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Article Info Abstract

The main aim of this investigation is to determine the influence of Bacillus
Article history: species on the crack healing ability and flexural strength of concrete. In this
regard, four bacillus species, such as "Bacillus halodurans (BH), Bacillus cereus
Received 23 Apr 2023 (BC), Bacillus licheniformis (BL), and Bacillus subtilis (BS), and two bacterial cell

Accepted 05 Aug 2023 concentrations are selected (viz., 108 and 10° cells/ml of water), and the concrete

specimens are cracked with a 65% stress level concentration. To identify the
Keywords: crack healing ability of selected bacillus species, three different curing conditions

are adopted: calcium lactate, water, and ambient curing conditions. The
Bacillus species; ultrasonic pulse velocity test (UPV) has been conducted to identify the crack
Crack healing; healing ability of the selected bacillus species. From the results, calcium lactate-
Cell concentration; based cured concrete specimens showed better UPV values and crack healing
Flexural strength; ability. whereas Bacillus halodurans (BH) effectively filled the crack with calcite

precipitation, which is the reason for 90% of crack healing ability and the high
flexural strength recovery compared to other selected bacillus species. There is
not much difference observed between the bacteria with cell concentrations of
10° and 108; however, 10° has a high healing ability and recovers flexural
strength.

Ultra-sonic pulse
velocity

© 2023 MIM Research Group. All rights reserved.

1. Introduction

As concrete is a brittle substance, it is prone to cracking, which has major consequences
for the durability of concrete structures [1-3]. Cracks will easily allow for entry of harmful
substances into structures, accelerating deterioration and necessitating intensive repair
and maintenance. Repair and rehabilitation of concrete structures is a difficult task
nowadays because of the limited resources available to reconstruct a structure and budget
required is more from an economical point of view. In the U.S, almost £40 billion are spent
per year for maintenance of concrete structures in which cement plays a major role [4-5]
and the reports from highway agency of England states that £80 million are used every
year for the upcoming 20 years towards repair and rehabilitation of bridge works [6-7].
Moreover, for strengthening hammersmith flyover in London, nearly £70 million are spent
since 2011 by its transport authority [8] and also in the U.K, it was found since from 2000,
the amount spent for repair works has crossed than for new constructions [9-12]. To
address the above issues, self-healing concrete was introduced for healing the cracks on
the concrete surface.

Generally, animals and plants are capable of healing wounds by themselves without any
external influences. For example, mammalian skin has an ability to recover from serious
damage to its full extent [13]. In addition to that, a lot of organisms and natural systems
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are capable to heal itself; so, from these examples, the idea of healing was applied to
engineering problems. This idea has come to existence through experimental work from
previous decades and still it is in fantasy. Self-healing concrete is the one that heals itself
when it comes into air, water and produces lime on the outer layer of the concrete. The
self-healing process can be broadly classified into two types, i.e., autogenous self-healing
and autonomous self-healing and the healing methods are shown in Fig 1. The healing can
be done with many materials like biological agents [14-19], chemical agents,
superabsorbent polymers, crystalline materials, pozzolanic materials [20-22] and mineral
admixtures that are added and replaced with cement in order to arrest the cracks of
concrete which shortens their production.

The bacterial agents/mediums usage for the crack healing comings under the autogenous
healing method. During this process, the bacteria facilitate the precipitation of calcite
(CaCO3) crystals by producing the urease enzyme. This precipitation occurs through the
heterogeneous nucleation of the bacterial cell wall until supersaturation is reached. It
highlights the potential of bacteria as effective self-healing agents [23]. The mechanical
properties of the concrete are evaluated by using Bacillus subtilis bacteria and the study
concluded there is an increase in mechanical properties due to the production of calcium
carbonate and this is the reason for a fill of cracks [24]. Another study was done by using
bacteria (Bacillus subtilis) and lactate derivative-based material which acts as a carbon
source for crack healing. The spores of the bacteria get active and consume the nutrients,
carbon source which precipitates the hydration products responsible for healing, improves
the mechanical properties and water tightness enriches the durability behaviour of
concrete structures [25-26].

