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ABSTRACT

Increasing urbanization presents environmental, economic, and social concerns, mainly
derived from the impact of carbon dioxide emissions and rapid waste generation.
Geopolymer concrete (GPC) is an innovative construction material with the potential to
minimize the environmental threat due to fly ash (FA) waste disposal and reduce cement
consumption. In this study, cement-free GPC mixes are prepared using FA as a source of
aluminosilicate material. Sodium silicate (SS) and sodium hydroxide (SH) solutions were
used as alkaline activators with varying SH concentrations of 4 M, 10 M, and 16 M;
sodium silicate to sodium hydroxide (SS/SH) ratios of 1.5, 2.0, and 2.5; and alkaline
liquids to fly ash (AL/FA) ratios of 0.35, 0.525, and 0.70. The influence of the alkaline
liquids on the mechanical properties of fly ash-based geopolymer concrete (FA-BGPC)
were investigated through flexural strength and compressive strength tests in preliminary
tests using prismatic molds. Additionally, water absorption tests through capillarity and
immersion, and another trial of compressive strength tests were done in final tests using
cubic molds. A reference composition using ordinary Portland cement (OPC) was
produced to compare the results. All samples were cured at controlled temperature of
25°C. The optimum flexural strength in the initial tests (6 MPa), and optimum
compressive strength in the final tests (29.4 MPa) was attained with a GPC mix using 10
M, 1.5 SS/SH ratio, and 0.70 AL/FA ratio. It was found that the mechanical behavior of
GPC is similar to that of OPC concrete.

Keywords: Geopolymer; Fly ash; Concrete; Carbon dioxide; Portland cement;

Mechanical proprieties.
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RESUMO

A crescente urbanizacdo envolve preocupagdes ambientais, econdmicas € sociais,
principalmente devido o impacto das emissdes de géas carbonico e rapida geragdo de
residuos. Betdo geopolimérico (GPC) ¢ um inovador material de construgdo com o
potencial de minimizar os impactos ambientais do descarte de cinzas volantes (FA) e
reduzir o consumo de cimento. Neste trabalho, misturas de betdes geopoliméricos, sem
cimento, foram produzidas a partir da utilizagao de cinzas volantes como fonte de material
aluminosilicato. Solugdes de silicato de sodio (SS) e hidréxido de sodio (SH) foram
utilizadas como ativadores alcalinos com concentragdes variaveis de SH de 4 M, 10 M, e
16 M; razdes de silicato de sddio para hidréxido de sodio (SS/SH) de 1.5, 2.0 ¢ 2.5; ¢
razdo de liquidos alcalinos para cinzas volantes (AL/FA) de 0.35, 0.525 e 0.70. Foi
investigado a influéncia dos liquidos alcalinos nas propriedades mecanicas do betdo
geopolimérico a base de cinzas volantes (FA-BGPC) através de testes de resisténcia a
flexdo e compressdo em testes preliminares em moldes prismaticos. Adicionalmente,
testes de absorcdo de dgua por capilaridade e imersdo, e uma nova série de testes de
resisténcia a compressao foram realizadas em testes finais em moldes cubicos. Foi
produzida uma mistura de referéncia com cimento Portland (OPC) para comparar os
resultados. Todas as amostras foram curadas em uma temperatura controlada de 25 °C. A
maior resisténcia a flexao nos testes iniciais (6 MPa), e a maior resisténcia a compressao
nos testes finais (29.4 MPa) foi obtida por uma mistura de betdo geopolimérico com
concentracao de SH de 10 M, razdo SS/SH de 1.5 e razao AL/FA de 0.70. Foi constatado

que o comportamento mecanico das amostras de GPC foram similares ao betdo de OPC.

Palavras-chave: Geopolimero; Cinzas volantes; Betdo; Gas carbonico; Cimento

Portland; Propriedades mecanicas.
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1 INTRODUCTION

Concrete is one of the most used building materials in the construction sector.
Regarding concrete production, one of its main ingredients is cement, a massive
contributor to carbon dioxide emissions due to the combustion process involved in its
production. Over 4 billion tons of cement are produced yearly, representing 8% of global

carbon dioxide emissions'>.

It is predicted that production of OPC will increase by 200% from 2015 to 2025
due to global construction sector demand*°. Cement production requires a high amount
of energy, which results in environmental issues such as increasing emissions of
greenhouse gases (GHGs), particularly carbon dioxide (CO3), nitrogen oxides (NOx) and
sulfur oxides (SOx), although in smaller quantities compared to CO>*®. Considering all
the GHGs, COz emissions are responsible for 65% of global warming, and according to
specialists, the global average temperature could probably increase about 1.4 - 5.8 °C

over the next 100 years’?®,

The manufacture of cement affects the environment in a series of ways; the
procurement of limestone leads to the pollution of land and water and affects the local
ecosystem, flora, and fauna’. Production of OPC liberates almost equal amounts of CO»,

which leads to air pollution’, an increase in global temperature'®, and climate changes!!.

Because of environmental concerns, much research is carried out worldwide to
replace conventional concrete with eco-friendly solutions. One of them, Geopolymer
technology, was introduced to the world by Professor Davidovits in France in 1970'>!,
Geopolymer is a novel binder, the chemistry of which is based on aluminosilicate sources,
which means it is synthesized with minerals that have Al and Si in it”!'*. These
aluminosilicate sources can be of natural origin like metakaolin or be an industrial by-
product like Fly Ash (FA), Ground Granulated Blast Furnace Slag (GGBFS), rice husk
ash, high calcium wood ash, and waste glass powder, mostly industrial materials

worthless after their production® !4,

As a potential substitute for OPC, geopolymer is a low-carbon binder and clinker-
free material made by activating aluminosilicate resources with alkaline sols like silicate,
carbonate, alkali hydroxide, and sulfate!®. It was reported that resorting to GPC would

lessen about 80 percent of the impact caused by cement production over global warming,



and it could reduce the problems caused by limestone mining and FA, GGBFS disposal

as well®.

The use of industrial wastes in alkali-activated geopolymer concrete has become
a matter of recent research on concrete sustainability, not just because of environmental
concerns but also because it was discovered that the material possesses high compressive
strength due its three-dimensional structure'*. Furthermore, GPC could replace traditional
cement-based concrete once presented with similar mechanical properties, durability, and

less environmental impact!?.



2 STATE OF THE ART
2.1 Climate change and CO2

It is well known that over the last few years, climate change has been one of the
most significant concerns due to its direct impact on the environment and global
economy'®. GHGs emissions mainly cause climate change; the Kyoto Protocol defines
these gases as CO,, methane (CHjy), nitrous oxide (N20), and fluorinated gases such as
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulfur hexafluoride (SF6)!".

The major influencing gas and the primary cause of global warming is considered CO,'¢-
18

The increasing levels of CO; emissions in the atmosphere affect life on earth once
it changes in climate indicators, precipitation, rise in temperatures, sea level, and
acidification of oceans'®!”. In 2018, the world faced 315 cases of natural disasters, most
of them were storms, floods, wildfires, and droughts, mainly attributed to climate change,
where 68.5 million people were affected and economic losses of about 131.7 billion

dolars'’.

In 2015, the Paris Agreement was an important international treaty where 195
nations agreed to combat climate change. The main goal was to limit the global average
temperature increase to 2 °C above pre-industrial levels and pursue efforts to limit the
temperature increase to 1.5 °C by the end of the century in 2100'!7. However, the
temperature has increased by 1 °C above pre-industrial levels and will reach 1.5 °C
between 2030 and 2052 and 2.7 °C until 2100 if nothing changes in current emission

rates' 18,

According to the 2022 World Meteorological Organization report!®, real-time data
indicate that global GHGs emissions continued to increase in 2022. In 2021, the latest
data available, record values were reached in the atmosphere: CO> at 149% of pre-
industrial levels, CHs at 262% of pre-industrial levels, and N>O at 124% of pre-industrial
levels. On top of that, in 2022, the temperature achieved approximately 1.15 °C above the

pre-industrial average, being the last 8 years the warmest registered'®.

As can be seen, since the Paris Agreement in 2015, global GHGs emissions have

grown, leading to the necessity of strategies for emissions reduction and mitigation in all



sectors immediately. Otherwise, it will not be possible to keep warming below 1.5 °C by

the end of the century in 2100.

Concerning CO> emissions to the atmosphere caused by human activities, the
primary sources are the oxidation of fossil fuels, deforestation, and carbonate
decomposition!®. Cement, the second-most consumed material after water on earth?, is

the highest contributor to CO> emissions from carbonate decomposition'’.
2.2 Cement Production

Cement is a binder material primarily used in the construction and geotechnical
industries, although its applications are expanding into various emerging fields. These
include nuclear waste containment, biological and dental ceramics, and water filtration?!.
Concerning its use in the construction sector, it can be used as a source material associated
with other ingredients, such as water, sand, and gravel, for concrete and mortar
manufacturing, for instance. After that, cement-based materials are employed worldwide
to produce structures, buildings, roads, bridges, dams, railways, and many other

construction applications®!.

Due to the increasing urbanization and rapid infrastructural development,
especially in developing countries, cement consumption is expected to increase.
Consequently, the impact of cement production on CO; emissions is expected to increase
as well?*?2, According to many authors, reducing CO, emissions from the construction

industry is essential to reaching climate change targets'®.

Cement manufacturing comprises the following steps: quarrying, raw mill, pyro
processing/calcination, clinker cooling, grinding, and transportation’!. CO> emissions
associated with each production stage can be measured and are usually expressed as CO>
equivalent (COz¢q), as can be seen in Figure 1. The majority of COzeq emissions in cement
manufacture is from calcination during clinker production, the main component of
cement. The chemical reaction to produce clinker, in which carbonates (largely CaCOs,
found in limestone) are decomposed into oxides (largely lime, CaO) and CO; by adding

heat!’

, is responsible for 50% of all emissions from cement production?!. In the second
place is the combustion of fossil fuels for calcination because of the high temperature
needed to heat the materials in a furnace to well over 1400 °C!. The 85% of

pyroprocessing COzeq emissions include the 50% of calcination COzeq emissions. Finally,



the remaining emissions come from excavation, transportation, milling, and grinding

processes>!.

Quarrying Raw mill Pyroprocessing
/\ ......... o »
X QE
L - ﬁﬁ

‘s Calcination

4

Grinding Clinker cooling “,

% ~1500°C “
Transportation

gEd :

Figure 1: Simplified diagram of the cement production process (adapted’!).

2.3 Mitigation strategies in the cement industry

In 2009, the International Energy Agency (IEA) proposed Carbon Capture and
Storage (CCS) as the primary strategy to mitigate CO, emissions from the cement
industry. Since then, researchers have kept efforts on track to improve the existing
solutions on the market and explore new strategies, such as Carbon Capture and

Utilization (CCU) %,

A recent study review by Busch et al.?’ shows a consensus between common
strategies currently deployed on cement and concrete decarbonization. The technical
measures include improved energy efficiency, fuel switching, carbon capture utilization
and storage, and reduced clinker-to-cement ratio (low-carbon cement) for cement
production. Similarly, alternative binders, material efficiency, construction efficiency, and
CO> uptake by concrete are used for concrete production. Moreover, other strategies were
also mentioned, such as electricity decarbonization and reduction of transport

emissions?’.

Regarding the decarbonization techniques, fuel switching, and energy efficiency

are widespread in any industry, whereas carbon capture, use, and storage are less



commercialized. All three solutions can mitigate CO> emissions and are linked to the
clinker production level?°. On the other hand, at the cement level, it is possible to reduce
emissions by reducing the clinker percentage, using different clinker compositions, or
using alkali-activated materials®. Finally, at the concrete level, it is possible to fix CO
during curing using carbon utilization technologies and increasing the natural carbonation
process by concrete. This means some CO; uptake will occur naturally in concrete, but
additional methods can improve it. Also, at the concrete level still, other possibilities are
related to material efficiency strategies, efficient design (reduced use of concrete and

cement), reuse of materials, recycling, and others.?’.

Meanwhile, there are barriers to the complete adoption of the mitigation measures
mentioned by the authors, such as higher cost, lack of demand or incentives for low-
carbon products, new standards, market acceptance, technologies in early stages of
development, lack of adequate training, little support for testing and upscaling new

technologies, and so many others®’.

Reducing CO> emissions from the cement industry will require policy
interventions such as reducing transaction costs, reducing fossil fuel use, increasing the
demand for low-carbon cement and concrete, promoting research of new technologies,

and promoting circularity in new materials, for instance?’.

Among all these mitigation strategies mentioned for reducing CO> emissions in
the cement industry, this work mainly discusses reducing the clinker-to-cement ratio and
alternative binders for concrete once clinker production is where the most emissions

occur.
2.4 Alternative solutions to Ordinary Portland Cement

It is well known that cement based on Portland cement clinker is very dominant
in the global market nowadays; consequently, replacing cement with new materials in the
construction industry is not a simple task. There are reasons for that: economy of scale
production and optimized processing, affecting both cost and energy requirements;
widespread availability of raw materials; excellent workability before setting; and deep

knowledge in long-term properties and durability>.

One of the possibilities for decarbonizing the construction industry is to replace

clinker used in Portland cement systems with lower carbon materials, such as reused



waste, industrial by-products, or biomass wastes like rice husk ash?!. These are mineral
additions or supplementary cementitious materials (SCMs) and include almost inert
materials called fillers®. Fillers are fine particulate materials, inert or weakly reactive,
produced by grinding, that can partially replace clinker or other reactive SCMs. Many
materials, such as limestone fillers, can be used as fillers, and they do not require

calcining, their production needs only energy for grinding?’.

Among all the materials that can be used as partial clinker replacement, there are
two by-products from other industries that are commonly utilized: GGBFS, from pig-iron
production in blast furnaces, and FA, generated by burning coal to produce electricity.
However, the most common SCM is the almost inert limestone filler?®. In addition, there
are other possible sources of SCMs and fillers, such as natural pozzolans, calcined clays,
vegetable ashes, waste glass, and silica fume. In summary, any amorphous or imperfectly
crystalline material containing silica, alumina, or lime can be potentially a reactive

SCM?%,

The Getting the Numbers Right (GNR) database from the Cement Sustainability
Initiative (CSI) showed the evolution of clinker substitutes from CSI World Business
Council for Sustainable Development (WBCSD) companies. It is possible to notice that
the rate level of clinker substitution was almost stabilized in the last years of the database.
This corresponds to the fact that the supply of slags and FA, the most desirable substitutes,
was not proportional to the increasing cement production. In other words, the FA and slag
supplies are limited compared to the cement demand. As new SCMs are discovered and

available, they are expected to reduce cement use further®,

In most scenarios, clinker is just partially replaced by these novel materials, which
is advantageous from a regulatory perspective once the existing Portland cement
standards can be adapted. On the other hand, especially for novel cement-free binders,
their adoption in construction can be difficult due the lack of regulatory standards backed

by long term testing and development?!.
2.5 Geopolymer technology

Geopolymer, first introduced by Professor Davidovits®*, is an inorganic polymer
usually produced at temperatures below 100 °C, by a reaction between an alkali-activated

solution (alkali activators) and a raw material rich in aluminum and silicon



(aluminosilicate precursors)**2%. In other words, the process occurs through dissolution
at high pH under alkaline conditions, atmospheric pressure, and at considerably low

temperatures, from room temperature to slightly elevated temperatures®’.

The French scientist Joseph Davidovits discovered that alternative binders for
concrete could be produced through the process of geopolymerization by using different
wastes, such as FA? 3 GGBFS***, metakaolin®*>?7, fibres®®, volcanic ash®, glass

40,41

wastes***!| and farming wastes?”*?. These precursors' reaction depends on their chemical

and physical properties, such as fineness, glassy phase composition, and mineralogy?>.

