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FOREWORD

In the realm of construction materials, the pursuit of sustainable and high-
performance alternatives to traditional concrete has become imperative. This journey
has led us to the fascinating world of geopolymers, where innovative combinations
of fly ash, GGBFS, and volcanic ash have unlocked a realm of possibilities. The
research presented in this body of work delves into the intricacies of geopolymer
concrete, offering a comprehensive exploration of its properties and potential

applications.

The amalgamation of environmental consciousness with engineering prowess
is evident in the exploration of curing methods. The shift towards room conditions
and freeze-thaw curing not only signifies a commitment to eco-friendliness but also
unravels new dimensions in geopolymerization. The resilience of these geopolymers
against high temperatures, coupled with the nuanced interplay of different material

proportions, paints a vivid picture of a material poised for diverse applications.

As we navigate through the findings presented here, the optimization of mix
ratios emerges as a delicate dance between enhancing compressive strength and
mitigating potential strength loss. The promise of ground granulated blast furnace
slag in geopolymer concrete beckons towards a future where sustainable construction

materials can rival conventional counterparts.

This work does not merely exist within the confines of a laboratory; it sets the
stage for future endeavors. The recommendations for future research laid out here
pave the way for a deeper understanding of geopolymers-both in terms of their
structural intricacies and their practical viability. From microstructural analyses to
real-world field trials, the roadmap outlined here seeks to push the boundaries of

what geopolymers can achieve.

In the hands of researchers, engineers, and practitioners, this work is not just
a collection of findings but a catalyst for further innovation. It is an invitation to

explore, question, and redefine the landscape of construction materials. The journey

Vi



towards environmentally friendly, high-performance concrete is an ongoing saga,

and this body of work contributes a compelling chapter to that narrative.

May these insights spark curiosity, ignite discussions, and propel us toward a
future where sustainable construction is not just a choice but a standard.
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PERFORMANCE OF SLAG-VOLCANIC ASH-BASED GEOPOLYMER
COMPOSITES WITH DIFFERENT CURING TEMPERATURES

ABSTRACT

This topic focuses on investigating the performance of geopolymer
composites using slag and volcanic ash as precursors, with an emphasis on how
different curing temperatures affect their properties. Geopolymer composites,
renowned for their sustainability and durability, have garnered considerable attention
in the construction industry. This study delves into the performance of geopolymer
composites utilizing slag and volcanic ash as primary precursors while exploring the
influence of varying curing temperatures. The research aims to decipher the intricate
interplay between curing temperature and material properties, focusing on
mechanical performance, microstructural characteristics, and durability.

A comprehensive literature review sets the stage by summarizing the
evolving landscape of geopolymer materials and the significance of curing
conditions. Subsequently, the research objectives are delineated, including the
assessment of compressive strength, flexural strength, ultrasonic pulse velocity, and
freezing-thawing cycles, and the resistance of geopolymer composites to deleterious
factors such as acid attack.

The methodology encompasses meticulous preparation of slag-volcanic ash-
based geopolymer samples, employing a range of curing temperatures that span from
ambient conditions to elevated levels. Mechanical tests, microstructural analyses, and
durability assessments are conducted systematically. Results elucidate the intricate
relationship between curing temperature variations and material properties, offering
valuable insights into the optimization of geopolymer composites for sustainable
construction applications.

The discussion section dissects the findings in the context of geopolymer
composite performance, highlighting the implications of varying curing temperatures
on mechanical strength, microstructure, and durability. Comparative analyses with
existing literature augment the understanding of geopolymerization processes and
curing temperature effects.

Geopolymer composites represent a paradigm shift in the construction
industry, offering an eco-friendly and high-performance alternative to traditional
cement-based materials. Their significance in sustainable construction is underscored
by their reduced carbon footprint, efficient use of industrial by-products, enhanced
durability, and potential to contribute to a more sustainable and resilient built
environment. As the world grapples with the challenges of climate change and
resource depletion, geopolymer composites offer a promising solution for a more
sustainable future in construction.

Both slag and volcanic ash serve as promising precursors for
geopolymerization in the creation of sustainable construction materials. Slag offers
the advantage of being an industrial by-product, while volcanic ash is a naturally
occurring material with low environmental impact. When activated with alkaline
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solutions, these precursors can form geopolymeric matrices with excellent
mechanical properties, durability, and resistance to environmental stressors, making
them valuable components in the pursuit of greener and more resilient construction
materials.

The choice of curing temperature in geopolymerization is a critical factor that
influences various material properties, including compressive strength,
microstructure, durability, setting time, and environmental impact. The selection of
an appropriate curing temperature should align with the specific requirements of the
construction application and the desired material properties.

Keywords: Slag-Volcanic Ash Geopolymer, Geopolymer Composites, Curing
Temperature, Compressive Strength, Flexural Strength, Acid Resistance, Pozzolanic
Reaction.
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FARKLI KUR SICAKLIKLARINDA CURUF-VOLKANIK KUL BAZLI
GEOPOLIMER KOMPOZITLERIN PERFORMANSI

OZET

Bu konu, farkl kiirleme sicakliklarinin 6zelliklerini nasil etkiledigine vurgu
yaparak, onciil olarak ciiruf ve volkanik kiil kullanan geopolimer kompozitlerin
performansinin arastirilmasina odaklanmaktadir. Strdiiriilebilirligi ve
dayanikliligiyla tanman geopolimer kompozitler ingaat sektoriinde biiyiik ilgi
goriiyor. Bu ¢alisma, degisen kiirleme sicakliklarmin etkisini arastirirken, birincil
onciiller olarak cliruf ve volkanik kiil kullanan jeopolimer kompozitlerin
performansmi arastirmaktadir. Arastirma, mekanik performansa, mikroyapisal
ozelliklere ve dayaniklilifa odaklanarak kiirleme sicakligi ile malzeme 6zellikleri
arasindaki karmasgik etkilesimi ¢6zmeyi amacliyor.

Kapsaml bir literatiir taramasi, jeopolimer malzemelerin gelisen manzarasini
ve kiir kosullarinin 6nemini Ozetleyerek sahneyi hazirliyor. Daha sonra, basing
dayanimi, egilme dayanimi, ultrasonik hiz darbesi ve donma-¢6ziilme dongiilerinin
ve geopolimer kompozitlerin asit saldiris1 gibi zararli faktorlere karsi direncinin
degerlendirilmesi de dahil olmak iizere arastirma hedefleri agiklanmaktadir.

Metodoloji, ortam Kkosullarindan yiiksek seviyelere kadar uzanan bir dizi
kiirleme sicakligr kullanilarak ciiruf-volkanik kiil bazli jeopolimer numunelerinin
titizlikle hazirlanmasin1  kapsar. Mekanik testler, mikroyapisal analizler ve
dayaniklilik degerlendirmeleri sistematik olarak yapilmaktadir. Sonuglar, sertlesme
sicaklig1 degisimleri ile malzeme Ozellikleri arasindaki karmasik iliskiyi
aydmlatarak, siirdiiriilebilir insaat uygulamalar1 i¢cin geopolimer kompozitlerin
optimizasyonuna iliskin degerli bilgiler sunmaktadir.

Tartisma boliimii, bulgular1 jeopolimer kompozit performansi baglaminda ele
aliyor ve degisen kiirleme sicakliklarinin mekanik mukavemet, mikro yap1 ve
dayaniklilik {izerindeki etkilerini vurguluyor. Mevcut literatiirle karsilastirmali
analizler, jeopolimerizasyon silire¢lerinin ve kiirleme sicakligr etkilerinin
anlasilmasini arttirir.

Geopolimer kompozitler ingaat sektoriinde bir paradigma degisimini temsil
ediyor ve geleneksel ¢imento bazli malzemelere ¢evre dostu ve yiliksek performansli
bir alternatif sunuyor. Siirdiiriilebilir insaattaki 6nemi, azaltilmig karbon ayak izi,
endiistriyel yan Triinlerin verimli kullanimi, artirilmis dayaniklhilik ve daha
stirdiiriilebilir ve dayanikli bir yapili ¢evreye katkida bulunma potansiyeli ile
vurgulanmaktadir. Diinya iklim degisikligi ve kaynaklarin tiikenmesi gibi zorluklarla
bogusurken, jeopolimer kompozitler insaatta daha siirdiiriilebilir bir gelecek icin
umut verici bir ¢dziim sunuyor.

Hem ciiruf hem de volkanik kiil, siirdiiriilebilir insaat malzemelerinin
olusturulmasmda jeopolimerizasyon i¢in umut verici dnciiler olarak hizmet ediyor.
Ciiruf, endiistriyel bir yan {iriin olma avantajini sunarken volkanik kiil, cevresel etkisi
diisiik, dogal olarak olusan bir malzemedir. Alkali ¢ozeltilerle etkinlestirildiginde, bu
onciiller milkemmel mekanik 6zelliklere, dayanikliliga ve gevresel stres faktorlerine
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kars1 dirence sahip jeopolimerik matrisler olusturabilir, bu da onlar1 daha yesil ve
daha dayanikli insaat malzemeleri arayisinda degerli bilesenler haline getirir.

Jeopolimerizasyonda kiirleme sicakliginin se¢imi, basing dayanimi, mikro
yapi, dayaniklilik, sertlesme siiresi ve ¢evresel etki dahil olmak {izere ¢esitli malzeme
ozelliklerini etkileyen kritik bir faktordiir. Uygun kiirleme sicakligmin se¢imi, ingaat
uygulamasinin 6zel gereksinimlerine ve istenen malzeme ozelliklerine uygun
olmalidir.

Anahtar Kelimeler: Ciiruf-Volkanik Kiil Geopolimeri, Geopolimer
Kompozitleri, Kiir Sicakligi, Basing Dayamimi, Egilme Dayanimi, Asit Dayanimi,
Puzolanik Reaksiyon.
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1. INTRODUCTION

1.1 Literature Review

Cement is a widely used binding substance around the world. Nonetheless,
one ton of cement manufacturing produces approximately one ton of CO2. [1].
Clinker manufacturing is essentially linked to CO2 emissions into the environment.
Despite increasing worries about CO2 emissions, substantial scientific research is
being undertaken to produce sustainable alternative binder systems, with geopolymer
technology being the most promising. Pozzolans are utilized as replacement
materials in cement and as binders in waste solidification; they are also employed to
build a block against harmful chemical transportation [2,3]. There are two types of
pozzolans: natural and manufactured. Volcanic tuffs are the oldest and most plentiful
natural stone resource. The structure of these includes a lot of silica and zeolite
minerals. Zeolite is a microporous solid crystal structure that comprises aluminum,
silica, and oxygen in its lattice structure, as well as alkaline or alkaline earth metals
and water [4-6].

Aluminosilicate and an alkali activator solution, often sodium or potassium
silicate, are used to form geopolymer binders. One notable example of an industrial
by-product is blast furnace slag, which is used to make slag-based geopolymers.
Scientists have investigated how different slag sources affect the characteristics of

geopolymer composites. [7].

