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Abstract: The effect of mill-rejected granular cement (MRGC) on enabling concrete to autogenously
heal its cracks was investigated. The crack-healing efficiency of concrete containing 5%, 10%, 15%, and
20% wt. of MRGC as a replacement for natural fine aggregate was investigated at the age of 28 days.
Concrete specimens were induced with artificial cracks and placed in water or air at 20 + 2 °C to cure
and heal the cracks for an additional 28 days. Compressive, flexural, and tensile strengths and water
permeability tests were carried out to evaluate crack-healing by evaluating the strength to regain and
the reduction in water permeability of concrete. For the air-cured specimens, the gain in compressive
strength was between 45% and 79%, the flexural strength was between 74% and 87%, and the tensile
strength was between 75% and 84% of the reference specimens for the MRGC content was between
0% and 20%, respectively. For the water-cured specimens, the gain in compressive strength was
between 54% and 92%, the flexural strength was between 76% and 94%, the tensile strength was
between 83% and 96% of the reference specimens for the MRGC content between 0% and 20%. The
water permeability coefficients of the concrete specimens cured in water after cracking decreased by
one order of magnitude, while those of the specimens cured in the air increased by the same order
of magnitude. The crack-healing efficiency of concrete could be enhanced by increasing the MRGC
content of concrete and hydration water.

Keywords: MRGC; artificial crack; crack healing; strength regain; water permeability

1. Introduction

Cement concrete is a man-made composite rock composed of coarse aggregate, fine aggregate, and
cement paste. The conventional cement concrete referred to as concrete uses ordinary Portland cement
(OPC) paste to bind the aggregates and fill the voids between them. Therefore, cement paste plays a
vital role in the properties and performance of concrete. When OPC is mixed with water, a chemical
reaction (hydration) takes place and gives off various products. Calcium silicate hydrate (C-S-H) is a
predominant cement hydration product responsible for the cementitious property of cement paste.
Generally, the strength of concrete could be defined as the bond strength between the C-S-H gel and
the aggregates.

Concrete is the most common construction material worldwide. According to Meyers [1], the
global annual production of concrete had exceeded 10 billion tons in the last decade. This figure is
expected to grow with the increasing demand for concrete in the construction sectors. Concrete is
commonly used for the construction of several infrastructures such as buildings, roads, and dams.
The qualities that make concrete popular construction material are its versatility, durability, and
cost-effectiveness, and that it can be produced from locally available raw materials.
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Concrete, even though it has many advantages, has some limitations that negatively affect its
performance. For example, the fact that concrete being strong in compression but weak in tension
makes concrete more susceptible to cracking under minimal stress intensities. Concrete cracks form
when the tensile stress exceeds the tensile strength of the concrete. The tensile stress in concrete can be
induced by internal or external factors such as shrinkage, expansive chemical reactions, temperature
variation, freeze-thaw cycles, poor construction practice, external loads, etc. [2,3]. Crack formation
in concrete could affect the strength, durability, serviceability, and aesthetics of a concrete structure.
If concrete cracks are not treated properly, they may lead to a complete failure of the structure [4-6] by
allowing the ingression of chemical solutions detrimental to concrete. Some of the common chemical
attacks on concrete are delayed ettringite formation due to the ingression of excess sulfate, corrosion
of reinforcement due to the ingression of chloride ions, and an alkali-silicate reaction. Therefore, to
improve concrete durability, the ingression of moisture and aggressive chemicals into concrete should
be prevented by sealing the cracks.

Several researchers have introduced some techniques for the maintenance and repair of cracks
in concrete structures [7-10]. Some of these techniques allow concrete to heal the cracks by itself
without any human intervention [11,12]. Self-healing mechanisms in concrete are categorized as
autonomous and autogenous. Autonomous self-healing concrete is designed to heal its cracks using
special additives such as bacteria in bioremediation techniques [13-20], fiber in fiber-reinforced
strain-hardening cementitious composites [10,21-24], supplementary cementitious materials (fly ash,
silica fume, blast-furnace slag, etc.) [25], geo-materials in the form of powder, and an expansive
agent, which expands and fills the crack void [26,27]. Autogenous self-healing concrete (natural or
intrinsic self-healing) is designed to heal its cracks throughout its service life without any special
additives [28]. An autogenous self-healing mechanism involves the filling of crack space with calcium
carbonate (CaCQO3), C-S-H, crystallization of calcium hydroxide (Ca(OH);, and sediments. When water
containing dissolved atmospheric carbon dioxide enters concrete cracks, the carbonation reaction takes
place between the carbon dioxide and calcium hydroxide present near the cracked surfaces. CaCOs
produced from the carbonation reaction may fill the crack space to prevent further ingression of water.
The crystallization of newly formed calcium hydroxide on the cracked surfaces could also play a role
in narrowing down the crack widths by filling up the crack space. Crack space can also be filled with
sediments present in the water entering the cracks. Unhydrated cement particles present in the vicinity
of the cracked surfaces” hydrate in the water entering the cracks produce C-S-H gel, which could also
fill the crack space and bind the cracked surfaces [8,29-31].

One of the autogenous self-healing mechanisms discussed above is the crack filling and cracked
surface binding effect of the hydration of the unhydrated cement particles. However, the effectiveness
of this mechanism depends on the amount of the unhydrated cement particles present during crack
formation. The amount of unhydrated cement particles present in cement paste depends on several
factors such as moisture, curing mechanism, age, etc. [2]. However, no report on the use of unhydrated
cement particles as autogenous self-healing agents was found in the literature.

