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Abstract: The utilization of Ordinary Portland Cement as the primary material of choice in the
construction industry has had its drawbacks due to the large amounts of pollution Portland cement’s
production causes. Significant findings have been discovered, and alkali-activated materials have
been implemented as an alternative cementitious material to the traditional concrete of today. Alkali-
activated materials can be formulated using industrial wastes, making them eco-friendly and a more
sustainable replacement for concrete. This study aims to assess whether alkali-activated materials
can be implemented in infrastructural fields and seeks to evaluate the possibility of alkali-activated
materials acting as pavement-quality concrete in infrastructural applications. This review presents
the results of various studies, demonstrating that alkali-activated materials can meet the requirements
for pavement-quality concrete with the proper incorporation of industrial wastes. This outlines the
viability of alkali-activated materials (AAMs) as a green alternative for pavement applications as most
AAMs attain required mechanical properties, mostly reaching compressive strength values higher
than the required 40 MPa, all while simultaneously adhering to the needed durability, workability,
drying shrinkage, and abrasion resistance attributes. Using industrial waste-based alkali-activated
materials renders the material eco-friendly and sustainable, all while enhancing the material’s
characteristics and properties necessary for large-scale infrastructural applications. This review
highlights AAMs’ suitability as a durable and eco-friendly solution for pavement construction.

Keywords: alkali-activated material; geopolymer; waste; Infrastructure; pavement quality concrete

1. Introduction

Ordinary Portland Cement (OPC) is an essential building material in the construction
industry [1]. It plays an important role in constructing countless structures, distinguished
by their ability to withstand loads, external stresses, and weathering while still display-
ing remarkable longevity. Cement manufacturing has increased rapidly over the years
globally [2]. OPC concrete is the second most used material after water, resulting from the
increasing demand for cement as a construction material [3]. Hence, cement production
keeps increasing, leading to tremendous CO2 emissions and prompted greenhouse gas
releases [4]. The amount of CO2 emitted by cement manufacturing accounts for 5% to
7% of global CO2 emissions, with 0.73–0.85 tons of CO2 released for each ton of OPC
generated [4–6]. According to Salas et al. (2015), vast urbanization is tremendously in-
creasing cement demand, which also increases the consumption of inexhaustible natural
resources [7]. It is also important to know that cement production leads to pollution
and resource depletion and contributes to climate change, global warming, loss of biodi-
versity, ecosystem destruction, vegetation degradation, and several other environmental
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damages [8,9]. Victor Glukhovsky is a scientist whose fundamental studies in the 1950s
and 1960s are associated with the discovery of alkali-activated materials (AAMs). His
research was based on activating volcanic source materials with alkaline solutions, partic-
ularly sodium-based activators [10]. Using this approach, materials whose composition
is comparable to OPC underwent a similar solidification process. These materials can
be easily recognized by the existence of hydrated calcium silicate phases, also known
as soil silicates [10]. Historic architectural wonders pushed further the need to research
construction materials. Davidovits’ research in 1979 was based on the possibility of mixing
aluminosilicate-rich source materials, such as kaolin clay, with an alkaline solution that acts
as an activator and hence discovered what he had coined “geopolymers” that fundamen-
tally differ from organic polymers as they are considered to be inorganic. The formulation
of geopolymers occurs through a polymeric reaction called “geopolymerization” [11]. Re-
search on alkali-activated materials gained interest and has also become a major focus in the
field of construction materials. The reasons behind the growing interest in AAMs are due to
the many advantages they present, as not only do they have economic benefits, but they are
also renowned for their strength and durability. The manufacture of AAMs also challenges
the methods of OPC concrete production due to their eco-friendly characteristics [12]. What
also pushes further the investigations on AAMs is the need for sustainable development as
cement production is deemed energy intensive and has increased the amounts of waste
generated and overall pollution, as well as encourages the extensive use of inexhaustible
materials. The pollution and environmental consequences caused by cement production
have further encouraged scientists to discover novel cementitious materials that mainly
counter the negative impact of cement and concrete while maintaining great strength and
durability. Geopolymer (GP) is an alkali-activated material with a composition rich in
aluminosilicates and low in calcium. As for the other types of alkali-activated materials,
their composition is rich in calcium, unlike geopolymers. Alkali-activated materials may
also contain aluminum oxide [13]. The alkali-activated materials rich in calcium oxide have
a Ca/(Si+Al) ratio bigger than 1, and their composition in a hardened state is similar to the
one of ordinary Portland cement, and these materials can also form C-S-H gels [13]. Alkali-
activated materials have a lower carbon footprint than OPC as they are made from natural
minerals or industrial byproducts [14]. When comparing OPC concrete with geopolymer
CO2 emissions, it is noticed that Portland cement is the greatest CO2 contributor, causing
76.4% of the total emissions of OPC concrete production [15]. Moreover, alkali activator
production accounts for a lot of energy use. The contributions of energy emitted in OPC
and geopolymer production are 269 kg of CO2 and 201 kg of CO2 emissions per m3, respec-
tively; moreover, compared to geopolymers, there is a 25.2% increase in pollution caused
by cement [15]. As such, it is noticed that the total amount of CO2 emitted by OPC and
geopolymer mixes equates to 354 kg CO2 emitted per m3 and 320 kg CO2 emitted per m3,
respectively, with a 9% difference [15]. Binders of both OPC and geopolymers are the pri-
mary sources of carbon footprint, contributing 86% and 52%, respectively [16]. In addition,
it is realized that the geopolymers produce 65% less CO2 and utilize 52% less energy than
OPC concrete [16]. Alkali-activated materials such as geopolymer have been used in a
multitude of engineering fields, such as the construction field, where geopolymer is applied
as the material of choice in water tank designs, roads, repair material, marine construction,
3D printing, porous insulation material, coating material against corrosion, and lastly as
a pavement base material [17]. However, the application of alkali-activated materials in
the infrastructure field, such as pavement construction, requires further investigation as
previous research has not performed enough exploration on AAMs’ full potential to be
considered as an adequate material for infrastructural applications [17]. AAMs present
a high potential for application in infrastructural fields such as roads and pavements, as
they have better durability than OPC [18]. Previous AAMs presented higher mechanical
properties and improved water permeability compared to cement pervious concrete [18].
Research has also proven that industrial waste-based AAMs are suitable for use as repair
material for highway infrastructures cured at 80 ◦C [19]. Hence, they offer a sustainable and
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cost-effective solution used as pavement repair materials. However, the use of AAMs in
highway infrastructures is still limited, as studies so far have been conducted only on light
pavement applications using AAMs. Precast walkways and cycle lanes made from AAMs
demonstrate great properties, as no distress or cracking was observed [19]. AAMs’ thermo-
resistant characteristic has pushed further its potential in being applied as a replacement
to epoxy resin in structural retrofitting using fiber-reinforced polymers [20]. They have
also been used in concrete sewage pipelines and concrete infrastructure rehabilitation [20].
Moreover, some future endeavors in the infrastructural field, such as Expressways and
National Highways, are said to be effectuated by using Pavement Quality Concrete (PQC)
as the standard material [17]. PQC is used as an infrastructural construction material due
to its load-bearing capacity and durable properties, all while being sustainable through
recycled concrete aggregate integration [17]. Since geopolymers and other alkali-activated
materials have demonstrated greater properties than OPC concrete, as proven by previous
research, it is necessary to address whether geopolymers have great potential to be used in
infrastructure acting as PQC [21]. This review provides new insights through an in-depth
comparative and comprehensive analysis of previous research on applying geopolymers as
pavement materials, demonstrating that alkali-activated materials can meet the require-
ments for pavement-quality concrete with the proper incorporation of industrial wastes.
It is simultaneously structured to comprehensively introduce the constituents of AAMs
and analyze their properties compared to pavement-quality concrete. This work delves
into the chemical composition of the materials that formulate AAMs. It also summarizes
past research and comprises a critical evaluation concerning the feasibility of large-scale
geopolymer applications in infrastructure like pavement construction.

2. Geopolymer Materials and Properties

OPC concrete and alkali-activated materials can differ in many aspects, from formu-
lation to performance and overall environmental impact. Concrete is obtained by mixing
cement with water and coarse and fine aggregates. At times, supplementary cementi-
tious materials, such as silica fume, blast furnace slag, and metakaolin, are also integrated
into the formulation of concrete for several purposes, such as having certain pozzolanic
properties or reducing the negative environmental impact of cement production [22–29].
The ingredients used to formulate alkali-activated materials, such as geopolymers, differ
from those used in OPC concrete formulation. The synthesis of AAMs requires mixing
aluminosilicate, or calcium-rich source materials, with alkaline solutions that serve as alkali
activators [13,14]. Geopolymers can be formed using aluminosilicate source materials like
fly ash and ground granulated blast furnace slag, metakaolin, bottom ash, and other materi-
als containing alumina and silica [30]. Fly ash is a byproduct obtained by coal combustion,
having spherical glassy particles with a density of 2.2–2.8 g/cm3 and a surface area of
2500–5000 cm2 /g. SiO2, Al2O3, and CaO usually make up the composition of fly ash with
a smaller amount of f MgO, SO3, Na2O, and K2O [30]. Fly ash (FA) is usually classified
as having less than 7% CaO, called Type F fly ash, or having more than 20% CaO, called
Type C fly ash. After transforming iron ore into iron, the remains are called slag, and after
the quenching and grinding of this particular slag, ground granulated blast furnace slag
(GGBFS) is obtained [31]. GGBFS’ main constituents are calcium oxide, alumina, and silica,
accompanied by a small amount of magnesia [31]. It is known to be a material having a
“bulk density of 1200 Kg/m3 and fineness 350 m2/kg” [31]. Metakaolin is known as a mate-
rial obtained by exposure to kaolin, a rock made by kaolin group minerals such as kaolinite,
to high temperatures. Metakaolin is known for its amorphous structure, usually having
particle dimensions less than 5 µm [32,33]. Bottom ash (BA) is also a source material used to
synthesize geopolymers, with particles of dark angular shapes having a porous texture and
a rough surface [34,35]. Not only are the source materials used to formulate geopolymers
differently, but what truly sets geopolymers apart is the geopolymerization reaction result-
ing from incorporating alkali solutions as activators. The choice of the alkali activator plays
a pivotal role in geopolymer synthesis as they are responsible for the dissolution of the alu-
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minosilicates and, hence, the start of the geopolymerization reaction that affects the overall
properties of geopolymers [36]. Alkali hydroxide solutions are the most available, and the
commonly used alkaline hydroxides are NaOH and KOH [32]. However, each of these two
alkaline solutions can lead to different outcomes as the use of NaOH-based activator gives
lower solubility and is more viscous than the ones of KOH [37]. Alkali silicate solutions are
another type of alkali activator used in geopolymer formulation, with a composition made
of Si2O, Na2O, or K2O, and H2O [38]. The Si/Na ratios in these activators can determine
the viscosity of the solutions and can affect the geopolymerization process [39]. OPC
concrete has guidelines and standards for mixing and testing, while geopolymer lacks
guidelines and codes as it is a novel material [40]. However, multiple studies have assessed
the adequate proportions of geopolymers and alkali-activated materials in mixing [40].
Alkali-activated material synthesis, such as geopolymers, depends heavily on the choice of
source materials used [41]. These materials can be synthetic, industrial waste containing
aluminosilicates, or natural aluminosilicate minerals. The chemical composition, amount
of alumina and silica present, and particle size distribution in the source materials used
play a pivotal role in the characteristics of the geopolymer formulated [41]. To produce
high-quality geopolymer concrete, it is crucial to utilize source materials that meet certain
criteria. Specifically, the source material should be highly amorphous, possess the ability
to easily release aluminum, and contain sufficient reactive glassy content with low water
demand. By meeting these requirements, the resulting geopolymer concrete will most
likely exhibit the desired properties [42]. Despite having superior structural and durabil-
ity characteristics compared to OPC concrete, geopolymer concrete is still rarely used in
building and infrastructure applications as it lacks adequate mix design techniques [43].
Usually, the techniques applied in geopolymer synthesis are based on the ones used to
formulate concrete because of their similarities. However, the methods and techniques used
for concrete production cannot simply be applied to geopolymers [43]. The properties of
GPC are significantly influenced by various factors, including the alkaline liquid-to-binder
ratio, the type and amount of alkali used, the ratio of sodium silicate (Na2SiO3) to sodium
hydroxide (NaOH), the molarity ratio of SiO2 to Na2O in sodium silicate, and lastly the
curing conditions. These factors play a crucial role in determining the strength, durability,
and overall performance of GPC [43]. Several mix design techniques have been developed
based on existing methods for producing geopolymer concrete and alkali-activated materi-
als [43]. Some of these techniques are target strength, performance-based, and statistical
methods [43]. These approaches have been proposed in earlier studies and are based on
different design concepts [43].

