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*e concrete/mortar durability performance depends mainly on the environmental conditions, the microstructures, and its
chemistry. Cement structures are subject to deterioration by the ingress of aggressive media.*is study focused on the effects of
Bacillus megaterium and Lysinibacillus sphaericus on flexural strength and chloride ingress in mortar prisms. Microbial
solutions with a concentration of 1.0×107 cells/ml were mixed with ordinary Portland cement (OPC 42.5 N) to make mortar
prisms at a water/cement ratio of 0.5. Four mortar categories were obtained from each bacterium based on mix and curing
solution. Mortar prisms of 160mm × 40mm× 40mmwere used in this study. Flexural strength across all mortar categories was
determined at the 14th, 28th, and 56th day of curing. Mortars prepared and cured using bacterial solution across all curing ages
exhibited the highest flexural strength as well as the highest percent flexural strength gain. Lysinibacillus sphaericus mortars
across all mortar categories showed higher flexural strength and percent flexural strength gain than Bacillus megaterium
mortars. *e highest percent flexural strength gain of 33.3% and 37.0% was exhibited by the 28th and 56th day of curing,
respectively. *e mortars were subjected to laboratory prepared 3.5% by mass of sodium chloride solution under the
accelerated ion migration test method for thirty-six hours using a 12V Direct Current power source after their 28th day of
curing. After subjecting the mortar cubes to Cl media, their core powder was analyzed for Cl content. From these results, the
apparent diffusion coefficient, Dapp, was approximated from solutions to Fick’s 2nd Law using the error function. Bacillus
megaterium mortars across all mortar categories showed lower apparent diffusion coefficient values with the lowest being
2.6456 ×10–10 while the highest value for Lysinibacillus sphaericusmortars was 2.8005×10–10. Both of the test bacteria lowered
the ordinary Portland cement Cl-ingress but Bacillus megateriumwas significantly more effective than Lysinibacillus sphaericus
in inhibition.

1. Introduction

*e durability of concrete/mortar is related to the charac-
teristics of its pore structure [1]. Furthermore, permeability
of concrete/mortar is dependent on the porosity and the
connectivity of the pores [2, 3]. *e degradation mecha-
nisms often depend on the way potentially aggressive
substances can penetrate the cement-based material,

possibly causing damage [4]. *e more open the pore
structure and connectivity of the pores, the more vulnerable
it is to degradation caused by penetrating substances [5, 6].

One of the predominant causes of the corrosion of steel
in cement-based structures is chloride attack [7–9]. Chloride
ions may be present in a cementitious material either as a
result of aggressive ions ingress or incorporation of the
aggressive ions during concrete/mortar preparation.
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Chloride ions may also penetrate from external sources such
as seawater or deicing salts. In the marine environment, the
ingress of chloride is the most important problem [10, 11].

Chloride is bound if it has reacted with cement and is
free if it is available in pore solution [10]. Several chemical
interactions between chloride and the cement constituents
do affect the chloride penetration into the concrete/mortar
bulk [5, 12].*e chemical reactions of chlorides with cement
paste start with calcium hydroxide and calcium aluminate
hydrate, depending on the cations in solution [13].

Chloride ingress in cement-based materials is mainly
through capillary absorption, permeation, and diffusion
[14]. However, it may also occur through a multiple of the
aforementioned mechanisms. Diffusion is the most preva-
lent process [15]. *e ingress of chlorides/sulphates due to
the various transport mechanisms obeys different laws [16].
Fick’s second law of diffusion is commonly applied to
quantify the aggressive ion ingress due to the multiple
transport phenomena.

Chlorides react with C3A and the C4AF present in Portland
cement to produce Friedel’s salt, Ca6Al2O6·CaCl2·10H2O, or
calcium chloroferrite, Ca6Fe2O6·CaCl2·10H2O, respectively
[5, 14]. No deleterious effect is associated with these
products. *e reaction between the C3A phase and free
chlorides in hydrated cement leads to a reduction of Cl−
from the pore solution [17]. *is lowers the risk of rebar
corrosion [18]. Solutions with high concentrations of
CaCl2 or MgCl2 may cause chemical attack which may
lead to a drop in pore water pH and disruption of the
cement matrix [19]. *is is due to the consumption of the
sparingly soluble Ca(OH)2. MgCl2 reacts with portlandite
as shown in

MgCl2(aq) + Ca(OH)2(s) + 2H2O(l)⟶ CaCl2 · 2H2O(aq)

+ Mg(OH)2(s)
(1)

Biocementation in OPC lowers chloride ingress and
permeability into the cement matrix [20]. *is is due to the
refinement of the pore structure [5]. Chloride ions penetrate
a pore system and form chloride salts which may crystallize
within the pores inducing internal cracks [21]. *e cracks
affect the mechanical and durability properties of concrete/
mortar [20, 22, 23].

