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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 (CO2) 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

(Na2SiO3) 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+Na2SiO3+H2O) 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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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 CO2 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 is annually 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 alternative 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

CO2 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 materials 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 aluminium. 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 alkali-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 60ºC comparable to 80ºC 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 elasticity 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 complexities in 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 morphology

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 SiO2 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-Al2O3 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 alkali-activated fly ash based geopolymer

mortar/concrete cured at ambient temperature and also to promote its use for practical

purposes. The use of geopolymer mortar/concrete for practical purposes will certainly reduce

CO2 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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2.0 General view

This chapter presents the background on the development 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 a chain structures formed on a backbone of Al and Si ions. The polymerisation of on Si-Al

minerals is a very 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 units in the geopolymer structure are: (i) Si-O-Al-O, or polysialate group, (ii)

Si-O-Al-O-Si-O, or poly (sialate - siloxo) group, and (iii) Si-O-Al-O-Si-O –Si-O, or poly

(sialate – disiloxo) group [3]. This polymeric chain binds the inert aggregate to form

geopolymer concrete.

2.1.1. Source Materials:

This inorganic polymer cements is synthesised by alkali activation of any materials that

contains Silicon (Si) and Aluminium (Al) in amorphous form to produce an alternative 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 works relate 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
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from 3.2 to 20.5 MPa for 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 alkali 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 as fly 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/oil

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/m3 can be produced using the waste

material OPS as light weight aggregate. It was also observed that the OPS based geopolymer

concrete showed improved compressive strength at higher molar concentration of alkali

activator.

The reactivity of volcanic ashes enhanced by alkali fusion and balancing the Na/Al ratio

through metakaolin addition has been used as an alternative geopolymer material was reported

by H. T. Kouamo et al. (2013) [14]. XRD pattern of fused volcanic 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

along with silica fume as the source materials for the geopolymeric binder. Their study
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indicated that the content of metakaolin and silica fume and the rise in 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 due to alkali 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 the long

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 alkaline solution (mixture of NaOH and Na2SiO3). 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 (Na2SiO3)

solution are the most common alkali activator used for geopolymerisation [2]. Although

potassium hydroxide (KOH) and potassium silicate (K2SiO3) 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 alkaline 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

minerals 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 / Na2O = 1.23).

Molar concentration of sodium hydroxide and the ratio of NaOH to Na2SiO3 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 Na2SiO3/NaOH [24].

Xu and van Deventer (2000) reported that the proportion of alkaline solution to

alumino-silicate powder by mass should be approximately 0.33 to allow the geopolymeric

reactions to occur. Alkaline solutions formed a thick gel instantaneously upon mixing with the

alumino-silicate powder. Geopolymer mortar specimen of 20 × 20 × 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 MPa are obtained with the use of 10M and 15M NaOH at NaOH

to Na2SiO3 ratio 1.50 [26].

The compressive strength of kaolin based geopolymers depends on solid to liquid ratio

and Na2SiO3 / NaOH ratio. It was reported that the solid to liquid ratio of 1.00 and Na2SiO3 /

NaOH ratio of 0.32 were the optimum ratios for kaolin based geopolymers. It exhibited

maximum compressive strength when Al2O3 / Na2O and SiO2 /Na2O 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 × 50 × 50 mm with

57 % fly ash and 15 % showed 75 MPa.

G. S. Ryu et al. (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

Na2SiO3 ratio of 1: 1 and SiO2 to Na2O ratio of 8.0.

G. Görhan and G. Kürklü (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].

Rahim et 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

structure in a well-structured form compared to KOH [32].
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2.1.3 Curing Conditions:

Heat activation is a much desirable activity for geopolymerization for the development

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 concrete is 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, Škvára
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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 changes that occurred in the samples heated at 40 and 50°C seems to be the 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].

Figure – 2.1: Compressive strength of geopolymer concrete after 28day at different
temperature (Swanepoel, 2002).
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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 21st 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 structural

engineering applications, a comprehensive evaluation of these properties is 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 low 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 hydroxide 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 (Na2SiO3) and sodium

hydroxide (NaOH) solutions, which were more viscous than water, usually makes geopolymer

concrete more cohesive and sticky than OPC concrete. However, a higher 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% slag

(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 slump 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].



REVIEW OF LITERATURE

Page | 21

Figure – 2.4: Slump of different geopolymer concrete with different slag content (Deb,

2014).

Figure – 2.5: Effect of curing temperature on setting time of geopolymer concrete
(Chanh, 2008).
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Figure – 2.6: Mixing time vs. slump 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 / Na2SiO3 ratio, heat

activation time and temperatures, mix proportion etc.

Higher concentration (in terms of molar) of sodium hydroxide solution results in 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 MPa 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].

Figure – 2.7: Compressive strength of fly ash and bottom ash based geopolymer at
different molar concentration (Chindaprasirt, 2009).

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

Na2SiO3 / 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).

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 was increased by increasing the sodium

silicate (Na2SiO3) to sodium hydroxide (NaOH) ratio. The increment in the Na2SiO3/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 H2O to Na2O molar

ratio. Barbosa et al. (1999) reported that the compressive strength of geopolymer concrete was

decreased with the increase of H2O to Na2O molar ratio [49, 50].

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].

Rovnaník (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].

Figure – 2.12: Compressive strength of geopolymer at different curing temperature
and curing time (Rovnaník, 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 Ec 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 (fcm) and density (ρ) 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 fcm < 40 MPa and

Eq. (2) for fcm > 40 MPa based on Figure 2.13 [53].

Figure – 2.13: Modulus of elasticity of geopolymer concrete (Sofi, 2007).

= . × . × ± % ..................(1)

= . × + . . ....................(2)
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Olivia et 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]. Zejak 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 alkaline dosage of 13 M NaOH (Fig 2.14). It was also reported that geopolymer

paste/mortar achieved the maximum value of the Young’s modulus at the Na2SiO3 / 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].

Figure – 2.14: Modulus of elasticity as a function of NaOH Concentration (Zejak, 2013).
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Figure – 2.15: Modulus of elasticity as a function of Na2SiO3/NaOH ratio (Zejak, 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 is a form of tension

failure.

The tensile splitting strength (indirect tensile strength) of geopolymer concrete is only

a fraction of the compressive strength, as in 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 formula to express the

relationship between compressive strength and split tensile strength.= × …………………... (3)

Where fsp 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: = . ……………………. (4)

CEB-FIP: = . × . …………………… (5)

Gardner et al: = . × / …………………… (6)

Raphael et al: = . × . …………………..... (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].

Ryu et al: = . × / ……………. (8)

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].

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 also reported that the tensile strength of geopolymer mortar was more at

lower curing temperature and was less for 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).

