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Abstract

Recently, geopolymer concrete (GPC) has gained substantial consideration and commercial interest in the construction industry
owing to the superior mechanical and chemical properties in comparison with the ordinary Portland cement (OPC) that it brings
through the use of waste material and reduction in the CO, emission. Previous research Studies revealed that different ratios of
chemical oxide combination of the raw material (fly ash, rice husk ash, meta kaolin, sugarcane bagasse ash, GGBS etc.) strongly
affect the mechanical and durability properties of GPC. Nevertheless, findings concerning different ratios of Si/Al, alkaline
solution to binder, NaOH to Na,SiOs, combined percentage of Fe,O3 + CaO and molar concentration of NaOH are controversial
regarding the compressive strength of GPC. Therefore, in the light of literature, this study presents the investigation of the
compressive strength behavior against the different ratios of oxides and alkaline solution (i.e. Si/Al, alkaline solution/binder,
NaOH/Na,Si03, Fe,05 + CaO and NaOH molar concentration) present in the raw material used for the production of GPC. An
extensive data from previous research publications has been collected and trend of compressive strength for 7 and 28 days was
developed against different ratios of Si/Al, alkaline solution/binder, NaOH/Na,SiOs, in order to conclude a typical range for the
above mention parameters. It was concluded that compressive strength of GPC greatly depends on the variation in ratios of Si/Al,
alkaline solution/binder, NaOH/Na,SiO3, Fe,O3 + CaO and NaOH molar concentration. It was also concluded that the compres-
sive strength of GPC has been primarily affected by the ratio of Si/Al, alkaline solution/binder, NaOH/Na,SiO3 and molar
concentration of NaOH. Besides, the oxides like CaO and Fe,Oj3 although smaller in quantity in comparison with the alumina and
silicate oxides, have indicated a distinct influence on the compressive strength development.

Keywords Compressive strength - Geopolymer concrete - Alkaline activators - Oxide composition of source material -
Environmental degradation

1 Introduction Portland cement (OPC), a significant amount of energy is
consumed and simultaneously the emission of huge amount

Concrete is comprehensively used construction material ~ of CO, into the atmosphere occurs. The CaCO; calcination
across the globe and during the production of ordinary  process discharges about 0.53 tons of CO, to the atmosphere
for the production 1 ton of OPC and if carbon fuel is utilized as
an energy source for the production of OPC, the additional
54 Ahmad Jan 0.45 tons of CO, might be produced [1]. Consequently, for the
engr.ahmedjan36 @gmail.com production of 1 ton of OPC, around 1 ton of CO, is released
into the atmosphere. Currently, 4.0 billion tons of cement is
produced annually by different countries across the globe with
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comparison with other relative construction materials. The
alternative materials may also be useful to replace some part
of'the OPC. A possible replacement could be the use of alkali-
activated binders which may be acquired from industrial waste
material rich in alumina-silicate oxides [3—5]. In this regard,
geo-polymer concrete (GPC) holds better chemical and me-
chanical properties [6, 7] and may not only reduce the CO,
production but also helps in consuming industrial and agricul-
tural wastes like fly ash, rice husk ash, bagasse ash, slag, red
mud, etc. In this manner, the degradation concerns of the
environment might be minimizes that occurs due to the dump-
ing processes of industrial wastes [8-10]. In 1979, Joseph
Davidovits started studying the GPC; however, his study
didn’t get proper attention in the early two decades but later
on substantial research investigations have been carried out in
this area and GPC has shown remarkable advantages due to its
better performance than the conventional concrete. Besides,
GPC is proved to be significant in reducing the CO, emission,
thus provided a solution to the researchers for increasing em-
phasis on energy conservation and global warming [11, 12].

GPC is also termed as a green concrete that is produced by
alkaline activation of source material rich in alumina and sil-
icates. Alkaline activation is a chemical process, in which
material rich in alumina and silicate of natural or industrial
source might be converted into compacted cementitious struc-
ture after mixing with a highly alkaline solution like KOH or
NaOH and solvable silicates i.e. sodium silicate or potassium
silicate in gel, under suitable curing environments [12—18]. A
large quantity of agricultural waste, industrial by-product and
natural raw materials such as rice husk ash [19, 20], fly ash
[19-21], palm oil fuel ash [22, 23], slag [24, 25], red mud [26,
27], sugarcane bagasse ash [28], hematite, barite and copper
[29, 30], metakaolin [31, 32], silica fume [33] and other such
material that are rich in alumina and silicates may be
employed as source materials for GPC production. The source
material employed for GPC passes through geo-
polymerization process in the presence of alkaline activators
and forms an amorphous to semi-crystalline structure with
chemical and mechanical properties similar to conventional
concrete or superior than conventional concrete.

