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Abstract

Basic oxygen furnace slag (BOFS) is a by-product material from the steel industry,
which might be used as a substitute for the natural aggregates in the construction industry.
The issue pertaining to the use of BOFS as an aggregate is the volume expansion in the
concrete matrix by Ca(OH), (calcium hydroxide) or Mg(OH), (magnesium hydroxide) formed
by free calcium oxide (f-CaO) and free magnesium oxide (f-MgQO) components in BOFS.
Mineral sequestration (CO: curing) and the geopolymerization technique are potential
remedies for the BOFS expansion problem. This research studied the mechanical, durability,
and microstructural characteristics of BOFS-based geopolymer mortar under different curing
regimes and durations. While flowability and air content are among the fresh properties of
geopolymer mixtures, compressive strength, dielectric constant, drying shrinkage, and
expansion (LM NaOH solution and water expansion) are the primary focus of the hardened
properties and durability of geopolymer mixtures. Scanning electron microscope (SEM)
image, Fourier transform infrared (FTIR) spectroscopy, and X-ray diffraction (XRD) analysis
were carried out to investigate the microstructural properties of geopolymer mortar.

Four different curing regimes were evaluated: air, water, steam, and combined steam
and CO: curing. It was looked into how various curing times affected the characteristics of the
geopolymer mortar based on BOFS: 6- and 12-hours steam curing and 6-, 12- and 24-hours
combined steam and CO: curing. Additionally, three different BOFS/Sand ratios of 100/0,
75/25, and 50/50 were compared. The test methods started with evaluating the mortar’s fresh
properties: flowability and air content.

The fresh property test results indicate that the mixture with a BOFS/Sand ratio of
75/25 has high flowability, and the air content of mortar mixtures increases with the decrease
of BOFS content. Furthermore, compressive strength results indicate that steam curing and
combined steam and CO: curing increase the compressive strength and have a higher
dielectric constant value in comparison to ambient air-cured BOFS-based geopolymer mortar.
BOFS/Sand ratio of 75/25 and the longer steam and CO: curing favored the compressive
strength development. However, the BOFS/Sand ratio and duration of steam curing and CO:
curing do not significantly affect the dielectric constant value.

For drying shrinkage and 1M NaOH and water expansion tests, both steam curing and
the combined steam and CO; curing hindered the excessive drying shrinkage and expansion
in 1M NaOH solution compared to air or water-cured mixtures. The water and 1M NaOH

expansion characteristic curves underwent less fluctuation for longer steam and CO- curing



duration. The drying shrinkage was favored by longer steam curing duration. However, it was
not affected by CO: curing duration.

FTIR spectroscopy, SEM image analysis and XRD results indicated that the
geopolymerization of the mixture was more apparent during the steam curing and CO- curing
in comparison to water curing and air curing regimes. The longer duration of steam and CO:
curing also promoted the formation of more stable and dense geopolymer matrix structure,

due to longer hydration and formation of stable carbonate compounds.
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Chapter 1 - Introduction

1.1.Research Background

Geopolymer is an alkali-activated construction material with similar mechanical
characteristics to materials made of ordinary Portland cement (OPC) [1]. Typically, binders
from industrial waste products such as slag and fly ash (FA) as well as naturally occurring
pozzolan like metakaolin, are used to create geopolymers. For the purpose of producing a gel-
like substance and for activating the raw materials to produce geopolymer paste, the binders
are subjected to resilient alkaline activators including sodium silicate (Na,SiOs), potassium
hydroxide (KOH) and sodium hydroxide (NaOH) [2]. During the geopolymerization reaction,
The formation of the three-dimensional aluminosilicates network framework adds to the
remarkable mechanical, fire, and chemical resilience of geopolymer [3]. Thus, geopolymer is
considered to be an environmentally friendly construction material that utilizes industrial by-
wastes and exhibits outstanding mechanical properties.

Accumulation of industry by-products in landfills threatens the surrounding
environment. The steel industry is one of the sectors that produces a significant amount of
byproducts. Different types of steel slags are produced in the process of conversion of iron
into steel in several furnaces such as a blast furnace (BF), a basic oxygen furnace (BOF), and
a ladle furnace (LF). After the BOF is oxygenated, a by-product known as BOF slag (BOFS)
is produced. Using steel slags (BF slag (BFS), BOFS, and LF slag (LFS)) effectively in
construction materials could positively impact the economy and the surroundings [4].
However, the recent study [5] shows that the presence of free magnesium oxide (f-MgO) and
free calcium oxide (f-CaO) in the components of BOFS might cause severe expansion
problems during its utilization process. Since f-CaO and f-MgO have low reactivity, their
hydration process might undergo after a long period. To overcome the volume instability
problem of BOFS, the BOFS is used in its fineness size, and as a result, the hydration process
of this material is accelerated.

There are two possible solutions that exist for overcoming the BOFS expansion issue
are applying geopolymerization technique and mineral sequestration. Free silicon which
leaves unreacted during the geopolymerization and f-CaO and f-MgO reacts to form stable
compounds [6]. Wollastonite (CaSiOs) and enstatite (MgSiOs) are formed which prevent the
expansion of the BOFS.
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f-Ca0+Si—CaSiOs (1.1)
f-MgO+Si—MgSiOs (1.2)

Pan et al. [7], studied the effect of the carbonization process on stabilization of BOFS.
It is discovered that the BOFS component contains f-CaO and f-MgO that undergo the
reaction process with CO: during carbonization process and forms stable and insoluble

compound such as calcium carbonate (CaCO:3).

f-CaO+C0O>—CaCO:s (1.3)
f-MgO+CO>—MgCO:s (1.4)

Moreover, the implication of steel slag as an admixture is beneficial for developing
mechanical and microstructural properties of concrete, as it is rich in mineral composition,
containing silicate, aluminum, and calcium [8]. Nonetheless, grinding the steel slag to the fine
powder form is economically ineffective due to its toughness. Thus, using steel slag as an

aggregate is a more practical, affordable, and assuring approach [9].

1.2. Research Objectives

Much investigation has been conducted on identifying the physical, durability and
microstructural properties of BOFS-based geopolymers. On the other hand, not much research
has been done regarding how different curing regimes affect the characteristics of geopolymer
based on BOFS. Furthermore, the mixed use of BOFS aggregate and natural aggregate in the
manufacturing of geopolymer mixture is not well known. The aim of this research project is
to investigate the effects on the characteristics of BOFS-based geopolymer of varying curing
regimes, aggregate composition of BOFS aggregate, and natural river sand in varying

amounts.

1.3. Thesis structure

There are 5 chapters in the Master's Thesis report. The first chapter primarily focuses
on the background information of the related topic. Specifically, it is about existing research
problems and their possible solutions. The first chapter also outlines the master thesis’s
overall structure and the extent of this work. Review of the Literature is the second chapter.
Understanding the geopolymerization and application of BOFS aggregate, in addition to the

influence of particular variables on the evolution of the mechanical, microstructural, and
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durability properties of the geopolymer, is largely dependent on the second chapter. The first
and second chapter of the work more focused on the theoretical part of research investigation.

The third and fourth chapter include the practical part of the master thesis work. In the
third chapter the process of practical work is described as mixing, casting, and curing
processes. Additionally, the raw material characterization is included in the third chapter. The
fourth chapter focuses on describing the results obtained from practical work, as well as
analyzing and comparing the results.

The fifth chapter serves as a conclusion, summarizing the main conclusions of the
research project, outlining its shortcomings, and outlining potential avenues for future

research.
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Chapter 2 - Literature Review

2.1. Ordinary portland cement concrete effect on the environment

The risk of global warming is a major issue threatening modern society. The cause of
global warming is greenhouse gas, the emission of carbon dioxide (CO.). Anthropogenic
actions such as burning fossil fuels, deforestation, and others cause CO. emissions to the
atmosphere. Manufacturing of cement, which is the main component of Ordinary Portland
cement (OPC) concrete, is another cause of CO: formation. Cement is extensively utilized as
a construction material all around the earth. Concrete is a combination of coarse and fine
aggregate material, cement, and water. Cement is produced in almost all countries due to its
importance in construction and geographical abundance. There are two main processes during
which carbon dioxide is produced. First, the operation of a rotary kiln requires the ignition of
hydrocarbon deposits. Second is the decarbonization action of limestone, which is one of the

main sources of cement. The process is initiated at a temperature of 900 °C [10].

CaC0s—Ca0+CO-1 2.1)

In combination, these two processes generate an overall 1.25 tons of CO: per ton of
cement [11]. Each year, the carbon dioxide emission from the cement industry devotes up to
7% of entire CO:2 emission to the atmosphere worldwide [12]. According to McCaffrey [13],
cement production increases by 3% each year, which might be the reason for the rise in global

temperature.

2.2. BOFS

Many countries’ economies heavily depend on steel and iron manufacturing industries.
They supply the fundamental components required for the construction and upkeep of various
demands of daily life. Such as city infrastructures, automobiles, houses, factories, and many
other structures [14]. In the past decade, the production of steel was approximately 500
million tons per year [15]. However, the steel production by 2015 was estimated to be 1599.5
million tons, which shows an increase in steel production by approximately 200%. By 2016,
the number rose to 1666.2 million tons; thus, the rise in steel production in one year was 4%.

China, Japan, and India are some countries with large steel-producing industries [16],
responsible for by-product generation, carbon dioxide emission, and energy consumption. The

solid waste generated from the steel production industry is also called steel slag. Over 160
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million tons of by-products from the steel industry originate annually [17]. Steel slag is a
leftover crop which is collected after the metal is smelted and detached from the ore’s basic
material [18]. Different steel slags exist, which can be classified by their generated process.
Advanced countries such as France, Japan, and Germany found several ways of utilizing the
steel slag, where the reutilization of it is close to 100%. In 2010, half of the steel produced
worldwide corresponds to China, but the steel slags generated simultaneously were not
utilized or reused.

The two major slags produced during steel production are the basic oxygen furnace
(BOF) slag and blast furnace (BF) slag. The initial step of steel production is the basic oxygen
furnace, which also integrates a blast furnace. The upper section of the furnace provides the
BF with raw materials like limestone, fuel, and iron ore, while the lower section provides the
heat [19]. The final products obtained from the blast furnace are slag and molten metal.
Molten metal proceeds into BOF, while the slag is disposed of as a by-product material which
is referred to as blast furnace slag (BFS). The BOF is an important step in the steelmaking
process to decrease the carbon content of steel [20]. The oxygen is supplied to BOF, where
the metal oxidation process takes place, and basic oxygen furnace slag (BOFS) is collected
separately from the liquid steel. After the BOFS is collected, it is transferred to casting or
processing facilities and disposed of or stored for further use [21]. The steelmaking industry
has applied this process for over 20 years, and no significant changes have been applied [22].

The chemical composition of BOFS dramatically varies from place to place, as well as
the period when it is collected. The main reason for the varying tendency of BOFS
composition is the variability of raw material of the ore and different chemical
transformations that result during the steelmaking process [23]. Commonly, the alkalinity
ratio of BOFS is high due to the innate properties of the ore source [21]. The basicity of
BOFS is apparent in the compounds such as magnesium oxide (MgO) and calcium oxide
(Ca0) [24]. CaO is one of the affluent compositions in BOFS, followed by iron oxide and
silicon dioxide, as shown in Table 2.1.

Depending on the cooling process, BOFS can be classified into 3 different structures:
liquid, glassy, and crystalline [25]. Crystalline BOFS is formed during the slow cooling, while
a glassy structure is obtained during the tempering. During the slow curing processes, the
BOFS particle size tends to be lower than 100 mm [26]. Water-cooled and air-cooled BOFS
differ in terms of their density and porosity. The former has low density and high porosity,
while the latter has high density and low porosity [27]. The mean values of water absorption

capacity and specific gravity of BOFS are 1-1.18% and 3.29 g/cm?, respectively [28].
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Identifying the physical properties of the BOFS is relevant, as it determines the potential of

application of the BOFS in the construction material sphere.

