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ABSTRACT

Inevitable concrete microcracks remain as a challenge to civil engineers as they
are considered as a threat to structures durability. One of the most common approach
IS to incorporate ureolytic bacteria in concrete matrix to hydrolyse urea resulting in the
self-healing of concrete cracks through the formation of calcium carbonate. Despite
that, the issue revolving around the efficacy of crack self-healing remains important.
The existing works are still suffering from a better understanding of the factors
affecting the fundamental reactions involved as well as bacterial growth in concrete
environment. In this study, a comprehensive investigation was conducted to explore
the bacterial growth and the influential factors on the evolution of urea hydrolysis
aimed to accurately promote calcium carbonate precipitation inside concrete using
native bacteria. Subsequently, native ureolytic bacterium species was isolated,
identified by 16S rRNA gene sequencing and deposited in the gene bank database
under the accession number of MK357893. The bacterial growth was examined in a
condition similar to that of concrete in which modified Luria Bertani (LB) broth was
utilised to cultivate the bacteria with static incubation. The ureolytic activity was also
investigated at pH values of 7 - 13 as well as different concentrations of urea, calcium
and nutrient. The Nessler method and an inductively coupled plasma atomic emission
spectroscopy (Agilent 700 ICP-OES) technique were used to measure the evolution of
urea hydrolysis and calcium carbonate changes in such conditions. In addition, the
extent of microbial activity impact on the compressive strength of concrete
incorporated with spores, vegetative cells and urea-vegetative cells solution was also
evaluated separately. Similarly, the self-healing of an artificial cracked bio-concrete
of 0.4 mm was also monitored and evaluated every two weeks by scanning electron
microscopy (SEM) with energy dispersive X-ray analysis (EDX) and X-ray diffraction
(XRD). In the same context, a system of equations, rationally based on physic-bio-
chemical issues, was developed in order to quickly predict a complete understanding
of the bio-based healing process. Later, both finite element and finite difference
methods were implemented to solve these equations. The results indicated that the
bacterium was able to survive as dormant without any reproduction at pH of 12 - 13.
While, the optimum bacterial cells concentration was found to be 2 x 107 cells/mL at
pH of 9 - 11. In addition, the favoured urea hydrolysis culture conditions were obtained
as follows: pH of 9, concentration of calcium ions not exceeding 150 mM, urea
concentration of 333 mM and optimum cells concentration of 2 x 108 cells/mL.
Subsequent findings also revealed that compressive strength of the concrete
incorporated with spores, vegetative cells and urea-vegetative cells was improved by
9%, 10% and 15% compared to that of the control specimens respectively. Moreover,
the predicted healing ratio of 0.4 mm crack width was completely achieved after 60 d
at the crack mouth, whereas the healing ratio was less than 15% at the deeper part of
the concrete surface. This finding was also proved through the experimental work in
which the actual crack mouth was fully healed after 70 d. In addition, further studies
could be focused on providing a suitable technique to host bacteria for a long term as
well as to encourage the bacteria to effectively implement its ureolytic activity inside
the concrete matrix.

Vi



ABSTRAK

Retak-retak konkrit mikro yang tidak dapat dielakkan kekal sebagai cabaran
kepada jurutera awam kerana ia dianggap sebagai ancaman kepada ketahanan struktur.
Salah satu pendekatan yang paling biasa adalah untuk memasukkan bakteria ureolitik
dalam matriks konkrit untuk menghidrolisis urea yang mengakibatkan pemulihan
konkrit sendiri melalui pembentukan kalsium karbonat. Dengan itu juga, isu berkaitan
keberkesanan pemulihan-sendiri di sekeliling retak adalah sangat penting. Kerja-kerja
yang ada masih kurang pemahaman yang lebih jelas mengenai faktor-faktor yang
mempengaruhi tindakbalas asas yang terlibat serta pertumbuhan bakteria dalam
keadaan yang keras seperti persekitaran konkrit. Dalam kajian ini, siasatan menyeluruh
telah dijalankan untuk meneroka pertumbuhan bakteria dan faktor-faktor yang
berpengaruh terhadap evolusi hidrolisis urea yang bertujuan untuk menggalakkan
pemendakan kalsium karbonat dengan tepat di dalam konkrit menggunakan bakteria
tempatan. Selepas itu, spesies bakteria ureolitik asli telah diasingkan, yang
dikenalpasti melalui penjelmaan gen 16S rRNA dan didepositkan dalam pangkalan
data bank gen di bawah nombor penyertaan MK357893. Pertumbuhan bakteria
diperiksa dalam keadaan yang sama dengan konkrit di mana campuran Luria Bertani
(LB) diubahsuai digunakan untuk memupuk bakteria dengan inkubasi statik. Aktiviti
ureolitik juga dikaji pada nilai pH 7 - 13 serta kepekatan urea, kalsium, dan nutrien
yang berbeza. Kaedah Nessler dan teknik spektroskopi pelepasan atom plasma
(Agilent 700 ICP-OES) secara penyatuan induktif digunakan untuk mengukur evolusi
urea hidrolisis dan perubahan kalsium karbonat dalam keadaan sedemikian. Di
samping itu, sejauh mana pengaruh aktiviti mikrob pada kekuatan konkrit yang
digabungkan dengan spora, sel-sel vegetatif dan larutan sel urea-vegetatif juga dinilai
secara berasingan. Begitu juga pemulihan-sendiri retak konkrit-bio buatan 0.4 mm
juga dipantau dan dinilai setiap dua minggu dengan mengimbas mikroskop elektron
(SEM) dengan analisis sinar-X penyebaran tenaga (EDX) dan difraksi sinar-X (XRD).
Dalam konteks yang sama, sistem persamaan, secara rasional berdasarkan ciri-ciri
fizik-bio-kimia, telah dibangunkan untuk meramalkan dengan cepat pemahaman
lengkap tentang proses pemulihan berasaskan bio. Kemudian, kedua-dua kaedah unsur
terhingga dan kaedah pembezaan terhingga telah dilaksanakan untuk menyelesaikan
persamaan ini. Keputusan menunjukkan bahawa bakteria dapat bertahan hidup sebagai
tidak aktif tanpa sebarang pembiakan pada pH 12 - 13. Juga, kepekatan sel bakteria
optimum didapati 2 x 107 sel/ml pada pH 9 - 11. Selain itu, keadaan semaian hidrolisis
urea yang didapati adalah seperti berikut: pH 9, kepekatan ion kalsium tidak melebihi
150 mM, kepekatan urea 333 mM dan kepekatan sel optimum 2 x 108 sel/ml.
Penemuan selanjutnya menunjukkan kekuatan mampatan konkrit yang dicampurkan
dengan spora, sel-sel vegetatif dan sel-sel urea-vegetatif telah masing-masing
meningkat sebanyak 9%, 10%, dan 15% berbanding spesimen kawalan. Selain itu,
ramalan nisbah penyembuhan lebar retak pada bukaan retak yang dicapai selepas 60
hari ialah 0.4 mm, manakala nisbah penyembuhan adalah kurang daripada 15% pada
bahagian permukaan konkrit yang lebih dalam. Penemuan ini juga dibuktikan melalui
kerja eksperimen di mana bukaan retak sebenar pulih sepenuhnya selepas 70 d. Di
samping itu, kajian lanjutan boleh difokuskan untuk menyediakan teknik yang sesuai
untuk menyimpan bakteria untuk jangkamasa panjang serta menggalakkan bakteria
untuk melaksanakan secara berkesan aktiviti ureolitiknya di dalam matriks konkrit.
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material. Such notable results could inhibit the water or aggressive chemical flow to
attack the concrete reinforcement.