Figure – 2.19: Variation of tensile strength with alkali activator and fly ash ratio
(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 × 100 × 300 mm steam cured prisms at 30°C – 35°C for 24h was

more than OPC concrete prism. It was also 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 × 100 × 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 70.6mm×70.6mm×141.2mm

prism moulds cured at 30°C and 60°C for 24h increased with the increase of alkaline 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].

Figure – 2.20: Variation of modulus of rupture with 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) Frictional resistance to sliding and interlock as the reinforcing element is subjected

to tensile stress.

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

e) 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 concrete it 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].

Figure – 2.21: Normalised bond strengths of beam-end and direct type specimens (Sofi,
2007).

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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Kusbiantoro 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) external

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].

Figure – 2.23: Bonding strength of fly ash–MIRHA based geopolymer concrete in
ambient curing (Kusbiantoro, 2012).
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Figure – 2.24: Bonding strength of fly ash–MIRHA based geopolymer concrete in
external exposure curing (Kusbiantoro, 2012).

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

MPa at 28 days [65].

Figure – 2.26: The bond stress–slip curves of geopolymer and OPC concretes after 28
days curing (Castel, 2015).

2.2.1.6 Flexural behaviour of reinforced beam:
There are almost 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

in the Australian Standard for Concrete Structures AS3600-09 and American Concrete Institute

Building Code ACI318-08 are found to give conservative predictions for 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 beams increased significantly

(Fig 2.27). Because the test beams were under reinforced, the flexural capacity increased only

marginally when the compressive strength of concrete increased.

Figure – 2.27: Effect of percentages 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 is also 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].

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 slightly 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° = 2θ arising from the glassy phase of the fly ash and broad

peaks in the region 6 – 10° and 12 – 16° = 2θ arising from alumino-silicate gel [36].
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Figure – 2.29: XRD analysis fly 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 crystalline in XRD analysis, but also illustrated the formation of

new phases such as chabazite, zeolite A-Na as well as C–S–H. The alkali-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 (3Al2O3, 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 also
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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].

Figure – 2.30: XRD analysis of fly ash and geopolymer matrix (Ryu, 2013).

Figure - 2.31: XRD patterns of geopolymer pastes with microwave radiation and
additional 65°C heat curing (Chindaprasirt, 2013).
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2.2.2.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-

ray (EDX):

The scanning electron microscope (SEM) uses a focused 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 a variety 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 alkali

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] .

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 alkali activated fly ash geopolymer

matrix. It is clearly observed that most of the reactant is composed of silica and alumina. The

sodium is observed due to presence of alkali activator (NaOH + Na2SiO3) in geopolymerization

process. These reactants in turn combine with the Na ions 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 alkaline

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 (ITZ)

between aggregates and concrete matrix in heat cured geopolymer matrix stronger than that in

cement concrete. The stronger ITZ contributed to the higher splitting tensile strength and bond

strength of geopolymer concrete [35].



REVIEW OF LITERATURE

Page | 46

Figure – 2.34: Microstructure of geopolymer pastes with 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 results in 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).

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].

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, potassium 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 phases in the alumino-silicate gel formed determines the distance of these

remnants from the surface of fly ash particle (Fig 2.38).

Figure – 2.38: SEM and EDX analysis of alkali activated fly ash sample (Lloyd, 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 although 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-1 and Si-O-Si stretching vibration at

wave number range 950 – 1200 cm-1 were observed in FTIR study of geopolymer paste (Fig

2.39). The Si–O–Si stretching vibration was more prominent than the O–Si–O bending mode

as in Figure 2.39. Si–O–Si vibration is used to indicate the degree of geopolymerization. It is

observed that the peak near 750 – 850 cm-1 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 as a

strongest band in the region of 950 – 1250 cm-1 [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-1 due to AlO4

vibrations disappeared and a new band at around 700 cm-1 appeared. Also, the band at 1200

cm-1 due to asymmetric stretching Si–O–Si and Al-O–Si in fly ash shifts to lower frequencies

(960 –1000 cm-1) 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 all geopolymeric

materials, new bands appeared in the regions of 1600 and 3450 cm-1, 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 spectra for 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 Si–O–Si and Al–O–Si developed sharper

and shifts toward lower frequencies (~ 1074 cm-1) 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-1 and 3450 cm-1 were attributed to bending vibrations (H–

O–H) and stretching vibrations (–OH, H–O–H) (Fig 2.41) [73].

Figure - 2.40: FTIR study of fly ash with (a) sodium hydroxide (b) sodium silicate
activator (Bakharev, 2005).

Figure - 2.41: FTIR spectra for 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) is relatively

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. This is not the case though in practice, as the large 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 alkaline activation solution) they can be used as suitable binders in 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

radioactive wastes, thus geopolymerisation has received over the years significant attention due

to its low cost, flexibility and increased durability versus time [1, 2].

Table – 2.1 Application of geopolymer mortar/concrete:
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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 ºC to 80 ºC 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 development

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 (l/b), and mixes with a higher

fly ash content and l/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 due to 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 IPCs 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 area than 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 (Fe2O3) 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 slag 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

time increased 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 alkali 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 particle is an 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 Al2O3.

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 concrete at different percentage
of GBFS (Nath, 2012).

Khater et al. (2012) studied the effect of nano-silica on alkali 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 silica with

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-SiO2

and nano-Al2O3 on the properties of high calcium fly ash geopolymer pastes. The compressive

strength and flexural strengths of geopolymer pastes containing nano-SiO2 and nano-Al2O3

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-SiO2 and nano-Al2O3 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-SiO2 and nano-Al2O3 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-SiO2 and nano-

Al2O3 by weight. The SEM and XRD analysis indicated that the microstructures of geopolymer

pastes containing 1–2 % nano-SiO2 and nano-Al2O3 were enhanced with denser matrix and

increased reaction products. The addition of nano-SiO2 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-Al2O3 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-SiO2 and nano-Al2O3 due to the formation of additional CSH or CASH

and NASH gels in geopolymer matrix [89].

Shadi Riahi et al. (2012) reported that with the addition of 3% nano SiO2 in the fly ash

based geopolymer concrete showed better compressive strength at early ages than geopolymer

concrete without nano SiO2. It was also reported that nano Al2O3 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 minerals in

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). The last species listed is an acidophilic

sulphur-oxidizing microorganism (ASOM) [92].
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Concrete has a typical pH of approximately 11 or 12, depending upon the mix design.

This high pH is the 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 (CO2) 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 H2S

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 is reduced to a level (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 bacteria can 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.

Generally, 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

alkalinity. 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 a long 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 almost 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 samples immersion in copper chloride solution for 24h

and ion-exchanged with copper ions [94]. The effect of the amount of copper ions eluted

from geopolymer particles ion-exchanged inside the saw-tooth oak sawdust on

antimicrobial 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 solutions were 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.

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 silica and (II) 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:

 To develop nano silica modified geopolymer mortar/concrete cure at ambient

temperature at different molar concentrations of activated fluid.

