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Abstract

It is a well known fact that concrete structures are very susceptible to cracking which allows chemicals and water to enter
and degrade the concrete, reducing the performance of the structure and also requires expensive maintenance in the form of
repairs. Cracking in the surface layer of concrete mainly reduces its durability, since cracks are responsible for the transport
of liquids and gasses that could potentially contain deleterious substances. When microcracks growth reaches the
reinforcement, not only the concrete itself may be damaged, but also corrosion occurs in the reinforcement due to exposure
to water and oxygen, and possibly CO, and chlorides too. Micro-cracks are therefore the main cause to structural failure.
One way to circumvent costly manual maintenance and repair is to incorporate an autonomous self -healing mechanism in
concrete. One such an alternative repair mechanism is currently being studied, i.e. a novel technique based on the
application of biominerilization of bacteria in concrete. The applicability of specifically calcite mineral precipitating
bacteria for concrete repair and plugging of pores and cracks in concrete has been recently investigated and studies on the
possibility of using specific bacteria as a sustainable and concrete -embedded self healing agent was studied and results from
ongoing studies are discussed. Synthetic polymers such as epoxy treatment etc are currently being used for repair of concrete
are harmful to the environment, hence the use of a biological repair technique in concrete is focused. In the present paper, an
attempt is made to incorporate dormant but viable bacteria in the concrete matrix which will contribute to the strength and
durability of the concrete. Water which enters the concrete will activate the dormant bacteria which in turn will give strength
to the concrete through the process of metabolically mediated calcium carbonate precipitation. Concrete, due to its high
internal pH, relative dryness and lack of nutrients needed for growth, is a rather hostile environment for common bacteria,
but there are some extremophilic spore forming bacteria may be able to survive in this environment and increase the strength
and durability of cement concrete. Overview of development of bioengineered concrete using bacterial strain Bacillus subtilis

JC3 and its enhanced mechanical and durability characteristics will be briefly described in this paper.
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Introduction

Bioengineered Self-repairing concrete biologically produces
calcium carbonate crystals to seal cracks that appear on the surface
of the concrete structures'. Specific spore forming alkaliphilic
bacteria genus Bacillus, supplied with a calcium-based nutrient are
incorporated in to the concrete suspended in mixing water. This
bacteria based self healing agent is believed to remain hibernated
within the concrete for up to 200 years”. When cracks appear in a
concrete structure and water starts to seep in through, the spores of
the bacteria starts microbial activities on contact with the water and
oxygen. In the process of precipitating calcite crystals through
nitrogen cycle the soluble nutrients are is converted to insoluble
CaCO;. The CaCOj; solidifies on the cracked surface, thereby
sealing it up. It mimics the process by which bone fractures in the
human body are naturally healed by osteoblast cells that mineralize
to reform the bone’. The consumption of oxygen during the
metabolic biochemical reactions to form CaCOj; helps in arresting
corrosion of steel because the oxygen is responsible to initiate the
process of corrosion thereby increasing the durability of steel
reinforced concrete structures.
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Using bacteria to self-heal cracks in concrete

Bacteria added to concrete mix in suspension state must meet
certain criteria. Concrete is a highly alkaline building material ,
so bacteria used as self healing agent should be able to survive
in this high alkaline environment for long durations and be able
to form spores (highly resistant structures) withstanding
mechanical forces during concrete mixing. In the concrete
technology laboratory, a bacterial concrete mix is prepared
using alkali-resistant soil bacteria Bacillus subtilis JC3 , along
with nutrients from which the bacteria could potentially produce
calcite based bio-minerals . 28 days cured bacterial specimens
are examined visually by Scanning Electron Microscope to
establish evidence for the precipitation of calcite crystals in
concrete’. It was found that strains of the bacteria genus
Bacillus were found to thrive in this high-alkaline environment.
Such gram positive bacteria have extremely thick outer cell
membrane that enables them to remain viable until a suitable
environment is available to grow. They would become lively
when the cracks form on concrete surface allowing water to
ingress into the structure. This phenomenon will reduce the pH
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of the concrete environment where the bacteria incorporated
become activated’. A peptone based nutrients supplied along
with bacteria in suspension helps in producing calcite crystals. It
is found that this biomineralisation process will not interfere
with the setting time of the concrete. The most expensive
ingredient in developing bacterial concrete is nutrients. So any
inexpensive alternative for laboratory growth media would
potentially bring down the cost of the bacteria based self-
healing sustainable concrete. Only factor need to be checked is
the effect of nutrients media on the setting time of cement.

