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Abstract: Concrete is a popular building material all over the world, but because of different physio-
chemical processes, it is susceptible to crack development. One of the primary deterioration processes
of reinforced concrete buildings is corrosion of steel bars within the concrete through these cracks.
In this regard, a self-healing technique for crack repair would be the best solution to reduce the
penetration of chloride ions inside concrete mass. In this study, a rapid chloride migration (RCM)
test was conducted to determine the self-healing capacity of cracked mortar. With the help of the
RCM test, the steady-state migration coefficient of cracked and uncracked specimens incorporating
expansive and crystalline admixtures was calculated. Based on the rate of change of the chloride ion
concentrations in the steady-state condition, the migration coefficient was calculated. Furthermore,
bulk electrical conductivity tests were also conducted before and after the migration test to under-
stand the self-healing behavior. It was evident from the test results that the self-healing of cracks
was helpful to reduce the penetration of chloride ions and that it enhanced the ability of cracked
mortar to restrict the chloride ingress. Using this test method, the self-healing capacity of the new
self-healing technologies can be evaluated. The RCM test can be an acceptable technique to assess
the self-healing ability of cement-based materials in a very short period, and the self-healing capacity
can be characterized in terms of the decrease of chloride migration coefficients.

Keywords: chloride; crack; electrical conductivity; self-healing; steady-state migration

1. Introduction

Concrete is a global material used for construction projects because it is a relatively
cheap material, and it is easy to use in construction. Concrete, as a matter of fact, is
vulnerable to cracking, and these cracks generally develop in most concrete members
considering the service life of the concrete. Therefore, these cracks can provide a quick way
for chloride ions and carbonation to penetrate through the structure, which can lead to
reinforcement corrosion causing failure of the structure [1]. Thus, to increase the service life
of concrete, it is essential that these cracks may be repaired as quickly as possible to prevent
harmful agents [2]. These cracks tend to spread, and new cracks frequently appear even
after repair, resulting in a cycle of the ongoing degradation of concrete structure durability
and a reduction in service life [3]. For the maintenance of these cracks, billions of dollars
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are spent throughout the world. However, there are very few options available for making
concrete constructions more resilient and sustainable [4].

To address this issue, researchers are looking for a solution based on the self-healing
technique. The self-healing of cracks can increase the service life of the concrete by restrict-
ing the penetration of harmful agents through the cracks without involving any manual
repairs [5]. Concrete itself can heal the cracks naturally up to a certain degree. When
moisture is supplied to a cracked surface, it gets healed by the hydration of the unhydrated
particles of the cement, thus forming calcium carbonate (CaCO3). This process, however,
will only heal the limited crack widths [4]. Recently, many research investigations have
been undertaken over the last two decades to better understand various elements of intrin-
sic self-healing (SH) in concrete [6-15]. Moreover, some autonomous healing technologies
utilizing super-absorbent polymers, encapsulated polymers, minerals, or bacteria are being
studied [16-20].

Inorganic materials are very helpful to improve the self-healing capacity of cement-
based materials with the help of rehydration of cement particles during the hydration
process and the production of calcium carbonate because of the carbonation reaction of
Ca™ [1]. Sisomphon et al. [21] found that the cracks can also be healed by using the calcium
sulfoaluminate (CSA) and crystalline admixtures which ettringite within the crack matrix.

Super absorbent polymers (SAPs) in a dry state can absorb water a thousand times
greater than its dry weight. Upon concrete cracking when water enters the crack, these
SAPs absorb the water and block the crack. SAPs are also known as internal curing agents,
which means they are helpful for the hydration of unhydrated cement particles in the
cement matrix. This hydration can also improve the performance of self-healing of the
cracks [22-24]. Furthermore, the bacteria-based self-healing process works on the principle
that the bacteria available in the concrete behaves as a catalyst and generates a precursor
compound that can be used to make an appropriate filler material. The newly created
compounds, such as calcium carbonate-based mineral precipitates, should then operate as
a bio-cement, successfully sealing newly developed cracks [25].