In geopolymerization procedure, the Si and Al oxides pres-
ent in source material goes through a quick chemical reaction
in the presence of favorable alkaline conditions that yields an
amorphous to semi-crystalline polymers chain reaction and a
ring structure comprise of Si-O-Si and Si-O-Al bondings [34].
Primarily, the geopolymerization reaction is dependent upon
the capability of the aluminum ions that occurs either in four-
fold or six-fold coordination in inducing crystal structure and
chemical changes in silica backbone [35].

By using GPC, CO, emissions might be decreased and the
usage of OPC in the construction industry might be complete-
ly avoided. Besides, the utilization of waste materials from
industrial sector and agricultural sector along with the
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minimization of CO, is very essential to solve the problems
regarding waste disposal and environmental degradation. On
the other hand, investigation of the mechanical properties of
the final product is necessary as these properties are the main
parameters in any type of concrete for deciding its superiority
and suitability over others.

Up till now, several investigations have been carried out on
the factors affecting the compressive strength of the GPC.
Previous research studies revealed that the compressive
strength properties of GPC is influenced by ratio and nature
of alkaline activator [24, 36], molar concentration of alkaline
activator [37, 38], curing time and temperature (ambient, ele-
vated) [20, 33, 39, 40], type of source material and their cor-
responding chemical compositions [41], Si to Al ratio in the
mix proportion of geo-polymer matrix [31], mass ratio of al-
kaline solution to binder material [42], mass ratio of sodium
silicate to sodium hydroxide [43], ratio of water to geo-
polymer solids [44, 45], state of sodium silicate (i.e. liquid
or solid) [46], SiO, to Na,O ratio in the geo-polymer matrix
[47, 48], time of mixing and rest period before curing [44],
molar ratio of water to Na,O in the geo-polymer matrix [49],
cumulative percentage of CaO and Fe,O5 [50] etc.

A large number of studies have been performed on the en-
hancement of compressive strength of GPC. Studies regarding
the influence of Si to Al ratio, alkaline solution to binder ratio,
CaO + Fe,05, molar concentration of NaOH and Na,SiOs to
NaOH ratio on the compressive strength of GPC remains the
core interest. Still many of the research studies are controversial
regarding the effect of different oxide ratios, molar concentration
and Na,SiO3 to NaOH ratio on the compressive strength of GPC.
The other parameters like curing temperature, methods and
mixing time etc. are manageable in the laboratory but the per-
centages of oxides present in the source material along with their
ratios are uncontrollable in GPC matrix, therefore, it is important
to conclude different oxide ratios, molar concentration and
Na,Si0; to NaOH ratio for the production of GPC in a scientific
manner. This review study is carried out to discuss the literature
results based on the findings related to Si to Al ratio, alkaline
solution to binder ratio, CaO + Fe,O3, molar concentration of
NaOH and Na,SiO; to NaOH ratio on the compressive strength
of GPC. Besides, from the literature, various oxides and alkaline
solution ratios for the selection of an individual or combination of
different material are also concluded.

2 Methodology

Before describing and evaluating the effect of silica to alumina
ratio, alkaline solution to binder ratio, calcium oxide + ferric
oxide, molar concentration of sodium hydroxide and sodium
silicate to sodium hydroxide ratio on the compressive strength
of geopolymer concrete, a detailed bibliographic search of
related topics has been carried out and the data have been
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collected from various databases including Elsevier, Springer,
Scopus and ScienceDirect etc. After collection of data from
the past research studies, the data have been evaluated through

Fig. 1 Flowchart of the
methodology used for the review

discussions, tables and graphs. Finally, concluding remarks
have been provided; the detailed methodology of the review
paper is shown in the Fig. 1.
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3 Basis for Data Points

Extensive data from the past studies regarding the compres-
sive strength of GPC was collected in the current study.
Primary importance was given to the influence of Si/Al ratio,
alkaline solution to binder ratio, molar concentration of
NaOH, NaOH/Na,SiO5; and cumulative percentage of
CaO + Fe,O3 on the compressive strength of class-F fly ash-
based GPC. Later on, the literature study is comprehended to
compare the results of GPC through the use of various source
materials i.e. fly ash, ground granulated blast furnace slag
(GGBS), metakaolin, red mud in addition to the combination
of these source material.

