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Abstract

The construction and infrastructure industries are currently experiencing strong growth.

Consequently, the demand for concrete as an essential construction material has also

amplified significantly. An exponential usage of concrete around the globe is second

only to water. Ordinary Portland Cement is a predominant ingredient of conven-

tional concrete which is in huge demand at present. The present production process

of OPC is not only highly energy intensive next to steel and aluminium but also

associated with an emission of deleterious gases like Carbon Dioxide, Nitrogen Ox-

ide, and Sulphur Trioxide into the atmosphere contributing to global climate change

and acid rains. This scenario has inspired researchers to develop sustainable, user

and eco-friendly alternative binder to OPC that offer excellent strength, durability

and fire resistance properties. Nowadays, Geopolymer is a novel inorganic binding

material produced by a geopolymerization reaction which is drawing the attention of

construction industry.

The huge volumes of fly ash (as a residue by product from mainly thermal power

stations) and waste rubber tyres across the globe have generated a gigantic dilemma

of their safe disposal. Both of them are not effectively used so far, and a large part

of them is disposed of in landfills. The highly complex chemical structure of waste

rubber tyres makes recycling a challenging task, and their disposal in the vicinity

of populated areas creates health and environmental hazards. On the other hand,

accessibility of fine aggregate i.e. river sand is also becoming a hindrance in rapid

construction activities. Recently, many countries have imposed curbs on the utiliza-

tion of river sand as fine aggregate due to environmental concerns. The problem of

lack of fine aggregate is coupled with carbon dioxide emissions in the production of

cement used for concrete.

This research work establishes the viability of using waste rubber tyre fibers as partial

replacement of river sand in geopolymer concrete with 90% less CO2 emission than

OPC for addressing the above-stated problems. To date, to the best of the knowledge
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of the author, there is no comprehensive study available on the strength, durability,

elevated temperature behaviour and microstructure behaviour of rubberised Geopoly-

mer concrete and fly ash based geopolymer mortar.

This research work investigates the compressive strength, split tensile strength, flex-

ural strength, modulus of elasticity, pull off strength of rubberized Geopolymer Con-

crete for strength characterisation. Water permeability, carbonation, drying shrink-

age, sulfate resistance, acid resistance, salt attack resistance, abrasion resistant, water

sorptivity, chloride ion migration properties and corrosion resistance have been eval-

uated for durability characterization of rubberized Geopolymer Concrete.

The fire resistance of fly ash-based geopolymer concrete is established, and rubber-

ized geopolymers are exposed to elevated temperatures to investigate the thermal

effects on density, visual surface appearance, compressive strength, and microstruc-

tural characteristics.

Carbonation and strength studies related to geopolymer mortar are conducted using

advanced analytical techniques such as X-ray diffractometry and scanning electron

microscopy. The influence of the aggregate-to-binder ratio and curing temperature

on the carbonation of the mortar is investigated.

Preliminary studies have been carried out for the feasibility of replacing fly ash by

rice husk ash in geopolymer mortar along with using seawater and sea sand instead

of normal water and fine aggregate. The effect of sea water and sea sand has also

been investigated on the behaviour of fly ash based geopolymer concrete.

The results reported in this research indicate that, compared with conventional OPC

concrete, the rubberized and control geopolymer concretes have excellent strength,

water permeability, sulfate resistance, salt resistance, corrosion, sorptivity, chloride

diffusion, carbonation resistance, and shrinkage properties. Geopolymer concrete also

exhibit better resistance against surface cracking when exposed to elevated tempera-
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tures.

Concisely, the results of the present research study are expected to bring the en-

gineering community more closely towards sustainable construction by addressing

three fold problem such as safe disposal of fly ash and waste rubber tyres, lack of

river sand as fine aggregate for concrete and carbon dioxide emissions due to conven-

tional cement production.

The results of the research study can be helpful not only in sustainable construc-

tion but also in value added utilization of three profuse wastes such as, (i) Waste

rubber tyres, (ii) Fly ash and; (iii) Rice husk ash.

Ultimately, it can be concluded that the rubberized and control geopolymer con-

cretes offer definite, tangible advantages over OPC concrete in terms of strength and

durability properties.
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Chapter 1

Introduction and Literature

Review

1.1 Prelude

Concrete is a heterogeneous, man-made construction material that has been widely

employed for civil infrastructure since its use was revolutionized by the ancient Ro-

mans. Presently, its usage in the construction industry is second only to water across

the globe. Such extensive use is testament to its properties of strength, mouldability,

and the ability to customize various characteristics. The burgeoning global popula-

tion and massive worldwide development of industry and infrastructure has resulted

in demand for prodigious quantities of concrete. In addition, as horizontal expansions

become restricted, vertical growth has accelerated, further boosting demand [1]. It is

estimated that more than a ton of concrete is produced each year for every person in

the world [2].

Concrete is typically prepared by mixing ordinary Portland cement (OPC) with sand,

crushed rocks, and water [3]. Thus, the increase in demand for concrete has, in turn,

resulted in strong demand for OPC, a primary binder of concrete. Worldwide, the

production of OPC was reported to be around 4100 million metric tons in 2016 [4]. In

India alone, the production of OPC reached approximately 368 million tons in 2016 [5].

1
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India is already the second-largest producer of cement, accounting for around 6.7%

of global output.Unfortunately, the present production process for OPC is expen-

sive, highly energy intensive, user-hostile, and non-eco-friendly. It emits significant

quantities of carbon dioxide, a primary greenhouse gas, into the atmosphere during

the decomposition of limestone and fossil fuels. The process emits not only carbon

dioxide, but also sulphur trioxide and nitrogen oxide, which are strongly linked to

climate change and acid rain [6]. Furthermore, the natural and restricted resource

of mineral coal is used to obtain the high energy needed for OPC processing. The

production of OPC by this process yields nearly the same amount of carbon dioxide

through the calcination of limestone. Carbon dioxide is thought to be responsible

for approximately 65% of the global warming effect. The cement industry alone is

responsible for about 6% of this [7], and Provis et al. [8] reported that the predictions

of the International Energy Agency indicate this will rise to around 9–10% of total

world carbon dioxide emissions by 2050.

5CaCO3 + 2SiO2 => (3CaO, SiO2)(2CaO, SiO2) + 5CO2(emission) (1.1)

A simplified formula for the emissions states that each ton of OPC yield is equivalent

to one ton of CO2 being emitted into the atmosphere.

The European Communities Commission, seeking to limit carbon dioxide emissions

linked to global warming, recommended in 1991 that member states adopt a new

energy and fuel tax [9]. No energy efficiency measures are capable of mitigating its

effects, with greenhouse gases being a significant factor in global climate change.

This is a matter of great concern to environmentalists, and should act as a red flag

to communities across the planet [10]. Analogous to OPC, there has been a tremen-

dous increase in the demand for natural sand because of the escalating demand for

concrete. This is a great concern to the environment on account of the excessive

exploitation of restricted natural resources. The cost of natural sand has risen as a

result of the need for transportation from distant sources and legislative restrictions

on exploration.
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These factors have combined to bring about considerable research into feasible al-

ternative binding materials [10]. However, note that feasible alternatives, i.e. supple-

mentary cementing materials, must be sustainable, relatively cheap, and inherently

environmentally friendly. Parallel to kaolinitic materials, an alkaline activation of

inorganic wastes such as fly ash, slag, mining waste, rice husk ash, and silica fume

provides the possibility of synthesizing low-cost eco- and user-friendly structural ma-

terials that are analogous to cement.

Fly ash is a fine-grained, powdery, pulverized fuel ash produced as a residue from

burning pulverized coal in electric power generation plants. It consists of the rem-

nants of clays, sands, and organic matter present in the parent coal, along with high

alumina and silica contents. Fly ash is a pozzolanic material found in abundance as

an industrial waste by-product, and is therefore relatively low-cost compared with

materials such as metakaolin while offering superior mechanical strength and dura-

bility ref [11–13]. Though global coal ash production totals more than 390 million

tons per year, only 15% is currently utilized, resulting in significant amounts going

to landfill ref [14, 15] as shown in Figure 1.1. A systematic use of this by-product is

needed to overcome this problem. In India, the production of fly ash was estimated

to be 184 million ton in 2015 [16]. Each million tons of fly ash that replace OPC

help to conserve one million tons of limestone, 0.25 million tons of coal, and more

than 80 million units of power, notwithstanding the abatement of 1.5 million tons of

carbon dioxide being emitted into the atmosphere [17]. In addition, the appropriate

usage of one ton of fly ash earns one carbon-credit, which has a redemption value

of US$10–20. Therefore, monetary benefits are also possible through carbon-credit

trade [18]. Hence, the use of fly ash in concrete production has attracted researchers

and engineers on account of its suitability and global ubiquity as a discarded residue.
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Figure 1.1: Disposal of fly ash at site [18]

1.2 Geopolymer Technology

In 1978, the French scientist Joseph Davidovits [19] reported that alternative

binders could be produced, under high alkaline conditions, by an exothermic poly-

meric chemical reaction of an alkaline liquid with silicon and aluminium in a source

material of geological or industrial origin. Davidovits termed the resulting material

a “geopolymer”, i.e. a mineral polymer resulting from geochemistry or geosynthe-

sis of mostly rock-forming mineral materials or industrial wastes. The advantage of

geopolymers is that, unlike for OPC, high-energy and high-temperature reactions are

no longer essential.

The word geopolymer implies a geological origin, and the products of geopolymer-

ization [19] can effectively be thought of as synthetic rock. This process of geopoly-

merization takes place by alkaline activation, i.e. dissolution at high pH, atmospheric

pressures, and at low temperatures (from room temperature to 100◦C), and thus

consumes a very low amount of energy as compared to OPC production (up to 60%

less) [20], making it approximately 10-30% cheaper than OPC. In spite of their precise
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mouldability and very high surface smoothness and precision, geopolymers range from

4–7 on the Mohs hardness scale. Geopolymers are three-dimensional silico-aluminates

that are amorphous to semi-crystalline in form, and are non-flammable and incom-

bustible “plastic-like materials”. This group of inorganic binders possesses Si-O-Si

polymer system bonding, similar to zeolites and ceramics. They are polymers, there-

fore they transform, polycondense, and adopt a shape swiftly at low temperatures, i.e.

a few hours at 30◦C, a few minutes at 85◦C, and just a few seconds in microwave ovens.

The earth’s crust contains at least 55% Siloxo-Sialates and Sialates and 12% pure

quartz or silica. Synthetic minerals are analogous to those that form the lithosphere.

Geosynthesis is frequently manifested in nature, with silicon and aluminium atoms

combining to form building blocks that are chemically and structurally compara-

ble to those binding natural rocks. Nowadays, novel geopolymer concrete is gaining

attention in the construction industry as it does not require OPC as a binder. More-

over, it is an eco- and user-friendly material with multiple benefits and excellent as

well as entirely different characteristics that indicate it could be a superior alterna-

tive binder to OPC. Geopolymers have numerous industrial applications on account

of their sustainability under aggressive environmental conditions. Potential benefits

such as self-binding for concrete, augmented durability, improved performance, low

cost, reduced environmental impact, low energy consumption, environmental and user

friendliness, fire and weather resistance, and exceptional hardness as well as entirely

peculiar physical, mechanical, optical, and thermal characteristics signal the possi-

ble replacement of OPC by geopolymer concrete in the future. They are candidate

materials for the immobilization of industrial and mining wastes, and are analogous

to thermosetting organic resins, but remain stable up to 1000–1200◦C. Fly ash-based

geopolymeric cement has attracted intensive research worldwide because its produc-

tion generates 90% less CO2 than that of OPC. Put simply, this means that nine

times more cement for infrastructure and building applications can be manufactured

for the same CO2 emissions [21]. This proves that geopolymer technology is capable of

reducing CO2 emissions into the atmosphere from OPC production and the aggregate

industries by about 80% [22], ameliorating the process of global climate change. The
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development of geopolymer technology therefore resolves a major concern regarding

global warming and reduces the problem of waste disposal. Health hazards related

to fly ash residues have motivated researchers to develop a new type of sustainable,

user- and eco-friendly material that is heat, fire, and weather resistant, namely “Fly

ash-based Geopolymer Concrete”.

1.2.1 Chemistry and Terminology of Geopolymer

In 1978, the French scientist Joseph Davidovits [23] first introduced the term

“geopolymer” to represent a broad range of materials characterized by networks of

inorganic molecules. These are inorganic alumina-silicate polymers that are synthe-

sized from predominantly silicon (Si) and aluminium (Al) of geological origin. Thus,

these mineral polymers are the product of geochemistry. The chemical composition

of this group of mineral binders is similar to that of zeolites, but their microstruc-

ture is amorphous. A synthesis process of Si and Al atoms results in building blocks

that are chemically and structurally comparable to those binding natural rocks. The

term “poly (Sialate)” was also suggested for the chemical designation of geopolymers

based on silico-aluminates ref [24–27].Three-dimensional Poly Silicon-Oxo-Aluminate

(Sialate) is a chain and ring of polymers with Si4+ and Al3+ in IV-fold coordina-

tion with oxygen, and ranges from amorphous to semi-crystalline with the empirical

formula:

Mn(−(SiO2)z − AlO2)n.wH2O (1.2)

where z is 1, 2, . . . 32, the “-” symbol indicates the presence of a bond, M is a mono-

valent cation such as sodium or potassium, and n is the degree of polycondensation or

polymerization. Three types of Poly Sialates were distinguished by Davidovits [24]–

[27]. They are the Poly (Sialate) type (-Si-O-Al-O-), the Poly (Sialate-Siloxo) type

(-Si-O-Al-Si-O-), and the Poly (Sialate-DiSiloxo) type (-Si-O-Al-Si-O-Si-O-), as shown

in Figures 1.2 and 1.3.
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Figure 1.2: Three basic forms of geopolymers [28]

Figure 1.3: Polymeric structures from polymerisation of monomers [28]

In the process of geopolymerization, a chemical reaction of alumino-silicate oxides

(Si2O5, Al2O2) with alkali polysilicates produces polymeric Si-O-Al bonds. An illus-

tration of polycondensation by alkali into poly (Sialate-Siloxo) is shown in Figure 1.4

The equation of Figure 1.4 shows that, there is loss of water during the geopolymer-

ization process. There is further loss of water occurred during curing period. This

leads to porosity in the polymer matrix. The pores are however discontinuous. This

improves the properties of geopolymer. It can be said that water does not have im-

portant role in the geopolymerization. The water just helps in fresh properties only.

The role of water in geopolymer is thus different from its role in OPC concrete.
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Figure 1.4: Formation of geopolymer material [28]

1.2.2 Constituents of Geopolymers

The source materials and alkaline liquids are the main constituents of geopolymers.

These are used together with aggregates to produce a geopolymer concrete.

Source Materials and Alkaline Liquids

The manufacturing of a geopolymer requires source materials that are rich in silica

and alumina. Kaolinite, clays, andalousite, spinel, micas, slag, fly ash, silica fume,

rice husk ash, and red mud can be used as source materials. The main factors in

selecting the source material are availability, type of application, user demands, and

cost. Soluble alkali metals, which usually have a sodium or potassium base, are

needed to form alkaline liquids.

Davidovits [29, 30] produced a geopolymer through the polymerization of a kaolinite

source material with alkali (NaOH, KOH) in 1972. The performance of this calcined

kaolinite is superior to that of other natural source materials used to manufacture

geopolymers.

Calcined source materials such as calcined kaolin, fly ash, and slag exhibit higher

compressive strength than non-calcined materials, e.g. mine tailings, kaolin clay, and
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natural minerals. Barbosa et al. [31] and Xu and Daventer [32] reported that calcined

(i.e. fly ash) and non-calcined materials (i.e. kaolinite or kaolin clay and albite) could

be combined to increase the compressive strength and reduce the reaction time. Fly

ash is preferable to other source materials because of its bulk availability, compara-

tively low-cost, and high reactivity due to having a finer particle size.

A study of 16 natural Si-Al minerals that covered the ring, chain, sheet, and frame-

work crystal structure groups as well as feldspar, clay, garnet, mica, sodalite, and

zeolite mineral groups has been conducted by Xu and Deventer [32]. This study

examined potential sources for geopolymer synthesis with sodium or potassium hy-

droxide as alkaline liquids.

A potential use of waste such as fly ash, mine tailing, building waste, and contami-

nated soil with immobilized toxic metals was identified by Van Jaarsveld et al. [33].

Palomo et al. [34] used sodium silicate with sodium hydroxide and potassium silicate

with potassium hydroxide as an alkaline solution, and found that the type of alkaline

liquid affects the mechanical strength of geopolymer concrete. In this case, the high-

est compressive strength is given by the combination of sodium silicate and sodium

hydroxide. Cheng and Chiu [35] used granulated blast furnace slag and metakaolinite

as source materials with sodium silicate and potassium hydroxide as an alkaline liquid

to make fire-resistant geopolymer concrete.

The properties of geopolymers vary according to the origin, particle size, and mor-

phology of the fly ash, as well as with the alkali, metal, and amorphous content [33].

Fernandez and Palomo [36] explained that fly ash with characteristics such as low

calcium content, high vitreous phase content, 80–90% particle sizes less than 45 µm,

less than 5% unburned material, 40–50% reactive silica content, and less than 10%

Fe2O3 content results in the optimal binding properties. Significant quantities of cal-

cium can interfere with the polymerization setting rate resulting from an alteration

of the microstructure [37]. Thus, fly ash with a low calcium content is preferable for

making geopolymer concrete.
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1.2.3 Applications of Geopolymers

Geopolymers have a vast range of applications in automobiles, aerospace, non-ferrous

foundries and metallurgy, plastic industries, and civil engineering. The discovery of a

new class of inorganic materials that act as advanced mineral binders, i.e. geopolymer

resins and cement as well as geopolymer concretes, has resulted in broad scientific

interest and multiple developments ref [38–40]. The inventor of geopolymers, Joseph

Davidovits, has classified various applications on the basis of the silicon and alu-

minium atomic ratio (see Table 1.1). Here, a low Si:Al atomic ratio of 1, 2, or 3

represents a 3D network that is very rigid, whereas Si:Al atomic ratios above 15

indicate a polymeric character.

Table 1.1: Applications of geopolymeric materials based on Si:Al atomic ratio [41]

Si:Al ratio Applications
1 Bricks, ceramics, fire protection
2 Low CO2 cements, concrete, radioactive and toxic waste encapsulation
3 Heat resistance composites, foundry equipments, fibre glass composites
>3 Sealants for industry

20-35 Fire-resistant and heat-resistant fibre composites

The above table indicates that many civil engineering applications require low

Si:Al atomic ratios.

• Geopolymer behaves similarly to zeolitic materials, which are known for their

ability to absorb toxic chemical waste. Owing to this property, one potential

field for the application of geopolymeric materials is in toxic waste management

[41]. Comrie et al. [42] recommended geopolymite 50 (a registered trademark

of Cordi-Geopolymere SA) for applications of geopolymer technology in toxic

waste management.

• As geopolymers provide excellent adhesion to both concrete surfaces and inter-

laminar fabrics, they are useful for strengthening concrete structural elements.

A study has reported the results of using geopolymer in place of organic polymer

for fastening carbon fabrics to the surface of reinforced concrete beams [43].



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 11

• Geopolymer technology has been used to develop sewer pipeline products, ma-

sonry units, high-performance fibre-reinforced laminates, railway sleepers, build-

ing products including fire and chemical-resistant wall panels, coatings, and

repair materials [44, 45].

• Since 1972, geopolymer applications developed in Europe and the USA have

covered fire-resistant wood panels, high-tech resin systems, insulated panels

and walls, fireproof high-tech applications, aircraft, automobile, interiors, deco-

rative stone art, fire-resistant and fireproof composites for infrastructure re-

pair, foamed geopolymer panels for thermal insulation, geopolymer cement

and concrete, low-energy ceramic tiles, thermal shock refraction and refractory

items [46].

1.3 Rubberized Cement Concrete

Each year, a vast number of discarded rubber tyres are accumulated across the world,

but their disposal in landfill is increasingly unacceptable on environmental grounds

as shown in 1.5. More than 300 million tyres per year are discarded in the USA, with

a further 180 million in the European Union. About 600,000 tonnes of scrap tyres

are reported to have been dumped in landfill, creating yet another problem similar to

fly ash. In addition, there are 128 million old tyres stockpiled in the USA [47]; such

stockpiles create air, water, health and soil pollution problems, and are not only fire

hazards but also provide a breeding ground for rats, mice, and mosquitoes [48, 49].

Rubber tyres are of limited use for recycling because of their highly complex chemical

structure. The burning of tyres is not only impractical but also expensive and envi-

ronmentally destructive. Moreover, burning is prohibited in some countries because

of the unacceptable smell and enormous amounts of dark smoke carrying toxic gases.

The automobile industry is the main driver of the number of rubber tyres. The

number of tyres in circulation is likely to increase as the amount of traffic on roads

continues to rise. Consequently, millions of tyres are discarded every year, and this
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waste is not biodegradable in ambient conditions. To reduce air, water, and soil

pollution, serious health and fire hazards, and aesthetic inconveniences, it is highly

necessary to utilize the bulk rubber tyre waste by some other means. The aim, at this

juncture, is to use the waste tyres to build a geopolymeric matrix and, thus, obtain

a technically valuable composite material. This will prove to be the most viable,

sustainable, technically suitable, legally sound, cost-effective, eco-friendly, publicly

acceptable, and systematic solution to the dilemma.

