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Abstract: The cement and construction industry creates
around 10% of the global carbon footprint. Geopolymer
and alkali-activated concrete provide a sustainable solu-
tion to conventional concrete. Due to its disadvantages,
the practical usage of geopolymer and alkali-activated con-
crete is limited. Workability is one of the issues faced in
developing geopolymer and alkali-activated concretes. Plenty
of research was conducted to provide a solution to enhance
the ability to use different superplasticizers (SPs). The pre-
sent article extensively reviews the effects of SPs on geopo-
lymer and alkali-activated concretes. The research articles
published in the last 5 years in high-quality journals are
considered for the chemical composition of the different
SPs and analyses of their exact impact on geopolymer and
alkali-activated cement mortar and concrete. Later, the
impact of SPs on the normal consistency and setting times
of cement mortar, workability, compressive strength, flex-
ural strength, split tensile strength, microstructure, and
water absorption of geopolymer and alkali-activated con-
crete was determined. SPs improve the geopolymer and
alkali-activated concretes upon their use in desired dosages;
more dosage leads to negative effects. Therefore, selecting
the optimal superplasticizer is essential since it impacts the
performance of the geopolymer and alkali-activated concrete.

Keywords: geopolymer concrete, superplasticizer, rheolo-
gical properties

1 Introduction

Over the decades, cement has been the most used material
in construction. Manufacturing cement involves a large
quantity of raw materials and energy. During the produc-
tion of clinker, the raw materials are heated at high tem-
peratures, resulting in the emission of carbon dioxide (CO2)
[1]. There is a need to reduce the energy and CO2 emitted
from the cement manufacturing industry [2–6]. The intro-
duction of pozzolanic materials as substitutes to reduce
clinker utilization in cement was initiated around four
decades [7–9]. Pozzolanic materials are the byproducts
from the industries, exhibiting rich SiO2 content [10–12].
In practical usages, the pozzolanic material utilization
was limited to less than 40% [13], which does not result
in the reduction of more carbon footprint. Due to the avail-
ability of SiO2 and Al2O3 contents in suitable percentages,
the total utilization of pozzolanic material as a binder is
possible in the case of its use as source materials in geo-
polymer concrete [13–15].

The geopolymer concrete was introduced in the early
1980s; it enabled an opportunity to utilize the pozzolanic
materials to their maximum percentage [16–19]. Geopo-
lymer is an inorganic polymer produced from alkali-acti-
vated pozzolanic materials that contain SiO2 and Al2O3 as
the prime components (aluminosilicate materials) acti-
vated by alkaline solutions [20–25]. The aluminosilicate
source materials [26–28] include fly ash, blast furnace
slag, and geological-originated materials such as meta-
kaolin [29,30]. Most of these raw materials are wastes
from industries and thermal power plants [31–33]. Gener-
ally, mixtures of sodium hydroxide solution (NaOH) and
sodium silicate solution (Na2SiO3) with various Na2SiO3/
NaOH [34–36] mass ratios are most widely used as alkaline
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activators [37]. Calcium in source material leads to cal-
cium–silicate–hydrate (C–S–H) gel when a moderately
alkaline solution activates blast furnace slag. In contrast,
calcium aluminosilicate hydrate (C–A–S–H) gels are created
when high calcium-content aluminosilicates are activated
[38]. The activation of low calcium aluminosilicates will
form the N–A–S–H gels. The alkaline liquids such as sodium
silicate and sodium hydroxide come in contact with alumina
and silica-rich materials then Si and Al atoms present in the
alumina and silica-richmaterials dissolve in alkaline liquids,
then a gel-type structure is formed, binding the aggregates and
any other unreacted constituents of the concrete together to

produce a newmaterial called geopolymer concrete, displayed
in Figure 1 [39]. The chemical process in the geopolymerization
activity is essentially Si and Al atoms will get dissolved in the
OH− solution from sodium hydroxide and reorients itself and
sets as inorganic polymer under the process of polycondensa-
tion. Polycondensation is the process of forming polymers by
the combination of different monomers; this process is fre-
quently accompanied by the release of various subsidiary
low-molecular products [40]. The difference between polymer-
ization and polycondensation is that in polymerization process,
the composition of the monomer and polymer is identical and
in the polycondensation process, the composition of the final

Figure 1: Geopolymer mechanism and process [39].
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macromolecule may significantly differ from the original com-
position of the monomer [41–51].

Geopolymer and alkali-activated concrete production
consumes lower energy and emits reduces the embodied
carbon footprint. The percentage reduction in carbon foot-
print can range from 30 to 80% or more, which depends on
the raw materials and specific formulations used based on
the specific mix designs, production processes, and regional
factors. About 410 kg·m−3 carbon is emitted for the manu-
facture of structural concrete, and 242.87 kg·m−3 of carbon is
emitted to produce geopolymer concrete. The percentage of
reduction of carbon footprint by replacing conventional
concrete with geopolymer and alkali-activated concrete is
almost 60% [52–54]. It was proved that using geopolymer
concrete would significantly reduce the carbon footprint
without compromising the strength and durability proper-
ties compared with OPC concrete [55–57]. Geopolymer con-
crete still needs to be used in the construction industry; one
of the reasons behind that is its complex rheological proper-
ties. Geopolymers based on fly ash possess stiffness and
reduce the workability of the concrete [58]. Calcium content
in the fly ash significantly impacted the geopolymer con-
crete [59]. The use of blends in the preparation of concrete
has drawbacks in terms of reducing the properties,
shrinkage, delay in hardening, and low performance of
concrete, and also that concentration of alkaline solution
affects the workability of geopolymer concrete [60]. There-
fore, different chemical admixtures are widely used in
geopolymer concrete to enhance its rheological properties;
they have diverse effects [61].

