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Abstract: In this study, we investigated the effects of mineral admixtures on the autogenous healing of
flexural mortar members through a chloride ion penetration test. The mineral admixtures used were
ground granulated blast-furnace slag (GGBS), fly ash, silica fume (SF), clinker binder, and clinker sand.
Through a four-point bending test, a crack of approximately 100 um was induced at the bottom of
the flexural mortar member, and the chloride ion penetration depth through the crack was measured
to evaluate the self-healing performance. Additionally, we analyzed the correlation between the
self-healing performances, which was measured through water flow and water absorption tests.
The experimental results showed that the chloride ion penetration depth decreased due to crack
healing, and the self-healing performance of the GGBS and SF was the highest. It was found that
the subtle change in the self-healing performance was more accurately evaluated by the chloride ion
penetration test.

Keywords: autogenous healing; flexural member; chloride ion penetration test; mineral admixture;
water flow test

1. Introduction

Self-healing concrete has the property of being able to self-heal cracks through mate-
rials such as bacteria, capsules, and polymers that are added to the concrete [1-3]. Thus,
self-healing concrete reduces maintenance costs and improves the durability of concrete
structures, and has been actively studied recently [4]. Some researchers have also used
mineral admixtures to conduct research on improving autogenous healing, which is a
desirable unique characteristic of cementitious materials [5-12]. Autogenous healing is
observed when cracks are healed due to further hydration of the unreacted binder and the
precipitation mechanism of calcite. The mechanism of autogenous healing is different from
that of self-healing induced by bacteria or encapsulated polymer [13].

Although the development of self-healing materials is an active research area, a
standardized self-healing performance evaluation method has not been developed. Thus,
various evaluation methods are currently used by different researchers [14]. Commonly
used self-healing performance evaluation methods include the water flow and crack closing
tests. The water flow test evaluates the self-healing performance by measuring the water
flow through the crack via the condition of the hydrostatic head [15]. The water flow
test is used to quantitatively evaluate the self-healing performance through a decrease in
the water flow. However, a problem exists in that the water flow is measured differently
even with the same surface crack width, depending on the flexure and shape of the
crack [16]. Moreover, because a penetration-crack-induced specimen is used for the water
flow test, it is difficult to evaluate the self-healing performance of the actual structure,
as the cracks in both structures differ [17]. Unlike the water flow test, the crack closing
test is used to measure the change in crack width on the surface of a specimen, using an
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optical microscope; however, it is unsuitable for investigating whether the inner crack has
self-healed [18].

Therefore, various test methods have been proposed to evaluate self-healing per-
formance [13,14]. Park and Choi investigated self-healing performance through a water
absorption test based on ASTM C 1585 [13] and made comparisons with the results of
the water flow test. Ahn et al. studied the applicability of various nondestructive testing
methods (ultrasonic pulse velocity, surface-wave transmission, diffuse ultrasound, acoustic
emission (AE), and coda wave interferometry) to evaluate the crack self-healing perfor-
mance [19]. It has been reported that other nondestructive test methods, other than AE
analysis, can be applied to all types of self-healing materials, and the AE analysis test
method can be applied to the self-healing performance evaluation of a specimen mixed
with capsules [19]. Tittelboom et al. investigated self-healing potential due to the further
hydration of the pastes, in which supplementary cementitious materials (SCMs) are substi-
tuted by isothermal calorimetry [20]. It was reported that self-healing potential increased
when ordinary Portland cement (OPC) was replaced by ground granulated blast-furnace
slag (GGBS).

Most of the proposed evaluation methods indirectly examine the filling ratio of cracks
or the amount of self-healing material that can react when cracks occur. As self-healing
concrete improves structural durability by preventing the penetration of harmful ions,
it is necessary to investigate the change in the penetration depth of harmful ions due to
self-healing; nevertheless, relevant research in this area is currently insufficient. Maes et al.
examined the chloride ion penetration change due to the self-healing of cracked mortar
specimens, but could not simulate the cracks in actual structures, because they used totally
splitting crack induced specimens [21,22].

In this study, crack self-healing performance was evaluated based on the change in
the chloride ion penetration depth due to the autogenous healing in flexural members. The
self-healing performance of the cracked flexural mortar member was investigated through
water absorption and chloride ion penetration tests. Additionally, a water flow test was
performed using the totally splitting crack induced specimens to measure self-healing
performance. The correlation between self-healing performance evaluated through each
test method was analyzed.

2. Materials and Methods
2.1. Materials

In this study, OPC, GGBS, FA, SF, and clinker binder were used as binders. Their
respective densities were 3.14 g/cm3, 2.9 g/cm?, 2.15 g¢/cm?, 2.35 g/cm3, and 3.16 g/cm?.
The chemical composition of the raw materials was investigated using X-ray fluorescence
(XRF) analysis, as shown in Table 1. For OPC and clinker, the phase composition was
calculated using the Bogue equation, and their respective C3S, C,S, C3A, and C4AF were
57.7%, 16.8%, 7.0%, and 9.83% as well as 58.6%, 18.5%, 7.5%, and 9.0%, respectively.

