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a b s t r a c t

Bio-inspired self-healing of concrete cracks has been widely exploited to improve concrete

properties and thus increase concrete life span using different bacterial species in recent

years. The most common bacterial species found in the present literature are B. sphaericus,

Sporosarcina pasteurii, Spore-forming alkali-resistant bacteria, B.megaterium and B. subtilis,

while there is no published research using B. pseudomycoides species to heal concrete

cracks. Furthermore, the need for more in-depth information on the healing ratio in the

deeper part of the concrete crack remains. In the present study, a new bacterial species,

namely B. pseudomycoides strain HASS3, was isolated, identified and tested for its ability

to heal artificially cracked concrete samples. Both variable-pressure scanning electron

microscope (VP-SEM) and X-ray computed microtomography (X-ray mCT) were utilised to

assess the evolution of the healing ratio along with the crack profile. VP-SEM results

revealed that a crack mouth width of 0.4 mm was fully healed through microbial precip-

itation which was later identified as calcite and vaterite using XRD. In contrast, according

to the X-ray mCT results, the maximum healing ratio in the deeper part of the crack was

only 14% compared to the crack mouth. As such, it could be concluded that bacteria-based

concrete self-healing could function as a sustainable strategy to heal cracks located in the

concrete skin.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Concrete cracks are almost inevitable. This is unsurprising, as

concretematrix has been relatively regarded for its brittleness

and heterogeneity [1,2]. These cracks can be created even

without any external load from early-age thermal gradient,

bleeding, shrinkage, expensive reaction and so on [3e5]. Given

this, the formation and existence of concrete microcracks,

especially in the concrete skin, continues to be a present-day

concern and challenge for civil engineers globally [6]. This is

because the microcracks can facilitate the ingress of aggres-

sive material and thus deteriorate the concrete structure [7,8].

As such, developing smart and sustainable concrete is in ur-

gent demand in order to control the propagation of cracks and

heal them as fast as possible [9]. In recent years, sustainable

concrete technology, specifically the topic of self-healing

concrete has become research hotspot [10]. In general, the

aim of the self-healing of concrete cracks is to improve and

densify the concrete skin, thus extending the life span of

concrete structures and simultaneously reducing the main-

tenance cost expended on cement-based structural deterio-

ration [11]. There are several methods of concrete self-healing

that are presently available in the literature, such as, using

crystalline admixtures [12e14], polymer-based [15,16] and

bacteria-based [17,18]. From the point of bacteria-based self-

healing, the healing mechanism was inspired from the

remarkable bio-healing of the human wounds. Relatedly,

injured human skin would call upon platelets, which are

uniformly distributed in the blood, toward the injured area.

Subsequently, the platelets would clot the blood, thus stop-

ping the bleeding.

Consequently, several innovative techniques have been

exploited to heal concrete cracks such as shape memory alloy

[19], mineral admixture [20,21], superabsorbent polymers

[22e24] and silica-based material [25,26]. In addition, many

researchers have also devoted significant effort in order to

introduce a sustainable self-healing technique using different

metabolic bacterial activity such as sulfate reduction bacteria

[27], nitrate reduction bacteria [28,29], oxidation of organic

acids [30] and hydrolysis of urea [31,32]. Of the aforemen-

tioned, the most commonly used healing mechanism is the

hydrolysis of urea via ureolytic bacteria. In addition, most of

the bacterial species used in the literature included B.

sphaericus [33e35], B. subtilis [36,37], Sporosarcina pasteurii

[38], and B. megaterium [39]. Regardless, there is little atten-

tion focused on the investigation of the healing efficiency in

the deeper part of concrete cracks; instead, the healing effi-

ciency weremostly investigated either by roughly quantifying

the precipitation of calcium carbonate using photographic

imaging [40e45], or using indirect techniques such as me-

chanical and durability tests [46,47].

For the same regard [45], demonstrated that Bacillus alka-

linitrilicus species was able to close a 0.4 mm crack after 100

days, while, 0.18 mm-wide cracks were healed in the control

concrete specimenwithout bacteria owing to autogenous self-

healing. The healing was attributed to the microbial calcium
carbonate precipitation by the metabolic activity of the bac-

teria. In a separate study [48], used B. sphaericus to induce

microbial product in cracked concrete specimens in which a

crack width of 0.5 mm was completely filled after 7 days.

Moving to nitrate reduction bacteria [28], anaerobic bacterium

was used with no oxygen requirement for growth to densify

concretemicrostructure throughmicrocracks and pores filling

inside the concrete matrix. Based on their results, a 0.48 mm

crack width was fully healed after 56 days through the pre-

cipitation of CaCO3 and its concentration was located close to

the surface. In the same context, a crackwidth of 0.79mmwas

fully healed using B. cohnii, species in a study reported by [49].

Other bacterial species used are also available in the present

literature [50e59].

It could be inferred that researchers are still devoting great

efforts to enhance the precipitation of microbial calcium

carbonate inside the cement-basedmaterial by using different

bacterial species. In the present study, a novel native bacterial

species, B. pseudomycoides strain HASS3, was isolated and

used to heal cracked concrete samples. The influence of the

bacteria on concrete strength was first evaluated. Then,

variable-pressure scanning electronmicroscope (VP-SEM) and

X-ray computed microtomography (X-ray mCT) were used to

examine the evolution of CaCO3 precipitation at the crack

mouth and the deeper part of the crack, respectively.
2. Experimental program

2.1. Bacterial isolation and identification

A new bacterial species was isolated from a soil sample which

was collected from Universiti Teknologi Malaysia (UTM)

grounds. One gram of the soil samplewas submerged in 25mL

of lysogeny broth (LB) for 24 h in order to grow the bacteria

that lay around the soil. Then, the streak plate technique was

used to separate each single bacterium from the others [60]. In

otherwords, each single bacteriumwould growand reproduce

forming a colony on the Petri dish. It is interesting to note that

each bacterium has its own appearance such as shape, size

and colour. In addition, the colony morphology was observed

with the naked eye, as colony morphology is not difficult to

recognise.

