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Abstract

Undeniably, concrete cracks if not healed on time could cause various durability issues, resulting in high-cost crack repairing
strategy. Recently, due to several environmental concerns, bio-based construction materials gained much attention among
researchers. In this context, bacterial precipitation of calcium carbonate can be effectively exploited in concrete structures to
heal cracks. With this in view, this study focused to isolate bacterial strains from five different locations towards examining
the crack healing potential. The investigations were carried out for urease positive test and calcium carbonate precipitate test
among the five different isolated bacteria of whom three bacterial species were found to have the needed potential. Using the
16S rRNA molecular gene sequencing, they were identified and subjected to concrete healing inspection using an appropriate
nutrient solution. On the 7th day of conventional water curing, bacteria-added concrete cubes were pre-cracked and kept in
soil exposures in four different pits for a healing period of 120 days. Filling soil material was supplemented with three differ-
ent proportions of nutrient and bacterial solution ratios (7:3, 8:2, and 9:1) without any changes in the existing natural water
content. A microstructure study revealed that the formation of significant calcium carbonate compounds in bacteria supple-
mented the concrete specimens. The bacterial pit, having a proportion of 9:1, had showed higher healing efficiency of about
88%, nevertheless while the remaining pits showed only 60% and 66% healing efficiency. The study implied bacteria addition
with nutrient supply in soil environment could be highly beneficial for healing cracks in concrete specimens. Consequently,
the study’s inference can pave the way for futuristic bio-based processing in construction materials.
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1 Introduction

Concrete is a predominant material that is used for con-
struction of bridges, tunnels, subways, and other structures
[1, 2]. However, concrete is brittle and heterogenetic in
nature with low tensile strength [3, 4] and easily cracks
due to some reasons, such as compressive force, mechani-
cal force, autogenous shrinkage, and free-thaw action [5,
6]. It is proven that the structural safety of concrete is sig-
nificantly affected by one of the aforementioned reasons,
cracks, which decrease durability and mechanical perfor-
mance [7]. To overcome this issue, cracks can be treated by
passive and active methods. In this light, passive treatment
can be carried out to seal the external cracks using the
application of appropriate polymers and chemical admix-
tures [8]. In another, by employing active treatment meth-
ods, both the internal and external cracks are sealed by add-
ing suitable bacteria on to the concrete to heal the cracks
[9]. In this respect, various experimental studies were car-
ried out on the incorporation of bacteria in concrete under
different nutrient and curing conditions [10, 11]. So far,
several investigations have been carried out on addition of
bacteria in the concrete specimens using proper nutrients
that can induce the precipitation of calcite to heal the crack
formation. In this context, some research outcomes have
indicated that the addition of bacteria in soil stabilization
with polymers could be potential implementation. Thus far,
only limited investigations were carried out on the study
concerning to crack healing in concrete specimens with
soil interactions. However, in larger crack width, the poten-
tial healing performance fails to fill the cracks effectively
due to inadequate nutrients requirement. In this context,
Hesham et al. [12] isolated seven gram-negative bacterial
species from contaminated soil to study on bio-degradation
of polycyclic aromatic hydrocarbons. The results found that
the bacterial species, Pseudomonas alcaligenes, Arthrobac-
ter oxydans, and Stenotrophomonas zoogloeoides, showed
better performance on bio-degradation. In another study,
Mokhtar et al. [13] identified that incorporation of urease-
positive bacterial species, Bacillus wiedmannii and Bacil-
lus paramycoides, in the concrete specimens can increase
self-healing efficiency and compressive strength. Canakci
et al. [14] isolated seven urease-positive bacillus species
from natural soil that enhance the shear strength in peat
specimen through the mechanism of calcium carbonate
crystals precipitations. Sumathi et al. [15] identified that
the Bacillus cohnii which was isolated from soil in a con-
crete dump yard showed 90% and 88% surface healing,
respectively, based on full-wet and wet-dry conditions
while adding to the concrete specimens. Raut et al. [16]
observed notable calcite precipitation using Bacillus pas-
teurii in the conventional bricks contained 80% clay, 15%
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ash, and 5% rice husk. After processing, their results dem-
onstrated that the increase of compressive strength up to
83.9% and reduction of water absorption capacity up to
48.9% were achieved in the treated specimens. Kiranmaye
et al. [17] evaluated the suitability of Pseudomonas alcali-
genes in a concrete environment having the pH value of 13
and a temperature of 37 °C. The results revealed that the
isolate P. alkaligenes was found to be suitable for construc-
tion industry which had a higher growth rate at an optimum
temperature of 35 °C. Esaker et al. [18] studied the effect
of Bacillus subtilis in healing mortar cracks under different
pH environments in the soil. It was noted that the heal-
ing ratio increased to 82% after the addition of bacteria to
mortar cubes. However, healing ratio of cubes decreased
by 43% when it was incubated in acidic soil condition hav-
ing the pH value, 4.5. Hamza et al. [19] studied on the
performance of Bacillus subtilis under various exposure
conditions in soil for an incubation period of 28 days. The
results revealed that the naturally available bacteria in soil
did not reveal healing in mortar specimens. Hoang et al.
[20] incorporated Sporosarcina pasteurii—derived urease
enzyme in bio-stabilization of non-plastic and low plastic
silt sand. During their study, reduction in permeability was
noticed in bacterial enzyme—induced calcite precipitation
with the unconfined compression value of the same speci-
mens being achieved during early calcite formation. In yet
another study, Ramachandran et al. [21] used soil stabili-
zation with xanthan gum and bacterial biopolymer. They
detected that the treated sand exhibited lesser strength due
to reinforcement unavailability. Nevertheless, addition of
reinforcing material was led to attain high strength values.
This result proves the binding property of bacterial polymer
with clay soil can be a promising approach. Gowthaman
et al. [22] evaluated on microbiological induced calcite
precipitation of various native bacteria species in the sta-
bilization of slopes. They looked on the Psychrobacillus
sp. which exhibited an effective calcite precipitation. In
addition, a comparative study was carried by Gowthaman
et al. using nutrient supply made of low-grade and lab-
grade chemicals. As a result, low-grade chemicals led to
96% cost reduction followed by doubled unconfined com-
pression values. Mekonnen et al. [23] studied on the stabili-
zation of black cotton soil with four bacterial strains. They
found that the bearing ratio of soil treated with Bacillus
paramycoides bacteria showed a significant result com-
pared to the other species.