As per the literature, several ways to carried out bacterial incorporation into the concrete
for crack healing; bacterial direction injection [27], bacterial spraying on concrete cracked
surface [28], bacteria encapsulation [29], and bacterial addition at time of mixing, and ect.,
Jonkers [30] said that addition of bacterial agents at the time of concrete mixing is better
than above other methods and having optimum crack healing.

Self healing
Autonomous healing Autogenous healing
Supplementary " . .
o Crystalline Super absorbent Biological
Chemical agents cementitious p
materials admixtures polymers agents

Fig. 1. Self-healing methods

The fissures underwent healing as a result of microbial precipitation induced by bacterial
urealytic activity. This process of microbial precipitation is contingent upon various
factors, including pH levels, the concentration of dissolved inorganic carbon, the quantity
of calcium ions present, and the choice of bacterial nucleation site [31]. Many studies have
mentioned that bacterial incorporation improves the mechanical strengths of concrete,
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especially compressive and split tensile strength. Jena [32] used Bacillus subtills (BS) with
different cell concentrations ranging from 102 to 10 and investigated the mechanical
properties. His study concluded that BS with 105 cells/ml has shown the optimum strength
increments, such as a 32% increase in compressive strength, a 14.01% increase in split
tensile strength, and a 29.14% increase in flexural strength. Akindahunsi [33] also
mentioned that BS with 105 cells/ml has shown a 13% increase in compressive strength
and a 15% increase in flexural strength compared to the control mix.

In the present study, four different Bacillus species, namely BH, BS, BL, and BC, with two
different cell concentrations (108 cells/ml and 10° cells/ml), are selected. Additionally,
three different curing conditions (calcium lactate, water, and ambient air) are identified to
evaluate the potential of Bacillus species for crack healing ability and strength recovery.
These parameters are considered as research gaps in the present study. The rate of crack
healing is monitored daily using UPV, and the flexural strength is monitored to evaluate
strength recovery.

2. Materials and Experimental Methodology
2.1 Materials

The required materials for preparing the concrete collected from local forums and its
properties (i.e., physical and chemical) match the IS 12269-2013 [34], IS 383-2016 [35],
and IS 456-2000 [36]. Subsequently, ordinary Portland cement contains 64.2% of CaO,
19.6% of Si02, 4.62% of Al203, 3.89% of Fe203, 1.86% of Naz03, 0.78% of K20, 0.65% of TiOz,
0.92% of Mg0, and 3.48% of loss of ignition. Similarly, fine aggregates have 2.70, 1.45, and
2.56 specific gravity, bulk density, and fineness modulus, respectively. Similarly, coarse
aggregates have specific gravity of 2.75, and bulk density of 1.51, respectively.

2.2 Bacteria

In the present study, the selected bacterial agents were purchased from the "National
Collection of Industrial Microorganisms (NCIM), CSIR-National Chemical Laboratory
(NCL), Pune, India," and cultured according to the nutrient broth medium method [18].
Based on the biological laboratory studies, all the bacterial agents exhibited a rod-like
shape and were gram-positive. Furthermore, additional characteristics of the bacterial
agents are listed in Table 1.

Table 1. characteristics of bacterial agents

Name of Size, Pigmentati Gram
- BxL Shape § staining Medium  Temperature pH
bacteria on .
(um) properties

Bacillus Rod . Gram Nutrient o
halodurans 0.5x1.8 shaped Pink positive broth 37°C 7
Badllus oy, Rod Red Gram Nutrient 30°C 6-8
licheniformis shaped positive

