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ABSTRACT

Ordinary Portland cement (OPC) has been extensively used as the primary binding material
in the preparation of concrete. However, over last few decades, Portland cement
manufacturing industry has become one of the major contributors of emission of large
volume of CO> during the manufacturing process. On the other hand, the management of
industrial waste in limited landfill space creates a massive challenge for the developing
countries. To mitigate these issues, since last few decades, extensive research work has
been undertaken to explore new alternate and more sustainable construction materials. In
this line, there is a widespread use of industrial wastes in the production of concrete.
Geopolymer concrete (GPC) has gained popularity as a potential alternative of Portland
cement concrete due to its better mechanical properties and environmental benefits.
Different research works have been carried out on the development of geopolymer
composites using various source materials namely fly ash, ground granulated blast furnace
slag (GGBS), metakaolin, red mud, rice husk ash, silica fume, and palm oil fuel ash etc.
However, the major challenges associated with the geopolymer composites are the
variations in the physicochemical properties of precursor materials depending upon their
sources, requirement of heat curing for the development of geopolymer composites with
low calcium bearing precursor materials, limited availability of efficient and systematic
mix design methodologies etc. Furthermore, the limited research works on durability
performance of geopolymer composites in various aggressive environment is hindering the
practical application of this material.

To address the aforementioned challenges associated with development of geopolymer
composites, the present study aims to develop geopolymer mortar (GPM) and geopolymer
concrete (GPC) by investigating the influence of wide range of control parameters on fresh,
mechanical, microstructure, and various durability properties of fly ash-GGBS based
geopolymer composites. In this study, Taguchi-Grey relational analysis (GRA) method was
used to arrive at the optimal combination of control parameters (mix parameters) of
geopolymer mortar and geopolymer concrete with respect to multiple properties
simultaneously. In this research work, the materials used for preparation of geopolymer
mortar and concrete mixes were class F fly ash and ground granulated blast furnace slag
(GGBS) as precursor materials, a combination of sodium hydroxide (NaOH) solution (SH)
and sodium silicate (Na2SiO3) solution (SS) as alkaline solution, river sand, and coarse
aggregates of 20 mm MSA (maximum size of aggregate) and 10 mm MSA (in case of GPC
mixes). Two types of sulfate solution such as sodium sulfate (Na2SO4) and magnesium
sulfate (MgS04) solution and two types of acid solution such as sulfuric acid (H.SO4) and
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hydrochloric acid (HCI) solution were used to investigate the resistance of geopolymer
mortar (GPM) against sulfate and acid attack. Sodium chloride (NaCl) was used as the
source of chloride ions while examining the effect of chloride ions on consistency,
compressive strength, and steel rebar corrosion in geopolymer concrete (GPC).

The experimental program was carried out in two different series i.e., geopolymer mortar
(GPM) series and geopolymer concrete (GPC) series, and in each series, various
experiments were conducted in two different phases. In 1% phase of GPM series, Taguchi-
Grey relational analysis (GRA) method was implemented to investigate and optimize the
influence of control parameters on fresh (setting time, and flowability), mechanical
(compressive strength), and durability properties (water absorption, apparent volume of
permeable voids, sorptivity, and resistance against sulfate and acid attack) of geopolymer
mortar mixes simultaneously. The considered control parameters and their levels were
GGBS replacement level: 15%, 30%, and 45% (by mass of binder), water-to-geopolymer
solids (W/GPS) ratio: 0.31, 0.33, and 0.35, molarity of NaOH solution: 10 M, 12 M, and
14 M, and sand-to-binder (S/B) ratio: 1.5, 2.0, and 2.5. Subsequently, the verification
experiments were performed on the mix combination of optimized level of control
parameters derived from the multi-response optimization by Taguchi-GRA method. The
GPM cube specimens of size 50 mm were prepared for compressive strength test at the age
of 7, 28, 90, and 180 days of ambient curing, water absorption and apparent volume of
permeable voids (AVPV) test at 28 days, and sulfate and acid resistance test for an exposure
period of 26 weeks. In addition, cylindrical GPM specimens of size 100 mm diameter x 50
mm height were prepared for sorptivity test at 28 days. All fly ash-GGBS based geopolymer
mortar specimens were prepared under ambient condition. The resistance of GPM
specimens against sulfate and acid attack was evaluated in terms of change in compressive
strength after 26 weeks of immersion in different sulfate solutions (3% Na2SOs, 6%
Na2S0s, 3% MgSO4, 6% MgSO4) and acid solutions (0.31 mol/l H2SO4, 0.62 mol/l H2SO4,
0.31 mol/l HCI, and 0.62 mol/l HCI). In 2" phase of GPM series, another set of mix
proportion of GPM was designed by varying two most influential control parameters i.e.,
GGBS replacement level and S/B ratio in the optimized GPM mix derived from the 1%
phase of GPM series. Subsequently, all the experiments (except setting time), which were
performed in the 1% phase of GPM series were carried out again on the mixes in 2" phase
of GPM series. It may be noted that in 2" phase of GPM series, the resistance of GPM
specimens against sulfate and acid attack was evaluated in terms of visual observation,
change in weight, and change in compressive strength up to 26 weeks of immersion in
different sulfate and acid solutions. In both phases of GPM series, the microstructural
evolution of geopolymer mortar mixes during strength development at different ages of
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ambient curing and after exposure against different sulfate and acid solutions were
evaluated through X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS),
field emission scanning electron microscope (FESEM), and Fourier transform infrared
(FTIR) spectroscopy analyses.

In 1t phase of geopolymer concrete (GPC) series, Taguchi-Grey relational analysis (GRA)
method was used to investigate and optimize the effect of different control parameters on
fresh (setting time, and consistency), and mechanical (compressive strength) properties of
GPC mixes simultaneously. The considered control parameters along with their individual
levels were GGBS replacement level: 15%, 30%, 45%, and 60%, W/GPS ratio: 0.28, 0.29,
0.30, and 0.31, molarity of NaOH solution: 8 M, 10 M, 12 M, and 14 M, binder content:
375 kg/m?, 400 kg/m?3, 425 kg/m?, and 450 kg/m?3, and SS/SH ratio: 1.5, 1.75, 2.0, and 2.25.
Afterward, the verification experiments were carried out on the optimized GPC mix. In 2"
phase of GPC series, the effect of chloride ions on consistency, compressive strength,
corrosion behaviour of steel reinforcement, and chloride content of selected fly ash-GGBS
based GPC mixes, and their corresponding fly ash based GPC mixes were examined. To
investigate the effect of chloride ions, sodium chloride (NaCl) of different concentrations
i.e., 1.5% and 3.5% by weight of geopolymer solids were added during the preparation of
GPC mixes. The GPC cube specimens of size 150 mm were prepared for compressive
strength test in both phases of GPC series. Further, cylindrical reinforced GPC specimens
of size 72 mm diameter and 200 mm height with a centrally embedded steel bar were
prepared for electrochemical measurements (corrosion potential and corrosion current
density by linear polarization resistance measurement) in the 2" phase of GPC series. All
fly ash-GGBS based GPC specimens were prepared under ambient condition whereas the
fly ash based GPC specimens, after preparation, were subjected to 48 hours of rest period
followed by oven curing at temperature of 80° C for 48 hours. The microstructural changes
(through XRD, EDS, FESEM, and FTIR analyses) in GPC mixes were evaluated and
correlated with strength development as well as rebar corrosion in geopolymer concrete
mixes.

From the obtained results, it is observed that GGBS replacement level and S/B ratio
significantly influenced most of the studied properties of geopolymer mortar (GPM). The
GPM prepared with higher GGBS replacement showed higher compressive strength under
ambient condition, whereas the GPM prepared with lower GGBS replacement exhibited
improved resistance against sulfate and acid attack. The results of multi-response
optimization by Taguchi-GRA method indicated that the GPM mix made with GGBS
replacement of 45%, molarity of NaOH solution of 14 M, S/B ratio of 2, and W/GPS ratio
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of 0.31 showed better performance in relatively more number of properties simultaneously.
The variations in peak intensity of the compounds related to N-A-S-H and N-(C)-A-S-H
gels formed in this GPM mix were consistent with the variations in compressive strength
with ambient curing age as well as with variations in compressive strength of GPM mix in
case of exposure to different sulfate solutions. Furthermore, significant decrease in peak
intensity of compounds related to aluminosilicate gels, and in atomic Na/Si ratio and Al/Si
ratio are consistent with the significant reduction in compressive strength of GPM in case
of exposure to acid solutions, which corroborates the depolymerization of aluminosilicate
gels in acid exposure condition. From the results of Taguchi-GRA method, the mix
parameters along with their individual levels of the optimized GPM mix based on
maximum mean grey relational grade (GRG) were 45% GGBS, W/GPS ratio of 0.31,
NaOH solution of 14 M and S/B ratio of 1.5. From the result of verification experiments,
the optimized GPM mix showed adequate setting time, flow index, and water absorption
properties, and higher compressive strength at all ages of ambient curing, and for exposure
to different sulfate and acid solutions when compared with other GPM mixes.

The flowability of fresh GPM mixes decreased with increase in GGBS content from 15%
to 45% in the mixes, whereas it increased with increase in sand-to-binder ratio from 1.5 to
2.5. The compressive strength of GPM mixes made from various fly ash/GGBS blends and
S/B ratios mostly increased from 7 days to 180 days, which was supported by the formation
of higher amount of N-A-S-H, N-(C)-A-S-H and C-S-H gel in the GPM mixes at later ages
of ambient curing as indicated by the results of XRD analysis. The weight gain percentage
of GPM mixes exposed to sulfate solutions mostly decreased with increase in GGBS
content, whereas the weight loss percentage of the mixes exposed to acid solutions
increased with increase in GGBS content and S/B ratio. The geopolymer mortar mix made
with lower GGBS content, i.e., 15% showed maximum gain and minimum loss in
compressive strength in case of exposure to sulfate and acid solutions respectively. These
variations in compressive strength are consistent with the variations in peak intensity of
aluminosilicate gels from XRD analysis, and atomic ratios obtained from EDS analysis of
GPM mixes. The GPM mixes made with higher S/B ratio showed improved performance
in offsetting the loss in compressive strength when exposed to sulfate and acid solutions.
There was more formation of gypsum in geopolymer mortar mix made with higher GGBS
content in case of exposure to sulfate and H2SO4 solutions as observed from XRD, EDS,
and FESEM analyses. In case of exposure to acid solutions, the geopolymer mortar made
with lower GGBS content showed improved stability of geopolymer gels as indicated by
the variations in atomic Na/Si, Al/Si, and Ca/Si ratios obtained from EDS analysis.
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From the obtained results of geopolymer concrete (GPC) mixes, it is observed that the
GGBS replacement had dominant effect on setting time and compressive strength whereas
WI/GPS ratio significantly influenced the consistency of GPC mixes. The formation of N-
(C)-A-S-H gel along with C-S-H gel in GPC mixes as indicated by the XRD patterns
contributed to the development of compressive strength of GPC mixes. Based on the results
of multi-response optimization by Taguchi-GRA method, the optimized level of control
parameters of GPC mix were GGBS replacement of 45%, W/GPS ratio of 0.31, NaOH
solution of 14 M, binder content of 450 kg/m® and SS/SH ratio of 1.5. The obtained results
of verification experiments on the proposed optimized GPC mix confirmed the
effectiveness of Taguchi-GRA approach for determining the optimal combination of mix
parameters for the production of geopolymer concrete. The presence of NaCl improved the
consistency of fly ash and fly ash-GGBS based geopolymer concrete (GPC) mixes. The fly
ash and fly ash-GGBS based GPC mixes exhibited lower compressive strength with
increase in concentration of NaCl, at all ages. However, the reduction in compressive
strength of NaCl admixed GPC mixes decreased with increase in age, which indicates
dominant effect of NaCl in hindering the geopolymerization reaction at early age. The fly
ash-GGBS based GPC specimens mostly showed less negative corrosion potential (Ecorr)
and lower corrosion current density (lcorr) @s compared to their corresponding fly ash based
GPC specimens. In chloride admixed fly ash-GGBS based GPC mixes, the embedded steel
bar mostly exhibited less negative Ecorr and lower lcorr With increase in GGBS content as a
result of availability of lower amount of chloride ions in the electrolytic pore solution of
concrete surrounding the embedded rebar due to formation of denser microstructure in GPC
mix made with higher GGBS content. The results of chloride analysis of GPC mixes at
different ages and at rebar level of GPC specimens indicated very less extent of chloride
binding in GPC mixes. The fly ash-GGBS based GPC mixes mostly showed higher chloride
binding capacity as compared to their corresponding fly ash based GPC mixes at the age of
28 and 360 days and at rebar level of GPC specimens at the age of 600 days as a result of
more physical adsorption of chloride ions on calcium bearing aluminosilicate gel (N-(C)-
A-S-H) and C-S-H gel. The higher peak intensity of aluminosilicate gels and presence of
C-S-H gel observed from XRD analysis, higher atomic Ca/Si ratio obtained from EDS
analysis, comparatively denser microstructure observed from FESEM analysis, and shifting
of wavenumbers of Si-O-Si(Al) bond toward lower magnitude in FTIR analysis
corroborated the improved performance fly ash-GGBS based geopolymer concrete in terms
of higher strength, lower corrosion activity and lower chloride content when compared with
fly ash based geopolymer concrete.
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Mixing sequence of ingredients of geopolymer mortar.
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sorptivity test of GPM specimens.

Schematic diagram of test setup for sorptivity test on geopolymer
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Layout of experimental program for fly ash-GGBS based geopolymer
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Chapter-1
Introduction

1.1 General

Ordinary Portland cement (OPC) is the primary binding material of concrete. It is estimated
that the global demand of OPC will increase approximately to 200% by the year 2050 [1].
However, Portland cement industry consumes substantial amount of natural resources and
energy, and contributes to high volume of carbon emission [1,2], which is against the
philosophy of sustainable development in construction industry. According to International
Energy Agency (IEA), the production of Portland cement releases around 6—7% of total
CO:z emissions into the atmosphere [1]. Hence, it is essential to find alternatives to make
environment friendly concrete. In last few decades, several research works have been
reported in the literature on the aspect of achieving sustainability in construction industry
either by recycling the old materials or developing new sustainable binders. Cement
manufacturing industries have been using natural pozzolans, and industrial by-products
such as iron blast furnace slag, fly ash etc. to produce blended cements, which helps to
achieve a minor reduction in CO2 emission [3]. Some other attempts have also been made
to reduce the consumption of Portland cement by partially replacing it with different
supplementary cementitious materials related to industrial wastes [4—7] and agricultural
wastes [8-10]. However, it could be realised that the current growth of global infrastructure
needs a low-CO; binder in construction industry, which would completely replace OPC.
Moreover, the idea of searching new sustainable binders is not only to replace the use of
OPC but also to enhance the durability performance of concrete structures, which is a major
drawback of OPC [1,11]. In recent years, researchers have found that geopolymer binders
can be used as a potential alternative to Portland cement because of their low carbon

footprint and it facilitates the use of wide variety of industrial waste materials [12].

1.2 Geopolymer and its reaction mechanism

In 1978, Prof. J. Davidovits coined the term “Geopolymer” to represent a family of mineral
binders that can be produced from the polymerization reaction between the alkaline
solution and aluminosilicate precursor materials [13]. In the geopolymerization process,
the reaction of aluminosilicate precursor materials and alkaline solution results in the

formation of geopolymer gel with three-dimensional polymeric structure consisting of Si—
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O-AIl-O bonds [14]. The mechanism of geopolymerization reaction can be divided in to

three main stages as follows [15,16].

(1) Dissolution of aluminosilicate precursor materials in the presence of alkaline
solution, which forms free silica and alumina tetrahedron unit.

(2) Transportation/orientation, followed by coagulation/gelation of the materials, and
condensation reaction of alumina and silica hydroxyl to form the inorganic
geopolymer gel phase.

(3) Polycondensation of gel phases to form three-dimensional network of

aluminosilicate structures.

The aluminatosilicate structures can be in the form of poly(sialate) (-Si-O-Al-O-),
poly(sialate-siloxo) (-Si—O-Al-O-Si—0-), and poly(sialate-disiloxo) (-Si-O-Al-O-Si—
0O-Si—0-), depending on the Si/Al ratio [16,17].

1.3 Geopolymer composites

Geopolymer composites (paste, mortar, and concrete) are the new class of construction
materials, where the Portland cement is completely replaced with geopolymer binders.
Various source materials such as fly ash, ground granulated blast furnace slag (GGBS),
metakaolin, calcined clays, red mud, rice husk ash (RHA), and palm oil fuel ash (POFA)
can be used for the manufacture of geopolymer composites [16]. Among the source
materials, the use of fly ash and slag for the production of geopolymer composites has been

increased significantly [18].

Fly ash is available abundantly worldwide with its annual production approximately 363
million tons [19,20]. However, the use of fly ash to date is limited [19]. The use of fly ash
(class C or class F) for production of geopolymer concrete creates significant opportunity
for environmental benefits and cost reduction [21]. In literature, it has been reported that
fly ash shows significantly different particle morphology and chemistry, depending upon
the source of fly ash that affects the mechanical properties of geopolymer. Therefore, it is
difficult to predict the properties of fly ash based geopolymer [22]. Blast furnace slag is a
byproduct formed in the production of pig iron in the blast furnace, which consists mainly
of silica, calcium, aluminium, magnesium, and oxygen [23]. Ground granulated blast
furnace slag (GGBS) is commonly used as a partial substitute to OPC due to its amorphous
nature, high hardness and pozzolanic activity [15]. GGBS is also used as partial

replacement of fly ash in geopolymer mortar and concrete [16]. The inclusion of calcium-
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rich GGBS into fly ash based geopolymer may improve the setting time and compressive
strength by forming geopolymer gel and aluminium-modified calcium silicate hydrate gel
[24].

Strong alkalis are required to activate the aluminosilicate source materials that allows the
transformation of glassy structure partially or fully into a compacted composite [25]. The
common alkaline activators used to activate the aluminosilicate source materials are sodium
hydroxide (NaOH), sodium silicate (Na>SiOs), potassium hydroxide (KOH), and potassium
silicate (K2SiOz3) solutions [26]. It is reported in the literature that KOH solution exhibits
better alkalinity as compared to NaOH solution. However, NaOH solution shows greater
capacity to liberate silicate and aluminate monomers [26]. The use of geopolymer
composites is currently limited despite several research works conducted on this material
[2]. The major challenges for the geopolymer composites remain with regard to the
variations in the properties of precursor materials when obtained from different sources that
may need different dosages of chemical activators and curing regimes to achieve a
particular strength grade [27]. Moreover, the availability of limited research works on
durability performance of geopolymer composites in various aggressive environment is
also another reason for the limited implementation of this technology on a large industrial
scale [28]. In recent years, different research works have been carried out to evaluate the
performance of geopolymer concrete as an alternative to Portland cement concrete in
specific applications such as precast concrete products, culverts, sewer pipes, railway
sleepers, pre-fabricated units for housing construction, repair or retrofitting materials for
existing concrete structures, as a repair coating or a construction material in marine

environment [29].

1.4 Manufacturing process of geopolymer composites

The conventional techniques used in the production of Portland cement-based mortar and
concrete can be implemented to manufacture the geopolymer mortar and concrete. Binder
is the primary difference between Portland cement-based composites and geopolymer
composites. Geopolymer paste (i.e., the mixture of alkaline solution and precursor
materials) binds the loose fine and coarse aggregates together to form geopolymer concrete
[30]. The manufacturing process of geopolymer concrete is divided into two types based
on the state of the activators used during the preparation of geopolymer concrete. One is
the preparation of one-part geopolymer and the other one is the preparation of two-part

geopolymer [15]. In case of one-part geopolymer, all dry ingredients such as precursor
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materials, solid alkali activators, and aggregates are mixed, and then water is gradually
added to the dry mixture followed by further mixing to achieve a homogeneous geopolymer
mortar or concrete mix [15]. In case of two-part geopolymer, the alkaline solution is
prepared 24 hours prior to the mixing. The dry ingredients such as precursor materials and
aggregates are mixed in dry condition and then the prepared alkaline solution is added to
the dry mixture and the mixing is continued further to get a uniform geopolymer mortar or
concrete mix. The common manufacturing process of geopolymer mortar and concrete

followed by several researchers [14,31-35] is two-part geopolymer, which is presented in

Fig. 1.1.
Manufacturing process
Sodium silicate
solution

Precursor Fine or fine and
materials coarse aggregates

Sodium hydroxide
pellets

Sodium hydroxide
solution

Alkaline solution Dry mixing

Step 1

[ Eir wie: R
Superplasticizer J

Final mixing

Fresh geopolymer
mortar or concrete
mix

Fig. 1.1 Manufacturing process of geopolymer composites adopted in previous research
works.

1.5 Properties of geopolymer composites

1.5.1 Fresh and mechanical properties

Setting time and consistency are the important fresh properties to be considered while
deciding the mix parameters of the geopolymer composites. The low reactivity of fly ash
results in slow setting of geopolymer composites, which has been a limiting factor [36].
Therefore, GGBS and silica fume have been used to increase the reactivity of precursors in
geopolymer composites [15,36]. The use of sodium hydroxide (NaOH) solution as the only

alkaline activator for preparation of geopolymer mortar showed delay in setting time [37].
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However, the use of combination of sodium hydroxide (NaOH) solution and sodium silicate
(Na2SiO3) solution as alkaline activator in geopolymer mortar resulted in shorter setting
time [15].

The particle shape of the precursor materials is one of the factors that influence the
consistency of geopolymer composites. Fly ash particles with spherical shape and smooth
surface results in ball bearing effect, which increases the flow of the fresh geopolymer
mixes without the requirement of additional water or water reducing admixture [16].
Besides, the consistency of geopolymer mixes has been observed to be significantly
influenced by the alkaline liquid content and mass ratio of sodium silicate solution to
sodium hydroxide solution used in the geopolymer mixes [38]. In case of alkali-activated
slag (AAS) systems, quick setting time and poor workability are the limiting factors for its
practical application. For this reason, various other precursor materials such as metakaolin,
fly ash, rice husk ash, and palm oil fuel ash, and chemical admixtures are used to improve

the setting time and workability of AAS systems [39].

Several research works evaluated the mechanical properties of geopolymer composites. It
has been reported that the geopolymer materials showed better mechanical properties
compared to traditional cement-based materials [2]. Despite showing excellent properties,
geopolymer products are currently limited to the production of precast members [2]. Fly
ash based geopolymers are developed under high temperature curing (40° C - 95° C), which
promotes activation of fly ash, formation of aluminosilicate gels and early gain of high
strength [40]. However, the requirement of high temperature curing for development of
geopolymer products hinders its industrial application. Therefore, it is essential to avoid
the use of high temperature curing, and to develop geopolymer materials in ambient
condition [41].

1.5.2 Durability properties

For durability, there is a need to evaluate the behaviour of geopolymer composites exposed
to different exposure environment including the aggressive exposure conditions such as
sulfate, acid, and chloride-rich environment [16]. The durability performance of
geopolymer composites in aggressive environment could be different from the Portland
cement based composites due to its distinctive reaction products i.e., an amorphous
aluminosilicate matrix [29]. As reported in different research works, the geopolymer
composites exhibited good resistance against sulfate and acidic environment [42,43].
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1.5.2.1 Sulfate resistance

Sulfate attack is an important durability issue regarding the performance of mortar and
concrete, which results in expansion, cracking, and strength reduction [11,44,45]. In
Portland cement based concrete, the reaction between sulfate ions and CH, C3A, and C-S-
H results in the formation of expansive compounds such as gypsum, ettringite and
thaumasite, which cause expansion and cracking in concrete [43,46-48]. The strength
reduction occurs due to loss of cohesion in the hydrated cement paste, and loss of adhesion
between hydrated cement paste and aggregates [44]. Sulfate attack on concrete structures
can occur either internally or externally [49,50]. It is classified as internal, when sulfate
ions enter into the concrete through contamination of constituent materials, and it is
classified as external, when sulfate ions penetrate into concrete structures in case of
exposure to seawater, soil, and groundwater contaminated with sulfate salts [43,47,50].
Sulfate resistance of mortar and concrete is dependent on various factors such as cation
type associated with sulfate ions in the exposure solution, concentration of sulfate solution,
permeability of exposed mortar and concrete, paste chemistry, aggregate minerology, and
nature of reaction products formed with the sulfates [47,49,50].

Different research works have been carried out in the literature on durability performance
of geopolymer paste [50,51], mortar [29,42,45,48,49,52-54] and concrete [43,46,47]
against sulfate solutions. In the reported literature, the research works have been carried
out on sulfate resistance of low calcium alkali-activated systems (alkali-activated fly ash
system) and high calcium alkali-activated systems (alkali-activated slag and alkali-
activated slag/fly ash (slag content > 50%) systems) [55]. The low calcium alkali-activated
system generally shows better resistance against sulfate solutions as compared to high
calcium alkali-activated system [43,55]. Further, studies in the literature reported about the
superior performance of geopolymer composites against sulfate attack as compared to
Portland cement-based composites [11,16,20,55,56]. From the review of literature, it is
observed that the sulfate resistance of fly ash/slag based geopolymer composites containing
slag content < 50% and developed under ambient condition is less explored. Similar to
conventional concrete, there is need to carry out a detailed investigation on sulfate
resistance of geopolymer composites, which may depend on several factors including
physicochemical properties of precursor materials, type and concentration of alkaline
solutions, mixture design, curing regime, and type and concentration of sulfate solutions in

the exposure environment.
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1.5.2.2 Acid resistance

Acid resistance is another issue that significantly affects the durability property of concrete
structures [57-59]. The concrete structures are exposed to acidic environment in many
ways. Acids generated from industrial manufacturing processes, acid precipitation due to
incomplete combustion of fuels, and industrial pollutants, acids present in ground water
and sewer systems, and acid rain are the common sources of acid attack, which causes
degradation of concrete structures [60—63]. The more rapid degradation of concrete
structure occurs, when it is exposed to sewer collection systems, where the combination of
bacteria, moisture, and oxygen in the atmosphere results in the production of biogenic
sulphuric acid [62,64,65]. The existing concrete structures affected by acid attack results in
increased expenditure on the repair works or complete replacement of structures that leads
to huge economic loss [60,66]. Therefore, in recent years, research interest has been
focussed on chemical resistance of alkali-activated composites as alternative to
conventional cementitious composites. Investigations on the performance of alkali
activated fly ash binders in acidic environment have reported that alkali activated fly ash
binders may be a suitable alternative in the manufacture of acid resistant concrete because
its reaction product consists mainly of sodium aluminosilicate hydrate gel, which is less
susceptible to acid solutions than calcium silicate hydrate gel [59,67]. However, the
requirement of high temperature curing for fly ash based geopolymer binder to achieve
better or comparable properties as compared to conventional concrete is the major
limitation that restricts its use in field applications [67]. A very few studies [59,60,62,68]
have been carried out on performance evaluation of alkali activated pastes and mortars
using blend of fly ash and slag as source materials against acidic environment. Further, in
the literature, controversial outcomes were reported on acid resistance of alkali activated
fly ash/slag binders due to different behaviour of N-A-S-H (sodium aluminosilicate

hydrate) and C-A-S-H (calcium aluminosilicate hydrate) gels against acid solutions [68].

1.5.2.3 Corrosion of steel reinforcement

Apart from sulfate and acid attack, the durability behaviour of concrete structures is also
largely dependent on the corrosion of steel reinforcement. Between the two causes of
corrosion i.e., chloride ions and carbonation, the chloride ions are the primary cause of steel
reinforcement corrosion in concrete. The chloride ions can enter into the concrete from
external exposure environment through diffusion, wicking and absorption processes [69].

The penetration of chloride ions is the primary reason for long-term deterioration of
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reinforced concrete structures in offshore locations, harbour, bridges, and pavements etc.
[20]. Moreover, chloride ions can also be present in concrete as internal chloride during
preparation of concrete mixes through the use of contaminated mixing water, aggregates,
and admixtures [70]. Sodium chloride (NaCl), magnesium chloride (MgCl>), potassium
chloride (KCI), and calcium chloride (CaCl;) are the main components of seawater
environment [69]. Furthermore, the use of seawater, and sea sand in the preparation of
concrete structures facilitates the presence of high concentration of chloride ions that can
induce the corrosion of steel reinforcement, and significantly affects the durability of

reinforced concrete structures [27,28].

Chloride-induced steel reinforcement corrosion is one of the major durability problems
causing expenditure of billions of dollars globally in repair and maintenance of corrosion
affected reinforced concrete structures [71,72]. Chloride ions destroy the protective passive
layer, which is formed on the surface of the embedded steel reinforcement in concrete. The
corrosion process proceeds in the presence of water and oxygen [44]. An electrochemical
cell is build up when a difference in electrical potential along the embedded steel
reinforcement in concrete occurs that consists of anodic and cathodic regions, which are
connected by the electrolyte in the form of pore solution in the hardened cement paste [44].
The anodic and cathodic reactions involved in the process of corrosion of steel

reinforcement in concrete are as follows [44]:

Anodic reaction: Fe —» Fett 4 2e~ (1.1)
Cathodic reaction: 4e” 4+ 0, + 2H,0 - 4(0OH)~ (1.2)
Anodic reaction: Fe** + 2(0OH)™ - Fe(OH), (ferrous hydroxide) (1.3)

Anodic reaction: 4Fe(OH), + 2H,0 + 0, - 4Fe(OH) (ferric hydroxide) (1.4)

When chloride-hydroxides ([CI']/[OH7]) ratio reduces, it causes the destruction of
protective passive layer and the initiation of corrosion occurs [69]. The reactions involved
during the initiation of steel reinforcement corrosion in the presence of chloride ions are as
follows [44]:

Fe?* + Cl™ - [FeCl]* (1.5)
[FeCl]* + 20H™ —» Fe(OH), + Cl™ (1.6)

In order to overcome the durability issues related to chloride-induced steel reinforcement

corrosion in Portland cement-based concrete, in last few years, some research works have
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been carried out on the corrosion performance of steel reinforcement in geopolymer
composites [21,34,71-76]. It was reported in the literature that fly ash-based geopolymer
concrete can passivate the steel reinforcement as effectively as Portland cement concrete
[72]. However, the corrosion performance of steel reinforcement in geopolymer mortar and
concrete depends on many factors such as type of source materials, type and concentration
of alkaline solution, curing temperature, and exposure conditions, which still need to be

investigated comprehensively [72,76].

1.6 Organization of the thesis

The present research work has been organized in eight chapters as mentioned below.

Chapter 1

This chapter presents an overview about the development, manufacturing process and
different properties of geopolymer composites. Further, Chapter 1 presents the organization
of the thesis.

Chapter 2

This chapter presents the review of literature related to the present research work on
geopolymer composites. The literature review related to the influence of various control
parameters including source materials (especially fly ash and GGBS), curing temperature
and duration, and type and concentration of alkaline solution on fresh, mechanical, and
microstructure properties of geopolymer composites are presented. In addition, the review
of literature on the effect of aforementioned control parameters on durability properties of
geopolymer composites such as water absorption properties and resistance against sulfate,
acid and chloride-rich environment are presented. The review of literature related to
application of Taguchi method of design of experiment on development of geopolymer
composites is also presented. This chapter also presents the summary of literature review,

research gap, and the objectives of the present research work.

Chapter 3

This chapter presents the details of the experimental work performed to fulfil the objectives
of the present research work. The details about the materials, mix design method, mix
proportion, test specimens, exposure solutions, and various test methods conducted on
geopolymer mortar (GPM) and geopolymer concrete (GPC) mixes are presented in this

chapter.
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Chapter 4

In this chapter, the results obtained from the experimental investigation and optimization
of control parameters of geopolymer mortar (GPM) based on fresh, mechanical and
durability properties are presented and discussed. The effect of control parameters namely
GGBS replacement level, water-to-geopolymer solids (W/GPS) ratio, molarity of NaOH
solution, and sand-to-binder (S/B) ratio on setting time, flowability, strength development,
and various durability properties such as water absorption, apparent volume of permeable
voids (AVPV), sorptivity, sulfate and acid resistance of geopolymer mortar are evaluated.
The obtained results of microstructure study of GPM through XRD, EDS, FESEM and
FTIR analyses are presented and discussed. Further, the results obtained from the
verification experiments conducted on the optimized GPM mix are also discussed in this
chapter.

Chapter 5

In this chapter, the effect of variations in fly ash/GGBS blends, and sand-to-binder (S/B)
ratio on flowability, strength development, water absorption and apparent volume of
permeable voids, sorptivity, sulfate and acid resistance, and microstructure evolution
(through XRD, EDS, FESEM, and FTIR analyses) of the optimized geopolymer mortar
(GPM) mix are analyzed and discussed. Further, the variations in compressive strength at
different ages of ambient curing, and that obtained after exposure to different sulfate and
acid solutions are analyzed with the changes in the microstructure of geopolymer mortar.

Chapter 6

This chapter presents the results obtained from the experimental investigation and
optimization of control parameters of geopolymer concrete (GPC) based on fresh and
mechanical properties. The influence of control parameters such as GGBS replacement
level, water-to-geopolymer solids (W/GPS) ratio, molarity of NaOH solution, binder
content, and sodium silicate solution to sodium hydroxide solution (SS/SH) ratio on
variations in setting time, workability and compressive strength of fly ash-GGBS based
GPC are evaluated and discussed in this chapter. In addition, the results obtained from the
verification experiments conducted on the optimized GPC mix are presented and discussed.
Further, in this chapter, the microstructure of optimized GPC mix was analyzed through
the obtained results of XRD, EDS, FESEM and FTIR analyses.

10
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Chapter 7

In this chapter, the results obtained from workability, compressive strength, and
electrochemical measurements such as corrosion potential, and corrosion current density
by linear polarization resistance (LPR) measurement on chloride admixed fly ash and fly
ash-GGBS based geopolymer concrete (GPC) are presented and discussed. Further, the
influence of fly ash/GGBS blends, and admixed NaCl concentration on obtained free
chloride and total chloride contents, and chloride binding capacity at different ages, and at
rebar level of cylindrical reinforced GPC specimens after electrochemical measurements
are evaluated in this chapter. In addition, the effect of fly ash/GGBS blends, and admixed
NaCl concentration on changes in microstructure (through XRD, EDS, FESEM and FTIR
analyses) at different ages, and at rebar level of geopolymer concrete are analyzed in this
chapter.

Chapter 8
This chapter presents the conclusions obtained from the present research work. In addition,
the significance of research outcome, and the recommendations for future research work

are also presented in this chapter.
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Literature Review

2.1 General

This chapter presents the review of literature on fresh and mechanical properties of
geopolymer composites i.e., paste, mortar, and concrete made with fly ash, and blend of fly
ash and ground granulated blast furnace slag (GGBS). The review of literature related to
durability properties namely water absorption properties, sulfate and acid attack, and
chloride induced corrosion of steel reinforcement in fly ash and fly ash-GGBS based
geopolymer composites is also presented in this chapter. In addition, the research work on
microstructure analysis of fly ash and fly ash-GGBS based geopolymer composites are
reviewed and presented in this chapter. The literature related to application of Taguchi
method of design of experiment on development of geopolymer composites are also
reviewed and presented. The summary of literature review and objectives of the present
research work are also presented in this chapter.

2.2 Review of literature on fresh, mechanical, and microstructure properties of fly
ash and fly ash-GGBS based geopolymer paste, mortar and concrete

Nath et al. [77] have investigated the effect of sodium hydroxide (NaOH) solution
concentration (6 M, 8 M, and 10 M), and curing temperature (27° C, 45° C, and 60° C) on
microstructural and morphological evolution of fly ash based geopolymer paste. The early
reaction corresponding to dissolution and precipitation was monitored through Isothermal
conduction calorimetry (ICC), whereas Thermo gravimetric analysis (TGA) was used to
study the loss of structural water in final reaction product. Scanning electron microscopy
(SEM), energy dispersive X-ray (EDX) spectrometer, X-ray diffraction (XRD), and Fourier
transform infrared spectroscopy (FTIR) analyses were used for structural characterization
and indexing of morphological features. Geopolymer paste samples were prepared by
mixing fly ash and sodium hydroxide solution in 2:1 ratio. The Isothermal conduction
calorimetry (ICC) results showed that the area under main reaction peak corresponding to
geopolymerization increased with increase in NaOH concentration, but not with curing
temperature. The maximum area under main reaction peak related to geopolymerization
was obtained in the geopolymer paste sample synthesized at 45° C. This was also supported
by TGA analysis with maximum weight loss in the sample cured at 45° C, which was due

to formation of N-A-S-H gel with more OH  molecules. Further, the TGA analysis revealed

12
TH-3009_156104033



Chapter-2

that geopolymer paste samples made with NaOH solution concentration of 6 M exhibited
low weight loss, which indicates low dissolution of silica and alumina, and resulted in
formation of low quantity of reaction products. The effect of NaOH concentration, and
curing temperature on structural re-organization was also evidenced by the changes in Si/Al
ratio in the reaction products, shifting of Si-O-Si, and Al-O-Si spectrum, and formation of

zeolite phases such as hydroxi-sodalite and zeolite ZK.

Durak et al. [78] have investigated the influence of pre-rest period under laboratory
condition (1, 2, 3, 7, 14, and 28 days) before heat curing on various physical and mechanical
properties and microstructure of fly ash based geopolymer mortars and pastes. After the
pre-rest period, the mortar and paste samples were subjected to heat curing at 75° C for 48
hours. The obtained results were compared with the reference samples i.e., prepared
without pre-rest period. The materials used were class F fly ash, sodium hydroxide solution,
standard sand with maximum grain size of 2 mm, and water. The materials ratios of fly ash
based geopolymer mortar were 3, 1, 0.29, and 0.1 by mass for sand, fly ash, water, and
sodium hydroxide respectively. The alkaline solution and water binder ratio for geopolymer
paste samples were kept same as geopolymer mortar samples. Prismatic mortar specimens
of size 40 x 40 x 160 mm were used for determination of water absorption, porosity, unit
weight, sorptivity, flexural strength, and compressive strength whereas cubic mortar
specimens of size 71 mm were used for Bohme abrasion test. The reaction Kinetics of
geopolymer paste samples was evaluated using isothermal calorimeter. Further, X-ray
diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive X-ray
(EDX) analyses were carried out on geopolymer paste samples for microstructural
investigations. Test results indicated that with increase in pre-rest period, the unit weight
of geopolymer mortar specimens increased whereas the water absorption, porosity and
sorptivity decreased. The mechanical properties (compressive strength and flexural
strength) of geopolymer mortar specimens increased with increase in pre-rest period.
Further, the geopolymer mortar specimens subjected to longer pre-rest period exhibited
higher abrasion resistance. The authors concluded that the pre-resting of geopolymer
mortar specimens improved the strength, and durability related properties. From the results
of reaction Kinetics, it was observed that the pre-resting increased the cumulative heat of
reaction of geopolymer pastes at the end of heat curing by approximately 45%. However,
no significant difference in cumulative heat values was observed as the rest period

increased from 1 to 28 days. The XRD analysis indicated that the pre-rest period before
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heat curing resulted in dissolution of amorphous materials thereby leading to a more
crystalline structure in the geopolymeric reaction. The pre-rest period allows more time for
ion transfer between the alkaline solution (sodium hydroxide solution) and fly ash particles,
which resulted in more compact microstructure as observed from the SEM analysis that led

to better mechanical properties.

Chen et al. [79] have investigated the influence of CaO content (9%, 11%, 13%, and 15%)
and SOs content (3.0%, 3.5%, 4.0%, 4.5%, and 5.0%) on flexural strength, compressive
strength, water immersion expansion rate, drying shrinkage rate, and microstructure of fly
ash based geopolymer mortar. The materials used were fly ash, CaSO4 and Ca(OH). as
reagents, mixture of sodium hydroxide solution and sodium silicate solution as alkali
activator, standard sand, and water. The modulus (SiO2/Na20O) of alkali activator, alkali
content (Na2O), and water-binder ratio used for the preparation of geopolymer mortar were
1.2, 16%, and 0.6 respectively. Prismatic specimens of size 40 x 40 x 160 mm were used
for flexural and compressive strength test of geopolymer mortar at 3, 7, and 28 days. In
addition, prismatic specimens of size 25 x 25 x 280 mm were used for water immersion
expansion rate and drying shrinkage rate test up to 28 days. The microstructure of
geopolymer mortar was analyzed through X-ray diffractography (XRD), scanning electron
microscope (SEM), energy dispersive spectrometer (EDS), and 2°Si nuclear magnetic
resonance (NMR) analyses. The test results showed that the flexural and compressive
strength of fly ash based geopolymer mortar increased initially and then decreased with
increase in CaO and SOs contents. The water immersion expansion rate of geopolymer
mortar increased with increase in CaO and SOz content. However, the drying shrinkage
rate of geopolymer mortar initially decreased and then increased with increase in CaO and
SOs content. The optimum CaO and SOz contents of fly ash based geopolymer mortar were
11% and 4.0% respectively. The microstructure analysis showed that the addition of CaO
and SOs in fly ash based geopolymer mortar promoted the geopolymerization reaction that
resulted in formation of higher amount of gel products and generated ettringite, which
improved the strength and compensated the shrinkage of geopolymer mortar.

Aliabdo et al. [80] have carried out a study to evaluate the effect of additional water content
(10, 20, 30, and 35 kg/m®), chemical admixture content (2.5, 5, 7.5, and 10.5 kg/m?),
molarity of sodium hydroxide solution (12 M, 16 M, and 18 M), alkaline solution to fly ash
ratio (0.3, 0.35, 0.4, and 0.45), and sodium hydroxide solution to sodium silicate solution

ratio (0.3, 0.4, and 0.5) on various properties of fly ash based geopolymer concrete. The
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materials used for preparation of fly ash based geopolymer concrete were Class F fly ash,
mixture of sodium hydroxide solution and sodium silicate solution as alkaline solution,
sand, and limestone of 9.5 mm nominal maximum size, high range water reducer
naphthalene-based admixture and additional water. The studied properties were
workability, compressive strength, splitting tensile strength, modulus of elasticity, water
absorption and porosity. Cube specimens of size 100 mm were prepared for compressive
strength test at 7 and 28 days. Cylindrical specimens of size 75 mm diameter x 150 mm
length, and 100 mm diameter x 200 mm length were prepared for 28 days splitting tensile
strength and modulus of elasticity test respectively. Further, cube specimens of size 70 mm
were prepared to measure absorption and porosity of fly ash based geopolymer concrete at
28 days. The test results revealed that with increase in additional water content and
chemical admixture content in the mixes, the slump value, water absorption and porosity
of fly ash based geopolymer concrete were increased whereas the opposite variation was
observed in case of mechanical properties such as compressive strength, splitting tensile
strength, and modulus of elasticity at all ages. Further, it was observed that the slump value
of fly ash based geopolymer concrete decreased with increase in molarity of NaOH
solution, and increased with increase in alkaline solution to fly ash ratio and sodium
hydroxide solution to sodium silicate solution ratio. The increase in molarity of sodium
hydroxide solution up to 16 M and alkaline solution to fly ash ratio up to 0.40 improved
the mechanical properties, and reduced water absorption and porosity of fly ash based
geopolymer concrete. Further, the decrease in sodium hydroxide solution to sodium silicate
solution ratio resulted in better mechanical properties, and lower water absorption and

porosity of fly ash based geopolymer concrete mixes.

Topark-Ngarm et al. [33] have investigated the effect of concentration of sodium
hydroxide solution (10 M, 15 M, and 20 M), sodium silicate to sodium hydroxide solution
ratio (S:H = 1.0, and 2.0), and curing regime (heat curing at 60 = 2° C for 24 hours, and
room temperature curing at 23 + 2° C) on various properties of high calcium fly ash
geopolymer concrete. The materials used for preparing the geopolymer concrete were high
calcium fly ash, combination of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3)
solution as alkaline solution, river sand, and limestone with maximum size of 20 mm. The
tests conducted were slump flow, setting time, compressive strength, splitting tensile
strength, modulus of elasticity, and bond strength. Cylindrical specimens of size 100
(diameter) x 200 mm (length), and 150 (diameter) x 300 mm (length) were prepared for
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compressive strength and splitting tensile strength tests at the age of 7 and 28 days, and
modulus of elasticity test at the age of 28 days respectively. Further, cylindrical specimens
of size 100 (diameter) x 150 mm (length) with a rebar placed vertically at the center were
prepared for pullout bond strength test at the age of 7 days. The obtained results showed
that for mixes with high NaOH content (S:H = 1.0), the flow values were decreased with
increase in NaOH solution concentration. However, for mixes with low NaOH content (S:H
= 2), the flow value remained relatively unaffected with change in NaOH solution
concentration. The geopolymer concrete mixes showed shorter setting time of 28 to 58 min
due to presence of high calcium content in fly ash. For mixes with high NaOH content (S:H
= 1.0), the setting time decreased with increase in NaOH solution concentration. However,
at low NaOH content (S:H = 2.0), the setting time slightly increased with increase in NaOH
solution concentration. Geopolymer concrete mixes subjected to heat curing exhibited
higher compressive strength than that subjected to room temperature curing. The optimum
compressive strength of 54.4 MPa was obtained at 15 M NaOH solution for the geopolymer
concrete mix made with S:H = 1.0. The splitting tensile strength, modulus of elasticity and
bond strength were correlated with the compressive strength. Further, the bond strength
between geopolymer concrete and rebar was significantly higher than that specified by the

design code ACI 318 for normal Portland cement concrete.

Nagalia et al. [22] have carried out a study to investigate the effect of fly ash type (Class
F and Class C), alkali hydroxide solutions (NaOH, KOH, Ba(OH), and LiOH),
combinations of hydroxide solutions (NaOH:KOH, NaOH:Ba(OH),, NaOH:LiOH, and
NaOH:AI(OH)zat 9:1 and 5:5), molarity of NaOH solution (8 M, 12 M, and 14 M), coarse
and fine aggregate combinations (16 mm, 9.5 mm and sand, and 9.5 mm and sand), curing
temperature (oven-curing: 55°C and 70°C; steam-curing: 46°C and 100% humidity; and
curing at room temperature: 25°C), and curing time (24 h and 48 h) on compressive strength
and microstructure of fly ash based geopolymer concrete. Extra water and polycarboxylic
ether based superplasticizer was used in the geopolymer concrete. The ratio of sodium
silicate solution to hydroxide solution was fixed at 2.0 for all mixes. Cylindrical specimens
with dimension of 100 x 200 mm were prepared for compressive strength test at the age of
1, 3, 7, and 28 days. The microstructure analyses were carried out through X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS).
The test results revealed that higher CaO content in fly ash (Class C) resulted in

significantly higher compressive strength of geopolymer concrete. The use of any alkali
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hydroxides or combination of any alkali hydroxides other than 100% NaOH solution
significantly reduced the compressive strength of geopolymer concrete. Further, with
increase in molarity of NaOH solution, the compressive strength was increased for
geopolymer concrete mixes prepared with Class C fly ash whereas the compressive strength
was decreased for geopolymer concrete mixes prepared with Class F fly ash. The
geopolymer concrete mixes prepared with combination of coarse aggregate of size 9.5 mm
and sand showed a decrease in compressive strength than that prepared with combination
of 16 mm, 9.5 mm and sand. Among all curing conditions, the geopolymer concrete mixes
subjected to higher curing temperature i.e., oven-curing at 70°C and curing time of 48 h
resulted in higher compressive strength. The microstructure analyses indicated the
formation of NaAlISi3Og feldspar and an amorphous calcium silicate glassy matrix in the

geopolymer concrete resulting an improvement in the compressive strength.

Saha and Rajasekaran [81] have studied the effect of ground granulated blast furnace slag
(GGBFS) and molarity of NaOH solution on setting time and compressive strength of fly
ash-GGBFS based geopolymer paste. The geopolymer pastes were prepared using Class F
fly ash, GGBFS with replacement levels of 10%, 20%, 30%, 40%, and 50% (by total mass
of binder), sodium silicate to sodium hydroxide solution ratio of 1.0, alkali solution to
binder ratio of 0.4 and concentration of NaOH solution from 6 M to 16 M. The setting time
test was conducted by Vicat apparatus method as described in 1S 4031 (part 5). Cube
specimens of size 50 mm were prepared for compressive strength test at the ages of 7, 28
and 56 days. From the results, it was observed that the setting time of geopolymer paste
decreased with increase in GGBFS replacement level, whereas no significant variation was
observed with respect to molarity of NaOH solution. The initial setting time of geopolymer
paste with incorporation of GGBFS was reduced from 420-480 min to 25-130 min and final
setting time from 1425-1600 min to 90-355 min. The compressive strength of geopolymer
paste at different ages increased with increase in GGBFS content in the mixes. The mix
with 16 M of NaOH solution and 50% GGBFS replacement showed the highest
compressive strength of 66.4 MPa at 7 days, 78 MPa at 28 days and 78.2 MPa at 56 days.
The SEM images showed that the geopolymer paste made with higher replacement of
GGBFS had denser microstructure. The reason for shorter setting time and higher
compressive strength of geopolymer paste made with higher GGBFS content was attributed
to the formation of C-S-H gel due to high CaO content along with the formation of N-A-S-
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H gel, which resulted in denser microstructure as evident from the SEM images of the

mixes.

Ismail et al. [82] have investigated the microstructural evolution of alkali-activated slag/fly
ash paste up to the age of 180 days using various analytical techniques namely X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, thermogravimetry
(TG), and environmental scanning electron microscopy (ESEM) with energy dispersive X-
ray (EDX) analyses. The materials used in this study were Class F fly ash and granulated
blast furnace slag (GBFS) as precursor materials, and sodium metasilicate (Na»SiOs) at 8
wt.% or 12 wt.% (by total mass of precursor materials) as alkali activator. The alkali-
activated paste samples were prepared with different slag/fly ash blends such as 100/0,
75/25, 50/50, 25/75, and 0/100. The alkali-activated paste samples prepared with slag/fly
ash blends of 100/0, 75/25, and 50/50 were activated with 8 wt.% Na»SiOs solution, and
that prepared with slag/fly ash blends of 25/75, and 0/100 were activated with 12 wt.%
NaSiOz solution. All the paste samples were prepared with water/binder ratio of 0.40 and
cured at 30° C until the testing ages at 14, 28, 90, and 180 days. The obtained results
indicated that the nature of alkali-activated slag/fly ash binder was strongly dependent on
the slag/fly ash ratios. The alkali-activated paste made with 100% slag showed a structure
dominated by a C-A-S-H type gel, while alkali-activated paste made with 100% fly ash
exhibited a structure dominated by N-A-S-H type gel. A calcium silicate hydrate gel
substituted with Al and Na (i.e., C-N-A-S-H) was identified as the main binding product in
the mixes that made with slag > 50 wt.% of the total binder. The alkali-activated slag/fly
ash pastes made with higher content of fly ash (> 50 wt.%) composed mainly of hybrid
binding phase i.e., N-C-A-S-H type gel, which had higher degree of crosslinking than that
identified in C-A-S-H type gel formed in alkali-activated slag. Further, it was observed that
an increase in fly ash content promotes the formation of zeolites in the hybrid gel system

after 28 days.

Lee and Lee [83] have studied the microstructure, reaction products, and reactivity of
alkali-activated fly ash/slag (AFS) paste synthesized at various slag replacement levels
(10%, 30%, and 50%). Class F fly ash and blast furnace slag as binder materials, two types
of alkali-activators such as sodium silicate powder with molar ratio (SiO2/Naz0) of 2.18,
and sodium silicate liquid (combination of 4 M NaOH solution and water glass) with molar
ratio of 1.0, and water were used in the preparation of paste samples. Cube specimens of

size 50 mm were prepared and cured at room temperature (20° C, 50% relative humidity).
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The AFS paste samples were analyzed by X-ray powder diffraction (XRD), scanning
electron microscopy (SEM), energy-dispersive spectroscopy (EDS), thermogravimetric
analysis (TGA), Inductively coupled plasma optical emission spectroscopy (ICP-OES),
29Si nuclear magnetic resonance (NMR) spectroscopy, and Fourier transform infrared (FT-
IR) spectroscopy analyses. The obtained results indicated that the total reactivity of AFS
paste was strongly dependent on the mixture ratio of raw materials as well as type of alkali
activator, while the degree of hydration was associated with the reactivity of alkali-
activator. The total reactivity of AFS paste made with liquid activator was found much
higher than that of solid activator. Further, it was observed that the reactivity of fly ash was
significantly higher when mixed with liquid activator as compared to solid activator,
whereas the reactivity of slag was comparable regardless of the activator type. When the
amount of slag in AFS paste was increased, the amount of C-S-H gel increased, whereas
the amount of aluminosilicate gel decreased. The reactivity (NMR analysis), weight loss
(TGA) and extent of absorption (FTIR analysis) increased as the amount of slag increased
in the AFS paste. Based on chemical composition and silicate structure, the aluminosilicate
gel formed in AFS paste was similar to Ca-based geopolymer (N-C-A-S-H).

Phoo-ngernkham et al. [84] have investigated the effect of sodium hydroxide and sodium
silicate solutions on compressive strength and shear bond strength of fly ash (FA)-ground
granulated blast furnace slag (GBFS) geopolymer paste. Three types of geopolymer paste
were prepared as per the binder type such as FA paste (100% FA), FA + GBFS paste (50%
FA + 50% GBFS), and GBFS paste (100% GBFS). The geopolymer paste mixes were
prepared with three types of alkaline solutions such as sodium hydroxide solution (NH)
with concentration of 10 M, sodium silicate solution (NS), and sodium hydroxide solution
(10 M) plus sodium silicate solution (NHNS) with NS/NH ratio of 2.0. All geopolymer
paste mixes were prepared with a constant alkaline solution to binder ratio of 0.60.
Cylindrical specimens of size 50 mm diameter x 100 mm height were prepared at ambient
temperature for compressive strength test at the age of 7, 28, and 60 days. The shear bond
strength was evaluated using slant shear test of concrete substrate and geopolymer paste at
the age of 28 days. For slant shear test, the slant shear prisms of size 50 x 50 x 125 mm
with interface line at 45° to the vertical were used. Microstructure analyses of geopolymer
paste were carried out through X-ray diffraction (XRD) and scanning electron microscopy
(SEM) at the age of 28 days. The test results showed that the compressive strength of

geopolymer paste increased with increase in GBFS content for all types of alkaline

19
TH-3009_156104033



Literature review

solutions (NH, NHNS, and NS). For the FA and FA + GBFS pastes, the use of NH solution
or NS solution alone resulted in low compressive strength at ambient temperature.
However, the use of NHNS solution showed better strength development in the geopolymer
paste made with FA, and FA + GBFS. For GBFS paste, the presence of silicate enhanced
the strength development. Therefore, the maximum compressive strength of 197.1 MPa at
60 days was obtained for GBFS paste activated with NS solution. The shear bond strength
between concrete substrate and geopolymer paste was increased with increase in
compressive strength and amount of N-A-S-H gel of geopolymer paste. The highest 28-day
shear bond strength of 31 MPa was obtained for FA+GBFS paste activated with NHNS
solution. The use of NH and NHNS solutions resulted in crystalline C-S-H, and amorphous

gel whereas the use of NS solution resulted in mainly the amorphous products.

Yazdi et al. [85] have corelated the microstructural development and mechanical
performance of geopolymer paste prepared from fly ash and ground granulated blast
furnace slag (GGBS). The fly ash was partially replaced with GGBS at 30, 40, 50, 60, 70,
and 100% by mass ratio. A mixture of sodium silicate solution and 10 M sodium hydroxide
solution was used as alkaline solution for the preparation of geopolymer paste. Prismatic
specimens of size 10 x 10 x 60 mm were cast and cured in room temperature until testing.
The compressive and flexural strength tests were conducted at the age of 3, 7, and 28 days.
The microstructure analyses such as thermogravimetrical analysis (TGA), X-ray diffraction
(XRD) analysis, and environmental scanning electron microscope-energy dispersive X-ray
spectroscopy (ESEM-EDX) were carried out on geopolymer pastes. In addition, the
mercury intrusion porosity (MIP) measurement was also performed on geopolymer pastes.
The effect of pre-conditioning drying method such as freeze-drying using liquid nitrogen,
drying by acetone, and un-dried samples, were evaluated on microstructure analyses of
geopolymer pastes. The obtained results showed that the compressive strength and flexural
strength of geopolymer paste increased up to 100 MPa and 10 MPa respectively with
increase in GGBS replacement in the mixes. However, for geopolymer paste prepared with
greater than 50% GGBS content, the compressive strength and porosity were not changed
significantly at the age of 28 days. The microstructure analyses indicated the presence of
CaCOz in the form of calcite and vaterite as crystalline products as well as C-(A)-S-H and
(N/K)-A-S-H gels as amorphous geopolymerization phases in case of geopolymer pastes
containing high amount of GGBS, which resulted in higher mechanical strength and lower

porosity. Among the pre-conditioning drying methods, the freeze-drying by liquid nitrogen
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method was found to be a greater alternative to the conventional drying method for

geopolymer samples.

Li and Liu [86] have investigated the effect of slag (4% by weight of dry powders) on
compressive strength and microstructure of geopolymer paste made with fly ash,
metakaolin, and slag. The materials used for preparation of geopolymer paste were class F
fly ash, granulated blast furnace slag, metakaolin, water glass (Na.SiO3) with modulus of
3.3, and sodium hydroxide (NaOH) solution. Geopolymer paste samples were cast into 40
mm cubic moulds and demoulded after 24 h of casting. The specimens were subjected to
two different curing temperatures such as at 30° C or 70° C for 14 days. The microstructure
analysis was carried out through X-ray diffraction (XRD) analysis, Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and mercury
intrusion porosimetry (MIP). The test results showed that the compressive strength of
geopolymer paste made with 4% slag was about 18 MPa higher than that of the paste made
without slag at curing temperature of 30° C, whereas the increment of compressive strength
was about 15 MPa at curing temperature of 70° C. The XRD and FTIR analyses indicated
that the addition of slag in geopolymer paste and cured at 70° C resulted in formation of
more amorphous products related to calcium silicate hydrate, and accelerated the rate of
reaction. The results of MIP showed that the slag addition reduced the pore volume for
geopolymer paste samples cured at both 30° C and 70° C. Further, the geopolymer paste
samples made with slag and cured at 70° C resulted in finer pore size distribution. Thus,
the reduced total pore volume and refined pore structure led to higher compressive strength
of the geopolymer paste samples made with slag that was cured at 70° C. The decrease in
binding energy due to addition of slag in geopolymer paste as observed from XPS analysis

indicated more favourable to zeolite formation.

Chi and Huang [87] have carried out a study to evaluate the effect of fly ash/slag ratio
(100/0, 70/30, 50/50, 30/70, and 0/100) and dosage of Na.O (4% and 6% by weight of
cementitious materials) on binding mechanism, and physical and mechanical properties of
alkali-activated fly ash/slag (AAFS) mortars. The materials used in this study were class F
fly ash, ground granulated blast furnace slag, sand, and combination of sodium hydroxide
(NaOH) solution and sodium silicate (Na2SiO3) solution (modulus ratio, i.e., mass ratio of
SiO2 to Na2O = 1) as the alkaline activator. The liquid/binder ratio was kept constant at 0.5
for all AAFS mortars. All the AAFS mortars after preparation were kept in a curing room

at temperature 25° C and 80% relative humidity. The tests conducted in this study were
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compressive strength, flexural strength, water absorption, drying shrinkage, scanning
electron microscopy (SEM) and X-ray diffraction (XRD) analysis. The cube specimens of
size 50 mm were used for compressive strength test at the ages of 7, 14, and 28 days and
water absorption test. Further, the prismatic specimens of size 40 mm x 40 mm x 160 mm
and 25 mm x 25 mm x 285 mm were prepared for determining flexural strength and drying
shrinkage respectively, at the ages of 7, 14, and 28 days. The test results were compared
with the results obtained from OPC mortars. From the test results, it was observed that both
fly ash/slag ratio and dosage of Na2O significantly influenced the binding mechanism and
various properties of AAFS mortars. The maximum compressive and flexural strength were
obtained in case of AAFS mortars prepared with fly ash/slag ratio of 50/50 whereas the
maximum water absorption was observed in case of AAFS mortar made with 100% fly ash.
Further, it was observed that the compressive and flexural strength increased, and water
absorption decreased with increase in Na,O concentration in AAFS mortars. From the
drying shrinkage results, it was observed that the change in length of AAFS mortars
decreased with increase in amount of fly ash. In addition, the change in length of AAFS
mortars reduced with increase in Na;O concentration. The AAFS mortars (except that
prepared with 100% fly ash) exhibited higher compressive strength and flexural strength
than OPC mortars. Furthermore, the water absorption of AAFS mortars was lower than that
of OPC mortars. In addition, the change in length of AAFS mortar was higher than that of
OPC mortar. From the microstructure analyses, it was observed that the hydration products
of AAFS mortars are mainly amorphous alkaline aluminosilicate gel, and low crystalline

calcium silicate hydrate gel.

Khan et al. [88] have investigated the influence of curing conditions (ambient air curing
and water curing) on compressive strength, porosity, and microstructure of geopolymer
mortar made with fly ash (FA), ultrafine fly ash (UFFA), and ground-granulated blast-
furnace slag. Subsequently, the effect of two different sand-binder ratios (2 and 2.75), and
the amount of FA replacement with UFFA (10%) and slag (30%, 40%, and 50%) were
evaluated on workability, and compressive strength of geopolymer mortar. The materials
used were Class F fly ash, ground-granulated blast-furnace slag, and ultrafine fly ash
(UFFA) as source materials, combination of sodium silicate solution (Na2SiO3) and 12 M
sodium hydroxide solution with mass ratio of 2.5 as alkaline solution, sand with maximum
nominal size of 1.18 mm and polycarboxylate ether-based superplasticizer (1% by mass of
binder). The alkaline liquid-to-binder ratio (L/B) of 0.60, and water-to-solids ratio (w/s) of
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0.28 were used for all geopolymer mortar mixes. The geopolymer mortar mixes prepared
with 100% fly ash were subjected to heat curing at 85° C for 24 h, whereas other mixes
were prepared under room temperature. Cube specimens of size 50 mm were prepared for
compressive strength test at the age of 3, 7, 14, and 28 days. Microstructure analysis of
geopolymer mortar was carried out through scanning electron microscopy and energy-
dispersive X-ray spectroscopy analysis, whereas the porosity of geopolymer mortar was
determined by mercury intrusion porosimetry (MIP). The test results showed that the
workability of geopolymer mortar decreased in the presence of UFFA and slag as additives.
The ternary mix made with 60% FA, 30% slag, and 10% UFFA exhibited lowest
workability among all the geopolymer mortar mixes. The geopolymer mortar mixes made
with fly ash and slag blends and subjected to ambient air curing exhibited higher
compressive strength than the water-cured counterparts. The geopolymer mortar made with
50% fly ash and 50% slag exhibited highest compressive strength of 103 MPa at 28 days
of ambient curing. The geopolymer mortar samples cured in water medium exhibited higher
porosity as compared to that cured in ambient air environment. Further, it was observed
that the compressive strength of geopolymer mortar mixes decreased with increase in sand-
binder ratio. Microstructure analysis of geopolymer mortar was found to be in good
agreement with the observed compressive strength. Further, the microstructure analysis
indicated the formation of crystalline C-S-H and/or C-A-S-H gel along with amorphous N-
A-S-H gel products that improved the compressive strength of geopolymer mortar with

age.

Lyu et al. [89] have studied the effect of different binders (fly ash + slag, fly ash +
metakaolin), activators (liquid activator: combination of 12 M sodium hydroxide solution
and sodium silicate solution, and solid activator: pentahydrate sodium metasilicate and
anhydrous sodium metasilicate), sea sand, seawater, and curing condition (ambient
condition and seawater curing) on various properties of geopolymer mortar. The tests
conducted were slump and penetration test, unconfined compressive strength test (at the
age of 3, 28, and 56 days), density test (at the age of 3, 28, and 56 days), sorptivity (at the
age of 28 days), and nuclear magnetic resonance (NMR) test. Cube specimens of size 50
mm and cylindrical specimens of size 100 mm diameter x 50 mm thickness were prepared
for compressive strength and sorptivity test respectively. The test results revealed that the
use of fly ash (24% by weight of the mix) + slag (6% by weight of the mix) as binder

improved the workability and compressive strength of geopolymer mortar as compared to
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the use of fly ash (24%) + metakaolin (6%) as binder. Similarly, the geopolymer mortar
made with liquid activator showed higher workability and compressive strength as
compared to that made with solid activators. The use of fly ash + metakaolin as binder in
geopolymer mortar resulted in higher sorptivity coefficient as compared to that made with
fly ash + slag. Further, the use of anhydrous sodium metasilicate as activator exhibited
lower sorptivity coefficient as compared to other activators when geopolymer mortar made
with normal sand and tap water. The use of sea sand and seawater in geopolymer mortar
exhibited lower workability and higher sorptivity coefficient than that prepared with normal
silica sand. Further, the use of sea sand and seawater delayed the initial and final setting
time and lower the density of geopolymer mortar as compared to that made with normal
silica sand and tap water. The use of sea sand and seawater in geopolymer mortar made
with fly ash + slag as binder did not show significant difference in compressive strength as
compared to that made with normal sand and tap water. However, in case of geopolymer
mortar made with fly ash + metakaolin, the use of sea sand and seawater improved the
compressive strength as compared to that made with normal silica sand and tap water. The
use of pentahydrate sodium metasilicate in geopolymer mortar reduced the compressive
strength when compared with that made with anhydrous sodium metasilicate. The curing
condition did not significantly affect the development of compressive strength of
geopolymer mortar. The results obtained from NMR test indicated more rapid hydration
processes when geopolymer mortar activated with liquid activator. In case of geopolymer
mortar made with pentahydrate sodium metasilicate, the use of sea sand and seawater had
a clear retardation effect on the geopolymer hydration process, whereas it had negligible

influence on hydration rates of other geopolymer mortar mixes.