*e high alkalinity of the concrete/mortar introduced
during the bacteria MICP prevents the breakup of the
passive film [25, 24]. Its carbonation accompanied by the
presence of chloride ions lowers the alkalinity of pore water.
Rasheeduzafar et al. [18], Dousti et al. [21], and Rao and
Meena [26] observed the amount of free chloride decrease
with increasing C3A and the amount of bound chloride
decreased with increasing OH-concentration from the ce-
ment. Given this, the high corrosion of rebars exposed to
chloride media can be assumed to be due to the low alka-
linity of pore solution [21, 22, 27].

OPC based structures are well known for achieving high
early compressive and flexural strength due to large content
and early hydration of C3S [15, 28, 29]. Despite the various
OPC concrete/mortar advantages, it has a more open pore

structure than blended cement structures [3, 15, 30]. OPC-
made structures also have a high tendency to form cracks
during and after curing allowing aggressive substances to
penetrate the structure. Permeability or cracks are one of the
main causes of deterioration of these structures and decrease
in durability. Treatment of cracks and pores are generally
divided into passive and active treatments. Passive treat-
ments can only heal the surface cracks, while active treat-
ments can heal both interior and exterior cracks [22, 25].

Microbial concrete/mortar biologically produce calcium
carbonate (limestone) to seal pores that appear within its
matrix or seal/repair cracks that appear on the structure’s
surface [25, 31].*esemicrobial deposits could also establish
nucleation sites that enhance the early cement hydration
process leading to improved compressive and flexural
strengths. Microbial precipitation of calcium carbonate
mainly occurs by hydrolyzing urea. Urea hydrolysis is a
chemical reaction in which urea reacts with water and
produces ionic products as shown in the following equation:

CO NH2( 􏼁2 + 2H2O Urease
⟶

CO3
2−

+ NH4
1+

(2)

When this reaction occurs in the presence of Ca2+,
CaCO3 (solid) is formed as shown in the following equation:

Ca2+
+ CO3

2− ⟶ CaCO3 (3)

When this reaction occurs inside a cementitious porous
material, after settling, it produces sediment, a coating, and a
bridge is formed sequentially around and between the
particles and increases interparticle linkage [31].

Specific types of the bacteria genus such as Bacillus along
with a calcium-based nutrient, such as calcium lactate, or
calcium nitrate could be added to the ingredients of the
concrete/mortar when it is being mixed [21]. *e soluble
calcium-containing nutrient is converted to insoluble cal-
cium carbonate [22, 32]. *e calcium carbonate solidifies on
the cracked surface, thereby sealing it up.

*e densification of cementitious material due to mi-
crobial reaction is important in reducing the permeability of
aggressive ions.*is paper reports on findings of the flexural
strength gain of MICP-containing Kenyan-made OPC and
lowered diffusivity of chloride in such laboratory-made
mortars.

2. Materials and Methods

2.1. Cement Chemical Analysis. In this study, the ordinary
Portland cement (OPC 42.5N), KS EAS 18-1:2017 [33], and
standard sand, ISO 679:1989 [34], were used. Flexural
strength tests were carried out in accordance to ASTMC293:
1990 [35]. 100 g sample of the test cement sample was
prepared and analyzed in the usual manner following KS
EAS 18-1:2017 [33]. Loss on ignition was done following
ASTM D7348: 2013 [37]. *e results are given in Table 1.

