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Abstract

Concrete is a most extensively used material in construction; however, cracks in concrete are unavoidable. There is a 
new technology that can heal the cracks by precipitated calcium carbonate called as microbial self-healing concrete 
which reduces the coefficient of permeability. The self-healing/self-repairing concrete with the addition of fibers can 
be used in construction industries to enhance the strength and durability of concrete. Fibers may reduce the crack 
width by bridging action and bacteria develop a filling material in that bridge portion. This improves the durability and 
strength of bacterial concrete. In the present study, four different mixes are prepared, namely normal concrete, bacterial 
concrete, fiber-reinforced concrete, and bacterial concrete, with the addition of fibers. The healing/repairing efficiency 
of concrete is measured in terms of electrical resistivity and compressive strength of concrete on pre-cracked samples 
and healed samples. Further, the results are correlated with the scanning electron microscope and energy-dispersive 
X-ray spectrometer analysis. The results and analysis that carried out show substantial enhancement in the durability 
and strength of concrete with the addition of fibers in bacterial concrete.

Keywords Bacteria · Basalt fiber · Crack repairing · Strength · Durability

1 Introduction

In construction industry, concrete is the most extensively 
utilized material in the world and is the second most 
consumable material after water. Concrete is strong in 
compression and week in tension and has limited ductil-
ity, and cracks in concrete are inevitable [1]. There are so 
many repairing techniques accessible to repair the con-
crete structures. The development of cracks reduces the 
life span of concrete. The repairing costs of concrete struc-
tures are increasing day by day. A study estimates that the 
expense of concrete production is $65 to $80/m3, while 
that of repairing cracks and maintenance is approximately 
$147/m3 [2]. However, these methods are not eco-friendly 
and not economic [3, 4].

It should be noted that, in case of reinforced con-
crete structures, cracks are generally not considered to 
be a failure or damage and cracking does not specify a 

safety problem. The concrete loses its ability to protect 
the reinforced steel against corrosion in case of wider 
crack lengths. One of the major reasons for permanent 
concrete structure failure is the corrosion of steel. Micro-
cracks do not affect the strength of concrete at the initial 
time. However, micro-cracks result in the formation of a 
network of cracks and contribute largely to the concrete 
permeability. This results in a reduction of resistance of the 
concrete against the ingress of aggressive substances [5, 
6]. In certain places like water sewage pipes and nuclear 
power plants, repairing of cracks manually is a tedious task 
and also hazardous [7]. In this regard, the self-repairing 
mechanism is utmost essential for this purpose. Further, 
the practical experiences and experimental investiga-
tions on cement materials demonstrated that cracks can 
be healed by themselves, termed as autogenous healing. 
The autogenous healing is observed in cracks of maximum 
width between 0.1 to 0.2 mm. In young concrete, it was 
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reported that 0.1-mm-wide cracks take several days for 
healing, whereas several weeks are required for 0.2-mm-
wide cracks. The autogenous healing in younger concrete 
is possible due to more unhydrated cement. However, it is 
difficult for autogenous healing at later ages of concrete 
[8–10]. The research on preventing interventions to limit 
the formation of cracks has been increased in the recent 
past so as to achieve higher structural performance [11]; 
further, the monumental response to the degradation 
of concrete at the micro-level by adding the self-healing 
materials has also drawn the attention of researchers. For 
this purpose, different healing agents such as polymers 
and biotechnological healing agents are used in order to 
improve the durability and strength of concrete [12, 13]. 
The increase in the focus of researchers in this aspect is 
depicted in Fig. 1 based on the publications in recent years 
[1, 8].

The concept of self-healing is a well-known ancient 
phenomenon [14, 15]. However, its capacity for the pur-
pose of crack-healing is limited in most of the concrete 
structures [16, 17]. In recent years, bacteria-precipitated 
 CaCO3 has been an alternative and eco-friendly technique 
for self-healing of cracks [18, 19]. This technique has been 
proposed by Jonkers et al. for self-healing without human 
interface [20, 21]. In [22] observed that using bacteria in 
concrete healed most of the cracks (up to 0.3mm) in 5 
days and fill the surface totally in 20 days. The contrast 
test applied to concrete in [23] reported the microbial 
concrete repair cracks of wider length up to 470µm while 
in control concrete 210 µm only. Microbial concrete heals 
the cracks with the precipitated calcium carbonate. How-
ever, the properties of concrete after healing are not 
much improved. Also, limited literature reports regard-
ing the performance of concrete after healing of cracks. 
In this regard, an endeavor has been made to examine 
the performance of concrete after healing of cracks. It is 

well known that the addition of fiber reduces the crack 
width and also the number of cracks in concrete by virtue 
of bridging action [24, 25]. Hence, in this study basalt fibers 
have been used due to its eco-friendliness and high tensile 
strength. It also has the advantage of minimizing the crack 
widths and number of cracks by its bridging action and 
high tensile strength. The main objective of this paper is to 
study the self-repairing capacity of bacterial concrete with 
basalt fiber in it and investigations on the enhancement of 
durability and strength of concrete.