Keeping view in bacterial concrete healing attributes,
this investigation focused on identifying the appropri-
ate bacteria that could repair concrete cracks in various
soil environments. The healing effectiveness of bacte-
ria-amended concrete cubes which were incubated in
soil medium and nutrient solution was evaluated. This
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Table 1 Physical properties of cement

Physical properties of cement Value
Fineness (mZ/kg) 224
Specific gravity 3.14
Initial setting time (min) 69
Final setting time (min) 253
Consistency (%) 35
Table 2 Physical properties of aggregates
Property Value of aggregates

Fine Coarse
Specific gravity 2.66 2.81
Water absorption (%) 1.15 1
Bulk density (kg/m?) 1690 1596
Fineness modulus 3.28 5.16

investigation was laid to figure out an appropriate require-
ment of bacterial and nutrient solution to be amended in
order to stimulate improved crack healing in soil environ-
ment. Further, the healing mechanism of existing con-
crete substructures with provision of nutrient and bacteria
sources was ascertained and practically correlated.
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2
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S3
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2 Materials and methods
2.1 Cement, fine aggregate, and coarse aggregate

Ordinary Portland cement (53 grade) was used for experi-
mental work with reference with IS. 269-2015 [24]. Fine
aggregate of 4.75 mm maximum was collected from a nearby
site and crushed as angular coarse aggregate of 20 mm for
use with stipulation followed from [25, 26]. The physical
properties of cement, fine aggregate, and coarse aggregate
chosen for this study are presented in Tables 1 and 2.

2.2 Isolation of bacteria and morphological
characterization

Soil samples were collected from five different locations
with varying natural habitat as shown in Fig. 1. Due to the
nitration of fertilizers, the soil could be acidic [27]. To avoid
organic matters and debris, soil samples were collected below
15 cm at chosen location [28]. The samples were kept safe in
zip lockable sterilized polythene covers. Soil samples were
labeled with ID, S1, S2, S3, S4, and S5 that were gathered
from soil habitats, such as river beds, roots of Ocimum tenui-
florum, a bio-gas plant, chlorination effluent pond, and con-
crete debris respectively as shown in Fig. 1.

.. Trichy main road (NH-67)

R

Fig. 1 Sample collections at various site location
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The samples were serially diluted up to 10~ and sub-
jected to aseptic growth in petri dish plate having nutrient
agar medium [29]. The plates were placed in bacteriologi-
cal incubator for period of 24 h and maintained at 37.5°C.
Pure individual colonies were isolated and preserved at 4 °C
[30]. After incubation, five colonies of isolated species were
identified and morphologically characterized based on gram
staining results as shown in Fig. 2.