As previously mentioned, the source materials and the alkali activator choice signifi-
cantly affect the alkali-activated materials’ mix design. The following sections review the
several materials used for AAM synthesis.

2.1. Metakaolin

Metakaolin (MK) is by origin an aluminosilicate kaolin clay (white colored) that
has undergone a thermal activation process, also known as calcination of kaolin, which
occurs within a temperature ranging between 650 ◦C and 900 ◦C [41–44]. Moreover,
metakaolin has a fine particle size reaching 75 µm [42]. The chemical composition of kaolin
is predominantly made up of kaolinite that undergoes a dihydroxylation at temperatures
above 550 ◦C, which alters its microstructure into an amorphous one [41]. Different types
of natural kaolin increased the compressive strength of geopolymers when calcinated up to
temperatures reaching 700 ◦C but started to decline when reaching higher temperatures. In
another study by Wang et al. (2010), it is elaborated that the optimal calcination temperature
of kaolin used can reach 900 ◦C [41]. Davidovits et al. (2019) formulated a geopolymer
slurry made of metakaolin calcined at 750 ◦C and potassium silicate followed by heat curing
at 80 ◦C and concluded that various kiln types lead to different reactivity outcomes [42].
Kaolin, which underwent calcination at 750 ◦C (MK-750), is a manufactured product that
was settled to be a great precursor that fits well with the overall geopolymer synthesis
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process after undergoing a quality control and standardization process [42]. Metakaolin is
a good source of aluminosilicates as it usually contains 50–55% SiO2 and 40–45% Al2O3; it
is also known to be highly reactive, even twice as reactive as most pozzolans [43–45]. The
global annual manufacture of metakaolin has reached a high of 37 million metric tons, with
only 10 million metric tons of global annual demand, leading to a considerable surplus
yearly [45]. Metakaolin is an alternative to cement in concrete and ceramic production.
Moreover, using metakaolin as source material in GP and as a replacement for OPC
promotes environmental protection as metakaolin manufacture releases 5 to 6 times less
CO2 than OPC manufacture [45].

2.2. Fly Ash

Fly ash is an aluminosilicate industrial byproduct in powder form resulting from
coal burning in thermal power plants [41,46]. FA is made of spherical particles varying
from less than 1 mm to above 100 mm, mainly composed of aluminum, silicon, calcium,
iron, magnesium, and carbon [41]. It is important to note that FA can be categorized
into multiple types, with Class C fly ash (CFA) and Class F FA (FFA) being two common
examples [41,46]. CFA is known for its high calcium content, having a CaO composition
higher than 20% and less alumina content than FFA. The latter is distinguished by its dark
color, constant fineness, and low CaO content, primarily lower than 20%, and high silica
content generally higher than 50% [41,42,46]. FFA is favored as the source material of choice
in geopolymer synthesis compared to CFA, as it contains lower CaO and an elevated Al2O3
composition while also having stable minerals [42]. FA manufacture reaches 900 million
tons yearly, rendering it an environmental hazard and danger [41,42]. FA disposal in
landfills contributes to groundwater contamination and ground pollution due to heavy
metals contained in FA. However, FA is abundant and presents several advantages, such as
high availability, affordability, great particle structure, and high presence of highly reactive
amorphous aluminosilicates [41,46]. Using FA instead of cement and its use in GP synthesis
minimizes greenhouse gas emissions and overall construction costs, making it a great
choice from a sustainability standpoint [41,46].

2.3. Bottom Ash

Bottom ash is an incombustible product from coal burning that is later collected from
the bottom of the furnaces [47]. Bottom ash is a light gray coarse granular material rich in
heavy metals [46,47]. Bottom ash can also be used in cementitious material formulation
with substitution between 10% and 15%, helping at times reach higher strength [21,46].
Bottom ash is also highly porous; it has a dry bulk density of 950 kg/m3 and a specific
gravity of 1.5 to 2.4 t/m3 [48]. Its moisture content ranges between 15% to 30% [48]. Its
grain particle distribution shows that generally, 60% to 90% is between 0.02 mm and 10 mm,
while 0% to 30% of its grain size is greater than 10 mm [48].

2.4. Ground-Granulated Blast Furnace Slag

Ground-granulated blast furnace slag is a byproduct of iron production and is used
as a substitute for cementitious materials [46]. It forms when iron is melted with coal and
fluxes such as limestone and dolomite [45]. It is also used in synthesizing geopolymer
materials [46]. Its use in cementitious materials formulation reduces the cracking risk
from shrinkage as less heat is emitted during the hydration reaction when slag is incorpo-
rated [46]. It also minimizes porosity due to its fineness while enhancing the material’s
long-term performance and strength and improving durability against harsh environments
such as sulfate exposure [46]. Its composition comprises calcium dioxide, silicon dioxide,
aluminum oxide, and several more [45]. Slag is an amorphous material found in three
types: air-cooled blast furnace slag, pelletized slag, and ground-granulated blast furnace
slag [48]. The latter is formed when slag is cooled with water, hence forming vitrified
granulates [45]. Its particle size distribution varies between 0 mm to 5 mm [45]. Slag
has an adequate mineralogy that allows it to be used independently or as the primary
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precursor in synthesizing geopolymers [42]. The particle size distribution of GGBFS has an
average particle size of 14.77 mm [46]. The annual global quantity of slag production is
around 288 million tons, further pushing the necessity of slag as a material in replacement
with OPC, thus making it sustainable and eco-friendly [45]. In addition, the global slag
surplus allows for a 6.5% substitution of slag with OPC from the annual OPC production
quantity [45]. Also, for 1 ton of metal produced, 0.2 to 0.4 tons of slag result from such
production [42].

2.5. Alkali Activators

Alkaline solutions are generally used in cementitious materials, especially geopoly-
mers, as their main purpose is to activate or kickstart a polymeric reaction, which will also
form gels and cause the hardening of the cementitious material [42,46]. Several types of
alkali activators, such as sodium silicate and potassium silicate activators, can be found and
used in alkali-activated material synthesis [42,45]. Alkali activators have several types and
can also be found in liquid or solid powder form [42]. However, sodium and potassium-
based activators are the usual activators of choice, and sodium-based liquid activators
are more efficient than potassium silicate activators [46]. The latter has a higher alkalinity
compared to sodium silicate activator [46]. Sodium silicate is the result of hydrothermal pro-
duction or furnace process, with a yearly production of 12 million metric tons; it is also the
reaction between soda and sand at elevated temperatures [45]. Also, acidic activators, such
as phosphoric acid-based activators, can be an option when synthesizing geopolymers [46].
Alkali activators can significantly affect the mechanical properties [43]. Geopolymers made
using alkali activators containing sodium silicate and sodium hydroxide showcase the
highest compressive strength [43].

2.6. Geopolymer Properties

The alkali-activated material should exhibit specific properties for geopolymer to be
considered a PQC. Discussing and assessing the required geopolymer properties will give
insight and aid future endeavors in understanding geopolymer’s potential to act as a PQC.
The compressive strength of GPC is a crucial indicator of its mechanical properties. Factors
such as the liquid-to-binder ratio, the concentration of alkali-activating solutions, curing
conditions, and others significantly influence these properties. A minimum compressive
strength of 40 MPa is a crucial benchmark when assessing geopolymer as a PQC [17].

The flexural strength of GPC will provide insight into the mechanical properties of this
material. The flexural strength of geopolymer has to be above 4.5 MPa to be considered as
a PQC [17]. Also, PQCs are known for their excellent durability characteristics. Hence, the
durability of AAMs and GPs must be assessed and compared with PQC to classify geopoly-
mers as an adequate alternative to PQC. According to the PQC standards, a minimum
slump of 15 mm and a maximum slump of 35 mm are essential for the geopolymer mix to
adhere to the requirements to act as a PQC [17]. Cementitious materials often experience
cracking due to the drying shrinkage phenomenon [17]. Specific parameters, such as the
ratio of coarse aggregates to fine aggregates, also affect the shrinkage resistance of the
material. As a PQC material, drying shrinkage should be prevented as it causes warping
and cracks in pavements. A pavement should be able to withstand traffic load and against
the rubbing and frictional forces from vehicles that can cause abrasion to the pavement’s
surface. Abrasion resistance is an important characteristic that tests a pavement’s resistance
against all the dynamic loads that can cause abrasion.

3. Advances in Alkali-Activated Materials
3.1. Material Selection

Several studies show that geopolymer is a cementitious material that can replace
OPC while simultaneously being eco-friendly and sustainable [21]. Research has also
proven that geopolymers can have a multitude of ways to be synthesized and that those
different ways and techniques result in different outcomes, characteristics, and perfor-
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mance [21]. GPC use for pavements also decreases maintenance and construction costs [17].
Moreover, much of the previous work has highlighted metakaolin-based geopolymers’
unique characteristics and performance, as they exhibit excellent mechanical properties
and can resist acid attacks [20]. Metakaolin’s partial substitution at different rates with
some industrial wastes, such as fly ash, enhances the properties of GP, all while increasing
the material’s eco-friendly and sustainable characteristics [49]. Previous research shows
that fly ash geopolymer exhibits the best performance while having the least negligible
environmental impact [50]. The use of fly ash promotes waste reduction and reduces the
depletion of natural resources, which renders it an environmentally friendly material [50].
In the same sense, ground-granulated blast furnace slag is also considered industrial waste,
and its incorporation in geopolymer promotes waste management and sustainability [17].
Metakaolin, fly ash, and slag provide adequate and optimum chemical compositions rich
in SiO2, Al2O3, and CaO, as seen in Tables 1–3, needed to kickstart the reaction. Therefore,
the adequate selection and assessment of the source materials used in geopolymers is a
crucial factor that affects the properties exhibited and determines whether GPC adheres to
the PQC requirements and recommendations.

Table 1. Metakaolin chemical composition.

MK Chemical
Composition (%)

Da Silva
Rocha et al. [51] Pouhet et al. [52] Oualit et al. [53] Oualit et al. [53] Alanazi et al. [54]

SiO2 48.40 67.10 48.12 48.10 55.01
Al2O3 44.80 26.80 33.39 32.94 40.94
CaO 0.10 1.12 0.04 0.04 0.14

Fe2O3 2.40 2.56 1.02 2.53 0.55
Na2O 0.20 0.01 0.16 0.02 0.09
TiO2 1.40 – 0.25 0.23 0.55
MgO – 0.11 0.34 0.39 0.34
K2O 1.50 0.12 2.67 0.80 0.6
SO3 0.20 – – – –

P2O5 – – 0.29 0.21 –
Loss on Ignition 3.30 – 12.89 12.22 1.54

Table 2. Fly ash chemical composition.