By using the self-healing technique, the durability of the concrete structures can be
improved. In this regard, the service life of the structures can be improved further, thereby
saving the repair costs and time. In the preliminary phase of the self-healing concrete tech-
nology, limited research is available, and no standard method is available for the evaluation
of the self-healing capacity of the different cement-based materials. To adopt self-healing
in the practical field, the self-healing capacities of various technologies must be evaluated
with the standard technique. Specifically, the micro-cracks (0-500 um) have a direct impact
on durability performance as compared to mechanical performance, so it is critical to assess
the recovery of durability performance by self-healing. However, there has been little
research on the durability of self-healing concrete. Commonly, durability is connected to
indirect indications such as water absorption or permeability. An interlaboratory testing
effort was recently used to assess pre-standard testing techniques for water permeability
and absorption [26]. Water permeability or absorption testing techniques, on the other
hand, have little effectiveness in determining direct resistance to chloride penetration. Very
few articles are available in the literature to deal with the real durability in terms of chloride
ingress and among those, a few on real reinforcement corrosion [2,27-29].

Peng et al. [28] numerically studied the effect of transverse crack self-healing on the
corrosion rate of steel bars in concrete. For this purpose, they developed a deformed
mesh model and also explored the dynamics of transverse cracking. They concluded that
crack self-healing decreases the rate of chloride-ion diffusion into concrete as well as the
rate of corrosion and surface potential of steel bars. Furthermore, Maes et al. [29] used
polyurethane capsules to determine the autonomous self-healing capacity against the chlo-
ride penetration of cracked mortar using NT build 443 test methods [30]. When compared
to uncracked mortar, the chloride diffusion coefficients in the zone immediately around
the crack rose considerably. Improved resistance to chloride penetration was noticed for
autonomous crack healing. Furthermore, an improvement of 100% was noticed in the
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service life of cracked structures. For 200 pm, an improvement of 44 years was calculated
based on the diffusion coefficient. However, this phenomenon was purely dependent on
the healing mechanism they used; if the mechanism works perfectly, the cracks get sealed
completely and a predicted service life can be achieved. Similarly, Azarsa et al. [31] used
rapid chloride permeability, surface/bulk electrical resistivity, and water permeability tests
to analyze the effect of crystalline admixtures on the concrete strength, durability perfor-
mance, and self-healing effect. Results indicated that by adding the crystalline admixtures,
the water permeability coefficient was reduced by three times, and the self-healing ratio
was increased at a higher rate. Surface and bulk resistivity did not show any improve-
ment when the crystalline admixtures were added. Moreover, Darquennes’ [32] study
suggested that early-age autogenous healing minimizes chloride penetration and enhances
durability performance, especially in the case of blast furnace slag-containing specimens.
Furthermore, it was concluded that the electrical migration test is a suitable method to
observe the process of self-healing. However, it took two weeks to determine the diffusion
coefficient of the healed specimens, which is a quite long time to determine the self-healing
capacity of cracked specimens because the cracked specimens are always in contact with
water (NaCl solution) and the chance of self-healing during the test is high. Sahmaran [33],
then, used the test technique defined by ASTM C1202 [34] to study resistance to chloride
penetration in specimens with crack widths ranging from 50 to 140 um, and they evaluated
the self-healing capacity after a healing age of 60 days. This method is used to evaluate
chloride permeability in terms of charge passing through the pores of the specimens. In this
method, an applied potential of 60 V is applied for 6 h, and the charge passed in terms of
a coulomb is measured. This method is very short but cannot be used directly to determine
chloride ion penetration because the charge passed through the concrete carries all ions
including chloride ions. Since the electrical conductivity is dependent on the types and ion
concentrations, this method is not reliable to calculate the self-healing capacity concerning
chloride ion penetration. In this regard, Abro et al. [35] proposed a modified steady-state
migration test method to determine the diffusion coefficient in a very short time (36 h)
and used it to evaluate the self-healing capacity of crystalline and expansive materials.
They modified the test method of ASTM C1202. An applied potential of 36 V was applied
instead of 60 V in ASTM C1202, and the test duration was increased to 36 h to achieve the
steady-state condition. The migration diffusion coefficient was calculated when the rate of
drop of chloride ions was in a steady-state condition. Since 36 h is still a long period, it is
encouraged to further reduce the test time.