Table 1. Chemical compositions of raw materials.

Chemical Compositions (wt.%)

CaO 3102 A1203 Fe203 MgO Kzo NaZO 303

OPC 63.13 21.05 471 3.23 3.06 1.67 0.17 1.05
GGBS 45.20 29.30 13.80 0.53 413 0.45 0.28 3.59
FA 524 524 24.30 6.96 1.46 1.56 0.98 2.15
SF 0.17 91.76 0.39 0.90 1.23 0.97 0.77 0.41

Clinker 64.34 22.87 4.96 294 1.28 0.82 0.23 0.44
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Figure 1 illustrates the particle size distribution of the raw materials, which was
measured using the laser diffraction method (Beckman Coulter LS 230, Brea, CA, USA).
Figure 1a illustrates the particle size distribution of OPC, GGBS, FA, and SF, and their aver-
age particle sizes were 17.47, 13.16, 31.96, and 0.15 um, respectively. Figure 1b illustrates
the particle size distribution of the clinker binder and clinker sand. CKB and CKS represent
the clinker binder and clinker sand, respectively. The clinker sand was manufactured to
replace the fine aggregates when making the mortar specimens. The average particle sizes
of the CKB and CKS were 213 and 950 pum, respectively.
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Figure 1. Particle size distributions of raw materials: (a) OPC, GGBS, FA, SF; (b) CKB, CKS.

In this study, polyvinyl alcohol (PVA) fibers were used to facilitate the induction of a
certain crack width in the flexural specimen. RECS 15 (Kuraray, Tokyo, Japan), 8 mm long
and 40 pm in diameter, was used as the PVA fiber.

2.2. Mixture Proportions

We prepared mortar specimens according to the mixing ratios shown in Table 2
to examine the effects of the SCMs and clinker mixture. The water—binder ratio was
fixed at 0.3, and the weight ratio of the water, binder, and fine aggregate of the cement
mortar was 0.3:1:1.5. The standard sand (ISS) and CKS specified in ISO 679 were used
to manufacture the mortar specimens [23]. Approximately 30% and 60% of the GGBS
were mixed with respect to the weight of OPC; 15% and 30% of the FA and 10% of the
SF were also mixed. CKB (10%) was substituted with respect to the weight of OPC, and
CKS was substituted at 5%, 10%, and 15% with respect to the weight of the fine aggregate.
To ensure the workability of all formulations, approximately 0.5% of a poly-carboxylic
chemical admixture was applied with respect to the weight of the binder. After mixing
the binder for 30 s at a low speed through a planetary mixer, water was added and mixed
for 1 min. Fine aggregates and a chemical admixture were then added and mixed for 2
min, and PVA fibers were slowly added and mixed for 1 min when an appropriate flow
was obtained.
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Table 2. Mixture proportions of mortar specimens.
Lubel W/B Binder (g) Sand (g) PVA Fiber
WS OoPC GGBS FA SF CKB ISS CKS (Wt% by Binder)
Plain 100 - - - -
S30 70 30 - - -
S60 40 60 - - -
F15 85 - 15 ; . 1500
F30 70 - 30 - -
510 03 99 - - 0 - 05
CKB10 90 - - - 10 150.0 -
CKS05 100 - - - - 142.5 7.5
CKS10 100 - - - - 135.0 15.0
CKS15 100 - - - - 1275 225

2.3. Mixture Proportions
2.3.1. Compressive Strength

The mortar compressive strength was measured according to ISO 679 [23]. Mortar
specimens for measuring compressive strength were prepared using a 40 mm x 40 mm
x 160 mm mold. The prepared specimens were cured in a thermo-hygrostat chamber
(temperature: 20 £ 1 °C, relative humidity (RH): >90%) for 24 h. Subsequently, they were
cured in a water container at a temperature of 20 £+ 1 °C for 28 days. The compressive
strength of six specimens was measured, and the average was used as the resulting value.

2.3.2. Water Absorption and Chloride Ion Penetration Tests

To evaluate the self-healing performance of the flexural cracks, a 50 mm x 50 mm X
300 mm flexural mortar specimen was prepared. The specimen was cured for 14 days in
a chamber of 20 &+ 1 °C and RH of >95%. The flexural crack in the center of the mortar
specimen was induced through a four-point bending test, as shown in Figure 2a. The
displacement of the center of the specimen and the crack width were measured according
to the load through a linear variable differential transformer (LVDT) and a PI displacement
transducer (PI-2-50, manufactured by TML, Tokyo, Japan). PI-2-50 has a gauge length of
50 mm and can measure a displacement of £2 mm. After inducing, the crack at the lower
end of the specimen was measured four times using an optical microscope, and the average
value was used as the crack width. The crack width was set to approximately 100 um when
the load was unloaded.

(b)

Figure 2. Preparation of cracked mortar member: (a) Four-point bending test; (b) Pretreatment of cracked specimens.

