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Abstract: Alkali-activated slag (AAS) materials are one of the most promising sustainable construction
composites. These novel materials are highly characterized by their improved mechanical and
durability properties. Nevertheless, the high shrinkage rate hinders their full-scale applications.
The low Ca/Si ratio, complex hydration process, and fine pore microstructure are the main causes
of the reported shrinkage behavior. This study introduces Bacillus subtilis culture for healing the
cracking behavior. The enzymatic action leads to precipitating calcium carbonate crystals that fill
AAS cracks and pores. Incorporating calcium oxide has been recommended in multiple studies.
The main purpose of adding calcium oxide is to enhance the engineering properties of AAS and
provide more calcium ions for the biochemical reactions induced by the added bacteria. However,
inconsistent findings about the influence of calcium oxide have been reported. This research provides
further insights into the effect of calcium oxide (CaO) on the performance of microbial self-healing
efficiency in AAS composite. The results highlight that incorporating calcium oxide as 7% of the
binder partial replacement has an impact on the engineering properties of bio-AAS materials. The
study recommends correlating the percentage of free calcium ions within the AAS mixture with the
microbial activity.

Keywords: alkali-activated slag; self-healing; microbial self-healing; bacteria; Bacillus subtilis;
calcium oxide

1. Introduction

One of the largest energy-consuming and air-polluting industries is the cement man-
ufacturing process. Twelve to 15% of the overall energy consumed in the industry is
directly related to cement production [1]. The annual cement production records 4.6 billion
tons, with anticipation of reaching 6 billion tons by the end of 2025 [2,3]. On the other
hand, the cement industry contributes to global greenhouse gas emissions by 12% [4,5].
Alkali-activated composites, or geopolymers, are introduced and recommended to replace
Ordinary Portland Cement (OPC) concrete. They are presented as an environmentally
friendly solution that proposes utilizing industrial by-products such as metallurgical slag
or fly ash. In addition, they are characterized by their distinguished performance in terms
of mechanical and durability properties [6,7]. Extensive research [8–10] has been devoted
to investigating these sustainable materials. However, a high shrinkage rate is reported in
multiple studies as one of the obstacles that hinders the full application of alkali-activated
composites. The higher shrinkage rate of alkali-activated materials is associated with the
finer pore microstructure and the complex hydration process. The percentage of mesopores
in the alkali-activated composite systems is about 74–82%, compared to 24–36% in the
OPC pastes [11,12]. Larger capillary tensile stresses are induced by finer pores, causing
shrinkage cracks. The second reason is the formation of two categories of calcium silicate
hydrates (C-S-H) gels. The higher surface area of slag leads to the formation of low-density
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C-S-H and high-density C-S-H gels. The high percentage of low-density C-S-H gels and the
reduced Ca/Si ratio in the alkali-activated systems (Ca/Si = 1.1) compared to that within
the OPC (Ca/Si = 2) explain the shrinkage behavior. The shrinkage behavior is activated
due to the continuous matrix re-arrangement that takes place at any humidity or moisture
condition change [11–15]. A promising environmental repair approach called “microbial
self-healing” has been developed and investigated for multiple engineering purposes. The
microbial repair technology has shown promising results in healing cracks, and improving
the mechanical and durability properties. The methodology of this sustainable applica-
tion is dependent on the ureolytic action of the added bacteria [5,16–18]. The enzymatic
hydrolyzation of urea increases the pH value, producing carbonate ions that form calcite
precipitate in the presence of calcium ions. The calcite crystals fill the pores and cracks,
enhancing the engineering properties [5,17,18].