This study aimed to propose a more appropriate method to evaluate the self-healing
capacity of cracked concrete for the resistance to chloride penetration. For this purpose, the
electrically-driven rapid migration test was employed to determine the diffusion coefficient
of cracked mortars in a relatively short time. Besides, the bulk electrical conductivity
of the specimens was measured before and after the migration test at every healing age.
Furthermore, based on the calculated diffusion coefficient, a method to calculate the
equivalent crack width after healing was proposed to analyze the recovery of chloride
penetration in terms of crack width closure.

2. Experimental Program
2.1. Test Outline

Assessment of different degrees of self-healing of damaged sample were carried out
by adding various types of admixtures with different percentages. There are two major
parameters of this study: one is the crack size, ranging from 0 to 0.4, and the second is the
dosage level of admixtures used. The steady-state migration test has been performed on
the uncracked and cracked samples before and after healing (of 28, 56, and 120 days). The
electrical conductivity of all the specimens was measured immediately before and after
migration at all the healing ages.
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2.2. Materials and Mix Proportions

Table 1 shows the mix proportions of various materials used in this study to produce
mortar samples. Type I ordinary Portland cement and self-healing admixture with dif-
ferent proportions was used. Expansive agent Calcium Sulfoaluminate (CSA) was used
as a self-healing material to heal the cracks, and a crystalline admixture of Na,CO3 was
combined to accelerate the healing process. These materials were added with 2:1 ratio
(CSA: NapCO3) in the shape of granulated capsules having a size range of 0.6-1.2 mm.
Three different percentages of 4%, 6%, and 8% by weight of sand were replaced. The details
of mix proportions are tabulated in Table 1. 2.68 g/cm3 is the density of sand used for
mixing. Table 1 depict the values of slump flow and compressive strength at the end of
28-day curing.

Table 1. Details of the mix proportions and mortar properties.

Mixture Proportions (by Mass)

28-Day Compressive

Binder ials % (2: Slump Flow (mm)
Water Cement Sé-ISI\A/Iaterlalsl\]/az(ZCgB Sand SP (%) Strength (MPa) P
orcC 0.4 1 - 2 0.3 50.60 165
SH4 0.4 1 0.04 1.96 0.5 42.69 160
SHé6 0.4 1 0.06 1.94 0.5 41.87 155
SHS8 0.4 1 0.08 1.92 0.5 40.35 135

2.3. Specimen Preparations

After 24 h of mixing, all samples (Cylindrical & 100 mm x 200 mm) were taken off
from the molds. All specimens were then cut (central part) into pieces with a size of 50 mm
at the end of the 28-day curing at a fixed temperature of 20 &+ 2 °C in a water bath. Figure 1
depicts the complete procedure of specimen preparation. The specimens were split using
a Brazilian splitting test as shown in Figure 1la. The specimen was kept in a specimen
holder having rubber plates on top and bottom and was placed in the cracking jig under
the unidirectional compression. After the specimens were split into two semicircles, the
tapes of a specific thickness were put on the ends of the specimen to achieve the required
thickness, as shown in Figure 1b. Finally, the two parts of the specimen were tied together
by a steel band, as shown in Figure 1c [36].

(b) (0

Figure 1. Preparation of cracked specimens; (a) splitting; (b) adhering silicon tapes; (c) reassembling.

Using an optical microscope, each cracked specimen was then checked for crack width
determination; three points were located at each specimen on the top and bottom. Average
values of the three points for each specimen were then considered as the final crack width
of the specimen. The achieved and targeted crack widths of all specimens are given in
Table 2. From Table 2, it is worth noting that the difference in targeted crack width and
achieved crack width is less than 10%.
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Table 2. Details of targeted and achieved crack widths.
Binder Target Crack Width (um)  Achieved Crack Width (um) Difference (%)