The rest of the cracked mortar specimens were sealed with aluminum tape, except
for 30 mm around the crack at the bottom of the specimen, as shown in Figure 2b. This
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sealing was aimed at inspecting the change in absorption rate according to self-healing in
the water absorption test. The specimen with aluminum tape was placed on a glass rod in
a sealed container in a thermo-hygrostat chamber at a temperature of 23 & 2 °C and RH of
60 %+ 10%, when the age of the specimen was 14 days. Three millimeters of the lower end
of the specimen was immersed in 0.2% calcium hydroxide (Ca(OH),) aqueous solution for
56 days. To maintain the Ca(OH); concentration, the solution was replaced every week
and stirred periodically. The absorption rate was measured using the method presented
in ASTM C 1585 [24] and calculated by dividing the mass of the specimen that absorbed
moisture by the area of the specimen and the density of the water. Three specimens were
used per each variable. Figure 3 shows a diagram of the water flow test used in this study.

| 300mm |
I |

Crack PVA fiber
4

Figure 3. Diagram of water absorption test.

After the absorption rate test, the specimen was dried for 24 h in a dry chamber at a
temperature of 40 °C. The dried mortar specimen was then placed on top of a glass rod in
an acrylic sealed container in a thermo-hygrostat chamber at a temperature of 23 &2 °C
and RH of 60 £ 10%. Three millimeters of the lower part of the specimen was immersed in
NaCl solution having a concentration of 15% chloride ion for 28 days. The NaCl solution
was replaced every week to maintain its concentration. After 28 days, the specimen was
cut in the direction perpendicular to the crack, and a silver nitrate (AgNO3) solution was
applied to measure the chloride ion penetration depth.

Figure 4 shows the Cl penetration depth decreasing mechanism due to crack self-
healing. A micro crack in the concrete structure acts as a pass to penetrate harmful ions
such as chloride ion and sulfate ions. So, if concrete with micro cracks is immersed in
chloride ion solution, chloride ion penetrates into the concrete through the micro crack. As
can be seen in the figure, chloride ion penetrates to the top surface of the mortar specimens
before crack healing. In the case of the cracked specimen after self-healing, the crack surface
in contact with chloride ion solution is decreased, because the healing product fills the
micro crack. Therefore, chloride ion penetration depth is decreased as shown in the figure.
We evaluate the self-healing performance of the mortar specimen using this mechanism.

Initial — Initial
4o - chloride ion
profile
Self-healing Self-healing
Crack - chloride ion Crack
Self-healing profile chloride ion
products penetration
: crack filling depth decrease

Figure 4. Cl penetration depth decreasing mechanism by crack self-healing.
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2.3.3. Water Flow Test

In this study, the water flow test was used to evaluate the self-healing performance [13].
A cylindrical mortar specimen of diameter 100 mm x height 50 mm was used in the water
flow test. The specimens were stored for 24 h in a thermo-hygrostat chamber at 20 = 1 °C
and RH > 95%, then demolded and cured in a water tank at a temperature of 20 &= 1 °C for
the first 14 days. After splitting the specimen into two pieces through the split tensile test
method, a copper wire was placed in between to fix the crack width at 100 um [13]. For
the static water level test, a valve was installed at the lower end of, and at 250 mm above,
the specimen. While maintaining a constant head, water was continuously supplied to
measure the amount of water that passed through the crack in the specimen over time.

3. Results and Discussion
3.1. Compressive Strength

The compressive strengths of the specimens at 28 day are shown in Table 3. The
strengths of Plain, S30, and S60 decreased as the mixing ratio of GGBS increased. The
strengths of F15 and F30 also decreased, compared with Plain; however, the effect was
insignificant. Compared with Plain, the compressive strengths of SF10 and CKB10 that
used a clinker binder increased; there was no significant difference between the strengths
of Plain and CKB10. CKS is a specimen in which the standard sand was substituted with
clinker sand, and it had similar strength to that of Plain. Clinker sand, which has hydraulic
properties, was expected to increase in strength because it generates hydrates. However,
the effect of clinker sand on the compressive strength was insignificant.

Table 3. Compressive strength of specimens at 28 days.

Labels

Plain  S30 S60 F15 F30 SF10 CKB10 CKS05 CKS10 CKS15

Compressive strength (MPa)

53.3 51.0 42.6 52.3 51.5 57.8 549 53.2 53.9 51.8

3.2. Results of Water Absorption Test

The results of the water absorption test described in Section 2.3.2 are shown in Figure 5.
The graphs depict the average absorption rates of the specimens composed of the first and
second absorption slopes. The initial and secondary slopes are parameters influenced by
the microstructure of cementitious materials. Therefore, the initial and secondary slope
can be used to evaluate the connectivity of the pore network. The porous media absorbs
moisture rapidly at the beginning, and then the rate of absorption slows down. The initial
slope and the secondary slope represent the initial and late absorption rates, respectively.
The water absorption rate of the cracked specimens increased, compared with that of
the uncracked specimens. This is because the absorption area increased relative to the
uncracked specimens, due to the crack surface. The water absorption indexes (Is) of the
uncracked specimens at 56 days were similar, except for F15, which was smaller than those
of the other specimens. The water absorption index of F30 was similar to that of Plain.