Table 2.1: Chemical composition of BOFS in %weight

China [29] India [27]

Fe20s 17.8 16.50
AlLOs 6.8 1.07
CaO 454 50.70
MgO 7.3 10.31
MnO - 1.05
SiO: 13.7 17.69
TiO: - -

2.3. The use of BOFS in concrete

BOFS is utilized as an aggregate and binder material for manufacturing concrete. The
usage of BOFS is beneficial in economic and environmental aspects. Most of the by-products
from the steel industry are disposed of in landfills, causing soil and surrounding environment
pollution. Also, the BOFS application reduces the cost of storage, which is required to store
slag material, and reduces the energy cost required for material production (cement).
Generally, around 5 to 10% of BOFS per ton is reused as a binder material for concrete
production [30]. The mechanical properties of BOFS identify how well it is suitable to be the
binder material. The chemical composition of BOFS defines the mechanical properties.
According to Altun and Yilmaz [31], the compressive strength and bending strength values of
2-, 7- and 28-day concrete made with 100% cement and 70% cement + 30% BOFS are
comparatively the same. Since the high content of MgO in the component of BOFS delays the
hydration process and lengthens the setting time of concrete, BOFS with a lower content of
MgO is preferable [31]. The BOFS in the concrete compound was found to change the
physicochemical properties of the concrete. Research conducted by Calmon et al. [32] found
that the BOFS as a binder decreases the water amount required to initiate the flowability of
the cement paste.

According to Ding et al. [33], finding alternative materials is vital because almost 15
million tons of natural aggregates are utilized yearly for concrete production. Concrete, along
with steel, is one of the most consumed construction materials worldwide. Thus, using natural
stone as an aggregate in large quantities threatens the environment as the process of mining
and transporting requires fuel combustion and causes dust distribution. Since about 75% of

concrete components comprise aggregates, the properties of aggregate material influence
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concrete’s mechanical and durability properties. BOFS and other industrial by-products are
suitable substitutes for natural aggregates [34].

However, the problem associated with BOFS utilization as an aggregate in the
concrete is the expansion of concrete [35]. Because the expansion of concrete is unacceptable
according to the standard regulations, researchers are seeking ways of overcoming this issue.
The process of f-CaO (free calcium oxide) and f-MgO (free magnesium oxide) hydration
causes the concrete to expand. The hydration process of f-CaO and f-MgO develops high
internal stress in the concrete matrix, causing the separate pores to merge into one common,
and thus, a change in concrete volume occurs [36]. The f-CaO and f-MgO hydration process
increases the volume of concrete by 91.7% to 119.6%, according to research by Wang et al.
[37]. The expansion problems arise due to the formation of Portlandite (Ca(OH).) and brucite
(Mg(OH).).

f-CaO+H.0—Ca(OH): 2.2)
f-MgO-+H.0—Mg(OH) (2.3)

To overcome the soundness problem, steel slag is used in its fineness size. Thus, the
hydration process is accelerated. Implication of steel slag rich in mineral composition,
containing silicate, aluminum, and calcium, as admixture is advantageous for enhancing the
mechanical and microstructural qualities of concrete [8]. Nonetheless, grinding the steel slag
to the fine powder form is economically ineffective due to its toughness. A more practical,
affordable, and assuring approach is to use BOFS as an aggregate [9]. As a result, the
replacement of cement by BOFS is beneficial for by-product utilization and the development

of concrete properties.

2.4. Geopolymers

Geopolymers or alkali aluminosilicate material is formed during chemical processes
by using aluminosilicate sources and alkali-activated solutions [38]. Geopolymers can
perform similarly to conventional cementitious binder materials in various uses but with the
added benefit of a smaller environmental footprint by reducing greenhouse gas emissions
[39]. The mechanical, chemical, durability, and microstructural properties of geopolymer are
influenced by the raw materials used for its manufacture. Recent studies showed the
outstanding performance of geopolymers in the construction materials sphere as a material

that can be used for construction and repair works [40].
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There are 4 main components of geopolymer: binder, alkali-activated solution,
aggregate, and water. Industry-product materials might fully or partially replace the binder
and aggregate material in the geopolymer mixture. Thus, geopolymer is considered to be
environmentally friendly not only in terms of limiting greenhouse gas emissions but also in

terms of utilizing industrial by-product materials.

2.4.1. Geopolymerization

The geopolymerization reaction occurring between aluminosilicate source and alkali
activator was proposed in 1950 by Glukhovsky [41]. The geopolymerization reaction has four
transformation reactions: destruction, coagulation, condensation, and crystallization. These
transformation reactions occur in three stages: In the first stage, the alkali activator solution
dissolves the aluminosilicate source by destroying the bonding of the aluminosilicate source
and by forming free silica and alumina tetrahedron units. Then, the shift of the alkali activator
from the liquid to the gel phase indicates the coagulation process [42]. In the second stage, the
condensation process occurs under the hydrolysis reaction, where the water is evaporated
from alumina and silica hydroxyl by forming the gel phase. Furthermore, the crystallization
process is initiated under the gel hardening action. As a result, the three-dimensional
aluminosilicate amorphous structure is formed, which composes the constituent of the
geopolymer.

In the geopolymerization process, an alkali activator solution is assigned a crucial role.
The greater molarity of NaOH impacts a larger disintegration rate of the silica and alumina
ions from the aluminosilicate sources [43]. Consequently, a faster dissolution rate results in a
faster geopolymerization reaction. In addition to the elevated molarity of NaOH, Zhang et al.
[44] state that the reaction temperature affects the rate of geopolymerization. Thus, higher
temperatures result in faster geopolymerization, which can be proved by the appearance of
amorphous peaks in the XRD pattern. The geopolymerization process is beneficial in
inhibiting the expansion problem related to BOFS.

2.4.2. Source materials

Many academics find that a wide range of industrial by-products are interesting
research topics on the basis of identifying suitable waste material for geopolymer
manufacture. The primary determinants in choosing the source material are the industrial by-
products’ physical characteristics, cost, and abundance. An industrial by-product comprising

silicon (Si) and aluminum (Al) in non-crystalline state can be chosen as a possible source
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material for geopolymer. A vast amount of research was conducted on using different by-
product materials as source materials of geopolymer, such as metakaolin, fly ash (FA), ground
granulated blast furnace slag (GGBFS), and rice husk ash.

According to Davidovits [38], the geopolymer mixtures with calcined substances such
as steel slag and FA yielded substantially greater compressive strengths than those formed
from non-calcined minerals like metakaolin clay. Nevertheless, metakaolin is demanded due
to its prominent ability to dissolve in the alkali activator solution and monitor the Si to Al
ratio and its white color [45]. However, due to the high price of metakaolin, its utilization in
large-scale production of concrete is restricted.

Barbosa and MacKenzie [46] discovered that the source material that underwent
calcination yielded a greater value for compressive strength when compared to the non-
calcinated source material. Nonetheless, the reaction time and compressive strength value
were better when the source material was a combination of calcined and non-calcined [47].

The most suitable properties of FA as a binder are observed for FA, which is
comprised of a low calcium content. VVan Jaarsveld et al. [48] investigated high-calcium FA-
based geopolymer and discovered that high-calcium FA is the cause of high compressive

strength development, which is the result of calcium compounds forming at an early age.

Fly ash (FA)

One of the by-products of burning coal is FA. The variety of coal ignited determines
the FA’s characteristics and chemical makeup. FA is primarily composed of silicon oxide
(S102), aluminum oxide (AlOs), and iron oxide (FeOs). There are two types of FA: Class C
and Class F FAs. Class C FA has a high CaO content exceeding 20% of the total weight,
while Class F FA has a low CaO content that does not exceed 10% by weight [49]. FA
particles are smaller than OPC particles in terms of size. It varies from 1 um to 150 um [50].
Fine particles of FA are beneficial for production of geopolymer due to their high reaction
rate and ability to fill the voids, leading to a stronger and denser structure. The rounded

particles of FA improve the geopolymer's workability [51].

Ground granulated blast furnace slag (GGBFS)

A by-product of the iron industry is ground granulated blast furnace slag (GGBFS).
Iron ore, limestone, and coke are supplied into a furnace and heated to 1500°C during the
production of iron. The final product of the furnace is a liquid iron and slag at the top. In
order to obtain GGBFS from slag, it is immersed in water to develop cementitious properties,
and after solidification, it is grounded into fine particles [52]. Calcium oxide (CaO), SiOs, and
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Al,O3; comprise the main chemical constituition of GGBFS. Other metal oxides can be found
in the composition of GGBFS.

According to researchers, GGBFS, as part of the FA-based geopolymer, increases
compressive strength, decreases flowability, and speeds up the setting time of the geopolymer
[53]. While FA-based geopolymer requires curing at high temperatures to obtain specific
properties, incorporating GGBFS can lower the required curing temperature. However, the
incorporation of GGBFS should be limited to a specific amount, as it might lead to the
brittleness of the geopolymer. According to Deventer et al. [54], geopolymers made with
GGBFS are resilient to fire exposure, sulfate attack, water permeability, acid attack, and
corrosion. The formation of calcium silicate hydrate (C-S-H) gels and aluminosilicate hydrate
(C-A-S-H) gels during the hydration and polymerization processes favors the development of

the properties of geopolymer, as mentioned above [55].

Alkali activator.

Alkali activator is a crucial part of the production process of geopolymers because it
starts the geopolymerization reaction. There are three common alkali activators which are
used in geopolymer mixtures: NaOH (sodium hydroxide), Na.SiOs (sodium silicate), and
KOH (potassium hydroxide). The alkali activators can be used in combination or alone. Since
NazSiO:s is the most widely utilized alkaline activator mixed with NaOH, Na.SiOs to NaOH
ratio affects the geopolymer’s mechanical properties. Development of mechanical properties
is more apparent at Na>Si0s/NaOH ratio between 0.4 and 2.5 [56].

NaOH is usually produced in a solid state (flakes or pellets), which is required to be
converted into a solution. The NaOH pellets should be attenuated in the aqua to obtain the
specific NaOH solution concentration, referred to in moles (M). 400 grams of NaOH flakes
should be attenuated in 1 liter of water to obtain a 10M NaOH solution. NaOH concentration
plays an important role in the improvement of geopolymer strength, and the optimal
concentration is in the range of 8M to 16M. Since NaOH molarity and the ratio of
Na.Si03/NaOH have an impact on the geopolymer's workability and setting time, the
lowering of ratio and molarity increases the flowability and shortens the geopolymer's setting
time [57]. According to Malkawi et al. [57], the geopolymer’s initial characteristics
(workability, setting time) are primarily affected by NaOH, while the strength and
microstructural properties obtained after some periods of time depend on Na.SiOs.

According to Jegan et al. [58], sodium-based activators are more preferred in terms of

developing the geopolymer’s compressive strength than potassium-based activators.



22

Aggregate

A frequently used fine aggregate in OPC concrete is natural river sand. Sand, in
combination with coarse aggregate, gives a desired property to the concrete [59]. Because the
aggregate type used in manufacturing geopolymer influences its strength, it is crucial to
utilize aggregate of exceptional quality. According to Lohani et al. [60], the exploitation of
sand as an aggregate is restricted for two reasons: a deficit of sand in some regions and
continuous extraction of sand from rivers have an adverse effect on the surroundings.
Therefore, the demand for alternative aggregate is increasing because of the increase in
construction.

Various research has been conducted on using slag and glass as a substitute aggregate
source in concrete production. Glass utilization as an aggregate has a favorable effect on the
environment, as its degradation in the landfill requires a million years [61]. According to
Adaway and Wang [62], replacing sand with glass sand by 30% in the OPC concrete
composition improves its compressive strength.

Steel slag aggregate (SSA) is a promising type of aggregate in the building sector due
to its encouraging physical and durability characteristics [63]. Several treatment processes,
such as carbonization and weathering, are applied to the SSA to prevent its expansion in the
structure [64]. The formation of stable carbonate and hydroxide during the treatment proved
to be an efficient method of treatment. However, the high cost and required equipment are the

main obstacles to applying these treatments.