Microbiologically Induced CaCOj; Precipitation

Three main groups of microorganism that can induce the
carbonate  precipitation in nature: 1. photosynthetic
microorganism such as cyanobacteria and micro-algae that can
remove CO,; ii. sulphate reducing bacteria that are responsible
for dissimilatory reduction of sulphates; and iii. some species of
microorganism participate in nitrogen cycle by any one of the
methods such as oxidative deamination of amino acids, nitrate
reduction or hydrolysis of urea.

The evidence of microorganism involvement in calcium
carbonate precipitation, has lead the development of bioprocess
technology in the field of construction material. The
involvement of microorganism in CaCO; precipitation can be
described in three type of mechanism: i. spontaneous
mechanism, usually by photosynthetic microorganism; ii.
through nitrogen cycle; iii. through sulfur cycle.

Currently urease enzyme activity in most of microorganism
metabolism process has been used as a tool to induce the
precipitation of calcite crystals. Theoretically, calcium
carbonate precipitation occur in nature following several
process such as: i abiotic chemical precipitation from saturated
solution due to evaporation, increase in temperature and/or
decrease in pressure; ii. production of external and internal
skeleton by eukaryotes; iii CO, pressure derivation under effect
of autotrophic processes (photosynthesis, methanogenesis); iv
fungal mediation; v heterotrophic bacterial mediation. Most of
the mentioned processes above are mediated by microorganism.
Both photosynthetic and heterotrophic microorganisms have
natural ability to induce the precipitation of calcite crystals. The
selected microorganism should meet the criteria such as: i. have
a high urease enzyme activity; ii. ammonium and calcium ion
tolerable; iii. not pathogenic’.

Bacillus subtilis JC3

This strain isolated from soil has characteristics of high level
urease activity, incessant precipitation of dense insoluble calcite
crystals and has high negative zeta-potential. Potential
applications of biological mineral precipitation are wide such as
in sand consolidation and stabilization, remediation of cracks in
concrete, preservation and restoration of historic heritage
structures, areas where it is not possible to shut down the plant
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or hazardous for human beings to reach for repair work such as
nuclear power plants, repair of waste water sewage pipes etc.

Mechanism of self-healing using bacteria

The microorganism used for manufacturing of microbial
concrete should able to possess long-term effective crack
sealing mechanism during its lifetime serviceability. The
principle behind bacterial crack healing mechanism is that the
bacteria should able to transform soluble organic nutrients into
insoluble inorganic calcite crystals which seals the cracks. For
effective crack healing, both bacteria and nutrients incorporated
into concrete should not disturb the integrity of cement sand
matrix and also should not negatively affect other important
fresh and hardened properties of concrete. Only spore-forming
gram positive strain bacteria can survive in high pH
environment of concrete sustaining various stresses. It was
reported that when bacteria is added directly to the concrete mix
in suspension, their life-time is limited due to two reasons; one
is continuing cement hydration resulting in reduction of cement
sand matrix pore -diameter and other is due to insufficient
nutrients to precipitate calcite crystals. However, a novel
method of protecting the bacterial spores by immobilization
before addition to the concrete mixture appeared to substantially
prolong their life-time’.

