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Abstract

Microbial induced calcium carbonate precipitation (MICP) has a potential to improve the
durability properties and remediation of cracks in concrete. In this study, bacterial admixed
treatment and bacterial spray treatment of concrete structures with ureolytic bacteria was carried
out using different media components (especially nutrient media, urea and calcium source). In
the first stage of investigation, influence on the addition of bacterial culture and organic
components (carbon and nitrogen content) of bacterial growth media on the setting
characteristics of cement, chemical and structural properties of microbial concrete was studied.
In this study, main emphasis was placed upon replacing the commercially available laboratory
grade nutrient broth (NB) with corn steep liquor (CSL), which is an industrial by-product.
Addition of plain NB media without bacteria severely retarded the setting of cement paste as
well as significant reduction in the compressive strength was observed in concrete specimens. In
fact, the addition of plain CSL media without bacteria had no adverse effect on the setting
characteristics of cement paste and strength properties of concrete. While, setting characteristics
of cement paste remain unaffected on the addition of bacterial culture grown in NB/CSL media.
In bacterial treated concrete, MICP as a result on the addition of bacterial culture grown in
NB/CSL media significantly improved the compressive strength and permeation properties.
Bacterial admixed treatment (that can be used for new structures) and bacterial spray treatment
(that can be used as a repair procedure) were found to be effective in MICP treatment of
concrete. In the comparative analysis of CSL and NB as a nutrient media, CSL would serve as a

potential alternative nutrient source for bacterial cells in microbial treatment of concrete.

Further, durability of microbial treated concrete under aggressive environments was explored.
This study aimed to assess the efficacy of bio-deposition as a barrier in microbial treated
concrete against sulfate and chloride attack. Under sulfate exposure, bacterial admixed and
bacterial spray treated mortar and concrete specimens performed well and no sign of surface
scaling, strength loss and salt efflorescence was observed. During chloride exposure, microbial
treatment in reinforced concrete structures significantly reduced the ingress of chloride ions in
the concrete matrix and inhibition of rebar corrosion was observed. In both, bacterial admixed
and bacterial spray treated reinforced concrete specimens, corrosion potential (Eco) and

corrosion current (lcorr) Values were much below the range as compared to control and depicts

Xii



that corrosion is negligible. Overall, the application of MICP treatment improved the lifecycle
performance of concrete under harsh sulfate environments as well as prevention of rebar from

chloride induced corrosion.

In present study, a suitable fly ash amended bacterial grout with optimum flowability properties
was developed for the remediation of cracks in concrete. Crack treatment in horizontal
orientation with injectable bacterial grout shows maximum mechanical strength recovery and
significant reduction in permeation as compared to untreated concrete specimen. In case of crack
treatment in vertical orientation, strength gain was minimal however permeation was improved
as compared to untreated concrete specimen. The developed 40% FA amended bacterial grout
with optimum rheological properties will help as an economical and environment friendly MICP
technology in injection based applications for the remediation of existing cracks in concrete

structures which are in service.

The current work has conclusively established that MICP technique with bacterial admixed
treatment and bacterial spray treatment would be effective in direct application on concrete
structures. Direct incorporation of calcifying bacteria as an admixture can be used for new
structures as well as bacterial spray treatment can be used as a repair procedure in concrete,
respectively. From the results, it was concluded that CSL as growth media had not shown any
modifications in the concrete chemical properties. On comparison with NB media, CSL may
serve as a carbon and nitrogen supplement and replace yeast extract nutrient media. Utilization
of biomineralization activity of calcifying bacteria in microbial treated concrete provides an
innovative approach in achieving significant reduction of sulfate ingress under harsh sulfate
environments and prevention of rebar from chloride induced corrosion under high chloride
conditions, respectively. The developed fly ash amended biogrout will help as an economical and
environment friendly MICP technology in injection based applications for the crack healing in
concrete structures which are in service. The encouraging results in the current study will

facilitate in upscaling this microbial based approach from lab scale to commercial scale.
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Chapter 1

Introduction

1.1 General Introduction

In the past decades, global society has witnessed the transition to more urbanization and
infrastructure development processes. Meanwhile, development in infrastructure boosts
economic growth of a country and plays a crucial factor in the global economic competitive
index. With substantial growth in urbanization, demand for building (e.g. public housing, roads,
bridges) infrastructure development has increased. In the large proportion of infrastructure
categories delivered by construction sector, concrete and steel are the foremost materials which
are used. Reinforced concrete with positive attributes like high durability, ability to mould into
different shapes, low cost production and ease of use has made it attractive among other building
materials. In a simplest form of definition, concrete is composed of a mixture of essential
constituents like cement, aggregates and water. Production of concrete has experienced an
increased demand to accompany innumerable infrastructure developments (Miller et al. 2018).
With the ever-growing worldwide demands, yearly consumption of concrete approaches 30
billion tons (Monteiro et al. 2017). Consequently, high levels of concrete production results into
high consumption of basic raw materials. To meet the demands of large volumes of concrete,
global cement and aggregate consumption is escalated for construction projects. Apart from
economic and social factors in construction industry, environmental concerns are also associated
with it.

A number of lifecycle assessment reports of conventional concrete production indicate, extensive
use of raw materials and high energy consumption (Sharma et al. 2011; Abd Rashid and Y usoff,
2015). The entire life cycle of concrete production process as a whole includes raw material
extraction, production, distribution, use and final waste disposal (Vieira et al. 2016). The cement
production and natural aggregate extraction are highly intensive energy consuming as well as a
major CO, emitting process (Gursel et al. 2014). Production of conventional concrete contributes
approximately 8-9% of the global anthropogenic CO, emissions as the cement processing units
plays a significant contribution in it (Miller et al. 2016). The embodied energy and emission of
conventional concrete is relatively high. The other aspect that is affecting the lifecycle

performance of concrete is its premature deterioration. Although it was initially considered to be

1



a highly durable material but climate change, higher temperature and extreme weather events are
severely affecting the lifecycle of concrete. Most of these threatening factors involve chemical
attack on concrete or on the steel rebar embedded in it. Concrete being the most widely used
construction material in the world and maintaining concrete structures from premature
deterioration is proving to be a great challenge. Interconnected pore system and presence of
microcracks in the concrete matrix acts as a favorable condition for the penetration of harmful
agents like CO,, SO4* and CI” which causes the initiation of corrosion of steel rebar (Basheer et
al. 2001). Early age deterioration of concrete structures severely affects its serviceability leading
to high cost of maintenance. As nearly 80% of world’s infrastructure is built in reinforced
concrete, their maintenance needs a huge recurring investment for the restoration or replacement

of deteriorated concrete structures that few countries in the world can afford.

To improve the durability properties and refinement of pores in concrete structures, use of
different conventional treatment methods has been reported. Surface treatments with synthetic
agents like epoxy coatings, silanes or siloxanes, acrylic coatings etc., are available for
remediation of permeability of concrete as waterproof agents (Muhammad et al. 2015). Different
chemical additives (e.g. methylmethacrylate, organo-modified montmorillonites, styrene
butadiene polymer) are also used as an admixture to improve strength and permeability
properties of concrete as well as corrosion inhibitors (e.g. calcium and sodium nitrate,
polycarboxylate polymers, amino alcohol compounds) for remediation of rebar corrosions (Ann
et al. 2006; Das and Pradhan, 2019). But these treatments with adhesive chemicals are subject to
frequent controversy due to their limited long term performance, detachment with aging, need
for constant maintenance, thermal expansion, cost, site accessibility and environmental impact
(Pan et al. 2017b). Hence, to reduce the development cost as well as environmental burden
contributed by construction industry, attention is given to develop a sustainable technology. For
the durability enhancement of concrete structures and to protect the steel rebar in reinforced
concrete from corrosion, a novel technique of microbial-based treatment has emerged as a
promising technique. Introduction of applied biotechnology in the field of concrete has led to the
development of a new type of concrete called “microbial concrete” or “bio-concrete”. In this bio-
inspired treatment, concrete structures are treated with calcifying bacteria to induce calcium
carbonate precipitation to improve the durability properties of concrete and inhibit the rebar

corrosion of reinforced concrete.



Microbial-induced calcium carbonate precipitation (MICP) is the capability of microorganism to
form calcium carbonate extracellularly through a metabolic activity. The phenomenon of mineral
formation by living organism due to reaction of its metabolic products with the surrounding
environment is called biomineralization (Lowenstam, 1981). In natural environments, MICP by a
variety of microorganisms is known, which contributes into cyanobacterial stromatolite, cave
speleothems, hot spring travertine, marine reefs, lacustrine whitings (Riding, 2000).
Biomineralization by different microbial species like photosynthetic organisms (cyanobacteria
and algae), sulfate reducing bacteria (SRB) (dissimilatory reduction of sulfates), organisms
utilizing organic acids and urea degrading bacteria in diverse environments under different
pathways has been reported (Douglas and Beveridge, 1998). Four key factors which influence
the biogenic precipitation of CaCOg3 includes calcium availability, dissolved inorganic carbon,
pH and the bacterial cell surface as a nucleating site (Hammes and Verstraete, 2002). The
occurrence of different calcifying microbial species in various geological settings with wide
range of environmental conditions makes them the best option of engineering projects (Zhu and
Dittrich, 2016). Inspired by the MICP potential of microbes, importance has been given to utilize

these microbial strains in several applications.

During the last few years, MICP has been reported with immense potential in remediation of
heavy metals, soil stabilization, restoration of ancient monuments, concrete crack healing and
main emphasis on the improvement of concrete durability (Dhami et al. 2013b). Predominantly,
CaCOg precipitation via urea hydrolysis by bacteria is an easily controlled mechanism, where
high amounts of calcium carbonates are produced in a short time. Biogenic precipitation of
different polymorphs of calcium carbonates (e.g. calcite, aragonite and vaterite) in the concrete
structure acts as ideal pore filler and improves its mechanical strength and permeability. In MICP
process, several genera of calcifying bacteria isolated from different environmental conditions
such as calcareous, marine, karstic caves, hot springs and heavy metal contaminated landfill has
been reported (Dhami et al. 2018; Sarkar et al. 2019; Rangamaran et al. 2019; Akiyama and
Kawasaki, 2019). A decade of progress in microbial application on concrete, tremendous amount
of studies has been published at lab scale experiments which reflect the importance of MICP

technique.



1.2 Knowledge Gap

With all the positive attributes of using MICP in improving the durability properties of concrete,
some challenges are also associated with it. Till date, studies revealed that different
methodologies have been adopted to treat mortar or concrete structures with different bacterial
strains. In majority of research studies, ureolytic bacterial strain with genus Sporosarcina has
been used for the biomineralization. These bacteria hydrolyze urea by producing urease enzyme
in large amount resulting into release of ammonia and carbon dioxide. The ammonia produced
increases the pH in the surrounding of bacteria that leads to precipitation of calcium carbonate.
In most of the MICP treatments, bacterial cultures are incorporated in concrete during casting
and thereafter cured by submerging the bacterial admixed concrete in bacterial culture for
surface treatment. In case of ureolytic bacterial strain, bacterial cells grown in nutrient medium
are also supplemented with urea and calcium source. Apart from the surface application and
incorporation of vegetative bacterial cells inside the concrete matrix, use of encapsulated bacteria
as a self-healing agent is also evolved as new approach in improving the durability properties
and remediation of cracks in concrete. In this approach, organic acids are used as supplement and
admixed in concrete. The qualitative and quantitative evaluation of microbial concrete with

positive outcomes is still reported in the lab scale.

However, till date, not many research studies are reported in which the changes in the chemical
and structural properties of microbial concrete are evaluated on the addition of bacterial cells and
organic substrate present in growth medium. Presence of organic admixtures has been reported to
have an adverse effect on the hydration of cement which further affects the hardening of cement
(Bolobova and Kondrashchenko, 2000). Furthermore, there is a need to evaluate the
biodeposition pattern of calcium carbonate crystals after bacterial admixed treatment as well as
bacterial surface treatment in concrete structures. pH is one of the most influential parameter in
concrete durability and the alkaline condition of concrete with pH 12-13 keeps the steel rebar
resistant to corrosion. Hence, a research work has to be carried out to evaluate the effect of
alkaline nature of concrete on the CaCOj precipitation nature of viable bacterial cells admixed

during bacterial treatment.

Some limitations which are necessary to be considered for the application of this technology at

commercial scale have to be found. The operating cost of this technology at the commercial scale
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has some economic limitations as in maximum studies use of laboratory grade bacterial growth
medium is adopted. Implementation of MICP technique in newly constructed concrete structures
at field scale with economical alternatives of growth medium with effective curing method is to
be investigated. The comparative analysis of lab grade bacterial growth medium and alternate
growth medium on the chemical and structural properties of microbial treated concrete is to be

investigated.

In many research publications, the potential of MICP technique in improving mechanical and
permeation properties of concrete under ideal conditions at lab scale are reported. While
implementing MICP technique at field scale, the behavior of microbial concrete under aggressive
environmental conditions, which affect the long term durability of concrete structures, has not
been studied and reported so far. Interaction of concrete with external environment, the most
threatening factor which influences its durability is chemical attack. The chlorides and sulfates
belong to the aggressive chemicals that affect the long-term durability of concrete structures.
However, the effect of harsh conditions such as sulfate environment on the microbial treated
concrete is still unexplored. A detailed work is required to understand the performance of

microbial concrete against external chloride exposure.

Different studies have been reported in which biogenic treatment of cracks with self healing
mechanisms are adopted (Seifan et al. 2016; De Belie et al. 2018). While in self healing
approach, bacterial encapsulation or protective carrier materials are used as admixture in
concrete. However, limited studies are reported in which microbial healing to treat the existing
cracks in concrete are investigated. A detailed work is required to develop an effective microbial

healing material to repair the existing cracks in concrete structures.

Hence, a thorough research work is required to study the influence of organic substrates and
CaCOg biodeposition on the structural properties of microbial concrete. The study of chemical
attacks on microbial concrete will help in better understanding of long-term performance and its
successful commercialization. Concrete crack repair with microbial healing material is to be

investigated which will help in treating the existing cracks in concrete structures.



1.3 Aim and Objectives

The present work was aimed to develop better understanding in the application of calcifying
bacteria in durability enhancement and prevention of damages in concrete structures under

aggressive environments.

In the current research work, ureolytic bacterium with high efficiency of biocalcification was
used to treat concrete structures. Two treatment methods; bacterial admixed treatment and
bacterial spray treatment were adopted in MICP treatment of concrete. Influence of bacterial
cells and organic substrates in the material mix on the durability properties of microbial concrete
was investigated. To minimize the operating cost of MICP, corn steep liquor (CSL) as a bacterial
growth medium was used and its impact on the chemical and structural properties of microbial
concrete was examined. Further, long term performance of microbial concrete on the exposure to
chemical and physical sulfate environment was investigated. Prevention of rebar corrosion due to
external chloride exposure in microbial treated reinforced concrete was investigated. Crack
remediation in concrete structures with microbial healing material was investigated.
Accordingly, the above mentioned study was designed and carried out to investigate the

following objectives:

1. The role of bacteria and material mix on the durability properties of reinforced concrete
structures

2. The effectiveness of bacteria in biocalcification of concrete specimens at high and low
pH and its impact on mechanical properties

3. The use of calcifying bacteria for prevention of damage in reinforced concrete structures

(rebar corrosion and crack remediation)
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Chapter 2

Review of Literature

2.1 Concrete as a building material

Concrete is the most widely used construction material of the world. With global
industrialization and urbanization, demand for infrastructure expansion has increased (Doyle and
Havlick, 2009). Understandably, an overwhelmingly large proportion of infrastructure is built
with concrete. Production of concrete has experienced an increased demand to accompany
innumerable infrastructure developments (Miller et al. 2018). The demographic change due to
the gradual movement of population towards urban areas has increased the demand and the
production of concrete which exceeded that of other building materials. Various factors are
responsible for the popularity of concrete across the world which makes it the most widely used
engineering material. Unlike wood and steel, concrete withstand the action of water to greater
extent which makes it an ideal material for building structures. The other factor is formation of
variety of shapes and sizes due to the plastic consistency of freshly made concrete. The plastic
stage permits the fresh concrete material to flow into prefabricated formwork which attains
defined shape after hardening. With the ever-growing worldwide demands, yearly consumption
of concrete approaches 30 billion tons (Monteiro et al. 2017). Consequently, high levels of
concrete production results into high consumption of basic raw materials (Miller et al. 2018).
Concrete is a composite material which consists of water, a binder material and within which
granular aggregates are embedded. Ordinary concrete consists of 12% cement and 80%
aggregates by weight. To meet the demands of large volumes of concrete, ~3.8 Gt cement, ~17.5
Gt of aggregate and over ~2 Gt of water global consumption has been estimated (Miller et al.
2018). Concrete is composed of a mixture of essential constituents like cement, aggregates and
water. In the modern development, built environment is unimaginable without cement-based
materials. Cement is a finely pulverized hydraulic material which develops binding property as a
result of hydration and forms stable hydration products in an aqueous environment. The portland
cement on the hydration forms calcium silicate hydrates, which are primarily responsible for the
adhesive characteristics. Globally, production of cement has been escalating to meet the growing
need of construction projects. The global production of cement in the year 2019 was estimated to
be 4.2 billion tons (Statista, 2020). Cement production increased almost 34-fold in the last 65



years was reported (Scrivener et al. 2018). It is reported that a constant increase in the global

cement production is expected and a nation wise trend is shown in Figure 2.1.
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Figure 2.1 Estimated projection of worldwide cement production (Adapted from Imbabi et al.
2013)

In the database of Statisa portal the search of “Major countries in worldwide cement production”
shows China and India are top cement producers globally followed by USA (Statista, 2019).
Estimated production of cement in China and India was 2.4 billion metric tons and 290 million
metric tons in year 2018 respectively. Natural aggregate (sand, gravel, and crushed stone) as
construction material is the most valuable nonfuel commodity in the world. In volume,
aggregates comprise about 85% of the concrete structures and the remaining 15% are made of
steel and binders (Drew et al. 2002). The expected annual consumption of aggregates was
estimated to increase till it reaches 66.3 billion tons by 2022 (Pedro et al. 2018). The aggregate
phase is primarily responsible for elastic modulus and the dimensional stability of concrete
structures. The aggregate is treated as inert filler, however, its significant characteristics such as
grading, moisture absorption, shape, surface texture and crushing strength influence the
durability properties of concrete. Concrete industry being one of the largest industrial consumer,
its global water requirement is 1 trillion L per year (Mehta, 2001). The consumption of water in
concrete industry is equivalent to approximately 18% of global annual industrial water
consumption (Miller et al. 2018). A large amount of fresh water is used for concrete mixing and



curing in concrete industry. However, with the rapid urban construction and growing
dependence, positive attributes of concrete like high durability, low cost production and ease of

use has made it attractive among other building materials.
2.2 Lifecycle performance of concrete

In the current scenario, infrastructure of a country plays an important role in the global
competitive index of economies. The improvement in infrastructure i.e. roads, bridges, dams,
ports, public housing strengthen the economy of a nation. The economic growth and
development of the modern society rely on excellent durable civil engineering structures and
infrastructure facilities. In all the infrastructure categories, concrete and steel are the two most
commonly used structural materials. Among them, reinforced concrete is the most versatile and
potentially one of the most durable materials for almost any types of building structures. The
incomparable durability property of concrete has made it attractive among other construction
materials. Different definitions for ‘durability’ of concrete are reported by various researchers
and presented it into different contexts. ‘Durability’ for a concrete structure means that concrete
will continue to perform its intended functions, that is, to maintain its required strength and
serviceability, during the specified or traditionally expected service life (Neville, 2001). In
another report, durability was defined as the ability of the concrete structure to maintain
serviceability when exposed to its intended service environment without spending a lot of
expenditure to repair or rehabilitate (Gu et al. 2016). Durability of concrete was also defined as
its ability in resistance against weathering action, chemical attack, abrasion, or any other process
of deterioration to remain in its original form, quality and serviceability when exposed to its
intended service environment (Tang et al. 2015). Concrete structures, owing to their inherent
vulnerability, are at risk from aging, fatigue, and deterioration processes as the concrete
structures are also not free from severe degradation problems. The factors that affect the lifecycle
performance of concrete include climate change, higher temperature and extreme weather events
which lead to its premature deterioration. Most of these threatening factors involve chemical
attack on concrete or on the rebar embedded in reinforced concrete structures. The detrimental
effect of these phenomenon leads over time into unsatisfactory structural performance of
concrete under service loadings (Biondini and Frangopol, 2016). The economic impact of

degradation of structural performance and deterioration processes on the serviceability of a



structure is exceptionally high. Early deterioration of infrastructure around the globe is a matter
of concern. For the repair and rehabilitation of damaged concrete structures or to replace the
deteriorated structures, countries are allocating considerable funds in their annual budget. As
nearly 80% of world’s infrastructure is built in reinforced concrete, their maintenance needs a

huge recurring investment that few countries in the world can afford.

Durability problems usually appear and initiates from the materials i.e., either concrete or
embedded steel at beginning, which progressively lead to structural damage and puts a potential
danger to the structure. The cause of concrete deterioration is categorized as the combined effect
of multi environmental attacks such as carbonation, sulfate attack, chloride induced steel rebar
corrosion, freezing thawing (Tang et al. 2015). The transport movement of aggressive agents in
the matrix of reinforced concrete is the cause of deterioration of concrete durability. The
interconnected pore system and presence of micro-cracks also allow penetration of harmful
agents like CO,, SO,* and CI™ to cause corrosion of steel rebar (Basheer et al. 2001). The rate of
deterioration of concrete structures mainly depends on two important factors: permeability of
concrete matrix and development of micro-cracks (Basheer et al. 1996). The major durability
problems in concrete including carbonation, sulfate attack, chloride attack and freeze—thaw are
discussed in the following subsections.

2.2.1 Factors influencing concrete durability
2.2.1.1 Carbonation

Carbonation of concrete is a complex physiochemical process which means the progressive
neutralization of the alkaline constituents of concrete by carbon dioxide in the environment
forming mainly carbonates. Concrete neutralization refers to decrease in pH value of concrete to
about 9-10 pH when CO; diffuses into concrete matrix (Gu et al. 2016). As the world’s climate is
undergoing considerable changes, increased level of CO, concentration in environment is a
foremost result of global climate change. The primary source of increased level of CO; is
anthropogenic emissions from fossil fuels in which cement production units play a significant
contribution of 5% in global green house gas (GHG) emissions (Ekolu, 2016). With the
increasing emissions, levels of global CO, concentration have surpassed the 400 ppm in 2018.

Elevated level of CO, in atmosphere leads to increased rate of carbonation in reinforced concrete
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(Ekolu, 2016). Natural carbonation of concrete as a result of climate change initiates carbonation
induced corrosion in RC structures at a rather slow yet invasive rate. The process of carbonation

in concrete is presented in the following chemical reactions (Zhou et al. 2015).

Ca(OH), — Ca*?*(aq) + 20H (aq) (2.1)
Ca**(aq) + 20H (aq) + CO, - CaCO; + H, (2.2)
3Ca0. 2Si0,. 3H,0 + 3C0, — 3CaCO0s. 2Si0,. 3H,0 (2.3)

3Ca0. Si0, + pH,0 + 3CO, — 3CaCO0; + Si0,. pH,0  (2.4)
2Ca0. Si0, + pH,0 + 3C0, - 2CaC0s + Si0,. pH,0  (2.5)

During carbonation of concrete, chemical reaction of Ca(OH;) and 3Ca0-2SiO,-3H,0 (produced
after sufficient hydration of cement) with diffused CO; gas in concrete matrix takes place results
into calcium carbonate precipitation (as shown in Eq 2.1 — Eq 2.5). With continuous ingress into
concrete matrix, CO; gas dissolves into pore solution to form carbonic acid (H,COs3) which
reacts with Ca(OH;) and 3Ca0-2SiO,-3H,O and precipitates mainly as calcium carbonate
(CaCOs3). The cement concrete pore solutions are saturated Ca(OH), and contains different
auxiliary ions depending on the type of cement and supplementary cementing materials. Pore
solution includes cations such as Ca®*, Na" and K* and anions such as OH™ (Ghods et al. 2009).
Due to carbonation, depletion of hydroxyl ions (OH™) lowers the pore water pH below 9.0 from
strong alkaline pH value of 12-13 in non carbonated concrete matrix. At such low pH (9.0)
value, the existing passive protection layer at steel rebar in RC structures becomes unstable
allowing corrosion to occur in the sufficient presence of oxygen and water (Zhou et al. 2015). A
variety of principal environmental factors which influence the carbonation process are relative
humidity, CO, concentration, temperature (Ekolu, 2016). Apart from drop in pH values of
carbonated concrete and making it vulnerable to corrosion, notable changes like reduced total
porosity, improved mechanical strength and appearance of cracks are also reported due to
precipitation of calcium carbonate in the pore network of concrete. In the last decade, several
studies focusing on the carbonation of cement-based materials have been carried out. The
performance of concrete under natural carbonation is very slow due to low CO, concentration in

the atmosphere (400 ppm or 0.04%). Due to this, accelerated carbonation schemes are used at lab
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scale to investigate the effects of carbonation on concrete (Ashraf, 2016). Wide range of

variations (concentration of CO,, relative humidity and temperature) in accelerated carbonation

studies on concrete performance has been observed (Table 2.1).

Table 2.1 Overview of different conditions adopted for accelerated carbonation of concrete

Binder type RH (%) CO;concentration Temprature (°C) Duration Refrences

OPC 70 20% 23 16 weeks Chang and Chen (2006)
OPC 35,55,80 40% - 3 days Gonen and Yazicioglu (2007)
OPC 65 3%, 10%, 100% 22 103 days Castellote et al. (2009)

OPC 65 50% 20 42 days Turcry et al. (2014)

OPC +FA 62 10% 25 16 weeks Morandeau et al. (2015)
OPC + FA 65 5% 20 3 months Atis (2003)

OPC + FA 55 4% 40 28 days Khunthongkeaw et al. (2006)
OPC + FA/BFS 65 50% 20 123 days Younsi et al. (2013)

OPC + BFS 60 10% 20 24 weeks Gruyaert et al. (2013)

SCC 75 100% 24 240 days Mohammed et al. (2014)
OPC+HVFA+ 60 1%, 10% 20 16 weeks Van den Heede et al. (2019)
FA+ SF

OPC+FA+BFS  60-70 5% 30 365 days Hussain et al. (2018)

RH: Relative humidity; OPC: Ordinary Portland cement; FA: Fly ash; BFS: Blast furnace slag; HVFA: High volume fly ash;
SF: Silica fume; SCC: Self compacting concrete

Carbonation is largely controlled by the diffusion rate of CO, through the microstructure of

cementitious matrix and the most important factor which influences the rate of carbonation is

relative humidity. Carbonation reaction rate is reported to be highest with RH within the range of

50-70% and which is commonly used in the previous studies. The effect of temperature is

reported to have small change or no affect on carbonation. It is also reported that the concrete

cover layer is the single ‘line of defense’ against the penetration of CO, in cementitious matrix,

as the quality and the cover depth of this layer largely governs the service life of the concrete

structures (Alexander and Beushausen, 2019). Schematic representation of cover layer of

concrete is shown in Figure 2.2.
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Figure 2.2 Schematic representation of concrete cover (Adapted from Alexander and
Beushausen, 2019)

Various evaluation methods have been used to determine the carbonation profiles in concrete
(Ashraf, 2016). The use of phenolphthalein pH indicator solution is the most well-known test
method to measure the carbonation front in concrete. This indicator shows red (or pink) color in
non carbonated concrete system where pH value is more than 9. During the carbonation reaction,
the pH value of the carbonated region of concrete reduces to < 9.0 and as a result,
phenolphthalein indicator stays colorless. This is the most frequently used carbonation test
method which provides an approximate measurement of the carbonation depth. The second
analytical method “thermogravimetric analysis (TGA)”, provides quantitative information to
obtain more precise carbonation profiles is also used. This test method determines the relative
proportions of Ca(OH), or CaCO3 from which the degree of carbonation within the samples can
be obtained. Fourier transformed infrared spectra and scanning electron microscopy (SEM) are
mostly used to obtain qualitative information for the assessments of carbonated concrete. X-ray
diffraction (XRD) is widely used to identify and quantify the changes at the microscopic phases
of cement-based materials which are evolved during the carbonation reaction. Some recent
studies has utilized gammadensimetry, nuclear magnetic resonance (NMR) spectra and

nondestructive evaluation (NDE) methods such as nonlinear ultrasonic techniques to monitor
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microstructural changes in cement-based materials due to the carbonation reaction (Villain et al.
2007; Kim et al. 2016).

2.2.1.2 Chloride Ingress

Reinforced concrete (RC) with properties such as strength and toughness makes it one of the
most versatile and potential durable structural material around the world. The long-term
durability of structures made from steel-reinforced concrete makes the construction of high-rise
buildings as well as long span bridges. However, the service life and durability of RC structures
is threatened when the steel rebar in the concrete structures is exposed to the chloride ions (Zhou
et al. 2015). Ingress of aggressive CI ions into the concrete matrix results into chloride induced
corrosion of steel reinforcement. The source of chloride ions may be internal (contaminated
aggregates in concrete mix) or external (de-icing salts and marine environments). Chloride-
induced corrosion is a major deterioration problem and RC structures are under constant
degradation due to aggressive chloride attack. A sound concrete normally provides a high degree
of protection to reinforcing steel rebar with its non-aggressive environment by virtue of the high
alkalinity. Concrete usually exhibits a pH value of 12.5-13.5 and under this high alkaline
environment steel reinforcement remains passivated (Poursaee, 2016). After the hydration of
cement in RC structures, a protective passive layer consisting of y-Fe,O3 on the surface of steel
rebar is formed with a thickness in the range of 10~ to 10! um (Goyal et al. 2018). This passive
layer of oxides protects the steel by blocking the movement of ions in surrounding concrete
cover thereby protect steel rebar from corrosion (Berrocal et al. 2016). The interconnected pore
system and presence of micro-cracks in concrete matrix provides a continuous network through
which chloride ions penetrates and initiate the steel depassivation. Chloride induced corrosion is
an electrochemical process which requires anodic and cathode regions as well as ionic
conduction path through an electrolyte (Figure 2.3). The steel surface activated by chloride ions
becomes an anodic site and the passivated surface becomes a cathode site. Concrete pore

solution acts as an electrolyte and allows the movement of ions (Neville, 1995).
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Figure 2.3 Schematic representation of chloride induced corrosion process in concrete (Adapted
from Goyal et al. 2018)

The electrochemical reactions in chloride induced corrosions are as follow (Zhou et al. 2015):

Fe?* + 2C1” - FeCl, (2.6)
Fe - Fe?* + 2e” (2.7)
0, + 2H,0 + 4e~ — 40H" (2.8)
Fe?* + 20H™ - Fe(OH), (2.9)
4Fe(OH); + 2H,0 + 0, - 4Fe(0H); (2.10)
2Fe(OH)s — Fe;,05.H,0 + 2H,0 (2.12)

As shown in Eq 2.6 — Eq 2.11, in presence of sufficient chloride ions, oxygen and water the
passive layer on the surface is disrupted. The corrosion products (Hydrated ferric oxide i.e, rust)
formed as result of electrochemical reactions are highly porous and voluminous (6—10 times of
steel) in nature. The corrosion products directly affect the concrete properties, causing cracking
and spalling. The progression of corrosion at the cross-sectional area of steel reduces its load-
carrying capacity causing the failure of RC structures at later ages. Continuous process of the
formation of corrosion products enhance the expansion, which ultimately leads to crack
generation in concrete cover leading into delamination and then spalling. Different visual signs

of damaged reinforced concrete buildings due to corrosion are shown in Figure 2.4.
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Figure 2.4 Typical damage of concrete during reinforcement corrosion (A) Floor precast slab (B
and C) Beam in car parking structure (D) Slab in residential apartment (Adapted from Berkowski
et al. 2013; Vijayalakshmi et al. 2017)

The reinforcement corrosion is reported to be dependent on different factors of RC structures.
Corrosion initiation phase is the time required by the aggressive chloride ions to reach the rebar
and initiate the corrosion. This phase depends upon the concrete cover depth and concentration
or critical chloride content required for the depassivation of steel (Glass and Buenfeld, 2000).
Other most important factor which influences the chloride ingress is the concrete porosity which
affects the chloride transport mechanism. Water-binder ratio of concrete mix was reported to be
the prime factor which significantly influences the capillary porosity of concrete matrix
(Poursaee, 2016). Chloride binding capacity, curing conditions and age of concrete as well as
ambient temperature and relative humidity were also reported to have a significant impact (Zhou
et al. 2015).

In order to detect the transport movement of chloride ions in concrete, various test methods have
been used. Rapid chloride permeability test (RCPT) which detects the diffusion rate is conducted
to cover the determination of the electrical conductance of concrete to provide a rapid indication
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of its resistance towards the penetration of chloride ions. A variety of nondestructive methods are
used to determine corrosion rate for RC structures. These methods include half-cell potential,
linear polarization resistance (LPR) measurement, electrochemical impedance spectroscopy
(EIS), galvanostatic pulse technique, embeddable corrosion monitoring sensor, ultrasonic pulse
velocity technique and infrared thermograph electrochemical method (Pradhan and
Bhattacharjee, 2009; Zhou et al. 2015). Acoustic emission is a recent non-destructive method,
which is used to follow the development of cracks in concrete cover due to the formation of

corrosion products.

2.2.1.3 Sulfate attack

Sulfate attack is one of the most aggressive deterioration factors, which causes irremediable
changes in concrete structures. Sulfate ingress had a significant impact on the durability of
concrete structures constructed on sulfate rich soil or ground water (Leemann and Loser, 2011).
Sulfate attack refers to the degradation process which comprises a series of chemical reactions
triggered by sulfate ions and the cementitious components of hardened concrete. These reactions
of sulfate ions with the hydrated products of cement results into the dissolution of calcium-
bearing phases and formation of expansive products. These chemical reactions lead to cracking
and progressive loss of strength causing overall failure of concrete structures (Van Tittelboom et
al. 2013). Sulfate attack on concrete is categorized into external and internal attack. External
sulfate attack occurs when sulfate ions penetrates from an external source (sulfate rich soil or
water) into the cement matrix of concrete. Internal sulfate attack occurs with delayed expansive
products formation in the post-hardened state of concrete due to the incorporation of aggregates
with sulfide inclusions while casting (Menéndez et al. 2013). The phenomenon of external
sulfate attack on the concrete structures is the most common alterations and well documented by
researchers (Santhanam et al. 2001; Neville, 2004). When cement mortars and concrete during
their service life comes in contact with the sulfate loaded environments, it causes the ingress of
sulfate ions in cementitious matrix (Massaad et al. 2016). Transportation of the increased sulfate
ions concentration from the surface into concrete bulk leads to its chemical interaction with
hydrated products of cement (Roziere et al. 2009; Whittaker et al. 2015). Two stage mechanism
of distress on concrete matrix in sulfate attack was reported to be the driving cause of

deterioration. In the first stage, reaction of sulfate ions with portlandite (CH) forms gypsum,
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which further reacts with tricalcium aluminate (C3A) and results into ettringite precipitates in the
pores of concrete, which is categorized as chemical sulfate attack (Nehdi and Hayek, 2005).
Formation of gypsum results into the reduction of stiffness and strength of concrete structures.
Ettringite precipitates formed during the continuous sulfate reactions have the ability to swell,
which results into the densification of the microstructure of concrete. Ettringite crystals generate
pressure followed by internal stresses in the pore matrix leads to cracking and destruction of the
concrete (Maes and De Belie, 2014). During second stage, expansive forces associated with
ettringite due to high crystallization pressure leads to swelling, cracking and spalling of concrete
(Scherer, 2004).

This form of sulfate induced degradation is termed as physical sulfate attack (PSA), in which
concrete is vulnerable to damage due to sulfate salt crystallization (Haynes and Bassuoni, 2011).
Under this condition, process of capillary rise and evaporation of sulfate salts occurs during the
contact of concrete surface with sulfate bearing solution (Najjar et al. 2017a). Generally,
supersaturation of sulfate solution (conversion of anhydrous phase of sodium sulfate salt
‘thenardite’ into hydrous phase ‘mirabilite’) in concrete pore distribution results into increase in
volume due to salt crystallization (Rodriguez-Navarro and Doehne, 1999). The developed
crystallization is termed as salt weathering which damage the concrete by surface scaling, salt
efflorescence and sub florescence (Aye and Oguchi, 2011). Different visual signs of damaged

concrete structures due to sulfate ingress are shown in Figure 2.5.

Many parameters which influence the deterioration rate of sulfate attack on concrete structures
are reported in the literature. The major factors which influence the sulfate attack mechanism
are: type and concentration of sulfate ions, the possibility of diffusion of sulfate ions into the
pore matrix of concrete structure, volume of C3A content in the cement, pH of the sulfate
solution and temperature. It has been reported that the sulfate solutions containing different
cations acts differently with variation in the mechanism of damage on concrete. Different sulfate
solutions have different solubility and the possibility of sulfate solutions to penetrate into the
concrete structure is different. The rate of sulfate attack is affected by the strength of sulfate
solutions, as it has been reported that higher the sulfate concentration results into highly

aggressive environment.
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Figure 2.5 Typical appearance of deteriorated concrete foundation due to sulfate environment
(A-C) Formation of salt efflorescence and spalling of concrete cover (D) Ettringite crystal

formation in concrete matrix (Adapted from Yoshida, 2017; Liu et al. 2017)

The C3A content of the cement plays a major role in the attack mechanism of sulfates as it was
reported that the binding behavior of C3A influence this multi-ion transport into the concrete
matrix (Van Tittelboom et al. 2013). It was reported that presence of C;A phase in cement
clinker promotes the ettringite formation in sulfate environment. The lower availability of C3A is
recommended in cement clinkers to reduce the damage by sulfate attack due to reduced quantity
of ettringite formation. Influence of high pore volume and high value of water/cement ratio in

concrete is reported to be vulnerable to sulfate attack.

In order to evaluate the effect of sulfate attack on mortar and concrete, accelerated degradation
mechanism with higher concentrations of sulfate solutions are adopted by researchers at lab scale
experiments. To shorten the duration of sulfate tests, wet-dry cycle exposures are adopted. To
evaluate the durability, standard test method for length change of mortars is the most widely
accepted performance test. American Society of Testing and Materials (ASTM) standard is used
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to evaluate the length expansion of mortar prisms under the exposure of sulfate solutions (ASTM
C1012-04). Other analysis like visual observation, mass change in concrete, change in
compressive strength and flexural strength are also conducted. XRD and SEM analysis are
widely conducted for the microstructural evaluation of mortar and concrete specimens after

sulfate exposure.
2.2.1.4 Microcrack formation

Presence of microcracks in cementitious matrix influences the stability by providing a
preferential pathway for the ingress of aggressive elements by capillary action into structural
elements of concrete structures. Formation of microcracks at cement paste—aggregate interfaces
within concrete matrix has significant durability issues (Soroushian and Elzafraney, 2004).
Shrinkage and volumetric expansion due to alkali aggregate reactions in concrete matrix are the
major factors contributing the origin of microcrack formation (Wittmann et al. 2009; Noél et al.
2018). Cracking due to shrinkage in concrete takes place in two stages: (1) Plastic shrinkage
(occurs at early ages) (2) Drying shrinkage (occurs at later ages). The early stage shrinkage
occurs within the first few hours when concrete is in plastic stage and starting to harden. The
principal cause of plastic shrinkage is generally been attributed to the excessive and rapid rate of
water evaporation from the surface of concrete during exposure to the atmosphere (Combrinck
and Boshoff, 2013). The drying shrinkage occurs in concrete due to volume reductions due to
thermal changes caused by evaporation of internal water in hardened concrete. During the drying
environments, drying front is developed from an exposed surface and the empty pores in
cementitious matrix create tensile stress. When the developed tensile stress at the interfaces
between aggregates and matrix exceeded the tensile strength of concrete, cracking initiates and
growth of microcracks occurs (Hu et al. 2017). It is reported that cracks formed during plastic
stage might further widened during the long term drying shrinkage in the hardened concrete
structures. Early age formation of microcracks due to shrinkage and improper curing of concrete
severely influence the serviceability of structures. Different thermal exposure on concrete due to

cyclic temperature variation conditions propagates the formation of micro-cracks.

Alkali-Aggregate Reaction (AAR) is a chemical reaction between the alkali hydroxides in the
concrete pore solution and some reactive mineral phases present on the aggregates. The

formation of reaction products in AAR causes volumetric expansion and generates internal stress
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in the concrete matrix which induces microcracks (Shayan, 2016). Three conditions which
influence the initiation of AAR induced cracking in concrete are: (1) Presence of reactive
aggregates, (2) high concentration of dissolved alkali hydroxides (K*, Na*—OH") in the concrete
pore fluid and (3) availability of sufficient moisture. Two major types of AAR depending upon
the reactive minerals present in the aggregate are recognized: (1) alkali-silica reaction (ASR)
and (2) alkali—carbonate reaction (ACR). In ASR, when the reactive microcrystalline silicas
present within the aggregate particles reacts with the sodium and potassium alkali hydroxides
dissolved in the concrete pore solution forms an unstable silica-alkaline gel. The ASR gel swells
upon the uptake of water and various ionic species in the pore fluid induces expansive pressures
within the reacting aggregate and the adjacent cement paste (Noél et al. 2018). Due to expansive
ASR gel, tensile stresses build up and initiation of microcracking occurs in the cementitious
matrix. The ACR is called desdolomitization reaction in which alkali hydroxides of the concrete
pore fluid reacts with dolomite (a active minerals from dolomitic limestone aggregate) and
precipitate brucite, calcite and alkaline carbonates. In ACR, no expansive gel is formed however
expansion due to the generation of crystallized compounds results into crack initiation in the
concrete matrix (Fournier and Bérubé, 2000).

Inevitable formation of microcracks promotes the penetration of water and ingress of deleterious
substances (CO,, SO4*~ and CI") as they provide an ideal pathway. In RC structures, initiation
and propagation of microcracks expose the steel reinforcement to aggressive liquids and gases
which endanger the durability of concrete structure. Microcracking in RC structures is one of the
most harmful distress mechanisms, which severely affects the serviceability of infrastructure

worldwide leading to its premature deterioration.
2.2.2 Environmental and economic impact in concrete construction

Concrete has become the highest manufactured and the consumed product (in terms of volume)
on the Earth. The Indian construction industry is reported to currently consume about 400 Mt of
concrete every year and further is estimated to reach 1000 Mt in less than a decade (Rana et al.
2015). Consequently, with such extensive levels of concrete production and consumption, on the
basis of global environmental impact it is considered as a controversial and non-sustainable

material (Turk et al. 2015). Production of conventional concrete is reported to contribute
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approximately 8.6% of the global anthropogenic CO, emissions. High production of concrete
worldwide means, high consumption of essential raw materials and large amount of energy for
its production. Essential components of concrete, cement (a binding agent) and natural
aggregates are the major mass resources that are used in the construction industry. The cement
production and natural aggregate extraction are highly intensive energy consuming as well as a
major CO, emitting process. However, the production of ordinary portland cement has been
attributed as one of the major contributors to the anthropogenic carbon dioxide emission in the
world. It is reported that cement production accounts for roughly 8% of global CO, emissions
(Kajaste and Hurme, 2016). The production of traditional portland cement includes high relative
emission processes (1) raw materials preparation (2) clinker production (process called
calcinations) which requires large energy inputs and results in additional GHG emissions. It is
reported that with the manufacture of 1 ton of cement, approximately 1 ton of CO, gas is
released (Monteiro et al. 2017). The expected cement production in India is reported to grow
from the current value of about 280 million tons and surpass 550 million tons by 2025, to meet
the infrastructure requirements (Gettu et al. 2019). Globally, environmental impacts in cement
manufacturing are responsible for 8-9% of the anthropogenic CO, emissions and 2-3% of energy

demand.

Construction industry being a major consumer of natural resources, aggregates (sand, gravel, and
crushed stone) which is an essential component represents 80% by mass of concrete. With the
vast development projects around the world, global aggregate production was reported to be
doubled from 21 billion tons to 40 billion tons in-between the time period of 2007-2014 (Tam et
al. 2018). Aggregate extraction cause major environmental impacts as well as consume
considerable amounts of energy. Aggregate production includes mining, processing, and
transport operations which causes adverse changes in landscape and ecology of area of
extraction, excessive noise and dust generation during mining process and degradation of
groundwater and surface water (Mehta, 2001). Extraction of aggregates from mining and
processing also contribute in environmental impacts including resource depletion, degradation of
ground and surface water and global warming (Drew et al. 2002; Langer, 2016). Acceleration in
infrastructure developments is escalating sand extraction which is putting more and more strain
on limited sand deposits. Sand used in construction as a major portion is also extracted from

rivers and beaches. Extensive sand mining induce erosion, degradation of ecosystem and
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biological environments of river systems (Padmalal et al. 2008; Torres et al. 2017). A warning
issued by United Nations Environment Programme (UNEP) that massive and unregulated sand
mining from rivers by humans is rapidly using up its “sand budget”, with damaging impacts
(Cousins, 2019). The effect of a shortage of these construction materials is reported to have
increased construction cost which results into transferring the burden to the end users (Ismail et
al. 2013). Research efforts to reduce dependence on naturally occurring sand in construction
sector and guarantee the sustainable development of concrete with reduced carbon footprints is

going on.

The environmental impact of the construction industry especially that of its construction and
demolition wastes (CDW) generated from early deterioration of existing infrastructure is a matter
of concern around the globe. CDW are defined as a mixture of different material, including inert
waste, non-inert non-hazardous and hazardous waste, generated from construction, renovation,
repair and demolition works (Menegaki and Damigos, 2018). It was reported that the world
produces around 7-10 billion metric tons of waste every year of which 36% consists of CDW
(Duan et al. 2019). Jain et al. (2018) using material flow analysis (MFA) reported that estimated
annual generation of CDW in India is approximately between 112 and 431 million tons.
Generation of CDW is considered to be an unsustainable activity which causes progressive
deterioration of the environment. Failure to adequately manage CDW leads to several major
environmental impacts. Different factors such as toxicity hazards, severe air pollution and
surface and ground water contamination are associated with CDW (Duan et al. 2019). Large
landfill space for the disposal of incremental quantities of CDW creates land resource scarcity in
the urban cities. The majority of CDW is disposed of in open landfill sites which on exposure to
rainfall generate landfill leachate and this toxic pollutant contaminates surrounding surface and
groundwater resources. Whether it is carbon emission from cement industries or the problem of
solid waste generation on replacing the deteriorated concrete structures, environmental concerns

are paramount.

Apart from environmental impact, economic concerns with extensive repair, rehabilitation and
retrofitting of deteriorating concrete structures are also associated. Over a period of time, in
concrete structures certain degradation or deterioration in the form of corrosion, cracking,

spalling and delaminating affects the serviceability. For the repair and rehabilitation of damaged

23



concrete structures or to replace the deteriorated structures, many countries are forced to allocate
considerable funds in their annual budget. Across the globe for repair and restoration of
deteriorated concrete structures, annual expenditure of billions of dollars is reported
(Bhattacharjee, 2018). Sidiq et al. (2019) reported that in USA, for the maintenance services and
repairs of concrete infrastructures are estimated to be $5.2 billion annually. Indirect cost due to
loss of productivity and traffic jams repair and retrofitting process makes the total cost 10 times
the actual cost of maintenance. In 2006, a study reporting an estimated cost of $125 billion/year
associated with the maintenance due to steel corrosion of reinforced concrete structures was
published (Emmons and Sordyl, 2006). In another study reports, 45% of annual expenditure in
UK on construction was estimated to be related to maintenance and repair costs of distressed
concrete structures. In a recent study reported that, in UK an investment of £500 billion was
dedicated for nation’s infrastructure assets and approximately half of the construction budget of
around £40 billion/year is spent on the repair and maintenance of concrete infrastructure (Al-
Tabbaa et al. 2019). Similarly in case of Europe, approximately 50% of the annual construction
budget was reported to be spent on maintenance and repair (Hilloulin et al. 2015). Due to the
corrosion in reinforced concrete structures as well as concrete degradation, the cost of
maintenance in China is reported to be nearly 250 billion RMB/year. As nearly 80% of world’s
infrastructure is built in reinforced concrete, their maintenance needs a huge recurring
investment that few countries in the world can afford. There is a worldwide effort for sustainable
technologies for maintenance of infrastructures that would offer economy without undue

environmental or social costs.
2.3 Transport mechanism of deleterious substances in concrete

One of the most important and serious issue in reinforced concrete structures is the deterioration
of durability properties when exposed to harsh environmental conditions. Most severe concerns
in the drastic decrease of durability are reported to be associated with the transport properties of
the concrete material. Ingress of gases, liquids and aggressive ions are the most important
parameters which upon transportation through the low permeable concrete matrix lead to the
premature deterioration (Long et al. 2001; Basheer et al. 2001). The deterioration of reinforced
concrete structures is reported to be dependent on the permeation properties of cementitious

matrix which influence the ingress of the aggressive ions. Transport mechanism of harmful
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agents like CO,, SO4*~ and CI™ from the service environment is influenced by pore spaces in the
cement paste and paste-aggregate interfaces or microcracks of concrete (Zhu, 2020). It has been
reported that microcracks facilitate the transport of aggressive agents and further impact on the
severe deterioration of durability of concrete structures (Wu et al. 2015). Depending on the
driving force of the process and the nature of the transported matter, different transport processes
for deleterious substances within the hardened concrete are distinguished as diffusion, absorption
and permeability (Lepech and Li, 2009). Recommended different codes of practice on the
conditioning regime and sample dimensions required for measuring transport properties of

cement-based materials are described in Table 2.2.

(1) Diffusion: Diffusion is a process in which aggressive agents penetrated within the concrete
due to concentration gradient. In diffusion process, ions or molecules move from an area of
higher concentrations to lower concentrations. Chloride ions, carbonation and sulfate ions
transport in concrete is a primary example of diffusion mechanism where ions move from higher
concentrations through pores, to internal zones where their concentration is lower. Transport of
ions with diffusion mechanism are also accompanied by reactions such as physical and chemical
binding with cement hydration products and other ions (e.g. Na*, K*, SO,*) present in the
concrete pore solution also affect the validity and accuracy of diffusivity. In general three

diffusion tests are classified to determine the diffusion of aggressive ions (Bertolini et al. 2004):

e Steady state test
e Non-steady tests and

e Electric field migration tests

In the case of steady state tests, the rate of ionic transport is measured and diffusion coefficient is
calculated using Fick’s first law of diffusion. In this test, a thin slice of the test specimen is used
as a barrier in between the ionic solution and control solution free from ions. Rate of diffusion
due to a concentration gradient is obtained. This diffusion test typically requires six or more
months to achieve a steady state of flow. However, in non-steady state tests, diffusion coefficient
is obtained by calculating the depth of penetration of ions applying Fick’s second law of
diffusion. In this test, specimen is immersed in the solution or ponding the solution usually for 90

days containing specific ions (Basheer et al. 2001).
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As the steady and non-steady tests take very long time, in electrical migration tests, transport of
ions is accelerated with the application of electrical potential gradients. In this test, electrical
field is applied across the specimen in a diffusion cell and ionic movement is examined across
the test specimen by measuring the charge passed. The ion mobility under an electric field is

directly related to the diffusion coefficient.

(2) Absorption: Transport of liquids in the capillary pores of concrete due to the surface tension
forces acting in capillaries is called capillary absorption. Factors which influence the capillary
transport are surface tension, viscosity and density of the liquid, angle of contact between the
solid and liquid, the radius of capillary pore walls (Basheer, 2001). It is also reported that
absorption is related to pore structure as well as the moisture condition of the concrete. Tests for

the absorption characteristics of concrete are classified into three categories:

e Water absorption capacity
e Sorptivity test
e Absorptivity test

In water absorption capacity test, effective porosity of concrete is determined. When a dry
specimen is immersed in a shallow depth of water, the increase in weight of specimen is referred
to as the water absorption capacity. In this test, absorption takes place from all the surface of
specimen, that’s why the quantity of water absorbed is dependent both on the ratio of surface

area to volume of the specimen and the duration of immersion.

Sorptivity defines the rate of inflow of water in a dry concrete when water is allowed to be
absorbed unidirectionally under a negligible applied pressure. Sorptivity test is normally
conducted to measure the capillary suction in concrete. The rate of absorption (sorptivity) of
water by concrete is determined by measuring the increase in the mass of specimen resulting
from the absorption of water as a function of time when only one surface of the specimen is
exposed to water (Basheer, 2001; Bertolini et al. 2004).
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Table 2.2 Recommended different codes of practice for measuring transport properties

Standard Transport properties  Conditioning Diameter  Thickness
(mm) (mm)
CEMBUREAU:1989 Gas & water permeability 65% RH, 20 °C for 28 days; 150 50
or 105 °C for 7 days,
followed by 20 °C for 3 days
RILEM TC 116:1999 Gas permeability & 50 °C until pre-set weight 150 50
capillary absorption loss is attained
BS EN 1015-19:1999 Water vapour 95% RH, 20 °C for 2-5 - 10-30
permeability (mortar) days, then 50% RH, 20 °C
for 23-26 days
NT Build 369:1991 Water diffusion 40 °C for 7 days 100 20
ASTM C1202-12:2012  Chloride ion penetration ~ Vacuum saturated 100 50

DIN 1048:1978

Water impermeability
(concrete)

- 150x150x150 concrete cube

RILEM CPC 18:1988  Carbonation depth 65% RH, 20 °C — 40-100
BS 1881-122:2011 Capillary absorption 105 °C for 3 days 75 32-150
ASTM C1585-04:2004  Sorptivity Vacuum saturation, then 100 50

conditioned in 50 + 2 °C and
RH of 80 + 3 % for 3 days

RH: Relative humidity

In absorptivity tests, water movement into concrete is mainly achieved by capillary suction upon

the application of low pressure. However, in this test there is no control over the direction of the

water flow. The absorptivity test is further categorized into two tests: (1) Surface absorptivity

tests (2) Drill hole absorptivity tests. The major difference between surface absorptivity tests and

the drill hole absorptivity tests is source of water. In surface absorptivity test, the source of water

is a reservoir mounted onto the surface of the concrete specimen however in drill hole

absorptivity tests water is allowed to be absorbed from a hole drilled in the near surface region of

concrete specimen. The initial surface absorption test (ISAT) is an example of surface

absorptivity test in which the rate of flow of water into concrete per unit area after a stated

interval is calculated at a constant applied head and temperature.
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(3) Permeability: Permeability is defined as the measure of fluid medium which flow through
the concrete with ease under the action of a pressure differential. The coefficient of permeability
is a material characteristic describing the permeation of gases or liquids through the material.
The permeability tests are broadly classified into (1) Liquid permeability tests and (2) Gas
permeability tests (Basheer, 2001). Permeability is the most common performance properties

used to represent concrete quality.
2.4 Improvement of concrete durability

In order to overcome the deterioration problem and to improve the durability properties of
concrete structures, researchers associated with civil engineering has conducted extensive
research work to develop variety of techniques for the protection of concrete quality. Basically
protection techniques adopted are based on two mechanisms of treatment on concrete structures.
First is the application of concrete protective agents as an external treatment source and second is
the use of the protective agent as an internal mineral admixture in concrete during casting.
Among the treatment methods, some techniques are based on the protection of concrete
structures from the penetration of aggressive agents by external applications of organic and
inorganic protection material. In terms of treatment approaches, protective materials are grouped
into 4 types: (1) Surface treatment with organic and inorganic materials (2) Nanoparticle additive

and (3) Crack healing agents.
2.4.1 Surface treatment

Concrete structures being prone to the penetration of aggressive agents, different varieties of
surface treatment materials are investigated and reported to protect the concrete structures.
Surface treatment method on concrete cover is reported to be a good barrier which protects the
structures by resisting the ingress of aggressive substances. Surface treatment materials on the
basis of chemical nature are broadly classified into two categories: (1) Organic and (2) Inorganic
protective agents. The organic surface treatment materials are the protective agents which do not
react with concrete substrate during the application and also are reported to have good barrier
properties. The inorganic surface treatment materials are reported to be mainly aqueous solutions
of sodium silicate which are more stable with better resistance to aging (Pan et al. 2017a).

Surface treatments according to their function are further grouped into 4 categories: (1) Surface
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coatings, which forms a continuous polymer layer which acts as a physical barrier to inhibit the
ingress of the aggressive substances (2) Hydrophobic impregnation, forms a water-repellent pore
surface (3) Poreblocking treatment material, reduces the porosity of surface layer by partially or
completely filling the capillary pores and (4) Multifunctional surface treatment material,
performs of at least two functions such as form hydrophobic layer as well as block the capillary
pores (Pan et al. 2017b). Different types of protective agents for surface treatment of concrete

structures with organic and inorganic nature classified into 4 categories are shown in Figure 2.6.
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Figure 2.6 Overview of different surface treatment materials to protect concrete structures from
aggressive agents

Various studies using these treatment materials have been reported with positive outcomes
showing effective restriction of water ingress, chloride ingress and carbonation in treated
concrete structures. lbrahim et al. (1999) investigated the effect of 6 different sealants and
coatings on the durability properties of concrete. It was reported that among sodium silicate,
silicone resin solution, silane/siloxane, silane/siloxane with an acrylic topcoat, alkyl-alkoxy
silane and two-component acrylic coating, the chloride diffusion and carbonation was most

efficiently reduced in concretes coated with silane, silane/siloxane with an acrylic topcoat. Also
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silane/siloxane with an acrylic topcoat was reported to be the most effective protective agent in
minimizing the damage due to sulfate attack. Almusallam et al. (2003) also investigated the
effectiveness of surface coatings with different concrete surface protective agents. It was
reported that epoxy and polyurethane coatings were the most effective surface treatment
materials instead of acrylic, polymer and chlorinated rubber coatings in reducing water

absorption, chloride permeability and chloride diffusion after surface treatment of concrete.

Medeiros and Helene (2009) investigated the influence of surface treatment of RC structures in
marine environment. In this study, hydrophobic agents as well as surface coatings were
investigated to determine the chloride diffusion coefficient and absorption in treated RC
structures. It was reported that all the surface protection treatments significantly reduced the
sorptivity (> 70%) of concrete. However, chloride diffusion coefficient was significantly reduced
(reduction rate of 86%) with polyurethane coating and reported it as the highly effective
protective treatment. Use of ethyl silicate as a surface protection material on concrete structures
was also reported (Franzoni et al. 2013). Ethyl silicate was reported to be the effective protection
treatment for RC structures which provided the best performance in limiting the water ingress.
Significant improvement in terms of chloride and carbonation resistance on the application of
ethyl silicate was reported. Jia et al. (2016) reported the positive effects of inorganic surface
treatment (fluosilicate and sodium silicate) on the water permeability of mortar and concrete
specimens. It was reported that the application of both fluosilicate and sodium silicate surface
treatments effectively reduces the permeability as well as porosity of surface layer of cement-
based materials.

2.4.2 Nanoparticle additives

Over the past few years, inclusion of nano-materials in concrete as an effective application is
making a great contribution to improve the durability properties. Nanotechnology is ranked as a
most significant area of research application in the construction industry and is gaining
momentum with immediate profitable return from high value products. Nano-engineering or
nano-modifications in cementitious systems includes the following areas: (1) Incorporation of
nanoscale materials (e.g., nano-SiO,, TiO,, Al,O3, Fe,O3 etc.) (2) Incorporation of carbon

nanotubes/nanofibers as nanoreinforcements and (3) Nano-clay particles (Mukhopadhyay, 2011).
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Nanoparticles are reported as an effective additive which improves the workability, mechanical
strength, flexibility and durability of concrete. Addition of nano-materials and
nanoreinforcements is reported to promote cement hydration and densify the microstructure and
improve the interfacial transition zone (ITZ) of concrete structures (Sanchez and Sobolev, 2010).
Different studies have been reported in which the improved durability properties of concrete on
addition of various nanoscale materials. Jo et al. (2007) investigated the influence of addition of
nano-SiO, particles with replacement of cement (3%, 6%, 10% and 12% by weight) in cement
mortar. It was reported that, the addition of nano-SiO, to cement mortars improves the strength
properties as the nano-SiO, content was increased from 3% to 12%. It was reported that, nano-
scale SiO, behaves as filler which improved the mortar cement microstructure as well as
promotes the pozzolanic reaction. In another study, cement was replaced with nano-SiO, (0%,
0.5%, 1%, 2% and 5% w/w) in cement pastes. It was reported that even in low concentrations of
nanosilica, improved mechanical properties and dense microstructure was observed (Stefanidou
and Papayianni, 2012). In the microstructural analysis, large crystal size of calcium silicate was
observed in samples with 5% nanoparticles. Haruehansapong et al. (2014) reported the effect of
optimum replacement of cement with nano-SiO, on the compressive strength of cement mortars.
With the varying replacement contents (3%, 6%, 9% and 12%), the optimum replacement
content of 9% nano-SiO, and independent of particle size was reported. It was reported that,
pozzolanic activity and packing ability of nano-SiO, increased the compressive strength. Tobdn
et al. (2015) also reported the improvement in the durability properties of cement mortars on the
inclusion of nano-silica by replacing cement (1%, 3%, 5%, and 10%). A significant refinement
of pores with the decreased total pore volume was reported on incorporation of nano-silica.
Replacement of cement with 10% nano-silica resulted into significantly improved compressive
strength and reduced capillary porosity. Expansion in sulfate exposure was reported to be

reduced by 90% and 95% with addition of 5% and 10% nano-silica in cement mortar.

Nano-TiO, is a common nano-material used in cementitious composites, which has the
properties like photo catalysis, antibacterial and chemically stable. Different studies have also
shown that nano-TiO, on incorporation in cement accelerates the hydration properties of
Portland cement. Nano-TiO, also improved strength properties as well as abrasion resistance of
concrete. Chen et al. (2012) reported that on addition of nano-TiO, (5% and 10%) in cement
paste significantly enhanced the hydration rate of cement and compressive strength of mortars. It
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was also reported that this nano-material acts as non-reactive fine filler with no pozzolanic
activity. However, nano-TiO; had a catalytic effect during the cement hydration reaction. Ma et
al. (2016) investigated the influence of addition of nano-TiO; in fly ash cement mortars. It was
reported that nano-TiO, accelerates initial and final setting and decrease the fluidity. Introduction
of nano-TiO, lead to a significant early age compressive strength increase but adverse effect at
the later age strength. Similar effect of strength loss at later ages on addition of nano-TiO, was
also reported in another study (Meng et al. 2012). However, positive effect of FA in late strength
counter act the negative influence of nano-TiO, in cement mortar was reported (Ma et al. 2016).

Carbon nano-tubes/nano-fibers (CNT) are also becoming promising nanomaterials for their use
as nano-reinforcements in cementitious materials. Carbon tubes are classified into two types: (1)
Single wall CNT/SCNT (composed of single highly structured graphene sheet rolled into long
hollow cylinders) (2) Multi-wall CNT/MCNT (consists of nested arrays of up to several tens of
concentric graphene cylinders coaxially arranged around a hollow core). Liew et al., (2016)
reported the four reinforcing mechanisms of CNTs: (1) crack-bridging (2) reduction of
nanoporosity of cement pastes with the filling role of CNT (3) the modification of the

microstructure and (4) nucleation effects.

Konsta-Gdoutos et al. (2010) reported the improved durability properties of carbon
nanotube/cement nanocomposites on addition of short and long MCNT. Enhanced fracture
resistance properties and high stiffness C-S—H and decreased porosity in cementitious matrix is
reported. Rhee and Roh (2013) reported the significant increase in compressive strength (72%)
of concrete cylinders as compared to control specimen on addition of well-dispersed (MCNT) in
a dispersion solvent (sodium naphthalene sulfonate formaldehyde). Reduced permeability in

concrete cylinders with MCNT was also reported.
2.4.3 Crack healing agents

In context of civil research, healing is the phenomenon of restoration of concrete structure from a
state of damage. In case of crack healing, chemical and physical processes results into the
introduction of secondary products which blocks or seals the cracks. According to the review of
literature, terminology used for crack healing in cementitious material is based on the mechanism

of healing process. First is self-healing or autogenous healing and second is engineered self-
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healing. Autogenous healing is a natural process in which cementitious material has the ability to
heal the crack. Engineered self-healing is a process in which new substitute is incorporated into
the cement material, which is stimulated on crack propagation resulting into sealing of crack.
While on searching the literature it was observed that over the last decade researchers are
publishing their research articles based on engineered self-healing concrete (ESC) properties.
The effective self-healing potential of engineered self-healing concrete to repair the cracks had
made it attractive. From the last two decades, researchers are working extensively to develop a
self-healing concrete to overcome the damage from concrete cracking. The application of
supplementing concrete with healing agent, which stimulates its healing action on crack
propagation, had shown promising results (Table 2.3). Three different approaches are used to
incorporate self-healing material in concrete matrix and which activates its healing property
when the crack appears in the structure. Based on the mechanisms, engineered self-healing

concrete is classified as vascular based, capsule based and intrinsic based (Blaiszik et al. 2010).

