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SYNOPSIS

The sustainability of the cement and concrete industries is imperative to the

wellbeing of our planet and human development. The production of Portland cement,
an essential constituent of concrete, releases about one tone of carbon dioxide (CO,) into
the atmosphere per tone of cement. On the other hand, coal based thermal power
stations produce a huge amount of fly ash, of which about 35% used in construction of
landfills, embankments, production blended cement etc. and remaining as an industrial
hazards. Alkali activated geopolymer mortar/concrete are being introduced to reduce the
rapid utilization of Portland cement mortar/concrete throughout the world. In the last
few decades, the application of geopolymer concrete using mainly fly ashhas becomes an

important area of research.

Geopolymer is an inorganic alumino-silicate polymer synthesized from alkaline
activation of various alumino-silicate materials of geological origin or by product
materials like fly ash, metakaolin, blast furnace slag etc. Geo-polymeric reaction
generally depends on the activation with alkali solutions and heat activation at different
temperature to obtain better strength and durability compared to normal concrete. A lot
of research work already have been reported on the development of strength and
durability of geopolymer mortar/concrete at different molar concentrations cured at
different temperature and period. It was recognized in the previous studies that at higher
concentration of sodium hydroxide (NaOH) solution and higher ratio of sodium silicate
(Na,Si0;) tosodium hydroxide ratio (by mass)the fly ashbased geopolymer concrete
results in higher compressive strength. However, heat activation was the much needed
property for geopolymer mortar/concrete to develop early strength. With the increase in
curing temperature (for heat activation) in the range of 30°C to 90°C, the compressive
strength of fly ash-based geopolymer mortar/concrete also increases. Geopolymer
concrete without heat activation showed poor strength and durability due to slow
polymerization process. Thus, the use of geopolymer mortar/concrete is presently

limited to the pre-cast member due to requirement of heat activation after casting.

This thesis reports the details of development of low calcium fly ash-based

geopolymer mortar/concrete cured at ambient temperature. There are limited literatures



available on geopolymer mortar/concrete cured at ambient temperature. This study
narrates two new different techniques to develop low calcium fly ash based geopolymer
mortar/concrete without heat activation - (1) the addition of nano silica in geopolymer
mortar/concrete mix and (2) the geopolymeric process modification. Also due to the
lack of knowledge on structural behaviors of fly ash based geopolymer concrete
with/without heat activation, the structural behaviors of the above two geopolymer
concrete has been also incorporated.Low calcium fly ash was chosen as the basic
material to be activated by geopolymerization process in presence of alkali activator
solution of sodium hydroxide and sodium silicate throughout the study. Nano silica has

been in partial replacement of fly ash.

Addition of colloidal nano silica in geopolymer mortar cured at ambient
temperature shows an appreciable improvement in mechanical strength (compressive,
split tensile and flexural strength) and durability (Rapid Chloride Ion Penetration Test,
water absorption and sulphate test). Geopolymer mortar (cured at ambient temperature)
with the addition of different percentages colloidal nano silica (w/w) of fly ash with the
activator fluid (NaOH+Na,SiO;+H,0) at different molar concentrations (8M, 10M,
12M) were investigated and compared with heat activated conventional geopolymer
mortar (without nano silica) and control cement mortar. The experimental results of this
study clearly elucidates that with the addition of nano silica of 6% of fly ash at 12 molar
NaOH solution, geopolymer mortar cured at ambient temperature shows better
mechanical strength and durability performance than conventional heat cured

geopolymer mortar and control cement mortar.

Based on the preeminent results of nano silica modified geopolymer mortar and
to establish structural behavior of geopolymer concrete with nano silica, a series of tests
of the compressive strength, split tensile strength, modulus of elasticity and bond
strength were investigated and also compared with conventional heat cured geopolymer
concrete without nano silica and OPC based control cement concrete. Flexural behavior
of reinforced nano silica modified geopolymer concrete beam at different percentages of
tension, compression and shear reinforcement were investigated. This experimental
study reveals that the compressive strength, bond strength, split tensile strength of nano

silica modified geopolymer concrete is higher than heat activated geopolymer concrete



without nano silica and OPC concrete. Field Emission Scanning Microscope (FESM)
images show that the geopolymer matrix with 6% nano silica seemed to consist of more
amount of crystalline compound transformed from amorphous compound than that of
geopolymer mortar without nano silica. Also the X-ray Diffraction (XRD) analysis
shows the wide diffraction hump identified around 25 — 30° 2theta that confirms the

presence of crystalline phases in nano silica modified geopolymer matrix.

Beside the mechanical strength and durability the mechanistic anti-bacterial
activity of the silver-silica nano composite modified geopolymer mortar were
investigated and compared to nano silica modified geopolymer mortar and control
cement mortar. The result shows that silver-silica nano composite modified geopolymer
mortar cured at room temperature shows almost similar strength and durability with

respect to nano silica modified geopolymer mortar but better anti-bacterial property.

The work also includes to develop a modified geopolymer process (Process — I) in
which heat activation of fly ash and activator fluid mixture had been made before
casting. The duration of such heat activation is substantially reduced to 45 minutes
compared to 48 hours and more. The mechanical strength and durability behavior of this
modified geopolymer mortar (Process — I) had been compared to that of conventional
heat activated geopolymer mortar (Process — II) in which the heat activation has been
made after casting for 48 hours. Geopolymer mortar made by Process — Ishows better
strength and durability than Processes — IIgeopolymer mortar at different fluid to fly ash
ratio. In Process — Igeopolymer mortar, fly ash has been more uniformly polymerized
within the whole matrix than Process — IIgeopolymer mortar as per FESEM analysis.
Energy Dispersive X-Ray (EDS) and XRD analysis also confirm the presence more
crystalline compound in Process — I geopolymer mortar than Process — IIgeopolymer
mortar. Finally, an economical benefit for the Process-I in terms of energy savings and

practical applicability had been presented.

Based on the performance of process modified geopolymer mortar, the study has
been further extended on geopolymer concrete. The structural behavior (compressive,
split tensile, flexural strength, bond strength and modulus of elasticity) of such process
modified geopolymer concrete (Process — I) has been studied and compared with

conventional heat cured geopolymer concrete (Process — II). The process modified



geopolymer concrete (Process — I) shows better structural performance than that of
conventional geopolymer concrete (Process — II) due to early age polymerization of fly

ash and activator fluid.

Finally two novel techniques to develop the geopolymer concrete without heat
activation have been identified. Besides the elimination of heat activation, nano silica
modified geopolymer and process modified (Process — I) mortar/concrete show
improved mechanical strength and durability. Silver-silica modified geopolymer mortar
demonstrates better anti-bacterial property than conventional cement mortar and silica
modified geopolymer mortar. Therefore, this innovative technology can be implemented
in practical construction in terms of strength, durability, energy savings and substantial

reduction of greenhouse gas emissions for sustainable development.
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INTRODUCTION

1.0. General view

According to the World Business Council for Sustainable Development, “Concrete is
the most widely used material on earth apart from water, with nearly three tons used annually
for each man, woman, and child.” In general, concrete industry contributes at least 5 - 8% of
the global carbon dioxide emissions [1]. The decomposition of lime stone emits a substantial
amount of CO. in the atmosphere and reduce the lime stone resources during the
manufacturing of cement. During the last few decades, there has been a rapid increase in
production of coal ash, which isannually estimated to be around 780 million in the world due
to increased amount of energy being generated by coal-fired power plants [2 — 4]. The
utilization of fly ash is about 35% in landfills, embankments, production of blended cement
etc. and remaining as an industrial waste. Being a waste from thermal power plants, ‘Internal
Energy Content’ or ‘Embodied Energy’ and CO2 emission of fly ash can be considered as nil.

Therefore, there is a need to develop an aternative material, which will not only
reduce the demand for Portland cement, but also decrease the CO2 emission and increase the
utilization of fly ash. From these criteria, the proposed alternative material must possess
mechanical and structural properties comparable to the Portland cement, but it should emit
CO: at a much lower rate. A possible solution to this problem might be the use of fly ash
based geopolymer mortar/concrete.

Geopolymers are a novel class of materias that are formed by the polymerization of
silicon, aluminium and oxygen species from an amorphous three dimensional structures [5-
8]. There are two main constituents of geopolymers, namely the source material and alkaline
activator liquid. The source materials for geopolymer based on alumina-silicate should be
rich in silica and auminium. The source materials could be obtained from natural minerals
such as kaolinite, clays, etc. and the by-product materials such as silica fume, slag, red mud
and fly ash. The combination of sodium hydroxide or potassium hydroxide and sodium
silicate or potassium silicate used as an activator liquid for geopolymerisation. Davidovits
claims that the Egyptian Pyramids were built by casting geopolymer on site [9]. He also
reported that this geopolymer material has excellent mechanical properties, does not dissolve
in acidic solutions, and does not generate any deleterious akali-aggregate reaction even in the
presence of high alkalinity [10].

Kaolinite materials have been used as an alumino-silicate oxide source to synthesize
geopolymer products [11, 12]. Alkali activation of metakaoline based geopolymer concrete
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showed the enhanced mechanical strength and durability with an increase of NaOH
concentration [13]. Development of alkali-activated kaolin-based concrete seems to present a
greener alternative to OPC.

The most common industrial by-products used as binder materials are fly ash (FA)
and ground granulated blast furnace slag (GGBS). GGBS had been widely used as a cement
replacement material due to its latent hydraulic properties. GGBS shows an important role in
the development of the compressive strength of alkali activated geopolymer concrete. GGBS
(slag) based geopolymer concrete in the presence of high concentration of alkaline solution
results higher compressive strength when heat cured at 60°C from 6 to 24 hours [14-16].

Fly ash is another industrial by-product, which is most common sources for
geopolymer mortar/concrete because it is available throughout the world. Low calcium fly
ash (ASTM Class-F) based geopolymer mortar/concrete have been used as the binder, instead
of Portland or any other hydraulic cement paste, to produce concrete [17]. The fly ash-based
geopolymer matrix binds the loose coarse aggregates, fine aggregates and other un-reacted
materials together to form the geopolymer concrete. The strength and durability of
geopolymer mortar/concrete depends on several factors, such as the molar concentration of
alkali activator, mix proportion, curing time and curing temperature. It has been noted that a
higher molarity of NaOH used as an alkali activator appeared to provide higher compressive
strength at early age [18, 19]. The sodium hydroxide leaches the silicon and aluminium in the
amorphous phase of fly ash and the sodium silicate acts as a binder. Also, the mechanical
strength of geopolymer mortar/concrete depends on the ratio of sodium hydroxide and
sodium silicate [20-23]. In general, heat activation is needed for the development of
geopolymer mortar/concrete in the presence of alkali activator. Several researchers have been
reported that the mechanical strength and durability of geopolymer concrete depends on heat
curing period and temperature [ 24-27]. The Compressive strength of such geopolymer mortar
is more at 60°C comparable to 80°C for a given molar concentration [22-27]. It has been
reported in previous studies that the indirect tensile strength of fly ash-based geopolymer
concrete (heat cured) is greater than the values recommends by the draft Australian Standard
AS3600 (2005) and Neville (2000) for Portland cement concrete [28]. The flexural behaviour
of geopolymer mortar/concrete have been investigated and compared with control cement
mortar/concrete. It was reported that the flexural strength of heat cured geopolymer
mortar/concrete is about 1 — 1.4 times higher than that of OPC cement concrete [29]. The
high tensile and flexural strength of the geopolymer concretes help to decrease the rate and
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extent of cracking in response to corrosion of steel reinforcements [30]. It has been observed
that the modulus of elasticity of geopolymer concrete increased, as the compressive strength
increased [31]. However, the modulus of elaticity of heat activated geopolymer concrete is
lower than OPC concrete at equivalent compressive strength [32 — 34]. The modulus of
elasticity of heat cured geopolymer concrete is affected by the nature of interfacial transition
between the aggregates and the paste. Bond strength of concrete with reinforcement bar is
another important property of hardened concrete. It has been found in previous research
article that bond strength of fly ash based geopolymer concrete depends on the curing
conditions. Bond strength of heat activated geopolymer concrete using plain rebar and
deformed bar is higher than OPC concrete for equivalent compressive strength [35, 36]. It has
been described that the main reason for higher bond strength of geopolymer concrete (heat
cured) is attributed to the higher split tensile strength of geopolymer concrete than OPC
concrete [37]. However, geopolymer product does not have stoichiometries composition and
comprise mixtures of amorphous to semi-crystalline structure and crystalline Al-Si particles
[38]. In spite of the complexitiesin their molecular structures, they can be used extensively in
real world applications. The previous literature review has reported microstructural analysis
of heat cured geopolymer mortar/concrete using Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray (EDS), X-ray diffraction (XRD), Fourier Transform Infrared
Spectroscopy (FTIR), to understand the underlying mechanisms of reactions and morphol ogy
of this complex system [27, 39-43]. All the studies referred above mainly based on heat

activated geopolymer concrete.

However, geopolymer mortar / concrete provides poor strength at ambient
temperature (about 27 + 2°C) curing due to slow polymerization process. Thus the scope of
geopolymer concrete is supposed to be limited to the precast member due to the requirement
of heat activation after casting. Therefore, the motivation behind the present study is (a) the
development of geopolymer mortar/concrete without heat activation after casting and (b)
assessment of structural behaviour of such modified geopolymer mortar/concrete and their

microstructural studies,
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1.1. Background

There are limited literatures available on geopolymer to eliminate the shortcomings of
ambient temperature curing [44-46]. It has been reported that mechanically activated fly ash
based geopolymer paste cured at ambient temperature showed about 80% more compressive
strength compared to raw fly ash based geopolymer paste [44]. Geopolymer concrete with
70% fly ash and 30 % GBFS (ground blast furnace slag) cured at ambient temperature
decreased the setting time but increased the compressive strength [45]. Ambient temperature
cured geopolymer mortar / paste of Na2O to SiO. molar ratio 0.40 showed better compressive
strength [47]. It has been reported that the compressive strength and microstructure of the
ground fly ash based geopolymer pastes cured at ambient temperatures depends on NaOH
concentration [48]. It has been established that the application of nano particle in geopolymer
concrete is an important area of research. The incorporation of 2% nano silica by mass of
cementitious materials increased compressive strengths of high-volume fly ash concrete cured
at ambient temperature has been reported in previous studies [49]. Geopolymer concrete
containing 97 wt. % rice husk ash + fly ash and 3 wt. % nano alumina + nano silica showed
better compressive strength at lower (8M) molar concentration of NaOH solution cured at
90°C [50]. Mechanical strength of high calcium fly ash based geopolymer paste had been
increased with the addition of nano-SiO2 and nano-Al.0s due to formation of Calcium
Silicate Hydrate (CSH or CASH) and Sodium Alumino-Silicate Hydrate (NASH) gels in the
matrix [51]. However there is almost no systematic study on structural behaviour of low
calcium fly ash based geopolymer concrete cured at ambient temperature and their micro-
structural study. Based on the above background the following section discusses the goals of

the present study.
1.2. Goals

The present research is aimed at making a significant contribution towards the
development of structural behaviours of akali-activated fly ash based geopolymer
mortar/concrete cured at ambient temperature and aso to promote its use for practical
purposes. The use of geopolymer mortar/concrete for practical purposes will certainly reduce
CO. emission. Heat activation is an essential requirement to accelerate the polymerization

process for the development of physical and mechanical properties of geopolymer concrete.
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Thus, the scope of geopolymer concrete is limited to the precast member due to requirement

of heat activation after casting. The present study focuses on developing a modified

geopolymer concrete cured at ambient temperature and their structural performances. Also,

the micro-structural properties of these modified geopolymer concrete (without heat

activation) are another aim of this study.

1.3. Research Objectives:

The objectives of the research are:

>

To develop nano silica modified geopolymer mortar cured at ambient temperature at
different molar concentrations of activator fluid.

Mechanical strength and durability study of nano silica modified geopolymer mortar
(cured at ambient temperature) and compare with heat cured geopolymer mortar and
control cement mortar.

Microstructural study of nano silica modified geopolymer mortar by Field Emission
Scanning Electron Microscopy with Energy Dispersive X-Ray and X-Ray Diffraction
analysis.

Study on structural behaviours (compressive, split tensile, bond strength, modulus of
elasticity and flexural behaviour) of nano silica modified geopolymer concrete and to
compare with heat cured geopolymer concrete and OPC concrete.

Assessment of antibacterial property of nano silver-silica modified geopolymer
mortar, nano silica modified geopolymer cured at ambient temperature and control
cement mortar.

Development of a process modified geopolymer mortar at different fluid to fly ash
ratio, cured at ambient temperature after casting.

Mechanical strength and durability study of process modified geopolymer mortar and
compare with conventional heat cured geopolymer and control cement mortar.

Study on structural behaviours such as compressive strength, flexural strength, split
tensile strength and bond strength of process modified geopolymer concrete and to
compare with conventional heat cured geopolymer concrete.

X-Ray Diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR) for
qualitative identification of the chemical composition of the process modified
geopolymer mortar / concrete.
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» Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-
Ray Spectroscopy (EDS) for observing the morphology of process modified

geopolymer mortar / concrete.

The next chapter presents a detailed literature review on geopolymer mortar/concrete.
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REVIEW OF LITERATURE

2.0 General view

This chapter presents the background on the devel opment of fly ash based geopolymer
concrete in brief. This chapter also discusses the current research work on the development of
modified geopolymer concrete and their application, including its structural behaviour and

antibacterial activity such of concrete.

2.1 History of Geopolymer:

The term “‘geopolymer’ is coined in the 1970s by Prof. Joseph Davidovits, to describe
a family of mineral binders with a chemical composition similar to zeolite but with an
amorphous structure [1]. Geopolymers are a member of the family of inorganic polymers, and
are achain structures formed on a backbone of Al and Si ions. The polymerisation of on Si-Al
mineralsisavery fast chemical reaction in presence of highly alkaline condition, which forms
a three dimensional polymeric chain and ring structure consists of Si-O-Al-O [2]. The three
known chemical unitsin the geopolymer structure are: (i) Si-O-Al-O, or polysialate group, (ii)
Si-O-Al-O-Si-O, or poly (sidate - siloxo) group, and (iii) Si-O-Al-O-Si-O -Si-O, or poly
(sidate — disiloxo) group [3]. This polymeric chain binds the inert aggregate to form

geopolymer concrete.

2.1.1. Source Materials:

Thisinorganic polymer cementsis synthesised by alkali activation of any materials that
contains Silicon (Si) and Aluminium (Al) in amorphous form to produce an aternative of
Portland cement [4]. Several minerals and industrial by-product materials have been
investigated in the last two decades. Metakaolin or Calcined Kaolin, ASTM Class F fly ash,
GGBFS, natural Al-Si minerals, combination of calcined mineral and non calcined materials,
combination of fly ash and metakaolin, and combination of granulated blast furnace slag and
metakaolin are generally investigated as source materials[5 - 10]. The research worksrelate to

other source materials used in geopolymer composites are now discussed.

Besides the above mentioned materials, a new type of geopolymer composite is
synthesized from industrial wastes, red mud (RM) and rice husk ash (RHA), at varying mixing
ratios of raw materials. Strength, stiffness and ductility of this geopolymer composite showed

better performance at higher rice husk ash to red mud ratios. The compressive strength ranges

Page | 12



REVIEW OF LITERATURE

from 3.2 to 20.5 MPafor the synthesized geopolymer with nominal Si/Al ratios of 1.68-3.35.
Microstructural and compositional analyses by X-ray Diffraction (XRD) and Field Emission
Scanning Electron Microscope (FESEM), showed that the final products are mainly composed
of amorphous geopolymer binder with both inherited and neo-formed crystalline phases as
fillers[11].

Hajjaji et al. (2013) developed an innovative geopolymer by akali activation of
metakaolin along with iron oxide and red mud mixtures. The presence of red mud will not
affect the physical properties of geopolymer, as geopolymer samples exhibited high values of
water absorption and low apparent density. The mechanical strength of such geopolymer was

influenced by the presence red mud in the geopolymer mix [12].

R. H. Kupaei et al. (2013) established the light weight geopolymer concrete, which was
synthesised from locally available waste materials such asfly ash (FA) and oil palm shell (OPS)
[13]. Compressive strength of such fly ash based oil palm shell geopolymer lightweight
concrete was influenced by processing parameters such as quantity of fly ash, fly ash /sand/ail
palm shell ratio, dosage of alkaline activator and amount of water in the mixture. The density
of oil palm shell geopolymer concrete was about 1800 kg/m? can be produced using the waste
material OPS as light weight aggregate. It was aso observed that the OPS based geopolymer
concrete showed improved compressive strength at higher molar concentration of alkali

activator.

Thereactivity of volcanic ashes enhanced by alkali fusion and balancing the Na/Al ratio
through metakaolin addition has been used as an aternative geopolymer material was reported
by H. T. Kouamo et al. (2013) [14]. XRD pattern of fused vol canic ash showed that the presence
of significant amount of muscovite, anorthoclase and diopside that were converted into soluble
alumino-silicates and enhanced the geopolymerisation process. However, the addition of
metakaolin with fused volcanic ash geopolymer mortars exhibited low setting time, low

shrinkage and high compressive strength.

Yang et al. (2008, 2009) produced geopolymer concrete by using recycled aggregates
as partial replacement for the fresh ones and mixture of waste concrete powder and metakaolin

aong with silica fume as the source materials for the geopolymeric binder. Their study
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indicated that the content of metakaolin and silicafumeand therisein alkalinity lead to increase

in compressive strength [15, 16].

Allahverdi and Kani (2009) investigated the geopolymerization of a mixture of finely
ground waste brick and concrete in different mix proportions. They demonstrated that the
presence of higher finely ground brick content and higher alkalinity of activated fluid in the

geopolymer concrete resulted in stronger geopolymeric binder [17].

The ground waste concrete (GWC) and class F fly ash (FA) was used to develop an
innovative geopolymeric binder. The addition of GWC up to 50 % increased the compressive
strength of such modified geopolymer concrete. The geopolymer concrete with 1:1 ratio of
ground waste concrete (GWC) and fly ash content with 10 molar NaOH activated solution
showed better compressive strength. The SEM with EDX, XRD and FTIR analyses of such
geopolymer concrete confirmed the presence of calcium in GWC that enhances the strength.
The strength enhancement was mainly due to the formation of low calcium semi-crystalline
CSH gel which was coexisted with the geopolymer gel and the incorporation of Ca* into the

geopolymer network [18].

A. N. Murri et al. (2015) reported about the acid or alkali activation of metakaolin,
calcium phosphate and alumino - silicate compounds based vegetal, animal biomass ashes used
as an innovative geopolymer composites [19]. It was observed that alkaline calcium alumino-
silicate gels coexisted and embedded the calcium phosphate crystalline phases in the
geopolymer matrix dueto akali activation of such biomass ashes based geopolymer composite.
The composite exhibited higher mechanical strength. Although, it was reported that biomass
ashes based geopolymer composite showed lower water and environmental stability in thelong
run, due to the effect of carbonation of Ca-based binding phases and subsequent dissolution of
derived water soluble salts.

The geopolymer mortar synthesised from heat activation of volcanic scoria and kaolin
in presence of akaline solution (mixture of NaOH and Na>SiOz). It was reported that the
presence of the volcanic scoria in the geopolymer mortar enhanced the degree of

geopolymerization and increased the compressive strength [20].
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2.1.2 Activator solution:

Activator solution played an important role for the development of strength and
durability of geopolymer concrete. Sodium hydroxide (NaOH) and sodium silicate (NaxSiOs)
solution are the most common alkali activator used for geopolymerisation [2]. Although
potassium hydroxide (KOH) and potassium silicate (K2SiOs) have been used as an activator
fluid by several researcher [21, 22].

Palomo et al. (1999) reported that geopolymeric reactions occur at a high rate when the
alkaline activator contains soluble silicate, either sodium or potassium silicate, compared to the
use of only akaline hydroxides [7]. The addition of sodium silicate solution to the sodium
hydroxide solution as the alkaline activator enhanced the reaction between the source material
and the solution. Furthermore, after a study of the geopolymerisation of sixteen natural Al-Si
minerals, they found that generally the NaOH solution caused a higher extent of dissolution of

mineras than the KOH solution.

Palomo et al. (1999) also reported the mechanism of activation of fly ash with highly
alkaline solution of sodium hydroxide (NaOH), potassium hydroxide (KOH) and water glass
and their combinations [23]. Fly ash activated with 8 — 12 molar concentration of NaOH
solution, cured at 85°C for 24 hours produced the geopolymer composite with a compressive
strength between 35 and 40 MPa, this strength can be increased to nearly 90 MPa with the
addition of water glass to the NaOH (SiO2 / N&O = 1.23).

Molar concentration of sodium hydroxide and the ratio of NaOH to Na>SiOs are the
important aspect for the development of geopolymer mortar/ concrete. Hardjito et al. (2005)
reported that compressive strength is increased at higher molar concentration of NaOH and
higher ratio of Na&:SiOs/NaOH [24].

Xu and van Deventer (2000) reported that the proportion of akaline solution to
alumino-silicate powder by mass should be approximately 0.33 to alow the geopolymeric
reactions to occur. Alkaline solutions formed a thick gel instantaneously upon mixing with the
alumino-silicate powder. Geopolymer mortar specimen of 20 x 20 x 20 mm size showed the

maximum compressive strength achieved was 19 MPa after 72 hours of curing at 35°C [25].
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Similarly, Chindaprasirt et al. (2007) reported that the use of a low NaOH
concentration of 5 M gives geopolymer mortars with relatively low strength about 24 MPa.
Higher strengths of 35 and 33 M Paare obtained with the use of 10M and 15M NaOH at NaOH
to NaSiOs ratio 1.50 [26].

The compressive strength of kaolin based geopolymers depends on solid to liquid ratio
and NaSiOs3 / NaOH ratio. It was reported that the solid to liquid ratio of 1.00 and Na,SIOs /
NaOH ratio of 0.32 were the optimum ratios for kaolin based geopolymers. It exhibited
maximum compressive strength when Al203 / NaeO and SiO2 /N&O ratio were 1.09 and 3.58

respectively [27].

Van Jaarsveld et al. (1998) reported that the mass ratio of the solution to the powder of
about 0.39 of a geopolymer matrix showed the maximum compressive strength [28]. The
compressive strength of geopolymer mortar cube specimen of size of 50 x 50 x 50 mm with
57 % fly ash and 15 % showed 75 MPa.

G. S Ryu et a. (2013) reported that geopolymer concrete delivered high early strength
at higher molar concentration of 9M and 12M NaOH alkali activator solution [29]. The
geopolymer concrete showed a remarkable compressive strength development at the NaOH to
NaSiOz ratio of 1: 1 and SiO2 to N&.O ratio of 8.0.

G. Gorhan and G. Kurklti (2014) reported that geopolymer concrete activated with 6M
NaOH and cured at 65°C showed better compressive strength than geopolymer concrete
activated with 9M NaOH solution and cured at 85°C. The reductions in the strength values of

the samples activated with 9 M NaOH due to increase in the coagulation of silica[30].

Barbosa et al. (2000) reported that the geopolymeric reaction of metakaolinite with
sodium silicate solution in a highly alkaline environment with Al: Si ratio of 1. 2, showed

crushing compressive strength of 48.1 MPa[31].

Rahimet al. (2015) reported that geopolymer samples using sodium hydroxide (NaOH)
exhibited the higher compressive strength compared to KOH without addition of silicate
solution. The highest compressive strength obtained for NaOH is 65.28 MPa while KOH
recorded 28.73 MPa. It was also reported in FESM study that NaOH produced more crystalline
structurein awell-structured form compared to KOH [32].
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2.1.3 Curing Conditions:

Heat activation isamuch desirable activity for geopolymerization for the devel opment
of strength of geopolymer concrete. Most of the research works on fly ash based geopolymer
are on the mix proportion and strength variation of geopolymer concrete cured at different
temperatures. The compressive strength of heat cured geopolymer concreteis generally higher
than normal temperature geopolymer concrete. At early age within 7 days, heat cured
geopolymer concrete achieved maximum compressive strength, whereas the compressive
strength of normal temperature cured geopolymer concrete increased after 7 days to 28 days
[33, 34].

Chindaprasirt et al. (2013) established that microwave radiation effectively enhanced
the geopolymerization of fly ash based geopolymer mortar. Early-stage of microwave radiation
promoted the dissolution of Si and Al species and enhanced the gel formation of geopolymer
and stimulated the breaking of hydrogen bonds in water molecules. The microwave radiation
(98W) for 5 min followed by 6.0 hour at 60°C resulted in the densification of the matrices and
increase in the bulk density and compressive strength of the samples. The micro wave radiation

followed by conventional heat curing reduced the heat curing time and energy [35].

Bakharev (2005) reported the influence of elevated temperature curing types of
activator on phase composition, microstructure and strength development in geopolymer
materials using Class F fly ash and sodium silicate and sodium hydroxide solutions[36]. Long
pre-curing of geopolymer concrete/ mortar at room temperature before application of heat was
beneficial for strength development than 1 month of curing at elevated temperature. The
importance of elevated temperature curing particularly for the samples exposed to 2 to 5 hours
curing, where a significant increase in strength was observed at 85°C as compared to 65°C.
Also, this study investigated of the effect of different curing regimes and types of activator on
the strength development and hydration products of fly ash activated by alkali activated

solution.

Hardijito and Rangan (2004) observed that heat curing at higher temperature increased
the compressive strength of geopolymer concrete up to 60°C, beyond this temperature did not
increase the compressive strength. It was also reported that heat activation of geopolymer

concrete at 60°C for 24 hours showed optimum strength development [37]. Similarly, Skvara
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et al. (2005) reported alkali activated geopolymer concrete achieved the maximum of strength
after 6 — 12 hours of heat activation at a temperature of 60 - 80°C [38].

J.C. Swanepoel et al. (2002) conveyed that the compressive strength of geopolymer
concrete after 28 days of curing (Fig. 2.1) indicated that the geopolymerization reaction
occurred in the samples heated to 60 and 70°C for 48 hours, as the sample remained at the same
strength after heating for longer time periods of 72 hours. Also, to the samples heated at the
lower temperatures, 40°C and 50°C showed a decrease in strength for longer heating times.
The changesthat occurred in the samples heated at 40 and 50°C seemsto bethe result of mainly
physical changes, while changes in the samples heated at 60 and 70°C seem to be more of a

permanent chemical nature [8].

Mishra et al. (2008) reported that compressive strength of geopolymer concrete was
increased with the increase of curing time 24 to 48 hours at 60°C. It was also reported that
when curing time further increased from 48 hours to 72 hours, no significant variation in

compressive strength was observed (Fig 2.2) [39].
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Figure- 2.1: Compressive strength of geopolymer concrete after 28day at different
temper atur e (Swanepoel, 2002).

Page | 18



REVIEW OF LITERATURE

50 -
 —
g 404
S
o & 30 @ &M
T: % 7 12M
g’“’ 0 16M
e 20 4
o
(&)

10 4

0 1

24 Hr 48 Hr 72 Hr
Time ( Hr)

Figure—2.2: Variation of compressive strength with curing time (Mishra, 2008).

2.2 Current trend of research on fly ash based geopolymer concrete:
Towards the beginning of 21% century, the most of research works on geopolymer
concrete are on the mix proportion, molar concentration, curing time and compressive strength
only [23 — 40]. However, studies on the engineering properties of geopolymer concrete for
practical application is very limited. In order to use geopolymer concrete in structura

engineering applications, a comprehensive evaluation of these propertiesis essential.
2.2.1 Properties fresh and hardened geopolymer concrete:

It is already reported in previous studies that there are so many parameters that
influenced the compressive strength of heat activated geopolymer concrete. Beside the
compressive strength further studies conducted by several researcher on compressive strength,
elastic constant, stress strain behaviour, split tensile strength, bond strength and the behaviour
of heat activated reinforced geopolymer concrete beams and columns etc.

Sathonsaowaphak et al. (2009) reported that workability of lignite bottom ash
geopolymer concrete was more at |ow sodium silicate/sodium hydroxide ratios of 0.4 - 1.5 (Fig
2.3) [41].
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Figure—2.3: Workability of lignite bottom ash geopolymer concrete at different
sodium silicate to 10M sodium hydr oxide ratio (Sathonsaowaphak, 2009).

Partha Sarathi Deb et al. (2014) noticed that the spherical shape of fly ash particles
combined with lubricating effect of the alkaline activator solution showed flow ability of the
fresh geopolymer concrete [42]. The use of the sodium silicate (Na&SiOs) and sodium
hydroxide (NaOH) solutions, which were more viscous than water, usually makes geopolymer
concrete more cohesive and sticky than OPC concrete. However, ahigher slump of geopolymer
concrete indicated a less stickiness and higher workability of the mixture. It was also reported
that the geopolymer mixture R2.5S20 with 20% slag and 80% fly ash showed a slump value of
195 mm as compared to 250 mm slump showed by the mixture of 90% fly ash and 10% dag
(Fig 2.4).

Nguyen Van Chanh et al. (2008) reported that the setting time of geopolymer mortar
depends on many factors such as types of fly ash, composition of alkaline liquid and ratio of
alkaline liquid to fly ash by mass [43]. Figure 2.5 showed the effect of curing temperature on
setting time. As the curing temperature increased, the setting time decreased. The effect of

curing temperature on initial setting and final setting time was similar to setting time.

Hardjito et al. (2005) reported that the sslump value decreased when the mixing time
increased (Fig 2.6). Longer mixing time produced higher compressive strength and higher
density. This suggests that the extended mixing time resulted in better polymerisation process,

and hence enhanced properties of hardened concrete [44].
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Figure—2.4: Slump of different geopolymer concrete with different slag content (Deb,
2014).
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Figure- 2.6: Mixing time vs. sump value of geopolymer concrete (Hardjito, 2005).

2.2.1.1 Compressive strength:

The compressive strength of conventional Portland cement based concrete is the most
important parameter in the mix design of concrete. The target compressive strength of
conventional concrete depends upon the cement content and water / cement ratio of the mix.
Similarly, compressive strength of geopolymer mortar/concrete depends upon several factors
such as fluid / fly ash ratio, molar concentration of NaOH, NaOH / NaSiOs ratio, heat
activation time and temperatures, mix proportion etc.

Higher concentration (in terms of molar) of sodium hydroxide solution resultsin higher
compressive strength of geopolymer concrete. Chindaprasirt et al. (2009) showed that heat
cured geopolymer concrete at low NaOH concentration of 5M reached 24 MPa compressive
strength, whereas higher compressive strength of 35 and 33 M Pa obtained with the use of 10M
and 15M NaOH solution respectively (Fig 2.7). It was also reported that at higher molar
concentration of NaOH fly ash based geopolymer concrete showed maximum compressive
strength than that of bottom ash geopolymer concrete [45].

Palomo et al. (1999) reported that higher molar concentration (up to 12M) of alkali
activator solution increased the geopolymerisation process and subsequently increased
compressive strength [23]. Similarly, Alvarez-Ayuso et al. (2008) reported higher compressive
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strength values were attained at curing time of 48 h, having curing temperature of 80°C and
12M NaOH solutions as activation media (Fig 2.8) [46].

The higher the ratio of sodium silicate to sodium hydroxide solution and solid to liquid
ratio of activated fluid by mass, the higher the compressive strength of geopolymer concrete
[47].
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Figure— 2.7: Compressive strength of fly ash and bottom ash based geopolymer at
different molar concentration (Chindaprasirt, 2009).
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Figure-— 2.8: Compressive strength of based geopolymer at different molar
concentration (Ayuso, 2008).
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Chindaprasirt et al. (2007) reported that compressive strength of geopolymer mortar
with sodium silicate to sodium hydroxide ratio of 0.67 and 1.00 were significantly higher than
Na:SiO3 / NaOH ratio of 1.5 and 3.0. The variation in the ratio of sodium silicate to sodium
hydroxide ratio affects the pH conditions and affectes on the strength development of the
geopolymer mortar [26] (Fig 2.9).
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Figure—2.9: Compressive strength of geopolymer concrete at different molar
concentration (Chindaprasirt, 2007).

Salih et al. (2014) showed the relation between compressive strength and solid to liquid
ratio of geopolymeric mixes. The compressive strength wasincreased by increasing the sodium
silicate (Na:SiO3) to sodium hydroxide (NaOH) ratio. The increment in the NaxSiOz/NaOH
ratio increased the amount of sodium silicate in the activator solution and increased
geopolymerization (Fig 2.10). The maximum compressive strength observed at sodium silicate
to sodium hydroxide ratio of 2.50 [48]. Sathonsaowaphak et al. (2009) observed compressive
strength of geopolymer mortar increased up to sodium silicate to NaOH ratio of 1.5 (Fig 2.11)
[41].
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Figure— 2.10: Compressive strength of geopolymer concrete at different SS/SH ratio
(Salih, 2014).

The compressive strength of geopolymer concrete also depends on H>O to Na,O molar
ratio. Barbosa et al. (1999) reported that the compressive strength of geopolymer concrete was
decreased with the increase of H20 to Na;O molar ratio [49, 50].
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Figure— 2.11: Compressive strength of bottom ash geopolymer mortar
(Sathonsaowaphak, 2009).
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Longer curing time and higher curing temperature increases the compressive strength
of geopolymer concrete. Palomo et al. (1999) reported compressive strength of geopolymer
cured at 85°C was higher than the samples cured at 65°C. Longer curing time of the samples
showed maximum average compressive strength [23]. Geopolymer concrete cured at 40°C
disclosed very low compressive strength due to slow polymerisation process. Curing time
played a positive role on the compressive strength performance of geopolymer concrete.
Geopolymer concrete heat cured at 80°C for 24h showed optimum compressive strength [46].
Rovnanik (2012) reported that compressive strength of geopolymer concrete was the function
of curing temperature and curing time (Fig 2.12). Geopolymer concrete cured at 60°C and 80°C
showed better compressive strength than geopolymer concrete cured at 40°C for 4h [51].
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Figure-2.12: Compressive strength of geopolymer at different curing temperature
and curing time (Rovnanik, 2012).
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2.2.1.2 Modulus of elasticity:

The modulus of elasticity of concrete is a function of the modulus of elasticity of the
aggregates and the cement matrix and their relative proportions. To design concrete structures,
the elastic modulus E. is a fundamental parameter that needs to be defined. Hardjito et al.
(2004) reported the stress-strain relations of fly ash based geopolymer concrete and compared
with OPC concrete [52].

Sofi et al. (2007) reported that the compressive strength (fem) and density (p) of
geopolymer concrete had an influence on the modulus of elasticity (Fig 2.13). They have
reported an empirical relations as given in Eq. (1) and Eq. (2). The modulus of elasticity of
geopolymer concrete was determined by the Eq. (1) for compressive strength fem <40 MPaand
Eq. (2) for fem > 40 MPabased on Figure 2.13 [53].
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Figure- 2.13: Modulus of elasticity of geopolymer concrete (Sofi, 2007).
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Oliviaet al. reported that modulus of elasticity of fly ash geopolymer concrete designed
by Taguchi method are 14.9 — 28.8% lower than that of conventional cement concrete. It was
also reported that higher silicate content in the geopolymer concrete mix increase the modulus
of elasticity [54]. Zgjak et al. (2013) conveyed that modulus of elasticity of geopolymer
paste/mortar was related to the molar concentration of NaOH solution and compressive
strength of the sample. The geopolymer paste/mortar showed maximum Young’s modulus of
elasticity using 10 M NaOH solution. The modulus of elasticity was reduced with the increase
at the akaline dosage of 13 M NaOH (Fig 2.14). It was aso reported that geopolymer
paste/mortar achieved the maximum value of the Young’s modulus at the Na>SiOs / NaOH
ratio of 1.5 (Fig 2.15) [55]. Ganesan et al. (2014) reported that the modulus of elasticity of

geopolymer concrete was 50% higher than PCC of similar compressive strength [56].
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Figure- 2.14: Modulus of elasticity as a function of NaOH Concentration (Zejak, 2013).