Using Bogues formula [36], the average phase compo-
sition for the test OPC is 65.115± 0.854%, 14.485± 0.913%,
3.899± 0.013%, and 10.355± 0.018% for C3S, C2S, C3A, and
C4AF, respectively.
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2.2. Microbial Culturing Nutrients. Analytical grade chem-
icals were used in the preparation of the culture media.
Calcium lactate, C6H10O6Ca, peptone from casein and other
animal proteins, meat extract, agar, sodium hydrogen car-
bonate (NaHCO3), anhydrous sodium carbonate (Na2CO3),
and distilled water among other nutrients were purchased
from Chem-Labs Limited, Nairobi, Kenya. Lysinibacillus
sphaericus bacteria (DSM 28) and Bacillus megaterium
(DSM 32) were purchased from Leibniz-Institut DSMZ-
Deutsche Sammlung von, Germany.

2.2.1. Lysinibacillus sphaericus Microbial Culturing. *e
Lysinibacillus sphaericus microbial solution was cultured
using nutrients as per the supplier manual. *e liquid
medium chosen for culturing the bacteria consisted of 5.00 g
of peptone added to 3.00 g of meat extract and 3.95 g of
calcium acetate per liter of distilled water was mixed to
obtain liquid medium per stock culture. Initially, this
mixture was sterilized for 20 minutes at a temperature of
121°C by autoclaving. *is mixture was then cooled to room
temperature. After cooling, a 1M Na-sesquicarbonate so-
lution (1.0ml in 10.0ml) prepared by mixing 4.2 g NaHCO3
with 5.3 g anhydrous Na2CO3 and made up to 1 liter using
distilled water was added to the stock culture to achieve a pH
of 9.7. *e Lysinibacillus sphaericus spore powder sample
was added to this mixture in a laminar flow chamber. *ese
cultures were then incubated on a shaker incubator at 130
shakes per minute maintained at 30°C for 72 hours. An
optical density test was conducted using a spectropho-
tometer for determining the quantity of culture solution
required to mix.*is test was conducted in bacteria growing
medium which was considered as blank. *is solution was
also taken to be the reference, for experimentation of optical
density of the microbial solution. Separately, 0.5mL of blank
and bacteria solution of 0.5mL were placed in the spec-
trophotometer at a wavelength of 600 nm and the machine
was set to read.*emicrobial concentration was observed to
be 1.0×107 cells/mL using the spectrophotometer. *is
microbial culture concentration was maintained throughout
the mortar samples preparation as well as in prism curing
solution.

2.2.2. Bacillus megateriumMicrobial Culturing. *e Bacillus
megateriummicrobial solution was cultured using nutrients
as per the supplier manual. *e same procedure and nu-
trients as used in preparing the Lysinibacillus sphaericus
microbial solution were used in preparing the Bacillus
megaterium microbial solution. *e Bacillus megaterium
spore powder sample was added instead of Lysinibacillus
sphaericus.

Figure 1 shows (a) OPC mortar prepared and being
cured in distilled water, (b) OPC mortar prepared using
Bacillus megaterium solution but being cured in distilled
water, (c) OPC mortar prepared using distilled water but
being cured in Bacillus megaterium solution and (d) OPC
mortar prepared and being cured in Bacillus megaterium
solution.