The geopolymerization reaction, which leads to geopolymer product, is divided
into dissolution, transportation, orientation, condensation, and poly-condensation®*?°.
The first step is the dissolution of silicates and aluminates in an alkali solution to form
precursor ions, which are reoriented and condensed to form monomers. Dissolved AlO4
and SiOs tetrahedrons combine to form monomers by sharing one oxide (O) atom™®.
Monomers interact to form oligomers. Ultimately, the poly-condensed process leads to a

2344 This dissolution and

three-dimensional structure of silicates and aluminates
polycondensation process is called geopolymerization. The geopolymeriation process
leading the raw material to a synthesized 3D network of aluminosilicate structures is
summarized in Figure 2. Also, during geopolymerization, an important information is that
it occurs with nine times fewer emissions of COa, requires 60% less energy, and is

approximately 10-30% cheaper compared with OPC?’.
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Figure 2: Geopolymerization process (adapted*?).



The geopolymer binder possesses amorphous and semi-crystalline framework
structures created by the accompanying (SiO4)* and (AlOs)? tetrahedral®’. Also, the
material possesses higher compressive strength due to the creation of a three-dimensional
structure of aluminosilicate hydrate associated with primary bonding compared to
calcium silicate hydrate of one-dimensional structure with secondary van der Waals

bonding!*.

The GPC consists of three components: a source of aluminosilicate (precursor),
coarse and fine aggregates, and an activating (alkali) solution. Additionally, as GPC may

utilize waste materials, they are considered a sustainable alternative to OPC concrete *°.

GPC has been shown to have excellent properties, including high compressive
strength, reaching more than 85% of its final compressive strength within 48 h. Also,
compared to OPC, the geopolymer has superior durability, higher resistance under
elevated heat, higher resistance to acid attack when exposed to varied acid concentrations
for a year or more, and generally higher resistance against freeze-thaw cycles and salt

scaling®.

Studies have shown a broad set of novel binder materials'>***. However, there
are challenges in standardization and specification, as it is challenging to combine all
these materials' information in the same content. So, this highlights the need for
performance-based specification of alkali-activated binders rather than relying on a

prescriptive approach.
2.5.1 Precursor

In GPC, the precursor can be the inorganic binder agent in the chemical reaction
to bind other materials together. Different kinds of materials are already demanded for
use in Portland cement blends. Consequently, alternative precursors with less competition
in demand have been targeted for their use in alkali activation. For example, calcined non-
kaolinitic clays, pal oil fuel ash, or other minerals. Also, various industrial by-products or

wastes, such as red mud, slags, and FA*S.

Geopolymer precursors are typically composed of a high amount of silicate and
aluminate. These aluminosilicate precursors are critical components of geopolymers, and
their chemical composition plays a vital role in the geopolymerization. It happens because

when these materials are placed in an alkaline medium, they will hydrolyze and condense,
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forming new inorganic polymers that can develop load-bearing capacity. In other words,
aluminosilicate precursors used in geopolymers will dissolve in an alkaline/acidic

medium to form a gel that hardens?2.

FA, GGBFS, and metakaolin are examples of aluminosilicate precursors used to
produce GPC. FA and GGBFS are by-products, and metakaolin is a manufactured

material. However, this study mainly discusses the utilization of FA to produce GPC.

FA comprises powdery, fine particles mainly of spherical shape, which may be
hollow or solid, that constitutes a by-product obtained when coal, biomass, municipal
solid waste, or a mixture of these are combusted. It should be emphasized that all types
of FA are rich sources of SiO2 and Al2O3, and their recovery is a waste management

issue?’.

FA is a waste material produced primarily from coal-fired power production. It is
produced by burning finely ground coal in a boiler to produce electricity and is captured
in a power plant’s chimney through a particulate control device*. The mineralogical and
chemical composition of FA is diverse, and depends on the combusted coal, combustion
conditions, and the type of emission control devices*’. In Portugal, most of the concrete
used is made with coal FA as a SCM. However, Portuguese coal-fired power plants are
being closed as the energy sector and the local government are committed to producing
energy using low carbon sources. So, coal FA supply is expected to decrease, and it is
important to find alternatives to substitute the utilization of coal FA in the concrete

industry*®.

FA can also be produced from the combustion of municipal solid waste, such as
wood, textiles, food waste, paper, and plastics*’. Similarly to coal FA, the chemical and
physical properties of FA are highly dependent on the type of waste being incinerated,
combustion technology, and devices to control air pollution. The current global municipal
solid waste generation is 2.01 billion tons per year and is expected to keep increasing due
to urbanization and people's living standards*’. The incineration of solid waste is a very
effective procedure due to its capacity to reduce the waste volumes. This method varies
from country to country and the municipal solid waste incineration rate can reach as high
as 50-58% in some northern Europe countries®. Significant volumes of FA are still
produced by incineration and their recycling by integration in any industrial process

constitutes an attractive possibility*.
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In general, FA is considered a waste of public concern because it contains a
tremendous amount of soluble constituents and toxic heavy metals such as arsenic,
mercury, copper, cobalt, chromium, and lead, with potential negative impacts on the

environment as well as large land area occupation, which includes fertile farmland*’->°.

At present, FA is deposited in huge quantities in landfills, dumps, or settling ponds.
Due to its relatively low reactivity and heterogeneity, FA is commonly landfilled*’.
However, the disposal methods are far from being environmentally friendly because
heavy elements can easily migrate from FA and through interaction with water, leading
to soil and groundwater contamination. Also, exposure to wind contributes to

environmental pollution by spreading FA particles in the air*’.

Global FA utilization is lower than its annual production, with the reuse rate of FA
recycled being only up to 30%*>*’. The disposal of an excessive quantity of FA is not
preferred, and hence, the modification of waste FA to beneficial and useful materials is

crucial®’.

As an emerging, useful, and low-cost material, several review articles regarding
the utilization of FA have been reported in the literature®®. For example, manufacturing
membranes for oil-in-water emulsion and wastewater treatment®'; the production of
porous materials including thermal insulation, adsorbents, and ceramic membranes®;

FA>? and FA/GGBFS** derived GPC*’.

FA-BGPC is one possibility that could turn waste material (primarily from the
combustion of coal and municipal solid waste) into a useable product, avoiding the
environmental concerns of disposal of FA; FA-BGPC has superior performance and

results in a 40% reduction of CO» relative to OPC concrete®.
2.5.2 Alkaline solution

The alkaline solution used in geopolymerization is generally a combination of
alkali hydroxides and alkali silicates; the most common are sodium hydroxide (SH) with
sodium silicate (SS) and potassium hydroxide (KOH) with potassium silicate (K2SiO3)?,

individually or in combination®.

The KOH exhibited a higher degree of alkalinity, whereas it has been reported that

SH acquires higher efficiency in dissolved silicate and aluminate monomers in the
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aluminosilicate precursors?’. Specifically, many studies suggest the combination of SH

with SS for GPC production*3433-57,

The activator solution is usually the most expensive component of an alkali-
activated binder; it happens because the commercial solutions are produced at high purity
for other industry sectors' applications, which in most cases for commercial alkali silicate
solutions, like sodium silicate solutions, but purity could not be required at a high level
for alkali-activation. Thus, alternative activators, such as silicate activators from olivine

or waste glass, biomass ashes, and near-neutral salts, have been studied in the literature*S.

Some alkali-activated solution parameters could influence the properties of the
geopolymer produced, such as SH molarity, silicates to hydroxide ratio, and alkaline

solution to binder ratio.
2.5.2.1 NaOH Molarity

The SH molarity is an important parameter that has a direct influence on the
properties of the material. Some studies were selected to review the impact of this

parameter in FA-BGPC.

A study was carried out by Ghafoor et al.* to evaluate the mechanical properties
of FA-BGPC cured at ambient temperature *. It was observed that with increasing molarity
of SH, the average compressive strengths of GPC were also increased from 8 M to 10 M,
10 M to 12 M, and 12 M to 14 M, by 55,8%, 10,5%, and 33,0%, respectively. However,
the average compressive strength decreased as the molarity of SH varied by 9% from 14
M to 16 M* Similar results can be seen in other studies, some using different

molarity!'*31-8,

In contrast, Varaprasad et al.?®, explain that the compressive strength of FA-BGPC
was improved at 28 days and curing temperature of 60°C with increased molarity of SH

by 8.5%, 14,7%, and 19,2% at 12 M, 14 M, and 16 M, respectively, compared to the
molarity of 10 M 228, Similarly, it was also observed by some other authors®>>-6!,

In general, increasing the molarity of SH improves the compression strength of

GPC, which could be attributed to the higher dissolution of silicon and aluminum particles

in the geopolymerization process*!*°762; through the leaching out of silica and alumina

with the high concentration of SH®*®*. The improvement in GPC properties when

increasing molarity up to 16 M were reported in these studies®* %6,
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Some authors reported decreased compression strength while increasing the
molarity of SH*125764, Usually, it happens in high molarity solutions, such as 16 M or
higher. Beyond 16 M, the GPC properties decreases due to a lower rate of polymerization
taking place, resulting in a decreased strength®. Also, other studies attributed decreased
strength while increasing molarity due to congestion of hydroxide ions in high molarity
mix (OH)**7; to the fact that overflowing alkali concentration prevents the condensation

of silicate elements'?.

In addition, in this study®’, the compressive strength behavior was changed while
varying SH molarities around 10 M. It was observed that the compressive strength of
GPC increased with increase in SH molarity up to a value of 10 M and on further increase,
the compressive strength decreases. So, according to the authors, this behavior is mainly
due to the fact that SH molarity used for geopolymer synthesis has a positive influence
on dissolution, hydrolysis, and condensation reactions, but excess alkali concentration

hinders the condensation of the silicate species®’.
2.5.2.2 Silicates to hydroxide ratio

Regarding FA-BGPC production, the parameter silicates to hydroxide ratio
represents the ratio between SS and SH by weight. This ratio directly affects the

geopolymerization reaction between the alkali solution and the precursor FA.

A study was carried out by Joseph et al.®’ to investigate parameters on the
performance of FA-BGPC. After casting, the specimens were cured at 100° C for 24 hours
and kept at room temperature until testing. The experiment showed that the compression
strength increased while the SS/SH ratio increased from 1.5 to 2 and 2 to 2.5. On the other
hand, the compressive strength decreased when the ratio moved from 2.5 to 3 and from 3
to 3.5. In other words, the authors showed that the compressive strength increased while
the SS/SH ratio increased to a value of 2.5 and then decreased®’. Regarding the same
authors, increase in compressive strength is mainly due to the change in microstructure
of GPC, which was influence by the quantity of SS. On the other hand, the decrease in
compressive strength is because at high SS/SH ratios, the quantity of SH is not sufficient
for the completion of dissolution process during the formation of GPC%’. Similarly, other
studies reached similar conclusions'?*°. The improvement in GPC strength also may be

due to SS solution improving the polymerization process leading to reaction products
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with more Si and, hence, higher mechanical strength®%®. The increase in strength with

increase in SS/SH ratio were also reported in these studies®*%.

The same research conducted by Ghafoor et al. *, mentioned in previous topics,
also analyzed the effect of the SS/SH ratio on the compressive strength of FA-BGPC
cured at ambient temperature. Their findings demonstrate that increasing the SS/SH ratio
from 1.5 to 2 decreased the compressive strengths of GPC by 5.2%, 7.6%, 7.6%, 10.8%,
and 12.8% at 8 M, 10 M, 12 M, 14 M, and 16 M, respectively. In addition, a second
increase from 2 to 2.5 showed a new reduction of about 4.3%, 2.9%, 12.2%, 15.4%, and
7% at 8 M, 10 M, 12 M, 14 M, and 16 M, respectively. The author mentioned that the
reductions in compressive strength while increasing the SS/SH ratio were due to the
consequent reduction in SH solution and hydroxide ions (OH"), which reduces the
formation of the three-dimensional network of sodium aluminosilicates hydrate [N-A-S-

H] gel*.
2.5.2.3 Alkaline solution to binder ratio

The alkaline hydroxide and alkaline silicate solutions are referred to as alkaline
liquids, and the ratio of their sum by mass to the total mass of FA is defined as AL/FA

ratio or alkaline liquid to binder ratio (1/b)".

Based on the findings of Joseph et al.%’, it was discovered that as the AL/FA ratio
increased up to 0.55, the compressive strength increased, and beyond that, the
compressive strength was negatively affected. They reported that the compressive
strength results of 39, 47, 58, and 44 MPa were obtained with AL/FA ratios of 0.35, 0.45,
0.55, and 0.65, respectively®’. The improvement in GPC properties as a result of
increasing AL/FA ratio were reported in these studies'>®*%>7!. The increasing in the
alkaline activator content increases the GPC strength because increases the Si species
content and the S102/Al,0s3 ratio, resulting in more Si-O-Si bonds which are stronger in

comparison with Si-O-A1472,

In contrast to the earlier findings, an experimental study> observed that increasing
the AL/FA ratio decreased the compression strength of FA-BGPC. So, at 28 days, the
compressive strength of GPC was 18.8, 27.2, and 34.3 MPa, respectively, with AL/FA
ratios of 0.5, 0.35, and 0.3. This was attributed to the fact that any increase in the AL/FA
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ratio leads to decreased friction between the particles due to increased water content in

the reaction medium of the GPC mixtures and a reduction in the compressive strength>!'2.
2.5.3 Water Absorption

In this section it will be discussed the effects of the alkaline solution (SH and SS)
on microstructural properties of GPC, such as the influence of SH molarity, SS/SH, and

AL/FA on water absorption by immersion and capillarity.

In geopolymers, excessive alkali ions in the system leak through the pores and
interact with the CO» in the atmosphere; this mostly results in the formation of white salt
deposits on the surface of samples. This phenomenon is called efflorescence. In general,
when it is not excessive, efflorescence does not affect the mechanical performance of the
material, but it implies deficiencies in the matrix properties and porosity’>. Zhou et al.”
reported that efflorescence increased the water absorption of geopolymers due to the
deterioration of pore structures caused by the crystallization pressure. Apart from
efflorescence, pore structure is likely to be affected by the formation of drying shrinkage

and related microcracks increasing the water absorption results’.

A study carried out by Zaidi et al.”

reported the influence of alkali activators ratio
on GPC for underwater concreting. The geopolymers were synthesized from FA and
kaolin and activated at 1.5, 2.0, 2.5, and 3.0 SS/SH ratios. The results showed that the
water absorption percentage decreases as the alkaline activator ratio increases up to 2.5.
The lowest water absorption of 0.12% was reported using a 2.5 ratio, while the highest
water absorption of 0.41% was achieved using a 1.5 alkaline activator ratio. Lower water
absorption is preferred due to its lower porosity. The sample using 2.5 ratios resulted in
the highest density’”. At lower alkaline activator ratios, the workability of the mixture is
low, which results in poor bonding between the raw materials and alkaline activators,
which increases the possibility of segregation and cement washout during concrete

placement, resulting in low strength, density, and water absorption’>’6,

Based on previous study®*’’

, it may be concluded that the reduction in mechanical
properties and the increase in absorption and porosity because of increasing additional
water content could be due to the increase of voids resulting from the increase of water

content, which has no role in chemical reaction.
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The effect of SH solution molarity on 28-day absorption of FA-BGPC was
reported by Aliabdo et al.**. The SH molarity in this study showed an insignificant role in
water absorption, but generally, the increase in molarity from 12 M to 18 M decreases
water absorption. From test results, the increase in molarity from 12 M, 16 M, and 18 M
decreases water absorption by 5.4% and 1.4%, respectively, compared with the mix with
12 M®. The same study reported the effect of 0.30, 0.35, 0.40, and 0.45 AL/FA ratios on
water absorption. The increase in the AL/FA ratio reduced water absorption. The
reduction in absorption was 8.6%, 12.2%, and 11.2% for GPC mixes with 0.35, 0.40, and
0.45 AL/FA ratios, respectively, compared with the mix with 0.30 AL/FA ratio®. The
same study also reported the effect of the NaOH to Na;SiO3 (SH/SS) ratio on GPC
absorption. The results showed that an increase in the SH/SS ratio significantly increases
water absorption. The increase in absorption was 9.3% and 11.3% for mixes with 0.40

and 0.50 SH/SS ratios, respectively, compared to the mix with 0.30 SH/SS ratio%.

