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Abstract 

Background:  Reinforcement corrosion and the concrete strength reduction are critical problems that resulted from 
crack creation in concrete. Very expensive and hazardous technologies based on chemical materials have been pro‑
vided for repairing the cracks. Recently, crack repair using bio-catalysis precipitating bacteria has been developed as a 
viable and ecofriendly alternative technique. The main target of this study was to select and identify bacterial isolates 
with high urease activity to use in filling the cracks by the precipitation of CaCO3.

Results:  Two endospore-forming and alkali-resistant ureolytic bacteria were combined with concrete to tolerate the 
mechanical stresses generated by mixing. The two isolates designated as (B1 and B2) were selected and identified as 
Bacillus wiedmannii strain FSL W8-0169 and Bacillus paramycoides strain MCCC 1A04098, respectively, using 16SrDNA 
gene sequencing. Both bacterial species completely heal cracks in fully destructed concrete and significant enhance‑
ment in compressive strength was illustrated. The calcite filling of cracks and CaCO3 crystals that were screened using 
a scanning electron microscope may explain the crack healing and the enhancement in concrete strength.

Conclusions:  Bacillus wiedmannii strain FSL W8-0169 and Bacillus paramycoides strain MCCC 1A04098 can be inserted 
with the concrete to improve the compressive strength and the self-healing of cracks. The two ureolytic bacterial 
strains can be used to protect water buildings from exposure to frequent cracks.
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1 � Background
The creation of cracks in concrete is highly undesirable 
as it provides an open pathway for the water ingress lead-
ing to reinforcement corrosion and the concrete strength 
reduction. Various methods have been provided for 
repairing the cracks based on chemical materials that 
are very expensive and hazardous to environment [1]. 
Recently, crack repair using bio-catalysis precipitat-
ing bacteria has been developed as a viable alternative. 
This bacterial curing technique is preferable over other 
technologies as it is ecofriendly, bio-based, durable, and 

cost-effective [2]. Urease-positive bacteria affect CaCO3 
precipitation (calcite) by producing an enzyme called 
urease. This enzyme converts urea to CO2 and ammo-
nia, leading to a rise in pH and CaCO3 precipitation in 
the bacterial environment [3]. The precipitation of calcite 
was promoted by bacteria as Bacillus sp was found to 
be effective in concrete crack healing and increasing the 
concrete and mortar compressive strength  [4]. In various 
studies, it has been shown that adding specific bacterial 
species to cement-sand concrete or mortar causes calcite 
deposition within matrix pores, allowing it to be used 
as a filling material to repair cracks in concrete struc-
tures [5]. It was also noticed that the mixing of bacterial 
spores or cells with growth medium, consisting of 20 g/l 
urea and 25  Mm calcium chloride with the concrete 
could increase the strength of the material by 20–35% 
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compared to control [6, 7]. Castanier et  al. [8] showed 
that many factors influence microbial-induced CaCO3 
precipitation (MICP), including (a) the pH of the atmos-
phere, (b) carbonate concentration, (c) the presence of 
nucleation sites, and (d) calcium concentration. Because 
of the widespread existence of ureolytic bacteria, MICP 
by ureolytic activity has been used in several studies [9, 
10]. Due to the fact that it is easy to control and gener-
ates large quantities of carbonate in a short period of 
time, urea hydrolysis is the most powerful of the calcite-
generating reactions. Moreover, it does not only maintain 
an alkaline pH, but it also produces a plentiful supply of 
calcite by providing bio-based minerals [11].

The current research focuses on isolating and identify-
ing endospore-forming, calcite-precipitating, and urease-
positive bacteria, as well as determining their suitability 
for use in concrete. The impact of bacteria on compres-
sive strength and crack healing has also been studied 
EDX-SEM was used to visually inspect and quantify the 
calcite precipitation. For the first time, we detected the 
stalactite deposits in cracks after 90 days water curing of 
bacterial concrete specimens.

2 � Methods
2.1 � Bacterial isolation
With minor modifications, the method defined by Ishaka 
et al. [12] was used. From the Sewage Water Treatment 
Company, Fayoum, Egypt, a sample was collected from 
the active sludge. Ten milliliters from the sample was 
diluted in 100  mL sterilized distilled water. Fifty micro-
liters from the diluted mixture was inoculated in Petri 
dishes of the previously sterilized alkaline nutrient agar 
(ANA). ANA was prepared by adding NaOH solution 
droplets till reaching pH 14. Incubation for 36 h at 30 °C 
was performed and the alkali-tolerant bacterial species 
that could grow were purified and preserved at -80 for 
further tests.