3.1 Silica to Alumina Ratio

Davidovits [51] defined three different polysialates monomers
i.e. PS (polysialate), PSS (Poly-sialatesiloxo) and PSDS
(poly-sialate-disiloxo) which can be formed during the reac-
tion process of geopolymer concrete. The chemical formulae
of the monomers are as follows:

PS: -Si-O-Al-O-
PSS: -Si-O-Al-O-Si-O-
PSDS: -Si-O-Al-O-Si-O-Si-O-

The formation of monomers in GPC matrix is entirely re-
liant upon the ratio of Si to Al present in the source material.
The total Si to Al ratio should be in the range of 1.6-2.3, for
the formation of stable geopolymer gel [52, 53]. The amor-
phous geopolymer structure was primarily proposed as PS (Si
to Al=1), PSS (Sito Al=2) and PSDS (Si to Al =3), respec-
tively [54, 55]. Low ratio (Si to Al1<3) might yield brittle and
stiff GPC similar to cement and ceramics that may have 3-
dimensional cross-linked rigid network. On the other hand,
higher ratio (Si to Al >3) may yields adhesive GPC that may
have 2-dimensional network having a polymeric structure of
linear linkages [56]. This provides an indication about the
importance of SiO, and Al,O; composition, their ratios in
the source material and its impact on the mechanical strength
achieved in the final product of GPC. The Si to Al ratio can be
changed up to some level by changing the ratio of NaOH and
Na,SiO; however, the chemical composition of Si and Al
ratio primarily depend on the source material utilized for
GPC, which indicates that the final strength of GPC is
governed by SiO, and Al,O; compositions and their corre-
sponding ratios present in the source material. The type of
formation of chemical structure depends entirely on the per-
centage of Al,O; present in the source material [57]. Recently,
GPC has been proposed as a feasible technology by utilizing
by-product of waste material for tailings of mine, oil, and sand
[35]. These are mostly unpredictable sources of alumina and
silicate minerals, covering a significant range of Si and Al
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ratios. Therefore, to obtain optimum compressive strength of
GPC, an attempt has been made in the current study for deter-
mining the optimum percentage level of SiO, and Al,Oj3 in the
source materials and their corresponding ratios.

3.2 Alkaline Solution to Binder Ratio

Alkaline solution to binder ratio is a significant parameter
of GPC which considerably affects the compressive
strength of the GPC matrix. To develop GPC, a combina-
tion of NaOH, Na,SiO; or KOH and K,SiO; are exten-
sively utilized as an alkaline activator with the incorpora-
tion of source material [19, 50]. The alkaline activation of
source material (AASM) is a chemical process by which
the source material (fly ash, rice husk ash, metakaolin,
GGBS, etc.) rich in alumina and silicates is mixed with
a certain amount of highly alkaline solutions and then the
mixture is cured under a suitable temperature to make
solid materials (geopolymer concrete). The glassy compo-
nents of the source materials are transformed into well-
compacted cement [13, 15, 58-62]. From the last two
decades, significant development has been observed in
GPC due to its eco-friendly nature, excellent mechanical
properties, resistance against aggressive environment and
durability [63—65]. When sodium is used as an activator, a
three-dimensional reaction product gel (Na,O-Al,O;3—
Si0,—H,0) is produced, adopting the OPC nomenclature.
The product of this gel is essentially dependable for the
mechanical strength and durability while secondary prod-
ucts are developed in the form of crystalline zeolites
[66—69]. Alkaline solution to binder ratio is a significant
parameter of GPC which affects the compressive strength
in same manner as w/c ratio effects the strength of OPC
[70, 71]. Moreover, increasing the addition of alkaline
solution in the geopolymer matrix not only increases the
alkaline solution to binder ratio, it also increases the water
content, OH ions and the quantity of alkaline cations
present in the geopolymer system. Ultimately, the increas-
ing quantity of alkaline cations and OH amount would
significantly influenced the type and nature of
geopolymerization gel (N-A-S-H) and the zeolites devel-
oped through alkaline activation process [72]. Various
researchers reported that low alkaline solution to binder
ratios may develop densified microstructure of GPC
which would ultimately results in the improved mechani-
cal properties [73]. However, some researchers have indi-
cated that high alkaline solution to binder ratio has en-
couraging influence upon the mechanical strength [74].
Thus, an attempt has been made in this study to determine
the specific range of the alkaline solution to binder ratio
for the production of GPC having superior mechanical
and chemical properties.