Chahal et al. measured the absorption rate of concrete with FA substitution rates of
10%, 20%, and 30% [25]. The authors reported that the absorption rate was the lowest
when the FA substitution rate was 10%, and the absorption rate was similar to that of
Plain when the FA substitution rate was 30%. Foti et al. reported that the absorption
rate decreased when substituting FA for OPC [26]. For the cracked specimens, the water
absorption index of Plain was the highest at 11.8 mm, which was approximately 110%
higher than that of the uncracked specimens. In S30, the water absorption indexes of
the uncracked and cracked specimens were 5.7 mm and 9.3 mm, respectively, and the
water absorption index of the uncracked specimens increased by approximately 63%. The
water absorption indexes of 560 were 4.87 mm and 8.3 mm for uncracked and cracked
specimens, respectively, and the water absorption index of cracked specimens rose by
70%. Additionally, the water absorption index of the F15 and F30 cracked specimens
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rose by 90% and 94%, respectively. For SF10, the water absorption index of the cracked
specimen increased by 70%. When the clinker binder and clinker sand were used, the water
absorption indexes of the uncracked specimens were similar regardless of the substitution
of the clinker binder and sand. However, the water absorption index of the cracked
specimens decreased with the substitution. The water absorption index of CKB10 was the
lowest; in the case of CKS which used clinker sand, the water absorption index decreased
as the amount of substitution increased.

12 12
® Uncracked Plain ® Uncracked S30
® Cracked Plain © Cracked S30 y = 0.0032x + 1.8756
9 9 8 Uncracked S60 R? = 0.9946
1 y = 0.0048x + 2.1851
R = 09927 © Cracked S60 N\
y =0.0027x + 2.5992
—_ —_ R? = 0.9856
€ € Yy =0.0014x + 2.499
g 61 g 6 R? = 0.9668
y=0.002x + 1.3733
3 1 R? = 0.9881 31
y =0.0019x + 1.4922
i R? = 0.9956
0+ T T T T v T 0 + T T T T r
0 400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400
Time [s'72] Time [s'72]
(a) (b)
12 12
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Time [s'7] Time [s"?]
(0) (d)
12 12
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Figure 5. Water absorption test results: (a) Plain; (b) S30, S60; (c) F15, F30; (d) SF10; (e) CKB10, CKS05; (f) CKS10, CKS15.
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Figure 6 depicts the second absorption slope of the specimens. As shown in the figure,
the second absorption slope of the uncracked specimens was smaller than that of the
cracked specimens. The difference between the cracked and uncracked specimens was
largest in Plain and smallest in SF10. The difference in the second absorption slope between
the cracked and uncracked specimens indicates the absorption rate through the crack; the
smaller the difference, the smaller the crack area, due to self-healing [13]. Therefore, it can
be seen that the specimen which substituted SCMs improved the self-healing performance
compared to that of Plain. This is because the unreacted binders rose because of FA,
GGBS, and SE, which hydrate slower than OPC, thus raising the self-healing products
through further hydration [20]. The self-healing performance of S30 and S60 improved
compared with that of Plain, and the increase in the substitution amount of GGBS showed
no significant effect. The self-healing performance of F15 and F30 also improved compared
with that of Plain; however, it was still less significant than that of GGBS. SF10 showed the
largest difference in the second absorption slope, and the crack width reduction due to
self-healing was the largest. Similar results have been reported in previous studies [7,20,27].
CKB10 exhibited an improved self-healing performance compared with that of Plain.
Because the clinker binder has a larger diameter than OPC, the unreacted binder of CKB10
increased, unlike that of Plain, when cracking occurred.

Hence, it is concluded that the self-healing products increased, and the self-healing
performance improved during further hydration. There was an improvement in the self-
healing performance of CKS05, CKS10, and CKS15, which used clinker sand, and the
healing performance improved as the clinker sand increased. Because the clinker sand
has hydraulic properties, it has the same effect as the increase in the binder compared
with Plain. Therefore, the self-healing products increased due to further hydration, thus
improving the self-healing performance.

0.006
B Uncracked, K,

O Cracked, K¢

o

o

o

a
L

2nd absorption slope [mm/s2]

0 A T T T T T T T T T =
Plain S30 S60 F15 F30 SF10 CKB10 CKS05 CKS10 CKS15

Figure 6. Second absorption slope of specimens.

Figure 7 illustrates the difference in absorption rates between the cracked and un-
cracked specimens. Park and Choi evaluated self-healing performance by using the differ-
ence in absorption rates between cracked and uncracked specimens [13]. When the crack
width is reduced by self-healing, water absorption through the crack decreases; when the
crack is completely healed, the absorption rates of the uncracked and cracked specimens
become identical. As observed in the graph, the slopes of S60, F15, and SF10 decreased on
the 30th day. The zero difference in absorption rates between the cracked and uncracked
specimens indicates that the crack was completely healed and there was no water absorp-
tion through the crack. Hence, it can be seen that S60, F15, and SF10 with reduced slopes
hardly absorbed water through cracks from the 30th day. The experimental results showed
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that the self-healing performance of GGBS improved as the substitution amount increased,
and the self-healing performance of FA declined as the substitution amount increased. For
CKB10, CKS5, CKS10, and CKS15, which used clinker binder and sand, the absorption rate
was measured until day 28, and no decline in the slope is observed.

m F15 e -

AM, [d]
AM, [g]

400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400

Time [s"2] Time [s'?]
(a) (b)
10
© CKB10
W CKS05
8 1 @ cKs10
® CKS15

AM, [d]

0 400 800 1200 1600 2000 2400
Time [s"2]

(c)

Figure 7. Difference in absorption rates between cracked and uncracked specimens: (a) Plain, S30, S60; (b) F15, F30, SF10;
(c) CKB10, CKS05, CKS10, CKS15.