Bacillus 3x4 Rod Green Gram broth 28°C 4.6

cereus shaped positive

Bacillus 02x12 _Rod Brown Gram Nutrient 30°C 6-9

subtilis shaped positive

2.3 Experimental Methodology

According to IS 10262-2009 [37], the mix calculations for 40MPa strength concrete are
evaluated and listed in Table 2. Additionally, two different bacterial cell concentrations,
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namely 5.79x108 and 5.79x10°?, are used in the concrete throughout the present research
work. The crack healing ability of bacterial agents and the flexural behavior of bacterial
agent-induced concrete are carried out. All the prepared concrete samples are cured in
normal water for 28 days before testing. The surface cracks are formed using 65% and
75% stress level concentrations [16]. To evaluate the healing ability of bacterial agents,
three different curing conditions are adopted, namely water, calcium lactate, and air (i.e.,
ambient curing).

Table 2. Mix calculations (Kg/m?3)

Cement Fine Coarse Water Bacteria (cells/ml of
aggregates aggregates water)
450 624 1220 186 (5.79x108) & (5.79x109)

2.4 Ultrasonic Pulse Velocity Test

The non-destructive studies were carried out on the hardened concrete by performing an
ultrasonic pulse velocity test as per IS: 13311 (Part 1) - 1992 [38]. An Ultrasonic Pulse
Velocity (UPV) test is an in-situ, non-destructive test to check the concrete quality. In this,
the strength and quality of concrete are evaluated by measuring the velocity of
an ultrasonic pulse passing through a concrete structure. Higher velocities indicate good
quality and continuity of the material, while a lower velocity indicates concrete with many
cracks or voids. The pulse velocity will be calculated by using Eq 1. The specimens (prisms)
are cracked from the mean strengths as shown in Fig 2 and are placed in different curing
agents such as calcium lactate, water and air in Fig 3. The experimental setup of UPV
measurement to the concrete specimen is represented in Fig 4. A white precipitate was
formed on the concrete specimen’s surface indicating crack healing shown in Fig 5.

Pulse velocity = Width of structure/Time taken by the pulse to go through (D

Fig. 2. Setup of cracked concrete specimens
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Fig.3 Concrete specimens cured at Fig.4 Setup of UPV measurement
various curing agents

Fig. 5. Crack healed specimens

2.5 Flexural Strength Test

The flexural strength is the beam or prism'’s capability to resist failure in bending action; it
can also be termed modulus of rupture. The size of specimens adopted is
500mmx100mmx=100mm to test flexural strength using a flexural testing machine with a
capacity of 100KN at a loading rate of 180kg/min. As per IS 516-1959 [36] requirements,
the test was carried out for the specimens cured for 28 days. The flexural strength can be
calculated with the following formulae in Eq 2.

Flexural strength (fi) = % @

4. Results and Discussion
4.1 Ultra Sonic Pulse Velocity

The ultrasonic pulse velocity (UPV) values are used presently to evaluate the crack healing
ability of the selected Bacillus species, namely BS, BH, BL, and BC. The bacteria-induced
concrete specimens are cracked with a stress level concentration of 65% and cured in
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calcium lactate, water, and ambient air, respectively. Table 3 illustrates the UPV values
when the cracked specimens are cured in calcium lactate. Based on Table 3, BH has a UPV
value of 4.36@14 days, and its corresponding crack healing ability is 90%, which is the
highest among the bacterial cell concentration 10° induced specimens. This effect is due to
the reaction between the bacteria and calcium lactate within the concrete pores and cracks.
The calcium lactate crystallizes within the cracks, leading to crack healing or sealing,
thereby increasing the UPV values [39-40]. The principle of repair or crack healing involves
the formation of calcium carbonate from the bacteria's spores by consuming nutrients such
as calcium lactate, water, and oxygen [41-42]. The chemical agent calcium lactate has an
alkaline nature, indicated by its pH value of 8, which is favorable for the concrete
environment. Similarly, BC has a UPV value of 4.26@21 days, BL has 4.32@14 days, and BS
has 4.11@21 days, with corresponding crack healing abilities of 87%, 88%, and 86%,
respectively. A similar behavior was observed in the case of bacterial cell concentration of
108 induced concrete specimens.