Figure 1.5: Rubber tyre waste at site [49]

Currently, waste rubber tyres are being used in concrete as a partial replacement for

fine aggregate. Rubberized concrete not only solves the problem of the accumulation

of tyres, but also saves natural resources [48]. Though a number of experimental

studies are available and encouraging results have been reported, rubberized cement

concrete is still in the early stages of practical application. Rubberized cement con-

crete has been used in foundations, sidewalks, parking lots, and tennis courts in the

state of Arizona, USA [48]. Further, waste rubber tyres are being used in rubberized

asphalt concrete in many parts of the world [48].
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1.3.1 Rubberized Fly ash-based Geopolymer Concrete

Investigations into the use of fly ash and rubber tyre waste in rubberized fly ash-

based geopolymer concrete are likely to increase, as this offers an environmentally

sustainable option of using industrial waste to form useful material. Research and

industry groups are excited about this new direction of research into concrete made

from industrial by-products that would otherwise cause disposal problems.

The manufacture of rubberized fly ash-based geopolymer concrete uses ordinary con-

crete technologies. The largest volume of aggregates in OPC concrete occupies about

75–80% by mass, and this remains the same in the case of geopolymer concrete. In

this case, fly ash is used as a binder in place of Portland or other hydraulic cement, and

natural sand is partially replaced by rubber tyre fibres. Fly ash (containing silica and

alumina) reacts with an alkaline liquid (combination of sodium silicate and sodium

hydroxide solutions) in a polymerization reaction to form a geopolymer paste that

binds the non-reacted materials (aggregates and rubber tyre fibres). The resulting

product is rubberized fly ash-based geopolymer concrete.

1.3.2 Advantages of Geopolymer Concrete and Rubberized

Geopolymer Concrete

• The raw material resources of any pozzolanic compound or source of silicate

and alumina silicate, which are soluble in an alkaline solution, are available in

abundance. This suffices as a source of geopolymer production [6, 50].

• The energy consumption of geopolymer manufacturing is low. A low temper-

ature of 600–800◦C is suitable for the thermal processing of natural alumina

silicates. The process requires 60% less energy than OPC processing, and emits

far less carbon dioxide [6, 50].

• Short curing periods at room temperature will result in similar strength to OPC

concrete [6, 50].

• The preparation of geopolymers is simple because they can be synthesized
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directly by mixing alumina silicate reactive materials and high alkaline solu-

tions [35, 36].

• Geopolymer concrete or mortar suffers little loss of function over thousands of

years against weathering. This shows its excellent durability [6, 50].

• Geopolymer cement suffers 80% less shrinkage than Portland cement [6, 50].

• Geopolymer concrete does not lose functionality, even at 1000–1200◦C, proving

its low thermal conductivity and suggesting higher resistance to fire [6, 45,50].

• The rubber fibres have good tensile strength, which leads to increased flexural

strength of geopolymer concrete.

• Rubberized geopolymer concrete can be effectively used for pedestrian drive-

ways, residential buildings, and because of its light weight in partition walls.

1.4 Research Significance

The assimilation of the latest technology with continuous technological upgrading is

ongoing in the conventional concrete industry. The primary binder of an ordinary

conventional cement contributes nearly 7% of global carbon dioxide emissions during

its production, making it a non-eco-friendly industry [6, 50]. The production of ce-

ment is highly energy-intensive and consumes non-renewable natural resources such

as limestone, natural sand, and coal. There is a growing demand for new construction

materials that have low greenhouse gas emissions associated with their manufacture.

Geopolymer concrete is the best solution to these problems because of its contribution

to reducing global anthropogenic CO2 which, in turn, may reduce the effects of cli-

mate change and because it is a sustainable building material. Geopolymer concrete

can be manufactured using industrial waste as one of its constituents. It generates

90% less CO2 than OPC production, and is therefore relatively eco-friendly. It has

unique properties such as early strength, low shrinkage, good sulfate and corrosion

resistance, making it a viable alternative solution to conventional cement concrete.
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In addition, the use of rubber tyre fibres as an aggregate in geopolymer concrete

results in a new type of concrete with acceptable properties under varied conditions.

The use of waste material in the geopolymer concrete offers an amicable disposal

method, facilitating an effective use of solid waste, minimizing the accumulation of

tyres, and reducing the consumption of natural resources. Further, the use of this

waste will produce a sustainable construction material.

This work establishes the viability of using rubber tyre fibres in concrete in future con-

struction activities. To date, there is no information available regarding the durability

of geopolymer concrete incorporating rubber tyre fibres. This research is expected

to fill this gap and provide confidence to users, field engineers, and researchers that

these wastes can be used in geopolymer concrete. Geopolymer concrete offers a time

saving, cost saving (10–30%), eco- and user-friendly, sustainable option, with the

conservation of non-renewable natural resources such as coal and natural sand from

excessive exploitation and a reduction in hazardous rubber tyre waste and fly ash in

landfill. Additional benefits of developing effective rubberized geopolymer concrete

include reduced energy consumption (60% less in cement production), carbon credits

to the Indian economy, the removal of OPC from the process, self-autoclave curing,

the ability of the resulting concrete to withstand severe freeze/thaw conditions, fire

resistance, and reduced CO2 emissions.

1.5 Hiatus in the Research Area

Geopolymer concrete has not been studied in detail. There have been some efforts

to use waste rubber tyre fibres in the Portland cement concrete industry, but never,

to the best of the author’s knowledge, as a partial replacement for natural sand in

a geopolymer concrete. Enormous efforts have been observed from various publica-

tions towards durability and strength properties of geopolymer concrete [184]– [192].

Therefore, there is a strong need for an extensive study of the strength and durability

properties of geopolymer concrete incorporating waste rubber tyre fibres as a partial

replacement for fine aggregates, as this will contribute to the identification, develop-



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 16

ment, and promotion of viable products. This research work will contribute to filling

this hiatus in the current knowledge base.

Investigations into the use of fly ash-based geopolymer concrete have accelerated

since 2000 under the impetus of finding an environmentally sustainable option of

using industrial waste to form useful materials. Research and industry groups are ex-

cited about the prospect of concrete made from industrial byproducts, which would

obviate the need to dispose of these materials.

1.6 Literature Review

A number of studies have investigated different properties of rubberized cement con-

crete, but no studies are available on rubberized geopolymer concrete. A summary

of the previous literature based on the properties of rubberized cement concrete is

presented in Table 1.2, and the literature examining the properties of geopolymer

concrete is listed in Table 1.3.

To the best of the author’s knowledge, no studies have analysed the effect of var-

ious factors on the properties of rubberized geopolymer concrete using the Taguchi

method. Therefore, the effect of various factors on the compressive strength of rub-

berized geopolymer concrete, which is a highly sustainable replacement for OPC,

has been studied in this research. The factors considered are the curing time, curing

temperature, Na2SiO3/NaOH ratio, alkaline liquid/fly ash ratio, superplasticizer, rest

period, water content, and NaOH concentration. Experimentally, it is very difficult to

consider the separate effects of these factors on the compressive strength of concrete.

Therefore, the Taguchi method is used to evaluate the effect of these factors on the

compressive strength of rubberized geopolymer concrete. Thereby, it is possible to

determine the optimal value of these parameters for the composition of rubberized

geopolymer concrete. The analysis of variance (ANOVA) method is used to rank the

impact of each factor on the rubberized geopolymer concrete and produce the opti-

mal mix proportion. One of the major advantages of the Taguchi method over other
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experimental designs is that it minimizes the number of experiments, which reduces

the experimental cost. Previous literature on the Taguchi method applied to concrete

and geopolymers is summarized in Table 1.3.
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Table 1.2: Existing literature on the properties of rubberized cement concrete
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d
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Table 1.3: Existing literature on properties of geopolymer concrete
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.
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.
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.
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ra
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p
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.
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.
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p
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p
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e.
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.
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st
ee

l
re

in
fo

rc
em

en
t

em
b

ed
d
ed

in
ge

op
ol

y
m

er
co

n
cr

et
e

is
si

m
il
ar

to
th

at
of

st
ee

l
em

b
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p
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ra
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p
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ra
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p
re

ss
iv

e
T

h
e

co
m

p
re

ss
iv

e
st

re
n
gt

h
of

ge
op

ol
y
m

er
m

or
ta

r
d
ec

re
as

es
st

re
n
gt

h
of

in
so

m
e

ca
se

s
an

d
in

cr
ea

se
s

in
ot

h
er

s
af

te
r

ex
p

os
u
re

ge
op

ol
y
m

er
to

h
ig

h
te

m
p

er
at

u
re

s.
m

or
ta

r
R

an
jb

ar
et

al
.

[1
04

]
C

om
p
re

ss
iv

e
st

re
n
gt

h
,

P
al

m
oi

l
fu

el
as

h
an

d
fl
y

as
h

u
se

d
as

so
u
rc

e
m

at
er

ia
ls

.
d
en

si
ty

an
d

G
eo

p
ol

y
m

er
m

or
ta

r
ac

ce
le

ra
te

d
m

ic
ro

p
or

e
fo

rm
at

io
n

T
G

A
of

fu
el

as
h
-

at
el

ev
at

ed
te

m
p

er
at

u
re

s.
b
as

ed
ge

op
ol

y
m

er
m

or
ta

r
K

on
g

et
al

.
[1

05
]

C
om

p
re

ss
iv

e
st

re
n
gt

h
T

h
e

co
m

p
re

ss
iv

e
st

re
n
gt

h
of

fl
y

as
h
-b

as
ed

ge
op

ol
y
m

er
of

fl
y

as
h

an
d

co
n
cr

et
e

in
cr

ea
se

d
b

ey
on

d
80

0◦
C

,
b
u
t

th
e

st
re

n
gt

h
of

m
et

ak
ao

li
n

th
e

m
et

ak
ao

li
n
-b

as
ed

ge
op

ol
y
m

er
co

n
cr

et
e

d
ec

re
as

ed
at

th
e

sa
m

e
te

m
p

er
at

u
re

.
Z

h
u

P
an

et
al

.
[1

06
]

C
om

p
re

ss
iv

e
st

re
n
gt

h
A

t
55

0◦
C

,
th

e
st

re
n
gt

h
of

th
e

ge
op

ol
y
m

er
p
as

te
an

d
tr

an
si

en
t

in
cr

ea
se

d
w

h
er

ea
s

th
e

O
P

C
p
as

te
ex

h
ib

it
ed

li
tt

le
ch

an
ge

.
cr

ee
p

of
ge

op
ol

y
m

er
an

d
O

P
C

co
m

p
os

it
es



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 29

S
tu

d
ie

s
P

ap
er

T
es

t
C

on
d
u
ct

ed
O

b
se

rv
at

io
n
s

E
le

va
te

d
H

u
ss

ai
n

et
al

.
[1

07
]

M
as

s
lo

ss
,

T
h
e

ge
op

ol
y
m

er
co

n
cr

et
e

gi
ve

s
b

et
te

r
co

m
p
re

ss
iv

e
st

re
n
gt

h
te

m
p

er
at

u
re

co
m

p
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p
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h
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1.7 Objectives of Study

The main purpose of this study is to develop a fly ash-based geopolymer concrete

containing waste rubber tyre fibres.

• To produce fly ash-based rubberized geopolymer concrete using the optimal

combination of fly ash and rubber tyre fibres.

• To study the effect of various parameters such as alkaline liquid to fly ash ratio,

rest period, curing temperature, curing time, concentration of NaOH solution,

alkaline liquid ratio, addition of superplasticizer, and addition of water content

on compressive strength for selected concrete mixes. To develop a mix design

process on the basis of the selected parameters using the Taguchi method for

fly ash-based rubberized geopolymer concrete.

• To study the compressive strength, flexural strength, split tensile strength, mod-

ulus of elasticity, and pull-off strength of fly ash-based geopolymer concrete

having different rubber tyre fibre contents as a partial replacement for natural

sand. The results will be compared with a control fly ash-based geopolymer

concrete.

• To study durability properties such as water permeability, abrasion resistance,

carbonation, shrinkage, corrosion, sorptivity, resistance to acid attack, salt at-

tack, and sulfate attack with respect to rubber tyre fibre content and compare

the results with a control fly ash-based geopolymer concrete.

• To study corrosion resistance and chloride diffusion in geopolymer concrete and

compare the results with rubberized geopolymer concrete.

• To study the effect of control and rubberized geopolymer concrete at elevated

temperatures.

• To examine the compressive strength and carbonation properties of geopolymer

mortar.
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• To study the effect of sea water and sea sand on strngth properties of rice husk

based geopolymer mortar and fly ash based geopolymer concrete.

1.8 Layout of Report

This thesis is organized into seven chapters.

Chapter 1 introduces geopolymer technology and describes the need for a com-

prehensive study on the properties of geopolymer concrete and rubberized geopoly-

mer concrete. This chapter gives an overview of the applications and advantages of

geopolymers, the objectives of the study, and the scope of work. This chapter also in-

cludes a literature review based on previous research into the strength and durability

of rubberized cement concrete, geopolymer concrete, and Taguchi method as applied

to concrete. A brief description of the chemistry and constituents of geopolymer con-

crete is also given.

Chapter 2 describes the experimental programme. The materials used to produce

geopolymer concrete and rubberized geopolymer concrete and the test procedure used

are reported in this chapter. This chapter also describes the Taguchi experimental

design method used to determine the effect of different parameters on compressive

strength.

Chapter 3 presents the experimental results for mechanical properties including

the compressive strength, split tensile strength, flexural strength, and modulus of

elasticity for geopolymer concrete and the control concrete at different ages. This

chapter also reports durability properties such as water permeability, abrasion re-

sistance, carbonation, shrinkage, corrosion, sorptivity, resistance to acid attack, salt

attack, and sulfate attack with respect to rubber tyre fibre content and compares the

results with a control fly ash-based geopolymer concrete. Corrosion resistance and

chloride diffusion in geopolymer concrete is also examined, and the results compared

with those for rubberized geopolymer concrete.
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Chapter 4 systematically examines the fire resistance of fly ash-based geopolymer

concrete and establishes a comparison with the fire resistance of rubberized geopoly-

mer exposed to elevated temperatures (200◦C, 400◦C, 600◦C, and 800◦C) to investi-

gate the thermal effects on density, visual surface appearance, compressive strength,

and microstructural characteristics. The experimental methods used to study the

control and rubberized geopolymer concretes includes X-ray diffraction (XRD), ther-

mogravimetric analysis (TGA), and Fourier transform infrared spectroscopy (FTIR).

Chapter 5 describes carbonation and strength studies related to geopolymer mor-

tar. This chapter focuses on the effect of mix composition parameters and process

parameters on the performance of the alkali activated geopolymer mortar. Further

carbonation of the mortar and the effect on its morphology are also discussed.

Chapter 6 analyses the effect of sea water and sea sand on strength properties

of rice husk based geopolymer mortar and fly ash based geopolymer concrete.

Chapter 7 summarizes this study, presents some concluding remarks, and outlines

the future scope of work on the basis of the research conducted here.



Chapter 2

Experimental Programme

2.1 Prelude

This chapter describes an experimental programme for measuring the strength and

durability properties of a control fly ash-based geopolymer concrete and rubberized

fly ash-based geopolymer concrete according to the objectives determined in the pre-

vious chapter. This chapter also provide a characterization of the relevant materials,

and describes a parameter study using the Taguchi method as well as a mix design

for geopolymer concrete and OPC concrete.

The entire experimental study is divided into five parts. In the first part, a prelim-

inary investigation examines the material characteristics, mix design, and the effect

of different parameters on the compressive strength of geopolymer concrete using the

Taguchi method. The second part looks at strength and durability properties using

the optimum combination of parameters. Strength and durability properties include

compressive strength, flexural strength, split tensile strength, pull-off strength, abra-

sion resistance, modulus of elasticity, and water permeability, as well as sulfate, acid,

salt, shrinkage, corrosion, and chloride diffusion resistance, sorptivity, and carbon-

ation. These properties are studied in control and rubberized geopolymer concrete

samples, and the results compared with OPC concrete. The third part includes the

effect of elevated temperatures on the control and rubberized geopolymer concrete.

35
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Carbonation and strength studies of fly ash based geopolymer mortar is conducted in

fourth part. Finally, the fifth part examines the effect of sea water and sea sand on

strength properties of rice husk based geopolymer mortar and fly ash based geopoly-

mer concrete.

2.2 Material Characterization

The two most important materials for producing geopolymer composites (mortar and

concrete) are the source material, such as fly ash, and the alkaline solution.

2.2.1 Fly Ash

Class F low-calcium fly ash (procured from Dirk India Pvt. Ltd, Nasik, Pune, India)

was used as the source material for making fly ash-based geopolymer composites. The

chemical properties of fly ash are presented in Table 2.1. Silica, magnesium oxide,

sulfur trioxide, and sodium oxide are present in fly ash up to permissible limits as per

IS:3812 [129]. It can be seen from the loss of ignition value (LOI) that the fly ash

contains a very small percentage of carbon. The total percentage of SiO2 + Al2O3 +

Fe2O3 is 92.26%, which is greater than the 70% limit prescribed in IS:3812 [129].
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Figure 2.1: SEM view of fly ash (50000x)

The LOI value is very low because of the small amount of carbon present in the fly

ash. The fly ash contains less than 10% calcium. Hence, according to ASTM C618-

03 [130], it is said to be low calcium class F-type fly ash. The colour of the fly ash

is dark grey, and its specific area is 428 m2/kg. The fineness of the fly ash can be

described by stating that 95% passes through a 45 µm sieve. Figures 2.1 and 2.2 show

scanning electron microscopy (SEM) images of the fly ash at 50000x and 10000x. Fly

ash is composed of spherical particles, as shown in Figure 2.1. These small glass

spheres improve the fluidity and workability of fresh geopolymer concrete. The size

of fly ash particles varies from 0.01 to 1000 µm. The fineness of fly ash particles

increase the surface area and improve the particle packing in the binder paste which

in turn contributes to its pozzolanic reactivity.
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Figure 2.3 presents XRD images of fly ash at an angle of 2θ. The XRD analysis of

fly ash reveals the presence of mullite, magnetite, hematite, and quartz. Ca, Si, Al,

and C are present in the fly ash, as per the EDS analysis illustrated in Figure 2.4.

Figure 2.2: SEM view of fly ash (10000x)
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Figure 2.3: XRD analysis of fly ash

Figure 2.4: EDS analysis of fly ash
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Table 2.1: Properties of fly ash
Sr. Particulars Unit Fly ash Specification
No. Properties (IS:3812-1981) [129])
1 Colour - Dark grey -
2 Loss on ignition % 0.94 5

(max)
3 SiO2 + Al2O3 + % 92.26 70 min.

Fe2O3 by mass
4 SiO2 % 58.88 35 min.

by mass
5 SO3 % 0.74 3 max.

by mass
6 Na2O % 0.5 1.5 max.

by mass
7 MgO % 1.64 5 max.

by mass
8 Total Chlorides % 0.025 0.05 max.

by mass
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2.2.2 Alkaline Solution

An alkaline solution was prepared by mixing sodium hydroxide liquid and sodium

silicate solution.

• Peculiarity of Sodium Hydroxide (NaOH)

Sodium Hydroxide (NaOH) is the most commonly used hydroxide activator in

geopolymer synthesis, as it is readily available and is cheaper than other alkali

hydroxides. Its low viscosity is an additional advantage as an activator. There-

fore, NaOH flakes with 98% purity and a laboratory-grade reagent were used in

this study.

The NaOH solution was prepared by dissolving NaOH flakes into the water.

The concentration of NaOH is expressed in terms of molarity, M. A concentra-

tion of 14M was achieved by dissolving 404 g of NaOH flakes in 1 L of water.

The properties of the NaOH are given in Table 2.2.

Table 2.2: Properties of Sodium Hydroxide flakes

Properties Value
NaOH (purity) (%) 98.0

Chloride (%) 1.0
Silicate (%) 0.015

(Na2CO3)(%) 0.015
Nitrate (NO3)(%) 0.0055

• Peculiarity of Sodium Silicate (Na2SiO3)

A water glass form of sodium silicate was used for the current research. The

properties of sodium silicate are listed in Table 2.3.
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Table 2.3: Properties of Sodium Silicate solution

Properties Value
Na2O (%) 17.76
SiO2 (%) 34.00

Water (%) 46.44
SiO2/Na2O 2.10

Specific gravity (g/cc) 1.48

2.2.3 Aggregates

Natural sand with a maximum particle size of 4.75 mm was used as a fine aggregate.

Crushed basalt rock of 20 mm and 10 mm diameter was used as a coarse aggregate.

Tests for fine and coarse aggregates were conducted as per the provisions of IS:2386-

1963 [131] and IS:383-1970 [132], respectively. The physical properties of the river

sand, sea sand and coarse aggregates are listed in Table 2.4. Sea sand obtained from

the coast of Vapi (Gujarat) was used to produce the rice husk based geopolymer mor-

tar and fly ash based geopolymer concrete. XRD analysis of the sand is illustrated

in Figure 2.5. Potassium aluminium silicate, sodium silicate, silicon oxide, and man-

ganese rhodium silicon were present in river sand and sea sand, as shown in Figures

2.5 and 2.6. The particle size distribution of Sea sand is shown in Figure 2.7.