Figure 2.7 Different approaches in engineered self-healing concrete. (a) In vascular-based self-
healing, hollow channels filled with healing agent ruptures on damage and releases healing
material (b) In capsule-based self-healing, healing agent is released from ruptured capsules on
damage (c) In intrinsic based approach, healing agent possess latent self-healing functionality

which is triggered on damage or by external stimulus (Adapted from Blaiszik et al. 2010)

In vascular-based self-healing mechanism, healing material filled in hollow channels or fibers
embedded in concrete matrix are released when damage ruptures the hollow channels or fibers

(Figure 2.7a). The healing agent stored in capsules is triggered through the release of healing
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material in concrete matrix when capsules are ruptured by damage (Figure 2.7b). Intrinsic self-

healing materials embedded directly in concrete matrix possess a latent self-healing functionality

which is triggered by damage or by external stimulus (Figure 2.7c). These materials rely on

polymerizations, melting of thermoplastic phases or ionic interactions to initiate self healing.

Table 2.3 Overview of different healing agents and mechanism of healing action in cementitious
matrix used in different research studies

Agent Mechanism of application  Crack healing outcomes References
Methyl methacrylate Incorporation of hollow porous Reduction in permeability and Dry (1994)
polypropylene fibers filled with enhancement in flexural
healing agent in concrete toughening in active and passive
structure mode respectively
Polymer admixtures Polymer admixtures are used in Microcracks under stress in Ohama (1998)

mortar and concrete or as grout
repairing material

modified concrete are brigded by
polymer films and prevent crack
propagation

Superglue
(ethyl cyanoacrylate)

Hollow glass fibers filled with the
healing agent was embedded in
the concrete specimen

Microcracks generated on flexural
loading were healed, validated by
regaining flexural stiffness on
reloading

Li et al. (1998)

Sikadur-52
(Epoxy adhesive)

Acrtificial cracks installed during
casting in concrete cube were
repaired with epoxy resin by
gravity filling method

Increase in tensile and
compressive strength across a
crack in epoxy repair was
observed

Issa and Debs (2007)

Low-lime fly ash

Fly ash in ratios of 35% and 55%
by mass of binder was added.
Load induced microcracks created
in specimens were stored in lime
water for 30 days.

Mechanical and permeation
properties of cracked specimens
recovered on self-healing action
of fly ash

Sahmaran et al. (2008)

Expansive agent
(C4A3$, CaS0O,, CaO)
Chemical agent
(NaHCO::,, NaZCO3)
Geo-materials
(Montmorillonite)

Healing agents were used as
admixture substitute in concrete
specimens with cracks created
artificially.

Crack-width of 0.2 mm was
completely healed at 33 day
curing due to swelling effect,
expansion effect and re-
crystallization

Ahn and Kishi (2010)

Expansive additive
(calcium
sulfoaluminate)

10% additive by mass of total
cementitious material was
admixed

Surface crack introduced in
specimen was submerged in
water. CaCOjs precipitation healed
the surface crack in specimen

Sisomphon et al.
(2012)
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In the domain of engineered self-healing concrete, incorporation of hollow glass fibers filled
with adhesive chemicals in cement matrices was reported in earliest studies (Dry, 1994). In the
study, methyl methacrylate filled in hollow porous polypropylene fibers was embedded in
cement beam. Specimens were subjected to loading, which causes the microcrack formation in
the cement matrix and release of healing agent on the breakage of chemical filled fibers. To
confirm the repair of microcracks with the released healing material, second load displacement
test was conducted on the same specimen. It was reported an increase in flexural toughening for
the samples containing the released adhesive agent for the second loading event than the control

sample.

Use of polymer-based admixture was also reported to develop polymer modified concrete (PMC)
or polymer modified mortar (PMM) (Ohama, 1998). Polymer admixtures were classified into
four main types: polymer latex, redispersible polymer powders, water-soluble polymer and liquid
polymer. Ohama (1998) reported that the microcracks in latex-modified mortar and concrete
under stress were bridged by the polymer films preventing the crack propagation. Effectiveness
in drying shrinkage reduction and its crack repairing property was also reported. Application of
different polymer modifier like acrylic, styrene- butadiene latex, polyvinyl acetate and ethylene
vinyl acetate in concrete crack sealing was reported (Fowler, 1999). Concept of release of
chemicals to seal the tensile cracks by air curing was also studied (Li et al. 1998). In this study,
thermoplastic superglue (ethyl cyanoacrylate) filled in hollow brittle glass fibers were used as a
self-healing agent. The healing effect on the release of chemical in cracks generated in
specimens during flexural testing was validated by regaining of flexural stiffness on reloading
cycle. Binda et al. (1997) reported the injection of grouts to repair and strengthen stone masonry
walls. Studies based on engineered self-healing concrete investigated by researchers were epoxy
repairing of cracks by injection method and gravity filling method (Issa and Debs, 2007),
incorporation of high volume fly-ash (Sahmaran et al. 2008), expansive healing material i.e.
sodium aluminum silicate hydroxide containing swelling agent montmorillonite (Ahn and Kishi,
2010), crystalline additive and calcium sulfoaluminate based expansive additive (Sisomphon et
al. 2012). In aforementioned investigations, promising results in crack closure based on self-

healing action were observed.
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2.5 Limitations in applications of synthetic materials on concrete

Although the evidence of using above mentioned methods in terms of durability enhancement of
concrete is reported in previous studies, still many challenges are also associated with the
synthesis, service life and cost of application at field scale implementation. In surface treatment
of concrete structures, coatings of polymer based materials which are organic and inorganic in
nature. Pan et al. (2017b) reported various failure patterns in polymer coatings, which reduces
the surface life of protective materials. Blistering, cracking, holes and peeling in polymer
coatings are reported which results from partial loss of adhesion due to osmotic pressure and
shrinkage in coatings due to temperature change. It was reported that different thermal
coefficients of concrete and polymer repair materials causes failure at the bond interface when
significant temperature change undergo (Kosednar and Mailvaganam, 2005). In case of pore
blocking surface treatments, formation of NaOH when sodium silicate and calcium hydroxide
reacts in the cementitious matrix increases the possible risk of alkali-silicate reactions (Franzoni
et al. 2013). It was also reported that micro-cracking on concrete surface and partial detachment

on bricks applied with sodium silicate (Pan et al. 2017a; Navarro-Moreno et al. 2021).

Other major limitation associated with polymer materials is the cost of applications. Higher cost
of polymer materials might makes its high volume applications impractical. Another problem
associated with polymer materials is their poor fire resistance, which makes their inability to
withstand high temperatures (Fowler, 1999). While the other limitations such as odorous smell,
toxicity and flammability are also associated with polymer materials. Monomers and resins used
to produce polymer materials are also reported to have safety issues such as skin allergy and
fumes generated while applying (Fowler, 2009). Limited service life of surface treatment
coatings is reported and the difficulty in removing the polymer coatings when its protective
effects are weaken is also reported.

Use of nano-materials in concrete structures has shown promising results in its improving
durability properties. Some limitations are also reported in the large scale applications of nano-
materials. Synthesis of nano-materials at large production scale is an expensive process. It has
been reported that in production of nano-materials, requirement of different types of expensive

instruments makes it costly (Adesina, 2019). In case of graphene based CNTSs, poor dispersion
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property and weak bonding in cementitious matrix are the major limitation factors. For uniform
dispersion of CNTs in cement matrix, different dispersion solvents are required to control the
formation of agglomerates (Shamsaei et al. 2018). Incorporation of nanomaterials is also
reported to reduce the setting time and workability of concrete. Apart from the negative effect of
nanomaterials on the fresh properties of concrete, environmental threats are also associated with
them. The very fine size of nano-materials such as nano-TiO, is reported to create air pollution

while application and which on dispersion in air and cause health hazards.
2.6 Application of microorganisms in concrete

In order to develop sustainable concrete, a new biotechnological application has emerged in
which microbes are used as bioagents to induce calcium carbonate deposition. This biobased
approach called “Microbial induced calcium carbonate precipitation” (MICP) through
biomineralization process has become an attractive topic of research in civil engineering. The
potential of microbial induced biocementation has been widely studied in the fields of sand
stabilization, bioremediation of heavy metals, restoration of lime stone monuments, durability
properties of concrete structures and concrete crack remediation. In this review, metabolic
pathways of biomineralization, different bacterial strains and their applications in concrete

durability are discussed below.
2.6.1 Biomineralization

Biomineralization refers to a biological process of precipitation of mineral phases by living
organism through its metabolic activity in the surrounding environment (Dhami et al. 2012). In
nature, biomineralization leads to the formation of more than 60 different biominerals that exists
as extracellularly or intracellularly (Anbu et al. 2016). These could be from biogenic origin
involving bacteria, fungi, algae, and metazoan (Zhu and Dittrich, 2016). In the prokaryotic
synthesis of biominerals, two different classes: Biological controlled mineralization (BCM) and
Biological induced mineralization (BIM) are reported (Dhami et al. 2013b). BCM consists of
cellular activities in which biominerals are directly synthesized at a specific location within or on
the cell under certain conditions. It is reported that in most cases BCM happens intracellularly.
BCM has been reported to be of three types (i) extracellular (BCMe) (ii) intracellular (BCMin)
and (iii) intercellular (BCMint) (Castro-Alonso et al. 2019) as shown in Figure 2.8.
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Figure 2.8 Graphical representation of biologically controlled mineralization (BCM) (A) BCMe
showing mineral nucleation in organic matrix moving cations out of cell by passive diffusion (B)
BCMin showing epithelial surface of cell as organic substrate for orientation and precipitation of
minerals around the surface. (c) BCMint showing biominerals formed within the specialized
vesicle of cell and secreted (Adapted from Castro-Alonso et al. 2019)

In BIM, biominerals generally nucleate and grow extracellularly as a result of metabolic activity

of the organism (Castro-Alonso et al. 2019) as shown in Figure 2.9.
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Figure 2.9 Graphical representation of BIM showing biomineral precipitation induced because
of interaction between microbial metabolic products and inorganic compounds in the

environment (Adapted from Castro-Alonso et al. 2019)
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Calcium carbonate precipitation by bacteria is also associated with BIM and is the most widely
studied branch of biomineralization. The phenomenon of deposition of calcium carbonate

crystals by microbes is termed as microbial induced calcium carbonate precipitation (MICP).
2.6.2 Microbial induced calcium carbonate precipitation (MICP)

MICP is a process in which calcium carbonate crystals are precipitated through the reaction of
metabolites generated by microorganism (COs”) and in the surrounding environment enriched
with Ca®*ions. Different bacterial species in natural habitats precipitate carbonates in alkaline
environments rich in Ca?* ions with various mechanisms (Ehrlich, 1998). It was reported by
Boquet et al. (1973) that calcium carbonate formation under suitable conditions is a common
phenomenon for almost all bacterial species. At neutral pH, presence of carboxyl, phosphoryl
and amino groups at the bacterial cell surface results into heterogeneous electronegativity charge,
which act as a nucleating site favoring the adsorption of positively charged cations (e.g. Ca*",
Mg®"). Presence of Ca®* ions in the surroundings of bacterial cell wall results into the
precipitation of calcium carbonate (Douglas and Beveridge, 1998). Biogenic precipitation of
different polymorphs of calcium carbonates (e.g. calcite, aragonite and vaterite) is reported.
Polymorphism in crystalline calcium carbonate is shown in Figure 2.10.

Figure 2.10 Scanning electron micrographs of (A) Vaterite (B) Aragonite (C) Calcite crystals
(Adapted from Sarkar and Mahapatra, 2010)

Hammes and Verstraete (2002) reported four key factors such as (1) the calcium concentration;
(2) the concentration of dissolved inorganic carbon (DIC); (3) the pH and (4) the availability of
nucleation sites which influence the precipitation of CaCOj3. Four groups of microorganisms,

such as photosynthetic organisms (cyanobacteria and algae), sulfate reducing bacteria (SRB)

(dissimilatory reduction of sulfates), organisms utilizing organic acids and organisms involved in
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the nitrogen cycle are reported to be involved in the process of biocementation (Mondal and
Ghosh, 2019).

2.6.3 Routes of MICP

Broadly, there are two different metabolic pathways which are involved in the process of
biomineralization associated with the microorganisms: (1) autotrophic pathway and (2)

heterotrophic pathway.
2.6.3.1 Autotrophic mediated pathway

This is the conversion of CO, into calcium carbonate crystals by microbes in the presence of CO,
and calcium source. Autotrophic precipitation of carbonates include oxygenic and anoxygenic
photosynthesis and nonmethylotropic methanogenesis (Castanier et al. 1999). All of the three
autotrophic pathways use CO, as a carbon source. Bacterial calcium carbonate precipitations
with autotrophic pathways and their mechanisms are shown in Table 2.4. In nonmethylotrophic
methanogenesis pathway, methanogenic archaebacteria utilizes CO, and H, to give methane in
the absence of oxygen (Castanier et al. 1999). Anaerobic oxidation of methane results in the
formation of bicarbonate by electron acceptor sulfate as shown in Eg. 2.13. Carbonate in the
presence of calcium ions results into the precipitation of calcium carbonate as shown in Eq. 2.14.

Table 2.4 Different mechanisms of calcium carbonate precipitation by autotrophic bacteria

Metabolic pathway Mediator Mechanism Eqg. no. References
C02 + 4H2 —)CH4 + 2H20 (212)

Non-Methylotrophic  Methanogenic 2 - - 213 Castanier et al.

methanogenesis archaebacteria CH, + 50,7 = HCO; +HS + H, O (213 (1999)

Ca’" +2HCO;y & CaCO; + CO, + H,0  (2.14)

+2H,S+H H,O +2S + 2H 2.15
Sulphurous or non- CO, 28 + H,0 —» CH,0 + 28 20 (2.15)

Anoxygenogenic sulphurous purple and 2HCO; « CO, + CO;™ + H,0 (2.16) Castanier et al.
photosynthesis green photosynthetic CO;* + H,0 < HCO; + OH (2.17) (2000)
bacteria ” .
Ca™ + 2HCO;5 < CaCO; + CO, + H,0  (2.18)
2HCO; « CO, + CO;” + H,0 (2.20)

Oxygenogenic

photosynthesis Ehrlich (1998)

Cyanobacteria 5
CO;™ + H,0 & HCO; + OH (2.20)

Ca’" +2HCO; « CaCO; + CO,+H,0  (2.21)
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In anoxygenogenic photosynthesis, H,S acts an electron donor in the formation of methanol
carried out by purple and green photosynthetic bacteria as shown in Eq. 2.15 (Castanier et al.
2000). Oxygenogenic photosynthesis is carried out by cyanobacteria using visible light (680-685
nm) as a source of energy leading into the production of oxygen. In this process, water acts as an
electron donor as shown in Eq. 2.19 (Ehrlich, 1998). Oxygenic photosynthetic pathway
associated with cyanobacteria in marine and fresh water is one of the major contributors of the
production of carbonates. Cyanobacterial calcification is an extracellular process and occurs on
extrapolysaccharide sheath (EPS) or proteinaceous hydrophobic surface layer (S-layer), which
possesses negatively charged sites surrounding the cell (Schultze-Lam and Beveridge, 1994).
Generation of alkaline pH at the EPS or S-layer due to carbonic anhydrase (CA) activity
promotes the increased CO5*" concentration at the cell exterior and acts as nucleation site for
CaCOg precipitation (Jansson and Northen, 2010).

2.6.3.2 Heterotrophic mediated pathway

In heterotrophic mediated pathway, two mechanism of calcium carbonate precipitation through
sulphur and nitrogen cycle are reported. First heterotrophic pathway involving sulfur cycle is
carried out by sulfate reducing bacteria (SRB) via dissimilatory reduction of sulfate (Muyzer and
Stams, 2008). In this process, calcium carbonate is produced in anoxic environment when the
medium is rich in organic matter, calcium source and sulfate (Seifan et al. 2016). As the organic
matter is degraded by SRB, bicarbonate ions and hydrogen sulfide by reducing sulfates are
produced. Elevation of pH in the surrounding environment due to H,S and in the presence of
Ca®*, the precipitation of calcium carbonate occurs.

Second heterotrophic pathway in calcium carbonate precipitation involves nitrogen cycle and is
further categorized into three different mechanisms: (1) ammonification of amino acids
(presence of organic matter and calcium in aerobic conditions) (2) dissimilatory reduction of
nitrate (presence of organic matter, calcium, and nitrate in anaerobic conditions) and (3) urea
degradation (presence of organic matter, calcium, and urea in aerobic conditions) (Castanier et
al. 2000). In all these three mechanisms, carbonate and bicarbonate ions as well as ammonia
(NHj3) are produced as a metabolic end product. Generation of ammonia creates high alkaline pH

in the microenvironment of the bacterial cell and decreased H* concentration, affecting the
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carbonate-bicarbonate equilibria shift towards the production of COs* ions. Presence of calcium
ions in the surrounding of bacterial cell results in the precipitation of calcium carbonate. Among
the aforementioned mechanisms in heterotrophic pathway, microbially induced calcium

carbonate precipitation via urea hydrolysis is widely used in various applications.
2.6.4 MICP via urea hydrolysis

Microbially induced precipitation of calcium carbonates via urea hydrolysis is an easily
controlled mechanism in which high amounts of carbonates are produced by the ureolytic
bacteria in short time period. In this mechanism, degradation of urea is catalyzed by microbial
urease enzyme into carbonate and ammonium (Stocks-Fischer et al. 1999). One mole of urea is
hydrolyzed intracellularly to one mole of ammonia and one mole of carbamate which
spontaneously hydrolyses to form one mole of ammonia and carbonic acid as shown in Eq. 2.22
- Eq. 2.23.

Bacteria
CO(NH2)2 + HzO _— NHZCOOH + NH3 2.22
NHzCOOH + HzO — NH3 + H2C03 2.23

These products further equilibrate in water to form bicarbonate and two moles of ammonium and
hydroxide ions Eq. 2.24 — Eq. 2.25.

2NH; + 2H,0 — 2NH, "+ 20H" 2.24
20H + H,CO; —CO5* +2H,0 2.25

Generation of ammonia on the hydrolysis of urea results in the increased pH creating an alkaline
condition in the microenvironment around the bacterial cell (Stocks-Fischer et al. 1999).
Presence of calcium ions in the surroundings of bacterial cell wall results into the precipitation of

calcium carbonate as the super-saturation is reached as shown in Eq. 2.26.
CO;” + Ca® <> CaCO; 2.26

The heterogeneous electronegatively charged bacterial cell wall acts as a nucleating site favoring

the adsorption of positively charged cations (e.g. Ca®*, Mg®*) on the cell surface. Presence of
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different negatively charged groups at neutral pH, anionic charge dominates the bacterial cell
surface results into deposition of divalent positively charged metal ions on interaction
(Beveridge, 1981; Douglas and Beveridge, 1998). Bacterial cell surface plays an important role

in precipitation of calcium carbonate as nucleation site.

To utilize the biomineralization process in autotrophic mediated and heterotrophic mediated
pathways, different calcium sources such as calcium chloride, calcium nitrate and calcium
acetate has been used by researchers. In biomineralization with ureolytic bacterial strains, urea
and calcium chloride medium for the precipitation of calcium carbonate has been preferred by

researchers as shown in Eq. 2.27 — Eq. 2.29.

Ca’" + Cell — Cell-Ca* 2.27
CI' + HCO;5 + NH; — NH,Cl + CO5> 2.28
Cell-Ca*" + CO3> — Cell-CaCO; 2.29

2.6.5 Urease enzyme

Urease (urea amidohydrolase; EC 3.5.1.5) enzyme is one of the important factor which plays a
major role in ureolytic activity during MICP application. Urease was first isolated enzyme which
was crystallized from the plant source Canavalia ensiformis (jack bean) and shown as the protein
nature of enzymes. Urease was the first example of nickel (1) metalloenzyme and was the first
protein reported which shown the nickel in the active site (Dixon et al. 1975). The presence of
thiol groups in a protein was also first described by titrating crystalline urease from jack beans
with nitroprusside (Qin and Cabral, 2002). Urease activity is found in a wide range of plants,
algae, fungi and several microorganisms, some of which produce the enzyme in large quantities
(Ciurli et al. 1999). Urease catalyzes the hydrolysis of urea to yield ammonia and carbamate.
This process is reported to occur 10** times faster than the noncatalyzed reaction with a half-time
in the order of microseconds. The carbamate compound spontaneously decomposes to yield
another molecule of ammonia and carbonic acid (Mobley et al. 1995). The reaction products

from urea hydrolysis cause an abrupt overall pH increase.
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The significant highlights of the urease enzyme reported are: (1) Primary role of urease enzyme
is that it allows the organism to use urea (generated external or internally) as a nitrogen source.
(2) Its importance in environmental transformations of nitrogenous compounds, including urea
based fertilizers as the resulting product ammonia can be taken up and utilized by soil microbes
and plants. (3) In plants, urease enzyme participates in systemic nitrogen transport pathways
which possibly acts as a toxic defense protein. (4) Role in recycling the nitrogenous wastes in the
rumens of domestic livestock and (5) Urease serves as a virulence factor in infections of the
urinary and gastrointestinal tracts in human and animal causing the formation of infection-

induced urinary stones (Ciurli et al. 1999).

The urease expression in microorganisms is based on two regulation modes influenced by
environmental conditions. In one mode, urease synthesis is activated in some microorganisms
when conditions such as the presence of poor nitrogen sources are available. This control is
dependent on the nitrogen regulatory system (NTR) and ultimately the action of the positive
regulator NAC (nitrogen assimilation control) at the level of urease transcription. The
microorganisms in this category belong to the genus Klebsiella (Mobley et al. 1995). It was
reported that, when the cells of K. aerogenes bacterial strain are grown in presence of high-
quality nitrogen sources such as ammonia, urease is not synthesized. However, urease synthesis
is activated when conditions of nitrogen starvation are present or when the cultures are grown in
minimal medium containing a poor nitrogen source such as proline, arginine, or histidine.
Nitrogen regulation of the cloned Klebsiella urease genes occurs in a number of host
backgrounds (e.g., Escherichia, Salmonella, and Klebsiella sp.) in which low enzyme levels are
present during growth on nitrogen-rich medium. In second mode, nitrogen control plays no role
in regulation of the urease gene expression. Urease enzyme is induced by the presence of the
substrate urea. Rather, urease of Sporosarcina pasteurii (formerly known as Bacillus pasteurii),
Proteus vulgaris and Helicobacter pylori species is induced by the substrate urea to levels 5 to
25 fold over those in uninduced cultures (Jones and Mobley, 1987). During the urea hydrolysis
in the presence of high concentration of urea substrate, ammonium ions formed as a reaction
product is reported to be a limiting factor by suppressing the urease activity of microbes. In the
presence of ammonium ion in the surrounding microenvironment of microbes such as
Pseudomonas aeruginosa, Klebsiella aerogenes, urease activity is repressed (Friedrich and

Magasanik, 1977). Urease from bacterial strain Sporosarcina ureae closely related to
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Sporosarcina pasteurii was reported to be highly alkaline stable (pH 7.75-12.5) (McCoy et al.
1992). Similar observations of optimal growth of S. pasteurii bacterial strain because of the high
urease activity in alkaline medium with urea substrate and high concentrations of ammonium is
reported (Jahns, 1996). From the above considerations, bacterial species for biocementation
application in construction materials is to have high urea hydrolyzing activity. As well as the
urease enzyme production should remain unaffected or unsuppressed under the high urea

substrate, ammonium environment and high pH conditions.
2.6.6 Applications of MICP

MICP has developed as a novel and sustainable technique in improving the strength and
durability of construction materials. The potential and effectiveness of MICP application in
various fields such as heavy metal remediation, soil stabilization, restoration of monuments and

durability enhancement of concrete structures are discussed below and shown in Table 2.5.
2.6.6.1 Microbial precipitation of metals

Now a days, MICP has become a hot topic of research in bioremediation of water and soils
contaminated with heavy metals. Discharge of waste waters contaminated with large amounts
from industries is introduced in soils through leaching and further accumulates in plants which at
later stages critically impact the human health. Different conventional methods have been
adopted to treat the heavy metal contaminated soils and water such as adsorption, chemical
precipitation, ion exchange and electrochemical treatments (Vullo et al. 2008; Wang and Chen,
2009). In recent years, MICP has been reported with immense potential in removing significant
quantities of heavy metals from contaminated water, soils and mine waste (Jain and Arnepalli,
2019). In this bioremediation process, different ureolytic bacterial and fungal strains are isolated
by researchers and there potential in immobilizing the metals through the formation of metallic
carbonates are reported (Tamayo-Figueroa et al. 2019). Achal et al. (2011d) reported the removal
of 95% of copper from contaminated soil with calcifying bacterial strain Kocuria flava CR1
treatment. This copper tolerant bacterial strain was isolated from copper contaminated mining

area and was reported to be of high urease enzyme activity.
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Table 2.5 Overview of different applications of biocementation with different calcifying bacterial strains

Microorganism

Isolation/ Culture repository

Application

Evaluation

References

Kocuria flava CR1

Pararhodobacter sp.

Aspergillus sp. UF3,
Fusarium oxysporum UF8

Staphylococcus
epidermidis HJ2

Serratia marcescens and
Enterobacter cloacae

Sporoscarcina pasteurii

Bacillus sp. MCP11

Bacillus sp.

Oceanaobacillus profundus
KBZ 1-3,
Oceanobacillus profundus
KBZ 2-5

Myxococcus xanthus

B. pumilus

Copper mine

Beach rock

karstic caves

Industrial area

NCIM
MTCC

Activated sludge and soil

Mine tailing soil

Lead mine waste

STCC

Karst cave

Bioremediation of Cu

Bioremediation of Pb

Bioremediation of lead
and Strontium

Bioremediation of lead
and Chromium

Bioremediation of Cd

Sand consolidation

Sand consolidation

Desert sand stabilization

Sand consolidation

Archaeological gypsum
plaster

Marble restoration

95% removal of Copper

Complete removal of 1036 mg/L
Pb? during 6 h of incubation

34% to 54% Pb and 48% to
31% Sr removal, respectively

86% Pb and 76.8% Cr removal

96% and 98% removal of Cd,
respectively

Increased shear stiffness of sand
with shear wave velocity of 140
m/s to 600 m/s

Improved strength and packing of
sand grains in column

High resistance to wind erosion

Capping of mine waste prevented
wind erosion

Efficient consolidation, both at
the surface and in-depth due to
biocementation

Vaterite thin film formation and
stone loss rate reduced

Achal et al. (2011d)

Mwandira et al. (2017)

Dhami et al.(2017)

He et al. (2019)

Bhattacharya et al. (2018)

Martinez et al. (2013)

Al-Thawadi et al. (2012)

Chen et al. (2016)

Mwandira et al. (2019)

Jroundi et al. (2014)

Daskalakis et al. (2015)

NCIM: National collection of industrial microorganisms; MTCC: Microbial type culture collection and gene bank; STCC: Spanish type culture

collection
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Table 2.5 Cont. Overview of different applications of biocementation with different calcifying bacterial strains

Microorganism Isolation/ Culture repository  Application

Evaluation

References

Pseudomonas sp.,
B. cereus, Historical white marble
Lysinibacillus sphaericus

B. pasteurii ATCC

B. sphaericus LMG 22557 BCCM

B. megaterium ATCC

S. pasteurii,

B. sphaericus ATCC

S. pasteurii ATCC

B. subtilis ATCC

Exiguobacterium

mexicanum (MSR1) Sea water

Marble restoration

Cement mortar

Cement mortar and
concrete

Cement mortar and
concrete

Concrete

Cement mortar

Shotcrete

Concrete

Calcite and vaterite
precipitation

Increased compressive strength

Decrease in uptake of water
and gas permeability

Enhanced compressive strength
in mortar and improved water
resistance in concrete

Denser calcium carbonate
precipitation and decrease in
water absorption

Increased compressive strength

Increased compressive strength
and decreased water absorption

Increased compressive strength
and reduced water absorption
under 5% salt stress

Li et al. (2018)

Ramachandran et al. (2001)

De Muynck et al. (2008)

Achal et al. (2011c¢)

Kim et al. (2013)

Bundur et al. (2015)

Kalhori and Bagherpour
(2017)

Bansal et al. (2016)

ATCC: American type culture collection; BCCM: Belgian coordinated collections of microorganisms
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In another research work, a ureolytic bacteria Pararhodobacter sp. was reported to efficiently
removed Pb?* ions from lead contaminated mine waste (Mwandira et al. 2017). Transformation
of free Pb% ions into stable bioprecipitation together with calcite was reported. Dhami et al.
(2017) reported the potential of two ureolytic calcifying fungal strains Aspergillus sp. UF3 and
Fusarium oxysporum UF8 isolated from Kkarstic caves, in co-precipitation of lead and strontium
carbonates through biomineralization. In a recent research work, ureolytic Staphylococcus
epidermidis HJ2 strain isolated from contaminated soil of industrial area was reported in
significantly immobilizing lead and chromium ions (He et al. 2019). Removal of 86% of Pb(ll)
and 76.8% of Cr(VI) from initial concentration through MICP was reported. In another research
work, urease positive Serratia marcescens and Enterobacter cloacae EMB19 were used to
remediate cadmium contamination through ureolysis induced calcium carbonate precipitation
(Bhattacharya et al. 2018). Co-precipitation of Cd(Il) and Ca(ll) carbonates results in 96 and
98% of initial concentration of cadmium by ureolytic Serratia marcescens and Enterobacter
cloacae EMB19 strains respectively. MICP has been reported to be an economical method to

remediate metal contaminated sites.
2.6.6.2 Sand and soil stabilization

The potential application of MICP in stabilization of sand and soil through biodeposition has
been reported by various researchers (Mujah et al. 2017; Jiang et al. 2020). In this technique,
bacterial cells along with cementation solution (Nutrient supplement, calcium source and urea)
are injected vertically in soil/sand columns. To reduce the permeability and increase the shear
strength of soil, MICP was performed by using Bacillus sp. VS1 with urea and calcium solution
by Chu et al. (2012). Increase in stiffness of MICP treated sand and permeability reduction on six
sequential treatments was observed. In laboratory experiment, the bacterial strain S.pasteurii
with biological solution was introduced in half-meter sand column in one-dimensional flow by
injection (Martinez et al. 2013). Change in shear wave velocity from 140 m/s to an average of
600 m/s was observed due to calcium carbonate precipitation resulting into increased shear
stiffness of sand. Stocks-Fischer et al. (1999) reported the urease activity of alkaliphilic bacteria
Bacillus pasteurii to hydrolyze urea and high pH being the favorable condition for calcite
precipitation in porous sand media. Sand column supplemented with live bacterial cells, nutrient

broth and urea-CacCl, constituted 30% calcite of total weight of column. To study MICP as a soil
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strengthening process, a sand column of 5 meter dimension was treated with urease positive
Sporosarcina pasteurii (DSMZ 33) (Whiffin et al. 2007). Reduced pore volume due to increased
calcium carbonate precipitation was reported. Soil strength was reported to increase due to
microbial carbonate precipitation. In another study, sand column with sand grain size (90-400
pum) was treated by four volumes of up-flushings of Bacillus sp. MCP11 strain and cementing
solution (Al-Thawadi et al. 2012). Calcite precipitation by microbial treatment results in strength

gain and improved packing of sand grains.

In another research work, biostabilization of desert sand with MICP to prevent wind erosion of
soil during sand storm was reported (Chen et al. 2016). Sand collected from the Gurbantinggut
desert, China was treated with ureolytic Bacillus sp. along with cementation solution by
spraying. Biostabilized sand was reported to have high resistance to strong wind erosion even
after 12 days of exposure to freeze-thaw cycles. In another research work, researchers reported
effective resistance against wind erosion when sandy soil collected from sand Yazd Desert, Iran
was treated with ureolytic Sporsarcina pasteurii strain (Maleki et al. 2016). It was reported that,
MICP provide sand dune fixation for dust control and future re-vegetation. In a recent research
article, researchers reported the solidification of sand by capping lead mine waste dump with
ureolytic Oceanobacillus profundus KBZ 1-3 and Oceanobacillus profundus KBZ 2-5 strains
(Mwandira et al. 2019). It was reported that both the strains were Pb tolerant and biocemented
the sand particles by precipitating CaCOj crystals. It was reported that dust erosion and leaching
of heavy metal was retarded. In a recent research work, application of non-ureolytic bacteria on
desert sand — cement bricks with increased compressive strength as well as reduced water
absorption was reported (Bisht et al. 2020). Treatment of bricks with non-ureolytic bacteria (B.
cohnii) was reported to be a better bio-cementation application with excellent densification in
desert sand bricks.

2.6.6.3 Stone monument restoration

Concept of ancient monument restoration with the help of calcifying bacterial strains through
MICP application has been reported by various researchers. Different approaches of MICP
treatment in conservation of stones at laboratory scale are reported (Dhami et al. 2014a;

Rodrigues and Pinto, 2019). Le Metayer-Levrel et al. (1999) treated limestone samples first with
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carbonatogenic bacteria by spraying and then fed the bacterial cells attached on limestone with
successive spraying of nutrient medium. Reduction in water absorption of treated limestone
samples due to effective biocalcin coating was reported. Tiano et al. (1999) reported the bacterial
treatment of limestone samples with Micrococcus sp. and Bacillus subtilis by brushing and
shown the reduction of about 60% in water absorption. Rodriguez-Navarro et al. (2003) found
that deposition of calcite and vaterite crystals in porous limestone on treatment with Myxococcus
xanthus strain resulted into efficient protection and consolidation. Jroundi et al. (2014) reported
effective consolidation of archaeological gypsum plaster due to biotreatment based on the spray
application of Myxococcus xanthus on the upper surface for 6 days. Bacterial treatment was
reported to precipitate vaterite (CaCOg3), which produces a good level of consolidation, both at
the surface and in-depth. Daskalakis et al. (2015) also reported the effective biomineral (vaterite)
precipitation on the marble sample treated with Bacillus pumilus strain isolated from a cave
stone. Stone loss rate was reduced when the bacterial treated samples were subjected to
sonication. In another research work, deteriorated globigerina limestone treatment by spraying
with Bacillus subtilis strain was reported to have uniform bioconsolidation up to a depth of 30
mm (Micallef et al. 2016). The improved surface drilling resistance and reduction in water
absorption was reported. In recent research work, isolation of calcifying bacterial strains from
white plaques present on white marble in an ancient monument site in China was reported (Li et
al. 2018). Four bacterial strains Pseudomonas sp., Bacillus cereus, Lysinibacillus sphaericus and
Bacillus sp. were reported to have ability to induce CaCO3 precipitations.

2.6.6.4 Concrete durability enhancement

The potential of MICP application in cementitious materials to enhance the mechanical
properties as well as permeability properties has been reported by various researchers.
Precipitation of calcium carbonate by bacteria inside the cement matrix leads into pore
refinement resulting in reduced permeability and increased compressive strength of concrete
structure. Ramachandran et al. (2001) reported increased compressive strength of cement mortar
cubes on direct incorporation of live bacterial cells of S. pasteurii strain inside the cement
matrix. De Muynck et al. (2008) reported the effectiveness of pure and mixed ureolytic cultures
in biodeposition on surface treatment of concrete. Specimens were immersed in pure bacterial

culture of B. sphaericus for 24 hours and the submerged in nutrient solution for successive six
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days. In case of mixed ureoltic culture treatment, a paste of thickness 0.5-1 mm from centrifuged
ureolytic sludge was applied on the surface of specimens. They observed that the use of pure
culture of B. sphaericus resulted in more pronounced decrease in uptake of water and gas
permeability than the use of mixed ureolytic culture. Achal et al. (2011c) reported the fly ash-
amended mortar and concrete specimens on treatment with ureolytic bacterial strain B.
megaterium showed improvement in strength and permeability properties. Deposition of
microbial calcite on treated mortar cubes results into three times less water absorption than
control specimen. Dhami et al. (2013a) reported an increase in compressive strength of cement
mortar specimen and energy-efficient green building materials by treating with bacteria. Blocks
of cement and sand were cured by spraying treatment with NBU medium and bacterial strain B.
megaterium SS3 for 28 days. Reduction of 40% in water absorption and 31% in the porosity was
reported in the biogenic surface treated specimens on comparison with control specimens. Kim et
al. (2013) investigated the distribution of calcium carbonate precipitation and capillary water
absorption of concrete specimens after surface treatment with two bacterial strains, B. sphaericus
and S. pasteurii individually. Denser calcium carbonate crystals and lowest weight increase was
reported in specimens treated with B. sphaericus strain than the specimens treated with S.
pasteurii strain. Bundur et al. (2015) reported increased compressive strength of mortar specimen
prepared with incorporation of vegetative bacterial cells than the control specimen. Application
of halophilic bacteria Exiguobacterium mexicanum isolated from sea water showed 23.5%
increase in compressive strength and 5 times reduction in water absorption on concrete
specimens under 5% salt stress condition (Bansal et al. 2016). Kumari et al. (2017) reported 49%
increase in compressive strength by using non-ureolytic bacteria Bacillus cohnii. Achal et al.
(2012) in a study showed that Bacillus sp. CT-5-treated reinforced concrete (RC) specimens
reduced the corrosion rate, reduction in mass loss and increase in pullout strength than the
control specimens. Kalhori and Bagherpour (2017) studied the effect of CaCOj3 precipitating
bacteria Bacillus subtilis on healing and mechanical properties of shotcrete. Their results showed
30% increase in the compressive strength of bacteria-exposed shotcrete specimens compared to
control specimens. The presence of bacteria in the mix design and curing solution enhanced the

tensile strength, decreased the water absorption and porosity of shotcrete.
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2.6.6.5 Bio-inspired applications in crack healing

Formation of crack is a commonly observed phenomenon in concrete structures. Though micro-
crack formation may hardly affect the structural properties of constructions, increased
permeability due to micro-crack networking substantially reduce the durability of concrete
structures due to risk of ingress of aggressive substances particularly in moist environments. In
order to increase the often observed autogenous crack-healing potential of concrete, specific
healing agents are incorporated into the concrete matrix. Apart from the surface application and
incorporation of live bacterial cells inside the cement matrix, use of bacteria as a self-healing
agent is also evolved as new approach. Different methodologies have been adopted by
researchers to test the compatibility of calcifying bacterial strains to heal the cracks
autonomously (Table 2.6). Initially, the application of bacteria to remediate the cracks in cement
mortar specimens was investigated by Ramachandran et al. (2001). Cracks in cement mortar
beams and cubes were simulated artificially with constant width 3.175 mm and different depths.
It was reported that calcite precipitated during MICP application enhanced the compressive
strength of cracked mortar cubes. The mineralization process was effective in shallow cracks
than in deeper ones because the bacteria grow more actively in presence of oxygen. To enhance
the effectiveness of MICP in remediation of deep cracks, polyurethane-immobilized B. pasteurii
cells were used in cement matrices (Bang et al. 2001). In cement mortar cubes (50.8 x 50.8 x
50.8 mm) with simulated cracks of width 3.18 mm and 25.4 mm crack depth, polyurethane strip
encapsulating bacterial cells was placed in the cracks. Precipitation of calcite throughout of the
crack matrices was reported as the PU matrix provides protection to bacterial cells from extreme
alkaline nature of concrete. Jonkers and Schlangen (2007) used the spores of Bacillus
pseudofirmus than vegetative cells as self-healing agent in concrete matrix to seal the cracks. The
healing effect in freshly formed cracks appears on revival of immobilized spores by entering

water and growth nutrients.

To augment the potential of bacteria as a self-healing agent in crack filling, immobilization of
bacterial cells with different carriers had been studied. To protect the bacteria from strong
alkaline environment of concrete, bacteria (B. sphaericus) immobilized in silica gel was
investigated by Van Tittelboom et al. (2010).
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Table 2.6 Overview of crack remediation in concrete using bacteria as crack healing agent

Microorganism

Carrier material

Incubation treatment

Crack healing

References

B. pasteurii

B. sphaericus

B. alkalinitrilicus

Bacillus sp. CT-5

B. sphaericus

B. cohnii

B. sphaericus

Non-axenic
ureolytic spores

B. sphaericus
S. pasteurii
Bacillus

pseudofirmus
S. pasteurii

Polyurethane immobilized
cells

Cells immobilized in silica gel

Spores embedded in expanded
clay with calcium lactate

Cells mixed with sand

Hydrogel encapsulated spores
with nutrient and calcium
source

Treated externally

Spores encapsulated in
microcapsule

Cyclic enriched ureolytic
powder

Spores encapsulated in
modified alginate hydrogel

Bacterial spores loaded on
ceramsite particles

Spores and nutrients
encapsulated in perlite

Bacterial culture and urea

Incubated in urea-CaCl, medium
for 28 days

Immersed in solution of urea and
calcium source for 3 days

Immersed in water for 100 days

Immersed in urea and CacCl,
medium for 28 days

Submerged in water for 4 weeks
with wet-dry cycle

Submerged in medium containing
bacterial spores, yeast extract and
calcium source

Immersed in water for 8 weeks
with wet-dry cycle

Immersed in urea and de-
mineralized water for 4 weeks

Fully immersed in water
4 wet-dry cycles for 4 weeks

Exposed to 100% relative humidity
conditions at 30° C for 165 days

10 cycles of bacterial treatment
followed by air curing for 24hours

Crack width of 3.18 mm and
depth of 25.4 mm

Crack width of 0.3 mm and
depths of 10.0 mm and 20.0
mm

Crack width ranging from 0.05
mm to 1.0 mm

Crack width of 3.0 mm and
depths of 13.4 mm, 18.8 mm
and 27.2 mm

Crack width of 0.5 mm

Crack width ranging
0.1 mm to 0.4 mm

Maximum crack width healed

is 0.97 mm
Crack healing of width 0.45

mm
N.A
Crack healing up to 273 pm

Crack width of 350 um

Crack width of > 150 pm

Bang et al. (2001)

Van Tittelboom et al. (2010)

Wiktor and Jonkers (2011)

Achal et al. (2013)

Wang et al. (2014)

Xu and Yao (2014)

Wang et al. (2014)
Da Silva et al. (2015)
Wang et al. (2015)
Xu et al. (2018)
Alazhari et al. (2018)

Ruan et al. (2019)

53



Standard cracks of width 0.3 mm with two depths of 10 mm and 20 mm were prepared in
concrete samples by introducing thin copper plate in cement paste while casting. Realistic cracks
with width range from 0.05 mm to 0.87 mm were also created in concrete cylinders of diameter
80 mm and height 75 mm by subjecting to splitting test and used for water permeability test.
Specimens treated with silica gel immobilized bacteria showed promising results in crack filling
and low water permeability similar to epoxy treated specimens. Wiktor and Jonkers (2011)
incorporated a mixture of bacterial spores (Bacillus alkalinitrilicus) and calcium lactate
embedded in expanded clay particles as self-healing agent in concrete. Multiple cracks of widths
ranging from 0.05 to 1.0 mm were created in specimen on stretching embedded steel by applying
tensile force. Cracked bacterial embedded specimens and control specimens were immersed in
water to investigate the self-healing properties. It was reported that after 100 days of immersion
in water, bacterial based specimen showed crack-healing of up to 0.46 mm while in control it

was only up to 0.18 mm.

Xu and Yao (2014) investigated non-ureolytic bacterially-induced CaCO3 precipitation as a self-
healing strategy for concrete cracking by using Bacillus cohnii spores. They suggested that
incorporation of bacteria and calcium source nutrients as a two-component healing agent in
concrete matrix induces CaCQOg precipitation upon crack formation. Crack width in range of 0.1-
0.4 mm was sealed completely as well as a layer of precipitates on the surface of specimen was
reported in externally applied healing. They also reported that self-healing efficiency in
specimens with incorporated bacterial spores and nutritional agents was higher than the control
specimens. Higher efficiency of calcium carbonate precipitation in crack healing on external
treatment and self-healing application was observed in calcium glutamate precursor than calcium
lactate. Achal et al. (2013) investigated the remediation of simulated cracks in mortar specimens
(width 3 mm and depths of 13.4 mm, 18.8 mm, and 27.2 mm) by using bacterial strain Bacillus
sp. CT-5. Their results showed an increase of 40% and 37% in compressive strength in bacterial
treated specimen with crack depth of 13.4 mm and 27.2 mm, respectively as compared to
control. Successful healing of deepest crack of depth 27.2 mm was reported in bacterial treated
specimen. Wang et al. (2014) encapsulated bacterial spores into hydrogel and then incorporated
into specimens to investigate their healing efficiency. Hydrogel was used because of its water

retention properties and providing favorable microenvironment to bacterial spores with moisture
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and nutrients for activation. CaCOj precipitation by hydrogel-encapsulated spores was
demonstrated by Thermogravimetric analysis (TGA). Their findings suggest that sufficient
amount of water is essential for the bacterial spores to achieve the realistic self-healing
mechanism to seal the cracks. The mortar specimens with hydrogel-encapsulated spores healed
crack width of about 0.5 mm and the water permeability was decreased by 68% compared to
control where maximum healed crack width was 0-0.3 mm and the average water permeability

was decreased only by 15-55%.

Application of microcapsules as self-healing agent carrier in crack remediation was investigated
by Wang et al. (2014). The spores of B. sphaericus were encapsulated in melamine based
microcapsules. They reported that the crack healing ratio was much higher for specimens treated
with bacteria compared to the ones without bacteria where 18% to 50% of crack area healed in
control while it was 48% to 80% in the bacteria treated specimens. The maximum crack width
healed in the bacterial treated specimens was 970 um which was about 4 times wider than
control (250 um). Wang et al. (2015) tested modified-alginate based hydrogel as encapsulating
agent for application of B. sphaericus spores in concrete. Their results indicated efficient
protection of the hydrogel for spores in concrete and great potential to be used for crack self-

healing in concrete applications.

To reduce the operational cost of bio-based self-healing action in concrete, a new powderous
material containing an efficient ureolytic microbial community (Cyclic EnRiched Ureolytic
Powder or CERUP) has been developed (Da Silva et al. 2015). CERUP was produced from a
sub-stream of a vegetable treatment plant containing non-axenic bacterial culture with the ability
to sporulate. After drying, it was ground to a particle size below 500 um in diameter. Highest
capacity of crack healing was observed in CERUP admixed specimen with complete crack
closing up to 0.45 mm crack width after 4 weeks. In specimen without CERUP, autogenous

crack healing was observed with closing of crack with 0.25 mm crack width.

Xu et al. (2018) investigated the bacteria-based self-healing with the developed healing agents
loaded on ceramsite carriers. Bacterial spores of S. pasteurii and urea—Ca(NO3), medium were
used in the study. Porous ceramsite particles with the same size of sand were selected as

protective carrier material. Mortar cubes (50 x 50 x 50 mm) with crack were subjected to wet-

55



dry cycles for 4 weeks. It was reported that, the cracks up to 273 um was healed with a 86%
closure ratio in 28 days. Regain of compressive strength and decrease in water absorption

coefficient was reported to be 24% and 27% as compared to the reference.

Alazhari et al. (2018) investigated the self healing of cracks in mortar specimen by using
bacterial spores encapsulated in expanded perlite. In this investigation, encapsulated Bacillus
pseudofirmus strain and encapsulated nutrients containing calcium acetate and yeast extract were
used. Encapsulated particles were coated with a dual layer of sodium silicate solution and cement
powder to prevent leaching of the spores and nutrients into the mortar. In mortar specimen, sand
was replaced with 20% mix of encapsulated bacterial spores and nutrients and crack of 350 um
width was generated. It was reported that, complete crack filling was observed in mortar in
which 8 x 10° spores per g of calcium acetate was used when placed under the condition of 100%
humidity at 30° C for 165 days.

Ruan et al. (2019) investigated the crack healing efficiency of S. pasteurii strain in reactive
magnesia cement (RMC) based dog bone shaped samples. It was reported that, MICP
mechanism of ureolytic bacteria in RMC blend samples lead to the formation of hydrated
magnesium carbonates (HMCs) during crack sealing. Samples were subjected to bacteria-urea
solution treatment for 24 hours followed by air curing for 24 hours. This treatment was repeated
for 10 cycles till the crack healing. It was reported that the production of HMCs was an effective
method for healing cracks (> 150 um) in RMC-based samples. Their findings identified that the
major healing products within the cracks of samples subjected to bacteria-urea solution were two

HMCs, nesquehonite and hydromagnesite.
2.6.6.6 Field based application of MICP

The field-based potential of MICP in sealing of sandstone fractures below the ground surface in
wellbore using ureolytic bacteria was demonstrated by Phillips et al. (2016). Horizontally
fractured sandstone 340.8 meters below the ground surface was sealed with ureolytic bacterial
strain S. pasteurii using conventional oil field delivery technology. In the field test, bacterial
culture was injected into the fracture by using an 11.4 litre wireline dump bailer for 4 days.
Microbial suspensions after injection in fracture was allowed to attach for 1 hour and later on the

inoculum was amended with calcium containing growth solution (urea and nutrient broth) to
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promote the growth. In this treatment, 24 urea/calcium solution and 6 microbial suspensions
were injected into the fracture zone for 4 days. They reported that the flow rate decreased from
1.9 to 0.47 L/min and in-well pressure falloff from >30% before to 7% after treatment. Their
findings suggest that MICP is a promising tool for sealing subsurface fractures in the near
wellbore environment. To monitor the applications of MICP nondestructively in time and space,
Kirkland et al. (2017) used a low-field Nuclear magnetic resonance (NMR) well-logging probe
in a sand-filled bioreactor by inoculating S. pasteurii and pulsed injections of urea and calcium
substrate. NMR signal amplitude and T, relaxation were measured after the experiments. They
reported that the water content in the reactor decreased to 76% of its initial value and changes in
T, relaxation distributions due to changes in pore volume and surface mineralogy. Their results
indicate the low-field NMR well-logging probe is sensitive to the physical and chemical changes
caused by MICP in a laboratory bioreactor. Wiktor and Jonkers (2015) studied field performance
of bacteria-based repair system of a two storey parking garage suffering from cracking and
damaged concrete pavement due to freeze/thaw. Denitrifying bacteria supplemented with two
solutions i) Solution A (sodium silicate, sodium gluconate) and ii) Solution B (calcium nitrate)
were treated by spraying manually until saturation of concrete. Crack-sealing efficiency was
evaluated after two months of bacteria-based application in treated area of parking garage by
means of water permeability test. Concrete pavement was also evaluated in resistance to
freeze/thaw conditions and deicing salts by drilling cores from treated area. They reported that
cracks that had not been treated with the bacteria-based repair system were still heavily leaking
and freeze/thaw resistance of concrete was higher with the bio-based repair system than the

untreated concrete.
2.6.6.7 Reinforcement corrosion resistance with MICP

The application of MICP in improving the resistance towards the chloride induced corrosion of
reinforcement in mortar and concrete has also been reported. The positive outcome of microbial
induced biocementation in resisting the chloride ingress and rebar corrosion is investigated by
researchers. Achal et al. (2012) reported the efficient chloride resistance in bacterial treated
reinforced concrete specimen as compared to control. In this study, accelerated corrosion process
was adopted in which constant anodic potential of 40 V was applied to rebar with a constant drip

of 3.5% NaCl solution on the concrete specimens. After 7 days of exposure, corrosion current
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density (lcorr) for bacterial treated specimen was reported to be reduced by 4 folds as compare to
control specimen. At the end of accelerated corrosion process, enhanced pullout strength and
reduced mass loss was reported in bacterial treated reinforced concrete specimens. Ling and Qian
(2017) also reported the protective effects of microbial treated reinforced mortar in the resistance
towards the accelerated transmission of chloride. Microbial treated mortar was reported to the
exposed of 3.5% NaCl solution with 15 V voltage as a DC current source. Current density (Icor)
and corrosion potential (Ecor) was reported to be lower than control specimen at the end of
accelerated chloride exposure. Ersan et al. (2018) reported a significant improvement in
inhibiting the rebar corrosion by using nitrate (NO3.) reducing bacteria along with crack healing
application in reinforced mortar prism. In this study, microbe based self-healing composites
(0.5% w/w cement), Ca(NO3), (3% w/w cement) and Ca(HCOO), (2% w/w cement) were added
in mortar. Artificial cracks were developed in the mortar with a depth of 20mm and a width of
~300 um. For corrosion testing, capillary sorption was used and cracked surface of mortar was
exposed to 0.5 M NaCl solution. It was reported that anodic corrosion was inhibited by nitrate
reducing bacterial granules with the production of nitrite inhibitor. After 28 days, crack of width
300 pum was reported to be healed as well as after 120 days of chloride exposure, corrosion

potential (Ecorr) Was reported to be above the critical potential value of -250 mV.
2.6.6.8 MICP in waste amended concrete

The positive outcome of MICP in enhancing durability properties of mortar and concrete has
encouraged the researchers to further make this technique more eco-friendly. To improve this
biogenic process, efforts have been made to utilize waste by-products as a replacement for
cement and aggregates (Table 2.7). Achal et al. (2011c) proposed the improvement in strength
and permeability of fly ash (FA) amended mortar (10%, 20% and 40% dosage) after treatment
with bacterial strain Bacillus megaterium. It was reported that viability of bacterial cells in FA
amended mortar was also higher. Even in mortar specimen with higher FA dosage (40%),
involvement of calcite precipitation improved strength properties. Farmani et al. (2015) reported
increased compressive strength and weight gain in silica fume (SF) amended mortar (20%
dosage) due to biodeposition of calcite and aragonite precipitation. Bacterial treatment of SF

amended mortar was reported to significantly reduce the water absorption.
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Table 2.7 Overview of different waste utilization along with MICP application

Industrial waste

Replacement

Bacterial strain

Evaluation

References

Fly ash

Silica fume

Silica fume

Rice husk ash

Cement kiln dust

Metakaolin

Recycled concrete
aggregate

Recycled concrete
aggregate

Recycled fine
aggregates

Cement

Cement

Cement

Cement

Cement

Cement

Normal aggregate

Natural aggregate

Fine aggregate

Bacillus megaterium

Sporoscarcina pasteurii

B. aerius

B. aerius

B. halodurans

B. cereus

B. sphaericus

B. pseudofirmus

S. pasteurii

Higher bacterial cell viability, improved strength of
mortar with 40% FA dosage

Biocementation increases strength and reduces water
absorption in mortar, 20% SF dosage recommended

Improved mechanical and permeation properties of
concrete, 10% SF dosage recommended

Improved compressive strength and permeability
properties of concrete, 10% SF dosage recommended

Increased compressive and tensile strength, decreased
permeation, 10% CKD dosage suggested

Improved compressive strength by 26% in metakaolin
modified mortar, 50% metakaolin dosage
recommended

Bio-deposition decreased water absorption of RCA,
compressive strength increased by 40% in concrete

Reduction in water absorption and crushing values,
adherence of CaCQO; crystals on to the surface of RCA

Increment in compressive strength (32%) of mortar
with 100% treated RFA

Achal et al. (2011c)

Farmani et al. (2015)

Siddique et al. (2017)

Siddique et al. (2016)

Kunal et al. (2016)

Li et al. (2017)

Wang et al. (2017)

Wu et al. (2018)

Zhan et al. (2019)
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Siddique et al. (2017) reported the significant improvement of durability properties of SF
amended concrete (5%, 10% and 20% dosage) with bacterial treatment. It was reported that, 12%
strength gain in SF concrete (10% dosage) was achieved after treatment with calcifying bacteria.
Due to biodeposition of calcite, water absorption, porosity, capillary water rise and chloride

permeability was reported to be decreased.

In another research work, Siddique et al. (2016) proposed the usage of rice husk ash (RHA) as
cement replacement (5%, 10%, 15% and 20%) in concrete along with bacterial treatment. It was
reported that 10% RHA is the optimum dosage and strength gain by 9% and 11.8% was achieved
at the age of 28 and 56 days respectively as compare to control. Inclusion of RHA and bacterial
treatment reduced chloride ion ingress and calcite precipitation improved the durability of RHA
amended concrete. Kunal et al. (2016) reported the decrease of alkalinity by 67.3% on treatment
of highly alkaline cement kiln dust (CKD) with Bacillus halodurans strain. Further, the bacterial
treated CKD was used as cement replacement (10%, 20% and 30%). Inclusion of 10% bacterial
treated CKD in concrete was reported to increase compressive and tensile strength. Permeation
properties were also reported to be decreased by 10% as compared to control. In another study,
researchers proposed the improved durability properties of bacterial treated metakaolin (MK)
modified cement mortars (Li et al. 2017). In this research work, cement was replaced by 25%
and 50% MK in mortar cubes. MK modified mortars were treated with Bacillus cereus NS4
strain. It was reported that, biomineralization activity of bacterial strain enhanced the
compressive strength of MK modified mortars. Strength gain of 27% was reported for MK

modified mortar with 50% replacement dosage as compare to control.

Utilization of recycled concrete aggregates (RCA) along with MICP treatment has been
extensively studied by many researchers. Qiu et al. (2014) reported the significant reduction of
water absorption in MICP treated RCA with S. pasteurii strain. After 72 hrs of bacterial surface
treatment, weight increase of RCA was reported due to the surface modification through
biogenic CaCO; precipitation. In another research work, RCA was treated with Bacillus
sphaericus by immersion and spraying method (Wang et al. 2017). It was reported that,
immersion method results into high weight increase (2%) and decreased water absorption rate
due to biogenic CaCOj3 precipitation. Increase by 40% of compressive strength was reported in

bacterial treated RCA concrete.

60



Enhancement in performance of recycled aggregate was also proposed on treatment with non-
ureolytic and ureolytic bacteria (Singh et al. 2018). Improvement in recycled aggregate such as
reduction in water absorption as well as increased specific gravity was reported after treatment
with non- ureolytic and ureolytic bacteria. Reduction in water absorption of recycled aggregate
after treatment with non- ureolytic bacteria as well as ureolytic bacteria was reported to be 43%
and 64%, respectively. Increase in specific gravity of recycled aggregate on treatment with non-
ureolytic (29%) and ureolytic bacteria (30%) was reported. Wu et al. (2018) proposed a new
biodeposition approach based on bacterially induced CaCO3 precipitation through respiration to
improve RCA properties. Bio-deposition treatment of RCA was done by pouring B.
pseudofirmus culture on RCA and soaked it for 20 days. In this process, calcium chloride as
external calcium source and adhered mortar as internal calcium source was adopted to induce
CaCOs precipitation. Reduction in water absorption (23%) and crushing values (12%) was
reported for 5 mm bacterial treated particles. Zhan et al. (2019) reported the increment of 32% in
compressive strength of mortar containing 100% bacterial treated recycled fine aggregates.
Authors also suggested the use of calcium chloride as calcium source for better CaCOs;
precipitation in bacterial treated recycled fine aggregates instead of calcium nitrate.

2.6.7 Biocementation based on CO, capture

Biomineralization of CO, by CaCOgj precipitation is a common phenomenon in marine,
freshwater, and terrestrial ecosystems. Photosynthetic microbes, such as cyanobacteria and
microalgae, play a prominent role in carbon sequestration by simultaneously capturing CO; (Zhu
and Dittrich, 2016). Employment of cyanobacteria in biomineralization offers a novel and self-
sustaining strategy carbon capture and sequestration (CCS). Novel models for point-source CCS
based on biomineralization are emerging (Jansson and Northen, 2010). Microalgae have a great
potential to be developed as media for biocement production through photosynthetic metabolism
(Ariyanti et al. 2012). Carbonic anhydrase (CA) is a first discovered zinc-containing
metalloenzyme that is widespread in animals, plants and microorganisms which catalyses the
conversion of carbon dioxide and water into bicarbonate (Smith and Ferry, 1999). The CA is
widespread in metabolically diverse species of bacteria indicating that this enzyme plays a
significant role in concentrating CO, (Dhami et al. 2014b). In natural process of photosynthetic

assimilation of CO,, carbonic anhydrase enzyme acts as biocatalyst (Jansson and Northen, 2010).
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Potential role of CA enzyme in addressing environmental issues like reducing carbon emissions
through CO; sequestration has gained considerable attention. Carbonic anhydrase enzyme is
reported to be a potential tool to sequester carbon dioxide from emission sources (Bose and
Satyanarayana, 2017). Some authors had reported the potential of bacteria and microalgae in bio-
cementation of sand stabilization, fugitive dust and concrete restoration based on CO, capture
and utilization. Okyay et al. (2016) evaluated the potential of ureolytic consortia in CO,
sequestration through MICP. In this study, ureolytic consortia were obtained from the ‘Cave
without a name’ and ‘Pamukkale travertines’ using 13 different growth media for ureolytic
microorganisms. Consortia containing larger abundances of Sporosarcina, Sphingobacterium,
Stenotrophomonas, Acinetobacter and Elizabethkingia genera were reported for higher CO,
sequestration and CaCOj precipitations. It was suggested that combination of CA enzyme
activity with MICP in the consortia might have resulted in a greater rate of CO, sequestration.
Dhami et al. (2014b) also reported the synergistic role of urease (UA) and CA enzyme in
biomineralization of calcium carbonate. Calcite precipitation was reported to be significantly
reduced when both the enzymes were inhibited in comparison with those of the individual
enzyme inhibitions. It was suggested that UA and CA enzyme are important for efficient
biomineralization in urea hydrolyzing bacteria. It was reported that carbonic anhydrase plays a
role in hydrating carbon dioxide to bicarbonate whereas UA activity maintained the alkaline pH
promoting calcification process. CO, sequestering capability of B. megaterium SS3 in
biocementation was also reported (Kaur et al. 2016). In this study, urea was replaced with CO,
flux and under accelerated carbonation in bacterial treated concrete specimen improved
compressive strength (117%) as compared to control specimen. Significant reduction in the
water absorption was also reported in bacterial treated carbonated specimens. Calcite as well as
aragonite crystals were observed in association with the bacterial cells. CO; as an alternate was
suggested instead of urea in calcium carbonate precipitation paving a way to develop green
building structures. Zhan et al. (2016) reported microbial induced mineralization and
cementation of fugitive dust under the action of Paenibacillus mucilaginosus. Cementitious
material of biological carbonates was prepared by mixing P. mucilaginosus bacterial powder and
calcium nitrate with water and sprinkled. It was reported that carbon dioxide was absorbed,
transformed and produced carbonate ions under the enzymatic action of P. mucilaginosus

resulting into cementation of fugitive dust due to calcite consolidation layer. Zhan and Qian
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(2017) investigated the stabilization of sand particles using bio-cementation process based on
CO; capture and utilization. Bacteria powder of Paenibacillus strain and calcium nitrate
dissolved in deionized water was sprayed evenly on the surface of sand particles. It was reported
that average porosity of samples was reduced from 18.3% to 13.3%. Calcite precipitation due to
the enzymatic activity of bacteria and carbonate ion formation due to CO, absorption was also
reported. Feasibility of application of using cyanobacteria Synechococcus PCC8806 in concrete
restoration through biomineralization process was reported by Zhu et al. (2015). In this study,
concrete cubes with a size of 3 x 3 x 1.5 cm were immersed in 50 mM calcium chloride solution
with 1.5 x 10® cells/mL under shaking condition for 45 days. Thick calcite-cell layer adhering to
the treated concrete specimen decreased the water absorption twice as compared to control
specimen. Zhu et al. (2017) reported the calcification by cyanobacteria Gloeocapsa PCC73106 in
mortars. Mortar cubes of a size 50 x 50 x 50 mm were treated abiotically, with live Gloeocapsa
PCC73106 cells under illumination, with live cells under darkness and with UV-killed cells
immersed in the cell solution (with a concentration of 3.5 x 10’ cells/mL). Largest amount of
precipitates was reported in treatment with live cells under illumination while highest
compressive strength, the least water absorption and the lowest porosity was reported in UV-
killed cells. In treatment with live cells, a thin layer of EPS around cells helped in the attachment
to the surface of the mortar. After being exposed to UV light, the UV-killed cells produced more
EPS resulting into larger coverage than live cells. It was reported that UV-killed cells were not
metabolically active and EPS enhanced biofilm formation triggering calcium carbonate

precipitation on the mortar surface.

2.7 Summary of literature review

With the advancement in concrete research, application of biotechnology in the field of civil
engineering led to the development of a new domain called ‘‘microbial concrete”. The
innovative MICP application has attracted the researchers from all over the world for its positive
benefits in enhancing the durability properties of concrete structures. A decade of progress in
microbial application on concrete, tremendous amount of studies has been published at lab scale
experiments which reflect the importance of MICP technique. However, till now gualitative and
guantitative evaluation of microbial concrete is confined to lab scale under ideal conditions. The

study on the performance of microbial treated concrete on interaction with external
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environmental conditions, which varies from place to place, is quite limited. Concrete is
vulnerable to the ingress of reactive agents such as sulfates and chlorides which on interaction
with hydration products of concrete causes severe degradation problems. To implement MICP
technique at field scale, further studies on the long term durability properties of microbial
concrete under extreme conditions are to be done. In various research publications, incorporation
of bacterial culture along with the addition of organic nutrient media in concrete structures is
carried out during microbial treatment. In these studies, evaluation of microbial concrete is
carried out on the basis of strength and permeation properties. However, the influence of organic
substrates in the material mix on the durability properties of microbial concrete is not
investigated in detail. A thorough research work is to be carried out to study the influence of
organic substrate on the chemical and structural properties of microbial treated concrete. Along
with this, a suitable curing mechanism for microbial treatment of concrete structures is to be
developed which could be implemented at field scale applications. The operating cost of MICP
technology at the commercial scale might have economic limitations as in majority of previous
studies the use of laboratory grade nutrient was adopted. Implementation of MICP technique in
newly constructed concrete structures at field scale would not be possible because of its
expensive cost. Hence, further studies should be carried out with the use of an inexpensive,
alternative nutrient source to minimize the overall operating cost of MICP. Different research
groups have worked on the repair of concrete cracks with self-healing mechanism, however
limited studies are reported in which microbial healing to treat the existing cracks in concrete are
investigated. A detailed work is required to develop an effective and low cost microbial healing
material to repair the existing cracks in concrete structures. The goal of present work is to
develop a better understanding in MICP technique, which will facilitate the practical

implementation of microbial concrete in construction sector in the near future.
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Figure 3.1 Overview of methodology adopted to address the objectives of the study
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3.1 Materials

3.1.1 Biological material and culture conditions

The biological material used throughout the study was calcifying bacterial strain, Bacillus sp.
CT5. The glycerol stock of this strain was maintained at -80°C in the TIFAC-CORE laboratory
of TIET campus, Patiala (Punjab, India). This bacterial strain was isolated from the
commercially available cement sample (Achal et al. 2011b). This alkaliphilic strain was selected
because of its high urease producing activity with high efficiency to precipitate CaCOs crystals
(Achal et al. 2010b). Details of physiological characteristics and enzymatic properties of

bacterial stain, Bacillus sp. CT5 used in study are provided in Table 3.1.