Table 3. UPV (km/sec) crack healing after cured in calcium lactate

Cell concentration,10° Cell concentration,108

NC BC BH BL BS NC BC BH BL BS

BeforeCrack g5 485 485 486 485 485 486 487 488 486

é After Crack 2.37 2.34 2.31 2.36 2.39 237 233 234 234 238
E 7,,; 3 2.65 2.85 2.62 2.68 2.98 2.65 2.61 248 254 266
g 7 3.01 3.67 3.37 3.59 3.86 3.01 354 3.24 33 3.67
;:; E:D 14 3.16 396 436 432 411 316 382 4.35 4.3 3.95
">> o 21 3.44 426 436 432 4.21 344 425 435 4.3 4.19
& § 28 3.86 426 436 432 4.21 386 425 435 4.3 4.19
© 35 3.86 426 436 432 4.21 386 425 435 4.3 4.19
Before Crack 100 100 100 100 100 100 100 100 100 100
g After Crack 49 48 48 49 49 49 48 48 48 49
E E 3 55 59 54 55 61 55 54 51 52 55
% g 7 62 76 69 74 80 62 73 67 68 76
=N 14 65 82 90 89 85 65 79 89 88 81
'TE b 21 71 88 90 89 87 71 87 89 88 86
T g 28 80 88 90 89 87 80 87 89 88 86
© 35 80 88 90 89 87 80 87 89 88 86

Table 4 lists the UPV values and crack healing ability percentages of bacteria-induced
cracked concrete specimens cured in water for their crack healing. The bacteria with a cell
concentration of 1079 induced greater healing ability than bacteria with a cell
concentration of 1078. The optimum UPV values and their corresponding healing ability
percentages are as follows: NC has 3.49 @ 72% for 28 days, BC has 3.55 @ 73% for 21 days,
BH has 3.65 @ 75% for 14 days, BL has 3.58 @ 74% for 14 days, and BS has 3.5 @ 72% for
21 days, respectively. The bacterial agents are capable of excreting calcite on the cracked
surfaces when they react with the available moisture in their surroundings, according to
[23],[43]. Similar results were observed in the bacteria with a cell concentration of 10*8
induced concrete specimens, as shown in Table 4.

The UPV values and crack healing ability percentages for bacteria-induced cracked
specimens cured in ambient air are shown in Table 5. Results show that BH has the highest
healing ability, i.e., 70%, which is optimum in the respective ambient air-cured concrete
specimens. Whereas, BL has 68%, BS has 65%, BC has 67%, and NC has 64% in 14 days, 21
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days, 21 days, and 28 days, respectively, and its corresponding optimum UPV values are
3.31km/sec, 3.23 km/sec, 3.26 km/sec, and 3.13 km/sec, respectively. For bacteria with a
cell concentration of 108, the optimum UPV values are 3.13 Km/sec for NC, 3.23 Km/sec
for BC, 3.39 Km/sec for BH, 3.29 Km/sec for BL, and 3.11 Km/sec for BS, respectively, for
corresponding curing ages of 28 days, 21 days, 14 days, and 21 days, as shown in Table 5.
According to [44&45], the selected bacillus species are sealed with a cracked concrete
surface with calcite when it reacts with surrounding ambient air, which is the reason for
crack healing.

