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Abstract
Biological methods (adding bacteria to the concrete mixtures) among the most recently investigated
procedures increase the durability of concrete and repair concrete cracks.  In the present study, different
biological methods were used to heal the cracks of concrete and the most suitable method was
subsequently introduced. For this purpose, the culture medium and bacterial nutrient inside the concrete
mixes and curing solution were separately studied. The effect of air-entrained agent and various sources
of calcium salts as the bacterial nutrient on the healing process was also studied. The results showed
that the use of bacterial nutrient inside the concrete mixes has an affirmative impact on the mechanical
properties and self-healing characteristics of concretes. With the simultaneous use of Sporosarcina
pasteurii bacteria and calcium nitrate-urea or calcium chloride-urea as a bacterial nutrient in the concrete
mixture, the 28 days compressive strength of concrete increases by 23.4% and 7.5%, respectively, which is
due to calcium carbonate precipitation. The use of bacterial cells, nutrients, and culture in the concrete
mixture provided the ability to heal wide cracks where the healing time is significantly reduced. On the
other hand, separation of the bacterial culture medium slightly reduced the self-healing performance of
concrete.

Introduction
Various effective factors such as external loads, shrinkage, gradient temperature, and support settlement
can create large stresses within concrete members and cause cracks (Mindess et al. 1981). When cracks
form in a continuous network inside the concrete, the durability of concrete can be impaired. Usually in
this process, the permeability significantly increases, and with the entry of corrosive liquids and gases
into the concrete, reinforcements are corroded and therefore the service life of concrete structure is
decreased. Without immediate and proper treatment, cracks tend to propagate and eventually require
costly repair. Therefore, reducing the permeability of concrete after cracking is widely considered to be the
principal step in concrete maintenance. However, repairing the cracks and reducing the porosity of
concrete with conventional methods requires a lot of time and costs and sometimes has aspects that are
harmful to the environment and health (Xu et al. 2014). Accordingly, achieving a new auto eco-friendly
method is of special importance for filling cracks and pores in concrete. It should be noted that some
cracks and pores, up to a width of 0.1 mm in concrete, are closed by hydration of unhydrated cement,
which is known as the inherent self-healing of concrete; but this process is not enough to fill wide cracks
(Edvardsen et al. 1999). The new method uses a microbial process (using specific bacteria and calcium
source) to structurally repair damaged structures, in which a metabolic activity leads to the deposition of
calcium carbonate in the form of calcite which repairs wide cracks in a short time and reduces concrete
permeability(Chahal et al. 2012).

To date, bacterial calcite precipitation has been frequently applied using ureolytic bacteria in a calcium-
rich environment. In this method, bacteria produce a urea enzyme, which acts as a biological catalyst in
biological reactions that raise the pH of the medium (Dick et al. 2006). Ca+ 2 ions in the medium are not
likely used by bacteria, rather, they accumulate outside the cell. These bacteria absorb negative charges
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in their cell walls that draw cations such as Ca+ 2 supplied from a calcium source. The cations then react
with the carbonate to produce calcium carbonate precipitations in the cell wall of the bacterium.
Reactions are taken by Eqs. (1) and (2) (Siddique et al. 2011):

  (1)

  (2)
Urea hydrolysis by bacterial urease is a prevalent microbial process that is very suitable for
biomineralization and biosorption applications(Hammes et al. 2002). Specifically, bacteria have a high
surface-to-volume ratio and a completely negative charge potential that facilitates the adsorption of
soluble metal ions to their surface (Bachmeier et al. 2002; Beveridge 1988). Based on the above
equations, the ureolytic bacteria have two major roles:

1. Enzyme manufacture because of high urease activity,

2. manufacturing suitable substrate for the continuous formation and dense of calcium carbonates in the
walls of bacterial cells.
Many studies have used mineral-producing bacteria for self-healing concrete, where various bacteria can
precipitate calcium carbonate (Van Tittelboom et al. 2010). For instance, Tittelboom et al. used Bacillus
Sphaericus to repair cracks in concrete. They indicated that pure bacterial culture could not repair cracks;
however, when bacteria in the silica gel were protected against the high alkalinity of the concrete
environment, the cracks were completely repaired (Van Tittelboom et al. 2010). Jonkers et al. concluded
that alkali-resistant spore-forming bacteria related to the genus Bacillus represent promising candidates
for application as a self-healing agent in the concrete and probably other cement-based materials.
Evidences showed that cement stone incorporated bacterial spores can convert concomitantly
incorporated calcium lactate to calcium carbonate-based minerals upon activation by crack ingress water
(Jonkers et al. 2010).

Muynck et al. investigated the precipitation of calcium carbonate layers on the surface of mortar
specimens by bacteria to improve the durability of cementitious materials. This surface precipitation of
calcium carbonate crystals reduced water absorption, chlorine penetration, and carbonation by about 65–
90%, 25–30%, and 10–40%, respectively depending on the porosity of the specimens and increased
resistance to freezing and thawing (De Muynck et al. 2008).

Tayebani et al. have studied biological self-healing on the durability properties of concretes including
water absorption, chloride ion penetration, electrical resistance, and corrosion of steel in concrete. Results
of the experiments showed that the use of bacteria, especially Sporosarcina Pasteurii in mixing water or
curing water, improves the durability properties of the concretes (Tayebani et al. 2019).

Researches have protected bacteria in concretes using an air-entraining agent, silica gel, and
polyurethane (Wang et al. 2012; Stuckrath et al. 2014; Erşan et al. 2015). Also, researchers have studied
the effects of different calcium sources in concretes and/or in the curing environment and use of
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bacterial as a surface treatment on the durability, mechanical properties, and self-healing of concretes
and mortars. Also, the separation of bacterial culture medium on the electrical resistivity, chloride
penetration and mechanical properties of mortars have been separately studied (Xu et al. 2014; Tayebani
et al. 2019; Parastegari et al. 2019; Senthilkumar et al. 2015; De Muynck et al. 2008), but the comparative
study of these cases on the self-healing process and on the mechanical properties of concretes are not
conducted. Therefore, in this research, in order to achieve the most suitable biological method for healing
cracks with a width of 200 microns in the shortest possible time, concrete specimens with different
mixtures were investigated. The culture medium and bacterial nutrient including calcium nitrate and
calcium chloride inside the concrete and in the curing environment have been studied separately. Also, the
effect of entrained air on the bacteria covering and cracks healing has been studied. Moreover,
mechanical properties of the concretes such as compressive and tensile strengths and secondary tensile
strength after self-healing have been investigated.

Materials And Methods
2-1-Bacteria and growth conditions

As a urease producing bacterium, Sporosarcina Pasteurii (S. Pasteurii) belonging to the bacillus family
was used in this study. This microorganism was prepared as a lyophilized ampoule from the collection
center of industrial fungi and bacteria of Iran with the identification number PTCC 1645 (DSM 33).
Bacterial cultivation was carried out in a culture medium containing 20 g/l yeast extract, 10 g/l NH4Cl at a
pH value of 8.5. After autoclaving the broth solution, inoculation of S. pasteurii cells was undertaken in
200 ml of a growth medium. The culture was aerobically incubated at 30°C for 30 h in a shaker incubator
operated at 160 rpm. The bacteria were then activated at a concentration of 0.5×107 cells/ml under sterile
conditions. Centrifuged bacteria were separately used in some mixtures where the bacteria and the
culture medium were transferred to the falcons to be placed in the centrifuge at 4000 rpm for 10 minutes.
After 10 minutes, the bacteria precipitated at the bottom of the falcons. This step must be repeated
several times to ensure that all bacteria are separated from their culture medium. At the end of this step,
the deposited bacteria were washed with water and get ready to be transferred to the concrete mixing
water.