This paper presents the work done to investigate the use of coarse cement grains as crack-healing
agents in concrete. Coarse cement grains, classified as mill-rejected granular cement (MRGC), were
obtained from cement industries. MRGC is coarse cement that did not meet the required fineness
and did not separate to be reprocessed. The main objective of this research work is to evaluate the
effect of MRGC and its amount on the self-healing performance of concrete. Concrete mixes containing
different amounts of MRGC as a partial replacement for fine aggregate were tested. Artificial cracks
were induced on the specimens and allowed to heal the cracks. The crack-healing performance of the
concrete specimens was evaluated based on the percentage regain in strength and impermeability after
the specimens were allowed to heal the induced cracks.
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2. Materials and Methods

2.1. Materials

Concrete specimens were prepared using locally available materials with the partial replacement
of MRGC for a natural fine aggregate. The materials used in this study are presented below.

2.1.1. Cement

Ordinary Portland cement (OPC) obtained from Ethio Cement Factory (Chancho, Oromiya,
Ethiopia) was used in this study. The OPC used in this study complies with CEM I Portland cement as
in BS EN 197-1:2011 [32]. The physical properties and chemical composition of the cement are shown
in Table 1.

Table 1. Physical properties and chemical composition of OPC.

Composition Mass %

510, 23.5

AlL,O3 3.5

Fe203 32

CaO 63.5

MgO 2.6

Alkalis 0.54

LOI 0.82

Others 2.34

Physical Properties

Specific gravity 3.11

Compressive strength, 28 days (MPa) 30.5

Specific surface, Blaine (m2/kg) 390
Initial/final setting (min) 140/480

Normal consistency (%) 30

2.1.2. Mill-Rejected Granular Cement (MRGC)

Mill-rejected granular cement (MRGC) was also obtained from the same source asthe OPC. MRGC,
as the name indicates, is a portion of cement rejected by the cement processing because it has a grain
size coarser than the specified 75 um sieve size. The chemical compositions of the MRGC was the same
as that of OPC (Table 1). The grain size of the MRGC used in this study was between 0.075 mm and
1.18 mm. A sample of the MRGC used is shown in Figure 1.

SR

Figure 1. MRCG retained in sieve No. 200.

Grain size analysis was performed on the MRGC according to the BS EN 933-1 [33], which is a
standard procedure for sieve analysis of fine aggregates. The resulting grain size distribution curve
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is shown in Figure 2. The fineness modulus of the MRGC was 2.36. From the physical property test
results and particle size distributions shown in Figure 2, the MRGC satisfied the standard requirements
for use in a concrete mix.

—Fine aggregate MRGC
Lower limit for fine aggregate Upper limit for fine aggregate
Coarse aggregate —— Upper limit for coarse aggregate

— Lower limit for coarse aggregate

100 - \

m N\

60

40

Cumulative Passing (%)

100 10 Sieve size (mm) 1 0.1

Figure 2. Grain size distribution of MRGC, fine aggregate, coarse aggregate, and standard limits.

2.1.3. Fine Aggregate

Natural sand with 4.75 mm in maximum size, obtained from Gibe riverbed located about 180 km
southwest of Addis Ababa, Ethiopia, was used for concrete mix. Grainsize analysis of the sand was
performed, according to the BS EN 933-1 standard procedure [33]. The fineness modulus, unit weight
(per BS EN 1097-3 [34]), specific gravity (per BS EN 1097-6 [35]), and water absorption (per BS EN
1097-6 [36]) were2.66, 1630 kg/m3,2.70, and 1.26%, respectively.

2.1.4. Coarse Aggregate

Crushed stone with a 20-mm maximum size, obtained from a quarry on the outskirts of Addis
Ababa, Ethiopia, was used for concrete mix. Grain size analysis of the coarse aggregate was performed
in accordance with BS EN 933-1standard procedure [33]. The specific gravity and water absorption
capacity of the aggregate were 2.74% and 1.30%, respectively, determined using BS EN 1097-6 [35].
Abrasion value of 26.8% was obtained using BS EN 1097-8 test procedure [36].

The physical properties and grain size distribution (Figure 2) indicate that the fine and coarse
aggregates met the specifications for concrete mix [37,38].

2.2. Experimental Methods

The presented study was carried out by preparing concrete mixes containing different percentages
of MRGC as a partial replacement for sand. At the age of 28 days, the specimens were cracked using
controlled compressive, tensile, or flexural stresses. When cracks visible to the naked eye started to
appear, the loading stopped. The stress levels causing the initial visible cracks were recorded. Some of
the cracked specimens were placed in air at room temperature and others in water at room temperature
for 28 days to heal their cracks. After 28 days, the specimens were tested to determine the regain in
compression, tensile, and flexural strengths. The change in permeability after crack-healing was also
used to evaluate the crack-healing efficiency of concrete containing MRGC.
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Crack healing in the concrete was assessed based on the evaluation of the regain in the compressive,
tensile, and flexural strengths and a drop in permeability values obtained when the specimens were
tested after the crack healing period. The results obtained after the healing period were compared with
the performance of the uncracked reference specimens to determine the percentage regain in strength
or drop in permeability due to crack healing.

2.2.1. Concrete Mixing and Specimen Details

The concrete mix was designed with a targeted compressive strength of 25 MPa in accordance
with BS EN 206-1 [37] and BS 8500-2 [38] standard procedures. A water-to-cement ratio (w/c) of 0.47
was used in the mix. This value was selected based on the evaluation of the performance of MRCG on
the mechanical and physical properties of concrete. Furthermore, the same wjc ratio was used in all
mixes to avoid the influence of the w/c ratio on the crack-healing mechanism of MRGC. Five concrete
mixes were prepared by varying the percentage replacement of MRGC for sand. The control mix (CO0)
was prepared using sand only, while other mixes were prepared by replacing sand with 5%, 10%, 15%,
and 20% by weight of MRCG, as shown in Table 2. The designation of each mix was given such that the
number following letters C represents the weight percentage replacement of MRGC for natural sand.

Table 2. Concrete mix proportions (kg/m3).

