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Preface

Currently, there is a continuous concern for research and development of eco-friendly
materials. Thus, the researcher focuses on developing new technologies for the syn-
thesis of advanced materials that are based on recycled raw materials and exhibit
comparable or even higher properties than conventional ones. Therefore, a new class
of oxide materials, known as geopolymers, that exhibit excellent durability and sig-
nificantly lower carbon footprint than those based on ordinary Portland cement have
emerged.

Geopolymers are inorganic materials that have been introduced in the literature,
especially due to Joseph Davidovits” works back in 1970. However, their applications
seem to date back to the Romans in the construction of Colosseum and Pantheon, or
even earlier, back to 2700B.C. in Egyptian Pyramids construction. These materials
were used and developed without knowing the term geopolymers, a term introduced
about 50 years ago that boosted the development of these products.

Considering that geopolymers are obtained by mixing a solid material rich in
aluminum and silicon oxides with a strong alkaline solution, their properties strongly
depend on the characteristics of the raw materials. To ideally meet the requirements
for developing eco-friendly materials with potential for industrial applications, in
general, the target material must exhibit simultaneously: (i) comparable (similar or
higher) properties to those of conventional materials; (ii) raw materials available in
large quantities and distributed worldwide; (iii) possibility of using waste as raw
materials; (iv) simple/cheap manufacturing technology (equipment and personnel
training); and (v) product versatility (the geopolymer will possess suitable character-
istics for multiple applications, not just the construction sector). The first requirement
is often met in the case of geopolymers. However, the last four requirements must be
customized.

Population growth, urbanization, and large-scale consumption of raw materials
are causing vast environmental, social, and economic problems across the globe.
Although climate change is perhaps the most pervasive of these issues to be found in
scientific and political discourse, there are many other issues associated with waste
disposal, contamination, and land use that are closely intertwined with the conse-
quences of humanity’s expansion into the natural world. Therefore, the strong need
for construction materials leads to a constantly growing market in this field.

This book will have a strong impact on all scientists, convincing them that the
most used material, after water, namely ordinary Portland cement (OPC)-based
materials, has an eco-friendly option. Therefore, most of the negative environmental
effects associated with OPC production and use can be eliminated.

This book has 11 chapters that contain a complex and interdisciplinary study in the
fields of physics, chemistry, materials science, and civil engineering on oxide mate-
rials based on mineral wastes, known as geopolymers. Also, it contains advanced
knowledge and information regarding geopolymers manufacturing, development,
characterization, and applications in soil stabilization, civil engineering, or ceramics.

xi



xii Preface

This book is relevant for fundamental and applied research in the field of materi-
als engineering because it shows the technology of eco-friendly geopolymers with
industrial applications. It also describes how to design and develop different types
of geopolymers that use mineral wastes or natural aluminosilicates as raw materials.
Therefore, this book is addressed to M.Sc. students, Ph.D. students, industrial users
from the fields of materials science, ceramics engineering, and water processing/
cleaning, as well as researchers worldwide.
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of Research Trends
in Geopolymers

Dumitru Doru Burduhos-Nergis,

Petrica Vizureanu, and Andrei Victor Sandu
Gheorghe Asachi Technical University

Rafiza Abdul Razak and Romisuhani Ahmad

Universiti Malaysia Perlis

1.1 INTRODUCTION

Population expansion, urbanization, and increased raw material use are causing
major environmental, social, and economic issues throughout the world (Vizureanu
and Burduhos Nergis 2020; Dong et al. 2019). Climate change is undoubtedly the
most widespread of these topics in scientific and political debate. However, there
are other challenges related to waste disposal, pollution, and land usage that are
inextricably linked to the repercussions of human expansion into nature. In order
to counteract these negative impacts, the international community established the
objective of sustainable development (Albino et al. 2009; Geissdoerfer et al. 2017).
Sustainable development is primarily about ensuring that we satisfy the demands of
the present without jeopardizing our ecosystem’s ability to meet the requirements of
future generations.

After water, the most often utilized material is ordinary Portland cement (OPC)
(Shamsaei et al. 2021). OPC is widely involved in the building sector, and its use has
a significant environmental impact. The production of OPC not only requires a large
amount of virgin raw materials and energy, but it also produces considerable green-
house gas emissions (Hao et al. 2022). One ton of OPC uses around 1.5 tons of raw
materials and emits around 1 ton of CO, into the atmosphere (Shah et al. 2020). The
cement sector alone is expected to contribute 7%—9% of global CO, emissions gener-
ated (Horan et al. 2022; He et al. 2019). Another disadvantage of OPC is that it may
lack important qualities for some applications, such as quick mechanical strength
development and chemical resistance (Soylev and Ozturan 2014; Ahmad et al. 2020).

Recently, geopolymers have been of great research interest as the ideal OPC
alternative for sustainable development (Samuvel Raj et al. 2023; Khalifeh et al.
2018). As geopolymer materials are made from industrial by-products, they
do not require any energy from fossil fuels in the production process, making
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them an environmentally friendly alternative to traditional cement and concrete.
Furthermore, geopolymer materials have been found to have higher compressive
strength and lower water absorption when compared to OPC, making them more
durable and resistant to environmental conditions (Ul Rehman et al. 2020). Due
to their green qualities and superior mechanical performance, the geopolymers
are a promising alternative to ordinary Portland cement (OPC) in the construction
industry, which is in critical need of environmentally and energy-efficient building
materials (Li et al. 2022). In comparison to OPC, geopolymer substitution might
reduce current human-caused carbon emissions by 5%—7% (Davidovits 2015). OPC
manufacturing is now the poorest performing industry in terms of CO, emissions
to the atmosphere. Additionally, the three-dimensional molecular network of the
geopolymer increases acid resistance, high-temperature stability, and early strength
development (Burduhos Nergis et al. 2018; Jat et al. 2023). These materials are suit-
able for future architectural applications due to their improved performance and
green possibilities.

1.2 STATE-OF-THE-ART IN GEOPOLYMERS

As the geopolymer topic has grown in popularity, it is critical to conduct a bibliomet-
ric analysis of the published literature to keep readers and policymakers informed
about current and future research hotspots. There have been a few reviews and bib-
liometric studies on geopolymer, but no bibliometric research has been done using
geopolymer in a broader sense of search strings that provide a larger number of bib-
liographic data to offer an unbiased and less subjective image of trends and develop-
ments. Currently, there is no clear picture as to which aspects of geopolymer research
are advanced and which ones are not. Therefore, this section will show the begin-
ning, trends, and progress of the most notable geopolymer research publishing jour-
nals, keywords, authors, and papers, starting with the first publication in this field
and up to the current date. The bibliometric analysis of the current study provides
important statistical insights into geopolymer development and use in the industry,
emphasizing current and future research trends. Furthermore, it provides a deeper
knowledge of the theoretical structure and core topics of geopolymers, as well as
emphasizing critical concerns and significant contributions made to the growth of
this discipline by top publications and writers in the field.

The most accurate and effective method for examining and analyzing the enor-
mous amount of scientific material in the area of geopolymers is bibliometric analy-
sis using various software programs. In this subject, the network visualization of
keywords and authors of published articles is especially important. As a result, in this
chapter, a brief presentation of the research evolution of publications, indexed by the
Scopus database, in the field of geopolymers was conducted using the Bibliometrix
software. The Bibliometrix software, on the other hand, can do bibliometric analysis
and create data matrices for co-citation, coupling, scientific cooperation analysis, and
co-word analysis. Furthermore, at the intersections of structural and temporal evolu-
tion, such as network analysis, factorial analysis, and theme mapping, new informa-
tion emerges.
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This study used a vast data mining approach involving a scientometric review of
the literature and an in-depth discussion of the results to describe the current state-of-
the-art in the geopolymers field. As this research domain constantly expands, schol-
ars may experience information overload, which may stymie constructive research
efforts and academic collaboration. As a result, a plan that allows the researcher to
gather important data from the most dependable sources must be established and
implemented. Because of the inherent subjective biases in literature reviews, scien-
tometric approaches can help mitigate this shortcoming through the use of a compu-
tational tool.

To retrieve the data from the database, one analysis was done for the term “geo-
polymer,” which is the most general keyword used to describe the geopolymer field.
The Scopus database states that at the time of inquiry, a search for “geopolymer”
yielded 10.583 results from all publications indexed in Scopus. Furthermore, different
groups of keywords were created by processing these findings using the Bibliometrix
software, and their applicability was screened based on various factors as described
below. The data exported from Scopus on January 20, 2022 were processed using R
version 4.2.2 the “Innocent and Trusting” free software environment for statistical
computing and graphics. A brief description of the software and its accuracy is pre-
sented in the study by Aria and Cuccurullo (2017).

The presented chapter approaches the review of relevant literature in the field of
geopolymers utilizing the bibliometric evaluation technique, which allows for the cre-
ation of visual presentations by statistically assessing the published literature. This
technique allows you to highlight the distinct correlations between the keywords par-
ticular to each field of study and confirm the trend in each sector of research. The
study was based on papers that were indexed in the Scopus database, which is one of
the most selective in terms of publication rating and indexing. The main information
about the retrieved data is presented in Table 1.1. As can be seen, the first publications
in this field were identified in a paper released online in 1984. Also, all indexed papers
are published in 1,351 sources by close to 16,000 authors. Another important aspect
that can be observed from this data is the high annual growth rate of almost 15%,
which shows an increasing interest in this field. A brief analysis of the types of docu-
ments shows that almost 70% of the publications are research papers (articles), while
the rest is mostly divided between conference papers, book chapters, and reviews.

1.2.1 ANNuAL EvoLuTtioN OF PuBLISHED PAPERS IN THE FIELD OF GEOPOLYMERS

Figure 1.1 depicts the annual research output, which shows the evolution of interest in
geopolymers. The first publication in the field of geopolymers appeared in 1984 with
the work of J. Davidovits; when searching for the term “geopolymer” in the Scopus
database, we can see that the number of publications continued to be small until
2006; after this year, the number of publications presented an exponential increase,
reaching over 850 in 2019 and over 1,900 in 2022. Even though the overall growth
rate is calculated at 14.75, if we remove the first 20 years, i.e., 1984-2023, the growth
rate decreases to 13.85, despite the fact that almost 99% of the total papers were pub-
lished in the last 20 years, i.e., between 2004 and 2023.
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TABLE 1.1
Main Information about the Current Literature in the Field of Geopolymers
Indexed by Scopus

Classification by Result Description Result
General Document type
Timespan 1984:2023 Article 7,324
Sources (journals, books, etc.) 1,351 Article in press 2
Documents 10,583 Book 9
Annual growth rate (%) 14.75 Book chapter 261
Document average age 4.89 Conference paper 2,277
Average citations per doc 23.52 Conference review 236
References 408,402 Data paper 5
Document contents Editorial 3
Keywords plus (ID) 22,681 Erratum 27
Author’s keywords (DE) 12,527 Letter 2
Authors Note 9
Authors 15,996 Retracted 23
Authors of single-authored docs 238 Review 402
Authors collaboration Short survey 3
Single-authored docs 360
Co-authors per doc 4.14
International co-authorships (%) 23.69
Published papers ~ -+oooo 2 per. Mov. Avg. (Published papers)
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FIGURE 1.1 The evolution of annual publication of articles in the field of geopolymers.

1.2.2  RELATIONSHIP BETWEEN PUBLISHERS, AFFILIATED
CounTries, AND KEYWORDS
A three-field plot (Sankey diagram) of the most important top 10 numbers of items

for the fields of country, sources, and keywords from the extracted data was created
to depict the proportion of research topics for each country and the most targeted
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FIGURE 1.2 A three-field plot (Sankey diagram) of sources of publications (SO), authors’
affiliations by countries (AU_CO), and keywords (DE) of the extracted data for the 10 most
relevant topics.

journals by the authors in the geopolymers field. As presented in Figure 1.2, a
very large part of the publication (almost 1,500) is associated with a researcher
from China who published in the journal Construction and Building Materials.
Moreover, China seems to be the country with the highest number of publica-
tions in the field that use “geopolymer” as a keyword. However, for the keyword
“geopolymer concrete,” the strongest link is presented for the researchers associ-
ated with India, while the most preferred publisher for these authors is Materials
Today: Proceedings. As confirmed by the specifics of the identified journals, the
publications on this topic are mostly on the designing, obtaining, and characteriza-
tion of materials, especially construction materials. The main fields of application
for these materials are also confirmed by the most commonly identified keywords,
which are related to concrete or its main properties, i.e., compressive strength,
durability, and microstructure.

1.2.3  THE JoUurNALS WITH THE HIGHEST NUMBER OF PAPERS
PUBLISHED IN THE GEOPOLYMERS FIELD

To further understand the trend on this topic, a chart with the top 25 most relevant
journals was created. As shown in Figure 1.3, the journal Construction and Building
Materials has more than 1,100 papers already indexed in Scopus as of the date of the
analysis. There is no doubt that this publisher is by far the most wanted publisher in
the world, with a total that is over three times greater than the total of the publisher
ranked second and almost four times greater than the total of the publisher ranked
third. Except for the first-ranked journal, the differences in the number of associ-
ated papers for the other 24 publishers are small (up to 20%), almost insignificant
(0.1%), or nonexistent (e.g., the journals Cement and Concrete Research and Ceramic
Engineering and Science Proceedings). As presented previously, most of the journals
are related to materials science and engineering, but it is absolutely no surprise for
the researcher from the geopolymers field to see the Journal of Hazardous Materials
among them. Even though this journal is focused on research that can help us bet-
ter comprehend the dangers that hazardous materials pose to human health and the
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JOURNAL OF HAZARDOUS MATERIALS =3 78
JOURNAL OF THE AMERICAN CERAMIC..=3 80
JOURNAL OF PHYSICS: CONFERENCE SERIES =3 80
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MATERIALS LETTERS E==3 95
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CERAMIC ENGINEERING AND SCIENCE.. =3 96
CEMENT AND CONCRETE RESEARCH E==3 96
10P CONFERENCE SERIES: EARTH AND.. =3 101
APPLIED CLAY SCIENCE == 112
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JOURNAL OF MATERIALS IN CIVIL.. ===3 144
MATERIALS SCIENCE FORUM E==3 151
KEY ENGINEERING MATERIALS =3 151
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CERAMICS INTERNATIONAL B 263
MATERIALS M3 291
IOP CONFERENCE SERIES: MATERIALS. .. 352
CONSTRUCTION AND BUILDING MATERIALS e 1115
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0 200 400 600 800 1000 1200
No. of papers

FIGURE 1.3 Top 25 most relevant sources with publications in the field of geopolymers.

environment, geopolymers fit its scope due to their advantages and applications in
encapsulating dangerous wastes or eliminating soil contaminants.

By evaluating the sources’ production over time and considering the top 10 jour-
nals, it was observed that the first paper was published by Cement and Concrete
Composites in 2004. Surprisingly, in 2005, only the journal Ceramics International
joined this field, while the leading journal, i.e., Construction and Building Materials,
published its first paper on geopolymers in 2008. Also, starting in 2021, the num-
ber of publications indexed in Scopus for the IOP conference series on Materials
Science and Engineering remained constant; a similar behavior can be observed for
the line that corresponds to the journal Ceramics International (2018-2020), while

the number of publications in the other journals steadily increased from year to year
(Figure 1.4).

1.2.4 THe AutHORS WITH THE HIGHEST IMPACT IN THE GEOPOLYMERS FIELD

When assessing an author’s relevance in a certain sector, two factors should be con-
sidered: the author’s production and the impact of those publications. Both of these
indicators are revealed in Figure 1.5, which presents an overview of the top 25 most
relevant authors in the field of geopolymers. The ranking is created considering the
number of publications and the citations received each year. The number of papers
published by an author in a certain period of time was used to assess productivity. In
contrast, the influence was measured by the number of citations obtained each year.
The analysis has been conducted to highlight the pioneers and current leaders in this
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FIGURE 1.4 Cumulative distribution of the number of papers published by top 10 most
relevant sources with publications in the field of geopolymers.

Authors' Production over Time
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FIGURE 1.5 The production of top authors over time.

field. As can be seen from Figure 1.5, one of the editors of this book, i.e., Abdullah
M.M.A.B., occupies the first position considering the authors’ production over time,
while the author with the longest uninterrupted line of articles, dating from 2004 to
2023, is Kriven W.M. Take note that the larger the circle, the more articles the author
has written in that year. The deeper the circle, the more the citations obtained each
year. To better understand the influence of these researchers in the past 10years,
the data provided by the software have been processed in Table 1.2 to identify the
authors with the highest frequency of publication (freq), number of citations (TC), or
production over time (TCpY). Accordingly, the highest value for each criterion from
each year has been highlighted in bold. For example, in 2022, the highest frequency
is associated with Li J, the highest TC is associated with Wang J, and the highest
TCpY is associated with the same author as for TC. To make the data easier to fol-
low, the authors that didn’t obtain the highest score for one of the criteria during the
evaluated period (such as He P, Jia D., Kamseu E., Kriven WM., Leonelli C., Li Z.,
Rossignol S., Van Deventer J.S.J., Wan Q., Wang Y., Zhang J.) have been removed
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FIGURE 1.6 Word cloud illustration of top 50 keywords used by researchers in the retrieved
data.

TABLE 1.3
The Most 25 Cited Papers in the Field of Geopolymers, According to Scopus
Database

Position Terms Frequency Position Terms Frequency

1 Inorganic polymers 7,129 6 Geopolymer 1,794
concrete

2 Geopolymers 7,007 7 Slags 1,748

3 Compressive strength 4,402 8 Silicates 1,634

4 Geopolymer 4,182 9 Sodium hydroxide 1,548

5 Fly ash 3,938 10 Portland cement 1,534

from the table. Considering the mentioned parameters, it can be seen that Abdullah
M.M.A.B. has the highest number of frequencies in 2017, 2018, and 2021, respec-
tively. Provis J.L.. had three consecutive years, i.e., 2012, 2013, and 2014, with the
highest score for TC and TCpY.

The word cloud illustration (Figure 1.6) and Table 1.3 offer a visual representa-
tion of the frequency of the keywords used in the retrieved papers. It shows that the
term “inorganic polymers” was the most frequently used keyword in the literature,
indicating that it was the focus of the research. The other terms indicate the various
components and properties of the geopolymers that were studied, as well as their
main competitor, i.e., OPC.

Considering the worldwide distribution of researcher affiliations, Figure 1.7 shows
that preoccupations in this field are prevalent on all continents and in almost any
country. As can be seen, the countries that are missing from the map have no affili-
ated publications, while those colored in gray confirm that they have at least one paper
indexed in Scopus. The intensity of the gray color increases depending on the number
of published papers, i.e., it gets darker if the number of papers is higher. Also, the
lines indicate at least ten jointly published papers between the indicated countries.
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FIGURE 1.7 Country collaboration map of researchers in geopolymer technology.

Surprisingly, there is no paper affiliated with Russia, while the most intensive blue
can be seen for China, India, Australia, and Malaysia, also confirmed by Figure 1.2.

1.2.5 THE PaPers WiTH THE HIGHEST IMPACT IN THE GEOPOLYMERS FIELD

The most cited paper in the field of geopolymers is a review type of paper, published
by Duxson et al. (2007a) in 2007 (Table 1.4). The paper summarizes the previous
research and briefly describes how the key parameters influence the final proper-
ties of the geopolymers. Accordingly, the authors focus their attention on how the
processing condition and the characteristics of the activator influence the early prop-
erties (setting time, workability, etc.) and the structure of this product in order to
define the obtaining technology. Following, as the second-ranked paper is Xu and
van Deventer (2000), which deeply describes the geopolymerization reaction and
the particularities of NaOH vs. KOH activation. Also, the authors show how the
particularities of the raw materials, especially the content of Al-Si minerals, influ-
ence the compressive strength of geopolymer concrete by revealing the dissolution
mechanism and ion-pair theory. In Duxson et al. (2007c), the concept of “green con-
crete” and the idea of replacing OPC-based materials with geopolymers toward a
sustainable future were developed. During the literature review, the authors identi-
fied one limitation that is very strong even today, namely the lack of collaboration
between academia and industry, which keeps the geopolymers out of wide industrial
applications even today. Moreover, 2007 remains one of the years when research had
to choose between developing geopolymers for ceramic applications or as substitutes
for OPC-based materials. As the literature shows later, the construction materials
sector becomes the most suitable one. In Duxson et al. (2005), a similar group of
researchers conducted an experimental study to evaluate the relationship between the
composition of the geopolymer and its mechanical and microstructural properties.
The metakaolin-based geopolymer was activated with an alkaline solution, consider-
ing different ratios between Si and Al (1.15-2.15) to observe porosity and Young’s
modulus changes. In terms of porosity, the authors concluded that a ratio lower than
1.4 will result in a highly porous matrix (large pores), while the ratios above 1.65
will exhibit better homogeneity. The higher compressive strength was obtained at
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TABLE 1.4

The Most 25 Cited Papers in the Field of Geopolymers, According to Scopus

Database

Author

Duxson P

XuH

Duxson P

Duxson P

Turner LK
McLellan BC

Khale D

Hardjito D

Provis JL

Singh B

Nath P
Habert G
Bakharev T
Bakharev T
Somna K
Van Jaarsveld

JGS
Komnitsas K

Year
2007

2000

2007

2005

2013

2011

2007

2004

2009

2015

2014

2011

2005

2005

2011

2002

2007

Publishing Journal
J. Mater. Sci-A.

Int. J. Miner. Process.

Cem. Concr. Res.

Colloids. Surf. A.
Physicochem. Eng.
Asp.

Constr. Build. Mater.

J. Clean. Prod.

J. Mater. Sci.

Aci. Mater. J.
Geopolymers: Struct.
Process. Prop. and.
Ind. Appl-A.
Constr. Build. Mater.
Constr. Build. Mater.
J. Clean. Prod.
Cem. Concr. Res.
Cem. Concr. Res-A.
Fuel

Chem. Eng. J.

Minerals. Eng.

References

Duxson et al.
(2007a)

Xu and van
Deventer
(2000)

Duxson et al.
(2007¢)

Duxson et al.
(2005)

Turner and
Collins (2013)

McLellan et al.
(2011)

Khale and
Chaudhary
(2007)

Hardjito et al.
(2004)

Provis (2007)

Singh et al.
(2015)

Nath and Sarker
(2014)

Habert et al.
(2011)

Bakharev
(2005a)

Bakharev
(2005b)

Somna et al.
2011)

van Jaarsveld
etal. (2002)

Komnitsas and
Zaharaki
(2007)

Total

Citations

2,838

1,293

1,238

1,192

1,028

987

951

951

882

767

741

727

694

674

665

656

647

TC per  Type of
Year Paper
166.94 Review
53.88 Article
72.82 Review
62.74 Article
93.45 Article
75.92 Article
55.94 Review
47.55 Article
58.80 Review
85.22 Review
74.10 Article
55.92 Review
36.53 Article
35.47 Article
51.15 Article
29.82 Article
38.06 Review

(Continued)
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TABLE 1.4 (Continued)
The Most 25 Cited Papers in the Field of Geopolymers, According to Scopus
Database

Total TC per  Type of

Author Year Publishing Journal References Citations Year Paper

Cheng TW 2003 Minerals. Eng. Cheng and Chiu 647 30.81 Article
(2003)

Ismail I 2014 Cem. Concr. Compos. Ismail et al. 618 61.80 Article
(2014)

Rattanasak U~ 2009 Minerals. Eng. Rattanasak and 618 41.20 Article
Chindaprasirt
(2009)

Duxson P 2007 Colloids. Surf. A. Duxson et al. 616 36.24 Article

Physicochem. Eng. (2007b)
Asp.

Chindaprasirt P 2007 Cem. Concr. Compos. Chindaprasirt 609 35.82 Article
et al. (2007)

Rovnanik P 2010 Constr. Build. Mater. Rovnanik 601 42.93 Article
(2010)

Luukkonen T ~ 2018 Cem. Concr. Res. Luukkonen 594 99.00 Review
et al. (2018)

Kong DLY 2010 Cem. Concr. Res. Kong and 591 42.21 Article
Sanjayan
(2010)

Si/Al=1.9, assuming that higher ratios will conduct to multiple unreacted zones,
while lower ratios will decrease the mechanical performance due to high porosity.
Turner and Collins (2013) discussed one of the most important aspects of geopoly-
mers’ rapid development, namely their lower CO, emissions than OPC-based materi-
als. The study quantifies the carbon dioxide equivalent emissions (CO,-e) generated
by all activities required to create one cubic meter of geopolymer or conventional
concrete. The CO, footprint of geopolymers, calculated by the authors, was only 9%
lower than that of OPC-based materials. The value was much lower than that pub-
lished previously because, in this research, multiple parameters, such as raw material
treatments, curing temperature, and alkaline activator manufacturing, were also con-
sidered. Surprisingly, even though the most compelling reason almost disappeared
in 2013, the researchers continued to develop this field in order to develop materials
with a lower CO, footprint by reducing the curing temperature, discovering cheaper
activators, and involving raw materials without preliminary processing (sifting, dry-
ing, grinding, etc.). Two years earlier, McLellan et al. (2011) conducted research on
the differences between the costs and CO, emissions of geopolymers compared to
OPC. The study shows that geopolymers exhibit 44%—-64% lower carbon emissions
at a double price (especially because of sodium silicate).

In general, it can be seen that many studies are review papers (8 out of 25), but it
is also important to note that among the most popular papers, there are some studies
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that show the CO, emissions or the activation mechanism of geopolymers that are
of particular interest. These studies show that some of the most common uses for
geopolymers include fire- and heat-resistant coatings and adhesives, medical applica-
tions, high-temperature ceramics, new binders for fire-resistant fiber composites, and
new cements for concrete. Later (Luhar et al. 2023), due to their strong mechanical
properties once solidified, even from recycled waste, along with their low negative
effects on the environment, geopolymers attracted researchers interested in hazard-
ous material encapsulation. Therefore, the literature shows that geopolymers have
unique properties that provide an effective and economical means of safely and
securely containing hazardous materials.

The present study conducts a bibliometric analysis in the field of geopolymers
using Bibliometrix software, which provides the opportunity to quantitatively ana-
lyze the published literature. This technique was used to evaluate the studies indexed
in the Scopus database to highlight the current trends in this field and the researchers
that significantly contribute to the development of geopolymers.

The bibliometric analysis was performed on a significant set of data that included
more than 10,000 published papers.

1.3 CONCLUSIONS

Although this work adds to the literature by emphasizing developments in the field
of geopolymers, the bibliometric analysis has several limitations. These restrictions
are attributable to Scopus indexing and the authors’ inhomogeneity in describing
the geopolymers. The database’s limitations are connected to the gap between the
publication date and the indexing date of the published literature. Furthermore, many
articles are not indexed in the Scopus database. The constraints connected with het-
erogeneity in the literature are related to the various words used by researchers to
substitute the term geopolymer, such as “green cement,” “geocement,” “eco-cement,”
and so on. Given these constraints, the study may not correctly capture the cur-
rent status of the literature on the topic of geopolymers. However, its significance is
demonstrated by the large volume of studied publications and the high quality of the
database.

Despite the fact that geopolymers possess superior properties and, at the same
time, can be obtained by simple methods, the largest amount of them is obtained
from natural minerals. Therefore, it is essential to design and develop geopolymers
that use mineral waste as a source of raw material, especially indigenous waste.

99 ¢
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2.1 INTRODUCTION

Geopolymers are inorganic materials made of aluminum and silicon oxides that have
been chemically balanced with alkali or phosphorus elements. The name “geo” refers to
materials that have a structure akin to natural rocks but are man-made, and “polymer”
refers to their chemical structure, which mimics organic polymers. Geopolymerization,
the reaction that forms them, may occur at both room and high temperatures. Geopolymer
not only outperforms OPC in many applications, but it also has several additional advan-
tages such as quick curing, high acid resistance, excellent adhesion to aggregates, immo-
bilization of toxic and hazardous compounds, and significantly lower energy consumption
and greenhouse gas emissions (Andrew 2018; He et al. 2019; Gartner and Hirao 2015).
Geopolymer, such as OPC, has brittle behavior with poor tensile strength and is suscep-
tible to cracking (Ranjbar and Zhang 2020; Celik et al. 2022). Furthermore, because of
the high cost of sodium silicate, its industrial development and use are severely limited
(Abdollahnejad et al. 2017). These shortcomings not only restrict structural design but
also affect the long-term durability of structures. Geopolymer reinforcement using steel
or carbon fiber has been researched (Zhang et al. 2016; Yan et al. 2016). Although these
fibers may successfully improve geopolymer tensile strength, ductility, and toughness,
they are all produced in an energy-intensive manner, and there is concern regarding how
to dispose of them at the end of their life cycle (Isa et al. 2022). Growing environmental
consciousness and the need to preserve the long-term viability of building materials have
prompted initiatives to seek out alternative fibers.

Nonetheless, the vast majority of geopolymers now being made and researched
are based on natural basic materials (kaolin). Metakaolin is preferred because of its
quick rate of dissolution in the reactant solution, simple control of the Si/Al ratio, and
white hue. However, its costly cost prevents it from being widely used in geopolymer
composites (Mehmood et al. 2022). Several studies have shown that geopolymers with
high performance may also be generated by using secondary source materials (indus-
trial wastes such as fly ash or slag) (Cong and Cheng 2021). Generally, any amor-
phous material high in silicon and aluminum may be used to make geopolymers. This
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explains why countries experiencing rapid industrialization are exhibiting a strong
interest in this technology. These countries produce a significant volume of industrial
waste and lack a well-defined recycling strategy. The use of garbage for geopolymer
synthesis might not only reduce waste but also reduce basic raw material consumption.

Currently, the characteristics and final properties of geopolymers are directly
dependent on the raw materials used (aluminosilicate source and activator). At the
center of these interactions is the structure formed as a result of the geopolymer-
ization chemical process, which occurs after merging the solid and liquid compo-
nents. According to previous studies (Skariah Thomas et al. 2022; Abbas et al. 2022;
Qaidi et al. 2022; Abdila et al. 2022), until recently, aluminosilicate sources such as
metakaolin, coal ash, slag, mine tailings, and other types of mineral waste were used
to produce geopolymers with properties similar to Portland cement-based products.
They were both activated at the same time, with solutions having varied amounts
of alkaline chemical components. In different combinations and concentrations, the
most popular activators are based on Na,SiO; and/or NaOH.