Nath and Sarker [38] have investigated the effect of different mix variables such as
amount of ground granulated blast furnace slag (GGBFS) (10%, 20%, and 30%) in
replacement of fly ash (Class F), amount of alkaline activator solution (35%, 40%, and 45%
by mass of total binder), and ratio of sodium silicate to sodium hydroxide solution (SS/SH:
1.5, 2.0, and 2.5) on setting time, workability and compressive strength (at the age of 3, 7,
28, and 56 days) of geopolymer mortar and concrete cured under ambient condition. In
order to evaluate the effect of curing temperature on compressive strength, geopolymer
mortar and concrete mixes made with 10% GGBFS, alkaline activator solution of 40% and
SS/SH ratio of 2.5 were subjected to oven curing at 60° C for 24 h, immediately after the

preparation. The mixture of 14 M NaOH solution and NaSiOz solution was used as
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activator solution. Sand with nominal maximum size of 1.18 mm, and coarse aggregates
with nominal maximum size of 7, 10, and 20 mm were used in the mixes. Cube specimens
of size 50 mm and cylindrical specimens of size 100 mm diameter x 200 mm height were
prepared from geopolymer mortar and geopolymer concrete mixes respectively. The
microstructure analyses through scanning electron microscope (SEM) and energy-
dispersive X-ray spectroscopy (EDS) were carried out on geopolymer paste mixes made
with 10% and 50% GGBFS replacement to fly ash, alkaline activator solution of 40% (of
total binder), and SS/SH ratio of 2.5. The obtained results showed that increase in GGBFS
content in geopolymer mortar and geopolymer concrete reduced the workability and setting
time, and increased the compressive strength. The addition of GGBFS up to 30% exhibited
maximum 28 days compressive strength of 63 MPa and 55 MPa for geopolymer mortar
and geopolymer concrete respectively. The increase in activator solution content in the
mixes increased the workability and setting time, and reduced the compressive strength.
Further, the slump value, setting time, and compressive strength of geopolymer mortar and
concrete mixes decreased with increase in SS/SH ratio from 1.5 to 2.5. The geopolymer
mortar and concrete mixes developed under heat curing showed higher compressive
strength than that developed under ambient condition, at all ages. Further, the strength
development of geopolymer mixes was slower over age when developed under ambient
condition. However, the mixes developed under heat curing showed high early compressive
strength with insignificant increase over the ages. The microstructure analysis of fly ash-
GGBFS blended geopolymer paste revealed the presence of mostly amorphous and
calcium-containing hydration products that resulted in increased compactness of the gel at
higher slag content. Authors have stated that the geopolymer concrete made with fly ash
and GGBFS achieved setting time and compressive strength comparable to those of OPC

concrete.

Deb et al. [90] have studied the effect of ground granulated blast-furnace slag (GGBFS)
content (0%, 10%, and 20%) as a replacement of fly ash, alkaline activator content (35%
and 40% by mass of total binder), and sodium silicate to sodium hydroxide solution
(SS/SH) ratio (1.5 and 2.5) on workability, compressive strength, and splitting tensile
strength of geopolymer concrete developed under ambient condition. For comparison
purpose, OPC concrete mixtures were designed. The correlation of the splitting tensile
strength with compressive strength of the ambient-cured geopolymer concrete was

compared with that of heat-cured geopolymer concrete (reported in literature), and
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conventional water-cured OPC concrete. The materials used for this study were Class F fly
ash and GGBFS as binder, mixture of sodium silicate solution and 14 M sodium hydroxide
solution as alkaline solution, fine and coarse aggregates, extra water, and naphthalene-
based superplasticizer. The combined aggregate volume was a combination of 15% of 7
mm, 9% of 10 mm, 41% of 20 mm (coarse aggregate) and 35% of sand. Cylindrical
specimens of size 100 x 200 mm and 150 x 300 mm were cast for compressive strength
test (at 7, 28, 56, 90, and 180 days), and splitting tensile strength test (at 7, 28, and 90 days)
respectively. The test results indicated that the increase in GGBFS content, and a reduction
of alkaline activator content and SS/SH ratio resulted in decrease in slump value of
geopolymer concrete. Further, the addition of extra water in geopolymer concrete improved
the workability with a reduction in mechanical strength. The compressive strength of
geopolymer concrete mixes increased with increase in GGBFS content, alkaline activator
content, and decrease in SS/SH ratio in the mixes. The highest 28-day compressive strength
of 51 MPa was achieved in the mix containing 20% GGBFS, SS/SH ratio of 1.5 and 40%
alkaline activator content. The effect of mixture variables on the development of splitting
tensile strength was similar to the development of compressive strength. The strength
development of slag blended fly ash geopolymer concrete developed under ambient
condition was similar as compared to water-cured OPC concrete. The method of estimating
the splitting tensile strength from compressive strength of OPC concrete recommended in
AS 3600 and ACI 318 design codes showed similar prediction for ambient cured
geopolymer concrete and OPC concrete. However, the predictions were more conservative
for heat-cured geopolymer concrete as compared to ambient-cured geopolymer concrete

and OPC concrete.

Rafeet et al. [91] have carried out an investigation to study the effect of water/solids ratio
(0.35 - 0.48), paste volume (30% - 33%) and fly ash/GGBS blends (100/0, 80/20, 60/40,
and 30/70) on consistency (slump value), setting time and compressive strength of fly
ash/GGBS based alkali-activated concrete (AAC). Further, the cost of AAC was compared
with Portland cement concrete of similar compressive strength and consistency. AAC cube
specimens of size 100 mm were used for compressive strength test. The obtained results
showed that the paste volume in the range 30% - 33% (of total volume of AAC) did not
affect the compressive strength of fly ash/GGBS based alkali-activated concrete (AAC).
However, the consistency (slump value) of fresh AAC mixes significantly reduced with

decrease in the paste volume from 33% to 30%. The compressive strength of fly ash/GGBS
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based AAC increased as the GGBS content of the mixes increased. However, a higher
GGBS content led to shorter setting time, and reduced consistency of fresh AAC mixes. A
higher water/solids ratio in AAC resulted in longer initial and final setting time and
improved the consistency. The water/solids ratio had influence on compressive strength,
whereas its effect was reduced in case of AAC mixes prepared with higher GGBS content.
Although, the authors have proposed a step-by-step procedure for determining the mix
proportions based on required compressive strength, initial setting time and consistency
class, this method has its own limitation as it was developed based on a specific alkali
activator composition, and dosage, and one combination of fine and coarse aggregate of
certain shape, texture, and grading. From the cost analysis, fly ash/GGBS based alkali-
activated concrete (AAC) was found to be more expensive than Portland cement-based
concrete, which can be reduced by using alternative alkali activators or adopting alternative

production processes.

Fang et al. [92] have investigated the effect of ground granulated blast furnace slag
(GGBS) content (10%, 15%, 20%, 25%, and 30%), molarity of sodium hydroxide solution
(10 M and 12 M), sodium silicate to sodium hydroxide solution (SS/SH) ratio (1.5, 2.0, and
2.5) and alkaline activator to binder ratio (0.35 and 0.4) on various properties of alkali-
activated fly ash-slag (AAFS) concrete. The studied properties were workability (AAFS
paste and AAFS concrete), setting time (AAFS paste), compressive strength (at 1, 7, 14,
28, and 56 days), splitting tensile strength (at 7 and 28 days), flexural strength (at 28 days),
and dynamic elastic modulus (at 7, 14, 21, and 28 days) of alkali-activated fly ash-slag
concrete. The cube specimens of size 100 mm and cylinder specimens of size 100 x 200
mm were prepared for compressive strength test and splitting tensile strength test of AAFS
concrete respectively. Further, the prismatic specimens of size 100 x 100 x 500 mm were
prepared for flexural strength and dynamic elastic modulus test. From the test results, it
was observed that the workability of AAFS paste and concrete decreased with increase in
slag content, molarity of sodium hydroxide solution, SS/SH ratio, and decrease in alkaline
activator to binder ratio. The AAFS paste exhibited shorter initial and final setting time
with an increase in slag content, and a decrease in alkaline activator to binder ratio in the
mixes. The compressive strength of AAFS concrete increased significantly with an increase
in slag content, and molarity of sodium hydroxide solution. However, it decreased with an
increase in alkaline activator to binder ratio. The authors suggested that the AAFS concrete

mixes prepared with 20% to 30% slag replacement, alkali activator to binder ratio of 0.4,
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10 M of sodium hydroxide solution, and SS/SH ratio in the range of 1.5 to 2.5 are the
optimal mixtures based on the performance criteria of workability, setting time, and

compressive strength.

Singh et al. [93] have investigated the effect of activator concentration (NaOH molarity:
10 M, 12 M, 14 M, and 16 M) on geopolymerization process, mechanical properties, and
drying shrinkage of fly ash/slag geopolymer concrete. The materials used in this study were
low calcium fly ash, ground granulated blast furnace slag, combination of sodium
hydroxide (NaOH) solution and sodium silicate (Na2SiOz) solution as alkaline activator,
sand, and coarse aggregate. Sodium silicofluoride, and polycarboxylic ether based
superplasticizer were used for controlling the setting and consistency of the mixes.
Geopolymer concrete mixes were prepared with fly ash and slag at ratio of 2:1 (by mass of
total binder), water-geopolymer solid ratio of 0.19 and 0.21, and sodium silicate to sodium
hydroxide solution ratio of 2.5. The heat flow rate during the alkaline activation of fly
ash/slag geopolymer paste was evaluated through isothermal conduction calorimetry. The
compressive strength test was conducted on cube specimens of size 100 mm and cylindrical
specimens of size 150 mm diameter x 300 mm height. The modulus of elasticity of
geopolymer concrete was calculated from the load-deflection curve of cylindrical
specimens (size: 150 mm diameter x 300 mm height) subjected to compressive load. The
splitting tensile strength test was carried out on cylindrical specimens of size 150 diameter
x 300 mm height, whereas prismatic specimens of size 100 x 100 x 500 mm were used for
modulus of rupture test. The drop weight impact test, and drying shrinkage test were carried
out on geopolymer concrete specimens of size 150 mm diameter x 63.5 mm thickness, and
75 x 75 x 285 mm respectively. Further, the interfacial transition zone (ITZ) of fly ash-slag
based geopolymer concrete was investigated by field emission scanning electron
microscope (FESEM) attached with EDAX. From the obtained results, it was observed that
the total heat release in the geopolymer paste increased with increase in activator
concentration that resulted in rapid setting and hardening of geopolymer mixes.
Geopolymer concrete prepared with 14 M NaOH solution showed maximum compressive
strength with desired setting and hardening at room temperature. The compressive strength,
elastic modulus and impact strength increased, and the Poisson’s ratio decreased with
increase in activator concentration. The drying shrinkage of fly ash-slag based geopolymer
concrete was very small (~0.1%) after 6 months due to its dominant zeolitic characteristics.

The microstructure analysis showed the presence of spongy amorphous geopolymer gel
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extended onto the aggregates that supported improved aggregate-paste interface in the

geopolymer concrete.

Wardhono et al. [94] have investigated the mechanical (density, compressive strength,
tensile strength, and elastic modulus) and permeation properties (water absorption,
apparent volume of permeable voids (AVPV), water permeability and ultrasonic pulse
velocity (UPV)) of alkali activated slag (AAS) and fly ash based geopolymer (FAGP)
concrete up to 540 days. The microstructural development of AAS and FAGP concrete was
observed through scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) analyses. The materials used in this study were class F fly ash, ground
granulated blast-furnace slag (GGBS), a mixture of sodium silicate and sodium hydroxide
solution (10 M for AAS and 15 M for FAGP) as alkaline activator, sand, crushed granite
(7 mm and 10 mm size), and extra water. The activator modulus (SiO2/Na2O) was fixed at
1.0 of both concrete, while the Na;O dosage (Na2O in alkali activator/fly ash) was fixed at
5%, and 15% for AAS, and FAGP concrete respectively. A water solid ratio (w/s) of 0.44
and 0.37 was fixed for AAS and FAGP concrete respectively. The AAS concrete specimens
were demoulded after one day, water cured for 6 days and then kept in room temperature
until testing. However, the FAGP concrete specimens were subjected to heat curing at 80°
C for 24 hours after one day of casting and then demoulded, and kept in room temperature
until testing. The test results showed that the AAS and FAGP concrete exhibited less than
1% density increase during 28 to 540 days period. The AAS concrete performed better in
terms of higher compressive strength, tensile strength and elastic modulus, and lower
permeation properties than FAGP concrete in the initial 90 days. However, the performance
of AAS concrete was reduced between 90 days and 540 days as compared to FAGP
concrete. The microstructure analyses revealed the continuation of reaction after 90 days
in AAS concrete producing excess C-S-H gel, which might be the reason for increased
crack propagation and crack width at later ages due to the effect of disjoining pressure and

self-desiccation.

Ravikumar et al. [95] have studied the effect of concentration of sodium hydroxide
solution (4 M, 6 M, and 8 M) and activator-to-binder ratio (0.40, 0.50, and 0.60) on
compressive strength, pore structure features, and microstructure of cement-free binder
(CFB) concrete containing fly ash or ground granulated blast furnace slag (GGBFS) as sole
binder. The materials used were Class F fly ash, ground granulated blast furnace slag

(GGBFS), sodium hydroxide solution, fine aggregate, and coarse aggregate with nominal
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maximum size of 9.5 mm. Cubic specimens of size 50 mm were prepared from CFB paste
and concrete mixes. The tests conducted were compressive strength of CFB concrete,
porosity of CFB concrete and paste from vacuum saturation method, porosity and pore size
of CFB paste from image analysis, and microstructure analysis of CFB paste through
scanning electron microscopy (SEM) coupled with energy dispersive X-ray analysis
(EDX), and X-ray diffraction (XRD) analysis. Before investigating the effect of different
concentrations of sodium hydroxide solution and activator-to-binder ratio, the binder
contents (15%, 18%, 25%, and 30% by volume of concrete) and the curing parameters such
as curing temperature (60° C, and 75° C) and curing duration (12 h, 24 h, and 48 h) were
optimized to provide the highest compressive strength. The test results indicated that the
CFB concrete made with 18% of fly ash or 25% GGBFS exhibited highest compressive
strength at curing temperature of 75° C for 48 h. The curing temperature significantly
influenced the compressive strength of CFB concrete containing fly ash as compared to
that containing GGBFS. The compressive strength of CFB concrete increased with increase
in activator concentration and decrease in activator-to-binder ratio. Further, the CFB
concrete made with GGBFS exhibited higher compressive strength than that made with fly
ash. From a statistical analysis, it was observed that the compressive strength of CFB
concrete made with fly ash was influenced by the activator concentration to a greater degree
whereas the activator-to-binder ratio had more influence on the compressive strength of
CFB concrete made with GGBFS. The porosity of CFB concrete decreased with increase
in activator concentration and decrease in activator-to-binder ratio. Further, the CFB
concrete and paste made with fly ash were found to be more porous and contained large
fraction of pores greater than 10 um in size as compared that made with GGBFS. From
microstructure analysis, the reaction product of CFB paste made with GGBFS indicated
the presence of significant amount of calcium, in addition to sodium, alumina and silica

phases that shows more homogeneous microstructure than that made with fly ash.

2.3 Review of literature on water absorption properties of geopolymer composites

Atabey et al. [96] have investigated the influence of activator type (sodium hydroxide
solution, and combination of sodium silicate with sodium hydroxide solution) and Na
dosage (6%, 9%, 12%, 15% by weight of fly ash) on transport properties of fly ash based
geopolymer mortar. The materials used for preparation of geopolymer mortar were class F
fly ash collected from two different sources (namely SG fly ash and CA fly ash), alkaline

activators, standard sand and water. For all mixes, the sand/fly ash ratio and water/fly ash
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ratio were taken as 3 and 0.3 respectively by mass. Prismatic specimens of size 40 x 40 x
160 mm were prepared for water absorption, volume of permeable voids (VPV), and
sorptivity coefficient, and cube specimens of size 150 mm were prepared for test of water
penetration depth within 24 h under pressure. Cylinder specimens of size 100 mm diameter
x 200 mm height were prepared for chloride ion penetration depth test. Further, cylinders
of size 100 mm diameter and 200 mm height with a reinforcing steel bar of 600 mm length
and 16 mm diameter centrally embedded for a length of 175 mm were prepared for
adherence test (pull out). This test was conducted to determine the adherence loss of steel
reinforcement in the cylindrical specimen subjected to accelerated corrosion test. All the
geopolymer mortar specimens were subjected to oven drying at 100° C for 24 hours. The
obtained results showed that the grain size distribution of fly ash directly affects the
permeability properties. The geopolymer mortar made with SG fly ash, which has low
residue amount after passing through 45 pum sieve (19%) exhibited better properties than
that made with CA fly ash (residue amount: 29%). Among the activator type, the
geopolymer mortar activated with sodium hydroxide solution exhibited improved
permeability properties that that activated with combination of sodium silicate and sodium
hydroxide solution. Further, the geopolymer mortar made with Na dosage of 12% and 15%
showed better results with respect to all permeability characteristics as compared to that

made with Na dosage of 6% and 9%.

Hossain et al. [97] have examined the durability properties in terms of water absorption
and sorptivity of two different mortars made with alkali activated binder (namely, AAB-1:
42% slag + 28% palm oil fuel ash + 30% rice husk ash; and AAB-2: 42% slag + 28% fly
ash + 30% rice husk ash) and compared with reference OPC mortar. The materials used for
preparation of AAB mortars were ground granulated blast furnace slag (GGBS), fly ash
(FA), palm oil fuel ash (POFA), and rice husk ash (RHA) as binder, NaOH as alkaline
solution, sand, and superplasticizer (Darex super 20). The AAB mortars were prepared with
2.5 M NaOH solution with alkaline solution to binder ratio of 0.55. The sand to binder ratio
and superplasticizer content for AAB mortars were 3.0, and 4.5% (by weight of binder)
respectively. The water to cement ratio for OPC mortar was 0.50. Mortar prism specimens
of size 40 x 40 x 160 mm were prepared for water absorption test at 28, 90, 180, and 270
days of water curing and sorptivity test at 90, 180, and 270 days of water curing for AAB
and OPC mortars. For correlation of durability properties, the authors have evaluated the

28 days compressive strength of AAB and OPC mortars and the compressive strength of
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AAB-1, AAB-2, and OPC mortars were 37.7 MPa, 34.5 MPa, and 44.2 MPa respectively.
The results of water absorption test showed that the AAB-1 and AAB-2 mortars exhibited
25% and 52% higher water absorption as compared to OPC mortar at the age of 270 days.
Further, the AAB mortars showed comparatively higher sorptivity values than reference
OPC mortar for all curing ages. The higher water absorption and sorptivity values of AAB
mortars as compared to OPC mortar are due to the porous microstructure of pozzolans and
lower compressive strength of AAB mortars than OPC mortar. The comparison between
AAB mortars indicated that the AAB-2 mortar exhibited higher water absorption and
sorptivity values than AAB-1 mortar, which was supported by the results of compressive
strength. Thus, the authors suggested that the water transport properties of alkali activated
binder (AAB) mortars can be improved by increasing the strength and making a denser
microstructure by optimizing the properties of pozzolans and mixture composition of these

mortars.

Ismail et al. [98] have investigated the compressive strength, and water absorption
properties (volume of permeable voids (VPV) and capillary sorptivity) of alkali-activated
mortar and concrete at the age of 28 and 90 days of curing. The chloride permeability by
ponding test method was investigated on alkali-activated mortar specimens after 28 days
of curing, and on alkali-activated concrete specimens after 28 and 90 days of curing.
Further, the non-steady state chloride migration by NordTest method was conducted on
alkali-activated concrete specimens after 28 and 90 days of curing. The chloride content
analysis was performed on alkali-activated mortar and concrete at the end of ponding test
(180 days) with 3.5% NacCl solution. The X-ray diffraction analysis (XRD) was conducted
on alkali-activated mortar samples after ponding test. The obtained results were compared
with the conventional mortar and concrete made with ordinary Portland cement (OPC). The
materials used for preparation of alkali-activated mortar and concrete were Class F fly ash
and granulated blast furnace slag (GBFS) as precursor materials, sodium metasilicate
solution as alkali activator, sand and crushed gravel. For this study, five sets of alkali-
activated mortar i.e., GBFS partially replaced with fly ash at 0%, 25%, 50%, 75%, and
100% by weight, and three sets of alkali-activated concrete i.e., GBFS partially replaced
with fly ash at 0%, 25%, and 50% by weight were prepared. In case of alkali-activated
mortar and concrete with 50% GBFS and more, the dosage of activator used was 8% of
total precursor materials, whereas for alkali-activated mortar made with less than 50%

GBFS, the dosage of activator used was 12% of total precursor materials. The alkali-

32
TH-3009_156104033



Chapter-2

activated mortar mixes were prepared with constant water to binder ratio of 0.4 and constant
sand to binder ratio of 2.75. The alkali-activated concrete mixes were prepared with water
to binder ratios of 0.4, 0.38, and 0.36 respectively for GBFS partially replaced with fly ash
at 0%, 25%, and 50%. Cube specimens of size 50 mm were prepared for compressive
strength of alkali activated mortar whereas cylindrical specimens of size 100 mm diameter
x 200 mm height were prepared for compressive strength of alkali-activated concrete.
Rectangular prism specimens of size 160 mm length x 130 mm width x 60 mm height and
cylindrical specimens of size 100 mm diameter x 200 mm height were prepared for ponding
test on alkali-activated mortar, and alkali-activated concrete respectively. The non-steady
state chloride migration by NordTest method was conducted on 50 mm thick alkali-
activated concrete slices. The alkali-activated mortar specimens were kept in oven at 30°
C until testing, whereas the alkali-activated concrete specimens were cured in a water bath
at ambient temperature until testing. The test results revealed that the increase in fly ash
addition led to formation of more porous N-A-S-H type gels that resulted in reduced
compressive strength and increased water absorption properties. Further, the alkali-
activated materials exhibited better performance against chloride ingress according to both
NordTest method and ponding test method, despite showing higher porosity as compared
to OPC counterparts. The alkali-activated materials made with higher amount of GBFS was
dominated by C-A-S-H gels, which exhibited better durability performance in chloride
environment as compared to alkali-activated materials made with higher amount of fly ash.

Noushini and Castel [14] have studied the influence of curing regime on mechanical
properties (compressive strength, modulus of elasticity, Poisson’s ratio, and ultrasonic
pulse velocity (UPV) tests), and transport properties (water absorption, apparent volume of
permeable voids (VPV), sorptivity, surface resistivity, and bulk resistivity) of geopolymer
concrete (GPC) at the age of 28 days. The above properties of geopolymer concrete (GPC)
were compared with that of conventional concrete made with OPC (OPCC). The materials
used for the preparation of GPC were combination of 70% class F fly ash, 20% ultra-fine
fly ash, and 10% ground granulated blast furnace slag (GGBFS) as aluminosilicate source
materials, combination of sodium hydroxide solution (12 M) and sodium silicate solution
as alkaline activator, free water, and fine and coarse aggregates. The OPCC specimens were
cured in three different curing conditions such as lime-water curing (LWC), sealed ambient
curing (SAC), and heat curing (HC), whereas the GPC specimens were cured in SAC and
HC conditions. For the heat curing, three temperatures of 60 °C, 75 °C, and 90 °C and four
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curing periods of 8, 12, 18, and 24 h were studied to find out the optimum curing
temperature and duration. The specimens of size 100 mm diameter x 50 mm thick were
used for water absorption, VPV, and sorptivity test, while all other tests were carried out
on the cylindrical specimens of size 100 mm diameter x 200 mm height. From the test
results, it was observed that the performance of GPC was improved by the application of
heat curing (HC) as compared to sealed ambient curing (SAC). The compressive strength
and elastic modulus of GPC were increased with increase in curing temperature up to 75
°C and curing duration up to 24 h. The optimum volume of permeable voids (VPV) of GPC
was observed at 75 °C and 90 °C curing for 18-24 h. The GPC subjected to heat curing at
60 °C showed higher sorptivity as compared to sealed ambient curing. However, GPC
subjected to heat curing at 75 °C and 90 °C for 18-24 h resulted in lower sorptivity than
ambient curing thereby indicating lower porosity or less interconnected pores. The highest
surface resistivity, and bulk resistivity was observed when the GPC cured at 75 °C for 18—
24 h. The geopolymer concrete (GPC) subjected to heat curing at 75 °C and 90 °C exhibited
higher compressive strength than OPC concrete. The volume of permeable voids of the
properly heat cured fly ash based geopolymer concrete is similar to its counterpart Portland
cement concrete subjected to lime-water curing. Based on the obtained results, the authors
concluded that, similar to Portland cement concrete, the compressive strength can be a

reasonable measure of the overall quality of GPC.

2.4 Review of literature on sulfate resistance of geopolymer composites

Bakharev [51] have investigated the sulfate resistance of geopolymer pastes made with
class F fly ash and different alkaline solutions such as sodium hydroxide solution (8% Na),
mixture of sodium and potassium hydroxide solution (8% Na+1% K), and sodium silicate
solution (8% Na). The water/binder ratio of geopolymer paste mixes was fixed at 0.3. For
comparison purpose, OPC and OPC + 20% fly ash pastes with water/binder ratio of 0.4
were prepared. Cylindrical specimens of size 25 mm diameter x 50 mm height were
prepared for evaluating the resistance of geopolymer pastes against different sulfate
solutions (5% sodium sulfate, 5% magnesium sulfate, and 5% sodium sulfate + 5%
magnesium sulfate solutions) in terms of weight change, and change in compressive
strength at 30, 60, 90, 120, and 150 days of exposure in sulfate solutions. The geopolymer
paste specimens were kept for 24 h at room temperature followed by oven drying at 95° C
for 24 h and then cured in room temperature for 2 days prior to test. The microstructure

analysis was carried out by X-ray diffraction (XRD), Fourier transform infrared
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spectroscopy (FTIR), and scanning electron microscopy (SEM) analyses. The obtained
results indicated that the geopolymer paste made with sodium hydroxide solution exhibited
best performance in different sulfate solutions with 4-12% increase in compressive strength
as compared to other alkaline solutions. The geopolymer paste exhibited least weight
change (0.4% to 2.1% weight gain) in sodium sulfate + magnesium sulfate solution as
compared to sodium sulfate solution (1.3% to 4.7% weight gain) and magnesium sulfate
solution (1.02% weight loss to 5.3% weight gain). In case of sodium sulfate solution,
significant variation in strength occurred with 18% strength reduction in geopolymer paste
made with sodium silicate solution, 65% strength reduction in geopolymer paste made with
a mixture of sodium hydroxide and potassium hydroxide solution and a 4% strength
increase in the geopolymer paste made with sodium hydroxide solution. The best
performance of geopolymer paste made with sodium hydroxide solution was supported by
the formation of more stable aluminosilicate polymer structure as evident from the results
of microstructure analyses. The OPC and OPC+FA paste showed significant deterioration
in terms of change in weight and change in strength in sodium sulfate + magnesium sulfate

solution as compared to geopolymer paste.

Bascarevic et al. [99] have evaluated the effect of Na2SO4 solution (50 g/I) on durability
performance of geopolymer mortar and paste made with two different fly ash (FA) samples
(FA Svilajnac and FA Kolubara) over a period of 365 days. A mixture of sodium silicate
solution and 10 M sodium hydroxide solution was used as the activator solution with
modulus of 1.5. The activator solution to fly ash ratio was same for all the geopolymer
mixes with 10% Na2O content with respect to mass of fly ash. The water/FA ratio was 0.56
and 0.76 for geopolymer mortars made with FA Svilajnac and FA Kolubara respectively.
The sand/FA ratio for all geopolymer mortar mixes was 3. The water/FA ratio was 0.49
and 0.69 for geopolymer paste made with FA Svilajnac and FA Kolubara respectively. The
prismatic geopolymer mortar specimens of size 40 x 40 x 160 mm were prepared for
compressive strength test. The prismatic geopolymer paste specimens of size 25 x 25 x 30
mm were prepared for microstructure analysis. The geopolymer mortar and paste samples
were cured at 95° C for 24 hours. The tests conducted for this study were compressive
strength, nitrogen adsorption-desorption isotherms, ion exchange between geopolymers
and sodium sulfate solution by inductively coupled plasma optical emission spectrometer
(ICP-OES), and evaluation of microstructure through XRD, SEM, EDS, and ?°Si MAS

NMR analyses. The compressive strength of geopolymer mortar was conducted in three
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groups of samples. In the first group, the initial compressive strength of geopolymer mortar
was determined after heat curing at 95° C for 24 hours. Out of other two groups of samples,
the compressive strength of one group of samples was determined after curing in humid
chamber (20 + 2° C, humidity ~98%) (as reference sample) for 28, 90, 180, and 365 days,
and the compressive strength of other group of samples was determined after exposure to
sodium sulfate solution for 28, 90, 180, and 365 days. The test results revealed that after
365 days, the compressive strength of reference geopolymer mortar samples were
approximately 15% higher than the initial compressive strength. However, after 365 days,
the geopolymer mortar samples exposed to sodium sulfate solution exhibited decrease in
strength (about 12% in case of FA Svilajnac and 10% in case of FA Kolubara) as compared
to the initial compressive strength. Further, the geopolymer mortar samples exposed to
sodium sulfate solution exhibited lower compressive strength as compared to the reference
samples up to 365 days. The ICP-OES analysis of sulfate solution after exposure of
geopolymer samples indicated the leaching of Si from aluminosilicate gels to the sulfate
solution. The microstructure analysis of geopolymer samples showed no new phases
formed after exposure to sodium sulfate solution. Further, °Si MAS NMR analysis
confirmed the breaking of -Si-O-Si- bonds and leaching of Si that resulted in increase in

the pH value of sulfate solution.

Ismail et al. [50] have investigated the performance of alkali activated fly ash/slag
geopolymer pastes subjected to different types of sulfate exposure, i.e., immersion in 5 wt%
sodium sulfate solution and 5 wt% magnesium sulfate solution for 3 months. Alkali
activated fly ash/slag geopolymer paste samples (size: 25 mm diameter x 25 mm height)
were prepared using fly ash and slag with mass ratio of 1:1 as binder and water to binder
(w/b) ratio of 0.40, 0.50, and 0.60. Sodium metasilicate (Na>SiOs) at 8 wt% of total binder
(fly ash + slag) was dissolved in tap water for the preparation of alkaline activator. After 3
months of exposure, the alkali activated fly ash/slag paste samples were manually crushed
and the analytical methods such as X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), thermogravimetry (TGA/DTG), scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX) analyses were performed on the powder
samples to understand the microstructural changes in alkali activated fly ash/slag
geopolymer pastes under sulfate exposure. The obtained results indicated that the
magnesium sulfate solution was more aggressive to geopolymer paste than sodium sulfate

solution where the presence of magnesium led to decalcification of Ca-rich gel phases

36
TH-3009_156104033



Chapter-2

present in geopolymer paste. This causes degradation of binder phase and precipitation of
cohesive and expansive reaction product i.e., gypsum, which was confirmed by the XRD,
FTIR, SEM, and EDX analyses. Further, the refinement of the pore system of geopolymer
paste made with low w/b ratio densifies the binder and reduced the rate of sulfate attack on

the binder system.

Dzunuzovic et al. [100] have examined the influence of 5% Na>SOs solution on
mechanical and microstructural properties of alkali-activated fly ash (FA)-blast furnace
slag (BFS) binder during a period of 180 days. Further, the influence of Na>SO4 solution
was estimated by comparison with reference samples simultaneously cured in humid
chamber and with the benchmark material CEM Il (Portland-composite cement). For this
study, mortars and pastes of alkali-activated FA-BFS binder were prepared by mixing equal
mass of fly ash (50%) and BFS (50%) and activated with combination of sodium silicate
solution and sodium hydroxide solution (modulus, i.e., SiO2/Na,O mass ratio: 1.5). The
concentration of activator was 10% Na2O with respect to total mass of FA-BFS composite.
The tests conducted were compressive and flexural strength, ion exchange by inductively
coupled plasma optical emission spectrometer (ICP-OES), pH, XRD, ATR-FTIR, and
SEM/EDS analyses. The mortar prisms of size 40 x 40 x 160 mm were prepared with
binder (FA-BFS) to standard sand ratio of 1:3 and water/binder ratio of 0.39 for tests of
mechanical properties (compressive and flexural strength) whereas paste samples (size: 25
x 25 x 30 mm) of alkali activated fly ash-BFS binder were prepared with water/binder ratio
of 0.34 for investigation of microstructure properties. The results of ICP-OES analysis of
Na>SOs solution showed intense leaching of Na, Si, and Ca from the aluminosilicate
structure that occured during the exposure of alkali activated FA-BFS mortar samples.
However, it did not cause the strength deterioration. The external sulfate attack led only to
slower the strength development of mortar in comparison with reference samples. The
alkali activated FA-BFS binder showed slightly better resistance as compared to the
benchmark CEM Il with respect to compressive strength after exposure to sodium sulfate
solution. The ATR-FTIR and SEM/EDS analysis of paste samples exposed to NazSiO4
solution confirmed the reduction in Si/Al atomic ratio in the structure of the reaction
product due to leaching of Si. However, no new phases due to reaction of alkali-activated
FA-BFS binder with sulfates were identified from the XRD analysis.

Elyamany et al. [54] have investigated the effect of curing temperature (30 °C, 60 °C and
90 °C), molarity of sodium hydroxide solution (10 M, 12 M, 14 M and 16 M), alkaline
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solution to binder ratio (0.35, 0.40, 0.45 and 0.50) and binder type (class F fly ash, ground
granulated blast furnace slag (GGBS), and silica fume) on resistance of geopolymer mortar
against 10% magnesium sulfate solution for immersion period of 48 weeks. Three types
geopolymer mortar mix (mix 1: 100% fly ash, mix 2: 50% of fly ash and 50% GGBS, and
mix 3: 50% fly ash, 35% GGBS and 15% silica fume) were prepared and the test results
were compared with OPC mortar made from water-cement ratio of 0.35. The combination
of sodium hydroxide (NaOH) solution and sodium silicate (Na>SiOz3) solution was used as
the alkaline activator. The sodium silicate solution-to-sodium hydroxide solution ratio of
2, sand-to-binder ration of 3, extra water of 6% (by mass of binder), and high range water
reducing naphthalene-based admixture of 3% (by mass of binder) were used for the
preparation of geopolymer mortar mixes. The tests conducted were water absorption and
voids ratio (before immersing in magnesium sulfate solution), weight change, residual
compressive and flexural strength (at 12, 24, 36, and 48 weeks), expansion strain, scanning
electron microscopy (SEM), X-ray diffraction (XRD) and thermogravimetry (TGA/DTG)
analysis. Cubes specimens of size 70 x 70 x 70 mm were used to evaluate the water
absorption and voids ratio whereas prisms of size 25 x 25 x 285 mm were used to evaluate
expansion strain in each month till 48 weeks of exposure. The test results showed that
increasing curing temperature and molarity of sodium hydroxide solution, and decreasing
alkaline solution to binder ratio enhanced the resistance of geopolymer mortar against
magnesium sulfate solution in terms of all studied properties. The increase in curing
temperature from 30 °C to 90 °C, and molarity of sodium hydroxide solution from 10 M to
16 M led to a decrease in water absorption and voids ratio, and enhanced the magnesium
sulfate resistance of geopolymer mortar mixes. However, the increase in alkaline solution
to binder ratio from 0.35 to 0.50 increased the water absorption and voids ratio and thereby
reduced the magnesium sulfate resistance of geopolymer mortar. The residual compressive
and flexural strength increased with increase in curing temperature and molarity of sodium
hydroxide solution, and with decrease in alkaline solution to binder ratio. Further, all
geopolymer mortar mixes exhibited better performance in terms of resistance against
magnesium sulfate solution as compared to OPC mortar. The geopolymer mortar mixes
containing 50% fly ash, 35% GGBS, and 15% silica fume showed best performance against
magnesium sulfate solution, which was confirmed by the microstructure analysis, showing
dense microstructure and narrow micro cracks as compared to the mixes made with only

fly ash, and combination of fly ash and GGBS.
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Saavedra et al. [47] have studied the performance of geopolymer concrete made with
blend of fly ash (FA) and ground granulated blast furnace slag (GBFS) with 80/20 ratio and
exposed to 5% sodium sulfate solution and 5% magnesium sulfate solution for up to 360
days and compared the obtained results with conventional OPC concrete. A mixture of
sodium silicate solution and sodium hydroxide solution (silicate modulus = 1.3) was used
as activating agent. Parallel piped-shaped specimens (50.8 x 50.8 x 285 mm) and cubic
specimens (50.8 x 50.8 x 50.8 mm) were prepared to determine the longitudinal expansion
of concrete, and loss of compressive strength of concrete respectively after exposure to
sulfate solution. The FA/GBFS geopolymer concrete specimens were cured for 28 days at
room temperature and OPC based concrete specimens were cured for the same period by
complete immersion in water before exposure to sulfate solutions. The microstructure
analyses through X-ray diffraction (XRD), scanning electron microscopy (SEM), and
energy dispersive X-ray (EDX) spectroscopy were carried out on paste samples after 180
days of exposure in sulfate solutions. The obtained results indicated that the geopolymer
concrete is less susceptible to sulfate attack as compared to conventional OPC concrete.
Magnesium sulfate solution indicated higher aggressiveness as compared to sodium sulfate
solution with a loss in mechanical resistance (i.e., loss in compressive strength as compared
to initial compressive strength measured before exposure to sulfate solution) by 33% for
FA/GBFS geopolymer concrete and 44% for OPC concrete. Further, the expansion
percentage of 0.041% and 0.086% were obtained for FA/GBFS geopolymer concrete and
OPC concrete respectively in case of exposure to magnesium sulfate solution. In case of
sodium sulfate solution exposure, the FA/GBFS geopolymer concrete showed increase in
its mechanical resistance, whereas the OPC concrete exhibited loss in mechanical
resistance by 30% and significantly higher expansion of 0.412% due to formation of
expansive ettringite in OPC concrete. The microstructure analyses indicated the formation
of gypsum in the FA/GBFS geopolymer concrete when exposed to magnesium sulfate
solution whereas the formation of ettringite and gypsum in OPC concrete was observed
when exposed to both sodium sulfate and magnesium sulfate solutions.

Karakoc et al. [43] have investigated the durability performance of ferrochrome slag (FS)
based geopolymer concrete made with two types of aggregate (river sand and crushed sand
aggregates with maximum size of 8 mm) after exposure to magnesium sulfate solution of
different concentrations (3%, 5%, and 7%) for 180 days and compared with OPC based

concrete. A mixture of sodium metasilicate (Na>SiOs) and sodium hydroxide (NaOH)
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solution with silica modulus of 1.35 was used as the alkaline activator for the preparation
of geopolymer concrete. Cube specimens of size 50 mm were prepared for compressive
strength and weight change, whereas prismatic specimens of size 40 x 40 x 160 mm were
prepared for length change after immersion in magnesium sulfate solutions. The
geopolymer concrete specimens were cured at 75° C for 72 h. The resistance of geopolymer
concrete against magnesium sulfate solution was evaluated through residual compressive
strength (after 90 and 180 days), change in weight, change in length, and visual appearance
after exposure to magnesium sulfate solutions. The obtained test results indicated that the
compressive strength of geopolymer concrete and OPC concrete decreased as the
concentration of magnesium sulfate solution and exposure duration increased. The
geopolymer concrete prepared with crushed sand aggregate showed lower compressive
strength loss after 180 days of exposure to magnesium sulfate solution as compared to the
geopolymer concrete made with river sand aggregate and OPC based concrete. At the end
of exposure, the weight of all geopolymer concrete and OPC based concrete specimens
slightly increased due to absorption of exposure solution and formation of gypsum and
ettringite on the exposed surface and within the pores of the specimens. The maximum gain
in weight was observed in OPC based concrete when exposed to 3% and 5% magnesium
sulfate solutions whereas geopolymer concrete mixes made with crushed sand aggregate
showed maximum gain in weight after exposure to 7% magnesium sulfate solution. Further,
the weight gain of geopolymer concrete and OPC based concrete specimens increased with
increase in concentration of magnesium sulfate solution. The change in length of
geopolymer concrete was less than that of OPC based concrete at the end of exposure in
7% magnesium sulfate solution. There was no change observed in the visual appearance
i.e., no sign of surface erosion, and cracking or spalling of geopolymer concrete specimens

after immersion in magnesium sulfate solutions for 24 weeks.

2.5 Review of literature on acid resistance of geopolymer composites

Bakharev [58] have evaluated the durability performance of class F fly ash based
geopolymer paste after exposure to 5% acetic acid (pH: 2.4) and 5% sulfuric acid (pH: 0.8)
solutions. In this study, fly ash was activated with three types of alkaline solution such as
sodium hydroxide solution (8% Na), mixture of sodium hydroxide and potassium
hydroxide solution (8% Na+1% K), and sodium silicate solution (8% Na). The water/binder
ratio of mixes was fixed at 0.3. Cylindrical specimens of size 25 mm diameter x 50 mm

height were prepared for evaluating the resistance of geopolymer paste against acid attack
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through weight change after 2 months, and compressive strength after 30, 60, 90, 120, 150,
and 180 days of exposure in acid solutions. For comparison purpose, OPC and OPC + 20%
fly ash based pastes with water/binder ratio of 0.4 were prepared. After casting, the
geopolymer paste specimens were kept in room temperature for 24 h followed by oven dry
curing at 95° C for 24 h. The deterioration of paste samples was studied by X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM) analyses. From the test results, it is observed that geopolymer paste samples
activated by sodium hydroxide solution had more ordered structure and smallest average
pore diameter than the samples activated by mixture of sodium hydroxide and potassium
hydroxide solution, and sodium silicate solution. Thus, the geopolymer paste samples
activated by sodium hydroxide solution showed lower weight loss after exposure to both
acid solutions, and lower loss in compressive strength after exposure to sulfuric acid
solution as compared to the geopolymer paste samples activated by mixture of sodium
hydroxide and potassium hydroxide solution, and sodium silicate solution. The
microstructure analyses revealed that geopolymer paste prepared with sodium hydroxide
solution resulted in formation of more crystalline products, which were more stable in
aggressive environment of sulfuric and acetic acid solutions than the amorphous gels in
formed in geopolymer paste prepared with sodium silicate solution. The OPC and OPC +
20% fly ash based paste samples were severely deteriorated as compared to geopolymer
paste samples after exposure to acid solutions.

Khan et al. [101] have studied the durability performance of low calcium fly ash based
geopolymer mortar (FA-GPm) and sulfate resistant Portland cement mortar (SRPCm)
exposed to natural sewer environment for 24 months and sulphuric acid solution for 6
months. The materials used for preparation of geopolymer mortar were low calcium fly
ash, ground granulated blast furnace slag (GGBFS: 15% by weight of total source
materials), a mixture of sodium silicate solution and 12 M sodium hydroxide solution with
mass ratio of 2.5, free water, and fine aggregate. The water/binder ratio for FA-GPm and
SRPCm mixes were 0.31 and 0.42 respectively. Cube specimens of size 50 mm were
prepared from both types of mortar and placed in infield sewer chambers (Chamber 1:
average concentration of H>S = 53 ppm; and Chamber 2: average concentration of H,S =
27 ppm) for natural sewer exposure, and in 1.5% sulphuric acid solution for acid resistance
test. The tests conducted on the specimens in case of infield exposure were visual

observation, loss in mass, failure load, compressive strength, and volume of permeable
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voids after 24 months, and neutralization depth and pH profile after 12 and 24 months. The
tests conducted in case of sulphuric acid attack were visual observation after 6 months, loss
in mass, failure load and compressive strength up to 24 weeks at each 2 weeks interval and
bulk porosity after 6 months, and neutralization depth and pH profile after 4 and 6 months.
Further, the microstructure analyses (XRD, FTIR, and SEM with EDX) were conducted at
the end of exposure period. The obtained results indicated that in both exposure condition,
the SRPCm showed greater deterioration in terms of mass loss, porosity, compressive
strength, and surface disintegration as compared to FA-GPm. However, the neutralization
depth, corrosion depth (considering the loss of surface material and deterioration observed
from microstructure analyses), and reduction in pH were greater in FA-GPm as compared
to SRPCm under both exposure conditions (infield sewer exposure, and sulphuric acid
solution exposure). The microstructure analyses indicated the formation of lower amount
of gypsum in FA-GPm after infield exposure, but gypsum precipitation was not widespread
due to low calcium content of FA-GPm. However, widespread crystallization of gypsum
in SRPCm was responsible for higher micro-cracking, loss in mass and surface
disintegration, and loss in compressive strength. The results of XRD and FTIR analyses

indicated almost similar reaction products formed in both exposure conditions.

Lee and Lee [59] have investigated the effect of slag content (0%, 10%, 30%, and 50%)
on sulfuric acid and chloride resistance of alkali-activated fly ash/slag (AFS) paste. The
combination of sodium hydroxide (4 mol/L) solution and sodium silicate solution was used
as alkaline solution for the preparation of AFS paste. For comparison, OPC paste samples
were prepared using water to cement ratio of 0.4. For acid resistance test, after 28 days of
curing in room temperature, the cube specimens of size 50 mm were immersed in 10%
sulfuric acid solution for 28 days and 56 days. Tests such as mass change, and compressive
strength test were conducted to investigate the physical changes of AFS paste samples after
immersion in sulfuric acid solution. The residual compressive strength of AFS paste
samples were measured by comparing with the results obtained from 28 days cured
unexposed cube samples. Further, X-ray diffraction (XRD), Fourier transform infrared
(FT-IR) spectroscopy, and 2°Si MAS NMR spectrometry analyses were conducted to
observe the microstructural changes of AFS paste after immersion in sulfuric acid solution.
For chloride penetration test, the 28 day cured cube specimens of size 50 mm were
immersed in 10% sodium chloride solution for 28 days and 91 days and allowed the

solutions to penetrate from bottom surface of the specimens (top and side surfaces sealed
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with polymer sealant). Tests such as water absorption rate, volume of permeable voids, and
acid-soluble and water-soluble chloride contents were measured to investigate the physical
changes of AFS paste samples after immersion in sodium chloride solution. Further, XRD
analysis, and °Si MAS NMR spectrometry were conducted to investigate the
microstructure of AFS paste samples after immersion in sodium chloride solution. From
the test results, it is observed that the AFS paste showed improved resistance to sulfuric
acid attack than OPC paste. The OPC paste samples showed significantly higher mass loss
as compared to AFS paste samples. Further, the mass of AFS paste made with 50% slag
was slightly increased whereas the mass of other AFS paste samples were mostly remained
unchanged up to 56 days of exposure in sulfuric acid solution. The AFS paste made with
30% slag exhibited highest rate of decrease in compressive strength whereas AFS paste
made with 50% slag showed greater residual strength than OPC paste. The formation of
gypsum and ettringite was the main cause for deterioration of OPC paste subjected to
sulfuric acid solution, whereas the formation of ettringite was not found in the AFS paste
due to lower Ca/Si ratio and lower Al content as observed from the microstructure analysis.
The volume of permeable voids and chloride penetration depth decreased with increase in
slag content in the AFS paste. The AFS paste showed a steep increase in rate of water
absorption after the age of 28 days as compared to the OPC paste. It was observed that the
chloride binding capacity of AFS paste decreased and the resistance to chloride penetration
increased with increase in slag content in the AFS paste.

Aiken et al. [60] have carried out a study to evaluate the effect of slag content on acid
resistance of geopolymer mortar and paste by replacing fly ash with slag at 0%, 20%, 40%,
and 70%. A mixture of sodium silicate solution and sodium hydroxide solution was used
as the alkaline solution for preparation of geopolymer mortar and paste samples. The Na,O
content and Na.O/SiO; ratio of the mixes (slag: 20%, 40%, and 70%) were kept at 7.5%
and 1.25 respectively. Further, the effect of activator dosage i.e., Na2O content: 7.5% and
11.5%, and Na2O/SiO: ratio of 1.25 and 0.95 on acid resistance of geopolymer mortar and
paste made with 100% fly ash was evaluated. For comparison purpose, Portland cement
(PC) based mortar and paste samples were prepared. Cube specimens of size 50 mm were
prepared from all geopolymer, and PC mortar and paste mixes. Geopolymer mixes
containing 100% fly ash were cured at 70° C for 7 days and then placed at 20 + 1° C and
50% relative humidity. The fly ash and slag based gopolymer mixes and PC mixes were

cured at 20 £ 1° C and relative humidity greater than 90%. After 28 days of curing, the
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mortar samples were immersed in 1%, 3%, and 5% sulfuric acid solutions for 56 days,
whereas the paste samples were immersed in 5% sulfuric acid solution for 21 days. Mortar
samples were used for visual observation, mass change, compressive strength, alkalinity
loss, and porosity. The paste samples were used to study the leaching behaviour by
measurement of pH and inductively coupled plasma mass spectrometry (ICP) analysis of
acid solutions. The microstructure investigation on paste samples was carried out by X-ray
diffraction (XRD) analysis, thermogravimetric analysis (TGA), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) analysis. The obtained results indicated that with increase in slag content in
geopolymer mortar mixes, the porosity was decreased due to formation of space filling C-
A-S-H gel, and alkalinity loss became smaller. However, the deterioration of geopolymer
mortar against sulfuric acid solution was higher with increase in slag content due to greater
decalcification of C-A-S-H gel and formation of higher amount of gypsum, which caused
expansion in the geopolymer mortar mixes. The loss of strength and mass loss in
geopolymer mortar and PC mortar due to acid exposure were increased with increase in
concentration of sulfuric acid solution. The visual observation of PC mortar specimens
indicated severe surface damage due to loss of cement paste whereas geopolymer mortar
specimens had limited surface damage with almost no visible deterioration in case of
geopolymer mortar made with 100% fly ash. Further, the PC mortar mixes showed higher
mass loss as compared to geopolymer mortar mixes in 5% sulfuric acid solution. The cracks
identified during visual appearance of geopolymer mortar specimens due to formation of
gypsum was confirmed by XRD, TGA, FTIR, and EDX analyses. There was more
formation of gypsum in PC mixes as a result of higher initial calcium content as compared
to geopolymer mixes. The increase in activator dosage had very little effect on the sulfuric
acid resistance of fly ash based geopolymer mortar. Based on the results, it was observed
that the geopolymer mortar mixes showed superior sulfuric acid resistance than PC mortar

mixes.

Ren et al. [68] have investigated the degradation of alkali activated slag/fly ash (AASF)
mortars with different slag/fly ash ratios (80%/20%, 60%/40%, and 40%/60%) after
immersion in three different types of aggressive acid solutions (phosphoric acid, sulfuric
acid and a mixture of phosphoric acid and sulfuric acid) at constant pH value of 2.5 £ 0.5
for a period of 150 days. The AASF mortars were prepared with different water/binder
ratios (0.40, 0.38, and 0.34), activator/binder ratios (7.0%, 7.5%, and 8.5%), and
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sand/binder ratio of 2:1 to reach similar target compressive strength of around 60 + 5 MPa
at 56 days before immersion in acidic solutions. Solid anhydrous sodium metasilicate
powder (Na,SiO3) with molar ratio of SiO2/Na2O = 1.0 was used to prepare the activator
solution. The AASF mortars namely 80Slag_20FA and 60Slag_40FA were cured at room
temperature (23°C + 2°C) for 24 hours whereas the AAFS mortar 40Slag_60FA was cured
under hydrothermal water bath conditions (70° C and RH = 95% * 5%) in an oven for 7
days. Compressive strength test was performed on cubic mortar samples of size 50 mm
after 56 days of curing prior to the acid exposure. Further, the initial water absorption,
volume of permeable voids (VPV) and capillary sorptivity tests were conducted on
cylindrical samples of size 27.5 mm diameter x 55 mm height after 56 days of curing prior
to acid exposure. Degradation depth in the mortar samples using an optical microscope was
measured after 7, 28, 56, 90, 120, and 150 days of exposure period. The numerical fitting
and long-term prediction of degradation depth of AASF mortar was carried out using Hill
function and Fick’s second law of diffusion. The long-term prediction of degradation depth
of AASF mortar was compared with OPC-based mortar. The test results showed that higher
water absorption, volume of permeable voids (VPV), and capillary sorptivity were obtained
for mix 80Slag_20FA followed by 60Slag 40FA and 40Slag 60FA. Among the acid
solutions, the phosphoric acid caused most severe degradation in AASF mortars. The
AASF mortar 60Slag_40FA showed best durability performance after immersion in all
three types of acid solution for 150 days due to formation higher amount of C-A-S-H gel
and relatively more densified structure. The results of the theoretical prediction indicated
that the degradation depth of AASF mortar exposed to sulfuric acid (pH = 2.0) environment
for 50 years could be reduced by about 52% to 60% as compared to OPC mortar.

Deb et al. [57] have investigated the effect of nano-silica on flowability, strength
development, sorptivity and sulfuric acid resistance of geopolymer mortars made with three
types of binder such as fly ash, fly ash blended with 15% ground granulated blast furnace
slag (GGBFS), and fly ash blended with 10% OPC. In these mixes, fly ash was replaced by
nano-silica at 1%, 2%, and 3% (by weight of binder). A combination of sodium silicate
solution and 8 M sodium hydroxide solution with mass ratio of 2.0 was used as alkaline
activator in the mixes. The alkaline activator to binder ratio was fixed at 0.4 for all mixes.
The flowability and strength development were evaluated for geopolymer mortar mixes
prepared with different percentages of nano-silica i.e., 0%, 1%, 2%, and 3%. However, the

sorptivity and acid resistance test were performed on geopolymer mortar mixes made with
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0% and 2% nano-silica. Cube specimens of size 50 mm were prepared for compressive
strength test and acid resistance test, whereas cylinder specimens of size 100 mm diameter
x 50 mm height were prepared for sorptivity test. The compressive strength test was
performed at the age of 7, 28, 56, and 90 days of ambient curing. For sulfuric acid resistance
test, the 28-day cured geopolymer mortar cube specimens were fully immersed in 3%
sulfuric acid solution for 90 days. The changes in mass at every week, compressive strength
loss after 28, 56 and 90 days of exposure period, and microstructural changes (through
SEM, EDS, and XRD analyses) of the specimens before and after immersion in acid
solution were evaluated. The test results revealed that the flow value was gradually
decreased with increase in nano-silica in geopolymer mortars made with all three types of
binder. Further, the flow value of geopolymer mortars containing GGBFS, and OPC were
less than that of fly ash geopolymer mortar mixes. The inclusion of nano-silica improved
the compressive strength of geopolymer mortar made with all three types of binder. The
inclusion of nano-silica in geopolymer mortars made with fly ash and GGBFS blends, and
fly ash and OPC blends increased the compressive strength by 40-64% as compared to the
corresponding control mixes (without nano-silica). The highest compressive strength at all
ages up to 90 days were found in the geopolymer mortar mixes containing 2% nano-silica
for all three types of binder. The sorptivity coefficient of geopolymer mortar specimens
made with 2% nano-silica was less than that of control geopolymer mortar specimens.
Further, the acid resistance of geopolymer mortar specimens was significantly improved
with the inclusion of 2% nano-silica due to formation of more compact microstructure as
observed from the results of microstructure analysis when compared with the geopolymer

mortar made without nano-silica.

Kuri et al. [102] have carried out a study to investigate the effect of ground ferronickel
slag (GFNS: 0%, 25%, 50%, and 75%) on sulphuric acid resistance of GFNS blended fly
ash geopolymer mortar. A mixture of solidum silicate solution and 8 M sodium hydroxide
solution with mass ratio of 2.0 was used as alkali activator. For all mixes, the alkali activator
content was 45% by mass of precursor materials. Mortar cube specimens of size 50 mm
were prepared and cured at 60° C for 24 h. After heat curing, the geopolymer samples were
cooled down to room temperature and then submerged in 3% sulphuric acid solution for up
to one year. The tests conducted were visual appearance, mass change (at 1, 3, 6, 9, and 12
months of exposure), and residual compressive strength (at 1, 3, 6, 9, and 12 months of

exposure). The microstructure analysis (SEM, EDX, and XRD) was carried on geopolymer
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paste samples. The test results indicated that the use of GFNS as partial replacement of fly
ash enhanced the resistance of geopolymer mortar against 3% sulphuric acid solution. The
geopolymer mortar samples showed minor damages at surface after exposure to acid
solution. Further, it was observed that the loss in compressive strength and mass loss of fly
ash-GFNS geopolymer mortar were less than that of neat fly ash geopolymer mortar after
exposure to sulphuric acid solution for 12 months. The lowest strength loss was observed
in case of fly ash-GFNS geopolymer mortar mix prepared with 25% fly ash and 75%
GFNS. The incorporation of GFNS resulted in a dense structure due to production of N-M-
A-S-H gel, which is more stable than N-A-S-H gel of neat fly ash geopolymer mortar. The
results obtained from the quantitative analysis of XRD patterns indicated the formation of
higher amount of gypsum in neat fly ash geopolymer after acid exposure, which might have
induced higher stresses that led to more cracks in neat fly ash geopolymer.

2.6 Review of literature on corrosion of steel reinforcement in geopolymer composites
Monticelli et al. [76] have investigated the corrosion behaviour of embedded steel
reinforcement in class F fly ash based alkali-activated mortar (geopolymer mortar) cured
at room temperature and traditional cement based mortar during wet and dry (w/d) exposure
to 0.1 M NaCl solution. The materials used for preparation of geopolymer mortar were
class F fly ash, combination of sodium silicate solution and 8 M sodium hydroxide solution
and natural sand. The binder/sand ratio of 1: 2.7 and liquid/binder ratio of 0.52 were fixed
for all mixes. Three different mixes of alkali-activated mortar were prepared with varying
molar ratio (Na20/SiO2) of activating solution such as 0.12, 0.14, and 0.16, and their
performances were compared with traditional cement-based mortar. The tests conducted
were compressive strength, bulk density, dynamic elastic modulus, shrinkage,
microstructural characterization (pore size distribution) by mercury intrusion porosimetry
(MIP), electrochemical tests such as potentiostatic polarization resistance measurement,
electrochemical impedance spectroscopy measurement, polarization curves, and corrosion
product analysis by visual observation and Raman analysis of surface corrosion products.
Cylinders (size: 100 mm height and 35 mm diameter) with a centrally embedded rebar were
prepared for electrochemical tests whereas unreinforced cylinders were prepared for
chloride content and pH measurements. Prismatic specimens (size: 40 mm x 40 mm x 160
mm) were cast for mechanical tests after 28 days and microstructural characterization, and
cube specimens (size: 100 mm) were cast for chloride diffusion test. The reinforced and

unreinforced cylindrical samples were exposed to 11 weeks of w/d cycles with each cycle
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consists of 4 days of immersion in 0.1 M NaCl solution and 3 days of drying under
laboratory condition. The obtained test results indicated that the traditional cement-based
mortar showed better performance in terms of higher compressive strength and dynamic
elastic modulus, and lower shrinkage than geopolymer mortars. Further, the traditional
cement-based mortar showed lower apparent chloride diffusion coefficient than
geopolymer mortar, which was in good agreement with the total porosity values determined
by MIP test. The use of low molar ratio (Na2O/SiOz) in activating solution while preparing
geopolymer mortar exhibited more compact microstructure, higher compressive strength
and dynamic elastic modulus, and lowest apparent chloride diffusion coefficient. The
electrochemical measurements indicated that the traditional cement-based mortar showed
highest corrosion protection to the reinforcement as compared to geopolymer mortar. The
authors also reported that all geopolymer mortar samples suffered quick carbonation under
wet and dry exposure condition, which was responsible for faster rebar depassivation,

despite a lower total chloride concentration near rebar level.

Criado et al. [103] have studied the corrosion behaviour of carbon steel coated with hybrid
organic-inorganic coatings in carbonated ordinary Portland cement (OPC) and alkali-
activated fly ash (AAFA) mortars. The sol-gel coatings were prepared by condensation and
polymerization of tetraethyl orthosilicate (TEOS, Si(OCH2CHz3)4) and 3-methacryloxy-
propyl-trimethoxysilane (MPTS, CH, = C(CH3)COO(CH)3Si(OCH3)s3); TEOS and
methyl-triethoxysilane (MTES, (CH3)Si(OCH2CHa)3); tetramethyl orthosilicate (TMOS,
Si(OCHa)4) and MPTS; or TMOS and MTES. The OPC and AAFA mortar specimens (size:
8 x 5.5 x 2 cm) embedded with two coated steel bars (10 mm diameter x 100 mm height)
were prepared with type 1 (42.5 R) Portland cement, and Class F fly ash respectively. The
AAFA mortar specimens were prepared with alkaline activator solution containing 85 wt.%
10 M NaOH solution and 15 wt.% sodium silicate solution. For both types of mortar, the
liquid to binder ratio, and sand to binder ratio were 0.6 and 3 respectively. After
preparation, the AAFA mortar specimens were subjected to oven drying for 24 hours at 85°
C and 100% relative humidity (RH), whereas the OPC mortar specimens were kept at room
temperature and 100% RH for 24 hours. After 24 hours, all the mortar specimens (AAFA
and OPC) were stored in a humidity chamber (98% RH, 20+ 2° C) for 28 days.
Subsequently, the mortar specimens were stored in carbonation chamber at 43.2% RH in a
K2COs solution for 60 days (with CO> saturation), prior to partial immersion in 3 wt.%

NaCl solution for 240 days. The corrosion potential (Ecorr), linear polarization resistance
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(LPR), and electrochemical impedance spectroscopy (EIS) measurements were carried out
after 1, 7, 30, 60, 90, 120, and 240 days of exposure. The obtained results indicated that the
corrosion of coated rebar embedded in carbonated mortars in the presence of chloride ions
was dependent on both cementitious system and nature of the reagents forming the coating
on the steel bar. The coated steel bars embedded in AAFA mortar exhibited higher
corrosion potential (less negative) and lower corrosion current density than that embedded
in OPC mortar indicating better resistance against rebar corrosion than OPC mortar.
Further, in AAFA mortar specimens, the rebars coated with hybrid organic-inorganic
coatings synthesized with TEOS/MTES and TMOS/MTES showed lowest corrosion

current density thereby indicating best protective properties over 240 days of exposure.

Kupwade-Patil and Allouche [21] have carried out an investigation to evaluate the
corrosion behaviour of steel reinforcement in geopolymer concrete (GPC) made from Class
F fly ash (two sources) and Class C fly ash (one source), and in ordinary Portland cement
(OPC) concrete. The GPC mixes were prepared with the proportion of fly ash: sand: coarse
aggregate of 1:1.5:2 by mass. The activator solution to pozzolanic materials ratio, and
sodium silicate solution to 14 M of sodium hydroxide solution ratio were taken as 0.5 and
1.0 respectively. The GPC specimens were subjected to heat curing at 80° C for 72 hours.
A high concentration of sodium chloride (7.5%) solution was used to simulate sever
condition and to accelerate the corrosion, wet-dry cycle consisting of 14 days each was
used over a period of 12 months. The test methods conducted were compressive strength
at 28 days, electrochemical measurements through half-cell potential and corrosion current
density by linear polarization resistance technique, chloride diffusion, chloride content
(acid soluble) analysis, pore structure by mercury intrusion porosimetry (MIP),
microstructure analyses (SEM, XRD, FTIR) at the rebar/binder interface, and visual
examination. The concrete specimens of size 280 mm (length) x 114 mm (width) x 150
mm (height) (ASTM G109) were prepared with three embedded steel bars of size 10 mm
in diameter and 381 mm in length in each specimen. Plexiglas dams of size 75 mm (wide)
x150 mm (long) x 75 mm (high) were fixed on top of the specimens to store salt water
during the wet cycle. The obtained results indicated that the geopolymer concrete mixes
made with Class C fly ash exhibited highest 28-day compressive strength followed by
geopolymer concrete mixes made with Class F fly ash (both sources) and OPC concrete.
Further, geopolymer concrete mixes exhibited lower chloride diffusion coefficient,

chloride content, and porosity as compared to their OPC counterparts. The geopolymer
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concrete specimens prepared with Class F fly ash (both sources) showed a significantly
higher resistance to chloride ingress and rebar corrosion when compared with OPC
specimens as well as the geopolymer concrete specimens prepared with Class C fly ash,
possibly due to more complete geopolymerization process and formation of a denser
matrix. The microstructure analysis revealed the formation of corrosion product in the form

of akaganeite at the rebar/binder interface of geopolymer concrete, and OPC concrete.

