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Abstract

This chapter highlights the potential applications of geopolymers in civil and 
environmental engineering applications. It indicated how geopolymeric materials 
could reform current building techniques and sustainable practices. This chapter will 
start by elaborating on and synthesizing geopolymer mortars, promoting the use of 
natural and recycled source materials with a focus on industrial waste and sustain-
able raw materials. This chapter delves into the characterization methods that enable 
geopolymers’ good mechanical properties in the coming step. Among the significant 
properties are the correlation with the microstructural, thermal, and durability 
properties. The chapter also discusses how geopolymers help the environment by 
managing waste and reducing carbon footprints.
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1. �Introduction

This chapter will overview geopolymer mortars’ synthesis, characterization, 
mechanical properties, and environmental benefits. Significant developments in past 
decades have been dedicated to developing more sustainable construction materi-
als. There is a continuously rising demand for green concrete, emanating from the 
heightening demand for sustainable construction materials. Against this, this chapter 
looks explicitly into geopolymers, which fit into the class of inorganic polymers 
obtained from the reaction of aluminosilicate materials with alkaline activators. 
Geopolymeric material is sustainable because it has excellent mechanical properties 
and durability, particularly because of the great potential for reusing recyclable and 
industrial by-products and reducing carbon emissions. Finally, in this regard, the 
synthesis, characterization, and application of geopolymers in civil and environmen-
tal engineering are overviewed in this chapter of the present book, together with their 
relation to past and present synthesis.

The quest for more sustainable and durable construction materials has intensi-
fied interest in geopolymers, a class of inorganic polymers resulting from the alkali 
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activation of aluminosilicate materials. Geopolymers offer a range of environmental 
and mechanical benefits when compared with traditional Portland cement; thus, it is 
quite a promising alternative to its application in civil and environmental engineer-
ing. Geopolymers are a particular case of materials known under the name of alkali-
activated materials, which were forecasted as one of the possible applications as a 
green material for building [1].

Normally, geopolymers are alkali-activated aluminosilicates whose hydration 
products are presented by zeolite-like phases similar to natural zeolites [2]. They are 
the product of a reaction between aluminosilicate precursors and alkaline solutions 
when forming a three-dimensional polymeric network. Some of the most used pre-
cursors in the production of geopolymers are the by-products of industry, such as fly 
ash, metakaolin, and slag; hence, this material is labeled green due to the use of waste. 
Geopolymers have been foreseen over the last two decades as a reliable alternative to 
conventional Ordinary Portland Cement (OPC) materials. The global CO2 emissions 
from the production of Portland cement are enormous, on the order of 8%, and most 
of these emissions are from the calcination step [3].

In contrast, geopolymerization occurs under ambient temperature and does not 
need energy-intensive calcination, which could contribute significantly to greenhouse 
gas (GHG) emissions. The geopolymers demonstrate superior mechanical charac-
teristics, such as high compressive strength, excellent fire resistance, and durability 
under the attack of aggressive environments. Such is a consequence of the said good 
chemistry of the material changing due to good stability and excellent resistance to 
chemical attack. Accordingly, their application is diverse, and the thermal insulation 
and low shrinkage properties are good, making them applicable in several fields [4].