Table 3.1 Characteristics of bacterial strain used in the study (Achal et al. 2010b)

Characteristics Bacillus sp. CT5

Gram stain Positive

Shape Rod

Temperature tolerance (°C) 25-55

Alkalinity (pH tolerance) 5-12.9

NaCl tolerance (%) 0-10

Urease production High (670.71 U/ml at 120 h)
Extracellular Polymeric Substances High (46 nmol/ml)

Based on the characteristics, such as tolerance to extreme environment as well as high calcium

carbonate precipitation activity this bacterial strain was selected for the study.
3.1.2 Growth media

For the growth and propagation of bacterial strain, two growth media were used in the study.
First, a laboratory grade Nutrient broth (NB) was procured from Himedia laboratories (Mumbai,
India). NB media are basic culture media used for general cultivation of microorganisms. The
chemical composition of NB media is as follows: Peptone 10 g/L, Yeast extract 10 g/L, Sodium
chloride 5 g/L. The pH of the NB media was maintained at 7.5 before autoclaving.
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Secondly, Corn steep liquor (CSL), a by-product from the starch industry was used as a low-cost
nutrient medium. The positive attribute of CSL as growth media in biocalcification activity of
ureolytic bacteria has been well reported (Achal et al. 2010a). Corn steep liquor was collected
from Sukhjit Starch & Chemicals Limited, Phagwara, Punjab (India). Nutrient profile of CSL
was analyzed by HPLC method. The chemical composition of the CSL is as follows: total
carbohydrates 5.8%; proteins 24%; fats 1.0%; minerals 8.2%. The initial pH of CSL was
recorded to be in the range of 4.0-4.5. For the bacterial growth and experimental purposes, 1.5%
CSL (v/v) was used throughout the study. The pH of the CSL media was adjusted to 7.5 with 1 N
NaOH before autoclaving.

To carry out microbial calcium carbonate precipitation, the bacterial culture was grown in
autoclaved NB media (1.3% w/v) and CSL media (1.5% v/v) at 37 °C under shaking condition
(120 rpm). The optimized concentration of 2% urea (w/v) and 25 mM CaCl;, solution was
supplemented in the grown bacterial culture as described in Achal et al. (2010b). Laboratory
grade urea and calcium chloride were procured from Himedia laboratories (Mumbai, India).

3.1.3 Construction materials

An ordinary portland cement (43 Grade) confirming to Indian standards (IS: 8112-2013) was
used in the present study. The physiochemical properties of ordinary portland cement and sand
are presented in Table 3.2,

Table 3.2 Physicochemical properties of ordinary portland cement and sand

Parameters Cement Sand

Physical Analysis
pH 12.5-12.8 -
Fineness (m?/kg) 307 -
Specific gravity 3.13 2.70

Chemical composition (%)
Calcium oxide (CaO) 65.1 573
Silicon dioxide (SiOy) 22.3 77.39
Aluminum oxide (Al,O3) 59 8.38
Iron oxide (Fe;05) 2.8 2.39
Sulfur trioxide (SO3) 1.3 -
Magnesium oxide (MgO) 0.8 0.70
Sodium oxide (NaO) 0.4 0.005
Potassium oxide (K,0) 0.8 0.02
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Clean, dry and well graded natural river sand confirming to Zone Il was used as fine aggregate.
The values of specific gravity and water absorption of fine aggregates were 2.70 and 1.8%,
respectively. The coarse aggregate used was crushed gravel with nominal particle size of 20 mm
and 10 mm. The specific gravity and water absorption of 20 mm aggregates was 2.63 and 1.38%
and for 10 mm aggregates, it was 2.65 and 1.4%, respectively. Both fine aggregate and coarse

aggregate confirming to Indian standards (IS: 383-1970).
3.2 Influence of material mix on setting properties of cement

The change in the setting characteristics of cement paste upon addition of plain nutrients (NB
and CSL) as well as bacterial culture grown in NB, CSL media supplemented with urea and
CaCl, was investigated. Initial setting time and final setting time of cement pastes was
determined by using vicat apparatus as per Indian standard (IS 4031: 1988) (Part 5). For
conducting setting time test, water required to produce standard cement paste, i.e., standard
consistency was first determined by IS 4031: 1988 (Part 4).

In this experiment, five sets of cement pastes were prepared. The composition and nomenclature
of the pastes is presented in Table 3.3. Control paste was made by mixing cement and water.
CSL paste was prepared by adding 1.5% of corn steep liquor, 2% urea and 25 mM CaCl; to
cement, while NB paste was made by adding 1.3% of nutrient broth, 2% urea and 25 mM CaCl,
to cement. CSL-CT5 paste and NB-CT5 paste were prepared by mixing cement with bacterial
culture grown in CSL medium and NB medium supplemented with 2% urea and 25 mM CaCls,
respectively. The consistency of all cement pastes were kept same.

Table 3.3 Composition of cement pastes with standard consistency using NB, CSL and bacterial culture

Cement mixes Cement(g) Water (g) NB media(g) CSL media(g) Bacterial culture (g)

Control paste 400 100.3 - - -
CSL paste 400 - - 100.3 -
NB paste 400 - 100.3 - -
CSL-CT5 paste 400 - - - 100.3
NB-CT5 paste 400 - - - 100.3

CSL: Corn steep liquor, NB: Nutrient broth, CSL-CT5 bacterial paste in CSL, NB-CT5 bacterial paste in NB
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To determine the standard consistency of cement paste, 400 g of cement along with a weighed
quantity of distilled water was taken. Cement paste was prepared by mixing cement with the
weighed quantity of water and gauging was completed within 3 minutes to 5 minutes. As
specified in the standard, cement paste was filled in the vicat mould within the gauging time.
After completely filling the mould, cement paste surface was smoothen with trowel and making
its level with the top of the mould. After resting the mould on the resting plate, vicat plunger (IS:
5513- 1996) was allowed to touch the top surface of mould and was quickly released to sink into
the paste. The standard consistency of a cement paste is defined as that consistency which will

permit the vicat plunger to penetrate to a point 5 to 7 mm from the bottom of the vicat mould.

Then a neat cement paste was prepared by gauging the cement with 0.85 times the water required
to give a paste of standard consistency. The vicat mould was filled with a cement paste gauged as
above and the mould was allowed to rest in moist room. To determine the initial setting time, rod
bearing the needle in vicat apparatus was lowered gently until it comes in contact with the top
surface of mould filled with cement paste. The needle is quickly released repeatedly until it fails
to pierce the cement paste beyond 5.0 £ 0.5 mm measured from the bottom of the mould. The
time when water is added to the cement and the time at which the needle fails to pierce the
cement paste to a point of 5.0 £ 0.5 mm measured from the bottom of the mould is the initial
setting time.

To determine the final setting time, needle of the vicat apparatus was replaced with an annular
attachment. The cement is considered as finally set when, upon applying the needle gently to the
surface of the paste, the needle makes an impression thereon, while the attachment fails to do so.
The time when water is added to the cement and the time at which the needle makes an
impression on the surface of cement paste while the attachment fails to do so is the final setting
time.

3.3 Influence of bacteria and material mix on durability properties of concrete

For performing the various experimental studies on the role of bacteria as well as material mix
on the durability properties of concrete structures, different sets of concrete and mortar
specimens were cast. Fabrication of concrete and mortar specimens prepared according to

different mixes is described in section 3.3.1 and section 3.3.2.
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3.3.1 Preparation of concrete mixes

Control concrete mix was prepared by using cement: sand: coarse aggregate in the ratio of
1: 1.82: 3.24 (by weight) and water to cement ratio (w/c) of 0.5. For casting of media treated
concrete mix, NB media (1.3% wi/v) and CSL media (1.5% v/v) supplemented with 2% urea
(w/v) and 25 mM calcium chloride solution (w/v) were used instead of water. For casting of
bacterial treated specimens, bacterial culture (4 x 10° cells/ml) grown in CSL media (1.5% V/v)
and NB media (1.3% wi/v) supplemented with 2% urea (w/v) and 25 mM calcium chloride
solution (w/v) were used instead of water. The bacterial culture was prepared by growing the
cells in CSL and NB medium till it attained the O.Dggo, Of 0.5 (exponential phase). Then this
culture was admixed with the concrete. The bacterial culture to cement ratio was also maintained
at 0.5.

For the bacterial spray treatment, casting of concrete mix was done using water similar to control
mix. During curing, the bacterial culture was grown in CSL as well as in NB medium till it
reached the O.Dggo, Of 0.5 (4 x 108 cells/ml) and used as spray treatment. Cement, sand and
aggregates were thoroughly mixed for 2 min in the concrete mixture before adding water, CSL
medium, NB medium and bacterial culture. The ingredients were mixed properly and the fresh
mix in the plastic stage was immediately transferred to iron moulds. After casting, all the
specimens were allowed to remain in the iron moulds and kept in a casting room at room
temperature of 27 £ 2 °C for 24 h. Thereafter, the specimens were demoulded and cured till the
testing age. Different curing regimes were adopted in this study as mentioned in Table 3.4

3.3.2 Preparation of mortar specimen

Three different sets of mortar prism were also prepared according to ASTM standard (ASTM
C1012-04). Control mortar prism was prepared by using cement: sand in the ratio of 1: 3 (by
weight) with water to cement ratio (w/c) of 0.47. For casting of bacterial admixed mortar prism,
instead of water, bacterial culture (O.Dgoo 0.5) was grown in NB medium supplemented with 2%
urea and 25 mM calcium chloride solution (w/v) and was admixed with the cement and sand
mixture. The cement: sand ratio was kept constant and bacterial culture to cement ratio was also
maintained at 0.47. For the bacterial spray treated mortar, control mortar mix was used and cured
by spraying with bacterial culture (O.Dggo 0.5) grown in NB medium supplemented with 2% urea
and 25 mM calcium chloride solution (w/v) for 28 days. After casting, three different curing

regimes for the mortar specimens are specified in Table 3.5 were adopted.
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Table 3.4 Outline of different sets of concrete specimen and mechanism of curing treatments

Specimens

Material used

Mechanism of curing

Control

CSL treated (CT)

NB treated (NT)

CSL-Bacterial admixed treated (CBAT)

NB-Bacterial admixed treated (NBAT)

CSL-Bacterial spray treated (CBST)

NB-Bacterial spray treated (NBST)

Cement: sand: coarse aggregate
Water/Cement = 0.5

Cement: sand: coarse aggregate
CSL media/Cement = 0.5

Cement: sand: coarse aggregate
NB media/Cement = 0.5

Cement: sand: coarse aggregate
Bacterial culture/Cement = 0.5

Cement: sand: coarse aggregate
Bacterial culture/Cement = 0.5

Cement: sand: coarse aggregate
Water/Cement = 0.5

Cement: sand: coarse aggregate
Water/Cement = 0.5

Water Curing for 28 days

Submersion in CSL media with urea and CaCl, without
bacteria for 28 days

Submersion in NB media with urea and CaCl, without
bacteria for 28 days

Submersion in CSL media, urea, CaClz and bacterial
culture for 28 days

Submersion in NB media, urea, CaCl. and bacterial
culture for 28 days

Bacterial spray on specimens twice a day till 28 days

Bacterial spray on specimens twice a day till 28 days
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Preparation of concrete

samples

Control

NB treated (NT) and
CSL treated (CT)

Water curing for 28

days

Casting of NT/CT specimen with
NB & CSL media respectively,
2% Urea & 25mM CaCl,

Casting of bacterial treated
concrete using Bacillus sp. CT-5

NB-Bacterial admixed treated
(NBAT)

Casting with bacterial culture grown in

NB media (1.3 % w/w), 2% Urea &
25mM CaCl, and curing for 28 days with
respective media

J

NT and CT specimen were cured

for 28 days with respective media

NB-Bacterial spray treated
(NBST)

Casting with water and curing with
spray treatment with bacterial culture
grown in NB media (1.3 % w/w), 2%
Urea & 25mM CaCl, for 28 days

J

CSL-Bacterial admixed treated
(CBAT)

Casting with bacterial culture grown in CSL

media (1.5 % v/v), 2% Urea & 25mM CaCl,
and curing for 28 days with respective
media

CSL-Bacterial spray treated
(CBST)

Casting with water and curing with
spray treatment with bacterial culture
grown in CSL media (1.5 % v/v),
2% Urea & 25mM CaCl, for 28 days

J

Figure 3.2 Schematic illustration of fabrication of different concrete specimens with respective curing regime
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Table 3.5 Outline of different sets of mortar specimen and mechanism of curing treatments

Specimens Material used Mechanism of curing

Cement: sand

Control Water Curing for 28 days
Water/cement = 0.47

NB-bacterial admixed mortar Cement: sand Submersion in NB media, urea CaCl.

(NBAM) Bacterial culture/cement = 0.47  and bacterial culture for 28 days

NB-bacterial spray treated mortar ~ Cement: sand Bacterial spray on specimens twice a

(NBSM) Water/cement = 0.47 day till 28 days

NB medium, urea and calcium chloride had the following concentrations: NB medium (1.3% w/v), 2% urea
(w/v) and 25 mM calcium chloride (w/v).
Different concrete and mortar specimens prepared according to different mixes as described in
Table 3.4 and Table 3.5 were used to evaluate various study parameters. Overview of concrete
and mortar specimens with different shapes and dimensions used according to study parameters
are presented in the Table 3.6.

Table 3.6 Overview of different concrete and mortar samples prepared for the study

Study parameters  Samples Dimensions (mm) Growth media Concrete mixes
Control
Chemical and Concrete cubes 150 x 150 x 150 NB and CSL NTandCT
structural properties Concrete cylinders 100 x 200 medium NBAT and CBAT
NBST and CBST
Control
Concrete cubes 100 x 100 x 100 )
Sulfate salt exposure ) NB medium NBAT and NBST
Mortar prisms 285x25x25
NBAM and NBSM
Control
Rebar corrosion Reinforced concrete 149y 509 NB medium NBAT
cylinders
NBST
Concrete cubes 100 x 100 x 100
Crack remediation Concrete cylinder disc 100 x 50 - Control
Concrete prism 285x75x 75

NT: NB treated concrete; CT: CSL treated concrete; NBAT: NB-bacterial admixed treated concrete; CBAT:
CSL-bacterial admixed treated concrete; NBST: NB-bacterial spray treated concrete; CBST: CSL-bacterial spray

treated concrete; NBAM: NB-bacterial admixed mortar; NBSM: NB-bacterial spray treated mortar
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3.4 Influence of material mix on chemical and structural properties of concrete

During the microbial treatment of concrete, NB and CSL media along with urea and CaCl, were
used in the form of bacterial growth medium. Effect of incorporation of vegetative bacterial cells
and the associated nutrient medium (both organic and inorganic in nature) on the chemical and
structural properties of different microbial treated concrete mixes was analyzed.

3.4.1 Carbon and nitrogen profile in concrete specimens

To analyze the change in the chemical properties while using vegetative bacterial cells and
organic nutrients in microbial concrete, presence of carbon and nitrogen as organic content was
determined at different depths.

Sample collection

Different sets of concrete cubes were used in this study after respective curing regimes as
mentioned in Table 3.4 and Table 3.6. Different sets of concrete cubes were drilled using a rotary
hammer drilling machine to collect the concrete powder for analyses. The cubes were drilled up
to the depth of 50 mm from two opposite sides as shown in Figure 3.3A. Concrete powder was
separately collected from each depth. The sample was collected by drilling at 12 points on one
surface of the cube as shown in Figure 3.3B. Homogenous samples were prepared by collecting

the samples of each depth of concrete specimen.

0-10mm

10-20mm
20-30mm
30-40mm
40-50mm

Figure 3.3 Layout of the drilling pattern (A) and collection of concrete powder (B) from different
depths

The powder samples obtained were analyzed to calculate carbon and nitrogen content at various
depths. To calculate the amount of organic carbon in concrete powder, Walkley—Black procedure
was followed (Walkley and Black, 1934). Kjeldahl method was used to determine the ammonia

producing nitrogen in the concrete powder as per Indian standard (I1S: 5194- 1969).
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3.4.1.1 Carbon estimation
Reagents
e Potassium dichromate solution: 49.035 g of potassium dichromate was dissolved in 1 litre
of distilled water.
e Ferrous sulfate solution (0.5 N): 140 g of ferrous sulfate was dissolved in 0.5 N sulfuric
acid to make one litre of the solution.
e Concentrated sulfuric acid
e Orthophosphoric acid (85 %)
e Indicator: 0.25 g of sodium diphenylamine sulphonate was dissolved in 100 ml of
distilled water.

Standardization of ferrous sulfate solution

10 ml of potassium dichromate solution was added to 20 ml of concentrated sulfuric acid. The
mixture was swirled carefully to mix and allowed to cool for some time. 200 ml of distilled water
was added to the mixture followed by 10 ml of phosphoric acid and 1 ml of indicator. The
mixture was shaken vigorously. Then, ferrous sulfate solution was added from a burette in 0.5 ml
increments, the contents of the flash swirled to mix until the color of the solution changed from
blue to green. A further 0.5 ml of potassium dichromate solution was added to change back the
color to blue. Ferrous sulfate solution was then added drop by drop with continued swirling until
the color of the solution changed from blue to green after the addition of a single drop. The total
volume of ferrous sulfate solution used (B) was noted.
Test procedure
e 2 g of concrete powder was weighed and transferred to a 500 ml dry conical flask.
e Measured volume of 10 ml potassium dichromate solution and 20 ml of concentrated
sulfuric acid was added to the flask containing powder sample.
e The mixture was thoroughly mixed by swirling for about 1 minute and the mixture was
allowed to stand for 30 minutes for the oxidation of organic matter.
e 200 ml of distilled water was added to the mixture followed with the addition of 10 ml of
orthophosphoric acid and 1 ml of the indicator. The mixture was shaken vigorously.
e Ferrous sulfate solution was added from the second burette in 0.5 ml increments, with

constant mixing, until the color of the solution changes from blue to green.
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e An additional 0.5 ml of potassium dichromate solution was added to change the color
from green to blue
e The mixture was titrated with ferrous sulfate solution and added drop wise till the color
change from blue to green.
Calculations

10 X( B - §) x0.003 X100
B x wt.of sample (g)

Organic carbon, percent by weight =

Where:
B = total volume of ferrous sulfate used in standardized test

S = total volume of ferrous sulfate used with sample

3.4.1.2 Nitrogen estimation
The Kjeldahl method for the determination of nitrogen content is convenient for determining
ammonia producing nitrogen, especially in organic compounds. The principle of the determining
nitrogen in sample is begin with the digestion of sample with concentrated sulfuric acid in the
presence of a catalyst to convert the organic nitrogen into ammonium sulfate. The ammonia is
liberated by distillation with concentrated alkali solution and then the ammonia evolved is
absorbed in boric acid and titrated against standard acid.
Reagents
e Potassium sulfate or Anhydrous sodium sulfate
e Copper sulfate as a catalyst
e Concentrated sulfuric acid
e Sodium hydroxide solution: 450 g of sodium hydroxide pellets are dissolved in 1000 ml
of water.
e Standard Sulfuric Acid (0.5 N)
e Boric acid solution: 60 g of boric acid was dissolved in 1 litre of hot water and allowed to
mature for 3 days before decanting the clear liquid.
e Mixed indicator solution: Prepared by using methyl red and methyl blue
Apparatus
e Kjeldahl flask: 500 ml capacity.

e Distillation assembly
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e Fume hood
Test procedure

e 2 g of concrete powder was weighed and transferred into a dry kjeldahl digestion flask.

e 10 g of potassium sulfate or anhydrous sodium sulfate, 0.5 to 1 g of the catalyst and 30
ml of concentrated sulfuric acid was added into the flask.

e Digestion flask is placed in an inclined position in a fume cupboard for boiling the liquid
mixture.

e The liquid mixture is heated till the boiling point until the liquid mixture becomes clear.

e The content of the digestion flask is completely transferred into the round bottom flask of
the distillation assembly. 100 to 150 ml of distil water was added to mixture.

e Excess of sodium hydroxide solution was added separating funnel to make the solution
alkaline.

e The round bottom flask containing sample was connected to steam trap and condenser.

e Dip tube of condenser was arranged to dip properly in a beaker containing 50 ml of boric
acid.

e About one third of the total volume of the solution in the flask was distilled.

e After distillation, 2 to 3 drops of mixed indicator was added in the distillate collected in
the beaker containing boric acid.

e The ammonia present in the distillate was titrated with standard sulfuric acid until the
grass green color changes to steel grey, a further drop then giving the purple color.

Calculations

. . 14XV XN
Nitrogen, percent by weight = %
Where:
V = volume in ml of standard sulfuric acid used in titration
N = normality of standard sulfuric acid

W = weight in g of the sample taken

3.4.2 Estimation of pH
One of the most influential parameter in concrete durability is the pH value of concrete structure.
pH was measured by ex-situ leaching method, which is based on using a given amount of

powder suspension of a ground concrete with water. In order to investigate the effect of microbes
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as well as nutrient medium onto the alkaline nature of concrete, pH of the resultant concrete
mixes as described in section 3.3.1 was measured by using concrete powder collected from
various depths as shown in Figure 3.3. Different sets of concrete cubes as mentioned in Table 3.6
were used in this study to collect the concrete powder samples. pH value at various depths was
measured potentiometrically by immersing pH glass electrode in the suspension of a 1:5 concrete
powder (g):water (ml) after stirring for 1 h (Behnood et al. 2016).

3.4.3 Compressive strength of concrete specimens

To study the compressive strength, seven different sets of concrete cubes were used in this study
after respective curing regimes as mentioned in Table 3.4 and Table 3.6. Effect of incorporation
of vegetative bacterial cells and the associated nutrient medium (NB and CSL medium
supplemented with urea and CaCl,) on the mechanical strength properties of different microbial
treated concrete mixes were studied at the age of 28 days of curing as per Indian standard (IS
516: 1959). Compression test was performed with automatic compression testing machine,
COMPTEST 3000 (AIMIL India Ltd, New Delhi). The average of three specimens was taken as
the compressive strength of the mix.

3.4.4 Permeation properties of concrete specimens

The efficiency in resistance towards water penetration was investigated for the different concrete
mixes as described in section 3.3.1 and Table 3.4 at the age of 28 days. To determine the
permeation properties of concrete specimens, different water absorption tests such as water
impermeability, sorptivity and Rapid chloride penetration test were conducted.

3.4.4.1 Water impermeability test

The water impermeability test was carried in seven different sets of concrete cubes as mentioned
in Table 3.6 after 28 days of curing. After air drying, concrete cubes were firmly kept in position
in the test apparatus (AIMIL India Ltd, New Delhi) and water penetration test was carried out as
per German standard (DIN 1048: 1978). The concrete specimens were exposed to a water
pressure of 0.5 N/mm? for 72 hours through water nozzles connected onto the exposed surface of
concrete. To prevent any water leakage when specimens were subjected to water pressures,
gaskets were properly fixed and checked at regular interval. After completion of test, specimens
were removed and split into two halves to determine the vertical penetration depth of water into

concrete. Water ingress in the concrete specimens was measured and marked with black marker.
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3.4.4.2 Sorptivity test

The rate of uni-directional absorption of water by concrete sample due to capillary rise is defined
as sorptivity test. It correlates the transport of water with the pore system of specimen. Sorptivity
of concrete specimens was determined according to ASTM standard (ASTM C1585). This test
method is used to determine the rate of absorption of water by hydraulic cement concrete by
measuring the increase in the mass of a specimen resulting from absorption of water as a
function of time when only one surface of the specimen is exposed to water. Seven concrete
mixes as specified in section 3.3.1 were used for the casting of concrete cylinders and curing in a
similar manner as mentioned in Table 3.4. The standard test sample, concrete discs with diameter
100 mm and 50 mm thickness were obtained from the cured concrete cylinders (Table 3.6). The
test setup is illustrated in Figure 3.4. The concrete disc sample was then saturated by placing in
vacuum dedicator and vacuum is maintained for 3 hours. After saturating, samples are placed in
the environmental chamber at a temperature of 50 + 2 °C and RH of 80 + 3 % for 3 days. After
the 3 days, samples were placed inside a sealable container and stored at 23 +2 °C for at least 15

days before the start of the absorption procedure.

Epoxy coated
concrete cylinder

Waterpan

Plasticsupport rods

Figure 3.4 Arrangement of the sorptivity test

Test Procedure

e After conditioning, mass of the conditioned sample to the nearest 0.01 g before sealing of
side surfaces was recorded.

e Auverage diameter of sample with its exposed surface to water was calculated.

e Side surfaces of each sample which are not exposed to water were sealed with a suitable

sealing material (e.g. epoxy sealant).
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e Mass of the sealed sample to the nearest 0.01 g was measured and recorded as its initial
mass for water absorption calculations.

e A pan with support device at its bottom was filled with tap water was used for water
absorption mass measurement of specimens.

e For each mass determination, the test sample was removed from the pan and excess water
was blot off with a dampened paper towel or cloth. After blotting, mass to nearest 0.01 g
of specimen was recorded with the balance pan.

e Immediately the specimen was replaced on the support device of water filled pan.

e The mass change was recorded at the intervals of 60 s, 5 min, 10 min, 20 min, 30 min, 60
min and every hour up to 6 hours.

e From the value of mass change, volume of water absorbed per unit cross sectional area
was evaluated for each time interval.

e A plot between the square root of time and volume of water absorbed was plotted.

Calculations
The absorption, I, is the change in mass divided by the product of the cross-sectional area of the
test specimen and the density of water. For the purpose of this test, the temperature dependence

of the density of water is neglected and a value of 0.001 g/mm? is used. The units of I are mm.

— mt
axd
Where:
I = the absorption by specimen, (mm)
m; = change in mass of specimen in grams (g) at time interval (t)
a = cross-sectional area of specimen, (mm?)
d = density of water, (g/mm°)

1/2

The rate of water absorption (mm/s™*) is defined as the slope of the line that is the best fit to |

plotted against the square root of time (s*°

). This slope is obtained by using least squares, linear
regression analysis of the plot of I versus time'/2.

3.4.4.3 Rapid chloride penetration test

This test was conducted to cover the determination of the electrical conductance of concrete to
provide a rapid indication of its resistance towards the penetration of chloride ions. Rapid

chloride penetrability test (RCPT) was conducted as per ASTM standard (ASTM C1202-12).
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The standard test sample, a concrete discs with diameter 100 mm and 50 mm thickness were
obtained from the cured concrete cylinders. Seven different sets of concrete cylinder disc as
mentioned in Table 3.6 were used in this experiment. In this test method, amount of electrical
current passed through concrete disc sample was monitored during a period of 6 hours. A
potential difference of 60 V dc was maintained across the ends of the specimen, one of which is
immersed in a sodium chloride solution, the other in a sodium hydroxide solution. Total charge
passed (in terms of coulombs) is a measure of the electrical conductance of the concrete and
directly proportional to the chloride penetrability.
Apparatus

e Vacuum Saturation Apparatus

e Vacuum Desiccator with Vacuum Gage

e Vacuum Pump

e Voltage Application and Data Readout Apparatus

e Applied Voltage Cell

e \oltmeter

e Constant Voltage Power Supply
Reagents

e Sodium Chloride Solution: 3.0 % by mass (AR grade) in distilled water.

e Sodium Hydroxide Solution: 0.3 N (AR grade) in distilled water.

e Specimen-Cell Sealant: Capable of sealing concrete to rubber gasket
Conditioning of concrete specimen

De-aerated water was prepared by vigorously boiling tap water in a large sealable container and
allowed to cool at ambient temperature. Rapid setting sealant was prepared and coated by brush
onto the side surfaces of concrete disc samples. After coating with sealant, samples were allowed
to cure until the sealant is no longer sticky to the touch. Thereafter, coated samples were placed
in vacuum desiccator in such a way that both end faces of samples must be exposed. Desiccator
was filled with de-aerated as prepared earlier and sealed with cover. Vacuum pump was started
and pressure was decreased to less than 50 mm Hg within a few minutes. Vacuum was
maintained for 3 hours. Then vacuum line stopcock was closed and vacuum pump was turned

off. Then the test samples were soaked under water in the beaker for 18 hours.
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Test Procedure

Conditioned samples were removed from water and excess water was blot off with
dampened paper towel.

Sample was installed into the voltage cell by applying sealant around cell and sample
boundary.

Rubber gaskets were used to make it water tight.

Two halves of the test cell was sealed together and one side of the cell containing the one
exposed surface of the samples was completely filled with 3.0 % NaCl solution (This side
of the cell was connected to the negative terminal of the power supply).

Second side of the cell containing other exposed surface of sample was completely filled
with 0.3 N NaOH solution (This side of the cell was connected to the positive terminal of
the power supply).

Wires were attached to make electrical connections to the voltage application and data
readout apparatus.

Power supply was turned on and concrete disc sample inside the voltage test cell was
subjected to a potential difference of 60 V for 6 hours.

During the test, voltage apparatus was monitored at every 30 minutes of interval as the
current was recorded automatically by data acquisition device.

Test was terminated after 6 hours and concrete samples were removed.

Automatic data processing equipment performed the integration during the test and
displays the coulomb value. The total charge passed is a measure of the electrical

conductance of the concrete during the 6 hour period of the test.

Table 3.7 provides a qualitative relationship between the results of the test and the chloride ion

penetrability of concrete.
Table 3.7 Chloride ion penetrability based on charge passed (ASTM C1202-12 standard)

Charge passed (coulombs)

Chloride ion penetrability

>4,000 High
2,000-4,000 Moderate
1,000-2,000 Low
100-1,000 Very Low
<100 Negligible
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3.4.5 Micro-structural analysis

Scanning Electron Microscopy (SEM) (ZEISS EVO 50) analysis was done on the concrete
specimens at the age of 28 days. The elemental composition of micro-structural crystals was
identified with Energy Dispersive X-ray spectroscopy (EDX). For conducting SEM and EDX
analyses, small pieces of samples from different depths were collected. Samples were finely
polished and gold coated with a sputter coating. To disperse excess charge from the sample, a
thin coating of carbon was applied on the polished surface.

X-ray diffraction (XRD) was done on the powdered samples obtained from various depths and
sieved through 90 um sieve. XRD spectrum was obtained using Bruker D8 X-ray diffractometer
with a Cu anode (40 kV and 30 mA) and scanning from 10° to 80° 26. CaCOg crystals present in
concrete powder were identified with standards established by the International Center for
Diffraction data.

3.5 Exposure of microbial concrete to external sulfate attack

External sulfate attack is one of the most aggressive deterioration factors, which causes
irremediable changes in concrete structures. This section aimed to assess the efficacy of bio-
deposition as a barrier in microbial treated concrete against the penetration of aggressive agents.
The performance of microbial treated concrete specimens on chemical and physical sulfate
exposure was evaluated.

3.5.1 Testing methods

The performance of control and microbial treated specimens under sulfate environment was
determined by subjecting to chemical and physical salt exposures. In all the tests, mixture of 5%
Na,SO, and 5% MgSO, were used as sulfate salt solution. The pH value of the produced sulfate
salt solution was maintained in the range of 7.0-8.0. Two exposure regimes adopted in this
experiment are specified below.

Exposure 1: Chemical sulfate attack

Different sets of concrete cubes (control, NBAT and NBST) and mortar prisms (control, NBAM
and NBSM) specified in Table 3.6 were subjected to chemical sulfate attack. Concrete and
mortar specimens were fully submerged in sulfate solution for 12 months in plastic container and
room temperature was maintained at 27 £ 2 °C. To accelerate the chemical attack, all specimens
were exposed to wet-dry cycle in sulfate solution. Wet cycle and dry cycle was kept for 5 days
and 2 days respectively throughout experiment of 12 months. Sulfate solution in container was
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renewed every month. The performance of control and microbial treated concrete specimens on

exposure to chemical sulfate attack were evaluated by different test procedures.

» Compressive strength

The performance of control and microbial treated concrete specimens in context to
mechanical property under exposure of sulfate attack was monitored for 1 year. Prior to
sulfate exposure, the initial compressive strength of different concrete cube specimens at
the age of 28 days of curing was recorded in order to monitor any change over the
investigation period. The strength properties of concrete cubes were studied at different
time intervals of exposure as per Indian standard (IS 516: 1959) using automatic
compression testing machine, COMPTEST 3000.

» Mass change
In addition to mechanical strength, mass changes of the concrete cube samples during the

exposure to Na,SO, and MgSO, solutions have also been measured. As the reaction of
sulfate ions with portlandite (CH) and tricalcium aluminate (C3A) forms ettringite
precipitates which yields an increase in volume of the reactant materials. To investigate
any mass variations in concrete samples due sulfate ions ingress under chemical sulfate
exposure, change in mass of concrete sample was monitored at different time intervals
throughout the experiment.

Calculations:

Mass change at time (t) = % x 100

Where:

Mi is the initial mass of cube and Mt is the mass of cube at time (t)

> Visual Inspection

Sulfate induced degradation such as cracking and spalling due to harsh conditions of
sulfate attack are associated with concrete structures. Visual observations of concrete
specimens under chemical sulfate exposure were recorded till the 12 months of the
experiment. Severity of surface scaling in concrete specimens was rated as specified in
ASTM standard (ASTM C672/C672M — 12).
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> Length expansion

In different set of mortar prisms (as mentioned in Table 3.5), length change due to
expansion or shrinkage after chemical sulfate exposure was monitored by using length
comparator according to ASTM standard (ASTM C1012-04). This test method was
adopted to observe the sulfate resistance based on length change measurements of mortar
prisms immersed in sulfate solution. The initial lengths of all the mortar prisms were
recorded prior to submersion in sulfate solutions.

Calculations:

Lt—Li
Li

Length change at time (t) = %X 100

Where:
Li is the initial length of prism and Lt is the length of prism at time (t)

Exposure 2: Physical sulfate attack
In physical sulfate attack, contact of concrete surface with sulfate solution makes it vulnerable to
damage due to sulfate salt crystallization in the pore structure of cementitious matrix. To
investigate the performance of cement mortar samples, three different sets of mortar prismatic
specimens specified in Table 3.5 were subjected to physical sulfate attack. All the prismatic
specimens were subjected to partial immersion, in which one third length base of all the
specimens was rested against the container of sulfate solution. Similar wet-dry cycle was adopted
for the mortar prisms as mentioned in exposure I. Sulfate solution was renewed every month
during the experimental period. Appearance of salt efflorescence due to rise of sulfate solution in
all the specimens was monitored and recorded throughout the experiment.
3.5.2 Micro-structural analysis
SEM-EDX analysis was performed to investigate the presence of reaction products at micro-
structural changes after sulfate exposure. The elemental composition of micro-structural crystals
was identified with SEM-EDX. For conducting SEM and EDX analyses, small pieces of
concrete were collected from different sets of concrete cubes within the range of 5-10 mm depth.
Samples were finely polished and gold coated with a sputter coating. To disperse excess charge
from the sample, a thin coating of carbon was applied on the polished surface.
X-ray diffraction (XRD) was done on the powdered samples obtained from concrete samples and
sieved through 90 um sieve. XRD spectrum was obtained using Bruker D8 X-ray diffractometer

with a Cu anode (40 kV and 30 mA) and scanning from 10° to 80° 26. Different crystal structure
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of CaCOg3 and secondary products like gypsum and ettringite present in concrete powder were
identified with standards established by the International Center for Diffraction data.

3.6 Prevention of chloride induced corrosion in reinforced concrete

Chloride attack is a mechanism of deterioration of reinforced concrete, which occurs due to the
ingress of chloride ions in the well-connected pore matrix of concrete leading to corrosion of
steel rebar. This section aimed to assess the performance of microbial treated reinforced concrete
in prevention of damages against chloride induced corrosion.

3.6.1 Preparation and preconditioning of steel specimens

Before casting of reinforced concrete samples, steel specimen was drilled and threaded on its one
end to fix a stainless steel screw and nut. Then, the prepared steel specimen was preconditioned
before used in concrete casting. Steel specimen was rubbed with wire brush to remove any rust
present on it. Thereafter, steel specimen was cleaned with AR grade hexane and was kept for air
drying. On the one end of steel rebar with threaded portion, insulating tape was wrapped up to
40mm length so that 180 mm length of rebar remained exposed. Then, epoxy was applied over
insulated portion carefully as this is the protruded portion of steel specimen during casting.

3.6.2 Preparation of concrete cylinders

In this experiment, reinforced concrete cylinders (100 mm diameter and 200 mm in height) were
used as described in Table 3.6. A standard steel rebar with 12 mm diameter and 220 mm length
of Fe 415 grade as specified in Indian standards (1S:1786-2008) was used. During casting, steel
rebar was embedded axially in the concrete cylinder accurately with a clear cover of 44 mm.
Exposed length of 180 mm of steel rebar was kept inclined in concrete cylinder for monitoring

chloride induced corrosion during the experiment as shown in Figure 3.5.

12 mm
<>

Epoxy coating on
protuded rebar

200 mm

2
)

¥,

100 mm

Figure 3.5 Pictorial representation of the reinforced concrete cylinders used for monitoring

chloride induced corrosion
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Three different sets of reinforced concrete cylinders control, NB-Bacterial admixed treated
(NBAT) and NB-Bacterial spray treated (NBST) were cast and cured as mentioned in section
3.3.1.

3.6.3 Exposure conditions

After 28 days of curing, concrete cylinders were air-dried for 2 days and kept at ambient
temperature. After that, epoxy resin was applied on the lower horizontal surface of all the
concrete cylinders. After coating with epoxy, samples were allowed to cure until the sealant was
no longer sticky to the touch. Then the specimens were kept immersed in 5% sodium chloride
(NaCl) solution so that the vertical surface of cylinders up to the height of 190 mm is exposed to
the solution. The purpose of keeping the NaCl solution below the upper surface of cylinder
specimen is to protect the protruded rebar from atmospheric corrosion. Specimens exposed to

chloride solutions are shown in Figure 3.6.

Figure 3.6 Reinforced cylinders exposed to 5% NaCl solution

To accelerate the chloride ion ingress in reinforced concrete specimens, wet-dry cycle of 7 days
immersion in NaCl solution and 3 days air drying was adopted. This wetting and drying cycle of
chloride exposure was adopted so that the specimens remain partially saturated as well as
sufficient oxygen is also available in abundance. With the availability of oxygen, corrosion can
proceed unhindered in steel reinforcement when initiated. The corrosive solution of 5% NaCl

was renewed after every 10 days.
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3.6.4 Corrosion monitoring

The performance of control and microbial treated concrete specimens under chloride exposure
were studied by corrosion monitoring device ACM corrosion analyzer. This field machine is
capable of performing various non-destructive electrochemical tests to analyze the corrosion
initiation in reinforcement. The corrosion of the rebar was monitored at every 10" day of
exposure and electrochemical test such as linear polarization resistance (LPR) was conducted.

Experimental arrangement is shown in Figure 3.7.

Figure 3.7 Experimental arrangement of corrosion analyzer to monitor rebar corrosion
Test procedure

e For conducting linear polarization resistance measurement, a stainless steel mesh rolled
around reinforced cylinders was used as the counter electrode. Concrete specimen with
steel mesh as a cathode were placed in a bucket containing 5% NaCl solution.

e The steel reinforcement inside the concrete cylinder as a working electrode with screw
was connected with wire using alligator clip with corrosion analyzer.

e A saturated calomel electrode (SCE) connected to corrosion analyzer was dipped in NaCl
solution and was used as a reference electrode.

e For LPR measurement, steel rebar as working electrode was polarized to + 25mV from

the equilibrium potential at a scan rate of 0.2 mV per second.
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e The polarization resistance (Rp) values obtained were converted into corrosion current by

using the Stern-Geary equation (Stern and Geary, 1957)

B

Calculations leorr = —
P

Where:
l.orr = Corrosion current
B = Stern-Geary constant

R; is the polarization resistance

— Ba X Bc
2.30 (Ba + Bc)

fSa and Sc are anodic and cathodic Tafel constants respectively.

Table 3.8 provides a qualitative and quantitative relationship between the corrosion potential
(Ecorr) and corrosion current density (lcor) results of the specimens respectively with the ASTM
guidelines (ASTM C 876-09).

Table 3.8 Indication of severity of rebar corrosion conditions based on corrosion potential (Ecor)

and corrosion current (lcor)

Ecorr (MV) vs SCE  Corrosion condition leorr (HA/cm?)  Corrosion severity

>-125 Low (10% risk of corrosion) <0.1 Passive condition

-126 to -275 Increased likehood 0.1-0.5 Low to moderate corrosion risk
<-276 High (<90% risk of corrosion)  0.5-1 Moderate to high corrosion risk
<-426 Severe corrosion >1 High corrosion condition

3.7 Crack remediation in concrete structures using microbial cementitious grouting

Early age formation of cracking in concrete structure severely affects the serviceability leading
to high cost of maintenance. Apart from conventional methods of repairing cracks, a microbial
crack-healing approach has shown promising results. Main emphasis in this section has been laid
on crack repair in concrete structures by using bacteria-based cementitious grouts.

3.7.1 Preparation of grout mixture

In this experiment, bacterial based cementitious grout was prepared for crack repair in the
concrete structures. For cementitious grout, an ordinary Portland cement (43 Grade) confiirming

to Indian standards (IS: 8112-2013) was used. In this study, binary combination of cementitious
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grout was used for crack repair. In cement grout, cement was substituted with different ratios of
fly ash (10% to 50%) by total mass of cement. The influence on the incorporation of fly ash with
different substitution ratios as well as different water/bacterial culture-binder ratios (0.45 and
0.50) on the fresh properties of grout mixtures was investigated. Grout mix prepared with plain
cement is denoted as control grout. Different cement grout mixes prepared with water are
denoted as neat grouts and the cement grout mixes prepared with bacterial culture are denoted as
bacterial grouts. To prepare bacterial based cementitious grout, bacterial culture was prepared by
growing the cells in NB medium till it attained the O.Dggo, 0f 0.5 (4 x 108 cells/ml).

For the preparation of grout, hobart-type laboratory mixer (AIMIL India Ltd, New Delhi) was

used to mix cement and fly ash as shown in Figure 3.8.

Figure 3.8 Hobart-type laboratory mixer to prepare fly ash amended cemetitious grout

A standard procedure was followed in which cement and fly ash was dry mixed for 1 minute in
the mixer operating at slow speed (140+5 rpm). Then the water was added into the mixer with
dry composite of cement and fly ash material and the mixer was operated for next 1 minute at
slow speed and thereafter the speed of mixer was increased immediately for next 30 seconds. In
case of bacterial based cementitious grout, bacterial culture was added into the mixer instead of
water. The mixer was stopped for 90 seconds and the cementitious grout was hand mixed

properly in the mean time. Further, the mixer was operated for the last 1 minute at high speed
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(28515 rpm). Twenty four grout mixtures were prepared to study the fresh properties with marsh
cone test and mini slump. All the tests were conducted within 10 to 12 minutes after the
preparation of grout.

3.7.2 Fresh properties of cementitious grout

3.7.2.1 Marsh cone test

Marsh cone test is a workability test through which the flow characteristic of a grout is
evaluated. Marsh cone test was conducted as per ASTM standard (ASTM C 939-10) on a
metallic funnel that has a capacity of 1,500 cm® with a fixed orifice at the end of the funnel,

which is 50mm long by 4.7 mm in diameter (Figure 3.9).

Figure 3.9 Marsh cone apparatus to study the flowability of grout
The prepared grout mix was poured in the marsh cone which is attached to a stand and the
bottom orifice of cone is closed. 1000 ml of grout filled in marsh cone was allowed to pass
through the bottom outlet and collected in the beaker placed underneath the marsh cone
apparatus. The efflux time needed for 800 ml of grout mix to flow out through the orifice was
noted as the flow time.

3.7.2.2 Mini slump test

It is a miniature slump test devise to evaluate the workability of fresh cementitious paste in
which small size cone is used and spread diameter of paste on lifting the cone is calculated. Mini
slump test was done on mini slump cone with dimensions of top diameter 19 mm, bottom
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diameter 38 mm and height 57 mm. This mini slump cone dimensions are in the same
proportions as that are of slump cone of concrete (ASTM C-143) and was proposed by kantro,
(1980). In this experiment, freshly prepared cementitious grout was poured in mini cone resting
over a glass. The mini slump cone was filled completely and a small spatula was moved laterally
and vertically to remove the entrapped air bubbles. Then the slump cone was lifted and the grout
mix was allowed to spread. The mini slump area was calculated as the total spread area minus
the initial area at the bottom of the mini slump cone. Several spread diameters of grout were
noted and the average flow diameter was calculated.

3.7.2.3 Compressive strength of hardened grout mixes

The compressive strength development in the various FA amended cementitious grout mixes was
monitored, using cubic specimens with 50 mm x 50 mm x 50 mm dimensions at the age of 28
day curing according to ASTM standard (ASTM C942-15). For the preparation of different grout
mixes, similar procedure was adopted as mentioned in section 3.3.1. For bacterial grouts mixes,
bacterial culture supplemented with 2% urea (w/v) and 25 mM CaCl, (w/v) was used instead of
water. After casting, all specimens were allowed to remain in iron moulds and were kept in
casting room at room temperature of 27 + 2 °C for 24 h. Thereafter, the specimens were
demoulded and were cured till the testing age. Cube specimens prepared with neat grout mixes
were cured in water and cubes prepared with bacterial grout mixes were cured in bacterial
culture supplemented with 2% urea (w/v) and 25 mM CaCl; (w/v).

3.7.3 Artificial crack generation in concrete

Control concrete cubes (100 mm x 100 mm x 100 mm), concrete prisms (285 mm x 75 mm X 75
mm) and concrete cylinder disc (100 mm diameter x 50 mm height) were prepared by using
cement: sand: coarse aggregate in the ratio of 1:1.82:3.24 (w/w) and water to cement ratio (w/c)
of 0.5. Artificial cracks were generated in all the concrete specimens while casting. When the
fresh concrete mix in plastic stage was transferred to iron moulds, a steel plate was inserted in
the mix. Steel plate of 0.8 mm width was inserted in the concrete mix up to the depth of 20 mm.
To keep the crack depth in the range of 20 mm, steel plates were marked accordingly prior the
insertion. After insertion of steel plates, specimens were monitored properly till the final setting
of concrete mix was initiated. Then the steel plates were removed carefully from the concrete

mix so that the concrete around the crack remain intact. After casting, all specimens were
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allowed to remain in iron moulds and were kept in casting room at room temperature of 27 + 2
°C for 24 h. Thereafter, the specimens were demoulded and were cured till the testing age.

3.7.4 Crack repair with grouting

To repair the concrete crack, 100 ml of bacterial based cementitious grout supplemented with 2%
urea (w/v) and 25 mM calcium chloride solution (w/v) was prepared and all the cracked concrete
specimens were repaired with injectable grouts using a 20 ml capacity syringe. In the crack
repair experiment, two methods to heal the crack with bacterial cementitious grout were adopted.
In first approach, cracked concrete specimens were placed in horizontal position and the
prepared grout was injected into the crack. In second approach, concrete specimens were placed
in vertical position and the grout was injected into the crack. Before injecting the concrete
specimens with the bacterial cementitious grout, 20 ml of water was injected in each crack, using
the 20 ml capacity syringe. This procedure was intended to mitigate the water sorption by the
internal cracked concrete surface. After injecting the bacterial incorporated grout, specimens
were left for 24 hours till the hardening of grout. Thereafter, different sets of repaired concrete
specimens as specified in Table 3.9 were subjected to curing for two weeks.

Table 3.9 Outline of different sets of concrete specimen and mechanism of curing treatment

Specimens Grouting material Curing regime

Untreated concrete (UTC) Without grouting -

Fly ash-cement grout (FCG)  FA - Cement grout Water curing of cracked area for
Water/Binder ratio = 0.5 14 days

Bacterial grout with spray FA - Cement grout Bacterial spray on repaired crack

treatment (BGS) Bacterial culture/Binder ratio = 0.5  area twice a day till 14 days

Bacterial grout with ponding  FA - Cement grout Ponding with bacterial culture

treatment (BGP) Bacterial culture/Binder ratio = 0.5  supplemented with 2% urea and

25 mM CacCl, till 14 days

The schematic representation of bacterial treatment of crack in concrete specimens is shown in
Figure 3.10.

93



Figure 3.10 Schematic illustration of remediation of cracks with injectable bacterial grout and
curing with bacterial culture (A-B) Bacterial grout with ponding treatment (C-D) Bacterial grout

with spray treatment

In repaired concrete specimens placed in horizontal position, ponding of acrylic fibers
surrounding the cracked area was created. However, in repaired concrete specimens placed in
vertical position, curing was done by bacterial culture spray. Before this curing method, only
repaired crack surface was exposed for bacterial spray and rest the surface of concrete was
wrapped with parafilm tape. For the curing of treated crack, bacterial culture supplemented with

2% urea and 25 mM CaCl, was poured over the pond area as well as spray shown in Figure 3.11.

Figure 3.11 Curing of treated cracks with bacterial culture (a) Ponding method (b) Spray

treatment
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3.7.5 Testing methods

3.7.5.1 Compressive strength

To study the compressive strength, untreated and bacterial grout repaired concrete cubes were
used. The effect of crack repair with bacterial grouts and curing with ponding and spraying
methods with bacterial cells grown in NB medium supplemented with 2% urea and 25 mM
CaCl; on the mechanical properties of concrete cubes was studied at the age of 14 days of curing
as per Indian standard (IS 516: 1959) using automatic compression testing machine,
COMPTEST 3000. The average of three specimens was taken as the compressive strength of the
mix.

3.7.5.2 Flexural strength

To study the efficiency of bacterial treatment in flexural strength recovery, untreated and
bacterial grout repaired concrete prisms were used. Flexural strength test of all concrete prisms
was carried out using the flexural testing machine (AIMIL India Ltd, New Delhi) according to
Indian standard (IS: 516-1959) as shown in Figure 3.12. In order to perform flexural strength
test, concrete prism were placed on the supporting rollers of testing machine and uniform loading
was applied to uppermost surface of specimen until the failure.

Figure 3.12 Flexural testing machine with arrangement of concrete prism in between supporting

and loading rollers
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The flexural strength of specimen is expressed as the modules of rupture fy, which is calculated

as:

_3xpxa
fo=——
bxd

Where

a = distance between the line of fracture and nearer support (mm)

b = width of specimen (mm)

d = depth of specimen at the point of failure (mm)

p = maximum load in kilo Newton (KN)
3.7.5.3 Water tightness of repaired crack
The efficiency of bacterial grouting in resistance towards water penetration was investigated. To
determine the water tightness property of healed concrete specimens, sorptivity test was
conducted on a crack repaired concrete cylinder disc. Sorptivity test was conducted according to
ASTM standard (ASTM C1585) following the same procedure as described earlier. However, a
modification was done in the exposed surface area of concrete disc. Apart from the choosing
entire circular surface area of disc, only localized water ingress around the repaired crack area

was selected by covering the entire concrete disc area with epoxy sealant (Figure 3.13).

Figure 3.13 Exposed crack repaired area in concrete disc for water tightness analysis
Therefore, only the area (70 mm x 30 mm) surrounding the crack repaired with grouting was in
contact with the water throughout the test. The mass change due to the absorbed water was
monitored at the regular intervals of 60 s, 5 min, 10 min, 20 min, 30 min, 60 min and every hour

up to 6 hours.
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3.7.6 Micro-structural analysis

For analyzing the microbial induced calcium carbonate crystals in grouting material after the
curing age of 14 days, scanning electron microscopy (SEM) (ZEISS EVO 50) was done. The
elemental composition of micro-structural crystals was identified with energy dispersive X-ray
spectroscopy (EDX). For conducting SEM and EDX analyses, small pieces of grouting samples
were collected. Samples were finely polished and gold-coated with a sputter coating. To disperse
excess charge from the sample, a thin coating of carbon was applied on the polished surface. X-
ray diffraction (XRD) was done on the powdered grout samples, obtained while drilling and
sieved through 90 um sieve. XRD spectrum was obtained using Bruker D8 X-ray diffractometer
with a Cu anode (40 kV and 30 mA) and scanning from 10° to 80° 26.

3.8 Statistical analysis

All the experiments were performed in triplicates. One-way analysis of variance was performed
and the means were compared with Tukey’s test at P < 0.05. All the analyses were performed by

using Graph Pad Prism 5.1 software.
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Chapter 4

Results and Discussion

4.1 The role of bacteria and material mix on the durability properties of reinforced
concrete structures

Microbially induced calcium carbonate precipitation (MICP) using calcifying bacteria have
emerged as a promising technique in the field of concrete research. In this microbial treatment of
concrete structures, different media components (especially nutrient media, urea and calcium
source) were mixed along with ureolytic bacterial culture during the formation of microbial
concrete. In the present investigation, influence on the addition of bacterial culture and organic
components (carbon and nitrogen content) of bacterial growth media on the setting
characteristics of cement, chemical and structural properties of microbial concrete was studied.
In this objective two bacterial growth media were used: (1) Commercially available laboratory
grade nutrient broth (NB) and (2) corn steep liquor (CSL), an industrial effluent generated as a
by-product from the starch industry. On comparison, laboratory grade NB is a culture media with
well defined growth components containing all the elements needed for the bacterial growth.
Besides, production of bacterial culture using NB media is relatively an expensive process due to
its high cost as compared to CSL media. However, CSL is a very low-cost, easily available and
high protein containing industrial effluent which can be used as an alternative nutritional source
for bacterial growth. To minimize the operating cost of MICP and to examine the chemical and
structural properties of microbial concrete, addition of CSL as a bacterial growth media was

investigated in this study.
4.1.1 Initial and final setting times of cement mixes

In preliminary investigation, a comparative study was conducted to figure out the influence of
bacterial culture grown in nutrient broth (NB) and corn steep liquor (CSL) on the setting
property of cement. Setting of cement is an early-age development in concrete mix while casting.
It is described as the stiffening of cement through percolation process, which consists of two
fundamental steps: (1) the coagulation of isolated cement grains during water mixing and (2)
rigidification of cement hydrates formed during coagulation process (Zhang et al. 2010). Setting
of fresh portland cement concrete is a process of transformation from loss of workability in to

early hardening of cement paste or concrete (Hu et al. 2014). The specific change on initial and
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final set times due to the addition of microbial cells along with the associated nutrients on the

resultant cement pastes is presented in Table 4.1.

Table 4.1 Effect of NB, CSL media and bacterial cells on cement setting properties

Cement Mixes Initial setting time (min)  Final setting time (min)
Control paste 118+5.1a 230+7.7a

CSL paste 132+12.2a 255+10.2b

NB paste 215+9.4b 480+14.2c

CSL - CT5 paste 140+8.2a 270£8.1b

NB - CT5 paste 160+9.2c 290+12.4d

Values sharing a common letter within the treatment are not significant at P < 0.05.

Values are mean + standard deviation (n = 3)

NB-CT5 PastefH E E:glssefit;inngg
CSL-CT5 paStEfH
N st
CSL Paste _—‘—,
Control _-<—H

0 100 200 300 400 500 600
Setting time (Min)

Figure 4.1 Initial and final setting times of different cement paste mixes. Error bars represent

standard deviation (n = 3)
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The initial and final setting time of control paste mix was 120 and 240 min, respectively as
shown in Figure 4.1. On comparison with control paste mix, no delay in initial and final setting
was observed in CSL paste mix. However, a significant delay in both initial and final setting time
was observed in NB paste mix. Initial setting time was increased by 100 minutes and the final
setting time by 250 minutes in NB paste mix when compared to control paste mix. In CSL-CT5
paste mix, an increase of 20 min in initial setting and 30 min in final setting time was recorded as
compared to control paste. In case of NB-CT5 paste mix, the initial setting time was increased by
40 min and final setting time by 50 min when compared to control paste. On comparison with
control paste, negative effect on initial and final setting time of NB paste was observed with
introduction of plain NB media in cement paste. But in NB-CT5 paste, incorporation of bacterial
cells grown in NB media had minor influence on the retardation of setting property of cement.
On comparison of NB-CT5 paste with NB paste, delayed cement setting might had been
compensated with the utilization of fresh NB media during growth of bacterial cells and calcium
carbonate precipitation. Addition of plain CSL media had no influence on the initial and final
setting time of cement paste. In CSL-CT5 cement paste, addition of bacterial cells showed no
retardation in setting characteristics of cement. In fact, the presence of organic admixtures
(carbohydrates and amino acids) has been reported to have an adverse effect on the chemical
properties of cement resulting into retardation of initial hydration of cement (Young, 1972;
Neville, 1995). Clare and Sherwood (1954) reported that the retardation in setting of cement due
to organic admixture prevents the cement hardening. Retardation of setting process of soil-
cement mixtures due to organic matter have also been reported. It has been reported that the
presence of organic matter in soil-cement mixtures delay the hydration process of cement, thus
affecting the cementing process (Tremblay et al. 2002). Organic compounds with hydroxyl and
carboxyl groups may retard the hardening of cement. In NB cement paste, nutrient media
contains yeast extract and it has been reported that yeast extract acts as a retardation substance
and influence the degree of hydration of cement (Williams et al. 2016). Presence of different
fractions of carbohydrates in yeast extract might be the effective chemical retarders (Thomas and
Birchall, 1983; Bundur et al. 2015). Amiri and Bundur (2018) also reported the delay in initial
setting in urea-yeast extract media as compared to CSL and control samples. It was reported that
carbohydrate strongly affects the silicate component and retards the hardening of portland

cement (Bolobova and Kondrashchenko, 2000). Presence of 4 times higher carbohydrate content
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in NB media as that of CSL media acts as a retarding component in cement hardening. However,
low carbohydrate content in CSL might have not affected the cement hydration. All these
observations indicate that the addition of plain CSL media had no influence on the setting
characteristics of cement. Whereas the addition of plain NB media severely influenced the
setting characteristics of cement. Incorporation of bacterial cells with CSL media showed an
inconsequential effect on the setting characteristics. Addition of bacterial cells grown in NB
media causes not as much of delay in setting of cement as it was observed in NB paste. In fact, in
NB-CT5 paste, addition of bacterial cells grown in NB media accelerated the cement setting time

as compared to the NB paste.

4.1.2 Influence of bacteria and material mix on chemical properties of concrete

The effect of addition of microbes and nutrient components on chemical and mechanical
properties of resultant concrete was investigated. To induce CaCOg3 precipitation in microbial
treated concrete, nutrient ingredients along with bacterial cells were added to concrete mixes
while casting or during curing treatment. Addition of CSL and NB media might alter the
chemical composition of concrete matrix as in both the media; carbon and nitrogen components
are present. For the vegetative growth of bacteria, nutrient media are required to be added along
with bacteria. The components required for ureolytic bacterial strain are growth media, urea and
calcium source. The incorporation of bacteria along with the associated nutrients can cause

modifications in the concrete matrix, and hence affects the properties of the mixes.
4.1.2.1 Carbon and nitrogen profile

Different organic components (especially carbon, nitrogen sources) of NB and CSL media are
mixed along with bacteria during the formation of microbial concrete. These components might
influence the structural properties of concrete. The presence of high carbon content is known to
have adverse effects on the workability, air entrainment mechanism, compressive strength etc.
(Neville, 1996). Therefore carbon and nitrogen content at 28 days of casting with respective
curing was obtained at different depths in concrete specimens. The results of carbon and nitrogen
content in concrete specimens with depth-wise profiling are presented in Table 4.2 and Table 4.3

respectively.
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Table 4.2 Depth wise representation of carbon content (% by mass) in concrete specimens on addition of CSL media,

NB media and bacterial culture

Depth (mm) Control NT CT NBAT CBAT NBST CBST
0-10 0.08+0.002b 0.22+0.03a  0.13+0.0l1a 0.29+0.06a 0.18+0.03a  0.23+0.02a 0.10+0.01a
10-20 0.07+0.001c 0.18+0.02b  0.13+0.02a 0.23+0.04b 0.14+0.01b  0.19+0.01b 0.07+0.01c
20-30 0.09+0.002a 0.17+#0.02c  0.12+0.01b 0.20+0.04b 0.13+0.01c  0.17+0.02c 0.07+0.01c
30-40 0.09+0.002a 0.17+0.01c  0.12+0.01b 0.17+0.03c 0.14+0.01b  0.17+0.02c 0.08+0.01b
40-50 0.09+0.00l1a 0.17#0.0lc  0.11#¥0.0l1c 0.17+0.04c 0.12+0.01c  0.17+0.01c 0.08+0.01b

Values sharing a common letter within the column are not significant at P < 0.05 respectively. Values are mean +
standard deviation (n = 3)

Table 4.3 Depth wise representation of nitrogen content (% by mass) in concrete specimens on addition of CSL

media, NB media and bacterial culture

Depth (mm) Control NT CT NBAT CBAT NBST CBST
0-10 0.02+0.001a 0.12+0.03a  0.09+0.002a 0.15+0.02a  0.12+0.0la 0.06+0.0l1a 0.06+0.01a
10-20 0.02+0.001a 0.10+0.02b  0.09+0.002a 0.12+0.01b  0.09+0.02b 0.05+0.01b 0.03+0.01b
20-30 0.0240.002a 0.11+0.02b  0.09+0.001a 0.11+0.001c 0.09+0.01b 0.03+0.0lc 0.03+0.01b
30-40 0.0240.002a 0.08+0.01c  0.09+0.001a 0.10+0.001c 0.09+0.01b 0.03+0.0l1c 0.03+0.01b
40-50 0.02+40.001a 0.08+0.01c  0.09+0.001a 0.10+0.001c 0.09+0.01b 0.02+0.01c 0.02+0.01c

Values sharing a common letter within the column are not significant at P < 0.05 respectively. Values are mean +

standard deviation (n = 3)
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Figure 4.2 Carbon and nitrogen content (% by mass) of concrete specimens at different depths in various treatments. C: Carbon
content; N: Nitrogen content (A) Control (B) NT: NB treated; CT: CSL treated (C) NBAT: NB-Bacterial admixed treated; CBAT: CSL-
Bacterial admixed treated (D) NBST: NB-Bacterial spray treated; CBST: CSL-Bacterial spray treated. Error bars represents standard

deviation (n = 3)
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Comparative analysis of organic matter present in the form of carbon and nitrogen content in all
the concrete specimens treated with CSL and NB media was done (Figure 4.2). It was observed
that the percentage of carbon and nitrogen content remains same at all depths for the control
specimen (Figure 4.2A). The percentage of carbon and nitrogen content was lowest for the
control specimen at all depths. CSL-Bacterial admixed treated (CBAT) and NB-Bacterial
admixed treated (NBAT) specimens registered maximum carbon and nitrogen content at all
depths. The carbon and nitrogen content in CSL-Bacterial spray treated (CBST) and NB-
Bacterial spray treated (NBST) specimens was maximum in the upper depths (0—20 mm)
followed by almost same at all depths (Figure 4.2D). However, overall carbon and nitrogen
content in NBAT and NBST specimens was observed to be much higher than CBAT and CBST
specimens at all depths. Similar trend of overall carbon and nitrogen content was observed to be
higher in NB treated (NT) specimen on comparison with CSL treated (CT) specimen at all
depths (Figure 4.2B).