200 193 -35

orcC 300 284 -5.3
400 393 -1.8
200 188 —6.0

SH4 300 273 -9.0
400 378 —55
200 196 -2.0

SH6 300 296 -1.3
400 364 —-9.0
200 201 0.5

SHS8 300 293 -2.3
400 400 0.0

Self-healing capacity was evaluated initially before testing, then each specimen was
kept in water bath at temperature of 20 £ 2 °C in order to trigger the self-healing mechanism
until the other phase of testing started. The damaged specimen, having different mixture
proportions, were placed for curing separately in order to prevent ion exchange among
the specimen during testing. The cracked specimens were tested before self-healing, and
then, to allow the self-healing process to continue, they were immersed in the water bath at
a temperature of 20 =+ 2 °C until the next test. The specimens with each mixture proportion
were cured separately of the specimens with the other mixture proportions to prevent ion
exchange between them.

2.4. Steady-State Chloride Migration Test

There are two methods that can determine the diffusion coefficient of the concrete
using the electrical migration test. The first method calculates the migration coefficient
under the non-steady-state condition NT build 492 [37], and the other calculates it under the
steady-state condition which is NT build 355 [38]. In NT build 355, the electrically-driven
migration test lasts for 1-2 weeks and the steady-state migration coefficient is calculated by
using the Nernst-Planck equation. The rate of change of chloride ion concentration within
a NaOH solution inside a cell is measured, and the migration coefficient is calculated
when the ions reach the steady-state condition. However, the non-steady-state migration
coefficient is measured by cutting the specimen into two semi-circles, and AgNOj3 is sprayed
on the two halves. The change of color denotes the depth of chloride penetration [38] and
the non-steady-state migration coefficient is calculated by using the equation proposed by
Tang and Nilson [39], since it is quite difficult due to the rate of chloride transport through
a fracture being too quick to assess the depth of chloride penetration in the crack. Hence,
some researchers have employed the NT build 355 and ASTM C1202 test setups to evaluate
the steady-state migration coefficient [32,35,40,41].

The Nernst-Planck equation defines the chloride flux in the diffusion cell as follows:

ZFD ou

Je= RT Cg 1)

where ] is the chloride flux, z is the ionic valence, F is the Faraday constant (=96,485 °C per
equivalent), R is the gas constant (=8.3145 ] /mol-K), T is the absolute temperature (K), D is
the diffusion coefficient, c is the chloride concentration, U is the electrical potential applied
(V), and x is the distance. If the applied potential is kept constant, then the diffusion
coefficient in the steady-state condition can be determined by the following equation [39]:

@
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where L is the specimen thickness (m), and c; is the chloride concentration in the upstream
cell (catholyte). The following equation is used to determine the chloride flux under the
steady state during the test:
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where A is the cross-sectional area (m?) through which ions pass, V is the volume of the
upstream or downstream cell (m?), and c;, is the chloride concentration in the downstream
cell (anolyte). Since under the steady-state condition, the rate of chloride drop is almost
the same in the upstream cell as in the downstream cell, the diffusion coefficient can be
calculated by the following equation:

RTLV 1

_ RTLV 1|Acy
ST 2FU A g

At
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T ZFUA| At )

The self-healing capacities of cracked specimens incorporating admixtures were eval-
uated. The test setup proposed by Abro et al. [35] was used. The upstream cell was filled
with 0.5 M NaCl solution and the downstream cell with 0.3 M NaOH solution. Under the
potential difference of 36 V, the chloride ion concentration in the upstream cell was mea-
sured for 24 h with an ion-selective electrode at an interval of 60 min for an initial 6 h and
120 min for the remaining 18 h. Each specimen was kept between two cells with a rubber
seal to make sure that there was no leakage. Figure 2 depicts the schematic diagram and
photography of the test setup.

s

03M
NaOH

Cathode

MortarlSpccimcn

Anode

(50 mm thick)

@)

(b)

Figure 2. Test setup for chloride migration test; (a) schematic diagram [36]; (b) pictorial view of the test setup.

Prior to testing, vacuumed air was removed from the pores of each damaged specimen
in a desiccator for 12 h so that every specimen would be fully saturated with water. A room
with a fixed humidity of 60 & 5% and temperature of 20 & 2 °C was selected for testing.