Some studies have recommended incorporating calcium oxide to enhance the con-
crete’s self-healing property, as addressed in Table 1. Yildirim et al. [19] added CaO by
2.5% and 5% of the total binder to highlight the positive influence of CaO on the crack
closure. Zhang et al. [4] proposed incorporating calcium oxide in alkali-activated mixtures
by 7% of the total binder weight to provide more calcium ions that may motivate the
self-healing property of the slag. Shahen et al. [20] completely replaced the binder with
lime powder, confirming that CaO could facilitate microbe activity in the cementitious
matrix. The addition of CaO has attracted the attention of multiple scholars [11,21–28] to
adjust the Ca/Si ratio and improve the alkali-activated composite properties. However, a
contradiction has been realized regarding the influence of CaO addition on the engineering
properties of the alkali-activated materials. Table 2 indicates the scattered findings of some
studies reporting the influence of CaO on the behavior of the alkali-activated material.
Favorable evolution in mechanical properties has been reported in some cases [20]. Other
findings have confirmed the negative effect of immobilizing calcium oxide on the me-
chanical properties of alkali-activated mixtures [19]. The common behavior that has been
figured out is the decrease in flowability and the setting time with the addition of CaO. This
could be explained by the high dissolution rate of the calcium and silicon ions within the
matrix, which leads to an increase in the hydration heat. This could accelerate the hydration
process, decreasing the setting time and flowability [24,26]. The high dissolution rate is
accompanied by high medium alkalinity and a significant water consumption rate, which
may cause a deterioration in the fresh and hardened properties [21]. The influence of the
CaO addition on the mechanical property is mainly associated with the precursor type and
chemical composition, the percentage of CaO, the alkaline activator type and concentration,
and the curing conditions. Some scholars have attributed the enhancement in the mechan-
ical properties to the better breaking and dissolution of the matrix atoms, providing a
denser C-S-H gel. On the other hand, Chindaprasirt et al. explained the deterioration in the
mechanical properties by the quick setting behavior. This behavior is associated with poor
formwork that produces a destabilized C-A-S-H gel. Temuujin et al. [28] added that the
higher hydration heat could lead to water evaporation, causing high porosity and reducing
the compressive strength. This was supported by the findings of Burciaga-Díaz et al. [25]
and Temuujin et al. [28], which emphasized that applying heat curing led to a reduction in
mechanical properties due to water loss.

Based on the above discussion, the influence of CaO has not been fully clear on the
performance of AAS, in particular composites incorporating healing agents. Further studies
are required to assess the influence of calcium oxide on the microbial behavior of alkali-
activated composites. The selection of the CaO percentage was 7% of the total binder weight,
as highlighted by some studies based on its positive contribution to the development of
mechanical properties [4,11,26]. The performance of the selected bacteria, “Bacillus subtilis”,
could be explored by detecting the ability of the microbe to precipitate calcite crystals
in AAS material incorporating 7% CaO of the binder weight. This could be conducted
through an experimental investigation of the mechanical, durability, and microstructure
properties. The mechanical properties were tested in terms of compressive and flexural
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strengths. Absorption, porosity, chloride resistance, and surface electrical resistivity were
investigated to gain insights into the durability performance of the microbial AAS mortar.
Microstructure analysis was traced using a scanning electron microscope (SEM) alongside
image energy-dispersive X-ray (EDX) analyses and X-ray diffraction (XRD).

Table 1. The influence of CaO on the self-healing mechanisms.

Precursor % of CaO
Self-

Healing
Mechanism

Healing Agent Influence References

Blended cement-fly ash 2.5 and 5 Autogenous Polyvinyl alcohol (PVA) Enhanced the closure of crack openings [19]
Slag 7 Autogenous PVA Improved crack self-healing ability [4]
CaO 100 Autonomous Bacillus subtilis Preserved the survival of Bacillus subtilis [20]

Table 2. The influence of CaO on the fresh and hardened properties of alkali-activated composites.

Precursor % of CaO Activator Curing
Condition

Mechanical
Properties Flowability Setting

Time References

Slag 2.5, 5, and 10 NaOH and Na2SiO3 Room ↑ ↓ ↓ [21]
Slag 15 NaOH and Na2SiO3 Room ↓ - - [21]
Slag 7 Ca(OH)2 Room ↑ ↑ [11]
Slag 10 Ca(OH)2 Room ↓ ↓ ↓ [11]
Slag 5, 10, and 15 NaOH and Na2SiO3 Room ↓ - - [22]
Slag 2.5 and 5 Na2CO3 - ↑ ↓ ↓ [23]
Slag 1–3 KOH and K2SiO3 20 ◦C ↑ - ↓ [24]
Slag 6 CaO as sole activator 20 ◦C ↓ - - [25]
Slag 6 CaO as sole activator 60 ◦C ↓ - - [25]

Flyash 2.5, 5, and 7 NaOH and Na2SiO3 Room ↑ ↓ ↓ [26]
Flyash 5, 10, and 15 NaOH and Na2SiO3 Room ↓ - - [27]
Flyash 1, 3, and 5 NaOH and Na2SiO3 20 ◦C ↑ - ↓ [28]
Flyash 1, 3, and 5 NaOH and Na2SiO3 70 ◦C for 24 h ↓ - ↓ [28]

↓ decrease. ↑ increase.