 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 silica modified 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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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 IS 516

(1958) and IS 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 special arrangement has been made as per IS 2770 (1997) and

discussed here. The flexural strength of reinforced geopolymer concrete and the Rapid

Chloride Ion 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 special 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 dial

micrometers is noted at a sufficient number of intervals throughout the test. The graph load

corresponding to the slip is plotted for determination of bond strength. The bond stress values

are calculated as per IS 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 IS 456: 2000.
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Figure 3.2: Flexural strength test setup for reinforced concrete beam.

3.3. Chloride Ion 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.

Figure 3.3: RCPT arrangement.

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 nm in size. Due to the very narrow electron beam, SEM

micrographs have a large depth of field yielding a characteristic three-dimensional

appearance useful for understanding the surface structure of a 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 elements in the sample.



INSTRUMENTS & APPARATUS

Page | 77

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 material analysis techniques like Electron Energy Loss

Spectroscopy (EELS), Energy Filtered TEM (EFTEM) and Energy Dispersive X-ray (EDX).

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 allows 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 Å. 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 Sinθ = nλ where n= an integer, λ=

wavelength in angstroms, d= inter atomic spacing in angstroms, θ= 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 2θ angles, all possible

diffraction directions of the lattice are to be attained due to the random orientation of the

powdered material.

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-1.

Figure 3.7: Graphical presentation of FTIR working principal.

The background emission spectrum of the IR source is first 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 frequencies in 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 allows 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.

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: Fluorescence 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 – VI) – 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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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 (National 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 analysis report of fly ash:

Material Chemical composition (in percentage)

Fly Ash SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO4 LOI

64.97 26.64 5.69 0.33 0.85 0.49 0.33 0.25 0.45

Table – 4.2. Particle size analysis report of fly ash:

Material Particle size distribution

Fly Ash >500µ 300-500µ 150-300µ 150-90µ 90-45µ < 45µ Specific
Gravity

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 (Na2SiO3) (specific gravity 1.53) having 45% solid content has used as an activator

fluid. The colloidal nano silica (Bee Chemicals, India), Nutrient Broth (NB) media ingredients

like peptone, beaf extract, Yeast 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 suppliers is described in Table – 4.3.

Table – 4.3. Properties of colloidal nano silica:

Colloidal
Nano-silica

Properties of colloidal nano silica

CemSynXLP Average particle
size (nm)

Solid content
(Wt. %)

Viscosity
(PaS)

pH Solid density
(gm/cc)

4 to 30 nm 30% 8.5 9.0 - 9.6 2.37



MATERIALS & METHODS

Page | 86

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 Na2SiO3 solution in the proportion of 1:1.75 (by weight) to make alkali

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 silica is

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). Table vibrator 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 ºC) 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 (IS 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 × 70.6 mm × 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, percentage of nano silica and
curing condition.

Mix
Mark

Fly ash :
Sand

Molar
concentration

% of nano-silica
w.r.t fly ash

Curing conditions

Control

(CM)

1:3

Cement:
Sand

N.A N.A Conventional water curing

8GM0H 1:3 8.0 0.0 Heat cured at 60°C for 48h.

8GM4 1:3 8.0 4.0 Ambient temp.(27+20C) curing

8GM6 1:3 8.0 6.0 Ambient temp.(27+20C) curing

8GM8 1:3 8.0 8.0 Ambient temp.(27+20C) curing

8GM10 1:3 8.0 10.0 Ambient temp.(27+20C) curing

10GM0H 1:3 10.0 0.0 Heat cured at 60°C for 48h.

10GM4 1:3 10.0 4.0 Ambient temp.(27+20C) curing

10GM6 1:3 10.0 6.0 Ambient temp.(27+20C) curing

10GM8 1:3 10.0 8.0 Ambient temp.(27+20C) curing

10GM10 1:3 10.0 10.0 Ambient temp.(27+20C) curing

12GM0H 1:3 12.0 0.0 Heat cured at 60°C for 48h.

12GM4 1:3 12.0 4.0 Ambient temp.(27+20C) curing

12GM6 1:3 12.0 6.0 Ambient temp.(27+20C) curing

12GM8 1:3 12.0 8.0 Ambient temp.(27+20C) curing

12GM10 1:3 12.0 10.0 Ambient temp.(27+20C) curing

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

of nano-silica” and “0H – 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 slip. 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

100×100×200 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 × 200 mm

height) has been sliced 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 a period of six hours and

total charge in Coulombs is 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 simple 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 acceptable results of compressive strength of different mixtures (12GM6, 12GM0H,

CM) have been dried and sieved to make the size less than 5μm for X-ray diffraction 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 has been analyzed in the range 2θ = 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 Na2SiO3 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 ± 2ºC)

until the testing. However, the geopolymer concrete without nano-silica (12GC0H) 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 12GC0H 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 (12GC0H) concrete and control cement concrete (CC) mix.

Mix
Mark

Cement
(Kg/m3)

Fly ash
(Kg/m3)

F.A
(Kg/m3)

C.A
(Kg/m3)

Fluid :
Fly ash

% of
nano
silica

Curing
condition

12GC6 0.0 440 723 1085 0.40 6.0 Ambient
temp. curing.

12GC0H 0.0 440 723 1085 0.40 0.0 Heat curing
60oC for 48h.

CC 400.0 Nil 690 1205 0.40
(W/C)

0.0 Conventional
water curing

** (xGCy, Where “GC – Geopolymer concrete”, “x – Molar concentration”, “y – percentages
of nano-silica”, “0H – Heat cured without nano silica”, “CC – Conventional concrete” and
“W/C – Water / Cement”).
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4.3.1. Compressive strength tests of concrete:

The standard cube specimens of size 150 mm × 150 mm × 150 mm dimension have

been prepared for three mixes (12GC6, 12GC0H & 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) × 300 mm

geopolymer (12GC6 & 12GC0H) and control cement concrete cylinder specimen of three

mixes as per IS 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 & 12GC0H) 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 × 150 mm × 150 mm. During casting and

subsequent compaction, the concentrically placed steel bars have been held in position using a

specially designed steel mould arrangement. The specimens for 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 slip corresponding to the load has been noted and the corresponding bond

strength between reinforcement and concrete is determined as per IS 2770 [10].

4.3.4. Flexural strength test on reinforced concrete beam:

The reinforced concrete beam specimens for three mixes have been 100 × 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 Mthe = P × (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.

Figure 4.1: Typical beam details and loading arrangement.

Figure 4.2: Flexural strength test setup for reinforced concrete beam.
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Table – 4.6: Reinforcement details of nano-silica modified geopolymer (A1 to A7),
conventional geopolymer (B1 to B7) concrete and control concrete (C1 to C7) beam.