Silicon (2022) 14:3147-3162

3151

3.3 Cumulative Percentage of Calcium Oxide and
Ferric Oxide

Several research studies stated that the material having least
CaO percentage is ideal for GPC as compared to the source
material having high CaO percentage. The presence of high
percentage of CaO could affect the geopolymerization reac-
tion and can change the microstructure of the geopolymer
matrix [75-77]. On the other hand, some research studies
reported that material having a high percentage of CaO has
favorable impact on the compressive strength of the final
product (geopolymer matrix) [78, 79]. Furthermore, it is dem-
onstrated that the source material having CaO more than 20%
could exhibit a very quick setting of geopolymer matrix which
is not recommendable for GPC [80]. The presence of CaO in
material used for GPC either in low or high percentage can
affect the geopolymerization reaction in addition to the com-
pressive strength and microstructure of the geopolymer matrix
[76]. Another main constituent of the oxide composition pres-
ent in the source material is Fe,05 that is used for the produc-
tion of GPC. Studies regarding GPC are generally based on
traditional source materials like metakaolin, fly ash, rice husk
ash and GGBS having less than 10% of Fe,O0;. However,
recent research work revealed that source material with
Fe,O5 percentage more than usually found in traditional
source materials might be activated in a suitable alkaline en-
vironment [81-83]. However, due to the restrictions of NMR
spectroscopy (method for microstructural analysis of
geopolymer matrix), there is still insufficient knowledge re-
garding the role of Fe,O3 in GPC [84]. The current study
intends to examine the range of the cumulative percentages
of CaO and Fe,O; present in the source material for achieving
better performance of GPC.

3.4 Molar Concentration of Sodium Hydroxide

Molar concentration of sodium hydroxide (NaOH) plays a
significant role in the synthesis of geopolymerization gel in
GPC [85]. Geopolymerization gel is formed by the combined
reaction of Na,O, Al,O3, SiO, and H,O (N-A-S-H). In the
geopolymerization reaction, the Na* ions are used for
balancing the charges to form alumina and silicate networks
in the mixture [43, 86]. By increasing the molar concentration
of NaOH, the solubility of alumina and silicate present in the
geopolymer mix also increases [87]. This ultimately results in
the higher compressive strength of the final product of GPC
[88]. A study [89] was performed on fly ash-based
geopolymer mortar in which the authors concluded that the
compressive strength of geopolymer mortar is dependent up-
on the molar concentration NaOH 1i.e. the higher molar con-
centration may lead to higher compressive strength. Another
study [14] was conducted on metakaolinite based GPC and
the authors stated that higher molar concentration of NaOH

solution delivers an improved dissolving capability to
metakaolinite and develop even reactive bond for the mono-
mer that subsequently increases the intermolecular bond
strength of the GPC. It was also demonstrated that the me-
chanical behavior of metakaolinite-based GPC activated with
a combined NaOH and sodium silicate (Na,SiO3) solution
may be significantly influenced by the NaOH molar concen-
tration. Increasing the molar concentration of NaOH, the ap-
parent density and mechanical properties of GPC were
increased.