2.4.3. Mixture proportions

The mixture proportions of the geopolymer affect its initial and final properties.
According to Brough and Atkinson [65], it is difficult to identify which components of
geopolymer have significantly affected their specific properties, but all elements have an
impact on the geopolymer’s properties. Thus, several research studies have been carried out to
study the effect of mixture parameter variation on the properties of geopolymers. The binder’s
strength is primarily determined by the amount of GGBFS content [48]. Thus, increasing the
GGBFS to FA ratio increases the compression strength of the geopolymer. Nevertheless, the
high content of GGBFS lowers the geopolymer’s workability. According to Koushkbaghi et
al. [66], the high content of FA as a binder material reduces the segregation and bleeding of
geopolymer. Long et al. [67] studied 7 different GGBFS to FA ratios (1:1, 0;5, 1;4, 2:3, 3:2,
4:1, and 5:0) to identify their effect on geopolymer compression ability and microstructural

characteristics. GGBFS to FA ratio 1:1 samples have no discernible improvement in
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compressive strength with time. The geopolymer blends with fly ash as the sole binder
material demonstrated the least compressive strength. The mixture containing only GGBFS as
a binder material experienced a reduction in the strength of compression over time. The
geopolymer mixtures containing both FA and GGBFS revealed an increase in the strength of
compression throughout the curing time. An rise of the GGBFS/FA ratio yielded enhanced
compressive strength. Thus, the optimum ratio is 4:1. However, a high ratio of GGBFS/FA
resulted in the formation of brittle crystalline phases, leading to the destruction of dense
structure of the geopolymer. As a result, the geopolymer samples’ compressive strength
decreases with time.

The alkali-activator solution (AAS) to binder ratio is also one of the significant
mixture design parameters influencing the geopolymer concrete’s mechanical characteristics.
According to the experimental endeavors conducted by Morsy et al. [68], the ascend of AAS
to binder ratio to 0.400 from 0.325 and 0.475 from 0.325 increased the flowability of the
geopolymer by 14% and 21%, respectively. When the AAS/binder ratio increases, there is a
discernible decrease in compressive strength, which occurs due to the higher permeability and
porosity of the concrete. Thus, the AAS/binder ratio of 0.400 is the optimal value under which
the development of flowability compensates for the negligible decrease in compressive
strength.

The rise of NaOH concentration significantly affects the fresh and hardened
characteristics of the geopolymer. As the concentration of NaOH rises, the compressive
strength of the geopolymer increases and its flowability decreases. According to Aliabdo et al.
[69], the flow rate of the concrete decreases due to an enhanced geopolymerization reaction,
which takes into account NaOH’s high molarity. High molarity of NaOH leads to denser
structure formation, enhanced microstructure, and early strength development.

Morsy et al. [68] states that increasing the Na.SiOs/NaOH ratio from 2 to 2.5
improved the compressive strength and from 2.5 to 3 adversely affected the flowability and
compressive strength of the geopolymer samples. Slump loss results from the viscous nature
of sodium silicate. One of the key mixture characteristics of geopolymer that affects its
mechanical and fresh properties in the geopolymer mixture is the water to binder ratio (w/b).
According to research on the effect of w/b ratio variation, the optimal w/b ratio falls between
0.25 and 0.35. It is found that increasing the w/b ratio increases the flowability and decreases
the compressive strength of the geopolymer [70]. Adam [71] reported a similar research

output, with the indication that the optimum w/b ratio was 0.32.
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2.5. Curing Regimes

2.5.1. Steam curing

Steam curing is a vapor curing method under atmospheric pressure conditions. In
nature, the hydration process occurring in the concrete is accelerated since steam curing is a
type of curing where much moisture is produced. As a result, early-age concrete strength
development takes place. Steam curing is usually carried out at a temperature from 40 to
100°C. Higher temperatures and longer curing times increase the hydration rate of cement in
concrete [72]. Nevertheless, research has shown that the production of ettringite during steam
curing at temperatures higher than 80°C has a detrimental effect on the microstructural
characteristics of concrete.

In contrast to samples that are cured at a higher temperature and for a shorter time,
Zeyad et al. [72] states that steam curing at a lower temperature in the range of 45 to 60°C and
a longer curing time of 24 hours produces both high compressive strength at later ages and
high early-age strength. Following the geopolymer concrete’s casting, Lloyd and Rangan [73]
examined how the rest period affected the concrete’s mechanical properties. As a result, it
was found that the samples that were steam-cured after a 24-hour rest period obtained higher
compressive strength than samples that were immediately steam-cured after casting.

The study by Zheng et al. [74] compares curing methods: standard, steam, and
autoclave. It was discovered that the steam curing method yields the highest development of
compressive strength. Steam curing took place for two, four, and eight hours at 80°C. Higher
compressive strength was obtained with a longer curing period. Similar research was carried
out by Yewale et al. [75], in which the effect of steam curing and water curing on the
development of mechanical properties of geopolymer was studied. It was established that the
compressive strength of concrete improves at higher temperatures, and the optimum
temperature was found to be 80°C. Compared to steam-cured samples, the water-cured
samples exhibited relatively low compressive strength after 28 days of testing, which shows
that low temperature leads to low strength development.

The impact of steam curing on the drying shrinkage of geopolymer demonstrated that
the primary cause of shrinkage is the creation of negative pressure in the capillary framework
of the geopolymer [76]. Nevertheless, the drying shrinkage rate for steam-cured samples is
relatively low compared to the samples that are ambient air-cured. The condensation process

in geopolymer samples, which is associated with the moisture loss from capillaries, is
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accelerated by steam curing. Thus, significant drying shrinkage occurs at the initial stage of
curing, and further on, it is stabilized.

2.5.2. Ambient air curing

One kind of curing done at room temperature and relative humidity is called ambient
air-curing. The specimens cured at ambient temperature possess smaller early-age strength in
comparison to samples cured elevated temperatures due to the slow rate of
geopolymerization. Nath and Sarker [77] reported that slag incorporation shortens the setting
time and boosts the compressive strength of FA-based geopolymer that has been cured at
ambient temperature. Moreover, compression strength decreases, and setting time increases
with increasing alkali activator content. Slag incorporation and a reduction in the alkali
activator are beneficial to the geopolymer’s properties in ambient air-cured conditions. Nath
et al. [78] researched the impact of adding fly ash and slag on geopolymer’s early strength
and workability development in 2014. The obtained values were discovered to be comparable
to the OPC concrete values. Furthermore, they discovered that because of its early strength
development and internal heat generation, GGBS aided the ambient air-curing process.

Vijai et al. [79] experimented with geopolymer samples to examine the differences in
mechanical properties between ambient air and heat curing. The heat-cured samples had
compressive strength values that were 7 and 2 times higher than those of the ambient air-
cured samples, respectively, according to the 7-day and 28-day compressive strength tests. On
the other hand, compared to heat-cured samples, ambient air-cured samples exhibit a more
remarkable development of strength. As a result, for both heat- and ambient air-cured
samples, the 28-day compressive strength values increased by 4.5 and 1.2 times, respectively,
compared to the 7-day test values. A similar conclusion was made by Nurruddin et al. [80]:
with increasing curing age, concrete subjected to ambient air-curing develops its compressive
strength, while the samples exposed to oven curing show negligible changes in compressive
strength with age of curing.

Temuujin et al. [81] states that research has been done on the impact of fly ash milling
on the ambient air-cured geopolymer’s mechanical characteristics. Due to the higher
reactivity of the finer fly ash particles, it is discovered that they contribute to a higher strength
development at room temperature. Research was done by Chouksey et al. [82] to compare the
effects of ambient air-curing and oven-curing techniques on geopolymer concrete’s
mechanical and microstructural characteristics. Air-cured specimens have a higher density

and drying shrinkage than oven-cured specimens. Due to the slow geopolymerization
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reaction, a large amount of water evaporation from the geopolymer structure accounts for the
higher drying shrinkage in air-cured specimens. Since the geopolymerization process is
accelerated in oven-cured specimens, the water in capillaries is retained, leading to slower
evaporation. XRD results showed that the content of oxide minerals in oven-cured samples
has a lower peak than that of ambient air-cured samples, which indicates the complete
geopolymerization reaction. Regarding the microstructural properties obtained from the SEM
image, it is found that the ambient air-cured sample leads to the creation of an interior
structure that is less porous and more homogenous. In contrast, the elevated temperature

might be the reason for pores and honeycomb formation [82].

2.5.3. Water curing

Water curing is widely used for concrete curing to improve its mechanical and
microstructural properties. Water curing is carried out by following the ASTM C511 [83]
standard specification. The water curing procedure involves immersing the concrete samples
into water at room temperature; the storage tank should be made from non-corrosive material.
Lime should be added to the potable water to prevent the washout of calcium hydroxide from
the concrete samples [83].

The strength of the concrete continuously rises while it is being cured and stops rising
after the curing process is completed. Since the hydration of the cement practically requires
moisture, adequate humidity levels are essential. According to Neville [84], the hydration
process stops when the concrete capillaries’ relative humidity is 80% or lower [84]. Shortage
of required water leads to insufficient development of concrete properties, such as strength
and impermeability [85]. Apart from mechanical issues, there is also a risk of durability issues
related to the appearance of micro-cracks and drying shrinkage.

Termkhajorknit et al. [86] conducted experimental work to study the effect of water
curing on different fly ash and cement contents in FA-cement-based paste. Overall, water-
cured samples containing 100% cement have a higher compressive strength than samples
containing FA. Additionally, 7-day and 3-day water curing resulted in lower compressive
strength values over all ages of samples compared to samples continuously cured in water.
The strength value increases with age and is more apparent for the FA samples. Because
samples containing 25% FA are not affected by water curing duration, the compressive
strength values are relatively similar for each specific age of concrete. Continuous water

curing is favorable for samples containing 50% FA compared to water curing of 3-days and 7-
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days. Until the sample’s age of 50 days, the compressive strength values are relatively similar,
but the strength value of continuously water-cured samples shows an explicit increase.
According to Termkhajornkit et al. [86], the hydration process of FA in the mixtures
with 25% FA and 50% FA is steady for the first 91 days, but the further hydration process of
FA sharply increases. Continuous water curing compared to 7-day water curing shows a
higher degree of FA hydration. It is noteworthy that even after water curing completion (7
days), the hydration process of FA can be observed at an increasing rate. This might be
explained by the pozzolanic reaction initiated by residual water in the sample capillaries.
Vazinram et al. [87] compared the effect of water curing and lime water curing
regimes on the mechanical properties of the OPC concrete with the partial substitution by
pozzolan material (ZnO:). The presence of Ca(OH): in the limewater enhances the creation of
C-S-H gel by reaction with pozzolan material, improving concrete strength. Furthermore, the
development of C-S-H gel facilitated the decrease in the concrete structure’s water
permeability. Bediako et al. [88] conducted similar research comparing concrete and mortar
samples’ water and lime water curing. It is found that limewater curing prevents the calcium
hydroxide leaching process from concrete, leading to less C-S-H gel in the concrete structure.

Subsequently, it leads to poor compressive strength development.

2.5.4. Carbonation/Mineral Sequestration

Carbonation curing is a relatively new method, presumably decreasing the CO:
footprint in the environment during concrete production. The carbonation is carried out in a
special storage tank under specific temperature, humidity, and CO: concentration. The effect
of CO: curing can vary widely depending on these factors.