2.2 � Urease activity assay (was detected using two 
methods)

Method one: Seven alkali-tolerant bacterial isolates were 
inoculated into urea broth and incubated at 30  °C for 
24 h. A pink color was produced with bacteria that rap-
idly hydrolyze urea using Phenol red as indicator [13].

Method two: The electric conductivity approach was 
used as Omoregie et al. [14] for the bacterial isolates that 
rapidly hydrolyze urea. The urease reaction involved the 
hydrolysis of the non-ionic substrate urea to ionic com-
pounds, resulting in a proportionate increase in conduc-
tivity under normal conditions. Urea-nutrient broth was 
used for bacterial culturing. One millimeter of bacterial 
broth culture was mixed with 9.0 mL of 1 M urea solu-
tion. By electric conductivity meter, the conductivity was 

recorded after 0, 10, 60, and 100  min of incubation at 
25  °C. The rate of increase in conductivity, measured in 
mS/m.

2.3 � CaCo3 (calcium carbonate) precipitation
For the measurement of CaCO3 precipitation, a method 
showed by Krishnapriya et  al. [1] was followed. Thirty 
millimeters of NB-U/Ca (Nutrient broth implemented 
with 2% urea and CaCl2) was injected with 2% bacterial 
inoculum then incubated in shaking incubator (130 rpm) 
for 7 days at 30 °C. Using a Whatman filter paper, precipi-
tated CaCO3 was filtered and dried in an oven of 55  °C 
for 8 h and then weighed. From the following equation, 
weight of precipitated CaCO3 (Wc) was calculated.

where (Wf) is the empty filter paper weight and Wfc is 
the weight of filter paper containing CaCO3 precipitant.

2.4 � Endospore staining
By Schaeffer–Fulton endospore staining procedure as 
per Hussey [15], the ability to synthesize endospores was 
determined in the selected bacterial isolates. Heat-fixed 
bacterial isolate smears were prepared. The smears were 
then immersed with malachite green after being coated 
with absorbent paper. Steam started to rise from the slide 
surface as they were heated. Drops of malachite green 
were supplied on the paper as it started to dry to main-
tain it moist. Using tweezers, the paper was taken away 
from the slide, and then washed thoroughly under run-
ning water. The slide was drained, counterstained, pol-
ished, and tested under a light microscope (100 x) after 
being incubated for 60 s with 0.5 percent safranin stain. 
The endospores are green and the vegetative cells are red 
or pink.

2.5 � Molecular identification
For the molecular identification, the genomic DNA has 
been extracted using standard bacterial procedures 
described by Molecular Cloning [16]. The PCR blend was 
prepared as follow: 10 μL (10x) PCR buffer, 3 μL (50 mM) 
MgCl2, 1 μL (20 pmol/μL) of each primer, 1 μL (10 mM) 
Mixture of dNTPs, 0.5  μL (2.5U) Taq polymerase, 2  μL 
gross DNA extract, and volume completed by sterilized 
distilled H2O to 100  μL. Under the conditions set out 
below, PCR was performed for 35 cycles: denaturation 
stage at 90–94  °C for 40  s, the annealing step was con-
trolled for 1 min at 55 °C, for the extension step, 72 °C for 
2  min was adjusted, and the final expansion for 10  min 
at 72  °C. 10 µL from the products of PCR was added to 
2 μL of DNA the gel containing 0.5 μg/mL ethidium bro-
mide in the Tris–Borate-EDTA (TBE) buffer is then visu-
alized using a UV transilluminator by the buffer loading 

(1)Wc = Wfc−Wf
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and electrophoresis analysis on 0.7% horizontal agarose 
(60  min at 15  V/cm,). The sequencing of the ampli-
fied fragments was completed at GATC Biotech, Con-
stance, Germany. DNA sequences were aligned at NCBI 
Data Base (www.​ncbi.​nlm.​nlh.​gov). The phylogenetic 
trees were established using a neighbor-joining tech-
nique using TREEVIEW software (1.6.6) derived from 
gene sequences of 16S rDNA of some phylogenetic close 
strains to the isolated strain. The sequences had acces-
sion numbers by their submission in GenBank NCBI 
database.