Superplasticizer is a type of high-range water reduc-
tion admixture; the main objective is to improve the rheo-
logical performance of concrete. Adding a superplasticizer will
majorly result in improved workability properties, and strength
and durability can also be enhanced [33,60,62,63]. Some of the
superplasticizers (SPs) that are used in geopolymer concrete
include polycarboxylates, polycarboxylate ether (PCE), naphtha-
lene, lignosulfonates, melamine, sulfonated melamine formalde-
hyde (SMF), and sulfonated naphthalene formaldehyde (SNF).
Among all the SPs, SNF and PCE are widely used in India.

It is worth noting that the selection and dosage of SPs
should be carefully considered based on the specific con-
crete mix design [64], environmental conditions, and pro-
ject requirements to achieve the desired results [65]. SPs
are commonly used in the construction industry for various
applications, including high-strength concrete, self-compacting
concrete, precast concrete, and ready-mix concrete. They are
typically used when achieving higher strength while main-
taining good workability and durability [66–71].

Limited standardization of codes, longer setting time,
variability in raw materials, initial cost, availability of raw

materials, and limited industry familiarity are the key dis-
advantages of geopolymer and alkali-activated concrete
[15,72]. Lesser setting time and compatibility with admix-
tures are the common challenges faced in the development
of geopolymer and alkali-activated concretes; it results in
construction delays. The use of SPs in geopolymer and
alkali-activated concrete leads to cost savings by opti-
mizing the mix design. SPs are commonly used in conven-
tional concrete as well. The cost implications here would
depend on the specific formulation and dosage needed to
achieve the desired properties [73–75]. The utilization of
SPs in the concrete is given a boost in strength and dur-
ability by adding high range water reducing admixtures to
reduce water content while maintaining constant work-
ability. Each type of superplasticizer has different effects
on the geopolymer concrete.

This article studies the effects of SPs on the geopoly-
mers’ rheological, strength, and durability properties and
the alkali-activated materials. This study provides knowl-
edge on the utilization of SPs in geopolymer concrete. This
article studied and discussed various aspects of geopo-
lymer concrete properties.

2 Methodology

The main goal of this review is to present the performance
of SPs in geopolymer concrete. Initially, the literature was
collected from Science Direct, Google Scholar, and Research
Gate Science Hub. The publications were collected using the
keywords “geopolymers,” “alkali-activated materials,” “SPs,”
and “replacement materials.” In the beginning, the collected
literature helped identify various available alternative mate-
rials for replacement in concrete. Furthermore, the gathered
papers were refined utilizing the keywords fly ash, GGBS,
metakaolin, nanoclay, and ferronickel slag (FS) as the substi-
tution materials and naphthalene, PC, melamine, lignosulfo-
nate as SPs. Afterwards, the following examination questions
were outlined to get exceptionally significant exploration arti-
cles to the current review.
a) What are SPs used in geopolymer concrete?
b) Whether the properties of all SPs are similar or not?
c) Has the superplasticizer shown any impact on the rheo-

logical properties of geopolymer concrete?
d) What are superplasticizer’s influences on geopolymer

concrete’s strength and durability?
e) Do the SPs used in this study improve the geopolymer

concrete properties?

Figure 2 gives information on the number of publica-
tions in different years. The last six years' publication data
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are taken for journals such as Cement and Concrete Research,
Cement and Concrete Composites, and Journal of Clear Produc-
tions. Considering these data is taken at the starting stage of
my research, we can identify that the Journal of Clear Produc-
tion has more papers in my research area. We can observe
that the investigation has been increasing gradually in the
past 2 years in Cement and Concrete Composites. In the three
journals, Cement and Concrete Research, Cement and Concrete
Composites, and Journal of Clear Production in the plot, we
can identify that the Journal of Clear Production has hadmore
papers for the past 5 years, and in 2021 year, most articles
were published including all three considered.

Identifying the different properties of pozzolanic mate-
rials helps to identify the fresh and hardened characteristics
of the concrete. The prime materials used in geopolymer
concrete are waste materials, which can have high viscosity
and lowworkability. Several researchers studied the properties of
concrete made using by-products generated through industries
such as fly ash and GGBS [76] under varying conditions. Initia-
lizing SPs’ physical and chemical characteristics is the first step in
determining the potential risks in alkali-activated concrete. Under
various circumstances, several researchers investigated the char-
acteristics of concrete made using industrial products, including
fly ash and GGBS. SPs have several critical characteristics crucial
to understanding, including their chemical composition, mole-
cular structure, dosage, compatibility with other materials, and
impact on the characteristics of concrete.