An ion-selective electrode technique, Thermo Scientific ISE, produced by Orien [42],
was used to quantify the chloride ion concentration in the upstream cell periodically,
depending on the correlation between the potential achieved by ISE and the given chloride
concentration for the initial six hours at an interval of 1 h. This is because change in the
rate of change of the chloride concentration interval for reading was adjusted, and at
every measurement, a small amount of liquid of chloride from upstream was taken off
with a pipet.

2.5. Electrical Conductivity

Non-destructive electrical conductivity measurement was performed on ¢ 100 x 50 mm
disk specimens before and after the electrical migration test at every healing age.
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The test was repeated three times on the specimen and the average was considered.
Because of the polarization effect of the electrodes, measuring resistance with a DC signal
is not suggested [43]. The current was applied through the specimen using an alternating
current (AC) at a fixed frequency of 1 kHz. Previous research has shown that when the
frequency is at least 1 kHz, the polarization effects in the material may be ignored [44,45].
The electrodes are circular stainless-steel plates with a contact sponge soaked in a weak
soap solution placed between two electrodes to guarantee that the entire surface is in
electrolytic contact with the electrode. Figure 3 illustrates a schematic diagram and test
setup of the underlying physics involved in BR measurement.

‘I Metal Plate |I

1
0.5 to 10 kHZ

2o

50 mm thick
disk specimen

Wet Sponge

(b)

Figure 3. The test setup of electrical conductivity; (a) test setup; (b) schematic diagram.

3. Results and Discussion
3.1. Effect of Self-Healing Materials on the Crack Healing

In the beginning, as depicted in Figure 4, the migration test was repeated before
healing on the same specimen in different cycles to check the repeatability. In first cycle, all
the specimens were uncracked; in 2nd cycle, the first specimen was uncracked and all three
were 0.2 mm cracked; in 3rd cycle, the last two specimens were 0.3 mm cracked while the
first two were uncracked and 0.2 mm cracked; and in last cycle, uncracked, 0.2 mm, 0.3 mm,
and 0.4 mm cracked specimens were used for the migration test, and the same were tested
at 28-, 56-, and 120-day healing. The calculated coefficients of variation (COVs) in the
migration coefficient of uncracked specimen are 11.43%, 6.66%, 9.78%, and 11.07% for OPC,
SH4, SH6, and SHS8 mixes, respectively, while the same for the 0.2 mm cracked specimens
are 9.10%, 2.26%, 5.23%, and 5.85% for OPC, SH4, SH6, and SH8 mixes, respectively.

The chloride concentration in the upstream cell for the cracked and uncracked speci-
mens of different mixes was measured with the help of an ion-selective electrode which is
depicted in Figure 5. It is evident in Figure 5 that rate of drop in chloride concentration
is larger for cracked specimens than for uncracked specimens. However, after a healing
period of 28 days and 56 days, the drop in chloride concentration is reduced for all the
specimens. This improvement is small in the uncracked specimen as compared to cracked
specimens because after healing, the cracked specimens are healed, and the amount of
resistance to chloride penetration is larger than the uncracked specimens, especially those
mixes containing self-healing materials.
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Figure 4. Relationship of crack width and migration coefficients before healing; (a) OPC; (b) SH4; (c) SH6; (d) SHS.
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Figure 5. Rate of drop in chloride concentration; (a) OPC uncracked; (b) OPC 0.4 mm cracked; (c) SH4 uncracked; (d) SH4
0.4 mm cracked; (e) SH6 uncracked; (f) SH6 0.4 mm cracked; (g) SH8 uncracked; (h) SH8 0.4 mm cracked.