2. Experimental Program
2.1. Materials

Ground granulated slag was used as an AAS precursor. The chemical composition of
slag was identified by utilizing X-ray fluorescence, as presented in Table 3. The finesses
and the specific gravity of slag were 4088 cm2/g and 2.80, respectively. Sodium hydroxide
(NaOH) flakes and sodium meta-silicate (Na2SiO3) were used to activate the AAS precursor.
A NaOH solution was prepared 24 h before AAS mixing by adopting 37.2% sodium
hydroxide flakes and 62.5% water (480 gm of NaOH was dissolved in 1 L of water to
provide a solution with a molarity of 12). The Na2SiO3 solution was composed of 27%
sodium oxide, 30.01% silicon oxide, and 59.72% water. Calcium oxide was added in the
form of powder with a percentage of 7% of the binder weight.

Table 3. Chemical composition of slag.

Oxides %

SiO2 35.40
CaO 36.87

Al2O3 17.40
MgO 6.83
MnO 0.26
Fe2O3 1.4
MnO 0.35
TiO2 0.11

S 0.24
L.O.I 0.50

Bacillus species are classified as alkaliphile microbes. Alkaliphile species are capable
of survival in harsh surroundings with high alkaline levels. The strains (Figure 1) were
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prepared in a medium composed of 1% tryptone, 0.5% yeast extract, 1% NaCl, and 1.5%
agar at 4 ◦C. Glassware and instrument sterilization was a crucial phase for preventing
any contamination. For cell concentration preparation, a spectrophotometer was used to
determine the optical bacteria density to develop a cell concentration of 105 cells/mL. The
determinacy of subtilis absorbance was performed by a qualitative procedure involving the
changes in OD600 (optical density measurement at 600 nm) of spore suspensions during
germination. The solution of the bacteria was monitored every 24 h to obtain the OD600.
After 48 h, the bacteria culture showed a 0.65 optical density that reached 1.1 OD600. At
elevated pH (10.5), the growth profile of Bacillus subtilis was the fastest, indicating the best
alkali-resistant behavior. To convert the optical density into CFU/mL, sub-culturing of a
pure bacterial strain into young exponential cells is performed.
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Figure 1. Bacillus subtilis culture.

OD and CFU/mL are measured, and repeated measurements are performed until
obtaining 0.1 OD and the corresponding CFU/mL. A linearized standard curve was plotted
for conversion. The characteristics of pure culture for Bacillus subtilis are given in Table 4.

Table 4. Bacillus subtilis pure culture characteristics.

Characteristics of Bacillus subtilis Value

Growth medium 3
Incubation time 24 h

Subculture 30 days
Gram stain Positive

shape Rod
Oxygen demand Facultative

2.2. AAS Mortar Manufacture

Alkaline solution blending was the first step in AAS manufacture. After blending the
solutions, a certain water content was added according to the design steps. The design
procedure was conducted by solving the equations of concrete absolute volume along
with the equations of alkali dosage (Na2O%), modulus silicates (Ms), and liquid-to-binder
ratio (L/b) simultaneously (Equations (1)–(4)) [29]. The ratio of slag to fine aggregate was
kept at 1:3 based on the recommendations of the Egyptian Code of Practice (ECP 203) [30].
During the AAS mixing, solid constituents, including slag, calcium oxide powder, and
fine aggregate, were perfectly mixed in a 5-L capacity Hobart mixer for 3 min (Figure 2a).
After that, the liquid solutions were carefully added to the solid mixture for a further
2 min. For the microbial-induced AAS mixtures, Bacillus subtilis culture at a concentration
of 105 cells/mL was gently added to the AAS mix in the form of the calculated water
content as per volume. The mixing process continued for 2 min. Before the mixing process,
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metallic molds were oiled and prepared for mortar pouring. Demoulding took place after
24 h of the AAS manufacturing process. A water curing regime at room temperature
(21 ◦C ± 2) was applied for AAS specimens incorporating microbes for 7 and 28 days to
provide an adequate environment for the microbes’ survival (Figure 2b). To assess the
bacteria’s efficiency in healing cracks, the pre-cracking phase was considered for some
specimens. Pre-cracking was carried out by subjecting AAS specimens to a compression
load of 85% of their ultimate load capacities. For evaluating the crack healing progress,
photo documentation was performed before and after subjecting the specimens to water
curing to motivate the healing process.