Page | 28



REVIEW OF LITERATURE

10

g -

S =

? i —

6 - i

g

4 -

34

7 _‘mung‘s

o modulus, GPa
Flexural

0 strength, MPa

1 1,5 2
Na,5i0a/NaQH

Figure-2.15: Modulus of elasticity asa function of Na2SiOs/NaOH ratio (Zgjak, 2013).
2.2.1.3 Tensile strength:

The tensile strength is one of the basic and important properties of the concrete. The
concrete is not usually expected to resist the direct tension because of its low tensile strength
and brittle nature. However, the determination of tensile strength of concrete is necessary to
determine the load at which the concrete members may crack. The cracking isaform of tension
failure.

The tensile splitting strength (indirect tensile strength) of geopolymer concrete is only
afraction of the compressive strength, asin the case of Portland cement concrete [24]. It was
also reported that indirect tensile strength of fly ash-based geopolymer concrete is larger than
the values recommended by the draft Australian Standard AS3600 (2005) and Neville (2000)
for Portland cement concrete. Several researcher proposed the empirical formulato expressthe

relationship between compressive strength and split tensile strength.

fo =k X f i (3)

Where fs was split tensile strength (MPa), fc the compressive strength of concrete
(MPa) and k and n were constant. Based on the above basic equation, ACI and CEB-FIP
suggested the equation (4) and (5) to formulate the relationship between compressive strength
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and split tensile strength of conventional cement concrete [57, 58]. In addition, several
researchers have proposed other formulae on geopolymer concrete in the form of equation (6)—
(8) to express this relationship [59, 60]:

ACI363R-92: fs =0.5 Jf. i, (4)
CEB-FIP: fo =0.3 x f9% ... (5)
Gardneretal: f¢ =0.6 X ff/3 ........................ (6)
Raphael etal: f¢ =0.2 x f97 ... (7)

Sarkar (2011) reported that split tensile strength of fly ash based geopolymer concrete
was higher than OPC concrete of same compressive strength (Fig 2.16). The reason behind
higher split tensile strength was due to the use of soluble silicates in geopolymers producing a
denser Interfacial Transition Zone (ITZ) between aggregates and geopolymer matrix as

compared to that with cement matrix [61].

Ryuetal: f¢ =0.1 x /% ... (8)
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Figure- 2.16: Split tensile strength with compressive strength of GPC (Sarkar, 2011).
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Ryu et al. (2013) reported a model to describe the relationship between compressive

strength and split tensile strength of geopolymer concrete with the mix of 9 M NaOH and
sodium silicate at mass ratio of 1:1 and cured at 60°C for 24h (Fig 2.17 & Eq. 8) [29].
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Figure— 2.17: Relation between compressive strength and split tensile strength of

concrete (Ryu, 2013).

Yellaiah et al. (2014) conveyed that direct tensile strength of geopolymer mortar cured
at 30°C and 60°C was 0.11 and 0.14 times of compressive strength at activator liquid to fly ash

ratio of 0.30. It was aso reported that the tensile strength of geopolymer mortar was more at

lower curing temperature and waslessfor higher curing temperature for lower activator fly ash

ratio due to insufficient alkaline liquid for complete polymerization (Fig 2.18 & 2.19) [62].
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Figure— 2.18: Variation of direct tensile strength with compressive strength of
geopolymer (Yellaiah, 2014).
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(Yellaiah, 2014).
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2.2.1.4 Flexural strength:

Flexural strength is one measure of the tensile strength of concrete. It is a measure of
an unreinforced concrete beam or slab to resist failure in bending. Sofi et al. (2007) reported
that flexural strength of 100 x 100 x 300 mm steam cured prisms at 30°C — 35°C for 24h was
more than OPC concrete prism. It was aso informed that the difference between splitting
tensile and flexural strength of geopolymer concrete mixes had been found to be approximately
2.0 MPa[53].

Olivia et al. (2012) reported that the flexural strength of 100 x 100 x 400 mm
geopolymer concrete block steam cured at 60°C, 70°C and 75°C for 24h were 1 — 1.4 times
higher than that of the OPC concrete at 28 and 91 days [54].

Yellaiah et al. (2014) reported that flexural strength of 70.6mmx70.6mmx141.2mm
prism moulds cured at 30°C and 60°C for 24h increased with the increase of akaline activator
to fly ash ratio. The maximum flexural strength of fly ash based geopolymer was achieved at
60°C for 24h curing (Fig 2.20) [62].
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Figure—2.20: Variation of modulus of rupturewith alkaline activator / fly ash ratio for
different curing temperature (Yellaiah, 2014).
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2.2.1.5 Bond strength:

The performance of reinforced concrete depends on the combined action of the concrete
and its embedded reinforcement as a construction material. This composite action is governed
by the bond stress at the interface of the two materials. It is well established that bond strength

of normal concrete depended on following major factors:

a) Adhesion between the concrete and the reinforcing elements.

b) Gripping effect resulting from the drying shrinkage of the surrounding concrete and
the shear interlock between the bar deformations and the surrounding concrete.

c) Frictiona resistance to diding and interlock as the reinforcing element is subjected
to tensile stress.

d) Effect of concrete quality and its strength in tension and compression.

€) Mechanical anchorage effect of the ends of bars through development length,
splicing, hooks, and crossbars.

f) Diameter, shape, and spacing of reinforcement as they affect crack development.
For the use of geopolymer concreteit is necessary to study the bond strength between

geopolymer concrete and reinforcement bar.

Sofi et al. (2007) investigated bonding performance of geopolymer concrete with
reinforcement by beam-end specimens and direct pull out type specimens. The results of direct
pull out tests were in general more conservative than those of beam-end specimens. The
normalised bond strengths obtained from the beam-end specimen showed that the bond
strengths of beam-end specimens were somewhat lower than those of the direct pull-out tests
(Fig 2.21) [53]. The bond performance of geopolymer mixes are comparable to OPC based
concrete and therefore geopolymer concrete and steel could be used as a composite material to

resist tension in addition to compression.

Sarkar (2011) investigated the bond strength of fly ash based geopolymer concrete with
reinforcing steel. The experiment was carried out on 24 geopolymer concrete and 24 ordinary
Portland cement (OPC) concrete beam-end specimens, and the bond strengths of the two types
of concrete were compared. It was reported that bond strength increased with the increase of
compressive strength for both type of concrete (Fig 2.22). It was also noted that the bond

strength of geopolymer concrete was higher than that of OPC concrete of similar compressive
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strength. The split tensile strength of geopolymer concrete was higher than OPC concrete was
the main reason behind the better bond strength of geopolymer concrete. It was observed from
study that the use of soluble silicates in geopolymers results in a denser interfacial transition
zone (ITZ) between aggregates and geopolymer matrix, contributed to the higher splitting

tensile strength and bond strength of geopolymer concrete [61].
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Figure— 2.21: Normalised bond strengths of beam-end and dir ect type specimens (Sofi,
2007).
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Figure- 2.22: Variation of bond strength with concrete compressive strength for 20 mm
bar and 45 mm cover (Sarkar, 2011).
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Kushiantoro et al. (2012) investigated the bond strength of fly ash based geopolymer
concrete with the addition of different percentages of microwave incinerated rice husk ash and
were exposed to three different conditions (a) which were ambient (35 + 1°C), (b) externd
exposure (55 + 1°C), (c) oven curing (65 = 1°C). The addition of 3 % microwave incinerated
rice husk ash (MIAHA) with fly ash based geopolymer concrete had significantly improved
the bonding strength between geopolymer matrix and steel reinforcement bar up to 38.31%
higher than control specimen without MIRHA inclusion (Fig 2.23). Bond strength of externally
exposed MIAHA based geopolymer specimen at 55 + 1°C was 73.23% higher than normal
temperature cured geopolymer concrete (Fig 2.24). It was also reported that heat cured fly ash
geopolymer concrete with the addition 3% microwave incinerated rice husk ash showed
maximum bond strength between concrete and reinforcement bar with in week (Fig 2.25). It
was reported that the densification of geopolymer gel at elevated temperature was the main

reason behind the bond strength of geopolymer concrete and reinforcement bar [64].

10.00

3.00 -

6.00 -

Bonding Strength (MPa)

Curing Days

=0=0% MIRHA ="=3% MIRHA =£=7% MIRHA

Figure— 2.23: Bonding strength of fly ash—-MIRHA based geopolymer concretein
ambient curing (Kusbiantoro, 2012).
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Figure - 2.24: Bonding strength of fly ash—-MIRHA based geopolymer concretein
external exposur e curing (Kusbiantoro, 2012).
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Figure - 2.25: Bonding strength of fly ash—-MIRHA based geopolymer concrete in oven
curing (Kusbiantoro, 2012).
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Castel et al. (2015) reported the bond performance of geopolymer concrete composed
of low calcium fly ash and ground granulated blast furnace slag (GGBFS) with both deformed
and smooth reinforcing steel bars. They investigated using the standard RILEM pull-out test.
It was conveyed that for equivalent compressive strength, bond strength of geopolymer
concrete was 10 % more than OPC based concrete for ribbed bar (Fig 2.26). However, the bond
strength of geopolymer concrete using smooth bar showed that the chemical adhesion of
geopolymer concrete to the steel surface is similar to the OPC concrete. High early bond
strength achieved by providing an intensive period of heat curing. The bond strength
geopolymer specimen cured at 40°C and 80°C for 24 hours were reported as 6 MPa and 18
MPaat 28 days [65].
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Figure— 2.26: The bond stress-dlip curves of geopolymer and OPC concr etes after 28
days curing (Castel, 2015).

2.2.1.6 Flexural behaviour of reinforced beam:

There are amost no literatures on structural behaviour of reinforced geopolymer
concrete beams and column. For use of geopolymer concrete as a structural member, behaviour
of reinforced geopolymer concrete needs special attention. Chang et al. (2007) studied the
shear and bond strength of reinforced geopolymer concrete beams. The failure modes and crack
patterns observed for reinforced geopolymer concrete beams were similar to those reported in
the literature for reinforced Portland cement concrete beams. The design provisions contained
inthe Australian Standard for Concrete Structures AS3600-09 and American Concrete | nstitute
Building Code ACI318-08 are found to give conservative predictionsfor the shear strength and
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bond strength of reinforced geopolymer concrete beams. These design provisions are,

therefore, applicable to design of reinforced geopolymer concrete beams [66].

Sumajouw et al. (2006) reported the flexural behaviour of twelve numbers of 200 mm
wide by 300 mm deep by 3300 mm long rectangular doubly reinforced geopolymer concrete
beams. The flexural capacity of the beams was influenced by the longitudinal tensile
reinforcement ratio and the compressive strength of geopolymer concrete. As the longitudinal
tensile reinforcement ratio increased, the flexural capacity of the beamsincreased significantly
(Fig 2.27). Because the test beams were under reinforced, the flexural capacity increased only

marginally when the compressive strength of concrete increased.
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Figure— 2.27: Effect of per centages of tensile reinforcement on the flexural
capacity of beam (Sumajouw, 2006).

The cracking moment of geopolymer concrete increased as the concrete compressive strength
increased for geopolymer concrete. The similar behaviour was observed for normal concrete
beam (Fig 2.28). It isaso noted that the ductility of reinforced geopolymer concrete beams, as
indicated by the ratio of mid-span deflection at ultimate moment to mid-span deflection at yield
moment, increased as the tensile reinforcement ratio decreased. Similar results are observed in
case of reinforced geopolymer concrete column. The load carrying capacity of geopolymer
column was also influenced by the longitudinal reinforcement ratio, concrete compressive
strength, and the load-eccentricity. The failure load of test columns increased as the load-
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eccentricity decreased, and as the longitudinal reinforcement ratio and concrete compressive
strength increased [67].
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Figure - 2.28: Effect of concrete compressive strength on cracking moment (Sumajouw,
2006).

Ambily et al. (2012) reported the experimental and analytical investigations on shear
behaviour of reinforced geopolymer concrete beams. The load deflection characteristics at mid
span of reinforced geopolymer concrete beams and OPC concrete beam is almost similar. The
GPC beams showed dlightly more deflections at the same load than the OPC concrete beams.
The ultimate load carrying capacity of reinforced geopolymer concrete beams is 15% more
than that of OPC concrete beam in spite of a 20% higher compressive strength [68].
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2.2.2 Microstructure analysis of geopolymer concrete

A brief outline about the microstructures of geopolymer matrix relevant to the present

research is presented in this section.
2.2.2.1 X-ray Diffraction analysis:

XRD analysis is based on constructive interference of monochromatic X-rays and
crystalline sample. The X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate, and directed towards the sample. The
interaction of incident rays with the sample produces constructive interferences. The
constructive interference of X-rays diffracted from the planes of atoms within the solid give
rise to a characteristic diffraction peak or a sequence of peaks that are unique to a particular
material. Thus, XRD may be a useful tool for the present study even though the amount of
information which can be obtained is limited due to the substantial amorphous nature of

geopolymers.

XRD analysis confirmed that in the presence of alkali activated solution and heat
activation of amorphous compounds present in fly ash transform into semi crystalline and semi
crystalline compound. The peaks of hematite, quartz, and mullet have been distinctly observed
and the hump denotes presence of amorphous silica in the geopolymer matrix as shown in
diffractrogram [69, 70].

Alvarez-Ayuso et al. (2008) reported from XRD study that the fly ash with glass
content, yielded geopolymers with the greatest compressive strength. The higher the content of
the glassy constituent in the fly ash, the higher the degree of geopolymeric reaction. They
concluded that the compressive strength of geopolymer mortar/concrete increased due to

present of excess amount of crystalline compound transformed from fly ash [46].

T. Bakharev (2005) had reported that the phases of geopolymer matrix were amorphous,
and only in the case of materials prepared with sodium hydroxide solution were semi crystalline
zeolitic phases. The peaks were observed in XRD analysis of heat activated geopolymer matrix
due to quartz, mullite and hematite of the crystalline component of the fly ash (Fig 2.29). The
broad peak in the region 20 — 32° = 20 arising from the glassy phase of the fly ash and broad
peaksin theregion 6 — 10° and 12 — 16° = 28 arising from alumino-silicate gel [36].

Page | 41



REVIEW OF LITERATURE

A
M Q M MH
e M
Case | 75C, 1 month
A
d Case 1 75C 1 month

Case Il 85C 1 month

b Case Ill 95C 1 month
Fly Ash
a

T™ T Ty Iy r I Iy r Iy Ty r Iy I Iy r Iy ry r Iy rrr Iy ryrr I rrrryrrory

5 10 15 20 25 30 35 40 45 50 55 60 65

Two thetta, Deg.
Figure—2.29: XRD analysisfly ash based geopolymer concrete, A = poorly crystalline,
G = poorly crystalline alumino-silicate gel, Q = quartz, M = mullite, H = hematite
(Bakharev, 2005).

Yubin Jun and Jae Eun Oh (2014) reported that the activated geopolymer shows quartz,
mullite and hematite as major crystallinein XRD analysis, but also illustrated the formation of
new phases such as chabazite, zeolite A-Na as well as C-S-H. The akali-activated fly ash
sample containing Al-rich chabazite phase showed much higher compressive strength than the

samples with zeolite A-Na[71].

XRD analysis results of fly ash based geopolymer concrete/mortar depends on molar
concentration and heat activation. The alumina-silicate substances with amorphous structure
are the main products generated by geopolymerization through the alkali-activation process.
Finding the patterns of the products in amorphous phase by XRD is very difficult. There were
numerous peaks of mullite (3Al203, SIO2) and quartz (SIO2) in the crystalline phase was
observed (Fig 2.30) [29].

Chindaprasirt et al. (2013) reported that picks of crystalline quartz (SiO2), calcium
sulfate (CaSO4) and calcium oxide (CaO) were observed in the XRD analysis of high calcium
fly ash based geopolymer paste under microwave radiation followed by heat curing for 3h, 6h
and 12h at 65°C. The broad hump at 22 — 38° observed in XRD analysis of geopolymer matrix,

indicated the presence semi crystalline phase with high amount of amorphous gel. It was aso
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reported that the calcium silicate compounds from the reaction between high calcium fly ash,
silica and silicate solution. Microwave radiation cured geopolymer paste exhibited the sharp
peaks of crystalline phases with high degree of amorphous phase of the semi-crystalline
geopolymer (Fig 2.31) [35].
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Figure- 2.30: XRD analysis of fly ash and geopolymer matrix (Ryu, 2013).
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Figure- 2.31: XRD patterns of geopolymer pasteswith microwaveradiation and
additional 65°C heat curing (Chindaprasirt, 2013).

Page | 43



REVIEW OF LITERATURE

2.2.2.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray (EDX):

The scanning electron microscope (SEM) uses afocused beam of high energy electrons
to generate variety of signals at the surface of solid sample. The high energy electron carry a
significant amount of kinetic energy and this energy dissipated as avariety of signals produced
by electron-sample interaction. These signals include secondary electron, backscattered
electron and X-rays provide the information about SEM. The secondary product is readily
interpretable images of the surface to determine sample morphology. The emitted X-ray has an
energy characterization of the parent element. The detection and measurement of energy

permits elemental analysis.

Ryu et al. (2013) observed that fly ash particles polymerized in presence of akali
activator produced amorphous, semi crystalline and crystalline product. The un-reacted fly
particle is also observed in spherical shape. The un-reacted fly Ash particle in the matrix do
not act as filler, but instead increase the strength of the matrix with age through the bonding
strength provided by the complex reaction between the surfaces of the particles (Fig 2.32A &
B) [29] .
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Figure— 2.32: (a) Unreacted fly ash and (b) reaction product after polymerization (Ryu,
2013).
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Figure-— 2.33: EDX analysis of the geopolymer matrix (Ryu, 2013).

Also EDX results are presented in figure 2.33 of akali activated fly ash geopolymer
matrix. It is clearly observed that most of the reactant is composed of silicaand alumina. The
sodium is observed dueto presence of alkali activator (NaOH + NaSiOz) in geopolymerization
process. These reactantsin turn combine with the Naions dissociated from the external NaOH,
causing the reaction products to agglomerate and enabling the strength to develop through
combinations of fly ash particles[29].

Chindaprasirt et al. (2013) reported the SEM images of un-reacted spherical fly ash,
partially reacted grains of fly ash particles of microwave cured geopolymer mortar (Fig 2.33).
Gel formation on fly ash particles showed the dissolution of glassy phase in the akaline
solution as showed in Figure 2.34A & 2.34C. A large number of gels were formed on the fly
ash particles owing to the promoted dissolution of Si and Al species from fly ash with
microwave radiation. It was found in FESM study that the Interfacial Transition Zone (1TZ)
between aggregates and concrete matrix in heat cured geopolymer matrix stronger than that in
cement concrete. The stronger I TZ contributed to the higher splitting tensile strength and bond
strength of geopolymer concrete [35].
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6 micron

Figure— 2.34: Microstructure of geopolymer pasteswith microwave radiation and
additional 65°C heat curing; (a) 3h, (b) 6h, (c) 12h, and (d) Control (Chindaprasirt,
2013).

Chindaprasirt et al. (2009) compared in SEM images of fly ash and bottom ash based
geopolymer matrix. Both SEM images showed a continuous mass of alumino-silicate with un-
reacted, partially reacted ash particles. The ratio of Si/Al for of bottom ash geopolymer matrix
was higher than that of fly ash based geopolymer as observed in EDX analysis. The higher
ratio of Si/Al resultsin geopolymers with lower strength and higher elasticity (Fig 2.35) [45].
Fletcher et al. (2005) also reported that the compressive strength of geopolymer mortar /
concrete increased with the increased in amount of crystalline compound transformed from fly
ash (Fig 2.36) [72].
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Figure-—2.35: SEM-EDX analysis of fly ash based geopolymer (Chindaprasirt, 2009).
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Figure—-2.36: SEM-EDX analysis of bottom ash based geopolymer (Fletcher, 2005).

Muek et al. (2012) observed that the sodium silicate gel was the majority product, along
with the unreacted fly ash particles, during the aging time up to 28 days. The microstructure
was highly inhomogeneous and the matrix was full of loosely structured fly ash grains of
different sizes. Numerous circular cavities belonging to fly ash particles are evident in the gel.
Cavities surroundings consist of tubular vitreous network (Figs 2.37a-c). The considerable
amount of unreacted spheres, as well as the presence of pores in the geopolymer matrix (Fig
2.35d) indicated an incomplete reaction in the system and could explain why the alkali
activated fly ash samples showed a lower degree of reaction. Figure 2.37 clearly showed
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inhomogeneous glass-like matrix of the amorphous alumino-silicate gel. The unreacted spheres
of fly ash indicate an uncompleted reaction in the systems investigated [ 73].
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Figure—2.37: SEM micrographs of the hardened alkali activated fly ash samples
(Muek, 2012).

EDX analysis of geopolymeric gel showed that the gel was mostly consists of the
phases containing Na-Si-Al in the bulk region suggesting the formation of silicate-activated
gel by polymerization throughout the inter particles volume. Sodium, silica, alumina, small
amount of iron, calcium, potassum and magnesium were observed in the gel by Energy
Dispersive X-Ray Analysis (EDX) (Fig 2.36). These elements (Fe, Ca, K, Mg) was obviously
represented the fly ash phases, which for various reasons, did not dissolve during alkali
activation [73]. Lloyd et al. (2009) suggested that during alkaline activation these remnants
may even disperse through the gel [74]. According to Muek et al. (2012) and Lloyd et al. (2009)
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different solubility of phasesin the alumino-silicate gel formed determinesthe distance of these
remnants from the surface of fly ash particle (Fig 2.38).

[ E ‘\I. b o= v

EEMMAD1J8ks  DET. 58 Deteckr T B S b |
WY 00k DIATE: 0171987 40 VegafTescan
AC: Hivae Device: TES1 360 Digtal Microscopy Imaging

Figure- 2.38: SEM and EDX analysis of alkali activated fly ash sample (LIoyd, 2009).
2.2.2.3. Fourier Transform Infra-Red Spectroscopy (FTIR):

FTIR (Fourier Transform Infra-Red Spectroscopy) is a sensitive technique particularly
for identifying organic chemicals in a whole range of applications athough it can
also characterise some inorganic chemicals. FTIR relies on the fact that the most molecules
absorb light in the infra-red region of the electromagnetic spectrum. This absorption

corresponds specifically to the bonds present in the molecule.

The distinct band of O-Si-O bending near 460 cm! and Si-O-Si stretching vibration at
wave number range 950 — 1200 cm* were observed in FTIR study of geopolymer paste (Fig
2.39). The S—O-Si stretching vibration was more prominent than the O-Si-O bending mode
asin Figure 2.39. S—O-Si vibration is used to indicate the degree of geopolymerization. It is
observed that the peak near 750 — 850 cm may refer to symmetric stretching vibration of Si—
O-Si. An asymmetric stretching vibration band of Si-O-T (T=Al, Si) have been described asa
strongest band in the region of 950 — 1250 cm* [31].
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Figure—2.39: FTIR spectra of fly ash based geopolymer (Barbosa, 2000).

T. Bakharev (2005) observed the FTIR spectrum of the alkali-activated fly ash samples
showed some differences when compared to the raw fly ash. The band at 800 cm™* due to AlO4
vibrations disappeared and a new band at around 700 cm* appeared. Also, the band at 1200
cm! due to asymmetric stretching Si—-O-Si and Al-O-Si in fly ash shifts to lower frequencies
(960 —1000 cmrt) after geopolymeric reaction. The shift was higher in the fly ash activated by
sodium hydroxide than in the fly ash activated by sodium silicate. In al geopolymeric
materials, new bands appeared in the regions of 1600 and 3450 cm-t, which were attributed to
bending vibrations (H-O-H) and stretching vibration (-OH), respectively. These changes were
consistent with the formation of the alumino-silicate network in a polymer structure (Fig 2.40)
[36].

Muek et al. (2012) reported the FTIR spectrafor all the AAFA systems, as well as the
spectrum for the original fly ash. The main broad band at 1086.39 cm-1 in the original FA,
corresponding to asymmetric stretching vibrations of S—O-Si and AI-O-Si devel oped sharper
and shiftstoward lower frequencies (~ 1074 cm?) due to new reaction products. The formation
of this new amorphous alumino-silicate gel phase was suggested depolymerisation and

structural reorganization of the amorphous phases in the AAFA materials. The new band
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appeared in the region of 1600 cm* and 3450 cm! were attributed to bending vibrations (H-
O-H) and stretching vibrations (-OH, H-O-H) (Fig 2.41) [73].
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Figure- 2.40: FTIR study of fly ash with (a) sodium hydroxide (b) sodium silicate
activator (Bakharev, 2005).
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Figure- 2.41: FTIR spectrafor the original FA and AAFA systems (Muek, 2012).
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2.3 Applications of geopolymer mortar/concrete:

Most applications of geopolymer mortar/concrete to date have been in the precast
industry using accelerated curing. However, geopolymers have various other areas of
applications from civil engineering field to automobile and aerospace industries. Rangan et al.
(2005) have identified various economic benefits of using fly ash based geopolymer concrete,
by taking into account that the cost of purchasing fly ash (excluding transportation) isrelatively
low. Therefore, after taking into account the cost of activator liquids, it was estimated that the
production of fly ash-based geopolymer concrete may be 10 — 30% cheaper than that of
Portland cement concrete. Thisisnot the case though in practice, asthelarge cement companies
usually control the supply of raw materials, including fly ash, which is often locked up by long
term agreements[75]. Some of the applications of geopolymers based on their Si/Al ratio were
tabulated by Wallah and Rangan, as follows [76]:

Since geopolymers are considered as two-component systems (reactive solid
components a kaline activation solution) they can be used as suitable bindersin precast industry
for the manufacture of reinforced products such as large-diameter pipes and roofing tiles [77].
Immobilization techniques are used for the treatment of large amounts of heavy metals and
radi oactive wastes, thus geopolymerisation has received over the years significant attention due
to itslow cost, flexibility and increased durability versustime[1, 2].

Table- 2.1 Application of geopolymer mortar/concr ete:

Si:Al ratio Applications

- Bricks
- Ceramics
- Fire protection

- Low CO; cements and concretes
2 - Radioactive and toxic waste encapsulation

- Fire protection fibre glass composite

- Foundry equipment
3 - Heat resistant composites, 200°C to 1000°C
- Tooling for aeronautic titanium processing

>3 - Sealants for industry, 200°C to 600°C
- Tooling for aeronautics SPF aluminium

903 - Fire resistant and heat resistant fibre composites
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2.4 Modified Geopolymer concrete without heat activation:

The scope of geopolymer concrete is limited to the precast member due to requirement
of heat activation after casting. Most of the research works on fly ash based geopolymer are
on the mix proportion and strength variation of geopolymer concrete cured at different
temperature range of 45 °C to 80 °C for about 2 -3 hours [35, 72 — 82]. It is well-known that
the geopolymer mortar provides poor strength at ambient temperature of about 27 + 2 °C curing
due to slow polymerization process. There are limited literatures on available on geopolymer
to eliminate the shortcomings of ambient temperature curing. The literate available on these
areas are now presented. There were several technique has been adopted for the devel opment

of strength and durability of ambient temperature cured geopolymer concrete.

Xie et al. (2015) reported an experimental study on the behaviour fly ash, bottom ash
and blended fly and bottom ash-based geopolymer concrete cured at ambient temperature. The
workability of the coal ash-based GPCs was directly related to the mass ratio of fly ash-to-
bottom ash (Fly Ash: Bottom Ash) and the liquid-to-binder ratio (I/b), and mixes with a higher
fly ash content and I/b ratio exhibited a better workability. Compressive, flexural and modulus
of elasticity of coal ash based (Bottom ash and Fly ash) geopolymer concrete increased with a
decreased in liquid to binder ratio, or in an increased fly ash to bottom ash ratio (Fig 2.42).
SEM micrographs showed that the density and homogeneity of the GPC increased with an
increased in the mass ratio of fly ash to-bottom ash. This indicated that fly ash undergoes a
higher degree of geopolymerization compared to that of bottom ash (Fig 2.43). The ambient
temperature cured coal ash-based GPCs exhibited a higher drying shrinkage compared to that
of OPCs dueto the large amount of unreacted coal ash particles in the hardened GPC structure

due to lower degree of geopolymerization at ambient temperature curing [83].
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Figure-— 2.42: Compressive strength of bottom ash, fly ash and mix of fly ash and
bottom ash geopolymer concrete (Xie, 2015).

Figure- 2.43: FESM image of (a) 100% BA, (b)-50 % BA +50% FA, (c) 25% BA +
75% FA, (d) 100% FA geopolymer concrete (Xie, 2015).

Temuujin et al. (2009) reported the mechanical activation of the fly ash results in
particle size and morphology changes with concomitant increase in reactivity with alkaline
liquid. Mechanical activation of fly ash in a vibration mill with milling media to powder ratio
of 10:1 leads to a reduction of particle size and change in particle shape but little change in
mineralogical composition. Mechanically activated ash based geopolymer paste cured at

ambient temperature showed 80 % increase in compressive strength than raw fly ash based
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geopolymer paste. The main contribution to increased compressive strength of the geopolymer
is attributed to reduction of particle size and change in morphology allowing a higher

dissolution rate of the fly ash particles [84].

Wongpa et al. (2010) reported that an ambient temperature cured inorganic polymer
concretes (IPCs) can be produced from rice husk-bark ash (RHBA) combined with fly ash
(FA). The compressive strength of RHBA and FA modified geopolymer concrete cured at
ambient temperature were influenced by the ratios between the paste content and the aggregate
content and the weight ratio between the solution content (S) and the ash content (A). The
solution to ash ratio was the most important factor that controlled the rate of reduction in
compressive strength of 1PCs while paste to aggregate ratio had the less influence. The higher
the S/A ratio, the lower the compressive strength. On the other hand, for the same solid to ash,
the mixtures containing higher paste to aggregate ratio produced lower compressive strength
than that with lower paste to aggregate ratio (Fig 2.44). It was stated that the geopolymer mix
of paste to aggregate ratio 0.34 and solid to ash content ratio 0.63 showed the highest

compressive strength at ambient temperature curing [85].

Somna et al. (2011) reported that ground fly ash synthesised with hydroxide for 5
minutes cured at room temperature produced more strength than ordinary fly ash based
geopolymer paste. The ground fly ash had the higher surface areathan ordinary fly ash, resulted
in a significant improvement compressive strength at ambient temperature. XRD results of
NaOH activated ground fly ash showed the presence of more amorphous and crystalline phase
of quartz (SiO2) and hematite (Fe2Os) than ordinary fly ash geopolymer matrix [86].
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Figure - 2.44: Relation between compressive strength and paste to aggregate ratio
of IPCs (Wongpa, 2010).

Nath et al. (2012) reported that the inclusion of dag up to 30 % of total binder in the
fly ash based geopolymer mixture decreased the setting time and increased the compressive
strength up to 55MPa at 28days of normal temperature cured geopolymer mortar. With the
increase of alkaline activator solution in the mix from 35% to 45% of total binder, the setting
timeincreased and compressive strength decreased (Fig 2.45). The improvement of strength of
fly ash and slag blended geopolymer concrete was due to the increase of calcium bearing
compound in the dissolute binder which produced reaction product from both akali activated

fly ash and slag. The higher Si/Al ratio of slag incorporated mixes also contributed to harden
fast and develop strength [87].

Application of nano particleisan important area of research for development of normal
temperature cured geopolymer concrete. It has been noted that an important additive materials
to concrete specimens to acquire higher strengths is nanoparticle such as SiO2 and Al>Oa.
Nanoparticles can act as heterogeneous nuclei for cement pastes, further accelerating cement
hydration because of their high reactivity, as nano-reinforcement, and as nano-filler, densifying
the microstructure, thereby, leading to a reduced porosity.
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Figure— 2.45. Compressive strength of the geopolymer concr ete at different per centage
of GBFS (Nath, 2012).

Khater et al. (2012) studied the effect of nano-silica on akali activated water-cooled
slag geopolymer cured at ambient temperature. It was reported that the addition of nano silica
results enhanced the compressive strength of alkali activated water cooled geopolymer concrete
cured at ambient temperature compared with specimens without nano silica. Nano silicawith
its amorphous and high specific surface area increases geopolymerization process. It was
observed in XRD analysis that due to transformation of the amorphous component in the
geopolymer into crystalline one with increase of nano-silica content which is positively
reflected on their microstructural and mechanical properties[88].

Tanakorn Phoo-ngernkham et al. (2014) reported that the effect of adding nano-SiO>
and nano-Al203 on the properties of high calcium fly ash geopolymer pastes. The compressive
strength and flexural strengths of geopolymer pastes containing nano-SiO; and nano-Al>O3
were higher than that of control paste. At 90 days, the compressive strengths of pastes
containing 2% nano-SiO2 and nano-Al2O3 increased to 51.8 and 56.4 MPa, respectively
compared with 39.4 MPa of the control paste. At 90 days, the flexural strengths of pastes
containing 2% nano-SiOz and nano-Al20s were 5.98 and 5.92 MPa compared with 4.31 MPa
of the control paste. It was also reported that the compressive strengths at 90 days of 3% of
nano-SiO, and nano-Al>Os reduced to 48.1 and 46.1 MPa which informed that the properties
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of high calcium FA geopolymer could be enhanced with addition of 2% nano-SiO> and nano-
Al>Os by weight. The SEM and XRD analysisindicated that the microstructures of geopolymer
pastes containing 1-2 % nano-SiO2 and nano-Al>O3 were enhanced with denser matrix and
increased reaction products. The addition of nano-SiO, as additive to high calcium fly ash
geopolymer paste resulted in the decrease of setting time due to the formation of CSH which
accelerated the setting and hardening of geopolymer pastes. While, the addition of same
amount of nano-Al2Os resulted in only a slight reduction in setting time. Mechanical strength
of high calcium fly ash based geopolymer concrete cured at ambient temperature increased
with addition of nano-SiO. and nano-Al20s due to the formation of additional CSH or CASH
and NASH gelsin geopolymer matrix [89)].

Shadi Riahi et al. (2012) reported that with the addition of 3% nano SiO; in the fly ash
based geopolymer concrete showed better compressive strength at early ages than geopolymer
concrete without nano SiOo. It was also reported that nano Al>Os had no effect on the strength

development of geopolymer mortar [90].

2.5 Antibacterial activity of conventional concrete and geopolymer

concrete:

Deterioration of concrete generally occur when any environmental agent can break the
inorganic bonds of the cement binder. Acids, sulphates, ammonium and magnesium salts,
alkalis, organic esters, and carbon dioxide can destroy a binder over time. The deterioration of
concrete by different is also an important research area. Sources of sulphate which can cause
sulphate attack include groundwater, seawater, wastewater oxidation of sulphide mineralsin

clay adjacent to the concrete, pollution from industrial waste and masonry [91].

Sulphate deterioration of concrete materials is bio-corrosion — the process caused by
presence and activities of microorganisms producing sulphuric acid. The biogenic sulphuric
acid is generated by complex mechanisms and various microbial species, particularly ferrous
and sulphur oxidizing bacteria genera Acidithiobacillus. There are five species of Acidi-
thiobacillus sp. that play important roles on corroded and corroding concrete: T. thioparus, T.
novellus, T. neapolitanus, T. intermedius and Ac. thiooxidans. The first four species listed are
neutrophilic sulfur-oxidizing microorganisms (NSOM). Thelast specieslisted isan acidophilic

sulphur-oxidizing microorganism (ASOM) [92].
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Concrete has atypical pH of approximately 11 or 12, depending upon the mix design.
This high pH isthe result of the formation of calcium hydroxide [Ca(OH)2] as a by-product of
the hydration of cement. A surface pH of 11 or 12 does not allow the growth of any bacteria.
The pH of this concrete is slowly lowered over time due to carbon dioxide (CO-) and hydrogen
sulphide gas (H2S). These gases are known as "acid" gases because they form relatively weak
acid solutions when dissolved in water. Carbon dioxide produces carbonic acid and H>S
produces thiosulfuric and poly thionic acid. They dissolve in the water on the moist surfaces
above the sewage flow and react with the calcium hydroxide to reduce the pH of the surface.
Eventually the surface pH isreduced to alevel (pH < 9), which supports the growth of bacteria.
At this point, the contest between the durability of the concrete or mortar and the deterioration
from acids produced by the Thiobacillus bacteria begins and the time line toward serious
corrosion and even line collapse has started. Biological colonization occurs around pH 9. Over
60 different species of bacteria are known to regularly colonize wastewater pipelines and
structures above the water line (Fig 2.46). Most species of bacteria in the genus Thiobacillus
have the unique ability to convert hydrogen sulphide gas to sulphuric acid in the presence of
oxygen. Because each species of bacteriacan only survive under a specific set of environmental
conditions, the particular species inhabiting the colonies change with time. The production of
sulphuric acid from hydrogen sulphide is an aerobic-biological process and occurs on surfaces
exposed to atmospheric oxygen [93].

Figure - 2.46: Bacterial attack on concrete.

Generaly, the methods commonly was used for the concrete structures protection from
bio-deterioration include modifications of concrete mix design coatings that may be sprayed,

painted or rolled onto the concrete surface and liners. The concrete mix modification usually
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involves increasing the alkalinity, since the corrosion rate is inversely proportional to concrete
akalinity. The concrete that we expect to expose on the biological attack should indicate the
water-to-cement ratio w/cm < 0.45, and depth of the water penetration < 2.0 cm, and should
contain specific additives including polypropylene or other fibers, and biocides. The additives
may be prepared as bacteriostatic composite systems protecting concrete for along time [93].
Biocides selection must always depend on the microorganisms that will settle the concrete
stone. Simultaneous usage of the biocide and the protective coating as well as the biocides

addition to the coating are more frequently recommended.

There are aimost no literature on antibacterial activity of geopolymer concrete.
Hashimoto et al. (2015) reported that about the antimicrobial activity of geopolymer made
from metakaolin and an alkali solution samplesimmersion in copper chloride solution for 24h
and ion-exchanged with copper ions [94]. The effect of the amount of copper ions e uted
from geopolymer particles ion-exchanged inside the saw-tooth oak sawdust on
antimicrobia activity, the sawdust plus mushroom hyphae was mixed with copper
chloride solutions of 0.01, 0.05, or 0.10 mol/L concentrations. The samples composed
of sawdust with oyster mushroom hyphae treated with the copper chloride solutions
after zero and seven days. At greater copper ion concentrations, the colour of the
samples did not change from brown to white, indicating suppression of growth of the
oyster mushroom hyphae. Nies (1999) reported that a copper ion concentration of 1
mmol/L was the minimum concentration that exhibited antimicrobial activity against
microorganisms (Escherichia coli) [95]. In the present study, 8mL of a 0.01, 0.05, or
0.10 g/mL copper chloride solution was mixed with 25g of sawdust containing 7.5 g
(30 mass %) of water. Therefore, the actual copper chloride concentrations in the 0.01,
0.05, and 0.1 g/mL solutionswere 5, 25 and 50 mmol/L, respectively. When the copper
chloride concentration was greater than 25 mmol/L, antimicrobial activity against
oyster mushroom growth was complete. However, at 5 mmol/L, antimicrobial activity
was slight compared to that for the sample without geopolymer particles (Fig 2.47). At
a copper chloride concentration of 5 mmol/L, the concentration of copper ions was

approximately 300 ppm. It was also reported that the concentration of copper ions
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greater than 300 ppm possessed antimicrobial activity that completely suppressed the
growth of oyster mushroom hyphae.
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Figure— 2.47: Optical photograph of samples of snow dust with oyster mushroom
hyphae and copper chloride solution at various concentration (Nies, 1999).