2  Materials and methods

2.1  Materials

In this study, ordinary Portland cement (OPC), fine aggre-
gate, coarse aggregate, bacillus subtilis bacteria, basalt 
fiber, and calcium lactate are used for making the con-
crete. The OPC has been utilized in this study with 3.1 
specific gravity and cement tested as per Indian Stand-
ards [26, 27]. Coarse aggregate of size less than 20 mm 
(20 mm nominal size) and Zone II fine aggregate were 
used with a specific gravity of 2.79 and 2.7, respectively, 
confirming to Indian Standards [28, 29]. Normal port-
able water available in the laboratory has been used 
for the preparation of concrete. Bacillus subtilis bac-
teria are procured from Retron Pro Biotech Ltd., Vizag, 
and are shown in Fig. 2. The test details of bacteria are 
given in Table 1. From this, it is confirmed that the pro-
cured spores of bacillus subtilis are gram-positive bac-
teria. Based on the literature [11, 17],  105 cfu/ml is the 

Fig. 1  Year-wise number of publications for phrase search “con-
crete healing” [1, 8] Fig. 2  Bacillus subtilis spore powder
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optimum concentration for improving the strength of 
concrete same concentration of bacteria which is used in 
this study. Calcium lactate is used as a nutrient source for 
bacteria; it was procured from Triveni Chemicals, Gujarat. 
Figure 3 shows the appearance of calcium lactate. The 
test details of the calcium lactate are given in Table 2. 
As per literature, [17] 0.5% (w.r.t weight of cement) dos-
age of calcium lactate was added to concrete for better 
strength properties.   

Basalt fiber used in this study is procured from the 
Hydro Design Management Co. Pvt. Ltd, Noida, and details 

of properties are given in Table  3. Figure  4 shows the 
appearance of basalt fibers used in this study.

2.2  Concrete mix design

In this study, OPC, fine aggregate, coarse aggregate, bacil-
lus subtilis bacteria, basalt fiber, and calcium lactate are 
used for making the concrete. Three water–cement ratios 
(0.45, 0.4, and 0.35) are utilized to prepare the concrete 
mix. The concrete mixes were prepared as per Indian 
Standards IS: 10262-2009 [30]. The major variable in the 
concrete mix was water–cement ratio, and bacteria, cal-
cium lactate, and basalt fiber are the additional materials. 
The mix design details are shown in Table 4, where the 
control concrete mix is denoted as Mix-1, basalt fiber-rein-
forced concrete is denoted as Mix-2, bacterial concrete is 
illustrated in Mix-3 that means concrete with the addition 

Table 1  Test data for 
identification of bacteria

Test performed Indicator used Color observation Result

Starch test Starch and Iodine 
Solution

A dark color of the whole medium 
except colony and its surrounding

Positive

Gram-staining reaction Crystal violet Purple Gram positive

Fig. 3  Calcium lactate powder

Table 2  Physical properties of calcium lactate

Parameter Value

Appearance White powder

Solubility Soluble in water

Arsenic ≤ 2 parts per million

Heavy metals ≤ 20 parts per million

Iron ≤ 80 parts per million

Loss on drying 23.50%

Table 3  Properties of basalt fiber

Parameter Value

Elastic modulus (GPa) 93

Tensile strength (MPa) 3200–3850

Length (mm) 12

Specific gravity 2.7

Fig. 4  Image of basalt fibers
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of  105 cfu/ml bacteria and 0.5% (w.r.t weight of cement) 
of calcium lactate, and the bacterial concrete embedded 
with basalt fiber is denoted as Mix-4. The fresh and harden 
concrete properties are studied for all the concrete mixes 
as per the mix details in Table 4 to know the effect of bac-
teria and basalt fiber on properties concrete.