The potential ability of bacteria to seal cracks through the formation of calcium
carbonate was intensively investigated through different mechanisms such as sulphate-
reduction bacteria (Jonkers et al., 2010; O’Connell et al., 2010), oxidation of organic
acids (Khalig and Ehsan, 2016; Lors et al., 2017; Luo et al., 2015a), nitrate reduction
bacteria (Ersan et al., 2016a; Ersan et al., 2016b) and ureolytic bacteria (Achal et al.,
2013; Balam et al., 2017). The formation of microbial calcium carbonate is fully
dependent on the bacterial activity. For example, ureolytic bacteria releases urease
enzyme to decompose the urea into carbonate ion, which eventually precipitates
CaCOs through the reaction between carbonate and calcium ions. This phenomenon is
commonly known as metabolic activity or ureolytic activity. In addition, ureolytic
bacteria is able to form spore in concrete, which enables it to survive the harsh concrete
environment for many years until cracks occur. Subsequently, with water, the nutrient
spores activate, multiply and produce limestone in response to the hydrolysis of urea
in the presence of sufficient amount of calcium ion, as shown in Figure 1.1. This
microbial self-healing technique presents several benefits including the possibility to
last for a longer period of time and both fast and active crack repair properties. In

addition, it is also environmentally friendly.

. crack filled Reinforcement Reinforcement
Rem{orcement TS ceack pastially crack Silled
filled with CaCO:3 with CaCO3
4 < ¢
1111 “ @
s = — — 5
Jqurea t t ttt Ty =
2 calcium 4 :
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Figure 1.1 Crack healing evolution via ureolytic bacteria

The effectiveness of microbial calcium carbonate was evaluated through either
roughly quantifying the width of sealed cracks using microscopic technique or
assessing concrete strength enhancement and durability aspects in the literature. From
the viewpoint of cracks remediation visualisation using photographic imaging, it was

reported that a 0.46 mm of concrete crack-width was completely healed after 100 d via



Bacillus alkalinitrilicus (Wiktor and Jonkers, 2011). At the age of 28 d, crack widths
of up to 0.79 mm were also completely healed via another bacterial species namely
Bacillus cohnii (Zhang et al., 2017). On a similar note, the ability of ureolytic bacterial
to heal widths of up to 0.97 mm in 8 weeks of water submission has been proven
(Wang et al., 2014c). The same ureolytic bacterial species has also demonstrated its
ability to almost completely heal crack widths of 0.5 mm in just 7 d (Wang et al.,
2014a). In addition, Krishnapriya and Babu (2015) also demonstrated that after 61 d,
the bio-calcite product started to precipitate via ureolytic bacteria. In addition, they
emphasised that at the age of 81 d, crack widths of 0.3 mm were completely healed.
In the same context, nitrate reducing bacteria also showed its capability to heal crack
widths of 0.46 mm in 56 d (Ersan, et al., 2016a).

From the point of bacterial efficiency in terms of concrete strength, there are
uneven improvements in the compressive strength of bio-concrete. The improvements
in the compressive strength are approximately ranging from 6% to 53%. For example,
Lysinibacillus sp. 113 has proven its capability to increase the compressive strength of
concrete by 34.6%, compared to that of the control specimens (Vashisht et al., 2018).
The enhancement of concrete strength incorporating with B. megaterium MTCC 1684
was also 16% higher than control specimens (Krishnapriya and Babu, 2015). On
contrast, live cells and dead cells of B. subtilis ATCC 168 did not show any
improvement in compressive strength of cement mortar (Pei et al., 2013). In addition,
concrete specimens incorporating encapsulated B. subtilis showed noticeable
improvement in their compressive strength, from 9.8% to 12%, in comparison to the

control specimens.

On the other hand, limited researchers have also focused on the factors
affecting CaCOz precipitation such as curing condition, cracking age and reactants
concentration (Ling and Qian, 2017; Xu et al., 2018; Zhang, et al., 2017). These
researches were sought to explore the effect of these conditions on the microbial
calcium carbonate productivity. However, further studies are still urgently required to
fully understand the evolution and behaviour of calcium carbonate precipitation in

minimal conditions such as high pH.



1.2 Problem Statement

Inevitable microcracks remain as a challenge to civil engineers. They are
considered as a threat to the durability of structures. This fact has fuelled researchers
to explore a solution to produce smart sustainable and green concrete materials. In
recent years, bacteria-based crack healing was extensively investigated in the
literature. However, the evolution of microbial calcium carbonate inside the concrete
crack is still questionable and unravelled. More knowledge regarding the factors
affecting the rate of the microbial calcium carbonate precipitation as well as the
bacterial growth are still in urgent demand. This is because the existing literatures have
only evaluated the effectiveness of crack-self-healing through either approximately
quantifying the width of sealed cracks using photographic imaging or assessing

concrete strength enhancement and durability aspects.

Indeed, these methods are not able to shed light on microbial activity, which is
the main sole of inducing calcium carbonate in a harsh condition, such as concrete.
The fundamental reactions involved as well as bacterial growth are still not
understood. The extent of ureolytic activity impact and their environmental factors on
crack remediation are still not unclear. Relatedly, there is a need to further examine
the extent of the possibility of the concrete environment to host bacteria and their
influential factors on the metabolic activity. This is very important to accurately assess
the productivity of bio-based healing, prior to the real application of bacterial concrete.
Such findings can promote the precipitation of CaCO3 as a promising sustainable

strategy to prolong concrete life span.

Therefore, a comprehensive investigation was developed to assess the
precipitation of microbial calcium carbonate inside the concrete using native bacteria.
In addition, a mathematical model was also developed to quickly predict the complete

understanding of crack-healing behaviours without wasting cost and time.



1.3 Objectives of Research

The aim of this research was to assess the evolution of microbial calcium
carbonate precipitation in concrete cracks. Four objectives were taken into account to

achieve the aim of this research, including:

@) To examine the growth, characteristics and ureolytic activity of the bacteria in

a harsh condition, such as the concrete environment.

(b) To investigate the influential factors on microbial calcium carbonate

precipitation in a condition similar to that of concrete.

(© To assess the extent of the microbial calcium carbonate precipitation in
concrete by evaluation of the concrete strength and the crack-self healing.

(d) To predict the bio-based crack healing results and the related factor affecting

the microbial calcium carbonate precipitation through a mathematical model.

1.4 Scope of the Research

The scope of this study involved several phases to evaluate the influential
factors on the productivity of calcium carbonate inside the cementitious material by
the native bacteria. These investigations were developed to further promote the
incorporation of the bacteria in the concrete for the purpose of healing structural

cracks, and thus, prolonging concrete life span.

