ability of samples with BA is better
than that of samples without BA. In Fig. 11(b), the
effects of BA on water flow rates of expansive mortars
(with and without FA) are illustrated. Similarly, the
expansive mortar with BA shows a lower water flow rate
value.

Some pictures of surface crack healing of tested
samples with and without BA are shown in Fig. 12(a), Fig.
12(b), Fig.12(c), and Fig. 12(d). Figure 12(a) and Figure
12(b) illustrate the crack closing images of the expansive
OPC mortar samples, with and without BA at the age of
crack initiation (3 days of age), and at 28, 56, and 91 days
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of age (initial surface crack width = 0.1 mm, cured in air).
Figure 12(c) and Figure 12(d) show the crack closing
images of the expansive fly ash mortar samples with and
without BA at the age of crack initiation (3 days of age),
and at 28, 56, and 91 days of age (initial surface crack
width is 0.1 mm, cured in air). This shows that the use of
BA is effective in both expansive mortars, with and
without FA.

The positive effects of BA are recorded in all cases
of mixture and age due to the action of IC. When used in
the mortars, the pre-soaked BA contains a high amount
of water. In the long term, it provides water for
continuous hydration and other reactions in the mortars.
Normal water curing methods supply water to the
concrete surface, but the water curing is unable to reach
the inner part of the concrete.
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4. Conclusions

Based on the test results, the following conclusions are
obtained:
1) The self-healing (S-H) behavior of concrete can be

quantitatively estimated from the crack-closing ratio
and the water flow rate.

2) The crack filling by the hydration products, especially
ettringite, is the major mechanism of the S-H ability.

3) The S-H ability of mortar was dramatically enhanced
with the use of an expansive agent. The use of 6%
EA in the binders sharply improved the performance
of the S-H ability.

4) The S-H ability of mortar samples was improved
significantly when using FA. The use of 30% FA led
to the enhancement of the S-H ability of the tested
mortars. With the same amount of fly ash:

- the effectiveness of FA type on the S-H ability
of mortar (from low to high) is in the following
order: low CaO fly ash (FAR), high CaO fly ash
(FAA), high CaO-free lime-SOs fly ash (FAB);

- the effectiveness of FA on the self-healing
ability depends on the amount of total free lime
and SOs. The higher the amount of free lime and
SO; in the mixture, the better the S-H ability.

5) FA, when used in combination with the EA in
mortars, provided more effective self-healing
performance than separately using EA or FA.

6) The use of BA at 10% replacement of fine aggregate
as the internal curing agent improved the S-H ability
of the tested mortars.

7) The combined use of FA and BA in both the OPC
mortar and the expansive mortar led to a remarkable
improvement in the S-H behavior of mortars.
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