The activity of urease enzyme was indirectly measured by the amount of urea hydrolysis. Hydrolysis of
urea involves the conversion of urea to ammonium and carbonate ions in the presence of water. It was
measured according to the electrical conductivity change of bacterial suspension over time at the
absence of calcium ions. Accordingly, 1 ml of bacterial suspension was added to 9 ml of 1.11 M urea
solution, and the change in electrical conductivity of the solution after 5 minutes was measured (Kakelar
et al. 2016). It is worthwhile noting that, 1 mS/min is correlated with the enzyme activity of 11 mM urea.
min-1 in the measured range of activities  

2-2-Concrete materials and control mixture
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The cement used in this study is type II Portland cement of Kurdistan factory. The properties of the
cement are shown in Table 1. Crushed coarse and fine aggregates with a nominal maximum size of 19.5
and 5 mm, respectively, were used in the mixtures. Chloride free Flowcem wb44 as an air entrainment
agent was used to stabilize air voids in concrete, where it is prepared according to ASTM C260 (ASTM
C260-1986). Various dosages of air entrainment agent (AEA) were tested and the amount of air content
of fresh mixed concrete was measured according to ASTM C231 (ASTM C231-2010). The results showed
that the addition of 0.3% AEA by weight of cement creates 5% air voids in concrete. 

Table 1. Physical, mechanical and chemical properties of the cement

Amount (%) Chemical composition Amount Physical properties

21.5 SiO2 3250 Blaine (cm2/gr)

4.69 Al2O3 140 Initial setting time (min)

4.32 Fe2O3 180 Final setting time (min)

64 CaO Amount Mechanical properties

1.45 MgO 23.5  3d (MPa)Compressive strength

0.56 K2O 32.0 7d (MPa) Compressive strength

2.34 SO3 51.0  28d (MPa)Compressive strength

The control concrete mixture as reference mixture was designed according to ACI-211.1 (ACI 211.1-1991)
for 28 days compressive strength of 30 MPa and slump of 75-100 mm. The mixing proportions are given
in Table 2. 

Table 2. Control mixture for 1 m3 of concrete.

Fine aggregate Coarse aggregate Water  Portland cement 

846 (kg/m3) 822 (kg/m3) 186 (kg/m3) 400 (kg/m3)

2-3- Concrete mixtures 

In this study, 7 concrete mixtures were developed to investigate different methods of healing process
using S. pasteurii according to Table 3. The bacteria were slowly added to the concrete at the end of the
mixing process. Also, in case of calcium chloride-urea or calcium nitrate-urea incorporation in concrete
mix design as bacteria nutrition, they were mixed with half of the concrete mixing water and gradually
added to the mixer. AEA was added to the six groups of mixtures during concrete construction (Table 3).
Fresh concretes were then poured and compacted in two or three layers depending on the size of
specimens. Then, the specimens were demolded after 24 h of moist curing and the samples were divided
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into three groups according to their curing environment (see Table 3). Specimens containing calcium
chloride-urea and calcium nitrate-urea were cured in water, but other specimens were cured in water
containing calcium chloride-urea or calcium nitrate-urea. In Table 3, M, S, H, Ni-2, and Cl-2 indicate control
concrete, concrete containing centrifuged bacteria, concrete containing 5% air content, concrete
containing bacteria and calcium nitrate-urea, and concrete containing bacteria and calcium chloride-urea,
respectively. Also, Ni-1 and Cl-1 refer to the concretes containing bacteria in which they were cured in
water containing calcium nitrate-urea and calcium chloride-urea, respectively. Moreover, Table 4 shows
the amount of urea and bacteria nutrient used in bacterial concrete and/or in curing solutions per 1 lit of
fresh concrete or curing water.

Table 3. Concrete mix designs and their curing environment.