Working principle of Self-healing Process

In concrete the cracks up to 0.2 mm wide are healed
autogenously. Such micro cracks are acceptable as these do not
directly influence the safety and strength of the concrete.
Research has shown that autogeneous healing happens due to
hydration of non-reacted cement particles present in the
concrete matrix when comes in contact with ingress water
resulting in closure of micro cracks. However, because of the
variability of autonomous crack healing of concrete micro
cracks can still occur. The inbuilt bacteria-based self-healing
process was found to heal cracks completely up to 0.5 mm
width. On the surface of control concrete, calcium carbonate
will be formed due to the reaction of CO, present with calcium
hydroxide present in the concrete matrix according to the
following reaction: CO, + Ca(OH), — CaCO ; + H ,O

The calcium carbonate production in this case is due to the
limited amount of CO, present. As Ca(OH), is a soluble mineral
gets dissolved in ingress water and diffuse out of the crack in
the form of leaching.

The self healing process in bacteria incorporated concrete is
much more efficient due to the active metabolic conversion of
calcium nutrients by the bacteria present in concrete:
Ca(C3H;50,), + 70 , — CaCO 5 + 5CO, + 5H,0

This process does not only produce calcium carbonate directly

due to microbial metabolic process but also indirectly due to
autogeneous healing. This process results in efficient bio based
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crack sealing technique. Ureolytic bacteria such as Bacillus
subtilis JC3 can able to precipitate CaCOj; in the high alkaline
environment by converting urea into ammonium and carbonate.
The ammonia degradation of urea locally increases the pH and
promotes the microbial deposition of carbonate as calcite
crystals in a calcium rich environment along with maintaining
the pH of concrete. These precipitated crystals can thus seal the
cracks. The enhancement of strength and durability properties of
concrete due to bacteria induction is studied in this research by
conducting water permeability tests, ultrasound transmission
measurements and visual examination.

The microbial precipitation of calcite crystals is determined by
factors such as the concentration of dissolved inorganic carbon
in the form of available nutrients, the pH of the environment,
availability of calcium ions and the presence of nucleation sites.
The first three factors are based on the metabolic process of the
bacteria species added while the last factor is based on the cell
membrane of the bacteria.

The bacteria used for study exhibits urease activity which catalyzes
the hydrolysis of urea (CO(NH,),) into ammonium (NH,") and
carbonate (CO32_). First, urea is hydrolyzed to carbamate and
ammonia. Carbamate then hydrolyses to form additionally
ammonia and carbonic acid. These products subsequently form
bicarbonate and ammonium and hydroxide ions. The ammonia is
responsible for pH increase, which in turn shifts the bicarbonate
equilibrium, resulting in the formation of calcium carbonate ions.
Since the cell membrane of the bacteria is negatively charged, the
bacteria draw cations from the environment, including Ca2+, to
deposit on their cell surface. The Ca** ions subsequently react with
the CO5” ions, leading to the precipitation of CaCOs at the cell
surface that serves as a nucleation site.

Ca”™ + Cell — Cell- Ca** Cell- Ca** + CO;* — Cell- CaCOs

Traditional crack repair systems

Repair of cracks in concrete structures usually involves applying
a concrete mortar which is bonded to the damaged surface.
Sometimes, the mortar needs to be keyed into the existing
structure with metal pins to ensure that it does not fall away.
Repairs can be particularly be time consuming and expensive
because it is often very difficult to gain access to the structure to
make repairs, especially if they are underground or at a great
height. For crack repair, a variety of techniques is available but
traditional repair systems have a number of disadvantageous
aspects such as different thermal expansion coefficient
compared to concrete and also have impact on environment and
health. Therefore, bio based calcite precipitation has been
proposed as an alternative and sustainable environmental
friendly crack repair technique®.

Viability of bacteria in concrete

Growth of bacteria in concrete is a most questionable factor
because of concrete s high alkalinity which is a restricting
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aspect for the survival of the bacteria. Only specific alkaliphilic
bacteria can survive in such hostile environment of concrete.
Therefore, it is necessary to immobilize the bacterial cells and to
protect them from the high pH in concrete’. Polyurethane (PU)
has been widely for immobilization of nutrients and bacterial
cells even silica gel was used to protect the bacteria against the
high pH in concrete'’.

