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Preface

The idea of this book originated with a book chapter published in 2014** 
that extensively reviewed the development of geopolymer from fly ash (FA). 
Simultaneously, in a program sponsored and financed by M/S, NALCO 
Company, work was going on in the production of ceramic wall tiles from 
fly ash obtained from thermal power stations. While working on the proj-
ect,  industry management discussed their bottom ash disposal problem, 
which they used to dump in adjoining ponds. Therefore, the authors exam-
ined the composition of bottom ash vis-a-vis pond ash. Since the main 
ingredients are silica and alumina, it was thought to use this material for 
making geopolymer.

Some experiments were performed to determine the feasibility of devel-
oping geopolymer from pond ash (PA). With encouraging experimen-
tal results, the authors submitted a proposal to the Ministry of Mines, 
Government of India. The project was sanctioned and work started in 
full swing, with reports periodically submitted to the Ministry of Mines, 
Government of India.

The authors observed that utilization of waste materials, such as pond 
ash, is a global challenge since it endangers the environment.  Presently, 
R&D is being carried out to utilize these materials for producing val-
ue-added products. In the present investigation, an effort has been made 
to utilize fly ash/pond ash (waste materials from thermal power plants) for 
producing a novel material called geopolymer. Red mud, slags, etc., were 
mixed with fly ash to produce geopolymer with enhanced strength.

Geopolymer (GP) can replace cement, as shown by a few European 
countries, and some permanent structures constructed with GP are now 
appearing in a few advanced countries. Geopolymer and geopolymer con-
crete is thought to be suitable for construction of roads, buildings, etc., and 
will eventually fully or partially replace cement.  Thus, it is no wonder why 
some scientists are trying to develop GP using waste materials.

This book highlights the formation mechanism of GP from pond ash. 
This will perhaps be the first attempt to use pond ash for developing GP. 



xii  Preface

The properties of structures made with GP concrete are found to be com-
parable with those made with cement concrete. Systematic investigations 
have been carried out in order to understand the chemistry or GP forma-
tion with pond ash materials. Performances of these materials above ambi-
ent temperature, as well as under different environments, are evaluated. 
Results indicate the possible replacement of cement with newly invented 
GP prepared from pond ash.

Muktikanta Panigrahi
Ratan Indu Ganguly
Radha Raman Dash

June 2022* 

*Pradeep Kumar Rana, Radha Raman Dash and Ratan Indu Ganguly, “Geopolymer from 
Industrial Wastes” in Advanced Composites for Aerospace, Marine, and Land Applications, 
Tomoko Sano, T.S. Srivatsan, and Michael W Peretti (eds.), TMS (The Minerals, Metals  
& Materials Society), 2014.
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Abstract
In this chapter, the history of construction and the synthesis, spectroscopic char-
acteristics, thermal and mechanical behavior of construction materials, such as 
their compressive strength, and the durability of industrial waste are presented. 
Because of their potential application in construction sectors, the mechanical and 
corrosion properties of the materials are studied in detail. In addition to ancient 
construction materials, different industrial waste, such as fly ash, pond ash, bot-
tom ash, various slags, and geopolymers are also discussed. 

Keywords:  Ancient construction materials, thermal power plant wastes, non-
ferrous and ferrous industry waste geopolymer, physico-mechanical properties, 
geopolymer synthesis, geopolymer properties-mechanical and corrosion 

1.1	 Introduction

The history of construction is connected with many other fields of struc-
tural engineering. An investigation into how builders lived and their 

*Corresponding author: muktikanta2@gmail.com
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activities has been recorded, which allows us to analyze constructed build-
ings and other structures, the tools used to construct them, and different 
uses of building materials. The history of building has evolved over time, 
along with the key principles of durability of the materials used, increas-
ing the height and span of structures, degree of control exercised over the 
interior environment, and finally the energy available for the construction 
process [1, 2].

1.2	 Chronological Development of Construction

1.2.1	 Neolithic Age

The Neolithic Age is also known as the New Stone Age, the time period 
from roughly 9000 BC to 5000 BC. The tools used at that time were made 
from natural materials such as bone, hides, stone, wood, grasses, and ani-
mal fibers. People used tools, such as axes, choppers, adzes, and celts, to cut 
by hand. Also, to scrape, chop such as with a flake tool, pound, pierce, roll, 
pull and leaver. Building materials included bones such as mammoth ribs, 
hides, stone, metal, bark, bamboo, clay, lime plaster, and more. Neolithic 
tools used in the reconstruction of a pithouse-type dwelling made with 
mammoth bones are shown in Figure 1.1. Dwellings at the time, such as 
caves and rock shelters, were very simple, and resembled tents like the Inuit’s 
tupiq and huts sometimes built as pithouses. These constructed structures 
are found in the stone-built Neolithic settlement of Skara Brae in Scotland 
and in Europe’s Neolithic village. In the Neolithic period, mold-made mud 
bricks were first used for the structures found in Jericho [3–5]. 

(a) (b)

Figure 1.1  Reconstruction of a pit-house type of dwelling made with mammoth bones (a) 
and Neolithic tools (b) [1].
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Neolithic architecture ranges from the tent to the megalith, i.e., arrange-
ment of large stones. Temples, tombs, and dwellings were rock-cut archi-
tecture. The most remarkable Neolithic structure, i.e., iconic megalith, in 
Western Europe is Stonehenge. 

1.2.2	 Copper Age and Bronze Age

Copper started being used prior to 5,000 BC, and bronze around 3,100 BC. 
Copper and bronze were used to make tools such as axes and chisels, and 
were also used in the cutting edge tools of the time [1]. Figure 1.2 shows a 
bronze saw developed during this period that was found at the archaeolog-
ical site of Akrotiri that can be seen in the Museum of Prehistoric Thera in 
Santorini, Greece.

In the Bronze Age, the corbelled arch came into use (beehive tombs). 
Prior to the wheel, heavy loads were moved on boats, sledges (a primitive 
sled) or on rollers. 

The Egyptians began building stone temples using the post and lintel 
construction method. The Greeks and Romans used similar techniques [1].

1.2.3	 Iron Age and Steel Age

The Iron Age is a cultural period from about 1200 BC to 50 BC. During 
this period, iron was widely used to make tools and weapons. After 300 BC, 
steel was produced by mixing carbon and iron, ushering in the Steel Age. 

Figure 1.2  A bronze saw from the archaeological site of Akrotiri on display at the 
Museum of Prehistoric Thera in Santorini, Greece.



4  Historical Development of Constructional Materials 

Steel can be hardened and tempered producing a sharp, durable cutting 
edge. A new woodworking tool allowed by the use of steel is the hand-
plane [1].

1.2.4	 Ancient Mesopotamia

Evidence survives of the large-scale buildings built by the ancient 
Mesopotamians. The smaller dwellings only survive in traces of founda-
tions. The major technical achievements of Mesopotamian construction 
are great cities such as Uruk and Ur. Out of these, the Ziggurat of Ur is 
an outstanding building of the period. Another fine construction is the 
ziggurat at Chogha Zanbil in modern Iran. The chief building material 
was the mud-brick prepared by wooden molds with varied size, including 
rectangular and square-sized bricks. By 3500 BC, fired bricks and stone 
were used for preparing pavement. The later Mesopotamians, particularly 
in Babylon and thence Susa, developed glazed brickwork of a high quality 
for decorating the interiors and exteriors of their buildings [6]. 

1.2.5	 Ancient Egypt

The Egyptian pharaohs built huge structures in stone. The arid climate 
has preserved much of their ancient buildings. In ancient Egypt, adobe 
(i.e., sunbaked mud brick) was used for constructing ancillary buildings 
and normal houses. The characteristics of mud-brick, which allows rain 
to drain quickly away, are ideal for the hot, dry climate of Egypt. The 
Ramesseum in Thebes, Egypt (Luxor), is constructed by mud brick. Also, 
extensive storehouses are built with mud-brick. The grandest buildings, 

(a) (b)

Figure 1.3  (a) Great Pyramid of Giza and (b) the Menkaure Pyramid [1].
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such as the pyramids (Figure 1.3) and temples are constructed in stone, 
which are massive masonry blocks.

The Egyptians did their work using relatively primitive techniques. They 
transported massive stones for long distances by rollers, ropes and sledges 
hauled by large numbers of workers. They invented the ramp, lever, lathe, 
oven, ship, paper, irrigation system, window, awning, door, glass, a form of 
plaster of Paris, the bath, lock, shadoof, weaving, a standardized measure-
ment system, geometry, silo, a method of drilling stone, saw, steam power, 
proportional scale drawings, enameling, veneer, plywood, rope truss, and 
more. They also knew how to lift stones to great heights and erect obelisks. 
Most theories center on the use of ramps. Imhotep, who lived circa 2650–
2600 BC, is acknowledged as the first recorded architect and engineer.

1.2.6	 Ancient Greece and Rome

The ancient Greeks tended to build most of their common buildings 
with mud bricks. Some of their most dramatic structures are the Greek 

Figure 1.4  Various masonry techniques of ancient Greece and Rome [1].
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temples [7]. Figure 1.4 shows various masonry techniques used in ancient 
Greece and Rome.

They used many advances in technology, i.e., plumbing, spiral staircase, 
central heating, urban planning, the water wheel, crane, etc. The oldest 
construction drawing is in the Temple of Apollo at Didyma. The spans are 
very simple beam and post structures spanning stone walls. For the longer 
spans, it is not known whether the Greeks or Romans invented the truss. 
Prior to 650 B.C.E., the famous ancient Greek temples were built of wood, 
and after this date, stone was used to build temples [8]. Fired clays were 
used for decorations. Next, fired bricks with lime mortar started being 
employed. Very prominent buildings were roofed in stone tiles that mim-
icked the form of their terracotta counterparts.

Because the process used by later cultures of constructing a limited num-
ber of buildings using thin skins of finished stones over rubble cores was 
a slow, expensive and laborious process, the Greeks used large cut blocks 
joined with metal cramps. Building structures were mostly a simple beam 
and column system without vaults or arches. Also, they constructed some 
groin vaults, arch bridges, and made the Lighthouse of Alexandria with the 
Egyptians (one of the Seven Wonders of the Ancient World), which was 
the first high rise. Their surveying skills enabled them to set out the incred-
ibly exact optical corrections of buildings like the Parthenon [9]. 

The structure of buildings made by the Romans, such as the Pantheon in 
Rome, are very well preserved. The great Roman development in building 
materials is Roman cement, which is a hydraulic lime mortar which would 
harden under water. It is a strong material used for bulk walling. It was 
also the Romans who developed the treadwheel crane shown in Figure 1.5. 
They are used brick or stone to build the outer skins of the wall and also 
filled the cavity with massive amounts of concrete. Later, they used wooden 
shuttering, which was removed for the concrete to cure. A temple is made 
of Roman concrete in the 1st century BC is the Temple of Vesta in Tivoli, 
Italy. The concrete was made from rubble and mortar. It was cheap because 
of the low production cost. They used it to make arches, barrel vaults and 
domes, spans. They also developed systems of hollow pots to make domes 
and sophisticated heating and ventilation systems for their thermal baths. 
The Romans also made bronze roof tiles [10] and during the Iron Age in 
Germany (1st to 3rd century AD) they developed the hand plane shown 
in Figure 1.6.

The Romans used lead as a roof covering material. They also used glass 
in construction; colored glass for mosaics and clear glass for windows [9]. 
The Romans also invented central heating with a hypocaust system that 
circulated the exhaust of a wood or coal fire.
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Most construction was done by slaves or free men. The use of slave labor 
definitely cut costs, which was one of the reasons for the scale of some 
of the structures. The construction of very large structures could only be 
undertaken with vast numbers of workers.

The Romans invented the waterwheel, sawmill, and arch. After 100 CE, 
they also used glass for architectural purposes. Also, they used double 

Figure 1.5  Roman treadwheel crane at Bonn, Germany [1].

Figure 1.6  Roman hand plane developed during the Iron Age in Germany (1st to 3rd 
century AD) [1].
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glazing, which acted as insulated glazing. Moreover, they made roads such 
as corduroy roads and paved roads, sometimes supported on raft or pile 
foundations and bridges. The Romans also developed sophisticated timber 
cranes allowing them to lift considerable weights (up to 100 tonnes) to 
great heights. Trajan’s column in Rome contains some of the largest stones. 
A list of the longest, highest and deepest Roman structures can be found 
in ancient architectural records. Roman building inventiveness extended 
over bridges, aqueducts, and covered amphitheaters. Their sewerage and 
water-supply works were remarkable. However, very little evidence has 
survived concerning the form of their timber roof structures. Possibly, 
the triangulated roof trusses built by Romans did not exceed a span of 30 
meters. 

1.2.7	 Ancient China

China is a cultural hearth area of eastern Asia, and many building methods 
evolved from China. The famous Great Wall of China provides an exam-
ple of their construction methods. Constructed between the 7th and 2nd 
centuries BC, it was built with rammed earth, stones, and wood; and later 
bricks and tiles with lime mortar. They used wooden gates for blocking 
passageways. The oldest archaeological examples of mortise and wood-
working joints, dating back to about 5000 BC, are found in China. The 
Yingzao Fashi is the oldest technical manual on Chinese architecture. Since 
the Chinese followed the state rules for thousands of years, many of the 
ancient buildings built using these methods and materials were still used 
in the 11th century. Chinese temples were usually made with wooden tim-
ber frames on an earth and stone base. The oldest wooden building is the 
Nanchan Temple (Wutai) dating back to 782 AD. Since the temple builders 
regularly reconstructed the wooden temples, some parts are of different 
ages. Generally, traditional Chinese timber frames do not use trusses. The 
Songyue Pagoda is the oldest brick pagoda dating to 523 AD. It was built 
with yellow fired bricks and clay mortar, and has twelve sides and fifteen 
levels of roofs. Built in 595–605 AD, the Anji Bridge is the world’s oldest 
open-spandrel stone segmental arch bridge. It was built with sandstone 
and joined with dovetail, iron joints. Most of the Great Wall restored sec-
tions were built with bricks and cut stone blocks/slabs. If bricks and blocks 
were not available, the builders used local materials such as tamped earth, 
uncut stones, wood, and even reeds. Wood was used for forts as an auxil-
iary material. 

In mountain areas, workers excavated stone to build the Great Wall. 
Using the mountains as footings, the outer layer of the Great Wall was built 
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with stone blocks (and bricks), and filled with uncut stone and anything 
else available.

On the plains, workers rammed compact layers of local soil (sand, loess, 
etc.) into the Great Wall. Jiayuguan’s Great Wall section in west China was 
mainly built with dusty loess soil.

Sand was used as a fill material between reed and willow layers. In desert 
areas, builders made use of reeds and willow. Jade Gate Pass (Yumenguan) 
Great Wall Fort was constructed with 20-cm layers of sand and reed at an 
impressive 9 meters high.

Bricks with lime mortar were mostly used to build the Ming Dynasty 
Great Wall. Workers built brick and cement factories using local materials 
near the wall.

1.2.8	 The Middle Ages

The Middle Ages of Europe is the period that extends from the 5th to 
15th centuries AD that falls between the Western Roman Empire and the 
Renaissance. It is divided into Pre-Romanesque and Romanesque periods.

In the Middle Ages, the Europeans used some Roman techniques to con-
struct the fortifications, castles and cathedrals. These techniques, includ-
ing iron ring-beams, appear to have been used in the Palatine Chapel at 
Aachen in 800 AD, where it is believed builders from the Longobard king-
dom in northern Italy contributed to the work [10]. The 9th century saw a 
revival of stone buildings and the Romanesque style of architecture began 
in the late 11th century. Also of note are the famous stave churches found 
in Scandinavia [11]. In the 13th century, Villard de Honnecourt recorded 
details of buildings of the Gothic era. Some of his drawings have survived, 
including one of the flying buttresses of Rheims Cathedral at Reims, ca. 
AD 1320–1335, shown in Figure 1.7.

Most buildings in Northern Europe were built of timber until about 
1000 AD, whereas adobe remained predominant in Southern Europe. 
Brick continued to be manufactured in Italy from 600–1000 AD. The skill 
of brick-making had largely disappeared along with that for burning tiles. 
Roofs were mainly thatched. Houses were small and gathered around a 
large communal hall. Monasticism spread more sophisticated building 
techniques. The Cistercians may have been responsible for introduc-
ing brick-making technology to different areas—from the Netherlands, 
through Denmark and Northern Germany to Poland—leading to Brick 
Gothic. Brick remained the most popular prestige material in these areas 
throughout the period. Everywhere else, buildings were typically in timber 
or stone. Medieval stone walls were built using cut blocks on the outside of 
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the walls and rubble infill with weak lime mortars. Due to the poor hard-
ening behavior of these mortars, the settlement of the rubble filling was 
cause for concern, and continues to be a major problem. Workers trans-
ported large stones on ox-drawn sledges to construct churches, as depicted 
in a sculpture from the 10th century Korogho church in Georgia shown in 
Figure 1.8.

There were no standard textbooks on building in the Middle Ages. 
Master craftsmen transferred their knowledge through apprenticeships 
and from father to son. Trade secrets were closely guarded, as they were 
the source of a craftsman’s livelihood. Drawings only survive from the later 
period. Parchment was too expensive to be commonly used and paper did 
not appear until the end of the period. Models were used for designing 
structures and could be built to large scales. Details were mostly designed 
at full size on tracing floors, some of which survive. 

Figure 1.7  Villard de Honnecourt’s drawing of the flying buttresses of Reims Cathedral, 
ca. AD 1320–1335 [1].
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At this time, buildings were built by paid workers. Unskilled work was 
done by laborers paid by the day and skilled craftsmen served apprentice-
ships or learned their trade from their parents. It is unclear whether there 
were women members in the guilds that monopolized a particular trade in 
a particular area. A built town was very small and was dominated by the 
homes of a small number of rich nobles or merchants and by cathedrals/
churches.

In the period of 600–1100 AD, Romanesque buildings were entirely 
roofed in timber or had stone barrel vaults covered by timber roofs. The 
Gothic style of architecture developed in the twelfth century had vaults, 
flying buttresses and pointed gothic arches achieved in stone. Thin stone 
vaults and towering buildings were built using the trial-and-error method. 
The pile driver was invented around 1500.

In the Middle Ages, the scale of fortifications and castle building was 
impressive. The outstanding buildings of the period, such as Beauvais 
Cathedral, Chartres Cathedral, King’s College Chapel and Notre Dame, 
Paris, were Gothic cathedrals with thin masonry vaults and walls of glass. 

1.2.9	 The Renaissance

In Italy, the invention of moveable type and the printing press during 
the Renaissance changed the character of building. The rediscovery of 

Figure 1.8  Workers transport a large stone on an ox-drawn sledge for the construction of 
a church. A sculpture from the 10th century Korogho church in Georgia [1].
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Vitruvius had a strong influence. In the Middle Ages, buildings were 
designed by those who built them. The master mason and master carpen-
ters learned their skills by word of mouth and relied on experience, models 
and the rule of thumb, which is to determine the sizes of building ele-
ments. However, Vitruvius describes the education of the perfect architect 
in detail. They must be skilled in all the subjects of arts and sciences dis-
ciplines. Filippo Brunelleschi was the first Renaissance style architect. He 
started life as a goldsmith and educated himself in Roman architecture by 
studying the ruins. He went on to engineer the dome of Santa Maria del 
Fiore in Florence.

In this period, the major breakthroughs were related to the technology 
of conversion. In western Europe, water mills were used to saw timber 
and convert it into planks. Bricks were also used in huge quantities. In 
Italy, brick makers organized into associations. They used kilns mostly 
in rural areas because of the risk of fire and the easy availability of fire-
wood materials. Brick makers were paid by the brick, which gave them an 
incentive to make them too small. As a result, legislation was laid down 
regulating the minimum sizes. Each town kept measures against which 
bricks were to be compared. There was an increasing demand for iron-
work to be used in roof carpentry for straps and tension members. The 
iron was fixed using forelock bolts. Screw-threaded bolts and nuts made 
during this period could, for example, be observed in the clocks of this 
period. However, since making them was labor-intensive, they could not 
be used in big structures. Roofing was usually terracotta roof tiles. The 
Italians followed Roman precedents. In northern Europe, people used 
plain tiles and stone remained the material of choice for prestige build-
ings. A church in Kizhi, Russia, listed as a UNESCO World Heritage Site 
building constructed entirely out of wood using the log building tech-
nique is shown in Figure 1.9.

During the Renaissance, the rebirth of classical culture was reflected by 
architects, drastically transforming building design. Prior to this, architec-
ture was viewed as a technical art that required an artisan. The change in 
architecture and the architect are key to understanding the changes in the 
design process. The Renaissance architect was often an artist, i.e., a painter 
or sculptor, who had to provide detailed drawings to the craftsmen. This 
process involved he ability to make the drawing and the intellectual capac-
ity to invent the design. The architect was only infrequently involved in 
particularly difficult technical problems since the technical part of archi-
tecture was mainly left up to the craftsmen. This changed how buildings 
were designed. Whereas the Medieval craftsmen were inclined to approach 
a problem with a technical solution, the Renaissance architects started with 
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an idea and then searched around for a way of making it work. This led to 
extraordinary progress in engineering.

Labor in the Renaissance was the same as in the Middle Ages. Buildings 
were constructed by paid workers. Unskilled workers were taken on as day 
laborers and paid accordingly. Apprentices studied under the guidance of 
a master artist or parents of apprentices signed a contract with the master 
that set out the terms of the training. Crafts and professions were governed 
by guilds holding a monopoly on a particular trade in a particular area. 
Towns were very small by modern standards and were dominated by the 
homes of a small number of rich nobles or merchants and by cathedrals 
and churches.

The return to classical architecture created problems for the Renaissance 
buildings. Since the builders did not use concrete, comparable vaults and 
domes had to be recreated in brick or stone. The greatest technical feats 
were undoubtedly in these areas. The first major breakthrough was the 
dome of Santa Maria del Fiore, in which Brunelleschi managed to invent 
a way of building a huge dome without formwork by using the weight and 
placement of bricks to keep them in position and the shape of the dome to  

Figure 1.9  Listed as a UNESCO World Heritage Site, this church in Kizhi, Russia, is 
constructed entirely out of wood using the log building technique [1].
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Figure 1.10  The structure of the dome of the Florence cathedral showing the double-skin 
structure [1].

Figure 1.11  Pieter Bruegel the Elder’s Tower of Babel, illustrating construction techniques 
of the 16th century [1].
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keep it standing. The exact way in which the dome was constructed is still 
a subject of debate today. In an attempt to deal with hoop stresses, the  
double-skinned dome is linked by ribs and has a series of wooden and 
stone chains around it at intervals.

Completed in 1446, the size of Brunelleschi’s dome was surpassed by 
that of St Peter’s, which was built using flying scaffolding that is supported 
on the cornices and constructed using two stone shells. The double-skin 
structure of Brunelleschi’s dome of Florence cathedral is shown in Figure 
1.10.

Pieter Bruegel the Elder illustrated the construction techniques of the 
16th century in the painting shown in Figure 1.11.

1.2.10	 The Seventeenth Century

The seventeenth century saw the emergence of modern science. Major 
breakthroughs in building construction towards the end of the century 
engendered the use of experimental science by architects and engineers in 
their buildings. However, in the seventeenth century, architects and engi-
neers still strongly relied on experience, rule of thumb and scale models.

In this period, Iron was progressively used in structures. For exam-
ple, iron rods were used to repair Salisbury Cathedral and strengthen the 
dome of St. Paul’s Cathedral. Most buildings had stone ashlar surfaces cov-
ering rubble cores held together with lime mortar; and experimental use 
of lime with other materials was used to provide a hydraulic mortar. In 
England, France and the Dutch Republic, cut and gauged brickwork was 
used in ornate facades. The triangulated roof truss used by Inigo Jones and 
Christopher Wren was also introduced to England in this period. 

In this period, the construction method remained largely medieval even 
after the discovery of experimental science. Even though flying scaffolds 
were used in St. Paul’s Cathedral, England, and in the dome of St. Peters, 
Rome, the same type of timber scaffolding used for centuries was employed. 
The use of cranes and scaffolding mainly depended on timber. Complex 
systems of pulleys allowed lifting loads large loads, and long ramps were 
used to drag loads up to the upper parts of buildings.

1.2.11	 The Eighteenth Century

In the eighteenth century, architects and engineers became more and 
more professionalized. Increasingly sophisticated experimental science 
and mathematical methods were used in buildings. At the same time, 
the industrial revolution contributed to the size of cites, and the pace 
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and quantity of construction gradually increased. In this period, the 
main breakthroughs were the use of cast iron and wrought iron. Iron 
columns were used in Wren’s designs for the House of Commons and 
several churches in London. These columns also supported the galleries. 
In the second half of the eighteenth century, the cost of iron production 
was reduced, allowing its use in the construction of major pieces of iron 
engineering. 

The Iron Bridge at Coalbrookdale is a particularly good example of 
major iron pieces. Large-scale mill construction needed fire-proof build-
ings; therefore, cast iron was progressively used for columns and beams. 
An early example of wrought-iron used in construction is the roof of the 
Louvre in Paris. 

Even though steel was used in the manufacture of different tools in this 
period, it could not be made in the quantities needed for building; there-
fore, brick production progressively increased. Although bricks were used 
to build many buildings in Europe, they were often coated in lime render 
or patterned to look like stone. Brick production changed little. Bricks were 
molded by hand and fired in kilns, which was no different from the pro-
duction method in previous centuries. Terracotta in the form of Coade 
stone was used as artificial stone in the UK.

1.2.12	 The Nineteenth Century

The manifestation of the industrial revolution took place in the nine-
teenth century in new transportation installations, such as railways, 
canals and macadam roads, which required a large financial invest-
ment. New construction devices, such as steam engines, machine tools, 
explosives and optical surveying, came into being. The technological 
advancements of the steam engine combined with the circular saw and 
machine cut nails led to the use of balloon framing. Due to the pro-
gressive use of these new technologies, traditional timber framing was 
reduced [12]. An example of the construction that took place during 
this time is the Woolworth Building, which is shown under construc-
tion in 1912 in Figure 1.12.

Mass production of steel was feasible in the mid-19th century and was 
used in I-beams and reinforced concrete. Also, glass panes went into mass 
production, and went from being a luxury product to being available to 
everyone. Other improvements of the time included plumbing that pro-
vided common access to drinking water and sewage collection; and appli-
cation of building codes, particularly for fire safety. 
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1.2.13	 The Twentieth Century

In the early 20th century, the elevators and cranes of the second industrial 
revolution made high rise buildings and skyscrapers possible. Heavy equip-
ment and power tools reduced the need for manpower. Additionally, the 
new technologies of prefabrication and computer-aided design emerged. 
Trade unions formed to protect the health and well-being of construction 
workers by enforcing occupational safety. To this end, the use of protective 
equipment, such as hard hats and earmuffs, were essential at most con-
struction sites. In the 20th century, governmental construction projects 
were used as part of macroeconomic stimulation policies. For economy of 
scale, infrastructure was planned for entire suburbs, towns and cities, and 
constructed within the same project. At the end of the 20th century, ecol-
ogy, energy conservation and sustainable development started to become 
more important construction issues. By the end of the twentieth century, 

Figure 1.12  Woolworth Building under construction in 1912 [1].
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steel and concrete construction were themselves becoming the subject of 
historical investigation [13–19].

1.3	 Different Types of Ash Used in Construction 

Ash/ashes  is the solid remnants of fires. Specifically, it refers to all non-
aqueous, non-gaseous residues. After chemical analysis of the mineral and 
metal content of chemical samples, ash is the non-gaseous, non-liquid   
residue after complete combustion. It usually contains an amount of com-
bustible  organic  or other oxidizable residues. There are various types of 
ashes in our environment, as shown in Figure 1.13 and described below.

Wood Ash (WA) [32] Rice Husk Ash (RHA) [33, 34]

Cigar Ash [35] Volcanic Ash [36]

Quarry Dust [37] Coconut Shell Ash (CSA) [38]

Figure 1.13  Different type of solid ashes.
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1.3.1	 Wood Ash

Wood ash is one of the ashes in the ash family. It is the powdery residue 
remaining after the combustion of wood. Gardeners usually use it as a good 
source of potash to ameliorate soil. There have been many reports on the 
chemical composition of wood ash, according to which calcium carbon-
ate (CaCO3) is the chief constituent at temperatures below 750 °C [20]. At 
temperatures above 750 °C, calcium oxide (CaO) is the major constituent 
[21]. Other constituents in wood ash are Fe, Si, Al, Mn, As, Cd, Pb, Cr, Ni, 
and V. 

1.3.2	 Rice Husk Ash

Rice hulls are the hard protective coverings of grains of rice. They are used 
in various applications such as building material,  fertilizer, insulation 
material, or fuel. Rice hulls are part of the chaff of rice. The hull is hard to 
eat or swallow. It is mostly indigestible to humans due to its enriched fiber 
components. The residue after combustion of rice hulls is called rice husk 
ash (RHA). 

The ash is a potential source of reactive amorphous silica. It has a vari-
ety of applications in materials science. Mostly, RHA is used in the pro-
duction of Portland cement [22], which is finer than cement. Silica is the 
basic component of sand. That is why RHA is used with cement for plas-
tering and concreting. It offers compactness in concrete. Also, the ash is a 
very good thermal insulation material. Because of its fineness, it is a very 
good candidate for sealing fine cracks in civil structures. Rice husk ash 
has long been used in ceramic glazes in rice growing regions of China and 
Japan [23]. Because of its 95% silica content, it is an easy way of introduc-
ing the necessary silica into the glaze.

1.3.3	 Cigar Ash

Cigar ash is the ash produced by a cigar as it is smoked. Cigar ash is mixed 
with chalk  to make a  dentifrice  or  tooth powder. Also, it is mixed with 
poppy seed oil to prepare paint in shades of grey. Generally, during smok-
ing, the ash is an unwanted product which is to be disposed of. 

1.3.4	 Volcanic Ash

Volcanic ash consists of fragments of rock, minerals, and volcanic glass, 
created.  It is during volcanic eruptions. These fragments are generally 
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very small, measuring less than 2 mm (0.079  inches) in diameter [24]. 
Volcanic ash is formed during explosive volcanic eruptions when dis-
solved gases in magma expand and escape violently into the atmosphere. 
The force of the gasses shatters the magma and propels it into the atmo-
sphere where it solidifies into fragments of volcanic rock and glass. Ash 
is also produced when magma comes into contact with water, causing 
the shattering of magma. Ash is transported by wind up to thousands of 
kilometers away. 

Due to its wide dispersal, the ash can have a number of negative impacts 
on society, viz. animal and human health, disruption to aviation, disrup-
tion to critical infrastructure (e.g., electric power supply systems, telecom-
munications, water and wastewater networks, transportation), primary 
industries (e.g., agriculture), buildings and structures.

Explosive eruptions arise when magma decompresses. It allows dissolv-
ing volatiles and is resolved into gas bubbles [25]. As more bubbles nucle-
ate, foam is produced. When fragmentation occurs, violently expanding 
bubbles tear the magma apart into fragments, which are ejected into 
the atmosphere where they solidify into ash particles. Fragmentation is a 
very efficient process of ash formation and is capable of generating very 
fine ash even without the addition of water [26].

Volcanic ash is also made through phreatomagmatic eruptions. During 
these eruptions, fragmentation occurs when magma comes into contact 
with bodies of water (such as the sea, lakes and marshes) groundwater, 
snow or ice. As the magma, which is significantly hotter than the boil-
ing point of water, comes into contact with water, an insulating vapor film 
forms [27].  Ultimately, this vapor film will collapse. This leads to direct 
coupling of the cold water and hot magma. This helps to increase the heat 
transfer rate and leads to the rapid expansion of water and fragmentation 
of the magma into small particles. These are subsequently ejected from the 
volcanic vent. 

1.3.5	 Quarry Dust

Quarry dust  is a byproduct of the crushing process. It is a concentrated 
material to use as fine aggregates. In quarrying activities, a rock is crushed 
into various sizes; during the process the dust generated is called quarry 
dust and it is formed as waste. Therefore, the dust becomes a useless mate-
rial. Hence, quarry dust is used for different purposes in the construction 
industry, i.e., as building materials, road development materials, aggre-
gates, bricks, and tiles [28].
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1.3.6	 Coconut Shell Ash

Coconut shell, one of the most natural fillers, is manufactured in differ-
ent countries such as Malaysia, Indonesia, Thailand, and Sri Lanka. Many 
researchers are devoted to its use as a natural filler for composite prepara-
tion. Therefore, coconut shell filler is a potential candidate for the devel-
opment of new composites. This is due to its high strength and modulus 
properties. Because of its high lignin content, it makes composites more 
weather resistant. Hence, it is more suitable for application in construction 
sectors. Coconut shell flour is also widely used to make furnishing mate-
rials, rope, etc. Also, coconut shells absorb less moisture. This is due to its 
low cellulose content [29]. 

Many researchers have put effort into preparing carbon black from dif-
ferent agricultural by-products such as coconut shell, apricot stones, sugar-
cane bagasse, nutshells, forest residues and tobacco stems. Coconut shells 
have little or no economic value and their disposal may cause environmen-
tal problems. Coconut shells can be converted into activated carbon for use 
as an adsorbent for purifying water or industrial and municipal effluents, 
which is an added value to these agricultural commodities. It also helps to 
reduce the cost of waste disposal. Therefore, it affects the cost of existing 
commercial carbons [30, 31].

1.3.7	 Coal Ash and Fly Ash 

As a crucial component of growth and development, energy has become 
the driving force of the modern economy. As can be seen in Figure 1.14, 
fossil fuels are the main energy source. Oil, one of the energy sources, 
makes up 43% of the total energy demand (Figure 1.15). Other sources are 
coal (27%) and natural gas (15%).

Coal is one of the most abundant low-cost fossil fuels found in the 
Earth’s crust. The largest coal deposits are found in China, India and the 
United States. In the last half century, coal has played a key role in the gen-
eration of energy worldwide. 

China is the world’s largest consumer of coal, and is predicted to use 
half the global coal by 2035 (Figure 1.16). India shows the largest growth 
in coal consumption (435 M ton), two-third of which is mostly used in its 
power sector; whereas the United States has become the world’s second 
largest consumer of coal. 

During the last few decades, there was a dramatic increase in coal ash 
production in the world. This was due to the increased amounts of energy 
from coal-thermal power plants. Researchers [7–9] have assembled data 
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on the production and utilization of coal ash in the world. Because of rapid 
industrialization, countries like China and India are showing an increasing 
demand for coal. 

In the Asia Pacific region, fly ash has accounted for a larger share in 
the global market since 2015 (Figure 1.17). This is particularly due to its 
use for constructional purposes brought on by a growing population and 
urbanization. North America, Europe, the Middle East, Africa and the rest 
of the world are also expected to increase fly ash consumption to fulfill the 
amount required in construction sectors.
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Coal combustion generates a large volume of solid wastes globally, 
including fly ash, bottom ash and pond ash. Presently, fly ashes are used 
in different revenue-producing areas such as road construction, decorative 
glasses, fire bricks, agriculture sectors, etc. Figure 1.18 shows global fly ash 
market revenue with areas of application.
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1.3.8	 Fly Ash Generation 

During thermal power production (Figure 1.19), ashes are produced after 
coal combustion (Figure 1.20). Typically, coal is fed into the combustion 
chamber. In the chamber, coal rapidly touches off and generates a warm 
liquid mineral. The produced liquid mineral solidifies to form slag over 
different stages, i.e., evaporation and cooling the pipe gas. Coarse parti-
cles are called cinder or slag. Lighter fine particles are called fly slag. Fly 
fiery debris is displaced by electrostatic precipitators or channel fabric 
baghouses.

Initially, fly ash is released into the atmosphere directly. In recent years, 
pollution control devices are mandated. The pollution control system cap-
tures fly ash before it is released and dumped. Dumped fly ash is a serious 
environmental issue. Huge acres of land have already been used for the 
disposal of fly ash and many more acres will be required to accommodate 
it in the future.

1.3.9	 Nature and Composition of Thermal Power Plant Ashes

Fly ash is the fine powder recovered from the gases of coal-fired plants 
during the production of electricity by electrostatic precipitators. The 
micron-sized elements of silica, alumina and iron are present in greater 
amounts; whereas sodium, potassium, titanium, etc., are present in trace 
amounts. There is a substantial amount of noncombustible impurities pres-
ent in coal in the form of limestone, shale, dolomite, feldspar and quartz. 
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Figure 1.18  Global fly ash market revenue with potential applications [40].
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As the fuel travels through the high-temperature zone in the furnace, the 
volatile matter and carbon are burnt off, whereas the mineral impurities 
are carried off in the form of ash by the flue gas. The ash particles become 
fused in the combustion zone of the furnace; however, upon leaving the 
combustion zone of the furnace, the molten ash is cooled rapidly and solid-
ifies as spherical glassy particles. Some of the fused matter agglomerates 
to form bottom ash, but most of it flies out with the flue gas stream and is 
therefore called fly ash. The fly ash is removed from the flue gas by means 
of a series of mechanical separators followed by electrostatic precipitators 
or bag filters. The ratio of fly ash to bottom ash is 72:28 in wet bottom 
boilers or dry bottom boilers. The chemical composition of fly ash using 
different types of coal is shown in Table 1.1. 

According to ASTM C618, two classes of fly ash are named, viz., Class F 
fly ash and Class C fly ash. The key difference between these classes is the 
amount of calcium, silica, alumina, and iron present in ash. The chemical 
behavior of fly ash depends on which type of coal is burnt (i.e.,  anthra-
cite, bituminous, and lignite) [43]. 

To generate Class F fly ash, anthracite and bituminous coal (harder, 
older) is used. Fly ash (Class F) is pozzolanic in nature. It contains a lower 
percentage of lime (CaO) (i.e., 7%) [44]. 

Because of the pozzolanic nature  of Class F fly ash, glassy silica and 
alumina supports the cementing agent. Quick-lime or hydrated lime is 

Table 1.1  Normal range of chemical composition of fly ash produced from 
different coal types.

S. no. Component Bituminous Subbituminous Lignite

1 SiO2 (%) 20–60 40–60 15–45

2 Al2O3 (%) 5–35 20–30 20–25

3 Fe2O3 (%) 10–40 4–10 4–15

4 CaO (%) 1–12 5–30 15–40

5 MgO (%) 0–5 1–6 3–10

6 SO3 (%) 0–4 0–2 0–10

7 Na2O (%) 0–4 0–2 0–6

8 K2O (%) 0–3 0–4 0–4

9 LOI 0–15 0–3 0–5
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mixed with water to form cementitious compounds. Particularly, addition 
of alkaline activator (i.e., sodium silicate) to Class F fly ash can produce 
geopolymer.

In Class C fly ash generation, lignite or subbituminous coal (younger) is 
used to produce thermal power. It has pozzolanic as well as self-cementing 
properties. If Class C fly ash comes in contact with water, it becomes hard-
ened and stronger over time. In Class C fly ash [44], lime content is more 
than 20%. Because of its self-cementing behavior, Class C fly ash does not 
need an activator. In addition, the percentage of alkali and sulfate is higher 

Optical micrograph of Fly Ash [44] SEM image of Fly Ash [45]

Optical micrograph of Pond Ash [46] SEM image of Pond Ash [46]

Optical micrograph of Bottom Ash [47] SEM image of Bottom Ash [48]

Figure 1.21  Types of thermal power plant ashes (with corresponding SEM images).



28  Historical Development of Constructional Materials 

Table 1.2 Typical composition of fly ash, different types of fly ash (Class F and Class C), and Portland cement.

Components

Class F fly ash Class C fly ash Portland cement

Typical* ASTM C-618 Typical** ASTM C-618 Typical*** ASTM C-150

SiO2 48.0 --- 37.3 --- 20.25 ---

Al2O3 24.3 --- 21.4 --- 4.25 ---

Fe2O3 15.6 --- 5.7 --- 2.59 ---

SiO2+ Al2O3+ Fe2O3 87.9 70.0 (min.%) 64.3 50.0 (min.%) --- ---

CaO (Lime) 3.2 --- 22.4 --- 60.6 ---

MgO --- --- --- --- 2.24 6.0 (max.%)

SO3 0.4 5.0 (max.%) 2.5 5.0 (max.%) --- 3.0 (max.%)

Loss of Ignition (LOI) 3.0 6.2 (max.%) 0.4 6.0 (max.%) 0.55 3.0 (max.%)

Moisture content 0.1 3.0 0.1 3.0 --- ---

Insoluble residue --- --- --- --- --- 0.75

Available alkalis as equivalent 
Na2O

0.8 1.5 1.4 1.5 0.20 ---
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than Class F fly ash. Typical compositions of different types of fly ash (Class 
F and Class C) and Portland cement are indicated in Table 1.2.

Some quantity of fly ash utilization in globally has now picked up. Still, 
there special attention is needed for 100% utilization of ash. 

Bottom ash is another type of ash produced during power generation. It 
is a noncombustible residue obtained from coal combustion. It comprises 
traces of combustibles embedded in forming clinkers and sticking to hot 
side walls of a coal-burning furnace during its operation. However, the 
portion of bottom ash that escapes up the chimney is referred to as fly ash. 
Clinkers  fall into the bottom hopper of a coal-burning furnace and are 
cooled. This ash is also termed as bottom ash.

Clinker lumps are crushed in a water impounded hopper (WIH) system 
and crushed into small sizes by clinker grinders mounted under water, and 
drop into a trough. From there a water ejector pumps them out to an ash 
pond used as a landfill. In another arrangement a continuous link chain 
scrapes out the clinkers from under water and feeds them into a clinker 
grinder outside the bottom ash hopper.