2.6 Aim of the study:

Based on the review of literature on the geopolymer mortar/concrete, a comprehensive
experimental programme has been taken up on fly ash based geopolymer mortar and
subsequently geopolymer concrete. The basic aim is to develop geopolymer
mortar/concrete using low calcium fly ash (abundantly available in India) without heat
activation for practical purpose. This has been made in the present study (I) by the
addition of appropriate amount of nano silicaand (I1) by the modification of process of
heat cured geopolymer mortar/concrete. The structural performance of such modified
geopolymer concrete has been also studied. Finally, an attempt has been made to
improve the antibacterial activity of geopolymer mortar using silver-silica nano
composite. The details of the study are as follows:

v' To develop nano silica modified geopolymer mortar/concrete cure at ambient
temperature at different molar concentrations of activated fluid.

v" To determine the mechanical strength and durability performance in terms of RCPT
and water absorption of nano silica modified geopolymer mortar (cured at ambient
temperature) and compare to the heat cured geopolymer mortar and control cement
mortar.
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To access the antibacterial property of geopolymer mortar with silver-silca nano
composite cured at ambient temperature.

To study the structural behaviours (compressive, split tensile, bond strength, modulus
of elasticity and flexural behaviour) study of nano silicamodified geopolymer concrete
and compare with heat cured geopolymer concrete and OPC concrete.

To develop an energy efficient process for geopolymer mortar at different fluid to fly
ash ratio, cured at ambient temperature after casting for practical purpose.

To study mechanical strength and durability study of process modified geopolymer
mortar and compare with conventional heat cured geopolymer and control cement
mortar.

To determine the structural behaviour of process modified geopolymer concrete and

compare with conventional heat cured geopolymer concrete.
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INSTRUMENTS & APPARATUS

3.0 General

The usual mechanical strength properties such as compressive strength and split
tensile strength of mortar/concrete have been determined as per Indian Standard codes |S 516
(1958) and 1S 5816 (1999) respectively. The different specimens have been prepared for the
above test and tested accordingly. To determine the bond strength of geopolymer concrete
with reinforcement, a specia arrangement has been made as per IS 2770 (1997) and
discussed here. The flexural strength of reinforced geopolymer concrete and the Rapid
Chloride lon Penetration Test (RCPT) of geopolymer concrete /mortar (as per ASTM C1202)
have been discussed. For microstructure analysis Field Emission Scanning Electron
Microscope (FESM) with Energy-dispersive X-ray Spectroscopy (EDS), Transmission
Electron Microscope (TEM), X-Ray Diffraction (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR). The working principal and important features of some of these

instruments are described briefly.

3.1 Bond strength:

The load carrying capacity of reinforced concrete structure is generally influence by
the interaction between the concrete and reinforcement. The stress is transferred between
reinforcement and concrete in the longitudinal direction of the bars through bond. An
essential feature of the reinforced concrete is the bond behavior between steel and concrete.
The bond strength is determined by pull out test on the concentric deformed rebar or mild
steel rebar embedded on cubical specimens. A specia type of mould is designed to prepare
the concrete specimen with reinforcement bar. The test specimen is then mounted in a
Universal Testing Machine in such a manner that the bar is pulled axially from the cube. The
end of the bar at which the pull is applied is projected from the top face of the cube. The
movement between the reinforcing bar and the concrete cube, as indicated by the dia
micrometers is noted at a sufficient number of intervals throughout the test. The graph load
corresponding to the dlip is plotted for determination of bond strength. The bond stress values
are calculated as per 1S 2770 (Part — I): 2007.
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Figure 3.1: Bond strength testing arrangement.

3.2. Flexural strength (Reinforced concrete beam):

Load deflection behavior and flexural strength of reinforced concrete beam is an
important parameter to design a concrete structures. The test specimen is mounted in a beam
testing load frame of 500 kN capacity. All the beams are simply supported and subjected to
two point concentrated loads placed symmetrically on the span. The load is applied on two
points and deflection is measured by dial gauge of 0.001mm least count under the load points
and at mid span. The load on the beam is increased by the load cell attached with the frame.
The deflection of beam at different location with respect to certain incremental load is noted.
The experiment is carried out until the crack are observed. The flexural strength and moment
carrying capacity of the concrete specimen with different percentages of tensile, compression
and shear reinforcement is measured. The bending moment capacity of the concrete beam is
determined as per 1S 456: 2000.
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Figure 3.2: Flexural strength test setup for reinforced concrete beam.

3.3. Chloride lon Permeability Test (RCPT):

According to ASTM C1202 [3], this tests has been performed using 50 mm long, 100
mm diameter water saturated cylindrical specimens cut from the long cylinder of 100 mm
diameter and 200 mm length. The specimen is placed in the testing apparatus where one end
of the specimen is exposed to a solution containing sodium chloride (NaCl) 3% by mass and
the other end is exposed to a solution containing sodium hydroxide (NaOH) of 0.30 (N). The
negative terminal is connected to the electrode in the reservoir with the NaCl solution and the
positive terminal is connected to the electrode in the NaOH solution. The negatively charged
chloride ions will migrate towards the positive terminal. To increase the rate of chloride
penetration into the specimen, thus speeding up the test, a constant 60 V potential is applied
across the specimen. The more permeable is the concrete, the more chloride ions will migrate

through the specimen, and a higher current will be measured.

It will be provided with rubber gasket and washers for achieving leak proof. Stainless
steel bolts with washers and nuts will be provided to hold the specimen rigidly. The power
supply will be applied to each cell through banana sockets and the current will be distributed
through the brass mesh. Each cell will be provided with openings in top for pouring
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chemicals and the temperature sensors. The openings can be closed with lids. The volume of
chemicals within the chamber shall be 250ml.

=T
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ou .
) & aF S

L |

Figure 3.3: RCPT arrangement.

7

3.4. Field Emission Scanning Electron Microscope (FESEM):

The scanning electron microscopy is a versatile, non-destructive technique that
reveals detailed information about the morphology and the composition of natural and
manufactured materials. In a scanning electron microscope, the specimen is exposed to a
narrow electron beam from an electron gun, which rapidly moves over or scans the surface of
the specimen. The electrons interact with the atoms that make up the sample producing
signals that contain information about the sample's surface topography, composition and
electrical conductivity. The types of signals produced by the FESEM include secondary
electrons, back-scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence),
specimen current and transmitted electrons. Secondary electron detectors are standard
equipment in all FESEMs, but it is rare that a single machine would have detectors for all
possible signals. The signals result from interactions of the electron beam with atoms at or

near the surface of the sample. In the most common or standard detection mode, secondary
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electron imaging or SEI, can produce very high-resolution images of a sample surface,
revealing details less than 1 nmin size. Due to the very narrow electron beam, SEM
micrographs have a largedepth of fieldyielding a characteristic three-dimensional

appearance useful for understanding the surface structure of a sample.

- Electron Gun
——— Anode
Electron Beam
Condenser
‘ Lens
J—
Scanning —[
Coils
[ )
Objective Lens X-rays
Optical System

—— Spectrometer

Y

Pumps

Sample

Figure 3.4A: Graphical presentation of FESEM setup.

INSPECT F50 SEM (FEI Europe BV, The Netherlands) has been used to characterize
morphology and microstructural analysis of cementitious materials.FESEM specimens is
dried, then gold coated & stored in the desiccators prior to examination using an INSPECT
F50. Back-scattered electrons (BSE) are reflected from the sample by elastic scattering. BSE
are often used in analytical FESEM along with the spectra made from the characteristic X-
rays, because the intensity of the BSE signal is strongly related to the atomic number (Z) of
the specimen. BSE images can provide information about the distribution of different
elements in the sample. Characteristic X-rays are emitted when the electron beam removes
an inner shell electron from the sample, causing a higher-energy electron to fill the shell and
release energy. These characteristic X-rays are used to identify the composition and measure

the abundance of elementsin the sample.
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Figure 3.4B: FESEM laboratory test arrangement.

3.5. HI-Resolution Transmission Electron Microscope (HRTEM):

Basic principle of HRTEM is quite similar to their optical counterparts, the optical
microscope. The major difference is that in HRTEM, a focused beam of electrons instead of
light is used to form image to achieve information about the structure and composition of the
specimen. An electron source usually named as the “Gun” produces a stream of electrons
which is accelerated towards the specimen using a positive electrical potential. This stream is
then focused using metal apertures and magnetic lenses called “condenser lenses” into a thin,
focused, monochromatic beam. Beam strikes the specimen and a part of it gets transmitted
through it. Generally the electron beam is much more energetic than the beam used in SEM
(100-300 kV in HRTEM compared to 1-30 kV in SEM). Thus the beam may pass through the
sample. Samples with smaller thickness (< 100 nm) can give good images in HRTEM than in
SEM. The advantages of HRTEM are due their high resolution, easy particle size
measurement and the ability to determine crystallinity easily. So, the very small crystals can
be identified and their crystal structures can be determined easily. From a selected area of

electron diffraction pattern, a useful crystallographic data can be obtained. TEM imaging can
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be combined with several materia analysis techniques like Electron Energy Loss
Spectroscopy (EELS), Energy Filtered TEM (EFTEM) and Energy Dispersive X-ray (EDX).

Electron source

Electromagnetic
lens system

N Airock

Sample holder

Imaging
system

E—— i

Figure 3.5 HRTEM test setup.

In this research study a transmission electron microscope (Model JEM-2100, JEOL,
Japan) has been used to characterize the morphology of geopolymer composite and cement
composite. It has three independent condenser lenses and produces the highest probe current
for any given probe size which alows for improved analytical and diffraction capabilities.
The JEM-2100 offers a number of pumping options including full dry pumped/Turbo-
pumped versions for lab environments that do not allow for oil-based or rotary pumps. The
instrument has a guaranteed resolution of 0.1 nm. The resolution attained during routine
measurements is 8-10 A. The magnification in this instrument could be varied from 50 X to
1,500,000 X with accelerating voltage 200 kV. Samples have been prepared by dropping the
suspension of the sample onto a carbon coated copper grid and allowing the solvent to
evaporate.
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3.6. X-RAY Diffraction (XRD):

X-ray diffraction is now a common technique for the study of crystal structures and
atomic spacing. X-ray diffraction is based on constructive interference of monochromatic X-
rays and a crystalline sample. These X-rays are generated by a cathode ray tube, filtered to
produce monochromatic radiation, collimated to concentrate, and directed toward the sample.
The interaction of the incident rays with the sample produces constructive interference (and a
diffracted ray) when conditions satisfy Bragg's Law (2d Sin6 = nA where n= an integer, A=
wavelength in angstroms, d= inter atomic spacing in angstroms, 6= the diffraction angle in
degrees). This law relates the wavelength of electromagnetic radiation to the diffraction angle
and the lattice spacing in a crystalline sample. These diffracted X-rays are then detected,
processed and counted. By scanning the sample through a range of 28 angles, all possible
diffraction directions of the lattice are to be attained due to the random orientation of the

powdered material.
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Figure 3.6A: Graphical presentation of XRD test.

Conversion of the diffraction peaks to d-spacings allows the identification of the
mineral because each mineral has a set of unique d-spacings. Files of d-spacings for hundreds
of thousands of inorganic compounds are available from the International Centre for
Diffraction Data as the Powder Diffraction File (PDF). Many other sites contain d-spacings of
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minerals such as the American Mineralogist Crystal Structure Database. BRUKER D8
ADVANCE instrument is used for present study for XRD analysis of geopolymer composites
and control cement matrix.

Figure 3.6B: XRD test arrangement.

3.7. Fourier Transform Infra-red Spectroscopy (FTIR):

FTIR (Fourier Transform Infra-red Spectroscopy) is a sensitive technique particularly
for identifying organic chemicals in a whole range of applications although it can also
characterise some inorganics. Examples include paints, adhesives, resins, polymers, coatings
and drugs. A common FTIR spectrometer consists of a source, interferometer, sample
compartment, detector, amplifier, A/D convertor, and a computer. The source generates

radiation which passes the sample through the interferometer and reaches the detector. Then
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the signal is amplified and converted to digital signal by the amplifier and analog-to-digital
converter, respectively. Eventually, the signal is transferred to a computer in which Fourier

transform is carried out.

FTIR relies on the fact that the most molecules absorb light in the infra-red region of
the electromagnetic spectrum. This absorption corresponds specifically to the bonds present
in the molecule. The frequency range is measured as wave numbers typically over the range
4000 - 600 cm'L.

Stationary Mirrar

Split Beam
Delayed | |
Split Beam |
Coherent |
Light Source
Beam 1
Splitt -
P Recombined -+
Beam Meoving Mirror

Detector

Figure 3.7: Graphical presentation of FTIR working principal.

The background emission spectrum of the IR source isfirst recorded, followed by the
emission spectrum of the IR source with the sample in place. The ratio of the sample
spectrum to the background spectrum is directly related to the sample's absorption spectrum.
The resultant absorption spectrum from the bond natural vibration frequencies indicates the
presence of various chemical bonds and functional groups present in the sample. FTIR is
particularly useful for identification of organic molecular groups and compounds due to the
range of functional groups, side chains and cross-links involved, all of which will have

characteristic vibrational frequenciesin the infra-red range.
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3.8. Fluorescence Microscopy:

Fluorescence is a phenomenon that takes place when a substance absorbs light at a
given wavelength and emits light at another wavelength. Fluorescence occurs as an electron,
which has been excited to a higher and more unstable energy state, relaxes to its ground state
and gives off a photon of light. The light that is responsible for excitation, or moving the
electron to a higher energy state, is of shorter wavelength and higher energy than the
fluorescence emission, which has a longer wavelength, lower energy, and different color.
Fluorescence microscopy combines the magnifying properties of the light microscope with
fluorescence technology that alows the excitation and detection of emissions from
fluorophores - fluorescent chemical compounds. With fluorescence microscopy, scientists

can observe the location of specific cell types within the tissues or the molecules of cells.
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Figure 3.8A: Graphical presentation Fluorescence Microscopy.

The principle behind fluorescence microscopy is simple. As light leaves the arc lamp
it is directed through an exciter filter, which selects the excitation wavelength. This light is
reflected toward the sample by a special mirror called a dichroic mirror, which is designed to
reflect light only at the excitation wavelength. The reflected light passes through the objective
where it is focused onto the fluorescent specimen. The emissions from the specimen are in
turn, passed back up through the objective where magnification of the image occurs and now

through the dichroic mirror. This light is filtered by the barrier filter, which selects for the
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emission wavelength and filters out contaminating light from the arc lamp or other sources

that are reflected off of the microscope components. Finally, the filtered fluorescent emission

is sent to a detector where the image can be digitized, or it’s transmitted to the eyepiece for

optical viewing. The exciter filter, dichroic mirror, and barrier filter can be assembled

together into a component known as the filter cube. Different filter cubes can be changed

during specimen viewing to change the excitation wavelength, and a series of diaphrams can

be used to modify the intensity of excitation.

Figure 3.8B: Fluor escence Microscopy laboratory setup.

List of BIS Standards:

®.
°

*
°

®
*

*
°

IS 456 — 2000: Plain and Reinforced Concrete Code of Practice, Bureau of Indian
Standards, New Delhi, India.

IS 2770 (Part-1) — 2007: Method of Testing Bond in Reinforced Concrete; Bureau of
Indian Standard, New Delhi, India.

IS 4031 (Part — V1) — 1988: Method of Physical Test of Hydraulic Cement, Bureau of
Indian Standards, New Delhi, India

IS 10080 — 1982: Specification for Vibration Machine, Bureau of Indian Standards,
New Delhi, India

IS 5816 — 1999: Splitting Tensile Strength of Concrete Method of Test, Bureau of
Indian Standards, New Delhi, India

IS 516 — 1959: Method for Test for Strength of Concrete, Bureau of Indian Standards,
New Delhi, India
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MATERIALS & METHODS

4.0. EXPERIMENTAL DETAILS

The experimental studies have been conducted mainly at the Concrete Technology and
Structural Engineering laboratory of Civil Engineering Department, Jadavpur University,
Kolkata, India. At first, the details of all materials and chemicals used in this study are
presented in section 4.1. The next two sections (4.2 & 4.3) include the experimental programme
to study the effect of nano-silica on geopolymer mortar and geopolymer concrete respectively.
In section 4.4, the experimental programme to study the effect of the addition of silver-silica
nano composite on geopolymer mortar against bacterial action has been presented. Finally,
experimentation on process development of conventional geopolymer mortar and concrete
have been presented in section 4.5 and 4.6 respectively.

4.1. MATERIALS & CHEMICALS.

The materials for the study include low calcium Class F fly ash (Nationa Thermal
Power Corporation Ltd, Farakka, India), Ordinary Portland Cement (43 grade), locally
available river sand (Specific gravity 2.52, water absorption 0.50%, and fineness modulus of
2.38) and coarse aggregate (Specific gravity 2.78, water absorption 0.42%, and fineness
modulus of 4.89) [1]. The basic physical and chemical properties of fly ash have been tested
before the experimental work and are presented in Table — 4.1 and 4.2.

Table-4.1. Chemical analysisreport of fly ash:

Material Chemical composition (in percentage)

Fly Ash SO; | Al2O3 | Fe2O3 | CaO | MgO | N&O | KO | SO4 | LOI

‘ 64.97 | 26.64 | 5.69 033 | 085 049 | 033 | 0.25 | 045

Table-4.2. Particle size analysisreport of fly ash:

|| Particle size distribution |

Fly Ash

>500u | 300-500p | 150-300p | 150-90u | 90-45p | <45u | Specific

NIL 1.42 11.67 48.06 31.98 | 6.87 2.05
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Locally available Sodium hydroxide (NaOH) pellet of 99% purity and liquid sodium
silicate (NaSiOz) (specific gravity 1.53) having 45% solid content has used as an activator
fluid. The colloidal nano silica (Bee Chemicals, India), Nutrient Broth (NB) mediaingredients
like peptone, beaf extract, Y east extract, agar (Hi-media Pvt. Ltd., India), silver nitrate (Merck
Germany), deionized water, carbonic acid, E. coli (MTCC 1652 strain), S aureus (MTCC 96
strain) bacteria have been used for this study. The basic properties of colloidal nano silica as
provided by suppliersis described in Table — 4.3.

Table - 4.3. Properties of colloidal nano silica:

Colloidal Properties of colloidal nano silica
Nano-silica

CemSynXLP Avergge particle | Solid content | Viscosity pH Solid density
size (nm) (Wt. %) (PaS) (gm/cc)

41030 nm 30% 8.5 9.0-9.6 2.37
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4.2. GEOPOLYMER MORTAR WITH NANO-SILICA AND CONTROL
MORTAR:

Preparation of geopolymer mortar (with / without nano silica) and control cement mortar.

Three different molar concentration of NaOH such as 8 (M), 10 (M) and 12 (M) have
been mixed with NaSiOz solution in the proportion of 1:1.75 (by weight) to make akali
activator fluid. The molar concentration and the ratio have been fixed on the previous study.
Colloidal nano silica with 4%, 6%, 8% and 10% of fly ash by weight has been also added to
the activator fluid. It may be mentioned here that water present in the colloidal nano silicais
adjusted from the activator solution during the preparation. The ratio of fly ash: sand and
activator fluid (with / without nano silica) to fly ash have been fixed at 1:3 (by weight) and
0.40 respectively.

The nano-silica modified geopolymer mortar samples have been prepared by
thoroughly hand mixing dry fly ash and sand (by weight) with activator solution (with nano-
silica). Tablevibrator have been used for proper compaction. After that, the geopolymer mortar
specimens with nano silica have been removed from the mould after one day of casting and are
placed at ambient temperature (27 + 20 °C) before testing.

For the preparation of conventional geopolymer mortar fly ash and sand (by weight)
has been dry mixed (hand mixing) for two minutes and the appropriate amount of activator
fluid of different molar concentrations is added and mixed thoroughly. Table vibrator have
been used for proper compaction. The conventional geopolymer mortar specimens have been
cured at 60°C temperature for 48h within the hot air oven and after 2 days of casting the
specimen are kept at ambient temperature until testing. For the preparation of controlled mortar
sample, Ordinary Portland Cement of 43 Grades (1S 8112) has been mixed with sand (hand
mixing) [2]. However, conventional water curing has been made for the normal cement mortar

specimens after one day of casting. The details of all the mixtures are shown in Table — 4.4.

4.2.1. Compressive Strength of mortar:

The standard mortar cube specimen size of 70.6 mm x 70.6 mm x 70.6 mm have been
prepared for compressive strength study [3, 4]. The cube specimens have been tested at 3 days,
7 days, and 28 days after casting to determine the compressive strength of both types of
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geopolymer (with / without nano silica) mortar and control cement mortar. For each category
eighteen numbers of samples have been tested and taken the average value. The breaking loads
of the samples have been determined by compressive strength testing machine.

Table - 4.4. Mix proportion varying molar concentration, per centage of nano silica and
curing condition.

Mix Fly ash : Molar % of nano-silica Curing conditions
Mark Sand concentration w.r.t fly ash

Control 1:3 N.A N.A Conventional water curing
(CM) Cement:

Sand
8GMOH 1:3 8.0 0.0 Heat cured at 60°C for 48h.
8GM4 1:3 8.0 4.0 Ambient temp.(27+2°C) curing
8GM6 1:3 8.0 6.0 Ambient temp.(27+2°C) curing
8GM8 13 8.0 8.0 Ambient temp.(27+2°C) curing
8GM 10 1:3 8.0 10.0 Ambient temp.(27+2°C) curing
10GMOH 1:3 10.0 0.0 Heat cured at 60°C for 48h.
10GM4 13 10.0 4.0 Ambient temp.(27+2°C) curing
10GM 6 1:3 10.0 6.0 Ambient temp.(27+2°C) curing
10GM 8 1:3 10.0 8.0 Ambient temp.(27+2°C) curing
10GM 10 1:3 10.0 10.0 Ambient temp.(27+2°C) curing
12GMOH 1:3 12.0 0.0 Heat cured at 60°C for 48h.
12GM4 13 12.0 4.0 Ambient temp.(27+2°C) curing
12GM6 1:3 12.0 6.0 Ambient temp.(27+2°C) curing
12GM8 1:3 12.0 8.0 Ambient temp.(27+2°C) curing
12GM 10 13 12.0 10.0 Ambient temp.(27+2°C) curing

** (xGMy, Where “GM — Geopolymer mortar”, “x — Molar concentration”, “y — percentages

of nano-silica” and “OH — Heat cured without nano silica”).
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4.2.2. Split tensile strength test of mortar:

The split tensile strength of nano-silica modified geopolymer, heat cured geopolymer and
control cement mortar cylinder specimen of size 100 mm diameter x 200 mm height have been
cast for different mixes. All the nano silica modified geopolymer mortar specimens have been
tested after 28 days of air curing. The cylinder has placed horizontally between the loading
surfaces of compression testing machine and the load is applied to the perpendicular to the axis
of the cylinder. Plywood has been used as a packing material to avoid any sudden dlip. The
maximum |load has been applied to the specimen recorded to calculate the split tensile strength
of the specimen as per IS; 5816 (1999) [5].

4.2.3. Flexural strength of mortar:

The flexural strength tests have been carried out on beam specimens of size
100x100x200 mm under standard two point loading for all types of mortar mixes. The beam
specimens have been tested in flexural testing machine under a uniform rate of loading after
28 days of curing. The test procedure has been followed according to ASTM C293 [6]. All the
test results has been reported in this experimental work represent the average value obtained

from a minimum of three specimens.

4.2.4. Rapid Chloride Penetration Test (RCPT) of mortar:

For chloride ion penetration, test cylinder specimen (100 mm diameter x 200 mm
height) has been dliced into core specimens of thickness 50 mm. The current is passing through
the specimen at 60 Volt has been recorded at 30 minutes interval over aperiod of six hoursand
total charge in Coulombsis calculated [7].

4.2.5. Water absorption test on mortar:

Water absorption capacity of mortar samples has been also determined as per Neville’s
method [8]. The pore structure of concrete is known to be of high importance for the durability
of the material. A characterization of this pore structure by means of a smple test is often
investigated, in order to find a very simple compliance criterion with respect to concrete
durability. The mortar cube of dimension 70.6mm x 70.6mm x 70.6 mm have been used for
this experiment. After 28 days curing, the mortar samples have been dried at 52 °C for 72 h.

Then the mass of these specimens have been noted by using weighing machine. The samples
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have been immerged in water for 30 min and 24h. The mass of the immerged samples mass

have been recorded. This led to measure the increase in mass as a percentage of dry mass.

4.2.6. Microstructure analysis of mortar:
4.2.6.1. X-Ray Diffraction analysis:

The geopolymer mortar (with/without nano silica) and control mortar samples
possessing acceptabl e results of compressive strength of different mixtures (12GM6, 122GMOH,
CM) have been dried and sieved to make the size less than 5um for X-ray diffraction analysis
in powder X-ray diffractometer (Bruker AXS Inc, Model D8, WI, USA) with a scan speed 0.5
g/step at 40 KV. The XRD spectrum has been analyzed in the range 26 = 10° - 70° and the
peak positions are marked and compared from Joint Committee on Powder Diffraction
standards (JCPDs) file.

4.2.6.2. Field Emission Scanning Electron Microscopy analysis:

For FESEM analysis, the fine powder of geopolymer and cement mortar specimens
have been diluted with ethanol (99.9%) to make a film on carbon tape and then kept under
vacuum desiccators for evaporation. Finally, the dried samples have been gold coated for field
emission scanning electron microscope FESEM (HITACHI S-4800, JAPAN) analysis.

Based on the results of nano-silica modified geopolymer mortar, the experimental

program has been taken on geopolymer concrete with / without nano-silica
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4.3. GEOPOLYMER CONRETE WITH NANO SILICA:

The experimental study on geopolymer concrete (with / without nano-silica) has been
grounded on the best results of nano-silica modified geopolymer mortar with 6% nano-silica
at 12 molar concentration of NaOH activated solution at fluid to fly ash ratio 0.40.

Preparation of geopolymer concrete (with / without nano silica) and control cement concrete.

The NaOH solution (12M) has been mixed with Na:SiOs solution in the proportion of
1:1.75 (by weight) to make alkali activator fluid for both geopolymer concrete with or without
nano-silica. Colloidal nano-silica with 6% of fly-ash (by weight) has been also added to the
activator fluid. The amount of water present in the colloidal nano-silica is adjusted from the
activator solution during the preparation. The details of the various mixes have been shown in
Table — 4.5. The nano-silica modified geopolymer concrete (12GC6) specimens have been
removed from the mould after 24h of casting and are placed at ambient temperature (27 + 2°C)
until the testing. However, the geopolymer concrete without nano-silica (12GCOH) specimens
has been cured at a 60°C temperature for 48h within the hot air oven. After 2 days of heat
curing, the samples have been kept at ambient temperature until the test. The conventional
water cured cement concretes (CC) of similar compressive strength of 122GCOH have been
prepared by the addition of 0.1% ViscoCrete -10R admixture and are taken as control
specimens. Tilting drum has been used for proper mixing and for compaction table vibrator has
been used.

Table- 4.5: Details of nano-silica modified geopolymer (12GC6), conventional heat cured
geopolymer (12GCOH) concrete and control cement concr ete (CC) mix.

Cement | Fly ash F.A CA Fluid:| | % of Curing
(Kg/md) | (Kg/m®) (Kg/m3) (Kg/m3) Flyash | nano condition
silica
0.0 440 723 6.0

1085 0.40 Ambient
temp. curing.
12GCOH 0.0 440 723 1085 0.40 0.0 |Heat -curing
CcC 400.0 Nil 690 1205 0.40 0.0 | Conventional
| (WIC) water curing

** (XxGCy, Where “GC — Geopolymer concrete”, “x — Molar concentration”, “y — percentages
of nano-silica”, “OH — Heat cured without nano silica”, “CC — Conventional concrete” and
“WIC — Water / Cement”).
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4.3.1. Compressive strength tests of concrete:

The standard cube specimens of size 150 mm x 150 mm x 150 mm dimension have
been prepared for three mixes (12GC6, 12GCOH & CC) to determine the compressive strength
of concrete samples. The compressive strength of each category samples has been analyzed at

different ages (3, 7 & 28 days) of curing [9].
4.3.2. Split tensile strength and modulus of elasticity:

The split tensile strength testing has been carried out on 150 mm (diameter) x 300 mm
geopolymer (12GC6 & 12GCOH) and control cement concrete cylinder specimen of three
mixes as per 1S 5816 (1999) after 28 days of curing [5]. Also, the cylinder specimen of 150
mm diameter and 300 mm height have been also prepared for the modulus of elasticity
determination by using strain controlled machine (YAW3000A, China). The cylindrical
samples have been capped with sulphur blinder on their two opposite flat faces and the load is

continued up to about 70% of their peak stress to determine the modulus of elasticity.
4.3.3. Bond strength:

The bond strength of geopolymer (12GC6 & 12GCOH) and control cement concrete
(CC) have been determined by pull out test on the concentric deformed rebar or mild steel rebar
embedded on cubical specimens of 150 mm x 150 mm x 150 mm. During casting and
subsequent compaction, the concentrically placed steel bars have been held in position using a
specialy designed steel mould arrangement. The specimensfor each category have been tested
after 28 days of curing. The experiment has been completed when pull-out failure of
reinforcement bar (deformed; 0.2% proof stress = 500 MPa & mild steel; yield stress = 250
MPa) occurred. The dlip corresponding to the load has been noted and the corresponding bond
strength between reinforcement and concrete is determined as per 1S 2770 [10].

4.3.4. Flexural strength test on reinforced concrete beam:

The reinforced concrete beam specimens for three mixes have been 100 x 150 mm in
cross section and length of 1200mm, simply supported over an effective span of 900mm. The
nominal cover to rebar of the beam has been 15mm. The details of three different percentages

of tensile, compression and shear reinforcement are shown in Table — 4.6. The load has been
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applied on two points each 150 mm away from the centre of the beam towards the support (Fig
4.1 & 4.2). The deflections at the centre and at the load point have been measured against the
load applied at intervals of 1.0 KN. The maximum experimental bending moment is calculated
at mid span is Mwe = P x (L/3), where ‘P’ is the load applied at equal distance with respect to
mid-point of the beam and ‘L’ is the clear span of the beam. The theoretical bending moment
(Mexp) Of the beam has been calculated as per IS 456 (2000) [11]. The bending moment capacity
of reinforced geopolymer concrete (with / without nano-silica) beam and control cement
concrete beam have been determined.

1200
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| | \_ 6% @200cic
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Figure4.2: Flexural strength test setup for reinforced concrete beam.
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Table — 4.6: Reinforcement details of nano-silica modified geopolymer (Al to A7),
conventional geopolymer (B1to B7) concrete and control concrete (C1to C7) beam.

Beam | Length Reinfor cement % of reinforcement Shear
Mark (mm) (Bottom) (Top) (pt) (pc) Spacing(6¢)
Al 1200 2-60 2-60 0.45 0.45 200 mm
A2 1200 3-60 2-60 0.67 0.45 200 mm
A3 1200 2-80 2-60 0.81 0.45 200 mm
A4 1200 2-80 3-60 0.81 0.67 200 mm
A5 1200 2-86 2-80 0.81 0.81 200 mm
A6 1200 2-80 2-60 0.81 0.45 150 mm
A7 1200 2-8¢ 2-60 0.81 0.45 100 mm
Bl 1200 2-60 2-60 0.45 0.45 200 mm
B2 1200 3-6¢ 2-6¢ 0.67 0.45 200 mm
B3 1200 2-86 2-60 0.81 0.45 200 mm
B4 1200 2-80 3-60 0.81 0.67 200 mm
B5 1200 2-80 2-8¢ 0.81 0.81 200 mm
B6 1200 2-80 2-60 0.81 0.45 150 mm
B7 1200 2-8¢ 2-6¢ 0.81 0.45 100 mm
C1 1200 2-60 2-60 0.45 0.45 200 mm
C2 1200 3-60 2-60 0.67 0.45 200 mm
C3 1200 2-80 2-60 0.81 0.45 200 mm
C4 1200 2-80 3-60 0.81 0.67 200 mm
C5 1200 2-8¢ 2-80 0.81 0.81 200 mm
C6 1200 2-80 2-60 0.81 0.45 150 mm
C7 1200 2-8¢ 2-66 0.81 0.45 100 mm
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4.3.5. Microstructural study of concrete:

4.3.5.1. XRD analysis:

The micro-structural properties of nano-silica modified geopolymer (12GC6), heat
cured geopolymer (12GCOH) and control cement concrete (CC) fragments have been collected
after the strength investigation. The fragments have been crushed into fine powder by pestle-
mortar are dried and sieved to make the size less than 5um for X-ray diffraction analysis by
using the powder X-ray diffractometer (Bruker AXS Inc, Model D8, WI, USA) with a scan
speed 0.5 g/step at 40 KV. The XRD spectrum has been taken from 26 = 20° to 80°. The peaks
in the new positions of the spectrum have been marked, match up to and identified from the
Joint Committee on Powder Diffraction Standards (JCPDs) datafile.

4.3.5.2. SEM with EDS analysis:

For EDS study, a pinch of powder sample has been taken and dispersed in absolute
ethyl alcohol on double coated carbon tape and dried in vacuum desiccators for 15 min. The
dried powdered sample has been examined in Field Emission Scanning Electron Microscope,
FESEM (INSPECT F50 SEM, FEI Europe BV, The Netherlands) for EDS analysis using
QUANTAX ESPRIT 1.9 software.

4.3.5.3. Fourier Transform Infrared Spectroscopic analysis:

Fourier transform infrared spectroscopy (FT-1R410 JASCO, U.S.A.) has been used to
determine the presence of various chemical bonds and functional groups in the nano-silica
modified geopolymer and conventional heat cured geopolymer concrete. Samples have been
prepared by using the KBr pellet (97% KBr) technique for the IR analysis.
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4.4. SILVER-SILICA MODIFIED GEOPOLYMER MORTAR

A silver-silica nano composite had been developed by simple adsorption of silver ina
suitable amount of colloidal silica suspension for anti-bacterial property development. Low
Calcium Class F dry fly ash, locally available sand, akali activator fluid (mixture of sodium
hydroxide, sodium silicate and deionized water) have been used as basic ingredients of
geopolymer mortar [1]. For control cement mortar, Ordinary Portland Cement (OPC) and
deionized water has been used. Nutrient Broth (NB) media ingredients like peptone, beaf
extract, Y east extract, NaCl, agar (Hi-media Pvt. Ltd., India), silver nitrate (Merck Germany),
deionized water, carbonic acid, E. coli (MTCC 1652 strain), S aureus (MTCC 96 strain)
bacteria have been used. All reagents have been prepared with milli-Q ultra-pure water. The

basic properties of colloidal nano silica are mentioned in Table — 4.3.
4.4.1. Preparation of silver silica nano composite:

For preparation of silver nanoparticles (Ag NPs) on the surface of colloidal silica
nanoparticles (SiO2 NPs), 100 mM colloidal silica NPs water solution has been taken and the
5mM silver nitrate (AgNOs) isadded drop-wise under vigorous stirring at ambient temperature
for 6h, 24h [12].

4.4.2. Confirmative test for silver-silica nano composite:

The silver-silica nano solution has been lyophilized (EYELA FDU-1200, Japan) and
crushed to make a uniform fine powder. The surface morphology of the synthesized nano
structured samples have been evaluated using High Resolution Transmission Electron
Microscopy (HRTEM; JEOL, JEM 2100). The surface charges and size distribution of silica
NPs and silver-silica nano composite have been determined by using Zeta Potential Analyzer
(Brookhaven Instruments Corp. Holtsville, USA). XRD analysis has been performed (Bruker
AXS, Inc., Model D8, WI, USA) with mono-chromatised Cu-Ka radiation of wavelength
1.5406 A at 55 kV and 40 mA. The sample has been examined at 26 from 10° to 80° and
identified by referring to data of Joint Committee on Powder Diffraction Standards (JCPDS)

files.
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4.4.3. Preparation of mortar samples:

Two different fly-ash based geopolymer mortars (GMs;, GMag.s)) and a conventional
control mortar (CM) have been prepared for the present study. The activator fluid to fly ash
ratio has been taken at 0.40. The activator fluid has been made by mixing 12M NaOH with
NaSiOs at weight ratio of 1:1.75. This solution has been mixed with colloidal nano silica
solution (activator 1) for the preparation of GMs geopolymer specimens. For preparation of
GMag-s geopolymer mortar, activator 2 has been prepared by 12M NaOH and Na:SiOs at same
weight ratio with nano silver-silica solution. The amount of nano silica and silver-silica nano
composite in the respective activator 1 and activator 2 solutions has been 6% (w/w) of fly ash
used. For the preparation of control mortar sample (CM), OPC of 43 grade sand and distilled
water have been used. Details of all mixes are shown in Table — 4.7. For determination of
mechanical strength (compressive strength, flexural and split tensile strength) and durability
(RCPT), the samples of mix GMs and GMag-si have been removed from the mould after 24 h
and kept in ambient temperature and tested after 3, 7 and 28 days of air curing. Conventional
water curing has been made for the CM specimens until the test. It may be mentioned here that
the mix GMs is same as 12GM6. The mix GMagsi is the modified mix of GMs with silver

nano particle.

Table — 4.7. Nano silica modified geopolymer (GMsi), silver silica modified geopolymer
mortar (GM ag-si)) and control mortar (CM), mix proportions:

Mix Activator solution % of SOz | % of AQ- Curing
- Mark NPs SiOz NPs condition

GMs Activator 1 Nil Air curing at
(NaOH + NaxSIOs + room
SiO2 NPs) temperature.
GMags 1:3 Activator 2 Nil 6.0 Air curing at
(NaOH + N&SiO3 + room
Ag-SIO2 NPs) temperature.
CM 1:3 Water Nil Nil Water Curing
(Cement
: Sand)

Page | 96



MATERIALS & METHODS

4.4.4. Mechanical strength and durability study:

The standard mortar cube specimens of dimension 70.6 mm x 70.6 mm x 70.6 mm have
been prepared for different mixes to determine the compressive strength of mortars. All the
specimens have been tested at 3 days, 7 days, and 28 days after casting to determine the
compressive strength. Flexural strength testing has been carried out on mortar bars (50 mm x
50 mm x 200 mm) for all (GMsi, GMag-si, CM) samples. The center point loading method has
been adopted for the determination of flexural strength (ASTM C293) [5]. Cylinder specimens
(100 mm diameter x 200 mm height) have been tested for split tensile strength test for each
category after 28 days from the date of casting. Rapid Chloride ion Penetration Test (RCPT)
has been adopted for the durability assessment of different mortar mixes. Test cylinder
specimens (100 mm diameter x 200 mm height) have been dliced into core specimens of
thickness 50 mm and subjected to RCPT by impressing 60V [7]. All the specimens have been
tested after 28 days of casting.