Chindaprasirt and Chalee [73] have investigated the effect of sodium hydroxide (NaOH)
concentration (8 M, 10 M, 12 M, 14 M, 16 M, and 18 M) on compressive strength, chloride
penetration, chloride binding capacity, and steel corrosion in fly ash-based geopolymer
concrete exposed to tidal zone of marine environment for 3 years. The materials used were
class C fly ash, graded sand, crushed stone with maximum size of 19 mm, and combination
of sodium silicate solution and sodium hydroxide solution. The liquid to binder ratio was
kept constant at 0.6 for all geopolymer concrete mixes. Cylindrical specimens of size 100
mm diameter x 200 mm height were prepared for compressive strength test at 28 days, and
at 3 years exposure in marine environment. For chloride penetration and steel corrosion
test, cube specimens of size 200 mm were prepared and the steel bars of 12 mm diameter
x 50 mm length were embedded at the corner of the cube specimens with cover depth of
20 mm, 50 mm, and 75 mm. The corrosion of embedded steel was measured in terms of
percentage of rusted area, and percentage of weight loss. The percentage of rusted surface
area was calculated by comparing it with the total surface area of the embedded steel bar
and the percentage of weight loss was determined by comparing the weight loss of steel
due to corrosion during the exposure period to the initial steel weight. The test results
showed that the compressive strength of fly ash based geopolymer concrete increased with
increase in concentration of NaOH solution. Further, geopolymer concrete at higher NaOH
concentration gained compressive strength faster than that with a lower NaOH
concentration during 3 years of exposure in seawater. The increase in NaOH concentration
resulted in decrease in chloride diffusion coefficient, and steel corrosion, and increase in

chloride binding capacity (% of total chloride) of geopolymer concrete.

Gunasekara et al. [71] have studied the corrosion behaviour of steel reinforcement
embedded in fly ash based geopolymer concrete and Portland cement concrete admixed
with different concentrations of NaCl. The materials used for preparation of geopolymer
concrete were Class F fly ash (collected from three different sources: Gladstone, Pt.

Augusta, and Collie), mixture of Na»SiOz solution and 15 M NaOH solution as alkaline
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activator, river sand as fine aggregate, and crushed granite with combination of 7 and 10
mm grain size as coarse aggregate. The water to solid ratio of all the mixes was fixed at
0.37. For all concrete types, cube specimen of size 150 mm with ribbed bars of size 10 mm
diameter x 120 mm length were cast. For cast-in chloride specimens, the geopolymer and
Portland cement concrete mixes were admixed with 0%, 0.25%, 0.5%, 1%, 2%, 3%, and
5% (by weight of binder) NaCl. Additional set of cubes with ribbed bars were prepared
without NaCl addition for the ponding test. After casting, all geopolymer specimens were
stored in room temperature for 1 day and then oven dried at 80° C for 24 h. All NaCl
admixed concrete specimens were kept in a spray cabinet, and all concrete specimens
prepared without admixed NaCl were kept under laboratory condition for 14 days before
subjected to wetting/drying cycles up to 540 days in 3% NaCl solution. The wetting/drying
cycles comprised of one week of ponding (wetting) and two weeks of drying. The tests
conducted were compressive strength test at 28 and 540 days for concrete mixes admixed
with 0%, 2%, and 5% NaCl, corrosion potential and corrosion rate by linear polarization
resistance (LPR) measurement, chloride analysis, microstructure analysis through Fourier
transform infrared (FT-IR), X-Ray diffraction (XRD), and scanning electron microscopy,
and pore structure analysis by mercury intrusion porosimeter. The obtained results
indicated that the addition of NaCl had no noticeable effect on the 28-day compressive
strength of any of the mixes. However, all geopolymer and Portland cement concrete mixes
with cast-in chloride showed a strength loss between 28 and 540 days. The maximum loss
in strength was observed in the range of 19.8 — 23.2% when geopolymer and Portland
cement concrete mixes added with 5% NaCl. The fly ash based geopolymer concrete
showed significantly higher corrosion rate than Portland cement concrete admixed with the
same concentration of NaCl. However, in case of ponded specimens, the formation of three-
dimensional N-A-S-H and C-A-S-H cross linking in the gel matrix reduced the chloride
diffusion, and resulted in lower corrosion rate of steel reinforcement in geopolymer
concrete (made with Gladstone fly ash, and Pt. Augusta fly ash) than Portland cement
concrete. Among the fly ash based geopolymer concrete mixes, the geopolymer concrete
made with Gladstone fly ash showed higher compressive strength followed by that made
with Pt. Augusta fly ash, and Collie fly ash. It was observed that the chloride binding
capacity of low calcium fly ash based geopolymer concrete depends on the amount of CaO
present in the precursor material. Therefore, the geopolymer concrete made with Pt.
Augusta fly ash (CaO: 4.80%) showed highest chloride binding capacity followed by
Gladstone fly ash (CaO: 3.81%) and Collie fly ash (CaO: 0.64%). The microstructure
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analysis of rebar/binder interface indicated the formation of corrosion products in the form

of hematite, akageneite, and lepidocrocite.

Nguyen et al. [104] have carried out a study to evaluate the effect of alkaline liquid to fly
ash ratio, aggregate to fly ash ratio, and Si/Al ratio on mechanical properties of geopolymer
concrete made with sea sand as fine aggregate, and compared with that prepared with river
sand. The geopolymer concrete mixes were prepared with Class F fly ash. The alkaline
liquid used was a combination of sodium silicate (Na,SiO3) solution and 12 M sodium
hydroxide (NaOH) solution with mass ratio (Na2SiO3s/NaOH) of 2.5. The alkaline liquid to
fly ash ratios taken were 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, and 0.65 by mass. The aggregate to
fly ash ratios of geopolymer concrete were 3.5, 4.0, 4.5, and 5.0 by mass. To investigate
the effect of Si/Al ratio, the fly ash in geopolymer concrete was partially replaced with
micro-silica (0%, 10%, 15%, and 20%) with four different Si/Al ratios (1.16, 1.40, 1.52,
and 1.67). The tests conducted were compressive strength, splitting tensile strength,
scanning electron microscope (SEM) imaging and X-ray diffraction (XRD) analysis. The
authors have also investigated the corrosion behaviour of steel bar embedded in sea sand
geopolymer concrete under accelerated corrosion conditions during 252 wet/dry cyclic tests
(30 min wetting in 0.0001 M and 0.001 M NazSOg4 solutions, and 60 min drying) using
half-cell potential measurement and compared with the corrosion behaviour of steel bar
embedded in OPC concrete. The cylindrical specimens of size 150 mm diameter and 300
mm height were prepared for determining the compressive strength, and splitting tensile
strength of concrete at the age of 28 days. For the corrosion test of steel bar, the prismatic
specimens of size 100 x 100 x 200 mm were embedded with two steel bars of 8 mm
diameter (with concrete cover of 21 mm). The test results indicated that the strength
difference between the geopolymer concrete made with sea sand and river sand was not
significant. The sea sand geopolymer concrete exhibited highest compressive strength at
alkaline liquid to fly ash ratio of 0.35 to 0.45. The geopolymer concrete showed higher
compressive strength at lower aggregate to fly ash ratio and at higher Si/Al ratio. The half-
cell potential results indicated that the rebar embedded in sea sand geopolymer concrete
had higher potential (less negative) values than that in OPC concrete. This shows that the
steel bar embedded in sea sand geopolymer concrete takes more time to corrode than the

steel bar embedded in the OPC concrete.

Tennakoon et al. [34] have investigated the compressive strength, chloride diffusion rate,
age factor, chloride permeability, and initiation of chloride induced steel bar corrosion in
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blended fly ash and slag geopolymer concrete, and compared with OPC concrete. For this
study, Class F fly ash with a 50/50 mixture of Gladstone fly ash and Callide fly ash, and
ground granulated blast furnace slag (GGBS) were used as precursor materials with fly
ash/slag ratio of 60/40, 50/50, and 40/60. Granular sodium metasilicate penta-hydrate (4%
Na2O by mass of precursor materials) was used as the solid activator. Cylindrical specimens
of size 100 mm x 200 mm were cast for compressive strength test at 1, 7, 28, 90, 180, 365,
and 600 days of curing. The chloride diffusion test was conducted on cylindrical specimens
of size 100 mm diameter x 98 mm thick after 5 weeks of immersion in 2.826 M sodium
chloride solution. The rapid chloride permeability test was conducted on cylindrical
specimens of size 100 mm diameter x 51 mm thick at the age of 28 days, 180 days, and
500 days. For corrosion study, prismatic reinforced geopolymer concrete specimens of size
95 x 95 x 300 mm with a centrally embedded steel rebar of 20 mm diameter were partially
immersed in 2.826 M and 0.6 M NaCl solutions up to 500 days. To evaluate the corrosion
behaviour in contaminated concrete, blended fly ash/slag (50/50) geopolymer concrete
specimens were admixed with 2% NaCl (by mass of binder) and partially immersed in
water. The corrosion state of rebar was monitored by half-cell potential and linear
polarization resistance measurements with Cu/CuSQOg reference electrode. After 500 days,
the chloride penetration depth was measured using AgNO3 colorimetric method, and
chloride content at the rebar level was measured using potentiometric titration method. The
test results indicated that geopolymer concrete made with fly ash/slag ratio of 40/60 and
50/50 showed higher compressive strength than geopolymer concrete made with fly
ash/slag ratio of 60/40 and OPC concrete. It was observed that the chloride diffusion
coefficient decreased with increase in slag content in blended fly ash and slag geopolymer
concrete. Further, the geopolymer concrete mixes showed lower chloride diffusion
coefficient than OPC concrete. The geopolymer concrete mixes exhibited higher age factor
than OPC concrete indicating better resistance to chloride ingress with time. The time taken
for initiation of rebar corrosion in geopolymer concrete was significantly higher than OPC
concrete. After 500 days, the amount of chloride present near the rebar level of geopolymer
concrete was ten times lesser than that of OPC concrete, which was not sufficient to initiate
the corrosion in geopolymer concrete. Blended fly ash and slag geopolymer concrete
provided greater protection against rebar corrosion than OPC concrete when concrete was
contaminated with chloride. The geopolymer concrete containing higher slag content
produced higher amount of calcium bearing phases including calcium silicate hydrate

phases as observed from the XRD analysis at 28 and 270 days.
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2.7 Review of literature on application of Taguchi method for investigating and
optimizing different properties of geopolymer composites

Panagiotopoulou et al. [105] have investigated the effect of alkali (R: Na, K) to aluminum
ratio of starting mixture (R/Al: 0.50, 0.85, 1.20, and 1.50), alkali species in activation
solution (Na/(Na + K): 0, 0.35, 0.70, and 1.0), and silicon content in activation solution
(Si/R20: 0, 0.70, 1.35, and 2.0) on compressive strength of fly ash geopolymer paste using
mean response data and ANOVA technique as per Taguchi method (L16 orthogonal array).
The materials used for the preparation of geopolymer paste were fly ash and activation
solution containing alkali (Na, K) hydroxide, and commercial water silica solution. The
geopolymer paste mixes were prepared with solids to liquid ratio of 2.6 by mass. Cubic
specimens of size 50 mm were prepared and left for 2 hours at ambient temperature before
cured at 70° C for 48 hours. After that, the specimens were left for 24 hours to cool down.
Compressive strength test was conducted on paste specimens 7 days after thermal curing
(i.e., 10 days after the mixture preparation) and the microstructure of geopolymer paste was
examined through XRD, FTIR, and SEM analyses. From the obtained results, it was
observed that the optimal combination of parameters for achieving highest compressive
strength was R/Al of 0.85, Na/(Na + K) of 0, and Si/R20 of 1.35. Among the factors, the
R/AI ratio significantly influenced the compressive strength of geopolymer paste with a
contribution of 88.2%. The confirmatory experiment on the optimal combination of
parameters resulted a compressive strength of 43.1 MPa, which was within the predicted
range (42.6 = 3.1 MPa). The results of XRD and SEM analyses indicated that the use of
activation solution with high alkali and low silicon content resulted in formation of zeolitic

phases in the mixes, which led to higher compressive strength.

Yuan et al. [106] have investigated the effect of sodium carbonate content (wt.% of Na2O:
3.0%, 4.0%, and 5.0%), water to solid ratio (0.40, 0.45, and 0.50), waterglass modulus (1.1,
1.3, and 1.5), and waterglass content (wt.% of Na2O: 0.5%, 1.5%, and 2.5%) on reaction
kinetics, and compressive strength of ternary activators activated slag paste using Taguchi
method (L9 orthogonal array). Sodium hydroxide was used to modify the waterglass
modulus to obtain the desired values. For comparison purpose, sodium carbonate activated
slag pastes were prepared as reference samples. To validate the results, three mixes were
further designed and their performance was evaluated through reaction Kinetics and
compressive strength. The reaction kinetics of the paste mixes were measured by isothermal

calorimeter up to 168 h. The compressive strength test was conducted on prismatic
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specimens of size 40 x 40 x 160 mm at the age of 7 and 28 days after casting. The
microstructure of 28 days samples was characterized by X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FTIR) analyses. The test results revealed that the
ternary activators significantly accelerated the reaction of slag as compared only sodium
carbonate. Among all the factors, waterglass content had the most significant effect on
reaction kinetics and compressive strength, whereas the effect of waterglass modulus on
reaction kinetics and compressive strength was not prominent. Based on the results, the
optimal proportion of ternary alkali activators was sodium carbonate content of 4%, water
to solid ratio of 0.4, waterglass modulus of 1.1 to 1.5, and waterglass content of 2.5%. The
XRD analysis indicated the presence of amorphous structure of CaO-Al,03-MgO-SiO>
centred at 25° to 35° 26 and the formation of new phases related to calcite, hydrotalcite and
C-(A)-S-H gel in the mixes. Further, it was observed that sodium carbonate had dominant

role on the gel structure of the reaction products.

Hadi et al. [107] have studied the influence of binder content (400 kg/m?3, 450 kg/m?, and
500 kg/m?®), alkaline activator to binder content (Al/Bi) ratio (0.35, 0.45, and 0.55), sodium
silicate solution to sodium hydroxide solution (SS/SH) ratio (1.5, 2.0, and 2.5), and sodium
hydroxide concentration (10 M, 12 M, and 14 M) on compressive strength of geopolymer
concrete made with ground granulated blast furnace slag (GGBFS) using Taguchi method
(L9 orthogonal array). Cylindrical specimens of size 100 mm diameter x 200 mm length
were prepared for compressive strength test at the age of 7 and 28 days. The obtained results
indicated that the compressive strength of geopolymer concrete mixes increased with
increase in age from 7 to 28 days. Based on the results of 7-day compressive strength,
optimum levels of each parameter were evaluated, and then the setting time and
compressive strength tests were conducted on the optimized mix. The obtained optimum
levels of the considered parameters (based on 7-day compressive strength) were binder
content of 450 kg/m?, Al/Bi ratio of 0.35, SS/SH ratio of 2.5, and 14 M of sodium hydroxide
solution. The geopolymer concrete mix prepared with the optimum levels of the considered
parameters showed highest 7-day compressive strength of 60.4 MPa, however, shorter
setting time i.e., initial setting time of 25 min and final setting time of 55 min were obtained.
Therefore, the GGBFS was replaced with fly ash (FA), metakaolin (MK) and silica fume
(SF) in the range of 10% to 60% (by mass of total binder) each to investigate the setting
time, workability and 7 day-compressive strength of geopolymer concrete. The inclusion

of FA, MK, and SF as partial replacement of GGBFS in geopolymer concrete increased the
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setting time (initial setting time up to 55 min to 75 min and final setting time up to 90 min
to 105 min) and workability, and decreased the compressive strength (up to 41% to 58%).
Among the combination of source materials, the mixture of fly ash and GGBFS was found
to be a suitable binder for geopolymer concrete mixes.

Shojaei et al. [108] have proposed a method for selecting the mix proportions of alkali-
activated slag (AAS) concrete for application in the manufacture of prestressed concrete
railway sleepers. The considered factors affecting the properties of AAS concrete were
concentration of sodium hydroxide (NaOH) solution (4 M, 6 M, and 8 M), alkaline liquid
to slag ratio (0.4, 0.45, and 0.5), NaOH to sodium silicate solution (Na2SiOs) ratio (1, 3,
and 5), and aggregate content (1800 kg/m?, 1848 kg/m?3, 1896 kg/m®). The materials used
for the preparation of AAS concrete were ground granulated blast furnace slag (GGBFS),
a combination of sodium silicate solution and sodium hydroxide solution as alkaline liquid,
crushed sand as fine aggregate, crushed stone with maximum nominal size of 12 mm as
coarse aggregate and extra water. The optimal mix proportions based on maximum
compressive strength (7 and 28 days) were identified by Taguchi method of experimental
design. Subsequently, prestressed concrete sleeper (type B70) was prepared using the
optimal mixture design and then the flexural strength of railway sleeper was investigated.
Further, the efficiency of the optimal mixture was evaluated through eco-mechanical
indicator i.e., ratio between the quantity of CO: released by the production of binder
materials and compressive strength, and compared with the value calculated for ordinary
concrete used for railway sleepers. The obtained results showed that the optimal
combination of parameters for obtaining the highest compressive strength was 6 M NaOH
solution, alkaline liquid to slag ratio of 0.5, NaOH to NaSiOs solution ratio of 1 and
aggregate content of 1800 kg/m®. The proposed AAS concrete railway sleeper (based on
optimal mixture design) satisfied the minimum flexural strength requirement in terms of
negative bending moment for railway sleepers as per EN 13230 standard. Further, the eco-
mechanical performance of AAS concrete was superior with 29% less CO» footprint than
the ordinary concrete.

2.8 Summary of literature review and research gap

From the review of literature, it is observed that in recent years, different studies have been
conducted on the influence of various parameters such as combination of different binders,
concentration of alkaline solution, alkaline solution to binder ratio, and sand-to-binder ratio

etc., on various properties of geopolymer composites developed under ambient condition.
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It is reported in the literature that the incorporation of GGBS in fly ash based geopolymer
concrete (GPC) significantly improved the setting time and compressive strength under
ambient curing condition with reduced workability. The addition of extra water somewhat
helped to increase the workability but resulted in a strength reduction. Therefore, an
optimum balance is required amongst the amount of GGBS, alkaline solution content and
sodium silicate solution to sodium hydroxide solution ratio to achieve the desired setting

time, workability and compressive strength of fly ash-GGBS based GPC.

From the review of literature, different studies reported about the mechanical and durability
properties of geopolymer paste, mortar, and concrete made from fly ash and GGBS as
precursor materials. Further, a few studies discussed about the microstructural development
of fly ash/GGBS based geopolymer mortar and concrete developed under ambient
condition, and after exposure to aggressive environment especially acidic exposure
condition. It may be noted that most of the previous research works reported about the
effect of binder type, alkali activator type and concentration, W/GPS ratio, and SS/SH ratio
on compressive strength of geopolymer mortar. Further, some research works are reported
in the literature on the influence of binder type, and alkali activator type and concentration
on the performance of geopolymer mortar against exposure to sulfuric acid solution.
However, the research works on the performance evaluation of fly ash-GGBS based

geopolymer mortar in case of exposure to hydrochloric acid (HCI) solution are scanty.

In addition to the proportion of source materials, and concentration of alkaline solution,
sand-to-binder ratio can also be directly related to the pore structure of geopolymer mortar.
The review of the literature found little research work on the influence of sand-to-binder
ratio and source materials on resistance against sulfate and acid attack and on the
microstructural changes of geopolymer mortar. Itis also reported in the literature that alkali
activated binders made with different source materials such as rice husk ash, fly ash, palm
oil fuel ash, and slag exhibited higher sorptivity as compared to OPC, which can be
minimized by improving the compressive strength and making a dense microstructure by
optimizing the properties of source materials and the mixture compositions of alkali
activated binders. Therefore, it is essential to investigate the sorptivity of geopolymer
mortar and concrete, which indicates the pore structure of the materials and its connectivity,
and that influences the penetration of aggressive ions into the mortar and concrete to a

greater extent, when exposed to aggressive environment.
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In recent years, few research works in the literature reported about the durability
performance of geopolymer composites in chloride-rich environment. As observed from
the literature, for external exposure, geopolymer composites showed better performance
with respect to chloride diffusion resistance and chloride-induced steel reinforcement
corrosion in comparison to conventional concrete. Furthermore, the durability of
geopolymer composites in chloride-rich environment is largely dependent on the
aluminosilicate source materials, type and concentration of alkaline solution, and severity
of exposure environment. From the available literature, it is noted that most of the research
studies focused on chloride diffusion resistance and corrosion of steel bar due to ingress of
chloride ions into geopolymer composites from external exposure environment. However,
there are very few research works reported in the literature on the corrosion behaviour of
steel reinforcement in geopolymer mortar or concrete admixed with chloride ions.
Furthermore, the available research works on fresh and hardened properties, and
microstructure of chloride admixed geopolymer concrete are scanty. It is reported in the
literature that the combination of fly ash and slag in geopolymer composites alters the
reaction phases, and microstructure, which exhibits different level of chloride binding and
corrosion behaviour in comparison to the geopolymer composites made from only fly ash
or slag. Therefore, there is a need to investigate the corrosion behaviour of steel
reinforcement in geopolymer concrete prepared from varying combinations of fly ash and
ground granulated blast furnace slag (GGBS) in the presence of chloride ions.

Keeping in view the aforementioned research gap in the literature, there is a need to
investigate the effect of wide range of control parameters on fresh, mechanical, and various
durability properties, and microstructure of fly ash-GGBS based geopolymer composites.
To evaluate the effect of a wide range of control parameters at their different levels on the
properties of geopolymer composites, a large number of experiments are required as per
the traditional experimental design method, which consumes more time, and is expensive.
However, an appropriate method of design of experiment can be selected to evaluate the
influence of these parameters with a reduced number of experiments. Taguchi method is
an efficient experimental design method for designing the parameters with a minimum
number of test series. The optimum combination of different parameters to achieve an
individual property (response) can be obtained by analysing the results using Taguchi
method. In addition, Taguchi-Grey relational analysis (GRA) method can be used to

achieve a single set of optimized level of different parameters for various properties
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(responses) simultaneously. A very few studies have been undertaken in the literature on
Taguchi method to optimize the mix parameters with respect to different properties of fly
ash-GGBS based geopolymer composites. Further, the studies on multi-response
optimization approach using Taguchi-GRA method to arrive at a single set of optimized
level of mix parameters to achieve different properties of fly ash-GGBS based geopolymer
composites simultaneously are scanty. Therefore, in the present research work, Taguchi
method of design of experiment was used to design the mix compositions of fly ash-GGBS
based geopolymer mortar and concrete mixes incorporating different control parameters
(mix parameters) with their individual levels. Further, Taguchi-Grey relational analysis
(GRA) method was used in the present research work to arrive at the optimal combination
of mix parameters of geopolymer mortar and concrete with respect to multiple properties

simultaneously.

In the present study, for the development of fly ash-GGBS based geopolymer mortar
(GPM) under ambient curing condition, a wide range of control parameters namely GGBS
replacement level, water-to-geopolymer solids (W/GPS) ratio, molarity of NaOH solution,
and sand-to-binder (S/B) ratio were considered, and their effect on setting time, flowability,
strength development, and various durability properties such as water absorption, apparent
volume of permeable voids (AVPV), sorptivity, sulfate and acid resistance were evaluated.
In addition, the microstructure evolution of geopolymer mortar at different ages and after
exposure to different sulfate and acid solutions were analysed through XRD, EDS, FESEM,
and FTIR analyses. Similarly, for the development of fly ash-GGBS based geopolymer
concrete (GPC) under ambient curing condition, the control parameters considered were
GGBS replacement level, water-to-geopolymer solids (W/GPS) ratio, molarity of NaOH
solution, binder content, and sodium silicate solution to sodium hydroxide solution (SS/SH)
ratio. Further, the influence of these control parameters on setting time, workability, and
compressive strength of fly ash-GGBS based geopolymer concrete were evaluated. In
addition, the effect of admixed chloride on workability, strength development, free and
total chloride, and rebar corrosion in fly ash and fly ash-GGBS based geopolymer concrete
(GPC) were investigated. The effect of fly ash/GGBS blends, and admixed chloride on
microstructural changes at different ages, and at rebar level of geopolymer concrete were
analyzed through XRD, EDS, FESEM and FTIR analyses.
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2.9 Objectives of the present research work
The objectives of the present research work are as follows.

I. To design and develop fly ash-GGBS based geopolymer mortar (GPM) and
geopolymer concrete (GPC) under ambient curing condition by Taguchi-Grey
relational analysis (GRA) method.

ii.  To study the influence of various control parameters such as GGBS replacement
level, water-to-geopolymer solids ratio, molarity of NaOH solution, and sand-to-
binder ratio on fresh, mechanical and durability properties of fly ash-GGBS based
geopolymer mortar.

iii.  To investigate the effect of GGBS replacement level, water-to-geopolymer solids
ratio, molarity of NaOH solution, binder content, and mass ratio of sodium silicate
to sodium hydroxide solution on fresh and mechanical properties of fly ash-GGBS
based geopolymer concrete.

iv. To evaluate the influence of admixed chloride on workability, strength
development, and corrosion behaviour of steel reinforcement in fly ash and fly ash-
GGBS based geopolymer concrete.

v.  To examine the effect of control parameters on variations in the microstructure of
geopolymer mortar and concrete through XRD, EDS, FESEM and FTIR analyses,
and to correlate the strength development and durability properties with changes in

microstructure.
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Experimental Program

3.1 General

This chapter describes about the materials used for preparation of geopolymer mortar
(GPM) and geopolymer concrete (GPC) mixes, mix design methods, mix proportions of
ingredients, details of specimens prepared and different test methods performed on
geopolymer mortar and geopolymer concrete mixes. In this study, the experiments were
conducted in two different series. In series 1, fly ash-GGBS based geopolymer mortar
(GPM) mixes were designed and in series 2, fly ash-GGBS based geopolymer concrete
(GPC) mixes were designed. In each series, various experiments were performed in two

different phases.

3.2 Materials

3.2.1 Precursor materials

In this study, class F fly ash as per ASTM C618-2019 [109] and ground granulated blast
furnace slag (GGBS) were used as precursor materials for the preparation of geopolymer
mortar (GPM) and geopolymer concrete (GPC) mixes. The chemical composition of
precursor materials (fly ash and GGBS) determined by X-ray fluorescence (XRF) technique
are presented in Table 3.1.

Table 3.1 Chemical composition of precursor materials (fly ash and GGBS)

Source material | SiO, | Al,O; CaO Fe:Os | MgO | KO | NaO | TiO, | LOI
Fly ash 48.96 24.48 2.69 4.59 0.81 1.03 0.03 1.9 0.43

GGBS 3448 | 14.54 27.83 1.01 7.26 0.56 0 0.5 1.14
*Loss on ignition

The measured specific surface area of fly ash and GGBS based on Brunauer-Emmett-Teller
(BET) method are 878 m?/kg and 3066 m?/kg respectively. The specific gravity of fly ash
and GGBS measured as per IS 4031 (Part 11)-2019 [110] are 2.14 and 2.78 respectively.
The particle size (dso) of fly ash and GGBS measured using particle size analyser

(Mastersizer 2000) are 24.98 um and 23.89 um respectively.

The micrographs of precursor materials obtained from the FESEM analysis are illustrated
in Fig. 3.1 (a, b). The particles of fly ash are spherical and have smooth surface whereas
the particles of GGBS are angular in shape and more irregular as evident from Fig. 3.1 (a,
b). The XRD patterns of fly ash and GGBS are illustrated in Fig. 3.2. The fly ash consists
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mainly of amorphous phases with some crystalline phases i.e., quartz, and mullite as
evident from Fig. 3.2. The XRD patterns of GGBS indicated that it consists primarily of
amorphous phases with a detectable crystalline peak of quartz and calcite. The elemental
composition of precursor materials determined by EDS analysis are shown in Fig. 3.3 (a,
b). The major elements found in fly ash are oxygen (O), silicon (Si), and aluminium (Al)
whereas GGBS mostly contains oxygen (O), silicon (Si), aluminium (Al), calcium (Ca),
and magnesium (Mg). The chemical bonds in precursor materials identified by FTIR
analysis are shown in Fig. 3.4. A broad spectrum was observed in fly ash, which might be
because of the glassy nature of this material [105]. The main vibration band was at 1090
cm for fly ash and at 996 cm™ for GGBS, which is attributed to the asymmetric stretching
vibration of Si-O-Si(Al) bonds [40,111]. The difference in the main band can be expected
because of different glassy network of fly ash and GGBS [112]. In fly ash, peak at 694 cm”
Lis ascribed to the symmetric stretching of Si-O-Si whereas peak at 518 cm™ is associated
with bending vibration of Si-O [40]. These bands indicate that quartz and mullite are
present in fly ash [40,112]. Similarly, in GGBS, the bands at 713 cm™ indicate Al-O bonds
in the AlO4 group [106] and the peak at 461 cm™ is due to the bending vibration of Si-O-Si
bonds [111]. The band at 1492 cm™ in GGBS is ascribed to the CO3?" groups, which may
be due to calcium carbonate in the form of calcite [106]. Calcite was also identified in the
XRD pattern of GGBS (Fig. 3.2). The band at 1620 cm™ for fly ash and at 1640 cm™ for
GGBS are ascribed to the bending vibration of H-O-H group, whereas the band at 3430 cm”
Lfor fly ash and at 3425 cm™ for GGBS are ascribed to the stretching vibration of -OH
group of adsorbed water [113].

10 pm EHT= 3.00kV Signal A = SE2 Date :4 Jan 2018 100KX SignalA=SE2

ZEISY| EHT= 3.00 kV WD= 7.3mm Mag =
WD= 88mm Mag= 1.00KX Time :14:39:16 | W

Fig. 3.1 FESEM micrographs of (a) fly ash and (b) GGBS.
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Fig. 3.4 FTIR spectra of fly ash and GGBS.
3.2.2 Alkaline solution
The combination of sodium hydroxide (NaOH) solution (SH) and sodium silicate
(Na2SiO3) solution (SS) was used as alkaline solution for the preparation of GPM and GPC

mixes. Commercially available sodium hydroxide pellets and sodium silicate solution were
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used in the present work. The sodium silicate solution contained 26.5% SiO», and 8% NaO.
The sodium hydroxide solution was prepared 48 hours before the preparation of GPM and
GPC mixes as per the required molarity by dissolving NaOH pellets in potable water
available in the laboratory. Sodium silicate solution was added with sodium hydroxide
solution, 24 hours prior to the preparation of mixes, based on the alkaline solution content
and SS/SH of the mixes.

3.2.3 Fine and coarse aggregates

Locally available river sand confirming to grading zone Il as per the specification
mentioned in 1S 383-2021 [114] was used as fine aggregate in the preparation of GPM and
GPC mixes. The particle size distribution curve of sand is shown in Fig. 3.5 (a). The
measured values of specific gravity and fineness modulus of sand were 2.62, and 2.46
respectively. Coarse aggregates of 20 mm MSA (maximum size of aggregate) and 10 mm
MSA were used for the preparation of GPC mixes. The measured values of specific gravity
of 10 mm MSA and 20 mm MSA coarse aggregates were 2.65 each. The particle size
distribution curves of 10 mm MSA and 20 mm MSA coarse aggregates are shown in Fig.
3.5 (b), and Fig. 3.5 (c) respectively.
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Fig. 3.5 Particle size distribution curve of (a) sand, (b) 10 mm (MSA) coarse aggregate,
and (c) 20 mm (MSA) coarse aggregate.
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3.2.4 Sulfate solutions, acid solutions, and chloride ions

In the present study, two types of sulfate solution such as sodium sulfate (Na2SO4) and
magnesium sulfate (MgSOa) solutions, and two types of acid solution such as sulfuric acid
(H2S04) and hydrochloric acid (HCI) solutions were used to investigate the resistance of
geopolymer mortar (GPM) against sulfate and acid exposure environment. Sodium chloride
(NaCl) was used as the source of chloride ions to examine its influence on workability,

compressive strength and steel reinforcement corrosion in GPC mixes.

3.2.5 Steel bar for reinforced GPC specimens

Tempcore TMT (Thermomechanically treated) steel bar of diameter 12 mm was used as
the steel reinforcement for making cylindrical reinforced geopolymer concrete (GPC)
specimens. The elemental composition of steel reinforcement measured by EDS analysis
is presented in Table 3.2.

Table 3.2 Elemental composition of steel reinforcement

Element C S Fe Si Cu
Wit. % 52.4 30.2 13.1 3.2 1.1

3.3 Fly ash-GGBS based geopolymer mortar (GPM) mixes (Series 1)

The layout of experimental program for fly ash-GGBS based geopolymer mortar (GPM) is
illustrated in Fig. 3.6. In 1% phase of fly ash-GGBS based geopolymer mortar (GPM) series,
the mix design of GPM was carried out by Taguchi method of design of experiment (Lg
orthogonal array) by considering four control parameters namely GGBS replacement level
(%), water-to-geopolymer solids (W/GPS) ratio, molarity of NaOH solution, and sand-to-
binder (S/B) ratio with three levels each as mentioned in Fig. 3.6. After conducting various
tests (as mentioned in Fig. 3.6) on the GPM mixes derived from Taguchi method of design
of experiment, the studied parameters were optimized by Taguchi-Grey relational analysis
(GRA) method. Further, the verification experiments were conducted on the GPM mix with
optimized level of control parameters. In 2" phase of GPM series, another set of mix
proportion was formulated by considering the most influential parameters evaluated in the
1% phase of GPM series, and the experiments (except setting time) conducted in 1% phase
of GPM series were carried out again in the 2" phase of GPM series. The microstructure
analysis was conducted on GPM mixes in 1% phase as well as in 2" phase of GPM series
(Fig. 3.6).
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Experimental program for geopolymer mortar (GPM)

|

Control parameters and levels Properties (responses)
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*  Selection of orthogonal array (Ls) L, ratio (0.31, 0.33,0.35) ® Tests for water absorption, apparent
*  Selection of responses ® Molarity of NaOH solution volume of permeable voids (AVPV),
(10M, 12M, 14 M) and sorptivity (28 days)
Specimen preparation, curing, and ®  Sand-to-binder (S/B) ratio ® Tests for sulfate and acid resistance
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Specimen preparation, curing;
and testing —»| Sulfate and acid resistance test (26 weeks of exposure)
 s—
“—»| Microstructure analysis (XRD, EDS, FESEM, FTIR)

Fig. 3.6 Layout of experimental program for fly ash-GGBS based geopolymer mortar
(GPM).

3.3.1 Design of experiment

The steps involved in the Taguchi method of design of experiment are as follows;

(1) Selection of parameters and their corresponding levels.

(2) Selection of appropriate orthogonal array by Taguchi method and the arrangement
of selected parameters and their levels.

(3) Conducting the experiments on geopolymer mixes selected as per the Taguchi
method of experimental design.

(4) Calculation of signal-to-noise (S/N) ratio of the experimental results and analysis
using ANOVA (Analysis of variance) technique.

(5) Adopting Taguchi-GRA (Grey relational analysis) method to optimize the multiple
properties simultaneously.

(6) Conducting verification experiments on the optimized geopolymer mixes.
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Keeping in view the dependence of fly ash-GGBS based GPM properties on different
parameters, GGBS replacement level (% by mass of total binder content), water-to-
geopolymer solids (W/GPS) ratio, molarity of NaOH solution (M), and sand-to-binder
(S/B) ratio were selected for the experimental design. For geopolymer mortar (GPM)
mixes, three levels were selected for each parameter. As per the full factorial design
method, a total of 81 (i.e., LevelPar@meter: 34) experimental combinations are required to
investigate the effect of each parameter, which is certainly a time-consuming process and
not economical. Therefore, in this investigation, Taguchi method [115] of experimental
design was adopted to examine the influence of varying levels of mix parameters on the
properties (responses) of GPM with reduced number of experiments and to arrive at the
best possible combination of these parameters to achieve the optimum result.

In Taguchi method, the orthogonal array can be selected as per the total degrees of freedom
of all parameters, which depends on the levels of each parameter and is calculated using

the following equation [115];
DOF =1-1 (3.1)

Where DOF and | represent the degree of freedom and number of levels of each parameter
respectively. In the present study, four parameters with three levels each were considered.
Thus, each parameter has a degree of freedom equal to two with total degrees of freedom
of all the parameters equal to 8. Keeping this in view, a design of Lg orthogonal array (OA)
as per Taguchi method was considered for the experiment, which has the same degree of
freedom (i.e., 8). The selected parameters and their corresponding levels used in Taguchi
method of experimental design for GPM mixes are presented in Fig. 3.6. The experimental
series for GPM mixes as per Lo orthogonal array is presented in Table 3.3.

Table 3.3 Experimental series for fly ash-GGBS based GPM as per Lg orthogonal array
(Taguchi method)

Mix GGBS replacement W/GPS Molarity of NaOH Sand-to-binder
level (%) ratio solution (S/B) ratio

M1 15 0.31 10M 15
M2 15 0.33 12M 2

M3 15 0.35 14 M 2.5
M4 30 0.31 12M 2.5
M5 30 0.33 14 M 15
M6 30 0.35 10M 2

M7 45 0.31 14 M 2

M8 45 0.33 10M 2.5
M9 45 0.35 12M 15
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The properties such as setting time, flowability, compressive strength, water absorption,
apparent volume of permeable voids (AVPV), sorptivity, sulfate and acid resistance of fly
ash-GGBS based GPM were studied. In Taguchi approach, the results were analyzed by
the signal-to-noise (S/N) ratio and ANOVA technique. The S/N ratio is a performance
characteristics, which considers both the average value and standard deviation of the
experimental results, instead of only the average value [116]. There are three categories of
performance characteristics such as “larger-the-better”, “smaller-the-better” and “nominal-
the-better”. An appropriate category of performance characteristics must be selected
depending on the objective of the properties to be studied [115,117]. In the present study,
the S/N ratio of “larger-the-better” performance characteristics was selected for flowability,
compressive strength at different ages of ambient curing, and compressive strength after
exposure to sulfate and acid solutions whereas ‘“smaller-the-better” performance
characteristics was selected for setting time, water absorption, apparent volume of
permeable voids (AVPV), and sorptivity of geopolymer mortar. It is to be noted that, based
on the obtained results of initial and final setting time, “smaller-the-better” performance
characteristics was selected for setting time of GPM. The S/N ratio for “larger-the-better”
and “‘smaller-the-better” performance characteristics were calculated by using the
following equations [118].

Larger-the-better, Y;; = —10 X log [%Zzzlvzi] (3.2)

ijk
Smaller-the-better, ¥;; = —10 X log E D] vizjk] (3.3)

Where Y;; represents the S/N ratio of i"" experiment for j™ response, v; jk denotes the result

of i experiment for j™ response in the k" replication, and r denotes number of replications.

Analysis of variance (ANOVA) was conducted on the obtained S/N ratio to evaluate the
influence of the parameters on each response. Since the F-value could not be calculated
because of over fitted design (i.e., the degree of freedom of error was zero) [115], the
contribution of each parameter on various properties of GPM was estimated by calculating
the percentage of sum of squares of the studied parameter with respect to the total sum of
squares of all the parameters [105]. Further, the mean S/N ratio for each response (property)
with respect to a given level of a parameter was calculated to arrive at a set of optimal
combination of the parameters for individual properties. Subsequently, Taguchi-GRA

method was used to achieve a single optimal combination of the parameters with respect to
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multiple responses. Firstly, the S/N ratio of each response was transformed into a

normalized value using the following equation [117,119].

Yi]-—min( Y,:j)

i=12,..m j=12,...,n (3.4)

g max(Yij)—min(Yl-j) ’
Where Z;; is the normalized S/N ratio of i experiment for j™ response [118-120].

Then, the grey relational coefficient was computed using the following equation [117-119].

GRCoij — Amin + {4max (3.5)

Aoij + Clmax
Where GRC,;; represents the grey relational coefficient of i experiment for j™ response.

Ay ;= difference between the ideal value of normalized S/N ratio (Z, ;) and the normalized

SIN ratio (Z;;)
Apin = ming;minyjAg;; and Ay, = maxy;maxy;Ag;j

{ = identification coefficient or distinguishing coefficient that ranges between 0 and 1, and
is usually set as 0.5 [117,118,120].

Finally, the grey relational grade was computed using the equation below.
GRGoi = 27;=1 (A)]GRCOU ; i=1,2,...,m (36)

Where GRG,; represents the grey relational grade of i"™ experiment, w; represents the
normalized non-negative weight assigned to j* response, and Yj=1w; is equal to 1

[118,120]. In the present research work, equal weight was assigned to all the properties

(responses) considered in the study.

3.3.2 Mix proportions and preparation of specimens in 1%t phase of experiment on fly
ash-GGBS based geopolymer mortar (GPM)

The mix quantities of ingredients of fly ash-GGBS based geopolymer mortar (GPM) mixes
prepared in 1% phase of experiment are presented in Table 3.4. The SS/SH ratio (sodium
silicate solution to sodium hydroxide solution ratio) was kept constant at 1.5 for all
geopolymer mortar mixes. Based on the combination of W/GPS ratio, molarity of NaOH
solution, and S/B ratio obtained from the Taguchi method of experimental design at
constant SS/SH ratio, the quantity of total binder content of each mix was calculated.
Subsequently, the quantities of fly ash and GGBS based on GGBS replacement level (%),
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NaOH solution, NazSiOz solution, and sand content of each GPM mix were calculated. A
planetary mixer (4.75 | capacity) was used to prepare geopolymer mortar mixes. The
mixing procedure of mortar was completed in about 7 minutes as shown in Fig. 3.7. First,
the precursor materials (fly ash and GGBS) were mixed for 2 minutes in dry condition in
the mixer followed by mixing with sand for another 2 minutes. Then, the alkaline solution,
which was prepared 24 hours prior to mixing, was added gradually to the dry mixture in
the mortar mixer and the mixing was continued for 3 minutes till a homogeneous mix was
obtained. Immediately after preparation, the flow table test was conducted on the fresh
GPM mix as per ASTM C1437-2020 [121]. Subsequently, the fresh mortar mix was poured
into cube (50 mm size), and cylindrical (100 mm diameter x 200 mm height) moulds. The
fresh mortar was poured into cube moulds in two layers while compacting each layer for
30 seconds on a vibrating table. Similarly, the fresh mortar was poured into cylindrical
moulds in three layers with each layer compacted for 30 seconds on the vibrating table.
From a given geopolymer mortar mix, three replicate cube specimens (50 mm size) each
were prepared for compressive strength test at different ages of ambient curing, water
absorption and AVPV tests, sulfate and acid resistance tests. For sorptivity test, one
cylindrical specimen (100 mm diameter x 200 mm height) was prepared from each mix.
After 24 hours of casting, all the specimens were demoulded and kept in ambient laboratory
condition until testing. After 28 days of ambient curing, the cylindrical specimens were cut
into four pieces of size 100 mm diameter x 50 mm height, out of which 3 pieces were used
for sorptivity test. The details of specimens prepared for different tests conducted in 1%

phase of experiment for geopolymer mortar are presented in Table 3.5.

Table 3.4 Mix quantities of ingredients of GPM prepared in 1% phase of experiment

Binder content (kg/m?®) . Alkaline solution (kg/m?®)
Mix Fine aggregate NaOH NazSi0s
Fly ash GGBS (kg/m3) 1 .
solution solution
M1 599.31 105.76 1057.60 154.93 232.40
M2 504.90 89.10 1187.99 147.21 220.81
M3 435.46 76.85 1280.78 142.76 214.15
M4 369.38 158.30 1319.20 121.25 181.87
M5 478.18 204.93 1024.67 176.89 265.33
M6 414.01 177.43 1182.87 150.28 225.42
M7 328.52 268.79 1194.62 143.23 214.84
M8 288.99 236.45 1313.61 124.38 186.57
M9 37351 305.60 1018.67 180.89 271.33
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24 hours

Alkaline
solution

(SS+SH)

Binder
(Fly ash +
GGBS)

2 min

2 min 3 min

S Fresh GPM
+ Sand + g
Alkaline solution /

Fig. 3.7 Mixing sequence of ingredients of geopolymer mortar.

Table 3.5 Details of specimens prepared for different tests conducted in 1% phase of
experiment on geopolymer mortar

. 4 1 . No. of
Test details Specimen Testing age/exposure period .
specimens
Compressive Cube specimen of
pressiv f . r 7, 28, 90, and 180 days 108
strength size 50 mm
Water absorption Cube specimen of
28 days 27
and AVPV size 50 mm 4
Cylindrical specimen
of size 100 mm
ivi 2 27
Sorptivity diameter x 50 mm 8 days
height
Exposure period:
26 weeks (182 days)
Sulphate and Cube specimen of Exposure solutions:
acid resistance sizep5 0 mm Na;SO; solution (3% and 6%), MgSO4 243
test solution (3% and 6%), H2SO4 solution (0.31
mol/l and 0.62 mol/l), HCI solution (0.31
mol/l and 0.62 mol/l), and Normal water
C :
ubo:e specimen of 378
size 50 mm
Total specimens Cyllnd_rlcal specimen
of size 100 mm ”7
diameter x 50 mm
height

3.3.3 Tests performed in 1%t phase of experiment on fly ash-GGBS based geopolymer
mortar (GPM)

3.3.3.1 Setting time of GPM

The penetration resistance method described in ASTM C403/C403M-2016 [122] was used
to determine the initial and final setting time of geopolymer mortar. The fresh geopolymer
mortar mix was poured into 150 mm size cube mould. To obtain the penetration resistance
of mortar, at least six penetration readings were taken on the specimen using the loading
apparatus and different penetration needles with bearing surface area of 645 mm?, 323 mm?,
161 mm?, 65 mm?, 32 mm?, and 16 mm?. The force required to penetrate the specimen up
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to 25 mm and the corresponding elapsed time (measured after initial contact of binder with
the alkaline solution till the time of application of penetration needle) were recorded. The
penetration resistance at a given time was calculated by dividing the recorded force by the
bearing surface area of the needle. Then, the initial and final setting time of each mortar
mix were determined as the time corresponding to the penetration resistance of 500 psi (3.5
MPa) and 4000 psi (27.6 MPa) respectively.

3.3.3.2 Flowability of GPM

Flowability of fresh GPM mix was measured by flow table test in accordance with ASTM
C1437-2020 [121]. In the present study, flow table test was conducted three times for each
mix and the average flow index value was reported. The fresh GPM mix was placed into
the flow mould in two layers while tamping 20 times each layer. Then, the mould was lifted
and immediately, the flow table was dropped 25 times in 15 seconds. The spread diameter
along the four lines inscribed on top of the flow table was measured and the average value

was reported.

The flow index of geopolymer mortar was computed as follows:

FI (%) = ? X 100 (3.7)
Where, FI: flow index expressed in %, FD: average of four spread diameter in mm, and

ID: internal base diameter of the mould, in mm.

3.3.3.3 Compressive strength of GPM

The compressive strength of GPM was measured at the ages of 7, 28, 90, and 180 days of
ambient curing from the day of preparation in a compression testing machine as per ASTM
C109/C109M-2021 [123]. For each mix, three replicate cubes were tested at a given age.

3.3.3.4 Water absorption and apparent volume of permeable voids (AVPV) of GPM

Tests for water absorption and apparent volume of permeable voids (AVPV) were
conducted on 28 days ambient cured GPM cube specimens as per the procedure described
in ASTM C642-2013 [124]. For each mix, the average value of three replicate cube
specimens was reported as the water absorption and apparent volume of permeable voids.
The cube specimens were first kept in an oven at 110°C for 48 hours and after that, the
oven dry weight (Wp) was measured. Subsequently, the cube specimens were immersed in

water at ambient temperature for 48 hours. After removing from water, the surface moisture
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of cube specimen was wiped with a towel and the surface dry weight (Ws) was measured.

The water absorption (WA) value was calculated as follows:
WA (%) = 2522 % 100 (3.8)
Wp

In order to determine the apparent volume of permeable voids, the same cube specimens
(saturated cube specimens from water absorption test) after measuring Ws were subjected
to boiling in water for 5 hours and subsequently left in air for 24 hours to cool down to
room temperature by natural loss of heat. Subsequently, the surface-dry weight (Wg) of the
specimen in air (after immersion and boiling) was measured. After that, the cube specimen
was suspended in water by a wire and the apparent weight (Wap) of cube specimen in water

was measured. The apparent volume of permeable voids (AVPV) was calculated as follows:

AVPV (%) = % x 100 (3.9)

3.3.3.5 Sorptivity of GPM

The sorptivity test was carried out on three cylindrical specimens (100 mm diameter and
50 mm height) of a given GPM mix after 28 days of ambient curing following the guidelines
mentioned in ASTM C1585-2020 [125] and the average value of three cylindrical
specimens was reported as the sorptivity coefficient. Three replicate specimens from each
GPM mix were dried in an oven at 50°C for 3 days. After 3 days, the specimens were cooled
down to room temperature and subsequently, the specimens were placed in airtight
polyethylene storage containers and left again in room temperature for 15 days for
equilibration of moisture distribution within the specimen. After that, the specimens were
removed from the storage containers and the side surface of each specimen was sealed with
non-absorbent vinyl tape in order to allow the absorption of water only through the bottom
surface of the specimen. The top surface of the specimen was covered with a plastic sheet.
The initial weight of the sealed specimen was measured before immersing it partially into
water in a pan with water level of 2 - 3 mm above the base of the specimen. The photographs
during oven drying, pre-conditioning, and sorptivity test of GPM specimens are shown in
Fig. 3.8. Further, the schematic diagram of test setup for sorptivity test is shown in Fig. 3.9.
The capillary water absorption was determined at specific time intervals as mentioned in
ASTM C1585-2020 [125] up to 8 days by measuring the weight of the specimen. During

each weight measurement, the specimens were removed from the pan and surface was
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wiped off by cloth and the weight was measured with the whole operation completed within

30 seconds. The sorptivity coefficient was calculated as follows:

s= L (3.10)

Where, S = sorptivity coefficient, t = time, and | = water absorption, which is calculated as
follows:

_ Mt
axd

(3.11)

Where, m; = change in mass of the specimen in grams at time t, a = exposed area of the

specimen in mm?, and d = density of water in g/mm?.

Fig. 3.8 Photographs during (a) oven drying, (b) pre-conditioning, and (c) sorptivity test
of GPM specimens.

Plastic sheet

Pan
T Water level at 2-3 mm above the
exposed bottom surface of the

| 100 mm specimen

| — Vinyl tape

S50 mm

|_— Specimen support

Fig. 3.9 Schematic diagram of test setup for sorptivity test on geopolymer mortar (GPM).
3.3.3.6 Sulfate and acid resistance of GPM

For sulfate resistance test, the GPM cube specimens (size 50 mm) cured in ambient
condition for 28 days were immersed fully in different concentrations (3 wt.% and 6 wt.%)
of Na;SO4, and MgSQa4solutions for a period of 26 weeks. For acid resistance test, the GPM
cube specimens were immersed fully in different concentrations (0.31 mol/l, and 0.62
mol/l) of H.SO4, and HCI solutions for a period of 26 weeks. For comparison purpose, the

companion cube specimens from each GPM mix were immersed in water. In order to
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maintain the concentration, the exposure solutions were replenished at every two weeks
interval till the end of exposure period of 26 weeks. From each GPM mix, three replicate
cube specimens were immersed in each type of exposure solution. The photograph of GPM
cube specimens immersed in different sulfate and acid solutions are shown in Fig. 3.10.
The compressive strength of GPM specimens immersed in different sulfate and acid
solutions were determined at the end of exposure period of 26 weeks. Subsequently, the
changes in compressive strength of the GPM specimens exposed to these solutions were
calculated with respect to the compressive strength of GPM specimens exposed to water to

evaluate the sulfate and acid resistance of geopolymer mortar.

(b)
Fig. 3.10 Photograph of GPM specimens immersed in different (a) sulfate and (b) acid
solutions.

3.3.3.7 Microstructure analysis of GPM

The microstructure analyses such as X-ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDS), field emission scanning electron microscope (FESEM), and Fourier-
transform infrared (FTIR) spectroscopy analyses were conducted on the optimized GPM
mix. The XRD and FTIR analyses were carried out on GPM powder samples collected after
compressive strength test on cube specimens. After completion of compressive strength
test, the crushed samples of GPM mixes were further pulverized in a jaw crusher.
Subsequently, the crushed materials were passed through a sieve having 75 um square
openings, and the sieved material was then kept inside air tight plastic bags in a desiccator.
The FESEM and EDS analyses were carried out on the GPM chunk samples of approximate

size of 3 mm x 3 mm collected after compressive strength test. It may be noted that in case
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of exposure of GPM specimens to sulfate and acid solutions, the EDS analysis (elemental
compositions) and FESEM analysis (morphology) were conducted on the chunk samples
collected from the deteriorated surfaces of the specimens after compressive strength test.
The procedure followed for microstructure analysis of GPM mix is discussed below.

3.3.3.7.1 XRD analysis

The XRD analysis was performed on the GPM powder samples using Rigaku SmartLab 9
kW model X-ray diffractometer with CuKa radiation (A = 1.5405 A). The powder samples
were analyzed from 5° to 60° 20 at step size of 0.03° 26. The phases obtained from the XRD
analysis were identified on the basis of the match score of peak intensity and peak position

using the standard database.

3.3.3.7.2 EDS analysis

The EDS analysis was conducted to identify the elemental composition of GPM mixes. For
EDS analysis, FESEM (ZEISS Gemini) coupled with Oxford EDS instrument was used
with an accelerating voltage of 15 kV. The elemental compositions (atomic %) of GPM
mixes were collected from five locations (areas selected within the paste regions, which
mostly exclude sand and unreacted precursor particles) to analyze the gel composition of

GPM mixes at different ambient curing ages as well as for different exposure environment.

3.3.3.7.3 FESEM analysis

The morphology of GPM mixes was examined using the FESEM instrument: ZEISS
(model: Gemini). The chunk sample collected from GPM specimen was mounted on a stub
over carbon tape. Subsequently, the mortar chunk was coated with a thin layer of gold by

sputtering method. The morphology of GPM sample was observed with in-lens mode.

3.3.3.7.4 FTIR analysis

The functional groups related to the compounds formed in the GPM mix were characterized
by FTIR analysis. The FTIR analysis was carried out using PerkinEImer Spectrum Two
FTIR spectrometer in transmission mode with wavenumber ranging from 400 cm™ to 4000
cm? at a scan resolution of 5 scans per spectrum. The sample for FTIR analysis was
prepared using KBr pellet method where 3 mg of GPM powder (after passing through 75
pm sieve) was mixed with 250 mg of potassium bromide (KBr).

3.3.4 Mix proportions, and preparation of specimens in 2" phase of experiment on fly
ash-GGBS based geopolymer mortar (GPM)
After 1% phase of experiment on GPM mixes, it was observed that most of the studied

properties were significantly influenced by two parameters such as GGBS replacement
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level and sand-to-binder (S/B) ratio. Therefore, the effect of these two parameters were
further studied in the 2" phase of the experiment by preparing the GPM mixes where the
GGBS replacement level and sand-to-binder (S/B) ratio were varied in the optimized mix
(obtained from 1% phase of experiment). The mix quantities of ingredients of GPM mixes
prepared in 2" phase of experiment are presented in Table 3.6. The same type of test
specimens as used in the 1% phase of experiment were prepared separately from the above
GPM mixes. The details of specimens prepared for different tests conducted in 2" phase
of experiment for GPM are presented in Table 3.7.

Table 3.6 Mix quantities of ingredients of GPM prepared in 2" phase of experiment

Binder content Alkaline solution
Mix (kg/md) Fine aggregate (kg/m?) _

Flyash | GGBS (kg/m) NaOH 1 Naz5i0s

solution | solution
M1 (FA85/G15, S/B1.5) 589.6 104.1 1040.5 166.3 249.5
M2 (FA70/G30, S/B1.5) 485.6 208.1 1040.5 166.3 249.5
M3 (FA55/G45, S/B1.5) 381.5 312.2 1040.5 166.3 249.5
M4 (FA55/G45, S/B2.0) 286.1 234.1 1040.5 166.3 249.5
M5 (FA55/G45, S/B2.5) 228.9 187.3 1040.5 166.3 249.5

Table 3.7 Details of specimens prepared for different tests conducted in 2" phase of
experiment on geopolymer mortar

Test details Specimen Testing age/exposure period N?' of
specimens
Compressive strength | Cube specimen of size 50 mm 7, 28, 90, and 180 days 60
Water absorption and
apparent volume of Cube specimen of size 50 mm 28 days 15
permeable voids
(AVPV)
Cylindrical specimen of size
Sorptivity 100 mm diameter x 50 mm 28 days 15

height

Exposure period:
26 weeks (182 days)

Exposure solutions:
NazSO; solution (3% and 6%),
Cube specimen of size 50 mm MgSOQ; solution (3% and 6%), 135
H2SQ, solution (0.31 mol/l and
0.62 mol/l), HClI solution (0.31

mol/l and 0.62 mol/l), and
Normal water

Sulphate and acid
resistance test

Cube specimen of size 50 mm 210
Total specimens Cyllndrlcal_ specimen of size
100 mm diameter x 50 mm 15
height
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3.3.5 Tests performed in 2" phase of experiment on fly ash-GGBS based

geopolymer mortar (GPM)

The tests such as flowability, compressive strength, water absorption, apparent volume of
permeable voids (AVPV), sorptivity, sulfate and acid resistance test, and microstructure
analyses as mentioned in 1% phase of experiment (Section 3.3.3) were also performed on
the GPM mixes prepared in 2" phase of experiment. It may be noted that in 2" phase of
experiment, the sulfate and acid resistance of geopolymer mortar were evaluated in terms
of visual observation, change in weight, and change in compressive strength of the
specimens immersed in different exposure solutions. The initial weight of each specimen
was recorded before immersion in the exposure solution. At the end of every two weeks,
the specimens were removed from the exposure solution and were visually observed to
check the surface deterioration of the specimens if any followed by wiping the surface with
a towel. After that, the specimens were kept for one hour in ambient condition for drying
followed by measuring the weight of the specimens. The percentage change in weight of

the specimen was calculated with respect to its initial weight.

3.4 Fly ash-GGBS based geopolymer concrete (GPC) mixes (Series 2)

The layout of experimental program for fly ash-GGBS based geopolymer concrete (GPC)
is illustrated in Fig. 3.11. In 1% phase of fly ash-GGBS based geopolymer concrete (GPC)
series, the mix design of GPC mixes was carried out by Taguchi method of design of
experiment. Keeping in view the dependence of fly ash-GGBS based geopolymer concrete
properties on different parameters, the GGBS replacement level (% by mass of total binder
content), W/GPS ratio, molarity of NaOH solution (M), binder content (kg/m?), and SS/SH
ratio were selected for the experimental design. In this study, for each parameter, four levels
were selected. The same procedure as followed in case of geopolymer mortar (Section
3.3.1) was used for selection of orthogonal array for GPC in Taguchi method of design of
experiment. Based on the parameters and levels, a design of Lis orthogonal array as per
Taguchi method was considered for the experiment. The selected parameters and their
corresponding levels used in Taguchi method of experimental design for geopolymer
concrete (GPC) are presented in Fig. 3.11. The experimental series for GPC as per Lis

orthogonal array (Taguchi method) is presented in Table 3.8.
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Experimental program for geopolymer concrete (GPC)

Control parameters and levels Properties (responses)
® GGBS replacement level ®  Tests for setting time (geopolymer
Mix design by Taguchi method (D% e O 02 paste)
o Selection of parametersand levels | * Wgta»to—geopolymer solids (W/GPS) |[e  Test for workability
e Selection of orthogonal array (Lyg) MI ratio (9-2& 0.29, 0.30, 0:31) ®  Test for compressive strength
e Selection of responses > | ® ?401?“1@' of NaOH 5°hm;m (7 and 28 days)
T SM,10M, 12 M, 14 M
- : z ® Binder content (k; .-’ms)
KSpemmen preparation, curing, and\ (375, 400, 425, 4 Sgo)
testin, A
: *  Na,SiOyNaOH (SS/SH) ratio
¢ (15, 1.75,2.0, 2.25)
Analysis of results using S/N ratio and
ANOVA technique
] — Taguchi-Gr Calculation of Calculation of
Multi-response optimization by > e ev .. ¥ greyrelational [—»{ grey relational
Taguohi Grey elationalanalysis [~ relational analysis | " o ffcient (GRC) grade (GRG)
metho:

v

Verification experiment on optimized Microstructure analysis of optimized GPC mix
GPC mix (XRD, EDS, FESEM FTIR)

= Tests performed

==
7 =

Effect of chloride ions on g a Ry

selected fly ash-GGBS based

GPC mixes and their —»| Compressive strength (7, 28, and 360 days)

corresponding fly ash based
GPC mixes

Corrosion performance of steel reinforcement in GPC

¥ ] by electrochemical measurements (up to 600 days)
Specimen preparation, curing;
and testing — Chloride content analysis

——

' Microstructure analysis (XRD, EDS, FESEM FTIR)

Fig. 3.11 Layout of experimental program for fly ash-GGBS based geopolymer concrete
(GPC).

The quick setting time and poor workability have become the most challenging issues for
the development of GPC incorporating GGBS [107]. Therefore, in addition to compressive
strength, the properties such as setting time, and slump value for workability (consistency)
were selected for the study. After conducting various tests such as setting time, workability,
and compressive strength on the fly ash-GGBS based GPC mixes (derived from Taguchi
method of design of experiment), the studied parameters were optimized by Taguchi-Grey
relational analysis method and the verification experiments were conducted on the GPC
mix with optimized level of control parameters. Since, longer setting time, higher
workability and higher compressive strength are the requirements of fly ash-GGBS based
GPC, the S/N ratio of the response (property) was calculated based on “larger-the-better”

performance characteristics using equation 3.2. The procedure for optimization of
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parameters for geopolymer concrete with respect to multiple responses as per Taguchi-
GRA method was same as that followed during the optimization of parameters for
geopolymer mortar. In 2" phase of GPC series, the influence of chloride ions on
workability, compressive strength, corrosion behaviour of embedded steel reinforcement,
and chloride content of selected fly ash-GGBS based GPC mixes (based on grey relational
grade: GRG), and their corresponding fly ash based GPC mixes were investigated. The
microstructure analysis was performed on the GPC mixes both in the 1% phase and 2" phase
of GPC series (Fig. 3.11).

Table 3.8 Experimental series for fly ash-GGBS based GPC as per Lis orthogonal array
(Taguchi method)

Mix GGBS replacement WIGPS Molarity of NaOH Binder content SS/SH
level (%) ratio solution (kg/m?3) ratio
M1 15 0.28 8M 375 1.5
M2 15 0.29 10M 400 1.75
M3 15 0.3 12M 425 2
M4 15 0.31 14 M 450 2.25
M5 30 0.28 10M 425 2.25
M6 30 0.29 8M 450 2
M7 30 0.3 14 M 375 1.75
M8 30 0.31 12M 400 1.5
M9 45 0.28 12M 450 1.75
M10 45 0.29 14 M 425 15
M11 45 0.3 8M 400 2.25
M12 45 0.31 10M 375 2
M13 60 0.28 14 M 400 2
M14 60 0.29 12M 375 2.25
M15 60 0.3 10M 450 1.5
M16 60 0.31 8M 425 1.75

3.4.1 Mix proportions and preparation of specimens in 15t phase of experiment on fly
ash-GGBS based geopolymer concrete (GPC)

The mix quantities of ingredients of GPC mixes prepared in 1% phase of experiment are
presented in Table 3.9. Coarse aggregates of maximum size 20 mm and 10 mm were used
in a combination of 60% and 40% respectively by mass of total coarse aggregate. The
proportions of coarse and fine aggregates were 65% and 35% respectively by mass of total
aggregate. The alkaline solution content of each GPC mix was calculated based on the
combination of W/GPS ratio, molarity of NaOH solution, binder content and SS/SH ratio
obtained from the Taguchi method of experimental design (Table 3.8). The mixing of

geopolymer concrete was carried out in a laboratory drum mixer. The mixing sequence of
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the ingredients of GPC is shown in Fig. 3.12. First, the precursor materials were thoroughly
mixed by a trowel in a container for 1 minute. After that, the fine and coarse aggregates
were placed into the concrete mixer and mixed for 2 minutes. Subsequently, the binder (fly
ash plus GGBS) was introduced into the mixer and the mixing of binder and aggregates
was continued for 2 minutes. The mixing was done for another 5 minutes after adding the
alkaline solution, to obtain the fresh GPC mix. Immediately after preparation, slump test
was performed on the fresh GPC mixes. Subsequently, the fresh GPC mix was placed into
cube moulds (150 mm size) in three layers with each layer compacted for 30 seconds on a
vibrating table. The cube specimens were demoulded after 24 hours of casting and kept
under ambient laboratory condition until testing. A total of 96 cube specimens of size 150
mm with three replicates each at the age of 7 and 28 days were prepared for compressive
strength test of 16 GPC mixes (Table 3.8) as per Lis orthogonal array. Similarly, 6 cube
specimens with three replicates each at the age of 7 and 28 days were prepared for

compressive strength test of the optimized GPC mix.

Table 3.9 Mix quantities of ingredients of GPC mixes prepared in 1 phase of experiment

Binder content (kg/m?) . Coarse aggsregate Alkaline soslution

Mix Flntzlfg/grg)gate - (kg/m )20 . OH(kg/m'3I -
g/m mm mm a a,Si03

i o GERE MSA* MSA solution solution

M1 318.75 56.25 612.59 455.07 682.60 69.90 104.84
M2 340 60 593.71 441.04 661.56 74.07 129.62
M3 361.25 63.75 574.30 426.63 639.94 78.04 156.09
M4 382.5 67.5 554.37 411.82 617.73 81.87 184.21
M5 297.5 127.5 583.26 433.28 649.92 64.17 144.38
M6 315 135 570.17 423.55 635.33 73.65 147.30
M7 262.5 112.5 598.55 444.64 666.96 78.13 136.73
M8 280 120 584.58 434.26 651.39 91.91 137.86
M9 247.5 202.5 567.46 421.54 632.31 83.16 145.53
M10 233.75 191.25 574.01 426.40 639.61 93.99 140.99
M11 220 180 593.17 440.64 660.96 63.15 142.08
M12 206.25 168.75 601.30 446.68 670.02 69.00 138.00
M13 160 240 591.49 439.39 659.08 70.01 140.03
M14 150 225 604.37 448.96 673.44 60.99 137.24
M15 180 270 564.26 419.16 628.74 95.13 142.70
M16 170 255 577.77 429.20 643.80 81.54 142.69

*MSA: Maximum size of aggregate
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Fig. 3.12 Mixing sequence of ingredients of geopolymer concrete (GPC).