FA Chemical
Composition (%) Rattanasak et al. [55] Sukmak et al. [56] Olivia et al. [57] Guo et al. [58] Somna et al. [59]

SiO2 39.5 49.32 50.50 38.0 31.2
Al2O3 19.5 12.96 26.57 19.0 18.9
CaO 17.3 5.79 2.13 20.0 20.8

Fe2O3 14.1 15.64 13.77 9.0 16.5
Na2O 1.3 2.83 0.45 1.0 1.53
TiO2 0.5 – – – –
MgO 1.3 2.94 1.54 5.0 1.86
K2O 2.9 2.83 0.77 0.4 2.8
SO3 2.6 7.29 0.41 3.0 4.1

P2O5 0.2 – 1.00 – –
Loss on Ignition 0.8 7.29 0.6 3.5 1.8
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Table 3. Slag chemical composition.

Slag Chemical
Composition (%) Puligilla et al. [60] Yunsheng et al. [61] Perna et al. [62] Singh et al. [63] Kumar et al. [64]

SiO2 35.7 34.20 22.38 32.26 32.97
Al2O3 11.21 14.20 8.09 16.35 17.97
CaO 39.4 41.70 37.44 33.23 35.08

Fe2O3 0.42 0.43 2.31 3.53 0.72
MgO 10.74 6.70 3.51 8.29 10.31
K2O 0.48 – 1.26 – –
SO3 0.58 1.47 7.46 1.32 0.72

Loss on Ignition – 1.02 14.70 0.7 0.58

In this work, metakaolin, fly ash, and slag were selected as key materials for geopoly-
mer formulation as these materials possess distinctive chemical composition, mechanical
strength, durability, and sustainable properties. Tables 1–3 show the chemical composition
of these materials, highlighting the dominant presence of oxides such as SiO2, Al2O3, and
CaO. Tables 1–3 provide a series of significant trends and correlations that are critical to
understanding AAMs’ performance characteristics, particularly in terms of their mechan-
ical properties. Such trend refers to material composition; many studies have reported
increased compressive strength with increased slag content. The increased calcium content
in the slag probably favored better conditions for the formation of supplementary binding
phases, which resulted in a far more compact and cohesive microstructure, as shown in the
investigations of Kar et al. [65] and Kumar et al. [66].

On the other hand, the effect of the metakaolin content is quite inconsistent; for exam-
ple, Kumar and Ramesh [67] reported that increasing the content of metakaolin reduces the
strength, whereas other investigations carried out by Padmakar and Kumar [68] suggest
that metakaolin may improve mechanical properties according to particular circumstances.
This might reflect the complexity of the interactions between metakaolin and slag, such
that optimum behavior depends on other parameters, including the activator contents
and curing regimes. The other important factor affecting geopolymerization is activator
concentration, particularly sodium hydroxide. Generally, the increase in NaOH concen-
tration is directly related to better compressive strength. This trend should be carefully
optimized since the liquid-to-binder ratio has been rising accordingly in tests conducted by
Shehab et al. [69] and Ding et al. [70], which reduces the material’s strength. This is because
binder dilution decreases the structural potential of the composite. The conditions of curing
are of equal importance; generally, the higher curing temperatures accelerate the geopoly-
merization process and result in higher strength, as reflected in Kumar et al. [66], though
very high temperatures may introduce other problems such as cracking or shrinkage. Again,
these results reflect the need for precision in mixed design and environmental controls if
AAMs are to be used effectively in construction. Visible relationships between material
composition, activator concentration, and curing conditions are related to some important
implications for optimizing AAMs in practical application, especially for those structural
elements that will be called upon to support high compressive strengths. An analysis of the
data points shows overarching trends; however, the findings suggest that these systems op-
erate within highly contextual settings where everything must be tailor-made to fit specific
use cases and environmental conditions to achieve the required mechanical performance.

3.2. Compressive Strength

Alkali-activated materials, such as geopolymers, have been proven to have mechan-
ical properties that challenge and outperform the ones of OPC or at least have enough
mechanical strength to be considered a future construction material or PQC. The results of
a study aiming to assess geopolymers show that the compressive strength of the geopoly-
mer samples made only with fly ash was the weakest among all the other samples [71].
However, adding slag to the mix increased the sample’s compressive strength [71]. This
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observation is due to the finer particles in slag, which help create a more packed network
in the samples [71]. When comparing the sample’s compressive strength on day 3 to day
28, it is evident that they have reached almost 86%, 90%, and 94% of their compressive
strength on days 3, 7, and 14 [71]. The latter observation further solidifies geopolymers’
early strength gain [71]. The effect of slag addition in the mix increases the compressive
strength demonstrated by the samples up to a certain extent, as any incorporation of slag
above 70% started to hinder the compressive strength of the samples [71]. However, the
samples with 10%, 20%, and 30% slag have lower compressive strength compared to the
mix with 70% slag, which has a compressive strength of 66 MPa [71]. Regardless, the
geopolymer still showcased good mechanical strength overall, and no matter what percent-
age of substitution was chosen, the compressive strength was still better than the ones of
control geopolymer concrete [72]. Another study aims to assess and compare the mechani-
cal properties of both OPC and GPC after exposure to several elevated temperatures [73].
The compressive strength of the GPC subjected to a high temperature of 400 ◦C was 14.67%
higher than the geopolymer samples that were not exposed to high temperatures.

On the other hand, the compressive strength values decreased when the geopolymer
samples were exposed to a temperature of 800 ◦C [73]. The latter observation may result
from the dehydration process that might have occurred in the geopolymer concrete, leaving
the samples exposed at a temperature of 400 ◦C as the best and the optimum curing
temperature [73]. Regardless, it was also seen that the compressive strength of OPC kept
decreasing with the increase in temperature, signifying that the geopolymer concrete can
sometimes be considered heat-resistant, unlike the OPC samples [73]. The results of the OPC
samples’ compressive strength were 30 MPa and 19 MPa, and those of the GPC were 51 MPa
and 40 MPa when the temperatures were at 600 ◦C and 800 ◦C, respectively [73]. Other
studies also assessed the mechanical properties of GPC at ambient temperature [74]. The
effect of the liquid activator NaOH concentration on the mechanical properties exhibited
by the specimens was assessed [74]. The findings suggest that the compressive strength
demonstrated by the specimens kept increasing when the concentration of NaOH in the
alkali activator increased to 8M [74]. However, with the increase of NaOH concentration
from 8M up to 12M, the compressive strength of the specimens decreased further the
higher the NaOH concentration became [74]. A similar behavior is also observed when
the concentration of NaOH is very low as the polymeric chain becomes weaker, resulting
in an overall lower compressive strength [74]. Hence, it is observed that an optimum
NaOH concentration is at 8M, resulting in the highest mechanical properties obtained [74].
Many studies also assessed the mechanical properties of alkali-activated materials such
as geopolymers, as seen in Table 4, and other studies also obtained geopolymer samples
with compressive strength higher than 40 MPa, as seen in Table 5. The findings prove that
geopolymer samples’ behavior and promising properties make them potential contenders
for use in the infrastructure sector.

Table 4. Findings from several studies conducted on alkali-activated materials.

Authors Materials Findings

Kar et al. [65] Fly ash–slag blended geopolymer
The increase in slag substitution improves the

mechanical strength exhibited by the alkali-activated
material.

Parthiban et al. [75] Fly ash–slag blended geopolymer

The higher the slag/fly ash ratio, the higher the
compressive strength values. The compressive
strength also increases with the increase in the

liquid-to-binder ratio.

Kumar and Ramesh [67] Metakaolin–slag blended geopolymer

The higher the metakaolin content in the material, the
lower the compressive strength. An increase in the

metakaolin-to-slag ratio results in a decrease in
compressive strength.
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Table 4. Cont.

Authors Materials Findings

Assi et al. [76] Cementitious materials
The size of the source material’s particles affects the
properties exhibited. The finer the material particle

size, the higher the compressive strength.

Shehab et al. [69] Alkali-activated cement

The higher the OPC content, the higher the
compressive strength was up to a limit of 50%.

However, the increase in the liquid-to-binder ratio, or
the sodium silicate-to-sodium hydroxide ratio,

decreased compressive strength.

Kumar et al. [66] Fly ash–slag blended geopolymer
The increase in the slag/fly ash ratio, curing

temperature, or sodium hydroxide concentration
enhances the mechanical properties exhibited.

Parthiban and
Vaithianathan [77] Metakaolin–slag blended geopolymer

The higher the metakaolin or sodium hydroxide
content was, the higher the compressive

strength obtained.

Ding et al. [70] Fly ash–slag blended geopolymer

The higher the slag/fly ash ratio, the higher the
mechanical properties exhibited. Also, the material

demonstrates better mechanical properties with
increased sodium hydroxide content and decreased

liquid-to-binder ratio.

Padmakar and Kumar [68] Metakaolin–slag blended geopolymer The increase in metakaolin content in the mix
enhanced the mechanical properties of the samples.

Zhang et al. [78] Alkali-activated cement

The OPC to FA ratio should not exceed 5% as it
hinders the compressive strength of the

alkali-activated cement. However, the increase in the
OPC/FA ratio up to 5% enhances the

mechanical properties.

Lee and Lee [79] Fly ash–slag blended geopolymer

An increase in compressive strength was observed
with an increase in slag/fly ash ratio, NaOH
concentration, or sodium silicate to sodium

hydroxide ratio.
Muthuanand and

Dhanalakshmi [80] Alkali-activated cement An increase in metakaolin content in the mix increases
the mechanical properties of alkali-activated cement.

Mallikarjuna Rao and
Gunneswara Rao [81] Fly ash–slag blended geopolymer

An increase in sodium hydroxide concentration and
slag content increases mechanical properties.

However, an increase in the liquid-to-binder ratio
decreases mechanical properties.

Mehta and Siddique [82] Alkali-activated cement An increase in OPC content enhances the
mechanical properties.

Takekar and Patil [83] Fly ash–slag blended geopolymer

The higher the slag substitution with fly ash, the
higher the compressive strength was. An increase in

curing temperature also results in an increase in
compressive strength.

Bernal et al. [84] Alkali-activated cement An increase in the SiO2/Al2O3 ratio enhances the
compressive strength of the alkali-activated cements.

Mathew et al. [85] Fly ash–bottom ash blended
alkali-activated material

The higher the bottom ash-to-fly ash ratio, the lower
the compressive strength exhibited by the samples.

Nath and Sarker [86] Fly ash–slag blended geopolymer

An increase in the liquid-to-binder ratio improves
overall mechanical properties. Also, an increase in slag

content as substitution with fly ash enhances
mechanical properties.

Mehta et al. [87] Alkali-activated cement
The increase in OPC content, sodium hydroxide
concentration, or curing temperature up to 80 ◦C

improves the material’s compressive strength.

Talha Junaid [88] Fly ash–slag blended geopolymer The increase in slag content with substitution with fly
ash increased the mechanical properties exhibited.
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Table 5. Compressive strength results of several GPC.

Authors Materials Description Compressive Strength (MPa)

Elyamany et al. [89] Fly ash–slag blended
geopolymer

50% fly ash, 50% slag composition with
16 M NaOH concentration, and curing

temperature of 60 ◦C.
40

50% fly ash, 50% slag composition with
16 M NaOH concentration, and curing

temperature of 60 ◦C.
43

Castillo et al. [90] Metakaolin geopolymer

Samples are cured at 25–30 ◦C for 24 h,
with a Si/Al ratio of 1.9, Na/Al ratio of

1, and an H2O/Na2O ratio of 11.
81.6

Samples are cured at 40 ◦C for 20 h,
with a Si/Al ratio of 1.9, Na/Al ratio of

1, and an H2O/Na2O ratio of 11.
75

Madhav et al. [91] Fly ash–slag blended
geopolymer

90% fly ash, 10% slag composition with
a liquid-to-binder ratio of 0.4, and a

Na2SiO3 to NaOH ratio of 1.5.
51

90% fly ash, 10% slag composition with
a liquid-to-binder ratio of 0.4, and a

Na2SiO3 to NaOH ratio of 1.5.
42

Duxson et al. [92] Metakaolin geopolymer

Samples are cured at 40 ◦C for 20 h and
are kept at ambient temperature for

28 days, with a Si/Al ratio of 1.9,
Na/Al ratio of 0.75, and an H2O/Na2O

ratio of 11.