2.3. Mortar Prism Molding and Flexural Strength Testing.
Mortar mix prisms were fabricated according to KS EAS
18-1:2017 [33]. 450 g of OPC was placed in the mixing basin
of an automatic programmable mixer model number JJ-5.
225.0ml of distilled water was then added. *e mix basin
and its contents were clamped onto the automatic pro-
grammable mixer and allowed to run for three minutes.
1350 ± 5 g of the standard sand was placed in an automatic
pour-trough and allowed to add automatically, until all
1350 ± 5 g sample was added while the mixer was still
running at a speed of 30 vibrations per minute. *e ma-
chine was let to run for ten minutes. *e mortar prepared
had w/c ratio of 0.5 and was sufficient to prepare three
mortar prisms. Once the mortar was mixed, it was poured
into steel molds of 40mm × 40mm× 160mm. Using a
trowel, the mortar paste was scooped from the automatic
programmable mixing basin and placed in a compaction
mold of a jolting compaction machine with 60 rpm vi-
brations. Leveling of the paste was done with a mold trowel
in each of the three chambers of the mold after every jolting
cycle until a good finish was achieved at the surface. *e
mold with the mortar paste was then placed in a humid
chamber maintained at 95% humidity and 27.0°C for 24
hours. *e mortar was then removed from the molds after
24 hours to obtain the usual OPC mortar. *e distilled-
water prepared mortars were categorized into two cate-
gories depending on their curing regime. *e first category
was cured in distilled water (labeled as OPC-H2O [H2O]).
*e second category was cured in microbial solution (la-
beled as OPC-H2O [LB] for Lysinibacillus sphaericus and
OPC-H2O [BM] for Bacillus megaterium). *e above
procedure was repeated but this time using 225ml of the
microbial solution as mix media instead of distilled water
which resulted in two more mortar categories (referred to
as the third and fourth category): the third category was the
OPC mortar prepared using the microbial solution and
cured in distilled water (labeled as OPC-LB [H2O] Lysi-
nibacillus sphaericus and OPC-BM [H2O] for Bacillus
megaterium), while the fourth category was the OPC
mortar prepared using the microbial solution and cured in
microbial solution (labeled as OPC-LB [LB] for Lysini-
bacillus sphaericus and OPC-BM [BM] for Bacillus meg-
aterium). *e mortars were placed in requisite water or
microbial solution for curing in a chamber maintained at
27 ± 1°C for curing. *e flexural strength tests were con-
ducted at the 2nd, 7th, 14th, 28th, and 56th day of curing.
Flexural strength tests in this study were performed on
three samples per category for obtaining average results.

2.4. Scanning ElectronMicroscopy (SEM) Sample Preparation
and Analysis. SEM analysis was determined for each set of
test mortars after the 28th day of curing. *e SEM model
used was Zeiss Ultra Plug FEG-SEM. *e test mortar was
prepared for SEM analysis as described in Scrivener et al.’s
[38] guide for microstructural analysis of cementitious
materials as summarized in Figure 2. Isopropanol alcohol
was used to stop the hydration process while resin ERL-4206
was used to impregnate the hardened cement mortar.
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2.5. X-Ray Diffraction (XRD) Analysis. XRD analysis was
determined for each set of test mortars after the 28th day of
curing. *e mineralogy of the newly formed cement hy-
dration/bacterial material was determined using an X-Ray
Diffraction (XRD) Instrument PW1710 Phillips. Before
running the XRD analysis samples were oven-dried at 100°C
and powdered with an electronic grinder. *ey were then
placed in a zero-background silicon sample holder. *e
goniometer was calibrated using a silicon standard. Samples
were analyzed using PANalytical software, with goniometer
start and end angles at 5.00 and 80.002°*eta, step size of
0.0202°*eta, and scan step time of 0.5 seconds at an ad-
justed current and voltage of 40mA and 35 kV. respectively.

2.6. Chloride Ingress. For each category of mortar, three
prisms, cured for 28 days, were subjected to chloride pro-
filing using the method prescribed in ASTM C 1552 [39].
After the NaCl solution exposure, a mortar prism was
polished on the 40mm× 40mm face using sandpaper. *e
prism was drilled through the core center up to 10mm

interval along the length using a 15mm radius drill bit up to
80mm per mortar category. *e powder was dried to a
constant mass in an oven at 105°C. *e dried powder was
pulverized. Between each pulverization, the pulverizer was
thoroughly cleaned to avoid cross-sample contamination.
*e ground samples were kept in individual-sample sealed
reagent bottles awaiting chloride analysis.

2.6.1. Chloride Profiling. *e chlorides at each depth of
penetration were analyzed using Mohr titration procedure
in all the mortar categories. *e estimation of apparent
chloride diffusion coefficients was achieved under non-
steady state conditions assuming boundary conditions
C(x,t) � 0 at t � 0, 0< x<∞, C(x,t) �Cs at x � 0, 0 < t <∞,
constant effects of coexisting ions, linear chloride binding,
and one-dimensional diffusion into semi-infinite solid [16].
Crank’s solution to Fick’s second law of diffusion is given
by

C(x,t) � C(s) 1 − erf
x

4Dappt􏼐 􏼑
(1/2)

⎛⎜⎝ ⎞⎟⎠
⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
, (4)

where C(x,t) is the concentration of Cl− at any depth x in the
mortar bulk at time t, Cs is the surface concentration, and
Dapp is the apparent diffusion coefficient. *e error cor-
rection function, erf, is the Gaussian error function obtained
from computer spreadsheets. *e chloride profiles were
obtained by fitting equation (4) to experimentally

(a) (b)

(c) (d)

Figure 1: Cement mortar curing in varied regimes. (a) OPC-H2O [H2O]. (b) OPC-BM [H2O]. (c) OPC-H2O [BM]. (d) OPC-BM [BM].
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Figure 2: SEM sample preparation.
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determined chloride profile concentrations, thus deter-
mining the values of Dapp and Cs mathematically.