In the first phase of the present work, the aerobic bacteria, which was isolated
from the soil, was examined through gram stain, endospore, urease enzyme and CaCO3
productivity. LB broth, urea, as well as calcium nitrate were used for bacterial growth,
ureolytic activity and calcium carbonate production. The bacteria that fulfilled the

requirement was identified and further used in the patch experiment.



The second phase dealt with influential factors affecting the hydrolysis of urea
and inducing the microbial calcium carbonate at different conditions. These included
calcium concentration of 50 mM - 2 M, urea concentration of 50 mM - 2 M, bacterial
cells concentration of 10% — 102 cells/mL and pH of 9 - 13. The effect of these values
on the rate of urea hydrolysis and CaCOs precipitation were evaluated in a condition
similar to that of concrete matrix. The rate of ureolysis and calcium carbonate

precipitation were also calculated based on a logistic equation.

A concrete mixture was designed to achieve a compressive strength of 30 MPa
at 28 d with a slump of 150 - 200 mm in the third phase of this work. The proportions
of ordinary Portland cement (OPC), local natural sand, crushed granite type 10 mm
aggregates and tap water were obtained according to DOE method. In addition,
bacterial spore, bacterial vegetative cells and urea-vegetative cells solution were also
incorporated separately during concrete mixing with different concentrations. The
change in concrete strength using 100 x 100 x 100 mm cubes was evaluated after 7,
14 and 28 d. Other mechanical concrete and durability characteristics were not
considered in this study. This, of course, was not to neglect them, but rather, it was
believed that the main goal of the microbes was to heal cracks only. Relatedly, a crack
width of 0.4 mm was developed in the mortar specimen with the bacteria as well as
other relevant chemical compounds. Water immersion curing condition was used when
monitoring the crack healing process for three months. The resulting microbial product
was identified and quantified through both XRD and SEM-EXD.

In the last phase, microbial calcium carbonate evolution in concrete crack
through the hydrolysis of urea was simulated by developing a system of equations. It
involved two first order ordinary differential equations to represent the hydrolysis of
urea and CaCOs evolution in the crack. In addition, the reaction-diffusion equation
(second order partial differential equation) was also utilised to simulate the diffusion
of urea along the crack domain. The system of equation was numerically solved using
one dimensional Galerkin finite element as well as finite difference method. Moreover,
the numerical model was further developed to obtain the main influential factor on the
hydrolysis of urea. The predicted result was compared against the experimental work
for the purpose of validation.



1.5

Research Significance

The research findings from this project could benefit the community in several

ways, including:

(@)

(b)
(©)

(d)

(€)

(f)

(9)

1.6

The microbial calcium product could provide a sustainable solution to alleviate

crack repairs, which would then save a considerable amount of money.
It would protect concrete structures for over 200 yr.

It is also environmentally friendly as it would reduce the carbon dioxide

emission in the cement industry.

The proposed model would provide significant contribution to better
understand the evolution of crack healing.

The developed model would also reduce the cost of experimental tests through
the prediction of the healing process in the crack mouth, as compared to

experimental efforts.

The model is capable to predict the relevant processes involved without being

time consuming and it is not tedious to conduct.

The proposed model could reduce human errors associated with experimental

test.

Layout of Thesis

This thesis has five chapters. Firstly, Chapter 1 describes the overall

assessment and provides a concise explanation of the research background. The aim,

objectives, scope, research hypothesis and research significance are also spelt out in

this chapter.



Chapter 2 provides the latest known knowledge to justify the problem statement of this
research in terms of evidence, lack or thereof as well as the theoretical and
mathematical framework behind this study. This is then followed by highlighting the

research gap of this research and also detailing what it could contribute to.

Next, Chapter 3 discusses the research methodology, which was adopted to
implement this work. It was divided into four basic tasks. The first task was to briefly
highlight the isolation and identification of the bacteria. The second task was to explore
the influential factors on the ureolysis and microbial calcium precipitation in a
condition similar to that of concrete. In addition, the investigation pertaining the
suitability of the bacteria to be used in concrete was taken into account in task 3, in
terms of compressive strength and crack healing. Finally, the development of a
mathematical model designed to predict crack healing was discussed in task 4,
followed by a comparison between the actual crack healing results obtained from
experiment and those obtained from the proposed numerical model.

Chapter 4 then discusses the results of the four tasks in detail and deals with
the core of the thesis. Specifically, it clearly and cohesively highlights the research’s

contribution to the existing knowledge through tables, figures and charts.

Finally, Chapter 5 draws conclusion from the entire findings of this study and
discusses future works that are needed to continue the investigation before large scale

application can be implemented.



REFERENCES

Abo-El-Enein, S., Ali, A., Talkhan, F. N. and Abdel-Gawwad, H. (2013). Application
of microbial biocementation to improve the physico-mechanical properties of
cement mortar. HBRC Journal. 9(1), 36-40.

Achal, V., Mukerjee, A. and Reddy, M. S. (2013). Biogenic treatment improves the
durability and remediates the cracks of concrete structures. Construction and
Building Materials. 48, 1-5.

Achal, V., Pan, X. and Ozyurt, N. (2011). Improved strength and durability of fly ash-
amended concrete by microbial calcite precipitation. Ecological Engineering.
37(4), 554-559.

Afifudin, H., Hamidah, M. S., Noor Hana, H. and Kamaruddin, K. (2011).
Microorganism precipitation in enhancing concrete properties. Applied
Mechanics and Materials. 99, 1157-1165.

Akcaoglu, T. (2017). Determining aggregate size & shape effect on concrete
microcracking under compression by means of a degree of reversibility
method. Construction and Building Materials. 143, 376-386.

Al-Salloum, Y., Abbas, H., Sheikh, Q., Hadi, S., Alsayed, S. and Almusallam, T.
(2017). Effect of some biotic factors on microbially-induced calcite
precipitation in cement mortar. Saudi Journal of Biological Sciences. 24(2),
286-294.

Al-Thawadi, S. and Cord-Ruwisch, R. (2012). Calcium carbonate crystals formation
by ureolytic bacteria isolated from Australian soil and sludge. Advanced
Science and Engineering Research. 2(1), 12-26.

Alachiotis, N., Vogiatzi, E., Pavlidis, P. and Stamatakis, A. (2013). ChromatoGate: a
tool for detecting base mis-calls in multiple sequence alignments by semi-
automatic chromatogram inspection. Computational and Structural
Biotechnology Journal. 6(7), 1-10.

Aliko-Benitez, A., Doblaré, M. and Sanz-Herrera, J. (2015). Chemical-diffusive
modeling of the self-healing behavior in concrete. International Journal of
Solids and Structures. 69, 392-402.

173



Alonso, M. J. C,, Ortiz, C. E. L., Perez, S. O. G., Narayanasamy, R., San Miguel, G.
d. J. F., Hernandez, H. H. and Balagurusamy, N. (2017). Improved strength
and durability of concrete through metabolic activity of ureolytic bacteria.
Environmental Science and Pollution Research. 25(22), 1-8.