3.4.2 Tests performed in 1%t phase of experiment on fly ash-GGBS based geopolymer
concrete (GPC)

3.4.2.1 Setting time and workability of GPC

The tests for setting time were conducted on paste samples of GPC mixes as per IS 4031
(Part 5)-2019 [126] and ASTM C191-2019 [127]. The paste of GPC mixes (presented in
Table 3.8) was made by mixing the alkaline solution with binder of respective mixes. The
slump test was performed on fresh GPC mixes in accordance with 1S 1199 (Part 2)-2018
[128], and ASTM C143-2020 [129] to measure the consistency (workability) of the mixes.

3.4.2.2 Compressive strength of GPC

The compressive strength test on GPC mixes was performed at the age of 7 and 28 days of
ambient curing from the day of preparation as per IS 516 (Part 1/Sec 1)-2021 [130]. The
compressive strength test was carried out on three replicate cube specimens (150 mm size)
of a given GPC mix in a compression testing machine, and the average value of three

replicates was reported.

3.4.2.3 Microstructure analysis of GPC

Out of sixteen fly ash-GGBS based GPC mixes (Table 3.8), the microstructure study was
carried out on the selected mixes (based on grey relational grade: GRG). After completion
of compressive strength test on cube specimens, the crushed samples of selected GPC
mixes were further pulverized in a jaw crusher. Subsequently, the crushed materials were
passed through a sieve having 75 pm square openings, and the sieved materials were then
kept in air tight plastic containers inside a desiccator. The XRD, EDS, FESEM, and FTIR
analyses were conducted on the GPC powder samples. The procedures followed for
microstructure analyses in case of geopolymer concrete (GPC) were same as that used in

case of geopolymer mortar (GPM) as mentioned in Section 3.3.3.6.
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3.4.3 Mix proportions, and preparation of specimens in 2" phase of experiment on
geopolymer concrete (GPC)

As stated earlier, in 2" phase of experiment on GPC, the influence of chloride ions on
different properties (i.e., workability, compressive strength, corrosion behaviour of steel
reinforcement, chloride content, and microstructure) of selected fly ash-GGBS based GPC
mixes and their corresponding fly ash based GPC mixes were studied. For this purpose,
one GPC mix was selected for each GGBS replacement level (%) based on grey relational
grade (GRG) from the GPC mixes formulated in 1% phase of experiment of GPC series.
The mix proportion of selected fly ash-GGBS based GPC mixes for the 2" phase of
experiment and their corresponding fly ash based GPC mixes are presented in Table 3.10.
Further, the mix quantities of ingredients of GPC mixes prepared in 2" phase of experiment
are presented in Table 3.11.

Table 3.10 Mix proportion of fly ash-GGBS based GPC mixes and their corresponding
fly ash based GPC mixes

aler-log Molarity of Binder

. Fly ash GGBS geopolymer SS/SH
Mix . NaOH content .

(%) (%) solids solution (kg/m?) ratio

(W/GPS) ratio

M3: FA85/G15 85 15 0.3 12M 425 2
M8: FA70/G30 70 30 0.31 12M 400 15
M10: FA55/G45 55 45 0.29 14 M 425 15
M15: FA40/G60 40 60 0.3 10M 450 1.5
M3: FA100 100 - 0.3 12M 425 2
M8: FA100 100 - 0.31 12M 400 15
M10: FA100 100 - 0.29 14 M 425 15
M15: FA100 100 - 0.3 10M 450 1.5

Table 3.11 Mix quantities of ingredients of GPC mixes prepared in 2" phase of

experiment
Binder content Fine Coarse aggregate Alkaline solution
. (kg/m®) (kg/m?) (kg/m?)

Mix aggregate -
Flyash | GGBS | (kg/m?) 10 mm 20 mm NaQH Na28.|03
MSA MSA solution solution
M3: FA85/G15 361.25 | 63.75 574.30 426.63 639.94 78.04 156.09
M8: FA70/G30 280 120 584.58 434.26 651.39 91.91 137.86
M10: FA55/G45 233.75 | 191.25 | 574.01 426.40 639.61 93.99 140.99
M15: FA40/G60 180 270 564.26 419.16 628.74 95.13 142.70
M3: FA100 425 - 574.30 426.63 639.94 78.04 156.09
M8: FA100 400 - 584.58 434.26 651.39 91.91 137.86
M10: FA100 425 - 574.01 426.40 639.61 93.99 140.99
M15: FA100 450 - 564.26 419.16 628.74 95.13 142.70
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To evaluate the effect of chloride ions on workability, compressive strength and corrosion
behaviour of steel reinforcement in fly ash and fly ash-GGBS based GPC mixes, sodium
chloride (NaCl) of different concentrations such as 1.5% and 3.5% (by mass of geopolymer
solids) were added in alkaline solution at the time of preparation of GPC mixes. Two types
of specimens were prepared from each GPC mix. Cube specimens of size 150 mm were
prepared for compressive strength test. Cylindrical reinforced GPC specimens of size 72
mm diameter and 200 mm height with a centrally embedded steel bar were prepared for
electrochemical measurements such as corrosion potential and corrosion current density by
linear polarization resistance (LPR) measurement. The Tempcore TMT steel bars of
diameter 12 mm to be embedded in the cylindrical specimens were cleaned with wire brush,
and insulating tape followed by epoxy coating was applied at specific locations, where there
is a discontinuity of steel bar with surrounding concrete to prevent crevice corrosion. The
schematic diagram of steel bar is shown in Fig. 3.13 (a). The fly ash-GGBS based GPC
specimens were demoulded after 24 hours of preparation. However, the fly ash based GPC
specimens were subjected to 48 hours of rest period after preparation followed by 48 hours
of oven drying at 80° C before demoulding. After demoulding, the GPC specimens were
kept in ambient laboratory condition until testing. The schematic diagram of cylindrical
reinforced GPC specimen is shown in Fig. 3.13 (b). The photograph of cube specimens and
cylindrical reinforced specimens prepared in the 2" phase of experiment of GPC series is
shown in Fig. 3.14. The details of cube and cylindrical reinforced GPC specimens prepared

in 2" phase of experiment are presented in Table 3.12.

Insulating tape coated with epoxy

g

30mm 60mm 110 mm 30 mm

(a)

230 mm

ii

12 mmﬂ
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Fig. 3.13 Schematic diagram of (a) steel bar and (b) cylindrical reinforced GPC specimen.

Cylindrical
0 reinforced GPC
specimens

. GPC cube
~ specimens

Fig. 3.14 Photograph of cubes and cylindrical reinforced specimens prepared in 2" phase
of experiment of GPC series.

Table 3.12 Details of specimens prepared for different tests conducted in 2" phase of
experiment on GPC

Mix Number of cube specimens (age: 7, 28, Number of cylindrical reinforced
and 360 days) specimens

Admixed NaCl concentration Admixed NaCl concentration

0% 1.5% 3.5% 0% 1.5% 3.5%
M3: FA85/G15 3* 9 9 3 3 3
M8: FA70/G30 3 9 9 3 3 3
M10: FA55/G45 3 9 9 3 3 3
M15: FA40/G60 3 9 9 3 3 3
M3: FA100 9 9 9 3 3 3
M8: FA100 9 9 9 3 3 3
M10: FA100 9 9 9 3 3 3
M15: FA100 9 9 9 3 3 3
Total 48 72 72 24 24 24

Note: "Remaining 6 cube specimens of control fly ash-GGBS based GPC mixes (without NaCl) for the age
of 7 and 28 days were already prepared in the 1% phase of experiment of GPC series.
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3.4.4 Tests performed in 2" phase of experiment on geopolymer concrete (GPC)
3.4.4.1 Workability and compressive strength of GPC

The same procedure as followed in the 1% phase of experiment in GPC series was used for
conducting slump test and compressive strength test on GPC mixes in the 2" phase of
experiment. The compressive strength test was conducted on GPC cube specimens of size

150 mm at the age of 7, 28, and 360 days from the day of preparation.

3.4.4.2 Electrochemical measurements

The corrosion potential (Ecorr), and corrosion current density (lcorr) Of steel reinforcement
by linear polarization resistance (LPR) technique were measured using a corrosion
monitoring instrument (make: ACM, Gill AC serial no. 1836-sequencer) at the age of 60,
150, 240, 330, 420, 510, and 600 days. The schematic diagram of experimental setup for
electrochemical measurements is shown in Fig. 3.15. The corrosion monitoring tests were
carried out using a three-electrode arrangement, which comprises of working electrode
(WE) (i.e., the steel bar embedded in cylindrical GPC specimen), auxiliary electrode (AE)
(a pair of stainless steel plates) and reference electrode (RE) (SCE: saturated calomel
electrode). The photograph of the experimental setup for electrochemical measurements is
shown in Fig. 3.16. During the electrochemical measurements, the cylindrical reinforced
GPC specimen (size: 72 mm diameter and 200 mm height) was partially immersed in the
test solution in a plastic container. The concentration of NaCl in the test solution was same
as that admixed during the preparation of GPC mixes. The Ecor value of the steel
reinforcement in the cylindrical specimen was measured with reference to saturated
calomel electrode, and the probability of steel reinforcement corrosion in GPC was
evaluated as per ASTM C876-15 [131]. The lcorr Value was determined by polarizing the
reinforcing steel bar to + 20 mV from the equilibrium potential at scan rate of 6 mV/minute.

The lcorr Of steel bar was calculated using the Stern-Geary equation [70,72] and is given by:

Leorr = — (3.12)

Where B is Stern-Geary constant, which was considered as 26 mV in the present study for

reinforcing steel bar in active condition, and R, is polarization resistance of steel bar [70].
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Fig. 3.15 Schematic diagram of experimental setup for electrochemical measurements.
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Fig. 3.16 Photograph of experimental setup for electrochemical measurements.

3.4.4.3 Chloride content analysis

For chloride analysis, the free chloride (Cs) and total chloride (C:) contents of powder
samples collected from the chloride admixed GPC cube specimens and rebar level of
chloride admixed cylindrical reinforced GPC specimens were measured. The same
procedure as mentioned in Section 3.4.2.3 was followed for obtaining the powder samples
from chloride admixed GPC cube specimens after completion of compressive strength test
at the ages of 7, 28, and 360 days. After completion of electrochemical measurements, i.e.,
after 600 days, the powder samples near the rebar level i.e., in the depth interval of 25-30
mm from the surface of cylindrical reinforced GPC specimens were collected by drilling.
The collected powder samples were subsequently passed through a sieve having 75 pum
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square openings, and were kept in airtight plastic containers inside a desiccator. The free
chloride (Cs) and total chloride (Ct) contents of GPC powder samples were determined
using a potentiometric titrator (make: Metrohm, model: 848 Titrino Plus). In order to
determine the free chloride (Cs) and total chloride (Ct) contents, 3 g of GPC powder sample
was added with 50 ml of respective solvent (i.e., distilled water in case of free chloride, and
concentrated nitric acid (1 N) in case of total chloride) in a 100 ml beaker. For free chloride
content, the powder solution was thoroughly mixed and heated gradually up to boiling on
a hot plate with magnetic stirrer and continued for boiling for about one minute. After that,
the powder solution was cooled to the room temperature, and then titrated against 0.1 M
AgNOs solution. For total chloride content, the powder solution was thoroughly mixed by
stirring without heating and then titrated 0.1 M AgNOs solution. The free chloride and total
chloride contents were expressed as percentage by mass of geopolymer concrete (GPC).
The photographs of drilled cylindrical reinforced specimens, collected GPC powder

samples, and chloride content analysis of GPC powder samples using potentiometric

titrator are shown in Fig. 3.17.

GPC powder samples collected from cylindrical Chloride content analysis of GPC powder sample
reinforced specimens by drilling using potentiometric titrator

Fig. 3.17 Photographs of drilled cylindrical reinforced specimens, GPC powder samples,
and chloride analysis using potentiometric titrator.

3.4.4.4 Microstructure analysis

For microstructure analysis on GPC mixes, XRD, EDS, FESEM, and FTIR analyses were
performed on GPC powder samples (Section 3.4.4.3) collected after compressive strength
test on cube specimens, and from near the rebar level of cylindrical reinforced specimens
after completion of electrochemical measurements. The procedures followed for

microstructure analyses were same as that used in case of geopolymer mortar (GPM).
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3.5 Summary

In this experimental program, the geopolymer mortar and concrete mixes were prepared
using fly ash and ground granulated blast furnace slag (GGBS) as precursor materials, and
combination of sodium hydroxide solution and sodium silicate solution as alkaline solution.
Geopolymer mortar and concrete mixes were designed in two different series. In each
series, various experiments were performed in two different phases. In 1% phase of
geopolymer mortar (GPM) series, the mix design of fly ash-GGBS based geopolymer
mortar was carried out by Taguchi method of design of experiment (Lo orthogonal array)
by considering four control parameters with three levels each. The control parameters
considered were GGBS replacement level, water-to-geopolymer solids (W/GPS) ratio,
molarity of NaOH solution, and sand-to-binder (S/B) ratio. After conducting experiments
for fresh (setting time, and flowability), mechanical (compressive strength), and durability
properties (water absorption, apparent volume of permeable voids, sorptivity, and
resistance against sulfate and acid attack) of geopolymer mortar mixes derived from
Taguchi method of design of experiment, the control parameters were optimized by
Taguchi-Grey relational analysis (GRA) method. Subsequently, the verification
experiments were conducted on the optimized GPM mix. In 2" phase of geopolymer
mortar series, the mix proportions of geopolymer mortar mixes were designed by
considering the most influential parameters evaluated in the 1% phase of geopolymer mortar
series such as GGBS replacement level and sand-to-binder (S/B) ratio. The experiments
(except setting time) that were conducted in 1% phase of geopolymer mortar series were
performed again in the 2" phase of geopolymer mortar series. Cube specimens of size 50
mm were prepared for compressive strength, water absorption, apparent volume of
permeable voids, and sulfate and acid resistance tests, whereas cylindrical specimens of
size 100 mm diameter x 50 mm height were prepared for sorptivity test in both phases of

geopolymer mortar series.

In 1%t phase of geopolymer concrete (GPC) series, the mix proportioning of geopolymer
concrete mixes was carried out by Taguchi method of design of experiment (L1 orthogonal
array) by considering five control parameters with four levels each. The considered control
parameters were GGBS replacement level, W/GPS ratio, molarity of NaOH solution,
binder content, and SS/SH ratio. After conducting setting time, workability, and
compressive strength tests on geopolymer concrete mixes derived from Taguchi method of

design of experiment, the control parameters were optimized by Taguchi-GRA method.
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After that, verification experiments were conducted on the mix combination of optimized
level of control parameters. In 2" phase of geopolymer concrete series, the effect of
chloride ions on different properties namely workability, compressive strength, corrosion
behaviour of embedded steel reinforcement, and chloride content of selected fly ash-GGBS
based geopolymer concrete mixes, and their corresponding fly ash based geopolymer
concrete mixes were evaluated. Geopolymer concrete cube specimens of size 150 mm, and
cylindrical reinforced specimens of size 72 mm diameter and 200 mm height with a
centrally embedded steel bar were prepared for compressive strength test and
electrochemical measurements (corrosion potential and corrosion current density by linear
polarization resistance measurement) respectively. The microstructure of geopolymer
mortar and concrete were studied through X-ray diffraction (XRD), energy dispersive X-
ray spectroscopy (EDS), field emission scanning electron microscope (FESEM), and

Fourier transform infrared (FTIR) spectroscopy analyses.
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Optimizing the Performance of Geopolymer Mortar Based on Fresh,

Hardened and Durability Properties

4.1 General

In this chapter, the Taguchi-Grey relational analysis was used to investigate and optimize
the effect of various control parameters such as GGBS replacement level, water-to-
geopolymer solids (W/GPS) ratio, molarity of NaOH solution, and sand-to-binder (S/B)
ratio on fresh (setting time, and flowability), hardened (compressive strength at different
ages of ambient curing), and durability (water absorption, apparent volume of permeable
voids (AVPV), sorptivity, sulfate and acid resistance) properties of fly ash-GGBS based
geopolymer mortar. The microstructure of the geopolymer mortar mix with highest grey
relational grade (GRG) was analyzed through XRD, FESEM, EDS, and FTIR analyses.
Based on the results obtained from Taguchi-Grey relational analysis, the optimal
combination of mix parameters was proposed and the obtained results of verification

experiments conducted on the proposed optimized geopolymer mortar mix were discussed.

4.2 Setting time

The initial and final setting time of geopolymer mortar (GPM) mixes determined by
penetration resistance method are presented in Fig. 4.1. From Fig. 4.1, it is observed that
the initial setting time of geopolymer mortar mixes ranges from 47 minutes to 780 minutes
and the final setting time ranges from 150 minutes to 919 minutes. Among all the GPM
mixes, M1 (GGBS replacement: 15%, W/GPS ratio: 0.31, NaOH solution: 10 M and S/B
ratio: 1.5) exhibited longer initial and final setting time whereas the mix M4 (GGBS
replacement: 30%, W/GPS ratio: 0.31, NaOH solution: 12 M and S/B ratio: 2.5) showed
quick initial and final setting time. From Fig. 4.1, while comparing the mixes M1, M2 and
M3, it is noted that the initial and final setting time of GPM decreased with increase in
NaOH solution molarity and S/B ratio. This indicated that at GGBS replacement level of
15% (M1, M2, and M3), the combined effect of NaOH solution molarity and S/B ratio
dominated the effect of W/GPS ratio on setting time. However, for GGBS replacement
levels of 30% (M4, M5, and M6) and 45% (M7, M8, and M9), the W/GPS ratio had
dominant effect on setting time of GPM irrespective of NaOH solution molarity and S/B

ratio.
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Fig. 4.1 Initial and final setting time of geopolymer mortar mixes.

The signal-to-noise (S/N) ratio for setting time was calculated as per “smaller-the-better”
function (Equation 3.3) and is presented in Table 4.1. The performance statistics (mean S/N
ratio) of setting time (initial and final) for different control parameters of GPM mixes are
shown in Fig. 4.2. For a given level of a parameter, the performance statistics value of a
given response (i.e., setting time) was calculated as the average of S/N ratio of that response
for the GPM mixes made with same level of the parameter. The higher performance
statistics value indicates the best level of each parameter. The combination of these optimal
levels of the parameters was considered as the best possible combination to achieve the
desired property i.e., lower setting time. From Fig. 4.2, it is observed that the shorter initial
and final setting time for GPM mixes were achieved due to increase in GGBS replacement
level (from 15% to 30%), NaOH solution molarity (from 10 M to 14 M) and sand to binder
(S/B) ratio (from 1.5 to 2.5). The setting time (initial and final) of GPM increased with
increase in W/GPS ratio of the mixes. With increase in GGBS replacement level from 15%
to 30%, the decrease in setting time may be ascribed to effect of higher calcium oxide
(CaO) content of GGBS that increased the rate of geopolymerization process of the GPM
mixes and formed calcium aluminosilicate hydrate gel [132]. At 45% GGBS replacement
level, the increase in setting time of GPM mixes may be due to the combined effect of
higher W/GPS ratio and lower S/B ratio that resulted in higher paste content of the GPM
mix. With increase in molarity of NaOH solution, the sodium content in the mixes
increased, which accelerated the geopolymerization process and resulted in significant
decrease in setting time. The decrease in setting time with increase in S/B ratio is attributed
to the effect of lower paste content of the GPM mix at higher S/B ratio. The water content
in the alkaline solution increased at higher W/GPS ratio of the mix and led to retardation
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of the reaction process [91]. Thus, longer setting time was achieved when the GPM mix
was prepared with higher W/GPS ratio. The results of ANOVA of S/N ratio for setting time
of geopolymer mortar are presented in Table 4.2. From this table, it is observed that except
W/GPS ratio, other parameters such as GGBS replacement level (%), NaOH solution
molarity and S/B ratio substantially influenced the setting time (both initial and final) of
GPM. The order of contribution (%) of parameters to achieve lower initial setting time was
GGBS replacement (34.35%) > S/B ratio (32.41%) > molarity of NaOH solution (25.94%)
> WI/GPS ratio (7.3%). Similarly, the order of contribution (%) of parameters to achieve
lower final setting time was GGBS replacement (44.99%) > molarity of NaOH solution
(26.95%) > S/B ratio (23.42%) > W/GPS ratio (4.64%).

Table 4.1 Signal-to-noise (S/N) ratio of setting time, flow index, and compressive
strength of GPM mixes

_ Setting time Flow Compressive strength
Mix I.nma.l Flnal_ setting index 7 days 28 days 90 days 180 days
setting time time
M1 -57.84 -59.27 39.34 27.97 32.16 32.17 32.19
M2 -54.40 -58.07 35.95 26.01 30.70 31.37 31.86
M3 -45.34 -50.50 27.86 26.02 30.52 30.71 30.95
M4 -33.44 -43.52 12.02 28.83 30.09 30.73 31.95
M5 -44.14 -47.20 40.88 28.59 31.48 31.86 32.52
M6 -51.71 -54.40 35.38 27.65 30.95 31.18 31.89
M7 -42.28 -46.77 30.21 30.18 32.86 33.18 33.77
M8 -46.19 -49.71 16.79 30.02 31.22 31.89 33.04
M9 -48.63 -52.28 42.01 30.75 31.75 32.03 32.65
-40 -

VAN

—a— [nitial setting time
Final setting time

Mean S/N ratio
n
o

n
a1
1

-60
15 | 30 | 45 0.31|0.33|0.35 10 | 12 | 14 1.5| 2 |2.5
GGBS W/GPS ratio NaOH S/B ratio
replacement solution (M)
(%)

Control parameters

Fig. 4.2 Performance statistics (mean S/N ratio) of setting time for different control
parameters of GPM mixes.
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Table 4.2 ANOVA results of signal-to-noise (S/N) ratio for setting time of geopolymer

mortar
Parameter | DOF | S0S MS Contribution (%)
Initial setting time
GGBS replacement level 2 142.33 71.17 34.35
W/GPS ratio 2 30.26 15.13 7.3
NaOH molarity 2 107.52 53.76 25.94
Sand-to-binder (S/B) ratio 2 134.32 67.16 32.41
Error -
Total 8 414.44 100
Final setting time
GGBS replacement level 2 99.39 49.7 44.99
W/GPS ratio 2 10.26 5.13 4.64
NaOH molarity 2 59.54 29.77 26.95
Sand-to-binder (S/B) ratio 2 51.76 25.88 23.42
Error -
Total 8 220.95 100

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square
4.3 Flowability

The obtained flow table test results are illustrated in Fig. 4.3. The flowability of GPM mixes
was evaluated in terms of flow index (%). From Fig. 4.3, it is observed that the GPM mix
M4 (prepared with GGBS replacement of 30%, W/GPS ratio of 0.31, 12 M NaOH solution,
and S/B ratio of 2.5) showed the lowest flow index of 4% whereas the mix M9 (prepared
with GGBS replacement of 45%, W/GPS ratio of 0.35, 12 M NaOH solution, and S/B ratio
of 1.5) showed the highest flow index of 127%. Further, the geopolymer mortar mixes M1
and M5 prepared with S/B ratio of 1.5 showed comparatively higher flow index of 93%
and 111% respectively. The GPM mixes M3 and M8 prepared with S/B ratio of 2.5 showed
comparatively poor flowability with flow index of 29% and 7% respectively. The GPM
mixes made with S/B ratio of 2 i.e., M2, M6 and M7 showed intermediate flow index of
63%, 59% and 33% respectively when compared with GPM mixes made with S/B ratio of
1.5 and 2.5. From these observations, it can be noticed that the flowability of geopolymer

mortar was significantly influenced by sand to binder (S/B) ratio.
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Fig. 4.3 Flow index (%) of geopolymer mortar mixes.

The S/N ratio of flow index of GPM are presented in Table 4.1. The performance statistics
(mean S/N ratio) of flow index for different control parameters of GPM mixes are shown
in Fig. 4.4. From Fig. 4.4, it is observed that flowability of fresh GPM mixes decreased
significantly with increase in S/B ratio, which may be ascribed to the dominant effect of
increase in sand content, and decrease in binder and alkaline solution contents. From Fig.
4.4, it was noticed that the performance statistics of flow index increased with increase in
W/GPS ratio. When GPM mixes prepared with higher W/GPS ratio, the water content of
the mixes increased, which improved the particle mobility of the precursor materials in the
GPM mixes. Further, the performance statistics value of flow index decreased significantly
with increase in GGBS replacement level from 15% to 30% followed by a small increase
at GGBS replacement level of 45%. The significant decrease in flow index with increase
in GGBS replacement level from 15% to 30% may be ascribed to the dominant effect of
angular particles of GGBS that might have increased the friction among the fly ash particles
[38]. The small increase in flow index of GPM mixes with increase in GGBS replacement
level from 30% and 45% may be due to the dominant effect of S/B ratio (over the effect of
angular particles of GGBS), which did not vary with increase in GGBS replacement level
from 30% to 45%. From Fig. 4.4, it is noted that the performance statistics value of flow
index decreased slightly with increase in molarity of NaOH solution from 10 M to 12 M
followed by an increase at 14 M. This variation in flow index with molarity of NaOH
solution may be ascribed to the dominant effect of variation in S/B ratio of the GPM mix
although the paste content of the mix increased with increase in molarity of NaOH solution.
The results of ANOVA of S/N ratio for flow index of geopolymer mortar are presented in
Table 4.3. From the table, it is observed that S/B ratio has highest contributing effect
(82.81%) followed by W/GPS ratio (10.19%), GGBS replacement (5.28%) and molarity of
NaOH solution (1.72%) on flow index of GPM mixes.
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Fig. 4.4 Performance statistics (mean S/N ratio) of flow index for different control
parameters of GPM mixes.

Table 4.3 ANOVA results of signal-to-noise (S/N) ratio for flow index of geopolymer

mortar
Parameter DOF SOS MS Contribution (%)
GGBS replacement level 2 47.68 23.84 5.28
W/GPS ratio 2 91.99 45.99 10.19
NaOH molarity 2 15.53 7.76 1.72
Sand-to-binder (S/B) ratio 2 747.58 373.79 82.81
Error -
Total 8 902.76 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square

4.4 Compressive strength

The results obtained from compressive strength test of GPM mixes (M1 - M9) at 7, 28, 90,
and 180 days of ambient curing are illustrated in Fig. 4.5. From this figure, it is observed
that the mixes M2 (15% GGBS) and M3 (15% GGBS) achieved lowest 7 days compressive
strength of 20 N/mm? each, and mix M9 (45% GGBS) achieved the highest 7 days
compressive strength of 34.67 N/mm?. This variation in early age compressive strength is
attributed to the effect of GGBS content in the GPM mixes. At 7 days of ambient curing,
all the GPM mixes prepared with 45% GGBS replacement (M7, M8, and M9) showed
higher compressive strength as compared to the GPM mixes prepared with other
replacement levels. With increase in GGBS replacement level, the calcium oxide content
of the GPM mixes increased, which resulted in relatively greater extent of
geopolymerization process as well as in the formation of more amount of C-S-H gel.
Therefore, the coexistence of geopolymer gels (N-A-S-H and N-(C)-A-S-H) and C-S-H gel
increased the compressive strength of GPM made with higher GGBS replacement level at
early age of ambient curing [81]. From Fig. 4.5, it is noticed that the compressive strength
of GPM mixes increased with increase in ambient curing age i.e., from 7 days to 180 days
through 28 days and 90 days. The increase in compressive strength of GPM mixes at later
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age of curing is due to the effect of delayed reactivity of fly ash in GPM mixes under
ambient condition that improved the compressive strength at later age. However, the
improvement in compressive strength of GPM mixes after 28 days was observed to be very
less as 86.4% to 93.5% of 180 days compressive strength was achieved at 28 days of
ambient curing for all the GPM mixes. It can also be noted that the strength enhancement
of GPM mixes with age i.e., from 7 to 180 days was reliant on the quantity of fly ash present
in the mix. The GPM mixes (M1 - M3) prepared with 85% fly ash (and 15% GGBS) had
highest average compressive strength enhancement of 79.5% from 7 to 180 days as
compared to the GPM mixes (M4 - M6) prepared with 70% fly ash (and 30% GGBS) with
average compressive strength enhancement of 54.44% followed by the GPM mixes (M7 -
M9) prepared with 55% fly ash (and 45% GGBS) with average compressive strength
enhancement of 38.62%.

60 -
@7 days B28days @90 days @180 days

Compressive strength (N/mm2)

M4 M5 M6
Geopolymer mortar mixes

Fig. 4.5 Compressive strength of geopolymer mortar mixes at different ages of ambient
curing.

The S/N ratio of compressive strength of GPM mixes at 7, 28, 90 and 180 days are
presented in Table 4.1. The performance statistics of compressive strength for different
control parameters of GPM mixes are shown in Fig. 4.6. From Fig. 4.6, it is observed that
performance statistics value of 7 days and 180 days compressive strength increased with
increase in GGBS replacement. Further, at the ages of 28 days and 90 days, the performance
statistics of compressive strength decreased slightly at 30% GGBS replacement followed
by a relatively significant increase at 45% GGBS replacement when compared with 15%
GGBS replacement. This indicates that the compressive strength of GPM mostly increased
with increase in GGBS replacement level at all ambient curing ages. The minor reduction
in compressive strength of GPM mix made with 30% GGBS replacement at 28 and 90 days

of ambient curing may be attributed to the effect of alterations in the extent of
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geopolymerization reaction in the GPM mix. The performance statistics of compressive
strength decreased with increase in W/GPS ratio as shown in Fig. 4.6. This may be ascribed
to the effect of increase in porosity of the GPM mix in the presence of higher amount of
water at higher W/GPS ratio. The performance statistics for 7 days compressive strength
decreased slightly with increase in molarity of NaOH solution as observed from Fig. 4.6.
However, at later ages (28, 90 and 180 days), the variation in performance statistics for
compressive strength was unsystematic with increase in molarity of NaOH solution with
higher value for the GPM mix prepared with 14 M NaOH solution. At the early age (7
days), the effect of NaOH solution molarity on compressive strength was not reflected
because of comparatively lower extent of geopolymerization process. However, at later
ages, there is greater extent of geopolymerization process of the precursor materials at
higher molarity of NaOH solution (14 M) that resulted in higher compressive strength. The
variation in performance statistics for compressive strength with S/B ratio was not
systematic at the early age (7 days) as observed from Fig. 4.6. However, at later ages (28,
90 and 180 days), the performance statistics for compressive strength of GPM mixes mostly
decreased with increase in S/B ratio. The decrease in compressive strength with increase in
S/B ratio may be ascribed to the effect of formation of porous microstructure due to reduced
binder content and alkaline solution content in the GPM mix at higher S/B ratio. The results
of ANOVA of S/N ratio for compressive strength of geopolymer mortar are presented in
Table 4.4. From the table, it is observed that for different ages of ambient curing, GGBS
replacement has highest contributing effect (32.74 - 84.75%) followed by S/B ratio (8.86 -
38.29%), W/GPS ratio (5.72 - 21.28%), and molarity of NaOH solution (0.67 - 16.8%) on

compressive strength of GPM mixes.
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Fig. 4.6 Performance statistics (mean S/N ratio) of compressive strength for different
control parameters of geopolymer mortar mixes.
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Table 4.4 ANOVA results of signal-to-noise (S/N) ratio for compressive strength of
geopolymer mortar

Parameter | DOF | S0S | MS Contribution (%)
7 days compressive strength

GGBS replacement level 2 20.02 10.01 84.75
W/GPS ratio 2 1.35 0.68 5.72
NaOH molarity 2 0.16 0.08 0.67
Sand-to-binder (S/B) ratio 2 2.09 1.05 8.86
Error - - - -
Total 8 23.62 100.00
28 days compressive strength

GGBS replacement level 2 1.95 0.98 32.74
W/GPS ratio 2 0.73 0.36 12.17
NaOH molarity 2 1 0.50 16.80
Sand-to-binder (S/B) ratio 2 2.28 1.14 38.29
Error - - - -
Total 8 5.96 100.00
90 days compressive strength

GGBS replacement level 2 2.12 1.06 43.83
W/GPS ratio 2 0.76 0.38 15.72
NaOH molarity 2 0.48 0.24 9.84
Sand-to-binder (S/B) ratio 2 1.48 0.74 30.61
Error - - - -
Total 8 4.84 100.00
180 days compressive strength

GGBS replacement level 2 3.45 1.73 66.73
W/GPS ratio 2 1.10 0.55 21.28
NaOH molarity 2 0.11 0.06 2.13
Sand-to-binder (S/B) ratio 2 0.51 0.26 9.86
Error - - - -
Total 8 5.17 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square

4.5 Water absorption and apparent volume of permeable voids (AVPV)

The results obtained from water absorption and apparent volume of permeable voids
(AVPV) of fly ash-GGBS based GPM at 28 days of ambient curing are presented in Fig.
4.7 (a) and (b) respectively. From Fig. 4.7, it is observed that the GPM mixes (M1, M2,
and M3) prepared with 15% GGBS replacement exhibited higher water absorption value
(6.08% - 6.59%) and higher volume of permeable voids (6.44% - 6.87%) as compared to
the GPM mixes made with other GGBS replacement levels. Further, the GPM mixes
prepared with 30% GGBS (M4, M5, and M6) showed water absorption, and volume of
permeable voids of 5.18% - 5.72%, and 5.23% - 5.86% respectively. Similarly, the GPM
mixes made with 45% GGBS replacement (M7, M8, and M9) exhibited water absorption
and volume of permeable voids of 5.2% - 5.62%, and 5.29% - 5.81% respectively. This

99
TH-3009_156104033



Chapter-4

indicates that the variations in water absorption, and volume of permeable voids of GPM
mixes between 30% and 45% GGBS replacement levels are less. A linear relationship (with

R? = 0.974) was observed between water absorption and volume of permeable voids for all
the GPM mixes as shown in Fig. 4.8.
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Fig. 4.7 (a) Water absorption (%) and (b) apparent volume of permeable voids (%) of
geopolymer mortar mixes at 28 days of ambient curing.
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Fig. 4.8 Relationship between water absorption (%) and volume of permeable voids (%)
of GPM mixes.

The S/N ratio of water absorption and volume of permeable voids of GPM mixes at 28 days
of ambient curing are presented in Table 4.5. The performance statistics of water absorption
and volume of permeable voids of GPM mixes are presented in Fig. 4.9. From Fig. 4.9, it
can be observed that GGBS replacement level had significant influence on water absorption
and volume permeable voids of GPM as compared to other control parameters. The water
absorption and volume of permeable voids of GPM mixes decreased (i.e., performance
statistics (mean S/N ratio) increased) significantly with increase in GGBS replacement
from 15% to 30% followed by a small variation (i.e., small increase in performance
statistics) from 30% to 45%. This may be ascribed to the effect of type of geopolymer gel
formed in the GPM mixes [98], wherein the formation of more amount of calcium rich gels

(N-(C)-A-S-H and C-S-H gels) in the GPM mixes made with higher GGBS content (and
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lower fly ash content) resulted in a denser microstructure thereby decreasing the water
absorption and volume of permeable voids of GPM mixes. The water absorption of GPM
mixes increased (i.e., performance statistics value decreased) with increase in W/GPS ratio
and S/B ratio as observed from Fig. 4.9. Further, the performance statistics of volume of
permeable voids of GPM mixes mostly decreased with increase in W/GPS ratio. Similarly,
the volume of permeable voids of GPM mixes increased (i.e., performance statistics value
decreased) with increase in S/B ratio as observed from Fig. 4.9. When W/GPS ratio
increased, the water content of the mixes increased thereby resulting in more pores in the
GPM mixes. With increase in S/B ratio, the dominant effect of reduced binder content led
to a porous microstructure thereby resulting in higher water absorption and volume of
permeable voids in the GPM mixes made with higher S/B ratio. From Fig. 4.9, mostly there
was unsystematic variation in the performance statistics of water absorption of GPM mixes
with molarity of NaOH solution, however, lower water absorption (i.e., higher value of
performance statistics) was observed at higher molarity of NaOH solution i.e., 14 M.
Further, the volume of permeable voids of GPM mixes decreased (i.e., performance
statistics value increased) with increase in molarity of NaOH solution as observed from
Fig. 4.9. This may be attributed to the effect of relatively greater extent of polycondensation
process in the geopolymer mortar made with higher molarity of NaOH solution that resulted
in lower volume of permeable voids in the mixes.

Table 4.5 Signal-to-noise (S/N) ratio of water absorption, apparent volume of permeable
voids (AVPV), and sorptivity of geopolymer mortar mixes

- - Apparent volume of Sorptivity
by igiema=QRe permigble voids (AVPV) coefficient
M1 -15.68 -16.18 37.73
M2 -16.12 -16.24 36.15
M3 -16.38 -16.74 32.03
M4 -15.15 -15.37 33.97
M5 -14.28 -14.38 38.48
M6 -14.68 -15.03 33.17
M7 -14.32 -14.48 38.78
M8 -15.00 -15.30 32.11
M9 -14.68 -14.71 36.70
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Mean S/N ratio
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Fig. 4.9 Performance statistics (mean S/N ratio) of water absorption and apparent volume
of permeable voids (AVPV) of GPM mixes.

The results of ANOVA of S/N ratio for water absorption and apparent volume of permeable

voids of geopolymer mortar are presented in Table 4.6. From this table, it is observed that

GGBS replacement dominated the influence of other parameters with highest contributing

effect of 81.19% for water absorption, and 81.73% for volume of permeable voids. The S/B

ratio (contribution: 13.91% for water absorption, and 14.62% for volume of permeable

voids) was the second-best influential parameter after GGBS replacement level followed

by molarity of NaOH solution (contribution: 3.59% for water absorption, and 2.52% for

volume of permeable voids) and W/GPS ratio (contribution: 1.31% for water absorption,

and 1.13% for volume of permeable voids).

Table 4.6 ANOVA results of signal-to-noise (S/N) ratio for water absorption and
apparent volume of permeable voids (AVPV) of geopolymer mortar

Parameter ‘ DOF ‘ SOS ‘ MS Contribution (%)
Water absorption

GGBS replacement level 2 3.76 1.88 81.19
W/GPS ratio 2 0.06 0.03 1.31
NaOH molarity 2 0.17 0.08 3.59
Sand-to-binder (S/B) ratio 2 0.64 0.32 13.91
Error - - - -
Total 8 4.63 100.00
Apparent volume of permeable voids (AVPV)

GGBS replacement level 2 4.57 2.28 81.73
W/GPS ratio 2 0.06 0.03 1.13
NaOH molarity 2 0.14 0.07 2.52
Sand-to-binder (S/B) ratio 2 0.82 0.41 14.62
Error - - - -
Total 8 5.59 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square
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4.6 Sorptivity

The sorptivity of GPM provides information about the pore structure and its connectivity
[98]. Sorptivity curves of fly ash-GGBS based GPM are presented in Fig. 4.10. Sorptivity
curves of GPM consist of two stages such as a sharp linear increase, which is called initial
rate of water absorption followed by secondary rate of water absorption. In the initial rate
of water absorption stage, the capillary pores dominate the sorption process whereas the
secondary absorption is dominated by the gel pores, which limit the rate of absorption [14].
As observed from Fig. 4.10, the fly ash-GGBS based GPM did not reach the saturation
limit even after 8 days (corresponding to 831.38 s*2 on x-axis of Fig. 4.10), which shows a
low rate of capillary absorption. The mix M7 (45% GGBS replacement, W/GPS ratio of
0.31, NaOH solution molarity of 14 M, and S/B ratio of 2) showed the lowest rate of water
absorption among all the GPM mixes, which indicates a comparatively denser
microstructure. It may be noted that the mix M7 exhibited highest 28 days compressive
strength as compared to other GPM mixes (Fig. 4.5). The initial slope of the sorptivity
curves measured up to 6 hours of water absorption for GPM mixes are shown in Fig. 4.11.
The correlation coefficient (R?) of linear relationship for all the GPM mixes was greater
than 0.98 as evident from Fig. 4.11.
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Fig. 4.10 Sorptivity of geopolymer mortar mixes.
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Fig. 4.11 Initial sorptivity of GPM mixes made with (a) 15% GGBS (M1, M2, and M3),
(b) 30% GGBS (M4, M5, and M6), and (c) 45% GGBS (M7, M8, and M9).

The sorptivity coefficient (S) of initial absorption of GPM mixes, which was calculated
using equation 3.10 is illustrated in Fig. 4.12. From Fig. 4.12, it is observed that the mix
M3 (GGBS replacement of 15%, W/GPS ratio of 0.35, NaOH solution molarity of 14 M,
and S/B ratio of 2.5) exhibited highest sorptivity coefficient of 24.97 x 10° mm/s'?,
whereas the mix M7 (45% GGBS replacement, W/GPS ratio of 0.31, NaOH solution
molarity of 14 M, and S/B ratio of 2) exhibited lowest sorptivity coefficient of 11.4 x 1073
mm/s*2. The S/N ratio of sorptivity coefficient of GPM mixes are presented in Table 4.5.
The performance statistics of sorptivity coefficient of fly ash-GGBS based GPM mixes are
shown in Fig. 4.13. From this figure, it is observed that the sorptivity of fly ash-GGBS
based GPM is primarily controlled by S/B ratio followed by W/GPS ratio. The performance
statistics value of sorptivity coefficient of the GPM mixes decreased with increase in S/B
ratio and W/GPS ratio as observed from Fig. 4.13. In other words, the sorptivity of GPM
mixes increased with increase in S/B ratio and W/GPS ratio, which may be ascribed to the
effect of increase in porosity of GPM mixes with increase in S/B ratio and W/GPS ratio.
The effects of molarity of NaOH solution and GGBS replacement level were comparatively
less significant on the sorptivity of GPM, which may be due to the dominant effect of S/B
ratio and W/GPS ratio. The results of ANOVA of S/N ratio for sorptivity coefficient of
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geopolymer mortar are presented in Table 4.7. From this table, it is observed that S/B ratio
has highest contributing effect of 65.69%. The W/GPS ratio was the second-best influential
parameter with contributing effect of 21.43% followed by molarity of NaOH solution
(11.58%) and GGBS replacement level (1.30%).
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Fig. 4.12 Sorptivity coefficient of geopolymer mortar mixes.
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Fig. 4.13 Performance statistics (mean S/N ratio) of sorptivity coefficient of geopolymer
mortar mixes.

Table 4.7 ANOVA results of signal-to-noise (S/N) ratio for sorptivity coefficient of
geopolymer mortar

Parameter DOF SOS MS Contribution (%)
GGBS replacement level 2 0.76 0.38 1.30
W/GPS ratio 2 12.42 6.21 21.43
NaOH molarity 2 6.71 3.36 11.58
Sand-to-binder (S/B) ratio 2 38.08 19.04 65.69
Error - - - -

Total 8 57.98 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square

4.7 Sulfate and acid resistance

4.7.1 Change in compressive strength (%)

The compressive strength of GPM mixes (Lg) measured after 26 weeks of immersion in
different exposure solutions are shown in Fig. 4.14 and Fig. 4.15. The change in
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compressive strength of GPM mixes after exposure to different sulfate and acid solutions
with respect to control mixes (i.e., GPM mixes immersed in normal water) are shown in
Fig. 4.16 and Fig. 4.17 respectively. From Fig. 4.14, it is observed that the GPM mixes
prepared with 15% GGBS (M1 - M3) and 30% GGBS (M4 - M6) exhibited highest
compressive strength when immersed in 6% Na>SOs solution whereas the GPM mixes
prepared with 45% GGBS (M7 - M9) exhibited highest compressive strength when
immersed in normal water as compared to other exposure solutions. From Fig. 4.16, it is
observed that the GPM mixes prepared with 15% GGBS (M1 - M3) showed maximum
strength gain in the range of 3.51% to 32.73%, and 6.14% to 25.45% when immersed in
Na2SO;4 solution (3% and 6%) and MgSQO4 solution (3% and 6%) respectively with respect
to control mixes (i.e., specimens immersed in water). Similarly, the compressive strength
gain for the GPM mixes prepared with 30% GGBS (M4 - M6) with respect to control mixes
are in the range of 0.65% to 13.93% when immersed in Na;SO4 solution (3% and 6%), and
0.65% to 5.93% when immersed in MgSOg4 solution (3% and 6%). However, the GPM
mixes prepared with 45% GGBS (M7 - M9) showed loss of compressive strength in the
range of 0.63% to 10.37%, and 4.14% to 15.85% in case of exposure to NaxSO4 (3% and
6%) solution and MgSOg4 solution (3% and 6%) respectively when compared with control
mixes. The increase in compressive strength of GPM mixes (M1 - M6: prepared with
comparatively lower GGBS replacement levels) in case of exposure to Na2SO4 and MgSO4
solutions may be attributed to the formation of lower amount of gypsum in the presence of
sulfate ions that might have filled the pores in the matrix. Further, the main
geopolymerization product of fly ash or fly ash-GGBS (lower GGBS replacement) based
geopolymer i.e., a stable three-dimensional alkaline aluminosilicate gel is less susceptible
to sulfate attack [43]. The reason for strength loss in GPM mixes prepared with 45% GGBS
(M7 - M9) for exposure against sulfate solutions (Na2SO4 solution and MgSQOj4 solution)
may be attributed to the effect of decalcification of calcium enriched gels (N-(C)-A-S-H
and C-S-H gels) to a comparatively higher extent that promoted the formation of more
amount of gypsum in the geopolymer matrix [47]. Further, it is observed that the GPM
mixes M1 - M6 mostly exhibited higher gain in compressive strength when exposed to 6%
Na S04 and 6% MgSO4 solutions as compared to 3% Na>SO4 and 3% MgSO4 solutions
respectively. However, the GPM mixes made with higher GGBS replacement i.e., M7 - M9
exhibited higher loss in compressive strength in case of exposure to 6% Na>SO4 and 6%

MgSOs solutions when compared with 3% Na>SO4 and 3% MgSO; solutions respectively.
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From Fig. 4.15, it is noticed that the compressive strength of GPM mixes immersed in
H>S04 solutions (0.31 mol/l and 0.62 mol/l) and HCI solutions (0.31 mol/l and 0.62 mol/l)
decreased significantly as compared to the control GPM mixes. As evident from Fig. 4.17,
the maximum compressive strength loss was observed in the GPM mixes prepared with
45% GGBS (M7 - M9) and it varied from 55.49% to 72.56%, and 53.66% to 73.17% for
exposure against H.SO4 and HCI solutions respectively. Similarly, the GPM mixes
prepared with 15% of GGBS exhibited minimum strength loss in the range of 25.45% to
47.37% when immersed in H2SO4 solutions, and 27.27% to 48.25% when immersed in HCI
solutions. The significant strength loss in the GPM mixes immersed in acid solutions may
be attributed to the effect of depolymerization of the aluminosilicate gels. The oxy-
aluminum bridge (-Al-Si-O) of geopolymer gel may get destroyed in the acidic media
thereby resulting in reduction of compressive strength of GPM mixes [57]. While
comparing the strength loss of GPM mixes (M1 - M9), it is observed that there is no
systematic variation in strength loss between 0.31 mol/l H2SO4 and 0.31 mol/l HCI
solutions. However, all the GPM mixes immersed in 0.62 mol/l H.SO4 solution exhibited
less strength loss (35.45% to 72.56%) as compared to that immersed in 0.62 mol/l HCI
solution (40.91% to 73.17%) as observed from Fig. 4.17. This may be attributed to the fact
that the presence of Na-rich gel in the GPM mix neutralizes the effect of sulfuric acid to a
comparatively higher extent and mitigates its destructive effect on the geopolymer gel
structures [133] as compared to the effect of hydrochloric acid. Further, from Fig. 4.17, it
is observed that the GPM mixes exhibited more strength loss when immersed in higher
concentration of H2SO4 and HCI solutions as compared to lower concentration. This may
be due to the effect of increase in the extent depolymerization of aluminosilicate gels in the
presence of higher concentration of acid solutions.
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Fig. 4.14 Compressive strength of GPM mixes after 26 weeks of exposure to water and
different sulfate solutions.

107
TH-3009_156104033



Chapter-4

Compressive strength (N/mm?)

60 -

®Water  B0.31 mol/l H2SO4

Geopolymer mortar mixes

£0.62 mol/l H2SO4

00.31 mol/l HCI

m0.62 mol/l HCI

Fig. 4.15 Compressive strength of GPM mixes after 26 weeks of exposure to water and
different acid solutions.
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Fig. 4.16 Change in compressive strength of GPM mixes after 26 weeks of exposure to
(a) Na2S04 solutions and (b) MgSQOg4 solutions in comparison to exposure to water.
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Fig. 4.17 Change in compressive strength of GPM mixes after 26 weeks of exposure to
(@) H2SO0s4 solutions and (b) HCI solutions in comparison to exposure to water.

The S/N ratio of compressive strength of GPM mixes after immersion in different solutions

for 26 weeks of exposure period are presented in Table 4.8. The performance statistics of

compressive strength of GPM mixes after immersion in different solutions for 26 weeks
are shown in Fig. 4.18 (a - e). From Fig. 4.18 (a - ¢), it is observed that the optimal level of

control parameters for better performance (in terms of compressive strength) of GPM mixes

immersed in water, Na.SO4 and MgSQas solutions are GGBS replacement of 45% (except
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the GPM mixes immersed in 6% Na>SOj4 solution, where the optimum GGBS replacement
was 30%), W/GPS ratio of 0.33, NaOH solution of 14 M, and S/B ratio of 1.5. Similarly,
from Fig. 4.18 (d and e), it can be noted that the optimal level of control parameters for
better performance of GPM mixes immersed in H.SO4 and HCI solutions are GGBS
replacement of 15%, W/GPS ratio of 0.31, NaOH solution of 10 M and 12 M, and S/B ratio
of 1.5 and 2.0. It can be observed from Fig. 4.18 (a) that the GGBS replacement had
significant influence on compressive strength of GPM mixes immersed in water as
compared to other parameters. The performance statistics of compressive strength of
control GPM mixes (specimens immersed in water) increased with increase in GGBS
replacement level and molarity of NaOH solution as observed from Fig. 4.18 (a). The effect
of GGBS replacement level on compressive strength was less significant for the GPM
mixes immersed in sulfate solutions except 3% Na>SO4 solution (Fig. 4.18 (b and c)). The
performance statistics of compressive strength of GPM mixes increased slightly with
increase in molarity of NaOH solution in case of exposure to 3% and 6% Na>SOs solution,
and 3% MgSO4 solution whereas there was unsystematic variation in performance statistics
of compressive strength with increase in molarity of NaOH solution in case of exposure to
6% MgSOs solution. Further, the performance statistics of compressive strength of GPM
mixes immersed in water, and both concentrations of Na;SOs and MgSQOa solutions
decreased with increase in S/B ratio of the mixes as observed from Fig. 4.18 (a - c). This
indicates that the effect of formation of porous matrix as a result of comparatively lower
extent of geopolymerization process due to lower paste content in the GPM mixes made
with higher S/B ratio was dominant in reducing the compressive strength of GPM mixes
exposed to water and sulfate solutions. Further, there was unsystematic variation in
performance statistics of compressive strength with W/GPS ratio for the GPM mixes

immersed in water, and both concentrations of Na,SO4 and MgSO4 solutions.

From Fig. 4.18 (d and e), it is observed that the effects of W/GPS ratio, molarity of NaOH
solution and S/B ratio on variations in compressive strength were less significant for the
GPM mixes immersed in acid solutions except in case of exposure to 0.31 mol/l H2SO4
solution. However, the performance statistics of compressive strength decreased with
increase in GGBS replacement level of the GPM mixes immersed in acid solutions as
evident from Fig. 4.18 (d and e) with significant decrease with increase in GGBS
replacement level in case of exposure to 0.62 mol/l H>SO4 and 0.62 mol/l HCI solutions.

This may be ascribed to the effect of depolymerization of aluminosilicate gels to a greater
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extent in case of exposure to both the acid solutions as well as formation of higher amount

of gypsum in case of exposure to sulfuric acid solution for the GPM mixes made with

higher GGBS content. The percentage of contribution of control parameters on

compressive strength of GPM mixes immersed in different exposure solutions determined
from ANOVA technique are presented in Table 4.9 and Table 4.10. From Table 4.9, it is

observed that GGBS replacement level had dominant effect on compressive strength of

GPM mixes followed by S/B ratio in case of exposure against water, and sulfate solutions.

Similarly, in case of exposure against acid solutions, the compressive strength was

significantly influenced by GGBS replacement level as compared to other control

parameters.

Table 4.8 Signal-to-noise (S/N) ratio of compressive strength of geopolymer mortar
mixes after immersion in water, and different sulfate and acid solutions

Mean S/N ratio
w w
(= N

w
o

//\,/'\

Mean S/N ratio

N
o

GGBS
replacement
(%)

WIGPS ratio

15 | 30 | 45 O.31|0.33|0.35 10 | 12 | 14 l.5| 2 |2.5
S/B ratio

NaOH

solution (M)

Control parameters

w
N

w
=

w
o
1

N
©o

—— 3% NaxSO4
6% NaxSOa

Sulfate solutions Acid solutions
Mix | Wetq pr 6% 3% 6% r(r){o3|}| r?wfl?l r(r){03|}| r(r:fil
Na,SO Na SO MgSO MgSO
2504 200 | MIGSBa | MOSYe |50, | H,S0. | HCL | HC
M1 29.30 30.98 31.80 30.01 31.26 26.79 25.52 26.53 | 24.64
M2 29.61 30.61 31.52 31.06 30.97 26.13 24.75 26.61 | 24.73
M3 29.65 29.82 30.94 30.07 30.91 25.00 24.06 25.42 | 23.93
M4 29.60 30.86 30.99 30.23 30.04 26.99 23.78 25.00 | 22.83
M5 32.31 32.36 33.29 32.38 32.43 25.24 23.27 24.36 | 21.76
M6 30.15 30.67 31.34 30.62 30.58 25.61 23.78 25,55 | 22.25
M7 32.77 32.65 31.79 31.72 31.25 25.75 21.54 26.10 | 21.37
M8 31.75 31.60 31.34 30.73 31.34 23.78 21.37 2455 | 20.94
M9 3254 32.49 32.37 31.21 30.86 24.22 21.54 23.78 | 21.18
33 1 Water €)] 33 4 Na»SOs4 solutions (b)

GGBS
replacement
(%0)

Control parameters

15 | 30 | 45 0.31|0.33|0.35 10 | 12 | 14 (15
W/GPS ratio

NaOH
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2 | 25
S/B ratio
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Fig. 4.18 Performance statistics (mean S/N ratio) of compressive strength of GPM mixes
after 26 weeks of immersion in different exposure solutions: (a) water, (b) Na2SO4
solutions, (c) MgSOs4 solutions, (d) H2SOg4 solutions, (e) HCI solutions.

Table 4.9 ANOVA results of signal-to-noise (S/N) ratio for compressive strength of
geopolymer mortar after exposure to water and different sulfate solutions

Parameter | DOF | SOS ‘ MS | Contribution (%)
Compressive strength after exposure to water

GGBS replacement level 2 12.13 6.07 71.91
W/GPS ratio 2 0.68 0.34 4.02
NaOH molarity 2 241 1.2 14.27
Sand-to-binder (S/B) ratio 2 1.65 0.83 9.80
Error - - - -
Total 8 16.87 100.00
Compressive strength after exposure to 3% NaSO, solution

GGBS replacement level 2 4.74 2.73 60.85
W/GPS ratio 2 0.54 0.27 6.91
NaOH molarity 2 0.42 0.21 541
Sand-to-binder (S/B) ratio 2 2.09 1.05 26.83
Error - - - -
Total 8 7.80 100.00
Compressive strength after exposure to 6% Na,SO. solution

GGBS replacement level 2 0.38 0.19 8.70
W/GPS ratio 2 0.52 0.26 11.86
NaOH molarity 2 0.43 0.22 9.89
Sand-to-binder (S/B) ratio 2 3.06 1.53 69.55
Error - - - -
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Total 8 4.39 100.00
Compressive strength after exposure to 3% MgSO4 solution

GGBS replacement level 2 1.22 0.61 24.32
W/GPS ratio 2 1.11 0.55 22.04
NaOH molarity 2 1.34 0.67 26.58
Sand-to-binder (S/B) ratio 2 1.36 0.68 27.06
Error - - - -
Total 8 5.03 100.00
Compressive strength after exposure to 6% MgSO4 solution

GGBS replacement level 2 0.03 0.01 0.82
W/GPS ratio 2 1.18 0.59 34.70
NaOH molarity 2 1.24 0.62 36.60
Sand-to-binder (S/B) ratio 2 0.95 0.47 27.88
Error - - - -
Total 8 3.39 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square

Table 4.10 ANOVA results of signal-to-noise (S/N) ratio for compressive strength of

geopolymer mortar after exposure to different acid solutions

Parameter | DOF | SOS | MS | Contribution (%)
Compressive strength after exposure to 0.31 mol/l H2SO4 solution

GGBS replacement level 2 3.80 1.90 40.87
W/GPS ratio 2 4.61 2.31 49.68
NaOH molarity 2 0.36 0.28 3.84
Sand-to-binder (S/B) ratio 2 0.52 0.12 5.61
Error - - - -
Total 8 9.29 100.00
Compressive strength after exposure to 0.62 mol/l H2SO. solution

GGBS replacement level 2 16.69 8.34 92.89
W/GPS ratio 2 0.48 0.24 2.67
NaOH molarity 2 0.56 0.28 3.12
Sand-to-binder (S/B) ratio 2 0.24 0.12 1.32
Error - - - -
Total 8 17.96 100.00
Compressive strength after exposure to 0.31 mol/l HCI solution

GGBS replacement level 2 3.39 1.69 43.47
W/GPS ratio 2 1.49 0.75 19.12
NaOH molarity 2 0.26 0.13 3.33
Sand-to-binder (S/B) ratio 2 2.66 1.33 34.08
Error - - - -
Total 8 7.80 100.00
Compressive strength after exposure to 0.62 mol/l HCI solution

GGBS replacement level 2 16.57 8.28 94.07
W/GPS ratio 2 0.47 0.24 2.68
NaOH molarity 2 0.46 0.23 2.58
Sand-to-binder (S/B) ratio 2 0.12 0.06 0.67
Error - - - -
Total 8 17.61 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square
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4.8 Optimization of GPM mixes using Taguchi-GRA method

In the present study, different properties such as setting time (initial and final), flowability,
compressive strength (7, 28, 90, and 180 days), water absorption (28 days), volume of
permeable voids (28 days), sorptivity (28 days), and sulfate and acid resistance (26 weeks
of exposure) of GPM mixes designed by Taguchi method were studied. Further, the
optimum combination of different control parameters to obtain a given property (response)
as per the appropriate function such as “larger-the-better”, and “smaller-the-better” were
determined by Taguchi method. The optimal combination of control parameters for
individual properties of geopolymer mortar mixes corresponding to maximum performance
statistics are presented in Table 4.11. This table provides information about the selection
of appropriate levels of control parameters to achieve the optimum value of an individual
property of the geopolymer mortar. However, to optimize the control parameters for
multiple properties simultaneously, Taguchi-GRA (Grey relational analysis) method was

implemented (already stated in Chapter 3).

As stated earlier in Chapter 3, the obtained results of different properties (responses) of
GPM mixes (Lo OA) were converted to S/N ratio using the appropriate functions. Grey
relational analysis was then carried out wherein the normalized S/N ratio, deviation
sequence (difference between ideal value of normalized S/N ratio and the normalized S/N
ratio), grey relational coefficient (GRC) and grey relational grade (GRG) were calculated.
It may be noted that the grey relational grade (GRG) for a given GPM mix was calculated
by assigning equal weightage to each response (property). The calculated values of
normalized S/N ratio, deviation sequence (Aoij), and GRC and GRG for all the GPM mixes
are presented in Table 4.12, Table 4.13, and Table 4.14 respectively. From Table 4.14, it is
observed that the GPM mix M7 showed highest value of grey relational coefficient (GRC)
for compressive strength at 28, 90, and 180 days of ambient curing, sorptivity, and
compressive strength after exposure to water and 3% Na>SOs solution thereby indicating
better performance with respect to these properties as compared to other mixes. Similarly,
the GPM mix M5 showed better performance with respect to water absorption, apparent
volume of permeable voids (AVPV), and compressive strength after exposure to 6%
Na>S0s, 3% MgSOa, and 6% MgSO4 solutions as compared to other mixes. The GPM mix
M4 showed better performance from view point of setting time (both initial and final) and
compressive strength after exposure to 0.31 mol/l sulfuric acid solution as observed from

Table 4.14. Similarly, the GPM mix M9 exhibited better performance with respect to flow
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index, and compressive strength at 7 days of ambient curing. Further, the GPM mix M2
showed better performance with respect to compressive strength after exposure to 0.31
mol/l and 0.62 mol/l hydrochloric acid solution, and GPM mix M1 showed better
performance with respect to compressive strength after exposure to 0.62 mol/l sulfuric acid
solution when compared with other mixes as evident from Table 4.14. Since, the GPM mix
M 7 (prepared with 45% GGBS, W/GPS ratio of 0.31, NaOH solution of 14 M and S/B
ratio of 2) showed highest grey relational coefficient (GRC) for relatively more number of
properties as compared to other GPM mixes, it achieved the highest grey relational grade
(GRG) of 0.74 among all the GPM mixes. However, the optimal combination of these
parameters may change, if different weightages are assigned to the considered responses
(properties). For example, if a design of GPM mix is required with greater emphasis on its
durability performance against acidic environment with adequate flowability and strength,
in that scenario, while calculating the grey relational grade (GRG), higher weightage will
be assigned to the compressive strength of GPM after exposure to acid solutions as
compared to other properties. Accordingly, in that case, a different combination of the
control parameters could be achieved with a highest GRG value. Further, if the number of
studied properties (responses) is changed, then, a different combination of control

parameters could be obtained with a highest GRG value.

To obtain the overall optimal GPM mix, the mean GRG for all the parameters were
calculated. The level of a parameter with maximum mean GRG is the optimal one among
all the levels of that parameter, as it will have highest main effect on the responses [112].
The mean GRG for a given level of a parameter was found out by calculating the average
of the GRG for the mixes made with that level of the parameter. Table 4.15 presents the
calculated values of mean GRG for all the parameters. From Table 4.15, it was noted that
the highest values of mean GRG were obtained for the following combination of
parameters: GGBS replacement of 45% (Level-3), W/GPS ratio of 0.31 (Level-1), NaOH
solution of 14 M (Level-3), and S/B ratio of 1.5 (Level-1). The higher mean GRG indicates
that the mix prepared with these levels of the mix parameters would perform better with

respect to all the studied properties of geopolymer mortar.
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Table 4.11 Optimal mix proportions for different properties of geopolymer mortar
corresponding to maximum performance statistics

GGBS Water-to- Sand to binder
Optimized Mix replacement geopolymer solids NaOH (M) (S/B) ratio
level (%) (W/GPS) ratio
Mist 30 0.31 14 25
Mest 30 0.31 14 25
MEtowability 15 0.35 14 15
M7 days-cs 45 0.31 10 1.5
M2 days-cs 45 0.31 14 15
Mao days-cs 45 0.31 14 15
M 180 days-cs 45 0.31 14 2.0
MWater absorption 45 0.31 14 1.5
Mavev 45 0.33 14 1.5
MSorptivity 45 0.31 14 1.5
Muwater exposure 45 0.33 14 15
M3% sodium sulfate exposure 45 0.33 14 1.5
MG% sodium sulfate exposure 30 0.33 14 1.5
M3% magnesium sulfate exposure 45 0.33 14 1.5
MG% magnesium sulfate exposure 45 0.33 14 1.5
M0.31 mol/I sulfuric acid exposure 15 0.31 12 2.0
Mo .62 molit sulfuric acid exposure 15 0.31 10 15
Mo .31 molit hydrochloric acid exposure 15 0.31 10 2.0
Mo.62 molil hydrochloric acid exposure 15 0.31 12 2.0

Note: IST= Initial setting time; FST= Final setting time; CS= Compressive strength; AVPV= Apparent volume of

permeable voids.
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Table 4.12 Normalized S/N ratio of different properties (responses) of geopolymer mortar mixes

N lized
orma_lze . Normalized S/N ratio of . Normalized Normalized S/N ratio of compressive strength after immersion in different
SIN ratio of | Normalized . Normalized ; . .
L . compressive strength ! Normalized | S/N ratio exposure solutions
.| settingtime | S/N ratio SIN ratio .
Mix of flow Ohalor oami of 031 | 062 | 031 ] 062
. 7 28 90 | 180 ) of AVPV sorptivity 3% 6% 3% 6% ' ' ' '
IST | FST index davs | davs | davs | davs absorption coefficient Water N2,SOs | NaxSOs | MasO. | Maso mol/l | mol/l | mol/l | mol/l
ys | Cays | days (oey 2500 | Nazoa | MGSDu | VISP 1y s, | H504 | HCI | HC
M1 | 0.00 | 0.00 0.91 041 | 0.74 | 0.59 | 0.44 0.33 0.24 0.84 0.00 0.41 0.37 0.00 0.51 0.94 1.00 | 097 | 0.97
M2 | 0.14 | 0.08 0.80 0.00 | 0.22 | 0.27 | 0.32 0.12 0.21 0.61 0.09 0.28 0.25 0.44 0.39 0.73 0.81 | 1.00 | 1.00
M3 | 0.51 | 0.56 0.53 0.00 | 0.16 | 0.00 | 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.03 0.37 0.38 0.65 | 0.58 | 0.79
M4 | 1.00 | 1.00 0.00 0.59 | 0.00 | 0.01 | 0.35 0.58 0.58 0.29 0.09 0.37 0.02 0.10 0.00 1.00 058 | 043 | 0.50
M5 | 0.56 | 0.77 0.96 0.54 | 0.50 | 0.47 | 0.56 1.00 1.00 0.96 0.87 0.90 1.00 1.00 1.00 0.46 0.46 | 0.20 | 0.22
M6 | 0.25 | 0.31 0.78 0.35 | 0.31 | 0.19 | 0.33 0.81 0.72 0.17 0.25 0.30 0.17 0.26 0.23 0.57 058 | 0.63 | 0.35
M7 | 0.64 | 0.79 0.61 0.88 | 1.00 | 1.00 | 1.00 0.98 0.95 1.00 1.00 1.00 0.36 0.72 0.51 0.61 004 | 0.82 | 0.11
M8 | 0.48 | 0.61 0.16 0.84 | 0.41 | 0.48 | 0.74 0.66 0.61 0.01 0.71 0.63 0.17 0.30 0.55 0.00 0.00 | 0.27 | 0.00
M9 | 0.38 | 0.44 1.00 1.00 | 0.60 | 0.53 | 0.60 0.81 0.86 0.69 0.94 0.94 0.61 0.51 0.34 0.14 0.04 | 0.00 | 0.06

Note: IST= Initial setting time; FST= Final setting time; AVPV= Apparent volume of permeable voids.

