
Page 1/15

In�uence of Bacillus Licheniformis on The Strength,
Durability and Micro-Structure of Concrete
Krishnapriya Sankarapandian  (  kpriyasivakumar@gmail.com )

AAA College of Engineering and Technology
D.L.Venkatesh Babu 

Nagarjuna College of Engineering and Technology
G.Prince Arulraj 

Karunya Institute of Technology and Sciences

Research Article

Keywords: calcite, micro cracking, metakaolin, silica fume

Posted Date: October 25th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-970612/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-970612/v1
mailto:kpriyasivakumar@gmail.com
https://doi.org/10.21203/rs.3.rs-970612/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/15

Abstract
The vulnerability of concrete to micro cracking reduces its strength and durability. The inclusion of
bacteria in concrete would provide solution for this problem as the bacteria automatically heals the
cracks in concrete without any human intervention. The primary objective of this research work is to
study the in�uence of Bacillus licheniformis BSKNAU on the strength and durability of concrete with
cement replaced by silica fume and metakaolin in three replacement levels. Experimental investigations
were carried out to study the effect of Bacillus licheniformis BSKNAU on the strength properties of
bacterial and control concrete specimens. Durability tests were also conducted on bacterial and control
concrete specimens. The strength tests revealed that bacterial concrete specimens exhibited high
strength properties and good durability performance. The presence of calcite precipitates in bacterial
concrete specimens was examined using a Scanning Electron Microscope and were con�rmed using X
ray Diffraction and Energy Dispersive X-ray Analysis.

Introduction
Concrete remains the most popularly used building material on earth. The vulnerability of concrete to
micro cracking reduces its strength and durability. The repair process for cracks is chemical-based, costly,
time consuming and becomes di�cult in inaccessible areas. The inclusion of bacteria in concrete would
provide solution for this problem. The bacterial repair process is bio-based, cost effective and saves time.
It could also be used in inaccessible areas as the bacteria automatically heal the cracks in concrete
without any human intervention.

The studies conducted by Ramachandran et al. (2001), Abo-El-Enein et al. (2013), Achal et al.
(2011) and Bang et al. (2001) indicated that inclusion of  Bacillus pasteurii signi�cantly increased the
compressive strengths and durability of portland cement mortar  and concrete cubes. Chahal et al.
(2012b) reported that inclusion of  S. pasteurii was found to improve strength and durability of concrete
with �y ash. Chahal et al. (2012a) reported that inclusion of   S. pasteurii enhanced the compressive
strength and durability of concrete with silica fume. 

Silica fume and metakaolin can be used as supplementary cementitious materials in concrete. As the
Portland cement in concrete begins to react chemically, it releases calcium hydroxide. The chemical
contribution of supplementary cementitious materials in concrete is that they react with calcium
hydroxide to form additional binder material called calcium silicate hydrate (CSH) which is very similar to
the calcium silicate hydrate formed from Portland cement. This additional binder improves the strength
and durability properties of concrete (Siddique & Khan 2011). The physical contribution of supplementary
cementitious materials in concrete is the micro �ller effect. Similar to the �lling of voids in coarse
aggregate by �ne aggregate and the voids in �ne aggregate by cement, the voids in cement are �lled by
supplementary cementitious materials. This results in improved performance of concrete with
supplementary cementitious materials. 
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The use of by products as supplementary cementitious materials in concrete helps in environmental and
energy conservation in addition to improved performance of concrete. Silica fume is a by product
obtained from the production of silicon and ferrosilicon alloys. Silica fume improves the microstructure
of concrete which results in improvement of strength and durability of concrete. Metakaolin is re�ned
kaolin clay which is calcined under carefully controlled conditions. The highly reactive nature of
metakaolin produces concrete with favourable engineering properties. 