Geopolymers are amorphous to semicrystalline aluminosilicate gel on a 
microscale, giving them a highly mechanical-strong and chemical-resistant nature. 
The properties of the geopolymer material will be strongly dependent on and influ-
enced by the nature of whole precursor materials and the conditions applied during 
the geopolymerization process, including the type and concentration of the alkaline 
activator [5]. In this regard, it has been experimentally illustrated that modifying 
these parameters can lead to the optimized performance of the mechanical properties 
for engineering applications. Geopolymers have found some applications in several 
civil engineering works, from the construction stage to infrastructure repair and 
rehabilitation [6]. Among several developed applications, one of the primary ones 
for geopolymers includes producing a green alternative to conventional concrete 
for structural purposes. It was seen that geopolymer structures are compatible with 
aggressive environments, mainly in marine and industrial sites. Geopolymers are also 
used in the in-situ remediation of hazardous waste by providing a methodology for 
stabilization that does not allow the mobility of heavy metals and other contaminants 
[7]. This is relevant to sustainable waste management practices because it eliminates 
environmental pollution and valorizes industrial by-products. Practical implications 
of the uses of geopolymers refer to the environmental sustainability engineering 
discipline, with its uses in water and wastewater treatments, soil stabilization, and 
encapsulation of radioactive waste. Geopolymer materials efficiently remove heavy 
metals and other pollutants from aqueous solutions since they possess large surface 
areas and availability of ion exchange capacity [7]. The essential advantage of the 
material in treating contaminated media is the opportunities afforded by tailoring to 
provide definite adsorption characteristics currently applied in a broad spectrum of 
environmental remediation. It was seen that geopolymer can be tested in the matrixes 
for the encapsulation of radioactive waste, as it immobilizes radionuclides without the 
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possibility of leaching them into the environment. To this end, this is one area where 
geopolymers can assist in delivering human-informed solutions for resolving envi-
ronmental issues and simultaneously offer a long-term issue to containment problems 
that some other materials may encounter. Even though features potentially valuable 
to geopolymer applications are a few, challenging traits limit their wide acceptance. 
Together, they constitute some critical sources of variability in standardized test 
methods, source materials, and mix design optimization for an intended application. 
Accordingly, the prospects of geopolymers in civil and environmental engineering 
will be very bright since the daily serious challenges posed by new applications that 
material science and engineering are being pressed forward to meet. Research is 
progressively filling these gaps in the weaknesses of geopolymer applications in the 
quest for a robust, cost-effective solution. Geopolymers relate to the upward trend of 
resilient, sustainable infrastructures, given the recent upsurge in sustainability inter-
est attributed to the construction industry. In this respect, geopolymers have been 
available to the materials science of concretes as a support for developing sustainable 
and high-performance alternatives to traditional OPC. Geopolymers represent an 
upcoming civil and environmental engineering revolution based on properties associ-
ated with their versatile applications [6]. This chapter is intended to understand, from 
basic chemistry to practical applications, pointing toward a new material that can 
change the construction industry.

2. �Geopolymer mortars synthesis

The simple principle of geopolymer synthesis lies in the geopolymerization 
reaction in which aluminosilicate precursors activated in an alkaline solution (usu-
ally sodium or potassium-based) form a three-dimensional polymeric network. That 
means it is a multicriteria process, and each stage depends on the type of raw material, 
concentration of alkaline activators, and curing conditions. In summary, one chooses 
appropriate aluminosilicate precursors, normally by-products of industry products 
such as fly ash slag, or naturally occurring such as kaolinite clay or metakaolin. The 
material chosen to be the precursor during synthesis will affect the properties of the 
geopolymer since the reactivity varies according to the concentration of the chemical 
elements available and their composition. The next step will be the preparation of the 
alkaline activator, usually a mixture of sodium or potassium hydroxide and silicates of 
sodium or potassium. Their type and amount will be essential, as they will govern the 
dissolution rate of the aluminosilicate materials and the subsequent polymerization 
process. The higher the activator concentration, the rawer material dissolution will 
occur, hence the higher completeness of the reaction and, consequently, the better 
mechanical properties of geopolymers [8].

On the other hand, a concentration that is too high may result in flash settings or 
the suspicion of workability. The alkaline activator reacts with the aluminosilicate 
precursor mentioned above, whereby it dissolves aluminosilicate particles, releas-
ing silicate and aluminate species into the solution. These species react with each 
other through a series of condensation reactions, resulting in a gel-like network that 
further completes into a complex solid matrix. Again, creating this three-dimensional 
network gives geopolymers high compressive strength and hardness [9].