A study synthesized GPC by using FA, SH and SS’. The effects of SH
concentration at 7.5, 10 and 12.5 M, SS/SH ratio at 1, 1.5 and 2, and AL/FA ratio at 0.50
on pore morphology and water absorption were investigated. The pore morphology was
studied by using photograph and the pore diameters were in the range of 1 — 5 mm
approximately. It was found that the increase of SH concentration enlarges the pore size
of the samples. GPC using SH at 7.5 M showed the finer pore than the other mixtures.
When increasing SH concentration, the hydrogen gas is violent and macropores are
formed inside the sample. In addition, the water absorption of GPC was in the range of
22 to 30%. The water absorption increased as the SH concentration increased. The less
pore strcuture of GPC was observed at SS/SH ratio of 2, resulting in sample dense. It was
indicated that the increase of SS/SH ratio obstructs the pore formation. Similarly, water
absorption decreased with increasing SS/SH ratio. Also, when increasing SS/SH, small
pore size and less pore connection were formed. It was concluded that the pore structure
had a significant role on the water absorption of GPC. Regarding the authors, the water
absorption is the measurement of the ability of sample to absorb water by pore sctructure,
which can be related to the pore volume of sample. In practice, pore structure including
pore connection and pore size of each sample cannot be controlled to equivalent achieve,

even though it is the same condition’®.

In this paper”’ was produced lightweight GPC mixing FA with a mixture of SS

and SH as alkaline activator solution. The water absorption, porosity, chemical
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composition, microstructure, X-ray Diffraction, Fourier Transform Infrared
Spectroscopy, and Scanning Electron Microscope analyses were studied. The samples
were cured at room temperature (LW 1) and heat cured at 60 °C (LW2). The compressive
strength of the LW2 samples was greater than the compressive strength of the LW1I
samples. This was attributed to the fact that the porosity and water absorption of the LW2
samples, at 6.78% and 1.22% respectively, were lower than the porosity and water
absorption of the LW1 samples, at 15.29% and 2.35%, respectively. The SEM showed
that LW2 had a denser matrix than LWI1, because heat cured increased the rate of
geopolymerization and hence, increased the strength. However, for LW 1, microcrack
were present on the surface, which increased water absorption and porosity, thus strength

was reduced”’.

This study®® obtained water absorption percentage of GPC using FA around 3.5 —
4%. The water absorption was increased with increasing placement of glass bubble in

GPC but remained within a comparable percentage of 3 — 6.5% of standard concrete®.

This investigation®! manufactured FA-BGPC using SH of 14 M, SS/SH ratio of
2.5, and AL/FA ratio of 0.55. The concrete samples were subjected to water absorption,
water permeability, sorptivity, acid resistance, sulphate resistance, and rapid chloride
penetration tests. Water absorption findings revealed less water absorption by GPC than
OPC. The water absorption study was conducted as per ASTM C 64282, and the tests were
performed on three different cubic samples of 150 mm dimensions for FA-BGPC and
OPC concrete. The average weight gain for FA-BGPC was 1.409% and for OPC was
1.428%. Higher water absorption rates of OPC concrete may be attributed to the existence
of larger voids in the concrete, whereas lower values of water absorption of FA-BGPC
may be ascribed to the formation of a more compact microstructure (polymerization
process develops a three-dimensional network that fills the voids) leading to the fewer
vacancies. In addition, the water permeability test was performed in accordance with DIN
1048 (part 5)%. For FA-BGPC samples, the maximum water penetration under pressure
was found to be 39 mm, compared to 45 mm for OPC concrete. Compared to OPC, low
pore interconnectivity in the GPC matrix may be attributed to the formation of dense
microstructure leading to low water permeability®!. These water absorption studies

reported similar findings®456,

A study®* analyzed the performance of GPC when exposed to marine environment.

Based on the results, it is identified that the water absorption of GPC is lower than of
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OPC concrete, which obtained 4.58% and 11.33%, respectively. The author mentioned
that water absorption with value ranged 3 — 5% is classified as “average” concrete, and
above 6% is classified as “bad” concrete. Low water absorption is a good indicator that
there is limited open porosity that can inhibit high flow of water into the concrete. Since
OPC concrete is a water-based concrete, it is expected that it will absorb more water than
GPC*. However, there is studies where OPC concrete had a lower water absorption rate

than fly ash geopolymer concretes®’.

This study® presents an investigation of FA-BGPC measuring water absorption
and sorptivity. It was used a combination of SH and SS as alkaline activator with the ratio
of 2.5. The SH molarity was fixed as 12 M. The water absorption results were in the range
of approximately 1 — 3%. From test results, the increase in water absorption indicated the
presence of higher void content due to incomplete process of geopolymerization. The
lower water absorption was observed in GPC compared to OPC concrete. The presence
of higher silica content formed higher quantity of aluminosilicate gel and provides very
good interparticle bonding. Hence, the silicate occupies the void spaces between the fly

ash particles resulting in lower water absorption®”.
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3 OBJECTIVES

3.1 General Objective

This study aims to develop FA-BGPC in the laboratory to achieve maximum

compressive strength under a controlled temperature of 25 °C and 90 + 10% relative

humidity curing conditions. Additionally, the study includes testing for flexural strength,

water absorption through capillarity and immersion, and a comparison of the results with

a reference composition employing OPC.

3.2 Specific Objectives

The specific objectives of this research are to:

L
II.
I1I.
IV.

VL

VIL

Characterize the FA and aggregates;

Developing a Design of Experiment for the optimized production of GPC;
Determine a production methodology for GPC based on the literature;
Produce FA-BGPC and a reference composition using OPC;

Preliminary tests: compressive and flexural strength in prismatic molds;
Final tests: compressive strength and water absorption tests by immersion
and capillarity in cubic molds;

Compare results according to the literature.
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4 MATERIALS AND METHODS
4.1 Materials

The reactants used in this work are described below.

e FA provided by Central Termoeléctrica Pego — Abrantes;

e SH pearls (98%) provided by Labkem;

e SS (Na;0 =10.6% and Si0; = 26.5%), provided by Fisher Chemical;
e Sand provided by David & Nuno SA.;

e Gravel provided by Nordeste Betao Lda.;

e Portland Cement CEM II/B-L 32.5N provided by Secil;

e Distilled water.

The chemical composition of FA is presented in Table 1. A mixture of SH and SS
solutions was used as the activator solution. SH solution of concentrations 4 M, 10 M,
and 16 M were prepared by mixing 98% pure NaOH pearls with distilled water (86.17%,
71.37%, and 60.91% water by mass, respectively). The mass ratio of SiO2 to Na,O of the
SS was 2.50 with chemical compositions of 26.5% Si0O, 10.6% Na,O and 62.9% water.
The fine and coarse aggregates used have nominal maximum sizes as indicated in
APPENDIX A and APPENDIX B, respectively, adapted from a particle analysis of gravel
and sand carried out in previous work at IPB® meeting the European Standard
specifications®>”°. Several authors have used the aggregates in saturated surface dry
(SSD) conditions***°. However, fine, and coarse aggregates were used in dry condition

after 24 hours in an oven at 105 °C.

Table 1: Chemical characterization of the FA.

Sample  Fly Ash (%)

Ca 27.47
Si 12.17
Al 9.60
K 2.92
Fe 2.10
Mg 1.87
Zn 0.43
Cu 0.15
Mn 0.08
Total 56.79

o/g 100 ¢
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4.2 Design of Experiments

A Design of Experiment (DOE) has been employed in the present study to
optimize the synthesis of FA-BGPC. The design matrix was composed by a combination
of three levels (-1, 0, +1) for three selected variables. It means that each factor is tested at
low, medium, and high component levels, respectively. Maximum and minimum limits
found in the literature were used in the DOE to expand the realm of possibilities involving

the production of GPC.

It was carried out a preliminary research based on FA-BGPC papers to select three
experimental variables and their levels to use in the DOE. This study adopted Web of
Science as its main source of data. The keyword used for the initial search was
“geopolymer”. To extract relevant documents and data, it was used the quick filter “highly
cited papers”. This search resulted in 133 results. However, 73 documents were opened
one by one to be carefully analyzed. The abstracts for each document were read to ensure
that the papers fall within the research of geopolymer. Several studies using different
precursors appeared in the search, such as papers about geopolymer concrete, mortars,

pastes, mix design procedures, and study reviews.

All 73 documents were downloaded and read to get an overview of the
geopolymer topic. Then, the documents were filtered to get closer to the main objective
of the work. Firstly, the documents were filtered to ‘“geopolymer concrete”. After
removing 35 files about mortars, pastes, and binders, 38 documents were left. Secondly,
the documents were filtered to “production of fly ash-based geopolymer concrete” and
“production of blended fly ash-based geopolymer concrete”. This second filter removed
5 files about mix design procedures and study reviews. From the 33 papers left, the three
variables and their ratio were chosen to be used in the DOE. Regarding the selection of
the variables, the objective was to select the three main variables that could affect the
compressive strength of FA-BGPC. It was noticed that some of the variables selected

could be:

e Si/Al ratio of FA;

o AL/FA;

e Superplasticizer dosage and extra water;
e FA content;

e Aggregate content;
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e SS/ SH;
e SH molar concentration (M);

e Curing conditions and curing ages;

Among all parameters found in the literature, three were selected as the core of
the work: SH molarity, SS/SH ratio, and AL/FA ratio. Following, Table 2 presents a
summary of noteworthy studies of FA-BGPC found in the literature that were used to

select the range of the three variables chosen to be used in the DOE.

Table 2: Summary of previous studies of GPC.

Research Study  Precursor Variables Investigated Curing Compression
. Strength
SH Molarity SS/ISH AL/FA (MPa)
EA Controlled temperature of
Nath et al.3* { 14M 1.5,2.0,2.5 0.35,0.40,0.45 20-23°Cand 65 + 5% 25
GGBFS . o
relative humidity
EA Ambient condition at 20 + 2
Deb et al. y 14M 15,25 0.35,0.40 °C and 70 + 10% relative 27
GGBFS L
humidity
Ramujee etal.® FA 8M, 16M 2.0,25 0.35,0.40,0.50 Heat cured at 60 °C for 24 h 31
8M, 10M, 12M Room temperature of
4 L] L] 1
Ghafoor et al. FA 14M., 16M 1.5,2.0,2.5 0.40,0.50, 0.60 23 42 °C 215
FA, Room temperature of 18-23
Nath et al.> GGBFS, 14M 25 0.35, 0.40 °C and 70 + 10% relative 25.6
OPC humidity
EA Ambient condition at 30
Karthik et al.% GG'BFS 4M, 8M 2.5 0.45 + 2 °C and relative humidity 28.4
of 65 + 5%
. 0.40, 0.50, 0.60
92 ’ y y o
Pavithra et al. FA 16M 1.5 0.70. 0.80 Oven at 60 °C for 24 h 38.7

Regarding the papers mentioned in Table 2, while some researchers have produced
combinations of FA with other materials like GGBFS**%+7 and OPC>’ as precursors in
GPC, this work exclusively produces fly ash-based precursors. Also, some researchers
used heat-cured conditions above 60 °C>*?2 but this work only used curing under a
controlled temperature of 25 °C. Nevertheless, all these studies were analyzed in this

preliminary research.

In advance of creating the DOE, the three parameters chosen were selected in a
range to use and define each mixture composition. Regarding Table 2, these 7 studies

were selected from the 33 papers filtered previously because they represent the maximum
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and minimum limits of the three variables chosen. So, the NaOH molarity was defined in
the range from 4 M to 16 M, the SS/SH from 1.5 to 2.5, and AL/FA from 0.35 to 0.70.
The AL/FA ratio of 0.80 from the study of Pavithra et al.”> wasn’t used in this analysis
because the authors reported collapse in the slump test due high content of water in the
mixture. Each factor was tested at three levels of component content, high (1), medium
(0), and low (-1). Table 3 shows the ranges and experimental values of the independent

variables that were considered for the design®’.

Table 3: Experimental variables and their levels used in the DOE.

Factor Original Factor (x) Levels

-1 0 1
SH (M) X1 4 10 16
SS/SH X2 15 2.0 2.5
AL/FA X3 0.35 0.525 0.70

The design was created using Minitab 16 Statistical software, which was only used
for design conception. Then, fifteen geopolymer experiments were synthesized using the
DOE approach to start the laboratory activities of FA-BGPC production. The parameters
not analyzed in this study were kept constant. Table 4 displays the experimental design

matrix used in the work.

Table 4: Design of Experiments.

Experiment Coded Factors SH (M) SS/SH AL/FA
Logical Random Mix ID x1 X2 x3

1 6 GP1 1 0 -1 16 2 0.35
2 5 GP2 -1 0 -1 4 2 0.35
3 14 GP3 0 0 0 10 2 0.525
4 3 GP4 -1 1 0 4 2.5 0.525
5 9 GP5 0 -1 -1 10 15 0.35
6 1 GP6 -1 -1 0 4 15 0.525
7 12 GP7 0 1 1 10 25 0.70
8 8 GP8 1 1 16 2 0.70
9 7 GP9 -1 0 1 4 2 0.70
10 2 GP10 1 -1 0 16 15 0.525
11 11 GP11 0 -1 1 10 15 0.70
12 13 GP12 0 0 0 10 2 0.525
13 10 GP13 0 1 -1 10 2.5 0.35
14 15 GP14 0 0 0 10 2 0.525
15 4 GP15 1 1 0 16 25 0.525
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4.3 Mixture proportions

The fifteen experiments presented in the DOE (Table 4) were used to produce
fifteen compositions of geopolymer concrete. However, the experiments 3, 12 and 14 are
the three center nodes, which means these experiments present the same factors. The DOE
provides the parameters of the activator solution, which is the ratio and molarity of SH
and SS, but it doesn’t provide the quantity of FA/cement, coarse and fine aggregates to
produce geopolymer concrete. These mixture parameters, such as quantity of FA and
aggregates were included in the literature research on geopolymer concrete before starting

laboratory activities, but they weren’t considered as factors in the DOE.

The mixture quantities are usually in SSD condition of the aggregates. Although
when aggregates are either dry, partially dry, or moist, the water and aggregate
adjustments need to be done similar to the practice in OPC. Once the values of all
constituents are determined, a final volume check is performed, and fine adjustments can
be made’®. The workability of the samples wasn’t measured. From laboratory tests, mixes
produced using higher volume of alkaline solution presented higher workability,
compared to those mixes produced using lower volume of alkaline solution. In general, it

was observed that the workability of GPC was similar to the workability of OPC concrete.