3 Chemical admixtures

Generally, studying the superplasticizer’s characteristics is
essential for creating new and better formulations that can
meet the rising demands of modern construction practices,

improving the durability and quality of concrete. Strength,
workability, and durability are facilitated by understanding
the qualities. Various superplasticizer groups are available:
naphthalene-based SPs, poly-carboxylic-based SPs, SMF, and
SNF [77]. One was a modified naphthalene sulfonate SP
known by the commercial name DARA-CEM and is referred
to as naphthalene-based naphthalene (NP). The other was a
PC-based SP known by the commercial name ADVA Cast 555
and referred to here by PC. The physical and chemical prop-
erties of the SPs are given in Table 1 [33,60,78–80].

Chemical admixtures are specialized additives added
to concrete mixtures to modify their properties during
mixing, placing, and curing. These admixtures can influ-
ence the workability, setting time, strength development,
durability, and other performance aspects of concrete.
They enhance concrete’s overall quality and functionality
in various construction applications.

SPs improve the workability of geopolymer concrete
without significantly increasing the water content. This
enhanced workability allows for better dispersion of the
geopolymer binder and aggregates, improving strength
due to better interfacial bonding. The reduced water con-
tent also contributes to denser and more impermeable
concrete, which enhances durability by reducing porosity
and permeability [81].

4 Properties of concrete

4.1 Rheological properties of concrete

Concrete is a complex material with distinct rheological
properties due to its particulate nature and cementitious
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binders. The rheological behavior of concrete is essential
for its placement, consolidation, and curing during con-
struction [87–94].

4.1.1 Setting time

Setting time is the amount of time needed for the paste to
solidify. The paste comprises the source material and an
alkaline solution [95]. The setting is caused mainly when
the SiO2 and Al2O3 particles react with an alkaline solution.
The initial setting time of geopolymer concrete binders with
or without white soil substitution is about 52.5–105min,
while the final setting time is between 180 and 225min
[71,96,97]. SMF and SNF SPs typically exhibit a moderate
retarding effect on setting times. They can extend the time
before the concrete begins to harden. PCE-based SPs are
known for their ability to effectively reduce water content
without significantly retarding setting times. The setting
time can be influenced by the dosage of the superplasticizer.
Higher dosages of certain types of SPs, particularly SMF and
SNF, may lead to more significant retardation. Ambient
temperature can also impact setting times. Warmer tem-
peratures generally accelerate the setting, while colder
temperatures may slow it down. The alkali content in
geopolymer and alkali-activated concrete can affect setting

times. Higher alkali concentrations may contribute to faster
setting [71,98–103].

The first bars in Figure 3 display the initial setting time
for 10% GGBS and 8% OPC. The setting rate depends on the
type of additives, and it will be accelerated with increased
calcium content. For the additives, the initial setting time
for 10% GGBS with 90% fly ash is 203, and the initial setting
time for 8% OPC with 92% fly ash is 110. The setting time
decreases with the decrease in fly ash content because the
setting time depends on the type of additives added to the
mix and is accelerated with the increase of calcium content
in the additives [29]. The second set of bars in Figure 3
shows that the mix uses 20% GGBS, 30% GGBS, and 35%
alkaline activators. We can observe from the graph that
when the slag content is increased in the mix, the initial
setting time is reduced. When 20% of GGBS is used, the
initial setting is 100; when 30% of GGBS is used, the initial
setting time is 40. It supports that the higher the slag con-
tent in the past, the lesser the setting time is. This is
because the heat of hydration for slag is more than fly
ash, and when 35% of an alkaline activator is used, the
initial setting time is increased because of the low heat
of hydration in an alkaline solution [24].

The third set of bars is shown in Figure 3, CHN-3-P
CHN-5-P CHN-7-P CHN-9-P, in which CH is Ca(OH)2; N is
Na2CO3; P is paste; 3, 5, 7, and 9 are Na2O equivalents.

Table 1: Physical and chemical properties of the SPs

SP Total solids (%) Specific gravity pH value Ref.

ADVA (PC) 39.2–40.8 1.08–1.09 4.8–6.8 [58]
DARACEM (NP) 41.0–43.0 1.20–1.23 6.0–9.0 [58]
Melamine formaldehyde 40 — 8.22 [82]
Naphthalene formaldehyde 40 — 7.86 [82]
Vinyl copolymer 25 — 6.80 [82]
Polycarboxylate admixtures (PC1) 38 — 5.40 [83]
Polycarboxylate admixtures (PC2) 38 — 4.65 [83]
Melamine 40 — 8.22 [83]
Naphthalene based 40 — 7.86 [83]
Vinyl copolymer 25 — 6.80 [83]
Polypropylene glycol derivative — — 10.70 [83]
Naphthalene-based SP 23 — — [84]
PCE1, PCE2, PCE3 30 — — [60]
ME 40 — — [60]
VC 25 — — [60]
SMF 42.40 1.26 9.03 [33]
Naphthalene formaldehyde 41.10 1.24 7.49 [33]
PCE 38.7 1.1 7.05 [33]
Naphthalene-based — — 8.0 ± 1 [85]
Polycarboxylate-based — — 6.5 ± 1 [85]
Naphthalene formaldehyde polymers — — — [61]
Polycarboxylate (PC1, PC2, PC3) — — 5.0 ± 1 [86]
Naphthalene based (N1, N2) — — 7.0 ± 0.5 [86]
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The setting time of AFSP is decreased upon the rise of Na2O
equivalent because of the high volume of sodium oxide.
The setting time is reduced if sodium oxide is more in
volume. The bond formation is rapid and fast [104]. The
fourth set of bars in Figure 3 displays P2O5 content in
weights of 0, 0.5, 1, 2.5, and 5%. An increment in the initial
setting time was observed upon of P2O5 to certain content
and a decrease in initial setting time after 2.5% of P2O5 con-
tent. This can be attributed to the P2O5 increase in the initial
setting time for less content. For more content of P2O5, set-
ting time decreases, which means for more content of P2O5,
there is a reduction in initial setting time, so more content of
P2O5 heat of hydration is reduced in setting time [3].