Slag
SGslag

+
Na2SiO3

SGNa2SiO3

+
NaOH

SGNaOH
+

H2O
SGH2O

= 1000 L − CA
SGCA

− FA
SGFA

(1)

where slag is the weight of slag content in kg, SGX indicates the specific gravity of the
corresponding material, x, Na2SiO3 shows the weight of sodium silicates in kg, NaOH is
the weight of sodium hydroxide in kg, H2O represents the weight of water in kg, CA is the
coarse aggregates weight in kg, and FA shows fine aggregates weight in kg.

Na2O% =
Na2O% in NaOH + Na2O% in Na2SiO3

Mass of slag
(2)

Ms =
SiO2% in Na2SiO3

Na2O% in Na2SiO3 + Na2O in NaOH
(3)

L/S =
Water in all solutions

Slag + Na2O% solids + SiO2 solids
(4)

where Na2O% in NaOH and Na2O% in Na2SiO3 are the percentages of sodium oxide solids
in the sodium hydroxide and sodium metasilicate solutions, respectively, SiO2% in Na2SiO3
represents the percentage of silicon oxide solids in the sodium metasilicate solution.
Water in all solutions indicates the percentage of water in the mixture.
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To capture the influence of adding calcium oxide to the bio-AAS composites, three
mixtures were adopted. The first mixture was the control AAS mix “C” without any bacteria
or calcium oxide addition. The second category of mixes was the AAS mix with bacteria
incorporation “C5”. C5 indicates the bacteria concentration, which was 105 cells/mL. The
final category of AAS mix included bacteria and the 7% calcium oxide addition “Ca-5”. Ca-5
refers to including 7% calcium oxide along with incorporating bacteria with a concentration
of 105 cells/mL. Table 5 illustrates the adopted AAS mixes in this study.
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Table 5. AAS mixes proportions.

Mix ID Slag
kg/m3

NaOH
kg/m3

Na2SiO3
kg/m3

H2O
kg/m3 Na2O% Ms

Ratio
L/B

Ratio

Bacteria
Concentration

Cells/mL

CaO
kg/m3

C 387.40 60.45 82.81 81.61 8% 0.8 0.38 - -
C5 387.40 60.45 82.81 81.61 8% 0.8 0.38 105 -

Ca-5 359.60 60.45 82.81 81.61 8% 0.8 0.38 105 27.80 (7%)

2.3. The Assessment Technique
2.3.1. Mechanical Property Testing

The mechanical properties were tested to assess the influence of incorporating CaO
on the ability of Bacillus subtilis to precipitate calcium carbonate. Mechanical property
evaluation, in particular compressive and flexural strength tests, was conducted on all AAS
specimens after 7 and 28 days through the universal testing machine of capacity 2000 KN.
Mortar cubes of 40 mm have been tested under compression at a pacing rate of 240 kg/m3

per minute according to the specifications of ASTM C109 [31] and ECP 203 [30]. Prisms of
40 × 40 × 160 mm were subjected to a three-point loading flexural test at the specified ages
as per ASTM C348 [32] and ECP 203 [30]. Specimens were symmetrically placed between
the two roller supports to have a center-to-center span length of 100 mm. The loading cell
roller was placed in the midspan for applying the load at equal spaces from both supports.
The rate of the applied load was about 50 N/s. The average of three separate specimens
from each mixture and testing age were evaluated.

2.3.2. Durability Property Testing

The durability properties, including water absorption, porosity, chloride attack resis-
tance, and surface electrical resistivity, were evaluated to check the effectiveness of bacteria
in precipitating calcite crystals in the AAS specimens’ pores. Specimens adopted for durabil-
ity testing are cylindrical discs of 100 mm diameter and 50 mm thickness. Water absorption
and porosity tests were performed according to ASTM C-642 [33]. All observations were
taken in triplicate.