Research works have been conducted on concrete incorporating bacterial species B. pasteruii. But
research pertaining to other species of bacteria is limited. Also there is no work reporting on bacterial
concrete with silica fume and metakaolin. Hence an attempt has been made in this paper to study the
strength and durability of bacterial concrete incorporating  Bacillus licheniformis. In addition, the effect of
bacteria in concrete with cement replacement materials such as silica fume and metakaolin is to be
found out such that the bacterial concrete combines the merits of bacterial calcite precipitation and the
use of sustainable materials in concrete. The cement in bacterial concrete was partly replaced with silica
fume and metakaolin. 

Materials And Methods

2.1.Media composition for bacterial culture
Media composition for the growth of culture was used as per Krishnapriya et al. (2015) consisting of
Yeast Extract 5 g/l, Beef Extract 5 g/l and Wheat Bran 20 g/l. The pH was maintained alkaline at 8. Wheat
Bran was used as an alternate substrate for chemical medium (nutrient broth) for the growth of bacteria
to reduce the cost of bacterial concrete.

2.2 Cement and mineral admixtures
Ordinary Portland cement of 53 grade conforming to IS: 12269- 2013 was used. The speci�c gravity of
cement was 3.15. Silica Fume (SF) Grade 920 conforming to IS: 15388 -2003 and Metakaolin (MK) of
Himacem brand procured from locally available distributors were used as mineral admixtures in concrete.
 The physical and chemical properties of cement, SF and MK are given in Table  1. 

Silica Fume and Metakaolin were used as mineral admixtures for replacement of cement by weight in
three replacement levels. In the �rst replacement level, 15 % of cement was replaced with SF and 15 % of
cement was replaced with MK (15% SF + 15% MK). In the second case, 10 % of cement was replaced with
SF and 20% of cement was replaced with MK (10% SF + 20% MK) and in the third case, 20 % of cement
was replaced with SF and 10 % of cement was replaced with MK (20% SF + 10% MK). 

2.3 Fine aggregate and coarse aggregate
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Locally available river sand passing through 4.75 mm sieve and of speci�c gravity 2.69 was used as �ne
aggregate. Crushed stones of 20 mm maximum size and of speci�c gravity 2.89 were used as coarse
aggregate. Both the �ne aggregate (Zone II) and coarse aggregate were conforming to IS: 383-
1970.Distilled water was used for mixing of concrete specimens. 

2.4 Preparation of concrete specimens

The M 25 concrete mix was designed in accordance with IS: 10262-2009. The mix proportion was 1: 1.6:
3.1 by weight. The mix proportions are given in Table 2. 

Concrete cube specimens of size 150 mm x 150 mm x 150 mm were cast for �nding compressive
strength of concrete specimens. Water absorption and acid attack tests were conducted on concrete cube
specimens of size 100 mm x 100 mm x 100 mm. Rapid Chloride Permeability Test (RCPT) was
conducted on cylindrical specimens of 100 mm diameter and    200 mm height. All the concrete
specimens were subjected to curing for 28 days. Bacterial concrete specimens were cast by adding 105

cells/ml of mixing water of Bacillus licheniformis BSKNAU. Control samples were cast without the
addition of bacterial cells and by using potable water. 

2.5 Compressive strength test 
After completion of 28 days of curing, the specimens were removed from the curing tank and subjected to
compressive strength testing using compression testing machine as per IS:516 (1959) .

2.6 Water absorption test
The guidelines given in BS 1881: Part 122 (1983) were followed for conducting water absorption test on
concrete cube specimens. The specimens were placed in the oven for   72 ± 2 hours at 105 ± 5ºC after 28
days of curing. Then the specimens were cooled for              24 ± 0.5 hours in a dry air tight vessel. The
weight of dry sample was taken (W1). The specimens were immersed in water for about 30±0.5 minutes.
The immersed specimens were removed from water, the surface water was wiped and the weights of
immersed specimens were taken (W2). The water absorption was calculated as the increase in weight
resulting from immersion expressed as a percentage of the weight of the dry specimen. 