The fifth set of bars in Figure 3 displays the initial
setting time of W/C = 0.35 and W/C = 0.4 for deionized
(DI) and salt water (SW) is presented in which DI and SW
mean deionized water mixed alkali-activated slag and
fresh paste of seawater mixed alkali-activated slag. The
plot shows that the initial setting time of AAS improves
with the increase of the W/C ratio, which means that the
water content is more in increased W/C ratios, so it takes
more time to set. For SW, the initial setting time is slightly
slower than DI. This is because the hydration time is
delayed to some extent in seawater, so the initial setting
is more in seawater when compared to deionized water
(heat of hydration is less in seawater) [105]. The sixth set of
bars in Figure 3 displays the setting times for mixes GP60
(60% OPC), GP 40 (40% OPC) and Hybrid alkali activated
cements (HAACS3). The reduction of OPC content led to
increase in initial setting times due to the low heat of
hydration resulting from the less cement content. Further-
more, for the HAACS3, the initial setting time also improves
due to the low heat of hydration in the mix [106].

The final setting time mainly depends on concrete
mix proportions and vibration [107,108]. The first set of
the bars in Figure 4 displays the final setting time for 10%
GGBS and 8% OPC. The setting rate depends on the cate-
gory of additives and will be speeded with increased cal-
cium content. The additive’s final setting time for 10% GBS
with 90% fly ash is 375, and for 8% OPC with 92% fly ash is
240. The setting time decreases with the decrease in flash
content because the setting time depends on the type of
additives added to the mix and is improved with the
increase of calcium content in the additives [29]. The
second set of bars in Figure 4 displays 20% GGBS, 30%
GGBS, and 35% alkaline activators used in the mix. We
can observe from the graph that when the slag content is
increased in the mix, the final setting time is reduced.
When 20% of GGBS is used, the initial setting is 100 min;
when 30% of GGBS is used, the initial setting time is 40 s. It
supports that the higher the percentage of the slag con-
tent in the paste, the lesser the setting time. It is because
the heat of hydration for slag is more than flesh, and
when 35% of the alkaline activator is used, the final set-
ting time is increased because of the low heat of hydra-
tion in an alkaline solution [24].

The third set of bars in Figure 4 shows CHN-3-P CHN-
5-P CHN-7-P CHN-9-P, in which CH is Ca(OH)2; N is Na2CO3;
P is paste; 3, 5, 7, and 9 are Na2O equivalents. The setting
time of AFSp decreases with the increase of Na2O equiva-
lent because of the high volume of sodium oxide. The
setting time is reduced if sodium oxide is more in volume,
and the bond formation is rapid and fast [104]. The fourth
set of bars in Figure 4 shows P2O5 content in weight of 0,
0.5, 1, 2.5, and 5%. If P2O5 content increases, an increment
was observed in the final setting time up to certain P2O5
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content and a decrease in final setting time after 2.5% of
P2O5 content. This is because P2O5 increases the initial
setting time for less content and decreases it for more
content. This means that for more P2O5, there was a
decrease in the final setting time, which indicates that
more P2O5 causes a greater reduction in setting time
due to heat of hydration [3].

The fifth set of bars in Figure 4 displays the final set-
ting time for W/C = 0.35 and W/C = 0.4 for DI and SW is
presented in which DI and SW mean deionized water
mixed alkali-activated slag and fresh paste of seawater
mixed alkali-activated slag. The plot shows that the final
setting time of AAS improves with the increase of W/C
ratio, which means that the water content is more in
increased W/C ratios, so it takes more time to set. For
SW, the final setting time is slightly extended than DI.
This is because the hydration time is delayed to some
extent in seawater, so the initial setting is more in seawater
when compared to deionized water (heat of hydration is
less in seawater) [105]. The sixth set of bars in Figure 4
presents the final setting times for mixes GP60, GP40 and
HAACS3. We can see that the reduction in OPC content
increases the final setting time due to the lower heat of
hydration resulting from lesser cement content. Consid-
ering HAACS3, due to its lower heat of hydration, its final
setting time increases also [106].