Modern systems adopt a heavy-duty chain conveyor  submerged in a 
water bath (below the furnace). It quenches hot ash as it falls from the 
combustion chamber and removes wet ash continuously by dewatering 
slope before discharging it onto mechanical conveyors or directly to stor-
age silos.

1.3.10	 Pond Ash

Pond ash [46] is another waste product obtained from boilers. It is the wet 
fly ash mixed with bottom ash that is disposed of in large ponds or dykes as 
slurry. In the present scenario, pond ash is being generated at an alarming 
rate. Generated pond ash poses a great threat to the environment. Thus, its 
sustainable management has become a key focus area in materials engi-
neering research. As pond ash is relatively coarse and contains dissolvable 
alkalis, it is washed with water; hence, it has low pozzolanic reactivity. Due 
to its low pozzolanic effect, it is chosen as a partial replacement of cement 
to make concrete.

There is the possibility of using pond ash in different areas. One area is 
for producing burnt clay bricks. During the production of burnt clay brick, 
a green brick is prepared by appropriately mixing clays and pond ash and 
is made by a conventional method (at a brick manufacturing plant). Pond 
ash is also called coal ash [49]. 

Another application involves controlling air pollution and the pozzo-
lanic effect of the ashes. In this application, a pond is used as a landfill to 
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capture the ash [50]. Due to gravity. ashes settle in ponds. This technology 
does not treat dissolved pollutants [51]. Usually, ponds have not been built 
as  lined landfills. Hence, chemicals in the ash can leach into groundwa-
ter or surface waters, accumulating in the biomass of the system [52–54]. 

Ash ponds are generally formed using a ring embankment  to enclose 
the disposal site. Embankments are designed using similar design param-
eters as  embankment dams. The design process is primarily focused on 
handling seepage and ensuring slope stability. Failure of a pond’s earthen 
embankment can cause ash spills on adjacent land and rivers, with seri-
ous environmental damage, as evidenced in the 2008 Kingston Fossil Plant 
coal fly ash slurry spill in Tennessee [55] and the 2014 Dan River coal ash 
spill in North Carolina [56]. 

In fact, pond ash is a mixture of fly ash and bottom ash. Types of ther-
mal power plant ashes (with corresponding SEM images) is shown in 

Table 1.3  Chemical composition of the NALCO ash pond [46].

Raw 
Materials

SiO2 Al2O3 CaO MgO Fe2O3 TiO2 Cr2O3 MnO P2O5 C LOI

Pond Ash 62.8 28.3 0.7 0.58 3.85 1.84 0.04 0.03 0.32 1.15 0.5

Table 1.4  Chemical and physical characteristics of pond ash.

Chemical characteristics [46] Physical characteristics [57]

Parameters
Concentration 

(wt%) Parameters Pond ash

SiO2 59.007

Al2 O3 19.551 Specific gravity @ 27°C 2.0675

Fe2 O3 15.350 Fineness (m2/kg) 73.78

TiO2 3.158 Hydraulic conductivity 
@ 27°C

0.992

K2O 1.271 Dry density, γd (g/cc) 0.848

CaO 1.151 Void ratio 1.435

Mn2O3 0.197
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Figure 1.21. The main difference between pond ash and fly ash is particle 
size. Pond ash is coarser and has less of a pozzolanic effect. 

The process of generating pond ash, such as facility, variation in collec-
tion, disposal and storage methods, temperature of coal burning, and peak 
load demand in thermal stations, etc., depends on the type and source of 
coal used during the production of thermal power. Engineering proper-
ties of pond ash control its use in the area of construction. To evaluate 
engineering performance, the physical, chemical, mineralogical and mor-
phological properties of pond ash play an important role in assessing its 
suitability for applications. The chemical composition of pond ash is pre-
sented in Table 1.3. Also, the chemical and physical characteristics of pond 
ash are indicated in Table 1.4.

1.3.11	 Various Uses of Pulverized Fuel Ash

Pulverized fuel ash is utilized in diverse sectors. Pozzolanic behavior of fly 
ash makes it a resource material for preparing cement and other fly ash-
based products. Also, bottom ash, pond ash and coarse fly ash allow its use 
in construction of embankments, structural fills, reinforced fills, low-lying 
area development, etc., because of its geotechnical properties. The physi-
cochemical properties of pond ash are similar to soil. Pond ash contains P, 
K, Ca, Mg, Cu, Zn, Mo, and Fe, etc., which are essential nutrients for plant 
growth. Therefore, it is used as a soil amender and source of micronutri-
ents in agriculture/soil amendment.

Major application areas of pond fly ash (PFA) or pond ash are as follows: 

1)	 Manufacture of Portland Pozzolana cement and perfor-
mance improver in Ordinary Portland Cement (OPC);

2)	 Partial replacement of OPC in cement concrete;
3)	 High-volume fly ash concrete;
4)	 Roller-compacted concrete used for dam and pavement 

construction;
5)	 Manufacture of ash bricks and other building products;
6)	 Construction of road embankments, structural fills, low- 

lying area development;
7)	 As a soil amender in agriculture and wasteland development.

Particularly, pond ash and residue of an integrated steel plant are mixed 
for manufacture of bricks, making dry lean concrete as base course in four/
six lane highways.
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Pond ash is potentially useable material. The variable characteristics of 
pond ash are obtained from disposal, differences in the unit weight of fly 
ash and bottom ash, ash particle size, setting time and suspension time. 
In addition, the type and source of coal, performance of generating facil-
ity, variation in collection, disposal/storage methods, temperature of coal 
burning, peak load demand in thermal stations and a few other issues con-
trol the properties of pond ash. The engineering properties of pond ash 
control its use as a material in construction. Hence, characterization of 
pond ash in terms of its physical, chemical, mineralogical and morpho-
logical properties plays a very important role in assessing its suitability as 
a material in different fields of construction. Some of the reports available 
on pond ash are mentioned below.

Langton et al. [58] investigated the use of three sources of pond ash 
in flowable slurry along with cement, sand and water. A cement con-
tent of 1% to 12% by weight of fly ash is used in order to develop 0.2 to 
1 MPa compressive strength at 28-days setting. Furthermore, Naik and 
Kraus [59] developed flowable slurry using pond ash, fine crushed sand, 
cement and water. Mixtures are developed with different combinations 
of pond ash and fine crushed sand, i.e., 0% coal ash and 100% fine sand, 
100% coal ash and 0% fine sand. It is found that water requirement of the 
mixes decreased with increased fine crushed sand content. Density of the 
flowable slurry increased as the amount of fine crushed sand increased. 
Langton et al. [60] (1998) developed stetting/shrinkage time of mixture. 
Pond ash set in 26 hours to 30 hours and shrinkage/settlement is only 5% 
after 28 days. 

Pond ash is not uniform in color, size and texture and is recommended 
for common backfill; whereas, fine-grained material that is more homoge-
neous is recommended for both structural backfill and common backfill.

1.3.12	 Importance of Pond Ash Management

There is a rising demand for energy in India, which is required to expand 
the power sector. The power sector requires a huge amount of coal for gen-
erating power. A quantum of the pond ash produced in thermal power 
plants can cause three environmental risks, i.e., air, surface water and 
groundwater pollution. Air pollution is caused by direct emissions of toxic 
gases from the power plants as well as windblown ash dust from ash ponds. 
The airborne dust can settle on surface water or soil and may contaminate 
the water/soil system. The wet system of disposal in most power plants 
discharges particulate of ash directly into the nearby surface water system. 
This has warranted research and development work in both the scientific 
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and industrial communities in order to find innovative uses and safe dis-
posal of pond ash. 

1.4	 Physical Characteristics of Coal Ashes

The specific gravity of coal ash is one of its key physical properties. Such 
analysis is needed before coal ash is used in geotechnical and other appli-
cations [61]. Typically, the specific gravity of coal ash is around 2.0. but 
varies to a large extent from 1.6 to 3.1 depending on a combination of fac-
tors such as gradation, particle shape and chemical composition. It mostly 
consists of glassy cenospheres and some solid spheres. The reason for the 
low specific gravity of coal ash might either be the presence of the large 
number of hollow cenospheres (entrapped air) or variation in its chemical 
composition (particularly iron content). Generally, the specific gravity of 
fly ash is higher than pond ash and bottom ash if collected from the same 
place. When the particles are crushed, they show a higher specific gravity 
compared to the uncrushed portion of the same material [62].

The morphology of coal ash is particle in nature. The form or structure 
of particle morphology is helpful to understand the physical properties 
and leaching behavior of coal ash [63]. 

The surface area of coal ash particles is important for controlling total 
adsorption capacity. The surface area of coal ash particles is inversely 
related to the particle size; the smaller the particle size, the larger the sur-
face area [64]. 

The permeability or hydraulic conductivity (K) is often used to study 
the interchangeable property of coal ash. Coefficient of permeability or 
hydraulic conductivity (K) takes into account the fluid properties. Intrinsic 
permeability (k) only denotes the effectiveness of the porous medium alone 
[65]. Coefficient of permeability and intrinsic permeability are related as 
follows; 

	 K = k × specific weight of fluid/dynamic viscosity of fluid	

Fluid actually flows through void spaces. So, porosity can play a key role 
in controlling the influence of permeability. Porosity value of a sample is 
representative of water bearing capacity. Porosity is generally designated by 
‘n’. It is the ratio between volumes of voids and total volume (multiply by 
100 to express as percent). Evidently, porosity and permeability are affected 
by compaction (density), since compaction reduces the amount of void 
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or space for a given total volume. Normally, the higher porosity samples 
will have higher hydraulic conductivity. Fly ash compacted in a labora-
tory to 95% maximum density can achieve a permeability of 1×10-5 cm/
sec. Higher density results in a lower permeability, since low permeability 
will restrict leachate from migrating away from the site. Similar results are 
found in compacted fly ash, which generally has a low hydraulic conduc-
tivity at 9 cm/day (1×104 cm/sec), whereas uncompacted fly ash can be 
found as 70 cm/day (8.1×104 cm/sec). 

Fly ash is used (to change soil) for plant growth. Hydraulic conductivity 
in soil increased up to 10 to 20% fly ash by volume than decreased as a 
result of fly ash’s pozzolanic reaction, which tends to cement when in con-
tact with water. A small amount of fly ash is needed in acidic soils for this 
purpose. Low hydraulic conductivity is desirable if fly ash is to be reused. 
Even in a disposal situation, low hydraulic conductivity would discourage 
water from seeping through and forming leachate. A higher hydraulic con-
ductivity layer surrounding the fly ash lowers the resistance.

•	 Density is also affected by compaction. In a bituminous coal-
based fly ash, 95% maximum density (1.3 g/cm3) is achieved 
[61]. In a disposed of state, 85% maximum density (1.1 g/
cm3) is achieved. Since fly ash generally has a low bulk den-
sity, when added to soil it reduces the bulk density of soil. 

•	 Grain size distribution [66] indicates whether coal ash is well 
graded, poorly graded, fine or coarse, etc., which helps to 
classify coal ashes. Coal ash is predominantly silt-sized with 
some sand-sized fraction. Leonards and Bailey [67] have 
reported the range of gradation of fly ash and bottom ashes, 
also known as silty sands or sandy silts. An extensive investi-
gation was carried out on Indian coal ashes. Fly ash particles 
consist of a silt-size fraction with some clay-size fraction. 
Both fly ash and pond ash particles consist of a silt-size 
fraction with some sand-size fraction, whereas bottom ash 
is coarser particles and consists of a sand-size fraction with 
some silt-size fraction. Based on grain-size distribution, coal 
ash is classified as sandy silt to silty sand. It is poorly graded 
with coefficient of curvature ranging between 0.61 and 3.70; 
and coefficient of uniformity in the range of 1.59–14.0. 

•	 Free swell index [68] in soil engineering serves as a tool 
to identify swelling soils. Free swell test was proposed by 
Holtz and Gibbs to estimate swell potential. Sridharan and 
K. Prakash [69] modified the definition of free swell index, 
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with interesting results; 70% of coal ash shows negative free 
swell index due to flocculation. This is because the clay-size 
fraction in coal ash is much less and the free swell index is 
negligible.

•	 Index properties [61] are extensively used in geotechnical 
engineering practice. Liquid limit is one of the main phys-
ical properties and is used to correlate the engineering 
properties. Percussion cup and fall cone methods are pop-
ular to determine the liquid limit of fine-grained soils. The 
percussion cup method is not suitable for studying fly ash 
due to the non-plastic nature of fly ash. The cone penetra-
tion method mainly used to study fly ash is not suitable to 
determine index properties. Since it is very difficult to get a 
smooth level surface, a new method is used to determine the 
liquid limit, which is called the “equilibrium water content 
under Ko stress method.” It has been found to be an effec-
tive method for determining liquid limit of coal ashes. The 
method is simple, reasonably error free, less time-consuming 
and has good reproducibility (except for Class C fly ashes). 
Using this method, liquid limit water content results of coal 
ashes are found to be 26–51% (for fly ashes), 22–64% (for 
pond ashes), and 45–104% (for bottom ashes). Liquid limit 
values showed by coal ashes and are due to their fabric and 
carbon content. The tested coal ashes are non-plastic, and 
hence plastic limit could not be determined. 

Also, it is not possible to carry out shrinkage limit tests. 
During drying, ash pats are crumbled. So, amount of shrink-
age is much less and shrinkage limit will be quite high. 
Hence, shrinkage will not be a constraint. 

•	 Specific surfaces [61] of coal ash are primarily silt/sand-sized 
particles and their specific surface is expected to be very low. 
Therefore, surface area measurements need to be obtained 
for completeness and use in certain cases. Surface area mea-
surements are done using two methods, i.e., Desiccator 
method and Blaine air-permeability method.

•	 Chemical properties of coal ashes significantly influence 
their environmental impacts. Therefore, the need has arisen 
to investigate the engineering properties of coal ash in rela-
tion to its use and disposal. Its adverse impacts include con-
tamination of surface and subsurface water with toxic heavy 
metals present in coal ashes, loss of soil fertility around the 
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plant sites, etc. Hence, studies on chemical composition, 
morphology, pH, total soluble solids, etc., are essential [61]. 

•	 Chemical composition suggests possible applications of 
coal ash. All the Indian coal ashes need to satisfy chemical 
requirements before their use [61]. 

•	 Mineralogical phases are primarily identified by X-ray dif-
fraction studies. Coal ashes predominantly contain quartz 
and feldspar minerals [70] and show crystalline as well as 
amorphous phases. Fly ash has a particularly amorphous 
ferro-aluminosilicate mineral composition. Amorphous 
iron aluminum oxides and manganese oxides present on fly 
ash surface act as a sink. Trace element is available for leach-
ing. Degree of solubility of these oxide sinks determines the 
elements released into the aqueous medium. 

The pH [71] of the aqueous medium affects solubil-
ity of these oxides, i.e., physicochemical characteristics. 
Furthermore, mobilization of trace elements in aqueous 
medium is regulated by solubility of hydroxide and carbon-
ate salts. It also depends on the pH of aqueous media. Fly 
ash has higher pH value compared to pond ash and bottom 
ash. This is due to the presence of higher amounts of free 
lime and alkaline oxides. Since all types of coal ash are nearly 
alkaline it is used in reinforced cement concrete to protect 
against corrosion. 

•	 Solubility of solids greatly influences engineering proper-
ties. Also, solubility of nutrient elements such as calcium, 
magnesium, iron, sulfur, phosphorus, potassium and man-
ganese affects crop yield to a great extent. Solubility of solids 
is found to be 400–17600 ppm for fly ash, 800–3600 ppm for 
pond ash, and 1400–4100 ppm for bottom ash. 

•	 Strength of fly ash improves with time due to pozzolanic 
reactions [72]. Reactive silica and free lime contents are nec-
essary for pozzolanic reactions to take place. Lime reactiv-
ity is a property which depends on the proportion of silica 
reactive in coal ash. The pozzolanic effect is higher in fly ash 
but not bottom ash and pond ash. The higher percentage of 
free lime in coal ash plays an important role in the reactivity. 

•	 Compaction behavior [73] of coal ash is an important param-
eter to control the strength, compressibility and permeabil-
ity properties. Densification of ash improves the engineering 
properties. Compaction of material greatly affects the energy 
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application, grain size distribution, plasticity characteristics 
and moisture content. Variation of dry density with mois-
ture content of fly ash is less than that of well-graded soil, 
which could be explained by the presence of higher air 
void in fly ash. Normally, soils have air voids. Dry density 
of soils ranges from 1–5%, whereas dry density of fly ash 
ranges from 5–15%. Since higher void content tends to limit 
buildup of pore pressures during compaction, fly ash should 
be compacted over a larger range of water content.

•	 Strength behavior [74] is also an important engineering prop-
erty. Compressive strength of fine ash is higher than that of 
coarser ash-based materials. Also, most of the shear strength 
of coal ash is due to internal friction. Effects of additives, 
such as gypsum and lime on ash-based materials, have been 
shown to increase strength. In some cases, addition of gyp-
sum on ash-based specimens has no effects on the strength 
characteristics. 

•	 Permeability [75] is an important parameter in the design of 
liners. It contains leachate migration, dykes (to predict the 
loss of water and stability of slopes) and sub-base material. 
Coefficient of permeability of ash depends on grain size, 
degree of compaction and pozzolanic activity. Permeability 
is found to be 8×10–6 cm/s to 1.87×10–4 cm/s (for fly ash), 
5×10–5 cm/s to 9.62×10–4 cm/s (for pond ash), and 9.9×10–5 
cm/s to 7×10–4 cm/s (for bottom ash). 

•	 Leaching behavior means water passes through a porous 
media. In other ways, each constituent present in the matrix 
dissolves into pore water at some finite rate because there 
is no such thing as a completely insoluble material [76]. 
Permeation of contaminated pore water of porous matrix 
due to any driving force is called “leaching.” Any contami-
nated water generated that passes through a porous matrix 
is called “leachate.” The capacity of waste material to leach 
is called its “leachability.” Depending on sources of coals 
used in thermal power plants, fly ash may contain different 
toxic elements. Leaching of these toxic elements from ash 
to pond(s) is of considerable importance because it may 
cause serious environmental problems. Due to several fac-
tors, such as quality of coal, sources of water, pH, time, tem-
perature, etc., the release of these contaminants and their 
subsequent influence affect groundwater quality. Leachate 
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characteristics are highly variable, and even within a given 
landfill site, leachate quality varies over time and space [76]. 

1.5	 Coal Ash Utilization

Coal ash uses include (in approximate decreasing order of importance) 
[77]:

•	 Concrete  production, as a substitute material for Portland 
cement and sand

•	 Embankments  and other structural fills (usually for road 
construction)

•	 Grout and flowable fill production
•	 Waste stabilization and solidification
•	 Cement clinkers  production (as a substitute material for 

clay)
•	 Mine reclamation
•	 Stabilization of soft soils
•	 Road sub-base construction
•	 As aggregate substitute material (e.g., for brick production)
•	 Mineral filler in asphaltic concrete
•	 Agricultural uses in soil amendment, fertilizer, cattle feeders, 

soil stabilization in stock feed yards, and agricultural stakes
•	 Loose application on rivers to melt ice
•	 Loose application on roads and parking lots for ice control

Other applications include cosmetics, toothpaste, kitchen countertops, 
floor and ceiling tiles, bowling balls, flotation devices, stucco, utensils, tool 
handles, picture frames, auto bodies and boat hulls, cellular concrete, geo-
polymers, roofing tiles, roofing granules, decking, fireplace mantles, cinder 
block, PVC pipe, structural insulated panels, house siding and trim, run-
ning tracks, blasting grit, recycled plastic lumber, utility poles and cross 
arms, railway sleepers, highway sound barriers, marine pilings, doors, win-
dow frames, scaffolding, sign posts, crypts, columns, railroad ties, vinyl 
flooring, paving stones, shower stalls, garage doors, park benches, land-
scape timbers, planters, pallet blocks, molding, mail boxes, artificial reef, 
binding agent, paints and under coatings, metal castings, and filler in wood 
and plastic products. 
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More recently, fly ash has been used as a component in geopolymers, 
where the reactivity of the fly ash glasses generates a binder. It possibly 
reduces CO2 emissions. 

1.6	 Slag

Slag is a glass-like by-product left over after separation of a desired metal 
from its ore. Slag is usually a mixture of metal oxides and also can contain 
metal sulfides and elemental metals. Slag is usually used to remove waste in 
metal smelting, and can also assist in controlling smelting temperature and 
minimizing any reoxidation of the final liquid metal product. Slag is used 
to make solid metal. In some smelting processes, such as ilmenite smelting, 
titanium dioxide is produced. The slag is a more valuable product than the 
metal [78]. 

In nature, metals like iron, copper, lead and nickel are found in impure 
states, called ores. During smelting, ore is exposed to high temperatures, 
and impurities are separated from the molten metal. Slag is the collection 
of compounds that are removed as by-product. In the smelting processes, 
oxides are introduced to control the slag chemistry. In many smelting pro-
cesses, oxides are introduced to control the slag chemistry, assisting in the 
removal of impurities and protecting the furnace refractory lining from 
excessive wear. In this case, the slag is called synthetic. In steelmaking, slag, 
quick lime and magnesite are introduced for refractory protection. In neu-
tralizing the alumina and silica, it is separated from the metal and helps to 
remove sulfur and phosphorus from the steel.

In ferrous  and  non-ferrous  smelting processes, slags are produced. 
Smelting of copper, lead and bauxite (non-ferrous process) removes iron 
and silica and separates them as iron-silicate-based slags. Slag from steel 
mills (in ferrous smelting) is designed to minimize iron loss and mainly 
contains oxides of calcium, silicon, magnesium, and aluminum. The quartz 
component of the original ore automatically goes through the smelting 
process as silicon dioxide.

As the slag is channeled out of the furnace, water is poured over it. 
This rapid cooling occurs at 2,600 °F (1,430 °C). It causes several chem-
ical reactions to take place within the slag. It gives material which 
has cementitious properties.

Water carries slag in its slurry form to a large agitation tank. It is then 
pumped along a piping system into a number of gravel-based filter beds. 
Such filter beds then retain slag granules. Water drains away from it and is 
returned to the system.



40  Historical Development of Constructional Materials 

1.6.1	 Generation of Slag 

In India, the steel industry produces about 24 million tonnes of blast fur-
nace (BF) slag and 12 million tonnes of steel slag annually. It is believed that 
generated BF slag may reach around 45–0 million tons by 2030, whereas 
basic oxygen furnace (BOF) slag is predicted to be around 15–20 million 
tons per year by the same time. Compared to the present level of around 
5 million tons per year, generation of electric arc furnace (EAF) slag and 
iron slag also will increase to more than 10 million tons per year by 2030. 
In the past few years, steel slag has been utilized in very low amounts. In 
particular, sintering has resulted in the accumulation of large quantities of 
steel slags in every plant. It is estimated that more than 30–40 million tons 
of steel slag may be lying around in various steel plants. Slag is required 
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Figure 1.22  Typical slag generation and utilization [79].
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in the cement industry, for making roads, and in the agricultural sector. 
Typical slag generation and its utilization across the globe are shown in 
Figure 1.22 [79].

In addition to slag, dust and sludge is also generated in various processes. 
Slag amount varies from place to place and depends on the adoption of 
technology. Average generation of slag, sludge and dust from various pro-
cesses is shown in Figure 1.23. Most steel industries are taking steps to con-
trol the generation of slag; and even though significant progress has been 
made, the majority of units are yet to achieve benchmark performance. 

•	 Blast Furnace Slag (BFS) [85] is produced during the mak-
ing of iron in a blast furnace. When it is removed from the 
blast furnace, this slag is molten and is at a temperature of 

Optical photo of air-cooled slag [80]. Optical photo of granulatedslag [80].

Optical photo of steelmaking slag [81]. Optical photo of electric furnace slag [82].

Optical photo of converter slag [83]. Optical photo of steelmaking slag [84].

Figure 1.23  Optical photo images of various types of slag.
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approximately 1500 °C. Blast furnace slag can be cooled in 
different ways to form any of several types of BF slag prod-
ucts, as follows:

–– In Air-Cooled BF Slag (ACBFS) [86], molten BFS is 
allowed to flow from blast furnace to open air pits located 
beside the furnaces, where the material is quenched with 
water applied by sprays to facilitate cooling. Alternatively, 
molten slag is dumped in an open yard where it is allowed 
to cool naturally. Once sufficiently cooled, it results in a 
crystalline, rock-like air-cooled slag and is termed rock 
slag. The ACBFS is dug and transported to a nearby crush-
ing and screening (aggregate) plant, where it is processed 
into aggregates. However, open air cooling requires large 
areas of land. On the other hand, land availability is get-
ting scarcer day by day and the pollution control board 
has also been impressing upon the steel sector to avoid 
dumping of slag in open land. 

–– Physical properties of ACBFS [85] are similar to other 
natural rock and is used as coarse and fine aggregate. 
Hence, it is used as substitute of natural aggregates in all 
types of road constructions. Granulated ground BF slag 
is also used as substitute to natural sand for use in civil 
works. In addition, BF slag is also used in embankment, 
land fill, etc.

•	 In Granulated Blast Furnace Slag (GBS or GBFS) [87], molten 
slag (modern blast furnaces) is directly converted into fine 
granules in BF shop complex. Granulated BFS (GBFS) can 
be used for manufacture of slag cement. Ground granulated 
blast furnace slag (GGBFS) or fine aggregates are employed 
for making concrete. 

•	 In Linz-Donawitz (LD) or Steel Slag [88], basic oxygen steel-
making (BOF) slag is also called Linz-Donawitz slag. It is 
cooled in a cooling yard through air cooling and water sprin-
kling (moderate). However, this work requires a significant 
amount of time to do the cooling. To cool hot slag down 
to a workable temperature demands the allocation of a spa-
cious land/yard. It is also discouraged by company/industry 
authorities. For their operational safety, a number of more 
efficient cooling processes have been required. 
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Table 1.5 Iron and steel slag compositions [94].

Type of 
components

Blast furnace 
slag (BFS)

Converter slag 
(CS)

Electric arc furnace slag

Andesite (for 
reference) Ordinary cement

Oxidizing 
slag

Reducing 
slag

CaO 41.7 45.8 22.8 55.1 5.8 64.2

SiO2 33.8 11.0 12.1 18.8 59.6 22.0

T-Fe 0.4 17.4 29.5 0.3 3.1 3.0

MgO 7.4 6.5 4.8 7.3 2.8 1.5

Al2O3 13.4 1.9 6.8 16.5 17.3 5.5

S 0.8 0.06 0.2 0.4 --- 2.0

P2O5 <0.1 1.7 0.3 0.1 --- ---

MnO 0.3 5.3 7.9 1.0 0.2 ---
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•	 Iron and Steel Slag [89, 90] is generated as a by-product 
during the manufacturing of iron and steel. The slag can 
be categorized into blast furnace slag and steelmaking slag. 
Originally, slag was produced by metal manufacturing 
processes. However, it now originates from molten waste 
material when trash. Other substances are disposed of at an 
incinerator facility. Iron and steel slag compositions are pre-
sented in Table 1.5.

•	 In Converter Slag [91, 92], the slag is cooled slowly by natural 
cooling by spraying water in a cooling yard. It is then pro-
cessed and used in different iron and steel slag applications. 
Approximately 110 kg of slag is produced during the pro-
duction of one ton of converter steel.

•	 Electric Arc Furnace Slag [93] is generated when iron scrap is 
melted and refined. It consists of oxidizing slag which is gen-
erated during oxidation refining. Reducing slag is produced 
during reduction refining. Approximately 70 kg of electric 
arc furnace oxidizing slag and 40 kg of reducing slag are gen-
erated for one ton of electric arc furnace steel.

1.6.2	 Slag Properties and Utilization 

Composition of steel slag varies with furnace type, steel grades and pre-
treatment method. However, the main constituents remain SiO2, CaO, 
Fe2O3, FeO, Al2O3, MgO, MnO and P2O5 [94]. In steel slag, the most import-
ant mineral phases are dicalcium silicate (Ca2SiO4), tricalcium silicate 
(Ca3SiO4), RO phase (CaO-FeO-MnO-MgO solid solution), tetra-calcium 
aluminoferrite (Ca4AF), olivine (fayalite (Fe2SiO4); few have kirschsteinite 
(CaFeSiO4) compositions, merwinite and free lime [95]. 

Granulated blast furnace slag is extensively used in manufacture of slag 
cement (up to 70% addition is permitted as per IS-455). Granulated blast 
furnace slag is a latent hydraulic material and is glassy in character. Its glass 
content varies from 90–95%. Blast furnace slag is fully utilized in cement. 
Other applications of steel slags are road construction, sand, insulation 
wool, and agriculture. LD/BOF slag is used in road projects and iron-
making via recycling. Steelmaking slag is used for steel slag as aggregate 
in civil construction. Steel slag is also traditionally used in road construc-
tion, in rail ballast, as soil stabilizer (silica and phosphorous supplement), 
as performance improver in cement making, and as raw material in clin-
ker manufacture replacing lime stones. Steel slag is being explored widely 
across the globe, mainly for supplementing soil nutrients as well as soil 



Historical Development of Construction Materials   45

remediation of acidic soil. Steel LD slag can also be used in fertilizers for 
agricultural applications. 

1.7	 Geopolymers

The term “geopolymer” was coined by the French scientist Joseph 
Davidovits in 1978 [96]. Geopolymers are alumino-silicate or inorganic 
polymers with an amorphous microstructure. They are prepared in an alka-
line environment. In an extensive study, Davidovits developed the chemis-
try of geopolymer science. The properties of geopolymers were established 
in 1979 as new generation material. The term poly(sialate) is the chemical 
designation of geopolymers, i.e., silico-aluminates [97]. Sialate is an abbre-
viation for alkali silicon-oxoaluminate in which the alkali is sodium-po-
tassium-lithium-calcium [97]. Polysialates are chain and ring polymers 
with Si4+ and Al3+ in IV-fold coordination with oxygen. Polysialate has the 
empirical formula: Mn (-(SiO2)z–AlO2)n . wH2O.

Amorphous to semicrystalline three-dimensional silico-aluminate 
structures are known as geopolymers [98]. Furthermore, the chemical 
composition of geopolymer is similar to zeolite [99]. 

Usually, geopolymers harden via polymerization, but not in the hydra-
tion process (as OPC-based binders). Most researchers were uncertain of 
the reaction mechanism and kinetics governing the geopolymerization 
process. However, back in the 1950s, Glukhovsky [100] proposed an alkali 
activation mechanism for geopolymer materials with silica and reactive 
alumina as the primary components. 

In the model, the geopolymerization process is divided into three phases:

•	 Destruction–coagulation
•	 Coagulation–condensation
•	 Condensation–crystallization

A simplified reaction mechanism of geopolymerization has been pro-
posed [101–103]. This conceptual model is shown in Figure 1.24. Different 
steps lead to the polymerization and hardening of the aggregates to con-
crete. The geopolymerization process requires the chemical reaction of 
alumino-silicate oxides (Si2O5, Al2O3) with alkali. Polysilicate leads to 
polymeric Si-O-Al bonds. There are further examples of polycondensation 
by alkali into polysialate-siloxo [101–103]. Nonetheless, the most popu-
lar conceptual model proposed for setting and hardening of geopolymer 
materials consists of the following phases [102, 103]: 
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•	 Dissolution of Si and Al atoms from source material by the 
action of hydroxide ions.

•	 Condensation of precursor ions into monomers.
•	 Polycondensation/polymerization of monomers into poly-

meric structures.

Water is removed during the geopolymerization reaction that occurs 
in the formation of geopolymers. This water is expelled from geopolymer 
matrixes during curing and further drying periods, which leaves behind 
discontinuous nanopores in the matrix and benefits the performance of 
geopolymers. Water in a geopolymer mixture plays no role in the chemical 
reaction and merely provides workability to the mixture during handling. 

1.7.1	 Constituents of Geopolymers

Ordinary Portland cements (OPC) are consistently used as one of the 
building raw materials worldwide. Annually, global cement production is 
2.8 million tons. It is believed that the production rate is increasing by 4 
million tons annually [105, 106]. Available reports indicate that there may 
be a need for more production of OPC. Therefore, the production rate will 
sharply rise to 5.5 gigatons per year [105, 107], which will cause major 
environmental pollution [105–108]. It is reported that 0.54 tons of CO2 per 
ton (from cement production industry) and 0.46 tons of CO2 (from other 
sources) are liberated. Therefore, cement production alone can contribute 
approximately 7% CO2 to our environment [105, 108–112]. 

Problems brought on by global warming and the greenhouse gas effect 
have led to several investigations into developing novel constructional 
binders other than the cement, which will reduce CO2 emissions [113]. 

(Si2O5.Al2O2)n + nSiO2 + nH2O NaOH, KOH
n(OH)3-Si-O-Al-O-Si-(OH)3

NaOH, KOH

(OH)2

(OH)2

–Si–O–Al–O–Si–O–n(OH)3-Si-O-Al-O-Si-(OH)3

(-) (-)

(-)

(Na, K)(+)–

O O O

Figure 1.24  Schematic representation of geopolymer reaction [104].
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Novel cementitious materials, such as geopolymers, were first developed 
by Davidovits in 1978 [96]. These materials are characterized by molecu-
lar chains and network similar to organic polymers [96]. They are formed 
by the action of alkali molecules on inorganic compounds bearing silicon 
and aluminum atoms. The strength of these materials (i.e., GP) is due to 
chain formation as well as network formation (crosslinking like thermo-
setting polymer). These materials are found suitable to replace conven-
tional ordinary Portland cement (OPC) [102, 103]. Since these materials 
can be produced from industrial waste, such as fly ash/pond ash/slag from 
steel plants, the products will be very cost-effective and will also help to 
reduce pollution. As such manufacturing of cements is an energy-intensive 
process, the environment is also affected by the dust it releases into the 
atmosphere, which is injurious to human health. Thus, geopolymer (GP) 
can be reformed as alkali-activated cement or inorganic polymer cement. 
However, the development of these materials is in its infancy. These inor-
ganic products consist of the [SiO4]

-4 and [AlO4]
-4 tetrahedral networks. 

The influences of alumino-silicate materials, such as metakaolin and 
low-calcium fly ash, were investigated by many researchers [114]. Their 
properties are suitable for reformation of aggregate similar to OPC. Based 
on the past results, high-calcium fly ash has been successfully used as a raw 
material in the geopolymer mixture [115]. A wide range of applications of 
geopolymers [116–122] in the fields of new ceramics, binders, and matri-
ces for hazardous waste stabilization, requiring fire-resistant materials and 
high-tech materials are an emerging trend of current research.

The increased use of cement in concrete poses an environmental threat 
due to the emission of carbon dioxide during the manufacturing process. 
About 1.5 tons of raw materials are needed in the production of every ton 
of Portland cement (PC); at the same time, about one ton of carbon dioxide 
(CO2) is released into the environment during the production [105–108]. 
The production of PC is a costly and energy-intensive process. Additionally, 
global warming also occurs because of greenhouse gases, such as carbon 
dioxide, which accumulate in the atmosphere. Several studies have been 
carried out to reduce the use of PC in concrete for addressing global warm-
ing issues. This has created pressures on the construction industries. An 
attempt in this regard is the development of geopolymer concrete (GPC), 
which seems to be the future of construction industries. Geopolymer is an 
innovative binder and can be produced by treating materials of geologi-
cal origin or from by-product (rich in silicon and aluminum) with highly 
alkaline solution [123]. These include clays [124], silica fumes [125], both 
low-carbon and high-carbon fly ash [126], red mud [127], both high-
carbon [128] and low-carbon blast furnace slag [129], rice husk ash [130], 
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zeolites [131]; and argon oxygen decarburization (AOD) slag [132], bot-
tom ash [133], pond ash [134], man-made rock [135], biochar concrete 
[136], attapulgite pozzolana [137], copper mine tailings [138], activated 
blast furnace slag [139], low Ca electric arc ferronickel slags, metakaolin, 
etc., are alternatives to Portland cement [105–108].

Scientists have used different methods, including curing [140], sol-gel 
[141], deep mixing [142], addition of additives such as Na2CO3, CaCO3, 
MgCO3, hydrothermal synthesis and low-temperature calcination meth-
ods, mechanical activation (MA), blended mineral admixtures, an alka-
line solution of thermally activated silica-alumina bearing mineral with 
additives such as calcium carbonate; and innovative in-situ co-reticulation 
process, an innovative method to reclaim the waste molding sands con-
taining water glass with “dry” or “wet” activation of inorganic binder in 
waste molding sand mixtures physically hardened by microwave radiation, 
and sintering process [143]. Some related reports follow.

Zheng et al. [144] used sol-gel method for preparing geopolymer with 
pure Al2O3-2SiO2 precursors (powders) through alkali-activation process. 

Badogiannis et al. [145] prepared supplementary cementitious material. 
They studied optimization of the calcined kaolin, in which samples were 
heated at different temperatures at different times. 

Wei et al. [146] fabricated plant fiber-based geopolymer composites 
using metakaolin, alkaline sodium silicate and plant fibers. Orthogonal 
test and single factor analysis were used to study the influence of water 
glass modulus, solid liquid ratio, and fiber content on bending strength. 
The results showed the influence of factors (solid to liquid ratio, fiber con-
tent, water glass modulus) on bending strength. 

Ahmari and Zhang [147] prepared eco-friendly bricks utilizing copper 
mine tailings through geopolymerization technology. They studied the fea-
sibility of copper mine tailings for production of eco-friendly bricks. 

Jeon et al. [148] explored the preparation of activated geopolymer. They 
studied the beneficial effects of Na2CO3 as an additive for microstructural 
and strength properties. Ca(OH)2-activated fly ash system and NaOH-
activated fly ash samples were also tested by compressive testing, XRD, 
SEM/BSE/EDS, 29Si/27Al MAS-NMR, MIP and TGA, and compared the 
effects of Na2CO3.

Akhtar and Sarmah [149] used biochar, which is a carbonaceous solid 
material produced from three different waste sources (poultry litter, rice 
husk, and pulp and paper mill sludge), during the preparation of concrete. 
They replaced cement content up to 1% of total volume. The effect of indi-
vidual biochar mixed with cement on the mechanical properties of con-
crete was investigated by different characterization techniques. 
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Khudhair et al. [150] aimed to valorize a mineral and natural resources, 
such as limestone fillers (F-Lime) and natural pozzolan (PN), by intro-
ducing them into the formulation of cement and/or concrete matrix. The 
purpose of taking up F-Lime and PN is to minimize CO2 emissions, energy 
consumption, and raw materials. 

Vafaei and Allahverdi [151] synthesized geopolymer by alkaline activa-
tion using waste-glass powder. They used alkaline solution, which is a mix-
ture of aqueous solutions of sodium hydroxide and sodium silicate, with 
different Na2O contents. Three types of calcium aluminate cements were 
also incorporated into the dry binder at levels up to 24% by weight in order 
to modify the chemical composition of the geopolymer source materials. 

Bouchikhi et al. [152] prepared waste glass-based geopolymers using 
crushed residual waste glass (RWG) and activating solution, which is an 
eco-friendly inorganic binder. RWG was used as source of free silicon and 
metakaolin (MK) as source of aluminosilicates. 

Roviello et al. [153] prepared and characterized geopolymer-based 
hybrid composites using commercial epoxy-based organic resins (up to 
25% in weight of resin) and a metakaolin (up to 75% in weight of resin). 

Nguyen Ngoc Lam [154] developed super-sulfated cement (SSC) 
obtained from phosphogypsum (PG) and ground granulated blast furnace 
slag (GFS), with a small amount of cement, which is unburnt cementitious 
material and environmentally friendly.

Gijbels et al. [155] prepared hardened binder using portlandite and 
ettringite intermixed with the nardite and minor amounts of secondary 
gypsum and merwinite. 

Dhavamani Doss et al. [156] prepared high-strength alkaline-activated 
concrete structures using low-calcium fly ash, Ground granulated blast 
furnace slag (GGBS), metakaolin, and manufacturing sand (mix ratio of 
1:1.31:2.22) and used to build massive structures such as sky scrapers, 
bridges, tunnels, nuclear plants, underground structures. Water to cement 
ratio (for high-strength cement concrete) and alkaline solution to binder 
ratio (for alkaline-activated concrete) is 0.35. 

Phair et al. [157] established aluminosilicate hydrogels as a model sys-
tem for processing and developing commercial geopolymer binders. 

Gong et al. [158] manufactured f﻿ly ash belite cement (FABC) composed 
of α0L-C2S and C12A7. The FABC is manufactured using low-grade 
fly ashes through hydrothermal process followed by low-temperature 
calcination. 

Kalinkin et al. [159] synthesized geopolymers at ambient temperature. 
Blends of fly ash and natural calcite were mechanically activated for 0–400 s 
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in a planetary mill. The calcite content in the blends was 0–10 wt%. NaOH 
(sodium hydroxide) solution is used as an alkaline agent. 

Aboulayt et al. [160] prepared geopolymer in an alkaline solution using 
thermally activated kaolinite clay and calcium carbonate mineral (as an 
additive). 

Rao et al. [161] prepared complex binders containing two or three 
blended mineral admixtures in terms of glass powder (GP), limestone 
powder (LP), and steel slag powder (SP). 

Gupta et al. [162] developed hybrid inorganic-organic geopolymer hav-
ing Si-O-Al networks using fly ash, sodium hydroxide along with rice husk. 

Kastiukas et al. [163] prepared geopolymer, which is a type of promising 
alternative binder. They cured the geopolymer in two ways: oven radiation 
and microwave radiation. 