In most cases, the curing conditions play an essential role in developing the 
geopolymer structure. Curing can be realized under ambient temperatures or with 
the help of temperature acceleration. High curing temperatures generally enhance 
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geopolymers’ mechanical properties as they usually raise the degree of polymeriza-
tion, reducing the time required to achieve ultimate strength. More significantly, 
controlled humidity and curing time are the parameters considered. Excess drying 
will consequently lead to cracking in geopolymer matrixes; it can be prevented by 
maintaining optimal moisture and imparting uniformity and strength. This very 
flexibility of design and performance underlines the potential of geopolymers for 
replacing traditional cementitious materials with a sustainable, high-performance 
alternative for modern construction needs. This would be possible, in that respect, 
with the exact tailoring of each step from the choice of raw materials to the curing 
conditions and finally to the optimized performance for geopolymers destined for 
specific uses in civil and environmental engineering applications [8, 9].

2.1 �Raw materials

Materials selection is an essential process that would determine the resulting 
properties of the geopolymer. Basically, the materials can be classified into two types: 
natural and recycled. The first category includes kaolinite, metakaolin, volcanic ash, 
and other clay minerals with sufficient aluminosilicates. Metakaolin will be more 
favorable due to its reactivity derived from kaolinite heat treatment [10]. The second 
category includes recycled materials, like fly ash, ground granulated blast furnace 
slag, or red mud, mainly resulting as by-products from industrial activities. Fly ash, 
a by-product of coal combustion rich in silicon and aluminum presents a potential 
source for precursor synthesis in geopolymers. Ground granulated blast furnace slag 
(GGBFS) is a by-product of making iron and steel that contains calcium, which geo-
polymer can use to enhance its mechanical properties and setting time [10]. Another 
source is red mud, an industrial aluminum production waste rich in alkalinity and 
aluminosilicate content. Generally, it should be noted that the type of materials is 
selected according to the proper amount of Al2O3 (Fe2O3) available; as such, the selec-
tion of constituents is chosen accordingly.

The alkaline activators necessary for geopolymerization will dissolve alumi-
nosilicate materials and react further with polycondensation. Common activators 
thus come from sodium hydroxide, potassium hydroxide, and sodium silicate. The 
concentration and the ratio of these activations set the reaction kinetics, the setting 
time, and the mechanical properties of the geopolymer. One important indicative 
factor is the molarity of the NaOH or KOH solution. Generally, the better the reaction 
grade and early-age strength, the higher the molarity will be. However, it is at the 
expense of probably providing an extremely short setting time and, therefore, a less 
workable mixture. Adding sodium silicate will increase the SiO2/Al2O3 nanoparticle 
ratio and give a geopolymer binder with a binding property that imparts the needed 
self-strength and durability to the whole system [3, 4].

Mixing is a process by which dry aluminosilicate precursors are combined with 
the alkaline solution to obtain a homogeneous paste. In this process, the mixing 
time, sequence, and destination of equipment are all potentially in a position to 
impact the different aspects of the quality and uniformity of geopolymer mortar. 
Generally, mechanical mixing is preferred as it may offer an adequate distribution of 
components.

One of the most essential parameters concerning geopolymer technology’s induc-
tion and development time, besides at room temperature, is curing conditions at 
higher temperatures relating to mechanical properties and microstructure. This 
could be done either at room temperature or by heating to an elevated temperature; it 
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depends on the specific application requirement and the type of raw materials used. 
A rise of the curing temperature to 40–80°C and the fast-aging geopolymer derives its 
strength. For most applications, however, curing at ambient temperature alone would 
be adequate, mainly if GGBFS were used since it is known to have a latent hydraulic 
nature, and strength continues to be developed through the continued geopolymer-
ization [10, 11].

3. �Geopolymer characterization

The geopolymer shall be tested using a set of characterization techniques to 
determine its properties. These tests provide information about the microstructure, 
the chemical composition of a geopolymer, its thermal stability, and its durability, as 
they allow for predicting performance conditions for in-service situations.

3.1 �Microstructural analysis

Geopolymers are aluminosilicate gels that are amorphous and mixed with crystal-
lites, remaining unreacted particles, and pores. Since microstructural analysis is 
closely related to mechanical properties and durability, this will define the phases 
described above regarding their distribution and interaction [12].