Air content
 (%)

curing environmentBacterial ingredientsSpecimen’s
code

0water-M

0Water containing calcium
chloride-urea

Bacteria + culture mediaCl-1

0Water containing calcium
nitrate -urea

Bacteria + culture mediaNi-1

0waterBacteria + culture media + calcium
chloride-urea

Cl-2

0waterBacteria + culture media + calcium
nitrate -urea

Ni-2

5Water containing calcium
chloride-urea

Bacteria + culture mediaHCl-1

5Water containing calcium
nitrate -urea

Bacteria + culture mediaHNi-1

5waterBacteria + culture media + calcium
chloride-urea

HCl-2

5waterBacteria + culture media + calcium
nitrate -urea

HNi-2

5waterBacteria + calcium chloride-ureaSHCl-2

5waterBacteria + calcium nitrate -ureaSHNi-2

 Table 4. Amount of nutrients used in the concrete or curing solutions
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Per liter of
water

Bacterial nutrient in curing
environment

Per liter of
water

Bacterial nutrient in
concrete

20 g/litUrea (industrial)20 g/litUrea (industrial grade)

49 g/litCalcium nitrate (industrial)10 g/litCalcium nitrate
(industrial)

49 g/litCalcium chloride (industrial)10 g/litCalcium chloride
(industrial)

2-4- Experiments

Compressive strength: According to BS 1881-116 standard, 10 × 10 × 10 cm specimens were tested in the
saturated surface dry (SSD) condition after 7 and 28 days of curing. For each design, 3 cubic specimens
were made and their average strength was reported (BS 1881-116).

Tensile strength test: According to ASTM C496-90 (ASTM C496-90-2011), this method is used to measure
the tensile strength of concretes. Cylindrical samples with dimensions of 10 × 20 cm were considered for
this purpose. Because some loads during construction are often applied to the concrete members after 7
days of concrete construction and consequently cracks appeared in this time, the age of the specimens
was considered to be 7 days.

Secondary tensile strength test (STS): Since the age of cracking of concrete members is often less than 7
days, in this experiment, cracks with a width of 200 microns on cylindrical specimens with a diameter of
100 mm and a height of 200 mm was created using splitting tensile strength setup after 7 days of water
curing and obtaining the tensile strength. The cracked specimens were then fastened with metal brackets
and again were re-cured in the considered curing environment (Table 3). Finally, after 30 days of re-curing,
the secondary tensile strength of the specimens was determined. It should be noted that the diameter of
each specimen was measured by a digital caliper before and after creating the crack, then, the diameter
of the specimen was adjusted by fastening the brackets so that the width of the crack reached 200
microns. Fig. 1 shows how the crack width was measured.

Water passing through cracked specimens: In this test, which is schematically shown in Fig. 2, water flow
through the cracks in cylindrical samples with dimensions of 10 × 20 cm was measured over time, when
self-healing process to be progressed. Similar method to STS test was used to create the crack and keep
the crack width constant. To prevent water leakage from the crack at the height of the sample, the crack
is sealed with sealant. In this study, water flow was measured after 0, 1, 2, 4, 6, 8, 12, 16, 18, 20, 22, 24, 26,
28, and 30 days of re-curing for 6 hours, and the average of 3 specimens were reported (Rahmani et al.
2015).  0-day re-curing indicates no re-curing and measures the amount of water passing at the moment
of cracking as a basis for the self-healing assessment.

Results And Discussions
3-1-Visual observations of self-healing
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To investigate the effect of self-healing and the extent to which the cracks are filled with bacterial
precipitation, the cracked specimens were taken out of the tank at different ages and the healing of the
cracks was determined. The mixtures in which the bacterial nutrient was added into the curing
environment had a slower rate of self-healing. The rate of self-healing increased dramatically in Ni-2 and
Cl-2 mixtures in the first 10 days of re-curing.  