These binder solutions have several desirable engineering and durability
characteristics, including as rapid drying, low shrinkage, high heat resistance, long-
term durability, and low carbon dioxide (CO,) emissions. In comparison to regular
Portland cement, geopolymer binders may save CO: emissions by up to 80% when
made under ideal circumstances. [8]. More and more people are concerned about
CO, emissions, thus scientists are working hard to find environmentally friendly
binder structures. Geopolymer technology is looking like the best bet at the moment.

For example, pyroclastic rocks like volcanic ash, slag, fly ash, metakaolin, and



granite debris are some of the aluminosilicate materials that may be used to create
geopolymer binders. (References 8, 9). A number of publications have highlighted
the potential of using volcanic aluminosilicate minerals into geopolymer composite
systems. [10,11].

Inorganic polymers, zeolitic precursors, and geopolymers are made by
reacting an alkaline solution with aluminosilicate minerals extracted from GGBFS,
fly ash, metakaolin, and other industrial waste products. There are a number of uses
for geopolymers that could lessen the need for OPC (Ordinary Portland Cement) and
the associated carbon dioxide emissions. Given their unique thermal behavior,
geopolymers outperform composites made of OPC (Ordinary Portland Cement) in
terms of fire resistance, according to the research. [12,13].

In a fire simulation, Shaikh and Vimonsatit [14] measured the compressive
strength of geopolymer concrete made with fly ash. Fly ash geopolymer concrete
performed very well at high temperatures, showing a compressive strength that was
110,000% more than its original value after fire exposure. The compressive strength
of concrete prepared with ordinary Portland cement (OPC) was reduced to around
46.5% when calcium hydroxide (Ca (OH),) was separated. The structure of the
geopolymer, which was made of fly ash, remained unchanged below 600 °C,

according to X-ray diffraction (XRD) and nuclear magnetic resonance (NMR) data.

Fernandez-Jimenez and Palomo.[15] delved into how geopolymers hold up
under high temperatures, discovering that their flexural strength actually increased by
1.2 times after exposure to 600 °C. Likewise, Pan and colleagues.[16] observed a
comparable trend, noting that the compressive strength of fly ash-based geopolymers
improved significantly at the same temperature. Recent studies on geopolymer-based
concrete have reinforced this pattern of strength enhancement post high-temperature

exposure.

In their study, Fulin Qu and colleagues [17] explored how adding load-
induced damage could actually enhance the heat resistance of geopolymer mortars
(GPMs) made from fly ash and GGBFS. Their main goal was to understand how fire
affects preloaded damaged structures. They looked at various physical properties of
the geopolymer mortar before and after exposing it to high temperatures, including

its appearance, strength, mass, and volume changes. They used techniques like



scanning electron microscopy (SEM) to examine the microstructure and thermal
gravimetric analysis (TGA), X-ray diffraction (XRD), and SEM with energy
dispersive X-ray (EDX) detection to measure phase shifts at high temperatures.
These findings provide valuable insights into how fly ash/GGBFS geopolymer
systems respond to fire damage after being subjected to loads, helping scientists

better understand their behavior.

Vickers et al. [18] took a close look at geopolymer concrete made with fly
ash and alumina aggregate. They found that adding alumina aggregate makes the
concrete more likely to catch fire because it doesn't handle heat as well. Previous
studies [15-18] didn't think about how mechanical stress affects geopolymer
materials in fire tests. But in real life, buildings have to deal with more than just fire.

Geopolymers are a type of inorganic substance that may be formed by
alkaline activation of aluminosilicate precursors. They are recognized for their ability

to substitute traditional cement-based materials in a variety of applications [19].

Another well-studied precursor for geopolymerization is volcanic ash, which
is also known as natural pozzolan [20]. It has been used for hundreds of years, and
recent study has focused on making it more reactive and better knowing how it

works in geopolymer compounds.

Researchers have found that geopolymer composites can have great
mechanical properties, such as high compression and bending forces. The qualities
depend a lot on the materials used, as well as the drying conditions. A lot of research
has been done on geopolymers because they are strong, last a long time, and don't

react badly with chemicals [21]. This makes them useful for many building projects.

XRD and SEM have been used in studies to look into the structures of
geopolymer mixtures. Researchers have found that a microstructure that is thicker
and has fewer holes can make something last longer, be more resistant to chemical

attack, and let less water through [22].

The drying temperature is very important for geopolymerization. Strength,
microstructure, and longevity are three geopolymer composite qualities that were

studied in relation to the temperature at which they cured [23].



People think that geopolymer composites are better for the earth than regular
cement because they use industry waste and have a smaller carbon footprint [24].
Because of this, there is more interest in how they can be used in green building.

Researchers have looked into geopolymer composites for many uses, such as
precast concrete, building materials, and even 3D printing [25]. Researchers have
been looking into how they might be used in infrastructure projects and building

construction.

Even though they show potential, it is still hard to make more geopolymer
composites while keeping their properties the same. Researchers are still working on

ways to solve these problems and make them work better.

To encourage more use of geopolymer materials in the building business,
groups that set standards have begun to create rules and standards for them.

Geopolymer composites could be a breakthrough in the search for
environmentally friendly building materials [26]. These new materials are very
different from traditional ones made of cement. They are better for the environment
and last longer [27]. When aluminosilicate source materials are mixed with alkaline
activators, usually sodium hydroxide (NaOH) or potassium hydroxide (KOH), they
form geopolymers, which are artificial, amorphous to semi-crystalline materials [28].
The end result is a three-dimensional network that is chemically bound and has
qualities that are similar to, or even better than, those of regular Portland cement-

based materials.

It is a huge step forward that geopolymer composites are being used in
building products. They might help lessen the damage that building does to the
climate by using less energy and releasing less carbon dioxide than making Portland
cement [29].

One of the main reasons people are interested in geopolymers is that they
leave behind a lot less carbon [30]. Because limestone is heated to very high
temperatures during traditional cement production, a lot of carbon dioxide (CO5) is
released into the air [31]. It is much cooler when geopolymers are made, and CO; is
often not released during the process. In this way, they indicate a big drop in

greenhouse gas production [32].



Industrial wastes like fly ash, slag, and volcanic ash can be used in
geopolymers in a way that makes them useful. By using these materials in
geopolymers, we not only cut down on trash, but we also lessen the damage that
throwing them away does to the earth [33].

Slag, a waste product from the iron and steel industries, could be used to
make geopolymer mixtures. It is pozzolanic and has a lot of silicon dioxide (SiO2)
and aluminum oxide (Al,O3) in it [34]. Volcanic ash is a naturally found pozzolan
that has been used by builders for a long time because it reacts well with alkali
activators. The use of slag and volcanic ash as building materials in geopolymer

composites gives us hope for green building materials [35].

The curing temperature is an important factor in geopolymerization because it
has a big impact on the qualities of geopolymer products. A lot of research has been
done on how the hardening temperature affects geopolymer composites. More often
than not, higher hardening temps cause things to set faster and have higher early-age
powers [36]. Because the initial materials dissolve faster and a thicker, more solid
geopolymeric matrix forms, this is the case. But at higher temperatures, it may not be

as easy to work with.

When it comes to longevity, geopolymer composites are better than
traditional materials. They make things more resistant to tough weather conditions
like chemical attack, being exposed to sulfates, and salt getting in. They are very
good at working in harsh situations because of this, like naval and industrial settings
[37].

As geopolymer materials gain acceptance in the construction industry,
standardization efforts are emerging to develop guidelines and testing protocols.
Sustainability is a significant driver of geopolymer research, with an increasing focus
on life cycle assessments (LCAs) to determine and evaluate the environmental effect

of these products with traditional alternatives [38].

The geopolymerization process typically requires less water compared to
conventional concrete. This reduced water demand contributes to water conservation

efforts and lowers transportation costs, particularly in arid regions [39].



Geopolymer composites have demonstrated excellent fire resistance
properties. They maintain their structural integrity at high temperatures, making them
suitable for applications in fire-prone areas [40].

Geopolymers can greatly increase the service life of buildings by resisting
degradation processes such as alkali-silica reaction (ASR) and sulfate assault [41].

Geopolymer materials provide great early and ultimate compressive strength,
as well as excellent workability. This makes them appropriate for a variety of
building applications [42].

Responsible production and consumption, climate action, and sustainable
cities and communities are only a few of the UN Sustainable Development Goals
(SDGs) that are compatible with geopolymers [43].

This work aims to address certain gaps in the literature on geopolymer
composites, despite the extensive research on the topic. To begin, studies that
specifically investigate how healing temperature affects the performance of
geopolymer composites based on slag and volcanic ash are few and few between.
Second, there is a lack of information on the effectiveness of composites that include
both slag and volcanic ash, as the majority of studies have focused on individual
precursor elements. More in-depth microstructural investigation is required to learn
how curing temperature affects the microstructure and, therefore, the characteristics
of these composites. In addition, further research is needed to determine if these
materials are environmentally sustainable, particularly when compared to standard

cement-based materials.

1.2 Objective of the Thesis

Volcanic ash is considered a naturally occurring and sustainable material that
may be used to generate an environmentally friendly binding matrix. Given this, it
may be effectively assessed as a precursor in the geopolymeric matrix. The thesis

will stress the following:

1- An investigation into the effect of replacing slag with volcanic ash on the

researched attributes.



2- Examining the influence of different curing temperatures on the

performance of the generated samples.

3- Evaluating the samples' performance in various durability situations such

as high temperature, freezing-thawing, and acid attack.

4- Evaluating the correspondence of the results between the conducted
mechanical and physical tests along with tests like compressive and flexural strength

and Ultra pulse velocity test.

1.3 Hypothesis

The thesis aims to present a systematic summary of the research process.
Following this introduction, Chapter 2 conducts a complete literature analysis,
emphasizing current knowledge, gaps, and the research's contribution. Chapter 3
describes the materials utilized in the experiment, as well as the methods used and
the results obtained. The thesis continues with Chapter 4, which covers data analysis,
outcomes, and debates, culminating in practical recommendations and options for

further study.

We hope that our research will provide vital insights to the increasing body of
knowledge on geopolymer composites, allowing them to be used more effectively in

sustainable construction methods.



2. LITERATURE REVIEW

2.1 General

The building sector is at the confluence of innovation and sustainability,
demanding the development of materials that not only meet structural requirements
but also align with environmental stewardship. In this context, Geopolymer
composites have appeared as a possible alternative to traditional cement-based
materials. As a result of alkali activation of aluminosilicate precursors, geopolymers
are created. They offer a long-term answer by lowering the carbon footprint of
building activities. As different geopolymerization materials are looked at, this study
focuses on using slag and volcanic ash together. Slag and volcanic ash are waste

items from nature and industrial processes, respectively.