In recent years, however, researchers in the field have shifted to acidic solution acti-
vation, utilizing H;PO, in various chemical element ratios (Al/P and Si/P) between
the base material and the activator (Zribi and Baklouti 2021). Regardless of the acti-
vation mechanism or raw material used, the reaction results in a mineral polymer,
bridging the gap between ceramic materials and organic polymer research. Polymer
equivalence is achieved by including Si—O-Si (siloxo) groups in geopolymers with
chemical structures comparable to polyethylene. A geopolymer is also defined as an
extraordinarily long reticular string composed of silicon groups (SiO,) and a specific
tetragonal network of aluminum oxide (AlO,) formed during the exothermic process
of certain oligomers. Alkaline ions such as K*, Na*, or Li* balance the bonds between
these tetrahedral structures (Vizureanu and Burduhos Nergis 2020; Joseph 2008).

The term was introduced in literature in the 1990s, by Davidovits (1991).
Geopolymers, also known as inorganic polymers or binders activated, in most cases,
by alkali metals, have generated interest globally. In general, geopolymers show
amorphous or semi-crystalline structures and three-dimensional compounds of sili-
con oxides. Geopolymers can be produced by mixing reactive materials containing
aluminosilicates, such as fly ash, kaolin or metakaolin, blast furnace slag (BFS), and
dolomite, with highly concentrated (3—12 M) alkaline solutions. The alkaline solu-
tions most commonly used to produce geopolymers are sodium hydroxide (NaOH),
potassium hydroxide (KOH), sodium silicate, and potassium silicate (Bell et al. 2009).

Some researchers have also explored the use of industrial wastes such as red
mud, rice husk ash, and sewage sludge in the production of geopolymers. The exact
composition and properties of a geopolymer will depend on the specific materi-
als used and the conditions under which it is made (Rowles and O’Connor 2003;
Ahmad et al. 2022).

Considering the current context of climate change, it is necessary to reduce the
consumption of raw materials and energy, respectively, the reuse of materials, and
even waste (Vizureanu and Burduhos Nergis 2020). Thus, geopolymers can be used
in various applications. The field of the construction industry is becoming the area
with the greatest potential compared to other applications such as refractory waste
treatment, bio-materials, plastics, automotive, and aerospace.



20 Geopolymers

Thus, through geopolymerization, we can obtain materials similar to OPC
concrete using aluminosilicate waste (Zhang et al. 2020b). Basically, an aluminosi-
licic material is dissolved in an alkaline solution, obtaining a tetragonal structure of
Si—O-Al following the partial elimination of water. Therefore, a geopolymer is an
oxide material based on aluminum and silicon groups, chemically balanced by atoms
of Na*, K, etc., which is formed following the geopolymerization reaction.

Due to the simplicity of the obtaining process, the applications of geopolymers
are varied, ranging from thermal insulations, fire-resistant materials, refractory lin-
ings, construction materials, materials for the metallurgical industry, and decorative
objects, to the encapsulation of radioactive and toxic waste, etc. (Joseph 2008; Jiang
et al. 2020; Khalifeh et al. 2018; Taylor et al. 2015).

However, geopolymers stand out as ecological concretes with low energy con-
sumption and a small CO, footprint (Vizureanu and Burduhos Nergis 2020; Joseph
Davidovits 2015). Therefore, geopolymerization is an advantageous technique for
obtaining ecological materials that have similar or superior properties to those of
conventional materials but use waste as a source of raw material.

Globally, several wastes with geopolymerization potential have been identified,
such as fly ash, red mud, BFS, etc. After the chemical reaction between the solid raw
material (waste) and the alkaline activator (a solution of sodium silicate or potassium
silicate and sodium hydroxide), an inorganic material with a structure similar to that
of zeolites is obtained.

Thus, geopolymers are formed by a chemical reaction known as geopolymer-
ization, which occurs as a result of mixing at least two constituents (a solid rich in
silicon and aluminum oxides and an alkaline solution). Geopolymerization begins
with the dissolution of silicon, aluminum, and calcium hydrates (if any) from the
solid material (raw material) under the action of the alkaline activator. In the sec-
ond stage, nucleation, oligomerization, polymerization, and polycondensation take
place; therefore, groups of atoms are reoriented and groups called polysialates are
created.

In the field of construction, geopolymers are generally used as a substitute for
ordinary Portland cement (OPC)-based materials. In the manufacture of concrete,
geopolymers are used as binders due to their exceptional thermal performance, supe-
rior mechanical properties, and considerable durability. The main motivating factor
in the replacement of conventional concretes (those based on OPC) with geopoly-
mer ones is related to the environmental problems regarding the enormous energy
consumption and carbon dioxide (CO,) emissions during their manufacture (Joseph
Davidovits 2015; Papa et al. 2019). Industrial concrete production is one of the big-
gest contributors to global warming. The development of the cement industry is one
of the real contributors to air pollutants. It has been calculated that 13,500 million
tons of CO, are created from this process worldwide, accounting for about 7% of
ozone-depleting substances delivered each year (Xue et al. 2023).

Nowadays, the construction industry has started to emphasize green technology
and eco-friendly materials. Geopolymers have been introduced into the industry,
offering virtually the same performance as regular cementitious pavements in vari-
ous applications but with lower greenhouse emissions. Table 2.1 shows the compari-
son between geopolymers and regular concrete.
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TABLE 2.1
Comparison between Geopolymers and Regular Concrete (Xue et al. 2023;
Jat et al. 2023)

Conventional Concrete Geopolymers

e Cement production is carried out in a separate  * The process of mixing all the ingredients is

place before proceeding to the mixing process done simultaneously
e Produces carbon dioxide in high amounts ¢ Lower carbon dioxide production and more
environmentally friendly
* Must be compacted and produce rough * Contains adjustable properties (self-leveling)
surfaces and produces a smooth surface
* Design method based on cement/water mix ¢ Design method based on chemical ratio and
ratio pozzolanic materials

Geopolymers have achieved huge performance potential compared to the current
standard of ordinary cement. Meanwhile, its processing can be done either at a lower
temperature or at room temperature with lower carbon dioxide emissions. In most
geopolymer production, 70% of the ultimate compressive strength can be achieved
within the first 4 hours after curing (Wang et al. 2021).

2.2 GEOPOLYMERS CHEMISTRY

These oxidic materials are formed by means of a chemical reaction known as geo-
polymerization, which occurs as a result of the mixing of at least two constituents
(a solid rich in silicon and aluminum and an alkaline solution). Geopolymerization
starts with a step of dissolving silicon, aluminum, and calcium hydrates from the solid
material (raw material) under the action of the alkaline activator. In the second stage,
nucleation, oligomerization (formation of oligomers), polymerization, and polycon-
densation occur, and thus the groups of atoms reorient and form groups named, by
Davidovits, polysialates (eng. polysialate), the term being a generic name of oxide
groups of aluminosilicates (Table 2.2) (Davidovits 1991). In other words, after the
dissociation of the Si—-O-Si and Si—-O-Al compounds, very reactive Al** and Si*
species are released, which, following the interaction between them, form oligomers
of SiO, and AlO, that are organized into 3D polymer chains of Si-O—-Al-O eliminat-
ing water (Provis 2009; Burduhos Nergis et al. 2018). The type and structure of the
compounds in the polymer chains formed are determined by the ratio between Si and
Al based on the empirical relationship (Equation 2.1) (Burduhos Nergis et al. 2018):

R*, {~(8i0,), - AlO, -} -aH,0 .1

where R+—the alkaline cation of the activator (Na+, K+, etc.); v—degree of polym-
erization; x—the ratio between Si/Al; and a—the number of water molecules (amount
of water).

The ratio (x) between Si and Al can have values between 1 and 300, if the
value of (x) is less than 3 (x <3), then the geopolymer will exhibit high adhesion
and flexibility properties due to the linear 2D structure. As the ratio (x) increases,
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FIGURE 2.1 Arrangement of sialate bonds according to the ratio of Si to Al. Reprinted with
permission from Kolezynski et al. (2018).

the fragility of the final structure increases, and its reticular network becomes 3D
(Figure 2.1). At the same time, it was observed that with the increase in the ratio
between silicon and aluminum oxide, there is also an increase in the curing period
(Kolezynski et al. 2018).

Although the activator’s chemical element is depicted as sodium ions in the pre-
ceding images, the literature indicates that it could be changed to potassium, lithium,
calcium, or phosphorus. As a result, polysialates might have the chemical formula (Na,
K, Li, Ca, P) (sialate unit) or (Na, K, Li, Ca, P) (sialate unit) (Si—-O-Al). Furthermore,
after the condensation of certain orthosialate monomers with Si(OH), ortho-silicic acid
groups, polycondensation of (OH),—Si—O—Al-(OH); monomers leads to the formation
of (=Si—O-AI-0-) or (-Si—~O-Al-0O-Si—0O-). In the case of geopolymers with a high
Fe content, a portion of the Si atoms can be replaced by Fe atoms, resulting in structures
similar to the ones shown before. For example, in the initial phase of acid activation of
metakaolin (a raw material rich in Al and Si), the ortho-sialate monomer is generated,
followed by its condensation into cyclo-disialate, the precursor unit of hydrosodalite.

Thus, geopolymer refers to a three-dimensional material of amorphous to semi-
crystalline silicon aluminate. In addition, geopolymer is formed by initiating alumi-
nosilicate source materials, such as clay, fly ash, and slag with an alkaline solution.
These materials exist naturally, but also as industrial waste or by-products of materi-
als that require relatively less manufacturing energy. Exposure of these thermally
activated aluminosilicates to the highly alkaline environment (combination of sili-
cates and hydroxides) contributed to the formation of a two-dimensional Si—O—Al
structure. Moreover, geopolymeric materials respond to a demand for cement-based
products that confer zeolitic and ceramic properties (Elettra Papa et al. 2018).

Geopolymers arose through a series of complex reaction processes initiated by
pozzolanic activation. The main processes were the dissolution of the aluminosilicate
component in an alkaline medium, the polymerization of dissolved minerals in the
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gel, the precipitation of the formed hydration products, and the final strengthening of
the matrix by excluding excess water (van Deventer et al. 2012).

Thus, the first reaction involved is dissolution, which occurs directly at the con-
tact between the aluminosilicate and the alkaline solution, thus allocating the ionic
interface and breaking the covalent bonds between silicon, aluminum, and oxygen
atoms. Then, the polymerization process takes place, through which a rapid chemical
reaction occurs in an alkaline environment on Si—-O-Al bonds. The geopolymer gel
formed contains alkaline cations that compensate for the deficient charges subjected
to the substitution of aluminum with silicon (Xu and van Deventer 2000).

The reactions proceed with moderate development of crystal structure as the
polymerized gel nuclei reach crucial size. The crystallinity of the matrix corresponds
to the rate at which the precipitate forms. Spontaneous reactions between alkali and
ash reduce the growth time of a crystalline medium, which is representative of typi-
cal zeolites (Rozek et al. 2019). However, the final product of geopolymers consists
of an amorphous and semi-crystalline “cement” phase.

2.3 RAW MATERIALS

When we speak about raw materials, there are a huge number of materials that can be
used for geopolymers, mainly those rich in aluminum and silicon oxides.

An aluminosilicate is described as a series of finely divided siliceous, aluminous,
and siliceous materials that react chemically with slaked lime at ordinary tempera-
ture and in the presence of moisture to form slow-setting cement. Silica-rich material
(fly ash or slag) and aluminum-rich material (clay) become essential prerequisites for
geopolymerization.

2.3.1 Ciay

Kaolinite is one of the normal clay minerals used in the production of geopolymers.
Kaolinite contains a 1:1 uncharged dioctahedral layer structure, as shown in Figure 2.2,
with the synthetic formula Al,05:2Si0,2H,0 (Liew et al. 2016).

@0 Oo0H @Al Si

FIGURE 2.2 Kaolinite structure (Liew et al. 2016).
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The compounds (Si,05)n>~ and Al(OH), are connected by sharing oxygen atoms
that were held together by hydrogen and van der Waals bonds (Li et al. 2010a). Finally,
kaolinite contains a small surface area for geopolymerization compared to fly ash,
which has round particles. Thus, the small surface area allows only reduced dissolu-
tion by the alkaline reactant and consequently obtains a lower resistance (Heah et al.
2012). In addition, using only kaolinite in the geopolymerization reaction produced
a weak structure.

Usually, better mechanical properties are evidenced by geopolymers generated
from heat sources or calcination, such as BFS, fly ash, and metakaolin (Khale and
Chaudhary 2007; Kanagaraj et al. 2023). The sintering process helps to improve the
reactivity of kaolinite to the geopolymerization response. Therefore, favorable calci-
nations of kaolinite lead to strongly pozzolanic amorphous phases. These amorphous
phases provide an active constituent that acquires the maximum strength of the geo-
polymer. At a given number of calcinations processed at 550°C—800°C, the strongly
bound hydroxyl ions in the constitutive Al layer are dehydroxylated by water loss
(Nikolov et al. 2020; Kenne Diffo et al. 2015). Thus, the transformation of kaolinite
into the disordered metastable phase of metakaolin took place.

According to Rowles et al. (Rowles and O’Connor 2003), metakaolin (Figure 2.3)
can be produced by heating kaolinite to 750°C in air for 24 h. Metakaolin can be gen-
erated at the same calcination temperature; however, it is done in a shorter time period
of almost 10hours. Above 900°C, metakaolin obtained low mechanical properties,
probably caused by overheating during calcinations, resulting in non-reactivity toward
crystalline phases.

FIGURE 2.3 Metakaolin image (Dai et al. 2022).
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Clay is a naturally occurring mineral resource that is extensively spread. It is an
aluminosilicate salt with minuscule (2 mm) particles. It is an earthy rock that is cohe-
sive and flexible. Clay is a type of layered silicate made up of an alumina octahedral
layer and a silicon oxygen tetrahedral layer. Clay minerals, including kaolin, zeolite,
and others, are frequently utilized as precursors for the creation of geopolymers due
to their compositional characteristics.

Dolomite, often referred to as kaolin, is a white, fine-grained, soft clay that has
good flexibility and fire resistance. By dehydrating kaolin at the proper temperature,
metakaolin (MK), an anhydrous aluminum silicate, is created (600°C). It displays
the typical MK, which has been widely employed in the creation of geopolymers.
The MK-based geopolymers have thermal insulating qualities, high compressive
strength, strong bonding, etc. Many researchers have combined various substances
with the system in order to lower costs, maintain high performance, and achieve
resource reuse due to the superior mechanical qualities of MK-based geopolymers.
Additionally, the study creates porous geopolymers based on kaolinite that reduce
heat transfer while also being acoustically quiet. A type of aluminosilicate mineral
called zeolite contains alkali metal or alkali earth metal and has properties including
adsorbability, ion exchange, catalysis, acid resistance, and heat resistance. The geo-
polymer created by alkali-excited natural zeolite retains the porosity characteristics
of zeolite while having the mechanical strength of geopolymer gel.

2.3.2 SLAG

An ironmaking by-product known as BFS can be produced at a temperature of about
1,500°C. Moreover, BFS is frequently referred to as slag. Because of its amorphous
nature, high hardness, and pozzolanic activity, ground granulated BFS (GGBFS),
also known as BFS cooled in water, is primarily utilized as a partial replacement for
OPC after grinding. It is possible to get a decent reaction rate at a temperature as low
as 0°C thanks to GGBS’s high reactivity toward the synthesis of geopolymers. Less
heat is produced during hydration when slag is used in place of cement, which lowers
the likelihood of cracking.

GGBEFS is one of the industrial by-products generated by the rapid water cooling
of molten steel. This is generated following the production of first-fusion pig iron, as
a result of the introduction of slag agents such as coke ash, iron ore, and limestone,
which were mixed with the iron ore to remove impurities. During the iron ore reduc-
tion process, molten slag is formed as a non-metallic liquid (basically consisting of
silicates, aluminates, calcium, and other bases) that floats on top of the molten iron
(Li et al. 2010b). The molten slag and liquid metal are then separated before the cool-
ing process. Different cooling methods lead to the production of different types of
slag, namely expanded, air-cooled, and granulated.

GGBFS was produced from molten slag quenched sufficiently rapidly by water
and classified as a hydraulic latent material containing cementitious and pozzolanic
characteristics. In addition, GGBFS is commonly used as an additive material in
ordinary cement concrete during cement hydration due to the improvement of its
reactivity (Figure 2.4).
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FIGURE 2.4 Granulated slag (Ziada et al. 2021).

The chemical composition of the slag is crucial to a balanced calcium aluminosili-
cate framework with overburden. The main component of GGBFS is the CaO-SiO,—
MgO-AlL,0; network, which is defined as a combination of depolymerized calcium
aluminosilicate glass with similar akermanite (2Ca0-MgO-2Si0O,) and gehlenite
(2Ca0-Al,04:Si0,) (Qureshi and Chish 2013). The key cations that form the glassy
structure are Si** and AI**, and the divalent Ca*>* and Mg?* act as network modifiers
along with any alkali present (Provis 2007). The abundant presence of Ca>* that
coexisted in the glass structure of GGBFS showed better cement reactivity than the
geopolymer material consisting of homogeneous glass and crystalline phases.

Granulated BFS has various industrial applications. Typically, GGBFS is used
as a cement replacement (30%—-50%) in normal concrete, while it can replace up to
70% in heavy-duty marine concrete applications. Moreover, GGBFS has been used
most often in the cement industry. For example, GGBFS can be used separately or
together with regular cement clinker and calcium sulfate. Underground GGBFS can
be applied as a normal weight aggregate in concrete and is suitable as a base-course
material in road construction. Some uses of GGBFS include glass manufacturing,
sports field sub-base (drainage application), sandblasting media requiring fine etch-
ing, and concrete block manufacturing.

2.3.3 AsH

There is a constant expansion in the use of non-renewable energy sources to create
vitality. Coal is mostly used to create steam in the modern and contemporary eras.
Thus, coal ash is acquired as a waste that should be disposed of in a natural way.
However, due to the huge amount created, most types of ash, including fly ash and bot-
tom ash, are disposed of in landfills. This transfer process causes different problems.
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FIGURE 2.5 Fly ash (Ziada et al. 2021).

The ash, generally called fly ash, is produced during combustion and contains fine
particles that rise with the combustion gases. This is usually captured by electrostatic
precipitators or other gas filtering equipment before it reaches the stacks of coal-
fired power plants. Depending on the source of coal that is burned, the physical and
chemical characteristics of fly ash change considerably. However, all fly ash contains
significant concentrations of silicon dioxide (SiO,), aluminum oxide (Al,0O,), and
calcium oxide (CaO) (Deb et al. 2014; Tho-In et al. 2016).

Fly ash (Figure 2.5) is generally classified into two types: one is class C (high cal-
cium) and the other is class F (low calcium). Fly ash that has been obtained from sub-
bituminous coals, according to ASTM C618 (2012), is class C, containing more than
20% calcium oxide (CaO). Meanwhile, class F, which includes a low calcium com-
position, comes from the consumption of bituminous coal and anthracite. Crucial
parameters to be considered in the selection of fly ash as raw material are silicon
dioxide, amorphous phase, grade, and, in addition, calcium content (Belviso 2018).

2.3.4 DoLOoMITE

Calcium carbonate materials, for example, calcite (CaCO;) and dolomite (CaMg(CO,),),
are naturally abundant and mostly economic minerals. Dolomite is one of the most
recognizable carbonate minerals in geological structures. It is an anhydrous carbon-
ate mineral created from calcium, magnesium, and carbonate, otherwise known as
CaMg(CO,),. The word dolomite is additionally used to describe sedimentary car-
bonate rock or rock that is made mostly of the mineral dolomite (otherwise called
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FIGURE 2.6 Dolomite (Nowak et al. 2022).

dolostone). Dolomite is one of the natural resources that will be used as a feedstock
for geopolymer composites. The mineral dolomite will solidify in a trigonal-rhombo-
hedral framework. Its colors are dark white, brown, or crystal pink. Dolomite con-
tains double carbonate, which has an alternate structural arrangement of calcium and
magnesium particles. Unlike calcite, dolomite does not dissolve rapidly in a dilute
corrosive medium (hydrochloric acid) (Sotelo-Pifia et al. 2018; Zhang et al. 2020a).

Dolomite forms in an alternative class of crystals (Figure 2.6), ranging from the
calcite group of minerals. This can be identified by the more elongated crystal shapes
of dolomite compared to those formed by calcite. In addition, calcite group minerals
occur in scalenohedral crystals, while dolomites never occur as such crystals (Zhang
et al. 2020a; Yip et al. 2005).

2.3.5 LATERITE SoIL

Aluminosilicates, iron, and aluminum are abundant in the mineral laterite. Due to
its excellent resistance to corrosion, the majority of laterite is reddish-brown and has
been used for a long time as conventional brick, roads, and buildings. The manu-
facture of geopolymers has recently undergone a change based on lateritic, which
has excellent mechanical strength (Mathew and Issac 2020; Subaer et al., 2019).
Moreover, the raw material for the geopolymer type Na-poly, laterite, has an out-
standing molar oxidation ratio (SiO,/(Al,O; Fe,0;)) (sialate-siloxo). The laterite
geopolymer’s microstructure and mechanical characteristics are greatly influenced
by the molar oxide ratio of silica to alumina. Furthermore, laterite and other solid
wastes are combined to create high-strength geopolymers.

In non-load-bearing building materials, laterite (Figure 2.7) and mixed laterite-
slag geopolymer offer promising application prospects.
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2.3.6 Rep Mup

Red mud is a by-product of the industrial Bayer process used to refine aluminum
(Figure 2.8). The Bayer method uses sodium hydroxide to dissolve the soluble por-
tion of bauxite at high temperatures and pressures. The RM will invariably have

FIGURE 2.7 Laterite soil (Maichin et al. 2021).

FIGURE 2.8 Red mud (Nie et al. 2020).
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a high pH since a tiny amount of the sodium hydroxide utilized in this process is
left behind. By taking advantage of RM’s high alkalinity, using it as mud reduces
the overall amount of alkali activator, saving time and energy while also lowering
the cost of the geopolymer’s manufacturing. The ideal replacement value of RM
for FA-based geopolymers varies depending on the NaOH concentration and curing
circumstances.

2.3.7 OTHER RAW MATERIALS

The materials such as RHA as the primary biomass ash, fly ash, BFS, and RM all
show high silica and alumina contents, which are acceptable for the additional mate-
rials as gelling materials. Steel slag (STS), silica fume (SF), volcanic ash (VA), waste
glass (WG), coal gangue (CG), high-magnesium nickel slag (HMNS), and other min-
erals are also frequently employed. The amorphous structure and plentiful silicon
and aluminum components found in the waste catalyst residue released from a vari-
ety of industrial goods can be exploited to create synthetic geopolymers with com-
pressive strengths of up to 40—-85 MPa.

2.4 FACTORS THAT INFLUENCE THE GEOPOLYMER PROPERTIES

Various industrial by-products offer different physical, chemical, and mineralogi-
cal characteristics, so the rate of geopolymer formation is influenced by differ-
ent parameters such as curing method, alkali concentration, and mix design. In
addition, the effects of major factors on the manufacture of geopolymers depend
on the type of chemical activator used, the particle size distribution of the source
material, the manufacture of the curing regime, and the exposure to the aggressive
environment.

2.4.1 ALKALINITY

The concentration of MOH solution (M = Na*, K*, etc.) has a significant impact on the
mechanical performance of geopolymers. Alkalis encourage the dissolution and sol-
ubility of aluminosilicates and also increase the rate of the geopolymerization reac-
tion (Yao et al. 2009). The choice of an alkaline activating solution is an important
criterion, and NaOH solution and KOH solution have been mainly used as suitable
activating agents. However, NaOH solution was commonly preferred for its higher
efficiency in releasing silicates and aluminates from the precursor material as well as
economic effectiveness (Provis 2007).

Typically, increasing NaOH concentration in the range of 4-12M increases the
strength of metakaolin geopolymers. XRD analysis revealed that the amorphous
phase develops with increasing NaOH concentration (Wang et al. 2005). During the
dissolution reaction, NaOH provided OH- and Na*, which are like catalysts for the
aluminosilica reaction.

Alkaline solutions used as activators in geopolymer technology can be classified
as follows (R—represents the alkaline cation) (Joseph 2008):
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¢ Alcaline, ROH;

e Low alkalinity salts, R,CO;, R,Si0O;, R;PO,;
e Silicates, R,0-nSiOs;

e Aluminates, R,0-nAlO;;

e Aluminosilicates, R,0-nAl,SO-(2-6)SiO,.

The researchers concluded that a high concentration of alkali damages the strength of
geopolymers. For example, the strength of geopolymers increased with NaOH con-
centration and decreased after an optimum concentration was reached. The optimum
concentration of NaOH at 9 M was obtained for metakaolin geopolymers. Above this
optimum point, the polymerization reaction is unacceptable.

2.4.2 Sorip-to-LiQuiDp RATIO

During the production of geopolymers, the solid part is represented by aluminosili-
cates and the liquid part by the alkaline reactant. The solid-to-liquid ratio is crucial
because it determines the optimal amount of solid and liquid for the mixing process,
affecting workability, dissolution, geopolymerization reaction, and therefore the final
strength of the product. The S/L ratio lower than 0.8 showed better workability dur-
ing the geopolymerization reaction (Vizureanu and Burduhos Nergis 2020; Burduhos
Nergis et al. 2018). The initial precursor solid content was affected by the formation
rate of the geopolymer network; the kaolin-based geopolymer with the lowest S/L
ratio (0.60) required more time to cure. Also, a weak structure was initially formed
due to its low reactivity, which led to the low rate of development of geopolymeriza-
tion (Komnitsas and Zaharaki 2007).

The solid-liquid ratio has an associated degree of particular impact on the work-
ability of the geopolymer paste. A higher S/L ratio contributed to lower workability.
Otherwise, the low S/L ratio slows down the geopolymerization reaction due to the
inter-particle interaction of the precursor materials, which prevents the increase of
geopolymer workability (Heah et al. 2012).

2.4.3 Sobium SiLicaTE-TO-SobiuM HYDROXIDE RATIO

Alkaline activator ratios play a major role in the geopolymerization reaction. The
ratio of NaOH solution to liquid Na,SiO; was essential to forming the geopolymer. In
fact, Na,SiO; acts as a binder and NaOH acts as a solvent in the geopolymerization
reaction. The Na,SiO,/NaOH ratio influenced the workability of the geopolymers.
Workability has been identified as a property of fresh binder that measures the ease
with which the paste can be mixed, placed, consolidated, and finished (Deb et al.
2014). The sodium silicate liquid generates a high viscosity compared to the NaOH
solution, simultaneously improving the sodium silicate content and thus improving
the workability of the geopolymer.

Based on the study by Sathonsaowaphak et al. (2009), the strength of geopolymer
was developed with increasing the Na,SiO;/NaOH ratio to 1.5. Increasing the sodium
silicate content in the alkaline activator solution affected the workability and setting
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times of the fly ash-based geopolymer. The decrease in workability and setting times
of the geopolymer mixture was included in the list of difficulties in the formation
of reinforced geopolymer. Therefore, the difficulty of consolidation led to a lower
degree of geopolymerization and, implicitly, its strength.

Otherwise, the alkaline activator ratio should be considered in terms of the SiO,/
Na,O molar ratio. Increasing the SiO,/Na,O ratio leads to a passive reaction and inter-
rupts the setting of the paste. The system with Na silicate solution obtained a lower
reaction rate than that with K silicate solution (Rahier et al. 2007). Economically,
granule NaOH is more economical than liquid Na,SiO;, so it promotes the use of a
lower ratio of alkaline activator in the geopolymerization reaction without demolish-
ing the workability and strength of the cured product.

2.5 OBTAINING METHODS

The process of obtaining a geopolymer (Figure 2.9) begins by mixing at least two
constituents, the base material and the alkaline activator. The decision to choose the
base material is influenced by several factors, such as its cost or availability, as well
as the scope of application of the resulting geopolymer.

In most studies, the alkaline activator used is a solution that combines the dissolv-
ing ability of sodium hydroxide with the aggregating ability of sodium silicate. After
mixing the components, the process is followed by a curing period at normal ambient
conditions (=20°C) or at slightly elevated temperatures (<100°C). During the curing
stage, the chemical reaction of geopolymerization takes place. In the first step, the
solid component is dissolved due to the presence of the activation solution. After
removing a small amount of water, reorientation begins, where groups of atoms take
their position in the structure and, at the same time, outline the solid structure of the
geopolymer. In addition, the water is almost completely removed, and the material is
transformed into its final form.

Since the geopolymerization reaction is time-governed, after the end of the curing
step, it continues at the micro/nanoscopic level due to the reaction between the unre-
acted particles and the gel pore solution. This phenomenon gives geopolymers the
ability to repair (self-heal) some of the cracks formed by dehydration (Abd Elhakam
et al. 2012; Tang and Tang 2022; Liu et al. 2017; Kan et al. 2019).

Solids:
Aluminosilicates:
Kaolin, ash, slag, red
mud ete.

+

| GEOPOLYMER
Liquids: f
Alkaline solution:
sodium hydroxide,
sodium silicate etc.

FIGURE 2.9 Schematic representation of the process of obtaining a polymer (Vizureanu
and Burduhos Nergis 2020).
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2.6 CLASSIFICATION

Geopolymers have a wide range of potential applications, including construction,
waste management, and environmental remediation. Some of the main application
areas for geopolymers include:

* Buildings: Can be used as a low-carbon alternative to traditional cement and
concrete. They can be used to make lightweight concrete, insulation materi-
als, and binders in building materials.

e Waste management: They can be manufactured from industrial waste such
as fly ash and slag, making them a sustainable and cost-effective solution for
managing these materials.

e Environmental remediation: They can be used to encapsulate and stabilize
hazardous wastes such as heavy metals, radioactive materials, and organic
pollutants.

e Fire retardant: They are known for their fire retardant properties and can be
used to make fire retardant coatings, insulation, and fire retardant boards.

e Ceramics and refractories: Can be used to make ceramics, refractories, and
other high-temperature applications.

* Biomedical: Some geopolymers are biocompatible and can be used to make
bone cements, dental fillings, and other biomedical applications.