Standard Gram stain was also considered to determine the

isolated bacteria whether it belonged to Bacillus gene or

otherwise. The process of gram stain test mimicked the work

of [61]. Meanwhile, endospore formation was carried out in

reference to a study by [39] which was conducted to check for

the potential ability of the isolated bacteria to produce spore.

In the same regard, themorphology of the isolated bacteria

were also investigated using VP-SEM in order to examine its

shape and size. In the first step, the isolated bacteria was

cultured overnight. Subsequently, it was harvested with a

centrifuging instrument. Next, using amicrocentrifuge tube, it

was washed twice with distilled water (dH2O). Later, the bac-

teria cells were harvested again and rinsed with dH2O. Later,
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the target sample was moved to cover glasses (Fisher Scien-

tific), which was coated with Poly-lysine to facilitate the

adhesion between the bacteria cells and glass. Then, the

bacteria were fixed by adding 1 mL of 2.5% glutaraldehyde

solution. Subsequently, the sample was immersed in hex-

amethyldisilazane for 2 h. Lastly, it was stored in a desiccator

overnight to enable the bacterial cells to dry. In addition, the

isolated bacteria was also tested for urease activity in order to

differentiate whether it belonged to ureolytic or non-ureolytic

bacteria using the Nessler method, as discussed in the next

section.
2.2. Ureolytic activity

To examine the ureolytic activity, the isolated bacteria was

first cultured in a 100 mL flask containing 30 mL LB and 6 mM

urea. Then, it was incubated at 37 �C for 24 h. Next, 0.1 mL of

the urea-LB culture was taken and tested to measure its

ammonia concentration using the Nessler Method 8038.

Indeed, Nessler reagent is regarded as a colour creation re-

agent and is widely used in the literature [62,63]. Generally, it

is an alkaline solution of potassium tetraiodo mercurate

complex compound and would react with ammonia ions to

induce a yellow colour in the medium. In this study, the

absorbance and intensity of the yellow colour was analysied

using UVeVis Spectrophotometer (Hach, Model 5000) and

converted using LamberteBeer Law to represent the ammonia

concentration in the specimen (mg/L).

The presence and amount of ammonia would indicate that

the isolated bacteria has the ability to produce urease enzyme

which is the sole parameter to decompose urea into carbonate

and ammonia. The amount of urea decomposition was

calculated using Eq. (1) [64]. In addition, the logistic curve

fitting was adopted in order to calculate the rate of urea hy-

drolysis as shown in Eq. (2). Where, y was the experimental

urea hydrolysis at time t, c was the time at the maximum of

(dy/dt), k1 was the reaction rate constant and a was the range

of y.

urea decomposedðmg = LÞ¼NH3ðmg=LÞ � 60ðg=molÞ
2� 17ðg=molÞ

(1)

y¼ a
1þ e�k1ðx�cÞ (2)

2.3. DNA identification of the isolated bacteria

DNA identification is important as it functions because it is a

type of genetic fingerprinting. It provides insight into the

species and strains name using the bacterial genetic code 16 S

rRNA [65]. Four steps were taken into account to obtain the

pure DNA, namely extraction, PCR amplification, purification

and sequencing. Firstly, the DNA from overnight cultures of

the isolated bacteria were extracted using the Promega

Genomic Wizard DNA Purification Kit (Promega, Madison, WI,

USA). Then, both the yield and purity of the extracted DNA

were assessed using the Nano Drop spectrophotometer

(Thermo Scientific, 1000 Model) prior to the PCR amplification.

Subsequently, the Promega PCR kit procedure was followed to

clone the specific region of the specific gene DNA which was
16s rRNA. The reaction specimen of 50 mL included 25 mL target

DNA, 1 mL Master mix (containing dNTPs, Taq DNA polymer-

ase, MgCl2 and reaction buffers), 1 mL forward primer (Fd1) 50-
AGAGTT TGA TCC TGG CTC AG-30, 1 mL reverse primer (rP1) 50-
ACG GCT ACC TTG TTA CGA CTT-30 and 22 mL distilled water.

Different temperatures for a certain period of time (cycles)

were taken into account to implement the PCR reaction

through the Mastercycler nexus instrument (Eppendorf).

Next, based on the protocol specified in the QIAquick PCR

purification (Qiagen), the new nucleotide DNA (PCR product)

was purified. To evaluate the purity and concentration of the

amplified 16 S rRNA, the PCR product was also electro-

phoresed in 1% (w/v) agarose gel. Next, the amplified 16 S RNA

gene was sequenced (Sanger sequencing) in First Base Labo-

ratory Sdn. Bhd. In addition, the result of the sequence data

was analysed in the National Centre for Biotechnology Infor-

mation (NCBI) using a blast program. Finally, the 16 s rRNA

gene sequences were deposited in the gene bank database

(Gene Accession No. MK357893).

2.4. Concrete strength

The concrete compressive strength was assessed to under-

stand how much the bacterial solution would affect the con-

crete strength. Two mixes were set, namely (1) control

concretemix and (2) bacterial concretemixwith the bio-based

healing agent. The design of the control concretemix (without

the bio-based healing agent) was based on the Department of

Environment (DOE) method of British specification to obtain a

concrete strength of 30 MPa after 28 days. Ordinary Portland

Cement (OPC), local natural sand, crushed granite (10 mm)

and Rheobuild 1100 super plasticiser were used for this

purpose.