Some applications study geopolymer matrix morphology and texture using scan-
ning electron microscopy. Such images demonstrate the network of gels together with 
crystalline phases and material porosity. It will also be essential in determining the 
extent of compaction, particle packing, and distribution of the unreacted particle, 
which will help sufficiently assess the efficacy of synthesis processes. It helps to 
identify crystalline phases present in the geopolymer. While geopolymers are essen-
tially amorphous, one can detect and estimate crystalline phases like quartz, mullite, 
or zeolites. X-ray diffraction (XRD) patterns provide information about the miner-
alogical composition and the precursors’ degree of reaction. Considering the Fourier 
Transform Infrared (FTIR) analysis, this test investigates the chemical bonding and 
functional groups of geopolymer. Generally, FTIR spectra show bands related to 
Si-O, Al-O, and Si-O-Al bonds, proving the formation of an aluminosilicate network 
[10]. Thus, it would be logical to find a relationship between the variations of band 
intensities and positions and the degree of polymerization and nature of bonding in 
the geopolymer matrix.

3.2 �Thermal properties

The excellent thermal properties of geopolymers make them extremely useful in 
high-temperature, resistance, or thermal insulation applications. Geopolymers are 
reported to show good thermal stability, enabling them to remain structurally intact 
up to 1000°C [13]. This property is beneficial in civil engineering, especially for 
applications like fireproofing, thermal insulation, and high-temperature industrial 
processes where conventional materials lose integrity or deteriorate.

Differential scanning calorimetry (DSC) and thermogravimetric analyses can be 
used to establish thermal properties in geopolymers. DSC measures heat flow that 
attends phase transitions, providing critical information about thermal stability and 
composition. This helps in understanding geopolymers’ thermal behaviors under 
varied temperature conditions, which may be essential in specific applications where 
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such materials are put through cyclic thermal loads. On the other hand, TGA mea-
sures a material’s weight change as a function of temperature. The technique deter-
mines the geopolymer’s thermal degradation and volatile ingredients. Based on weight 
loss patterns, TGA can determine thermal stability and establish the makeup’s nature 
of a material’s composition. One of the essential parameters concerning geopolymers 
in thermal applications includes thermal conductivity. Most geopolymers usually 
have low thermal conductivity due to their amorphous nature and high porosity. 
Hence, they are very suitable for thermal insulation. For instance, geopolymers could 
be applied in the building and construction industries to make fire-resistant panels 
and insulation materials to improve safety and energy efficiency within a building. 
The very low thermal conductivity guarantees minimal heat transfer, hence effective 
insulation, which reduces energy consumption for heating and cooling purposes.

High-temperature resistance also qualifies geopolymers for refractory applica-
tions. These geopolymer-based products can line furnaces, kilns, or any other 
high-temperature equipment involved in industrial processes. The high-temperature 
resistance with less degradation adds to the service life of the installations and thus 
reduces maintenance costs. Besides, these fire-resistant properties can extend the 
application of geopolymers to passive fire protection systems for buildings or infra-
structure. In a way, geopolymers can act as an intumescent coating or barrier, delay 
the fire, and provide the critical time required for evacuation and rescue operations in 
case of a fire outbreak.

Their thermal stability also benefits them in thermal cycling applications when 
the materials are subjected to repeated heating and cooling. In such conditions, 
traditional materials experience thermal fatigue and hence develop cracks. However, 
geopolymers do not have issues related to robust thermal properties, which ensure 
that they are long-lasting and durable, thus fitting within environments like power 
plants, aerospace, and the automotive industry where materials experience extreme 
fluctuations in temperature [14].

3.3 �Durability

Material durability is a prime concern for their long-term performance and 
structural integrity in civil engineering. Blended geopolymers have proved superior 
performance over Portland cement-based concrete materials for all sorts of tests, 
mainly due to the dense microstructure that renders them less vulnerable to chemi-
cal attacks than the amorphous matrix classically observed for Portland cement, as 
stated by Provis et al. [8]. This intrinsic chemical resistance makes geopolymers more 
resistant to attack by acids and sulfates, thus allowing them to be used in aggressive 
environments. Compared to Portland cement, the reduced calcium content in geo-
polymer structures enables such materials to increase their resistance to sulfate attack 
and related deterioration mechanisms.