It’s worth noting that these applications are in research and development and not yet
widely commercialized.
Geopolymers comprise the following molecular units (or chemical groups):

e —Si-0O-Si—0-siloxo, poly(siloxo)

e —Si-O-Al-O-sialate, poly(sialate)

e —Si-0O-Al-0-Si-O-sialate-siloxo, poli(sialat-siloxo)

¢ —Si-0O-Al-0-Si-0-Si—0-sialate-disiloxo, poly(sialate-disiloxo)
e —P-O-P-0O- phosphate, poly(phosphate)

¢ —P-0O-Si—O-P-0O-phospho-siloxo, poly(phospho-siloxo)

¢ —P-0-Si—0O-Al-O-P-O-phospho-sialate, poly(phospho—sialate)
¢ —(R)-Si-O-Si—O—(R) organo-siloxo, poly-silicone

¢ —A-O-P-0-alumino-phospho, poly(alumino-phospho)

¢ —Fe-0-Si—-0-Al-0O-Si—O-fero-sialate, poly(fero-sialate)

Geopolymers are currently being developed and applied to 10 main classes of
materials:

* Geopolymer based on water glass, poly(siloxonate), soluble silicate,
Si:Al=1:0

* Geopolymer based on kaolinite/hydrosodalite, poly(sialate) Si:Al=1:1

* Geopolymer based on metakaolin MK-750, poly(sialate-siloxo) Si:Al=2:1

e Geopolymer based on calcium, (Ca, K, Na)-sialate, Si:Al=1, 2, 3

e Rock-based geopolymer, poly(sialate-multisiloxo) 1< Si:Al<5

e Silica-based geopolymer, sialate link, and siloxo link in poly(siloxonate)
Si:Al>5
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e Geopolymer based on fly ash

e Geopolymer based on ferro-sialate

* Phosphate-based geopolymer, AIPO,-based geopolymer
e Organic-mineral geopolymer

In Table 2.3, the classification according to the Si:Al ratio is presented. In Table 2.4,
the classification of geopolymers according to type, activator, precursor, and respec-
tive applicability is presented.

TABLE 2.3
Classification of Geopolymers According to Ratio of Si:Al
Si:Al Ratio Application
1 * Bricks
» Ceramics

e Materials for fire protection
2 * Cements and concretes with a small CO,
footprint
* Encapsulation of toxic and radioactive waste
3 * Fiberglass composites for fire protection
* Equipment for foundries
e Fire-resistant composites (200—1,000°C)
* Tools for aeronautics—titanium processing
>3 * Sealant for industry (200-600°C)
* Tools for acronautics—superplastic aluminum
alloys

20-35  Fire and temperature resistant composites

TABLE 2.4
General Classification of Geopolymers
Activation
Type Polymeric Chain Solution Precursors Application
Sialates Polysialat Kaolin Bricks
Kaolinite Ceramics
Polysialat-siloxo Natural Metakaolin ~ Cement/Concrete
Alkaline Zeolites Immobilization of
hazardous waste
Polysialat-disiloxo . Silica fume  Casting equipment
Synthetic . . .
Alumina Aeronautic equipment
Phosphates  Phosphates Natural Zeolites Membrane supports
Kaolin Insulating materials
Phosphates-siloxo Acid Metakaolin ~ Refractory coatings
Phosphates-sialate-siloxo Synthetic  Silica fume  Monolithic roofs
Alumina Foams

(Continued)
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TABLE 2.4 (Continiued)
General Classification of Geopolymers
Activation
Type Polymeric Chain Solution Precursors Application

Iron sialates Iron poly-sialates Immobilization of
hazardous waste
Bricks
Binders and cements

Red mud

Alkaline Sculptures
Adsorption of heavy
Slag metals
Plaster/concrete
Building materials
and flooring
Organic/ Poly-organo-siloxo Alkaline Organic Petroleum
inorganic and acid polymeric  Polivinilic ~ High compression
network Alcohol resistant concrete
Epoxy Immobilization of
hazardous waste
Kerogen Lignine Gas or oil source
Humic acid Concrete with high
flexural strength

Metakaolin

Kaolin

From these tables, it can be observed that geopolymers can be classified in several
groups, firstly by the ratio of Si/Al and also according to the type and polymeric
chain, in natural and synthetic ones, based on sialates, phosphates, iron, and organic/
inorganic ones. Their applications vary from general construction to special applica-
tions such as the immobilization of hazardous waste or insulating materials.

2.7 CONCLUSIONS

Geopolymers are a type of inorganic polymer that is formed through the reaction of
an aluminosilicate source material, such as fly ash or metakaolin, with an alkaline
activator solution, typically a mixture of sodium hydroxide and sodium silicate. The
resulting material is a high-strength, durable material that can be used in a variety of
applications, from construction to industrial manufacturing.

One of the key advantages of geopolymers is their environmental sustainability.
They are typically made from waste materials such as fly ash, which would otherwise
be disposed of in landfills. In addition, the production of geopolymers generates sig-
nificantly less CO, emissions compared to traditional cement manufacturing processes.

Geopolymers have a wide range of applications, including as a replacement for
traditional cement in construction, as a high-temperature insulation material, and as
a binder in the production of refractory materials. They have also been used in the
development of new materials such as geopolymer-based composites.
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Overall, geopolymers have shown great promise as a sustainable alternative to tra-
ditional cement and other materials, and their use is expected to grow in the coming
years as more research is conducted into their properties and applications.
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3.1 INTRODUCTION

The development of non-cementitious concrete, known as geopolymer concrete, has
increased worldwide demand for materials in the construction industry. Geopolymer
concrete consists of any raw materials containing silica (SiO,) and alumina (Al,O5) in
high compositions, which are mixed with alkali-activated binder, crushed stone, and
sand. The main ingredients of fly ash, which are rich in alumina and silica, can boost
the rate of geopolymerization. Geopolymerization is the result of the polymerization
process of aluminosilicate materials, silica (Si) and alumina (Al), in a high alkaline solu-
tion such as sodium hydroxide (Temuujin et al., 2013). The geopolymerization consists
of three stages: dissolution of the aluminosilicate, gel formation, and polycondensation
(Okoye et al., 2017). Thus, the formation of the geopolymer binder known as alumino-
silicate gel provides a superior effect compared to ordinary Portland cement (OPC).

Geopolymer concrete yielded good performance in terms of mechanical and
physical properties when compared to OPC concrete. The geopolymer concrete fail-
ure mode and behavior are similar to conventional concrete. Concrete was consid-
ered a brittle material with good compression but less resistance to tension (Ranjbar
et al., 2016). The improvement of concrete weakness can be overcome by adding
reinforcement bars, which increase the strain capacity and bending strength. Aswani
and Karthi (2017) stated that reinforced concrete can normally increase its tensile
strength by up to 10%. As part of the revolution toward solving the tensile strength
problem in concrete, fibers were proposed to improve its durability. There are many
further kinds of research being done to develop the design of reinforcement struc-
tures in concrete, which can establish an effective and economic standard for rein-
forced geopolymer concrete.
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3.2 REINFORCEMENT IN GEOPOLYMER CONCRETE

The addition of reinforcement in geopolymer concrete is steel and fiber, which have
different functions, arrangements, and capabilities to resist internal or external
loading.

There are two major types of reinforcement used to reinforce concrete: steel bar
and fiber. The further result of reinforcing the steel bar in concrete composites can
improve the shear toughness and flexural strength of the composites (Faris et al.,
2016). In the lab work, Sarker and McBeath (2015) chose deformed steel bars with
two different diameters, 10 and 12 mm, which yield strengths of 560 and 520 MPa,
respectively. Due to that, the increased tensile strength of geopolymer concrete
allows for the development of a larger bending strength that be produced prior to the
formation of cracking (Nematollahi et al., 2017). Figure 3.1 shows the cross-section
view of a geopolymer concrete beam with steel rebar grade BSOOBT with a nominal
yield of 500 MPa. The arrangement of the longitudinal reinforcement can reduce the
damage degree to concrete structure, and an optimal shear reinforcement arrange-
ment is also able to minimize the ballistic resistance (Zhao & Chen, 2013).

Furthermore, the incorporation of fiber reinforcement materials such as steel,
glass, nylon, carbon, polypropylene, and polyvinyl alcohol can increase the geopoly-
mer concrete’s capability to resist impact and shear stress effects. The orientation of
fiber was randomly distributed in a geopolymer concrete, as shown in Figure 3.2.

Longitudinal

reinforcement
(4 bars, Diameter:

100 mm 12mm)

Shear
reinforcement

(4 bars, Diameter:
100 mm 6mm)

A
v

FIGURE 3.1 Arrangement of steel bar reinforcement.

Fiber reinforcement |

FIGURE 3.2 Fiber orientation in geopolymer concrete.
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According to Sanjayan et al. (2015), when fibers are properly distributed among the
matrix, it effectively intercepts the micro-cracks and evenly slows down the inter-
action of micro-cracks, thereby providing less stress transfer growth. After the
pre-crack appears, fiber-reinforced concrete improves the toughness of the structure
and maintains the ability to reveal high tensile ductility at the weak stress concentra-
tion point.

3.3 FIBERS REINFORCEMENT IN GEOPOLYMER CONCRETE

The inclusion of different fiber types and different fiber ratios examined the cracking
behavior of geopolymer composites. It is an important parameter to characterize the
performance of different fiber combinations used to reinforce the brittle matrix to
resist the load capacity.

3.3.1 INcLusioN ofF DIFrereNT FIBER MATERIALS

The general types of fiber material used during the mix proportion to enhance the
strength were steel fiber, polymeric fiber, and natural fiber. Nowadays, studies on
steel fiber are widely investigated to build hybrid high-performance concrete. The
basic properties of steel fiber indicate that the addition of steel fiber exhibits high
strength and stiffness, and the load can increase more quickly than with polymer
fibers. There are different shapes of fiber, for instance, straight, hook, and crimped
shapes. The hooked-end steel fiber is the better fiber among the steel fibers because
of the hook shape that is capable of bonding with the geopolymer matrix (Soetens
et al.,, 2014).

Regarding other fiber reinforcement, polymer fiber can be used alternatively.
There is polyvinyl alcohol (PVA), polyvinyl chloride (PVC), and polypropylene
(PP). Alomayri et al. (2014) studied PVA fibers, which exhibit better post-crack
propagation and strain hardening behavior in comparison to PVC, yet they rarely
have a high enough stiffness to maximize the pre-crack control toward the ultimate
load. PVC-reinforced concrete results in a more homogenous and uniform distri-
bution compared to other polymer fibers. However, PP fiber has a lower Young’s
modulus but higher elongation at break than PVA and PVC fiber and brings more
cost efficiency.

Concerning alternative natural-based reinforcement, the behavior of fibers
such as wool, sweet sorghum, cellulose, coconut, and wood flour is reproducible,
has high specific strength, low density, and is cheap to obtain. The addition of nat-
ural fiber, such as wool fiber agglomeration, was observed at a lower ratio, which
degraded the interfacial adhesion between the fiber and the matrix (Korniejenko
et al., 2016). Coconut is one of the most common foods and industrial plants. The
coir fibers can be extracted from the coconut husk mechanically or manually. The
raffia palm tree is very useful and known as a multifunctional plant family. Its
nuts are a source of food and cosmetic oil, whereas the petioles and raw leaves
are used as construction materials, and the raw fibers are extracted from the upper
surface of the leaflets.
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3.3.2 INcrLusioN ofF DIFrereNT FIBER CONTENT

The amount of fiber content in geopolymer concrete was determined to reach the
optimum performance of fracture toughness in fiber-reinforced geopolymer com-
posites. The amount of fibers that are usually added to the concrete mix is calculated
in percentages from the total volume of the concrete. Al-Majidi et al. (2017) inves-
tigated tensile and flexural strength by adding steel fibers in the volume range of
0.5%, 1.0%, 1.5%, and 2.0%, respectively. The result indicates that the compressive
strength of fiber concrete reached a maximum of 1.5% volume fraction, representing
a 15.3% improvement over the concrete without reinforcement. The flexural strength
and split tensile improved to 98.3% and 126.6% at a 2.0% volume fraction, respec-
tively. If the fiber volume fraction is sufficiently high, this results in a geopolymer
concrete increase in the tensile strength and capability of absorbing energy due to
applied loads (Guo & Pan, 2018).

In terms of fracture properties, Alomayri et al. (2013) investigated the mechani-
cal and fracture behavior of geopolymer mixed with cotton fiber at 0.3%-1.0%
by volume fraction. They found the optimum cotton fiber content is around 0.5%,
which provides the highest flexural strength and fracture toughness of about 11.7
and 1.12MPa, respectively. The geopolymer-reinforced specimens containing steel
fibers have higher strength than the geopolymer containing polymer contamination.
Increasing the amount of fiber has a positive effect on the development of strength.
Steel fiber reinforcement in a 1% volume fraction achieved significant growth in
compressive strength and three times the growth in flexural strength as compared to
unreinforced geopolymer concrete.

3.4 PHYSICAL PROPERTIES OF STEEL FIBER-REINFORCED
GEOPOLYMER CONCRETE

Physical of geopolymer concrete related to workability, density, water absorption,
and porosity were analyzed, and details will be discussed in this section.

3.4.1 Errects OF STEEL FiBER ADDITION ON SLump TEST

The fresh geopolymer concrete is normally measured by the conventional slump test
due to its being easy to handle and very commonly used in practice. Fresh geopoly-
mer concrete normally appears dark and shiny. Besides, a slump is very useful to
analyze the consistency of concrete, in which variations in the uniformity of mix-
tures can be detected.

There are many factors influencing the workability of concrete, such as water
content, size of aggregates, surface texture of aggregates, admixtures, mix pro-
portions, shape of aggregates, and grading of aggregates. Besides, the inclusion
of fibers also has an impact on the workability of concrete. Fibers in geopolymer
concrete act as rigid additions with a certain surface area and are different from
coarse aggregate in geometry. Fibers’ dimensions, such as length, diameter, and
shape that have a higher surface area give a higher probability of increasing the
workability of fresh concrete. The addition of fibers is normally decided based on
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slump production to ensure excellent results of the steel fiber-reinforced geopolymer
concrete (SFRGC) product at a specific application. However, Narayanan and
Kareem-Palanjian (1982) state that the optimum fiber content is decided when fiber
balling takes place.

The influence of fibers on the workability of geopolymer concrete is mainly due
to the shape of fibers, which are more elongated compared to aggregates and create
interlocking. The higher surface area of fibers results in a higher water demand.
Besides, the surface properties of fibers also play an important role, as the surface
of fibers is different from that of cement and aggregate. The surface of fibers might
be hydrophilic or hydrophobic. Excellent bond strength in the fiber-geopolymer
matrix is produced from fibers that promote a hydrophilic surface. Ranjbar et al.
(2016) have proven that the surface texture of steel fibers is rougher than polypropyl-
ene, thereby producing a better interfacial bond strength between fiber-geopolymer
matrix. This result was proven to be consistent with flexural strength results. The
shape of fibers, such as hooked, straight, crimped, and mechanically deformed, also
affects the workability of geopolymer concrete. This different shape was innovated
to improve the anchorage between the fibers and the geopolymer matrix. Hence,
friction between fiber-geopolymer matrices will get higher. For example, steel fibers
with hooked ends have higher workability than straight steel fibers. Besides, the
additional higher amount of fibers reduces the workability of geopolymer concrete.

3.4.2 Errects oF STEEL FIBER ADDITION ON DENSITY

Based on a previous study, the density of standard geopolymer concrete is about
2,400kg/m3. This value is similar to the density of OPC concrete. The density of
geopolymer concrete increases with the increase in steel fiber content. This trend
was stated in a previous study where Shafigh et al. (2011) proved the inclusion of steel
fibers will slightly increase the density of concrete. This is due to the high specific
value of steel fibers, which is 7,850 kg/m?.

A relationship with a strong correlation for concrete samples has been proposed.
In this study, Shafigh et al. (2011) proposed an equation that represents the density of
a concrete sample as below:

D, = 887 +14V; +1940.6 @3.1)

where D, is demoulded density (kg/m?), D, is air-dry density (kg/m?), and V, is fiber
volume.

The impact of steel fibers addition to the density of concrete will be higher if
the density of concrete is low, such as in light weight concrete. The addition of steel
fibers to lightweight concrete has been done by Hassanpour et al. (2014), where the
impact on the density of the concrete was significant. However, additions of fibers to
lightweight concrete are critical due to their increased density, which is not suitable
for lightweight applications that aim to reduce weight as much as possible. Limited
steel fiber addition was proposed to reduce the impact on the density of concrete,
where the maximum addition suggested is 1% by volume.
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3.4.3 Errects oF STEEL FIBER ADDITION ON WATER ABSORPTION

Water absorption of standard geopolymer concrete normally confronts ASTM C140,
in which the average water absorption of geopolymer concrete samples shall not be
greater than 5%, with no individual unit greater than 7%. This shows that the prop-
erties of geopolymer concrete have excellent behavior in terms of water absorption.
Hence, geopolymer concrete is not highly permeable, and water absorption below
5% is classified as low permeable. This is supported by Rendell et al. (2002). Low
permeability represents low porous concrete. This was agreed upon by Gunasekara
et al. (2016).

In its most fundamental form, permeability is the degree to which water, air, or
any other substance, such as an ion of chloride, penetrates inside the concrete. Small
pores in geopolymer concrete allow any possible substances to be absorbed inside
the concrete. Higher water absorption may result from the higher porousness of geo-
polymer concrete. This shows that the water absorption of geopolymer concrete has
a strong relationship with porosity.

Meanwhile, water absorption is also correlated with the durability of geopoly-
mer concrete, where lower water absorption helps to reduce the possibility of steel
fibers inside geopolymer concrete corroding. This prevention of corrosion by low
water absorption occurred due to limiting the penetration of the chloride into the
geopolymer concrete. A thin layer has formed surrounding the steel fibers, which
naturally helps to protect them from corrosion attack. This thin layer, known as
a passive layer, is produced from a chemical reaction between steel fibers and a
matrix of geopolymer when there is contact between them. This chloride can pen-
etrate geopolymer concrete through small pores and accumulate around the steel
fibers that are already coated by a natural passive layer. After a certain period,
the chloride will break down the passive layer, which will result in the steel fibers
corroding.

Rust is a product of corrosion that takes up a larger volume than the origi-
nal steel fibers that result from the concrete cracks when reinforcing steel fibers
undergo a corrosion process. After that, the corrosion process will become faster
due to the chloride flowing easily into direct contact with the steel fibers after the
passive layer has broken down. As a result, the performance of SFRGC in terms
of compressive strength, flexural strength, flexural toughness, interfacial bonding
strength, and durability will drop. In conclusion, it is important to produce low
water absorption in geopolymer concrete to minimize the reduction of SFRGC
performance.

3.5 MECHANICAL PROPERTIES OF STEEL FIBERS-REINFORCED
GEOPOLYMER CONCRETE

Effects of steel fiber addition on the mechanical properties of geopolymer concrete,
including compressive strength, flexural strength, and flexural toughness, will be dis-
cussed in this section. The relative strength property of geopolymer concrete varies
with the inclusion of steel fibers.
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3.5.1 Errects OF STEEL FiBER ADDITION ON COMPRESSIVE STRENGTH

In general, steel fibers help to improve the flexural strength of brittle matrixes and
normally have a small effect on the compressive strength. The increase in compres-
sive strength with the addition of fibers was reported by many authors from pre-
vious studies, including Al-mashhadani et al. (2018), Reed et al. (2014), and Lou
et al. (2009). However, there are some studies reported that claim fiber additions
reduce compressive strength due to the poor workability of certain fibers. The reduc-
tion of compressive strength by the addition of fibers was reported in a few studies.
Enhancement of compressive strength exhibited by geopolymer samples with the
addition of fibers can normally increase by up to 50%.

In compressive loads, cracks normally initiate at the coarse aggregate and
then propagate to the cement binder. At this moment, steel fibers are responsible
as crack growth arrestors to stop the crack propagation, hence increasing the
ultimate compressive strength of concrete. This is agreed upon by Gao et al.
(1997). The high stiffness of steel fibers, which have a high aspect ratio, promotes
better control over micro-crack propagation. The arrest of micro-cracks resulted
in a delay in the initiation of macro-cracks and led to an increase in compressive
strength due to the fact that concrete can sustain a higher load. This ability of
steel fibers as reinforcement to stop the micro- and macro-cracks in the pre-peak
region makes this reinforcing fiber a contributor to increasing the compressive
strength.

The inclusion of different types of fibers and amounts by volume percentage
into the unreinforced geopolymer matrix can be analyzed by measuring a mar-
ginal response variation in terms of compressive strength results. The increase and
decrease of compressive strength developed by geopolymer concrete samples with
additions of fibers (at the same mix design as unreinforced concrete) are calculated
based on the strength index that has been proposed by Khan et al. (2018) as in
Equation (3.2) below:

;= O
Strength index = ux 100% (3.2

G m

where is 0, the mean compressive strength of the composite samples with fibers
and o0, is the mean compressive strength of the plain geopolymer matrix.

The failure pattern of unreinforced geopolymer concrete is different from the fail-
ure pattern of reinforced geopolymer concrete. Figure 3.3 shows the crack pattern
of both unreinforced and reinforced geopolymer concretes. This happened due to
the inclusion of steel fibers, which helped to stop the crack propagations at one point
and initiate a new crack at a different region of the weak point with the addition of
compression load.

3.5.2  ErrecTs OF STEEL FiBERS ADDITION ON FLEXURAL STRENGTH

Generally, flexural strength is tested to evaluate the mechanical properties of con-
crete. This flexural strength study is conducted to study the direct tensile strength
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FIGURE 3.3 Crack pattern of (a) unreinforced and (b) reinforced geopolymer concrete.

FIGURE 3.4 Schematic of bridging effect in geopolymer concrete.

and resistance to bending of concrete under an applied load. The most familiar test
to evaluate flexural strength is known as four-point bending or third-point bending.

The inclusion of steel fibers in geopolymer concrete is very important for post-
cracking improvement. The inclusion of fibers helps to reduce the brittleness of stan-
dard geopolymer concrete. The increase in flexural strength with the addition of
fibers in geopolymer concrete was reported elsewhere. The improvement of flexural
strength with the addition of fibers can increase by up to 200%. The increase in flex-
ural strength of concrete samples was very influenced by fiber addition, where steel
fibers functioned to create bridges between the crack spots, as seen in Figure 3.4. At
this stage, the inclusion of fibers helps to change the concrete’s behavior from brittle
to ductile.

Unreinforced geopolymer concrete normally fails immediately after initial crack-
ing. Meanwhile, reinforced geopolymer concrete will undergo post-cracking load-
carrying capacity. This theory was agreed upon by Yoo et al. (2015), who claimed
fiber inclusion in OPC concrete helps to bridge the crack spot if the total amount of
fibers is sufficient. Steel fibers are proven to have the highest load-carrying capac-
ity. This is proven by a previous study where Khan et al. (2018) concluded that steel
fibers produce the highest load-carrying capacity compared to other types of fibers
at the same volume fraction.
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Different types of fiber ends normally have different effects on the flexural
strength of geopolymer concrete. For example, the flexural strength of hooked steel
fibers indicates a higher flexural strength compared to straight steel fibers. This is
due to the hooked end of steel fibers having an anchorage that contributes to increas-
ing the bond strength between the steel fibers and the geopolymer matrix. Extra load
is needed to deform the hooked end of the steel fibers during the bridging effects
where fibers are pulled out of the matrix. The hooked end then becomes a straight
end when it is pulled from the matrix.

3.6 CONCLUSIONS

In conclusion, the addition of fibers is proven to improve the brittleness of geopoly-
mer concrete without sacrificing its compressive strength. In addition, physical prop-
erties such as slump, density, and water absorption are within the acceptable range
to be applied as general construction materials. The inclusion of fibers is crucial in
order to control crack propagation in geopolymer concrete systems.

The crack propagation is proven to be controlled by the bridging effect, in which
the steel fibers function to arrest the formation of macro-cracks that occur from the
micro-cracks. This phenomenon led to the improvement of concrete properties, espe-
cially flexural strength and toughness. The amount of steel fiber addition is important
to ensure the performance of concrete is optimum. Inclusion of 1.5% seems to be the
optimum value to ensure the highest performance of geopolymer concrete.
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4.1 INTRODUCTION

The quality of concrete is strongly influenced by the size, shape, and composition
of the aggregates used in the manufacturing process. As previously reported, the
type of aggregate affects mainly its strength and density (Naderi & Kaboudan, 2021,
Robalo et al., 2021; Schumacher et al., 2020). The choice of aggregates should be
based on the desired properties of the concrete. Different aggregates can be used to
increase the strength, density, or durability of the concrete. Additionally, the size of
the aggregate can also affect the workability of the concrete. Besides that, a signifi-
cant element in altering concrete’s weight is the choice of raw materials used in its
manufacturing, especially the aggregates that serve as the structure of the material.
More than 70% of the concrete matrix is made up of aggregate, which is the most
commonly utilized construction material (Collivignarelli et al., 2020).

The two main categories of lightweight aggregate are those produced by ther-
mal processing from either naturally occurring resources or industrial by-products,
and those that are ready for use only after mechanical processing when they occur
naturally. Expanded perlite (Ibrahim et al., 2020), vermiculite (Gencel et al., 2021),
and natural pumice (Karthika et al., 2020) are a few examples of naturally occur-
ring lightweight aggregates that have been used in producing lightweight concrete.
Moreover, lightweight aggregate produced from various industrial by-products,
such as expanded glass (Liaver and Poraver) and expanded clay (Liapor and Leca),
was used as lightweight aggregate to produce lightweight concrete (Chung et al.,
2021). The production of lightweight aggregates from waste may significantly lessen
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the environmental impact of rehabilitation and extraction and introduce enormous
quantities of different types of waste to the construction market (Lee et al., 2021).
Additionally, the effectiveness of lightweight aggregate derived from industrial
waste products depends on the various binding agents and production techniques
used (Vali & Murugan, 2020).

According to BS EN 13055-1 (2002), the density of lightweight aggregate must be
less than 2,000kg/m?. Three types of hardening methods are used to produce light-
weight aggregate: sintering, cold bonding, and autoclaving. However, sintering is the
best method for producing aggregate because it results in microstructure changes at
high temperatures (Kamal & Mishra, 2020). The application of sintering to the prod-
ucts by heating the samples in a furnace at a high temperature is one of the industrial
procedures for producing lightweight aggregate. The researchers discovered that weak
bonding develops below 1,000°C and that complete densification happens at 1,200°C
(Ozkan & Kabay, 2022; Sun et al., 2021). Typically, the temperature employed is higher
than 1,200°C. Utilizing high temperatures could result in significant energy consump-
tion, which could raise the cost of production (Chinnu et al., 2021; Sun et al., 2021). The
lightweight aggregates created by the sintering technique have improved durability
features like permeability and corrosion resistance, despite high manufacturing costs
(George & Revathi, 2020; Sahoo et al., 2020). There are numerous benefits to using
lightweight aggregate in concrete. The lightweight aggregate will reduce costs in other
areas, including transportation, labor, and other expenses. In addition, application of
lightweight aggregate in concrete can reduce the dead load, give great thermal effi-
ciency, and increase fire resistance (Federowicz et al., 2021; Zhang et al., 2019).

This research has studied the development of lightweight aggregate using fly ash (FA)
and volcanic ash (VA) as the geopolymer’s precursor materials. In order to compare the
production of lightweight geopolymer aggregate utilizing FA and VA at low sintering
temperatures (less than 1,000°C), this study will demonstrate the effects of sintering
temperature in terms of physical and mechanical properties as well as morphology.

4.2 MIX DESIGN AND PROCESS OF GEOPOLYMER LIGHTWEIGHT
AGGREGATE

The class F FA was chosen from the power plant in Manjung, Perak, while the raw
VA was gathered in Sidoarjo, Indonesia. An alkaline activator (AA) solution made
of sodium hydroxide (NaOH) and sodium silicate (Na,SiO;) is used to activate these
raw ingredients. These two solutions are combined and heated until they are homog-
enous. Based on their ideal design, the VA/AA ratio was set at 1.7, the Na,SiO,/
NaOH ratio at 0.6, and the NaOH molarity at 12M (Razak et al., 2015). In this inves-
tigation, the FA/A A ratio, Na,SiO;/NaOH ratio, and NaOH molarity were fixed at 12
M, 3.0, and 2.5 (Abdullah et al., 2021), respectively, to achieve the best mix design
for FA. After the mixing procedure, the aggregate was palletized manually to cre-
ate a sphere shape, and it was then allowed to dry at 60°C. The aggregate was then
sintered at various sintering temperatures to compare its characteristics. Figure 4.1
summarizes the steps to create lightweight geopolymer aggregate using FA and VA
at various sintering temperatures.
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FIGURE 4.1 Flow chart of methodology to produce geopolymer lightweight aggregate.
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TABLE 4.1
Chemical Composition of Raw FA and VA

Chemical Composition Fly Ash (%) Volcano Ash (%)

Sio, 55.90 40.00
ALO, 28.10 14.60
Fe,0, 6.97 23.25
Ca0 3.84 5.46
Tio, 221 1.75
K,0 1.55 428
70, 0.14 -

V,0; 0.09 0.06
MnO - 0.34
SO, - 0.88
LOI 1.20 9.38

4.3 CHARACTERIZATION ANALYSIS OF RAW MATERIALS

4.3.1 CHemicAL COMPOSITION ANALYSIS

The chemical composition of FA and VA has been determined using an X-ray fluo-
rescence (XRF) test. Table 4.1 shows the results for the chemical composition of FA
and VA. For this FA, the total composition of SiO, + Al,O; + Fe,0; is 90.97%, which
is higher than 70%, indicating that this FA can be classified as class F FA accord-
ing to ASTM C 618-12a and is suitable to be used as a raw material for geopolymer,
while the chemical composition for VA shows that the total of SiO, + Al,0;+ Fe,O,
is 77.85%, which is higher than 70%, indicating that this VA can be used as pozzolan
materials according to ASTM C618-92a. From the results, this VA is suitable to be
used as one of the source materials for geopolymerization.

The results from chemical composition for both FA and VA show that the highest
content in these raw materials is Si, with 55.90% for FA and 40.00% for VA. In the
geopolymerization process, there will be more silicate species available for the reac-
tion if the Si content in the source materials is high. The Si content is responsible for
the durability and strength development in geopolymer systems.

The second highest content of the element in FA is Al,O;, which consists of
28.10%, and the second highest element in VA is Fe,O;, with 23.25%. A high ratio of
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(b)

FIGURE 4.2 Microstructure image of (a) FA at 500X magnification and (b) VA at 500x
magnification.