3.5 Sodium Silicate to Sodium Hydroxide Ratio

The environmental concerns in regards with the manufactur-
ing process of OPC are fully recognized [90, 91], the major
concern being the CO, emission to the environment. The GPC
was introduced by Davidovits that offers an alternate solution
in avoiding the environmental concerns [92, 93]. The
manufacturing of GPC is same as that of conventional con-
crete. The production of GPC needs 75% to 80% by mass of
aggregate which are bounded together by geopolymer paste.
The paste is formed by the reaction of the alumina and silicates
present in the source material and the alkaline solution formed
by the combination of KOH and K,SiO3; or NaOH and
Na,SiO5;. A mixture of Na,SiO3z or K,SiO3 and NaOH or
KOH has been widely utilized as a source of activation mate-
rial for the fabrication of GPC [90, 94, 95]. The ratio of
Na,Si03/NaOH is another significant factor in GPC which
has a vital role in the development of compressive strength
of geopolymer matrix. According to the data collected from
past studies (Table 1), the GPC produced purely from fly ash
as a source material has achieved the peak compressive
strength of 66.1 MPa while using Na,SiO; to NaOH ratio of
5.05 [96]. On the other hand, it was reported [97, 98] that
while using Na,SiO3 to NaOH ratio of 1.0, yielded highest
compressive strength of 70.2 MPa and 54.40 MPa respective-
ly, whereas Na,SiO; to NaOH ratio of 2.5 yielded in lower
compressive strength of 26.10 MPa [99]. In addition, the
Na,SiO; to NaOH ratio of 5.0 has given a compressive
strength of 26.70 MPa [96]. Based upon the above discussion,
different research studies suggests different ratios of Na,SiO3/
NaOH based on their findings and this disagreement is accept-
able because of the different source material and different
environmental conditions. The current study intends to exam-
ine the range of the Na,Si03/NaOH ratios in the manufactur-
ing of GPC having enhanced mechanical properties.

4 Combination of Different Materials
The most utilized waste material in the manufacturing of GPC

is coal fly ash that is attributed due to the presence of high
amorphous alumina and silica content. The availability of fly
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ash worldwide and the key role in the geopolymerization re-
action gives a significant importance. The over-all fly ash
production throughout the globe is around 480 million tons
per annum while the entire quantity of OPC production is
around 4 billion tons [2, 100]. Based on these statistics,
there is a huge gap within the production of coal fly ash
and OPC which would lead to the efficiency of GPC in
replacement of OPC. Hence, some new source materials
are required other than fly ash to reduce the gap and to
replace OPC in the future. In this regard, researchers de-
veloped GPC by the combination of different source ma-
terial i.e. fly ash + granulated lead smelter slag [101], fly
ash + RHA [102], fly ash + silica fume [103], fly ash +
metakaoline [104] and so on, for the purpose of overcom-
ing the present gap between the production of OPC and
fly ash and to solve the environmental problems related to
CO, emission and waste material disposal.

Recently, the researchers have examined the utilization of
different waste material in the production of GPC combining
with the fly ash, aiming to enhance the durability and mechan-
ical properties of GPC and at the same time, minimizing the
CO, emission for sustainable infrastructural development
[105]. Patel et al., [106] developed GPC while replacing fly
ash by rice husk ash and concluded that up to 15% replace-
ment of fly ash by RHA may increase the compressive
strength behavior. Another research was carried out by
Kusbiantoro et al., [107] and demonstrated that the replace-
ment of fly ash up to 7% by RHA provides an appropriate
condition of fast dissolution for the formation of silicate
monomer, which supports the development of aluminosilicate
solution in GPC matrix and make a denser geopolymer paste
that ultimately results in higher compressive strength.
Moreover, from the literature it is revealed that by using dif-
ferent source material in combination with fly ash, their basic
parameter (Si/Al, alkaline solution/binder, CaO + Fe,O5, mo-
lar concentration of NaOH and Na,SiO;/NaOH ratio) value

may remain in the typical range similar to fly ash-based GPC
[26, 99].

5 Discussion

With the aim of determining the influence of Si/Al ratio,
alkaline solution/binder ratio, Na,SiO3/NaOH ratio, molar
concentration of NaOH, and the influence of combined
percentage of CaO and Fe,O3 on the compressive strength
of GPC, the data has been collected from the literature
which is graphically shown in Figs. 2, 3, 4, 5 and 6 and
tabulated in Table 1.