Beam

Mark

Length

(mm)

Reinforcement

(Bottom) (Top)

% of reinforcement

(pt) (pc)

Shear

Spacing(6ϕ)

A1 1200 2 - 6ϕ 2 - 6ϕ 0.45 0.45 200 mm

A2 1200 3 - 6ϕ 2 - 6ϕ 0.67 0.45 200 mm

A3 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 200 mm

A4 1200 2 - 8ϕ 3 - 6ϕ 0.81 0.67 200 mm

A5 1200 2 - 8ϕ 2 - 8ϕ 0.81 0.81 200 mm

A6 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 150 mm

A7 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 100 mm

B1 1200 2 - 6ϕ 2 - 6ϕ 0.45 0.45 200 mm

B2 1200 3 - 6ϕ 2 - 6ϕ 0.67 0.45 200 mm

B3 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 200 mm

B4 1200 2 - 8ϕ 3 - 6ϕ 0.81 0.67 200 mm

B6 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 150 mm

B7 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 100 mm

C1 1200 2 - 6ϕ 2 - 6ϕ 0.45 0.45 200 mm

C2 1200 3 - 6ϕ 2 - 6ϕ 0.67 0.45 200 mm

C3 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 200 mm

C4 1200 2 - 8ϕ 3 - 6ϕ 0.81 0.67 200 mm

C5 1200 2 - 8ϕ 2 - 8ϕ 0.81 0.81 200 mm

C6 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 150 mm

C7 1200 2 - 8ϕ 2 - 6ϕ 0.81 0.45 100 mm

B5 1200 2 - 8ϕ 2 - 8ϕ 0.81 0.81 200 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 (12GC0H) 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 5μm 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 s/step at 40 KV. The XRD spectrum has been taken from 2θ = 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) data file.

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-IR410 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 in a

suitable amount of colloidal silica suspension for anti-bacterial property development. Low

Calcium Class F dry fly ash, locally available sand, alkali 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, 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 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

5 mM silver nitrate (AgNO3) is added 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-Kα radiation of wavelength

1.5406 Å at 55 kV and 40 mA.  The sample has been examined at 2θ 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 (GMSi, GMAg-Si) 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

Na2SiO3 at weight ratio of 1:1.75. This solution has been mixed with colloidal nano silica

solution (activator 1) for the preparation of GMSi geopolymer specimens. For preparation of

GMAg-Si geopolymer mortar, activator 2 has been prepared by 12M NaOH and Na2SiO3 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 GMSi 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 GMSi is same as 12GM6. The mix GMAg-Si is the modified mix of GMSi with silver

nano particle.

Table – 4.7. Nano silica modified geopolymer (GMSi), silver silica modified geopolymer
mortar (GMAg-Si) and control mortar (CM), mix proportions:

Mix
Mark

Fly ash
: sand

Activator solution % of SiO2

NPs
% of Ag-
SiO2 NPs

Curing
condition

GMSi 1:3 Activator 1
(NaOH + Na2SiO3 +

SiO2 NPs)

6.0 Nil Air curing at
room

temperature.

GMAg-Si 1:3 Activator 2
(NaOH + Na2SiO3 +

Ag-SiO2 NPs)

Nil 6.0 Air curing at
room

temperature.

CM 1:3
(Cement
: Sand)

Water Nil Nil Water Curing
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4.4.4. Mechanical strength and durability study:

The standard mortar cube specimens of dimension 70.6 mm × 70.6 mm × 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 ×

50 mm × 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 × 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 × 200 mm height) have been sliced 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 GMSi, GMAg-Si and CM have been

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 ~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%Yeast extract, 0.5% NaCl, pH 7) at a final cell concentration

of 104 CFU/ml and incubated at 37 °C. For anti-bacterial assay, 2 mg/ml (~2 × Minimum

Inhibitory Concentration) of each dry dust samples (pH < 9) (GMSi, GMAg-Si 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

sample in 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 (107 CFU/ml) of each strain has been taken distinctly. The

different mortar powders (GMSi, GMAg-Si and CM) have been added in the growth medium

distinctly and inoculated at 37 °C on a rotary shaker. In 5ml NB, the powder samples (0.1% -

5.0 % w/v) of each category have been added separately in several marked tubes. The growth

inhibitions (GMSi and GMAg-Si 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-Si 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 cultures with 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:

The intensity of fluorescence is proportional to the level of intracellular reactive oxygen

species. The working solution of 10 μl each of SYBR Green dimethyl sulphoxide (DMSO)

solution (1:100 v/v) and PI water solution (1mg/ml) have been taken in to 1 ml of each treated

GMSi & GMAg-Si 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, GMAg-Si & CM) have been added separately to 5 ml cultures

of each bacteria resulting in final concentration of 1mg/ml samples and bacterial concentration

of
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108 CFU/ml. This experiment 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 (GMSi, GMAg-Si 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 (Na2SiO3)

have been used as the base material for present study. The properties of fly ash, sodium

hydroxide (NaOH) and sodium silicate (Na2SiO3) have been described in para 4.1. NaOH of 8

molar concentration has been mixed with Na2SiO3 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 – I (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 40ºC,

60ºC and 80ºC. 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 ºC) until testing.

In Process – II (Refer. Fig 4.3), sand and fly ash has been 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 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 – I & II), 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
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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 – I and Process – II) have

been dried and sieved to make the size less than 5μm. 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 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 has been analyzed

in the range 2θ = 10o to 2θ = 70o and the peak positions are marked and compared from JCPDS

file.
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Figure – 4.3: Details of Process – I and Process – II geopolymer mortar.
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Table – 4.8. Mix proportion for different process (Process – I and Process – II):

Mix No Fluid :

Fly Ash

Process

type

Temperature
°C

Heat curing Process

G1

0.35 Process-I

40 Heat curing of fly ash and activated

fluid for 45 minutes before casting at

different temperatures.

G2 60

G3 80

G4

0.35 Process-II

40 Heat curing of samples after casting

for 48 hours at different temperatures.G5 60

G6 80

G7

0.40 Process-I

40 Heat curing of fly ash and activated

fluid for 45 minutes before casting at

different temperatures.

G8 60

G9 80

G10

0.40 Process-II

40 Heat curing of samples after casting

for 48 hours at different temperatures.G11 60

G12 80

G13

0.45 Process-I

40 Heat curing of fly ash and activated

fluid for 45 minutes before casting at

different temperatures.

G14 60

G15 80

G16

0.45 Process-II

40 Heat curing of samples after casting

for 48 hours at different temperatures.G17 60

G18 80
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4.6. PROCESS DEVELOPMENT FOR GEOPOLYMER CONCRETE

Based on the performance of Process –I and Process – II geopolymer mortar at fluid to

fly ash ratio 0.35 and processed at 60°C, the structural behavior of process modified

geopolymer concrete (GPC – I & GPC – II) have been studied. The basics properties of fly ash,

sodium hydroxide and sodium silicate have been described in para 4.1. The preparation of GPC

– I (Process – I) and GPC – II (Process – II) geopolymer concrete specimen have been described

in figure -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 – I and GPC – II geopolymer concrete have been

presented in Table – 4.9.