2.6 � Bio‑healing agent preparation
Bacterial cultures were prepared in alkaline nutrient 
broth. Turbidity was conducted under spectrophotomet-
ric conditions giving optical density (OD) 0.6 at 600 nm. 
For the bacterial spore harvest, several times of cen-
trifugation in dual sterilized tap water were made after 
heating the bacterial cultures for 35 min at 80 °C to inac-
tivate bacterial vegetative cells and obtain a high num-
ber of spores. The bacterial spores were adjusted to be 
1.39 × 107cells/cm3 of the total concrete mixture, in steri-
lized tap water for preparing the bio-based concrete, the 
nutrients, including 2  g/L yeast extract, 40  g/L calcium 
chloride anhydrous, and 65 g/L urea were dissolved.

2.7 � Experimental design
Following Egyptian Code Practice (ECP) and American 
Society for Testing and Materials (ASTM) standards, the 
bio-based agent was added in the final step of concrete 
constituents mixing. Control concrete specimens (C) 
were prepared using all medium nutrients except spores, 
B1 was inoculated by bacterial spores of B. wiedmannii, 
and B2 was inoculated by bacterial spores of B. paramy-
coides. Concrete mixture design is illustrated in Table 1. 
Immediately after mixing, the test concrete specimens 
were cast. After 24 h, the specimens were removed from 
the molds, treated in water for 28 days, and then checked 
for compressive strength. To conduct the test, a 2000 KN 
(ADR 2000) compression testing system was used. Fol-
lowing the ISO 4012 standard requirements, specimens 
were positioned on a rigid bottom bearing block with 
a spherical bearing block attached to the compressive 
testing unit. The compression load was applied to the 

specimen at a rate of 0.6 N/mm2 per second, which was 
within the ECP’s specified range. The max compressive 
strength (σ) was calculated by the division of the peak 
load (P) by the cross-sectional area (A) of each specimen. 
The compressive strength was examined at 7, 14, and 
28 days and calculated using the following formula (aver-
age for three cubes).

2.8 � SEM calcite precipitates characterization
Full destruction was applied on concrete beams for 
cracks creation. For a total of 90  days, the beams were 
submerged in water. After 28 and 90  days period, pho-
tographs were taken for detecting calcite appearance 
in cracks. The calcite precipitation by bacterial isolates 
in the cracks of concrete specimens was screened and 
quantified using EDX-SEM analysis. EDX-SEM analysis 
was obtained using a Carl Zeiss sigma 500 VP Jeol JSM – 
6390 apparatus.

2.9 � Statistical analysis
Data were statistically analyzed using a two-way analysis 
of variance (ANOVA test) using SPSS Statistical Pack-
age Program [17] version 23. Mean of treatments was 
compared by Duncan multiple range test when the dif-
ferences were significant [18]. Level of significance in all 
tests was P ≤ 0.05. The results are expressed as means ± 
standard error (SE).

3 � Results
3.1 � Isolation endospore‑forming and alkali‑tolerant 

bacteria
From the isolation step, seven bacterial isolates could 
tolerate till pH 14. All isolates are gram negative and 
endospore-forming (see Additional file 1: Figure S1). Fig-
ure 1 shows the green color of B1 and B2 endospores as 
dark black colored spherical dots and the vegetative cells 
seem light colored rods.

(1)σ =

P

A

Table 1  The mixture design of the concrete specimens

C, With nutrients and without bacterial spores (control); B1, With nutrients and B1 bacterial spores; B2, With nutrients and B2 bacterial spores

Type of 
concrete

Water (kg/m3) Cement (kg/
m3)

Sand (kg/m3) Aggregate (kg/
m3)

Bio-supplements

C 150.8 350 675.5 1340.2 With nutrients and without bacterial spores

B1 150.8 350 675.5 1340.2 With nutrients and B1 bacterial spores

B2 150.8 350 675.5 1340.2 With nutrients and B2 bacterial spores

http://www.ncbi.nlm.nlh.gov
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3.2 � Urease activity
From the seven bacterial isolates, six of them gave posi-
tive urease results. Two isolates (B1 and B2) gave dark 
pink color after 24 h as shown in Fig. 1. The other types 
gave positive results after 48  h. Electric conductivity 
was measured only for (B1 and B2). B1 exceeded B2 in 
its activity as recorded in Table 2. After 100 min, elec-
tric conductivity was 191.5 mS/m and 186mS/m for B2.

3.3 � CaCO3 (calcium carbonate) precipitation
After bacterial inoculation of NB-U/Ca, a white powder 
immediately appeared in the medium and its intensity 
increased with incubation period. After 7  days from 
incubation, CaCO3 precipitants were harvested and 
weighed. The two bacterial isolates precipitated calcite. 
The highest amount of calcite (1.18 g) was precipitated 
by B. wiedmannii strain FSL W8-0169 and 0.98  g for 
B. paramycoides strain MCCC 1A04098 as shown in 
Table 2.