4.1.2 Normal consistency

The normal consistency describes the water content required
to achieve a specific consistency or standard degree of stiff-
ness in a cement paste. This test is part of the initial phase of
determining the optimal water-to-cement ratio for producing
concrete with desired properties. Consistency of concrete
increases as supplementary components are added, resulting
in increased water demand [31]. A study found that standard
consistency increased by 1.6–3.1% when fly ash replaced
30–50% of OPC. Geopolymer concrete without superplasti-
cizer has higher consistency, and admixture comprising paste
also has higher consistency than that of OPC paste [109].

4.1.3 Workability

Workability is the volume of suitable internal work required
to create full compaction [96]. In geopolymer concrete,
workability also depends on an alkaline solution. The first
bars in Figure 5 show the slump values of groups such as A-
3, B-2, C-4, D-3, and E-3. Groups A and B display different
proportions of materials used with sodium silicate com-
pound alkaline activator, whereas silicate fume activator
was utilized in C & D groups. It was observed that there is
an improvement in the slump values for the A and B groups
comparatively with the D and E groups; group C exhibited
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better slump values among all groups. This may be attrib-
uted to the usage of more water content as well as mixing
time in group C than in the remaining groups. It was already
a fact that the slump depends mainly on water content and
time of mixing. It also depends on the use of SPs [97]. The
second set of bars in Figure 5 shows slump values of group
S6 means proportions (kg·m−3) of UGGBS-250.6, FA(%)-107.4,
SH-10, SP(%)-0.5, SP-SN, w/s-0.4, G-2 are taken in mix propor-
tions, and slump is considered for different duration. In the
S6 group, the plot shows a decrease in a slump for an
increase in duration, which means that when duration
increases, the slump decreases. As time increases, the setting
starts, so the slump is low as time passes [30].

The third set of bars in Figure 5 displays the slump
values for different durations of 30, 60, and 90min and
AAS1, AAS2, and OPC. Slag activated by powdered sodium
silicate and lime slurry (AAS1) and slag activated by liquid
sodium silicate and lime slurry (AAS2). The slump is more
for AAS1 than others. This is because of the further dissolu-
tion of the powdered sodium silicate into mixing water. If
fine particles are more, the workability will be greater
because it takes more time to set; if fine particles are
more, it takes more time to react [110]. The fourth set of
bars in Figure 5 shows the slump values for different mix
proportions: A15, B20, C25, and D25 combinations. A15 is for
85% FA and 15% GGBS, B20 is for 80% FA, and 20% GGBS;
C25 is for 75% FA and 25% GGBS; and D25 is for 75% FA and
25% GGBS, with various alkaline activator binder ratios. A,
B, C, and B ratios are 0.4, 0.4, 0.35, and 0.4, respectively. The
alkaline activator binder ratio effect on workability is seen
in different mixtures for different slag proportions. The dif-
ference in a slump is because of the different proportions

used in the mix [111]. The fifth set of bars in Figure 5 shows
the slump values for different durations, such as 15, 10, 25,
and 30min and compound activator and compound acti-
vator + water reducing set retarding admixture (WRRe).
As time passes, the slump reduces, and when compound
activator alone is used, the slump is less, and when com-
pound activator + WRRe is used, the slump is more. This
means that when WRRs are used, workability increases, so
the slump is greater [61]. In summary, the rheological prop-
erties are very important because if the mix exhibits good
rheological properties, there will be a controlled setting of
mix and better dispersion of paste and aggregates. This aims
to find the optimum water content that can be used in
the mix.

4.2 Strength properties of concrete

Concrete strength properties are critical indicators of its
structural performance and durability. The strength of
concrete is influenced by factors such as the mix design,
water–cement ratio, curing conditions, aggregate proper-
ties, and any additional admixtures used.

4.2.1 Compressive strength

Concrete exploits its good compressive strength. It is the
strength of concrete under compressive loading. It depends
mainly on bond formation and many other factors such as
proper curing, proper vibration of concrete, and mix pro-
portions [96,112–117]. The first set of bars in Figure 6 shows
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Figure 5: Slump values for different mix proportions.
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compressive strength values for samples used by pre-
paring F00 and S10. It means that F00 is 100% fly ash,
and S10 is 90% fly ash and 10% GGBS. We can observe
that samples made using 100% fly ash do not give any
initial strength for 3 days. They give strength after 7
days. This is because flyash reacts slowly, so it gets com-
pressive strength in later days. In samples with 10%, GGBS
gives early-day strength. This is because GGBS reacts fast.
The compressive strength also depends on the way of
curing and proportions used in the mix [29].

The second set of bars in Figure 6 displays compressive
strength values for different Na2O equivalents (%), and for
days 3 and 7, compressive strength increases for different
proportions of mixes. We can observe that the first com-
pressive strength increases with the increase in Na2O
equivalent (%), and a further increase in Na2O equivalent
(%) compressive strength decreases. This is due to the
increase in Na2O equivalent.

The rate of reaction and calcium aluminosilicate dis-
solution framework in the FNS is enhanced with the rise of
the Na2O equivalent, which results rich in calcium, silicon,
and aluminum ions in the formation of reaction products
which is responsible for the development of compressive
strength. At low Na2O equivalents, the inadequate dissolu-
tion of FNS in a moderately low reaction rate, thus hin-
dering reaction product formation [104].