For the bacterial concrete mix, the bio-based healing agent

(bacterial solution, urea and calcium nitrate tetrahydrate) was

prepared and added to the mixing water. Pertaining to the

bacterial solution, the isolated bacteria were cultured in

100 mL Erlenmeyer flasks filled with 30 mL of LB at 32 �C and

150 rpm. It should be noted that the incubation period was

kept at 2 weeks to ensure that the bacterial spores are formed.

This was in line with [64] who stated that 90% of the bacterial

cells would be converted into spores when the incubation

period of the bacterial culture is more than two weeks. In

addition, 0.01 g/L of MnSO4.H2O was added to enhance the

spore formation. After that, the optical density (OD600) was

found to be 2.1 using a spectrophotometer (Jenway 7305 UV/

Visible). Later, the value of OD600 was converted to represent

the bacterial spore concentration (2.3 � 108 cells/mL) using Eq.

(3) [66]. Where, Y was the cells concentration (cells/mL) and X

represented the optical density value. In the same context,

according to [67]; the bacterial solution was diluted to achieve

a bacterial cells concentration of 2 � 107 cells/mL in the con-

crete mixing water. This is because the excessive amount of

bacterial broth, that involves nutrient (3 g/L) and bacterial

cells, would hinder cement hydration reaction and thus affect

the concrete strength. In addition, the used dilution formula

as is described in Eq. (4) [68]. Where, C1 and V1 were the con-

centration and volume of the bacterial solution respectively.

In addition, the concentration and volume of the targetmixing

water were represented by C2 and V2 respectively.

https://doi.org/10.1016/j.jmrt.2021.03.037
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Table 1 e Concrete mixing properties.

Ingredient

Cemen Water (L) Coarse aggregate Fine aggregate admixture (L) Urea calcium nitrate Bacterial solution (L)

Mass (kg/m3) 425 235 620 1100 5.1 4.7 2.35 20.43

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 2 : 9 6 7e9 8 1970
Y¼8:59� 107X1:3627 (3)

C1 �V1 ¼ C2 � V2 (4)

On the other hand, urea concentration of 20 g/L was added

into the mixing water. While, the concentration of calcium

nitrate tetrahydrate was 250 Mm. The molarity of both the

urea and calcium nitrate tetrahydrate were calculated using

Eq. (5). Table 1 describes the details of the bacterial concrete

mixed used.

Molarity ðMÞ¼ moles of solute
liters of solution

¼ weightðgÞ
volumeðLÞ �molar massðg=MÞ

(5)

2.5. Preparation of the artificial cracked concrete
specimen

A small specimen (mm-sized) of an artificial cracked mortar

specimen was taken into account to represent the concrete

matrix in the present study. The procedure of mortar casting

followed BS EN 196e1:1995. In particular, the cement to sand

ratio was 1:3 by mass. In addition, the water cement ratio (0.6)

was kept constant even after the replacement with the bac-

terial solution. The bio-based healing agent were added into

the mixing water in the similar manner of the concrete mix

design as previously discussed in section 2.4. Following that,

plastic moulds of (F30, 50 mm) were used to hold the mixing

mortar. In addition, Groove was generated during the casting

time by placing a copper plate of 0.4 mm. It is interesting to

note that the insertion depth was 20mm from the surface and

was removed after 24 h. Moreover, the target specimen was

cured by water submersion after 24 h in order to create the

healing process. It should be noted that the temperature of the
Fig. 1 e X rays CT test for b
water was 30 �C that simulates the surrounding tropical

temperature and the pHwas 7.8. To evaluate and examine the

crack healing evolution, the bio-mortar specimen was moni-

tored every two weeks using VP-SEM. In addition, the deeper

part of concrete crack was examined using X-rays mCT scan.

X-rays micro computed tomography (X-rays mCT) has a posi-

tive reputation in engineering applications such as porosity

profile of a material. In the present study, the X-rays mCT scan

approach was carried out at Universiti Teknologi Petronas

(UTP) Malaysia.

Specifically, X-rays mCT (InspeXio SMX-225CT; Shimadzu,

Japan) was used to evaluate the extent and quantification of

the healing ratio in the deeper part of the crack zone. The

target sample was positioned between the X-ray detector

(digital camera) and X-ray source (cone beam) as shown in

Fig. 1. To obtain quality images, the output voltage used was

increased up to 190 kV with the ampere of 100 mA. Then, the

sample was rotated 360� to create 1800 views in order to

improve details and resolution. The average count was kept at

16 every rotation angle (optimized signal to noise ratio) and

the thickness of slice was 0.269 mm. Subsequently, VGStudio

Max 3D rendering program was used to analyse 3D con-

structed slices. Finally, myvgl33 reader software was used to

observe a horizontal cut section and analyse the precipitation

of microbial product along the crack profile.

2.6. VP-SEM-EDS and XRD

In the present study, variable-pressure scanning electron

microscope was used to monitor and observe the healing

precipitation on the crack surface every two weeks. Moreover,

EDX analysis was taken into account to identify the filling

product using VP-SEM-EDX (Model JEOL JSM-IT300LV). On the

other hand, X-rays powder diffraction (XRD) was also used to

identify the precipitation product that was deposited on the
acterial mortar sample.

https://doi.org/10.1016/j.jmrt.2021.03.037
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Fig. 2 e Colony morphology of all isolated bacteria (a) H1 (b) H2 (c) H3 and (d) H4 strain.
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crack surface after the healing was completed. Then, the

healing productwas grinded into fine powder and tested using

XRD (Model Rigoku). In order to induce intensive X-rays

spectra, it was operated at 45 kV and 35mAwith Cu annode. In

addition, the diffracted patterns were collected using D/teX

Ultra 250 detector over Bragg angle (2 theta3 - 100), 8.2551 deg/

min, 0.0200 deg/step as continuous scans for 10 min.
Fig. 3 e Morphology of the isolated bacteria using SEM.
3. Results and discussion

3.1. Bacterial strain

Four pure bacterial colonies with different morphologies

were successfully isolated from 1 g of soil specimen, which

was collected from Universiti Teknologi Malaysia (UTM)

grounds, as shown in Fig. 2 (a), (b),(c) and (d). It could be seen

that each bacterium showed its own colony size, shape and

colour. Of the four colonies, only the fourth isolate bacte-

rium (H4) was taken into account, while the rest were

dropped out as they did not meet the criteria of the target

bacteria to be used in concrete. Specifically, the first bacte-

rium (H1) did not belong to the Bacillus species, bacterium

(H2) could not produce spore and bacterium (H3) did not

induce the urease enzyme.