2.3 Efficiency of strains in concrete applications

To identify suitable bacteria to fill cracks in concrete, five
isolated strains were selected and subjected to examine the
urease enzyme production test and calcium carbonate precip-
itating test. Further, based on these results, the more effective
bacterial strain was chosen and investigated as crack healing
agent [31].

2.3.1 Urease enzyme production

The ability of an organism to split urea by urease enzyme
production is determined by the urease test. Urease enzyme
produced by urease positive bacteria converts urea into car-
bon dioxide and ammonia, which increases pH and calcite
precipitations in concrete [13]. Urease enzyme is produced

Fig. 2 Isolated bacterial species — By g

S
\.(‘?\
o 1

and their microscopic observa-
tions
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by bacteria that act as a biological catalyst by hydrolyzing
urea to form carbonate ions without producing protons, which
results in CaCO; precipitation in the presence of calcium ions
[26]. In this context, negative-charged bacterial cell wall not
only serves as a nucleation site for CaCO; precipitation but
also produces an alkaline environment that promotes the sub-
sequent growth of CaCOj; crystals [8]. Equation (1) shows
the intracellular hydrolysis of 1 mol of urea into 1 mol of
ammonia and 1 mol of carbamate. As per Eq. (2), ammonia
and carbonic acid are formed when carbamate hydrolyzes.
Equations (3) and (4) show that former products subsequently
equilibrate in water to create bicarbonate, ammonium, and
hydroxide ions. The latter results in a rise in pH and the pro-
duction of carbonate ions as shown in Eq. (5). Carbonate ions
in the presence of calcium ion precipitates CaCO;; Eq. (6)
and Eq. (7) illustrate the overall reaction, showing that the
system’s additional urea and calcium produced byproducts
of ammonium and calcium carbonate [9].

CO(NH,), + H,0 — NH,COOH + NH; (1)
NH,COOH + H,0 — NH; + H,CO; )
H,CO; — HCO; + H* 3)

%
A\ e“

*r\j'

(e) Strain 5
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Fig. 3 Incubation pit for single
strain. (a) Pits showing with dif-
ferent coded IDs. (b) Addition
of healing solution in soil. (c)
Expanded view of single pit

Table 3 Proportions of healing

i . SO Pit ID Healing solution
solution mixed in pit soil
Bacterial ~ Nutrient
solution solution
BPO - -
BP1 30% 70%
BP2 20% 80%
BP3 10% 90%
2NH; + 2H,0 — 2NH*" + 20H~ “)
HCO; + H* + 20H™ - CO3*” +2H,0 5)
COY™ +Ca’ - CaCO; (©6)
CO(NH,), + 2H,0 + Ca** — 2NH*" + CaCO; )

Various researchers studied isolation and application
of urease enzyme producing organisms [32-34] and in
the present study, five isolated strains having urease pro-
duction capacity that were subjected to test were identi-
fied using the following procedures [31, 35]:

(i) Ingredients of 0.15 g of agar, 0.01 g of dextrose,
0.02 g of monopotassium phosphate, 0.01 g of pep-
tone, 0.00012 g of phenol red, 0.05 g of sodium
chloride, and 0.2 g of urea were dissolved in 100 ml
distilled water.

(i) The pH of the medium was adjusted to 6.7 at room tem-
perature, followed by filtration and sterilization were
carried out.

(iii) Agar was dissolved in 100 ml distilled water and auto-
claved for 120 °C for 20 min and allowed to cool.

(iv) Both solutions obtained from steps (ii) and (iii) were
mixed well and transferred to boiling 10-ml tubes.

(v) Isolated pure culture from petri dishes was inoculated in
boiling tubes and kept in bacteriological incubator for
37.5°C.

After 7 days, the boiling tubes were examined for change
color, indicating that hydrolysis of urea to ammonia and car-
bon dioxide.

2.3.2 Calcium carbonate production

Microbial-induced calcium carbonate production is an eco-
friendly and innovative approach to heal internal cracks that
can increase the durability of structures [36-38]. In the pre-
sent study, quantification of calcium carbonate production
was ascertained based on the procedure documented from
Alemu et al. [8]. In such a way, a nutrient broth was inocu-
lated with 2% of urea and calcium chloride. Later, each bacte-
rial strain was inoculated and kept in a shaker (120 rpm) for
7 days at 37.5 °C. After 7 days, deposited calcium carbon-
ate was noted at the bottom of the conical flask as shown
in Fig. 4. Using a Whatman filter paper, calcium carbonate
precipitates were filtered and dried at 55 °C using an oven
for 8 h. The weight of the calcium carbonate (W) produced
was calculated from Eq. (8).
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Pontrol  Strain1 Strain2 Strain3  Strain4  Strain5

Fig.4 Urease enzyme production

Wc = ch - Wf (8)

where W, is the weight of filter paper containing the cal-
cium carbonate precipitant and W; is the weight of empty
filter paper.