95

Subaer [93] Metakaolin geopolymer
Samples are cured at 70 ◦C for 2 h, with
a Si/Al ratio of 1.5, Na/Al ratio of 0.6,

and an H2O/Na2O ratio of 10
86

The concentration of NaOH is a critical parameter that impacts the compressive
strength of geopolymers. Some studies have concluded that an 8M concentration of
NaOH results in great mechanical properties, while lower concentrations yield weaker
polymeric chains, which reduce compressive strength. Different experimental results
in Table 4 confirm this behavior, showing the mechanical performance variation of the
geopolymer depending on various ratios of alkali-activated materials, such as fly ash, slag,
and metakaolin. For example, Kar et al. and Parthiban et al. prove that an increased slag
content in the fly ash–slag blend improves the compressive strength of the material, thus
validating that higher slag content will impart improved mechanical properties [65,75].

Compressive strength test results for GPC samples have demonstrated strengths
over 40 MPa for many samples, making them suitable contenders for infrastructural
applications like pavements, as shown in Table 5. Other studies have obtained much
better compressive strengths, reaching 40–43 MPa values with a blend of 50% fly ash
and 50% slag at a NaOH concentration of 16M, hence concluding that the excellent effect
of using higher NaOH concentration is evidenced [89]. In their work with metakaolin-
based geopolymers, Castillo et al. reached even higher compressive strength values than
previously mentioned, up to 81.6 MPa from curing at relatively low temperatures. The
findings have emphasized optimizing material composition and curing conditions to
obtain the desired mechanical properties. Overall, data in Tables 4 and 5 show that the
mechanical properties become very significant with a proper combination of materials,
NaOH concentration, and curing conditions; hence, geopolymers emerge as a viable
alternative for infrastructure applications as they attain the required compressive strength
of 40 MPa and hence prove they can act as PQC materials from a compressive strength
point of view.
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3.3. Flexural and Tensile Strength

In a study conducted on geopolymers, it was noticed that the flexural strength of
the samples kept increasing with aging [94]. The geopolymer samples at times exhibited
flexural strength higher than 4.5 MPa at ages 3 and 7 days [94]. In another study, the
flexural strength of the geopolymer reached 6.42 MPa compared to the OPC samples, which
reached 5.81 MPa at 28 days [95]. The flexural strength of the GPC and OPC samples
showcased an increase of 5.76% and 27.13%, respectively, compared to the values obtained
on day 7 [95]. The latter signifies that the geopolymer sample’s flexural strength on day
7 was close to the one on day 28 as geopolymers gain strength at an early age [95]. The
same behavior was also observed in the indirect tensile strength of the geopolymer and
OPC samples as an increase at day 28 of 6.23% and 31.95% was observed compared to day
7 [95]. The indirect tensile strength values for GPC and OPC samples were 3.58 MPa and
3.51 MPa, respectively. On the other hand, the direct tensile strength values of GPC and
OPC samples were 2.43 MPa and 2.41 MPa at day 28 compared to 2.33 MPa and 1.91 MPa
at day 7. The latter behavior is expected as geopolymers rapidly gain early strength but
have very similar results to OPC at 28 days [95].

3.4. Durability

For the geopolymer to be considered a foreseeable PQC, it also has to be characterized
by good durability properties. Geopolymer or any concrete’s durability is measured by
its ability to hold out against weathering, chemical attacks, and abrasion while keeping
its mechanical properties within acceptable ranges [96]. Luhar et al. (2019) assessed
the durability of geopolymers incorporated with waste glass [97]. Two samples were
manufactured to be tested for dry shrinkage, both having similar properties such as a
5M concentration of KOH and 65% relative humidity, with the only difference between
both being the temperature they were both exposed at 40 ◦C and 60 ◦C up to 7 days and
were later on put under 20 ◦C. Both samples showcased a decrease in mass all because of
shrinkage; the higher the temperatures they were exposed to, the lesser the shrinkage was
observed [97]. As for the samples that have a waste glass-to-sand ratio of 0.50, 0.55, and
0.60, it is realized that their weight kept increasing after each cycle until the fifth one, except
in the third cycle [94]. Another aspect of geopolymer is its ability to withstand acid attacks
and its durability after exposure to these extreme conditions. According to Singh et al.
(2013), metakaolin-based geopolymer can withstand acid and have better resistance to it
when compared with OPC [96]. As for sulfate attacks, geopolymers did not showcase any
significant deterioration and a very low compressive strength reduction [96]. The results
also show that there was only a 2.4% weight loss and that only a 2%–29% compressive
strength loss was noticed for the geopolymer samples, unlike the OPC concrete, where a
9%–38% loss of compressive strength was seen [96]. In a study by Singh et al. (2018), the
durability properties of geopolymers were tested [98]. It is observed that the weight of the
samples submerged in a sulfate medium decreased by 40% when the curing temperature
increased from 30 ◦C to 60 ◦C [98]. The substitution of 50% fly ash with slag, and then
with 35% slag and 15% silica fume, had helped increase the samples’ sulfate resistance
compared to the ones made with 100% fly ash content [98]. Moreover, it was also realized
that increasing the liquid-to-binder ratio from 0.35 to 0.5 decreased the sample’s sulfate
resistance [98]. The study also demonstrates that geopolymer’s compressive strength
increases with heat curing to a certain maximum of 400 ◦C reaching a compressive strength
of around 125 MPa, while curing the samples at higher temperatures, such as 600 ◦C and
800 ◦C had a negative effect on the compressive strength of the samples reducing it to
almost 100 MPa and 55 MPa, respectively [98]. Also, it is essential to know that curing the
samples with temperatures below 400 ◦C, such as 20 ◦C and 200 ◦C resulted in an increase
in compressive strength but did not allow it to reach its highest value, unlike when the
samples were cured at 400 ◦C hence signifying that the optimal curing temperature of
geopolymers is around 400 ◦C [98]. Another study conducted by Degirmenci (2017) studied
the effect of sodium sulfate and magnesium sulfate on geopolymers with various sodium
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silicate to sodium hydroxide ratios [99]. The weight of the samples increased with time due
to solution absorption. Even though the increase of sodium silicate to sodium hydroxide
ratio increased the compressive strength of the samples, it did not affect the specimen’s
sulfate resistance [99].

On the other hand, the results showcase that geopolymers have higher sulfate resis-
tance compared to OPC [99]. Another study also showcases that geopolymers are apt
to resist phosphoric acid mediums and that substituting slag into fly ash geopolymers
can result in a 40% decrease in chloride diffusivity [98]. Several studies also showcase
geopolymer’s ability to withstand harsh conditions and environments, as seen in Table 6.

Table 6. Durability properties of several AAMs.

Authors Materials Findings

Saavedra et al. [100] Geopolymer The material was acid-resistant and outperformed
concrete specimens.

Koenig et al. [101] Alkali activated binder
The samples were acid-resistant, yet the ones with low

calcium content were more resistant than the ones with high
calcium content.

Vafaei, M. and
Allahverdi, A. [102] Geopolymer

Waste clay brick powder improved the durability
characteristic of the samples. All the geopolymer samples

show better durability compared to OPC samples.

Mehta et al. [103] Geopolymer The addition of 10% OPC with substitution to fly ash
decreased its ability to withstand acidic mediums.

Júnior et al. [104] Geopolymer
Metakaolin-based geopolymers prove to be acid-resistant.

The GPC samples had higher durability compared to
OPC samples.

Zhuguo et al. [105] Geopolymer The increase of slag, NaOH, slag fineness, and curing
rendered the samples more durable and acid-resistant.

For instance, Singh et al. reported that metakaolin-based geopolymers are more acid-
resistant than ordinary Portland cement. Geopolymers exhibited only a small compressive
strength loss of 2–29% and only a 2.4% weight reduction, while OPC suffered from far higher
degradation after acid exposure. Such acid attack resistance supports the applicability of
geopolymers in situations with acidic environments where OPC rapidly degrades. The test
results showcase that the addition of slag and silica fume into the fly ash-based geopolymers
enhanced sulfate resistance by several factors, accordingly improving the durability of this
material during chemical attacks. Furthermore, the increased liquid/binder ratio negatively
affected sulfate resistance, which pointed out again the optimization of the liquid/binder
ratio for improved performance in aggressive environments. Heat curing also enhances
the compressive strength of geopolymers. Samples subjected to temperatures as high as
400 ◦C resulted in compressive strength as high as 125 MPa, proving that the material is
able to bear high-temperature applications. The related studies on the influence of sulfate
exposure also demonstrated that geopolymers are more resistant to sulfate attack than OPC,
and only minor deteriorations were recorded upon the absorption of sulfate solution. Slag
and sodium silicate inclusions significantly improved the compressive strength; however,
these modifications did not considerably affect the sulfate resistance.

The summarized durability studies confirm the superior performance of geopolymers
compared with traditional OPC in various environmental stressors. Hence, geopolymers
are acid-resistant and perform better in acidic environments than concrete specimens. These
findings highlight geopolymers’ durability properties and resistance, particularly under
extreme conditions in which conventional OPC-based concrete would have failed