It is also noteworthy that the target isolate bacteria (H4)

could be differentiated by its ability to form chain of cells as

shown in Fig. 2d. It is common knowledge that the previously

isolated Bacillus bacteria was grown as a single colony in a
Petri dish, whereas, in the present study the isolated bacteria

were grown closely by forming chains of cells that were con-

nected to each other. This was an advantage in which the

isolated bacteria would grow and form a thin layer that would

fill any voids inside the concrete matrix. Moreover, chains of

cells would have a larger area for calcium carbonate precipi-

tation compared to a single colony [69]. also stated that this

type of species has a remarkable characteristic to respond to

https://doi.org/10.1016/j.jmrt.2021.03.037
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Fig. 4 e Phylogenetic tree of the isolated bacteria.
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any structural deformation mechanical and force that it may

face when growing in a medium.

For the same regard, the target isolated bacteria were

gram-positive in which it had a rod shape as shown in Fig. 3.

The length and width of the cell was found to be 4e5 mm and

1e1.5 mm respectively. Moreover, the endospore formation

was also positive which enabled the bacteria to produce spore

when exposed to harsh conditions such as the lack of nutrient

or high pH. Both positive results were necessary for the bac-

teria to adopt in any harsh environment it might face. For

example, it was previously acknowledged that spore is also

substantial in the field of self-healing of cementitiousmaterial

where the spore could resist both the mechanical and chem-

ical stress during and after concrete mixing [30]. In the same

context, gram-positive was distinguished by its thicker bac-

terial cell compared to gram-negative which was also neces-

sary to sustain any stress in the concrete [70].

Moreover, the obtained 16 S rRNA gene sequence was

analysed by comparing it with known bacterial sequences

available in the National Centre for Biotechnology Informa-

tion (NCBI). It was observed that the gene sequence of the

isolated bacteria was very close to Bacillus pseudomycoides

strain HASS3 with a similarity of 99% as shown in Fig. 4. This
Fig. 5 e Mechanism of urea hydro
new specieswas presented and introduced as a new species to

heal concrete crack in the present study. This is because the

bacteria commonly used in previous studies were S. pasteurii

[71], Bacillus sphaericus [34], Bacillus subtilis [36], Bacillus

megaterium [67] and Spore-forming alkali-resistant bacteria

[72]. Subsequently, the gene sequence of the isolated bacteria

(Bacillus pseudomycoides strain HASS3) was deposited in the

NCBI databases under the accession number of MK357893.

3.2. Urease enzyme bacterial growth activity

The urease enzyme test is a useful test to classify whether a

particular bacterium belonged to ureolytic or non-ureolytic

bacteria. The ability of the Bacillus pseudomycoides strain

HASS3 to induce urease enzyme was proven by the presence

of ammonia ions in the bacterial solution which consists of

6 mM urea concentration. This was because one mole of

urease enzyme was converted into 2 mol of ammonia in the

presence of urease enzyme as expressed by Eq. (6) [73]. In

particular, the urease enzyme converted urea into both

ammonium and carbamate. Subsequently, ammonia and

carbonic acid were produced through the decomposition of

carbonate as shown in Fig. 5 [74].
lysis via urease enzyme [74].

https://doi.org/10.1016/j.jmrt.2021.03.037
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Fig. 6 e Comparison of (a) hydrolysis of urea (b) bacterial growth.
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COðNH2Þ2 þ 2H2Oþ Ca2þ
�����������!urease

2NH3 þ CaCO3 (6)

In addition, the hydrolysis efficiency of the pseudomycoides

strain HASS3 was evaluated by comparing its productivity

with other bacterial species namely, Lysinibacillus sphaericus

HAS1 and S. pasteurii ATCC 11859 which was purchased from

Bio-Focus Saintifik Sdn Bhd. Both of these specieswere chosen

for comparison purposes because the sphaericus and pasteurii

species have been regarded as the most effective bacterial

species to be used in the field of bio-based self-healing con-

crete [75]. Fig. 6a shows that all bacterial species were able to

hydrolyse urea into carbonate and ammonia, however, pseu-

domycoides strain HASS3 exhibited higher urea hydrolysis. It

was also noticeable that no ammonia was observed in the

absence of the bacteria. This fact was consistent with previ-

ously published studies which stated that the urea would be

kept stable without bacteria unless the temperature increased

to more than 130 �C [76]. For the concrete environment, the

temperature might reach up to 70 �C [77,78]. As such, urea

would not decompose inside the concrete matrix without the

intervention of ureolytic bacteria. From the viewpoint of

bacterial growth, the optimum growth for all bacterial species

is as illustrated in Fig. 6b in which the isolate bacteria were
Fig. 7 e Compressive strength of the bacterial concrete at 7,

14 and 28 days.
found to be more active, compared to other bacterial species.

This was because it reached its maximum concentration in

just 20 h in such condition.