3.4 � Molecular identification
The Blastx program (BLAST), National Centre for Bio-
technology Knowledge, was used to compare the DNA 
sequences to unknown sequences. It can be clearly seen 
that the B1 bacteria was included in the genus Bacillus 
and closely related to the species wiedmannii. It showed 
the highest sequence similarities with Bacillus wiedman-
nii strain FSL W8-0169. The strain sequence was submit-
ted to genbank and had accession number MZ434881. B2 
bacteria was included in the genus Bacillus and closely 
related to the species paramycoides. It showed the high-
est sequence similarities with Bacillus paramycoides 
strain MCCC 1A04098. The strain sequence was submit-
ted to genbank and had accession number MZ430955. 
The phylogenetic trees were established and demon-
strated in Figs. 2 and 3.

Fig. 1  a C is the control without bacterial inoculum. B1 and B2 are the bacterial isolates that gave dark pink color after 24 h. Indicating positive 
urease results using Phenol red as indicator. b Shows that B1 and B2 bacterial isolates are bacilli cells and their endospores appeared as dark black 
colored spherical dots

Table 2  Urease activity and CaCO3 amount in liquid culture

(a, b, …) Average in the same column having different subscripts are differ 
significantly (P ≤ 0.05)

EC, Electric conductivity; mS/m, millisiemens/meter; B1, Bacillus wiedmannii; B2: 
Bacillus paramycoides

Time (min) EC (mS/m) Time (days) CaCO3 (g)

B1

 0 118 ± 0.29f 1 0.50 ± 0.03e

 10 120 ± 0.17e 3 0.79 ± 0.03c

 60 180.4 ± 0.12d 5 0.88 ± 0.01bc

 100 191.5 ± 0.23a 7 1.18 ± 0.06a

B2

 0 112 ± 0.12 h 1 0.60 ± 0.02de

 10 117 ± 0.23 g 3 0.65 ± 0.03d

 60 182 ± 0.29c 5 0.81 ± 0.06c

 100 186 ± 0.58b 7 0.98 ± 0.01b
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Fig. 2  Phylogenetic dendrogram obtained by distance matrix analysis of 16S rRNA sequences, showing the position of (B1) Bacillus wiedmannii  
among phylogenetic neighbors

Fig. 3  Phylogenetic dendrogram obtained by distance matrix analysis of 16S rRNA sequences, showing the position of (B2) Bacillus paramycoides  
among phylogenetic neighbors
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3.5 � Crack healing appearance
Figure  4 shows the photographs of control and bacte-
rial spore beam specimens’ cracks. After 28 and 90 days 
from water curing, white precipitates were screened in 
the cracks of bio-concrete specimens. Complete crack 
repair was recorded in both bacterial beam specimens. 
In control crack specimens, no observed crack healing 
was detected. Calcite quantification using EDX-SEM 
microanalysis showed significant increase percentages in 
CaCO3 amount and ettringite like structure was observed 
(Figs. 5, 6, 7).

3.6 � Stalactite deposits
Figure  4 shows the formation of vertical outgrowths 
of calcium carbonate that look like stalactite in their 
appearance (were detected after 90  days from water 
curing). These outgrowths were observed in bio-con-
crete specimens but were not observed for control (see 
also Additional file  1: Figure S2). Ettringite, calcite, and 

stalactite deposits were screened in bio-concrete speci-
mens and that was the reason for compressive strength 
improvements.

3.7 � Compressive strength
The values for the 7, 14, and 28 days of the curing period 
were determined using three concrete cubes for each 
period. The values of compressive strength and the per-
cent from 28  days for each period (7, 14, and28 days) 
were shown in Table  3. It is seen from the compressive 
strength data in Table  3 that the bio-based specimens 
of strength are greater than those of the control sam-
ple. The maximum increase in compressive strength at 
28 days (33.7 MPa) was obtained for concrete specimens 
inoculated with B. wiedmannii strain FSL W8-0169 and 
28.5  MPa for B. paramycoides strain MCCC 1A04098, 
the strength of control was 23 MPa indicating that there 
were strength improvements by 46.52% and 23.91%, 
respectively more than control.

1: Photo images of control (concrete with bio-
nutrients and without bacterial spores) show 
unhealed cracks; a) after 28 days from water curing 
and b) after 90 days from water curing.  