In this study, the aggregates were used in dry conditions, and trial mixtures were
tested to adjust the water content in the mix using GP9 (Table 4) as a reference. It wasn’t
performed final volume check and fine adjustments in the proportions and volume of the
total aggregates. FA, coarse, and fine aggregates were fixed in all geopolymers according
to reference compositions found in the literature. The final unit weight of the GPC was
varied according to the amount of alkaline solution and the addition of water. However,
these studies suggest the development of a mixed design procedure for FA-BGPC where
adjustments using specific gravity of the materials, proportion and volume of aggregates,

and density variability were done’%%2,

GP9 is the geopolymer mix with the highest water content, because this
composition has 0.70 AL/FA and 4 M. This composition was expected to present the
lowest addition of water, compared to other geopolymers. From laboratory tests, GP9 mix
achieved good workability without any extra water. For this reason, this composition was
used as a reference to keep a similar amount of water in all geopolymer mixes. Similarly

to OPC concrete, it is possible to calculate the water content, or the addition of water



25

required to achieve a specific water ratio in geopolymer concrete. From geopolymer

34.56.70.92 gyggest the utilization of the equation (1) to calculate

literature, several studies
the water to geopolymer solids ratio by weight (W/GPS). So, this equation was employed
in this study to calculate the addition of water in geopolymers. Where, W, is the water

content in the hydroxide solution, Wy; is the water content in the silicate solution, Wy,
is any extra water added, Solids,y is the solid content in the hydroxide solution, and
Solidsg; is the solid content in the silicate solution. Using the equation (1), considering
trial mixtures using 350 kg/m? and 400 kg/m? of FA and no extra water added, GP9 mix
achieved 0.41 W/GPS ratio. Then, this ratio was fixed to all geopolymers produced. It
was reported in this study®? the utilization of 0.37 W/GPS ratio, which also was used high
ratio of alkaline solutions, such as 0.60 and 0.70 for FA-BGPC production. The required

amount of water for each geopolymer mix was calculated according to the equation (1).

Wfree + WOH + WSL' _ w
FA + Solidsyy + Solidss;  GPS

(1

This study was divided into two parts. First, preliminary tests were conducted to
evaluate the mechanical properties of FA-BGPC. Then, final tests were carried out with
a focus on the best geopolymers from the preliminary tests. The mixture proportion, the
molds, and the tests weren’t the same in the preliminary and final tests. The reference
mixture proportion used in the preliminary and final tests will be presented next, whereas

the molds and tests will be furthered in the following topics.

In the preliminary tests, a reference mixture proportion of concrete was used from
previous studies carried out at IPB regarding concrete blocks incorporating diatomaceous

earth®. This reference mixture proportion of concrete is outlined below in Table 5.

Table 5: Reference mixture proportion in the preliminary tests.

Designation Preliminary tests - Reference mixture proportion (kg/m3)
Cement Coarse Agg. Fine Agg. H20
Reference Composition  350.00 1010.06 804.35 218.50

Then, using the reference mixture proportion (Table 5) and the DOE presented
previously combined (Table 4), the mixture proportions of FA-BGPC produced in the
preliminary tests are presented in Table 6. The designation of GP means the mix number,

SH molarity, SS/SH ratio, and the AL/FA ratio, respectively. Only REF-OPC was
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produced using Portland cement at 0.62 water to cement ratio (a/c). All geopolymers were

produced using only FA as a precursor at a 0.41 W/GPS ratio. It was used the same

quantity of cement and FA by mass following the reference mixture in Table 5.

Table 6: Mixture proportions in the preliminary tests.

Designation Preliminary tests - Concrete mixture quantity (kg/m3)

FA Coarse Agg. Fine Agg. SS SH H,0 W/GPS
GP1-16-2.0-0.35 81.67 40.83  86.36
GP2-4-2.0-0.35 81.67 40.83 7181
GP3-10-2.0-0.525 12250 61.25 48.69
GP4-4-2.5-0.525 131.25 5250 38.78
GP5-10-1.5-0.35 73.50 49.00 79.36
GP6-4-1.5-0.525 11025 7350 31.88
GP7-10-2.5-0.70 175.00 70.00 18.44
GP8-16-2.0-0.70 350 1010.06 804.35 163.33 81.67 29.10 041
GP9-4-2.0-0.70 163.33  81.67 0.00
GP10-16-1.5-0.525 110.25 7350 58.07
GP11-10-1.5-0.70 147.00 98.00 15.10
GP12-10-2.0-0.525 12250 61.25 48.69
GP13-10-2.5-0.35 87.50 35.00 81.03
GP14-10-2.0-0.525 12250 61.25 48.69
GP15-16-2.5-0.525 131.25 5250 57.48

In the final tests, the reference mixture proportion was changed based on previous

work exclusively on GPC**. The quantity of FA, sand, and gravel was changed from

350.00 kg/m? to 400.00 kg/m?, from 804.35 kg/m? to 651.00 kg/m?, and from 1010.06

kg/m?* to 1209.00 kg/m?, respectively. Also, according to this reference mixture

proportion, the alkali solution is the only water source; no extra water or superplasticizer

was added. However, trial mixes carried out at the laboratory required the addition of

water to achieve minimum workability. Then, similarly to the preliminary tests, extra

water was added in the final tests. These studies reported using extra water’’ and

superplasticizers®”? to improve workability of GPC. Several authors reported that similar

mixture proportions achieved higher compressive strength in GPC***°>7, The reference

mixture proportion used in the final tests is presented in the Table 7:

Table 7: Reference mixture proportion in the final tests.

Designation Final tests - Reference mixture proportion (kg/ms)
FA Coarse Agg. Fine Agg.
Reference Composition ~ 400.00 1209.00 651.00
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The quantity of alkali solution depends on the quantity of FA in the binder. Once
the quantity of FA is changed, the quantity of alkali solution is also changed. The higher
the amount of FA, the higher the alkali solution amount. So, the mixture proportions of
GPC produced in the final tests are presented in the Table 8. In the same way, the
designation of GP means the mix number, SH molarity, SS/SH ratio, and the AL/FA ratio,
respectively. Also, REF and GPC were produced at the same water ratios of preliminary

tests, which is 0.62 and 0.41, respectively.

Table 8: Mixture proportions in the final tests.

Designation Final tests - Concrete mixture quantity (kg/m3)

FA Coarse Agg.  Fine Agg. SS SH H,0 W/GPS
GP1-16-2.0-0.35 93.33 46.67 98.69
GP2-4-2.0-0.35 93.33 46.67 82.06
GP3-10-2.0-0.525 140.00 70.00 55.65
GP4-4-2.5-0.525 150.00 60.00 44.31
GP5-10-1.5-0.35 84.00 56.00 90.69
GP6-4-1.5-0.525 126.00 84.00 36.44
GP7-10-2.5-0.70 200.00 80.00 21.08
GP8-16-2.0-0.70 400 1209 651 186.67 93.33 33.26 0.41
GP9-4-2.0-0.70 186.67 93.33 0.00
GP10-16-1.5-0.525 126.00 84.00 66.37
GP11-10-1.5-0.70 168.00 112.00 17.26
GP12-10-2.0-0.525 140.00 70.00 55.65
GP13-10-2.5-0.35 100.00  40.00 92.60
GP14-10-2.0-0.525 140.00 70.00 55.65
GP15-16-2.5-0.525 150.00  60.00 65.69

Studies suggest that GPC has final unit weight of 2420 kg/m***>°7; 2400
kg/m*2. As is the case with OPC concrete, total aggregates make up 70%°%7; 75%"°;
80%°%; from 74% to 82%”*; of the mass of GPC while the percentage of fines may be
taken as about 30%%%! or 35%!23+3567 of the total aggregates. The final unit weight of
the GPC was varied according to the amount of alkaline solution and the addition of water.
Geopolymers that were produced with higher quantity of alkaline solution will have
higher final unit weight, even having the same W/GPS ratio compared to other
geopolymers. It happens because any addition in a mass of extra water only increases the
water content in the mixture, whereas as part of the alkaline solution is composed of
solids, any addition in a mass of the alkaline solution increases the water content and the
solids content. Increasing the mixture's water and solids content reduces the variation of

W/GPS ratio. In other words, the same addition in mass of alkaline solution results in
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higher final unit weight and lower increase in W/GPS, compared to only water addition.
As can be seen in Table 9, the final unit weight of GPC was slightly lower in the
preliminary tests, and slightly higher in the final tests, compared to the literature (2420
kg/m3*+3357; 2400 kg/m**°?). The variation of the final unit weight could be resolved
through fine adjustments in the proportions and volume of the total aggregates in the
mixtures. Altering the values of FA, AL/FA ratio or water may have significant effect on
the strength’®. The total aggregates were between 72% and 77% of the mass of GPC,
while the final combined aggregate volume was a combination of 44% of fine aggregate
and 56% of coarse aggregates®®, and 35% fine aggregate and 65% of coarse aggregates>>
in the preliminary and final tests, respectively. In this study review of FA-BGPC'?, the
optimum fine aggregate to the total aggregate was 35%°’. Also, the optimum total
aggregate content was 78%, higher content declined compressive strength of FA-BGPC
due to insufficient binding material for holding the aggregates together®. As a result, a
limit proportion of fine aggregate and total aggregate content for a given type of coarse

and fine aggregate produces the best compressive strength for the FA-BGPC!2,

Table 9: Final unit weight of concrete.

Designation Preliminary tests Final tests

Unit weight ~ Agg. Cont./Total mass  Unit weight Agg. Cont./Total mass

(ka/m9) (%) (kg/m?) (%)
REF-OPC 2382.91 0.76 2509.71 0.74
GP1-16-2.0-0.35 2373.27 0.76 2498.70 0.74
GP2-4-2.0-0.35 2358.64 0.77 2481.98 0.75
GP3-10-2.0-0.525 2396.86 0.76 2525.66 0.74
GP4-4-2.5-0.525 2386.87 0.76 2514.23 0.74
GP5-10-1.5-0.35 2366.26 0.77 2490.68 0.75
GP6-4-1.5-0.525 2380.00 0.76 2506.39 0.74
GP7-10-2.5-0.70 2427.88 0.75 2561.11 0.73
GP8-16-2.0-0.70 2438.64 0.74 2573.40 0.72
GP9-4-2.0-0.70 2409.41 0.75 2540.00 0.73
GP10-16-1.5-0.525  2406.34 0.75 2536.49 0.73
GP11-10-1.5-0.70 2424.60 0.75 2557.37 0.73
GP12-10-2.0-0.525 2396.86 0.76 2525.66 0.74
GP13-10-2.5-0.35 2367.90 0.77 2492.55 0.75
GP14-10-2.0-0.525  2396.86 0.76 2525.66 0.74

GP15-16-2.5-0.525  2405.68 0.75 2535.74 0.73
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4.4 Mixing, sample preparation, and curing

The sodium hydroxide solution of the desired concentration (4 M, 10 M, 16 M)
was prepared 24 hours earlier to ensure the complete dissolution in distilled water. The
NaOH pearls were weighed using an analytical balance, and then the solution was
prepared by mixing the pearls in distilled water for 15 min in a magnetic stirrer. After 24
hours, the SS and SH solutions were mixed for 10 min in the magnetic stirrer for 30 min
before mixing with other ingredients to enhance the reactivity of the solution. The coarse
and fine aggregates and FA were weighed (Figure 3) and dry-mixed in a laboratory pan
for 1 min. Then, the alkali solution was added to the mixer for 2 more minutes. Finally,
the extra water was gradually added for 2 — 5 minutes until uniform consistency was

achieved. The amount of extra water was registered for each composition.

Figure 3: Fly ash, sand, gravel, and distilled water weighed.

In the initial tests, 160 x 40 x 40 mm dimensions acrylic molds were filled with
geopolymer concrete in one layer and compacted on a vibrating table for 2 min. An elastic
around the prismatic molds was used to avoid material loss between the faces of the

molds, as presented in Figure 4.
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a)
Figure 4: (a) Acrylic molds (b) Prismatic molds filled with geopolymer concrete.

Meanwhile, in the final tests, cubic molds of 100 mm dimensions were compacted
into 2 layers; in this case, the first layer was compacted with 25 strokes using a metal rod,

and the second layer on a vibrating table for 2 min (Figure 5).

a) b)
Figure 5: (a) Compaction of the first layer (b) Fresh concrete at the vibrating table.

The molds were then cured in a chamber with a controlled temperature of 25 °C
and 90 £ 10 % relative humidity for 28 days. The samples were de-molded 48 hours after
casting using a compressed-air pistol and remained inside the chamber in the same

temperature and humidity conditions until being tested at 28 days (Figure 6).
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a) b
Figure 6: (a) Cubic molds filled with GPC (b) GPC storage inside the chamber.

The mixing procedure adopted in this study is summarized in Figure 7. Similar

mixing procedures were reported in these studies*>°.

SH solution
Stirrer for 15 min

FA + Coarse +
Fine Agg.

FA-BGPC H
de-molded after 48 h v

Dry mixing FA + Agg. 1 min

Alkaline solution +2 min
- Extra water +2~5 min

o
Crrrrnrnnnnnnana, : Grrerrerianannnnians
1st layer
2nd layer 25 strokes
Vibrating table 2 min *only cubs

Figure 7: Simplified FA-BGPC mixing procedure.
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4.5 Experimental tests

4.5.1 Preliminary tests - Flexural and compressive strength testing in prismatic

molds

In the preliminary tests, three samples were made and cast in prismatic molds for
each of the fifteen geopolymer concrete compositions and the cement reference
composition. The concrete standard EN 12390-1% requires a minimum dimension of the
prismatic mold of 100 mm. However, in order to reduce the quantity of materials spent in
this preliminary test, the samples were cast into prismatic molds of 40 x 40 x 160 mm
dimensions and tested for flexural and compressive strength, respectively, following the
standard of cement NP EN 196-1°%. The samples were tested at the age of 28 days and
removed from the humidity chamber 24 hours before being tested to avoid excess
moisture. Accordingly, the standard for the same sample is tested for flexural strength,
and then the two remaining parts are tested for compressive strength. So, it means each
specimen provides one result from flexural strength and two results from compressive
strength. All the prismatic samples were weighed and measured at the beginning of the
initial tests. Due to the weakness of the acrylic molds, even using elastic bands around
the mold, some samples lost material during compaction through the mold connections.
Also, some molds could not support the weight of the GPC and became deformed after
compaction in the vibration table. So, taking this into account, some samples presented

less weight and irregular dimensions.

Regarding the test procedure, the prism is first placed in the testing machine
between the three supporting rollers, one at the top of the mold and the other at the bottom
(Figure 8). The distance between the two supports is 100 + 0.5 mm. The load is applied
vertically in the middle of the specimen at the rate of 50 +£ 10 N/s until fracture. The

flexural strength is calculated from the equation (2), which was taken from the standard®®:

1.5 X Fr X1
Rf:T (2)
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Where:

R¢= Flexural Strength [MPa]

F = Maximum load [N]

1 = Distance between the bottom supports [mm]

b = side of square section [mm]

) | b)

Figure 8: (a) Flexural Strength machine (b) Prismatic mold placed in the machine.

After the flexural strength test, the prism halves are tested for compression
strength. The center of the prism halves is placed between 40 x 40 mm platens of hard
steel, and the load is increased at 2400 + 200 N/s until fracture of the specimen (Figure
9). The compressive strength is calculated from the equation (3), which was taken from
the standard®®:

F,

~ 1600 3

R¢

Where:
R = Compressive strength [MPa]
F¢ = Maximum load at fracture [N]

1600 = section area = area of the platens (40 mm x 40 mm = 1600 mm?) [mm?]
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Figure 9: Compressive strength prismatic molds.