One of the common properties of geopolymers in cold regions is their resistance to 
freeze-thaw. In geopolymer-based materials, due to lower porosity and higher density, 
frost damage is prevented, which occurs due to the expansion of water within the 
pores in any material during a freezing and thawing cycle. This would be important in 
ensuring that materials have good structural integrity under adverse climatic condi-
tions during cold weather, where traditional materials might be affected by repeated 
freeze-thaw cycles [14].

Also, geopolymers show lower chloride ion permeability, which is very important 
in reducing the corrosion of reinforcement concrete structures. Among the significant 
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causes of deterioration of reinforced concrete, chloride-induced corrosion is con-
densed because of reduced permeability in geopolymers. In addition, geopolymers are 
highly resistant to carbonation. This is another degradation process common in con-
crete structures under the action of CO2. It may be that such carbonation resistance 
would increase the lifetime of concrete structures, making geopolymers a feasible and 
long-lasting alternative to traditional materials [15].

Given improved durability and resistance to chemicals, besides freeze-thaw and 
chloride, geopolymers offer massive potential for application in civil engineering, 
where long-term performance and sustainability are prime essentials. Because of 
these characteristics, geopolymers have a wide range of usages, especially in infra-
structure works in marine and industrial environments, generally exposed to harsh 
chemicals and climatic conditions.

3.4 �Compressive strength

One of the fundamental mechanical properties related to civil engineering that 
shows a material’s ability to withstand loads along its axis without failure is compressive 
strength. Geopolymers generally show quite impressive compressive strengths, mostly 
above 60 MPa. This strength is partly due to the formation of an aluminosilicate gel net-
work that is very dense and continues to hold the aggregates and fillers firmly together. 
Factors such as the precursor material’s nature, concentration, the alkaline activator’s 
nature, and curing conditions may influence compressive strengths in geopolymers. 
Ground granulated blast furnace slag is one of the most commonly added to a geopoly-
mer mix to increase its compressive strength. GGBFS participates in forming calcium-
aluminate-silicate-hydrate phases similar to the calcium-silicate-hydrate phases formed 
in Portland cement. It is also known that these C-A-S-H phases improve the binding and 
enhance the geopolymer matrix’s overall compressive strength. In a work conducted by 
Saba et al., different geopolymer mixes with varying proportions of metakaolin were 
tested [16]. The results showed that compressive strengths reached up to 80 MPa at 
28 days for specimens cured at ambient temperature.

3.5 �Flexural strength and toughness

Flexural strength, otherwise known as the modulus of rupture, is normally a 
measure of whether the material can withstand deformation by bending. Normally, 
geopolymers indicate large flexural strengths that recommend them for tension 
applications. Adding reinforcement fibers can improve this flexural performance: 
steel, glass, and polymer fibers work to bridge cracks and distribute stresses better to 
withstand bending forces more effectively. In a study by Rashad, the flexural strength 
of fiber-reinforced geopolymers was studied [17]. It was seen that the addition of steel 
fibers to a volume fraction of 0.015 showed an improvement in flexural strength from 
5 to 8 MPa. In the same way, polymer fibers improve the toughness of geopolymer 
composites so that they can absorb more energy before failure. This gain in strength 
is of particular interest for structural applications where materials undergo dynamic 
loading and impact conditions.

3.6 �Modulus of elasticity

The modulus of elasticity, commonly known as Young’s modulus, is a measure of a 
material’s stiffness and, thus, a predictor of its ability to withstand elastic deformation 
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under stress. Geopolymers generally have lower elasticity moduli than Portland 
cement concretes, which becomes an advantage in applications demanding ductility 
or capacity to accommodate deformation. In most cases, the modulus of elasticity of 
geopolymers is generally governed by precursor types, alkaline activator concentra-
tion, and curing conditions. For example, Saba et al. demonstrated that geopolymers 
synthesized with metakaolin and sodium hydroxide activators showed modulus of 
elasticity values in the 10–20 GPa range [18]. The lower modulus of elasticity can be 
useful in enhancing the energy absorption/dissipation capacity during failure and 
reduces the propensity for brittle failure. Lower stiffness makes geopolymers suit-
able for seismic-resistant structures, requiring materials to bear high strains without 
losing integrity.