Both carbon and nitrogen contents in NT and CT specimens were higher than the corresponding
values of the control mix (Figure 4.2B). During bacterial treatment, highest amount of carbon
and nitrogen content was observed in NBAT and NBST specimens as compared to CBAT and
CBST specimens in all the depths respectively (Figure 4.2C and 4.2D). In bacterial admixed
(NBAT and CBAT) as well as bacterial spray treated (NBST and CBST) specimens, higher
contents of both carbon and nitrogen in upper depths (0-10 mm and 10-20 mm) were observed.
This might be due to the additional accumulation of curing material and bacterial cells on the
outer surface. In case of NT specimen, similar trend of higher amount of carbon and nitrogen

content was observed than in CT specimen.
4.1.2.2 pH profile

The introduction of microbes into concrete leads to changes in its chemical composition and
hence, might affect the alkaline nature of concrete pore solution. In microbial precipitation of
calcium carbonate, there might be fluctuation in pH value in concrete because of the generation
of carbon dioxide due to microbial respiration and ammonia due to enzymatic hydrolysis of urea
(Stocks-Fischer et al. 1999). Therefore, in order to investigate effect of addition of microbes into
concrete on alkaline nature, pH of the resultant mixes were measured at various depths, starting

from the surface of concrete as shown in Table 4.4.
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Table 4.4 Effect of bacterial and material mix on the depth wise pH profile in different samples

Depth (mm) Control NT CT NBAT CBAT NBST CBST

0-10 12.19+0.002c  12.31+0.002a 12.30+0.002a 12.15+0.002b 12.20+0.002a 12.27+0.003a  12.14+0.001b
10-20 12.24+0.002b  12.16+0.002c 12.35+0.002a 12.06+0.001c  12.20+0.001b 12.25+0.002b  12.14+0.002b
20-30 12.27+40.001b 12.16+0.001c 12.32+0.003a 12.11+0.002b 12.22+0.002b 12.24+0.002c  12.26+0.002a
30-40 12.25+0.003b  12.28+0.001b 12.32+0.003a 12.26+0.002a 12.40+0.002b 12.24+0.003c  12.28+0.003a
40-50 12.30+0.002a 12.25+0.003b 12.38+0.00la 12.23+0.002a 12.36+0.002b 12.20+0.003c  12.30+0.003a

Values sharing a common letter within the column are not significant at P < 0.05 respectively. Values are mean + standard deviation
(n=3)

130 13.0

(A) B Control (B) ce=cr
O NT I CBAT
I NBAT [/ CBST
NBST
12.5 12.5
:Ic::_ 12.0 :g_ 12.0 |
115 115
11.0 — 11.0 —
0-10 10-20 20-30 30-40 40-50 0-10 10-20 20-30 30-40 40-50
Depth (mm) Depth (mm)

Figure 4.3 Depth wise estimation of pH for different concrete specimens. (A) Control; NT: NB treated; NBAT: NB-Bacterial admixed
treated; NBST: NB-Bacterial spray treated (B) CT: CSL treated; CBAT: CSL-Bacterial admixed treated; CBST: CSL-Bacterial spray

treated. Error bars represents standard deviation (n = 3)
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pH is one of the most influential parameters in concrete durability and the alkaline condition of
concrete with pH 12-13 keeps the reinforced steel resistant to corrosion (Behnood et al. 2016).
The drop of pH of concrete destabilizes the passive state of steel which results into rebar
corrosion and hence leads to premature deterioration of reinforced concrete (Huet et al. 2005).
Alkaline environment of concrete was not influenced with addition of bacterial cells
supplemented with either NB or CSL in this study (Figure 4.3). No significant variation in pH
was observed in NT and CT specimens as compared to control specimens in this study and the
pH was maintained above 12. In NBAT and NBST specimens, no fluctuation in pH value
occurred due to microbial precipitation of calcium carbonate and pH was maintained above 12
(Figure 4.3A). Even in CBAT and CBAT specimens, no significant effect on pH value was
observed (Figure 4.3B).

4.1.3 Influence of bacteria and material mix on mechanical and permeation properties of

concrete
4.1.3.1 Compressive strength

The influence of microbial treatment on the strength properties of concrete cubes with bacterial
culture as admixture and bacterial culture as a spray treatment was investigated. Microbial
treatment and effect of NB/CSL media on the strength properties of concrete after 28 days of
curing is presented in Table 4.5.

Table 4.5 Compressive strength of concrete specimens at the 28 days age of curing

Specimen Compressive strength (MPa)
Control 36.2+1.2d
CT 34.0t1.1e
NT 29.4+1.6f
CBAT 45.2+0.8a
NBAT 46.6x2.2a
CBST 41.6x£1.8b
NBST 39.2+2.4c

Values sharing a common letter within the treatment are not significant at P < 0.05.
Values are mean = standard deviation (n = 3)
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Figure 4.4 Influence of CSL media, NB media and bacterial culture on compressive strength
(MPa) of concrete specimens at the age of 28 days curing. Error bars represent standard
deviation (n = 3)

Compressive strength of control specimens was 36 MPa after 28 days of curing. Addition of
bacterial culture grown in CSL/NB media along with urea-CaCl, in concrete specimen and
curing with respective media for 28 days significantly increased the compressive strength
compared to control specimen (Figure 4.4). The CBAT specimens showed an increase of 25% in
compressive strength as compared to the control specimens. The CBST specimens in which
bacteria were introduced into concrete after casting in the form of spray during curing also
increased 16% in compressive strength compared to the control specimens. The NBAT
specimens showed an average increase of 29% in compressive strength as compared to the
control specimens. After 28 days of bacterial spray curing, slight increase in compressive
strength (8%) as compared to the control mix was registered in NBST specimen (39 MPa).
However, the compressive strength of NT specimen registered a drastic decrease by 19%
compared to the control mix. It indicates that the addition of plain NB media of organic nature
and urea-CaCl, into concrete leads to retardation in compressive strength development. In case
of CT specimen, no significant effect on the compressive strength as compared to control
specimen was observed. In case of mechanical properties of concrete, NT specimens casted with
plain NB media showed drastic reduction in the compressive strength (Figure 4.4). The results of

setting time and compressive strength indicates that the addition of organic matter (i.e., yeast
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extract) alone has a retardation effect on hydration. The negative effect of introducing organic
nutrients on the initial and final setting times of NB cement paste mix was also observed. Ersan
et al. (2015) also reported a decrease in the compressive strength of a mortar specimen due to the
presence of yeast extract. In bacterial admixed and bacterial spray treatment of concrete
specimen with NB/CSL as bacterial growth media had shown effective compressive strength
increase in both the curing regimes. The results indicated that the incorporation of bacterial cells
along with nutrient media in concrete specimens lead to significant improvement in compressive
strength of the mix. The increase of 29% in compressive strength was observed in NBAT; while
in NBST specimens, marginal increase in compressive strength by 8% was observed. Therefore,
it indicates that the adverse effect of introducing yeast extract into NBAT and NBST concrete
specimens on hydration can be overcome by the calcium carbonate precipitation done by
bacteria. In case of CBAT and CBST specimens, increase in compressive strength on
comparision with control was obserevd to be 25% and 16% respectively. However, use of CSL
as growth media had not shown any deleterious modifications in the concrete properties.
Addition of CSL media had not altered the chemical and mechanical properties of concrete in
this study. In previous studies, increase in compressive strength in specimens treated with
bacteria grown in CSL as compared to control specimens was reported (Achal et al. 2010a). As
the CSL is a nutritional supplement, it comprised rich, free amino acids and vitamins, which act
as excellent growth stimulants for bacterial cells (Sharma et al. 2013). On comparing the effect
of bacterial curing treatments on mechanical properties of concrete, it was observed that spray
treatment by bacteria after casting of concrete leads to only marginal increase in compressive
strength. It can be due to the fact that spray treatment is a surface treatment and may not alter the
bulk concrete properties to a large extent. However, significant increase was registered in the
bacterial admixed concrete (NBAT/CBST) and curing by submerging the concrete specimen in
bacterial culture with supplementation of urea and CaCl, for biocementation. Another parameter
that is altered by the addition of bacterial cells and the associated nutrients into concrete is its
chemical composition. Both the carbon and nitrogen contents of all bacterial treated specimens
were higher than the corresponding values of the control mix. It is obviously due to addition of
organic matter and urea in the mixes as nutrient sources for bacteria. The highest amount of
carbon content was observed in NBAT/CBAT specimens. It is reported that high carbon content

due to addition of yeast extract and peptones present in growth media adversely affect the
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compressive strength of the concrete mix (Jonkers et al. 2010). However, the highest
compressive strength of NBAT/CBAT specimens indicates that the correlation between carbon
content and compressive strength might not be true for bacterially treated concrete. The observed
improvement in compressive strength despite of higher carbon content is due to successful
calcium carbonate precipitation that helped in densifying the concrete matrix. Even, the high
nitrogen content of NBAT and CBAT specimens, which is due to inclusion of urea in material
mix at the time of casting had not influenced the compresive strength. The similar observation
was reported in which urea addition had no statistically significant effect on the compressive
strength of concrete (Pei et al. 2013). However, in NBST/CBST specimens, carbon and nitrogen
content was observed to be quite low in the inner depths as compare to NBAT/CBAT specimens.
It is due to the fact that the bacterial cells grown in NB/CSL media and supplementation of urea
and CaCl, were sprayed regularly on the surface of concrete during curing process in
NBST/CBST specimens. Due to this, the calcium carbonate precipitation at the upper surface
blocked the pores of concrete, hence reducing the ingress of nutrients further inside the concrete
matrix. The nutrient content has no significant effect on the compressive strength of the bacterial

admixed or bacterial spray concrete mixes.
4.1.3.2 Permeation properties

Apart from strength improvement, emphasis was also given to analyze the impact of two
different curing processes on permeation properties using NB and CSL as bacterial growth
media. The permeation characteristics of bacterial treated specimens were studied with respect to
three properties; sorptivity coefficient, RCPT and water impermeability after 28 days of curing
and presented in Table 4.6. Among all the tested concrete mixes, control mix registered the
highest sorptivity coefficient (0.02). The specimens treated with bacterial cultures grown in CSL
media (CBAT and CBST) registered significantly lowest sorptivity coefficient followed by the
specimens treated with bacteria grown in NB media (NBAT and NBST) as compared to control
or media treated (NT and CT) specimens (Table 4.6). In both NT and CT specimens, sorptivity
coefficients were recorded to be in the similar range of 0.014. In case of NBAT and NBST
specimens, sorptivity coefficients were observed to be 0.008 and 0.007, which shows that
bacterial precipitation of calcium carbonates significantly reduced the ingress of water. However,

both CBAT and CBST specimens registered the lowest sorptivity coefficients (0.005). Sorptivity
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test shows the water ingress into an unsaturated concrete, which is dominated by capillary
suction and is an important parameter that can be correlated to the ingress of deteriorating
substances (chlorides or sulfates) into concrete (McCarter et al. 1992). Sorptivity is a good
measure of the quality of near surface concrete, which governs durability parameters related to
rebar corrosion (Dias, 1995). The results from sorptivity test indicate that the transport
mechanism of water in specimens through capillary rise was altered effectively in both the
microbial treatment methods (bacterial admixed and bacterial spray).

Resistance of concrete to chloride ion penetration can be indirectly measured by RCPT. In
RCPT, resistance to chloride ions penetration by all specimens was evaluated. Results from all
specimens were compared with the control specimen shown in Table 4.6. In control specimen,
the charge passed was 3180 coulombs and its permeability characteristics falls under moderate
type. In NT and CT specimens, the charge passed was 2942 and 2838 coulombs respectively
with moderate permeability type. Control specimens and media treated specimen’s registered
almost similar charge transfer resistance and falls in the category of moderate penetration type.
While in NBAT specimen the total charge passed was 1204 coulombs and NBST specimens
registered charge of 1340 coulombs. However, in CBAT specimen the total charge passed was
1228 coulombs and in CBST specimen it was 1310 coulombs. The charge transfer was
significantly reduced in all specimens treated with bacteria and the penetration values fall in low
penetration range (Table 4.6). In RCPT, similar trend of significant reduction to chloride ion
penetration was observed in both curing treatments, as NBAT/CBAT and NBST/CBST
specimens showed low permeability type (Table 4.6). Resistance to chloride ions penetration
indicates the effectiveness of both curing treatments in concrete specimens. The movement of
aggressive chemical ions with pore water present in the well-connected pore matrix of concrete
leads to corrosion of rebar. The transport mechanism of deleterious substances is influenced by
the pore distribution, pore number and pore size in the concrete (Basheer et al. 2001). In RCPT,
results indicate the improvement in concrete permeability properties in both microbial treatment
methods adopted, bacterial admixed treated (NBAT and CBAT) and the surface treated concrete
with bacterial spray (NBST and CBST) which showed a significant resistance of chloride

movement.
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Table 4.6 Permeation properties of media and bacterial treated concrete specimens

Specimen  Sorptivity coefficient *k>? RCPT Water penetration
Mean charge passed Penetration type” (mm)*
(in coulombs)®
Control 0.020 + 0.0% 3180 + 1272 Moderate 302+2.1°
CT 0.014 +0.0° 2838 + 141° Moderate 28.2 +3.2°
NT 0.014 +0.0° 2942 + 148° Moderate 31.2+1.7°
CBAT 0.005 + 0.0¢ 1228 + 79° Low 125+ 1.5°
NBAT 0.008 + 0.0° 1204 + 95° Low 14.2 +2.1°
CBST 0.005 + 0.0¢ 1310 + 58° Low 13.9 + 1.3
NBST 0.007 +0.0° 1340 + 62° Low 13.6 +1.4°

 Mean values sharing a common letter within the column are not significant at P < 0.05
® The range of charge for high (> 4000), moderate (2000-4000), low (1000—2000) and very low (100—1000)
as per the ASTM C1202-12 standard
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The water penetration depth defines the ease with which water can flow through concrete under a
pressure differential. In this case also, the governing feature of ingress is capillary pores of
concrete. Effect of calcium carbonate precipitation in bacterial mixed specimen and bacterial
spray treated specimen indicated efficient resistance to water penetration. In water
impermeability test, maximum vertical penetration of water was found in control specimen (30.2
mm) and NT specimen (31.2), while minimum penetration depth of 12.5 mm and 13.9 mm was
measured in CBAT and CBST specimens. NBAT and NBST specimens also registered very low
water penetration depth of 14.2 mm and 13.6 mm respectively. The water penetration in concrete
matrix was effectively altered by microbial calcium carbonate precipitation. The reduction in
pore number and pore size due to carbonate precipitation leads into reduced movement of water.
It was observed in water permeability test that, the penetration of water into the pore matrix of
concrete was significantly prevented due to the precipitation of calcium carbonate by bacteria.
Biodeposition of calcite crystals acts as pore blocker which results into reduced pore number and
pore size; leading into reduced movement of water in bacterial treated concrete specimens. It was
observed that the application of bacterial spray treatment can effectively restrict the damage from
the penetration of aggressive agents and can be used as natural water repellant. At field-scale
application, curing with bacterial spray treatment will also help in the implementation of MICP
technology as a repair procedure on existing structures to improve the surface permeability

properties of concrete.
4.1.3.3 Micro-structural analysis

SEM and XRD analysis of all the concrete specimens was performed to characterize the calcium
carbonate crystals. SEM analysis of all the concrete specimens was done by collecting samples
from three different depths at the age of 28 days of curing. The SEM images of both NBAT and
NBST specimens taken from the upper depth of 0—10 mm clearly shows the presence of calcium
carbonate crystals associated with bacterial cells (Figure 4.5). In case of NBAT specimen,
presence of different crystal lattice of calcium carbonate was found. Rhombohedral calcite
crystal and needle shaped aragonite crystals were observed (Figure 4.5A and 4.5B). The EDX
analysis also confirmed the elemental composition of crystals with peaks showing high amount

of calcium and carbon.
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Figure 4.5 SEM images represent the CaCOj3 crystal (CC) associated with rod shaped bacterial cells (BC) at upper depth (0-10mm) in
NB-Bacterial admixed treated (NBAT) specimen (A-B) and NB-bacterial spray treated (NBST) specimen (C-D). Arrows show

calcium carbonate crystals and bacterial cells. ‘¢’ shows the spots of EDX analysis
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In NBST specimen, high biodeposition of calcium carbonate precipitation was observed.
Morphology of rhombohedral calcite and aragonite crystals in association with bacterial cells
was also identified (Figure 4.5C and 4.5D). The high peak of calcium on EDX analysis further
confirmed the presence of calcium carbonate crystals. XRD analysis of NBAT and NBST
specimens was performed by collecting the powder sample from the upper depth. XRD analysis

of NBAT and NBST specimens is presented in Figure 4.6.
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Figure 4.6 XRD patterns of NB-Bacterial admixed treated (NBAT) specimen (A) and NB-

bacterial spray treated (NBST) specimen (B) depicts calcite (CaCO3) as predominat crystalline

phase. Crystalline phases of argonite and vaterite (polymorphs of CaCO3) were also observed
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Presence of calcite crystals in upper depth of NBAT and NBST specimens were confirmed with
predominant peaks as shown in Figure 4.6A and Figure 4.6B respectively. Apart from calcite,
argonite and vaterite polymorphs of calcium carbonate crystals were also confirmed. In the upper
depth (0-10 mm) of NBAT specimen, apart from thick deposition of calcite and needle shaped
aragonite crystals, different morphology of calcium carbonate crystals with multinodular
structure having micro needles was also observed (Figure 4.5A and 4.5B). On EDX analysis, the
peak of calcium, carbon and oxygen was observed. The micro needles morphology might be due
to presence of some magnesium impurities in the tap water used while curing. Similar calcium
carbonate crystal formation was reported on addition of magnesium (Xie et al. 2005). Formation
of micrite calcite with mirconeedles due the distortion of sideward growth of calcite under the
influence of magnesium ions has also been reported (Folk, 1974). In NBST specimens, presence
of mucous matrix on the closely attached rhombohedral calcite and aragonite carbonate crystals
along with bacterial cells due to exopolymeric substances (EPS) was observed in the upper depth
(Figure 4.5C and 4.5D). Important role of EPS in cell adhesion and calcium carbonate

precipitation was reported (Bains et al. 2015).

SEM images of both CBAT and CBST specimens taken from the upper depth (0—-10 mm) are
presented in Figure 4.7. SEM-EDX analysis of bacterial treated specimens showed the presence
of dense deposition of bacterial mediated precipitation of calcium carbonate. In case of CBAT
specimen, presence of different crystal lattice of calcium carbonate was found. Rhombohedral
calcite crystal and spheroid vaterite crystals were observed (Figure 4.7A and 4.7B). The EDX
analysis also confirmed the elemental composition of crystals with peaks showing high amount
of calcium and carbon. Formation of different kind of morphology of calcium carbonate crystals
depends on composition and minerology of the substrate. Calcitic substrate promotes the growth
of bacterial calcite while silicate substrate promotes the formation of spherulitic vaterite
(Rodriguez-Navarro et al. 2012). In CBST specimen, presence of dense biodeposition of closely
attached rhombohedral calcite crystals was observed (Figure 4.7C and 4.7D). The high peak of
calcium and carbon on EDX analysis further confirmed the presence of calcium carbonate

crystals.
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Figure 4.7 SEM images represent the CaCO3 crystals (CC) at upper depth (0-10 mm) in CSL-bacterial admixed treated (CBAT)

specimen (A-B) and CSL-bacterial spray treated (CBST) specimen (C-D). Arrows show calcium carbonate crystals. “4* shows the
spots of EDX analysis
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XRD analysis of CBAT and CBST specimens is presented in Figure 4.8. XRD analysis of CBAT

and CBST specimen showed that majority of the calcium carbonate deposits were calcite and

vaterite (Figure 4.8A and 4.8B).

(A)

2000 —

Quartz

Counts

1000 —

Quartz
Calcite
Vaterite
Quartz
Calcite
Calcite
Vaterite
Quartz

Vaterite

| ‘ f
bty WWM“) M“'P‘WHWWM mnkwamJ

O —— T T ‘ \\\\\\\\\ ‘ \\\\\\\\\ ‘ \\\\\\\\\ ‘ \\\\\\\\\ ‘ L
20 30 40 50 60

Position[°2 Theta]

s
LTNTON L TN—

2000 —

(B)

Quartz

Counts

1000 —

Quartz
Calcite
Calcite
Quartz

Calcite
Quartz
Vaterite
Quartz
Vaterite

!

WWWWW}&wmm,mw’juwwwﬂ»nwm

ST PP 1.1 W

MWW

T T
20 30 40 50 60

Position[°2 Theta]

Figure 4.8 XRD patterns of CSL-bacterial admixed treated (CBAT) specimen (A) CSL-bacterial
spray treated (CBST) specimen (B) depicts calcite (CaCO3) as predominat crystalline phase.

Crystalline phases of vaterite (polymorphs of CaCOg3) were also observed
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The SEM images of NBAT specimen (Figure 4.9A) and NBST specimen (Figure 4.9C) at the
middle depth (20-30 mm) shows the presence of bacterial cells only. However, in the proximity
of bacterial cells, no precipitation of calcium carbonate crystals was observed. A SEM image in
the samples taken from inner depth (40-50 mm) shows the presence of bacterial cells without
any calcium carbonate precipitation in NBAT specimen (Figure 4.9B). In case of NBST
specimen (Figure 4.9D), no precipitation and the bacterial cells were detected. The EDX analysis
also identified high silicon peaks in both the specimens. The SEM images of CBAT specimen
(Figure 4.10A) and CBST specimen (Figure 4.10C) at the middle depth (20-30 mm) shows the
presence of bacterial cells. However, in the proximity of bacterial cells, no precipitation of
calcium carbonate crystals was observed. SEM image from the inner depth (40-50 mm) shows
only calcium silicate hydrate (CSH) without any calcium carbonate precipitation in the concrete
matrix of CBAT specimen (Figure 4.10B). In case of CBST specimen (Figure 4.10D), absence of
calcium carbonate precipitation and the bacterial cells was observed in the inner depth. The EDX
analysis also identified high silicon peaks in both the specimens. In middle depths (20-30 mm) of
NBAT/CBAT specimens, presence of bacterial cells without calcium carbonate precipitation was
noticed. Bacterial cells in inner depths remains incorporated in the concrete matrix without
precipitation activity (Figure 4.9 and Figure 4.10). In case of NBST and CBST specimens,
bacterial cells without calcum carbonate precipitation activity were observed in the middle depth
(Figure 4.9 and Figure 4.10). But in the inner most depth (40-50 mm), presence of bacterials
cells without precipitation was observed in NBAT and CBAT specimens, while in NBST and

CBST specimens presence of bacterial cells was not observed (Figure 4.9 and Figure 4.10).

The capability of bacterial cells to hydrolyse urea and nutrient media might be hindered by the
harsh alkaline pH of concrete matrix and low oxygen availability. These factors might had
effected the ureolytic activity of bacterial cells inside the concrete matrix. The absence of calcite
precipitation in the inner depth of concrete can be due to blocking of upper pore matrix of
concrete by calcium carbonate precipitation during initial days of spray curing. This might had
inhibited the ingress of curing media during spray treatment, and hence this treatment could not

improve the compressive strength of concrete substantially.
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Figure 4.9 SEM images of NB-bacterial admixed treated (NBAT) specimen (A-B) and NB-bacterial spray treated (NBST) specimen
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Figure 4.10 SEM images of CSL-bacterial admixed (CBAT) specimen (A-B) and CSL-bacterial spray treated (CBST) specimen
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The bacterial admixed treatment was observed to be highly efficient in improving the
compressive strength of concrete. However, even in this treatment in the inner depth of concrete
matrix, bacterial cells are visible but no calcite precipitation was identified. Furthermore, the
viability of bacterial cells in the interior of concrete structure due to highly alkaline pH and very
restricted oxygen availability is a matter of concern. Some researchers had reported that the live
bacterial cells might form spores or die in these harsh conditions of concrete (Wang et al. 2014;
Ersan et al. 2015).

In SEM analysis of NT specimen (Figure 4.11A - 4.11B) and CT specimen (Figure 4.11C -

4.11D) at different depths, absence of calcium carbonate precipitation was observed. EDX

analysis further confirmed the absence of calcium carbonate crystals.
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Figure 4.11 SEM images of NB treated (NT) specimen (A-B) and CSL treated (CT) specimen
(C-D) from different depths. ‘4’ shows the spots of EDX analysis
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In case of NT and CT specimen, XRD spectrum revealed that the major phases present are

quartz, coesite, calcium aluminium silicate and vaterite (Figure 4.12A and 4.12B).
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Figure 4.12 XRD patterns of NB treated (NT) specimen (A) CSL treated (CT) specimen (B)

depicts the presence of quartz as predominat crystalline phase
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In case of control specimen, SEM images from different depths also showed the absence of
calcium carbonate crystals (Figure 4.13). EDX analysis further confirmed the absence of calcium
carbonate crystals. XRD spectrum of control specimens also confirmed that the major phases

present are quartz, calcium hydrate and coesite (Figure 4.14).
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Figure 4.13 SEM images of control specimen (A-B) from different depths shows the formation

of calcium silicate hydrate. 4’ shows the spots of EDX analysis
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Figure 4.14 XRD patterns of control specimen depicts the presence of quartz as predominat

crystalline phase
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However, results of the present study indicate that the incorporation of vegetative bacterial cells
grown in NB/CSL media as an admixture along with urea and CaCl, enhanced the mechanical
strength as well as improved reistance towards the water ingress of concrete. On the other side,
bacterial spray treatment of concrete strutucres significantly improves the permeation properties

by providing efficent resistance to water ingress.
4.1.4 Conclusions

In the present investigation, effect of nutrient components of media such as carbon and nitrogen
content of organic nutrients and bacterial cells on the chemical and structural properties of
concrete was studied. Apart from the laboratory grade nutrient broth (NB), corn steep liquor
(CSL), an industrial by-product as an alternate growth media was used during biocementation.
Addition of plain CSL media without bacteria had no adverse effect on the setting characteristics
of cement paste, while severe retardation was noticed in cement setting with NB media due to its
yeast extract component. Retarding nature of organic matter of yeast extract causes significant
reduction of strength in concrete specimens treated with NB media only. Setting character of
cement was not affected on addition of bacterial culture grown in NB/CSL media. Use of NB
media in bacterial admixed and bacterial spray treated specimen’s results into higher carbon and
nitrogen content than CSL media. Significant improvement in compressive strength and
permeation properties as a result of using NB and CSL in bacterial treatment of concrete was
observed. The biogenic precipitations of CaCOg3 by bacterial cells counteract the retarding effect
of organic nutrients of concrete and enhance the durability properties. Use of bacterial
admixture, media only (CSL and NB) and surface treatment with bacterial spray did not affect
the alkaline nature of concrete. Both bacterial admixed treatment (that can be used for new
structures) and bacterial spray treatment (that can be used as a repair procedure) using NB/CSL
as bacterial growth media were found to be effective in improving the properties of concrete.
Bacterial spray treatment of concrete will help in future application of MICP technology at field
scale. From these results it was concluded that CSL (an industrial by-product of the starch
industry), an inexpensive nutrient media as compared to yeast extract and peptone in NB media,
would serve as a potential nutrient source for bacterial cells in microbial treatment of concrete
and thus enhance the durability properties of concrete. CSL will also help in developing low-cost

and environment-friendly MICP technology in future on a field scale.
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4.2 Durability properties of microbial concrete under aggressive environments

Application of microbial induced calcium carbonate precipitation (MICP) via biomineralization
process has been considered as a novel method in improving durability properties of concrete.
This bio-based treatment had been extensively targeted to improve the overall performance of
concrete at lab scale experiments. The qualitative and quantitative evaluation of MICP in
improving mechanical and permeation properties of concrete are still reported under ideal
conditions at lab scale. Durability of microbial treated concrete under aggressive environments is
still unexplored. The current study aimed to assess the efficacy of bio-deposition as a barrier in
microbial treated concrete against the penetration of sulfate ions in external sulfate attack. Along
with sulfate exposure, prevention with microbial treatment against chloride induced corrosion of

rebar was also investigated.
4.2.1 Exposure to chemical sulphate attack
4.2.1.1 Compressive strength

Compressive strength results of control and microbial treated concrete specimens during sulfate
exposure are presented in Table 4.7. The performance of concrete specimens under exposure of
sulfate attack was monitored for 1 year. Prior to sulfate exposure, NB-Bacterial admixed treated
(NBAT) and NB-Bacterial spray treated (NBST) specimen’s registered significant increase in
compressive strength as compared to control specimens due to biocementation at the age of 28
days curing. The NBAT and NBST specimens showed an increase of 35% and 16% in
compressive strength as compared to the control specimen, respectively as shown in Figure 4.15.
Severe strength loss was observed in control specimen after 12 months of sulfate exposure. After
the sulfate exposure, compressive strength of control specimen registered a drastic decrease of
30% as compared to its initial strength value before exposure. However in NBAT and NBST
specimen, minor variations in compressive strength were observed after sulfate exposure. No
major sign of strength loss was registered in NBAT and NBST specimens throughout the sulfate

exposure.
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Table 4.7 Effect of sulfate exposure on compressive strength properties of different concrete specimens

Compressive strength (MPa)
Specimen  Before exposure 30days 60 days 120 days 180days 240days 300 days 365 days

Control 31.2+19c  32.7#14c 335+2.2c 35.3+1.1b 33.4+2.0a 29.9+1.4b 26.2+1.5b  22.1+0.8c
NBST 36.5+1.8b  35.8+1.4b 37.8+0.5b 36.2+0.5b 37.8+1.2b 40.4+1.2a 39.3+1.3a  38.1+0.7b
NBAT 42.1+0.8a  41.8+l1.1a 43.3+xl.1a 42.6+1.2a 40.8+1.4c 415+1.4a 40.8+l.la  41.1+0.5a

Values sharing a common letter within the column are not significant at P < 0.05. Values are mean + standard deviation (n
= 3)

50 I Control
[ NBST
I NBAT
= 40 |
o
=
N—r
<
o 30
c
g
®
(]
=
o 20+
%]
Q
o
IS
o
O 10 [
0
0 30 60 120 180 240 300 365

Exposure in test solution (Days)

Figure 4.15 Influence of sulfate exposure on compressive strength of control and microbial treated concrete specimens
till the age of 365 days. Error bars represent standard deviation (n = 3)
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4.2.1.2 Mass change

The mass variations were monitored for all the concrete specimens under chemical sulfate
exposure are shown in Figure 4.16. Control concrete specimens gained the higher mass with
respect of NBAT and NBST specimens. Mass gain in control specimens was registered till the
immersion age of 270 days but thereafter loss in mass was observed. During the sulfate
exposure, maximum mass gain in control was measured to be 0.78% from its initial mass till the
age of 270 days. In case of NBAT and NBST specimens, marginal mass gain was observed. In
NBAT and NBST specimens, mass gain observed at the end of sulfate exposure was 0.28% and
0.4% from their initial mass. Effective resistance towards the ingress of sulfate ions was
observed in NBAT and NBST specimens.
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Figure 4.16 Influence of chemical sulfate exposure on mass variations of control, NB-bacterial
admixed treated (NBAT) and NB-bacterial spray treated (NBST) specimens till the age of 365
days
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4.2.1.3 Visual appearance

Visual observations of control specimens under chemical sulfate exposure for 12 months are
presented in Figure 4.17. Clear sign of surface degradation was observed in control specimens
during 12 months of immersion in sulfate solution. The first sign of surface cracks in control
specimen was visualized at the exposure time of 180 days. The damaging process in control
specimen continued with loss of cohesion less particles on the edges due to spalling. Maximum
surface deterioration was noted in control specimen during the sulfate exposure. However, no
sign of deterioration such as cracking and spalling were visualized in NBAT and NBST
specimens and these microbial treated specimens remained intact (Figure 4.18 and Figure 4.19).
Severity of surface scaling in concrete specimens is rated as specified in ASTM standard and
presented in Table 4.8. On the basis of severity of surface scaling, control specimen after the end
of sulfate exposure period falls under the category of moderate to severe scaling. However,
NBAT and NBST specimens after the end of sulfate exposure fall under the category of no

scaling.

Table 4.8 Surface scaling visual rating adapted from ASTM C672/C672M — 12

Exposure time (months)

Specimens

1 3 6 9 12
Control 0 1 2 3 4
NBAT 0 0 0 0 0
NBST 0 0 0 0 0

0: No scaling; 1: Very slight scaling; 2: Slight to moderate scaling; 3: Moderate scaling; 4:

Moderate to severe scaling; 5: Severe scaling
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(E)
Figure 4.17 Visual appearance of control specimen after chemical sulfate exposure at the age of (A) 30 Days (B) 90 Days (C)

180 Days (D) 270 Days (E) 365 Days. Surface deterioration with the formation of surface cracks and spalling was visualized in
control specimen during sulfate exposure
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Figure 4.18 Visual appearance of NB-bacterial admixed treated (NBAT) specimen at regular intervals of chemical sulfate
exposure (A) 30 Days (B) 90 Days (C) 180 Days (D) 270 Days (E) 365 Days. No sign of surface deterioration was observed

throughout the sulfate exposure
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(A)
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Figure 4.19 Visual appearance of NB-bacterial spray treated (NBST) specimen at regular intervals of chemical sulfate
exposure (A) 30 Days (B) 90 Days (C) 180 Days (D) 270 Days (E) 365 Days. No sign of surface cracking and spalling was
observed during the sulfate exposure
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4.2.1.4 Mortar length change

The length expansion results for all the mortar prismatic specimens are shown in Figure 4.20.
After 12 months of full immersion, maximum length expansion was observed in control

prismatic specimens.
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Figure 4.20 Influence of chemical sulfate exposure on length expansion of control, NB-bacterial
admixed mortar (NBAM) and NB-bacterial spray treated mortar (NBSM) specimens till the age
of 365 days

The control prism yielded the maximum expansion of about 0.38% after the complete cycle of
sulfate exposure. However, bacterial treated prismatic specimens indicate the higher resistance
against sulfate attack towards expansion. In NB-bacterial admixed mortar (NBAM) and NB-
bacterial spray treated mortar (NBSM) prisms no evident effect on length was observed as
compared to control prism, with maximum expansion reaching 0.18% and 0.15% respectively.
Results indicates that NBAM and NBSM prism showed 52% and 60% lower expansion than

control prism, respectively.

132



4.2.1.5 Micro-structural evaluation

SEM analysis of all concrete specimens was performed at different ages of sulfate exposure. In
control concrete specimens, deposition of different secondary products like gypsum and
ettringite crystals were observed (Figure 4.21). Presence of needle shaped crystals was observed
in the pore matrix of control specimen at the immersion age of 90 days (Figure 4.21A). With the
increasing sulfate immersion age, precipitation rate of ettringite crystals were also escalated.
Intense deposition of ettringite crystals with long needle shape and elongated rectangular prism
faced column shape in control specimens were observed at the age of 365 days (Figure 4.21C).
The EDX analysis also confirmed the elemental composition of crystals with peaks showing high
amount of calcium, sulphur and aluminum (Figure 4.21D). XRD analyses of concrete specimens
were performed to identify the presence of different crystalline phases during chemical sulfate
exposure. In control specimen, XRD profile indicates the peak for quartz as well as ettringite and

gypsum as the main secondary reaction products (Figure 4.22).

In NBAT and NBST specimen, on the sulfate exposure till the age of 180 days, secondary
products due to sulfate ingress were not observed (Figure 4.23 and Figure 4.25). Biogenic
calcium carbonate precipitation due to bacterial curing adopted for NBAT and NBST specimens,
results into an efficient resistance towards the sulfate ingress. However after 365 days of severe
sulfate attack, development of micro needle crystals of gypsum and ettringite were observed in
NBAT and NBST specimen (Figure 4.23C and Figure 4.25C). EDX analysis confirmed the
formation of gypsum and ettringite crystals showing the peaks of calcium, sulphur, aluminum
and oxygen. XRD analyses of NBAT and NBST specimens were performed to identify the
presence of different crystalline phases during chemical sulfate exposure (Figure 4.24 — Figure
4.26).
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Figure 4.21 SEM images of control specimen after (A) 90 days (B) 180 days (C) 365 days of
chemical sulfate exposure. (D) EDX analysis represents formation of reaction products. ‘4’

shows the spot of EDX analysis
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Figure 4.22 XRD patterns of control specimen after the 12 months of chemical sulfate exposure
depicts ettringite as predominat crystalline phase. Crystalline phases of gypsum were also
observed
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Figure 4.23 SEM images of NBAT specimen after (A) 90 days (B) 180 days (C) 365 days of

sulfate exposure. (D) EDX analysis represents formation of reaction products. ‘4 shows the spot
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of EDX analysis
XRD analyses of NBAT specimen performed at the end of chemical sulfate exposure revealed
the presence of calcite as the major phase as well as some peaks of gypsum and thaumasite as

shown in Figure 4.24.
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Figure 4.24 XRD patterns of NB-bacterial admixed treated (NBAT) specimen at the end of

chemical sulfate exposure depicts calcite, gypsum and ettringite as predominat crystalline phases
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Figure 4.25 SEM images of NBST specimen after (A) 90 days (B) 180 days (C) 365 days of

sulfate exposure. (D) EDX analysis represents formation of reaction products. ‘4 shows the spot
of EDX analysis

XRD analyses of NBST specimen performed to identify the presence of different crystalline
phases during chemical sulfate exposure. In NBST specimen, XRD profile indicates the peak of
calcite as the major phase as well as some peaks of ettringite and thaumasite as secondary

products formed during the sulfate ingress (Figure 4.26).
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Figure 4.26 XRD patterns of NB-bacterial spray treated (NBST) specimen at the end of

chemical sulfate exposure depicts calcite, ettringite and thaumasite as major crystalline phases
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Performance and evaluation of control concrete specimens, monitored under chemical sulfate
attack through the durability factors like compressive strength change and mass change revealed
that during the initial 120 days of exposure, improvement in compressive strength was observed
(Figure 4.15). This behavior of the initial improvement in mechanical strength reflects the
densification of cementitious matrix at microstructural level (Mittermayr et al. 2015). It was also
reported that due to continuous ingress of sulfate ions into the cementitious matrix progresses the
development of expansive products such as gypsum and ettringite was observed. The quantity of
expansive products fills the pores and voids causing the microstructure denser during the initial
period of sulfate exposure (Najjar et al. 2017a). With the long time exposure, the severity of
chemical sulfate attack intensified and results into significant strength loss in control specimen.
Gradual loss in strength observed after 180 days of immersion may be due to increased
penetration of sulfate salts causing higher accumulation of expansive products in the pores of
control specimens. Formation of ettringite crystals led to the factors like reduction in the quantity
of CH and C3A content of cementitious matrix (Aye and Oguchi, 2011) and salt crystallization
pressure within the pores of concrete (Lee and Kurtis, 2017). It was reported that quantity of CH
and C3A content favored the attack of Na,SO, salt and calcium silicate hydrate (CSH) favored
the MgSQ, attack (Aye and Oguchi, 2011). Deterioration in the form of spalling and cracking on
the concrete surface was observed in control specimens.

As indicated in Figure 4.17, surface cracks were observed in control specimens at the immersion
age of 180 days which further accelerated with the exposure time. In SEM analysis, association
of gypsum and ettringite crystals accumulation in the pores of concrete supported the possible
reason of damage (Figure 4.21). Presence of elongated column shaped ettringite crystals
generated a significant stress in the pores which causes damage to pore walls resulting into
cracking. On the other hand, influence of sulfate ingress in the pores of control specimen on the
mass change was also observed. As shown in Figure 4.16, it was observed that control specimen
undergo mass gain of 0.8% till the immersion age of 270 days. It seems that mass variation may
be due to the formation of expansive products during the reaction of hydration products of
cement with sulfate ions which leads to compaction of microstructure (Maes and De Belie,
2014). Concrete with high porosity was reported to gain mass because of higher ingress of
sulfate absorption (Nehdi et al. 2014). Higher pore volume was reported to be the main reason,

responsible for the transportation of sulfate ions and consequently filling the concrete pores with
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expansive products (Najjar et al. 2017a). However, in the later ages of immersion, trend of mass
loss was observed in control specimens as the sulfate exposure progressed (Figure 4.16).
Development of stress due to enhanced growth of expansive products causes surface scaling and
loss of cohesion less particles on the edges (Figure 4.17). Existence of gypsum and ettringite
crystals in concrete pores was claimed to be the deterioration factors (Maes and De Belie, 2014).
Expansive behavior of reaction products will be the factors responsible for cracking and spalling
on the outermost layer of concrete. In SEM and XRD analysis (Figure 4.21 and Figure 4.22),
presence of gypsum and ettringite confirmed the deterioration of control specimens, which is
further responsible for mass loss. In addition, trends of length increase in control prism due to
expansive product formation were also observed. As shown in Figure 4.20, rate of expansion was
much higher in control prism as compared to microbial treated prisms. Length expansion of
control mortar prism indicates higher ingress of sulfate ions and filling its pore volume with
reaction products. Moreover, during the sulfate exposure a longitudinal crack along the whole
length of control prism was observed. Similar observation of crack generation along the length of
mortar prism was also reported (Maes and De Belie, 2014). Appearance of cracks confirms the
formation of ettringite and gypsum crystals as responsible factors for deterioration.

Ettringite and gypsum were also reported as the cause of expansion in mortar specimens
subjected to sulfate environment (Tian and Cohen, 2000; Roziére et al. 2009). It has also been
reported that leaching of Ca(OH), plays an important role in the degradation of mortar specimen
immersed in sodium sulfate solution (EI-Hachem et al. 2012). Dissolution of Ca(OH), together
with external sulfate attack increased the porosity and making the diffusivity of sulfate ions
easier for the formation of gypsum. This mechanism was reported for triggering the overall
expansion and cracking of mortar prism. In contrast, overall performance of microbial treated
specimens against sulfate resistance was excellent. Application of both microbial treatments
(bacterial admixture and bacterial spray) improved the mechanical and permeation properties of
concrete structures. Due to biogenic precipitation of CaCOg crystals, ingress of sulfate ions was
extensively reduced inside the cementitious matrix. Efficient resistance towards sulfate ingress
results into marginal variations in compressive strength and mass of NBAT and NBST
specimens (Figure 4.15 and Figure 4.16). Low ingress of sulfate ions further reduces the
deterioration of concrete leading from the formation of expansive reaction products like ettringite

and gypsum (Figure 4.23 and Figure 4.25). However, some researchers also reported that the
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presence of carbonate in cementitious matrix will favor the thaumasite form of sulfate attack
(Irassar, 2009). It was reported that limestone fillers were used as admixture with different
replacement levels in concrete mixes (Rahman and Bassuoni, 2014). Contrary to the reports of
deterioration of concrete structures incorporated with limestone on exposure to sulfate solutions,
improvement in resistance against the sulfate attack was reported (Mittermayr et al. 2015;
Skaropoulou et al. 2013). In XRD analysis, presence of calcite as well as thaumasite phases at
the end of exposure was observed (Figure 4.24 and Figure 4.26). On the whole, NBAT and
NBST specimens remain unaffected as compared to control specimens and performed well in the
chemical sulfate attack.

4.2.2 Exposure to physical sulfate attack

4.2.2.1 Salt efflorescence

A typical appearance of white efflorescence was developed in the mortar prisms during physical
sulfate exposure. Thick deposition of salt efflorescence was developed in the upper portion of the

control prism during immersion period (Figure 4.27).

() (8) (© o) (E)
Figure 4.27 Typical salt efflorescence development in upper portion of control prism during

successive intervals of physical sulfate exposure (a) 30 days (b) 90 days (c) 180 days (d) 270
days (e) 365 days. Longitudinal cracks were also observed in the submerged portion of prism
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After 30 days of immersion, salt precipitation above the sulfate solution level was developed in
control specimens. After 90 days of exposure, crack formation along the edges of control
specimen was observed. At a later age, higher surface scaling and increase in longitudinal cracks
in submerged portion was observed. XRD analysis performed for the control prism at the end of
the sulfate exposure is shown in Figure 4.28. XRD patterns from submerged portion revealed the
presence of ettringite and gypsum as the major sulfate reaction phases (Figure 4.28A). In case of
salt efflorescence developed above the sulfate solution level, XRD patterns revealed the
formation of thenardite and epsomite as the major phases with minor peaks of mirabilite (Figure
4.28B).
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Figure 4.28 XRD patterns of submerged portion of control prism (A) depicts ettringite and
gypsum as major crystalline phases and salt efflorescence (B) depicts thenardite and epsomite as
the major phases
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During the physical sulfate exposure, a thick white efflorescence was developed in control prism
on the drying mortar surface which is just above the submerged portion. With the exposure time,
thickness of efflorescence continued to increase in control prism (Figure 4.27). However,
longitudinal crack formation after 90 days of sulfate exposure in submerged portion and severe
surface scaling at later ages was observed. This behavior of efflorescence deposition on the
upper portion and surface scaling on the submerged portion of mortar prism were reported to be
a dual action of physical and chemical sulfate attack respectively (Nehdi et al. 2014). It is
reported that in physical sulfate attack, stress development due to salt crystallization pressure in
pore structure is the deterioration mechanism. Sulfate ions penetrate from sulfate rich
surroundings into concrete pores by capillary suction and are transported to the evaporation
surfaces (Liu et al. 2014). At the upper dry surface, rate of evaporation exceeds the rate of
capillary rise due to which salt solution becomes supersaturated causing the salt crystallization
on the surface (Haynes and Bassuoni, 2011). Salt solution uptake into the pores by capillary
pressure is dependent on the pore distribution of porous body as well as its wetting behavior
(Scherer, 2004). It was also reported that increased porosity and permeability further increases
the flux of salt solutions causing more accumulation of salts (Lee and Kurtis, 2017). In control
mortar prism, dual effect of physical sulfate attack on the upper portion and chemical sulfate
attack on the submerged portion was observed. However above the efflorescence region no sign
of damage like cracking and spalling were observed. It is reported that the growth of mirabilite
crystals inside the pore wall generates high crystallization stress developing subflorescence
region (above the efflorescence region) where damage occurs (Lee and Kurtis, 2017). In XRD
analysis, presence of anhydrous thenardite deposits on the evaporative surface of control prism
shows that the hydrous mirabilite phase dried out on the surface during the exposure (Figure
4.28B). This thick efflorescence on upper surface indicates higher concentration of sulfate salt
ingress in control specimen. However, in XRD analysis, presence of ettringite and gypsum
crystals in the damaged submerged region also mimics the chemical sulfate attack (Figure
4.28A). In the submerged portion, instead of salt efflorescence, crack formation along the edges
due to expansion was observed. Similar to chemical sulfate attack, this typical crack formation

and spalling in the submerged portion causes severe surface damage.
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(A) (B) () (D) (E)
Figure 4.29 NB-bacterial spray treated mortar (NBSM) during successive intervals of physical

sulfate exposure (a) 30 days (b) 90 days (c) 180 days (d) 270 days (e) 365 days. No sign of
surface cracks was observed till the end of sulfate exposure

(A) (B) (€ (D) (E)
Figure 4.30 NB-bacterial admixed mortar (NBAM) during successive intervals of physical

sulfate exposure at the age of (a) 30 days (b) 90 days (c) 180 days (d) 270 days (e) 365 days. No

sign of surface scaling and salt efflorescence was observed till the end of sulfate exposure
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However, NBSM and NBAM prism shows better resistance against the physical sulfate attack.
No visible deterioration such as surface scaling or crack formation observed in NBSM and
NBAM throughout the exposure (Figure 4.29 and Figure 4.30). Slight formation of salt
efflorescence above the sulfate solution level was observed in NBSM and NBAM at later ages.
In case of NBAM and NBSM prisms, resistance to capillary rise of sulfate salts was adequately
achieved due to microbial treatment. Throughout the exposure, there was no sign of surface
scaling in the submerged portion of NBAM and NBSM prisms were observed (Figure 4.29 and
Figure 4.30). Precipitation of calcium carbonate during microbial treatment might have densify
the cementitious pore matrix and acts as a pore blocker. It is reported that permeation properties
of concrete structures are significantly improved by bacterial calcium carbonate precipitation.
Further, the transport mechanism of salt contaminated water through capillary rise in pore matrix
is effectively altered by bacterial treated concrete (Bansal et al. 2016). NBAM and NBSM prisms
exhibited excellent resistance to sulfate ingress and leading to protection from physical and
chemical form of sulfate attacks.

4.2.3 Exposure of reinforced concrete to chloride attack

Chloride induced corrosion in reinforced concrete structures is a widespread deterioration factor
which causes premature loss in the serviceability of concrete structures. Reinforcement in
concrete structures is prone to corrosion when chloride ingress into the concrete matrix from the
surrounding environment. In this study, performance of reinforced concrete specimens under
chloride induced corrosion was studied. Resistance towards chloride ingress in microbial treated
specimens was monitored and compared with control specimen. During the chloride exposure,
corrosion potential and corrosion current density of rebar embedded in concrete cylinders was
measured. The corrosion potential and corrosion current density values were recorded after wet-
dry cycle of 7 days immersion in NaCl solution and 3 days air drying.

4.2.3.1 Corrosion potential

Corrosion potential (Ecor) values of all the reinforced concrete cylinders exposed to aggressive
chloride solution is shown in Table 4.9. Corrosion potential values of all concrete specimens
were measured at regular interval of time up to 130 days of exposure. Initial corrosion potential
values in control, NB-bacterial spray treated (NBST) and NB-bacterial admixed treated (NBAT)
specimens before the exposure of chlorides were 121.7 mV/SCE, 115.9 mV/SCE and 111.8

143



mV/SCE respectively (Figure 4.31). Among all specimens, maximum decrease in corrosion

potential was observed in control specimen.

Table 4.9 Corrosion potential ‘Ecor” (mV/SCE) measurements at different chloride exposure time

Exposure time

Specimens

Before exposure 3" cycle 6™ cycle 9" cycle 12" cycle
Control 121.76 -329.28 -432.48 -431.71 -522.23
NBAT 111.80 -14.28 -153.83 -130.56 -220.40
NBST 115.90 -14.28 -356.54 -437.59 -382.62

SCE: Saturated calomel electrode; NBAT: NB-bacterial admixed treated; NBST: NB-bacterial

spray treated

-600

—@— Control
—O— NBAT
—v— NBST

-500

-400

-300

-200

-100

Corrosion Potential (mV versus SCE)

100

200

0 lIO 2I0 3'0 4IO 5IO 6IO 7I0 8IO 9IO 1(1)0 1i0 léO 1\;;0

Time (Days)
Figure 4.31 Corrosion potential ‘Eco’ (mV/SCE) values of control, NB-bacterial admixed
treated (NBAT) and NB-bacterial spray treated (NBST) reinforced concrete specimens during

the chloride exposure

After the first 4 cycle of chloride exposure, corrosion potential in control specimen was
decreased to the value of -448.01 mV/SCE. Then the corrosion potential further dropped to more
electronegative value (-522.30 mV/SCE) in control specimen at the end of 12" cycle of chloride
exposure. In NBST specimens, corrosion potential values till the 6™ exposure cycle remains
within the range of -321.4 mV/SCE and - 414.07 mV/SCE. At the end of chloride exposure,
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potential value in NBST specimen was observed to be - 382.6 mV/SCE. However in NBAT
specimen, corrosion potential value at the end of chloride exposure was observed to be - 220.4
mV/SCE. Among all reinforced concrete specimens, lowest drop in the potential value on the
chloride exposure was observed in NBAT specimen.

4.2.3.2 Corrosion current (Icorr)

To monitor the degree of corrosion rate in rebar, corrosion current density (lcorr) for all
specimens were measured. During the chloride exposure, Il values were recorded in all
specimens till the stage of corrosion was initiated and are presented in Table 4.10 and Figure
4.32.

Table 4.10 Corrosion current ‘Ieor’ (LA/cm?) measurements at different chloride exposure time

Exposure time

Specimens
Before exposure 6" cycle 12" cycle
Control 7.200e® 0.04 0.34
NBAT 1.900e™ 6.900e 0.02
NBST 4.300e® 0.001 0.03
04 r

I Before Exposure
[ After 6™ cycle

03 I B After 12" cycle

0.2 |

2
loorr (MA/em”)

0.1

R ~m W

Control NBAT NBST

Figure 4.32 Corrosion current ‘leor’ (LA/cm?) values of control, NB-bacterial admixed treated
(NBAT) and NB-bacterial spray treated (NBST) reinforced concrete specimens during the

chloride exposure
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Among all specimens, control specimen recorded the maximum lerr Value at the end of 12™ wet-
dry cycle. At the end of chloride exposure, Il Value in control specimen recorded was 0.34
nA/cm? which illustrates the start of depassivation process on the rebar surface. However, in
NBST and NBAT specimens, I values of 0.02 pA/cm? and 0.03 pA/cm? were recorded at the
end of chloride exposure. The values of I recorded in NBST and NBAT were quite low

representing the negligible rate of corrosion.

During the chloride exposure, in control specimen an increased trend of corrosion potential with
successive cyclic chloride exposure was observed. At the end of 6" cycle, corrosion potential in
control specimen dropped to more electronegative value (-432 mV/SCE) which depicts the
corrosion susceptibility of rebar is above 90% and a sign of active corrosion. According to
ASTM standard (ASTM C876-09), the probability of reinforcement corrosion initiation on steel
surface is above 90% when the potential value drops below -426 mV/SCE. However, the
corrosion current density of control specimen after the same exposure interval of 6 wet-dry
cycles was observed to be very low (0.04 pA/cm?) as shown in Figure 4.32. The observed
corrosion current value of control specimen indicates the passive state of rebar with no sign of
corrosion. This trend of corrosion potential while monitoring shows that more negative values do

not necessarily indicate an increase in corrosion of reinforcement.

It was also reported that, more negative corrosion potential drops might reflects the lack of
oxygen concentration at the boundary of the steel rebar and cementitious matrix (Kupwade-Patil
and Allouche, 2013). Further, the corrosion potential in control specimen remains steady till the
successive 5 wet-dry cycles and the values lies between -431.7 mV/SCE to -476.84 mV/SCE.
Corrosion potential followed an ascending trend and the highest value in control specimen was
recorded to be -522 mV/SCE after the 12" wet-dry cycle, which indicates the probability of
corrosion initiation on the steel rebar surface. In control specimen, this trend in corrosion
potential might be attributed to the de-passivation of the passive layer on the rebar. With the
accelerated effect due to wet-dry cycle of chloride exposure, jump in corrosion current value of
control specimen was observed. At the end of 12" cycle, corrosion current density in control
specimen reached to the value of 0.34 pA/cm?. It is reported that, the corrosion current density
more than the value of 0.1 pA/cm? is the sign of the initiation of de-passivation process of steel

rebar (Niu et al. 2020). The value of corrosion current in the range of 0.1 pAcm? to 0.5 pAcm? is
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an indication of weak to moderate susceptibility of corrosion on the rebar surface (Broomfield,
1997). On comparison with control, NBAT specimen registered significant resistance against the
ingress of chloride ions due to the microbial treatment. In NBAT specimen, biodeposition of
calcium carbonate after bacterial curing effectively blocks the pore matrix of concrete and
permitted low chloride ion penetrability. At the end of 6™ wet-dry cycle, NBAT specimen shows
the lowest drop in the corrosion potential (-148 mV/SCE) which indicates the passive condition
of rebar. At the end of chloride exposure, corrosion potential value (-220 mV/SCE) and
corrosion current density in NBAT specimen was lowest. In comparison with NBAT, NBST
specimen after 6™ cycle exhibited further drop in the corrosion potential (-414 mV/SCE). As
with the further chloride exposure, at the end of 12" cycle, corrosion potential of NBST lies at -
382 mV/SCE and the corrosion current value was observed to be 0.03 pAcm?. On the basis of
corrosion current value, chloride induced corrosion on the reinforcement of NBST specimen had
not significant detrimental effect and condition of steel rebar falls under passive state. Among all
reinforced concrete specimens, maximum resistance against the chloride ingress was observed in
NBAT specimen. The electrochemical analysis indicates that microbial CaCOg3 precipitation
effectively reduced the porosity of cementitious matrix.

Reports on the prevention of reinforcement corrosion in cementitious materials with different
applications of MICP are still limited. Achal et al. (2012) reported significant reduction in MICP
treated reinforced concrete structures as compared to control specimen during accelerated
chloride induced corrosion. It was reported that calcite precipitation in microbial treated
specimens, reduced the corrosion rate by four times than the control specimens. Biogenic
precipitation of calcium carbonate was reported to act as a barrier in the ingress of chloride ions
which prevented the initiation of corrosion in reinforcement. Ling and Qian (2017) also reported
the protective effects of microbial treated reinforced mortar in the resistance towards the
accelerated transmission of chloride. However, in the above mentioned studies, accelerated
corrosion tests were used by applying impressed current on concrete and mortar specimens to
study corrosion phenomenon. In another study, Ersan et al. (2018) reported the prevention of
rebar corrosion in concrete structures treated with nitrite producing bacteria. In this study, nitrate
reducing bacteria was used for bio-calcification as well as inhibition of rebar corrosion in mortar
prism. In this study, bacterial culture was used for biomineralization process by supplementing

the culture with calcium nitrate. It was reported that apart from biomineralization process, nitrite
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ions (NO;) (intermediate product) were produced, which act as an anodic corrosion inhibitor.
Different MICP applications on mortar and concrete specimens have reported the positive

outcomes to protect the structures from chloride induced corrosion damages.
4.2.3.3 Visual observation

After monitoring the performance of all the specimens during chloride exposure, control and
NBAT specimens were placed in compression testing machine to split the concrete cylinders
along the rebar to visualize the corrosion products. In control specimen, formation of corrosion
products in rebar-concrete interfaces at different positions throughout the rebar length was
observed (Figure 4.33). Presence of corrosion products at rebar-concrete interface supports the
beginning of depassivation process on the rebar surface at different points. For the
microstructural analysis of corrosion products, powder sample was collected from the

rebar/binder interface.

Figure 4.33 Rebar-concrete interface of control specimen (a) rebar with corrosion products (b)

after 130 days of chloride exposure

XRD analysis was performed for the samples collected from control specimen at the rebar-
concrete interface. As shown in Figure 4.34, peaks of quartz, magnetite along with the some
peaks of akanegite a corrosion product was observed. However, in bacterial treated concrete
specimens, no sign of corrosive product was observed. As shown in Figure 4.35, rebar-concrete
interface in NBAT specimen remained free from chloride induced corrosion after the exposure of
130 days. This observation shows that the passivation layer on the reinforcement was unaffected

from the ingress of chloride ions.
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Figure 4.34 XRD analysis of control specimen at rebar-concrete interface revealed the initiation

of rebar corrosion with presence of akanegite crystalline phase

Figure 4.35 Rebar-concrete interface of NBAT specimen after 130 days of chloride exposure

depicts no sign of corrosion initiation

Unaffected rebar surface from corrosion in NBAT specimen shows the significant reduction in
diffusion of chloride ions inside concrete matrix. This study on the basis of corrosion monitoring
obtained throughout chloride exposure, highlight the potential of MICP applications in resisting
the ingress of chloride ions. On the basis of Iy and Eco trends obtained, NBAT and NBST
specimen performed effectively under the aggressive chloride environment. From the observed
results in the present study, it is concluded that the utilization of biomineralization activity of

calcifying bacteria provides an innovative approach in the prevention of rebar corrosion.
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4.2.4 Conclusions

In this study, resistance of bacterial treated concrete against the sulfate and chloride attack was

investigated. Two different sulfate exposure regimes were adopted and the performance of

bacterial treated concrete as compare to control concrete was monitored for 12 months. In case of

chloride attack, bacterial treated reinforced concrete specimens were exposed to 5% NaCl

solution and resistance against rebar corrosion was monitored. On the basis of experimental

outcomes, following conclusions were drawn:

During the chemical and physical sulfate exposure, significant reduction of sulfate ions
ingress was observed in microbial treated concrete and mortars.

Throughout the chemical sulfate exposure, NBAT and NBST concrete specimens exhibited
no surface deterioration or strength loss. Both specimens were remained intact and no sign of
damage due to expansion was observed until the end of experimental study.

Under physical sulfate exposure, NBAM and NBSM specimen performed well and no sign of
surface scaling and salt efflorescence on the upper drying front was observed.

During the experiment, untreated concrete specimens performed relatively poor.
Deterioration due to expansive products causes surface scaling in both exposure regimes.
Thick efflorescence as well as severe surface scaling was observed during physical sulfate
attack.

During chloride exposure, microbial treatment in reinforced concrete structures significantly
reduced the ingress of chloride ions in the concrete matrix.

After complete chloride exposure with wet-dry cycles, NBAT and NBST registered the
corrosion current (lcor) Values much below the 0.1 pA/cm?, which depicts that the corrosion
was negligible in both the microbial treated specimens

In control specimen, Ico value was recorded above the range of 0.3pA/cm? which depicts the
initiation of corrosion. After splitting the control specimen along the rebar, corrosion product
formation at the rebar-concrete interface was observed.

In microbial treated specimen, no sign of corrosion initiation was observed at the rebar-
concrete interface.

Overall, the application of MICP treatment improved the lifecycle performance of concrete
under harsh sulfate environments as well as prevention of rebar from chloride induced

corrosion.
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4.3 Crack remediation in concrete structures using microbial cementitious grout

Concrete is the most widely used construction material of the world and maintaining concrete
structures from premature deterioration is proving to be a great challenge. Early age formation of
cracks in concrete structure severely affects the serviceability leading to high cost of
maintenance. Apart from conventional methods of repairing cracks with sealants or treating the
concrete with adhesive chemicals to prevent the cracks from widening, development of a new
domain called a microbial crack-healing has shown promising results. In this study, the objective
was to develop a fly ash (FA) amended cementitious grout with optimized flowability to repair
crack in concrete. The repaired crack with grouting in concrete was cured with bacterial ponding
and bacterial spray. Improvement in water tightness and mechanical strength recovery after crack
repairing in concrete was analyzed.

4.3.1 Fresh and mechanical properties of cementitious grout
4.3.1.1 Marsh cone test

Flowability is an important parameter of a grouting material which ensures its efficient pumping
or injectability in repairing the concrete crack. In this study, flowability of grout was evaluated
by using marsh cone test. Marsh cone belongs to the family of orifice tests in which fresh
properties of grout such as workability as well as quality control of grouts are evaluated. This
test was conducted to investigate the influence of addition of fly ash and bacterial cells on the
fluidity of cementitious grout. The flow time of all the grout mixes is shown in Table 4.11.
In marsh cone test, flow time of all twenty four grout mixes was reduced with increase in
water/bacterial culture-binder ratios as shown in Figure 4.36. In control grout mixes, flow time
was higher among all grout mixtures at both water/binder and bacterial culture/binder ratios
(0.45 and 0.5). However, with the addition of FA as well as bacterial culture in control grout
mix, reduction in flow time was observed. In neat grouts, subsequent addition of FA at all the
replacement levels significantly reduces the flow time as compare to control grout. In neat grouts
with 0.5 water/binder ratio and subsequent FA replacements, notable reduction in flow time was
observed which varies from as high for control (96 seconds) to as low for 50% FA grout mix (61
seconds). In bacterial grouts, when bacterial culture/binder ratio was increased from 0.45 to 0.5

significant reduction in flow time was observed on comparison of all the grout mixes.
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Table 4.11 Results of flow time (FTgoo in seconds) for different combinations of FA cement grouts

w/b ratio Control 10%FA 20%FA 30%FA 40%FA 50%FA
0.45 105+2.1a 86%+2.2b 82+15b 81+l1.6c 72+3.1d 79+2.4c
Neat grout
0.5 96+3.4a 76+3.1b 78+1.6b 64+2.2c 64+2.1c 61+1.6d
bc/b ratio
0.45 08+1.8a 82+2.4b 80+2.4c 73+1.8d 61+2.2f 67+3.1e

Bacterial grout
0.5 91+2.4a 71+3.2b 68+3.2b 60+2.2c 53+2.1d 58+2.1c

Values sharing a common letter within the row are not significant at P < 0.05. Values are mean +
standard deviation (n = 3); FA: Fly ash; w/b ratio: water/binder ratio; bc/b ratio: bacterial
culture/binder ratio; FTggo: flow time for 800 ml
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Figure 4.36 Marsh cone test analysis of fluidity of grout mixtures amended with different
dosages of FA. w/b ratio: water/binder ratio; bc/b ratio: bacterial culture/binder ratio

Flow time in bacterial grouts varies from 91 seconds for control to as low as 53 seconds for 40%
FA grout mix. Incorporation of 40% FA with higher bacterial culture-binder ratio (0.5), reduces
the flow time as compared to control bacterial grout by 74%. It was observed that, at higher

bacterial culture-binder ratio and higher FA incorporation results into higher grout flowability.
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4.3.1.2 Mini slump test

Mini slump test was conducted for comparing the addition of FA and bacterial culture on the
plastic viscosities of various combinations of grout mixes. The spread flow of grout mixes with
different water/bacterial culture-binder ratios and FA replacements is shown in Table 4.12. In
general, gradual increase in spread diameters of neat grouts and bacterial grouts was observed
when water/bacterial culture-binder ratios were increased from 0.45 to 0.5. Further, flowability
and spreading ability of grouts was enhanced with addition of FA resulting into increased mini
slump diameters. As shown in Figure 4.37, mini slump diameter in control mix (neat grout) was
observed to increase up to 10% when water/binder ratio was increased from 0.45 to 0.5. In a
similar fashion, spread diameter of control mix (bacterial grout) was increased up to 24% when

bacterial culture/binder ratio was increased from 0.45 to 0.5.