By using the accelerated migration diffusion coefficient
Dmig determined graphically, Dapp can be determined by
using the following equation [40]:

Dapp �
RT

ziF
Dmig

Int2

Δ∅
, (5)

where R is the Gas constant, F is the Faraday constant, T is
the temperature of the electrolyte in K, zi is the valency of the
ion i, ∆Ø is the Effective Applied Voltage in V, and t is the
duration of the test/exposure in seconds.

3. Results and Discussion

3.1. Scanning Electron Microscope (SEM) Analysis.
Figures 3(a)–4(c) show SEM analysis for both control and
microbial mortar prisms after the 28th day of curing. *e
SEM images display the formation of calcium-silicate-hy-
drate, C-S-H, calcium carbonate precipitation, CaCO3,
needle type ettringite, and presence of portlandite/calcium
hydroxide, CH.

As SEM images in Figure 3(a) illustrate, the OPC-H2O
(H2O) mortar had no visible calcium carbonate deposits.
However, the SEM images in Figures 3(b)–3(d) as well in
Figures 4(a)–4(c), the microbial mortars OPC-H2O (LB),
OPC-H2O (BM), OPC-LB (H2O), OPC-BM (H2O), OPC-LB
(LB), and OPC-BM (BM) showed significant calcium car-
bonate precipitates. *is is attributed to the MICP deposits
from both Lysinibacillus sphaericus and Bacillus megaterium
either present in mix media or present in the cultured curing
solution [1, 41]. *e morphology of C-S-H densifies from
Figure 3(b) through Figures 3(c)–3(d) as well as from
Figure 4(a) through Figures 4(b)–4(c). *is is attributed to
the calcium carbonate precipitation by the two bacteria
under study. Image (c) from Figure 3, clearly shows bio-
deposition over ettringite needles resulting in the formation
of biofilms on their surface and plugging of the pores on the
mortar structure.

3.2. X-Ray Diffraction Analysis (XRD). Table 2 shows XRD
analysis results for both control andmicrobial mortar prisms
after the 28th day of curing. *e results show formation of a
new hydration compound, Bavenite in both bacterial
mortars.

*e XRD analysis of the OPC mortars confirms that
microbial biocementation introduces a new cementitious
product, Bavenite, Al2Be2Ca4H2O28Si9, which is absent in
the control mortar, OPC-H2O (H2O), but present in the
microbial mortars, OPC-LB (LB) and OPC-BM (BM) at
2.53% and 1.33%, respectively. Calcite, CaCO3, is signifi-
cantly more in OPC-BM (BM) and OPC-LB (LB) at 10.27%
and 10.23%, respectively, as compared with 0.64% in OPC-
H2O (H2O). *is relates with improved calcite (CaCO3)
deposits and depleted Portlandite, Ca(OH)2, in microbial
mortars as seen in SEM morphological images in Figures 3
and 4. XRD diffractograms also confirmed the same as
depicted in Figures 5(a)–5(c). *e depleted Ca(OH)2 in

microbial mortars compared to that in control mortars
could be attributed to the binding of Ca2+ with the microbial
precipitated CO3

2− .
More densification of C-S-H in microbial mortars than

in control mortar is observed in SEM micrographs due to
the high percentage of both Bavenite, Al2Be2Ca4H2O28Si9,
and Dellaite, Ca6H2O13Si3, either individually or as
combined in OPC-BM (BM) and OPC-LB (LB) compared
to in OPC-H2O (H2O) as depicted in Figures 5(a)–5(c)
and summarized in Table 2. *e XRD quantifications
confirm the presence of calcite as well as more C-S-H in
microbial mortars. *ese depositions in the pores maxi-
mized the packing density of cement mortar consequently
improving the mortar’s physicochemical and mechanical
properties.