Si0,/A1,0; led to a high setting time, which resulted in a higher strength. In this FA,
Si0,/A1,0; is 1.99, which is very close to the suggested ratio by Davidovits (1999),
which is 2.0, and for VA, the ratio of SiO,/Al,05 is 1.72. In the geopolymerization
process, Al is important for setting time for the formation of geopolymer. The Al
component tends to dissolve more easily than the silicon component during geopoly-
merization because its atomic number is lower than that of Si.

4.3.2 MORPHOLOGY ANALYSIS

The morphology analysis of FA is presented in Figure 4.2a, which clearly shows that
FA comprises different sizes of spherical vitreous particles and different shapes of
particles. These spherical particles are hollow, and some spheres may contain other
finer, smaller particles in their interior bodies. Figure 4.2b shows the microstructure
image of VA at 500x. It has a plate-like structure or flaked-shaped particles, which
is close to clay structure.

From the morphology analysis results, it clearly shows that the particle size of
FA is smaller than VA, with less than 10 pm. Meanwhile, the overall particle size of
VA is dominated by particles between 2.5 and 25.0 pm. The spherical shape of FA
particles will help to improve the workability in the mixing of aggregates, whereas
the small particle size plays a role as a filler for voids, therefore producing dense and
durable concrete.

4.4 EFFECT OF SINTERING TEMPERATURE TO THE PROPERTIES
OF GEOPOLYMER LIGHTWEIGHT AGGREGATE

4.4.1 PHysICAL PROPERTIES

Density. The density is a critical factor in determining whether the resulting aggre-
gate can be categorized as lightweight. Figure 4.3 displays the density of a geo-
polymer lightweight aggregate made from FA and VA produced at various sintering
temperatures. The graph demonstrates that a lower density value is produced at a
higher sintering temperature for both samples. VA geopolymer lightweight aggre-
gate density is produced at 1,950kg/m? at 500°C and only drops to 1,650kg/m? at
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FIGURE 4.3 Graph of density for geopolymer lightweight aggregate at various sintering
temperatures.

800°C. The density is 1,120kg/m?3 at 950°C for sintering, and it drops to 980kg/m? at
1,000°C, which is less than 1,000 kg/m3.

FA is used as a lightweight aggregate in geopolymers, and its density exhibits
the same pattern as that of VA, with decreasing density values at higher sinter-
ing temperatures. The density measured is 2,340kg/m? at 400°C for sintering.
Density continuously drops until 700°C, when it is 2,050 kg/m?. Since lightweight
aggregate is defined as having a density of less than 2,000kg/m? and starting at
800°C, the density reported is 1,820kg/m?3, which marks the beginning of the
process. As the temperature of the sintering process rises to 1,000°C, the aggre-
gate density value decreases. Larger pores that were present at 1,000°C may have
affected the aggregate density formed for both VA and FA samples. When the
sintering temperature is increasing, the aggregate density mainly depends on the
type of materials used. The FA used in this study had a higher density than VA,
which caused the density of the lightweight aggregate to become higher. All fig-
ures fall under the category of lightweight aggregate because they are less than
2,000kg/m? (BS EN 13055-1, 2002).

Water Absorption. Figure 4.4 demonstrates that FA as a lightweight aggre-
gate has a lower water absorption rate than VA. At 700°C and 500°C, the VA
and FA geopolymer lightweight aggregates exhibit maximum water absorption
rates of 11.3% and 6.33%, respectively. At lower sintering temperatures, the pel-
let became looser, and the creation of the vitrified exterior layer was incom-
plete. The pellets will have excessive open pores if the sintering temperature is
too low, which makes them unable to produce the crystalline phase between the
materials’ particles (Lim et al., 2019). However, VA and FA geopolymer light-
weight aggregates exhibit the lowest water absorption, with values of 5.30% (at
950°C) and 1.52% (at 900°C). The graph unmistakably demonstrates that FA
absorbs more water than VA for all samples, demonstrating that FA geopolymer
lightweight aggregate is denser than VA, as demonstrated by the density result.
Due to the porous inner and outer surfaces of the generated geopolymer light-
weight aggregate, lower sintering temperatures nevertheless result in consider-
able water absorption. As a result, the porous structure’s propensity to absorb
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FIGURE 4.4 Graph of water absorption for geopolymer lightweight aggregate at various
sintering temperatures.

water contributes to its high density. The creation of a dense vitrified shell, which
can inhibit the high absorption of water, causes the lowest water absorption to be
observed at 900°C and 950°C for FA and VA samples, respectively (Kwek et al.,
2022; Ren et al., 2020). Furthermore, the surface of the aggregate is smooth and
shows very few pores in the lightweight aggregate’s surrounding area at these
ideal sintering temperatures. However, at 1,000°C, more pores were created at
the lightweight aggregate’s surface. The open porosity that appeared on the sur-
face of the sintered samples correlated with overburning and expansion of the
samples, which increased water absorption (Zeng et al., 2019). At the same time,
larger pores were noticed at the center of the aggregate, which increased water
absorption and contributed to the lowest density.

4.4.2 MECHANICAL PROPERTIES

This section describes the aggregate impact value (AIV) for artificial lightweight
geopolymer aggregate manufactured using VA and FA at different sintering
temperatures.

4.4.2.1 Aggregate Impact Value

A percentage of AIV with a low value implies that the strength of aggregate in
concrete is exceptional. In accordance with BS 812-112 (1990), the AIV should not
exceed 30%. Figure 4.5 depicts the AIV of a lightweight geopolymer aggregate man-
ufactured using VA and FA at various sintered temperatures.

The lowest AIV for VA geopolymer lightweight aggregate that contributes to the
highest strength is at 950°C with 15.79%. The lowest AIV value for FA geopolymer
lightweight aggregate is recorded at 900°C for sintering, with 14.5%. Overall, FA geo-
polymer lightweight aggregate demonstrates more strength than VA geopolymer light-
weight aggregate. In contrast to VA, which requires 950°C to attain the best strength
of aggregate produced, FA has an advantage since the best strength, as demonstrated
by AIV results at 900°C, can be obtained at 900°C, which can save more energy.
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FIGURE 4.5 Graph of AIV for geopolymer lightweight aggregate at various sintering
temperatures.

However, the density of these aggregates varied and impacted the aggregate’s
strength. The increased density of FA geopolymer lightweight aggregate compared
to that of VA geopolymer lightweight aggregate contributed to FA geopolymer light-
weight aggregate’s better strength.

The fusing of aluminum-silicate minerals can form stronger connections dur-
ing the sintering process. The underlying microstructural change causes the bonds
to get stronger and become harder when the sintering temperature is increased.
Besides that, the development of a vitrified shell, which strengthens the structure of
the lightweight aggregate made of geopolymer, is the cause of these high strengths
for both samples (Kwek et al., 2022). However, from 500°C to 1,000°C, the total
value of AIV for the two samples of VA and FA shows a little difference. Low
strength was caused by the significant water absorption at lower sintering tempera-
tures (500°C-800°C), as seen by the high AIV value, which varied from 19.50%
to 25.44%. As the sintering temperature increased, the pellet revealed a rigid and
disconnected pore structure. However, when the temperature was above optimal,
the aggregate structure was less dense and less vitrified (Lim et al., 2019). Due
to larger pores and increased water absorption caused by the production of geo-
polymer lightweight aggregate at 1,000°C, the AIV value is rising and weakening
the structure’s strength. Moreover, the pores in the microstructure of lightweight
aggregate changed shape after the optimal sintering temperature, transitioning
from smaller pores to pores with a larger size. Although there are smaller pores
at the optimum sintering temperature, it still provides sufficient strength to the
aggregate (Li et al., 2021). From the overall result, both VA and FA geopolymer
lightweights had an AIV value less than 30%, which can be used as material in the
concrete (BS 812-112, 1990).
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FIGURE 4.6 SEM images of geopolymer lightweight aggregate using volcanic ash (VA)
produced at (a) 900°C, (b) 950°C, (c) 1,000°C; geopolymer lightweight aggregate using fly
ash (FA) produced at (d) 900°C, (e) 950°C, and (f) 1,000°C.

4.4.3 MORPHOLOGY OF GEOPOLYMER LIGHTWEIGHT AGGREGATE

Figure 4.6 illustrates the SEM pictures of a geopolymer lightweight aggregate
made with VA and FA and sintered at 900°C, 950°C, and 1,000°C. Every sinter-
ing temperature sample has pores that are present. The lightweight aggregate has
pores with diameters ranging from 3.19 to 20.08 pm when sintered at 900°C and
950°C. For VA samples, the distribution of pores is relatively uniform, increas-
ing the amount of geopolymer matrix formed and contributing to the aggregate’s
high strength (Fu et al., 2021) (Figure 4.6b). Larger pores with pore sizes ranging
from 25 to 140 pm are visible at the 1,000°C sintering temperature (Figure 4.6¢),
impacting water absorption and decreasing strength. In the meantime, FA samples
have a denser matrix that contributes to the lightweight geopolymer FA aggregate’s
excellent strength (Figure 4.6d). However, for VA and FA geopolymer aggregates,
several big pores can be seen at 1,000°C, contributing to a loss of strength. In addi-
tion, the larger pore caused an increase in water absorption, but it also reduced the
density of the aggregate. Moreover, microstructure of VA geopolymer aggregate at
900°C proved that incomplete geopolymerization causes higher water absorption
and lower strength as compared to the rigid geopolymer matrix observed at 950°C.
For FA geopolymer aggregate, the unreacted FA observed at 900°C did not affect
aggregate properties, consisting of lower water absorption and higher strength.

4.5 CONCLUSION

The AIV and density of geopolymer lightweight aggregate were found to be signifi-
cantly affected by the sintering temperature. From the study, the following conclu-
sions were drawn.
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Research on geopolymer lightweight aggregate utilizing VA revealed that the
ideal AIV is 15.79% and that a low density of 1,120kg/m? and water absorption are
achieved at 950°C during sintering (5.3%).

Research employing FA for geopolymer lightweight aggregate revealed that the
ideal AIV value is 14.5%, with a density of 1,820kg/m? and a water absorption of
1.52% at 900°C during sintering.

Both the VA and FA lightweight geopolymers had an AIV value of less than 30%,
allowing them to be employed as lightweight aggregates in concrete.
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5.1 INTRODUCTION

Lightweight ceramic can be utilized in a variety of applications, including
construction, cutting tools, amour systems, wear lining refractories, and wastewa-
ter treatment, depending on its density. Traditionally, ceramics has been defined
as an inorganic, nonmetallic material consisting of metallic and nonmetallic ele-
ments bonded together with ionic and/or covalent bonds. Ceramics that can be clas-
sified as traditional and advanced ceramics can be polycrystalline or at least partly
polycrystalline structures formed by the sintering process (Grigoriev et al., 2019).
The applications for traditional ceramics and glasses include structural building
materials, refractories for furnace linings, sanitaryware and tableware, transporta-
tion, and electrical insulation (Mukherjee, 2013). Whereas a variety of applications
for advanced ceramics have been developed with the intention of expanding at a
reasonable rate where the processing tolerance and cost effectiveness compare to
traditional ceramics.

The superior character of ceramic materials contributes to their huge application in
this modern industry. Generally, ceramics were labeled as refractory due to their high
melting points. Different types of ceramics have various properties; in general, they
are also high in modulus, high compression strength, high hardness, low thermal con-
ductivity, and chemically inert (Popoola et al., 2014). The ionic and covalent bonds in
the crystal structure of ceramic materials influence the stability of bonding. Although
the strong bonds increase the fragility of the ceramics, which in some way limits the
applications (Iyasara et al., 2014). Additionally, the industry is very interested in the
recent rise in demand for ceramic materials that are stiffer, stronger, and lighter. Thus,
the selected materials used, suitable fabrication methods, and sintering can all affect
the morphology of the materials to meet the required properties and performance.

Few methods are available for fabricating ceramic materials, and the fabrica-
tion method is very important since it affects the properties of the product. Ceramic
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fabrication is accomplished through a series of steps that begin with raw material,
progress through batch preparation and forming, and conclude with firing. Fabrication
of conventional ceramic materials necessitates extremely high temperatures up to
1,600°C (Kriven et al., 2010). The geopolymer method is an alternate approach for
fabricating ceramic materials since the amorphous to semi-crystalline nature of geo-
polymers will change into crystalline ceramic phases when heated. With the benefit
of geopolymerization reactions, high-temperature techniques are no longer neces-
sary to produce ceramic materials structure and properties (Iwahiro et al., 2001).
Additionally, geopolymer can be used to practically design the chemical composi-
tions of the final product and be immediately changed into the desired structural
ceramic component (Zulkifli et al., 2020).

Geopolymer is an inorganic aluminosilicate produced at low temperatures that
has potential applications as a matrix in ceramics, coatings, cement, and other com-
posite materials (Wan Ibrahim et al., 2020; Shahari et al., 2021; Kovaiik et al., 2021).
In general, geopolymers are produced by mixing the high content of aluminosilicate
source material with an alkali solution, and the mixture is cured at a certain tempera-
ture (Cong and Cheng, 2021). Sodium hydroxide (NaOH) and potassium hydroxide
(KOH) used as alkali solutions will incorporate into source materials rich in SiO,
and Al,O;, yielding Si—-O—-Al-O bonds. Any alkali and alkali earth cations can be
used as the alkali component. However, geopolymerization is a multiphase reac-
tion that consists of a dissolution-reorientation-solidification series (Davidovits and
Quentin, 1991; Duxson et al., 2005).

The nature, chemical composition, reactivity, and fineness of the source mate-
rials were discovered to affect the strength of geopolymers. Geopolymer synthe-
sized using calcined source materials, e.g., metakaolin, slag, and fly ash, has a higher
compressive strength compared to those synthesized using non-calcined materials,
such as kaolinite, and naturally occurring minerals (Palomo et al., 1999; Barbosa
and MacKenzie, 2003; Xu and Van Deventer, 2000). Various studies on geopolymer
ceramics focused on the use of metakaolin (Bell et al., 2009; Peigang et al., 2011,
Peigang et al., 2013) due to its high reactivity, which is slightly more reactive than the
less reactive kaolin (Heah et al., 2011).

Despite this, the use of kaolin as a major raw material in the fabrication of ceramic
materials has the advantage of being readily available and inexpensive. Since the
properties of ceramics are highly dependent on powder packing and additives, a
proper additive selection is important in the pursuit of lightweight ceramic materials
to enhance the mechanical properties during and after the manufacturing process
(Pelz et al., 2021; Rajeswari et al., 2015; Taktak et al., 2011). Common types of addi-
tives used in ceramic processing consist of binders, plasticizers, surfactants, disper-
sants, and lubricants. This chapter presents the design and performance of kaolin
geopolymer ceramics (KGC) and KGC with the addition of ultra-high-molecular-
weight polyethylene (UHMWPE) as a binder, denoted as KGCB.

5.2 FABRICATION OF LIGHTWEIGHT GEOPOLYMER CERAMICS

The challenge of fabricating ceramic materials using geopolymer for lightweight
applications with the excellent properties and performance required can be overcome
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on a continuous and cost-effective basis. The influence of component composition
as well as size, shape, and dimensional-surface finish requirements on fabrication
routes and the parameters of the processing technique used within the routes on both
goals. Previous research has mostly concentrated on the microstructural and physical
evolution of geopolymers after heating. The monolithic bodies often fracture when
heated as-cast due to strong capillary forces operating on capillary channels during
drying (Ahmad et al., 2020). Peigang et al. (2013) produced a geopolymer-derived
leucite ceramic with low mechanical strength.

This defect would retard the practical application of geopolymer technology in
advanced ceramics. The solution to this issue is to sinter geopolymer powder that has
been crushed and compressed. By employing this technique, the researchers discov-
ered that it offers a straightforward, affordable alternative to the traditional way of
producing reasonably high-strength ceramics. The capillary stresses caused by the
evaporation of water prevented cracking on heating, thus resulting in better strength.
Therefore, the fabrication process is crucial to fabricating ceramics with the greatest
mechanical properties and relative densities.

5.3 SINTERING OF LIGHTWEIGHT GEOPOLYMER CERAMICS

Other than the fabrication method, the sintering condition also plays an important
role in fabricating ceramic materials with the desired microstructure. Sintering is a
technique involving heat treatment that shapes the powder or porous material into the
desired shape and turns it into a usable solid (Sames et al., 2016). Furthermore, the
sintering temperature has a significant impact on the phase transition of geopolymer
from amorphous to crystalline. Xie et al. (2010) reported that the geopolymer was
sufficiently sintered over 1,000°C to solidify the sample and begin the leucite crystal-
lization. Maximum values were reached for density, fracture toughness, and biaxial
flexure strength after 3 hours of heating at 1,200°C. Toughness and biaxial flexure
were influenced by grain size and leucite concentration.

The higher sintering temperature was reported to produce the necessary size and
quantity of leucite grains to reinforce the glassy matrix with the stronger, high-temper-
ature, leucite ceramic phase. Peigang et al. (2010) discovered that the crystallization
peak temperature of K,0-Al,05:5510, was 986.3°C and the temperature range of sin-
tering was 700°C-954.3°C. Another representative work was done by He et al. (2015),
in which a substantial amount of leucite was developed by sintering the geopolymer at
800°C. At a heating rate of 2°C/min, the bullet-shaped and plate-shaped leucite ceram-
ics were observed without cracking by directly sintering the geopolymer precursors.

Generally, high-temperature exposure led to sintering processes, structural rear-
rangement, and formation of crystalline phases such as nepheline, kalsilite, and mull-
ite. The densification of materials will be improved by the sintering profile, while
diffusion functions as a mechanism to favor both densification and grain growth (Hu
et al., 2017). Sintering and crystallization can take place in either a sequential or con-
current manner. If crystallization occurs before the sintering process is completed,
the viscosity quickly increases and the sintering process ceases, leaving a porous
material (Prado et al., 2003). In some cases, the sintering process can occasionally be
faster than the crystallization process, depending on the heating rate.
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5.4 EFFECT OF SINTERING TEMPERATURE

Heat treatment has a major impact on the mechanical strength of the geopolymer
ceramics as water evaporates during sintering. With the optimum concentration of
12M NaOH and Na,SiO;/NaOH ratios of 0.24 in producing kaolin as the source
material of geopolymer, the effect of sintering temperature on KGC and KGC with
the addition of 4 wt.% UHMWPE as binder (KGCB) was studied.

5.4.1 FLEXURAL STRENGTH ANALYSIS

Figure 5.1 shows the flexural strength of KGC and KGCB at different sintering tem-
peratures. The results of both samples demonstrate that flexural strength increases as
the sintering temperature rises. However, compared to samples without the addition
of UHMWPE, the addition of UHMWPE results in increased flexural strength at
all sintering temperatures. Sintering the KGC to 900°C results in the lowest flexural
strength of 37.1 MPa, while the highest flexural strength of 92.1 MPa is obtained by
KGCB at the highest sintering temperature of 1,200°C. The effect of UHMWPE as a
binder on KGC is recognizable with the increasing strength of the KGC at all sinter-
ing temperatures. The samples sintered at 900°C had the lowest flexural strength due
to the low temperature, which was not sufficient to cause the particles to diffuse. This
is due to the possibility that high temperatures could make the system denser, which
would force the liquid phase to fill the gaps and occupy the pores. As a result, there
was a low point of contact between the particles, which led to the development of
open and interconnected pores. The highest flexural strength achieved at the sinter-
ing temperature of 1,200°C indicates that the sample particle was evenly distributed,
resulting in a large sintered area and therefore, forming a smooth matrix.

5.4.2 DENSITY ANALYSIS

Figure 5.2 shows the density of KGC and KGBC at different sintering temperatures.
The density measured decreased with increasing sintering temperatures for both
KGC and KGCB. KGC sintered at 900°C has the highest density of 2.67 g/cm?,
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FIGURE 5.1 Flexural strength of KGC and KGCB at different sintering temperatures.
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FIGURE 5.2 Density of KGC and KGCB at different sintering temperatures.

decreases to 2.50 g/cm?at 1,000°C, and gradually decreases to 2.13 g/cm? at 1,200°C.
A decreasing density in the range of 2%—19% was observed on KGCB compared to
KGC. Though the same trend was still observed. The lowest density was achieved
by the samples with the addition of UHMWPE that was sintered at 1,200°C, at 1.88
g/cm?. The densities of KGC and KGCB decreased with increasing sintering tem-
peratures due to insufficient removal of the entrapped oxygen during sintering. The
open porosity on the surface of the samples was closed during sintering, thus pre-
venting the entrapped oxygen from escaping. After the sintering process, the oxygen
is left within the green body as porosity. The same trend was found by Olevsky and
Molinari (2000), who identified that the increasing sintering temperature causes the
formation of pores. Additionally, the structure of the material changes at high tem-
peratures, which is attributed to the liquid sintering. Liquid sintering leads to the
closure of previously accessible pores and pore channels (Zawrah et al., 2022), and
the decomposition of UHMWPE in the samples also leads to the formation of pores,
consequently lowering the density.

5.4.3 WATER ABSORPTION ANALYSIS

The water absorption results of KGC and KGCB at different sintering temper-
atures are shown in Figure 5.3. The results show a decreasing pattern with an
increase in sintering temperature for samples both with and without the addition of
UHMWPE. The percentage of water absorption for the KGCB is higher compared
to the sample KGC. The result of water absorption at 1,200°C shows the lowest per-
centage for both samples with and without the addition of UHMWPE, with 6.32%
and 1.20%, respectively. KGCB shows a high percentage of water absorption due
to the porous structure that is produced during the decomposition of UHMWPE
at high temperatures. Micro-cavities exist between particles of the green body of
unsintered ceramic materials, and these interparticle spaces are eliminated dur-
ing the sintering process. The elimination process will result in a reduction of
porosity, lowering the water absorption (Karamanov et al., 2009). A similar trend
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FIGURE 5.3 Water absorption of KGC and KGCB at different sintering temperatures.

was discovered by Baccour et al. (2009): water absorption is closely related to
densification. A more substantial liquid phase formation at high temperatures
penetrated the pores, closing them as well as isolating the neighboring pores.

5.4.4 PHASE ANALYSIS

XRD patterns of kaolin geopolymer and KGCB at different sintering temperatures
are shown in Figure 5.4. The crystallographic compositions of the kaolin geopoly-
mer changed as the broad hump of the amorphous phase disappeared when the
kaolin geopolymer underwent heat treatment. All of the samples sintered in the
range 900°C to 1,200°C show very similar peaks, with the appearance of the same
nepheline (NaAISiO,) and carbon (C) peaks. However, the intensity of the nepheline
and carbon peaks increased with the increasing sintering temperature of the kaolin
geopolymer. From the XRD pattern, it can be observed that the disappearance of a
broad hump in kaolin geopolymer resulted from the phase transformation from the
amorphous phase to the crystalline phase during sintering. As identified by Baccour
et al. (2009), two kinds of processes take place during sintering: decomposition and
phase transformations. A new phase corresponding to nepheline was detected due
to the use of a sodium-based activator in geopolymer synthesis. The intensity of the
peaks increases with the increase in sintering temperature, indicating an increase in
crystallinity and consequently improving the mechanical strength of the product,
as discussed in Section 4.4.1. Crystallization of nepheline from kaolin geopolymer
occurred steadily, and this was agreed upon by a few researchers (Kuenzel et al.,
2013; Markovi¢ et al., 2006) who detected nepheline after exposure to 900°C.

5.4.5 MORPHOLOGY ANALYSIS

The SEM micrographs of KGC and KGCB at different sintering temperatures of
900°C, 1,000°C, 1,100°C, and 1,200°C are shown in Figures 5.5 and 5.6, respec-
tively. It is observed that the SEM micrograph of the sample sintered at 900°C
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FIGURE 5.4 XRD pattern of kaolin geopolymer and KGCB at different sintering tempera-
tures (N =nephaline, C=carbon, K=kaolinite, Q=quartz, Z= zeolite).

and 1,000°C shows a sponge-like gel texture. As the samples sintered to a higher
temperature of 1,100°C and 1,200°C, a relatively well-developed microstructure
produced a more compacted and smoother surface. Obvious open and closed pores
were spotted in all the SEM micrographs of the KGC with different sintering tem-
perature samples. Despite this, the increasing sintering temperature demonstrated
well-shaped and distributed pores compared to the low sintering temperature. The
SEM micrograph clearly shows a significant change in the structure of the KGCB,
with the increasing sintering temperature simultaneously giving a higher value of
strength. The higher sintering temperature sustained the consolidation and aided in
a fairly uniform microstructure, thus creating a smooth surface texture. Reported
that sintering the geopolymer consequently resulted in the formation of a liquid
phase, which allows the joining of particles and the transformation of a plate-like
structure into a dense microstructure. The presence of small pores throughout the
sample denotes the transformation of amorphous to nepheline crystalline ceramic.
It is known that sintering leads to phase transformation (Baccoura et al., 2009).
Furthermore, the addition of UHMWPE to the kaolin geopolymer also created
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FIGURE 5.5 SEM micrograph of KGC with different sintering temperatures (a) 900°C, (b)
1,000°C, (c) 1,100°C, and (d) 1,200°C.

pores through the decomposition process, as mentioned before. This finding is sup-
ported by the decrease in density as the sintering temperature increased.

5.5 CONCLUSION

From the present experimental data, the feasibility of the production of geopolymer
ceramic with lightweight properties could be highly achieved if it is combined with
other binders. Including geopolymer technology as an alternate substituent in the
fabrication of ceramic materials leads to the extent of its applications. In 1970, a new
orientation of alkali activation or geopolymerization process were introduced as a
new technology in this research area. Even so, it has faced many difficulties in terms
of acceptance by the research committees. The use of metakaolin rather than kaolin
in research investigations has been considered the main interest of many research-
ers, owing to its higher reactivity compared to kaolin. This could be explained by
the calcination of metakaolin, which increases its crystalline phase. A direct heating
process is a selection method that has been used by other researchers to produce
geopolymer ceramics. On the contrary, the use of this method leads to production of
geopolymer ceramics with lower mechanical properties; hence, the sintering method
and temperature are the main factors that play a substantial role during transition
phases in the geopolymer system.
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6.1 INTRODUCTION

Geopolymers, as inorganic materials, are also called alkali-activated materials. It has
an amorphous structure consisting of a three-dimensional polymeric chain of Si—O—
Al bonds. Geopolymer can be prepared by alkali activation of aluminosilicate mate-
rials at room temperature or higher temperature. These materials mostly comprise
amorphous silica SiO, and Al,O, with high pozzolanic activity. Apart from natural
sources (kaolin and metakaolin), industrial by-products such as fly ash, bottom ash,
and blast furnace slag can be used as aluminosilicate materials. The ceramic-like
properties of geopolymers have been widely reported to render good thermal proper-
ties which make geopolymers suitable to be used in thermal insulation, automotive,
and refractory applications. The thermal properties of geopolymers include:

. Physical changes (explosive spalling, pore size, and density)

. Residual strength or strength retention

. Thermal expansion and shrinkage

. Thermal conductivity

. Microstructural changes (degree of crystallinity, phase, distribution of pore
size, and weight change)

o 0 o

In this chapter, the content focuses on the thermal expansion and shrinkage, thermal
conductivity, weight change, and heat evolution of geopolymers. The physical and
mechanical properties changes and other thermochemical-related properties will be
discussed. The thermal properties of geopolymers could be accessed by differential
scanning calorimetry (DSC), differential temperature analysis (DTA), and thermo-
gravimetry analysis (TGA). DSC and DTA techniques are used to analyze the trans-
formation of geopolymers at high temperatures. The TGA technique measures the
mass loss when the sample is gradually heated up to elevated temperatures.
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The key determinants of the thermal properties of geopolymers are water content
and pore distribution, as well as the amorphous and crystalline phases in the geopoly-
mer structure and their nominal composition. The presence of humidity and inter-
connected pore structures reflects the thermal transport properties of geopolymers.

When heat is applied, water is expelled from geopolymers. Generally, major mass
loss observed in the TGA curve usually occurs at 100°C-300°C due to the evapo-
ration of free water. Further weight loss at higher temperatures (300°C-700°C) is
attributed to the evaporation of chemically bound water and the structural hydroxyl
groups. As illustrated in the TGA curve (Figure 6.1), the mass loss of geopolymer can
mainly be separated into four stages, wherein most of the mass loss occurs at a tem-
perature below 265°C. Stage 1 took place at 25°C-110°C, resulting from the evapo-
ration of free water, while stage 2 (110°C-265°C) corresponds to the evaporation of
physically bound water. The mass loss at stage 3 (270°C—630°C) is due to the evapo-
ration of physico-chemically bound water and the dihydroxylation polycondensation
process of geopolymeric gel. Stage 4 (680°C-1,000°C) is attributed to the calcination
decomposition of inorganic carbonate salt, muscovite, and kaolinite during sintering
instead of further dihydroxylation of the gel reaction product (Liu et al., 2020).

The thermal performance of pure geopolymer and nano Al,O; geopolymer speci-
mens was compared by Xavier and Rahim (2022), as shown in Figure 6.2. A signifi-
cant weight loss was found at ambient temperature and 150°C for pure geopolymer
and nano Al,O; geopolymer, owing to the evaporation of physiologically adsorbed
water. The DTG curve of pure geopolymer is steeper than that of nano Al,O; geo-
polymer. This is because the pure geopolymer maximum migrated to a lower tem-
perature than the nano Al,O; geopolymer point.

A significant finding was found by Nath and Kumar (2020), in which the mass loss
that resulted from the de-carbonation of secondary carbonate compounds and de-
hydroxylation of crystalline zeolitic phases could be reduced with the milling time
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FIGURE 6.1 Mass loss and heat flow rate curves of metakaolin geopolymers (Liu et al.,
2020).



Thermal Properties of Geopolymers 75

I
S
o
- —
S
o —
o
S
o —_
~ < -
g o
g
& g 7
z S -
S en  —
z 9
[+ o
4 !
® T ]
PR
= o —
o T
(a] “ _
S
s —
° .
g — ‘ 0% nano Al;O:
' Vv
~ 7 —— 0.75% nano Al,O3
S —
<
| L L D N B |

0 100 200 300 400 500
Temperature (°C)

FIGURE 6.2 DTG curves of metakaolin and fly ash geopolymers (Xavier and Rahim, 2022).

of fly ash. This is reasonable since the increased milling time enhanced the degree
of fineness of particles, which subsequently increased the reactivity of raw materials.
As the finer fraction is more reactive, most of the alkali activator is consumed in the
geopolymerization reaction, and a lesser amount is left in the composite body to react
with carbon dioxide. Hence, the carbonation is lowered since carbon dioxide does not
penetrate the resulting geopolymer matrix.