4. �Environmental advantages

Geopolymers, undoubtedly, have the most potential for being green materials for 
sustainable construction in terms of environmental performance. Among the signifi-
cant benefits of geopolymers is that they offer an immense opportunity for mitigating 
the environmental impact caused by conventional Portland cement, responsible 
for about 8% of global CO2 emissions. Concerning this, geopolymers considerably 
decrease these emissions and offer a great substitute for civil works while taking care 
of sustainability [19].

4.1 �Waste management

The application of numerous types of industrial wastes, such as fly ash, slag, red 
mud, and so on, in geopolymers, testifies very well to a well-thought-out mechanism 
of waste management on the part of the construction industry. Since these by-prod-
ucts are generally considered wastes, they can effectively be used in geopolymer for-
mulations to divert materials from landfills and reduce environmental degradation. 
For instance, fly ash is one of the by-products of coal combustion, which enhances 
the mechanical properties of geopolymers and reduces the volume of virgin mate-
rial used, hence saving natural resources. The valorization of industrial waste in the 
production of geopolymers works twofold: it solves disposal problems because there 
is a great directive in the European Union to regulate how waste is disposed of while 
creating an economic incentive through reduced raw material costs. This valorization 
route promotes a circular economy for geopolymers, in which the waste is a precious 
construction product that, in turn, represents resource efficiency and sustainability 
in the different civil engineering practices [20]. Up to 70% of industrial by-products 
can be shown to be utilized in geopolymer formulations, with the materials staying 
high-performance, significantly reducing the ecological footprint of construction 
activities [7].

4.2 �Carbon footprint reduction

The carbon footprint from geopolymer production is low compared with 
ordinary Portland cement for some key reasons. First, the geopolymerization reac-
tion occurs at relatively low temperatures, normally 40–100°C, instead of cement 
clinker production at 1450°C. Processing at these lower temperatures reduces 
energy consumption, hence decreasing the general carbon emissions associated 
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with geopolymer production. This means that most geopolymers’ raw materials are 
directly obtained from waste streams, while the latter are generally disposed of in 
an environmentally damaging manner. Using such materials, geopolymers reduce 
natural resource use and lower CO2 emissions by avoiding extensive quarrying and 
processing of raw materials. According to studies within a life cycle assessment 
framework, geopolymers reportedly reduce CO2 emissions by more than 80% 
compared with traditional Portland cement applications, making them a likely 
sustainable alternative for civil engineering [5]. Indeed, the dense microstruc-
ture is formed mainly by creating a three-dimensional aluminosilicate network, 
which confers improved resistance to chemical attack, freeze-thaw cycles, and 
other forms of environmental stress. Increased durability extends the service life 
of structures and reduces maintenance costs and consumption of resources over 
time. In other words, if geopolymers are added to different types of infrastructure 
or civil works, long-term savings will be realized, and the environmental impacts 
associated with replacing and repairing a material will be reduced [21]. The appli-
cation fields of geopolymers in infrastructure works, roads, bridges, and building 
applications fully meet modern green building initiatives and goals of sustainable 
urban development. In this regard, one shall assist in constructing resilient and 
sustainable infrastructures that answer the increasingly stringent environmental 
regulations and standards by opting for geopolymer-based materials in civil 
engineering works.