Going back to the hydrolysis of urea by the isolated bac-

teria, the rate of the urea hydrolysis though urease enzyme

was calculated and evaluated using a logistic curve with a

correlation coefficient of 0.98 as expressed by Eq. (7). Where y

was the experimental urea concentration at time t. In partic-

ular, the rate constant of the urea hydrolysis was found to be

0.846 d�1.

yðtÞ ¼ 5:459
1þ e�k1ðt�0:7217Þ (7)

3.3. Concrete strength

The compressive strength of the bacterial concrete was eval-

uated at 7, 14 and 28 days. After 28 days, the target mean

strength of the control concrete (without the bacterial solu-

tion) was 36.1MPa. Based on the obtained results, the increase

in the bacterial concrete strength was evident compared to

the control specimens as shown in Fig. 7. The value of the

strength enhancement was 16% higher than the control con-

crete. This was attributed to the precipitation of the microbial

calcium carbonate inside the concrete matrix as themicrobial

product would fill the microcracks and the concrete pores.
Fig. 8 e Visualisation of the healing product after 68 days

(a) control mortar (b) bacterial mortar.

https://doi.org/10.1016/j.jmrt.2021.03.037
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Fig. 9 e Evolution of crack healing by pseudomycoides strain HASS3.
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According to [79]; the compressive strength of bacterial con-

crete increased by 14.8% and 34.6% when B. megaterium

MTCC 1684 and Lysinibacillus sp. I13 were added respectively.

Their positive finding was attributed to the deposition of

calcite on the bacterial cells which in turn filled the concrete

porosity. On the other hand, it could be seen that the rate of

concrete strength improvement was approximately time

dependent in which its enhancement was lesser at a later age

as compared to the early age. This was because the concrete

pores and interconnectivity paths decreased over time owing

to the hydration reactions process. As such, the chemical

involved such as urea faced difficulty in reaching the target

area inside the concrete matrix to implement the ureolytic

activity and fill the target area with calcium carbonate.

Moreover, water movement and oxygen, which were sub-

stantial for ureolytic activity, were hindered due to the pre-

cipitation of calcium carbonate and continuous cement

hydration [80]. From another point of view [81], stated that the

viability of the bacteria was another challenging issue since

the bacteria cells would be exposed to compression during the

later period of time. In other words, the bacteria cell would not

acquire enough space in a long run. Therefore, researchers are

still focusing their efforts to develop a new carrier protection

technique to encapsulate or immobilise the bacterial cell in-

side the concrete matrix [82]. These techniques would protect

the bacteria from crushing due to the decreasing concrete

pores over time.
3.4. Evolution of bio-based crack healing

In reference to Fig. 8a, no healing was absorbed in the control

cracked mortar specimen of 0.4 mm and only a very limited

white deposition was distributed and seen on the surface of

the control mortar. These results were attributed to the

chemical reaction between the Ca(OH)2 leached from the

concrete matrix to the surrounding carbon dioxide. In

contrast, the artificial cracked bacterial mortar of 0.4 mm

width was fully healed by microbial precipitation as shown in

Fig. 8b. The microbial precipitation was later identified as

vaterite and calcite (CaCO3).

For the controlmortar sample, the hydration product of the

cement paste, calcium hydroxide is known as one of the main

sources of calcium ions in concrete cracks. In addition, the

carbondioxide in the air dissolved in water forming carbonate.

Then, the carbonate formed diffused into the crack. As such,

the carbonate would react with the free ions of calcium,

forming calcium carbonate as shown in Eqs. (8) and (9). This

result was in a good agreement with the present literature. For

example [83], stated that only a crack width of 0.15 mm was

fully healed by chemical calcium carbonate which was

precipitated in the crack surface. In addition, [84] concluded

that cement-based material has the ability to self-heal crack

width ranging from 0.1 to 0.15 mm. According to them, this

positive result was due to the continuous hydration of unhy-

drated cement particles and carbonation.
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Fig. 10 e SEM-EDS and XRD analysis.
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CaOþH2O/CaðOHÞ2 (8)

CaðOHÞ2 þCO2 /CaCO3 þH2O (9)

Back to the bacterial concrete, the crack-healing perfor-

mance of the bacterial concrete samples was significantly

enhanced in comparison to the control specimen owing to the

formation ofmicrobial calcium carbonate. Fig. 9 illustrates the

precipitation of the microbial product in the crack surface of

the bacterial concrete samples at different times using Vari-

able Pressure Scanning Electron Microscopy (VP-SEM). It was

observed that pseudomycoides strain HASS3 proved its ability to

fully heal a crackwidth of 0.4mm in just 68 days owing to their

novel characteristic as discussed in section 3.1 and 3.2. This

positive result enables pseudomycoides strain HASS3 to be one

of the best bacterial species to heal concrete cracks compared

to other bacterial species. For example, only a crack widths of

0.15e0.17 mm were completely healed using B. sphaericus

species in a study reported by [85]. These results were almost

in line with that of [53] who found that Bacillus Subtilis species

has ability to only plug a 0.2 mm crack width. In addition, B.

megaterium species showed its ability to plug a crack width of

0.3 mm at the age of 81 days in a study reported by [39]. In the

same context, Sporosarcina pasteurii showed its capability to

heal crack of up to 0.417 mm [86].

In the present study, it should be noted that the crack

healing efficiency was evaluated by the decrease in the initial

crack area hi over time. Specifically, the initial crack area was
subtracted from the crack area at interval time ht divided by

the initial area as expressed in Eq. (10).

h¼hi � ht

hi
� 100 (10)

It was noticeable that the calcium carbonate precipitation

started to appear along the edge of the crack surface as burrs.