The final test results are defined as the arithmetic mean of the three flexural
strength determinations and the six compressive strength determinations conducted on a
set of three prisms for each of the fifteen geopolymer concrete compositions and for the

reference composition of cement.
4.5.2 Final tests

In the final tests were made 2 samples in cubic molds of 100 mm dimensions for
each geopolymer and cement composition to be tested for water absorption through
capillarity and immersion tests. The determination of water absorption through capillarity
and immersion was carried out following the standards from the National Laboratory of
Civil Engineering, LNEC E 393%7, and LNEC E 394, respectively. These standards
recommend that specimens age of at least 28 days. In addition, for the seven highest
average compressive strength compositions from the initial tests were made three more
samples in cubic molds to being tested at the age of 28 days for compressive strength

following the standard NP EN 12390-3%.
4.5.2.1 Capillarity Water Absorption Tests

The water absorption tests through capillarity were carried out following the
standard LNEC E 393°". The standard recommends that specimens be placed in an oven

for fourteen days at 40 £ 5 °C to ensure complete moisture removal. Conversely, it is
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allowed to adopt other strategies since the information is recorded in the report and
applied similarly to all samples. Then, the strategy adopted in this study was to remove
the specimen from the humidity chamber 24 hours before the test, which is the same

procedure for the flexural and compressive strength tests.

The initial step was to record the initial mass of the specimens and place them in
a straight tray. The bottom of the tray must have support, which are not specified in the
standard®’, but they are essential not to allow contact between the specimen and the tray
to keep the flow of the water. For this reason, two plastic pipes were used for each sample.
After that, the tray was filled with water until the height of 5 = 1 mm using a metal ruler
(Figure 10). The standard recommends the utilization of a desiccator dryer vacuum to
cover the specimens to avoid water loss; nevertheless, there was not enough equipment
for all samples, so it was not utilized, and the samples were left to the air at room

temperature of 17.5 °C and 54% relative humidity during all measurements of the test.

Figure 10: Capillarity test.

After the beginning of the test, the weight of the specimens was registered at 3, 6,
24, 48, and 72 hours. Before measuring the weight, the specimen was placed on a non-
absorbent balcony for 60 + 5 s to remove the excess water, and then the specimen returned
to the tray until the next measurement of the test. The water absorption through capillarity
is defined by the equation (4), as indicated in the standard®’:

_ M;—M,

= 4
AL = =57000 @)
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Where:
Ai = Water absorption in a specific time [g/mm?]
Mi = Mass in a specific time[g]

Mo = Initial mass of the specimen [g]

10.000 = Section area (100 x 100 mm = 10.000 mm?) [mm?]
4.5.2.2 Immersion Water Absorption Tests

The water absorption tests by immersion were carried out following the standard
LNEC E 3948, The specimens must be placed in a container and filled with water at 20
+ 3 °C until saturated mass. The procedure is divided into three parts with breaks of 1
hour. So, at the beginning of the test, the container is filled up to 1/3 of the specimen's
height, then 1 hour later up to 2/3, and more 1 hour up to a maximum of 20 mm above
the surface of the specimen. The container was marked outside using a green pen at the

height of the three levels of water, as represented in the figures Figure 11 and Figure 12:

" b R
Figure 11: (a) GP4, GPS5, and GP6 (b) cement reference composition underwater.
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a) b) c)
Figure 12: (a) First, (b) second and (c) third layer of water, respectively.

After 24 hours of immersion, the first measurement is done, so the specimen is
removed from the plastic container and dried. Then, the sample is weighed, and the
saturated mass of 24 hours is measured. The saturated mass is obtained when the
difference between two measurements in intervals of 24 hours is less than 0.1 % of the
average of the exact measurements. Therefore, 48 hours after the beginning of the
immersion test, the same process must be followed, and the weight variation must be
analyzed to stop the test or keep it going until the mass is almost stable. Once the saturated
mass of the specimen is obtained, the next step is to weigh it underwater using a
hydrostatic balance to find its hydrostatic mass. The water must be at 20 = 3 °C; the
temperature must be verified before weighing the specimen using a thermometer (Figure

13).

a)

Figure 13: (a) Sample inside the metallic container (b) thermometer.
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Figure 14: (a) Hydrostatic balance (b) drying process in the oven.

The final step is to dry the specimen in the oven at 105 + 5 °C temperature to take
the dry mass (Figure 14). The dry mass is achieved in the same situation as the saturated
mass, so when the difference of two measurements in intervals of 24 hours is less than
0.1 % of the average. The water absorption by immersion is obtained from the equation

(5), which was taken from the standard”®:

A; = MM 100 (%)
Where:
m; = Saturated mass [g]
m; = Hydrostatic mass [g]
m3 = Dry mass [g]

4.5.2.3 Compressive strength testing in cubic molds

The specimens were tested following the standard NP EN 12390-3% at the age of
28 days, and they were removed from the humidity chamber 24 hours before being tested

to avoid excess moisture.

Regarding the test procedure, the specimen was weighed and positioned centrally
within the load cell, which had a maximum capacity of 1000 kN, and was subjected to
axial compression testing under displacement control. The tests were conducted at a

constant speed of 0.1 mm/s until failure. The testing procedure is illustrated in Figure 15:
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b)
Figure 15: (a) Weight of the specimen (b) Compression test cubic molds.

The rate of the load must be in the range of 0.6 + 0.2 MPa/s (N/mm?.s), and the
initial load should be applied as close as possible to the specimen and without shock; after

that, the load continuously increases until failure.

The final compressive strength is expressed as the arithmetic mean of the three
specimens to the nearest 0.1 MPa (N/mm?). After the type of failure is identified, the test
can be classified as satisfactory or unsatisfactory, and this shall be recorded once many

factors cause the type of failure.
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5 RESULTS AND DISCUSSION
5.1 Preliminary tests

The preliminary tests assessed the samples' flexural and compressive strength
using prismatic molds. The weight and measurements of each specimen are presented in
APPENDIX C. Following these measurements, the specimens were subjected to flexural
strength and compressive strength tests. The results for all geopolymers and reference
compositions are presented in APPENDIX D. In summary, Table 10 and Figure 16 present

the average results, standard deviation, and coefficient of variation of GPC and OPC

mixes.
Table 10: Average, standard deviation, and coefficient of variation.
Designation Flexural Strength Compressive Strength
Average Standard Coefficient of Average Standard Coefficient of
(MPa)  deviation (MPa) variation (%) (Mpa) deviation (MPa) variation (%)
REF-OPC 4.2 0.49 11.55 27.3 2.32 8.51
GP1-16-2.0-0.35 3.6 0.32 9.12 7.7 2.12 27.37
GP2-4-2.0-0.35 0.0 0.00 0.00 0.0 0.00 0.00
GP3-10-2.0-0.525 5.3 0.16 3.09 20.5 6.80 33.15
GP4-4-25-0.525 5.0 0.32 6.54 14.7 5.89 39.99
GP5-10-1.5-0.35 15 0.86 57.28 2.1 291 141.65
GP6-4-1.5-0.525 1.7 0.28 16.67 55 1.14 20.75
GP7-10-2.5-0.70 5.4 0.16 2.99 16.0 5.57 34.83
GP8-16-2.0-0.70 5.9 0.27 4.57 13.5 3.74 27.68
GP9-4-2.0-0.70 4.0 0.16 4.03 13.9 3.88 27.84
GP10-16-1.5-0.525 5.0 0.16 3.3 13.7 1.58 115
GP11-10-1.5-0.70 6.0 0.42 6.96 20.9 1.41 6.73
GP12-10-2.0-0.525 4.8 0.28 5.88 15.8 3.45 21.89
GP13-10-2.5-0.35 25 0.28 11.11 12.0 1.32 11.01
GP14-10-2.0-0.525 4.5 0.28 6.25 20.2 1.61 7.98

GP15-16-2.5-0.525 4.6 0.16 3.53 25.4 3.71 14.62
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[ |Flexural strength (28 days)
[ Compressive strength (28 days)

Label:

REF-OPC
GP1-16-2.0-0.35
GP2-4-2.0-0.35
GP3-10-2.0-0.525
GP4-4-2.5-0.525
GP5-10-1.5-0.35
GP6-4-1.5-0.525
GP7-10-2.5-0.70
GP8-16-2.0-0.70
GP9-4-2.0-0.70
GP10-16-1.5-0.525
GP11-10-1.5-0.70
GP12-10-2.0-0.525
GP13-10-2.5-0.35
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Figure 16: Average flexural and compressive strength in the preliminary tests.

The GP1, GP5, GP6, GP13, and REF mixes presented higher coefficients of
variation in the flexural strength results, while the GP3, GP4, GP5, and GP7 mixes
showed higher coefficients of variation in the compressive strength results. One reason
for this variation is the irregular shape of some samples, which became deformed after
the compaction process, as mentioned previously in section 4.6.1 of the experimental

procedure chapter.

The GP3, GP4, GP7, GPS8, GP10, GP11, GP12, GP14, and GP15 mixes exhibited
higher flexural strength than REF. Among all compositions, including the reference
cement composition (REF), the geopolymer GP11 presented the highest average flexural
strength result, approximately 6 MPa, whereas REF achieved 4.2 MPa. Conversely, the
average compressive strength of GP11 was 20.9 MPa, while REF recorded 27.3 MPa.
Therefore, compared to REF, the GP11 composition presented higher flexural strength
but lower compressive strength. Usually, the flexural strength of GPC is significantly
higher than the flexural strength of OPC for similar compressive strengths®. Previous
studies have also reported that the flexural strengths of ambient cured GPC were higher

than those of OPC concrete for similar compressive strengths*>’.

The GP11 mix, which achieved the highest flexural strength, was synthesized

using medium SH molarity, 10 M. This study ¢’

analyzed varying SH molarities,
determining that an SH concentration of 10 M was optimal. In this study?, it has been

reported that increasing SH molarity from 8 M up to 14 M increases GPC strength, but
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with higher molarities, the strength decreases. Similar results were achieved in other
studies'>*138, According to this author®” the SH molarity used for geopolymer synthesis
has a positive influence on dissolution, hydrolysis, and condensation reactions, but excess
alkali concentration hinders the condensation of the silicate species®’. In contrast with the

4,12,57,64

previous findings, these studies reported decreased strength while increasing SH

molarity. These decreased in strength was attributed to the congestion of hydroxide ions

in high molarity mixes (OH")*%’

and the overflowing alkali concentration, which prevents
the condensation of silicate elements'?. In the present work, the medium molarity used in

the GP11 synthesis may have positively affected the flexural strength result.

In addition, GP11 was synthesized using a high AL/FA ratio of 0.70. This study®’
reported increased FA-BGPC strength while increasing the AL/FA ratio. The higher GPC
strength at high AL/FA ratios may be attributed to the fact that increasing the Si species
content and the SiO2/Al>03 ratio results in more Si-O-Si bonds, which are stronger in

comparison with Si-O-A1%472,

Compared to all mixes in Figure 16, REF-OPC achieved the highest compression
strength, 27.3 MPa. Among the geopolymers alone, GP15 presented the highest
compression strength, 25.4 MPa. The higher compressive strength result of the GP15 may
be attributed to some facts. Firstly, GP15 composition has a molarity of 16 M, an SS/SH
ratio of 2.5, and an AL/FA ratio of 0.525. Compared to GP4, which has the same SS/SH
ratio and AL/FA ratio but a molarity of 4 M, the compressive strength observed in the
GP15 composition can be attributed to the higher dissolution of silicon and aluminum
particles in the geopolymerization process, while increasing the molarity of SH. These
studies reported that increasing the molarity of SH improved the compressive strength of
GPC*12:28:325759°62 "Gecond, the GP15 mix was synthesized at high SS/SH ratio. In this
study, Aliabdo et al.%* reported an increase in strength with an increase in the SS/SH ratio.
The test results showed that the optimum SS/SH ratio was 2.5, the same SS/SH ratio used
in the GP15 synthesis. The improvement in GPC strength while increasing the SS/SH
ratio may be due to the SS solution improving the polymerization process, leading to
reaction products with more Si and, hence, higher mechanical strength®®8. The studies

reported increased strength of FA-BGPC with increasing the SS/SH ratio®%,

The GP2 composition did not register flexural or compressive strength in the tests.
One of the reasons can be due to that GP2 was synthesized at low SH molarity, which

was 4 M. Therefore, the result may be explained by the fact that lower SH molarities, in
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general, negatively affect the compressive strength of GPC. In other words, it is
established that an alkaline activator solution with a higher SH concentration is usually
advantageous for achieving elevated compressive strength!®. Also, according to Luhar et
al.?’, it could happen because the concentration of SH affects the release of Si** and AI**
ions from fly ash during geopolymerization reaction kinetics?’; silica and alumina are

filtered more in a highly concentrated SH solution®>!°!; higher SH concentration is more

effective in dissolving FA particles and can result in a better geopolymerization®>!%2,
These studies recommend the utilization of concentrations of SH in the range of 8 to 16

M to achieve higher compressive strength results in FA-BGPC*.

In addition, the GP2 mix was synthesized using an AL/FA ratio of 0.35. Based on
the findings of this study®’, while the AL/FA ratio increased from 0.35 up to 0.55, the
compressive strength increased, and beyond that, the compressive strength was negatively
affected. From the test results, the compressive strength of 39, 47, 58, and 44 MPa was
obtained with AL/FA ratios of 0.35, 0.45, 0.55, and 0.65, respectively®’. So, in this study®’,
the mix synthesized using the same AL/FA ratio of GP2, which is 0.35, achieved the
lowest compressive strength. Similarly to GP11, which may be positively influenced by
the high AL/FA ratio, the opposite effect may be expected at low AL/FA ratios, resulting
in less stronger bonds Si-O-Si and reduced compressive strength®-%"-"2, The improvement
in GPC properties because of the increasing AL/FA ratio were reported in these

studies!>0+6>71,

The GP5 mix presented the lowest average flexural strength and compressive
strength results, which was 1.5 MPa, and 2.1 MPa, respectively. Compared to GP11,
which achieved higher flexural and compressive strength results, the geopolymer GP5
had the same molarity (10 M) and SS/SH (1.5). However, the geopolymer GP5 has AL/FA
ratio of 0.35, whereas GP11 has an AL/FA ratio of 0.70. So, even having the same W/GPS
ratio, GP5 has less water content in the mixture, compared to GP11. It happens because
most of the alkaline solutions are composed by water. These results may be attributed to
the fact that the water contents played an important role during the dissolution stage in

the geopolymerization phenomena®*. Also, according to Hu et al.!®

, water is important in
the geopolymer formation and properties of the final products since it provides the
reaction medium for the dissolution of aluminosilicates and the transfer of various ions,

implying that the existence of sufficient water is vital for geopolymerization'®.
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In addition, considering that the GP5 mix was synthesized using an SS/SH ratio
of 1.5, the lowest flexural and compressive strength of GP5 may be attributed to another
fact. In this study®’, FA-BGPC strength increased while increasing SS/SH ratio from 1.5
to 2.0 and from 2.0 to 2.5. The higher GPC strength was at an SS/SH ratio of 2.5, and the
lower strength was at the SS/SH ratio of 1.5, the same SS/SH ratio of the GP5 mix.
Regarding the same author®’, the increase in mechanical properties while increasing the
SS/SH ratio is mainly due to the change in the microstructure of GPC, which is influenced
by the quantity of SS’. Then, reduced FA-BGPC strength in mixes synthesized at an
SS/SH ratio of 1.5 may be due to possessing lower SS quantity than mixes synthesized at

SS/SH ratios of 2.0 and 2.5.

Similarly to the GP2 mix, which did not present flexural and compressive strength,
the GP5S was also synthesized using AL/FA of 0.35. As is the case with using a lower
AL/FA ratio in the GP2 synthesis, the same reasons also may be attributed to the lower
strength in the GP5 mix. To illustrate the flexural and compressive strength test procedure,
the figures displaying concrete rupture of geopolymer GP7 and REF are presented in

Figure 17.