Table 4. Crack healing after cured in water

Cell concentration,10° Cell concentration,108

NC BC BH BL BS NC BC BH BL BS

g BeforeCrack 486 487 487 485 487 485 485 486 487 488
L After Crack 2.36 2.31 2.32 2.32 2.41 2.37 2.32 2.35 2.35 2.4
E 3 2.53 2.67 2.59 2.59 2.83 2.65 2.54 2.46 248  2.59
% 7 299 313 311 317 339 301 307 303 301 3.29
5 %% 14 312 342 3.65 358 344 316 338 3.62 356 3.26
£ £2 21 34 355 365 358 3.5 344 351 362 356 348
E 3 28 3.49 3.55 3.65 3.58 3.5 3.46 3.51 3.62 3.56 3.48
= 35 349 355 365 358 35 346 351 362 356 348
. Before Crack 100 100 100 100 100 100 100 100 100 100
°§ After Crack 49 47 48 48 49 49 48 48 48 49
Z 3 52 55 53 53 58 52 52 51 51 53
2o _ 7 62 64 64 65 70 62 63 62 62 67
& & % 14 64 70 75 74 71 64 70 74 73 67
= E£3 21 70 73 75 74 72 70 72 74 73 71
] 3 28 72 73 75 74 72 71 72 74 73 71

35 72 73 75 74 72 71 72 74 73 71

Summary of the results: Among the selected Bacillus species, BH has shown better crack
healing ability than others under the given three curing conditions, namely calcium lactate,
water, and ambient air curing. Concrete specimens cured with calcium lactate effectively
sealed 90% of the cracked portion in a relatively shorter time, specifically 14 days,
compared to the other conditions. Similar behavior was observed in both water and
ambient air curing conditions. Subsequently, BL exhibited the second-largest healing
ability (89% in 14 days) among the selected Bacillus species, followed by BC and BS. The
bacterial agents ideally consume calcium lactate and excrete calcite in the surrounding
voids or cracks in the concrete, which is the reason for achieving high UPV (ultrasonic pulse
velocity) and observed healing ability in the calcium lactate curing conditions. Similarly,
bacteria can also produce calcite precipitation by reacting with moisture and air, but these
healing processes require slightly more time and have lower healing ability compared to
calcium lactate conditioning.

3.2 Flexural Strength Test

Fig. 6 depicts the flexural strength of bacteria with cell concentrations of 10° in concrete
specimens before and after crack healing. In the selected bacillus species, BH has shown
the greater flexural strength, i.e.,, 5.09 MPa, and it is considered optimum among other
bacillus species. Based on biological studies, BH can survive effectively in a high alkaline
environment (concrete pH > 12) compared to others and is primarily responsible for the
calcium carbonate in the cracked portion of the concrete, which helps enhance the
concrete’s flexural strength. The calcium lactate curing-conditioned specimens have
shown the highest recovery of the flexural strength, i.e., 99.61% in BH, 91.13% in BC, 96.02
in BL, 86.78 in BS, and 82.09 in NC, respectively. Similarly, BH has shown better strength
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recovery under water and ambient air curing conditions, i.e., 98.23% and 96.46%,
respectively. From the UPV values, it was observed that the bacteria can seal the crack by
observing the surrounding moisture and air, which is the reason for the recovery of
strength. Similar results were observed in the case of bacteria with a cell concentration of
108, which are shown in Fig. 7.

Table 5. crack healing after cured in ambient air

Cell concentration,10°

Cell concentration,108

NC BC BH BL BS NC BC BH BL BS
o BeforeCrack 487 488 488 487 49 487 487 489 489 489
@ After Crack 235 232 234 23 242 235 23 232 233 239
E 7 3 246 256 248 245 275 246 248 236 239 247
P 7 297 292 286 271 314 297 286 284 26 3.04
R 14 308 316 341 331 318 308 3.09 339 329 311
£ < 21 309 326 341 331 323 309 323 339 329 32
E £ 28 313 326 341 331 323 313 323 339 329 32
3 35 313 326 341 331 323 313 323 339 329 32
Before Crack 100 100 100 100 100 100 100 100 100 100
& After Crack 48 48 48 47 49 48 47 47 48 49
2w 3 51 52 51 50 56 51 51 48 49 51
5 3 7 61 60 59 56 64 61 59 58 53 62
0 14 63 65 70 68 65 63 63 69 67 64
= 21 63 67 70 68 66 63 66 69 67 65
= £ 28 64 67 70 68 66 64 66 69 67 65
3 35 64 67 70 68 66 64 66 69 67 65
Cell concentration,10°
~ 6
OcE 5 g - S ® NC-Before Crack
= 4 m NC-After Healing
el
.."5 3 BC-Before Crack
o0
5 2 B BC-After Healing
Bt
= 1 m BC-Before Crack
w 0 . . BH-After Healing
‘5 Calcium Water Ambient
5 Lactate curing ® BC-Before Crack
p— - maw 3
= Curing condition ® BL-After Healing