The microbial precipitation was clearly seen on the edge of

both sides of the crack zone after 14 days as demonstrated in

Fig. 9b. In addition, the healing ratio was just 6%. After that,

the precipitation gradually increased over time. The

improvement value depended on viability of urea and cal-

cium which were necessary to establish the ureolytic activ-

ity. With more urea concentration, more calcium carbonate

would be formed in the presence of the bacterial strain.

Consequently, the microbial CaCO3 precipitation continued

until it bridged the full crack width. In particular, the cracked

bio-mortar specimens were fully mended in 68 d, as illus-

trated in Fig. 9c. Such result proved that the crack surface

could act as a suitable environment to promote the pro-

ductivity of calcium carbonate as the pH value is low in the

crack mouth. According to [64], the pH at the crack surface is

between 9 and 11, whereas, the pH value may reach up to 13

inside the concrete matrix. In addition, the crack mouth is

distinguished by the abundant oxygen from the surround-

ing. This oxygen is important for the growth of aerobic

bacteria. With sufficient amount of oxygen and nutrient, the

bacterial cell could multiply by binary fission and thus the

number of cells would increase. In other words, the crack

zone promotes the bacterial spore to transform into
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Fig. 11 e Horizontal cross sectional view from 3D x rays image of the artificial cracked bio-mortar specimen at different

locations.
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vegetative cell in just a few minutes due to favourable con-

ditions, such as sufficient nutrient and pH of less than 12

[87]. This process is termed germination. During the germi-

nation process, the bacterial spore starts to elongate and

then divide. Specifically, the bacteria cell grows again and

subsequently, divides into two new vegetative daughter cells

through binary fission. This process is very important to

increase the number of bacterial cells. With more bacterial

cells concentration, more carbonate ions could be produced,

which is the main parameter to increase the precipitation of

calcium carbonate.

From another point of view, it could be seen that the rate of

crack healing was high during the early stage in comparison
with the later stage as shown in Fig. 9d. Specifically, the slope

of the healing ratio was higher during the first 28 days and it

reduced slightly over time. This was because the enhance-

ment of the healing ratio was dependent on the availability of

the relevantmaterials such as urea and calcium. At a later age,

the relevant chemical compounds were limited in the deeper

part of crack mouth. These materials are necessary to com-

plete the process of ureolytic activity as explained earlier.

Another reason was that the viability of the bacteria was of

great importance, in which it is faced with challenges that

increases with time. In particular, the concrete pores acted as

a space to host the bacterial cell. Over long period, the con-

crete matrix became denser, which might hit and crush the
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bacterial cell. As a result, the bacteria could die, thus causing

the number of bacteria to reduce over time.When the bacteria

cells reduced, urea would become stable and would not

convert into carbonate in the absence of the bacteria.

Moving on, the precipitated product on the crack surface

was identified using XRD. Fig. 10c shows that the main prod-

uct of the precipitation was vaterite, while the amount of

calcite was limited in the present study. Vaterite was distin-

guished by its lower density in comparison to calcite in which

it would occupy more space in the bacterial cementitious

material [88]. As a result, the performance of the bacterial

concrete was significantly enhanced. This result was consis-

tent with many previous studies, which reported the different

types of precipitation from different bacterial species. For

example, [89] demonstrated that microbial calcium carbonate

precipitation obtained from B. amyloliquefaciens were vater-

ite and calcite. According to them, the amount of vaterite was

higher than calcite. In contrast, [82] concluded that the

deposited crystal on the bacterial concrete crack corresponds

to pure calcite according to the X-ray diffraction analysis.

Such differences in the polymorphs of calcium carbonate

might be attributed to factors such as temperature, pH, over-

saturation and the ratio of calcium to carbonite ions [90]. Ac-

cording to [91], polymorphs of calcium carbonate were also

dependent on urea concentration. In general, both calcite and

vaterite are the main forms of calcium carbonate. Relatedly,

the polymorphs of calcium carbonate are classified into two

groups namely anhydrous crystalline and hydrated crystalline

polymorphs. Argonite, calcite and vaterite are considered as

anhydrous crystalline polymorphs [92]. On the contrary, hy-

drated crystalline polymorphs are calcium carbonate mono-

hydrate (CaCO3.H2O) and calcium carbonate hexahydrate

(CaCO3.6H2O) [93]. In addition, it can be inferred that both

calcite and vaterite are the main forms of calcium carbonate

in the precipitation of bacterial concrete.

Moreover, the morphology of the calcium carbonate pre-

cipitate on the crack surface obtained was observed with SEM

analysis as shown in Fig. 10a. It could be seen that a majority

of the precipitated was spherical shaped which belonged to

vaterite. This fact was consistent with [94]. Based on their

finding, the spheres shape of the bio-mineralisation was

related to vaterite. It was also noticeable that the small

precipitated crystal bonded with each other to form a larger

size which is also known as bacterial aggregate. In addition,

SEM-EDS (Fig. 10a and b) confirmed that the main elements of

the precipitated were calcium (Ca), oxygen (O) and carbon (C)

which revealed it is calcium carbonte CaCO3.