Geopolymer mixtures are better than most materials in a number of ways.
The process of making them uses less energy and releases less carbon dioxide than
making Portland cement. This helps make sustainable building practices even more
important. In addition to being good for the climate, geopolymers are also strong,
durable, and resistant to many types of chemical attacks. This makes them appealing

for many building uses.

The choice of predecessors is very important for figuring out the properties of
geopolymer mixtures. Besides being good for the climate, geopolymers have great
engineering qualities, last a long time, and are resistant to many types of chemical
attacks. This makes them popular building materials for many uses. The goal of this
study is to find out how mixing these ingredients changes the performance of
geopolymer composites and, more importantly, how different hardening

temperatures change this performance.
The review was broken up into different groups:

e Literature on geopolymers made of volcanic ash in detail.
e A geopolymeric matrix's filler components.

e The impact of varying activator molarities.
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e The role of curing temperature in geopolymerization and its impact on

material qualities.

2.1.1 Literature on geopolymers made of volcanic ash in detail

Djobo et al. [44] looked into the long-term mechanical and physical qualities
of geopolymer blocks made of volcano ash. The temperatures at which these mortars
cure and their ability to withstand hard conditions were both created separately. Over
the course of six months, the physical and mechanical features were looked at to see
how they changed. This report shows the outcomes of tests that looked at how long
something could last. These tests included a wet-dry cycling test with 25 cycles and a
sulfuric acid resistance test with 180 days. The process of sulfuric acid attack on
manufactured samples has been figured out by studying their microstructure.

Using metakaolin and ash from volcanic events, Kouamo et al. [45] studied
how to make geopolymers. They lowered the Si/Al ratio in geopolymers by adding
Al,O3 as an extra source of aluminum. They then studied the changes. The properties
of geopolymers made from both types of materials are studied. The manufactured
geopolymers' compression strength was checked after 28 days. Analyzed using
powder X-ray diffraction (XRD) and Fourier Transform Infrared spectroscopy
(FTIR), the samples of solidified geopolymer cement paste were crushed into small
particles after the compressive strength measurement. Investigating the properties of
geopolymer pastes formed into cylindrical forms with a diameter of 10 mm and a

height of 20 mm was done using the scanning electron microscope (SEM) method.

Geopolymer mortars made mostly from volcanic ash have their properties
improved by Kouamo et al. [46]. To make the volcanic ash more reactive, scientists
employed the alkali fusion technique. Various quantities of highly reactive
metakaolin were used as supplementary sources of aluminosilicate (30%, 40%, 50%,
and 60% MK by weight) to use up the excess alkali required for the fusion process.
We compared the reactive phase and X-ray diffraction (XRD) patterns of the unfused
volcanic ash (f-Z_G) with those of the fused ash (Z_G) to determine how the fusing
procedure affected the reactivity of the ash. Testing procedures for the geopolymer
mortars included compressive strength, scanning electron microscopy with energy-

dispersive X-ray spectroscopy (SEM-EDS), linear shrinkage, and setting time.



Metekong et al. [47] examined the efficiency and long-lasting nature of
geopolymer concrete produced from volcanic ash laterite. The researchers evaluated
two variants, GL20 and GL40. The specimens were subjected to curing temperatures
of 28, 60, and 80 degrees Celsius. Compressive and flexural strength of dry, wet, and
wet-dry materials were assessed at 7, 28, and 90-day intervals.

The mechanical properties of geopolymer concrete made from the highly
silicate Sinabung volcanic ash were investigated by Karolina et al. [48]. The
resulting geopolymer concrete was 20 cm tall and 10 cm in diameter, giving it a
cylindrical form. The combination of sodium hydroxide and sodium silicate served
for an alkali activator. We tried four alternative durations of curing in an oven set to
60°C: four, eight, twelve, and twenty-four hours. The compressive strength and
absorption value of a sample that was 7 days old were used to determine the
mechanical properties, and a conversion procedure was used to get the expected

value for a sample that was 28 days old.

Geopolymers were created by Tchakoute et al. [49] using unprocessed
volcanic ash from two locations in Cameroon, Djoungo and Galim. The geopolymers
were then dried at a steady temperature of 24 + 3 °C. An analysis was conducted on
the volcanic ash material, taking into account its chemical and mineralogical
composition, the non-crystalline phase's chemical composition, the distribution of
particle sizes, and the specific surface area. In order to make geopolymer cement
paste, five different alkaline solutions were prepared with SiO,/Na,O molar ratios
between 0.7 and 1.4. At the end of the 28-day trial, we compared the products'
compressive strengths and setting times. In addition, X-ray diffraction and Fourier
transform infrared were used to analyze powdered solidified geopolymer cement

paste.

Churata et al. [50] looked into geopolymers that are made by mixing fly ash,
pozzolan, metakaolin, industrial waste, and volcano ash in a 1:1 ratio. Acids and
silica salts were used to get the reaction going. To describe the geopolymers,
researchers used XRD, FTIR, and mechanical tests. These materials could be used as
building blocks for geopolymer production, based on the results. The findings also
showed that the compressive strength and geopolymerization process were changed
by the mineralogy of the main materials when they were mixed. In particular, the

compression strength of the mix of volcanic ash and pozzolan was 35 MPa.

10



Tchadjié¢ et al. [51] studied the morphology and dynamic qualities of VA-
GPC composites that had active bauxite added to them. Ball grinding was used to
process bauxite by physically activating it. For geopolymer mortar compounds,
between 0% and 25% by weight of volcanic ash and active bauxite were used.
Measurements were used to check the geopolymer mortars' workability, shear
strength, pore volume, and ability to absorb water. X-ray diffraction (XRD), optical
microscopy, scanning electron microscopy (SEM), and energy dispersive
spectroscopy (EDS) were some of the imaging methods used to look at the

microstructure.

Tome et al. [52] talked about how VA was added to MSWI-FA to make up
for the low amounts of silica and alumina. This made eco-friendly cement
(Geopolymer), which helped recover this dangerous waste by making it stable and
solid. Research was conducted to assess the activating solution's alkalinity and the

impact of the VA dosage that was added.

Kupwade-patil et al. [53] provided several techniques to enhance the energy
efficiency (EE) of buildings. They achieved this by comparing the EE of cement
mixtures with VA substitution to the baseline scenario of traditional concrete. The
Embodied Energy (EE) of a construction product is quantified in Mega Joules (MJ)
per kilogram of material using Embodied Energy Coefficients (EEC). Take into
account a cured cement paste including volcanic ash in the OPC, where the mean
particle size is either 17 um or 6 um, and the volcanic ash content may reach up to
50%. Substituting OPC with volcanic ash reduces the EEC. However, in order to
retain optimal mechanical strength, the mix design must take into account the

characteristics of the volcanic ash.

Hamada et al. [54] examined the possible effects of VA on the mechanical,
microstructural, and environmental characteristics of cement mortars and concretes
as a supplementary cementitious material (SCM) and nanomaterial (NP),

respectively.

In their study, Celik et al. [55] examined the impact of using limestone
powder (LP) and basaltic volcanic ash (NP) as substitutes for Portland cement (PC)
on the characteristics of fresh, mechanical, and physicochemical qualities of mortars

and cement pastes. It was shown that both materials heightened the need for water.
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LP had no significant impact on setup time, however NP had a noticeable rise. Both
materials reduced the ultimate compressive strengths of the mortars, but to a lesser
extent than their substitution levels.

Wilson et al. [56] summarized ash impacts on essential infrastructure,
highlighted important sources of susceptibility and evaluated the relative sensitivity

of different sectors to a variety of ash fall scenarios.

The physical and chemical properties of volcanic ash were detailed by Rafat
Saddique [57]. Additionally, volcanic ash was tested for its effects on concrete
collapse, compressive strength, porosity, permeability, and sulfate resistance.

The results of a research evaluating the corrosion resistance and degradation
of twelve distinct concrete mixes subjected to a combination of sulfate solutions for
forty-eight months were published by Hossain and Lachemi [58]. Buildings exposed
to mixed sulfate environments that include magnesium, a prevalent element found in
many places globally, may benefit from this study's recommendations for VA and
V/P-based blended cement.

2.1.2 A geopolymeric matrix's filler components

Papa et al. [59] created and characterized a novel class of geopolymer-zeolite
materials by filling a geopolymer matrix with a commercial synthetic zeolite. Indeed,
the key objective was to integrate zeolite's unique and defined microporosity with the
geopolymer matrix's mesoporosity, as well as the ability to consolidate the zeolite

powder.

Lazorenko et al. [60] conducted a study comparing the effects of different
physical and chemical treatments on rubberized fly ash-based geopolymer
composites. They used various solutions, such as NaOH, H,SO,, (CH3),CO, and
KMnQO,, as well as ultraviolet (UV-C) radiation. The aim was to assess how these
treatments affected the compressive and flexural strength, as well as the
microstructure, of the composites. The focus was on understanding the interaction
between the geopolymeric matrix and the rubber filler material. The impact of pre-
treatment on the surface characteristics of CR was investigated using water vapor
adsorption, FTIR spectroscopy, and visual and confocal laser scanning microscopy
(CLSM).
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Kohout and Koutink [61] examined the impact of filler type on the
thermomechanical characteristics of geopolymer composites based on meta-
kaolinite. A comparison was made between the properties of four different fillers
(sand quartz, chamotte, cordierite, and corundum) and the properties of the
geopolymer binder without any fillers. A geopolymer binder was produced by using

calcined claystone and a potassium alkaline activator.

Sahin et al. [62] examined the impact of polyvinyl alcohol fibers on
geopolymers manufactured from metakaolin and other types of aggregates, including
basalt sand, Rilem sand, and recycled concrete aggregate, individually.

In their study, Kovatik et al. [63] examined how the size and distribution of
aggregates impact the shrinkage/expansion behavior and mechanical strength of
geopolymer composites. The mineralogical phases, thermal behavior, dimensional
stability, and mechanical properties of experimental specimens were evaluated both

in their initial state and after being subjected to heat up to 1000 °C.

To study the mechanical properties and mechanism of flexibility of fiber-
reinforced slag-fly ash geopolymer-agglutinated iron effluent infill materials, Zhang
et al. [64] tested them using SEM, XRD, three-point bending, scanning electron

microscopy, and macroscopic unrestricted compressive strength.

Natural rubber (NR) composites were experimented with by Yangthong et al.
[65] using geopolymer particles (GP) as novelty fillers at varying loadings (0, 10, 20,
30, and 40 phr). Cured NR/geopolymer composites had their mechanical, dynamic,
thermal, and morphological properties studied, as well as the impact of GP particles
on these parameters. The curing properties and mechanical qualities were

significantly affected by the inclusion of geopolymer particles.

Uysal et al. [66] investigated how four different fiber types affected the
mechanical and microstructural characteristics of metakaolin and red mud
geopolymer composites. Additionally, these composites included recycled aggregate
and brick dust.