3.3. Chloride Ion Penetration Test

The chloride ion penetration profiles of the cracked and uncracked specimens are
shown in Figure 8. The cracked specimens depicted in the figures refer to self-healed
specimens that had been tested for water absorption. It can be observed in the figures
that the penetration depth of the cracked specimens increased as chloride ions penetrated
through the crack. The penetration depth of chloride ions in Plain was the largest, and the
penetration depth decreased when SCMs, clinker binder, and clinker sand were substituted.
This shows that when SCMs, clinker binder, and clinker sand were added, the crack width
decreased due to self-healing.
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Uncracked Plain Cracked Plain Uncracked S30

25mm 25mm

Uncracked S60 0 Cracked S60 Uncracked F15

25mm

Uncracked F30 T Cracked F30 Uncracked SF10

25mm

Uncracked CKB10 Cracked CKB10 o e > Uncracked CKS05

25mm

Uncracked CKS10 Cracked CKS10 Un(,rackedCK

25mm

@

Cracked S30

25mm

Cracked F15

25mm

Cracked SF10

Cracked CKS05

25mm

 Cracked CKS15

Figure 8. Chloride ion penetration profiles of specimens: (a) Plain; (b) S30; (c) S60; (d) F15; (e) F30; (f) SF10; (g) CKB10;

(h) CKS05; (i) CKS10; (j) CKS15.

The penetration depths of chloride ions measured in Figure 8 are summarized in
Table 4. The chloride ion penetration depth of the uncracked specimens measured in Plain
was 4.2 mm, and it decreased unlike when SCMs were added. In this study, a crack-induced
specimen at 14 days was immersed in water for 56 days to investigate the self-healing
performance of cracks by measuring water absorption rate. The test for measuring the
penetration depth of chloride ions was performed using specimens at 70 days. According
to the findings of a previous study, when 60%, 30%, and 10% of GGBS, FA, and SF were
substituted, respectively, the resistance to penetration of chloride ions improved compared

with Plain on the 70th day [28].
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In the case of cracked specimens, the chloride ion penetration depth of Plain was the
largest at 37.8 mm, and SF10 was the smallest at 11.9 mm. The self-healing performance of
S60 was the best in the water flow and water absorption tests, whereas SF10 exhibited the
best performance in the experiment for measuring the chlorine ion penetration depth. In
S30 and S60, the penetration depth of chloride ion decreased as the substitution amount of
GGBS increased. This is consistent with the results of water absorption tests. Because GGBS
has a slower hydration reaction than OPC, the unreacted binders increase in long-term
aged specimens in which GGBS is substituted [20,27]. Therefore, the penetration depth of
chloride ions reduced by more than 20 mm, compared with Plain. As the substitution rate
of FA increased in F15 and F30, the depth of chloride ion penetration decreased. This is
different from the results of the water flow and water absorption tests. Chindasiriphan et al.
reported that the effect of FA mixing rate on self-healing performance was insignificant [29].
On the other hand, Tittelboom et al. investigated the self-healing characteristics according
to the FA substitution rate through isothermal calorimetry and reported that the self-healing
potential was high when the FA substitution rate was 30% and 50% [20]. Therefore, the
effect of the mixing rate of FA on the self-healing performance varied depending on the
experiment. The self-healing performance of the GGBS-substituted specimen was higher
than that of the FA-substituted specimen, which corresponds to the result of the water
absorption test. In the case of CKS10, CKS05, CKS10, and CKS15, which used clinker
binder and clinker sand, the chloride ion penetration depth of the uncracked specimens
increased compared with Plain, whereas that of the cracked specimens decreased compared
with Plain. The chloride ion penetration depth of CKB10 was the smallest at 15.4 mm,
thus exhibiting the highest self-healing performance. The resistance to penetration of
chloride ions due to self-healing improved as the substitution rate of clinker sand increased;
however, it was insufficient compared with CKB10.

Table 4. Chloride ion penetration depth of the specimens.