2.4 Concrete ingredients, healing solution details,
and soil incubation details

The concrete ingredients were evaluated using mix calculations
as per concrete mix proportioning guidelines, IS 10262:2009
[39]. In this respect, the volume of concrete ingredients used in
this study contained cement, 435 kg/m?; fine aggregate, 712 kg/
m?; coarse aggregate, 1108 kg/m®; and water, 182 kg/m>. A 5%
(v/v) bacterial solution (107 cells/ml) was added directly to the
concrete by replacing the volume quantity of designed mix water
and well-mixed. Based on preliminary tests conducted with cell
concentrations, it was found that 10° cells/ml had high com-
pressive strength while 107 cells/ml showed high crack healing
efficiency as reported by Krishna et al. [40]. Then, all the cubes
(100 mm x 100 mm x 100 mm) were cast with bacterial concen-
tration of 107 cells/ml and cured in normal water for a period
for 7 days. After curing, the cubes were pre-cracked using a
compression testing machine of 3000 kN. The pre-cracked cubes
were kept in incubation pit of 500 mm X 500 mm X 500 mm.

Fig.5 Precipitation of calcium
carbonate produced by different
bacterial isolates

Control
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Fig.6 Yield value of calcium carbonate precipitation by different
bacterial isolates

In this sense, the top 50-mm layer of soil was removed com-
pletely to avoid small herbs and dry leaves. The incubation pit
of 4 Nos were allotted and the pre-cracked concrete cubes were
placed in two layers (4 Nos each) as shown in Fig. 3(a, c). Big
lumps in soil were broken and sieved to ensure uniform grain
size distribution. The required quantity of soil sample was taken
and tested for various properties. The pH value and natural water
content of soil were found to be 5.1 and 32% respectively. Crack
healing behavior of the cubes in soil incubation was carried out
during (June to August), so that the crack healing mechanisms
were correlated with water table of ground structures with regard
to climatic conditions. In addition, the surrounding soil was pro-
vided with varying proportions of healing solution (bacterial
and nutrient solution) as shown in Fig. 3(b). Nutrient solution
was provided mixture of yeast extract (3 g/l), urea (5 g/l), and
calcium lactate (5 g/1). The bacterial solution comprising of bac-
teria inoculated nutrient broth was kept in a shaker overnight.
Variations in the healing solution and bacterial solutions were
added in pit soil based on the existing natural water content.
Using soil tensiometer, the available water content of pit soil was

Strain 2 Strain 3

Sﬁrain 4
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maintained along with addition of bacteria and nutrient solution.
Based on the quantity of soil excavated, bacterial and nutrient
solutions were added in such a way that the natural water content
can be remained unchanged. Addition of bacterial and nutrient
solution in various pits is listed in Table 3. The incubation period
was 120 days to resemble water fluctuations in the ground due
to climatic conditions [18].

2.5 Ascertainment of crack healing

Crack healing was not ascertained periodically, as the
activity disturbs soil around cubes and affects the strains
in the precipitating calcium carbonate. The width of the
pre-cracked cubes was in a range of 0.5 to 0.8 mm. The
degree of crack healing was determined using the method
documented by Sumathi et al. [15]. Percentage of crack
healing can be defined as difference between the initial
crack width and the observed crack width after the incuba-
tion period. It was deduced using Eq. (9).

Percentage of crack healing = [(C; — C,) x 100]/C, (9)

where C; is width of the initial crack and C, is the width of
crack observed after healing.

2.6 X-ray diffraction and SEM

The microstructure study on soil and white precipitate in the
pre-cracked cube specimens was carried out using X-ray dif-
fraction and scanning electron microscopy methods. X-ray

89 90 91 92

bp ng/0.5pg %

1000 45 9
<900 45 9
800 45 9
—70 4 9
—600 45 9
—500 115 23
—400 40 8
—300 40 8
—200 40 8
—100 40 8

1.7% agarose

(b)

0.5 pg/lane, 8 cm length gel,
1XTBE, 5V/cm, 1 h

Fig.7 Gel-documentation image of isolates bacterial strains

diffraction spectroscopy analysis was carried out using peak
values of the mineral compounds formed by bacteria during the
120 days of incubation. X-pert high score plus software (Ver-
sion 5.2) was used to identify the mineral compounds formed
during the healing cum incubation periods. Using the obtained
score values, the minerals were matched with the reference
codes from available data bases. Scanning electron microscopy
(SEM) was undertaken to study the morphological components
formed in the incubation soil and the pre-cracked cube speci-
men. A VEGA 3 TESCAN scanning electron microscope and
Bruker D8 concentrate unit were used.