Provis et al. [164] synthesized geopolymers through alkali-silicate acti-
vation, which is a class of aluminosilicate materials cured in ambient or 
higher temperature. Powder X-ray diffraction, microscopy, electron dif-
fraction, mechanical strength testing, and calorimetry were used to cor-
relate structure properties. 

Sawan et al. [165] prepared non-colored and colored geopolymers. Nano 
nickel aluminate (10 wt%) is taken as colorizing agent for colored geopoly-
mer, whereas dried non-colored geopolymer is sintered at 800–1200 °C. 

Zhang et al. [166] manufactured geopolymer foam concretes (GFCs) in 
the laboratory with 0–16% foam additions. 

Kargin et al. [167] synthesized geopolymer using fly ash. During the 
geopolymerization process, hydrogen peroxide (H2O2) solution was used 
as the foaming agent. The activation time and the temperature of isother-
mal holding and hardening under normal conditions for all samples were 
constant. 

Chindaprasirt and Rattanasak [168] prepared fly ash-based geopolymer 
which requires longer heat curing. 

Sayieda et al. [169] prepared geopolymer resin by alkali activation 
of ceramic waste (AACW). The AACW was replaced by 10 and 30% by 
weight (wt.) concrete of waste (CoW) and 10 and 30 wt% ground granu-
lated blast-furnace slag (GGBFS). 

Komnitsas et al. [170] prepared geopolymer using low-Ca electric arc 
ferronickel slags. The additives, such as kaolinite, sodium silicate, sodium 
hydroxide and water, are used during the geopolymer polymerization 
process. 

Sokołowska [171] prepared polymer composite concrete with filler and 
investigated durability and long-term compressive strength of polymer 
concrete containing common and alternative fine fillers, including quartz 
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powder (ground sand) and by-products of the combustion of Polish fossil 
fuels (coal and lignite). 

Chandrasekhar and Pramada [172] used kaolin as cheap raw material, 
which was used for synthesizing zeolite. It involved a two-step reaction, i.e., 
dehydroxylation of kaolin (at 550–900 °C) and hydrothermal treatment of 
metakaolin with aqueous alkali. 

Stachowicz and Granat [173] prepared an innovative binder to reclaim 
the waste molding sands containing water glass, which is hardened by 
microwave radiation. The sand mixtures consisting of high-silica sand 
and water-glass with average molar module were subjected to the follow-
ing cyclical process, viz., mixing the components, compacting, microwave 
heating, cooling-down, thermally loading the mold to 800 °C, cool-
ing-down to ambient temperature, and knocking-out. The waste moldings 
sands were subjected to either dry or wet activation of the binder. 

Sarmin [174] prepared wood with eco-friendly binder composites, which 
are widely used in consumer products, i.e., structural and non-structural 
applications. They developed binder which was environmentally friendly 
and had enhanced sustainability. Such binder materials are known as geo-
polymers (i.e., alumino-silicates). 

Tantawy et al. [175] described low-temperature synthesis of belite 
(𝛽-C2S) from silica fume with requisite amounts of lime and BaCl2, which 
were treated hydrothermally in a stainless-steel capsule at 110–150 °C for 
2–5 h followed by calcination at 600–700 °C for 3 h to form belite.

Ferone et al. [176] developed metakaolin-based geopolymeric mor-
tar to be used as bonding matrix for external strengthening of reinforced 
concrete beams. During the formation of the geopolymer, they varied the 
composition of the activating solution in terms of SiO2/Na2O ratio.

Sakkas et al. [177] developed fire-resistant geopolymers. Their perfor-
mance was examined under thermal loading. The geopolymers were pre-
pared using metallurgical slag, metakaolin and highly alkaline potassium 
hydroxide. Geopolymer paste was obtained by curing at 70 °C for a certain 
period of time. 

Mobasher et al. [178] prepared the binder structure of sodium sulfate-ac-
tivated slag cements. The behavior of the materials depends on sodium sul-
fate content and curing duration. Ettringite, a calcium aluminum silicate 
hydrate (C-A-S-H) phase, and a hydrotalcite-like Mg-Al layered double 
hydroxide were identified in the main reaction products. Curing had no 
effect on the products. The most significant changes on strength properties 
were observed upon curing at advanced ages. 

Suz-Chung Ko [179] described an activated supersulphated aluminosil-
icate binder containing aluminosilicate, calcium sulphate and an activator 
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containing alkali metal salts. The selected group (i.e., aluminosilicate) is 
obtained from blast furnace slag, clay, marl and industrial by-products 
(such as fly ash). 

Mohammed and Saeed [180] produced geopolymer concrete, which is a 
new construction material in Iraq. Foreign fly ash and local fly ash obtained 
from the south Baghdad Power Plant were used with good specifications 
to obtain geopolymer concrete. In addition, local pozzolana material was 
used to explore the possibility of production of geopolymer concrete. 

Romero et al. [181] produced glass foams formed by alkali activation 
and gel casting. The alkali activation was done by soda-lime waste glass 
powders, which allowed obtaining a well-dispersed concentrated suspen-
sion. It underwent gelification by curing at low temperature (75 °C). 

Purgstaller et al. [182] prepared temporal amorphous stabilizer by tak-
ing up carbonate mineral. It is prepared either in biotic environments or in 
abiotic environments. 

Rademan et al. [183] prepared magnesium oxy chloride (sorel)-based 
cements and magnesium oxy sulfate-based cements, which have water and 
corrosion resistance. They incorporated various alkali metal phosphates, 
such as MgHPO4 or MgH2PO4, with alkali metal fatty acids (magnesium 
stearate; and metal or alkali metal sulfates such as aluminum sulfate or 
magnesium sulfate). Moreover, water resistance is enhanced by either 
pre-carbonating the mix water or the liquid magnesium chloride phase of 
the cements, or by adding a carbonate into the powder phase. Accelerated 
cure of this system has also been obtained by using various inorganic metal 
oxides. 

Azimi et al. [184] used fly ash and dolomite as raw materials during 
the production of geopolymer composite using alkaline solution (sodium 
hydroxide, and liquid sodium silicate). 

Lee and Soh [185] developed carbon negative cement. This is one of 
the most typical methods for reducing CO2 in building materials, either 
by addition of slag and fly ash, like pozzolana material, or by developing 
carbon negative cement. 

1.7.2	 Geopolymer Properties

In the development of geopolymer framework, various studies have been 
performed in order to determine the physical and chemical properties, 
and durability of geopolymers. Physical properties, such as temperature, 
electric or magnetic field, or light and chemical properties of materials, 
are subjected to a more or less aggressive environment. Other properties, 
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i.e., mechanical properties, reflect the performance of materials, which is 
deformed by force systems. 

Geopolymer products possess high strength, low shrinkage, and high 
resistance to freezing, thawing, and corrosion. Compressive strength is 
found to be 20 MPa after 4 h curing at 20 °C and 70–100 MPa after 28 days 
curing [186]. Compressive strength of geopolymer mortar (cube-shaped) 
is found to be 40 MPa after 28 days curing [187].

Thermal energy is an accelerator of geopolymer cements. Since, thermal 
energy is a function of temperature, geopolymer products gain mechanical 
strength upon curing. Generally, temperature and other types of activators 
are important parameters that affect the strength properties of geopolymer 
products [188]. 

The heat and fire resistance of geopolymer binder-based products is 
shown to be better than Portland cement-based products [186, 189]. 

At high temperature (up to 300 ○C), OPC-based products promptly 
deteriorate in compressive strength, but geopolymer cements are stable at 
600 °C. Also, geopolymer binders have extremely low shrinkage compared 
to Portland cement [190].

Other than physical and mechanical properties, geopolymers have 
excellent chemical properties. Both geopolymer pastes and mortars have 
been proven to have satisfactory corrosion behavior in different corrosive 
medium, i.e., sulfates, seawater attack, acidic media, and alkali silica reac-
tion [191]. 

The standard accelerated mortar bar test is used to demonstrate the 
alkali-aggregate resistance of geopolymer paste compared to OPC-based 
products. Results were very satisfactory for geopolymer pastes [192].

The most interesting behavior of geopolymer binder is its resistance to 
acid corrosion. Alkali-activated binder showed better corrosion results 
than OPC-based products [193]. In HCl corrosive media, alkali-activated 
fly ash appeared to be healthier after 90 days than OPC-based specimens 
[194]. 

1.8	 Durability of Concrete

In 1930, the deterioration of concrete was attributed either to crumbling or 
leaching at joints or poorly consolidated concrete. In the period from 1950 
to 1980, the changes in the composition and hydration characteristics of 
Portland cement-based concrete affected the durability of concrete struc-
ture. Then, in the 21st century, civil engineers began facing the challenge of 
building concrete structures that were more environmentally sustainable. 
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The deterioration process of concrete structures can result in cracking 
[195]. Generally, cracking in concrete structures is due to the mechanical 
or environmental loading. Cracks may happen in non-structural concrete 
due to sedimentation, shrinkage, or thermal movement. However, con-
crete structural elements have excessive tensile stress. There is a correla-
tion between cracks and the durability of concrete structures. Since crack 
development in concrete structures can affect the strength, stiffness, and 
long-term durability of concrete-based structures [196], crack formation 
and crack propagation can be controlled by improving the durability of 
concrete structures.

The mechanism of steel corrosion in reinforced concrete is an important 
subject. It causes the deterioration of concrete structure in seawater envi-
ronment through electrochemical process. In the electrochemical process, 
a cathode receives electrons from an anode (Figure 1.25). Transfer of elec-
trons between different regions of the steel reinforcement will occur. One 
area will behave as anode and the other as cathode. Thus, steel corrosion in 
aqueous solution requires two elementary electrochemical reactions: steel 
oxidation and reduction of oxygen dissolved in solution. The immediate 
consequences of rusting of rebar are cracking, spalling or delamination of 
concrete surface. Consequently, all these elements lead to an easier ingress 
of aggressive agents, and then accelerate corrosion rate. Stages of corro-
sion-induced deterioration (structural preservation systems) are shown in 
Figure 1.26.

Pores of concrete structures in a marine environment create a seri-
ous problem for long-term stability, i.e., durability. The pore solution of 
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Figure 1.25  Dissolution mechanism of steel in concrete due to chloride ion ingress.
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concrete may reach an alkalinity level (pH 13). Thus, this alkaline solution 
creates an oxide layer in the presence of oxygen on steel surface and pro-
tects embedded steel from corrosion in an efficient manner. 

This system of protection is known as passivity of embedded steel. 
However, the integrity and protective quality of this film are dependent on 
factors such as oxygen availability and alkalinity of the solution. Generally, 
corrosion of steel reinforcement in aqueous media involves reactions 
between the metal and the solution. The contribution of this interface to 
the corrosion phenomena is preponderant [198]. 

1.9	 Accelerated Durability Testing

Ahmad [199] has discussed the corrosion property of steel-reinforced con-
crete structures. This behavior is a slow process, which may be due to the 
formation of a protective layer on concrete. 

Kasai and Nakamura [200] studied the durability behavior of cement 
mortars in seawater media through an accelerated test method. Results 
displayed the corrosion process of the test specimens. Deterioration of 
cement mortar is greater in high drying temperature and high water-
cement ratio.

Nishibayashi et al. [201] reported the accelerated testing process using 
cement-based concrete. In the test method, the dynamic modulus of elas-
ticity and the change in length are estimated. They concluded that the spec-
imens made with seawater resistant cement and containing about 80% of 
blended blast furnace slag performed better than OPC concrete. Moreover, 

oxygen,
chlorides moisture

Crack

Figure 1.26  Stages of corrosion-induced deterioration (structural preservation systems) 
[197].
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they estimated that this accelerated testing method provided acceptable 
results.

1.10	 Conclusion(S)

Chronological studies on construction materials and their properties are 
being extensively studied due to their potential applications in construc-
tion sectors. For the commercial applications of geopolymer-based mate-
rials, the preparation must be simple, direct, and cost-effective; and must 
also improve material properties. 
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Abstract
A detailed review of the preparation of geopolymer-based materials is presented 
in this chapter. A literature survey is also presented to determine the prog-
ress made in geopolymer production from waste materials such as clays, silica 
fumes, both low-carbon and high-carbon fly ash, red mud, both high-carbon and 
low-carbon blast furnace slag, rice husk ash, zeolites, argon oxygen decarburiza-
tion (AOD) slag, bottom ash, pond ash, etc. Different methods adopted to prepare 
geopolymer-based materials are given, including curing, sol-gel, deep mixing, 
hydrothermal synthesis and low-temperature calcination methods, mechanical 
activation (MA), blended mineral admixtures, an alkaline solution of thermally 
activated silica-alumina-bearing mineral with additives such as calcium carbonate; 
and an innovative in-situ co-reticulation process, an innovative method to reclaim 
the waste molding sands containing water glass with “dry” or “wet” activation of 
inorganic binder in waste molding sand mixtures physically hardened by micro-
wave radiation, and sintering. The chapter also looks at the large amount of data 
available on the effect of variables on geopolymer production. Moreover, the for-
mation of geopolymer structure is discussed along with the molecular structures 
of geopolymer materials. Finally, how the polymerization process used in conden-
sation polymerization is similar to the process of Polycondensation polymer.

Keywords:  Industrial waste, pond ash, slag, geopolymer, synthesis, mechanism

*Corresponding author: muktikanta2@gmail.com



72  Historical Development of Constructional Materials

2.1	 Introduction 

Ordinary Portland cement (OPC) is consistently used as one of the raw 
materials for building worldwide. Annually, global cement production is 
2.8 million tons. It is believed that the production rate is increasing by 4 
million tons annually [1, 2]. Available reports indicate that there may be 
a need for more OPC to be produced. Therefore, the production rate is 
expected to sharply rise to 5.5 gigatons per year [1, 3], which will cause 
major environmental pollution [1–4]. It is reported that 0.54 tons of CO2 
per ton (from cement industry) and 0.46 tons of CO2 (from other sources) 
are released into the atmosphere. Therefore, cement production alone 
can contribute approximately 7% of global emissions to our environment 
[1, 4–8]. 

Problems brought on by global warming and the greenhouse gas effect 
have led to several investigations being conducted to develop novel con-
structional binders other than cement, which will reduce CO2 emissions 
[8]. The novel cementitious materials include geopolymers, which were first 
named and developed by Davidovits in 1978 [9]. These materials are char-
acterized by molecular chains and network similar to organic polymers [9]. 
They are formed by the action of alkali molecules on inorganic compounds 
bearing silicon and aluminium atoms. The strength of these materials (i.e., 
GP) is due to chain formation as well as network formation (crosslinking 
like thermosetting polymer). These materials are found suitable to replace 
conventional ordinary Portland cement (OPC) [10]. Since they can be pro-
duced from industrial waste such as fly ash/pond ash/steel slag, the prod-
ucts will be very cost-effective and will also help to reduce pollution. As 
manufacturing of cements is an energy-intensive process, the environment 
is also affected due to dust released into the atmosphere, which is injurious 
to human health. Thus, GP can be reformed as alkali-activated cement or 
inorganic polymer cement. However, the development of these materials is 
still in its infancy. These inorganic products consist of  [SiO4]

-4 and [AlO4]
-4 

tetrahedral networks. The influence of alumino-silicate materials, such as 
metakaolin and low calcium fly ash, were investigated by many researchers 
[11, 12]. Their properties are suitable for reformation of aggregate similar 
to ordinary Portland cement (OPC). Based on the past results, high cal-
cium fly ash has been successfully used as a raw material in the geopolymer 
mixture [13]. Current research is focused on the emerging trend of a wide 
range of geopolymer applications [14] in the field of new ceramic binders 
and matrices for hazardous waste stabilization that require fire-resistant 
materials and high-tech materials.
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With increased use of cement in concrete, there has been an environ-
mental threat caused by the emission of carbon dioxide during the man-
ufacturing process. About 1.5 tons of raw materials are needed in the 
production of every ton of Portland cement; at the same time, about one 
ton of carbon dioxide (CO2) is released into the environment during the 
production [1–4]. The production of PC is a costly and energy-intensive 
process. Additionally, global warming also occurs because of greenhouse 
gases such as carbon dioxide which accumulate in the atmosphere. Several 
studies have been carried out to reduce the use of PC in concrete for 
addressing global warming issues. This has created pressure on the con-
struction industries. An attempt in this regard is the development of geo-
polymer concrete (GPC), which seems to be the future of construction 
industries. Geopolymer is an innovative binder and can be produced by 
treating materials of geological origin or from by-product (rich in silicon 
and aluminium) with highly alkaline solution [13, 14]. These include clays 
[15], silica fumes [16], both low-carbon [17] and high-carbon fly ash [13], 
red mud [18], both high-carbon [19] and low-carbon blast furnace slag 
[20], rice husk ash [20], zeolites [21], argon oxygen decarburization (AOD) 
slag [22]; and bottom ash [23], pond ash [24], man-made rock [25], bio-
char concrete [26], attapulgite pozzolana [27], copper mine tailings [28], 
activated blast furnace slag [29], low Ca electric arc ferronickel slags [30] 
and metakaolin [31], which are alternatives to Portland cement [1–4].

Scientists have used different methods such as curing [32], sol-gel [33], 
deep mixing [34], addition of additives such as Na2CO3, CaCO3, MgCO3, 
hydrothermal synthesis [35] and low-temperature calcination [36], 
mechanical activation (MA) [37], blended mineral admixtures [38]; and 
an alkaline solution of thermally activated silica-alumina-bearing min-
eral with additives such as calcium carbonate [39], innovative in-situ co-
reticulation [40], an innovative method to reclaim waste molding sands 
containing water glass with “dry” or “wet” activation of inorganic binder 
in waste molding sand mixtures physically hardened by microwave radia-
tion [41], sintering [42], etc. Some of the reported studies involving these 
methods follow.

Zheng et al. [33] used the sol-gel method to prepare pure Al2O3-2SiO2 
precursors (powders) for a geopolymer. The alkali-activated products 
derived from the precursors meet the general criteria for a geopolymer. 

Vlček et al. [43] prepared supplementary cementitious material and 
studied optimization of calcined kaolin. Samples were heated at different 
temperatures during different times. 

Wei et al. [44] fabricated plant fiber-based geopolymer composites using 
metakaolin, alkaline sodium silicate and plant fibers. Orthogonal test and 
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single factor analysis were used to study the influence of water glass mod-
ulus, solid liquid ratio and fiber content on bending strength. The results 
showed the influence of factors (solid to liquid ratio, fiber content, water 
glass modulus) on bending strength. 

Ahmari and Zhang [28] studied the use of copper mine tailings for the 
production of eco-friendly bricks through geopolymerization technology. 

Jeon et al. [45] explored the preparation of activated geopolymer. They 
studied the beneficial effects of Na2CO3 as an additive for microstructural 
and strength properties. They analyzed Ca(OH)2-activated fly ash system 
and NaOH-activated fly ash samples by compressive testing, XRD, SEM/
BSE/EDS, 29Si/27Al MAS-NMR, MIP and TGA compared the results with 
the effect of Na2CO3.

Akhtar and Sarmah [46] used biochar, which is a carbonaceous solid 
material produced from three different waste sources (poultry litter, rice 
husk and pulp and paper mill sludge) during the preparation of concrete. 
They replaced cement content up to 1% of total volume. The effect of indi-
vidual biochar mixed with cement on the mechanical properties of con-
crete was investigated through different characterization techniques. 

Khudhair et al. [47] formulated cement and/or concrete matrix using 
valorized mineral and natural resources such as limestone fillers (F-Lime) 
and natural pozzolana (PN). The purpose of using F-Lime and PN was to 
minimize CO2 emissions, energy consumption and raw materials. 

Vafaei and Allahverdi [48] synthesized geopolymers by alkaline activa-
tion using waste-glass powder. They used an alkaline solution, which is 
a mixture of aqueous solutions of sodium hydroxide and sodium silicate 
having different Na2O contents. Three types of calcium aluminate cements 
were also incorporated into the dry binder at levels up to 24% by weight 
in order to modify the chemical composition of the geopolymer source 
materials. 

Carrasco and Puertas [49] prepared waste glass-based geopolymers 
using crushed residual waste glass (RWG) and activating solution which 
is an eco-friendly inorganic binder. The RWG was used as source of free 
silicon and metakaolin (MK) was taken as source of aluminosilicate. 

Roviello et al. [50] prepared and characterized geopolymer-based hybrid 
composites using commercial epoxy-based organic resins (up to 25% in 
weight of the resin) and a metakaolin (up to 75% in weight of the resin). 

Lam et al. [51] developed super-sulfated cement (SSC) obtained from 
phosphogypsum (PG) and ground granulated blast furnace slag (GFS), 
with a small amount of cement, which is unburnt cementitious material 
and environmentally friendly.
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Gijbels et al. [52] prepared hardened binder using portlandite and 
ettringite intermixed with nardite and minor amounts of secondary gyp-
sum and merwinite. 

Dhavamani Doss et al. [53] prepared high-strength alkaline-activated 
concrete structures using low-calcium fly ash, ground granulated blast 
furnace slag (GGBS), and metakaolin, manufacturing sand (mix ratio of 
1:1.31:2.22) used to build massive structures such as skyscrapers, bridges, 
tunnels, nuclear plants, underground structures. The water to cement ratio 
(for high-strength cement concrete) and the alkaline solution to binder 
ratio (for alkaline-activated concrete) was 0.35. 

Phair et al. [54] established the use of aluminosilicate hydrogels as a 
model system for processing and developing commercial geopolymer 
binders. 

Gong et al. [55] manufactured fly ash belite cement (FABC) composed of 
α0L-C2S and C12A7. The FABC is manufactured using low-grade fly ashes 
through hydrothermal process followed by low-temperature calcination. 

Kalinkin et al. [56] synthesized geopolymers at ambient temperature 
using blends of fly ash and natural calcite via mechanical activation for 
0–400 s in a planetary mill. The calcite content of blends was 0–10 wt%. 
NaOH (sodium hydroxide) solution is used as an alkaline agent. 

Aboulayt et al. [57] prepared geopolymer in an alkaline solution using 
thermally activated kaolinite clay and calcium carbonate mineral (as an 
additive). 

Rao et al. [58] prepared complex binders containing two or three blended 
mineral admixtures in terms of glass powder (GP), limestone powder (LP), 
and steel slag powder (SP). 

Gupta et al. [59] developed a hybrid inorganic-organic geopolymer hav-
ing Si-O-Al networks using fly ash and sodium hydroxide along with rice 
husk. 

Kastiukas et al. [60] prepared geopolymer as a type of promising alter-
native binder. They cured the geopolymer in two ways: by oven and micro-
wave radiation.  

Provis and Bernal [61] synthesized geopolymers through alkali-silicate 
activation, which is a class of aluminosilicate materials cured in ambient 
or higher temperature. Powder X-ray diffraction, microscopy, electron 
diffraction, mechanical strength testing, and calorimetry were used for 
structure–property correlation. 

Sawan et al. [62] prepared non-colored and colored geopolymers. Nano 
nickel aluminate (10 wt%) is taken as colorizing agent for colored geopoly-
mer, whereas dried non-colored geopolymer is sintered at 800–1200 °C. 
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Zhang and Wang [63] manufactured geopolymer foam concretes 
(GFCs) in the laboratory with 0–16% additions foam.  

Kargin et al. [64] synthesized geopolymer using fly ash. During the geo-
polymerization process, hydrogen peroxide (H2O2) solution was used as 
foaming agent. Activation time, and temperature of isothermal holding 
and hardening under normal conditions, were constant for all samples. 

Somna et al. [65] prepared fly ash-based geopolymer which requires 
longer heat curing. 

Zedan et al. [66] prepared geopolymer resin by alkali activation of 
ceramic waste (AACW). The AACW was replaced by 10 and 30 wt%  con-
crete waste (CW) and 10 and 30 wt% ground granulated blast-furnace slag 
(GGBFS). 

Komnitsas et al. [67] prepared geopolymer using low Ca electric arc fer-
ronickel slags. Additives, such as kaolinite, sodium silicate, sodium hydrox-
ide, and water, were used during the geopolymer polymerization process. 

Sokołowska [68] prepared polymer composite concrete with filler and 
investigated durability and long-term compressive strength of polymer 
concrete containing common and alternative fine fillers, including quartz 
powder (ground sand) and by-products of the combustion of Polish fossil 
fuels (coal and lignite). 

Chandrasekhar [69] used kaolin as cheap raw material, which is used 
for synthesizing zeolite. It involves a two-step reaction: dehydroxylation 
of kaolin (at 550–900 °C) and hydrothermal treatment of metakaolin with 
aqueous alkali. 

Stachowicz and Granat [70] prepared an innovative binder to reclaim 
the waste molding sands containing water glass, which was hardened by 
microwave radiation. The sand mixtures consisting of high-silica sand and 
water-glass with average molar module 2.5, were subjected to the follow-
ing cyclical process, viz., mixing the components, compacting, microwave 
heating, cooling-down, thermally loading the mold to 800 °C, cooling-
down to ambient temperature, and knocking-out. The waste molding 
sands are subjected to either dry or wet activation of the binder. 

Sarmin [71] prepared wood with eco-friendly binder composites for 
wide use in consumer products, i.e., structural and non-structural appli-
cations. They developed binder which is environmentally friendly and 
enhanced their sustainability. Such binder materials are known as geopoly-
mers (i.e., alumino-silicates). 

Tantawy et al. [72] described low temperature synthesis of belite (𝛽-C2S) 
from silica fume with requisite amounts of lime and BaCl2. It was treated 
hydrothermally in a stainless-steel capsule at 110–150 °C for 2–5 h fol-
lowed by calcination at 600–700 °C for 3 h to form belite.
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Ferone et al. [73] developed metakaolin-based geopolymeric mortar to 
be used as bonding matrix for external strengthening of reinforced con-
crete beams. During the formation of geopolymer, they varied the compo-
sition of the activating solution in terms of SiO2/Na2O ratio. 

Sakkas et al. [74] developed fire-resistant geopolymer and examined its 
performance under thermal loading. The geopolymer was prepared using 
metallurgical slag, metakaolin and highly alkaline potassium hydroxide 
and was formed as paste. It was cured at 70 °C for a certain period of time. 

Mobasher et al. [75] prepared the binder structure of sodium 
sulfate-activated slag cements. The behavior of the materials depended on 
the sodium sulfate content and curing duration. Ettringite, a calcium alu-
minium silicate hydrate (C-A-S-H) phase, and a hydrotalcite-like Mg-Al 
layered double hydroxide have been identified in the main reaction prod-
ucts. Curing had no effect on the products. Upon curing at advanced ages, 
the most significant changes were observed on strength properties. 

Suz-Chung Ko [76] described an activated supersulphated aluminos-
ilicate binder containing aluminosilicate, calcium sulphate and an activa-
tor containing alkali metal salts. The selected group (i.e., aluminosilicate) 
was obtained from blast furnace slag, clay, marl and industrial by-products 
(such as fly ash). 

Mohammed and Saeed [77] produced geopolymer concrete, which is a 
new construction material in Iraq. Foreign fly ash and local fly ash obtained 
from Baghdad South Gas Power Plant were used with good specifications 
to obtain geopolymer concrete. In addition, the local pozzolana material 
was used to explore the possibility of production of geopolymer concrete. 

Rincón et al. [78] produced glass foams formed by alkali activation and 
gel casting. The alkali activation is done by soda-lime waste glass pow-
ders that is allowed to obtain a well-dispersed concentrated suspension. It 
underwent gelification by curing at low temperature (75 °C). 

Purgstaller et al. [79] prepared temporal amorphous stabilizer using 
carbonate mineral. It was prepared either in biotic environments or in abi-
otic environments. 

Rademan et al. [80] prepared magnesium oxy chloride (sorel)-based 
cements and magnesium oxy sulfate-based cements, which were water 
and corrosion resistance. They have incorporated various alkali metal 
phosphates, such as MgHPO4 or MgH2PO4, with alkali metal fatty acids 
(magnesium stearate; and metal or alkali metal sulfates such as aluminum 
sulfate or magnesium sulfate). Moreover, water resistance is enhanced by 
either pre-carbonating the mix water or the liquid magnesium chloride 
phase of the cements, or by adding a carbonate into the powder phase. 
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Accelerated curing of this system was also obtained by using various inor-
ganic metal oxides. 

Azimi et al. [81] used fly ash and dolomite as raw materials during the 
production of geopolymer composite using alkaline solution (sodium 
hydroxide, and liquid sodium silicate). 

Lee and Soh [82] developed carbon-negative cement. Two of the meth-
ods most typically used for reducing CO2 in building materials were 
either addition of slag and fly ash, like pozzolana material, or developing 
carbon-negative cement. 	

2.2	 Parameters of Geopolymer Concrete

Effects of some parameters on the compressive strength of low-calcium fly 
ash-based geopolymer concrete are discussed below. Parameters consid-
ered are as follows:

1)	 Ratio of alkaline liquid-to-fly ash, by mass
2)	 Molar concentration of sodium hydroxide (NaOH) in 

solution 
3)	 Ratio of sodium silicate solution-to-sodium hydroxide 

solution
4)	 Curing temperature
5)	 Curing time
6)	 Handling time
7)	 Addition of superplasticizer
8)	 Rest period prior to curing
9)	 Water content of mixture

10)	 Dry curing or steam curing
11)	 Mixing time
12)	 Age of concrete

2.3	 Geopolymer Formation Mechanism 

Geopolymers are known as inorganic polymers having covalently bonded 
alumino-silicate chains. They are noncrystalline, i.e., amorphous in nature 
[83]. Repeating units of geopolymer are basically a mineral compound 
or mixture of compounds such as silico-oxide (-Si-O-Si-O-), silico-
aluminate (-Si-O-Al-O-), ferro-silico-aluminate (-Fe-O-Si-O-Al-O-) or 
alumino-phosphate (-Al-O-P-O-) [84]. Repeating units are formed by 
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the process of polymerization, called the geopolymerization process. One 
of the polymerization routes is treating aluminosilicate compounds with 
alkali solution containing Na+, K+, Li+, Ca2+, Cs+ and the like.  

Geopolymer framework structure is produced by condensation polym-
erization process. The monomeric unit of geopolymer consists of tetra-
hedral aluminosilicate units with alkali metal as an ion, balancing charge 
associated with tetrahedral Al. Geopolymerization occurs at either ambi-
ent or slightly elevated temperature. Leaching of solid aluminosilicate raw 
materials in alkaline solutions leads to the transfer of leached species from 
solid surfaces into a growing gel phase. It is followed by nucleation and 
condensation of gel phase [85–89].

The fundamental unit consists of a small cation, such as Si+4, or Al+3, 
tetrahedrally coordinated with four oxygens. Many reports have explained 
the geometry of SiO4+4 tetrahedron and other mineral structures [85–89].

Ionic tetrahedral coordination is no longer adapted to explain geopoly-
mer chemistry. Two tetrahedrons are shared by one oxygen anion O2-, 
i.e., Si-O-Si- structure. A covalent bond is attained between the Si and O 
atom. Both atoms are shared, one electron each. This leads to the forma-
tion of stronger bond within the structure. Gibbs et al. [85–89] studied 
the polymeric bond, i.e., Si-O-Si-O. They successfully modeled properties 
and structures of silicate tetrahedron units. This offers credence to a silica 
polymorph, i.e., giant molecule bound together, which is similar to quartz 
structure, i.e., Si-O-Si skeleton. It is a small siloxane molecule called an 
oligomer [85–91]. Siloxane oligomers have the same structure as the sili-
co-aluminate oligomers [85–91].

Geopolymerization process is carried out with pond ash and alkali 
activators (NaOH and Na2SiO3). During the process, many small mole-
cules are formed, which are known as oligomers (dimer, trimer, tetramer, 
pentamer). Due to covalent bonding of reactants, three-dimensional (3D) 
networks are resulted. North and Swaddle [92] ascertained the existence 
of soluble isolated alumino-silicate molecules with high concentrations, 
which were stable at higher temperatures as well as in an environment of 
high pH. Schematic diagrams of oligomers are shown in Figure 2.1. 

The -Si-O-Al-O- skeleton formed during the geopolymerization pro-
cess occurs due to the reaction of metakaolin MK-750 with alkali solu-
tion [93]. The skeleton encompasses four main phases (Figure 2.1) such 
as alkaline depolymerization of the poly(siloxo) layer of kaolinite, forma-
tion of monomeric and oligomeric species (ortho-sialate” (OH)3-Si-O-Al-
(OH)3 molecule), soluble K-polysiloxonate, ortho-sialate-disiloxo cyclic 
structure (Figure 2.1). The hydroxide is liberated by condensation reac-
tions. It may react again and again to form higher oligomers and polymeric 
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3D-networks. A similar skeleton (Si-O-Al-O-) is also observed in geopoly-
mer by fly ash in alkaline medium [94].

The skeleton involves five main phases, viz., nucleation stage (alumino-
silicate formation from fly ash particle, dissolution in alkaline medium), 
releasing aluminates and silicates (as monomers), dimers (joining of 
monomers to form), and further interlinking with other monomers to 
form trimers, tetramers and so on. When the solution reaches saturation, 
an aluminum-rich gel (Gel 1) precipitates. As the reaction progresses, 
more Si-O groups from the initial solid source dissolve, increasing the sil-
icon concentration in the medium and gradually raising the proportion of 
silicon in the zeolite precursor gel (Gel 2).

The skeleton of geopolymer is mainly aluminosilicate frameworks, 
which is similar to rock-forming minerals. Some related reports are avail-
able on the theoretical structure. In 1994, Davidovits [92] showed a theo-
retical structure for K-poly(sialate-siloxo) (K)-(Si-O-Al-O-Si-O), which is 
consistent with the NMR spectrum. 

2.4	 Conclusions

Basic information on geopolymer cementitious materials was provided in 
this chapter. Literature relevant to the fly ash-based geopolymer was pre-
sented in brief. More reviews on the specific properties are presented in 
the relevant chapters of this book. The problems and challenges regarding 
fly ash-based geopolymer have been identified. Since a significant gap of 
research in the area of geopolymer concrete for ambient curing condition 
exists, the research goal is to eliminate the necessity of heat curing for fly 
ash-based geopolymer. Therefore, mixtures modified with additives and 
the methodology of experimental works were also detailed in this chapter.
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Abstract
The focus of this chapter is the use of pond ash as raw material in geopolymer 
cements. The process parameters of the study were defined after review of the lit-
erature. The chemicals needed for geopolymerization were collected; and the pond 
ash was procured from Damanjodi, Odisha (M/S NALCO). The pond ash materi-
als were dried in the open air (1 day) followed by drying in an oven at 120 °C for 
12 h. They were classified by sieve analysis and mixed in certain proportions, as 
descried in the study. They were subsequently mixed manually as well as mechan-
ically, and were then dried in an oven for a certain length of time and tempera-
ture. The results showed that optimum conditions were obtained by single factor 
experiments, i.e., 240 meshes, 70 °C, 24 h, 12 g sodium silicate (SS), 3 g sodium 
hydroxide (SH), 1–2 ml Sika (water-soluble plasticizer). The maximum strength 
properties achieved was 19 MPa. Thus, these materials were equivalent to 20 M 
grade of cement and can reduce the issues associated with Portland cement (PC). 
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3.1	 Introduction

Coal-based thermal power stations significantly contribute to pollution. It 
is claimed that 750 million tons of fly ash are generated annually by ther-
mal power stations [1]. Different waste materials are generated due to coal 
combustion. The generated pollutants are fly ash, bottom ash, pond ash, 
slags, and flue gas. Fly ash is extracted from flue gases by adopting an elec-
trostatic precipitator or cyclone separator. This also becomes a source for 
regeneration of valuable metals and can be used as a raw material for the 
production of ceramics, zeolites, adsorbents, and geopolymers [2–8]. 

Geopolymers are inorganic polymers that are generated through alkali-
activated aluminosilicate. They have adequate strength at ambient tempera-
tures; and since they are environmentally friendly, they can be adopted as 
suitable structural materials [9, 10]. Bottom ash is collected from the bot-
tom of boilers. It differs from fly ash in terms of particle size range [11, 12]. 
Although geopolymers are prepared from fly ash, due to its similar compo-
sition, it is thought that bottom ash can be used to replace fly ash for prepa-
ration of geopolymer [13–15]. Depending on the composition of the coal 
source, both fly ash and bottom ash may contain heavy metals. In their dry 
state, they can cause health hazard. Therefore, bottom ash is stored under 
water. The resulting pond ash may be bottom ash mixed with some amount 
of fly ash settled under the water in the pond. This pond ash is mixed with soil 
on land. Since large amounts of ash are disposed of ponds, it has become a 
threatening proposition for human life. Thus, it is necessary to find a method 
for utilization of pond ash other than its storage in ponds. 

Bottom ash can be collected either in dry state or wet state. Even if it is 
collected from the pond in a wet state, it contains a significant proportion 
of fly ash after remaining in the wet state for long periods of time. 

Properties of pond ash depend on composition of coal used, burning 
conditions, time spent in the slurry pond and particle separation during 
wet storage [16–20]. For this reason, a few studies were conducted on the 
application of pond ash, including production of geopolymers [21–23]. 
Reactivity of pond ash depends on size fraction. A fine fraction shows poz-
zolanic activity and can be used in the production of cement and concrete 
[24–27]. A coarser fraction of pond ash shows weak pozzolanic activity. 
This has led to beneficiation using mineral processing techniques to sepa-
rate the size fractions for possible use as lightweight aggregate [27]. 

Lee et al. used pond ash to produce geopolymer pastes having reason-
able strength. They collected pond ashes from a South Korean pond and 
used it for their work after removal of carbon and drying without any size 
fractionation [9]. 
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All the above work has not considered the change in the physical prop-
erties of pond ashes after storage under wet conditions for a long time. 
After prolonged storage under water, soluble components of ashes are 
dissolved, making the material more porous and less dense. Upon treat-
ment of this material with alkali for production of geopolymers, pond ash 
absorbed large amounts of liquid phase, increasing the liquid to solid ratio 
of the mixture. This weakens the mechanical property of geopolymers. 

The BET (Brunauer, Emmett and Teller) surface areas of pond ashes 
are up to 25 times higher, and therefore pore volumes are 10 times greater 
than those of fly ashes from the same power plant [28–31]. Therefore, it is 
suggested that ashes submerged in ponds have undergone chemical and/or 
physical changes by leaching out of soluble phases and hydroxylation. Such 
chemical and physical changes will also depend on how long ashes have 
been stored under water. Thus, the physical and chemical changes of the 
pond ash are expected to depend on the duration of storage under water. 

Reactivity of pond ash to alkali is influenced by particle size. Grinding 
can help successfully reduce further particle sizes by grinding operation. 
Finer particle size enables increased reactivity, which is helpful in produc-
ing geopolymer with activated alkali materials [32–34]. Mechanical acti-
vation of the pond ash may pave an effective way to utilize pond ashes 
kept in ash ponds for various duration. However, a drawback to the use 
of Mongolian pond ash as a viable raw material for the production of geo-
polymers for construction purposes is the presence of significant amounts 
of the heavy metals As, Pb and Cr. But it is also known that hazardous 
elements such as lead can be immobilized in fly ash-based geopolymers by 
their incorporation into the geopolymer matrix [35–38]. 

Saxena et al. [21] developed innovative strategies to create green con-
crete with improved strength properties and durability. They prepared geo-
polymer cement by activating pond ash with alkaline solution (14 M NaOH 
and sodium silicate solutions). Natural ennore sand was used to prepare 
geopolymer mortar; and alccofine powder was added during the geopoly-
merization process, which helped to increase compressive strength of the 
mortar. Silica fume was also used to prepare geopolymer mortar. Curing 
at different temperatures was done either in an electric oven or microwave 
oven. It was observed that microwave-oven curing enabled better com-
pressive strength with shorter curing time. Powder X-ray diffraction, heat 
evolution profile, TG studies, compression strength, and SEM were used to 
characterize the geopolymer materials. A durability test in  sulfuric acid is 
considered essential. Durability results showed better stability with micro-
wave-cured material in comparison to other methods of curing. 
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Kim et al. [39] used pond ash to prepare geopolymers. They did so either 
without adopting any purification process or only with a minimal purifica-
tion process. Synthetic basalt was used as foaming agent in the preparation 
of geopolymer. They observed the highest compressive strength (26 MPa) 
of geopolymers after 7-day curing at ambient temperature. The compres-
sive strength (80 MPa) was thus enhanced considerably by the purification 
and dry sieving of pond ash. Saxena et al. [40] used pond ash containing 
higher amounts of heavy metals to prepare geopolymer cement. They uti-
lized pond ash fruitfully to prepare geopolymer cement by treating it with 
alkaline solution followed by thermal curing. Experimental studies were 
done to assess the activating influences of alkali combinations, i.e., alkali 
hydroxide and silicate (NaOH/Na2SiO3, NaOH/Li2SiO3, KOH/Na2SiO3 and 
KOH/Li2SiO3) on the mechanical properties of mortars. 

Lee et al. [9] characterized pores in geopolymer with the help of X-ray 
tomography, mercury porosimetry, and gas adsorption method. They 
observed irregular geometry of pores and approximate equivalent perime-
ter diameter ranging between 20–60 nm equivalents. Within the volume of 
0.00748 μm3, porosity was determined to be 7.15%. Use of electron tomog-
raphy was considered to be an important method for measuring the poros-
ity and pore connectivity in geopolymers. Knowledge of porosity helps to 
correlate structure with properties and predict the durability and properties.

Khodr et al. [41] conducted comprehensive studies on geopolymer and 
geopolymer mortar using brown coal fly ash obtained from two separate 
locations of an Australian power plant. They obtained good compressive 
strength with their prepared material. 