2.3  Workability of concrete

The property of fresh concrete as workability was meas-
ured by slump cone test and compaction factor (CF) test 
as per IS: 1199-1956. The slump value indicates the stiff-
ness of the fresh mix to work with. Another popular and 
commonly used test to know the workability of concrete 
is the CF test. The test results of the CF are more sensitive 
and reliable for low workable mixes.

2.4  Mechanical properties

The harden properties of concrete are measured by com-
pressive and flexural strength tests. The compressive 
strength of concrete was tested on 100 × 100 × 100 mm 
size cubes as per IS: 516-1959 [31]. The flexural strength of 
concrete was tested on beam samples of standard dimen-
sions 500 × 100 × 100 mm as per IS: 516-1959. The com-
pressive strength is tested at an age of 7, 28, and 56 days 
of water cured samples by utilizing compression testing 
machine. The flexural strength is tested at an age of 28- 
and 56-day water cured samples. For determination of 
compressive and flexural strengths, the average value of 
three samples is taken.

2.5  Electrical resistivity of concrete

The electrical resistivity test on concrete was performed to 
know the quality of concrete in terms of voids and internal 
cracks. The test has been performed at an age of 7-, 28-, 
and 56-day cured samples, and for each test, the average 
value of three samples is used for the determination of 
electrical resistivity of concrete. For the measurement 
of electrical resistance of concrete Leader  RCONTM has 
been used at a predetermined location. The test has been 
performed on three cubes for each mix in three different 
conditions: undamaged samples, damaged samples, and 
healed samples. The electrical resistivity (ρ in Ω∙m) of con-
crete for an average value of electrical resistance (R in Ω∙), 
length (l in m) and area (A in  m2) is given by [17]:

2.6  Microstructure analysis

For analyzing the microstructure of concrete, SEM analysis 
has been carried out on ZEISS SEM machine. The 28-day 
cured samples are collected and immersed in acetone to 
stop the further hydration process. These collected sam-
ples are prepared with the size of 1-cm cubes with smooth 
surface. These samples have been coated with gold in 
sputter coater for obtaining high-resolution SEM images. 
Simultaneously, EDX analysis is performed for knowing the 
major elements present on the surface.

(1)� =

RA

l

Table 4  Mix details of concrete per cubic meter

Mix details Cement 
(kg/m3)

Fine aggre-
gate (kg/m3)

Coarse aggre-
gate (kg/m3)

Water (kg/m3) Bacteria 
(cfu/ml)

Calcium lac-
tate (kg/m3)

Fiber dosage 
(kg/m3)

Chemical 
admixture (kg/
m3)

W/C = 0.35

 Mix-1 450 593.03 1214.16 157.6 Nil Nil Nil 4.5

 Mix-2 450 593.03 1214.16 157.6 Nil Nil 4.05 4.5

 Mix-3 450 593.03 1214.16 157.6 105 2.25 Nil 4.5

 Mix-4 450 593.03 1214.16 157.6 105 2.25 4.05 4.5

W/C = 0.4

 Mix-1 394 675.3 1227.5 157.6 Nil Nil Nil 3.152

 Mix-2 394 675.3 1227.5 157.6 Nil Nil 4.05 3.152

 Mix-3 394 675.3 1227.5 157.6 105 1.97 Nil 3.152

 Mix-4 394 675.3 1227.5 157.6 105 1.97 4.05 3.152

W/C = 0.45

 Mix-1 359 703.13 1222.33 161.54 Nil Nil Nil 1.79

 Mix-2 359 703.13 1222.33 161.54 Nil Nil 4.05 1.79

 Mix-3 359 703.13 1222.33 161.54 105 1.795 Nil 1.79

 Mix-4 359 703.13 1222.33 161.54 105 1.795 4.05 1.79



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1344 | https://doi.org/10.1007/s42452-019-1404-5 Research Article

2.7  X‑ray diffraction (XRD) analysis 
for the deposited material at the cracks

The deposited material at the crack is collected from the 
concrete samples to know the chemical composition 
using XRD analysis. The collected samples were ground 
and sieved from 75 microns.