To assess the AAS mixtures, the Rapid Chloride Permeability Test (RCPT) was carried
out on 28-day-old specimens following the specifications of ASTM C1202 [34] and AASHTO
T277 [35]. The first specimens were placed in a vacuum desiccator. The vacuum pump was
operated until the pressure reached less than 6650 Pa and was maintained for 3 h. After
that, the funnel was filled with de-aerated water. Specimens were preserved underwater in
an RCPT cell (without allowing air access) for 182 h. The rapid chloride permeability test
started by applying a potential of 60 V across a circular disc of 100 mm diameter × 50 mm
depth. The edges of all specimens were epoxy-coated. One end of the sample was immersed
in sodium chloride (3% NaCl). The other side was placed in sodium. hydroxide (0.3 M). A
direct current was applied across the two sides, as highlighted in Figure 3a. The current
passing through the specimen was recorded at a time interval of one minute for six hours,
and the total charge in Coulombs was automatically computed. Based on the total charges
passed, the chloride resistance was classified.

Surface electrical resistivity was determined by applying the four probe Wenner
electrodes, as shown in Figure 3b. The electrical resistivity test was adopted by using the
nondestructive “respond concrete resistivity meter”. The Wenner electrodes were localized
in an equal-spaced straight line. The external electrodes emitted an alternating current (AC)
into the specimen, while the inner ones determined the electric potential produced. The
specimens should have a 100% saturated surface and be dry during the testing for reliable
electrical resistivity measurements. The resistivity was determined in kilohms-centimeters
(kΩ-cm). As per AASHTO T358-15 [36], the surface resistivity could give a good indication
of chloride ion penetration. Three cylindrical specimens with a 100 mm diameter and
200 mm length for each mix are recommended by AASTO T358-15 [36].
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2.3.3. Microstructural Analysis

To capture the healing progress of the AAS specimens and check the ability of microbes
to precipitate calcite crystals, scanning electron microscopy (SEM) was applied. Crushed
powder specimens were scanned in an electron microscope equipped with an energy-
dispersive X-ray analysis (EDX) detector. To explore the produced chemical compounds,
such as hydration products and calcium carbonate precipitation, an X-ray diffraction test
(XRD) was performed.

3. Results and Analysis
3.1. Mechanical Properties

Incorporating calcium oxide was proposed by previous researchers [4,37] to provide a
highly alkaline environment that promoted the formation of C-S-H. Furthermore, it was
expected that increasing the calcium ions in the matrix would enhance the biochemical
reactions of the added bacteria, resulting in high calcium carbonate precipitation. The
fact is that incorporating calcium hydroxide in the AAS mix had a negative influence on
the compressive strength of the AAS mortar. A reduction in the compressive strength of
50.7% and 46.5% was observed after 7 and 28 days of curing, respectively, as presented
in Figure 4a. These results are consistent with the findings of Lee et al. [38], who tested
the influence of calcium oxide on the behavior of alkali-activated concrete composed of
various binders. The concrete binder with the highest CaO (6.1% of its raw constituents)
recorded the shortest setting time when calcium oxide was incorporated into the alkali-
activated mixture. The final setting time significantly decreased as the molarity of the
activator solution increased. Hence, insufficient time was available for the solid dissolution
of the composites, including CaO. Subsequently, a remarkable reduction was recorded for
the 7-day compressive strength. The addition of lime causes an instant precipitation of
metal hydroxide that consumes more localized hydroxyl ions. Therefore, a sudden drop
was marked in the pH level, triggering the chemical reactions and the polymerization
process. If these conditions occur at a saturated level of silicate concentration, rapid silicate
gelation will take place, producing larger particles with less surface energy [39,40]. This
was confirmed by another study conducted by Seo et al. [22] that reported a reduction of
66% in the compressive strength after adding lime to AAS systems. It is worth noting that
the speed of gel formation mainly depends on the nature of the added solids, activator
compositions, and the species of dissolved ions [38,41].
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The influence of incorporating bacteria was not significant for this type of mixture
composition. The negative effect of incorporating calcium oxide was more pronounced
when compared with the microbial influence. One of the important steps required for
microbiological enzymatic ureolysis is the production of hydroxide ions. Hydroxide ions
increase the pH level, which adjusts the overall equilibrium for precipitating calcium
carbonate, as explained in the following Equations (5)–(11) [5]. Nevertheless, upon adding
lime to the composite, most of the hydroxyl ions were consumed by calcium ions, disrupting
the biochemical reaction series and reducing the microbial activity.

1. Hydrolyzing urea to produce carbonate and ammonia in the presence of urease, followed
by a series of biological reactions to produce bicarbonate and hydroxide ions.