Furthermore, past investigations confirmed that the addition of materials could
affect the thermal stability of geopolymers. Likewise, Liang et al. (2019) reported
that the geopolymer with the inclusion of rice husk ash exhibited a sharp reduction
in mass loss in comparison to pure geopolymer. Rice husk ash microparticles play
an important role in filling the micro-cracks and micropores of geopolymer inner
space, yielding a denser microstructure. The dense microstructure reduces the free
and bound water that existed throughout gel phases and, thus, lowers the mass loss
of geopolymer.

Meanwhile, Tan et al. (2022) have tested the influence of municipal solid waste
incineration fly ash addition on the reaction heat evaluation of construction and
demolition waste-based geopolymers. The TGA results (Figure 6.3) proved that
the addition of fly ash reduced the mass loss that occurred between 30°C and
300°C. The inclusion of fly ash provokes the formation of C-A-S-H gels, which
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FIGURE 6.3 TGA/DTG thermograms of construction and demolition waste geopolymers
(Tan et al., 2022).

fill in the microvoids and enhance the density of the gel framework. Not only
that, the lower degree of gel development in fly ash-containing samples reduced
the availability of unbound water in the system. Therefore, it can be said that the
inclusion of fly ash promotes the formation of gel in construction and demolition
waste geopolymers.

The decrease or increase in mass loss in the TGA curve is represented as endo-
thermic or exothermic peaks under the DSC and DTA curves. The water content
and its chemical form are represented by the energy absorption under the DSC ther-
mogram. The presence of water in geopolymer structures is closely related to their
thermal properties. Kaze et al. (2021) prepared iron-rich laterite geopolymers with
a sodium-based alkali activator. The DTA curve of geopolymer in Figure 6.4 shows
less pronounced endothermic peaks at 100°C that are associated with the escape
of free or physiosorbed water. A noticeable endothermic peak observed at 150°C
is due to the gradual destruction of geopolymer structure as a result of structural
water evaporation. At 600°C, the kaolinite mineral in iron-rich laterites is completely
transformed into metakaolinite.

Based on Yang et al. (2017), the thermal stability of geopolymers is depen-
dent on the chemical structure of the hardened geopolymers and the absence of
carbonates and chemically bound water-containing compounds. Minimal water
evaporation prevents cracking and thus contributes to better structural stability
(Liu et al., 2020).
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FIGURE 6.4 DTA curve of iron-rich laterites geopolymer (Kaze et al., 2021).

6.2 THERMAL EXPANSION AND SHRINKAGE ANALYSIS

Thermal expansion and shrinkage induce both external and internal stress on heated
samples, which would cause destruction and damage to the geopolymer structure.
Usually, thermal expansion or shrinkage occurs due to the non-uniformity of the
composition when subjected to a temperature change. The samples would experience
physical-chemical evolution during the thermal deformation analysis executed in a
dilatometer (usually from 20°C to 1,300°C).

As referred to in Figure 6.5, the dilatometric curve can normally be divided
into four regions, indicating the four stages of thermal shrinking of the geopoly-
mer, namely (A) structural resilience, (B) dehydration, (C) dehydroxylation, and (D)
sintering. The shrinkage in region A (from room temperature to 100°C) is due to
free water evaporation. Shrinkage occurs in region B (100°C-300°C) due to the loss
of interstitial water from nanopores and micropores, while shrinkage in region C
(300°C-800°C) is attributed to the condensation reaction. The sintering process hap-
pens in region D (>800°C), where the amorphous phase of the geopolymer melts into
the glass phase, leading to further densification. The shrinkage is severe if the initial
water content is higher (Chen et al., 2022; Kuenzel et al., 2012).

Numerous studies have implemented various fabrication methods or incorporation
of various materials to improve the thermal stability of the geopolymer. For instance,
mullite hindered the shrinkage of geopolymers during heat treatment. According
to Boum et al. (2020), mixing 30% of alumina-rich bauxite in metakaolin-based
geopolymer favors the formation of liquid-phase mullite crystals in the matrix, sub-
sequently reducing the extent of shrinkage at 1,200°C. Likewise, the incorporation



78 Geopolymers

CsGP-REF

------ CsGP-10C
- - = CsGP-20C
— — CsGP-30C
........... CSGP‘35C

d(dL/Lo)/dT

I S IR R R , \
0 200 400 600 800 1000 1200

Temperature (°C)

FIGURE 6.5 Dilatometric curve of cesium-activated geopolymer composited (CsGPc) with
5-35wt.% cordierite reinforcements (Chen et al., 2022).

of 20% mullite fiber in metakaolin geopolymer reduced the thermal shrinkage by
30% at 1,450°C, as presented by Wei et al. (2022). These are due to the presence
of thermally resistant crystals that contribute to the volumetric thermal stability of
geopolymers (Klima et al., 2022).

Furthermore, cordierite powder with low thermal expansion and outstanding ther-
mal shock resistance reduced the thermal shrinkage of metakaolin geopolymer acti-
vated by cesium silicate. A remarkable finding was revealed by Chen et al. (2022),
where a reduction of shrinkage up to 70% was achieved as cordierite contained the
volatile cesium above 1,100°C. Meanwhile, the silane coupling agent, a colorless
liquid, reduces the shrinkage rate of metakaolin-based geopolymer below 250°C
(Wang et al., 2021). It is found that the hydration of the silane coupling agent reacted
with Si—-OH and Al-OH bonds from the metakaolin, which extended the forma-
tion of geopolymer gel. The scenario reduces the free water present in the geopoly-
mer matrix and lowers the evaporation of free water when the temperature is raised.
Therefore, shrinkage is not evident. When the temperature rises beyond 250°C, the
condensation reaction of geopolymer occurs, and the silanol that is bound to the
geopolymer disappears, resulting in greater shrinkage of the metakaolin geopolymer.

Aggregates influence the thermal stability of geopolymer mortar/concrete. At
high temperatures, geopolymer paste undergoes sintering, densification, and strength
gain, but aggregates may experience expansion/shrinkage simultaneously. The com-
patibility of geopolymer paste and aggregates strongly influences their performance
at elevated temperatures. An opposing behavior may result in crack formation in the
interfacial transition zone, negatively affecting the physical and mechanical proper-
ties of the geopolymer mortar/concrete. Abdulkareem et al. (2014) tested the thermal
expansion of fly ash geopolymers and lightweight expanded clay aggregate in order
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FIGURE 6.6 Dilatometer curve of fly ash geopolymer and lightweight expanded clay aggre-
gate (Abdulkareem et al., 2014).

to access the thermal mismatch between them in geopolymer concrete, as shown in
Figure 6.6. The geopolymer paste shows little expansion at 70°C-100°C, followed
by sharp shrinkage up to 700°C and sharp expansion at 700°C—800°C. Based on
Rickard et al. (2013), the expansion at 700°C—800°C is usually accompanied by a
drastic shrinkage as the result of viscous flow and sintering of the aluminosilicate
materials, which cause densification of geopolymers. On the other hand, the light-
weight aggregate expands minimally up to 800°C and thus has a low coefficient of
thermal expansion (CTE). The thermal mismatch between geopolymer paste and the
lightweight aggregate contributes to micro-cracks in the interfacial transition zone.
Even so, as the concrete comprises 75% of the lightweight aggregate, the strength
degradation at elevated temperatures is low (Abdulkareem et al., 2014).

Based on Sivasakthi et al. (2021), the expansion of river sand is five times higher
than that of the copper slag at 1,000°C. The geopolymer mortar containing river
sand experienced the greatest expansion at 700°C, with about 1.7% linear thermal
expansion. Meanwhile, the geopolymer mortar containing copper slag undergoes
negligible thermal shrinkage up to only 0.008% throughout the temperature range of
30°C-1,000°C. The superior thermal stability is attributed to the slow dehydroxyl-
ation of geopolymer gel when copper slag is applied. Subsequently, the compressive
strength of the geopolymer mortar containing copper slag is generally higher than
that of river sand after exposure to elevated temperatures.

Similarly, wollastonite enhanced the thermal stability of fly ash-based geopoly-
mers (Hemra et al., 2021), as shown in Figure 6.7. Significant thermal shrinkage
occurred in the geopolymer paste. In contrast, the geopolymer is composited with 30
and 50 wt.% wollastonite and expands slightly from 25°C up to 900°C, enhancing the
thermal stability of the composites.
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FIGURE 6.7 Thermal expansion of fly ash geopolymer paste and composites (Hemra
et al., 2021).

6.3 THERMAL CONDUCTIVITY ANALYSIS

The thermal conductivity (k or A) of a material is a measurement of its effectiveness to
conduct heat. It is defined as the amount of heat transmitted per unit thickness and unit
area per unit temperature gradient. A lower k value represents lower heat conduction,
while a higher k value denotes a lower temperature gradient and thus lower thermal
stress. The thermal conductivity can be modified by incorporating varying materials
or implying different production approaches in the development of geopolymers.
Generally, geopolymer is a poorer heat-conducting material compared to conven-
tional Portland cement due to its higher porosity and lower chemically bound water
(Jaya et al., 2020), where the thermal conductivity of air is 25 times lower than that of
water (Sivasakthi et al., 2021). Geopolymer usually has half the thermal conductivity
(M) value of conventional Portland cement (1.5 W/m K). To enhance the heat transfer
of geopolymer, the geopolymer could be made denser or porous (increase or reduce
density) by modifying the mix proportion. As demonstrated by Jaya et al. (2020),
increasing the Na,SiO/NaOH of metakaolin-based geopolymer from 0.4 to 1.0
reduces the porosity by approximately 6% and leads to a rise in thermal conductivity
of about 8 W/m K. Porosity is the most influential parameter of thermal conductivity.
With reduced tortuosity and increased continuous gel structure, more heat transfer
is permitted, and thus thermal conductivity can be increased. Likewise, increasing
the SiO,/Al,0O; ratio from 1.3 to 2.5 increased the k values from 0.28 to 0.35 W/m K
for metakaolin geopolymers due to the reduction in pore size (Kamseu et al., 2012).
Another way to increase the thermal conductivity of geopolymers is by adding
thermally conductive elements. But phonon scattering occurs at the interface of geo-
polymer composite, causing resistance in heat transfer. Therefore, it is also important
to build an effective phonon transport pathway to optimize the effect of the ther-
mally conductive fillers. The incorporation of carbon nanotubes in the geopolymer
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matrix performed by Zhu et al. (2021) successfully overcomes the issue. The thermal
conductivity of the metakaolin-based geopolymer composited with 5 vol.% carbon
nanotubes coated with silica is increased by 71.7% compared to the neat geopolymer.
Silica coating is implemented to overcome the agglomeration issue as well as the
phonon scattering concern. Such an approach establishes an effective heat conduc-
tion network in the geopolymer matrix.

Nonetheless, most of the research in geopolymer aims to widen the range of ther-
mal-resistant applications, especially for exterior building elements. Several methods
are implemented to reduce the thermal conductivity of geopolymers, such as the
introduction of pores in the geopolymer structure and the addition of lightweight and/
or porous aggregates/fillers.

Geopolymer foams are highly porous geopolymer materials that can be developed
using foaming admixtures. The air voids in foamed geopolymer act as a heat flow
barrier across the specimen and can significantly improve the insulation properties.
Hydrogen peroxide (H,0O,) is one of the most popular foaming agents. Based on
Pantongsuk et al. (2021), the increase of H,0, from 0.5 to 1.5 wt.% in the metakaolin
and bagasse ash-blended geopolymer foams yields a significant increase in the poros-
ity, followed by a significant reduction in thermal conductivity, from approximately
0.40 to 0.16 W/m K. Similarly, adding 1.2wt.% of H,0O, to biomass fly ash-based
geopolymers yields a thermal conductivity of 0.107 W/m K (Novais et al., 2016). Rice
husk ash that is rich in silicon dioxide (SiO,) is also a forming agent for geopoly-
mers. According to Liang et al. (2022), rice husk ash has lower thermal conductivity
and can cultivate fine pores in the geopolymer matrix. The slag-based geopolymer
foamed by rice husk ash reveals thermal conductivity ranging from 0.110 to 0.289
W/m K, which exhibits good thermal insulation characteristics.

Furtos et al. (2021) reduce the thermal conductivity of fly ash-based geopolymer
from 0.43 to 0.22 W/m K by increasing the substitution of fly ash by wood fiber up
to 35%. The insulating properties of light-weighted wood fiber reduce the density
and thermal conductivity of wood fiber-reinforced geopolymer composites. Thus, the
increase in wood fiber content reduces the thermal conductivity. However, the interac-
tion between geopolymer and fibers with low melting points triggers distinctive per-
formance. Based on Agustini et al. (2021), the effect of polypropylene (PP) fiber on fly
ash-based geopolymer foams varies according to the thermal loading. The evolution of
thermal conductivity of the geopolymer with 0%, 0.25%, and 0.50% of PP fiber by the
mass of fly ash is illustrated in Figure 6.8. Generally, adding PP fiber to the geopolymer
foams fills up the voids in the structure and increases the density, subsequently raising
the thermal conductivity. When subjected to thermal loading beyond 100°C, the PP
fiber melts and incurs extra voids in the matrix of geopolymer foams, increasing the
resistance to heat transfer and further reducing the thermal conductivity of the foams.

Besides fibers, the incorporation of light-weighted aggregates has a significant
influence on the thermal properties of the mortar/concrete. Normal-weight concrete
has a thermal conductivity of 1.98 W/m K (Real et al., 2016). The introduction of
light-weighted aggregates with a density of less than 2.0kg/m? can improve the ther-
mal resistivity of mortar/concrete. Geopolymer can be treated as a lightweight aggre-
gate in the production of mortar/cement. Geopolymer aggregate was produced using
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FIGURE 6.8 Thermal conductivity of geopolymer foams with a varied amount of PP fiber
from 50°C to 200°C (Agustini et al., 2021).

palm oil fuel ash and sludge that have a bulk density of 1.12-1.18 kg/m3 (Kwek et al.,
2022). The application of the geopolymer aggregate successfully reduced the ther-
mal conductivity of concrete to 1.04 W/m K. Moreover, expanded perlite is a porous
aggregate that can be an alternate aggregate for sand. The incorporation of expanded
perlite improves thermal resistance by delivering micropores in geopolymer con-
crete. The increase of expanded perlite from 0% to 20% reduces the thermal con-
ductivity of geopolymer foamed concrete by 12.1% (Pasupathy et al., 2020). Other
potential fillers/aggregates are listed in Table 6.1 along with their respective thermal
conductivity, A, of the composited geopolymer.

Overall, the thermal conductivity of geopolymers is significantly influenced by
the density, porosity, and pore size of the materials. An increase in the porosity of
the geopolymers leads to a decrease in their thermal conductivity. However, this is
in regard to the fact that the porosity is homogenously distributed and does not form
large pores that form thermal bridges, which increase the thermal conductivity. The
thermal conductivity of geopolymers can be carefully tailored to suit their applica-
tions. In addition, the incorporation of lightweight aggregates, foaming agents, or
porous aggregates could reduce the thermal conductivity values.

6.4 CONCLUSIONS

Extensive research has been conducted on the thermal characteristics of geopoly-
mers. The effects of temperature variations on geopolymers include alterations in
mass and changes in size, either through expansion or shrinkage. These responses
are attributed to the type of geopolymer matrix and the thermal stability of the raw
materials used. A denser geopolymer matrix with less bound and unbound water
can decrease mass loss and cracking, and this can be achieved by modifying the
water content, types of aluminosilicate materials, alkali activators, admixtures,
and additives used. In addition, the thermal stability of fillers and aggregates sig-
nificantly affects the thermal expansion and shrinkage of geopolymer composites.
Using raw materials with higher thermal stability or lower thermal mismatch with
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TABLE 6.1
Thermal Conductivity (1) of Geopolymer Composited with Various
Fillers/Aggregates (Zhang et al., 2021)

Fillers/Aggregates A (W/m.K)
Fly ash cenospheres 0.17-0.36
Waste glass fibers 0.22-0.69
Wheat straw 0.09-0.19
Monofilament polypropylene fibers 0.26-0.35
Sawdust 0.15-0.35
Expanded vermiculite 0.18-0.26
Macro-encapsulated aggregates 0.21
Epoxy resin 0.10-0.11
Oligomeric dimethylsiloxane mixture 0.10-0.11
Polystyrene particles 0.03-0.08
Silica sand and polyvinyl alcohol (PVA) fibers 1.85
Expanded glass and PVA fibers 0.93
Ceramic microspheres and PVA fibers 1.14
Expanded perlite and PVA fibers 1.10

SiC powder 0.15
Glass microspheres 0.05-0.08
Waste polyurethane powders 0.30-0.36
Waste expanded polystyrene, marble powder, and 0.12-0.21

epoxy resin

Silica aerogel 0.05-0.07
Basalt fiber 0.13-0.36
Polypropylene fiber and glazed hollow beads 0.15-0.58
Cenospheres 0.29
Sawdust 0.09-0.27
Zeolite, bentonite 0.12-0.17
Marble waste, acrylic fibers, and cotton fibers 0.34-0.91

the geopolymer matrix can reduce physical damage. To expand the use of geopoly-
mer for thermal insulation purposes, insulation materials were incorporated, or
foam was induced into the geopolymer structure to reduce the thermal conductiv-
ity of the material. In summary, extensive research on the thermal properties of
geopolymers has led to the development of materials with improved properties and
expanded application possibilities.
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7.1 INTRODUCTION

The current construction structure takes care of safety and strength in relation to
room temperature levels. Exposure to elevated temperatures aids in assessing how
a construction structure will respond to a combination of high temperatures, which
imitates direct fire exposure in real life. In the last few decades, it has been undeni-
able that geopolymers have developed great mechanical strength with regard to high-
temperature gradients (Davidovits, 2020). According to the literature, the reaction
between aluminosilicate precursors, such as fly ash (FA), ground granulated blast
furnace slag (GGBFS), ladle furnace slag (LFS), metakaolin (MK), and electric arc
furnace slag (EAFS), and activator solution (mixture of alkali hydroxide and alkali
silicate), has potential for fire protection applications due to its excellent strength
retention and outstanding high-temperature endurance.

In general, the main concern of current ordinary Portland cement (OPC) is its
high degree of fire resistance. Although OPC concrete is an incombustible mate-
rial, during fire accidents it suffers serious damage, including concrete spalling and
mechanical property degradation. Compared to OPC, numerous investigations have
shown that the geopolymer’s inorganic framework makes up its thermal resistance.
Davidovits (2020) has found that after geopolymerizing their water to a temperature
of 200°C, followed by further geopolymerization, they can still retain their X-ray
amorphous tetrahedral alumina (Al) and silica (Si) network up to 1,300°C.

This chapter discusses the physical properties (physical appearance changes, mass
loss, volume changes, and density changes), mechanical properties (compressive
strength and flexural strength), and material characterization (microstructure changes
and phase changes) of the geopolymers upon elevated temperature exposure. The key
determinants of the effect of elevated temperature exposure on geopolymer are the
moisture content and porosity within the geopolymer matrix. Besides the internal
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factors, such as the proportions of the raw material and alkali activator, the molarity of
the alkali solution, and the aluminosilicate-to-alkali ratio, the external factors, such as
temperature and exposure time, would also affect the performance of the geopolymer.

7.2 PHYSICAL PROPERTIES

The physical defect of geopolymers upon thermal exposure to different tempera-
tures is manifested by the change in the geopolymer’s appearance, mass, volume,
and density. The physical evolution of the geopolymer during thermal exposure
plays an important role in evaluating the performance of the geopolymer at elevated
temperatures.

7.2.1 PHysICAL APPEARANCE ANALYSIS

The geopolymer’s surface changes of FA and FA-GGBFS geopolymers upon ther-
mal exposure are evaluated by Hager et al. (2021), as illustrated in Figure 7.1. Color
change was observed during high-temperature exposure, relating to oxidation of
Fe,0; in the aluminosilicate precursor. At the same time, the surface of FA geopoly-
mers showed more pores compared to the surface of FA-GGBFS geopolymers. The
inclusion of GGBFS aided in reducing the porosity of the geopolymer. The growth of
pores in both geopolymers was linked to the dehydration process during the heating
process. Moreover, no sign of spalling or cracking was observed on the surface of
the geopolymers.

Other geopolymers, such as GGBFS, MK, and GGBFS-MK geopolymers, and
the OPC were produced by Burciaga-Diaz and Escalante-Garcia (2017) in order to
compare their physical appearance at 600°C, 1,000°C, and 1,200°C. The surface
of the geopolymer showed some minor cracks and pores at 600°C and 1,000°C. At
1,200°C, the surface of OPC remained the same, but a denser surface was obtained
on MK geopolymer, which was related to the densification effect during the heat
treatment. GGBFS geopolymer had severe cracks on its surface at 1,200°C which
was in line with the thermal expansion caused by the phase transformation. The
GGBFS-MK geopolymer melted at 1,200°C.

20°C 200°C 400°C 600°C 800°C 1000°C

FIGURE 7.1 Geopolymer’s surface changes of (a) FA and (b) FA-GGBFS geopolymers
upon thermal exposure (Hager et al., 2021).
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7.2.2  Mass Loss AND VOLUME CHANGE ANALYSIS

The mass loss values of OPC and the geopolymers upon thermal exposure are listed
in Table 7.1. The mass loss trends are likely similar, increasing from 200°C to 800°C
and remaining between 800°C and 1,000°C. The increase in mass loss between
200°C and 800°C is related to the evaporation of water during the heating process. In
comparison, the mass loss of OPC is higher than that of geopolymer at elevated tem-
peratures, especially at 800°C and 1,000°C. Therefore, geopolymer outperformed
OPC at elevated temperatures, which has excellent durability on fire, due to its better
structural stability.

The volume changes of the geopolymer and OPC upon thermal exposure are
tabulated in Table 7.2. The negative value of volume loss inferred that the geopoly-
mers shrank, while the positive value implied that the geopolymers expanded. The
geopolymers experience shrinkage properties at all temperature ranges, except for
FA geopolymers, which expand at 1,000°C. Shrinkage is caused by phase conver-
sion within the matrix. In contrast, OPC shrinks little at a temperature lower than
1,000°C but shrinks significantly at a temperature higher than 1,000°C. Thus, the
geopolymer with lower shrinkage is preferred over OPC for exposure temperature
applications.

7.2.3 DENSITY ANALYSIS

The density loss of different geopolymers and OPC after thermal treatment is dis-
played in Table 7.3. The density loss trend of the geopolymer and OPC is closely
similar when the temperature increases from 200°C to 600°C and is retained up to
1,000°C. The increased density loss is affected by the increased mass loss and vol-
ume changes, as aforementioned. It is well known that density is directly proportional

TABLE 7.1
Mass Loss of the Geopolymers and OPC

Mass Loss (%)

References Sample 200°C  400°C  600°C  800°C 1,000°C
OpPC 10.10 13.40 17.20 23.70 24.20
MK 13.60 15.00 16.00 16.40 16.50
(Burciaga-Diaz and geopolymers
Escalante-Garcia, 2017) GGBFS 13.20 16.10 17.90 18.60 18.70
geopolymers
GGBFS-MK 10.90 13.10 14.40 15.00 15.10
geopolymers
FA 5.80 8.00 9.80 10.30 10.60
geopolymers
(Hui-Teng et al., 2022) FA-LFS 5.10 8.00 10.80 11.70 11.60

geopolymers
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TABLE 7.2
Volume Changes of Geopolymers and OPC

Volume Loss (%)

Reference Sample 200°C 400°C 600°C 800°C 1,000°C 1,200°C
OPC - - 1.30 2.50 6.30 32.50
MK - - 1250 1630 17.50 30.00
Burciaga-Diaz and che}gzymm - ~ 600 750 1500  18.80
Escalante-Garcia (2017) ’ ' ’ ’
geopolymers
GGBFS-MK - - 8.00 12.00 34.00 -
geopolymers
FA 2.30 5.30 6.00 7.00  19.50 -
geopolymers
Hui-Teng et al. (2022) FA-LFS 230 5.00 590  6.60  6.80 -
geopolymers

TABLE 7.3
Density Loss of the Geopolymer and OPC

Density Loss (%)

References Sample 200°C  400°C 600°C 800°C 1,000°C
Boquera et al. (2021) OPC 7.90 13.20 15.80 15.80 -
FA geopolymer 7.20 8.10 8.30 8.10 8.80
Hager et al. (2021)
FA-GGBFS geopolymer 6.20 7.40 9.50 8.70 9.40
Hui-Teng et al. (2022)  FA-LFS geopolymer 2.90 3.20 5.20 5.50 5.20
Luo et al. (2022) FA-GGBFS geopolymer 1.70 1.80 4.80 4.20 -

to mass and inversely proportional to volume. As expected, OPC with higher den-
sity loss showed a weaker structure at elevated temperatures when compared to the
geopolymer.

7.3 MECHANICAL PROPERTIES

The mechanical evolution includes compressive strength changes and flexural
strength changes, which will be discussed in this section. The mechanical evolution
of the geopolymer during thermal exposure plays an important role in evaluating the
performance of the geopolymer at elevated temperatures.

7.3.1 COMPRESSIVE STRENGTH ANALYSIS

Payakaniti et al. (2020) prepared a high-calcium FA geopolymer in order to evaluate
the effect of elevated temperatures on its compressive strength. The geopolymer’s
compressive strength increased from 57 to 71 MPa at 200°C as a result of the further
geopolymerization. As the temperature rose, the compressive strength decreased. At
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400°C, 600°C, 800°C, 1,000°C, and 1,200°C, the compressive strengths were 65.00,
40.00, 30.00, 31.50, and 7.00 MPa, respectively. On the other hand, MK geopolymer
prepared by Albidah et al. (2021) was exposed to 200°C, 400°C, and 600°C. When
the temperature rose from ambient temperature to 200°C, a considerable amount of
compressive strength was degraded. After exposure to 200°C, 400°C, and 600°C,
the compressive strength varied by roughly 7.0%, 13.0%, and 6%, respectively. The
different types of aluminosilicate precursors contribute to the different strength
development of the geopolymer during the elevated temperature exposure due to the
contents of Al and Si.

Hassan et al. (2020) reported that the compressive strength of FA geopolymer
increased by about 33% and 18% at 200°C and 400°C, respectively, compared to
unheated FA geopolymer. However, the strength decreased by roughly 18%, 27%,
and 63% with a subsequent temperature of 600°C, 800°C, and 1,000°C, respectively.
When compared to OPC, the compressive strength was preserved up to 400°C and
began to decline at 800°C. Beyond 400°C, the OPC cracked readily, which may be
caused by the moisture evaporating quickly from the matrix.

Additionally, Rao and Kumar (2020) investigated the response of FA-GGBFS
geopolymer at temperatures of 200°C, 400°C, 600°C, and 800°C. The achieved com-
pressive strength at 200°C was around 40% higher than that of unheated geopoly-
mers. Even if the pattern of decline continued up to 800°C, the variations between
600°C and 800°C were more noticeable. Even though the FA-GGBFS geopolymer’s
degradation began at 600°C, it still had a higher strength rate of 80% compared to
unheated geopolymer. Compressive strength would increase or decrease depending
on the heat exposure time. According to Hafez et al. (2019), the FA-GGBFS geopoly-
mer declined in compressive strength by around 11% at 300°C as the exposure time
increased from 1 to 2hours. Similar to OPC, it displayed a 25%—27% reduction in
compressive strength from its initial values.

7.3.2  FLEXURAL STRENGTH ANALYSIS

FA-LFS geopolymer, which was subjected to 300°C, 600°C, 900°C, and 1,100°C,
was tested by Yong-Sing et al. (2022). The FA-LFS geopolymer’s maximum limit of
temperature was chosen at 1,100°C, as the FA-LFS geopolymer would melt beyond
the temperature. The flexural strength of FA-LFS geopolymer (7.8 MPa) increased as
the exposure temperature increased, which was attributed to an exothermic reaction
due to the formation of more reaction products during the geopolymerization. The
release of moisture within the geopolymer caused a modest drop in flexural strength
to 6.90MPa at 300°C. The escaping water molecule increased porosity, weaken-
ing the structure and lowering its strength. A significant rise in flexural strength
(24.10MPa) was shown when the temperature increased to 1,100°C due to the den-
sification effect of the geopolymer. The formation of refractory phases and surface
solidification filled the pores and cracks, resulting in greater flexural strength.

After being exposed to 100°C, 300°C, 500°C, and 700°C, Zhang et al. (2014) ana-
lyzed the flexural strength of MK-FA geopolymer. The geopolymer’s flexural strength
showed a modest rise at 100°C, then a decline in strength from 300°C to 700°C. At
100°C, OPC showed an increase similar to that of the geopolymer. However, at room
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temperature, the strength of the geopolymer was greater than that of OPC, but it
decreased when exposed to higher temperatures. Due to the formation of internal
microstructure cracks, such as the propagation of cracks and the generation of pores
at elevated temperatures, the strength degraded as a result of the temperatures.

7.4 MATERIAL CHARACTERIZATION

The concern about the effect of elevated temperature exposure on the geopolymer,
especially according to microstructure and phase changes, is explained. Considering
that these methods can effectively enlighten the intervening geopolymer under ele-
vated temperatures due to sintering and partial melting.

7.4.1  MICROSTRUCTURAL ANALYSIS

The microstructure changes of FA and FA-LFS geopolymers before and after
heat treatment were performed by Hui-Teng et al. (2022), as shown in Figure 7.2.
Increasing temperatures loosen the geopolymer with increased pores and cracks up
to 600°C, thereby weakening the structure. A similar condition was observed in FA
geopolymers up to 1,000°C, resulting in poor mechanical strength. The FA-LFS geo-
polymer had a dense microstructure between 800°C and 1,000°C owing to the occur-
rence of the densification effect. In comparison, the participation of LFS improved
the microstructure compactness of the FA geopolymer, causing the FA-LFS geopoly-
mer to achieve excellent mechanical strength.