In their study, Ferdous et al. [67] investigated a novel method for designing
geopolymer concrete mix and its use as a filler in structural hybrid composite beams.
The viability of using this hybrid beam concept for a railway sleeper has also been

evaluated and shown.
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2.1.3 The impact of varying activator molarities

In their study, Felaous et al. [68] investigated the activation of volcanic
pozzolan utilizing sodium silicate and sodium hydroxide as activators. Pozzolan rock
is described in detail throughout the book, along with its microscopic features,
chemical composition, and mineralogical makeup. Consideration and adjustment are
given to the effects of the NaOH solution molarity and the mass ratio of Na,SiOs to
NaOH. References to earlier works provide context for an analysis and explanation
of the microstructural, mechanical, and mineralogical properties of the geopolymers
that are formed.

Activators ranging from 8 M NaOH to 5 M NaOH were used in GP pastes,
and the effect of ambient temperature on their molarities was studied. Pundiend’ and
coworkers [69]. Alkaline activator solutions with a molarity below 8 M were the
subjects of the experiment. Many writers believe that GP pastes need a larger
quantity of water to get the appropriate fluidity; this opinion was taken into account
in our experiment. A lower molarity is achieved by diluting the alkaline activator
solution with more water, which lowers its concentration. Studies have shown that
when compared to the alkaline activator, the extra water's composition might differ
by as much as 30-35%.

Ibrahim et al. [70] found that the binder concentration and composition of

alkaline activators affect the fresh and hardened properties of AAC.

The study investigated the impact of the concentration of NaOH, the ratio of
Na2SiO3 to NaOH, and the ratio of alkaline activator to fly ash (AA/FA) on the
current qualities (workability and wet density) and hardened properties (dry density,
compressive strength, and flexural strength) of geopolymer concrete (GPC) cured at
room temperature. The experiment included testing 45 different GPC mixes. Ghafoor
etal. [71]

Ibrahim et al. [72] Identified the optimal combination of alkaline activator
composition and SH concentration for creating NP-based AAC with enhanced
mechanical and microstructural characteristics. In order to create the most optimal
NP-based AAC, adjustments were made to the SS/SH ratio and SH intensity.

The effects of curing temperature and silica modulus on the microstructure

and strength of alkali-activated LSP/VA mortar were studied. Research carried out
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by Adewumi et al. [73] The study aims to further our comprehension of the effects of
curing temperature and alkali-activated volcanic ash/limestone powder on the
characteristics of mortars. When VA/LSP is used, less dangerous adhesives can be
used, and less trash is made.

Researchers looked at how the compressive strength of geopolymer concrete
changed with changes in the Na,SiOs/NaOH ratio, the Na,SiO,/Na,O ratio in a
solution of sodium silicate (Na,SiOs), the molarity of NaOH, and other factors.
Reddy et al. [74] say that geopolymer mix designs can be made by changing the
amount of alkali activator solution (AAS) to fly ash (FA) while keeping the amount
of FA the same. This study looks into the compressive strength of geopolymer
concrete, focusing on how different Na,SiO3/NaOH ratios (2.0, 2.5, and 3.0) and
NaOH molarities (8M, 10M, 12M, 14M, 16M, and 18M) work together. The
compression strength is good when the ratio of SiO, to Na,O in the Na,SiO3 solution
is between 2.00 and 2.40, the ratio of Na,SiO3; to NaOH is 2.5, and 16M NaOH is

used.

A recent study looked at what happens to the microstructures and mechanical
qualities of GPMs when the molarity of the NH solution is changed. The author is
given as Huseien et al. [75]. These Glass Powder Materials (GPMs) are made from
broken bottles, FA, GBFS, and ceramics, which are mixed together at certain
hardening temperatures. We look at the microstructural features of these GPMs using
X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDS). The ASTM C109/109M standard is used to
find out how strong GPM is when compressed. Finding the right amounts of NH
molarity in Na,O, H,O, solution modulus (SiO;:Na;0), and Na;O: AlOs is

important for getting the best compression strength.

There is a study into how the water-to-binder ratio and the SS/SH ratio affect
low molarity (4 M and 6 M) geopolymer concrete. Singh et al. [76]. In addition, the
study will look at how the drying schedule affects the strength growth of the low-
molarity geopolymer concrete that is made. Furthermore, this study investigates the
influence of three different mix compositions, each with compressive strengths
varying between 30 and 2 MPa, on the elastic modulus, sorptivity, and chlorine
migration. The investigation has focused on inelastic strain and the loss of strain

energy at lower stress levels.
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2.1.4 The role of curing temperature in geopolymerization and its

impact on material qualities

Mo et al. [77] concentrated on creating kinetic models and evaluating
mechanical properties; nevertheless, the correlation between curing temperature and
geopolymerization has not been extensively studied. The main objective of the
research is to examine the impact of curing temperature and duration on the
dissolution, polymerization, and reprecipitation processes involved in the
geopolymerization reaction. The study examines the impact on both the duration of
solidification and the physical and mechanical characteristics of the geopolymer

samples.

Rovnanik et al. [78] Examined the mechanical properties of geopolymer
mortars produced from metakaolin, considering changes in curing temperatures and
durations. The compressive and flexural strength data were interpreted in terms of
microstructure changes noticed during the hardening process using mercury intrusion
porosimetry and FTIR spectroscopy, respectively. The composition of the
geopolymer under investigation was derived by empirical knowledge gained from
various kinds of geopolymer materials produced at room temperature. The goal was
to create a combination that exhibited the most favorable mechanical characteristics

over a 28-day period.

Aredes et al. [79] Examined the structure of geopolymer made from meta
kaolinite at different curing temperatures. The primary objective is to enhance
comprehension of quick curing at elevated temperatures in geopolymer synthesis,
with the aim of producing superior quality products and optimizing the
geopolymerization process for real-world use. The mechanical property data were

examined by the analysis of microstructure alterations.

According to Sajan et al. [80], Built on earlier studies by doing an extensive
experimental analysis of how the three main components affected the mechanical
properties of geopolymer as a whole. Compressive strength, Poisson's ratio, and
Young's modulus are three mechanical properties of geopolymers that are
investigated in this study. Several factors are taken into account, such as three
different amounts of alkaline concentration, four different cure temperatures, and

three different curing times. Microscopy is also used to look at the relationship
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between the mechanical properties and the regulatory parts described above and
make sure it is real. There will be useful information for using geopolymer goods
made from fly ash that comes from this in-depth trial.

The goal of Nagral et al. [81] was to make GPC cubes with a specific strength
of 50MPa. To do this, they added fly ash and GGBS to a 12M NaOH solution to help
the chemicals stick together. Curing times of 12 to 24 hours took place at
temperatures between 80 and 100 degrees Celsius. Researchers used this data to find
the best temperature and length of time for geopolymer concrete to cure, which is
what gives it its high compression strength. Researchers dug deeper to find out how
adding water to geopolymer concrete at the right setting temperature and time
changes how it can be used and how well it holds up against compression.

The main goal of Zribi et al.'s study [82] was to make phosphate-based
geopolymers at two different hardening temperatures: room temperature and a
slightly higher temperature (60°C). Researchers use a variety of methods to look into
the speed at which geopolymers form, their compression strength, and their structure.
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3. MATERIALS AND METHODS

3.1 Introduction

A thorough discussion of the materials utilized in this research, together with
an explanation of the tests that were undertaken, will help to make sense of the
experimental results that were produced.

3.2 Materials

3.2.1 Volcanic ash

Volcanic ash is a natural pozzolan derived from volcanic activity, possessing
unique characteristics that make it a valuable material in the construction industry.
Unlike traditional fly ash from coal combustion, volcanic ash originates from
volcanic eruptions, Providing an alternate supply of aluminosilicate material for the
manufacture of cementitious materials including concrete and geopolymer

composites.

Volcanic ash is a result of volcanic eruptions where molten lava fragments
into fine particles during the eruption process. These airborne particles cool rapidly
in the atmosphere and form a glassy, amorphous structure. The composition of
volcanic fly ash varies based on the type of volcano and the minerals present in the
original lava. Common constituents include silica (SiO3), alumina (Al,03), iron

oxide (Fe,05), and other trace minerals.

Fly ash from volcanic eruptions has a high pozzolanic reactivity, which is an
important property. Cementitious materials benefit from the addition of volcanic fly
ash, which, like other pozzolans, interacts with calcium hydroxide (Ca (OH),) in the
presence of moisture to produce extra binding phases. The C-S-H gel that is created
during the pozzolanic process is responsible for the cohesiveness and strength of the

concrete.[83]
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Table 3.1 displays the chemical composition of volcanic ash, which is a
basaltic substance of the scoria type. as the Si0,, content is less than 52.5%. The
major oxides are Si0,, Al,04, and Fe,05, with the sum of Si0, + Al,0;+ Fe,04
equal to 83.08 wt. The minor oxides present are CaO, MgO, SO3 and Na,0 with a
total sum of 16.9 wt. %. The components utilized to prepare the mixes included
ground granulated blast furnace slag, sand, sodium silicate, and sodium hydroxide.
Figure 3.1 depicts a sample of the utilized volcanic ash.

Table 3.1: Chemical composition of volcanic ash

Oxides Content (%)
SiO; 49.47
Al,O4 18.67
Fe 03 14.94
CaO 8.61
MgO 3.65
Na,O 4.64
LOI 8.67

Figure 3.1: Volcanic ash sample
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3.2.2 Ground granulated blast furnace slag (GGBFS)

The iron and steel industry produces a byproduct known as Ground
Granulated Blast Furnace Slag (GGBFS). It is created when the iron slag that has
been melted in a blast furnace is cooled quickly with water or steam. The pozzolanic
and latent hydraulic characteristics of GGBFS make it a popular supplementary
cementitious material; these properties enhance concrete quality and make buildings
more sustainable.[84]

GGBFS is primarily composed of amorphous silica (SiO,), alumina (Al,O3),
and calcium oxide (CaO), along with other oxides present in varying amounts based
on the specific steel production process. It is made when melted iron slag is quickly
cooled down, which turns the slag into very small glassy particles. After being
broken up into small pieces, this material is turned into a fine powder, which is
GGBFS.[85]

It is a flexible cementitious material that stands out because it has a unique
mix of pozzolanic and latent hydraulic properties. Pozzolanic reactions happen when
calcium hydroxide (Ca (OH);) and GGBFS are mixed with water. This makes a C-S-
H gel. At the same time, because it has inactive hydraulic action, it makes hydrated
calcium aluminate phases. Because of its dual nature, concrete is more durable and
lasts longer. Figure 3.2 displays the sample, and Table 3.2 details the chemical make-

up of crushed granulated blast furnace slag.

Table 3.2: Ground granulated blast furnace slag

oxides Content (%)
SiO; 40.55

Al,O3 12.83

Fe203 1.10

CaO 35.58

MgO 5.87

Na,O 0.79

LOI 0.03

SO3 0.18

Cr 0.0143
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Figure 3.2: GGBFS sample
3.2.3 River sand

River sand is a naturally occurring granular material derived from riverbeds
that is an essential component of the building industry. Its diverse qualities make it a
necessary component in the manufacturing of concrete, mortar, and other

construction products.