Sandybay et al. [89] investigated the impact of CO, curing time on the permeability,
compressive strength, and tensile strength of previous geopolymer concrete (PGC).
Expanding the carbonation time causes the samples’ early-age compressive and tensile
strengths to decrease and their permeability to increase. The study conducted by Harirchi and
Yang [90] yielded controversial results regarding the effects of carbonation curing duration on
the properties of FA-based geopolymer. Compared to samples without carbonation, the
compressive strength of geopolymer is significantly impacted by carbonation curing on the
first day of curing. However, among the CO- cured samples, the highest compressive strength
is obtained for samples cured for 24 hours and 3 days compared to 3, 6, and 12 hours cured
samples. Such a pattern is explained by the formation of calcium carbonate from calcium

silicate’s reaction with CO: and their absorption after 12 hours of CO: curing.
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The study conducted by Huang et al. [91] on the effect of carbonization on the
performance of OPC and geopolymer concrete is shown in Figure 2.1. Two types of samples
were carbonized in the carbonation chamber for 3, 7, 14, and 28 days. The established test
conditions included 20% CO: concentration, 70% relative humidity (RH), and a temperature
of 20°C. According to the obtained data, the carbonization process mostly affected the OPC
concrete (PCC). Thus, an increase of compressive strength from 48.9 to 63.7 MPa is
observed, and the highest rise of compressive strength occurred during the 7-day
carbonization process. While the compressive strength of FA-based geopolymer concrete
(FGC) experienced a decrease during the first day of carbonization, the rapid growth of
strength was observed at a later age. It is observed that concrete lost ductility and became
more brittle due to carbonization, despite the fact that this also impacted PCC’s compressive
strength. However, the carbonization process had minimal effect on the geopolymer concrete
[91].
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Figure 2.1: The effect of carbonization time on compressive strength

Note. Reproduced from [91, Fig. 2]

Beltrame et al. [92] obtained the similar results to Huang et al. [91], where the
carbonation effect on geopolymer and OPC concrete are studied. The experimental work was
studied by curing samples at 50°C temperature for 24 hours. Then, carbonation curing was
carried out for 6 hours, at a CO2 concentration of 99%, 25+5 °C temperature, and ambient RH,
referred to as step 2. Step 3 in this experimental work is ambient air-curing. Overall, 2 types
of concrete are compared: geopolymer and OPC. These samples are carbonated (C) and non-
carbonated (N). As presented in Figure 2.2, compared to OPC concrete, geopolymer concrete
has a higher compressive strength. However, compressive strength development with time is

more evident for carbonated OPC concrete. As Beltrame et al. [92] explains, because CO:
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uptake for OPC concrete is higher than for geopolymer concrete, the strength development
would be more apparent for C-OPC concrete.
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Figure 2.2: Comparison of compressive strength value at different ages

Note. Reproduced from [92, Fig. 5]

2.6. Properties of BOFS-based geopolymer

Compressive strength

The GGBS/FA ratio and the SiO2/NaO ratio were discovered to affect the mortar’s
compressive strength. With an increase in the SiO2/NaO ratio, geopolymer mortar's
compressive strength rose. As a result, at 56 days, the samples with 1.28 and 1.6 SiO3/Na20O
ratios had compressive strengths of 32 and 53 MPa, respectively. When f-CaO and f-MgO
come into contact with SiO2, which produces stable silicate compounds, is the cause of the
developed compressive strength [6]. According to Lee et al. [6], increasing the quantity of
GGBFS improved the strength in compression of the mortar. The GGBFS highly affects The
arrangement of the mortar by making it denser. It was discovered, nevertheless, that
depending on the quantities of BOFS, the molarity of NaOH had a distinct impact on the
compressive strength of geopolymer paste. It was found that thea rise in the molarity of
NaOH at 3 and 7 days improved the compressive strength value of the geopolymer paste that
contained 0% and 20% BOFS. Nevertheless, the high molarity of NaOH solution significantly
decreased the geopolymer paste’s compressive strength at 28 and 90 days of age. As the
molarity of NaOH increased, the compressive strength of geopolymer samples containing
40% BOFS dropped. The most pertinent molarity for effectively developing compressive
strength at 3 and 7 days is between 8 and 10 M NaOH. Nevertheless, the increase in molarity
for samples containing more than 40% of BOFS resulted in strength reduction.

In order to determine how alkali activator type and aggregate affected the
characteristics of the metakaolin-based geopolymer, Sun et al. [9] carried out an experiment.
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Using BOFS as an aggregate resulted in higher compressive strength than limestone
aggregate. Sodium Silicate, in combination with BOFS, is proven to be a better alkali
activator. According to Sun et al. [9], BOFS aided in the development of ITZ and hardness in
geopolymer concrete. During the geopolymerization process, BOFS hydrates to form C-A-S-
H gel.

BOFS utilization as an aggregate material combined with river sand in geopolymer
shows an increase in compressive strength from 7 to 28 days. Further, from 28-day to 56-day
age, a reduction in compressive strength is observed [93]. Large amounts of silicon and
aluminum in the geopolymer raw material support the increase in compressive strength up to
28 days of age. However, the reduction of the components mentioned above in the
geopolymer structure ceases the further increase of compressive strength. Kareken et al. [93]
came to a similar conclusion as Sun et al. [9], that the C-A-S-H gel developed from the
hydration of BOFS, in combination with N-A-S-H, results in the development of geopolymer
compressive strength.

The dissolution and dispersion of geopolymer components like silicon and aluminum
as well as the creation of N-A-S-H gel are more explicit at a higher temperature (80°C) rather
than at a lower temperature (20°C). However, a further temperature rise could have a negative
impact on compressive strength development. Falayi [94] examined the impact of three
different curing temperatures, 50, 70, and 90°C, on the geopolymer continuing BOFS
compressive strength. It is discovered that the creation of C-A-S-H gel is impacted by the
delayed dissolution of CaO at 90°C.

Scanning electron microscope (SEM) image

SEM analysis is a testing procedure where the internal microstructure of the samples is
investigated in terms of the presence of microcracks, pores, and unreacted particles. Falayi
[94] investigated and compared the microstructure of FA-based geopolymer with BOFS-
based geopolymer. In comparison to FA-based geopolymer, the BOF-based geopolymer has
more geopolymer gel (C-A-S-H) in the structure, while the former consists of unreacted
particles. Additionally, it is clear from SEM images that the connection between particles in
FA-based geopolymers is poor, and the connection between BOFS-based geopolymer
particles is dense.

The SEM image comparison of limestone aggregate and BOFS aggregate in the
geopolymer matrix revealed that utilization of BOFS as an aggregate result in denser structure

and less obvious transition of aggregate to gel phase, compared to limestone [9]. Strong
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bonding between aggregate and binder is the primary cause of the elevated compressive
strength of geopolymer samples containing BOFS as an aggregate. According to SEM-EDS,
the dispersion of Ca is more centered on the aggregate part, while Na is more centered on the
gel part of the limestone geopolymer. The reason for such patterns is that Ca is the major
component of limestone, while the amount of Ca in the metakaolin (binder) is low. In the case
of BOFS geopolymer, the dispersion of Ca and Na is uniform, which shows that the Ca
releases from aggregate and diffuses in all parts of the geopolymer [95]. The sodium
aluminosilicate hydrate (N-A-S-H) gel formed in the binder system in combination with C-A-
S-H gel is reported to bind the adjacent solid/aggregate particles by creating the dense
Interfacial transition zone (ITZ). Consequently, it results in a decrease of the porosity within
the geopolymer structure. The rough texture and asymmetrical shape of BOFS aggregate
enhance the interparticle bonding.

According to Mareya et al. [96], the higher NaOH concentration resulted in a faster
and more intense geopolymerization reaction, which is apparent from SEM-EDX images. The
2 M NaOH and 8M NaOH are compared according to SEM images. The samples with 8M
NaOH are more homogeneous in structure, while the sample with 2M NaOH has unreacted
particles present in the matrix structure. Additionally, EDX analysis revealed numerous and
more intense peaks of Ca and Si in 8M NaOH geopolymer samples. Mareya et al. [96] also
studied the effect of curing temperature on the microstructure of geopolymer samples. During
the 60 °C curing, it is revealed that the geopolymerization reaction is not completed, and some
unreacted particles can be observed in the structure of the geopolymer. According to
Mashifana et al. [97], geopolymer gel formation is slow under low curing temperatures. The
sample cured at 90 °C shows the dense and uniformly packed geopolymer structure compared
to the sample cured at 60 °C. However, due to the fast geopolymerization process and
accelerated hardening, micro-cracks formation becomes an issue for samples cured at elevated

temperatures.

Fourier Transform Infrared Spectroscopy (FTIR)

The substitution of BOFS with rice husk ash (RSA) in geopolymer revealed that the
peaks shift to the lower wavenumbers [96]. The shift of wavenumber can be correlated to
compressive strength. When the RSA replacement factor increases, the wavenumber
decreases, and the compressive strength also decreases. According to Mareya et al. [96], such
a pattern is observed because of an intensive reaction between RSA and sodium hydroxide,

leading to an incomplete geopolymerization reaction due to insufficient NaOH. NaOH
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concentration increase revealed the formation of a broad peak between 2945 and 3710 cm™
wavenumber and the shift of other peaks to higher wavenumber frequencies.

Mashifana et al. [97] states that the broad peak between 2945 and 3710 cm™
represents the hydroxyl group’s stretching and deformation. Apparently, water is trapped in
the geopolymer system. The O-C-O bonding stretching vibration can be seen at the peak of
1384-1386 cm™ induced by the carbonation process. In Mareya’s et al. [96] experimental
work, the process of carbonation took place because aqueous NaOH and CO: reactions from
the atmosphere. The Si-O-Si symmetric bands are discovered at lower wavenumbers. The 618
cm ! and 1637 cm™ peaks reveal the absorption of binder materials and the formation of Si-
O-Si and Si-O-Al symmetric vibration bands, respectively. At a higher curing temperature,
the above-mentioned bands move to a greater wavenumber and get sharper, indicating the
rapid alkali-silica reaction occurrence. The formation of alumino-silicate gel in the
geopolymer matrix can be correlated to intense peak formation.

It is found that utilization of KOH leads to intense peak formation at a frequency of
2300 cm™ [97]. NaOH and KOH-activated geopolymers’ apparent peak at 1000 cm™
indicates Si-O-Si bonds formation [98]. Several articles indicated the main band formation at
a 1000 cm™ wavenumber, which indicates the formation of tetrahedral structure of Al and Si
from precursor materials.

The band shift to a lower wavenumber value of geopolymer in comparison to the
original band in raw material indicates the geopolymerization reaction. Falayi’s experimental
work [94] showed that the geopolymer containing BOFS experienced a larger shift to the
lower wavenumber value in comparison to the geopolymer containing FA. Thus, it indicates a

higher geopolymerization reaction process and higher compressive strength.

X-ray diffraction (XRD)

X-ray diffraction analysis is conducted to identify the formation of new crystalline
structures in the geopolymer matrix. Lee et al. [6] concluded that the geopolymer technique is
suitable for stabilizing the BOFS. The stabilization of BOFS is attributed to the vast amount
of silicon left unreacted in the geopolymer. According to Lee et al. [6], the crack appearance
on the surface of BOFS facilitates the reaction mechanism between silicon and f-CaO and f-
MgO. The formation of stable compounds such as calcium silicate and magnesium silicate
inhibits the expansion problem of BOFS-based geopolymers.

The XRD analysis on geopolymer revealed the reduction of silicon peak compared to

the precursor material, indicating its dissolution under an alkaline activator solution [94]. The
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formation of new crystalline phases of C-A-S-H and C-S-H gel at peaks 25° and 30° testifies
to the geopolymerization reaction [99]. The geopolymer gel N-A-S-H phase is also found in
the geopolymer matrix. However, more BOFS contents result in more C-A-S-H and C-S-H

phase formation.



34

Chapter 3 — Research methodology

3.1. Materials

3.1.1. Binders

The current work uses fly ash (FA) and ground granulated blast furnace slag (GGBFS)
as binder materials. GGGBF is supplied by the “Mechel-Materials” laboratory in
Chelyabinsk, Russia. The fineness of GGBF slag is 99.9%. According to the manufacturer,
the summation of MgO, CaO, and Si0: in GGBFS content is about 78%.

The specific gravity of binders was determined according to ASTM C188-17 standard.
The procedure for obtaining specific gravity values for binders is shown in Figure 3.1. First,
binders (raw materials) such as GGBFS and FA are prepared. The pycnometer flask is
thoroughly cleaned and filled with kerosene until the mark is between 0 and 1. Then, the
pycnometer flask is weighed, and the value is recorded. The binder is slowly added into the
pycnometer flask and periodically shaken. Finally, the weight and volume of the pycnometer
containing kerosene and binder are recorded. Equation 3.1 shows the procedure of finding the
density (p) of the binder by subtracting the mass (M) and volume (V) of kerosene from the
mass (V+p) and volume (Vi.p) of kerosene and the binder and dividing it. Further, to find
specific gravity, the density of the binder is divided by the density of the water (Eq. 3.2).
Three trials (Table 3.1) were conducted to find the average specific gravity of 2.94 and 1.80
for GGBFS and FA, respectively.