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 × 150 mm × 150 mm dimension have

been prepared to determine the compressive strength of GPC – I & GPC – II 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 &

II have been tested using concrete cylinder of size 100 mm (diameter) × 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 – I and GPC – II

geopolymer concrete beam of size 100 × 100 × 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 para 4.3.3.

Figure – 4.5: Graphical presentation of synthesis of conventional heat cured
geopolymer concrete (GPC – II).

Table – 4.9: Details of GPC – I and GPC – II (conventional heat cured) geopolymer
concrete mix:

Mix
type

Process Fly ash
(Kg/m3)

Fine
Agg.

(Kg/m3)

Coarse
Agg.

(Kg/m3)

Fluid :
Fly ash

Curing condition

GPC-I Process - I 440 723 1085 0.35 Heat curing of fly
ash and activated
fluid for 45 minutes
at 60°C.

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

** “GPC – I - Geopolymer concrete of Process – I”, “GPC – II – Geopolymer concrete of
Process – II”.
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4.6.2. Microstructural study of process developed geopolymer concrete

The micro-structural properties of both GPC – I and GPC – II 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 – I (Process – I) geopolymer concrete and GPC

– I (Process – II) 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 5μm 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 s/step at

40 KV. The XRD spectrum has been taken from 2θ = 20° to 80°. The peaks in the new positions

of the spectrum have been marked, match up to and identified from the JCPDS data file.

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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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 –5.1: Compressive strength of 8(M) geopolymer mortar and cement mortar
samples.

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 silica in 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.

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-SiO2 and

nano-Al2O3 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 almost 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.

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 silica in the geopolymer mortar, the initial and final setting

time of the geopolymer mixes is generally increased.

Figure – 5.5: Initial and final setting time of geopolymermortar (with / without nano
silica).

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 .It 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 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

CONTROL cement mortar. The results are almost 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.

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 Ion 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.

Figure – 5.8: Charge passed through 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 - 8GM0H,

10GM0H, 12GM0H, 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 12GM6) than that of heat cured geopolymer mortar

without nano silica (8GM0H, 10GM0H, 12GM0H) 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.

Figure – 5.9: Water absorption 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 (12GM0H), 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 (12GM0H). It indicates

the formation of new phase quartz (SiO2), alite (Ca3SiO5), albite (Na(AlSi3O8)), and CaCO3

in geopolymer mortar with 6% nano silica samples. Although, there are a few numbers of
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peak of only SiO2, Ca3SiO5 and Ca(OH)2 present in case of controlled sample. As per XRD

analysis, the crystalline phase is easily detected in the region of 2θ = 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 12GM6

sample (with nano silica) is more than 12GM0H (without nano silica) sample due to presence

of more amount of crystalline compounds [7].

Figure – 5.10:XRD Analysis of fly ash based geopolymer mortar sample (12GM0H 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

(12GM0H) are comparatively less dense than the geopolymer mortar with 6% nano silica

(12GM6). Also, the geopolymer mortar sample without nano silica (12GM0H) has more

numbers of unreacted fly ash particles than 12GM6 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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Figure 5.11: FESEM image of (A) 12GM0H geopolymer mortar sample (B) 12M6
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. This is

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 & 12GC0H) 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 almost 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 (12GC0H) 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.

Figure – 5.12: Compressive strength of 12GC6, 12GC0H geopolymer concrete 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 almost 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 & 12GC0H) and control cement concrete (CC) are presented in Table – 5.1. It is

noted that the split tensile strength of 12GC0H 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 (12GC0H) 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 12GC0H 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 concrete properties of different mixes:

Mix Type Slump
(mm)

Compacting
factor

Compressive
strength at
28d (MPa)

Split tensile
strength at
28d (MPa)

Ec at 28d
(GPa)

Bond
strength at
28d (MPa)

12GC6 120 0.90 46.43 4.33 37.28 5.16©

3.12®

12GC0H 110 0.89 35.11 3.39 30.81 4.11©

2.67®

CC 105 0.87 34.77 2.78 32.58 3.56©

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, 12GC0H geopolymer concrete and
CC concrete.

(Published in Construction and Building Materials; 2014)

Figure 5.14 and table 5.2 demonstrates the bond stress vs. slip 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 & 12GC0H) 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 & 12GC0H) 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 12GC0H 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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Figure – 5.14: Bond strength vs. slip curve of geopolymer concrete (12GC6 & 12GC0H)
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 (12GC0H) 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 stress test result of 12GC6, 12GC0H and CC reinforced
concrete:

Rebar
type

12GC6
(MPa)

12GC0H
(MPa)

CC
(MPa)

At failure
load

At 0.25
mm slip

At failure
load

At 0.25
mm slip

At failure
load

At 0.25 mm
slip

Mild steel 3.49 3.12 2.71 2.67 2.37 2.26

Deformed
steel

5.47 5.16 4.44 4.11 3.82 3.56
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The load deflection behaviour of steel reinforced nano-silica modified geopolymer

concrete (12GC6), conventional heat cured geopolymer concrete (12GC0H) 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, 12GC0H & CC). It is observed

that the flexural capacity of 12GC6 concrete beams (marked as A1, A2, A3) is increased by

12%, 7% and 18% for tensile reinforcement percentage of 0.45%, 0.67% and 0.81% with

respect to12GC0H geopolymer concrete beams (marked as B1, 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 12M0H geopolymer concrete beam (B1, B4, B5, B6, B7) and CC

concrete beam (C1, C4, C5, C6, C7).

Figure – 5.15: Load vs. deflection curve capacity of 12GC6, 12GC0H and CC concrete
beams with different percentages of tensile reinforcement.
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Figure – 5.16: Load vs. deflection curve of 12GC6, 12GC0H and CC concrete beams
with different percentages of compressive reinforcement.

Figure – 5.17: Load vs. deflection curve of 12GC6, 12GC0H and CC concrete 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, 12GC0H and CC) are compared with their corresponding theoretical bending

moment capacity values determined as per IS 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 / Mth (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 (Mth) and experimentally (Mexp) calculated bending moment
(kN-m) of 12GC6, 12GC0H and CC reinforced concrete beam:

Percentages of
reinforcement

Theoretical
bending moment

CC 12GC0H 12GC6

pt pc Mth Mexp Mexp Mexp

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 5.23 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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flexural 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, 12GC0H 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 12GC0H

and CC concrete reinforced beams.

Figure – 5.18: Crack patterns of 12GC6, 12GC0H and CC concrete beams.

After the assessment of structural behaviours, the microstructural properties of

12GC6, 12GC0H 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 12GC0H geopolymer concrete and CC concrete are represented in
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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 (NaAlSi3O8), kaolinite (Al2Si2O5(OH)4), and alite (Ca3SiO5) crystalline

compound compared to that of 12GC0H and CC concretes.