5. �Applications of geopolymers in civil engineering

Geopolymers have limited applications in environmental engineering. They could 
be used in soil stabilization, waste containment, and water treatment. The geopoly-
mer binders can immobilize the contaminated soil by effectively anchoring the heavy 
metal through fixation, reducing its leachability and preventing further environmen-
tal contamination [7]. This attribute is very essential in eliminating common sites for 
environmental feuds. Apart from the goal of soil stabilization, geopolymers provide 
an excellent source of confinement for hazardous wastes. In this respect, the geopoly-
merization steps end up with a stable structure that can bear toxicity for long periods 
and is encapsulated with impermeable barriers, confining the waste to provide 
environmental safety and satisfy the set regulatory standards. Further, continued 
research in applying geopolymers for water treatment has established that they can 
separate heavy metals and other wastes from wastewater, hence providing cleaner 
water resources [7].

Moreover, geopolymers have progressively attracted much attention in civil 
engineering due to their perfect subsistence for other conventional materials, 
wherein paste use and binders find applications in renovations, pavement construc-
tions, infrastructural developments, and environmental engineering solutions. 
Geopolymers can be used as very effective pastes in many construction applications. 
High viscosity and excellent adhesion allow them to fill the gaps, build up the surface, 
and form seamless joints of the construction elements.

5.1 �Infrastructure

Geopolymers have been gaining increasing interest in civil engineering due to 
their versatility and contribution to a cleaner environment. Areas where geopolymers 
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become adequate substitutes for conventional materials include renovation binders, 
pavement construction, infrastructure development, and environmental engineering 
solutions [15].

Nowadays, geopolymers find increasingly growing applications in all types of 
infrastructure, moving beyond pavements and bridges to various civil structures. 
They have high compressive strengths, developed by the geopolymerization process, 
and can be used for load-bearing applications. Geopolymers represent high-perfor-
mance materials that perform very well in the most aggressive conditions against 
chemical attacks and cycles, thus indicating excellent durability of infrastructure 
materials. Geopolymer concrete was selected for pavement applications because of its 
high compressive strength and durability. Excellent performance under cyclic loading 
and heavy traffic loading without structural damage places geopolymer concretes 
among those more sustainable options for modern roadways. Coupled with lower 
carbon emissions and the use of industry by-products associated with geopolymers, 
they are in line to satisfy the increasing demand for green construction materials 
within the sectors of infrastructure projects. In building construction, geopolymers 
may replace traditional concrete and masonry materials. Additionally, geopolymers 
can be easily used in wall insulation and their fireproofing applications due to their 
low thermal conductivity and the fact that they are resistant to fire, improving the 
strength and safety against fires and the energy consumption of structures. As per 
Assaad et al., geopolymer-based materials can also be used with other precast ele-
ments, including panels and blocks, offering high strength and durability and the 
benefits of rapid construction [22].

5.2 �Binder for renovation

One of the promising fields of application for geopolymers is as a binder in 
renovation works. If geopolymers are materials with excellent adhesion properties 
and can bond well with existing substrates, they can very well substitute conven-
tional cement-based materials for repair and restoration. Therefore, due to the high 
resistance against chemical attacks, high compression strength, and durability, they 
will fit for retrofitting in historical structures, wherein keeping structural integrity is 
paramount while keeping contextual intervention on esthetics to a minimum.

Geopolymer binders have the potential to improve durability and repair perfor-
mance significantly, which results from strong bonding and resistance to environ-
mental attacks by water and contaminants. Adding further performance improvers 
into geopolymer binders, such as recycled aggregates and wastes, to their formulation 
can enhance their performance and develop an economically feasible and environ-
mentally friendly solution for renovation works [23].

Moreover, working flexibility in geopolymer formulations allows the design to be 
tailored to the requirements of the projects, making it suitable for renovation works, 
even for residential buildings, or the vast improvement of infrastructure on a large 
scale. The application for infrastructure works now uses geopolymers in an expand-
ing manner, covering beyond pavements and bridges to a wide range of other types 
of civil structures. This geopolymerization can offer high compressive strengths so 
that different materials can be successfully mounted in load-carrying applications. 
These geopolymers exhibit excellent behaviors under aggressive conditions, resisting 
chemical attacks and freeze-thaw cycles, two of the most critical parameters govern-
ing durability in infrastructure.
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High compressive strength and immense durability are dazzling treats that make 
geopolymer concrete a lucid option for pavement construction. Geopolymer can 
manage huge traffic loads without experiencing any structural failure, making it a 
material for modern roads with a low carbon footprint. Further, the environmental 
benefits of geopolymers due to reduced carbon emissions and utilization of industrial 
by-products have recently come into the limelight, indicating a growing demand for 
green construction materials in infrastructure projects [24].