2.7 Statistical analysis

In the present work, a two-way analysis of variance (ANOVA
test) was used to analyze statistically data using the SPSS Sta-
tistical Package Program [41]. When there were substantial dif-
ferences between the treatments, the Duncan multiple range test
was used to compare their means [42]. All tests were ensured
with a p <0.05 level of significance. Means and standard error
were used to represent the results.

3 Results and discussion
3.1 Gram staining test

In order to get basic characteristics of bacterial iso-
late, Gram staining technique was executed using the
method documented by Tripathi et al. [43]. The principle
involves the retention of crystal violet dye by the bacte-
rial cell wall in a solvent of acetone and ethanol. Crystal
violet dye was first used to stain the slides initially, fol-
lowed by iodine which was used to fix the dye resulting
in the formation of crystal violet iodine complex and
decolorizer (solvent of acetone and ethanol). Finally,
basic fuchsin stain was used to provide a pink color to
gram-negative bacteria. From the result of gram stain-
ing, strains 1, 2, 4, and 5 were gram-positive due to high
peptidoglycan content and strain 3 was gram-negative
due to lipid content [44].

3.2 Urease enzyme production

Among the 5 isolated bacterial strains, strains coded as 2,
3, and 5 have been identified as capable of producing the
urease enzyme, revealing that these strains had the ability
to perform in concrete environment to biologically pre-
cipitate calcium carbonate in cracks. The strains coded
as 1 and 4 failed to hydrolyze urea into ammonia and
carbon due to their natural behavior as shown in Fig. 4.
The findings were similar to the documented works by
Mokhtar et al. and Durga et al. [13, 31].
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Fig.8 Phylogenetic relationship 85
of isolated strains 82

81

NR 175556.1:779-1466 Bacillus paramobilis strain BML-BC017 16S ribosomal RNA partial sequence
NR 175555.1:829-1516 Bacillus sanguinis strain BML-BC004 16S ribosomal RNA partial sequence

NR 157728.1:821-1508 Bacillus paranthracis strain MCCC 1A00395 16S ribosomal RNA partial sequence

60

NR 157735.1:821-1508 Bacillus proteolyticus strain MCCC 1A00365 16S ribosomal RNA partial sequence

\— NR 157729.1:821-1508 Bacillus albus strain MCCC 1A02146 16S ribosomal RNA partial sequence

NR 157730.1:821-1508 Bacillus Iuti strain MCCC 1A00359 16S ribosomal RNA partial sequence

L,— NR 157732.1:821-1508 Bacillus nitratireducens strain MCCC 1A00732 16S ribosomal RNA partial sequence

38

49 NR 157736.1:821-1508 Bacillus tropicus strain MCCC 1A01406 16S ribosomal RNA partial sequence
L|_E 0422 195 001 PCR 2 16SF C11.ab1

76 L NR 157734.1:821-1508 Bacillus paramycoides strain MCCC 1A04098 16S ribosomal RNA partial sequence

(a) Bacillus paramycoides

og [~ 0422 195005 PCR 5 16SF G11.ab1

& il631251433refINR 112630.1| Bacillus cereus strain NBRC 15305 16S ribosomal RNA partial sequence

b i|636559466]refINR 115526.1| Bacillus cereus strain [AM 12605 16S ribosomal RNA partial sequence

— gi[1441204314]refINR 157729.1| Bacillus albus strain MCCC 1A02146 16S ribosomal RNA partial sequence
\— 0i|1441204315refINR 157730.1] Bacillus Iuti strain MCCC 1A00359 16S ribosomal RNA partial sequence
— 0i[1441204321|ref]NR 157736.1| Bacillus tropic us strain MCCC 1A01406 16S ribosomal RNA partial sequence
» i|636559654|refNR 115714.1| Bacillus cereus strain CCM 2010 16S ribosomal RNA partial sequence

100 0112221405508|refINR 175556.1| Bacillus paramobilis strain BML-BC017 16S ribosomal RNA partial sequence
99 L ¢i|2221405506|refiNR 175555.1| Bacillus sanguinis strain BML-BC004 16S ribosomal RNA partial sequence

i|1441204317|refINR 157732.1| Bacillus nitratireducens strain MCCC 1A00732 16S ribosomal RNA partial sequence