Figure – 5.19: XRD analysis of 12GC6 & 12GC0H and CC concrete.

(Published in Construction and Building Materials; 2017)

The wide diffraction hump is also detected around 2θ = 25 – 30° which confirms the

presence of crystalline phases in 12GC6 geopolymer matrix. The broad hump registered

between 2θ = 25° - 30° in the XRD diagram of 12GC6 geopolymer concrete indicates the

dissolution of the fly ash amorphous phase and the formation of a new amorphous phase and

crystalline phases in the matrix [14].

The infrared spectroscopic results of 12GC6 and 12GC0H samples are shown in

Figure 5.20. The distinct intensity band near 460 cm-1 is recognised for the Si-O-Si bending

vibration. The band between 750 cm-1 to 800 cm-1 is also observed due to the AlO4 vibration.

Another peak for the asymmetric stretching at the vibration band of Si-O-T (T = Al, Si)

which is described as the strongest band, registered in the region of 950 cm-1 – 1050 cm-1.
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The position (1420 cm-1) of Si-O-Si in 12GC0H is basically shifted to the right position

(1485 cm-1) in 12GC6.  A significant band is also located at approximately 3450 cm-1 for OH

stretching bonding.

Figure – 5.20: FTIR analysis of geopolymer concrete (12GC6 & 12GC0H).

The asymmetric stretching vibration band of Si–O–T (T = Al, Si) of 12GC6

geopolymer matrix shifted to right ward with respect to 12GC0H geopolymer matrix may be

associated with the formation of less polymerised structure at 990 cm-1 and non-dissolved

high polymerised structures at 1025 cm-1. The Si-O-Si position (1420 cm-1) in 12GC0H is

shifted to the right passion (1485 cm-1) in 12GC6 matrices due to the chemical changes in 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 12M0H and CC concrete matrices. In elemental analysis, the major elements are Si, Al,

Ca with some amount of Fe are present in geopolymer concrete samples (12GC6& 12GC0H)

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& 12GC0H) is less

than control cement concrete. The ratios of Si/Al for the 12GC6 and 12GC0H samples are

significantly different. The ratio of Si/Al for 12GC6 geopolymer concrete is 2.60, and for
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12GC0H geopolymer concrete is 1.52 (Fig. 5.21). It is also noted in FESEM image that a

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

12GC0H concrete matrix.

Figure – 5.21: SEM micrographs and EDX analysis of 12GC6, 12GC0H geopolymer
concrete and control cement concrete (CC).

(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 12GC0H 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 12GC0H concrete, that causes the higher mechanical strength of nano silica

modified geopolymer concrete [16, 17]. The higher amount of the Si/Al ratio and

homogeneous texture of crystalline plates in 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 SiO2 nanoparticles are prepared by modified Stöber 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 GMSi 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 GMSi with silver nano particle. The amount of nano silica and silver-silica nano

particle is kept same for GMSi and GMAg-Si geopolymer mix respectively. The mechanical

strength, durability and mechanistic antibacterial activity of fly ash based silver-silica nano

composite modified geopolymer mortar (GMAg-Si) had been investigated and compared with

silica modified geopolymer mortar (GMSi) 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



RESULTS & DISCUSSION

Page | 132

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 silica NPs (30 ± 10 nm).

Figure – 5.22: TEM image of (A) Silica NPs & (B) Silver-silica NPs with inset
representing elemental analysis by EDS. Zeta size (C-I & D-I) and Zeta

potential (C-II & D-II) distribution graph of  silica NPs &  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-I. Also a comparatively broad peak in Figure 5.22D-I 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-II) is

negative (-50 mV) whereas silver silica nano-composite (Fig. 5.22D-II) 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 (II). The peaks of silver nano particle are absent in

XRD analysis of SiO2 NPs as shown in Figure 5.23B (I). 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 2θ = 38.118, 45.593 and 71.101 respectively.

Therefore, it can be clearly confirmed that the silver-silica nano composite particles are

successfully synthesized.

Figure – 5.23A: XRD spectra of (I) SiO2 NPs  & (II) Ag-SiO2 NPs.

Figure – 5.23B: XRD spectra of (I) GMSi and (II) GMAg-Si.

(Published in RSC Adv., 2015.)

The XRD spectra of nano silica modified geopolymer mortar (GMSi) and nano silver-

silica nano composite modified geopolymer (GMAg-Si) 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 (2θ) which confirms the presence of silver

nano particles in GMAg-Si mortar.

Figure 5.24 represents the compressive strength of fly ash based nano silica modified

geopolymer mortar (GMSi), nano silver-silica modified geopolymer mortar (GMAg-Si) 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 (GMSi and GMAg-Si) show better compressive strength than CM

samples at all 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.

Figure – 5.24: Compressive strength of GMAg-Si, GMSi geopolymer mortar and control
cement moratar 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 GMSi, GMAg-Si 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 / GMSi) 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.

Figure – 5.25: Flexural and tensile strength of GMAg-Si, GMSi geopolymer and CM.

Figure – 5.26: RCPT of different mortar samples (CM, GMSi and GMAg-Si).

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 NPs in 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 GMSi, 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 GMAg-Si 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 GMSi and control specimens whereas such

colonies are almost absent in case of GMAg-Si sample.

The Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal

Concentration (MBC) values of samples of GMAg-Si mix against gram +ve and gram −ve

microorganisms are presented in tables – 5.4 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 GMAg-Si geopolymer mortar samples are significantly higher than that of the other

specimens (GMSi & 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 µg/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 μg/ml).
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Figure – 5.27: Photographs of colonies of
(A) E. coli & (B) S. aureus incubated on agar plates obtained from cultivated

suspensions with (CM, GMSi & GMAg-Si) and mortality curve of
(C) Gram –ve bacteria (D) Gram +ve bacteria in presence of CM, GMSi & GMAg-Si.

(Published in RSC Adv., 2015.)

Table – 5.4: Minimum Inhibitory Concentration (MIC) ASSAY (mg/mL):

Bacteria Control GMSi GMAg-Si

E. coli NA NA 0.10

S. aureus NA NA 0.15

Table – 5.5: Minimum Bactericidal Concentration (MBC) ASSAY (mg/mL):

Bacteria Control GMSi GMAg-Si

E. coli NA NA 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 GMSi treated

cells (E. coli and S. aureus) are intensely stained with SYBR Green, whereas GMAg-Si treated

cells are found to be PI 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 GMAg-Si treated cells represents extensive membrane

destruction and disruption of cells after 8h of incubation (Fig. 5.28C) in respect to control and

GMSi treated E. coli cells (Fig.5.28A and 5.28B) respectively. Control and GMSi 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

debris in case of GMAg-Si treated cells (Fig. 5.28F).