3.2.4 Chemical activators

The geopolymerization process, a sustainable alternative to traditional
cement-based materials, relies on chemical activators to initiate the transformation of
aluminosilicate precursors into geopolymers. Sodium silicate and sodium hydroxide
are essential chemical catalysts that significantly contribute to the formation of
robust and high-performing building materials.

Sodium silicate is a water-soluble compound consisting of sodium oxide
(Nay0) and silica (SiO,).
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Sodium hydroxide dissociates in water to provide hydroxide ions (OH-)

essential for the geopolymerization reaction.

Chemical activators, such as sodium hydroxide and sodium silicate, were

used to initiate the geopolymeric process. A company called Merck Chemicals

Company was bought the chemicals. The chemical samples are shown in Figures 3.3

and 3.4, and their technical data is provided in Tables 3.3 and 3.4.

Table 3.3: Properties of sodium hydroxide

NaOH (%) Na,CO3 (%) Cl (%) S04 (%) Al (%) Fe (%)

99.1 0.3 <0.01 <0.01 <0.002 <0.002
Table 3.4: Properties of sodium silicate

Na,O (%) | SiO, (%) | Density (20°C) (g/ml) | Fe (%) | Heavy metals (as Pb) (%)

8.2 27.0 1.360 <0.005 | <0.005

Figure 3.3: Sodium hydroxide
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3.3 Mixes Proportions and Plan Categorization

ilicate solution

Figure 3.4: Sodium silicate
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The volcanic ash was mixed with slag and river sand in different percentages
by adding chemical activators Na,SiO; and NaOH (10 M) as shown in the table 3.5

below.

Table 3.5: Mixing compositions of produced geopolymer mortars (g)

Mix ID GGBS X(S)rllcanlc Na,SiO3 'I:IAE;OH (10 River sand
Reference | 450 0 210 105 1012.5
25% 3375 112.5 210 105 1012.6
50% 225 225 210 105 1012.7
75% 112.5 337.5 210 105 1012.8

Ratio of chemical activator to binder = 0.7
Ratio of sodium silicate to sodium hydroxide = 2:1
Ratio of sand to activator = 2.25:1
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The ability of the manufactured samples to harden in natural conditions was

evaluated using varying amounts of slag and volcanic ash. The prism-shaped trial

mix samples had dimensions of 40x40x160 mm, as seen in Figure 3.6. Figure 3.5

shows the original method of mixing, which used a small mechanical mixer. The

enormous number of specimens required for the investigation's methodology,

however, rendered the use of this mixer impractical. So, to combine, an electric

drilling device was used in conjunction with a blending rod. In table 3.6, you can see

all the details about the combinations.

Table 3.6: Details of the mixes

Code % Curing Temp.
Control 100% GGBS Room temp.
75G25V-R 25% VA + 75% GGBS Room temp.
50G50V-R 50% VA +50% GGBS Room temp.
25G75V-R 75% VA + 25% GGBS Room temp.
75G25V-60 100% GGBS 60°C
50G50V-60 25% VA + 75% GGBS 60°C
25G75V-60 50% VA + 50% GGBS 60°C
75G25V-100 75% VA + 25% GGBS 100°C
50G50V-100 100% GGBS 100°C
25G75V-100 25% VA + 75% GGBS 100°C

Figure 3.5: Mechanical mixer
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Figure 3.6: Samples from trial mixes

In addition, meeting with Joseph Davidovits during the 9th geopolymer camp

in Saint Quentin, France, to learn the precise process for making geopolymer

composites was a huge help in directing the planned study in the correct direction.

With this background information in hand, the real investigation recorded and took

into account the following details. There are a number of issues with the mixing

procedure that must be resolved:

Volcanic ash should be dried before combining.

Slag ought to be utilized for fast hardening.

It is recommended to prevent adding a chemical filler in the mixing
procedure.

To get the optimum reaction of the proposed mix, sodium hydroxide ought to
be prepared a minimum of one day ahead of time, it is necessary to add
sodium silicate to sodium hydroxide before combining.

Davidovits' ideas advise that volcanic ash be combined with chemical
activators to determine the proper reaction process. Slag is next supplied to
the substance, and finally, filler ingredients are added to complete the mixing
process.

Manual high-shear mixers are ideal for mixing geopolymers than standard

mechanical mixers.
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e Weather conditions have a crucial effect onthe manner of mixing.
Specifically, it is highly recommended to combine at an elevation of around

23°C and a level of moisture of around 50%.

Concerning the procedure of drying and detaching the mold, early studies

indicated a few factors:

e The oven proved to be the optimal curing procedure regarding quick

strength progress and chemical stability.

e To reach the necessary strength, cure for at least 10 hours.

e Grease oil was deemed the most effective technique to coat the molds

to facilitate the demolding process.

3.4 Experimental program

3.4.1 Procedures for mixing, molding, and curing

Following the steps outlined in the flow diagram in Figure 3.7, the blending
process was executed. At least one day before the mixing day, sodium hydroxide was
manufactured. On that particular day, sodium hydroxide and sodium silicate were
mixed. The first step of geopolymerization was initiated after the addition of the
metasilicate solution to the slag. In order to complete the geopolymeric mixing
process, the resulting paste is mixed with sand and then added to volcanic ash. As

indicated earlier, a rod-attached manual drilling machine was used to get the

necessary homogeneity in the finished mixture.

Na,Si0;

e Activator

NaOH

VA

Sand

Slag

Geopolymer
Sharry

GP
Mortar

Figure 3.7: Mixing procedure of the study
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When the mixture was let aside for a little while, the containers formed. The
specimens could be easily removed from the molds because of the thick coatings
applied to them. Molding was accomplished by pouring two layers of the compound
into the molds in a certain order and then stirring them to release any trapped air
during casting. The flow table was analyzed by taking a small proportion from each
combination. Casting prisms with dimensions of 40x40x160 mm was part of this
project. After that, the samples were heat-cured for 24 hours in an oven set to
temperatures higher than 80°C. Methods for mixing, molding, and curing are shown

in Figures 3.8-3.12.

Figure 3.9: Vibrating sample apparatus
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Figure 3.10: Samples prepared

Figure 3.11: A mixture of geopolymer samples
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Figure 3.12: The samples' curing process

3.4.2 Test program

3.4.2.1 Strength tests

In order to conduct compressive and flexural strength tests according to
ASTM E4 10002-2 [86], this inquiry made use of a 35-ton load-measuring device
that has a displacement accuracy of +1% mm and a precision of £0.2% mm. For the
purpose of compressive strength testing, the standards ASTM C109 [87] and ASTM
C 348 [88] were used. At 7 and 28 days of age, the specimens were tested separately.
Prism samples of 40x40x160 mm were used for compressive and flexural strength
testing. The flexural strength was calculated using the following equation in order to
meet the standards set by ASTM:

Flexural Strength = 0.0028 P (3.1)

P stands for the maximum stress exerted on the specimen under test, in

kilonewtons (KN), and MPa is the unit of measurement for flexural strength.

Using ASTM standards, compute compressive strength values. Compressive

strength may be calculated using the formula shown below.

Compressive Strength = P/A (3.2)
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Finding the area (A) of the assessed plate divided by the specimen’s highest
load (P) in kilonewtons (KN) yields the compressive strength in megapascals (MPa).
Compressive and flexural strength evaluations are shown in Figures 3.13 and 3.14,

respectively.

Figure 3.13: Flexural strength test

Figure 3.14: Compressive strength test
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3.4.2.2 Ultrasonic pulse velocity test

Ultrasonic pulse velocity studies are often used to find any defects or cracks
in the manufacturer's composition and to assess its consistency. To evaluate the
effectiveness of the matrix utilizing the studied variables and classifications,
ultrasonic pulse velocity tests were performed on the generated specimens in this
investigation. Figure 3.15 shows the results of the study's ultrasonic pulse velocity

studies.

Figure 3.15: Ultrasonic pulse velocity test

3.4.2.3 Unite weight, Water Absorption and Voids Ratio

Physical characteristics are very important in determining the structure of
produced specimens. The unit weight, water absorption, and void ratio of the mixes
have been investigated to analyze the impact of different molarities and types of
aggregates on their physical characteristics. The specimens were first heated in the
oven for 48 hours before being tested in the Archimedes pool, This is connected to
the digital scale. Figure 3.16 depicts the test devices, and the following equations

were used to determine the property values:
Unit weight (gm/cm3) = A/ (A-C) (3.3)

Voids ratio (%) = [(B-A)/ (B-C)] x100 (3.4)
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Water absorption = [(B-A)/A] x100 (3.5)
Here,

A: oven dry weight (g)

B: saturated surface dry weight (g)

C: weight of soaked sample in water (g)

i

Figure 3.16: Archimedes tool for physical tests
3.4.2.4 Freezing-thawing test

There were 56 cycles of freezing and thawing of the mixes. With each cycle,
the freezing phase lasted 90 minutes and the thawing period 30 minutes. A
temperature range of 4 to 18 degrees Celsius was used for the scientific experiments.
After each cycle ended, the specimens were tested for compressive and flexural
strengths, weight loss ratios, and comparisons to specimens that had not been frozen
and thawed. Figure 3.17 shows the equipment used for freezing and thawing,

whereas Figure 3.18 shows the specimens that are being examined.
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Figure 3.17: Freezing-thawing freezer

Figure 3.18: Samples of freezing-thawing test
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4. RESULTS AND DISCUSSION

4.1 General

The results were presented and discussed according to the categories intended

for the study so that the integrity of the investigation's procedures about the elements

that were evaluated could be preserved. The parts of this chapter will be addressed as

follows:

Physical properties (water absorption, unit weight)

Strength properties.

Ultrasonic pulse velocity test.
Elevated Temperature Test.

Freezing-Thawing Resistance.

Acid Attack Test.

The Correlation Between UPV and Compressive Strength.

4.1.1 Physical properties (water absorption, unit weight)

In general, all of the produced samples outperformed the control samples,

The findings exhibited enhancement in comparison to the cementitious control

specimens, as seen by the data presented in Table 4.1. Moreover, the enhanced

percentages for water absorption also demonstrated improvement.