The above reviews only focused on the recent work that was done in order 
to present new information on geopolymer production using pond ash. In 
the following work, the effects of pond ash size, curing time, and curing tem-
perature on the geopolymerization process are studied. The materials are 
characterized with different characterization techniques and morphologi-
cal transformations of raw materials to geopolymer are discussed. Different 
characterization techniques, such as SEM, XRD, TGA, DSC, etc., are used. 

3.2	 Experimental Details

3.2.1	 Materials

3.2.1.1	 Pond Ash

Pond ash is a waste product produced by the burning of coal in boilers 
(Figure 3.1). It is mainly obtained from wet disposal of fly ash, which when 
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mixed with bottom ash is disposed of in large ponds or dykes as slurry. 
Pond ash is being generated at an alarming rate, which is posing a threat to 
our environment. Problems are currently being experienced in the man-
agement of pond ash disposal, and these have become the thrust area for 
engineering research. 

The chemical composition of pond ash is cited in Table 3.1. It mainly 
contains silica (SiO2) and alumina (Al2O3), which are expected to take part 
in the polymerization process. The presence of alkali compounds, such as 
CaO and MgO, help the process of polymerization.

Figure 3.1  Macrograph of pond ash (PA).

Table 3.1  Chemical composition of pond ash (PA) [42].

Raw 
Materials

SiO2 Al2O3 CaO MgO Fe2O3 TiO2 Cr2O3 MnO P2O5 C LOI

Pond Ash 62.8 28.3 0.7 0.58 3.85 1.84 0.04 0.03 0.32 1.15 0.5
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3.2.1.2	 Physical Properties of Pond Ash 

The physical properties of PA [42, 43] are shown in Table 3.2, which indi-
cates the character of the ash used as a major constituent in GP material.

3.2.1.3	 Chemicals

Sodium Silicate
Sodium silicate (Figure 3.2) is the common name for compounds with the 
formula (Na2SiO2)nO. A well-known member of this series is sodium meta-
silicate, Na2SiO3. Also known as water glass or liquid glass, these materials 
are available in aqueous solution and in solid form. The pure compositions 
are colorless or white, but commercial samples are often greenish or blue 
owing to the presence of iron-containing impurities [42]. 

They are used in cements, passive fire protection, textile and lumber 
processing, refractories, and automobiles. Sodium carbonate and silicon 
dioxide react when molten to form sodium silicate and  carbon dioxide. 
The open chemical structure of sodium silicate is shown in Figure 3.2.

Table 3.2  Physical properties of pond ash (PA).

SL Physical properties of PA properties Pond ash

1 Lime Reactivity of Pond Ash 0.66

2 Specific Gravity 2.16 gm/cc

3 Bulk Density in Loose State 824 kg/m3

4 Bulk Density in Compacted State 990 kg/m3

5 Atterberg’s Limits Liquid    Limits Percentage 47.3

6 IS Classification SP-SM

Na+ Na+ Na+ Na+ Na+ Na+ Na+ Na+

O–

O O O O
n

O–O– O– O– O– O– O–

Si Si Si Si

Figure 3.2  Chemical structure of sodium silicate.
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Sodium Hydroxide
Sodium hydroxide is also known as lye or caustic soda, which is an inor-
ganic compound with the formula NaOH [44]. It is a white solid ionic 
compound consisting of sodium cations Na+ and hydroxide anions OH−. 
Sodium hydroxide is a highly caustic base and alkali that decomposes pro-
teins at ordinary ambient temperatures and may cause severe chemical 
burns. It is highly soluble in water, and readily absorbs moisture and diox-
ide from the air. It forms a series of hydrates NaOHn.H2O. https://en.wiki-
pedia.org/wiki/Sodium_hydroxide - cite_note-siem-10. The monohydrate 
NaOH·H2O crystallizes from water solutions between 12.3 and 61.8 °C. The 
commercially available “sodium hydroxide” is often this monohydrate, and 
published data may refer to it instead of the anhydrous compound. As one 
of the simplest hydroxides, it is frequently utilized alongside neutral water 
and acidic hydrochloric acid  to demonstrate the pH scale to chemistry 
students. Sodium hydroxide is used by many industries to manufacture 
pulp and paper,  textiles,  drinking water,  soaps  and detergents, and as a 
drain cleaner. Figure 3.3 shows a photograph sodium hydroxide pellets.

Sika® (Water-Soluble Plasticizer) 
Sika is a highly concentrated air-entraining liquid plasticizing admix-
ture which is added to strengthen products. It forms stable air bubbles in 
mortar mixes. This improves the workability of mortar, giving a buttery 
consistency, and helps to prevent shrinkage, cracking, crazing, and mild 
frost damage during the curing process as well as providing long-term 
resistance to freeze/thaw cycles. It also replaces lime in the mix, and hence 

Figure 3.3  Sodium hydroxide pellets.
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reduces the chance of efflorescence (salt formation) and smooths out varia-
tions between separate batches of sand and cements. A photograph of Sika 
[42, 44] is shown in Figure 3.4.

3.2.2	 Preparation of Geopolymer from Pond Ash

The synthesis of geopolymer is carried by the solid-state reaction route 
via chemical process. Geopolymer and geopolymeric products (mor-
tar and concrete) are prepared using different components such as pond 
ash, high-carbon ferrochrome slag, jute fiber, sand, and aggregates with 
alkali-activated solution. The process of preparing different geopolymeric 
materials are discussed step-by-step below. The process is carried out in 
four steps, i.e., grinding, mixing, ramming, and curing in a hot air oven 
[42, 44].

Step 1: Raw Material Preparation
Pond ash-based geopolymer is prepared by taking a requisite amount 
of as-received pond ash, sodium silicate, sodium hydroxide, and water-
soluble plasticizers. The as received pond ash from NALCO Damanjodi 
is ground by ball mill followed by sieving to different mesh sizes (e.g., 240 
meshes, 200 meshes and 150 meshes).

Figure 3.4  Sika (water-soluble plasticizer).
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Step 2: Geopolymer Preparation with Raw Materials 
The 240 mesh size of pond ash is mixed with a requisite amount of NaOH, 
Na2SiO3, water and water-soluble plasticizers (Sika). A gel-like mass is 
formed. Three samples of same compositions are chosen (Table 3.3) in 
order to take average response of the mixtures.
Step 3: Molding, Casting and Compaction 
An appropriate amount of gel-like paste is poured into a REMI iron mold of 
50 mm diameter and 70 mm height. The samples are rammed continuously 

Table 3.3  PA-based geopolymer mixtures (three samples of same compositions).

Sample 
code PA

Sod. Silicate 
(SS)

Alkali (8 M, 
NaOH)
(SH)

Water soluble 
Plasticizer 
(Sika)

S1 85% 12% 3% 1-2ml

S2 85% 12% 3% 1-2ml

S3 85% 12% 3% 1-2ml

Curing
at 70°C

Mixing

GP (s)

Geopolymerization
Process

Ramming

Curing
at 70°C

Mixing

GP (s)

Geopolymerization
Process

Ramming

Figure 3.5  Schematic diagram of geopolymer preparation process of pond ash.
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twenty (20) times for dense compaction. They are then left for 3 minutes 
before demolding. These samples are designated as “green” samples. 
Step 4: Curing
The cast green samples are cured at 70 °C for 24 h in an oven. The cured 
samples are preserved in plastic zipper bags until they are tested.

Geopolymer samples with different compositions and mesh sizes are 
prepared by this process using different input variables such as tempera-
ture, time, and mesh size for optimization purpose. A schematic diagram 
of the entire geopolymer preparation process of pond ash is shown in 
Figure 3.5.

3.2.3	 Test Methods 

Fourier-transform infrared spectroscopy (FTIR) is a non-destructive test-
ing (NDT) technique. The presence of functional groups, formation of 
chemical linkage between used materials and interaction between nanoma-
terials and polymers, metal oxygen bond and removal of organic and other 
phases have been investigated using a Thermo Nicolet NEXUS 870 FTIR 
spectrometer (Thermo Fisher, USA). The instrument parameters were kept 
constant (50 scan at 4 cm−1 resolution, transmittance/absorbance mode). In 
this spectrometer [45, 46], the IR radiations from an IR source are passed 
through the sample and the amount of energy adsorbed/transmitted was 
recorded by suitable detector and guided through an interferometer where 
a Fourier transform is performed on the output signal. 

For this technique, powder, liquid and solid film samples are used. 
Solid film samples are analyzed in ATR mode. For this measurement, the 
powdered samples are prepared by making pellets. First, the dry KBr sam-
ples are ground using a mortar pestle followed by the addition of a small 
amount of prepared samples. Then the sample mixture is ground further 
and put into a die and placed inside the hydraulic press, where the samples 
are compacted by pressure (5 kgf).

The pellet (13 mm diameter, 0.3 mm thick) so prepared is used for IR 
characterization. Liquid samples are directly put on KBr pellet/quartz 
glass plate and used for this characterization. Before running the samples, 
a background spectrum is collected. Then pellet samples are put in a sam-
ple holder. The pellets are exposed to IR radiation in the spectrometer and 
data are collected. This technique is done to characterize the bonding type 
of the molecules and for each type of bonding it produced characteristic 
absorption bands. 

X-ray diffraction (XRD) is a powerful non-destructive technique 
to determine crystalline/amorphous structure [47] and intercalated/
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exfoliated/delaminated nanostructure [47] of clay-based composites. It 
also estimates various structural parameters such as crystallite size (D), 
interlayered-spacing (d), etc. X-rays are generated from Cu target with a 
characteristic wavelength (λ) which can be obtained from the expression 
[48, 49], as shown in Equation (3.1),

	
= υ =

λ
E h h c

	
(3.1)

where h is the Planck’s constant (6.62 × 10-34 joule), c is the velocity of light 
(3 × 10-8 m/s) and E is the energy of the radiation. The wavelength of X-ray 
is comparable to the size of atoms. 

The basic principle of X-ray diffraction is based on constructive inter-
ference of X-rays (monochromatic) and prepared samples. The interaction 
of the incident X-rays with the samples produces constructive interference 
and the diffracted rays are generated, which satisfies Bragg’s law (nλ = 
2dsinθ). By scanning the sample through a range of 2θ angles, all possible 
diffraction directions of the lattice should be attained due to the random 
orientation of the powdered materials. Conversion of the diffraction peaks 
to d-spacing allows the identification of the materials because each mate-
rial has a set of unique d-spacing. Typically, this is achieved by comparison 
of d-spacing with standard reference patterns.

In the present work, most of the X-ray diffraction patterns were recorded 
using CuKα radiation (wavelength, λ = 0.154 nm). During the operation, 
XRD was operated at 40 kV and 20 mA. The powder samples were placed 
on a quartz sample holder at room temperature and were scanned at dif-
fraction angle 2θ from 5° to 45°. The sample is kept in a Perspex holder. 

Surface morphologies of prepared materials are analyzed by electron 
microscopy techniques such as SEM/FESEM. An SEM/FESEM micro-
scope uses electrons in place of light to produce an image [50]. It is a sur-
face phenomenon. In this measurement, the electron beam produced from 
an electron gun is focused on a small portion of the sample that is kept in 
a vacuum. A detector collects the output signals during the interaction of 
electrons with the sample, which are sent to a computer. This forms the 
final image. Two types of electron guns are used; one is thermionic and the 
other is field emission. 

The electrons emitted from the electron gun are accelerated by apply-
ing a high electric potential. The scanning of the electron beam over the 
sample surface is controlled by deflecting the electron beam using a scan-
ning coil. In vacuum condition, both FESEM and SEM are used to produce 
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images. Therefore, a special preparation technique is needed for the sample 
to avoid moisture absorption. All non-conducting materials need a thin 
layer of conducting coating. This is done by a “sputter coater” with an oper-
ating voltage of 4 kV. Such a coater uses an electric field and argon gas. The 
sample is placed in a small vacuum chamber. The argon gas is ionized in 
the applied electric field to form argon ion (Ar+). The argon ions knock 
gold atoms from the surface of the gold foil and get deposited on sample. 

The coupling of DSC and TGA signal is advantageous because it measures 
physical transformation as evaporation, sublimation, drying, the physical 
property as heat flow, as well as the chemical properties required for the 
kinetics. The TGA curve of materials shows the mass loss steps relating to 
the loss of volatile components, materials decomposition, combustion and 
final residues. Based on this information, it is even possible to conclude 
the individual components of the sample, to some extent. Furthermore, it 
offers the first derivative of the TGA curve, the DTG curve, the relation to 
time and proceeds proportional to the rate of decomposition. The combi-
nation of both methods offers. Furthermore, artefacts have to be taken into 
account and those effects on the measurement curve which are not caused 
by the sample. Nominal valued artefacts are the occurrence effect, which 
is caused by the gas density decreasing during heating; a weight increase is 
the consequence. This effect can be counteracted by a blank curve [51]. A 
blank curve, or a base line, is a measurement curve which has been created 
under the same conditions, but without a sample, so only an empty cruci-
ble [51]. Fluctuations in the flushing gas stream are another artefact since 
they can be seen on the measurement curve and should therefore not be 
changed during the measurement [51, 52]. 

The TGA sample carrier cannot measure a DSC signal. Before starting 
with the analysis, the first step is to calibrate the sample carrier for sensitiv-
ity and temperature. This calibration occurred with aluminium. All of the 
samples were heated 50 °C above the melting point and then cooled 50 °C 
below it; this procedure was repeated five times. The observed onset of the 
melting point temperature and enthalpy (area underneath the curve) were 
afterwards compared with the existing values of the mentioned metals. 

The selection of the crucibles is crucial since it can influence the mea-
surement in various ways. First of all, the size of the crucible determines 
the amount of the sample. It can also reduce the amount of resolving power 
through the heat capacity of the crucible. The material of the crucible 
must not react with the sample; otherwise, the measurement will be dis-
turbed and thus unusable [51, 52]. The chosen crucible has a volume of 20 
micrometers, made of aluminium oxide (Al2O3), and the sample weight is 
therefore 10 milligrams (weight with a tolerance of +/- 0.1%). 
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The pyrolysis process occurs in an oxygen-free atmosphere; therefore, 
it is necessary to use inert gas such as argon. All tests had the same tem-
perature program, starting with 34 °C up to 800 °C, and run through a 
start-standby (heating rate for 10°/min) to observe the drying and to better 
compare the different runs. 

Before starting with the first sample, it was necessary that the empty cru-
cible run through a whole test program in order to afterwards correct the 
curves from possible deviation triggered from the crucible. This crucible 
correction creates the blank curve and was always repeated for all heating 
rates before the measurements with the samples. Between all pyrolysis tests 
the furnace needed an oxidative process (800 °C, Argon gas) to remove all 
possible remaining sample in the furnace. 

Differential scanning calorimetry (DSC) is a technique for measuring 
the energy necessary to establish a nearly zero temperature difference 
between a substance and an inert reference material, as the two specimens 
are subjected to identical temperature regimes in an environment heated 
or cooled at a controlled rate. The technique provides qualitative and 
quantitative information about physical and chemical changes that involve 
endothermic or exothermic processes or changes in heat capacity using 
minimal amounts of sample. It has many advantages, including fast anal-
ysis time (typically thirty minutes), easy sample preparation, applicability 
to both liquids and solids, a wide range of temperature applicability and 
excellent quantitative capability [52].

There are two types of DSC systems commonly used. In power-
compensated DSC, the temperatures of the sample and reference are con-
trolled independently using separate, identical furnaces. The temperatures 
of the sample and reference are made identical by varying the power input 
to the two furnaces; the energy required to do this is a measure of the 
enthalpy or heat capacity changes in the sample relative to the reference.

The DSC system has been used in the evaluation of small transitions, 
such as multiple phase transitions in liquid crystals and those due to side 
chains in polymers, which cannot be resolved by most other techniques. 
It allows accurate determination of temperatures associated with ther-
mal events. Temperature can be calibrated with respect to one or more 
standards, which allows highly accurate, precise and reproducible values. 
The technique reveals the thermal history imparted to thermoplastics as a 
result of different processing conditions. The information generated can 
be used to vary heating rates to deliver the required degree of crystallinity.

A differential scanning calorimeter (Diamond DSC, Perkin-Elmer, 
USA) was used for determination of crystallization. Samples (5–10 mg) 
were placed in sealed aluminium pans and scanned under a constant 
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nitrogen purge (20 mL/min). Subsequently, the samples were heated from 
30 °C to 200 °C at a rate of 20 °C/min, held at 200 °C for 2 min, cooled to 
30 °C at the same rate and held for 2 min to stabilize. Finally, a second scan 
was carried out from room temp to 200 °C. The resulting crystallization 
temperature (Tc), melting temperature (Tm) and glass transition tempera-
ture (Tg) were noted from the second scan.

In order for geopolymer to be a novel cementitious material, its mechan-
ical properties, such as compressive strength, tensile strength, flexural 
strength and bond strength, are very important additions to concrete. Its 
better mechanical properties over PC have been perceived as advantages 
in previous studies [63, 64]. It has been shown that compressive strength, 
flexural strength, and tensile strength of geopolymers increase as NaOH 
solution concentration increases [65].

Compressive strength was tested on the cylindrical samples (100 mm 
diameter and 200 mm depth) of concrete and cubic samples (50×50×50 
mm3) of mortar. The testing procedure for compressive strength was based 
on the AS 1012.9 [66]. All compressive strength tests were conducted using 
the Controls MCC (Multifunctional Computerized Control Console) 
machine of 3000 kN capacity. It was electronically operated and the data 
were acquired from its software. Top surface of cylinders was capped using 
rubber capping plate to distribute load evenly on the top loading surface 
of the sample. The loading rate was kept fixed as 0.333 MPa/sec (approx-
imately 20 ± 2 MPa/min) for compressive strength test for both mortar 
and concrete samples. Load was applied gradually on the specimen until 
failure. The machine recorded the maximum force exerted and calculated 
the compressive strength using the given values of cylinder dimensions 
that was provided beforehand.

3.2.4	 Results and Discussion

Different treatment combinations of variables are chosen systematically to 
optimize variables for obtaining the highest compressive strength (CS) of 
PA-based geopolymer. The following tables are provided to show the effect 
of variables on strength properties. 

Table 3.4 shows the variations of sodium silicate (SS) and alkali solu-
tions (SH=Sodium hydroxide) from 15–12% and 3–1%, respectively, while 
other variables, i.e., pond ash (85%) and Sika (1–2 mL), are kept constant. 
The strength of geopolymer prepared with three compositions is shown 
in Table 3.4 for curing temperature (70 °C) and two curing times (1 day 
and 7 days). The maximum strength is obtained by curing for 7 days for 
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treatment combination of PA (85%), 12% SS, 3% SH, and Sika (1–2 mL). 
Maximum strength is found to be 21.0 MPa.

Table 3.5 shows the variations of mesh sizes from 150 mesh, 200 mesh, 
and 240 mesh, respectively, while other variables, i.e., pond ash (85%), 
sodium silicate (12%), sodium hydroxide (3%), and Sika (1–2 mL) are kept 
constant. Strength of geopolymer prepared with compositions is shown in 
Table 3.5 for curing temperature (70 °C) and curing time (24 h). The max-
imum strength is obtained by curing for 24 h for treatment combination of 
PA (85%), 12% SS, 3% SH, and Sika (1–2 mL). Maximum strength is found 
to be 19.0 MPa.

Table 3.6 shows variations in curing temperatures (50 °C, 60 °C, 70 °C, 
and 80 °C); while other variables, i.e., pond ash (85%), sodium silicate (12%), 

Table 3.4  Variation of SS and SH on mechanical properties (curing time 24 h, 
curing temperature 70 °C, mesh 240).

Sample 
code

Pond 
ash 

Sod. 
silicate 
(SS)

Alkali 
(8 M, 
NaOH) 
(SH)

Water-
soluble 
plasticizer 
(Sika)

Compressive 
strength 
(MPa) 
(1 day 
curing)

Compressive 
strength 
(MPa) 
(7 days 
curing)

*S1 85% 12% 3% 1–2 ml 20 21.0
*S2 85% 13% 2% 1–2 ml 19 20.4
*S3 85% 14% 1% 1–2 ml 18 19.7

*Note: Each value is average from 10 samples.

Table 3.5  Variation of mesh size on mechanical properties (curing time 24 h, 
curing temperature 70 °C, 12% SS and 3% SH).

Sample 
code

Mesh size 
(micron 
size)

Pond 
ash

Sod. 
silicate

Alkali 
(8 M, 
NaOH)

Water-
soluble 
plasticizer 
(Sika)

Compressive 
strength 
(MPa)

*S1 150 85% 12% 3% 1–2 ml 15
*S2 200 85% 12% 3% 1–2 ml 16.5
*S3 240 85% 12% 3% 1–2 ml 19

*Note: Each value is average from 10 samples.
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sodium hydroxide (3%), Sika (1–2 mL) and curing time (24 h) are kept 
constant. Strength of geopolymer prepared with compositions is shown in 
Table 3.6 for two curing times (1 day and 7 days). The maximum strength 
is obtained by curing for 1 day for treatment combination of PA (85%), 
12% SS, 3% SH, and Sika (1–2 mL). Maximum strength is found to be 19.0 
MPa.

Table 3.7 shows variations in length of curing times from 4 h, 8 h, 16 h, 
20 h, 24 h, and 168 h, respectively; while other variables, i.e., pond ash 
(85%), Sika (1–2 ml), sodium silicate (12%), sodium hydroxide (3%), are 
kept constant. Strength of geopolymer prepared with compositions having 
different lengths of curing time is shown in Table 3.7 for curing tempera-
ture (70 °C). The maximum strength is obtained by curing for 168 h for 
treatment combination of PA (85%), 12% SS, 3% SH, and Sika (1–2 ml). 
Maximum strength is found to be 20.3 MPa.

It is concluded from the results of experiments shown in Table 3.4, Table 
3.5, Table 3.6 and Table 3.7, respectively, that the best compressive strength 
property is obtained for a treatment combination of 12% Na2SiO3, 3% 
NaOH (8 M), 70 °C curing temperature and 24 h curing time. To achieve 
the highest strength, 8 time ramming is recommended. Maximum achiev-
able strength is 20–21 MPa. 

All the strength properties are evaluated at room temperature for all the 
experiments. However, it is considered useful to find the strength behavior 
of GP material at higher temperature for structural integrity with the mate-
rials. For testing GP at higher temperature, a special fixture is designed 

Table 3.6  Variation of curing temperatures on mechanical properties (curing 
time 24 h, 240 mesh size, 12% SS and 3% SH).

Sample 
code

Curing 
temp. 
(ºC)

Pond 
ash

Sod. 
silicate

Alkali 
(8 M, 
NaOH)

Water 
soluble 
plasticizer 
(Sika)

Compressive 
strength 
(MPa)

*S1 50 85% 12% 3% 1–2 ml 15
*S2 60 85% 12% 3% 1–2 ml 16.5
*S3 70 85% 12% 3% 1–2 ml 19
*S4 80 85% 12% 3% 1–2 ml 15

*Note: Each value is average from 10 samples.
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to test GP samples at 90 °C. The designed grip made of stainless steel is 
attached to the moveable jaw of the universal tensile testing machine. 

The test samples are placed in a holder fixed with the attachment where 
temperature (Figure 3.6) is controlled with an accuracy of ±1 °C. Testing 
is conducted at a slow strain rate for GP samples which are prepared using 
optimum process parameters (70 °C, 24 h, and 240 meshes). The results 
cited in Table 3.8 show: 

1)	 The strength value is comparable to the strength obtained 
for the materials at ambient temperature. Thus, the struc-
tural integrity is maintained even at a higher temperature. 

2)	 Increasing curing time from 1 day to 7 days does not affect 
the strength of the materials.

The SEM images for as-received pond ash and pond ash-based geopoly-
mers are shown in Figure 3.7. It is observed that for as-received samples 
there are irregular shaped particles that are relatively loose, indicating high 
porosity; whereas prepared pond ash-based geopolymer Figures 3.7b, 3.7c, 
3.7d, 3.7e and 3.7f is compacted mass. Figure 3.7 shows SEM images of GP 
samples cured for different lengths of time. It can be observed that there 
is progressive polymerization in the materials during curing for different 
lengths of time at 70 °C. Agglomeration of loose particles (Figure  3.7a) 

Table 3.7  Variation of curing times on mechanical properties (curing temperature 
(70 °C), 240 mesh size, 12% SS and 3% SH).

Sample 
code

Curing 
time 
(hour)

Pond 
ash 

Sod. 
silicate

Alkali 
(8 M, 
NaOH)

Water-
soluble 
plasticizer 
(Sika)

Compressive  
strength  
(MPa)

*S1 4 85% 12% 3% 1–2 ml 10.6
*S2 8 85% 12% 3% 1–2 ml 13
*S3 16 85% 12% 3% 1–2 ml 15
*S4 20 85% 12% 3% 1–2 ml 18
*S5 24 85% 12% 3% 1–2 ml 19
*S6 168 85% 12% 3% 1–2 ml 20.3

*Note: Each value is average from 10 samples.
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can be observed in Figures 3.7b, 3.7c, 3.7d, 3.7e and 3.7f. Figures 3.7a 
and 3.7c are micrographs of GP cured at 50 °C and 60 °C respectively. 
Agglomerations due to curing at those temperatures are well documented 
in the two micrographs (Figures 3.7a and 3.7c). Elements present in GP are 
marked in Corresponding EDX analysis (Figures 3.7b and 3.7d). In those 
areas, elements of Si, AL, Fe, Mg, Ca, Na, O, etc., have been identified. 

Comparison of micrographs (Figures 3.8a and 3.8c), obtained from two 
GP samples cured at two different temperatures of 50 °C and 60 °C for 
the same length of time indicate that curing at 60 °C has enabled greater 
agglomeration of powder materials due to increased polymerization at a 
higher temperature. Similar micrographs of GP at two other temperatures 
(i.e., 70 °C and 80 °C, respectively) for the same length of curing time are 

Figure 3.6  MOR set-up (fabricated) for elevated temperature studies.

Table 3.8  Mix proportions of pond ash-based geopolymer cured for 1 day and 7 
days at 70 °C.

Pond 
ash

Sod. 
silicate

Alkali 
(8 M, 
NaOH)

Water-
soluble 
plasticizer 
(Sika)

Compressive 
Strength 
(MPa)  
[24 h]

Compressive 
strength 
(MPa)  
[24 h] at 
90 °C

Compressive 
strength 
(MPa) 
[7 days 
curing] at 
90 °C 

85% 12% 3% 1–2 ml 19.0 20.3 21.0
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shown in Figures 3.8e and 3.8g. The same characteristics of agglomerated 
GP are observed. The striking feature of the micrograph shown in Figure 
3.8g (region-marked) is the presence of needle-shaped phases (marked), 
wide-spread on the work surface of the particles. The needles have high 
aspect ratios. When the microstructures are examined by EDX analysis 
(Figure 3.8b), it confirms the presence of elements such as aluminium, 

(a) (b)

(c)

(e) (f)

(d)

10 µm Signal A = SE2 Date: 21 Apr 2015
Time: 14:13:04WD = 11 mm Gun Vacuum = 2.78e-009 mBar

Mag = 3.00 K X EHT = 5.00 KV 2 µm Signal A = SE2 Date: 21 Apr 2015
Time: 17:11:32WD = 12 mm Gun Vacuum = 2.54e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV

 3 µm Signal A = SE2 Date: 21 Apr 2015
Time: 17:23:02WD = 12 mm Gun Vacuum = 3.61e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV

2 µm Signal A = SE2 Date: 21 Apr 2015
Time: 13:24:34WD = 10 mm Gun Vacuum = 2.60e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV2 µm Signal A = SE2 Date: 21 Apr 2015
Time: 13:24:02WD = 12 mm Gun Vacuum = 2.60e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV

2 µm Signal A = SE2 Date: 21 Apr 2015
Time: 14:05:33WD = 10 mm Gun Vacuum = 2.76e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV

Figure 3.7  SEM images of (a) As-received Pond Ash; (b) PA-based GP cured at 70 °C 
for 4 h; (c) PA-based GP cured at 70 °C for 8 h; (d) PA-based GP cured at 70 °C for 16 h, 
(e) PA-based GP cured at 70 °C for 20 h, and (f) PA-based GP cured at 70 °C for 24 h.
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silicon, and oxygen which super of formation of geopolymer with Al, O, 
Si, etc.

The presence of Si, Al, Fe, Ca, Mg, Na, and O is revealed by EDX analy-
sis. The EDX data of as-received pond ash and as-prepared PA-based GP at 
different temperatures for same curing time is shown in Figures 3.8b, 3.8d, 
3.8f, and 3.8h. The Si/Al ratio has been observed to be 2.11 for as-received 

(a) (b)

(c) (d)

2 4 6 8 10 12 14 16 18 20

Full Scale 842 cts Cursor: 0.000 keV

2 4 6 8 10 12 14 16 18 20
Full Scale 842 cts Cursor: 0.000 keV

Spectrum 10

Spectrum 11

2 µm Signal A = SE2 Date: 21 Apr 2015

Time: 13:50:32WD = 14 mm Gun Vacuum = 2.83e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV

2 µm Signal A = SE2 Date: 21 Apr 2015

Time: 13:39:10WD = 12 mm Gun Vacuum = 2.80e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV

Figure 3.8  SEM images of (a) PA-based GP cured at 50 °C, (b) EDS of PA-based GP 
cured at 50 °C, (c) PA-based GP cured at 60 °C, and (d) EDS of PA-based GP cured at 60 °C.
� (Continued)
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PA; and after curing at 70 °C for 24 h, the ratio changes to 3.38.  From these 
results, it can be said that increase in Si/Al ratio has aided in increasing 
the compressive strength of the cured geopolymers. This may happen due 
to the formation of polymer chain. The gel phase surrounding the parti-
cles (Figures 3.8a, 3.8c, and 3.8e) indicates that the mechanical strength 
of the geopolymeric binder is higher than that at lower curing time and 
temperature. 

(e) (f)

(g) (h)

2 4 6 8 10 12 14 16 18 20
Full Scale 359 cts Cursor: 0.000 keV

2 4 6 8 10 12 14 16 18 20
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Spectrum 9
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Time: 13:26:36WD = 10 mm Gun Vacuum = 2.68e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV

2 µm Signal A = SE2 Date: 21 Apr 2015

Time: 13:52:50WD = 13 mm Gun Vacuum = 2.82e-009 mBar

Mag = 5.00 K X EHT = 5.00 KV

Figure 3.8 (Continued)  SEM images of (e) PA-based GP cured at 70 °C, (f) EDS of 
PA-based GP cured at 70 °C, (g) PA-based GP curried at 80 °C, and (h) EDS of PA-based 
GP cured at 80 °C.
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Geopolymer pastes are characterized by DSC. Using this technique, it 
is possible to observe exothermic and endothermic events, as well as glass 
transition temperatures (Tg). The range of investigation is between 30–200 
°C. Results obtained from DSC thermograms (exothermal peaks) of the 
as-received PA and PA-based geopolymer at different curing times are 
shown in Figure 3.9 The DSC thermogram of as-received PA is straight, 
indicating no polymerization reaction. The thermograms of as-prepared 
geopolymer show a single peak, indicating the degree of geopolymeriza-
tion [53, 54]. 

Geopolymerization occurred by condensation polymerization, which 
produced some water molecules. Ocular water molecules started ooz-
ing out from 70 °C onwards till ~110 °C and are marked in Figure 3.9 as 
endotherms. Peaks are also observed for all GP samples cured for different 
lengths of time. Within the temperature range of 30–200 °C, the peak posi-
tion and peak area of the DSC thermogram of as-prepared geopolymer are 
different. This indicates a difference in the degree of geopolymerization of 
prepared geopolymers at different process variables. 

Samples of cured GP are characterized using TG-DTG isothermal anal-
ysis (Figure 3.10). The significant observation made is loss of water begin-
ning around 50 °C till 400 °C temperature (humps in the thermogram), 
indicating loss of water since polymerization is completed during curing 
[55–59]. 
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Figure 3.9  DSC isotherm of pond ash-based GP at different lengths of curing length.
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The FTIR spectra for pond ash and its geopolymer pastes are shown in 
Figure 3.11a and 3.11b; and peak assignments with corresponding wave 
number are presented in Table 3.9. The main feature of the FTIR spec-
tra was the central band at around 1093 cm-1, which is attributed to the 
Si–O–Si or Al–O–Si asymmetric stretching mode [60]. The main spectral 
band originally appearing in pond ash at about 1078 cm-1 shifted to lower 
frequencies after geopolymerization took place. The larger the shift, the 
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higher the degree of penetration of Al from the glassy part of the pond ash 
into the (SiO4)

4- net. This indicates that the geopolymerization process is 
influenced by both parameters. Significant broad bands were observed at 
approximately 3450 and 1640 cm-1 for the O–H stretching mode and O-H 
bending mode [61, 62].

The presence of quartz is shown by a characteristic doublet at around 
796 and 776 cm-1 that is present in all samples. Another spectral band at 
around 1440 cm-1 appeared in all the geopolymer samples, but is absent in 
the pond ash. This band is characteristic of the asymmetric CO3 stretching 
mode, which suggests the presence of sodium carbonate as a result of the 
reaction between excess sodium and atmospheric carbon dioxide. Excess 
sodium content can form sodium carbonate by atmospheric carbonation 
and may disrupt the polymerization process. Particularly in the case of 
low-Ca alkali-activated materials, when sodium carbonate reacts with CO2 
it tends to form sodium carbonates and bicarbonates, which are more sol-
uble than the CaCO3 formed by reaction of OPC and may therefore act as 
an alkali sink and/or play a buffering role in the solution [63, 64].

3.3	 Conclusions

In the first phase of this work, PA procured from NALCO, Damanjodi, 
Odisha, was graded into different fractions through screening (i.e., sieving). 

Table 3.9  Wave number and peak assignments of as-received PA and PAGP. 

S. no.

Wave number

Peak assignmentsAs-received PA PA GP

1 3450 3473 O-H stretching band

2 1625 1662 O-H bending band

3 --- 2342

4 --- 1452 Asymmetric carbonate 
stretching

5 1093 1087 Si–O–Si or Al–O–Si 
asymmetric stretching

6 905 919 Mullite band

7 780 835 Quartz
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An adequate amount of different fractions of graded pond ash was mixed 
with a requisite amount of moisture and other chemicals as described in this 
text; and the mixture was cast in a mold. The cast materials were then cured. 
Parameters such as size, curing time, and temperature were optimized to 
get the best product strength. The maximum strength achieved was com-
parable to that of M15-M20 grade conventional cement-based products. 
The integrity of structure was verified by testing the materials up to 90 °C. 
A regression equation was developed to quantify the effect of parameters 
on strength properties. This equation can predict strength of the material 
within the range of variations of variables. The adequacy of the equation 
was statistically checked and was capable of predicting the properties with 
95% confidence. GP formed with PA showed strength equivalent to the 
M15 and M20-grade PC used for structural applications, ensuring the 
integrity of a structure up to a temperature of 70 °C. 

The material was characterized with the help of SEM/EDS, XRD, DSC, 
TGA, and FTIR respectively. The mechanism involved is that silicon 
and aluminium atoms present in waste reacts with alkali liquid, forming 
geopolymer which binds other non-reactive materials in the waste. The 
highest strength level achieved for as-prepared geopolymers was 19 MPa 
after curing 24 h. The SEM micrographs reveal that there was a gradual 
transformation from irregular spherical shape to compacted mass, which 
was due to polymeric transformation with increase in curing time, which 
also was corroborated with mechanical properties such as compressive 
strength. Distinct changes were observed in FTIR spectra, i.e., increase in 
peak height as well as appearance of many other peaks if compared with 
FTIR spectrum of virgin material. This strength was due to polymeric reac-
tions and formation of chains with the monomeric structure. A few inter-
esting features of the TGA pattern were observed for the two materials, 
i.e., uncured and cured samples, described in the text. DSC isotherms indi-
cated oozing out of inbuilt water which accumulated during condensation 
polymerization reaction. The strength level achieved by optimum use of 
variables was comparable to that of standard M15 grade mortar used for 
constructional purpose.
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Abstract
Concrete is the world’s most versatile, durable and reliable building material in 
the construction industry. One of the major ingredients of concrete is ordinary 
Portland cement (OPC). It is the second major generator of carbon dioxide, caus-
ing pollution in the atmosphere. The process is energy-intensive. Hence, it was 
inevitable that an alternative material would be considered for cost-effective and 
reliable construction applications. Geopolymer concrete is an innovative con-
struction material which can be produced by chemical activation of inorganic 
molecules such as silica and alumina bearing phases which are found in raw mate-
rials (fly ash or pond ash) used for making geopolymers. In this chapter, quanti-
fication of variables has been made relating to strength properties of geopolymer. 
For quantification, a statistical design of an experiment is planned, a regression 
equation developed, and the regression equation has been statistically verified to 
find the accuracy of the equation. Prediction of geopolymer strength properties in 
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a range of variations and variables are studied. The presence of significant interac-
tion coefficients in regression equations indicates that equations are nonlinear in 
nature, suggesting adoption of higher order design for a more accurate prediction 
of mechanical properties. Analysis by XRD, FTIR, FESEM with EDS, DSC and 
TGA of GP prepared from optimum parameters is also carried out.

Keywords:  Geopolymer, mechanical strength, statistical design, water 
crystallization, thermal stability

4.1	 Introduction

Because the use of waste and by-products in geopolymer concrete will 
lead to a greener environment, it can be called “green concrete.” Different 
types of waste materials can be considered for use in geopolymer concrete. 
The most commonly used waste materials to replace sand and cement in 
concrete are fly ash, rice husk ash, blast furnace slag, red mud, phosphor, 
gypsum, silica fume, fumed silica, crushed glass, and egg shells. Ash is the 
residue after combustion of coal in thermal power plants. Particle sizes of 
the ash vary from one micron to 600 microns. Very fine fly ash particles 
collected from this ash generated in electrostatic precipitators are being 
used in the manufacture of blended cements. Unused fly ash and bottom 
ash (residue collected at the bottom of a furnace) mixed in slurry form and 
deposited in ponds are known as pond ash. Thermal power plants in India 
adopt wet methods of disposal and storage of ash in large ponds and dykes. 
In the wet method, both fly ashes collected from electrostatic precipitators 
and bottom/grate ash are mixed with water and transported to the ponds 
in a slurry form. Chemical and mineralogical properties of fly ash depend 
on the characteristics and composition of coal fed into the boiler furnace. 
Basically, it contains large amounts of silica (SiO2), alumina (Al2O3), and 
iron oxide (Fe2O3); and small quantities of other oxides like CaO, MgO, 
MnO, Na2O, K2O, SO3 in the form of minerals, viz., magnetite, hematite, 
quartz, free calcium oxide, etc. Disposal of fly ash and pond ash will be a 
big challenge to the environment, especially when the quantum increases 
from the present level. Hence, worldwide research is focused on finding an 
alternative use for this waste material. Its use in the concrete industry is 
one of the effective methods of utilization.

Bottom ash is a by-product of coal burnt in thermal power plants. 
Bottom ash particles are much coarser than fly ash. It is a coarse, angu-
lar material with a porous surface. This material is composed of silica, 
alumina, and iron oxide with small amounts of calcium, magnesium and 
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sulphate. Grain size typically ranges between finer sand size to coarser 
gravel size. The chemical composition of bottom ash is similar to fly ash 
but typically contains greater amounts of carbon. Bottom ash exhibits high 
shear strength and low compressibility. These engineering properties make 
bottom ash an ideal material for the design and construction of dams and 
for other civil engineering applications. Bottom ash also exhibits a rela-
tively high permeability and grain size distribution that allows the design 
engineer to use it in direct contact with impervious material. Bottom ash 
has proved to be an economical material because it has been demonstrated 
to not only have good engineering property but also to have constructa-
bility benefits. Bottom ash can be used as concrete aggregate or for several 
other civil engineering applications where sand, gravel and crushed stone 
are used. Geopolymer is the new generation construction material pro-
posed to replace conventional materials such as cement. Several workers 
have developed geopolymer from fly ash. These materials are found to be 
a better replacement for cement due to their ease of production and cost-
effectiveness; and yet show better performance in terms of strength, stabil-
ity and structural integrity.

Geopolymer also saves energy and causes less environmental pollution. 
The process of producing geopolymer also uses industrial waste such as fly 
ash, pond ash, etc. However, fly ash is no longer considered a waste product 
because it is being marketed to industries dealing with other construction 
materials such as bricks and pavements [1, 2].

Geopolymer can also be produced by using raw materials such as pond 
ash, slag or steel melting slag. It is prepared by varying parameters such as 
size of ingredients, raw materials, curing temperature, and curing time. 
These parameters need to be optimized by trial-and-error method and 
varying the parameters one at a time (single factor experiment).

In single factor experiment, one parameter can vary, while others are 
kept constant. Thus, to get the optimization values of three parameters 
many experiments are needed, and yet optimization still may not be pos-
sible. This is because the interactions between the parameters are ignored 
at their various levels. A statistical design experiment solves this problem 
by simultaneously varying all the operating parameters within some range 
[3–7]. For that, factorial design is adopted using no. of experiments “Pn”;

	 where P = level of variation and n = no. of variable.

In this case, the level of variation is two, i.e., p = 2, and no. of vari-
ables are three, i.e., n = 3. Therefore, if factors are varied at two levels than 
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8 no. of experiments are required for construction design matrix, which 
will yield response surface connecting properties such as strength with 
variables. This equation will give a quantity estimate of the materials with 
respect to the response such as strength.

If the range of variation is very narrow then the response surface may 
be an approximate plane. In such case, the regression equation so devel-
oped will resolve more production variables in terms of main effect [3–7]. 
However, the equation needs to be statically refined by a T-test and be fur-
ther tested for adequacy by an F-test.