Figure – 5.28: Fluorescence microscopic images of
(A) CM treated E. coli, (B) GMSi treated E. coli,

(C) GMAg-Si treated E. coli, (D) CM treatedS. aureus,
(E)GMSi treated S. aureus, (F) GMAg-Si 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) GMSi treated E. coli
(C) GMAg-Si treated E. coli (D) CM treated S. aureus

(E) GMSi treated S. aureus (F) GMAg-Si 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 GMAg-Si 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



RESULTS & DISCUSSION

Page | 140

9.0. 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 [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 – I) 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 already presented in section 4.5 and

Figure 4.3. The heat energy is applied to the mixture of fly ash and activator solution (NaOH

+ Na2SiO3 + H2O) 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 – I and Process – II geopolymer mortar.

In the preparation of Process – I geopolymer mortar (Refer. Fig 4.3), fly ash is mixed

with appropriate quantity of activator fluid containing 8(M) NaOH solution, Na2SiO3 solution

and water. The mixture is then stirred in a hot air oven for 45 minutes at different

temperatures of 40ºC, 60ºC and 80ºC. River sand is immediately mixed with the hot mixture

of activated fluid and fly ash thoroughly for two minutes before casting. Finally, the mortar

specimens are removed from the mould after 10 – 12 hours of casting and are placed at

ambient temperature (27 ± 20 ºC) until testing.

In Process – II 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 – I)

and conventional heat cured geopolymer mortar (Process – II) 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 – I show substantially higher compressive strength than similar mortar under Process

– II at all ages up to 28 days. In Process – I, 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 – I geopolymer mortar (at

fluid to fly ash ratio 0.35 and activated at 60°C for 45 minutes) is about 16 % more than

Process – II 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 – I and Process – II 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 – I and Process – II geopolymer mortar decreases with

the increase of fluid to fly ash ratio as expected.

Figure – 5.30: Compressive strength of geopolymer mortar at fluid/ fly ash ratio 0.35 in
Process – I and Process – II.

(Published in Indian Concrete Journal, 2015.)
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Figure – 5.31: Compressive strength of geopolymer mortar at fluid/ fly ash ratio 0.40 in
Process – I and Process – II.

Figure – 5.32: Compressive strength of geopolymer mortar at fluid/ fly Ash ratio 0.45 in
Process – I and Process – II.
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The 28 days flexural strength of Process – I geopolymer mortar and Process –II

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 – I geopolymer mortar is more than that of Process – II geopolymer mortar. Also, the

flexural strength of both Process – I and Process – II decreases with the increase of fluid to

fly ash ratio.

Similarly the 28 days  split tensile strength of Process – I geopolymer and Process – II

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 – I geopolymer mortar

shows better split tensile strength than that of Process – II geopolymer mortar. It is also noted

that Process – I 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.

Figure – 5.33: Flexural strength of geopolymer mortar at fluid/ fly ash ratio 0.35 in
Process – I and Process – II.
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Figure – 5.34: Flexural strength of geopolymer mortar at fluid/ fly ash ratio 0.40 in
Process – I and Process – II.

Figure – 5.35: Flexural strength of geopolymer mortar at fluid/ fly ash ratio 0.45 in
Process – I and Process – II.
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Figure – 5.36: Tensile strength of geopolymer mortar at fluid/ fly ash ratio 0.35 in
Process – I and Process – II.

Figure – 5.37: Tensile strength of geopolymer mortar at fluid/ fly ash ratio 0.40 in
Process – I and Process – II.
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Figure – 5.38: Tensile strength of geopolymer mortar at fluid/ fly ash ratio 0.45 in
Process – I and Process – II.

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 – I

and Process– II geopolymer mortar reduces with the increase of fluid to fly ash ratio. Also,

flexural and tensile strength of geopolymer mortar (Process – I & II)  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 – I and Process – II 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 – I and Process – II is increased with the increase of fluid to fly ash

ratio. The lesser amount of charge is passed in geopolymer mortar both for Process – I and

Process – II at curing temperature of 60°C and fluid to fly ash ratio of 0.35. However, the

amount of charge passing through Process – I geopolymer mortar is comparatively less than

that of Process – II 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 – I geopolymer mortar thereby improving the durability.
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Figure – 5.39: Charge passed through geopolymer mortar at fluid/ fly ash ratio 0.35 in
Process I and Process II.

Figure – 5.40: Charge passed through geopolymer mortar at fluid/ fly ash ratio 0.40 in
Process I and Process II.
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Figure – 5.41: Charge passed through geopolymer mortar at fluid/ fly ash ratio 0.45 in
Process I and Process II.

Table – 5.6 shows the saturated water absorption of geopolymer cube specimens of

the two process (Process – I & Process – II) 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 – I geopolymer

mortar compared to Process – II geopolymer mortar due to better pore structure modification.
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Table – 5.6: Water absorption test results of geopolymer mortar samples in Process I &
II (fluid/ fly ash = 0.35):

Mix
No

Initial
average

mass (gm.)

Average mass

after 30 min
(gm.)

%
increment

Average mass

after 24 hours
(gm.)

%
increment

Remarks

G1 731.6 749.5 2.39 785.6 4.60 P
rocess–

I

G2 720.9 735.8 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 P
rocess–

II

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 samples in process I & II (fluid/
fly ash = 0.35).

Mix
No

Initial average

mass (gm.)

Average mass after

Sulphate attack (gm.)

% increment Remarks

G1 731.6 766.3 4.53

Process – I
G2 720.9 745.3 3.28

G3 728.6 774.0 5.86

G4 729.7 766.3 4.78

Process – II
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 – I and

Process – II are presented in Figure 5.42. Some specific extra peak positions are observed in

Process – I geopolymer mortar of fluid to fly ash ratio of 0.35 and activation temperature of

60°C compared to similar Process – II geopolymer mortar. The large numbers of peaks in
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geopolymer mortar in Process – I indicate the presence of more amount of semi crystalline

and crystalline compounds. It is also observed that due to better polymerisation of Process – I

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

than that of Process – II geopolymer mortar.

Figure – 5.42: XRD analysis of Process – I  and Process – II  geopolymer mortar
at fluid/fly ash ratio 0.35.

It is also observed from FESEM images that in Process – I, the polymerisation of fly

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

presence silica compound in Process – I and Process – II 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 – II 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 – I geopolymer mortar is higher than Process – II geopolymer mortar.
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Figure – 5.43: FESEM image of  Process – I and Process –II geopolymer mortar of fluid
to fly ash ratio 0.35.

Figure – 5.44: EDS analysis of  (A) Process – I and (B) Processes – II 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 – I geopolymer mortar compared to Process – II geopolymer

mortar is due to the higher rate of polymerisation. In case of Process – I 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 – I geopolymer mortar than Process – II geopolymer mortar. The FESM images also

show that a large number unreacted fly ash are located in Process – II geopolymer mortar.