This phenomenon can be understood with the help of calculated migration coefficients.
The steady-state migration coefficients were calculated before and after healing by using
Equation (4). Figure 6 represents the calculated migration coefficients concerning healing
ages for different cracked specimens. Figure 6 illustrates that the higher the crack width, the
higher the migration coefficients are, because the crack provides a passage for chloride ions
to penetrate easily. As the healing period progresses, the migration coefficient decreases. In
the case of low cracked specimens (near 0.2 mm cracked) after the 120-day healing period,
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Diffusion Coefficient (x 1012 m?/s)

Diffusion Coefficient (x 1072 m?/s)

the migration coefficient decreases in such a way that it is almost equivalent to an uncracked
specimen without considering the mixture. The larger crack widths (0.3 and 0.4 mm) are
completely dependent on the type of mixture. It could be seen for SH8 mix that after
120-day healing, the reduction % for all specimens as compared to 56-day healing is better,
especially for the 0.3 mm cracked specimen. In the case of OPC specimen, the reduction
percentages for the migration coefficient after 120-day healing are 21.4%, 26.1%, 24.9%, and
19% for un-cracked (UC), 0.2 mm, 0.3 mm, and 0.4 mm cracked specimens, respectively.
The same for the SH4 mix are 26.8%, 35.3%, 34.7.3%, and 25.8% for UC, 0.2 mm, 0.3 mm,
and 0.4 mm cracked specimens, respectively. Those for the SH6 mix are 26.3%, 43.7%,
40.7%, and 32.8% for UC, 0.2 mm, 0.3 mm, and 0.4 mm cracked specimens, respectively.
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Figure 6. Calculated migration coefficients for different mixes; (a) OPC; (b) SH4; (c) SH6; (d) SHS.

The same for the SH8 mix are 26.0%, 37.8%, 45.9%, and 36.8% for UC, 0.2 mm, 0.3 mm,
and 0.4 mm cracked specimens, respectively. The numbers show that as the percentage
of healing material is increased, the amount of reduction rate increases. The expansive
agent (CSA) along with crystal admixtures present in the special mix is supposed to create
ettringite by the hydration process. As the percentage of healing material is increased,
it is expected that the amount of ettringite produced by the hydration process would be
increased. This increased amount helps to heal the cracks, block the harmful agents, and
increases the durability of concrete.

3.2. Index of Self-Healing Capacity and Equivalent Crack Width

Furthermore, the self-healing capacity was also calculated using the index proposed by
Abro et al. [35]. They proposed an index to quantitatively calculate the self-healing capacity
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for the different self-healing materials based on the steady-state migration coefficient
calculated by the steady-state migration test. The migration coefficient of the cracked
specimen generally decreases with age. This phenomenon assumes that self-healing
material is generated on the cracked surface, and the crack width is reduced.

It is understood that in the steady-state condition, a damaged sample can be the
cracked specimen and can be signified into parts—i.e., the uncracked part and the cracked
part. In this condition, the total ionic flow can be written as:

Qtot = Qucr + ch (5)

where Q¢ is the ionic flow through mortar (kg/s) and Q. is the ionic flow through the
crack (kg/s). The quantity of ionic material that crosses through a certain area per unit of
time, Equation (5), can be rewritten as:

Jtot Atot = Juer Aucr + Jor Acr (6)
Then, since | = D dc/dx:
ac ac ac
Dqu Aot = DucrgAucr + D¢y gAcr (7)

where D, is the equivalent migration coefficient of chloride in the cracked mortar (m?/s),
Ator is the total surface area including crack, perpendicular to the direction of flow (m?),
Dyer and D, are the migration coefficient of chloride in the uncracked zone and the crack
(m3/s), respectively, and A, and A, are the surface area of the uncracked zone and the
crack perpendicular to the direction of flow [m?], correspondingly. Because the cracked
area is too small, it can be assumed that A;; ~ Ay, and Equation (7) becomes:

DerAcr = (Deq - Ducr)Atot (8)

Based on resistance to chloride penetration, the self-healing index can be given as under:

_1_ Qo) _ 1 _ Dg(HAcr() _ 1 _ [qu(t)fD“”(tﬂ Atot
SHc(t) =1 Qeri 1 D¢y iAeri 1 Deq,i*Ducni] Apot (9)

-~ SHU(f) = 1 - 2Dt
where Q. (t) and Q,, ; are the ionic flow at healing age f and initial stage, respectively (kg/s).
Deg(t), Der(t), and Dy (t) are the equivalent migration coefficient of cracked mortar, the
migration coefficient through the crack, and the migration coefficient of uncracked mortar
at healing age ¢ (m?/s), respectively. Deg i, Dyer,i, and Dy,,; are the migration coefficients at
the initial stage (m2/s). The total area Ay is constant. Ag(t) and A, ; are the area of crack
perpendicular to the exposure surface at healing age ¢ and initial stage, respectively.