In the present investigation, pond ash is taken as raw material with alka-
line compounds of the laboratory used in a fixed ratio.

4.2	 Experimental Details

4.2.1	 Materials and Method

Pond Ash was collected from NALCO Navratna Company (Damanjodi, 
Odisha). The chemical composition/different phases of pond ash are 
shown in Table 4.1. Sodium hydroxide (NaOH) was purchased from Loba 
Chemicals. Sodium silicate (Na2SiO3) was purchased from Merck, India. A 
few drops of water-soluble plasticizer (Sika) was used to prepare geopoly-
mer in order to improve the plasticity of as-prepared materials. A small 
amount of water was used to mix the raw materials.

4.2.2	 Preparation of Geopolymer from Raw Materials

The geopolymer process was carried out in three steps, i.e., grinding, mix-
ing and ramming, in the steps shown below [8, 9]:

Step 1: Pond ash is ground by mortar and pestle and then screen through 
240 meshes.
Step 2: Sieved pond ash is mixed with NaOH, Na2SiO3, a small amount 
of water (6%) and water-soluble plasticizers (Sika). Gel-like material is 
formed. Mixtures of different compositions are shown in Table 4.2.
Step 3: Gel-like materials are put in REMI system. The REMI mold is made 
of iron having cylindrical shaped (50 mm diameter by 70 mm height). The 
samples are rammed twenty (20) times, compacted for 3 minutes and then 
demolded. These are called green samples. Green samples are cured at 
70 °C for 24 h in an air oven. The cured samples are preserved in plastic 
zipper bags to avoid moisture loss. The samples are tested. 



Statistical Designing of Pond Ash Geopolymer  127

4.2.3	 Characterization of Prepared Samples

Spectroscopic studies were conducted using a field emission scanning 
electron microscope (FESEM) with an energy-dispersive X-ray spectrom-
eter (JEOL). Before examination, gold coating was done using the sputter 
technique.

Compression testing of as-prepared geopolymer samples was performed 
in an automatic compression testing machine (AIMIL COMPTEST 2000, 
India), followed by ASTM standard procedure.

Analysis of XRD samples were done using a Phillips PW-1710 advance 
wide angle X-ray diffractometer, Phillips PW-1729 X-ray generator and Cu 
Kα radiation (wavelength, λ = 0.154 nm).

The FTIR spectra were recorded on a Thermo Nicolet Nexus 870 spec-
trometer in the range of 400-4000 cm−1.

Thermal stability was determined by TGA; and the water of crystalliza-
tion was calculated using DSC (Perkin Elmer Pyris Diamond calorimeter) 
at a heating rate of 10 °C/min in nitrogen environment.

For optimization purpose, judicious selection of input variables at 
base level is required. Activator solution and three variables, such as 
curing time, curing temperature and mesh sizes, are selected to eval-
uate the accuracy of the ACI 211.1 practice to predict the compressive 
strength of PA-based geopolymer. Two design variables are included 
to analyze the results at three different levels of compressive strength. 
Also, five factors (control parameters) are kept constant throughout the 
experimental plan.

A design of experiments for the activator solution control variables for 
each combination of the two variables is created using Minitab software, 
which provided the experiments required and randomized order of test-
ing. It also provided the analysis of variance of the results and the devia-
tion from the expected outcome, providing data that was fed into the mix 
design and proportionating software.

4.3	 Results and Discussion

There is a lack of information regarding the quantitative effect of vari-
ables on strength properties of geopolymer. The numbers of processing 
variables which affect strength properties are many, and consequently 
complex interactions result due to these variables interacting with each 
other. To reach an optimum level of variables for maximum properties, 
one has to perform a large number of experiments, and even then, the 
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optimum combination is not always guaranteed. Under this circumstance 
use of statistical design of experiments is extremely helpful. By perform-
ing fewer experiments in a planned manner, one can reach the optimum 
combination of variables in much shorter time, thus saving considerable 
labor and cost. This mathematical tool has been used profitably by two 
of the authors. In the present situation, the utility of statistical design of 
experiments is once again demonstrated for geopolymer prepared with 
pond ash.

Many factors affected the mechanical properties of geopolymer during 
the present investigation; the following factors are varied:

1)	 Curing temperature (x1)
2)	 Particle size (x2)
3)	 Curing time (x3)

Various workers suggested artificial curing temperature and time of 
the geopolymers in the range of 50–90 °C and 20–28 h, respectively, for 
obtaining optimum properties. Based on this information and the single 
factor experiments performed by the investigators, base levels for curing 
time and temperature were decided. Since curing time, curing temperature 
and particle size interact in a complex manner, it was decided to develop a 
regression equation connecting the input variables like curing temperature, 
particle size and curing time with the response, i.e., strength properties. 
For working out the optimum treatment combination from this regression 
equation, experiments were performed by following the method of steep-
est ascent (77-78). The optimum treatment combination thus obtained was 
employed for treatment of geopolymer. Regression equations developed 
between the response variables and the factors varied. Table 4.1 lists the 
range of variations of the different factors and base level chosen together 
with the code for each. Table 4.2 shows the composition of three base levels 
of variables from which geopolymer is prepared. However, all the analyses 
were repeated to see the reproducibility.

In order to establish the quantitative relationship between residual com-
pressive strength and composition of the geopolymer, statistical design was 
applied. Here, each geopolymer element was varied in two levels, keep-
ing the base level geopolymer composition as the central composition. 
Table 4.2 shows variation of input variables in two levels (Ref. Table 4.1). 
Since there are variables varying between two levels, a design matrix is 
constructed by simultaneous variation of three factors. Hence, eight com-
binations are required following the factorial design experiment, where a 
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Table 4.1  Variation of different factors (geopolymers), base levels and codes.

Factors varied code Temperature (x1) Mesh size (x2) Curing time (x3)

Upper level 90 240 28

Code value (+1) (+1) (+1)

Base level 70 195 24

Code value (0) (0) (0)

Lower level 50 150 20

Code value (-1) (-1) (-1)

Table 4.2  Composition of eight geopolymers prepared with their 
code values and residual compressive strength.

Sl. no. Input variables
Residual compressive 

strength (MPa)

1 90
(+1)

240
(+1)

28
(+1)

18.11

2 50
(-1)

240
(+1)

28
(+1)

15.10

3 90
(+1)

150
(-1)

28
(+1)

15.10

4 50
(-1)

150
(-1)

28
(+1)

14.22

5 90
(+1)

240
(+1)

20
(-1)

20.02

6 50
(-1)

240
(+1)

20
(-1)

12.22

7 90
(+1)

150
(-1)

20
(-1)

16.88

8 50
(-1)

150
(-1)

20
(-1)

10.54
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matrix is constructed, i.e., Pn, where P represents level of variation and n 
represents number of factors. Thus, 23 = 8 experiments are required for 
three variables for constructing a design matrix. For each treatment, the 
combinations response, i.e., strength properties, are shown in Table 4.2.

The response obtained in Table 4.2 was analyzed and regression co-
efficient was obtained. Table 4.3 shows regression coefficients obtained for 
different treatment combinations.

There are three variables, namely curing temperature (x1), particle 
size (x2) and curing time (x3), and hence a number of experiments were 
required in the design matrix. Number of experiments is 23, i.e., 8 treat-
ment combinations, is shown in Table 4.2. Table 4.2 shows the composition 
and coded values of eight geopolymers prepared, together with response 
obtained for each geopolymer.

The regression equation obtained was formed using data from Table 4.2:

	 Y = bo ± b1x1 ± b2x2 ± b3x3 ± b12x1x2 ± b23x2x3 ± b13x1x3 + b123x1x2x3

Calculation of regression coefficients
Where, bo  = (18.11 + 15.10 + 15.10 + 14.22 + 20.02 + 12.22 + 16.88 + 10.54) ÷ 8

= 15.27
,b1 = ((18.11 + 15.10 + 20.02 + 16.88) - (15.10 + 14.22 + 12.22 + 10.54)) ÷ 8

= 2.25

Table 4.3  Regression coefficients calculated from the response 
values obtained for different treatment combinations.

Regression coefficient
Compressive strength  

of geopolymer

b0 15.27

b1 2.25

b2 1.08

b3 0.36

b12 0.44

b13 -1.28

b23 -0.11

b123 0.083
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,b2 = ((18.11 + 15.10 + 20.02 + 12.22)-(15.10 + 14.22 + 16.88 + 10.54)) ÷ 8
	 = 1.08

,b3 = ((18.11 + 15.10 + 15.10 + 14.22)-(20.02 + 12.22 + 16.88 + 10.54)) ÷ 8
	 = 0.36

,b12 = ((18.11 + 14.22 + 20.02 + 10.54)-(15.10 + 15.10 + 12.22 + 16.88)) ÷ 8
	 = 0.44

,b23 = ((18.11 + 15.10 + 16.88 + 10.54)-(15.10 + 14.22 + 20.02 + 12.22)) ÷ 8
	 = -0.11

,b13 = ((18.11 + 15.10 + 12.22 + 10.54)-(15.10 + 14.22 + 20.02 + 16.88)) ÷ 8
	 = -1.28

,b123 = ((18.11 + 14.22 + 12.22 + 16.88)-(15.10 + 15.10 + 20.02 + 10.54)) ÷ 8
	 = 0.083

So, the equation becomes,

Y = 15.27 + 2.25x1 + 1.08x2 + 0.36x3 + 0.44x1x2-0.11x2x3-1.28x1x3 + 0.083x1x2x3,

	

= − °
°

= −

= −

x c
c

x

x

X 1 70
20

X 2 195
45

X 3 24
4

1

2

3

Where, x1, x2 and x3 are the main effect of curing temperature, particle 
size and curing time varying between ±1. In order to calculate the resid-
ual compressive strength value for any composition of the geopolymer in 
the range of variation of the geopolymer elements, code values are to be 
inserted in the above equation instead of using the actual composition in 
percent. The validity of the equation is assured only within the range of 
composition studied in the investigation.

The equation is nonlinear in nature and there are several binary and 
ternary coefficients (coefficient attached to x1x2 or x1x2x3 in Eq. 4.1). It 
was decided to plan experiments by constructing a separate design matrix 
for finding the exact combination of curing temperature, mesh size cur-
ing, and time. Thus, the variables are curing temperature, aging time, and 
particle size. The base level of treatment combination was decided after 
the single factor experiment. Thus, the base level for curing temperature, 



132  Historical Development of Constructional Materials

curing time, and particle size is 70°, 240, 24 h respectively. Table 4.4 shows 
the design matrix with different values obtained for each experiment.

A few coefficients might be become statistically insignificant for the fol-
lowing reasons:

1)	 Variation from batch to batch;
2)	 Error in measurement of different response variables.

The latter may be subdivided under three heads:

a)	 Variation from sample to sample within the same batch;
b)	 Due to equipment;
c)	 Personal error while preparing geopolymer, chemical anal-

ysis and heat treating the samples, etc.

Table 4.4  Experimental design matrix showing treatment combinations.

Sl. no.
code values

Input variables

Temp. (x1) 
Mesh size 

(x2) 
Curing 

time (x3) 
Treat. 

comb.

1
(Code value)

90
(+1)

240
(+1)

28
(+1)

x1x2x3

2
(Code value)

50
(-1)

240
(+1)

28
(+1)

x2x3

3
(Code value)

90
(+1)

150
(-1)

28
(+1)

x1x3

4
(Code value) 

50
(-1)

150
(-1)

28
(+1)

x3

5
(Code value)

90
(+1)

150
(+1)

20
(-1)

x1x2

6
(Code value) 

50
(-1)

240
(+1)

20
(-1)

x2

7
(Code value)

90
(+1)

150
(-1)

20
(-1)

x1

8
(Code value)

50
(-1)

150
(-1)

20
(-1)

1
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All these errors are therefore responsible for making values of some 
coefficients statistically insignificant. However, to find significant coeffi-
cients for corresponding effects and interactions, analysis of variance is 
required.

4.3.1	 Testing of Significance Coefficients

Significance of each coefficient is tested separately. This can be done in two 
equivalents ways, namely, by using “student’s t” or by constructing the con-
fidence interval. When a complete factorial experiment or a regular frac-
tional replication is used, the confidence intervals for all the coefficients 
(including the interaction effects) are equal to one another.

First of all, it is necessary, of course, to find the variance of the regression 
coefficients S2(bj);

	
= s y

N
S bj 22

Where, N=Total number of experiments

	
= ∑ ∑ −

−N n
Sy (y0 y)2

( 1)

N n
2 1 1

Where, Yo= Response obtained for each replicate
	 Y= Average of response for n replicate
	 n= Number of replicate made at each level

A glance at the formula shows that variances of all the coefficients are 
equal to one another, since they depend only on the error of the experi-
ment and the number of trials. Now it is easy to construct the confidence 
interval (Δ bj)

	 (Δ bj)= ±ts(bj)

Here, ‘t’ is tabulated value of ‘student’s’ criterion for the number of 
degrees of freedom S2(y), which is determined with and at the selected 
significance level (usually 0.05 or 5%), s(bj) is the quadratic error of the 
regression coefficient.
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	 S(bj)= +√s2(bj)

The formula for the confidence interval can be written in the following 
equivalent form:

	 Ö
= ± ts y

N
bj ( )

A coefficient is significant if its absolute value is greater than confidence 
interval.

The confidence interval is set up by the upper and lower limits bj+Δbj 
and bj-Δbj.

The value of t can be found from Table 4.5, a fragment of which is show 
in Table 4.6, where f is the number of degrees of freedom.

From the above data the different Δbj values are estimated.

Table 4.5  Student’s t at 5% significance level (12,61).

f t f t f t

1 12.71 13 2.160 26 2.056

2 4.303 14 2.145 27 2,052

3 3.182 15 2.131 28 2.048

4 2.776 16 2.120 29 2.045

5 2.571 17 2.110 30 2.042

6 2.447 18
19

2.101
2.093

1.960

7 2.365 20 2.086

8 2.306 21 2.080

9 2.262 22 2.074

10 2.228 23 2.069

11 2.201 24 2.064

12 2.179 25 2.060
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Any coefficients of Equations 4.5 to 4.8 having a value less than Δbj 
value are to be ignored, then new equations are formed after ignoring the 
insignificant coefficients.

Table 4.6  Computation of Δbj for compressive strength values.

Treat comb. Y0 Y (Y0-Y) (Y0-Y)2

x1x2x3 19
18
17.33

18.11 0.89
-0.11
-0.78

0.792
0.012
0.608

x2x3 14.66
15
15.66

15.10 -0.44
-0.1
0.56

0.193
0.01
0.313

x1x3 14.66
15.66
15

15.10 -0.44
0.56
-0.1

0.193
0.313
0.01

x3 14
14.66
14

14.22 -0.22
0.44
-0.22

0.048
0.193
0.048

x1x2 20.03
20.03
20

20.02 0.01
0.01
-0.02

0.0001
0.0001
0.0004

x2 12.34
12.33
12.0

12.22 0.12
0.11
-0.22

0.014
0.012
0.048

x1 17
17
16.66

16.88 0.12
0.12
-0.22

0.014
0.014
0.048

1 10.33
10.0
11.3

10.54 -0.21
-0.54
0.76

0.044
0.291
0.577
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The master equation is,

	

Y x x - x x

Sad

F =N-k

15 27 2 25 1 1 08 2 1 28 1 3
2 2 803

4
0 7012

. . . .
. .y

f

8 4
4
-

The master equation is,

	 Y=15.27+2.25x1+1.08x2-1.28x1x3

The adequacy of the equation is checked by variance ratio test. For this 
purpose, we have to calculate the residual variance or the variance of ade-
quacy (s2 ad), which is given by,

	
= ∑ =s ad Yi

f
2 ∆ 2 eq^ni

N
1

	
Eq (4.2)

Where, Δyi = Difference between the experimental and calculated 
properties.

	 f = Number of degree
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which is denoted by

	 f = (N-K)

Where, N = Total number of experiments
	 K = Number of significant coefficients of regression equation.

The value of F is calculated by using the formula,

	
= s ad

s y
Fcal 2

2 ( ) 	
Eq (4.3)

Where s2 ad is given by Eq. (4.2) and s2 (y) is given by Eq. (4.1) respectively.
If Fcal is less than the value of F obtained from standard statistical table, 

then the model is adequate and the equation may be used to predict the 
property correctly within the range of variation of variables.

Table 4.7 shows calculated (using Eq. 4.3) and experimentally obtained 
values. Since number of significant coefficients varied for different equa-
tions, the value of ‘f ’ also differs.

Values of ‘F’ are calculated by using the formula and ‘F’ obtained from 
the standard F-distribution table, for the required degree of freedom men-
tioned at the matrix.

Since Fcal≤ Ftable, the equations are adequate in predicting the mechan-
ical properties of the geopolymer at 5% point in the range of variation 

Table 4.7  Computation of “F” value for compressive strength.

Matrix Experimental Calculated Δy Δy2

x1x2x3 18.11 17.32 0.79 0.624

x2x3 15.10 15.38 -0.28 0.078

x1x3 15.10 15.16 -0.06 0.0036

x3 14.22 13.22 1.0 1.0

x1x2 20.02 19.88 0.14 0.019

x2 12.22 12.82 -0.6 0.36

x1 16.88 17.72 -0.84 0.705

1 10.54 10.66 -0.12 0.014
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studied in the present investigation. Therefore, the equation is accurate in 
the range of variation of variables.

Accuracy of the equation is further checked by random experiments. 
For this, value of response variables for base level geopolymer is accepted 
to the put to zero and b0 calculated from the equation and is compared 
with those obtained by actual experiments.

	 Now, F 2.95Sad
s y

2
2

0 701
0 237

.

.

	 F4, 8 = 3.8

Hear we found, Fcal = 2.95 and Ftable = 3.8

	 So that, Fcal≤Ftable

The response variables obtained for base level geopolymer being treated 
at the base level of time and temperature of aging very closely match the 
‘bo’ values obtained by regression analysis. The ‘bo’ values correspond to 
the properties of base level geopolymer being aged at base level of time and 
temperature. This also provides a picture of probable difference in mechan-
ical properties that we might obtain in the measured and calculated value 
of mechanical properties of any other random geopolymer chosen in the 
range of composition studied.

The experimental and calculated values closely match, though some 
variation is observed. This is attributed to the non-linearity of the regres-
sion equations and also for variation in composition of the base level geo-
polymer. For a more accurate prediction of properties, it is desirable to 
adopt higher order design.

These equations can be used to design geopolymer with specific prop-
erties. A computer may be used to find the combination of the input 
variables for obtaining maximum strength properties in the geopolymer. 
Here, of course, constraints should be imposed on the range of variation 
of the variables and ductility of the geopolymer. If such equations are also 
available for some other properties, like corrosion and impact proper-
ties, they may also be used as constraints when maximizing the strength 
properties.
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Table 4.8 Values of F ratio at 5% significance level.

Sl. no. f1/f2 1 2 3 4 5 6 12 24

1 1 164.4 199.5 215.7 224.6 230.2 234.0 244.9 249.0 254.3

2 2 18.5 19.2 19.2 19.3 19.3 19.3 19.4 19.4 19.5

3 3 10.1 9.6 9.3 9.1 9.0 8.9 8.7 8.6 8.5

4 4 7.7 6.9 6.6 6.4 6.3 6.2 5.9 5.8 5.6

5 5 6.6 5.8 5.4 5.2 5.1 5.0 4.7 4.5 4.4

6 6 6.0 5.1 4.8 4.5 4.4 4.3 4.0 3.8 3.7

7 7 5.5 4.7 4.4 4.1 4.0 3.9 3.6 3.4 3.2

8 8 5.3 4.5 4.1 3.8 3.7 3.6 3.3 3.1 2.9

9 9 5.1 4.3 3.9 3.6 3.5 3.4 3.1 2.9 2.7

10 10 5.0 4.1 3.7 3.5 3.3 3.2 2.9 2.7 2.5

11 11 4.8 4.0 3.6 3.4 3.2 3.1 2.8 2.6 2.4

12 12 4.8 3.9 3.5 3.3 3.1 3.0 2.7 2.5 2.3

13 13 4.7 3.8 3.4 3.2 3.0 2.9 2.6 2.4 2.2

14 14 4.6 3.7 3.3 3.1 3.0 2.9 2.5 2.3 2.1

(Continued)
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Table 4.8 Values of F ratio at 5% significance level. (Continued)

Sl. no. f1/f2 1 2 3 4 5 6 12 24

15 15 4.5 3.7 3.3 3.1 2.9 2.8 2.5 2.3 2.1

16 16 4.5 3.6 3.2 3.0 2.9 2.7 2.4 2.2 2.0

17 17 4.5 3.6 3.2 3.0 2.8 2.7 2.4 2.2 2.0

18 18 4.4 3.6 3.2 2.9 2.8 2.7 2.3 2.1 1.9

19 19 4.4 3.5 3.1 2.9 2.7 2.6 2.3 2.1 1.8

20 20 4.4 3.5 3.1 2.9 2.7 2.6 2.3 2.1 1.8

21 22 4.3 3.4 3.1 2.8 2.7 2.6 2.2 2.0 1.8

22 24 4.3 3.4 3.0 2.8 2.7 2.6 2.2 2.0 1.8

23 26 4.2 3.4 3.0 2.7 2.6 2.5 2.2 2.0 1.7

24 28 4.2 3.3 3.0 2.7 2.6 2.4 2.1 1.9 1.6

25 30 4.2 3.3 2.9 2.7 2.5 2.4 2.1 1.9 1.6

26 40 4.1 3.2 2.9 2.6 2.5 2.3 2.0 1.8 1.5

27 60 4.0 3.2 2.8 2.5 2.4 2.3 1.9 1.7 1.4

28 120 5.3 3.1 2.7 2.5 2.3 2.2 1.8 1.6 1.3

29 * 3.8 3.0 2.6 2.4 2.2 2.1 1.8 1.5 1.0
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Nomograms:
A nomogram is constructed for the mechanical properties of geopolymer 
using decoded values of X1 and X2. Here, isoproperty lines are drawn for 
two variables, i.e., decoded value of temperature and particle size are plot-
ted for constant values of response, keeping the curing time parameters at 
the lower decoded value. The particle size (X2) is taken to be zero, the plot 
of X1 vs. X2 yielded a straight line. The isoproperty curves are shown in 
Figure 4.1. Figure 4.1 displays graph with coded value (X3 at lower value 
-1). Figure 4.2 shows graph with coded value (X2 at lower value 0). Figure 
4.3 indicates graph with natural value (lower value, X3 = 20). Figure 4.4 
presents graph with natural value (at base level X2 = 195).

The iso-strength lines shift to the right of the origin as indicated by the 
arrow in order of increasing value.

The nomogram has been drawn within the range of variation of vari-
ables that has been used in the present investigation. Since the equations 
are only valid in the range of composition selected, it was preferred not to 
use this equation for constructing nomograms beyond the range.

Morphologies of as-received pond ash and cured pond ash-based geo-
polymers are shown in Figures 4.5a and 4.5b. An FESEM image of as-
received pond ash sample is shown in Figure 4.5a. Loosely packed elliptical 
particles with different aspect ratios are observed in the microstructure. 
Some porosity may also be observed in the particles [10]; whereas pre-
pared pond ash-based geopolymer (Figure 4.5b) shows compacted mass. 
Compacted mass is formed due to curing of geopolymer material at 70 °C 
for different lengths of curing time. EDX analyses of both materials, i.e., 
as-received pond ash and prepared pond ash-based geopolymer, are shown 
in Figure 4.7.

The EDS image in Figure 4.6 (left) shows the main elements observed 
in as-received pond ash (Si, Al, Fe, Na, Mg, Ca and O); and those of GP 
prepared from pond ash are depicted in Figure 4.6 (right). The pres-
ence of all those elements shown in pond ash are also present in GP 
material formed from pond ash, with the only difference being their 
peak height.

Differential scanning calorimetry (DSC) is used to measure a number 
of characteristic properties of geopolymer pastes. It is likely to observe 
exothermic and endothermic events as well as glass transition tempera-
tures (Tg). The DSC thermogram in Figure 4.7 shows the isothermal mea-
surements of as-received PA and optimized GP product carried out in 
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Figure 4.1  Graph with coded value (X3 at lower value -1).

Graph 1

Sl. no. Temp (X1) Mesh size (X2) Time (X3) Y=16

1 0.1 0.34 -1

2 0.2 0.022 -1

3 0.3 -0.304 -1

4 0.4 -0.63 -1

y=18

1 0.5 0.89 -1

2 0.6 0.56 -1

3 0.7 0.23 -1

4 0.8 -0.08 -1
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Graph 2

Sl. no. Temp (X1) Mesh size (X2) Curing time (X3)

1 0.3 0 -0.14

2 0.4 0 0.33 Y=16

3 0.5 0 0.61

4 0.6 0 0.8

y=18

1 0.8 0 -0.9

2 0.85 0 -0.75

3 0.9 0 -0.61

4 0.95 0 -0.48

-1

-0.5

0

0.5

1

1.5

0 1 2 3 4 5

Series1

Series2

Series3

Figure 4.2  Graph with coded value (X2 at lower value 0).



144  Historical Development of Constructional Materials

Graph 3

Sl. no. Temp (X1) Mesh size (X2) Curing time (X3)

1 72 210.3 20

2 74 195.99 20 Y=16

3 76 181.32 20

4 78 166.65 20

y=18

1 80 235.05 20

2 82 220.2 20

3 84 205.35 20

4 86 191.4 20

0

50

100

150

200

250

0 1 2 3 4 5

Series1

Series2

Series3

Figure 4.3  Graph with natural value (lower value, X3=20).
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Graph 4

Sl. no. Temp (X1) Mesh size (X2) Curing time (X3)

1 76 195 23.44
2 78 195 25.32 Y=16
3 80 195 26.44
4 82 195 27.2

y=18
1 86 195 20.4
2 87 195 21
3 88 195 21.56
4 89 195 22.08

0

50

100

150

200

250

0 1 2 3 4 5

Series1

Series2

Series3

Figure 4.4  Graph with natural value (at base level X2 = 195).
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the temperature range of 50–250 °C. In the thermogram, the as-prepared 
geopolymer shows exothermic peaks. A similar observation was made by 
Chindaprasirt and Rattanasak [11]. The DSC curve in Figure 4.7a indicates 
that the pond ash is smooth and there is no sign of geopolymeric reaction. 
However, the curve (b) of pond ash-based geopolymeric product demon-
strates the occurrence of an exothermic peak at a temperature ~ 110 °C, 
which indicates that the geopolymeric reaction happened [12].

Figure 4.8 shows the weight loss of GP cured samples due to heating 
from 50–800 °C. Experiments were carried out under inert environment 

(a) (b)

10 µm Signal A = SE2 Date: 21 Apr 2015

Time: 14:13:04WD = 11 mm Gun Vacuum = 2.78e-009 mBar

Mag = 3.00 K X EHT = 5.00 KV 10 µm Signal A = SE2 Date: 21 Apr 2015

Time: 13:26:10WD = 10 mm Gun Vacuum = 2.65e-009 mBar

Mag = 3.00 K X EHT = 5.00 KV

Figure 4.5  FESEM images of (a) As-received pond ash and (b) PA-based GP cured at 
70 °C for 24 h with 240 meshes.

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Full Scale 842 cts Cursor: 0.000 keVFull Scale 359 cts Cursor: 0.000 keV

Spectrum 4 Spectrum 13

Figure 4.6  EDX images of elements in (left) As-received pond ash and (right) PA-based 
GP cured at 70 °C for 24 h.
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(N2). It is observed that there is a sharp drop in the curve between 50 °C to 
170 °C. This weight loss (3%) is due to removal of adsorbed moisture/water 
molecules [13]. A significant observation is the loss in water beginning 
around 150 °C till 450 °C temperature (humps in the thermogram), indi-
cating loss of water which is present in the cage (formed between the poly-
mer chains), since polymerization is completed during curing [14–17].
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Figure 4.7  DSC isotherm curves of (a) as-received PA and (b) optimized GP product.
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Figure 4.8  TGA plot of optimized GP product.
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4.4	 Conclusions

Statistical design of experiments is a satisfactory method for quantifying 
the effects of variables on mechanical property. An equation was obtained 
by applying a statistical design of the experiment. Significant coefficients of 
regression equation were eliminated by applying student’s t-test. Adequacy 
regression was checked by ‘F’ test. Significant interactions probably pro-
vided a quantitative measure of the mechanical properties of geopolymer 
in a range of variations of variables. Regression equations were slightly 
nonlinear in nature (i.e., presence of significant binary and ternary coef-
ficients in equations) but could satisfactorily predict the properties of 
variables within the narrow range of composition studied. A nomogram 
was constructed which helps the material designer select a suitable com-
bination of variables to get desired properties. Optimization of mechan-
ical properties of the geopolymeric process of pond ash was carried out 
with the addition of sodium silicate, sodium hydroxide and water-soluble 
plasticizer by adopting different process parameters, i.e., curing tempera-
ture, curing time and particle size. Optimum condition of preparation of 
geopolymeric product was 240 meshes, 70 °C curing temperature with 
24 h curing through single factor experiment. This can form the base level 
of treatment combination around which the design matrix can be con-
structed. Optimum strength of developed in geopolymeric product was 
found to be 19 MPa by single factor experiment.

A DSC isotherm showed that the water of crystallization is found to be 
~115 °C. The FESEM image of as-received pond ash and optimized geo-
polymeric product show morphological transformation from irregular 
spherical shape to compacted structure. EDX data indicate the presence of 
elements such as Si, Ca, Al, Fe, Na, Mg, and O.

From the results, it is concluded that for construction purpose, geopoly-
mer can be suitable construction material to replace cement in cement-
based products (such as brick and concrete). The material will be more 
sustainable in terms of environmental performance, economic viability 
and potential compared to OPC-based products.
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Abstract
Pond ash (PA) is a reject of thermal power stations which contains silica (62.8%) 
and alumina (28.3%). However, these materials possess low-calcium. High-carbon 
ferrochrome (HCFC) slag has comparatively low silica (28%) as compared to the 
silica content of pond ash. Judicial mixing of these two materials is thought to be 
an important proposition for balancing alkali materials which help geopolymer 
(GP) formation have with good strength. In this century, researchers have put their 
efforts into geopolymer concrete. In this investigation, pond ash, high-carbon fer-
rochrome (HCFC) slag, sodium silicate and other ingredients, such as sodium 
hydroxide (NaOH) and water-soluble plasticizer (Sika), have been used to prepare 
novel GP products for use in heavy construction application(s). The mechanism 
involved in such polymer is that the silicon and the aluminum in the mixture of 
PA and HCFC slag react with an alkaline solution of sodium silicate, sand and 
aggregates with water-soluble plasticizer to form the geopolymer concrete that 
binds the non-reactive materials. Scanning electron microscope (SEM) analyses 
indicate that the mixture of crystalline and non-crystalline phases in HCFC slag 
may have beneficial effects when added with PA. In fact, enhanced mechanical 
properties, such as compressive strength, have been observed with the addition of 
slag to PA. DSC isotherm studies have indicated the formation of geopolymer; and 
TGA analysis has indicated the stability of prepared GP products. The structural 
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investigation and stoichiometric calculation were made by analytical testing like 
XRD and EDX. These observations suggest new-generation materials for con-
struction engineers in the near future.

Keywords:  Pond ash, slag, geopolymer, strength properties, TGA

5.1	 Introduction

Ordinary Portland cement (OPC) is a well-established material for con-
struction purposes. However, from the perspective of pollution and ease 
of production, new materials are being considered to replace OPC. In the 
present scenario, in which the world economy is seriously being affected 
by environmental pollution, it is imperative that the new materials are 
developed that will dispense with the production of materials using energy-
intensive processes [1–5]. Reports are available on global CO2 emissions (at 
least 8%) during the production of OPC. Use of high kiln temperatures (i.e., 
1450–1550 °C) during OPC production makes the process highly energy-
intensive with the additional requirement of raw materials such as lime-
stone. These materials are very essential for iron and steel industries [6–10].

With the above in mind, research has begun in the development of 
new-generation materials which can replace conventional materials such 
as cement. One such material is thought to be geopolymer (GP), which 
was developed and named by Professor Joseph Davidovits in the 1970s. 
Normally, geopolymer is synthesized using an alkali solution and an alu-
minosilicate powder. The reaction results in an alkali-aluminosilicate gel. 
Matched with OPC, geopolymer enjoys quick attainment of compressive 
strength [7, 11], lower permeability [12, 13], lower shrinkage [14, 15], 
and good resistance to acid and fire attack [16, 17]. Besides, geopolymer 
can be synthesized at a lower temperature if compared with the produc-
tion temperature of OPC. Geopolymers are produced by the polym-
erization reaction occurring at room temperature [18]. Furthermore, 
almost no hazardous gases, such as SOx, NOx, or CO, are generated in 
the polymerization process [10]. Considering these merits, the scientific 
community has shown great interest in pursuing research for the devel-
opment of geopolymer worldwide. Presently, geopolymers are used in 
different applications, viz., novel building materials [19, 20], soil stabi-
lization [21–23], immobilization of heavy metals [24–26], novel catalyst 
[27, 28], and adsorbent [29, 30].

It is prudent to analyze raw materials scientifically before proceeding 
to develop a process for formation of GP. For this purpose, XRD and SEM 
image analyses of raw materials are considered important.
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Pond ash is a reject of thermal power stations which contains silica 
(62.8%) and alumina (28.3%) [31–40]. However, these materials possess 
low calcium. High-carbon ferrochrome (HCFC) slag has comparatively 
low silica (28%) as compared to silica content of pond ash [31–40]. Judicial 
mixing of these two materials is thought to be an important proposition for 
balancing alkali materials which help GP formation with good strength.

Some related reports are available where different waste raw materials 
are used for preparation of geopolymer; Chi and Huang [41] investigated 
the binding mechanism of alkali-activated FA/BFS with different ratios of 
FA to BFS. Compressive strength tests and flexural strength test were per-
formed to evaluate the properties. They characterized structure with SEM 
and XRD. Their results showed that a fly ash/slag ratio has significant influ-
ence on binding mechanism.

Abdelkader et al. [42] used FA, BFS, and sodium carbonate (Na2CO3) 
to prepare blends. For preparing the blend, Na2CO3 was used as an alkali 
activator. The strength property of geopolymer depends on the propor-
tion of FA/BFS blends. They observed that mixture containing 25% FA and 
75% BFS yielded optimum properties after 90 days of curing. Increasing 
FA content to 50% led to a significant drop in strength.

Phoo-ngernkham et al. [43] examined the effects of alkaline solutions, 
i.e., NaOH and Na2SiO3 solutions, on the performance of FA/BFS geopoly-
mer. Results showed good properties of geopolymer. It was concluded that 
the properties of geopolymer depend on the appropriate proportion of 
source materials treated with alkali activators. The compressive strength 
of geopolymer was found to have increased due to the formation of addi-
tional calcium silicate hydrate (CSH).

Sankar et al. [44] prepared Na2SiO3-activated slag-fly ash-based geo-
polymers and explored their performance such as compressive and flex-
ural strengths. They found that increasing the slag/fly ash ratio resulted 
in an enhancement of strength properties due to the formation of calcium 
silicate hydrate (CSH), calcium aluminum silicate hydrate (CASH), and 
Ca- and Na-based geopolymers.

Yu et al. [45] prepared alkali-activated-based geopolymer under normal 
temperature or at higher temperature conditions. Since the slag-based geo-
polymer reacts quite rapidly at normal temperature, the depolymerization 
and polycondensation processes can be properly separated at low tempera-
ture conditions, which was beneficial for the study of the reaction process 
and mechanism of the alkali-based geopolymers. They evaluated the per-
formance of the alkali-based geopolymer under vacuum and freeze-thaw 
cycles conditions. Also, they advocated recycling and reusing wastewater.



154  Historical Development of Constructional Materials

Qiu et al. [46] investigated the potential of fly ash (FA)/blast furnace 
slag (BFS)-based geopolymer as a novel backfilling material. They explored 
the effects of NaOH concentration and FA/BFS mass ratios. Other physical 
properties were characterized using XRD, FTIR, and TG-DTG analyses. 
Their results indicated that the reaction products and strengths of geo-
polymer depend on NaOH concentration and the source of raw materials 
used for its preparation. Slump, final setting time, and setting ratio were 
increased in the mixture of FA-based geopolymer. However, increases in 
FA content reduced compressive strength. Microstructure of backfilling 
material (BM) indicated lower reactivity compared to BFS. Microstructure 
analyses revealed that the matrix tends to be denser with BFS content and 
increased NaOH concentration.

Mallika et al. [47] prepared geopolymer for replacing cement mate-
rial using aluminum and silicon-bearing materials and activated alkaline 
solution. They also evaluated workability, mix proportions (with differ-
ent binder materials), mechanical performance (compressive and tensile 
strength) and durable properties (acid attack, high-temperature resistance, 
shrinkage resistance). The results showed that geopolymer is an envi-
ronmentally friendly and feasible material for structures, which may be 
adopted as a suitable material to replace conventional cement in the near 
future.

Kurtoğlu et al. [48] prepared both fly ash-based geopolymer concretes 
(FAGPC) and slag-based geopolymer concretes (SGPC) using alkaline 
solution, i.e., mixture of sodium silicate (Na2SiO3) and sodium hydroxide 
(NaOH) solutions. Ordinary Portland cement (OPC)-based concrete was 
also prepared for comparison purpose. They investigated mechanical and 
short-term durability properties of both geopolymer and cement-based 
concretes. These studies aimed to make a contribution to the standard-
ization process of the geopolymer concretes useful in the construction 
industry. They exposed SGPC, FAGPC and OPC concretes to sulfuric acid 
(H2SO4), magnesium sulfate (MgSO4) and sea water (NaCl) solutions with 
concentrations of 5%, 5% and 3.5%, respectively, for studying corrosion 
behavior. The results of SGPC (100% slag) showed better properties com-
pared to the other two concretes.

Ding et al. [49] prepared geopolymer paste as a repair material for exist-
ing concrete structure. They used ground granulated blast furnace slag and 
coal fly ash for preparation of the geopolymer. Properties such as compres-
sive strength, flexural strength, and bonding strength between the slag/fly 
ashes-based geopolymer paste were evaluated. The nature of the geopoly-
meric reaction (i.e., bonding nature) was examined using FTIR and NMR 
analyses. Compressive strength and flexural strength of the geopolymer 
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paste were found to be 47 MPa and 16 MPa, respectively. It was concluded 
that slag/fly ash-based geopolymer paste has potential for technological 
applications in the near future.

Sindhunata et al. [50] synthesized geopolymers using class F fly ash. 
They studied structure and pore distribution in materials using an electron 
microscope and porosimeter. The Si/Al ratio played an important role in 
controlling porosity of the structure. It was varied from1.51 to 2.24. They 
also varied curing temperature and the silicate ratio in activating solutions 
(SiO/MO, M = Na or K). The result(s) indicated that pore structure of 
K-based geopolymer is more susceptible to change in temperature than 
that of Na-based geopolymer. A higher Si/Al ratio and finer pores were 
obtained in geopolymers synthesized at higher temperature and silicate 
ratios. Elevating curing temperature increased the extent and rate of reac-
tion as shown through an increase in mesoporous volume, surface area, 
and an accelerated setting time. The kinetics appeared to be tempera-
ture-controlled only before the material hardened. Very high silicate ratios 
(SiO/MO ≥ 2.0) were also believed to have slowed the reactions. The pore 
structure of K-based geopolymer was more susceptible to change with 
temperature than that of Na-based geopolymer.

Xie et al. [51] developed ultra-high-performance concrete from coarse 
aggregates, ground granulated blast furnace slag (GGBS) and fly ash using 
modern green engineering technologies. The developed green concrete 
indicated improved sulfate resistance. Different characterization tech-
niques were used to determine the physical and mechanical properties of 
the concrete, including compression testing for strength, and X-ray dif-
fraction (XRD) and scanning electron microscopy (SEM) for structure. 
Different exposure cycles in a sulfate environment were also performed. 
The residual compressive strength of the concrete was shown to be higher 
after sulfate exposure.

Karakoc et al. [52] produced geopolymer cements using ferrochrome 
slag (FS) through alkali activation (NaOH and Na2SiO3) process. They 
studied alkali dosage effects (silica modulus when using sodium metasili-
cate solution), setting time, hydration heat and compressive strength. The 
setting time varied between 120 and 870 min, which showed variability 
depending on Na2O content. The highest 28-day compressive strength of 
the geopolymer paste was obtained from 7% Na2O concentration and 0.70 
silica modulus. Geopolymer mortars were prepared using combination 
(FS: sand: alkali activator ratio=1:2:0.30) for determining the compressive 
strength and were cured at 60 °C and 80 °C kept for 20 h. The highest 
28-day strength of the geopolymer mortar was obtained at 0.30 w/b ratio. 
The heat of hydration of geopolymer paste samples was found to be less 
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than normal Portland cements. Scanning electron microscopy (SEM) and 
X-ray diffraction (XRD) were employed to study the microstructural prop-
erties of the geopolymers.

Jena and Panigrahi have [53] prepared ferrochrome slag-based geo-
polymer concrete and controlled geopolymer concrete. They evaluated the 
performance, structure (XRD and FTIR), and microstructure (SEM with 
EDX) of the geopolymer concrete.