The elemental analysis confirms the amount of crystalline compound in Process – I

geopolymer mortar is higher than Process – II geopolymer mortar. The higher Si/Al ratio

exhibits higher mechanical for Process – I geopolymer mortar than Process – II 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 – I) 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 - I and Process – II (conventional heat cured)

geopolymer concrete as GPC – II.

Figure 5.45 shows the compressive strength of GPC – I and GPC – II geopolymer

concrete samples at 3, 7 and 28 days. The compressive strength of process modified GPC – I

geopolymer concrete seems to be much higher than that of conventional heat cured GPC – II

geopolymer concrete. It is noted that the compressive strength of GPC – I geopolymer

concrete is about 15 % higher than GPC – II geopolymer concrete at all ages.

Figure – 5.45: Compressive strength of GPC – I and GPC – II geopolymer concrete at 3,
7 and 28days.
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The flexural strength of Process – I geopolymer concrete (GPC – I) and Process – II

geopolymer concrete (GPC – II) at 28 days are presented in Figure 5.46. It reveals that the

processes modified geopolymer concrete GPC – I shows better flexural strength than

conventional geopolymer concrete GPC – II. The similar result is observed for split tensile

strength of GPC – I and GPC – II at the age of 28 days of curing (Refer Fig. 5.46).

Figure – 5.46: Flexural and tensile strength of GPC – I and GPC – II geopolymer
concrete at 28 days of curing.

Therefore, the mechanical strength (compressive, flexural and tensile strength) of

GPC – I is comparatively better than conventional GPC – II 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 – I (Process – I) concrete at early age than GPC – II (Process – II) concrete. Due

to higher rate of polymerization of alkali activator and fly ash before casting, the mechanical

strength of GPC – I concrete shows better structural performance than GPC – II concrete.

Figure 5.47 demonstrates the bond stress vs. slip curves of 20mm diameter

reinforcement bars (deformed; 0.2% of proof stress & mild steel; yield stress = 250 MPa) in

both the geopolymer concrete (GPC – I and GPC – II) after 28 days of curing. The result

shows that the Process – I (GPC – I) geopolymer concretes possesses better bond strength

than conventional geopolymer concrete as per Process – II (GPC – II) for both deformed and

mild steel bars. All the samples are failed by the pull-out load of the rebar. The slip for plain
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bars seems to be more compared to deformed bar at equal pull-out load for both GPC – I and

GPC – II geopolymer concrete.

Figure – 5.47: Bond stress vs. slip curve of GPC – I and GPC – II geopolymer concrete
with deformed and mild rebar.

The bond strength of GPC – I and GPC – II geopolymer concrete are increased with

the increase of compressive strength as excepted. As the compressive strength and split

tensile of GPC – I geopolymer concrete is more than GPC – II geopolymer concrete, the

better bond strength has been developed between GPC – I mix and reinforcement bar

(deformed and mild steel rebar) compare to GPC – II mix. The higher rate polymerization in

GPC – I geopolymer concrete produces a denser or stronger interfacial transition zone (ITZ)

between aggregates and geopolymer matrices as compared to the conventional GPC – II

geopolymer concrete. The modulus of elasticity of GPC – I geopolymer concrete is 30.0 GPa
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at compressive strength of 36.85 MPa, whereas the for GPC – II geopolymer concrete is

26.65 GPa at compressive strength of 25 MPa.

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 – I the mixture have been heated only for 45 minutes

compared to that of Process – II where the specimens have been heated for 48 hours at 60°C.

The calculated energy requirements for Process – I and Process – II are 1.5 kWh and 98 kWh

respectively. Therefore, about 98 % less energy is required for Process – I than Process – II

for heat activation only. Therefore, Process – I 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 – I and GPC – II 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 – I

and GPC – II geopolymer concrete are represented in Figure 5.48. It is noted that the large

number of amorphous and crystalline compounds are observed in GPC – I geopolymer

concrete than that of GPC – II geopolymer concrete.

Figure 5.49 shows FESEM images of GPC – I concrete (Process – I) and GPC – II

(Process – II) concrete respectively. It is observed from FESEM images that a large number

of crystalline compound in rod shape are present in case of GPC – I concrete than GPC – II

concrete. Also, the density of GPC – I matrix seems to be higher than GPC – II geopolymer

matrix. The elemental analysis of GPC – I and GPC – II shows that Si/Al ratio of GPC – I

concrete is much higher than GPC – II 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 analysis of GPC – I and GPC – II concrete.

The microstructure analysis of GPC – I and GPC – II concrete reveals the main cause

behind the strength enhancement of GPC – I geopolymer concrete (Process – I) than GPC – II

geopolymer concrete (Process – II). In the XRD analysis, a broad hump has been registered

between 2θ = 25° - 30° in both GPC – I and GPC - II, 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 – I geopolymer concrete

than GPC – II geopolymer concrete, due to higher rate of polymerisation processes. Similar

result is observed in the FESEM analysis of GPC – I and GPC – II concrete. The large

number of rod shaped crystalline compounds are observed in GPC – I concrete (Fig.5.49).

The elemental analysis shows that Si/Al ratio of GPC – I is much higher than GPC – II

concrete, which is the main reason behind the mechanical strength enhancement of GPC – I

geopolymer concrete (Process – I) over GPC – II (Process – II) geopolymer concrete.
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Figure – 5.49: FESEM images EDS analysis of GPC – I and GPC – II concrete.
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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.

5.8 & 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. 5.21 &

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 – II) 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 – II 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 – II geopolymer mortar (Refer Fig. 5.41, 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 – I) 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 –

II geopolymer mortar/concrete that causes in such improvement in properties (Refer Fig.

5.45, 5.46 & 5.51).

 The XRD analysis results confirm the formation of new phase crystalline

compound in the form of SiO2, Ca3SiO5, Na(AlSi3O8), Na2Si2O8, CaCO3, Fe2O3 and mullite in

geopolymer mortar/concrete. A broad hump registered between 2θ = 25° - 30° in both

Process – I and Process – II 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. 5.44 & 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 –I the mixture have been heated only for 45

minutes compared to that of Process – II where the specimens have been heated for 48

hours at 60°C. The calculated energy requirements for Process – I and Process – II are 1.5

kWh and 98 kWh respectively. Therefore, about 98 % less energy is required for Process – I

than Process – II for heat activation only. Therefore, Process – I 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 – II geopolymer concrete at all ages. The flexural

strength of Process – I geopolymer concrete at 28 days is higher than and Process – II

geopolymer concrete by about 35%. The similar results have been observed for split tensile

strength of Process – I and Process – II geopolymer concrete after 28 days of curing.

 The bond strength of Process – I concrete is higher than Process – II 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 – II 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 – II geopolymer concrete.



ϴ 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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