At age t, if the difference in migration coefficient between cracked and uncracked
specimens is the same as the initial one, the self-healing capacity will be 0%, and if the
migration coefficients of cracked and uncracked specimens are same at age ¢, then SH, will
be 100%, which means that the crack face is completely healed.

Figure 7 illustrates the calculated self-healing capacities for different mixes based on
the calculated migration coefficients. From the figure, it can be noticed that the amount of
healing is larger in low-cracked (0.2 mm) specimens. Healing of 91.5% in the case of the
SHB8 mix for 0.2 mm cracked can be seen, which suggests that the crack is almost filled,
whereas for 0.4 mm cracked specimens, the healing amount is below 50% in all cases. This
suggests that the healing materials are capable of healing the cracks of limited widths as in
the case of 0.3 mm, a suitable recovery of 73.4% has been achieved in case SHS.
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Figure 7. Calculated index for self-healing capacity for different mixes; (a) OPC; (b) SH4; (c) SH6; (d) SHS.

In 2011, Jang et al. [41] proved that the migration coefficient does not increase with
an increase of crack width up to 80 pm. A technique of equivalent crack width was
proposed in the current study. From Figure 8, the procedure of determining the equiva-
lent crack width is defined. According to the literature [32,41], the migration coefficient
increases linearly as crack width is increased.

9
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Figure 8. Procedure to determine the equivalent crack width.

After healing, the migration coefficient of the cracked specimens decreased, and those
are equated with the migration coefficient at 0-day healing; the crack width of the healed
specimen is also determined, as shown in Figure 8. The values of determined equivalent
crack widths are presented in Table 3. W,; is the initial crack width of the specimen before
healing, and W, () is the equivalent crack width after the healing age of the specimen.
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Table 3. Summary of the calculated crack widths at different healing ages.

Mix ID Wcr,i wcr,28-d Wcr,56-d Wcr,120-d
(um) (um) (um) (um)
193 121 107 95
OPC 284 194 182 170
393 251 261 230
188 121 107 95
SH4 273 190 135 80
378 269 239 210
196 108 <80 <80
SH6 296 162 138 105
364 248 172 158
201 130 <80 <80
SHS8 293 200 130 105
400 290 260 240

3.3. Electrical Conductivity Test Results

Electrical conductivity of the uncracked and cracked specimens of all mixtures was
conducted at the healing ages of 28, 56, and 120 days. The electrical conductivity (EC) was
conducted before starting the migration test and immediately at the end of the migration
test to understand the effect of healing during the migration tests. Usually, as the concrete
got older, resistivity enhanced because of the continuous hydration of cement, also due
to the setting of the cement. The reliance of the resistivity of cement on its microstructure
properties, just as the conductivity of its pore arrangement, demonstrates an increment
in resistivity after some time since cement’s interconnected pore network diminishes and
OH particles in the pore arrangement are burned through, attributing to a reduction in
its conductivity. Initially, the preliminary test was conducted to understand the effect of
height on the EC measurements. Tests were conducted on cylindrical specimens having
a size of @ 100 x 200 mm. The test time was 1 min, the interval was set to 5 s, and the test
was repeated three times on each specimen. After completing the test on & 100 x 200 mm
specimen, the same specimen was cut to 100 mm length, cutting a 50 mm part from both
sides, and in the same way;, resistivity of the specimen was measured three times. In the
end, the same specimen was again cut to & 100 x 200 mm, cutting 25 mm from both sides
of the specimen, and the specimen was then tested for the resistivity tests. Figure 9 shows
the schematic diagram and the complete process of cutting and testing the specimen.

Table 4 presents the results of the average electrical conductivity measurements for
OPC specimens. From the results, it can be seen that the average results are almost near
each other.