CO(NH2)2 + H2O → NH2COOH + NH3 (5)

NH2COOH + H2O → NH3 + H2CO3 (6)

H2CO3 ↔ HCO3− + H+ (7)

2NH3 + 2H2O ↔ 2NH4
+ + 2OH− (8)

2. Hydroxide ions elevate the pH value, promoting the formation of carbonate ions.

HCO3− + H+ + 2NH4
+ + 2OH− ↔ CO2−

3 + 2NH4
+ + 2H2O (9)

3. An attraction force takes place between the positively charged calcium ions (Ca2+)
and the negatively charged carbonate ions (CO2−

3 ), precipitating calcium carbonate
(CaCO3) at the cell surface.

Ca2+ + Cell → Cell-Ca2+ (10)

Cell-Ca2+ → Cell-CaCO3↓ (11)

Flexural strength behavior has a similar trend to compressive strength when cal-
cium oxide is incorporated as a partial replacement (7%) of slag. A drop of 21.6% was
observed in the value of 28-day flexural strength (4.86 MPa) concerning the control mix,
as shown in Figure 4b. This is related to the increased amount of total shrinkage with
time as a result of the increase in autogenous shrinkage, which imposes several pore
structures inside the matrix. A study carried out by He et al. [39] and Fang et al. [40] on
adding lime to an AAS composite activated by water glass demonstrated that the mag-
nitude of autogenous shrinkage is directly affected by the percentage of the added lime
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(see Figure 4 in [39] and Figure 6 in [40]). Autogenous shrinkage mainly appeared in the
fresh state due to chemical shrinkage, which denoted the high reactivity and accelerated
setting time of the mixture. Thus, the behavior of the composites varies in the hardened
state, where the continuous rearrangement of the AAS matrix induces extra-autogenous
shrinkage [42,43]. The remarkable decrease in the flexural strength upon adding CaO to
the microbial AAS mix (from 9.65 MPa for C5 to 4.9 for Ca-5), as clear in Figure 4b, showed
the possibility of introducing more CaO that helped in reacting with the water glass and
inducing more autogenous shrinkage and pores at an early stage. Furthermore, the rapid
setting time caused by the excessive amount of calcium led to a quick hydration process
and fluidity loss that resulted in defects in the composite. Hexagonal portlandite crystals
are formed immediately by incorporating lime into the mixture. The interface and the
layered surface of the produced plate crystals are the main factors for the poorly developed
mechanical properties [41]. This is explained clearly in Sections 3.3 and 3.4 when studying
the microstructural behavior of a matrix.

3.2. Durability Properties
3.2.1. Water Absorption and Porosity

The reduction in the mechanical properties of C5 upon the addition of calcium oxide
is explained by observing the results of water absorption and porosity tests, as illustrated
in Figure 5a,b. Incorporating calcium oxide in C5 resulted in an increase in absorption and
porosity of 54.9% and 26.2%, respectively. The high alkali content within the composite
matrix had a substantial influence on accelerating the slag chemical bonds. At the same
time, incorporating CaO increased the concentration of Ca2+ in the matrix. Therefore,
the excessive amount of silicon and calcium led to the rapid formation of the silicate gel,
producing larger particles [22,39–41]. Hence, the overlapping among the formed, large
particles created larger spaces within the AAS composite. The presence of these voids
was reflected in the water absorption and porosity tests. However, the increased values
of water absorption and porosity were still lower than those exhibited by the control mix.
This was linked to the microbial effect of partially filling the existing pores and generating
new spaces, reducing the negative effect of the added calcium oxide.
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3.2.2. Rapid Chloride Permeability Test (RCPT)

It is important to highlight the factors influencing the results of the RCPT. RCPT is
significantly affected by the microstructural properties of the concrete matrix in terms
of pore structure, pore solution, chloride binding capacity, and phase evolution [13,44].
Pore distribution, pore continuity, and pore size have a pivotal role in transporting chlo-
ride ions. For instance, a smaller pore-size matrix is known to have higher chloride
resistance [13,45]. The typical value of the pH level of AAS is 13.6, which is similar to that
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of the OPC systems (13.28). Nevertheless, the pore solution of AAS completely differs from
the OPC solution due to the excessive presence of Na+, OH−, and HS−. The presence of
high OH− along with a constant pH value enhances the stability and formation of C-A-S-H,
reducing the Cl−/OH− ratio [44,45]. This reduced Cl−/OH− ratio improves the chloride
resistance. However, it is worth mentioning that the high availability of mobile ions could
reflect incorrect chloride resistance results due to the increase in charge conductivity. AAS
systems have been reported to have lower binding chloride capacity, which was confirmed
by the absence of chloro-aluminates (reaction between Cl− and C3A) in the XRD [46,47].
Based on the aforementioned factors, the automatic stoppage of the RCPT when applied
to AAS mixtures could be explained. The increase in the ionic concentration by chloride
penetration increases the mobility of the available free ions such as Na+, OH−, and HS−,
reflecting false results about the passage of high electric charges.