As substitutes to traditional concrete and masonry, geopolymers can offer an 
alternative solution to making building construction more sustainable. This is more 
useful in wall insulation and fireproofing since it has low thermal conductivity and 
raises building usage’s safety by being fire-resistant, which improves energy effi-
ciency. According to Assaad et al., geopolymer-based materials are expected to be 
used in high strength and durability precast elements such as panels and blocks for 
rapid construction [22].

The addition of fibers helps bridge micro-cracks that might develop under loading, 
making them distribute the stress efficiently and thus averting any crack propagation. 
Some studies have indicated that incorporating fibers into geopolymer composite 
results in improved ductility and resistance to impact loading, making it suitable for 
use when a material is subjected to transmit loads arising from dynamic forces. This 
trait can be helpful in structural members under seismic activity or heavy loads, as a 
gain in toughness would ease sudden failure.

It was proven that fiber-reinforced geopolymers have an advantage over ordinary 
concrete in terms of resistance to fire. The characteristic nature of such composites, 
bearing high temperatures, makes them very suitable for fire-prone environments 
connected with the non-destruction of structure. The fibrous reinforcement con-
tributed to the whole durability that would retain the mechanical properties of that 
material under extreme conditions. Geopolymers are, therefore, new-generation 
materials that can potentially revolutionize the field of civil engineering through 
diversified applications in several industries [4]. Their functionalities, such as paste, 
renovation binder, and durable solution for infrastructure development, enable 
them to become a sustainable solution for modern challenges in construction. 
Consequently, geopolymers will soon find wide applications in civil engineering, 
offering innovative and sustainable solutions for an industry under increasing pres-
sure concerning using more environmentally friendly construction materials and 
efficient constructability [5].

6. �Conclusion

It can be concluded that geopolymers represent a new frontier in the application 
of material science to civil and environmental engineering. Their properties make 
them suitable, if not excellent, alternatives to cement-based materials: their high 
compressive strengths, durability, and improved resistance to most environmental 
stresses. The synthesis of geopolymers from by-products of industry fly ash, slag, 
and metakaolin reduces construction’s carbon footprint and implements sustainable 
waste management practices. Fiber reinforcement further ameliorates the mechanical 
properties of geopolymer composites, allowing them to find a place in a broad scope 
of applications, spanning from pavement and bridge building to insulation and fire-
resistant ones.
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Critical advantages for infrastructure applications lie in the excellent resistance 
of geopolymers against the most aggressive environmental conditions due to freeze-
thaw cycles or chemical attacks, and their low thermal conductivity and exceptional 
fire resistance are all valuable characteristics for constructing more efficient buildings 
that offer high performance and sustainability. Their versatility spans from paste 
formulation to binders for renovation, soil stabilization, and hazardous waste encap-
sulation, which are linked to civil engineering applications. Without a doubt, the role 
of geopolymers will further increase as the construction industry moves ever more 
toward embracing sustainability. New precursors and activation methods, and more 
importantly, new applications, continue to be driven by industry, further improving 
the performance and sustainability of geopolymer-based materials. Further studies 
are needed on mix design optimization, long-term durability under actual exposure 
conditions, and the establishment of comprehensive guidelines for the effective use of 
geopolymers in civil engineering works.

Ultimately, geopolymers stand symbolically for a solution that will outlast current 
environmental challenges and the pathway to the kind of future construction materi-
als needed to realize performance, resilience, and ecological responsibility. Given 
such enormous challenges as climate change and resource depletion for resilient built 
environments, broadening adoption and further development of geopolymers should 
henceforth form part of the sustainable development goals.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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