Table 4.12 Results of grout spread flow (mm) for different combinations of FA cement grouts

w/b ratio Control 10%FA 20%FA 30%FA 40%FA 50%FA

045 80+2.1a 77+2.2b 72+15b 81tl.6c 87+3.1d 79+2.4c
Neat grout '

0.5 92+3.4a 82+3.1b 86+1.6b 92+2.2c 97+2.1c 97+1.6d

bc/b ratio

0.45 84+1.8a 76+2.4b 79+2.4c 87+1.8d 92+2.2f 84+3.le
Bacterial grout

0.5 97+2.4a 84+3.2b 82+3.2b 94+2.2c 102+2.1d 92+2.1c

Values sharing a common letter within the row are not significant at P < 0.05. Values are mean +
standard deviation (n = 3); FA: Fly ash; w/b ratio: water/binder ratio; bc/b ratio: bacterial
culture/binder ratio

Incorporation of FA with increased dosages showed a general trend of substantial increase of
mini slump diameter in all the grout mixes reflecting an increase in fluidity property. In FA
amended cement grouts, higher replacements of cement with FA significantly increased the mini
slump diameter showing better workability. Among the bacterial grouts, maximum spread
diameter was observed in 40% FA amended grout (bc/b 0.5) with 43% increment as compared to
control grout (bc/b 0.45) and 16% increment as compared to control grout (bc/b 0.5). In Figure

4.37, a notable decrease in plastic viscosity was observed when water/bacterial culture content
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was increased from 0.45 to 0.5. From the results, it can be predicted that addition of higher
dosage (40%) of FA along with combination of bacterial culture significantly enhanced the

dispersion ability of grout.
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Figure 4.37 Mini slump diameters of different combinations of FA cement grout

mixtures. w/b ratio: water/binder ratio; bc/b ratio: bacterial culture/binder ratio
4.3.1.3 Strength properties of grouts

The compressive strength results of neat grout and bacterial grout are presented in Table 4.13.
Effect of addition of FA with different dosage and effect of incorporation of bacterial culture was
investigated. During the casting of grout mixes, water/binder ratio as well as bacterial
culture/binder ratio of 0.5 was maintained. Compressive strength of control neat grout and
bacterial grout was observed to be 16.2 MPa and 18.2 MPa. On the addition of FA in neat grout
mixes, maximum strength gain was observed in 20% FA amended grout (18.2 Mpa) and with
successive increase of FA dosage in neat grouts, reduction in strength as compared to control
was observed (Figure 4.38). Among all the neat grout mixes, 50% FA amended grout showed the

significant decrease in compressive strength (15.8 MPa) as shown in Figure 4.38.

154



Table 4.13 Compressive strength (MPa) of neat and bacterial grout mixes amended with different
dosages of FA at 28 days age of curing

Control  10%FA  20%FA  30%FA  40%FA  50%FA

Neat grout W/(bor;ﬁo 16.2+0.8d 17.6+1.3b 18.8+1.2a 17.9+1.4b 16.8+1.6c 15.8+1.8¢

Bacterial grout bc/(%g’j;tio 18.2+1.4d 18.8+0.9d 20.1+0.8b 19.8+0.7c 21.2+1.2a 16.8+1.9e

Values sharing a common letter within the row are not significant at P < 0.05. Values are mean +

standard deviation (n = 3). w/b ratio: water/binder ratio; bc/b ratio: bacterial culture/binder ratio
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Figure 4.38 Compressive strength of neat and bacterial grout mixes amended with different

dosages of FA and water/bacterial culture-binder ratio of 0.5 at 28 days age of curing

In case of bacterial grout mixes, effect of incorporation of bacterial cells as well as curing with
bacterial treatment results into strength gain. Bacterial treatment enhances the strength in almost
all the bacterial grout mixes on comparison to control neat mix. Maximum strength gain was
observed in 40% FA amended bacterial grout (21.4 MPa) however slight decrease was observed
in 50% FA amended bacterial grout. The results indicate that due to bacterial treatment, overall

strength improvement was observed among all the bacterial grout mixes.
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Cement based grouts has been widely used as a repair material for cracks which are generated in
concrete structures due to distress during their service life. For repair and rehabilitation of
cracked concrete structures, cement based grouts are applied by injection method for filling
cracks. Cement grouts are essentially fluid mixtures which contain cement, water and might be
with or without admixtures which can be injected into cracks using gravity flow or pressure-
assisted pumping. For penetrability and pumpability of cement grouts in cracks, factors like high
flowability, good workability, strength and durability plays an important role in successful
operations of grouting.

In this study, substitution of cement with FA as well as bacterial culture was introduced in the
cement grout to seal the cracks in concrete structures. To achieve a suitable grouting material,
different replacement dosages of FA (10% to 50%) in cement and two water-binder ratios (0.45
and 0.5) were studied. First, flow properties of different mixes were investigated by conducting
marsh cone and mini slump test (Figure 4.36 - 4.37). It was observed that subsequent addition of
fly ash in neat grout mixes reduces the efflux flow time on comparison of control mix. Maximum
reduction in flow time was observed in neat cement grout mix with 40% FA and 50% FA on
comparison to control when water-binder ratio was kept low at 0.45 (Figure 4.36). In a similar
trend, when water-binder ratio was increased to the value of 0.5, reduction in efflux flow time
was observed and neat grout with 40% FA and 50% FA showed lowest efflux flow time. The
results indicate that, FA incorporation at higher levels in cement grout increase the flowability of
suspension and significantly reduce the flow time. In previous studies, the addition of FA as
cement substitution with various dosages has also been reported the increased flowability of
cement paste (Mirza et al. 2002). Najjar et al. (2017b) also reported the decreased efflux time
when FA dosage was increased from 10% to 50% in two stage concrete grout.

Apart from the increased fluidity, spread diameter in mini slump test also showed an enhanced
flowability when FA dosage was increased. In neat grout with high water-binder ratio (0.5),
maximum spread diameter was observed in 40% FA and 50% FA amended grout (Figure 4.37).
The results obtained in marsh cone test and mini slump test indicated that fly ash particles play
an important role in influencing the fresh properties of grout mixes (Figure 4.36 - 4.37). It has
been reported in previous studies that, fly ash as compared to cement particle has spherical shape
as well as smooth surface texture, which results into ball bearing effect in the suspension causing

the reduction in the internal frictional forces (Bras et al. 2010; Najjar et al. 2017b). This property
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of fly ash in the suspension further leads to lubricating effect, thus facilitating mobility and better
pumpability of grout (Manz, 1999). Wang et al. (2013) also reported that more percentage of fly

ash dosage have significant effect of linear decrease on the plastic viscosity.

In cement grouts, water-binder ratio also plays an important role. It was observed that when
water/binder ratio in neat grouts was increased from 0.45 to 0.5, efflux flow time in marsh cone
was decreased and spread diameter in mini slump was increased at all the replacement levels of
FA (Figure 4.36 — 4.37). The flow property of a grout is inversely proportional to water content,
which can also be stated that higher the water-binder ratio in grout mix, lower is the viscosity of
grout mix. It is reported that fresh properties like yield stress and plastic viscosity of a grout
composition decreased with increase in percentage of water (Bras et al. 2010). Yield stress in a
grout is a limit stress value which means that when yield stress is lower than resistance in the
grout to start flow is less. So when the water content is sufficient in a grout, its yield stress
property will be less and which results into the penetrability of grout mixture into cracks and
voids (Celik and Canakci, 2015). The range of water-binder ratios for the consolidation and
repair of masonry structures is reported between 0.5 and 1.5. Based upon the previous reports as
well as the observed results in this study, the higher water - binder ratio (0.5) was opted for the

further studies.

Apart from neat grout mixes, incorporation of bacterial culture instead of water in the various
grout compositions was also investigated. On the addition of bacterial culture in grout mixes,
efflux flow time in marsh cone and mini slump flowability was almost similar with the trends of
neat grout mixes. However, when bacterial culture-binder ratio was higher (0.5), minimum flow
time was observed in 40% FA amended bacterial grout and mini slump spread diameter of 40%
FA and 50% FA grout remained almost similar with minimal difference (Figure 4.37). In some
previous studies, use of microorganisms as viscosity modifying admixtures was reported. Pei et
al. (2015) reported the use of bacterial cell walls of Bacillus subtilis as viscosity enhancing
admixture in the cement paste. Increase in viscosity of all the cement pastes was reported,
however the viscosity was reported to be decreased when the shear rate was increased and wi/c
ratio was kept higher. Bacterial cell wall is a peptidoglycan, a polysaccharide and functions as a
viscosity modifying admixtures. In high water-binder ratio, the attractive forces between

adjacent polysaccharide chains are weakened in the presence of more water and the increase in
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the viscosity of cement paste diminished (Pei et al. 2015). In a recent study, influence of
Sporasarcina pasteurii cells on the viscosity of cement-based materials was reported (Azima and
Bundur, 2019). It was reported that addition of bacterial cells (which are broadly polysaccharides
and peptidoglycans) at lower wi/c ratio in cement paste increased the viscosity and lowers the
flowability properties. However at higher wi/c ratios, influence of bacterial cells as viscosity
modifying admixture was less pronounced and high water content limits the attractive forces

between polysaccharide chains leading to high fluidity in cement paste.

Based on the flow time and mini slump results, water/bacterial culture — binder ratio (0.5) in FA
amended grouts was opted for the further studies. After fresh properties, compressive strength of
hardened grout with water/bacterial culture - binder ratio (0.5) was investigated after 28 days age
of curing. It was observed that when FA dosage was increased in neat grout mixes after 20% FA
replacement, decrease in the strength properties was registered in successive cement grout
specimens with higher FA. On maximum replacement levels with FA, compressive strength in
50% FA amended grout specimen was registered to be the lowest. The observed results of
decreased strength with higher FA dosage might be due to the decreased concentration of
hydration products such as C3S. It was also reported in a previous study that, when 50% cement
was replaced in grout mix with FA, then the calcium ions (Ca®*) adsorb on the surface of FA
particles which causes a depression of the calcium concentration in the pore solution (Najjar et
al. 2017b). This phenomenon further delay the CH and calcium silicate hydrate (CSH) nucleation
and crystallization. Chindaprasirt et al. (2005) also reported the strength loss in cement paste
when FA with the replacement level of 40% was used. It was reported that blended cement
pastes with original fly ash leads into higher total porosity and capillary porosity resulting into

lower compressive strength than portland cement paste.

However in bacterial grouts, overall strength properties among all the mixes were improved as
compare to neat grouts. Among bacterial grout mixes, 40% FA amended grout specimen showed
maximum strength. The results indicated that addition of bacterial cells improve the strength
properties as compared to neat grout specimens. As the bacterial culture was supplemented with
urea and calcium chloride which results into calcium carbonate precipitation in the cement

matrix compensating the reduction in strength due to FA incorporation. From the observation,
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40% FA amended grout mix and (0.5) bacterial culture — binder ratio was selected to further

implement the resulting grout in concrete crack repairing.
4.3.2 Influence of bacterial grouting on mechanical strength and permeation properties

In this section, effect of crack repairing with 40% FA amended bacterial grout on strength
recovery and water tightness of concrete specimens was presented. In bacterial grouting process,
cracks in horizontal orientation and vertical orientation were treated with bacterial curing. Micro

structural analysis of bacterial grouting was performed after the end of 14 days of curing. The

graphical representation of bacterial treatment of cracks is shown in Figure 4.39.

Figure 4.39 Treatment of artificially generated cracks with injectable 40% FA amended bacterial
grout (A) Crack generated in concrete (B) Crack repairing with bacterial grout (C and D) Curing

with bacterial ponding and bacterial spray (E) Repaired crack after bacterial curing
4.3.2.1 Compressive strength

Effect of crack repair on the strength properties of concrete cube specimens with bacterial
cementitious grouting as well as bacterial curing was investigated. Compressive strength of all
the different sets of concrete specimens is shown in Figure 4.40. Compressive strength of UTC
(untreated concrete) without grout repairing was observed to be 32.5 MPa. Compressive strength
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in FCG (FA - cement grout) specimen after crack repair with 40% FA amended cement grout

was observed to be 35.8 MPa resulting into strength gain of up to 11% on comparison with UTC.
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Figure 4.40 Compressive strength of concrete specimen after crack treatment with grouting.
UTC: Untreated concrete; FCG: FA-cement grout; BGS: Bacterial grout with spray treatment;
BGP: Bacterial grout with ponding treatment. Bars sharing a common letter within the treatment

are not significant at P < 0.05. Error bars represents standard deviation (n = 3)

In BGS (bacterial grout with spray treatment) specimen, crack repaired with 40% FA amended
bacterial grout as well as curing with spray treatment using bacterial culture grown in NB
supplemented with urea and CaCl, for 14 days showed a compressive strength of 35.2 MPa. As
compared to UTC specimen, compressive strength with an increase of 11% was observed in
BGS specimen. However, in BGS and FCG specimens no major difference in strength gain was
observed. In BGP (bacterial grout with ponding treatment) specimens, after crack repair with
40% FA amended bacterial grout and curing with bacterial culture using ponding method
showed a significant increase of compressive strength (45.8 MPa). As compare to UTC, BGP
registered a strength recovery of up to 40% due to biocementation. In an overall trend, highest

mechanical strength recovery was observed in BGP specimen among all the concrete specimens.
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4.3.2.2 Flexural strength

The effect of crack repair with FA amended bacterial grout on the flexural strength of concrete
prisms was investigated after 14 days of bacterial curing. Flexural strength of all concrete prisms
is shown in Figure 4.41.
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Figure 4.41 Flexural strength of concrete prisms after crack treatment with grouting. UTC:
Untreated concrete; FCG: FA-cement grout; BGS: Bacterial grout with spray treatment; BGP:
Bacterial grout with ponding treatment. Bars sharing a common letter within the treatment are
not significant at P < 0.05. Error bars represents standard deviation (n = 3)

Flexural strength of UTC (untreated concrete) without grout repairing was observed to be 3.8
N/mm?. Flexural strength in FCG (FA - cement grout) specimen after crack repair with 40% FA
amended cement grout was observed to be 4.8 N/mm? resulting into gain of up to 26% on
comparison with UTC. In BGS specimen, crack repaired with 40% FA amended bacterial grout
as well as curing with spray treatment using bacterial culture grown in NB supplemented with
urea and CaCl, for 14 days showed a flexural strength of 4.2 N/mm?. As compared to UTC
specimen, flexural strength with an increase of 10% was observed in BGS specimen. In BGP
specimens, after crack repair with 40% FA amended bacterial grout and curing with bacterial
culture using ponding method showed a significant increase of flexural strength (6.7 N/mm?). As
compare to UTC, BGP specimen exhibited highest flexural strength recovery due to bacterial

grouting and the respective curing regime.
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4.3.2.3 Water tightness

Upon crack repair with FA amended bacterial grout, capillary water absorption test was
conducted for all concrete specimens after 14 days of the respective curing regimes and results
are presented in Table 4.14 and Figure 4.42. Among all the concrete specimens, UTC registered
the highest sorptivity coefficient (0.03). In case of FCG specimen, sorptivity coefficient (0.01)

less than UTC specimen was observed and registered less water absorption than UTC.

Table 4.14 Sorptivity analysis of concrete specimens after crack treatment with grouting

Specimen Sorptivity coefficient ‘k’
uTC 0.03+0.0°
FCG 0.010.0°
BGS 0.005+0.0°
BGP 0.002+0.0°

Mean values sharing a common letter within the column are not significant at P < 0.05
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Figure 4.42 Sorptivity analysis of untreated concrete (UTC), FA-cement grout treated (FCG),

Bacterial grout with spray treatment (BGS) and Bacterial grout with ponding treatment (BGP)

However, lowest water absorption was registered in BGP specimen and sorptivity coefficient of
0.002 was noted in. As compared to BGP, slight increase in water absorption was observed in
BGS specimen. On the basis of water absorption rate, significant restriction of water ingress in

BGP specimen showed the efficient curing method of ponding with bacterial culture.
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4.3.3 Micro-structural analysis

SEM analysis of all the cracks repaired concrete specimens was done to characterize the calcium
carbonate crystals. The SEM images of both BGP and BGS specimen is presented in Figure 4.43.
The SEM images of both BGP and BGS specimens taken from the upper depth of 0—-10 mm

clearly identified the presence of calcium carbonate crystals.
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Figure 4.43 SEM-EDX images represent the CaCO3 crystals (CC) in BGP specimen (a, b) and

BGS specimen (c, d). Square sign ‘0’ indicate the spot of spectrum for EDX analysis

In case of BGP specimen, presence of thick biodeposition of calcium carbonate crystals was
observed. Dense formation of rhombohedral calcite crystals were observed in grout repaired
cracks as shown in Figure 4.43a. The EDX analysis also confirmed the elemental composition of
crystals with peaks showing high amount of calcium and carbon (Figure 4.43b). In BGS
specimen, presence of dense biodeposition of closely attached calcite crystals in association with
bacterial cells was observed (Figure 4.43 ¢). The EDX analysis also confirmed the elemental

composition of crystals with peaks showing high amount of calcium and carbon (Figure 4.43d).
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Figure 4.44 SEM-EDX images of FCG specimen. Square sign ‘0’ indicate the spot of spectrum
for EDX analysis

In case of FCG specimen, calcium silicate hydrate (CSH) gel was observed in SEM analysis in
the presence of fly ash particles (Figure 4.44a). In EDX analysis, high silica peaks along with
aluminum peaks was observed (Figure 4.44b). In comparison of BGS and BGP specimens,

absence of calcium carbonate crystals was noticed in FCG specimen during SEM analysis.

In this study, repair of concrete cracks with bacterial grouting and its effect on the mechanical
strength recovery as well as water tightness of repaired concrete structures was investigated. As
discussed in the previous section, 40% FA amended bacterial grout composition and the
optimum bacterial culture - binder ratio of 0.5 was selected to use as a crack repairing material.
As to repair the artificially generated cracks in concrete, two repairing methods were adopted. In
the first approach, cracked surface of concrete structures was kept in horizontal position so as to
create a replica of concrete slab crack. In second approach, cracked surface was kept in vertical
position so as to create similar conditions of crack in a wall. In both the repair approaches, 40%
FA amended bacterial grout was injected in the cracks by using 20 ml capacity syringe. After the
grouting process was completed, curing of repaired cracks was done after the grout was
hardened. The effect of grouting treatment of cracks on the strength properties of concrete
structures was investigated. The compressive strength of UTC and FCG specimen was observed
to be 32.5 MPa and 35.8 MPa respectively. In this study, UTC was considered as a reference
specimen in which crack was kept untreated. Among all the treated specimens, maximum
strength recovery was registered in BGP specimens with 40% increase as that of UTC. However
in BGS specimen, compressive strength was slightly improved by 8% as compared to UTC

specimen. Similar pattern of flexural strength recovery after bacterial grouting was observed.
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Among all concrete prisms, maximum flexural strength recovery was observed in BGP specimen
as compared to UTC specimen. Bacterial treatment of crack with 40% FA amended bacterial
grout as well as curing with bacterial culture using ponding leads to significant flexural strength
gain as compared to untreated concrete specimen. Notable flexural strength gain in BGP
specimen indicates that biomineralization during bacterial grouting effectively resist the bending
failure. From the observed trend of compressive and flexural strength, it was noted that the crack
surface in horizontal position recovered the strength significantly on treatment with 40% FA
bacterial grout. Further, curing of hardened grout material with bacterial culture using ponding
method efficiently improved the compressive as well as flexural strength. However, crack
treatment placed in the vertical position results into less strength gain, which might be due to
improper or partially injected bacterial grout material.

Apart from strength recovery, effect of bacterial grouting on the permeation properties of crack
repaired concrete was also analyzed. Ingress of water and other aggressive agents through cracks
in concrete further accelerates the deterioration of structures. Ingress of chlorides and sulfates
through the pathway of cracks enhances the rebar corrosion or the formation of expansive
products which influence the serviceability of concrete structures. Sorptivity studies were
conducted in all the concrete specimens. Sorptivity test measures the water ingress into an
unsaturated concrete, which is dominated by capillary suction and is an important parameter that
can be correlated to the ingress of deteriorating substances (chlorides or sulfates) into concrete
(McCarter et al. 1992). The results of sorptivity test shows that maximum water ingress was
observed in UTC specimen with 0.03 sorptivity coefficient (Figure 4.42). In the FCG specimen,
water ingress was less than UTC and its sorptivity coefficient was 0.01. The results showed that
40% FA amended neat grout provides better resistance to water ingress in the crack. However,
the transport mechanism of water in BGS and BGP specimens through capillary rise was altered
effectively in after bacterial grout treatments. Sorptivity coefficient in BGS specimen was
observed to be 0.005, which indicates that water penetration inside the treated cracks was
efficiently altered by bacterial spray curing. In fact the maximum reduction in water transport
was observed in BGP specimen with lowest sorptivity coefficient value (0.002). From the results
of sorptivity test, it can be concluded that bacterial grout treatment is an effective way to heal the

cracks, which significantly alter the water ingress. In the two treatment methods with two
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different crack orientations, improved strength and permeation properties were observed in the
horizontal concrete crack treated with 40% FA amended bacterial grout.

The notable mechanical strength recovery and reduction in water ingress due to capillary suction
in BGP specimen is achieved due to bacterial induced calcium carbonate precipitation. The
approach of using bacterial grout helps in intruding the ureolytic bacterial cells inside the crack
depth in a homogenous fashion. Thereafter, curing of hardened bacterial grout with bacterial
culture supplemented with urea and CaCl, enhances the ureolytic activity of bacterial cells. At
the end of curing using ponding method, thick biodeposition of calcium carbonate precipitation
layer was observed on the treated crack surface. In SEM-EDX analysis of BGP specimen,
presence of closely packed rhombohedral calcite crystals provides an evidence of enhanced
mechanical properties as well as pore clogging in the grouting material (Figure 4.43a). In the
EDX spectrum, high peaks of calcium, carbon and oxygen supports the crystal morphology in
the grouting material (Figure 4.43b). In the SEM-EDX analysis of BGS, calcium carbonate
crystals in a stacked arrangement were also observed. In BGS specimen, bacterial cells present in
grout material were provided with nutrient media, urea and CaCl, to induce calcium carbonate
by surface treatment. Due to repeated cycle of spray treatment, porosity of grout material in the
outer depth of cracks might have blocked due to thick biodeposition of calcium carbonate
crystals. The CaCOg precipitation along with exopolymeric substances on the outer portion of
grout of crack depth might have affected the movement of nutrient media to pass inside the crack
depth. However in BGP specimen, grouting material sufficiently ingresses deeper inside the
crack depth and flows under gravity. Due to easy flow of grouting material as well as effective
curing with ponding method, bacterial grout repaired the crack in the horizontal position very

effectively.

4.3.4 Conclusions

This study investigated the efficiency of bio-based FA amended cementitious grout in the
remediation of crack in concrete. Among different FA amended bacterial grouts, maximum
fluidity and workability (as fresh properties) and compressive strength (as hardened grout
property) were observed in 40% FA amended bacterial grout. Crack treatment in horizontal
orientation with injectable bacterial grout and curing method of ponding with bacterial culture

showed maximum mechanical strength recovery and significant reduction in permeation as

166



compared to untreated concrete specimen. In case of crack treatment in vertical orientation and
curing method of spraying with bacterial culture showed that the strength gain was nominal
however permeation was significantly improved as compared to untreated concrete specimen. In
curing approach, ponding of bacterial culture supplemented with urea — CaCl, showed
significant improvement in the overall performance of concrete with repaired crack. The
developed bacterial grout with optimum rheological properties will help as an economical and
environment friendly MICP technology in injection based applications for the remediation of
cracks in concrete. From the results it was concluded that crack repair with 40% FA amended

bacterial grout would serve as a potential healing product.
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Chapter 5

Summary

Microbial induced calcium carbonate precipitation (MICP) has a potential to improve the
durability properties and remediation of cracks in concrete. The present work was aimed to
develop better understanding in the application of calcifying bacteria in durability enhancement
and prevention of damages in concrete structures under aggressive environments. The calcifying
bacterial strain Bacillus sp. CT5 (an alkaliphilic strain), was used in this study because of its high
urease producing activity with high efficiency to precipitate CaCOs crystals. The outcome of
research study designed into three objectives is summarized below into three sections.

In the first section of research work, influence on the addition of bacterial culture and organic
nutrients (carbon and nitrogen content) of NB and CSL growth media on the setting
characteristics of cement, chemical and structural properties of microbial concrete was studied.
The setting characteristics of cement paste upon addition of plain nutrients (NB and CSL) as well
as bacterial culture grown in NB, CSL media and supplemented with urea and CaCl, was
investigated. Five sets of cement pastes, control paste, NB paste (1.3% of NB, 2% urea and 25
mM CacCl,), CSL paste (1.5% of CSL, 2% urea and 25 mM CaCl,), NB-CT5 paste and CSL-CT5
paste were prepared by mixing cement with bacterial culture grown in NB media and CSL media
supplemented with 2% urea and 25 mM CaCl,, respectively. In comparison with control paste
mix, it was observed that the addition of plain NB media severely influenced the setting
characteristics of cement. Initial setting time was delayed by 100 min and the final setting time
by 250 min in NB paste mix when compared to control paste mix. However, addition of plain
CSL media had no influence on the setting characteristics of cement. Incorporation of CSL-CT5
showed an inconsequential effect on the setting characteristics. However, addition of NB-CT5
causes not as much of delay in setting of cement as it was observed in NB paste. Introduction of
organic components of plain NB (Yeast extract) has a retarding nature, which severely affected
the chemical properties of cement resulting into retardation of initial hydration of cement.

To analyze the change in the chemical and structural properties, seven mixes for concrete cubes
(150 x150 x 150 mm) and concrete cylinder disc (100 x 50 mm) were prepared with mix design
as cement: sand: coarse aggregate in the ratio of 1:1.82:3.24 (w/w) and water to cement ratio
(w/c) of 0.5. Control, CSL treated (CT), NB treated (NT), CSL-bacterial admixed treated
(CBAT), NB-bacterial admixed treated (NBAT), CSL-bacterial spray treated (CBST) and NB-
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bacterial spray treated (NBST) concrete specimens were prepared. The carbon and nitrogen
content in concrete cubes with depth-wise profiling (up to 50 mm) was done by collecting
powder samples with drilling at regular interval.

In control specimen lower levels of carbon and nitrogen was observed at all depths. Maximum
carbon and nitrogen content was observed in NBAT and NBST specimens followed by NT at all
the depths. On comparison, CBAT and CT specimens followed by CBST registered minimum
carbon and nitrogen content. Overall, carbon and nitrogen content in NBAT and NBST
specimens was observed to be higher than CBAT and CBST specimens at all depths. Similar
trend of overall carbon and nitrogen content was observed to be higher in NT specimen on
comparison with CT specimen at all depths. Alkaline environment of concrete was not
influenced with addition of bacterial cells or with the carbon and nitrogenous material. The pH
values in all specimens was found to be in the range of 12.0-12.4, which indicates that bacteria
and addition of NB and CSL media does not have a significant effect on the alkaline
environment of concrete.

Compressive strength of control specimens was 36 Mpa after 28 days of curing. On comparison
with control, NBAT and NBST specimens showed an average increase of 29% and 8% in
compressive strength. Whereas, NT specimens registered a drastic decrease by 19%. CBAT and
CBST specimens showed an increase of 25% and 16% in compressive strength as compared to
control specimen. In case of CT specimen, no significant effect on the compressive strength as
compared to control specimen was observed.

Among concrete mixes, control registered the highest sorptivity coefficient (0.02). Both CBAT
and CBST registered significantly lowest sorptivity coefficient (0.005) followed by NBAT and
NBST (0.008 and 0.007) respectively. In both NT and CT specimens, sorptivity coefficients
were recorded to be in the similar range of 0.014. In RCPT, charge passed in control was 3180
coulombs and its permeability characteristics falls under moderate type. In NT and CT
specimens, the charge passed was 2942 and 2838 coulombs respectively with moderate
permeability type. While NBAT and NBST falls in low penetration range, with total charge
passed were 1204 coulombs and 1340 coulombs respectively. In case of CBAT and CBST,
charge passed was 1228 and 1310 coulombs respectively and falls in low penetration range. In
water impermeability test, maximum penetration of water was found in control specimen (30.2

mm) and NT specimen (31.2). While minimum penetration depth of 12.5 mm and 13.9 mm was
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measured in CBAT and CBST specimens. NBAT and NBST specimens also registered very low
water penetration depth of 14.2 mm and 13.6 mm respectively.

In case of NBAT and NBST specimens, presence of different crystal lattice of calcium carbonate
such as rhombohedral calcite crystal and needle shaped aragonite crystals in the upper depth
were observed in SEM-EDX analysis. In case of NT, CT and control specimens, no calcium
carbonate precipitation was observed in SEM-EDX analysis. In SEM and XRD analysis of
CBAT and CBST specimen, presence of dense biodeposition of closely attached rhombohedral
calcite crystals as well as spheroid vaterite crystals were observed.

From the results, it was concluded that CSL as growth media had not shown any modifications in
the concrete chemical properties. On comparison with NB media, CSL may serve as a carbon

and nitrogen supplement and replace yeast extract nutrient media.

In second section, the efficacy of bio-deposition as a barrier in microbial treated concrete against
the penetration of aggressive agents was investigated. Three different sets of concrete cubes
(Control, NBAT and NBST) of 100 x 100 x 100 mm dimensions and mortar prism (Control,
NBAM and NBSM) of dimensions 285 mm x 25 mm x 25 mm were used. Performance of
control and microbial treated concrete and mortar prisms on chemical and physical sulfate salt
environments under wet-dry cycles was evaluated. Throughout the exposure, mixture of 5%
Na,SO, and 5% MgSO, were used as sulfate salt solution. Prior to sulfate exposure, NBAT and
NBST specimens registered significant increase in compressive strength (35% and 16%) as
compare to control specimens due to microbial treatment at the age of 28 days curing. After 12
months of chemical sulfate exposure, compressive strength of control concrete specimen
registered a drastic decrease of 30% as compared to its value before exposure. Also during the
chemical sulfate exposure, mass gain (0.8%) in control concrete specimen was registered till the
immersion age of 270 days but thereafter loss in mass was observed. Visual observations of
control concrete specimen also showed a clear sign of surface degradation during 12 months of
sulfate exposure. The damaging process in control specimen continued from surface cracks and
with loss of cohesion less particles on the edges due to spalling at the end of exposure. After 12
months of chemical sulfate exposure, control prismatic specimen yielded the maximum length
expansion of about 0.38%. However in NBAT and NBST specimen, no major sign of strength

loss as well as mass gain was observed after chemical sulfate exposure. Throughout the chemical
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sulfate exposure, NBAT and NBST concrete specimens exhibited no surface deterioration. Both
specimens were remained intact and no sign of damage due to expansion was observed until the
end of sulfate exposure. In SEM-EDX analysis, intense deposition of ettringite crystals with long
needle shape and elongated rectangular prism faced column shape in control specimens were
observed at the age of 365 days. In control specimen, XRD profile indicates the peak for quartz
as well as ettringite and gypsum as the main secondary reaction products. In contrast, calcium
carbonate crystals in NBAT and NBST specimen were present and till the exposure age of 180
days, secondary products due to sulfate ingress were not observed. Development of micro needle
crystals of gypsum and ettringite were observed in NBAT and NBST specimen at the exposure
of 365 days.

During the physical sulfate exposure, thick deposition of salt efflorescence was developed in the
upper portion and crack formation along the edges of the control prism. At the end of exposure,
higher surface scaling and increase in longitudinal cracks in submerged portion was observed.
XRD patterns from submerged portion revealed the formation of ettringite and gypsum products
and XRD patterns in the salt efflorescence, revealed the formation of thenardite and epsomite as
the major phases with minor peaks of mirabilite. Under physical sulfate exposure, NBAM and
NBSM specimens performed well and no sign of surface scaling and salt efflorescence on the
upper drying front was observed. During the experiment, control specimens performed relatively
poor and deterioration due to expansive products results into surface scaling in both exposure
regimes. Overall, in chemical and physical sulfate exposures, significant reduction of sulfate ions
ingress was observed in microbial treated concrete and mortar specimens.

Further in this section, performance of microbial treated reinforced concrete specimens under
chloride induced corrosion was studied. Three different sets of concrete cylinders (100 mm
diameter and 200 mm in height) embedded with a steel rebar of 12 mm diameter and 220 mm
length were prepared. Control, NBAT and NBST reinforced concrete specimens were prepared.
To accelerate the chloride ion ingress in reinforced concrete specimens, wet-dry cycle of 7 days
immersion in 5% NaCl solution and 3 days air drying was adopted. Initial corrosion potential
values in control, NBST and NBAT specimens before the exposure of chlorides were 121.7
mV/SCE, 115.9 mV/SCE and 111.8 mV/SCE respectively. At the end of 5" wet-dry cycle,
corrosion potential in control specimen dropped to more electronegative value (-438 mV/SCE).

Corrosion potential followed an ascending trend and the highest value in control specimen was
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recorded to be -522 mV/SCE after the 12" wet-dry cycle. Corrosion current of control specimen
was also observed to be higher and reaches the value of 0.34 pA/cm? which illustrate the start of
depassivation process on the rebar surface. In NBST specimen, corrosion potential at the end of
12" wet-dry cycle of chloride, corrosion potential of NBST lies at -382 mV/SCE and corrosion
current value was observed to be 0.03 pAcm® Among all the reinforced concrete specimens,
maximum resistance against the chloride ingress was observed in NBAT specimen. At the end of
chloride exposure, corrosion potential value was measured as -220 mV/SCE and corrosion
current was recorded as 0.023 pAcm? In the visual observation of rebar surface in control
specimen, formation of corrosion products in rebar/concrete interfaces at different positions
throughout the rebar length was observed. In XRD analysis of control specimen at the
rebar/concrete interface, peaks of quartz, magnetite and akanegite a corrosion product was
observed. However, in bacterial treated concrete specimens, no sign of corrosive product was
observed. From these results, it was concluded that the utilization of biomineralization activity of

calcifying bacteria provides an innovative approach in the prevention of rebar corrosion.

In third section, main emphasis has been laid on crack repair in concrete structures by using
bacteria-based cementitious grouts. Concrete cubes of 100 x 100 x 100 mm dimensions and
concrete cylinder disc of 100 mm diameter x 50 mm height dimensions were prepared. Artificial
cracks (0.8 mm width and 20 mm depth) were generated in all the concrete specimens while
casting procedure by inserting steel plates. Cementitious grout was prepared with binary
combination of cement and fly ash with different substitution ratios (10% to 50%) as well as
different water-binder ratios (w/b 0.45 and 0.50) and termed as neat grout. To prepare bacterial
based cementitious grout, instead of water bacterial culture (bc/b 0.45 and 0.5) was used and
prepared in NB media till it attained the O.Dggo, 0f 0.5 (4 x 10° cells/ml) and termed as bacterial
grout. In marsh cone test, flow time of all the combinations of 24 grout mixes was reduced with
the increase in water/bacterial culture - binder ratios (0.45 to 0.5). Flow time in bacterial grout
mixes varies from 91 seconds for control to as low as 53 seconds for 40% FA grout mix.
Incorporation of 40% FA with higher bacterial culture-binder ratio (0.5), reduces the flow time
as compared to control bacterial grout by 74%. In mini slump cone test, among the bacterial
grout mixes, maximum spread diameter was observed in 40% FA amended grout (bc/b 0.5) with
16% increment as compared to control grout (bc/b 0.5). In the strength properties of hardened

grout mixes, maximum strength gain (21.4 MPa) was observed in 40% FA amended bacterial
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grout. 40% FA amended bacterial grout (bacterial culture-binder ratio 0.5) was injected into the
concrete cracks with horizontal and vertical orientation. Compressive strength of untreated crack
(UTC) without microbial grout repairing was observed to be 32.5 MPa. In FA-cement grout
treated specimen (FCG), crack was repaired with 40% FA amended cement grout and water
curing was done. Compressive strength in FCG specimen was observed to be 35.8 MPa resulting
into strength gain of up to 11% on comparison with UTC. In BGS specimen, crack in vertical
orientation was repaired with 40% FA amended bacterial grout and cured with spray treatment of
bacterial culture supplemented with 2% urea and 25 mM CaCl, for 14 days. In BGS,
compressive strength of 35.2 MPa with increment of 11% as compared to UTC was observed. In
BGP specimens, crack in horizontal orientation was repaired with 40% FA amended bacterial
grout and cured with bacterial culture using ponding method. BGP showed a significant increase
of compressive strength (45.8 MPa) which registered a strength recovery of up to 40% as that of
UTC. From the results of sorptivity test, it was noticed that bacterial grout treatment is an
effective way to heal the cracks which significantly alter the water ingress. Maximum water
ingress was observed in UTC specimen with 0.03 sorptivity coefficient. In the FCG specimen,
water ingress was less than UTC and its sorptivity coefficient was 0.01. In BGS, capillary rise of
water was altered effectively and sorptivity coefficient was 0.005. However, BGP registered
significantly lowest sorptivity which was observed to be 0.002. SEM analysis of both BGP and
BGS specimens taken from the upper depth of 0-10 mm clearly identified the presence of
calcium carbonate crystals. Dense formation of rhombohedral calcite crystals were observed in

grout repaired cracks.

Final conclusion and future perspectives

Application of microbial induced calcium carbonate precipitation (MICP) in cement-based
materials has become substantially popular. The approach of MICP application using calcifying
bacteria offers the positive benefits in the enhancement of mechanical strength and adequate
impermeability of concrete structures. This study has conclusively established that MICP
technique with bacterial admixed treatment and bacterial spray treatment would be effective in
direct application on concrete structures. Direct incorporation of calcifying bacteria as an
admixture can be used for new structures as well as bacterial spray treatment can be used as a

repair procedure in concrete, respectively. The results of the study suggested that, biogenic
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precipitations of CaCOj3 by bacterial cells counteract the retarding effect of organic nutrient
media (particularly carbon content due to yeast extract and peptones) on setting property of
cement paste and decrease in compressive strength of concrete. It was concluded that CSL (an
industrial by-product of the starch industry), an inexpensive nutrient media as compared to yeast
extract and peptone in NB media, would serve as a potential nutritional source for bacterial cells
in microbial treatment of concrete and help in developing low-cost and environment-friendly
MICP technology in future on a field scale. This is the first published study, to achieve
significant reduction of sulfate ingress in microbial treated concrete under harsh sulfate
environments and prevention of rebar from chloride induced corrosion under high chloride
conditions, respectively. A suitable fly ash amended bacterial grout with optimum flowability
properties was developed for the remediation of cracks in concrete. The developed fly ash
amended biogrout will help as an economical and environment friendly MICP technology in
injection based applications for the remediation of existing cracks in the concrete structures

which are in service.

The encouraging results in the current study will facilitate in upscaling this microbial based
approach from lab scale to commercial scale. Despite the positive outcomes, upscaling of this
microbial approach from lab scale to commercial scale is the major challenge. Economical
limitations such as cost of nutrient media for bacterial growth, optimum bacterial dosage and
efficiency of treatment in real-life concrete structures is still needs to be further proven. Some
challenges are associated with microbial treatment of concrete which are necessary to be
addressed for the development of this technique for commercial scale applications. Performance
of MICP treated concrete under different environmental conditions such as repeated freeze thaw
conditions, cyclic loadings and cyclic carbonation conditions is still to be reported. In addition,
there is a need for more investigations of long-term performance and durability properties of
microbial treated concrete. In future studies, MICP application on crack repair and monitoring
with non-destructive techniques will help in more practical implementation in real life concrete
structures at field scale. In previous studies, it is reported that ureolytic pathway for MICP
process is predominantly preferred on the performance basis. Apart from ureolytic pathway,
biomineralization of CO, with the employment of cyanobacteria can also offers an innovative
and self-sustaining strategy in calcium carbonate precipitation. Biocementation with the

employment of cyanobacteria with carbon sequestration strategy will provides a cost-effective
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and environment friendly mechanism that can be implemented in construction material.
Application of cyanobacteria on concrete structures to enhance durability properties is still
limited. This biocementation approach could be used for precast products such as concrete
blocks and bricks. The economic limitations such as use of expensive nutrient media for bacterial
growth, aseptic conditions to produce axenic pure bacterial cultures has been reported for the
high production cost of microbial concrete at industrial scale. Some potential alternative
nutrients for bacterial growth and economically suitable substitute for urea have been suggested
for cheap and affordable implementation of MICP application at field scale. More studies with
the consideration of abovementioned concerns will facilitate the practical implementation of

microbial treated concrete in construction sector in the near future.
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« Nutrients retarded setting property of cement paste and decreased compressive strength of concrete.
« No impact on setting property of cement paste when admixed with bacterial culture.
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« No significant variation in pH from bacterial treated and control specimens.

« Biogenic precipitation of CaCO3; by bacteria counteract the retarding effect of organic nutrients.
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Application of microbial induced carbonate precipitation in cement-based materials has become substan-
tially popular. In the present investigation, effect of nutrient components of media such as carbon and
nitrogen content of organic nutrients and bacterial cells on the chemical and structural properties of con-
crete were studied. The retarding effect of organic nutrient medium on setting property of cement paste
and decrease in compressive strength of concrete was observed. However, no impact on setting property

K?wa’rds" . of cement paste admixed with bacterial culture was observed. Significant increase in compressive
g‘uorrirr'lg‘erahza“o“ strength and reduction in permeability was observed with bacterial admixed and surface treated con-
Organic admixture crete specimens. Carbon and nitrogen content were significantly increased in bacterial treated specimens
Durability compared to control. No significant variation in pH was observed from the samples collected from differ-
Carbon ent depths of the concrete specimens both in bacterial treated and control specimens. Present study
Nitrogen results suggested that biogenic precipitations of CaCOs by bacterial cells counteract the retarding effect

of organic nutrients of concrete and enhance the durability properties.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction problems. The external attacks on concrete like chloride ingress,

sulfate ingress and carbonation of concrete due to increasing level

Concrete is the most important element of infrastructure devel-
opment across the globe. Rapid growth in infrastructure has
resulted into enhanced use of concrete as a construction material.
With the increasing population, the demand for residential build-
ings, transport connectivity and industrial units has been esca-
lated. After the start of industrial era, concrete has become the
most widely used construction material. The incomparable prop-
erty of concrete like high compressive strength, durability under
aggressive environments, ability to be moulded into different
shapes etc. has made it attractive among other construction
materials. However, concrete is not free from severe degradation

* Corresponding author.
E-mail address: msreddy@thapar.edu (M.S. Reddy).

https://doi.org/10.1016/j.conbuildmat.2017.10.055
0950-0618/© 2017 Elsevier Ltd. All rights reserved.

of carbon dioxide around its surrounding environment are matter
of concern [1]. These external environmental attacks on the con-
crete structures are causing irreversible changes in its serviceabil-
ity. The ingress of aggressive agents into concrete indicates the
importance of permeation properties of surface layer of concrete
[2,3]. Researchers had investigated the use of different treatments
to refine the pore structure of concrete and to prevent the prema-
ture deterioration of concrete structures from the aggressive envi-
ronment. Surface treatments like epoxy coatings, pore blockers,
silanes, acrylic coatings etc., are available but these treatments
are subject to frequent controversy due to their limited long-
term performance, need for constant maintenance, cost, site acces-
sibility and environmental impact [4].
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With time, microbially induced calcium carbonate precipitation
(MICP) using calcifying bacteria has emerged as a promising tech-
nique in the field of concrete research. Initial applications of MICP
include archeological stone restoration [5-7], soil strengthening
[8] etc. During the last decade, the potential of calcifying bacteria
in concrete has also been explored by researchers. The use of MICP
in enhancing both strength and durability of concrete is investi-
gated by various researchers [9-12]. The combined effect of precip-
itation of calcium carbonate by ureolytic bacteria in increasing
compressive strength and reducing porosity of concrete has given
the edge to biogeotechnology over other conventional techniques.
Lab-scale experiments to remediate cracks in concrete had also
shown promising results in which polyurethane embedded bacte-
ria [9], silica gel immobilized bacteria [13], hydrogel encapsulated
bacteria [14] were used to remediate cracks in concrete. Calcium
carbonate crystals precipitated by bacteria resulted as a crack heal-
ing material which results into decreased water permeability.

The civil oriented research with microbial precipitation has
focused on the use of ureolytic bacteria. These bacteria hydrolyze
urea by producing urease enzyme in large amount resulting into
release of ammonia and carbon dioxide. The ammonia produced
increases the pH in the surrounding of bacteria that leads to pre-
cipitation of calcium carbonate [15]. Bacteria were supplemented
with calcium source (i.e. calcium chloride) along with urea which
results into the formation of calcium carbonate crystals with differ-
ent morphologies like calcite, aragonite and vaterite. The biochem-
ical reaction resulting from urea and CaCl, medium on the
negatively charged cell surface of bacteria and leading to calcium
carbonate precipitation was proposed as follow [15,16]:

Ca?* + Cell — Cell — Ca** (1)
Cl™ + HCO; + NH3 = NH,Cl + CO; (2)
Cell — Ca** + €O — Cell — CaCOs | (3)

Along with all these positive attributes of using bacteria in con-
crete, the disadvantage of use of organic matter on the retardation
of setting process of soil-cement mixtures have also been reported
by many researchers [17-19]. It has been reported that the pres-
ence of organic matter in soil-cement mixtures delay the hydration
process of cement, thus affecting the cementing process. Organic
compounds with hydroxyl and carboxyl groups may retard the
hardening of cement and resulting into no strength gain [18]. Dur-
ing the process of microbial induced carbonate precipitation, dif-
ferent nutrients (both organic and inorganic) are used. The use of
these organic nutrients might affect some properties of concrete.

The present study was aimed to test the efficacy of nutrient
medium and urea on the structural properties of concrete. The ure-
olytic bacteria Bacillus sp. CT-5 strain isolated from cement sample
was used to induce the calcium carbonate precipitation. To evalu-
ate the presence of organic content and nitrogenous material in
concrete specimens, carbon and nitrogen content was determined
at different depths of the concrete specimens. Furthermore, the
concrete specimens were analyzed for compressive strength, sorp-
tivity test, water permeability test, rapid chloride permeability test
(RCPT), SEM-EDX and XRD.

2. Materials and methods
2.1. Bacterial strain

Bacillus sp. CT-5 strain isolated from the cement sample was
used because of its high urease (UA) producing activity with high
efficiency to precipitate CaCO; crystals [20]. The strain was grown
in autoclaved Nutrient broth medium (Peptone 10 g/L, Yeast

extract 10 g/L, Sodium chloride 5 g/L). For in vitro calcium carbon-
ate precipitation, the culture was grown in Nutrient broth (Hime-
dia, India) supplemented with filter sterilized 2% urea (w/v) (NBU)
and 25 mM CaCl, solution at 37 °C under shaking condition
(120 rpm).

2.2. Materials

An ordinary Portland cement (43 Grade) confirming to BIS
8112-2013 [21] was used in the present study. Clean, dry and well
graded natural river sand confirming to Zone I was used as fine
aggregate (natural river sand). The values of specific gravity and
water absorption of fine aggregates was 2.70 and 1.8%, respectively
The coarse aggregate used was crushed gravel with nominal parti-
cle size of 20 mm and 10 mm. The specific gravity and water
absorption of 20 mm aggregates was 2.63 and 1.38% and for 10
mm aggregates, it was 2.65 and 1.4%, respectively. Both fine aggre-
gate and coarse aggregate conformed to BIS: 383-1970 [22].

2.3. Cement paste composition

The change in setting characteristics of cement paste upon
addition of bacteria and associated nutrients at the casting stage
was investigated by performing initial setting time and final set-
ting time tests on cement pastes. Three types of cement pastes
were prepared. One cement paste was made by adding water
and termed as control paste mix. Second mix was prepared by mix-
ing cement with 1.3% nutrient broth supplemented with 2% urea
(NBU medium) and 25 mM CaCl,. The third cement paste was pre-
pared by mixing bacterial culture grown in NBU medium and 25
mM CaCl,. The consistency of all the mixes was kept same. The
composition and nomenclature of the pastes is presented in
Table 1.

2.4. Concrete mix proportions

Concrete mix was prepared by using cement: sand: coarse
aggregate in the ratio of 1:1.82:3.24 (w/w) and water to cement
ratio (w/c) of 0.5. For casting of bacterial treated specimens, nutri-
ent broth with bacterial culture (ODg(, 0.5) supplemented with 2%
urea (w/v) and 25 mM CaCl, solution (w/v) were used instead of
water. The bacterial culture to cement ratio was maintained at
0.5. During casting, the raw material was dry mixed for 2 min in
concrete mixer before adding water. After adding water/NBU, the
ingredients were mixed for another 2 min. The fresh mix in the
plastic stage was immediately transferred to iron moulds. After
casting, all specimens were allowed to remain in iron moulds
and were kept in casting room at room temperature of 27 + 2 °C
for 24 h. Thereafter, the specimens were demoulded and were
cured till the testing age. Four different curing regimes as specified
in Table 2 were adopted in this study.

2.5. Test procedures

2.5.1. Compressive strength

Concrete cubes of 150 mm dimension were casted for compres-
sive strength measurements. The effect of incorporating bacterial
cells grown in NBU-CaCl, medium during casting and spraying of
bacterial cells suspended in NBU-CaCl, medium on the mechanical
properties of concrete cubes was studied at the age of 7 and 28
days of curing as per BIS 516: 1959 [23] using automatic compres-
sion testing machine, COMPTEST 3000. The average of three spec-
imens was taken as the compressive strength of the mix.
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Table 1
Preparation of cement paste and their composition.

Cement Mixes Cement (g) Water (g) Nutrient broth Bacterial culture
Control paste 400 g 782¢g - -

Media paste 400 g - 782¢ -

Bacterial paste 400 g - - 782¢g

NBU medium and calcium chloride had the following concentration: Nutrient broth (Peptone 10 g/L, Yeast extract 10 g/L, Sodium chloride 5 g/L), 2% Urea (w/v) and 25 mM

CaCl, (wfv).

Table 2
Outline of different sets of concrete specimen and mechanism of curing treatments.

Specimens Material used Mechanism of curing

Cement: sand: coarse
aggregate Water/cement
=0.5

Cement: sand: coarse

Control Water Curing for 28 days

Media treated Submersion in NBU medium

(MT) aggregate Media/ with urea and CaCl, without
Cement = 0.5 bacteria for 28 days

Bacterial Cement: sand: coarse Submersion in NBU medium,
admixed aggregate Bacterial with urea, CaCl, and bacterial
treatment  culture/cement = 0.5 culture for 28 days
(BAT)

Bacterial Cement: sand: coarse Bacterial spray on specimens
spray aggregate Water/cement  twice a day till 28 days
treatment =05
(BST)

NBU medium and calcium chloride had the following concentration: Nutrient broth
(Peptone 10 g/L, Yeast extract 10 g/L, Sodium chloride 5 g/L), 2% Urea (w/v) and 25
mM Calcium chloride (w/v).

All specimens were prepared in triplicate.

2.5.2. Permeation properties

Permeation properties of various mixes were measured at 28
days of casting, taking the average of three specimens as the repre-
sentative value. Sorptivity was determined according to ASTM
C1585 [24]. The test is based on the rate of uni-directional absorp-
tion of water by concrete sample due to capillary rise. It correlates
the transport of water with the pore system of specimen [25]. To
conduct sorptivity test, the concrete cylinders with diameter 100
mm and 50 mm thickness were prepared. Before conducting the
test, side surface of specimen was sealed with epoxy sealing mate-
rial and initial mass was noted. One surface of specimen was
exposed to water and mass increase of specimen by absorption
was monitored by weighing it at different time intervals. The test
setup is illustrated in Fig. 1. The mass change was recorded at
the intervals of 60 s, 5, 10, 20, 30, 60 min and every hour up to 6
h. From the value of mass change, volume of water absorbed per
unit cross sectional area was evaluated for each time interval. A
plot between the square root of time and volume of water

Water pan

absorbed was plotted. Slope of the graph is taken as the value of
sorptivity for that specimen.

Rapid chloride penetrability test (RCPT) was conducted as per
ASTM C 1202-97 [26]. Concrete cylinders with diameter 100 mm
and 50 mm thickness were prepared for conducting RCPT test.
Cylindrical specimens were subjected to a potential difference of
60V for 6 h by placing it inside the test cell. The solution of sodium
chloride 3% (by mass) was kept in one side of test cell connected to
the negative terminal of power supply and sodium hydroxide solu-
tion (0.3 N) was kept in other side of test cell connected to the pos-
itive terminal of power supply. Total charge passed (in terms of
coulombs) is a measure of the electrical conductance of the con-
crete and directly proportional to the chloride penetrability.

The water permeability test was carried out as per DIN 1048 at
the age of 28 days [27]. The concrete specimens were exposed to a
water pressure of 0.5 N/mm? for 72 h and the vertical penetration
depth of water into concrete was then measured after breaking the
concrete specimen.

2.5.3. Analysis of concrete specimens for carbon, nitrogen, pH and
CaCOs precipitates

Apart from the standard tests on concrete, powdered samples of
concrete were taken from various depths and were analyzed for
CaCOs3 precipitation, carbon content and nitrogen content. Along
with this, pH of concrete was also measured at various depths.
Concrete cubes after respective curing were drilled using rotary
hammer drilling machine to collect the concrete powder for anal-
ysis. The cubes were drilled up to the depth of 50 mm from two
opposite sides (Fig. 2). Concrete powder was separately collected
from each depth. The sample was collected by drilling at 12 points
on one surface of the cube as shown in Fig. 3. Homogenous samples
were prepared by collecting the samples of each depth of concrete
specimen.

Carbon in concrete powder was determined according to the
method described in Walkley-Black [28]. Kjeldahl method was
used to determine the ammonia producing nitrogen in the con-
crete powder as per BIS: 5194-1969 [29]. pH value at various
depths was measured potentiometrically by immersing pH glass
electrode in the suspension of a 1:5 concrete powder: water after
stirring for 1 h.

Epoxy coated
concrete cylinder

Plastic support rods

Fig. 1. Arrangement of the sorptivity test.
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0-10mm

10-20mm
20-30mm
30-40mm
40-50mm

Fig. 2. Layout of the drilling pattern.

Fig. 3. Collection of concrete powder from different depths.

Calcium carbonate precipitation in concrete specimens was
determined by thermogravimetric analysis (TGA). Briefly, 20 mg
of concrete powder was placed in TGA holder and temperature
was increased constantly from room temperature up to 1000 °C
at heating rate of 10 °C/min. Nitrogen was used as purge gas at
10 ml/min. The graphical representation for the loss of weight (%)
of sample during heating was shown against temperature (°C).
The weight loss in the temperature range of 550-750 °C corre-
sponds to CaCO3 decomposition.

2.6. Micro-structural analysis

Scanning Electron Microscopy (SEM) (ZEISS EVO 50) analysis
was done on the concrete specimens at the age of 28 days. The ele-
mental composition of micro-structural crystals was identified
with Energy Dispersive X-ray spectroscopy (EDX). For conducting
SEM and EDX analyses, small pieces of samples from different
depths were collected. Samples were finely polished and gold
coated with a sputter coating. To disperse excess charge from the
sample, a thin coating of carbon was applied on the polished sur-
face. X-ray diffraction was done on the powdered samples
obtained from various depths and sieved through 90 um sieve.
XRD spectrum was obtained using Bruker D8 X-ray diffractometer
with a Cu anode (40 kV and 30 mA) and scanning from 10° to 80°
260.

All the experiments were performed in triplicates. The data are
presented as mean + standard deviation. All the analyses were per-
formed using Sigma plot (v.9) software.

3. Results
3.1. Initial and final setting times of cement mixes

The initial and final setting time of various cement paste mixes
is presented in Fig. 4. The initial and final setting time of control
cement mix was 120 min and 260 min respectively. The delay in
both initial setting time and final setting time was observed in
cement paste mixed with media only. Initial setting time increased
by 60 min while the final setting time registered an increase of 240
min in media cement paste as compared to control cement paste.
However, cement paste admixed with bacterial culture had no
influence on initial setting while an increase of 30 min in final set-
ting was observed. These observations indicate that the setting
characteristics of the mix incorporating bacterial culture is similar
to the control mix. However, addition of nutrient broth without
bacteria delayed in setting of cement.

3.2. Compressive strength

Addition of Bacillus sp. along with NBU - CaCl, media in con-
crete specimen and curing with respective medium significantly
increased the compressive strength compared to control specimen
(Fig. 5). The bacterial admixed treated (BAT) specimens showed an
average increase of 29% in compressive strength as compared to
the control specimens. The bacterial sprayed (BST) specimens in
which bacteria were introduced into concrete after casting in the
form of spray treatment with bacterial culture during curing also
registered slight increase in compressive strength (8%) as com-
pared to the control mix. However, the compressive strength of
media treated (MT) specimens casted with nutrient medium only
registered a drastic decrease by 15.5% as compared to the control
mix (Fig. 5).

3.3. Permeation properties

Among all the tested mixes, control mix has highest sorptivity
coefficient. When compared to control mix, both BAT and BST spec-
imens showed lowest sorptivity coefficient (Table 3). In RCPT,
resistance to chloride ions penetration by all specimens was eval-
uated. Both control specimens and MT specimens had similar
charge transfer resistance and falls in the category of moderate
penetration type. With bacterial treatment, the charge transfer is
reduced drastically, and the penetration values fall in low penetra-
tion range. While in BAT specimen the total charge passed was
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Fig. 4. Initial and final setting times of different cement paste mixes.
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Fig. 5. Compressive strength (Mpa) of all specimens after 7 days and 28 days
curing.

1128 coulombs and BST specimens registered charge of 1340 cou-
lombs (Table 3).

In water impermeability test, maximum vertical penetration of
water was found in control specimen (35.3 mm), while minimum
penetration depth of 13.6 mm was measured in BST specimens. A
nominal difference between penetration depth values were
observed in BAT (14.2 mm) and BST specimens. MT specimen pre-
pared by using nutrient medium had the water penetration depth
of 31.2 mm, which is nearly similar to the penetration depth
obtained for control specimen (Table 3).

3.4. Chemical analysis of specimens

3.4.1. Carbon and nitrogen profile

Different medium components (especially carbon, nitrogen
sources) are mixed along with bacteria during the formation of
microbial concrete. These components might influence the struc-
tural properties of concrete. The presence of high carbon content
is known to have adverse effects on the workability, air entrain-
ment mechanism, compressive strength etc. [30]. Therefore carbon
and nitrogen content at 28 days of casting with respective curing
was obtained at different depths in concrete specimens. The results
so obtained were then correlated with the mechanical properties of
the respective mixes. The results of carbon and nitrogen content in
concrete specimens with depth-wise profiling are presented in
Fig. 6.

The percentage of carbon and nitrogen remains same at all
depths for the control specimen while BAT specimen showed max-
imum carbon and nitrogen content at all depths (Fig. 6). The carbon
content in BST and MT specimen was almost same at all depths.
The amount of carbon content in all the treatments was maximum
at the surface, and decreased with the increase in depth of con-
crete. The carbon content at 30 mm depth becomes almost similar
to the corresponding value obtained for the control mix (Fig. 6a).

Table 3

The percentage of nitrogen content was minimum for the control
specimen at all depths; while BAT specimen registered maximum
nitrogen content at all depths, followed by MT specimen. In BST
specimen, nitrogen contents become almost same as control spec-
imen after initial 20-30 mm depth (Fig. 6b).

3.4.2. pH profile

The introduction of microbes into concrete leads to changes in
its chemical composition and hence, might affect the alkaline nat-
ure of concrete pore solution. Therefore, in order to investigate
effect of addition of microbes into concrete on alkaline layer, pH
of the resultant mixes were measured at various depths, starting
from the surface of concrete. The pH values in all specimens was
found to be in the range of 12.0-12.4, which indicates that bacteria
and various ingredients added in the process does not have signif-
icant effect on pH and on alkaline environment of concrete (Fig. 7).

3.5. Micro-structural analysis

SEM analysis of all concrete specimens was done from three dif-
ferent depths. The SEM images of both BAT and BST specimens
taken from the upper depth of 0-10 mm clearly identified the pres-
ence of calcium carbonate crystals associated with bacterial cells
(Fig. 8). In case of BAT specimen, presence of different crystal lat-
tice of calcium carbonate was found. Rhombohedral calcite crystal
and needle shaped aragonite crystals were observed
(Fig. 8A and B). The EDX analysis also confirmed the elemental
composition of crystals with peaks showing high amount of cal-
cium and carbon. In BST specimen, higher biodeposition of calcium
carbonate precipitation was observed. Morphology of rhombohe-
dral calcite and aragonite crystals in association with bacterial cells
was also identified (Fig. 8D-F). The high peak of calcium on EDX
analysis further confirmed the presence of calcium carbonate
crystals.

The SEM images of BAT (Fig. 9A and B) and BST (Fig. 9D-F) spec-
imens at the middle depth shows the presence of bacterial cells.
However, in the proximity of bacterial cells, no precipitation of cal-
cium carbonate crystals was observed. EDX analysis confirmed the
absence of any carbonate crystals with high silicon peak in the
graph. In the presence of rod shaped bacterial cells indicates the
ingress of bacterial cells through pores during the spray curing
treatment (Fig. 9D-F).

Fig. 10 shows the SEM images of the specimens taken at inner
depth of 40-50 mm. Presence of bacterial cells without any cal-
cium carbonate precipitation was observed in BAT specimen
(Fig. 10A). In case of BST specimen (Fig. 10B), no precipitation
and the associated bacterial cells were detected. The EDX analysis
also identified high silicon peaks in both the specimens. In SEM
analysis of control specimen (Fig. 10C-E) and MT specimen
(Fig. 11A-C) at different depths, absence of calcium carbonate pre-
cipitation was observed. EDX analysis further confirmed the
absence of calcium carbonate crystals.

XRD analysis of all concrete specimens at the top surface was
also performed along with SEM morphology analysis. The XRD
analysis of all mixes is presented in Figs. 12 and 13. Presence of cal-

Sorptivity coefficient, RCPT and water impermeability of various mixes measured at 28 days.

Specimen Sorptivity Coefficient ‘k’ RCPT Water penetration
Average charge passed Penetration type

Control 0.0191 2930 Coulombs Moderate 35.5 mm

MT specimen 0.0110 2638 Coulombs Moderate 31.2 mm

BAT specimen 0.0071 1128 Coulombs Low 14.2 mm

BST specimen 0.0075 1340 Coulombs Low 13.6 mm
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cite crystals in upper depth of BAT and BST specimen were con-
firmed with the XRD analysis as shown in Fig. 12. In case of MT
and control specimens, no calcium carbonate precipitation was
observed in XRD analysis as shown in Fig. 13. XRD spectrum of
media and control specimens revealed that the major phases pre-
sent are quartz, calcium aluminium silicate and coesite.

To verify CaCOs3 precipitation by bacteria in the upper layer, TGA
was conducted for all mixes at 28 days of casting. TGA results
demonstrated the presence of CaCOs5 precipitation in BAT specimen
as well as in BST specimen. As shown in Fig. 14, weight of bacteri-
ally treated samples decreased continuously from room tempera-
ture till about 800 °C. As it can be seen in Fig. 14, between 550
and 750 °C sharp weight loss of about 9% and 11% occurred in
BAT and BST specimens from the initial sample weight. This weight
loss indicates decomposition of CaCOs; into CaO and CO, in the
temperature range 600-750 °C [31]. While in control and MT spec-
imens no weight loss occurred between 550-750 °C showing no
CaCOs5 precipitations.
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Fig. 8. SEM images represent the CaCOs crystal (CC) associated with rod shaped bacterial cells (BC) at upper depth (0-10 mm) in BAT specimens (A-C) and BST specimens (D-
F). Arrows show carbonate crystals and bacterial cells. + shows the spots of EDX analysis.

4. Discussion bacteria were added to concrete either during the casting stage

or spray treatment after casting in different mixes. For the
4.1. Effects of bacterial cells and organic matter on the properties of vegetative growth of bacteria, nutrients are required to be
concrete added along with bacteria. The two main nutrient components

required for Bacillus sp. CT-5 strain are urea and nutrient broth
The effect of addition of microbes on the properties of medium containing yeast extract. The incorporation of bacteria
resultant concrete was investigated in the present study. The along with the associated nutrient can cause modifications in
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Fig. 9. SEM images from the middle depth (20-30 mm) of BAT specimen (A-C) and BST specimen (D-F). Arrows show bacterial cells (BC). + shows the spots of EDX analysis.

the concrete matrix, and hence affects the properties of the
mixes.

The results indicated that the incorporation of bacterial cells
along with nutrient medium in concrete specimens lead to signif-
icant improvement in compressive strength of the mix. The
increase of 29% in compressive strength was observed in the mix
in which bacterial cells along with nutrient medium was intro-
duced during casting (BAT specimens); while in BST specimens,
marginal increase in compressive strength by 8% was observed.
Addition of plain nutrient medium without bacterial cells in con-
crete specimens showed distinctive decrease in compressive

strength on comparison with control specimens at 7 and 28 days
curing age (Fig. 5). It indicates that the addition of organic matter
in the form of yeast extract and urea into concrete leads to retarda-
tion in compressive strength development. The phenomenon of
retardation in compressive strength due to the addition of organic
nutrients in concrete has also been reported by Ersan et al. [32].
The negative effect of introducing organic nutrients on the ini-
tial and final setting times of cement paste mixes was also
observed (Fig. 4). In media only mix having organic yeast extract
and urea, noticeable delay in initial and final setting times of
cement paste mix was observed. But in case of bacterial admixed
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Fig. 10. SEM images represent BAT specimens (A) with bacterial cells and BST specimens (B) without bacterial cells at the inner depth (40-50 mm). SEM images of control

specimen (C-E) from different depths. + shows the spots of EDX analysis.

pastes, no delay in initial setting was observed while a minor delay
in final setting time was noticed. The results of setting time and
compressive strength together indicate that the addition of organic
matter/urea alone has retardation effect on hydration and hence on
setting of the mix, which further influence later age mechanical
properties. Actually, the organic nutrient added in the concrete
mix while casting to fulfill essential chemical requirements of bac-
teria for the microbial growth is a yeast extract and is used as a car-
bon source by bacteria. The adverse effect of yeast extract on
hydration of cement was reported earlier by Williams et al. [33].
It was also reported by Bundur et al. [34] that the addition of
organic substance in concrete influences the degree of hydration
and yeast extract act as a retardation substance. Ersan et al. [32]

also reported that the compressive strength of mortar mix can
decrease by up to 25% when yeast extract and urea are added to
the mix. Presence of higher percentage of carbon and nitrogen con-
tent in MT specimen than control specimen was also observed
(Fig. 6).