Altschul, S. F., Madden, T. L., Schéaffer, A. A., Zhang, J., Zhang, Z., Miller, W. and
Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Research. 25(17), 3389-3402.

Amos, M., Paun, G., Rozenberg, G. and Salomaa, A. (2002). Topics in the theory of
DNA computing. Theoretical Computer Science. 287(1), 3-38.

Andalib, R., Majid, M. Z. A., Hussin, M. W., Ponraj, M., Keyvanfar, A., Mirza, J. and
Lee, H.-S. (2016). Optimum concentration of Bacillus megaterium for
strengthening structural concrete. Construction and Building Materials. 118,
180-193.

Aubertin, M., Aachib, M. and Authier, K. (2000). Evaluation of diffusive gas flux
through covers with a GCL. Geotextiles and Geomembranes. 18(2-4), 215-233.

Balam, N. H., Mostofinejad, D. and Eftekhar, M. (2017). Effects of bacterial
remediation on compressive strength, water absorption, and chloride
permeability of lightweight aggregate concrete. Construction and Building
Materials. 145, 107-116.

Bang, S. S., Galinat, J. K. and Ramakrishnan, V. (2001). Calcite precipitation induced
by polyurethane-immobilized Bacillus pasteurii. Enzyme and Microbial
Technology. 28(4), 404-409.

Baumgartner, L. K., Reid, R. P., Dupraz, C., Decho, A. W., Buckley, D., Spear, J.,
Przekop, K. M. and Visscher, P. T. (2006). Sulfate reducing bacteria in
microbial mats: changing paradigms, new discoveries. Sedimentary Geology.
185(3-4), 131-145.

Bergmans, L., Moisiadis, P., Van Meerbeek, B., Quirynen, M. and Lambrechts, P.
(2005). Microscopic observation of bacteria: review highlighting the use of
environmental SEM. International Endodontic Journal. 38(11), 775-788.

Beveridge, T. J. (2001). Use of the Gram stain in microbiology. Biotechnic &
Histochemistry. 76(3), 111-118.

Bhaskar, S., Hossain, K. M. A., Lachemi, M., Wolfaardt, G. and Kroukamp, M. O.
(2017). Effect of self-healing on strength and durability of zeolite-immobilized

174



bacterial cementitious mortar composites. Cement and Concrete Composites.
82, 23-33.

Canakci, H., Sidik, W. and Kilic, I. H. (2015). Effect of bacterial calcium carbonate
precipitation on compressibility and shear strength of organic soil. Soils and
Foundations. 55(5), 1211-1221.

Chahal, N., Siddique, R. and Rajor, A. (2012). Influence of bacteria on the
compressive strength, water absorption and rapid chloride permeability of fly
ash concrete. Construction and Building Materials. 28(1), 351-356.

Chaurasia, L., Bisht, V., Singh, L. and Gupta, S. (2019). A novel approach of
biomineralization for improving micro and macro-properties of concrete.
Construction and Building Materials. 195, 340-351.

Chelius, M. and Triplett, E. (2001). The Diversity of Archaea and Bacteria in
Association with the Roots of Zea mays L. Microbial Ecology. 41(4), 252-263.

Connolly, J., Kaufman, M., Rothman, A., Gupta, R., Redden, G., Schuster, M.,
Colwell, F. and Gerlach, R. (2013). Construction of two ureolytic model
organisms for the study of microbially induced calcium carbonate
precipitation. Journal of Microbiological Methods. 94(3), 290-299.

Cuthbert, M. O., McMillan, L. A., Handley-Sidhu, S., Riley, M. S., Tobler, D. J. and
Phoenix, V. R. (2013). A field and modeling study of fractured rock
permeability reduction using microbially induced calcite precipitation.
Environmental Science & Technology. 47(23), 13637-13643.

Cuthbert, M. O., Riley, M. S., Handley-Sidhu, S., Renshaw, J. C., Tobler, D. J.,
Phoenix, V. R. and Mackay, R. (2012). Controls on the rate of ureolysis and
the morphology of carbonate precipitated by S. Pasteurii biofilms and limits
due to bacterial encapsulation. Ecological Engineering. 41, 32-40.

Dakal, T. C. and Arora, P. K. (2012). Evaluation of potential of molecular and physical
techniques in studying biodeterioration. Reviews in Environmental Science and
Biotechnology. 11(1), 71-104.

Derakshani, M., Lukow, T. and Liesack, W. (2001). Novel bacterial lineages at the
(sub) division level as detected by signature nucleotide-targeted recovery of
16S rRNA genes from bulk soil and rice roots of flooded rice microcosms.
Applied and Environmental Microbiology. 67(2), 623-631.

175



Dhami, N. K., Reddy, M. S. and Mukherjee, A. (2012). Improvement in strength
properties of ash bricks by bacterial calcite. Ecological Engineering. 39, 31-
35.

Dick, J., De Windt, W., De Graef, B., Saveyn, H., Van der Meeren, P., De Belie, N.
and Verstraete, W. (2006). Bio-deposition of a calcium carbonate layer on
degraded limestone by Bacillus species. Biodegradation. 17(4), 357-367.

Djerbi, A., Bonnet, S., Khelidj, A. and Baroghel-Bouny, V. (2008). Influence of
traversing crack on chloride diffusion into concrete. Cement and Concrete
Research. 38(6), 877-883.

Dong, B., Wang, Y., Fang, G., Han, N., Xing, F. and Lu, Y. (2015). Smart releasing
behavior of a chemical self-healing microcapsule in the stimulated concrete
pore solution. Cement and Concrete Composites. 56, 46-50.

Driks, A. (2002). Overview: development in bacteria: spore formation in Bacillus
subtilis. Cellular and Molecular Life Sciences. 59(3), 389-391.

Dry, C. (1994). Matrix cracking repair and filling using active and passive modes for
smart timed release of chemicals from fibers into cement matrices. Smart
Materials and Structures. 3(2), 118.

Dupraz, S., Parmentier, M., Ménez, B. and Guyot, F. (2009). Experimental and
numerical modeling of bacterially induced pH increase and calcite
precipitation in saline aquifers. Chemical Geology. 265(1-2), 44-53.

Durga, C. S. S., Ruben, N., Chand, M. S. R. and Venkatesh, C. (2019). Performance
studies on rate of self healing in bio concrete. Materials Today: Proceedings.

Edvardsen, C. (1999). Water penetrability and autogenous healing of separation cracks
in concrete. ACI Materials Journal. 96(4), 448-454

Ersan, Y. C., De Belie, N. and Boon, N. (2015). Microbially induced CaCOs
precipitation through denitrification: an optimization study in minimal nutrient
environment. Biochemical Engineering Journal. 101, 108-118.

Ersan, Y. C., Hernandez-Sanabria, E., Boon, N. and De Belie, N. (2016a). Enhanced
crack closure performance of microbial mortar through nitrate reduction.
Cement and Concrete Composites. 70, 159-170.

Ersan, Y. C., Verbruggen, H., De Graeve, |., Verstraete, W., De Belie, N. and Boon,
N. (2016b). Nitrate reducing CaCOs precipitating bacteria survive in mortar

and inhibit steel corrosion. Cement and Concrete Research. 83, 19-30.