D Fine Aggregate c A
esignation C t oarse regate W/C
& emen Sand MRGC 881es /

Co 411 838 0 1026 0.47
C5 411 796.1 419 1026 047
C10 411 754.2 83.8 1026 047
C15 411 712.3 125.7 1026 0.47
C20 411 670.4 167.6 1026 047

The concrete mix was performed by adding half of the coarse aggregate, sand, MRGC, and the
remaining half of the coarse aggregate, consecutively, into a 300-L capacity tilt drum mixer. After the
mixer was run for 30 s, about half of the water was added within the next 15 s. The mixer was run
for a total of 3 min and stopped for 10 min. After adding the cement and run the mixer for 30 s, the
remaining water was added within the next 30 s and the mixing was continued for 2 min afterward.
The mixing and sampling of fresh concrete were carried out in accordance with the BS 1881-125 [39]
standard procedure.

The slump test was carried out on each concrete mix in accordance with BS EN 12350-2 [40].
The slump test results obtained for each concrete mix are presented in Table 3.

Table 3. Concrete slump test results.

Designation CMo CM5 CM10 CM15 CM20
Slump (mm) 40 40 35 30 20

Concrete specimens were cast and compacted using a vibration table to ensure good compaction.
The surface of each specimen was leveled with a trowel and sealed off with a plastic cover to avoid
moisture loss. After the specimens were air-dried at a temperature of 20 + 3 °C for 24 h, they were
placed in a water bath with a temperature of 20 + 2 °C for 28 days. During the testing times, the
specimens were removed from the water bath and wiped off with a damp cloth to remove any excess
water from the surface.

Concrete specimens prepared for each type of test were 100 mm x 100 mm x 500 mm prisms for a
four-point bending test, 150-mm cubes for a compressive strength test, 100-mm diameter and 200-mm
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long cylinders for an indirect tensile strength test, and 200-mm diameter and 100-mm thick discs for a
water permeability test. Three specimens were prepared for each concrete mix shown in Table 2.

2.2.2. Artificial Cracking

To investigate the effect of MRCG and its percentage replacement of the natural sand on enabling
concrete to autogenously heal its cracks, artificial cracks were introduced into the specimens. At the
age of 28 days, fine cracks were induced into the specimens using displacement controlled compressive
stress, split tensile stress, and flexural stress. The loading was stopped when cracks visible to the
naked eye started to emerge, and the cracking load and the corresponding displacement were recorded.
The cracked specimens were unloaded, placed in air or water at room temperature to heal the cracks,
and tested 28 days after the initial cracking.

2.2.3. Crack Formation Using Compressive Stress

The concrete cube specimens were compressed under a displacement control mode using a
standard compression machine. The cubes were loaded until cracks started to appear on the surface
of the specimen. The loading of the specimens was stopped when the cracks appeared, and the
final displacement was taken as a control. The crack-inducing compressive stress was determined
by dividing the cracking load by the cross-sectional area of the specimen. Six replicates of concrete
specimens were cracked for each concrete mix, and three of them were immersed in a water bath while
the remaining three were placed outside to cure in the air until they were tested.

2.2.4. Crack Formation Using Split Tensile Stress

To create artificial cracks using the indirect tensile stress, the cylindrical specimens were loaded
diametrically across the circular cross-section until cracking occurred. The loading stopped after the
formation of the cracks, and the peak load corresponding to the crack formation was recorded along
with the displacement of the load.

2.2.5. Crack Formation Using Flexural Stress

Four-point bending was another method used to create artificial cracks in the concrete specimens.
The prismatic specimens were placed on two parallel supports, and the load was applied on them
through two parallel pins placed at the third points of the specimens. The bending load was applied to
the specimens until the first visible flexural crack forms. To prevent total collapse and to control the
crack width, the beams were reinforced with two #6 standard reinforcing bars, as shown in Figure 3.
The reinforcement of the specimens was beneficial in controlling crack width, enabling the formation
of distributed cracks along the beam length, and preventing the development of a single crack opening
at the midspan. The maximum deflection of the specimen during the formation of the cracks was
recorded to be used as a control for the reloading during the post crack healing test.

L i —~ 100 mm =

=~ 100 mm —~

[} ® —
\ /

4—1«13 mm

| |

‘ two #6 standard bars

l 500 mm ‘

Figure 3. Schematic of the four-point bending test setup and beam reinforcement.
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2.2.6. Evaluation of the Crack-Healing Effect of MRGC

The effect of MRCG on healing concrete cracks was evaluated based on strength and permeability
test results. The specimens induced with artificial cracks, after being submerged in water at a
temperature of 20 + 3 °C for a specified period, were tested to investigate if there was any strength to
regain in the specimens due to autogenous healing of the cracks. The crack healing efficiency of MRGC
was evaluated by comparing the initial cracking strength and the reloading strength after crack-healing
as percentages of the 28-day strength [6]. Compressive strength test, indirect tensile strength test, and
flexural strength test were used to evaluate the strength regained. Furthermore, a permeability test
was carried out to investigate the crack healing effect of MRGC.

2.2.7. Compressive Strength Test

Compressive strength tests were carried out on the initially cracked and water-cured and
air-cured cubic specimens 28 days after cracking. The test was performed in accordance with BS EN
12390-3:2019 [41] standard procedures. The specimens were loaded at a rate of 0.5 MPa/s until they fail,
and the average peak compressive stress at failure was recorded as the post-self-healing compressive
strength. The regain in strength due to autogenous crack healing of the water-cured specimens at the
level of initial cracking was compared with those of the air-dried specimens as a percentage of the
28-day compressive strength.

2.2.8. Indirect Tensile Strength Test

Splitting tensile strength tests were carried out on the initially cracked and water-cured and
air-cured cubic specimens 28 days after cracking. The test was performed in accordance with BS
EN 12390-6:2019 [42] standard procedures. The specimens were subjected to a splitting load at a
constant rate of 1300 N/s until they fail. Regaining tensile strength due to autogenous crack healing of
the water-cured specimens at the level of initial cracking was compared with those of the air-dried
specimens as a percentage of the 28-day tensile strength.