3-2-Compressive strength test

The compressive strength results of the mixture and the percentage of increase or decrease in the
compressive strength compared to the control concrete are shown in Fig. 3.  It is clear that how to use of
bacteria and its nutrient play an important role in increasing or decreasing the compressive strength of
concretes. When calcium nitrate-urea and calcium chloride-urea were added to Ni-2 and Cl-2 mixtures;
compressive strength respectively increased by 22.22% and 9.54% after 7 days of curing and 23.43% and
7.5% after 28 days of curing compared to the control concrete at the same ages. Because the source of
calcium is available to bacteria, the ability of bacteria to precipitate calcium carbonate is present from the
beginning, which increases the compressive strength. This process was also seen in the concretes
containing air content. However, other mixtures showed a decrease in the compressive strength compared
to the control concrete. Although, the air content in the concrete itself reduces the compressive strength,
but when bacteria and bacterial nutrient were used in the concretes containing 5% air voids, this reduction
in strength is partially compensated. HNi-2 had a 7.5% increase in the compressive strength after 7 days
of curing compared to the control concrete. Obviously, if the bacterial nutrient is used in curing
environment, calcium carbonate precipitation is very slow, but it is expected that the performance of this
type of curing will be evident in the self-healing process. Moreover, the performance of calcium nitrate in
all mixtures was better than that of calcium chloride. Fig. 4 shows the relative increase in the
compressive strength of the mixtures containing bacteria nutrient in comparison with the concretes that
the bacteria nutrients were added to the curing water after 7 days and 28 days curing. In comparison to
the control concrete, the increase in the compressive strength of Ni-2 and Cl-2 mixtures after 7 days of
curing was more than 28 days of curing. However, a decrease in the compressive strength was observed
for other mixtures in comparison to the control one at the age of 7 days in comparison with 28 days. In
fact, it can be inferred that the activity of bacteria is higher at the younger ages. 

The effect of adding and separating culture medium on the compressive strength of the relevant bacterial
mixtures after 7 days and 28 days curing is shown in Fig. 5. According to Fig. 5, it can be pointed out that
centrifugation of bacteria significantly reduces the compressive strength and it is better to use the
bacteria with the culture medium in concretes.

3-2-Tensile strength test

Tensile strength test results of the concretes are shown in Fig. 6-a. As shown, all mixtures even concrete
containing air-entrained agent, have higher tensile strength than control concrete, which can be due to the
calcium carbonate precipitation. Therefore, it can be concluded that entrained airs in bacterial concrete
can increase tensile strength despite reduction in the compressive strength. According to Fig. 6-b which
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shows the relative increase in tensile strength compared to control concrete, the highest tensile strength
was related to Ni-2 mixture with 20.56% increase in tensile strength. Also, similar discussions to
compressive strength can be drawn for the tensile strength variations.

3-4-Secondary tensile strength (STS) test 

The results of STS test after 5 weeks of re-curing and the ratio of secondary tensile strength to the
relevant initial tensile strength are shown in Fig. 7-a. All mixtures be able to achieve relatively higher
tensile strength than the control concrete, which indicates a mechanical improvement in cracked
concretes, although they have not achieved their initial tensile strength. However, Cl-2, HCl-2, and Ni-2
mixtures gained the maximum secondary tensile strength, respectively where the bacterial nutrients were
added to the mixtures. Fig. 7-b shows the relative increase in STS compared to the control concrete. The
highest STS was related to Ni-2 and Cl-2 mixtures, which were associated with 109% and 104% increase
in tensile strength compared to the control concrete, respectively, which is caused by the precipitation of
calcium carbonate and the repair of cracks by bacteria. Since the cracks of the specimens were closed
after two weeks of curing according to the water passing through the crack test, so further re-curing has
made the structure of the repaired crack more compacted and the tensile strength has been significantly
improved. This phenomenon has been delayed in other mixtures and has slowly increased the tensile
strength. Also, HCl-2, HNi-2, SHCl-2, and SHNi-2 mixtures with 5% air voids had higher secondary tensile
strength than HCl-1 and HNi-1 mixtures. Fig. 8-a shows how the mixture Ni-2 repaired the crack after 5
weeks of re-curing. On the other hands, its secondary failure under splitting test is presented in Fig. 8 b,
which indicates the failure of the specimen exactly occurred from the healed crack. 

3-5-Water passing through the cracked specimens

Water passing through the cracked specimens was measured after 0, 1, 2, 4, 6, 8, 12, 16, 18, 20, 22, 24, 26,
28, and 30 days of re-curing under the mentioned curing environments. All mixtures except the control
mixture completely filled the cracks during 30 days of re-curing. In this section, mixtures were divided into
two groups. 