Table 4.1: Physical properties (water absorption, unit weight)

(%) Water Unit weight
Code absorption (gr/icm3)
1 Control 12.5 2.16
2 75G25V-R 14.64 2.24
3 50G50V-R 15.27 2.34
4 25G75V-R 15.18 2.55
5 75G25V-60 11.37 2.71
6 50G50V-60 12.81 2.82
7 25G75V-60 12.12 2.63
8 75G25V-100 12.37 3.19
9 50G50V-100 11.41 3.27
10 25G75V-100 11.91 3.14
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4.1.2 Strength properties

For concrete, its compressive strength is a key indicator of its mechanical
performance over time. For this analysis, we averaged the compressive strengths of
three samples drawn from 10 different combinations. Specifically, the proportion of
ground granulated blast furnace slag and volcanic ash that cured at various
temperatures was the primary variable examined. There were 28-day compressive
tests conducted on the mixture. Figure 4.1 displays the compressive strengths of the
series both before and after being exposed to high temperatures. When added to
geopolymer made from fly ash, GGBFS increases the material's compressive
strength. Nevertheless, the compressive strength was 4.744% more than the control
mix at room temperature after 28 days of age with adding 75% GGBFS and 25%
Volcanic ash. Increased compressive strength of about 11.35 % is achieved when
50% GGBFS and 50% volcanic ash are used. At room temperature, the amount
increased by 8.452% compared to the control mix while using 25% GGBFS and 75%
Volcanic ash. when the mixture is cured at 60°C with 25% GGBFS and 75% volcanic
ash, the compressive strength is around 3.214 % more than the control mix, and
when the mixture is 50% GGBFS and 50% volcanic ash, it is about 7.25 % higher.
Nonetheless, the compressive strength was 3.21 % greater than the control mix after
28 days of age when the increase was 25 % volcanic ash and 75 % green screened
ballast. When the mixture is cured at 100°C with 75% GGBFS and 25% volcanic
ash, the compressive strength drops 5.989% compared to the control mix. A further
2.54% drop is observed with 50% GGBFS and 50% volcanic ash at 100°C. Lastly, a
7.07% drop is observed when compared to the control mix with 25% GGBFS and

75% volcanic ash.

After 7 and 28 days, the specimens were tested for compressive and flexural
strengths, and then compared to the control specimens made of cement. The findings

are shown in Figures 4.1,4.2 and Tables 4.2,4.3, respectively.
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Table 4.2: Compressive strength (MPa)

# Code 7 days (MPa) 28 days (MPa)
1 Control 23.65 38.57
2 75G25V-R 27.34 40.40
3 50G50V-R 30.17 42.95
4 25G75V-R 28.29 41.83
5 75G25V-60 25.13 39.88
6 50G50V-60 28.62 41.37
7 25G75V-60 26.36 39.81
8 75G25V-100 21.77 36.26
9 50G50V-100 24.42 37.59
10 25G75V-100 20.83 35.84

It recognized that 50G50V for all temperatures gives the highest values for
compressive and flexural strength, for other mixes low values occur because the
increasing of volcanic ash decreases the strength, and decreasing slag lowers the
strength for compressive and flexural as mentioned also in many research as
Metekong et al. (2021) [94] found that Flexural and compressive strengths increased
with curing temperature from 28 to 80°C, resulting in high solid precursor

dissolution and a dense, compact structure.

Table 4.3: Flexural strength (MPa)

# Code 7 days (MPa) 28 days (MPa)
1 Control 5.46 7.24
2 75G25V-R 6.31 8.11
3 50G50V-R 7.43 9.06
4 25G75V-R 6.79 8.67
5 75G25V-60 6.47 8.14
6 50G50V-60 7.12 8.98
7 25G75V-60 6.82 8.19
8 75G25V-100 5.89 6.88
9 50G50V-100 6.46 7.21
10 | 256G75V-100 6.17 6.79
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Figure 4.1: Compressive strength results
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Figure 4.2: Flexural strength results

4.1.3 Ultrasonic pulse velocity test

A non-destructive method for checking for material discontinuities, defects,
and internal fissures as well as the matrix's homogeneity is the ultrasonic pulse
velocity. The results suggested that geopolymer composites' compressive behavior

might be evaluated using the UPV test.

The UPV test was used as a hon-destructive method to evaluate geopolymer
specimens for variations in homogeneity. Figure 4.5 displays the UPV data collected

after high-level exposure, together with the results obtained 28 days later. All things
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considered, the results were in line with the strength findings when evaluated as a
whole. Curing at room temperature reduced the UPV results because the binding
components dissolved more slowly than in conditions with higher curing
temperatures. But the thick structure and the freeze-thaw curing helped the UPV
results come out better.

This tiny structure showed remarkable endurance after being exposed to
extreme temperatures. Evaporation of water and expansion of the pore network were
both accelerated by the temperature increase. New spaces were also created as a
result of the shrinkage. Lower UPV levels were the outcome of this disorder.
Moreover, micro-cracks caused by temperature reduction were shown to reduce the
density of the composites. Topcu and Karakurt (2008) found that this situation led to
longer propagation times for ultrasonic velocity waves and lower UPV values. As the
temperature rose over 500°C, the rate of fracture propagation accelerated and fiber
melting occurred, resulting in a longer propagation of the ultrasonic velocity wave
and lower values. As shown by Arslan et al. (2019) and Celik et al. (2018), both
basalt fibers and PVA had a higher modulus of flexibility, which had some limits in

this case.

TheUPV test found is shown in Tables 4.4 and 4.5, as well as Figures 4.3,
4.4, and 4.5.
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50G50V-100 |

25G75V-100 |

75G25V-60 |

w
(]
S 50G50v-60 |

25G75V-60 |

75G25V-R |
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Figure 4.3: Compressive strength loss
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Table 4.4: UPV7- comp results

# Code 7 Compressive (MPa) 7 UPV (m/s)
1 Control 23.65 2906
2 25G75V-R 27.34 2954
3 50G50V-R 30.17 2963
4 75G25V-R 28.29 2948
5 25G75V-60 25.13 2927
6 50G50V-60 28.62 2974
7 75G25V-60 26.36 2939
8 25G75V-100 21.77 2897
9 50G50V-100 24.42 2917
10 75G25V-100 20.83 2882
UPV 7 (m/s)
75G25V-100
50G50V-100
25G75V-100
75G25V-60
A 50G50V-60
S 25G75v-60
75G25V-R
50G50V-R |
25G75V-R ]
Control |
2820 2840 2860 2880 2900 2920 2940 2960 2980 3000
UPV (M/S)
Figure 4.4: UPV 7-comp results
Table 4.5: UPV28- comp. results
# Code 28 Compressive (MPa) 28 UPV (m/s)
1 | Control 38.57 3331
2 | 715G25V-R 40.40 3351
3 | 50G50V-R 42.95 3426
4 | 25G75V-R 41.83 3388
5 | 75G25V-60 39.88 3361
6 | 50G50V-60 41.37 3400
7 | 25G75V-60 39.81 3349
8 | 75G25V-100 36.26 3276
9 | 50G50V-100 37.59 3331
10 | 25G75V-100 35.84 3305
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Figure 4.5: UPV 28-comp. results

UPV results for 7 and 28 days increased so it means low voids which means
there is a compact sample containing these voids and this will increase the speed of

crossing the wave through the sample.

4.1.4 Elevated temperature test

The impact of elevated temperatures on geopolymer mortars has been the
subject of mixed findings in the scientific literature. Strength findings varied among
research, with some seeing an increase and others a loss in the 200-400 °C range.
According to prior research, the activator type (Cheng &Chiu, 2003), curing
conditions (Nasr et al., 2018; Tiirker et al., 2016), and activator concentration (Nasr
et al., 2018; Rashad et al., 2016) all have a role in how geopolymer mortars react to
heat stresses. After the increased temperature test was conducted, the strength
findings in this research fell. Water evaporation and dehydration due to heat
reactions above 500 °C were the primary causes of this condition (Zhang et al.,
2012). It would be helpful to define the steam effect in order to provide a clearer
explanation for the strength reduction that occurs over 500 °C. Strength decreased

with rising temperatures, and the main cause for this was the steam effect.

By exposing them to different temperatures, namely 60 °C and 100 °C, the
thermal behavior of 25V75G-60, 50V50G-60, 75V25G-60, 25V75G-100, 50V50G-
100, and 75V25G-100 were evaluated. To see what percentage of weight loss there

was, look at Table 4.6. At 100 °C, both materials lost about the same amount of
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weight (12.7%). This could be because some of the water in the pores evaporates,

some of the water in the reaction products physically bonds with them, and some of

the organic matter (carbon) given by FA partially evaporates. This loss is thought to

be caused by dehydration, a process where the structure removes water when the

temperature is high.

Table 4.6: Results of strength after tests at 400 °C

flex. .
Comp. | Comp. 28 Flex. weight
Code (2&?3?) After | strength | flexural At\ztsir strength loss (Un’llz;\s;
test loss % (MPa) loss % (%)
(MPa) (MPa)
1 | Control 38.57 | 20.21 | 47.60 7.24 2.51 65.33 5.29 | 1807
2 | 75G25V-R | 4040 | 23.84 | 40.99 8.11 3.21 60.42 3.23 | 1874
3 | 50G50V-R | 4295 | 2657 | 38.14 9.06 3.37 62.80 3.06 | 1916
4 | 25G75V-R | 41.83 | 22.62 | 45.92 8.67 2.62 69.78 438 | 1832
5 | 75G25V-60 | 3988 | 21.81 | 45.31 8.14 3.42 57.99 4.46 | 1830
6 | S0G50V-60 | 41.37 | 25.43 | 3853 8.98 3.57 60.24 3.79 | 1925
7 | 25G75V-60 | 39581 | 23.76 | 40.32 8.18 2.83 65.40 436 | 1802
g | 75G25V-100 | 3626 | 22.33 | 38.42 6.88 2.77 59.74 52 | 1821
9 | 90G50V-100 | 3759 | 25.18 | 33.01 721 3.28 54.51 4.87 | 1895
10 | 25G75V-100 | 3584 | 21.49 | 40.04 6.79 201 57.14 5.19 | 1840

At 400°C again in compliance with the results of compressive and flexural

strength both flexural and compressive strength results for elevated temperatures

400°C showed the same compliance for 50G50V samples because they maintained to

show less loss after flexural and compressive strength and compared other samples

like 75G25V and 25G75V for all temperatures showed also good results when

compared to control sample with 100 % slag which means, in general, the addition

of volcanic ash was beneficial in this temperature.
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Figure 4.6: Compressive strength results at 400 °C
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Figure 4.7: Results of comp. strength loss at 400 °C
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Figure 4.8: Flex. strength results at 400 °C

Flex. strength loss 400°C (%)

25G75V-100
50G50V-100
75G25V-100

25G75V-60

50G50V-60

CODE

75G25V-60
25G75V-R
50G50V-R
75G25V-R

Control

OI

o

0 10,00 20,00 30,00 40,00 50,00 60,00 70,00 80,00
FLEX.STRENGTH LOSS %

Figure 4.9: Flex. strength loss results at 400 °C
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Figure 4.11: UPV test results at 400 °C
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Table 4.7: Results of strength after tests at 800 °C