47

87

75

94

3.3 Calcium carbonate production

After inoculating bacteria in a medium containing broth,
urea, and calcium chloride, white precipitates were depos-
ited at the base of the conical flasks as shown in Fig. 5. After
7 days, the precipitates were collected and weighed. It was
found that the control strain had nil value of precipitation,
strain 1 produced 0.32 g, strain 2 produced 1.10 g, strain 3
produced 0.925 g, strain 4 produced 0.231 g, and strain 5 pro-
duced 0.95 g. The results revealed that strains 2, 3, and 5 can
be utilized in concrete crack healing applications due to their
substantial ability for precipitating calcium carbonate. The
test results of calcium carbonate precipitation are presented
in Fig. 6. The results are supported by Mokhtar et al. [13].
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(b) Bacillus tropicus

0422 195 003 PCR 3 16SF E11.ab1
gi645320678|refiNR 117827.1| Pseudomonas alcaligenes 16S ribosomal RNA partial sequence
L|: 0i[1909404375|refiNR 170428.1| Pseudomonas hydrolytica strain DSWYO01 16S ribosomal RNA partial sequence
96 — gi1011034824|refiNR 135725.1| Pseudomonas guguanensis strain CC-G9A 16S ribosomal RNA partial sequence
gi631250866|refiNR 112062.1| Pseudomonas resinovorans strain ATCC 14235 16S ribosomal RNA partial sequence
0i[343202811|refiNR 043289.1| Pseudomonas ofitidis strain MCC10330 16S ribos omal RNA partial sequence
gi[219846486|refiINR 026078.1| Pseudomonas aeruginosa strain DSM 50071 16S ribosomal RNA complete sequence
33 L|: 0i645320483|refiNR 117678.1| Pseudomonas aeruginosa strain DSM 50071 16S ribosomal RNA partial sequence
47 1 gi631252401|refINR 113599.1| Pseudomonas aeruginosa strain NBRC 12689 16S ribosomal RNA partial sequence
gi636558415|refiNR 114471.1| Pseudomonas aeruginosa sfrain ATCC 10145 16S ribosomal RNA partial sequence

(¢) Pseudomonas alcaligenes

3.4 16S rRNA sequencing

From the results from Sections 3.1 to 3.2, it was apparent
that the isolate strains coded 2, 3, and 5 had showed better
performance in producing the CaCOj;, indicating that they
can be potentially utilized in concrete healing process and
soil environments. In order to understand the species level
information, the three strains, coded as 2, 3, and 5, were sub-
jected to 16S rRNA sequencing technique.

In accordance with that, the DNA purification kit sup-
plied by GeNei™ Bangalore, India, was used to isolate the
DNA of each bacterial strain. Universal primers for strain2
was forward primer 5'-GGGAATGAGTGCTTAGTGTT-3'
and reverse primer 5-CTTCCTCCCGGTTTCCCCTT-3',
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= Bacillus tropicus ==== Bacillus paramycoides

0.6 — Pseudomonas alcaligenes

0.5
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0.1+

0.0
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Fig.9 Bacteria growth for pH condition

Table 4 Crack width and area
of crack width observation of
cubes

10

for strain 3 was forward primer 5-CGGATGTCGACTAGC
CGTTG-3' and reverse primer 5'-GGGGGGGGGGGGGGG
GGG-3', and for strain 5 was forward primer 5'-TGGAGG
AGTGCTAAGTGTTA-3' and reverse primer 5-ATAATG
TACGGAAATGGGAG-3". A PCR thermal cycling was done
using the method reported by Zhang et al. [6]. Agarose gel
electrophoresis followed with gel documentation was used to
amplify the DNA. The gel documentation image of isolates
and bacterial stains is presented in Fig. 7.

Using genetic analyzer, the purified 16S rRNA of three
different species was analyzed. With NCBI GenBank data-
base, 16S rRNA gene sequence was carried out using BLAST
(Basic Local Alignment Search Tool). Depending on the
maximum similarity index, the top ten sequences of bacteria
were aligned with CLUSTAL W software. A phylogenetic
tree was constructed for each bacterial species, shown in
Fig. 8a, b, and ¢ using MEGA 11 software [45, 46]. The

Pit ID

BPO

BP1

BP2

BP3

Crack width after ~ Crack width after Crack width Crack width
7% day of 120" day of pattern before pattern after
pre-crack pre-crack healing healing

¢

0.244 mm

0.238 mm

b\

0.72 mm 0.086 mm
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Fig. 10 Crack healing percentage after 120 days of incubation
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Fig. 11 XRD analysis for white precipitate