Geopolymers based on red mud were tested by Lemougna et al. (2017) at 60°C,
300°C, and 800°C. They found that the microstructure connectivity of the matrix
increased with increasing temperatures up to 800°C, which is attributed to the sin-
tering effect, and resulted in improved mechanical strength. Conversely, Burciaga-
Diaz and Escalante-Garcia (2017) revealed that the microstructure of MK, GGBFS,
and MK-GGBFS geopolymers, as well as OPC, became looser as the temperature
increased from 20°C to 600°C, 1,000°C, and 1,200°C. The poorer microstructure
was caused by the occurrence of a thermal mismatch between the new phase and
the matrix itself, as well as the increased pores and cracks, thereby decreasing the
mechanical strength at elevated temperatures.

7.4.2 PHASE CHANGE ANALYSIS

The phase changes of varying geopolymers and OPC upon heat treatment are done
by Burciaga-Diaz and Escalante-Garcia (2017), as demonstrated in Figure 7.3. At
room temperature, the amorphous nature (GGBFS geopolymer: 25-35° 20; MK geo-
polymer and MK-GGBFS geopolymer: 15-35° 20) was present in the geopolymer
but absent in OPC. The increase in temperature reduced and converted the amor-
phous hump of GGBFS (Figure 7.3a) and MK-GGBFS geopolymers (Figure 7.3c)
into crystalline phases, while the hump was retained in MK geopolymer (Figure
7.3b) at elevated temperatures. However, in general, the crystalline phase of the
geopolymers, as well as OPC, changed, increased, reduced, or decomposed as the



92 Geopolymers

FA Geopolymer

29 °C

200°C

400 °C

600 °C

800 °C

1000 °C

FIGURE 7.2 Microstructure of FA and FA-LFS geopolymers upon thermal exposure (Hui-
Teng et al., 2022).
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FIGURE 7.3 Phase changes of (a) GGBFS geopolymer, (b) MK geopolymer, (c) MK-GGBFS
geopolymer, and (d) OPC upon thermal exposure (Burciaga-Diaz and Escalante-Garcia,
2017).

temperature increased. These phase transformations are the main factors that dam-
aged the internal structure of the binder, which should crack, pores, or even spall,
thereby resulting in severe mechanical strength at elevated temperatures. A similar
statement was made by Hui-Teng et al. (2022) and Niklio¢ et al. (2016), who pro-
duced FA and FA-EAFS geopolymers, respectively.

7.5 CONCLUSIONS

The demand for sustainable and eco-friendly construction materials has increased
significantly in recent years due to growing concern over the impact of construction
activities on the environment. Geopolymers, which are synthesized by the geopoly-
merization process, have emerged as a promising alternative to traditional building
materials such as OPC. One of the major advantages of geopolymers is their excellent
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fire resistance, which makes them ideal for use in high-risk environments where fire
safety is a priority.

The excellent fire-resistant properties of geopolymers are attributed to their
unique molecular structure, which is formed during the geopolymerization process.
Geopolymers have a highly cross-linked structure, which gives them high strength
and durability and makes them highly resistant to fire. The global scarcity of mate-
rials with improved thermophysical properties has also heightened the need for
sustainable construction materials, making geopolymers a viable solution for the
industry.

In conclusion, the fire-resistant properties of geopolymers make them a viable and
practical solution for the construction industry. The use of geopolymers can enhance
the safety of construction projects and significantly reduce the environmental impact
of the industry. As a result, it is recommended that geopolymerization methods be
adopted more widely in the construction industry, especially in areas where fire
safety is a priority.
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8.1 INTRODUCTION

Existing cementitious coating or repair material is mainly ordinary Portland cement
(OPC)-based for almost all available cementitious coating. Apart from contribut-
ing to CO, emissions, the harmful and hazardous materials used in the pre- and
post-production of this inorganic coating might also volatilize into the atmosphere.
Final applications of cementitious coatings require dependable adhesive strength
and outstanding mechanical qualities that are unaffected by sample age. Materials
called geopolymers are created when an inorganic substance like kaolin, fly ash,
powdered granulated blast slag, or rice husk reacts with an alkaline activator (Ikmal
et al., 2020). Geopolymers have impressive fire resistance, the capacity to encapsu-
late hazardous waste, and are inexpensive, as reported by Davidovits (1994). Great
research is needed to fully utilize their usage as a coating material. Geopolymer
coating provides additional surface protection and aids in maintaining it in like-new
condition with relatively little upkeep and an easily cleanable surface. Geopolymer
has been a popular alternative for the last three decades to work on replacing OPC-
based applications. Geopolymer coating as a coating material would offer corro-
sion resistance, protect structural integrity, and prevent wear to its substrates (Ana
Maria et al., 2018). Applying coatings has been proven efficient in inhibiting the
entrance of harmful ions, thus reducing the resultant deterioration (Wang et al.,
2022). Additionally, geopolymer coatings have excellent potential for surface pro-
tection, enhanced structural durability, and suitability for application in high-tem-
perature exposure situations. One possible alternative to improving the strength of
ceramic is to improve its coating properties. The most efficient way to reduce spall-
ing and cracking of surfaces when exposed to high temperatures is to prevent liquid
ingress into ceramic, thus preventing the ingress of chemicals and crack deforma-
tion (Safiuddin et al., 2017).

Protective coating is being used as an alternative to seal and protect the concrete
surface, but the most common coatings are based on organic matrices and epoxy
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(Papakonstantinou and Balaguru, 2017). Geopolymer coatings have shown substan-
tial attention as an alternative material for protective coatings on concrete surfaces
(Zhu, 2020). A novel kaolin and fly ash-based geopolymer coating is a significant
invention for our planet when taking into account the commercial viability and long-
term consumption of non-metallic cementitious coatings and repair materials. The
properties and durability of geopolymeric coatings were measured based on the
mechanical properties and morphology analysis present in the coating, which are
adhesion strength, water absorption, and phase analysis.

8.2 MIX DESIGN PARAMETERS OF GEOPOLYMER COATING PASTE

8.2.1 INFLUENCE OF Souip/LiQuip (S/L) ofF Fy AsH GEOPOLYMER PASTE

The fly ash geopolymer coating paste was subjected to a solid/liquid (S/L) ratio
range of 1.0-2.5 for a 24h curing period. With an increase in fly ash content, the
compressive strength of fly ash-based geopolymer paste increased simultaneously.
The S/L ratio has an impact on the mechanical strength development of geopoly-
mer paste. From the data obtained, the S/L ratio was 1.0, which contributed to the
low strength of the geopolymer sample due to the high content of alkaline activator
and the increasing production of excessive OH- left in the geopolymer system. The
concentration and composition of alkaline activators play an important role in devel-
oping the mechanical strength of geopolymer paste (Adrian et al., 2019). Figure 8.1
shows the compressive strength of geopolymer paste with S/L ratios of 1.0, 1.5, 2.0,
and 2.5. The maximum strength for an S/L ratio of 2.0 is 52MPa. As the S/L ratio
rises to 2.0, compressive strength tends to increase until it drops to SMPa at S/L
ratio 2.5. The development of mechanical strength in geopolymers is affected by
the ratio S/L. With the exception of the ratio at 2.5, which substantially dropped at
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FIGURE 8.1 Compressive strength of fly ash geopolymer paste with a solid/liquid ratio
varying from 1.0, 1.5, 2.0, and 2.5.
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5MPa due to the limited workability of the geopolymer paste, the strength findings
rise when the S/L ratio is increased. The optimum S/L ratio was obtained at 2.0.
Thus, this ratio was used to apply coating material to the specimen. The rate of geo-
polymerization is affected by the initial solid content. Increasing the S/L ratio leads
to a larger formation of alkaline aluminosilicate as the reactant species are dissolved
more (Yong Sing et al., 2020).

8.2.2 INFLUENCE OF S/L oF KAOLIN GEOPOLYMER PASTE

Figure 8.2 shows the compression strength of kaolin geopolymers with varying S/L
ratios cured at 70°C for 24 hours. The data from the figure show that the compres-
sive strength of kaolin geopolymers increased linearly with increasing S/L ratios
for samples. The early strength increased with increasing S/L ratios, from 0.7 to 1.1.
The highest compressive strength of 2.45 MPa achieved after 7 days was for a sample
with a kaolin-to-alkaline activator ratio of 1.1, while a sample with an S/L ratio of 0.7
showed the lowest compressive strength of 0.45MPa. It also showed that, over time,
the compressive strength of kaolin geopolymers increased. Samples after 28 days and
90days also showed the highest compressive strengths of 2.65 and 4.44 MPa for an
S/L ratio of 1.1. Regardless of the strength gain of the sample with an S/L ratio of 1.1,
the poor workability and difficulty in compacting made it not possible to be taken
as the optimum formulation. With good workability and a nearly identical strength
improvement of 4.15MPa after 90days, the sample with an S/L ratio of 0.9 was the
next most promising formulation. A highly workable sample with an S/L ratio of 0.7,
however, exhibits a low increase in strength even after 90 days (0.78 MPa).

The activating solution and the reacting materials made better contact when the
S/L ratio was raised, which led to an increase in the observed compressive strength.
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FIGURE 8.2 Compression strength of kaolin geopolymer paste with a solid/liquid ratio
varying from 0.7, 0.8, 0.9, 1.0, and 1.1.
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Strength growth for samples with lower S/L ratios of 0.7 and 0.8 was weak and poor.
Despite having excellent workability, samples with a low kaolin-to-alkaline activa-
tor ratio showed almost no increment due to the high amount of activating solution
that hindered geopolymerization process. An excess amount of alkaline solution is
available, but a lack of kaolin makes the contact between activation solutions and
reacting raw materials limited. The overall compressive strength of kaolin geopoly-
mers showed the highest strength for S/L of 1.1, but its low workability makes it
not suitable as an optimum S/L ratio. Considering the preparation period of kaolin
geopolymers, an S/L ratio of 0.9 is fixed as an optimum as it provides the highest
strength with good workability as well. Therefore, the optimum S/L ratio of 0.9 for
kaolin geopolymer paste synthesis was carried forward as coating materials onto
substrates.

8.3 PREPARATION OF FLY ASH-BASED GEOPOLYMER AT
CERAMIC INDUSTRY SUBSTRATE AND KAOLIN-BASED
GEOPOLYMER COAT FOR LUMBER-GRADE WOOD

Fly ash that has been sieved, an alkaline activator solution with an S/L ratio of
2.0, and a sodium hydroxide to sodium silicate ratio of 2.5 at a natrium hydroxide
molarity of 10M were used. The alkaline solution was added to the powdered fly
ash and stirred for 5 minutes to generate a homogeneous slurry. Fly ash geopoly-
mer slurry paste is a combination used for coating applications. Industrial ceramic
substrate samples of 100 mm X 50 mm were coated with geopolymer ceramic coat-
ing materials using a brushing technique. The coating’s thickness ranged from
0.3 to 0.5mm. Ceramic samples were brush-coated and then allowed to cure for
24 hours at room temperature. Thermally treated substrates must undergo testing
after curing.

For kaolin geopolymer coating, the kaolin was mixed with alkaline activator solu-
tion at the desired ratio, ranging from 0.7 to 1.1. The mixture was then stirred via a
mechanical stirrer at a speed of 20rpm for 5 minutes until a homogenous slurry was
obtained. Upon mixing, kaolin-based geopolymer paste is obtained, and to achieve
an evenly coated layer of kaolin geopolymer coating, a customized, self-invented
sliding panel was used for the coating process. Lumber-grade wood substrates were
placed at the base of the panel. After which, geopolymer paste was slid evenly onto
LG wood, as demonstrated in Figure 8.3. Once it is coated evenly, excess paste from
the edge is wiped off, and the sample is allowed to dry for about 1 hour on the panel
itself. This is to ensure that the coating layer is not disturbed in its gel phase. After
the first hour, using fine-tip forceps, the coated LG wood substrates were carefully
removed from the sliding panel and placed on a tray. Samples are ready for the next
stage which is the curing process.

A curing temperature of 70°C for 24 hours is used.After curing in oven, sam-
ples were removed, allowed to cool to room temperature, and sealed in thin plastic
bags to prevent dust and impurities from entering the environment until the day
of testing.
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FIGURE 8.3 Demonstration of coating process of kaolin geopolymer on LG wood substrate.

8.4 PHYSICAL AND MECHANICAL PROPERTIES
OF GEOPOLYMER COATING

8.4.1 ADHESION STRENGTH ANALYSIS

Figure 8.4 shows the condition of the geopolymer ceramic coating with different
thermal conditions applied. The adhesion strength was evaluated after 3days. The
results reveal that the unsintered geopolymer coating’s adhesive strength remains
constant at 1.2MPa. Up to 1,500°C of sintering temperature, the adhesion strength
grew stronger. The greatest strength was 4.8 MPa for 3 days at 1,500°C. At 1,600°C,
the strength dropped dramatically to 0.3 MPa.

According to the results, the link between matrix and geopolymer and the tem-
perature have an impact on the adhesion strength of coating surface substrates. This
problem happens as a result of the coating material’s poor ability to disperse over the
excessively high sintered substrate surface. The adhesion strength results correlate
with previous research from Klima et al. (2022), who reported that geopolymers
were stable up to 1,300°C, making them perfect candidates to be used for thermal
protection of concrete structures. Such applications may include, but are not limited
to, fire-prone construction buildings, nuclear plants, and other structures subjected
to high-temperature environments. High fire resistance of geopolymer ceramic
enhanced the heat resistance of performance structure.

Figure 8.5 represents the adhesion strength of kaolin geopolymer-coated lumber
wood with various S/L ratios cured at 70°C for 24 hours. These samples were ana-
lyzed and tested after 7, 28, and 90days, respectively. Kaolin geopolymer-coated
lumber wood with an S/L ratio of 1.1 showed the highest bonding strength of
4.5MPa for samples tested after 7 days to study early bonding strength. An almost
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FIGURE 8.5 Adhesive strength of kaolin geopolymers coated lumber wood with varying
solids-to-liquid (S/L) ratios tested after 7, 28, and 90 days.

linear trend is observed (Figure 8.5) in how the S/L ratio influences the adhesive
strength of kaolin geopolymer-coated lumber woods tested after 7 days. However,
as samples were tested over time, kaolin geopolymer-coated lumber wood with an
S/L ratio of 0.9 showed a progressively increasing and ambitious adhesive strength
of 4.56 MPa (28 days) and 5.90 MPa (90days). In contrast to the bonding strength
given upon 7 days of testing, kaolin geopolymers coated lumber wood with an S/L



102 Geopolymers

ratio of 1.1 tested after 90 days provided comparatively the lowest adhesive strength
of 1.50MPa. It is also observed that this sample readily peels upon minor loading
on contact.

A sufficient quantity of water content in the geopolymer coating results in better
binder formation and superior workability, which boost adhesive strength in sam-
ples with an S/L ratio of 0.9. Though sufficient water is required to obtain a crack-
free coating layer, excessive residual water existing in kaolin-based geopolymers
coated lumber wood (S/L) ratios of 0.7-0.8 can weaken its properties.

Kaolin geopolymer-coated lumber wood samples with an S/L ratio of 1.1
showed the worst progressive degradation of adhesive strength over sample age.
Bonding properties of samples drastically dropped due to the excessive amount
of unreacted kaolin particles that disrupted the geopolymer structure over time.
Development of crystalline phase (zeolites) of geopolymer also caused the sample
to become more brittle and porous, which led to extremely poor bonding prop-
erties. These findings are in agreement with previous researcher Nikolov et al.
(2017). Increasing the S/L ratio above 0.9 induces more micro-cracks on the coat-
ing surface, thus leading to crack penetration over time that weakens the adhesive
strength. This is because a high S/L ratio causes a high risk of segregation and
porous surfaces as well (Haleh et al., 2020).

Based on the S/L ratio investigated in our work, it can be asserted that raising the
S/L ratio improves the early development of adhesion strength in geopolymer-coated
wood based on kaolin. The finest bonding capabilities, however, are promised by
kaolin geopolymer-coated timber wood with an S/L ratio of 0.9 when workability,
processing step, and long-term adhesive strength are taken into consideration.

8.4.2 WATER ABSORPTION ANALYSIS

The water absorption test was conducted to investigate the water-resistance prop-
erties of geopolymer ceramic coatings. The testing was conducted after 3 days of
coating, and the results are shown in Figure 8.6. The percentage of water absorption
of 8% was recorded for the unsintered geopolymer coating. The water absorption
test conducted for 24 hours shows a decreasing pattern with the increasing sintering
temperature. The results of water absorption at 1,500°C show the lowest percentage
of 2%. When the sintering temperature reached 1,600°C, the water absorption started
to increase up by to 10%.

The surface condition of coating layer influences the water absorption in geo-
polymer coatings. Overall, when temperature increased up to 1,500°C, the water
absorption reduced as a result of the sintering process, which minimized inter-par-
ticle voids. Lower water absorption also showed greater resistance to concentrations
of water. The increasing water absorption at 1,600°C was attributed to the heteroge-
neous melting of the coating surface, which influenced the crack formation and high
absorption of water in the substrate.

Figure 8.7 displays the water absorption percentage (WA%) of kaolin geopolymers
with varying S/L ratios from 0.7 to 1.1. The water absorption test was conducted to
investigate the water-resistance properties of kaolin geopolymer paste. The immersion
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FIGURE 8.7 Water absorption of kaolin geopolymer paste with varying solids-to-liquid
(S/L) ratios from 0.7 to 1.1.

test was conducted for 24 hours on samples at 7, 28, and 90days of age. The water-
resistance test conducted also showed impressive early results for all samples. The
WA% for all samples was within the range of 5.00%—-6.00%. The lowest WA% of
kaolin geopolymers is 4.98 given by sample with an S/L ratio of 0.9 tested after
90days. On the other hand, the highest WA% value of 5.84 was observed for samples
with an S/L ratio of 1.1 tested after 7 days. Figure 8.7 clearly indicates that the WA% of
kaolin geopolymer with an S/L ratio of 0.9 drops drastically after 90 days as compared
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to other kaolin geopolymers with similar S/L ratios. Kaolin geopolymer with an S/L
ratio of 0.9 consistently exhibited the lowest WA% for all sample ages. When the S/L
ratio of kaolin geopolymer was further increased, WA% also increased regardless of
sample age. When Figure 8.7 is analyzed in regard to sample age, all kaolin geopoly-
mers showed decreasing WA% with increasing sample age.

Lower WA% of kaolin geopolymers with an S/L ratio of 0.9 shows higher resis-
tance to water penetration, which also ensures lesser environmental damages. This
also proves that kaolin geopolymers with an S/L ratio of 0.9 achieved the most com-
plete geopolymerization process and led to a more stable geopolymer structure as
compared to other kaolin geopolymer formulations. WA% decreased linearly with
sample age, supporting the theory that geopolymers have better properties over time.
This showed that kaolin geopolymer formed a more compact structure that mini-
mized the existing pores and established higher densification that disregards further
penetration of water. A similar trend of decreasing WA% over the geopolymer testing
period was found by researcher Castillo et al. (2021). Overall, the water absorption in
each case was not significantly higher, and all samples gave results below 6% water
absorption, which is rather impeccable. This is because, as per the ASTM C90 stan-
dard specifications, kaolin achieved WA% values.

8.5 MICROSTRUCTURE PROPERTIES OF GEOPOLYMER COATING

8.5.1 SCANNING ELECTRON MICROSCOPE ANALYSIS

Microstructure of unsintered is shown in Figure 8.8, and the microstructure of sin-
tering at 1,500°C as the optimum temperature of geopolymer ceramic coating is
displayed in Figure 8.9. The spherical form of the fly ash still existed in the micro-
structure of the unsintered geopolymer ceramic covering, and the surface area

FIGURE 8.8 Microstructure of unsintered geopolymer ceramic coating.



Geopolymers as Coating Material 105

=1=1=) 181m

FIGURE 8.9 Microstructure of sintered geopolymer ceramic coating.

displayed unreacted fly ash. For the sintered geopolymer ceramic coating at 1,500°C,
the coating surface becomes homogeneous with more intervening materials com-
pared to the unsintered coating. The images mostly contained large amounts of react-
ing raw materials in the system. The existence of micro-cracks was clearly seen
along the interface between the geopolymer coating layer.

The spherical shape of fly ash observed in the unsintered geopolymer ceramic
coating was due to unreacted particles between fly ash and alkaline activator. The
microstructure of geopolymer ceramic coating clearly shows a significant change in
structure with the sintering temperature, which simultaneously gives a higher value
of strength. The images of geopolymer ceramic coating obviously showed the fly
ash has been stimulated by the alkaline activator solution with alters at the edges of
the irregular plate-like particles (Fifinatasha et al., 2016). The form of geopolymer
matrix as a compacted structure proved that the geopolymerization reaction occurred
at almost all parts of the fly ash particle.

Figure 8.10 displays the microimages of kaolin geopolymer-coated lumber wood
with an S/L ratio of (a) 0.7, (b) 0.8, (c) 0.9, (d) 1.0, and (e) 1.1 tested after 90 days.
Progressive changes that took place over the sample’s age were observed through
these microimages.

Interfacial layer with the lowest S/L ratio, after 90 days, gave a coating layer that
was rather thin (Figure 8.10a). This is because of the rapid loss of moisture from
the excessive, unreacted alkaline activator solution that was merely existing in the
geopolymer matrix, thus proving that the S/L ratio is a crucial parameter to pro-
duce geopolymer coating with uniform coating thickness and layer. Evaporation of
moisture from the top coating layer also developed surface cracks over time. Crack
propagation toward inner layers over time will deteriorate the bonding properties of
kaolin geopolymer-coated lumber woods. A sample with an S/L ratio of 0.8 showed
a more stable interfacial layer image as compared to a sample with an S/L ratio of 0.7
(Figure 8.10b). Open pores that lead to micro-crack propagation were also observed
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FIGURE 8.10 Micro images of kaolin geopolymer-coated lumber wood with a solids-to-
liquid (S/L) ratio of (a) 0.7, (b) 0.8, (¢) 0.9, (d) 1.0, and (e) 1.1 tested after 90 days.

at the interface area between coating and substrate. Over time, these cracks will
reach the interface of coating and substrate and allow the penetration of moisture or
impurities, which will deteriorate the properties of kaolin geopolymer-coated lum-
ber woods. A sample with an S/L ratio of 0.9 (Figure 8.10c) clearly displayed an
imprinted interfacial layer microimage that showed good adhesion between coating
and subtrate. No open or closed pores were observed in samples tested after 90 days,
which shows stabilty of the geopolymer gel formed in the early stages of this formu-
lation. A sample with an S/L ratio of 1.0 (Figure 8.10d) exhibited fairly high physical
properties due to the high amount of solid content that contributed to the sample bulk
density. However, excessive unreacted particles lead to a poor and incomplete geopo-
lymerization process. Uneven coating thickness is also observed after 90days due to
the formation of whitish efflorescence that is merely physically adhered to the coating
layer. Micro-cracks are also observed on the surface of the sample, which would fur-
ther contribute to the lowering of its bonding properties. The sample with the highest
S/L ratio (Figure 8.10e) was also almost peel-off-ready when tested after 90 days.
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It is clear through its microimages that the bonding properties of the sample with
the unsuitable formulation change rapidly over time, proving the high solid content
is unnecessary in geopolymer coating. With time, this led to formation of efflores-
cence that hindered further geopolymerization processes. Therefore, mechanical and
adhesion strength dropped drastically with sample age. These optical data further
support flexural properties that shows an S/L ratio of 0.9 is more suitable for kaolin
geopolymer-coated lumber woods.

8.5.2 X-RAy DIFFRACTION ANALYSIS

Figure 8.11 presents the phase composition of fly ash geopolymer ceramic coatings at
various temperatures. Before sintering, the phase shows a semi-crystalline phase, as
indicated in the diffraction pattern between 20° and 40° (20). The content of quartz
with the sharp peak indicates 26.721° (20) from the original materials. The inten-
sity for unsintered coating is 566.9 cps. After sintering at 600°C, the XRD pattern
shows a slight decrease in quartz intensity to 497 cps and a peak slightly shifting
from 26.721° (20) for unsintered to 26.621° (20). The XRD pattern for temperature
1,500°C with the highest strength shows a different peak position at 34.81° (20). In
order to quantify peak shifting, the difference in 20 value of the sintering geopoly-
mer ceramic coating was compared with the reference value of the unsintered coat-
ing. The quartz peak was decomposed after heat treatment at 1,500°C.

From the XRD pattern, it can be observed that the sharp peak of quartz in the
geopolymer ceramic coating has distortion. During sintering, two kinds of pro-
cesses occur: decomposition and phase transformations (Gonidanga et al., 2019).
Due to the presence of iron (III) oxide compounds, the semi-crystalline phase’s
formation enhanced the flexural strength of the fly ash geopolymer ceramic coating.
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In the semi-crystalline phase, dislocations of atomic structure increase the mechani-
cal properties of geopolymer ceramic coating.

Figure 8.12 shows the intensity changes of phase in kaolin geopolymers with an
S/L ratio of 0.9 tested after 7, 28, and 90days. As displayed in Figure 8.12, the pres-
ence of kaolinite peaks at 20 values of 13.5°, 24.9°, 35.5°, 62.3°, and 68.3° was still
present in kaolin geopolymers even after 90days of testing. The typical representa-
tion of the amorphous phase of geopolymer was visible through the obvious broad
hump at 20 values in the range of 15°-45°. In addition, zeolites with peaks at 20 val-
ues of 17.2°,31.6°, 34.1°, and 52.3° were observed in all samples upon geopolymeriza-
tion. Other existing peaks, such as anatase, sodalite, and quartz, also decreased by
the day of testing from 7 to 90days, as shown in Figure 8.12. Based on preliminary
studies done earlier, the lowest intensity of remaining kaolinite peaks and a compara-
tively broader hump than other formulations suggested that kaolin geopolymers with
an S/L ratio of 0.9 are the optimum conditions. The findings were in agreement with
the mechanical strength analysis of kaolin geopolymers.

Varying the S/L ratio with a small range of difference does not majorly affect
the phase changes in kaolin geopolymers, as not much difference was seen in the
phase patterns of kaolin geopolymers tested after 7 days. Kaolinite peaks as shown in
Figure 8.12, slightly dropped in terms of their intensity with increasing sample age.
The broad hump features of the X-ray diffractogram also indicate the formation of
aluminosilicate gel. The amorphous phase of kaolin geopolymers also contributes to
their mechanical strength (Matalkah et al., 2020).

Kaolinite peaks, as shown in Figure 8.12, slightly dropped in terms of their inten-
sity with increasing sample age, proving the prolonged geopolymerization process
occurred over time. It is also predicted that this pattern will continue until the sample
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FIGURE 8.12 X-ray diffractogram of kaolin geopolymers with a solids-to-liquid (S/L) ratio
of 0.90 tested after 7, 28, and 90 days.
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age of 180days, based on the findings of Heah et al. (2012). A noticeable reduction
in zeolite peaks from 7 to 90days of testing indicates the change of phase of kaolin
geopolymers in terms of their crystallinity. Zeolite is known to represent a major part
of the crystalline phase of kaolin geopolymers; thus, a decrease in zeolite indicates
an increase in compressive strength over time. This proves that zeolite contributes
to brittleness and increases the porous nature of kaolin geopolymers. Peaks such as
anatase, sodalite, and quartz also decreased with increasing sample age days as a
result of active dilution effect.

8.6 CONCLUSIONS

This research focuses on fly ash and kaolin as geopolymer source materials in coat-
ing applications. The best mix design of fly ash-based geopolymer paste was suc-
cessfully tested on ceramic samples, while kaolin geopolymer paste was tested on
lumber-grade wood substrates. The best design of geopolymer paste is determined
by the ratio of fly ash/kaolin-to-alkaline activator (FA/AA) and the ratio of sodium
silicate to sodium hydroxide (Na,SiO5/NaOH) solution. The best ratio is selected by
testing the compressive strength of the geopolymer paste before applying it to the
substrate sample. The condition of the coating material was tested at the tempera-
ture range of 600°C-1,600°C based on the high-temperature application purpose
for fly ash geopolymer coating. The optimum mix design for fly ash geopolymer
paste is fly ash to alkaline activator (FA/AA) and sodium silicate to sodium hydrox-
ide (Na,Si0,/NaOH) ratio of geopolymer paste was obtained at 2.0 and 2.5 with
a maximum compressive strength of 52 MPa. Kaolin geopolymer coating strength
increased with increasing S/L ratios from 0.7 to 1.1, the highest compressive strength
of 2.45 MPa achieved after 7 days was for a sample with a kaolin-to-alkaline activa-
tor ratio of 1.1, while a sample with an S/L ratio of 0.7 showed the lowest compres-
sive strength of 0.45 MPa.

The potential of geopolymer as a coating material was supported by the fact
that there is abundant industrial waste from power plants that is suitable to be used
as a source of material for geopolymer and has excellent properties as a coating
material.
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9.1 INTRODUCTION

The corrosion problem on the reinforcing bar in the concrete structure is the most
crucial issue nowadays. It will cause surface deterioration on concrete structures and
damage to the embedded steel reinforcing rods. This costs a lot of money to refurbish
these structures. For instance, the average annual cost to rehab and repair these con-
crete structures damaged by corrosion for 15 years in the US is more than $6.3 billion
(Tahershamsi, 2016). To overcome this problem, an environmentally friendly material
called geopolymer is used. Geopolymer produces a three-dimensional aluminosili-
cate gel from inorganic alkali activation synthesis. This material has a few advan-
tages, such as dimensional stability, fire resistance, durability, higher early strength,
and a superior bond to reinforcement and aggregates (Nuruddin et al., 2016).

Nevertheless, less attention was given to corrosion behavior in geopolymer struc-
tural applications. In this research chapter, corrosion behavior at reinforcement bars
embedded in geopolymer paste is studied. In this research study, two corrosion tests
were performed to determine the corrosion performance of the reinforcement bar.
The two corrosion tests conducted are Tafel extrapolation to determine the corro-
sion rate and open circuit potential (OCP) to determine the potential values. Phase
analysis and microstructure analysis were also performed to prove the existence of
the passive layer between the reinforcement bar and geopolymer paste.

9.2 RAW MATERIALS

The raw materials used in this study were fly ash, sodium hydroxide (NaOH) solu-
tion, sodium silicate (Na,SiO;) solution, and reinforcement bar (rebar). NaOH and
Na,SiO; solutions were acting as alkaline activators in this research.
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9.2.1 Fuy AsH

The fly ash used in this experiment is a low-calcium class F fly ash (ASTM C618,
2019) collected from the Sultan Azlan Shah Power Station, Manjung, Lumut, Perak,
Malaysia. This fly ash has been used as a base ingredient in the production of geo-
polymer paste. Class F fly ash has a few advantages; for instance, it could lower
concrete permeability and reduce chemical and sulfate attack, corrosion of reinforce-
ment, and alkali silica reactions. This is due to fly ash class F, which is a high poz-
zolanic material and consists of almost 70% pozzolanic compounds.