) | d)
Figure 17: Prisms a-b) GP7 c-d) REF after flexural strength test.
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5.2 Final tests

In the final tests, water absorption was assessed through capillarity and immersion
using cubic molds with dimensions of 100 mm. Additionally, the mixes that achieved the
highest compressive strength in the preliminary tests, REF, GP3, GP7, GP11, GP12,
GP14, and GP15, were also tested for compression strength at 28 days.

5.2.1 Capillarity Water absorption Tests

The weight measurements and the water absorption results at each time (0 h, 3 h,
6 h, 24 h, 48 h, and 72 h) are presented in APPENDIX E and APPENDIX F, respectively.
In summary, the water absorption results through capillarity at 72 hours, which are listed

in descending order in Table 11, will be discussed next.

Table 11: Water absorption at 72 h from the highest to the lowest value.

Designation Water absorption (g/mm?)
GP5-10-1.5-0.35 0.00960
GP2-4-2.0-0.35 0.00833
GP13-10-2.5-0.35 0.00490
GP6-4-1.5-0.525 0.00389
GP14-10-2.0-0.525 0.00318
GP15-16-2.5-0.525 0.00308
GP10-16-1.5-0.525 0.00258
GP1-16-2.0-0.35 0.00245
GP4-4-2.5-0.525 0.00225
GP3-10-2.0-0.525 0.00217
GP9-4-2.0-0.70 0.00180
GP11-10-1.5-0.70 0.00150
REF-OPC 0.00143
GP12-10-2.0-0.525 0.00113
GP8-16-2.0-0.70 0.00103
GP7-10-2.5-0.70 0.00055

As shown in Table 11, the mixes GP7, GP8, and GP12 presented the lowest water
absorption results at 72 hours. These lower values can be attributed to forming a more
compact and denser microstructure, with low pore interconnectivity in the GPC matrix,
compared to the OPC mix. This occurs because the geopolymerization process develops
a three-dimensional network that fills the voids, leading to fewer vacancies and low water
permability®!. As reported in similar studies®'3*3¢, lower water absorption by GPC

compared to OPC mixes was expected. In this study”, a connection between water
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absorption and porosity was established, indicating that the lower water absorption of
GPC is preferred due to its lower porosity. Low water absorption is a good indicator of
limited open porosity, which inhibits the high flow of water into the concrete®®. This other
study found that FA-BGPC samples with lower water absorption and porosity achieved
higher mechanical properties under compressive strength tests compared to GPC samples

with higher water absorption and porosity””.

However, in general, the GPC mixes presented higher water absorption through
capillarity than the OPC mix (Table 11). The mixes GP5, GP2, and GP13 presented the
highest water absorption results. This trend aligns with previous studies that reported a
lower water absorption rate for OPC concrete than FA-BGPC®'. The higher absorption
rates of GPC mixes may be attributed to the presence of larger voids in the concrete®' and
the presence of microcracks, which increase water absorption and porosity’. In one
study’®, the pore morphology and water absorption of FA-BGPC were investigated,
concluding that the pore structure, including pore connection and pore size, significantly

influenced the water absorption of GPC’®.

The mixes were divided into groups for analysis, and the results of water
absorption by capillarity are presented in Figure 18 and Figure 21. These figures illustrate

measurements from the beginning of the test at 0 hours to the final of the test at 72 hours.
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Figure 18: Water absorption by capillarity of GP1, GP2, GP4, GP5, GP6, GP8, GP9, GP10, and GP13.
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The GP2 and GPS5 registered the highest water absorption, mainly in the first 24
hours of the test, after which they maintained almost the same mass until the end of the
test at 72 hours. Compared to other geopolymers, the higher water absorption results of
the mixes GP2 and GP5 can be attributed to several factors. Firstly, these mixes were
synthesized using the lowest factor AL/FA ratio level of 0.35. According to previous
studies®, a decrease in the AL/FA ratio increased water absorption. Also, the highest
water absorption was observed when using AL/FA ratio of 0.30, which is a very similar
to the 0.35 ratio used in the GP2 and GP5. Secondly, GP2 and GP5 were produced with
medium and low levels of SS/SH ratios of 2.0 and 1.5, respectively. Studies®*">’8 have
reported that the decrease in the SS/SH ratio significantly increases water absorption.
Also, in study’’, the highest water absorption was reported using SS/SH ratio of 1.5,
which is the same SS/SH ratio used in GP5, while the lowest water absorption was
achieved using SS/SH ratio of 2.5, which is a higher than the 2.0 and 1.5 ratios used in
GP2 and GP5, respectively. The study’® suggests that the increase of SS/SH ratio obstructs
the pore formation, resulting in small pore size, fewer pore connections, and lower water
absorption. Then, it was expected the opposite effect at low (1.5) and medium (2.0) SS/SH
ratios. From the test results, GP2 and GP5 agreed with this trend.

Among all fifteen mixes in Table 11, the GP5 mix presented the highest water
absorption. Also, compared to all GPC mixes, GP5 mix was synthesized using the third
highest water addition, 90.69 kg/m? (Table 8). Previous studies®*’”” have concluded that
an increase in water absorption because of increasing additional water content could be
due to the increase of voids resulting from increased water content, which had no role in
chemical reaction. Therefore, the higher water addition in the GP5 mix likely contributed

to this high-water absorption.

The phenomenon of efflorescence was primarily identified in the mixes with
higher water absorption, specifically GP2 and GP5. Efflorescence occurs when excessive
alkali ions in the system leak through the pores and interact with the CO: in the
atmosphere, forming white salt deposits on the surface of the samples. This phenomenon
implies deficiencies in the matrix properties and porosity of GPC’3. In the present work,
efflorescence was studied by using photographs. The test results for the mixes with higher
water absorption, which are GP2 and GPS5, are shown in Figure 19. These results align
with those of Zhou et al.”#, who reported that efflorescence increased the water absorption

of GPC due to the deterioration of pore structures caused by the crystallization pressure.
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a) B b)
Figure 19: (a) GP2 and (b) GPS, the highest water absorptions through capillarity.

The mixes GP4, GP8, and GP9 presented the lowest water absorption rates. GP8
and GP9 registered water absorption until 48 hours, after their mass remained constant.
On the other hand, the mixes GP1, GP4, GP6, GP10, and GP13 presented high water
absorption rate until the end of the test at 72 hours. Even though, all these GPC mixes

presented significantly lower water absorption at 72 hours, compared to GP2 and GP5.

These mixes' lower water absorption results may be attributed to some facts.
Firstly, GP4, GP6, and GP9 were synthesized using a low SH molarity of 4 M, a low-
level concentration, compared to other mixes that used SH molarity of 10 M and 16 M.
In this study’®, the authors reported that the increase of SH molarity enlarges the pore size
of the samples because higher SH molarity causes more violent hydrogen gas release,
forming macropores inside the sample. It was reported that the water absorption increased
as the SH molarity increased’®. The same study found that synthesized with 7.5 M SH
showed finer pores and lower water absorption than mixed with 12.5 M SH. So, in the
present work, the lower water absorption of the mixes GP4, GP6, and GP9 can be
attributed to their synthesis using a low SH molarity of 4 M.

Also, in this study’®, reported the lowest water absorption with an SS/SH ratio of
2.5. The high-level SS/SH ratio of 2.5 was used to produce the mixes GP4 and GP13,
which showed less water absorption compared to GP2 and GP5 synthesized with SS/SH

ratios of 2.0 and 1.5, respectively.

Finally, the mixes GP1, GP8, and GP10 also presented lower water absorption.

Among all geopolymers in Figure 18, GP8 presented the lowest water absorption. These
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mixes were produced using medium and high SS/SH and AL/FA ratios. High levels of
these factors contribute to higher silica in the mixture. Study® attributed lower water
absorption to higher silica content which forms a greater quantity of aluminosilicate gel,
providing strong interparticle bonding. Hence, the silicate occupies the void spaces
between the FA particles, resulting in lower water absorption®. So, in the present work,

the low water absorption of the mixes GP1, GP8, and GP10 may be attributed to this fact.

As shown in Figure 20, there is a comparison of efflorescence between the mixes
with higher water absorption (GP2 and GP5) and those with lower water absorption (GP1,
GP4, and GP6). Similarly, the mixes GP1, GP4, and GP6 exhibit less eftlorescence
compared to GP2 and GP5, which correlates with their lower water absorption, as

reported by the trend of Zhou et al.”.

> : 8o b
Figure 20: (a) Comparison between geopolymers GP1, GP2 (b) GP4, GPS5, and GP6, respectively.

The water absorption results of the mixes REF, GP3, GP7, GP11, GP12, GP14,
and GP15 is presented in the Figure 21. Except for GP14 and GP15, the other mixes

maintained almost the same measurement between 48 and 72 hours.
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Figure 21: The water absorption by capillarity of REF, GP3, GP7, GP11, GP12, GP14, and GP15.

In general, lower water absorption was observed in the mixes presented in Figure
21, compared to those in Figure 18. Also, the differences in water absorption between the
mixes in Figure 21 were not significantly pronounced compared to those in Figure 18.

Similar factors may explain these lower water absorption results.

Of the six GPC mixes presented in the Figure 21, five were synthesized at an SH
molarity of 10 M, considered in the DOE. Previous study’® showed that decreasing SH
molarity from 12.5 M to 7.5 M decreased water absorption, with the samples using lower
SH molarity presenting finer pores and lower water absorption, compared to 12.5 M’%.
Therefore, one reason for the lower water absorption results of mixes GP3, GP7, GP11,

GP12, and GP14 may be their synthesis at medium SH molarity (10 M).

Compared to REF, only the mixes GP7, GP8, and GP12 registered lower water
absorption. Similar to the discussion regarding mixes GP1, GP8, and GP10 from Figure
18, GP7 and GP12 were produced using medium and high levels of the factors SS/SH
and AL/FA. So, the GP7 and GP12 results can be attributed to the presence of higher silica
content, resulting in higher formation of aluminosilicate gel and higher interparticle

bonding. Also, the silicate occupies the void spaces between the FA particles, resulting in
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lower water absorption® . Also, the GP7 mix presented the lowest water absorption among
all sixteen mixes. GP7 mix barely presented water absorption after 24 hours. The lowest
water absorption result of the GP7 mix may be attributed to the fact that only the GP7
mix was synthesized using a high SS/SH ratio (2.5) and high AL/FA ratio (0.70), which
means this mixture presents the highest silica content, which increases the formation of

aluminosilicate gel, resulting in lower water absorption®>.

Figure 22 shows a photograph report of the REF-OPC mix taken at 24, 48, and 72
hours during the capillarity test. As can be seen, most water absorption happens in the
first 48 hours, with lower water absorption rates thereafter and a nearly constant weight
measurement. GPC mixes with lower water absorption presented similar behavior to the

OPC mix.

d) e)
Figure 22: Reference composition at a-d) 24h, b-e) 48h, and c-f) 72h, respectively.

5.2.2 Immersion water absorption Tests

Regarding the immersion test of the specimens, the results were divided into Table
12, Table 13, and Table 14. This division was necessary because the test procedure
required weight verification at each 24-hour test interval, including the saturation and

drying procedures. Table 12 shows the results of saturated mass at 24 and 48 hours.
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Besides GP10, all the mixes presented low water absorption between 24 and 48 hours.

Then, they underwent hydrostatic mass measurement, also presented in Table 12.

Table 12: Immersion test.

Designation Saturated Saturated Verification Water Container  Hydrostatic mass Hydrostatic mass
mass24h mass48h <1 temperature mass under  with container without container
(9) (9) %) water (g)  (9) (9)
REF-OPC 2351.03 235281 0.76 20 1025 2367 1342
GP1-16-2.0-0.35 2311.60 231160 0.15 20 1023 2349 1326
GP2-4-2.0-0.35 2341.05 234105 0.32 20 1023 2355 1332
GP3-10-2.0-0.525 2275.02 2275.68 0.29 19.5 1025 2317 1292
GP4-4-2.5-0.525  2340.24 234090 0.28 19 1023 2363 1340
GP5-10-1.5-0.35  2348.86  2348.97 0.05 19 1023 2355 1332
GP6-4-1.5-0.525  2346.25 2346.61 0.15 19 1023 2360 1337
GP7-10-25-0.70  2339.30  2339.30  0.03 19.5 1025 2354 1329
GP8-16-2.0-0.70  2327.43  2329.21 0.76 19.5 1025 2358 1333
GP9-4-2.0-0.70 2305.84  2308.11  0.98 19.5 1025 2345 1320
GP10-16-1.5-0.525 2324.41 232757 1.36 - - - -
GP11-10-1.5-0.70 2345.36  2346.42  0.45 19 1027 2358 1331
GP12-10-2.0-0.525 2288.02  2288.87 0.37 19 1027 2315 1288
GP13-10-2.5-0.35 2319.61 2319.89 0.12 19 1024 2349 1325
GP14-10-2.0-0.525 2301.99 2302.73 0.32 19 1024 2333 1309
GP15-16-2.5-0.525 2281.79  2282.24 0.20 19 1024 2315 1291

The GP10 mix presented water absorption between 24 hours and 48 hours above
the maximum allowed by the standard LNEC E 393-1993%7. Therefore, keeping
underwater for 96 hours was necessary until the saturated mass stabilized. Table 13 shows

the saturated and hydrostatic mass at 72 hours of the GP10 mix.

Table 13: Immersion test GP10.

Designation Saturated Verification Saturated Verification Water Container mass  Hydrostatic ~ Hydrostatic
mass 72 h <1 mass 96 h <1 temperature underwater (g) mass with mass without
(9) (9) (°C) container (g)  container (g)

GP10-16-1.5-0.525 2330.33 1.19 2331.3 0.43 19.5 1025 2357 1332

Finally, after getting the results of saturated and hydrostatic mass for all mixes,

the results of dry mass and water absorption are shown in Table 14.
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Designation Dry Dry Verification Dry Verification Dry Verification Dry mass Verification Water
mass 24 mass 48 <1 mass 72 <1 mass 96 <1 120 h (g) <1 absorption
h (9) h (9) h (9) h (9) (%)
REF-OPC 2205.37 2187.61 8.09 2184.72 1.32 2183.86 0.39 - - 16.71
GP1-16-2.0-0.35 2189.08 2172.39 7.65 2161.55 5.00 2160.35 0.56 - - 15.28
GP2-4-2.0-0.35 2189.92 2187.80 0.97 - - - - - - 15.11
GP3-10-2.0-0.525 2130.61 2118.96 5.48 2116.66 1.09 211541 0.59 - - 15.93
GP4-4-2.5-0.525 2215.65 2202.13 6.12 2198.02 1.87 2197.54 0.22 - - 14.32
GP5-10-1.5-0.35 2193.10 2190.20 1.32 2189.08 0.51 2188.8 - - - 15.72
GP6-4-1.5-0.525 2214.88 2200.96 6.30 2196.97 1.81 2196.48 0.22 - - 14.87
GP7-10-2.5-0.70 2190.66 2178.12 5.74 2175.14 1.37 2173.47 0.77 - - 16.44
GP8-16-2.0-0.70 221413 2196.73 7.89 2190.41 2.88 2184.67 2.62 2182.79 0.86 14.70
GP9-4-2.0-0.70 2186.47 2173.28 6.05 2170.11 1.46 2168.24 0.86 - 14.16
GP10-16-1.5-0.525 2211.74 2193.54 8.26 2185.83 3.52 2182.65 1.46 2181.08 0.72 14.68
GP11-10-1.5-0.70 2207.74 2191.03 7.60 2185.6 2.48 2183.54 0.94 - - 16.04
GP12-10-2.0-0.525 2140.31 2123.98 7.66 2120.22 1.77 2119.02 0.57 - - 16.97
GP13-10-2.5-0.35 219491 2183.55 5.19 2182.04 0.69 - - - - 13.86
GP14-10-2.0-0.525 2155.90 2140.54 7.15 2138.26 1.07 2137.26 0.47 - - 16.65
GP15-16-2.5-0.525 2129.33 2113.84 7.30 2111.45 1.13 2110.52 0.44 - - 17.32

In summary, only the water absorption results through immersion were presented

in the Figure 23. Then, the test results of GPC and OPC mixes will be discussed.
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Figure 23: Results of absorption of water by immersion.
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The GP13 presented the lowest water absorption value by immersion, around
13.86 %, while GP15 showed the highest value of 17.32 %. The geopolymer compositions
recorded similar values to the reference cement composition, with water absorption
averaging around 16.71% at the end of the test. Also, considering the sixteen mixes
submitted to the immersion test, the OPC mix was the third in higher water absorption.
Only GP15 and GP11 presented higher water absorption compared to REF-OPC. This

84,85

trend agreed with these studies®™®> where OPC mixes achieved higher water absorption,

compared to GPC mixes.