Fig. 6 Flexural strength of bacteria cell concentration of 109
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Cell concentration,108

6
= -
DCE 5 J—— I - B NC-Before Crack
E 4 ® NC-After Healing
= 3 BC-Before Crack
B
8 2 m BC-After Healing
E L = BC-Before Crack
ZH0]
T;E Calcium Water Ambient curing BH-After Healing
>=< Lactate m BC-Before Crack
= Curing condition m BL-After Healing

Fig. 7 Flexural strength of bacteria cell concentration of 108

5. Conclusions

In the present research study, the four bacteria (Bacillus subtilis, Bacillus cereus, Bacillus
licheniformis, and Bacillus halodurans) were cultured, and the bio-concrete specimens
were prepared using bacteria with two different cell concentrations of 108 and 10°. The
specimens are cured for 28 days and checked for mechanical properties (flexural strength).
The specimens are cracked with stress level concentrations of 65% mean strength and
were placed in various curing conditions such as calcium lactate, air, water, and bacterial
solution to determine the healing rate by conducting ultrasonic pulse velocity tests. The
following are the conclusions drawn from the present research work:

Bacillus halodurans has the highest crack healing ability compared to other Bacillus
species used in the present study. Particularly, calcium lactate cured BH has the
optimum performance in terms of crack healing and flexural strength recovery.
The UPV values get constant for Bacillus subtilis (4.21 km/sec) and Bacillus cereus
(4.26 km/sec) concrete specimens at 21 days, Bacillus licheniformis (4.32 km/sec),
and Bacillus halodurans (4.36 km/sec) concrete specimens at 14 days, illustrating
no further healing.

In all the mixes, bacterial cell concentrations in 109 concrete samples showed
better healing performance in the selected curing conditions, i.e., calcium lactate,
water, and ambient air.

The crack healing of BH is 90%, 75%, and 70% in calcium lactate, water, and
ambient air curing, respectively. The name Bacillus halodurans, i.e., the term halo
itself, indicates alkalinity, representing that this bacterium can sustain itself easily
in a concrete environment and precipitate calcium carbonate.

Subsequently, BL has shown the second highest performance, i.e., 89%, 74%, and
68% of crack healing in calcium lactate, water, and ambient air conditions,
respectively.

The selected bacillus species has shown considerable concrete specimen crack
healing and recovery of flexural strength in ambient air and water curing
conditions. From the results, it was found that ambient air and water can react with
bacillus species and produce calcite precipitants.

The Bacillus halodurans exhibited the highest flexural strength, measuring 5.07
MPa, while the control samples measured 5.09 MPa. This is attributed to the
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bacteria's ability to survive in a high-alkaline environment and produce calcium
carbonate, which fills the cracks and enhances the flexural strength of the concrete.

¢ From the obtained results, the present study concludes that Bacillus halodurans can
be used for concrete repairs, particularly crack healing.

Future scope and limitations of the study

e The present investigation has proven that the selected Bacillus species are ideally
suitable as self-healing agents in concrete repair works. It is necessary to study the
performance of these Bacillus species in structural elements such as reinforced
concrete beams, columns, and slabs. Additionally, it is advisable to study the
behavior of the Bacillus species in adverse environments such as acid environments
and elevated temperatures.

e From the observation, it can be noted that most of the time the crack healing ability
of the selected Bacillus species is limited to surface cracks.
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