3  Results and discussion

3.1  Workability of concrete

The combined effect of bacteria, calcium lactate, and 
basalt fiber on workability of concrete mix has been exam-
ined. Figures 5 and 6 illustrate the experimental results for 
workability of concrete. The results show that the addi-
tion of calcium lactate increases the slump value, while, 
the basalt fiber decreases the slump value of respective 
concrete. The addition of bacteria, calcium lactate, and 
basalt fiber together gives slump value more than the 
basalt fiber-reinforced mix and shows a good workabil-
ity. From Fig. 6, it is noticed that similar results have been 
obtained for compaction factor tests also. Similar to nor-
mal concrete mix, the bacterial concrete also shows a pro-
portional change in workability with water–cement ratio. 
The calcium lactate works as a retarding agent in concrete; 
it increases the setting time and fluidity of concrete [15]; 
due to this, the workability of bacterial concrete increases, 
whereas basalt fibers absorb certain moisture content dur-
ing the mixing and also increase the friction between fib-
ers and cement [32]. This activity decreases the workability 
of basalt fiber-reinforced concrete and bacterial concrete 
embedded with basalt fiber. The addition of basalt fiber, 
bacteria, and calcium lactate gives good workable con-
crete nearly same as normal concrete.

3.2  Mechanical properties of concrete

The strength results of concrete are depicted in Figs. 7 
and 8. The compressive strength is significantly improved 
in bacterial concrete and bacterial concrete embedded 
with basalt fiber. Similar trend has been followed in flex-
ural strength also. Figure 7 confirms that microbial activ-
ity plays an important role in improving the compressive 
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Fig. 7  Compressive strength 
results of different concrete 
mixes
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strength. From Fig.  7, it is noticed that there is 20%, 
24%, and 27% enhancement in compressive strength 
of bacterial concrete as compared to control mix for a 
water–cement ratio of 0.45, 0.4, and 0.35. The maximum 
compressive strength was achieved using higher grade of 
concrete (with lower water–cement ratio) in the presence 
of bacillus subtilis microbes. The improvement in strength 
of bacterial concrete as compared to normal concrete is 
due to the formation of calcite in bacterial concrete; it fills 
the voids and improves the strength. This is confirmed 
by the microstructure analysis of concrete, which will be 
discussed in Sect. 3.4. It was also reported that  CaCO3 
generated by bacteria reduces porosity and enhances 
the compressive strength. Similar results are obtained 
in [11, 17], as the addition of bacteria enhances the con-
crete strength by filling the pores with  CaCO3 produced 
by metabolic activity of bacteria. The additions of basalt 
fibers enhance the compressive and flexural strength of 
normal concrete as well as bacterial concrete. The addi-
tion of basalt fiber improves the load-carrying capacity by 
bridging action in cracks. As the basalt fiber will carry fur-
ther increasing loads after the first crack, which improves 
the overall strength of the concrete, the bacterial concrete 
enhances the strength of concrete and performs better 
workability. The relationship between workability and 
compressive strength of concrete is shown in Fig. 9. From 
Fig. 9, it is noticed that as the water–cement ratio increases 
the workability of the concrete increases and the strength 
decreases. Similar trend was observed for all concrete 
mixes. However, bacterial concrete shows improvement 
in workability and strength as compared to control mix. 
In fiber-reinforced concrete, the workability of concrete 
decreases whereas the strength of the concrete showed 
a considerable improvement. The addition of basalt fib-
ers in concrete increases the friction between fibers and 
cement; this activity decreases the workability of basalt 
fiber-reinforced concrete. But in bacterial concrete, the 

addition of fibers shows the improvement in strength and 
the workability is nearly equal to normal concrete.

For knowing the recovery properties of concrete after 
healing, the concrete samples are damaged by apply-
ing 60% of load-carrying capacity at an age of 28 days. 
Further these cubes are kept in water curing for healing 
purpose. After 28 days compressive strength was deter-
mined for healed samples and compared with the undam-
aged samples at an age of 56 days. Figure 10 shows the 
comparison of healed samples compressive strength that 
was subjected to damage by preloading and undamaged 
samples at an age of 56 days. Bacterial concrete shows 
considerably higher strengths after healing as compared 
to control mix. The strength recovery of bacterial concrete 
with the addition of basalt fiber shows better results than 
all the other concrete mixes. The strength difference in 56 
days for undamaged samples and healed samples can be 
measured as the unrecovered strength. The unrecovered 
strength in Mix 4 is 16.7%, whereas in MIX 1 it is 30.75% 
for 0.4 water–cement ratio. The unrecovered strength in 
bacterial concrete and bacterial concrete with addition 
of fibers is very little. It confirms that the recovery rate is 
very high in bacterial concrete and bacterial concrete with 
basalt fibers as compared to other mixes. Bacterial con-
crete and bacterial concrete with the addition of basalt 
fibers show good results in recovery of concrete properties 
after preloading.