Comp. flex. .
Code (Z&Cé,aa% Atd;tsetr s?r(e),-rr?gpt.h ﬂeig ral Ata;tsetr stfeli);th Wlec:gsht (Unl:’/;;
(MPa) loss% | (MPa) (MPa) loss % (%)
1 | Control 38.57 6.71| 82.60 7241 081| 8881| 7.61| 970
2 | 75G25V-R | 40.40 7.29 81.96 8.11 0.97 88.04 | 7.28 | 1147
3 | 50G50V-R 42.95 9.46 77.97 9.06 1.36 84.99 | 6.96 | 1261
4 | 25G75V-R | 4183 8.37 79.99 8.67 0.85| 90.20| 7.16| 1193
5 | 75G25V-60 | 3988 7.49 81.22 8.14 0.95| 8833| 857 1213
6 | S0G50V-60 | 41.37 8.93 78.41 8.98 1.41 8430 | 7.71| 1272
7 | 25G75V-60 | 39.81 7.61 80.88 8.18 0.84| 89.73| 8.16]| 1110
8 | 75G25V-100 | 36.26 8.56 76.39 6.88 1.35| 80.38| 7.23| 1012
9 | 50G50V-100 | 37.59 9.07 75.87 7.21 1.46 79.75 | 6.42 | 1059
10 | 25G75V-100 | 3584 7.22 79.85 6.79 0.82 87.92 | 7.74 | 1007

Coming to 800°C temperature we know that after 800°C serious damage will

happen to the sample but again the same thing can be said for the samples 50G50V at

room temperature, 60°C and 100°C and the same performance can be said about

75G25V and 25G75V because they were all good when compared to control as
mentioned by Aygoérmez et al. (2022). [98]
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Figure 4.12: Compressive strength results at 800 °C
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Figure 4.13: Results of comp. strength loss at 800 °C
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Figure 4.14: Flex. strength results at 800 °C
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Figure 4.15: Flex. strength loss results at 800 °C
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Figure 4.16: UPV test results at 800 °C
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Figure 4.17: Weight loss results at 800 °C

The compressive strength generally increases with higher proportions of
GGBFS in the mix. Notably, the 50G50V-R mix exhibits the maximum compressive
strength under normal ambient conditions, 60°C, and 100°C. As shown in Figure
4.18. This suggests that an equal combination of GGBFS and volcanic ash tends to
produce optimal strength across different curing conditions as mentioned also by
Tayeh et al. (2021). [95]

In some cases, like 25G75V-60, the compressive strength is higher at 60°C
compared to room temperature, indicating the positive influence of elevated curing

temperatures.

However, at 100°C, the compressive strength tends to decrease for most
mixes, possibly due to excessive heat affecting the structure. Some mixes, such as
75G25V-60, exhibit reduced strength at higher curing temperatures, suggesting that
the material might face challenges under prolonged exposure to elevated

temperatures.

Typically, when comparing compressive strength, the geopolymer mixes
show that GGBFS and volcanic ash can improve the material's characteristics,

surpassing the control mix.
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Figure 4.18: Comp. strength values for different geopolymer mixes

Similar to compressive strength, mixes with higher GGBFS content tend to
show higher flexural strength at room temperature.

The 50G50V-R mix again stands out as having the highest flexural strength,
showcasing its versatility across different mechanical properties. As shown in Figure
4.19.

The impact of curing temperature on flexural strength varies across mixes.
For some, like 50G50V-60, there is an increase in flexural strength at 60°C,

indicating the positive influence of elevated curing temperatures.

However, at 100°C, the flexural strength tends to fluctuate, with some mixes
showing a decrease. This could be attributed to the potential adverse effects of
prolonged exposure to high temperatures as shown also by Yong-Sing et al. (2022).
[96]
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Figure 4.19: Flex. strength at elevated temperatures.

Referring to Figure 4.20. The 50G50V-R blend has the best UPV at room
temperature (3426 m/s), which indicates that the structure is well-compacted and that
the interior quality is excellent.

Generally, all mixes show reasonably high UPV values at room temperature,

indicating sound internal integrity.

The 50G50V-60 mix maintains a high UPV (1925 m/s) even at 60°C,
indicating its ability to retain internal quality under elevated curing temperatures.
The 75G25V-60 mix performs well, suggesting that geopolymer concrete can

maintain its UPV under moderate heat exposure.

The 50G50V-100 mix shows resilience with a relatively high UPV (1059
m/s) at 100°C, emphasizing its ability to withstand higher temperatures. The
75G25V-100 mix has a slightly lower UPV (1012 m/s), indicating potential

challenges in maintaining UPV at prolonged high temperatures.

For general observations, the 50G50V mix consistently exhibits superior
UPV values, suggesting a more uniform and well-compacted internal structure as
mentioned also by Omer et al. (2015). [97]

Elevated curing temperatures have varying effects on UPV, with some mixes

maintaining resilience and others showing slight reductions.
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Figure 4.20: UPV results for geopolymer concrete mixes

As shown in Figure 4.21, The mixes show varying compressive strength loss
and the lowest result was with 50G50V-100 for both 400 and 800 °C because when
curing at high temperature gives a good compacted sample as we mentioned before
so the compressive strength loss will be less.

Comp. strength loss (400°C ,800°C ) %

90
8
7
6
5
4
3
2
1

COMP.STRENGTH LOSS %

O O O O O 0O o o

ESeril ESeri2

Figure 4.21: Results for comp. strength loss (400°C, 800°C)

51



As shown in Figure 4.22, Mixes with varying proportions of GGBFS and

volcanic ash show a range of flexural strength loss at 400 and 800°C.

The mix 50G50V-100 again gives the minimum value for the flexural
strength loss as mentioned by Hussin et al. (2015) [99], BAG concrete samples’
zeolite-like N—A-S—H binder gel system produced thermally stable structures like
hydrosodalite and analcime at 200-800 C. This increased geopolymer crystallinity
till 200400 C and maintained structure up to 800 C. XRD showed it recrystallized to
nepheline or albite.

Temperature effects influence flexural strength differently for each mix,
indicating the importance of mix composition in determining the high-temperature

behavior of geopolymers.
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Figure 4.22: Results for flex. strength loss (400°C, 800°C)

As shown in Figure 4.23. The mix 50G50V-R generally shows lower weight
loss, suggesting improved thermal stability at 400 °C. As mentioned also by
Metekong et al. (2021).

The 75G25V-60 mix exhibits the highest weight loss at 800°C (8.57%),

possibly due to its specific composition and proportions.

The mix 50G50V-100 at 800°C gives the lower weight loss and tends to well

a compacted sample at high temperature so the voids will be very low in this case. As
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the researcher Lemougna et al. (2013) [100] mentioned There is a sudden jump in
weight loss between 500 and 600°C. This portion is explained by some structural

water in the geopolymer matrix being dehydrated or dehydroxylated.

It has been observed that hydroxy sodalite loses weight almost consistently
between 100 and 800 °C.

The composition of the combination, especially the inclusion of GGBFS,

affects the weight loss at higher temperatures.

One way in which GGBFS can improve geopolymers' thermal stability is by

aiding in the production of binding products.

The control mix experiences significant weight loss, indicating that it may

undergo more pronounced decomposition under high temperatures.
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Figure 4.23: Wight loss results at temperatures 400°C and 800°C
4.1.5 Freezing-thawing test

The percentage of compressive strength loss was used as an attribute metric
to assess the impact of freeze-thaw cycling on the variation in compressive strength
of the samples. The findings of strength characteristics before and after 25 and 50
freezing-thaw cycles are presented in Table 4.8. Figure 4.24 clearly demonstrates
that the 50G50V-R mixture has the maximum compressive strength at 28 days,

measuring 42.95 MPa, surpassing the control condition. Generally, mixes with a
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higher proportion of GGBFS (Ground Granulated Blast Furnace Slag) tend to exhibit
higher 28-day compressive strengths. Also, the 50G50V-R mix maintains the highest
compressive strength after testing (38.74 MPa), indicating good resilience.

The compressive strength after testing is crucial for assessing the durability

and long-term performance of the concrete mixes.

The figure 4.25 shows Mixes with a balanced combination of fly ash and
GGBFS (50G50V-R) demonstrate both high early strength and good resistance to
strength loss after testing.

The selection of mix proportions and extra cementitious elements
significantly influences the performance of geopolymers, particularly in terms of
achieving favorable early strength development. The substitution of volcanic ash
with slag has a beneficial impact on reducing the decline in compressive strength of
geopolymer. The compressive strength loss percentage in the mixes 25V75G-R,
50V50G-R, and 75V25G-R was decreased to 5.51%, 10.9%, and 6.73%
correspondingly, compared to the control sample subjected to 25 and 50 freezing-
thaw cycles. The use of Volcanic ash significantly enhanced the durability. Also,
25V75G-60, 50V50G-60, and 75V25G-60 mixes were reduced to 4.76 %, 10.69 %,
and 10.57% concerning the control sample. Also, 25V75G-100,50V50G-100, and
75V25G-100 mixes were reduced to 10.99%,18.37%, and 4.19% respectively
concerning the control sample. Zheng et al. (2023). [101]

Table 4.8: Results of strength properties before and after freezing-thawing

Comp. 28 flex. weight
# Code 28day After strength flexural After | strength loss UPV
(MPa) test loss (%) (MPa) ( I\t/(le;ta ) loss (%) (%) (m/s)
(MPa)
1 | Control 3857 323 16.26 7.24 6.8 6.08 3.9 3070
o | 75G25V-R 40.40 | 35.43 | 12.30 8.11 7.2 11.22 3.7 | 3147
3 | 50G50V-R 4295 | 38.74 9.80 9.06 8.18 9.71 355 | 3161
4 | 25G75V-R 41.83 | 34.27 18.07 8.67 7.75 10.61 3.6 3123
5 | 75G25V-60 3088 | 3282 | 17.70 8.14 717 | 1192 | 376 | 3103
6 | 50G50V-60 4137 | 35.58 14.00 8.98 8.14 9.35 3.69 | 3152
7 | 25G75V-60 39.81 317 20.37 8.19 7.1 13.31 3.86 | 3120
g | 75G25V-100 36.26 | 30.71 15.31 6.88 5.8 15.70 2.9 3012
9 | 50G50V-100 3759 | 32.77 12.82 7.21 6.2 14.01 2.4 3059
10 | 25G75V-100 | 3584 | 29.37 | 18.05 6.79 5.5 19.00 23 | 3007
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Figure 4.24: Comp. strength results after freezing-thawing test
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Figure 4.25: Comp. strength loss results after the freezing-thawing test

The 50G50V-R mix as shown in Figure 4.26 has the highest flexural strength
at 28 days (9.06 MPa), indicating good early flexural strength development. Mixes
with a higher proportion of GGBFS (Ground Granulated Blast Furnace Slag) tend to
exhibit higher 28-day flexural strengths. The 50G50V-R maintains the highest
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flexural strength after testing (8.18 MPa), demonstrating good resilience. Flexural

strength losses are more pronounced in mixes with lower proportions of GGBFS,

such as the Control mix as mentioned also by Zhang et al. (2023). [102]

When it comes to flexural performance, geopolymers are very sensitive to

mix proportions and the addition of cementitious elements.
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Figure 4.26: Flex. strength results after freezing-thawing test
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Figure 4.27: Flex. strength loss results after the freezing-thawing test
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Mixes with higher proportions of GGBFS (Ground Granulated Blast Furnace
Slag) generally show lower weight losses after the freezing-thawing test in Figure
4.28. 50G50V-R has lower weight loss than the control condition, also 50G-50V-60
is lower weight loss from other mixes, But The 25G75V-100 mix has the lowest
weight loss (2.3%), suggesting enhanced durability under freezing-thawing
conditions as mentioned by Djobo et al. (2017). [20]
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Figure 4.28: Weight loss results after freezing-thawing test

The UPV values provide insights into the integrity and quality of the concrete
specimens after the freezing-thawing test. Generally, higher UPV values indicate

better structural integrity and reduced damage due to freezing-thawing cycles.