3.3. Flexural Strength Gain. *e percent gain flexural
strength results obtained at 14th, 28th, and 56th day of curing
are given in Figure 6.

Table 3 summarizes the significant difference in flexural
strength gain between the control andmicrobial mortars across
2nd, 7th, 14th, 28th, and 56th day of curing.

Across all mortar categories, for both Lysinibacillus
sphaericus and Bacillus megaterium there was no signif-
icant difference (Tcalc � 0.5, p � 0.05) in their flexural
strengths at 2nd and 7th day of curing. *e flexural strength
across all mortar categories for both bacteria under study
increased with an increase in curing age as depicted in
Figure 6. Considering the control and the microbial
mortars across all the test bacteria mortars, the flexural
strength increase was higher and more statistically sig-
nificant between the 14th and 28th day than between the
28th and 56th day of curing as demonstrated by the results
in Table 3. However, among the microbial mortars,
flexural strength appears to be influenced more by the type
of the bacteria as well as the preparation or curing regime
than the curing age.

*ere was a statistically significant difference in flexural
strength across all microbial mortar categories between
different days of curing, as well as between the Lysiniba-
cillus sphaericus mortars and Bacillus megaterium mortars
as depicted in Table 3. *is could imply the fact that the
formation of C-S-H increases with curing age and that
introduction of the microbial solution, either during
preparation of mortars or as the curing regime enhances
the formation of C-S-H results in improved flexural
strength.

*e flexural strength improvement for mortars of both
bacteria under study was more pronounced when the
microbial solution was used as the mix water than as the
curing regime. Across all curing ages, OPC-LB (LB)
exhibited the highest percentage gain in flexural strength
than the other mortar categories. *e highest percent
flexural strength gain was observed at the 56th day of
curing at 37.0%. *ere was observed a statistically sig-
nificant difference in percent flexural strength gain both
from one curing age to another as well from one microbial
mortar category to another for all microbial mortar
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(a) (b)

(c) (d)

Figure 3: SEM analysis for (a) OPC-H2O (H2O), (b) OPC-H2O (LB), (c) OPC-LB (H2O), and (d) OPC-LB (LB).

(a) (b)

(c)

Figure 4: SEM analysis for (a) OPC-H2O (BM), (b) OPC-BM (H2O), and (c) OPC-BM (BM).
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Table 2: XRD (% w/w± SD values) summary for hydrated OPCmicrobial mortars prepared and cured in respective bacteria against control
OPC mortar after 28th day of curing.

Hydration compound
Mortar category (% w/w± SD)

OPC-H2O (H2O) OPC-LB (LB) OPC-BM (BM)
Bavenite, Al2Be2Ca4H2O28Si9
Sample 1 — 2.55 1.36
Sample 2 — 2.52 1.33
Sample 3 — 2.51 1.29

Average — 2.53 1.33
Std. dev. — ±0.02 ±0.03
% Average± SD — 2.53± 0.02 1.33± 0.03
Dellaite, Ca6H2O13Si3
Sample 1 83.89 83.49 84.21
Sample 2 83.95 83.47 84.18
Sample 3 83.94 83.45 84.16

Average 83.93 83.47 84.18
Std. dev. ±0.03 ±0.02 ±0.02
% Average± SD 83.93± 0.03 83.47± 0.02 84.18± 0.02
Calcite, CaCO3

Sample 1 0.67 10.26 10.24
Sample 2 0.63 10.22 10.29
Sample 3 0.61 10.21 10.27

Average 0.64 10.23 10.27
Std. dev. ±0.02 ±0.02 ±0.02
% Average± SD 0.64± 0.02 10.23± 0.02 10.27± 0.02
Portlandite, CaH2O2
Sample 1 15.43 3.86 4.21
Sample 2 15.48 3.82 4.17
Sample 3 15.49 3.84 4.19

Average 15.47 3.84 4.19
Std. dev. ±0.03 ±0.02 ±0.02
% Average± SD 15.47± 0.03 3.84± 0.02 4.19± 0.02
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categories as shown in Table 3 and Figure 7, respectively.
*e increase in flexural strength is attributed to the
materials precipitated by the Lysinibacillus sphaericus
being involved in the hydration process forming C-S-H

responsible for strength development. *e added Ca2+
together with calcium acetate, in presence of the microbial
cell-wall as the nucleation site readily combine with the
precipitated CO3

2− and crystallizes out as CaCO3 which
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Figure 5: (a) Diffractograms for OPC-H2O (H2O). (b) Diffractograms for OPC-LB (LB). (c) Diffractograms for OPC-BM (BM).
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stimulate and accelerate the hydration of C-S-H
[31, 32, 42].