Penetration Depth (mm)

Plain  S30 S60 F15 F30 SF10 CKB10 CKS05 CKS10 CKS15

Uncracked, dn
Cracked, dc
de/dn ()

4.2 24 25 3.3 2.7 2.1 43 4.8 4.7 45
37.8 17.1 14.6 27.2 23.7 11.9 15.4 26.2 21.9 18.3
8.9 7.2 59 8.3 8.9 5.6 3.6 54 4.6 4.1

3.4. Results of Water Flow Test

Figure 9 illustrates the results of the water flow test. The figure shows the average
of three specimens. As seen in the figure, regardless of the specimen type, the water flow
rate decreased as the self-healing period increased. The water flow rate decreased rapidly
for the first seven days and slowly decreased thereafter. This is due to the mechanism of
autogenous healing [13]. The reduction in the water flow of Plain was the smallest. The
self-healing performance of GGBS improved as the substitution amount increased, and FA
decreased as the substitution amount increased. Moreover, SF10 showed the highest water
flow reduction rate along with S60. This is consistent with the self-healing performance
evaluated through the absorption rate shown in Figure 7. Specimens that used clinker
binder and clinker sand also had improved healing performance compared with Plain.
Initially, the water flow reduction rates of CKB10 and CKS15 were high; however, those of
CKB10, CKS05, CKS10, and CKS15 were similar at 28 days.
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Figure 9. Water flow test results: (a) Plain, S30, S60; (b) Plain, F15, F30, SF10; (c) Plain, CKB10, CKS05; (d) Plain, CKS10,

CKS15.

3.5. Comparison between the Results of Each Test Method

Figure 10 illustrates the correlation between the self-healing performance of the speci-
mens, including SCMs, determined by each test method. In the graphs, K. — K;, represents
the difference in the second absorption slope between the cracked and uncracked speci-
mens measured through the absorption rate test. d represents the penetration depth of
chloride ions in the self-healing specimen. Ryq4 of the y-axis represents the average water
flow reduction in the first two days. While K. — K, and dcl had a high correlation with
the determination coefficient of 0.9243, they were not linearly proportional depending on
the specimen. In the case of F15 and F30, K. — K, and d were not proportional. The
self-healing performance of cementitious materials mixed with FA had varying results
among different researchers [20,29]. The determination coefficients of dcl and R,4 were
0.7828, which was lower than that of K. — K, and d;. However, it was found that Ryq
increased as d.j decreased, except for F15.
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Figure 10. Correlation among self-healing performances of specimens including SCMs determined
by each test method.

The correlation between the self-healing performance of specimens (including clinker
binder and clinker sand) determined by each test method are shown in Figure 11. The
graph depicts a low correlation of 0.708 between K. — K, and d. In the case of the
self-healing performance measured through the chloride ion penetration test, CKS05 and
CKS10 increased compared with Plain but decreased or maintained the same level when
measured through the water absorption test. Meanwhile, dcl and Ryq showed a linear
relationship. In all test methods, the self-healing performance of CKB10 in which the
clinker binder was substituted was the highest, and the clinker sand-specimen showed a
proportional relationship between the substitution rate and self-healing performance.

As shown in Figures 10 and 11, the chloride ion penetration test showed a clear
difference even when the improvement in self-healing performance was small compared
with other test methods. The self-healing performance of CKB05 was evaluated at similar
levels to that of Plain in the water absorption and water flow tests. However, the chloride
ion penetration depth decreased by approximately 30% in the chloride ion penetration test.
In terms of the water flow test, the crack width was constant from the top to the bottom
of the specimen because the self-healing performance was evaluated through penetration
cracks. Therefore, there were few self-healing products precipitated inside the crack when
the self-healing performance was low, making the change in water flow through the crack
trivial. Thus, the self-healing performance of CKB05 was similar to that of Plain. In
terms of the water absorption test, the second secondary slope was affected not only by
crack healing, but also by the binder and aggregate. Hence, it is difficult to distinguish a
slight improvement in the self-healing performance through the difference in the second
secondary slope. Additionally, the water absorption test does not compare the difference in
absorption rate before and after self-healing; rather, it measures the change in absorption
amount during self-healing after crack induction, thus making it difficult to distinguish the
time when self-healing occurs.

As the chloride ion penetration test evaluated the self-healing performance through
flexural cracks, the crack widths of the upper and lower parts of the specimen varied.
The crack width became narrower toward the top of the specimen, resulting in a micro
crack. Moreover, the penetration depth decreased even with a slight improvement in the
self-healing performance as it healed the narrowed micro cracks. Hence, unlike in the water
flow test, the chloride ion penetration test revealed that the self-healing performance of
CKBO05 improved significantly compared with that of Plain. Furthermore, the crack width
reduction due to self-healing was accurately measured relative to the water absorption
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test because the chloride ion penetration test was performed after inducing self-healing by
supplying water.
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Figure 11. Correlation among self-healing performance of specimens including clinker binder and
clinker sand determined by each test method.

4. Conclusions

In this study, the effect of mineral admixture on the autogenous healing of flexural
mortar members was investigated using the chloride ion penetration test. The conclusions
can be summarized as follows:

1. Except for SF10 and S60, the compressive strength of the other specimens was similar
to that of Plain.

2. Interms of cracked specimens, the second absorption slope of the SCM-substituted
specimens and clinker-substituted specimens decreased compared with that of Plain.

3. When the chloride ion penetration depth of the uncracked specimens was measured,
the SCM-added specimens decreased compared with Plain, and the specimens that
included clinker binder and clinker sand increased compared with Plain. In contrast,
in the case of cracked specimens, the chloride ion penetration depth of the specimens
that included SCMs, clinker binder, and clinker sand decreased compared with Plain.