However, this negative effect of addition of organic matter into
concrete was not visible when it is added along with bacteria. In
BAT specimen, casting of the mix was carried out by the bacteria
culture consisting of bacterial cells, nutrient broth and urea. Its
addition into cement paste has not delayed the setting time of
cement. Also, the compressive strength of the resultant mix regis-
tered a significant increase of 29% as compared to the control mix.
Therefore, it indicates that the adverse effect of introducing yeast
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Fig. 12. XRD patterns of CaCOs crystals obtained: (A) BAT specimen (B) BST specimen.

extract into concrete on hydration can be overcome by the calcium
carbonate precipitation done by bacteria. This precipitation starts
as soon as the culture is mixed with cement, as is clear from the
setting characteristics of the cement paste.

On comparing the effect of type of bacterial treatment on
mechanical properties of concrete, it can be observed that spray
treatment by bacteria after casting of concrete leads to only mar-
ginal increase in compressive strength, as against large increase
registered in the alternate treatment in which bacteria was intro-
duced at the time of casting. It can be due to the fact that spray
treatment is a surface treatment and may not alter the bulk con-
crete properties to a large extent. It is confirmed by the SEM
images of the mixes taken at three depths. While at the upper sur-
face, SEM images of both the treatments are similar with dense
biodeposition of calcium carbonate precipitation and associated
bacterial cell (Fig. 8). Large numbers of bacterial cells were visible

in the middle depth of 20-30 mm, while no calcium carbonate pre-
cipitation associated with bacteria cells was observed (Fig. 9). The
absence of calcite precipitation in the inner depth of concrete can
be due to blocking of upper pore matrix of concrete by calcium car-
bonate precipitation during initial days of spray curing. This might
inhibited the ingress of curing medium during spray treatment,
and hence this treatment could not improve the compressive
strength of concrete substantially.

The bacterial admixed treatment is observed to be highly effi-
cient in improving the compressive strength of concrete. However,
even in this treatment in the inner depth of concrete matrix, bac-
terial cells are visible but no calcite precipitation is identified. As
the precipitation of calcium carbonate occurs on the cell surface
of bacteria, the cells might have died due to limited nutrient and
oxygen availability. Furthermore, the viability of bacterial cells in
the interior of concrete structure due to highly alkaline pH and
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Fig. 14. Thermogravimetric analysis graph of different specimens.

very restricted oxygen availability is a matter of concern. Some
researchers had reported that the live bacterial cells might form
spores or die in these harsh conditions of concrete. Da silva et al.
[35] reported the use of non-axenic ureolytic spores in the form
of cyclic enriched ureolytic powder as a self-healing admixture.
They observed no negative effect of this self-healing material on
the mechanical strength of mortar specimen when added as
0.5-1% of the weight of cement. However, results of the present
study indicate that the incorporation of live bacterial cells along
with NBU-CaCl, medium enhance the mechanical strength of
concrete.

Another parameter that is altered by the addition of bacterial
cells and the associated nutrients into concrete is its chemical com-
position. Both the carbon and nitrogen contents of all three treated
specimens were higher than the corresponding values of the con-
trol mix. It is obviously due to addition of organic matter and urea
in the mixes as nutrient sources for bacteria. The highest amount of
carbon content is observed in BAT specimens. It is believed that
high carbon content adversely affect compressive strength of the
mix [36]. However, the highest compressive strength of BAT spec-
imens indicates that the correlation between carbon content and
compressive strength might not be true for bacterially treated con-
crete. The observed improvement in compressive strength despite
of higher carbon content is due to successful carbonate precipita-
tion that helped in densifying the concrete matrix. The higher

nitrogen content of BAT and MT specimens is due to incorporation
of urea at the time of casting of concrete. The BST specimens do not
have large nitrogen content in the inner depths. It is due to the fact
that urea was introduced into concrete after casting of specimens.
The bacterial cells along with nutrient were sprayed regularly on
the surface of concrete during curing in BST specimens. Due to this,
the carbonate precipitation occurred at the concrete surface, which
blocked the pores of surface concrete, hence reducing the ingress of
nutrients further inside the concrete matrix. The nutrient content
has no significant effect on the compressive strength of the resul-
tant mix.

One of the most influential parameter in concrete durability is
pH value of cover concrete. The alkaline condition of concrete with
pH 12-13 keeps the reinforced steel immune from corrosion [37].
The passive state of steel can be destabilized with the drop of pH of
concrete which results into rebar corrosion and hence leads to pre-
mature deterioration of reinforced concrete [38]. Alkaline environ-
ment of concrete was not influenced with addition of bacterial cells
supplemented with organic content and nitrogenous material. In
BAT and BST specimens, no fluctuation in pH value occurred due
to microbial precipitation of calcium carbonate and pH was main-
tained above 12. Even in MT specimen, no significant effect on pH
value was observed.

4.2. Effects of curing treatments on permeation properties

Along with strength, it was important to analyze the effect of
microbial treatment on permeation properties of concrete. The
major focus of the study is to investigate the change in permeation
characteristics of concrete undergoing two different curing pro-
cesses; bacterial admixed treatment and bacteria spray treatment.
Along with this, the effect of addition of only nutrient broth was
also investigated. The permeation characteristics were studied
with respect to three properties; sorptivity, RCPT and water
impermeability.

Sorptivity studies the water ingress into an unsaturated con-
crete, which is dominated by capillary suction and is an important
parameter that can be correlated to the ingress of deteriorating
substances (chlorides or sulfates) into concrete [39]. It is a good
measure of the quality of near surface concrete, which governs
durability parameters related to rebar corrosion [40]. The water
penetration depth defines the ease with which water can flow
through concrete under a pressure differential. In this case also,
the governing feature of ingress is capillary pores of concrete.
Resistance of concrete to chloride ion penetration can be indirectly
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measurement by RCPT. The three tests help in better understand-
ing of permeation properties of resultant concrete. The results from
sorptivity test indicated that the transport mechanism of water in
specimens through capillary rise was altered effectively in both
bacterial treatments. However, the results in sorptivity test
showed that surface treatment of concrete significantly influence
the permeation properties and restrict the ingress movement of
aggressive agents (Table 3). The low ‘k’ values of BST specimens
indicated that the permeation properties can be significantly
improved by spray treatment. In RCPT, similar trend of significant
reduction to chloride ion penetration was observed. In both curing
treatments, BAT and BST specimens showed low permeability type
(Table 3). Resistance to chloride ions penetration indicates the
effectiveness of both curing treatments in concrete specimens.
The movement of aggressive chemical ions with pore water pre-
sent in the well-connected pore matrix of concrete leads to corro-
sion of rebar. The transport mechanism of deleterious substances is
influenced by the pore distribution, pore number and pore size in
the concrete [3]. It was observed in water permeability test that,
the penetration of water into the pore matrix of concrete was sig-
nificantly prevented due to the precipitation of calcium carbonate
by bacteria. Biodeposition of calcite crystals acts as pore blocker
which results into reduced pore number and pore size; leading into
reduced movement of water in treated concrete specimens. It was
observed that the application of bacterial spray treatment can
effectively restrict the damage from the penetration of aggressive
agents and can be used as natural water repellant. At field-scale
application, curing with bacterial spray treatment will also help
in the implementation of MICP technology as a repair procedure
on existing structures to improve the surface permeability proper-
ties of concrete.

4.3. Quantitative and qualitative analysis of CaCOs precipitation in
concrete matrix

The results from SEM/EDX and XRD analysis indicated dense
deposition of bacterial mediated precipitation of calcium carbon-
ate in bacterially treated specimens. Presence of CaCOs crystals
in association with bacterial cells had given an evidence of the
enhanced mechanical properties and pore clogging of bacterially
treated concrete specimens. In BAT specimen, apart from calcite
and needle shaped aragonite crystals different morphology of cal-
cium carbonate crystals with multinodular structure having micro
needles was also observed (Fig. 8C). On EDX analysis, the peak of
high calcium content and carbon was observed. This kind of mor-
phology might be due to the presence of some magnesium impuri-
ties in the tap water used while curing. Similar calcium carbonate
crystal formation was reported by Xie et al. [41] on addition of
magnesium. Formation of micrite calcite with mirconeedles due
the distortion of sideward growth of calcite under the influence
of magnesium ions has also been reported by Folk [42]. In BST
specimens, presence of mucous matrix on the closely attached car-
bonate crystals along with bacterial cells due to exopolymeric sub-
stances (EPS) was observed. Important role of EPS in cell adhesion
and calcium carbonate precipitation was reported by Dhami et al.
[43]. While in inner depths of treated specimens, presence of bac-
terial cells without calcium carbonate precipitation was noticed.
Bacterial cells in inner depths remains incorporated in the concrete
matrix without precipitation activity. The capability of bacterial
cells to hydrolyse urea and nutrient media might be hindered by
the harsh alkaline pH of concrete matrix and low oxygen availabil-
ity. As the pores on upper surface were clogged by bacterial precip-
itated carbonate crystals which restricted the movement of media
and oxygen. These factors might had effected the ureolytic activity
of bacterial cells inside the concrete matrix. Apart from the major-
ity of calcite crystals, XRD analysis of bacterially treated specimens

showed different polymorphs of calcium carbonate like aragonite
and vaterite. TGA results further strengthen the evidence of the
precipitation of calcium carbonate crystals.

5. Conclusions

The current study investigated the efficiency of curing treat-
ments in improvement of mechanical properties and permeation
properties of concrete using ureolytic bacterial strain Bacillus sp.
CT-5. Compressive strength was significantly improved and drastic
reduction in permeability properties was observed in bacterially
treated specimens. Both bacterial admixed treatment (that can
be used for new structures) and bacterial spray treatment (that
can be used as a repair procedure) were found to be effective in
improving the properties of concrete. The admixed treatment
improves both strength and permeation characteristics efficiently
while the spray treatment drastically reduced the permeability
properties of concrete due to effective sealant of biodeposition by
bacteria. Retarding nature of organic matter of yeast extract
severely affect the setting property of cement paste as well as sig-
nificant reduction of strength in concrete specimens treated with
medium only. Use of bacterial admixture, medium only and surface
treatment with bacterial spray did not affect the alkaline nature of
concrete. Surface treatment of concrete with bacterial spray
showed the potential to improve the resistance against the aggres-
sive agents. Bacterial spray treatment of concrete will help in
future application of MICP technology at field-scale.
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Abstract

Microbial-induced carbonate precipitation (MICP) has a potential to improve the durability properties and remediate cracks
in concrete. In the present study, the main emphasis is placed upon replacing the expensive laboratory nutrient broth (NB)
with corn steep liquor (CSL), an industrial by-product, as an alternate nutrient medium during biocementation. The influ-
ence of organic nutrients (carbon and nitrogen content) of CSL and NB on the chemical and structural properties of concrete
structures is studied. It has been observed that cement-setting properties were unaffected by CSL organic content, while
NB medium influenced it. Carbon and nitrogen content in concrete structures was significantly lower in CSL-treated speci-
mens than in NB-treated specimens. Decreased permeability and increased compressive strength were reported when NB is
replaced with CSL in bacteria-treated specimens. The present study results suggest that CSL can be used as a replacement

growth medium for MICP technology at commercial scale.

Keywords Biomineralization - Curing - Organic admixture - Concrete - Corn steep liquor - Carbon and nitrogen content

Introduction

Concrete is one of the most widely used structural build-
ing materials in the world. The incomparable and excellent
properties of concrete, such as strength and durability, have
made it an attractive construction material. An escalating
demand for urban infrastructure has become a great chal-
lenge with the increasing world population. Annually, 10
billion tons of concrete production was estimated to meet
the increasing demands of all urban infrastructures like resi-
dential buildings, transport connectivity and industrial units
[7]. With growing dependence, sustainable design of con-
crete structures is also a prime concern in the world. Studies
conducted by the Organization for Economic Cooperation
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and Development (OECD) have reported that approximately
30% of greenhouse gases are emitted from the residential
and commercial building sectors [45]. Energy requirements,
water resources, natural resources consumption and demoli-
tion waste have left an enormous environmental footprint
on earth [36].

Factors like climate change, temperature variations
and external chemical attacks affect the lifecycle perfor-
mance of concrete leading to its durability problems [28].
Ingress of aggressive agents like CO,, SO,>~ and CI~ ions
into the matrix of concrete leads to premature deterio-
ration causing irreversible changes in its serviceability.
Permeation due to the interconnected pore system in the
near surface concrete matrix directly influences the rate of
deterioration [10]. Early deterioration of infrastructures
around the globe is a matter of concern. Intensive research
has been done to protect the concrete structures suffering
from the penetration of aggressive agents. Use of differ-
ent organic and inorganic surface pore-blocking agents
has been reported by researchers to protect the concrete
structures from the ingress of aggressive substances. Var-
ity of concrete surface treatments with silanes, siloxanes
sodium silicate, polyurethane, ethyl silicate and nano-SiO,
has been investigated [28, 38]. Drawbacks like detachment
with aging in outdoor exposure are also associated with
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the surface coaters, which did not promise the long-term
performance.

Recently, application of biotechnology in concrete
research led to a bio-inspired treatment method to enhance
the durability properties of concrete. Microbial-induced
calcium carbonate precipitation (MICP) by using calcify-
ing bacteria in construction material via biomineralization
process has become substantially popular. MICP technol-
ogy has become an innovative and promising technique for
improving the durability properties of concrete structures [5,
21, 23, 30, 32, 37]. Improved mechanical strength and effec-
tive reduction in porosity of concrete with MICP are positive
attributes. The challenges associated with the use of MICP
for improving concrete durability include the potential nega-
tive impacts of the organic substrates in the growth medium
on the concrete setting process and the cost associated with
supplying the bacterial growth medium. Disadvantages in
the use of organic matter (i.e., yeast extract) on the retarda-
tion of setting process of cement paste have been reported
by many researchers [20, 42, 44]. The operating cost of this
technology at the commercial scale might have economic
limitations [22, 30]. The use of laboratory grade nutrient
broth, i.e., yeast extract cost is as high as 60% of the total
operating cost [33]. Implementation of MICP technique in
newly constructed concrete structures at field scale would
not be possible because of its expensive cost. Hence, it is
essential to use an inexpensive, high-protein-containing
alternative nutrient source to reduce the overall production
cost of this technology. Previously, we reported the use of
lactose mother liquor, collected from the dairy industry, as
a nutrient source for biomineralization [1]. Later, we used
corn steep liquor (CSL), a by-product from the starch indus-
try, as a low-cost nutrient medium for the MICP technol-
ogy [3]. We have extended these studies further to study
the durability properties of building materials, such as com-
pressive strength, permeability and prevention of corrosion
and compared the results with the commercially available
nutrient medium [2, 4]. Eryuruk et al. [27] demonstrated
that the hydraulic conductivity of a paddy field decreased
through a biocalcification process using CSL as a source of
nutrients. Recently, Amiri and Bundur [6] used CSL as an
alternative carbon source for biomineralization in cement-
based materials and studied its impact on initial setting of
cement paste and mortar mixes and compressive strength.
Though CSL served as an alternative to nutrient medium
or yeast extract medium in biomineralization and improved
the permeability, compressive strength and initial setting of
cement-based materials, no reports are available about the
nutrient components, such as carbon and nitrogen content,
bacterial cells and change in pH on the chemical and struc-
tural properties of concrete.

The present study was aimed to test the efficacy of
nutrient components present in the CSL on the structural
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properties of concrete. To evaluate the presence of organic
matter in concrete specimens, carbon and nitrogen content
was determined at different depths of the concrete speci-
mens. The change in pH at different depths of the concrete
specimens was also monitored. A comparative study was
conducted to figure out the influence of nutrient broth
and CSL on setting property of cement and compressive
strength of concrete. Further, the CSL-treated concrete
specimens were analyzed for sorptivity test, water per-
meability test, rapid chloride permeability test (RCPT),
scanning electron microscopy/energy-dispersive X-ray
spectroscopy (SEM-EDX), and X-ray diffraction (XRD).

Materials and methods
Microbial strains and culture conditions

The bacterial strain, Bacillus sp. CT5, isolated by us from
the cement sample [1] was used in this study. Corn steep
liquor was collected from Sukhjit Starch & Chemicals
Limited, Phagwara, Punjab, India. The chemical compo-
sition of the CSL is as follows: pH 4.0; total carbohydrates
5.8%; proteins 24%; fats 1.0%; minerals 8. 2%. For the
growth and experimental purposes, 1.5% CSL was used
throughout the study. Nutrient broth (NB) (Peptone 10 g/L,
yeast extract 10 g/L, sodium chloride 5 g/L) procured from
Himedia (Himedia, India) was also used to grow the bacte-
ria. To carry out microbial calcium carbonate precipitation
in concrete specimens, the culture was grown in autoclaved
CSL medium (1.5% v/v) and nutrient broth supplemented
with filter-sterilized 2% urea (w/v) and 25 mM CacCl, solu-
tion at 37 °C under shaking condition (120 rpm). The pH
of the CSL and NB media was adjusted to 7.5 with 1 N
NaOH prior to autoclave without urea and CaCl,.

Materials

Ordinary Portland cement (43 Grade) conforming to IS
8112-2013 standards [14] was used in the present study.
Locally available, clean, dry and well-graded natural river
sand conforming to Zone II was used as fine aggregate.
The specific gravity of fine aggregates was 2.70. The
coarse aggregate used was crushed gravel with nominal
particle size of 20 and 10 mm. The specific gravity for
20 mm aggregates and 10 mm aggregates was 2.63 and
2.65, respectively. Both fine aggregate and coarse aggre-
gate conform to IS: 383-1970 standards [15].
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Preparation of cement paste

This experimental program was conducted to study the influ-
ence of addition of the bacterial culture and plain nutrient
ingredients on the initial and final setting properties of
cement. The change in initial setting characteristic of cement
paste upon incorporation of bacterial cells and the associ-
ated nutrients at the casting stage was investigated by using
Vicat Apparatus as per IS 4031: 1988 (Part 5) [17]. Briefly,
for conducting setting time test, water required to produce
standard cement paste, i.e., standard consistency was first
determined by IS 4031: 1988 (Part 4) [16]. Then the paste
for measuring setting time was prepared by using 0.85 times
the water required to give a paste of standard consistency. In
the present study, the standard consistency was determined
to be 29.5%. Accordingly, 25.1% water was added for meas-
uring setting time of cement.

Five types of cement pastes were prepared. The composi-
tion and nomenclature of the pastes is presented in Table 1.
Control paste was made by mixing cement and water. Corn
steep liquor paste was prepared by adding 1.5% of corn steep
liquor, 2% urea and 25 mM CaCl, to cement, while NB paste
was made by adding 1.3% of nutrient broth, 2% urea and
25 mM CacCl, to cement. CSL-CTS5 paste and NB-CTS5 paste
were prepared by mixing cement with bacterial cells grown
in CSL medium and NB medium supplemented with 2%
urea and 25 mM CacCl,, respectively. The consistency of all
the mixes was kept the same.

Preparation of concrete specimens

Concrete mix was prepared by using cement: sand: coarse
aggregate in the ratio 1: 1.82: 3.24 (by weight) and water
to cement ratio (w/c) of 0.5. For casting of bacterial-
treated specimens, CSL medium and NB medium with
bacterial culture (4 x 10® cells/ml) supplemented with 2%
urea (w/v) and 25 mM calcium chloride solution (w/v)
were used instead of water. The bacterial culture was pre-
pared by growing the cells in CSL and NB medium till
it attained the O.Dyg,, of 0.5 (exponential phase). Then

Table 1 Mixing ingredients of cement paste mixes

Cement Cement Water (g) NB CSL Bacterial
mixes (2) media (g) media (g) culture (g)
Control 400 100.3 - - -

CSL 400 - - 100.3 -

NB 400 - 100.3 - -
CSL-CT5 400 - - - 100.3
NB-CT5 400 - - - 100.3

CSL corn steep liquor medium, NB nutrient broth medium, CSL-CT5
bacterial paste in CSL, NB-CT5 bacterial paste in NB

this culture was admixed with the concrete. The bacterial
culture to cement ratio was also maintained at 0.5. For
the bacterial spray treatment, the culture was grown in
CSL as well as in NB medium till it reached the O.Dg,
of 0.5 (4 x 10® cells/ml). Cement, sand and aggregates
were thoroughly mixed for 2 min in the concrete mixture
before adding water, CSL medium and NB medium. The
ingredients were mixed properly and the fresh mix in the
plastic stage was immediately transferred to iron moulds
(150 mm X 150 mm X 150 mm). After casting, all the
specimens were allowed to remain in the iron moulds and
kept in a casting room at room temperature of 27 +2 °C
for 24 h. Thereafter, the specimens were demoulded and
cured till the testing age. Four different curing regimes as
specified in Table 2 were adopted in this study.

Compressive strength, carbon and nitrogen and pH
profile

To study the compressive strength, concrete cubes of
150 mm dimension were casted. The specimens were
cured in bacterial culture grown in CSL and NB medium
along with their respective controls. After 28 days of cur-
ing, the compressive strength was measured as per IS 516:
1959 standards [13] using an automatic compression test-
ing machine, COMPTEST 3000.

Concrete cubes after respective curing were drilled
using a rotary hammer drilling machine to collect the con-
crete powder for analyses. Concrete cubes were drilled up
to the depth of 50 mm from two opposite sides as reported
earlier by us [31]. Concrete powder was separately col-
lected from each depth. Different points were drilled
from each side of the cube to get a homogenous sample
of concrete powder. The powder samples obtained were
analyzed to calculate carbon and nitrogen content at vari-
ous depths. To calculate the amount of organic carbon in
concrete powder, Walkley—Black procedure was followed
[43]. Kjeldahl method was used to determine the ammonia
producing nitrogen in the concrete powder as per IS: 5194-
1969 standards [18]. For the quantitative determination
of carbohydrate content in NB and CSL media, anthrone
method was used [34]. Briefly, 4 ml of anthrone reagent
(200 mg anthrone in 100 ml of 95% H,SO,) was added
in 1 ml of NB/CSL media and the test tube was heated in
boiling water bath for 10 min. After cooling, absorbance
was measured at 620 nm by the UV-Vis spectrophotom-
eter. Concentration of the sugar in the sample was calcu-
lated from the glucose calibration curve. The pH variations
at various depths were investigated potentiometrically in
concrete specimens treated microbially with CSL media.
The pH glass electrode was immersed in the suspension of
a 1:5 concrete powder: water after stirring for 1 h.
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Table 2 Outline of different sets of concrete specimens and method of curing treatments

Specimens Material used Method of curing
Control Cement: sand: coarse aggregate Water curing for 28 days
water/cement =0.5
CSL treated (CT) Cement: sand: coarse aggregate Submersion in CSL media with urea and CaCl, without bacteria

NB treated (NT)

CSL-bacterial admixed treatment (CBAT)
NB-bacterial admixed treatment (NBAT)
CSL-bacterial spray treatment (CBST)

NB-bacterial spray treatment (NBST)

CSL media/cement=0.5

Cement: sand: coarse aggregate
NB media/cement=0.5

Cement: sand: coarse aggregate
bacterial culture/cement=0.5

Cement: sand: coarse aggregate
bacterial culture/cement=0.5
Cement: sand: coarse aggregate
bacterial culture/cement=0.5

Cement: sand: coarse aggregate
bacterial culture/cement=0.5

for 28 days

Submersion in NB media with urea and CaCl, without bacteria for
28 days

Submersion in CSL media, urea, CaCl, and bacterial culture for
28 days

Submersion in NB media, urea, CaCl, and bacterial culture for
28 days

Bacterial spray on specimens twice a day till 28 days

Bacterial spray on specimens twice a day till 28 days

CSL media, NB media, urea and calcium chloride had the following concentrations: CSL (1.5% v/v), NB media (1.3% w/v), 2% urea (w/v) and
25 mM calcium chloride (w/v). All specimens were prepared in triplicate

Permeation properties

The efficiency in resistance towards water penetration was
investigated for the different mixes as described in Table 2 at
the age of 28 days. Sorptivity was determined according to
ASTM C1585 [9]. The cylindrical test specimen of diameter
100 mm and thickness 50 mm was prepared to conduct the
sorptivity test. Before conducting the test, a side surface of
the specimen was sealed by sealing material (i.e., epoxy) and
the initial mass was noted. One surface of the specimen was
exposed to water and the mass increase of the specimen by
absorption was monitored by weighing it at different time
intervals. The mass change was recorded at the intervals of
60s, 5, 10, 20, 30, 60 min and every hour up to 6 h. From the
value of mass change, the volume of water absorbed per unit
of cross-sectional area was evaluated at each time interval.
A plot between the square root of time and volume of water
absorbed was plotted. The slope of the graph is taken as the
value of sorptivity for that specimen.

To determine the penetration of chloride ions in concrete
through electrical conductance, a rapid chloride penetration
test (RCPT) was conducted as per ASTM C1202-97 [8]. Cylin-
drical specimens were subjected to a potential difference of
60 V for 6 h by placing them inside the test cell. The solu-
tion of sodium chloride 3% (by mass) was kept in one side
of the test cell connected to the negative terminal of power
supply, and the sodium hydroxide solution (0.3 N) was kept
in the other side of the test cell connected to the positive
terminal of power supply. Total charge passed (in terms of
coulombs) is a measure of the electrical conductance of the
concrete and directly proportional to the chloride penetrability.
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The water permeability test was carried out as per DIN 1048
standards [25] at the age of 28 days. The concrete specimens
were exposed to a water pressure of 0.5 N/mm? for 72 h and
the vertical penetration depth of water into concrete was then
measured after breaking the concrete specimen.

Micro-structural analysis

For analyzing the calcium carbonate crystals in concrete spec-
imens at the age of 28 days, scanning electron microscopy
(SEM) (ZEISS EVO 50) was done. The elemental composi-
tion of micro-structural crystals was identified with energy-
dispersive X-ray spectroscopy (EDX). For conducting SEM
and EDX analyses, small pieces of concrete samples were
collected. Samples were finely polished and gold-coated with
a sputter coating. To disperse excess charge from the sample,
a thin coating of carbon was applied on the polished surface.
X-ray diffraction (XRD) was done on the powdered samples,
obtained while drilling and sieved through 90 um sieve. XRD
spectrum was obtained using Bruker D8 X-ray diffractometer
with a Cu anode (40 kV and 30 mA) and scanning from 10°
to 80° 26.

Statistical analysis

All the experiments were performed in triplicates. One-way
analysis of variance was performed and the means were com-
pared with Tukey’s test at P <0.05. Results of compressive
strength were analysed by using unpaired ¢ test. All the analy-
ses were performed by using Graph Pad Prism 5.1 software.
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Results and discussion
Initial setting time cement mixes

The initial and final setting time of control paste mix was
120 and 240 min, respectively. On comparison with control
paste mix, no delay in initial and final setting was observed
in CSL paste mix. However, a significant delay in both ini-
tial and final setting time was observed in NB paste mix.
Initial setting time increased by 100 min and the final setting
time by 250 min in NB paste mix when compared to con-
trol paste mix (Fig. 1). In CSL-CTS5 paste mix, an increase
of 20 min in initial setting and 30 min in final setting time
was recorded as compared to control paste. The initial set-
ting time was increased by 40 min and final setting time
by 50 min when compared to control paste in the case of
NB-CTS5 paste mix (Fig. 1). All these observations indicate
that the addition of plain CSL medium had no influence on
the setting characteristics of cement. Whereas the addition
of plain NB medium severely influenced the setting char-
acteristics of cement. Incorporation of bacterial cells with
CSL medium showed inconsequential effect on the setting
characteristics. However, addition of bacterial cells grown in
NB media causes not as much of delay in setting of cement
as it was observed in NB paste.

The presence of organic admixtures has been reported to
have an adverse effect on the chemical properties of cement
resulting in retardation of initial hydration of cement [46]. In
NB cement paste, nutrient media contains yeast extract, and
it has been reported that yeast extract acts as a retardation
substance and influences the degree of hydration of cement
[44]. The presence of different fractions of carbohydrates in
the yeast extract acts as an effective chemical retardant [20,
41]. It was reported that carbohydrate strongly affects the
silicate component and retards the hardening of Portland
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Fig. 1 Initial and final setting times of different cement paste mixes.
Bars sharing a common letter within the treatment are not significant
at P <0.05. Error bars represent standard deviation (n=3)

cement [19]. Amiri and Bundur [6] also reported the delay
in initial setting in urea yeast extract medium as compared
to CSL and control samples. Higher carbohydrate content
in NB medium (fourfold) as compared to CSL medium
might have affected the retarding characteristics in cement
hardening.

Compressive strength

Addition of Bacillus sp. (CT-5) along with CSL/NB media
and urea-CaCl, in concrete specimen and curing with
respective medium for 28 days significantly increased the
compressive strength as compared to control specimen
(Fig. 2). The CBAT specimens showed an increase of 25% in
compressive strength as compared to the control specimens.
The CBST specimens in which bacteria were introduced into
concrete after casting in the form of spray during curing also
increased 16% in compressive strength as compared to the
control specimens. The concrete specimens with bacterial
admixture in NB medium supplemented with urea-CaCl,
during casting and spraying with respective medium showed
an increase of 29 and 8% in compressive strength, respec-
tively. However, the compressive strength of specimens
treated with NB only registered a drastic decrease by 19%
as compared to the control mix.

Specimens casted with nutrient medium alone showed
drastic reduction in the compressive strength. The results
of setting time and compressive strength together indi-
cate that the addition of organic matter (i.e., yeast extract)
alone has a retardation effect on hydration. Ersan et al. [26]
also reported a decrease in the compressive strength of a
mortar specimen due to the presence of yeast extract. Con-
trary to this, Amiri and Bundur [6] reported that the com-
pressive strength of mortar increased when the specimens
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Fig.2 Influence of CSL media, NB media and bacterial culture
on compressive strength (MPa) of concrete specimens at the age
of 28 days curing. Error bars represent standard deviation (n=3).
*P<0.05
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were treated with yeast extract and CSL as compared to
control specimens as well as the specimens treated with
bacteria grown in yeast extract and in CSL. Addition of
CSL media had not altered the chemical and mechanical
properties of concrete in this study. Our previous results
also showed an increase in compressive strength in speci-
mens treated with bacteria grown in CSL as compared to
control specimens [2—4]. As the CSL is a nutritional sup-
plement, it comprised rich, free amino acids and vitamins,
which act as excellent growth stimulants for bacterial cells
[40]. In bacterial admixed and bacterial spray treatment of
concrete specimen with NB/CSL media had shown effec-
tive compressive strength gain in both the curing regimes.
However, use of CSL as growth medium had not shown
any modifications in the concrete chemical properties. On
comparison with NB media, CSL may serve as a carbon
and nitrogen supplement and replace yeast extract nutri-
ent medium.
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Fig.3 Carbon and nitrogen content (% by mass) of concrete speci-
mens at different depths in various treatments. C carbon content;
N nitrogen content. a Control specimen; b NT and CT specimen; ¢

@ Springer

Carbon, nitrogen and pH profile

Carbon and nitrogen content in concrete specimens with
depth-wise profile was determined. It was observed that the
percentage of carbon and nitrogen content remains same at
all depths for the control specimen. CBAT and NBAT speci-
mens registered maximum carbon and nitrogen content at all
depths. The carbon and nitrogen content in CBST and NBST
specimens was maximum in the upper depths (0-20 mm)
followed by almost same at all depths (Fig. 3). However,
overall carbon and nitrogen content in NBAT and NBST
specimens was observed to be much higher than CBAT and
CBST specimens at all depths. Similar trend of overall car-
bon and nitrogen content was observed to be higher in NT
specimen on comparison with CT specimen at all depths
(Fig. 3). The carbon content in NB medium (800 mg/L) was
estimated to be fourfold higher than that in the CSL medium
(200 mg/L). The pH value in all specimens was found to be
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in the range of 12.1-12.5 indicating no significant change
due to different treatments (Fig. 4).

Carbon and nitrogen content in concrete matrix was much
higher in NB-treated specimens than that in CSL-treated
specimens. Addition of nutrient broth and CSL to the con-
crete increased the carbon and nitrogen content. This might
be due to the additional accumulation of curing material
and bacterial cells on the outer surface. Joshi et al. [31]
also reported the increase in carbon and nitrogen content
in bacteria-treated specimens as compared to control speci-
mens. pH is one of the most influential parameters in con-
crete durability and the alkaline condition of concrete with
pH 12-13 keeps the reinforced steel resistant to corrosion
[12]. The drop of pH of concrete destabilizes the passive
state of steel which results into rebar corrosion and hence
leads to premature deterioration of reinforced concrete [29].
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Fig.4 pH profiles of concrete specimens at different depths in vari-
ous treatments. Control; CT: CSL treated; CBAT: CSL-bacterial
admixed treatment; CBST: CSL-bacterial spray treatment. Error bars
represent standard deviation (n=3)

Alkaline environment of concrete was not influenced with
addition of bacterial cells supplemented with either nutrient
broth or CSL in this study. No significant variation in pH
was observed in medium-treated specimens as compared to
control specimens in this study and the pH was maintained
above 12. Similar results were reported when the specimens
were treated with bacteria grown in NB medium by Joshi
etal. [31].

Permeation properties

Sorptivity coefficient, RCPT and water impermeability
of various mixes were measured after 28 days of curing.
Among all the tested mixes, control mix has highest sorp-
tivity coefficient. The specimens treated with bacterial cul-
tures grown in CSL and either admixed (CBAT) or sprayed
(CBST) registered significantly lowest sorptivity coefficient
followed by the specimens treated with bacteria grown in
NB (NBAT and NBST) as compared to control or media
alone cured specimens (Table 3). In RCPT, resistance to
chloride ion penetration by all specimens was evaluated.
The charge transfer was significantly reduced in all speci-
mens treated with bacteria and the penetration values fall in
low penetration range. In CBAT specimen the total charge
passed was 1228 coulombs and in CBST specimen it was
1310 coulombs. While in control and CT specimens, simi-
lar charge transfer resistance was registered and both fall
in the category of moderate penetration type (Table 3). In
water impermeability test, maximum vertical penetration of
water was found in control specimen (30.2 mm). The water
penetration depth was significantly reduced in all specimens
treated with bacteria. In CBAT specimen, minimum penetra-
tion depth of 12.5 mm, while in CBST specimen 13.9 mm
was recorded. CT specimen prepared by using CSL media
had the water penetration depth of 28.2 mm, while for NB
medium specimens it was 31.2 mm (Table 3).

Table 3 Permeation properties (sorptivity, RCPT and water impermeability test) of concrete specimens treated with media and bacteria cured for

28 days
Specimen Sorptivity coefficient® RCPT Water
- 5 penetration
Mean charge passed Penetration type (mm)?
(coulombs)?
Control 0.020+0.0% 3180+ 127% Moderate 30.242.1°
CSL treated (CT) 0.014+0.0° 2838 +141° Moderate 28.2+3.2°
NB treated (NT) 0.014+0.0° 2942 +148° Moderate 31.2+17°
CSL-bacterial admixed treatment (CBAT) 0.005+0.0¢ 1228 +79¢ Low 125+1.5°
NB-bacterial admixed treatment (NBAT) 0.008 +0.0° 1204 +95¢ Low 142+2.1°¢
CSL-bacterial spray treatment (CBST) 0.005+0.04 1310+ 58° Low 13.9+1.3°
NB-bacterial spray treatment (NBST) 0.007 £0.0° 1340+ 62° Low 13.6+1.4¢

*Mean values sharing a common letter within the column are not significant at P <0.05
®The range of charge for high (>4000), moderate (2000—4000), low (1000-2000) and very low (100-1000) as per the ASTM C1202-10 standard
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Sorptivity test shows the water ingress into an unsatu-
rated concrete, which is dominated by capillary suction
and is an important parameter that can be correlated to
the ingress of deteriorating substances (chlorides or sul-
fates) into concrete [35]. Sorptivity is a good measure
of the quality of near surface concrete, which governs
durability parameters related to rebar corrosion [24].
The results obtained in sorptivity test indicated that in
CBAT and CBST specimens, the transport mechanism of
water through capillary rise was altered effectively. On
comparison, sorptivity coefficient ‘.’ of initial absorp-
tion was almost equal in bacterial admixed and bacterial
spray-treated specimens. The low ‘k’ value of surface-
treated specimen indicates that the permeation properties
can be significantly improved by bacterial spray. Signifi-
cant reduction to chloride ion penetration was observed
in both curing treatments by RCPT analysis. The move-
ment of aggressive agents like chloride ions in the con-
crete matrix through capillary pore structures initiates
and propagates the corrosion process of steel rebar [11].
Chloride-contaminated water movement in surface layer
of concrete depends upon pore diameter, distribution and
pore continuity [35]. In aforementioned results of bacterial
treated concretes, clearly depict the effective sealant of
pore matrix with biogenic calcium carbonate precipitation.
In surface treatment, bacterial spray significantly restricts
the ingress of water and aggressive agents and blocks the
pore with calcium carbonate precipitation.

Fig.5 SEM-EDX images repre-
sent the CaCOj crystals (CC) at
upper depth in CBAT (CSL-
bacterial admixed treatment)
specimen (a, b) and CBST
(CSL-bacterial spray treatment)
specimen (c, d). Star shows the
spots of EDX analysis
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Micro-structural analysis

SEM and XRD analysis of all concrete specimens was done
to characterize the calcium carbonate crystals. SEM-EDX
analysis of bacterial treated specimens showed the presence
of dense deposition of bacterial mediated precipitation of
calcium carbonate (Fig. 5). In case of CBAT specimen, pres-
ence of different crystal lattice of calcium carbonate was
found. Rhombohedral calcite crystal and spheroid vaterite
crystals were observed. The EDX analysis also confirmed
the elemental composition of crystals with peaks showing
high amount of calcium and carbon (Fig. 5a, b). In CBST
specimen, presence of dense biodeposition of closely
attached rhombohedral calcite crystals was observed. The
high peak of calcium and carbon on EDX analysis fur-
ther confirmed the presence of calcium carbonate crystals
(Fig. 5¢c, d). However, in case of control and CT specimen,
no calcium carbonate crystals were observed in SEM—-EDX
analysis (Fig. 6). XRD analysis of CBAT and CBST speci-
men showed that majority of the calcium carbonate deposits
were calcite and vaterite (Fig. 7a, b). In case of CT and con-
trol specimen, XRD spectrum revealed that the major phases
present are quartz, calcium aluminium silicate, coesite and
vaterite (Fig. 7c, d).

SEM-EDX analysis of bacterially treated specimens
showed the presence of dense deposition of bacterial-medi-
ated precipitation of calcium carbonate. Rhombohedral
calcite crystal and spheroid vaterite crystals were observed
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Fig.6 SEM-EDX images of
CSL-treated specimen (a, b)
and control specimen (c, d) at
upper depth. Star shows the
spots of EDX analysis

5kV

in case of CBAT specimen. In CBST specimen, presence
of dense biodeposition of closely attached rhombohedral
calcite crystals was observed. Formation of different kinds
of morphology of calcium carbonate crystals depends on
composition and mineralogy of the substrate. Calcitic sub-
strate promotes the growth of bacterial calcite, while sili-
cate substrate promotes the formation of spherulitic vaterite
[39]. XRD analysis of bacterially treated specimens also
confirmed the presence of different polymorphs of calcium
carbonate like calcite and vaterite.

Conclusions

The present study was aimed to investigate the use of CSL
as a low-cost growth substrate for supporting MICP tech-
nology and the impact of the growth medium on several
key properties of the concrete using the ureolytic bacterial
strain, Bacillus sp.CT5. Addition of CSL medium had no
adverse effect on the setting characteristics of cement paste,
while severe retardation was noticed in nutrient medium due
to yeast extract. Significant improvement in compressive
strength and permeation properties as a result of using CSL

4

in bacterial treatment of concrete was observed. Use of CSL
in bacterial admixed and bacterial spray-treated specimen
significantly improved the resistance against the ingress of
water and aggressive agents. Carbon and nitrogen contents
were higher in concrete specimens cured with medium and
the maximum contents were observed at the upper layers
of the concrete. Both bacterial admixed treatment (that can
be used for new structures) and bacterial spray treatment
(that can be used as a repair procedure) using CSL were
found to be effective in improving the properties of con-
crete. Use of bacterial admixture, medium only (CSL and
NB) and surface treatment with bacterial spray did not affect
the alkaline nature of concrete. Bacterial spray treatment of
concrete will help in future application of MICP technol-
ogy at field scale. From these results it was concluded that
CSL (an industrial by-product of the starch industry), an
inexpensive nutrient medium as compared to yeast extract
and peptone, would serve as a potential nutrient source for
bacterial cells in microbial treatment of concrete and thus
enhance the durability properties of concrete. CSL will also
help in developing low-cost and environment-friendly MICP
technology in future on a field scale.

@ Springer
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« Bacteria improved the lifecycle performance of concrete in sulfate environment.
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Application of microbial induced calcium carbonate precipitation (MICP) via biomineralization process
has been considered as a novel method in improving durability properties of concrete. This bio-based
treatment had been extensively targeted to improve the overall performance of concrete at lab scale
experiments. Durability of microbial treated concrete under aggressive environments is still unexplored.
In the current study, the durability properties of microbial treated concrete structures were studied after
exposure to chemical and physical sulfate salt solutions (5% Na;SO4 and 5% MgS0,). It has been observed

gfgxfgg;lization that sulfate attack damaged the untreated concrete specimens causing ultimate failure due to expansion
Concrete under both exposure regimes. Thick salt efflorescence and severe surface scaling was observed in
Durability untreated mortar during physical sulfate attack. However, specimens treated with bacteria (Bacillus sp.
Sulfate attack CT5) significantly improved the resistance towards sulfate ingress. The experimental results indicate
Efflorescence the extensive reduced expansion rate, salt efflorescence and surface scaling in bacterial treated concrete
Expansion in sulfate exposure. The present study results indicates the potential of this technology in the overall

improved resistance of microbial concrete against sulfate environment.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is one of the most widely used construction material
and its incomparable and exceptional properties like high com-
pressive strength and durability has made it attractive among
other building materials. However, concrete is vulnerable to the
ingress of reactive agents like CO,, SO~ and Cl~, which on chemi-
cal interaction with hydration products of concrete causes severe
degradation problems. External sulfate attack is one of the most
aggressive deterioration factors, which causes irremediable
changes in concrete structures. Sulfate salts had a significant
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impact on the durability of concrete structures constructed on sul-
fate rich soil or ground water [1]. The phenomena of external sul-
fate attack on the concrete structures are well documented by
several researchers [2-4]. When cement mortars and concrete dur-
ing their service life comes in contact with the sulfate loaded envi-
ronments, it causes the ingress of sulfate ions in cementitious
matrix [5]. Transportation of the increased sulfate ions concentra-
tion from the surface into concrete bulk leads to its chemical inter-
action with hydrated products of cement [6-8]. Two stage
mechanism of distress on concrete matrix in sulfate attack was
reported to be the driving cause of deterioration [7]. In the first
stage, reaction of sulfate ions with portlandite (CH) forms gypsum,
which further reacts with tricalcium aluminate (C3A) and results
into ettringite precipitates in the pores of concrete, which is
categorized as chemical sulfate attack [9]. During second stage,
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expansive forces associated with ettringite due to high crystalliza-
tion pressure leads to swelling, cracking and spalling of concrete
[10]. This form of sulfate induced degradation is termed as physical
sulfate attack (PSA), in which concrete is vulnerable to damage due
to sulfate salt crystallization [11]. Under this condition, process of
capillary rise and evaporation of sulfate salts occurs during the
contact of concrete surface with sulfate bearing solution [12,13].
Generally, supersaturation of sulfate solution (conversion of anhy-
drous phase of sodium sulfate salt ‘thenardite’ into hydrous phase
‘mirabilite’) in concrete pore distribution results into increase in
volume due to salt crystallization [3,14]. The developed crystalliza-
tion is termed as salt weathering which damage the concrete by
surface scaling, salt efflorescence and sub florescence [8,15,16].

Till date different methodologies were adopted by researchers
to develop an improved sulfate resistance concrete against chemi-
cal as well as physical sulfate attack. Researchers had intensively
investigated the effect of different supplementary cementitious
materials (SCM), water/binder ratio, pozzolanic minerals, and
limestone fillers in improving the performance of concrete under
sulfate conditions [17,18]. It was reported that presence of trical-
cium aluminate (C3A) phase in cement clinker promotes the ettrin-
gite formation in sulfate environment [3]. Cement with low C3A
content termed as sulfate-resisting cement was reported to have
decreased expansion in mortar prism while using high C3A cement
results in increased expansion rate [19]. Partial replacement of
cement with metakaolin in concrete was reported to be excellent
resistant to both chemical and physical sulfate attack [12,20].
Incorporation of silica fumes, fly ash and blast furnace slag in ordi-
nary portland cement as supplementary cementitious materials
resulted in reduced expansion of mortar on exposure to Na,SO4
solutions [9]. To protect concrete from physical sulfate attack, sur-
face treatment with commercial available sealants and adhesive
chemicals like epoxy, silane, bitumen modified polyurethane and
acrylic polymer resin were also reported [21]. Existence of pores
and microcracks on the concrete surface provides an ideal path
for the ingress of aggressive reactive ions in the concrete bulk
[22]. Prevention or retardation of the transportation of harmful
agents in the pore matrix of concrete may act as a possible way
to isolate the concrete structure from the surrounding
environment.

Recently, application of biotechnology in concrete research led
to the development of a new domain called “microbial concrete”.
It is a bio-inspired treatment method in which microbial-induced
calcium carbonate precipitation (MICP) by calcifying bacteria is
used in construction material via biomineralization process to
enhance the mechanical properties and reducing porosity of con-
crete [23]. MICP technology has emerged as an innovative and
promising technique in enhancing durability properties of concrete
structures [24]. In a recent study, addition of immobilized bacterial
cells with iron oxide nanoparticles showed high potential in CaCO3
precipitation in the concrete pore matrix and improving the dura-
bility of concrete [25]. More recently, the potential of MICP in crack
remediation of concrete using the self-healing ability of the tech-
nology has been explored by researchers [26,27]. The qualitative
and quantitative evaluation of MICP in improving mechanical
and permeation properties of concrete are still reported under
ideal conditions at lab scale. However, the effect of harsh condi-
tions like sulfate attack on the microbial treated concrete is still
unexplored. Resistance of microbial concrete against sulfate envi-
ronment is still in question.

The current study aimed to assess the efficacy of bio-deposition
as a barrier in microbial treated concrete against the penetration of
sulfate ions in external sulfate attack. The present study explores
the performance of microbial treated concrete specimens on expo-
sure to chemical sulfate attack by evaluating change in compres-
sive strength, mass change and length expansion in mortar

prism. Further, the microbial treated mortar prisms were subjected
to physical sulfate attack conditions to study the deterioration fac-
tors like salt efflorescence. Micro-structural analysis was per-
formed in all specimens using scanning electron microscopy/
energy dispersive X-ray spectroscopy (SEM-EDX) and X-ray
diffraction (XRD).

2. Material and methods
2.1. Bacterial strain and growth conditions

The calcifying bacterial strain, Bacillus sp. CT5, isolated from the cement sample
was used in this study [28]. The culture was grown in autoclaved Nutrient broth
(NB) (Peptone 10 g/L, yeast extract 10 g/L, sodium chloride 5 g/L) procured from
Himedia (India) and for experimental purposes culture was supplemented with
2% urea (w/v) and 25mM CaCl, solution at 37 °C under shaking condition
(120 rpm) [23].

2.2. Materials

An ordinary Portland cement (43 Grade) confirming to IS: 8112-2013 standards
was used in the present study [29]. Locally available natural river sand confirming
to Zone Il as per IS: 383-1970 was used as fine aggregates [30]. The values of specific
gravity and water absorption of fine aggregates were 2.70 and 1.8%, respectively.
The coarse aggregate used was crushed gravel with nominal particle size of
20 mm and 10 mm. The specific gravity and water absorption of 20 mm aggregates
was 2.63 and 1.38% and for 10 mm aggregates, it was 2.65 and 1.4%, respectively.
Both fine aggregate and coarse aggregate confirmed to IS: 383-1970 standard [30].

2.3. Sample preparation

Three different sets of concrete cubes of 100 mm dimension were prepared.
Control concrete specimen was prepared by using cement: sand: coarse aggregate
in the ratio 1:1.82:3.24 (by weight) with water to cement ratio (w/c) of 0.5. For cast-
ing of bacterial admixed treated (BAT) specimen, bacterial culture was grown in NB
medium supplemented with 2% urea and 25 mM calcium chloride solution (w/v) till
the optical density (0.Dggo) reached 0.5 (exponential phase) and used instead of
water. Then this culture was admixed with the concrete. The bacterial culture to
cement ratio was also maintained at 0.5. For the bacterial spray treated (BST) spec-
imen, control concrete mix was used and cured with bacterial culture grown in NB
medium supplemented with 2% urea and 25 mM calcium chloride solution (w/v) till
it reached the 0.Dggo of 0.5. Cement, sand and aggregates were thoroughly mixed
for 2 min in the concrete mixture before adding water and NB medium. The ingre-
dients were mixed properly and the fresh mix in the plastic stage was immediately
transferred to iron moulds (100 mm x 100 mm x 100 mm). Three different sets of
mortar prism of 285 mm x 25 mm x 25 mm dimension were also prepared accord-
ing to ASTM C1012 standard. For each of the set of mortar mixtures, the cement:
sand mass ratio was kept constant as 1: 3 (by weight) with water to cement ratio
(w/c) of 0.47. Similar procedure for casting of mortar prisms was followed as
adopted for concrete specimens. After casting, all the specimens were allowed to
remain in the iron moulds and kept in a casting room at room temperature
(27 £ 2 °C) for 24 h. Thereafter, the specimens were demoulded and cured till the
testing age. Three different curing regimes for the concrete and mortar specimens
are specified in Table 1.

2.4. Testing methods

The performance of control and microbial treated specimens under sulfate envi-
ronment was determined by subjecting to chemical and physical salt exposures. In
all the tests, mixture of 5% Na,SO4 and 5% MgSO, were used as sulfate salt solution.
The pH value of the produced sulfate salt solution was maintained in the range of 7-
8. Two exposure regimes adopted in this experiment are specified below.

Exposure I: Different sets of concrete cubes and mortar prisms specified in
Table 1 were subjected to chemical sulfate attack. Concrete and mortar specimens
were fully submerged in sulfate solution for 12 months in plastic container and
room temperature was maintained at 27 + 2 °C. Sulfate solution in container was
renewed every month. To accelerate the chemical attack, all specimens were
exposed to wet-dry cycle in sulfate solution. Wet cycle and dry cycle was kept
for 5 days and 2 days respectively throughout experiment of 12 months. Change
in compressive strength, mass measurement and visual inspection in concrete cube
specimens was monitored throughout the experiment. The change of mass of con-
crete cube was calculated as follows:

Mt — Mi
Mi

Mass change at time(t) = x 100

where Mi is the initial mass of cube and Mt is the mass of cube at time (t).
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Table 1
Fabrication and conditioning of specimens.

S. Joshi et al./Construction and Building Materials 209 (2019) 156-166

Specimens

Material used

Mechanism of curing

Concrete cubes
Control

Bacterial
admixed
treated (BAT)

Bacterial spray
treated (BST)

Mortar prisms
Control

Bacterial
admixed
mortar (BAM)

Bacterial spray
mortar (BSM)

Cement: sand:
coarse aggregate
Water/

cement =0.5
Cement: sand:
coarse aggregate
Bacterial
culture/

cement = 0.5
Cement: sand:
coarse aggregate
Water/

cement = 0.5

Cement: sand
Water/
cement = 0.47
Cement: sand
Bacterial
culture/
cement = 0.47
Cement: sand
Water/

Water Curing for 28 days

Submersion in NB media, urea CaCl,
and bacterial culture for 28 days

Bacterial spray on specimens twice a
day till 28 days

Water Curing for 28 days

Submersion in NB media, urea CaCl,
and bacterial culture for 28 days

Bacterial spray on specimens twice a
day till 28 days

cement = 0.47

NB medium, urea and calcium chloride had the following concentrations: NB
medium (1.3% w/v), 2% urea (w/v) and 25 mM calcium chloride (w/v).

In mortar prisms, length change due to expansion or shrinkage after chemical
sulfate exposure was monitored by using length comparator according to ASTM
C1012 standard [31]. The change of length of mortar prism was calculated as
follows:

Lt —Li

T 100

Length change at time(t) =

where Li is the initial length of prism and Lt is the length of prism at time (t).

SEM-EDX analysis was performed to investigate the presence of reaction prod-
ucts at micro-structural changes after sulfate exposure. For conducting SEM and
EDX analyses, small pieces of concrete were collected from different sets of concrete
cubes within the range of 5-10 mm depth. XRD spectrum was obtained using Bru-
ker D8 X-ray diffractometer on the powdered samples, obtained by drilling of con-
crete specimens and sieved through 90 pm sieve.

Exposure II: Three different mortar prismatic specimens specified in Table 1
were subjected to physical sulfate attack. All the prismatic specimens were sub-
jected to partial immersion, in which one third length base of all the specimens
was rested against the container of sulfate solution. Similar wet-dry cycle was
adopted for the mortar prisms as mentioned in exposure I. Sulfate solution was
renewed every month during the experimental period. Appearance of salt efflores-
cence due to rise of sulfate solution in all the specimens was monitored and
recorded throughout the experiment.

3. Results
3.1. Chemical sulfate exposure

3.1.1. Compressive strength variation

Compressive strength results of control and microbial treated
concrete specimens during chemical sulfate exposure are pre-
sented in Fig. 1. Prior to sulfate exposure, BAT and BST specimens
registered significant increase in compressive strength as compare
to control specimens due to biocementation at the age of 28 days
curing. The BAT and BST specimens showed an increase of 35%
and 16% in compressive strength as compared to the control spec-
imen, respectively. The performance of concrete and mortar spec-
imens under exposure of sulfate attack was monitored for 1 year.

Severe strength loss was observed in control specimen after
12 months of sulfate exposure. After the sulfate exposure, com-
pressive strength of control specimen registered a drastic decrease
of 30% as compared to its value before exposure. However in BAT
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Fig. 1. Influence of sulfate exposure on compressive strength of concrete specimens
till the age of 365 days. Bars sharing a common letter within the treatment are not
significant at P < 0.05. Error bars represent standard deviation (n = 3).

and BST specimen, minor variations in compressive strength were
observed after sulfate exposure. No major sign of strength loss was
registered in BAT and BST specimens throughout the exposure.

3.1.2. Visual appearance

Visual observations of concrete specimens under exposure I for
12 months are presented in Fig. 2.Clear sign of surface degradation
was observed in control specimens during 12 months of immer-
sion in sulfate solution. The first sign of surface cracks in control
specimen was visualized at the exposure time of 180 days. The
damaging process in control specimen continued with loss of cohe-
sion less particles on the edges due to spalling. Maximum surface
deterioration was noted in control specimen during the sulfate
exposure. However, no sign of deterioration such as cracking and
spalling were visualized in BAT and BST specimens and these
microbial treated specimens remained intact (Figs. 3 and 4). Sever-
ity of surface scaling in concrete specimens is rated as specified in
ASTM C672/C672M - 12 standard [32] and presented in Table 2.

3.1.3. Mass change

The mass variations were monitored for all the concrete speci-
mens under exposure I as shown in Fig. 5. Control concrete speci-
mens gained the higher mass with respect of BAT and BST
specimens. Mass gain in concrete specimens was registered till
the immersion age of 270 days but thereafter loss in mass was
observed. In case of BAT and BST specimens, marginal mass gain
was observed.

3.1.4. Mortar length change

The length expansion results for all the mortar prismatic spec-
imens are shown in Fig. 6. After 12 months of full immersion, max-
imum length expansion was observed in control prismatic
specimens. The control prism yielded the maximum expansion of
about 0.38% after the complete cycle of exposure 1. However, bac-
terial treated prismatic specimens indicate the higher resistance
against sulfate attack towards expansion. In BAM and BSM prisms
no evident effect on length was observed as compare to control
prism, with maximum expansion reaching 0.18% and 0.15% respec-
tively. Results indicates that BAM and BSM prism showed 52% and
60% lower expansion than control prism, respectively.

3.1.5. Microstructural evaluation
SEM analysis of all concrete specimens was performed at differ-
ent ages of sulfate exposure I (Fig. 7). In control concrete speci-
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Fig. 2. Visual appearance of control specimen (100 x 100 x 100 mm) after sulfate exposure I at the age of (A) 30 days (B) 90 days (C) 180 days (D) 270 days (E) 365 days.

(A)
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Fig. 3. Visual appearance of BAT specimen (100 x 100 x 100 mm) after sulfate exposure I at the age of (A) 30 days (B) 90 days (C) 180 days (D) 270 days (E) 365 days.
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Fig. 4. Visual appearance of BST specimen (100 x 100 x 100 mm) after sulfate exposure I at the age of (A) 30 days (B) 90 days (C) 180 days (D) 270 days (E) 365 days.

Table 2
Surface scaling visual rating adapted from ASTM C672/C672M - 12.
Concrete specimens Exposure time (months)
1 3 6 9 12
Control 0 1 2 3 4
BAT 0 0 0 0 0
BST 0 0 0 0 0
0: No scaling; 1: Very slight scaling; 2: Slight to moderate scaling; 3: Moderate scaling; 4: Moderate to severe scaling; 5: Severe scaling.
1.0 0.5-
—e— Control —e— Control
—O— BST specimen —O— BSM specimen
08 —v— BAT specimen 0.4l v— BAM specimen
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Fig. 5. Mass change of concrete specimens after sulfate exposure I. Fig. 6. Length change of mortar specimens after sulfate exposure I.
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Fig. 7. SEM images of control specimen after (A) 90 days (B) 180 days (C) 365 days of exposure I. (D) EDX analysis represents formation of reaction products. Star shows the

spot of EDX analysis.

mens, deposition of different secondary products like gypsum and
ettringite crystals were observed. Presence of needle shaped crys-
tals was observed in the pore matrix of control specimen at the
immersion age of 90 days (Fig. 7A). With the increasing sulfate
immersion age, precipitation rate of ettringite crystals were also
escalated. Intense deposition of ettringite crystals with long needle
shape and elongated rectangular prism faced column shape in con-
trol specimens were observed at the age of 365 days (Fig. 7C).

The EDX analysis also confirmed the elemental composition of
crystals with peaks showing high amount of calcium, sulphur
and aluminum (Fig. 7D). In contrast, calcium carbonate crystals
in BAT and BST specimen were present instead of the formation
of ettringite crystals (Figs. 8 and 9). The calcium carbonate crystals
have prominent morphologies of calcite and aragonite, as has
already been discussed in our previous research article [23]. Till
the exposure age of 180 days, secondary products due to sulfate
ingress were not observed. However after 365 days of severe sul-
fate attack, development of micro needle crystals of gypsum and
ettringite were observed in BAT and BST specimen. EDX analysis
confirmed the formation of gypsum and ettringite crystals showing
the peaks of calcium, sulphur, aluminum and oxygen.

XRD analyses of concrete specimens were performed to identify
the presence of different crystalline phases during sulfate exposure
I (Fig. 10). In control specimen, XRD profile indicates the peak for
quartz as well as ettringite and gypsum as the main secondary
reaction products (Fig. 10A). In case of BAT and BST specimens,
XRD analysis revealed the presence of calcite as the major phase
as well as some peaks of gypsum and thaumasite (Fig. 10B-C).

3.2. Physical sulfate exposure

3.2.1. Salt efflorescence

A typical appearance of white efflorescence was developed in
the mortar prisms during exposure II. Thick deposition of salt efflo-
rescence was developed in the upper portion of the control prism
during immersion period (Fig. 11).

After 30 days of immersion, salt precipitation above the sulfate
solution level was developed in control specimens. After 90 days of
exposure, crack formation along the edges of control specimen was
observed. At a later age, higher surface scaling and increase in lon-
gitudinal cracks in submerged portion was observed. XRD analysis
performed for the control prism at the end of the sulfate exposure
is shown in Fig. 12. XRD patterns from submerged portion revealed
the presence of ettringite and gypsum as the major sulfate reaction
phases (Fig. 12A). In case of salt efflorescence developed above the
sulfate solution level, XRD patterns revealed the formation of the-
nardite and epsomite as the major phases with minor peaks of mir-
abilite (Fig. 12B). However, BSM and BAM prism shows better
resistance against the physical sulfate attack. No visible deteriora-
tion such as surface scaling or crack formation observed in BSM
and BAM throughout the exposure (Figs. 13 and 14). Slight forma-
tion of salt efflorescence above the sulfate solution level was
observed in BSM and BAM at later ages.

4. Discussion
4.1. Effect of chemical sulfate attack

Performance of control as well as microbial treated concrete
and mortar specimens under chemical sulfate attack was moni-
tored for 12 months through evaluation of durability factors like
compressive strength change, mass change and length expansion.
During the first 120 days of exposure, improvement in compressive
strength of control specimens was recognized (Fig. 1). This behav-
ior of the initial improvement in mechanical strength reflects the
densification of cementitious matrix at microstructural level [33].
It was also reported that due to continuous ingress of sulfate ions
into the cementitious matrix progresses the development of
expansive products such as gypsum and ettringite was observed.
The quantity of expansive products fills the pores and voids caus-
ing the microstructure denser during the initial period of sulfate
exposure [12]. With the long time exposure, the severity of
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Fig. 8. SEM images of BAT specimen after (A) 90 days (B) 180 days (C) 365 days of exposure I. (D) EDX analysis represents formation of reaction products. Star shows the spot

of EDX analysis.
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Fig. 9. SEM images of BST specimen after (A) 90 days (B) 180 days (C) 365 days of exposure I. (D) EDX analysis represents formation of reaction products. Star shows the spot

of EDX analysis.

chemical sulfate attack intensified and results into significant
strength loss in control specimen. Gradual loss in strength
observed after 180 days of immersion may be due to increased
penetration of sulfate salts causing higher accumulation of expan-
sive products in the pores of control specimens. Formation of
ettringite crystals led to the factors like reduction in the quantity

of CH and C3A content of cementitious matrix [15] and salt crystal-
lization pressure within the pores of concrete [34]. It was reported
that quantity of CH and CsA content favored the attack of Na,SO,4
salt and calcium silicate hydrate (CSH) favored the MgSO, attack
[15]. Deterioration in the form of spalling and cracking on the con-
crete surface was observed in control specimens. As indicated in
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Fig. 10. XRD patterns of (A) Control (B) BAT specimen and (C) BST specimen after sulfate exposure I.
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Fig. 11. Typical salt efflorescence development in control prism after sulfate
exposure II at the age of (a) 30 days (b) 90 days (c) 180 days (d) 270 days (e)
365 days.

Fig. 2, surface cracks were observed in control specimens at the
immersion age of 180 days which further accelerated with the
exposure time. Association of gypsum and ettringite crystals accu-
mulation in the pores of concrete supported the possible reason of
damage (Fig. 7). Presence of elongated column shaped ettringite
crystals generated a significant stress in the pores which causes
damage to pore walls resulting into cracking.

On the other hand, influence of sulfate ingress in the pores of
control specimen on the mass change was observed. As shown in
Fig. 5, it was observed that control specimen undergo mass gain
of 0.8% till the immersion age of 270 days. It seems that mass vari-
ation may be due to the formation of expansive products during
the reaction of hydration products of cement with sulfate ions
which leads to compaction of microstructure [35]. Concrete with
high porosity was reported to gain mass because of higher ingress
of sulfate absorption [13]. Higher pore volume was reported to be
the main reason, responsible for the transportation of sulfate ions
and consequently filling the concrete pores with expansive prod-
ucts [12]. However, in the later ages of immersion, trend of mass
loss was observed in control specimens as the sulfate exposure
progressed (Fig. 5). Development of stress due to enhanced growth
of expansive products causes surface scaling and loss of cohesion
less particles on the edges (Fig. 2). Existence of gypsum and ettrin-
gite crystals in concrete pores was claimed to be the deterioration
factors [35]. Expansive behavior of reaction products will be the
factors responsible for cracking and spalling on the outermost layer
of concrete. In SEM and XRD analysis (Figs. 7 and 10A), presence of
gypsum and ettringite confirmed the deterioration of control spec-
imens, which is further responsible for mass loss.

In addition, trends of length increase in control prism due to
expansive product formation were also observed. As shown in
Fig. 6, rate of expansion was much higher in control prism as com-
pared to microbial treated prisms. Length expansion of control
mortar prism indicates higher ingress of sulfate ions and filling
its pore volume with reaction products. Moreover, during the sul-
fate exposure a longitudinal crack along the whole length of con-
trol prism was observed. Similar observation of crack generation
along the length of mortar prism was also reported by Maes and
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Fig. 12. XRD patterns of (A) submerged portion and (B) salt efflorescence of control prism.
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Fig. 13. BSM prism after sulfate exposure II at the age of (a) 30 days (b) 90 days (c)
180 days (d) 270 days (e) 365 days.

De Belie [35]. Appearance of cracks confirms the formation of
ettringite and gypsum crystals as a responsible factors for deterio-
ration. Ettringite and gypsum were also reported as the cause of

(A)

(©

Fig. 14. BAM prism after sulfate exposure II at the age of (a) 30 days (b) 90 days (c)
180 days (d) 270 days (e) 365 days.

expansion in mortar specimens subjected to sulfate environment
[7,36]. It has also been reported that leaching of Ca(OH), plays
an important role in the degradation of mortar specimen immersed
in sodium sulfate solution [19]. Dissolution of Ca(OH), together
with external sulfate attack increased the porosity and making
the diffusivity of sulfate ions easier for the formation of gypsum.
This mechanism was reported for triggering the overall expansion
and cracking of mortar prism.