2.2.9. Flexural Strength Test

Four-point bending strength tests were carried out on the initially cracked and water-cured and
air-dried cubic specimens 28 days after cracking. The test was performed in accordance with BS EN
12390-5:2019 [43] standard testing procedures. The specimens were subjected to a four-point bending
load at a standard rate until they fail. The regain in flexural strength due to autogenous crack healing
of the water-cured specimens at the level of initial cracking was compared with those of the air-dried
specimens as a percentage of the 28-day flexural strength.

2.2.10. Water Permeability Test

Water permeability of concrete was also one of the methods used to evaluate the effect of MRGC
on enabling concrete to autogenously heal its cracks. The crack healing efficiency was evaluated by
comparing the permeability values of the specimens measured before cracking, after cracking, and the
crack-healing period. After the specimens were cracked at 28 days, they were cured in the air or in
water until the testing day of 28 days. The constant head permeability test was carried out on concrete
discs that are 200 mm in diameter and 100 mm in thickness using the UTC 1080 apparatus, following a
BS EN 12390-8 [44] standard procedure. The circumference of the saturated surface dry cylindrical
concrete specimens was sealed with a watertight plastic before they were placed into a permeameter
cell filled with de-aired water at an ambient temperature of 23°C. The inflow side of the specimens
was subjected to an 800 kPa constant pressure head for 48 h. The constant pressure was maintained
by connecting an air compressor to a water tank, and pressure regulators controlled the pressure.
The volumetric inflow and outflow of the water and the ambient temperature were monitored. When
a steady-state flow rate was achieved, the volume flow was plotted against time until the slope of the
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inflow and outflow line was achieved. The mean of the inflow and outflow rate plots was used to
calculate the permeability. Two replicates of the specimen were tested for each concrete mix, and the
average values were considered.

The coefficient of permeability k (m/s) was calculated using the following equation.

VL
“= @

where k = D’Arcy Coefficient of Permeability (m/s), V = volume of water (m3), L= length of the concrete
specimen (m), t = elapsed time (s), A = area of the specimen (m?),and h = applied pressure head (m).

3. Results and Discussions

3.1. Slump Test Results

The results indicate that the workability of concrete decreases with the increase in MRGC content.
This is in agreement with the fact that the workability of concrete decreases with an increase in the
content of a fine aggregate. Therefore, the amount of mixing water or a superplasticizer should be
increased with an increase in the MRGC content of concrete to improve its workability.

3.2. Strength Regains

3.2.1. Compressive Strength

The first cycle compressive strength, which is the compressive stress required to induce cracks,
and the compressive strength regained due to crack healing after the specimens were cured in air and
in water are presented in Table 4. A graphical demonstration of the test results is shown in Figure 4.

Table 4. Compressive strength regained due to the crack healing effect of MRGC.

Average Compressive Strength (MPa) at 28 Days (SD)

. . Reloading
Designation (after Crack-Healing)
Strength Artificial Cracking 8
Air-Cured Water-Cured
Co0 31.52 (0.33) 13.11(0.51) 14.26 (0.34) 17.19 (0.12)
C5 33.13 (0.21) 18.69 (0.32) 19.96 (0.51) 24.96 (0.22)
C10 35.42 (0.5) 22.33(0.41) 23.43 (0.42) 28.87 (0.34)
C15 36.87 (0.24) 25.31(0.2) 27.52 (0.4) 33.25(0.43)
C20 38.21 (0.15) 27.46 (0.16) 30.46 (0.51) 35.32 (0.26)

It was observed that the percentage regained in compressive strength by the control mix (CO)
after the crack-healing period was 45.23% and 54.53% for the air-cured and water-cured specimens,
respectively. The percentage regained in the compressive strength by the water-cured specimen was
9.3% more than that of the air-cured specimen. Similarly, the percentage regained in compressive
strengths by the other mixes for the air-cured and water-cured, respectively, were 60.25% and 75.33%
for C5, 66.15% and 81.51% for C10, 74.64% and 90.18% for C15, and 79.72% and 92.44% for C20.
The strength regained by the water-cured specimen exceeded that of being air-cured by 15.08%, 15.36%,
15.54%, and 12.72% for C5, C10, C15, and C20, respectively. The percentage regained in compressive
strength, relative to C0O mix, was 15.02% for C5, 20.92% for C10, 29.41% for C15, and 34.49% for C20
mixes when cured in air and 20.80% for C5, 26.98% for C10, 35.65% for C15, and 37.91% for C20 mixes
when cured in water.
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B First loading cycle Reloading after air cured

Reloading after water cured Compressive strength
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Figure 4. Compressive strength regained due to a crack healing effect of MRGC.

The results indicated how compressive strength was regained for all mixes. However, the regain
in strength values in the water-cured specimens were higher than those in the air-cured specimens.
Furthermore, the regain in compressive strength was observed to increase with an increase in the
percentage replacement of MRGC. The regain in compressive strength could indicate that crack-healing
activities took place in the specimens. The increase in the strength regain with the content of MRGC
could be related to an increase in the availability of unhydrated cement grains, which hydrate to
produce new products such as C-S-H and CH that fill and seal the cracks [45,46]. Since MRGC is
coarser than OPC, it is more likely that a large portion of the MRGC particles remains unhydrated at
the early age of the concrete. Therefore, when cracks form in the concrete and moisture enters through
the cracks, the unhydrated MRGC grains and some unhydrated OPC particles may hydrate and heal
the cracks. The increase in the strength regain with the increase in the moisture content could be
attributed to the presence of enough water for hydration, which could yieldmore hydration products to
seal thecracks. Since the crack-healing activity is taking place at the early age of concrete, an argument
can arise that the regain in strength could be due to the hydration of the unhydrated OPC particles
only. However, the results of the control mix indicated that the hydration of the OPC has a limited
effect on healing the cracks when compared to that of MRGC.

3.2.2. Flexural Strength

The first cycle flexural strength, the flexural stress required to induce cracks, and the regain in
flexural strength due to crack healing are presented in Table 5. A graphical demonstration of the test
results is shown in Figure 5.