Calcium carbonate (CaCO53)

Calcium carbonate (CaCO;) is one of the most naturally
precipitated minerals on earth in the form of natural rocks and
exists in environments such as marine water, fresh water, and
soils'""'. The variability of the concentration in the solubility of
the calcium or carbonate in solution causes the natural
precipitation of CaCO;. Even Abiotic change or biotic action
(microbial action) results in the natural precipitation of CaCO;.
It was found that CaCOj; precipitation due to biotic process
exceeds the abiotic in most environments on earth'’. Stocks-
Fischer et al.'* have found that this microbial rate of
precipitation was significantly faster than that of chemical
precipitation. Hammes and Verstraete”’ suggested that the
chemical CaCOj; precipitation is controlled by the calcium ions
concentration, carbonate concentration, pH and presence of
nucleation sites. In microbial CaCOj precipitation, the presence
of nucleation site is not a key factor for CaCOj; precipitation
because the bacteria themselves behave as nucleation sites.
Bacterial CaCOj; precipitation is a biologically mediated
mineralization process leading to mineral nucleation and growth
of mineral products'®. Using Thermo-gravimetric analysis
(TGA), the presence of CaCO; in the bacterial concrete
specimens is determined.

Morphology of Naturally Precipitated Calcium
Carbonate Crystals

CaCQO; is available in three different crystal structures but with
same chemical formula in the form of Calcite, aragonite and
vaterite. Most stable form of CaCOs;, Calcite is rhombohedra in
shape'’. It is formed due to the presence of magnesium,
manganese and orthophosphate ions.

Aragonite is a orthorhombic shaped crystal form of CaCO; and
geologically changes into calcite over time at high temperature
819 o1 low temperature in the presence of magnesium ions and
pH less than 11%°.

Vaterite mineral is rarely found in nature®. It is produced in the
pH range from 8.5 to 107, low Ca’ concentration or low
temperature and high Ca®* concentration®. The morphology of
vaterite depends on the pH value and temperature. It was
morphology of the crystals does not depend on calcium source
only. Using SEM analysis it was proved that the thombohedra
shape to calcite crystals is due to the presence of chloride ions
where as spherical shape to crystals is due to the presence of
acetate ions.
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Role of Urease Activity in Biomineralization

Urea is naturally available in the environment as a
detoxification product. Urease activity (hydrolysis of urea) is
mostly found in microorganisms from soil and aquatic
environments. Biotic urease activity is widespread in the
environment that includes the action of bacteria, yeasts, fungi
etc. Urease hydrolyses the urea generating ammonia and
carbamate. Carbamate decomposes to ammonia and carbonic
acid. The ammonia and carbonic acid subsequently
equilibrate in water with their deprotonated and protonated
forms, resulting in an increase in the pH**

There are a number of species of CaCO; minerals associated
with bacteria, for example calcite by bacillus pasturii ,
vaterite formation by Acinobacter sp., aragonitic sherulites
by Deleyahlophila *°, calcite by Bacillus subtilus *® and

magnesium calcite spherulites and dumbbells by the slime-
27,28
B )

producing bacteria, Myxococcus xanthus

Sand particle
50.0 pm
Figure-1
Calcite crystals produced by bacteria binding two sand
particles

_ AecM SpotMagn. Det WD |———— | 50um

2000 kKW 40 500« BSEOQT7 2.0 Tomr Nl.rlrie;]l':::nl_'utrnl demi water

Figure-2
Bio-minerals observed by SEM
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One of the most robust ureolytic bacteria is Bacillus subtilis
which is an aerobic, spore forming, rod shaped and gram
positive bacterium. It uses urea as an energy source and
produces ammonia which increases the pH in the
environment and generates carbonate, causing Ca®* and
CO;™ to be precipitated as CaCOs;. Alkaline pH is the
primary requirement for microorganisms for calcite
precipitation .In bacteria incorporated mortar samples, the
live cells of optimum concentration were added directly in
suspension along with mixing water to the cement sand
mixture to study the application of microbiologically induced
calcite precipitation in cement based materials.