4. The results of the water flow test showed that the self-healing performance of SCM-
substituted specimens increased more than that of Plain. When clinker binder and
clinker sand were used, self-healing performance improved compared with Plain;
however, the effect of the substitution rate was not observed.

5. Based on the correlation analysis between the test methods, it was found that the better
the self-healing performance of the specimen, the higher the correlation between the
test methods. Additionally, the chloride ion penetration test showed a clear difference
even when the improvement in self-healing performance was small compared with
other test methods.

Author Contributions: Formal analysis, investigation, resources, data curation, writing—original
draft preparation, visualization, B.P.; Conceptualization, methodology, validation, supervision,
project administration, funding acquisition, Y.C.; All authors have read and agreed to the published
version of the manuscript.

Funding: This work is supported by the Korea Agency for Infrastructure Technology Advancement
(KAIA) grant funded by the Ministry of Land, Infrastructure and Transport (Grant 21SCIP-C159064-
02). This work was also supported by the National Research Foundation of Korea (NRF) grant funded
by the Korean government (MSIT) (2020R1A2C2008926).



Nanomaterials 2021, 11, 1622 15 of 16

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Zhang, W,; Zheng, Q.; Ashour, A.; Han, B. Self-healing cement concrete composites for resilient infrastructures: A review. Compos.
B. Eng. 2020, 189, 107892. [CrossRef]

2. Danish, A.; Mosaberpanah, M.A.; Salim, M.U. Past and present techniques of self-healing in cementitious materials: A critical
review on efficiency of implemented treatments. J. Mater. Res. Technol. 2020, 9, 6883—-6899. [CrossRef]

3. Gupta, S.; Pang, S.D.; Kua, H.W. Autonomous healing in concrete by bio-based healing agents—A review. Constr. Build Mater.
2017, 146, 419-428. [CrossRef]

4. Sidiq, A; Gravina, R.; Giustozzi, F Is concrete healing really efficient? A review. Constr. Build Mater. 2019, 205, 257-273. [CrossRef]

5. Escoffres, P; Desmettre, C.; Charron, ].P. Effect of a crystalline admixture on the self-healing capability of high-performance fiber
reinforced concretes in service conditions. Constr. Build Mater. 2018, 173, 763-774. [CrossRef]

6. Qiu,J.; Tan, H.S,; Yang, E.H. Coupled effects of crack width, slag content, and conditioning alkalinity on autogenous healing of
engineered cementitious composites. Cem. Concr. Compos. 2016, 73, 203-212. [CrossRef]

7. Sahmaran, M.; Yildirim, G.; Erdem, T.K. Self-healing capability of cementitious composites incorporating different supplementary
cementitious materials. Cem. Concr. Compos. 2013, 35, 89-101. [CrossRef]

8. Ozbay, E.; Sahmaran, M.; Lachemi, M.; Yiicel, H.E. Self-healing of microcracks in high-volume fly-ash-incorporated engineered
cementitious composites. ACI Mater. . 2013, 110, 33—43. [CrossRef]

9.  Sisomphon, K.; Copuroglu, O.; Koenders, E.A.B. Self-healing of surface cracks in mortars with expansive additive and crystalline
additive. Cem. Concr. Compos. 2012, 34, 566-574. [CrossRef]

10. Huang, H.; Ye, G. Simulation of self-healing by further hydration in cementitious materials. Cem. Concr. Compos. 2012, 34, 460-467.
[CrossRef]

11.  Park, B.; Choi, Y.C. Prediction of self-healing potential of cementitious materials incorporating crystalline admixture by isothermal
calorimetry. Int. ]. Concr. Struct. Mater. 2019, 13, 629-642. [CrossRef]

12. Choi, Y.C,; Park, B. Enhanced autogenous healing of ground granulated blast furnace slag blended cements and mortars. J. Mater.
Res. Technol. 2019, 8, 3443-3452. [CrossRef]

13. Park, B,; Choi, Y.C. Quantitative evaluation of crack self-healing in cement-based materials by absorption test. Constr. Build Mater.
2018, 184, 1-10. [CrossRef]

14. Muhammad, N.Z,; Shafaghat, A.; Keyvanfar, A.; Majid, M.Z.A.; Ghoshal, S.; Yasouj, S.E.M.; Ganiyu, A.A.; Kouchaksaraei, M.S.;
Kamyab, H.; Taheri, M.M.; et al. Tests and methods of evaluating the self-healing efficiency of concrete: A review. Constr. Build
Mater. 2016, 112, 1123-1132. [CrossRef]

15. De Rooij, M.R;; Tittelboom, K.V.; Belie, N.D.; Schlangen, E. Self-Healing Phenomena in Cement-Based Materials; State-of-the-Art
Report of RILEM Technical Committee 221-SHC; Springer: Dordrecht, The Netherlands, 2013; p. 266, ISBN 978-94-007-6623-5
(Print) 978-94-007-6624-2 (Online).