On the other hand, X rays CT images presented an

important insight into the amount of microbial precipitation

in the deeper part of the crack zone. It is noteworthy that the

amount of calcium carbonate precipitation in the deeper part

was smaller than that of the crackmouth. Fig. 11 shows the 3D

model of the artificial cracked mortar which was constructed

using the VGStudio Max program. According to both the cross

section views and gray levels, the healing ratio was simply

calculated using Eq. (10) in which the dark region represented

low density material such as void. Meanwhile, the bright re-

gion was related to high density material such as aggregate

and cement paste. As such, it was significant that the porosity

of the bio-concrete was location-dependent, in which the
porosity in the deeper part was higher than the parts nearer to

the surface. In addition, it could be seen that the healing ratio

along the crack profile decreased as the distance from the

crack surface increased, as shown in Fig. 11a. For instance, the

healing ratio was approximately 28% at 5 mm depth from the

surface, compared to that of at the crack mouth, as shown in

Fig. 11b. In addition, the healing ratio decreased by up to 8% at

11 mm depth from the concrete surface, as demonstrated in

Fig. 11c. Based on the obtained results, it could be summarised

that the crack zone could be divided into two zones, according

to the amount of calcium carbonate precipitation. The crack

mouth represented the first zone, which approximately

satisfied the optimum condition of the bacterial activity. This

was because the crackmouthwas affected by the surrounding

environment such as available oxygen and pH of less than 11,

as discussed earlier. The availability of oxygen would prompt

the bacteria to germinate and then multiply, whereas the pH

value of between 9 and 11 eased the ability of the bacteria to

induce urease enzyme. Next, the second zone was repre-

sented by the deeper part of the crack. Zone 2 was distin-

guished by its high pH value. This was due to the available

amount of calcium hydroxide inside the concrete matrix,

which was responsible to increase pH, and thus, hindered the

bacterial activity inside the concrete matrix. Indeed, [95]

stated that ureolytic activity reduced by 80% in the pH of

12e13, as compared to a pH value of 9.
4. Conclusion

The high cost of rehabilitating deteriorated cementitious

based structures has prompted the need to find and develop

new techniques to overcome the said issues. Therefore,

bacteria-based self-healing concrete has been extensively

researched and utilised to overcome the propagation of

microcracks through the precipitation of microbial calcium

carbonate. In the present study, a new bacterial species,

namely B. pseudomycoides species, was introduced and utilised

to heal concrete crack width of 0.4 mm. X-ray mCT scan was

taken into account to accurately monitor the healing ratio in

the deeper part of the crack. Meanwhile, variable-pressure

scanning electron microscope (VP-SEM) was used to mea-

sure the microbial precipitation in the crack surface. The

result revealed that pseudomycoides strain HASS3 proved its

ability to fully heal a crack width of 0.4 mm after 68 days,

whereas, the healing ratio was limited in the deeper part.

Therefore, it could be concluded that the effectiveness of the

bacterial activity in the deeper parts of concrete still requires

additional research prior to its real application. In other

words, further studies are still needed to facilitate and

enhance the efficiency of the bacteria activity inside the

concretematrix. Moreover, the interfacial transient zone (ITZ)

of the bacterial concrete is also an interesting topic to be

explored. In the same context, a predicative mathematical

model is in demand in order to reduce both cost and time.
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[4] G€okçe HS, Andiç-Çakır €O. Bleeding characteristics of high
consistency heavyweight concrete mixtures. Construct Build
Mater 2019;194:153e60. https://doi.org/10.1016/
j.conbuildmat.2018.11.029.

[5] Kayondo M, Combrinck R, Boshoff W. State-of-the-art review
on plastic cracking of concrete. Construct Build Mater
2019;225:886e99. https://doi.org/10.1016/
j.conbuildmat.2019.07.197.

[6] Algaifi HA, Bakar SA, Sam ARM, Abidin ARZ, Shahir S, AL-
Towayti WAH. Numerical modeling for crack self-healing
concrete by microbial calcium carbonate. Construct Build
Mater 2018;189:816e24. https://doi.org/10.1016/
j.conbuildmat.2018.08.218.

[7] Li K, Li L. Crack-altered durability properties and
performance of structural concretes. Cement Concr Res
2019;124:105811. https://doi.org/10.1016/
j.cemconres.2019.105811.

[8] Shah KW, Huseien GF. Biomimetic self-healing cementitious
construction materials for smart buildings. Biomimetics
2020;5(4):47. https://doi.org/10.3390/biomimetics5040047.

[9] Kaur NP, Shah JK, Majhi S, Mukherjee A. Healing and
simultaneous ultrasonic monitoring of cracks in concrete.
Materials Today Communications 2019;18:87e99. https://
doi.org/10.1016/j.mtcomm.2018.10.022.

[10] de Brito J, Kurda R. The past and future of sustainable
concrete: a critical review and new strategies on cement-
based materials. J Clean Prod 2020:123558. https://doi.org/
10.1016/j.jclepro.2020.123558.

[11] El-Newihy A, Azarsa P, Gupta R, Biparva A. Effect of
polypropylene fibers on self-healing and dynamic modulus
of elasticity recovery of fiber reinforced concrete. Fibers
2018;6(1):9.
[12] Azarsa P, Gupta R, Biparva A. Assessment of self-healing and
durability parameters of concretes incorporating crystalline
admixtures and Portland Limestone Cement. Cement Concr
Compos 2019;99:17e31.

[13] Byoungsun P, Young CC. Investigating a new method to
assess the self-healing performance of hardened cement
pastes containing supplementary cementitious materials
and crystalline admixtures. J Mater Res Technol
2019;8(6):6058e73.

[14] Escoffres P, Desmettre C, Charron J-P. Effect of a crystalline
admixture on the self-healing capability of high-
performance fiber reinforced concretes in service conditions.
Construct Build Mater 2018;173:763e74.

[15] Du W, Yu J, Gu Y, Li Y, Han X, Liu Q. Preparation and
application of microcapsules containing toluene-di-
isocyanate for self-healing of concrete. Construct Build
Mater 2019;202:762e9.

[16] Van Belleghem B, Kessler S, Van den Heede P, Van
Tittelboom K, De Belie N. Chloride induced reinforcement
corrosion behavior in self-healing concrete with
encapsulated polyurethane. Cement Concr Res
2018;113:130e9.

[17] Alshalif AF, Irwan J, Othman N, Al-Gheethi A, Shamsudin S,
Nasser IM. Optimisation of carbon dioxide sequestration into
bio-foamed concrete bricks pores using Bacillus tequilensis. J
CO2 Utilization 2021;44:101412.