The presence of calcium oxide in the bio-AAS specimens prolonged the testing time
and increased the specimen resistance, as described in Table 6. The increase in the resistance
time of Ca-5 compared to the mix incorporating bacteria only was mainly associated with
the leaching and dissolving of more Ca2+ ions. Various reactions took place in the Ca-5
mixtures, consuming the mobile ions that might possess conductivity through the capillary
pore structures of the AAS matrix. One of these reactions was the formation of hexagonal
portlandite crystals [41]. In addition, anorthoclase (Na, K)(SiAlO5) and albite (NaAlSi3O8)
were detected in the XRD, as illustrated in Section 3.3. One more important reaction was
the biomineralization reaction that occurred due to the enzymatic ureolysis effect of Bacillus
subtilis [5]. Hence, the intensity of the mobile ions concerning C5 was reduced due to the
reactions performed in the presence of Ca2+ ions. This finding is well supported by the
results reported by Zhang et al. [4] about observing high electrical conductivity in RCPT
testing of specimens incorporating lime. The increase in porosity in C and C-5 confronted
the behavior postulated here, as the existence of high porosity allows the existence of alkali
ions as Na+ ions, which conduct electricity easily. Similarly, in Ca-5, however, some of these
pores were plugged by the formation of calcium carbonate or more calcite.

Table 6. RCPT results of mixtures C, C5, and Ca-5.

t (min) 0 30 60 90 120 150 180 210 240 270

C
Q (C) 260 919 1908 3253 -
I (A) 260 386 601 621

C-5
Q (C) 124 443 777 1080 -
I (A) 138 177 185 168

Ca-5
Q (C) 112 408 743 1122 1529 1970 2452 2970 3531 -
I (A) 125 164 186 210 226 245 267 288 311

Q: charges passed (Coulombs). I: current (amperes at “t” minutes after voltage started).

3.2.3. Surface Resistivity Test

The measured electrical resistivity could be directly correlated to the quality of concrete
and its durability properties. The passage of the current is dependent on the concrete pores
and their connectivity; the more well-connected pores exist, the more space and a better
path for ion penetration. The average surface resistivity values measured were 122.2 kΩ-cm,
157.0 kΩ-cm, and 138.5 kΩ-cm for C, C5, and Ca-5, respectively (Figure 6). There is a clear
consistency between the resistivity response results and the porosity behavior. Based on
the specifications of AASHTO T358-15 that relate the resistivity results to chloride ion
penetration, all the specimens showed very low chloride penetration. These results are
more convenient with the nature of AAS systems, which are known for their high chloride
attack resistance. The deviation between the results between the surface resistivity test
and the RCPT could be attributed to heat generation during the RCPT and the associated
high pore solution concentration that disrupts the process of measuring the actual chloride
resistance in AAS systems.
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3.3. XRD

Figure 7 indicates the formation of calcite within C5 and Ca-5, confirming the occur-
rence of the microbiological reactions within the AAS matrix. Calcium silicate hydrates
(C-S-H) appeared to be more dominant in Ca-5 when compared to calcium aluminate
silicate hydrates (C-A-S-H). The high leaching rate of Ca2+ ions in the AAS mix enhanced
the formation of the hydration product C-S-H. Feldspar (KAlSi3O8) and relevant families,
like anorthoclase (Na, K)(SiAlO5) and albite (NaAlSi3O8), were recognized in the XRD
profile of Ca-5, which was not seen in the other AAS mixes. Ca2+ ions were highly detected
in the formation of C-S-H and CaCO3, which linked the Feldspar together. Moreover,
reactions took place between the other available ions, such as calcium, sodium, silicon,
aluminum, oxygen, and potassium, forming an anorthoclase compound [48]. Since the
formation of C-S-H became more dominant in this mix, the production of portlandite and
calcite could be expected to link the feldspar together. Both of them are brittle and weak
compounds that could be easily broken. Nevertheless, feldspar has a higher strength than
calcite. Linking feldspar with calcite (CaCO3) bicarbonate would weaken the resistance
against flexural and bending loading. Thus, the decrease in the mechanical properties of
Ca-5 could be associated with the formation of portlandite, which provided more spaces
for crack propagation due to its large crystalline structure [48].
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3.4. Microstructure Analysis