The more CaCO; precipitates, the better the self-healing
effect will be. The concentrations of bacteria, urea and Ca*
will greatly affect the amount of precipitated CaCOj.

Conclusion

Microbial mineral precipitation resulting from metabolic
activities of some specific microorganisms in concrete to
improve the overall behaviour of concrete has become an
important area of research. The following are the summary of
research outcomes done at JNTU Hyderabad by Dr M V
Seshagiri Rao et al. on Bioengineered concrete:

An alkaliphilic aerobic microorganism bacillus subtilis JC3
is induced into cement mortar samples at various cell
concentrations in suspension along with the mixing water.
The greatest improvement in compressive strength occurs at
cell concentrations of 10° cells/ml for all ages. The study
showed that a 25% increase in 28 day compressive strength
of cement mortar was achieved. The strength improvement is
due to growth of filler material within the pores of the
cement—sand matrix as shown by the scanning electron
microscopy. Scanning Electron Microscopy (SEM) also
confirmed the role of microbiologically induced precipitation
within the mortar matrix. The modification in pore size
distribution and total pore volume of cement—sand mortar
due to such growth is also noted. The cell concentration of
the microorganism was determined from the standard curve
made by observing optical density at 620 nm vs. bacterial
cell numbers counted in haemocytometrically under
microscope. Different cell concentrations were derived from
the bacterial growth culture by serial dilution method.
Nitrogen adsorption confirms the modification in pore size
distribution due to the addition of microorganisms, and
shows that a cell concentration of 10° cells/ml generates the
greatest reduction in porosity. The extra cellular growth
produced by the microorganism is expected to contribute
more to the strength of concrete. Even the dead cells may
simply remain in the matrix as organic fibers. Water
permeability tests, ultrasound transmission measurements
shows that bacterial concrete specimens are highly
impermeable and have excellent quality. Pore size and
structure studied through nitrogen adsorption shows bacterial
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specimens have modified dense pore structure due to calcite
precipitation. Chloride penetrability studies done using Rapid
Chloride penetration test shows that charged passed is very

concrete has
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improved microstructure and permeation
properties than controlled concrete. Studies showed that
bacterial concrete has better acid resistance in aggressive

low to negligible in bacterial concrete specimens. Bacterial environments.
Table-1
Strength Studies on Bacteria incorporated Concrete
Strength Studies
Controlled Concrete Bio Concrete
@ 28 days age
M20 M40 M20 M40
Compressive Strength (MPa) 28.18 52.01 32.74 61.06
Split Tensile Strength (MPa) 3.26 4.51 3.73 5.13
Flexural Strength (MPa) 4.68 6.11 6.11 7.73
Table-2
Overview of various Construction Materials made using MICP
Application Microorganism Metabolism Nutrients Reference
Biological oxidative Growth media (peptone, extract
g Bacillus cereus deamination of yeast, KNO3, NaCl) + CaCI2.2H20, 2
mortar . . ; .
amino acids Actical, Natamycine
c(::orfizllr(eltre1 Bacillus subtilis Hydrolysis of urea Nutrient broth, urea, CaCl2.2H20, !
o yaroy NH4Cl, NaHCO3
remediation
Crack in
concrete Bacillus sphaericus Hydrolysis of urea Extract yeast, urea, CaCl2.2H20 7
remediation
Bacterial . . . Nutrient broth, urea, CaCl2.2H20, 1
AN Bacillus subtilis Hydrolysis of urea NH4CL, NaHCO3
. oxidative . .
Bacterial Bacillus subiilis deamination of Peptone: 5 g/lit., NaCl: 5 g/lit., Yeast 27
concrete . . extract: 3 g/lit.
amino acids
Table-3
Microorganism used for Calcium Carbonate Precipitation in Concrete
Type of microorganism System Crystal type Reference
Photosynthetic organism : . .
Synechococcus GL24 Meromictic lake Calcite (CaCO3) 18
Photosynthetic organism : .
Chlorella Lurcene Lake Calcite (CaCO3) 21
Sulfate reducing bacteria: . . .
Isolate SRB LVform6 Anoxic hypersaline lagoon Dolomite (Ca(Mg) CO3) 26
Nitrogen cycle Urea degradation in synthetic .
Bacillus subtilis medium Calcite (CaCO,) 13
Nitrogen cycle Bacillus Ammomﬁcatlop and nitrate Calcite (CaCO5) 12
cereus reduction
Nitrogen cycle Ammonification (Ammo .
Bacillus subtilis JC3 acid degradation) Calcite (CaCOs) 27
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Figure-3
Compressive Strengths at different Cell concentrations of Bacillus subtilis JC3