2.7 Acid attack test
The resistance of concrete cube specimens to acids was found out by conducting acid attack test
suggested by Murthi & Sivakumar (2008). The samples were cured in water for 28 days after which they
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were immersed in 3% H2SO4 and 3% HCl solutions in plastic tubs. The initial weight (Wi) and the weight
of concrete specimens after the immersion period of 2 weeks (W2) and 4 weeks (W4) were measured for
�nding the percentage weight loss due to the deterioration of concrete specimens. The percentage weight
loss was found by using the expressions given below:

% weight loss due to acid immersion for 2 weeks = [(Wi -W2) / W2]

% weight loss due to acid immersion for 4 weeks = [(Wi –W4) / W4]

2.8 Rapid chloride permeability test
The Rapid Chloride Permeability Test was conducted as per ASTM C1202 (1993). The test was
conducted on cylindrical specimens of 100 mm diameter and 200 mm height. A    50 mm specimen is cut
from the specimen. The side of the cylindrical specimen is coated with epoxy, and after the epoxy is dried,
it is put in a vacuum chamber for 3 hours. The specimen is vacuum saturated for 1 hour and allowed to
soak for 18 hours. It is then placed in the RCPT test device. The left-hand side (–) of the test cell is �lled
with 3% NaCl solution. The right-hand side (+) of the test cell is �lled with 0. 3N NaOH solution. The
system is then connected and a 60-volt potential is applied for 6 hours. Readings are taken every 30
minutes. At the end of 6 hours, the specimen is removed from the cell and the amount of coulombs
passed through the specimen is calculated. The test results are interpreted by referring to Table 3.

2.9  Scanning electron microscope and energy dispersive X-
ray analysis
The scanning electron micrographs were obtained using Jeol JSM – 6390 Scanning Electron Microscope
equipped with Energy Dispersive X-ray Analyzer at an accelerating voltage of 0. 5 to 30 kV. All the
samples were dried at 1000C in oven for 3 days. These samples were gold coated with a sputter coating
and subjected to SEM analysis. The broken pieces of cube specimens obtained from compressive
strength test were collected and subjected to SEM and EDX analysis. 

2.10 X-ray diffraction analysis
 Broken pieces of cube samples obtained from compressive strength test and the precipitates in cracks of
concrete beam specimens, used for quanti�cation of crack healing were collected and powdered using a
pestle mortar. The fraction passing through the sieve size of 5µm was used for conducting XRD analysis.
XRD spectra were obtained using a Shimazdu Model XRD 6000 Diffractometer with a Cu anode (40 kV
and 30 mA) and scanning from 40 to 900 2θ. The presence of calcite and CSH peaks were identi�ed by
comparing them with standards established by the International Centre for Diffraction Data.
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Results And Discussion
3.1 Compressive strength test results 

The compressive strength of concrete specimens with mineral admixtures and Bacillus licheniformis
BSKNAU are given in Table 4.

It can be observed from the Table 4, that the strength of concrete specimens with Bacillus licheniformis
BSKNAU is higher than that of the concrete specimens without bacteria. The greatest improvement of
18.72% in compressive strength was obtained for bacterial concrete specimens with 15 % SF and 15 %
MK when compared to concrete specimens without bacteria and with the same replacement level. The
improvement in compressive strength of 10.61 % was obtained for bacterial concrete specimens without
mineral admixtures. For bacterial concrete specimens with the replacement level of 10 % SF and 20 %
MK, the improvement in compressive strength was found to be 17.01 %. For replacement level of 20 % SF
and 10 % MK, the bacterial concrete specimens showed an improvement of 16.37%.