Table 4. Preliminary electrical conductivity results.

Specimen Length (mm)

Standard Coefficient of

Test No.  Electrical Conductivity (mS/s)  Mean Deviation Variation (%)

200

100

50

24.50
24.31 24.32 0.17 0.70
24.16
26.08
25.97 25.98 0.086 0.33
2591
24.97
25.16 25.13 0.152 0.60
25.27

WOINNFRP, WNFF, WN -
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Figure 9. Schematic view of the preliminary cutting of specimen.

Figure 10 presents the calculated EC results. EC was measured before and after
migration tests at every healing age to check if there was any self-healing during the
migration tests. It was done mainly because during the migration tests the specimens were
intact with water for 24 h. Overall, the margin of EC results before and after migration
is very little except for two specimens, SH6—0.4 mm crack and SH4 uncracked, which is
likely due to the manual error moistness of sponge of the conductivity meter. Furthermore,
it can be noticed that in comparison with the migration test, EC results shows a reduction
up to 56 days of healing. After 56-day healing, when it comes to 120-day healing, the
amount of healing in terms of EC is very marginal except those for SH8 mixes. This
probably is due to the larger percentage of healing materials used which continues the
hydration process for a very long time and reduces the pores available in the microstructure
of specimens. The available pores are the main pathway for the chloride ions to penetrate
through the concrete. By and large, cements containing translucent admixtures did not
show any significant differences in improving electrical conductivity when contrasted with
control combinations. It ought to be noticed that estimating concrete electrical conductivity
is a roundabout testing procedure to obtain data about its penetrability which probably
will not be a fitting method to comprehend the mending conduct of broad and glasslike
materials under penetration or diffusion. Accordingly, this examination likewise explored
other toughness assessment strategies to make some far-reaching determinations about
the parts of utilizing CA and costly specialists, or to figure out which procedure can really
address the ability of the mending materials utilized in the current investigation.

[ Before Migration [l After Migration
i) Uncracked i) 0.2 mm iii) 0.3 mm iv) 0.4 mm

Electrical Conductivity (mS/m)

0 28 56 120 0 28 56 120 0 28 56 120 0 28 56 120
Healing Age (Days)

@

[ Before Migration [ After Migration
i) Uncracked ii) 0.2 mm i) 0.3 mm iv) 0.4 mm

Electrical Conductivity (mS/m)

0 28 5 120 0 28 56 120 0 28 56 120 0 28 56 120
Healing Age (Days)

(b)

Figure 10. Cont.
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@
Figure 10. Representation of electrical conductivity with respect to healing age; (a) OPC; (b) SH4;
(c) SH6; (d) SHS.

4. Conclusions

In the current study, the self-healing capacity of cracked mortar containing crystalline
admixtures (CA) and expansive agents was investigated against the penetration of chloride
ions with the help of a modified steady-state migration test. For that reason, chloride
diffusivity and electrical conductivity were investigated. Based on the results obtained in
this study, the following conclusions can be drawn:

1. The proposed modified migration test method is a suitable method that can be used
to examine the degree of self-healing of the cracked mortars in a very short time. The
degree of self-healing of the crack is strongly associated to the crack width, the type
of mortar, and the healing age.

2. For the cracked specimens with 0 day(s) of healing, the transport properties are highly
modified for all the specimens irrespective of their materials. It will not be wrong to
say that the main parameter which influences the chloride penetration at an early age
is the crack width, regardless of material.

3. There is a strong linear relationship between crack width and chloride migration
coefficients. The total chloride diffusion has multiplied when the specimen has large
crack width because the chloride diffusion in crack is much faster than in mortar.

4. The equivalent crack width is effective to evaluate the suitability of self-healing
technology, whether the crack width after self-healing is smaller than the target crack
width of the structure, such as allowable crack width by design code. It is possible to
compare the self-healing performance with the degree of self-healing quantitatively.

5. The electrical conductivity of concrete is an indirect test method for determining its
permeability, which does not give accurate information about the healing process of
the different cement-based materials. It also depends upon the moisture available in
the pores of specimens, which is quite critical.
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