In this study, it has been found that Bacillus megaterium
and the Lysinibacillus sphaericus biomineralization process
enhance the flexural strength. *e enhanced MICP process
could also be ascribed to the metabolic conversion of the
organic acetate added as a microbial feed in form of calcium
acetate which was aerobically oxidized under improved
alkaline conditions by these ureolytic alkaliphilic Bacillus
spp. Lysinibacillus sphaericus MICP precipitate is more
crystalline while that from Bacillus megaterium is more
amorphous as shown in Figures 3 and 4’s SEM images,
respectively. Perhaps, the more the crystalline MICP de-
posits, the more and the better the C-S-H bonding resulting
in enhanced flexural strength gain by Lysinibacillus

sphaericus which deposits relatively more crystalline pre-
cipitate than Bacillus megaterium which deposits more
amorphous precipitates [3, 4, 31, 42]. *e amorphous MICP
deposition serves as a barrier as it fills any pore/pathway
reducing porosity and thus improves impermeability and
ingress resistance. Perhaps, this difference in MICP crys-
tallinity and the quantity between the two test bacteria
explain why Lysinibacillus sphaericus is a better flexural
strength enhancer while Bacillus megaterium improves
impermeability thus a better chloride ingress inhibitor.
Similar observations have been made by other researchers,
Azadi et al. [6], Chahal et al. [31], Abo-El-Enein et al. [43],
and Kim et al. [44] though using other bacteria species. *e
MICP precipitation occurs according to the following
equation [1, 32]:
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Table 3: Tcalc. values summary for microbial mortars against control mortar and among varied microbial mortar categories flexural strength
across 2nd, 7th, 14th, 28th, and 56th day of curing (Tcrit.� 0.5, p � 0.05).

Mortar categories
Tcalc. values

2nd day
Tcalc × 10−1

7th day
Tcalc × 10−1

14th day
Tcalc × 10−5

28th day
Tcalc × 10−5

56th day
Tcalc × 10−5

OPC-H2O (H2O) vs. OPC-H2O (LB) 5.0 5.0 13.7908 6.8664 0.4725
OPC-H2O (H2O) vs. OPC-LB (H2O) 5.0 5.0 46.4869 4.9426 1.2694
OPC-H2O (H2O) vs. OPC-LB (LB) 5.0 5.0 26.6329 6.1408 2.4344
OPC-H2O (H2O) vs. OPC-H2O (BM) 5.0 5.0 4.9845 3.7064 3.9136
OPC-H2O (H2O) vs.OPC-BM (H2O) 5.0 5.0 67.1730 9.4017 1.0106
OPC-H2O (H2O) vs. OPC-BM (BM) 5.0 5.0 1.2815 1.2371 0.6787
OPC-H2O (BM) vs. OPC-H2O (LB) 5.0 5.0 302.5298 302.5298 133.2461
OPC-BM (H2O) vs. OPC-LB (H2O) 5.0 5.0 535.0033 38.8954 133.2461
OPC-BM (BM) vs. OPC-LB (LB) 5.0 5.0 22.3619 402.4947 436.5515
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CH3COO
1−

+ 2O2⟶ 2CO2 + OH1−
+ H2O

CO2 + OH1− ⟶ HCO3
1−

HCO3
1−

+ OH1− ⟶ CO3
2−

+ H2O

Bacterial Cell − Ca2+
+ CO3

2− ⟶ Cell − CaCO3

(6)

Bacillus megaterium and Lysinibacillus sphaericus bac-
teria cause densification of the mortar due to increased
cement products, CaCO3, CSH, and ettringite.