176



Ezraty, B., Henry, C., Hérisse, M., Denamur, E. and Barras, F. (2014). Commercial
Lysogeny Broth culture media and oxidative stress: A cautious tale. Free
Radical Biology and Medicine. 74, 245-251.

Fan, C., Kao, C.-F. and Liu, Y.-H. (2017). Quantitative characterization of organic
diffusion using an analytical diffusion-reaction model and its application to
assessing BOD removal when treating municipal wastewater in a plug flow
reactor. Water Research. 121(15), 329-337.

Ferris, F., Phoenix, V., Fujita, Y. and Smith, R. (2004). Kinetics of calcite precipitation
induced by ureolytic bacteria at 10 to 20 C in artificial groundwater.
Geochimica et Cosmochimica Acta. 68(8), 1701-1710.

Foster, S. (1994). The role and regulation of cell wall structural dynamics during
differentiation of endospore-forming bacteria. Journal of Applied
Bacteriology. 76, 25S-39S.

Franca, L. T., Carrilho, E. and Kist, T. B. (2002). A review of DNA sequencing
techniques. Quarterly Reviews of Biophysics. 35(2), 169-200.

Gargurevich, 1. (2016). Aqueous Urea Decomposition Reactor: Reaction Modeling
and Scale Up. Jounal of Chemical Engineering & Process Technology. 7(2),
288-290.

Ghosh, T., Bhaduri, S., Montemagno, C. and Kumar, A. (2019). Sporosarcina pasteurii
can form nanoscale calcium carbonate crystals on cell surface. PloS ONE.
14(1), e0210339.

Glass, C. and Silverstein, J. (1998). Denitrification kinetics of high nitrate
concentration water: pH effect on inhibition and nitrite accumulation. Water
Research. 32(3), 831-839.

Hearn, N. (1998). Self-sealing, autogenous healing and continued hydration: What is
the difference? Materials and Structures. 31(8), 563-567.

Hemraj, V., Diksha, S. and Avneet, G. (2013). A review on commonly used
biochemical test for bacteria. Innovare Journal of Life Science. 1(1), 1-7.

Huang, H. and Ye, G. (2012). Simulation of self-healing by further hydration in
cementitious materials. Cement and Concrete Composites. 34(4), 460-467.

Huang, H., Ye, G. and Damidot, D. (2013). Characterization and quantification of self-
healing behaviors of microcracks due to further hydration in cement paste.

Cement and Concrete Research. 52, 71-81.

177



Huang, H., Ye, G., Qian, C. and Schlangen, E. (2016). Self-healing in cementitious
materials: Materials, methods and service conditions. Materials & Design. 92,
499-511.

Huynh, N. N. T., Phuong, N. M., Toan, N. P. A. and Son, N. K. (2017). Bacillus
Subtilis HU58 Immobilized in micropores of diatomite for using in self-healing
concrete. Procedia Engineering. 171, 598-605.

Igamberdiev, A. U. and Shklovskiy-Kordi, N. E. (2016). Computational power and
generative capacity of genetic systems. Biosystems. 142, 1-8.

Jacobsen, S., Marchand, J. and Hornain, H. (1995). SEM observations of the
microstructure of frost deteriorated and self-healed concretes. Cement and
Concrete Research. 25(8), 1781-1790.

Janssen, P. H., Yates, P. S., Grinton, B. E., Taylor, P. M. and Sait, M. (2002). Improved
culturability of soil bacteria and isolation in pure culture of novel members of
the divisions Acidobacteria, Actinobacteria, Proteobacteria, and
Verrucomicrobia. Applied and Environmental Microbiology. 68(5), 2391-
2396.

Jiang, J. Y., Sun, G. W. and Wang, C.-h. (2013). Numerical calculation on the porosity
distribution and diffusion coefficient of interfacial transition zone in cement-
based composite materials. Construction and Building Materials. 39, 134-138.

Jin, W., Yan, Y. and Wang, H. (2010). Chloride diffusion in the cracked concrete.
Proceedings of the 9th International Conference on Fracture Mechanics of
Concrete and Concrete Structures. 28May-1June. Berkeley, USA, 880-886.

Jin, X,, Nie, R., Zhou, D., Yao, S., Chen, Y., Yu, J. and Wang, Q. (2016). A novel
DNA sequence similarity calculation based on simplified pulse-coupled neural
network and Huffman coding. Physica A: Statistical Mechanics and its
Applications. 461, 325-338.

Jonkers, H. M., Thijssen, A., Muyzer, G., Copuroglu, O. and Schlangen, E. (2010).
Application of bacteria as self-healing agent for the development of sustainable
concrete. Ecological Engineering. 36(2), 230-235.

Joseph, C., Jefferson, A. D., Isaacs, B., Lark, R. J. and Gardner, D. R. (2010).
Experimental investigation of adhesive-based self-healing of cementitious
materials. Magazine of Concrete Research. 62(11), 831-843.

Joshi, K. A., Kumthekar, M. B. and Ghodake, V. P. (2016). Bacillus Subtilis Bacteria

Impregnation in Concrete for Enhancement in Compressive Strength.

178



International Research Journal of Engineering and Technology. 3(5), 1229-
1234.

Kadapure, S. A., Kulkarni, G. S. and Prakash, K. (2017). A laboratory investigation
on the production of sustainable bacteria-blended fly ash concrete. Arabian
Journal for Science and Engineering. 42(3), 1039-1048.

Kalhori, H. and Bagherpour, R. (2017). Application of carbonate precipitating bacteria
for improving properties and repairing cracks of shotcrete. Construction and
Building Materials. 148, 249-260.

Khalig, W. and Ehsan, M. B. (2016). Crack healing in concrete using various bio
influenced self-healing techniques. Construction and Building Materials. 102,
349-357.

Kim, H.-K., Park, S.-J., Han, J.-Il. and Lee, H.-K. (2013). Microbially mediated
calcium carbonate precipitation on normal and lightweight concrete.
Construction and Building Materials. 38, 1073-1082.

Kim, H. J., Eom, H. J., Park, C., Jung, J., Shin, B., Kim, W., Chung, N., Choi, I.-G.
and Park, W. (2016). Calcium carbonate precipitation by Bacillus and
Sporosarcina strains isolated from concrete and analysis of the bacterial
community of concrete. Journal of Microbiology and Biotechnology. 26(3),
540-548.

Krajewska, B. and Ciurli, S. (2005). Jack bean (Canavalia ensiformis) urease. Probing
acid—base groups of the active site by pH variation. Plant Physiology and
Biochemistry. 43(7), 651-658.

Krishnapriya, S. and Babu, D. V. (2015). Isolation and identification of bacteria to
improve the strength of concrete. Microbiological Research. 174, 48-55.

Krélikowski, A. and Kuziak, J. (2011). Impedance study on calcium nitrite as a
penetrating corrosion inhibitor for steel in concrete. Electrochimica Acta.
56(23), 7845-7853.

Lauchnor, E. G., Topp, D., Parker, A. and Gerlach, R. (2015). Whole cell kinetics of
ureolysis by S porosarcina pasteurii. Journal of Applied Microbiology. 118(6),
1321-1332.