Table 5. Flexural strength regain due to the crack-healing effect of MRGC.

Average Flexural Strength (MPa) at 28 Days (SD)

Designation Reloading(after Crack-Healing)
Strength Artificial Cracking
Air-Cured Water-Cured
Co 10.32 (0.21) 7.23(0.5) 7.62(0.4) 7.83 (0.32)
C5 10.89 (0.14) 7.48 (0.2) 8.33 (0.22) 8.72(0.33)
C10 11.54 (0.22) 8.69 (0.25) 9.53 (0.30) 10.13 (0.17)
C15 13.21 (0.16) 9.26 (0.18) 11.2 (0.11) 12.15(0.41)

C20 14.37 (0.20) 9.58 (0.27) 12.5 (0.29) 13.55 (0.50)
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m First cycle loading
14 H Reloading after air cured

H Reloading after water cured

Flexural Strength
6
4
2
0
0 5 10 15 20

Percentage replacement of MRGC

— —
(e} [\

e}

Flexural strength (MPa)

Figure 5. Flexural strength regained due to the crack healing effect of MRGC.

Similar to the results observed for the compressive strength, the percentage regained in flexural
strength of the five mixes, for the air-cured and water-cured, respectively, were 73.84% and 75.87% for
C0, 76.49% and 80.07% for C5, 82.58% and 87.78% for C10, 84.78% and 91.98% for C15, and 86.99%
and 94.29% for C20. The flexural strength regained by the water-cured specimens exceeded those
of air-cured specimens by 2.03%, 3.58%, 5.20%, 7.20%, and 7.30% for CO, C5, C10, C15, and C20,
respectively. The percentage regained in flexural strength, relative to the C0 mix, was 2.65% for C5,
8.75% for C10, 10.95% for C15, and 13.15% for C20 mixes when cured in air and 4.20% for C5, 11.91%
for C10, 16.10% for C15, and 18.42% for C20 mixes when cured in water.

The results of the flexural strength agree with those of compressive strength such that a general
regain in strength was observed in all mixes. However, the regain in strength values of the water-cured
specimens were higher than those of the air-cured specimens. The regain in flexural strength also
increased with the increase in the content of MRGC. This could be due to the healing of the induced
cracks. The increase in the strength regained with the content of MRGC could be related to an increase
in the presence of extra unhydrated cement grains, which hydrate and produce additional cement
paste responsible for healing the cracks [45,46]. Since MRGC is coarser than OPC, it is more likely that
a large portion of the MRGC particles remains unhydrated at the early age of the concrete. Therefore,
when cracks form in the concrete and moisture enters through the cracks, the unhydrated MRGC
grains and some unhydrated OPC particles may hydrate and heal the cracks. The increase in the
strength regain with moisture content could be more water-based for hydration, which could mean
more hydration products that could seal more cracks. Since the crack-healing activity is taking place at
the early age of concrete, an argument can arise that regaining strength could be due to the hydration
of the unhydrated OPC particles only. However, the results of the control mix indicated that the
hydration of the OPC has a limited effect on healing the cracks when compared to that of MRGC.

3.2.3. Splitting Tensile Strength Recovery

The first cycle splitting tensile strength, the splitting tensile stress required to induce cracks, and
the splitting tensile strength regained due to crack healing after the specimens were cured in air and in
water are presented in Table 6. A graphical demonstration of the test results is shown in Figure 6.
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Table 6. Splitting tensile strength regained due to the crack healing effect of MRGC.

Average Tensile Strength (MPa) at 28 Days (SD)

. . Reloading
Designation (after Crack-Healing)
Strength Artificial Cracking
Air-Cured Water-Cured
Co 3.87(0.12) 2.58 (0.15) 2.91(0.2) 3.22(0.2)
C5 4.05(0.11) 2.75(0.26) 3.12(0.23) 3.57 (0.13)
C10 4.3 (0.12) 3.02 (0.23) 3.45(0.3) 3.92 (0.24)
C15 4.6 (0.3) 3.15(0.34) 3.85(0.13) 4.32 (0.14)
C20 5.21(0.51) 3.84 (0.33) 4.38 (0.22) 5.01 (0.50)
6

m First cycle loading
m Reloading after air cured
B Relaoding after water cured

3
1
0
20

Percentage replacement of MRGC

Splitting tensile strength (MPa)

Figure 6. Splitting tensile strength regains due to the crack healing effect of MRGC.

The trend in the percentage regained in tensile strength was also similar to those of compressive
and flexural strengths. The percentage regained in the tensile strength of the five mixes, for the
air-cured and water-cured, respectively, were 75.19% and 83.20% for CO0, 77.04% and 88.15% for C5,
80.23% and 91.16% for C10, 81.74% and 93.91% for C15, and 84.07% and 96.16% for C20. The tensile
strength regained by the water-cured specimens exceeded those of air-cured specimens by 8.01%,
11.11%, 10.93%, 12.17%, and 12.09% for CO0, C5, C10, C15, and C20, respectively. The percentage
regained in flexural strength, relative to CO mix, was 1.85% for C5, 5.04% for C10, 6.55% for C15, and
8.88% for C20 mixes when cured in air and 4.94% for C5, 7.96% for C10, 10.71% for C15, and 12.96% for
C20 mixes when cured in water.

The results for the tensile strength regained conform with those of flexural and compressive
strengths in which a general strength regained was observed in all mixes. However, as in the case
of the regain in compressive and flexural strengths, the tensile strength values of the water-cured
specimens regained were higher than those of the air-cured specimens. The tensile strength regained
also increased with the increase in the content of MRGC, which could be attributed to the crack-healing
effect of MRGC due to hydration [45,46].
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3.2.4. Water Permeability

The water permeability coefficient k of the concrete specimens before cracking, after cracking,
and after the specimens were allowed to heal the induced cracks for 28 days are presented in Table 7.
A graphical demonstration of the test results is shown in Figure 7.