In contrast, overall performance of microbial treated specimens
against sulfate resistance was excellent. Application of both micro-
bial treatments (bacterial admixture and bacterial spray) improved
the mechanical and permeation properties of concrete structures
(Figs. 1 and 5). Due to biogenic precipitation of CaCOs crystals,
ingress of sulfate ions was extensively reduced inside the cementi-
tious matrix. Low ingress of sulfate ions further reduces the deteri-
oration of concrete leading from the formation of expansive
reaction products like ettringite and gypsum (Figs. 8 and 9). How-
ever, some researchers also reported that the presence of carbonate
in cementitious matrix will favor the thaumasite form of sulfate
attack [37]. It was reported that limestone fillers were used as
SCM with different replacement levels in concrete mixes [38]. Con-
trary to the reports of deterioration of concrete structures incorpo-
rated with limestone on exposure to sulfate solutions,
improvement in resistance against the sulfate attack was reported
[33,39]. In XRD analysis, presence of calcite as well as thaumasite
phases at the end of exposure was observed (Fig. 10B-C). On the
whole, BAT and BST specimens remain unaffected as compared to
control specimens and performed well in the chemical sulfate
attack.

4.2. Effect of physical sulfate attack

During the exposure II, a thick white efflorescence was devel-
oped in control prism on the drying mortar surface which is just
above the submerged portion. With the exposure time, thickness
of efflorescence continued to increase in control prism (Fig. 11).
However, longitudinal crack formation after 90 days of sulfate
exposure in submerged portion and severe surface scaling at later
ages was observed. This behavior of efflorescence deposition on the
upper portion and surface scaling on the submerged portion of
mortar prism were reported to be a dual action of physical and
chemical sulfate attack respectively [13]. It is reported that in
physical sulfate attack, stress development due to salt crystalliza-
tion pressure in pore structure is the deterioration mechanism.
Sulfate ions penetrate from sulfate rich surroundings into concrete
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pores by capillary suction and are transported to the evaporation
surfaces [4]. At the upper dry surface, rate of evaporation exceeds
the rate of capillary rise due to which salt solution becomes super-
saturated causing the salt crystallization on the surface [11]. Salt
solution uptake into the pores by capillary pressure is dependent
on the pore distribution of porous body as well as its wetting
behavior [10]. It was also reported that increased porosity and per-
meability further increases the flux of salt solutions causing more
accumulation of salts [34]. In control mortar prism, dual effect of
physical sulfate attack on the upper portion and chemical sulfate
attack on the submerged portion was observed. However above
the efflorescence region no sign of damage like cracking and spal-
ling were observed. It is reported that the growth of mirabilite
crystals inside the pore wall generates high crystallization stress
developing subflorescence region (above the efflorescence region)
where damage occurs [34]. In XRD analysis, presence of anhydrous
thenardite deposits on the evaporative surface of control prism
shows that the hydrous mirabilite phase dried out on the surface
during the exposure (Fig. 12B). This thick efflorescence on upper
surface indicates higher concentration of sulfate salt ingress in
control specimen. However, in XRD analysis, presence of ettringite
and gypsum crystals in the damaged submerged region also mim-
ics the chemical sulfate attack (Fig. 12A). In the submerged portion,
instead of salt efflorescence, crack formation along the edges due
to expansion was observed. Similar to chemical sulfate attack, this
typical crack formation and spalling in the submerged portion
causes severe surface damage.

In case of BAM and BSM prisms, resistance to capillary rise of
sulfate salts was adequately achieved due to microbial treatment.
Throughout the exposure, there was no sign of surface scaling in
the submerged portion of BAM and BSM prisms was observed
(Figs. 13 and 14). Precipitation of calcium carbonate during micro-
bial treatment might have densify the cementitious pore matrix
and acts as a pore blocker. It is reported that permeation properties
of concrete structures are significantly improved by bacterial cal-
cium carbonate precipitation. Further, the transport mechanism
of salt contaminated water through capillary rise in pore matrix
is effectively altered by bacterial treated concrete [40]. BAM and
BSM prisms exhibited excellent resistance to sulfate ingress and
leading to protection from physical and chemical form of sulfate
attacks.

5. Conclusions

In the present study, sulfate resistance of bacterial treated con-
crete and cement mortars were investigated under two different
sulfate exposure regimes and monitored for 12 months. On the
basis of experimental outcomes, following conclusions were
drawn:

e During the chemical and physical sulfate exposure, significant
reduction of sulfate ions ingress was observed in microbial trea-
ted concrete and mortars.

e Throughout the chemical sulfate exposure, BAT and BST con-
crete specimens exhibited no surface deterioration or strength
loss. Both specimens were remained intact and no sign of dam-
age due to expansion was observed until the end of experimen-
tal study.

e Under physical sulfate exposure, BAM and BSM specimen per-

formed well and no sign of surface scaling and salt efflorescence

on the upper drying front was observed.

During the experiment, untreated concrete specimens per-

formed relatively poor. Deterioration due to expansive products

causes surface scaling in both exposure regimes. Thick efflores-
cence as well as severe surface scaling was observed during
physical sulfate attack.

e Overall, the application of MICP treatment improved the lifecy-
cle performance of concrete under harsh sulfate environments.
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Abstract Concrete is the most widely used construction
material of the world and maintaining concrete structures
from premature deterioration is proving to be a great chal-
lenge. Early age formation of micro-cracking in concrete
structure severely affects the serviceability leading to high
cost of maintenance. Apart from conventional methods of
repairing cracks with sealants or treating the concrete with
adhesive chemicals to prevent the cracks from widening,
a microbial crack-healing approach has shown promising
results. The unique feature of the microbial system is that it
enables self-healing of concrete. The effectiveness of micro-
bially induced calcium carbonate precipitation (MICCP)
in improving durability of cementitious building materi-
als, restoration of stone monuments and soil bioclogging
is discussed. Main emphasis has been laid on the potential
of bacteria-based crack repair in concrete structure and the
applications of different bacterial treatments to self-heal-
ing cracks. Furthermore, recommendations to employ the
MICCEP technology at commercial scale and reduction in the
cost of application are provided in this review.
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Introduction

Concrete and steel are the two most commonly used struc-
tural materials. Among them, reinforced concrete is the most
versatile and potentially one of the most durable materials
for almost any types of building structures. The factors that
affect the lifecycle performance of concrete include climate
change, higher temperature and extreme weather events
which lead to its premature deterioration. Most of these
threatening factors involve chemical attack on concrete or
on the rebar embedded in it. The interconnected pore sys-
tem and presence of micro-cracks also allow penetration of
harmful agents like CO,, SO,*~ and CI~ to cause corrosion
of steel rebar [13]. The rate of deterioration of concrete
structures mainly depends on two important factors: perme-
ability of concrete matrix and development of micro-cracks
[14]. As nearly 80% of world’s infrastructure is built in rein-
forced concrete, their maintenance needs a huge recurring
investment that few countries in the world can afford. There
is a worldwide effort for sustainable technologies for main-
tenance of infrastructures that would offer economy without
undue environmental or social costs.

To minimize the cost of repair and rehabilitation of large-
scale civil infrastructure facing the deterioration from the
cracks, different strategies for the repair of cracks has been
studied. Intensive research to heal the concrete structures
suffering from cracks has been done by using organic and
inorganic filling materials [90]. More recently, introduction
of applied biotechnology in the field of concrete has led to
the development of a new domain called “microbial con-
crete” or “bio-concrete”. It is a microbial-based strategy in
which concrete structures are treated with bacteria to induce
calcium carbonate precipitation [4]. A positive benefit of
biomineralization activity of various bacterial strains to
enhance the durability and crack healing of concrete has
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become an important research topic during the last decade.
Many reviews have been published addressing the applica-
tions of microbial concrete in various fields including the
durability enhancement of building material [5, 10, 24, 26,
28, 60, 68, 82, 87, 94]. The ecological benefits of MICCP
in urban development have been highlighted [5]. Different
applications of the technology have been explored [10, 26,
60]. Different microbial pathways and their applicability
in construction have been analyzed [28, 94]. The sustain-
ability of this technology has been examined [82]. More
recently, the self-healing ability of the technology has been
compared with the existing abiotic processes [87]. Self-heal-
ing is essentially autogenous filling of cracks that develop
in concrete. Its potential to make concrete sustainable has
been explored [67]. However, there has been a rapid devel-
opment in the understanding of causes of concrete cracking
and microbial techniques for healing the cracks. These are
the precursors for the development of self-healing concrete.
This paper presents a comprehensive review of the concrete
cracking problems, different techniques for healing them
and finally, autogenous healing of concrete by the microbial
means. The mechanisms for microbially induced CaCO;
precipitation and its applications in concrete structures are
discussed. The efficacy of microbial techniques of healing
them has been examined. Finally, a future direction for the
development of self-healing concrete is indicated.

Approach in crack healing

In the context of civil engineering research, healing is the
phenomenon of restoration of concrete structure from a state
of damage. In case of crack healing, chemical and physical
processes result in the introduction of secondary products
that block or seal the cracks. To some extent, concrete is
capable of healing cracks autogenously, which is called self-
healing or autogenous healing [39]. Engineered healing is
warranted when autogenous healing is not adequate. Engi-
neered self-healing is a process in which new substitute is
incorporated into the cement material which is stimulated
on crack propagation resulting in sealing of crack [54, 87].

Autogenous healing in concrete

Autogenous healing is a natural process of crack repair
that occur in concrete in the presence of moisture and the
absence of tensile stress. The repair is by a combination of
mechanical blocking by particles carried into the crack with
the water and the deposition of calcium carbonate from the
cementitious material. Autogenous healing of cracks was
reported due to the formation of calcium carbonate pre-
cipitation as consequence of water leakage through cracks
[21]. Formation of calcite under wet conditions in cracks of
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concrete was also cited as a probable healing mechanism.
Swelling and hydration of cement paste, blocking of flow
path by water impurities or by concrete particles broken
from crack surface, and precipitation of calcium carbonate
crystals were suggested as possible chemical and physical
mechanisms contributing to the autogenous healing [37].
Formation of calcite in the crack seems to be the sole cause
for the autogenous healing and the crystal growth rate is
dependent on the width of crack and water pressure, whereas
concrete composition and water hardness have no influence
on autogenous healing [32]. The water entering the cracks
exhibits the pH value (5.5-7.5), CO, content and certain
amount of Ca**. As the CO,-containing water penetrates
the hardened cement, it dissolves additional Ca** ions from
Ca(OH), and calcium silicate hydrate phase of cement
resulting in a rise in the pH of water. At pH >8 conversion of
in-water bicarbonates into carbonates and Ca** ion concen-
tration favor precipitation of calcite. Reinhardt and Joss [63]
reported that higher temperature favors a faster self-healing
while cracks <0.10 mm can be closed by self-healing. The
main limitation of autogenous healing is the maximum crack
width that can be healed is rather limited (~0.1 mm). Con-
crete structures suffer from cracks that are much wider than
that. Thus, engineered self-healing is essential.

Engineered self-healing in concrete

Supplementation of concrete with healing agents to stimulate
the healing action to repair cracks is known as engineered
self-healing. Many researchers used different healing agents
and proposed their mechanisms on cementitious materials
(Table 1). Three different approaches are used to incorporate
self-healing material in concrete matrix and which activates
its healing property when the crack appears in the structure.
Based on the mechanisms, engineered self-healing concrete
are classified as vascular based, capsule based and intrinsic
based [15]. In vascular-based self-healing mechanism, heal-
ing material filled in hollow channels or fibers embedded in
concrete matrix are released when damage ruptures the hol-
low channels or fibers (Fig. 1a). The healing agent stored in
capsules is triggered through the release of healing material
in concrete matrix when capsules are ruptured by damage
(Fig. 1b). Intrinsic self-healing materials embedded directly
in concrete matrix possess a latent self-healing functional-
ity which is triggered by damage or by external stimulus
(Fig. 1c) These materials rely on polymerizations, melting
of thermoplastic phases or ionic interactions to initiate self-
healing. In the domain of engineered self-healing concrete,
incorporation of hollow glass tubes filled with adhesive
chemicals in cement matrices was reported in earlier stud-
ies [31]. Use of polymer-based admixture was also reported
to develop polymer modifying concrete or polymer modify-
ing mortar [57]. Application of different polymer modifiers
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Table 1 Overview of different healing agents and mechanism of healing action in cementitious matrix used by researchers

References

Crack-healing outcomes

Mechanism of application

Agent

(31]

Reduction in permeability and enhancement in flexural toughen-

Incorporation of hollow porous polypropylene fibers filled with

Methyl methacrylate

ing in active and passive mode, respectively

healing agent in concrete structure

[57]

Micro-cracks under stress in modified concrete are bridged by

Polymer latexes are used as admixtures in mortar and concrete or

Polymer latex-modified mortar or concrete

polymer films and prevent crack propagation

as grout repairing material

[40]

Increase in tensile and compressive strength across a crack in

Artificial cracks installed during casting in concrete cube were

Sikadur-52 (epoxy adhesive)

epoxy repair was observed

repaired with epoxy resin by gravity filling method

[66]

Fly ash in ratios of 35 and 55% by mass of binder was added Mechanical and permeation properties of cracked specimens

Low-lime fly ash

recovered on self-healing action of fly ash

Load-induced micro-cracks created in specimens were stored in

lime water for 30 days

Crack width of 0.2 mm was completely healed at 33-day curing

Healing agents were used as admixture substitute in concrete

Expansive agent (C,A;S, CaSO,, CaO)
Chemical agent (NaHCOj;, Na,CO;)
Geo-materials (montmorillonite)

due to swelling effect, expansion effect and re-crystallization

specimens with cracks created artificially

[71]

Expansive additive (calcium sulfoaluminate) 10% additive by mass of total cementitious material was admixed Surface crack introduced in specimen was submerged in water.

CaCOs; precipitation healed the surface crack in specimen

like acrylic, styrene- butadiene latex, polyvinyl acetate and
ethylene vinyl acetate in concrete crack sealing was reported
by Fowler [34]. Studies based on engineered self-healing
concrete investigated by researchers were epoxy repairing
of cracks by injection method and gravity filling method
[40], incorporation of high volume fly ash [66], expansive
healing material, i.e., sodium aluminum silicate hydroxide
containing swelling agent montmorillonite [9], crystalline
additive and calcium sulfoaluminate-based expansive addi-
tive [71]. In aforementioned investigations, promising results
in crack closure based on self-healing action were observed.
This technology has some limitations depending on the heal-
ing agents and strategies applied. In order to select effective
and reliable self-healing, care should be taken in choosing
a healing agent and a suitable strategy for application [87].
Application of microbially induced carbonate precipitation
(MICCP) in civil engineering has become a topic of research
worldwide and this technology has been studied mainly for
application in the fields of surface protection of building
materials, crack remediation in concrete and soil improve-
ment [28]. Adopting MICCP to fill the cracks is very innova-
tive and is pollution free and natural.

Microbially induced calcium carbonate precipitation
(MICCP)

MICCEP is the capability of microbes to form calcium car-
bonate extracellularly through a metabolic activity. The
phenomenon of mineral formation by living organism due
to reaction of its metabolic products with the surrounding
environment is called biomineralization. The property of
mineral formation by different bacterial species like sulfate-
reducing bacteria (SRB), silicate associated bacteria, unicel-
lular cyanobacteria and urea degrading bacteria has been
reported [30]. Hammes and Verstraete [38] reported four key
factors such as (1) the calcium concentration; (2) the con-
centration of dissolved inorganic carbon (DIC); (3) the pH
and (4) the availability of nucleation sites which influence
the precipitation of CaCO;. Sufficient calcium and carbonate
ions are required for the CaCO; precipitation so that the ion
activity product (IAP) exceeds the solubility constant (Kso)
as in Egs. 1 and 2. From the comparison of the IAP with the
Kso the saturation state (£2) of the system can be defined; if
£ > 1 the system is oversaturated and precipitation is likely
as [55]:

Ca’* + CO}™ « CaCO; 1

Q= a(Caz-'—)a(CO%_)/Kso with Kso calcite,25° =4.8 X 109+
)

The concentration of carbonate ions is related to the con-
centration of DIC and the pH of a given aquatic system. Also
the concentration of DIC depends on several environmental

@ Springer
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Fig. 1 Different approaches in
engineered self-healing con-
crete. a In vascular-based self-
healing, hollow channels filled
with healing agent ruptures on
damage and releases healing
material. b In capsule-based
self-healing, healing agent is
released from ruptured capsules
on damage. ¢ In intrinsic based
approach, healing agent possess
latent self-healing functionality
which is triggered on damage or
by external stimulus

a Vascular based

parameters such as temperature and the partial pressure of
carbon dioxide (for systems exposed to atmosphere). The
equilibrium reactions and the constants governing the dis-
solution of CO, in aqueous media (25 °C and 1 atm) are
given in Egs. 3, 4, 5 and 6 [73]:

COyq) © COypq, (pKy = 1.468), 3)
H,CO; < H* + HCO; (pK, = 6.352), (5)
HCO; < CO;™ + H"  (pK, = 10.329), ©)

with H,CO; = CO,,q, + H,CO; Broadly two different
metabolic pathways are involved in the process of biomin-
eralization associated with the microorganisms: (1) auto-
trophic pathway and (2) heterotrophic pathway.

Autotrophic-mediated pathways

In autotrophic-mediated pathways, calcium carbonate pre-
cipitation is induced by microbes with the conversion of
carbon dioxide in the presence of calcium ions in its imme-
diate environment. Autotrophic precipitation of carbonates
includes non-methylotrophic methanogenesis, anoxygenic
photosynthesis and oxygenic photosynthesis [17, 18, 36, 68].
All of the three autotrophic pathways use carbon dioxide as
a carbon source.

@ Springer
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Heterotrophic-mediated pathway

In heterotrophic-mediated pathway, carbonate precipitation
occurs either by sulphur cycle or by nitrogen cycle [18]. Sul-
phur cycle is carried out by sulphate reducing bacteria (SRB)
via dissimilatory reduction of sulphate. In this process, envi-
ronment must be anoxic and rich in organic matter, calcium
and sulphate. As the organic matter is degraded by SRB, bicar-
bonate ions and hydrogen sulphide are produced by bacterial
action using SO,>~ as a terminal electron acceptor as shown in
Eq. 7 [38, 56]. Elevation of pH in the surrounding environment
due to degasification of hydrogen sulphide in the presence of
Ca’* induces the precipitation of calcium carbonate. In natural
environment if anoxygenic sulphide-phototrophic bacteria are
present, hydrogen sulphide is used by bacteria and anaerobi-
cally oxidized to sulphur. Uptake of hydrogen sulphide results
in pH elevation and favors calcium carbonate precipitation.
Peckmann et al. [58] reported the precipitation of aragonite
crystals on dissolution of gypsum by the action of sulphate
reducing bacteria. They reported that gypsum present in cavi-
ties provides the calcium ions for aragonite precipitation and
sulfate ions for the metabolic processes of sulphate reducing
bacteria as shown in Eq. 8. Degradation of organic matter in
anaerobic conditions provides the increased alkaline condition
and facilitates the formation of aragonite crystals.

2CH,0 + SO;” — H,S + 2HCO; )

CaS0,.2H,0 —» Ca** + SO;™ + 2H,0. ®)
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Calcium carbonate precipitation by nitrogen cycle is
further categorized into three different mechanisms: (1)
ammonification of amino acids (presence of organic mat-
ter and calcium in aerobic conditions); (2) dissimilatory
reduction of nitrate (presence of organic matter, calcium
and nitrate in anaerobic conditions) and (3) urea degrada-
tion (presence of organic matter, calcium and urea in aerobic
conditions) [17]. In all these mechanisms, carbonate and
bicarbonate ions as well as ammonia (NH;) are produced
as a metabolic end product. Generation of ammonia creates
high alkaline pH in the microenvironment of the bacterial
cell and decreased H* concentration, affecting the carbon-
ate—bicarbonate equilibria shift towards the production of
CO,*" ions. Presence of calcium ions in the surrounding
of bacterial cell results in the precipitation of calcium car-
bonate. Among the aforementioned mechanisms in hetero-
trophic pathway, microbially induced calcium carbonate
precipitation via urea hydrolysis is widely used in various
applications.

MICCEP via urea hydrolysis

Microbially induced calcium carbonate precipitation via
urea hydrolysis is an easily controlled mechanism in which
high amounts of carbonates are produced by the ureolytic
bacteria in short time period. In this mechanism, degradation
of urea is catalyzed by microbial urease enzyme into carbon-
ate and ammonium [72]. One mole of urea is hydrolyzed
intracellularly to 1 mol of ammonia and 1 mol of carbamate
which spontaneously hydrolyses to form 1 mol of ammonia
and carbonic acid as shown in Eqs. 9 and 10:

Bacteria

CO(NH,), + H,ONH,—— COOH + NH, ©)

NH,COOH + H,0 — NH; + H,CO;. (10)

These products further equilibrate in water to form
bicarbonate and 2 mol of ammonium and hydroxide ions
(Egs. 11, 12).

2NH; + 2H,0 «— 2NHj + 20H~ an

20H™ + H,CO; «— CO%™ +2H,0. (12)

Generation of ammonia on the hydrolysis of urea results
in pH increase creating an alkaline condition in the micro-
environment around the bacterial cell [72]. Presence of cal-
cium ions in the surroundings of bacterial cell wall results in
the precipitation of calcium carbonate as the super-saturation
is reached as shown in Eq. 13:

CO}™ + Ca** «— CaCo;. (13)

The heterogeneous electronegatively charged bacterial
cell wall acts as a nucleating site favoring the adsorption of

positively charged cations (e.g., Ca>", Mg?™) on the cell sur-
face. In bacteria, negatively charged groups dominate over
positively charged ones, giving the cell surface an overall
anionic charge resulting the deposition of divalent positively
charged metal ions on interaction [30]. Bacterial cell surface
plays an important role in precipitation of calcium carbonate
as nucleation site as shown in Egs. 14, 15 and 16:

Ca®* + Cell — Cell Ca’*, (14)
CI™ + HCO; + NH; — NH,Cl + CO;", 15)
Cell — Ca** + CO3~ — Cell CaCO;. (16)

Applications of MICCP in civil engineering

The potential and effectiveness of MICCP technology by
using bacteria have been used widely in various fields. Sev-
eral authors have reported the potential of MICCP property
in the application of remediation of heavy metal and radio-
nuclide contaminated ground water [35, 83], soil bioclog-
ging [55, 75], restoration of stone monuments [22, 44, 64,
74] and durability enhancement of concrete structures [4, 6,
16, 25, 27, 47, 62]. To reduce the permeability and increase
the shear strength of soil, MICCP was performed by using
Bacillus sp. with urea and calcium solution by Chu et al.
[20]. Martinez et al. [53] optimized the MICCP process
for soil improvement by injecting Sporosarcina pasteurii
in half-meter sand column in one-dimensional flow. Their
study confirms that the most important factor for achieving
uniform calcium carbonate precipitation is the distribution
of microbes. Stocks-Fischer et al. [72] reported the urease
activity of alkaliphilic bacteria to hydrolyze urea and high
pH being the favorable condition for calcite precipitation in
porous sand media.

To prevent the deterioration of monumental stones due
to weathering action, application of MICCP as a conserva-
tive treatment has been reported by various researchers. Le
Metayer-Levrel [51] reported the reduction in water absorp-
tion of limestone samples due to effective biocalcin coat-
ing by carbonatogenic bacteria. Tiano et al. [74] reported
that limestone samples treated with Micrococcus sp., and
Bacillus subtilis by brushing showed a reduction of about
60% in water absorption. Precipitation of calcite and vaterite
crystals by Myxococcus xanthus resulted in efficient protec-
tion and consolidation in porous limestone [64]. Daskalakis
et al. [22] reported effective vaterite precipitation on the
marble sample treated with Bacillus pumilus strain isolated
from a cave stone. Improved surface drilling resistance and
reduction in water absorption was reported due to effective
biocalcification on Globigerina limestone specimen treated
with B. subtilis by spraying and poulticing [52].

@ Springer
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The potential of MICCP application in cementitious mate-
rials to enhance the mechanical properties as well as perme-
ability properties has been reported by various researchers
as shown in Table 2. Precipitation of calcium carbonate by
bacteria inside the cement matrix leads into pore refinement
resulting in reduced permeability and increased compres-
sive strength of concrete structure. Ramachandran et al. [62]
reported increased compressive strength of cement mortar
cubes on direct incorporation of live bacterial cells of S.
pasteurii strain inside the cement matrix. De Muynck et al.
[25] reported the effectiveness of pure and mixed ureolytic
cultures in biodeposition on surface treatment of concrete.
They observed that the use of pure culture of B. sphaericus
resulted in more pronounced decrease in uptake of water
and gas permeability than the use of mixed ureolytic cul-
ture. Achal et al. [6] reported the fly ash-amended mortar
and concrete specimens on treatment with ureolytic bacte-
rial strain B. megaterium showed improvement in strength
and permeability properties. In our earlier reports, we have
reported an increase in compressive strength of cement mor-
tar specimen and energy-efficient green building materials
by treating with bacteria [4, 27]. Kim et al. [47] investi-
gated the distribution of calcium carbonate precipitation
and capillary water absorption of concrete specimens after
surface treatment with two bacterial strains, B. sphaericus
and S. pasteurii individually. Denser calcium carbonate
crystals and lowest weight increase was reported in speci-
mens treated with B. sphaericus strain than the specimens
treated with S. pasteurii strain. Bundur et al. [16] reported
increased compressive strength of mortar specimen prepared
with incorporation of vegetative bacterial cells than the con-
trol specimen. Application of halophilic bacteria Exiguobac-
terium mexicanum isolated from sea water showed 23.5%
increase in compressive strength and 5 times reduction in
water absorption on concrete specimens under 5% salt stress
condition [12]. Kumari et al. [50] reported 49% increase
in compressive strength by using non-ureolytic bacteria
Bacillus cohnii. Our earlier studies showed that Bacillus sp.
CT-5-treated reinforced concrete (RC) specimens reduced
the corrosion rate, reduction in mass loss and increase in
pullout strength than the control specimens [7]. Kalhori
and Bagherpour [45] studied the effect of CaCOj; precipi-
tating bacteria Bacillus subtilis on healing and mechanical
properties of shotcrete. Their results showed 30% increase
in the compressive strength of bacteria-exposed shotcrete
specimens compared to control specimens. The presence of
bacteria in the mix design and curing solution enhanced the
tensile strength, decreased the water absorption and porosity
of shotcrete.

MICCP via urea hydrolysis by urease enzyme offers
unlimited advantages in the field of carbonate precipita-
tion, but limitation to the process include ammonia produc-
tion, which have environmental concerns as well as risks

@ Springer

of damage to concrete materials [26]. To overcome the
problems associated with urea-based microbial carbonate
precipitation, Zhu et al. [96] proposed an alternative technol-
ogy using autophototrophic bacteria. Their studies showed
that biomineralization of cyanobacteria Synechococcus
PCC8806 formed a thick calcite-cell aggregate layer adher-
ing to the concrete and decreased the water absorption and
resistant to sonication. We proposed utilization of CO, as
alternative source to urea in biocementation [46]. Urea was
replaced with direct influx of CO, and studied the precipita-
tion of carbonates by Bacillus megaterium SS3. The bacteria
was able to grow well and precipitate carbonates with CO,
influx and the amount of CaCO; precipitated is comparable
with that of urea used for precipitation. Our results showed
117 and 47% improvement in compressive strength with
respect to control and with urea-treated specimens and sig-
nificant reduction in water absorption in concrete specimens
[46]. Yeast extract often has been used as a carbon source in
microbial induced precipitation of CaCO;. Severe retarda-
tion of hydration kinetics has been observed due to the addi-
tion of yeast extract in cement. Williams et al. [86] replaced
yeast extract with a combination of meat extract and sodium
acetate in growth medium for S. pasteurii. Their results sug-
gested that the medium reduced 75% retardation compared
to yeast extract without compromising the growth, urea
hydrolysis, cell zeta potential, and CaCO; formation. Zhu
et al. [95] studied the MICCP by live and UV-killed pho-
totrophic cyanobacteria Gloeocapsa PCC73106 in mortar
specimens to enhance the durability properties. Their results
suggested that treatments with live cells under illumination
increased the amount of precipitates, while UV-killed cells
increased the compressive strength, reduced water absorp-
tion and lowest porosity.

Bio-inspired applications in crack healing

Formation of crack is a commonly observed phenomenon
in concrete structures. Though micro-crack formation may
hardly affect the structural properties of constructions,
increased permeability due to micro-crack networking sub-
stantially reduces the durability of concrete structures due
to risk of ingress of aggressive substances particularly in
moist environments. In order to increase the often observed
autogenous crack-healing potential of concrete, specific
healing agents are incorporated into the concrete matrix.
Apart from the surface application and incorporation of live
bacterial cells inside the cement matrix, use of bacteria as a
self-healing agent is also evolved as new approach. Differ-
ent methodologies have been adopted by researchers to test
the compatibility of calcifying bacterial strains to heal the
cracks autonomously (Table 3). Initially, the application of
bacteria to remediate the cracks in cement mortar specimens
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was investigated by Ramachandran et al. [62]. Cracks in
cement mortar beams and cubes were simulated artificially
with constant width 3.175 mm and different depths. Their
results suggested that calcite precipitated during microbial
growth enhanced the compressive strength of cracked mortar
cubes. The mineralization process was effective in shallow
cracks than in deeper ones because the bacteria grow more
actively in presence of oxygen. To enhance the effective-
ness of MICCP in remediation of deep cracks, polyurethane-
immobilized S. pasteurii cells were used in cement matrices
[11]. In cement mortar cubes (50.8 X 50.8 x 50.8 mm) with
simulated cracks of width 3.18 and 25.4 mm crack depth,
polyurethane strip encapsulating bacterial cells was placed
in the cracks. Precipitation of calcite throughout of the crack
matrices was reported as the polyurethane matrix provides
protection to bacterial cells from the extreme alkaline nature
of concrete. Jonkers et al. [42] used the spores of Bacil-
lus pseudofirmus than vegetative cells as self-healing agent
in concrete matrix to seal the cracks. The healing effect in
freshly formed cracks appears on revival of immobilized
spores by entering water and growth nutrients. To augment
the potential of bacteria as a self-healing agent in crack fill-
ing, immobilization of bacterial cells with different carriers
had been studied. The biochemical healing agent, consisting
a mixture of viable but dormant bacteria and organic com-
pounds packed in porous expanded clay particles to heal the
cracks was proposed by Jonkers [41]. A two-dimensional
mathematical model of bacterial crack healing was devel-
oped by Zemskov et al. [91] to estimate the influence of
different parameters involved on the rate and quality of the
crack healing. To protect the bacteria from strong alkaline
environment of concrete, bacteria (B. sphaericus) immobi-
lized in silica gel was investigated by Tittelboom et al. [75].
Standard cracks of width 0.3 mm with two depths of 10 and
20 mm were prepared in concrete samples by introducing
thin copper plate in cement paste while casting. Realistic
cracks with width range from 0.05 to 0.87 mm were also
created in concrete cylinders of diameter 80 mm and height
75 mm by subjecting to splitting test and used for water
permeability test. Specimens treated with silica gel-immo-
bilized bacteria showed promising results in crack filling and
low water permeability similar to epoxy-treated specimens.

Tziviloglou et al. [76] incorporated the bacteria-based
healing agent into lightweight aggregates and mixed with
fresh mortar and evaluated the recovery of liquid tightness
after cracking and exposure to two different healing regimes
(water immersion and wet—dry cycles) through water perme-
ability tests. Their results revealed that the recovery of water
tightness does not differ substantially for specimens with or
without healing agent when immersed continuously in water.
However, the recovery of water tightness increases signifi-
cantly for specimens containing the healing agent compared
to specimens without it, when subjected to wet—dry cycles.

@ Springer

Sharma et al. [69] demonstrated the potential application of
alkaliphilic Bacillus pseudofirmus in concrete crack repair
by rapid spore production and germination, calcium carbon-
ate formation in vitro and in situ.

The combination of non-ureolytic bacteria with organic
calcium source as a two-component self-healing system was
proposed by Jonkers et al. [43]. The organic calcium com-
pounds are converted to calcium carbonate due to respiration
effect of bacteria. They reported that by this method true
self-healing can be achieved because all the components are
added to the concrete mixture prior to casting and become
an integral part of the concrete. Wiktor and Jonkers [84]
incorporated a mixture of bacterial spores (Bacillus alka-
linitrilicus) and calcium lactate embedded in expanded clay
particles as self-healing agent in concrete. Multiple cracks of
widths ranging from 0.05 to 1.0 mm were created in speci-
men on stretching embedded steel by applying tensile force.
Cracked bacterial embedded specimens and control speci-
mens were immersed in water to investigate the self-healing
properties. It was reported that after 100 days of immersion
in water, bacterial-based specimen showed crack-healing of
up to 0.46 mm while in control it was only up to 0.18 mm
(Fig. 2). Xu and Yao [88] investigated non-ureolytic bacteri-
ally induced CaCOj; precipitation as a self-healing strategy
for concrete cracking by using Bacillus cohnii spores. They
suggested that incorporation of bacteria and calcium source
nutrients as a two-component healing agent in concrete
matrix induces CaCOj; precipitation upon crack formation.
Crack width in range of 0.1-0.4 mm was sealed completely
as well as a layer of precipitates on the surface of speci-
men was reported in externally applied healing. They also
reported that self-healing efficiency in specimens with incor-
porated bacterial spores and nutritional agents was higher
than the control specimens. Higher efficiency of calcium
carbonate precipitation in crack healing on external treat-
ment and self-healing application was observed in calcium
glutamate precursor than calcium lactate. However, Xu et al.
[89] reported a higher rate of CaCO; precipitation with cal-
cium lactate than calcium nitrate in case of ureolytic bacteria
Sporosarcina pasteurii. Zhang et al. [92] reported that pres-
ence of excessive Ca** used in biomineralization not only
inhibits the CaCOj; precipitation, but also results in waste of
the Ca* resource. They suggested that Ca>* concentration
lower than 30 mM is a good strategy for biomineralization
process. A binary self-healing system consisting of oxygen
releasing tablet (ORT) and bacteria (Bacillus H4) was devel-
oped to heal the cracks [93]. The ORT contains CaO, and
lactic acid (9:1) which provides a stable oxygen supply and
maintains pH (9.5-11.0) for effective metabolic activity.

We earlier reported the remediation of simulated cracks in
mortar specimens (width 3 mm and depths of 13.4, 18.8, and
27.2 mm) by using bacterial strain Bacillus sp. CT-5 [8]. Our
results showed an increase of 40 and 37% in compressive
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strength in bacterial-treated specimen with crack depth of
13.4 and 27.2 mm, respectively, as compared to control.
Successful healing of deepest crack of depth 27.2 mm was
reported in bacterial-treated specimen (Fig. 3). Qian et al.
[61] reported the healing of early age cracks in cement-based
materials by carbonic anhydrase-producing bacteria Bacillus
mucilaginosus L3. Their experimental results showed that
the cracks formed at early ages were completely healed (up
to 0.4 mm) due to bacterial treatment and the healing effect
reduced with the increasing of cracking age. To protect bac-
teria from high pH environment of concrete, Wang et al. [ 78]
used diatomaceous earth to immobilize the bacteria.

The immobilized bacteria healed the cracks with a width
ranging from 0.15 to 0.17 mm compared to control speci-
mens. Wang et al. [80] encapsulated bacterial spores into
hydrogel and then incorporated into specimens to investigate
their healing efficiency. Hydrogel was used because of its
water retention properties and providing favorable microen-
vironment to bacterial spores with moisture and nutrients for
activation. CaCOj; precipitation by hydrogel-encapsulated
spores was demonstrated by thermogravimetric analysis
(TGA). Their findings suggest that sufficient amount of
water is essential for the bacterial spores to achieve the real-
istic self-healing mechanism to seal the cracks. The mortar
specimens with hydrogel-encapsulated spores healed crack
width of about 0.5 mm and the water permeability was
decreased by 68% compared to control where maximum
healed crack width was 0—0.3 mm and the average water
permeability was decreased only by 15-55% (Fig. 4).

Application of microcapsules as self-healing agent carrier
in crack remediation was investigated by Wang et al. [81].
The spores of B. sphaericus were encapsulated in melamine-
based microcapsules. They reported that the crack-healing
ratio was much higher for specimens treated with bacteria
compared to the ones without bacteria where 18-50% of
crack area healed in control while it was 48—-80% in the bac-
teria-treated specimens. The maximum crack width healed
in the bacterial-treated specimens was 970 pm which was
about 4 times wider than control (250 pm). Wang et al. [79]
tested modified alginate-based hydrogel as encapsulating
agent for application of B. sphaericus spores in concrete.
Their results indicated efficient protection of the hydrogel
for spores in concrete and great potential to be used for crack
self-healing in concrete applications.

To reduce the operational cost of bio-based self-healing
action in concrete, a new powderous material containing an
efficient ureolytic microbial community (Cyclic EnRiched
Ureolytic Powder or CERUP) has been developed [23].
CERUP was produced from a sub-stream of a vegetable
treatment plant containing non-axenic bacterial culture with
the ability to sporulate. After drying, it was ground to a
particle size below 500 pm in diameter. Highest capacity of
crack healing was observed in CERUP admixed specimen

with complete crack closing up to 0.45 mm crack width after
4 weeks. In specimen without CERUP, autogenous crack
healing was observed with closing of crack with 0.25 mm
crack width (Fig. 5). Effective crack healing was performed
by directly pooling the S. pasteurii culture supplemented
with CaCl, and urea around the cracked area of fiber con-
crete beam [65]. They reported about 100% consolidation
of the micro-cracks to a depth of approximately 20 mm.
Silva et al. [70] analyzed the costs involved in biological
self-healing in concrete and emphasized to develop the bio-
additive at much lower costs to make the biological self-
healing industrially applicable.

Apart from ureolytic pathway in MICCP, self-protected
nitrate (NO; ") reducing bacteria was used for repair of con-
crete cracks [33]. Nitrate reducing bacteria was grown in
enrichment culture by using concrete admixtures such as
Ca(NO;), and Ca(HCOO), as nutrients. The culture grown
as granules (0.5-2.0 mm) consisting of 70% biomass and
30% inorganic salts was added into mortar without any
additional protection. They reported that, more than 90%
of the crack with 500 pm crack width was closed and 68%
less water was absorbed by microbial specimen than the
reference specimen upon 28-day immersion in water. In
specimens cured for 6 months, in microbial specimen 90%
crack closure was observed in cracks with crack width up to
400 um and in reference specimen crack closure was 86% for
135 pm crack width. Their results suggested that enriched
mixed denitrifying cultures structured in self-protecting
granules are very promising strategies to enhance microbial
self-healing.

The field-based potential of MICCP in sealing of sand-
stone fractures below the ground surface in wellbore using
ureolytic bacteria was demonstrated by Phillips et al. [59].
Horizontally fractured sandstone 340.8 m below the ground
surface was sealed with ureolytic bacterial strain S. pasteurii
using conventional oil field delivery technology. In the field
test, bacterial culture was injected into the fracture by using
an 11.4 1 wireline dump bailer for 4 days. Microbial sus-
pensions after injection in fracture was allowed to attach
for 1 h and later on the inoculum was amended with cal-
cium containing growth solution (urea and nutrient broth)
to promote the growth. In this treatment, 24 urea/calcium
solution and 6 microbial suspensions were injected into the
fracture zone for 4 days. They reported that the flow rate
decreased from 1.9 to 0.47 L/min and in-well pressure falloff
from >30% before to 7% after treatment. Their findings sug-
gest that MICCP is a promising tool for sealing subsurface
fractures in the near wellbore environment. To monitor the
applications of MICCP nondestructively in time and space,
Krikland et al. [48] used a low-field nuclear magnetic reso-
nance (NMR) well-logging probe in a sand-filled bioreactor
by inoculating S. pasteurii and pulsed injections of urea and
calcium substrate. NMR signal amplitude and T, relaxation

@ Springer
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Fig. 2 Stereomicroscopic
images of before and after
crack-healing process in control
(a, ¢) and bacterial-treated (b,
d) mortar specimens, respec-
tively Reprinted from Wiktor
and Jonkers [84] with permis-
sion from Elsevier

were measured after the experiments. They reported that
the water content in the reactor decreased to 76% of its ini-
tial value and changes in T, relaxation distributions due
to changes in pore volume and surface mineralogy. Their
results indicate the low-field NMR well-logging probe is
sensitive to the physical and chemical changes caused by
MICCEP in a laboratory bioreactor. Wiktor and Jonkers [85]
studied field performance of bacteria-based repair system
of a two-story parking garage suffering from cracking and
damaged concrete pavement due to freeze/thaw. Denitrify-
ing bacteria supplemented with two solutions (1) Solution
A (sodium silicate, sodium gluconate) and (2) Solution B
(calcium nitrate) were treated by spraying manually until
saturation of concrete. Crack-sealing efficiency was evalu-
ated after 2 months of bacteria-based application in treated
area of parking garage by means of water permeability
test. Concrete pavement was also evaluated in resistance to
freeze/thaw conditions and deicing salts by drilling cores
from treated area. They reported that cracks that had not
been treated with the bacteria-based repair system were still
heavily leaking and freeze/thaw resistance of concrete was
higher with the bio-based repair system than the untreated
concrete. Tziviloglou et al. [77] described the various steps
taken towards the outdoor applications of bio-based self-
healing, for the laboratory-scale tests which have shown
promising results.

The use of genetically modified microbes to heal the
cracks is another area of research to improve the durability
properties of concrete. The “BacillaFilla” is a genetically
modified version of a Bacillus subtilis which contains cells

100 days healing

& 100 days healing

that only germinate when they come into contact with the
pH of concrete. Upon germination, the cells would descend
into cracks in the concrete. The bacteria use quorum sens-
ing to determine when sufficient bacteria have accumulated,
triggering production of a mixture of calcium carbonate and
a “bacterial glue”, which combines with the bacterial cells
to fill the crack [29]. Chattopadhyay and Sarkar [19] trans-
formed the gene having silica-leaching attribute to a Bacil-
lus subtilis and the transformed bacterial cells are utilized
directly for enhancing the strength and durability properties
of concrete structures. We earlier reported the development
of phenotypic mutant of Sporosarcina pasteurii by UV irra-
diation, which enhanced the urease activity and also calcite
production [2].

Conclusion and future perspectives

Bacterial remediation of cracks has shown very promising
results. The main advantage of the bacterial system over the
conventional systems is the lower viscosity of the bacterial
cementation fluid. In case of cement grout or the polymeric
resin healing, the ingredients are premixed before pumping
into the cracks. As a result, the cementation reaction com-
mences before the ingredients have reached the site of heal-
ing. While in case of the bacterial system, the bacteria are
pumped in first. The cementation solution is then pumped
where the ingredients are dissolved in water. The cemen-
tation reaction commences when the ingredients come in
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Fig. 3 Microscopic image

of a remediated crack with b
enlarged portion of remediated
crack showing calcite precipita-
tion and ¢ rod-shaped bacteria
Reprinted from Achal et al. [8]
with permission from Elsevier

contact of the bacterial enzyme. Thus, bacterial healing is
able to penetrate deep into the cracks. However, promising
results from the microbial-based application in crack heal-
ing of concrete at lab scale have been reported. Researchers
from all over the world have investigated the potential of
biomineralization in crack remediation. The qualitative and
quantitative evaluation of microbial application to heal the
cracks in concrete are still reported in the lab scale. Some
researchers have also reported encouraging results on the
application of bacterial-based treatment at field scale. Some
limitations which are necessary to be considered for applica-
tion of this technology at commercial scale have been found.
Use of laboratory grade nutrient sources in field applications
is one of the economic limitations which restrict the use of

this technology in several cases. Successful commerciali-
zation of the technique requires economical alternatives of
the medium ingredients that cost as high as 60% of the total
operating costs [49]. Use of inexpensive materials as nutri-
ents may help to lower the cost of treatment [1, 3]. The other
limitation in this application is external treatment of cracks
in existing concrete structures. Efficiency of bacteria in
CaCO; precipitation in deeper parts of the crack on external
treatment has to be investigated. In field-scale experiments,
effective curing method is to be investigated to provide suf-
ficient amount of nutrients and water to the bacterial cells.
Further investigations are needed to improve the microbial
technology as an innovative crack-healing application for
the commercial scale.

Fig. 4 Maximum crack width of 0.5 mm healed in the specimen treated with hydrogel-encapsulated bacterial spores Reprinted from Wang et al.

[80] with permission from Elsevier
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Fig. 5 Photomicrographs of cracked mortar specimens on day 0 and
on day 28. a, b Reference samples on day 0 and al, b1l on day 28;
¢, d mortar samples containing 1% of autoclaved Cyclic EnRiched
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1. Introduction

The most frequently used construction material in the world is
concrete due to its high durability, ability to mould into different
shapes, low production cost and ease of use, which has become
attractive than other building materials. Understandably, an over-
whelmingly large proportion of infrastructure is built with con-
crete. With global industrialization and urbanization, demand for
infrastructure expansion has increased [1]. Production of concrete
has experienced an increased demand to accompany innumerable
infrastructure developments [2]|. With the ever-growing world-
wide demands, yearly consumption of concrete approaches 30 bil-
lion tons [3]. Consequently, high levels of concrete production
results into high consumption of basic raw materials [2]. Concrete
is a mixture of essential constituents like cement, aggregates and
water. Ordinary concrete consists of 12% cement and 80% aggre-
gates by weight. To meet the demands of large volumes of concrete
making, global cement and aggregate consumption is estimated to
be 4 Gt and 17.5 Gt respectively [2]. Globally, production of cement
has been escalating to meet the growing need of construction pro-
jects. In the database of statisa portal the search of “Major coun-
tries in worldwide cement production” shows China and India
are top cement producers globally followed by USA [4]. Estimated
production of cement in China and India was 2.4 billion metric tons
and 290 million metric tons in year 2018 respectively. The cement
production and natural aggregate extraction are highly intensive
energy consuming as well as a major CO, emitting process [5]. Pro-
duction of conventional concrete contributes approximate 8-9% of
the global anthropogenic CO, emissions [2]. Carbon dioxide emis-
sions from the cement processing unit play a significant contribu-
tion in greenhouse gas (GHG) [6]. In a cement industry, process of
calcination of carbonate minerals is one of the potential sources of
CO, emission [7]. Extraction of aggregates from mining and pro-
cessing also contribute in environmental impacts including
resource depletion, degradation of ground and surface water and
global warming [8,9]. Sand used in construction as a major portion
is also extracted from rivers and beaches. Extensive sand mining
induce erosion, degradation of ecosystem and biological environ-
ments of river systems [10,11]. Use of large amounts of fresh water
in concrete industry is also a serious environmental concern. Con-
crete industry being the largest industrial consumer, its global
water requirement is 1 trillion Liter per year [12]. Fresh water
shortage is one of the significant problems these days. Thus, the
embodied energy and emission of conventional concrete is rela-
tively high.

To minimize the development cost and environmental burden
contributed by concrete and construction industry, several
approaches by researchers have been adopted to develop a sustain-
able technology [13]. Several studies have been carried out to min-
imize the consumption of natural resources by utilizing industrial
waste and by-products as a supplementary cementitious materials
(SCM). Utilization of different SCM in cement industry as replace-

ment of Portland clinkers is already well into the use [14]. Simi-
larly, to reduce the extraction of natural aggregates, utilization of
various waste materials as well as recycled concrete waste has
been used to improve the durability properties of concrete and to
achieve sustainable construction.

With the advancement in concrete research, application of
biotechnology in the field of civil engineering led to the develop-
ment of a new area called “microbial concrete”. Microbial concrete
is a biobased approach, in which cementitious structures are trea-
ted with bacteria capable of CaCO5 precipitation through biominer-
alization process [15]. This innovative bacterial application has
attracted researchers for its positive benefits in enhancing the
durability features of concrete structures. Many research articles
have reported the effectiveness of this nature inspired technology
in quality improvement of building materials [16,17,18].

This paper discusses a comprehensive review on the develop-
ment of sustainable construction by utilizing waste by-products
and eco-friendly microbial treatment. This paper focuses on
detailed sections of waste recycling in construction and role of
microbial treatment in improving its quality. The schematic repre-
sentation of waste amended concrete along with MICP treatment is
shown in Fig. 1.

2. Waste by-products in construction material

Currently, a considerable quantity of waste materials is gener-
ated globally as by-products from different industrial units. Sub-
stantial volume of waste materials produced from industry has a
problem of accumulation in landfills. Many research articles have
been published on the utilization of by-products of industries as
cement substitute (e.g. flyash, steel slag, silica fumes, rice husk
ash and metakaolin) and aggregate replacement (e.g. copper slag,
marble waste, waste foundry sand and concrete demolished
waste).

2.1. Substitute to cement

“Portland cement” (PC) is an essential component of conven-
tional concrete which on contact with water form calcium silicate
hydrate gels as hydration products. Cement acts as a binder in
mortar and concrete. With increasing demand of PC, its environ-
mental impact during manufacturing is a great concern. To reduce
the carbon footprints of PC production, use of SCM is increasing
worldwide. Two categories of SCM: (i) self-cementing and (ii) poz-
zolanic are reported according to their hydraulic reactions [19]. A
variety of potential SCM generated from industrial wastes has been
investigated. Improvement of the durability properties of cementi-
tious structures by utilizing different SCM as replacement of
cement is reviewed below. Different approaches adopted by vari-
ous researchers to utilize different SCM as partial replacement of
cement is shown in Table 1.
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Fig. 1. Schematic illustration of microbial treatment of waste amended concrete.

2.1.1. Flyash

With the beginning of coal power plants, millions of tons of fly-
ash (FA) as by-product have been generated every year. Amount of
FA released from thermal power plants is increasing throughout
the world. Utilization of FA as SCM in cement production by
2050 was estimated to reach the clinker fraction by 71% [20].
Use of FA as a pozzolanic material has been widely applied as a
replacement of high volumes of Portland cement for the sustain-
able construction [21]. Many researchers evaluated the use of FA
in concrete with different dosages and proposed different
approaches to incorporate it in concrete matrix. Applicable limit
of FA according to British standard as well as Indian standard
was reported to be a maximum of 35% by mass of cement [21].
Influence of graded fine FA with the dosage of 40% on the strength
of mortar was reported [22]. Significant improvement in mechan-
ical properties as well as sulfate resistance was reported with
incorporation of very fine FA. In another study, cement was
replaced with original fly ash as well as classified fine FA. Their
results showed a significant decrease in the pore sizes of fine FA
blended cement paste than the coarser FA incorporated cement
paste because the finer FA enhanced nucleation effect, pozzolanic
reaction and packing [23]. Use of high-volume fly ash (HVFA) with
levels up to 45% by mass of cement was also enhanced durability
properties in combination with rapid hardening Portland cement
[24]. The compressive strength, flexural strength and splitting ten-
sile were improved at 50% cement replacement ratio among the

mixtures, when FA based geopolymer was replaced cement at
different ratios (0%, 25%, 50%, 75% and 100%) [25]. The approach
of using carbonated flyash (CFA) by utilizing CO, to prepare
blended cement paste with different replacement levels (10%,
20% and 30%) was investigated [26]. It was reported that the effect
of 10% CFA replacement shows better results in enhancing com-
pressive strength than 30% replacement levels. On the whole, uti-
lization of FA in construction industry has improved the
performance of concrete with low carbon footprints.

2.1.2. Steel slag

Steel Slag (SS) is a metallurgical waste by-product generated
from different sources like iron, steel (categorized as ferrous) and
copper (categorized as non-ferrous) extraction units. Environmen-
tal impacts of these metallurgical by-products have been associ-

ated with their unsystematic dumping in landfills [27]. Recycling
and utilization of these industrial wastes as a substitute to cement
in construction industry helps in sustainable production of con-
crete [28,29]. Addition of SS with 10.5% replacement ratio to
cement and its effect on the physico-mechanical properties was
investigated [30]. It was reported that the values of setting times,
water demand and expansion were not affected on the addition
of SS and remained similar to reference sample. Compressive
strengths of SS amended and reference mortars remained similar.
In another study, cement was partially replaced by 50% with low
MnO granulated metallurgical slag [31]. The composition of
50:50 blends met the IS 455:1989 standards for Portland slag
cements. Beyond 50% replacement, strength loss in mortar speci-
mens was reported. Influence of various replacement ratios along
with the fineness of SS was also investigated by researchers. In
an investigation, fineness of SS (approx. 4400 cm?/g) with 30%
replacement of cement indicates better compressive strength con-
forms to ASTM C150 standard [32]. It was also reported that setting
time and slag-activity index of fine SS shows strong cementing
properties. Significant enhancement of early and the late cementi-
tious properties with the increasing fineness of SS was also
reported [33]. The compressive strength and drying shrinkage in
SS amended concrete was investigated with different water to bin-
der (W/B) ratio [34]. High W/B ratio (0.5) was reported to have
negative impact on strength and shrinkage of concrete. However,
low W/B ratio (0.35) in 30% SS amended concrete was reported
to have similar compressive strength and shrinkage as that of con-
trol concrete. Replacement of cement with three different percent-
ages (10%, 20% and 30%) of variously processed SS showed that
cement up to 20% with crushed SS and finer than 125 pm improved
the compressive strength [35].

2.1.3. Silica fume

Silica fume (SF) or silica dust is an industrial waste generated
through smelting process of silicon and ferrosilicon industry. It
contains high content of silicon (75%) and is considered as a very
effective pozzolanic material [36]. Utilization of SF as substitute
for cement has been reported by many researchers. In an investiga-
tion, different dosages of SF (5%, 10%, 15%, 20%, and 25%) were used
as replacement to cement [37]. The late significant gains in com-
pressive strength was reported at the age of 56 days on the
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Table 1

Summary of effects of partial replacement of cement with different industrial by-products as SCM in mortar and concrete.

SCM Evaluation Method
type Compressive Drying Split tensile strength/Flexural ~Water absorption/Chloride Suggested replacement References
strength shrinkage strength penetration
Fly ash 1 ! - - 40% very fine FA in cement mortar [22]
T l - l 45% high volume FA in concrete [24]
T - T - 50% FA based geopolymer in concrete [25]
1 - - - 10% carbonated FA [26]
Steel 1 - - - 30% fine SS in cement mortar [32]
slag T - - - (20% —45%) fine SS in cement mortar [33]
T ) - ! 30% SS and low W/B ratio (0.35) in [34]
concrete
1 l 1 - 20% crushed SS finer than 125 pm in [35]
cement mortar
Silica 1 - T - (15% — 20%) SF in concrete [37]
fume 7 l - - 15% SF in concrete [38]
T - - l (5%-7.5%) SF along with 15% SS in [39]
concrete
SCM type  Evaluation Method
Compressive Drying Split tensile strength/Flexural =~ Water absorption/Chloride Suggested replacement References
strength shrinkage strength penetration
Rice husk 7 - T l 30% RHA in concrete [43]
ash T - 1 ! 20% ultra fine RHA in concrete [44]
1 - - - 20% ground RHA in concrete [45]
T - T l (20-25%) RHA and 10% micro-silica [46]
in concrete
T ! - ! (10%-15%) Metakaolin in cement [50]
mortar
- - - l (8% —12%) high reactive metakaolin [51]
in concrete
1 - - l 10% Metakaolin in cement mortar [52]
) - - l (10% — 12.5%) Metakaolin in concrete  [53]

1 Denotes the “increase” in the observed trend being reported.
| Denotes the “decrease” in the observed trend being reported.
- Denotes “no data” being reported.

replacement of cement with up to 15% to 20% of SF. In another
study, replacement of cement with various dosages of SF (6%,
10% and 15%) was studied. After 28 days curing, there was an
increase of 21% strength 15% SF supplement than the control
[38]. However, after 90 days of age, no increment in the compres-
sive strength was reported. Effect of SF (2.5%, 5%, 7.5% and 10%)
incorporation along with low reactivity slag (15%, 30% and 50%)
in concrete was also reported [39]. SF at the dosage of 5% along
with 15% slag in concrete mix was reported to improve the durabil-
ity properties.

2.1.4. Rice husk ash

Rice husk is an agricultural waste generated in millions of tons
per year from rice plant. After milling process of paddy, 22% of its
total weight is obtained as rice husk. Rice husk ash (RHA) is
obtained after burning of husk, which contains around 85-90% sil-
ica with high pozzolanicity property [40]. RHA is used as SCM in
cement replacement in concrete production due to its high silica
content, [41]. Various research articles are documented in utiliza-
tion of RHA as partial or complete replacement of cement [42]. It
was reported that, 20% of RHA replacement in cement significantly
improved compressive strength and at 30% replacement the
strength remain equivalent to control concrete specimen [43].
Reduction in water permeability (35%) and chloride permeation
(75%) was reported in 30% RHA blended concrete. In other research
work, cement was replaced with ultrafine RHA with different
dosage percentages (10%, 15%, and 20%) and reported that 20%
replacement of cement with ultrafine RHA achieved superior per-
formance compared to control concrete [44]. When concrete mixes
were prepared by replacing cement with different doses of RHA
such as 10%, 20% and 30% along with 0.35 ratio of W/B, the com-

pressive strength of concrete blended with 20% RHA attained
equivalent values as that of control after 28 days of curing [45].
Increase in compressive strength by 20% in concrete specimen
blended with combination of (20%-25%) RHA and 10% micro-
silica was reported and beyond this percentage decrease in
strength was declined [46].

2.1.5. Metakaolin

“Metakaolin” (MK) a pozzolanic material produced by the calci-
nation of kaolinitic clay has become a potential SCM in concrete
mix. Many review articles have reported the utilization of MK in
mortar as well as concrete and documenting its influence in
increasing the mechanical and durability features [47,48,49]. In
an investigation, cement was substituted with the different
dosages of MK (5%, 10%, 15% and 20%) and resistance to sulfate
and chloride diffusion was studied. It was reported that optimum
range of dosage of MK was 10% to 15% showing best mechanical
performance as well as significant inhibition of chloride diffusion
and sulfate attack [50]. Similar results were also reported in
another research article, in which the use of 8% to 12% of high reac-
tivity MK in concrete notably reduced the diffusion of chloride ions
[51]. Expansion prevention due to alkali-silica reactivity in con-
crete prism containing 15% MK was also reported. In another
research work, addition of 10% MK contributed in enhanced
strength development as well as improved corrosion behavior in
mortar [52]. Another study reported the usage of different dosages
(5%, 12.5% and15%) of MK in concrete and in its findings the incor-
poration of MK (10%-12.5%) had higher compressive strength [53].
However, addition of 10% of MK was reported into lower water
penetration as compare to control concrete.
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Table 2

Summary of effects of partial replacement of aggregate with different industrial by-products in mortar and concrete.

Aggregate type  Evaluation Method

Compressive Split tensile Flexural Water absorption/Chloride Suggested replacement References
strength strength strength penetration
Copper slag T 1 - ! 40% CS in high performance concrete [58]
T 1 T l Fine aggregate replaced with (40-50%) CS [59]
in concrete
T - - ! 60% CS in self compacting concrete [60]
1 1 T l 60% CS in ultra high strength concrete [61]
Waste foundry T T T - 30% WEFS in concrete [63]
sand 1 1 - 1 15% WEFS in concrete [64]
T 1 T - 20% WEFS as replacement of sand [65]
1 - 1 1 20% WES as replacement of sand in [66]
concrete
Marble waste T - - ! (20% — 100%) Marble aggregate in concrete [68]
1 - 1 (25%-50%) Marble powder in cement [69]
mortar
T 1 - ! 40% marble dust as fine aggregates in [70]
concrete
Aggregate type  Evaluation Method
Compressive Split tensile Flexural Water absorption/hloride Suggested replacement References
strength strength strength penetration
Recycled 1 - - - 50% Recycled crushed brick as fine aggregate in  [75]
aggregates concrete
1 ~ - - 30% Fine recycled aggregates as sand in concrete  [76]
1 l l - 30% Recycled coarse aggregates in self [77]
compacting concrete
T - - - 40% Recycled fine aggregate in self compacting [78]

sand concrete

1 Denotes the “increase” in the observed trend being reported.

| Denotes the “decrease” in the observed trend being reported.

~ Denotes “almost equal to reference specimen” in the trend being reported.
- Denotes “no data” being reported.

2.2. Substitute to sand

Coarse and fine aggregates are the major components in con-
crete production making its volume to 70%. Because of the exten-
sive utilization of concrete as construction material in the world,
exploitation of natural resources like river beds to extract sands
and gravels has caused serious environmental impacts. To reduce
the usage of sand in construction materials, researchers are work-
ing to introduce alternative material as a substitute to sand. Many
review articles have been documented in which industrial by-
products has been introduced as a substitute to sand in mortar
and concrete production [54,55,56]. Different research studies
investigating the potential use of different by-products in sand
replacement are discussed below. The outcomes of utilization of
different industrial by-products as replacement of aggregates in
various studies are shown in Table 2.

2.2.1. Copper slag

Copper slag (CS) is an industrial by-product generated in large
quantities during the process of matte smelting and refining of
copper [57]. Performance of CS as substitute to sand with different
dosages in concrete is investigated by many researchers. Various
research articles have documented the partial and full replacement
of sand with CS to achieve high performance concrete. In one of the
research investigations, fine aggregates were partially and com-
pletely replaced with CS at different dosages (10% to 100%) [58].
Incorporation of up to 50% of CS yielded almost equivalent strength
gain as that of control mix. However, with increasing dosage (80%
to 100%) of CS causes significant decrease in strength. It was rec-
ommended that 40% incorporation of CS as fine aggregates was
optimum for good durability properties. Similar observation was
reported in which substitution of up to 40-50% CS as sand replace-

ment was recommended to obtain good durability requirements
[59]. Maximum strength at 20% replacement of fine aggregates
and decline after 60% dosage was reported when self-compacting
concrete was prepared with different dosages of CS (20% to
100%) [60]. Best performance in electrical resistivity and UPV
was reported for concrete mix containing 60% replacement. Overall
replacement in this investigation was recommended for 60% sub-
stitution of CS over natural sand. In recent research publication,
ultra-high strength concrete was designed by using mechanically
treated CS for fine size particles ranging from 150 pm to 600 pm
[61]. It was reported that 60% replacement of sand with grounded
CS enhanced the compressive strength, flexural strength and split-
ting tensile strength. Sand replaced completely with treated CS in
concrete increase in the strength.

2.2.2. Waste foundry sand

Waste foundry sand (WEFES), a high quality silica sand is gener-
ated as a by-product from ferrous and nonferrous metal casting
industries [62]. Large volume of raw sand is used as a moulding
casting material. WFS is too fine as 85-90% of its particle size is
smaller than 100 pm. Several authors have reported the reuse of
WES as construction material by replacing the conventional sand.
In an investigation, foundry sand was incorporated in concrete
mix with different dosages (10%, 20% and 30%) as a sand replace-
ment [63]. With increasing dosage of WFS, increase in compressive
strength, flexural strength and splitting-tensile strength was
reported. In another study, the sand was replaced with WFS at dif-
ferent proportions by weight in concrete mixes (5%, 10%, 15% and
20%). Maximum increase in strength properties was observed with
15% WES replacement of with sand [64]. Utilization of WFS in con-
crete was reported to make the concrete matrix denser and imper-
meable. The optimum dosage of WFS as 20% to substitute fine
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aggregates in concrete and beyond this substitution dosage in con-
crete mixes, reduction in the durability properties was reported
[65]. The durability tests (compression strength and flexural
strength) were approximately constant with control concrete on
the replacement of natural sand with 20% WEFS [66].

2.2.3. Marble waste

Marble waste is a waste by-product generated from marble
mines and processing units during cutting, grinding and polishing.
The processing plants produce huge amount of marble slurry
which is disposed off into waste sites. To control air and water pol-
lution caused by the marble dust in the dumping site, some
researchers have proposed to use marble dust in ceramic and con-
struction industry as a substitute [67]. In a research work, coarse
aggregates were replaced with marble coarse aggregates (MCA)
at different ratios (20%, 50% and 100%) and compared with refer-
ence concrete mixes made with basalt, granite and limestone
coarse aggregates [68]. It was reported that, MCA concrete mix
showed similar durability and microstructural characteristics as
that were in other reference concrete mixes. Feasibility of incorpo-
ration of marble aggregates in concrete was recommended. In
another study, sand in mortar was replaced by marble waste with
different ratios (25%, 50%, 75% and 100%) [69]. It was reported that,
optimum range of replacement of sand with marble waste lies in
25% to 50% under non-aggressive and aggressive exposure. At
50% replacement ratio, water absorption and drying shrinkage
characteristics were comparable as that of control mortar mix.
Recently it has been reported that 40% replacement fine aggregates
with marble dust in concrete enhanced the strength properties
[70]. Filler effect of marble waste was reported for the densification
of microstructure of concrete mix.