4.4.5. Antibacterial Study:

4.4.5.1. Bacterial kinetics study:

Bacterial kinetics of mortar samples from GMs, GMags and CM have been
investigated against S aureus (gm +ve) and E. coli (gm —ve) bacteria strains distinctly. From
an overnight growing fresh culture of both bacteria, a volume of culture approximately
representing ~107 CFU/ml (Colony Forming Unit / ml) has been washed and suspended in
Phosphate buffer (PBS). The fresh culture has been then diluted by 5 ml nutrient broth (0.5%
peptone, 0.1% beef extract, 0.2%Y east extract, 0.5% NaCl, pH 7) at afina cell concentration
of 10* CFU/ml and incubated at 37 °C. For anti-bacterial assay, 2 mg/ml (=2 x Minimum
Inhibitory Concentration) of each dry dust samples (pH < 9) (GMs, GMag.s and CM) have
been used to treat the inoculated broth separately. Time dependent killing has been determined
by plating the culture from the treated geopolymer mortar samples and control cement mortar
samplein agar plate (15%) after different time of incubation (0, 2, 4, 6, 8, 12, 24 h). Plates have
been incubated at 37 °C and the numbers of colonies are counted after 24 h. The whole

experiment has been repeated trice.
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4.4.5.2. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) test of Mortar samples

Using batch culture process, the Minimum Inhibitory Concentration (MIC) has been
observed by the varying concentration of different geopolymer samples [13]. Growth medium
containing initial cell concentration (10’ CFU/ml) of each strain has been taken distinctly. The
different mortar powders (GMs, GMag.si and CM) have been added in the growth medium
distinctly and inoculated at 37 °C on arotary shaker. In 5ml NB, the powder samples (0.1% -
5.0 % wi/v) of each category have been added separately in several marked tubes. The growth
inhibitions (GMs and GMag.s treated bacterial cells) have been measured against control at
620 nm by a UV -visible Spectrophotometer (ELICO, SL 196 Spectropharm) [14 & 15].

Minimum bactericidal concentration (MBC) is defined as the lowest concentration of
silver nanoparticles present in GMag.s samples that kills 99.9% of the bacteria. The presences
of viable microorganisms have been examined and lowest concentrations causing bactericidal
effect are reported as MBC for the growth inhibitory concentrations [16]. The experiment has
been performed by plating (Nutrient Agar plate 15%) the bacterial cultureswith upper amounts
above the MIC. The agar plates have been inoculated at 37 °C for 24 h. All the experiments

have been carried out in triplicate.

4.4.5.3. Fluorescence Microscopic analysis:

Theintensity of fluorescenceis proportional to thelevel of intracellular reactive oxygen
species. The working solution of 10 pl each of SYBR Green dimethyl sulphoxide (DM SO)
solution (1:100 v/v) and Pl water solution (Img/ml) have been taken into 1 ml of each treated
GMsi & GMag.s and CM samples. After incubation at 37 °C for 30 min, each sample has been
mounted immediately over slides and pictures are captured by the fluorescence microscope for

this experiment [17].

4.4.5.4. Morphological investigation for bacterial strains:

Certain volume of nutrient broth (NB) medium and powder samples of the three
different mortar specimens (GMsi, GMags & CM) have been added separately to 5 ml cultures
of each bacteriaresulting in final concentration of 1mg/ml samples and bacterial concentration

of
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108 CFU/ml. Thisexperiment has been performed for both bacteria (E. coli & S aureus)
and for three different test samples separately. For morphological analysis, bacterial growth
medium in mid exponential phase and with the same cell density have been treated with
samples (GMs, GMagsi and CM) for 6h at 37 °C. The bacterial samples have been then washed
with milli-Q water, fixed with 2% glutaraldehyde and placed on a silicon platelet (Plano,
Wetzlar, Germany). A series of ethanol dehydration steps have been carried out followed by
staining with 3% uranyl acetate in 25% ethanol. Finally, the samples have been washed with
buffer solution (0.1 M sodium phosphate, pH 7.2) and investigated using FESEM (INSPECT
F50 SEM, The Netherlands).
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4.5. PROCESS DEVELOPMENT FOR GEOPOLYMER MORTAR

Preparation of process modified geopolymer and conventional geopolymer concrete.

Low Calcium Class F (American Society for Testing and Materials 2001) dry fly ash
and activator solution consists of sodium hydroxide (NaOH) and sodium silicate (NaSiO3)
have been used as the base material for present study. The properties of fly ash, sodium
hydroxide (NaOH) and sodium silicate (NaSiOs) have been described in para4.1. NaOH of 8
molar concentration has been mixed with NaSiOs solution in the proportion of 1:1.75 (by
weight) to make alkali activator fluid. The ratio of fly ash: sand has been fixed at 1:3 (by
weight) and activator fluids to fly ash ratio of 0.35, 0.40 and 0.45 have been considered in for

both the process.

In Process — | (Refer. Fig 4.3), fly ash has been mixed with appropriate quantity of
activated fluid and stirred in a hot air oven for 45 minutes at different temperatures of 40°C,
60°C and 80°C. River sand has been mixed immediately with the hot mixture of activated fluid
and fly ash thoroughly for two minutes before casting. Finally, the mortar specimens have
been removed from the mould after 10-12 hours of casting and are placed at ambient
temperature (27 £ 20 °C) until testing.

In Process - |l (Refer. Fig 4.3), sand and fly ash has been dry mixed for 2 minutes and
the appropriate quantity of activator fluid isadded and mixed thoroughly at ambient |aboratory
temperature. After one hour of casting, the mortar specimens along with the mould have been
cured at three different temperatures of 40°C, 60°C and 80°C within the hot air oven for 48
hours [18-21]. Finally, the specimens have been kept at ambient temperature after removing
from the mould until testing. The details of all the mixtures are shown in Table — 4.8.

4.5.1. Mechanical strength:

For both the process (Process— | & 1), mortar cubes of size 70.7 mm x 70.7 mm x 70.7
mm have been prepared for determination of compressive strength and mortar bar of size 50
mm x 50 mm x 200 mm are prepared for flexural strength measurement. The split tensile
strength of geopolymer mortar (both the process) have been determined by using cylinder

samples of size 100 mm diameter x 200 mm height. Compressive strength of the mortar cubes

Page | 100



MATERIALS & METHODS

has been determined at 3 days, 7 days, and 28 days. Flexural strength on mortar bar and tensile
strength on cylinders have been determined at 28 days for the different mixes. All strength

values are based on the average of three specimens.

4.5.2. Durability test:

For chloride ion penetration test, cylinder specimen has been sliced into core specimen
of thickness 50 mm at the age of 28 days for all the mixes. The sliced specimens have been
then subjected to RCPT by impressing 60V [7]. Cube specimen having fluid to fly ash ratio of
0.35 have been immersed in water for 30 minutes and 24 hours for water absorption test. Also

cube specimens have been immersed in sulphate solution for one month for sulphate test.

4.5.3. Micro-structural study:

4.5.3.1. Field Emission Scanning Electron Microscopy (FESEM) with EDS:

For FESEM (Field Emission Scanning Electron Microscopy) analysis, EDS (Energy
dispersive spectroscopy) and XRD (X-ray Diffraction test) analysis, the broken samples of
maximum compressive strength at 28 day for both process (Process — | and Process - 11) have
been dried and sieved to make the size less than 5um. Fine powder has been diluted with
ethanol (99.9%) to make a film on carbon tape and then kept under vacuum desiccators for
evaporation. Finally, the dried samples have been gold coated for FESEM and EDS (HITACHI
S-4800, JAPAN) analysis.

4.5.3.2. X-Ray Diffraction Analysis:

For X-ray diffraction analysisin powder X-ray diffractometer (Bruker AXS Inc, Model
D8, WI, USA) with a scan speed 0.5 g/step at 40 KV. The XRD spectrum has been analyzed
in the range 28 = 10° to 26 = 70° and the peak positions are marked and compared from JCPDS
file.
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Fly Ash

Sand

PROCESS 1 ]
MNa;5i0,
NaOH H,0
Activator

[*] Heat activation before
casting for 45 minutes at
different temperatures.

Temperature at 40/60/80°C

Sand mixed with hot
mixture activated fluid and
fly ash.

After 10 — 12h of casting
specimens are removed
from the mould.

Specimens placed at
ambient temperature until
testing,

PRrOCESS 11

Fly ash and Sand mix
together for 2 minutes.

Na,Sio;

NaOH H,O

Activator

Appropriate amount of
activated fluid added and
mixed with the dry mixture.

Temperature at 40/60/80°C

Mortar specimen along
with the mould cured at
different temperature with
in the hot air oven for 48h.

After removing from the
mould specimens are kept
at ambient temperature
until testing.

Figure—4.3: Details of Process— | and Process— |1 geopolymer mortar.
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Table—4.8. Mix proportion for different process (Process— | and Process—11):

" Mix No|| No F|UId Process Temperature Heat curing Process
FlyAsh|| type

Heat curing of fly ash and activated
G2 0.35 Process-| 60 fluid for 45 minutes before casting at
G3 80 different temperatures.
G4 40 Heat curing of samples after casting
G5 0.35 Process-I1 60 for 48 hours at different temperatures.
G6 80
G7 40 Heat curing of fly ash and activated
G8 0.40 Process-| 60 fluid for 45 minutes before casting at
G9 80 different temperatures.
G10 40 Heat curing of samples after casting
G11 0.40 | Process| 60 for 48 hours at different temperatures.
G12 80
G13 40 Heat curing of fly ash and activated
G114 0.45 Process-| 60 fluid for 45 minutes before casting at
G15 80 different temperatures.
G16 40 Heat curing of samples after casting
G17 0.45 Process-|1 60 for 48 hours at different temperatures.
G18 80
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4.6. PROCESS DEVELOPMENT FOR GEOPOLYMER CONCRETE

Based on the performance of Process —I and Process — |1 geopolymer mortar at fluid to
fly ash ratio 0.35 and processed at 60°C, the structural behavior of process modified
geopolymer concrete (GPC — | & GPC - 1) have been studied. The basics properties of fly ash,
sodium hydroxide and sodium silicate have been described in para4.1. The preparation of GPC
— 1 (Process—1) and GPC - Il (Process- I1) geopolymer concrete specimen have been described
infigure -3. The compressive, flexural and tensile strength along with modulus of elasticity of
this geopolymer concrete have been studied to understand its structural behavior. Additionally,
micro-structural properties of the concrete have been assessed by FESEM with EDS, FTIR and
XRD analysis. The detail of the mix for GPC — | and GPC — |l geopolymer concrete have been
presented in Table - 4.9.

Synthesis of GPC — | geopolymer concrete

Fly Ash Fine aggregate (Sagd)

Coarse aggregale
Heat activation of -
fly ash and alkali _
activator solution i

for 45 min at 60°C.

The specimen kept for After 10 — 12 hour of
ambient temperature - casting the specimen are
curing until testing. removed from mould.

e y
Alkali
Activator
Solution

Figure—4.4: Graphical presentation of synthesis of process modified geopolymer
concrete (GPC - I).

4.6.1. Mechanical strength of process developed geopolymer concrete

The geopolymer cube specimens of size 150 mm x 150 mm x 150 mm dimension have
been prepared to determine the compressive strength of GPC — 1 & GPC — 11 concrete samples.
The compressive strength of each category samples has been analyzed at different ages (3, 7 &
28 days) of curing [9]. The split tensile strength of geopolymer concrete for both process— | &
I have been tested using concrete cylinder of size 100 mm (diameter) x 200 mm (height) after
28 days of curing. The modulus of elasticity of geopolymer concrete cylinders of 150 mm

diameter and 300 mm height have been determined by using strain controlled machine
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(YAW3000A, China) for the both process. The flexural strength of GPC — | and GPC - I
geopolymer concrete beam of size 100 x 100 x 500 mm have been determined as per ASTM
C293 [6]. The bond strength between geopolymer concrete of both process and reinforcement
bar (yield stress = 250 MPa & 0.2 % of proof stress = 500) have been determined as per IS
2770 (Part 1) [10]. The experimental method to determine the bond strength have been
described in para4.3.3.

; / '.\
[ Ash

Synthesis of GPC - Il geopolymer concrete

mm Aflter 48 hours of casting the
Alkali e tator intaitin & specimens are removed from
a Activator mix together and the  |mould and placed in a hot air
Solution ek wty ¢ Ginid y oven for heat activation at 60°C
+ tothe mould v for 48h.

0 Sand and The specimen kept for

-:::t::u. ambient temperature
curing until testing.

Figure—4.5: Graphical presentation of synthesis of conventional heat cured
geopolymer concrete (GPC - I1).

Table — 4.9: Details of GPC — | and GPC - Il (conventional heat cured) geopolymer
concrete mix:

Mix Process Fly ash Fine Coarse | Fluid:|| Curing condition
type (Kg/m?d) Agg. Agg. Fly ash
(Kgm® | (Kgim?)

GPC-I Process - | 440 723 1085 Heat curing of fly
ash and activated
fluid for 45 minutes
at 60°C.

GPC-11 | Process- Il 440 723 1085 0.35 |Heat curing of
samples after
casting for 48 hours
at 60°C.

** “GPC - | - Geopolymer concrete of Process — 1”7, “GPC — Il — Geopolymer concrete of
Process— I1”.
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4.6.2. Microstructural study of process developed geopolymer concrete

The micro-structural properties of both GPC — | and GPC - || geopolymer concrete have
been analyzed by FESM with EDS and XRD analysis. The methods adopted to analyze the

micro-structural properties have been described in para 4.4.3.

4.6.2.1. X-Ray Diffraction analysis

The micro-structural properties of GPC — | (Process - |) geopolymer concrete and GPC
— | (Process — 11) geopolymer concrete fragments have been collected after the strength
investigation. The fragments have been crushed into fine powder by pestle-mortar are dried
and sieved to make the size less than 5um for X-ray diffraction analysis by using the powder
X-ray diffractometer (Bruker AXS Inc, Model D8, WI, USA) with a scan speed 0.5 /step at
40 KV. The XRD spectrum has been taken from 26 = 20° to 80°. The peaksin the new positions
of the spectrum have been marked, match up to and identified from the JCPDS datafile.

4.6.2.2. SEM with EDS analysis

A pinch of powder concrete sample has been taken and dispersed in absolute ethyl
alcohol on double coated carbon tape and dried in vacuum desiccators for 15 min. The dried
powdered sample has been examined in Field Emission Scanning Electron Microscope,
FESEM (INSPECT F50 SEM, FEI Europe BV, The Netherlands) for EDS analysis using
QUANTAX ESPRIT 1.9 software.
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RESULTS & DISCUSSION

5.0. GENERAL

At first, the experimental results on the nano-silica based geopolymer mortar and
concrete have been presented in section 5.1 and 5.2 respectively and critically discussed.
Further, the results of antibacterial properties of nano silver-silica modified geopolymer
mortar have been discussed in 5.3. Finally, the experimental results of the process modified

geopolymer mortar and concrete have been discussed in 5.4 and 5.5 respectively.

5.1. NANO-SILICA BASED GEOPOLYMER MORTAR:

The aim of this study is to eliminate the much needed heat activation for the
preparation of conventional geopolymer mortar along with appropriate mechanical strength
and durability. Figure 5.1 summarises the compressive strength of fly ash based geopolymer
mortar samples having molar concentration of 8 (M) without nano silica (heat cured) and
with 4%, 6%, 8% and 10% of nano silica addition (without heat curing). The compressive
strength of controlled sample (cement mortar) made with OPC cement marked as
“CONTROL” is also presented for comparison. Similarly, Figure 5.2 and 5.3 show the
similar results of compressive strength of geopolymer mortars for molar concentration of 10
(M) and 12 (M) respectively. It has been noted that the 28 days compressive strength of 8(M)
geopolymer mortars without nano silica cured at 60°C for 48 hours and nano silica modified
geopolymer mortar cured at ambient temperature are less than that of cement mortar (Refer
Fig. 5.1). However, at higher molar concentration (10M and 12M), the 28 days compressive
strengths of geopolymer mortars (with/without nano silica) are comparatively higher than
control cement mortar (Refer Fig. 5.2 & 5.3). This may be due to the lesser polymerization of
Al-Silica at low alkali content in lower molar concentration and more polymerization at

higher molar concentration.

It is also noted that the addition of nano silica in the geopolymer mortar up to 6% of
fly ash (replacement mode) seems to provide sufficient 28 days compressive strength at
ambient temperature curing for 10M and 12M NaOH solution as shown in Figure 5.2 and 5.3.
However, beyond 6% of nano silica addition, there is no such improvement in compressive

strength of geopolymer mortar (cured at ambient temperature) at all ages.
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Figure-5.2: Compressive strength of 10(M) geopolymer and cement mortar samples.
(Published in Construction and Building Materials; 2014)
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It seems that the 6% of nano silica addition is the optimum for the present study. The
decrease in compressive strength of mortar containing more than 6% nano silica can be
attributed to the agglomeration of nano silicain wet mixture. Nanoparticles, due to their small
size, have high inter-particle van der Waal’s forces causing the nanoparticles to agglomerate
[1-3]. Hence, the nanoparticles will form agglomerates about hundreds of times larger than
the primary nanoparticle causing them to lose the desirable surface area to volume ratio. Due
to its higher van der Waal’s forces, the size of the nano silica agglomerate becomes more
than that of the basic geopolymer material, fly ash. The effect of nano silica on the
compressive strength of conventional mortar/concrete and it role in dispersion in the matrix
has been also reported by several researcher [4, 5]. It may be concluded that the strength of
geopolymer mortar with more than 6% colloidal nano silica is reduced due to agglomeration
of nano silica, which reduces the surface area of nano silica and decreases polymerisation
process. Thus, the 6% nano-silica addition in geopolymer mortar has been considered here

for further studies.
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Figure-5.3: Compressive strength of 12(M) geopolymer and cement mortar samples.
(Published in Construction and Building Materials; 2014)

It is also noted in Figure 5.1, 5.2 and 5.3 that the compressive strength of heat cured
geopolymer mortar (without nano silica) is more than ambient temperature cured geopolymer

mortar (with nano silica) at early ages (3days & 7days). The increase in compressive strength
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of geopolymer mortar with nano silica and cured at ambient temperature is not so satisfactory
at an early ages. Similar results are reported for geopolymer mortar with fly ash (3%) and
rice husk ash (93%) and with different percentage (1, 2, 3% by weight) of nano-SiO. and
nano-Al>Oz addition under oven cured for 2, 4 and 8 hours at temperature of 25°C, 70°C and
90°C [6]. This indicates that incomplete polymerization of geopolymer matrix at the early
ages cured at ambient temperature. However, at later ages (28days) the results are quite

satisfactory for geopolymer mortar with 6% nano silica cured at ambient temperature.

Figure 5.4 shows that the 28 days compressive strength of geopolymer mortar
with/without nano silica is amost same at 8M concentration. However, the 28 days
compressive strength of 10M and 12M geopolymer mortar with 6% of nano silica is about
11% and 13% more than that of geopolymer mortar (heat cured) without nano silica
respectively. This may be due to the availability of more alkali in the mix for polymerization.
Therefore, it may be concluded that the 6% colloidal nano silica addition to geopolymer
mortar increases the polymerization rate due to its high specific surface area and provides an
optimum 28 days strength without any heat curing for activation particularly for 10M and
12M concentration.
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Figure - 5.4: Compressive strength of geopolymer mortar & cement mortar at 28 days.
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It has been also observed that the initial and final setting time of 12 (M) geopolymer
mortar (heat activated) without nano silica is comparatively less than that of geopolymer
mortar (cured at ambient temperature) with nano silica (Fig 5.5). It is also observed that with
the increase in percentage of nano silicain the geopolymer mortar, the initial and final setting

time of the geopolymer mixesis generally increased.

300 + Initial setting time
[TTTT] Final setting time

250
- 200
g
= -
= 1501 &
=
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= 100 § % \

50 \ § \
. N NN
12GMOH 12GM4 12GM6 12GM8 12GM10

Samples
Figure—-5.5: Initial and final setting time of geopolymermortar (with / without nano
slica).

The flexural strength and split tensile strength of geopolymer mortar (with/without
nano silica) and control cement mortar at 28 days are shown in Figure 5.6 and 5.7 .1t is noted
that both the flexural strength and split tensile strength (28 days) of geopolymer mortar
specimen increase with the increase in molar concentration of activator solution mainly due
to the availability of more alkali in the mix. It is also noted that the flexural strength and split
tensile strength of 8(M) geopolymer (with/without nano silica) less than Control cement
mortar at 28 days. At 10M and 12M concentration, the geopolymer mortar with the addition
of 6% nano silicaand cured at ambient temperature shows better flexural and tensile strength
than that of geopolymer mortar without nano silica (with heat curing) and the corresponding
CONTROL cement mortar. The results are amost similar to the corresponding 28 days

compressive strength of the mix.
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Figure- 5.6 Flexural strength of fly ash based geopolymer and cement mortar samples.
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Figure—5.7: Tensile strength of fly ash based geopolymer and cement mortar samples.

(Published in Construction and Building Materials; 2014)
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A comparison of experimental test results of Rapid Chloride lon Penetration Test
(RCPT) for both geopolymer mortar with 6% of nano silica and without nano silica at
different molar concentration (8M, 10M and 12M) and conventional cement mortar samples
are presented in Figure 5.8. It may be mentioned here that for a particular molar
concentration of geopolymer mortar with or without nano silica, the concentration of NaOH
in the samples remains same, thus the difference in RCPT values for such case might be
compared without any interference. It is noted that a lesser amount of charge is passed
through geopolymer mortar with nano silica (ambient temperature curing) compared to the
geopolymer mortar without nano silica (heat cured). This indicates that the diffusion
coefficient will be less in the nano silica modified geopolymer matrix due to presence more
amount of crystalline compound and thereby improvement in the durability is expected. It has
been also observed that large amount of charge passes through 8(M) geopolymer mortar
(with/without nano silica) than control cement mortar indicating less polymerization at low
alkali content.
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Figure-5.8: Charge passed thr ough geopolymer mortar samples (with / without nano
silica) at different molar concentration and cement mortar samples.
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The results of saturated water absorption on mortar specimens (Mix No - 8GMOH,
10GMOH, 12GMOH, 8GM6, 10GM6, 12GM6 and Control) after 28 days curing are presented
in Figure 5.9. The water absorption indirectly indicates the durability of the geopolymer
mortar. It is observed a lesser percentage of water absorption in geopolymer mortar having
6% nano silica (8GM6, 10GM6 and 12GM®6) than that of heat cured geopolymer mortar
without nano silica (8GMOH, 10GMOH, 12GMO0H) and control mortar.

Therefore, it may be concluded that 6% nano silica addition in geopolymer mortar is
optimum for better pore structure modification in the geopolymer mortar [7]. The strength

durability performance of geopolymer mortar is optimum at 6% nano silica addition for the

present matrix.
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Figure—5.9: Water absor ption test on geopolymer mortar (with / without nano silica)
of different molar concentration and cement mortar samples.

Figure 5.10 represents the X-Ray Diffraction analysis of geopolymer mortar without
nano silica (12GMOH), with 6% nano silica (12GM6) and conventional cement mortar
(Control). In geopolymer mortar having 6% nano silica, some specific extra peak positions
are noticed compared to the geopolymer mortar without nano silica (12GMOH). It indicates
the formation of new phase quartz (SiO), alite (CasSiOs), abite (Na(AlSiz0s)), and CaCOs

in geopolymer mortar with 6% nano silica samples. Although, there are a few numbers of
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peak of only SIO2, CasSiOs and Ca(OH)2 present in case of controlled sample. As per XRD
anaysis, the crystalline phase is easily detected in the region of 26 = 26° - 32° in the
geopolymer mortar with 6% nano silica, which may be due to the formation of crystalline
compound in geopolymer matrix. Therefore, it may be concluded that the strength of 122GM6
sample (with nano silica) is more than 122GMOH (without nano silica) sample due to presence
of more amount of crystalline compounds[7].
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Figure-5.10:XRD Analysis of fly ash based geopolymer mortar sample (12GMOH and
12GM6) and cement mortar (CM) samples.

(Published in Construction and Building Materials; 2014)

The morphology of the geopolymer mortar samples with (0% & 6%) nano silica
addition and conventional cement mortar is examined by the Field Emission Scanning
Electron Microscope (FESEM) as shown in Figure 5.11A, 5.11B and 5.11C respectively. The
conventional cement mortar matrix and geopolymer mortar sample without nano silica
(12GMOH) are comparatively less dense than the geopolymer mortar with 6% nano silica
(12GM®6). Also, the geopolymer mortar sample without nano silica (12GMOH) has more
numbers of unreacted fly ash particles than 122GM6 sample as shown in Figure 5.11A, 5.11B.
The presence of nano silica in geopolymer mixes provides an extra enhancement on the
polymerisation process due to its amorphous property and high specific surface area.
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A - (mortar sample without nano silica)

B - (mortar sample with nano silica).

C - (cement mortar sample)

Figure5.11: FESEM image of (A) 12GMOH geopolymer mortar sample (B) 12M 6
geopolymer mortar sample(C) CM sample
(Published in Construction and Building Materials; 2014)

Therefore, it is concluded that the geopolymer mortar with 6% nano-silica provides
better strength as well as enhanced durability in terms of water absorption and RCPT values.
It may be mentioned here that no heat activation is need for this geopolymer mortar.
Therefore, the results of geopolymer mortar with 6% nano silica has been further extended to
geopolymer concrete with 6% nano-silica addition at 12(M) NaOH activator fluid in the next

section.
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5.2. NANO-SILICA MODIFIED GEOPOLYMER CONRETE:

Based on the performance of nano silica in geopolymer mortar, the similar effect of
nano silica on geopolymer concrete has been now studied. The study has been limited to
geopolymer concrete (with 6 % nano-silica) at 12(M) NaOH activator solution only. Thisis
due to the remarkable performance of geopolymer mortar with 6% nano silica at 12(M)
concentration of activator solution. Figure 5.12 demonstrates the compressive strength of
geopolymer concretes with and without nano silica (12GC6 & 12GCOH) and control concrete
(CC) samples at 3, 7 and 28 days. Based on the results, it is noted that the compressive
strength of heat cured geopolymer concrete and control concrete samples are aimost similar
as designed. However, the compressive strength of geopolymer concrete with nano silica
(12GC6) samples is comparatively higher than that of other geopolymer concrete without
nano silica (12GCOH) concrete. The improvement in compressive strength of nano silica
modified geopolymer concrete is about 14 % than both the heat cured geopolymer concrete
and control cement concrete at 28 days.
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Figure—5.12: Compressive strength of 12GC6, 12GCOH geopolymer concr ete and
control cement concrete (CC) at 3, 7 and 28 days.

(Published in Construction and Building Materials; 2017)
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It has been observed that the fresh concrete properties such as slump test value and
compacting factor test value of nano-silica modified geopolymer concrete are aimost similar
to conventional heat cured geopolymer concrete as well as control cement concrete (Table —
5.1).

The 28 days split tensile strength of geopolymer concrete with /without nano silica
(12GC6 & 12GCOH) and control cement concrete (CC) are presented in Table — 5.1. It is
noted that the split tensile strength of 12GCOH is more than that of CC concrete. These
results are quite similar to the results of compressive strength results at 28 days. Also, the
modified geopolymer concrete with 6% nano silica (12GC6) shows better split tensile
strength than geopolymer concrete without nano silica (12GCOH) and the corresponding CC
samples at 28 days. Geopolymer concrete with the addition of nano silica increases the
dissolution rate of Si and Si—Al phases, which strongly affects the rate of polymerization.
Also, the presence of nano silica in geopolymer mixture is the key factor to enhance the

polymerisation process for its amorphous property and the high specific area[7].

It is also noted that the modulus of elasticity of 12GCOH geopolymer concrete is less
than control cement concrete at equivalent compressive strength (Refer Table — 5.1).
However, the Modulus of Elasticity of geopolymer concrete with nano silica (12GC6) is
obtained as 37.28 GPa at a compressive strength of 46.43 MPa (Fig. 5.13). Therefore, the
deformation behaviour of nano silica based geopolymer concrete is quite less compared to

other two mix.

Table-5.1: Fresh concrete and harden concr ete properties of different mixes:

Slump | Compacting | Compressive || Split tensile | Ec at 28d Bond

(mm) strength at || strength at (GPa) strength at

28d (MPa) ||| 28d (MPa) 28d (MPa)
12GC6 120 0.90 46.43 4.33 37.28 5.16©
3.12®
12GCOH 110 0.89 35.11 3.39 30.81 4110
2.67®
CcC 105 0.87 34.77 2.78 32.58 3.560
2.26®

© - Deformed steel rebar (0.2 % proof stress = 500 MPa),
® - Mild steel rebar (yield stress = 250 MPa).
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Figure-5.13: Stress-strain curve of 12GC6, 12GCOH geopolymer concr ete and
CC concrete.

(Published in Construction and Building Materials; 2014)

Figure 5.14 and table 5.2 demonstrates the bond stress vs. dlip curves of 20mm
diameter reinforcement bars (High Yield Strength Deformed bar; 0.2% proof stress = 500
MPa and mild steel bar; yield stress = 250 MPa) for both types of geopolymer concrete
(12GC6 & 12GCOH) and control cement concrete (CC) after 28 days of curing. The main
thrust is to check the bond characteristics of geopolymer concrete with /without nano silica
compared to conventional cement concrete. The result shows that the geopolymer concretes
(12GC6 & 12GCOH) possess better bond strength than control concrete samples both for
deformed and mild steel bars. Again, the geopolymer concrete (12GC6) with nano silica
shows higher bond strength than 122GCOH geopolymer concrete for both deformed and mild
steel reinforcement bars. All the samples are failed by the pull-out load of the reinforcement
bar. It is also observed, that the slip for plain bars are more compared to that of deformed bar
at equal pull-out load (Refer Fig. 5.14).
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6- —— Deformed rebar with 12GC6 concrete.
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Figure-5.14: Bond strength vs. slip curve of geopolymer concrete (12GC6 & 12GCOH)
and control cement concrete (CC) with deformed and mild steel bar.

The bond strength of geopolymer concrete with 6% nano silica (12GC6) is more than
geopolymer concrete without nano silica (12GCOH) and CC concrete, as the split tensile
strength nano-silica modified geopolymer concrete (12GC6) is also higher than the other
concretes [8, 9]. The presence of soluble silicates in geopolymer concrete produce a denser or
stronger interfacial transition zone (ITZ) between aggregates and geopolymer matrices as
compared to the cement matrices which causes the better bond strength between geopolymer
concrete and reinforcement bar [10 — 12].

Table-5.2: Details of bond stresstest result of 12GC6, 12GCOH and CC reinforced
concrete;

126 | 12GCOH CcC
yp M Pa M Pa M Pa |
At fallure At 0.25 | Atfalure| At0.25 Atfalure | At 0.25 mm

load mm slip load mm slip load dip

Mild steel 3.49 3.12 2.71 2.67 2.37 2.26

Deformed 5.47 5.16 4.44 411 3.82 3.56
steel
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The load deflection behaviour of steel reinforced nano-silica modified geopolymer
concrete (12GC6), conventional heat cured geopolymer concrete (12GCOH) and control
cement concrete (CC) beams are shown separately in Figure 5.15, 5.16 and 5.17 respectively.
As the load is increased, all the beams are started to deflect and the flexural cracks are
developed near the center of the beams. All the beam specimens are ultimately failed in the
similar way due to the yielding of the reinforcement bar followed by the crushing of concrete.
The flexural capacity of the beams is increased significantly with the enhancement of the
tensile reinforcement for all types of concrete mixes (12GC6, 12GCOH & CC). It is observed
that the flexural capacity of 12GC6 concrete beams (marked as Al, A2, A3) is increased by
12%, 7% and 18% for tensile reinforcement percentage of 0.45%, 0.67% and 0.81% with
respect t012GCOH geopolymer concrete beams (marked as B1l, B2, B3) respectively
(Fig.5.15). Also, flexural capacity of reinforced heat cured geopolymer concrete beam is
comparatively higher than control cement concrete beams of equivalent compressive
strength. The flexural capacity of 12GC6 concrete beams (A1, A4, A5, A6, A7) at different
percentages of compressive reinforcement (Fig. 5.16) and shear reinforcement (Fig. 5.17) are
better than that of the 122MOH geopolymer concrete beam (B1, B4, B5, B6, B7) and CC
concrete beam (C1, C4, C5, C6, C7).
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Figure—5.15: Load vs. deflection curve capacity of 12GC6, 12GCOH and CC concrete
beams with different per centages of tensile reinfor cement.
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Figure—-5.16: Load vs. deflection curve of 12GC6, 12GCOH and CC concr ete beams
with different per centages of compressive reinfor cement.
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Figure—5.17: Load vs. deflection curve of 12GC6, 12GCOH and CC concr ete beams
with different amount of shear reinforcement.
(Published in Construction and Building Materials; 2017)
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Again, the experimental bending moment capacity of the tested reinforced concrete
beams (12GC6, 12GCOH and CC) are compared with their corresponding theoretical bending
moment capacity values determined as per 1S 456 (2000) [13]. It may be mentioned here that
the theoretical bending moment has been calculated as per clause G1.1 (b) of IS 456 (2000).
Though the relationship is applicable to the cement concrete, the same formulation has been
considered for geopolymer concrete. The bending moment capacity ratio, Mexp / M (the ratio
of experimental bending moment and theoretical bending moment) of nano silica modified
reinforced geopolymer concrete beam is comparatively higher than that of heat cured
geopolymer and control cement concrete beam at different percentages of tensile and
compressive reinforcement (Refer Table 5.3). Therefore, the design of geopolymer beams

will be safer compared to normal concrete beam.

Table-5.3: Theoretical (M) and experimentally (Mexp) calculated bending moment
(kN-m) of 12GC6, 12GCOH and CC reinfor ced concr ete beam:

0.45 0.45 2.65 2.80 2.50 4.98
0.67 0.45 3.82 4.07 4.30 5.57
0.81 0.45 4.34 4.37 5.02 5.98
0.81 0.67 4.34 4.68 5.18 6.16
0.81 0.81 4.34 4.76 523 6.21

pt = percentage of steel in tension (bottom), pc = percentage of steel in compression (top).
(Published in Construction and Building Materials; 2017)

Therefore, the flexural behaviour of reinforced nano silica modified geopolymer
concrete (12GC6) cured at ambient condition are almost similar to the heat cured geopolymer
concrete (without nano silica) and control cement (CC) concrete whereas, the bending
moment capacity of reinforced nano silica modified geopolymer concrete (12GC6) is
significantly higher than the heat cured geopolymer concrete (without nano silica) and CC
concrete beam. The higher mechanical strength of geopolymer concrete with 6% nano silica
and its better bond behaviour with reinforcement bar help to provide the improvement of
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flexura strength and bending moment capacity of reinforced geopolymer concrete (12GC6)
beam with nano silica. Thus, the design provisions contained in the current standards and
codes for the design of flexural member with conventional concrete can be used to design
structural members with fly ash-based nano silica added geopolymer concrete.

The crack patterns in 12GC6, 12GCOH and CC concrete beams are shown in Figure
5.18 and it is noted that the flexure cracks are initiated in the bending zone as expected. The
cracks in samples are then propagated with the further load increment and the new cracks are
also developed along the span. The large numbers of narrow cracks with different widths and
depths are observed with a closet space in 12GC6 concrete beams than other concrete beams.
It is also observed that first cracking load of 12GC6 concrete beams was more than 12GCOH

and CC concrete reinforced beams.

Figure—5.18: Crack patterns of 12GC6, 12GCOH and CC concr ete beams.

After the assessment of structural behaviours, the microstructural properties of
12GC6, 12GCOH and CC concrete samples are then analysed by using X-Ray Diffraction test
(XRD), Fourier Transform Infrared Spectroscopy (FTIR) and Field Emission Scanning
Electron Microscopy (FESEM) with Energy Dispersive X-ray (EDS). X-Ray Diffraction
patterns of 12GC6 and 12GCOH geopolymer concrete and CC concrete are represented in

Page | 126



RESULTS & DISCUSSION

Figure 5.19. The intensity of quartz, mullite and hematite peaks are more in 12GC6 due to the
presence of additional nano silica in the matrix. Also, some extra peaks are shown in XRD
analysis of nano-silica modified geopolymer concrete, which indicates the formation of a new
phase of albite (NaAlSizOs), kaolinite (Al2Si20s(OH)4), and alite (CagSiOs) crystalline
compound compared to that of 12GCOH and CC concretes.

® SiO *Fe:03 mNaAlSi;Os # Ca(OH):
¢Ca3SiOs XCaCO;3 ®ALSI:0s(OH)s A 3A1,0: 2Si0;

AL * oW Ye cc

XA m X L X 12GCOH

Intensity (a.u)
¢
*
L

20 25 30 35 40 45 50 55 60 65 70 75 80
Degree(20)
Figure—5.19: XRD analysisof 12GC6 & 12GCOH and CC concr ete.
(Published in Construction and Building Materials; 2017)

The wide diffraction hump is also detected around 26 = 25 — 30° which confirms the
presence of crystalline phases in 12GC6 geopolymer matrix. The broad hump registered
between 26 = 25° - 30° in the XRD diagram of 12GC6 geopolymer concrete indicates the
dissolution of the fly ash amorphous phase and the formation of a hew amorphous phase and

crystalline phases in the matrix [14].

The infrared spectroscopic results of 12GC6 and 12GCOH samples are shown in
Figure 5.20. The distinct intensity band near 460 cm is recognised for the Si-O-Si bending
vibration. The band between 750 cm* to 800 cm™is also observed due to the AlO4 vibration.
Another peak for the asymmetric stretching at the vibration band of S-O-T (T = Al, Si)
which is described as the strongest band, registered in the region of 950 cm® — 1050 cm?.
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The position (1420 cm™) of Si-O-Si in 12GCOH is basically shifted to the right position
(1485 cm!) in 12GC6. A significant band is also located at approximately 3450 cm* for OH
stretching bonding.

Si-0O-Si Bending
Si-O-T Stretching

O-H Streching
O-H Bending

.-\I()_‘ vibration

Si-O-Si 12GCOH

12GC6
i . L] o I . I a I el I o i ‘ L]

500 1000 1500 2000 2500 3000 3500 4000

Wavelength (cm™)

Figure-5.20: FTIR analysis of geopolymer concrete (12GC6 & 12GCOH).

The asymmetric stretching vibration band of S-O-T (T = Al, S) of 12GC6
geopolymer matrix shifted to right ward with respect to 122GCOH geopolymer matrix may be
associated with the formation of less polymerised structure at 990 cm* and non-dissolved
high polymerised structures at 1025 cm™. The Si-O-Si position (1420 cm™) in 12GCOH is
shifted to the right passion (1485 cmt) in 12GC6 matrices due to the chemical changesin the

geopolymer matrix with the addition of colloidal nano-silica[14, 15].

Figure 5.21 exhibits FESEM micrographs along with elemental analysis of 12GC6
and 12MOH and CC concrete matrices. In elemental analysis, the major elements are S, Al,
Cawith some amount of Fe are present in geopolymer concrete samples (12GC6& 12GCOH)
and control cement (CC) concrete. As the experimental work is based on low calcium fly-ash
geopolymer concrete, the presence of Ca in geopolymer concrete (12GC6& 12GCOH) is less
than control cement concrete. The ratios of Si/Al for the 12GC6 and 12GCOH samples are
significantly different. The ratio of Si/Al for 12GC6 geopolymer concrete is 2.60, and for
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12GCOH geopolymer concrete is 1.52 (Fig. 5.21). It is aso noted in FESEM image that a

large amount of crystaline compound are observed in the 12GC6 matrix than that of

12GCOH concrete matrix.