The third set of bars in Figure 6 displays the values for
compressive strength for 0.5 N SPs. For different days in
the plot, it can be observed that the compressive strength
improves with an increase in days for different mix propor-
tions. For 0.5 N superplasticizer, in which N means naphtha-
lene superplasticizer, compressive strength increases with
an increase in days or duration because the bond becomes
stronger as time passes [3]. The fourth set of bars in Figure 6
shows the compressive strength values for various dura-
tions, such as 3 and 7 days, and for SW and DI mix samples,
which indicate that the SW is a fresh paste of seawater
mixed with alkali-activated slag and DI is for deionized
water mixed alkali-activated slag.

An increment in the compressive strength was observed
for DI samples comparatively with SW samples. It may be
attributed to the weak in the formation of seawater bonds
than deionized water. Furthermore, the addition of seawater
will result in the decrement of compressive strength [105].

The fifth bar in Figure 6 shows the compressive strength
values for different proportions, such as F1 and F2. Compres-
sive strength gradually increases with the increase of time.
We can identify that the compressive strength is greater for
3 and 7 days in F1 than in F2. It may be attributed to the fly
ash utilization in the mix F2, which lowers reaction speed
and resulted in the low compressive strength in initial days
[118]. The sixth set of bars in Figure 6 displays the
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Figure 6: Compressive strength for different mix proportions.
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compressive strength for various dosages (0.5 and 1) of SPs
like sulfonated melamine formaldehyde (SMF), naphthalene
formaldehyde (NaF), and carboxylate ether. It was observed
that the SMF SPs show less compressive strength compara-
tively with others due to lower instability [33]. The seventh
set of bars in Figure 6 shows compressive strength values for
various days of 0 days and 30 days and different proportions
of activators such as (compound activator 8%Na), (Na silicate,
4% Na), and (Na silicate, 7% Na +WRRe) are used compound
activator 8% Na is having less compressive strength when
relating to other this may be attributed to the compound
activator as a mixture of sodium hydroxide (6.3% Na) and
sodium carbonate (1.7% Na) two liquids are mixed in this
compound activator. There might be bonding issues, so the
compound activator does not produce high strength [61].

The eighth set of bars in Figure 6 displays the values of
compressive strength for different days, 7 and 28 days; for
different P, B, and R proportions of fly ash, we can observe
that the compressive strength decreases for 7 days for dif-
ferent proportions of P, B, R; this is due to the soft texture
of the test specimens during demolding and before deter-
mination of the compressive strength tests [119]. The ninth
set of bars in Figure 6 shows the compressive strength
values for various days, 7 days, and 28 days, and for dif-
ferent admixtures such as chemical admixtures are shown.
Admixtures such as sodium tetraborate decahydrate-borax
(B), sodium triphosphate (STP), and PC. If used, we can
identify that the STP admixture shows more compressive
strength than other admixtures. This is because of the more
active participation of this admixture in alkali activation.

Compressive strength depends on mix proportions, curing,
and bond formation when the alumina silica-rich source
material reacts with an alkaline solution. Suppose that this
process is good and bond formation is strong. In that case, the
compressive strength is more so that the reaction between
the aluminosilicate-rich materials and the alkaline solution is
very important in getting compressive strength [120].

The tenth set of bars in Figure 6 shows the compressive
strength for different days, 7 days, and 28 days and for
different Na2O (%). We can observe that compressive
strength increases with an increased Na2O content, but
this is for a certain increase only if Na2O is further
increased; there will be a loss of compressive strength.
Compressive strength increases with an increase in dura-
tion or an increase in days. It is identified that the optimum
content of sodium is 10%. Because of the level below 10%,
the formation of a resistant phase is inadequate. Still above
the 10% level, an electrical imbalance occurs, which drops
in the strength, so sodium content should be up to 10%
only [121].

4.2.2 Flexural strength

The ability to resist the bending of an unreinforced con-
crete beam or slab is referred to as the flexural strength of
concrete [122–128]. Measured in modulus of rupture [96].

The first bars in Figure 7 show flexural strength for
various 7- and 14-day duration and different proportions of
sodium hydroxide 10, 12, 14, and 16 M. The plot shows that
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Figure 7: Flexural strength for different mix proportions.
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flexural strength increases up to 7 days and a slight
increase in flexural strength in specimens using 10 and
16 M of sodium hydroxide concentration. This depends
on the proportions used in the mix and the binder material
used. In both cases, the flexural strength improved with
increment in sodium hydroxide concentration and super-
plasticizer content up to 3% blended with 10% calcium
hydroxide content. These factors improved the peak levels
of the mechanical strength by up to 90% [129].