In general, the water absorption results through immersion in the present work
showed higher values compared to most studies found in the literature. For example, in
one study®, FA-BGPC produced using SS/SH ratio of 2.5 and SH molarity fixed at 12 M
exhibited water absorption results in the range of approximately 1 —3%3. Another study®
reported FA-BGPC water absorption percentage was around 3.5 — 4%. The authors
mentioned that water absorption around 3 — 6.5% remained within a comparable
percentage of standard concrete®. Lastly, in a study®*, GPC was exposed to a marine
environment. Based on the results, the water absorption of GPC was lower than that of
OPC concrete, which obtained 4.58% and 11.33%, respectively. Regarding the same
study, low water absorption is a good indicator of limited open porosity, which can inhibit
the high water flow into the concrete. The authors®* considered water absorption value
ranging from 3% to 5% as an average concrete, and they regarded water absorption of up
to 6%°%* as desirable. As shown in Figure 23, the water absorption results of the GPC and
OPC mixes in the present work ranged from 13.86% to 17.32%. Compared to the
literature, the nearest results were found in a study’®. Lightweight FA-BGPC was
produced using aluminum powder as a foaming agent. Also, GPC was synthesized using
SH molarity at 7.5, 10, and 12.5 M, SS/SH ratio at 1.0, 1.5, and 2.0, and AL/FA ratio of
0.5. The water absorption results of this study, which used similar factors compared to the

present study, range from 22 to 30%’.

The GP13, GP9, and GP4 mixes presented the lowest water absorption by
immersion of 13.86%, 14.16%, and 14.32%, respectively. This lower water absorption
results may be attributed to some reasons. Firstly, GP4 and GP13 were synthesized using
a high SS/SH ratio (2.5). Also, GP9 was synthesized using a medium SS/SH ratio (2.0).
So, neither of them was synthesized using a low SS/SH ratio (1.5). In the study’®, the

lowest water absorption was achieved using SS/SH ratio of 2.5. Also, these studies®*">78
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reported that the increase in the SS/SH ratio significantly reduces water absorption. This
study’® suggests that an increased SS/SH ratio obstructs the pore formation, resulting in
small pore size, less pore connections, and lower water absorption. In addition, GP4 and
GP9 were synthesized using low SH molarity (4 M), and GP13 was synthesized using
medium SH molarity (10 M). This study’® showed that samples produced using lower SH
molarities, around 7.5 M, presented finer pore and lower water absorption, compared to
higher molarities around 12.5 M. It happened because the samples produced using higher
SH molarities increased the formation of macropores, increasing the water absorption.
So, from the test results of this study’®, the water absorption decreased as the SH molarity
decreased. Similarly, in the present work, the lower water absorption results of the GP4,
GP9, and GP13 mixes may also be attributed to the fact that they were synthesized at low
(4 M) and medium (10 M) SH molarity.

The GP15, GP12, REF, and GP14 mixes presented the highest water absorption
by immersion of 17.32%, 16.97%, 16.71%, and 16.65%, respectively. This higher water
absorption results may be attributed to some reasons. Firstly, GP15 was synthesized using
high SH molarity (16 M), and GP12 and GP14 were synthesized using medium SH
molarity (10 M). By contrast to GP4, GP9, and GP13, which were synthesized at
low/medium SH molarities and presented lower absorption, the GP12, GP14, and GP15
mixes were synthesized at medium/high molarities and presented higher water
absorption. Similarly, the water absorption increased as the SH molarity increased. So,
the higher water absorption results of the GP12, GP14, and GP15 mixes may be attributed
to the fact that the higher molarities result in higher formation of hydrogen gas and

macropores inside the sample, resulting in higher water absorption’®.

In addition, GP12, GP14, and GP15 were synthesized at the same AL/FA ratio,
which was 0.525. Also, other than GP15, which was synthesized at SS/SH ratio of 2.5,
GP12 and GP14 were both synthesized at SS/SH ratio of 2.0. So, these three mixes were
synthesized at similar SH molarity, SS/SH, and AL/FA ratios. All three factors were
synthesized at medium or high-level content in these mixtures. GPC synthesized at higher

AL/FA ratios presents higher water content in the mixture. In these studies®*”’

, it was
reported that the increase of voids resulted from the increase of water content, which had
no role in the chemical reaction, resulting in increased water absorption. Also, based on
this study®, it was concluded that the increase in water absorption indicated the presence

of higher void content due to the incomplete process of geopolymerization®. So,
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according to these findings, in the present work, the higher water absorption results in the
GP12, GP14, and GP15 mixes also may be due to the increase of voids resulting from the
medium/high contents present in the mixture, which had no role in the chemical reaction,

increasing water absorption®*77:%3,

5.2.3 Compressive strength cubic molds

APPENDIX G presents the results of the compressive strength tests for all
samples, including the composition, standard deviation, and coefficient of variation.

Figure 24 presents the average results of compressive strength tests.
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Figure 24: Average compressive strength at 28 days in cubs.

As depicted in Figure 24, the highest compressive strength was obtained by a GPC
mix. GP11 achieved an average compressive strength of 29.4 MPa, surpassing even the
cement composition REF, which achieved approximately 26.9 MPa. So, the slightly lower
compressive strength of REF and the higher compressive strength of GPC from the
preliminary tests to the final tests may be attributed to the alteration in the quantities and
proportion of FA and aggregates, which positively impacted the GPC mixes and
negatively the OPC mix. On the other hand, the anticipated positive impact of the

alteration in the FA and aggregates in the GPC mixes was based on GPC studies. In the
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study'%

argued that higher FA content provides a denser and more compacted
microstructure to the GPC matrix. Additionally, FA particles enhance movement among
the aggregate particles due to their spherical form and smooth surface!>!*. Also, in

another study!®®

, it was observed that increasing the FA content results in an increase in
the volume of fine fraction particles in the GPC matrix. The increase fills the voids and
pores between the aggregate particles, thereby improving the compressive strength of FA-
BGPC'>!% These studies have demonstrated the improved properties of GPC when using

similar quantities of FA and aggregates*3+33-57,

In both preliminary and final tests, GP11 and GP15 were the two GPC with the
highest compressive strength. In the preliminary tests, GP15 achieved the highest
compressive strength among the GPC mixes, reaching 25.4 MPa while GP11 ranked
second with an average of 20.9 MPa. However, in the final tests, the GP11 and GP15
achieved a compressive strength of 29.4 and 27.2 MPa, respectively, with GPI11
surpassing GP15. This difference could be attributed to the fact that FA is the primary
aluminosilicate source in the GPC mixture. As the amount of FA content increases, silica
and alumina levels also increase, affecting polymerization reactions and increasing C-A-
S-H and N-A-S-H gels'*!%. From the final test results, the change in FA and aggregate
quantities favored the factors used for GP11 synthesis, leading to an increase in the

compressive strength of the GP11 mix compared to the GP15 mix.

The GP11 composition has a molarity of 10 M, SS/SH ratio of 1.5, and AL/FA
ratio of 0.70. Comparatively, GP7 has the same molarity and AL/FA ratio but a higher
SS/SH ratio of 2.5. Despite this difference, GP11 achieved higher compressive strength.
Among all GPC mixes in Figure 24, GP11 is uniquely synthesized at low SS/SH ratio
(1.5). In study *, reductions in compressive strength of FA-BGPC were observed with
increasing SS/SH ratio. This behavior was observed while increasing the SS/SH ratio
from 1.5 to 2, and from 2 to 2.5. The reductions in compressive strength were attributed
to the subsequent decrease in SH solution and hydroxide ions (OH), reducing the
formation of the three-dimensional network of sodium aluminosilicates hydrate [N-A-S-
H] gel*. Hence, compared to GP7, the higher compressive strength result of GP11 can be
attributed to the fact that the compressive strength increased with decreasing SS/SH ratio.

Similar behavior was reported in other studies®!%7-1%8,

Compared to other GPCs, the highest compressive strength of GP11 also may be
attributed to another fact. The GP11 mix was synthesized using high AL/FA ratio of 0.70.
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According to findings from a study ¢, it was reported that the compressive strength
increased as the AL/FA ratio increased. The improvement in FA-BGPC strength may be
attributed to the fact that increasing the AL/FA ratio enhances the Si species content and
the Si02/A1,03 ratio, resulting in more Si-O-Si bonds, which are stronger compared to
Si-O-Al14¢772 Similarly, the improvement in GPC properties due to increasing AL/FA
ratio has been reported in these studies!>®*%>7!, Similarly, GP7 was also synthesized using
an AL/FA ratio of 0.70 and presented higher compressive strength compared to GP3,
GP12, and GP14. Compared to other GPC mixes, GP7 achieved a medium compressive
strength of 26.7 MPa.

After GP11, the geopolymer GP15 achieved the second higher compressive
strength result, which was 27.2 MPa. GP15 was synthesized using a molarity of 16 M,
SS/SH ratio of 2.5, and AL/FA ratio of 0.525. Compared to the other five geopolymers in
Figure 24, GP15 is the only one with a molarity of 16 M. In a study®®, FA-BGPC mixes
were synthesized using molarities of 10 M, 12 M, 14 M, and 16 M. The results showed
that the compressive strength of GPC mixes continuously increased with increasing SH
molarity from 10 M to 16 M?®. Similar behavior was reported in other studies*>*®!,
Additionally, it was reported by Aliabdo et al.** that increasing SH molarity up to 16 M
improves FA-BGPC properties. However, beyond 16 M, desirable properties decrease
due to a lower rate of polymerization taking place as a result of the high SH
concentration®. The improvement in GPC properties while increasing SH molarity up to
16 M was reported in these studies® . In general, increasing the SH molarity improves
the compression strength of GPC, which may be attributed to the higher dissolution of
silicon and aluminum particles in the geopolymerization process*!>°"¢%; through the

leaching out of silica and alumina with the high concentration of SH%*-%4,

Geopolymers GP3, GP12, and GP14 are positioned as the three central nodes of
the DOE. Consequently, it was anticipated that these three geopolymers would
demonstrate comparable compressive strength once they were produced using the DOE's
medium factors: a molarity of 10 M, SS/SH ratio of 2.0, and AL/FA ratio of 0.525. Figure

24 reveals that these mixes presented lower compressive strength.

Compared to GP7 and GP11, which were synthesized with an AL/FA of 0.70, the
GP3, GP12, and GP14 were synthesized with a ratio of 0.525. This variance in
composition may contribute to the lower compressive strength observed in GP3, GP12,

and GP14. The reduced AL/FA ratio potentially led to a lower Si species content in the
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mixture, resulting in weaker Si-O-Si bonds and decreased compressive strength®¢7-72,
Compared to GP15, which was synthesized with a high molarity of 16 M, GP3, GP12,
and GP14 were formulated with medium molarity of 10 M. Similarly, the lower
compressive strength of GP3, GP12, and GP14 may also be influenced by the lower
concentration of SH in the mixture, resulting in the lower dissolution of silicon and

aluminum particles during the geopolymerization process*!%7:62,

To depict the final compressive strength test procedure, photographs of the cubic
specimens were registered after the compression test in Figure 25. Also, the highest-
performance sample from each composition was selected for future research in

microstructure analyses (Figure 26).

g
Figure 25: (a-f) Geopolymers GP3, GP7, GP11, GP12, GP14, and GP15, respectively (g) REF
composition.



Figure 26: Selection of samples to future research.

60



61

6 CONCLUSIONS AND FUTURE RESEARCH
6.1 Conclusions

FA-BGPC utilization can avoid the disposal of an excessive quantity of FA which
negatively affects the environment and requires large land area occupation, turning the

waste and low-cost material into a beneficial and useful product.

The mix REF, which was produced using OPC, presented the highest compressive
strength result in the preliminary tests (27.3 MPa), but was surpassed in the flexural
strength results in the preliminary tests and in the compressive strength results in the final
tests by GPC mixes. In the preliminary tests, the GP3, GP4, GP7, GP8, GP10, GP11,
GP12, GP14, and GP15 achieved higher flexural strength, compared to REF. Geopolymer
GP11 presented the highest flexural strength result in the preliminary tests (6 MPa), and
the highest compressive strength result in the final tests (29.4 MPa), even higher than the
flexural and compressive strength of the cement-based mix REF (4.2 MPa and 26.9 MPa,
respectively). The final test results offered higher reliability than preliminary tests.

Compared to all mixes, the geopolymers GP5 and GP7 presented the highest and
lowest water absorption through capillarity, respectively. The GP7, GP8, and GP12 mixes
presented lower water absorption by capillarity, compared to REF. The GP13 presented
the lowest water absorption by immersion. Also, only GP12 and GP15 mixes presented

higher water absorption, compared to REF.

GPC technology has the potential to replace the traditional concrete in the
construction sector, but its adoption can be difficult because the current standards focus
on Portland cement-based concretes. FA-BGPC utilization instead of OPC concrete has
the potential to achieve similar mechanical properties and reduce the impact caused by

cement production over global warming and FA disposal.
6.2 Future research

Some significant topics about FA-BGPC that would complement this study.

e Mix Design Procedure for FA-BGPC: it can improve the properties of the
materials used for GPC synthesis. This could be done with true fine
refinements in the mixture quantities and proportion between FA and

aggregates according to the amount of alkaline solution used in each GPC;
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Scanning Electron Microscope (SEM), Fourier Transform Infrared
Spectroscopy (FTIR), X-ray Diffraction (XRD) analyses: additional
analyses could provide very significant details of the microstructure of FA-
BGPC, the existence of microcracks, incomplete formation of the dense
matrix, amorphous and crystalline structures, unreacted FA;

Heat-cured FA-BGPC: heat cured conditions could significantly improve
the mechanical strength of GPC. This condition contributes to the
complete reaction between FA and the alkaline activator, resulting in a
denser matrix;

Blended FA, such as FA-GGBFS or FA-MK GPC: another aluminosilicate
source material combined may provide improved properties, such as
workability and setting time;

Influence of W/GPS ratio on workability, microstructure, and mechanical
properties of FA-BGPC: study on the influence of water addition and other
additives, such as superplasticizer, may offer the optimum limits to be used
in the GPC syntheses and achieve desirable properties;

Fire resistance: previous studies have shown that GPC has superior
performance under elevated temperatures compared to OPC concrete;

Compressive strength of FA-BGPC at other ages, especially after 28 days.
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APPENDIX

APPENDIX A - Particle analysis of gravel (adapted)®®.