ISpm—l Ty

= ‘ "?f“;:-.
Figure—5.21: SEM micrographsand EDX analysis
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(Published in Construction and Building Materials; 2017)

The large amount of crystalline compounds are transformed from the amorphous

phase in nano-silica modified cementitious matrix. The unreacted heterogeneous fly-ash are

also present in 12GCOH matrices due to the lower polymerization rate which lead to lower

mechanical strength. The augmentation of the mechanical strengths of 12GC6 geopolymer

concrete is due to the large number of crystalline geopolymer plates spread all over the
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surface. The alumina leaching in nano-silica modified geopolymer concrete is higher than
heat cured geopolymer concrete. The ratio of Si/Al ratio of 12GC6 geopolymer matrices is
higher than 12GCOH concrete, that causes the higher mechanical strength of nano silica
modified geopolymer concrete [16, 17]. The higher amount of the S/Al ratio and
homogeneous texture of crystalline platesin the matrix exhibit the higher mechanical strength
of nano silica modified geopolymer concrete than other concrete. Therefore, the appropriate
amount of nano silica addition seems to be beneficial for the development of geopolymer

mortar cued at ambient temperature.
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5.3. ANTIBACTERIAL ACTIVITY OF SILVER-SILICA MODIFIED
GEOPOLYMER MORTAR.

It has been established in section 5.1 that the nano-silica modified geopolymer mortar
cured at ambient temperature shows appreciable strength and durability than conventional
heat cured geopolymer mortar. Beside the strength and durability, the antibacterial properties
of the same geopolymer mortar is now discussed here. To improve the antibacterial property
of nano silica modified geopolymer mortar, the effect of silver nano particle has been
incorporated in the study. The different types of nano-materials like copper, zinc, titanium,
magnesium, gold, alginate and silver have come up but the silver nanoparticles have proved
to be the most effective as it has good antimicrobial efficacy against bacteria, viruses and
other eukaryotic micro-organisms [18 — 21]. The synthesis of silver nano particle has been
generally achieved via various routes, including micro-emulsion technique, sonochemical
reduction, photochemical technique, etc. [22]. These synthetic methods are time consuming
and require expensive instruments. Also, silver (Ag) nanoparticles synthesized by these
methods are easily aggregated, which causes deterioration of their chemical properties and
decreases their antibacterial properties [23, 24]. In this study, the Ag nanoparticles are
attached on the surface of SiO> nanoparticles are prepared by modified Stéber method. The
release time of Ag can be delayed for a long time so that Ag supported materials will have
great potential for antibacterial applications. The study has been limited to geopolymer

mortar only.

Therefore, a silver-silica nano composite has been developed by simple adsorption of
silver in a suitable amount of colloidal silica suspension for anti-bacterial property
development. It may be mentioned here that the mix GMs is same as 12GM6 (i.e.
geopolymer mortar with 6% nano silica). The notations have been changed here to provide
similar notation as in the published paper. Similarly, the mix GMag-si represents the modified
mix of GMg with silver nano particle. The amount of nano silica and silver-silica nano
particle is kept same for GMs and GMag.s geopolymer mix respectively. The mechanical
strength, durability and mechanistic antibacterial activity of fly ash based silver-silica nano
composite modified geopolymer mortar (GMag-s)) had been investigated and compared with
silica modified geopolymer mortar (GMs) and control cement mortar (CM). The preparation
of silver-silica nano composite has been confirmed by several morphological studies.

Transmission Electron Microscopy analysis of silica NPs and silver-silica nano composite
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shows their very regular spherical shape (Fig.5.22A & 5.22B). Figure 5.22B shows the silver
NPs (mean = SD: 4 £ 1 nm) are formed on the surface of silicaNPs (30 + 10 nm).
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Figure—5.22: TEM image of (A) SilicaNPs & (B) Silver-silica NPswith inset
representing elemental analysis by EDS. Zeta size (C-1 & D-1) and Zeta
potential (C-l11 & D-I1) distribution graph of silicaNPs& silver-silica NPs
respectively.
(Published in RSC Adv., 2015.)

The elemental analysis of newly synthesized silica NPs and silver-silica nano
composites are shown in Figure 5.22A & 5.22B (inset). The presence of the elements O and
Si are observed at 0.562 KeV (O) and 1.75 KeV (Si) respectively. The Si, O and Ag peaks are
clearly shown in Figure 5.22B (inset), which indicates the presence of silver nano particles. It
is confirmed from the TEM images that the nano particles are pure in colloidal form but the
particles are of hybrid-type in silver-silica nano composites. Also the average size of the
silica NPs seems to be 20 — 40 nm as per the analysis made by Zeta size distribution graph
(Fig. 5.24C-I). The silver NPs ( of size 4 + 1 nm) are attached on the surface of silica NPs as
shown in Figure 5.22D-1. Also a comparatively broad peak in Figure 5.22D-1 reveals the
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greater size distribution of silver-silica nano composite. This is also much correlated with
TEM results (Fig. 5.22B). The overall surface charge of the pure silica NPs (Fig. 5.22C-11) is
negative (-50 mV) whereas silver silica nano-composite (Fig. 5.22D-11) shows some greater
positive charges (>-50 mV) which has been confirmed by zeta potential analysis.

The X-ray Diffraction profiles of newly synthesized silica NPs and silver-silica nano-
composite are matched up with Joint Committee on Powder Diffraction standards (JCPDs)
data file (Fig. 5.23A). The XRD pattern of silver-silica NPs shows the presence of sharp
peaks of Ag nano particle in Figure 5.23A (I1). The peaks of silver nano particle are absent in
XRD analysis of SiO2> NPs as shown in Figure 5.23B (1). The sharp peaks indicate that the
newly synthesized nano particles are either very small crystallite or semi-crystalline in nature.
The average crystallite size of silver nano particles is estimated by Scherrer’s equation for the
(111), (100) and (006) diffraction peaks at 26 = 38.118, 45.593 and 71.101 respectively.
Therefore, it can be clearly confirmed that the silver-silica nano composite particles are
successfully synthesized.

A I - Silica NPs B I- GMs; mortar
II- Silver silica NPs II- GMag.s; mortar
: ; % * Ag NPs
. s .
- =1 v &
b (100) (006) )
E (103) = I Y
I v I . I N I . I i I 1 I . | I g I . I L w
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Degree (26) Degree (26)

Figure—5.23A: XRD spectraof (I) SSO2NPs & (1) Ag-SiO2 NPs.
Figure—5.23B: XRD spectraof (I) GMs and (I1) GMag-si.

(Published in RSC Adv., 2015.)

The XRD spectra of nano silica modified geopolymer mortar (GMs) and nano silver-
silica nano composite modified geopolymer (GM ag-s) mortar are presented in Figure 5.25B.

In case of geopolymer mortar with nano silver-silica composite, some additional peak
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positions are observed at same specific positions (28) which confirms the presence of silver

nano particlesin GMags mortar.

Figure 5.24 represents the compressive strength of fly ash based nano silica modified
geopolymer mortar (GMs), nano silver-silica modified geopolymer mortar (GMag.s) and
control cement mortar (CM) samples at 3, 7 and 28 days. The above two types of geopolymer
mortar samples are cured in air at ambient temperature. The strength of water cured control
mortar samples made with OPC cement is also compared. It is noted that both the
geopolymer mortar samples (GMs and GMag-s)) show better compressive strength than CM
samples at al ages. However, geopolymer mortar with silica NPs and geopolymer mortar
with silver-silica nano composite seems to provide similar compressive strength cured at
ambient temperature. Therefore, it may be concluded that the presence of silver NPs attached
on the surface of silica NPs does not influence the compressive strength of silver-silica

modified geopolymer mortar.
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Figure—5.24: Compressive strength of GM ag-s, GM s geopolymer mortar and control
cement mor atar at different ages.

(Published in RSC Adv., 2015.)

Similar behaviour has been also observed on flexural strength and split tensile
strength of geopolymer mortars and control mortar samples at 28 days (Fig. 5.25). A
comparison of RCPT value for samples of mix GMs, GMagsi and CM are presented in

Figure 5.26. It is observed that a lesser amount of ions has been passed through geopolymer
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with nano silica/ nano silver silica (i.e GMag-si / GMsj) matrices compared to CM matrices.
About 37% reduction in RCPT values are noted for both geopolymer mortar (with silver-

silica nano composite/silica nano particle) than that of control cement mortar.
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Figure-5.25: Flexural and tensile strength of GM ag-s, GM s geopolymer and CM.
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Figure-5.26: RCPT of different mortar samples (CM, GMs and GMag-s).

In this present study, the silver NPs (3 — 5 nm) has been attached on the surface of
silica NPs of 20 — 40 nm to develop the antimicrobial activity of the geopolymer mortar. In
presence of positively charged silver NPs on the surface of the negatively charged silica NPs,

the overall charges of silver-silica nano composite is reduced. The incorporation of this newly
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formed silver NPs in the low calcium fly-ash based geopolymer mortar has improved its anti-
bacterial property although the strength and durability are not affected by the presence of

such silver NPsin geopolymer mortar cured at ambient temperature.

The bactericidal kinetics of exponentially growing gram negative E. coli and gram
positive S. aureus bacteria are observed against samples of GMs;, GMag-si, and CM specimen
by time killing assay. The result reveals that the populations of E. coli and S. aureus bacteria
are reduced by 99% after 8h and 6h (Fig. 5.27C & 5.27D) for GMagsi respectively. The
antibacterial effect has been shown by plate culture of bacteria after 8h treatment (Fig. 5.27A
& 5.27B). A large number of colonies are found in GMg and control specimens whereas such

colonies are almost absent in case of GMags sample.

The Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) values of samples of GMag.ss mix against gram +ve and gram -ve
microorganisms are presented in tables — 54 and 5.5. Table — 5.4 indicates that a
considerably low amount of GMag-si (0.15 mg/mL) has been able to eradicate the gram (+ve)
bacterial cells (>99%). Gram —ve organisms are more resistant to the growth inhibiting effect
of the sample (0.10 mg/mL) compared to gram +ve bacterial cells. The antibacterial activities
of GMagsi geopolymer mortar samples are significantly higher than that of the other
specimens (GMs & CM sample). The MBC values for silver-silica nano composite treated
cells are not more than 4 times of their respective MIC values indicating that the nano
composites are bactericidal rather than bacteriostatic. The MBC value (Table — 5.5) indicates
that a considerably lower amount of silver (0.43 pug/ml) has been able to eradicate the gram
positive bacterial (S aureus) cells. The gram negative organisms (E. coli) are more resistant

to the growth inhibiting effect of silver NPs (0.32 pug/ml).
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Figure - 5.27: Photographs of colonies of
(A) E. coli & (B) S. aureusincubated on agar plates obtained from cultivated
suspensionswith (CM, GMs & GMag-si)) and mortality curve of
(C) Gram —ve bacteria (D) Gram +ve bacteriain presence of CM, GMs & GMags.

(Published in RSC Adv., 2015.)

Table-5.4: Minimum Inhibitory Concentration (M IC) ASSAY (mg/mL):

E. coli 0.10
S. aureus NA NA 0.15

Table— 5.5: Minimum Bactericidal Concentration (M BC) ASSAY (mg/mL)'

E. CO|I 0 32

S. aureus NA NA 0.43
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The SYBR Green is a bacterial cell membrane permeant dye which stains both live
and dead cells. The fluorescence microscopic images show that control cells and GMg treated
cells (E. coli and S aureus) are intensely stained with SYBR Green, whereas GMag.s treated
cells are found to be Pl positive (Fig. 5.28). The PI is an impermeant dye that stains only
dead and membrane compromised cells due to loss of the plasma membrane integrity. The
result of morphological analysis of GMags treated cells represents extensive membrane
destruction and disruption of cells after 8h of incubation (Fig. 5.28C) in respect to control and
GMs treated E. coli cells (Fig.5.28A and 5.28B) respectively. Control and GMsg treated cells
show distinct spherical morphology of coccus shaped S aureus (Fig. 5.28D and 5.28E
respectively), whereas membrane deformation and pore formation can be seen along with cell
debrisin case of GMag-s treated cells (Fig. 5.28F).

Figure - 5.28: Fluor escence microscopic images of
(A) CM treated E. coli, (B) GMsi treated E. cali,
(C) GMag-si treated E. coli, (D) CM treatedS. aureus,
(E)GMsi treated S. aureus, (F) GMag-s treated S. aureus bacterial cells.

(Published in RSC Adv., 2015.)
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Figure—5.29: FESEM images of (A) CM treated E. coli (B) GMs treated E. coli
(C) GMagssi treated E. coli (D) CM treated S. aureus
(E) GMsi treated S. aureus (F) GMag-s treated S. aureus.

(Published in RSC Adv., 2015.)

The silver has the potential to kill bacteria in minimum time period. The different
bacterial cell wall disruptions (Fig. 5.29) indicate that the antibacterial property has been
developed in desired geopolymer mortar. Silver-silica nano composite having 6% by weight
of fly ash in geopolymer mortar was sufficient to resist the bacterial growth. The growth for
both types of bacteria (gram —ve / gram + ve) has been stopped within 6 — 8h only in presence
of silver NPs modified GMagsi geopolymer mortar. The bacterial growth population, in
general, depends on numerous external factors like pH, temperature, concentration of nano-
particles [25, 26]. In various studies, it has been reported that due to the high alkali property
of fresh concrete/mortar at early age, it will not allow any bacterial growth. However, the pH
of concrete / mortar is slowly reduced over time by the effect of carbon dioxide and hydrogen

sulphide gas and the growth of bacteria starts.

Silver silica nano composite modified geopolymer mortar shows better resistance to

bacterial attack than nano silica modified geopolymer and control samples at pH less than
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9.0. Silver nano particles incapacitate enzymes through binding of sulfhydryl (thiol) groupsin
amino acids of bacterial cell and promote the release of ions/NPs with subsequent hydroxyl
radical formation [27, 28]. Gram-negative bacteria possess an outer membrane outside the
peptidoglycan layer which is absent in Gram-positive organisms [29]. The outer membrane
protects bacteria from harmful agents, such as detergents, drugs, toxins and degradative
enzymes by functioning as selective permeability barrier. The cell wall disruption by the
lower amount of silver NPs in geopolymer particle (~MIC) may be the main reason of
bactericidal kinetics. Due to positive charge, silver NPs in the liquid growth medium are
attracted electrostatically to the negatively charged cell wall of bacteria. A few oxidized
silver ions/NPs also get attached electrostatically to the bacterial membrane and thus
decreases the osmotic stability of the cell, trailed by consequent leakage of intracellular
constituents. The anti-bacterial activity of GMag.si is developed by introducing silver NPs on
the surface of silica NPs which is the main ingredients for anti-bacterial activity of
geopolymer mortar. Therefore, such materials can be used in sewer concrete pipe line and

other similar structures.
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5.4. PROCESS DEVELOPMENT FOR GEOPOLYMER MORTAR

The nano silica addition in geopolymer mortar/concrete eliminates the heat activation
to achieve an acceptable strength and durability (Refer section 5.1 and 5.2). Alternatively, a
modified process (Process — 1) has been also proposed to eliminate heat activation. In this
proposed modified process, the heat activation has been made before casting of samples and
the amount of heat energy required for polymerisation of fly ash and activator solutions is
comparatively less. The main advantage of this process is that it can be mechanised for
industrial purpose. The details of the process have been aready presented in section 4.5 and
Figure 4.3. The heat energy is applied to the mixture of fly ash and activator solution (NaOH
+ NaSiOs + H20) for better control of polymerisation. The details of the mix proportion and
curing conditions are explained in table — 4.8. It is also noted that 8(M) NaOH solution used

as an activator for the preparation of Process — | and Process— |1 geopolymer mortar.

In the preparation of Process — | geopolymer mortar (Refer. Fig 4.3), fly ash is mixed
with appropriate quantity of activator fluid containing 8(M) NaOH solution, Na;SiOz solution
and water. The mixture is then stirred in a hot air oven for 45 minutes at different
temperatures of 40°C, 60°C and 80°C. River sand is immediately mixed with the hot mixture
of activated fluid and fly ash thoroughly for two minutes before casting. Finaly, the mortar
specimens are removed from the mould after 10 — 12 hours of casting and are placed at
ambient temperature (27 = 20 °C) until testing.

In Process — |1 conventional geopolymer mortar (Refer. Fig 4.3), sand and fly ash are
dry mixed for 2 minutes and the appropriate quantity of activator fluid is added and mixed
thoroughly at ambient laboratory temperature. After one hour of casting, the mortar
specimens along with the mould are cured at three different temperatures of 40°C, 60°C and
80°C within the hot air oven for 48 hours [30 — 32]. Then the mortar samples are kept in
room temperature until testing. This process is a very common and have limitations for

practical use.

The compressive strength of the process modified geopolymer mortar (Process — )
and conventional heat cured geopolymer mortar (Process — I1) for a given fluid to fly ash
ratio 0.35 and at the age of 3 days, 7 days and 28 days are presented in Figure 5.30. Similar
test results are presented in Figure 5.31 and 5.32 for the fluid to fly ash ratio of 0.40 and 0.45
respectively. It is observed that for all the fluid to fly ash ratio, the geopolymer mortars under
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Process — | show substantially higher compressive strength than similar mortar under Process
— 1l at al ages up to 28 days. In Process — |, the maximum compressive strength at 28 days of
geopolymer mortar is developed at fluid to fly ash ratio 0.35 and at activation temperature of
60°C for 45 minutes. The 28 days compressive strength of Process — | geopolymer mortar (at
fluid to fly ash ratio 0.35 and activated at 60°C for 45 minutes) is about 16 % more than
Process — Il geopolymer mortar (at fluid to fly ash ratio 0.35 and activated at 60°C for 48
hours). Thus geopolymer mortar developed at 60°C for both Process — | and Process — |1 at
0.35 fluid to fly ash ratio has been considered for further study. It is also noted that the
compressive strength of both Process — | and Process — |1 geopolymer mortar decreases with

the increase of fluid to fly ash ratio as expected.

Process - I - G1, G2, G3 (cured for 45 minat 40 C, 60 C and 80°C)
Process - II - G4, G5, G6 (cure for 48h at 40°C, 60°C and 80°C)
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Figure—5.30: Compressive strength of geopolymer mortar at fluid/ fly ash ratio 0.35in
Process— | and Process— 1.

(Published in Indian Concrete Journal, 2015.)
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Process - I - G7, G8, G9 (cured for 45 min at 40°C, 60°C, 80°C)
Process - I - G10, G11, G12 (cure for 48h at 40°C, 60°C and 80°C)
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Figure-5.31: Compressive strength of geopolymer mortar at fluid/ fly ash ratio 0.40in
Process— | and Process—11.
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Process - I - G13, G14, G15 (cured for 45 min at 40°C, 60°C, 80°C)
Process - II - G16, G17, G18 (cure for 48h at 40°C, 60°C and 80°C)
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Figure—5.32: Compressive strength of geopolymer mortar at fluid/ fly Ash ratio 0.45in
Process— | and Process— 1.
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The 28 days flexural strength of Process — | geopolymer mortar and Process —I|
geopolymer mortar specimens are shown in Figure 5.33, 5.34 and 5.35 for fluid to fly ash
ratio 0.35, 0.40 and 0.45 respectively. It has been observed that the flexural strength of
Process — | geopolymer mortar is more than that of Process — |1 geopolymer mortar. Also, the
flexural strength of both Process — | and Process — || decreases with the increase of fluid to
fly ashratio.

Similarly the 28 days split tensile strength of Process — | geopolymer and Process — |1
geopolymer mortar specimens are shown in Figure 5.36, 5.37 and 5.38 for fluid to fly ash
ratio of 0.35 0.40 and 0.45 respectively. It is observed that Process — | geopolymer mortar
shows better split tensile strength than that of Process — 1| geopolymer mortar. It is also noted
that Process — | geopolymer mortar cured at 60°C for 45 minutes shows maximum tensile

strength than that of other type of geopolymer mortar at fluid to fly ash ratio 0.35.

8 O Process - I - G1, G2, G3 (cured for 45 min at 40 C, 60 C and 80°C)
X Process - I - G4, G5, G6 (cure for 48h at 40°C, 60°C and 80°C)
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Figure—5.33: Flexural strength of geopolymer mortar at fluid/ fly ash ratio 0.35in
Process— | and Process— 1.
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O Process - I - G7, G8, G9 (cured for 45 minat 40 C, 60 C and 80 C)
X Process - II - G10, G11, G12 (cure for 48h at 40°C, 60°C and 80°C)
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Figure—5.34: Flexural strength of geopolymer mortar at fluid/ fly ash ratio 0.40 in
Process—| and Process—11.
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Figure-5.35: Flexural strength of geopolymer mortar at fluid/ fly ash ratio 0.45in
Process— | and Process—11.
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Py S+ —&— Process - I (cured for 45 minat 40°C, 60°C and 80°C)
5: —@— Process - II (cure for 48h at 40°C, 60°C and 80°C)
s :

4- 3
= G2

1Y)

= »

) 3

5 +1
— b=y G3

wn - ol -

@ 3 = % =
pu— - =
.;; - :ol

= o

L
e
= 2
—

=¥
D

I I I ]
40 60 80
0
Temperature C

Figure—5.36: Tensile strength of geopolymer mortar at fluid/ fly ash ratio 0.35in
Process— | and Process— 1.
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Figure-5.37: Tensile strength of geopolymer mortar at fluid/ fly ash ratio 0.40 in
Process— | and Process— 1.
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Figure-5.38: Tensile strength of geopolymer mortar at fluid/ fly ash ratio 0.45in
Process— | and Process—11.

In general, the flexural and split tensile strength of geopolymer mortar increases with
the increase of compressive strength. Both the flexural and split tensile strength of Process - |
and Process- Il geopolymer mortar reduces with the increase of fluid to fly ash ratio. Also,
flexural and tensile strength of geopolymer mortar (Process— | & 11) is optimum at fluid to
fly ash ratio 0.35 and activation temperature of 60°C, due to higher rate of polymerisation at
early ages.

The results of RCPT value for both Process — | and Process — |l geopolymer mortar
samples (28 days) are shown in Figure 5.39, 5.40 and 5.41 for three fluid to fly ash ratios of
0.35, 0.4 and 0.45 respectively. The amount of charge passed in RCPT for geopolymer
mortar for both Process — | and Process — Il is increased with the increase of fluid to fly ash
ratio. The lesser amount of charge is passed in geopolymer mortar both for Process — | and
Process — |l at curing temperature of 60°C and fluid to fly ash ratio of 0.35. However, the
amount of charge passing through Process — | geopolymer mortar is comparatively less than
that of Process — Il geopolymer mortar for other conditions remain same. This confirms that
the diffusion coefficient will be less due to presence more amount of crystalline compound in
Processes — | geopolymer mortar thereby improving the durability.
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Figure - 5.39: Charge passed through geopolymer mortar at fluid/ fly ash ratio 0.35in

Process| and Process||.
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Figure - 5.40: Charge passed through geopolymer mortar at fluid/ fly ash ratio 0.40in

Process| and Process||.
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Figure - 5.41: Charge passed through geopolymer mortar at fluid/ fly ash ratio 0.45in
Process| and Process| 1.

Table — 5.6 shows the saturated water absorption of geopolymer cube specimens of
the two process (Process — | & Process — |1) after immersion in water for 30 minutes and 24
hours. Similarly sulphate test results of such geopolymer mortar are shown in table — 5.7 after
immersion of specimen in sulphate solution for one month. The results indicate that the lesser
water absorption and sulphate attack (in terms of weight gain) in Process — | geopolymer

mortar compared to Process — |1 geopolymer mortar due to better pore structure modification.
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Table - 5.6: Water absorption test results of geopolymer mortar samplesin Process| &
[ (fluid/ fly ash = 0.35):

Initial Aver age mass RENETE
average
mass (gm.)
' ny
G2 | 7209 735.8 2.02 751.6 2.10 é
|
G3 728.6 739.3 144 762.9 3.10 -
G4 729.7 754.6 3.30 793.2 4.87
o
G5 733.7 756.3 3.00 781.6 3.26 %
|
G6 720.3 739.3 2.56 767.3 3.65 =

Table-5.7: Sulphate test results of geopolymer mortar samplesin process| & |1 (fluid/
fly ash = 0.35).

Mix || Initial average/|| Average mass after % increment Remarks
No mass (gm.) Sulphate attack (gm.)
G1 453

731.6 766.3
Process— |
G2 720.9 745.3 3.28
G3 728.6 774.0 5.86
G4 729.7 766.3 4.78
Process— |1
G5 733.7 764.0 3.97
G6 720.3 758.7 5.05

The X-Ray Diffraction analysis of geopolymer mortars made in Process — | and
Process — Il are presented in Figure 5.42. Some specific extra peak positions are observed in
Process — | geopolymer mortar of fluid to fly ash ratio of 0.35 and activation temperature of

60°C compared to similar Process — |l geopolymer mortar. The large numbers of peaks in
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geopolymer mortar in Process — | indicate the presence of more amount of semi crystalline

and crystalline compounds. It is also observed that due to better polymerisation of Process — |

geopolymer mortar, the formation of mullite, abite, calcite and quartz compounds are higher

than that of Process— Il geopolymer mortar.

Intensity (a.u)

= Ca3Si0s W CaCO; % Na(AlSiz0s) ¢ Fe:0;
vy Si0 ® Ca(OH), A Na»Si>0g A Mullite
< A Process -1
thie Loy @
y Process - Il
| Lme » % b
010 20 30 40 50 60 70 80
Degree 260

Figure—5.42: XRD analysisof Process—1 and Process— || geopolymer mortar
at fluid/fly ash ratio 0.35.

It is also observed from FESEM images that in Process — |, the polymerisation of fly

ash is more uniform within whole matrix than Process — Il as shows in Figure 5.43. The

presence silica compound in Process — | and Process — Il was 98.87% and 81.12%

respectively as summarized in elemental analysis (Fig. 5.44). The large numbers of unreacted

fly ash is also observed in Process — Il geopolymer mortar, which confirms that the

geopolymer matrix is not fully polymerised (refer Fig. 5.43). It is noted that Si/Al ratio of

Process — | geopolymer mortar is higher than Process — |1 geopolymer mortar.
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Figure—5.43: FESEM image of Process— | and Process-I1 geopolymer mortar of fluid
to fly ash ratio 0.35.
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Figure—5.44: EDS analysisof (A) Process— | and (B) Processes— || geopolymer
mortar of fluid to fly ash ratio 0.35.

Based on the microstructure analysis, it is concluded that the improvement in
compressive strength of Process — | geopolymer mortar compared to Process — |1 geopolymer

mortar is due to the higher rate of polymerisation. In case of Process — | geopolymer mortar,
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the fly ash is fully polymerised in presence of alkali activated solution at early age. Also
XRD analysis confirms that the more amount of crystalline compound are observed in
Process — | geopolymer mortar than Process — |1 geopolymer mortar. The FESM images also
show that a large number unreacted fly ash are located in Process — || geopolymer mortar.
The elemental analysis confirms the amount of crystalline compound in Process — |
geopolymer mortar is higher than Process — Il geopolymer mortar. The higher Si/Al ratio
exhibits higher mechanical for Process — | geopolymer mortar than Process — |1 geopolymer

mortar.
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5.5. PROCESS DEVELOPMENT FOR GEOPOLYMER CONCRETE

Based on the performance of process modified geopolymer mortar, the study has been
further extended for geopolymer concrete. The same process that used in geopolymer mortar
has been followed in the process modified geopolymer concrete excepts 12mm coarse
aggregate and sand has been added instead of sand only to determine the structural behavior
such modified concrete. The study has been limited to processes modified geopolymer
concrete of fluid to fly ash ratio 0.35 and of 8(M) NaOH activator solution only, as the
performance of process modified geopolymer mortar (Process — |) with fluid to fly ash ratio
0.35 at 8(M) concentration of activator solution is quite remarkable. In this section Process —
I geopolymer concrete is represented as GPC - | and Process — |1 (conventional heat cured)
geopolymer concrete as GPC — 1.

Figure 5.45 shows the compressive strength of GPC — | and GPC - Il geopolymer
concrete samples at 3, 7 and 28 days. The compressive strength of process modified GPC - |
geopolymer concrete seems to be much higher than that of conventional heat cured GPC — 11
geopolymer concrete. It is noted that the compressive strength of GPC — | geopolymer

concrete is about 15 % higher than GPC — |1 geopolymer concrete at all ages.
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Figure - 5.45: Compressive strength of GPC — | and GPC - |1 geopolymer concreteat 3,
7 and 28days.
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The flexural strength of Process — | geopolymer concrete (GPC — I) and Process — ||
geopolymer concrete (GPC — 1) at 28 days are presented in Figure 5.46. It reveals that the
processes modified geopolymer concrete GPC — | shows better flexural strength than
conventional geopolymer concrete GPC — Il. The similar result is observed for split tensile
strength of GPC — | and GPC - |1 at the age of 28 days of curing (Refer Fig. 5.46).

6 -
[II]]CP('—IH’N)NW—I]
o] = 6PC -1 (Process - )
=9
.E
= 4-
ot
=11
=
cu
=
wn —_=
wn
z 24
.
oo
o
0 - -5
Flexural strength Tensile strength

Figure - 5.46: Flexural and tensile strength of GPC — | and GPC - |1 geopolymer
concrete at 28 days of curing.

Therefore, the mechanical strength (compressive, flexural and tensile strength) of
GPC - | is comparatively better than conventional GPC — 11 concrete at fluid to fly ash ratio
0.35. It reveals that the rate of polymerization in presence of alkali activator is much higher in
case of GPC — | (Process— 1) concrete at early age than GPC - 11 (Process— II) concrete. Due
to higher rate of polymerization of alkali activator and fly ash before casting, the mechanical
strength of GPC — | concrete shows better structural performance than GPC — Il concrete.

Figure 5.47 demonstrates the bond stress vs. dip curves of 20mm diameter
reinforcement bars (deformed; 0.2% of proof stress & mild steel; yield stress = 250 MPa) in
both the geopolymer concrete (GPC — | and GPC - |1) after 28 days of curing. The result
shows that the Process — | (GPC — 1) geopolymer concretes possesses better bond strength
than conventional geopolymer concrete as per Process — Il (GPC - 1) for both deformed and
mild steel bars. All the samples are failed by the pull-out load of the rebar. The dlip for plain
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bars seems to be more compared to deformed bar at equal pull-out load for both GPC — | and
GPC - 11 geopolymer concrete.

N
1

e
1

Bond strength (MPa)
(S

Deformed rebar with GPC - I concrete.
Deformed rebar with GPC - 11 concrete,

= Mild rebar with GPC -1 concrete.
= Mild rebar with GPC - II concrete,

0l 54 1 2 1
0.00 0.25 0.50

0.75  1.00
Slip in mm

Figure—5.47: Bond stressvs. slip curve of GPC — | and GPC - || geopolymer concrete
with deformed and mild rebar.

The bond strength of GPC — | and GPC - Il geopolymer concrete are increased with
the increase of compressive strength as excepted. As the compressive strength and split
tensile of GPC — | geopolymer concrete is more than GPC — |l geopolymer concrete, the
better bond strength has been developed between GPC — | mix and reinforcement bar
(deformed and mild steel rebar) compare to GPC — I mix. The higher rate polymerization in
GPC - | geopolymer concrete produces a denser or stronger interfacial transition zone (ITZ)
between aggregates and geopolymer matrices as compared to the conventional GPC — I
geopolymer concrete. The modulus of elasticity of GPC — | geopolymer concrete is 30.0 GPa
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at compressive strength of 36.85 MPa, whereas the for GPC — Il geopolymer concrete is
26.65 GPa at compressive strength of 25 MPa.

The demoulding time of specimens after casting in Process — | geopolymer
mortar/concrete is comparatively less (about 1/3 times) than that of Process — Il geopolymer
mortar/concrete. Also, in Process — | the mixture have been heated only for 45 minutes
compared to that of Process — |1 where the specimens have been heated for 48 hours at 60°C.
The calculated energy requirements for Process — | and Process - |1 are 1.5 kWh and 98 kWh
respectively. Therefore, about 98 % less energy is required for Process — | than Process — ||
for heat activation only. Therefore, Process — | geopolymer mortar/concrete can be used in

practical construction in terms of strength, Durability and energy savings.

After the mechanical strength assessment of process modified geopolymer concrete,
the microstructural properties of GPC — | and GPC — |1 geopolymer concrete samples are
analysed by using Field Emission Scanning Electron Microscopy with Energy-dispersive X-
ray spectroscopy and X-Ray Diffraction analysis. The X-ray diffractograms of the GPC — |
and GPC - |l geopolymer concrete are represented in Figure 5.48. It is noted that the large
number of amorphous and crystalline compounds are observed in GPC — | geopolymer

concrete than that of GPC — |1 geopolymer concrete.

Figure 5.49 shows FESEM images of GPC — | concrete (Process — |) and GPC — I
(Process — 1) concrete respectively. It is observed from FESEM images that a large number
of crystalline compound in rod shape are present in case of GPC - | concrete than GPC — ||
concrete. Also, the density of GPC — | matrix seems to be higher than GPC - Il geopolymer
matrix. The elemental analysis of GPC — | and GPC - |1 shows that Si/Al ratio of GPC — |
concrete is much higher than GPC - Il concrete as observed in Figure 5.50. Also, the EDS
analysis confirms that the presence of Ca compound is very less, as our experimental

programme is based on low calcium fly ash.
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Figure-5.48: XRD analysisof GPC -1 and GPC - |1 concrete.

The microstructure analysis of GPC — | and GPC - Il concrete reveals the main cause
behind the strength enhancement of GPC — | geopolymer concrete (Process — I) than GPC — 11
geopolymer concrete (Process — 11). In the XRD analysis, a broad hump has been registered
between 26 = 25° - 30° in both GPC — | and GPC - I, indicating the dissolution of the fly ash
amorphous phase and the formation of a new amorphous phase in the matrix. Also, a more
number of amorphous and crystalline phase are observed in GPC — | geopolymer concrete
than GPC — |l geopolymer concrete, due to higher rate of polymerisation processes. Similar
result is observed in the FESEM analysis of GPC — | and GPC — Il concrete. The large
number of rod shaped crystalline compounds are observed in GPC — | concrete (Fig.5.49).
The elemental analysis shows that Si/Al ratio of GPC - | is much higher than GPC - I
concrete, which is the main reason behind the mechanical strength enhancement of GPC — |

geopolymer concrete (Process— 1) over GPC — Il (Process — |1) geopolymer concrete.
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Element Atom C [%
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Figure-5.49: FESEM images EDS analysis of GPC — | and GPC - || concr ete.
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CONCLUSION:

Based on the experimental work reported in this study, the following

conclusions are drawn:

» The colloidal nano silica addition can be used effectively in the fly ash based
geopolymer mortar to achieve appreciable strength and durability cured at ambient
temperature in air (without any heat activation) compared to conventional heat cured fly
ash based geopolymer mortar. About 6% nano silica addition (replacement of fly ash)

shows optimum for the present material type and mixture proportion.

» The compressive strength, flexural strength and split tensile strength of the
developed nano silica modified geopolymer mortar under ambient temperature curing
found to be 12%, 11% and 10% more than that of corresponding heat cured geopolymer
mortar at 28 days respectively (Refer Fig. 5.1 - 5.7).

» The water absorption and the amount of charge passed in RCPT are also less in
the nano silica modified fly ash based geopolymer mortar (under ambient temperature
curing) compared to that of corresponding heat activated geopolymer mortar (Refer Fig.
58 & 5.9). Such improvements in the strength and durability of nano silica modified
geopolymer mortar are mainly due to the transformation of amorphous to crystalline

compound.

» The fly ash based geopolymer concrete with the addition of 6% of nano silica
also shows better mechanical strength and durability cured at ambient temperature in air
than the corresponding heat cured conventional fly ash based geopolymer concrete (Fig.

5.12 & Table - 5.1).

» This nano silica modified geopolymer concrete also possesses better bond
strength than the control cement concrete and the corresponding conventional
geopolymer concrete (without nano silica) of equivalent compressive strength against
both HYSD (0.2% proof stress = 500 MPa) bar and mild steel (yield stress = 250 MPa) bar

(Refer Fig. 5.14). This is mainly due to the presence of soluble silicates from nano silica in
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such geopolymer concrete that produces a denser or stronger interfacial transition zone

(ITZ) between reinforcement bar and nano silica modified geopolymer matrices.

» In reinforced beam made with nano silica based geopolymer concrete under
ambient temperature curing in air, the flexural strength seems to be comparatively higher
than that of heat activated geopolymer concrete (without nano-silica) and conventional
cement concrete (Fig. 5.15 - 5.19). The higher mechanical strength and improved bond
behaviour of such nano silica modified geopolymer concrete with rebar seem to improve

the flexural strength of nano silica modified geopolymer concrete.

» Based on the microstructural analysis of nano silica modified geopolymer
mortar/concrete, it can be concluded that the nano silica increases the dissolution rate of
Si and Si-Al phases, which strongly affect the rate of polymerization (Refer Fig. 521 &
5.23). The presence of nano-silica in geopolymer mixture seems to be the key factor to
enhance the polymerisation process for its amorphous property and the high specific area
which increase the Si / Al ratio and enhances the crystalline phases in geopolymer

matrices at ambient temperature.

» Low calcium fly ash based silver-silica modified geopolymer mortar cured at
room temperature shows almost similar strength and durability but better anti-bacterial
property than nano silica modified geopolymer mortar. Due to positive charge, silver nano
particles in the liquid growth medium are attracted electrostatically to the negatively
charged cell wall of bacteria (Refer Fig. 5.29, 5.30 & 5.31). A few oxidized silver ions/Nano
Particles also get attached electrostatically to the bacterial membrane and thus decreases
the osmotic stability of the cell, trailed by consequent leakage of intracellular constituents.
The anti-bacterial activity of silver-silica modified geopolymer mortar has been developed
by introducing silver nano particles on the surface of silica nano particles which is the

main ingredients for anti-bacterial activity of geopolymer mortar.

» The amount of heat activation required in conventional geopolymer
mortar/concrete (termed as Process - 1) can also be reduced substantially modifying the
preparation process termed as Process — I. This Process - I method also help to make easily
feasible practical construction. In Process - I, the geopolymer mortar (cured for only 45

minutes at 60°C) shows better mechanical strength (compressive, flexural and split tensile
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strength) than the conventional heat cured geopolymer mortar, Process — Il cured for 48
hours at 60°C (Refer Fig. 5.32 - 5.40). Further, the Process - I geopolymer mortar shows
better durability performance in terms of RCPT, water absorption, sulphate test compared
to Process - Il geopolymer mortar (Refer Fig. 541, Table — 5.4 & 5.5). In this study nano

silica has not been used.

» This improvement in strength and durability of process modified geopolymer
mortar/concrete (Process — 1) is mainly due to the uniform polymerisation of fly ash and
formation of crystalline compound as per FESEM micrographs. The presence of more
amount of silica compound in the Process - I geopolymer mortar/concrete matrix as per
EDS analysis also confirms such improvements. The elemental analysis shows that the Si /
Al ratio of Process - I geopolymer mortar/concrete is higher than conventional Process -
Il geopolymer mortar/concrete that causes in such improvement in properties (Refer Fig.

545,546 & 5.51).

» The XRD analysis results confirm the formation of new phase crystalline
compound in the form of SiOz, CasSiOs, Na(AlSiz0s), NazSiz0s, CaC0Os, Fe203 and mullite in
geopolymer mortar/concrete. A broad hump registered between 20 = 25° - 30° in both
Process - I and Process — Il geopolymer mortar/concrete, indicating the dissolution of the
fly ash amorphous phase and the formation of a new semi amorphous and crystalline
phase in the matrix (Refer Fig. 544 & 5.50). Also more number of amorphous and
crystalline phase has been observed in Process - I geopolymer mortar/concrete than

Process - I geopolymer mortar/concrete, due to higher rate of polymerisation processes.