2: Photo images show the bacterial isolate B1 
(Bacillus wiedmannii) bio-healed cracks; a) Shows the 
complete bio-healing in the cracks after 28 days from 
water curing  and  b) Shows the stalactite deposits in 
the bio-healed cracks after 90 days from water 
curing.  

3: Photo images show the bacterial isolate B2 (Bacillus paramycoides)
bio-healed cracks; a) Shows the complete bio-healing in the cracks after 
28 daysfrom water curing  and  b) Shows the stalactite deposits in the

bio-healed cracksafter 90 days from water curing.
Fig. 4  Shows the crack filling with calcite using both bacterial types (2&3) and no calcite precipitation in control specimens (1)
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4 � Discussion
Bacteria can withstand harsh mechanical- and chem-
ical-induced stresses during the mixing of concrete 
by their capability for endospore formation [19] and 
these endospores can live for up to 200 years [20]. As 
cracks occur, water will ingress into them causing the 
activation of the incorporated bacterial spores, and 
by microbial nutrients metabolism, CaCO3 is formed 
by germination of spores into vegetative cells [21]. 
Because of their ability to hydrolyze urea into ammonia 
and carbonate, both bacterial isolates may precipitate 
CaCO3. Ammonia causes a rise in pH, which creates a 
favorable climate for calcium carbonate precipitation. 
CaCO3 precipitates when carbonate combines with 
calcium in a mixture [3]. The improvement in com-
pressive strength caused by the inclusion of bacteria is 
likely due to the deposition of calcite on the surfaces of 
the microorganism cells and in the concrete pores [1]. 
The insignificant increase in the compressive strength 

of control specimens of media alone without spore 
inoculation shows that the medium nutrients do not 
have any effective impact on strength improvement. 
Chahal et al. [22]; Al-Thawadi and Cord-Ruwisch [23] 
showed the improvement in compressive strength 
through the bacterial based materials that is pos-
sibly due to the deposition of calcite on the surfaces 
of the microorganism cells and through the pores of 
the concrete. The bio-based concrete showed calcite 
precipitation due to presence of calcite-precipitating 
bacteria which is the reason for higher strength of 
bio-based concrete specimens. B. wiedmannii precipi-
tated high calcite amount and gave strength improve-
ments than B. paramycoides. These results confirm 
that the strong capability for CaCO3 precipitation is 
related with bacterial ureolytic activity. The capabil-
ity of ureolytic activity varies according to bacterial 
type and that is confirmed by Krishnapriya et  al. [1] 
who showed B. licheniformis BSKNAU, B. megaterium 

1-SEM micro-image shows calcite and ettringite 
precipitation in bio-concrete cracks

2- SEM micro-image in B2 (Bacillus paramycoides) bio-
concrete specimen shows calcite precipitation

3-SEM micro-image in B1 (Bacillus wiedmannii) bio-
concrete specimen shows tightly packed appearance with 
calcite precipitation.

4- SEM micro-image in control concrete specimen shows 
loose appearance with no calcite.

Fig. 5  SEM micro-images shows calcite and ettringite in bio-concrete specimens
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BSKAU, B. flexus BSKNAU, and B. megaterium MTCC 
1684 varied in their response toward calcite precipi-
tation. SEM micrographs showed presence of CaCO3 
crystals in bacterial specimens and these results are 
in agreement with Chahal et  al. [24], Fujita et  al. [25] 

who also illustrated that specific calcite crystals were 
screened in the SEM analysis of bio-based concrete 
and the matrix of untreated specimens seemed to be 
amorphous, exhibiting no apparent growth of crystals.

Fig. 6  Energy dispersive X-ray analysis (EDX) of precipitated calcite in concrete of B1 (Bacillus wiedmannii) bacterial spores

Fig. 7  Energy dispersive X-ray analysis (EDX) of precipitated calcite in concrete of B2 (Bacillus paramycoides) bacterial spores
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5 � Conclusions
B. wiedmannii and B. paramycoides can act as bio-
healing agents as they were examined for calcite-pre-
cipitating in concrete to fill the pre-cracked specimens 
and the improvement in compressive strength was also 
illustrated. Ettringite, calcite, and stalactite depos-
its formation were illustrated. From our findings, the 
two bacterial species can be included in water build-
ings and those are built on the shores of the seas and 
rivers to protect them against cracks they suffer from. 
More studies related to the healing effect of new bacte-
rial species on slabs and columns are recommended for 
future work.
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