3.5. Workability

The workability of alkali-activated material is influenced by a multitude of factors,
such as the sodium silicate to the sodium hydroxide (SS/SH) ratio [17]. The higher the
SS/SH ratio is, the lower the flowability of the mix will become [17]. In that sense, an
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increase in the alkali activator concentration will decrease the workability of the mix [17].
Generally, geopolymers’ workability increases with the increase of the alkali activator up
to 45% of the total binder amount used without compromising the compressive strength
exhibited by geopolymers [17]. In a study on metakaolin-based geopolymers conducted
by Albidah et al. (2020), the workability was measured based on slump tests [106]. It
was observed that the workability of the mixes made with 1.3 and 1.6 SS/SH ratios had
a slump of 0 mm [106]. By increasing the SS/SH ratios to 2 and 2.5, the mixes’ slump
became 30 mm, resulting in more workable mixes [106]. However, by further increasing
the SS/SH ratio to 3, a decrease in the mix’s slump to 20 mm is observed. Hence, the
constant increase in the SS/SH ratio leads to a more workable mix up to a certain limit, as
beyond that limit, a very flowable and viscous mix is obtained [106]. The latter behavior
can be explained by the high amount of sodium silicate leads to a cohesive mix with a
decreased slump value [106]. The same behavior in the workability of geopolymers is
also observed by Aliabdo et al., where the slump kept increasing with the increase of the
SS/SH ratio until a certain limit [106]. To further investigate the workability properties,
the results obtained from a variation in the alkaline solids to metakaolin ratios were
compared [106]. Samples with an alkaline solid-to-metakaolin ratio of 0.21, 0.25, and 0.3
had a slump value of 0 mm [106]. After the alkaline solid to metakaolin ratio had increased
to 0.37 and 0.4, it was observed that the workability had improved to attain a value of 30
mm and 20 mm, respectively [106]. Metakaolin quantity reduction has greatly improved
the mixes’ slump values and workability properties [106]. On the other hand, fly ash
addition showcased an opposing effect on the workability properties [107]. The latter
behavior is due to the variation in molar ratios and the precursor’s shape and size [106].
As for aggregate addition’s effect on workability, it was noticed that a 100 mm slump was
obtained with the decrease of aggregate percentage to 67.8% and that the slump value
decreased to 25 mm and 30 mm when increasing the aggregate quantity to 71.8% and 73.8%,
respectively [106]. Mixes with zero slump were observed with an increase in aggregate
quantity to 75.8% and 79.8% [106]. Geopolymer’s workability is hence affected by the
overall binder properties, so a smaller amount of sodium silicates must be needed for
an aggregate quantity of 74% and above [106]. Also, with the variation of the water-to-
solid ratio from 0.38 to 0.54, the metakaolin-based geopolymer concrete’s slump varied
from 20 mm to 180 mm, which is within the same ranges observed in traditional cement
concrete [106]. The same behavior is similarly observed in fly ash-based geopolymer
concrete [107]. However, to accurately compare, cement concrete mixes had a 0 mm slump
value when the water-to-cement ratio varied from 0.38 to 0.46, yet the mixes’ flow improved
the higher the water-to-cement ratio was [106–108]. Moreover, with a water-to-solid ratio
varying from 0.38 to 0.46, the metakaolin-based geopolymer had a slump of 30 mm and
70 mm, respectively, showcasing better workability than cement concrete for the same
ratios [106]. In another study, slag was incorporated into fly ash-based geopolymer in an
increasing amount [109]. The results show that increased slag content decreases the mixes’
slump and general flow properties [109]. When fixing the amount of slag in the formulation
of fly ash-based mortars, the amount of alkali-activating solution was increased gradually,
and the workability was then measured in terms of slump value [109]. With the activating
solution’s increase, the mixes’ slump and flowability increased [109]. A mixture with 35%
alkali activator content of total binder was moderately stiff, while the increase of liquid
activator content to 40% renders the mixture more flowable; the highest flowability among
all mixtures while also being moderately lean was seen in the one made with 45% alkali
activator [109]. Fly ash geopolymer workability kept rising with the increase of metakaolin
substitution with fly ash up to 15% [110]. However, when the fly ash substitution with
metakaolin exceeds 15%, a decrease in the flowability of the mix is observed [110]. The
latter is due to the increase of the finer particles found in metakaolin, which is a higher
amount of liquid activator, increasing the dissolution factor altogether [110]. Also, the
geopolymer mix was very stiff, with a 10M NaOH concentration of alkali activator and
a 40% liquid activator quantity [111]. However, with an increase of the liquid activator’s
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quantity to 50% and 60%, the geopolymer mix was more slender, and the increase of the
flowability of the mix was also very significant when increasing the liquid activator’s
quantity from 50% to 60% [111]. It is also evident that the increase of the alkali activator
content in the mix also affects the properties of the geopolymer in the fresh and hardened
states [111].

3.6. Drying Shrinkage

A study on geopolymers showed that the drying shrinkage was high and mainly
observed at an early age until the samples reached 28 days [112]. It is also observed that the
drying shrinkage rate decreases after 28 days [112]. Moreover, the geopolymeric samples
exhibited a drying shrinkage of 482 and 722 microstrains, which is below the recommended
limit of 1000 microstrains [111]. In addition, for mixes with a sodium silicate to sodium
hydroxide ratio of 2.5 and 1.5, the addition of slag decreased the drying shrinkage [112].
Also, it is seen that the effect of slag addition on drying shrinkage was more significant when
the SS/SH ratio was 1.5 instead of 2.5. When the slag amount is fixed at 20%, the decrease
in the SS/SH ratio from 2.5 to 1.5 results in a 30% decrease in drying shrinkage [112].

On the other hand, when comparing the geopolymer sample’s performance to OPC
samples, it is observed that the OPC concrete samples demonstrate a higher shrinkage
of 11% increase at 28 days [112]. After 180 days, the drying shrinkage of the geopolymer
and OPC concrete samples was 482 microstrains and 562 microstrains, respectively [112].
In another study by Gunasekera et al. (2019), fly ash-based geopolymers exhibited the
same shrinkage at age 7 and 28 days [113]. However, the geopolymer samples demonstrate
less shrinkage than OPC concrete samples [113]. The lesser shrinkage in geopolymers can
be attributed to their minimal porosity and their solid network formed as a result of gel
formation in the geopolymerization reaction [113]. On the other hand, the geopolymer and
OPC samples exhibit a similar shrinkage with time. It is noticed that at the force of curing
OPC samples for the remaining 21 days, more C-S-H gels form and fill the capillaries, hence
making them finer and leading to less drying shrinkage after that age [113].

3.7. Abrasion Resistance

Geopolymer’s abrasion resistance was tested and compared to the one observed in
OPC samples. Geopolymer’s abrasion resistance was measured after 12 and 24 h. It
was observed that the geopolymer specimen had a higher abrasion resistance than that
of OPC specimens and that the depth of wear was smaller than that of OPC specimens
by 61% at 12 h and 64% at 24 h [114]. The compressive strengths of the GPC and OPC
samples also align with the abrasion test observed, as geopolymers have also proven to
have an ameliorated performance. The geopolymer samples are apt to become denser
than OPC ones at an early age [114]. The formation of this dense structure in geopolymers
is the reason behind the excellent abrasion resistance and compressive strength results
observed [114]. Another study compared the abrasion resistance of several samples and
assessed further the effects of concrete grade and age on the abrasion resistance properties
of the samples [115]. Different samples of OPC and GPC with compressive strength values
of 20 MPa, 30 MPa, and 40 MPa were tested and compared at ages 3, 7, and 28 days. The
results show that the samples having 20 MPa as compressive strength had undergone
the highest abrasion erosion. The higher the sample’s compressive strength, the greater
the abrasion resistance was [115]. The samples with 40 MPa compressive strength have
the highest abrasion resistance [115]. However, a trend in behavior was observed as the
geopolymer samples had higher abrasion resistance and smaller abrasion weight loss in
all tests regardless of the sample’s compressive strength at 3 and 7 days while showcasing
the same abrasion resistance at 28 days [115]. The observed behavior can be explained
as geopolymers gain their total strength rapidly at an early age, which explains why the
abrasion weight loss in geopolymer samples at different ages was close, unlike the ones
observed in OPC samples [115].
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4. Discussion on the Possibility of Alkali-Activated Materials to Act as
Pavement-Quality Concrete
4.1. Compressive Strength

As the mechanical properties determine a material’s performance with aging, it is
essential to note that to be considered or act as a PQC, alkali-activated materials must
demonstrate a minimum compressive strength of 40 MPa [116]. Regarding the required
compressive strength, it is crucial to take into consideration the factors that affect the
geopolymer’s compressive strength, such as the choice of the materials, the choice of
alkali activator, the liquid-to-binder ratio, the activator solution’s concentration, and curing
conditions. To obtain the desired compressive strength, the tailoring of the geopolymer
mix is an important step, followed by decisions on curing conditions that determine
the compressive strength obtained. A study aimed to compare geopolymers with PQC
observed that GPC demonstrated a higher compressive strength of 37% compared to PQC
material at 7 days [117]. Also, the results show that adding slag further enhances the
compressive strength of the geopolymer samples as the presence of additional calcium
rapidly increases the early strength in slag-blended mixes [117]. Moreover, 19 out of
36 geopolymer mixes have proven to adhere to the standards for PQC materials [117].
Several studies have showcased that geopolymers can attain compressive strength values
higher than 40 MPa with aging by using different mix designs, proving that geopolymers
can effortlessly act as PQC in terms of desired mechanical properties.

4.2. Flexural and Tensile Strength

The flexural strength of a material is a determining factor of a material’s ability to with-
stand bending, which is an essential characteristic for designing pavements. Determining a
material’s flexural strength is also an indirect way of estimating its tensile strength [117].
Moreover, for geopolymers to act as PQC, a minimum flexural strength of 4.5 MPa is needed
in accordance with the PQC standards [116]. Previous research conducted on geopolymer’s
flexural strength, indirect tensile strength, and direct tensile strength has concluded that
geopolymers can reach a flexural strength higher than 4.5 MPa with aging and that, unlike
OPC samples, they can gain most of their flexural strength at an early age. Compared
to PQC material, 5 out of 8 geopolymer mix designs have been proven to attain higher
flexural strength than PQC mixes [117]. Also, 26 out of 36 geopolymer mixes achieve the
recommended flexural strength required for PQC materials, only leaving out the mixes
with 100% fly ash content [117]. The latter further highlights geopolymers as an adequate
material that has the potential to act as PQC [117]. As previous research has proven that
geopolymers can reach the desired flexural strength, it is agreed that the proper selection of
the geopolymer mix results in a geopolymer that adheres to the PQC standards in terms of
flexural and tensile strength.

4.3. Durability

Durability is a desired characteristic of a cementitious material subject to a lot of
weathering, harsh conditions, harsh environments, loads, or external forces. A pavement
has to possess excellent durability properties as it is subject to a lot of weathering and
huge loads from vehicles. Geopolymers are known for their durability attributes, and it
has been proven that incorporating industrial wastes ameliorates geopolymers’ durability
and increases their ability to withstand harsh environments. Other research aimed to
compare geopolymer’s durability with PQC and has concluded that acid attack was more
severe on PQC than on GPC [117]. PQC samples experienced deterioration from day 28
after exposure to the acidic medium [117]. The deterioration of the PQC started with a
dissolving of the cementitious paste followed by the exposure of coarse aggregates, and
this deterioration was more prominent with aging as the breaking of the edges and corners
of the samples occurred [117].

On the other hand, the GPC samples did not experience any deterioration after expo-
sure to acid for 120 days. After 120 days, both PQC and GPC samples experienced weight
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loss [117]. The weight loss was more prominent in the PQC samples. The reason behind
the sensitivity to the acid of the PQC samples is due to the decalcification of the C-S-H
gel, which promotes porosity in the samples, weakening them further and making them
vulnerable to acid [117]. As for the GPC samples, N-A-S-H and C-A-S-H gel synthesis
further protects geopolymers from acidic attacks [117]. The increased NaOH creates more
C-S-H gel, enhancing the material’s durability [118]. Lastly, adding slag to the geopolymer
also protects it from any further damage from acid, as the fine particles of slag fill the pores
and promote the formation of a more solidified network [117]. As geopolymers were found
to be more resistant than PQC material, it is safe to say that geopolymers can act as PQCs
with the proper selection of materials and alkali activator concentration and quantity.

4.4. Workability

As discussed previously, a geopolymer’s workability can be influenced by several
factors, such as the liquid activator’s quantity and concentration. The increase in the liquid-
activating solution’s concentration reduces the workability exhibited by geopolymers. On
the other hand, the increase in the amount of liquid activating solution in a mix increases
workability without hindering the compressive strength of the samples. In addition,
previous studies also noted that metakaolin or slag addition to geopolymers decreases the
mix’s flowability, while the incorporation of fly ash increases it. The studies conducted
on geopolymer’s workability properties and the factors affecting geopolymer’s fresh and
hardened states, such as the liquid-to-binder ratio, alkali activator’s concentration, and
choice of selected materials, have proven that geopolymers are more flexible in terms of
designing, aiming, and obtaining a desired workability [117]. However, to adhere to the
required properties of PQC, geopolymers must demonstrate a slump value between 15 mm
and 35 mm. The slump values of 15 mm and 35 mm are considered lower and upper
limits, while a slump of 25 mm would be considered a desired slump according to the
PQC regulations [118]. As seen in previous research, geopolymers can attain the desired
slump values and adhere to the PQC standards regarding workability properties when the
material choice, activator quantity, and NaOH concentration are all meticulously selected.