3.4. Chloride Ingress

3.4.1. Chloride Profiling. Results for chloride ingress into the
test microbial OPC mortars determined at the varied depth
of cover within the mortar are presented in Figures 7 and 8
for Lysinibacillus sphaericus and Bacillus megaterium,
respectively.

In all cases, the bacterial presence affected the
presence of the Cl−. As observed, the Cl− ingress was
sharper across all penetration depths in OPC-H2O (H2O)
than in all microbial mortars up to the 60 mm and 40mm
along the penetration depths, respectively. Perhaps this is
due to the lower chloride binding capacity in OPC-H2O
(H2O) than in microbial mortars [1]. *is could be at-
tributed to the increased content of C-S-H and CAH gels
that seal the microbial mortar pore connectivity as ob-
served from SEM results above. *e reduction in chloride
ion in microbial mortars prepared and cured using
microbial solution was higher than in the ones either
prepared or cured in microbial solutions. *is could also
be attributed to more MICP precipitates in mortar hy-
drates, further decreasing the permeability. *e trend
correlates with that observed by Mutitu et al. [1], Chahal
et al. [31], and Nosouhian et al. [45], although involving
other types of Bacillus spp bacteria. *e authors at-
tributed higher chloride ingress in OPC-H2O (H2O) than
in microbial mortars to continuous and interlinked voids
through which the ions ingress.

3.4.2. Chloride Apparent Diffusivity Coefficients. *e results
obtained from the chloride error function fitting curve for
selected mortars OPC-H2O (H2O), OPC-BM (BM), and
OPC-LB (LB) are summarized in Table 4 showing Dapp and
Dmig with corresponding chloride surface concentration (Cs)
and r2 values of the test mortars from the two bacteria under
study using 3.5% by mass sodium chloride solution.

OPC-BM (BM) and OPC-LB (LB) mortars exhibited the
lowest apparent diffusion coefficient (Dapp) compared to the
other microbial mortars in both BM and LB mortar cate-
gories. With low chloride ingress, low Dapp values were
observed. OPC-H2O (H2O) mortar had the highest Dapp
value. Lower chloride Dapp values were demonstrated by
Bacillus megaterium across all mortar categories than
Lysinibacillus sphaericus mortars. Perhaps Bacillus mega-
terium could be a suitable internal and external crack healing
bacterium than Lysinibacillus sphaericus bacteria. *is could

be attributed to the MICP deposits present in the microbial
mortars which upon reacting with hydration cement
products results in additional cementitious material that
makes the mortar denser with increased resistivity to Cl−
ingress and lower chloride diffusivity.

4. Conclusions

(1) Both Bacillus megaterium and Lysinibacillus
sphaericus have the ability to precipitate calcium
carbonate that improves both flexural strength as
well as the pore structure and thus lowering chloride
ingress.

(2) Flexural strength of the mortar has a positive cor-
relation with CaCO3 precipitation, for both Bacillus
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Figure 7: Chloride ion concentration at different depth of pene-
tration for control OPC and varied Lysinibacillus sphaericus mi-
crobial mortars.
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Figure 8: Chloride ion concentration at different depth of pene-
tration for control OPC and varied Bacillus megaterium microbial
mortars.
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megaterium and Lysinibacillus sphaericus bacteria.
*is was exhibited by the higher strengths in mi-
crobial mortars cured in cultured solutions than
those cured in distilled water.

(3) Lower chloride ingress was observed in both Bacillus
megaterium and Lysinibacillus sphaericus bacteria
microbial mortars prepared and cured using cul-
tured solutions than those cured in distilled water.
*is was exhibited by the lower Dapp values in mi-
crobial mortars cured in cultured solutions than
those cured in distilled water. Bacillus megaterium
bacteria improved the chloride ingress resistivity
more than the Lysinibacillus sphaericus bacteria.

(4) Lysinibacillus sphaericus bacteria improved flexural
strength more than the Bacillus megaterium bacteria.
*is was demonstrated by the higher flexural
strength as well as higher percent flexural strength
gain across all mortar curing ages across all mortar
categories than Bacillus megaterium mortars. Per-
haps Lysinibacillus sphaericus could be a better
flexural strength enhancer than Bacillus megaterium
bacteria.
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