TH-3009_156104033

116




Optimizing the performance of geopolymer mortar based on fresh, hardened, and durability properties

Table 4.13 Deviation sequence (Aoij) values of different properties (responses) of geopolymer mortar mixes

Aojj of Aoijof compressive . ) L .

L Aoijof compressive strength after immersion in different exposure solutions
Mix N Afrg\j)vf e vAv(:tZ]rc Ao of so?pmtji?/];ty 031 [ 062 [ 031 [ 0.62
IST | FST index ! 28 %0 180 absorption N coefficient | Water 3 6% 3% 6% mol/l mol/l | mol/l | mol/l
days | days | days | days Na2SO4 | Na,SO, | MgSO4 | MgSO, H,50: | H,50. | HCl | Hel
M1 | 1.00 | 1.00 0.09 0.59 | 0.26 | 0.41 | 0.56 0.67 0.76 0.16 1.00 0.59 0.63 1.00 0.49 0.06 0.00 | 0.03 | 0.03
M2 | 0.86 | 0.92 0.20 1.00 | 0.78 | 0.73 | 0.68 0.88 0.79 0.39 0.91 0.72 0.75 0.56 0.61 0.27 0.19 | 0.00 | 0.00
M3 | 0.49 | 0.44 0.47 1.00 | 0.84 | 1.00 | 1.00 1.00 1.00 1.00 0.90 1.00 1.00 0.97 0.63 0.62 035 | 042 | 0.21
M4 | 0.00 | 0.00 1.00 0.41 | 1.00 | 0.99 | 0.65 0.42 0.42 0.71 0.91 0.63 0.98 0.90 1.00 0.00 0.42 | 0.57 | 0.50
M5 | 0.44 | 0.23 0.04 0.46 | 0.50 | 0.53 | 0.44 0.00 0.00 0.04 0.13 0.10 0.00 0.00 0.00 0.54 0.54 | 0.80 | 0.78
M6 | 0.75 | 0.69 0.22 0.65 | 0.69 | 0.81 | 0.67 0.19 0.28 0.83 0.75 0.70 0.83 0.74 0.77 0.43 0.42 | 0.37 | 0.65
M7 | 0.36 | 0.21 0.39 0.12 | 0.00 | 0.00 | 0.00 0.02 0.05 0.00 0.00 0.00 0.64 0.28 0.49 0.39 0.96 | 0.18 | 0.89
M8 | 0.52 | 0.39 0.84 0.16 | 0.59 | 0.52 | 0.26 0.34 0.39 0.99 0.29 0.37 0.83 0.70 0.45 1.00 1.00 | 0.73 | 1.00
M9 | 0.62 | 0.56 0.00 0.00 | 0.40 | 0.47 | 0.40 0.19 0.14 0.31 0.06 0.06 0.39 0.49 0.66 0.86 0.96 | 1.00 | 0.94

Note: IST= Initial setting time; FST= Final setting time; AVPV= Apparent volume of permeable voids.
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Table 4.14 Grey relational coefficient (GRC) and grey relational grade (GRG) of geopolymer mortar mixes

GRC of i
se.tting GRC GRC og‘t;c;]n;;resswe GRC of GRC GRC of GRC of compressive strength after immersion in different exposure solutions Gr.ey
Mix time of water of sorptivity relational
flow 2| 28 | 90 | 180 | absorption | AVPV | coefficient % | 6w | 3w | ew | O3t | 0621031062 grade
IST | FST | index days | days | days | days Water Na,SOs | Na:SOs | MgSO: | MgSOs mol/l | mol/l | mol/l | mol/l | (GRG)
H,SO4 | H,SO4 | HCI | HCI
M1 | 0.33 | 0.33 | 0.85 | 0.46 | 0.66 | 0.55 | 0.47 0.43 0.40 0.76 0.33 0.46 0.44 0.33 0.51 0.89 1.00 | 095 | 0.95 0.58
M2 | 037 | 035| 071 | 033 | 0.39 | 0.41 | 0.43 0.36 0.39 0.56 0.35 0.41 0.40 0.47 0.45 0.65 0.73 | 1.00 | 1.00 0.51
M3 | 051|053 | 051 | 033 0.37 | 033 | 0.33 0.33 0.33 0.33 0.36 0.33 0.33 0.34 0.44 0.45 059 | 054 | 0.70 0.42
M4 | 1.00 | 1.00 | 0.33 | 055 | 0.33 | 0.33 | 0.44 0.55 0.54 0.41 0.35 0.44 0.34 0.36 0.33 1.00 054 | 047 | 0.50 0.52
M5 | 0.53 | 0.68 | 0.93 | 0.52 | 0.50 | 0.48 | 0.53 1.00 1.00 0.92 0.79 0.83 1.00 1.00 1.00 0.48 0.48 | 0.39 | 0.39 0.71
M6 | 0.40 | 0.42 | 0.69 | 0.43 | 0.42 | 0.38 | 0.43 0.72 0.64 0.38 0.40 0.42 0.38 0.40 0.39 0.54 054 | 057 | 0.43 0.47
M7 | 0.58 | 0.71 | 0.56 | 0.81 | 1.00 | 1.00 | 1.00 0.96 0.92 1.00 1.00 1.00 0.44 0.64 0.50 0.56 0.34 | 0.74 | 0.36 0.74
M8 | 0.49 | 0.56 | 0.37 | 0.76 | 0.46 | 0.49 | 0.66 0.59 0.56 0.34 0.63 0.57 0.38 0.42 0.52 0.33 0.33 | 041 | 0.33 0.48
M9 | 045 | 0.47 | 1.00 | 1.00 | 0.55 | 0.52 | 0.56 0.73 0.78 0.62 0.89 0.89 0.56 0.50 0.43 0.37 0.34 | 0.33 | 0.35 0.60

Note: IST= Initial setting time; FST= Final setting time; AVPV= Apparent volume of permeable voids.
Table 4.15 Mean grey relational grade for each level of all the mix parameters

TH-3009_156104033

Parameter Level-1 Level-2 Level-3
GGBS replacement level 0.51 0.57 0.61"
W/GPS ratio 0.62* 0.57 0.50
Molarity of NaOH solution 0.51 0.54 0.62*
Sand-to-binder (S/B) ratio 0.63* 0.58 0.47
*Optimum level
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4.9 Microstructure study
The microstructure of the GPM mix M7 that showed highest grey relational grade was
studied through XRD, EDS, FESEM and FTIR analyses.

4.9.1 XRD analysis

The XRD patterns of GPM mix M7 at 7, 28, 90 and 180 days of ambient curing are shown
in Fig. 4.19 (a). From the obtained XRD patterns, it is observed that the crystalline peaks
of quartz and mullite indicated the presence of unreacted fly ash particles in the GPM mix.
The main crystalline peaks formed during the geopolymerization reaction at all ambient
curing ages were related to sodium (and calcium) aluminosilicate complex (N-(C)-A-S-H)
such as albite ((Na, Ca)Al(Si Al)30s), anorthoclase ((Nao.ss Ko.15)(AlSiz0s)), and nepheline
(NaAISiOgs). The albite peaks at 22.1° 26, 24.1° 20 and 28.0° 20; anorthoclase peaks at 23.7°
20, 27.5° 20 and 35.3° 20; and nepheline peak at 27.1° 20 were identified in the XRD
patterns of the GPM mix at all ages of ambient curing (Fig. 4.19 (a)). A less intense peak
of muscovite (KAI3SizO10(OH)2) and hydrotalcite (Mgs-Al2(CO3)(OH)16.4H20) were
identified at 8.8° 20, and 10.5° 20 respectively in the XRD patterns of the GPM mix as
observed from Fig. 4.25 (a). A peak corresponding to C-S-H gel or calcite (CaCOz) was
identified at 29.4° 20 in the XRD patterns of the GPM mix M7 at all ages of ambient curing.
The peak intensity of anorthoclase, albite, and nepheline mostly increased with increase in
ambient curing age, which indicates continuation of geopolymerization reaction with age
in the GPM mix.

The XRD patterns of GPM mix (M7) exposed to water, 6% Na;SOs and 6% MgSQOa4
solutions for 26 weeks are shown in Fig. 4.19 (b). From Fig. 4.19 (b), it is observed that in
addition to the peaks identified in Fig. 4.19 (a), a new peak related to anorthite ((Ca, Na)
(Si, Al)40g), an aluminosilicate complex was identified at 28.1° 26 in the GPM mix exposed
to water, 6% Na>SOs and 6% MgSOs solutions. Further, sodalite (NagAlsSicO24 (OH)2
(H20)2), a zeolite product was identified at 14.1° 20 and 24.5° 20 in case of exposure to
water and 6% Na>SOs solution. The peak intensity of anorthite was higher in case of
exposure to 6% Na>SO4 solution as compared to water followed by 6% MgSO4 solution.
However, the peak intensity of albite, anorthoclase, sodalite, and nepheline were mostly
lower in case of exposure to 6% Na>SO4 and 6% MgSQO4 solutions as compared to water,
which indicates presence of comparatively lower amount of geopolymer gels that resulted
in lower compressive strength of GPM mix (M7) immersed in 6% Na>SO4 and 6% MgSO4

solutions as compared to that immersed in water (Fig. 4.14). Further, the decalcification of

119
TH-3009_156104033



Chapter-4

calcium enriched gels (N-(C)-A-S-H and C-S-H gels) in the geopolymer mortar mix
exposed to sulfate solutions (6% Na>SOs4 and 6% MgSOs solutions) resulted in the
formation of gypsum (CaSQO4.2H20), which was identified at 31.1° 20 in the XRD patterns
of the GPM mix (M7) immersed in 6% Na>SO4 and 6% MgSOg solutions (Fig. 4.19 (b)).
While comparing the XRD patterns of GPM mix (M7) exposed to 6% Na>SOs and 6%
MgSOs solutions, the peak intensity of albite, anorthoclase, anorthite, sodalite, and
nepheline were lower in case of exposure to 6% MgSOa4 solution as compared to 6%
Na>SOs solution (Fig. 4.19 (b)). This can be correlated with the results of compressive
strength of GPM mix (M7) after 26 weeks of exposure (Fig. 4.14) where the GPM mix
exposed to 6% MgSOs solution exhibited lower compressive strength as compared to that

exposed to 6% Na>SO4 solution.

The XRD patterns of GPM mix exposed to water, 0.62 mol/l HSO4 and 0.62 mol/l HCI
solutions for 26 weeks are shown in Fig. 4.19 (c). The compounds related to N-A-S-H and
N-(C)-A-S-H gels i.e., nepheling, albite, anorthoclase, anorthite, and sodalite; and C-S-H
were more susceptible to H.SO4 and HCI attack as their peak intensity reduced significantly
or disappeared (in case of sodalite, anorthite, and C-S-H) in the XRD patterns (Fig. 4.19
(c)) of GPM mix (M7) exposed to 0.62 mol/l H2SO4 and 0.62 mol/l HCI solutions as
compared to that exposed to water. Further, the peaks related to hydrotalcite, and muscovite
in the XRD patterns disappeared in case of exposure to acid solutions. These observations
indicate depolymerization of aluminosilicate gels in the GPM mix exposed to sulfuric acid
and hydrochloric acid solutions that resulted in significant reduction of compressive
strength as compared to the GPM mix exposed to water as evident from Fig. 4.15. The
peaks related to gypsum (CaS0Os4.2H20) were identified at 11.6° 260, 29.1° 20, 31.1°26, 32.1°
26, 33.35° 26, 40.58° 26, 43.34° 20, and 56.78° 20 in the XRD patterns of GPM mix (M7)
exposed to 0.62 mol/l H2SO4 solution [60].
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Fig. 4.19 XRD patterns of GPM mix M7: (a) at different ages of ambient curing (7, 28,
90 and 180 days), (b) exposure to water, 6% Na>SO4 solution, and 6% MgSOa solution,
and (c) exposure to water, 0.62 mol/l H2SO4 solution, and 0.62 mol/l HCI solution for 26
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4.9.2 FESEM analysis

The FESEM images of GPM mix (M7) at different ages of ambient curing are shown in
Fig. 4.20. From Fig. 4.20, it can be observed that the microstructure of GPM mix became
denser at later ages (90 days and 180 days) of ambient curing. This may be ascribed to the
effect of continued geopolymerization reaction, which resulted in formation of more
amount of geopolymer gels (N-A-S-H and N-(C)-A-S-H gel), and C-S-H gel leading to
higher compressive strength at later ages. Partially reacted fly ash and GGBS particles were
observed at ambient curing age of 7 days as evident from the FESEM image shown in Fig.
4.20 (a), which indicates lower extent of geopolymerization reaction at early age. From the
FESEM image of GPM mix at the age of 28 days (Fig. 4.20 (b)), although partially reacted
precursor materials were not observed, however, some loosely distributed geopolymer gels
were identified in the GPM mix.

The FESEM images of GPM mix (M7) after immersion in water, 6% Na>SO4 solution, 6%
MgSOs solution, 0.62 mol/l H2SO4 solution, and 0.62 mol/l HCI solution are shown in Fig.
4.21. From Fig. 4.21, significant differences were observed in the morphology of GPM mix
(M7) immersed in different exposure solutions. The FESEM image of GPM mix (M7)
immersed in water (Fig. 4.21 (a)) indicated relatively more compacted microstructure than
that immersed in 6% Na>SOgs solution, (Fig. 4.21 (b)), 6% MgSOs solution (Fig. 4.21 (c)),
0.62 mol/l H2SO4 solution (Fig. 4.21 (d)), and 0.62 mol/l HCI solution (Fig. 4.21 (e)). The
less compacted microstructure of the GPM mix exposed to sulfate and acid solutions is
ascribed to the effect of decalcification, and depolymerization of the geopolymer gels that
resulted in lower compressive strength when exposed to these solutions as compared to
exposure to water (Fig. 4.14 and Fig. 4.15). From Fig. 4.21 (b) and (c), gypsum crystals
were observed in the GPM mix (M7) exposed to 6% Na2SO4 and 6% MgSOa solutions,
which is responsible for reduction in compressive strength than exposure to water. Larger
amount of gypsum crystals were observed in the FESEM image of GPM mix immersed in
0.62 mol/l H2SOg4 solution (Fig. 4.21 (d)), which resulted in volumetric expansion [134],
thereby significantly reducing the compressive strength of the GPM mix (M7) as evident
from Fig. 4.15. The FESEM image of the GPM mix immersed in 0.62 mol/l HCI (Fig. 4.21
(e)) showed comparatively porous and disintegrated geopolymer gels. This is attributed to
the leaching of sodium (Na), calcium (Ca), and aluminum (Al) into the HCI solution [134]
that resulted in microcracks to a greater extent in the GPM mix and eventually resulting in

significant reduction of compressive strength (Fig. 4.15).
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Fig. 4.20 FESEM images of GPM mix M7 at ambient curing age: (a) 7 days, (b) 28 days,
(c) 90 days, and (d) 180 days.
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Fig. 4.21 FESEM images of GPM mix M7 exposed to: (a) water, (b) 6% Na>SO4
solution, (c) 6% MgSOs solution, (d) 0.62 mol/l H2SO4 solution, and (e) 0.62 mol/l HCI
solution for 26 weeks.

4.9.3 EDS analysis

Typical EDS spectra of GPM mix (M7) at different ages of ambient curing are shown in
Fig. 4.22. From this figure, it is observed that the major elements of gel phase of GPM mix
(M7) include oxygen (O), silicon (Si), aluminum (Al), calcium (Ca), and sodium (Na). The
average atomic Na/Si ratio vs. Al/Si ratio, and Ca/Si ratio vs. Al/Si ratio are illustrated in
Fig. 4.23. From Fig. 4.23, the average atomic Na/Si ratio, Al/Si ratio and Ca/Si ratio were
observed in the range of 0.27-3.08, 0.34-0.77 and 0.12-2.72 respectively. These obtained
values of atomic ratios indicate the coexistence of N-A-S-H gel, N-(C)-A-S-H gel and C-
S-H gel in the GPM mix. Similar results were also reported in the literature where Al/Si
ratio in the range of 0.08-1.0 indicated the formation of N-A-S-H or N-(C)-A-S-H gel, and
Ca/Si ratio in the range of 0.6 to 1.4 indicated the formation of C-S-H gel in the geopolymer
mixes [41,82,83,85,95,135,136]. From Fig. 4.23 (a), there was no systematic variation in
the atomic ratios of Na/Si and Al/Si with ambient curing age. However, Ca/Si ratio (Fig.
4.23 (b)) of the GPM mix (M7) at 90 days and 180 days of ambient curing were higher as
compared to that at 7 days and 28 days of ambient curing, which indicates formation of
more amount of N-(C)-A-S-H gel and C-S-H gel that resulted in higher compressive
strength of the GPM mix at later ages as observed from Fig. 4.5. Further, the presence of
potassium (K), and magnesium (Mg) in the geopolymer mortar mix (Fig. 4.22) may

influence its rate of hardening [85].
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Fig. 4.22 EDS Spectra of GPM mix M7 at different ages of ambient curing.
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Fig. 4.23 EDS analysis of GPM mix M7 at 7, 28, 90 and 180 days of ambient curing: (a)
Atomic Na/Si ratio versus Al/Si ratio, and (b) Atomic Ca/Si ratio versus Al/Si ratio.

Typical EDS spectra of the GPM mix (M7) exposed to water, 6% Na>SO4 solution, 6%
MgSOs solution, 0.62 mol/l H2SOg4 solution, and 0.62 mol/l HCI solution for 26 weeks are
presented in Fig. 4.24. The atomic Na/Si ratio vs. Al/Si ratio, and Ca/Si ratio vs. Al/Si ratio
for the mix M7 exposed to water, sulfate and acid solutions are illustrated in Fig. 4.25.
From Fig. 4.25, it is observed that the GPM mix (M7) exhibited higher Na/Si ratio (0.21-
0.32), Al/Si ratio (0.51-0.81), and Ca/Si ratio (0.38-0.93) when exposed to water followed
by exposure to 6% NaSOa solution (Na/Si ratio: 0.18-0.34; Al/Si ratio: 0.41-0.51; and
Ca/Si ratio: 0.06-0.39), and 6% MgSQg4 solution (Na/Si ratio: 0.10-0.16; Al/Si ratio: 0.36-
0.54; and Ca/Si ratio: 0.07-0.34). The lower values of these atomic ratios in case exposure
to sulfate solutions is attributed to the dominant effect of decalcification as well as due to
depolymerization of aluminosilicate gels in the GPM mix. This observation is in line with
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the results of compressive strength (Fig. 4.14), XRD analysis (Fig. 4.19 (b)) and FESEM
analysis (Fig. 4.21). Further from Fig. 4.25, it is observed that the atomic Na/Si ratio, and
Al/Si ratio of the GPM mix (M7) decreased significantly in case of exposure to 0.62 mol/I
H2S04, and 0.62 mol/l HCI solutions, which indicates dominant effect of depolymerization
of the aluminosilicate gels thereby resulting in significant reduction of compressive
strength as evident from Fig. 4.15. The EDS spectra of GPM mix (M7) exposed to 0.62
mol/l H.SO4 solution showed higher content of O (70.5-76.3 At%), Ca (0.5-8.9 At%) and
S (0.9-9.7 At%) that indicates the formation of gypsum (CaS0O4.2H20) in the GPM mix as
observed from the results of XRD analysis (Fig. 4.19 (c)) and FESEM analysis (Fig. 4.21).
Similarly, the EDS spectra of the GPM mix (M7) exposed to 0.62 mol/l HCI solution
showed lower content of Ca, Na and Al as compared to exposure to water, which indicates
leaching of these elements into the acidic solution that led to disintegrated geopolymer

matrix and showed significantly lower compressive strength [137].
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Fig. 4.24 EDS spectra of GPM mix M7 exposed to water, 6% Na>SO4 solution, 6%
MgSOs solution, 0.62 mol/l H2SO4 solution, and 0.62 mol/l HCI solution for 26 weeks.
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Fig. 4.25 EDS analysis of GPM mix M7 exposed to different exposure solutions: (a)
Atomic Na/Si ratio versus Al/Si ratio, and (b) Atomic Ca/Si ratio versus Al/Si ratio.

4.9.4 FTIR analysis

The FTIR spectra of geopolymer mortar mix M7 at different ages of ambient curing are
shown in Fig. 4.26 (a). From this figure, it is observed that the peaks related to asymmetric
bending vibration of Si-O-Si bond (465 cm™ - 472 cm™) and AI-O bond (779 cm™) indicate
the presence of unreacted/partially reacted precursor materials in the GPM mix. The peak
centered around 1034 cm™ - 1035 cm is ascribed to the asymmetric stretching vibration of
Si-O-Si(Al) bond, which indicates the coexistence of geopolymer gels (N-A-S-H and N-
(C)-A-S-H), and C-S-H gel in the GPM mix [138]. The appearance of absorption band
ranging from 1426 cm™ to 1448 cm™ corresponds to the stretching vibration of carbonate
groups (CO3™) in the GPM mix [106]. The peak ranging from 1639 cm™to 1641 cm™, and
the band ranging from 3432 cm™ to 3480 cm™ in the GPM mix (Fig. 4.26 (a)) correspond
to the bending vibration of H-O-H group, and stretching vibration of —OH group

respectively.

The FTIR spectra of GPM mix M7 exposed to water, 6% Na;SO4 and 6% MgSOs solutions
for 26 weeks are shown in Fig. 4.26 (b). The asymmetric stretching vibration of Si-O-Si(Al)
bond appeared at 1034 cm™ in the FTIR spectra of GPM mix exposed to water was not
altered when compared with exposure to 6% Na>SO4 solution (1035 cm™), and 6% MgSOa4
solution (1033 cm™). Further, the bending vibration of H-O-H group (1637 cm™ - 1639 cm”
1), and stretching vibration of —OH group (3434 cm™ - 3445 cm™) were not altered
significantly among water, 6% Na>SO4 solution, and 6% MgSO4 solution as observed from
Fig. 4.26 (b). The FTIR spectra of GPM mix (M7) exposed to water, 0.62 mol/l H2SO4
solution, and 0.62 mol/l HCI solution for 26 weeks are shown in Fig. 4.26 (c). From this
figure, it is observed that in case of exposure to water, the main band attributed to

asymmetric stretching vibration of Si-O-Si(Al) bond appeared at 1034 cm™ was shifted
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toward higher wavenumbers i.e., 1140 cm™ and 1088 cm™ when exposed to 0.62 mol/I
H>S04 solution, and 0.62 mol/lI HCI solution respectively. This indicates increase in atomic
Si/Al ratio due to weaker Al-O bonds in the aluminosilicate network, which is replaced by
Si-O bonds during acid exposure condition [60,137,139]. Therefore, the GPM mix (M7)
exhibited significant decrease in compressive strength in case of exposure to acid solutions
as compared to exposure to water (Fig. 4.15). This observation can also be correlated with
the atomic Al/Si ratio obtained in the EDS analysis (Fig. 4.25), which showed a significant
decrease in the atomic Al/Si ratio in case of exposure to 0.62 mol/l H.SO4 and 0.62 mol/Il
HCI solutions. Further, the peaks identified at 602 cm™ and 669 cm™ are attributed to the
formation of gypsum [60] in the GPM mix (M7) exposed to 0.62 mol/l H,SO4 solution,
which in agreement with the results obtained from XRD, FESEM and EDS analyses. In
addition, the shifting of stretching vibration of ~OH group from 3435 cm™ (in case of
exposure to water) to 3406 cm™ (in case of exposure to 0.62 mol/l H2SO4 solution), and
shifting of bending vibration of H-O-H group from 1639 cm™ (in case of exposure to water)
to 1623 cm™ (in case of exposure to 0.62 mol/l H2SOs solution) also indicate the formation
of gypsum crystals in the GPM mix exposed to 0.62 mol/l H2SO4 solution [60,137,139].
The band at 1483 cm, which corresponds to the stretching vibration of carbonate groups
(C0%7) in the GPM mix exposed to water disappeared when exposed to 0.62 mol/l H2SO4
solution and 0.62 mol/l HCI solution, which indicates dissolution of carbonate compounds

during acid exposure [137].
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Fig. 4.26 FTIR spectra of GPM mix M7: (a) at different ages of ambient curing, (b)
exposure to water, 6% Na>SO4 solution, and 6% MgSQ4 solution, and (c) exposure to
water, 0.62 mol/l H2SO4 solution, and 0.62 mol/l HCI solution for 26 weeks.

4.10 Verification experiments

The verification experiments were conducted on the optimized fly ash-GGBS based GPM
mix (GGBS 45% W/GPS 1.5 14 M NaOH_S/B 1.5) as proposed in Section 4.8. Tests for
setting time, flowability, compressive strength at different ages of ambient curing, water
absorption, apparent volume of permeable voids (AVPV), sorptivity, and compressive
strength after 26 weeks of immersion in different exposure solutions (i.e., water, 3% and
6% Na>SO4 solutions, 3% and 6% MgSOs solutions, 0.31 mol/l and 0.62 mol/l H2SO4

solutions, and 0.31 mol/l and 0.62 mol/I HCI solutions) were carried out on the optimized
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GPM mix. The results of studied properties are presented in Table 4.16. From Table 4.16,
it is observed that the optimized GPM mix showed adequate setting time and flow index
when compared with the GPM mixes M1 — M9 as per Lg orthogonal array. Further, the
optimized GPM mix exhibited highest compressive strength at all ages of ambient curing,
and after 26 weeks of immersion in water, different sulfate solutions, and HCI solutions as
compared to the GPM mixes M1 — M9. The optimized GPM mix showed adequate water
absorption and AVPV, and lowest sorptivity coefficient when compared with the GPM
mixes as per Lg orthogonal array. Besides, the optimized GPM mix showed adequate
compressive strength after 26 weeks of immersion in different H2SO4 solutions as
compared to the GPM mixes M1 — M9.

Table 4.16 Results of the proposed optimized GPM mix

Responses (Properties) Result
Initial setting time (minute) 154
Final setting time (minute) 273
Flow index (%) 108
Compressive strength (N/mm?) 7 days 37.60
28 days 44.53
90 days 48.53
180 days 56.00
Water absorption (%) 28 days 5.85
AVPV (%) 28 days 6.07
Sorptivity coefficient (x10-° mm/s*?) 28 days 0.011
Compressive strength after 26 weeks of immersion in Water 52.80
different exposure solutions (N/mm?) 3% NaySO4 53.87
6% NazSO4 50.93
3% MgSOs 46.67
6% MgSO, 45.60
0.31 mol/l HSO4 22.13
0.62 mol/l H,SO4 14.93
0.31 mol/l HCI 29.60
0.62 mol/l HCI 21.07

The grey relational grade (GRG) of the optimized GPM mix based on the obtained results
of setting time, flowability, compressive strength at different ages of ambient curing, water
absorption, AVPV, sorptivity, and compressive strength after 26 weeks of immersion in
different exposure solutions was calculated using equation 3.2, to 3.6 and the calculated
value is 0.87. The predicted grey relational grade (GRG) of the optimized GPM mix was

calculated using the following equation [120].
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Y =VYm+20n — ¥m) (4.1)

Where y is the predicted GRG of the optimized GPM miXx, y,, is the mean GRG of all the
GPM mixes as per Lg orthogonal array (Table 4.14) and y,, is the maximum mean GRG of
a parameter (Table 4.15). The calculated value of the predicted grey relational grade (GRG)
of the optimized GPM mix from equation 4.1 is 0.80. The GRG of the optimized GPM mix
based on the experimental results (responses) is highest (0.87) as compared to the GPM
mixes as per Lo orthogonal array (Table 4.14). The higher value of grey relational grade
(GRG) of the optimized GPM mix when compared with the predicted GRG, and that of the
GPM mixes as per Lo orthogonal array indicates that the optimized GPM mix performed

excellently with respect to the studied properties simultaneously.

4.11 Summary

This chapter presents application of Taguchi-Grey relational analysis (GRA) to investigate
effect of control parameters on setting time, flowability, compressive strength at different
ages of ambient curing, water absorption, apparent volume of permeable voids (AVPV),
sorptivity, sulfate and acid resistance of fly ash-GGBS based geopolymer mortar (GPM)
simultaneously. Control parameters selected were GGBS replacement level (15%, 30%,
45%), water-to-geopolymer solids (W/GPS) ratio (0.31, 0.33, 0.35), molarity of NaOH
solution (10 M, 12 M, 14 M) and sand-to-binder (S/B) ratio (1.5, 2, 2.5). From the obtained
results, GGBS replacement level, and S/B ratio significantly influenced most of the studied
properties of geopolymer mortar. Geopolymer mortar (GPM) prepared with higher GGBS
replacement level showed higher compressive strength under ambient condition whereas
GPM prepared with lower GGBS replacement level exhibited improved resistance against
sulfate and acid attack. From the results of multi-response optimization by Taguchi-GRA
method, the GPM mix M7 made with higher level of GGBS replacement (45%), and
molarity of NaOH solution (14 M), medium level of S/B ratio (2) and lower level of W/GPS
ratio (0.31) exhibited better performance in relatively more number of properties
simultaneously. The variations in peak intensity of compounds related to aluminosilicate
gels i.e., N-A-S-H and N-(C)-A-S-H gels formed in geopolymer mortar mix M7 were
consistent with the variations in compressive strength with ambient curing age as well as
with variations in compressive strength of geopolymer mortar exposed to sulfate solutions.
Further, the significant decrease in peak intensity of compounds related to aluminosilicate
gels, and in atomic Na/Si ratio and Al/Si ratio are in line with the significant reduction in

compressive strength of geopolymer mortar when exposed to acid solutions that
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substantiates the depolymerization of aluminosilicate gels in the acidic environment. The
obtained GRG of the optimized geopolymer mortar mix (with combination of parameters
i.e., GGBS replacement of 45%, W/GPS ratio of 0.31, NaOH solution of 14 M, and S/B
ratio of 1.5) based on the experimental results was 0.87, which is greater than the predicted
GRG (0.80) as well as that of the GPM mixes as per Lo orthogonal array thereby indicating

better overall performance among all the GPM mixes.
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Effect of Fly Ash/GGBS Blends and Sand-to-Binder Ratio on
Flowability, Strength, Durability and Microstructure of Geopolymer

Mortar

5.1. General

In this chapter, the effect of fly ash/GGBS blends, and sand-to-binder (S/B) ratio on
flowability, strength development, water absorption and apparent volume of permeable
voids, sorptivity, sulfate and acid resistance, and microstructure evolution of geopolymer
mortar (GPM) have been investigated. The results obtained from compressive strength at
different ages of ambient curing (7, 28, 90, and 180 days) are corelated with the
microstructure evolution of geopolymer mortar. The resistance of geopolymer mortar
specimens was evaluated in terms of visual observation, and change in weight and
compressive strength after immersion in different sulfate and acid solutions for 26 weeks.
Further, the changes in compressive strength of geopolymer mortar specimens after
immersion in different sulfate and acid solutions were correlated with the changes in
microstructure analyzed through XRD, EDS, FESEM, and FTIR analyses.

5.2 Flowability of fresh geopolymer mortar (GPM) mixes

The flow index (%) of fly ash-GGBS based geopolymer mortar (GPM) made with different
fly ash/GGBS blends and S/B ratios are shown in Fig. 5.1. From Fig. 5.1, it is noted that
the flow index indicating the flowability of fresh GPM mixes decreased from 126% to
108% with increase in GGBS content from 15% to 45% in the GPM mixes at constant S/B
ratio of 1.5. This is attributed to the fact that the particle mobility of freshly prepared GPM
reduced due to increase in the angular shape particles of GGBS in the mixes. The decrease
in flowability of GPM made with higher amount of GGBS may also be related to higher
reactivity of GGBS with the alkaline solution compared to fly ash due to increased calcium
content in the mixes that affected the rate of solidification [2,88]. Further, from Fig. 5.1, it
is observed that the flow index of GPM mixes increased from 108% to 146% with increase
in S/B ratio of the mixes from 1.5 to 2.5 at constant fly ash/GGBS blend (FA55/G45). This
is ascribed to the fact that the binder content in the GPM made with higher S/B ratio
decreased at constant alkaline solution and sand content that leads to availability of
comparatively more amount of alkaline solution for lower amount of binder thereby

resulting in higher flow index for the geopolymer mortar. It may be noted that, as discussed
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earlier in Section 4.3 (Chapter 4), the performance statistics (mean S/N ratio) of flow index
indicated significant decrease in flowability of fresh GPM mixes with increase in S/B ratio,
which was attributed to the dominant effect of increase in sand content, and decrease in
binder and alkaline solution contents. Thus, the opposite variation in flow index (%) with
change in S/B ratio in these two cases is ascribed to the inconsistent variations in alkaline

solution and sand content.
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Geopolymer mortar mixes

Fig. 5.1 Flow index of geopolymer mortar (GPM) made with different fly ash/GGBS
blends and S/B ratios.

5.3 Compressive strength of geopolymer mortar (GPM) mixes

The compressive strength of fly ash-GGBS based geopolymer mortar (GPM) made with
various fly ash/GGBS blends and S/B ratios at the ambient curing age of 7, 28, 90, and 180
days are presented in Fig. 5.2. From Fig. 5.2, it is observed that the compressive strength
of geopolymer mortar (GPM) made with various fly ash/GGBS blends and S/B ratios
mostly increased as ambient curing age increased from 7 to 180 days. This is attributed to
the continuation of geopolymerization reaction in the GPM with increase in curing age.
The delay in dissolution of silica and alumina species due to lower reactivity of fly ash
particles in alkaline solution resulted in formation of higher amount of N-A-S-H gel at later
age of ambient curing that ensures higher strength of fly ash-GGBS based geopolymer
mortar (GPM) [2]. From Fig. 5.2, it is noted that the strength enhancement of geopolymer
mortar (GPM) varied in the range of 18.4% to 38.0% from 7 to 28 days, followed by in the
range of 7.5% to 25.4% from 28 to 90 days, and in the range of -4.5% to 15.4% from 90 to
180 days, irrespective of fly ash/GGBS blend and S/B ratio in the mixes. This indicates that
the rate of strength enhancement of GPM was higher in the early age of ambient curing
(i.e., from 7 to 28 days), and then it was gradually reduced as the age increased from 28 to

180 days. This is attributed to comparatively higher dissolution of calcium (Ca) as well as
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silica (Si), and alumina (Al) species due to higher reactivity of GGBS with alkaline solution
that resulted in formation of higher amount of sodium (and calcium) aluminosilicate gels
and C-S-H gel in GPM during the period of 7 to 28 days. However, the rate of dissolution
was decreased from 28 to 180 days.

While comparing the effect of fly ash/GGBS blends, from Fig. 5.2, it is noted that the
strength of geopolymer mortar (GPM) increased from 0.6% to 24.0% and 4.6% to 18.6%
with increase in the amount of GGBS from 15% to 30% and 30% to 45% respectively in
the geopolymer mortar (GPM)), irrespective of ambient curing age. This may be ascribed to
the effect of higher amount of GGBS in the GPM mixes that provided additional silica (Si),
alumina (Al), and calcium (Ca) in the fly ash-GGBS based geopolymer system, which
greatly altered the nature of the binding gels due to higher extent of reaction of calcium and
formed more amount of hybrid binding gels. These binding gels consist of sodium (and
calcium) aluminosilicate gels, and C-S-H gel [88] that resulted in higher strength
development. Further, from Fig. 5.2, it is observed that the compressive strength of
geopolymer mortar (GPM) mixes decreased in the range of 23.6% to 35.7%, and 10.1% to
18.6% with increase in S/B ratio from 1.5 to 2.0, and 2.0 to 2.5 respectively in the GPM
mixes irrespective of ambient curing age. This may be ascribed to the effect of significant
decrease in binder content in the mixes that resulted in lower formation of binding gels due
to lower extent of geopolymerization reaction and exhibited poor bonding between the
binding gels and fine aggregate present in the geopolymer mortar (GPM) made with higher
S/B ratio [88].
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Fig. 5.2 Compressive strength of geopolymer mortar (GPM) made with different fly
ash/GGBS blends and S/B ratio at different ages of ambient curing.
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5.4 Water absorption and apparent volume of permeable voids (AVPV) of
geopolymer mortar (GPM) mixes

Water absorption and apparent volume of permeable voids (AVPV) of geopolymer mortar
(GPM) determined at 28 days are presented in Fig. 5.3. It is noted that the water absorption
of GPM made with different fly ash/GGBS blends (M1, M2, and M3) varied from 5.85%
to 6.57%, and AVPV varied from 6.07% to 7.60% as observed from Fig. 5.3. While
comparing the effect of fly ash/GGBS blends on the water absorption of GPM, it is
observed that the water absorption was slightly lower for the GPM made with higher
amount of GGBS. From Fig. 5.3, it is noted that the GPM made with 30% GGBS (M2)
exhibited slightly higher AVPV value compared to the mix made with 15% GGBS (M1).
Further, the GPM made with 45% GGBS (M3) exhibited lower AVPV value as compared
to that made with 15% and 30% GGBS (M1, M2). This is ascribed to the effect of
development of relatively higher amount of calcium-rich gels in the geopolymer mortar
(GPM) made with higher amount of GGBS that resulted in denser microstructure, thereby
reducing the water absorption and AVPV values [59]. In addition, the pores of GPM made
with higher amount of GGBS might have been filled due to finer particle size of GGBS and
resulted in decrease in water absorption and AVPV values [87]. The water absorption and
AVPV values were slightly higher for GPM made with higher S/B ratio as seen from Fig.
5.3. This may be ascribed to the effect of presence of lower amount of binder content in the
mixes made with higher S/B ratio that resulted in lower formation of aluminosilicate gels,
which leads to comparatively higher water absorption and AVPV. The obtained results of
water absorption and AVPV of geopolymer mortar (GPM) can be correlated with the
compressive strength of GPM as observed from Fig. 5.2, where the mixes with lower water
absorption and AVPV values exhibited higher 28 days compressive strength.
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Fig. 5.3 Water absorption and apparent volume of permeable voids (AVPV) of
geopolymer mortar (GPM) made with different fly ash/GGBS blends and S/B ratio.
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5.5 Sorptivity of geopolymer mortar (GPM) mixes

Sorptivity tests were conducted to measure the tendency of geopolymer mortar (GPM)
made with different fly ash/GGBS blends and S/B ratios to absorb and transmit water
through the capillary pores. The sorptivity curves of geopolymer mortar (GPM) mixes
made with different fly ash/GGBS blends and S/B ratios are shown in Fig. 5.4. The GPM
mix M3 (FAL5/G45, S/B 1.5) had a lower rate of water absorption than the other mixes
(M1, M2, M4, and M5) (Fig. 5.4). This indicates the formation of denser microstructure in
the GPM mix made with 45% GGBS content and S/B ratio of 1.5 when compared with
other mixes. Furthermore, the rate of water absorption of GPM mixes significantly
decreased after the first 6 hours. The slope of the sorptivity curves of initial absorption
measured up to 6 hours of water absorption for GPM mixes are shown in Fig. 5.5. All the
GPM mixes exhibited linear curves with a correlation coefficient greater than 0.98.
Therefore, the sorptivity coefficient can be obtained for all the GPM mixes from the initial
rate of water absorption (i.e., after 6 hours of water absorption). The sorptivity coefficient
(S) of initial absorption of GPM mixes calculated using equation 3.10 is shown in Fig. 5.6.
The sorptivity coefficient of geopolymer mortar (GPM) mix decreased significantly with
increase in the GGBS content in the mix at a constant S/B ratio (Fig. 5.6). The GPM mixes
M2 (FA70/G30, S/B 1.5) and M3 (FA55/G45, S/B 1.5) had 14.5% and 48.0% lower
sorptivity coefficient than GPM mix M1 (FA85/G15, S/B 1.5). This may be ascribed to the
effect of increased GGBS content in the mix, which has finer particle size than fly ash that
enhanced the geopolymerization reaction and resulted in a decrease in the porosity of the
mixes. Furthermore, the sorptivity coefficient of GPM mixes increased with increase in S/B
ratio of the mixes. The GPM mixes M4 (FA55/G45, S/B 2.0) and M5 (FA55/G45, S/B 2.5)
had 153% and 255% higher sorptivity coefficient than that of the mix M3 (FA55/G45, S/B
1.5). This may be attributed to the effect of significant increase in the porosity of the GPM

mixes made with higher S/B ratio.
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Fig. 5.5 Slope of the sorptivity curves of initial absorption (up to 6 hours of water
absorption) for geopolymer mortar (GPM) mixes made with different fly ash/GGBS

blends and S/B ratios.
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5.6 Resistance of geopolymer mortar (GPM) specimens against sulfate and acid
solutions

5.6.1 Visual observation of geopolymer mortar (GPM) specimens

The visual appearance of geopolymer mortar (GPM) specimens after 26 weeks of exposure
to water, and different sulfate solutions (3% Na>SOs, 6% Na>SO4, 3% MgSOa, and 6%
MgSOs) are shown in Fig. 5.7. Similarly, the visual appearance of geopolymer mortar
(GPM) specimens after 26 weeks of exposure to water, and different acid solutions (0.31
mol/l H2SO4, 0.62 mol/l H2SO4, 0.31 mol/l HCI, and 0.62 mol/lI HCI) are shown in Fig. 5.8.
As observed from Fig. 5.7, there was no significant changes appeared on the surface of the
GPM specimens exposed to water, 3% Na>SO4 and 6% Na>SO4 solutions, and 3% MgSO4
solution for a period of 26 weeks. However, some white deposits were observed on the
surface of GPM specimens made with 45% GGBS and S/B ratios of 2.0 and 2.5 (M4 and
M5) in case of exposure to 6% MgSOQgs solution. This may be attributed to the formation of
reaction product, i.e., gypsum on the surface of GPM after exposure to 6% MgSOa solution.
Furthermore, small cracks were formed on the edges of GPM specimen made with 45%
GGBS and S/B ratio of 2.5 (M5) after exposure to 6% MgSO4 solution. This may be
ascribed to the effect of formation of a comparatively higher amount of reaction products
(gypsum) in the pores of GPM specimens made with higher S/B ratio (2.5), which led to
the formation of cracks on the surface of specimens. In case of GPM mixes prepared with
S/Bratio 1.5 (M1, M2 and M3), no significant changes were observed on the surface of the

specimens exposed to 6% MgSO4 solution for a period of 26 weeks.

Visual observation of GPM specimens exposed to acid solutions indicated that GPM mix
M1 (FA85/G15, S/B 1.5) had better resistance against H.SO4 and HCI solutions than other
mixes. No deterioration was identified on the surface of GPM mix M1 after 26 weeks of
immersion in H2SO4 and HCI solutions (Fig. 5.8). This indicates the development of a
strong cross-linking three-dimensional polymerization network in GPM made with a lower
GGBS content (15%). However, the formation of expansion cracks was identified on the
edges of the GPM specimens made with 30% and 45% GGBS content (M2, M3, M4, and
M5) after exposure to 0.31 mol/l H2SO4 and 0.62 mol/l H2SO4 solutions for 26 weeks. This
may be ascribed to the effect of more formation of reaction products (i.e., gypsum, as
identified in the microstructure analysis, discussed later in Section 5.7) in the pores of the
specimens during sulfuric acid attack, which caused expansion around the edges of the

GPM specimens. The expansion cracks were more prominent in the GPM specimens made
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with higher GGBS content (i.e., 45% GGBS). This may be due to the availability of
comparatively higher amount of calcium in the GPM made with 45% GGBS, which reacted
with H2SO4 solution and formed more amount of gypsum that led to expansion cracks to a
greater extent around the edges of the GPM specimens. No significant difference was
observed in the appearance of GPM specimens exposed to 0.62 mol/l H2SO4 solution with
increase in sand-to-binder (S/B) ratio. However, in case of exposure to 0.31 mol/l H2SO4
solution, relatively more prominent expansion cracks were observed on the GPM
specimens made with lower S/B ratio. The GPM specimens after exposure to water and
HCI solutions were compared, and no sign of surface deterioration was found in the GPM
specimens made with 15% and 30% GGBS (M1 and M2) in case of exposure to HCI
solutions. However, damage was observed on surfaces and edges of all the GPM specimens
made with 45% GGBS (M3, M4, and M5) after exposure to 0.31 mol/l HCI and 0.62 mol/I
HCI solutions. The visible damage occurred due to loss in geopolymer paste from the edges
and surfaces of GPM specimens that exposed the sand particles. Mostly no significant
difference was observed in the appearance of GPM specimens exposed to HCI solutions
with increase in sand-to-binder (S/B) ratio. Comparing the effect of acid solutions on the
visual appearance of GPM specimens showed that the GPM specimens exposed to H2SO4
solutions had more-intense surface damage due to the formation of gypsum crystals, which

led to significant volumetric expansion in the GPM specimens.

Water 3% Na,SO, 6% Na,SO, 3% MgSO, 6% MgSO,
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Fig. 5.7 Visual appearance of geopolymer mortar (GPM) specimens after exposure to
water, and different sulfate solutions for a period of 26 weeks.
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Fig. 5.8 Visual appearance of geopolymer mortar (GPM) specimens after exposure to
water, and different acid solutions for a period of 26 weeks.

5.6.2 Change in weight of geopolymer mortar (GPM) specimens

5.6.2.1 Geopolymer mortar specimens exposed to water and sulfate solutions

The percentage change in weight of geopolymer mortar (GPM) specimens exposed to water
and different sulfate solutions (i.e., 3% Na>SO4, 6% Na2SOa, 3% MgSO4, and 6% MgSO4)
for a period of 26 weeks are shown in Fig. 5.9. The GPM specimens gained weight after
exposure to water and different sulfate solutions (Fig. 5.9). The weight gain of the GPM
specimens may be ascribed to the effect of absorption of water and sulfate solutions into
the pores of the specimens [29,139]. The weight gain percentage for the GPM specimens
increased with increase in the exposure duration, i.e., up to 12-14, 12-18, 6-10, 8-12 and 8-
16 weeks for GPM mixes M1, M2, M3, M4, and M5 respectively, irrespective of water and
sulfate solutions followed by decrease in weight gain thereafter (Fig. 5.9). The weight gain
percentage for GPM mix M3 (FA55/G45, S/B 1.5) decreased much earlier than that of the
other mixes. Furthermore, at the end of exposure period, the weight gain percentage of the
GPM mixes mostly decreased with increase in GGBS content in the mixes, whereas no
systematic variations were observed in the weight gain percentage with increase in S/B
ratio of the mixes. This may be ascribed to the effect of presence of a higher GGBS content
in the mixes, which enhanced the geopolymerization reaction and resulted in a denser

microstructure of the geopolymer mortar.
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Comparing the effect of exposure solutions, i.e., water and different sulfate solutions on
weight gain percentage of GPM specimens indicated that the GPM specimens exposed to
3% and 6% MgSOs solutions had higher weight gain (0.16%-2.54%), followed by the
GPM specimens exposed to 3% and 6% Na>SOs solutions (0.03%-1.48%) and water
(0.02%-0.58%). Gopalkrishnan and Chinaraju [46] reported similar observations in case
of fly ash-GGBS based geopolymer concrete where the geopolymer concrete specimens
immersed in 5% MgSOa solution for 180 days had higher weight gain percentage than those
immersed in 5% Na>SOa4 solution. The reason for higher weight gain percentage for the
GPM specimens immersed in MgSO4 solutions may be due to the effect of formation of
some reaction products, i.e., gypsum, on the surface and within the pores of the GPM
specimens [54]. This can be corroborated by the visual observation of the appearance of
white deposits on the surface of the geopolymer mortar (GPM) specimens subjected to 6%
MgSOs solution (Fig. 5.7).
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Fig. 5.9 Percentage change in weight of geopolymer mortar (GPM) specimens exposed
for 26 weeks to (a) water, (b) 3% Na2SOs, (c) 6% Na2SO4, (d) 3% MgSOs, and (e) 6%
MgSOs solutions.

5.6.2.2 Geopolymer mortar specimens exposed to acid solutions

The percentage change in weight of GPM specimens exposed to different acid solutions
(i.e., 0.31 mol/l H2SO4, 0.62 mol/l H2SO4, 0.31 mol/l HCI, and 0.62 mol/l HCI solutions)
are presented in Fig. 5.10. Some of the GPM specimens slightly gained weight (i.e., as
much as 1.59%) during initial weeks of exposure to different acid solutions, i.e., up to 12
weeks in case of H2SO4 solutions and 6 weeks in case of HCI solutions. This may be
attributed to the effect of initial absorption of acid solutions in the pores of the GPM
specimens. Further, in case of exposure to H>SOjs solution, the formation of reaction
products such as gypsum may initially fill the pores, which resulted an increase in the
weight of the specimens during initial weeks of exposure. In literature, some researchers
also reported the weight gain (%) of alkali-activated fly ash/slag (AFS) paste [59], and fly
ash/GGBFS based geopolymer mortar [101] specimens during initial few weeks of
exposure to sulfuric acid solution. In alkali-activated fly ash/slag (AFS) paste made with
different slag contents (0%, 10%, 30%, 50%) and 4 mol/L NaOH solution, Lee and Lee
[59] reported that the mass of AFS paste specimens made with 0%, 10%, and 30% slag
mostly remained unchanged, whereas the AFS paste specimens made with 50% slag
showed a gain in mass approximately 6% after immersion in 10% sulfuric acid solution for
56 days. In another study, Khan et al. [101] reported that fly ash/GGBFS (85%/15%) based
geopolymer mortar specimens made with 12 M NaOH solution showed a maximum gain
in mass up to 2% during the initial 6 weeks of exposure to 1.5% sulfuric acid solution. In
the present study, after a few weeks of exposure, the weight of the GPM specimens
decreased and significant weight loss was observed toward the end of exposure duration,
.., in the range of 1.32% to 7.93% in case of H2SO4 solutions, and in the range of 5.66%
to 14.32% in case of HCI solutions. This may be ascribed to the effect of depolymerization
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of geopolymer matrix in the presence of acid solutions, which led to dissolution of Si, Al,
Ca and Na species and destroyed the aluminosilicate gel networks as well as C-S-H gel. A
similar observation was reported by Aiken et al. [60], in which fly ash and slag based
geopolymer mortars exposed to 5% H2SO4 solution for a period of 56 days had mass loss
in the range of 3.4% to 7.6%.

Comparing the effect of GGBS content on the weight loss of the GPM specimens exposed
to acid solutions indicated that the weight loss percentage increased with increase in the
GGBS content in the mixes. The weight loss in the GPM specimens subjected to H2SO4
solutions may be ascribed to the effect of decalcification of geopolymer matrix, which
eventually caused a loss of the binder phases. Furthermore, the effect of decalcification
occurred to a greater extent in the GPM mixes made with higher GGBS content. The
calcium reacted with the sulfur present in the H2SO4 solution and formed expansive
reaction products, i.e., gypsum (CaSO4.2H20), on the surface of the GPM specimens [139].
Therefore, cracks developed on the edges of the specimens and reduced their original
weight. This result can be corroborated with the formation of cracks due to volumetric
expansion as observed during the visual inspection of the GPM specimens (Fig. 5.8). In
case of HCI solution, the effect of depolymerization of GPM specimens made with higher
GGBS content leads to more leaching of silica (Si), alumina (Al), calcium (Ca) and sodium
(Na) species that destroyed the aluminosilicate gel networks and C-S-H gel. Hence,
maximum loss in binder phases was observed on the surface of GPM specimens made with
higher amount of GGBS despite having lower volume of permeable voids (Fig. 5.3), which
exposed the sand particles, and resulted in loss of original weight of the GPM specimens.
Comparing the effect of S/B ratio on weight loss of the GPM specimens immersed in H2SO4
and HCI solutions indicated that the weight loss percentage increased with increase in S/B
ratio of the mixes. The more weight loss at higher S/B ratio may be attributed to the
presence of lower binder content at constant alkaline solution and sand content that led to
higher water-to-geopolymer solids ratio, which caused higher volume of permeable voids
in the mortar matrix (as seen in Fig. 5.3). This resulted in penetration of comparatively
more acid solutions into the pores of the GPM specimens made with higher S/B ratio and
deteriorated the surface of the specimens to a greater extent. Furthermore, the weight loss
of the GPM specimens increased with increase in concentration of acid solutions (Fig.
5.10). This may be ascribed to the effect of greater deterioration of geopolymer matrix at

higher concentration of acid solutions.
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Fig. 5.10 Percentage change in weight of geopolymer mortar (GPM) specimens exposed
for 26 weeks to (a) 0.31 mol/l H2SOs4, (b) 0.62 mol/l H2SOs4, (c) 0.31 mol/l HCI, and (d)
0.62 mol/l HCI solutions.

5.6.3 Change in compressive strength of geopolymer mortar (GPM) specimens
5.6.3.1 Geopolymer mortar (GPM) specimens exposed to different sulfate solutions
The compressive strength of geopolymer mortar (GPM) mixes made with different fly
ash/GGBS blends and S/B ratio after 26 weeks of exposure to water, and different sulfate
solutions (3% NaxSO4, 6% Na>SO4, 3% MgSO4, and 6% MgSO, solutions) are illustrated
in Fig. 5.11. The compressive strength of GPM mixes after 26 weeks of exposure to water
and sulfate solutions increased with increase in GGBS content in the mixes (Fig. 5.11).
This may be ascribed to the effect of higher extent of geopolymerization reaction in the
presence of higher GGBS content in the mix. In GPM mixes made with higher GGBS
content (M3: FA55/G45, S/B 1.5), a certain amount of calcium incorporated in to the N-A-
S-H gels (the primary reaction product in fly ash-based geopolymer) and formed N-(C)-A-
S-H type gels [59]. In addition, C-S-H gel may be formed due to presence of higher amount
of calcium in the GGBS, resulting in higher compressive strength for GPM mixes made
with more GGBS content [81]. The compressive strength of GPM mixes after exposure to
water and different sulfate solutions decreased with increase in S/B ratio of the mixes. This
is attributed to the fact that as the S/B ratio increased in the GPM mixes, the binder content

of the mixes decreased at constant alkaline solution and sand content in the mixes, which
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resulted in a decrease in the polymerization reaction in the mixes that led to formation of a
porous microstructure in the mixes. Thus, there may be more penetration of sulfate
solutions in the porous microstructure, which breaks the aluminosilicate network of GPM

mixes.

The percentage change in compressive strength of GPM mixes exposed to different sulfate
solutions with respect to reference mixes (i.e., the mortar specimens exposed to water) are
presented in Fig. 5.12. The GPM mix M1 (FA85/G15, S/B 1.5) exhibited a gain in
compressive strength after exposure to sulfate solutions i.e., 2.61% (3% Na>SOs), 1.96%
(6% NazS0s), 7.84% (3% MgS0.), and 10.46% (6% MgSO.) when compared with the
reference mix i.e., the mix exposed to water. This may be ascribed to the effect of presence
of a lower amount of calcium in the GPM mix M1 (FA85/G15, S/B 1.5), which resulted in
formation of lower amount of gypsum in the presence of sulfate ions that might have filled
the pores of the GPM mix. Furthermore, the main geopolymerization reaction product
formed in the GPM mixes made with a lower amount of GGBS is a stable three-dimensional
aluminosilicate gel, which is less vulnerable to sulfate solutions. Saavedra et al. [47]
reported that 80%/20% fly ash/GGBS based geopolymer concrete exhibited 2.65% and
4.03% loss in compressive strength after 180 days of immersion in 5% Na>SO4 and 5%
MgSOs solutions respectively, compared with the reference geopolymer concrete
immersed in water. Similarly, in the present research work, GPM mixes M2 (FA70/G30,
S/B 1.5) and M3 (FA55/G45, S/B 1.5) exhibited a loss in compressive strength when
exposed to 6% Na>SO4 solution [i.e., 1.67% (M2), 3.54% (M3)], 3% MgSOs solution [i.e.,
6.11% (M2), 11.62% (M3)], and 6% MgSOx4 solution [i.e., 7.78% (M2), 13.64% (M3)] as
compared to the mixes exposed to water. This may be due to the effect of decalcification
of calcium enriched gels (N-(C)-A-S-H and C-S-H gels) in GPM mixes M2 and M3 that
promoted the formation of more gypsum in the geopolymer matrix [47]. The GPM mix M4
(FA55/G45, S/B 2.0) gained compressive strength after exposure to 3% Na>SOs solution
(2.92%), 6% Na>SO4 solution (2.19%) and 3% MgSOa solution (7.30%). Further, GPM
mix M5 (FA55/G45, S/B 2.5) gained compressive strength after exposure to 6% Na>SO4
solution (1.74%) and 3% MgSOs solution (4.35%) compared with the reference mix
(exposed to water). However, GPM mixes M4 and M5 lost compressive strength after
exposure to 6% MgSOs solution (i.e., 5.84% for M4 and 5.22% for M5) compared with the
reference mix. Further, the GPM mix M5 showed slight loss (0.87%) in compressive

strength after exposure to 3% Na>SOj4 solution. The reason for gain in compressive strength
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of GPM mixes made with S/B ratios of 2.0 and 2.5 may be due to the filling of pores
(formed due to comparatively lower binder content) by the formation of adequate amount
of gypsum. However, the loss in compressive strength of GPM mixes (M4 and MD5)
exposed to 6% MgSQOa4 solution may be due to the formation of comparatively more amount
of gypsum in the geopolymer matrix, which promoted cracks on the surface of the
specimens (Fig. 5.7). Comparing the effect of sulfate solutions indicated that the GPM mix
M1 (FA85/G15, S/B 1.5) had the maximum gain in compressive strength and GPM mix
M3 (FA55/G45, S/B 1.5) had the maximum loss in compressive strength when exposed to
MgSOs solutions compared with NaxSO4 solutions. This may be ascribed to the fact that
the formation of gypsum in case of exposure to MgSOa4 solutions may be higher than
Na>SO;4 solutions. As observed from Fig. 5.12, the loss in compressive strength of GPM
mixes mostly increased with increase in concentration of both sulfate solutions. This may
be due to the effect of decalcification of calcium enriched gels in GPM mixes to a

comparatively greater extent at higher concentration of sulfate solutions.
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Fig. 5.11 Compressive strength of geopolymer mortar (GPM) mixes after exposure to
water, and different sulfate solutions (3% Na2SOa, 6% NaSO4, 3% MgSOa4, 6% MgSO4
solutions) for 26 weeks.
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Fig. 5.12 Percentage change in compressive strength of geopolymer mortar (GPM) mixes
after exposure to different sulfate solutions (3% Na>SO4, 6% Na>SO4, 3% MgSO4, 6%
MgSQs solutions) for 26 weeks.

147
TH-3009_156104033



Chapter-5

5.6.3.2 Geopolymer mortar (GPM) specimens exposed to different acid solutions

The compressive strength of GPM mixes made with different fly ash/GGBS blends and
S/B ratio after 26 weeks of exposure to water and acid solutions (0.31 mol/l H2SO4, 0.62
mol/l H2SO4, 0.31 mol/l HCI, and 0.62 mol/l HCI solutions) are presented in Fig. 5.13.
Further, the percentage change in compressive strength (strength loss) of GPM mixes
exposed to different acid solutions with respect to reference mixes (i.e., GPM mixes

exposed to water) is shown in Fig. 5.14.
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Fig. 5.13 Compressive strength of geopolymer mortar (GPM) mixes after exposure to
water, and different acid solutions (0.31 mol/l H2SO4, 0.62 mol/l H2SO4, 0.31 mol/l HCI,
and 0.62 mol/l HCI solutions for 26 weeks.
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Fig. 5.14 Strength loss percentage in geopolymer mortar (GPM) mixes after exposure to
different acid solutions (0.31 mol/l H2SO4, 0.62 mol/l H2SO4, 0.31 mol/l HCI, and 0.62
mol/lI HCI solutions for 26 weeks.

The GPM specimens immersed in acid solutions exhibited lower compressive strength as
compared to the specimens immersed in water as observed from Fig. 5.13. The strength
loss was found in the range of 21.57% to 71.72%, and 4.58% to 60.10% in case of H2SO4,
and HCI solutions respectively. This may be ascribed to the effect of depolymerization of

aluminosilicate gels in GPM mixes in the presence of acid solutions [58]. In the literature,
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similar results were reported by Aiken et al. [60], where the loss in compressive strength
of fly ash/slag (100/0, 80/20, 60/40, 30/70) based geopolymer mortar was observed in the
rage of 23% to 52%, 51% to 60%, and 61% to 67% after exposure to 1%, 3%, and 5%
H>SO4 solutions respectively for a period of 56 days. The authors also observed that
increase in the slag content decreased the porosity but the geopolymer mortar made with
higher slag content became more susceptible to sulfuric acid attack due to decalcification
of calcium-enriched gels and formation of more amount of gypsum. Further, the authors
did not observe significant difference in the strength loss when the alkaline activator dosage
in fly ash based geopolymer mortar increased from 7.5% to 11.5%. In another study, Khan
et al. [101] reported that in case of geopolymer mortar made with 85% fly ash and 15%
GGBFS, and activated with 12 M NaOH solution, a strength loss of 25% was observed
after exposure to 1.5% H>SO4 solution for a period of 24 weeks when compared with the
strength of geopolymer mortar specimens measured before exposure to H2SO4 solution.
While comparing this with the results obtained in the present research work, the
geopolymer mortar mix M1, which was prepared with a blend of 85% fly ash and 15%
GGBS and NaOH solution of 14 M exhibited a comparatively lower strength loss of
21.57% after immersion in 0.31 mol/l H.SO4 solution for a period of 26 weeks. In the
present research work, the lower strength loss after immersion in comparatively higher
concentration of H2SO4 solution i.e., 0.31 mol/l H2SO4 solution (3% H2SO4 solution) when
compared with that reported by Khan et al. [101] where geopolymer mortar specimens were
exposed to 1.5% H>SO4 solution may be attributed to the effect of formation of denser
geopolymer matrix due to the combined effect of higher binder content, and higher molarity
of NaOH solution (in the present research work) as compared to that prepared with lower
binder content and lower molarity of NaOH solution by Khan et al. [101].

While comparing the effect of fly ash/GGBS blends on compressive strength of GPM
specimens immersed in acid solutions, it is observed that the compressive strength of GPM
mixes decreased with increase in GGBS content in the mixes. This may be due to the
decalcification of calcium enriched gels (N-(C)-A-S-H and C-S-H) to a greater extent at
higher GGBS content in the GPM mixes. The maximum loss in compressive strength was
observed in the mix M3 (FA55/G45, S/B 1.5) i.e., 58.08% in the 0.31 mol/l H2SO4 solution,
71.72% in the 0.62 mol/l H2SO4 solution, 43.94% in the 0.31 mol/l HCI solution, and
60.10% in the 0.62 mol/l HCI solution. The GPM mix M1 (FA85/G15, S/B 1.5) exhibited

lower strength loss after immersion in HoSO4solutions (21.57% in case of 0.31 mol/l H2SO4
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solution and 49.67% in case of 0.62 mol/l H2SO4 solution), and HCI solutions (4.58% in
case 0f 0.31 mol/lI HCI solution and 24.84% in case of 0.62 mol/l HCI solution) as compared
to other GPM mixes despite having relatively higher water absorption and permeable voids
(as evident from Fig. 5.3). The reason for comparatively better performance of GPM mix
M1 may be due to the relatively higher chemical stability of the aluminosilicate molecular
structure compared with that of calcium-enriched gels, which formed in higher amount in
GPM mix M3 [137].

While investigating the effect of S/B ratio, it is noted that the GPM mixes made with higher
S/B ratio showed lower compressive strength, when immersed in acid solutions. However,
the strength loss after immersion in acid solutions was reduced at higher S/B ratio as
observed from Fig. 5.14. As stated earlier, the decrease in binder content in the mixes made
with higher S/B ratio resulted in formation of lower amount of aluminosilicate gels leading
to poor bonding between the aluminosilicate gels and fine aggregate, and resulted in lower

compressive strength for the GPM mixes made with higher S/B ratio.