M,.,.—M

p=—kib k (3.2)
Vk+b _Vk

Specific gravity (SG) = Pinger. (3.2)

water

Table 3. 1. Specific gravity values of binder materials

Trial 1 Trial 2 Trial 3
GGBFS 2.96 291 2.94
FA 1.78 1.80 1.83
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The particle size distribution (PSD) analysis is carried out by using the Mastersizer
3000 equipment, shown in Figure 3.2. The PSD can be found using equipment that can
measure particle sizes between 0.001 and 3.5 millimeters. The cumulative percent passing
PSD is displayed in Figure 3.3. GGBFS is a fine material, where 100% of the particles passes
through #325 (45um) sieve size. While 73% of fly ash passes through #325 sieve size, the rest

particle sizes exceed 45um.
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Figure 3.2: Mastersizer 3000

——FA (Fly Ash) ——GGBF slag
=328 =200 =100 =50 =10
100 : vl

D 80

E 73%

1]

1]

o

£ 60

a

2

a

o 40

=

I

E

E 20

Q

0 45mm
0.1 1 10 100 1000

Particle Size (x, micron)

Figure 3.3: PSD of binder materials

The chemical composition of binder and aggregate materials was investigated using
PANalytical Epsilon 4 equipment, shown in Figure 3.4. The equipment has the capacity to
test 10 different materials simultaneously. Elemental and oxide composition of the materials
can be found. The major chemical components of FA listed in Table 3.2 are SiO2, Al.Os, and
Fe20s, which correspond to the chemical composition of FA found by Hardjito et al. [56].
GGBFS chemical composition is rich in CaO, SiO:, and Al>Os.



37

The crystalline phases in FA and GGBFS are shown in Figures 3.5 and 3.6. The vast
amount of mullite and quartz is present in FA. Crystalline phases of calcium compounds such

as akermanite, calcite, and calcium silicate can be found in GGBFS composition, which
corresponds to its chemical composition.

Figure 3.4: XRF equipment

Table 3. 2. Chemical Composition of FA and GGBFS

Chemical Composition FA GGBFS
SiO: 62.15 23.97
AlLOs 20.39 5.9
Fe.0s 10.53 0.88
TiO: - 2.74
Ca0o 3.72 57.99
MgO 0.1 3.75
Na2O - -
K-0 1.31 1.12
P-O:s 0.99 -
SO; 0.24 2.47
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Figure 3.6: Crystalline phases of GGBFS

3.1.2. Aggregates
In this work, aggregates consist of a distinct blend of river sand and basic oxygen
furnace slag (BOFS). The source of BOFS is the Temirtau region. Both BOFS and sand are

dried in the oven for 24 hours at 95 °C and then sieved in the sieving machine. Required
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particle sizes are defined by ASTM C1260 standard. Table 3.3 shows the required percentage

of each sieve size per total aggregate mass.

Table 3. 3. Grading Requirement

Passing, sieve # Retained, sieve # Weight, %
4 8 10
8 16 25
16 30 25
30 50 25
50 100 15

Specific gravity (SG) and Absorption capacity (AC) are determined according to
ASTM C128-15 to determine the further behavior of aggregates in the geopolymer mixture.
Aggregates were first oven dried and sieved according to ASTM C1260 grading requirements
for the trial tests to determine SG and AC. Then, dry aggregates are placed in zip pockets and
moisturized with water. In order to obtain saturated surface dry (SSD) condition, aggregates
are blow-dried. The sand cone shown in Figure 3.7 is used to check the SSD condition. It is
filled with the aggregate in 3 layers by taping each layer 25 times. After removing the cone,
the aggregate should crumble, but save the foundation. Aggregate in SSD condition is
collected in the bowl and weighted. Wtpyc+water IS Obtained by weighting the pycnometer filled
with the water to the top. Next, aggregate in SSD condition is placed in the pycnometer, filled
with water, and then weighted (Wtpyc+water+sop). The system runs for 10 minutes after the
excess water is carefully disposed of with no aggregate loss. Then, the remaining aggregate is
oven-dried for 24 hours and weighted (Wtop). For both BOFS and sand, three trials (Table
3.4) were conducted to find the SG and AC, and the average values of SG were 2.7 and 3.3
for BOF and River Sand, respectively. The absorption capacity of BOFS aggregate is 8.91%,
while that of river sand is 1.84%.

Wt
+Wt, —Wt

Apparent specific gravity(SG,) = (3.3)

( pyc+water pyc+water+SSD )

. . Wi, —Wt
Absorption capacity (AC) = (SSVDV—OD)xloo (3.4)

tOD
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Table 3. 4. Specific gravity and absorption capacity values of aggregate materials

Set 1 Set 2 Set 3
BOFS (SG) 3.34 3.29 3.31
BOFS (AC) 1.78 1.86 1.86
Sand (SG) 2.71 2.77 2.67
Sand (AC) 1.90 1.86 1.77

(‘ =,‘ = : P
e of determining SG and AC of aggregate materials

Figur 3.7: Procedur
The examination of the chemical makeup of sand and BOFS revealed the high content

of CaO, Fe:0s, and SiO2, as shown in Table 3.5. This corresponds to XRD analysis findings,
where the high content of lime, hematite, and quartz in crystalline phases is present in BOFS

aggregate structure, and the high content of quartz, hematite, and aluminum oxide in

crystalline phases is present in sand, shown in Figures 3.8 and 3.9.

Table 3. 5. Chemical Composition of BOFS and Sand

Chemical Composition BOFS Sand
Cao 52.38 16.27
Fe20s 29.39 13.81
Si0: 7.39 54.51
MnO 4.33 1.51
MgO 3.13 0.78
AlLOs 1.53 5.71
SOs 0.23 0.51
Ti02 - 1.73
K0 - 3.65
P20s - 0.63
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3.1.3. Alkaline Activators

The combination of sodium hydroxide (NaOH) and sodium silicate (Na,SiOs) is used
as an alkali activator. Sodium silicate is supplied by the “Damu-Chemistry” company in
Karaganda, Kazakhstan. The chemical composition of glass water is 28.7% of SiO,, 10.23%
of Na,O, and 60.65% of water.

Sodium Hydroxide in the original pellet form is dispersed in water to produce 10 M of
NaOH solution. The dissolution of 400 grams of NaOH pellets in 1000 grams of water yields
a 10 M NaOH solution. The proportion is made based on the molecular weight of NaOH 40
g/mol. Sodium Silicate or water glass is already in solution form. The proportions of sodium

hydroxide and sodium silicate are fixed at 1:2 for every mixture.

3.2. Mixture Proportions

In this research work, 15 mix designs are created to study the effect of the curing
method and BOFS/sand ratio on the properties of geopolymer, as presented in Table 3.6.
Alkali-activated solution (AAS) content and GGBFS/FA ratio are fixed variables 2 and 40/60,
respectively. In most works, the steam curing is used to cure the geopolymer. Two steam
curing durations are chosen, 6 and 12 hours, at the temperature of 80 °C. Recent research
indicates that prolonged steam curing at elevated temperatures is inadequate for the concrete’s
durability and compressive strength. After 12 hours of CO: curing, stable calcium carbonate is
formed, so three mineral sequestration times 6, 12, and 24 hours were selected to investigate
the effects on the geopolymer's mechanical and durability properties.

The high content of GGBFS decreases workability but increases compressive strength,
according to Van Jaarsveld et al. [48], Koushkbaghi et al. [66], and Long et al. [67]. Thus, the
optimum GGBFS to FA ratio is chosen to be 40/60. According to Morsy et al. [68], the
optimum AAS content is 2, as further increases cause a loss of flowability, while decreases
result in a decrease of compression strength. The water to binder ratio of 0.32 and

concentration of NaOH of 10 M are fixed for all mixtures.
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Table 3. 6. Mix design parameters

Mix ID Curing Method GGBFS/FA BOFS/Sand AAS content
M1 100/0
M2 Steam curing 6 hours 40/60 75/25 2
M3 50/50
M4 . 75/25
M5 Steam curing 12 hours 40/60 50/50 2
M6 . . . 75/25
M7 Ambient air curing 40/60 50/50 2
M8 . 75/25
MO Water curing 40/60 50/50 2
6-hour CO,; curing (Steam
M10 .
curing 6 hours)
M1 12-hour CO; curing (Steam 40/60 75/25 )
curing 6 hours)
24-hour CO; curing (Steam
M12 :
curing 6 hours)
6-hour CO; curing (Steam
M13 .
curing 12 hours)
M14 12-hour CO; curing (Steam 40//60 75/25 5
curing 12 hours)
M15 24-hour CO; curing (Steam

curing 12 hours)

3.3. Mixing and Casting

The production of good-quality geopolymer mortar is highly dependent on the mixing
process. Three mixes are prepared, with BOFS to sand ratio of 100/0, 75/25, and 50/50. Mix 2
is the same mixture as M4, M6, M8, M10, M11, M12, M13, M14, and M15, where the main
difference is their curing regimes. Similarly, Mix 3 is the same as M5, M7, and M9, with four
different curing regimes applied to each mixture type. The proportions of each substance are
displayed in Table 3.7.

Table 3. 7. Final mix designs (kg/m>)

M1 (100/0) M2 (75/25) M3 (50/50)
FA 550.7 546.4 5422
GGBFS 367.1 364.3 361.5
BOFS 611.8 4553 301.2
Sand 0 151.8 301.2
NaOH (10M) 122.4 121.4 120.5
Na:SiOs 2447 2428 240.9
Water 146.5 136.6 126.9

The mixing procedure starts with material preparation. Each component of the mixture

is weighed and stored. First, 10 M NaOH is prepared by dissolving the NaOH pellets in water
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in accordance with NaOH molar weight. Then, AAS is prepared one day before the mixing
process, combining the 10 M NaOH and Na:SiOs.

The geopolymer mixing procedure is carried out according to the procedure specified
in ASTM C305 (2015) standard specification in the Hobart mixer, as shown in Figure 3.10.
First, GGBFS and FA are placed in the mixer bowl and mixed for 30 seconds at a low speed,
then AAS and water are added to raw binder materials and mixed for a further 1 minute at a
low speed. Next, sand and BOFS are added to the binder paste and mixed for 1 minute at a
low speed. Then, hand mixing is carried out for 1.5 minutes, and for 2 minutes, the
geopolymer mortar is mixed at a high speed in the mixer.

Geopolymer mortar hardens relatively quickly; thus, the casting process is carried out
quickly. Before pouring each mold, the mortar paste is thoroughly mixed with the spoon to

prevent the settlement of particles at the bottom of the mixer bowl.

Figure 3.10: Hobart mixer (4.7L)

According to Table 3,8, each mixture is prepared based on the total volume specified.
The total volume is calculated based on the specific mold’s dimensions and the required
number of samples. Additionally, 10% is added to the mix’s total volume to prevent material
shortage due to its loss during the casting process.

The molds filled with geopolymer mortar paste were demolded after 2 hours. Further,
samples are stored at ambient air conditions for 1 day before exposure to specific curing

regimes.
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Table 3. 8: Quantity of samples and mixture volume estimation

Tests
Description . . . . 1M NaOH
P Compressive Dielectric Drying aOH and
. water
strength constant shrinkage :
expansion
Size (mm) 50x50%50 70x70%70 25x25%285 25x25%285
Numper of 16 ) 4 g
specimens
. 3,7,28and 56- | 3,7, 31-day 3,7, 31-day 3 and 7-day
Testing age . . .
day interval interval interval
Volume (m?) 2.000x1073 0.686x1073 0.712x1073 1.425%x1073
Total volume (m?) | (4.823x1073) x 10%=5.305x10"3

3.4. Curing

The effects of four different curing regimes are compared on the geopolymer mortar’s
mechanical, durability, and microstructural properties. Steam curing for 6 and 12 hours is
carried out in the steam curing chamber shown in Figure 3.11. The steam temperature is set
up at 80 °C, and the water is filled out in the steam generator each hour. Sample mixtures 1, 2,
and 3 are steam cured for 6 hours, and mixtures 4 and 5 are steam cured for 12 hours.