» The demoulding time of specimens after casting in Process - I geopolymer
mortar/concrete is comparatively less (about 1/3 times) than that of Process - II
geopolymer mortar/concrete. Also, in Process -1 the mixture have been heated only for 45
minutes compared to that of Process - Il where the specimens have been heated for 48
hours at 60°C. The calculated energy requirements for Process — I and Process - Il are 1.5
kWh and 98 kWh respectively. Therefore, about 98 % less energy is required for Process — |
than Process - Il for heat activation only. Therefore, Process - [ geopolymer
mortar/concrete can be used in practical construction in terms of strength, Durability and

energy savings.
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» The compressive strength of Process - I geopolymer concrete is about 15 %
higher than that of similar Process - Il geopolymer concrete at all ages. The flexural
strength of Process - I geopolymer concrete at 28 days is higher than and Process - Il
geopolymer concrete by about 35%. The similar results have been observed for split tensile

strength of Process - I and Process - Il geopolymer concrete after 28 days of curing.

» The bond strength of Process - I concrete is higher than Process - Il concrete

after 28 days curing for both mild steel and deformed reinforcement bar.

» The rate of polymerization in presence of alkali activator has been much higher
in case of Process - I concrete at early age than Process - Il concrete. Due to higher rate of
polymerization of alkali activator and fly ash before casting at early age the mechanical
strength of Process - I concrete has been showed better structural performance than

Process - Il geopolymer concrete.
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FUTURE SCOPE OF THE STUDY:

The following research areas may be suggested for future scope of study.

®
%

Thermal expansion and shrinkage behavior (coefficient of thermal expansion) of nano
silica modified geopolymer concrete and process modified geopolymer may be an
important area of research.

The long term properties of nano silica modified geopolymer concrete and process
modified geopolymer concrete (Process — I) may be studied in detail.

Detailed stress strain behaviour of modified geopolymer concrete may be an
important area of study

The study on the thermal behaviour of such geopolymer concrete (nano silica
modified and process modified) at elevated temperature may be an interesting area of
research.

Similar studies can be executed on slag based geopolymer concrete instead of fly ash.
Even a combination of fly ash and slag in the modified process may be an area of
research.
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1. Introduction

Worldwide production of coal combustion products in the form
of fly ash was approximately 780 Mt tones in the year of 2011-
2012. Although effective utilisation of fly ash was limited to
415 Mt or 53% of total production and widely varies within coun-
tries [1]. The power requirements throughout the world are rapidly
increasing with the growth of the industrial sectors particularly in
India and China. Recently, the application of alkali activated geo-
polymer concrete using fly ash (without cement) becomes an
important area of research [2-6].

Most of the research works on fly ash based geopolymer are on
the mix proportion and strength variation of geopolymer concrete
cured at different temperature range of 45-80 °C for about 2-3 h
[7-13]. It is noted that the strength of such geopolymer mortar is

* Corresponding author. Tel.: +91 9432236510.
E-mail address: mailtosarojmandal@rediffmail.com (S. Mandal).

http://dx.doi.org/10.1016/j.conbuildmat.2014.07.093
0950-0618/© 2014 Elsevier Ltd. All rights reserved.

more at 60 °C compared to 80 °C for a given molar concentration
[14,15]. It also provides poor strength at ambient temperature of
about 27 2 °C curing due to slow polymerisation process. There
are limited literatures on available on geopolymer to eliminate
the shortcomings of ambient temperature curing [16-18]. How-
ever, incorporating nano silica in conventional cement concrete
or high volume fly ash concrete had showed better results in terms
of strength and durability [19-23]. Use of nano silica and nano alu-
minium oxide in geopolymer paste for high calcium based fly ash is
also reported for a particular molar concentration [24]. The early
strength is also achieved in geopolymer mortar (fly ash + rice husk
ash) having different percentage of nano silica and nano alumin-
ium oxide with heat activation for 2, 4 and 8 h at different temper-
atures [25]. The improvement of strength for addition of nano silica
on slag based geopolymer is also reported at 38 °C [26].

This paper investigates the effect of different percentage of
nano silica addition in low calcium based fly ash geopolymer mor-
tar of different molar concentrations and cured at the ambient
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Table 1

D. Adak et al./Construction and Building Materials 70 (2014) 453-459

Chemical analysis report of fly ash.

Material Chemical composition (in percentage)

Fly Ash  SiO,  AlLO; Fe,03 CaO MgO Na,0O K,0 SO, LOI
6497 2664 569 033 085 049 025 033 045

Table 2

Physical analysis report of fly ash.

temperature. The mechanical strength of such geopolymer mortar
was analyzed by compressive strength, flexural strength and split-
ting tensile strength. Also, durability property based on rapid chlo-
ride ion permeability test and water absorption test was
incorporated. The micro structural property of nano silica modified
geopolymer mortar was assessed via Field Emission Scanning Elec-
tron Microscope (FESEM) and X-ray Diffraction test (XRD).

Material Particle size distribution
Fly ash >500u 300-5004¢ 150-300u 150-90u 90-45u <45u Specific gravity
NIL 0.05 6.02 33.32 53.40 6.21 2.05
Table 3

Basic properties of colloidal nano silica.

Colloidal nano silica type Average particle size (nm) Solid content (wt%) Viscosity (Pa S) pH Solid density (g/cm?)
CemSynXLP 4-16 nm 30% 8.5 9.0-9.6 2.37
Table 4

Mix proportion varying molar concentration, percentage of nano silica and curing condition.

Sample mark Fly ash: sand Molar concentration % of Nano silica Curing conditions
w.r.t fly ash
Control 1:3 - 0.0 Water curing
8MO 1:3 8 (M) 0.0 Heat cured at 60 °C for 48 h
8M4 1:3 8 (M) 4.0 Ambient temperature(27 £ 2 °C) curing
8M6 1:3 8 (M) 6.0 Ambient temperature(27 + 2 °C) curing
8M8 1:3 8 (M) 8.0 Ambient temperature(27 + 2 °C) curing
8M10 1:3 8 (M) 10.0 Ambient temperature (27 £ 2 °C) curing
10M4 1:3 10 (M) 4.0 Ambient temperature(27 + 2 °C) curing
10M6 1:3 10 (M) 6.0 Ambient temperature(27 * 2 °C) curing
10M8 1:3 10 (M) 8.0 Ambient temperature(27 + 2 °C) curing
10M10 1:3 10 (M) 10.0 Ambient temperature(27 + 2 °C) curing
12MO0 1:3 12 (M) 0.0 Heat cured at 60 °C for 48 h
12M4 1:3 12 (M) 4.0 Ambient temperature(27 + 2 °C) curing
12M6 1:3 12 (M) 6.0 Ambient temperature(27 + 2 °C) curing
12M8 1:3 12 (M) 8.0 Ambient temperature (27 + 2 °C) curing
12M10 1:3 12 (M) 10.0 Ambient temperature (27 + 2 °C) curing
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Fig. 1A. Compressive strength of fly ash based geopolymer mortar (with or without nano silica) having molar concentration of 8 (M) and cement mortar samples.
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2. Material and methods used for the present study. The ratio of fly ash: sand and activator fluid (with/with-
out nano silica) to fly ash were fixed at 1:3 (by weight) and 0.40 respectively. At first,

2.1. Materials sand and fly ash was dry mixed for two minutes and the appropriate amount of acti-
vator fluid (with/without) nano silica was added and mixed thoroughly. For the

Low Calcium Class F (American Society for Testing and Materials 2001) dry fly preparation of controlled mortar sample, Ordinary Portland Cement of 43 Grades
ash obtained from National Thermal Power Corporation Ltd, Farakka plant in India (IS 8112) [19] was mixed with sand. The geopolymer mortar specimens without
has been used as the base material. The properties of fly ash and the grain size dis- nano silica were cured at 60 °C temperature for 48 h within the hot air oven after
tribution (dry condition) were presented in Tables 1 and 2 respectively. The sodium 2 days of casting and were kept at ambient temperature until testing. However,
hydroxide (NaOH) was the commercial grade in pellet forms with 99% purity and the geopolymer mortar specimens with nano silica were removed from the mould
white in colour. Liquid sodium silicate (Na,SiO3) was also a commercial grade hav- after one day of casting and were placed at ambient temperature (27 + 20 °C) until
ing 45% solid content and specific gravity of 1.53 gm/cc. It is light grey in colour and testing. Conventional water curing was made for the normal cement mortar speci-
highly viscous. The basic properties of colloidal nano silica, as provided by the man- mens after one day of casting. The details of all the mixtures are shown in Table 4.

ufacturer, were listed in Table 3.

2.2. Mix proportion and curing 3. Sample preparation and testing

Three different molar concentration of NaOH such as 8 (M), 10 (M) and 12 (M) 3.1. Sample preparation for mechanical strength test and water
were mixed with Na,SiOs solution in the proportion of 1:1.75 (by weight) to make absorption test
alkali activator fluid. Colloidal nano silica with 4%, 6%, 8% and 10% of fly ash by
weight was also added to the fluid. Water present in the colloidal nano silica is . .
adjusted from the activator solution during the preparation. Locally available sand The standard mortar cube specimens of size 70.6 mm x
(specific gravity 2.52, water absorption 0.50%, and fineness modulus of 2.38) was 70.6 mm x 70.6 mm were cast for different mixes to determine
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Fig. 1B. Compressive strength of fly ash based geopolymer mortar (with or without nano silica) having molar concentration of 10 (M) and cement mortar samples.
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Fig. 1C. Compressive strength of fly ash based geopolymer mortar (with or without nano silica) having molar concentration of 12 (M) and cement mortar samples.
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Fig. 1D. Initial and final setting time of fly ash based geopolymer mortar (with or without nano silica) having molar concentration of 12 (M).

the compressive strength of mortar [27]. All the specimens were
tested at 3 days, 7 days, and 28 days after casting to determine
the compressive strength at different ages. Flexural strength test-
ing was carried out on 50 mm x 50 mm x 200 mm geopolymer
mortar bar at different molar concentration and percentage of
nano silica addition. These specimens were tested after 28 days
from the date casting. The centre point loading method was
adopted for determination of flexural strength (AASHTO T 67)
[28]. Water absorption tests were done on standard cube samples
of size 70.7 mm x 70.7 mm x 70.7 mm after 28 days of casting.

3.2. Sample preparation for rapid chloride ion penetration test

For chloride ion penetration, test cylinder specimen (100 mm
diameter x 200 mm height) was sliced into core specimens of
thickness 50 mm. The specimens were subjected to RCPT by
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Fig. 1E. Slump test of fly ash based geopolymer mortar (with or without nano
silica) having molar concentration of 12 (M).

impressing 60 V. Two halves of the specimens are sealed with
PVC container. One side of the container is filled with 3% sodium
chloride solution (that side of the cell shall be connected to the
cathode terminal of the power supply) and other side filled with
3 (M) sodium hydroxide solution. The current is passing through
the specimen less than 60 V was recorded at 30 min interval over
a period of 6 h and total charge in Coulombs was calculated.

3.3. Sample preparation for XRD analysis and FESEM analysis

After curing, the mortar samples possessing best result of com-
pressive strength of different mixtures (12M0, 12MB6, control) were
dried and sieved to make the size less than 5 pm for X-ray diffrac-
tion analysis in powder X-ray diffractometer (Bruker AXS Inc,
Model D8, WI, USA) with a scan speed 0.5 s/step at 40 kV. The
XRD spectrum was analyzed in the range 26 = 10° to 26 = 70° and
the peak positions were marked and compared from JCPDS file.
For FESEM analysis, the fine powder was diluted with ethanol
(99.9%) to make a film on carbon tape and then kept under vacuum
desiccators for evaporation. Finally, the dried samples were gold
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coated for field emission scanning electron microscope FESEM
(HITACHI S-4800, JAPAN) analysis.

4. Results and discussion
4.1. Compressive strength and setting time

Fig. 1A shows compressive strength of fly ash based geopolymer
mortar samples having molar concentration of 8 (M) without nano
silica (with heat curing) and 4% ,6%,8% and 10% of nano silica (with-
out heat curing). Figs. 1B and 1C show the results for molar concen-
tration of 10 (M) and 12 (M). The strength of controlled sample
(cement and sand) made with OPC cement is also compared. It is
well accepted that the strength of geopolymer mortars without
nano silica and cured at 60 °C for 48 h were more than conven-
tional control cement mortar of (cement and sand ratio-1:3) at
all ages. The compressive strength of geopolymer mortars with
or without nano silica is more at higher molar concentration due
to the higher rate of alkali activation.

However, addition of nano silica in the fly ash based geopoly-
mer mortar up to 6% of fly ash seems to provide comparable
strength at ambient temperature curing as shown in Figs. 1B and
1C at 28 days. Beyond 6% of nano silica addition, a reduction in
compressive strength at all ages is noted. The initial and final set-
ting time of 12 (M) geopolymer mortar with or without nano silica
are also presented in Fig. 1D. Also Fig. 1E presents the slump test
result of the different mixes (12MOH, 12M4, 12M6, 12M8 and
12M10). At the early ages, the compressive strength gain of 8 M
and 10 M geopolymer mortar with nano silica and cured at ambi-
ent temperature is not so satisfactory. Similar results are reported
for with fly ash (3%) and rice husk ash (93%) based geopolymer
mortar with different percentage of nano SiO, and Al,05 (1%, 2%,
3% by weight) oven cured for 2, 4 and 8 h at temperature of
25°C, 70 °C and 90 °C [25]. It may be concluded that at about 6%
colloidal nano silica addition provides optimum 28 days strength
without any heat curing for activation.

4.2. Flexural strength and tensile strength

Figs. 2 and 3 show that the both flexural strength and split ten-
sile strength at 28 days of geopolymer mortar specimen increase
with the increase in molar concentration of activator solution
due to the availability of more alkali in the mix. In case of
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Fig. 3. Tensile strength of fly ash based geopolymer mortar samples (with (6%) or
without nano silica) at molar different concentration and cement mortar samples.

geopolymer mortar with the addition of 6% nano silica and cured
at ambient temperature shows better flexural and tensile strength
than that of geopolymer mortar without nano silica (with heat
curing) and the corresponding conventional concrete.

4.3. RCPT result analysis

A comparison of test results of RCPT value for both geopolymer
mortar with (6%) and without nano silica at different molar con-
centration (8, 10 and 12 M) and conventional cement mortar sam-
ples are presented in Fig. 4. It may be mentioned here that for a
particular molar concentration of geopolymer mortar with or with-
out nano silica, the concentration of NaOH in the samples is remain
same, thus the difference in RCPT values for such case may be com-
pared. It is noted that less amount of charge passed through geo-
polymer mortar with nano silica (ambient temperature curing)
than that of geopolymer mortar without nano silica (heat cured).
This indicates that the diffusion coefficient will be less due to pres-
ence more amount of crystalline compound in nano silica modified
geopolymer mortar thereby improving the durability.

4.4. Water absorption test

The results of saturated water absorption on mortar specimens
(8MO0, 10MO, 12M0, 8M6, 10M6, 12M6 and control) after 28 days
curing are presented in Fig. 5. It indicates the lesser water absorp-
tion in geopolymer mortar having 6% nano silica (8M6, 10M6 and
12M6) compared to geopolymer mortar without nano silica (8MO0,
10MO0 and 12MO) and control mortar. It may be concluded that 6%
nano silica addition is optimum for better pore structure modifica-
tion [26]. The strength is also better at this optimal percentage of
nano silica.

4.5. XRD result analysis

Fig. 6, shows the XRD analysis of conventional mortar (control),
geopolymer concrete without nano silica (12M0) and with 6% nano
silica (12M6). In geopolymer mortar with 6% nano silica, some spe-
cific extra peak positions are noted. It indicates the formation of
new phase SiO,, CasSiOs, Na(AlSisOg), Na,Si»Og and CaCO5; com-
pared to the geopolymer mixture 12MO (without nano silica) sam-
ples. In case of controlled sample only few numbers of pick of SiO-,
CasSiOs and Ca(OH), are present. However, in XRD analysis crystal-
line quartz was easily detected in the region of 26-32° 20, which
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Fig. 4. Charge passed through fly ash based geopolymer mortar samples (with (6%)
or without nano silica) at molar different concentration and cement mortar
samples.
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Fig. 7A. FESEM image of fly ash based geopolymer mortar sample (12MO0) without Fig. 7B. FESEM image of fly ash based geopolymer mortar sample (12M6) with 6%
nano silica. of nano silica.
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Fig. 7C. FESEM image of control cement mortar sample (control).

may be due to the formation of crystalline compound in geopoly-
mer matrix. [t may be concluded that the strength of 12M6 sample
(with nano silica) is more than 12MO0 (without nano silica) sample
due to presence of more amount of crystalline compound in the
geopolymer matrix [26].

4.6. FESEM analysis

The morphology of the geopolymer samples with (0% and 6%)
nano silica addition and conventional cement mortar was exam-
ined by using a Field Emission Scanning Electron Microscope
(FESEM) and are shown in Figs. 7A, 7B and 7C respectively. The
matrices of geopolymer with 6% nano silica seemed to consist of
more amount of crystalline compound transformed from amor-
phous compound than of geopolymer mortar without nano silica.
It may be note that in conventional cement mortar matrix and geo-
polymer mortar sample (12MO0) without nano silica is less denser
than geopolymer mortar with 6% nano silica (12M6). Also geopoly-
mer mortar sample (12MO0) without nano silica has more numbers
of unreacted fly ash particles than 12MO sample as shown in
Figs. 7A and 7B. Due to the presence of nano silica in geopolymer
mixes, the matrix possesses an extra enhancement of polymerisa-
tion process for its amorphous property and high specific area.

5. Conclusion

Based on the present experimental study it is concluded that
the colloidal nano silica addition can be used in the geopolymer
mortar at an optimum percentage of 6% of fly ash to achieve appre-
ciable compressive strength under ambient curing (without heat).
Similar results were obtained for flexural and tensile strength. The
water absorption and charge passed in RCPT is also less in the nano
silica (with 6%) modified fly ash based geopolymer mortar (ambi-
ent temperature curing) compared to heat activated geopolymer
mortar. The matrices of geopolymer with 6% nano silica execute

better results than geopolymer mortar or conventional mortar
due to transformation of amorphous to crystalline compound.
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Anti-microbial efficiency of nano silver—silica
modified geopolymer mortar for eco-friendly green
construction technology
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A silver—silica nano composite based geopolymer mortar has been developed by simple adsorption of silver
in a suitable amount of a colloidal silica suspension for anti-bacterial property development. The silver
nanoparticles (3—7 nm) were attached on the surface of 20-50 nm sized silica nanoparticles. The silver—
silica nano-composite was characterized by Transmission Electron Microscopy (TEM), X-Ray Diffraction
(XRD) and energy dispersive X-ray spectral analysis. Mechanical strength, durability and mechanistic anti-
bacterial activity of the silver—silica nano composite modified geopolymer mortar (GMag_si) were
investigated and compared to nano silica modified geopolymer mortar (GMs) and control cement
mortar (CM). To accesses the anti-microbial efficacy of the samples, 99% mortality for Gram positive and
Gram negative bacteria was calculated. Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC) values were determined from batch cultures. The addition of 6% (w/w)

of the silver—silica nano composite in the geopolymer mortar cured at ambient temperature shows
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Accepted 21st July 2015 substantial improvement in mechanical strength, durability and anti-bacterial property. Reactive Oxygen
Species (ROS) generation and cell wall rupture as observed from fluorescence microscopy and Field

DOI: 10.1039/c5ral2776a Emission Scanning Electron Microscopy (FESEM) may be possible reasons behind the anti-bacterial

www.rsc.org/advances efficacy of silver—silica nano composite modified geopolymer mortar.

1. Introduction

The sustainability of the cement and concrete industries is
imperative to the wellbeing of our planet and human develop-
ment. The production of Portland cement, an essential
constituent of concrete, releases greenhouse gas emissions
both directly and indirectly. It is well accepted that about one
tone of carbon dioxide (CO,) is emitted into the atmosphere
during the production of one tone of cement." Coal based
thermal power stations produce a huge amount of fly ash which
is annually estimated to be around 780 million tons throughout
the world.”> The utilization of fly ash is about 35% in the
construction of landfills, embankments, production blended
cement etc. and remains as an industrial hazard. Alkali acti-
vated geopolymer concrete/mortar have been introduced to
reduce the rapid utilization of Portland cement concrete
throughout the world. In the last few decades the application of
geopolymer concrete using mainly fly ash (without cement) has
becomes an important area of research.*>*

Geo-polymeric reaction generally depends on the activation
with alkali solutions and temperature curing at 40-75 °C to

“Department of Civil Engineering, Jadavpur University, Kolkata-700032, India. E-mail:
mailtosarojmandal@rediffinail.com; smandal@civil.jdvu.ac.in; Tel: +91-9432236510
*Department of Physics, Jadavpur University, Kolkata-700032, India

This journal is © The Royal Society of Chemistry 2015

obtain similar strength and durability to normal concrete.”™
Thus the use of geopolymer concrete is limited to the precast
member due to requirement of heat activation after casting.
Several researchers have proposed to improve the strength
development of fly ash based geopolymer cured at ambient
temperature.”** Geopolymer mortar, with the addition of 6%
nano silica shows appreciable improvement in mechanical
strength and durability at 28 days under ambient temperature
curing."” However, it is necessary to explore the role of geo-
polymer composite different aspects like structural behavior
and in the application of antimicrobial field.

Usually fresh concrete/mortar has a pH of 10 to 12 depend-
ing upon the mixture. Consequently with this high alkalinity it
does not allow the growth of any microbes. However, this high
PH is slowly reduced over the time due to presence of carbon
dioxide (CO,) and hydrogen sulfide (H,S) in the atmosphere
producing week acids (carbonic acid, thio-sulphuric acid etc.) in
presence of water. When pH of the concrete/mortar is reduce to
below 9.0, bacterial attack or deposition on concrete surface
begins.’* The microbial colonies on the concrete surface,
capillaries and micro/macro fissures cause concrete damage
through bio-deterioration.” Bio-deterioration of conventional
concrete structure such as sewage pipes, maritime structures,
bridges, tanks, pipelines and cooling towers occurs due to the
presence of harmful bacteria.'®*® Various studies suggest that

RSC Adv., 2015, 5, 64037-64045 | 64037
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use of silver NPs in minimum concentration shows promising
anti-bacterial property.>*** With this background, use of silver—
silica nano composite modified low calcium based fly-ash geo-
polymer mortar cured at ambient temperature, may be a
favorable contender to Portland cement concrete. In this study,
mechanical strength, durability and mechanistic anti-bacterial
activity of fly ash based silver-silica nano composite modified
geopolymer mortar (GMa,i) has been investigated and
compared with silica modified geopolymer mortar (GMg;) and
control cement mortar (CM).

2. Materials and method

2.1. Ingredients

Low calcium class F dry fly ash, locally available sand (specific
gravity 2.52, water absorption 0.50%, and fineness modulus of
2.38), alkali activator fluid (mixture of sodium hydroxide,
sodium silicate and deionized water) have been used as basic
ingredients of geopolymer mortar.”»*® For control cement
mortar, Ordinary Portland Cement (OPC) and deionized water
has been used.

Nutrient Broth (NB) media ingredients like peptone, beaf
extract, yeast extract, NaCl, agar (Hi-media Pvt. Ltd, India), silver
nitrate (Merck Germany), deionized water, carbonic acid, E. coli
(MTCC 1652 strain), S. aureus (MTCC 96 strain) bacteria have
been used. All reagents were prepared with milli-Q ultra-pure
water. The basic properties of colloidal nano silica, as
provided by the manufacturer, are mentioned in Table 1.

2.2. Preparation of silver silica nano composite

For preparation of silver nanoparticles (Ag NPs) on the surface
of colloidal silica nanoparticles (SiO, NPs), 100 mM colloidal
silica NPs water solution was taken and the 5 mM silver nitrate
(AgNO;) were added drop-wise under vigorous stirring at
ambient temperature for 6 h.>*

2.3. Confirmative test for silver-silica nano composite

The silver-silica nano solution was lyophilized (EYELA FDU-
1200, Japan) and crushed to make a uniform fine powder. The
surface morphology of the synthesized nano structured samples
were evaluated using High Resolution Transmission Electron
Microscopy (HRTEM; JEOL, JEM 2100). The surface charges and
size distribution of silica NPs and silver-silica nano composite
were determined by using Zeta Potential Analyzer (Brookhaven
Instruments Corp. Holtsville, USA). XRD analysis was per-
formed (Bruker AXS, Inc., Model D8, WI, USA) with mono-
chromatised Cu-Ka. radiation of wavelength 1.5406 A at 55 kv
and 40 mA. The sample was examined at 26 from 10° to 80° and

Table 1 Basic properties of colloidal nano silica

Paper

identified by referring to data of Joint Committee on Powder
Diffraction Standards (JCPDS) files.

2.4. Preparation of mortar mixtures (GMg;, GM,,_si and CM)

Two different fly-ash based geopolymer mortars (GMg;, GMug-s;)
and a conventional control mortar (CM) were prepared for the
present study. The activator fluid to fly ash ratio was taken at 0.40.
The activator fluid was made by mixing 12 M NaOH with Na,SiO;
at weight ratio of 1 : 1.75. This solution was mixed with colloidal
nano silica solution (activator 1) for the preparation of GMg; geo-
polymer specimens. For preparation of GMyg g geopolymer
mortar, activator 2 was prepared by 12 M NaOH and Na,SiO; at
same weight ratio with nano silver-silica solution. The amount of
nano silica and silver-silica nano composite in the respective
activator 1 and activator 2 solutions was 6% (w/w) of fly ash used.
For the preparation of control mortar sample (CM), OPC of 43
grade sand and distilled water were used.” Details of all mixes are
shown in Table 2. For determination of mechanical strength
(compressive strength, flexural and split tensile strength) and
durability (RCPT), the samples of mix GMg; and GM,, g were
removed from the mould after 24 h and kept in ambient temper-
ature and tested after 3, 7 and 28 days of air curing. Conventional
water curing was made for the CM specimens until the test.

2.5. Sample preparation and testing of mechanical strength

The standard mortar cube specimens of dimension 70.6 mm X
70.6 mm x 70.6 mm were prepared for different mixes to
determine the compressive strength of mortars. All the speci-
mens were tested at 3 days, 7 days, and 28 days after casting to
determine the compressive strength. Flexural strength testing
was carried out on mortar bars (50 mm x 50 mm x 200 mm) for
all (GMg;, GMyggi, CM) samples. The center point loading
method was adopted for the determination of flexural strength
(ASTM (C293).>¢ Cylinder specimens (100 mm diameter x 200
mm height) were tested for split tensile strength test for each
category after 28 days from the date of casting.

2.6. Durability test

Rapid Chloride ion Penetration Test (RCPT) was adopted for the
durability assessment of different mortar mixes. Test cylinder
specimens (100 mm diameter x 200 mm height) were sliced
into core specimens of thickness 50 mm and subjected to RCPT
by impressing 60 V.*” All the specimens were tested after 28 days
of casting.

2.7. Anti-bacterial study

Mortar samples (GMg; and GM,_s; & CM) were immersed in 0.5
N carbonic acid solutions until the pH value of all samples

Colloidal nano Average particle Solid content Viscosity Solid density
silica type size (nm) (Wt%) (Pas) pH (gem™3)
CemSynXTX 20 to 50 nm 31% 8.5 9.0-9.6 2.16

64038 | RSC Adv., 2015, 5, 64037-64045
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Table 2 Nano silica modified geopolymer (GMg)), silver silica modified geopolymer mortar (GMag-_si) and control mortar (CM), mix proportions®

Sample mark Fly ash sand Activator solutions

% of SiO, NPs

% of Ag-SiO, NPs Curing condition

GMg; 1:3 Activator-1
GM g si 1:3 Activator-2
CM (cement : sand) 1:3 Water

6.0 Nil Air curing at room temp.
Nil 6.0 Air curing at room temp.
Nil Nil Water curing

@ Activator-1 - NaOH + Na,SiO; + nano silica. ? Activator-2 - NaOH + Na,SiOs; + nano silver-silica.

become less than 9.0. After getting the pH < 9.0, the samples
were crushed by hand mortar and sieved in uniform sized
powder for the anti-bacterial study purpose.

2.7.1. Bacterial kinetics study. Bacterial kinetics of mortar
samples from GMg;, GM,q_s; and CM were investigated against
S. aureus (gm +ve) and E. coli (gm —ve) bacterial strains
distinctly. From an overnight growing fresh culture of both
bacteria, a volume of culture approximately representing ~10”
CFU ml~" was washed and suspended in PBS buffer. The fresh
culture was then diluted by 5 ml nutrient broth (0.5% peptone,
0.1% beef extract, 0.2% yeast extract, 0.5% NacCl, pH 7) at a final
cell concentration of 10* CFU ml " and incubated at 37 °C. For
anti-bacterial assay, 2 mg ml™" (~2 x MIC) of each dry dust
samples (pH < 9) (GMg;, GM,q_si and CM) were used to treat the
inoculated broth separately. Time dependent killing was deter-
mined by plating the culture from the treated geopolymer mortar
samples and control cement mortar sample in agar plate (15%)
after different time of incubation (0, 2, 4, 6, 8, 12, 24 h). Plates
were incubated at 37 °C and the numbers of colonies were
counted after 24 h. The whole experiment was repeated trice.

2.7.2. Determination of MIC and MBC test. Using batch
culture process, the Minimum Inhibitory Concentration (MIC)
was observed by the varying concentration of different geo-
polymer samples.” Growth medium containing initial cell
concentration (107 CFU ml™') of each strain was taken
distinctly. The different mortar powders (GMgj, GMag i and
CM) were added in the growth medium distinctly and inocu-
lated at 37 °C on a rotary shaker. In 5 ml NB, the powder
samples (0.1% to 5.0% w/v) of each category were added sepa-
rately in several marked tubes. The growth inhibitions (GMg;
and GM,, g treated bacterial cells) were measured against
control at 620 nm by a UV-visible spectrophotometer (ELICO, SL
196 Spectropharm).>3°

Minimum bactericidal concentration (MBC) is defined as the
lowest concentration of silver nanoparticles present in GMyg_g;
samples that kills 99.9% of the bacteria. The presences of viable
microorganisms were examined and lowest concentrations
causing bactericidal effect were reported as MBC for the growth
inhibitory concentrations.** The experiment was performed by
plating (nutrient agar plate 15%) the bacterial cultures with
upper amounts above the MIC. The agar plates were inoculated
at 37 °C for 24 h. All the experiments were carried out in
triplicate.

2.7.3. Reactive oxygen species (ROS) detection and fluo-
rescence microscopic analysis. The generations of superoxide
radical activity were measured according to method given by Su

This journal is © The Royal Society of Chemistry 2015

et al.*® freshly prepared pure log phased cultures of E. coli and S.
aureus were taken separately for this purpose. 10* CFU ml™*
containing fresh NB were inoculated and treated with GMg; and
GM,,_si with their MIC values at 37 °C for 1 h distinctly.
Bacterial pellets were washed with phosphate buffer (pH 7.0)
several times and treated with 10 uM DCFHDA for 30 min. So
that DCFDA diffuses through the cell membrane, enzymatically
hydrolyzes by intracellular esterase and oxidizes to produce a
fluorescent 2’,7’-dichlorofluorescein (DCF) in the presence of
ROS. From fluorescence spectrophotometer, the ROS level was
measured at 490 nm (excitation) and emission at 520 nm using
SYBR Green and PI for living and dead cells respectively. The
intensity of fluorescence is proportional to the level of intra-
cellular reactive oxygen species.’® The working solution of 10 ul
each of SYBR Green DMSO solution (1 : 100 v/v) and PI water
solution (1 mg ml™") were taken in to 1 ml of each treated GMg;
& GM,¢_si and CM samples. After incubation at 37 °C for 30 min,
each sample was mounted immediately over slides and pictures
were captured by the fluorescence microscope for this
experiment.**

2.7.4. Morphological investigation for bacterial strains.
Certain volume of NB medium and powder samples of the three
different mortar specimens (GMg;, GMjz_s; & CM) were added
separately to 5 ml cultures of each bacteria resulting in final
concentration of 1 mg ml~' samples and bacterial concentra-
tion of 10° CFU ml ™. This experiment was performed for both
bacteria (E. coli & B. subtilis) and for three different test samples
separately. For morphological analysis, bacterial growth
medium in mid exponential phase and with the same cell
density were treated with samples (GMg;, GMaq_si and CM) for 6
h at 37 °C. The bacterial samples were then washed with milli-Q
water, fixed with 2% glutaraldehyde and placed on a silicon
platelet (Plano, Wetzlar, Germany). A series of ethanol dehy-
dration steps were carried out followed by staining with 3%
uranyl acetate in 25% ethanol. Finally, the samples were washed
with buffer solution (0.1 M sodium phosphate, pH 7.2) and
investigated using FESEM (INSPECT F50 SEM, The
Netherlands).

2.7.5. DNA agarose gel electrophoresis. The genomic DNA
were isolated from the cells (E. coli & S. aureus) and purified by
phenol chloroform method. 1 pl of GMg; and GM,g_s; water
solution (1 pg ml~ ') were mixed to the extremely pure two types
of naked DNA separately. After 15 min incubation at room
temperature, the treated and pure DNA was run in 1% low
melting agarose gel. The images of DNA were taken under trans-
illuminator (Fotodyne 110 V UV Trans-illuminator).
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2.7.6. Statistical analysis. Experiments were performed in
triplicate. Error bars on graph represent the standard error. One
way ANOVA was used to compare three or more groups defined
by a single factor. Comparisons were made between two
different geopolymer samples (GMg; and GM,,_s;) and control
samples (CM) with the treatment of two types of different
microbial strains. All data were expressed as mean + SD of six
separate experiments. Where N = 10 were taken for each
category.

3. Results

3.1. Characterization of nano silver-silica composite

Transmission electron microscopy analysis of silica NPs and
silver-silica nano composite shows their very regular spherical
shape (Fig. 1A and B). Fig. 1B shows the silver NPs (mean =+ SD:
4 + 1 nm) are formed on the surface of silica NPs (30 + 10 nm).
Elemental analysis of newly synthesized silica NPs and silver—
silica nano composites are shown in Fig. 1A and B (inset). The
presence of the elements O and Si were observed at 0.562 keV
(0), 1.75 keV (Si) respectively. The Si, O and Ag peaks are clearly
shown in Fig. 1B (inset), which indicates that the presence of
silver nano particles on to the silica surface. It was confirmed
from TEM images that nano-particles are pure in colloidal form
but the particles are of hybrid-type in silver-silica nano
composites. Also the average size of the silica NPs 20-40 nm was
analyzed by using zeta size distribution graph (Fig. 1C-I). The
silver NPs (4 & 1 nm) were attached on the surface of silica NPs
which was showed in Fig. 1D-I. Also in Fig. 1D-I, comparatively
broad peak is revealed that the greater size distribution of
silver-silica nano composite, which is also much correlated

Paper

with TEM result (Fig. 1B). The overall surface charge of the pure
silica NPs (Fig. 1C-II) was negative (—50 mV) whereas silver
silica nano-composite (Fig. 1D-II) showed some greater positive
charges (>—50 mV) which was confirmed by zeta potential
analysis.

The X-ray diffraction profiles of newly synthesized silica NPs
and silver-silica nano-composite were matched up with JCPDs
data file (Fig. 2A). The XRD pattern of silver-silica NPs showed
the presence of sharp peaks which are absent in silica NPs. The
sharp peaks indicate that the newly synthesized nano particles
are either very small crystallite size or semi-crystalline in nature.
The average crystallite size of silver nano particles were esti-
mated by Scherrer's equation for the (122), (220), and (222)
diffraction peaks at 26 = 38.118, 45.593, 57.937 and 71.101
respectively. Therefore, it is clearly confirmed that silver-silica
nano composite particles were successfully synthesized.

3.2. Presence of silver NPs in GM,,_g; mortar

The XRD spectra of nano silica modified geopolymer mortar
(GMg;) and nano silver-silica nano composite modified geo-
polymer (GM,,_s;) mortar were represented in Fig. 2B. In case of
geopolymer mortar with nano silver-silica composite, some
additional peak positions were observed at same specific posi-
tions (26) that confirmed the presence of silver nano particles in
GM,g-si mortar.

3.3. Strength and durability of different mortars

Fig. 3A represents the compressive strength of fly ash based
nano silica modified geopolymer (GMg;) mortar and nano
silver-silica modified geopolymer mortar (GMag_s;) samples

Element Atom%
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Fig.1 TEMimage of (A) silica NPs & (B) silver—silica NPs with inset representing elemental analysis by EDS. Zeta size (C-1 & D-1) and zeta potential
(C-1I & D-II) distribution graph of silica NPs & silver—silica NPs respectively.
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Fig. 2 (A) XRD spectra of (1) SiO, NPs & (Il) Ag-SiO, NPs. (B) XRD spectra of (I) GMg; and (Il) GMag_s.

cured at ambient temperature. The strength of control sample
made from OPC cement was also compared. It was observed
that both the geopolymer mortar samples (GMg; and GMyg_s;)
show better compressive strength than CM samples at all ages.
However, addition of silica NPs and silver-silica nano
composite (6% of fly ash by weight) in geopolymer mortar seems
to provide similar compressive strength cured at ambient
temperature. It is noted that the presence of silver NPs attached
on the surface of silica NPs do not affect the strength of
modified geopolymer mortar.”® Similar behavior was also
observed on flexural strength and split tensile strength of geo-
polymer mortars and control mortar samples (Fig. 3B). A
comparison of RCPT value for GMg;, GM,g s; and CM samples
were presented in Fig. 3C. It is observed that less amount of ions
passed through geopolymer (GM,,_si and GMg;) matrices than
CM matrices. This indicates that the diffusion coefficient will be
less due to presence of crystalline compound in GMg; and
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Fig. 3 (A) Compressive strengths, (B) flexural & tensile strengths, (C)
RCPT of different mortar samples (CM, GMg; & GMag_s)).
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GM,,_si modified geopolymer mortars thereby improving the
durability.

3.4. Anti-bacterial study

The bactericidal kinetics of exponentially growing Gram nega-
tive E. coli and Gram positive S. aureus bacteria were observed
against GMg;, GM,._s;, and CM samples by time killing assay.
The result revealed that the populations of E. coli and S. aureus
bacteria were reduced by 99% after 8 h and 6 h (Fig. 4C and D)
for GM,¢_s; respectively. The anti-bacterial effect was shown by
plate culture of bacteria after 8 h treatment (Fig. 4A and B). A
large number of colonies were found in GMg; and control
specimens whereas none was seen in case of GM,g_s; sample.

The MIC and MBC values of GM,,_g; sample against Gram
+ve and Gram —ve microorganisms are represented in Tables 3
and 4. Table 3 indicates that considerably low amount of GMg_g;
(0.15 mg ml™ ") was able to eradicate the Gram (—ve) bacterial
cells (>99%). Gram —ve organisms were more resistant to the
growth inhibiting effect of the sample (0.10 mg ml~ ") compared
to Gram +ve bacterial cell. The anti-bacterial activities of
GM,g_si geopolymer mortar samples are significantly higher
than the other specimens (GMs; & control sample). The MBC for
silver-silica nano composite treated cells are not more than 4
times their respective MIC values indicating that the nano
composites are bactericidal rather than bacteriostatic. The MBC
value (Table 4) indicates that considerably lower amount of
silver (0.43 pg ml™') was able to eradicate the Gram positive
bacterial (S. aureus) cells. The Gram negative organisms (E. coli)
were more resistant to the growth inhibiting effect of silver NPs
(0.32 pg ml™ ).