Further, the leaching of lower amount of Si, Al, and Ca species into the acid solutions due
to lower availability of aluminosilicate gels may reduce the strength loss of the GPM mixes
made with higher S/B ratio. In addition, the lower formation of gypsum in GPM specimens
made with higher S/B ratio in case of immersion in H2SO4 solution might have filled the
pores in the specimens, which resulted in lower strength loss as compared to that made with
lower S/B ratio (Fig. 5.14). The loss in compressive strength was higher for GPM mixes
immersed in H2SO4 solutions than HCI solutions (Fig. 5.14). In case of GPM specimens
immersed in H2SOg solution, the deposition of gypsum crystals leads to increase in the
structural degradation of the specimens that resulted in higher strength loss in comparison
to immersion in HCI solution [137]. Furthermore, the strength loss of GPM mixes increased
with increase in concentration of both acid solutions. This may be ascribed to the effect of
increase in the degree of deterioration of geopolymer matrix at higher concentration of acid

solutions.

5.6.3.2.1 Deterioration factor of GPM mixes exposed to different acid solutions

The deterioration factor (DF) of GPM mixes immersed in acid solutions was evaluated with
respect to the GPM mixes cured under ambient condition at the age of 28 and 180 days.
For a given GPM mix immersed in acid solution, the deterioration factor greater than 1
indicates loss in compressive strength when compared with the compressive strength

measured at 28 and 180 days. The deterioration factor of GPM mixes immersed in acid
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solutions are presented in Table 5.1. From Table 5.1, it is noted that the DF2g, and DF1go of
all GPM mixes immersed in H2SO4 solution varied from 1.15 to 2.94, and 1.45 to 3.70
respectively. Similarly, in case of HCI solution, the DF2g, and DF1go of all GPM mixes
varied from 0.95 to 1.86, and 1.18 to 2.35 respectively. This indicates that all GPM
specimens immersed in acid solutions exhibited strength loss as compared to that measured
at 28 days and 180 days of ambient curing. Further, from Table 5.1, it can be observed that
the GPM mix M1 (FA85/G15, S/B 1.5) exhibited lowest deterioration factor, whereas the
GPM mixes M3 (FA55/G45, S/B 1.5) and M5 (FA55/G45, S/B 2.5) showed higher
deterioration factor against acid solutions.

Table 5.1 Deterioration factor of geopolymer mortar (GPM) mixes after immersion in
acid solutions

Deterioration Factor (DFzs) * Deterioration Factor (DFigo) ™
GPM mixes 0.31 0.62 0.31 0.62 0.31 0.62 0.31 0.62
mol/l mol/l mol/l mol/I mol/l mol/I mol/l mol/l
H,SO4 H2SO4 HCI HCI H,SO4 H2SO4 HCI HCI
M1
(FA85/G15, 1.15 1.79 0.95 1.20 1.45 2.26 1.19 151
S/B 1.5)
M2
(FA70/G30, 1.53 2.34 1.06 1.24 1.77 2.95 1.23 1.57
S/B 1.5)
M3
(FA55/G45, 2.01 2.46 1.50 1.75 2.53 3.11 1.89 2.20
S/B 1.5)
M4
(FA55/G45, 1.65 2.88 1.27 1.82 1.88 3.63 1.44 2.29
S/B 2.0)
M5
(FA55/G45, 151 2.94 1.15 1.86 1.55 3.70 1.18 2.35
S/B 2.5)

“DF2s: Ratio of compressive strength of geopolymer mortar (GPM) measured at 28 days of ambient curing to that
measured after 26 weeks of immersion in acid solutions.
"DF1s0: Ratio of compressive strength of geopolymer mortar (GPM) measured at 180 days of ambient curing to that
measured after 26 weeks of immersion in acid solutions.

5.7 Microstructure analysis

5.7.1 Correlation of microstructure with strength development of geopolymer
mortar (GPM) at different ages of ambient curing

5.7.1.1 XRD analysis

The XRD patterns of geopolymer mortar (GPM) mixes made with various fly ash/GGBS
blends and S/B ratio at 7, 28, 90, and 180 days of ambient curing are shown in Fig. 5.15 (a

- e). From these figures, the crystalline peaks related to quartz (SiO2) and mullite
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(Als75Si1250063) were found in all GPM mixes, which indicates the presence of
unreacted/partially reacted fly ash in the GPM mixes. Further, the amorphous to semi-
crystalline phases related to the reaction products formed during the alkali activation of
precursor materials were identified. The peaks related to albite ((Na, Ca)Al(Si Al)3Og) at
22.1° 20, and 28.0° 20, nepheline (NaAlSiO4) at 27.1° 20, and anorthoclase ((Nao.gs
Ko.15)(AlSiz0s)) at 23.7° 260, 27.5° 20 and 35.3° 20 were identified in the XRD patterns of
GPM mixes at all ages of ambient curing. Further, sodalite (NagAleSisO24(OH)2(H20)2)
was found at 24.5° 20 in the XRD patterns of some GPM mixes. The peaks related to poorly
ordered C-S-H and calcite was identified at 29.4° 26 in all GPM mixes. From the XRD
patterns, it is found that the intensity of peaks related to anorthoclase mostly reduced in all
GPM mixes as the curing age increased from 7 to 180 days. Further, the intensity of peaks
related to albite, nepheline, and C-S-H were mostly higher in the GPM mixes at later ages
of ambient curing. Thus, the dominant effect of more formation of albite, nepheline, and
C-S-H gel improved the strength of geopolymer mortar (GPM) at later ages. From Fig. 5.15
(a-c), it is observed that the geopolymer mortar (GPM) mixes made with higher amount
of GGBS exhibited mostly higher peak intensity related to nepheline, albite, and C-S-H at
all ages. This indicates the formation of higher amount of calcium-rich gels (N-(C)-A-S-H
and C-S-H gel) and N-A-S-H gel that resulted in higher compressive strength for the GPM
mixes made with higher amount of GGBS as observed from Fig. 5.2. While observing the
XRD patterns of GPM mixes made with different S/B ratios (Fig. 5.15 (c - €)), it is noted
that the GPM mixes made with higher S/B ratio exhibited mostly lower intensity of peaks
related to anorthoclase. However, there was no systematic variation in the intensity of peaks
related to nepheline, albite, and C-S-H gel. Thus, the dominant effect less formation of
anorthoclase over the unsystematic variation in the formation of nepheline, albite, and C-
S-H gel as indicated by the peak intensity in the XRD patterns led to lower compressive
strength of GPM mixes made with relatively higher S/B ratio (M4 and M5) when compared
with that made with lower S/B ratio (M3) (Fig. 5.2).
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Fig. 5.15 XRD patterns of geopolymer mortar (GPM) mixes at different ages of ambient
curing: (a) M1 (FA85/G15, S/B 1.5), (b) M2 (FA70/G30, S/B 1.5) (c) M3 (FA55/G45,
S/B 1.5), (d) M4 (FA55/G45, S/B 2.0), () M5 (FA55/G45, S/B 2.5).
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5.7.1.2 EDS analysis

Typical EDS spectra of geopolymer mortar (GPM) mixes at various ages of ambient curing
are illustrated in Fig. 5.16 and Fig. Al to Fig. A4 (in Appendix section). Further, the
obtained elemental ratios such as atomic Na/Si, Al/Si, and Ca/Si ratios are presented in Fig.
5.17. From Fig. 5.17, it is noted that the GPM mixes exhibited atomic Na/Si, Al/Si, and
Ca/Si ratios in the range of 0.20 - 1.66, 0.32 - 0.86, and 0.07 - 0.97 respectively. The atomic
ratios were mostly increased with increase in ambient curing age for GPM mix ML.
However, in case of other mixes, the variations in atomic ratios were mostly unsystematic
with ambient curing age. This may be ascribed to the effect of differences in the
enhancement of compressive strength of GPM mixes at various ages of ambient curing as
observed from Fig. 5.2. The atomic Na/Si, Al/Si, and Ca/Si ratios increased from 7 days
(Na/Si: 0.27 - 1.08, Al/Si: 0.32 - 0.86, Ca/Si: 0.08 - 0.70) to 28 days (Na/Si: 0.36 - 1.66,
Al/Si: 0.43 - 0.86, Ca/Si: 0.19 - 0.97), and then it decreased from 28 to 90 days (Na/Si: 0.23
- 1.30, Al/Si: 0.42 - 0.62, Ca/Si: 0.07 - 0.75) followed by a decrease mostly from 90 to 180
days (Na/Si: 0.20 - 1.0, Al/Si: 0.33 - 0.69, Ca/Si: 0.11 - 0.45) irrespective of fly ash/GGBS
blends and S/B ratio. This can be corroborated with the results obtained from compressive
strength enhancement of GPM mixes, where the rate of strength enhancement was observed
to be higher from 7 to 28 days (18.4% to 38.0%) and then it gradually decreased from 28
to 90 days (7.5% to 25.4%), followed by a decrease from 90 to 180 days (-4.5% to 15.4%)
as discussed in section 5.3.

From Fig. 5.17, it is observed that the variations in atomic Na/Si, and Ca/Si ratios were
dependent on the fly ash/GGBS blends of GPM. The GPM mix M3 exhibited higher atomic
Na/Si ratio (0.32 - 0.58) as compared to mix M1 (0.23 - 0.55), and M2 (0.20 - 0.54).
Similarly, the GPM mix M3 exhibited higher atomic Ca/Si ratio (0.36 - 0.91) followed by
mix M2 (0.21 - 0.52) and M1 (0.07 - 0.19). However, there was no systematic variation in
the atomic Al/Si ratio among the GPM mixes M1, M2, and M3. The higher atomic Na/Si
and Ca/Si ratios in the GPM made with more amount of GGBS indicates the formation of
higher amount of sodium (and calcium) aluminosilicate gels and C-S-H gel that resulted in
higher strength development in the mixes as inferred from Fig. 5.2. Similar observations
related to the variations in the atomic ratios with respect to fly ash/GGBS blends were also
reported in the literature [82,140]. While evaluating the influence of S/B ratio on atomic
ratios of GPM mixes, it is noted that the atomic Na/Si ratio was mostly higher for GPM
mixes made with higher S/B ratio (M4, M5) whereas the atomic Al/Si and Ca/Si ratios
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exhibited mostly unsystematic variations in the GPM mixes made with different S/B ratios.
The GPM mix M5 (S/B ratio of 2.5) exhibited significantly higher atomic Na/Si ratio (1.0
to 1.66) as compared to GPM mix made with S/B ratio of 2.0 (M4, Na/Si ratio: 0.36 to
0.49), and S/B ratio of 1.5 (M3, Na/Si ratio: 0.32 to 0.58). This may be ascribed to the fact
that the availability of lower binder content in the GPM made with higher S/B ratio at
constant alkaline solution and sand content led to decrease in the silica content in the mixes.
This was also identified from the EDS analysis where the GPM mix M5 exhibited lower
silica content (average atomic percent of Si varied in the range of 7.6 - 11.8) as compared
to the mix M3 (10.5 - 15.9) and M4 (11.3 - 16.1). Therefore, the GPM mix made with
higher S/B ratio (M5) exhibited lower compressive strength (Fig. 5.2) despite showing
higher atomic Na/Si ratio.

A%

1 Ml (FASS/GIS, S/B 1_5)_7 days M Spectrum 36 M2 (FA70/G30, S/B 15)_7 days -S““:‘:Z
- 573 - [ 1 ¥ v o 615

M3 (FA55/G45, S/B 1.5 90 days ™¥=n? - M4 (FA55/G45, S/B 2.0) 90 days 8 cesna b4
e -~ 614 : - ‘ 678
i -~ By 158 - }

= M5 (FAS5/G45, S/B 2.5)_180 days M

Fig. 5.16 EDS spectra of geopolymer mortar (GPM) mixes at different ages of ambient
curing.
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Fig. 5.17 Atomic (a) Na/Si ratio, (b) Al/Si ratio, and (c) Ca/Si ratio obtained from EDS
analysis of geopolymer mortar (GPM) mixes at different ages of ambient curing.

5.7.1.3 FESEM analysis

The FESEM images of geopolymer mortar (GPM) mixes at ambient curing ages of 7 and
180 days are presented in Fig. 5.18. In addition, the FESEM images of GPM mixes at
ambient curing ages of 28 and 90 days are presented in Fig. A5 (in Appendix section). From
these figures, it is observed that the morphology of GPM mixes mainly consists of
unreacted/partially reacted fly ash particles with different shape, and geopolymer gels. The
unreacted/partially reacted GGBS particles were found in the GPM mix M4 at the age of
180 days and M5 at the age of 7 days. The presence of unreacted/partially reacted fly ash
and GGBS particles indicates incomplete reaction of precursor materials, even after 180
days of ambient curing. Similar observation was also observed by Zhang et al. [20] in case
of alkali activated cements developed under ambient curing condition. From Fig. 5.18, and
Fig. Ab, it is observed that the morphology of GPM mixes obtained at the age of 180 days
exhibited slightly more homogeneous and denser microstructure in comparison with that at
the age of 7, 28 and 90 days. This may be ascribed to the fact that as the reaction process
progressed from 7 to 180 days, higher amount of geopolymer gels formed and that
surrounded the unreacted/partially reacted fly ash particles (as seen in the morphology of
GPM mixes M1 and M2). This enhanced the interphase bond between the unreacted fly ash
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particles and geopolymer matrix leading to higher compressive strength at later age as
evident from Fig. 5.2 [85]. While comparing the influence of fly ash/GGBS blends on
morphology of GPM mixes, it is observed from Fig. 5.18, and Fig. A5 that the GPM mix
made with higher amount of GGBS (M3) resulted in more compact microstructure as
compared to that made with lower amount of GGBS (M1 and M2). This may be attributed
to the formation of more amount of calcium-rich gels due to increase in the extent of
geopolymerization reaction in the presence of higher amount of GGBS that leads to
increase in the compressive strength of GPM mixes. The partially reacted fly ash particles
leave some heterogeneously dispersed cavities and also developed some pores (as observed
on the morphology of GPM mix M1 180 days, M2_7 days and M2_90 days) that caused
the microstructure more porous thereby leading to lower compressive strength for the GPM
made with lower amount of GGBS. Further, from Fig. 5.18, and Fig. A5, no significant
differences were observed in the morphology of GPM made with different S/B ratios (M3,
M4, and M5). However, there was mostly higher formation of geopolymers gels in the
GPM mix made with lower S/B ratio as compared to that made with higher S/B ratio as
observed from Fig. 5.18, and Fig. A5.
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% by (5 ¥ i
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= fly ash particle
2
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— D kY
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Geopolymer gels
e B ; o
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Fig. 5.18 FESEM images of geopolymer mortar (GPM) mixes at 7 and 180 days of
ambient curing.

5.7.1.4 FTIR analysis

The FTIR spectra of geopolymer mortar (GPM) mixes made with different fly ash/GGBS
blends and S/B ratio at the ambient curing ages of 7, 28, and 180 days are shown in Fig.
5.19 (a - e). From these figures, the peaks related to asymmetric bending vibration of Si-O-
Si bond, and Al-O bond were identified in the range of 465 cm™to 472 cm™, and 695 cm*
to 779 cm™ respectively, which indicate the presence of unreacted/partially reacted
precursor materials in the GPM mixes. The peaks related to asymmetric stretching vibration
of Si-O-Si(Al) bond found in the range of 1028 cm™ to 1040 cm indicate the coexistence
of geopolymer gels (N-A-S-H and N-(C)-A-S-H) and C-S-H gel in the GPM mix. The
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stretching vibration of carbonate groups (CO3™) were identified in the range of 1426 cm™
to 1458 cmL. Further, the bending vibration of H-O-H group, and stretching vibration of -
OH group were identified in the range of 1638 cm™to 1645 cm™, and 3429 cm™ to 3462
cm respectively. From Fig. 5.19 (a - €), it is observed that the peaks related to Si-O-Si(Al)
bond mostly shifted towards higher wavenumbers as the ambient curing age increased from
7 to 180 days. This indicates the initial formation of C-S-H gel followed by N-(C)-A-S-H
gels gradually over time [40,82]. While evaluating the effect of GGBS content, and S/B
ratio, there was no systematic variation in the peaks related to Si-O-Si(Al) bond with
increase in GGBS content and S/B ratio in the GPM mixes as observed from Fig. 5.19 (a -

e).
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Fig. 5.19 FTIR spectra of geopolymer mortar (GPM) mixes at different ages of ambient
curing: (a) GPM mix M1 (FA85/G15, S/B 1.5), (b) GPM mix M2 (FA70/G30, S/B 1.5)
(c) GPM mix M3 (FA55/G45, S/B 1.5), (d) GPM mix M4 (FA55/G45, S/B 2.0), (e) GPM
mix M5 (FA55/G45, S/B 2.5).

5.7.2 Correlation of microstructure with compressive strength of geopolymer mortar
(GPM) mixes after immersion in different exposure solutions

5.7.2.1 XRD analysis

5.7.2.1.1 Geopolymer mortar (GPM) exposed to water and sulfate solutions

The XRD patterns of geopolymer mortar (GPM) mixes exposed to water, and different
sulfate solutions (3% Na>SOas, 6% Na>S04, 3% MgSO4, and 6% MgSO4 solutions) for 26
weeks are presented in Fig. 5.20 to Fig. 5.22. From these figures, it is observed that the
peak intensity of nepheline, anorthoclase, albite, sodalite, and C-S-H gel mostly increased
with increase in GGBS content from 15% to 45% in the GPM mixes exposed to water and
different sulfate solutions for 26 weeks. Furthermore, a peak related to anorthite ((Ca, Na)
(Si, Al)4Og) i.e., a calcium and sodium aluminosilicate complex was identified at 28. 1° 20
in the XRD pattern of GPM mix made with 45% GGBS (M3: FA55/G45, S/B 1.5) and
exposed to water, which indicates the formation of higher amount of calcium-rich gels in
the mix. The presence of higher amount of GGBS enhanced the geopolymerization reaction
in the GPM mixes exposed to water and different sulfate solutions, which led to formation
of higher amount of N-A-S-H, N-(C)-A-S-H and C-S-H gels, and resulted in increase in
compressive strength of GPM mix M3 (Fig. 5.11).

The peak intensity of albite and C-S-H decreased with increase in S/B ratio of the GPM
mixes exposed to water (Fig. 5.20). Furthermore, the peak intensity of nepheline,
anorthoclase, albite, and C-S-H mostly decreased with increase in S/B ratio of the GPM

mixes exposed to different sulfate solutions (Fig. 5.21 and Fig. 5.22). This may be ascribed
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to the formation of a comparatively lower amount of geopolymer gels and C-S-H gel due
to presence of a lower amount of binder in the GPM mixes made with higher S/B ratio (M4,
and M5), which resulted in a decrease in compressive strength of GPM mixes made with
higher S/B ratio in case of exposure to water and different sulfate solutions (Fig. 5.11).

Comparing the XRD patterns of GPM mixes exposed to water and sulfate solutions (Fig.
5.20 to Fig. 5.22) indicated that the peak intensity of nepheline, anorthoclase, albite and C-
S-H gel were mostly higher for the GPM mixes exposed to Na>,SO4 solutions followed by
exposure to water and MgSQg4 solutions. This may be attributed to the formation of more
geopolymer gels and C-S-H gel in the GPM mixes due to a comparatively higher extent of
polymerization reaction in the presence of Na,SOs solution. Therefore, increase in
compressive strength was observed in most of the cases in case of exposure to Na,SO4
solutions as compared to water (Fig. 5.12). Similarly, strength loss was observed in most
of the cases in case of exposure to MgSO4 solutions as compared to Na2SO4 solutions when
compared with exposure to water (Fig. 5.12). Although, the peak intensity of geopolymer
gels and C-S-H gel were mostly higher in the GPM mix M2 and M3 in case of exposure to
6% Na>SO4 solution than water, the lower compressive strength when exposed to 6%
Na>SO4 solution as compared to water (Fig. 5.12) may be ascribed to the dominant effect
of formation of gypsum, which was identified at 31.1° 20 in the XRD patterns (Fig. 5.21
(b)). The formation of gypsum might have caused the reduction in compressive strength of
the GPM mix M2 and M3 in case of exposure to 6% Na>SOs solution. The gypsum
formation was indicated by a small peak in the XRD patterns of GPM mixes in case of
exposure to 6% Na2SO4 solution (Fig. 5.21 (b)).

Although the peak intensity related to geopolymer gels and C-S-H gel were mostly lower
in the GPM mixes exposed to 3% MgSO4 and 6% MgSOQO4 solutions, the GPM mix made
with 15% GGBS content (M1) in case of exposure to both MgSO4 solutions (3% and 6%)
gained compressive strength when compared with that exposed to water (Fig. 5.12). This
indicates that the formation of gypsum in the pores was not sufficient to deteriorate the
geopolymer matrix due to formation of more stable aluminosilicate gels in the GPM mix
M1 made with lower amount of GGBS i.e., 15%. The formation of lower amount of gypsum
in the presence of lower amount of calcium in GPM mix M1 in case of exposure to sulfate
solution might have filled the pores in the mix. For the GPM mix made with higher GGBS
content (M2, M3, M4, and M5) in case of exposure to 3% and 6% MgSOs solutions, the

peak intensity of albite, and C-S-H gel were mostly lower as compared to exposure to water,
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which may be ascribed to the decalcification of these calcium enriched gels. The

decalcification of calcium enriched gels resulted in formation of more amount of gypsum,

which deteriorated the geopolymer matrix to a greater extent and led to loss in compressive

strength in case of exposure to MgSO4 solutions (mix M2 and M3: exposure to 3% MgSO4

solution, and mix M2, M3, M4, and M5: exposure to 6% MgSOa solution) as compared to

that exposed to water (Fig. 5.12). The formation of gypsum was identified by a small peak
in the XRD patterns of GPM mixes exposed to 6% MgSOg solution (Fig. 5.22 (b)).

T T T M5 (FA55/G45, S/B 2.5)_Water|
- M4 (FA55/G45, S/B 2.0)_Water
o - M3 (FA55/G45, S/B 1.5)_Water
QN - M2 (FA0/G30, S/B 1.5)_Water|
| Q Ao j csHe M (FA85/G15, S/B 1.5)_Water
v [rve guo ® o
—_ i N?o
z | C-S-H,C ]
é e M }S’\” /MAoQ LM'Y' Q_?JQ Q
2 [ o 1
'z /ﬁ CSHC
ﬁ M‘A \SN& TK/M AoQ e 9 o ]
\.ﬁl\_A_A_J'\\_’J«_,‘_J
i Q Ao Ml / C-SH,C ]
L M »A\S\u /,/ MaoQ 4 M Q Q o
e NAo WNMM
r Q AoM /A C-S-H,C ]
M JAals Y /MAOQ }M Q
T
10 20 30 40 50 60
Angle (° 20)

Fig. 5.20 XRD patterns of geopolymer mortar (GPM) mixes exposed to water for a period
of 26 weeks.
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Fig. 5.21 XRD patterns of geopolymer mortar (GPM) mixes exposed to: (a) 3% Na>SOa4
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Fig. 5.22 XRD patterns of geopolymer mortar (GPM) mixes exposed to: (a) 3% MgSO4
solution, and (b) 6% MgSO4 solution, for a period of 26 weeks.

5.7.2.1.2 Geopolymer mortar (GPM) exposed to acid solutions

The XRD patterns of geopolymer mortar (GPM) mixes exposed to different acid solutions
(0.31 mol/l H2SO4, 0.62 mol/l H2SO4, 0.31 mol/l HCI, and 0.62 mol/l HCI solutions) for 26
weeks are shown in Fig. 5.23 and Fig. 5.24. Comparison of the XRD patterns of GPM
mixes exposed to water (Fig. 5.20) and acid solutions (Fig. 5.23 and Fig. 5.24) indicated
that the peak intensity of anorthoclase and albite decreased in the GPM mixes exposed to
both H2SO4 solutions and HCI solutions than that exposed to water. Furthermore, the peak
intensity of nepheline, sodalite and C-S-H gel disappeared in the XRD patterns of GPM
mixes exposed to both types of acid solutions. This indicates that the phases related to N-
A-S-H and N-(C)-A-S-H gels, and C-S-H gel are more susceptible to H.SO4 and HCI
solutions, which caused depolymerization of the aluminosilicate gels and resulted in a
significant reduction in compressive strength of GPM mixes exposed to H.SO4 and HCI
solutions when compared with that exposed to water. The peaks associated with gypsum
(CaS04.2H20) were identified at 11.6° 26, 29.1° 20, 31.1° 20, 32.1° 26, 33.35° 26, 40.58°
20, 43.34° 20, and 56.78° 26 in the XRD patterns of all GPM mixes exposed to 0.31 mol/l
H2SO4and 0.62 mol/l H2SO4 solutions (Fig. 5.23 (a and b)).

The peak intensity of anorthoclase, albite, and gypsum increased with increase in GGBS
content in the GPM mixes exposed to H2SO4 solutions (Fig. 5.23 (a, b)). This indicates that
although a higher amount of N-A-S-H and N-(C)-A-S-H gels were formed in the GPM
mixes made with higher GGBS content, the dominant effect of formation of more amount
of gypsum caused deterioration of aluminosilicate gels to a higher extent. This observation

can be corroborated with the results obtained from the compressive strength of GPM mixes
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made with higher GGBS content, which exhibited higher loss in compressive strength
compared with the GPM mixes made with lower GGBS content (Fig. 5.14). The peak
intensity of anorthoclase, albite, and gypsum mostly decreased with increase in S/B ratio
in the GPM mixes exposed to H2SO4 solutions (Fig. 5.23 (a, b)), which indicates presence
of less amount of aluminosilicate gels and gypsum in the GPM mixes made with higher
S/B ratio. This is attributed to the fact that the binder content of the GPM mixes decreased
with increase in the S/B ratio, which resulted in the formation of lower amount of
aluminosilicate gels. This led to lower dissolution of Si, Al, Na, and Ca species from the
aluminosilicate gels in the presence of H>SO4 solution thereby forming lower amount of
gypsum as a result of lower extent of reaction of calcium with H2SO4 solution. Thus, the
dominant effect of formation of lower amount of gypsum in the GPM mixes made with
higher S/B ratio resulted in less compressive strength loss as compared to that made with
lower S/B ratio (Fig. 5.14). The XRD patterns of GPM mixes exposed to 0.31 mol/l and
0.62 mol/l HCI solutions (Fig. 5.24 (a and b)) indicated that although the peak intensity of
anorthoclase and albite mostly increased with increase in GGBS content, the compressive
strength reduced with increase in GGBS content. This may be due to the dominant effect
of disappearance of phases related to nepheline, sodalite, and C-S-H gel in the GPM mixes.
Furthermore, the peak intensity of albite decreased with increase in S/B ratio in the GPM
mixes exposed to HCI solutions. This can be corroborated with the decrease in compressive
strength of GPM with increase in S/B ratio in case of exposure to HCI solutions (Fig. 5.13).
However, comparatively lower dissolution of Si, Al, and Ca species from the
aluminosilicate gels in the presence of HCI solution due to presence of lower amount of
aluminosilicate gels as indicated by XRD patterns resulted in less strength loss in the GPM
made with higher S/B ratio than that made with lower S/B ratio (Fig. 5.14). While
comparing the XRD patterns of GPM exposed to H.SO4 and HCI solutions (Fig. 5.23 and
Fig. 5.24), the intensity of peaks related to anorthoclase and albite were mostly higher in
case of GPM mixes exposed HCI solutions as compared to that exposed to H2SO4 solutions.
This indicates comparatively less dissolution of aluminosilicate gels in case of exposure to
HCI solutions than H2SOg4 solutions. This is in line with the variation in loss in compressive
strength of GPM mixes where the strength loss was lower in case of exposure to HCI
solutions than H2SO4 solutions (Fig. 5.14). Further, the peak intensity of anorthoclase and
albite in the XRD patterns mostly decreased with increase in concentration of both acid

solutions (Fig. 5.23 and Fig. 5.24), which shows presence of less amount of aluminoslilicate
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gels in the GPM mixes in case of exposure to acid solutions of higher concentration. It may
be noted that the loss in compressive strength of GPM mixes was higher at higher

concentration of both acid solutions than that at lower concentration (Fig. 5.14).

While comparing the XRD patterns of GPM obtained at 28 and 180 days of ambient curing
with that of GPM immersed in H2SO4, and HCI solutions, it is noted that the GPM mixes
immersed in H2SO4 solutions exhibited lower intensity of peaks related to anorthoclase and
albite in comparison to that obtained at 28 and 180 days of ambient curing. However, there
was no systematic variation in the peak intensity of anorthoclase and albite of GPM mixes
immersed in HCI solutions when compared with that obtained at 28 and 180 days of
ambient curing. Further, the intensity of peaks related to sodalite, nepheline, and C-S-H gel
were disappeared in the XRD patterns of GPM mixes immersed in both types of acid
solution as compared to that obtained at 28 and 180 days of ambient curing. Therefore, all
the GPM mixes immersed in acid solutions mostly exhibited higher deterioration factor

(i.e., greater than 1).
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Fig. 5.23 XRD patterns of geopolymer mortar (GPM) mixes exposed to: (a) 0.31 mol/I
H2S04 solution, and (b) 0.62 mol/l H2SO4 solution, for a period of 26 weeks.
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Fig. 5.24 XRD patterns of geopolymer mortar (GPM) mixes exposed to: (a) 0.31 mol/I
HCI solution, and (b) 0.62 mol/l HCI solution, for a period of 26 weeks.

5.7.2.2 EDS analysis

5.7.2.2.1 Geopolymer mortar (GPM) exposed to water and sulfate solutions

Typical EDS spectra of geopolymer mortar (GPM) mixes exposed to water and to different
sulfate solutions for 26 weeks are shown in Fig. 5.25 to Fig. 5.29. The elemental ratios
(average atomic Na/Si, Al/Si, and Ca/Si ratios) obtained from EDS analysis of GPM mixes
are shown in Fig. 5.30. The GPM mixes exposed to water had average atomic Na/Si ratio,
Al/Si ratio, and Ca/Si ratio in the range 0.19-0.28, 0.39-0.52 and 0.06-0.65, respectively,
irrespective of the GGBS content and S/B ratio (Fig. 5.30). These values of atomic ratios
indicate the presence of N-A-S-H gel and N-(C)-A-S-H gel in the GPM mixes
[41,82,85,95]. The GPM mix made with 45% GGBS content (M3) exhibited higher atomic
Al/Si ratio (0.52), and moderate Na/Si ratio (0.24) after immersion in water. Furthermore,
the GPM mix made with 45% GGBS content (M3) had atomic Ca/Si ratio of 0.65, which
is significantly higher than the mixes made with 15% GGBS content (Ca/Si ratio = 0.06)
and 30% GGBS content (Ca/Si ratio = 0.14). This indicates the coexistence of C-S-H gel
along with N-A-S-H and N-(C)-A-S-H gels in the mix M3 that resulted in highest
compressive strength among all the GPM mixes exposed to water (Fig. 5.11). Similar
observations were reported in literature about the formation of C-S-H gel when the atomic
Ca/Si ratio in the mixes was in the range 0.6 to 1.4 [41,82,83,85,95,135,136]. The variations
in atomic ratios (Na/Si, Al/Si, and Ca/Si ratios) were not systematic with increase in GGBS
content from 15% to 45% in the GPM mixes after exposure to 3% Na>SOs, 6% Na>SOa,
and 3% MgSOs solutions (Fig. 5.30). The atomic Na/Si ratio, Al/Si ratio, and Ca/Si ratio
decreased with increase in GGBS content in the GPM mixes exposed to 6% MgSOa4

solution. However, the compressive strength of GPM mixes after exposure to different
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sulfate solutions were mostly increased with increase in GGBS content from 15% to 45%.
This may be attributed to the effect of inconsistent variation between the extent of
formation of different binding gels in the GPM mixes with increase in GGBS content in
the presence of sulfate solutions that led to inconsistent variations in the atomic ratios.

The GPM mix M1 (FA85/G15, S/B 1.5) exposed to NaxSO4 and MgSO4 solutions exhibited
higher atomic ratios (Na/Si, Al/Si, and Ca/Si ratios) than in case of exposure to water (Fig.
5.30). This is in line with the variation in compressive strength of GPM mix M1 between
exposure to sulfate solutions and water (Fig. 5.11). As already discussed in Section
5.7.2.1.1, there was comparatively lower formation of binding gels in GPM mix M1 in case
of exposure to MgSOa solutions when compared with that exposure to water as indicated
by the peak intensity in the XRD patterns. The gain in strength of GPM mix M1 (15%
GGBS) in case of exposure to MgSO4 solutions when compared with water was attributed
to the formation of more stable aluminosilicate gels in the GPM, and pore filling effect of
gypsum due to its lower formation in the presence of lower calcium content in the mix M1.
Thus, the higher atomic ratios in GPM mix M1 may ascribed to the effect of inconsistent
variation among silica, alumina, sodium, and calcium species in the GPM mix M1 exposed
to MgSOgssolutions. In case of GPM mix M2 (FA70/G30, S/B 1.5), the variations in atomic
ratios were not systematic with respect to different exposure solutions (Fig. 5.30).
However, GPM mix M3 (FA55/G45, S/B 1.5) exposed to MgSO. solutions had lower
atomic Na/Si, Al/Si, and Ca/Si ratios than that exposed to water and Na2SO4 solutions. This
can be correlated with the results obtained from the compressive strength where GPM mix
M3 exposed to MgSOs solutions had lower compressive strength than that exposed to water
and Na>SO4 solutions (Fig. 5.11).

The GPM mix made with S/B ratio of 2.5 (M5) had a lower atomic Na/Si ratio than those
made with lower S/B ratios (M3 and M4) when exposed to water (Fig. 5.30). However,
there was less difference in atomic Na/Si ratio between mixes M3 and M4. Furthermore,
the atomic Al/Si ratio and Ca/Si ratio of GPM mixes decreased with increase in S/B ratio
in case of exposure to water. This may be attributed to the less paste content in the GPM
mixes made with higher S/B ratio, which led to lower extent of geopolymerization reaction
and resulted in lower compressive strength of the GPM mixes made with higher S/B ratio
(Fig. 5.11). In case of GPM mixes exposed to Na.SO4 and MgSO4 solutions, no systematic
variations were observed in atomic ratios with increase in S/B ratio of the mixes. Further,
in GPM mixes M4 (FA55/G45, S/B 2.0) and M5 (FA55/G45, S/B 2.5), there was no
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systematic variation in atomic Na/Si, Al/Si, and Ca/Si ratios among different exposure
environment i.e., water, Na,SO4, and MgSOs solutions. The presence of calcium and sulfur
in the GPM mixes exposed to sulfate solutions (Fig. 5.26-5.29, and Table 5.2) indicates the
formation of gypsum in the mixes. The formation of comparatively more amount of
gypsum in GPM mixes M2 and M3 in case of exposure to 6% Na>SOs, 3% MgSOs4, and
6% MgSO:s solutions, M4 in case of exposure to 6% MgSOs solution, and M5 in case of
exposure to 6% MgSO4 solution might have resulted in the propagation of expansion cracks
in the mixes, which led to a decrease in compressive strength (Fig. 5.11). However, the
formation of gypsum to a certain amount in case of GPM mix M1 exposed to all solutions;
M2 and M3 exposed to 3% Na>SO4 solution; M4 exposed to 3% Na>SOs, 6% Na»SO4, and
3% MgSO4 solutions; and M5 exposed to 6% Na>SOa, and 3% MgSO4solutions might have
filled the pores in the mixes, thereby resulting in comparatively higher compressive

strength in comparison to exposure to water (Fig. 5.11).

: 9 Ml (FA85/G15, S/B 1.5)_water " - 5 M3 (FA70/G30, S/B 1.5) water
e LN

| M3 (FASS/G4S, S/B 15)_water  Misenis
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Fig. 5.25 EDS spectra of geopolymer mortar (GPM) mixes exposed to water for 26
weeks.
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Fig. 5.26 EDS spectra of geopolymer mortar (GPM) mixes exposed to 3% Na>SO4
solution for 26 weeks.
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Fig. 5.27 EDS spectra of geopolymer mortar (GPM) mixes exposed to 6% Na>SO4
solution for 26 weeks.
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Fig. 5.28 EDS spectra of geopolymer mortar (GPM) mixes exposed to 3% MgSO4
solution for 26 weeks.
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Fig. 5.29 EDS spectra of geopolymer mortar (GPM) mixes exposed to 6% MgSO4
solution for 26 weeks.
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Fig. 5.30 Atomic ratios obtained from EDS analysis of geopolymer mortar (GPM) mixes
exposed to water and different sulfate solutions: (a) Na/Si ratio, (b) Al/Si ratio, and (c)

Ca/Si ratio.

Table 5.2 Average atomic percent of Ca and S in geopolymer mortar (GPM) mixes

exposed to different sulfate solutions for 26 weeks

Mix S';';ﬁ%‘s Ca('g:)’m sulfur (S) Sg/:gﬁfr;‘s C?'(‘:;:)‘m Sulfur (S)
M1 3% NazSO4 2.08 0.12 3% MgSO,4 1.22 1.36
(FAB5/G15, SIB 1.5) | 6% Na;SO4 6.90 0.60 6% MgSO, 5.46 0.90
M2 3% NaySO;4 2.18 0.66 3% MgSO, 2.92 0.16
(FA70/G30, S/B 1.5) | 6% NazSO4 2.94 1.28 6% MgSOy 3.80 0.18
M3 3% NazSO4 6.06 0.28 3% MgSO;4 2.96 0.36
(FA55/G45, S/B 1.5) | 6% Na;SO4 5.68 0.36 6% MgSO; 2.38 0.52
M4 3% NazSO4 1.10 1.70 3% MgSO, 2.04 0.20
(FAS5/G45, S/B 2.0) | 6% NaSO4 2.64 0.96 6% MgSO4 7.20 0.20
M5 3% Na,SO;4 7.02 0.56 3% MgSO, 3.40 0.16
(FAS5/G45, SIB 2.5) | 6% NazSO4 3.32 0.60 6% MgSO4 3.16 2.84

5.7.2.2.2 Geopolymer mortar (GPM) exposed to acid solutions

Typical EDS spectra of GPM mixes exposed to different acid solutions (H2SOa, and HCI

solutions) for 26 weeks are shown in Fig. 5.31 to Fig. 5.34. The elemental ratios (atomic
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Na/Si, Al/Si, and Ca/Si ratios) obtained from EDS analysis of GPM mixes are shown in
Fig. 5.35.

The atomic Na/Si ratio and Al/Si ratio mostly decreased in GPM mixes in case of exposure
to 0.31 mol/l and 0.62 mol/l H2SO4 solutions when compared with the reference mix i.e.,
exposure to water (Fig. 5.35). Furthermore, the GPM mixes exposed to 0.31 mol/l and 0.62
mol/l H2SO4 solutions had mostly higher atomic Ca/Si ratio than the reference mix exposed
to water. A higher atomic mass of calcium (Ca) and sulfur (S) were observed in the GPM
mixes exposed to 0.31 mol/l and 0.62 mol/l H2SO4 solutions (Table 5.3). The decrease in
atomic Na/Si ratio, and Al/Si ratio; and increase in atomic mass of calcium (Ca) and sulfur
(S) indicates the simultaneous effect of leaching of Na, Al and Ca from N-A-S-H, N-(C)-
A-S-H, and C-S-H gels, and formation of gypsum crystals in the GPM mixes exposed to
H2SO4 solutions. The calcium ions present in GPM mixes diffuse toward H2SO4 solution
and react with counter-diffusing sulfate anions present in H.SO4 solution, which resulted
in the formation, and deposition of gypsum crystals in the pores of GPM specimens [57].
Furthermore, the GPM mixes exposed to 0.31 mol/l and 0.62 mol/l HCI solutions had
mostly lower atomic Na/Si ratio, and Ca/Si ratio as compared to the reference mix i.e.,
exposure to water (Fig. 5.35). This may be ascribed to the effect of significant leaching of
Na and Ca ions from the binding gels in GPM mixes in the presence of HCI solution. Thus,
the GPM mixes exposed to both HCI solutions had lower compressive strength (Fig. 5.13)
than that exposed to water. The highly vulnerable nature of calcium enriched binding gels
in HCI solution also are reported in the literature [137]. Further, the GPM mixes exposed
to 0.31 mol/l and 0.62 mol/lI HCI solutions had Cl ions in the range of 0.38 - 2.48 atomic %
(Table 5.3), which might have deteriorated the geopolymer gels in the GPM mixes.
Comparison of the effect of acid solutions indicated no systematic variations in the atomic
Na/Si and Al/Si ratios of the GPM mixes between exposure to H.SO4 and HCI solutions.
However, the GPM mixes exposed to H2SO4 solutions had significantly higher Ca/Si ratio
than the GPM mixes exposed to HCI solutions. This indicates that a higher amount of
calcium might have reacted with the sulfur present in the H.SO4 solution and formed higher
amount of gypsum in the GPM mixes exposed to H.SO4 solution. This caused volumetric
expansion of the GPM specimens and resulted in lower compressive strength as compared

to the GPM specimens exposed to HCI solution (Fig. 5.13).

The GPM mix M1 (FA85/G15, S/B 1.5) had mostly higher atomic Na/Si ratio, Al/Si ratio
and Ca/Si ratio than the GPM mix M2 (FA70/G30, S/B 1.5) and M3 (FA55/G45, S/B 1.5)
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in case of exposure to different H.SO4 and HCI solutions (Fig. 5.35). This indicates the
stability of geopolymer gels (N-A-S-H and N-(C)-A-S-H) formed in the GPM mix (M1)
made with lower GGBS content, which were comparatively less susceptible to both acid
solutions. This observation can be corroborated with the results obtained from the visual
appearance of the specimens (Fig. 5.8), compressive strength (Fig. 5.13), and XRD analysis
(Fig. 5.23 and Fig. 5.24) of GPM mix M1. The atomic Na/Si ratio, and Al/Si ratio mostly
increased with increase in S/B ratio of the GPM mixes after exposure to H.SO4 and HCI
solutions (Fig. 5.35). It may be noted that the GPM mixes made with higher S/B ratio
exhibited lower compressive strength in case of exposure to acid solutions (Fig. 5.13). This
may be due to the dominant effect of acid solutions on the GPM mixes, which deteriorated
the GPM specimens significantly as a result of lower formation of aluminosilicate gels at
lower binder content in the mixes made with higher S/B ratio. However, the loss in
compressive strength after immersion in acid solutions was lower at higher S/B ratio than
that at lower S/B ratio (Fig. 5.14), which is line with the variations in the atomic ratios of
GPM mixes with increase in S/B ratio. The GPM mixes exposed to H>SO4 and HCI
solutions had significantly lower atomic Na/Si ratio, and mostly lower atomic Al/Si and
Ca/Si ratios as compared to that obtained at 28 and 180 days of ambient curing. The lower
atomic ratios in GPM mixes immersed in acid solutions indicate the depolymerization of
aluminosilicate gels in the presence of acid solutions that resulted in significant decrease in
compressive strength when compared with that obtained at 28 and 180 days of ambient
curing (Table 5.1, where DF2g and DF1go values were greater than 1, indicating strength

loss in case of exposure to acid solutions).
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Fig. 5.31 EDS spectra of geopolymer mortar (GPM) mixes exposed to 0.31 mol/l H2SO4
solution for 26 weeks.
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Fig. 5.32 EDS spectra of geopolymer mortar (GPM) mixes exposed to 0.62 mol/l H2SO4
solution for 26 weeks.
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Fig. 5.33 EDS spectra of geopolymer mortar (GPM) mixes exposed to 0.31 mol/l HCI
solution for 26 weeks.
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Fig. 5.34 EDS spectra of geopolymer mortar (GPM) mixes exposed to 0.62 mol/l HCI
solution for 26 weeks.
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Fig. 5.35 Atomic ratios obtained from EDS analysis of geopolymer mortar (GPM) mixes
exposed to water and different acid solutions: (a) Na/Si ratio, (b) Al/Si ratio, and (c) Ca/Si

ratio.

Table 5.3 Average atomic percent of Ca, S, and CI in geopolymer mortar (GPM) mixes
exposed to different acid solutions for 26 weeks

. . Calcium | Sulfur . Calcium | Chloride
Mix H>SO; solutions (Ca) ©) HCI solutions (Ca) )
M1 0.31 mol/l HzSO, 6.42 0 0.31 mol/l HCI 4.24 0.92
(FA85/G15, S/B 1.5) | 0.62 mol/l H;SO4 7.62 8.76 | 0.62 mol/l HCI 0.58 2.48
M2 0.31 mol/l H2SO, 0.34 1.24 | 0.31 mol/l HCI 0.06 1.10
(FA70/G30, S/B 1.5) | 0.62 mol/l H,SO4 7.82 8.56 | 0.62 mol/l HCI 0.52 2.0
M3 0.31 mol/l H2SO4 5.0 4.84 | 0.31 mol/l HCI 0.34 0.38
(FA55/G45, S/B 1.5) | 0.62 mol/l H,SO4 9.64 8.08 | 0.62 mol/l HCI 0.28 1.52
M4 0.31 mol/l H2S04 6.06 5.88 | 0.31 mol/l HCI 0.68 1.14
(FA55/G45, S/B 2.0) | 0.62 mol/l H,SO4 5.24 6.3 | 0.62mol/l HCI 0.58 0.60
M5 0.31 mol/l H2S0, 6.94 8.20 | 0.31 mol/l HCI 3.50 0.46
(FA55/G45, S/IB 2.5) | 0.62 mol/l HSO, 5.26 5.84 | 0.62 mol/l HCI 0.02 1.28

5.7.2.3 FESEM analysis
Typical FESEM images of GPM mixes (M1, M3 and M5) exposed to water, different
sulfate solutions (6% Na»SO4 and 6% MgSO; solutions), and acid solutions (0.62 mol/Il
H>S04 and 0.62 mol/l HCI solutions) for 26 weeks are shown in Fig. 5.36 to Fig. 5.40. In
addition, the FESEM images of GPM mixes (M1, M3 and M5) exposed to 3% Na>SOs, 3%

TH-3009_156104033
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MgS0Os, 0.31 mol/l H2SO4 and 0.31 mol/l HCI solutions for 26 weeks are presented in Fig.
A6 to Fig. A9 (Appendix section). Similarly, the FESEM images of GPM mixes i.e., M2
and M4 exposed to water, and different sulfate and acid solutions for 26 weeks are
presented in Fig. A10 to Fig. A14. The GPM mixes exposed to water and different sulfate
solutions had comparatively denser microstructure than the mixes exposed to acid solutions
(Fig. 5.36 to Fig. 5.40). This may be attributed to the effect of continuation of
geopolymerization reaction when immersed in water and sulfate solutions that resulted in
formation of more geopolymer gels (N-A-S-H and N-(C)-A-S-H gel) in the mixes, which
led to higher compressive strength when compared with the mixes exposed to acid
solutions. The FESEM image of GPM mix M1 (FA85/G15, S/B 1.5) exposed to water
shows partially reacted fly ash particle, which may be due to the presence of higher amount
of fly ash in the mix whereas the FESEM image of GPM mix M3 (FA55/G45, S/B 1.5)
exhibited more compact microstructure as a result of more calcium-rich gel formation at
higher amount of GGBS in the mix immersed in water (Fig. 5.36). This is supported by the
higher intensity of peaks related to aluminosilicate gels and C-S-H gel as observed from
the XRD analysis (Fig. 5.20) and higher atomic Ca/Si ratio (0.65) as observed from EDS
analysis (Fig. 5.30 (c)) of the GPM mix M3 in case of immersion in water. The morphology
of GPM mix M5 (FA55/G45, S/B 2.5) shows relatively less homogenous microstructure as
compared to the GPM mix M3 (Fig. 5.36), which may be due to lower extent of
geopolymerization reaction in the presence of lower amount of binder in the mix M5 that
led to reduction in strength as observed from Fig. 5.11. This can be corroborated with the
results obtained from XRD analysis (Fig. 5.20) and EDS analysis (Fig. 5.30), where the
intensity of peaks related to albite and C-S-H gel, and the atomic Al/Si and Ca/Si ratios in
the GPM were lower at higher S/B ratio.

The FESEM images of GPM mix M1 exposed to Na2SOs and MgSOQOs solutions indicated
the presence of geopolymer gels and some partially reacted fly ash particles surrounded by
the geopolymer gels (Fig. 5.37: 6% Na>SOs; Fig. 5.38: 6% MgSOs). In addition, the
development of some microcracks (Fig. 5.37: 6% Na>SO4) and pores (Fig. A7: 3% MgSOa)
were also observed in the GPM mix M1. The development of microcracks in the GPM mix
may be due to the internal stresses exerted during the partial reaction of fly ash particles in
the mix as a result of continuation of geopolymerization reaction. However, the
development of microcracks did not affect the strength of GPM mix M1 after exposure to

sulfate solutions as there was gain in compressive strength after exposure to sulfate
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solutions, and the reason for the strength gain is already stated in Section 5.6.3.1. Similarly,
the FESEM images of GPM mix M2 exposed to 3% Na>SO4 (Fig A11), and 3% and 6%
MgSOs solutions (Fig. A12) indicate the presence of some partially reacted fly ash particles
surrounded by the geopolymer gels. Although, the GPM mixes exposed to sulfate solutions
had comparatively denser microstructure, the formation of gypsum crystals in some of the
GPM mixes made with 30% and 45% GGBS contents as evident from the FESEM images
(Fig. 5.37: M3 _6% Na>SOs, Fig. 5.38: M3 _6% MgSOs4, M5 6% MgSOs4, Fig. All:
M2_6% Na>SO04, and Fig. A12: M2_3% MgSO4, M2_6% MgSOa, M4_6% MgSO4) might
have caused expansion in the GPM mixes, which led to lower compressive strength than

the mixes exposed to water.

The FESEM images of GPM mixes exposed to H>SO4 solutions (Fig. 5.39, Fig. A8, Fig.
A13) showed more amount of gypsum crystals, which was formed due to severe
decalcification of GPM mixes in H2SOs solutions that resulted in significant loss of
compressive strength as compared to the GPM mixes exposed to water. Further, it is noted
that a higher amount of gypsum crystals was formed in the GPM mixes made with 30%
and 45% GGBS (M2, M3, M4, and M5) as compared to that made with 15% GGBS (M1)
(Fig. 5.39, Fig. A8, Fig. A13). This indicates greater aggressiveness of H.SO4 solutions on
GPM mixes made with higher GGBS content, thereby resulting in higher decalcification
than that made with lower GGBS content. This can be correlated with the results obtained
from compressive strength (Fig. 5.13), XRD analysis (Fig. 5.23) and EDS analysis (Fig.
5.35). The presence of a comparatively porous and disintegrated geopolymer matrix in
GPM mixes immersed in HCI solutions as observed from the FESEM images (Fig. 5.40,
Fig. A9, Fig. A14) may be due to the effect of depolymerization of geopolymer gels in HCI
solution. In case of exposure of GPM mixes to HCI solution, the significant leaching of
sodium, calcium, and aluminum from the paste region of the mixes into the HCI solution
[134] resulted in pores and microcracks to a greater extent in the GPM mixes and eventually

resulted in significant reduction of compressive strength (Fig. 5.13).
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Fig. 5.36 FESEM images of geopolymer mortar (GPM) mixes exposed to water for 26
weeks.
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Fig. 5.37 FESEM images of geopolymer mortar (GPM) mixes exposed to 6% Na>SO4
solution for 26 weeks.
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Fig. 5.38 FESEM images of geopolymer mortar (GPM) mixes exposed to 6% MgSQO4
solution for 26 weeks.
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Fig. 5.39 FESEM images of geopolymer mortar (GPM) mixes after 26 weeks of
immersion in 0.62 mol/l H.SO4 solution.
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Fig. 5.40 FESEM images of geopolymer mortar (GPM) mixes after 26 weeks of
immersion in 0.62 mol/l HCI solution.

5.7.2.4 FTIR analysis

The FTIR spectra of geopolymer mortar (GPM) mixes exposed to water, different sulfate
(6% Na>SO4 and 6% MgSO4) and acid (0.62 mol/l H2SO4 and 0.62 mol/l HCI) solutions
for 26 weeks are shown in Fig. 5.41 to Fig. 5.43. There was no significant change in the
asymmetric stretching vibration of Si-O-Si(Al) bond identified in the FTIR spectra of GPM
mixes exposed to water (1031 cm™ to 1035 cm™*) when compared with that exposed to 6%
Na2SOs solution (1029 cm™ to 1036 cm™), and 6% MgSO4 solution (1026 cm™ to 1034 cm
1) (Fig. 5.41 and Fig. 5.42). However, the asymmetric stretching vibration of Si-O-Si(Al)
bond was shifted toward higher wavenumbers after exposure to 0.62 mol/l H2SO4 solution
(1120 cm™ to 1125 cm™) and 0.62 mol/I HCI solution (1039 cm™ to 1090 cm™) when
compared with exposure to water (1031 cm™to 1035 cm™) (Fig. 5.41 and Fig. 5.43). This
indicates the increase in atomic Si/Al ratio due to weaker Al-O bonds in the aluminosilicate
network, which is replaced by Si-O bonds in acid exposure condition [60,137,139].
Therefore, the geopolymer mortar (GPM) mixes exhibited significantly lower compressive
strength after exposure to 0.62 mol/l H.SO4 solution and 0.62 mol/I HCI solution than the
mixes exposed to water (Fig. 5.13). This observation can be corroborated with the atomic
Al/Si ratio obtained in the EDS analysis (Fig. 5.35), where the GPM mixes exposed to 0.62
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mol/l H2SO4 solution mostly showed lower atomic Al/Si ratio than that exposed to water.
The bending vibration of H-O-H group (1629 cm™to 1644 cm™), and stretching vibration
of —OH group (3415 cm™ to 3436 cm™) identified in the FTIR spectra were not altered
significantly among the GPM mixes exposed to water, 6% Na>SO4 solution, and 6%
MgSOs solution. The bending vibration of H-O-H group in the FTIR spectra varied from
1622 cm™ to 1642 cm™ irrespective of exposure to acid solution. The stretching vibration
of ~OH group varied from 3406 cm™ to 3434 cm™ in case of exposure to 0.62 mol/l H2SO4
solution whereas it varied from 3420 cm™ to 3632 cm™ in case of exposure to 0.62 mol/I
HCI solution. This may be ascribed to the alterations in the extent of water adsorbed in the
rings of geopolymer gels between different acid solutions. From Fig. 5.43, the peaks
identified at 602 cm™ and 669 cm™ in the FTIR spectra indicate the formation of gypsum
[60] in all the GPM mixes exposed to 0.62 mol/l H>SO4 solution. This is confirmed with
the results obtained from XRD, EDS, and FESEM analyses of the GPM mixes exposed to
H>SO4 solution. Further, it is noted that the band corresponding to the stretching vibration
of carbonate groups (CO3™) in the GPM mixes exposed to water (1430 cm™ to 1484 cm™)
disappeared when exposed to 0.62 mol/l H2SO4 solution and 0.62 mol/I HCI solution, which
indicates dissolution of carbonate compounds during acid exposure [137]. While evaluating
the effect of GGBS content and S/B ratio on the FTIR spectra of GPM mixes exposed to
water, different sulfate (6% Na>SO4 and 6% MgSQ4) and acid (0.62 mol/l H2SO4 and 0.62
mol/l HCI) solutions, no systematic variation was observed in the Si-O-Si(Al) bond with
increase in GGBS content and S/B ratio in the geopolymer mortar mixes.
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Fig. 5.41 FTIR spectra of geopolymer mortar (GPM) mixes exposed to water for 26
weeks.
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Fig. 5.42 FTIR spectra of geopolymer mortar (GPM) mixes exposed to 6% Na>SO4 and
6% MgSOs4 solutions for 26 weeks.
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Fig. 5.43 FTIR spectra of geopolymer mortar (GPM) mixes exposed to 0.62 mol/l H2SO4
and 0.62 mol/l HCI solutions for 26 weeks.

5.8 Summary

In this chapter, the effect of fly ash/GGBS blends and sand-to-binder (S/B) ratio on
behaviour of fly ash-GGBS based geopolymer mortar (GPM) in terms of flowability,
strength development in ambient condition, water absorption properties, resistance against
sulfate and acidic environment, and microstructural changes were investigated. The
durability performance of geopolymer mortar against exposure to different concentrations
of sulfate (Na2SO4, MgSQO4) and acid (H2SO4, and HCI) solutions for a period of 26 weeks
was investigated through visual observation, change in weight, and change in compressive
strength. The deterioration factor of GPM specimens exposed to acidic environment were
determined for different fly ash/GGBS blends and sand-to-binder (S/B) ratios. From the
obtained results, it is observed that the GPM mix made with 45% GGBS content exhibited:
lower flow index; higher compressive strength at different ages of ambient curing; and
lower water absorption, apparent volume of permeable voids, and sorptivity coefficient as
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compared to the GPM mixes made with 15% and 30% GGBS contents at constant S/B ratio
of 1.5. Similarly, the GPM mixes made with higher S/B ratio (2.5) showed higher flow
index, lower compressive strength at different ages of ambient curing, and higher water
absorption properties when compared with the GPM mixes made with S/B ratio of 1.5 and
2.0 at constant GGBS content of 45%. The weight gain percentage of the GPM mixes at
the end of exposure period mostly decreased with increase in GGBS content, however there
was no systematic variation in weight gain percentage with increase in S/B ratio in the
GPM mixes exposed to sulfate solutions. In case of exposure to acid solutions, the weight
loss percentage of the mixes increased with an increase in GGBS content and S/B ratio.
The GPM mix made with lower GGBS content, i.e., 15% had maximum gain and minimum
loss in compressive strength when exposed to sulfate and acid solutions respectively, which
is in line with the variations in the peak intensity of aluminosilicate gels observed from
XRD analysis, and atomic ratios obtained from the EDS analysis. The GPM mixes made
with higher S/B ratio performed better in offsetting the loss in compressive strength in
sulfate and acidic environment. The GPM specimens showed higher deterioration factor in
case exposure to acidic environment when compared with the compressive strength
obtained at 28 days and 180 days of ambient curing. The results of XRD, EDS, and FESEM
analyses indicated more formation of gypsum in the geopolymer mortar mixes made with
higher GGBS content when exposed to sulfate and H.SO4 solutions. The atomic Na/Si ratio,
Al/Si ratio, and Ca/Si ratio obtained from EDS analysis indicated comparatively improved
stability of geopolymer gels in the mortar made with lower GGBS content when exposed

to acid solutions.
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Multi-response Optimization for Composition of Fly Ash-Ground

Granulated Blast Furnace Slag Based Geopolymer Concrete

6.1 General

In this chapter, the Taguchi-Grey relational analysis was used to investigate and optimize
the effect of ground granulated blast furnace slag (GGBS) replacement, water-to-
geopolymer solids (W/GPS) ratio, molarity of NaOH solution, binder content and Na,SiO3
to NaOH solution ratio on setting time, workability and compressive strength of fly ash-
GGBS based geopolymer concrete (GPC). After arriving at the optimal combination of mix
parameters, verification experiments were conducted on the proposed optimized GPC mix
with respect to setting time, workability and compressive strength. The microstructural
studies on selected fly ash-GGBS based GPC mixes at each GGBS replacement level and
the proposed optimized GPC mix were conducted through X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, and Field emission scanning electron
microscope (FESEM) analyses. Further, Energy dispersive X-ray spectroscopy (EDS)
analysis was also conducted on the proposed optimized geopolymer concrete mix.

6.2 Fresh properties

6.2.1 Setting time

The obtained results of initial setting time and final setting time of the geopolymer mixes
(M1 - M16 as per Taguchi method) are shown in Fig. 6.1. From Fig. 6.1, it can be noticed
that setting time of geopolymer pastes decreased due to increase in GGBS replacement in
the mix. Among all the GPC mixes, the mix M4 prepared with 85% of fly ash and 15% of
GGBS, W/GPS ratio of 0.31, 14 M NaOH solution, 450 kg/m? of binder and SS/SH ratio
of 2.25 showed longer initial setting time (590 min) and final setting time (960 min). The
reason for longer setting time can be elucidated from the view point that higher content of
fly ash delayed the reaction process of geopolymer paste [81]. In addition, higher W/GPS
ratio (i.e. 0.31), and higher binder content (450 kg/m?) also delayed the setting time of
geopolymer paste [91,141]. The mixes M11 and M16 showed lower initial setting time (50
min), which may be ascribed to the effect of relatively higher GGBS replacement level
(45% in M11 and 60% in M16) [141]. The lowest final setting time of 90 min was observed
in case of mix M14, which is due to the dominant effect of highest GGBS content (60%)
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followed by relatively lower W/GPS ratio (0.29) and lowest binder content (375 kg/mq) in

the mix.
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Fig. 6.1 Initial and final setting time of geopolymer paste.

The S/N ratio of initial and final setting time calculated using “larger-the-better” function
(Equation 3.2, Chapter 3) are presented in Table 6.1. The performance statistics (mean S/N
ratio) of initial and final setting time of geopolymer pastes for different parameters i.e.
GGBS replacement level (%), W/GPS ratio, molarity of NaOH solution (M), binder content
and Na»SiOz to NaOH solution (SS/SH) ratio are illustrated in Fig. 6.2. The performance
statistics (mean S/N ratio) for a given response (i.e. setting time) with respect to a given
level of a parameter is found out by calculating the average of the S/N ratio of that response
for the mixes made with that level of the parameter. The higher performance statistics
signifies the best level of each parameter. The combination of those optimal levels of the
parameters was considered as the best possible combination to achieve the desired property
i.e. longer setting time.

The performance statistics (mean S/N ratio) for setting time (both initial and final)
decreased when the GGBS content of the mixes increased from 15% to 60% as observed
from Fig. 6.2. The reason for reduced setting time at higher GGBS content can be ascribed
to the presence of more amount of calcium, which enhanced the reactivity of geopolymer
paste by forming calcium aluminosilicate hydrate gel [107]. However, the performance
statistics (mean S/N ratio) increased with increase in W/GPS ratio, and molarity of NaOH
solution indicating longer setting time of the geopolymer paste. The obtained results are in
line with the research work reported by other researchers [91,141,142]. The increase in
setting time with increase in W/GPS ratio may be attributed to the dominant effect of
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increase in water content at higher W/GPS ratio that diluted the alkaline solution present in
the geopolymer mix, which slowed down the reaction process [91]. The increase in setting
time with increase in NaOH solution molarity may be ascribed to the increase in alkaline
solution content in the geopolymer paste. Further, the performance statistics (mean S/N
ratio) of setting time decreased due to increase in SS/SH ratio as observed from Fig. 6.2.
This may be due to the dominant effect of Na2SiOs solution, which increased with increase
in SS/SH ratio and that resulted an increase in soluble silica content leading to faster
polymerization process of geopolymer paste [38]. Further, From Fig. 6.2, it was inferred
that change in binder content of the mixes had no systematic variation on mean S/N ratio

of setting time.

The results of ANOVA of S/N ratio for setting time of geopolymer paste are presented in
Table 6.2. From this table, it is evident that GGBS replacement level (%) is the most
significant parameter influencing the setting time (both initial and final) of geopolymer
paste as it has higher percentage contribution i.e., 86.71% for initial setting time and
75.76% for final setting time as compared to other parameters. The molarity of NaOH
solution was the second most influential parameter for both initial (contribution = 11.15%)
and final (contribution = 12.74%) setting time. The W/GPS ratio had less effect (7.77%) in
case of final setting time whereas it had negligible effect on initial setting time. Further, the
binder content and SS/SH ratio had negligible effects on setting time as the percentage
contributions of these parameters were less as observed from Table 6.2. This may be
ascribed to the fact that the effect of these parameters on setting time might have been

dominated by the effect of GGBS replacement level in the mix.
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Fig. 6.2 Mean S/N ratio of setting time for different parameters.
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Table 6.1 Signal-to-noise (S/N) ratio of properties of geopolymer concrete mixes based on Taguchi method of design of experiment

. GGBS | \ygps | Moty ol | qier content | ss/sH ___Stgnalto-nolse (SN) ratlo (y)
Mix replacement . NaOH 3 . Setting time Compressive strength
ratio . (kg/m?) ratio . . Slump

level (%) solution Initial Final 7 days 28 days
M1 15 0.28 8M 375 15 50.10 52.77 29.54 27.92 32.23
M2 15 0.29 10M 400 1.75 50.88 54.32 32.04 27.28 33.46
M3 15 0.3 12M 425 2 53.89 58.49 43.52 28.02 34.15
M4 15 0.31 14 M 450 2.25 55.42 59.65 44.61 29.48 33.99
M5 30 0.28 10M 425 2.25 41.21 43.52 32.04 32.17 35.03
M6 30 0.29 8M 450 2 40.00 43.23 36.90 30.95 34.66
M7 30 0.3 14 M 375 1.75 46.02 52.77 42.28 32.75 35.94
M8 30 0.31 12M 400 1.5 46.44 55.42 44.61 32.39 35.75
M9 45 0.28 12M 450 1.75 40.00 45.11 36.90 34.32 37.98
M10 45 0.29 14 M 425 1.5 41.58 47.96 42.28 34.85 37.75
M11 45 0.3 8M 400 2.25 33.98 42.61 42.28 34.71 36.71
M12 45 0.31 10M 375 2 39.55 45.58 42.61 33.99 36.98
M13 60 0.28 14 M 400 2 38.06 41.21 29.54 35.56 37.29
M14 60 0.29 12M 375 2.25 36.90 39.08 27.96 35.75 36.65
M15 60 0.3 10M 450 15 36.90 41.94 40.00 36.61 37.72
M16 60 0.31 8M 425 1.75 33.98 39.55 38.06 36.52 37.34
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geopolymer concrete

Table 6.2 ANOVA results of signal-to-noise (S/N) ratio for setting time of geopolymer

paste

Parameter | DOF | SOS MS Contribution (%)
Initial setting time
GGBS replacement level 3 608.77 202.92 86.71
W/GPS ratio 3 6.14 2.05 0.88
NaOH molarity 3 78.30 26.10 11.15
Binder content 3 1.72 0.57 0.25
SS/SH ratio 3 7.12 2.37 1.01
Error - - - -
Total 15 702.05 100.00
Final setting time
GGBS replacement level 3 533.87 177.96 75.76
W/GPS ratio 3 54.76 18.25 7.77
NaOH molarity 3 89.75 29.92 12.74
Binder content 3 2.60 0.87 0.37
SS/SH ratio 3 23.66 7.89 3.36
Error - - - -
Total 15 704.64 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square

6.2.2 Workability

The obtained slump values of fly ash-GGBS based GPC mixes are illustrated in Fig. 6.3.
From Fig. 6.3, it is noticed that both the mixes M4 and M8 exhibited the highest slump

value of 170 mm whereas the mix M14 exhibited the lowest slump value of 25 mm. The

reason of this variation in slump value is ascribed to the dominant effect of alkaline solution

content as the mixes M4 and M8 had higher alkaline solution content when compared with
the mix M14 as observed from Table 3.11 (Chapter 3).
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The S/N ratio of slump of GPC mixes are presented in Table 6.1. The performance statistics
(mean S/N ratio) of slump value for different parameters are illustrated in Fig. 6.4. The
effects of W/GPS ratio and binder content on slump value were consistent with the findings
of other researchers [91]. From Fig. 6.4, it is observed that the mean S/N ratio of slump
value of GPC mixes significantly increased with a small increase in W/GPS ratio. This is
ascribed to more amount of water present in the GPC mixes made with higher W/GPS ratio.
Usually, the alkaline solutions used for the preparation of GPC mixes are more viscous,
which makes the fresh GPC mix more cohesive and sticky [90]. However, when the water
content in the mix is increased due to increase in alkaline solution content, it increases the
particle mobility of the source materials, and hence the workability of the GPC mix. From
Fig. 6.4 it is observed that the mean S/N ratio for slump increased with increase in binder
content. This is ascribed to higher paste content with increase in binder content that

improves the lubrication effect in the mix and thus, the workability increases [91].
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Fig. 6.4 Mean S/N ratio of slump value for different parameters.