Falayi [54] synthesized geopolymer using ferrochrome (FeCr) slag as 
a precursor with alkaline solution. They studied the effect of KOH con-
centration, liquid solid ratio (L/S), content of potassium metasilicate (KS) 
or potassium aluminate (KA), curing time on compressive strength and 
metal leachability on synthesized geopolymer. A 10 M KOH and L/S of 
0.26 yielded a geopolymer with a compressive strength 13.0 MPa after cur-
ing for 28 days at ambient temperature. KS: KOH (0.125 wt) yielded geo-
polymer with a compressive strength 14.7 MPa whilst 1.25 wt KA: KOH 
addition yielded a geopolymer with compressive strength 24.5 MPa. The 
increase in strength was due to the formation of calcium silicate hydrate. 
The activated FeCr slag geopolymer was found to be the most competent 
among all other geopolymers.

In the present work, high-carbon ferrochrome slags (HCFC slag) and 
pond ash (PA) were used as raw materials. They were activated by sodium 
hydroxide (NaOH) solution having different concentrations during the 
preparation of geopolymer. Combined effects of PA and HCFC slag treated 
with activated alkaline solution on the geopolymer properties were stud-
ied. Different phases were identified by X-ray diffraction pattern. FTIR 
spectra were used to detect different absorption bands and a TG-DTG 
study to explore the stability. DSC analysis was used in the experiment 
to discover the condensation polymerization; and surface topography was 
measured by SEM.

5.2	 Experimental Details

5.2.1	 Source of Materials

Pond ash (PA) was collected from NALCO Navaratna Company, Damanjodi, 
Odisha India. High-carbon ferrochrome (HCFC) slag, the main ingredient 
of geopolymer, was collected from Shyam Ferro Alloys (Durgapur, West 
Bengal, India). Sodium hydroxide (NaOH) was used as an activator, which 
was obtained from M/S Loba Chemicals, India. Sodium silicate (Na2SiO3) 
was used for the purpose of polymerization and was procured from Merck, 
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India. Water-soluble plasticizer (Sika) was purchased from a reputed firm 
located in the southern part of India (Visakhapatnam market). Plasticizer 
usually enhances plasticity of the product, i.e., geopolymer.

5.2.2	 PA/HCFC Slag-Based Geopolymer (GP) Preparation

Steps in the geopolymer preparation process were previously described 
in Chapter 3. In the preparation of PA/HCFC slag materials, both pond 
ash and high-carbon ferrochrome (HCFC) slag were used in the mix-
ture [55, 56]. Steps of PA/HCFC slag-based GP preparation are described 
below [55, 56]:

Step 1: Raw Material Preparation
Geopolymer is prepared from pond ash, HCFC slag, sodium silicate, and 
alkali. HCFC slag is crushed and ground to 63 micron size. Fine particles 
are then dried in an oven for 2 h at 120 °C. Sieved sand is used for pre-
paring both geopolymer mortar and geopolymer concrete. Geopolymer 
concrete is prepared by mixing PA/HCFC-based GP, sand, and aggregates.
Step 2: Geopolymer Preparation with Raw Materials
The ground and dried materials are mixed with requisite amount of NaOH 
(8 M), Na2SiO3 and water-soluble plasticizer (Sika) (Table 5.1).
Step 3: Molding, Casting and Compaction
The semi-solid masses are placed in a mold which is cylindrical in shape 
(55 mm diameter and 70 mm height). The mixture is rammed in the mold, 
the uniformity of which is ensured by continuously ramming the mass in 
the mold three times. Following ramming of the mass in the mold, the 
samples are left for 3 min for setting before demolding the green sample.
Step 4: Curing Process
The green samples are cured at different temperatures, i.e., 60, 70, 80 °C for 
different lengths of time, i.e., 7 days and 28 days.

Table 5.1  PA/HCFC slag-based GP (three samples with same compositions).

Sample 
code

PA (51%) + 
HCFC slag 
(34%)

Sod. silicate 
(SS)

Alkali (8 M, 
NaOH) 
(SH)

Water-soluble 
plasticizer 
(Sika)	

S1 85% 12% 3% 1–2 ml

S2 85% 12% 3% 1–2 ml

S3 85% 12% 3% 1–2 ml
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5.2.3	 PA/HCFC-Based Geopolymeric Mortar and Concrete

For making GP mortar or GP concrete, materials were mixed with sand/
aggregates in suitable proportion and molded in a die. The geopolymer 
samples were then cured at 70 °C for 24 h. The compositions of geopoly-
mer mortar (geopolymer mixture and sand) and concrete (geopolymer 
mixture, sand and aggregates) are presented in Table 5.2 and Table 5.3, 
respectively.

5.2.4	 Characterizations of PA/HCFC-Based Geopolymeric 
Material

In this study, compressive strength test was performed on 70 × 50 mm 
cylindrical specimens using a 20 KN digital compressive testing machine 
(Mechatronics Control System; Model: MECH-CS/UTE 20T). A set of 
three samples, described in Table 5.3, was chosen from one lot. The exper-
iments were replicated in batches to ascertain the validity of test results.

Use of scanning electron microscopy (SEM) and energy-dispersive 
X-ray (EDX) analysis helped to understand the morphology and chemical 
compositions of the products.

The thermal stability of the PA/HCFC slag-based GP and its GP mortar/
concrete cured at 70 °C for 24 h was determined by thermogravimetric 
analysis.

The enthalpy of fusion for as-received PA, HCFC slag, PA/HCFC slag-
based GP and its GP mortar/concrete cured at 70 °C for 24 h was estimated 
using differential scanning calorimetry (DSC). The parameters, such as 
heating rate, temperature range and nitrogen environment (N2), were set 
as 10 °C/min and 50–300 °C, respectively.

Table 5.2  PA/HCFC slag-based GP mortar (three samples with same 
compositions (Mortar=1.0:3.0).

Sample 
code

PA (12.675%)/
HCFC slag 
(8.45%) + 
sand 
(63.375%)

Sod. silicate 
(SS)

Alkali (8 M, 
NaOH) (SH)

Water soluble 
plasticizer 
(Sika)	

S1 85% 12% 3% 1–2 ml

S2 85% 12% 3% 1–2 ml

S3 85% 12% 3% 1–2 ml
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Prepared samples were then characterized by XRD, FTIR, TGA, DSC, 
etc.

5.2.5	 Results and Discussion

Table 5.4 shows the compressive strength of PA/HCFC Slag GP materials 
prepared with different compositions. These materials were prepared using 
optimal treatment combination parameters. The average strength level was 
22 MPa for PA/HCFC slag-based GP. This is equivalent to standard M20 
grade concrete used for making structures [55, 56].

Results and discussion on strength properties for getting two different 
new geopolymer materials, namely PA/HCFC Slag GP materials (mortar 
and concrete) were evaluated. PA/HCFC Slag GP mortar and PA/HCFC 
Slag GP concrete showed 26.4 MPa and 34 MPa, respectively. Both the 
materials used an optimized combination of process parameters such as 
composition, molar concentration of alkalis, curing time and curing tem-
perature [55, 56].

It is essential to understand the process of strengthening and character-
izing these materials (GP slag, GP slag mortar, GP slag concrete).

Figures 5.1a and 5.1b depict SEM micrographs with EDX analysis of 
PA/HCFC-based GP. The micrograph of PA/HCFC slag-based GP cured at 
70 °C for 24 h is shown in Figure 5.1a. It has enabled denser agglomeration 
of powder. EDX analysis (Figure 5.1b) confirms the presence of elements, 
such as aluminium, silicon, and oxygen, which support the formation of 
geopolymer with Si, Al, Fe, Mg, Ca, Cr, Na, Ti, O, etc.

Table 5.3  PA/HCFC slag-based GP concrete (three samples with same 
compositions (Concrete=1.0:1.5:3.0).

Sample 
code

PA (9.218184%)/
HCFC slag 
(6.145456%) +  
sand 
(23.04546%) +  
aggregates 
(46.09092)

Sod. 
silicate 
(SS)

Alkali (8 M, 
NaOH) 
(SH)

Water-soluble 
plasticizer 
(Sika)	

S1 85% 12% 3% 1–2 ml

S2 85% 12% 3% 1–2 ml

S3 85% 12% 3% 1–2 ml
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A similar micrograph is observed for PA/HCFC slag-based GP mortar 
(Figure 5.2a). Needle-shaped phases are widespread on the surface of the 
particles. The needles have high aspect ratios. The EDX analysis confirmed 
the presence of elements, such as aluminium, silicon, and oxygen, which 
support formation of geopolymer with Si, Al, Fe, Mg, Ca, Cr, Na, Ti, O, etc.

Table 5.4  Compressive strength of PA/HCFC slag GP materials.

S. no.
Sample type with 

combinations
Optimal 

parameters
Av compressive 

strength (MPa)

1 PA/HCFC Slag GP 
(PA+HCFC  
slag = 85%)

24 h 70 °C oven 
curing. 12% 
8M NaOH, 3% 
Na2SiO3, 1-2 mL 
Sika 

22

2 PA/HCFC Slag GP 
Mortar (PA+HCFC 
slag + sand = 85%)

24 h 70 °C oven 
curing. 12% 
8M NaOH, 3% 
Na2SiO3, 1-2 mL 
Sika

26.4

3 PA/HCFC Slag 
GP Concrete 
(PA+HCFC 
slag + sand + 
Aggregates = 85%)

24 h 70 °C oven 
curing

12% 8M NaOH, 3% 
Na2SiO3, 1-2 mL 
Sika

34
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Figure 5.1  SEM image (in high resolution) of PA/HCFC based GP (a), and its EDS 
analysis (b). 
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The topography of PA/HCFC slag-based GP concrete (Figure 5.2b) 
shows the presence of compact rod-shaped phases widespread on the sur-
face of the particles. The EDX analysis confirmed the presence of elements, 
such as aluminium, silicon, and oxygen, which support the formation of 
geopolymer with Si, Al, Fe, Mg, Ca, Cr, Na, Ti, O, etc.

Thus, because of structural difference, load-bearing capacities of the dif-
ferent composites show the different strength. It is presumed that the GP 
slag concrete materials showed the best mechanical properties because of 
different microstructural constituents. The load-bearing capacity of addi-
tives in PA/HCFC slag GP concrete have much better capacity to absorb 
load usually found in cement concrete. All the above results are encourag-
ing for further work for replacing conventional cement.

Figure 5.3 (a & b) show two thermograms plotted for GPs (PA GP and 
HCFC slag GP). In both the plot of as-received pond ash as well as HCFC 
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Figure 5.2  SEM image (in high resolution) of (a) PA/HCFC-based GP mortar and its 
EDX and (b) PA/HCFC-based GP concrete and its EDX.
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slag are superimposed for comparison purpose. The figure clearly shows 
endo-thermic and exo-thermic peaks occurring at two different tempera-
tures, i.e., 110 °C and 150 °C, respectively. This is due to oozing of water 
molecules attached to the cage of polymer chains formed during curing 
where condensation polymerization occurred [55, 56].

Thermograms were obtained for other varieties of GPs, i.e., PA/HCFC 
slag-based GP, PA/HCFC slag-based GP mortar, and PA/HCFC slag-based 
GP concrete (Figures 5.3a–e). Prominent isotherm peaks are observed for 
all the above materials at around 150 °C. Addition of PA to HCFC slag-
based GP shifted endo-thermic peak to a lower temperature. However, 
there is only a slight shift of exo-thermic peak. This is presumably due to 
addition of PA in the later GP (HCFC slag-based GP).

The PA/HCFC slag-based GP mortar showes shift of peaks to a lower 
temperature. The occurrence of multiple peaks is believed to be due to dif-
ferent geopolymerization reactions occurring due to addition of sand.

A similar trend was observed for other composition prepared with 
aggregates, called concrete. Comparative value of loss in mass were 
recorded to be the least for PA/HCFC slag-based GP materials cured at 
70 °C for 24 h (Figure 5.4c). The worst affected material was PA-based GP 
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Figure 5.3  DSC isotherm of (a) PA-based GP, (b) HCFC-based GP, (c) PA/HCFC-based 
GP, (d) PA/HCFC-based GP motar, and (e) PA/HCFC-based Concrete GP.
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(Figure 5.4a). Relative stability was better for HCFC slag-based GP as com-
pared to PA-based GP. This is attributed to the relative stability of struc-
tures built due to polymerization [55, 56].

5.3	 Conclusions

Parameters for treatment combination were found to be sodium silicate 
(12%), sodium hydroxide (3%, 8M), and water-soluble plasticizer (1–2 
mL), curing temperature (70 °C) and curing time (24 h), respectively. 
Maximum strength of PA/HCFC slag-based GP, PA/HCFC slag-based GP 
motor, and PA/HCFC slag-based GP concrete was observed to be 22 MPa, 
26.4 MPa, 34 MPa, respectively. All three materials were characterized with 
SEM/EDX analysis. Some differences in microstructure were observed for 
three materials. PA/HCFC slag-based GP showed needle-shaped crystal-
line phase with occurrence of cleavage surface. PA/HCFC slag-based GP 
motor showed denser agglomeration, which indicated the presence of 
higher amounts of crystalline phases that occurred due to polymerization 
reaction. PA/HCFC slag-based GP concrete showed compact, widespread 
rod-shaped crystalline phases with unreacted particles. Crystalline phases 
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Figure 5.4  TGA curve of (a) PA GP cured at 70 °C for 24 h, (b) HCFC slag and (c) PA/
HCFC slag-based GP cured at 70 °C for 24 h.
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were less prominent with appearance of glassy phase in the matrix. EDX 
analysis showed the presence of desired elements. Based on compressive 
strength data, it was evident that Pond Ash/HCFC slag-based GP, Pond 
Ash/HCFC Slag/Sand or Pond Ash/HCFC Slag/Sand/Aggregates was com-
parable to that of M25 grade concrete or fly ash-based geopolymer con-
crete. Well-supported thermal data was documented for making structural 
materials. In addition to their suitable mechanical properties, it is assumed 
that the building products, such as brick and concrete, will be more sus-
tainable in terms of environmental performance, economic viability and 
potential for waste utilization.

Acknowledgments

The authors convey their sincere thanks to the Ministry of Mines, 
Government of India, for providing a grant to carry out the work [Grant 
number= F.No.:14/54/20214-Met.-IV dated: 29.12.2014]. The authors also 
convey their sincere thanks to GIET, Gunupur, Rayagada, Odisha, India, 
for providing lab facilities to do the research work. The authors would also 
like to thank CRF, IIT Kharagpur, for providing testing facilities.

References

	 1.	 P. Benito, C. Leonelli, V. Medri, and A. Vaccari, (2013), Geopolymers: a New 
And Smart Way for A Sustainable Development, Applied Clay Science, Vol. 
73, p. 1-xxx.

	 2.	 H.A. Abdel Gawwad, S. Abd El-Aleem, and A.S. Ouda, (2016), Preparation 
and Characterization of One-Part Non-Portland Cement, Ceramics 
International, Vol. 42, pp. 220-228.

	 3.	 W. Zhu, X. Chen, A. Zhao, L. J. Struble, and E.-H. Yang, (2019), Synthesis 
of High Strength Binders from Alkali Activation of Glass Materials from 
Municipal Solid Waste Incineration Bottom Ash,” Journal of Cleaner 
Production, Vol. 212, pp. 261-269.

	 4.	 L. Yang, E. Yilmaz, J. Li, H. Liu, and H. Jiang, (2018), Effect of Superplasticizer 
Type and Dosage on Fluidity and Strength Behavior of Cemented Tailings 
Backfill with Different Solid, journal name, and Vol.xxx, pp. 290-298.

	 5.	 J.-P. Qiu, L. Yang, J. Xing, and X.-G. Sun, (2018), Analytical Solution for 
Determining the Required Strength of Mine Backfill based on Its Damage 
Constitutive Model, Soil Mechanics and Foundation Engineering, Vol. 54, 
pp. 371-376.



Pond Ash/High Carbon Ferrochrome Slag Geopolymer  165

	 6.	 F. Slaty, H. Khoury, J. Wastiels, and H. Rahier, (2013), Characterization 
of Alkali Activated Kaolinitic Clay, Applied Clay Science, Vol. 75-76, pp. 
120-125.

	 7.	 I. Ozer and S. Soyer-Uzun, (2015), Relations Between the Structural 
Characteristics and Compressive Strength in Metakaolin Based Geopolymers 
with Different Molar Si/Al Ratios, Ceramics International, Vol. 41, pp. 
10192-10198.

	 8.	 L. Yang, J. Qiu, H. Jiang, S. Hu, H. Li, and S. Li, (2017), Use of Cemented 
Super-Fine Unclassified Tailings Backfill for Control of Subsidence, Minerals, 
Vol. 7, p. 216-xxx.

	 9	 J. Qiu, L. Yang, X. Sun, J. Xing, and S. Li, (2017), Strength Characteristics and 
Failure Mechanism of Cemented Super-Fine Unclassified Tailings Backfill, 
Minerals, Vol. 7, p. 58-xxx.

	 10.	 M. M. Yadollahi, A. Benli, and R. Demirboga, (2015), +e Effects of Silica 
Modulus and Aging on Compressive Strength of Pumice based Geopolymer 
Composites, Construction and Building Materials, Vol. 94, pp. 767-774.

	 11.	 H. Cheng, K.-L. Lin, R. Cui, C.-L. Hwang, T.-W. Cheng, and Y.-M. Chang, 
(2015), Effect of Solid-to-Liquid Ratios on the Properties of Waste Catalyst-
Metakaolin based Geopolymers,” Construction and Building Materials, Vol. 
88, pp. 74-83.

	 12.	 I. Ismail, S.A. Bernal, J.L. Provis, (2013), Influence of Fly Ash on the Water 
and Chloride Permeability of Alkali-Activated Slag Mortars and Concretes, 
Construction and Building Materials, Vol. 48, pp. 1187-1201.

	 13.	 J. Wongpa, K. Kiattikomol, C. Jaturapitakkul, and P. Chindaprasirt, (2010), 
Compressive Strength, Modulus of Elasticity, and Water Permeability of 
Inorganic Polymer Concrete, Materials and Design, Vol. 31, pp. 4748-4754.

	 14.	 Y. Ma and G. Ye, (2015), +e Shrinkage of Alkali Activated Fly Ash, Cement 
and Concrete Research, Vol. 68, pp. 75-82.

	 15.	 N. K. Lee, J. G. Jang, and H.K. Lee, (2014), Shrinkage Characteristics of 
Alkali-Activated Fly Ash/Slag Paste and Mortar at Early Ages, Cement and 
Concrete Composites, Vol. 53, pp. 239-248.

	 16.	 S.A. Bernal, E.D. Rodríguez, R. Mejía de Gutiérrez, and J. L. Provis, 
“Performance of alkali-activated slag mortars exposed to acids,” Journal of 
Sustainable Cement-Based Materials, vol. 1, no. 3, pp. 138–151, 2012.

	 17.	 R.R. Lloyd, J.L. Provis, and J.S.J. Van Deventer, (2011), Acid Resistance of 
Inorganic Polymer Binders. 1. Corrosion rate, Materials and Structures, Vol. 
45, pp. 1–14.

	 18.	 K. Komnitsas and D. Zaharaki, (2007), Geopolymerization: A Review and 
Prospects for the Minerals Industry, Minerals Engineering, Vol. 20, pp. 
1261-1277.

	 19.	 Y. Yuyou, C. Zengdi, L. Xiangqian, and D. Haijun, (2015), Development and 
Materials Characteristics of Fly Ash-Slag-Based Grout for Use in Sulfate-
Rich Environments, Clean Technologies and Environmental Policy.



166  Historical Development of Constructional Materials

	 20.	 L.R. Steiner, A.M. Bernardin, and F. Pelisser, (2015), Effectiveness of Ceramic 
Tile Polishing Residues as Supplementary Cementitious Materials for 
Cement Mortars, Sustainable Materials and Technologies, Vol. 4, pp. 30-35.

	 21.	 Y. Yi, X. Zheng, S. Liu, and A. Al-Tabbaa, (2015), Comparison of Reactive 
Magnesia- and Carbide Slag-Activated Ground Granulated Blast Furnace 
Slag and Portland Cement for Stabilization of A Natural Soil, Applied Clay 
Science, Vol. 111, pp. 21-26.

	 22.	 G.N. Obuzor, J.M. Kinuthia, and R.B. Robinson, (2012), Soil Stabilization 
with Lime-Activated-GGBS-A Mitigation to Flooding Effects on Road 
Structural Layers/Embankments Constructed on Floodplains, Engineering 
Geology, Vol. 151, pp. 112–119.

	 23.	 P.P. Falciglia, S. Cannata, S. Romano, and F. G.A. Vagliasindi, (2014), 
Stabilisation/Solidification of Radionuclide Polluted Soils-Part I: Assessment 
of Setting Time, Mechanical Resistance, γ-Radiation Shielding and Leachate 
c-Radiation, Journal of Geochemical Exploration, Vol. 142, pp. 104–111.

	 24.	 L. Zheng, W. Wang, and Y. Shi, (2010), Effects of Alkaline Dosage and Si/
Al Ratio on the Immobilization of Heavy Metals in Municipal Solid Waste 
Incineration Fly Ash-based Geopolymer, Chemosphere, Vol. 79, pp. 665-671.

	 25.	 D. Li, X. Guo, Z. Xu, Q. Tian, and Q. Feng, (2015), Leaching Behavior of 
Metals from Copper Anode Slime using an Alkali Fusion-Leaching Process, 
Hydrometallurgy, Vol. 157, pp. 9-12.

	 26.	 V. Nikoli, M. Komljenovi, N. Marjanovi, Z. Baščarevi, and R. Petrovi, (2014), 
Lead Immobilization by Geopolymers based on Mechanically Activated Fly 
Ash, Ceramics International, Vol. 40, pp. 8479–8488.

	 27.	 Y.J. Zhang and Q. Chai, (2014) Alkali-Activated Blast Furnace Slag based 
Nanomaterial as a Novel Catalyst for Synthesis of Hydrogen Fuel, Fuel, Vol. 
115, pp. 84-87.

	 28.	 P. Sazama, O. Bortnovsky, J. Dedecek, Z. Tvaruzkov, and Z. Sobalık, (2011), 
Geopolymer based Catalysts-New Group of Catalytic Materials, Catalysis 
Today, Vol. 164, pp. 92-99.

	 29.	 M.S. Al-Harahsheh, K. Al Zboon, L. Al-Makhadmeh, M. Hararah, and M. 
Mahasneh, (2015), Fly Ash based Geopolymer for Heavy Metal Removal: 
A Case Study on Copper Removal, Journal of Environmental Chemical 
Engineering, Vol. 3, pp. 1669-1677.

	 30.	 M.N. Muzek, S. Svilovic, and J. Zelic, (2013), Fly Ash-based Geopolymeric 
Adsorbent for Copper Ion Removal from Waste Water, Desalination and 
Water Treatment, Vol. 52, pp. 2519–2526.

	 31.	 J. Davidovits, Geopolymer Chemistry and Applications (Geopolymer 
Institute, Saint-Quentin, France, 2008.

	 32.	 H. Xu and J.S.J. Van Deventer, (1999), The Geopolymerization of Natural 
Aluminosilicate, Proceedings: 2nd International Conference on Geopolymer, 
99 (Geopolymer Institute, pp. 43-63.



Pond Ash/High Carbon Ferrochrome Slag Geopolymer  167

	 33.	 A. Palomo M.W. Grutzeck, and M.T. Blanco-Varela, (1999), Alkali Activated 
Fly Ashes: Cement for the Future, Cement and Concrete Research, Vol. xxx, 
pp. 1323-1329.

	 34.	 H. Xu and J.S.J. Van Deventer, (2002), Geopolymerization of Multiple 
Minerals (Minerals Engineering, Vol. xxx, pp. 1131-1139.

	 35.	 A.M. Fernandez-Jimenez, E.E.A. Lachowski Palomo, and D.E. Macphee. 
(2004), Microstructural Characterization of Alkali-activated PFA Matrices 
for Waste Immobilization, Cement and Concrete Composites, Vol. xxx, pp. 
1001-1006.

	 36.	 T. Bakharev, (2005), Geopolymeric Materials Prepared using Class F Fly Ash 
and Elevated Temperature Curing, Cement and Concrete Research, Vol. xxx, 
pp. 1224-1232.

	 37.	 S. Andini, R. Cioffi, F. Colangelo, T. Grieco, F. Montagnaro, and L. Santoro, 
(2008), Coal Fly Ash as Raw Material for the Manufacture of Geopolymer-
based Products, Waste Management, Vol. xxx, pp. 416-423.

	 38.	 P. Chindaprasirt, T. Chareerat, and V. Sirivivatnanon, (2007), Workability 
and Strength of Coarse High Calcium Fly Ash Geopolymer, Cement and 
Concrete Composites, Vol. xxx, pp. 224-229.

	 39.	 A. Sathonsaowaphak, P. Chindaprasirt, and K. Pimraksa, (2009), Workability 
and Strength of Lignite Bottom Ash Geopolymer Mortar, Journal of 
Hazardous Materials, Vol. xxx, pp. 44-50.

	 40.	 J.G.S. Van-Jaarsveld, J.S.J. Van Deventer, and L. Lorenzen, (xxx), The Potential 
Use of Geopolymeric Materials to Immobilize Toxic Metals Part I, Theory 
and Applications, Mineral Engineering, Vol. 10, pp. 659-669.

	 41.	 M. Chi and R. Huang, (2013), Binding Mechanism and Properties of Alkali-
Activated Fly Ash/Slag Mortars, Construction and Building Materials, Vol. 
40, pp. 291-298.

	 42.	 A.F. Abdelkader, F. Jin, and A. Al-Tabbaa, (2016), Development of Greener 
Alkali-Activated Cement: Utilisation of Sodium Carbonate for Activating 
Slag and Fly Ash Mixtures, Journal of Cleaner Production, vol. 113, pp. 
66-75.

	 43.	 T. Phoo-ngernkham, A. Maegawa, N. Mishima, S. Hatanaka, and P. 
Chindaprasirt, (2015), Effects of Sodium Hydroxide and Sodium Silicate 
Solutions on Compressive and Shear Bond Strengths of FA-GBFS 
Geopolymer, Construction and Building Materials, Vol. 91, pp. 1-8.

	 44.	 K. Sankar, P. Stynoski, G.K. Al-Chaar, and W.M. Kriven, (2018), Sodium 
Silicate Activated Slag-Fly Ash Binders: Part I-Processing, Microstructure, 
and Mechanical Properties, Journal of the American Ceramic Society, Vol. 
101, pp. 2228–2244.

	 45.	 G. Yu and H. Wang, (2018), Study on the Performance of Alkali-Based 
Geopolymer under Vacuum and Freeze-Thaw Cycles, Chemical Engineering 
Transactions, Vol. 71, pp. 841-846.

	 46.	 J. Qiu, Y. Zhao, J. Xing, and X. Sun, (2019), Fly Ash/Blast Furnace Slag-Based 
Geopolymer as a Potential Binder for Mine Backfilling: Effect of Binder 



168  Historical Development of Constructional Materials

Type and Activator Concentration, Advances in Materials Science and 
Engineering, Vol. 2019, pp. 1-13 (https://doi.org/10.1155/2019/2028109).

	 47.	 G.S. Mallika, S. Somasundaram, and K.A. Ramaswamy, (2020), A Review 
on Recent Development in Geopolymer Composites, AIP Conference 
Proceedings, Vol. 2240, pp.090005-xxx (https://doi.org/10.1063/5.0011080).

	 48.	 A.E. Kurtoğlu, R. Alzeebaree, O. Aljumaili, A. Ni, M.E. Gülşan, G. Humur, 
and A. Çevik, (2018), Mechanical and Durability Properties of Fly Ash and 
Slag based Geopolymer Concrete, Advances in Concrete Construction, Vol. 
6, pp. 345-362 (https://doi.org/10.12989/acc.2018.6.4.345).

	 49.	 Y.‐C. Ding, T.‐W. Cheng, and Y.‐S. Dai, (2017), Application of Geopolymer 
Paste for Concrete, Repair, Structural Concrete, Vol. 18, pp. xxx-xxx (https://
doi.org/10.1002/suco.201600161).

	 50.	 Sindhunata, J.S.J. Van Deventer, G.C. Lukey, and H. Xu, (2006), Effect 
of Curing Temperature and Silicate Concentration on Fly-Ash-Based 
Geopolymerization, Ind. Eng. Chem. Res., Vol. 45, pp. 3559-3568 (https://
doi.org/10.1021/ie051251p).

	 51.	 J. Xie, J. Zhao, J. Wang, C. Wang, P. Huang and C. Fang, (2019), Sulfate 
Resistance of Recycled Aggregate Concrete with GGBS and Fly Ash-Based 
Geopolymer, Materials, Vol. 12, pp. 1247-18 (DOI:10.3390/ma12081247).

	 52.	 M.B. Karakoc, I. Turkmen, M.M. Maras, F. Kantarci, R. Demirbog, and M.U. 
Toprak, (2014), Mechanical Properties and Setting Time of Ferrochrome Slag 
Based Geopolymer Paste and Mortar, Construction and Building Materials, 
Vol. 72, pp. 283-292.

	 53.	 S. Jena and R. Panigrahi, (2019), Performance Assessment of Geopolymer 
Concrete with Partial Replacement of Ferrochrome Slag as Coarse Aggregate, 
Construction and Building Materials, Vol. 220, pp. 525-537.

	 54.	 T. Falayi, (2019), Sustainable Solidification of Ferrochrome Slag through 
Geopolymerization: A Look at The Effect of Curing Time, Type of Activator 
and Liquid Solid Ratio, Sustainable Environment Research, Vol. 29, pp.1-10.

	 55.	 M. Panigrahi, S. Mohanty, R.R. Dash, and R.I. Ganguly, (2018), Development 
of Novel Constructional Material from Industrial Solid Waste as Geopolymer, 
IOP Conf. Series: Materials Science and Engineering, Vol. 410, pp. 1-12 
(DOI:10.1088/1757-899X/410/1/012012).

	 56.	 M. Panigrahi, S. Mohanty, R.I. Ganguly, and R.R. Dash, Synthesis and 
Characterizations Of High Carbon Ferrochrome (HCFC) Slag Based 
Geopolymer, IntechOpen Publisher, UK, pp. 1-16, SBN: 978-1-83968-989-5 
(DOI: http://dx.doi.org/10.5772/intechopen.97140).



169

Muktikanta Panigrahi, Ratan Indu Ganguly and Radha Raman Dash (eds.) Development of Geopolymer 
from Pond Ash-Thermal Power Plant Waste: Novel Constructional Materials for Civil Engineers,  
(169–194) © 2023 Scrivener Publishing LLC

6

Pond Ash (PA)–Jute Fiber-Based 
Geopolymer Cementitious Materials

Muktikanta Panigrahi1*, Paresh Biswal2, Niharika Patel2,  
Ratan Indu Ganguly3 and Radha Raman Dash4

1PG Department of Materials Science, Maharaja Sriram Chandra Bhanja Deo 
University, Keonjhar Campus, Odisha, India

2Department of Civil Engineering, Gandhi Institute of Engineering and Technology, 
University, Gunupur, Odisha, India

3Department of Metallurgical Engineering, National Institute of Technology, 
Raurkela, Odisha, India

4CSIR-National Metallurgical Laboratory, Jamshedpur, Jharkhand, India

Abstract
Due to its cost-effectiveness and ecological performance, geopolymer (GP) rein-
forced with natural fibers has the potential to overcome the inherent deficiencies 
in cementitious materials. Use of natural fibers, especially jute fiber, in a rela-
tively brittle cementitious matrix has achieved considerable strength and tough-
ness in the composite. Durability of such fibers in a highly alkaline matrix must 
be taken into consideration through effective modifications. Jute fiber (0.5%) 
has been used as reinforcement in cementitious composite, i.e., GP/jute fiber 
composite, GP/jute fiber mortar and GP/jute fiber concrete. The analysis pre-
sented in this chapter shows the strengthening performance of GP/jute fiber-
based materials, with the maximum strength of GP with jute fiber, GP mortar 
with jute fiber, and GP concrete with jute fiber being 16.45 MPa, 22 MPa, and 
28.96 MPa, respectively, at optimum treatment combinations. Prepared prod-
ucts are also characterized by SEM, FTIR, and TGA, with the TGA patterns 
revealing the striking features observed for three materials (GP with jute fiber, 
GP mortar with jute fiber, and GP concrete with jute fiber). Finally, the perfor-
mance of the materials (GP mortar with jute fiber and GP concrete with jute 
fiber) is evaluated at different test temperatures (70 °C, 80 °C, and 90 °C).
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6.1	 Introduction

Nowadays, fiber-reinforced composite materials (especially treated with 
alkali-activated materials) play an important role in finding many techni-
cal applications in aerospace, automotive, naval architecture and ground 
transportation [1, 2]. Uses of composite materials have plenty of techni-
cal applications over traditional materials. Technological development 
has enabled efficient arrangements of fibers in the matrix with improved 
mechanical properties, particularly fracture toughness [3]. The fiber of 
composite materials overcomes cracking problems and brittle nature, 
enhancing their ductile behavior [4]. Therefore, damage caused by crack-
ing may be mitigated. Another goal for using fiber as reinforcement is to 
increase flexural strength of composites [5, 6].

In view of the above, it is thought to be beneficial to develop geopolymer 
from pond ash. It is a challenge to develop new construction materials, i.e., 
geopolymer from pond ash, fly ash, and red mud.

Industries like NALCO, BALCO, and NTPC, etc., are major producers 
of pond ash. Pond ashes are considered to be pollutants. Dumping and 
landfilling of this waste is a major issue from a land utilization point of 
view. Additionally, other industrial wastes, such as fly ash, red mud and 
other industrial slags, are dumped into water-containing ponds to reduce 
air pollution. Hence, researchers are now showing interest in effective uti-
lization of the above wastes. It is felt that interdisciplinary research will be 
a meaningful solution to the above problems.

In the present work, geopolymer composite is developed utilizing pond 
ash and natural fibers. The most common fibers used in geopolymer matrix 
are fibers (carbon or glass fibers [8, 10, 11], natural fibers obtained from 
different plants, viz., banana, bamboo, flax, and jute). Natural fibers are not 
only eco-friendly but also easily available and cost-effective. The import-
ant properties gained are lower density and enhanced thermomechanical 
properties in comparison to geopolymer prepared with synthetic fibers. 
Jute fibers add other properties, such as higher tenacity, lower bulk den-
sity, and better heat insulation, thereby making value-added composite for 
applications [12].

Reinforcing traditional cement and cementitious materials with natu-
ral fibers has become popular. However, only a few studies are focused 
on reinforcement of geopolymer-based composites with natural fibers. A 
few researchers have studied geopolymer composite using various natural 
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fibers such as sweet sorghum [7], cotton [8, 9], wool [13] and cellulose 
[14], peat wood [15], wood flour [16] or sawdust [17]. Promising results 
were observed.

Bera et al. [18] studied shear strength of reinforced pond ash. They con-
ducted a series of undrained unconsolidated (UU) triaxial tests on both 
unreinforced as well as reinforced pond ash. Also, types of reinforcing 
fibers on shear strength of pond ash-based materials were studied.

Korniejenko et al. [20] prepared geopolymer composites using different 
short natural fibers (i.e., cotton, sisal, raffia and coconut). They evaluated 
the mechanical properties (compressive strength and flexural strength) of 
the geopolymer composite. The microstructural behavior provides a bet-
ter understanding of the strengthening mechanism. Addition of an appro-
priate amount of natural fiber to geopolymer composites will improve 
mechanical properties.

Alomayri et al. [21] synthesized geopolymer composites with cotton 
fiber as reinforcement with varying fiber content (from 0–1.0 wt%). After 
characterizing hardness, impact strength and compressive strength, they 
concluded that an optimum weight fraction of fiber content (0.5 wt%) of 
the composites gave the best properties.

Ribeiro et al. [22] prepared geopolymer composite reinforced with bam-
boo fibers and processed bamboo fibers (mixed potassium-sodium poly-
sialate siloxo-type geopolymer reinforced with bamboo fibers and strips). 
They found higher strength in processed bamboo fibers. Also, they synthe-
sized processed Amazonian kaolin (i.e., metakaolin-based geopolymer). 
Different techniques (i.e., X-ray diffraction, scanning electron micros-
copy (SEM), four-point flexural and compressive strength testing) were 
employed to determine the structure, morphology, and strength properties 
of as-prepared composite.

Agopyan et al. [23] prepared asbestos in roofing components. In the 
preparation of roofing components, they used brittle materials like cement 
as matrix and different fibers, such as vegetable fibers, freshly prepared pulp 
from eucalyptus waste, residual sisal and coir fibers, as reinforcing compo-
nents. They evaluated mechanical and durability properties, which were 
improved. They also used an alternative binder (viz., free lime using ground 
granulated blast furnace slag). This composite showed better performance.

Malenab et al. [24] prepared geopolymer composite using natural fibers 
as eco-friendly reinforcement components. Also, they used treated waste 
fibers in the preparation of eco-friendly geopolymer composite. Treated 
fiber-based eco-friendly geopolymer composite showed improved adhe-
sion property. They optimized NaOH pretreatment parameters such as 
soaking time in aluminium salt solution and pH of slurry. It was observed 
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that the properties and performance of pretreated geopolymer composite 
was proven to be better in comparison to untreated geopolymer composite.

He et al. [25] prepared geopolymer composite using red mud (RM) 
and rice husk ash (RHA) in different proportions. Prepared composite 
was characterized with compression test, X-ray diffraction, and scanning 
electron microscopy analyses; and its physico-mechanical properties were 
evaluated. They observed that there was a reduction of ductility in materi-
als when compared with red mud-based geopolymer. With higher RHA/
RM ratios, strength (stiffness and ductility) of the composite improved. 
Microstructural and compositional analyses were done on final products.

Detphan and Chindaprasirt et al. [26] prepared different batches of 
geopolymer using different ratios of rice hush ash and fly ash in different 
proportions (0/100, 20/80, 40/60, and 60/40). Geopolymer mortar was pre-
pared mixing geopolymer with sand. Upon investigating the effect of RHA 
fineness on density and strength properties of geopolymer mortars, they 
observed compressive strength ranging between 12.5 to 56.0 MPa for dif-
ferent mass ratios of RHA/FA. They concluded that the strength property 
mainly depends on FA/RHA, RHA fineness, and ratio of sodium silicate 
to NaOH. For the highest strength, optimum parameters of FA-RHA geo-
polymer mortars were found to be 4.0 sodium silicate/NaOH mass ratios, 
delay time before subjecting the samples to heat for 1 h, curing tempera-
ture (60 °C), and curing time (48 h).

Younes et al. [27] blended recycled or reused waste materials for pro-
duction of ternary cement mortars (TBCMs) by partial substitution of 
ordinary Portland cement (OPC) with 20% waste glass powder (WG) and 
cement (80% OPC). They also used ternary blending with 2.5–10% rice 
husk ash replacing proportionate amounts of WG. The mortars were cured 
under tap water for different lengths of time, namely 3/7/28/60/90 days. 
The results indicated that glass and rice husk ash helped to improve com-
pressive strength with increasing hydration time. Physical parameters, such 
as overall porosity and percentage water absorption, were simultaneously 
decreased. The compressive strength results of TBCMs indicated higher 
value than CM. The impact of γ-radiation on physico-mechanical prop-
erties of unsaturated polyester (UP)/impregnated blended cement mortar 
composite (TBCMs) was studied. Data showed enhancement of mechani-
cal properties for irradiated specimens when compared with unirradiated 
ones. Furthermore, thermogravimetric analyses (TGA) and XRD analyses 
were explored to correlate the structure and properties of new materials.

Rill et al. [28] used basalt strands (hacked and fiber waves) for making 
geopolymer composite. They studied the correlation of mechanical behav-
ior and microstructure of prepared composites.
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Camargo et al. [29] prepared cement and geopolymer-based compos-
ite using natural fibers as reinforcing components. Reinforced fibers are 
renewable, biodegradable, and nontoxic in nature, and exhibit attractive 
mechanical properties (compared with their synthetic fiber counterparts). 
Their study on wet behavior and the impact of modified and function-
alized fiber on durability showed substantial improvement in mechanical 
properties.

Zulfiati et al. [30] prepared geopolymer mortar and concrete using fly 
ash as matrix and different percentages (0%, 0.25%, 0.50%) of pineapple 
fiber as reinforcement. By experimenting with different combinations 
of reinforcement, they observed the attainment of compressive strength 
of 41.468 MPa and flexural strength of 9.209 MPa using maximum fiber 
length of 30 mm, 0.50% volume fraction and 16 M NaOH, respectively.

Wattanasiriwech et al. [31] prepared new generation of geopolymer 
composite using bagasse cellulose fiber as reinforcing component. The 
prepared materials promise good thermal stability and chemical resistance 
with adequate mechanical properties. Other important improved proper-
ties of the composites were impact strength, wettability and density. It was 
reported that additions of bagasse cellulose fibers up to 1–2% improved 
impact strength of geopolymers. Any excess addition of fibers, however, 
resulted in the decrease of impact strength. This is due to agglomeration of 
fibers with lesser degree of intimation with matrix. Hydrophilicity of these 
fibers leads to an increase of water absorption with decrease in density of 
composites.

Sarmin [32] used fly ash (Class F) and metakaolin (30%) as base materi-
als for preparing lightweight geopolymer composites. During the prepara-
tion of composite, they used wood particles (WP), wood flour (C100), and 
wood fiber (WF) as reinforcement. Geopolymer reaction was augmented 
by treating with alkaline activator solution. Mechanical and other prop-
erties of geopolymer composites were evaluated with different treatment 
combinations, i.e., curing times (20 °C for 7, 14, and 28 days and 80 °C for 
6 and 24 h). The highest compressive strength was found to be 38.4 MPa 
with wood flour cured at 20 °C for 28 days.