The ROS level of the cells (E. coli & S. aureus) treated with
GMg; and GM,,_s; were compared to CM treated cells. The level
of ROS for the CM treated cells was considered as 100%. For
GM,,_si treated cells the intensity was about 5 times higher with
respect to the control for both E. coli and S. aureus (Fig. 5A). As
observed, the oxidative stress in the GM,,_g; treated cells was
much higher as compared to the CM and GMg; treated micro-
organisms.

The purified bacterial genomic DNA of E. coli and S. aureus
are shown (Fig. 5B) in gel electrophoresis (lane-1 and lane-4)
whereas the GMg; treated DNA was observed in lane-2
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Fig. 4 Photographs of colonies of (A) E. coli & (B) S. aureus incubated on agar plates obtained from cultivated suspensions with (CM, GMg; &
GMag-si). Mortality curve of (C) Gram —ve bacteria (D) Gram +ve bacteria in presence of CM, GMg; & GMag_s;.

Table 3 MIC assay

Bacteria  Control (mgml™") GMg; (mgml™") GM,ggi (mgml™)
E. coli — — 0.10
S. aureus — — 0.15

Table 4 MBC assay

Bacteria  Control (mg ml™") GMg; (mgml™")  GM,y (mg ml™)
E. coli — — 0.32
S. aureus — — 0.43

and lane-5. The GM,g_g; treated DNA was fragmented in lane-3,
lane-6.

The SYBR Green is a bacterial cell membrane permeant dye
which stains both live and dead cells. The fluorescence micro-
scopic images show that control cells and GMg; treated cells
(E. coli and S. aureus) are intensely stained with SYBR Green
whereas GM,,_s; treated cells are found to be PI positive (Fig. 6).
The PI is an impermeant dye that stains only dead and
membrane compromised cells due to loss of the plasma
membrane integrity. The result of morphological analysis of
GM,,_si treated cells represents extensive membrane destruc-
tion and disruption of cells after 8 h of incubation (Fig. 7C) in
respect to control and GMg; treated E. coli cells (Fig. 7A and B)
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Fig.5 ROS count of (A) different samples and (B) gel electrophoresis images (lane-1) CM treated DNA (E. coli), (lane-2) GMg; treated DNA (E. coli),

(lane-3) GMag_g; treated (E. coli), (lane-4) CM treated DNA (S. aureus),

(S. aureus).
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Fig.6 Fluorescence microscopic images of (A) CM treated E. coli, (B) GMg; treated E. coli, (C) GMaq-s; treated E. coli, (D) CM treated S. aureus, (E)

GMg; treated S. aureus, (F) GMag_g; treated S. aureus bacterial cells.

respectively. Control and GMg; treated cells shows distinct
spherical morphology of coccus shaped S. aureus (Fig. 7D and E
respectively), whereas membrane deformation and pore
formation can be seen along with cell debris in case of GMg_g;
treated cells (Fig. 7F).

4. Discussion

In this present study, the silver NPs (2-5 nm) has been attached
on the surface of silica NPs of 30-50 nm (Fig. 1B) to develop the
antimicrobial activity of the geopolymer mortar. In presence of
positively charged silver NPs on the surface of the negatively
charged silica NPs, the overall charges of silver-silica nano-
composite (Fig. 1C-II) is reduced. The incorporation of this
newly formed silver NPs in the low calcium fly-ash based geo-
polymer mortar has improved its anti-bacterial property.

However, the strength and durability do not affected due to the
presence of such silver NPs in geopolymer mortar cured at
ambient temperature. The strength and durability of geo-
polymer mortar (GMag si) is not affected by the presence of
silver NPs (Fig. 3). The silver has the potential to kill bacteria in
minimum time period.*?* The different bacterial cell wall
disruptions (Fig. 7) indicate that the anti-bacterial property has
been developed in desired geopolymer mortar. Silver-silica
nano composite having 6% by weight of fly ash in geopolymer
mortar was sufficient to resist the bacterial growth. The growth
for both types of bacteria (Gram —ve/Gram +ve) was stopped
within 6-8 h only in presence of silver NPs modified GMug_gi
geopolymer mortar. Bacterial growth population in general
depends on numerous external factors like pH, temperature,
concentration of nano-particles.*®*” In various studies, it is
reported that due to the high alkali property of fresh concrete/

10um

Fig. 7 FESEM images of (A) CM treated E. coli, (B) GMg; treated E. coli, (C) GMag_g; treated E. coli, (D) CM treated S. aureus, (E) GMg; treated

S. aureus and (F) GMag_g; treated S. aureus.

This journal is © The Royal Society of Chemistry 2015
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mortar at early age, it will not allow any bacterial growth.
However, the pH of concrete/mortar is slowly reduced over time
by the effect of carbon dioxide and hydrogen sulfide gas and
growth of bacteria starts.

Silver silica nano composite modified geopolymer mortar
shows better resistance to bacterial attack than nano silica
modified geopolymer and control samples. Silver nano particles
incapacitate enzymes through binding of sulfhydryl (thiol)
groups in amino acids of bacterial cell and promote the release
of ions/NPs with subsequent hydroxyl radical formation.***°
Gram-negative bacteria possess an outer membrane outside the
peptidoglycan layer which is absent in Gram-positive organ-
isms.* The outer membrane protects bacteria from harmful
agents, such as detergents, drugs, toxins and degradative
enzymes by functioning as selective permeability barrier. The
cell wall disruption by the lower amount of silver NPs in geo-
polymer particle (~MIC) may be the main reason of bactericidal
kinetics. Farther, the unfavorable intracellular ROS generation
also facilitates to destroy these bacteria by biological targeting
of DNA, RNA, proteins and lipids. Initiation of lipid perox-
idation via damage of membrane poly unsaturated fatty acids
was caused by free radical generation.

The effect of silver NPs on bacteria is observed by the
structural and morphological changes (Fig. 7). It is suggested
that in undisturbed state, the replication of DNA can be effec-
tively conducted and loses its replication ability in that form.
The DNA molecule turns into condensed form and loses its
replication ability when the presence of silver ions/NPs within
the bacterial cell, leading to cell death.** The DNA damage
images (Fig. 5B) are also correlated with the previously reported
discussion.

The influence of lipid peroxidation process shrinks the
membrane fluidity through alteration membrane properties
and can disrupt membrane-bound proteins significantly.*” In
contact of silver NPs, DNA was completely destroyed and frag-
mented (Fig. 5B). The activity of the silver NPs was extremely
detrimental for DNA molecules by breaking its double helical
structure. DNA loses its replication ability and cellular proteins
become inactivated on silver NPs treatment.**

5. Conclusion

It may be concluded that low calcium fly ash based silica
modified geopolymer mortar cured at room temperature
shows almost similar strength and durability but better anti-
bacterial property. Silver-silica modified geopolymer mortar
demonstrates better anti-bacterial property than conventional
cement mortar and silica modified geopolymer mortar. Due to
positive charge, silver NPs in the liquid growth medium are
attracted electrostatically to the negatively charged cell wall of
bacteria. A few oxidized silver ions/NPs also get attached
electrostatically to the bacterial membrane and thus decreases
the osmotic stability of the cell, trailed by consequent leakage
of intracellular constituents. The anti-bacterial activity of
GM,._si was developed by introducing silver NPs on the
surface of silica NPs which is the main ingredients for anti-
bacterial activity of geopolymer mortar. It is an ecofriendly,

64044 | RSC Adv., 2015, 5, 64037-64045
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non-hazard, cost effective and more durable building mate-
rials which can show the new hope for better green construc-
tion technology.
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Study on the moditied process for the development
of fly ash based geopolymer mortar cured at
ambient temperature

Dibyendu Adak and Saroj Mandal

Geopolymer, a novel class of inorganic polymer emerged as one of the most powerful alternative to make environmental
friendly concrete. Most of the previous studies in literature are based on heat curing at elevated temperatures to
demonstrate the properties of alkali activated geopolymer concrete/mortar. However, such heat curing at elevated
temperature possesses a practical problem for the use of geopolymer concrete/mortar. This paper investigates a modified
geopolymer process (Process -1) in which heat activation of fly ash and activator fluid mixture has been made before
casting. The mechanical strength and durability behaviour of this modified geopolymer mortar have been compared to
that of general heat activation process (Process -ll) in which the heat activation has been made after casting. Geopolymer
mortar made by Process -| shows better strength and durability than Processes -1l geopolymer mortar at different fluid
to fly ash ratio (0.35, 0.40, 0.45). In Process-l geopolymer mortar, fly ash is more uniformly polymerised within whole
matrix than Process-Il geopolymer mortar as per FESEM analysis. EDS and XRD analysis also confirms the presence more
crystalline compound in Process-1 geopolymer mortar than process-Il geopolymer mortar. Finally, an economical benefit
for the Process-l in terms of energy savings and practical application has been presented.

Keywords: Geopolymer; heat activation, mechanical strength; FESEM (field emission scanning electron microscopy); EDS (energy
dispersive spectroscopy).

1. INTRODUCTION . it is a reported that geopolymer is a cost effective and

Demand for concrete as a construction material is rapidly environment friendly material [10-13]

increasing dueto the development of civilization, economic ) ] ) o
Geopolymer is an inorganic alumino-silicate polymer

progress and stability of the quality of life. In order to
synthesized from alkaline activation of various alumino-

address environmental effects associated with Portland
silicate materials of geological origin or by product

materials like fly ash, metakaolin, blast furnace slag
etc. [14, 15]. To accelerate the polymerization process
heat activation is in general needed for development

cement, there is an urgent need to develop alternative
binders to make concrete. Geopolymer technology is one
of revolutionary development related to novel material
as an alternative to Portland cement [1-3]. Development
of geopolymer concrete is an important area of research
because low-calcium fly ash-based geopolymer concrete

of physical and mechanical properties of geopolymer
concrete [16-20]. The scope of geopolymer concrete is
limited to the precast member due to requirement of heat

has excellent physical and mechanical strength [4-9]. Also
activation after casting. Most of the studies on fly ash
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based geopolymer concrete are mainly associated with
Process-II (Refer. Figure 1) where the samples are being
activated for a specific period at a specific temperature
after casting the structural members [21-23]. There are
limited literatures available on geopolymer concrete/
mortar cured at ambient temperature [24-26].

A modified process (Process-I) has been developed for
the practical use of fly ash based geopolymer concrete/
mortar. The effect of different fluid /fly ash ratios of 0.35,
0.4 and 0.45 has been considered. Mechanical strength
(compressive strength, flexural strength and tensile
strength) and durability (water absorption, sulphate
attack and RCPT test) of mortar samples have been

compared between two processes. The microstructure
study in terms of FESEM, EDS and XRD analysis has also
been made for the samples of two such processes. It is
concluded that that Process-I is more economical in terms
of strength, durability and energy consumption than the
conventional method (Process-II).

2. MATERIAL & METHODS
2.1 Materials

Low Calcium Class F (American Society for Testing
and Materials 2001) dry fly ash obtained from National
Thermal Power Corporation Ltd, Farakka plant in India
has been used as the base material. The properties of

Process 1
E G
H,O \ /

Heat activation before
casting for 45 minutes at
different temperature.

Temperature at @
40/60/80°C

Sand mixed with hot
mixture of activated
fluid and fly Ash

4

After 10-12 hours of
casting specimens are
removed form mould

1

Specimens placed at
ambient temperature
until testing

Sand and fly ash dry
mixed for 2 minutes

| NeOH |
e

nrnil

Appropriate amounts of activator
fluid added and mixed with the dry
mixture

Temperature at 40/60/ 80°C \ l

Mortar specimens along with mould
cured at different temperature within the
hot air oven for 48 hours

i

After removing from the mould
specimens are kept at ambient
temperature until testing

Figure 1. Details of process-I and process-II
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Table 1. Chemical analysis report of fly ash

Material Chemical composition (in percentage)
o Adh Sio, ALO, Fe,0, CaO MgO Na,0 K,0 S0, LOI
S
Y 64.97 26.64 5.69 0.33 0.85 0.49 0.33 0.25 0.45
Table 2. Physical analysis report of fly ash
Material Particle size distribution
Flv ash >500pn 300-500p 150-300u 150-90u 90-45u <45n Specific gravity
Y NIL 1.42 11.67 48.06 31.98 6.87 2.05
fly ash and the grain size distribution are presented Table 3. Mix proportion for different process
in Tables1 and 2 respectively. The activator solution (process-I and processes-1I)
consists of sodium hydroxide (NaOH) and sodium silicate Mix | Fluid | Process | Temperature, Heat curing
. . Lq . b : £k °C
(Na,Si0;). The sodium hydroxide is the commercial grade e a sl}: fype L
in pellet forms with 99% purity and white in colour.
.. . <1s . . . Gl 40 ;
Liquid sodium silicate is also a commercial grade having ergf Cu;mg 4
. . (&) ash an
45% solid content and specific gravity of 1.53 g/cc. It is G2 60 actigated fluid for
. . . . 0.35 Process-1 .
light grey in colour and highly viscous. 45 minutes before
- 80 casting at different
temperatures.
2.2 Mix proportion and different process of
polymerisation e e Heat curing of
. . . . . samples after
8(M) NaOH was mixed with Na,SiO, solution in the G5 035 | Process-II 60 casting for 48
proportion of 1:1.75 (by weight) to make alkali activated hours at different
. . . ‘g . G6 80 temperatures.
fluid. Locally available river sand (Specific gravity 2.52, P
. 0 .
water absorption 0.50%, and fineness modulus of 2.38) a7 40 Heat curing
was used for the present study. The ratio of fly ash: sand of fly ash and
was fixed at 1:3 (by weight). Three different activator S8 | 040 | Process 60 activated fluid for
. ) . 45 minutes before
fluids to fly ash ratio of 0.35, 0.40 and 0.45 were considered <o 80 casting at different
in two processes of geopolymer mortar. temperatures.
G10 40
. . . Heat curing of
In Process-1 (Refer. Figure 1), fly ash was mixed with a1l 0 S
appropriate quantity of activated fluid and stirred in 0.40 | Process-II casting for 48
a hot air oven for 45 minutes at different temperatures hours at different
G12 80 temperatures.
of 40°C, 60°C and 80°C. River sand was immediately
mixed with the hot mixture of activated fluid and fly ash GI13 40 Heat curing
thoroughly for two minutes. The different specimens of fly ash and
. . Gl4 045 P I 60 activated fluid for
were cast with the above geopolymer mortar mixture. - rocess- 45 minutes before
Finally, the mortar specimens were removed from the Gis 80 casting at different
. t tures.
mould after 10-12 hours of casting and were placed at emperates
ambient temperature (27+ 20 °C) until testing. Gl16 40 e i of
samples after
G17 60 :
. 0.45 Process-II casting for 48
In Process-II (Refer Figure 1), sand and fly ash was hours at different
dry mixed for 2 minutes and the appropriate quantity G18 80 temperatures.

of activator fluid was added and mixed thoroughly at
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ambient laboratory temperature. The different specimens
were cast with the geopolymer mortar. After one hour,
the mortar specimens along with the mould were cured
at three different temperatures of 40°C, 60°C and 80°C
within the hot air oven for 48 hours. Finally, the specimens
were kept at ambient temperature after removing from
the mould until testing. The details of all the mixtures are
shown in Table 3.

2.3 Sample preparation

For each processes, 99 numbers of mortar cubes (70.7
mm x 70.7 mm x 70.7 mm), 27 numbers of bar (50 mm x
50 mm x 200 mm) and 27 numbers of cylinders (100 mm
diameter x 200 mm height) were cast for different mixes.
Compressive strength of the mortar cubes was determined
at3 days, 7 days and 28 days. Flexural strength on mortar
bar and tensile strength on cylinders were determined at
28 days for the different mixes. All strength values are
based on the average of three specimens. For chloride ion
penetration test, cylinder specimen was sliced into core
specimen of thickness 50 mm at the age of 28 days for
all the mixes. The sliced specimens were then subjected
to RCPT by impressing 60V. Cube specimen having
fluid to fly ash ratio of 0.35 were immersed in water for
30 minutes and 24 hours for water absorption test. Also
cube specimens were immersed in sulphate solution for
one month for sulphate test. For FESEM (Field Emission

40

G2
G1, G2, G3 - Process - 1

G3, G4, G5 - Process - 11

30 A 4G
/ I Gl
G5

1

G6

20 &
G4

Compressive strength (MPa)

10 |

Days

Figure 2. Compressive strength of geopolymer mortar at fluid/ Fly
ash ratio 0.35 in process-I and process-Il.
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Scanning Electron Microscopy) analysis, EDS (Energy
dispersive spectroscopy) and XRD (X-ray Diffraction test)
analysis, the broken samples of maximum compressive
strength at 28-day for both process (Process-1 and Process-
II) were dried and sieved to make the size less than 5 pm.
Fine powder was diluted with ethanol (99.9%) to make
a film on carbon tape and then kept under vacuum
desiccators for evaporation. Finally, the dried samples
were gold coated for FESEM and EDS analysis. For X-ray
diffraction analysis in powder X-ray diffractometer with
a scan speed 0.5 s/step at 40 KV. The XRD spectrum was
analysed in the range 20 = 10° to 28 = 70° and the peak
positions were marked and compared from JCPDS file.

3. RESULTS AND DISCUSSION

3.1 Compressive Strength, FESEM, EDS and
XRD analysis

Figure 2 shows the compressive strength of fly ash based
geopolymer mortar for both Process-I and II having fluid
to fly ash ratio 0.35 at 3 days, 7 days and 28 days. Similar
test results are presented in Figures 3 and 4 for fluid to
fly ash ratio of 0.40 and 0.45 respectively. It is noted that
at all fluid to fly ash ratio, the geopolymer mortars under
Process-I show substantially higher compressive strength
than similar mortar under Process-II at all ages up to 28
days.

40 1

G7,G8,G9 - Process - T Gs8
E G10, G11, G12 - Process - 11
3
f‘n 30 1 G9
= G7
[
E
w
§ I G12
g —
§ 201 Gl1
B G10
g I
(=]
o]

10 1
T T T
3 7 28
Days

Figure 3. Compressive strength of geopolymer mortar at fluid/ fly
ash ratio 0.40 in process- and process-I.
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Figure 4. Compressive strength of geopolymer mortar at fluid/ fly
ash ratio 0.45 in process-I and process-Il.

In Process-I, the maximum compressive strength of
geopolymer mortar developed atan optimum temperature
of 60°C at 28 days and it is higher than that of Process-IL
It may be concluded that the mix G2 provides maximum
compressive strength at 28 days at ambient temperature
curing after casting.

Process-I Geopolymer mortar Process-II Geopolymer mortar

Figure 5. FESEM image of process | and process Il geopolymer
mortar
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Figure 6. EDS analysis of process | geopolymer mortar

It is observed from FESEM images that in Process-I,
polymerisation of fly ash is more uniform within whole
matrix than Process-II as shown in Figure 5. From EDS
analysis the presence silica compound in Process-I and
Process-1I is 98.87% and 81.12% respectively (Figures 6
and 7). In Process-1 geopolymer mortar, some specific
extra peak positions are noted in XRD analysis due to
transformation of amorphous to crystalline compound.
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Figure 7. EDS analysis of process Il geopolymer mortar
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Figure 10. Flexural strength of geopolymer mortar at fluid/ fly ash
ratio 0.40 in process | and process |I.
It also confirms the formation of new phase crystalline

compounds in Process I in the form of SiO, CaSiO,;,
Na(AlSi;0y), Na,Si,0;, CaCO,, Fe,0, and mullite is more 3.2 Flexural strength and split tensile
(in terms of peak) than Process-II geopolymer mortaras :  strength

shown in Figure 8. Figures 9, 10 and 11 show the flexural strength of

Process-1 geopolymer and Process-II geopolymer mortar
specimens of fluid to fly ash ratio 0.35, 0.40 and 0.45 at
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Figure 9. Flexural strength of geopolymer mortar at fluid/ fly ash Figure 11. Flexural strength of geopolymer mortar ot fluid/ fly ash
ratio 0.35 in process-I and process-l. ratio 0.45 in process | and process |I.
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Figure 12. Split tensile strength of geopolymer mortar ot fluid/ fly :
ash ratio 0.35 in process | and process Il Figure 14. Split tensile strength of geopolymer mortar at fluid/ fly
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28 days. Similarly Figure 12, 13 and 14 show the split
tensile strength of Process-I geopolymer and Process-I1

geopolymer mortar specimens at 28 days. It is observed 3.3 RCPT result analysis

that Process-I geopolymer mortar shows better flexural The results of RCPT value for both Process-I and Process-
and split tensile strength than that of Process-II mainly II geopolymer mortar samples (28 days) are shown in
due formation of more crystalline compound and uniform  :  Figure 15, 16 and 17 for different fluid to fly ash ratio.
polymerisation of fly ash. It may be mentioned here that as the concentration of

NaOH in the samples remain same, the difference in RCPT
values for two processes may be compared. The amount

°] 6000 —4— Process-] —@— Process-II
—A— Process-I —@— Process-II : %
= g
5000 =
E 4 1 3734015 g 2
= g ltl g |
%D 3 G8 3 T 4000 |
3 o
HE R G9 2 G6
= 2494022 P00 |
§ G7 2.20 +0.08 6
% 2 1.72+0.07 Gl12 |
» 2000 G
G10 o
1 T T . 0 60 80
40 60 80 ,
Temperature°C Temperature C
Figure 13. Split tensile strength of geopolymer mortar at fluid/ fly Figure 15. Charge passed through geopolymer mortar at fluid/ fly
ash ratio 0.40 in process | and process Il. ash ratio 0.35 in process | and process Il.
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of charge passing through Process-I geopolymer mortar
is comparatively less than that of Process-II geopolymer
mortar. This indicates that the diffusion coefficient will
be less due to presence of more amount of crystalline
compound in modified Process-lI geopolymer mortar
thereby improving the durability.
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Figure 16. Charge passed through geopolymer mortar at fluid/ fly
ash ratio 0.40 in process | and process l.
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Figure 17. Charge passed through geopolymer mortar at fluid/ fly
ash ratio 0.45 in process | and process Il.
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3.4 Water absorption and sulphate test

Table 4 shows saturated water absorption of geopolymer
cube specimens after immersion in water for 30 minutes
and 24 hours. Similarly sulphate test results of geopolymer
mortar are shown in Table 5 after immersion of specimen
in sulphate solution for one month. It indicates lesser
water absorption and sulphate attack (in terms of weight
gain) in Process-I geopolymer mortar compared to
Process-1I geopolymer mortar due to better pore structure
modification.

4. ECONOMICAL BENEFIT

A comparison of electrical energy required for heat curing
of geopolymer mortar in two different processes are made
assuming other requirements are almost same. In Process
-I the mixture is heated only for 45 minutes compared
to that of Process II where the specimens are heated for
48 hours .The calculated energy requirement for Process-
I and Process-II are 1.5 kWh and 98 kWh respectively.

Table 4. Water absorption test results of geopolymer
mortar samples in process I & II (fluid/ fly ash = 0.35)

Mix | Initial | Average % Average %
no. | average mass increment mass increment
mass after after 24
(gm.) 30 min hours
(gm.) (em.)
Gl 731.6 749.5 2.39 785.6 4.60
G2 7209 735.8 2.02 751.6 2.10
G3 728.6 739.3 1.44 762.9 3.10
G4 729.7 754.6 3.30 793.2 4.87
G5 733.7 756.3 3.00 781.6 3.26
G6 720.3 739.3 2.56 767.3 3.65

Table 5. Sulphate test results of geopolymer mortar
samples in process I & II (fluid/ fly ash = 0.35)

Mix Initial average Average mass after %
no. mass (gm.) sulphate attack increment
(gm.)

Gl 731.6 766.3 4.53
G2 720.9 745.3 3.28
G3 728.6 774.0 5.86
G4 729.7 766.3 478
G5 733.7 764.0 3.97
Go6 720.3 758.7 5.05




Therefore, about 98% of less energy is required for
Process-I than Process-II for heat activation only.

5. CONCLUSION

Based on the experimental study, it is concluded that
the strength and the durability of geopolymer mortar
in Process-I is higher than that of Process-II. This
improvementis mainly due to the uniform polymerisation
of fly ash and formation of crystalline compound as per
FESEM micrographs. The presence of more amount of
silica compound in the Process-I geopolymer matrix
as per EDS analysis also confirms such improvements.
XRD analysis results confirmed the formation of new
phase crystalline compound in the form of SiO,, Ca,SiO,,
Na(AlSi,O;,), Na,Si,O, CaCO,, Fe,O, and mullite. The
demoulding time of specimens after casting in Process-l is
comparatively less (about 1/3 times) than that of Process-
II. Therefore, Process-1 geopolymer mortar can be used in
practical construction in terms of strength, durability and
energy savings.
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ABSTRACT

The fly ash based geopolymer concrete generally requires heat activation of different temperatures,
which has been considered as an important limitation for its practical application. Such limitation can
be overcome by the addition of appropriate amount of nano-silica in the mixture. Therefore, a fly ash
based geopolymer concrete can be developed using 6% nano silica replacing fly ash. The structural per-
formance of such geopolymer concrete in terms of bond strength, flexural strength and micro structural
behaviour has been explored. Such nano silica modified fly ash based geopolymer concrete shows appre-
ciable improvement in structural behaviour at different ages without any heat activation. The bond
strength between reinforcement bars (deformed or mild steel) and surrounding geopolymer concrete
materials (with/without nano silica) has been also compared to the conventional cement concrete. The
nano silica modified geopolymer concrete exhibits better structural performance than heat cured
geopolymer concrete (without nano silica) and conventional cement concrete samples. The microstruc-
tural properties of such geopolymer concrete (with/without nano silica) and cement concrete have been
analyzed through Field Emission Scanning Electron Microscope (FESEM) with Energy Dispersive X-ray
Spectroscopy (EDS), Fourier Transform Infrared Spectroscopy (FTIR) analysis and X-ray Diffraction
(XRD) techniques. The enhancement of structural performance is mainly due to the transformation of
amorphous phase to crystalline phase in the geopolymer concrete matrices in the presence of nano-silica.
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1. Introduction

Geopolymer is a novel inorganic polymer binding material pro-
duced from the reaction of fly ash with the alkaline activator fluid;
to ensure strength, durability and environmental sustainability. It
is emerging as a greener alternative to Ordinary Portland Cement
(OPC) in the construction field over the last two decades as the
cement industry is the second largest producer of the greenhouse
gas. The production of 1.0 ton Ordinary Portland Cement produces
about 1.0 ton of carbon dioxide into the atmosphere [1]. Total CO,
production attributed to cement production contributes around 8%
of global CO, emission to the atmosphere [2].

The larger uses of the cement are becoming the global threats to
the living organism day by day. The scientists and the researchers
are trying to reduce the uses of cement as well as CO, production.
The alternative products like nanomaterial, admixtures, chemicals,
microorganisms are used in cementitious materials to enhance the
strengths and to reduce the cement consumption [3-6]. However,
their uses have some drawbacks and finally fail to reach the
desired result. On the other hand, total coal combustion products
in the form of fly ash were approximately 780 Mt in the year of
2011-2012 all over the world. Although effective utilization of
fly ash was limited to only 415 Mt or 53% of total production and
excess remains as an industrial hazard [7]. Thus, low calcium con-
tain fly ash based geopolymer concrete are emerging as an alterna-
tive low emission binding material compared to OPC [8].

Fly ash are normally amorphous spherical particles, in addition
to unburnt carbon, crystalline mullite, quartz and hematite. The
mineralogical and chemical composition of fly ash, in general,
depends on the source of coal and types of power plants [9]. The
higher molarity of NaOH in fly-ash based geopolymer appeared
to provide higher compressive strength together with a consider-
able effect on the early strength cured at 60 °C for 48 h [10,11].

It was already established that to accelerate the polymerization
process, heat activation is generally needed for the development of
physical and mechanical properties of geopolymer concrete
[12-14]. The structural behaviour of heat cured fly ash based
geopolymer concrete shows better performance than the
conventional cement concrete [15-18]. The scope of such concrete
is limited to the precast members due to the requirement of the
heat activation after casting unlike conventional concrete. Thus,
the exploration/investigation is required to develop the fly ash
based geopolymer concrete cured at an ambient temperature
[19,20]. The geopolymer paste made of the mechanically activated
fly ash (vibration mill with milling media to powder ratio of 10:1)
leads to an 80% increase in compressive strength when compared
with the geopolymer made from raw fly ash [21]. The compressive
strength of high volume fly ash mortars with the addition of nano-
silica has significantly improved at room temperature curing [22].
The early strength is also achieved in geopolymer mortar (fly-ash
+rice husk ash) having a different percentage of nano-silica and
nano aluminum oxide with heat activation for 2, 4 and 8 h at dif-
ferent temperatures [23]. Also, the addition of nanoparticles in
fly ash geopolymer mortar shows the appreciable strength at
ambient temperatures curing [24-27]. The addition of colloidal
nano-silica (6% wjw) in low calcium fly ash based geopolymer
mortar at room temperature exhibited the maximum improve-
ment of strength and durability [28].

Table 1A
Chemical analysis report of fly ash.

The aim of this present exertion is to elucidate the effect of
the addition of nano-silica on the structural behaviour
(compressive strength & split tensile strength) of fly ash based
geopolymer concrete cured at ambient temperature and to com-
pare with heat cured fly ash based geopolymer concrete as well
as conventional cement concrete. The flexural behaviour of rein-
forced concrete beams (with/without nano silica modified
geopolymer concrete and control cement concrete) has been
studied at different percentages of reinforcement (tension, com-
pression and shear). Also, this study includes the bond strength
between reinforcement bars and surrounding concrete matrices
(both geopolymer concrete and control cement concrete).
Microstructural properties of nano silica modified geopolymer
concrete, and other type of concretes has been assessed through
Field Emission Scanning Electron Microscope (FESEM) with
Energy Dispersive X-ray Spectroscopy (EDS), Fourier Transform
Infrared Spectroscopy (FTIR) analysis and X-ray Diffraction
(XRD) test.

2. Materials & methods
2.1. Ingredients

Fly ash from National Thermal Power Corporation Ltd, Farakka
plant in India has been used as the base material [29,30]. The basic
properties of the fly ash and the grain size distribution are pre-
sented in Tables 1A and 2 respectively. Locally available sand
(Specific gravity 2.52, water absorption 0.50%, and fineness modu-
lus of 2.38) and 12 mm down coarse aggregates (Specific gravity
2.78, water absorption 0.42%, and fineness modulus of 4.89) have
been used for the present study. The sodium hydroxide (NaOH)
pellet of 99% purity and liquid sodium silicate (Na,SiO3) (specific
gravity 1.53 gm./cc) having 45% solid content are used as an activa-
tor fluid [31]. The basic properties of nano silica used are repre-
sented in Table 3. The Ordinary Portland Cement (OPC) of 43
grade (Refer Table 1B) has been used for the conventional cement
concrete mixture. The mild steel (yield stress =250 MPa) and the
deformed steel bar (0.2% proof stress = 500 MPa) of 20 mm diame-
ter are used for bond strength test. The deformed steel bar of 6 mm
and 8 mm diameter have been used as longitudinal (tension and
compression) and shear reinforcement for reinforced concrete flex-
ural members.

Table 1B
Chemical analysis report of OPC 43 grade cement.

Material Chemical composition (in percentage)

Fly Ash Si0, ALO; Fe,0; Ca0
64.97 26.64 5.69 0.33

Material Chemical composition
(in percentage)

OPC (43 grade):

Los in ignition 1.55

Insoluble residue 2.00

Magnesium Oxide 1.40

Lime saturation factor 0.87

Alumina Iron ratio 1.00

Sulphuric Anhydride 1.90

Alkalis 0.60

Chlorides 0.01
MgO Na,O K,0 SO, LOI
0.85 0.49 0.25 0.33 0.45
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Table 2
Physical analysis report of fly ash.

Material Particle Size Distribution
Fly Ash >5001 300-500p 150-300p 150-90p 90-451 <45pn Specific Gravity
NIL 0.00 1.42 11.67 48.06 31.98 6.87 2.05

Table 3

Basic properties of colloidal nano silica.
Colloidal Nano Silica type Average particle size (nm) Solid content (% Wt.) Viscosity (Pa-S) pH Solid density (g/cm?)
CemSynXLP 4 to 16 nm 31 8.5 9.0-9.6 2.37

Table 4

Details of nano-silica modified geopolymer (12GC6), conventional heat cured geopolymer (12GCOH) concrete and control cement concrete mix.

Mix Type Cement (kg/m?) Fly-ash (kg/m?) FA* (kg/m?) C.A® (kg/m?) Fluid/fly-ash Percentage of nano silica Curing conditions
12GC6 Nil 440 723 1085 0.40 6.0% Ambient curing, 25 °C
12GCOH Nil 440 723 1085 0.40 0.0% Heat curing 60 °C, 48 h.
CcC 400 0.00 690 1205 0.40 (W/C) 0.0% Water curing.

**(xGCy, Where “GC - Geopolymer concrete”, “x — Molar concentration”, “‘y — percentages of nano-silica”, “OH - Heat cured without nano silica”, “CC - Conventional concrete”

and “W/C - Water/Cement”).
F.A* - Fine aggregate, C.A® - Coarse aggregate. (W/C = Water/Cement).

2.2. Mix proportion and curing environments

The NaOH solution (12 M) has been mixed with Na,SiOs in the
proportion of 1:1.75 (by weight) to prepare the alkali activator
fluid for each category of geopolymer concretes (with or without
nano-silica) [24]. Colloidal nano-silica with 6% of fly-ash (by
weight) has been also added to the activator fluid. The amount of
water present in the colloidal nano-silica has been adjusted from
the activator solution during the preparation. The details of the
various mixes are shown in Table 4. The nano-silica modified
geopolymer concrete (12GC6) specimens are removed from the
mould after 24 h of casting and are cured at ambient temperature
(27 £ 2 °C) until the testing. However, the specimens with geopoly-
mer concrete without nano-silica (12GCOH) are cured at a 60 °C
temperature for 48 h only within the hot air oven [15,18,32,33].
Further, these samples are kept at ambient temperature until the
test. The conventional water cured cement concrete (CC) speci-
mens having similar compressive strength of heat cured geopoly-
mer concrete (12GCOH) have been prepared by the addition of
0.1% ViscoCrete-10R admixture and are marked as control speci-
mens. The compacting factor and slump values of the mixes
12GC6, 12GCOH and CC have been determined as per IS: 1199
(1959) and IS: 7320 (1974) [34,35].

2.3. Sample preparation and testing procedures

2.3.1. Mechanical strength

The standard cube specimens (150 mm x 150 mm x 150 mm)
were prepared for all three mixes (12GC6, 12GCOH & CC) to deter-
mine the compressive strength of concrete samples at different
ages [36]. The split tensile strength was determined on 100 mm
(diameter) x 200 mm (height) concrete cylinder specimens (CC,
12GCOH, 12GC6) at 28 days [37]. The cylinder concrete specimens
(150 mm diameter and 300 mm height) were also prepared for the
determination of modulus of elasticity in a strain controlled
machine.

2.3.2. Bond behaviour between concrete and reinforcement bars

The bond behaviour was studied by pull out test on the
deformed rebar or mild steel rebar embedded concentrically on
cubical specimens of 150 mm x 150 mm x 150 mm (Fig. 1). Dur-

ing casting and subsequent compaction, the steel bars were held
in position using a steel mould arrangement. The specimens for
each category of mixes (12GC6, 12GCOH and CC) were tested after
28 days of curing. The slip of the embedded bar form the concrete
specimens corresponding to the load was noted and the corre-
sponding bond behaviour between steel bar and concrete was cal-
culated as per IS 2770 (Part - 1): 2007 [38].

2.3.3. Flexural strength analysis of reinforced concrete beams

The size of the reinforced concrete beam specimens for three
mixes was 100 x 150 mm (B x D) in cross section and 1200 mm
in length. The specimens were tested as simply supported over
an effective span (1) of 900 mm as shown in Fig. 2. The details of
three different percentages of tensile, compression and shear rein-
forcement are shown in Table 5. The load has been applied on two
point, each 150 mm away from the centre of the beam. The maxi-
mum experimental bending moment for each beam was calculated
at mid span is Mexp = P x (1/3), where P is each point load (maxi-
mum) and ‘I’ is the effective span of the beam (Refer Fig. 2). The
maximum theoretical bending moment (My,) of each beam was
calculated as per IS 456-2000 [39] depending on the grade of con-
crete and percentage of reinforcement and compared to Mexp.

2.3.4. Microstructural analysis

After the strength determination of each concrete specimen,
fragments were collected for the micro structural properties. The
fragment samples were grinded and sieved to make the size less
than 5 pm for X-ray Diffraction analysis using the powder X-ray
diffractometer (Bruker AXS Inc, Model D8, WI, USA) with a scan
speed 0.5 s/step at 40 kKV. The XRD spectra were analysed in the
range 20=20° to 80° and the peak positions were marked and
compared from JCPDS files.

Fourier Transform Infrared Spectroscopy (FT-IR410 JASCO, U.S.
A.) was used for structural information of 12GC6 and 12GCOH
geopolymer concretes. Samples were prepared by the KBr pellet
(97% KBr) technique for the FTIR analysis.

The fine powder was diluted with ethanol (99.9%) to make a
film on carbon tape and then kept under vacuum desiccators for
evaporation and the dried samples were gold coated for Field Emis-
sion Scanning Electron Microscope FESEM (INSPECT F50 SEM, The
Netherlands) analysis. The elemental analysis was performed by
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Fig. 1. Test setup for bond behaviour: (A) testing machine; (B) specimen mould; (C) failure sample.
1200 .
800
300 " 300 100
P i P l—l-—2-8 2
I N6 7 @200cic
269
DETAILS OF BEAM B1
Fig. 2. Typical reinforced concrete beam (B1) details and loading arrangement.
Table 5
Reinforcement details of nano-silica modified geopolymer (A1-A7), conventional heat cured geopolymer (B1-B7) concrete and control cement concrete (C1-C7) beam.
Beam Mark Length (mm) Reinforcement Percentage of reinforcement Shear
Tensile (bottom) Compressive (Top) (Top) (Bottom) Spacing (6 ®)
Al 1200 2-60 2-60 0.45 0.45 200
A2 1200 3-60 2-60 0.67 0.45 200
A3 1200 2-80 2-60 0.81 0.45 200
A4 1200 2-80 3-60 0.81 0.67 200
A5 1200 2-80 2-80 0.81 0.81 200
A6 1200 2-80 2-60 0.81 0.45 150
A7 1200 2-80 2-60 0.81 0.45 100
B1 1200 2-60 2-60 0.45 0.45 200
B2 1200 3-60 2-60 0.67 0.45 200
B3 1200 2-80 2-60 0.81 0.45 200
B4 1200 2-80 3-60 0.81 0.67 200
B5 1200 2-80 2-80 0.81 0.81 200
B6 1200 2-80 2-60 0.81 0.45 150
B7 1200 2-80 2-60 0.81 0.45 100
C1 1200 2-60 2-60 0.45 0.45 200
2 1200 3-60 2-60 0.67 0.45 200
c3 1200 2-80 2-60 0.81 0.45 200
Cc4 1200 2-80 3-60 0.81 0.67 200
C5 1200 2-80 2-80 0.81 0.81 200
6 1200 2-80 2-60 0.81 0.45 150
c7 1200 2-80 2-60 0.81 0.45 100
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Fig. 3. Compressive strength of nano-silica modified geopolymer (12GC6), conven-
tional heat cured geopolymer concrete (12GCOH) and control cement concrete (CC)
at3d,7dand 28d.

the energy dispersive spectra (EDS) using QUANTAX ESPRIT 1.9
software.