Lee, Y. S. and Park, W. (2018). Current challenges and future directions for bacterial
self-healing concrete. Applied Microbiology and Biotechnology. 102(7), 3059-
3070.

179



Li, V. C., Lim, Y. M. and Chan, Y.-W. (1998). Feasibility study of a passive smart
self-healing cementitious composite. Composites Part B: Engineering. 29(6),
819-827.

Li, W., Dong, B., Yang, Z., Xu, J., Chen, Q., Li, H., Xing, F. and Jiang, Z. (2018).
Recent Advances in Intrinsic Self-Healing Cementitious Materials. Advanced
Materials. 30(17), 1705679.

Lim, C., Gowripalan, N. and Sirivivatnanon, V. (2000). Microcracking and chloride
permeability of concrete under uniaxial compression. Cement and Concrete
Composites. 22(5), 353-360.

Ling, H. and Qian, C. (2017). Effects of self-healing cracks in bacterial concrete on
the transmission of chloride during electromigration. Construction and
Building Materials. 144, 406-411.

Loo, Y. (1992). A new method for microcrack evaluation in concrete under
compression. Materials and Structures. 25(10), 573.

Lorentz, T. and French, C. (1995). Corrosion of reinforcing steel in concrete: effects
of materials, mix composition, and cracking. Materials Journal. 92(2), 181-
190.

Lors, C., Ducasse-Lapeyrusse, J., Gagné, R. and Damidot, D. (2017).
Microbiologically induced calcium carbonate precipitation to repair
microcracks remaining after autogenous healing of mortars. Construction and
Building Materials. 141, 461-469.

Luo, J., Chen, X., Crump, J., Zhou, H., Davies, D. G., Zhou, G., Zhang, N. and Jin, C.
(2018). Interactions of fungi with concrete: Significant importance for bio-
based self-healing concrete. Construction and Building Materials. 164, 275-
285.

Luo, M., Qian, C.-x. and Li, R.-y. (2015a). Factors affecting crack repairing capacity
of bacteria-based self-healing concrete. Construction and Building materials.
87, 1-7.

Luo, M., Qian, C,, Li, R. and Rong, H. (2015b). Efficiency of concrete crack-healing
based on biological carbonate precipitation. Journal Wuhan University of
Technology, Materials Science Edition. 30(6), 1255-1259.

Maciejewski, M., Oswald, H.-R. and Reller, A. (1994). Thermal transformations of
vaterite and calcite. Thermochimica Acta. 234, 315-328.

180



Marsavina, L., Audenaert, K., De Schutter, G., Faur, N. and Marsavina, D. (2009).
Experimental and numerical determination of the chloride penetration in
cracked concrete. Construction and Building Materials. 23(1), 264-274.

Matsunaga, N., Sakai, G., Shimanoe, K. and Yamazoe, N. (2002). Diffusion equation-
based study of thin film semiconductor gas sensor-response transient. Sensors
and Actuators B: Chemical. 83(1-3), 216-221.

Mbonimpa, M., Aubertin, M., Aachib, M. and Bussiere, B. (2003). Diffusion and
consumption of oxygen in unsaturated cover materials. Canadian Geotechnical
Journal. 40(5), 916-932.

Mihashi, H., KANEKO, Y., Nishiwaki, T. and Otsuka, K. (2001). Fundamental study
on development of intelligent concrete characterized by self-healing capability
for strength. Transactions of the Japan Concrete Institute. 22, 441-450.

Mitchell, A. C., Espinosa-Ortiz, E. J., Parks, S. L., Phillips, A. J., Cunningham, A. B.
and Gerlach, R. (2019). Kinetics of calcite precipitation by ureolytic bacteria
under aerobic and anaerobic conditions. Biogeosciences. 16(10), 2147-2161.

Mitchell, A. C. and Ferris, F. G. (2005). The coprecipitation of Sr into calcite
precipitates induced by bacterial ureolysis in artificial groundwater:
temperature and kinetic dependence. Geochimica et Cosmochimica Acta.
69(17), 4199-4210.

Mondal, S., Das, P. and Chakraborty, A. K. (2017). Application of bacteria in concrete.
Materials Today: Proceedings. 4(9), 9833-9836.

Mondal, S. and Ghosh, A. D. (2018). Investigation into the optimal bacterial
concentration for compressive strength enhancement of microbial concrete.
Construction and Building Materials. 183, 202-214.

Muyzer, G. (1999). DGGE/TGGE a method for identifying genes from natural
ecosystems. Current Opinion in Microbiology. 2(3), 317-322.

Nain, N., Surabhi, R., Yathish, N., Krishnamurthy, V., Deepa, T. and Tharannum, S.
(2019). Enhancement in strength parameters of concrete by application of
Bacillus bacteria. Construction and Building Materials. 202, 904-908.

Nemati, K. M., Monteiro, P. J. and Scrivener, K. L. (1998). Analysis of compressive
stress-induced cracks in concrete. ACI Materials Journal. 95, 617-630.

Nguyen, T. H., Ghorbel, E., Fares, H. and Cousture, A. (2019). Bacterial self-healing
of concrete and durability assessment. Cement and Concrete Composites. 104,
103340.

181



Ni, M. and Ratner, B. D. (2008). Differentiating calcium carbonate polymorphs by
surface analysis techniques—an XPS and TOF-SIMS study. Surface and
Interface Analysis. 40(10), 1356-1361.

O’Connell, M., McNally, C. and Richardson, M. G. (2010). Biochemical attack on
concrete in wastewater applications: A state of the art review. Cement and
Concrete Composites. 32(7), 479-485.

Okwadha, G. D. and Li, J. (2010). Optimum conditions for microbial carbonate
precipitation. Chemosphere. 81(9), 1143-1148.

Pei, R., Liu, J., Wang, S. and Yang, M. (2013). Use of bacterial cell walls to improve
the mechanical performance of concrete. Cement and Concrete Composites.
39, 122-130.

Phillips, A. J., Gerlach, R., Lauchnor, E., Mitchell, A. C., Cunningham, A. B. and
Spangler, L. (2013). Engineered applications of ureolytic biomineralization: a
review. Biofouling. 29(6), 715-733.

Poston, R. W., Carrasquillo, R. L. and Breen, J. E. (1987). Durability of post-tensioned
bridge decks. Materials Journal. 84(4), 315-326.

Qian, C., Chen, H., Ren, L. and Luo, M. (2015). Self-healing of early age cracks in
cement-based materials by mineralization of carbonic anhydrase
microorganism. Frontiers in Microbiology. 6, 1225.

Rahimpour, M. (2004). A non-ideal rate-based model for industrial urea thermal
hydrolyser. Chemical Engineering and Processing: Process Intensification.
43(10), 1299-1307.

Ramachandran, S. K., Ramakrishnan, V. and Bang, S. S. (2001). Remediation of
concrete using micro-organisms. ACI Materials Journal. 98(1), 3-9.

Ramm, W. and Biscoping, M. (1998). Autogenous healing and reinforcement
corrosion of water-penetrated separation cracks in reinforced concrete. Nuclear
Engineering and Design. 179(2), 191-200.