The strength of bacterial concrete specimens increased for all the replacement levels of cement with
silica fume and metakaolin. The improvement in strength is due to the healing of pores and micro cracks
in concrete matrix with calcite precipitated by bacteria and due to �ller effect contributed by silica fume
and metakaolin. Micro cracks and pores open the way for ingress of water and air which creates a
favourable environment for germination of endospores and for precipitation of calcite. The greatest
enhancement has been recorded for the bacterial concrete specimens for replacement level of 15 % SF
and 15 % MK. Similar increase in strength was reported by Chahal et al. (2012b) who concluded that the
bacteria S. pasteurii increased the 28 days compressive strength of �y ash concrete by  22% . It can be
concluded that the replacement level of 15 % SF and 15 % MK will be effective for use along with the
bacterial strain in concrete specimens. 

3.2 Water absorption test results

The water absorption values of concrete specimens with mineral admixtures and Bacillus licheniformis
BSKNAU are given in Table 5. 

From Table 5, it was observed that the lowest water absorption of 0.4 % was obtained for bacterial
concrete specimens (Bacillus licheniformis BSKNAU) with 15% SF and 15% MK. The water absorption
reduced from 1.2% to 0.8% for bacterial concrete specimens without admixtures. For the replacement
level of 10% SF and 20% MK, the water absorption reduced from 0. 9% to 0.6%. For the replacement level
of 20% SF and 10% MK, the water absorption  reduced from 1.0% to 0.7%. 

The lowest water absorption for bacterial concrete specimens with mineral admixtures was obtained at
the replacement level of 15% SF and 15% MK. The reduced water absorption of bacterial concrete
specimens when compared to non-bacterial concrete specimens indicates the reduction in porosity of
bacterial concrete specimens. It also means lower permeability to the �ow of water.
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3.3 Acid attack test

The percentage weight loss of concrete specimens with mineral admixtures and Bacillus licheniformis
BSKNAU, due to immersion in H2SO4 are given in the Table 6. 

From the Table 6, it can be seen that the minimum weight losses of 0.24% and 0.44% were obtained for
bacterial concrete specimens with Bacillus licheniformis BSKNAU at replacement level of 15% SF and
15% MK, after 2 weeks and 4 weeks of immersion in H2SO4 respectively. 

The percentage weight loss of concrete specimens with mineral admixtures and Bacillus licheniformis
BSKNAU, due to immersion in HCl are given in the Table 7.

For 2 weeks and 4 weeks of immersion in HCl, the minimum weight losses of 0.28% and 0.40% were
obtained for bacterial concrete specimens with Bacillus licheniformis BSKNAU at replacement level of of
15% SF and 15% MK respectively (Table 7). 

The results of the acid attack test exhibited a similar trend to the results of water absorption test and
good performance was obtained at the replacement level of 15% SF and 15% MK. The minimum weight
losses of 0.24% and 0.44% were obtained for Bacillus licheniformis BSKNAU after 2 weeks and 4 weeks
of immersion in H2SO4 respectively, at the replacement level of 15% SF and 15% MK. Similarly, for 2
weeks and 4 weeks of immersion in HCl, the minimum weight losses of 0.28% and 0.40% respectively
were obtained for concrete specimens with Bacillus licheniformis BSKNAU at the replacement level of
15% SF and 15% MK.

 The lower weight loss due to immersion in acids (H2SO4 and HCl) indicates the lower permeability of
bacterial concrete specimens to the ingress of harmful sulphur and chloride ions which would affect the
properties of concrete and lead to corrosion of reinforcement.

3.7 Rapid chloride permeability test (RCPT) 

The RCPT results of the concrete specimens with mineral admixtures and Bacillus licheniformis BSKNAU
are given in Table 8. 

From the Table 8, it can be seen that the rapid chloride permeability of bacterial concrete specimens
incorporating Bacillus licheniformis reduced to low and very low values from moderate and low values of
concrete specimens with 0 cells/ml of mixing water, respectively. 

The rapid chloride permeability of bacterial concrete specimens incorporating Bacillus licheniformis
BSKNAU reduced to very low values, at the replacement level of 15% SF and 15% MK. The reduced rapid
chloride permeability also indicates greater resistance to the penetration of chloride ions in bacterial
concrete specimens. 