As reported in literature, the slump value of GPC mix decreases with increase in GGBS
replacement and NaOH solution molarity used in the mix [38,90,107]. However, in the
present research work, an increasing trend of mean S/N ratio was observed when GGBS
replacement increased from 15% to 45% by mass of total binder, and molarity of NaOH
solution increased from 8 M to 14 M. This may be ascribed to the dominating effect of
WI/GPS ratio on slump of GPC mixes as compared to these parameters. However, at 60%
GGBS content, the performance statistics (mean S/N ratio) of slump value drastically
reduced, which may be due to the significant effect of higher GGBS content that reduced
the particle mobility in the fresh GPC mix. From past research work [38,80,90], no
consistent results were observed about the influence of SS/SH ratio on the workability of
GPC mix. Aliabdo et al. [80] reported that when SS/SH ratio decreased, the slump value of
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mixes increased. Nath and Sarker [38] reported that with increase in amount of NaSiO3
solution in the alkaline solution, the cohesiveness of the GPC mixes increased and resulted
in poor workability. However, they had not observed any significant change in slump value
with increase in SS/SH ratio. In another study, Deb et al. [90] found a decreasing trend of
slump value with decrease in SS/SH ratio of geopolymer concrete mixes. In present
research work, there was no systematic variation in performance statistics (mean S/N ratio)

of slump with increase in SS/SH ratio as observed from Fig. 6.4.

From ANOVA results (Table 6.3), it was observed that W/GPS ratio had significant effect
on slump of GPC mixes when compared with other parameters as it has the highest
contributing effect (63.84%) followed by GGBS replacement (21.09%), binder content
(7.72%), molarity of NaOH solution (4.84%) and SS/SH ratio (2.51%) on slump value of
GPC mixes.

Table 6.3 ANOVA results of signal-to-noise (S/N) ratio for slump value of GPC

Parameter DOF SOS MS Contribution (%)
GGBS replacement level 3 108.55 36.18 21.09
W/GPS ratio 3 328.55 109.52 63.84
NaOH molarity 3 24.89 8.30 4.84
Binder content 3 39.73 13.24 7.72
SS/SH ratio 3 12.90 4.30 2.51

Error 5 2

Total 15 514.62 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square
6.3 Hardened properties

6.3.1 Compressive strength

The compressive strength results of GPC mixes (M1 - M16 as per Taguchi method) are
illustrated in Fig. 6.5. From this figure, it is seen that among all the GPC mixes, mix M2
(15% GGBS replacement) exhibited lowest compressive strength of 23.11 N/mm?at 7 days
of ambient curing whereas the mix M15 (60% GGBS replacement) showed highest 7 days
compressive strength of 67.7 N/mm?. Similarly, at 28 days of ambient curing, mix M1 (15%
GGBS replacement) showed lowest compressive strength (40.89 N/mm?) whereas mix M9
(45% GGBS replacement) exhibited highest compressive strength (79.26 N/mm?). The
large difference in compressive strength of GPC mixes at a particular age can be attributed
to the significant effect of GGBS replacement level. Further, it was inferred that the
compressive strength enhancement from 7 to 28 days of ambient curing was dependent on
the amount of fly ash present in the mix. The GPC mixes made with higher fly ash and
lower GGBS contents showed comparatively higher strength enhancement from 7 to 28
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days as compared to those made with lower fly ash and higher GGBS contents as observed
from Fig. 6.5. Therefore, a suitable proportion of fly ash and GGBS is essential for better
strength development of GPC mixes.
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Fig. 6.5 Compressive strength of geopolymer concrete mixes.

The S/N ratio of compressive strength of GPC mixes at 7 and 28 days are presented in
Table 6.1. The mean S/N ratio of compressive strength of GPC mixes at 7 and 28 days for
various parameters are illustrated in Fig. 6.6. The mean S/N ratio of early age (7 days)
compressive strength of GPC mixes increased significantly with increase in GGBS
replacement level. Several researchers have reported similar observation about the early
age compressive strength of GPC mixes [38,81,86,90,91,132,143]. The high calcium
content in GGBS might have improved the compressive strength of GPC mixes [90,141].
The rate of geopolymerization process is increased due to increase in GGBS replacement
in the GPC mix [132]. In addition, higher amount of calcium in GGBS resulted in formation
of C-S-H gel, which contributed to compressive strength development of GPC mixes [81].
The GGBS replacement level of 45% showed the highest mean of S/N ratio for 28 days
compressive strength of GPC mixes. Further, the increase in mean S/N ratio from 7 to 28
days decreased with increase GGBS replacement level as observed from Fig. 6.6. This
shows that the presence of higher amount of fly ash in GPC mixes enhanced the strength
development at 28 days. This is ascribed to the increase in rate of dissolution process of fly

ash at later age.

The variation in mean of S/N ratio for compressive strength with W/GPS ratio was not
systematic at both ages as observed from Fig. 6.6. The unsystematic variation in
compressive strength with increase in W/GPS ratio may be ascribed to the dominant effect
of variations in fly ash and GGBS contents in the GPC mixes. The mean S/N ratio for
compressive strength increased with NaOH solution molarity, although the increase is not

192
TH-3009_156104033



Multi-response optimization for composition of fly ash-ground granulated blast furnace slag based
geopolymer concrete

significant as in case of GGBS replacement level as evident from Fig. 6.6. At lower NaOH
solution molarity, the lower extent of polycondensation process resulted in less
compressive strength of GPC mixes [93]. However, higher molarity of NaOH solution
results in dissolution of Al, Si, and Ca species to a greater extent thereby increasing the
extent of geopolymerization process. This results in formation of a stable aluminosilicate
network along with C-S-H gel in the mix that led to higher compressive strength of the

mixes [81].

The variation in mean S/N ratio for compressive strength at 7 days was mostly not
systematic with increase in binder content however, the performance statistics (mean S/N
ratio) for compressive strength at 28 days increased with increase in binder content as
observed from Fig. 6.6. It may be noted that the mean S/N ratio for compressive strength
at both 7 and 28 days was maximum at binder content of 450 kg/m?® as observed from Fig.
6.6. The unsystematic variation in 7 days compressive strength with binder content may be
ascribed to the variations in the extent of geopolymerization process at the early age.
Further, the increase in compressive strength with increase in binder content at 28 days may
be due to greater dissolution of Al, Si and Ca species, which increased the extent of

geopolymerization process.

The variation in mean S/N ratio for compressive strength was not systematic with SS/SH
ratio at both ages as observed from Fig. 6.6. Various researchers have reported
contradicting results about the influence of SS/SH ratio on compressive strength of GPC
[38,90,107,108,144-146]. Some of the researchers [107,108,144,146] have reported that
the compressive strength of GPC mixes increased due to increase in SS/SH ratio. Olivia et
al. [144] reported that in fly ash based GPC, higher content of Na SiOs had a positive
influence on early age strength development. Shojaei et al. [108] and Hadi et al. [107] also
observed the similar variation in compressive strength with SS/SH ratio for alkali-activated
slag concrete. Mijarsh et al. [146] stated that the higher silica content due to more amount
of Na;SiOs in the alkaline solution enhanced the geopolymerization process and led to
higher compressive strength of GPC. In contrary, some other researchers [38,90] have
stated that the compressive strength of GPC mixes decreased with increase in SS/SH ratio.
Nazari et al. [145] reported that the type of aluminosilicate source material is an important
factor while selecting the NaOH solution molarity and SS/SH ratio to achieve better
compressive strength of GPC mixes. In the present research work, the mean S/N ratio for

28 days compressive strength was maximum at a comparatively lower value of SS/SH ratio
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i.e., 1.75. At lower SS/SH ratio, the availability of comparatively more quantity of NaOH
solution and lower quantity of Na>SiOs solution along with Al, Si and Ca species present
in precursor materials might have increased the extent of polycondensation process thereby
resulting in higher strength development of GPC at 28 days. From ANOVA results
presented in Table 6.4, it was inferred that the GGBS replacement level had considerably
higher contributing effect on compressive strength of GPC at both 7 days (96.15%) and 28

days (88.95%) as compared to other parameters.
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Fig. 6.6 Mean S/N ratio of compressive strength for different parameters.

Table 6.4 ANOVA results of signal-to-noise (S/N) ratio for compressive strength of GPC

Parameter | DOF | SOS | MS Contribution (%)
7 days compressive strength

GGBS replacement level 3 142.77 47.59 96.15
W/GPS ratio 3 2.15 0.72 1.45
NaOH molarity 3 1.15 0.38 0.77
Binder content 3 0.46 0.15 0.31
SS/SH ratio 3 1.97 0.66 1.32
Error - - - -
Total 15 148.49 100.00
28 days compressive strength

GGBS replacement level 3 40.81 13.60 88.95
W/GPS ratio 3 0.82 0.27 1.78
NaOH molarity 3 2.47 0.82 5.38
Binder content 3 1.07 0.36 2.34
SS/SH ratio 3 0.71 0.24 1.55
Error - - - -
Total 15 45.88 100.00

Note: DOF: Degree of freedom, SOS: Sum of square, MS: Mean square

6.4 Multi-response optimization by Taguchi-Grey relational analysis (GRA) method
The combinations of optimum level of parameters corresponding to maximum performance

statistics (mean S/N ratio) indicating better performance in terms of setting time (both
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initial and final), slump, and compressive strength (at both ages) of fly ash-GGBS based
GPC are presented in Table 6.5. From Table 6.5, one can obtain the optimum combination
of different parameters to achieve a given property with respect to “larger-the-better”
function. However, in order to arrive at a single set of optimized level of parameters for all
the properties simultaneously, Taguchi- GRA method was used in the present work.

Table 6.5 Optimal mix proportions for different properties of GPC corresponding to
maximum mean signal-to-noise (S/N) ratio

slri))t('m'md GGBS (%) | W/GPS ratio | NaOH (M) | Binder content (kg/m?) | SS/SH ratio
Mist 15 0.31 14 375 15
Mrst 15 0.31 14 400 15
Mstump 45 0.31 14 450 15
M7 days-cs 60 0.31 14 425 2.25
M2 days-cs 45 0.3 14 450 1.75

Note: IST: Initial setting time, FST: Final setting time, CS: Compressive strength

The expressions for determining; Z;;, 4¢;j, GRCy;; and GRG,; are already presented in
Section 3.3.1 (Chapter 3). The calculated values of these factors for all the sixteen
geopolymer concrete mixes are presented in Table 6.6. From Table 6.6, mix M4
(proportioned with 85% fly ash, 15% GGBS, W/GPS ratio of 0.31, NaOH solution of 14
M, binder content of 450 kg/m? and SS/SH ratio of 2.25) showed the highest grey relational
grade (GRG) of 0.76, as it exhibited higher setting time (Fig. 6.1), and slump value (Fig.
6.3). However, it may not be the optimal mix as it showed lower compressive strength (Fig.
6.5). Thus, to obtain the overall optimal GPC mix, the mean GRG for all the parameters
were calculated. The level of a parameter with maximum mean GRG is the optimal one
among all the levels of that parameter, as it will have highest main effect on the responses
[118]. The mean GRG for a given level of a parameter was found out by calculating the
average of the GRG for the mixes made with that level of the parameter. Table 6.7 presents
the calculated values of mean GRG for all the parameters. From Table 6.7, it was noted
that the highest values of mean GRG were obtained for the following combination of
parameters: GGBS replacement of 45% (Level-3), W/GPS ratio of 0.31 (Level-4), NaOH
solution of 14 M (Level-4), binder content of 450 kg/m® (Level-4) and SS/SH ratio of 1.5
(Level-1). The higher mean GRG indicates that the mix prepared with these levels of the
mix parameters would perform better with respect to all the studied properties of
geopolymer concrete (GPC).
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Table 6.6 Grey relational grade of each GPC mix obtained from Taguchi-Grey relational analysis method

Normalized S/N ratio (Z;;) Ay Grey relational coefficient (GRCy;;) Grey

Mix 7D 28D 7D 28D 7D 28D relatignal

IST | FST Slump cs cs IST | FST Slump cs cs IST | FST Slump cs cs (g;aa(i)
M1 0.75 | 0.67 0.10 0.07 | 0.00 | 0.25 | 0.33 0.90 093 | 1.00 | 0.67 | 0.60 0.36 0.35 | 0.33 0.46
M2 0.79 | 0.74 0.25 0.00 | 0.21 | 0.21 | 0.26 0.75 1.00 | 0.79 | 0.70 | 0.66 0.40 0.33 | 0.39 0.50
M3 0.93 | 0.94 0.93 0.08 | 0.33 | 0.07 | 0.06 0.07 092 | 0.67 | 0.88 | 0.90 0.88 0.35 | 043 0.69
M4 1.00 | 1.00 1.00 0.24 | 0.31 | 0.00 | 0.00 0.00 0.76 | 0.69 | 1.00 | 1.00 1.00 0.40 | 0.42 0.76
M5 0.34 | 0.22 0.25 052 | 049 | 0.66 | 0.78 0.75 0.48 | 051 | 043 | 0.39 0.40 0.51 | 0.49 0.44
M6 0.28 | 0.20 0.54 0.39 | 042 | 0.72 | 0.80 0.46 0.61 | 058 | 041 | 0.39 0.52 0.45 | 0.46 0.45
M7 0.56 | 0.67 0.86 059 | 065 | 0.44 | 0.33 0.14 0.41 | 0.35 | 0.53 | 0.60 0.78 0.55 | 0.58 0.61
M8 0.58 | 0.79 1.00 055 | 061 | 042 | 0.21 0.00 045 | 039 | 0.54 | 0.71 1.00 0.52 | 0.56 0.67
M9 0.28 | 0.29 0.54 0.75 | 1.00 | 0.72 | 0.71 0.46 0.25 | 0.00 | 041 | 041 0.52 0.67 | 1.00 0.60
M10 0.35 | 0.43 0.86 0.81 | 096 | 0.65 | 0.57 0.14 0.19 | 0.04 | 0.44 | 0.47 0.78 0.73 | 0.93 0.67
M11 0.00 | 0.17 0.86 0.80 | 0.78 | 1.00 | 0.83 0.14 0.20 | 0.22 | 0.33 | 0.38 0.78 0.71 | 0.69 0.58
M12 0.26 | 0.32 0.88 0.72 | 0.83 | 0.74 | 0.68 0.12 0.28 | 0.17 | 0.40 | 0.42 0.81 0.64 | 0.74 0.60
M13 0.19 | 0.10 0.10 0.89 | 0.88 | 0.81 | 0.90 0.90 0.11 | 0.12 | 0.38 | 0.36 0.36 0.82 | 0.81 0.54
M14 0.14 | 0.00 0.00 091 | 0.77 | 0.86 | 1.00 1.00 0.09 | 023 | 0.37 | 0.33 0.33 0.84 | 0.68 0.51
M15 0.14 | 0.14 0.72 1.00 | 0.95 | 0.86 | 0.86 0.28 0.00 | 0.05 | 0.37 | 0.37 0.64 1.00 | 0.92 0.66
M16 0.00 | 0.02 0.61 099 | 0.89 | 1.00 | 0.98 0.39 0.01 | 0.11 | 0.33 | 0.34 0.56 0.98 | 0.82 0.61

Note: IST: Initial setting time, FST: Final setting time, 7D CS: Compressive strength at 7 days, 28D CS: Compressive strength at 28 days
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Table 6.7 Mean grey relational grade for each level of all the mix parameters

Parameter Level-1 Level-2 Level-3 Level-4
GGBS replacement level 0.60 0.54 0.61* 0.58
W/GPS ratio 0.51 0.53 0.63 0.66*
Molarity of NaOH solution 0.52 0.55 0.62 0.64*
Binder content 0.55 0.57 0.60 0.62*
SS/SH ratio 0.61* 0.58 0.57 0.57

*Optimum level

6.5 Microstructure analysis of GPC mixes

Out of the sixteen GPC mixes, for microstructure study, the mix from each GGBS
replacement level having the highest grey relational grade was selected except for 15%
GGBS replacement where the mix with second highest grey relational grade (GRG) i.e.
mix M3 was selected because it exhibited higher enhancement of compressive strength
from 7 days to 28 days as compared to the mix with highest GRG i.e. mix M4, and also,
mix M3 exhibited satisfactory setting time and workability. The mixes M3, M8, M10, and
M15 with GRG of 0.69, 0.67, 0.67, and 0.66 respectively were selected for the

microstructure study.

6.5.1 XRD analysis

The XRD patterns of GPC mixes (M3, M8, M10, and M15) at 7 and 28 days of ambient
curing are shown in Fig. 6.7 and Fig. 6.8 respectively. From the XRD patterns, two types
of peak were identified. The main crystalline phases of fly ash such as quartz (SiO>) and
mullite (Als75Si1250063) (Shown in Fig. 3.2) were still present in the GPC mixes, which
indicated unreacted fly ash particles in the GPC mixes. Some new crystalline peaks were
identified in the XRD patterns, which are formed during the geopolymerization process. A
broadly diffused amorphous halo between 20° 20 to 35° 20 was identified in GPC mixes
when compared with the raw fly ash and GGBS as shown in Fig. 6.9, which indicates the
formation of alkaline aluminosilicate geopolymer gels [22]. The new crystalline phases in
the XRD patterns correspond to the sodium (or calcium) aluminosilicate complex (N-(C)-
A-S-H), which contributes to compressive strength development of GPC mixes. Among
the newly formed crystalline phases, muscovite (KAI3SizO10(OH)2) at 8.8° 20, and 25.7°
20, nepheline (NaAlSiO4) at 23.1° 20, 27.1° 20 and 30.3° 26, anorthoclase ((Nao.ss
Ko.15)(AlSi30g)) at 23.7° 28, 27.5° 28 and 35.3° 26, albite (Na, Ca)Al(Si Al)3Og) at 22.1°
20, 24.1° 20 and 28.0° 20, and sodalite (NagAlsSicO24(OH)2(H20)2) at 24.5° 20 were
identified in the XRD patterns of GPC mixes at both ages of 7 and 28 days.
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Fig. 6.7 XRD patterns of GPC mixes (M3, M8, M10, M15) at 7 days of ambient curing.

—M

A A ——M15_28 days

10_28 days

Intensity (counts)

Angle (° 20)

Fig. 6.8 XRD patterns of GPC mixes (M3, M8, M10, M15) at 28 days of ambient curing.
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20 °20 to 35 °20.
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From Fig. 6.7 and 6.8, it was observed that there is an increase in the peak intensity of
muscovite, anorthoclase and albite from 7 days to 28 days, which indicates the continuation
of geopolymerization process in the GPC mixes leading to compressive strength
enhancement from 7 to 28 days. A peak at 29.4° 20 was identified in the GPC mixes at all
replacement levels of GGBS, which is associated with C-S-H gel or calcite (CaCO3) [83].
The calcium oxide in GGBS contributes to C-S-H gel formation in the GPC mixes [83]. A
less intense peak of hydrotalcite (Mgs-Al2(CO3)(OH)16.4H20) was identified at 10.5° 20 in
all the GPC mixes [41,135]. The peak intensity of albite mostly increased whereas that of
anorthoclase and nepheline mostly decreased with increase in GGBS replacement level in
the GPC mixes at 7 days of ambient curing as observed from Fig. 6.7. This indicates that
as the GGBS replacement in the GPC mix is increased, the calcium oxide present in GGBS
is incorporated into the geopolymerization process by reacting with N-A-S-H type gels
(anorthoclase and nepheline) to a greater extent and forms more amount of N-(C)-A-S-H
type gel (albite). Therefore, highest 7 days compressive strength was achieved for mix

M15, which was made with 60% GGBS replacement level.

From Fig. 6.8, it is noticed that the peak intensity of albite, anorthoclase, nepheline and C-
S-H gel were mostly higher for the mix M10 when compared with the mixes M3, M8, and
M15 at 28 days of ambient curing. This is ascribed to the dissolution of precursor materials
to a greater extent due to higher molarity of NaOH solution (14 M) that resulted in the
formation of more amount of N-A-S-H, N-(C)-A-S-H, and C-S-H gels. Thus, the mix M10
showed higher compressive strength at 28 days of ambient curing when compared with the
mixes M3, M8, and M15.

6.5.2 FTIR analysis

FTIR analysis was performed to analyze the chemical bonds in GPC mixes. Fig. 6.10 and
6.11 show the FTIR spectra of the GPC mixes (M3, M8, M10, and M15) at the ages of 7
and 28 days. Some major changes were observed between the FTIR spectra of precursor
materials (Fig. 3.4, Chapter 3), and GPC mixes. The asymmetric bending vibration of Si-
O-Si ranging from 453 cm™ to 467 cm™, and Al-O bond at 778 cm™ in GPC mixes at both
7 and 28 days are attributed to the unreacted precursor materials [147]. The broad peak
centred around 1090 cm™ in the spectra of raw fly ash, attributed to the asymmetric
stretching vibration of Si-O-Si(Al) bonds (Fig. 3.4) shifted to lower wavenumbers ranging
from 1011 cm™ - 1018 cm™in the spectra of GPC mixes (Fig. 6.10 and 6.11). This indicates

the occurrence of geopolymerization of precursor materials leading to formation of
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geopolymer gel [40,113,148]. The exact shifting of wavenumbers and the span of shifting
are dependent on the Si/Al ratio of the precursor materials and the reaction conditions [113].
When Al substitutes for Si in the Si-O-Si(Al) bond, its angle reduces and the main band of
geopolymer system shifts to a lower wavenumber because the bond force constant of Si-
O-Al bond is smaller as compared to that of Si-O-Si bond [113,148-150]. For the raw
GGBS, the main band at 996 cm™ (Fig. 3.4) was shifted to higher wavenumbers i.e., 1011
cm™? - 1018 cm™ in the spectra of GPC mixes (Fig. 6.10 and 6.11), which shows more
formation of polymerized Si-O-Si(Al) structure [111,112]. From Fig. 6.10 and 6.11, it was
observed that the peaks attributed to Si-O-Si(Al) bond shifted slightly towards higher
wavenumbers in the GPC mixes from 7 days of ambient curing (1016 cm™in M3, 1011 cm
Lin M8, 1013 cm™in M10 and 1011 cm™in M15) to 28 days of ambient curing (1018 cm"
1in M3, 1015 cm™in M8, 1016 cm™ in M10, and 1017 cm™ in M15). This indicates the
formation of C-S-H gel initially followed by the formation of N-(C)-A-S-H gel gradually
over time [40,82]. The band ranging from 1413 cm™ to 1480 cm™ corresponds to the
stretching vibration of CO3s? that is associated with carbonate group in the GPC mixes
[40,77,106,113,147,149,151,152]. The broad band ranging from 3418 cm™ to 3460 cm™,
and the peak from 1637 cm™ to 1640 cm™ observed in the GPC mixes at both ages of
ambient curing are ascribed to the stretching vibration of -OH group, and bending vibration
of H-O-H group respectively. These bands are attributed to the water adsorbed in the rings
of geopolymeric products [40,153].

——M15_7 days /4
\E Al-0 /
i no - cop g.0/s |
(1637) (1480) I (57)

Si-O-Si(Al
O-H < 115 )

(3460) (o
)
&
0O co (

——M10_7 days
H, z Si-0-Si
(1638) (1415) si-ofsi(Al) (460)
(1013)

OH
(3453)
(77-3) Si-O-Si

HO o -0
(1638) a 413) _ ¢_ (464)
Si-O-Si(Al)

Transmittance (%)

O-H
(3447)

——MB3_7 days

H,0 CO%
(1638) (1420)

!
S

O-H
(3419)

1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm?)

Fig. 6.10 FTIR spectra of GPC mixes (M3, M8, M10, M15) at 7 days of ambient curing.
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Fig. 6.11 FTIR spectra of GPC mixes (M3, M8, M10, M15) at 28 days of ambient curing.

6.5.3 FESEM analysis

The obtained FESEM micrographs of GPC mixes (M3, M8, M10 and M15) are presented
in Fig. 6.12. From the micrographs, it was observed that the main binding phase shows the
dense morphology indicating the presence of C-S-H gel, N-A-S-H and N-(C)-A-S-H gel
[2,154], which is also evident from XRD and FTIR analyses. At 7 days of ambient curing,
unreacted and partially reacted fly ash and GGBS particles are present in the GPC mixes
along with binding phase as observed from Fig. 6.12. The presence of pores is also observed
in the GPC mixes at 7 days of ambient curing. The combination of unreacted or partially
reacted source materials and presence of pores resulted in lower initial compressive
strength of GPC mixes [94]. When the GGBS replacement is increased in the GPC mixes
(M3: 15% GGBS, M8: 30% GGBS, M10: 45% GGBS and M15: 60% GGBS), it enhanced
the geopolymerization process and formed more amount of C-S-H and C-A-S-H type gel,
leading to denser microstructure and exhibited higher compressive strength [38,84].

The micrographs of GPC mixes at 28 days of ambient curing showed more densely
distributed aluminosilicate geopolymer gel as compared to that at 7 days of ambient curing.
During early age, fly ash present in GPC mixes under ambient condition slows down the
formation of geopolymer gel, however at later age, the Si and Al species in fly ash
participates in the dissolution process thereby forming more N-A-S-H gel [2]. Further,

needle-shaped crystalline phases were also identified in some of the GPC mixes (Fig. 6.12)
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that indicates the presence of mullite, which remain after the dissolution of glass phase of
fly ash [154].
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Fig. 6.12 FESEM micrographs of GPC mixes (M3, M8, M10, and M15) at 7 and 28 days
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6.6 Verification experiment

The verification experiments were conducted on the optimized fly ash-GGBS based GPC
mix (designated as M17) as proposed in Section 6.4. Tests for setting time, workability,
and compressive strength were carried out on the optimized GPC mix (M17). In addition,
the microstructure studies such as XRD, FTIR spectroscopy, FESEM, and EDS analyses
were also performed on this mix. The results of setting time, workability, and 7 days and
28 days compressive strength along with the calculated S/N ratio for each property are
presented in Table 6.8. From Table 6.8, it was observed that the optimized GPC mix (M17)
showed adequate setting time and highest slump value when compared with the GPC mixes
as per Lis orthogonal array. Similarly, the optimized GPC mix exhibited adequate 7 days

compressive strength and highest 28 days compressive strength.

Table 6.8 Results of the proposed optimized GPC mix

Responses Result
Initial setting time (minute) 210
Final setting time (minute) 360
Slump value (mm) 200
7 days compressive strength (N/mm?) 56.15
28 days compressive strength 79.70
(N/mm?)

The XRD patterns and FTIR spectra of the optimized GPC mix (M17) at 7 and 28 days of
ambient curing are shown in Fig. 6.13 and Fig. 6.14 respectively. From Fig. 6.13, it was
observed that the peak intensity of albite, and anorthoclase increased with increase in
ambient curing age from 7 days to 28 days, which indicates the continuation of
geopolymerization process in the GPC mix leading to compressive strength enhancement
from 7 to 28 days. In addition, the peak intensity of C-S-H gel increased with increase in
curing age from 7 to 28 days. From the FTIR spectra of optimized GPC mix shown in Fig.
6.14, it was observed that the asymmetric stretching vibration of Si-O-Si(Al) bonds shifted
to lower wavenumbers i.e., 1005 cm™ at 7 days, and 1009 cm™ at 28 days with respect to
the raw fly ash (1090 cm™), and shifted to higher wavenumbers with respect to raw GGBS
(996 cm™). This indicates the occurrence of geopolymerization of precursor materials
leading to the formation of geopolymer gel. Further, the Si-O-Si(Al) bond shifted slightly
towards higher wavenumbers in the optimized GPC mix from 7 days of ambient curing

(1005 cm™) to 28 days of ambient curing (1009 cm™), which indicates the formation of C-
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S-H, and N-(C)-A-S-H gels gradually over time resulting in higher mechanical strength at
the age of 28 days. The FESEM micrographs of the optimized GPC mix at 7 and 28 days
of ambient curing are shown in Fig. 6.15. The micrographs indicated the presence of
unreacted GGBS particles, N-(C)-A-S-H gel, and C-S-H gel. The presence of pores was
observed in the mix at 7 days of ambient curing. Further, the micrographs indicated denser
microstructure of the GPC mix at 28 days of ambient curing as compared to that at 7 days
of ambient curing. The EDS spectra of the optimized GPC mix (M17) at 7 and 28 days of
ambient curing are shown in Fig. 6.16. The atomic ratios such as Na/Si, and Al/Si ratios
calculated from the elemental composition of the GPC mix decreased from 0.35 to 0.27,
and 0.47 to 0.36 respectively with increase in ambient curing age from 7 to 28 days.
However, the atomic Ca/Si ratio increased from 0.67 to 0.71 with increase in age from 7 to
28 days. The increase in atomic Ca/Si ratio with increase in age is in line with the formation
of calcium enriched gels as indicated by the results of XRD analysis where the peak
intensity of albite and C-S-H gel increased with increase in age from 7 to 28 days. The
formation of higher amount of binding gels with increase in curing age is also corroborated
with the results of FTIR spectroscopy, and FESEM analyses of the optimized GPC mix.
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Fig. 6.13 XRD patterns of optimized GPC mix (M17) at 7 days and 28 days of ambient
curing.
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Fig. 6.15 FESEM micrographs of optimized GPC mix (M17) at 7 days and 28 days of
ambient curing.
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Fig. 6.16 EDS spectra of GPC mix (M17) at 7 and 28 days of ambient curing.

The grey relational grade (GRG) of the optimized GPC mix (M17) based on the obtained
results of setting time, workability, and compressive strength was calculated using equation

3.2, 3.4, 3.5, and 3.6 (Chapter 3), and the calculated value is 0.81. The predicted grey

205
TH-3009_156104033



Chapter-6

relational grade (GRG) of the optimized GPC mix (M17) was calculated using equation 4.1
(Chapter 4).

The calculated value of the predicted grey relational grade (GRG) of the optimized GPC
mix (M17) is 0.82, which is close to the calculated GRG based on the experimental results.
The GRG of the optimized GPC mix (M17) is highest (0.81) when compared with the GPC
mixes as per Lie orthogonal array (Table 6.6). This indicates that the optimized GPC mix
M17 performed better among all the GPC mixes with respect to setting time, workability,

and compressive strength simultaneously.

6.7 Summary

This chapter presents application of Taguchi-Grey relational analysis (GRA) method to
evaluate the influence of various parameters such as GGBS replacement level (15%, 30%,
45%, 60%), W/GPS ratio (0.28, 0.29, 0.30, 0.31), molarity of NaOH solution (8 M, 10 M,
12 M, 14 M), binder content (375 kg/m3, 400 kg/m®, 425 kg/m?3, 450 kg/m?), and SS/SH
ratio (1.5, 1.75, 2, 2.25) on setting time, workability and compressive strength of fly ash-
GGBS based geopolymer concrete (GPC) mixes and to arrive at a single set of optimized
level of these parameters with respect to all properties simultaneously. After arriving at the
optimal combination of mix parameters, verification experiments were conducted on the
proposed optimized GPC mix to evaluate its fresh and hardened properties, and the overall
performance was predicted through grey relational analysis method. The microstructural
studies on selected fly ash-GGBS based GPC mixes (one mix from each GGBS
replacement level) and the proposed optimized GPC mix were conducted through XRD,
FTIR, and FESEM analyses. In addition, EDS analysis was also carried out on the proposed
optimized GPC mix. The experimental results showed that GGBS replacement level had
dominant effect on initial and final setting time and compressive strength whereas W/GPS
ratio significantly influenced the workability of GPC. Variations in formations of N-(C)-
A-S-H and C-S-H gels in geopolymer concrete (GPC) were confirmed from the obtained
results of microstructural analyses. Based on the results of multi-response optimization
approach, the optimized mix prepared with 55% fly ash, 45% GGBS, W/GPS ratio of 0.31,
NaOH solution of 14 M, binder content of 450 kg/m®, and SS/SH ratio of 1.5 in the
verification experiment exhibited better performance with respect to setting time,
workability and compressive strength simultaneously as compared to the GPC mixes as per

Lis orthogonal array.
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Influence of Chloride lons on Workability, Compressive Strength,
Rebar Corrosion, and Microstructure Evolution in Fly Ash and Fly
Ash-GGBS Based Geopolymer Concrete

7.1 General

In this chapter, the results obtained from the experimental investigation on the effect of
admixed NaCl on workability, strength development, rebar corrosion evaluated through
corrosion potential and corrosion current density by linear polarization resistance (LPR)
measurement, chloride content analysis, and microstructural evolution in fly ash and fly
ash-GGBS based geopolymer concrete (GPC) are presented and discussed. For this study,
the fly ash-GGBS based geopolymer concrete (GPC) mixes (M3, M8, M10, and M15)
derived from multi-response optimization by Taguchi-GRA method (Chapter 6: Section
3.5) were selected. Further, the obtained results of fly ash-GGBS based geopolymer
concrete mixes were compared with their corresponding fly ash based geopolymer concrete

mixes.

7.2 Workability of fresh geopolymer concrete (GPC) mixes

As stated earlier in Chapter 3, the slump test was carried out to measure the workability of
fresh geopolymer concrete mixes. The measured slump values obtained from control (0%
NaCl) and chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based
geopolymer concrete (GPC) mixes are presented in Fig. 7.1 (a - d). As observed from Fig.
7.1, all the GPC mixes exhibited satisfactory workability with slump value in the range of
150 mm to 220 mm for fly ash based GPC mixes (M3: FA100, M8: FA100, M10: FA100,
M15: FA100) and in the range of 100 mm to 175 mm for fly ash-GGBS based GPC mixes
(M3: FA85/G15, M8: FA70/G30, M10: FA55/G45, and M15: FA40/G60). The fly ash-
GGBS based GPC mixes exhibited lower slump value as compared to the corresponding
fly ash based GPC mixes. Further, the slump value of GPC mixes mostly decreased with
increase in GGBS content in the mixes. The decrease in slump value due to addition of
GGBS in geopolymer concrete (GPC) mixes was observed in the range 2.8% t0 9.1%, 5.9%
t0 8.1%, 9.1% to 13.3%, and 44.4% to 50.0% for mix M3, M8, M10, and M15 respectively.
The influence of GGBS on reduction in consistency of GPC was more significant for the
mix M15, which was prepared with 40% fly ash and 60% GGBS. The reason for lower
slump value in fly ash-GGBS based GPC mixes may be ascribed to influence of angular
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shape of particles of GGBS that reduced the mobility of fly ash particles in the freshly
prepared fly ash-GGBS based GPC mixes. Further, the water demand of GGBS in fly ash-
GGBS bhased GPC mixes may be higher due to its larger surface area and angular particle
shape as compared to fly ash [112]. In addition, the higher reactivity of GGBS in alkaline
solution in comparison to fly ash leads to rapid formation of geopolymer gels and reduced
the workability of fly ash-GGBS based GPC mixes [2]. As observed from Fig. 7.1, the
slump value of fly ash and fly ash-GGBS based GPC mixes slightly improved with increase
in admixed NaCl concentration in the mixes, which may be ascribed to the effect of
decrease in viscosity of fresh fly ash and fly ash-GGBS based GPC mixes in the presence
of NaCl.
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Fig. 7.1 Slump value of control (0% NaCl) and chloride (1.5% and 3.5% NaCl) admixed
fly ash and fly ash-GGBS based GPC mixes: (a) M3: FA100; FA85/G15, (b) M8: FA100;
FA70/G30, (c) M10: FA100; FA55/G45, (d) M15: FA100; FA40/G60.

7.3 Compressive strength of geopolymer concrete (GPC) mixes

The compressive strength of fly ash and fly ash-GGBS based geopolymer concrete (GPC)
mixes at the age of 7, 28 and 360 days are presented in Fig. 7.2 to Fig. 7.5. As observed
from these figures, the fly ash-GGBS based GPC mixes exhibited higher compressive
strength as compared to the corresponding fly ash based GPC mixes (except for mix M3 at
7 days) at all ages. The presence of higher calcium oxide (CaO) content in GGBS in fly
ash-GGBS based GPC mixes enhanced the formation of calcium-rich gels i.e., N-(C)-A-S-
H and C-S-H gels along with formation of N-A-S-H gel [41,83,155]. Further, the formation
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of calcium-rich gels improved the alkalinity of fly ash-GGBS based GPC mixes, which
leads to dissolution of alumina and silica to a greater extent that helps to attain the
geopolymerization process at ambient temperature and improves the compressive strength
of fly ash-GGBS based GPC mixes [155]. The reason for decrease in 7 days compressive
strength of GPC mix M3: FA85/G15 as compared to its corresponding fly ash based GPC
mix M3: FA100 may be due to the effect of slower geopolymerization reaction in the mix
M3: FA85/G15 in the presence of lower amount of GGBS content (15%) during early age
of ambient curing. From Fig. 7.2 to Fig. 7.5, it is observed that the compressive strength of
fly ash-GGBS based GPC mixes mostly increased with increase in GGBS replacement
level in the mixes from 15% to 60%, at all ages. This may be ascribed to the effect of
increase in degree of geopolymerization reaction in the presence of higher GGBS content,
which leads to formation of more homogeneous and denser geopolymer matrix and resulted
in higher compressive strength of GPC mixes made with higher GGBS replacement level
[81,90,140,156].

While comparing the effect of NacCl, it is observed that the compressive strength of NaCl
admixed fly ash and fly ash-GGBS based GPC mixes decreased in the range from 3.3% to
41.9%, and 0.6% to 30.2% as compared to control (without admixed NaCl) fly ash and fly
ash-GGBS based GPC mixes respectively (Fig. 7.2 to Fig. 7.5). Further, the compressive
strength of NaCl admixed GPC mixes decreased with increase in admixed NaCl
concentration, at all ages (7, 28, and 360 days). The reduction in compressive strength may
be attributed to the effect of NaCl in the GPC mixes that hindered the polycondensation
process to certain extent. Furthermore, it is observed that the reduction in compressive
strength of NaCl admixed fly ash and fly ash-GGBS based GPC mixes decreased with
increase in age. The reduction in strength was found in the range of 3.6% to 41.9% at 7
days, followed by 6.1% to 34.9% at 28 days, and 0.6% to 24.3% at 360 days. This indicates
that the effect of NaCl in hindering the geopolymerization process was significant at early
ages. It is also noted that, in the presence of NaCl, the reduction in compressive strength of
fly ash based GPC mixes was higher (3.3% to 41.9%) in comparison to fly ash-GGBS based
GPC mixes (0.6% to 30.2%). This may be ascribed to the effect of crystallization of NaCl
in the pores of GPC mixes to a comparatively higher extent in case of fly ash based GPC
mixes as compared to fly ash-GGBS based GPC mixes. Further, the fly ash and fly ash-
GGBS based GPC mixes exhibited higher compressive strength during later ages. This may
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be due to the influence of higher extent of polycondensation reaction in GPC mixes at later
ages.
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Fig. 7.2 Compressive strength of control (0% NaCl) and chloride (1.5% and 3.5% NaCl)
admixed fly ash and fly ash-GGBS based GPC mixes (M3: FA100; FA85/G15) at the age
of 7, 28, and 360 days.
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Fig. 7.3 Compressive strength of control (0% NaCl) and chloride (1.5% and 3.5% NaCl)
admixed fly ash and fly ash-GGBS based GPC mixes (M8: FA100; FA70/G30) at the age
of 7, 28, and 360 days.

=
o
o

m7days ®=28days @360 days

[es]
o
1

[o)]
o
1

Compressive strength (N/mm?)

M10: FA100 M10: FA55/G45
GPC mixes

Fig. 7.4 Compressive strength of control (0% NaCl) and chloride (1.5% and 3.5% NaCl)
admixed fly ash and fly ash-GGBS based GPC mixes (M10: FA100; FA55/G45) at the
age of 7, 28, and 360 days.
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Fig. 7.5 Compressive strength of control (0% NaCl) and chloride (1.5% and 3.5% NaCl)
admixed fly ash and fly ash-GGBS based GPC mixes (M15: FA100; FA40/G60) at the
age of 7, 28, and 360 days.

7.4 Electrochemical measurements

7.4.1 Corrosion potential (Ecorr)

The corrosion potential (Ecorr) Of steel bar embedded in cylindrical fly ash and fly ash-
GGBS based GPC specimens are depicted in Fig. 7.6 to Fig. 7.9. Each value of corrosion
potential shown in these figures is the average value of three replicate cylindrical reinforced
specimens of a given GPC mix. As observed from these figures, the Ecorr Values of steel bar
in control fly ash and fly ash-GGBS based GPC mixes (M3, M8, M10, and M15) were
mostly less negative than -270 mV (SCE) at all ages. This shows lower probability of
occurrence of steel bar corrosion as per ASTM C876-15 [131]. Furthermore, the Ecorr Of
embedded steel bar in NaCl admixed fly ash and fly ash-GGBS based GPC mixes were
more negative than -270 mV (SCE) at all ages, thereby indicating greater than 90%
probability of occurrence of reinforcing steel corrosion. This may be attributed to the effect
of alteration in the passivity of steel bar in the presence of CI" ions in the vicinity of the

steel bar in NaCl admixed GPC mixes.

While comparing the Ecorr Of steel bar embedded in fly ash and fly ash-GGBS based GPC
mixes, it is noted that the embedded rebar in control fly ash-GGBS based GPC specimens
mostly exhibited less negative Ecorr Values in comparison to corresponding control fly ash
based GPC specimens at all ages. Similarly, in the presence of NaCl, the steel bar embedded
in fly ash-GGBS based GPC specimens mostly showed less negative Ecor values as
compared to corresponding fly ash based GPC specimens at all ages, except for GPC mix
M3: FA85/G15 admixed with 1.5% NaCl. The mostly less negative corrosion potential of
reinforcing steel in fly ash-GGBS based GPC mixes may be ascribed to the effect of
presence of higher calcium oxide content in GGBS in fly ash-GGBS based GPC mixes that
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enhanced the geopolymerization reaction in ambient condition and resulted in formation of
comparatively denser microstructure and thereby reduced the availability of chloride ions
in the vicinity of steel bar in NaCl added fly ash-GGBS based GPC specimens. In case of
fly ash-GGBS based GPC mix i.e., M3: FA85/G15 admixed with 1.5% NaCl, the more
negative corrosion potential as compared to corresponding fly ash based GPC mix may be
attributed to the dominant effect of alteration in the amount of oxygen near steel
reinforcement. Further, the steel bar embedded in fly ash-GGBS based GPC specimens
mostly exhibited less negative Ecorr Values with increase in GGBS content in the mixes at
all ages. This may be attributed to the effect of formation of more amount of calcium-rich
gels at higher GGBS content that led to formation of comparatively denser microstructure.
This resulted in availability of comparatively lower amount of chloride ions near steel bar
embedded in fly ash-GGBS based GPC specimens made with higher GGBS content.

From Fig. 7.6 to Fig. 7.9, it is noted that the steel bar embedded in fly ash and fly ash-
GGBS based GPC specimens exhibited mostly more negative Ecorr Values with increase in
admixed NaCl concentration except in case of fly ash based GPC mix i.e., M10: FA100.
The mostly more negative corrosion potential with increase in admixed NaCl concentration
may be ascribed to the effect of presence of higher amount of chloride ions in the vicinity
of steel bar in GPC specimens admixed with higher NaCl concentration that might have
altered its passivity. In case of fly ash based GPC mix M10, the more negative corrosion
potential at lower concentration of admixed NaCl may be ascribed to the effect of variation
in oxygen content in the vicinity of steel reinforcement. From Fig. 7.6 and Fig. 7.7, it is
inferred that there is no systematic variation in Ecor Of steel bar with age in control fly ash-
GGBS based GPC specimens made with 15% and 30% GGBS (M3: FA85/G15 and M8:
FA70/G30) and their corresponding fly ash based GPC specimens (M3: FA100 and M8:
FA100). Furthermore, from Fig. 7.8 and Fig. 7.9, it is noted that the Ecor Of steel bar
embedded in control fly ash-GGBS based GPC specimens made with 45% and 60% GGBS
((M10: FAB5/G45 and M15: FA40/G60) and their corresponding fly ash based GPC
specimens (M10: FA100 and M15: FA100) mostly became less negative at later ages. This
can be attributed to the effect of improved passivity of reinforcing steel bar in control fly
ash and fly ash-GGBS based GPC mixes during later ages. Further, unsystematic variation
was observed in Ecorr Of embedded rebar with age in NaCl admixed fly ash and fly ash-
GGBS based GPC specimens. This can be attributed to the effect of variations in the
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conductivity of electrolytic pore solution of GPC mixes surrounding the steel reinforcement

with age.
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Fig. 7.6 Corrosion potential (Ecorr) Of steel bar embedded in control (0% NaCl) and
chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based GPC
specimens: (a) M3: FA100, and (b) M3: FA85/G15.
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Fig. 7.7 Corrosion potential (Ecorr) Of steel bar embedded in control (0% NaCl) and
chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based GPC
specimens: (a) M8: FA100, and (b) M8: FA70/G30.
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Fig. 7.8 Corrosion potential (Ecorr) Of steel bar embedded in control (0% NaCl) and
chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based GPC
specimens: (a) M10: FA100, and (b) M10: FA55/G45.
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Fig. 7.9 Corrosion potential (Ecorr) Of steel bar embedded in control (0% NaCl) and
chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based GPC
specimens: (a) M15: FA100, and (b) M15: FA40/G60.

7.4.2 Corrosion current density (Icorr)

The corrosion current density (lcorr) Of embedded steel bar in cylindrical fly ash and fly ash-
GGBS based GPC specimens are illustrated in Fig. 7.10 to Fig. 7.13. Each value of
corrosion current density shown in these figures is the average value of three replicate
cylindrical reinforced specimens of a given GPC mix. As observed from Fig. 7.10 to 7.13,
the corrosion current density (lcorr) Values of embedded steel bar in control GPC specimens
were significantly lower as compared to chloride admixed GPC mixes. The lcorr Varied in
the range of 0.02 to 0.12 pA/cm? for control fly ash-GGBS based GPC mixes (M3, M8,
M10, and M15), and in the range of 0.04 to 0.28 pA/cm? for their corresponding fly ash
based GPC mixes. In case of chloride (1.5% and 3.5% NaCl) admixed GPC mixes, the
corrosion current density (lcorr) of embedded steel bar varied in the range of 0.19 pA/cm?
to 4.34 pA/cm? for fly ash-GGBS based GPC mixes (M3, M8, M10, and M15) and in the
range of 1.18 pA/cm?to 13.59 pA/cm? for their corresponding fly ash based GPC mixes,
irrespective of concentration of admixed NaCl and age. The higher rate of rebar corrosion
in NaCl admixed fly ash and fly ash-GGBS based GPC specimens can be attributed to the
effect of increase in conductivity of GPC in the presence of chloride ions.

While comparing the lcorr OF steel bar embedded in fly ash-GGBS based GPC specimens
with their corresponding fly ash based GPC specimens, it is observed that the rebar in
control fly ash-GGBS based GPC specimens mostly showed lower lcorr as compared to their
corresponding fly ash based GPC specimens. Similarly, it is noted that the embedded rebar
in chloride admixed fly ash-GGBS based GPC specimens mostly exhibited lower lcorr When
compared with their corresponding fly ash based GPC specimens, except for the GPC mix

M3: FA85/G15 admixed with 1.5% NaCl. The lower corrosion current density in chloride
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admixed fly ash-GGBS based GPC mixes is attributed to the effect of greater extent of
polycondensation reaction in the presence of GGBS in the GPC mixes that resulted in
higher amount of geopolymer gels. This led to comparatively denser microstructure in fly
ash-GGBS based GPC mixes thereby leading to availability of less amount of CI" ions near
embedded steel bar, which resulted in lower lcorr Values. The mostly higher corrosion
current density in fly ash-GGBS based GPC mix i.e., M3: FA85/G15 admixed with 1.5%
NaCl as compared to the corresponding fly ash based GPC mix may be due to the effect of
variations in oxygen and moisture content near rebar in GPC mixes. It may be noted that
the corrosion potential was also mostly more negative in fly ash-GGBS based GPC mix
M3 as compared to its corresponding fly ash based mix at NaCl concentration of 1.5% (Fig.
7.6).

The corrosion current density (lcorr) Of embedded rebar in control fly ash-GGBS based GPC
mixes mostly increased with increase in GGBS content. The higher lcorr in control GPC
mixes at higher GGBS content may be attributed to the effect of alterations in the
electrolytic pore solution, and variations in the availability of oxygen and moisture near
steel reinforcement. In case of chloride admixed fly ash-GGBS based GPC mixes, the
corrosion current density (lcorr) mostly decreased with increase in GGBS content (Fig. 7.10
to Fig. 7.13). The lower leorr in chloride admixed GPC mixes made with higher GGBS
content may be due to the effect of comparatively higher resistivity as a result of formation
of denser microstructure in the mixes made with higher GGBS content that resulted in
availability of lower amount of chloride ions in the electrolytic pore solution of concrete

surrounding embedded steel bar.

The lcorr Of rebar in fly ash and fly ash-GGBS based GPC mixes mostly increased with
increase in admixed NaCl concentration (Fig. 7.10 to Fig. 7.13). This is due to the effect of
higher conductivity of GPC in the presence of more amount of chloride ions. Further, from
Fig. 7.10 to Fig. 7.13, it can be noted that there was mostly unsystematic variation in lcorr
of embedded steel bar with age in control as well as chloride admixed fly ash and fly ash-
GGBS based GPC mixes. The unsystematic variation in lcorr with age in GPC mixes may
be ascribed to the dominant effect of variations in oxygen and moisture content surrounding
the steel bar as well as changes in chloride ion concentration in electrolytic pore solution
of NaCl admixed GPC mixes.
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. 7.10 Corrosion current density (lcorr) Of steel bar embedded in control (0% NaCl) and
chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based GPC
specimens: (a) M3: FA100, and (b) M3: FA85/G15.
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Fig. 7.11 Corrosion current density (lcorr) Of Steel bar embedded in control (0% NacCl) and
chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based GPC
specimens: (a) M8: FA100, and (b) M8: FA70/G30.
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Fig. 7.12 Corrosion current density (lcorr) Of Steel bar embedded in control (0% NacCl) and
chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based GPC
specimens: (a) M10: FA100, and (b) M10: FA55/G45.
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Fig. 7.13 Corrosion current density (lcorr) Of steel bar embedded in control (0% NaCl) and
chloride (1.5% and 3.5% NaCl) admixed fly ash and fly ash-GGBS based GPC
specimens: (a) M15: FA100, and (b) M15: FA40/G60.

7.5 Chloride content analysis of geopolymer concrete (GPC) mixes

7.5.1 Chloride content of GPC mixes at different ages

The results obtained from the chloride content (free and total chloride) measurement of
GPC powder samples collected after compressive strength test at the age of 7, 28 and 360
days are presented in Fig. 7.14 to Fig. 7.17. From these figures, it is observed that the total
chloride content of GPC mixes were higher than free chloride content. However, the
difference between total and free chloride content was very less, thereby indicating very
less extent of chloride binding ability of both fly ash and fly ash-GGBS based GPC mixes.
The lower extent of chloride binding in GPC mixes may be attributed to the effect of
physical adsorption of chloride ions on geopolymer gels. The fly ash-GGBS based GPC
mixes exhibited lower free chloride content as compared to their corresponding fly ash
based GPC mixes at all ages, except mix M3: FA85/G15 at 7 and 28 days (Fig. 7.14 a and
b). This is attributed to the effect of formation of higher amount of calcium-rich gels (N-
(C)-A-S-H and C-S-H gels) in fly ash-GGBS based GPC mixes as compared to their
corresponding fly ash based GPC mixes, which resulted in denser microstructure, thereby
resulting in availability of lower amount of chloride ions in the electrolytic pore solution
of fly ash-GGBS based GPC mixes. This observation is in line with the results obtained
from compressive strength as evident from Fig. 7.2 to Fig. 7.5, where chloride admixed fly
ash-GGBS based GPC mixes exhibited higher compressive strength than chloride admixed
fly ash based GPC mixes. The higher free chloride content in fly ash-GGBS based GPC
mix M3: FA85/G15 as compared to fly ash based GPC mix M3: FA100 at the age of 7 and
28 days may be ascribed to the lower extent of competing effect of hydroxyl ions with

chloride ions thereby resulting in higher amount of chloride ions in the pore solution.
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Further, the total chloride content was mostly lower in fly ash-GGBS based GPC mixes as

compared to fly ash based GPC mixes.
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Fig. 7.14 Chloride content (%) of fly ash and fly ash-GGBS based GPC mixes (M3:
FA100; FA85/G15) at the age of (a) 7 days, (b) 28 days, and (c) 360 days.
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Fig. 7.15 Chloride content (%) of fly ash and fly ash-GGBS based GPC mixes (M8:
FA100; FA70/G30) at the age of (a) 7 days, (b) 28 days, and (c) 360 days.
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Fig. 7.16 Chloride content (%) of fly ash and fly ash-GGBS based GPC mixes (M10:
FA100; FA55/G45) at the age of (a) 7 days, (b) 28 days, and (c) 360 days.
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Fig. 7.17 Chloride content (%) of fly ash and fly ash-GGBS based GPC mixes (M15:
FA100; FA40/G60) at the age of (a) 7 days, (b) 28 days, and (c) 360 days.
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While comparing the effect of GGBS replacement level on chloride content of GPC mixes
at various ages, it is observed that the free chloride content of GPC mixes at 7 days varied
unsystematically with increase in GGBS replacement level, which may be ascribed to the
inconsistent variation between the extent of geopolymerization reaction and the interaction
of chloride ions with geopolymer gels at early age. However, the free chloride content of
GPC mixes at the age of 28 and 360 days mostly decreased with increase in GGBS
replacement level in the mixes. This may be ascribed to the fact that when GGBS content
increased in the GPC mixes, the extent of calcium bearing gels (N-(C)-A-S-H, C-S-H)
formation increased, which resulted in denser microstructure in the GPC mixes made with
higher GGBS content during later age thereby resulting in lower availability of chloride
ions in the pore solution. Similarly, there was unsystematic variation in total chloride
content with GGBS content in GPC mixes at the age of 7 days, however, the total chloride
content mostly decreased with increase in GGBS content in the mixes at the age of 28 and
360 days. From Fig. 7.14 to Fig. 7.17, it is observed that free and total chloride content of
fly ash and fly ash-GGBS based GPC mixes increased with increase in admixed NaCl
concentration from 1.5% to 3.5%. This may be attributed to the effect of presence of higher
amount of chloride ions in the GPC mixes made with higher concentration of NaCl. This
can be correlated with the results obtained from compressive strength of chloride admixed
GPC mixes (Fig. 7.2 to Fig. 7.5) where the presence of higher amount of chloride hindered
the geopolymerization reaction to a greater extent and resulted in lower compressive
strength at all ages in the GPC mixes admixed with higher concentration of NaCl. Further,
it can be noted that there was unsystematic variation in free and total chloride content of
fly ash and fly ash-GGBS based GPC mixes with age (Fig. 7.14 to Fig. 7.17).

Although, the extent of chloride binding was significantly lower in the GPC mixes, the
chloride binding capacity of the NaCl added GPC mixes was calculated to evaluate the
relative variation in the extent of chloride binding with GGBS content, admixed NaCl
concentration and age. The chloride binding capacity of chloride admixed GPC was
calculated using the following equation [73];

B. (%) = =" x 100 (7.1)
t

Where, B = chloride binding capacity, C: = total chloride content, and Ct = free chloride

content.
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The obtained chloride binding capacity of GPC mixes are illustrated in Fig. 7.18. From this
figure, it is observed that the CI- binding capacity of fly ash-GGBS based GPC mixes at the
age of 7 days were mostly lower than their corresponding fly ash based GPC mixes whereas
at the age of 28 and 360 days, the fly ash-GGBS based GPC mixes mostly exhibited higher
CI" binding capacity as compared to their corresponding fly ash based GPC mixes. The
lower extent of chloride binding in fly ash-GGBS based GPC mixes at the age of 7 days
may be ascribed to the alteration in the extent of physical adsorption of chloride ions on
geopolymer gels during early age, although there was mostly higher formation of
geopolymer gels in fly ash-GGBS based GPC mixes as indicated by compressive strength
at the early age of 7 days when compared with fly ash based GPC mixes. The higher
chloride binding capacity of fly ash-GGBS based GPC mixes at the age of 28 and 360 days
may be ascribed to the formation of more amount of calcium bearing aluminosilicate gels
(N-(C)-A-S-H) along with C-S-H gel that resulted in more physical adsorption of CI" ions
[73].
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Fig. 7.18 Chloride binding capacity of fly ash and fly ash-GGBS based GPC mixes at
different ages: (a) M3: FA100 vs. FA85/G15, (b) M8: FA100 vs. FA70/G30, (c) M10:
FA100 vs. FAS5/G45, and (d) M15: FA100 vs. FA40/G60.
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From Fig. 7.18, it is inferred that there was unsystematic variation in CI" binding capacity
with increase in GGBS replacement level from 15% to 60% in the fly ash-GGBS based
GPC mixes. This can be inferred to the effect of inconsistent variation between free and
total chloride content with increase in GGBS content as a result of alterations in the
interaction of chloride ions with the binding gels in GPC mixes. Further, the CI- binding
capacity of fly ash and fly ash-GGBS based GPC mixes varied unsystematically with NaCl
concentration (Fig. 7.18). This may be ascribed to the effect of variations in the physical
adsorption of chloride ions with geopolymer gels at different NaCl concentrations. There
was mostly unsystematic variation in chloride binding capacity of fly ash based GPC mixes
with age. However, the chloride binding capacity of fly ash-GGBS based GPC mixes
mostly increased with age. The formation of higher amount of binding gels in fly ash-
GGBS based GPC mixes may be responsible for higher CI” binding capacity at later ages.

7.5.2 Chloride content of GPC at rebar level

The results obtained from chloride content (%) measurement of GPC powder near steel bar
embedded in cylindrical fly ash and fly ash-GGBS based GPC specimens at the age of 600
days are depicted in Fig. 7.19. As observed from this figure, there is no significant
difference between free and total chloride content of both fly ash and fly ash-GGBS based
GPC mixes. This indicates chloride binding ability of GPC mixes to a significantly lower
extent, which resulted in availability of higher amount of free chloride in the pore solution
of NaCl admixed GPC mixes. This led to more negative Ecor (Fig. 7.6 to Fig. 7.9) and
higher lcorr Values (Fig. 7.10 to Fig. 7.13) of steel bar embedded in NaCl admixed fly ash
and fly ash-GGBS based GPC specimens. From Fig. 7.19, it is also noted that the fly ash-
GGBS bhased GPC mixes exhibited lower free chloride content as compared to their
corresponding fly ash based GPC mixes at both NaCl concentrations. This is attributed to
the effect of availability comparatively lower amount of chloride ions near rebar level due
to formation of compacted microstructure in fly ash-GGBS based GPC mixes, which led
to mostly less negative Ecorr values (Fig. 7.6 to Fig. 7.9) and lower lcorr values (Fig. 7.10 to
Fig. 7.13) in NaCl added fly ash-GGBS based GPC specimens as compared to NaCl added
fly ash based GPC specimens. The total chloride content was also lower in NaCl admixed
fly ash-GGBS based GPC mixes as compared to their corresponding fly ash based GPC
mixes. From Fig. 7.19, it is observed that the free chloride content near steel reinforcement
in fly ash-GGBS based GPC specimens mostly decreased with increase in GGBS content

in the mixes. This result is in line with the results obtained from corrosion potential (Fig.
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7.6 (b), Fig. 7.7 (b), Fig. 7.8 (b), Fig. 7.9 (b)) and corrosion current density (Fig. 7.10 (b),
Fig. 7.11 (b), Fig. 7.12 (b), Fig. 7.13 (b)), where the rebar embedded in fly ash-GGBS based
GPC specimens mostly exhibited less negative Ecorr and lower lcorr Values with increase in
GGBS content in the GPC mixes. The total chloride content near steel reinforcement in fly
ash-GGBS based GPC specimens mostly decreased with increase in GGBS content.
Further, the measured free and total chloride content near rebar level of fly ash and fly ash-
GGBS based GPC specimens increased with NaCl concentration. This is in line with the
variations in Ecorr and lcorr OF steel reinforcement with increase in NaCl concentration in the
GPC mixes (Fig. 7.10 to Fig. 7.13).

The CI" binding capacity of GPC mixes calculated using equation 7.1 are illustrated in Fig.
7.20. The fly ash-GGBS based GPC mixes mostly showed higher CI" binding capacity at
rebar level as compared to their corresponding fly ash based GPC mixes. In addition, the
CI" binding capacity at rebar level of fly ash-GGBS based GPC mixes mostly increased as
the GGBS replacement increased from 15% to 60% in the mixes. This can be attributed to
the effect of formation of higher amount of calcium bearing aluminosilicate gels and C-S-
H gel in fly ash-GGBS based GPC mixes with higher GGBS content that led to more
physical adsorption of chloride ions at rebar level in GPC specimens. The CI™ binding
capacity at rebar level of fly ash-GGBS based GPC specimens made with comparatively
lower GGBS content (M3: FA85/G15 and M8: FA70/G30), and all fly ash based GPC
specimens mostly decreased with increase in NaCl concentration. However, the Cl” binding
capacity at rebar level of fly ash-GGBS based GPC specimens made with comparatively
higher GGBS content (M10: FA55/G45 and M15: FA40/G60) increased with NaCl
concentration. The lower CI- binding capacity of fly ash based GPC mixes, and fly ash-
GGBS based GPC mixes made with comparatively lower GGBS content can be attributed
to the formation of lower amount of N-A-S-H and N-(C)-A-S-H gels, and C-S-H gel (in
case of fly ash-GGBS based GPC mixes) at higher concentration of NaCl (3.5%) that
resulted in physical adsorption of chloride ions on binding gels to a lower extent. It may be
noted that, as stated earlier, the increase in concentration of admixed NaCl reduced the
compressive strength of all GPC mixes at the age of 7, 28 and 360 days (Fig. 7.2 to Fig.
7.5). In fly ash-GGBS based GPC mixes made with comparatively higher GGBS content,
the more chloride binding capacity at higher NaCl concentration may be attributed to the
effect of physical adsorption of chloride ions on the binding gels to a comparatively higher

extent in the presence of higher amount of chloride ions although there might be formation
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of comparatively lower amount of binding gels in the presence of higher NaCl
concentration. This indicates the dominant effect of higher calcium content of GGBS that

might have favoured comparatively higher extent of physical adsorption of chloride ions.
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Fig. 7.19 Chloride content (%) at rebar level of fly ash and fly ash-GGBS based GPC
specimens: (a) M3, (b) M8, (c) M10, and (d) M15.
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7.6 Microstructure analysis of geopolymer concrete (GPC) mixes

7.6.1 XRD analysis of GPC mixes

7.6.1.1 XRD analysis of GPC mixes at different ages

The XRD patterns of control and NaCl admixed fly ash and fly ash-GGBS based GPC
mixes at the age of 7, 28, and 360 days are illustrated in Fig. 7.21 to Fig. 7.28. From the
XRD patterns of GPC mixes, the crystalline peaks related to quartz and mullite were
identified. The amorphous to semi-crystalline phases formed during geopolymerization
process in fly ash and fly ash-GGBS based GPC mixes were muscovite (KAI3SizO10(OH)2)
at 8.8° 20, sodalite (NagAlsSisO24 (OH)2 (H20)2) at 24.5° 26, nepheline (NaAlSiOs) at 27.1°
20, anorthoclase ((Nao.gs Ko.15)(AlSiz0g)) at 27.5° 26, and albite ((Na, Ca)Al(Si Al)3Og) at
28.0° 20. These compounds indicate the formation of aluminosilicate gels (N-A-S-H and
N-(C)-A-S-H), which are mainly responsible for the compressive strength development of
GPC mixes. A poorly ordered semi-crystalline peak related to C-S-H gel along with calcite
was identified at 29.5° 260 in the XRD patterns of fly ash-GGBS based GPC mixes. The C-
S-H gel is formed due to higher calcium content in GGBS [83,157].