Rao, M. S., Reddy, V. S. and Sasikala, C. (2017). Performance of Microbial Concrete
Developed Using Bacillus Subtilus JC3. Journal of The Institution of
Engineers (India): Series A. 98(4), 501-510.

Reddy, B. M. S. and Revathi, D. (2019). An experimental study on effect of Bacillus
sphaericus bacteria in crack filling and strength enhancement of concrete.
Materials Today: Proceedings. 19(2), 803-809.

182



Reddy, M. S. (2013). Biomineralization of calcium carbonates and their engineered
applications: a review. Frontiers in Microbiology. 4(1), 314.

Revertegat, E., Richet, C. and Gegout, P. (1992). Effect of pH on the durability of
cement pastes. Cement and Concrete Research. 22(2-3), 259-272.

Rivas, R., Velazquez, E., Zurdo-Pifieiro, J. L., Mateos, P. F. and Molina, E. M. n.
(2004). Identification of microorganisms by PCR amplification and sequencing
of a universal amplified ribosomal region present in both prokaryotes and
eukaryotes. Journal of Microbiological Methods. 56(3), 413-426.

Rivera, D., Margaritis, A. and de Lasa, H. (1999). A sporulation kinetic model for
batch growth of B. thuringiensis. The Canadian Journal of Chemical
Engineering. 77(5), 903-910.

Rodriguez, C., Jroundi, F., Schiro, M., Ruiz-Agudo, E. and Gonzalez-Mufioz, M. T.
(2012). Influence of substrate mineralogy on bacterial mineralization of
calcium carbonate: implications for stone conservation. Applied and
Environmental Microbiology. 78(11), 4017-4029.

Rolfe, M. D., Rice, C. J., Lucchini, S., Pin, C., Thompson, A., Cameron, A. D., Alston,
M., Stringer, M. F., Betts, R. P. and Baranyi, J. (2012). Lag phase is a distinct
growth phase that prepares bacteria for exponential growth and involves
transient metal accumulation. Journal of bacteriology. 194(3), 686-701.

Sam, A. R. M., Ariffin, N. F., Hussin, M. W., Seung, H., Samadi, M. and Mirza, J.
(2015). Performance of epoxy resin as a self-healing agent. Jurnal Teknologi.
77(16), 9-13.

Sarsam, S. I., Mahdi, L. H., Suliman, M. F. and Ali, H. A. (2018). Influence of Induced
Bacteria Cell on the Strength Properties of Concrete. Journal of Advances in
Civil Engineering and Construction Materials. 1(1), 16-25.

Schabereiter-Gurtner, C., Pifiar, G., Lubitz, W. and Rolleke, S. (2001). An advanced
molecular strategy to identify bacterial communities on art objects. Journal of
Microbiological Methods. 45(2), 77-87.

Schlangen, E., Ter Heide, N. and Van Breugel, K. (2006). Crack healing of early age
cracks in concrete. Proceedings of the Measuring, monitoring and modeling
concrete properties : an international symposium dedicated to Professor
Surendra P. Shah. Northwestern University, U.S.A., 273-284.

Schultze-Lam, S., Fortin, D., Davis, B. and Beveridge, T. (1996). Mineralization of
bacterial surfaces. Chemical Geology. 132(1-4), 171-181.

183



Scrivener, K., Fullmann, T., Gallucci, E., Walenta, G. and Bermejo, E. (2004).
Quantitative study of Portland cement hydration by X-ray diffraction/Rietveld
analysis and independent methods. Cement and Concrete Research. 34(9),
1541-1547.

Seifan, M. and Berenjian, A. (2018). Application of microbially induced calcium
carbonate precipitation in designing bio self-healing concrete. World Journal
of Microbiology and Biotechnology. 34(11), 168.

Seifan, M., Samani, A. K. and Berenjian, A. (2016). Bioconcrete: next generation of
self-healing concrete. Applied Microbiology and Biotechnology. 100(6), 2591-
2602.

Shaheen, N., Khushnood, R. A., Khalig, W., Murtaza, H., Igbal, R. and Khan, M. H.
(2019). Synthesis and characterization of bio-immobilized nano/micro inert
and reactive additives for feasibility investigation in self-healing concrete.
Construction and Building Materials. 226, 492-506.

Siddique, R. and Chahal, N. K. (2011). Effect of ureolytic bacteria on concrete
properties. Construction and Building Materials. 25(10), 3791-3801.

Siddique, R., Jameel, A., Singh, M., Barnat-Hunek, D., Ait-Mokhtar, A., Belarbi, R.
and Rajor, A. (2017). Effect of bacteria on strength, permeation characteristics
and micro-structure of silica fume concrete. Construction and Building
Materials. 142, 92-100.

Siddique, R., Nanda, V., Kadri, E.-H., Khan, M. 1., Singh, M. and Rajor, A. (2016).
Influence of bacteria on compressive strength and permeation properties of
concrete made with cement baghouse filter dust. Construction and Building
Materials. 106, 461-469.

Skolnick, J. and Fetrow, J. S. (2000). From genes to protein structure and function:
novel applications of computational approaches in the genomic era. Trends in
Biotechnology. 18(1), 34-39.

Smith, L. J., Berendsen, H. J. and van Gunsteren, W. F. (2004). Computer simulation
of urea— water mixtures: A test of force field parameters for use in
biomolecular simulation. The Journal of Physical Chemistry B. 108(3), 1065-
1071.

Song, H.-W. and Kwon, S.-J. (2007). Permeability characteristics of carbonated
concrete considering capillary pore structure. Cement and Concrete Research.
37(6), 909-915.

184



Soroushian, P. and Elzafraney, M. (2004). Damage effects on concrete performance
and microstructure. Cement and Concrete Composites. 26(7), 853-859.
Stocks-Fischer, S., Galinat, J. K. and Bang, S. S. (1999). Microbiological precipitation

of CaCO:s. Soil Biology and Biochemistry. 31(11), 1563-1571.

Stuckrath, C., Serpell, R., Valenzuela, L. M. and Lopez, M. (2014). Quantification of
chemical and biological calcium carbonate precipitation: performance of self-
healing in reinforced mortar containing chemical admixtures. Cement and
Concrete Composites. 50, 10-15.

Stucky, B. J. (2012). SeqTrace: a graphical tool for rapidly processing DNA
sequencing chromatograms. Journal of Biomolecular Techniques. 23(3), 90.

Tan, I. S. and Ramamurthi, K. S. (2014). Spore formation in B acillus subtilis.
Environmental Microbiology Reports. 6(3), 212-225.

Tayebani, B. and Mostofinejad, D. (2019). Self-healing bacterial mortar with
improved chloride permeability and electrical resistance. Construction and
Building Materials. 208, 75-86.

Teng, H. H., Dove, P. M. and De Yoreo, J. J. (2000). Kinetics of calcite growth: surface
processes and relationships to macroscopic rate laws. Geochimica et
Cosmochimica Acta. 64(13), 2255-2266.

Tlusty, T. (2010). A colorful origin for the genetic code: Information theory, statistical
mechanics and the emergence of molecular codes. Physics of Life Reviews.
7(3), 362-376.