Mixes with higher proportions of GGBFS, such as 50G50V-R, tend to exhibit
relatively highest UPV value, indicating better resistance to freeze-thaw damage. The
mix 50G50V-60 has a good UPV value compared to other mixes in the same
temperature and is higher than the control mix because of lower voids when cured at
high temperatures. But when increasing the temperature to 100 for the mixes we
recognized that the UPV values were very low and this could be because of the
cracks that occurred in the samples as mentioned by Ozdal et al. (2021) [103]. The
SGC samples' UPV and RDEM values increased as the GGBFS ratio raised. The
samples subjected to 300 F-T cycles showed maximum drop rates of 25.6 and 44.7%

in the RDEM and UPV values, respectively.
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Figure 4.29: UPV-freezing-thawing test results
4.1.6 Acid attack test

It was shown that bottom ash geopolymer mortars were less affected by the
H,SO, attack than PC mortars. There was less than a 3.6% decrease in weight for the
bottom ash geopolymer mortars. In their study, Ganesan et al. [90] found that
geopolymer concrete containing steel fiber saw a significant increase in weight loss
after being exposed to a 3% sulfuric acid solution for 180 days. Deb et al. [91] found
that after 90 days immersed in 3% H,SO,, the average weight losses of the
geopolymer mortars were reduced. Adding 2% nano-silica reduced the weight
reduction from 6% to 1.9%. Upon exposure to a 5% H,SO, solution, the weight loss
of geopolymer mortars composed of volcanic ash fell by 3.51% and 3.1%,
respectively, according to the research conducted by Djobo et al. [44]. Cured samples
of geopolymer mortar at 27 °C and 80 °C, respectively, showed these outcomes. The
weight loss of the specimens increased in proportion to the amount of PC
replacement in geopolymer concretes subjected to a 2% H,SO, solution, according to
Mehta and Siddique [92]. Samples submitted to HCI solutions lost weight ranging
from 1 to 5%, according to Kwasny et al. [93], whereas specimens exposed to H,SO,
solutions lost weight ranging from 2 to 8%. After looking over the studies, it's clear
that acid treated geopolymers lost some of their weight. Consistent with other
research, our investigation confirmed that acid exposure reduced the weight of

geopolymer concretes.
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Table 4.9: Results of strength properties before and after acid attack test

28da | Comp. Strengt 28 Flex. Strengt | UPV 2 weight

# Code y Strengt h loss flexura | Strengt hloss | month loss 2

(MPa | h After % | h after % s (m/s) month
) test (MPa) test s %

1 | Control 38.57 10.51 72.75 7.24 151 79.14 847 9.37
2 | 75G25V-R | 40.40 12.63 68.74 8.11 2.22 72.63 923 8.1
3 | 50G50V-R | 42.95 15.11 64.82 9.06 3.13 65.45 981 7.35
4 | 25G75V-R | 41.83 13.34 68.11 8.67 1.76 79.70 926 9.26
5 | 75G25V-60 | 39.88 12.25 69.28 8.14 2.86 64.86 903 8.41
6 | 50G50V-60 | 41.37 14.49 64.97 8.98 291 67.59 958 7.29
7 | 25G75V-60 | 39.81 13.91 65.06 8.18 181 77.87 913 7.71
8 ISOGZSV- 36.26 12.78 64.75 6.88 2.44 64.53 862 8.21
9 igOGSOV- 37.59 15.27 59.38 7.21 2.70 62.55 909 7.16
S 5SYT | assa| 1086 | 6970 | 679 | 215 | 6834 | 857 | 9.39

In figure 4.30 Mixes with a higher proportion of GGBFS, such as 50G50V-R
and 50G50V-100, exhibit relatively higher compressive strengths after acid attack.

The Control mix shows a compressive strength of 10.51 MPa after acid

attack, indicating some susceptibility to acid-induced degradation.

Mix (25G75V-100) shows a lower compressive strength of 10.86 MPa after

acid attack, suggesting potential challenges in acid resistance.
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Figure 4.30: Comp. strength results after acid attack test
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In Figure 4.31 The strength loss percentage represents the reduction in
compressive strength after exposure to acid attack, indicating the susceptibility of
mixes to acid-induced degradation. Mixes with higher proportions of GGBFS, such
as 50G50V-R, 50G50V-100, and 50G50V-60, show lower strength loss percentages
after acid attack. Mix (50G50V-100) exhibits a relatively lower strength loss of

59.38%, suggesting enhanced acid resistance compared to other mixes.
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Figure 4.31: Com. strength loss results after acid attack

In Figure 4.32, we can see how the concrete samples' flexural strengths
changed after being attacked by acid. This shows how well the mixes resisted acid-
induced deterioration in terms of their flexural performance. After being attacked by
acid, mixes with a larger percentage of GGBFS, including 50G50V-R, 50G50V-100,
and 50G50V-60, exhibit comparatively higher flexural strengths. Following acid
assault, Mix (50G50V-R) shows an increased flexural strength of 3.13 MPa,

indicating better flexural performance in acidic environments.
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Figure 4.32: Flex. strength result after the acid attack

In Figure 4.33 Mixes with varying GGBFS and volcanic ash ratios show
different levels of strength loss after acid attack. Mixes (50G50V-R) and (50G50V-
100) exhibit lower strength loss percentages, suggesting improved acid resistance.

The Control mix and Mix (25G75V-R) experience relatively higher strength
loss percentages, indicating greater vulnerability to acid-induced deterioration.
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Figure 4.33: Flex. strength loss after acid attack

Mixes (50G50V-R) and 6 (50G50V-60) demonstrate higher UPV values,
suggesting better integrity and less deterioration after acid attack. The Control mix
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and Mix (75G25V-60) exhibit slightly lower UPV values, indicating some degree of

deterioration in acoustic properties as shown in figure 4.34.
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Figure 4.34: UPV test results after acid attack

Mixes (50G50V-R) and 6 (50G50V-60) show lower weight loss percentages,
suggesting better resistance to mass reduction. Mixes (25G75V-R) and (25G75V-
100) experience higher weight loss percentages, indicating greater susceptibility to

acid-induced mass reduction as shown in figure 4.35.
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Figure 4.35: Weight loss results after acid attack
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4.1.7 The correlation between upv and compressive strength

It is an attempt to find a link between the results of compressive and UPV
results. Whenever the regression coefficient is more than 0.75, the results are better
for 7 and 28 days, and this is consistent with the results published by Al-Mashhadani
et al. (2018). [104]

Between the objects' compression values and their UPV, you can see in
Figures 4.8 and 4.9. In their study [89], Omer et al. used Equation to find the link
between UPV and compression strength.
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Figure 4.36: Correlation relationship between comp. strength and UPV-7
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Figure 4.37: Correlation relationship between comp. strength and UPV-28
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4.2 Conclusions

This research conducted an examination to examine the impact of including

in summary:

Geopolymer based on fly ash has an increased compressive strength after
adding GGBFS. However, increasing the fraction of strength degradation
may occur as a consequence of enhancing the GGBFS composition.

An environmentally friendly geopolymer has been successfully
manufactured by using an innovative method that replaces heat curing with a
28-day ambient curing period followed by a 21-day freeze-thaw curing
period. In the moist environment of the freeze-thaw test, binding compounds,
such as low activation slag, created binding products, which aided the
continuing geopolymerization process. A physical power spike has resulted
from this.

High-temperature influences affected the mechanical characteristics of
geopolymer composites. Applying the novel curing process retained the
durability of the geopolymer samples against the 100C temperature impact.
When 50% Volcanic Ash and 50% Ground Granulated Blast Furnace Slag
(GGBFS) are added, the compressive strength is increased by around
11.35%. In comparison to the control mix at room temperature, the
compressive strength increased by 8.452% with the addition of 25% GGBFS
and 75% volcanic ash. The compressive strength of the combination
containing 25% GGBFS and 75% Volcanic ash was 3.214% more than that
of the control mix when cured at 60°C. In addition, the compressive strength
increased by 7.25 percent in the combination that included 50 percent
GGBFS and 50 percent volcanic ash.

One promising material for geopolymer concrete is ground granulated blast
furnace slag. In terms of strength, geopolymer concrete produced using
ground granulated blast furnace is about on par with regular concrete
produced using Fly Ash, a volcanic substitute. An eco-friendly and
potentially game-changing substance for future construction, geopolymer
concrete has just come to light.

Geopolymers  exhibiting excellent mechanical characteristics were

effectively synthesized using a low-reactivity combination of volcanic ash
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and slag at ambient temperature, 60°C, and 100°C. The inclusion of slag was

shown to positively impact the compressive strength.

4.3 Recommendations for Future Work

Try mixing GGBFS and volcanic ash in different ways to find the best mix
ratios that give the best compression strength with the least amount of
possible strength loss.

Look into and compare the benefits of different ways of curing, such as heat
curing, freeze-thaw curing, and room temperature curing. Check to see how
they will affect the mechanical qualities of geopolymers in the long run.

More research needs to be done on how well geopolymers can handle high
temperatures. Look into changing the drying temperature and length of time
to see how the material reacts to different temperatures.

Check how long geopolymers last in the real world by looking at things like
chemical contact, damage, and the structure's ability to stay stable over time.
This can give us clues about how well geopolymers work in real-world
building situations.

Use advanced microstructural analysis tools, like SEM (Scanning Electron
Microscopy) and XRD (X-ray Diffraction), to get a better idea of how the
bonds work and how the structures change at the tiny level. This can help us
learn more about the qualities of the object.

Comparing the effects of geopolymer concrete to regular concrete on the
environment should be done in detail. Think about things like the material's
carbon footprint, how much energy it uses, and how its resources are used
over its whole lifetime.

Think about whether it would be possible to make more geopolymer concrete
for big building projects. Look into possible problems and chances for
business usage, such as how cost-effective it is and how easy it is to use.
Investigate the potential of adding other types of industrial trash to the
geopolymer mix to make it last longer. As part of this, the use of recycled

rocks or other extra cementitious materials could be looked into.
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e Research ways to make geopolymers' mechanical properties, like their tensile
and bending strengths, even better. Integrating stronger strands or
nanomaterials may be needed to do this.
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