Multiple small particles were observed in the SEM of Ca-5 (Figure 8c). The shrinkage-
induced cracks presented in the control mix seemed to be healed by dense-structure
micro-crystals (Figure 8). The spectrum analysis of the EDX shows an abundant amount
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of carbon content alongside the high content of calcium and oxygen, demonstrating the
formation of a higher amount of calcium carbonate as well as confirming the microbial
influence of Bacillus subtilis. Although the formed crystals filled the induced cracks, the
overlap of the crystalline-formed structure appeared to have multiple voids within the
matrix. The appearance of these weak points could cause a reduction in the developed
strength and composite stiffness. The same results were reported by Nguyễn et al. [49] for
AAS mixtures activated with calcium hydroxide. The detection of portlandite could be
recognized within the microstructure. The carbon dioxide might be released during the
curing process and react chemically with the produced portlandite to form calcite; however,
the rapid setting time of Ca-5 might hinder this reaction from continuing [50]. The decrease
in compressive strength with the increase in porosity becomes more convenient with the
results presented by the microstructure of the AAS matrix.
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3.5. Visualization of Surface Crack Healing

Although incorporating calcium oxide in the bio-AAS mixture led to a decrease in
the mechanical properties, the treated Ca-5 specimens presented a good potential for
crack width reduction and pore healing. The surface improvement included pore and crack
healing, as illustrated in Figure 9. The results of the XRD confirmed the formation of calcium
carbonate, which in turn reduced the water absorption and porosity when compared to the
reference mixture. These findings are consistent with a previous study [4] on adding calcium
carbonate to the AAS composite incorporating Bacillus pasteurii. The results highlighted
the formation of calcium carbonate, which enhanced healing performance. However, a
decrease in mechanical properties was mentioned due to the aforementioned reasons.
However, the influence of bacteria on healing the cracks was much more substantial in the
microbial AAS mix without calcium oxide.
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Figure 10 represents the crack width measured before and after implying the bacteria.
The urealytic reaction of incorporating microbes into the AAS environment succeeded
in precipitating calcite crystals within the crack’s mouth. The formation of calcite could
result in reducing the existing crack width from 1 mm to 0.3 mm in C5 specimens. Despite
the severe Ca-5 matrix environment, Bacillus subtilis could proceed with the self-healing
mechanism and fill in the crack width to achieve a maximum crack healing of about 80%.
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4. Conclusions

This study assessed the influence of calcium oxide on the ureolytic action of Bacillus
subtilis within the AAS matrix. The assessment approach included mechanical property
testing (compressive and flexural strengths), durability testing (water absorption, porosity,
chloride resistance, and electric resistivity), and microstructural investigations through
SEM, EDX, and XRD.

• The experimental evaluation indicated a deterioration in the mechanical properties
of bio-AAS composites with calcium oxide incorporation, where a substantial drop
(21.6%) in the mechanical properties was reported.

• Calcium oxide addition increased the free calcium ions that motivated the rapid
formation of metal hydroxides. Metal hydroxide formation led to a reduction in the
localized hydroxyl ions, disrupting the corresponding microbiological reactions of
Bacillus subtilis.

• The presence of high silicate concentrations within these conditions resulted in instant
silicate gelation with larger particle sizes. The overlapping between these larger
particles created wider spaces, increasing the porosity of the composite.

• RCPT did not demonstrate the real chloride resistance of AAS mixtures because of the
availability of mobile ions such as Na+, OH−, and HS− in addition to the Cl− mobility.
Incorporating CaO increased calcium ions that reacted with some of these available
ions, reducing the passing charges and improving the RCPT results.

• The surface electrical resistivity proved the good chloride resistance of the AAS mix-
tures based on the classification of AASHTO T358-15.

• The results of the microstructure analysis highly illustrated the results observed during
the mechanical and durability properties tests. However, CaO addition requires
more investigation in the presence of microbial bacteria to determine the required
concentration of calcium ions for optimum microbial efficiency.
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