Table 7. Water permeability coefficient k variations due to the crack healing effect of MRGC.

Coefficient of Permeabilityk (m/s) at 28 Days (SD) (x 10~7)

Designation After Crack-Healing
Before Cracking After Cracking
Air-Cured Water-Cured
Co 0.623 (0.08) 42.500 (0.6) 5.240 (0.2) 1.250 (0.1)
G5 0.862 (0.05) 56.400 (1.52) 3.250 (0.12) 0.521 (0.08)
C10 0.572 (0.09) 38.200 (0.56) 1.200 (0.1) 0.226 (0.05)
C15 0.327 (0.09) 62.700 (1.17) 0.870 (0.05) 0.094 (0.01)
C20 0.131 (0.07) 32.900 (1.49) 0.420 (0.07) 0.048 (0.007)
Percentage replacement of MRGC
0 5 10 15 20
1.0x10° i ] I 5 U
= LO0x10°® |
8 1.0x107
;ﬂ 1.0x10% ® Before cracking m After cracking
‘_=‘ After air cured After water cured
1.0x107

Figure 7. Effect of MRGC content and curing mechanisms on water permeability coefficient k.

The permeability (k values) of the uncracked specimens as a percentage of the permeability of the
control CO were 38.36% for C5, —33.64% for C10, —42.83% for C15, and —59.94% for C20. The drop
in the permeability of the air-cured and water-cured specimens, respectively, as a percentage of the
permeability of the cracked specimens were 87.67% and 97.06% for CO, 94.24% and 99.08% for C5,
96.86% and 99.41% for C10, 98.61% and 99.85% for C15, and 98.72% and 99.85% for C20.

From the above results, it can be noted that the water permeability of the concrete specimens
decreased with the increase of MRGC content for the uncracked specimens and after the crack-healing
period. This could be attributed to an increase in the presence of extra unhydrated cement grains [45,46],
which hydrate and produce additional cement paste responsible for sealing the cracks, refine capillary
pores, and block pore connectivity that would reduce the permeability [46-49]. The results also indicate
that the water permeability coefficient could be affected by the curing mechanism. The specimens cured
in water after cracking showed a higher reduction in the values of the coefficient when compared to
those cured in air. The water permeability coefficients of the air-cured specimens were higher than those
of the reference specimens (specimens without induced cracks) for all concrete mixes. The difference in
the values of the coefficient was in the order of magnitude one for CO, C5, and C10. This could be
due to the lack of sufficient moisture in the air-cured specimens, which resulted in a limited hydration
activity that was essential for healing the cracks. On the contrary, the water permeability coefficients of
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the water cured specimens were lower than those of the reference specimens for all concrete mixes,
except for CO, by a maximum order of a magnitude of one. This indicates that the presence of sufficient
moisture helps facilitate the hydration of more unhydrated MRGC grains that could heal the cracks
and reduce permeability.

4. Conclusions

The following conclusions could be made based on the results from the experimental study on
the crack-healing effect of mill-rejected granular cement when used as a partial replacement for a
fine aggregate.

e The regain in compressive, flexural, and tensile strengths and the drop in water permeability
of concrete after specimens were allowed to heal the induced cracks indicate the occurrence of
autogenous crack-healing activities in the concrete.

e  The use of mill-rejected granular cement as a partial replacement for a fine aggregate could
enable concrete to heal its cracks autogenously. The crack-healing efficiency of concrete could
be increased by increasing the MRGC content of the concrete in the presence of sufficient water
for hydration.

e  The crack-healing effect of MRGC could be attributed to its hydration at a later age. MRGC
particles are coarser than OPC particles, which enables the former to hydrate slowly. During the
initial hydration, most of the finer OPC particles hydrate while hydration of the MRGC particles
is limited to their surface. This could preserve unhydrated cement particles that can be used by
concrete to heal cracks forming during its service life autogenously. Therefore, the use of MRGC
could help concrete autogenously heal the cracks during its lifetime due to the hydration of the
MRGC with the water entering through cracks.

e  The mechanical properties of concrete were partially recovered due to the autogenous self-healing
capability of concrete with the help of MRGC. The average regained in the mechanical properties
of the water-cured specimens was about 90% of the reference strength (first cycle strength).

e  The coefficient of permeability of concrete could be reduced by increasing the MRGC content of
concrete in the presence of sufficient moisture.

e Based on the trend of the observed results, a further increase in the percentage replacement of
MRGC for fine aggregates could improve the mechanical properties and crack-healing efficiency
of concrete. However, MRGC is cement by nature and has to be evaluated from an economic
viewpoint as well.

Author Contributions: Conceptualization, methodology, data collection and data analysis, validation, original
draft writing, and editing—F.S.A. Supervision and editing—T.T.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This material is based upon work supported by the Ministry of Science and Higher Education of the
Federal Democratic Republic of Ethiopia under Grant No. 23A742.

Acknowledgments: The authors are thankful to Texas Tech University and Jimma Institute of Technology for
their support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Meyer, C. The greening of the concrete industry. Cem. Concr. Compos. 2009, 31, 601-605. [CrossRef]
Jonkers, H.E. Development of a Bacteria-Based Self Healing Concrete. In Proceedings of the 8th FIB
Symposium, Amsterdam, The Netherlands, 18-21 May 2008.

3.  Tittelboom, V.N. Use of bacteria to repair cracks in concrete. Cem. Concr. Res. 2010, 40, 157-166. [CrossRef]

4.  Shaikh, FU.A. Effect of Cracking on Corrosion of Steel in Concrete. Int. |. Concr. Struct. Mater. 2018, 12, 3.
[CrossRef]


http://dx.doi.org/10.1016/j.cemconcomp.2008.12.010
http://dx.doi.org/10.1016/j.cemconres.2009.08.025
http://dx.doi.org/10.1186/s40069-018-0234-y

Materials 2020, 13, 840 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Sangadji, S. Can self-healing mechanism helps concrete structure sustainable? Procedia Eng. 2016, 171,
238-249. [CrossRef]

Wang, J.; Basheer, P.A.; Nanukuttan, S.V.; Bai, Y. Influence of Cracking Caused by Structural Loading on
Chloride-Induced Corrosion Process in Reinforced Concrete Elements: A Review. In Durability of Reinforced
Concrete from Composition to Protection; Springer International Publishing: Cham, Switzerland, 2015.