2.4. Statistical analysis

For each category of testing, five samples were tested. Each
experiment was repeated for three times. Data were presented as
average (over 15 samples) and + SD (Standard deviation).

3. Results
3.1. Mechanical strength

The compressive strength of geopolymer concrete (12GC6 &
12GCOH) and control concrete (CC) samples at different ages (3,
7 and 28) are presented in Fig. 3. The strength of heat cured
geopolymer (12GCOH) and control concrete (CC) samples are
almost same as designed. However, the compressive strength of
12GC6 samples is higher than that of 12GCOH concrete samples
at all ages. The Split tensile strength of 12GCOH is more than that
of CC concrete though both the mixes have similar compressive
strength. The nano silica modified geopolymer concrete (12GC6)
shows higher split tensile strength than the others (Table 6). It is
noted that the modulus of elasticity of 1Z2GCOH geopolymer con-
crete is less than CC at their equivalent compressive strength
[40,41]. The modulus of elasticity of 12GC6 samples is higher than
that of the others. Fresh concrete properties (slump test and com-
pacting factor test) of nano-silica modified geopolymer concrete
(12GC6) are almost similar to that of 12GCOH and CC samples
(Table 6).

3.2. Bond behaviour between reinforcement bars and concretes
Fig. 4 and Table 7 demonstrate the bond behaviour of 20 mm

diameter reinforcement bars (deformed; 0.2%  proof
stress = 500 MPa & mild steel; yield stress =250 MPa) for both

Table 6
Mechanical strength and fresh concrete property of different mixes.

— Deformed rebar with 12GC6 concrete.
—— Deformed rebar with 12GCOH concrete.
—— Deformed rebar with CC concrete.
—— Mild rebar with 12GC6 concrete.

6 | — Mild rebar with 12GCOH concrete.

—— Mild rebar with CC concrete

Bond stress (MPa)

0 T L] L]
0.00 0.2 0.50 0.75

Slip in mm

Fig. 4. Bond stress vs. slip curve of geopolymer concrete (12GC6 & 12GCOH) and
control cement concrete (CC) with deformed and mild steel bar.

types of geopolymer concrete (12GC6 & 12GCOH) and control
cement concrete (CC) after 28 days of curing. A comparison of bond
stress has been made at failure and at load corresponding to the
slip of 0.25 mm. With the mild steel rebar, the maximum stress
is not very different from the stress at the first visible slip but in
case of deformed bar the maximum stress may correspond to a
large slip which may not in fact be obtained in practice before
other types of failure occurs. Thus, the comparison of bond stress
has been made at 0.25 mm slip also [38]. The result shows that
the geopolymer concretes (12GC6 & 12GCOH) possess higher bond
stress than that of control concrete for both deformed and mild
steel bars. Also the nano silica modified geopolymer concrete
(12GC6) exhibits the better bond behaviour than 12GCOH geopoly-
mer concrete for both type of reinforcement bars. All the samples
are generally failed by the pull out load of the rebar. The slip for
mild steel rebar is more compare to deformed rebar at an equal
pull-out load (Fig. 4). Similar results have been reported by other
researchers [42-44].

3.3. Flexural strength of the reinforced concrete beam

The load deflection behaviour of steel reinforced beams with
nano-silica modified geopolymer concrete (12GC6), conventional
heat cured geopolymer concrete (12GCOH) beams and control
cement concrete (CC) is shown distinctly in Figs. 5-7. As the
applied load is increased, the beam starts to deflect and flexural
cracks are developed near the centre of the beams. As all the beams
are designed as under-reinforced, they are generally failed by the
yielding of the reinforcement bar followed by the overwhelming
of concrete. As expected, the flexural capacity of the beams
increases significantly with the enhancement of the tensile rein-
forcement for all types of concrete mixes (12GC6, 12GCOH and
CQ). It is noted that the flexural capacity of 12GC6 concrete beams
is increased by 12%, 7% and 18% compared to that of 12GCOH con-

Mix Compressive strength Split tensile strength Modulus of elasticity Slump (mm) Compacting factor
(28 day) (MPa) (28 day) (MPa) (28 day) (GPa)

12GC6 46.43 433 37.28 120 0.90

12GCOH 35.11 3.39 30.81 110 0.89

Control 34.77 2.78 32.58 105 0.87
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Table 7
Comparison of bond stress (MPa) for different mixes.
Rebar Mix-12GC6 Mix-12GCOH Mix-CC
At failure At 0.25 mm slip At failure At 0.25 mm slip At failure At 0.25 mm slip
Mild Steel 349 3.12 2.71 2.67 237 2.26
Deformed Steel 5.47 5.16 4.44 4.11 3.82 3.56
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Fig. 5. Load vs. deflection curve and bending moment capacity of 12GC6, 12GCOH and CC concrete beams with different percentages of tensile reinforcement.
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Fig. 6. Load vs. deflection curve and bending moment capacity of 12GC6, 12GCOH and CC concrete beams with different percentages of compressive reinforcement.
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Fig. 7. Load vs. deflection curve and bending moment capacity of 12GC6, 12GCOH and CC concrete beams with different percentages of shear reinforcement.

Table 8

Theoretical (M¢,) and experimentally (Mexp) calculated bending moment (kN-m) of reinforced concrete beams for mixes 12GC6, 12GCOH and CC.

Percentage of reinforcement Min CcC 12GCOH 12GC6
P Pe (as per Code) Mexp Mexp Mexp
0.45 0.45 2.65 2.80 2.50 4.98
0.67 0.45 3.82 4.07 430 5.57
0.81 0.45 4.34 437 5.02 5.98
0.81 0.67 4.34 4.68 5.18 6.16
0.81 0.81 434 4.76 5.23 6.21

p: = percentage of steel in tension (Top), pc = percentage of steel in compression (Bottom).

Fig. 8. Crack pattern of 12M6 & 12MOH geopolymer concrete and CC concrete
beams.

crete beams for 0.45%, 0.67% and 0.81% of tensile reinforcement
respectively (Fig. 5). The flexural capacity of 12GC6 concrete beams
at different percentages of compression (Fig. 6) and shear rein-
forcement (Fig. 7) are also more than that of the 12GCOH and CC
beam samples. Table 8 shows the experimental bending moment
capacity (calculated from experimental load values) of the
reinforced beams (12GC6, 12GCOH and CC) and corresponding
theoretical bending moment calculated as per IS 456 - 2000 [39]

Si-0-Si Bending
Si-O-T Stretching

O-H Streching
O-H Bending

AlO, vibration

Si-0-Si 12GCOH
- i 12606
1000 1500 2000 2500 3000 3500 4000
Wavelength (cm'?)

T
s00
Fig. 9. FTIR analysis of geopolymer concrete (12GC6 & 12GCOH).

for all mixes. It is noted that the experimental moment capacity
of beams with 12GC6 concrete is significantly higher than that of
beams with 12GCOH and CC concrete. Therefore, the design of
geopolymer beams will be safer compared to that of normal
concrete beam.

The crack patterns of concrete beams with 12GC6, 12GCOH and
CC are observed and the flexure cracks are initiated in the bending
zone as expected. These cracks in samples were further propagated
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Fig. 10. XRD analysis of geopolymer concrete (12GC6 & 12GCOH) and control
cement (CC) concrete.

with the load increment and the other new cracks were also
developed along the span (Fig. 8). The first cracking load of
12GC6 concrete beams is more than 12GCOH and CC concrete
beams.
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3.4. Microstructure analysis

The infra-red spectroscopic results of 12GC6 and 12GCOH sam-
ples were shown in Fig. 9. The distinct intensity band near
460 cm™! is recognised for the Si-O-Si bending vibration [45].
The band between 750 cm™' and 800 cm™' is observed due to
the AlO4 vibration. Another peak for the asymmetric stretching
and vibration band of Si-O-T (T = Al, Si) which is described as the
strongest band, was registered in the region of 950 cm '-
1050 cm™! [46]. The position (1420 cm™!) of Si-O-Si in 12GCOH is
shifted to the right position (1485 cm™!) in 12GC6. A significant
band is also located at approximately 3450 cm~! for OH stretching
bonding.

XRD patterns of 12GC6 and 12GCOH geopolymer and CC con-
crete are represented in Fig. 10. The intensity of quartz, mullite
and hematite are more in 12GC6 due to the presence of additional
nano-silica in the matrix. Some extra peaks are shown in nano-
silica modified geopolymer concrete (12GC6) which indicate the
formation of the new phases of quartz (SiO,), albite (NaAlSi3Og),
kaolinite (Al,Si;O5(0H),), alite (CasSiOs), mullite (3A1,05 2SiO,)
and Ca(OH), crystalline compound compared to the others
(12GCOH and CC concretes). The wide diffraction hump is detected
around 26 =25-30° which confirms the presence of crystalline
phases in 12GC6 geopolymer matrices [28].
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Fig. 11. SEM micrographs and EDX analysis of nano-silica modified geopolymer concrete (12GC6), heat cure geopolymer concrete (12GCOH) and control cement (CC)

concrete.



438 D. Adak et al./Construction and Building Materials 135 (2017) 430-439

Fig. 11 exhibits FESEM micrographs of 12GC6 and 12GCOH and
CC concrete matrices. The elemental analysis of 12GC6, 12GCOH
and CC specimens are shown in Fig. 11. The major elements like
Si, Al, Ca with some amount of Fe are also present in geopolymer
concrete samples (12GC6 & 12GCOH) and control cement (CC) con-
crete in different ratios. As the experimental work has been made
on low calcium fly-ash geopolymer concrete, the presence of Ca in
geopolymer concrete (12GC6 & 12GCOH) is less than control
cement concrete. However, the ratios of Si/Al for the 12GC6 and
12GCOH geopolymer concretes are 2.60 and 1.52 respectively. Also,
Fig. 11 shows that the amount of crystalline compound in 12GC6 is
more than that of 12GCOH concrete.

4. Discussion

The nano-silica modified geopolymer concrete (12GC6) exhibits
better mechanical strength than the heat cured geopolymer con-
crete (12GCOH) due to the presence of nano-silica in the mixture
(Figs. 3 and 4 & Table 6).Geopolymer concrete with nano-silica
increases the dissolution rate of Si and Si-Al phases, which
strongly affects the rate of polymerization. The presence of
nano-silica in geopolymer mixture is the key factor to enhance
the polymerisation process for its amorphous property and the
high specific area [25]. The asymmetric stretching vibration band
of Si-O-T (T = Al, Si) of 12GC6 geopolymer matrix shifted to right
with respect to 12GCOH geopolymer matrix. This may be due to
less polymerised structure of 12GCOH matrix at 990 cm™~! and
non-dissolved high polymerised structures at 1025 cm~' (Fig. 9).
The Si-0-Si position in 12GCOH (1420 cm™!) is shifted to the right
in 12GC6 (1485 cm™!) matrices due to the chemical changes in the
geopolymer matrix with the addition of colloidal nano-silica
[46,47]. The broad hump registered between 26 = 25°-30° in the
XRD diagram (Fig. 10) of 12GC6 geopolymer concrete, indicating
the dissolution of the amorphous phase of fly ash and the forma-
tion of a new amorphous and crystalline phase in the matrix
[47]. The large amount of crystalline compounds is transformed
from the amorphous phase in nano-silica modified cementitious
matrix (Fig. 11). The unreacted heterogeneous fly-ash remains in
12GCOH matrices due to the lower polymerization rate that leads
lower mechanical strength.

The augmentation of the mechanical strengths of 12GC6
geopolymer concrete is due to the large number of crystalline
geopolymer plates spread all over the surface. The alumina leach-
ing in nano-silica modified geopolymer concrete is higher than
heat cured geopolymer concrete (Fig. 11). The ratio of Si/Al ratio
of 12GC6 geopolymer matrices is higher than 12GCOH concrete
that causes the higher mechanical strength of nano silica modified
geopolymer concrete [48,49]. The higher amount of the Si/Al ratio
and homogeneous texture of crystalline plates in the matrix exhi-
bit higher mechanical strength of nano-silica modified geopolymer
concrete.

The bond strength of 12GC6 concrete is also more than 12GCOH
and CC concrete, as the split tensile strength nano-silica modified
geopolymer concrete (12GC6) is higher than the other concretes
[41,50]. The presence of soluble silicates in geopolymer concrete
produces a denser or stronger interfacial transition zone (ITZ)
between aggregates and geopolymer matrices as compared to the
cement matrices [50-53].

The elastic property and the flexural behaviour of reinforced
nano silica modified geopolymer concrete (12GC6) cured at ambi-
ent condition are almost similar to the control cement (CC) con-
crete whereas the bending moment capacity is significantly
higher than the CC concrete beam. The higher mechanical strength
of 12GC6 concrete and better bond behaviour of geopolymer con-
crete with rebar help to provide the improvement of flexural

strength of 12GC6 concrete. Therefore, the design provisions con-
tained in the current standards and codes (for conventional con-
crete) can be used to design the reinforced low-calcium fly-ash-
based nano-silica geopolymer concrete structural members as
per the present test results.

5. Conclusion

The fly-ash based nano-silica modified geopolymer concrete
(cured at ambient temperature) shows excellent mechanical
strength compared to conventional heat cured geopolymer con-
crete and OPC concrete. The flexural strength of reinforced beam
and bond strength of reinforcement bars using such geopolymer
concrete with nano-silica cured at ambient temperature is compar-
atively higher than the heat activated geopolymer concrete (with-
out nano-silica) and conventional cement concrete. Polymerization
reaction has been accelerated by the application of nano-silica,
which increases the Si/Al ratio, enhances the crystalline phases in
geopolymer matrices at ambient temperature. Therefore, the
design method applicable for conventional concrete can be also
applied safely for geopolymer concrete with nano silica (at ambi-
ent temperature curing)/without nano silica (under heat curing).
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Genetically-enriched microbe-facilitated self-
healing concrete — a sustainable material for a new
generation of construction technology
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The fundamentals of engineering and structural properties such as mechanical strength, durability, bond
strength, and self-healing behaviour of a genetically-enriched microbe-incorporated construction
material have been explored in the present study. The alkaliphilic Bacillus subtilis bacterium is able to
survive inside the concrete/mortar matrices for an extended period due to its spore forming ability. The
bioremediase-like gene of a thermophilic anaerobic bacterium BKH2 (GenBank accession no. KP231522)
was thus transferred to the bacillus strain to develop a true self-healing biological agent. Incorporation
of the transformed bacterial cells at different concentrations in the bio-concrete/mortar exhibited higher
mechanical strengths and improved durability of the samples in comparison to the normal cement—sand

mortar/concretes. Microstructural analyses confirmed the formation of a novel gehlenite (CayAl,SiO>)
phase besides calcite deposition inside the matrices of the transformed Bacillus subtilis-amended
cementitious materials. The gradual development of nano rod-shaped gehlenite composite within the
bio-mortar matrices was due to the biochemical activity of the bioremediase-like protein expressed
within the incorporated bacterial cells. This development significantly increased the true self-healing
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property as well as enhanced the mechanical strength of the bio-concrete/mortar material which was

sustained for a prolonged period. This study demonstrates a new approach towards the enhancement of
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1. Introduction

Growing trends in the development of self-healing properties of
cementitious materials in construction technology has given
rise to several smart materials with versatile properties and high
sustainability.’”® The self-healing phenomenon is an important
aspect for construction technology which prolongs the service
life of infrastructures. The key notion of this concept is that
minor damage in concrete structures is not an issue as long as it
is counteracted by a subsequent autonomous process of
removing or ‘healing’ the structural damage. Several types of
micro cracks are of common occurrence which arise due to the
relatively low tensile strength as well as due to the lack of
a suitable instant treatment for the concrete. The potential of
mineral precipitating bacteria for crack remediation and dura-
bility improvement have been thoroughly investigated in
different studies."*® Recently, attempts are being made to
establish autonomous-healing activity by incorporating mineral
producing microbes in the concrete mix."> But the efficient self-

“Department of Physics, Jadavpur University, Kolkata-700032, India. E-mail:
bdc_physics@yahoo.co.in; Tel: +91-9433343917
*Department of Civil Engineering, Jadavpur University, Kolkata-700032, India
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structural properties and true self-healing activity by genetically-enriched spore-forming Bacillus sp. with
advancement towards sustainable and green construction technology.

healing phenomenon through the process of bacteria assisted
bio-mineralization occurs at the initial stage of concretiza-
tion."® Self-healing on the cracks within the concrete that
appear over a prolonged period will be the most desirable and
challenging task that yet to be established. Furthermore, the
application of the genetically-modified bacteria for eco-friendly
engineering and true self-healing process over a prolonged
period will create a new hope for sustainable concrete
technology.”

Earlier reports demonstrate the applications of anaerobic
hot spring bacteria in cementitious material executing higher
mechanical strength and enhancing the durability due to the
formation of a new phase (gehlenite) inside the cementitious
matrices.” However, the application of anaerobic bacterium as
a self-healing agent depends on its survival inside the concrete
matrices for a prolonged period. The short lifetime of the
bacterium inside the concrete matrices restricts it from
behaving as a true self-healing activator over sustained dura-
tion.” Genetically improved E. coli bacterium by incorporation
of the bioremediase-like gene, was seen to increase the
mechanical strength and durability of the mortar samples.”
However, the transformed bacterium could not survive inside
the high alkaline cement matrices for an extended period. In

RSC Adv., 2015, 5, 105363105371 | 105363
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contrast, alkaliphilic spore forming bacterium, Bacillus sp. can
persist in viable form within the concrete for an extended period
and is also capable of forming crack plugging minerals (calcium
carbonate) in concrete structure for autonomous healing.>*

In this work, biosilicification gene (bioremediase-like
protein gene) of BKH2 has been transformed in a spore form-
ing bacterium Bacillus subtilis (B. subtilis) and then the
genetically-enriched bacterium has been used in Ordinary
Portland Cement (OPC; 43 grade) based concrete material for
healing of cracks over long periods to develop a new self-healing
material. A comparative investigation has been studied based
on structural behaviour (compressive, split tensile, flexural and
bond strength) and self-healing attributes of bio-concrete/
mortar materials prepared by incorporating both transformed
and non-transformed Escherichia coli (E. coli) and B. subtilis
bacteria respectively to cementitious material. The promising
outcomes of this study reveal the true self-healing capability of
the transformed B. subtilis (T-B. subtilis) for future concrete
industries.

2. Experimental details
2.1. Materials

All analytical grade chemicals were purchased from the Sigma-
Aldrich, USA; Merck-Germany; and the Spectrochem Pvt. Ltd. of
India. Locally available sand (Specific gravity 2.52, water
absorption 0.50%, and fineness modulus of 2.38) and 12 mm
down aggregates (specific gravity 2.78, water absorption 0.42%,
and fineness modulus of 4.89) were used as fine and coarse
aggregates respectively. Ordinary Portland Cement (OPC) grade
43 and 20 mm diameter high yield strength deformed rebar and
mild steel rebar of grade Fe500 were also used in the study. E.
coli strain (JMJ107; MTCC 1669) and B. subtilis (MTCC 441)
strain were procured from IMTECH, Chandigarh, India. The
transformed JMJ107 (T-JM]J107) strain, a genetically-modified E.
coli strain was obtained from the stock culture of Biophysics
Laboratory, Department of Physics of Jadavpur University.”

2.2. The bacteria and growth conditions

The T-JMJ107 and JMJ107 strains were cultured in Luria Bertani
(LB) medium (0.5% peptone, 1% yeast extract, 0.5% NaCl, pH
7.0) at 37 °C. Similarly the alkaliphilic spore forming B. subtilis
bacterium was cultured in Luria-broth (LB) medium. To
enhance the sporulation (spore formation) of the B. subtilis
bacterial culture, a specific mineral media (pH 10.0) containing
0.2 g NH,Cl, 0.02 g KH,PO,, 0.225 g CaCl,, 0.2 g KCI, 0.2 g
MgCl,-6H,0, 0.01 g MnSO,-2H,0, 1 ml trace element solution
(SL12B), 0.1 g yeast extract, 5.16 g citric acid tri sodium salt, 4.2
¢ NaHCO; and 5.3 g Na,CO; per litre distilled water was used."
The cultures containing large number of spores were washed by
repeated centrifugation and re-suspension of the cell pellet in
sterile ultrapure Milli-Q water to harvest the spores. Suspen-
sions were subsequently heated for 30 min at 80 °C to inactivate
the present vegetative cells and numbers of viable spores in
water suspension were quantified by using haemocytometer.

105364 | RSC Adv., 2015, 5, 105363-105371
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2.3. Genetic transformation to develop improved Bacillus
subtilis strain

The bioremediase-like protein (molecular weight about 28 kDa)
secreted by BKH2 is capable of leaching silica from silicate
substrates.” The corresponding gene (~800 bp.) of the
bioremediase-like protein was fished out from the whole
genome of BKH2 as described earlier.” The isolated gene was
amplified by Polymerase Chain Reaction (PCR) and cloned into
T-vector. The transformation of bioremediase gene through T-
vector to B. subtilis was carried out by calcium chloride treat-
ment of the bacterial cells as described by Lederberg and
Cohen." The transformed Bacillus subtilis (T-B. subtilis) was
grown in ampicillin (0.5 mg ml™") containing agar plate and
pure culture of T-B. subtilis strain was obtained from a single
colony grown on the agar plate.

The expression of the transformed gene in B. subtilis was
confirmed by observing the protein profile of transformed
bacterial cells. The expressed protein (bioremediase-like) was
purified by using Sephadex G-100 gel filtration chromato-
graphic technique and detected through sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) along
with marker proteins (Sigma-Aldrich, USA). The biosilicification
activity of purified proteins was confirmed by the standard
biosilicification assay.”"

2.4. Application of transformed B. subtilis (T-B. subtilis) in
concrete and mortar

2.4.1. Compressive strength and ultrasonic-pulse velocity
(UPV) test. Mortar specimens (50 mm X 50 mm X 50 mm
dimension) were prepared in which the cement vs. sand ratio
was taken as 1:3 and water vs. cement ratio was 0.4 for this
study. The concentrations of the T-B. subtilis bacterial cells in
the mortar specimens were varied from 10>-10° cells per ml
water and the compressive strength of the bacterial cells
amended samples was investigated at different periods of water
curing.

Concrete specimens (150 mm X 150 mm X 150 mm
dimension) were prepared by using the 43 grades OPC, normal
river sand and 16 mm down coarse aggregates. The cement,
sand and coarse aggregates ratio was maintained as
1:1.45: 3.25 and the water-cement ratio were fixed at 0.48. To
achieve the maximum compressive strength, a bacterial cells
concentration of 10° cells per ml of water for T-B. subtilis strain
and 10°® cells per ml of water for T-JMJ107 strain were used in all
further experiments.” The compressive strength of concrete and
mortar specimens were tested after 3, 7, 28 and 90 days of water
curing.” The ultrasonic-pulse velocity of the samples was
measured by Pundit plus PC1007 UPV meter as per ASTM C597-
02 20."

2.4.2. Flexural strengths & split tensile strengths
measurement. Concrete beam specimens (100 mm x 100 mm
x 500 mm dimension) were prepared for the determination of
flexural strength as per ASTM C293.">'® The specimens were
cured under water for 28 days. Split tensile strength of all the
concrete mixtures were carried out by using the cylindrical

This journal is © The Royal Society of Chemistry 2015
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concrete specimens (100 mm diameter x 200 mm height) after
90 days of water curing.

2.4.3. Rapid chloride ion permeability test (RCPT). Rapid
chloride ion permeability test is a measure for durability char-
acter of concrete in which cylindrical concretes (100 mm
diameter x 200 mm height) were prepared by using cement-
sand-aggregate mixture along with different bacterial strains
(IMJ107, T-]MJ107, B. subtilis, T-B. subtilis and BKH2). After 90
days of water curing, the RCPT of the samples were tested as per
ASTM C1202.7%

2.4.4. Bond strengths measurement. The bond test speci-
mens consisted of concrete cubes of similar size (150 mm x 150
mm X 150 mm dimension), with a single reinforcing bar
(deformed and mild) embedded vertically (projected down for
a distance ~10-15 mm from the bottom face of the cube) along
a central axis in each specimen. In this experiment, deformed
(Fe-500) and plane (Fe-250) bar were used for each category of
concrete specimens. The test was performed as per IS2770 after
28 days of water curing.*

2.5. Self-healing study

Different bacterial cells incorporated mortar cubes (50 mm X
50 mm x 50 mm dimension; N = 20) were prepared for self-
healing study in which the cement-sand ratio was taken as
1:3 and water-cement ratio was fixed at 0.4. Bacterial cell
concentrations were also chosen as 10° cells per ml of water
used for JMJ107 and T-JMJ107 whereas for BKH2 amended
samples it was taken as 10° cells per ml of water. Mortar
samples of similar dimension were also prepared by incorpo-
rating the endospore of B. subtilis and T-B. subtilis at a concen-
tration of 10° spores per ml water used. After 120 days of air
curing, the average UPV and breaking load of each category
mortars (n = 10) were measured. After measuring the breaking
load, 50% of the corresponding breaking load was applied to
the rest bio-mortars (n = 10) of each category of samples. The
artificial cracks with various widths and depths were generated
on every specimen as viewed by Crack detection microscope
(VJT6330, VJ Tech, England). The samples were then immersed
in a closed bucket containing 10% LB-medium (v/v) in water for
next 28 days at ambient temperature. Closed environment was
set up to avoid free diffusion of oxygen and carbon dioxide over
the water-air interface through the entire curing period. After
curing, the UPV and breaking load of the remaining samples (n
= 10) were measured. Specimens were air dried for stereomi-
croscopic inspection by crack detection microscope to investi-
gate the crack-healing attributes.

The development of gehlenite phases inside the T-B. subtilis
incorporated mortars under 10% LB curing was examined by
using Field Emission Scanning Electron Microscope (FESEM;
INSPECT F50 SEM, FEI Europe BV, The Netherlands).

2.6. Microstructure analysis of self-healed bio-material

The crack-healing materials developed inside the cracks of the
B. subtilis and T-B. subtilis incorporated mortar samples was
collected and crushed into fine powder by using pestle-mortar.
The powder samples were examined under the FESEM and

This journal is © The Royal Society of Chemistry 2015
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analysed by energy dispersive spectra (EDS) for elemental
quantification studies. The morphology of the self-healing
material (from the crack of T-B. subtilis incorporated mortar
samples) was evaluated by using Transmission Electron
Microscopy (TEM; JEOL, JEM 2100). XRD analysis was also
performed (Bruker AXS, Inc., Model D8, WI, USA) with mono-
chromatic Cu-K, radiation of wavelength 1.5406 A at 40 kV
and 40 mA. The samples were examined at 26 from 10° to 70°
and identified by referring to data of Joint Committee on
Powder Diffraction Standards (JCPDS) files.

2.6.1. Statistical analysis. There were 10 concrete samples
prepared for each category of testing and each experiment was
repeated thrice. Data are represented as mean over 30 samples
=+ SD in the bar diagram.

3. Results

3.1. Gene transformation & protein isolation

The corresponding gene of the bioremediase-like protein was
fished out from the whole genome of BKH2 by using the
primers constructed from the sequence of carbonic anhydrase
II of Bos taurus.”' The DNA fragment was amplified by PCR
technique and the product was then transformed into B. subtilis
bacterium through a suitable T-vector. The transformation was
confirmed by growing the bacterial cells (colonies) in an
ampicillin-containing LB-agar plate, as shown in Fig. 1A and B.
Fig. 1C shows the whole-cell protein profiles of B. subtilis and
genetically improved B. subtilis (T-B. subtilis) when analysed by
SDS-PAGE. A new protein band appeared in the protein profile
of T-B. subtilis bacterium, molecular weight was ~28 kDa. This
newly expressed protein was purified from the crude mixture of
whole cell protein through the column chromatographic tech-
nique. The silica leaching activity of the purified protein (28
kDa) was confirmed by biosilicification assay (Table 1).

3.2. Compressive strength and ultrasonic-pulse velocity
analysis

T-B. subtilis cells showed compressive strengths increasing
attributes for the mortars when incorporated at different cell
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Fig. 1 (A) Host cell B. subtilis (B) T-B. subtilis in agar plate containing
ampicillin; (C) SDS-PAGE images of protein profiles.
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Table 1 Biosilicification activity of protein(s)®

Total Activity Sp. activity
Samples protein (mg)  (units) (units per mg)
Crude bioremediase 5 144 28.8
like protein (BKH2)
Purified bioremediase 2 410 205
like protein (BKH2)
Crude whole cell 5 — —
protein (B. subtilis)
Crude whole cell 5 186 37.2
protein (transformed
B. subtilis)
Purified bioremediase 2 570 285

like protein
(transformed B.
subtilis)

% One unit activity of bioremediase protein is expressed as pg of silica
released per mg of protein.

concentrations for different days of incubation (Fig. 2A). The
maximum strength increment of the bacteria amended bio-
mortars was achieved at a concentration of 10° cells per ml of
water used. The T-B. subtilis incorporated mortar (TBM)
samples also exhibited better compressive strengths and UPV in
comparison to the other bacteria incorporated samples at all
ages (Fig. 2B and C).

3.3. Mechanical strength and durability analysis

Fig. 3A exhibits the improvement of compressive strength of
different bacterial amended bio-concrete samples. All the
bacteria incorporated bio-concrete samples except E. coli
(IMJ107) amended samples, exhibited higher compressive
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strength with respect to control samples. The maximum incre-
ment of compressive strength of the transformed Bacillus
bacterial cells incorporated bio-concrete (TBC) cubes was
observed with the addition of 10° cells per ml of water used at all
curing ages. From the split-tensile strength and the flexural
strength analysis, it was observed that the T-B subtilis bacterium
increased the mechanical strengths significantly (Fig. 3B). The
experimental bond strength (under tension) of bio-concretes and
control concrete with rebar (deformed and mild steel) are shown
in Fig. 3C and D. The ultimate bond strength and characteristic
bond strength of deformed rebar and mild steel rebar were
calculated from bond strength vs. slip curve. The bond strength
of the TBC with deformed and mild steel rebar were significantly
greater compared to other samples. The rapid chloride perme-
ability test revealed that the least amount of charge penetration
was realized inside the TBC matrices (Fig. 3E). Fig. 3F demon-
strated the better workability of TBC in the slump test.

3.4. Self-healing study of biotechnologically modified
building material

Fig. 4A and B show the variation of compressive strength and
UPV respectively of the different bio-mortars after 120 days of
air curing. After applying the 50% of their corresponding
breaking load, the simultaneously measured compressive
strength of each sample were decreased. After 28 days of water
(with 10% LB v/v) curing, the compressive strength as well as the
UPV of all the samples were increased. The rate of increment
was highest in case of the TBM samples.

Images of the cracks and their progressive healings were
examined by Crackscope. Partial and complete crack healing
abilities were observed in the case of B. subtilis and T-B. subtilis
incorporated mortar samples respectively after 28 days water
(with 10% LB v/v) curing period (Fig. 5). Gradual formation of

[ Control B. subtilis (10° cells/ml)
EEE BKH2 (107 cells/ml)
25 { D T-B. subiilis (1 0% cells/ml)

201 (B)
15
101

Ry o

Compressive Strengths (Mpa)

w28
Days

—o— Control

—e— B. subtilis (105 cells/ml)
—4— BKH2 (105 cells/ml)
—o—' T-B.subtilis (10° cells/ml)

Fig. 2 (A) Compressive strengths of T-B. subtilis amended mortars; (B) comparison of compressive strengths for different bio-mortars; (C)

ultrasonic pulse velocity for different bio-mortars.
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Fig. 3 (A) Compressive strengths; (B) tensile strengths and flexural strengths; (C) bond strength of different bio-concretes (plane bar); (D) bond
strength of different bio-concretes (deformed bar); (E) rapid chloride permeability test; (F) slump test of concretes.

nano rod-shaped gehlenite along with calcite crystals were
observed in T-B. subtilis incorporated mortar samples as
investigated by FESEM (Fig. 6).

3.5. Microstructural analysis

FESEM analysis of the powder samples obtained from the
cracked portions of the B. subtilis showed irregular crystalline
materials (Fig. 7A). The self-healing materials collected from the
cracks of the TBM samples showed regular nano needle-like
structures (Fig. 7B). The EDS analysis determined that the
self-healing materials consisted of calcium, aluminium, oxygen

This journal is © The Royal Society of Chemistry 2015

and silicon atoms. The TEM analysis (Fig. 7C(i) and (ii)) of the
gehlenite shows rod shaped morphology (diameter ~ 85 nm)
which is in agreement with the FESEM image (Fig. 7B). The XRD
analysis of self-healing materials exhibit that additional peaks
appear in the TBM matrices (Fig. 7D(ii)) which confirms the
formation of gehlenite (calcium aluminium silicate) phase
absent in B. subtilis (Fig. 7D(i)) incorporated mortar samples.

4. Discussion

Cementitious matrices may seem unhealthy for life, as it is very
dehydrated and extremely alkaline compared to natural

RSC Adv., 2015, 5, 105363-105371 | 105367
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Fig. 5 Images of the cracked and healed surfaces of mortars.
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environment of bacterial existence. Nevertheless, some bacteria
are found within the earth shell inside rocks in deserts as well
as in ultra-basic environments at great depths.**** Under
favourable conditions some common aerobic and active alka-
liphilic soil bacteria like Bacillus sp., Pseudomonas sp. can
continuously precipitate/mineralize impermeable calcite layer
over the surface of existing concrete layer which may act as self-
healing agent within the concrete structures.>>® A low metabolic
activity and extremely long lifetime characterize spores and
some sp. are known to produce spores which are viable for up to
200 years.* Such Bacillus sp. spores when immobilized within
cementitious materials, produced copious amounts of mineral
crystals on exposed surface of the media, therefore able to seal
cracks by bio-mineral formation after being revived by water
and growth nutrients entering the freshly formed cracks.>*® Self-
healing processes of bio-concrete need additional nutritious
environmental stimuli as triggers, such as calcium lactate and
urea along with suitable environment.*'***?” Though some
anaerobic hot spring bacteria (BKH1 & BKH2) and its secretary
protein(s) both are able to increase the compressive strength
and durability of the mortar/concrete samples, they fail to
survive for a long period in the harsh environment of the
concrete.”®" The biosilicification activity is prolonged inside
the concrete through the gene transformation into the spore

B.s ub'.tilis
28 days

This journal is © The Royal Society of Chemistry 2015
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Fig.6 FESEM images of the progress of gehlenite formation inside the
mortar in presence of T-B. subtilis in different days.
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forming B. subtilis stain for realization of sustainability and true
self-healing phenomenon (Fig. 1 & Table 1).

This study demonstrates that the transformed Bacillus sub-
tilis bacterial strain possesses better efficacy for the strength
and durability of the incorporated mortar specimens (Fig. 2A
and B) due to the formation of gehlenite along with calcite
precipitation inside the mortar matrices. The increased
compactness of the mortar sample is reflected by the results of
ultrasonic-pulse velocity tests of the samples (Fig. 2C). The
compressive strength, split tensile strength and flexural
strength are the important factors of concrete which support
the stability and longevity of the concrete based structures. Our
experimental results confirm that TBC possess the property for
overall increasing mechanical strength (Fig. 3). It is already re-
ported that the bacteria Bacillus sp. is able to deposit calcite
phase inside the concrete matrices when incorporated to the
mortar samples.>*'***>¢ The biochemical activity of the
bioremediase-like protein has been found to synthesize geh-
lenite phase inside the concrete/mortar matrices.” These two
phases are synergistically developed inside the TBC matrices
and exhibited better mechanical strength by filling the micro
pores inside the samples (Fig. 3A and B). Bond strength of the
TBC shows better performance than others, as greater split
tensile strength of TBC (Fig. 3C and D). The presence of
adequate amount of gehlenite beside calcite in the TBC
matrices makes the concrete denser and produce stronger
interfacial transition zone (ITZ) between aggregates and the
matrix, which increases the bond strength between the rein-
forcement bar and surrounding concrete. The RCPT result
suggests that small amounts of free chloride ions are permitted

20 30 40 50
Degree (20)

Fig.7 FESEM images of self-healing materials obtained from (A) B. subtilis (B) T-B. subtilis incorporated cementitious matrices (C) TEM images of
T-B. subtilis incorporated cementitious matrices (D) XRD spectra of self-healing materials obtained from (i) B. subtilis and (ii) T-B. subtilis

incorporated cementitious matrices.
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through the less porous TBC matrices implying better durability
of the samples (Fig. 3E).

The self-healing study of cementitious material incorporated
with the bacterial cells of BKH2, T-JMJ107 and B. subtilis, it is
clear that these bacterial strains are able to fulfil the self-healing
behaviour to some extent. It is observed that both the bacterial
strains BKH1 and BKH2 can survive inside the concrete
matrices only for 7-8 days.”'* The genetically modified Bacillus
sp. has been investigated for green and sustainable (self-
healing) concrete as it can survive inside the concrete in
dormant phase over an extensive period which is not possible
for other bacterial strains like E. coli bacterium (T-JMJ107).

The T-B. subtilis bacterial cells are found to act as a proper
self-healing agent to catalyse the process of autonomous repair
of micro and macro cracks inside the concrete and thereby
increasing the strength and durability of the structures. Endo-
spores remain in dormant phase as they are capable of surviving
without nutrients and are resistant to ultraviolet radiation,
desiccation, high temperature, extreme freezing and chemical
disinfectants.”® In presence of the favourable environment, the
endospore becomes active i.e., it transforms from the dormant
phase to the vegetative phase. In this experiment, it is observed
that the genetically enriched B. subtilis (T-B. subtilis) bacterial
spore became active after a prolonged time of dormancy under
favourable environment (introduction of LB in air cured
cracked mortar sample), initiating the biosilicification and bio-
mineralization processes (Fig. 6). This subsequently leads to the
self-healing of the mortar as the cracks are filled with the newly
formed needle-shaped nano-calcium aluminium silicate (geh-
lenite) phase beside calcite inside the cementitious matrices
(Fig. 7).

The non-transformed Bacillus subtilis bacterial cells (host
cells) produce a protein which can synthesis calcite phase only
inside the mortar samples. No such self-healing phenomenon
was observed in the other bacterial cells like (wild type and
transformed E. coli) incorporated mortar samples as they do not
have the spore forming ability and perish. Microstructures
analysis of the self-healing material obtained from B. subtilis
and T-B. subtilis bacteria treated mortar samples show con-
trasting textures of their matrices (Fig. 7). The matrix of the B.
subtilis amended mortar samples is appeared to be amorphous,
showing no signature of conspicuous crystal growth. On the
other hand, the TBM samples show crystalline matrix where the
individual crystals can be recognized. The formation of crys-
talline calcium carbonate phase inside the matrices of Bacillus
sp. bacteria incorporated mortars is elaborately described in
several studies earlier.>***” The development of calcite and
gehlenite phases within the TBM matrices are shown in the
Fig. 7 which clearly demonstrates the true self-healing behav-
iour of the T-B. subtilis bacterial strain in cementitious
composite.

5. Conclusion

Genetically improved endospore forming B. subtilis strain
enhances the autonomous healing property of cementitious
composites. The formation of gehlenite phase by the enriched
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microbes with high longevity inside the mortar/concrete is the
main reason behind the increment of its strength and dura-
bility. Development of a newly transformed strain and explo-
ration of its overall property for sustainable green concrete
would be a promising area for future construction technology.
This study will provide an eco-friendly, pollution free, non-
hazardous biotechnologically improved way for fulfilling the
mostly desired “green” self-healing concrete for modern.
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