Elavarasan and Dhanadeepa [33] prepared geopolymer concrete using 
90% rice husk ash (RHA) and 10% cement with different fibers by using 
alkaline liquids. During the composite preparation, glass fibers (vol-
ume fractions of 0.03%) and different volume fractions of polypropylene 
fibers (0.25%, 0.5%, 0.75%) were used. Strength of geopolymer com-
posite is enhanced due to the presence of amorphous silica (i.e., cellular 
form). Another advantage of RHA is that it created impermeability, and 
thus improved durability. RHA minimized alkali-aggregate reaction and 
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reduced the expansion of concrete. For geopolymer reaction, alkaline liq-
uid to rice husk ash ratio was maintained at 0.4. Quantitative relationship 
was developed between strength properties (tensile and compressive) and 
volume fraction of glass fiber/polypropylene fiber by regression analysis.

Ohno and Li [34] developed strain-hardening ductile fiber-reinforced 
fly ash-based geopolymer composites by using randomly oriented short 
poly-vinyl alcohol (PVA) fibers. Their mechanical properties were inves-
tigated by cube compressive and dog bone tensile testing. Tensile strain 
hardening behavior with high ductility (over 4%) was experimentally 
demonstrated for the composites. The performances of cured samples 
were found to be better than uncured samples. Crack width distributions 
were also investigated by using the digital image correlation technique. The 
maximum and average crack widths were found to be 117 µm and 45 µm, 
respectively, even at a high imposed strain level (4.5%), thereby establish-
ing the feasibility of strain-hardening ductile geopolymer composites.

Rangan et al. [35] prepared geopolymer foams using aluminum pow-
der and several combinations of silica fume and fine sand reinforced with 
short basalt fibers. Curing was done at room temperature and then the 
samples were put in a furnace at 70 °C for curing time of 7 and 28 days. 
They evaluated thermal conductivity, porosity, compressive strength, flex-
ural strength and density. All the test results were found to be 0.13–0.359 
W∙m-1∙K-1, 41.8–62.5%, 1.94–9 MPa, 0.96–2.93 MPa, 546–1028 kg∙m-3. 
Results indicated that filler had a significant effect on the mechanical and 
physical properties of the tested samples.

Subramani and Sakthivel [36] studied as-prepared eco-friendly fly ash-
based geopolymer bricks (size = 190 mm × 90 mm × 90 mm). They used 
different ratios of river sand and silica sand (1:1.6, 1:1.8, 1:2) by weight. 
Cast bricks were cured at ambient temperature and then exposed for 18 
weeks in H2SO4 media. It was observed that the bricks did not loose their 
alkalinity. The weight loss of bricks was observed to range from 0.54% to 
0.28% of their initial weight value. It was also observed that weight loss was 
higher when bricks were made with geopolymer prepared with a higher 
percent of Na2SiO3. Results indicated that geopolymer bricks are highly 
resistant to sulfuric acid.

Shaikh and Haque [37] synthesized geopolymer using fly ash and potas-
sium activators. They used carbon and basalt fiber as reinforcing com-
ponent in a geopolymer mold in order to make a composite. Curing is 
done at both ambient and elevated temperatures. For comparison purpose, 
they prepared geopolymer (blank) and geopolymer composite with fiber. 
Six series of fly ash-based geopolymer were made using different weight 
percent (wt%) of carbon and basalt fiber (0.5%, 1%, 1.5%). Properties of 
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geopolymer were found at ambient temperature and higher temperature 
(200, 400, 600 and 800 °C). Better properties, i.e., compressive strength, 
were found for the composite prepared with 1 wt% basalt and 1 wt% car-
bon fiber. Less volumetric shrinkage and mass loss were also observed. 
Microstructure of carbon and basalt fiber-reinforced geopolymer compos-
ite was correlated with strength properties.

The previous reviews have helped the present authors define the present 
work, i.e., preparation of geopolymer-based composite from power plant 
waste, i.e., pond ash. In the present work, instead of fly ash, pond ash was 
chosen for preparation of geopolymer. Jute fiber was used as reinforcing 
agent in the preparation of geopolymer composite; and activated alkaline 
solution was used to prepare geopolymer. The strength property of geo-
polymer composite was established by measuring compressive strength. 
Prepared materials were characterized by X-ray diffraction to identify dif-
ferent phases in the materials. FTIR characterization was done to find var-
ious absorption bands present in the prepared materials. Thermal stability 
was determined using TG-DTG analysis; and DSC analysis was carried out 
to study the geopolymerization process. Surface topological analyses were 
done using SEM.

6.2	 Experimental Details

6.2.1	 Chemicals and Materials

Pond Ash, the main ingredient for geopolymer, was collected from NALCO 
Damanjodi, Odisha. Jute fiber, sand and aggregates were obtained locally. 
Sodium hydroxide (activator) was obtained from M/S Loba Chemicals, 
India. Sodium silicate (Na2SiO3) was procured from Merck, India. Water-
soluble plasticizer (Sika) was purchased from a reputed firm located in 
the southern part of India (Visakhapatnam market). Plasticizer usually 
enhances plasticity of the products, i.e., geopolymer/geopolymer mortar/
concrete.

Natural fibers are considered superior alternatives to synthetic fibers 
due to their high flexural modulus and impact strength. Additionally, they 
are environmentally friendly, abundantly available, renewable, and are low 
density and cost-effective. The natural fibers can contribute to a healthy 
ecosystem, while their low cost and high performance are economically 
beneficial to industries [37].

Jute is a natural fiber which can be used for sacking, burlap, and twine as 
a backing material for tufted carpets. It’s a long, soft, shiny bast fiber that 
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can be spun into coarse, strong threads. It is one of the most affordable nat-
ural fibers and second only to cotton in the amount produced and variety 
of uses.

Jute fibers are primarily composed of plant materials (i.e., polyose, lig-
nin, and pectin). A photograph of jute is shown in Figure 6.1 and the phys-
ical properties of jute fiber are given in Table 6.1.

6.2.1.1	 Physical Properties of Jute Fiber

The physical properties of jute fiber(s) are presented in Table 6.1 [26, 38] 
and discussed below.

A brief overview of the properties and uses of jute fiber follows:

•	 Jute fiber is 100% biodegradable and recyclable, and conse-
quently earth benevolent.

•	 Jute fiber is characteristically golden and has a silky shine, 
hence it is called The Golden Fiber.

•	 Jute is the least expensive vegetable fiber secured from the 
bast or skin of the plant’s stem.

•	 Jute is the second most important vegetable fiber after cot-
ton as far its use, global consumption, production, and 
availability.

•	 Due to its high tensile strength and low extensibility, better 
breathability of fabrics is ensured. Subsequently, jute is very 
suitable for agricultural commodity bulk packaging.

Figure 6.1  Photograph of jute fibers.
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•	 Jute makes the best quality industrial yarn, fabric, net, and 
sacks. It is a standout amongst the most adaptable natural 
fibers that have been utilized in raw materials for packaging, 
textiles, non-textile, construction, and agricultural sectors. 
Yarn bulking results in less breaking tenacity and increased 
breaking extensibility when blended as a ternary blend.

•	 Unlike hemp, jute is not a form of cannabis, and therefore is 
more easily distinguished from forms of cannabis that pro-
duce a narcotic.

•	 Jute is a standout amongst the most versatile natural fibers 
utilized in raw materials for packaging, textiles, non-textile, 
and agricultural sectors.

•	 Jute stem has a high volume of cellulose that can be procured 
within 4–6 months, and therefore it can save the forest and 
meet the cellulose and wood requirement of the world.

Table 6.1  Physical properties of jute fiber.

Sl. no.  Parameters Values

1  Tenacity (g/den) 3.5–4.5 (40–70g/tex)

2  Length 0.2–30 inch

3  Stretch and Elasticity Not good and 2% elongation at 
break

4  Resiliency Not very good

5  Abrasion Resistance Relatively good

6  Dimensional Stability Good

7  Moisture Regain 13.75%

8  Specific Gravity 1.48–1.50

9  Color Yellowish, yellow, brown, golden

10  Heat Resistance Good

11  Specific Heat 0.324

12  Diameter 18 microns

13  Cross Section Uneven, thick cell wall with lumen
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•	 The best varieties of jute are Bangla Tosha – Corchorus 
olitorius (Golden shine); and Bangla White – Corchorus 
capsularis (Whitish Shine). And Mesta or Kenaf (Hibiscus 
cannabinus) is another species with fiber like jute with mid-
range quality.

•	 Raw jute and jute merchandise are translated as burlap, 
industrial hemp, and kenaf in a few sections of the world.

•	 The best wellspring of jute on the planet is the Bengal Delta 
Plain, which is occupied by Bangladesh and India.

Thus, jute is the most environmentally friendly fiber, from seed to 
expired fiber, as the expired fibers can be recycled more than once. The 
percentage of chemical composition of jute fiber is presented in Table 6.2.

6.2.2	 PA/Jute Fiber-Based Geopolymer, Mortar and Concrete

Synthesis of pond ash-based geopolymer is achievable through the solid-
state route. During the preparation of PA/Jute fiber-based geopolymer, 
pond ash (as matrix components) and jute fiber (as reinforcement com-
ponents) are used and activated through an alkali activator. The following 
steps are adopted to obtain PA/Jute fiber-based geopolymer [39, 40].

Step 1: Raw Material Preparation
The as-received pond ash is dried at 120 °C for 2 h in a heating oven. Dried 
pond ash is crushed or ground followed by sieving through 240 meshes. 
The pond is called processed pond ash. Pond ash-based geopolymer is 
prepared by taking an appropriate proportion of pond ash, chopped fiber 

Table 6.2  Chemical composition of 
jute fiber(s).

Components Percentage

Cellulose  65.2

Hemicellulose  22.2

Lignin  10.8

Water  1.5

Fat and Wax  0.3
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(small length fibers obtained by cutting long fibers aided by a cutter), 
sodium silicate, sodium hydroxide, and water-soluble plasticizers.
Step 2: Pond Ash/Jute Fiber Geopolymer Preparation
Pond ash is mixed with chopped jute fiber, NaOH, Na2SiO3, a small quantity 
of water (6%) and water-soluble plasticizers (Sika); and a gel-like substance 
is fashioned. PA/Jute fiber-based GP with same compositions is shown in 
Table 6.3. Three samples are designated as S1, S2, and S3, respectively.
Step 3: Molding, Casting and Compaction
As-prepared gel-like materials are cast in a cylindrical REMI iron mold 
having dimensions of 50 mm diameter and 70 mm height. Samples are 
then rammed twenty times to enable better compaction. Then they are left 
in the mold for 3 min. Samples are finally demolded to obtain cylindrical 
green samples.
Step 4: Curing Process
Demolded samples are cured at 70 °C for 24 h in an oven. These samples 
are now ready for different characterizations.

PA/Jute Fiber Mortar Preparation:
Pond ash/jute fibers-based geopolymer mortar is prepared by chemical 
approach through the solid-state route. It is prepared by mixing a propor-
tionate amount of PA, jute fiber and sieved sand (see Table 6.2). The prepa-
ration of PA/jute fiber-based geopolymer mortar is described below [39, 
40]:

Step 1: Raw Material Preparation
The collected pond ash is dried at 120 °C in a heating oven. The 
dried ash is ground and sieved through 240 meshes, called pro-
cess pond ash. Collected sand is sieved and dried at 120 °C for 
2 h in a heating oven, called process sand. Jute fiber is cut into 
small pieces of fibers and is known as chopped fibers. Chopped 
fibers are used to prepare PA/Jute fiber-based GP mortar. 

Table 6.3  PA/Jute fiber-based GP with same compositions.

Sample 
code

PA (84.15 g) +  
jute fiber 
(0.85 g)

Sod. silicate 
(SS)

Alkali (8 M, 
NaOH) 
(SH)

Water-soluble 
plasticizer 
(Sika)

S1 85% 12% 3% 1–2 ml
S2 85% 12% 3% 1–2 ml
S3 85% 12% 3% 1–2 ml
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Sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) are 
combined to prepare an alkaline solution used as geopolymer 
activator. Water-soluble plasticizer is used to increase plasticity 
of geopolymer mortar.
Step 2: Geopolymer Mortar Preparation
The processed pond ash is mixed with chopped fibers, NaOH, 
Na2SiO3, a small quantity of water (6%) and water-soluble plas-
ticizers (Sika). This will result in the formation of a gel-like sub-
stance. The gel-like substance, i.e., GP is mixed with a requisite 
amount of sand to form GP mortar (for compositions see Table 
6.2).
Step 3: Molding, Casting and Compaction
The gel-like materials are placed in a REMI mold made up of 
iron having a cylindrical shape (50 mm diameter size and 70 
mm height). Materials are rammed 20 times and then they are 
left for 3 min before demolding. Demolded samples are known 
as “green” mortar samples.
Step 4: Curing Process
Green mortar samples are cured at 70 °C for 24 h in a heating 
oven. The cured samples are then sealed in plastic zipper bags to 
prevent moisture absorption till they are tested. Compositions 
of PA/Jute fiber-based mortar are shown in Table 6.4.

The PA/Jute fiber-based concrete preparation process is accomplished 
by a chemical approach through solid-state route. The successive steps of 
PA/Jute fiber-based concrete preparation are grinding, mixing, ramming 
and curing (using a heating oven) [39, 40].

Table 6.4  Compositions of PA/Jute fiber-based mortar mixtures (Mortar = 
1.0:3.0).

Sample 
code 
(Three 
sets)

PA/Jute fiber 
(21.125%) +  
sand 
(63.375%)

Sod. 
silicate 
(SS)

Alkali (8 M, 
NaOH) 
(SH)

Water-soluble 
plasticizer 
(Sika)

S1 85% 12% 3% 1–2 ml

S2 85% 12% 3% 1–2 ml

S3 85% 12% 3% 1–2 ml
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Step 1: Raw Material Preparation (PA/Jute Fiber-Based Concrete)
As-received pond ash is dried at 120 °C for 2 h in a heating oven. Once dried, 
it is ground and sieved through 240 meshes. Such pond ash is known as pro-
cessed pond ash. Procured jute fibers are cut into small pieces. Small-sized 
fibers are called chopped fibers. Collected sand is sieved and dried at 120 °C 
for 2 h in a heating oven. This is known as processed sand. Stone chips for 
making GP concrete are dried at 120 °C for 1 h. All the components are kept 
separately. Geopolymer activator is prepared by mixing Sodium silicate and 
sodium hydroxide in appropriate proportions. Water-soluble plasticizers are 
used to enhance the plasticity of PA/Jute fiber-based concrete.
Step 2: PA/Jute Fiber-Based Geopolymer Concrete Preparation
Processed Pond Ash is mixed with chopped jute fibers, alkaline activator 
(NaOH and Na2SiO3), a small quantity of water (6%) and water-soluble 
plasticizers (Sika). A gel-like substance is formed from this mixture. The 
gel-like substance is further mixed with a requisite amount of sand and 
stone chips (aggregates) to form GP concrete (for composition see Table 
6.5). Three replicates are made for checking reproducibility of the findings 
and are designated as S1, S2, and S3, respectively.
Step 3: Molding, Casting and Compaction
Jute fiber GP concrete samples are poured into a cylindrical shape REMI 
mold made of iron with dimensions of 50 mm diameter and 70 mm height. 
The material inside the mold is rammed 20 times to increase the compact-
ness of the concrete. It is left for 3 min and then is demolded. This sample 
is known as “green” sample.
Step 4: Curing Process
Green samples are cured at 70 °C for 24 h in a heating oven. Samples are 
preserved in plastic zipper bags to prevent moisture absorption.

Table 6.5  Compositions of PA/Jute fiber-based concrete mixtures (Concrete = 
1.0:1.5:3.0).

Sample 
code 
(Three 
sets)

PA/Jute fiber 
(15.36364%) +  
sand 
(23.04546%) +  
aggregates 
(46.09092%)

Sod. 
silicate 
(SS)

Alkali (8 M, 
NaOH) 
(SH)

Water-soluble 
plasticizer 
(Sika)

S1 85% 12% 3% 1–2 ml

S2 85% 12% 3% 1–2 ml

S3 85% 12% 3% 1–2 ml
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Photographs of PA/jute fiber-based GP, PA/jute fiber-based GP mortar, 
and concrete are shown in Figure 6.2.

Test Methods for Pa/Jute Fiber-Based Geopolymer:
Compressive strength tests were performed on cylindrical specimens 
(50 mm × 70 mm) using a 20 KN digital compressive testing machine 
(Mechatronic Control System; Model: MECH-CS/UTE 20T). Experiments 
were replicated in batches to ascertain validity of test results. Compression 
tests were performed at three temperatures (70 °C, 80 °C, 90 °C). Test 
results ensured the integrity of GP material at higher temperatures (70 °C, 
80 °C, 90 °C).

Studies with a scanning electron microscope (SEM) attached with an 
energy dispersive X-ray (EDX) system helped in understanding the mor-
phology and chemical compositions of prepared materials.

Samples were further characterized with FTIR (Thermo Nicolet Nexus 
870 spectrophotometer). The settings for the instruments are kept con-
stant (50 scan at 4 cm−1 resolution, absorbance mode) during the entire 
examination.

Thermal stability of the PA/Jute fiber-based GP and GP mortar/concrete 
was determined by thermogravimetric analysis.

Enthalpy of fusion for as-received PA/Jute fiber-based GP and GP 
mortar/concrete was estimated using differential scanning calorimetry 
(DSC). The parameters, such as heating rate, temperature range and nitro-
gen environment (N2), were set as 10 °C/min and 50–300 °C, respectively.

(a) (b) (c)

Figure 6.2  Photographs of (a) PA/jute fiber-based GP, (b) GP mortar, and (c) GP 
concrete.
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Table 6.6 Compressive strength of Pond Ash–Jute Fiber-based geopolymer materials.

(A) Compressive strength of pond ash–jute fiber-based geopolymer

S. no. PA JF Sand Aggregate SS (%) SH
(%)

H20 
(ml)

SIKA 
(ml)

TEMP. (°C) CS 
(MPa)

Av. CS 
(MPa)

S1
84.5 0.5 --- --- 12 3 6 1-2

70
16.3
17.1

17 

16.45S2

S3

(B) Compressive strength of pond ash–jute fiber-based geopolymer mortar

S1

21.125 0.5 63.375 ---

12 3 6 1-2 70 22.3 22.0

S2 22.1

S3 21.8

(C) Compressive strength of pond ash–jute fiber-based geopolymer concrete

S1
15.36364 0.5 23.04546 46.09092 12 3 6 1-2 70

28.8

28.96S2 29.2

S3 28.9

Note: PA = Pond Ash, JF = Jute Fiber, SS = Sodium Silicate, SH = Sodium hydroxide, H20 = Water, TEMP = Temperature, CS = Compressive Strength,  
Av. = Average, MPa = Mega Pascal.
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Table 6.7 Compressive strength of PA-based GP materials (GP mortar and GP concrete).

(A) Compressive strength of PA-based GP mortar at temp. 70 °C, 80 °C, 90 °C [SS (12%), SH (3 %, 8 M), H20 (6 ml), Sika (1-2 
ml)]

S. no. Sample name Replication
Components (85%)

TM (⁰C) CS (MPa)
Av. CS 

(MPa)PA JF FA GA
1 PA/Jute fiber 

GP Mortar
S1

21.125 0.5 63.375
--- 70 22.3 22.0

S2 22.1
S3 21.8

2 PA/Jute fiber 
GP Mortar

S1 21.125 0.5 63.375 --- 80 21.8 22.3
S2 22.5
S3 22.4

3 PA/Jute fiber 
GP Mortar

S1 21.125 0.5 63.375 --- 90 22.2 20.9
S2 20.8
S3 20.9

(Continued)
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Table 6.7 Compressive strength of PA-based GP materials (GP mortar and GP concrete). (Continued)

(B) Compressive strength of PA/Jute fiber-based GP concrete at temp. 70 °C, 80 °C, 90 °C [SS (12%), SH (3 %, 8 M), H20 (6 
ml), Sika (1-2 wml)]

1 PA/Jute fiber 
GP Concrete

S1 15.36364 0.5 23.04546 46.09092 70 28.8 28.96
S2 29.2
S3 28.9

2 PA/Jute fiber 
GP Concrete

S1 15.36364 0.5 23.04546 46.09092 80 29.5 29.4
S2 29.5
S3 29.3

3 PA/Jute fiber 
GP Concrete

S1 15.36364 0.5 23.04546 46.09092 90 28.7 28.7
S2 28.8
S3 28.5

*Note: PA (Pond Ash), GP (Geopolymer), JF (Jute Fiber), Fine aggregate (FA), Granule aggregates (GA), TM (Testing temperature), CS (Compressive 
Strength), Av. (Average), MPa (Mega Pascal).
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6.2.3	 Results and Discussion

Table 6.6A, 6.6B, and 6.6C describe the compressive strength of PA/Jute 
fiber geopolymer (GP), PA/Jute fiber GP mortar, and PA/Jute fiber GP con-
crete, respectively. For each category of materials, replication is made in 
order to obtain average (av.) strength of materials. The highest strength is 
observed for PA/Jute fiber GP concrete. The enhancement of strength of 
PA/Jute fiber GP mortar and PA/Jute fiber GP concrete is thought to be due 
to formation of higher degree of chain [41–43].

Tables 6.7A and 6.7B describe the compressive strength values of GP 
mortar and GP concrete at three temperatures, i.e., 70 °C, 80 °C, 90 °C, 
respectively. For accuracy, replicates are made for each batch (S1, S2, S3), 
where subscripts 1, 2, 3 represent samples from each batch. The purpose 
of conducting the test at higher temperatures of the two materials is to 
discover the relative stability of materials at higher temperatures. Results 
suggest materials retained their stability at higher temperature.

Microstructures of PA/Jute fiber GP, PA/Jute fiber GP mortar, and PA/
Jute fiber GP concrete were analyzed with SEM (Figure 6.3). General 
features of the micrographs indicate the presence of compact mass, pre-
sumably of glassy phases formed due to polymerization of the materials 
occurring during treatment with alkali solutions. Chopped fibers of differ-
ent lengths and diameters (i.e., different aspect ratio) are dispersed in the 
matrix. The presence of jute fiber enhances the mechanical property of the 
materials.

Superimposed FTIR spectra of four materials, i.e., Jute fibers, PA/Jute 
fiber-based GP, PA/Jute fiber-based GP-Mortar, and PA/Jute fiber-based 
GP-Concrete are shown in Figure 6.4. The FTIR spectrum of Jute fiber 
shows different peaks at 2800–3000, 2952 and 2872 cm-1, respectively. CH3 

(a) (b) (c)

Figure 6.3  SEM images of (a) PA/Jute fiber-based GP, (b) PA/Jute fiber-based GP mortar, 
and (c) PA/Jute fiber-based GP concrete.
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asymmetric and symmetric stretching vibration is allocated at 2800–3000 
cm-1. Peaks at 2920 and 2839 cm-1 are ascribed to CH2 asymmetric and 
symmetric stretching vibrations. Spectrum is also found at 1456 and 1375 
cm-1. Peak at 1456 cm-1 is attributed to CH3 asymmetric deformation vibra-
tions (or CH2 scissor vibrations). Peak at 1375 cm-1 is attributed to sym-
metric deformation vibrations of CH3 group. Peaks at wavenumber range 
800–1200 cm-1 are attributed to C-C asymmetric stretching, whereas peak 
at 1160 cm-1 is attributed to asymmetric rocking of CH3. A C-H wagging 
vibration is found at 998 cm-1. Peak at 972 cm-1 is assigned to CH3 asym-
metric rocking and C-C asymmetric stretching vibrations. Peak at 898 cm-1 
is attributed to CH3 asymmetric rocking and C-C asymmetric and sym-
metric stretching vibrations. Peaks at 840 and 808 cm-1 are caused by CH2 
rocking vibrations [44, 45].

The FTIR spectrum of PA/Jute fiber GP is shown in Figure 6.4b, in 
which a broad stretching band can be found around 2919.50 cm-1. The 
band arises due to the stretching vibrations of O-H bonds and H bending 
vibrations of H-O-H of interlayer adsorbed H2O molecule [44–47]. The 
C=O stretching band is indicated at 1449.40 cm-1 and confirms the pres-
ence of carbonate groups [44–47]. The main reason for this being the pres-
ence of chemisorbed CO2 in PA/Jute fiber GP. The Si-O and O-Si-O bands 
are also found at 989.30 cm-1 and 534.50 cm-1, which indicates the presence 
of silicate groups. The presence of Al3+-O2- bonds are also observed near 
805.5 cm-1; and an Fe-O stretching band is also observed at 440 cm-1.
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Figure 6.4  FTIR spectra of (a) Jute fiber, (b) PA/Jute fiber-based GP, (c) PA/Jute fiber-
based GP-Mortar, and (d) PA/Jute fiber-based GP-Concrete.
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The FTIR spectrum of PA/Jute fiber GP mortar is shown in Figure 6.4c. 
The peak at 1113 cm−1 is attributed to an Si–O band in SiO4 molecules. A 
weak Si–O symmetrically stretching band is observed at 640 cm−1. Peaks at 
995 cm−1 and 790 cm−1 are assigned to alternating Si–O and Al–O bonds. 
Al–O stretching vibration is present in AlO4 tetrahedra. There is shifting 
of stretching frequencies. It is observed that the band showing asymmetric 
bending of the O–Si–O and O–Al–O bands shifts to a lower value, con-
firming the previous finding [48, 49].

The FTIR spectrum of PA/Jute fiber GP concrete is shown in Figure 
6.4d, which indicates the presence of different absorption bands occurring 
at different wavenumbers, i.e., 3441, 2918, 1823, 1638, 1117 and 907 cm-1. 
The bands are in agreement with stretching vibrations of O-H bonds (3441 
cm-1 wavenumber) and H-O-H bending vibrations (1638 cm-1 wavenum-
ber) of interlayer adsorbed H2O molecule [48]. The hydroxyl-stretching 
band of water plays an important role and peak shift of the FTIR spectra 
is significant. The ensuing absorption band at 1117 cm-1 wavenumber is 
attributed to Si-O band and signifies the occurrence of silicate groups. The 
presence of Al3+O2- absorption bands are also indicated near 907 cm-1 wave- 
number [50, 51].
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Figure 6.5  TGA plot of (a) PA/Jute fiber-based GP, (b) PA/Jute fiber-based GP-M, and  
(c) PA/Jute fiber-based GP-C.
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Cured samples of as-prepared PA/Jute fiber-based GP materials were 
charcterized using TG-DTG curves obtained in an isotermal experiment 
(Figure 6.5). The significant observation made is the loss of water begin-
ning around 50 °C till 400 °C temperature (humps in the thermogram), 
indicating loss of water since polymerization is completed during curing 
[52–54].

6.3	 Conclusions

In this chapter, extensive studies carried out on pond ash/jute fibers-based 
geopolymeric materials were presented. Low-calcium content pond ash 
was used as the source material instead of Portland cement to prepare 
geopolymeric materials. Pond Ash/Jute Fibers-based geopolymeric mate-
rials showed good compressive strength at room temperature as well as at 
higher temperatures, i.e., 70 °C, 80 °C, 90 °C. Microstructures of jute fiber-
based GP composites indicated the occurrence of polymerization in the 
materials, showing glassy phases with some unreacted materials. Jute fibers 
with different aspect ratios were observed to be widespread in the matrix.
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Abstract
The corrosion behavior of PA-based geopolymer mortar and concrete under dif-
ferent conditions (saline water, HCl solution, H2SO4 solution, H3PO4 solution, 
normal water, distilled water) is discussed in this chapter. Strength, morphology 
and thermal properties were compared for exposed and unexposed GP motor and 
concrete. The strengths obtained were 24.1 MPa and 29.9 MPa for PA-based GP 
mortar and PA-based GP concrete, respectively, after 75 days exposure to saline 
water. Similarly, the strengths obtained were 24.3 MPa and 30.1 MPa for PA-based 
GP mortar and PA-based GP concrete after 75 days exposure to HCl media water. 
A similar corrosion test is performed in distilled water media. The strength was 
found to be 24.1 MPa (PA-based GP mortar) and 30.0 MPa (PA-based GP con-
crete) after 75 days corrosion in distilled water. Thus, there is no difference in 
strength properties observed in those two materials after exposure to different 
media. The strength before corrosion in water was found to be 24 MPa (PA-based 
GP mortar) and 29.7 MPa (PA-based GP concrete). Results indicate that there 
is no change in strength.  There is no change in density results for exposed and 
non-exposed samples corroborated by strength results. SEM images and DSC iso-
therms of GP products indicated the occurrence of condensation polymer reaction 
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during curing. TGA analyses did not show any difference in behavior between the 
materials (before and after exposure of PA-based GP mortar and concrete). 

In conclusion, it may be said that the strength values for these two materials are 
comparable to that of standard M15 grade mortar used in construction.

Keywords:  OPC, pond ash, geopolymer, concrete, corrosive media, AAS, SEM, 
corrosion

7.1	 Introduction

Up to the 20th century, ordinary Portland cement (OPC) concrete was 
used as building material worldwide, producing 2.8 million tons of CO2 
annually. Studies predict that by 2050 OPC production will sharply rise 
to 5.5 gigatons per year [1–3], which will have a significant impact on the 
environment due to massive consumption of natural resources [1, 2, 4]. So, 
it can be said that cement production alone can contribute approximately 
7% of human-driven global CO2 emissions [1, 4–8].

The global warming problem and greenhouse gas effect has led to numer-
ous investigations in an attempt to develop new binding or cementitious 
construction materials for reducing CO2 emissions during the production 
of OPC, giving rise to the development of new alternative materials [8]. 
These newly developed alternative materials, which were first developed 
by Joseph Davidovits in 1982 [9], are called geopolymers. Geopolymers 
are tetrahedral three-dimensional inorganic aluminum silicate inorganic 
polymers composed of [AlO4] and [SiO4], which are mainly prepared from 
aluminum silicates or industrial wastes such as pond ash [10, 11], fly ash 
[3, 12–14], natural pozzolana [15, 16], metakaolin [17, 18], natural zeolites 
[4, 19–21], etc. Geopolymers are prepared by the activation of aluminum 
silicates in an alkali-silicate solution [9, 22, 23]. Geopolymers are a class of 
aluminosilicate binding materials, which are synthesized by a condensa-
tion polymerization process called geopolymerization of aluminosilicate 
minerals (such as industrial solid waste, calcinated clays, natural miner-
als and so on) with solutions of alkaline activator [24]. In recent years, 
they gradually started being considered as potentially revolutionary mate-
rials in order to obtain the great advantages presented by their thermal, 
mechanical and chemical resistance properties among others [17].

Corrosion of hydrated cement-based materials, i.e., structural materials, 
undergo a number of complex processes which reduce engineering prop-
erties such as strength, elastic modulus and durability. Such complex pro-
cesses may happen due to various physical, chemical, and physicochemical 
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factors and their interactions [25–33], reflecting the peculiarities of both 
material aspects and external factors (service conditions).

A simple description of the physicochemical processes that take place 
during corrosion of porous hydrated inorganic materials is relatively diffi-
cult and usually consists of three steps. The first step is the convective and 
diffusional transport of aggressive medium (gas or liquid) through inter-
connected pores to the corrosion front. In the second step, the aggressive 
substance reacts with the material, resulting in the formation of some solu-
ble and/or insoluble products. Deposition of insoluble products in the cor-
roded parts and/or transport of soluble products through corroded layer 
to the aggressive medium can be considered the third step. The process of 
corrosion is complicated for the following reasons: Accurate characteri-
zation of the pore system in the process and difficulties due to slow diffu-
sion of ions and rate of permeation of potentially deleterious substances 
across a porous cementitious matrix are intuitively related to the volume 
of pores, pore size and shape and pore interconnectivity (open and closed 
pores). Pore radii in cement pastes span a huge range from a few nano-
meters to nearly 100 microns (gel and capillary pores). In more complex, 
composite systems, such as concrete, a pore size distribution of entrained 
and entrapped air voids is also present [27–33]. Such a complex and irreg-
ular structure in concrete causes the stochastic character of concentration 
patterns and flows [27–33].

In cement mortar and concrete, the reaction of aggressive molecules 
and/or ions with reactive aggregate and the phenomena taking place at 
the interface between cement hydrates and aggregate make the problem 
more complicated. The most common causes of corrosion of concrete 
structures include salt attack (mostly sulfate and seawater), acid attack, 
including carbonation, alkali-silica reaction, efflorescence, and freeze-
thaw/frost damage. There are some other causes which occur in industrial 
environments. These include high temperature attack, abrasion (cavitation 
and erosion), and attack by specific chemical or biological agents. A quick 
review of the literature in this field (durability of cement-based materials) 
shows that much effort has been spent by researchers during the past fifty 
years. For instance, Struble [27–33] cited 638 references drawn from three 
conference proceedings and various journal articles only for the year 1987 
alone. The related literature has been presented in a number of different 
information sources. It should be noted that despite such a voluminous 
amount of literature, comparing results and acquiring relevant informa-
tion is usually difficult. This is firstly because of differences in experimental 
conditions, including temperature, concentration and composition, static 
and dynamic conditions, time period of experiment, etc.; and secondly, 
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because, in practice, corrosion of concrete is usually due to two or more 
causes working simultaneously.

In spite of the importance of the phenomenon, there are relatively few 
publications available on this specific subject in the literature compared to 
the other common types of corrosion of cement-based materials. In addi-
tion, most of the existing publications also deal with the case of attack by 
carbonic acid (i.e., carbonation or aggressive effects of CO2). On the other 
hand, development of new cements with improved properties necessi-
tates detailed investigations on their durability in aggressive environments 
[25–33]. 

Many researchers have studied the corrosion behavior of OPC concrete, 
mainly for corrosion of steel reinforcement embedded in concrete. This is 
important for steel-reinforced concrete structure near coastal regions where 
the climate is characterized by contaminants such as chlorine ions (Cl-) 
and carbon dioxide (CO2) [34–39]. Usually, embedded steel gets detached 
from the main structure and, consequently, destroys the structure. The use 
of corrosion inhibitors is a method to prevent and delay the appearance of 
corrosion in concrete-reinforced bars [40, 41]. One of the possible defini-
tions of corrosion inhibitors is given by ISO 8044: 1989, which establishes 
that the material is a chemical substance, in certain quantity, that slows 
down the corrosion rate without any change in the concentration of any 
other corrosion agent [42]. Recently, the corrosion inhibitors have become 
easy to implement for the protection of reinforced steel in concrete but are 
to be considered a variable. These additives must not only prevent or delay 
the appearance of the corrosion, but also must not have any harmful effect 
on the properties of concrete [38, 43]. 

Dewi and Ekaputri [44] presented some results of an experimental 
study on bond strength of plain bar embedded in geopolymer concrete. 
Nine cubic specimens (150 × 150 × 150 mm) were prepared to measure 
bond strength and slip between reinforcement and concrete. 

Al Bakri et al. [45] evaluated the mechanical and physical properties of 
GP prepared by them. They observed high strength, low shrinkage, good 
thermal and chemical resistance in their materials. 

Farhana et al. [46] described the corrosion behavior of reinforced bar 
coated with GP paste. The studies were done with and without curing 
of GP paste. They used tap water as media and potential in open-circuit 
potential (OCP) method for assessing extent of corrosion. The reinforce-
ment steel bar in cured geopolymer showed more positive potential values 
as compared with uncured samples. It was noted that for samples soaked 
in tap water, the potential values fluctuated. From the Pourbaix diagram, 
all the observed potential values were found to be located in the passivity 
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region. The oxide formed provided a passive layer to protect the reinforce-
ment bar from corrosion.

Provisa et al. [47] described the development process for alkali‐
activated materials (AAMs). They evaluated long-term performance of 
steel‐reinforced GP structures. The durability of AAMs for such applica-
tions strongly depended on the corrosion behavior of the embedded steel 
reinforcement. The experimental data in the literature are limited and, in 
some cases, inconsistent. 

Allahverdi and Škvára [48] investigated the mechanism of corrosion of 
hardened paste of geopolymer cements at relatively high concentrations 
of sulfuric acid (pH ≈ 1). The process of corrosion occurred in two subse-
quent steps. The first step involves the ion exchange reaction between the 
charge compensating cations of the framework and electrolytic solution. 
The electrophilic attack of acid protons results in the ejection of tetrahe-
dral aluminum from the aluminosilicate framework. In the subsequent 
step, exchange calcium ions diffuse toward the acid solution and react with 
counter-diffusing sulfate anions. This results in the formation and deposi-
tion of gypsum crystals inside corroding layer. Deposition of gypsum crys-
tals inside the corroding matrix provides a protective measure inhibiting 
the total process of deterioration.

Manickavasagam and Mohankumar [49] developed an environmentally 
friendly green geopolymer concrete. They observed improved compres-
sive strength with materials designated as GM20 and GM30. They also 
investigated various properties, such as durability, water absorption, acid 
resistance and corrosion resistance, with constant voltage polarization 
test. The result obtained from high-calcium fly ash-based GPC was found 
to be superior in durability properties when compared with OPC-based 
concrete.

Asmara [50] focused on an experimental investigation to identify the 
effects of fly ash on the electrochemical process of corrosion in concrete 
structure during the curing time. The extent of corrosion was measured 
with the help of a potentiostat. Measured rest potential, polarization dia-
gram, and corrosion rate were determined. They also studied the effect of 
variation of cement and fly ash ratio on corrosion data. After being cured 
for 24 h and 65 °C, samples were immersed in a 3.5% solution of NaCl for 
365 days for electrochemical measurement. The results showed good cor-
rosion resistance of their materials.

Udhaya Kumar and Jayadurgalakshmi [51] assessed the technical via-
bility of the use of geopolymer by conducting a corrosion test on a steel 
reinforcement bar embedded in geopolymer material. The available alka-
linity of geopolymer material initially was suspected to be harmful for 



200  Historical Development of Constructional Materials

alkali-silica reaction, but it was found to be beneficial for maintaining pas-
sivity of the steel bar in concrete. The current density was applied to accel-
erate corrosion influences on bond strength.

Aulia et al. [52] studied corrosion resistance of high-strength reinforced 
concrete under different environmental conditions. They measured the 
potential level and corrosion rate of their materials. Later, they studied 
the  same structural materials by proportionate replacement of cement 
with the fly ash-based geopolymer. Corrosion potential measurement was 
carried out with the half-cell potential mapping method; and corrosion 
rate was assessed by linear polarization resistance method. They used dif-
ferent corrosion media, i.e., 3.5% NaCl (artificial seawater) and shallow 
well water. Corrosion rate for a few composite structures, i.e., PFA, CFA, 
POSFA, and HSCWFA, etc., were found to be the lowest.

Rambabu et al. [53] studied corrosion behavior of geopolymer in sul-
phate and acid media. They used open-circuit potential (OCP) method for 
corrosion measurement. They also evaluated the tensile behavior of cor-
roded structure at different stages of corrosion of their materials.  

Bayuaji et al. [54] studied the effect of an alkali solution environment on 
geopolymer concrete. They observed durability of GP concrete structure in 
corrosive seawater environment. Tensile strength of corroded GP concrete 
was also measured by them. 

Bhardwaj et al. [55] coated mild steel substrate with advanced phos-
phatic geopolymer using the spray coating technique. The coated plates 
were tested for adhesion strength, water resistance, fire protection and 
corrosion resistance. Results indicated that coating of mild steel substrate 
in two passes (with thickness 100 ± 15 μm) showed better adhesion and 
promising corrosion resistance for mild steel substrate under seawater 
conditions. 

Yodsudjai [56] investigated corrosion behavior of reinforcement for 
several concrete compositions. Different cement types and supplemen-
tary cementitious materials (SCMs) were used for their concrete structure. 
Corrosion properties of the structure were evaluated by adopting differ-
ent methods, viz., half-cell potential, corrosion current density, electrical 
conductivity topography and reinforcement cross-sectional loss. Results 
showed that concrete with SCMs possessed the highest corrosion resis-
tance, followed by concretes with different cement types and concretes 
with special admixtures, respectively. 

Sikora et al. [57] investigated a chemical attack on suitably coated 
geopolymer mortar/concrete in corrosive environment (10% inorganic/
organic acids and saturated solution of sodium chloride). They measured 
weight loss and compressive strength of corroded geopolymer composite 
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and concrete. A coated concrete sample showed considerable weight loss as 
well as compressive strength. 

Shaikh [58] described chloride-induced corrosion durability of geopoly-
mer concrete reinforced with steel. They use geopolymer material prepared 
with different ratios of sodium silicate (Na2SiO3) and NaOH solutions. 
Specimens underwent cyclic treatments (wetting and drying regime) for 
two months. In the wet cycle, specimens were immersed in NaCl salt solu-
tion (3.5% by weight) for 4 days. In the dry cycle, specimens were placed 
in open air for three days. For the measurement of corrosion rate, potential 
values were recoded using copper/copper sulphate (Cu/CuSO4) half-cell 
(ASTM C-876). Conclusions drawn from their results indicate that the 
corrosion resistance of geopolymer concretes is superior to OPC concrete. 

Lakshmi Narayanan and Vasugi [59] investigated the corrosion rate for 
ground granulated blast furnace slag (GGBS) geopolymer which is used in 
reinforced concrete (RC) building materials. They used different methods 
for corrosion rate measurement. For RC building materials, steel plays an 
important role because its strength and durability properties decide the 
stability of the structures. Chloride ion present in the concrete forms a pas-
sive layer over the embedded steel in concrete, which prevents corrosion 
for the structure. Thus, they concluded that geopolymer concrete is a new 
alternative to conventional concrete. 