[18] Danish A, Mosaberpanah MA, Salim MU. Past and present
techniques of self-healing in cementitious materials: a
critical review on efficiency of implemented treatments. J
Mater Res Technol 2020;9(3):6883e99.

[19] Balzano B, Sweeney J, Thompson G, Tuinea-Bobe C-L,
Jefferson A. Enhanced concrete crack closure with hybrid
shape memory polymer tendons. Eng Struct 2019;226:111330.
https://doi.org/10.1016/j.engstruct.2020.111330.

[20] Qureshi T, Kanellopoulos A, Al-Tabbaa A. Autogenous self-
healing of cement with expansive minerals-II: impact of age
and the role of optimised expansive minerals in healing
performance. Construct Build Mater 2019;194:266e75.
https://doi.org/10.1016/j.conbuildmat.2018.11.027.

[21] Suleiman AR, Nelson AJ, Nehdi ML. Visualization and
quantification of crack self-healing in cement-based
materials incorporating different minerals. Cement Concr
Compos 2019;103:49e58. https://doi.org/10.1016/
j.cemconcomp.2019.04.026.

[22] He Z, Shen A, Guo Y, Lyu Z, Li D, Qin X, et al. Cement-based
materials modified with superabsorbent polymers: a review.
Construct Build Mater 2019;225:569e90. https://doi.org/
10.1016/j.conbuildmat.2019.07.139.

[23] Lefever G, Snoeck D, Aggelis DG, De Belie N, Van
Vlierberghe S, Van Hemelrijck D. Evaluation of the self-
healing ability of mortar mixtures containing
superabsorbent polymers and nanosilica. Materials
2020;13(2):380. https://doi.org/10.3390/ma13020380.

[24] Sidiq A, Gravina R, Setunge S, Giustozzi F. The effectiveness
of Super Absorbent polymers and superplasticizer in self-
healing of cementitious materials. Construct Build Mater
2020;253:119175. https://doi.org/10.1016/
j.conbuildmat.2020.119175.

[25] Huseien GF, Shah KW, Sam ARM. Sustainability of
nanomaterials based self-healing concrete: an all-inclusive
insight. J. Build. Eng. 2019;23:155e71. https://doi.org/10.1016/
j.jobe.2019.01.032.

[26] Olivier G, Combrinck R, Kayondo M, Boshoff WP. Combined
effect of nano-silica, super absorbent polymers, and
synthetic fibres on plastic shrinkage cracking in concrete.
Construct Build Mater 2018;192:85e98. https://doi.org/
10.1016/j.conbuildmat.2018.10.102.

https://doi.org/10.1016/j.cemconcomp.2019.04.004
https://doi.org/10.1016/j.cemconcomp.2019.04.004
https://doi.org/10.1016/j.conbuildmat.2020.120364
https://doi.org/10.1016/j.conbuildmat.2020.120364
https://doi.org/10.1016/j.cemconres.2020.1060
https://doi.org/10.1016/j.cemconres.2020.1060
https://doi.org/10.1016/j.conbuildmat.2018.11.029
https://doi.org/10.1016/j.conbuildmat.2018.11.029
https://doi.org/10.1016/j.conbuildmat.2019.07.197
https://doi.org/10.1016/j.conbuildmat.2019.07.197
https://doi.org/10.1016/j.conbuildmat.2018.08.218
https://doi.org/10.1016/j.conbuildmat.2018.08.218
https://doi.org/10.1016/j.cemconres.2019.105811
https://doi.org/10.1016/j.cemconres.2019.105811
https://doi.org/10.3390/biomimetics5040047
https://doi.org/10.1016/j.mtcomm.2018.10.022
https://doi.org/10.1016/j.mtcomm.2018.10.022
https://doi.org/10.1016/j.jclepro.2020.123558
https://doi.org/10.1016/j.jclepro.2020.123558
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref11
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref11
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref11
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref11
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref12
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref12
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref12
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref12
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref12
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref13
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref13
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref13
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref13
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref13
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref13
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref14
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref14
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref14
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref14
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref14
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref15
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref15
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref15
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref15
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref15
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref16
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref16
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref16
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref16
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref16
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref16
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref17
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref17
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref17
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref17
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref18
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref18
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref18
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref18
http://refhub.elsevier.com/S2238-7854(21)00263-5/sref18
https://doi.org/10.1016/j.engstruct.2020.111330
https://doi.org/10.1016/j.conbuildmat.2018.11.027
https://doi.org/10.1016/j.cemconcomp.2019.04.026
https://doi.org/10.1016/j.cemconcomp.2019.04.026
https://doi.org/10.1016/j.conbuildmat.2019.07.139
https://doi.org/10.1016/j.conbuildmat.2019.07.139
https://doi.org/10.3390/ma13020380
https://doi.org/10.1016/j.conbuildmat.2020.119175
https://doi.org/10.1016/j.conbuildmat.2020.119175
https://doi.org/10.1016/j.jobe.2019.01.032
https://doi.org/10.1016/j.jobe.2019.01.032
https://doi.org/10.1016/j.conbuildmat.2018.10.102
https://doi.org/10.1016/j.conbuildmat.2018.10.102
https://doi.org/10.1016/j.jmrt.2021.03.037
https://doi.org/10.1016/j.jmrt.2021.03.037


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 2 : 9 6 7e9 8 1 979
[27] Teddy T, Irwan J, Othman N. The influence of sulphate
reduction bacteria on the durability of concrete in seawater
condition. Pertanika J Sci Technol 2017;25:117e22.
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