2.2.4. Recycled concrete aggregate (RCA)

With rapid rate of modernization and renovation of existing
concrete structures has led to the generation of large quantities
of concrete wastes. Demolition of old concrete structures led to
the production of sheer amounts of debris which increased its
landfill in the dumping sites [71]. To handle the demolished con-
crete wastes, many researchers had focused on the recycling/reus-
ing of RCA in new concrete as partial or full replacement of natural
aggregates. Various research articles have been documented in
which recycled aggregates from concrete waste was used as
replacement [72]. Utilization of RCA in concrete with replacement
of natural aggregates was also reported to have some limitations
such as reduced mechanical strength and durability concerns. Fac-
tors such as adhered mortar on the surface of RAC and more inter-
facial transition zone (ITZ) have some weakness over natural
aggregate [72]. These factors result into higher porosity and water
absorption in RCA when used in concrete. In recent review articles,
different treatment methods to remove and strengthen the
adhered mortar to improve the properties of RCA are documented
[73 74]. The crushed concrete and crushed brick of aggregate size
of 5 mm as replacement for natural fine aggregates in different
ratios (25%,50%,75% and 100%) was demonstrated and reported
that replacing sand with crushed brick at the level of 50% has sim-
ilar long-term strength as that of control [75]. However, reduction
in the strength was more systematic with the sand replaced with
crushed concrete. It has been reported that fine aggregates
replaced with 30% RCA remain unaffected compared to control
mix when tested with various doses of recycled aggregates (10%,
20%, 30%, 50% and 100%). Also, the tensile splitting and modulus
of elasticity values remained acceptable at the 30% replacement
level [76]. In other study, it was recommended to replace natural
coarse aggregate with 30% RCA in self-compacting concrete to

attain the required strength as that of control concrete [77]. In
another investigation, replacement of aggregates with 40% recy-
cled concrete improved the strength of self-compacting concrete
and self-compacting sand concrete. Better performance under
sodium sulfate exposure was reported in concrete mixed with
recycled aggregates and recycled fine aggregates [78].

In aforementioned approaches, promising results has been
reported in sustainable production of concrete by utilizing the
wastes generated from industrial units. In order to develop sus-
tainable concrete, a new biotechnological application has emerged
in which microbes were used as biogenic agents to induce calcium
carbonate deposition. This biobased approach called “Microbial
induced calcium carbonate precipitation” (MICP) through biomin-
eralization process has become an attractive topic of research in
civil engineering. It has been widely studied in the fields of sand
consolidation, bioremediation of heavy metals, restoration of lime
stone monuments, durability properties of concrete structures and
concrete crack remediation. In this review, metabolic pathways of
biomineralization, different bacterial strains and their applications
in concrete durability are discussed below. Also, an attempt to
reduce the content of cement and aggregates in building materials
by utilizing waste by-products along with MICP treatment is
reviewed with detailed analysis in the following section.

3. Biomineralization

Biomineralization refers to a biological process of precipitation
of mineral phases by living organism through its metabolic activity
in the surrounding environment [79]. In nature, biomineralization
leads to the formation of more than 60 different biominerals that
exists as extracellularly or intracellularly [17]. These could be from
biogenic origin involving bacteria, fungi, algae, and metazoan [80].
In prokaryotic systems mineralization takes place either by biolog-
ically controlled (BCM) and biologically induced (BIM) [15]. In
BCM, biominerals are synthesized at a specific location within
the cell or on the cell under certain conditions and mostly happens
intracellularly. BCM has been reported to be of three types (i)
extracellular (BCMe) (ii) intracellular (BCMin) (iii) intercellular
(BCMint) [81] as shown in Fig. 2. In BIM, biominerals are synthe-
sized as a result of metabolic activities and grow extracellularly
[81] as shown in Fig. 3.

Precipitation of calcium carbonate by bacteria is also associated
with BIM and is the most widely studied branch of biomineraliza-
tion. The phenomenon of deposition of calcium carbonate crystals
by microbes is termed as microbial induced carbonate precipita-
tion (MICP).

3.1. Microbial induced carbonate precipitation (MICP)

MICP is a process in which calcium carbonate crystals are pre-
cipitated through the interaction of metabolites produced by
microbes (CO3~) and in calcium rich environment. In alkaline envi-
ronments, different bacterial species precipitates carbonates with
various mechanisms [82]. Boquet et al. [83] reported that CaCO;
precipitation through biomineralization is a common phenomenon
for almost all bacterial species. At neutral pH, the electronegative
charge on bacterial cell surface due to carboxyl, phosphoryl and
amino groups, act as a nucleation site favors the adsorption of
cations such as Ca?* and Mg?* resulting the precipitation of carbon-
ates [84]. Precipitation of carbonates is influenced by the amount
of Ca, dissolved inorganic carbon, nucleation sites and pH [85].
The major groups of bacteria involved in biomineralization include
unicellular cyanobacteria, sulfate reducing bacteria, organic acids
utilizing bacteria and urea hydrolyzing bacteria.
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Fig. 2. Graphical representation of biologically controlled mineralization (BCM) (A)

BCMe showing mineral nucleation in organic matrix moving cations out of cell by passive

diffusion (B) BCMin showing epithelial surface of cell as organic substrate for orientation and precipitation of minerals around the surface. (c¢) BCMint showing biominerals

formed within the specialized vesicle of cell and secreted. [81]

3.2. MICP via urea hydrolysis

Calcium carbonate precipitation via hydrolysis of urea by bacte-
ria is the most predominant and easily controlled mechanism,
where high amounts of calcium carbonates are produced in a short
time. Urea is hydrolyzed into carbonate and ammonium by micro-
bial urease enzyme [18]. Hydrolysis of one mole of urea results into
1 mol of carbamate and 1 mol of ammonia which subsequently
hydrolyses to form 1 mol of carbonic acid and ammonia as shown
below (Eq. (1) & Eq. (2)).

Bacteria

CO(NH,),+ H,0™“" NH,COOH + NHj (1)

NH,COOH + H,0 — NH3+ H,COs (2)

These products further equilibrate in water to form bicarbonate
and two moles of ammonium and hydroxide ions Eq. (3) and Eq.

(4).

2NH; + 2H,0 — 2NH,* + 20H" 3)

20H" + H,C05 — C05>™ + 2H,0 (4)

Ammonia increases the pH in the surrounding environment and
creates an alkaline condition [84] leading to the precipitation of
CaCOs in presence of Ca®" ions as shown in Eq. (5).

C05*~ + Ca** — CaC0s (5)

To utilize the biomineralization property of ureolytic bacterial
strains, different calcium sources of like calcium chloride, calcium
acetate and calcium nitrate along with urea has been used by
researchers. Urea and calcium chloride medium for the precipita-

tion of calcium carbonate has been preferred by researchers as
shown in Eq. (6) - Eq. (8).

Ca** + Cell — Cell” Ca** (6)
Cl” + HCO;™ + NH3 — NH4Cl + CO5% (7)
Cell Ca** + C05*~ — Cell CaCOs (8)

~ Organomineral

Presence of cations

'
o k)
oés‘
K
4
- 5
- -
- &
&

-2

ical surfaces and particles|

Precipitation onto others biolo;

Fig. 3. Graphical representation of BIM showing biomineral precipitation induced because of interaction between microbial metabolic products and inorganic compounds in

the environment. [81]
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Utilization of different industrial waste products as replacement to cement or aggregate along with MICP application.

Type of waste

Replacement

Bacterial strain

Evaluation parameters

Suggested replacement/treatment

References

Fly ash

Fly ash

Silica fume

Silica fume

Rice husk ash

Cement

Cement

Cement

Cement

Cement

Bacillus megaterium

Sporosarcina pasteurii

S. pasteurii

Bacillus aerius

Bacillus aerius

Compressive strength
Sorptivity

Water penetration

Higher bacterial cell viability,
improved strength of mortar
Compressive strength

Split tensile strength

Sorptivity

Water absorption

Strength increment and lesser
water absorption

Compressive strength

Water absorption

Increased strength and reduced
water absorption in SF amended
mortar with bacterial treatment
Compressive strength

Water absorption

Chloride permeability
Improved mechanical and
permeation properties of in SF
amended concrete
Compressive strength

Water absorption

Chloride ion penetration
Abrasion resistance

Improved compressive strength
and permeability properties of
concrete

—

—— — —

1
!

i
!
!

T
!
!
1

40% FA dosage

30% FA dosage in concrete

20% SF dosage recommended

10% SF dosage recommended

10% RHA dosage recommended

Table 3 Cont. Utilization of different industrial waste products as replacement to cement or aggregate along with MICP application

[123]

[124]

[125]

[126]

[127]

Type of waste

Replacement

Bacterial strain

Evaluation parameters

Suggested replacement/treatment

References

Cement kiln dust

Cement kiln dust

Metakaolin

Calcareous sand

Recycled concrete

aggregate

Recycled concrete
aggregate

Cement

Cement

Cement

Sand

Natural

aggregate

Normal
Aggregate

S. pasteurii

Bacillus
halodurans

Bacillus cereus

S. pasteurii

S. pasteurii

Bacillus
sphaericus

Grain consolidation T

Ca0 utilized for carbonate 1

precipitation

Formation of biocalcite in presence of CKD,

4 times increased drilling resistance with

bacterial treatment

Compressive strength

Split tensile strength

Sorptivity

Water absorption and chloride

permeability

Increased mechanical strength and

reduced permeation

Compressive strength T

Porosity l

Improved compressive strength and

reduced porosity in metakaolin modified

mortar

Unconfined compressive strength and 1

stiffness

Permeability of calcareous sand l

Extraction of soluble Ca?*, strength and

stiffness of calcareous sand increases

Water absorption and porosity of l

treated RCA

Bonding behavior of treated RCA- 1

asphalt mixture

Adhesion behavior of treated RCA- T

asphalt mixture

Direct tensile strength 1

Significant reduction in water absorption

and porosity, adhesion behavior of treated

RCA improved

Weight gain in treated RCA T

Porosity of treated RCA !
1
l

—— = —

Compressive strength of concrete
Water absorption of concrete
Treated aggregates improved the
properties of concrete

Biostabilization of CKD

10% bacterial treated CKD dosage in concrete

50% metakaolin dosage recommended

Soluble calcium extraction from calcareous
sand and MICP

Surface treatment of RCA with MICP

Immersion bacterial treatment of RCA
improved the quality

[129]

[130]

[131]

[132]

[136]

[137]
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Table 3 Cont. Utilization of different industrial waste products as replacement to cement or aggregate along with MICP application

Type of waste Replacement Bacterial strain Evaluation parameters Suggested replacement/treatment References
MICP Natural S. pasteurii Resistance to moisture damage 1 Approach of bacterial spray and [138]
modifiedaggregates aggregate Indirect tensile strength submersion
Pulse Velocity Ratio and Electrical 1 in bacterial culture of aggregates were
Resistivity Ratio adopted
Bio modified aggregate significantly improves
the properties of cold mix asphalt mixtures
Recycled Natural Bacillus Water absorption and crushing value of | Aggregates soaked in bacterial culture [139]
concreteaggregate aggregate pseudofirmus treated RCA for 20 days
Compressive strength of mortar T
Water absorption of mortar l
Reduction in water absorption and crushing
values, adherence of CaCOs crystals on to the
surface of treated RCA
Recycled fine aggregates Fine S. pasteurii Water absorption and crushing value of | 100% bacterial treated RFA were used in  [140]
(RFA) aggregate treated RFA mortar
Compressive strength of mortar T
Water absorption l
Improved properties of the treated RFA and
corresponding mortars
Corn steep liquor Growth Bacillus sp. CT5 Compressive strength CSL medium (1.5% v/v) as [143]
medium Water absorption replacement of bacterial growth
Chloride permeability medium
Improved mechanical and permeation
properties, no effect on setting properties of
cement
Tofu waste water Growth Bacillus cereus Compressive strength of sandstone 1 50% replacement of nutrient medium [144]
medium Compressive strength of mortar !

Tofu water as preferable growth medium in

biocementation

1 Denotes the “increase” in the observed trend being reported.
| Denotes the “decrease” in the observed trend being reported.

4. Applications of MICP

The potential and effectiveness of MICP application in various
fields such as heavy metal remediation, soil consolidation, restora-
tion of monuments, crack remediation and durability enhance-
ment of concrete structures has been well documented in
different review papers [16,18,86-91]. In MICP process, several
genera of calcifying bacteria isolated from different environmental
conditions has been reported. Isolation of different calcifying bac-
terial strains from calcareous, marine, karstic caves, hot springs
and heavy metal contaminated landfill environments has been
reported [92-98]. MICP has been reported with immense potential
in bioremediation process of heavy metal contaminated soils by
using different ureolytic bacterial and fungal strains by various
researchers [99-103]. The potential application of MICP in stabi-
lization of sand and soil through biodeposition has also been
reported. Microbial treatment is reported to improve packing of
sand grains due to calcite precipitation resulting into increased
strength and porosity reduction of soil [104,105]. In some research
articles, biostabilization of desert sand with MICP was reported to
show high resistant against strong winds and prevents wind ero-
sion during sand storm [106,107]. Concept of ancient monument
restoration with the help of calcifying bacterial strains through
MICP application has been reported by various researchers [108-
112]. Now a days, application of MICP has become a hot topic of
research as the positive influence of MICP in strength and durabil-
ity enhancement of concrete are reported. Improvement in
mechanical strength, reduced permeability and resistance to corro-
sion of reinforcement in concrete structures due to MICP are the
significant attributes. Successful application of MICP in improving
the durability properties of concrete has been reported by various
studies [93,113-116]. To heal the cracks in concrete, various
approaches have been practiced by researchers with calcifying bac-
terial strains [117-122].

5. Waste utilization and MICP

In this section, utilization of industrial wastes in construction
material along with the application of MICP as a biotechnological
tool in the sustainable production of concrete is discussed. In
aforementioned sections, various industrial by-products have been
used as a substitute to cement and aggregates. In the current
section, similar practice of waste by-product inclusion in concrete
along with the application of MICP as shown in Table 3 is
discussed.

5.1. Cement substitute and MICP

Different waste materials such as rice husk ash, fly ash, silica
fume, cement kiln dust (CKD) and metakaolin as a SCM in mortar
and concrete along with bacterial treatment has been proposed
by many researchers. Achal et al. [123] proposed the improvement
in strength and permeability of fly ash amended cement structures
(10%, 20% and 40% dosage) after treatment with bacterial strain
(Bacillus megaterium). It was reported that bacterial cell viability
in FA amended mortar was also higher. Even in mortar and con-
crete specimens with higher FA dosage (40%), involvement of cal-
cite precipitation improved strength properties. Microstructural
analysis of bacterial calcite precipitation in flyash amended mortar
specimen is shown in Fig. 4.

Similar study with bacterial (S. pasteurii) treated concrete with
replacement of cement with FA (10%, 20% and 30%) was conducted
[124]. In this research work, use of FA up to 30% as cement replace-
ment was recommended along with bacterial treatment. Biodepo-
sition of calcite precipitates was reported to be involved in
strength gain and lesser water absorption (Fig. 5). Sustainable pro-
duction of green concrete with FA amendment in concrete was
reported to lower cement usage as well as production. Bacterial
treatment of silica fume amended mortar and concrete was also
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Fig. 4. Scanning electron micrographs depicting bacterially induced calcite precipitation (a) fly ash-supplemented mortar, (b) magnified view of fly ash amended mortar

surface (c) fly ash amended concrete (Cc - calcite crystals). [123].

proposed by researchers in which improved durability properties
was reported.

Farmani et al. [125] reported increased compressive strength
and weight gain in SF amended mortar (20% dosage) due to biode-
position of calcite and aragonite precipitation (Fig. 6). Bacterial
treatment of SF amended mortar was reported to significantly
reduce the water absorption. Siddique et al. [126] also reported
the significant improvement of durability properties of SF
amended concrete (5%, 10% and 20% dosage) with bacterial treat-
ment. It was reported that, 12% strength gain in SF concrete (10%
dosage) was achieved after treatment with calcifying bacteria.
Due to biodeposition of calcite, porosity, water absorption, capil-
lary water rises and chloride permeability was reported to be
decreased. In another research work, Siddique et al. [127] proposed
the replacement of cement with various concentrations of rice
husk ash (5%, 10%, 15% and 20%) in concrete along with bacterial
treatment. It was reported that 10% RHA is the optimum dosage
and strength gain by 9% and 11.8% was achieved after 28 and
56 days respectively as compare to control. Inclusion of RHA and
bacterial treatment reduced chloride ion ingress and calcite precip-
itation improves the durability of RHA amended concrete. Dhami
et al. [128] reported the effectiveness of bacterial treatment of
ash bricks with Bacillus megaterium strain in improving overall per-
formance of ash amended bricks. In this study, flyash amended
bricks (30%) and rice husk ash amended bricks (30%) were
immersed in bacterial culture for 4 days and then cured by sprin-
kling nutrient medium supplemented with urea for 4 weeks. The
strength of bricks made with fly ash and rice husk ash was reported

Fig. 5. SEM images of bacterial embedded fly ash concrete. [124]

to be improved by 24.2% and 21.8% as compared to conventional
brick, respectively. Reduction in permeability due to biogenic
CaCOs precipitation on the surface of bricks was reported. Scanning
electron microscopy of MICP in fly ash bricks is shown in Fig. 7.

To recycle cement kiln dust, performance of S. pasteurii bacterial
strain in extreme alkaline condition of CKD was investigated [129].
Stable biocalcite formation was reported in high pH range of 11
and 12 as free calcium ions provided as CaO were present in
CKD. Authors also investigated the grain consolidation test with
S. pasteurii by using CKD as calcium source and granulated blast-
furnace slag as pozzolanic additive. In drilling resistance test, resis-
tance increased 4 times for the samples of CKD with bacteria than
without bacterial treatment was reported. In another research
work, Kunal et al. [130] reported the decrease of alkalinity by
67.3% on treatment of highly alkaline CKD with Bacillus halodurans
strain. Further, the bacterial treated CKD was used as cement
replacement (10%, 20% and 30%). Inclusion of 10% bacterial treated
CKD in concrete was reported to increase compressive and tensile
strength. Permeation properties were also reported to be decreased
by 10% as compare to control. In a recent study, researchers pro-
posed the improved durability properties of bacterial treated meta-
kaolin modified cement mortars [131]. In this study, cement was
replaced with 25% and 50% metakaolin in mortar cubes. MK mod-
ified mortars were treated with Bacillus cereus NS4 strain. It was
reported that, biomineralization activity of bacterial strain
enhanced the compressive strength of MK modified mortars
(Fig. 8). Strength gain 927%) was reported for MK modified mortar
with 50% replacement dosage as compared to control. Biogenic
precipitation of calcite crystals was reported for strength gain
and reduced porosity.

5.2. Aggregate substitute and MICP

The positive outcome of MICP in enhancing durability proper-
ties of mortar and concrete has encouraged the researchers to fur-
ther make this technique eco-friendlier. To improve this biogenic
process, efforts have been made to utilize waste by-products as a
replacement for aggregates. Many researchers have proposed the
replacement of common aggregates with various industrial by-
products in concrete production. Liu et al. [132] suggested the
use of calcareous sand as well as the extraction of soluble calcium
ions from it to replace CaCl, in biocementation process. To extract
soluble calcium ions from calcareous sand, use of 20% acetic acid
for 24 hrs was reported by authors. The extract of calcium ions
of 1.0 M adjusted to pH 6.5-7 was used in biocementation applica-
tion of calcareous sand. The stiffness and strength of the calcareous
sand treated increased with Sporosarcina pasteurii compared to
control. Authors proposed an economically sustainable method of
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Fig. 6. SEM images of bacterial treated SF amended mortar a) needle shaped aragonite crystals b) rhombohedral calcite crystals. [125]

using calcareous sand in construction. Li et al. [133] reported the tion of FA (25%) blended with Bacillus megaterium was reported
use of fly ash as an admixture (10%, 25% and 50%) along with bio- to significantly improve the unconfined strength of expansive soil
cementation to enhance the strength of expansive soils. Formula- by two-times higher than control. Authors recommend 25% dosage

of FA and reported that the biocementation reduces the swelling
potential of soil. Replacement of sand with fungal treated waste
foundry sand in concrete specimen was investigated [134]. Waste

“
v

Plate-like structure

d

Fig. 7. Scanning electron micrograph of MICP by B. megaterium in fly ash bricks. (a)
Calcite crystals (cc) deposited over the sand particles in bricks, (b) impressions of
rod shaped bacterial cells (bc) spread around the carbonate crystals and (c) Fig. 8. Scanning electron micrograph of (a) metakaolin treated without bacteria (b,
carbonate crystals covered by bacteria. [128] c) metakaolin with treated with bacteria (Cc calcite crystals) [131]
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Fig. 9. Scanning electron micrographs of (a) untreated RCA (b,c) microbial treated
RCA. Surface modification of RCA with rhombohedral calcite (b) spherical vaterite
(c) crystals of CaCOs. [135]

foundry sand of different replacement dosages (10%, 15% and 20%)
was treated with fungal strain (Eupenicillium crustaceum) for
30 days. Optimum replacement dosage (20%) of fungal treated
WEFS was recommended to replace natural sand. Increase in com-
pressive strength (24%) with decreased water absorption (44%) of
concrete containing treated WFS was reported. Biodeposition of
calcium oxalate by Eupenicillium crustaceum was reported to
decrease the porosity of concrete containing treated WES. Utiliza-
tion of recycled concrete aggregates (RCA) along with MICP treat-
ment has been extensively studied by many researchers. Qiu
et al. [135] observed the significant reduction of water absorption
in MICP treated RCA with S. pasteurii strain. After 72 hrs of bacterial
surface treatment, weight increase of RCA was reported due to the
surface modification through biogenic CaCOs precipitation. Surface

modification of microbial treated RCA was reported due to differ-
ent calcium carbonate crystals precipitated on it (Fig. 9).

In another research work, surface treated RCA with MICP appli-
cation was reported to be used in asphalt mixture [136]. Cement
mortar particles were removed from RCA and used as bacterial car-
rier material. Bacillus pasteurii cells were mixed with mortar parti-
cles and placed on RCA and cementing solution was sprayed for
7 days. It was reported that porosity and capillary water absorption
of bacterial treated RCA showed reduction of 86.5% and 32% as
compare to control. The bonding strength was improved by 55%
in of asphalt mixture with treated RCA over the untreated RCA
mixture. The MICP treatment increased the resistance of RCA-
asphalt mixture to moisture damage and also increased the adhe-
sive behavior as shown in Fig. 10.

In another research work, RCA was treated with Bacillus sphaer-
icus by immersion and spraying method [137]. It was reported that,
immersion treatment method was superior to spraying method
and results into high weight increase (2%) and decreased water
absorption rate due to biogenic CaCO5 precipitation. Increase by
40% of compressive strength and decrease of 27% in water absorp-
tion was reported in bacterial treated RCA concrete. Surface
strengthening effect after biogenic treatment on the RCA was
reported. Dovom et al. [138] reported the improved resistance of
cold mix asphalt mixture incorporated with bacterial treated RCA
to moisture damage. It was reported that, hydrophobic CaCO5 layer
of bacterial treated aggregates facilitates great bonding with the
bituminous. The results of boiling water test in the study showed
19% higher bitumen coating ratio in bacterial treated aggregate
than the control. Wu et al. [139] proposed a new biodeposition
approach based on microbially induced carbonate precipitation
through respiration to improve RCA properties. Bio-deposition
treatment of RCA was done by pouring B. pseudofirmus culture on
RCA and soaked it for 20 days. In this process calcium chloride as
external calcium source and adhered mortar as internal calcium
source was adopted to induce CaCO3 precipitation. Reduction in
water absorption (23%) and crushing values (12%) was reported
for 5 mm bacterial treated RCA. Biogenic CaCOs crystals were
reported to be adhered on to the surface and pores of bacterial
treated RCA (Fig. 11).

Water absorption was significantly reduced (30% reduction) in
mortars prepared with treated RCA as compare to untreated RCA.
Thick bio-deposition of CaCOs5 crystals on the surface of bacterial
treated RCA was reported for the improving the density of ITZ
between treated RCA and cement paste in mortar. Zhan et al.
[140] reported the increment of 32% in compressive strength of
mortar containing 100% bacterial treated recycled fine aggregates.
Authors also suggested the use of calcium chloride as calcium
source for better CaCO5 precipitation in bacterial treated recycled
fine aggregates instead of calcium nitrate.

5.3. Industrial effluent as nutrient source in MICP

A new approach of using different industrial by-products as an
alternative to nutrient required for bacterial growth in MICP pro-
cess has been proposed by many researchers [141-144]. Achal
et al. [141] reported the use of lactose mother liquor (LML) as an
alternate to commercial nutrient medium for the growth of Sporo-
sarcina pasteurii bacterial strain. LML is an industrial effluent gen-
erated from dairy industry. Use of 10% LML (v/v) as growth
medium amended with urea (2%) and CaCl, (25 mM) was sug-
gested. No significant change in bacterial urease activity and
strength of bacterial treated mortar while using LML as source of
nutrients. To reduce the cost of cultivation medium in MICP appli-
cation, use of effluent from chicken manure (CME) gas bio-plant as
alternative growth medium was suggested [142]. Use of 25% CME
(v/v) amended with 2% urea and 25 mM CaCl, was suggested as a
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Covered by/asphalt binder

Fig. 10. MICP influence on resistance of asphalt mixture to moisture damage of, a)
RCA with acidic surface b) Partial removal of asphalt binder in untreated RCA, c)
Bacterial treated RCA d) The surface covered with asphalt for treated RCA. [136]

bacterial growth medium. Compressive strength of bacterial trea-
ted cement cubes in CME medium was reported to increase by
30% as compare to control cement cubes. High urease activity
and carbonate precipitation by B. pasteurii in low cost CME med-
ium was reported. Joshi et al. [143] suggested the use of corn steep
liquor (CSL), by-product from starch industry at 1.5% (v/v), as a
nutritional source in MICP treatment of concrete. Lower organic
carbon in CSL as compare to commercial nutrient medium was
reported to have no influence on the cement setting properties.

20pm

20pm

Decreased permeability and enhanced compressive strength were
reported for bacterial treated concrete specimens, in which CSL
was used. In a recent study, tofu waste water (TW) generated from
soybean processing unit was used as a nutritional source for bacte-
rial growth in MICP application [144]. TW as preferable medium
for bacterial growth and urease production was proposed.
Increased compressive strength of mortars and sandstone was
reported when TW was used in biocementation instead of nutrient
medium.

6. Challenges and future perspectives

To improve the sustainability and performance of concrete,
intense research work has been conducted by researchers. Among
the different approaches, MICP application using calcifying bacte-
ria has been widely reported with the positive benefits in the
enhancement of mechanical properties of cement-based materials.
A novel method of developing eco-friendly microbial concrete
along with the addition of industrial by-products as partial or com-
plete replacement of cement and aggregates is presented. Use of
different industrial by-products will not only reduce the waste
and control the depletion of natural resources but also cut down
the embodied energy of concrete. However, the combination of
microbial treatment and waste utilization in construction materi-
als is yet a new research approach. In this review, reports on the
development of MICP treated waste amended concrete are still at
lab scale and limited. Performance of MICP treated waste amended
concrete under different environmental conditions such as high
chloride concentrations, repeated freeze thaw conditions and cyc-
lic carbonation conditions is still to be reported. In addition, there
is a need for more investigations of long-term performance and
durability properties of microbial treated waste amended concrete.
One of the major concerns is the variability in chemical composi-
tion and reactivity of SCM, as it can vary considerably depending
on the different sources. Detailed future research focused on the
effect of SCM with different chemical composition on the MICP
mechanism of bacteria is to be carried out. Appropriate monitoring
and additional evaluations of this approach will provide more con-

20um A 10pm

Element Atom(%)

j c 21.46
H

5 o 47.70

& ca 29.84

pgics BeRcE 8 3

Fig. 11. SEM-EDS images of RCA surface: (a) Untreated-RCA surface; (b,c) RCA surface at high and low magnification without bacterial treatment; (d,e) High and low
magnification of bacterial treated-RCA surface; (f) Spectra of EDS showing particles in (c); and (g) EDS spectra of particles in (e). [139]
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fidence in producing industrially valuable construction product.
This microbial treatment approach could be used for precast prod-
ucts such as waste amended concrete blocks and bricks.

Despite the positive outcomes, upscaling of this microbial
approach from lab scale to commercial scale is the first challenge.
Economical limitations such as cost of nutrient medium for bacte-
rial growth, optimum bacterial dosage and efficiency of treatment
in real-life waste amended concrete structures is still needs to be
further proven. Some challenges are associated with microbial
treatment of concrete which are necessary to be addressed for
the development of this technique for commercial scale applica-
tions. In previous studies, it was found that ureolytic pathway for
MICP process was predominantly preferred on the performance
basis. Production of ammonia as by-product during urea hydrolysis
has a disadvantage from an environmental viewpoint [15]. The
economic limitations such as use of expensive nutrient medium
for bacterial growth, aseptic conditions to produce axenic pure
bacterial cultures has been reported for the high production cost
of microbial concrete at industrial scale [145]. Some potential
alternative nutrients for bacterial growth and economically suit-
able substitute for urea have been suggested for cheap and afford-
able implementation of MICP application at field scale [146]. More
studies with the consideration of abovementioned concerns will
facilitate the practical implementation of microbial treated waste
amended concrete in construction sector in the near future.

7. Conclusions

This review is an outcome of the compiled data of utilization of
various industrial waste products as partial replacement to either
cement or aggregate for the development of sustainable construc-
tion materials and enhancement of durability properties of these
building materials by biomineralization process. From the data
compiled from previous studies, it has been concluded that

e The compressive strength of concrete and mortar specimens
increased when cement is partially replaced with fly ash (40-
50%), steel slag (20-40%), silica fume (5-15%), rice husk ash
(20-30%) and metakaolin (10-15%).

e The permeability and drying shrinkage of concrete and mortar
specimens were significantly reduced with partial replacement
of cement with different industrial by-products.

e The split tensile strength and flexural strength of cement

replaced concrete and mortar specimens increased with indus-

trial by-product replacement.

Increase in compressive strength of concrete was recorded in

partial replacement of aggregate with copper slag (40-60%),

waste foundry sand (15-30%), marble waste (25-100%) and

recycled aggregates (30-50%).

Decrease in water absorption and chloride penetration of con-

crete and mortar specimens was reported with replacement of

aggregates with copper slag, waste foundry sand and marble
waste.

Split tensile strength and flexural strength of aggregate replaced

concrete and mortar specimens with copper slag, waste foundry

sand and marble waste increased while with recycled aggre-
gates they were decreased.

Biomineralization application in construction materials with

the employment of calcifying bacteria offers a sustainable

approach to improve durability properties of concrete
structures.

Compressive strength, split tensile strength and other parame-

ters significantly improved in concrete structures when cement

is partially replaced with various industrial by-products along
with bacterial treatment compared to the by-products alone.

e Water absorption rate significantly decreased due to bacterial
treatment in concrete structures amended with these industrial
by-products as replacement to cement or aggregate.

Hence, application of MICP combined with alternative indus-
trial by-products has opened a promising path for improving the
durability and performance of concrete. This innovative and effi-
cient method of recycling industrial by-products in microbial con-
crete will pave the way to reduce the carbon footprints of
construction industry and promote the sustainable development.
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Carbon dioxide sequestration on
biocement-based composites
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10.1 Introduction

Rapid industrial expansion around the world to achieve stable economic growth has
led to adverse impact on the global climate system. A large quantity of green house
gases (GHG) has accumulated in the earth’s atmosphere due to anthropogenic emis-
sion. Increased concentrations of GHG in earth’s atmosphere mainly consist of car-
bon dioxide (CO;), methane (CHy), nitrous oxide (N,O), and chlorofluorocarbons
(National Research Council’s, 2001). The increase in GHG emissions in the global
atmosphere led to increased average global temperature. Among the radiative
GHG, CO, contributes maximum radiative forcing and affects the earth-
atmosphere energy balance (Halmann and Steinberg, 1999). According to Intergov-
ernmental Panel on Climate Change (IPCC), a cumulative CO; emission since 1970
has tripled because of fossil fuel combustion and cement industry (IPCC, 2014). A
human-induced CO, emission has severely damaged the climate system, causing
irreversible impacts such as thermal expansion of oceans due to warming (Solomon
et al., 2008). According to IPCC, the period from 1983 to 2012 in the northern hemi-
sphere was the warmest 30—year period of the last 800 years (IPCC, 2014). Global
mean sea level rise of about 75% was reported due to glacier mass loss and ocean
thermal expansion from warming. Global warming has led to sensitive change in
average global precipitation, which will adversely affect ecosystems, agriculture,
and human health (Zhang et al., 2007). However, both land and ocean are the
main contributors in the removal of atmospheric CO; and act as natural sink. With
the increased level of CO, concentration, expected decrease in the efficiency of
both land and ocean sinks because of CO, fertilization limits on land and decrease
in carbonate concentration, which buffers CO; in the ocean (Le Quéré et al.,
2009). Oceanic uptake of atmospheric CO, has resulted into gradual acidification
of ocean surface water, which further affects coral reefs and marine biota (Kleypas
et al., 1999). Carbon sequestration in land sink by terrestrial ecosystem is also
effected due to increased level of CO, (Bradford, 2017). In order to mitigate the
adverse effects of increasing global CO, concentration, several approaches are initi-
ated all around the globe.

To counter the alarming increase of CO, concentration, approaches such as cap-
ture, storage, and utilization of CO, were adopted. Different approaches for CO; cap-
ture and storage have been associated on the basis of combustion processes. CO,
capture approaches are classified as post-conversion, preconversion, and oxy-fuel
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combustion (Leung et al., 2014). Post-conversion is a technique in which carbon is
captured from flue gas generated after the combustion of fossil fuels. Post-conversion
capture method includes absorption in solvents (such as monoethanolamine, dietha-
nolamine, zeolite, and activated carbon) for separation of CO, (Aaron and Tsouris,
2005). In preconversion CO; capture, the fossil fuel (coal or natural gas) is treated
initially before combustion. Coal is treated through gasification process under low
O, environment, resulting into the formation of syngas (CO + Hj) (Olajire, 2010).
Post-conversion and preconversion techniques are applied to power plants in which
fossil fuels are used as energy source. In the oxy-fuel combustion process fuel is
burned in pure oxygen, resulting into high CO, concentrations free from NO and
NO; compounds. This avoids the need for chemicals or other means for the separa-
tion of CO; from the flue gas (Azapajic et al., 2004). However, the ease and cost eco-
nomics in the abovementioned carbon separation and capture approaches is a matter
of concern (D’Alessandro et al., 2010).

Relocation of captured CO; by injection into geologic or oceanic sinks has been
an option for disposal methods. Capabilities of CO, sequestration into sinks such as
ocean, deep saline, oil and gas reservoirs, and coal seams are reported (Leung et al.,
2014). At present, geological storage is considered to be the most viable option to
store large quantities of CO,. These geological formations can store collectively hun-
dreds of gigatons of carbon (Herzog et al., 2000). Deep saline aquifers at
700—1000 m below ground level are particularly promising option for the sequestra-
tion of large quantities of CO,. The Sleipner natural gas field in the North Sea off the
coast of Norway represents the first time that 1.1 Mt of CO,/year has been stored un-
derground in the deep saline aquifer (White et al., 2003). CO, storage and natural gas
recovery in unmineable coal seams were also reported. The concept of enhanced
coalbed methane recovery with CO, was first developed in 1991 by researchers
from the Alberta Research Council. A small CO; pilot injection was performed in
the Fruitland Coal Formation in southern Colorado to recover CH4 (White et al.,
2003). Deep Ocean has also been reported as largest potential reservoir to store
CO,. Effective ocean sequestration for CO, was reported by injecting CO, into
the sea below thermocline layer of ocean (Herzog et al., 2000). Technical and envi-
ronmental issues such as leakage of CO, in geological storage are also associated.
High cost of capture and storage of CO, in the abovementioned approaches is also
a demerit.

The Paris climate change agreement marks a new era of optimism and action to
cater the record levels of high greenhouse gases. Various countries have implemented
carbon trading and taxation to tackle increasing carbon emissions (Princiotta, 2007).
Boone et al. (2013) reviewed the progress made in developing carbon capture technol-
ogies, and IPCC has also published different carbon storage and capture technologies
for reducing GHG emissions (IPCC, 2014). Some reviews have also outlined different
approaches for carbon capture and also described methods for mitigating global warm-
ing (Bose and Satyanarayana, 2017). This review discusses biomimetic carbon seques-
tration on biocement-based composites through biomineralization process and their
applications in civil engineering.
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10.2 Biocement

10.2.1 Microbes involved in biocement

Biocementation is an ecological process based on microbial induced carbonate precip-
itation (MICP) mechanism, which results in the deposition of calcium carbonate.
Different bacterial species in natural habitats precipitate carbonates in alkaline envi-
ronments rich in Ca®" ions with various mechanisms (Ehrlich, 1998). Boquet et al.
(1973) reported that calcium carbonate formation under suitable conditions is a com-
mon phenomenon for almost all bacteria. At neutral pH, presence of carboxyl, phos-
phoryl, and amino groups at the bacterial cell surface results in heterogeneous
electronegativity charge, which is later responsible for nucleating site favoring the
adsorption of positively charged cations (e.g., Ca®", Mg”"). Presence of calcium
ions in the surroundings of bacterial cell wall results into the precipitation of calcium
carbonate (Douglas and Beveridge, 1998). Four groups of microorganisms, such as
photosynthetic organisms (cyanobacteria and algae), sulfate reducing bacteria (SRB)
(dissimilatory reduction of sulfates), organisms utilizing organic acids, and organisms
involved in the nitrogen cycle, are reported to be involved in the process of
biocementation.

10.2.2 Routes of biomineralization

Broadly two different metabolic pathways are involved in the process of biomineral-
ization associated with the microorganisms: (1) autotrophic pathway; (2) heterotrophic
pathway.

10.2.2.1 Autotrophic mediated pathway

This is the conversion of CO; into calcium carbonate crystals by microbes in the
presence of CO; and calcium source. Autotrophic precipitation of carbonates include
oxygenic and anoxygenic photosynthesis and nonmethylotropic methanogenesis
(Castanier et al., 1999). All of the three autotrophic pathways use CO, as a carbon
source. Bacterial calcium carbonate precipitations with aforementioned autotrophic
pathways with listed mechanism are shown in Table 10.1.

In nonmethylotrophic methanogenesis pathway, methanogenic archaebacteria uti-
lizes CO; and H; to give methane in the absence of oxygen (Castanier et al., 1999).
Anaerobic oxidation of methane results in the formation of bicarbonate by electron
acceptor sulfate as shown in Eq. (10.2). Carbonate in the presence of calcium ions re-
sults into the precipitation of calcium carbonate as shown in Eq. (10.3). In anoxygeno-
genic photosynthesis, H,S acts an electron donor in the formation of methanol carried
out by purple and green photosynthetic bacteria as shown in Eq. (10.4) (Castanier
et al., 2000). Oxygenogenic photosynthesis is carried out by cyanobacteria using
visible light (680—685 nm) as a source of energy leading into the production of oxy-
gen. In this process, water acts as an electron donor as shown in Eq. (10.7) (Ehrlich,
1998). Oxygenic photosynthetic pathway associated with cyanobacteria in marine and



Table 10.1 Different mechanisms of calcium carbonate precipitation by autotrophic bacteria

Equation
Metabolic pathway Mediator Mechanism no. References
Nonmethylotrophic Methanogenic CO; + 4H, — CH4 + 2H,O (10.1) Castanier et al. (1999)
methanogenesis archaebacteria CH, + SO, — HCO3~ + HS™ + H,0 (10.2)
Ca>" + 2HCO3~ « CaCO;3 + CO, + H,O0 | (10.3)
Anoxygenogenic Sulfurous or nonsulfurous CO; + 2H,S + H,O — CH,0 + 2S + 2H,0 | (10.4) Castanier et al. (2000)
photosynthesis purple and green . 2HCO;~ © CO, 4+ COs2~ + Hy0 (10.5)
photosynthetic bacteria
CO03%~ + H,0 < HCO3™ + OH™ (10.6)
Oxygenogenic Cyanobacteria CO, + H,O — CH,0 + O, (10.7) Ehrlich (1998)
Ehotevpies 2HCO;~ < CO, + CO3> + Hy0 (10.8)
CO3%~ 4+ Hy,0 < HCO3;™ + OH™ (10.9)
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fresh water is one of the major contributors of the production of carbonates. Cyanobac-
terial calcification is an extracellular process and occurs on extrapolysaccharide sheath
(EPS) or proteinaceous hydrophobic surface layer (S-layer), which possesses nega-
tively charged sites surrounding the cell (Schultze-Lam and Beveridge, 1994). Gener-
ation of alkaline pH at the EPS or S-layer due to carbonic anhydrase (CA) activity
promotes the increased CO3~ concentration at the cell exterior and acts as nucleation
site for CaCO3 precipitation (Jansson and Northen, 2010).

10.2.2.2 Heterotrophic mediated pathway

In heterotrophic mediated pathway, two bacterial carbonate precipitation—enhancing
processes are reported (Castanier et al., 1999). First metabolic pathway involves sulfur
cycle and second involves nitrogen cycle. First heterotrophic pathway involving sulfur
cycle is carried out by SRB via dissimilatory reduction of sulfate. In this process, envi-
ronment must be anoxic and rich in organic matter, calcium, and sulfate. As the
organic matter is degraded by SRB, bicarbonate ions and hydrogen sulfide are pro-
duced by bacterial action using SO4>~ as a terminal electron acceptor as shown in
Eq. (10.10) (Hammes and Verstraete, 2002; Muyzer and Stams, 2008). Elevation of
pH in the surrounding environment due to degasification of hydrogen sulfide in the
presence of Ca®" induces the precipitation of calcium carbonate. In natural environ-
ment anoxygenogenic sulfide-phototrophic bacteria are present, hydrogen sulfide is
used by bacteria, and anaerobically oxidized to sulfur. Uptake of hydrogen sulfide re-
sults into pH elevation and favor calcium carbonate precipitation. Precipitation of
aragonite crystals on dissolution of gypsum by the action of SRB in Zechstein carbon-
ates (upper Permian) located in central Germany was also reported by Peckmann et al.
(1999). It was reported that the replacement of gypsum present in cavities provides the
calcium ions for aragonite precipitation and sulfate ions for the metabolic processes of
SRB as shown in Eq. (10.11). Degradation of organic matter in anaerobic conditions
provides the increased alkaline condition and facilitate the formation of aragonite
crystals.

2CH,0 + SO4>~ — H,S + 2HCO3~ (10.10)
CaSO04-2H,0 — Ca’t + SO4>~ + 2H,0 (10.11)

Second heterotrophic pathway in calcium carbonate precipitation involves nitrogen
cycle. This pathway is further categorized into three different mechanisms: (1) ammo-
nification of amino acids (presence of organic matter and calcium in aerobic condi-
tions), (2) dissimilatory reduction of nitrate (presence of organic matter, calcium,
and nitrate in anaerobic conditions), and (3) urea degradation (presence of organic mat-
ter, calcium, and urea in aerobic conditions) (Castanier et al., 2000). In all these three
mechanisms, carbonate and bicarbonate ions as well as ammonia (NH3) are produced
as a metabolic end product. Generation of ammonia creates high alkaline pH in the
microenvironment of the bacterial cell and decreased H' concentration, affecting
the carbonate-bicarbonate equilibria shift towards the production of CO3™ ions.
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Presence of calcium ions in the surrounding of bacterial cell results in the precipitation
of calcium carbonate. Among the aforementioned mechanisms in heterotrophic
pathway, microbially induced calcium carbonate precipitation via urea hydrolysis is
widely used in various applications.

10.3 Biocementation in civil engineering

Concrete production is a highly intensive energy-consuming process and presently fac-
ing a number of challenges in reducing the carbon footprint and making it more eco-
nomic. Sustainable technologies in maintaining concrete structures are proving to be a
great challenge. Microbially induced carbonate precipitation (MICP) has developed as
anovel and sustainable technique in improving the strength and durability of construc-
tion materials. The potential and effectiveness of microbial induced biocementation
has been used widely in various fields. A number of authors had reported the potential
of biocementation property in the application of soil bioclogging (Martinez et al.,
2013; Stocks-Fischer et al., 1999), restoration of stone monuments (Le Metayer-
Levrel et al., 1999; Jroundi et al., 2014; Micallef et al., 2016), durability enhancement
of concrete structures (De Muynck et al., 2008; Achal et al., 2011; Kim et al., 2013;
Dhami et al., 2013; Bundur et al., 2015), and crack remediation (Tittelboom et al.,
2010; Wiktor et al., 2011; Achal et al., 2013; Da Silva et al., 2015) (see Table 10.2).
Stocks-Fischer et al. (1999) reported the urease activity of alkaliphilic bacteria to hy-
drolyze urea and high pH being the favorable condition for calcite precipitation in
porous sand media. Sand column supplemented with live bacterial cells, nutrient broth,
and urea-CaCl, constituted 30% calcite of total weight of column. Martinez et al.
(2013) injected the bacterial cells and subsequent nutrient amendment in half-meter
one-dimensional flow sand column. It was reported that change in shear wave velocity
from 140 m/s to an average of 600 m/s was observed because of calcium carbonate
precipitation resulting into increased shear stiffness of sand. It was suggested that
the most important factor to achieve uniform calcium carbonate precipitation is the dis-
tribution of bacteria in the column.

Application of MICP technology to prevent the deterioration of monumental stones
due to weathering action has been reported by various researchers. Le Metayer-Levrel
et al. (1999) reported the reduction in water absorption of limestone samples due to
effective biocalcin coating by carbonatogenic bacteria. Tiano et al. (1999) reported
the reduction of about 60% in water absorption of limestone samples treated with
Micrococcus sp. and Bacillus subtilis by brushing. Calcite and vaterite crystals precip-
itated by Myxococcus xanthus resulted in efficient protection and consolidation in
porous limestone (Rodriguez-Navarro et al., 2003). Jroundi et al. (2014) reported
the effective bacterial bioconsolidation produces vaterite (CaCO3) biocement on the
treatment of gypsum plaster collected from the archaeological site “Alcazar de Guada-
lajara” in Guadalajara, Spain. Reduction in the resorption rate of gypsum material was
reported. Bacillus pumilus strain isolated from a cave stone effectively precipitated
vaterite on the marble (Daskalakis et al., 2015). Micallef et al. (2016) reported the



Table 10.2 Overview of different applications of bacteria in biocementation through biomineralization

Bacillus pasteurii

Myxococcus

xanthus

Bacillus subtilis

Bacillus
sphaericus

Bacillus sp. CT-5

Microbial sand
consolidation

Archaeological

gypsum
plasters

Ancient
limestone
surface

Mortar and
concrete
restoration

Cement mortar

Sand slurry column fed by gravity with
urea-CaCl, medium

Bacterial solution was sprayed till 6 days (twice
a day) on the upper surface of sample

Brushing or spraying

Specimens were immersed in bacterial culture
for 1 day prior to submersion in nutrient
medium for 6 days

Mortar mixture was admixed with NBU

Microorganism Application Mechanism of treatment Evaluation References
Sporoscarcina Soil One-dimensional injection method Shear wave velocity Martinez et al.
pasteurii improvement measurement, CaCOj; content, (2013)

bulk permeability
CaCOj; content, SEM, XRD

Drilling resistance analysis,
TGA, XRD, SEM, MIP,
TEM, and colorimetric
analysis

Drilling resistance analysis,
SEM, EDX

Compressive strength, sorptivity
test, SEM, gas permeability,
XRD, chromatic analysis of
specimens

Compressive strength, water

Stocks-Fischer
et al. (1999)

Jroundi et al.
(2014)

Micallef et al.
(2016)

De Muynck
et al. (2008)

Achal et al.

medium-bacterial cells and cured with absorption test, and SEM (2011)
respective medium for 28 days analysis
S. pasteurii, Concrete Specimen’s top surface was wetted with Water absorption test, SEM- Kim et al.
B. sphaericus specimens nutrient medium containing S. pasteurii and EDX and XRD analysis (2013)
B. sphaericus cells separately for 28 days
Continued
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Table 10.2 Continued

S. pasteurii

B. sphaericus

Bacillus
alkalinitrilicus

Bacillus sp. CT-5

Nonaxenic
ureolytic
spores

Cement mortar

Crack
remediation

Crack
remediation

Crack
remediation

Crack
remediation

Vegetative cells with UYE medium were added
in mortar mixture while casting and cured by
submersion in UYE medium with lime till
56 days

Immersed in solution of urea and calcium
source for 3 days

Immersed in water for 100 days

Immersed in urea and CaCl, medium for
28 days

Immersed in urea and demineralized water for
4 weeks

Hydration kinetics, compressive
strength, TGA, and XRD
analysis

Crack width of 0.3 mm and
depths of 10.0 and 20.0 mm

Crack width ranging from 0.05
to 1.0 mm

Crack width of 3.0 mm and
depths of 13.4, 18.8, and
27.2 mm

Crack healing of width 0.45 mm

Microorganism Application Mechanism of treatment Evaluation References
Bacillus Cement mortar Bacterial admixed specimens were cured by Water absorption test, SEM- Dhami et al.
megaterium blocks and spraying with respective medium for 28 days EDX, XRD, MIP, and CaCOs3 (2013)

SS3 cylinders estimation of treated samples

Bundur et al.
(2015)

Tittelboom
et al. (2010)

Wiktor et al.
(2011)

Achal et al.
(2013)

Da Silva et al.
(2015)
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effective biocalcification on Globigerina limestone specimen treated with B. subtilis
strain by spraying and poulticing applications. Uniform bioconsolidation up to
30 mm depth improved surface drilling resistance of limestone, and reduction in water
absorption was reported in poultice application.

The potential of MICP technology in cementitious materials to increase the me-
chanical properties as well as to reduce the permeability properties has been reported
by various researchers. Precipitation of CaCOj3 by bacteria inside the cement matrix
leads into pore refinement, resulting in reduced permeability and increased strength
of concrete structure. Ramachandran et al. (2001) reported enhanced compressive
strength of cement mortar cubes on direct incorporation of Sporoscarcina pasteurii
cells inside the cement matrix. De Muynck et al. (2008) reported pronounced decrease
in uptake of water and gas permeability in concrete structure because of the use of pure
culture of Bacillus sphaericus than the use of mixed ureolytic culture. Achal et al.
(2011) reported the increase in compressive strength of bacterial treated cement mortar
specimen up to 36% in comparison with control specimen. Bacillus sp. CT-5 was
admixed in the mixture of cement and sand along with nutrient medium and urea-
CaCl, while casting. Bacterial treated specimen showed six times less water absorption
than the control specimen. Kim et al. (2013) investigated the distribution of calcium
carbonate precipitation and capillary water absorption of concrete specimens after sur-
face treatment with two bacterial strains, B. sphaericus and S. pasteurii individually.
Denser calcium carbonate crystals and lowest weight increase was reported in speci-
mens treated with B. sphaericus strain than the specimens treated with S. pasteurii
strain. The potential of calcifying bacteria to enhance durability of energy-efficient
green building materials was reported by Dhami et al. (2013). Blocks of cement and
sand were cured by spraying treatment with NBU medium and bacterial strain Bacillus
megaterium SS3 for 28 days. Reduction of 40% in water absorption and 31% in the
porosity was reported in the biogenic surface—treated specimens in comparison with
control specimens. Bundur et al. (2015) reported the increased compressive strength
of mortar specimen prepared with incorporation of vegetative bacterial cells than the
control specimen. Application of halophilic bacteria Exiguobacterium mexicanum iso-
lated from sea water showed 23.5% increase in compressive strength and five times
reduction in water absorption on concrete specimens under 5% salt stress condition
(Bansal et al., 2016). Kumari et al. (2017) reported 49% increase in compressive
strength by using nonureolytic bacteria Bacillus cohnii. Bacillus sp. CT-5—treated
reinforced concrete specimens reduced the rate of corrosion, reduced mass loss, and
increased pullout strength than the control specimens (Achal et al., 2012). Kalhori
and Bagherpour (2017) reported 30% increase in the compressive strength of
bacteria-exposed shotcrete specimens compared to control specimens. Apart from
soil bioclogging and concrete restoration, different methodologies have been adopted
to heal the concrete cracks with the application of bacteria.

Ramachandran et al. (2001) reported that calcite precipitated during microbial
growth enhanced the compressive strength of cracked mortar cubes. The mineraliza-
tion process was effective in shallow cracks than in deeper ones because of the growth
of the bacteria more actively in the presence of oxygen. Tittelboom et al. (2010) inves-
tigated the crack healing by immobilizing the bacterial cells of B. sphaericus strain
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LMG 22257 in silica gel. Standard cracks of width 0.3 mm with two depths of 10 and
20 mm and realistic cracks with width ranging from 0.05 to 0.87 mm were also created
in concrete samples. In this experiment, promising results in crack filling and silica-
immobilized calcifying bacteria as an efficient self-healing agent were reported. The
biochemical healing agent consisting of a mixture of viable but dormant bacteria
and organic compounds packed in porous expanded clay particles to heal the cracks
was also proposed (Jonkers, 2011).

Wiktor et al. (2011) investigated direct incorporation of bacterial spores and cal-
cium lactate embedded in expanded clay as self-healing agent in concrete. Multiple
cracks of widths ranging from 0.05 to 1.0 mm were created in specimen, whereas bac-
terial based specimen showed complete healing of crack of width 0.42 mm after
100 days of immersion in water. Achal et al. (2013) investigated crack healing process
with microbial plugging of artificially created cracks of width 3 mm and different
depths of 13.4, 18.8, and 27.2 mm. Successful healing of deepest crack of depth
27.2 mm was reported in microbially treated specimen with bacterial strain Bacillus
sp. CT-5 along with natural sieved sand. Xu and Yao (2014) investigated nonureolytic
bacterially induced CaCO;3 precipitation as a self-healing strategy for concrete
cracking by using B. cohnii spores. They suggested that incorporation of bacteria
and calcium source nutrients as a two-component healing agent in concrete matrix in-
duces CaCO3 precipitation upon crack formation. Qian et al. (2015) reported the heal-
ing of early age cracks in cement-based materials by CA-producing bacteria Bacillus
mucilaginous L3. Their experimental results showed that the cracks formed at early
ages were completely healed (up to 0.4 mm) because of bacterial treatment and the
healing effect reduced with the increasing of cracking age. A new biobased powderous
material containing nonaxenic ureolytic spores was developed for self-healing (Da
Silva et al., 2015). Cyclic EnRiched Ureolytic Powder (CERUP) produced from a sub-
stream of a vegetable treatment plant after drying and grinding contains nonaxenic
bacterial culture. Mortar prism admixed with 1% (of cement weight) CERUP was sub-
jected to tensile force to create cracks. CERUP admixed specimen with complete crack
closing up to 0.45 mm crack width after 4 weeks was reported.

Field performance of bacteria-based repair system of a two-storey parking garage
suffering from cracking and damaged concrete pavement due to freeze/thaw was reported
by Wiktor and Jonkers (2015). Cracks that had been treated with the bacteria showed
higher freeze/thaw resistance of concrete than the untreated concrete. Tziviloglou et al.
(2016) showed various steps taken towards the outdoor applications of biobased self-
healing, for the laboratory-scale tests that have shown promising results.

10.4 Biocementation based on CO, capture

Biomineralization of CO, by CaCOs precipitation is a common phenomenon in ma-
rine, freshwater, and terrestrial ecosystems. Photosynthetic microbes, such as cya-
nobacteria and microalgae, play a prominent role in carbon sequestration by
simultaneously capturing CO, (Zhu and Dittrich, 2016). Employment of
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cyanobacteria in biomineralization offers a novel and self-sustaining strategy in car-
bon capture and sequestration (CCS). Novel models for point-source CCS based on
biomineralization are emerging (Jansson and Northen, 2010). Microalgae have a
great potential to be developed as media for biocement production through photo-
synthetic metabolism (Ariyanti et al., 2012). Some authors had reported the poten-
tial of bacteria and microalgae in biocementation of sand stabilization, fugitive dust,
and concrete restoration based on CO, capture and utilization. Okyay et al. (2016)
evaluated the potential of ureolytic consortia in CO, sequestration through MICP.
In this study, ureolytic consortia were obtained from the “CaveWithout A Name”
and ‘“Pamukkale travertines” using 13 different growth media for ureolytic micro-
organisms. Consortia containing larger abundances of Sporosarcina, Sphingobacte-
rium, Stenotrophomonas, Acinetobacter, and Elizabethkingia genera were reported
for higher CO; sequestration and CaCOs precipitations. It was suggested that com-
bination of CA enzyme activity with MICP in the consortia might have resulted in a
greater rate of CO; sequestration. Dhami et al. (2014) also reported the synergistic
role of urease (UA) and CA enzyme in biomineralization of calcium carbonate.
Calcite precipitation was reported to be significantly reduced when both the en-
zymes were inhibited in comparison with those of the individual enzyme inhibi-
tions. It was suggested that UA and CA enzymes are important for efficient
biomineralization in urea-hydrolyzing bacteria. It was reported that CA plays a
role in hydrating CO, to bicarbonate, whereas UA activity maintained the alkaline
pH promoting calcification process. CO, sequestering capability of B. megaterium
SS3 in biocementation was also reported (Kaur et al., 2016). In this study, urea was
replaced with CO; flux and under accelerated carbonation in bacterial treated con-
crete specimen improved compressive strength by 117% as compare with control
specimen. Significant reduction in the water absorption was also reported in bacte-
rial treated carbonated specimens. Calcite as well as aragonite crystals were
observed in association with the bacterial cells (Fig. 10.1) CO, as an alternate
was suggested instead of urea in calcium carbonate precipitation paving a way to
develop green building structures. Zhan et al. (2016) reported microbial-induced
mineralization and cementation of fugitive dust under the action of Paenibacillus
mucilaginosus. Cementitious material of biological carbonates was prepared by
mixing P. mucilaginosus bacterial powder and calcium nitrate with water and sprin-
kled. It was reported that CO, absorbed, transformed, and produced carbonate ions
under the enzymatic action of P. mucilaginosus, resulting in cementation of fugitive
dust due to calcite consolidation layer. Zhan and Qian (2017) investigated the sta-
bilization of sand particles using biocementation process based on CO, capture and
utilization. Bacteria powder of Paenibacillus strain and calcium nitrate dissolved in
deionized water was sprayed evenly on the surface of sand particles. It was reported
that average porosity of samples was reduced from 18.3% to 13.3%. Calcite precip-
itation due to the enzymatic activity of bacteria and carbonate ion formation due to
CO,; absorption was also reported. Feasibility of application by using cyanobacteria
Synechococcus PCC8806 in concrete restoration through biomineralization process
was reported by Zhu et al. (2015). In this study, concrete cubes with a size of
3x3x1.5cm were immersed in 50 mM calcium chloride solution with
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Figure 10.1 Scanning electron microscopic images of carbonate crystals formed by Bacillus
megaterium through carbonation: (a) carbonate crystals, (b) bacterial cells in association with
crystals, (c) energy dispersive X-ray spectrum, (d) X-ray diffraction analysis of carbonate
crystals.

Reprinted from Kaur, G., Dhami, N.K., Goyal, S., Mukherjee, A., Reddy, M.S., 2016.
Utilization of carbon dioxide as an alternative to urea in biocementation. Construction and
Building Materials 123, 527—533 with permission from Elsevier.

1.5 x 10® cells/mL under shaking condition for 45 days. Thick calcite-cell layer
adhering to the treated concrete specimen decreased the water absorption twice
as compared with control specimen. Zhu et al. (2017) reported the calcification
by cyanobacteria Gloeocapsa PCC73106 in mortars. Mortar cubes of a size
50 x 50 x 50 mm were treated abiotically, with live Gloeocapsa PCC73106 cells
under illumination, with live cells under darkness, and with ultraviolet (UV)-killed
cells immersed in the cell solution (with a concentration of 3.5 x 107 cells/mL).
Largest amount of precipitates was reported in treatment with live cells under illu-
mination, whereas highest compressive strength, the least water absorption, and the
lowest porosity were reported in UV-killed cells. In treatment with live cells, a thin
layer of EPS around (Fig. 10.2(a)) cells helped in the attachment to the surface of
the mortar (Fig. 10.2(b)). After being exposed to UV light, the UV-killed cells
produced more EPS, resulting in larger coverage than live cells. It was reported
that UV-killed cells were not metabolically active and EPS enhanced biofilm forma-
tion triggering calcium carbonate precipitation on the mortar surface (Fig. 10.2(c)
and (d)).
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Figure 10.2 Extrapolysaccharide sheath (EPS) of live and ultraviolet (UV)-killed cells. (a and
b) A thin layer of EPS resided between the live cells and the mortar surface. (c and d) A thicker
layer of EPS around UV-killed cells.

Reprinted from Zhu, T., Lu, X., Dittrich, M., 2017. Calcification on mortar by live and UV-
killed biofilm-forming cyanobacterial Gloeocapsa PCC73106. Construction and Building
Materials 146, 43—53 with permission from Elsevier.

10.4.1 Role of microbes in CO; sequestration

The ubiquitous presence of microorganisms has the potential to utilize and assimilate
CO; through different metabolic pathways. Diverse naturally occurring prokaryotic
taxa are able to utilize CO;, through several CO, assimilation pathways and convert
CO; into value-added chemicals or induce calcium carbonate (CaCO3) precipitation
(Hicks et al., 2017). The oceans are huge carbon sinks, and a large proportion is
sequestered in the marine sediments in the deep sea mediated by microbial activity.
Evidence from the fossil records, association of laminated stromatolites with microbial
fossils of photosynthetic cyanobacteria, was reported (Awramik, 1992). Half of the
earth photosynthesis is carried out by phytoplankton, which mostly consists of cyano-
bacteria, and its 25% is accounted by the two marine cyanobacterial genera, Prochlor-
ococcus and Synechococcus. In CO, capturing, photosynthetic microbes, such as
cyanobacteria and microalgae, plays a notable role in carbon sequestration (Zhu and
Dittrich, 2016). Beachrock formation of El Hamira bay and biogenic calcification
due to carbonate precipitation by photosynthetic CO, uptake of cyanobacteria was re-
ported by Krumbein in 1979. The potential of halotolerant sulfate-reducing bacteria for
carbonate mineralization in geological carbon sequestration during CO; injection in
subsurface is also reported (Paul et al., 2017).
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10.4.2 Enzyme involved in CO; sequestration

Carbonic anhydrase (CA) is the first-discovered zinc-containing metalloenzyme that is
widespread in animals, plants, and microorganisms that catalyses the conversion of
CO; and water into bicarbonate (Smith and Ferry, 1999). The CA is widespread in
metabolically diverse species of bacteria indicating that this enzyme plays a significant
role in concentrating CO, (Dhami et al., 2014). In natural process of photosynthetic
assimilation of CO,, CA enzyme acts as biocatalyst (Jansson and Northen, 2010). Po-
tential role of CA enzyme in addressing environmental issues such as reducing carbon
emissions through CO; sequestration has gained considerable attention. CA enzyme is
reported to be a potential tool to sequester CO, from emission sources (Bose and
Satyanarayana, 2017). It was reported that partially purified CA from B. pumilus
immobilized on chitosan beads has improved calcium carbonate precipitation than
free CA enzyme in carbonation reaction (Wanjari et al., 2011). Immobilization of
CA enzyme into alginate beads showed better operational stability by retaining nearly
67% of its initial activity and entrapped CA hydrates CO, to bicarbonate and/or car-
bonate, which on reaction with Ca’t ions, transform into calcite (Yadav et al.,
2012). It was reported as a commercialized development for the onsite scrubber for
CO, sequestration. Zhang et al. (2011) reported the effective absorption of CO; into
the potassium carbonate solution with biocatalyst CA immobilized into controlled
pore glass material. The immobilized enzyme retained at least 60% of their initial ac-
tivities and significantly improved resistance to concentrations of sulfate (0.4 M), ni-
trate (0.05 M), and chloride (0.3 M) conditions in flue gas expected in the Integrated
Vacuum Carbonate Absorption Process.

10.5 Challenges and Future trends

Biomineralization of CO, with the employment of cyanobacteria offers an innovative and
self-sustaining strategy in carbon sequestration. Biocementation provides a cost-effective
and environment friendly solution to mitigate the increased level of atmospheric CO,.
Calcium carbonates formed after sequestration using bacteria and microalgae will provide
industrially valuable and useful by-products that can be implemented in construction ma-
terial. Microalgae can be easily cultivated and have a great potential in biocement produc-
tion. As there is rapid increase in the number of patents related to the use of microbes with
ureolytic pathway in the construction biotechnology (Dapurkar and Telang, 2017), the
critical research needs to be done in making the use of algae as feasible biocementation
producer.

Researchers from all over the world have investigated the potential of biomineral-
ization in improving the durability of building materials. However, the qualitative and
quantitative evaluation of microbial application of this technology in concrete are still
reported in the laboratory scale. Some researchers have also reported encouraging re-
sults on the application of bacterial based treatment at field scale. Some limitations that
are necessary to be considered for application of this technology at commercial scale
have been found. One of the limitations to apply this technology at field scale is use of
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laboratory-grade nutrient sources that restrict the use of this technology in several
cases. Successful commercialization of the technique requires economical alternatives
of the medium ingredients that cost as high as 60% of the total operating costs
(Kristiansen, 2001). Use of inexpensive materials as nutrients may help to lower the
cost of treatment (Achal et al., 2009, 2011). In field-scale experiments, effective curing
method is to be investigated to provide sufficient amount of nutrients and water to the
bacterial cells. Further, investigations are needed to improve the microbial technology
as an innovative crack healing application for the commercial scale.
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