4.5. Drying Shrinkage

Drying shrinkage occurs when a cementitious material starts to dry as it hardens,
which may cause cracks and damage and reduce the serviceability of the structure. It
is a phenomenon to look out for and prevent when designing structures, particularly
pavements, as drying shrinkage will cause pavement cracks and reduce its durability
and serviceability [117]. Research on geopolymer’s drying shrinkage has proven that
shrinkage may occur mainly at an early age until day 28 and that the shrinkage rate
decreases afterward. Factors such as materials used in the binder, the activator solution’s
concentration, and quantity can affect the drying shrinkage of the material. The replacement
of fly ash with slag in the mix design helps decrease the shrinkage of the material, and
similarly, the decrease in the activator solution’s SS/SH ratio also reduces the drying
shrinkage. In addition, comparative studies have concluded that geopolymers experience
a decreased drying shrinkage at an early age compared to OPC concrete as they harden,
even though they have a similar drying shrinkage with aging [117]. Geopolymer’s ability
to experience a small amount of drying shrinkage, especially at an early age where the
material is most vulnerable to such happenstance, leaves geopolymer as an adequate
material to act as a PQC that averts the amount of possible crack formation.

4.6. Abrasion Resistance

A material’s abrasion resistance gives insight into the material’s durability and ability
to withstand wearing and scraping with time. A pavement is a structure that has to admit
excellent abrasion resistance as it is subject to rubbing, sliding, and loads from all vehicle
activities and more. Several studies compared geopolymer’s abrasion resistance to OPC
concrete, and it was assessed that geopolymers are more resistant to abrasion than OPC.
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The depth of wear in geopolymeric materials was much lower than that of OPC since
the geopolymer’s network is denser than that of OPC at an early age, which increases
its resistance to abrasion. A comparative study on GPC and PQC shows that GPC has a
higher abrasion resistance than PQC [117]. In addition, the study proves that the increase
in NaOH concentration promotes resistance to abrasion for the geopolymer samples and
that as their compressive strength is generally higher than that of concrete, it also indirectly
reflects their abrasion resistance [117]. Previous endeavors conclude that geopolymers with
a compressive strength of 40 MPa have the best abrasion resistance and exhibit a higher
abrasion resistance than PQC material. The latter suggests that geopolymeric materials
comply with the PQC standards regarding compressive strength, as they possess excellent
abrasion resistance.

5. Large-Scale Geopolymer Concrete Pavement Performance

For geopolymers to be useful in pavement applications, the transition from laboratory
testing to large-scale, real-life implementation is a vital factor in determining their actual
viability within the infrastructure sector. Laboratory tests in this regard are indispensable
for outlining essential properties of geopolymers: strength, durability, workability, and
abrasion resistance. However, these controlled environments cannot accurately simulate
the complexity and unpredictability associated with actual pavements. Full-scale applica-
tion allows the study of geopolymers for behavior under traffic load variables, temperature,
moisture, and other environmental stressors over time. Further, potential problems that
may not have been replicated in the lab could also be observed, such as cracking, set-
tling, or material degradation. Large-scale testing also enables engineers to observe how
geopolymers perform under actual conditions, including traffic loads, weathering, and
long-term durability. Different research has been conducted concerning the application
of geopolymers to natural-scale pavement projects [119–122]. Such studies have included
actual geopolymer material applications to pavements and monitoring their performance
over time. Correspondingly, researchers have considered aspects such as durability, load-
carrying capability, resistance to environmental factors, and all long-term performances
under natural conditions. Therefore, data analysis from such large-scale demonstrations
has critically assessed the viability of geopolymers for pavement applications, providing
substantial insight into their long-term potential as a sustainable infrastructure material.
Council of Scientific and Industrial Research (CSIR-CBRI) Roorkee has been the frontline
researcher in the country’s geopolymer materials developed from industrial waste [119].
Its research and development efforts have resulted in the formulation of geopolymer
pavements, and a 50-meter road section was constructed conforming to Ministry of Road
Transport and Highways (MoRTH) guidelines [119]. The road pavement design was based
on an axial load of 18 tonnes, as carried out from the geotechnical investigations conducted
at the site [119]. Instruments installed on the road were used to investigate temperature dif-
ferences between the surface and bottom layers of the geopolymer concrete pavement [119].
The pavement slabs were cast 4.5 m long, each connected with dowel bars for load distri-
bution across the joints [119]. Testing during and after construction showed that the road
was satisfactory; no cracks were identified within any slabs [119]. This, in turn, encouraged
laying a 100-meter geopolymer road with the same technology at National Thermal Power
Corporation (NTPC), Dadri [119]. The road is in service and shows excellent load capacity
performance [119]. Growing evidence already exists to prove that feasibility, durability,
and market arguments favor geopolymers concrete for civil infrastructure applications.
Other studies were designed to obtain an optimum mix out of several trials, and this mix
was used as a dip repair for pavement applications [120]. The following study has proven
that geopolymer can be considered adequate in pavement application, even as a repair ma-
terial [120]. The researchers measured very minimal surface wear, and no apparent surface
cracking or surface deformation was observed visually on the concrete [120]. Rambabu et al.
(2022) tested the performance of geopolymer pavement after opening to traffic, following
the guidelines given by Roads and Maritime Services (RMS), allowing for approximately
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40 h of ambient curing [121]. A detailed examination through image analysis detected
that surface cracks were present [121]. Only one crack crossed the entire width of the GPC
pavement and was from 1.1 to 1.5 mm [121]. No other cracks were present. GPC pavements
perform well without significant deterioration or excessive abrasion [121]. Therefore, laying
geopolymer concrete pavements in situ in the 10–30 ◦C temperature range is considered
successful, whereas using fly ash in the geopolymer can allow the laying of geopolymer
pavements in higher temperatures [121].

Geopolymer binders, using different industrial wastes and byproducts, have served
as a viable alternative to OPC in various applications. An example is the Brisbane West
Wellcamp Airport in Australia, arguably one of the most significant engineering feats and
home to the world’s most important application of modern geopolymer concrete. The
company Wagners, known to develop earth-friendly concrete, supplied their commercially
available geopolymer concrete, under the trade name “Earth Friendly Concrete” (EFC),
for the heavy-duty, machine-laid aircraft pavements at Brisbane West Wellcamp Airport
(BWWA) [122]. These pavements were laid over an area of 50,000 square meters and a
thickness of 435 mm [122]. Beyond that, another 15,000 m3 of the geopolymer concrete
was applied to several other uses, including the entry bridge, extruded curbs and road
barriers, precast culverts, site-cast tilt panels, footings, median strip pavements, and sewer
tanks [122]. BWWA’s use of geopolymer concrete follows previous commercial-scale
projects undertaken in Australia, including the Global Change Institute in Brisbane, a five-
story building featuring precast EFC floor beams spanning 10.5 m [122]. The laying of thin
EFC slabs on the ground has additional difficulties in laying and manpower requirements
compared to traditional concrete, fundamentally because of the higher internal cohesion
and rapid surface drying [122]. Specialized admixtures and refined chemical activators were
developed for this purpose, which resulted in improved EFC pavement mix’s rheology,
which is better suited to thin slab construction [122]. While the EFC is still in further
development, with the necessary modifications to placement techniques, it could already
be manufactured as a viable thin-slab pavement mix [122]. Its application has extended to
heavy-duty pavements, like those recently built at Brisbane West Wellcamp Airport [122].
This is thought to be the largest single modern commercial application of geopolymer
concrete in the world post-1970 [122]. The pavement project at BWWA consisted of around
25,000 m³ aircraft-grade pavement concrete supplied and constructed within record periods
of 3.5 months [122]. Approximately 40,000 m³ EFC were used in other project areas [122].
The success and speed of the BWWA project make it an excellent real-world case study for
contractors, builders, specifiers, and regulatory authorities, demonstrating that geopolymer
concrete can be designed, manufactured, and built within commercial tolerances and
quality control levels. EFC with significantly lower shrinkage compared to conventional
concrete implies that joint spacing can be extended [122]. Besides, the ecological benefit of
the project was necessary: the estimated binder content was to reduce the emission of CO2
by about 80%, saving about 5600 tonnes of CO2 when compared to standard concrete with
75% GP and 25% supplementary cement [122]. The main characteristic properties that make
EFC ideal for such projects are its high flexural tensile strength, low shrinkage, and good
workability [122]. This large-scale application of geopolymer concrete will accelerate its
implementation in the future with the new, reliable, and greener technology it brings [122].

The article’s central theme was developed in light of the discussion over the feasibility
review of the AAMs for infrastructure applications such as PQC. The results of the massive
amount of evidence that this research provided proved that geopolymers, among other
AAMs, possess the necessary mechanical and durability properties for pavement applica-
tions: compressive strength, flexural strength, abrasion resistance, workability all crucial
properties in maintaining performance over an extended period of time amidst challenges
brought about by traffic loads and environmental conditions induced by temperature
variations. Above all, up-scaling from laboratory tests to large-scale implementation will
validate AAMs for their practical applications in real infrastructure projects. Projects such
as the Brisbane West Wellcamp Airport project that used more than 25,000 cubic meters of
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geopolymer concrete offer absolute proof of whether geopolymer materials meet the indus-
trial requirements of heavy-duty pavements. Full-scale applications also reveal properties
such as material exposure to natural temperature conditions, load-carrying capacity, and
long-term durability. In addition, the much-reduced CO2 emission with AAMs is expressed
as an 80% reduction in carbon emissions compared to traditional OPC in the Brisbane
project. This underlines the environmental advantages of using the material. Together,
these provide a strong case for considering alkali-activated materials to further refine and
optimize as sustainable and efficient alternatives to pavements in infrastructural applica-
tions. This positions AAMs as viable materials and better materials for next-generation,
environmentally conscious construction practices.

6. Conclusions

Alkali-activated materials have been applied in many fields, as they are known to ex-
hibit good properties and are apt to possess adequate and desired characteristics depending
on factors that play a crucial role in their synthesis. Moreover, their use promotes sustain-
ability and industrial waste utilization. Using alkali-activated materials as PQC would
make them ideal for infrastructural applications while being sustainable and eco-friendly
through industrial wastes and recycled concrete aggregates. Alkali-activated materials
have also proven to exhibit the desired properties needed for them to be considered as PQC
in terms of workability, compressive strength, flexural strength, tensile strength, durability,
and drying shrinkage. In addition, their abrasion resistance also makes them an adequate
material for infrastructural use. AAMs have generally proven to exhibit high compressive
strength but mostly compromise the workability of the mix. However, incorporating several
industrial wastes in AAMs has proven to attain the desired mechanical properties without
hindering the workability of the mix. Also, using industrial wastes in alkali-activated
materials improves their abrasion resistance when cured at ambient temperature and hence
does not require heat curing at elevated temperatures. Industrial waste-based AAMs have
also demonstrated better durability and long-term performance than others, enhancing
their long-term serviceability while reducing maintenance costs.