Table 5 Details of minerals analyzed for white precipitate in healed
cube specimens

Reference code Score value Mineral

PAN 98-001-2744 56 Calcite

PAN 00-005-0586 48 Calcium carbonate
PAN 98-011-0543 23 Aragonite

PAN 98-010-9796 13 Vaterite

results indicated that strain 2 was identified as Bacillus para-
mycoides, strain 3 was identified as Bacillus tropicus, and
strain 5 was identified as Pseudomonas alcaligenes. Further,
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Fig. 12 XRD analysis for soil added with bacteria and nutrient

Table 6 Details of minerals analyzed for soil (bacteria and nutrient
added)

Reference code Score value Mineral

PAN 98-011-1012 38 Calcium carbonate
PAN 98-002-1913 27 Calcite

PAN 98-011-4646 21 Aragonite

PAN 98-011-9941 17 Calcium oxalate
PAN 98-010-9796 15 Vaterite

the sequences were deposited in GenBank (NCBI) and acces-
sion numbers ON860661, ON849099, and OP592221.

3.5 Effect of pH in bacterial growth

Effect of pH on the growth of isolated bacterial strain was
further evaluated; since the soil sample was collected in
different locations, they had different pH values (2 to 10).
Hence, a nutrient medium was prepared and adjusted with
different pH values from 2 to 10. All nutrient media with
varying pH values were autoclaved for 121 °C; after cool-
ing to attain room temperature, single bacterial colony from
each bacterium was inoculated and kept in a shaker. Prelim-
inary studies were carried on isolated bacteria to determine
the maximum absorbance wavelength. For a wavelength
range of 550-700, a maximum absorbance was observed for
600 nm for inoculum volume of 0.5 to 2%, and maximum
cell density was found to be 1.5%. The above findings were
well supported by Kiranmaye et al. [17]. Later optical den-
sity at 600 nm was used to construct growth curve for three
bacterial species (1.5% inoculum). The obtained results are
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Fig. 13 SEM images of different soil samples

presented in Fig. 9. Usually, when gram-positive bacteria
are exposed to an acidic environment, they go through a
number of protective mechanisms to counteract the dam-
aging effects on their cell walls, such as pumping protons,
producing ammonia, and changing the amount of lipid in
the cell membrane [47]. The transport of protons to the
cytoplasm in hydrophobic unionized form caused by the
acidic environment lowers their intracellular pH [48]. Due
to its increased diameter, the porins in the outer membrane
of bacterial cell walls are unable to stop protons from mov-
ing [49]. Although the inner membrane of the cytoplasm
appears to represent a primary barrier, non-ionized mol-
ecules enter and cause dysregulation of the periplasm [50].

Fig. 14 Supply of nutrients to
bacteria through capillary pres-
sure in crack healing mecha-
nism
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Bacterial growth is finally slowed when their internal pH
reaches their exterior pH [51]. Additionally, due to environ-
ment’s rapid transition to an alkaline state and the resulting
stress on bacteria, their viability and capacity for growth
are both reduced [52]. The temperature in soil exposure
environment, to which bacteria were added, was 18 +2 °C.
To determine the exact growth potential of bacteria, all pH
conditions were maintained at same temperature. Decrease
in temperature slowed the splitting efficiency of bacteria
as also bacterial growth [31] as seen in Fig. 9. In all acidic
and basic environmental conditions, B. tropicus showed the
highest growth rate compared to other isolates B. paramy-
coides and P. alcaligenes. Hence, it was apparent that the

Pre-CrackegL/
cube|specimen

Capillary pressure (Nutrient suction)
- P P A ] / CaCOs precipitation
S ' by bacteria

Negative matric potential

(Nutrient loss)
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pH and growth temperature conditions played an important
role in growth characteristics of bacteria.

3.6 Crack healing quantification

After pre-crack on the 7™ day, one face on each cube was cho-
sen for visual examination and the crack width is observed.
Subsequently, the crack width of each cubes was noted after
120 days of soil incubation as shown in Table 3. Using a
microscope (ZEISS SteREO Discovery. V12), the crack heal-
ing quantification was measured. It was inferred that bacterial
concentration of 107 cells/ml reacted better in calcite pre-
cipitation by consuming the nutrient source, calcium source,
and nitrogen source from the yeast extract, calcium lactate,
and urea while in other combinations exhibited lesser perfor-
mance due to inadequate nutrient source and higher volume
of cell concentrations. The area of crack width reduction was
computed using the ImageJ software as shown in Table 4.
The results showed that the addition of healing solution
(90% nutrient solution and 10% bacterial solution) during
incubation on pit BP3 produced an average of about 88.05%
healing rate after 120 days. BPO, BP1, and BP2 had showed
an ascending order of healing percentages, 34.61%, 60%, and
66% respectively as can be seen in Fig. 10. In a study else-
where, Esaker et al. [18] found that, at pH 4.5, crack heal-
ing efficiency of the bacteria-doped specimens under soil
incubation was observed to be 43% lesser when compared
to the neutral soil of pH 7. However, in the present study,
report revealed that if the incubation soil was supplemented
with appropriate nutrients with the use of Bacillus tropicus
bacteria, maximum healing can be achieved up to 88.05%.