16. Roig-Flores, M.; Moscato, S.; Serna, P.; Ferrara, L. Self-healing capability of concrete with crystalline admixtures in different
environments. Constr. Build Mater. 2015, 86, 1-11. [CrossRef]

17.  Heide, N.T. Crack Healing in Hydrating Concrete. Master’s Thesis, Delft University of Technology, Delft, The Netherlands, 2005.

18. Roig-Flores, M.; Pirritano, E.; Serna, P; Ferrara, L. Effect of crystalline admixtures on the self-healing capability of early-age
concrete studied by means of permeability and crack closing tests. Constr. Build Mater. 2016, 114, 447-457. [CrossRef]

19.  Ahn, E,; Kim, H.; Sim, S.H.; Shin, S.W.; Shin, M. Principles and applications of ultrasonic-based nondestructive methods for
self-healing in cementitious materials. Materials 2017, 10, 278. [CrossRef]

20. Van Tittelboom, K.; Gruyaert, E.; Rahier, H.; De Belie, N. Influence of mix composition on the extent of autogenous crack healing
by continued hydration or calcium carbonate formation. Constr. Build Mater. 2012, 37, 349-359. [CrossRef]

21. Maes, M,; Snoeck, D.; De Belie, N. Chloride penetration in cracked mortar and the influence of autogenous crack healing. Constr.
Build Mater. 2016, 115, 114-124. [CrossRef]

22. Maes, M,; Van Tittelboom, K.; De Belie, N. The efficiency of self-healing cementitious materials by means of encapsulated
polyurethane in chloride containing environments. Constr. Build Mater. 2014, 71, 528-537. [CrossRef]

23. 1SO 679. Cement—Test Methods—Determination of Strength; International Organization for Standardization: Geneva, Switzer-
land, 2009.

24. ASTM C1585. Standard Test Method for Measurement of Rate of Absorption of Water by Hydraulic-Cement Concretes; American Society

for Testing and Materials: West Conshohocken, PA, USA, 2013.


http://doi.org/10.1016/j.compositesb.2020.107892
http://doi.org/10.1016/j.jmrt.2020.04.053
http://doi.org/10.1016/j.conbuildmat.2017.04.111
http://doi.org/10.1016/j.conbuildmat.2019.02.002
http://doi.org/10.1016/j.conbuildmat.2018.04.003
http://doi.org/10.1016/j.cemconcomp.2016.07.013
http://doi.org/10.1016/j.cemconcomp.2012.08.013
http://doi.org/10.14359/51684371
http://doi.org/10.1016/j.cemconcomp.2012.01.005
http://doi.org/10.1016/j.cemconcomp.2012.01.003
http://doi.org/10.1186/s40069-019-0349-9
http://doi.org/10.1016/j.jmrt.2019.06.010
http://doi.org/10.1016/j.conbuildmat.2018.06.206
http://doi.org/10.1016/j.conbuildmat.2016.03.017
http://doi.org/10.1016/j.conbuildmat.2015.03.091
http://doi.org/10.1016/j.conbuildmat.2016.03.196
http://doi.org/10.3390/ma10030278
http://doi.org/10.1016/j.conbuildmat.2012.07.026
http://doi.org/10.1016/j.conbuildmat.2016.03.180
http://doi.org/10.1016/j.conbuildmat.2014.08.053

Nanomaterials 2021, 11, 1622 16 of 16

25.

26.

27.

28.

29.

Chahal, N.; Siddique, R.; Rajor, A. Influence of bacteria on the compressive strength, water absorption and rapid chloride
permeability of fly ash concrete. Constr. Build Mater. 2012, 28, 351-356. [CrossRef]

Foti, D.; Lerna, M.; Sabba, M.E; Vacca, V. Mechanical characteristics and water absorption properties of blast-furnace slag
concretes with fly ashes or microsilica additions. Appl. Sci. 2019, 9, 1279. [CrossRef]

Park, B.; Choi, Y.C. Investigating a new method to assess the self-healing performance of hardened cement pastes containing
supplementary cementitious materials and crystalline admixtures. J. Mater. Res. Technol. 2019, 8, 6058—-6073. [CrossRef]
Panesar, D.K.; Zhang, R. Performance comparison of cement replacing materials in concrete: Limestone fillers and supplementary
cementing materials—A review. Constr. Build Mater. 2020, 251, 118866. [CrossRef]

Chindasiriphan, P.; Yokota, H.; Pimpakan, P. Effect of fly ash and superabsorbent polymer on concrete self-healing ability. Constr.
Build Mater. 2020, 233, 116975. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2011.07.042
http://doi.org/10.3390/app9071279
http://doi.org/10.1016/j.jmrt.2019.09.080
http://doi.org/10.1016/j.conbuildmat.2020.118866
http://doi.org/10.1016/j.conbuildmat.2019.116975

	Introduction 
	Materials and Methods 
	Materials 
	Mixture Proportions 
	Mixture Proportions 
	Compressive Strength 
	Water Absorption and Chloride Ion Penetration Tests 
	Water Flow Test 


	Results and Discussion 
	Compressive Strength 
	Results of Water Absorption Test 
	Chloride Ion Penetration Test 
	Results of Water Flow Test 
	Comparison between the Results of Each Test Method 

	Conclusions 
	References