While comparing the XRD patterns of fly ash-GGBS based GPC mixes and their
corresponding fly ash based GPC mixes (control and NaCl admixed) at different ages, it is
observed that the peak intensity of sodalite, nepheline, anorthoclase and albite were mostly
lower in the GPC mix M3: FA85/G15 as compared to its corresponding fly ash based GPC
mix (M3: FA100). The peak intensity of albite in GPC mix M8: FA70/G30 was mostly
higher as compared to its corresponding fly ash based GPC mix (M8: FA100). In case of
GPC mixes M10: FA55/G45 and M15: FA40/G60, the peak intensity of anorthoclase and
albite were mostly higher as compared to their corresponding fly ash based GPC mixes
(M10: FA100 and M15: FA100). The formation of C-S-H gel along with formation of more
amount of geopolymer gels (N-A-S-H and N-(C)-A-S-H) in the GPC mixes made with
relatively higher GGBS replacement (30%, 45%, and 60%) exhibited higher compressive
strength as compared to their corresponding fly ash based GPC mixes as evident from Fig.
7.3to Fig. 7.5. In case of GPC mix made with 15% GGBS (M3: FA85/G15), the formation
of C-S-H gel may be the primary cause for higher compressive strength at the age of 28
and 360 days when compared with its corresponding fly ash based GPC mix as evident
from Fig. 7.2. It may be noted that the 7 day compressive strength of fly ash-GGBS based
GPC mix M3: FA85/G15 was lower as compared to its corresponding fly ash based GPC
mix M3: FA100 (Fig. 7.2).
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From Fig. 7.22, Fig. 7.24, Fig. 7.26, and Fig. 7.28, it is observed that the variations in peak
intensity of nepheline, sodalite, anorthoclase and albite were mostly unsystematic, and the
peak intensity of C-S-H gel mostly increased with increase in GGBS replacement level in
the GPC mixes. The formation of more amount of C-S-H gel in the GPC mixes made with
higher GGBS content contributed toward mostly higher compressive strength irrespective
of age and admixed NaCl concentration. While comparing the XRD patterns of control and
NaCl admixed GPC mixes, It is observed that in case of fly ash-GGBS based GPC mixes
such as M3:FA85/G15 (Fig. 7.22), M8: FA70/G30 (Fig. 7.24), and M15: FA40/G60 (Fig.
7.28), and their corresponding fly ash based GPC mixes (Fig. 7.21, Fig. 7.23, Fig. 7.27),
there was no systematic variation in the peak intensity related to aluminosilicate gels and
C-S-H gel (in fly ash-GGBS based GPC) with increase in admixed NaCl concentration. In
case of GPC mix M10: FA100 (Fig. 7.25), it is noted that the peak intensity corresponding
to anorthoclase and albite were mostly decreased with increase in admixed NaCl
concentration from 0% to 3.5%. However, there was unsystematic variation in peak
intensity related to sodalite and nepheline with increase in NaCl concentration. In case of
GPC mix M10: FA55/G45 (Fig. 7.26), the peak intensity related to nepheline, anorthoclase,
albite, sodalite, and C-S-H gel mostly decreased with increase in NaCl concentration. This
indicates formation of lower amount of aluminosilicate gels in NaCl admixed fly ash based
GPC mixes, and lower amount of aluminosilicate gels and C-S-H gel in NaCl admixed fly
ash-GGBS based GPC mixes, which resulted in lower strength for NaCl admixed GPC
mixes in comparison to control GPC mixes as evident from Fig. 7.2 to Fig. 7.5. A semi-
crystalline peak related to halite (NaCl) was identified at 31.5° 26 in the XRD patterns of
all NaCl admixed fly ash and fly ash-GGBS based GPC mixes, which indicates the

crystallization of sodium chloride in the GPC mixes [34,98].

From Fig. 7.21 to Fig. 7.28, it is observed that in case of fly ash based GPC mixes (control
and NaCl admixed), the peak intensity related to albite mostly increased with increase in
age. However, the variations in peak intensity related to sodalite, nepheline, and
anorthoclase were mostly unsystematic with age. In case of fly ash-GGBS based GPC
mixes, the peak intensity of anorthoclase, albite and C-S-H were mostly higher at later age.
These observations indicate the formation of higher amount of aluminosilicate gels due to
continuation of geopolymerization reaction with age in fly ash and fly ash-GGBS based
GPC mixes that resulted in increase in compressive strength with age as evident from Fig.
7.2to Fig. 7.5.
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Fig. 7.21 XRD patterns of control and chloride admixed fly ash based GPC mixes (M3:
FA100) at 7, 28, and 360 days: (a) 0% NaCl, (b) 1.5% NacCl, and (c) 3.5% NacCl.
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Fig. 7.22 XRD patterns of control and chloride admixed fly ash-GGBS based GPC mixes
(M3: FA85/G15) at 7, 28, and 360 days: (a) 0% NaCl, (b) 1.5% NacCl, and (c) 3.5% NaCl.
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Fig. 7.23 XRD patterns of control and chloride admixed fly ash based GPC mixes (M8:
FA100) at 7, 28, and 360 days: (a) 0% NaCl, (b) 1.5% NacCl, and (c) 3.5% NacCl.
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Fig. 7.25 XRD patterns of control and chloride admixed fly ash based GPC mixes (M10:
FA100) at 7, 28, and 360 days: (a) 0% NaCl, (b) 1.5% NacCl, and (c) 3.5% NacCl.
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Fig. 7.26 XRD patterns of control and chloride admixed fly ash-GGBS based GPC mixes
(M10: FA55/G45) at 7, 28, and 360 days: (a) 0% NacCl, (b) 1.5% NaCl, and (c) 3.5%
NaCl.
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Fig. 7.27 XRD patterns of control and chloride admixed fly ash based GPC mixes (M15:
FA100) at 7, 28, and 360 days: (a) 0% NaCl, (b) 1.5% NacCl, and (c) 3.5% NacCl.
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Fig. 7.28 XRD patterns of control and chloride admixed fly ash-GGBS based GPC mixes
(M15: FA40/G60) at 7, 28, and 360 days: (a) 0% NacCl, (b) 1.5% NaCl, and (c) 3.5%
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7.6.1.2 XRD analysis of GPC at rebar level of cylindrical reinforced specimens

The XRD patterns of GPC powder collected from near the rebar level of cylindrical fly ash
and fly ash-GGBS based GPC specimens at the age of 600 days are presented in Fig. 7.29
to Fig. 7.32. From these figures, it is observed that the peak intensity of sodalite, nepheline,
anorthoclase, and albite were mostly higher in control and NaCl admixed fly ash-GGBS
based GPC mixes (M3: FA85/G15, M8: FA70/G30, M10: FA55/G45, and M15:
FA40/G60) as compared to their corresponding fly ash based GPC mixes (M3: FA100, M8:
FA100, M10: FA100, and M15: FA100). Further, the peak related to formation of C-S-H
gel was observed in the XRD patterns of all fly ash-GGBS based GPC mixes. These
resulted in denser microstructure in fly ash-GGBS based GPC mixes that led to availability
of lower amount of chloride ions near embedded rebar (Fig. 7.19). Thus, fly ash-GGBS
based GPC specimens exhibited mostly less negative corrosion potential (Ecorr) and lower
corrosion current density (lcorr) as compared to fly ash based GPC specimens (Fig. 7.6 to
Fig. 7.13). From Fig. 7.29 to Fig. 7.32, it is observed that the variations in peak intensity of
sodalite, nepheline, anorthoclase, albite, and C-S-H gel were mostly unsystematic with
increase in GGBS replacement level in the mixes. In few GPC mixes (M3: FA85/G15, M8:
FA100, and M8: FA70/G30), there was no systematic variation in the peak intensity related
to aluminosilicate gels with increase in concentration of admixed NaCl. However, in
majority of the GPC mixes (M3: FA100, M10: FA100, M10: FA55/G45, M15: FA100, and
M15: FA40/G60), the peak intensity related to sodalite, nepheline, anorthoclase, albite and
C-S-H gel (in case of fly ash-GGBS based GPC) mostly decreased with increase in NaCl
concentration. Therefore, the embedded steel bar in fly ash and fly ash-GGBS based GPC
specimens mostly exhibited more negative Ecorr and higher lcorr Values with increase in
concentration of NaCl (Fig. 7.6 to Fig. 7.13) as a result of presence of more amount of
chloride ions near rebar level due to formation of less denser microstructure in the GPC

mixes.
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Fig. 7.29 XRD patterns obtained at rebar level of control and chloride admixed fly ash
and fly ash-GGBS based GPC specimens: (a) M3: FA100 and (b) M3: FA85/G15.
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Fig. 7.30 XRD patterns obtained at rebar level of control and chloride admixed fly ash
and fly ash-GGBS based GPC specimens: (a) M8: FA100 and (b) M8: FA70/G30.
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Fig. 7.31 XRD patterns obtained at rebar level of control and chloride admixed fly ash
and fly ash-GGBS based GPC specimens: (a) M10: FA100 and (b) M10: FA55/G45.
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Fig. 7.32 XRD patterns obtained at rebar level of control and chloride admixed fly ash
and fly ash-GGBS based GPC specimens: (a) M15: FA100 and (b) M15: FA40/G60.

7.6.2 EDS analysis of GPC mixes

7.6.2.1 EDS analysis of GPC mixes at different ages

Typical EDS spectra of control and chloride admixed fly ash and fly ash-GGBS based GPC
mixes at the age of 7, 28, and 360 days are illustrated in Fig. 7.33 to Fig. 7.37 and Fig. B1
to B8 (in Appendix section). From these figures, the main elements identified are O, Si, Al,
Ca, and Na. The elemental ratios such as atomic Na/Si, Al/Si, and Ca/Si ratios (average of
five locations) of different fly ash and fly ash-GGBS based GPC mixes are depicted in Fig.
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7.38 to Fig. 7.45. As observed from these figures, in case of fly ash based GPC mixes
(control and NaCl admixed), the average atomic Na/Si, Al/Si, and Ca/Si ratios obtained are
in the range of 0.18 - 0.44, 0.16 - 0.64, and 0.01 - 0.15 respectively. Similarly, in case of
fly ash-GGBS based GPC mixes, the average atomic Na/Si, Al/Si, and Ca/Si ratios obtained
are in the range of 0.13 - 0.56, 0.25 - 0.57, and 0.01 - 0.78 respectively. While comparing
the average atomic ratios obtained from fly ash-GGBS based GPC mixes (M3, M8, M10,
and M15) and their corresponding fly ash based GPC mixes, it is observed that GPC mixes
made with 15% GGBS (M3) and 60% GGBS (M15) mostly exhibited higher atomic Na/Si
ratio, and GPC mixes made with 30% GGBS (M8) and 45% GGBS (M10) mostly showed
lower atomic Na/Si ratio as compared to their corresponding fly ash based GPC mixes.
Similarly, the GPC mixes made with 15% GGBS (M3) and 30% GGBS (M8) mostly
exhibited higher atomic Al/Si ratio, and GPC mixes made with 45% GGBS (M10) and 60%
GGBS (M15) mostly showed lower atomic Al/Si ratio as compared to their corresponding
fly ash based GPC mixes. Further, it is observed that all the fly ash-GGBS based GPC
mixes exhibited higher atomic Ca/Si ratio as compared to their corresponding fly ash based
GPC mixes at all ages, irrespective of admixed NaCl concentration. This indicates that in
case of fly ash-GGBS based GPC mixes, the formation of calcium enriched binding gels
such as N-(C)-A-S-H (in higher amount) and C-S-H resulted in higher compressive strength
of fly ash-GGBS based GPC mixes as compared to their corresponding fly ash based GPC
mixes. This observation is in line with the results obtained from XRD analysis, where
higher peak intensity of albite (M8, M10, M15) and peak related to C-S-H gel (M3, M8,
M10, and M15) were observed in fly ash-GGBS based GPC mixes in comparison to their
corresponding fly ash based GPC mixes (Fig. 7.21 to Fig. 7.28).

While analysing the atomic ratios of fly ash-GGBS based GPC mixes, it is observed that
the variations in atomic Na/Si, Al/Si, and Ca/Si ratios were unsystematic with increase in
GGBS replacement level. In case of fly ash and fly ash-GGBS based GPC mixes, the
variations in atomic Na/Si, Al/Si, and Ca/Si ratios were not systematic with increase in
NaCl concentration in the mixes. The average atomic % of Cl ions in NaCl admixed fly ash
and fly ash-GGBS based GPC mixes varied in the range of 0.26 - 1.0, and 0.20 - 1.40
respectively. This indicates the deposition and crystallization of NaCl in fly ash and fly
ash-GGBS based GPC mixes, which might have altered the geopolymerization reaction
and caused decrease in strength of NaCl added GPC mixes as evident from Fig. 7.2 to Fig.
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7.5. From Fig. 7.38 to Fig. 7.45, there was no systematic variation in atomic ratios of fly
ash and fly ash-GGBS based GPC mixes with increase in age.

M Spectrum 16

M3: | A100 0% NaCl 7 days : MS8: FA100 1.5% NaCl 28 days
(o]

Si
Al
Na

K
Fe

: FA100 3.5% NaCl 360 days
LDRNTER T ¢ e

Fig. 7.33 EDS spectra of control and chloride admixed fly ash based GPC mixes at
different ages.

M3: FA85/G15_0% NaCl 7 days =

? ., by L {%g.;)

Fig. 7.34 EDS spectra of control and chloride admixed fly ash-GGBS based GPC mixes
(M3: FA85/G15) at different ages.
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Fig. 7.35 EDS spectra of control and chloride admixed fly ash-GGBS based GPC mixes
(M8: FA70/G30) at different ages.

Fig. 7.36 EDS spectra of control and chloride admixed fly ash-GGBS based GPC mixes
(M10: FA55/G45) at different ages.
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M15: FA40/G60_0% NaCl 7 days o~ &= ~ | MI15: FA40/G60_1.5% NaCl 28 days »

Fig. 7.37 EDS spectra of control and chloride admixed fly ash-GGBS based GPC mixes
(M15: FA40/G60) at different ages.
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Fig. 7.38 Atomic ratios of control and chloride admixed fly ash based GPC mixes (M3:
FA100): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c) atomic Ca/Si ratio.

236
TH-3009_156104033



Influence of chloride ions on workability, compressive strength, rebar corrosion, and microstructure
evolution in fly ash and fly ash-GGBS based geopolymer concrete
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Fig. 7.39 Atomic ratios of control and chloride admixed fly ash-GGBS based GPC mixes
(M3: FA85/G15): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c) atomic Ca/Si

ratio.
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Fig. 7.40 Atomic ratios of control and chloride admixed fly ash based GPC mixes (M8:
FA100): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c) atomic Ca/Si ratio.
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Fig. 7.41 Atomic ratios of control and chloride admixed fly ash-GGBS based GPC mixes
(M8: FA70/G30): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c) atomic Ca/Si

ratio.
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Fig. 7.42 Atomic ratios of control and chloride admixed fly ash based GPC mixes (M10:
FA100): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c) atomic Ca/Si ratio.
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Fig. 7.43 Atomic ratios of control and chloride admixed fly ash-GGBS based GPC mixes
(M10: FA55/G45): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c) atomic Ca/Si

ratio.
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Fig. 7.44 Atomic ratios of control and chloride admixed fly ash based GPC mixes (M15:
FA100): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c) atomic Ca/Si ratio.
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Fig. 7.45 Atomic ratios of control and chloride admixed fly ash-GGBS based GPC mixes
(M15: FA40/G60): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c) atomic Ca/Si
ratio.

7.6.2.2 EDS analysis of GPC at rebar level of cylindrical reinforced specimens

Typical EDS spectra obtained near rebar level of control and chloride admixed fly ash and
fly ash-GGBS based GPC specimens are illustrated in Fig. 7.46, and Fig. 7.47, and Fig. B9,
and Fig. B10 (in Appendix section). Further, the average atomic ratios calculated from the
EDS analysis at rebar level of fly ash and fly ash-GGBS based GPC specimens are depicted
in Fig. 7.48 to Fig. 7.51. From these figures, it is observed that the fly ash-GGBS based
GPC mixes M3 and M10 mostly exhibited lower atomic Na/Si and Al/Si ratios as compared
to their corresponding fly ash based GPC mixes, whereas in mix M8 and M15, the
variations in atomic Na/Si and Al/Si ratios were not systematic when compared with their
corresponding fly ash based GPC mixes. Further, all fly ash-GGBS based GPC mixes
showed higher atomic Ca/Si ratio in comparison to their corresponding fly ash based GPC
mixes. As discussed earlier (Section 7.6.1.2), mostly higher peak intensity related to
aluminosilicate gel and peak related to C-S-H gel were identified in the XRD patterns of
fly ash-GGBS based GPC mixes. This indicates formation of higher amount of calcium-
rich gels at rebar level of fly ash-GGBS based GPC mixes that led to formation of
comparatively denser microstructure. This resulted in lower amount of chloride ions near

rebar level leading to mostly less negative Ecorr Values (Fig. 7.6 to Fig. 7.9) and lower lcor
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values (Fig. 7.10 to Fig. 7.13) in fly ash-GGBS based GPC mixes in comparison to fly ash
based GPC mixes.

While comparing the atomic ratios obtained at rebar level of GPC specimens made with
different GGBS replacement levels, it is observed that the variations in atomic Na/Si, Al/Si,
and Ca/Si ratios were unsystematic with increase in GGBS replacement level. The
unsystematic variation in atomic ratios may be attributed to the effect of variations in other
mix parameters such as W/GPS ratio, molarity of NaOH solution, binder content, and
SS/SH ratio in the fly ash-GGBS based GPC mixes that might have led to alteration in the
geopolymerization process at the age of 600 days. As observed from Fig. 7.48 to Fig. 7.51,
the atomic Na/Si, Al/Si, and Ca/Si ratios varied unsystematically with increase in NaCl
concentration in all fly ash and fly ash-GGBS based GPC mixes. These variations in atomic
ratios in fly ash and fly ash-GGBS based GPC mixes with increase in admixed NaCl
concentration may be attributed to the changes in the polycondensation process in the
presence of chloride ions in GPC mixes thereby affecting the passivity of steel bar as a

result of alteration in the electrolytic pore solution of GPC near steel reinforcement.
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Fig. 7.46 EDS spectra obtained at rebar level of control and chloride admixed fly ash
based GPC specimens.
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Fig. 7.47 EDS spectra obtained at rebar level of control and chloride admixed fly ash-
GGBS based GPC specimens.
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Fig. 7.48 Atomic ratios at rebar level of fly ash and fly ash-GGBS based GPC specimens
(M3: FA100 and M3: FA85/G15): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c)
atomic Ca/Si ratio.
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Fig. 7.49 Atomic ratios at rebar level of fly ash and fly ash-GGBS based GPC specimens
(M8: FA100 and M8: FA70/G30): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c)
atomic Ca/Si ratio.
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Fig. 7.50 Atomic ratios at rebar level of fly ash and fly ash-GGBS based GPC specimens
(M10: FA100 and M10: FA55/G45): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c)
atomic Ca/Si ratio.
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Fig. 7.51 Atomic ratios at rebar level of fly ash and fly ash-GGBS based GPC specimens
(M15: FA100and M15: FA40/G60): (a) atomic Na/Si ratio, (b) atomic Al/Si ratio, and (c)
atomic Ca/Si ratio.

7.6.3 FESEM analysis of GPC mixes

Typical FESEM images of control and chloride admixed fly ash and fly ash-GGBS based
geopolymer concrete (GPC) mixes at the age of 7, 28, and 360 days are shown in Fig. 7.52
to 7.56. The remaining FESEM images are presented in Appendix section (Fig. B11 to Fig.
B18). From the FESEM images, it is observed that the microstructure of GPC mixes mainly
consists of (i) unreacted/partially reacted precursor materials, (i.e., unreacted/partially
reacted fly ash particles in case of some fly ash based GPC, and unreacted/partially reacted
fly ash and GGBS particles in case of some fly ash-GGBS based GPC), (ii) porous and
dense geopolymer gels, (iii) crystalline needles i.e., short prismatic crystals of mullite, (iv)
reticular structures of C-S-H (in case of fly ash-GGBS based GPC), (v) halite crystals in
different shapes: cubical/octahedral crystals, and (vi) pores and microcracks etc. In case of
fly ash based GPC mixes (Fig. 7.52, Fig. B11, Fig. B12, Fig. B14), the morphology at 7
and 28 days mostly shows the presence of partially reacted fly ash particles surrounded by
porous type geopolymer gels (N-A-S-H type gels [98]). In addition, some short prismatic
crystals of mullite (crystalline needles in M8: FA100 0% NaCl, Fig.7.52, Ma3:
FA100 3.5% NaCl, Fig. B11, and M15: FA100_0% NaCl, Fig. B14, at the age of 28 days)
were identified near partially reacted fly ash particles. In chloride admixed fly ash based
GPC mixes, the presence of halite along with micro-pores were identified in geopolymer
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gels (Fig. 7.52, M10: FA100_3.5% NaCl_28 days). This confirms the crystallization of
NaCl in geopolymer gels that exerts internal stresses in the structure of geopolymer gel
leading to expansion and formation of microcracks thereby resulting in strength reduction
of fly ash based GPC mixes (Fig. 7.2 to Fig. 7.5). This can be corroborated with the peak
related to halite identified in the XRD patterns (Section 7.6.1.1) and presence of Cl ions
observed from the EDS analysis (Section 7.6.2.1).

From the FESEM images of fly ash-GGBS based GPC mixes (Fig. 7.53 to Fig. 7.56), the
formation of comparatively denser geopolymer gels (N-(C)-A-S-H type gel) along with C-
S-H gel (reticular structure) and some unreacted/partially reacted fly ash and GGBS
particles were observed. The coexistence of denser geopolymer gels and C-S-H gel in fly
ash-GGBS based GPC mixes was mainly responsible for higher compressive strength as
compared to fly ash based GPC mixes. Further, the formation of comparatively denser
microstructure was observed in fly ash-GGBS based GPC mixes made with higher GGBS
content (Fig. 7.53 to Fig. 7.56, and Fig. B15 to Fig. B18). In case of both fly ash and fly
ash-GGBS based GPC mixes, the morphology at the age of 360 days shows comparatively
compact microstructure as compared to that at the age of 7 and 28 days (Fig. 7.52 to Fig.
7.56, and Fig. B11 to Fig. B18), which indicates continuation of geopolymerization reaction
with age and resulted in strength enhancement at later ages (Fig. 7.2 to Fig. 7.5). In the
FESEM images of some of the chloride admixed fly ash-GGBS based GPC mixes (Fig.
7.54 to Fig. 7.56), cubical/octahedral crystals of halite were identified, which indicates
crystallization of sodium chloride that led to lower compressive strength in chloride
admixed fly ash-GGBS based GPC mixes as compared to control fly ash-GGBS based GPC

mixes.

Typical FESEM images at rebar level of fly ash and fly ash-GGBS based GPC specimens
at the age of 600 days are presented in Fig. 7.57 and Fig. 7.58 respectively. The remaining
FESEM images are shown in Appendix section (Fig. B19 and Fig. B20). Similar to the
micrographs of fly ash based GPC mixes at different ages, the micrographs at rebar level
of fly ash based GPC specimens mostly represents the formation of geopolymer gels along
with the presence of small pores. Furthermore, the presence of octahedral halite crystals
was identified in the morphology of 3.5% NaCl admixed fly ash based GPC mixes (M8:
FA100_3.5% NaCl_600 days) (Fig. 7.57). The morphology at rebar level of fly ash-GGBS
based GPC specimens indicates the coexistence of geopolymer gels, C-S-H gel and some
partially reacted fly ash particles (M3 and M8) (Fig. 7.58 and Fig. B20). In addition, some
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microcracks and presence of halite crystals were also identified in the morphology of
chloride admixed fly ash-GGBS based GPC mixes (M3: FA85/G15 3.5% NaCl_600 days,
M15: FA40/G60_3.5% NaCl_600 days) (Fig. 7.58).
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Fig. 7.53 FESEM images of control and chloride admixed fly ash-GGBS based GPC
(M3: FA85/G15) at different ages.
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Fig. 7.54 FESEM images of control and chloride admixed fly ash-GGBS based GPC
(M8: FA70/G30) at different ages.
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Fig. 7.55 FESEM images of control and chloride admixed fly ash-GGBS based GPC
(M10: FA55/G45) at different ages.
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Fig. 7.57 FESEM images at rebar level of control and chloride admixed fly ash based
GPC specimens at the age of 600 days.
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Fig. 7.58 FESEM images at rebar level of control and chloride admixed fly ash-GGBS
based GPC specimens at the age of 600 days.

7.6.4 FTIR analysis of GPC mixes
The FTIR spectra of control, and chloride admixed fly ash and fly ash-GGBS based GPC
mixes at the age of 7, 28 and 360 days are depicted in Fig. 7.59 to Fig. 7.66. As observed
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from these figures, the asymmetric bending vibration of Si-O-Si bond was identified in the
range of 460 cm™ to 476 cm™ in all fly ash based GPC mixes, and in the range of 451 cm"
1 to 473 cm™ in all fly ash-GGBS based GPC mixes at all ages. Further, the asymmetric
bending vibration of Al-O bond was identified in the range of 778 cm™ to 797 cm™ in fly
ash based GPC mixes and in the range of 774 cm™ to 795 cm™ in fly ash-GGBS based GPC
mixes at all ages. This shows the presence of unreacted precursor materials in fly ash and
fly ash-GGBS based GPC mixes [147].

From Fig. 7.59 to Fig. 7.66, the asymmetric stretching vibration of Si-O-Si(Al) bond
identified in the range of 1034 cm™ to 1094 cm in all fly ash based GPC mixes, and 1008
cm™ to 1066 cm™ in all fly ash-GGBS based GPC mixes is attributed to the formation of
geopolymer gels in GPC mixes [40,113]. These wavenumbers of Si-O-Si(Al) bond show
shifting of peaks toward lower wavenumbers in fly ash-GGBS based GPC mixes in
comparison to their corresponding fly ash based GPC mixes, which indicates the formation
of more cross-linked aluminosilicate gels due to presence of GGBS that led to higher
compressive strength in fly ash-GGBS based GPC mixes as compared to fly ash based GPC
mixes (Fig. 7.2 to Fig. 7.5) [140]. In case of fly ash-GGBS based GPC mixes made with
30% GGBS and 60% GGBS, and their respective fly ash based GPC mixes (Fig. 7.61, Fig.
7.62, Fig. 7.65, and Fig. 7.66), there was unsystematic variation in wavenumber of Si-O-
Si(Al) bond with increase in NaCl concentration. From Fig. 7.59, Fig. 7.60, Fig. 7.63, and
Fig. 7.64, it is observed that the Si-O-Si(Al) bond mostly shifted to higher wavenumbers
as NaCl concentration increased in fly ash-GGBS based GPC mixes made with 15% GGBS
and 45% GGBS, and their corresponding fly ash based GPC mixes. This shows formation
of comparatively lower amount of aluminosilicate gels leading to lower compressive
strength in the GPC mixes admixed with higher concentration of NaCl (Fig. 7.2 to Fig. 7.5).
From Fig. 7.59 to Fig. 7.66, there was unsystematic variation in wavenumber of Si-O-
Si(Al) bond with increase in age in all fly ash and fly ash-GGBS based GPC mixes. The
band in the range of 1400 cm™ to 1454 cm™ in all fly ash based GPC mixes, and in the
range of 1414 cm™ to 1480 cm™ in all fly ash-GGBS based GPC mixes is related to
stretching vibration of CO3?, which is associated with carbonate groups [40,113]. The band
identified in the range of 1600 cm™ to 1642 cm™ in fly ash based GPC mixes and 1629 cm-
1 t0 1642 cm™ in fly ash-GGBS based GPC mixes is attributed to the bending vibration of
H-O-H group. Further, the band identified from 3409 cm™ to 3458 cm™ in fly ash based
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GPC mixes and 3416 cm™ to 3471 cm™ in fly ash-GGBS based GPC mixes is ascribed to
the stretching vibration of -OH group [40].

The FTIR spectra obtained at rebar level of control and NaCl admixed fly ash and fly ash-
GGBS based GPC specimens at the age of 600 days are shown in Fig. 7.67 to Fig. 7.70.
From these figures, the asymmetric bending vibration of Si-O-Si bond (464 cm™ to 477 cm
1 and AI-O bond (778 cm™ to 797 cm™) related to unreacted precursor materials, stretching
vibration of CO3? (1401 cm™ to 1461 cm™), bending vibration of H-O-H group (1618 cm’
! to 1638 cm™) and stretching vibration of -OH group (3408 cm™ to 3456 cm™) identified
in the FTIR spectra obtained at rebar level of control and NaCl admixed GPC mixes are in
the similar range of wavenumbers when compared with the FTIR spectra of GPC mixes
obtained at different ages (Fig. 7.59 to Fig. 7.66). The asymmetric stretching vibration of
Si-O-Si(Al) bond identified in the range of 1085 cm™ to 1098 cm™ in the FTIR spectra (Fig.
7.67 to Fig. 7.70) is ascribed to the formation of aluminosilicate gels at rebar level of fly
ash and fly ash-GGBS based GPC mixes. Further, no significant difference was observed
in the wavenumber of Si-O-Si(Al) bond with GGBS replacement level and concentration
of NaCl in the GPC mixes.

T T T T T T T T T T T T

(a) ~———M3: FA100_ONC 360 days (b) f
E— oy T—F 7 —— M3:FA100_1.5NC_360 days J
O-H o ot Y AlogGg L—‘—‘—\/]/‘?_

(3430) ;f’ 14 (793) " (463) O-H ' 4 Ao /
(1638) ( 213 Si-O-Si

) Si-O-Si(Al) (3409) HO | (781) 1i72)
(1039) 4 - (1640) €05 si0siAl) A

(1454) (1045)
M3: FA100 ONC 28 days
M3: FA100_1.5NC 28 days

O-H Ve ! !

Iransmittance (%)
I'ransmittance (%)

4 «
3424 | oy ALO o olsi O-H H,0 | ALO si-0-5j
(3424) H,0 (1407) (779) ® 6111 (3416) (1640) 52 (780) (3631
H38
aes8) Si-O-Si(Al) (1430) Si-O-Si(Al)
—— M3: FA100_ONC 7 days (1038) (1041)

——M3: FA100_1.5NC_7 days

4

O H,0 ) ! Pl 32 AlO
s (639 €07 Fohe siolsy f 36 HO C%) | amSiosy

(M5 o.sian  (462) (1640) " g 0-sicAl)
(1043) (1040)
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

! —— M3:FAIDO0 3.5NC 360 days |
L (¢ W E—
S~——— — % .t F
OH H,0 . AlO 4
3406 1640) COY (74) 8i-0-Si
(3409) ( 472)
(454)gi.dsian '
(1045)
9 M3: FAL00_3.5NC_28 days
5
9 » 1
5 L ko /
| O-H HO co? (794) ..
z (3416) (1640) (1430) | Si-0-5i
Z Si-O-Si(Al)  (473)
8 (1041)
- ——M3: FA100_3.5NC_7 days
HO o ALO siolSi
O-H (1639) (1402)  $(778) "a62) ]
(3454) Si-O-Si(Al)
(1042)

1000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 7.59 FTIR spectra of fly ash based GPC mixes (M3: FA100) admixed with (a) 0%
NaCl, (b) 1.5% NacCl, and (c) 3.5% NacCl, at different ages.
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Fig. 7.61 FTIR spectra of fly ash based GPC mixes (M8: FA100) admixed with (a) 0%
NaCl, (b) 1.5% NacCl, and (c) 3.5% NacCl, at different ages.
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Fig. 7.62 FTIR spectra of fly ash-GGBS based GPC mixes (M8: FA70/G30) admixed
with (a) 0% NaCl, (b) 1.5% NaCl, and (c) 3.5% NacCl, at different ages.
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Fig. 7.63 FTIR spectra of fly ash based GPC mixes (M10: FA100) admixed with (a) 0%
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NaCl, (b) 1.5% NaCl, and (c) 3.5% NacCl, at different ages.
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Fig. 7.66 FTIR spectra of fly ash-GGBS based GPC mixes (M15: FA40/G60) admixed
with (a) 0% NaCl, (b) 1.5% NaCl, and (c) 3.5% NacCl, at different ages.
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Fig. 7.67 FTIR spectra at rebar level of control and chloride admixed GPC specimens at
the age of 600 days: (a) M3: FA100 and (b) M3: FA85/G15.
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Fig. 7.68 FTIR spectra at rebar level of control and chloride admixed GPC specimens at
the age of 600 days: (a) M8: FA100 and (b) M8: FA70/G30.
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Fig. 7.69 FTIR spectra at rebar level of control and chloride admixed GPC specimens at
the age of 600 days: (a) M10: FA100 and (b) M10: FA55/G45.
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Fig. 7.70 FTIR spectra at rebar level of control and chloride admixed GPC specimens at
the age of 600 days: (a) M15: FA100 and (b) M15: FA40/G60.

7.7 Summary

In this chapter, the influence of chloride ions on consistency, compressive strength, rebar
corrosion, chloride content, and microstructural changes in fly ash and fly ash-GGBS based
geopolymer concrete (GPC) were evaluated. The corrosion behaviour of steel
reinforcement was evaluated through corrosion potential (Ecorr) and corrosion current
density (lcorr), and microstructural changes of GPC were examined at various ages and at
rebar level through XRD, EDS, FESEM, and FTIR analyses. The obtained test results
revealed that chloride ions had significant influence on consistency, strength, corrosion
behaviour of rebar, and microstructure of GPC mixes. The addition of NaCl improved the
consistency (slump value) of both fly ash and fly ash-GGBS based GPC mixes. However,
the slump value of fly ash-GGBS based GPC mixes decreased with increase in GGBS
content in the mixes. The GPC mixes exhibited lower compressive strength with increase
in admixed NaCl concentration at all ages. Further, the GPC mixes mostly exhibited higher
compressive strength with increase in GGBS replacement level. The steel rebar embedded

in fly ash-GGBS based GPC specimens mostly exhibited less negative corrosion potential
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(Ecorr) and lower corrosion current density (lcorr) a5 compared to the corresponding fly ash
based GPC specimens. The results of chloride analysis indicated very less extent of chloride
binding in fly ash and fly ash-GGBS based GPC mixes. The fly ash-GGBS based GPC
mixes mostly showed higher CI" binding capacity than their corresponding fly ash based
GPC mixes at later ages, and at rebar level of reinforced GPC specimens due to physical
adsorption of CI" ions on binding gels to a comparatively higher extent. In fly ash-GGBS
based GPC mixes, the higher peak intensity of aluminosilicate gels and presence of C-S-H
gel as identified from the XRD analysis, higher atomic Ca/Si ratio obtained from EDS
analysis, and shifting of wavenumbers of Si-O-Si(Al) bond toward lower magnitude in
FTIR analysis confirmed the improved performance of fly ash-GGBS based GPC mixes in
terms of higher compressive strength, lower corrosion activity and lower chloride content
as compared to fly ash based GPC mixes. The presence of halite crystals along with pores
and microcracks as observed from the microstructure analysis (XRD and FESEM) of
chloride admixed GPC mixes at different ages and at rebar level of cylindrical GPC
specimens corroborated the obtained results of lower compressive strength, and higher
corrosion activity in chloride admixed fly ash and fly ash-GGBS based GPC mixes.
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Chapter-8
Conclusions and Recommendations for Future Research Work

8.1 General

This chapter contains the conclusions obtained from the present research work. Based on
the results obtained from the experimental work followed by discussion, the conclusions
have been drawn on the investigation and optimization of the effect of various control
parameters i.e., GGBS replacement level, water-to-geopolymer solids (W/GPS) ratio,
molarity of NaOH solution, and sand-to-binder (S/B) ratio on fresh, hardened, and
durability properties of geopolymer mortar (GPM) by Taguchi-Grey relational analysis
(GRA) method. Further, the conclusions obtained from the investigation of effect of fly
ash/GGBS blends and sand-to-binder (S/B) ratio on fresh, hardened, durability, and
microstructural properties of GPM have been presented. The conclusions have been drawn
on the investigation and optimization of influence of control parameters such as GGBS
replacement level, W/GPS ratio, molarity of NaOH solution, binder content and sodium
silicate solution to sodium hydroxide solution (SS/SH) ratio on setting time, workability
and compressive strength of geopolymer concrete (GPC) by Taguchi-GRA method. In
addition, the conclusions obtained on the influence of chloride ions on workability,
compressive strength, rebar corrosion, and microstructural changes in fly ash and fly ash-
GGBS based GPC have also been presented. Lastly, the significance of research outcome,

and recommendations for future research work are presented in this chapter.

8.2 Conclusions obtained from optimization of performance of geopolymer mortar

based on fresh, hardened, and durability properties

» The increase in GGBS replacement level, NaOH solution molarity and sand-to-binder
(S/B) ratio resulted in shorter setting time (initial and final) of geopolymer mortar
(GPM). However, the setting time increased with increase in W/GPS ratio. From
ANOVA technique, for lower initial setting time, GGBS replacement had higher
contribution (34.35%) as compared to S/B ratio (32.41%) followed by molarity of
NaOH solution (25.94%) and W/GPS ratio (7.3%). Similarly, for lower final setting
time, GGBS replacement had higher contributing effect (44.99%) as compared to
molarity of NaOH solution (26.95%) followed by S/B ratio (23.42%) and W/GPS ratio
(4.64%).
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» The flowability as indicated by the flow index of the GPM mix decreased significantly
with increase in S/B ratio. The S/B ratio had a dominant effect on the flowability of the
GPM mix with substantially higher contributing effect of 82.81%, whereas the molarity
of NaOH solution had the lowest effect on the flowability of GPM mixes, with a

contributing effect of 1.72%, as compared to other control parameters.

» The compressive strength of geopolymer mortar (GPM) mixes mostly increased with
increase in GGBS replacement level at all ambient curing ages. However, the
compressive strength decreased with an increase in W/GPS ratio and S/B ratio. The
effect of molarity of NaOH solution was not apparent at the early age (7 days); however,
at later ages, the effect of greater extent of geopolymerization process at higher molarity

of NaOH solution (14 M) resulted in higher compressive strength.

» From ANOVA technique, the GGBS replacement had highest contributing effect
(32.74-84.75%) as compared to S/B ratio (8.86-38.29%) followed by W/GPS ratio
(5.72-21.28%), and molarity of NaOH solution (0.67-16.8%) on the compressive
strength of GPM mixes at different ages of ambient curing.

» The water absorption and volume of permeable voids of geopolymer mortar (GPM)
decreased with increase in GGBS replacement level. Among all control parameters,
GGBS replacement had dominant influence with highest contributing effect of 81.19%
on water absorption and 81.73% on volume of permeable voids. However, the S/B ratio
significantly influenced sorptivity of geopolymer mortar with contributing effect of
65.69% followed by W/GPS ratio with contributing effect of 21.43% as compared to

other parameters.

» The GPM mixes made with lower GGBS replacement showed improved resistance
against sulfate attack than higher GGBS replacement when compared with exposure to
water. The reduction in compressive strength of GPM mixes made with higher GGBS
replacement in case of exposure to sulfate solutions is ascribed to the decalcification of
calcium-enriched gels that resulted in formation of higher amount of gypsum in the

geopolymer matrix.

» From ANOVA technigue, among all control parameters, the compressive strength of
geopolymer mortar (GPM) was significantly influenced by S/B ratio with a contributing

effect of 69.55% in case of exposure to 6% Na>SO4 solution. In case of exposure to 6%
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MgSOs solution, the molarity of NaOH solution had highest contributing effect of
36.60% on compressive strength of GPM.

» The compressive strength of GPM exposed to H>SO4 and HCI solutions decreased
significantly when compared with exposure to water, which is ascribed to the
depolymerisation of geopolymer gels in the acidic environment. The maximum
compressive strength loss was observed in the GPM mixes prepared with higher GGBS
replacement (45%), whereas the minimum strength loss was observed in the GPM
mixes prepared with lower GGBS replacement (15%) when exposed to acid solutions.

» The GGBS replacement level had significant effect on variation in compressive strength
with contributing effect of 92.89%, and 94.07% in case of exposure to 0.62 mol/l H2SO4
and to 0.62 mol/l HCI solutions respectively; whereas the influence of W/GPS ratio,
molarity of NaOH solution, and S/B ratio on variations in compressive strength of
geopolymer mortar (GPM) were insignificant in case of exposure to 0.62 mol/l H2SO4
and 0.62 mol/l HCI solutions.

» From the results of multi-response optimization by Taguchi-GRA method, the GPM
mix prepared with 45% GGBS, W/GPS ratio of 0.31, NaOH solution of 14 M and S/B
ratio of 2 exhibited highest grey relational grade (GRG) as compared to other GPM
mixes as it showed better performance in relatively more number of studied properties

simultaneously.

» The variations in the peak intensity of compounds related to N-A-S-H and N-(C)-A-S-
H gels formed in the geopolymer mortar mix (with highest GRG), as observed from the
XRD analysis, were consistent with the variations in compressive strength with ambient
curing age as well as with the variation in compressive strength between 6% Na>SO4
and 6% MgSOs solutions. The formation of gypsum, which is responsible for reduction
in compressive strength of GPM in case of exposure to sulfate and H2SO4 solutions,
was evident from the obtained results of XRD, FESEM, EDS, and FTIR analyses.

» The substantial reduction in compressive strength of geopolymer mortar in case of
exposure to acid solutions is in line with the significant reduction: (a) in peak intensity
of different compounds related to aluminosilicate gels as obtained from the XRD
analysis, and (b) in atomic Na/Si ratio and Al/Si ratio as obtained from EDS analysis,
which corroborates the depolymerization of aluminosilicate gels in GPM exposed to

acidic environment.
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> Based on the multi-response optimization by Taguchi-GRA method, the levels of mix
parameters of the optimized geopolymer mortar mix as per maximum mean grey
relational grade (GRG) were 45% GGBS, W/GPS ratio of 0.31, NaOH solution of 14
M and S/B ratio of 1.5. On the basis of the verification experiments, the optimized GPM
mix exhibited adequate setting time, flow index, and water absorption properties, and
higher compressive strength at all ages of ambient curing and in case of exposure to
different sulfate and acid solutions when compared with the GPM mixes as per Lo
orthogonal array.

8.3 Conclusions obtained from effect of precursor materials and sand-to-binder

ratio on strength development, durability and microstructure evolution of

geopolymer mortar

» The results obtained from flowability of fresh geopolymer mortar (GPM) mixes showed
that at constant sand-to-binder (S/B) ratio, the flow index of GPM mixes decreased
from 126% to 108% with increase in amount of GGBS from 15% to 45% in the mixes.
Further, the flow index of GPM mixes increased from 108% to 146% with increase in
sand-to-binder ratio from 1.5 to 2.5 at a constant fly ash/GGBS blend.

» The compressive strength of GPM made from various fly ash/GGBS blends and S/B
ratios mostly increased from 7 days to 180 days. This was supported by the XRD
analysis where the intensity of peaks related to nepheline, albite and C-S-H mostly
increased with increase in ambient curing age thereby indicating the formation of higher
amount of N-A-S-H, N-(C)-A-S-H and C-S-H gel in the GPM mixes at later age of

ambient curing.

> The rate of compressive strength enhancement was higher during the early age of
ambient curing i.e., from 7 days to 28 days and then it gradually decreased with increase
in ambient curing age from 28 days to 180 days. This was supported by the variations
in atomic Na/Si, Al/Si, and Ca/Si ratios with age in geopolymer mortar mixes as

observed from the EDS analysis.

» The geopolymer mortar mix prepared with higher GGBS content and lower S/B ratio
i.e., fly ash/GGBS blend of FA55/G45 and S/B ratio of 1.5 exhibited highest
compressive strength at all ages of ambient curing. This was corroborated by higher
intensity of peaks related to nepheline, albite and C-S-H gel as obtained from the XRD
analysis, and higher atomic Na/Si ratio and Ca/Si ratio as obtained from EDS analysis.
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» The GPM mix made with higher GGBS content and lower S/B ratio (fly ash/GGBS
blend: FA55/G45 and S/B ratio: 1.5) showed lower water absorption, volume of
permeable voids, and sorptivity coefficient as compared to other mixes due to formation
of relatively denser microstructure as a result of formation of relatively higher calcium-
rich gels in this mix. The effect of S/B ratio on the sorptivity coefficient of GPM mixes

was more significant than that of GGBS content.

» The visual observation of GPM specimens after exposure to different sulfate and acid
solutions for 26 weeks indicated that the GPM mix made with lower GGBS content and
lower S/B ratio i.e., fly ash/GGBS blend of FA85/G15 and S/B ratio of 1.5 had better
resistance to different sulfate and acid solutions. Of the exposure solutions, H2SO4
solution produced more-intense surface damage and caused significant volumetric

expansion in the GPM specimens.

» The GPM specimens had maximum gain in weight after exposure to 6% MgSOa4
solution, whereas maximum weight loss was observed in case of exposure to 0.62 mol/I
HCI solution. The weight gain percentage of the GPM specimens exposed to sulfate
solutions mostly decreased with the increase in GGBS content in the mixes. However,
the weight loss percentage of the GPM mixes increased with increase in GGBS content

and S/B ratio of the mixes in the case of exposure to acid solutions.

» The geopolymer mortar mix made with lower GGBS content and lower S/B ratio
(FA85/G15, S/B1.5) had maximum gain in compressive strength in case of exposure to
6% MgSOs solution. However, the GPM mix made with higher GGBS content and
lower S/B ratio (FA55/G45, S/B1.5) showed maximum strength loss when exposed to
6% MgSO; solution and 0.62 mol/l H2SO4 solution.

> Between acid solutions, the loss in compressive strength of GPM mixes was higher in
case of exposure to H2SO4 solution as compared to HCI solution irrespective of GGBS

replacement level, S/B ratio and concentration of acid solutions.

» The peak intensity related to aluminosilicate gels, i.e., N-A-S-H and N-(C)-A-S-H, and
C-S-H gel, mostly increased with increase in GGBS content, and decreased with
increase in S/B ratio of the geopolymer mortar when exposed to water and different
sulfate solutions, which is in line with the variations in the obtained compressive

strength of geopolymer mortar.
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» The disappearance of phases related to nepheline, sodalite and C-S-H gel, and lower
intensity peaks related to albite and anorthoclase in GPM specimens exposed to acid
solutions when compared with that exposed to water as obtained from the XRD
analysis, and mostly lower atomic ratios obtained from EDS analysis indicate the
depolymerization of aluminosilicate gels and resulted in significant loss in compressive

strength of geopolymer mortar after immersion in acid solutions.

> In case of exposure to different sulfate solutions and H2SO4 solution, the formation of
more amount of gypsum in the GPM mixes made with higher GGBS content was
confirmed from the XRD, EDS and FESEM analyses.

» The GPM mix made with lower GGBS amount i.e., 15% (FA85/G15) exhibited mostly
higher atomic Na/Si, Al/Si and Ca/Si ratios when exposed to acid solutions, which
indicates comparatively lower deterioration of aluminosilicate gels and hence, showed
lower compressive strength loss when compared with GPM mixes made with higher
GGBS content at constant S/B ratio. This was supported by the formation of relatively

denser microstructure in this GPM mix as was evident from the FESEM analysis.

» Although the GPM mixes made with higher S/B ratio had lower compressive strength
due to lower paste content in the mixes, the formation of lower amount of gypsum and
leaching of lower amount of Na and Al in these mixes were responsible for relatively
better performance against sulfate and acid solutions as compared to the GPM mixes
made with lower S/B ratio.

» The shifting of Si-O-Si(Al) bond toward higher wavenumbers after exposure to 0.62
mol/l H2SO4 and 0.62 mol/l HCI solutions when compared with exposure to water
indicated the increase in atomic Si/Al ratio due to weaker AI-O bonds in the
aluminosilicate network, which is replaced by Si-O bonds in the acid exposure
condition. Thus, the GPM mixes exhibited significantly lower compressive strength in

case of exposure to H.SO4 and HCI solutions as compared that exposed to water.

8.4 Conclusions obtained from multi-response optimization for composition of

geopolymer concrete based on fresh, and hardened properties

» From the results of ANOVA of signal-to-noise (S/N) ratio of the obtained properties, it
was concluded that the GGBS replacement level (% by mass of binder) is the most
influential parameter, which had dominant effect on setting time, and compressive

strength of geopolymer concrete (GPC) under ambient condition. However, the W/GPS
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ratio dominated the effect of other parameters on consistency (slump value) of fresh
GPC mixes.

» The geopolymerization process of fly ash based GPC was accelerated under ambient
curing condition due to the addition of GGBS, which resulted in lower setting time and
higher early age compressive strength. Nevertheless, the presence of fly ash was equally
important as that of GGBS from view point of adequate setting time, better workability

and enhancement of compressive strength at later age of ambient curing.

» Although, the mean value of S/N ratio determined from Taguchi method provided the
GPC mix with optimum level of parameters to achieve the individual properties with
respect to “larger-the-better” function, the multi-response optimization approach using
Grey relational analysis resulted in a single set of optimized level of parameters for all
the properties simultaneously.

» The comparison of XRD patterns of raw fly ash and GGBS with that of GPC mixes
indicated the formation of N-(C)-A-S-H gel along with C-S-H gel, which contributed
to the compressive strength development of GPC mixes. Further, the XRD patterns
indicated the formation of more amount of N-(C)-A-S-H gel with increase in GGBS

replacement level leading to higher compressive strength of GPC at both 7 and 28 days.

» The comparison of FTIR spectra of raw fly ash and GGBS with that of GPC mixes
showed the shifting in position of the peak attributed to Si—-O-Si(Al) bond that indicated
the occurrence of geopolymerization process of precursor materials leading to
geopolymer gel formation in the GPC mixes. Further, the formation of N-A-S-H, N-
(C)-A-S-H and C-S-H gels in the GPC mixes were confirmed from the FESEM
micrographs. In addition, the variations in formation of aluminosilicate geopolymer gel

with curing age were also evident from the micrographs.

> Based on the results of multi-response optimization approach by Taguchi-GRA
method, the optimized GPC mix prepared with 55% fly ash, 45% GGBS, W/GPS ratio
of 0.31, NaOH solution of 14 M, binder content of 450 kg/m® and SS/SH ratio of 1.5 in
the verification experiment performed better among all the GPC mixes with respect to

setting time, workability and compressive strength simultaneously.

264
TH-3009_156104033



Chapter-8

8.5 Conclusions obtained from influence of chloride ions on workability, strength,

rebar corrosion, and microstructure evolution of geopolymer concrete

» The slump value of control (0% NaCl) and NaCl admixed fly ash-GGBS based GPC
mixes were lower than their corresponding fly ash based GPC mixes due to higher water
demand of GGBS in fly ash-GGBS based GPC mixes as a result of its angular particle
shape and larger surface area as compared to fly ash. Further, the NaCl admixed fly ash
and fly ash-GGBS based GPC mixes showed improved consistency in comparison to
control fly ash and fly ash-GGBS based GPC mixes.

» The control and chloride admixed fly ash-GGBS based GPC mixes mostly exhibited
higher compressive strength as compared to their corresponding fly ash based GPC
mixes at all ages . Further, the compressive strength of fly ash-GGBS based GPC mixes

mostly increased with increase in GGBS replacement level, at all ages.

» The presence of NaCl in the mixes reduced the compressive strength of both fly ash
and fly ash-GGBS based GPC mixes as compared to control mixes at all ages. Further,
the compressive strength decreased with increase in admixed NaCl concentration in the
GPC mixes.

» The reduction in compressive strength of fly ash and fly ash-GGBS based GPC mixes
due to presence of NaCl decreased with increase in age. This indicates significant effect

of NaCl in hindering the geopolymerization process at early age.

> Inthe presence of NaCl, the steel reinforcement embedded in fly ash-GGBS based GPC
specimens mostly exhibited less negative corrosion potential (Ecorr) and lower corrosion
current density (lcorr) as compared to their corresponding fly ash based GPC specimens.
This is attributed to the formation of more amount of geopolymer gels as a result of
higher extent of geopolymerization reaction in the presence of GGBS in the GPC mixes.
This resulted in comparatively denser microstructure in fly ash-GGBS based GPC

mixes leading to availability of lower amount of chloride ions in the vicinity of rebar.

> In case of chloride admixed fly ash-GGBS based GPC mixes, the embedded steel bar
mostly exhibited less negative corrosion potential and lower corrosion current density
with increase in GGBS content. The effect of comparatively higher resistivity due to
formation of denser microstructure in the mixes made with higher GGBS content
resulted in availability of lower amount of chloride ions in the electrolytic pore solution

of concrete surrounding the rebar that led to lower extent of corrosion.
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» The steel bar embedded in fly ash as well as fly ash-GGBS based GPC specimens
mostly exhibited more negative corrosion potential and higher corrosion current density
with increase in admixed NaCl concentration as a result of higher conductivity in the
presence of more amount of chloride ions in GPC.

> The fly ash-GGBS based GPC mixes showed lower free chloride content as compared
to their corresponding fly ash based GPC mixes at all ages (7, 28, and 360 days), and
at rebar level of GPC specimens at the age of 600 days. Further, the fly ash-GGBS
based GPC mixes made with higher GGBS content mostly exhibited lower free chloride
content as compared to that made with lower GGBS content at the age of 28 and 360

days, and at rebar level of GPC specimens at the age of 600 days.

» The fly ash-GGBS based GPC mixes mostly exhibited lower chloride binding capacity
as compared to their corresponding fly ash based GPC mixes at the early age of 7 days
whereas the opposite variation was observed at the age of 28 and 360 days, and at rebar
level of GPC specimens at the age of 600 days. At later ages, the higher chloride binding
capacity of fly ash-GGBS based GPC mixes may be attributed to the formation of more
amount of calcium bearing binding gels that resulted in more physical adsorption of
chloride ions. Further, the chloride binding capacity of fly ash-GGBS based GPC mixes

mostly increased with increase in age.

» The chloride binding capacity at rebar level of fly ash and fly ah-GGBS based GPC
specimens made with comparatively lower GGBS content (15% and 30%) mostly
decreased with increase in NaCl concentration, whereas the opposite variation was
observed in fly ah-GGBS based GPC specimens made with comparatively higher
GGBS content (45% and 60%).

> The formation of peak related to C-S-H gel along with higher peak intensity related to
aluminosilicate gels as observed from the XRD patterns of fly ash-GGBS based GPC
mixes at different ages and at rebar level of fly ash-GGBS based GPC specimens
indicated the formation of relatively denser microstructure in fly ash-GGBS based GPC
mixes compared to fly ash based GPC mixes. This substantiates the results of
compressive strength, corrosion parameters and chloride content where the fly ash-
GGBS based GPC mixes showed higher compressive strength, lower corrosion activity,

and lower free and total chloride content in comparison to fly ash based GPC mixes.
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» The higher atomic Ca/Si ratio obtained from EDS analysis of fly ash-GGBS based GPC
mixes at different ages and at rebar level of fly ash-GGBS based GPC specimens
indicated the formation of calcium-rich gels in fly ash-GGBS based GPC mixes that
corroborates the results obtained from XRD analysis.

» The XRD analysis at rebar level of fly ash and fly ash-GGBS based GPC specimens
indicated that in majority of the GPC mixes, the peak intensity related to sodalite,
nepheline, anorthoclase, albite and C-S-H gel (in case of fly ash-GGBS based GPC)
mostly decreased with increase in concentration of NaCl. This observation is in line
with the results of corrosion parameters and chloride content of NaCl admixed fly ash
and fly ash-GGBS based GPC mixes.

» The presence of halite crystals identified from FESEM images of GPC mixes confirmed
the crystallization of NaCl in geopolymer gels. This is also corroborated with the peak
related to halite identified in the XRD patterns of GPC mixes.

> In control and NaCl admixed mixes, the shifting of wavenumbers of Si-O-Si(Al) bonds
in the FTIR spectra between fly ash and fly ash-GGBS based GPC mixes, and
comparatively denser microstructure of fly ash-GGBS based GPC mixes as observed
from FESEM images corroborate the variation in compressive strength between fly ash
and fly ash-GGBS based GPC mixes.

8.6 Significance of research outcome

In geopolymer composites, the geopolymerization process depends on several control
parameters. As a construction material, the geopolymer mortar and concrete must satisfy
different performance criteria such as adequate setting time and consistency, higher
compressive strength, and better durability properties. The outcome of the present research
work provides significant information about the influence of various control parameters
such as GGBS replacement level, water-to-geopolymer solids (W/GPS) ratio, molarity of
NaOH solution, and sand-to-binder (S/B) ratio on setting time, flowability, compressive
strength, water absorption, apparent volume of permeable voids, sorptivity, and sulfate and
acid resistance of fly ash-GGBS based geopolymer mortar (GPM), and arriving at the
optimal combinations of mix parameters by Taguchi-grey relational analysis (GRA)
method. This study also provides information about arriving at the optimal combination of
mix parameters (GGBS replacement level, W/GPS ratio, molarity of NaOH solution, binder
content, and mass ratio of Na,SiO3z to NaOH solution) for the composition of fly ash-GGBS
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based geopolymer concrete (GPC) with respect to multiple properties i.e., setting time,
workability, and compressive strength simultaneously using Taguchi-GRA method. The
research outcome of the present study provides insight about the influence of chloride ions
on consistency, strength development, chloride binding behaviour, and rebar corrosion in
fly ash and fly ash-GGBS based geopolymer concrete. In addition, the present study also
elucidated the correlation of strength development and rebar corrosion with microstructural

changes in GPC mixes.

The findings of the present research work indicated that Taguchi-Grey relational analysis
(GRA) method can be successfully implemented while investigating the effect of a wide
range of control parameters on multiple properties of geopolymer mortar and concrete with
minimum number of experiments. The obtained results of verification experiments on the
proposed optimized geopolymer mortar mix and geopolymer concrete mix confirmed the
effectiveness of Taguchi-GRA approach for determining the optimal combination of mix
parameters for the production of geopolymer mortar and concrete. Based on the results
obtained from the present research work, higher GGBS content and lower sand-to-binder
(S/B) ratio can be recommended for the production of geopolymer composites for adequate
setting time and flowability, higher compressive strength and lower water absorption
properties. However, in case of sulfate and acidic exposure environment, geopolymer
composites with lower GGBS content and higher S/B ratio can be recommended. The
outcome form the present study indicated that the molarity of NaOH solution may not be
an influential control parameter while considering multiple properties such fresh, hardened,
and different durability properties of geopolymer composites simultaneously. The findings
from the present study showed that the exposure to acid solutions produced surface damage
in the specimens with more-intense damage, and significant volumetric expansion in the
geopolymer mortar mixes exposed to H>SO4 solution, which resulted in significant strength
loss when compared with exposure to HCI solution. Thus, in case of exposure of
geopolymer composites to aggressive environment such as sulfuric acid as well
hydrochloric acid exposure condition, the obtained outcome from the present study can be
useful while selecting the levels of different mix parameters for the production of
geopolymer composites. The obtained findings from the present study suggested that the
fly ash-GGBS based geopolymer concrete made with higher GGBS content can perform
better against chloride-rich environment in terms of improved strength, higher chloride

binding, and protection against rebar corrosion as compared to fly ash based geopolymer
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concrete. On the basis of the corroborations of variations in the strength development of
geopolymer mortar and geopolymer concrete with age as well as in case of exposure to
aggressive environment with the changes in microstructure analyzed through XRD, EDS,
FESEM and FTIR analyses, the selection of different levels of mix parameters for the
production of geopolymer composites can be decided based on the research outcome

obtained from the present research work.

8.7 Recommendations for future research work

The recommendations for future research work are as follows:

» The present study can be extended to examine the influence of other precursor materials
such as rice husk ash and silica fume on various fresh, mechanical, and durability

properties of geopolymer mortar and concrete.

» The present investigation can be extended to assess the performance of geopolymer
mortar and concrete against exposure to composite chloride-sulfate environment, and

natural sewer environment.

» The present research work can also be extended to evaluate the effect of mix parameters
on chloride diffusion, chloride binding, and rebar corrosion in geopolymer concrete
exposed to chloride solutions with chloride ions associated with different cations.

» The present study can be extended to evaluate the performance of geopolymer mortar

against sulfate attack for a longer exposure period.
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Fig. Al EDS spectra of geopolymer mortar (GPM) mix M1 (FA85/G15, S/B 1.5) at
different ages of ambient curing.
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Fig. A2 EDS spectra of geopolymer mortar (GPM) mix M2 (FA70/G30, S/B 1.5) at
different ages of ambient curing.

B Spectrum 26
A%

Fig. A3 EDS spectra of geopolymer mortar (GPM) mix M3 (FA55/G45, S/B 1.5) at
different ages of ambient curing.
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M4 (FA55/G45,S/B 2.0)_7 days M=o

Fig. A4 EDS spectra of geopolymer mortar (GPM) mixes (M4: FA55/G45, S/B 2.0, M5:
FAB5/G45, S/B 2.5) at different ambient curing ages.
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Fig. A5 FESEM images of geopolymer mortar (GPM) mixes at 28 and 90 days of
ambient curing.
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Fig. A6 FESEM images of geopolymer mortar (GPM) mixes exposed to 3% Na>SO4
solution for 26 weeks.
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Fig. A7 FESEM images of geopolymer mortar (GPM) mixes exposed to 3% MgSO4
solution for 26 weeks.
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Fig. A8 FESEM images of GPM mixes after 26 weeks of immersion in 0.31 mol/l H2SO4
solution.
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Fig. A9 FESEM images of GPM mixes after 26 weeks of immersion in 0.31 mol/l HCI
solution.
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Fig. A10 FESEM images of geopolymer mortar mixes (M2 and M4) exposed to water for
26 weeks.
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Fig. A11 FESEM images of geopolymer mortar mixes (M2 and M4) exposed to Na2SO4
solutions for 26 weeks.
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Fig. A12 FESEM images of geopolymer mortar mixes (M2 and M4) exposed to MgSO4
solutions for 26 weeks.
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Fig. A13 FESEM images of geopolymer mortar mixes (M2 and M4) exposed to H2SO4
solutions for 26 weeks.
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Fig. A14 FESEM images of geopolymer mortar mixes (M2 and M4) exposed to HCI
solutions for 26 weeks.
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Fig. B1 EDS spectra of control and chloride admixed fly ash based GPC mix M3
(FA100) at different ages.
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Fig. B2 EDS spectra of control and chloride admixed fly ash based GPC mix M8
(FA100) at different ages.
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Fig. B3 EDS spectra of control and chloride admixed fly ash based GPC mix M10
(FA100) at different ages.
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Fig. B4 EDS spectra of control and chloride admixed fly ash based GPC mix M15
(FA100) at different ages.
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|M3: FA85/G15_0%NaCl_28 days,

Fig. B5 EDS spectra of control and chloride admixed fly ash-GGBS based GPC mixes
(M3: FA85/G15) at different ages.
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Fig. B6 EDS spectra of control and chloride admixed fly ash-GGBS based GPC mixes
(M8: FA70/G30) at different ages.
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Fig. B7 EDS spectra of control and chloride admixed fly ash-GGBS based GPC mixes
(M10: FA55/G45) at different ages.
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Fig. B8 EDS spectra of control and chloride admixed fly ash-GGBS based GPC mixes
(M15: FA40/G60) at different ages.
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Fig. B9 EDS spectra obtained at rebar level of control and chloride admixed fly ash based
GPC specimens (M3, M8, M10, and M15).
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Fig. B10 EDS spectra obtained at rebar level of control and chloride admixed fly ash-
GGBS based GPC specimens (M3, M8, M10, and M15).
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Fig. B11 FESEM images of control and chloride admixed fly ash based GPC (M3:
FA100) at different ages.
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Fig. B12 FESEM images of control and chloride admixed fly ash based GPC (M8:
FA100) at different ages.
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Fig. B13 FESEM images of control and chloride admixed fly ash based GPC (M10:
FA100) at different ages.
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Fig. B14 FESEM images of control and chloride admixed fly ash based GPC (M15:
FA100) at different ages.
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Fig. B15 FESEM images of control and chloride admixed fly ash-GGBS based GPC (Ma3:
FAB85/G15) at different ages.
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Fig. B16 FESEM images of control and chloride admixed fly ash-GGBS based GPC (M8:
FAT70/G30) at different ages.
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Fig. B17 FESEM images of control and chloride admixed fly ash-GGBS based GPC
(M10: FA55/G45) at different ages.
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Fig. B18 FESEM images of control and chloride admixed fly ash-GGBS based GPC
(M15: FA40/G60) at different ages.
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Fig. B19 FESEM images at rebar level of control and chloride admixed fly ash based
GPC specimens (M3, M8, M10, and M15) at the age of 600 days.
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Fig. B20 FESEM images at rebar level of control and chloride admixed fly ash-GGBS
based GPC specimens (M3, M8, M10, and M15) at the age of 600 days.
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