Bashir, J.; Aditya, I.K,; Tiwary, K.S. Bio Concrete—The Self-Healing Concrete. Indian J. Sci. Technol. 2016, 9,
1-5. [CrossRef]

Ferrara, L.; Krelani, V.; Moretti, F. Autogenous healing on the recovery of mechanical performance of High
Performance Fibre Reinforced Cementitious Composites (HPFRCCs): Part 2 e Correlation between healing
of mechanical performance and crack sealing. Cem. Concr. Compos. 2016, 73, 299-315. [CrossRef]

Chen, D. Overview of recent work on self-healing in cementitious materials. Materiales de Construccion 2014,
64, 34.

Schlangen, E.; Jonkers, H.; Qian, S.; Garcia, A. Recent advances on self healing of concrete. In Proceedings of
the 7th International Conference on Fracture Mechanics of Concrete and Concrete Structures, Jeju Island,
Korea, 23-28 May 2010.

Fischer, H. Self-repairing material systems—A dream or a reality? Nat. Sci. 2010, 2, 873-901. [CrossRef]

Li, C.V,; Yang, E.-H. Self Healing in Concrete Materials. In Self Healing Materials; Springer: Dordrecht,
The Netherlands, 2007; pp. 161-193.

Xu, ].; Wang, X. Self-healing of concrete cracks by use of bacteria-containing low alkali. Constr. Build. Mater.
2018, 167, 1-14. [CrossRef]

Zhang, J.; Liu, Y.; Feng, T.; Zhou, M.; Zhao, L.; Zhou, A ; Li, Z. Immobilizing bacteria in expanded perlite for
the crack self-healing in concrete. Constr. Build. Mater. 2017, 148, 610-617. [CrossRef]

Vijay, K.; Murmu, M.; Deo, S.V. Bacteria based self healing concrete—A review. Constr. Build. Mater. 2017,
152,1008-1014. [CrossRef]

Gupta, S.; Rathi, C.; Kapur, S. Biologically Inducedself healing concrete: A Futuristic solution for crack repair.
Int. J. Appl. Sci. Biotechnol. 2013, 1, 85-89. [CrossRef]

Seifan, M.; Sarmah, A.K.; Ebrahiminezhad, A.; Ghasemi, Y.; Samani, A K.; Berenjian, A. Bio-reinforced
self-healing concrete using magnetic iron oxide nanoparticles. Appl. Microbiol. Biotechnol. 2018, 102,
2167-2178. [CrossRef] [PubMed]

Seifan, M.; Samani, A.K.; Berenjian, A. Bioconcrete: Next generation of self-healing concrete. Appl. Microbiol.
Biotechnol 2016, 100, 2591-2602. [CrossRef] [PubMed]

Seifan, M.; Sarmah, A K.; Samani, A.K.; Ebrahiminezhad, A.; Ghasemi, Y.; Berenjian, A. Mechanical properties
of bio self-healing concrete containing immobilized bacteria with iron oxide nanoparticles. Appl. Microbiol.
Biotechnol. 2018, 102, 1189-4498. [CrossRef] [PubMed]

Seifan, M.; Samani, A.K.; Burgess, ].J.; Berenjian, A. The effectiveness of microbial crack treatment in
self-healing concrete. In High Value Processing Technologies; Berenjian, A., Jafarizadeh-Malmiri, H., Song, Y.,
Eds.; Nova Science Publishers: New York, NY, USA, 2016; pp. 97-125.

Cuenca, E.; Ferrara, L. Self-healing Capacity of Fiber Reinforced Cementitious Composites: State of the Art
and Perspectives. KSCE . Civ. Eng. 2017, 21, 2777-2789. [CrossRef]

Qian, S.; Zho, J.; de Rooij, M.R.; Schlangen, E.; Ye, G.; van Breugel, K. Self-healing behavior of strain
hardening cementitious composites incorporating local waste materials. Cem. Concr. Compos. 2009, 31,
613-621. [CrossRef]

Barbero, E.J.; Kevin, J.F. Characterization of Self-Healing Fiber-Reinforced Polymer-Matrix Composite with
Distributed Damage. |. Adv. Mater. 2007, 39, 20-27.

Nishiwaki, T.; Koda, M.; Yamada, M.; Mihashi, H.; Kikuta, T. Exprimental study of on self-healing capability
of FRCC using differnt types of synthetic fibers. J. Adv. Technol. 2012, 10, 195-206.

Jaroenratanapirom, D.; Sahamitmongkol, R. Self-Crack Closing Ability of Mortar with Different Additives.
J. Met. Mater. Miner. 2011, 21, 9-17.

Ahn, TH; Kishi, T. Crack Self-healing Behavior of Cementitious Composites Incorporating Various Mineral
Admixtures. |. Adv. Concr. Technol. 2010, 8, 171-186. [CrossRef]

Roig-Flores, M.; Pirritano, F,; 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]


http://dx.doi.org/10.1016/j.proeng.2017.01.331
http://dx.doi.org/10.17485/ijst/2015/v8i1/105252
http://dx.doi.org/10.1016/j.cemconcomp.2016.08.003
http://dx.doi.org/10.4236/ns.2010.28110
http://dx.doi.org/10.1016/j.conbuildmat.2018.02.020
http://dx.doi.org/10.1016/j.conbuildmat.2017.05.021
http://dx.doi.org/10.1016/j.conbuildmat.2017.07.040
http://dx.doi.org/10.3126/ijasbt.v1i3.8582
http://dx.doi.org/10.1007/s00253-018-8782-2
http://www.ncbi.nlm.nih.gov/pubmed/29380030
http://dx.doi.org/10.1007/s00253-016-7316-z
http://www.ncbi.nlm.nih.gov/pubmed/26825821
http://dx.doi.org/10.1007/s00253-018-8913-9
http://www.ncbi.nlm.nih.gov/pubmed/29574617
http://dx.doi.org/10.1007/s12205-017-0939-5
http://dx.doi.org/10.1016/j.cemconcomp.2009.03.003
http://dx.doi.org/10.3151/jact.8.171
http://dx.doi.org/10.1016/j.conbuildmat.2016.03.196