Figure 2.5: XRD analysis of sand
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Table 2.4: Properties of the River Sand, Sea Sand, and Coarse Aggregate
Sr Properties River Sand Sea Sand Coarse Aggregate

No.
1 Specific gravity 2.6 2.3 2.67
2 Water absorption (%) 0.8 0.95 0.5
3 Moisture content (%) 0.15 0.21 Nil
4 Fineness modulus 2.5 2.6 –
5 Zone II II –

Figure 2.6: XRD analysis of sea sand
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Figure 2.7: Particle size analysis of Sea Sand
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2.2.4 Rubber Tyre Fibres

Rubber tyre fibres obtained from the mechanical grinding of rubber tyre waste were

used as a partial replacement of the fine aggregates, as shown in Figure 2.8. These

rubber tyre fibres were approximately 2–4 mm wide and up to 22 mm long, with a

specific gravity of 1.09. Rubber fibres replaced 10%, 20% and 30% by weight of the

fine aggregate. The particle size of the rubber tyre fibres is within Zone II, as per

IS:383-1970 [132], as shown in Figure 2.9.

Figure 2.8: Rubber tyre fibres
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Figure 2.9: Particle size analysis of sand and rubber fibres

2.2.5 Superplasticizer

It was observed that any increase in rubber fibre content in the geopolymer concrete

mix leads to a reduction in the slump value of the geopolymer concrete. Therefore,

to achieve the desired slump value, naphthalene sulfonate-based superplasticizer was

used as an admixture. This superplasticizer has a relative density of 1.26 ± 0.02 at

25◦C, pH>6, and a chloride ion content of less than 0.2%.

2.2.6 Ordinary Portland Cement

OPC 43 grade “Binani cement conforming to IS-4031-1989 [133] was used to prepare

cement concrete specimens. The properties of this cement are listed in Table 2.5.
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Table 2.5: Properties of the Cement
Sr Properties Results

No.
1 Fineness 0.9%

(percentage retained
by 90 µm sieve)

2 Setting Time
Initial 112 min
Final 250 min

3 Soundness 5 mm
4 Specific Gravity 3.13
5 Compressive

Strength
3 days 25.4 MPa
7 days 36.24 MPa
28 days 46.0 MPa

2.3 Process of Manufacturing Geopolymer Com-

posites

Geopolymer mortar was produced by mixing fly ash and sand with alkaline solution.

The mixture was dark grey in colour and homogenous in nature. An alkaline liquid

to fly ash ratio of 0.4, water to fly ash ratio of 0.35, and fly ash to sand ratio of

1.0 were considered in manufacturing geopolymer mortar for the present study. The

steps involved in the manufacture of geopolymer mortar are illustrated in Figure 2.10.
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Figure 2.10: Steps involved in the manufacture of geopolymer mortar

The main difference between mixing geopolymer concrete and OPC concrete is the

binder material. In the manufacturing of geopolymer concrete, fly ash that is rich in

silicon and aluminium oxides reacts with the alkaline solution to produce geopolymeric

bonds between the aggregates and other unreacted materials. In the mix design of

geopolymer concrete, the total aggregates constituted 75% by mass of the concrete,

which is similar to OPC concrete, i.e. 75–80%. Fine aggregates made up 35% of

the total aggregate. The density of geopolymer concrete was similar to that of OPC

concrete, i.e. 2500 kg/m3. The mass of fly ash, sodium silicate, and sodium hydroxide

required in the mix was calculated using parameters such as the alkaline solution
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to fly ash ratio. To manufacture rubberized geopolymer concrete, locally available

waste rubber tyre fibre particles were used to replace 10%, 20%, and 30% of the fine

aggregates. The steps involved in manufacturing geopolymer concrete are shown in

Figure 2.11.

Figure 2.11: Steps involved in the manufacture of geopolymer concrete
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2.3.1 Testing Procedure

Various strength, durability, and non-destructive tests were performed as per Indian

standards and ASTM codes (see Table 2.6).

Table 2.6: Type of Test

Properties Test Testing Age (days) Code
Fresh Slump – IS:1199-1959 [134]

concrete Compaction Factor – IS:1199-1959 [134]
properties
Strength Compressive Strength 3, 7, 28, 90, 365 IS:516-1959 [135]

Properties Split Tensile Strength 28, 90, 365 IS:5816-1999 [136]
Flexural strength 28, 90, 365 IS:516-1959 [135]
Pull-off Strength 28 ASTM 1583-04 [137]

Modulus of Elasticity 28 IS:516-1959 [135]
Durability Water Permeability 28 DIN-1048 [138]
Properties Shrinkage 7, 14, 21, 28, 35, 49 –

63, 77, 91, 180, 365 –
Sorptivity 28, 90, 365 ASTM C 1585-04 [139]

Carbonation resistance 14, 21, 28, 35, CPC-18 RILEM [140]
42, 56, 90

Salt attack resistance 7, 28, 84, 162, 356 –
Sulfate attack resistance 7, 28, 84, 162, 356 –
Acid attack resistance 7, 28, 84, 162, 365 –
Corrosion resistance 30, 60, 90, 120, 150 ASTM G 109 [141]

180, 210, 240, 270, ASTM C 876-15 [142]
300, 330, 360

Chloride diffusion 28 ASTMC-1556 [143]
Abrasion resistance 28 IS:1237-1980 [144]

Microstructural SEM, FTIR, XRD – –
properties
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2.4 Fresh Properties

The workability of fresh concrete depends on factors such as stability, compactness,

placement, and finishing. These aspects can be individually measured, but there is no

method that can measure the workability of concrete in terms of all necessary aspects.

Slump and compaction factor tests were conducted to study the fresh properties of

the concrete. These tests to determine the fresh properties of concrete were carried

out according to IS:1199-1959 [134] specifications.

2.4.1 Slump Flow Test

The slump is the vertical settlement of unsupported fresh concrete, flowing to the

sides and sinking in height. It is an indication of the consistency or workability of

cement concrete and provides an idea of the amount of water needed for concrete to

be used for different applications. The concrete will be considered workable if it has

no segregation or bleeding and can be easily mixed, placed, compacted, and finished.

The workability of control OPC concrete having slump value 100 mm, whereas the

workability of control geopolymer concrete is stickey stiff type with a slump value of

250 mm as observed in this study.

2.4.2 Compaction Factor Test

The basis of the compaction factor test lies in the definition that workability is a

property of the concrete that determines the amount of work required to produce full

compaction. In this test, one has to apply a standard amount of work to a standard

quantity of concrete and measure the resulting compaction.
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2.5 Strength Properties

After heat curing of the geopolymer specimen, strength properties were appraised

according to Indian standards. Comprehensive details of the testing program are

described below.

2.5.1 Compressive Strength Test

As per IS:516-1959 [135], cube specimens of size 100 mm were cast for compressive

strength tests. All test specimens were finished with a steel trowel after casting. The

specimens were covered with sheets soon after finishing to minimize the moisture loss.

After a period of 48 h, the covers were taken and the geopolymer specimens stored

at room temperature until the test. The OPC specimens were prepared and cured as

conventinal method. Compressive strength tests were carried out after 3, 7, 28, 90,

and 365 days. An automated compression testing machine (CTM) was used to test

all specimens, as shown in Figure 2.12. Specimens were placed in the CTM such that

the load was applied gradually at a rate of 140 kg/cm2/min on smooth surfaces until

the ultimate load resistance was reached. The average of three specimen values was

considered to be the compressive strength. The compressive strength was calculated

as a ratio of ultimate load resistance to the cross-sectional area of the specimen.

Compressive Strength(N/mm2) =
P × 103

A
(2.1)

where

P = Failure load of cube (kN)

A = Area of cube (100 x 100) (mm2)
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Figure 2.12: Compression testing machine

2.5.2 Split Tensile Strength Test

This test was first developed in Brazil in 1943. The split tensile strength was measured

as per IS:5816-1999 [136]. This test was used to determine the tensile strength of

geopolymer concrete. Strength was measured 28, 90, and 365 days after the specimens

were cast. Cylindrical specimens of 150 mm diameter and 300 mm height were used

for the test. The test was performed by placing a cylindrical specimen horizontally

between load surfaces in the CTM. A gradual load was applied along the longer face

of the specimen, as demonstrated in Figure 2.13, until the specimen failed. The

average of three tests was considered to be the split tensile strength of that particular

specimen type. The split tensile strength was calculated as:

Split Tensile Strength(N/mm2) =
2 × P × 103

Π × L× d
(2.2)
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where

P = Failure load of cylinder (kN)

L = Height of specimen (300 mm)

d = Diameter of specimen (150 mm)

Figure 2.13: Testing of split tensile strength
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2.5.3 Flexural Strength Test

Flexural strength tests were performed as per IS:516-1959 [135] specifications. The

three-point loading method was adopted, whereby the bearing surfaces of the sup-

porting and loading rollers were cleaned and loose sand or other material was removed

from the surface of the specimen. Specimens of size 100 x 100 x 500 mm were used

for this test, as per IS:516-1959 [135] specifications. The test specimen beam was

placed in such a way that the load was applied on the uppermost surface of the beam

along two lines 13.3 cm apart. The axis of the specimen was aligned with the axis

of the loading device. A gradual load was applied at a rate of 180 kg/cm2/min until

the specimen failed. The average of three specimens was considered as the flexural

strength of that concrete type. The test setup used for this test is shown in Fig-

ure 2.14. The flexural strength of the beam specimens was calculated as:

Figure 2.14: Testing of flexural strength

Flexural Strength(N/mm2) =
P × 103 × L

b× d2
(2.3)
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where

P = Failure load of beam (kN)

L = Span of beam (400 mm)

b = Width of beam (100 mm)

d = Depth of specimen (100 mm)

2.5.4 Modulus of Elasticity Test

The slope of the stress-strain curve with a proportional limit of the material is known

as the modulus of elasticity. Tests were performed at CTAE, Udaipur as per IS:516-

1959 [135] specifications. Cylindrical specimens of 150 mm diameter and 300 mm

height were used for this test. A cylindrical specimen was placed vertically between

two frames of a compressometer, as shown in Figure 2.15. Spacers were used to hold

the frames in the proper position. A dial gauge was attached to the compressometer

to show the change in length of the specimen when subjected to a compressive load.

The compressive load was applied gradually to the test specimen at a rate of 140

kg/cm2/min over three loading-unloading cycles. The average of three cycles was

used to calculate the modulus of elasticity according to the following formula.

Es =
(σ2 − σ1)

(ε− 0.000050)
(2.4)

where

σ2 = Stress corresponding to 40% of ultimate load

σ1 = Stress corresponding to longitudinal strain

ε = Longitudinal strain produced by stress σ2
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Figure 2.15: Testing the modulus of elasticity

2.5.5 Pull-off Strength Test

The pull-off test determines the tensile strength of concrete near to the prepared

surface or cover zone of the concrete. In this test, 50 mm diameter steel discs were

bonded to the concrete surface with the help of epoxy adhesive material one day prior

to testing. The test setup is illustrated in Figure 2.16. The force required to pull

off the concrete surface was recorded as the pull-off load. The pull-off strength was

calculated as the pull-off load per unit area. The average of three specimens was

considered to be the pull-off strength of the specimen.
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Figure 2.16: Pull-off test setup

2.6 Durability Properties

The durability of concrete is defined as its ability to resist weathering, abrasion,

chemical attachment, or any other process of deterioration.

2.6.1 Water Permeability Test

Permeability is defined as the ability of a fluid to pass through concrete. It is the most

important parameter of durability. Tests were performed as per DIN 1048-1991 [138].

Concrete cubes of size 150 x 150 x 150 mm were dried in a drying chamber for 14

days. The depth of water penetration inside the concrete under sustained pressure

was determined from this test. The test setup is shown in Figure 2.17. A sustained

pressure of 5 bars (0.5 N/mm2) was applied in the vertical plane along the mould-

filled direction for 3 days. After 3 days, the depth of penetration was measured by

splitting the cube in half. The average of three cubes was considered as the depth of

penetration.
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Figure 2.17: DIN 1048 water permeability test setup

2.6.2 Carbonation Test

Carbonation is the progressive neutralization of the alkali in the concrete cover by

acidic gases from external sources (mainly carbon dioxide from the atmosphere). This

method of testing consists of determining the depth of the carbonated layer on the

surface of hardened concrete by means of an indicator. To perform an accelerated

carbonation test, cubes of 100 x 100 x 100 mm were split into four prisms of size

50 x 50 x 100 mm. Each prism specimen was allowed to dry in a drying chamber

for 2 weeks until a constant weight was achieved. After drying, two coats of epoxy

paint were applied on the longitudinal side of the specimens to resist the penetration of

carbon dioxide, leaving the top and bottom sides of each specimen to be penetrated by

carbon dioxide. After specimen preparation, the specimens were kept in a carbonation

chamber, as shown in Figure 2.18. The carbonation chamber maintains a level of 5%

carbon dioxide, relative humidity of 50 ± 5%, and a temperature of 25 ± 1◦C. The

depth of carbonation was measured after 14, 21, 28, 35, 42, 56 and 90 days of CO2

exposure. The depth of carbonation was measured by splitting the specimens in half

and instantly spraying a phenolphthalein indicator over the broken surface. This
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indicator was prepared by mixing 1% phenolphthalein in 70% ethyl alcohol. After

spraying the indicator, the depth of carbonation was measured from the top and

bottom face of the specimen. The average of three specimen readings was considered

to be the depth of carbonation of that mix.

Figure 2.18: Carbonation chamber setup

2.6.3 Drying Shrinkage Test

This test examined the effect of rubber tyre fibre replacement on the shrinkage of

geopolymer concrete and cement concrete. Three prisms of size 75 x 75 x 285 mm

were cast for each mix. After curing, Demec studs were pasted 212 ± 1 mm apart on

the top surface of each specimen, as demonstrated in Figure 2.19. Shrinkage strain was

measured using a mechanical strain gauge 3 days after casting. The next shrinkage

strain measurement was taken 4 days after casting, and this was considered to be the

first day shrinkage measurement of the specimen. Measurements were taken every day

in the first week, once a week up to the fourth week, once every two weeks up to the

twelfth week, and then once every four weeks. The gauge has a minimum resolution

of 0.002 mm. Specimens were kept in a laboratory room where the temperature was
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maintained at 25◦C and the relative humidity was 50–60%.

Figure 2.19: Shrinkage specimen with studs

2.6.4 Sulfate Resistance Test

The sulfate resistance of the control geopolymer concrete and cement concrete was

examined by means of the change in mass and residual compressive strength. To

measure the change in mass and residual compressive strength, 100 x 100 x 100 mm

cubes were cast. After curing, each specimen was weighed to give an initial weight.

Seven days after curing, the specimens were immersed in a 5% concentration of sodium

sulfate solution, as shown in Figure 2.20. The volume of sodium sulfate was calculated

on the basis of the volume of sulfate solution to the volume of the specimen (4:1 ratio).

The solution was replaced every month to maintain its concentration. The change in

mass, change in length, and residual compressive strength were measured after 7, 28,

84, 162, and 365 days exposure. After exposure, the residual compressive strength was

determined by testing the specimens in the saturated surface dry (SSD) condition.

To measure the change in mass, specimens were removed from the solution, wiped

properly, and their weight was measured. The specimens were then returned to soak

in the sulfate solution. The change in length was measured using a mechanical strain

gauge.
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Figure 2.20: Specimen immersed in sulfate solution

2.6.5 Acid Resistance Test

Resistance against acid was evaluated using geopolymer and cement concrete spec-

imens of size 100 x 100 x 100 mm. Solutions of 3%, 5% and 10% concentration

sulfuric acid were prepared to examine the effect of acid attack on the specimens, as

shown in Figure 2.21. Seven days after casting, the initial weight or dry weight of

the specimens was measured, and then the specimens were soaked in solution for 7,

28, 84, 162, and 365 days. At every selected exposure period, the change in mass and

residual compressive strength was measured. To maintain the pH level, the solution

was stirred every week and replaced every month. The volume of solution was de-

termined on the basis of the volume of solution to the volume of the specimen (4:1

ratio). After selected exposure periods, the specimens were removed from solution

and wiped to remove solution from their surface. The weight of the specimens was

measured in SSD condition and the residual compressive strength was tested. The

average of three specimens was considered to be the residual compressive strength
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after acid exposure.

Figure 2.21: Specimens immersed in sulfuric acid

2.6.6 Salt Attack Resistance Test

Salt attack resistance was measured using 100 x 100 x 100 mm cubes for 7, 28, 84, 162,

and 365 days exposure periods. A solution was prepared with a 5% concentration of

sodium chloride, as shown in Figure 2.22. After curing, the specimens were weighed

to determine their initial weight. The specimens were then immersed in solution for

a selected exposure period. The change in mass and residual compressive strength

was determined from this test. For the change in mass, specimens were removed from

solution, wiped, and weighed. For the change in compressive strength, the specimens

were tested in SSD condition. The average of three specimens was considered to be

the residual compressive strength after exposure.



CHAPTER 2. EXPERIMENTAL PROGRAMME 64

Figure 2.22: Specimens immersed in salt solution

2.6.7 Abrasion Resistance Test

This test was conducted as per IS:1237-1980 [144] specifications on 100 x 100 x 100

mm specimens. Abrasion resistance refers to the depth of wear. Figure 2.23 shows

the arrangement of this test. Firstly, specimens were dried at 110 ± 5◦C for 24 h in

a drying chamber and weighed to the nearest 0.1 g to give W1. Twenty g of abrasive

aluminium powder was evenly spread over the grinding path of the disc on an abrasion

testing machine. The specimen was fixed in a holding device under a 300 N load. The

grinding disc was then put in motion at 30 revolutions per minute and the abrasive

powder was continuously spread over the grinding path. After every 22 revolutions,

the disc was stopped, the abrasive powder was removed from the grinding path, and

a fresh 20 g of abrasive powder was placed in the path. At every 22 revolutions, the

specimen was turned about the vertical axis by 90◦. This process was repeated nine

times, thereby giving a total of 220 revolutions. After the abrasion test, the specimen

was reweighed to the nearest 0.1 g. Thus, the depth of wear was determined as
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T =
W1 −W2 × V1

W1 × A
(2.5)

where

T = Average loss of thickness (mm)

W1 = Initial weight of the specimen (g)

W2 = Mass of specimen after abrasion (g)

V1= Initial volume of the specimen (mm3)

A = Surface area of the specimen (mm2)

Figure 2.23: Abrasion testing machine
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2.6.8 Water Sorptivity Test

Water sorptivity tests were carried out to determine the rate of absorption (sorptivity)

of water through the capillary suction of concrete. The tests were performed as per

ASTM C1585-04 [139] specifications. Specimens of 100 ± 6 mm diameter and 50

± 3 mm height were used for this test. In this test, specimens were placed in a

dessicator at a temperature of 50 ± 2 ◦C. To control the relative humidity, potassium

bromide solution was placed in the bottom of the dessicator in such a way that

the test specimens could not contact the solution. Each specimen was placed in the

dessicator for 3 days. After 3 days, the specimen was placed inside a sealable container

to prevent contact with free air. A separate container was used for each specimen.

The container was stored at 23 ± 2◦C for at least 15 days prior to the sorptivity

procedure. Specimens were removed from storage and their mass was recorded before

sealing. The bottom and side surfaces of each specimen were sealed with a sealing

material, as shown in Figure 2.24. The mass of each sealed specimen was measured

and this was recorded as the initial mass for the water sorptivity calculations. The

bars were placed as support at the bottom of a pan. The pan was filled with distilled

water to a level of 1–3 mm above the top of the support bars. A timing device was

started and placed immediately at the test surface of the specimen on the support

device. The time and date of initial contact with water were recorded. The mass was

recorded at intervals of 60 s, 5 min, 10 min, 20 min, 30 min, 60 min, and then every

hour up to 6 h and once a day up to 7 days. One final reading was taken on day 9.

To weigh the specimens, they were taken from the tray, excess water removed, and

their dry surface placed on an electronic pan balance. The absorbing surface was not

touched, and the specimen was returned to the tray within 15 s.
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Figure 2.24: Sorptivity test

2.6.9 Chloride Ion Migration Test

This test examined the resistance of the concrete samples against chloride ion pen-

etration. Concrete cores of 60 mm diameter and 150 mm height were used in this

test. Each core was cut to a thickness of 40 mm with the help of a cutting saw

machine. The side and ends of the specimen were covered with silicon sealant and

masking tape, respectively. The specimen was then fitted with a rubber gasket and

masking tape applied to the top and bottom before being immersed in distilled water.

As shown in Figure 2.25, the chloride cell consisted of two parts: an upstream part

acting as the anode was filled with 3% concentration of sodium chloride solution,

whereas a downstream part was filled with distilled water to act as the cathode. The

specimen was placed between migration cells and a potential difference of 30 V DC

was applied. The chloride ion concentration was examined in the upstream cell using

a titration method. Similarly, in the downward part, the chloride ion concentration

was calculated every 4 h until the steady state condition was reached. Titration was

done by taking 20 ml samples of solution from the downstream cell and adding potas-

sium chromate indicator. Silver nitrate solution (0.0141 N) was then slowly added to
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the flask until the solution had a reddish tinge, and the volume of silver nitrate was

recorded. The chloride ion concentration in the downstream cell was calculated as

The steady state chloride diffusion coefficient Dssm was evaluated as

Dssm =
R× T × L× J

Z × F × ∆E × C1

(2.6)

where

T = Average value of initial and final temperatures in anolyte solution (K)

R = Gas constant = 8.314 J/(K.mol−1)

L = Thickness of the specimen (mm)

Z = Absolute value of ion valence (for chloride, Z=1)

F = Faraday constant = 9.648x104 J/(V.mol)

J = Chloride flux j (mol/cm2s)

C1 = Chloride ions activity

E = Absolute potential difference between the upstream solution and downstream

solution measured using two reference electrodes.