3.8 Microstructure analysis
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Figure 1 shows the scanning electron micrograph, energy dispersive X-ray spectrum and X-ray diffraction
pattern of control concrete specimens.

The scanning electron micrograph of control concrete sample shown in Figure 1 a indicates the presence
of limited individual crystals. The EDX spectrum of control concrete sample shown in Figure 1 b indicates
the presence of calcium (Ca) and the weight% of calcium is 7.31%. The ratio of Ca/CSH content is 0.66.
The X-ray diffraction pattern of control concrete sample shown in Figure 1 c indicates the presence of
calcite and CSH peaks. 

Figure 2 shows the scanning electron micrograph, energy dispersive X-ray spectrum and X-ray diffraction
pattern of bacterial concrete specimens incorporating Bacillus licheniformis BSKNAU with mineral
admixtures for the replacement level of 15% SF and 15% MK.

The scanning electron micrograph of concrete samples with Bacillus licheniformis BSKNAU shown in
Figure 2 a indicates the presence of individual crystals. The EDX spectrum of concrete samples with
Bacillus licheniformis BSKNAU shown in Figure 2 b indicates the presence of calcium (Ca) whose
intensity is more than that of the control concrete sample shown in Figure 2 b. The weight% of calcium is
13.50%. The ratio of Ca/CSH content is 0.78. The X-ray diffraction pattern of concrete samples with
Bacillus licheniformis BSKNAU shown in Figure 2 c indicates the presence of calcite and CSH peaks.

The individual crystals observed in the concrete samples at replacement level of 15% SF and 15% MK can
be interpreted as calcite crystals precipitated by Bacillus licheniformis BSKNAU. The high intensity of
calcium in EDX spectra of concrete samples with Bacillus licheniformis BSKNAU at replacement level of
15% SF and 15% MK con�rmed the presence of high amounts of calcite in them. The weight% of calcium
in the control concrete sample obtained from EDX analysis is only 7.31%. The weight% of calcium
obtained for the concrete samples with Bacillus licheniformis BSKNAU (at replacement level of 15% SF
and 15% MK) amount to 13.5% which is more than that of the control concrete sample. This con�rms the
presence of high amounts of calcite in bacterial concrete samples when compared to the less amount of
calcite in control concrete samples. 

The ratio of Ca/CSH for the concrete samples with Bacillus licheniformis BSKNAU (at replacement level
of 15% SF and 15% MK) is 0.78. The increased ratio of Ca/CSH in bacterial concrete samples when
compared to the control concrete samples con�rms the presence of high amounts of calcite and CSH
which is the reason for increased strength and durability of bacterial concrete specimens. 

The XRD spectrum of the concrete samples Bacillus licheniformis BSKNAU (at replacement level of 15%
SF and 15% MK) indicated the presence of calcite and CSH peaks. 

The strength and durability of bacterial concrete specimens increased with respect to non-bacterial
concrete specimens. The reason for this increased strength and durability of bacterial concrete
specimens with respect to the non-bacterial concrete specimens is due to the plugging of micro cracks
and pores in concrete with calcite crystals precipitated by bacteria. The presence of calcite was visualised
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in the scanning electron micrographs of bacterial concrete samples incorporating Bacillus licheniformis
BSKNAU at replacement level of 15% SF and 15% MK. The high intensity and weight% of calcium in these
bacterial concrete samples also proved that high amounts of calcite (Ca) were present in them. The
increase in CSH content as evident from the high ratio of Ca/CSH and the presence of CSH peaks in XRD
spectra was the reason for increased strength of the bacterial concrete specimens. 