il
44 90 days

4.2 -///,-

4 60 days

28 days

—e—C.ontrolled M20

F4 / —m—Bacterial M20

Ultranonlc Pulva Veloclty km/ned
]
-]

25 >r >0 31 go'a‘ N FF >0 41 43 45
Cc S e Stemyta MEPa)
60 days Figure-4

Correlation curve betweei28 daysind compressive strength of Bacterial and controlled concrete specimens of M20 Grade

e
5]

.
®

90 days—™

o
qu

360 days

i
C]

/ 28 days

90 days
/ —a— Controlled M40
—m— Bacterial M40
60 days
28 days . . :

i
™

i
w

-
ha

Ultrawcnle Pulve Veloclty ikm/vee)
[
]

Y
-

Figure-5
Correlation curve between UPSV and compressive strength of Bacterial and controlled concrete specimens of M40Grade

International Science Congress Association 50



Research Journal of Engineering Sciences

ISSN 2278 — 9472

Vol. 2(6), 45-51, June (2013)

References

1.

10.

11.

12.

13.

14.

Ramachandran S.K., Ramakrishnan V.
Remediation of concrete wusing microorganisms,
Materials Journal 98(1), 3-9 (2001)

De Muynck W., Cox K., De Belie N. and Verstraecte W.
Bacterial carbonate precipitation as an alternative surface
treatment for concrete, Constr Build Mater, 22, 875 -885
(2008)

Jonkers H.M., Self healing concrete: A biological approach.
In Self healing materials — An alternative approach to 20
centuries of materials science (ed. S. van der Zwaag), 195—
204 (2007) Springer, the Netherlands

De Belie N. and De Muynck W., Crack repair in concrete
using bio-deposition, in Alexander et al. (eds.) Concrete
Repair, Rehabilitation and Retrofitting II, Proceedings of an
International Conference, Cape Town, November, 2008
(Taylor and Francis Group, London, 777-781 (2009)

Jonkers H., Self healing concrete: a biological approach, in S.
van der Zwaag (ed.) Self Healing Materials: An alternative
approach to 20 centuries of materials science (Springer,
Dordrecht, 195-204 (2007)

Jonkers H.M. and Schlangen H.E.J.G., Bacteria-based self-
healing concrete, Restoration of Buildings and Monuments
15(4) 255-266 (2009)

De Muynck W., De Belie N. and Verstraecte W., Microbial
carbonate precipitation in construction materials: A review ,
Ecological Engineering 36(2), 118-136 (2010)

and Bang S.S,,
ACI

Raijiwala D.B., Bacterial Concrete: A Self-Healing Concrete”
The ICFAI University Journal of Structural Engineering, 1(2),
56-63 (2008)

Li, V., University of Michigan, Self-healing concrete for
safer, more durable infrastructure, Science Daily, 22 Apr.
2009. Web. 28 Feb. (2012)