Figure 2.25: Chloride migration setup
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2.6.10 Corrosion Test

To study the resistance of concrete to steel corrosion, a chloride-induced corrosion

method was used. To examine the corrosion induced by embedded steel in concrete,

we used a macro-cell corrosion method and a half-cell potential method. In these

methods, 12 mm diameter thermomechanically treated reinforcements of length 350

mm were first cleaned using a wire brush. Then, 70 mm at each end of the bar was

coated with epoxy paint to prevent corrosion of that portion of the bar outside the

specimen. Specimens of 250 x 205 x 135 mm with a ponding well of 15 mm at the top

were cast, as shown in Figure 2.26. The bars were arranged such that 350 mm of their

length was within the specimen, with one bar centrally placed at the top and two bars

placed with 30 mm cover at the bottom, such that the middle portion of the bars (210

mm length) was exposed to corrosion and 70 mm protruded from each side of the

concrete specimen. The top bars acted as the anode and the bottom bars acted as the

cathode. Before casting the corrosion specimens, the reinforcement bars were weighed

properly. After curing, the bottom and side faces of the specimens were coated with

epoxy paint. Specimens were kept in a temperature- and humidity-controlled room.

The electrical connection between the anode and cathode was ensured by means of a

soldered wire. A 100 mm resistor was connected between the top and bottom bars.

The 15 mm depression at the top of each specimen was filled with a 3% concentration

of sodium chloride solution, and the specimens were subjected to alternate wetting

and drying cycles for up to 2 weeks.

The macro-cell corrosion test was used to measure the potential difference be-

tween the anode and cathode bars across the resistor with the help of a voltmeter.

The test was conducted as per ASTM G 109 [141]. An initial reading was taken 7

days after ponding the sodium chloride over the specimen. To take a reading, the

common terminal of the voltmeter was connected with the bottom bars. A negative

voltage corresponds to a positive galvanic current, that is, the top bar is the anode.

Readings were taken every month over a period of 12 months. The macro-cell current

was calculated as
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Ij =
Vj
100

(2.7)

where

Ij = Macro-cell current

Vj = Measured voltage across 100 Ω resistor

Half-cell potential measurements were taken at the top steel bar according to

the reference copper-copper sulfate electrode (CSE) by placing it in the ponding with

3% concentrated sodium chloride solution. Before taking the reading, the top and

bottom bars were disconnected and the current was allowed to stabilize. The potential

reading was taken once every month with the help of a voltmeter. ASTM C 876 [142]

provides guidelines on the probability of corrosion based on the potential difference

values with respect to CSE. If potentials over an area are above −200 mV, there is

a probability of greater than 90% that no reinforcing steel corrosion is occurring in

that area at the time of measurement. If the potentials over an area are in the range

−200 to −350 mV, then corrosion of the reinforcing steel in that area is uncertain.

If potentials over an area are less than −350 mV, then there is a greater than 90%

probability that reinforcing steel corrosion is occurring in that area at the time of

measurement.
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Figure 2.26: Corrosion test specimen

2.7 Taguchi Experimental Design Method

The aim of this study was to determine the effect of different factors on the compres-

sive strength of rubberized geopolymer concrete. In the present study, eight factors

were examined using the Taguchi DOE method: curing time, curing temperature,

Na2SiO3/NaOH ratio, alkaline liquid/fly ash ratio, plasticizer, rest period, water con-

tent, and NaOH concentration. Each factor was considered at three levels. Table 2.7

lists the factors and the levels of each factor.

Table 2.7: Factors and their levels
Factors Level-I Level-II Level-III

Factor-A Alkaline liquid/ Fly ash ratio 0.3 0.35 0.4
Factor-B Na2SiO3/NaOH 1.5 2.0 2.5

Factor-C NaOH concentration (M) 10M 12M 14M
Factor-D Curing temperature (◦C) 60 75 90

Factor-E Curing time (hr) 24 48 72
Factor-F Water content (%) 15 20 25
Factor-G Rest period (Days) 0 1 2

Factor-H Plasticizer (%) 2 3 4
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In this study, Taguchi orthogonal arrays, L27 (313), were used in a full factorial design

[145]. Orthogonal arrays for a total of 27 mixes of rubberized geopolymer concrete

are given in Table 2.8. Primary tests were conducted to specify the range of each

factor. The variables of each of the mixes are presented in Table 2.9. A total of 27

trial mixes of rubberized geopolymer concrete (T-1 to T-27) were used to evaluate the

compressive strength of various parameter combinations. The rubberized geopolymer

was produced by replacement of fine aggregate with 10% rubber fiber. The tests were

carried out on three standard cube specimens per mix. Table 2.10 presents the mix

proportions for the trial variables.
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Table 2.8: Properties of Taguchi orthogonal arrays (L27)
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Table 2.9: Factors and variables of trials
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Table 2.10: Mix proportions for variables of trials (per m3)
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2.7.1 Results and Analysis

In the present study, the results of three runs were used to select the optimum level.

To determine the importance of the control factor on the compressive strength of

rubberized geopolymer concrete, the signal-to-noise ratio (S/N ratio) was analysed.

There are three types of S/N ratio in the Taguchi method:

1. Lower is better,

2. Normal is better,

3. Higher is better.

As the target of this study is to achieve the highest compressive strength, the third

type (higher is better) was used. According to this type,

S/NRatio = −10 log (1/N ×
n∑

i=1

×1/Y 2
i ) (2.8)

where n is the number of repetitions under the same experimental conditions and Y

represents the results of measurement, i.e. Y is the compressive strength of the fly

ash-based geopolymer paste.

Figure 2.27 shows the average compressive strength of 27 trial mixes of rubberized

geopolymer concrete at age 7 days. The highest compressive strength of 59.08 MPa

was achieved by mix T-8, which has an alkaline liquid to fly ash ratio of 0.3, sodium

hydroxide to sodium silicate ratio of 2.5, NaOH concentration of 14M, curing tem-

perature of 90◦C, curing time of 48 h, water content of 20%, rest period of 1 day, and

2% superplasticizer. The increase in compressive strength indicates an increase in the

rate of geopolymerization reaction. ANOVA results show that the curing temperature

has a significant effect on the compressive strength of geopolymer concrete. This is

because heat is the primary component in the completion of the geopolymerization

process.
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Figure 2.27: Compressive strength of rubberized geopolymer concrete for each trial
mix (bars indicate standard deviation)

Table 2.8 gives the S/N ratios for each trial mix, calculated on the condition that

larger is better. The maximum S/N ratio is given by mix T-8, which indicates that

this mix has the highest compressive strength among all the rubberized geopolymer

concrete mixes considered. The effect of each factor on the compressive strength of

rubberized geopolymer concrete is calculate by Taguchi software (shown 2.28). An

increase in the alkaline solution to fly ash ratio (factor-A) from 0.3 to 0.4 marginal

change in the compressive strength of concrete observed. Increases in the sodium

silicate to sodium hydroxide ratio (factor-B), NaOH concentration (factor-C), and

curing temperature (factor-D) also increase the compressive strength of rubberized

geopolymer concrete. The curing time (factor-E) was increased up to 72 h, and it

was found that any increase beyond 48 h reduces the strength. This is because water

evaporates from the specimen surface. A limited water content is required in rubber-



CHAPTER 2. EXPERIMENTAL PROGRAMME 78

ized geopolymer concrete, because water is expelled during the reaction of the alkaline

solution and source material. A water content (factor- F) of up to 25% was found to

help in producing dense concrete without any loss of strength. It was further observed

that the addition of up to 3% superplasticizer (factor-H) increased the compressive

strength of geopolymer concrete.

Figure 2.28: Effect of each factor on compressive strength of rubberized geopolymer
concrete

From the ANOVA reported in Table 2.11, it is clear that the main contributing factors

are the sodium silicate to sodium hydroxide ratio, NaOH concentration, and curing

temperature. The ranking of all eight factors is given in Table 2.12.
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Table 2.11: ANOVA for means
Source DF Seq SS Adj SS Adj MS F P

A 2 6.497 6.497 3.249 1.14 0.358
B 2 184.218 184.218 92.109 32.33 0.000
C 2 136.827 136.827 68.414 24.02 0.000
D 2 334.713 334.713 167.356 58.75 0.000
E 2 11.171 11.171 5.586 1.96 0.191
F 2 0.717 0.717 0.358 0.13 0.883
G 2 6.725 6.725 3.362 1.18 0.347
H 2 17.595 17.595 8.797 3.09 0.090

Residual Error 10 28.488 28.488 2.849
Total 26 726.950

In this Table 2.11, DF denotes degrees of freedom, SS denotes the sum of squares,

and P denotes the percentage.

Table 2.13 indicates the optimum value of each factor that gives the highest compres-

sive strength according to the Taguchi method. These results prove that the Taguchi

method is suitable for determining the maximum compressive strength for rubber-

ized geopolymer concrete. The results of Taguchi method have been compared with

experimental results and there is good agreement between results.
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Table 2.12: Parameters rank as per ANOVA method
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Table 2.13: Selected parameter values using the Taguchi method and ANOVA
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2.8 Conclusion

The material characterization of fly ash, sodium silicate, sodium hydroxide, cement,

fine aggregate (river sand and sea sand), and rubber fibres was investigated by car-

rying out experiments for specific gravity, particle size analysis, water absorption,

moisture content, and fineness. The microstructural behaviour of fly ash, river sand,

and sea sand was examined by SEM and XRD. The following conclusions can be

drawn from the results in this chapter.

1. The specific gravity of rubber fibre is lower than that of fine aggregate. Thus, the

density of rubberized geopolymer concrete is expected to be lower than that of the

control geopolymer concrete.

2. Rubber fibres have a high carbon content, which helps to produce softer geopoly-

mer concrete. Therefore, the compressive strength of rubberized geopolymer con-

crete is expected to be lower than that of the control geopolymer concrete.

3. The particle size distribution of rubber fibre particles and river sand particles

conform to the Zone II requirements of the Indian Standards for fine aggregates.

4. The Taguchi method was used to determine the effect of the curing time, curing

temperature, Na2SiO3/NaOH ratio, alkaline liquid/fly ash ratio, plasticizer, rest

period, water content, and NaOH concentration. The main contributing factors

were found to be the sodium silicate to sodium hydroxide ratio, NaOH concentra-

tion, and curing temperature.



Chapter 3

Strength and Durability Properties

3.1 Prelude

This chapter describes the mix design process developed for rubberized geopolymer

concrete and the control geopolymer concrete based on the optimal parameters identi-

fied by a preliminary investigation. This chapter also investigates the mechanical and

durability properties of compressive strength, flexural strength, split tensile strength,

pull-off strength, abrasion resistance, modulus of elasticity, permeability, resistance

to sulfate, acid, salt, shrinkage, corrosion, and chloride diffusion, and sorptivity and

carbonation studies of control and rubberized geopolymer concrete. The results are

compared with the values obtained for OPC concrete.

3.2 Mix Design Proportioning

3.2.1 OPC Concrete Mix Design

The proportions for the OPC concrete mix were calculated based on IS 10262-2009

[146]. The volume of aggregate used in the OPC concrete was in the range 75–80%

by mass. The fine aggregate was taken as 35% of the total aggregate. The mixture

proportion of OPC concrete is listed in Table 3.1. Waste rubber tyre fibres were used

in concrete as a partial replacement for the fine aggregate. The mixture proportions

of OPC concrete are similar to those of the geopolymer concrete mixture, except for

83
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the water content (see Table 3.1).

3.2.2 Geopolymer Concrete Mix Design

The geopolymer concrete mix design was finalized, according to the past studies of

Rangan [147], by considering parameters such as NaOH concentration, alkaline liquid

ratio, alkaline liquid to fly ash ratio, aggregate content, and water content. The main

difference between geopolymer concrete mix design and OPC concrete mix design is

the binding material. In geopolymer concrete, a source material such as fly ash, which

is rich in silica and alumina, reacts with an alkaline liquid to form geopolymeric bonds

between the aggregates, geopolymer paste, and other unreacted materials that make

up geopolymer concrete [148]. In geopolymer concrete, the aggregate was taken as

75–78% of the entire mix by mass. This value is similar to that used in OPC concrete.

Fine aggregate constituted 35% of the total aggregate. The average density of the

geopolymer concrete was similar to that of OPC concrete, i.e. 2500 kg/m3 [149].

3.2.3 Concrete Mix Proportioning for Geopolymer Concrete

The following constituents were derived from Taguchi method for mix design of each

mix:

• Ratio of alkaline liquid to fly ash by mass: 0.4

• Ratio of sodium silicate to sodium hydroxide: 2.5

• Concentration of sodium hydroxide solution: 14 M

• Admixture dosage: 2%

• Additional water content: 5%

• Curing temperature: 90◦C

• Curing time: 48 h

• Rest period: 1 day
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• Design of geopolymer concrete

a. Density:

From a literature survey it was found that the density of fly ash-based

geopolymer concrete varies from 2300–2500 kg/m3. Therefore, the density

of the geopolymer concrete is assumed to be 2500 kg/m3.

b. Aggregates:

The combined mass of the aggregates was selected to be 75% of the mass

of the concrete.

Total aggregate = 0.75 x 2500 = 1875 kg/m3

Fine aggregate was assumed to make up 35% of the total mass of aggre-

gate.

Fine aggregate = 0.35 x 1875 = 656 kg/m3

For rubberized geopolymer concrete, 10%, 20%, and 30% of the fine ag-

gregate was replaced by rubber tyre fibres.

Coarse aggregate = 1875 - 656 = 1218 kg/m3

We assume a composition of 60% of 20 mm aggregate and 40% of 10 mm

aggregate by mass.

20 mm aggregate = 1218 x 0.6 = 731 kg/m3

10 mm aggregate = 1218 - 731 = 487 kg/m3

c. Fly ash:

Mass of fly ash and alkaline liquid = 2500 - 1875 = 625 kg/m3

Ratio of alkaline solution to fly ash is 0.4.

Mass of fly ash = 625/(0.4+1) = 446 kg/m3

d. Alkaline liquid:

Mass of alkaline liquid = 625 - 446 = 179 kg/m3

Ratio of sodium silicate solution to sodium hydroxide solution = 2.5
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Mass of sodium hydroxide solution = 179/(2.5+1) = 51 kg/m3

Mass of sodium silicate solution = 179 - 51 = 128 kg/m3

e. Extra water:

It has been observed that 5% extra water is essential to achieve the re-

quired workability of the geopolymer concrete.

Extra water = 446 x 0.05 = 22.3 kg/m3.

f. Superplasticizer:

Naphthalene sulfonate-based superplasticizer of about 2% of the mass of

fly ash was used for the mix design.

Superplasticizer = 446 x 0.02 = 8.93 kg/m3

Based on this mix design process, the final mass of the constituents was calculated

as described in Table 3.1.
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Table 3.1: Mix design proportion (per m3 )
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3.3 Compressive Strength Test

The compressive strength of geopolymer concrete measured at 3, 7, 28, 90, and 365

days is shown in Figure 3.1. It can be seen that, as the percentage of waste rub-

ber tyre increases from 0-30%, the compressive strength decreases at all ages. In

geopolymer concrete, a fast geopolymerization process takes place due to a chemical

reaction between the alkaline solution and source material, resulting in 95% compres-

sive strength gain in only 7 days [39,50,88]. After 28 days, the compressive strength

of geopolymer concrete varies from 30–54 MPa depending on the rubber fibre con-

tent. The compressive strength depends on the geopolymeric mechanism developed

in the geopolymer paste. After 365 days, the compressive strength had only increased

marginally because of the speed of the polymerization process. This is because of the

chemical reduction of the geopolymer gel with age and the development of a crys-

talline structure [148,151]. The compressive strength of geopolymer concrete depends

on factors such as NaOH concentration, alkaline liquid ratio, curing temperature, and

aggregate content. From past studies, it is clear that increasing each of these factors

will increase the compressive strength of the geopolymer concrete [147,151].

Figure 3.2 shows the compressive strength of OPC concrete measured at 28, 90,

and 365 days. The compressive strength of OPC concrete depends on the hydration

mechanism of cement paste [150]. The hydration process is a long, continuous process

whereby the pores of the concrete gradually fill, resulting in strength gains over the

course of a year [150]. The compressive strength of OPC concrete decreases when

waste rubber fibres are introduced. The compressive strength of OPC concrete is less

than that of geopolymer concrete.
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Figure 3.1: Compressive strength of geopolymer concrete

Figure 3.2: Compressive strength of OPC concrete



CHAPTER 3. STRENGTH AND DURABILITY PROPERTIES 90

3.4 Split Tensile Strength Test

Figures 3.3 and 3.4 show the split tensile strength of geopolymer concrete and OPC

concrete after 28, 90, and 365 days. The split tensile strength of all mixes is ranges

from 5.34–5.49 MPa after 365 days. The geopolymer concrete exhibits higher tensile

strength than OPC concrete because of the good bonding between the geopolymer

paste and aggregate. Similar observations have been reported in past studies [148,

151, 154]. The highest split tensile strength was found in the 30% rubber fibre mix

after 365 days, and the lowest tensile strength was found in the control geopolymer

concrete after 28 days. A gradual increase in split tensile strength can be observed

as the rubber fibre content increases from 0–30%. Similar results have been reported

in previous study [152]. In geopolymer concrete, there is a high level of geopolymeric

bonding between the geopolymer paste and aggregate; therefore, during testing, when

the cylinder was broken in half, none of the aggregate was pulled out, unlike for the

OPC concrete. This is a result of the chemical bonding between the alkaline liquid

and aggregate [155].

Figure 3.3: Split tensile strength of geopolymer concrete
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Figure 3.4: Split tensile strength of OPC concrete

3.5 Flexural Strength Test

Figures 3.5 and 3.6 show the average flexural strength of the geopolymer concrete and

OPC concrete. The flexural strength of the geopolymer concrete varies from 6.45–

9.97 MPa, whereas that for OPC concrete varies from 5.35–6.86 MPa. The flexural

strength increases with age in all mixtures. This proves that the flexural strength

of geopolymer concrete is higher than that of OPC concrete. Similar evidence has

been reported in previous research [151, 153]. The tension properties of geopolymer

concrete, such as flexural and tensile strength, are superior to those of OPC concrete

because of the better bonding between the geopolymeric paste and aggregate. The

flexural strength also increases with percentage of rubber fibres for both OPC and

geopolymer concrete.
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Figure 3.5: Flexural strength of geopolymer concrete

Figure 3.6: Flexural strength of OPC concrete
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3.6 Modulus of Elasticity Test

The average modulus of elasticity of the geopolymer concrete and OPC concrete was

measured after 28 days. The modulus of elasticity of the geopolymer concrete varied

from 20–31.5 GPa, and that for OPC concrete ranged from 18–27.5 GPa (see Figure

3.7). It can be seen that, in all the mixes, the modulus of elasticity decreases as

the rubber fibre content increases. The modulus of elasticity of geopolymer concrete

depends on the geopolymeric microstructure, and is independent of the aggregate and

source materials. An increase in the rubber fibre content decreases the homogeneity

of the geopolymer and OPC concrete, resulting in a decrease in the modulus of elas-

ticity. Similar observations have been made in previous studies [152]. The modulus

of elasticity of the geopolymer concrete and OPC concrete decrease by 36.34% and

34.54%, respectively, as the rubber fibre content increases from 0–30%.

Figure 3.7: Modulus of elasticity of OPC and geopolymer concrete
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3.7 Pull-off Test

The average pull-off strength was measured after 28 days, and the results are shown

in Figure 3.8. As the compressive strength increases, the pull-off strength increases.

It can be seen that the pull-off strength decreases when rubber fibres are introduced

to the mix. The results show geopolymer concrete has better pull-off strength than

OPC concrete. Both rubber fibre geopolymer and OPC concrete exhibit poor pull-off

strength performance, because there is less bonding between the paste and aggregate,

which results in a weaker surface layer than in the control geopolymer and control

OPC concrete. The pull-off strength of geopolymer concrete decreases from 13.46%

to 21.15% and then by 32.69% as the rubber fibre content increases to 10%, 20%, and

30%, respectively; the pull-off strength of the OPC concrete reduces from 2.38% to

21.42% and then 26.19%, respectively.

Figure 3.8: Pull-off strength of OPC and geopolymer concrete
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3.8 Abrasion Resistance Test

The abrasion resistance test was carried out at 28 days age according to IS 1237-

2009 [144]. Abrasion resistance was measured in terms of depth of wear. Figure 3.9

shows that the abrasion resistance increases as more rubber fibres are added to the

mix. As per IS 1237-2009 [144], the permissible depth of wear for general purpose

tiles and heavy-duty floor tiles is 4.0 mm and 2.5 mm, respectively. From the figure,

it is evident that the maximum depth of wear occurs when there are no rubber fibres

in the mix. In all mixes, the depth of wear is within permissible limits. It can be con-

cluded that rubber tyre fibres could be used with fly ash or cement to make general

purpose and heavy-duty floor tiles.

Figure 3.9: Depth of wear for OPC and geopolymer concrete
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3.9 Water Permeability Test

The water permeability test was carried out according to DIN-1048 [138]. Permeabil-

ity was evaluated in terms of the depth of water penetration. Figure 3.10 shows the

variation in water penetration depth with respect to rubber fibre content. The water

penetration depth increases as the rubber fibre content is increased. The water pen-

etration is lower in geopolymer concrete than in OPC concrete. Similar results have

been reported in previous study [151]. The continuous chemical reaction between fly

ash and alkaline solution results in a change in porosity and creates denser pores in

geopolymer concrete [148,151]. However, a detailed examination found that the vari-

ations were very small in the case of geopolymer concrete. Minimum and maximum

water penetration values of 31.2 mm and 35.7 mm occur in the geopolymer concrete.