Sieves (mm) Trapped in the sieves Accu_mulated Accumulatedd
Mass (g) Percentage (%) retained (%) past (%)

16.000 0.00 0.00 0.00 100.00
14.000 0.00 0.00 0.00 100.00
12.500 0.00 0.00 0.00 100.00
10.000 54.40 2.51 2.51 97.49
8.000 615.60 28.38 30.89 69.11
6.300 775.40 35.75 66.64 33.36
4.000 628.10 28.96 95.60 4.40
2.000 62.20 2.87 98.46 1.54
1.000 7.70 0.36 98.82 1.18
0.500 2.40 0.11 98.93 1.07
0.250 2.40 0.11 99.04 0.96
0.125 3.30 0.15 99.19 0.81
0.063 5.60 0.26 99.45 0.55
<0.063 11.90 0.55 100.00 0.00

TOTAL 2169.00

APPENDIX B - Particle analysis of sand (adapted)3®.

Sieves (mm) Trapped in the sieves Accqmulated Accumulatedd
Mass (g) Percentage (%) retained (%) past (%)

16.000 0.00 0.00 0.00 100.00
14.000 0.00 0.00 0.00 100.00
12.500 0.00 0.00 0.00 100.00
10.000 0.00 0.00 0.00 100.00
8.000 0.00 0.00 0.00 100.00
6.300 0.00 0.00 0.00 100.00
4.000 16.90 1.67 1.67 98.33
2.000 65.50 6.47 8.14 91.86
1.000 78.40 7.74 15.88 84.12
0.500 231.30 22.84 38.73 61.27
0.250 427.90 42.26 80.99 19.01
0.125 139.00 13.73 94.72 5.28
0.063 47.20 4.66 99.38 0.62
<0.063 6.30 0.62 100.00 0.00

TOTAL 1012.50




APPENDIX C - Mass and dimensions of prisms in the preliminary tests.

Designation Mix no. Mass (g) Dimensions
L(mm) W(@mm) H(@mm)
REF-1 563.7 16.0 3.9 4.0
REF-OPC REF-2 570.2 16.0 4.0 3.9
REF-3 567.2 16.0 4.0 3.9
GP1-1 662.3 16.0 4.1 4.2
GP1-16-2.0-0.35 GP1-2 682.0 16.0 4.4 4.2
GP1-3 685.7 16.1 45 4.3
GP2-1 605.1 16.2 4.2 4.2
GP2-4-2.0-0.35 GP2-2 620.6 16.0 4.1 4.2
GP2-3 566.9 16.1 4.1 4.1
GP3-1 650.2 16.2 4.3 4.2
GP3-10-2.0-0.525 GP3-2 630.3 16.0 4.2 4.0
GP3-3 637.7 16.0 4.2 4.1
GP4-1 611.9 16.0 4.0 4.1
GP4-4-2.5-0.525 GP4-2 632.0 16.0 4.1 4.1
GP4-3 658.6 16.0 4.1 4.2
GP5-1 620.1 16.0 4.3 4.0
GP5-10-1.5-0.35 GP5-2 617.1 16.0 4.2 4.0
GP5-3 627.5 16.1 4.1 4.1
GP6-1 604.6 16.1 4.1 4.0
GP6-4-1.5-0.525 GP6-2 606.7 16.1 4.1 4.0
GP6-3 606.0 16.0 4.1 4.1
GP7-1 608.7 16.1 4.1 4.0
GP7-10-2.5-0.70 GP7-2 626.2 16.0 4.1 4.0
GP7-3 628.5 16.0 4.3 4.3
GP8-1 590.2 15.9 4.0 3.9
GP8-16-2.0-0.70 GP8-2 630.8 16.1 4.1 4.0
GP8-3 618.1 16.0 4.1 4.0
GP9-1 599.5 16.0 4.0 4.0
GP9-4-2.0-0.70 GP9-2 589.7 16.0 4.0 4.0
GP9-3 599.4 16.0 4.0 4.0
GP10-1 640.4 16.1 4.1 4.0
GP10-16-1.5-0.525 GP10-2  608.3 16.0 4.1 4.0
GP10-3 651.4 16.1 4.1 4.1
GP11-1 644.3 16.1 4.1 4.1
GP11-10-1.5-0.70 GP11-2 618.1 16.1 4.2 4.0
GP11-3 620.1 16.1 4.0 4.1
GP12-1 593.6 16.1 4.1 4.0
GP12-10-2.0-0.525 GP12-2  638.3 16.1 4.1 4.2
GP12-3 624.4 16.1 4.1 4.1
GP13-1  570.0 15.9 4.1 3.8
GP13-10-2.5-0.35 GP13-2  597.1 16.0 4.2 3.9
GP13-3  592.1 16.0 4.1 4.0
GP14-1 579.9 16.0 4.2 3.8
GP14-10-2.0-0.525 GP14-2 597.9 15.9 4.1 4.0
GP14-3  616.4 16.0 4.3 4.0
GP15-1  608.6 16.0 4.1 4.0
GP15-16-2.5-0.525 GP15-2  610.9 16.0 4.1 4.2
GP15-3  602.4 16.0 4.1 4.0

76
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APPENDIX D - Flexural and compressive strength in the preliminary tests.

Designation Mixno.  Flexural Strength Compressive Strength - 1st halve and 2snd halve
kN MPa kN MPa kN MPa
REF-1 1.68 3.9 50.61 31.6 45.13 28.2
REF-OPC REF-2 2.04 4.8 41.17 25.7 41.95 26.2
REF-3 1.68 3.9 41.29 25.8 41.71 26.1
GP1-1 1.44 3.4 18.52 11.6 14.08 8.8
GP1-16-2.0-0.35 GP1-2 1.44 3.4 9.65 6.0 11.14 7.0
GP1-3 1.68 3.9 10.09 6.3 10.78 6.7
GP2-1 0 0 0 0 0 0
GP2-4-2.0-0.35 GP2-2 0 0 0 0 0 0
GP2-3 0 0 0 0 0 0
GP3-1 2.28 5.3 27.23 17.0 34.03 21.3
GP3-10-2.0-0.525 GP3-2 2.16 5.1 37.66 235 51.57 32.2
GP3-3 2.28 5.3 23.41 14.6 23.04 14.4
GP4-1 2.04 4.8 27.11 16.9 17.74 11.1
GP4-4-2.5-0.525 GP4-2 2.04 4.8 11.68 7.3 18.13 11.3
GP4-3 2.28 5.3 37.54 235 29.14 18.2
GP5-1 0.24 0.6 0.57 0.4 0.23 0.1
GP5-10-1.5-0.35 GP5-2 0.96 2.3 10.71 6.7 7.61 4.8
GP5-3 0.72 1.7 0.61 0.4 0 0.0
GP6-1 0.60 1.4 7.57 4.7 8.96 5.6
GP6-4-1.5-0.525 GP6-2 0.72 1.7 8.16 5.1 12.26 7.7
GP6-3 0.84 2.0 7.12 45 8.83 55
GP7-1 2.28 5.3 16.09 10.1 23.56 14.7
GP7-10-2.5-0.70 GP7-2 2.40 5.6 23.77 14.9 33.64 21.0
GP7-3 2.28 5.3 38.79 24.2 17.78 11.1
GP8-1 2.40 5.6 25.14 15.7 10.49 6.6
GP8-16-2.0-0.70 GP8-2 2.63 6.2 25.79 16.1 26.57 16.6
GP8-3 2.52 5.9 20.51 12.8 21.37 13.4
GP9-1 1.68 3.9 13.41 8.4 18.71 11.7
GP9-4-2.0-0.70 GP9-2 1.68 3.9 27.34 17.1 25.60 16.0
GP9-3 1.80 4.2 29.63 18.5 19.04 11.9
GP10-1  2.16 5.1 20.14 12.6 25.85 16.2
GP10-16-1.5-0.525 GP10-2  2.04 4.8 22.69 14.2 22.07 13.8
GP10-3 2.16 5.1 18.37 11.5 22.27 13.9
GP11-1 275 6.4 33.12 20.7 37.19 23.2
GP11-10-1.5-0.70 GP11-2  2.40 5.6 30.17 18.9 33.69 21.1
GP11-3 252 5.9 32.86 20.5 33.66 21.0
GP12-1 2.04 4.8 21.81 13.6 21.56 135
GP12-10-2.0-0.525 GP12-2 192 4.5 33.04 20.7 31.64 19.8
GP12-3  2.16 5.1 21.28 13.3 22.11 13.8
GP13-1  0.96 2.3 16.61 104 16.27 10.2
GP13-10-2.5-0.35 GP13-2  1.08 2.5 19.96 12.5 20.69 12.9
GP13-3  1.20 2.8 20.88 13.1 20.34 12.7
GP14-1 1.80 4.2 34.75 21.7 34.40 21.5
GP14-10-2.0-0.525 GP14-2  2.04 4.8 33.44 20.9 29.51 18.4
GP14-3 1.92 4.5 33.20 20.8 28.70 17.9
GP15-1 1.92 4.5 46.10 28.8 49.28 30.8
GP15-16-2.5-0.525 GP15-2 192 4.5 39.29 24.6 34.51 21.6

GP15-3 2.04 4.8 35.14 22.0 39.23 245




APPENDIX E - Weight measurements of the samples in the test of capillarity.

Designation Mass (9)

Oh 3h 6 h 24 h 48 h 72 h
REF-OPC 2323.14 2329.50 2331.09 2335.20 2337.31 2337.42
GP1-16-2.0-0.35 2282.44 2288.91 2290.97 2298.20 2303.12 2306.90
GP2-4-2.0-0.35 2202.06 2246.00 2262.96 2283.94 2285.33 2285.33

GP3-10-2.0-0.525 2302.07 2306.35 2308.06 231749  2323.62 2323.78
GP4-4-2.5-0.525 2259.95 2266.91  2268.52 227466  2279.25  2282.47
GP5-10-1.5-0.35 2241.40 2280.83  2295.75  2332.65 2335.86 2337.38
GP6-4-1.5-0.525 2262.35 227222 227496  2286.29  2295.02  2301.23
GP7-10-2.5-0.70 2304.94 2306.33  2306.66  2310.08 2310.40 2310.40
GP8-16-2.0-0.70 2331.05 233470  2335.82  2340.15 234131 234131
GP9-4-2.0-0.70 2288.18 229418  2296.05  2303.30 2306.15  2306.15
GP10-16-1.5-0.525  2281.21 228434  2284.61 229334 2302.26  2307.06
GP11-10-1.5-0.70 2334.64 2338.80  2340.27 234540 2349.66  2349.66
GP12-10-2.0-0.525  2266.63 2270.33 227176  2276.05 227798  2277.98
GP13-10-2.5-0.35 2261.12 227041  2272.01 229418 2304.65 2310.14
GP14-10-2.0-0.525 2278.21 2281.78  2283.07  2297.87  2307.33  2309.98
GP15-16-2.5-0.525 2264.28 2266.91 226797  2279.77  2290.62  2295.04

APPENDIX F - Absorption of water in the test of capillarity in g/mm?.

Designation Absorption of water (g/mm?)
0h 3h 6h 24 h 48 h 72h

REF-OPC 0 0.00064 0.00080 0.00121 0.00142 0.00143
GP1-16-2.0-0.35 0 0.00065 0.00085 0.00158 0.00207 0.00245
GP2-4-2.0-0.35 0 0.00439 0.00609 0.00819 0.00833 0.00833
GP3-10-2.0-0.525 0 0.00043 0.00060 0.00154 0.00215 0.00217
GP4-4-2.5-0.525 0 0.00070 0.00086 0.00147 0.00193 0.00225
GP5-10-1.5-0.35 0 0.00394 0.00543 0.00913 0.00945 0.00960
GP6-4-1.5-0.525 0 0.00099 0.00126 0.00239 0.00327 0.00389
GP7-10-2.5-0.70 0 0.00014 0.00017 0.00051 0.00055 0.00055
GP8-16-2.0-0.70 0 0.00036 0.00048 0.00091 0.00103 0.00103
GP9-4-2.0-0.70 0 0.00060 0.00079 0.00151 0.00180 0.00180
GP10-16-1.5-0.525 0 0.00031 0.00034 0.00121 0.00211 0.00258
GP11-10-1.5-0.70 0 0.00042 0.00056 0.00108 0.00150 0.00150
GP12-10-2.0-0.525 0 0.00037 0.00051 0.00094 0.00113 0.00113
GP13-10-2.5-0.35 0 0.00093 0.00109 0.00331 0.00435 0.00490
GP14-10-2.0-0.525 0 0.00036 0.00049 0.00197 0.00291 0.00318
GP15-16-2.5-0.525 0 0.00026 0.00037 0.00155 0.00263 0.00308
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APPENDIX G - Compressive strength in the final tests.

Designation Mix No. Mass (g) Compressive strength
MPa Average  Standard deviation Coefficient of variation
(MPa) (MPa) (%)
REF-1  2284.37 27.02
REF-OPC REF-2  2310.74 26.46 26.94 0.44 1.64

REF-3  2288.21 27.33

GP3-1  2305.60 20.94
GP3-10-2.0-0.525 GP3-2  2311.30 19.09 19.73 1.05 5.33
GP3-3  2310.70 19.15

GP7-1  2321.10 27.10
GP7-10-2.5-0.70 GP7-2 229750 27.44 26.69 1.01 3.80
GP7-3  2282.70 25.54

GP11-1 2309.40 28.29
GP11-10-1.5-0.70  GP11-2 229897 29.62 29.37 0.98 3.35
GP11-3 2320.77 30.21

GP12-1 227141 2253
GP12-10-2.0-0.525 GP12-2 226895 2132 22.33 0.92 4.13
GP12-3 2295.26 23.13

GP14-1 2321.90 24.64
GP14-10-2.0-0.525 GP14-2 2269.20 22.80 23.34 1.13 4.85
GP14-3 2277.00 22.58

GP15-1 2287.70 27.61
GP15-16-2.5-0.525 GP15-2 2287.40 28.29 27.19 1.37 5.02
GP15-3 2257.10 25.66
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Abstract: This research delves into the synthesis of geopolymers from fly ash, emphasizing the
process optimization through a Box-Behnken design. Key parameters, including molar
concentration of MNaOH, Na;5i0:/Na0H and alkali solution/fly ash mass ratios, are systematically
explored to enhance the flexural and compressive strength properties of the geopolymers,
aligning with the burgeoning interest in sustainable construction materials. The geopolymer
production process, meticulously optimized using the Box-Behnken design, aims to achieve
materials with superior flexural and compressive strengths., evaluated through bending and
compression tests, providing gquantitative insights into the material's resistance to deformation
and load-bearing capacity, essential factors for assessing its suitability im construction
applications®?. Produced in prismatic quadrangular molds, measuring approximately 16 mm in
length, 4 mm in width and 4 mm in height, the geopolymers boast masses of around 600 g. The
production methodology involves combining an alkaline solution {consisting of waterglass and
MNaOH) through magnetic stirring, followed by fly ash and aggregates [stone, sand and water)
into paddle stirrers. Among the 15 geopolymers analyzed, one formulation [considering NaOH
16 M, Maz5i0:/Na0H = 2.5 and an alkali solution/fly ash ratio = 0.525 (gfL)), distinguished itself
with the highest compression strength of 25.4 MPa. Simultaneously, a geopolymer prepared
considering MaOH 16 M, Na:Si0s/Ma0H = 1.5 and an alkali solution/fly ash ratio = 0.525 (g/L),
excelled in flexural strength with a result of 6 MPa. The superior compression strength of the
former formulation and the heightened flexural strength of the latter, provide valuable insights
in the quest to tailor geopolymers to meet diverse construction and materials engineering
reguirements.

Keywords: Geopolymers; Fly &sh; Box-Behnken Design; Sustainable Construction Materials; Mechanical
Strength
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