In conclusion, this review thoroughly assesses geopolymers as pavement materials by
first outlining their essential formulation materials and properties. Fundamental studies
were then summarized and analyzed, offering insights into their potential in infrastructural
applications. With respect to those key performance factors—compressive strength, flexural
and tensile strength, durability, workability, drying shrinkage, and abrasion resistance—all
the mentioned parameters were critically analyzed with the help of experimental data
comparing geopolymers to conventional Portland cement-based PQC. The results show
various strengths and weaknesses in geopolymers when applied in pavement applications.
The article highlighted several large-scale projects where geopolymers have been success-
fully employed, reinforcing their suitability for broader adoption in pavement construction.
By consolidating these findings, this review serves as a foundational resource for future
research and development in the field of sustainable infrastructure. The following are the
significant findings of the in-depth analysis surrounding the feasibility of using AAMs in
pavement applications:

• Geopolymer mixes achieved a compressive strength of 40 MPa and higher, upscaling
the PQC threshold of 40 MPa by up to 37% at times, while 19 out of 36 mixes exceeded
PQC standards;

• Out of 36 tested geopolymer mixes, 26 exhibited satisfaction of the requirement for
PQC in terms of flexural strength, while mixes with slag developed higher flexural
strength than mixes with fly ash alone. Early strength development was 25% faster
than that of OPC-based materials;

• The geopolymers exhibited ameliorated durability properties in an acidic environment;
the weight loss after 120 days of exposure was in the range of 2–29%, while that of
OPC samples was 9–38%. In geopolymers, especially those with slag, the denser
microstructure reduced the surface degradation;



Infrastructures 2024, 9, 190 21 of 25

• Geopolymers with PQC slump within the requirement (15–35 mm) were achieved
by an optimized liquid-to-binder ratio and adjustment of the alkali activator. Higher
flowability resulted from increasing the liquid activator content without compromising
mechanical performance;

• Geopolymer mixes with slag and a low SS/SH ratio exhibited less early-age dry-
ing shrinkage than OPC samples, thus having a lower risk for early cracking. The
geopolymer early-age drying shrinkage values were 15% lower than the OPC mixes;

• Geopolymers show better abrasion resistance than OPC-based PQC. During testing, it
was found that geopolymers have less depth of wear. Optimum geopolymers with
compressive strength higher than 40 MPa demonstrated optimum resistance against
surface wear;

• Large-scale geopolymer application projects like the Brisbane West Wellcamp Air-
port illustrated how this application can be performed successfully over more than
50,000 square meters that need to bear loads and last under natural conditions. The
project reduced CO2 emissions by 80% compared to conventional concrete, which
meant this could be a potential route to sustainable infrastructure development with
geopolymer concrete.
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62. Perná, I.; Hanzlíček, T. The setting time of a clay-slag geopolymer matrix: The influence of blast-furnace-slag addition and the

mixing method. J. Clean. Prod. 2016, 112, 1150–1155. [CrossRef]
63. Singh, B.; Rahman, M.; Paswan, R.; Bhattacharyya, S. Effect of activator concentration on the strength, ITZ and drying shrinkage

of fly ash/slag geopolymer concrete. Constr. Build. Mater. 2016, 118, 171–179. [CrossRef]
64. Kumar, S.; Kumar, R.; Mehrotra, S.P. Influence of granulated blast furnace slag on the reaction, structure and properties of fly ash

based geopolymer. J. Mater. Sci. 2010, 45, 607–615. [CrossRef]
65. Kar, U.B.; Halabe, I.; Ray, A. Unnikrishnan, Nondestructive characterizations of alkali-activated fly ash and/or slag concrete. Eur.

Sci. J. 2013, 9, 52–74.
66. Kumar, S.S.; Vasugi, J.; Ambily, P.S.; Bharatkumar, B.H. Development and Determination of Mechanical properties of fly ash

and slag blended geopolymer concrete. Int. J. Sci. Eng. Res. 2013, 4. Available online: https://www.ijser.org/researchpaper/
Development-and-Determination-of-Mechanical-properties-of-fly-ash-and-slag-blended-geo-polymer-concrete.pdf (accessed
on 20 October 2024).

67. Kumar, B.S.C.; Ramesh, K. Durability Studies of GGBS and Metakaolin Based Geopolymer Concrete. Int. J. Civ. Eng. Technol.
2017, 8, 17–28. Available online: https://iaeme.com/MasterAdmin/Journal_uploads/IJCIET/VOLUME_8_ISSUE_1/IJCIET_08
_01_003.pdf (accessed on 20 October 2024).

68. Padmakar, K.C.; Kumar, B.S.C. An experimental study on metakaolin and GGBS based geopolymer concrete. Int. J. Civ. Eng.
Technol. 2017, 8, 544–557.

69. Shehab, H.K.; Eisa, A.S.; Wahba, A.M. Mechanical properties of fly ash based geopolymer concrete with full and partial cement
replacement. Constr. Build. Mater. 2016, 126, 560–565. [CrossRef]

70. Ding, Y.; Shi, C.-J.; Li, N. Fracture properties of slag/fly ash-based geopolymer concrete cured in ambient temperature. Constr.
Build. Mater. 2018, 190, 787–795. [CrossRef]

71. Islam, A.; Alengaram, U.J.; Jumaat, M.Z.; Bashar, I.I. The development of compressive strength of ground granulated blast furnace
slag-palm oil fuel ash-fly ash based geopolymer mortar. Mater. Des. 2014, 56, 833–841. [CrossRef]

https://doi.org/10.1016/j.cscm.2021.e00637
https://doi.org/10.1016/j.jclepro.2020.121477
https://doi.org/10.1016/j.conbuildmat.2020.120472
https://doi.org/10.1016/j.jclepro.2014.06.037
https://doi.org/10.1016/j.rser.2017.05.044
https://doi.org/10.35940/ijeat.A1180.109119
https://doi.org/10.1051/matecconf/20179701021
https://doi.org/10.1016/j.conbuildmat.2018.05.172
https://doi.org/10.1617/s11527-014-0445-x
https://doi.org/10.1016/j.ceramint.2022.02.166
https://doi.org/10.1016/j.cemconcomp.2015.10.009
https://doi.org/10.1016/j.mineng.2009.03.022
https://doi.org/10.1016/j.conbuildmat.2012.11.015
https://doi.org/10.1016/j.matdes.2011.10.036
https://doi.org/10.1016/j.cemconcomp.2009.11.003
https://doi.org/10.1016/j.fuel.2011.01.018
https://doi.org/10.1016/j.cemconres.2012.10.004
https://doi.org/10.1016/j.jhazmat.2006.09.033
https://doi.org/10.1016/j.jclepro.2015.05.069
https://doi.org/10.1016/j.conbuildmat.2016.05.008
https://doi.org/10.1007/s10853-009-3934-5
https://www.ijser.org/researchpaper/Development-and-Determination-of-Mechanical-properties-of-fly-ash-and-slag-blended-geo-polymer-concrete.pdf
https://www.ijser.org/researchpaper/Development-and-Determination-of-Mechanical-properties-of-fly-ash-and-slag-blended-geo-polymer-concrete.pdf
https://iaeme.com/MasterAdmin/Journal_uploads/IJCIET/VOLUME_8_ISSUE_1/IJCIET_08_01_003.pdf
https://iaeme.com/MasterAdmin/Journal_uploads/IJCIET/VOLUME_8_ISSUE_1/IJCIET_08_01_003.pdf
https://doi.org/10.1016/j.conbuildmat.2016.09.059
https://doi.org/10.1016/j.conbuildmat.2018.09.138
https://doi.org/10.1016/j.matdes.2013.11.080


Infrastructures 2024, 9, 190 24 of 25

72. Saxena, R.; Gupta, T.; Sharma, R.K.; Siddique, S. Mechanical, durability and microstructural assessment of geopolymer concrete
incorporating fine granite waste powder. J. Mater. Cycles Waste Manag. 2022, 24, 1842–1858. [CrossRef]

73. Rahmadina, A.; Ekaputri, J.J. Mechanical Properties of Geopolymer Concrete Exposed to Combustion. MATEC Web Conf. 2017,
138, 01022. [CrossRef]

74. Samantasinghar, S.; Singh, S.P. Effect of synthesis parameters on compressive strength of fly ash-slag blended geopolymer. Constr.
Build. Mater. 2018, 170, 225–234. [CrossRef]

75. Parthiban, K.; Saravanarajamohan, K.; Shobana, S.; Bhaskar, A.A. Effect of replacement of slag on the mechanical properties of fly
ash based geopolymer concrete. Int. J. Eng. Technol. 2013, 5, 2555–2559.

76. Assi, L.N.; Deaver, E.E.; Ziehl, P. Effect of source and particle size distribution on the mechanical and microstructural properties
of fly Ash-Based geopolymer concrete. Constr. Build. Mater. 2018, 167, 372–380. [CrossRef]

77. Parthiban, K.; Vaithianathan, S. Effect of kaolin content and alkaline concentration on the strength development of geopolymer
concrete. Int. J. ChemTech Res. 2015, 8, 1730–1734.

78. Feng, Z.H.; Qingyuan, W.; Ling, T.; Xiaoshuang, S. Influence of cement on properties of fly-ash-based concrete. ACI Mater. J. 2017,
114, 745–753. [CrossRef]

79. Lee, N.; Lee, H. Setting and mechanical properties of alkali-activated fly ash/slag concrete manufactured at room temperature.
Constr. Build. Mater. 2013, 47, 1201–1209. [CrossRef]

80. Mahendran, K.; Arunachelam, N. Performance of fly ash and copper slag based geopolymer concrete. Indian J. Sci. Technol. 2016,
9, 2. [CrossRef]

81. Rao, G.M.; Rao, T.D.G. A quantitative method of approach in designing the mix proportions of fly ash and GGBS-based
geopolymer concrete. Aust. J. Civ. Eng. 2018, 16, 53–63. [CrossRef]

82. Mehta, A.; Siddique, R. Properties of low-calcium fly ash based geopolymer concrete incorporating OPC as partial replacement of
fly ash. Constr. Build. Mater. 2017, 150, 792–807. [CrossRef]

83. Takekar, A.; Patil, G. Experimental study on mechanical properties of fly ash and ggbs based geopolymer concrete. Int. Res. J.
Eng. Technol. 2017, 4, 18–23.

84. Bernal, S.A.; de Gutiérrez, R.M.; Provis, J.L. Engineering and durability properties of concretes based on alkali-activated
granulated blast furnace slag/metakaolin blends. Constr. Build. Mater. 2012, 33, 99–108. [CrossRef]

85. Mathew, M.B.J.; Sudhakar, M.M.; Natarajan, D.C. Strength, economic and sustainability characteristics of coal ash–GGBS based
geopolymer concrete. Int. J. Comput. Eng. Res. 2013, 3, 207–212.

86. Nath, P.; Sarker, P.K. Flexural strength and elastic modulus of ambient-cured blended low-calcium fly ash geopolymer concrete.
Constr. Build. Mater. 2017, 130, 22–31. [CrossRef]

87. Mehta, A.; Siddique, R.; Singh, B.P.; Aggoun, S.; Łagód, G.; Barnat-Hunek, D. Influence of various parameters on strength and
absorption properties of fly ash based geopolymer concrete designed by Taguchi method. Constr. Build. Mater. 2017, 150, 817–824.
[CrossRef]

88. Junaid, M.T. Properties of ambient cured blended alkali activated cement concrete. In Proceedings of the IOP Conference Series:
Materials Science and Engineering, Lyon, France, 21–23 September 2017; p. 012004. [CrossRef]

89. Elyamany, H.E.; Elmoaty, A.E.M.A.; Elshaboury, A.M. Magnesium sulfate resistance of geopolymer mortar. Constr. Build. Mater.
2018, 184, 111–127. [CrossRef]

90. Castillo, H.; Collado, H.; Droguett, T.; Sánchez, S.; Vesely, M.; Garrido, P.; Palma, S. Factors Affecting the Compressive Strength of
Geopolymers: A Review. Minerals 2021, 11, 1317. [CrossRef]

91. Madhav, T.V.; Reddy, I.R.; Ghorpade, V.G.; Jyothirmai, S. Compressive strength study of geopolymer mortar using quarry rock
dust. Mater. Lett. 2018, 231, 105–108. [CrossRef]

92. Duxson, P.; Mallicoat, S.; Lukey, G.; Kriven, W.; van Deventer, J. The effect of alkali and Si/Al ratio on the development of
mechanical properties of metakaolin-based geopolymers. Colloids Surf. A Physicochem. Eng. Asp. 2007, 292, 8–20. [CrossRef]