The increase in penetration depth can be attributed to the increase in porosity of

the concrete, which is evident at higher replacement levels of rubber fibres. In OPC

concrete, the minimum and maximum water penetration is 38.03 mm and 42.8 mm,

respectively. It is evident that the development of pores is dependent on the alkaline

solution, aggregate, and source materials. Unlike the OPC concrete, which undergoes

a hydration process, the pores in the geopolymer are filled by alumino-silicates. This

lower permeability of geopolymer concrete has led to it being referred to as “excellent”

concrete [151,156].

3.10 Sorptivity Test

Sorptivity measures the transport properties of concrete by which water passes through

capillary pores into the concrete. Figures 3.11 and 3.12 illustrate the sorptivity index

of geopolymer concrete and OPC concrete. From Figure 3.11, it can be concluded

that the geopolymer concrete has lower sorptivity (0.09–0.164 mm/min0.5) than OPC

concrete (0.113-0.203 mm/min0.5) after 28 days. A similar observation was recorded

in previous research [92]. The limit of the sorptivity index is below 0.200 mm/min0.5,

which is the recommended value for concrete according to previous research [92]. The

control geopolymer concrete has a sorptivity index of 0.09 mm/min0.5 after 28 days.
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Figure 3.10: Water permeability of geopolymer and OPC concrete

This fact indicates that few capillary pores exist following the effective reaction be-

tween the alkaline solution and source material, whereas capillary pores persist in

the OPC concrete to enable the hydration of the cement. Also as the percentage of

rubber fiber is increased, the sorptivity index is also increased for both the concrete

(geopolymer and OPC). Hence, geopolymer concrete has fewer capillary pores than

OPC concrete. This results in a slower rate of sorptivity into the geopolymer concrete

compared with OPC concrete.
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Figure 3.11: Sorptivity of geopolymer concrete

Figure 3.12: Sorptivity of OPC concrete
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3.11 Sulfate Resistance Test

The sulfate resistance test was conducted on the geopolymer concrete and OPC con-

crete. The test was performed by soaking the specimen in 5% Na2SO4 (sodium

sulfate) solution. The sulfate resistance was evaluated based on changes in physical

appearance, mass, length, and compressive strength after exposure periods of 7, 28,

84, 162 and 365 days. For comparison, specimens were also soaked in distilled water.

The physical appearance of the geopolymer specimens after one year exposure

is shown in Figure 3.13. After exposure to sodium sulfate for up to one year, no

changes were observed in the geopolymer specimens. These specimens did not ex-

hibit any change in shape, and no cracking or spalling; in contrast, the OPC concrete

specimen had expanded and suffered from frequent random cracking. Figure 3.13

shows that the physical appearance of the geopolymer specimen soaked in 5% sodium

sulfate solution was also unchanged. Similar observations have been reported in pre-

vious research [85].

Figure 3.13: Physical appearance of geopolymer and OPC concrete
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Figure 3.14 illustrates the change in mass of geopolymer concrete specimens after

exposure to sodium sulfate for up to one year. It can be seen that there has been no

significant change in mass in the geopolymer specimen, whereas the mass of the OPC

concrete specimen has increase intially due to absorption of sodium sulphate solution

and degradation of mass observed due to effect of sodium sulphate solution shown in

Figure 3.15. A significant increase in mass was observed in the geopolymer specimen

as a result of the absorption of liquid through geopolymer specimens. The absorption

of liquid by the geopolymer specimens increased their mass by 1.3%, compared with

an increase in mass of 3.0–3.5% in the OPC specimens.

Figure 3.14: Change in mass of geopolymer specimens after sodium sulfate exposure

The change in compressive strength of the geopolymer concrete and OPC con-

crete specimens after exposure to sodium sulfate is illustrated in Figures 3.16 and

3.17. The compressive strength of each specimen was measured under the SSD con-

dition after exposure. A significant change in compressive strength was observed in

the geopolymer specimens with exposure, whereas the OPC concrete specimens show

reduced compressive strength. The reduced compressive strength in OPC concrete is

due to the formation of ettringite and expansive gypsum, which result in cracking,

expansion, and spalling. Similar results have been observed in past research [85],
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Figure 3.15: Change in mass of OPC specimens after sodium sulfate exposure

ref [157–163]. In geopolymer concrete, the geopolymerization process occurs in place

of hydration, meaning that there is generally no formation of gypsum and ettringite.

The high alkali content improves the resistance of geopolymers against sulfate ex-

posure, as confirmed by previous research [85]. These test results clearly show the

superior resistance of geopolymer concrete against sulfates over that of OPC concrete.
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Figure 3.16: Change in compressive strength of geopolymer concrete specimens after
sodium sulfate exposure

Figure 3.17: Change in compressive strength of OPC concrete specimens after sodium
sulfate exposure
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3.12 Acid Resistance Test

The acid resistance test was conducted on the geopolymer concrete and OPC concrete

specimens by soaking them in 3%, 5%, and 10% concentrations of sulfuric acid for

7, 28, 84, 162, and 365 days. This test demonstrates the behaviour of geopolymer

concrete and OPC concrete in terms of physical appearance, change in mass, and

change in compressive strength after exposure to sulfuric acid.

Figure 3.18 shows the physical appearance of the geopolymer specimens after one

year exposure period. It is evident that the specimens of all mixtures undergo erosion

after exposure to acid. The damage to the concrete surface increases as the sulfuric

acid becomes stronger. The erosion of the OPC concrete specimens is greater than

that of the geopolymer concrete.

Figure 3.18: Physical appearances of specimens after sulphuric acid exposure
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Figures 3.19 and 3.20 show the change in mass of both types of concrete after 5%

acid exposure for up to 365 days. It can be seen that the geopolymer concrete spec-

imens gain some weight during the first week of exposure, because they absorb the

liquid over this period. From this point on, the mass of all specimens decreases as

a result of acid exposure. It can be seen that the percentage of mass loss increases

with the exposure period. In geopolymer concrete, the results for the first week show

that the mass of the specimens increased by 0.98–1.15% for all concentrations, then

decreased over the remaining exposure period. In the OPC concrete, the mass of

the specimen increased by 1.8–2.5% in the first week, and then decreased. The OPC

concrete specimens lost more mass than the geopolymer concrete specimens. This

result agrees with previous research [23,44,85,94,96].

Figure 3.19: Change in mass of geopolymer specimen after sulfuric acid exposure
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Figure 3.20: Change in mass of OPC concrete specimen after sulfuric acid exposure

Figures 3.21–3.26 show the change in compressive strength of the geopolymer

concrete and OPC concrete specimens after each exposure period. These results can

be compared with the compressive strength of specimens that were not subjected to

acid exposure.

From Figures 3.21–3.26, it can be seen that the compressive strength is reduced

on exposure to sulfuric acid. The change in compressive strength depends on the

concentration of sulfuric acid and the period of exposure. Increases in the period of

exposure and concentration of sulfuric acid enhance the degradation in compressive

strength of all mixes. The rate of reduction of compressive strength is highest fol-

lowing the one year exposure period. In the control geopolymer concrete, the 3%,

5%, and 10% concentrations of sulfuric acid result in compressive strengths of 32.14,

30.78, and 17.65 MPa, respectively, after 365 days, whereas for the control OPC con-

crete, the respective strengths are 29.23, 26.00, and 13.89 MPa. This shows that

the geopolymer concrete is more resistant to sulfuric acid than OPC concrete. In

geopolymer concrete, the source material contains relatively little calcium, which is
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the major factor in increasing resistance against acid [85,94,96]. In all mixes, it was

found that higher concentrations of sulfuric acid result in greater deterioration, re-

sulting in greater loss of strength. In the geopolymer specimens, this deterioration is

due to the formation of zeolite and the depolymerization of alumino-silicate. Similar

results have been confirmed by previous research [85, 96]. These results also prove

that geopolymer and OPC concrete containing rubber fibres increase the porosity of

the concrete, which causes a greater reduction in compressive strength.

Figure 3.21: Change in compressive strength of geopolymer specimens after exposure
to 3% sulfuric acid
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Figure 3.22: Change in compressive strength of geopolymer specimens after exposure
to 5% sulfuric acid

Figure 3.23: Change in compressive strength of geopolymer specimens after exposure
to 10% sulfuric acid
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Figure 3.24: Change in compressive strength of OPC specimens after exposure to 3%
sulfuric acid

Figure 3.25: Change in compressive strength of OPC specimens after exposure to 5%
sulfuric acid
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Figure 3.26: Change in compressive strength of OPC specimens after exposure to
10% sulfuric acid
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3.13 Chloride Diffusion Test

The steady state chloride ion migration test was performed for the geopolymer and

OPC concrete specimens, and the coefficients of chloride diffusion are presented in

Figure 3.27. From this figure, it can be seen that the geopolymer concrete has lower

chloride diffusion coefficients than the OPC concrete. The chloride diffusion coeffi-

cients increase with the rubber fibre content in both types of concrete. The minimum

chloride diffusion coefficients for geopolymer concrete and OPC concrete are 1.0 x

10−12 and 1.5 x 10−12, respectively, and the maximum chloride diffusion coefficients

are 1.2 x 10−12 and 1.7 x 10−12, respectively. These values are similar to those reported

in a previous study [152].

Figure 3.27: Chloride diffusion coefficient of geopolymer and OPC concrete
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3.14 Corrosion Resistance Test

3.14.1 Macrocell current mesurements

The Macrocell current was measured according to ASTM G109 [141] with the 100-

Ohm resistance. The positive macrocell current indicate that corrosion is in progress.

A minimum value of 10 µA is considered to ensure the presence of sufficient corrosion.

Figure 3.28 shows that, the macrocell current of geopolymer concrete specimen was

less than 10 µA, up to the age of 9 months for control as well as rubberized geopoly-

mer concrete. Whereas, more than 10 µA macrocell current was recorded at 10th ,

11th and 12th month for all mixes.

The variation of macrocell current with time for geopolymer concrete and OPC con-

crete is shown in Figures 3.28 and 3.29. The macrocell current for rubberized concrete

mixes was more than that for the control concrete at all the ages. For OPC concrete,

current exceeded 10 µA at 8th month to 12th month for all mixes. The maximum

anodic current for control mix was measured as 11.2 µA, 13.4 µA, 17.1 µA and 19.3

µA at 12th month for geopolymer concrete whereas the maximum current for OPC

concrete was measured as 15.3 µA, 18.9 µA , 15.8 µA and 22.1 µA . From the above

results, it can be shown that the inclusion of waste rubber fiber increases the proba-

bility of early initiation of corrosion in both type of concrete.
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Figure 3.28: Macrocell current of geopolymer concrete

Figure 3.29: Macrocell current of OPC concrete



CHAPTER 3. STRENGTH AND DURABILITY PROPERTIES 113

3.14.2 Half-cell potential measurements

The half-cell potential was measured as according to ASTM C876 [142] between top

bar and reference electrode. The results of half-cell potential readings for geopolymer

concrete and OPC concrete are shown in Figures 3.30 and 3.31. According to ASTM

standard, when potentials are more negative than -350 mV, there is more than 90%

probability that corrosion in reinforcing steel bars will occur. For geopolymer con-

crete, the potential was less negative than -350 mV up to 9th months shown whereas

for OPC concrete , the potential was less negative than -350 mV up to 8th months as

shown in Figures 3.30 and 3.31.

Figure 3.30: Half-cell potential mesurement of geopolymer concrete
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Figure 3.31: Half-cell potential mesurement of OPC concrete

The variation of half-cell potential for geopolymer and OPC concrete is shown in

Figure 3.31. The half cell potential of waste rubber fiber concrete was higher than

that for the control mix at the ages. More negative than -350 mV potential was

recorded at 10th month to 12th month in geopolymer concrete whereas, OPC concrete

the potential became more negative than -350 mV at 9th month to 12th month.

The maximum potential was measured as -360mV, -400 mV and -420, and -460 mV

for geopolymer concrete at 12th month whereas the maximum potential for OPC

concrete at 12th month was measured as -400 mV, -455 mV, -482 mV and -500 mV.

It is observed from the above results that the geopolymer concrete decreases the

probability of early initiation of corrosion compare than OPC concrete.



CHAPTER 3. STRENGTH AND DURABILITY PROPERTIES 115

3.15 Drying Shrinkage Test

The drying shrinkage with time for geopolymer concrete and OPC concrete is shown

in Figures 3.32 and 3.33 From the figure it can be seen that geopolymer concrete

undergoes low drying shrinkage compare with OPC concrete. The low drying shrink-

age associated with its finer pore structure leads to low diffusibility and considerably

slows down rate of drying shrinkage. In the geopolymerization process water is ex-

pelled which results less amount of water present in the micro pores of geopolymer

concrete. This Results in low drying shrinkage. The shrinkage strain is fluctuating

with time due to moisture movement from the environment to concrete and vice versa

which develops reversible shrinkage and swelling of concrete. It can be observed that

the drying shrinkage increased with the increase in the rubber fiber content as well as

increase in time for both the cases. The increase in porosity due to rubber particles

leads to increase in the rate of shrinkage.

Figure 3.32: Drying shrinkage of geopolymer concrete specimen
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Figure 3.33: Drying shrinkage of OPC concrete specimen

3.16 Carbonation Resistance Test

The depth of carbonation measured for geopolymer and OPC concrete is shown in

Figures 3.34 and 3.35 for 14, 21, 28, 35, 42, 56 and 90 days duration (5% CO2

exposure). It can be observed that the carbonation depth increased with the increase

of CO2 exposure duration and replacement level for all the mixes. It is observed from

the present study that the carbonation depth for large replacement level (30%) and

high CO2 concentration (5% for 90 days) was less than the minimum cover required

(15 mm) for both the concrete. The carbonation depth for any replacement level

of fine aggregate by rubber fiber decreased with increase in rubber content. The

increase in carbonation depth may be due to increase in water absorption and water

permeability as earlier observed in the present research. A maximum carbonation

depth of 8.0 mm was observed for geopolymer concrete with 30% replacement level of

fine aggregate whereas at the same replacement level, carbonation depth of 9.0 mm

was observed for OPC concrete at 90 days exposure.
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Figure 3.34: Carbonation depth of geopolymer concrete specimen

Figure 3.35: Carbonation depth of OPC concrete specimen
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3.17 Salt Resistance Test

Salt resistance test was conducted on geopolymer concrete and OPC concrete. The

test was performed by soaking the specimen in 5% NaCl (Sodium chloride) solution.

The salt resistance was evaluated based on change in compressive strength after ex-

posure of 7, 28, 84, 162, and 365 days. Compressive strength of geopolymer concrete

and OPC concrete after exposure to sodium chloride is shown in Figures 3.36 and

3.37, respectively. Compressive strength of specimens was taken under saturated sur-

face dry condition after exposure and results compared with the specimens with no

exposure. No significant change was observed in the compressive strength of geopoly-

mer concrete on exposure to salty solution. There was however some reduction in the

compressive strength of the rubberized geopolymer concrete on exposure to salt after

replacement of more than 10%. There was significant reduction in the compressive

strength on exposure to salty solution for control OPC concrete as well as rubberized

concrete. The results clearly show the excellent resistance of geopolymer concrete

(both control as well as rubberized) against the OPC concrete (both rubberized as

well as geopolymer).
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Figure 3.36: Salt Resistance of geopolymer concrete specimen

Figure 3.37: Salt Resistance of OPC concrete specimen
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3.18 Conclusion

From the results reported in this chapter, the following conclusions can be drawn:

1. As the percentage of waste rubber fibers increases, the compressive strength de-

creases at all ages. Geopolymer concrete gain 95% compressive strength only in 7

days. The compressive strength of OPC concrete is less than that of geopolymer

concrete.

2. The geopolymer concrete exhibits higher tensile strength than OPC concrete be-

cause of the good bonding between the geopolymer paste and aggregate.

3. The tension properties of rubberized geopolymer concrete, such as flexural and

tensile strength, are increased as the percentage of rubber fibers increased. The

maximum Flexural strength was observed in 30% replacement of sand by fibers.

This is because of the fibers which provide a better bridge between propagated

cracks.

4. It can be seen that, in all the mixes, the modulus of elasticity decreases as the rub-

ber fibre content increases. The modulus of elasticity of the geopolymer concrete

and OPC concrete decreased by 36.34% and 34.54%, respectively, as the rubber

fibre content increases from 0–30%.

5. It can be seen that the pull off strength decreases when rubber fibres are introduced

to the mix. The results show geopolymer concrete has better pull off strength than

OPC concrete.

6. It is evident that the maximum depth of wear occurs when there are no rubber

fibres in the mix. In all mixes, the depth of wear is within permissible limits. It

can be concluded that rubber tyre fibres could be used with fly ash or cement to

make general purpose and heavy-duty floor tiles.

7. The water penetration depth increases as the rubber fibre content is increased. The

water penetration depth is lower in geopolymer concrete than in OPC concrete.

The increase in penetration depth can be attributed to the increase in porosity of

the concrete, which is evident at higher replacement levels of rubber fibres.
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8. After exposure to sodium sulfate for up to one year, no physical changes were

observed in the geopolymer specimens. These specimens did not exhibit any change

in shape, and no cracking or spalling, in contrast, the OPC concrete specimen had

expanded and suffered from frequent random cracking. A significant change in

compressive strength was observed in the geopolymer specimens after exposure,

whereas the OPC concrete specimens show reduced compressive strength.

9. The specimens of all mixtures undergo erosion after exposure to acid. The damage

to the concrete surface increases as the sulfuric acid becomes stronger. It was found

that higher concentrations of sulfuric acid result in greater deterioration, resulting

in greater loss of strength.

10. It can be seen that the geopolymer concrete has lower chloride diffusion coefficients

than the OPC concrete. The chloride diffusion coefficients increase with the rubber

fibre content in both types of concrete.

11. The macrocell current for rubberized concrete mixes was more than that for the

control concrete at all the ages. For OPC concrete, current exceeded 10 µA at 8th

month to 12th month for all mixes. It can be stated that the inclusion of waste

rubber fiber increases the probability of early initiation of corrosion in both type

of concrete.

12. The half cell potential of waste rubber fiber geopolymer and OPC concrete was

higher than that for the control geopolymer and OPC concrete mix. More negative

than -350 mV potential was recorded at 10th month to 12th month in rubberized

geopolymer concrete whereas, rubberized OPC concrete the potential became more

negative than -350 mV at 9th month to 12th month.

13. The drying shrinkage increased with the increase in the rubber fiber content as

well as increase in time for both the cases. The increase in porosity due to rubber

particles which lead to decrease the rate of shrinkage.

14. The carbonation depth for any replacement level of fine aggregate by rubber fiber

decreased with increase in rubber content. A maximum carbonation depth of
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8.0 mm was observed for geopolymer concrete with 30% replacement level of fine

aggregate whereas at the same replacement level, carbonation depth of 9.0 mm

was observed for OPC concrete at 90 days exposure.



Chapter 4

Thermal Properties

4.1 Prelude

Fire has been crucial in the development of human society, and remains an important

part of human civilization. However, fire constitutes a significant threat to life and

property in urban and rural areas. It can be extremely dangerous in sites such as

high-rise buildings, tunnels, nuclear reactors, pressurized vessels, storage tanks for

flammable fuels, and gasification and liquation vessels. Fires or elevated tempera-

tures represent extreme conditions that any structure may be exposed to during its

service life. Conventional OPC concrete can only withstand regular fires. Therefore,

fire resistance is a critical parameter in the reinforced concrete structural systems

widely used in high-rise buildings.

As concrete is a heterogeneous material, an increase in temperature influences both

the aggregate and the cement paste. Further, the behaviour of concrete at high

temperatures depends on its composition and the properties of its individual compo-

nents. The loss of strength in OPC paste exceeds 50% on exposure to 400–500◦C.

This is because of the dehydroxylation of hydroxide and the continuous dehydration

of calcium silicate hydrate (CSH), which starts at 105◦C. This problem has compelled

researchers to explore the possibility of tweaking the chemical composition and in-

gredients of concrete. A significant number of studies have looked at the feasibility
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of using industrial by-products in concrete.

Owing to the associated risk of fires, along with environmental and health hazards, 38

states of the USA have banned the dumping of unprocessed whole tyres. Akin to fly

ash, the disposal of rubber tyres in the vicinity of populated areas raises grave health

and environmental concerns. Therefore, the systematic recycling of these wastes may

help to address societal challenges. Geopolymer concrete is a recently developed

concrete that is easy to make and offers superior performance and a lower carbon

footprint than conventional OPC concrete.

Geopolymers have demonstrated superb physical, mechanical, optical, and thermal

attributes, and their manufacture requires relatively little energy (up to 60% less than

OPC), which makes them an attractive alternative to conventional OPC concrete.

Geopolymer concrete exhibits excellent stability at high temperatures, little shrink-

age, autoclave curing, freeze/thaw and thermal stability, as well as acid and fire resis-

tance. Additionally, the enhanced polymerization causes an increase in the amorphous

content, which in turn increases the strength of fly ash-based geopolymer concrete.

It also offers significant cost savings compared to conventional concrete (in the range

10–30%). Moreover, the production of geopolymer cement emits 90% less CO2 than

the production of OPC. This implies that, in developing countries, infrastructure and

building applications will create far lower CO2 emissions.

This chapter presents a systematic study of the fire resistance of fly ash-based geopoly-

mer concrete, and then establishes a comparison with the fire resistance of rubberized

geopolymers. In this study, rubber tyre fibres were used to replace 10% of the natural

sand to give rubberized geopolymer concrete. This concrete was exposed to elevated

temperatures (200◦C, 400◦C, 600◦C, and 800◦C) to investigate the thermal effects on

density, visual surface appearance, compressive strength, and microstructural char-

acteristics. The experimental methods used to study the control and rubberized

geopolymer concrete include XRD, TGA, and FTIR. The pozzolanic material used
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was fly ash incorporating rubber tyre fibres along with an alkaline solution of sodium

hydroxide and sodium silicate for geopolymerization.