Udhaya Kumar and Jayadurgalakshmi [60] investigated corrosion in 
M30 grade geopolymer concrete. Corrosion of reinforcement has been 
described as a predominant factor causing widespread premature dete-
rioration of concrete in coastal marine environment. Corrosion of steel 
reinforcement bar embedded in geopolymer matrix was used for their con-
firmation of technical viability. After 28 days of ambient curing, RCC and 
GPC beams were subjected to 0%, 5%, 7.5% and 10% corrosion by acceler-
ated corrosion test. Corrosion current rate varied from 1mA/cm2 to 4mA/
cm2. Ultrasonic pulse velocity test was conducted on RCC and reinforced 
GPC beams. Flexural behavior of corrosion-induced RCC beams and rein-
forced GPC beams was studied. 

Wu et al. [61] produced geopolymer concrete with increased resistance 
to acid attack. They prepared geopolymer concrete using aluminosilicate 
materials, metakaolin pozzolana, sodium hydroxide, and alkali activa-
tor. Durability performance of geopolymer cement in acid media (1.0 M 
sulfuric acid) was evaluated after exposure in the media for 7/28/90 days. 
Results showed that the presence of nanosilica and nanoclay in raw mate-
rials improved performance of geopolymer concrete. 

Villalba et al. [62] explored the possibility of using natural zeolite-based 
geopolymer. They evaluated thermal stability and mechanical properties of 
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these materials. Natural zeolite was geopolymerized by treating with alkali 
(8 M NaOH solution), 3 wt% calcium hydroxide Ca(OH)2 and binder. 
Green materials were subsequently cured for 24 h at 40 °C followed by cur-
ing at room temperature for 6 days. The prepared materials were then char-
acterized with XRD, SEM-EDS, etc. They also studied the effect of adding 
a migratory corrosion inhibitor (MCI-2005 NS) on mechanical properties 
of geopolymers. 

Ariza-Figueroa et al. [63] prepared ternary ecological concrete (TEC). In 
their structure, they replaced ordinary Portland cement (OPC) with sugar 
cane bagasse ash (SCBA) (10%, 20%, 30%) and silica fume (SF). Concrete 
structures were reinforced with AISI 304 stainless steel and AISI 1018 car-
bon steel rebars. An electrochemical corrosion study was carried out on 
the structure by corrosion potential (Ecorr) method. They observed that 
TEC mixture made with a 20% blend of sugar cane bagasse ash-silica fume 
(SCBA-SF) to steel-reinforced OPC gave the best corrosion performance.

Mohammed et al. [64] developed geopolymer cement using high-
calcium fly ash (HCFA). They activated HCFA with anhydrous sodium 
metasilicate powder. Green geopolymer cement was cured under ambient 
conditions. Density, flowability, setting time, compressive strength, split-
ting tensile strength and molar ratio impact were evaluated for geopoly-
mer developed. Structural assessment of geopolymer was done by FESEM, 
FTIR and XRD. 

An extensive literature survey was included in the previous chap-
ter. It is evident from the survey that geopolymer can play an important 
role in replacement of conventional cement used for common structures. 
Geopolymer concrete will be used in buildings in the near future. Different 
authors have shown that geopolymer can be prepared from industrial waste 
materials such as fly ash, pond ash, bottom ash, slags, etc. Structures built 
with geopolymer are subjected to various environments for their corrosion 
test. It is found that geopolymer structures retain their strength properties 
and durability in coastal environment. Microstructure aspects have proven 
structure stability in corrosive atmosphere. 

In the present work, geopolymer was prepared from pond ash. It was 
corrosion tested in order to reach the final stage of development and pro-
duction of the materials. The authors mostly concentrated on corrosion 
aspects of the materials in acid media, saline water, normal water and dis-
tilled water medium. The properties of structure built with geopolymer 
concrete and mortar are discussed along with the different characteriza-
tion methods adopted to understand the strengthening mechanism in the 
materials. 



Corrosion of Pond Ash (PA)-Based Geopolymer Products  203

7.2	 Experimental Details

7.2.1	 Chemicals and Materials

Pond ash (PA), the main ingredient of geopolymer, was collected from 
NALCO Damanjodi, Odisha [11]. The sand and aggregates used were col-
lected from a local market. Sodium hydroxide (NaOH) obtained from M/S 
Loba Chemicals, India, was used as an activator. Sodium silicate (Na2SiO3) 
used for the purpose of polymerization was procured from Merck, India. 
Water-soluble plasticizer (Sika) was purchased from a reputable firm 
located in the southern part of India (Visakhapatnam market). Plasticizer 
usually enhances plasticity of the product, i.e., geopolymer/geopolymer 
mortar/concrete. Details of the required materials required for this synthe-
sis are described in the following section.

7.2.2	 Preparation of Pond Ash-Based Geopolymer Products

7.2.2.1	 Pond Ash-Based Geopolymer Mortar Preparation 

Preparation of pond ash-based geopolymer mortar was achieved by chem-
ical approach through solid-state method. In this process, GP made from 
PA was mixed with sand in appropriate quantity to prepare GP motor [11]. 
For proper mixing, it was carried out in a mixer. All the consecutive steps 
followed for preparation of GP mortar are sequentially discussed. The steps 
include grinding, mixing, ramming and curing (using hot air oven) [11].

Step 1: Raw Material Preparation
As-received pond ash is dried at 120 °C in hot oven. Then it is ground and 
sieved through 240 meshes. Collected sand is sieved and dried at 120 °C 
in hot oven. Processed pond ash and sand are kept separately. Sodium sil-
icate and sodium hydroxide are combined to use as geopolymer activator. 
Water-soluble plasticizer is used to increase plasticity. 
Step 2: Geopolymer Mortar Preparation 
The sieved pond ash is mixed with NaOH, Na2SiO3, a small quantity of 
water (6%) and water-soluble plasticizers (Sika); and a gel-like substance is 
formed. The distinct compositions of the mixtures are further mixed with 
the requisite amount of sand to form mortar. Proportions of mortar com-
positions are shown in Table 7.1. 
Step 3: Molding, Casting and Compaction 
As-prepared gel-like materials are put in REMI system. The REMI mold 
is made from iron in cylindrical form, with 50 mm diameter and 70 mm 
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height. Samples are rammed 20 times. They are then left for 3 min before 
being demolded. These are known as “green” samples. 
Step 4: Curing Process
The cast samples are cured at 70 °C for 24 h in an oven. The cured samples 
are sealed in plastic zipper bags to prevent moisture loss and then stored 
until the samples are tested. The PA-based GP mortar (a) and concrete (b), 
shown in Figure 7.1, are then ready for the corrosion study.

7.2.2.2	 Pond Ash-Based Geopolymer Concrete Preparation 

The concrete preparation process was achieved by a chemical approach 
through solid-state method.  Both sand and aggregates were mixed in the 
mixer at the time of mixing with PA-based geopolymer in proper propor-
tions. The consecutive steps of concrete preparation are grinding, mixing, 
ramming and curing (in hot air oven) [11].

Table 7.1  Compositions of PA-based mortar mixtures (Mortar = 1:3).

Sample 
code

PA (21.125%) 
+ sand 
(63.375%)

Sod. 
silicate 
(SS)

Alkali (8 M, 
NaOH) 
(SH)

Water-soluble 
plasticizer 
(Sika)	

S1 85% 12% 3% 1–2 ml

S2 85% 12% 3% 1–2 ml

S3 85% 12% 3% 1–2 ml

(a) (b)

Figure 7.1  Photograph of (a) PA-based geopolymer mortar, and (b) Concrete samples for 
corrosion study.
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Step 1: Raw Material Preparation
Pond ash is dried at 120 °C in hot oven. Then it is ground and sieved 
through 240 meshes. Collected sand is sieved and dried at 120 °C in hot 
oven. As-purchased aggregates are dried at 120 °C. Components are kept 
separately. Sodium silicate and sodium hydroxide are combined to use 
as geopolymer activator. Water-soluble plasticizers are used to increase 
plasticity. 
Step 2: Geopolymer Concrete Preparation 
Processed pond ash is mixed with NaOH, Na2SiO3, a small quantity of 
water (6%) and water-soluble plasticizers (Sika); and a gel-like substance is 
formed. These are further mixed with the requisite amount of aggregates 
and sand to form concrete. Different proportions of concrete are shown in 
Table 7.2. 
Step 3: Molding, Casting and Compaction 
As-prepared gel-like materials are put in REMI system. The REMI mold 
is made from iron in cylindrical form, with 50 mm diameter and 70 mm 
height. The samples are rammed 20 times. They are then left for 3 min 
before being demolded. These are known as “green” samples. 
Step 4: Curing Process
The cast samples are cured at 70 °C for 24 h in an oven. The cured sam-
ples are then sealed in plastic zipper bags to prevent moisture loss and 
then stored until the samples are tested. PA-based GP concrete is shown in 
Figure 7.1b, which is ready for corrosion and other studies.

Table 7.2  Compositions of PA-based concrete mixtures (Concrete = 1.0:1.5:3.0).

Sample 
code 
(Three 
Sets)

PA 
(15.36364%) 
+ sand 
(23.04546%) 
+ aggregates 
(46.09092%)

Sod. silicate 
(SS)

Alkali (8 M, 
NaOH) 
(SH)

Water-soluble 
plasticizer 
(Sika)

S1 85% 12% 3% 1–2 ml

S2 85% 12% 3% 1–2 ml

S3 85% 12% 3% 1–2 ml



206  Historical Development of Constructional Materials

7.2.3	 Characterizations of Pa-Based Geopolymer GP Mortar/
Concrete (Before and After) Corrosion

The extent of corrosion is marked as loss in weight of GP products after 
removal of samples from corrosive media. The GP products are ini-
tially weighed and then they are dipped into containers (5-liter capac-
ity) filled with different corrosive media (1.0 M HCl/1.0 M H2SO4/1.0 M 
H3PO4/3.5% NaCl solution/normal water/distilled water). Samples were 
exposed for different lengths of time. After a regular interval, samples 
were removed in different batches and were then dried by exposing in a 
heating oven at 120 °C. Then, the weight of dried samples was measured. 
Bulk densities of samples were estimated using the expression ρ = M/V, 
where M = mass and V = volume of GP materials. The composition of 
liquid molecules was checked on a regular basis by flame atomic absorp-
tion spectrometry (F-AAS). Deuterium background correction was uti-
lized. A Z300 Benchtop Centrifuge (Hermle LaborTechnik, Germany) 
was employed for centrifuging sample solution in MIBK extraction. Gold 
specks obtained by cyanidation process were weighed using a UMT2 
Micro Balance (Mettler-Toledo, Switzerland). The instrument parame-
ters were as follows: lamp type = hollow cathode lamp, flame type = air 
acetylene, background correction = deuterium, wave length = 242.8 nm, 
slit width = 1.0 nm, lamp current = 4 mA, measurement time = 1.5 sec, 
air flow = 3.51/min, and acetylene flow = 1.51/min. In this study, com-
pressive strength tests were performed on 70 × 50 mm cylindrical spec-
imens using a digital operated 2000 KN Compression Testing Machine 
(Mechatronics Control System; Model: MECH-CS/UTE 20T). A set 
of three specimens for each sample were tested after curing for 1 day. 
Experiments were replicated a few times to ascertain the validity of our 
test results. Compressive strengths were measured at higher temperatures 
(70 °C, 80 °C, 90 °C). Microstructural characterization and in-situ ele-
mental analyses were carried out by SEM/EDX and a Carl Zeiss Supra-40 
Scanning Electron Microscope. This helped to understand the morphol-
ogy of the geopolymer. Fourier transform infra-red (FTIR) spectroscopy 
analyses were carried out on all the samples; and the FTIR absorption 
spectra were recorded for all the samples in the ranges from 4000–400 
cm-1 at room temperature. A sample of 4.0 mg was mixed with 200-mg 
KBr in an agate mortar and then was pressed into pellets of 13-mm diam-
eter. For each sample, the FTIR spectrum is normalized with the blank 
KBr pellet.



Corrosion of Pond Ash (PA)-Based Geopolymer Products  207

The enthalpy of fusion of as-prepared PA-based GP mortar/concrete 
at 70 °C curing temperature and 24 h curing time was calculated from 
differential scanning calorimetric (DSC) experiment. The parameters 
such as heating rate = 10 °C/min, temperature range = 50 to 300 °C, and 
nitrogen environment (N2) were set. The thermal stability of the as-
prepared PA-based GP mortar/concrete at 24 h curing and 70 ºC cur-
ing temperature was determined by thermogravimetric analysis using 
a Perkin Elmer Pyris Diamond analyzer at a heating rate of 10 °C/min 
in nitrogen environment from 50–800 °C. Both thermal experiments 
(DSC and TGA) were performed using a Perkin Elmer Pyris Diamond 
analyzer.

7.2.4	 Results and Discussion

For the corrosion study, two parameters were chosen to show any differ-
ences in physical properties that occurred after exposing the materials for 
different lengths of time in different corrosive media.  Change in weight 
and bulk density can be correlated with the stability and integrity of the 
structure. The present materials were proposed for use as structural mate-
rial replacing conventional Portland cements.

Geopolymer mortar samples and geopolymer concrete samples were 
prepared in batches using similar treatment combinations. From each 
batch, representative samples were chosen for corrosion testing.

Figures 7.2a and 7.2b shows bar charts of unexposed and exposed (with 
different length of exposing time) PA-based GP mortar sample(s) in dis-
tilled water medium. Similar bar charts are plotted for GP concrete (Figures 
7.2c & 7.2d) after being exposed in distilled water media. It is evident that 
there is not much change in weight and bulk density of exposed materials 
if compared with unexposed materials. Thus, the materials are found to be 
resistant to distilled water. 

Figures 7.3 shows the comparison in weight change and bulk density 
between unexposed and exposed PA-based GP Mortar/Concrete samples 
in normal water media. Figures 7.3a and 7.3b show bar charts of unex-
posed and exposed PA-based GP Mortar sample(s) in normal water media 
in different lengths of exposure time. Similar bar charts are plotted for GP 
concrete (Figures 7.3c & 7.3d) after being exposed in normal water media. 
It is evident that there is no significant change in weight and bulk density of 
exposed materials if compared with unexposed materials. Thus, the mate-
rials are found to be resistant to normal water.
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Figures 7.4a and 7.4b shows bar charts of unexposed and exposed (with 
different lengths of exposing time) PA-based GP Mortar sample(s) in 
saline water media. Similar bar charts are plotted for GP concrete (Figures 
7.4c & 7.4d) after being exposed in saline water media. It is evident that 
there is not much change in weight and bulk density of exposed materials 
if compared with unexposed materials. Thus, the materials are found to be 
resistant to saline water.

Figures 7.5a and 7.5b shows bar charts of unexposed and exposed (for 
different lengths of exposure time) PA-based GP Mortar sample(s) in 
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Figure 7.2  Comparison of weight change and bulk density between unexposed and 
exposed PA-based GP Mortar Concrete samples in distilled water medium.  
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H2SO4 acid media. For GP concrete (Figures 7.5c & 7.5d), identical bar 
charts are plotted after being exposed in H2SO4 acid media. Not much 
change in weight and bulk density is observed in exposed materials in 
comparison to unexposed materials. Thus, the materials are found to be 
resistant to H2SO4 acid media.

Figures 7.6a and 7.6b shows bar charts of unexposed and exposed (for 
different lengths of exposure time) PA-based GP Mortar sample(s) in 
H3PO4 acid media. Similar plots of bar charts for GP concrete (exposed in 
H3PO4 acid media) is shown in Figures 7.6c and 7.6d. There is not much 
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change in weight and bulk density of exposed materials if compared with 
unexposed materials. Thus, the materials are found to be resistant to H3PO4 
acid media.

Figures 7.7a and 7.7b shows bar charts of unexposed and exposed (for 
different lengths of exposure time) PA-based GP Mortar sample(s) in HCl 
acid media. Similar plots of bar charts for GP concrete (exposed in HCl acid 
media) are shown in Figures 7.7c and 7.7d. There is not much change in 
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weight and bulk density of exposed materials if compared with unexposed 
materials. Thus, the materials are found to be resistant to HCl acid media.

The mechanical property of unexposed and exposed samples (GP mortar/ 
GP concrete) is shown in Table 7.3. Average strength of GP mortar and GP 
concrete do not change even after exposure in different media, i.e., normal 
water, distilled water, saline water, and HCl-acid media. This has helped to 
conclude the stability of the materials again.
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The mechanical property of GP mortar/GP concrete was evaluated at 
ambient temperature. In order to find the performance of two materials at 
higher temperatures, i.e., 70 °C, 80 °C, 90 °C, modulus of resilience (MOR) 
was determined. Tables 7.4 and 7.5 show the compressive strength value 
of GP mortar and GP concrete respectively. For accuracy, replicates were 
made (S1, S2, S3), where subscripts 1, 2, 3 represented samples from each 
batch. In all cases, strength values decrease by 20% if compared with orig-
inal strength value (24–19.5 MPa at higher test temperature). However, 
the mechanical strength of GP mortar did not change much at different 
temperatures. 

225

75

60

45

15
days

30
days

45
days

60
days

75
days

15
days

30
days

45
days

60
days

75
days

30

15

0

0 4 5 61
Number of corrosion reactions

2 3

0 4 5 61
Number of corrosion reactions

2 3

300

150

75

0

280

210

140

70

0

0 20 40 60 80
Time (Days)

0 15 30 45 60 75 90
Time (Days)

W
ei

gh
t (

G
ra

m
)

D
en

si
ty

 (g
/c

c)

75

60

45

30

15

0

D
en

si
ty

 (g
/c

c)

W
ei

gh
t (

G
ra

m
)

GP Concrete
(H3SO4 Solu.)

GP Concrete
H3SO4 Solu.

GP Motor
H3SO4 Solu.

GP Motor
(H3SO4 Solu.)

Density (Before corrosion)

Density (After corrosion)

Density (Before corrosion)

Density (After corrosion)

Initial wt
After corrosion
reaction in di�erent
time (Days)

Initial wt
After corrosion
reaction in di�erent
time (Days)

(a)

(b)

(c)

(d)

Figure 7.6  Comparison of weight change and bulk density between unexposed and 
exposed PA-based GP Mortar/Concrete samples in H3PO4 water media.
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In order to confirm resolution of any material from test sample to the 
different media used for the corrosion study, liquid solution was collected 
from the container and chemicals were analyzed by atomic absorption 
spectroscopy (AAS).  All the media were prepared with distilled water to 
minimize elemental content in the water used for preparation of solution. 
Owing to corrosion, the media normally contains soluble products from the 

250

75

60

45

15
days

30
days

45
days

60
days

75
days

15
days

30
days

45
days

60
days

75
days

30

15

0

0 4 5 61
Number of corrosion reactions

2 3

0 4 5 61
Number of corrosion reactions

2 3

300

200

150

100

50

0

250

200

150

100

50

0

0 15 30 45 60 75 90
Time (Days)

0 15 30 45 60 75 90
Time (Days)

W
ei

gh
t (

G
ra

m
)

D
en

si
ty

 (g
/c

c)

75

60

45

30

15

0

D
en

si
ty

 (g
/c

c)

W
ei

gh
t (

G
ra

m
)

GP Concrete
(HCI Solu.)

GP Concrete
HCI Solu.

GP Motor
HCI Solu.

GP Motor
(HCI Solu.)

Density (Before corrosion)

Density (After corrosion)

Density (Before corrosion)

Density (After corrosion)

Initial wt

After corrosion
reaction in di�erent
time (Days)

Initial wt

After corrosion
reaction in di�erent
time (Days)

(a)

(b)

(c)

(d)

Figure 7.7  Comparison of weight change and bulk density between unexposed and 
exposed PA-based GP Mortar/Concrete samples in HCl acid media.
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corroded samples. This will indirectly indicate the deterioration of mate-
rials after interacting with media. Because of this, the media was checked 
for change in the composition. Table 7.6 shows the chemical analyses of 
media. There is no marked presence of elements which are expected to 
emerge from the materials interacting with media. This helped us to again 
conclude the stability of GP concrete under different corrosive media.

The SEM images of the microstructure of exposed samples are shown in 
Figure 7.8. All the materials were exposed for 75 days in different media. 
For comparison purpose, the images shown in Figure 7.8 are marked 
with different letters, i.e., a, b, c, d, e, f, g and h. Topography features of all 

Table 7.3  Compressive strength (after exposure) of as-prepared PA-based GP 
mortar/concrete.

S. no.

Types of 
as-prepared GP 
materials

Av. 
compressive 
strength 
(before 
exposure, 
MPa)

Exposing 
media

Av. 
compressive 
strength 
(after 
exposure, 
MPa)

1 PA–GP Mortar
[Component ratio 

of Mortar =1:3] 

24 Normal 
water

24.1

Distilled 
water

24.2

HCl acid 
media

24.3

Saline 
water 
media

24.1

2 PA–GP Concrete
[Component 

ratio of 
Concrete=1:1.5:3]

29.7 Normal 
water

30

Distilled 
water

29.9

HCL acid 
media

30.1

Saline 
water 
media

29.9
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Table 7.4  MOR values of PA-based GP mortar evaluated at temp. 70 °C, 80 °C, 
90 °C.

S. no.

Components (85%)

TM (°C) CS (MPa)
Av. CS 

(MPa)
Types of 

materials PA (%) FA (%)

1 S1 21.25 63.75 70 19.0 19.50

2 S2 19.2

3 S3 18.9

4 S1 80 20.3 19.76

5 S2 19.7

6 S3 19.3

7 S1 90 19.2 19.30

8 S2 19.2

9 S3 19.5

*Note: TM (testing temperature), CS (compressive strength), FA (fine aggregate).

Table 7.5  MOR values of PA-based GP concrete at temp. 70 °C, 80 °C, 90 °C.

Components (85%)

TM (°C)
CS 

(MPa)
Av. CS 

(MPa)
Types of 

materials PA (%) FA (%) GA (%)

S1 15.45 23.18 46.36 70 29.6 29.7

S2 29.9

S3 29.8

S1 80 30.2 30.2

S2 30.4

S3 30.0

S1 90 28.9 29

S2 29.1

S3 29.0

*Note: TM (testing temperature), CS (compressive strength), FA (fine aggregate), GA 
(granule aggregates).
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Table 7.6 Atomic absorption study of three liquid samples collected from corrosive medium of PA-based GP mortar/
concrete samples.

Test parameters

Sample Fe Cr Ti Ni As B Ca Mg Se Pb Zn Cd

ID ppm ppm ppm ppm ppm ppm (%) (%) ppm ppm ppm Ppm

S1 18.0 <1 1.7 <1 0.3 10.0 0.0019 0.0014 <1 <1 <1 <1

S2 7.9 <1 <1 <1 1.0 22.0 0.011 0.009 <1 <1 <1 <1

S3 25.7 6.4 23.0 2.6 0.3 13.0 0.037 0.037 2.0 <1 6.9 <1

S1: Distilled water-75days (PA based GP Mortar), S2: saline water-75D (PA based GP Concrete), and S3: HC1 media-75D (PA based 
GP Concrete).
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mortar samples are similar in nature. Rough facets are seen where powders 
are agglomerated due to geopolymerization of minerals. Widespread par-
ticles of different sizes are seen in the background. Particles have varying 
sizes ranging between 1–5 μm. There are some hollow regions in between 
reacted products. However, topological features of all samples are similar 
irrespective of media (Figures 7.8a–d). Some features can be marked in 
GP concrete which are not seen in PA-based GP mortar. The SEM image 
of GP concrete shows needle-shaped crystalline phase in the matrix; and 
river patterns are also seen in the matrix. It is evident from these images 
that there are some reactions occurring during the polymerization process.

(c)(a) (b)

(f)(d)

(g) (h)

(e)
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Figure 7.8   SEM images of PA-based GP mortar/concrete samples in different media: 
(a) HCl SOL-M-75D; (b) Distilled H2O-M-75D; (c) Normal H2O-M-75D; and (d) Saline 
H2O-M-75D; (e) HCl SOL-C-75D; (f) Saline H2O-C-75D; (g) Distilled H2O-C-75D; 
(h) Normal H2O-C-75D.
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Figures 7.9a and 7.9b shows the XRD pattern of exposed GP mortar/
concrete samples in different corrosive media at room temperature. The 
objective of an XRD diffraction study is to investigate the occurrence of 
different phases of exposed samples (GP mortar/concrete). Intense peaks 
are found in the XRD pattern (Figures 7.9a & 7.9b), which reflects the pres-
ence of quartz and mullite. Similar phases are observed in the pond ash 
[11]. Mullite phase has a stable crystalline structure at ambient conditions. 
Mullite helps to retains strength and stability of the structure [65]. Semi-
crystalline sodium aluminosilicate hydrate (N-A-S-H) phase is observed 
in the exposed mortar/concrete samples. It is a binding phase in geopoly-
mer samples. In geopolymer samples, sodium plays an important role in 
balancing the charges of [AlO4] tetrahedrons. Occurrence of this phase 
increases the stability of geopolymer samples.

A crystalline phase of hydro sodalite (Na4Al3Si3O12OH) is found 
in exposed samples. Zeolite underwent recrystallization as nepheline 
(NaAlSiO4) and albite (NaAlSiO8) hydrous aluminosilicate are also found 
after corrosive media treatments [66, 67]. The presence of all the phases 
helps to improve the strength and stability of the samples.

The FTIR spectra for pond ash-based geopolymer pastes [11] are shown 
in Figure 7.10. The main feature of the FTIR spectra is the central band 
occurring around 1093 cm-1, which is attributed to Si–O–Si or Al–O–Si 
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asymmetric stretching band. The main spectral band originally appearing 
in pond ash at about 1078 cm-1 has shifted to lower frequencies after geo-
polymerization took place. The larger the shift, the higher the degree of 
penetration of Al from the glassy part of the pond ash into the (SiO4)4- net. 
This indicates that the geopolymerization process was influenced by both 
parameters. Significant broad bands are observed at approximately 3450 
cm-1 and 1640 cm-1 for the O–H stretching mode and O-H bending mode.

Figures 7.10a and 7.10b shows the FTIR spectra of exposed GP mortar/
concrete in different corrosive environments (distilled water, normal 
water, saline water, and 1M HCl solution). After 75 days, all the samples 
were removed from different media and kept in a hot oven (1 h at 120 °C). 
Small amounts of samples were taken for FTIR studies. In these analyses, 
different peaks or bands were observed. The peak at 3610 cm-1 represents 
the stretching vibration of free O-H group, whereas peaks at 2980 and 2880 
cm-1 signify stretching vibration of hydrogen-bonded O-H group. The peak 
at 1640 cm-1 represents the bending vibration of hydrogen-bonded O-H 
group [68–72]. The peak observed at 2360 cm-1 indicates C-O band, which 
represents stretching mode of vibration of C-O band. This is an indication 
of formation of CO2 in the geopolymer mortar/concrete [68–72]. Peaks 
occurring at 1460 and 1390 cm-1 signify stretching vibration of C-O bond, 
which is related to the sodium carbonate Na2CO3 [68–72]. The broadest 
and strongest peak at 1020 cm-1 is the asymmetric stretching vibration of 
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the Si-O-T bond (where T denotes Si or Al) [68–72]. The peak at 795 cm-1 
is symmetric stretching vibration of the Si-O-Si bond [69]. Finally, the 
peaks at 776 and 694 cm-1 represent the crystalline phase of quartz com-
ponents [68–73]. It should be noted that similar peaks or band, viz., free 
O-H, hydrogen bonded O-H, C-O, Si-O-T and Si-O-Si bond, were found 
in unexposed geopolymer mortar/concrete. 

7.3	 Conclusions

A thorough characterization of geopolymer (GP) mortar/concrete samples 
was made after exposing them to corrosive media. This was aided by the 
use of advanced equipment such as an X-ray diffractometer  (XRD) with a 
scanning electron microscope (SEM) attached, Fourier-transform infrared 
(FTIR) spectrometer, atomic absorption spectrometer (AAS), and ultimate 
strength machine (UTM). Cured GP materials showed evidence of geopo-
lymerization. Subsequent experiments were conducted on GP mixed with 
sand and GP mixed with gravel to produce GP mortar and GP concrete. 
This was necessary because one of the aims of the study was to replace con-
ventional cement with GP for construction purposes. As previously stated, 
these materials were also characterized by sophisticated equipment.  Also, 
in the research work, corrosion behavior of pond ash-based geopolymer 
concrete as well as mortar samples were studied, which kept prepared sam-
ples in several media, like normal water, distilled water, and saline water; 
and in various acidic media like H2SO4 solution, HCl solution, and H3PO4 
solution. The density changes and the weight changes were noted and the 
results were very interesting. Mechanical properties, such as compressive 
strength, morphology, and thermal stability, were well supported by the 
stability of GP concrete in different corrosive media.
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Abstract
With their unique and favorable performance, geopolymer materials have 
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teristics of inorganic polymers, cements and ceramics due to their special poly-
condensed network structure. This chapter introduces the different applications 
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8.1	 Introduction

The term “geopolymer” was first introduced by Davidovits in 1978 [1]. 
Geopolymer materials are characterized by molecular chains and networks 
similar to organic polymers [2], which are formed by the action of alkali 
molecules on inorganic compounds bearing silicon and aluminium atoms. 
The strength of these materials (i.e., GP) is due to chain formation as well as 
network formation (crosslinking like thermosetting polymer). These mate-
rials are found suitable to replace conventional ordinary Portland cement 
(OPC) [3]. Since these materials can be produced from industrial waste 
such as fly ash, pond ash, and steel plant slag, they are very cost-effective 
and will also help reduce pollution. As such, manufacturing of cements is 
an energy-intensive process, releasing dust into the atmosphere which is 
injurious to human health and the environment.

Geopolymer can also be called alkali-activated cement or inor-
ganic polymer cement. However, the development of these GP materi-
als is still in its infancy. These inorganic products consist of [SiO4]

-4 and 
[AlO4]

-4 tetrahedral networks. The influences of alumino-silicate materials, 
such as metakaolin and low-calcium fly ash, were investigated by many 
researchers [2–7], and their properties are considered suitable for refor-
mation of aggregate similar to ordinary Portland cement (OPC). Based 
on past results, high-calcium fly ash has been successfully used as a raw 
material in the geopolymer mixture [8, 9]. A wide range of applications for 
geopolymer materials [10–15] in the fields of new ceramics, binders, and 
matrices for hazardous waste stabilization, require fire-resistant materials 
and high-tech materials, which are emerging trends in current research.

Geopolymer technology is primarily used to reduce the environmental 
impact of ordinary Portland cement. However, geopolymer materials have 
various other areas of application, from the field of civil engineering to 
automobile and aerospace industries, as briefly discussed below. 

Geopolymer concrete, bricks, paver blocks, etc., are an innovative civil 
engineering material in the construction sector [16]. Geopolymer concrete 
is produced by chemical treatment of silica-alumina bearing molecules. 
Fly ash is a silica-alumina-bearing waste material which is obtained from 
coal combustion in thermal power plants worldwide.  Geopolymer con-
crete is produced using geopolymer paste, sand and gravels. Related civil 
engineering materials are shown in Figure 8.1.

In the present scenario, there is growing demand for sustainable binders 
or binder systems such as geopolymers and related alkali-activated alu-
minosilicate. Geopolymer binders are already being marketed as special 
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products, and are explored for use in structural products such as mortar 
and concrete. Geopolymer binders are environmentally friendly and are 
called green materials. They have the potential to replace cement in con-
struction sectors. Geopolymer binders are mainly prepared utilizing alu-
minosilicate-bearing materials. Waste materials, such as fly ash (FA), pond 
ash (PA), granulated blast furnace slag (GBFS), rice husk ash and red mud, 
etc., mostly contain alumina and silica in major quantities. Alumina and 
silica are converted to aluminosilicate during geopolymer binder produc-
tion. Such binder can reduce the carbon dioxide emissions about 80–90% 
if used [16, 17]. Geopolymer as well cement is suitable for storage wells 
under deep down-hole stress conditions and carbon capture owing to its 
good acid resistance, high mechanical strength, durability and low perme-
ability [18]. Because of their potential behavior, GP cements are used in the 
place of OPC cement [19, 20]. 

Another potential application of geopolymer is protective coatings 
(PCs). Geopolymer protective coatings (GPCs) are prepared from indus-
trial wastes that contain a high-volume of alumina and silica precursors 
with treatment of alkali-activator solutions. GPCs are cluster materials. 
They can be potentially used to protect the surfaces of civil infrastruc-
tures. Geopolymer coating is a network structured material. The network 
is formed through the aluminium tetrahedral and silicon tetrahedra unit. 

(a)

(d) (e)

(b) (c)

Figure 8.1  Civil engineering geopolymer materials: (a) GP-based bricks, (b) GP-based 
fired bricks, (c) GP-based paver block, (d) GP-based concrete, and (e) GP-based brick 
wall.
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It is a kind of inorganic coating which is low cost, fire proof, water proof, 
and nontoxic to the environment, etc. Geopolymer with different propor-
tions of β-phase of SiC are used to prepare the GP-type paints. It has better 
corrosion resistance and wear resistance than virgin geopolymer coatings 
[21–23]. Also, the reflective heat insulation performance of GP coating is 
improved by the addition of talcum powder, hollow glass microspheres 
and sericite powder during the synthesis of geopolymer from metaka-
olin and sodium silicate solutions [23]. Hybrid coating materials are pre-
pared using GP concrete and alkaline-activated metakaolin/fly ash for 
chloride-induced corrosion protection [23]. Geopolymer-based coating 
products are shown in Figure 8.2.

Geopolymer is an inorganic polymer which is ceramic in nature. It is 
shaped below 100 °C. Geopolymer chains or networks contain mineral 
molecules and are connected with covalent bonds [24–26]. Raw mate-
rials of geopolymer ceramics are mainly minerals of geological origin. 
Geopolymer technology offers a new method for direct preparation of the 
ceramics. Geopolymer ceramics can form a structure through high sin-
tering temperatures.. The process is convenient for preparing different 
complex-shaped GP ceramic products. They have good overall performance 
which is comparable to inorganic ceramics. Some of the geopolymer-based 
ceramic products are shown in Figure 8.3.

Different sources, such as modern industry, agriculture, waste dis-
posal, etc., produce waste incineration residue containing harmful heavy 
metals. Geopolymer technology can convert industrial solid waste bear-
ing aluminosilicate minerals into value-added products due to their flex-
ibility and capability to immobilize and stabilize the wastes inside the GP 
chains or networks. Metals like Co, Cu, Pb, Cd, Ni, Zn, Pd, As, Ra and U 
can be incorporated into the GP network, thereby decreasing the heavy 

(a) (b)

Figure 8.2  Geopolymer-based coatings: (a) Metakaolin-based GP coatings and (b) GP 
coating on concrete.
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ions mobility through precipitation, substitution or physical encapsula-
tion [27, 28]. 

In the present scenario, air pollution is mainly due to industrial pro-
duction, natural disasters, engineering construction, automobile exhaust, 
etc. Consequently, building structures will become dirtier. This issue has 
forced the scientific community and industries to develop viable alterna-
tive materials. One of those viable products in development are GP-based 
self-cleaning concrete materials. Due to their unique properties, the per-
formance of self-cleaning GP concrete is improved by the introduction of 
photocatalytic materials, i.e., ZnO and TiO2 [29–31]. 

Ongoing research currently involves geological, chemical and archae-
ological aspects of studying the stability and chemical make-up of 
archaeological structure. Currently, there is historical documentation 
of geopolymeric cements used to make archaeological structures with 
improved durability. Examples of archaeological structures made with geo-
polymeric materials are shown in Figure 8.4.

Aircraft technology requires low-cost, environmentally friendly, fire-re-
sistant matrix composite materials [32–36]. For this technology, essential 
flammability of materials is 50 kW/m, which makes them resistant to inci-
dent heat flux of a fully developed aviation fuel fire penetrating a cabin 
opening before the fire spreads to the cabin compartment. The objective is 

(a)

(d)

(b)

(c)

900°C 1000°C 1100°C 1200°C 1300°C

Figure 8.3  Geopolymer ceramic products: (a) ceramic waste-based GP foam, (b) fired 
ceramic GP materials, and (c & d) ceramic GP decorative products.
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to remove the threat of cabin fire in order to avoid aircraft accidents. Newly 
developed aircraft materials with low to moderate cost are mostly applica-
ble in transportation and infrastructure areas where a high degree of fire 
resistance is needed. New low-cost geopolymer-based materials are being 
used in aircraft. Carbon/geopolymer composite-based materials are now 
tested and used as aircraft materials due to their outstanding properties. 
A geopolymer-composite exhaust pipe system has been developed. Some 
fire-resistant materials are shown in Figure 8.5.

Generally, infrastructure like bridges is made up of steel-reinforced 
concrete, which is corroded by corrosives such as salt water and deicers. 
Concrete and brick structures are repaired by externally bonding with 
flexible fiber sheet composites. Also, organic matrix-based continuous 
fiber composites are used in infrastructure to wrap concrete columns. 

Figure 8.4  Use of geopolymeric materials in archaeological structures.

(a)

(d)

(b)

(c)

Figure 8.5  Geopolymer fire-resistant materials.
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Due to their flammability behavior, the use of organic polymer matrix 
and fiber-reinforced composites limits their use in offshore oil platforms, 
military vehicles and public transportation where fire endurance and fire 
hazards are important considerations. Their susceptibility to fire currently 
limits their use. Carbon fiber-reinforced geopolymer composites do not 
ignite, burn, or release any smoke even after extended heat flux. Carbon 
fiber-reinforced geopolymer matrix-based composite retains 63% of its 
original 245 MPa flexural strength even after a simulated large fire.

Engineers face many difficulties when it comes to effectively insulating 
buildings with minimum energy loss. When designing insulating mate-
rials, their safety, resistance to fire, and environmental friendliness must 
be kept in mind. Alkali-activated mineral materials, i.e., geopolymers, 
can be produced as foamed materials [37–40] that have low weight, low 
thermal conductivity, high fire resistance, and exceptional mechanical 
strength properties [37–40]. Due to the above excellent properties, geo-
polymer foams have found many applications in areas of industry as well 
construction [37–40]. The trade name of commercially available geopoly-
mer foam materials is TROLIT, which was the first geopolymer foam [41, 
42]. Thermal conductivity value of this material is 0.037 W/mK. It is fabri-
cated using blowing agents. Hydrogen peroxide (H2O2) or sodium perbo-
rate (NaBO3) is used as blowing agent [43–45]. The density of geopolymer 
foams ranges between 0.2 and 0.8 g/cm3. An apparent heat resistance and 
thermal conductivity is found to be 1200 °C and 0.037 W/mK, respectively. 
To develop foamed geopolymer with the best possibility of insulation per-
formance, reduction of coefficient thermal conductivity is necessary to 
decrease the density of foam material. This is possible by increasing the 
amount of foaming agent [43–45]. Bell and Kriven [46] developed foams 
with the addition of H2O2 and aluminum powder and investigated their 
performance. Vaou and Panias [47] prepared geopolymer foam and inves-
tigated the coefficient of thermal conductivity (0.030 W/mK). The strength 
property plays a key role in many potential applications. Two- or three-
layer foamed geopolymer partitions are gradually required for insulation 
and construction purposes. 

Other Applications of Geopolymers
Because of their excellent properties and potential applicability, geopoly-
mers have also been applied to make environmentally friendly adhesive 
(for wood-based panels and modern biotechnology), high-tech carbon 
fiber materials (used inside and outside of aircraft), dielectric materials (for 
electronic packaging) and molecular sieve catalysts material, etc.
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8.2	 Challenges

World is experiencing environmental pollution due to generation of indus-
trial wastes, by-products, gases, etc. Waste produced from thermal power 
plants and other sources cause global warming. This provides an oppor-
tunity for scientists, engineers, and researchers to accept the challenge of 
solving the pollution problem. One way to do this is by inventing new-
generation materials, which will not need thermal processing. In addition, 
waste generation can be minimized by controlling industrial pollution. In 
other words, a carbon-free world needs to be created in order to enhance 
the quality of human life. 

Cement is a very important construction material in the 21st century 
century. Production of cement is a heat-intensive process which increases 
global warming as well as pollution. If cement can be replaced by other 
materials for construction purposes, then pollution can be controlled to a 
great extent. This will reduce the unwanted gases that cause pollution.

The work currently be done has attempted to make new materials, i.e., 
geopolymer, for construction purposes. As stated earlier, many scientists 
are working on geopolymer production through fly ash and other resource 
materials. 

8.3	 Opportunity

Replacement of cement by geopolymer will be a boon to the global econ-
omy and health of the world’s population. It will also encourage entrepre-
neurial activities, thereby helping to solve the unemployment problem. 
In addition, geopolymer composites will immensely benefit the modern 
world due to their ease of production, which will reduce the availability 
and cost of raw materials. This will help the entire world develop at a faster 
pace. In conclusion, some of the benefits of geopolymer materials are enu-
merated below:

 i.	 Since raw materials are available as waste, geopolymer is a 
cost-effective material. 

 ii.	 Utilization of waste materials will protect land.
 iii.	 Simplicity of its production process, where lower tempera-

ture is needed. 
 iv.	 Ease of production.
 v.	 Replacement of costlier conventional cement.
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 vi.	 Solves employment problem by increasing entrepreneurial 
activities, which will help to develop nations.

8.4	 Conclusions 

Among the advantages of geopolymer are its easy availability, ease of man-
ufacturing, resource- and energy-saving properties, and excellent proper-
ties similar to organic polymers, ceramics and cement. Therefore, many 
researchers are paying more and more attention to them. In this chapter, 
geopolymer and its applications were broadly reviewed. Based on their 
performance, the raw materials of geopolymers will continue to enhance 
applications, and some new potential applications will be found. Based on 
the reviews, opportunities in future research work can be recommended. 
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