3.7 Microstructure study
3.7.1 X-ray diffraction and SEM analysis

X-ray diffraction analysis of CaCO; precipitates obtained
from the specimen’s pit, BP3, showed a major elemental
composition having descending score values of calcite,
calcium carbonate, aragonite, and vaterite. The spectrum
acquired is presented in Fig. 11. The obtained XRD peak
elements were similar to previous studies [5—7, 37]. From
the database available in the software, X pert high score plus,
the compounds were identified with their respective refer-
ence code as shown in Table 5. According to the results, the
elemental composition of soil material-incorporated bacteria
and healing solutions were found to be calcium carbonate,
calcite, aragonite, calcium oxalate, and vaterite as shown in
Fig. 12 with the database compounds listed in Table 6. The
score value results obtained from the above two cases were
quite different due to the process of chemical equilibrium
which emitted CO, in void space during respiration process
[47]. Hexagonal and spherical crystal shapes were obtained
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in the precipitates formed due to presence of nutrient solu-
tion variations. This crystallinity and crystal size decreased
with an increase in the concentration of nutrient sources like
calcium, urea, and yeast extract [47].

SEM images revealed the presence of voids in the soil
samples without bacteria and nutrient addition; however,
the samples with bacteria and nutrient addition showed
void reduction due to the formation of calcium carbonate
crystals as can be seen in Fig. 13a and b. The identified
polymorphs of calcium carbonate compounds were similar
to compounds identified from [18-21, 47]. These crystals
remained unchanged even after 120 days which resembles
the concentration effect of urea source for crystal formation
underneath the soil.

Nutrient loss was found in the bacteria-added specimen
due to larger crack widths through negative matric potential
[19]. If soil was not added to the bacteria and nutrient solu-
tion, the cracks was unhealed. If the surrounding soil was
supplemented with bacteria and nutrient solution, the nutri-
ents required for the bacteria were absorbed through capillary
pressure as described in Fig. 14.

4 Conclusion

The present study was aimed to investigate on bacterial pre-
cipitation of calcium carbonate for effective exploitation to
heal in concrete cracks. The results showed that the increas-
ing percentage of nutrient solution and bacterial solution in
the soil surrounding the concrete specimens can improve the
percentage of healing cracks. Bacteria performance on con-
crete crack healing did not depend on locations where they
were isolated. Calcium precipitating bacteria could perform
in any substructure location which should be provided with
appropriate nutrient source. Bacillus paramycoides, Bacil-
lus tropicus, and Pseudomonas alcaligenes had showed effi-
cient performance on crack healing in soil exposures. These
bacteria can induce calcium carbonate precipitation in soil
environment in line with cracks in concrete. Compared to
Bacillus paramycoides and Pseudomonas alcaligenes, Bacil-
lus tropicus had explicated better crack healings under soil
exposure conditions. Loss of nutrients through larger crack
widths in cube specimen was compensated by nutrient supply
in nearer areas through capillary pressure principle. Natu-
ral water content available in soil was as suitable environ-
ment to bacteria in crack closure activities. Organic content
in existing soil did not affect the performance of bacteria
during crack closure behaviors. Hence, it was hypothesized
that these bacteria could be added in substructures and its
surrounding soil through proper injection techniques. The
percentage of healing ratio was found to be maximum for the
90% nutrient solution and 10% bacterial solution. From this
result, it was clear that a lesser volume of bacterial solution
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could heal a higher percentage of cracks with a higher vol-
ume of nutrient solution. The microstructure study resembled
the formation of calcium carbonate mineral compounds in
both concrete and soil. It was evident that this precipitate
reflected in increasing durability in concrete structures. The
determination of survival potentiality of bacteria (in added
environment) for long periods has gained mere attention
among earlier researchers. Crack healing percentages for
small specimens were explored in this study and hence this
study must be extended for large specimens in ground expo-
sure conditions. In addition, future study can be focused on
the above considerations along with techno-economics or the
feasibility for large-scale implementations.
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