3.3  Electrical resistivity of concrete

The electrical resistivity test on concrete was performed 
to know the quality of concrete in terms of voids and 
internal cracks. The test has been performed at an age of 
7-, 28-, and 56-day cured samples. The results obtained 
are listed in Fig. 11. The results validate the significant 
improvement in electrical resistivity of bacterial concrete 
embedded with basalt fiber. The concrete possesses 

Fig. 8  Flexural strength results 
of different concrete mixes
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limited ductility and exhibits brittle failure. The pres-
ences of internal micro-cracks in concrete are the root 
cause of durability issues in concrete. Controlling them 
is essential to ensure and enhance the performance of 
concrete composites. The addition of bacteria and basalt 
fiber in concrete shows improvement in electrical resis-
tivity. This validates the advantage of using bacteria and 
basalt fiber in concrete.

The cubes are pre-cracked by applying the compres-
sion load at an age of 28 days, and these cubes are kept 
water curing for healing purpose. The electrical resistiv-
ity test has been performed on preloaded (pre-cracked) 
cubes, and the same test has been performed on healed 
concrete samples for knowing the rate of self-repairing 
of concrete. Figure 12 depicts the results of pre-cracked 
and healed samples at an age of 28 days and 56 days. 
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Fig. 10  Comparison of com-
pressive strength of healed 
samples damaged by preload-
ing and undamaged samples 
at an age of 56 days
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The self-repairing capacity of concrete has been greatly 
enhanced with bacteria and basalt fiber. The healing per-
centage is high in concrete with lower water–cement ratio 
as compared to higher water–cement ratios in the pres-
ence of bacteria and basalt fiber. This is due to the produc-
tion of more  CaCO3 and the basalt fiber, which acts as a 
bridging material between cracks.

3.4  Micro structure analysis

The SEM and EDX analyses of normal and bacterial con-
crete are illustrated in Fig. 13. It is noticed that the pres-
ence of tetrahedron and pyramid shapes in bacterial con-
crete shows the presence of calcite. It means the pores in 
concrete mix are filled with deposited calcite, resulting in 
enhancement of durability and strength of concrete [21, 
22]. From EDX analysis, it is noticed that the amount of 
Ca is obtained for bacterial concrete which is higher than 
control concrete. The elemental analysis confirms the pres-
ence of higher amount of Ca in bacterial concrete. SEM 
and EDX analyses confirm the presence of  CaCO3 in bacte-
rial concrete. This fills pores and tiny cavities in concrete 
and improves the durability and strength of concrete.

3.5  X‑ray diffraction (XRD) analysis 
for the deposited material at the cracks

XRD analysis was done for the deposited material at 
the cracks after healing the cracks. Figure 14 shows that 
the XRD analysis of deposited material. From Fig. 14 it is 

noticed that the crystalline peaks are present at an angle 
(2Ɵ) of 29.6°, 36.2°, 39° and 47.7°. These peaks represent 
the presence of calcite in the material. The formation of 
calcite by bacteria is the reason for the improved durability 
and strength of concrete after healing the cracks.

4  Conclusions

The investigation of using bacteria along with basalt 
fiber in concrete for improving and recovery of concrete 
properties of damaged samples has been explored in this 
paper. Workability, mechanical properties, and recovery 
of strength for samples healed by  CaCO3 precipitation 
by microbes have been investigated. The addition of 
basalt fiber in bacterial concrete enhances the compres-
sive strength as well as flexural strength. The workability 

Fig. 11  Electrical resistivity of 
different concrete mixes
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slightly decreases with the addition of basalt fiber; how-
ever, bacterial concrete shows good workability even 
with the addition of basalt fibers. The addition of basalt 
fiber contributes to the recovery of properties of healed 
samples. SEM analysis of concrete confirms the pres-
ence of calcite in bacterial concrete. The calcite fills the 
voids and micro-cracks in concrete and enhances the 

concrete performance. The compressive strength has 
been observed to be recovered using basalt fiber in bac-
terial concrete. The electrical resistivity test results also 
conforms the recovery of concrete properties after heal-
ing the cracks. Further XRD analysis also confirms that 
the deposited material in the cracks is calcite; this is the 
reason for improving the recovery properties of concrete 

Fig. 13  SEM analysis of a control concrete and b bacterial concrete, and EDX analysis of c control concrete and d bacterial concrete

Fig. 14  XRD analysis of depos-
ited material at cracks after 
healing
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after healing. The experimental results confirm the addi-
tion of basalt fiber in bacterial concrete, which improves 
the performance of concrete.
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