4.2 Preparation of Geopolymer Concrete

Rubberized geopolymer concrete was composed using a 14M NaOH concentration,

sodium silicate-to-sodium hydroxide ratio of 2.5, fly ash-to-alkaline solution ratio of

0.4, 10% extra water content, 20% relative content of superplasticizer, curing time of

48 h, curing temperature of 90◦C, 10% rubber fibre content, and 75% total aggregate

content.

Fly ash, rubber fibres, and aggregates were initially dry mixed in a pan mixer for

5 min. Thereafter, alkaline solution, extra water, and superplasticizer were added

and mixed for another 6 min. The mixture was then poured into cubic moulds (100

x 100 x 100 mm) in three layers. Each layer was compacted with a tamping rod

and then placed on a vibrating table for 10–12 s to expel air bubbles. A total of

15 specimens were prepared for each mix. After casting, the specimens were covered

with a plastic sheet to prevent the evaporation of alkaline solution and excess water.

The specimens were then cured in an oven for 48 h at 90◦C. The mix proportions for

both the control (Mix-1) and rubberized geopolymer concrete (Mix-2) are presented

in Table 4.1.

Elevated temperature exposure The specimens were heated in a muffle furnace

designed for a maximum temperature of 1000◦C. The specimens were treated at

200◦C, 400◦C, 600◦C, and 800◦C, with a rate of heating of 4.4◦C/min starting from

room temperature. The specimens were placed into the furnace for approximately 2

h after the desired treatment temperature was achieved. The specimens were then

allowed to cool in air at room temperature, and analysed for weight loss, compressive

strength, and density. The chemical changes in specimens after exposure were also

examined using XRD, FTIR, and TGA-DTA analysis.
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Table 4.1: Mix proportion (per m3)
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4.3 Testing and Characterization of Microstruc-

ture of Rubberized Geopolymer Concrete

X-ray Powder Diffractometer Before and after exposure to high temperature,

specimens were crushed to a powder with a typical grain size of 45 µm for XRD anal-

ysis. XRD was conducted using a PANalytical XPert Powder device. The diffracted

intensities were recorded using an X-Celerator high-speed linear detector over a range

of 5–65◦ 2θ with a step size and count time of 0.02◦ and 0.6 s/step, respectively. The

analysis was carried out using Xpert HighScore software from PANalytical.

Fourier Transform Infrared Spectroscopy Analysis FTIR analysis was car-

ried out using the KBr (potassium bromide) method. FTIR spectra with eight scans

per sample were collected from 4000 cm−1 to 400 cm−1 with a resolution of 4 cm−1.

Thermogravimetric analysis TGA was performed using a Perkin-Elmer Simul-

taneous Thermal Analyser (STA 6000) under isothermal conditions at 40◦ for 60 min

to equilibrate the nitrogen environment (N2 flowing at 200 ml/min). Thereafter, sam-

ples were heated to 900◦ at a rate of 10◦/min under the same gaseous environment.

4.3.1 Compressive Strength

Rubberized and control geopolymer concrete cubes (100 mm size) containing 10%

rubber fibres were cast. The specimens were tested for compressive strength at an

age of 28 days and immediately after exposure to elevated temperature, as per IS

516:1959 [135]. Load was applied gradually at a rate of 140 kg/cm2/min.
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4.4 Results and Discussion

4.4.1 Visual Surface Appearance after Elevated Temperature

The changes that occur during the heating process include moisture loss, evaporation,

and decomposition of chemical structure. As a result, hairline cracks developed in

the rubberized geopolymer concrete at 800◦C. Conversely, no cracks appeared in the

control geopolymer concrete at elevated temperatures, as shown in Figure 4.1.

Figure 4.1: Hairline crack development in the specimens

4.4.2 Mass Loss

Weight loss due to exposure to elevated temperatures occurred during the heating

process. The weight of both the control and rubberized geopolymer concrete speci-

mens decreased with increasing temperature, as shown in Figure 4.2. As the elevated

temperature increase, the control geopolymer concrete lost slightly less mass than

the rubberized geopolymer concrete. Specifically, Figure 4.2 shows that, at 800◦C,

the mass loss in the control and rubberized geopolymer concrete was 15% and 17%,

respectively.
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Figure 4.2: Mass loss of specimens subjected to elevated temperatures

4.4.3 Compressive Strength Reduction

It can be inferred from the Table 4.2 that the percentage reduction in compressive

strength is higher for rubberized geopolymer concrete than the control geopolymer

concrete at all temperatures. There are three reasons for this. First, the softer

rubber particles are more prone to early cracking on the application of load, and this

phenomenon may accelerate the cracking and failure of the specimen. Second, the

density of the rubber is lower than that of the fine aggregate. It is clear that the

inclusion of rubber fibres decreases the density of the geopolymer concrete. This may

be because the rubber fibres entrap air about their jagged surface and have a lower

specific gravity than the fine aggregate. Third, voids form around the rubber particles

because of the poor compaction and bonding in these areas ref [164–171]. It can be

inferred from Table 4.2 that the percentage reduction in compressive strength is higher

for rubberized geopolymer concrete than the control concrete at all temperatures. The

highest percentage reduction in compressive strength was observed for the rubberized

geopolymer concrete at 600◦C. This may be attributed to the decomposition of rubber
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particles at elevated temperatures, leading to the formation of voids in the concrete

matrix. These voids enhance the pore pressure and accelerate the formation of cracks

in the matrix. This results in poor residual strength in the specimen [172, 173].

Figure 4.3 indicates that the strength of both types of geopolymer concrete increased

above 600◦C, because the amorphous content increases with the polymerization of

unreacted crystalline material [174]. As a result, there is no further strength loss in

the geopolymer concrete (see Table 4.2). Figure 4.3 also illustrates that both the

control and rubberized geopolymer concrete exhibit a similar reduction in strength.

Figure 4.3: Compressive strength of control and rubberized geopolymer concrete
specimens after exposure to elevated temperatures
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Table 4.2: Compressive strength and density on exposure to elevated temperatures
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4.4.4 X-ray Powder Diffractometric Analysis

XRD was used to investigate the compositional transformations that occur in rub-

berized and control concrete samples when exposed to elevated temperatures.

Figure 4.4 shows that the intense peaks in the XRD spectra of geopolymer concrete

reflect the presence of quartz and mullite in the ash and the effect of the activator when

exposed to elevated temperatures. Mullite has a stable crystalline structure under

ambient conditions. It retains its strength at elevated temperatures, and exhibits

high temperature stability with little thermal expansion. [175, 176]. Semi-crystalline

sodium aluminate silicate hydrate (N-A-S-H) gel was observed in specimens after

exposure to 200◦C.

Figure 4.4: XRD spectra of GPC after various thermal treatments
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In a previous study, Hussain et al. [176] reported the appearance of N-A-S-H (alu-

mina silicate) gel in samples before and after thermal exposure to 200◦C. The results

of the current study are consistent with these findings. Zeolite was also formed as a

by-product of this reaction. A crystalline phase of hydro-sodalite (Na4Al3Si3O12OH)

formed during exposure to temperatures up to 400◦C. The zeolite underwent recrys-

tallization as nepheline (NaAlSiO4) and albite (NaAlSiO8) hydrous alumino-silicates

after treatment at 600◦C and 800◦C [176,177].

4.4.5 Fourier Transform Infrared Spectroscopy Analysis

FTIR spectra of the control and rubberized geopolymer concrete are shown in Figures

4.5 and 4.6, respectively. The spectra in Figure 4.5 exhibit major bands at approxi-

mately 3435, 1049, 777, and 458 cm−1. Figure 4.6 shows similar bands occurring at

approximately 3435, 1049, and 458 cm−1. There are two common major bands in the

control and rubberized geopolymer concrete, namely at 3435 cm−1 and 1049 cm−1.

The H-O-H band is located at 1049 cm−1 in both samples, which reflects the presence

of water molecules. The H-O-H bond is formed after alkaline activation due to the

presence of weakly bound water molecules [176].

The peaks at 3435 cm−1 and 1049 cm−1 correspond to stretching and bending of

the OH bond, respectively. Similar results have been reported by Hussain et al. [176].

Na2CO3 was found to form in the control GPC at approximately 1049 cm−1 and 777

cm−1. This is due to the carbonation of unreacted NaOH and Na2SiO3. Figures 4.5

and 4.6 indicate that the chain length decreases after treatment at 200◦C because

of the decrease in their bonding strength. Increasing the temperature from 200◦C

to 600◦C does not reduce the chain length further, because all weakly bound water

molecules are expelled at 200◦C. At temperatures between 200◦C and 600◦C, there is

a marginal decrease in peak intensity due to the occurrence of Si-O-Al and Si-O-Si

bonds. However, beyond 600◦C, absorption corresponding to vibrations in the Si-O-Si

region occur due to the polymerization of unreacted materials [174].
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Figure 4.5: FTIR spectra of control GPC

N-A-S-H gel formation leads to an increase in the 1049 cm−1 peak intensity in both

the control and rubberized GPC at all temperatures. This finding is confirmed by the

XRD results in Figure 4.4. This gel remains in position because of the albite, which

was observed in the XRD pattern shown in Figure 4.4 [176].
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Figure 4.6: FTIR spectra of rubberized GPC

4.4.6 Thermogravimetric Analysis

TGA was carried out using a Perkin-Elmer simultaneous thermal analyser (STA 6000)

to measure the mass loss of powder-like samples when heated from room temperature

to 900◦C.

The TGA and DTG curves of control geopolymer concrete shown in Figures 4.7 and

4.8 indicate that the maximum mass loss occurs at approximately 150◦C. Beyond

150◦C, the rate of mass loss remains relatively constant. Figure 4.7 shows a gradual

reduction in mass with an increase in temperature. This loss is a result of moisture

within the geopolymer concrete specimens rapidly migrating and changes in the chem-

ical structure. These findings are consistent with the FTIR analysis as well as earlier

reports [174,178,179], This effect causes surface and internal cracks to appear in the

geopolymer specimens. A slightly higher rate of mass loss was observed at 750◦C,

which may be due to the formation of nepheline identified by the XRD spectra. The
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TGA and DTG curves of geopolymer concrete exhibit similar behaviour, and have

therefore been omitted.

Figure 4.7: TGA curve of rubberized geopolymer concrete
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Figure 4.8: DTG curve of rubberized geopolymer concrete

4.5 Conclusion

The following conclusions can be drawn from the results in this chapter:

1. Elevated temperatures have a similar effect on both the control and rubberized

geopolymer concrete.

2. The strength of the control and rubberized geopolymer decreases after thermal

exposure up to 600◦C. However, the compressive strength increases on exposure

to temperatures greater than 600◦C, and was observed to be higher at 800◦C than

at 600◦C.

3. Hairline cracks were observed in rubberized geopolymer concrete after exposure to

temperatures in excess of 600◦C.

4. At elevated temperatures, N-A-S-H (alumina silicate) forms in both the control

and rubberized geopolymer concrete. Zeolite forms as a secondary reaction product

in both concretes; this is then converted into hydro-sodalite (Na4Al3Si3O12OH)
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at elevated temperatures. The zeolite undergoes recrystallization as nepheline

(NaAlSiO4) and albite (NaAlSiO8), similar to a hydrous alumina silicate, after

exposure to 600◦C and 800◦C.

5. The FTIR signature of both types of geopolymer concrete shows minor changes

in the region around 1049 cm−1 and 777 cm−1, suggesting that both types of

geopolymer concrete have good heat resistance.



Chapter 5

Fly ash based Geopolymer Mortar

5.1 Prelude

History has witnessed a continuous improvement and development in construction

practices. Over the last century, the expense involved in the preparation of mortar and

concrete has come to represent the majority of the total cost of a project. Driven by

commercial and industrial demand to economize the construction process, a paradigm

shift occurred in the technological advancement of mortar and concrete preparation.

The inaccessibility of various important constituents of mortar and concrete, such

as lime, made many construction projects economically unviable. Hence, various

researchers investigated the replacement of OPC concrete and mortar by geopolymer

concrete and mortar. This chapter focuses on carbonation and strength studies related

to geopolymer mortar.

5.2 Requirements and Advantages of Geopolymer

Mortar

Conventional mortar consists of a binder material cement, fine aggregate, and water,

and is mainly used to fill the gaps between masonry or bricks. Mortar can be made of

asphalt, cement, and mud. Cement is an important component of OPC and ordinary

mortar. The manufacture of cement involves heating limestone to 1450◦C in a kiln, a

139
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process known as calcination. This process produces carbon dioxide while converting

calcium carbonate into calcium oxide. In parallel, coal used to heat the kiln also

emits carbon dioxide. Various studies have revealed that approximately one ton of

carbon dioxide is emitted to produce one ton of cement [180,181].

According to the literature, the global construction industry requires 2.6 billion tons

of cement every year. Further, demand for cement is estimated to increase by around

25% over the next 10 years. As the fundamental material for the production of ce-

ment, natural reserves of limestone may face shortages in the next 25 years [181].

It is clear that the use of cement poses many challenges to our environment and atmo-

sphere, and has the potential to disrupt the eco-system of the planet. International

organizations such as the United Nations are pushing for reforms regarding climate

change through the United Nations Framework Convention on Climate Change. The

conference held in Paris is seen as a watershed moment in policy regarding climate

change, with its stated intention to make a reduced carbon footprint legally binding

in signatory countries. Hence, it is imperative that policy makers pay heed to the en-

vironmental challenges posed by cement production. It is vital to explore alternative

methodologies that could replace the monopoly of cement as a binder material in the

construction industry.

The use of geopolymers offers the best solution to the environmental challenges stated

above. On the one hand, geopolymers use waste materials generated from thermal

industries such as fly ash and blast furnace slag, while on the other hand, they can

replace the use of cement as a binder material in the preparation of mortar. The

main aim of the present chapter is to understand and investigate the performance

of geopolymer mortar. Further, the performance of geopolymer mortar subjected to

carbonation is thoroughly investigated. This chapter clarifies the possible mix com-

position of geopolymer mortar, and studies the influence of the mix composition on

the mechanical strength, microstructure, and carbonation of geopolymer mortar.
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5.3 Mix Proportion and Testing Method

An investigation of various parameters provides the platform for understanding the

behaviour of geopolymer mortar. This enhances the likelihood of geopolymer mortar

being used in various construction applications. Further, the influence of environ-

mental degradation such as carbon dioxide exposure on the durability of the mortar

enables the service life of the mortar to be estimated. In the present study, two

experimental investigations were conducted. Series A examines the influence of mix

proportions on the compressive strength of the mortar, whereas Series B studies the

influence of mix proportions on the durability of the mortar against carbonation. This

chapter discusses the test procedure and programme, and presents the experimental

results and discussion.

5.3.1 Investigation of Compressive Strength

Series A examines the effect of mix proportions on the compressive strength of

geopolymer mortar. This section presents the test methodology, test programme,

results, and discussion.

5.3.2 Test Method

Preparation of mortar specimens

To prepare the geopolymer mortar specimens, fly ash and alkaline activating solution

(NaOH and Na2SiO3) were blended in predefined proportions using a manual mixing

technique. Further, the fine aggregate was mixed into the activated fly ash mix paste

for a further 5 min. The prepared mortar was mixed up to a good consistency, and

the prepared mortar was poured into steel moulds of length 50 mm, breadth 50 mm,

and height 50 mm. The moulds were vibrated for 2 min to remove entrapped air,

as shown in Figure 5.1. The specimens were preserved at room temperature for a

duration of 300 min. The specimens were cured at a constant temperature of 60◦C

or 90◦C for 24 h. After curing, the mortar samples were removed by unpacking the

moulds and kept at room temperature shown in Figure 5.2.
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Figure 5.1: Perspective view of the moulds

Figure 5.2: Perspective view of geopolymer mortar specimens
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Testing procedure

The mortar samples obtained after curing were subjected to compression tests. Speci-

mens were tested according to IS-2250 [182]. Three samples with an identical mix de-

sign were tested using machine CTM. The average compressive strength was computed

from these samples. Further, crushed samples were obtained for further microscopic

analyses. The crushed powder was used to analyse the mineralogical composition and

structural arrangement.

5.3.3 Test Programme

Based on the literature, several parameter combinations of the alkaline activator to

fly ash ratio, sodium silicate to sodium hydroxide ratio, curing time, and delay time

were adopted for the mix compositions. The delay time refers to the time duration

between pouring the mix into the moulds and the start of curing by heating. The

value of the alkaline activator to fly ash ratio, sodium silicate to sodium hydroxide

ratio, and delay time were set to 0.4, 1, and 5 h, respectively. In the present study, the

NaOH concentration, aggregate to binder ratio, and curing temperature were varied

while the above mentioned parameters were held constant. Table 5.1 summarizes the

test programme for Series A. It is important to note that the test programme given

in Table 5.1 was conducted twice: in Series A1, samples were cured for up to 7 days,

whereas in series A2, the samples were cured for up to 28 days.

5.3.4 Results and Discussion

The results for series A are reported in terms of compressive strength. The com-

pressive strength of each mix composition was computed by taking the average com-

pressive strength obtained from the three samples with identical compositions. As

discussed in Table 5.1, the present section shows the influence of mix composition

parameters on the compressive strength of the mortar.
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Table 5.1: Summary of the test programme adopted for Series A in the present study

Mixes NaOH Aggregate to Curing
concentration binder ratio temperature

S-1 14M 1:1 600C
S-2 14M 2:1 600C
S-3 14M 3:1 600C
S-4 11M 1:1 600C
S-5 11M 2:1 600C
S-6 11M 3:1 600C
S-7 8M 1:1 600C
S-8 8M 2:1 600C
S-9 8M 3:1 600C
S-10 14M 1:1 900C
S-11 14M 2:1 900C
S-12 14M 3:1 900C
S-13 11M 1:1 900C
S-14 11M 2:1 900C
S-15 11M 3:1 900C
S-16 8M 1:1 900C
S-17 8M 2:1 900C
S-18 8M 3:1 900C

5.3.5 Influence of NaOH Concentration on Compressive Strength

Figures 5.3 and 5.4 show the variation in compressive strength achieved after 7 days

with respect to the concentration of NaOH. As can be seen, the compressive strength

increases with the concentration of the alkali activator. The increase in compressive

strength can be attributed to the greater amount of leaching of Si4+ and Al3+ ions.

The leaching of Si4+ and Al3+ ions leads to the formation of alumino-silicate gel,

which in turn provides compressive strength to the mortar sample. The maximum

compressive strengths for the mortar cured at 60◦C and 90◦C are 30.53 MPa and

32.92 MPa, respectively. The maximum compressive strengths are given by the 14M

concentration of the alkali activator.
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Figure 5.3: Variations in 7 days compressive strength of mortar with NaOH concen-
tration (curing temperature (Tc) = 60◦C)

Figure 5.4: Variations in 7 days compressive strength of mortar with NaOH concen-
tration (curing temperature (Tc) = 90◦C)



CHAPTER 5. FLY ASH BASED GEOPOLYMER MORTAR 146

Figure 5.5: Variations in 28 days compressive strength of mortar with NaOH concen-
tration (curing temperature (Tc) = 60◦C)

Figure 5.6: Variations in 28 days compressive strength of mortar with NaOH concen-
tration (curing temperature (Tc) = 90◦C)
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Figures 5.5 and 5.6 compare the variation in compressive strength (after 28 days) of

the mortar cured at temperatures of 60◦C and 90◦C with respect to the concentration

of NaOH. It can be observed that the compressive strength increases significantly

with the addition of NaOH at increased concentrations (8M, 11M, and 14M). The

increased compressive strength is a result of the higher dissolution of Si4+ and Al3+

ions, which results in the presence of more alumino-silicate gel within the matrix of

the mortar. The alumino-silicate gel attains compressive strength when subjected to

higher temperature. The increase in temperature (up to a certain extent) may help

in achieving higher strength, which is evident from the higher compressive strength

in the mortar cured at 90◦C than in that cured at 60◦C.

5.3.6 Influence of Aggregate to Binder Ratio on Compressive

Strength

Figures 5.7 and 5.8 depict the variation in the 7-day compressive strength of geopoly-

mer mortar with respect to changes in the aggregate to binder ratio. For this pur-

pose, various concentrations of NaOH were used. It can be seen that the compressive

strength of the mortar increases as the aggregate ratio decreases from 3:1 to 2:1. Fur-

ther, a decrease in aggregate content from 2:1 to 1:1 causes a decrease in compressive

strength. The compressive strength of alkali-activated fly ash geopolymer mortar is

governed by the strength of the binder (alkali-activated fly ash) and proper bonding

between the fine aggregate and binder material. An increase in compressive strength

at low aggregate to binder ratios can be attributed to proper bonding between the

fine aggregate and geopolymer mortar. Further, a decrease in compressive strength

following a decrease in aggregate content can be attributed to the increased porosity

of the geopolymer mortar in the presence of a smaller fraction of fine aggregates.