Salwa Mutlag Al-Thawadi, Ureolytic Bacteria and Calcium
Carbonate Formation as a Mechanism of Strength
Enhancement of Sand, Journal of Advanced Science and
Engineering Research 98-114 (2011)

Ehrlich H.L., Geomicrobiology: Its significance for geology.
Earth-Science Reviews, 45, 45-60 (1998)

Castanier S., Le Métayer-Levrel, G. and Perthuisot J.P.
Carbonates  precipitation and limestone  genesis—the
microbiologist point of view. Sedimentary Geology, 126(1-4),
9-23 (1999)

Castanier S., Le Metayer-Levrel G. and Perthuisot J. P,
Bacterial roles in the precipitation of carbonate minerals. In
Riding, R.E., Awramik and S.M. (Eds.), Microbial Sediments,
32-39 (2000)

Stocks-Fischer S., Galinat J.K.,, and Bang S.S.,
Microbiological precipitation of CaCOj;. Soil Biology and
Biochemistry, 31(11), 1563-1571 (1999)

International Science Congress Association

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

Res. J. Engineering Sci.

Hammes F. and Verstracte W., Key roles of pH and calcium
metabolism in microbial carbonate precipitation, Reviews in
Environmental Science and Biotechnology, 1, 3-7 (2002)

Tang H.H. and Dove P.M., Surface site-specific interaction of
Aspartate with calcite during dissolution; Implication for
biomineralization, American Mineralogist, 82, 878-887
(1997)

De Yoreo JJ. and Vekilov P.G., Principles of crystal
nucleation and growth, Review in Mineralogy and
Geochemistry, 54(1), 57-93 (2003)

Tai C.Y. and Chen F.B., Polymorphism of CaCO3
precipitated in a constant-composition environment. AIChE
Journal, 44(8), 1790-1798 (1998)

Wray J.L. and Daniels F., Precipitation of calcite and
aragonite, Journal of the American Ceramic Society, 79(9),
2031-2034 (1957)

Yagi H., Iwazawa A., Sonobe R., Mateubara T. and Kikita H.,
Crystalization of calcium carbonate accompanying chemical

absorption,  Industrial and  Engineering  Chemistry
Fundamentals. 23(2), 153-158 (1984)

Sanchez-Moral S., Canaveras J.C., Laiz L., Saiz-Jimenez C.,
Bedoya J., and Luque L.. Biomediated precipitation of
calcium carbonate metastable phases in hypogean
environments: A short review, Geomicrobiology Journal,
20(5), 491-500 (2003)

Kralj D., BreCevi L., and Nielsen A.E., Vaterite growth and
dissolution in aqueous solution I. Kinetics of crystal growth,
Journal of Crystal Growth, 104(4), 793 (1990)

Roques H. and Girou A., Kinetic of the formation conditions
of carbonate tartars, Water Research, 8, 907-920 (1974)

Mobley H.L.T. and Hausinger R.P., Microbial Ureases:
Significance, regulation and molecular characterization,
Microbiological Review, 53(1), 85-108 (1989)

Rivadeneyra M.A., Ramos-Cormenzana A., Delgado G. and
Delgado R., Process of carbonate precipitation by Deleya
halophila, Current Microbiology, 32(6), 308-313 (1996)

Gonzélez-Muiioz M.T., Ben-Chekroun K., Ben-Aboud A.,
Arias J.M. and Rodriguez-Gallego M., Bacterially induced
Mg-Calcite formation: Role of Mg’+ in development of
crystal morphology, Journal of Sedimentary Research, 70,
559-564 (2000)

Seshagiri Rao M.V., Ch Sasikala V. and Srinivasa Reddy, A
Biological Approach To Enhance Strength And Durability In
Concrete Structures, International Journal of Advances in
Engineering and Technology (IJAET), Sept 2012 4(2), 392-
399 (2012)

Holt J.G., Kried N.R., Senath P.H. A., Staley J.T. and
Williams S.T., (Eds.), Bergey s Manual of Determinative
Bacteriology, 7 (1993)