93. Subaer. Influence of Aggregate on the Microstructure of Geopolymer. Ph.D. Thesis, Curtin University, Bentley, Australia, 2004.
94. Yazdi, M.A.; Liebscher, M.; Hempel, S.; Yang, J.; Mechtcherine, V. Correlation of microstructural and mechanical properties of

geopolymers produced from fly ash and slag at room temperature. Constr. Build. Mater. 2018, 191, 330–341. [CrossRef]
95. Farhan, N.A.; Sheikh, M.N.; Hadi, M.N. Investigation of engineering properties of normal and high strength fly ash based

geopolymer and alkali-activated slag concrete compared to ordinary Portland cement concrete. Constr. Build. Mater. 2019, 196,
26–42. [CrossRef]

96. Singh, B.; Ishwarya, G.; Gupta, M.; Bhattacharyya, S. Geopolymer concrete: A review of some recent developments. Constr. Build.
Mater. 2015, 85, 78–90. [CrossRef]

97. Luhar, S.; Cheng, T.-W.; Nicolaides, D.; Luhar, I.; Panias, D.; Sakkas, K. Valorisation of glass wastes for the development of
geopolymer composites—Durability, thermal and microstructural properties: A review. Constr. Build. Mater. 2019, 222, 673–687.
[CrossRef]

98. Singh, S.; Ransinchung, G.D.R.N. Durability Properties of Pavement Quality Concrete Containing Fine RAP. Adv. Civ. Eng. Mater.
2018, 7, 271–290. [CrossRef]

99. Degirmenci, F.N. Effect of sodium silicate to sodium hydroxide ratios on durability of geopolymer mortars containing natural
and artificial pozzolanas. Ceram.-Silik. 2017, 61, 340–350. [CrossRef]

https://doi.org/10.1007/s10163-022-01439-0
https://doi.org/10.1051/matecconf/201713801022
https://doi.org/10.1016/j.conbuildmat.2018.03.026
https://doi.org/10.1016/j.conbuildmat.2018.01.193
https://doi.org/10.14359/51700793
https://doi.org/10.1016/j.conbuildmat.2013.05.107
https://doi.org/10.17485/ijst/2016/v9i2/86359
https://doi.org/10.1080/14488353.2018.1450716
https://doi.org/10.1016/j.conbuildmat.2017.06.067
https://doi.org/10.1016/j.conbuildmat.2012.01.017
https://doi.org/10.1016/j.conbuildmat.2016.11.034
https://doi.org/10.1016/j.conbuildmat.2017.06.066
https://doi.org/10.1088/1757-899X/264/1/012004
https://doi.org/10.1016/j.conbuildmat.2018.06.212
https://doi.org/10.3390/min11121317
https://doi.org/10.1016/j.matlet.2018.07.133
https://doi.org/10.1016/j.colsurfa.2006.05.044
https://doi.org/10.1016/j.conbuildmat.2018.10.037
https://doi.org/10.1016/j.conbuildmat.2018.11.083
https://doi.org/10.1016/j.conbuildmat.2015.03.036
https://doi.org/10.1016/j.conbuildmat.2019.06.169
https://doi.org/10.1520/ACEM20180012
https://doi.org/10.13168/cs.2017.0033


Infrastructures 2024, 9, 190 25 of 25

100. Valencia-Saavedra, W.G.; de Gutiérrez, R.M.; Puertas, F. Performance of FA-based geopolymer concretes exposed to acetic and
sulfuric acids. Constr. Build. Mater. 2020, 257, 119503. [CrossRef]

101. Koenig, A.; Herrmann, A.; Overmann, S.; Dehn, F. Resistance of alkali-activated binders to organic acid attack: Assessment of
evaluation criteria and damage mechanisms. Constr. Build. Mater. 2017, 151, 405–413. [CrossRef]

102. Vafaei, M.; Allahverdi, A. Strength development and acid resistance of geopolymer based on waste clay brick powder and
phosphorous slag. Struct. Concr. 2019, 20, 1596–1606. [CrossRef]

103. Mehta, A.; Siddique, R. Sulfuric acid resistance of fly ash based geopolymer concrete. Constr. Build. Mater. 2017, 146, 136–143.
[CrossRef]

104. Júnior, N.S.A.; Neto, J.S.A.; Santana, H.A.; Cilla, M.S.; Ribeiro, D.V. Durability and service life analysis of metakaolin-based
geopolymer concretes with respect to chloride penetration using chloride migration test and corrosion potential. Constr. Build.
Mater. 2021, 287, 122970. [CrossRef]

105. Li, Z.; Li, S. Carbonation resistance of fly ash and blast furnace slag based geopolymer concrete. Constr. Build. Mater. 2018, 163,
668–680. [CrossRef]

106. Albidah, A.; Alghannam, M.; Abbas, H.; Almusallam, T.; Al-Salloum, Y. Characteristics of metakaolin-based geopolymer concrete
for different mix design parameters. J. Mater. Res. Technol. 2021, 10, 84–98. [CrossRef]

107. Aliabdo, A.A.; Abd Elmoaty, A.E.M.; Salem, H.A. Effect of water addition, plasticizer and alkaline solution constitution on fly ash
based geopolymer concrete performance. Constr. Build. Mater. 2016, 121, 694–703. [CrossRef]

108. Nematollahi, B.; Sanjayan, J. Effect of different superplasticizers and activator combinations on workability and strength of fly
ash based geopolymer. Mater. Des. 2014, 57, 667–672. [CrossRef]

109. Nath, P.; Sarker, P.K. Effect of GGBFS on setting, workability and early strength properties of fly ash geopolymer concrete cured
in ambient condition. Constr. Build. Mater. 2014, 66, 163–171. [CrossRef]

110. Jithendra, C.; Dalawai, V.N.; Elavenil, S. Effects of metakaolin and sodium silicate solution on workability and compressive
strength of sustainable Geopolymer mortar. Mater. Today Proc. 2022, 51, 1580–1584. [CrossRef]

111. Arafa, S.A.; Ali, A.Z.M.; Awal, A.; Loon, L.Y. Optimum mix for fly ash geopolymer binder based on workability and compressive
strength. IOP Conf. Series Earth Environ. Sci. 2018, 140, 012157. [CrossRef]

112. Deb, P.S.; Nath, P.; Sarker, P.K. Drying Shrinkage of Slag Blended Fly Ash Geopolymer Concrete Cured at Room Temperature.
Procedia Eng. 2015, 125, 594–600. [CrossRef]

113. Gunasekera, C.; Setunge, S.; Law, D.W. Creep and Drying Shrinkage of Different Fly Ash-Based Geopolymers. ACI Mater. J. 2019,
116, 39–49. [CrossRef]

114. Ramujee, K.; Potharaju, M. Abrasion Resistance of Geopolymer Composites. Procedia Mater. Sci. 2014, 6, 1961–1966. [CrossRef]
115. Cheyad, S.M.; Hilo, A.N.; Al-Gasham, T.S. Comparing the abrasion resistance of conventional concrete and geopolymer samples.

Mater. Today Proc. 2022, 56, 1832–1839. [CrossRef]
116. IRC: 58-2015. Guidelines for the design of plain jointed rigid pavements for Highways Indian Roads Congress. In Proceedings of

the Indian Roads Congress, New Delhi, India, July 2015; pp. 58–2015. Available online: https://law.resource.org/pub/in/bis/
irc/irc.gov.in.058.2015.pdf (accessed on 20 October 2024).

117. Singh, S.; Sharma, S.K.; Akbar, M.A. Evaluation of mechanical and durability properties along with flexural fatigue life of
pavement quality geopolymer concrete. Innov. Infrastruct. Solut. 2024, 9, 4. [CrossRef]

118. IRC 44, 2017. Guidelines for cement concrete mix design for pavements. In Proceedings of the Indian Roads Congress, New
Delhi, India, November 2017; pp. 1–60. Available online: https://scholar.google.com/scholar_lookup?title=Guidelines%20for%
20Cement%20Concrete%20Mix%20Design%20for%20Pavements&publication_year=2017& (accessed on 20 October 2024).

119. Singh, S.K. Alkali Activated Fly Ash-based Geopolymer Concrete for Infrastructure Applications. In Proceedings of the One-Day
National Seminar on Geopolymer Concrete Applications: Challenges and Opportunities, Bengaluru, India, 18 February 2020;
Volume 18.

120. Rambabu, D.; Sharma, S.K.; Akbar, M.A. A review on suitability of using geopolymer concrete for rigid pavement. Innov.
Infrastruct. Solut. 2022, 7, 286. [CrossRef]

121. Glasby, T.; Day, J.; Genrich, R.; Kemp, M.; Commercial scale geopolymer concrete construction. In Proceedings of the Saudi
International Building and Constructions Technology Conference, Riyad, Saudi Arabia, May 2015; pp. 1–11. Available online:
https://earthfriendlyconcrete.com/wp-content/uploads/2022/01/geopolymer-concrete_saudi-conference_2015.pdf (accessed
on 20 October 2024).

122. Dave, N.; Sahu, V.; Misra, A.K. Development of geopolymer cement concrete for highway infrastructure applications. J. Eng. Des.
Technol. Bingley 2020, 18, 1321–1333. Available online: https://www.emerald.com/insight/content/doi/10.1108/JEDT-10-2019-
0263/full/html (accessed on 20 October 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.conbuildmat.2020.119503
https://doi.org/10.1016/j.conbuildmat.2017.06.117
https://doi.org/10.1002/suco.201800138
https://doi.org/10.1016/j.conbuildmat.2017.04.077
https://doi.org/10.1016/j.conbuildmat.2021.122970
https://doi.org/10.1016/j.conbuildmat.2017.12.127
https://doi.org/10.1016/j.jmrt.2020.11.104
https://doi.org/10.1016/j.conbuildmat.2016.06.062
https://doi.org/10.1016/j.matdes.2014.01.064
https://doi.org/10.1016/j.conbuildmat.2014.05.080
https://doi.org/10.1016/j.matpr.2021.10.399
https://doi.org/10.1088/1755-1315/140/1/012157
https://doi.org/10.1016/j.proeng.2015.11.066
https://doi.org/10.14359/51706941
https://doi.org/10.1016/j.mspro.2014.07.230
https://doi.org/10.1016/j.matpr.2021.11.029
https://law.resource.org/pub/in/bis/irc/irc.gov.in.058.2015.pdf
https://law.resource.org/pub/in/bis/irc/irc.gov.in.058.2015.pdf
https://doi.org/10.1007/s41062-023-01311-6
https://scholar.google.com/scholar_lookup?title=Guidelines%20for%20Cement%20Concrete%20Mix%20Design%20for%20Pavements&publication_year=2017&
https://scholar.google.com/scholar_lookup?title=Guidelines%20for%20Cement%20Concrete%20Mix%20Design%20for%20Pavements&publication_year=2017&
https://doi.org/10.1007/s41062-022-00878-w
https://earthfriendlyconcrete.com/wp-content/uploads/2022/01/geopolymer-concrete_saudi-conference_2015.pdf
https://www.emerald.com/insight/content/doi/10.1108/JEDT-10-2019-0263/full/html
https://www.emerald.com/insight/content/doi/10.1108/JEDT-10-2019-0263/full/html

	Introduction 
	Geopolymer Materials and Properties 
	Metakaolin 
	Fly Ash 
	Bottom Ash 
	Ground-Granulated Blast Furnace Slag 
	Alkali Activators 
	Geopolymer Properties 

	Advances in Alkali-Activated Materials 
	Material Selection 
	Compressive Strength 
	Flexural and Tensile Strength 
	Durability 
	Workability 
	Drying Shrinkage 
	Abrasion Resistance 

	Discussion on the Possibility of Alkali-Activated Materials to Act as Pavement-Quality Concrete 
	Compressive Strength 
	Flexural and Tensile Strength 
	Durability 
	Workability 
	Drying Shrinkage 
	Abrasion Resistance 

	Large-Scale Geopolymer Concrete Pavement Performance 
	Conclusions 
	References