CHAPTER 5. FLY ASH BASED GEOPOLYMER MORTAR 148

Figure 5.7: Variations in 7 days compressive strength of mortar with NaOH concen-
tration (curing temperature (Tc) = 60◦C)

Figure 5.8: Variations in 7 days compressive strength of mortar with NaOH concen-
tration (curing temperature (Tc) = 90◦C)
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The influence of changes in the concentration of sodium hydroxide on the compressive

strength of similar specimens was investigated. For each concentration of NaOH, an

identical pattern of variation in compressive strength was observed with respect to the

change in aggregate content. However, specimens prepared with high concentrations

of NaOH possessed higher compressive strengths. This is because of the increased

alkali activation of fly ash and proper leaching of Al3+ and Si4+ ions from fly ash to

the geopolymer matrix.

Figure 5.8 demonstrates the variation of the 7-day compressive strength of geopoly-

mer mortar with respect to the aggregate and concentration of NaOH for a curing

temperature of 90◦C. The nature of this curve is identical for curing temperatures

of 60◦C and 90◦C. Maximum compressive strengths of 26.31 MPa, 30.93 MPa, and

32.92 MPa were obtained for NaOH concentrations of 8M, 11M, and 14M, respec-

tively, at the optimum binder to sand ratio of 2:1.

Figures 5.9 and 5.10 demonstrate the variation in 28-day compressive strength with

respect to the concentration of NaOH and aggregate to binder ratio for specimens

cured at temperatures of 60◦C and 90◦C. Maximum compressive strength was at-

tained by mixing an aggregate-binder ratio of 2:1 for NaOH concentrations of 8M,

11M, and 14M. Higher compressive strength was observed for higher concentrations

of NaOH, which signifies the importance of leaching phenomena in achieving good

compressive strength.

Further, the influence of curing temperature on the compressive strength was also

examined. It was found that the higher curing temperature resulted in higher com-

pressive strength. This is because the geopolymer matrix hardens under heating.



CHAPTER 5. FLY ASH BASED GEOPOLYMER MORTAR 150

Figure 5.9: Variations in 28 days compressive strength of mortar with NaOH concen-
tration (curing temperature (Tc) = 60◦C)

Figure 5.10: Variations in 28 days compressive strength of mortar with NaOH con-
centration (curing temperature (Tc) = 90◦C)
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5.3.7 Influence on Microstructure of Geopolymer Mortar

Scanning Electron Microscopy

In the present study, a scanning electron microscope available at the Material Re-

search Center, MNIT Jaipur, was used to investigate variations in the microstructure

features of geopolymer mortar and unreacted fly ash. Figures 5.11, 5.12, and 5.13

show micrographs of the mortar made up of 14M NaOH using varying aggregate to

binder ratios. Plenty of alumino-silicate gel was observed in the mortar made from

an aggregate to binder ratio of 1:1. With aggregate to binder ratios of 2:1 and 3:1,

the amount of gel present in the matrix of the mortar decreases. The micrographs

are in agreement with the compressive strength results.

Figure 5.11: Micrograph of geopolymer mortar obtained from SEM (14M NaOH,
aggregate to binder ratio = 1:1)
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Figure 5.12: Micrograph of geopolymer mortar obtained from SEM (14M NaOH,
aggregate to binder ratio = 2:1)

Figure 5.13: Micrograph of geopolymer mortar obtained from SEM (14M NaOH,
aggregate to binder ratio = 3:1)
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Figures 5.14, 5.15, and 5.16 show micrographs obtained from SEM for mortar made

using sodium hydroxide of varying concentrations. The NaOH acts as a dissolution

and leaching agent during the preparation of the mortar. Higher concentrations

of NaOH accelerate the dissolution of fly ash particles into the matrix, which in

turn become alumino-silicate gel. In the figures, the matrix of gel, fly ash, and fine

aggregate around particles of the fly ash can be seen. It was observed that, in the case

of mortar made up of 8M NaOH, a significant number of unreacted fly ash particles

were present. The presence of unreacted fly ash particles indicates insufficient NaOH

to dissolve all the fly ash particles and does not allow the mortar to achieve its

potential strength. However, in the case of the mortar with 11M and 14M NaOH,

there is a noticeable improvement in the dissolution of fly ash particles.

Figure 5.14: Micrograph of geopolymer mortar at 14M NaOH
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Figure 5.15: Micrograph of geopolymer mortar at 11M NaOH

Figure 5.16: Micrograph of geopolymer mortar at 8M NaOH
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X-ray diffractometry

XRD analyses were performed using a high-resolution powder X-ray diffractometer

at the Material Research Center, MNIT Jaipur, with generator settings of 40 mA and

40 kV. The tests were conducted as per standard guidelines at room temperature of

25◦C. An angular range of 20◦, step size of 0.03◦, and wavelengths λ = 1.5 A◦ were

adopted for the data acquisition. Further, the data obtained from the XRD were

analysed using the PANalytical Xpert HighScore software. This software processes

the data and removes background noise using in-built mathematical functions. The

processed data are used for further identification of the peaks. The peaks are matched

with standard minerals and available peaks are marked. The software automatically

uses the standard data file provided by ICSD (International Chemical Data Service).

In this section, the crystallography of the geopolymer mortar is studied and discussed.

Figures 5.17, 5.18, and 5.19 show the variation in geopolymer mortar with changes

in the aggregate to binder ratio. Figure 5.17 shows a geopolymer mortar made up

using 14M NaOH. The diffractogram of fly ash alone shows various minerals such

as mullite (M), quartz (Q), and hematite (H). The presence of these minerals is

in agreement with the chemical composition of the fly ash reported in earlier chap-

ters. Further, under the geopolymerization process, the crystallography of the mortar

changes. However, crystals present in the geopolymer mortar change with the mix

composition. With an aggregate binder ratio of 1:1, the mortar possesses a sodalite

(S) mineral. Aggregate binder ratios of 2:1 and 3:1 produce different minerals, re-

spectively, namely i) sodalite and cristobalite (C) and ii) sodalite and zeolite (Z).
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Figure 5.17: XRD of alkali-activated geopolymer mortar (14M NaOH)

Figure 5.18 shows the mortar made up using 11M NaOH. The change in crystal-

lography due to the geopolymerization process is clearly visible. The diffractogram

shows that different sets of crystals appear in the mortars at each aggregate to binder

ratio (1:1, 2:1, and 3:1), namely i) sodalite and magnetite, ii) sodalite, magnetite,

and hematite, and iii) sodalite, magnetite, and hematite, respectively. This demon-

strates the influence of mix composition on the crystal structure of the mortar matrix.

Figure 5.19 depicts the geopolymer mortar given by 8M NaOH. The crystal structure

is strongly influenced by the geopolymerization process. Note that mortar made up of

each different aggregate binder ratio (1:1, 2:1, and 3:1) has a different set of crystals,

namely i) sodalite, mullite, and magnetite, ii) sodalite, mullite, and hematite, and iii)

magnetite, sodalite, and feldspar.
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Figure 5.18: XRD of alkali-activated geopolymer mortar (11M NaOH)

Figures 5.20, 5.21, and 5.22 illustrate the variation of the geopolymer according to

the influence of the NaOH concentration. It can be seen that, for mortar made up

of higher concentrations of NaOH, sodalite is prominent in the matrix. The presence

of sodalite is irrespective of the aggregate to binder ratio. At lower concentrations of

NaOH, several minerals are found. For example, in mortar with an aggregate binder

ratio of 1:1, for 8M and 11M NaOH, two set of minerals are found, namely i) hematite,

magnetite, and sodalite, and ii) magnetite and sodalite.

Similarly, the mortar with an aggregate-binder ratio of 2:1 exhibits two sets of min-

erals, i) magnetite and sodalite with 8M NaOH and ii) magnetite and sodalite with

11M NaOH (see Figure 5.21). Further, the mortar with an aggregate-binder ratio of

3:1 has two groups of minerals, i) zeolite, magnetite, feldspar and sodalite with 8M

NaOH and ii) magnetite, hematite, and sodalite with 11M NaOH.
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Figure 5.19: XRD of alkali-activated geopolymer mortar (8M NaOH)

Figure 5.20: XRD of alkali-activated geopolymer mortar (aggregate to binder ratio
= 1:1)
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Figure 5.21: XRD of alkali-activated geopolymer mortar (aggregate to binder ratio
= 2:1)

Figure 5.22: XRD of alkali-activated geopolymer mortar (aggregate to binder ratio
= 3:1)
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5.4 Investigation of the Apparent Porosity and Wa-

ter Absorption of Geopolymer Mortar

The porosity of mortar is a vital and necessary property for predicting its durability

and strength. In this study, the influence of the aggregate binder ratio and curing

temperature on the apparent porosity of the geopolymer mortar was examined.

5.4.1 Test Method

The apparent porosity can be predicted indirectly by calculating the bulk density.

However, being a porous matrix, such as indirect methodology may produce erroneous

results. In view of the above, Montes et al. [183] proposed a novel methodology

to measure the porosity of mortar and concrete using Archimedes principle. The

apparent porosity n can be expressed in terms of weights as

n =
(Mw −Md)

(Mw −Ms)
× 100 (5.1)

where,

Mw = Weight of specimen after immersion in water for 48 h

Md = Weight of specimen after drying in an oven at 85◦C for 24 h

Ms = Weight of specimen when suspended in water

In the present study, geopolymer mortar specimens were cast by mixing the vari-

ous components in predefined proportions. The specimens had dimensions of 50 mm

x 50 mm x 50 mm. After air curing the mortar specimens for a duration of 28 days,

the samples were placed in an oven for drying. The dry weight was measured at 24 h

periods until the difference between dry weights measured in two subsequent drying

durations was less than 0.05%. This final dry weight is Md. Further, the specimen

was soaked in water for 48 h and its saturated surface dry weight was measured. This

process was repeated at 24 h intervals to a tolerance of 0.05%. The final saturated
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surface dry weight is Mw. Finally, the weight of the specimen was measured in sus-

pension in the water, giving Mw. Finally, based on the above equation, the apparent

porosity was calculated.

5.4.2 Test Programme

This test examined the effect of changes in the aggregate to binder ratio and curing

temperature on the apparent porosity and water absorption capacity of the mortar.

For this purpose, the test matrix in Table 5.2 was adopted. The average apparent

porosity was calculated by measuring the apparent porosity of three specimens with

identical compositions and curing conditions. The next section presents the results of

all tests conducted to evaluate the apparent porosity and water absorption capacity

of the specimens.

5.4.3 Results and Discussion

Figure 5.23 shows the variation in porosity with respect to the aggregate to binder

ratio and curing temperature. It can be seen that the porosity initially decreases as

the aggregate to binder ratio increases; after a certain point, porosity increases with

further increases in the aggregate to binder ratio. The initial decrease in porosity

can be attributed to the proper compaction of the fine aggregates and binder into the

mortar matrix. An increase in the curing temperature helps the mortar to achieve a

densified matrix, and lower porosity, which is evident from Figure 5.23.

Figure 5.24 shows the relation between average compressive strength, average poros-

ity, and curing temperature. Note that the compressive strength of the alkali-activated

geopolymer mortar is inversely proportional to average porosity. With an increase in

temperature, at approximately constant porosity, the average compressive strength

increases. The above relation can be fitted to a polynomial to obtain an empirical

relation between the parameters. This relation could then be used to predict the

average compressive strength of the geopolymer mortar.
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Figure 5.23: Variation of porosity with aggregate to binder ratio

Figure 5.24: Relation between compressive strength and porosity
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5.5 Investigation of the Carbonation of Geopoly-

mer Mortar

According to the literature, the durability of mortar is significantly affected by expo-

sure to CO2. To understand the process of carbonation and the effect of the mortar

mix composition on the carbonation process, a series of experiments was conducted.

This section describes the test method and programme adopted in the present study,

and presents the test results and discussion.

5.5.1 Test Method

The carbonation of the mortar specimens was conducted according to the CPC18

standard [140].

Preparation of mortar specimen

Pre-defined proportions of the various components were blended manually to achieve

the mix composition. The paste was poured into moulds to prepare beam specimens

as shown in Figure 5.25. The beam specimens had a length of 160 mm, breadth of 40

mm, and height of 40 mm. After curing at room temperature for 300 min, the beam

specimens were placed in an oven for 24 h to achieve curing due to heating.

Test procedure

Accelerated carbonation tests were carried out in a chamber under specific experi-

mental conditions: atmospheric pressure, temperature of 20 ± 2◦C, relative humidity

of 65 ± 5%, and a constant concentration of CO2. The concentration of CO2 was

maintained at 5% to allow for a reasonable test duration in the laboratory. The rela-

tive humidity was maintained at 65% using an ammonium nitrate saturated solution

in the carbonation chamber. Specimens were placed into the carbonation chamber.

After air curing, the specimens were painted on four faces using two layers as explained



CHAPTER 5. FLY ASH BASED GEOPOLYMER MORTAR 164

Figure 5.25: Casting of carbonation moulds

Figure 5.26: Preparation of carbonation moulds

in CPC18 [140] shown in Figure 5.26. The carbonation was quantified in terms of the

variation in carbonation with depth. The carbonation depth can be used to compute

the carbonation coefficient of the geopolymer mortar. To measure the carbonation

depth, the beam specimens were split into two parts along their length after com-

pletion of the carbonation process. A phenolphthalein solution (prepared by mixing

1% phenolphthalein in 70% ethyl alcohol) was sprayed on the freshly broken surface.

This solution is used to identify the change in pH of the freshly broken surface. In the

presence of this solution, non-carbonated surfaces become pink, whereas carbonated

surfaces remain colourless. The difference in the colour profile was then measured

according to a predefined scale. Measurements of the carbonation depth were con-

ducted according to CPC18 [140] guidelines. These guidelines recommend a certain

methodology when the profile of the carbonation is undulating or curvy.
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5.5.2 Test Programme

The test series for the carbonation experiments was termed Series B. A mix com-

position with a NaOH concentration of 14M was selected from Series A. Further,

parameters for the aggregate to binder ratio and curing temperature were varied

while the values of other parameters were held constant. Table 5.2 presents the test

programme for series B and the corresponding parameter values.

Table 5.2: Summary of the test programme adopted for Series B in the present study

Mixes NaOH Aggregate to Curing
concentration binder ratio temperature

C-1 14M 1:1 60◦C
C-2 14M 2:1 60◦C
C-3 14M 3:1 60◦C
C-4 14M 1:1 90◦C
C-5 14M 2:1 90◦C
C-6 14M 3:1 90◦C

5.5.3 Results and Discussion

In this study, the influence of the aggregate to binder ratio and curing temperature

on the carbonation process of geopolymer mortar was studied. For this purpose,

several samples with the mix compositions stated in Table 5.2 were placed in the

carbonation chamber. The samples were tested at specific times and the carbonation

depth was measured according to CPC18 [140]. In the next section, the results of the

carbonation tests are reported.

5.5.4 Influence on Carbonation Depth

Figures 5.27 and 5.28 depict the variation in carbonation depth with time and aggre-

gate content in the geopolymer mortar. As can be seen from Figure 5.27, the carbon-

ation depth increases with carbonation time. The carbonation depth was found to be

smallest in samples with an aggregate binder ratio of 2:1. Note that the compressive

strength test and porosity test indicated that the geopolymer made up of an aggregate
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to sand ratio of 2:1 gave the maximum compressive strength and minimum poros-

ity. Hence, the reduced amount of carbonation can be attributed to the decreased

porosity and compact state of the geopolymer matrix. Similarly, the samples with an

aggregate-binder ratio of 3:1 gave the maximum carbonation depths throughout the

test. The higher amount of carbonation can be attributed to the increased porosity

of the sample, as evident from the porosity test results reported in previous sections.

Figure 5.28 demonstrates the variations in carbonation depth with carbonation time

for the samples cured at 90◦C. It can be seen that a marginal decrease in carbon-

ation depth was achieved at the higher curing temperature. This can be attributed

to the solidification of the gel under the elevated temperature, resulting in decrease

in the porosity of the matrix. This decrease in porosity hinders the diffusion of CO2

into the matrix of the geopolymer mortar. Based on the results of the carbonation

Figure 5.27: Variation of carbonation depth with carbonation time (h) (curing tem-
perature 60◦C

experiments, it can be concluded that the durability of geopolymer mortar against

carbonation can be improved by tuning the mix composition of the mortar. It was
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Figure 5.28: Variation of carbonation depth with carbonation time (h) (curing tem-
perature 90◦C

found that the fine aggregate to binder ratio and curing temperature are vital mix

composition parameters in dictating the durability of geopolymer mortar when sub-

jected to carbonation.
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5.5.5 Influence on Microstructure of Geopolymer Mortar un-

der Carbonation

Figures 5.29 and 5.30 present SEM images of the mortar before and after the car-

bonation process. These allow us to compare the microstructure of the surface of

the mortar during carbonation. It can be seen that small depressions in the external

surface of the mortar are present before the carbonation; these may be due to uneven

geopolymerization of the mortar. In Figure 5.30, it is interesting to note that the

depression in the surface changed during carbonation. The carbonation caused the

surface to deteriorate at the micro-level. As evident from the image, the deteriorated

material was found in particulate form.

Figure 5.29: Micrograph of geopolymer mortar before carbonation

Figures 5.31, 5.32, and 5.33 show micrographs of the geopolymer mortar for aggre-

gate to binder ratios of 1:1, 2:1, and 3:1. It can be seen that needle-type crystals

form during the carbonation of the mortar. The formation of these crystals is most

pronounced in the case of a 3:1 aggregate to binder ratio. The presence of different

crystals can be further investigated with the help of XRD analysis.
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Figure 5.30: Micrograph of geopolymer mortar after carbonation

Figure 5.31: Micrograph of carbonated samples with an aggregate to binder ratio of
1:1
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Figure 5.32: Micrograph of carbonated samples with an aggregate to binder ratio of
2:1

Figure 5.33: Micrograph of carbonated samples with an aggregate to binder ratio of
3:1
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Figure 5.34: XRD pattern of carbonated geopolymer mortar (curing temperature
60◦C)

Figure 5.35: XRD pattern of carbonated geopolymer mortar (curing temperature
90◦C)
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XRD images of carbonated geopolymer mortar were obtained for various aggregate-

binder ratios (1:1, 2:1, and 3:1) and curing temperatures (60◦C and 90◦C). The

carbonation process significantly changes the pore chemistry. In this study, with the

help of diffractograms, changes in pore solution chemistry could be identified. For

this purpose, a mineral named nahcolite (N) was investigated. As shown in Figures

5.34 and 5.35, at the onset of carbonation, the pore solution chemistry changes and

nahcolite (N) is formed. In parallel, sodium carbonate hydrate (�) is also formed.

During carbonation, under the prevalent thermodynamic and environmental condi-

tions, nahcolite (N) is the most favourable formation product. Similar observations

were observed in mortars with various aggregate-binder mix compositions and curing

temperatures.

5.6 Conclusion

From the results reported in this chapter, the following conclusions can be drawn:

1. NaOH helps in the dissolution of fly ash and its dissolution into the mortar matrix.

Higher concentrations of NaOH influence the formation of aalumino-silicate gel

that results in greater compressive strength.

2. An aggregate to binder ratio of 2:1 was found to be optimal, as this achieves a

suitable compactness of the mortar, as evident from the porosity values.

3. The aggregate-binder ratio of 2:1 also achieved optimal performance against car-

bonation. This indicates the importance of an appropriate mix composition in

ascertaining the performance of geopolymer mortar.

4. Diffractograms of various mortar specimens provided information about the crys-

tals formed during geopolymerization of the mortar. The crystals formed during

this process include sodalite, mullite, magnetite, hematite, zeolite, and feldspar.

Similarly, during carbonation, visible changes in morphology were observed, with

newly formed minerals such as nahcolite. SEM provided crucial information about

changes in the surface features of the geopolymer mortar. Further, with the help
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of micrographs, the presence of unreacted fly ash particles were observed in some

of the samples. This indicates an insufficient concentration of NaOH to dissolve

all of the fly ash.



Chapter 6

Sea Sand Effect on Geopolymer

Composites

6.1 Prelude

In this Morden era, surge in global population which increases demand for resources

i.e. fresh water. As countries around the world continue their development, a major

role is played by infrastructure, which requires a huge amount of construction mate-

rials. Mortar and concrete are the most widely used materials in construction, and

their manufacture has substantially increased the production of cement. In India, the

second-largest producer of cement in the world, demand is expected to reach 550–600

million tonnes per annum by 2025. The main driver of demand is the housing sector,

accounting for about 67% of total cement consumption in India.

Conventionally, OPC is used as a binder in concrete and mortar. However, there

are many issues in using OPC as a mortar constituent. One major issue is its harm-

ful environmental impact. Every ton of cement produced results in one ton of carbon

dioxide being emitted into the atmosphere [50]; cumulatively, cement production is

responsible for 7% of global CO2 emissions.

174
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Another major concern with conventional OPC-based mortar is its durability in ad-

verse conditions. Studies have shown that OPC provides sufficient strength, but can

deteriorate under severe environmental conditions, such as when exposed to acidic

surroundings. Conventional OPC-based mortar also has long setting and hardening

times. It can bear a load after curing for 7–10 days, which is a long time in a modern

era that demands rapid construction. Moreover, huge amounts of water are required

for the curing of mortar. All these concerns lead to an urgent need for a sustainable,

eco-friendly mortar that performs well in adverse surroundings.

India is a major rice-producing country. The husk generated by milling the rice

is mostly used as a boiler fuel for processing the paddy, producing energy through

direct combustion and/or gasification. This produces about 20 million tons of rice

husk ash each year, which poses a significant environmental threat to the land on

which it is dumped. Thus, methods for making commercial use of this rice husk ash

are attracting considerable attention.