Ambient air-curing is carried out at room temperature (25 + 1°C) for a day after
geopolymer casting and demolding for mixture samples 6 and 7. Water curing is carried out in
water storage tanks according to the ASTM C511 standard specification. Lime is added to the
portable water to prevent the leaching of calcium from the geopolymer structure. Mixtures 8
and 9 are water-cured at the ambient temperature condition before test day to test the
hardened properties of the geopolymer. For testing the durability properties of mixtures 8 and

9, samples were immersed in the water for a 7-day period.
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Figure 3.11: Steam curing chamber and steam generator

Mixtures 10, 11, and 12 are steam-cured for 6 hours and further carbonized in the
carbonization chamber for 6, 12, and 24 hours, respectively. Mixtures 13, 14, and 15 are
steam-cured for 12 hours, and further carbonized in the carbonization chamber for 6, 12, and
24 hours, respectively. The carbonization chamber is shown in Figure 3.12. The temperature

is set up at 23°C, humidity at 50%, and CO- concentration at 20%.

Figure 3.12: Carbonization chamber

3.5. Testing Procedures

3.5.1. Flowability test

The flowability of each mixture is identified during the mixing stage according to the
ASTM C1437 standard specification. Figure 3.13 shows the flow table, cone, and tapper used
to identify the flowability of the mixture. The mixture is poured into the cone in 2 layers and
tapped 20 times. The top of the cone should be flattened, and the cone should be removed.
The flow table should be dropped 25 times in 15 seconds, and the diameter of the spread
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mortar is measured to identify the relative flowability value (T,,), presented in Equation (3.5).

The high relative flowability value indicates the more flowable mortar sample.

r _(dixdi-di) (3.5)

m 2
dO

Where, d,, is the cone diameter (bottom part), d; and d, are the diameter of the mortar.

Figure 3.13: Flow table test

3.5.2. Air content test

An air content test is conducted to understand whether the hydraulic cement mortar
meets the air-entraining or non-air-entraining requirements specified before the testing. The
test is conducted according to the ASTM C185 (2013) standard specification. A cylindrical
unit measure of 400 ml (Figure 3.14) is filled with mortar in 3 layers and tapped 20 times per
layer. The air content of the mortar is calculated by Equation (3.6). The weight of the empty
cylindrical unit is measured, and the weight with poured mortar is measured to calculate the
actual weight of mortar W. P is the percentage of mixing water used for mortar preparation
based on the quantity of the cement. Various factors can affect air content value, such as

mortar mixture proportion, compaction degree, and cementitious material’s chemical content.
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Figure 3.14: Cylindrical unit measure (400 ml)

(3.6)

Air content (vol.%) =100-W | —/—/————
2000+4P

182.7+P j

3.5.3. Compressive strength test

For the compressive strength test, four cube samples are prepared per mixture and test
day (3, 7, 28, and 56 days). The compression and bending testing machine and cube samples
were used to determine the compressive strength values of each mixture, as shown in Figure
3.15. The test is conducted according to the ASTM C109 standard specification.

Figure 3.15: (a)Compression and bending testing machine of concrete samples; (b)samples
with 50x50x50 mm dimensions
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3.5.3. Dielectric constant test

The dielectric constant test was carried out on two samples with 70x70x70 mm
dimensions per each geopolymer mixture type. Figure 3.15(a) illustrates the apparatus and
Perconnect software used to measure the dielectric constant of geopolymer mortar samples.
The test was conducted for 6 months, increasing periodicity from 3 to 7 days. The sides of the
cube were numbered, and the dielectric constant of each side was measured. Thus, for the

analysis, the mean value was employed.

o
- .

Figure 3.16: (a) Dielectric constant test equipment and software; (b) samples with
70x70x70 mm dimensions

3.5.5. Drying shrinkage test

The ASTM C596 (2010) standard specification was followed in conducting the drying
shrinkage test to identify the length and mass loss of mortar bar pieces during the 6 months of
testing. Four bar samples are prepared per mixture and air-dried at a specific temperature and
relative humidity of 20 °C and 65%, respectively. Figure 3.17 shows the comparator with a
digital display used to measure the length change and scale to measure the weight change of
bar samples. The purpose of conducting a drying shrinkage test on the mortar samples is to
understand the possible behavior of the concrete samples prepared with the same materials

and cured under the same conditions.
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Figure 3.17: (a)Comparator with digital display for measuring drying shrinkage (ASTM
C596) and scales; (b)samples with 285x25x25 mm dimensions

3.5.6. 1 M NaOH and Water expansion test

The alkali-silica reaction resistance of the mortar samples was tested by immersing the
bar samples in 1M NaOH solution, whereas the water expansion as a result of the creation of
Ca(OH). was tested by immersing the bar samples in water. The ASTM C1260 standard
specification was followed in conducting the test. After the specified curing period, the pre-
reading of the bar length was measured using a comparator with a digital display (Figure 3.18
(@)). The bar samples were immersed in the water and spent a full day in the oven at 80 °C
temperature. The bar specimens were then submerged in a 1M NaOH solution, and the length
change was noted until the conclusion of the 28 days. The water expansion test was
continuously carried out in water storage tanks placed in the oven at 80 °C temperature. The
purpose of the ASR resistance and water expansion tests is to detect the aggregate of its

potential expansion behavior while submerging in NaOH solution or water.
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Figure 3.18: (a)comparator with digital dipla for measuring éXpansion (ASTM C1260);
(b)samples with 285x25x25 mm dimensions

3.5.7. X-ray diffraction (XRD)

The chemical composition of geopolymer mortar samples was tested using the X-ray
diffraction (XRD) system (SmartLab Rigaky apparatus), as illustrated in Figure 3.19 (a). Prior
to the testing procedure, the geopolymer mortar samples are crushed and shredded into the
powder. The powder from the #200 sieve size was used to analyze the geopolymer’s chemical
composition. The range of X-ray scanning was conducted from 10 to 70° (20) at a specified
increment of 0.01°. Figure 3.19 (b) illustrates the geopolymer powder capsules that were
placed in the XRD apparatus. The XRD results were further analyzed using MDI Jade 6

software to identify the peaks.
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Figure 3.19: (a)X-ray diffraction equipmeht; (b)geopolymer poder samples

3.5.8. Scanning electron microscope (SEM) image

The scanning electron microscope (SEM) image of crushed geopolymer samples was
investigated using the ZEISS Crossbeam 540 apparatus (Astana, Kazakhstan), shown in
Figure 3.20. Since the geopolymer mortar samples have poor electrical conductivity, crushed
samples were coated with gold with a thickness of 10 nm. The coating procedure was carried
out using the Sputter-coater Q150T ES apparatus. An SEM image was used to investigate the
inner structure of the geopolymer and determine its composition and physical characteristics,

which were magnified under a microscope.

Figuré73.20: (a)SEM apparatus; (b)coating equipment
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3.5.9. Fourier transform infrared spectroscopy (FTIR) analysis

Figure 3.21 shows the Nicolet iS10 FT-IR Spectrometer (Kazakhstan, Astana)
apparatus used to conduct FTIR analysis on geopolymer samples. The geopolymer mortar
samples were crushed and powdered. The powder sample passing through the #200 sieve size
(75 wm) was utilized for the following analysis. The absorbance spectra and transmittance
mode were set in the range of 400 to 1400 cm™. The recorded data is displayed in OMNIC

software.

Figure 3.21: (a)Nicolet FTIR Spectrometer
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Chapter 4 - Results and Discussion

4.1. Fresh Properties

4.1.1. Flowability test

Figure 4.1 presents the geopolymer mortar mixture’s relative flowability (I'y,) test
results for replacing basic oxygen furnace slag (BOFS) with river sand. The I'y, value of
geopolymer mortar mixtures varies in the range of 3.6 to 4.4. Generally speaking, when the
amount of BOFS aggregate in the mixture increases, the I'y, decreases because BOFS
aggregate has a higher angularity than river sand. The geopolymer mortar mixture containing
100% BOFS aggregate shows the smallest I'r, despite the higher specific gravity of BOFS
aggregate. It is well known that the aggregate with a high specific gravity increases the total
binder content of the mortar mixture. Thus, the higher binder content in the mortar mixture
covers and surrounds the aggregate surface, increasing the flowability of the mortar mixture
[93]. However, the mortar mixture containing 100% BOFS aggregate with higher specific
gravity than sand presents the opposite trend. The porous nature of the BOFS may cause this
result. In the geopolymer mortar mixture with 100% BOFS aggregate, binder paste is partially

absorbed onto the aggregate surface rather than covering it. Thus, I'y, is relatively low.

Relative Flowability (1'w)
(=]
L

100/0 (M1) 75/25 (M2) 50/50 (M3)

Figure 4.1: Relative flowability test results of geopolymer mortar mixtures
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Interestingly, the geopolymer mixture with the combined 50% BOFS and 50% sand
shows a slightly lower I'r, value than the combined 75% BOFS and 25% sand. This result may
be attributed to the combined effect of aggregate angularity and binder content due to the
aggregate’s specific gravity. When BOFS and sand are used together, the binder content effect

seems more dominant than the aggregate angularity effect because small sand particles may
fill BOFS voids.

4.1.2. Air content test

The geopolymer mortar mixture’s air content is shown in Figure 4.2. The air content
value in geopolymer mortar mixture varies from 18 to 20.5%. The air content of mixtures
increases with the decrease of BOFS aggregate content. Such a pattern might be observed due
to the pozzolanic reaction between f-CaO and AAS in the geopolymer matrix. The reaction
products formed during the polymerization reaction fill the voids and harden, thus decreasing
the air content. Geopolymer mortar mixture containing 100%BOFS aggregate has a higher
content of f-CaO. Thus, the formation of C-S-H and C-A-S-H gel is higher, which leads to
lower air content value due to explicit void fills. The decrease in BOFS amount increases the
air content of the geopolymer mortar mixture, as the voids are filled less due to the lesser
amount of geopolymer gel formed.

25.0

20.0

15.0

10.0

Aircontent [96)

100/0 (M 1) 75/25 (M2) 50/50 (M3)

Figure 4.2: Air content of geopolymer mortar mixtures
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4.2. Hardened Properties

4.2.1. Compressive strength

The compressive strength development of 6- and 12-hour steam-cured geopolymer
samples is shown in Figures 4.3 (a) and (b). The compressive strength values vary in the
range of 30 to 40 MPa, which is substantially higher than the compressive strength of air- and
water-cured samples (Figure 4.4). Overall, the longer duration of steam curing positively
affected only the initial compressive strength of mortar samples. Thus, the compressive
strength value is 31 MPa and 35 MPa at 3 days and 34 MPa and 36 MPa at 7 days for 6- and
12-hour steam-cured geopolymer mixtures, respectively. The 28-day and 56-day compressive
strength values for 6 h and 12 h steam curing are similar. According to Zeyad [72] and
Yunsheng [100], the higher temperature and longer duration of steam curing increase the
polymerization rate in the geopolymer mixture, thus increasing the compressive strength of
the mixtures. The results show an increase in compressive strength from 3 to 28 days. Further,
from 28 days to 56 days of age, a reduction in compressive strength is observed, which
correlates with the findings of other studies [93]. Large amounts of silicon and aluminum in
the geopolymer raw material support the increase in compressive strength up to 28 days of
age. However, the reduction of the components mentioned above in the geopolymer structure
ceases the further increase of compressive strength.
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Figure 4.3: Compressive strength (a) Steam curing 6 hours; (b) Steam curing 12 hours

It is noteworthy that the 100% BOFS mixture (M1) develops the highest initial (3-day)
compressive strength, but further development is lower in comparison to the mixture
containing 25% Sand (M2), which might be attributed to the expansive characteristic of
BOFS aggregate. The higher substitution of BOFS with Sand (50%) resulted in lower initial

and final compressive strength values. Such a pattern is related to the poor bond connection
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between paste and aggregate in geopolymer matrix systems containing sand. It should be
noted that BOFS has an angular and rough texture, while sand is angular and smooth.