The first group includes the mixtures M, Cl-1, Ni-1, HCl-1, and HNi-1 where bacterial nutrient was added
into the curing solution except the control mixture (M). This group had a slower rate of self-healing than
other specimens, and the control mixture had the worst performance. The results of the first group are
shown in Fig. 9-a where the amount of water passing through the crack in entrained air specimens was
significantly reduced after 12 days of re-curing, and then was completely repaired after 20 days of re-
curing. However, mixtures without entrained air were completely repaired after 30 days of re-curing. There
was no significant difference between the effect of calcium nitrate and calcium chloride as a bacterial
nutrient in the self-healing process, but generally, calcium nitrate appeared better. Since bacteria have
more space in the entrained concretes, they can survive longer in the concretes and therefore their
performance in the self-healing process will be better. It should be noted that when water does not
penetrate during 6 hours through the repaired crack, it is assumed that the crack was completely repaired,
but in fact, the crack was not perfectly repaired according to STS test results.
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The second group includes Cl-2, Ni-2, HCl-2, HNi-2, SHCl-2, and SHNi-2 mixtures, where bacterial nutrient
has been used in the concrete mixtures. The impact of nitrate calcium-urea on the self-healing process is
more significant in comparison to the first group.  According to Fig. 9-b, the cracks were completely
repaired up to 14 days of re-curing and Ni-2 showed the best performance in which the crack was
completely healed after 8 days of re-curing. Also, HCl-2, HNi-2, SHCl-2, and SHNi-2 mixtures did not differ
much in terms of self-healing, however, when centrifuged bacteria and air-entraining agent were used, the
self-healing process was slowly delayed.

Self-healing Agent Assessment
4-1-Fourier transform infrared spectroscopy (FTIR)

This method is used as a powerful and developed method for determining the structure and
measurement of chemical species. Also, this method is mainly used to identify organic compounds
because the spectra of these compounds are usually complex and have a large number of maximum and
minimum peaks that can be used for comparative purposes (Hajjia et al. 2015). In this study, the self-
healing agent from the healed surface of the mixture that had the best performance in the self-healing
process (Ni-2) was collected and tested. According to Fig. 10, the two absorption peaks at 875 and 712
cm-1 obtained from FTIR spectrum of the restorative agent confirms that the self-healing agent is calcite
(Shan 2007). On the other hand, the relatively weak intensities and the lack of an absorption peak at 1420
cm-1 proposes that calcite is a minor phase, or highly hydrated as would be other form of CaCO3 crystals
(Harrington 1927).

4-2-SEM and XRD analys

X-ray Diffraction (XRD, D8-Advance, Bruker and scanning from 10 to 80 2theta) and Scanning Electron
Microscope (SEM, Leo 440i) were used to analyze the crystal structure of the precipitation.
Concrete specimens were completely dried at room temperature and the samples were collected from the
healed surface of the 7 days cured specimens. The results of XRD are shown in Fig.11. X-ray analysis
of the self-healing agent was performed for the powders of Ni-2 and M mixture. Results of XRD were
compared with the reference cards of calcium carbonate for Ni-2 that confirm the presence of calcium
carbonate as the main product of the reaction mechanism induced by bacterial activity [30]. Also,
Ca(OH)2, C-S-H, Ettringite and, Bannisterite were observed in the self-healing agent of the control mixture.
It is noteworthy that Bannisterite is a rarely occurring mineral from the mineral class of silicates and
germanates. It was probably emanated from the aggregates that may be detached during the self-healing
agent collection. 