In coastal areas, sand is available in meagre quantity and its transportation cost

is huge. Nevertheless, sea sand is available in ample quantity in coastal areas. Past

researchers found that sea sand can not be used in construction as fine aggregate due

to salt and chloride present in sea sand which affect the hydration process in OPC

Concrete. The situation is however divergent in case of geopolymer concrete. Since

the geopolymerization process takes place in this case, hence salt and chloride content

are not anticipate to have detrimental effect. The flyash is also expected to mitigate

the harmful effects of the chloride present in sea sand. [111].

United Nations (UN) and World Metrological Organization (WMO) have predicted

that 5 billion people will be in short of even drinking water. It is also said that in

2025 half of the humanity will live in the areas where fresh water is not enough [120].

One solution is to utilize sea water to substitute fresh water in concrete casting. Sea

water is expected to be less harmful for the geopolymer composites.
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This chapter reports the findings and analysis of compressive strength tests on geopoly-

mer mortar with 100% replacement of cement with fly ash. Additionally, the fly ash

was partially replaced by rice husk ash (0%, 10%, 20%, and 30% replacement) to

observe the effect on compressive strength of geopolymer mortar. Each set of re-

placements was formed using four combinations of sand and water, namely normal

sand, sea sand, normal water, and sea water, to investigate the variation in compres-

sive strength in the geopolymer mortar. The chapter also presents the experimental

results for mechanical properties such as split tensile strength and flexural strength

for fly ash based geopolymer concrete prepared by sea water and sea sand as well as

control geopolymer concrete.

6.2 Material Characterization and Mix Proportion-

ing

6.2.1 Source Material

Fly ash was selected as the primary source material because of its high silica and alu-

mina content, which is favourable for the process of geopolymerization. The secondary

source material was chosen to be rice husk ash (RHA), as we wish to investigate the

impact of replacing fly ash with RHA. The Particle size distribution and chemical

component of rice husk ash is shown in Figure 6.1 and Table 6.1, respectively.

6.2.2 Alkaline Liquid

A mixture of sodium hydroxide (NaOH) and sodium silicate (Na 2SiO3) was used as

the alkaline activator. The liquid was prepared 24 h prior and kept undisturbed until

casting.
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Figure 6.1: Particle size analysis of Rice husk ash

6.2.3 Mix Proportioning of Geopolymer Mortar and Con-

crete

Mix Proportioning of geopolymer mortar and geopolymer concrete are shown in Ta-

bles 6.2 and 6.3 ,respectively. For each of the Geopolymer mortar mixes (G-1, G-2,

G-3, and G-4), different proportions of fly ash were replaced by RHA. In the follow-

ing, G1/10 denotes the G1 mortar with 10% replacement of fly ash by RHA, and

so on. For each of the geopolymer concrete mixes (GC-1, GC-2, GC-3 and GC-4),

fly ash was used as source material. The following constituents for mix design were

determined based on the results of the parameter study reported earlier in this thesis:

Rice husk based Geopolymer Mortar

• Ratio of alkaline liquid to fly ash by mass: 0.45

• Ratio of sodium silicate to sodium hydroxide: 2.5

• Concentration of sodium hydroxide solution: 14M

• Admixture dosage: 1%
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Table 6.1: Properties of Rice husk ash
Sr. Particulars Unit Rice husk ash
No. Properties
1 Colour - Grey
2 Loss on ignition % 5.96
3 SiO2 % 86.32
4 C % 5.58
5 CaO % 0.62
6 Al2O3 % 0.35
7 Fe2O3 % 0.24
8 SO3 % 0.42
9 MgO % 0.51

• Additional water content: 5%

• Curing temperature: 60◦C

• Curing time: 24 h

• Rest period: 0 days

Fly ash based Geopolymer Concrete

• Ratio of alkaline liquid to fly ash by mass: 0.4

• Ratio of sodium silicate to sodium hydroxide: 2.5

• Concentration of sodium hydroxide solution: 14 M

• Admixture dosage: 2%

• Additional water content: 5%

• Curing temperature: 65◦C, 90◦C

• Curing time: 48 h

• Rest period: 1 day
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Table 6.2: Mix proportion for trial variables (per m3)
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Table 6.3: Mix Proportion for Geopolymer Concrete (per m3)
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Table 6.4: Seven day compressive strength of rice husk based geopolymer mortar

Ingredients Mix Compressive
Proportion Strength (MPa)

Sea Sand and Sea water G1/0 12.56
G1/10 12.90
G1/20 11.20
G1/30 5.48

River Sand and Normal Water G2/0 13.60
G2/10 14.47
G2/20 12.49
G2/30 8.93

Sea Sand and Normal Water G3/0 11.73
G3/10 12.62
G3/20 10.33
G3/30 7.12

River Sand and Sea water G4/0 12.49
G4/10 13.44
G4/20 11.41
G4/30 8.69

6.3 Results and Discussion

6.3.1 Compressive Strength Test

As described above, 7 day and 28 day compressive strength tests were conducted.

The results are presented in Table 6.4 and 6.6.
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Table 6.5: Maximum 7 day compressive strength and percentage change (taking G2
as reference)

Mix Compressive Change in
Proportion Strength (MPa) percentage

G1/10 12.90 10.85
G2/10 14.47 -
G3/10 12.62 12.78
G4/10 13.44 7.07

From Table 6.4 and 6.5, it is apparent that 10% replacement of fly ash with RHA

gives the maximum 7 day compressive strength for all specimens. Table 6.5 presents

the results for all combinations of sea sand, river sand, sea water, and normal water.

From these, it is clear that, though the 7 day compressive strength decreases in the

presence of salinity/impurity (in the form of sea water, sea sand, or both), these mixes

are stronger than the conventional H1-type OPC mortar after 28 days, i.e. 10 MPa

in all cases (except for the 30% replacement of all four combinations). This confirms

that, as far as early and higher compressive strength gains are concerned, geopolymer

mortar is superior to conventional OPC mortar.

Figure 6.2 shows the variation in compressive strength with sand and water type

for various replacement percentages of fly ash with RHA. Similarly, Tables 6.6 and

6.7 tabulate the 28 day compressive strength results, confirming that 10% replace-

ment of fly ash with RHA gives the maximum 28 day compressive strength for all

specimens. Similar to Figures 6.3 shows the same variations for 28 day compressive

strength.
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Table 6.6: Twenty-eight day compressive strength test results (MPa)

Ingredients Mix Compressive
Proportion Strength (MPa)

Sea Sand and Sea Water G1/0 16.04
G1/10 18.21
G1/20 13.22
G1/30 10.25

Normal Sand and Normal Water G2/0 20.48
G2/10 21.78
G2/20 20.24
G2/30 16.5

Sea Sand and Normal Water G3/0 17.97
G3/10 19.34
G3/20 16.92
G3/30 12.35

Natural Sand and Sea Water G4/0 14.52
G4/10 19.17
G4/20 15.40
G4/30 11.5

Table 6.7: Maximum 28 day compressive strength and percentage change (taking G2
as reference)

Mix Compressive Change in
Proportion Strength (MPa) percentage

G1/10 18.21 16.40
G2/10 21.78 -
G3/10 19.34 11.23
G4/10 19.17 12.00



CHAPTER 6. SEA SAND EFFECT ON GEOPOLYMER COMPOSITES 184

Figure 6.2: Seven day compressive strength variation

Figure 6.3: Twenty-eight day compressive strength variation
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Figures 6.4 and 6.5 shows a graphical representation of compressive strength for all

mixes of fly ash based geopolymer concrete at 3, 7 and 28 days. Figures show that

increase in compressive strength with the increase in the age of the geopolymer con-

crete at 65◦C and 90◦C curing temperature for all mixes. A significant change in

compressive strength was observed in geopolymer composites fabricated with seawa-

ter and sea sand. The compressive strength of geopolymer concrete increase as the

curing temperature increased was observed. Similar observations were shown by past

research [120].

Figure 6.4: Compressive strength of geopolymer concrete at 65 ◦C curing temperature
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Figure 6.5: Compressive strength of geopolymer concrete at 90 ◦C curing temperature

6.3.2 Split Tensile Strength Test

The split tensile strength of geopolymer concrete, using sea sand as partial replace-

ment of river sand and sea water were determined at the ages 3, 7, 28 days. Figures

6.6 and 6.7 show the split tensile strength of geopolymer concrete from 65 ◦C and 90

◦C curing temperature. Split tensile strength of geopolymer concrete with sea water

and sea sand is considerably lesser than the control geopolymer concrete at the ages

of 3, 7 and 28 days. As the curing temperature was increased as 65 ◦C to 90 ◦C, the

strength was also increased for all mixes.
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Figure 6.6: Split tensile strength of geopolymer concrete at 65◦C curing temperature

Figure 6.7: Split tensile strength of geopolymer concrete at 90◦C curing temperature
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6.3.3 Flexural Strength Test

The flexural strength of geopolymer concrete, using sea sand as partial replacement

of river sand and sea water were determined at the ages 3, 7, 28 days. Figures 6.8 and

6.9 show the flexural strength of geopolymer concrete from 65 ◦C and 90 ◦C curing

temperature. Flexural strength of geopolymer concrete with sea water and sea sand

is considerably lesser than the concrete geopolymer concrete at the ages of 3, 7 and

28 days. As the curing temperature was increased from 65 ◦C to 90 ◦C, the strength

was also increased for all mixes.

Figure 6.8: Flexural strength of geopolymer concrete at 65◦C curing temperature
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Figure 6.9: Flexural strength of geopolymer concrete at 90◦C curing temperature

6.4 Conclusion

The following conclusions can be drawn from the results in this chapter:

1. The replacement of 0%, 10%, and 20% of fly ash with RHA in fly ash-based

geopolymer mortar resulted in higher 7 day compressive strength than the 28 day

compressive strength of corresponding conventional H1-type cement mortar, i.e. 10

MPa. This verifies the high and early strength gain of geopolymer mortars; hence,

geopolymer-based mortar should be used in construction works where speed of

building is important.

2. Geopolymer mortar performs satisfactorily when it has saline material as its con-

stituents, i.e. using sea water instead of normal water, sea sand instead of river

sand, or both sea sand and sea water instead of river sand and normal water. In

all such combinations, the resulting 7 day compressive strength was again higher

than the 28 day compressive strength of the corresponding conventional H1-type

OPC mortar (10 MPa).

3. It also confirms the feasibility of using locally available sea sand and sea water
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in geopolymer mortar for coastal area construction, as the compressive strength

of all four combinations are in a comparable range and well above the H1 quality

mortar.

4. A significant decrease in compressive strength, Flexural strength and Split tensile

strength were observed in geopolymer composites fabricated with seawater and sea

sand.



Chapter 7

Conclusions and Recommendations

7.1 Prelude

This chapter concludes the investigation and comparison of the strength, durability,

and elevated temperature performance of rubberized geopolymer concrete concrete,

ordinary geopolymer composites, and OPC concrete. This research also examined the

use of rice husk ash in geopolymer mortar made with sea water and sea sand. The

current research contributes to the body of knowledge on the durability of rubberized

and control geopolymer concrete. This research first examined the use of rubber tyre

fibres in geopolymer concrete and sea water/sea sand in geopolymer composite. The

preparatory study was useful in determining the dominant parameters for further

appraisal in this research. The Taguchi method was used to develop a mix design

for rubberized geopolymer concrete. This method enhanced our ability to select the

optimum parameters, thus avoiding an unnecessary increase in the number of ex-

periments. The compressive strength, flexural strength, and split tensile strength of

mixtures with the optimum selected parameters were studied over a period of 365

days. The elastic modulus, abrasion resistance, and pull-off strength of geopolymer

concrete were studied for a period of 28 days. This research study also evaluated

the durability performance of various concrete mixtures, such as the water perme-

ability, carbonation resistance, shrinkage resistance, corrosion resistance, sorptivity

resistance, acid resistance, salt resistance, and sulfate resistance. The microstructure

191
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of geopolymer composites was also investigated. The main conclusions and findings

are stated in the following section.

7.2 Conclusions

7.2.1 Parameter Study

• The Taguchi method is a highly beneficial optimization technique for determin-

ing which geopolymer concrete mixtures to focus on, thus helping to reduce the

number of experiments.

• The eight factors considered by the Taguchi method were the curing time,

Na2SiO3/NaOH ratio, alkaline liquid/fly ash ratio, plasticizer, rest period, wa-

ter content, NaOH concentration, and curing temperature. Each factor was

considered at three levels.

• Orthogonal arrays, L27 (313), were developed by the Taguchi method. Primary

tests were conducted to specify the range of each factor. The compressive

strength was evaluated in a total of 27 trial mixes of rubberized geopolymer

concrete (T1–T27).

• The curing temperature, NaOH concentration, and sodium silicate to sodium

hydroxide ratio (Na2SiO3/NaOH) were found to be the main contributory fac-

tors in maximizing the compressive strength of concrete. They were ranked as

1, 2, and 3, respectively, by the ANOVA method. It was observed that aug-

mented values of these factors increased the compressive strength of rubberized

geopolymer concrete.

• An increase in curing time 48 h to 72 h reduced the strength of the concrete

because of the additional water evaporation. The optimum value of each factor

in rubberized geopolymer concrete was determined using the Taguchi method.

• The maximum compressive strength for rubberized geopolymer concrete was

obtained at an alkaline solution/fly ash ratio of 0.35, silicate to sodium hy-
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droxide ratio (Na2SiO3/ NaOH) of 2.5, NaOH concentration of 14M, curing

temperature of 90◦C, curing time of 48 h, water content of 20%, rest period of

1 day, and superplasticizer content of 2%.

7.2.2 Strength Performance

• The compressive strength, flexural strength, and split tensile strength of geopoly-

mer concrete improves with age in geopolymer concrete.

• An increase in the percentage of waste rubber tyre decreases the compressive

strength of geopolymer concrete.

• It can be found that the compressive strength of OPC concrete decreases as

waste rubber fibres are introduced.

• The compressive strength of OPC concrete is less than that of geopolymer

concrete.

• Geopolymer concrete exhibits higher tensile strength than OPC concrete. This

is because of the good bonding between the geopolymer paste and aggregate.

• For all mixes, as the compressive strength increases, the tensile strength also

increases. The highest split tensile strength was observed in concrete with 30%

rubber fibres after 365 days.

• The flexural strength of geopolymer concrete is higher than that of OPC con-

crete.

• The flexural strength of geopolymer concrete varies from 6.45–9.97 MPa, whereas

that of OPC concrete ranges from 5.35–6.86 MPa.

• The modulus of elasticity of geopolymer concrete varies from 20–31.5 GPa, while

that of OPC concrete ranges from 18–27.5 GPa.

• An increase in the rubber fibre content decreases the homogeneity of geopolymer

and OPC concrete, which results in a decrease in the modulus of elasticity.
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• Geopolymer concrete has better pull-off strength than OPC concrete. Rubber

fibre geopolymer and OPC concrete have poor pull-off strength, because there is

less bonding between the paste and aggregate, which results in a weaker surface

layer than in the control geopolymer and control OPC concrete.

7.2.3 Durability Performance

• The depth of wear for all mixes was within permissible limits. It can be con-

cluded from abrasion results that rubber tyre fibres could be used with fly ash

or cement as regular flooring tiles or even heavy-duty floor tiles.

• The water penetration depth increases as the rubber fibre content is increased.

The water penetration is lower in geopolymer concrete than in OPC concrete.

• The continuous chemical reaction between fly ash and alkaline solution results

in a change in porosity and creates denser pores of geopolymer concrete.

• Minimum and maximum water penetration of 31.2 mm and 35.7 mm were ob-

served in geopolymer concrete. The increase in permeability can be attributed

to the increased porosity of the concrete evident with the higher levels of rubber

fibres.

• In OPC concrete, the minimum and maximum water penetration was observed

to be 38.03 mm and 42.8 mm, respectively.

• Geopolymer concrete has lower sorptivity (0.09–0.164 mm/min0.5) than OPC

concrete (0.113–0.203 mm/min0.5) after 28 days. This is because the strong re-

action between the alkaline solution and source material in geopolymer concrete

results in few capillary pores, whereas OPC concrete has many capillary pores

due to the hydrating of the cement. This is because of the fineness of Fly ash re-

sults in better packing, reducing voids and capillary. The formation of geopoly-

meric products such as N-A-S-H is a rapid process which is realised within 3

days whereas in OPC concrete the formation of C-S-H continues throughout

the lifetime leaving higher voids and capillaries than geopolymer concrete. The
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values of DIN also support the formation of lower voids/pores in geopolymer

concrete than control concrete

• The macrocell current for rubberized concrete mixes was more than that for

the control concrete at all the ages. For OPC concrete, current exceeded 10 µA

at 8th month to 12th month for all mixes. It can be shown that the inclusion

of waste rubber fiber increases the probability of early initiation of corrosion in

both type of concrete.

• The half cell potential of waste rubber fiber geopolymer and OPC concrete

was higher than that for the control geopolymer and OPC concrete mix at the

ages. More negative than -350 mV potential was recorded at 10th month to 12th

month in rubberized geopolymer concrete whereas, In rubberized OPC concrete

the potential became more negative than -350 mV at 9th month to 12th month.

• The drying shrinkage increased with the increase in the rubber fiber content

as well as increase in time for both the cases. The increase in porosity due to

rubber particles which lead to decrease the rate of shrinkage.

• The carbonation depth for any replacement level of fine aggregate by rubber

fiber decreased with increase in rubber content.

• The excellent salt resistance of geopolymer concrete (both control as well as rub-

berized) as compared to the OPC concrete (both rubberized as well as geopoly-

mer).

7.2.4 Fly ash based Geopolymer Mortar Performance

Conclusions from Compressive Strength Tests

• NaOH helps the dissolution of fly ash and its dissolution into the mortar matrix.

Higher concentrations of NaOH lead to the formation of a gel that increases the

compressive strength.

• The influence of the aggregate to binder ratio was investigated, and the optimum

ratio for maximum compressive strength was identified. In the present study,
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an aggregate to binder ratio of 2:1 was found to be optimal, as this ensures

suitable compactness of the mortar, as evident from the porosity values.

• The porosity and water absorption capacity of the geopolymer mortar was found

to be dependent on the curing temperature and aggregate-binder ratio. Further,

the porosity and compressive strength of the geopolymer mortar were found to

be interlinked. Their relationship can be described by an empirical equation.

Conclusions from Carbonation of the Geopolymer Mortar

• The carbonation depth was found to increase at lower curing temperatures.

This highlights the importance of the curing temperature to arrest the possible

degradation of mortar when subjected to carbonation, which in turn influences

the long-term performance of the mortar.

• Similarly, an aggregate-binder ratio of 2:1 was found to give the best perfor-

mance against carbonation. This indicates the importance of an appropriate

mix composition to ascertain the performance of geopolymer mortar.

Conclusions from XRD and SEM Analysis

• Diffractograms of the various mortar mixtures provide information about the

crystals formed during geopolymerization of the mortar. The crystals formed

during this process are sodalite, mullite, magnetite, hematite, zeolite, and

feldspar.

• Similarly, during carbonation, a visible change in morphology was observed,

with the addition of nahcolite crystals.

• SEM indicate the presence of unreacted fly ash particles was observed in some

of the samples. This indicates an insufficient concentration of NaOH to dissolve

all of the fly ash.
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7.2.5 Geopolymer Composites Performance against Sea Sand

and Sea Water

• The replacement of 0%, 10%, 20% and 30% of fly ash with rice husk ash in

geopolymer mortar resulted in higher 7 day compressive strength than the 28

day compressive strength of corresponding conventional H1-type cement mortar,

i.e. 10 MPa. This verifies the high and early strength gain of geopolymer

mortars; hence, geopolymer-based mortar should be used in construction works

where speed is important.

• Of all the mixes, the 10% replacement of fly ash with rice husk ash gave the

best performance, as it not only makes sustainable use of waste rice husk ash,

but also increases the compressive strength as compared to regular fly ash-based

mortar or any other percentage replacement.

• Geopolymer mortar performs satisfactorily when made with saline material such

as sea water instead of normal water, sea sand instead of river sand, or both sea

sand and sea water instead of river sand and normal water. In all combinations,

the resulting 7 day compressive strength was again higher than the 28 day

compressive strength of corresponding conventional H1-type OPC mortar (10

MPa).

7.2.6 Thermal Properties

• Elevated temperatures had a similar effect on both the control and rubberized

geopolymer concrete.

• The strength of the control and rubberized geopolymer decreased after thermal

exposure of up to 600◦C, but increased at higher temperatures.

• Hairline cracks were observed in rubberized geopolymer concrete after exposure

to temperatures in excess of 600◦C.

• At elevated temperatures, N-A-S-H (alumina silicate) formed in both the con-

trol and rubberized geopolymer concrete. Zeolite formed as a secondary reaction
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product in both concretes, before converting into hydro-sodalite (Na4Al3Si3O12OH)

at elevated temperatures. The zeolite then underwent recrystallization as nepheline

(NaAlSiO4) and albite (NaAlSiO8), similar to a hydrous alumina silicate, after

exposure at 600◦C and 800◦C.

• The FTIR signature of both types of geopolymer concrete showed minor changes

in the region around 1049 cm−1 and 777 cm−1, suggesting that both types of

geopolymer concrete have good heat resistance.

7.3 Recommendations

• The packing density method could be used to reduce the porosity of geopolymer

concrete.

• Geopolymer concrete may be used for reinforced cement concrete structures.

• Detailed microstructure studies should be conducted to identify the changes

that occur in geopolymer concrete.

• Fly ash or slag can be replaced by other source materials, i.e. rice husk ash,

silica fume, metakeoline or a combination of different source materials.

• Investigations should be carried out on different alkaline activators with different

molarities.

• The strength of geopolymer concrete could be investigated by employing differ-

ent curing methods.
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