The compressive strength development for ambient air-cured and water-cured samples
is displayed in Figures 4.4 (a) and (b), respectively. Ambient air-cured mixtures exhibit high-
early strength development of 18 to 22 MPa compared to water-cured mixtures (15 MPa). The
lower strength in water-cured mixtures at an early age may be due to decreased AAS
concentration. When geopolymer mortar samples are submersed into water (water-curing),
sodium ions (Na") in the geopolymer mixture leach out (dissolution of Na), thereby leading to
disruption of polymerization and less strength gain eventually [71]. However, further
compressive strength development is apparent in water-cured mixtures, while the strength of
ambient air-cured samples decreases. It may be attributed to the micro-cracks in the mixture
matrix associated with forming Ca(OH), and Mg (OH), from BOFS aggregate. Compressive
strength drops at the 56-day testing period except for water-cured geopolymer mixtures.
Overall, the continuous increase of compressive strength is noticeable for water-cured
mixtures. Since the continuous hydration process occurs in the water-cured geopolymer
mortar samples, the compressive strength value keeps increasing until 56 days of testing.
Termkhajornkit [86] reported that continuous water curing contributes to a higher degree of
continuous hydration of the mixture containing FA and GGBFS. It is well known that strength
development stops when moisture required for cement hydration is no longer available. The
air-cured samples lose moisture due to water evaporation, and less water is available for
further hydration to increase the strength. In the case of ambient air-cured mixtures, the

pattern of compressive strength development is similar to steam-cured mixtures.
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Figure 4.4: Compressive strength (a) Ambient air curing; (b) Water curing
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In the case of ambient air-cured mixtures, the mixture containing 75%BOFS develops
high-early strength compared to the mixture containing 50%BOFS. This result correlates with
steam-cured mixtures and is related to the bond connection. Water-cured mixtures show

relatively similar compressive strength results regardless of the BOFS/Sand ratio difference.

Figures 4.5 (a) and (b) show the compressive strength development of CO,-cured
mixtures in combination with steam curing for 6 and 12 hours, respectively. The combined
steam- and CO--curing has a slightly lower initial early-age compressive strength (at 3 days)
but favors the 28- and 56-day compressive strength value compared to simply steam-cured
mixtures. The continuous increase of compressive strength until 28 days and further decrease
is visible from the illustration. Mixtures M10 and M13 are CO: cured for 6 hours and
obtained compressive strength of 38 and 40 MPa at the testing period of 28 days, respectively.
Mixtures M11 and M14 were CO: cured for 12 hours and obtained compressive strength of 39
and 43 MPa at the testing period of 28 days, respectively. Mixtures M12 and M15 were CO-
cured for 24 hours and obtained compressive strength of 40 and 45 MPa at 28 days,
respectively. Overall, a longer duration of CO: curing produces higher compressive strength
than a shorter duration of CO; curing. These results may be explained by the formation of

calcium carbonate from calcium silicate’s reaction with CO: after a certain period [90].
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Figure 4.5: Compressive strength (a) 6hr Steam + 6,12,24hr CO: curing; (b) 12hr Steam +
6,12,24hr CO: curing

4.2.2. Dielectric constant

The dielectric constant test results are shown in Figures 4.6 to 4.8. Overall, it can be
observed that the dielectric constant tends to decrease with increasing time. This pattern is
related to moisture loss from the geopolymer mortar matrix system. Thus, the continuous

water-cured mixture results in Figure 4.7(b) show the steady dielectric constant value over the
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testing period, as no moisture loss occurs. The dielectric constant value is related to the
geopolymer concrete’s compressive strength and hydration reaction process.

Figures 4.6 (a) and (b) show the change of dielectric constant value with age for 6- and
12-hour steam-cured mixtures, respectively. A sharp decrease in dielectric constant value was
observed during the first 28-day period. Further, a smooth decline was observed. This pattern
correlates with the compressive strength result, showing that the hydration and
geopolymerization processes are carried out during the first 28 days. The dielectric constant
value of both 6- and 12-hour cured samples is relatively the same. The high temperature of
steam curing induces more rapid electrically resistive gel formation in the geopolymer matrix.
In steam-cured samples, fewer unreacted particles are left, and the geopolymer structure is
denser; consequently, a smaller decrease in the dielectric constant is observed. The steam-
cured mixtures have higher dielectric constant values of 15-13 at the age of 186 days

compared to air-cured mixtures of 10-11 at ambient temperature.
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Figure 4.6: Dielectric constant (a) Steam curing 6 hours; (b) Steam curing 12 hours

The dielectric constant value change for ambient air- and water-cured mixtures can be
observed in Figures 4.7 (a) and (b), respectively. The dielectric constant value for the water-
cured mixture decreases during the first week of curing. However, further, the dielectric
constant value increases and is stabilized. The initial decrease of dielectric constant value is
attributed to Na* ions leaching from AAS and its dissolution in water. However, the dielectric
constant value is further stabilized due to the continuous hydration process in the water-cured
mixture, which is continuously immersed in water. In the case of ambient air-cured mixtures,
the sudden increase of dielectric constant value occurs at the 7-day curing, which might be
attributed to the pore water consumption by unreacted particles. Further, a sharp decrease is
observed in the 7-28 day period, which indicates the hydration reaction occurring in the
geopolymer matrix.
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Figure 4.7: Dielectric constant (a) Ambient air-curing; (b) Water curing

Figures 4.8 (a) and (b) show the change of dielectric constant value for 184-day
period for CO: cured samples in combination with steam for 6 and 12 hours, respectively. The
CO: curing in combination with steam curing resulted in the decrease of dielectric constant
value. According to Chuewangkam [101], carbon affects the electrical conductivity of the
geopolymer matrix by reducing the dielectric constant. From Figure 4.8, it might be observed
that the dielectric constant value varies from 10 to 11. However, it should be noted that the
duration of CO: curing does not affect the 12-hour steam-cured specimen, while the 6-hour
steam-cured specimens are affected by different CO- curing duration. The highest dielectric
constant of 14 is obtained for the 6-hour CO: curing duration, which correlates with
Chuewangnkam’s findings [101] that the carbon reduces the dielectric conductivity of
geopolymer mortar. The geopolymerization reaction in the 12-hour steam-cured mixture is
accelerated and almost completed by the time when CO: curing is applied. Thus, there is less

effect on the dielectric constant from CO: incorporation.
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Figure 4.8: Dielectric constant (a) 6hr Steam + 6,12,24hr CO: curing; (b) 12hr Steam +
6,12,24hr CO: curing
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4.3. Durability

4.3.1. Shrinkage strain

Figures 4.9 and 4.10 show the drying shrinkage (length change) and mass loss for the
mixtures of steam-cured for 6 and 12 hours, respectively. Test results present that the longer
duration of steam curing leads to less length shrinkage and mass loss, which is related to the
faster polymerization rate in the geopolymer mixture, eventually forming denser structures in
the geopolymer mixture. Thus, mortar mixtures containing 75% BOFS show 0.3% and 0.13%
drying shrinkage and 9.5% and 5.2% mass loss for 6- and 12-hour steam-cured conditions,
respectively. Overall, the mixtures containing 75% BOFS show a lower shrinkage rate than
mixtures containing 50% BOFS and 100% BOFS. For example, the 6-hour steam-cured
specimens have drying shrinkage values of 0.32% (100% BOFS), 0.25% (75% BOFS), and
0.29% (50% BOFS) for the 184-day testing period. The mixture with 100% BOFS has higher
drying shrinkage because of the porous structure of BOFS. The excess water is absorbed by
BOFS particles, thus mainly causing the negative pressure in capillaries. The mixture with
50% BOFS has poor bond connection due to the round and smooth texture of the sand, which
also influences higher drying shrinkage. The primary cause of shrinkage is the creation of
negative pressure in the capillary framework of the geopolymer [76]. The drying shrinkage
rate for steam-cured mixtures is relatively low compared to air-cured ones. The condensation
process in geopolymer samples, which is associated with the moisture loss from capillaries, is
accelerated by steam curing. Thus, significant drying shrinkage occurs at the initial stage of

curing, and further on, it is stabilized.
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Figure 4. 9: Drying shrinkage length change (%): (a) Steam curing 6 hours; (b) Steam
curing 12 hours
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Figure 4. 10: Drying shrinkage mass loss (%): (a) Steam curing 6 hours; (b) Steam curing
12 hours

Water- and air-cured mixtures at ambient temperature exhibit the highest shrinkage
strain compared to mixtures cured under other curing conditions. Such a pattern is observed
due to excess pore water evaporation. Under steam-cured conditions, the condensation
process is accelerated. As a result, excessive drying shrinkage occurs at the initial stage of the
drying process and is then stabilized [76]. According to Figure 4.11, the water-cured mixtures
(1.1-1.2%) undergo more significant drying shrinkage in comparison to air-cured mixtures (1-
1.05%), which might be due to the excess water infiltration in the micropores of mixture
specimen during the water curing process. The mass loss for both water- and air-cured
mixtures is shown in Figure 4.12. The water-cured mixtures exhibit a higher drying shrinkage
of 13% compared to air-cured samples of 8%. During the water curing, the water-cured
mixtures absorb and store the water on the surface and in the inner structure of the
geopolymer. The water amount and drying shrinkage have a linear relationship. Thus,
increasing the water content will simultaneously increase the drying shrinkage of the
geopolymer mixture. Similarly to steam-cured mixtures, the BOFS to sand ratio of 75/25
shows comparatively less drying shrinkage compared to the ratio of 50/50, proving the
statement of better bond interlocking in BOFS particles, eventually influencing drying

shrinkage results.
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Figure 4. 11: Drying shrinkage length change (%): (a) Air curing; (b) Water curing
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Figure 4. 12: Drying shrinkage mass loss (%): (a) Air curing; (b) Water curing

According to Figures 4.13 and 4.14, combining steam and CO: curings reduced the
shrinkage strain of 6-hour and 12-hour steam-cured samples. However, a longer steam-curing
duration combined with 24-hour CO: curing does not significantly change shrinkage strain.
According to Figures 4.13 and 4.14, the duration of CO: curing has a different effect on 6-
hour and 12-hour steam-cured mixtures. For example, the drying shrinkage of bare steam-
cured mixtures is 0.25% at the testing period of 184 days, while the drying shrinkage values
of steam-cured and CO: cured mixtures at the same testing period are 0.20% (6hr CO.),
0.16% (12hr CO2) and 0.17% (24hr CO-). The obtained result indicates that the 12-hour and
24-hour CO: curing result in lesser drying shrinkage, which is correlated to the formation of
stable calcium carbonate in the geopolymer matrix. In contrast, the combination of 12-hour
steam and CO: curing gave the following results: 0.19% (bare steam), 0.17% (6hr CO.),
0.16% (12hr CO-), and 0.20% (24hr CO). Thus, 24-hour CO: curing is more favorable for 6-

hour steam curing, and 12-hour CO: curing is more favorable for 12-hour steam-cured
mixture.
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Figure 4. 13: Drying shrinkage length change (%): (a) 6hr Steam + 6, 12, 24hr CO: curing;
(b) 12hr Steam + 6, 12, 24hr CO: curing
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Figure 4. 14: Drying shrinkage mass loss (%): (a) 6hr Steam + 6,12,24hr CO: curing; (b)
12hr Steam + 6,12,24hr CO: curing

4.3.2. 1M NaOH expansion and water expansion

To determine whether the aggregate used in the geopolymer mixture has the expansion
prospective due to Ca(OH). and/or Mg(OH), formation that causes the cracks in the
geopolymer matrix, the expansion limit value according to ASTM C1260 is specified. In fact
the C 1260 method uses 1M NaOH solution where the mortar bar sample is submersed in this
solution. Thus, the mortar bar samples exceeding the expansion limit of 0.1% on the 14™ day
of testing are considered potentially reactive at 1M NaOH solution and 80°C. The expansion
test conducted in this study has a few modifications. It includes two test solution conditions,
1M NaOH and water. The length change of the geopolymer mortar samples was measured up
to 28 days.