Materials 2020, 13, 840 15 of 15

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

RILEM. Self-Healing Phenomena in Cement-Based Materials; Springer: Dordrecht, The Netherlands, 2013.
Shima, K.B.; Toshiharu, K.; Chang-Sik, C.; Ahn, T.H. Cementitiuous materials for crack self-healing concrete.
J. Ceram. Process. Res. 2015, 16, 1-13.

Yang, Y.; Yang, E-H.; Li, V.C. Autogenous healing of engineered cementitious composites at early age.
Cem. Concr. Res. 2011, 41, 176-183. [CrossRef]

Yildirim, G.; Keskin, O.K.; Keskin, S.B.; Sahmaran, M.; Lachemi, M. A review of intrinsic self-healing capability
of engineered cementitious composites: Recovery of transport and mechanical properties. Constr. Build.
Mater. 2015, 101, 10-21. [CrossRef]

British Standard Institution. BS EN 197-1:2011—Cement. Composition, Specifications and Conformity Criteria for
Common Cements; British Standard Institution: London, UK, 2011.

British Standard Institution. BS EN 933-1 Tests for Geometrical Properties of Aggregates. Determination of Particle
Size Distribution—Sieving Method; British Standard Institution: London, UK, 2012.

British Standard Institute. BS EN 1097-3 Tests for Mechanical and Physical Properties of Aggregates. Determination
of Loose Bulkdensity and Voids; British Standard Institute: London, UK, 1998.

British Standard Institute. BS EN 1097-6:2013 Tests for Mechanical and Physical Properties of Aggregates.
In Determination of Particle Density and Water Absorption; British Standard Institute: London, UK, 2000.
British Standard Institute. BS EN 1097-8:2009 Tests for Mechanical and Physical Properties of Aggregates.
In Determination of the Polished Stone Value; British Standard Institute: London, UK, 2000.

British Standard Institution. BS EN 206:2013—Specification, Performance, Production and Conformity; British
Standard Institution: London, UK, 2013.

British Standard Institute. BS 8500-2:2015 Concrete—Complementary British Standard to BS EN 206—DPart 2:
Specification Forconstituent Materials and Concrete; British Standard Institute: London, UK, 2015.

British Standard Institute. BS 1881-125 Method for Mixing and Sampling Fresh Concrete in the Laboratory; British
Standard Institute: London, UK, 2013.

British Standard Institute. BS EN 12350-2 Testing Fresh Concrete. Slump-Test; British Standard Institute:
London, UK, 2019.

British Standard Institute. BS EN 12390-3:2019 Testing Hardened Concrete. In Compressive Strength of Test
Specimens; British Standard Institute: London UK, 2019.

British Standard Institution. BS EN 12390-6:2009—Testing Hardened Concrete. In Tensile Splitting Strength of
Test Specimens; British Standard Institution: London, UK, 2019.

British Standard Institution. BS EN 12390-5:2019—Testing Hardened Concrete. In Flexural Strength of Test
Specimens; British Standard Institution: London, UK, 2019.

British Standard Institution. BS EN 12390-8:2019—Testing Hardened Concrete. In Depth of Penetration of
Water under Pressure; British Standard Institution: London, UK, 2019.

ter Heide, N.; Schlangen, E. Self-healing of early age cracks in concrete. In Proceedings of the First
International Conference on Self-Healing Materials, Noordwijk aan Zee, The Netherlands, 18-20 April 2007.
Vitor, C.; Li, E.H. Robust self-healing concrete for sustainable infrastructure. J. Adv. Concr. Technol. Mater.
Struct. Environ. 2012, 10, 207-218.

Singh, L.P; Bisht, V.; Aswathy, M.S.; Chaurasia, L.; Gupta, S. Studies on performance enhancement of recycled
aggregate by incorporating bio and nano materials. Constr. Build. Mater. 2018, 181, 217-226. [CrossRef]
Kishi, T.; Ahn, T.; Hosoda, A.; Suzuki, S.; Takaoka, H. Self-healing behaviour by cementitious recrystallization
of cracked concrete incorporating expansive agent. In Proceedings of the 1st International Conference on
Self-Healing Materials, Noordwijk aan Zee, The Netherlands, 18-20 April 2007.

Lepech, M.D.; Li, V.C. Water permeability in engineered cementitious composites. Cem. Concr. Compos. 2009,
31, 744-753. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.cemconres.2010.11.002
http://dx.doi.org/10.1016/j.conbuildmat.2015.10.018
http://dx.doi.org/10.1016/j.conbuildmat.2018.05.248
http://dx.doi.org/10.1016/j.cemconcomp.2009.07.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Cement 
	Mill-Rejected Granular Cement (MRGC) 
	Fine Aggregate 
	Coarse Aggregate 

	Experimental Methods 
	Concrete Mixing and Specimen Details 
	Artificial Cracking 
	Crack Formation Using Compressive Stress 
	Crack Formation Using Split Tensile Stress 
	Crack Formation Using Flexural Stress 
	Evaluation of the Crack-Healing Effect of MRGC 
	Compressive Strength Test 
	Indirect Tensile Strength Test 
	Flexural Strength Test 
	Water Permeability Test 


	Results and Discussions 
	Slump Test Results 
	Strength Regains 
	Compressive Strength 
	Flexural Strength 
	Splitting Tensile Strength Recovery 
	Water Permeability 


	Conclusions 
	References