Tobler, D. J., Cuthbert, M. O., Greswell, R. B., Riley, M. S., Renshaw, J. C., Handley-
Sidhu, S. and Phoenix, V. R. (2011). Comparison of rates of ureolysis between
Sporosarcina pasteurii and an indigenous groundwater community under
conditions required to precipitate large volumes of calcite. Geochimica et
Cosmochimica Acta. 75(11), 3290-3301.

Torsvik, V., Sgrheim, R. and Goksgyr, J. (1996). Total bacterial diversity in soil and
sediment communities—a review. Journal of Industrial Microbiology. 17(3-
4), 170-178.

Tziviloglou, E., Wiktor, V., Jonkers, H. and Schlangen, E. (2016). Bacteria-based self-
healing concrete to increase liquid tightness of cracks. Construction and
Building Materials. 122, 118-125.

185



Van Tittelboom, K., Adesanya, K., Dubruel, P., Van Puyvelde, P. and De Belie, N.
(2011a). Methyl methacrylate as a healing agent for self-healing cementitious
materials. Smart Materials and Structures. 20(12), 125016.

Van Tittelboom, K. and De Belie, N. (2010). Self-healing concrete: suitability of
different healing agents. /nt. J. 3R’s. 1(1), 12-21.

Van Tittelboom, K., De Belie, N., Van Loo, D. and Jacobs, P. (2011b). Self-healing
efficiency of cementitious materials containing tubular capsules filled with
healing agent. Cement and Concrete Composites. 33(4), 497-505.

Vashisht, R., Attri, S., Sharma, D., Shukla, A. and Goel, G. (2018). Monitoring
biocalcification potential of Lysinibacillus sp. isolated from alluvial soils for
improved compressive strength of concrete. Microbiological Research. 207,
226-231.

Vempada, S. R., Reddy, S. S. P,, Rao, M. S. and Sasikala, C. (2011). Strength
enhancement of cement mortar using microorganisms-an experimental study.
International Journal of Earth Sciences and Engineering. 4, 933-936.

Versypt, A. N. F., Arendt, P. D., Pack, D. W. and Braatz, R. D. (2015). Derivation of
an analytical solution to a reaction-diffusion model for autocatalytic
degradation and erosion in polymer microspheres. PloS ONE. 10(8), e0135506.

Wang, J. (2017). Steady-State Chloride Diffusion Coefficient and Chloride Migration
Coefficient of Cracks in Concrete. Journal of Materials in Civil Engineering.
29(9), 04017117.

Wang, J., Dewanckele, J., Cnudde, V., Van Vlierberghe, S., Verstraete, W. and De
Belie, N. (2014a). X-ray computed tomography proof of bacterial-based self-
healing in concrete. Cement and Concrete Composites. 53, 289-304.

Wang, J., Jonkers, H. M., Boon, N. and De Belie, N. (2017). Bacillus sphaericus LMG
22257 is physiologically suitable for self-healing concrete. Applied
Microbiology and Biotechnology. 101(12), 5101-5114.

Wang, J., Snoeck, D., Van Vlierberghe, S., Verstraete, W. and De Belie, N. (2014b).
Application of hydrogel encapsulated carbonate precipitating bacteria for
approaching a realistic self-healing in concrete. Construction and Building
Materials. 68, 110-1109.

Wang, J., Soens, H., Verstraete, W. and De Belie, N. (2014c). Self-healing concrete
by use of microencapsulated bacterial spores. Cement and Concrete Research.
56, 139-152.

186



Wang, J., Van Tittelboom, K. and De Belie, N. (2014d). Microscopy and computed
micro-tomography for evaluation of microbial self-healing in concrete.
Proceedings of the XIII International Conference on Durability of Building
Materials and Components. 2-5 September. Sao Paulo, Brazil, 736-743.

Wang, J., Van Tittelboom, K., De Belie, N. and Verstraete, W. (2012). Use of silica
gel or polyurethane immobilized bacteria for self-healing concrete.
Construction and Building Materials. 26(1), 532-540.

Weagant, S. D., Bryant, J. L. and Jinneman, K. G. (1995). An improved rapid
technique for isolation of Escherichia coli O157: H7 from foods. Journal of
Food Protection. 58(1), 7-12.

Wei, S., Cui, H., Jiang, Z., Liu, H., He, H. and Fang, N. (2015). Biomineralization
processes of calcite induced by bacteria isolated from marine sediments.
Brazilian Journal of Microbiology. 46(2), 455-464.

Welton, R., Silva, M. R., Gaylarde, C., Herrera, L., Anleo, X., De Belie, N. and Modry,
S. (2005). Techniques applied to the study of microbial impact on building
materials. Materials and Structures. 38(10), 883-893.

Wiktor, V. and Jonkers, H. M. (2011). Quantification of crack-healing in novel
bacteria-based self-healing concrete. Cement and Concrete Composites. 33(7),
763-770.

Wilfinger, W. W., Mackey, K. and Chomczynski, P. (1997). Effect of pH and ionic
strength on the spectrophotometric assessment of nucleic acid purity.
Biotechniques. 22(3), 474-481.

Wu, M., Hu, X., Zhang, Q., Xue, D. and Zhao, Y. (2019). Growth environment
optimization for inducing bacterial mineralization and its application in
concrete healing. Construction and Building Materials. 209, 631-643.

Xu, J. and Wang, X. (2018). Self-healing of concrete cracks by use of bacteria-
containing low alkali cementitious material. Construction and Building
Materials. 167, 1-14.

Xu, J., Wang, X. and Wang, B. (2018). Biochemical process of ureolysis-based
microbial CaCOs precipitation and its application in self-healing concrete.
Applied Microbiology and Biotechnology. 102(7), 3121-3132.

Yang, Z., Hollar, J., He, X. and Shi, X. (2011). A self-healing cementitious composite
using oil core/silica gel shell microcapsules. Cement and Concrete Composites.
33(4), 506-512.

187



Yeates, C., Gillings, M., Davison, A., Altavilla, N. and Veal, D. (1997). PCR
amplification of crude microbial DNA extracted from soil. Letters in Applied
Microbiology. 25(4), 303-307.

Yeates, C., Gillings, M., Davison, A., Altavilla, N. and Veal, D. (1998). Methods for
microbial DNA extraction from soil for PCR amplification. Biological
Procedures Online. 1(1), 40.

Zemskov, S. V., Jonkers, H. M. and Vermolen, F. J. (2014). A mathematical model for
bacterial self-healing of cracks in concrete. Journal of Intelligent Material
Systems and Structures. 25(1), 4-12.

Zhang, J., Liu, Y., Feng, T., Zhou, M., Zhao, L., Zhou, A. and Li, Z. (2017).
Immobilizing bacteria in expanded perlite for the crack self-healing in
concrete. Construction and Building Materials. 148, 610-617.

Zhang, J., Wu, R., Li, Y., Zhong, J., Deng, X., Liu, B., Han, N. and Xing, F. (2016).
Screening of bacteria for self-healing of concrete cracks and optimization of
the microbial calcium precipitation process. Applied Microbiology and
Biotechnology. 100(15), 6661-6670.

188