9.2.2 Sobium Hyproxipe (NAOH) SoLuTtioN

The NaOH pellets used in this study were supplied by HmbG® Chemicals with a
molar mass of 40.00 g/mol. It also has an absolute density of 2.13 g/cm?, a melting
point of 318.4°C, a boiling point of 1,390°C, and a purity of 97%—98%. It has a liquid
moisture characteristic where the NaOH pellets will easily melt when exposed for a
long time, even in a room temperature environment. NaOH solution was produced
by the process of dissolving NaOH pellets with distilled water. The 12M NaOH
solution was used in this research. According to a study conducted by Kamarudin
et al. (2011), Abdullah et al. (2013, 2021), Scrivener and Favier (2015), and Bakkali
et al. (2016), the 12M NaOH solution is better because it provides a high reading for
compressive strength tests.

9.2.3 Sobium Siicate (NA,S10;) SoLuTioN

Na,SiO; used in this research is collected from South Pacific Chemicals Industries
(SPCI), Malaysia. The chemical composition of Na,SiO; is 9.40% Na,0, 30.10% SiO,,
and 60.50% H,O with a SiO,/Na,O modulus of 3.2, a specific gravity of 1.40 g/cm?
at 20°C, and a viscosity of 0.40 Pa s at 20°C.

9.2.4 REINFORCEMENT BAR (REBAR)

The reinforced concrete is designed based on the principle of reinforcement bars
and concrete acting together across the force, where the concrete is strong in com-
pression but weak in tensile strength. Therefore, reinforcement bars are needed to
accommodate the tensile stresses imposed on them (Satyendra, 2015). The rein-
forcement bar used in this research is mild steel with a 12 mm diameter, as shown
in Figure 9.1.

9.3 DESIGN OF EXPERIMENT

9.3.1 ALKALINE ACTIVATOR PREPARATION

The alkaline activator solution was produced 24 hours earlier for use with a mixture
ratio of Na,SiO;/NaOH of 2.5. This decision was supported by past studies con-
ducted by Castillo et al. (2021) and Kwek et al. (2021), which show that the ratio of
2.5 gives an excellent compressive strength value. Ratio is very important to get a
homogeneous alkaline activator solution.
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d: 12 mm

FIGURE 9.1 12mm diameter reinforcement bar used in this study.

9.3.2 MiXING AND CURING PROCESS

An alkaline activator solution was blended with fly ash, and the mixture was stirred
manually for 30 minutes. Then, the mixture was poured into 50mm x 50mm x 50mm
molds, except for the sample for the Tafel extrapolation test because the sample must
be in liquid form. The mixture was poured in three stages into the mold and compacted
25 times at every stage by the rod. The reinforcement bars were placed in the middle
of the samples. The samples were then left in the mold until they became harder. After
the samples were hardened, the pH of the samples was determined using pH paper.

The samples were taken off the molds after 24 hours and placed in the oven for
curing at 60°C for the next 24 hours. Curing is very important for the process of
synthesis, especially its effect on compressive strength (Wan Mastura et al., 2012;
Abdullah et al., 2014; Tennakoon et al., 2014; Nurruddin et al., 2018). Some previ-
ous studies also show that the best curing conditions were at 60°C for 24 hours, as it
records the highest compressive strength compared to the other temperatures (Zharif
Ahmad Jaafar, 2014; Abdullah et al., 2014).

9.4 CORROSION TESTING

A few corrosion tests were conducted to investigate the corrosion performance of
reinforcement bars ingrained in geopolymer paste. The tests include Tafel extrapola-
tion, OCP, phase analysis, and morphology analysis.

9.4.1 TareL EXTRAPOLATION ANALYSIS

This is one of the most frequent tests to find out the corrosion rate of a reinforce-
ment bar. This test is carried out in conventional electrochemical cells comprising
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metals (exposed area of 1.0cm?), reference electrode (saturated calomel reference
electrode (SCE)) and geopolymer paste solution. Based on Figure 9.2, the graph was
analyzed using the Tafel extrapolation test for geopolymer paste. The corrosion rate
for the sample was 140.1 x 10=3 mpy. The E_,, value is —0.440V SCE, while the I,
value is 0.307 pA/cm? The Pa and Pc values, respectively, recorded —1,600mV SCE
and —1,550mV SCE.

The I,,, value obtained through this study is interpreted according to the Table 9.1
analysis system. This analysis system has two conditions: construction site testing and
laboratory testing. However, this study was conducted on a laboratory- scale, and the
analytical system for laboratory tests was used. This geopolymer result of between
0.2- and 1.0 means that the damage is expected to occur in concrete or geopolymer in
the next 10—15 years.
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FIGURE 9.2 Tafel extrapolation graph for geopolymer paste.

TABLE 9.1
Interpretation of Guidelines for Icorr and Reinforcement
Bar Steel Conditions (Bastidas et al., 2021)

Leorr Referred for Lab Test Scale

(pA/cm?) (Expected Level of Damage)
<0.2 No damage

0.2-1.0 Damage within 10-15 years

1.0-10 Damage within 2—-10years

>10 Damage within a year




Corrosion in Geopolymer Materials: A Case Study 115

9.4.2 OpeN Circuit PoTenTIAL (OCP) ANALYSIS

OCP is a technique that measures the potential value difference between working
and reference electrodes. It is very important to determine the region of potential
value in the Pourbaix diagram, whether it is in the passive, immunity, or corro-
sion regions. Figure 9.3 shows the maximum and minimum potential values for
reinforced bar steel ingrained in geopolymer paste located in the passivity region.
The geopolymer pH value has been examined using pH paper. The pH value for
geopolymer paste in this experiment is 12, which means concrete should be in an
alkaline environment. As reported by Davidovits, he declared that the pH of geo-
polymers shall be in the range of 11.5-12.5, depending on their formulation (Ralli
et al., 2020). From Figure 9.3, the maximum potential value is 0.368 V, while the
minimum potential value is 0.299 V.

9.5 PHASE ANALYSIS

It was conducted to prove the existence of a passive layer between the geopolymer
paste and reinforcement bar. Phase analysis was done using X-ray diffraction (XRD)
equipment. Figure 9.4 shows the XRD spectra of the carbon steel sample used as
reinforcement bar steel in this research, embedded in the geopolymer sample. Based
on the reinforcement bar steel spectrum, the ferric phase, Fe, shows the highest inten-
sity at 20=45". In addition to the 45° angle, the ferric phase also exists at an angle
of 65°. From the reinforcement bar spectrum embedded in the geopolymer sample,
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FIGURE 9.3 The Pourbaix diagram shows the maximum and minimum potential values for
reinforced bar steel embedded in geopolymer paste.
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FIGURE 9.4 XRD pattern for reinforcement bars embedded and not embedded in geopoly-
mer paste (Farhana Zainal et al., 2017).

phase analysis has also been performed to analyze the coating passively formed from
the reaction between steel, oxygen, and geopolymer. Figure 9.4 also shows the iron
oxyhydroxides (FeOOH) found in a reinforcement bar that is embedded in geopoly-
mer paste.

The deoxydylation mechanism under any circumstances, whether in the form of
a solution or dry final product for FeOOH, is hematite (Fe,O5) (Song et al., 2016).
Dehydroxylation means the loss of water molecules in the hydroxyl ion structure
during the heating process. However, the phase analysis shows FeOOH was found
on the reinforcement bar surface. This is because the experimental samples are only
7 days old, while the dehydroxylation process takes a long time to change to the Fe,O,
end product. The higher the intensity of a sample, the better the crystallization. The
intensity change also occurs at an angle of 45°, where the tip of the iron is lower than
the original because a chemical reaction has occurred between the steel and the geo-
polymer. Ferum on the reinforcement bar changes to FEOOH. Therefore, the analysis
shows FeOOH is high while iron is very low in the sample.

9.6 MICROSTRUCTURE ANALYSIS

Microstructure in this research was carried out by using a scanning electron micro-
scope (SEM) to prove the existence of the passive layer between the reinforcement
bar and geopolymer paste. The presence of a passive layer on the reinforcement bar
can also be demonstrated by the SEM micrograph at 700X magnification, as shown
in Figure 9.5. This figure shows a passive layer formed between reinforcement bars,
and geopolymer paste with a thickness of 84.5 pm. The layer will act as a protector
against reinforcement bars from other corrosion agents.
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Passive Layer
FEOOH

FIGURE 9.5 SEM micrographs of passive layers formed on reinforced bar steel embedded
in geopolymer paste at 700X magnification.

9.7 CONCLUSIONS

It can be concluded that geopolymerization is a field that is getting more and more
attention. This is because the geopolymer itself has many advantages, especially
in curbing the occurrence of corrosion on concrete structures, especially in areas
exposed to the seawater environment. The passive layer formed from the reaction
between pozzolonic materials and reinforcing steel bars could protect the reinforcing
steel bars from aggressive agents that can cause corrosion. It is because the reinforce-
ment steel bar in geopolymer concrete was coated with a strong and adherent silicate
membrane. The function of a silicate membrane is to protect the reinforcement bar
from corrosion, although in neutral solutions.
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10.1 INTRODUCTION

There are a few types of soil stabilization that refer to various methods that can
improve the mechanical and physical characteristics of soil for a specific purpose,
including construction or other purposes. This includes the process of modifying
the texture and plasticity of the soil by adding and removing sand, clay, and other
materials. It may also involve compacting the soil to enhance its load resistance.
Alternatively, inorganic binders (such as cement) may be used to make problematic
soil more workable or to achieve better strength and durability. This chapter will dis-
cuss the benefits and drawbacks of soil stabilization, the types of materials that can
be utilized for this purpose, and the application of geopolymer in soil stabilization.

A controlled modification of the texture, structure, and physico-mechanical prop-
erties of the soil is one term of the method named soil stabilization. It is relatively
uncommon for natural soil to be perfectly suitable for construction materials in their
“as raised” condition without any soil assessment modification. In addition to this,
the majority of soil modification involves some type of compaction to form a mate-
rial that is strong and stable. Stabilization techniques can be roughly categorized as
physical, mechanical, and binding methods (Behnood, 2018). Therefore, almost all
construction materials are stabilized in some form; nonetheless, the term “stabiliza-
tion” is generally reserved for the application of inorganic binder additions exclu-
sively. Physical stabilization is the addition or subtraction of different soil fractions to
modify the particle size distribution and plasticity of the soil to improve its physical
properties.
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Mechanical stabilization is the technique of enhancing the soil’s characteristics
by modifying its gradation. This method involves the compaction and densification
of soil through the application of mechanical energy via rollers, rammers, vibration
methods, and often blasting. This process is based on the specific qualities of the soil
material for soil stability. Two or more types of natural soils are combined to produce
a composite material that is superior to the sum of its parts. Mechanical stabilization
is formed by adding or combining soils of two or more gradations to create a material
that meets the specific requirements.

Stabilization can enhance the shear strength of a soil and/or manage its shrink-
swell capabilities, thereby increasing the soil subgrade’s ability to withstand pave-
ments and foundations. Saturated soils have higher plasticity, and it is widely known
that soil strength and bearing capacity are substantially higher in the dry state than
in the saturated condition. The most frequent state that may be observed is one of
partial saturation; nevertheless, the specific amount of water content can vary greatly
depending on the current weather conditions or groundwater level.

Portland cement, non-hydraulic lime, hydrophobic admixtures, and occasionally
bituminous emulsion are the types of soil stabilization that are utilized the most fre-
quently. According to the Australian Earth Building Handbook HB195 (Meek and
Elchalakani, 2021), a non-hydraulic lime should be used to stabilize cohesive soils,
and hydraulics such as Portland cement and bituminous stabilizers should be used
for granular soils. This is one general approach to the process of soil stabilization.
Figure 10.1 is a graph that is used to sum up the criteria for various stabilization pro-
cedures. The plasticity index and the relative amount of cohesive material (percent of
soil mass below 80 mm particle diameter) are indeed crucial aspects. Therefore, this
graph can be used to illustrate the selection criteria.

Aside from lime and cement, there are various other alternatives for soil stabi-
lization, such as fiber reinforcement, polymers, and geopolymers. The following
subsections will discuss these in details for its composition, properties, and binding
mechanisms.
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FIGURE 10.1 Selection criteria for common stabilizers with reference to soil characteristics.
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10.2 ADVANTAGES AND DISADVANTAGES
OF SOIL STABILIZATION

When it comes to construction, new investment projects frequently encounter unde-
sirable soil conditions. It is essential to stabilize the underlying soil so that it can be
incorporated into newly constructed civil engineering structures. New soil improve-
ment methods and geotechnical engineering materials have enabled several methods
for improving weak soil substrates. The improvement of the geotechnical properties
of soils should offer the opportunity for upcoming construction projects to make
effective and economical use of those soils as foundations for their construction
(Brasse and Tracz, 2018).

Stabilized soils can have a higher status in some areas, such as developing coun-
tries, and can be distinguished from “conventional” earth materials. They are fre-
quently used in “modern” structures. The following benefits and drawbacks should
be properly examined before deciding whether to stabilize the soil mixture.

10.2.1 ADVANTAGES

e Significantly improves both the durability and strength of the soil, espe-
cially in areas where the existing soil is weak. According to Ghadir and
Ranjbar (2018), the characteristics of the treated soil have an effect on the
increase in strength over time. Soil pH, natural drainage, degree of weath-
ering, organic carbon content, excessive amounts of exchangeable sodium,
clay mineralogy, silica-sesquioxide ratio, presence of carbonates, extract-
able iron, and silica-alumina ratio are some of these properties.

e Itcanreduce or eliminate the need for expensive surface treatment or rendering.

* Plasticity index has decreased. The change in soil nature (granular nature after
flocculation and agglomeration) is related to the reduction in plasticity, and the
modified soil is as crumbly as silt soil. This is why it has a low surface area
and a low liquid limit due to the plasticity of the lime (Nnochiri et al., 2018).

10.2.2 DISADVANTAGES

¢ The cost of raw materials has risen; the soil is free or low-cost, while cement
is relatively pricey.

e The stabilization materials needed may not be readily available in some
developing countries or may be expensive to transport.

* Mixing and constructing are two operations that might become more com-
plicated depending on the type of stabilizer that is used. This can increase
the probability that difficulties will emerge, which can have consequences
for both the schedule and the budget.

* The use of cement and lime, both of which have the potential to have adverse
effects on the environment, can lead to an increase in the embodied energy
of the wall materials as well as the CO, emissions.

* Lime and cement are both hazardous substances that can cause skin and eye
burns, which is not good for health and safety.
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10.3 CONVENTIONAL SOIL STABILIZATION

10.3.1 LIME STABILIZATION

The oxides and hydroxides of calcium and magnesium are commonly referred to as
lime. Commercial production of high calcium lime involves calcining carbonate rock
minerals in the form of limestone or crushed chalk. It can also be manufactured com-
mercially as dolomitic lime (Ca (OH),+ Mg (OH),), which is composed of calcium
and magnesium oxides that are then pressure hydrated. Calcination of high calcium
carbonate rock minerals occurs above 900°C and atmospheric pressure, forming
highly reactive calcium oxide (CaQO), which can subsequently be hydrated to the
hydroxide form Ca (OH),. This is accomplished by either utilizing steam to create a
dry hydrate or slaking in water to create a wet putty. Figure 10.2 represents the calci-
nation—hydration—carbonation cycle, also known as the “lime cycle.” Hydrated limes
are commonly used for soil stabilization on temporary road surfaces and subbases,
especially when the subsoil contains a high proportion of cohesive fine aggregate or
clay. Civil engineers in the United States developed this road-building technology,
first used by the Romans and other ancient civilizations, in the 1920s.

Utilizing lime can greatly enhance engineering properties. There are two types
of improvement: modification and stabilization. To some extent, lime can be used
to modify practically all fine-grained soils, but the most significant improvement
occurs in clay soils with moderate to high plasticity. The exchange of calcium cat-
ions supplied by the hydrated lime for the typically existing cations adsorbed on
the surface of the clay mineral is the main cause of modification. The clay surface
mineralogy is modified as it reacts with the calcium ions to generate cementitious
products when the hydrated lime reacts with the clay mineral surface in a high pH
environment. As a result, plasticity and swelling are decreased, moisture-holding
capacity is reduced, and stability is improved.
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FIGURE 10.2 The calcination—hydration—carbonation cycle of calcium carbonate.
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FIGURE 10.3 Limestone.

Stabilization occurs when the correct amount of lime is added to reactive soil.
Stabilization differs from modification in that a significant increase in long-term
strength is obtained through a pozzolanic reaction. As the calcium from the lime
reacts with the aluminates and silicates solubilized from the clay mineral surface,
calcium silicate hydrates and calcium aluminates are formed. This reaction can occur
immediately and is critical for some of the effects of the modifications. However, the
complete pozzolanic reaction might last for a very long time, even for several years.
As a result, the addition of lime to certain soils might result in an enhanced high-
strength gain. The key to pozzolanic reactivity and stability is soil, which is reactive
and a great technique for mix design. Stabilization can contribute to very significant
increases in resilient modulus values, improvements in shear strength, an increase in
strength over time, and long-term durability even after decades of use. Figure 10.3
shows the limestone that is commonly used in soil stabilization.

10.3.2 CeMENT AND PozzoLANS

Portland cement was named after the Isle of Portland in Dorset, England, where it was
first produced in the early 19th century. It is used to make concrete, mortar, and grout
for a wide variety of construction projects. The chemical composition and physical
properties of Portland cement can vary depending on the specific type and brand, but
it typically has a high compressive strength and is resistant to water and chemicals.
Portland cement is a type of hydraulic binder that is commonly used in the construc-
tion industry. It is produced by heating a mixture of limestone, clay, and other min-
erals to a high temperature, which triggers chemical reactions that convert the raw
materials into a new substance called clinker. The clinker is then ground into a fine
powder, which is the Portland cement that has been used (Angriawan, 2019). When
Portland cement is mixed with water, it forms a paste that hardens and sets through
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a process called hydration. This process involves chemical reactions between the
cement and the water, which create new compounds that bind the particles together
and form a solid structure. Once the cement has hardened, it retains its strength and
stability even when submerged in water, making it a popular choice for use in con-
struction projects that require strong, durable materials.

The raw ingredients of the cement are calcium carbonate-bearing rock clays and
iron ore (hematite). These materials are pulverized into fine powder and then heated in
arotary kiln at temperatures ranging from 700°C to 1,400°C. The final product, known
as clinker, also contains four primary reactive compounds: tricalcium silicate (C3S),
dicalcium silicate (C2S), tricalcium aluminate (C3A), and tetracalcium aluminoferrite
(C4AF), as shown in Table 10.1. Of these four compounds, C3A is the most reactive
and can cause the cement to set too quickly if not properly controlled. To prevent this,
a small amount of gypsum (CaSO,-2H,0) is added to the clinker before grinding it into
a fine powder. The gypsum reacts with C3A to form insoluble calcium sulfoaluminate,
which slows down the setting time and allows for more workable and consistent cement.

The quantity of each amount of clinker can be determined by the raw materials
that were used and how long they were heated at certain temperatures during the pro-
duction process. The cement that is made can then be used for building construction,
walls, and pavements, among other things.

The composition of the clinker can be used to determine the properties of the
resulting cement. For example, a greater C3S content can raise the setting speed
and percentage of strength gain of the cement, while a low C3A content can result
in sulfate-resistant cement. Similarly, a higher C2S component can produce cement
with a lower heat of hydration, which is important in reducing the risk of thermal
cracking in large concrete structures.

Some of the clay particles coating the coarse aggregates can become detached and
dispersed into the aqueous phase when Portland cement and water are added to the soil.
This can have an impact on the exothermic hydration of cement paste, thereby influenc-
ing the setting time and strength gain of the mixture. The remaining clay particles that
adhere to aggregate surfaces can also affect the interfacial transition zone (ITZ) at the
interface between cement paste and aggregate surfaces. This zone plays an important
role in the mechanical performance of the resulting mixture, as it is the area where
stresses are transferred between the cement paste and the aggregate particles.

The proportional ratio of clay particles that become dispersed within the aqueous
solution and become part of the hardened cement paste microstructure is dependent
on several factors, including the mineralogy and particle size distribution of clays.

TABLE 10.1

Reactive Compound in Clinker

Compound Chemical Equation
Tricalcium silicate 3Ca0-SiO,
Dicalcium silicate 2Ca0-Sio,
Tricalcium aluminate 3Ca0-AL O,

Tetracalciumaluminoferrite 4Ca0-AlL,05-Fe,0,
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FIGURE 10.4 Cement powder.

The presence of certain types of clays, such as kaolinite, can lead to an increase in
the amount of clay dispersed into the aqueous solution and a corresponding increase
in the strength of the resulting mixture. Figure 10.4 presents the cement powder that
is commonly used in mix design for soil stabilization.

10.3.3 BituMmiNous BINDERS

Bitumen is a highly viscous black or dark brown material that is a by-product of oil
refining. It is composed of long-chain complex hydrocarbons, with a typical carbon
content of 82%—88% and a hydrogen content of 8%—11%. The remaining components
are typically made up of small amounts of sulfur, oxygen, and nitrogen. The chemical
composition of bitumen is comprised of four fractional components (Wang et al., 2021):

e Asphaltenes—These are the heaviest and most complex fraction of bitumen,
consisting of high molecular weight hydrocarbons and heteroatoms such as
sulfur, nitrogen, and oxygen. Asphaltenes are responsible for the high vis-
cosity and adhesion properties of bitumen.

* Resins—These are intermediate weight molecules that are composed of
aromatic and aliphatic hydrocarbons. Resins help to provide bitumen with
its elasticity and adhesion properties.

e Aromatics—These are lighter weight molecules that are composed of aro-
matic hydrocarbons. Aromatics contribute to the solvency and fluidity of
bitumen.

e QOils—These are the lightest fraction of bitumen, consisting of low molecu-
lar weight hydrocarbons. Oils provide bitumen with its fluidity and low-
temperature flexibility.

When bitumen is used to stabilize granular materials, the resulting material is called a
bitumen stabilized material (BSM). BSMs exhibit similar behavior to unbound gran-
ular materials, but with much increased cohesive strength and decreased sensitivity
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to moisture. In BSMs, the bitumen disperses only among the finest particles, result-
ing in a bitumen-rich mortar between the coarse particles, while the bigger aggregate
particles are not coated with bitumen. The advantages of bituminous emulsion for
soil stabilization are as follows (Asphalt Academy, 2009):

e Improved strength and stability: Bituminous emulsions serve as a binding
agent and enhance the strength and stability of soil properties. The emulsion
creates a more compact and stable substance by filling the spaces between
the soil particles.

* Reduced moisture sensitivity: The bituminous emulsion reduces the sen-
sitivity of soil materials to moisture by preventing water from penetrating
the soil. This can also avoid damage from freeze-thaw cycles and boost the
overall durability of the materials.

* Reduced dust generation: Bituminous emulsions can be utilized to mini-
mize dust emission from other soil surfaces, such as unpaved roadways. The
amount of loose dust produced is decreased by the emulsion’s ability to bind
the soil particles together.

e Cost-effective: Bituminous emulsion can be a cost-effective way to stabilize
the soil because it can often be used with the local soil and does not require
bringing in any extra materials.

¢ Environmentally friendly: Bituminous emulsion can be used to stabilize soil
in a way that is good for the environment because it can reduce the need for
new materials and help reduce the carbon footprint of construction projects.

The mechanisms involved in the stabilization of soil with a bituminous material are
significantly different from those involved with cement or lime. The primary pur-
pose of bitumen is to add stability to the soil. The unconfined compressive strength
(UCS) test is typically used to evaluate the strength of soils that have been stabilized
with bituminous materials. This test measures the maximum axial stress that can be
applied to a soil sample before it fails under unconfined conditions. The triaxial test,
which measures the shear strength of the soil, is not typically used to evaluate the
strength of bituminously stabilized soils.

10.3.4 SyNTHETIC BINDERS, POLYMERS AND ADHESIVES

These synthetic binders and organic chemicals can improve the properties of soil in a
number of ways. Gypsum can increase the strength of soil and improve its workability.
Tetrasodium pyrophosphate can increase soil density and reduce plasticity. Calcium,
sodium, and potassium salts can improve soil structure and stability. Fatty polyam-
ides, lignin, and casein can increase water resistance and reduce erosion (Huang et al.,
2021). Polymers can provide a range of benefits depending on their specific properties,
such as improving strength, reducing water absorption, and enhancing durability.

Polymers can be mixed with soil as a liquid to fill the pores of the soil and
strengthen its structure. To utilize polymeric stabilization, the following conditions
must be met:
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* Able to properly bond with soil particles while penetrating the soil matrix.

e Able to cure and form a stable structure within the soil matrix.

e Must be able to withstand environmental factors such as temperature
changes, moisture content, and chemical reactions.

*  Must be able to resist mechanical stresses and maintain its structural integ-
rity under load.

e Cost-effective compared to other soil stabilization methods.

* Compatible with the soil type and any other additives used in the stabiliza-
tion process.

10.3.5 FiBER REINFORCEMENT

After the Second World War, there was a greater focus on soil stabilization in order
to support overseas operations based on the rapid hardening of soft soils to facilitate
military traffic. Even though cement and lime remained the most popular stabiliz-
ing agents, research into non-traditional stabilizing techniques, such as fiber rein-
forcing, which can be used alone or in combination with conventional stabilizing
admixtures, was initiated (Dhar and Hussain, 2019). Often at concentrations of up to
1 wt.% of soil, earth reinforcement techniques with fibers are utilized to increase the
shear strength and stability of soils. These composite soil-fiber materials can be used
for retaining walls, embankments, roads, and other construction projects because of
their comparatively high tensile strength.

Typically, soil-fiber reinforcement is accomplished by combining the fibers to cre-
ate a random orientation within the soil structure. This technique has the following
benefits: (i) different materials can be used as soil-fiber reinforcement; (ii) minimal
additional mixing equipment is required; (iii) recycled, waste, and by-product fibers
can be used; (iv) it is compatible with a variety of soil types; and (v) large soil vol-
umes can be treated.

The main drawbacks of this technology are that it can only be used at shallow
depths and that some fibers degrade over time due to biodegradation (Prambauer
et al., 2019). Jute, sisal, bamboo, lumber, cotton, glass, wool, and shredded rubber
fiber are just a few of the various natural and synthetic fiber kinds that can be used
to stabilize soil.

10.4 APPLICATION OF GEOPOLYMER IN SOIL STABILIZATION

On many civil engineering construction sites, highly compressible or soft soils are
encountered, which lack the essential strength to support loads throughout construc-
tion or service life (Sorsa et al., 2020). Geopolymerization is a chemical stabili-
zation process that can be used to improve the strength and stiffness of soft soils.
Geopolymerization involves mixing a source material (such as fly ash, slag, or other
industrial waste) with an alkaline solution (usually a solution of sodium or potassium
hydroxide and sodium or potassium silicate) to create a geopolymer binder. This
binder can then be mixed with the soft soil to create a stabilized mixture. One of the
techniques to stabilize the soil is by geopolymerization process.
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10.4.1 MECHANISM

In the late 1970s, Joseph Davidovits is credited with creating the term “geopoly-
mer” to characterize a type of amorphous, three-dimensional alumina-silicate binder
materials generated by the reaction of aluminosilicate powders and alkaline solu-
tions. These materials are similar to traditional cementitious materials in that they
can harden and bind together other materials, but they differ in their chemical com-
position and the way they are formed (Davidovits, 1991). Geopolymers are produced
through geopolymerization, which is the interaction of aluminosilicate minerals with
an alkaline solution to form a three-dimensional, cross-linked network of mineral-
like molecules. The resulting material has properties that are similar to traditional
cementitious materials, such as high compressive strength, durability, and resistance
to chemical attack, but with the added benefits of being environmentally friendly and
sustainable (Hamzah et al. 2015).

Geopolymerization can be broken down into two main steps that occur sequen-
tially during the reaction. The initial step involves the dissolution of amorphous
alumina-silicate materials in an alkaline solution, such as sodium or potassium
hydroxide or silicate, to form reactive silica and alumina species. This step is often
referred to as the “activation” stage, as it creates the reactive components that will
later form the geopolymer binder. The next step involves the polycondensation of the
reactive species into amorphous or semi-crystalline oligomers, which are intermedi-
ate compounds that are formed as the geopolymerization reaction progresses. These
oligomers then continue to polymerize and harden into the final synthetic alumina-
silicate materials, which form the geopolymer binder (Yuan et al., 2021).

10.4.2 PROCESS AND IMPLEMENTATION

X-ray fluorescence (XRF). This approach is used to identify the elemental composi-
tion of a sample using a non-destructive method. The elemental composition of the
specimen can then be determined by analyzing these X-rays.

X-ray diffraction (XRD). It is a technique for analyzing the crystal structure of a
sample. XRD works by directing a beam of X-rays at the sample and measuring the
pattern of X-ray diffraction that is produced.

Scanning electron microscope (SEM). It operates by scanning a focused beam of
electrons across the surface of the sample and measuring the electrons released by
the sample.

Liquid Limit Test. The liquid limit test is a laboratory procedure that measures the
plasticity of soil. The plasticity of soil is a measure of its ability to deform without
cracking or breaking. The test involves taking a sample of the soil and placing it in a
special cup called a liquid limit device. This number is called the liquid limit, and it
represents the moisture content at which the soil changes from a plastic state to a lig-
uid state. The liquid limit test is important in geotechnical engineering because it can
provide information about the behavior of soils under different loading conditions.
Several organizations have standardized the liquid limit test, including the American
Society for Testing and Materials (ASTM) and the International Society for Soil
Mechanics and Geotechnical Engineering (ISSMGE). These organizations provide
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detailed procedures for conducting the test and interpreting the results, which can be
used to ensure consistency and accuracy in geotechnical testing.