The second set of bars in Figure 7 shows flexural
strength for different proportions such as 70SL30FA, 3-2BF,
and 3-4BF and for different durations 1, 3, and 28 days. It can
be identified that the flexural strength increases with the
increase in days. 70SL30FA means 70% slag and 30% fly ash.
3-2BF means 70% slag and 30% fly ash high calcium basalt
fiber (HCBF) (%) is 2 and 3-4BF 70% slag and 30% fly ash
HCBF (%) is 4. We can also observe that increased HCBF
content increases flexural strength. This is because the
used basalt has high calcium content, which helps improve
the flexural content up to a certain limit [130]. The third set
of bars in Figure 7 shows the flexural strength for 2 days
and different proportions, such as BFS-FA-Na2Co3. We can
observe that the initial flexural strength is less with the
introduction of the PCE3 because of the SP introduction.
So, with the introduction of a superplasticizer, the strength
increases slowly. This flexural strength is low during the
initial period [60]. The fourth set of bars in Figure 7 displays
the flexural strength for different proportions such as A15,
A25, B15, B25, C15, C25, D15, and D25, which means (85% FA
15% GGBS) (75% FA 25% GGBS). In the graph, we can observe
that the percentage of GGBS increases in the flexural
strength. Here, 28-day flexural strength is shown. In the
case of an increase in the molarity of SH from 10 M (Series
A) to 12 M (Series B), based on the Series A and Series C, an
increment in the flexural strength of AAFS concrete was
observed with the reduction of the AL/B ratio from 0.4
(Series A) to 0.35 (Series C). The effect of the SS/SH ratio on
AAFS concrete’s flexural strength was insignificant, as
seen in Series A and Series D. The following phenomena
are almost similar to the results shown in compressive
strength development [111].

The fifth bar in Figure 7 shows flexural strength for
different proportions, such as FA-NT0, FA-NT 1, FA-NT 2,
and FA-NT 3. We can observe that the flexural strength
increases with the increase in proportions (% of nano-
Tio2 added). This is because the nano-TiO2 particle size is
small, and the finer the particles, the more the compressive
strength. So, an increase in the content of nano-TiO2 increases
flexural strength due to strong bond formation [131]. The sixth
set of bars in Figure 7 shows flexural strength for different
dosages of nanoclay for only fly ash and GGBS blended fly ash

for 28 days. We can identify that the GGBS blended fly ash
consists of more flexural strength than only fly ash. This is
because the proportions used are % of nanoclay of 0, 4, and 6.
The flexural strength increases up to 6%. Flexural strength
decreases if nanoclay content increases more than 6%. GGBS
blended fly ash mix gives more flexural strength because
GGBS bond formation is fast and strong compared to only
fly ash mix [32]. The seventh set of bars in Figure 7 shows
flexural strength for various durations of 2, 7, and 28 days and
for different SPs R and V for the proportion of slag + water
glass (4%Na2O). It can be observed that the flexural strength
increases with an increase in time. It also depends on the
bond formation and the proportions used to prepare the
mix, so optimum or suitable proportions are taken for good
strength [83].

4.2.3 Split tensile strength

According to a study performed on GGBS, a water content
of 14% and an SP dosage ranging from 2 to 6% by mass of
the binder were used to create the five mixtures used in
this study. As with compressive strength, the split tensile
strength decreased with increased SP [132–134].

4.2.4 Microstructure of hardened concrete

The scanning electron microscopy (SEM) images of FS par-
ticles are illustrated in 1,000 × 5,000 magnification. The
SEM images displayed that FS particles are unpredictable
polygons with closed structures and flat cross-sections.
SEM images generated from the intensity of backscattered
electrons and the beam position can show the distribution
of different elements in the sample. Heavier elements
reflect more electrons and so will appear brighter in the
image. SEM was applied to know the microstructure of AFS
(alkali-activated FS). It can be observed that a large amount
of gel phase on the face for the samples, identified as
C–A–S–H gel of paste mixes, are made by the addition of
10 and 50% GGBFS to the total binder (slag and fly ash) to
evaluate the microstructure of slag blended fly ash-based
geopolymer, displayed in microstructural images of the
samples at 28 days of age. The cement paste with 50%
GGBFS is highly compact and lesser porous than that
with 10% GGBFS. The poorly reacted and unreacted fly
ash particles are most generally visible in the cement paste
with 10% slag. In summary, strength properties mainly
depend on the bond formation, mix proportions, and par-
ticle sizes. If the particle size is less, the gel formation is
effective and possesses higher compressive strength. Curing
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temperature and curing conditions are also very important
for compressive strength – the durability of concrete or
mortar increases when there are fewer pores, good bonding,
and proper curing [135] (Figure 8).

4.3 Durability properties of concrete

The durability properties of concrete refer to its ability to
resist deterioration andmaintain its intended performance
over time, especially when exposed to various environ-
mental and service conditions. Ensuring the durability of
concrete structures is crucial to extending their service life
and minimizing maintenance and repair costs [73,136–140].

4.3.1 Water absorption

Water absorption is referred to as how much amount of
water is absorbed by a material. It is calculated as the
water absorbed to dry material’s weight ratio. It depends
on the pore structure of the concrete, material absorption
capacity, and the nature of aggregates [141–143]. When the
polymerization process happens consistently in elevated

temperatures during curing, it can provide more binding
gel to fill water-filled pores, reducing water absorption
[144–146]. The first bars in Figure 9 show water absorption
for 28 and 56 days and different proportions. We can
observe that in most cases, water absorption is decreased
by an increase in days. This depends on the proportions
used in the mix and the size of the particles. If the size of
particles is finer, strength will be greater, and strength will
gain gradually [12]. The second set of bars in Figure 9 shows
water absorption for different proportions of silica content.
We can observe that the water absorption decreases with
the increase in silica content. Higher apparent porosity and
water absorption are noted in silica, ranging from 1.6 to
4.8%. So, a decrease in water absorption is noted in a range
of 1.6 to 4.8% of silica, with SiO2 content of 6.4 and 8%,
indicating that the incorporation of soluble silicates led to
a denser and homogeneous microstructure [147].