The results of SEM test for M, Ni-2, and Cl-2 are shown in Figs. 12, 13, and 14, respectively with 2 different
magnifications (10 and 20 μm). The potential of calcium carbonate formation in each concrete sample
was clearly observed in the concretes containing bacteria. Precipitations with an approximate size of 5-15
μm in cubic and spherical shapes such as calcite and vaterite were observed. Also, ettringite, calcium



Page 11/24

hydroxide (portlandite), and C-S-H crystals are visible in the SEM observation of the mixtures. However, it
is evident that portlandite crystals was consumed by bacteria and little portlandite can be found in the
bacteria concrete. Consequently, C-S-H gel and ettringite crystal were simply found in the bacterial
concrete (Fig. 13). 

Conclusion
In this study, self-healing process of different methods of using S. pasteurii with a concentration of
0.5×107 cell/ml in plain and 5% entrained air concretes including calcium chloride-urea or calcium nitrate-
urea as a bacterial nutrient in the concrete mixtures or in the curing environments was investigated.
Separation of bacterial culture medium was also investigated in two separate mixtures. Compressive and
tensile strength of non-cracked specimens were measured and then cracked specimens were re-cured for
30 days. Then, the self-healing process including water passing through the healed crack at different
ages of re-curing, and the secondary tensile strength after re-curing were measured. Also, microstructural
assessment was considered to find out more details about the self-healing process. Based on the results
and discussions, the following results were obtained:

How to use bacterial nutrients in the concretes has a great impact on the mechanical and the self-
healing properties of the concretes.

With the simultaneous use of sporosarcina pasteurii and calcium nitrate-urea or calcium chloride-
urea as a bacterial nutrient in the concrete mixture, the 28 days compressive strength of concrete
increases by 23.43% and 7.5%, respectively, which is due to calcium carbonate precipitation.

The use of bacteria and its nutrient in the ordinary concrete mixtures and concretes containing 5%
entrained air voids increases the tensile strength up to 20.5%. Apparently, the effect of calcium
carbonate precipitation on the increasing tensile strength is far greater than compressive strength.

The use of sporosarcina pasteurii in the concrete mixture along with providing bacterial nutrients
provides the ability to repair wide cracks in a short time where their initial tensile strength can be
recovered.

The use of bacteria with the culture medium has a greater effect on the acquisition of compressive
strength and secondary tensile strength than the separation of the bacterial culture medium.

Air bubbles reduce the compressive strength of concrete themselves, but 7 days compressive
strength of HNi-2 mixture showed 7.5% increase in compressive strength in comparison with the
control concrete. Also, bacterial concretes containing 5% air voids had an acceptable performance in
the self-healing process

According to microstructural studies, the white agent that led to the repair of cracks was calcium
carbonate, and in fact, bacterial concrete can produce calcium carbonate to repair cracks.
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Figure 1

Diameter of the specimen measuring to adjust the crack width: (a) before crack; (b) after crack.

Figure 2

Schematic illustration of test for water passing through cracked specimen (Rahmani et al. 2015).
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Figure 3

(a) Compressive strength of mixtures; (b) Relative increase and decrease in compressive strength
compared to the control concrete.
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Figure 4

Relative increase in compressive strength in case of adding bacterial nutrient in the mixture of concrete in
comparison with adding them to curing solution.

Figure 5

The effect of bacterial culture medium separation on the compressive strength of the relevant mixtures.
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Figure 6

(a) Tensile strength of the mixtures; (b) Relative increase in the tensile strength compared to the control
concrete.
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Figure 7

(a) STS and relative STS to initial tensile strength of the mixtures; (b) Relative increase in STS compared
to the control concrete.
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Figure 8

STS test after 5 weeks of re-curing: (a) before failure; (b) after failure.
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Figure 9

Water passing content through the crack in the concretes: (a) first group; (b) second group.
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Figure 10

FTIR-Spectra of calcite as self-healing agent.

Figure 11

XRD analysis of concrete mix designs, M and Ni2.
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Figure 12

SEM of control concrete (magnification: left-20 μm, right-10 μm).

Figure 13

SEM of bacterial concrete containing calcium nitrate-urea (magnification: left-20 μm, right-10 μm).
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Figure 14

SEM of bacterial concrete containing calcium chloride-urea (magnification: left-20 μm, right-10 μm).