Plastic Limit Test. The plastic limit test is a laboratory procedure for determining
the plastic limit of soil. At the plastic limit, soil transitions from a plastic to a semi-
solid condition. It is an important parameter for soil classification and engineering
design. The plastic limit is an important parameter for soil classification and engi-
neering design. The plastic limit can also be used to calculate the plasticity index,
which is a measure of the range of water contents over which the soil can exist in a
plastic state. Several organizations have standardized the plastic limit test, includ-
ing the American Society for Testing and Materials (ASTM) and the International
Society for Soil Mechanics and Geotechnical Engineering (ISSMGE) (Syed Zuber
et al., 2015).

10.4.3 PROPERTIES AND PERFORMANCE

XRF Properties. The main constituents of clays are shown in Table 10.2. All samples
contain significant amounts of alumina (Al,O,) and silica (SiO,). The major com-
ponents for Clays 1, 2, and 3 are 93.5%, 75.7%, and 84.6% of the total contents,
respectively. The main criteria for the geopolymerization process are materials rich
in Si and Al (Cevik et al., 2018). Chindaprasirt et al. (2007) studied course lignite
with high calcium fly ash used as geopolymer material in geopolymer mortar, where
the total percentage of Al,O; and SiO, was 59.5%, and the result showed an increase
in geopolymer mortar strength. According to research by Elimbi et al. (2011), the
use of varied kaolinite clay amounts increased the strength of geopolymer cement,
with total Al,O; and SiO, ranging from 72% to 85%, respectively. Ismail et al. (2014)
found that the synthesis of geopolymer phases employing blast furnace slag and fly
ash will result in values of 47.48% Al1203 and 87.84% SiO2, respectively.

XRD Observation. Figure 10.5a—c shows the X-ray diffractogram of the soils.
According to Figure 10.5a, the mineralogical component in Soil 1 is kaolinite
(A1,S1,05(OH),). Low quartz (Si0O,) is the mineralogical component in Figure 10.5b
and ¢, which, respectively, represented Soil 2 and Soil 3. These findings support the
elemental composition of clays from earlier. According to research done by Elimbi
et al. (2011), the kaolinite clays used in the production of geopolymer cement were
the basic clays and contained quartz. According to research by Ismail et al. (2014)
on the XRD pattern of unreacted fly ash, quartz was the primary constituent. It
has been demonstrated that quartz can contribute a significant amount of silicon

TABLE 10.2

Major Element Composition of Clay Samples

Major Oxides Al O, SiO, K,O CaO TiO, Fe,O,  Si/Al Ratio
Clay | (wt.%)  37.60 55.90 2.66 - 0.84 2.40 1.50
Clay 2 (wt.%)  21.00 54.70 3.62 4.04 1.40 13.84 2.60

Clay 3 (wt.%) 21.10 63.50 2.31 0.90 1.80 9.50 3.00
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FIGURE 10.5 XRD pattern of analyzed samples: (a) Soil 1; (b) Soil 2; and (c) Soil 3 (Zaliha
et al., 2014).

to the formation of the Si-O-Si bond in the geopolymer, increasing its compressive
strength (Atmaja et al. 2011). One tetrahedral silica sheet and one octahedral alu-
mina sheet, which are joined together by sharing a common layer of oxygen and
hydroxyls,comprise the structure of kaolinite (Heah et al., 2012).

Microstructure Analysis. The micrographs were taken to study the morphologi-
cal properties of the clays. Figure 10.6 shows the SEM micrograph of the analyzed
samples of Soils 1, 2, and 3, which are represented by Figure 10.6a—c. According to
Heah et al. (2012), kaolinite morphological features have a plate-like structure that
allows the geopolymerization process to occur in such a small surface area, resulting
in low reactivity and contributing to the achievement of low compressive strength. A
variety of morphological surfaces displayed by quartz due to weathering in terms of
chemical dissolution and physical forces, with common features of conchoidal frac-
ture, arc shaped, parallel steps, facet, high and low relief grains, authigenic quartz,
rounded and angular form, and solution pits (Wilson, 2020).

Liquid Limit. Alkaline activator was added to the soils with varying solid-to-alka-
line activator (S/L) ratios for the liquid limit test. It was demonstrated that the geopo-
lymerization procedure influenced the liquid limit values. Figure 10.7 illustrates the
liquid limit values of Soil 2. The sample with the highest liquid limit (51.32%) had
a solid-to-alkaline activator (S/L) ratio of 2.0, followed by the control sample with
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48.69%. Other samples with solid-to-alkaline activator (S/L) ratios of 1.0, 3.0, and
4.0 had 47.98%, 45.62%, and 44.54%, respectively.

Figure 10.8 presented the liquid limit values of Soil 3, which followed the same
trend as the graph of Soil 2, with the sample with the highest liquid limit, 61.79%,
having a solid-to-alkaline activator (S/L) ratio of 2.0. The liquid limit of the con-
trol sample was 54.47%, followed by 54.42% for the sample with a solid-to-alkaline
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activator (S/L) ratio of 1.0. The sample with a solid-to-alkaline activator (S/L) ratio
of 3.0 showed 51.16% liquid limit, and the sample with an S/L ratio of 4.0 showed
49.53% (Syed Zuber et al., 2015).

Plastic Limit. As with the liquid limit test, the geopolymerization process revealed
different plastic limit values when alkaline activator was added to soils with a range
of solid-to-alkaline activator (S/L) ratios, as presented in Figure 10.9. The sample with
the lowest plastic limit, 17.21%, had a solid-to-alkaline activator (S/L) ratio of 2.0. The
plastic limit values of the control sample and the sample with an S/L ratio of 1.0 had
a small incremental of 26.25% and 26.92%, respectively. The plastic limit values for
samples with solid-to-alkaline activator (S/L) ratios of 3.0 and 4.0 were also 27.28%
and 28.19%, respectively.
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Figure 10.10 showed the plastic limit values of Soil 3, and the sample with the low-
est plastic limit (17.70%) had a solid-to-alkaline activator (S/L) ratio of 2.0. The graph
clearly followed the same pattern as Soil 2. The control sample indicated a 26.27%
plastic limit value, followed by the sample with an S/L ratio of 1.0, 3.0, and 4.0 with
incremental values of 26.85%, 28.49%, and 29.13%, respectively.

10.5 CONCLUSIONS

This chapter examined the many geopolymer variants that have been applied to soil
stabilization in geotechnical and pavement engineering and focused on the stabi-
lizing processes, engineering qualities, and physico-chemical characteristics of
these geopolymers as well as the geopolymerization-treated various soils physical
and chemical characteristics. As a conclusion, the strength of soil can be increased
by using these materials and techniques in soil stabilization. Overall, the choice of
materials used to stabilize the soil will depend on the specific project requirements,
soil type, and so on.

An inorganic polymer known as a geopolymer is created when an activator
(alkali) and a precursor engage in geopolymerization (Al and Si sources). The activa-
tor and precursor employed, as well as the doses and concentrations and the alumi-
nosilicate structures, all have a significant impact on the efficacy of geopolymers.
Geopolymerization is the method of geopolymer stabilization in which alumina and
silica first dissolve under high pH conditions, then form gel-like complexes, and
finally harden. It is important to carefully evaluate and select the appropriate mate-
rial for soil stabilization to ensure the success of the projects.

The review’s conclusions suggest that alkaline binder formulations should be
improved in order to lessen their negative effects on the economy and environ-
ment. The goal of optimization should be to utilize less NaOH and/or Na,SiO;, or
even to replace them with inexpensive materials or other wastes with little market
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value, particularly in solid form, such as rice husk ash asphalt, copper slag, steel
slag, ground granulated blast-furnace slag (GGBS), fly ash, and so on. NaOH and/
or Na,SiO; manufacturing and transportation both produce considerable amounts of
CO,, which should be reduced as much as possible to slow global warming.

However, there are various difficulties in applying geopolymers for soil stabiliza-
tion. It is challenging to utilize polymers widely and confidently due to the absence
of systematic and independent published research, disorganized labeling of poly-
mers on the market, inadequate criteria for evaluating performances, and inconsis-
tent application rate(s) advised by suppliers. As a result, this study indicates the need
for more research in the areas of developing acceptable methodologies for polymer
assessment, figuring out how soil polymer mixtures work, analyzing in situ qualities,
and addressing durability problems.
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11.1  INTRODUCTION

The huge demand from the construction industry due to the expanded popula-
tion has entailed the need for sustainable building constituents, especially bricks
(Anastasiades et al., 2021). Bricks are extensively used in building and construction
materials worldwide. Bricks are usually used in the structure of buildings as a con-
struction wall, facing paving, perimeter, garden wall and flooring (Sdnchez-Garrido
et al., 2022). Generally, bricks are produced in various types, such as cement brick,
concrete brick and clay brick. These bricks are constructed using different materi-
als, sizes and curing times (Al-Fakih et al., 2019). The global annual production of
bricks is currently about 1,391 billion units, and the demand for bricks is probably
to continue increasing (Sutcu et al., 2015). Conventional bricks were manufactured
from clay with a high temperature of kiln firing (900°C-1,000°C) or from ordinary
Portland cement (OPC) concrete (Wan Ibrahim et al., 2015).

Clay bricks integrate around 2.0 kWh of energy and release about 0.41 kg of car-
bon dioxide (CO,) per brick (Ahmari and Zhang, 2012; Murekar, 2017). The use of
other raw materials apart from clay, such as waste materials, is something that needs
to be emphasized to protect the clay resource and the environment. Concrete bricks
are produced from OPC and aggregates. Production of OPC has led to the release of
a significant amount of carbon dioxide (CO,) and greenhouse gases (GHGs), gener-
ating global warming. With every ton of cement produced, almost a tonne of CO, is
emitted (Naqi & Jang, 2019).

Geopolymer, which seems similar to natural zeolitic materials with an amor-
phous phase, is a capable new formula of inorganic polymer material that could be
another good substitution for OPC in the manufacturing of cement brick. The low-
temperature geopolymeric setting (LTGS) was the first patented geopolymer brick
produced in 1982 in France. Geopolymer bricks need about eight times less energy,
are more affordable and require less equipment in production as compared to clay
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bricks, which are fired at 1,000°C in a kiln (Murmu & Patel, 2018). Geopolymeric
bricks are considered as a new technology for eco-sustainable masonry units because
they possess good mechanical and physical properties and increase the possibilities
of recycling surplus material into valuable products, especially construction material
(Buchwald et al., 2016). As such, for a more sustainable environment, many research-
ers completed their study with other materials to produce bricks using by-product
materials.

11.2 GEOPOLYMER BRICKS

In the construction of bricks and other building materials, an important raw mate-
rial used is mainly composed of cement, aggregates and water. The most popular
binder is Portland cement, which releases a considerable amount of carbon dioxide
during its manufacturing (Aprianti, 2017). Therefore, to reduce the GHG emission
from the manufacturing, there is a need to reduce or avoid traditional cement as pos-
sible. Geopolymer technology is one in which the complete elimination of cement
is achieved without compromising strength and durability (Kamseu et al., 2010;
Valente et al., 2022).

Geopolymer is the chemical reaction between aluminosilicate reactive material
and strong alkaline solutions such as sodium hydroxide solution and sodium sili-
cate solution that yields amorphous aluminosilicate material (Amran et al., 2020).
Geopolymers have been increasing in interest, study and utilization worldwide for
some decades. Further inspiration for discovering this alternative is attributed to bet-
ter fire and acid resistance, high compressive strength and high flexural strength (Li
et al., 2013). Geopolymers are usually produced using either metakaolin or fly ash as
a precursor and have flow structures initiating from the condensation process of tet-
rahedral aluminosilicate units of different Si/Al ratios, such as (Al-O-Si-O-Si—0-)
M+, (AlI-O-Si—O-)M*, (Si—O-Al-0-Si—0-Si—O-)M*, and so on, where M* is an
alkali ion, which generally comes from Na* or K* ion, which balances the charge of
the tetrahedral Al (Tanyildizi, 2021).

The basic principle and simplified structure of the formation of fly ash-based
geopolymer is the breakdown of aluminosilicate in the fly ash and then the poly-
condensation process. The process begins with the reactions between fly ash and
alkaline solution and condensation between the resultant Si** and AI3* classes,
followed by other complex nucleation of monomers, followed by oligomerization
and finally the polymerization process, which leads to a new aluminosilicate-
based polymer with a different amorphous three-dimensional network structure
(Zhuang et al., 2016).

A previous study conducted on bricks made of fly ash, bottom ash and alkali solu-
tion confirmed the feasibility of brick production (Madani et al., 2020). In a study,
bricks of strength ranging from 5 to 60 MPa were successfully prepared by using
Class F fly ash as a raw material, sodium silicate and sodium hydroxide solutions
with a forming pressure of 30 MPa and cured at elevated temperatures (Arioz et al.,
2013). Besides, several studies have introduced low-cost clays (white, grey and red
clay) for the production of geopolymer bricks (Mohsen and Mostafa, 2010). These
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bricks used sodium hydroxide (NaOH) and sodium silicate (Na,SiO;) as alkaline
activators and were activated by calcinations at 700°C for 2 hours. The mixture was
moulded into cylindrical specimens under a moulding pressure of 15 MPa in a steel
mould and cured for 24 hours. From the research, the curing process and alkaline
activator were significant aspects to getting better mechanical properties for geopoly-
mer bricks (Mohsen and Mostafa, 2010).

Mastura et al. (2014) revealed that the utilization of fly ash as a source material
for geopolymer brick production appears to be a reasonable solution that allows for
the conservation of natural resources, reduces further pollution and saves the envi-
ronment. Fly ash-based geopolymer bricks were manufactured by varying the ratio
of fly ash to sand (1:2-1:5, by mass) and using curing time (1-24 hours) and curing
temperature (80°C). The results noted for compressive strength up to 20.3 MPa were
obtained by curing at 70°C for a period of 24 hours at 60days of ageing (Mastura
et al., 2014). For other researchers in kaolin-based geopolymer bricks, the binder
of alkaline activators also includes sodium hydroxide (NaOH) and sodium silicate
(Na,SiO;) because they are easy to handle and inexpensive. The researcher used
three mix designs: ratio of sand/kaolin (6—10), by mass; ratio of kaolin/alkali solu-
tion (0.5-1.5), by mass; and ratio of sodium silicate/sodium hydroxide (0.2-0.4), by
mass (Muhammad Faheem et al., 2013). The results obtained met the requirements
of ASTM C129 (2017) and ASTM C90 (2017).

11.3 IBS BRICKS

The Industrialized Building System (IBS) is a key to futuristic construction. IBS can
be defined as a construction technique in which the components are manufactured in
a controlled environment (or off-site), transported, positioned and assembled into a
structure with minimal additional site work (Norazlin et al., 2021). On-site precast-
ing consists of floor and roof slabs in situ, whereas off-site fabrications of some or
all components of buildings are cast off-site at fabrication yards or factories. With
the transfer of construction operations to factories or fabrication yards, good qual-
ity components have been mass produced and delivered to the construction sites in
economically large loads (Suresh et al., 2012).

The adoption of IBS offers valuable advantages such as the reduction of unskilled
workers, less waste, a smaller volume of site materials, improved site cleanliness,
reduced environmental pollution, better quality control, promotion of site safety
practices and reduced construction time. Structural classification under the IBS
roadmap falls into five main categories: precast concrete (PC) framing/panel and
box systems, formwork systems, steel framing systems, prefabricated timber framing
systems and block-work systems. Among the five structural categories, three sys-
tems are concrete-related because concrete is by far the most preferred material in
Malaysia. PC framing systems, panel systems and box systems that utilize prefabri-
cation technology fit the definition of IBS as compared to formwork systems, which
still involve on-site activities (Nurul Asra et al., 2015).

The use of IBS will overcome the issues of repetitive parts of the building but
difficult, time-consuming and costly labour at the site. At the same time, IBS also
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involves on-site casting using innovative and clean mould technologies such as steel,
aluminium and plastic. The philosophy of shifting from the traditional practice of
laying brick and mortar into mechanized and automated prefabricated works makes
IBS an innovative construction technique and simultaneously forms pressure for the
Malaysian Construction Industry to accomplish the implementation target (Izatul
Laili et al., 2015).

11.4 MIX DESIGN, PROCESSING AND CURING PROCESS

11.4.1 Bottom AsH wiTH RePLACEMENT FLy AsH As GEOPOLYMER BRicks

The materials, which are bottom ash, fly ash and alkali solution (Na,SiO;+NaOH),
were weighed. Alkali solution is added gradually with solid materials (fly ash and
bottom ash). The mixing process is done through a dry pan mixer for producing
geopolymer brick samples. The solid material or geopolymer raw materials need to
be mixed first for 5 minutes before adding an alkaline activator. The mixed materi-
als were then weighed at approximately 2.5kg, poured into the mould and com-
pressed with a pressure of 10 MPa. Curing temperature and curing time were fixed
as selected parameters for all geopolymer brick samples.

The bricks were cured in the oven at 80°C for 24 hours after being removed from
the mould. The geopolymer brick samples were kept at room temperature for 7 days
prior to being tested. To determine the optimum value of mix design for non-loading
application geopolymer bricks, the specimen was compressed, density tested and
water absorption tested after 7 days. In the study on the percentage of fly ash addition
to geopolymer bricks, Na,SiO,;-to-NaOH ratio and solid-to-liquid ratio were fixed at
2.5 and 2.0, respectively. The molarity (M) of NaOH was fixed at 12 M for each sam-
ple. These ratios were used to obtain good workability and strength for geopolymer
bricks. The details of the mix designs are shown in Table 11.1. The mass of NaOH
and Na,SiO, were fixed for all samples.

11.4.2 KaoLIN GEOPOLYMER BRICKS

The mix design of kaolin geopolymer bricks is studied based on the ratio of sand to
kaolin. The analysis is represented in Table 11.2. Sand-to-kaolin ratios were set at

TABLE 11.1
Mix Design for Effect on
Percentage of Fly Ash Addition

Description Mix Design
Ratio of Na,SiO, to NaOH 2.50
Ratio of solid to liquid 2.00
Mass of NaOH (g) 357.14¢g

Mass of Na,SiO; (g) 892.86¢
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8,7, 6, 5 and 4. The NaOH concentration used is 8 M, kaolin to activator is 1.0 and
Na,SiO; to NaOH is 0.3. The kaolin-based geopolymer brick samples were cured in
the oven at 80°C for 24 hours.

11.4.3 POBA GeoproLYMER Bricks/IBS Bricks

The mix design of POBA geopolymer bricks/IBS bricks was discussed in this sec-
tion. To produce 14 M of NaOH, NaOH pellets were diluted in distilled water. The
NaOH solution mixed with sodium silicate fixed the ratios of POBA to alkaline
activator and sodium silicate to NaOH at 1.5 and 2.5, respectively. Then, the ratio
of POBA to sand used was 1:3. Details of the mix design were revealed in Table
11.3. In addition, sand and POBA were mixed in the pan mixer for 3 minutes. The
mixing process continued for 5 minutes after an alkaline activator was added to
the mixer. The mixture was moulded and cured in the oven at 80°C for 24 hours
of ageing.

TABLE 11.2
Details Mix Proportions with Different Sand-to-Kaolin Ratio (Muhammad
Faheem et al., 2016)

Types Kaolin

Molarity of NaOH 8§M

Weight for 1 brick (g) 2,500

No. of bricks 1

Sand-to-kaolin ratio 6.00 5.00 4.00
Mass of sand 2142.86 2083.33 2000.00
Mass kaolin (g) 357.14 416.67 500.00
Kaolin-to-activator ratio 1.00

Mass of activator (g) 357.14 416.67 500.00
Na,SiO;-to-NaOH ratio 0.30

Mass NaOH solution (g) 213.68 240.39 274.73 320.51 384.61
Mass Na,SiO; solution (g) 64.10 72.12 82.42 96.15 115.39

TABLE 11.3
Details Mix Design of Geopolymer/IBS Bricks
(Zarina et al., 2016)

Geopolymer Bricks ~ Geopolymer IBS Bricks

POBA:sand ratio 1:3

POBA (g) 600.00 750.00
Sand (g) 1800.00 2250.00
NaOH (g) 114.20 142.90

Na,Si0; (2) 285.80 357.10
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11.5 MECHANICAL AND PHYSICAL PROPERTIES
OF GEOPOLYMER BRICKS

11.5.1 Bottom AsH wiTH RePLACEMENT FLy AsH As GEOPOLYMER BRicks

In the study of the effect of the use of bottom ash on the percentage of fly ash replace-
ment, the percentage of fly ash should not exceed 50%. The compressive strength,
density and water absorption of these geopolymer bricks are shown in Figures
11.1-11.3. The best strength is observed at 40% fly ash added with 6.98 MPa, while
the lowest strength (1.38 MPa) was recorded at no fly ash added. The compressive
strength increased gradually from 1.38MPa (0%) to 2.56 MPa (10%), 4.92MPa
(20%), 6.42MPa (30%) and 6.98 MPa (40%), respectively.

Generally, increasing the percentage of fly ash would increase the compressive
strength of geopolymer bricks. This is due to the irregular shape and size of the bot-
tom ash particles, and the coarse surface contributed to the high inter-particle friction,
which reduced the workability of the sample when too much bottom ash was added.
Besides, the properties of bottom ash could act as a water tank that keeps the water
and releases it back into the mixture during the mixing process (Morla et al., 2021).

The densities of geopolymer bricks with different percentages of fly ash replace-
ment are shown in Figure 11.2. The graph shows an ascending order in the range
1,289-1,399 kg/m?. The highest density recorded was 40% (1,399kg/m?) of fly ash,
while the lowest density showed 0% fly ash at 1,289 kg/m3. The density of geopoly-
mer bricks generally depends on their compressive strength. The increment in den-
sity happened with the increment in fly ash content. The ability of fly ash to fill up
the voids and increase the tendency of air to become entrapped on the surface and
structure of geopolymer bricks is increased by the coarse size of the bottom ash. In
addition, the pores in the bottom ash were filled with the percentage of fly ash added,
thereby increasing the density and strength of geopolymer bricks.

Compressive Strength (MPa)
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Bottom Ash to Fly Ash (%)

FIGURE 11.1  Compressive strength of replacement fly ash.
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FIGURE 11.3 Water absorption of percentage fly ash addition.

The results of water absorption for the percentage of fly ash replacement geopoly-
mer bricks are imprecise in Figure 11.3. The higher absorption of water is revealed
at 0 additions of fly ash, which is 5.76%, and the lowest at 40% additions of fly
ash (3.16%). The effect of the water absorption can be seen in the reduced com-
pressive strength of this geopolymer brick. The lowest water absorption percentages
are observed at 40% of fly ash, as the best amount of fly ash is presented during
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the geopolymerization process. The samples produced undergo complete geopoly-
merization during the curing period, forming a strong geopolymer paste. Giogetti
Deutou Nemaleu et al. (2021) mentioned that the water absorption mainly depends
on the capillary pore and the artificial pores in the geopolymer brick sample to deter-
mine the compressive strength and density. Besides that, the lower water absorption
shows higher resistance to water penetration and less environmental damage.

11.5.2 KaoLIN GEOPOLYMER BRICKS

The compressive strength results of kaolin-based geopolymer bricks with various
ratios of sand/kaolin are shown in Figure 11.4. The increase in the ratio of sand/
kaolin increased the compressive strength of geopolymer bricks. The lowest strength
was observed at a ratio of sand/kaolin of 4, by mass, and the highest strength was
achieved at a ratio of sand/kaolin of 8, by mass. The strength of kaolin-based geo-
polymer bricks increases because of the presence of calcium in sand, which affects
the hardening process of geopolymerization and enhances the early strength of geo-
polymer materials (Ishwarya et al., 2019).

Figure 11.5 shows the density values of kaolin-based geopolymer bricks with
various ratios of sand/kaolin. The density values are in the range between 1,636 and
2,242kg/m3. The highest density value was presented at the samples with a ratio
of sand/kaolin of 8, by mass, and the lowest (1,636kg/m?) density appeared at the
samples with a ratio of sand/kaolin of 4, by mass. This is because the amount of sand
used increased and improved the density of geopolymer bricks. The lowest density
of geopolymer bricks could be considered as lightweight bricks, according to ASTM
C129 (2017).

The water absorption of kaolin-based geopolymer bricks with different ratios of
sand/kaolin, by mass is presented in Figure 11.6. The lowest water absorption (9.20%)
was illustrated at a sand/kaolin ratio of 8. The highest water absorption (21.65%) was
found in a sample with a sand/kaolin ratio of 4. This result demonstrates that the
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FIGURE 11.4 Compressive strength of kaolin-based geopolymer bricks with different
sand-to-kaolin ratios (Muhammad Faheem et al., 2016).
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FIGURE 11.5 Density of kaolin-based geopolymer bricks with different sand-to-kaolin
ratios (Muhammad Faheem et al., 2016).
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FIGURE 11.6 Percentage of water absorption of kaolin-based geopolymer bricks with dif-
ferent sand-to-kaolin ratios (Muhammad Faheem et al., 2016).

increasing amount of sand caused an increase in the density of geopolymer bricks,
which contributed to the decrease in water absorption value.

11.5.3 POBA GeoproLYMER Bricks/IBS Bricks

The geopolymer bricks could also be produced by using palm oil boiler ash (POBA)
as a source material. The POBA ash is known as a waste material, with a high amount
of silica (SiO,) and CaO. The compressive strength of POBA-based geopolymer
bricks was tested at the ages of the first, third, seventh, 28th and 60th days, as shown
in Figure 11.7. The strength of POBA-based geopolymer bricks shows an increment
with ageing. The highest strength (16.10 MPa) was achieved at the 60th day of ageing,
and the lowest strength (4.20 MPa) was found at the first day of ageing. The strength
results obtained have met the requirements for non-loadbearing bricks according to
ASTM C129. As the ageing days increases, they enhance the formation of an alu-
minosilicate network and improve the strength of POBA-based geopolymer bricks.
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FIGURE 11.7 Compressive strength of POBA-based geopolymer/IBS bricks with different
ageing days (Zarina et al., 2016).

The compressive strength results for the IBS bricks are also depicted in Figure 11.7.
The highest strength of 14.30 MPa was attained at the 60th day of ageing. The com-
pressive strength of IBS bricks met the requirement for non-loadbearing bricks as
stated in ASTM C129 (2017). The strength of IBS bricks increases withincreasing
ageing days. Nevertheless, the strength of IBS bricks and POBA-based geopolymer
bricks has a slight difference due to the presence of grooves and tongues on the sur-
face of IBS bricks (Zarina et al., 2016).

The density of POBA-based geopolymer bricks with different ageing days is shown
in Figure 11.8. The average densities obtained are in the range of 1,615 and 1,742 kg/m?.
The geopolymer bricks could be categorized as medium weight non-loadbearing
bricks according to ASTM C129 (2017) based on their highest density of 1,742 kg/m?.
The highest density acquired is due to the complete geopolymerization process, which
contributed to the denser geopolymer and higher strength. This is because, with
increasing ageing days, the rate of the geopolymerization process increases, resulting
in denser and less porous geopolymer structures (Patel & Shah, 2018). Figure 11.8 also
shows the density of IBS bricks in the range of 1,792—1,894kg/m?. The IBS bricks
could be classified as medium weight bricks according to the ASTM C129 (2017)
standard. The density and compressive strength of geopolymer IBS bricks have a posi-
tive relationship, where higher density bricks have better strength properties.

Figure 11.9 shows the water absorption values for POBA-based geopolymer bricks
with different ageing days. A sample cured at 60 days gives the lowest (6.80%) value
of water absorption, which contributed to the highest compressive strength. The
highest water absorption (12.20%) is detected on the first day of ageing. Curing time
plays an important role in producing the compact structure of geopolymer bricks
because the aluminosilicate monomers are continuously reacted to each other until a
complete reaction is achieved. The samples cured at the 60th day of ageing produced
a denser structure and a value lower than the requirement stated in the standard
specification ASTM C90 (2017).
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FIGURE 11.8 Density of POBA-based geopolymer/IBS bricks with different ageing days
(Zarina et al., 2016).

W Geopolymer Brick 0 Geopolymer IBS Brick

18
16 14.5 13.9
s 14 12.2 —I_ 116 —I— 127
S 12 9.9 {— 103
)
L T W
o 7.3
2 . 6.8
<
T 6
g
(T
2 4
2
0 — _— L | | S
1 3 7 28 60

Days

FIGURE 11.9 Water absorption of geopolymer/IBS bricks with different ageing days
(Zarina et al., 2016).

Figure 11.9 shows the water absorption of IBS geopolymer bricks decreases with
increasing ageing days from the first to 60th days. The lowest percentage of the
sample at the 60th day is due to the better resistance to water permeation and reduced
environmental destruction (Mohsen and Mostafa, 2010). The water absorption of
IBS bricks is in the range of 8.70%—14.50%. The lowest value of water absorption
is achieved due to the complete geopolymerization process, which produces denser
bricks and reduces water absorption.
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11.6 CONCLUSION

In conclusion, geopolymer bricks are a promising alternative to traditional bricks
made from clay or cement. Geopolymer bricks are eco-friendly, as they are made
from industrial waste materials or natural resources and have a lower carbon foot-
print compared to conventional bricks. They also exhibit good mechanical properties,
such as high strength and durability, making them suitable for various construction
applications. The density, water absorption and compressive strength of geopolymer
brick discussed in this chapter meet the requirements for a non-loadbearing concrete
masonry unit according to ASTM C129 (2017).

Geopolymer bricks represent a promising advancement in sustainable construc-
tion practices, and their continued development and adoption have the potential to
significantly reduce the environmental impact of construction. However, further
research, development and market acceptance are needed to overcome existing chal-
lenges and fully realize their potential. With continued advancements in technol-
ogy and increased awareness of environmental concerns, geopolymer bricks could
become a mainstream construction material in the future, contributing to more sus-
tainable and eco-friendly building practices.

Overall, geopolymer bricks are a promising technology with potential benefits
for the environment, the construction industry and society as a whole. Further
research and development in this field will likely contribute to their wider adoption
and integration into mainstream construction practices in the future. As with any
emerging technology, continued research, innovation and market acceptance will
be key to unlocking the full potential of geopolymer bricks as a sustainable build-
ing material.

11.7 FUTURE STUDY

Further studies are required in order to improve, spread and explore the present work
for the development of geopolymer bricks, such as:

a. It is recommended to expand the mix design and mix proportion by using
other types of by-product material in place of sand to observe the physical
properties and strength.

b. Further study on the mechanical properties benefits of the bricks applica-
tion, such as the initial rate of suction, fire resistance, efflorescence and acid
resistance.

c. Investigate the geopolymer bricks under different conditions, both at ele-
vated temperatures and at room temperature.
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