The third set of bars in Figure 9 shows water absorp-
tion for different ratios of GBFS/(GBFS + MK) 1, 0.9, and 0.8
and S/A = 3.6, S/A = 4, and curing of 28 and 90 days are
considered. We can identify that the water absorption
reduces with the increase in days. It depends on the mix
proportions and ratios used in the mix, and it also depends
on the size of the particles. If there is any reduction in the
S/A ratio, a decrease in absorption is identified in concrete

Figure 8: SEM images for hardened concrete: (a–c) [104]; (d) [105]; (e and f) [24].
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with high MK content. The water absorption also depends
on additives added to the mix [148]. The fourth bar in
Figure 9 shows water absorption for Na2O (%) content
for 7 and 28 days. We can observe that the water absorp-
tion decreases with an increase in days. This is because as
time passes, concrete becomes dense, and porosity is less,
so there is no scope for water adsorption, so water adsorp-
tion decreases with an increase in days. Cementitious mor-
tars absorbed more water at 7 and 28 days than activated
alkali mortars [121]. The fifth set of bars in Figure 9 shows
water absorption for different proportions of FAGPC with
TiO2. Here, we can observe less water absorption by intro-
ducing nano-TiO2 content. In this plot, FA-NT 0, FA-NT 1,
FA-NT 2, FA-NT 3, FA-NT 4, and FA-NT 5 means 0, 1, 2, 3, 4,
and 5% of nano-TiO2. This plot shows that no nano-TiO2

water absorption is more. This is because nano-TiO2 con-
tains finer particles, and water absorption is more [131].

The sixth set of bars in Figure 9 shows water absorp-
tion for different mix proportions for mortar for AAFA-0.6,
AAFA-0.7, AAFA-0.8, AAFAS8/2, AAFAS6/4, and SPC is con-
sidered in this plot. It can be observed that the dried pastes
realize more water as the liquid/ratio or slag replacement
increases. The water-filled space can be regarded as por-
osity, between 37.0 and 42.2% in the cement pastes. The
water absorption for the mortars is much more stable
than the binders. It can be attributed that all porosities
of the AAFA mortars are very close together [149]. In sum-
mary, durability properties mainly focus on the resistance
of concrete or mortar to different temperatures and

pressures. The water absorption for the mortars is much
more constant than the binders.

5 Conclusions

An extensive review of the impact of SPs on geopolymer
mortar and concrete is analyzed, and the following conclu-
sions were made:
• The addition of SPs like PCE is more effective than other
SPs and gives the required workability. SPs should be
added to the required quantity. If more of it is added,
it leads to undesired workability. Chemical admixtures
afford enhanced workability, allowing for better geopo-
lymer binder and aggregates’ dispersion and improving
strength due to better interfacial bonding. So should be
very specific in the selection of Chemical admixtures.
When selecting SPs, it is important to consider their
environmental impact and compatibility with the sus-
tainable goals of geopolymer technology.

• The setting rate depends on the type of additives, and
it will be accelerated with increased calcium content.
When slag content is increased in the mix, the initial
setting time is reduced due to more alumina in the
slag. The setting of geopolymer concrete or mortar hap-
pens when SiO2 and Al2O3 particles react with an alkaline
solution more than the Al2O3 particles' rapid setting
occurs.
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Figure 9: Water absorption for different mix proportions.
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• Consistency of concrete increases as supplementary com-
ponents are added. This is because of the fineness of
supplementary components which are added.

• If fine particles are more in the mix, the workability will
be greater because it takes more time to set. The presence
of fine particles also leads to better particle distribution.
This is because the finer the particles more surface area
increases, so it takes more time to complete the reaction
process.

• SMF (sulfonated melamine formaldehyde) SPs have lower
compressive strength than others because SMF has alkali
medium instability, giving less compressive strength. This
is because the sulfonate groups may affect the cross-
linking density and interactions between the polymer
chains which leads to the reduction of compressive
strength. The sulfonate groups undergo hydrolysis reac-
tions. Sulfonate groups are susceptible to hydrolysis in
alkaline conditions, which leads to a reduction in their
effectiveness and stability.

• Flexural strength increases with an increase in sodium
hydroxide concentration. High calcium content helps
increase the flexural content up to a certain limit. With
the introduction of an SP, the strength increases slowly.

• SEM images show the structure of particles that we use
in mixing. These images are very important because, by
the images, we can know about the particular structure
and its voids.

• Field trials and thorough testing should be conducted to
determine the optimal type and dosage of SP for specific
geopolymer formulations and application conditions.

• Water absorption mainly depends on the pores and size
of the particles in the concrete or mortar. Water absorp-
tion decreases with the increase in silica content.

At the outset, the usage of SPs improves the geopo-
lymer properties upon their desired dosages; more dosage
leads to reduced performance.
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