The mortar bar expansion under an alkaline environment (potential alkali-silica
reaction (ASR) reaction) occurring in its structure is shown in Figure 4.15. The expansion of
water-cured (M8) and air-cured (M6) mixtures is relatively higher than other mixtures. The
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expansion of the air-cured mixture is primarily noticed at an early age, while the expansion
development of the water-cured mixture is more obvious at a later age. Mixtures M8 and M6
are potentially unreactive until 14 days, but further expansion is observed. Such a trend occurs
due to the expansion nature of BOFS aggregate, where f-CaO and f-MgO form unstable
compounds Ca(OH). and Mg(OH).. CO: curing prevents the expansion of mortar bar samples
due to the formation of stable calcium carbonate, while steam-curing prevents the expansion

due to accelerating the hydration and geopolymerization process under high temperatures.
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Figure 4. 15: 1M NaOH expansion

Figure 4.16 shows the water expansion results of geopolymer mortar mixtures. All
mixtures do not exceed the threshold value of 0.1% (even showing shrinkage). Thus, the
BOFS aggregate in the geopolymer matrix is unreactive only in a moisture environment. This
correlates with the earlier statement that indicates the formation of stable compounds such as
wollastonite and enstatite during the reaction between f-CaO and f-MgO with free silicon.

The effect of the curing regime on the expansion of geopolymer mixtures is negligible,
but less fluctuation in length change is observed for longer curing duration for both steam and

CO: curing.
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Figure 4. 16: Water expansion
4.4. Microstructural Properties

4.4.1. X-ray diffractometer (XRD) investigation

Figure 4.17 illustrates the XRD pattern of geopolymer mortar samples. The formation
of quartz, mullite, larnite, calcium silicate hydrate, portlandite, gypsum, and calcite is
established during XRD analysis. The formation of calcium silicate hydrate is attributed to the
stabilization of BOFS-based geopolymer due to the reaction between f-CaO and free silicon.
Silicon oxide peaks (quartz) reduction is observed for all curing regimes compared to
forerunner material. It is a clear indicator of the reaction mechanism between AAS and
silicon.

The peaks with the highest intensity are observed in the range of 25 to 30" of 260,
corresponding to quartz and mullite. Steam-curing at elevated temperatures reduced quartz
and mullite peak intensity (Figure 4.17), which claims that the steam curing favors the
continuous chemical reaction in the geopolymer matrix.

Water-cured and air-cured geopolymer mixtures showed relatively similar results to
steam-cured samples. However, the peak intensity is two times higher, as shown in Appendix
Fig.1. Thus, the geopolymerization reaction is more apparent during steam-curing. Curing at
elevated temperatures contributes to the formation of C-S-H gel and the dissolution of
amorphous crystalline particles. The combination of steam-curing with CO: curing resulted in
calcite formation, shown in Fig.2 (Appendix), due to the reaction between f-CaO and COs..
Overall, the reduction of the peak intensity of quartz and mullite under steam curing and CO:

is negligible compared to the bare steam-curing process. The obtained XRD results support
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the expansion test. During the hardening process, the unreacted amorphous components of the
geopolymer matrix cause internal cracks, which leads to expansion problems. The XRD
analysis revealed the highest quartz and mullite peak intensities in water and ambient air-

cured samples.
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Figure 4. 17: XRD pattern of (a) Steam cured 6hr and (b) Steam cured 12hr samples

4.4.2. Scanning Electron Microscope (SEM) image analysis

The products of the alkali-activated solution reaction with the binder and aggregate are
C-S-H (calcium silicate hydrate) and C-A-S-H (calcium alumina silicate hydrate) gel. The
advantages of formation C-S-H and C-A-S-H are obtaining a more homogeneous and less
porous geopolymer structure. Usually, C-S-H and C-A-S-H are characterized by high alumina
content and low proportion of silica to calcium, which is supported by EDS analysis shown in
Table 4.1. The high compressive strength of the geopolymer mixture corresponds to the
strong bonding developed between aggregate particles due to C-S-H and C-A-S-H gel and the
formation of a solid interfacial transition zone (ITZ).

Under the high curing temperature, geopolymer gel formation is accelerated, and the
number of unreacted particles remains less, refer to Figures 4.18 - 4.20. SEM image of a 6-
hour steam-cured mixture under 80°C demonstrates the homogeneously packed and dense
geopolymer structure. Under air- and water-curing conditions, unreacted fine aggregate
particles and less homogeneously packed geopolymer structures can be observed. These

findings correlate with Mashifana’s finding [97], which states that high-temperature curing
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induces a dense and uniformly packed geopolymer structure. However, curing at a high
temperature induced microcrack formation in geopolymer mortar matrix because of fast
geopolymerization and quick hardening, reducing compressive strength at 56 days.

Overall, the SEM image analysis revealed that the steam-curing duration does not
significantly affect the microstructural properties of the geopolymer, as well as a combination

of steam curing with CO: curing.
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Figure 4. 19: SEM image of ambient air cured sample 75/25 (M6)
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Figure 4. 20: SEM image of water cured sample 75/25 (M8)

Table 4. 1: EDS results

Element | Line | Mass, % Atom, %
C K 13.44+0.15 | 20.21+0.23
0] K 50.83+0.29 | 57.37+0.33
Na K 3.38+0.07 | 2.66+0.06
Mg K 1.33+0.04 | 0.99+0.03
Al K 6.79+0.08 | 4.55+0.05
Si K 17.36+0.13 | 11.16+0.08
K K 0.33+0.02 | 0.15+0.01
Ca K 6.30+0.08 | 2.84+0.04
Ti K 0.23+0.02 | 0.09+0.01
Total 100.00 100.00

4.4.3. Fourier transform infrared spectroscopy (FTIR) analysis

Figure 4.21 shows the FTIR spectra of geopolymer mortar samples. According to Bell
[98], bands in the range of 900-1000 cm' show the binding materials’ absorption,
consequently forming Si-O-Si and Si-O-Al asymmetric and symmetric stretching bonds in the
geopolymer structure. Shift to a higher number indicates the higher compressive strength and
formation of C-S-H and C-A-S-H gel in geopolymer matrix structure [96]. Thus, it can be
observed that the lowest wave number band is obtained for water-cured and ambient air-cured
mixtures, which correlates with the compressive strength results.

The presence of the O-C-O band in CO: cured samples in the range of 1450-1500 cm *
represents the formation of carbonate products in the geopolymer matrix. This correlates with
the findings from XRD analysis, where calcium carbonate (calcite) formation is observed.

The bond of 2300 cm' indicates the C=0O bonding formation, which indicates the

formation of CO: inside the geopolymer matrix structure. However, the curing regime and
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duration show no significant differences in bond formation. The bands in the 450-500 cm*
range represent the Si-O-M (M-metal) bond vibration, where the M is Fe, Mg, or Al. All
mixtures have the corresponding bond due to the presence of metal cations in the matrix

structure. The curing regime and duration do not affect the formation of the following bond.

—T525 (M2) ——T7525 (M4) 75/25 (M6) —75/25(M8) ——T75/25 (M10) 75925 (M12)

2361,95 1507,45

2362.07

2362.41

2362.1
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2361.85 1000.35

AW
2362.20 1001.14
476,35
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm™)

Figure 4. 21: FTIR spectra



71

Chapter 5 - Conclusion

The research work started from the material characterization stage. Since the key
concept of the work is the utilization of basic oxygen furnace slag (BOFS) as an aggregate
material for geopolymer production, its physical and chemical properties are investigated. The
identified properties of BOFS further affected the geopolymer mixture proportion. The
hindrance associated with BOFS as an aggregate material is the presence of free calcium
oxide (f-CaO) and free magnesium oxide (f-MgO) in its components, which causes expansion
problems.

This research mainly aims to study the effect of the curing regime on the properties of
BOFS-based geopolymer mortar. The different BOFS to sand ratio effect is also evaluated on
geopolymer properties. There are 15 mixture types, where 4 different curing regimes are
studied: steam, ambient air, water, and CO.. While the duration variation of steam curing is 6
and 12 hours, CO: curing is 12 and 24 hours, respectively. 3 different BOFS/sand ratios of
100/0, 75/25 and 50/50 are also compared. The test results as a whole led to the following
conclusions.

e The highest relative flowability was obtained for the geopolymer mixture with a
BOFS/sand ratio of 75/25, and the lowest value was obtained for the mixture with a
BOFS/sand ratio of 100/0. The air content of mixtures increases with the decrease of
BOFS aggregate content.

e Steam curing and the combined steam and CO: curing enhanced the compressive strength
of the BOFS-based geopolymer mixture compared to water and ambient air-curing
regimes. The longer steam-curing duration affected the compressive strength of
geopolymer mortar mixtures at an early age: Compared to the 6-hour steam-cured
samples, the 12-hour steam-cured samples had a greater initial compressive strength. In
contrast, the steam curing duration did not affect the final compressive strength. The
longer CO: curing duration promoted the formation of stable calcium carbonate
compounds, thus enhancing the compressive strength. The highest compressive strength
was observed for a 75/25 BOFS/sand ratio, and such a pattern was related to better bond
interlocking.

e The steam-cured samples had a smaller decrease of dielectric constant with the time in
comparison to ambient air-cured samples owing to the geopolymer matrix's electrically
resistive gel rapidly developing under high curing temperature and denser structure, which

informs about the continuing hydration process occurring in geopolymer matrix. The
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continuous water curing supported the hydration process in the geopolymer mortar
samples. Thus, the dielectric constant value of water-cured samples was highest, with
negligible decrease over time. The combination of steam curing with CO: curing revealed
a lower dielectric constant value than bare steam curing because of the adverse carbon
effect on the electrical conductivity of the geopolymer. The duration of steam and CO:
curing does not affect the dielectric constant value. The BOFS to sand ratio alteration
showed a negligible effect in the change of dielectric constant value.

Water and ambient air-cured samples exhibit the highest shrinkage strain compared to
those cured under other conditions. The longer duration of steam curing results in less
length and mass loss. The combination of steam and CO: curing reduced the shrinkage
strain of 6-hour steam-cured samples. However, 12-hour steam curing combined with CO-
do not result in significant shrinkage strain changes.

The expansion of water-cured and ambient air-cured samples was visible on the 16" day
of testing in 1M NaOH solution due to the formation of unstable compounds Ca(OH). and
Mg(OH).. The CO: curing prevented the expansion of mortar bar samples due to the
formation of stable carbonate, while the steam curing prevented expansion due to
accelerating the hydration and geopolymerization process under high temperatures.

The water expansion characteristic was not affected by the curing regime. The water
expansion characteristic curve underwent smaller fluctuation for a longer steam curing
duration due to a more stable structure formed under the longer hydration process. The
longer CO: curing duration promoted the formation of stable calcium carbonate
compounds, thus stabilizing the water expansion curve fluctuation of geopolymer mortar
samples.

The geopolymerization reaction was more apparent during the steam and CO: curing than
water and air curing. Curing at elevated temperatures contributesd to forming C-S-H gel
and dissolving amorphous crystalline particles. The SEM image of steam-cured samples
demonstrated the homogeneously packed and dense geopolymer structure, and XRD
results revealed the reduction of quartz and mullite peaks intensity, which claims that the
steam curing favors the continuous chemical reaction in the geopolymer matrix. However,
rapid hydration and hardening are the causes of the appearance of microcracks. In contrast
to air- and water-cured samples, the FTIR analysis showed that the Si-O-Si and Si-O-Al
bonds shifted to a higher wavenumber in steam- and CO2-cured samples which indicates
the development of C-A-S-H and C-S-H gel within the geopolymer structure. The steam
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and CO: curing duration did not significantly affect the microstructural properties of the

geopolymer.

The further research work related to this master thesis is as follows:

e Determining the effect of BOFS/sand ratio on the setting time of BOFS-based geopolymer
mortar;

e Determining the effect of curing on flexural and tensile strength of geopolymer mortar;

e Conducting the SEM, FTIR, and XRD analysis on expanded mortar samples that emerged
in 1M NaOH to determine the reason for expansion.

Further room for studying is also related to the one-part geopolymer mortar, where the
geopolymer mortar is prepared from solid alkali activator. A comparison of one-part and two-
part geopolymer mixtures can be carried out to identify their hardened, durability, and
microstructural properties. Moreover, the effect of the curing regime on one-part BOFS-based

geopolymer mortar samples can be studied.
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Figure 1: XRD pattern of (a) Ambient air and (b) Water cured samples
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Figure 2: XRD pattern of (a) Steam cured 6hr + 6hr CO: and (b) Steam cured 6hr + 12hr

CO: cured samples