Dhami et al. (2013) reported that the CaCO3 (calcite) content in control specimens was only 6%. But the
CaCO3 content on the surface layer of bacterial blocks was 32%. The high amounts of calcium in
bacterial treated cylinders were con�rmed by EDX analysis. Vahabi et al. (2015) concluded that EDX
analysis con�rmed that the crystals formed in the cracks of mortar surfaces by bacteria were
predominantly composed of calcium whose weight% was 48.13. 

Conclusion
The strength of bacterial concrete specimens with mineral admixtures increased when compared to
non-bacterial concrete specimens. The greatest compressive strength, was obtained at the
replacement level of 15% SF and 15% MK. Hence this replacement level (15% SF + 15% MK) can be
effectively used when concrete is incorporated with Bacillus licheniformis BSKNAU.

The lowest water absorption for bacterial concrete specimens with mineral admixtures was obtained
at replacement level of 15% SF and 15% MK .The water absorption for non-bacterial concrete
specimens at replacement level of 15% SF and 15% MK was 0.9%. For the same replacement level,
the water absorption was reduced to 0.4% for bacterial concrete specimens.

From the results of acid attack test on concrete specimens with mineral admixtures, it can be seen
that the lowest weight losses were obtained for all the bacterial concrete specimens at replacement
level of 15% SF and 15% MK. 

The rapid chloride permeability further reduced to “very low” category for the bacterial concrete
specimens incorporating Bacillus licheniformis BSKNAU, at replacement level of 15% SF and 15%
MK. 

Good durability performance was obtained for the bacterial concrete specimens at replacement level
of 15% SF and 15% MK. Hence this replacement level along with bacteria can be used in concrete for
enhancing its durability. 

The presence of abundant calcite crystals as visualised in the scanning electron micrographs of
Bacillus megaterium BSKAU, Bacillus licheniformis BSKNAU and Bacillus megaterium MTCC 1684 is
the reason for increased strength and durabilty of concrete specimens. The high intensity and
weight% of calcium in the EDX spectra of bacterial concrete samples with Bacillus licheniformis
BSKNAU indicates that high amounts of calcite in these samples increased the strength and
durability of concrete specimens.
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Table 1            Physical and chemical properties of cement, SF and MK
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Physical Property Cement SF MK

Colour Grey Grey Half white

Fineness in m2/kg 320 17,000 -30,000 15,000 -18000

Speci�c Gravity 3.15 2.22 2.6

Chemical Property

Lime Saturation Factor 0.92 - -

Ratio of percentage of Alumina to that of Iron Oxide 1.2 - -

Insoluble Residue  (%)   1.0 - -

Magnesia  (%)   3.0 - -

SO3  (%)   1.9 - -

Loss on Ignition  (%)   1.29 3.0 0.5-2

Chloride Content (%) (%)   0.012 - -

SiO2  (%)   21 > 85 52-54

CaO (%)   62 <1 0.09

Fe2O3 (%)   3.16 1.4 0.6-1.2

Al2O3 (%)   5.04 0.5 44-46

Na2O (%)   0.08 0.5-1.2 0.1

MgO (%)   - 0.2 0.03

 

Table 2            Concrete mix proportions
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Material Concrete Mix

M1 M3

Cement (kg/m3) 413 413

Natural Sand (kg/m3) 680 680

Bacteria used 

(105 cells/ml of mixing water)

- Bacillus licheniformis BSKNAU

Coarse aggregate (kg/m3) 1290 1290

Water Cement Ratio 0.55

 

 

0.55

 

 

Water (kg/m3) 186 (potable water) 186 (distilled water)

 

Figures
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Figure 1

(a) Scanning electron micrograph, (b) Energy dispersive X-ray spectrum and (c) X-ray diffraction pattern
of control concrete sample obtained from compressive strength test
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Figure 2

(a) Scanning electron micrograph, (b) Energy dispersive X-ray spectrum and (c) X-ray diffraction pattern
of concrete sample with Bacillus licheniformis BSKNAU at replacement level of 15% SF and 15% MK
obtained from compressive strength test