Several researchers developed GPC by considering the dif-
ferent ratios of Si/Al ratio, alkaline solution/binder ratio,
Na,Si03/NaOH ratio, molar concentration of NaOH, the ef-
fect of combined percentage of CaO and Fe,O5 for the pur-
pose of studying the mechanical and chemical properties of
GPC [72-75, 96-99, 106-123]. The ratio of Si to Al is an
important factor of GPC which affect its compressive strength
[124, 125]. Figure 2a and b represent the influence of Si to Al
ratio on the 7 and 28-days compressive strength of GPC.
Various Si to Al ratios have been defined and used for the
manufacturing of GPC having higher durability and enhanced
compressive strength. Pham (2020). [116] reported a high
compressive strength at Si to Al ratio of 2.5 from basalt-
based GPC. Nevertheless, Bignozzi et al. [96] reported high
compressive strength at Si to Al ratio of 4 from fly ash-based
GPC. This controversy is appropriate because different re-
searchers have used different synthesizing conditions such as
type of alkaline solution, binding material, temperature and
curing time, etc. Moreover, in literature, the reactionary attri-
bute of silicate precursor on the development of N-A—S—H gel
and mechanical behavior of geopolymers is not uniform.
Several researchers have demonstrated that with the addition
of silicates, the structural stability of geopolymers was
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improved because of the development of AI-O—Si complexes
and long chained silicate oligomers within the geopolymers
[126, 127].

The results of different alkaline solution to binder ratio and
Na,SiO3 to NaOH ratios regarding the 7 and 28-days com-
pressive strength are shown in Figs. 3a, b and 6a, b respec-
tively. The figures have no evident and defined trend; howev-
er, the peak compressive strength of 66.1 MPa was reported at
Na,SiO3 to NaOH ratio of 5.05 and an alkaline solution to
binder ratio of 0.52, at the age of 28 days [96]. One of the
studies [128] reported that by increasing the dosages of fly ash
and activator solution concentration, the compressive strength
enhances. This is owing to the increase in the amount of
NaOH that is commonly obligatory in the reaction of
geopolymerization. Moreover, compressive strength of
94.1 MPa was reported by keeping the ratio of Na,SiO5 to
NaOH as 1 using basalt fiber-based GPC [116]. A similar

trend in the result was reported by Chindaprasirt et al.,
[129]. In his study, the author concluded that for optimum
compressive strength, the Na,SiO; to NaOH ratio should be
in the range of 0.67 to 1.00, which is quite different from the
literature related to GPC. This could be owed to the variability
of the Na,Si0; to NaOH ratio that interrupts the pH condition
of material and thus would have an influence upon the devel-
opment of compressive strength of GPC.

Figure 4a and b represent the effect of Fe,O3 + CaO on the
7 and 28-days compressive strength of GPC. From figures, it
can be determined that the GPC compressive strength in-
creases as the cumulative percentage of Fe,O; + CaO in-
creases as reported by Chindaprasirt et al., [129]. It can be
observed that a small increase in the cumulative percentage
of Fe,O3 + CaO can significantly affect the compressive
strength. Moreover, it can be concluded from Figures that
GPC made by source material having Fe,O3 + CaO
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percentages in the range of 8% to 20% yields better compres-
sive strength as compared to the source material having more
than 20% of Fe,O5 + CaO.

Figure 5a and b represent the impact of NaOH concentra-
tion on the 7 and 28-days compressive strength of GPC. By
using 12-M NaOH solution, the compressive strength of 94.12
MPa was attained [116]. This is because of increasing the Na*
ions in the geopolymer matrix which has a vital role in the
geopolymerization reaction. The Na* ions are utilized for sta-
bility of charges in the geopolymer mixture to form alumina
and silicate networks [43]. By increasing the NaOH solution
beyond the 12-M, the compressive strength was reduced and
the compressive strength of 34 MPa was attained for 18-M
concentration [108]. Similar result was reported by Palomo
et al., [61], that 12-M NaOH solution gives better strength as
compared to 18-M NaOH solution.

Moreover, from the Figs. 2a and 3a, it has been realized that
different compressive strengths were achieved for the same

molar ratios. For instance, at Si/Al ratio of 4 and alkaline solution
to binder ratio of 0.5, the resulting compressive strengths for
7 days decreases dramatically from as high as 43.26 MPa to as
low as 11.2 MPa [96, 120]. In addition, it has been noticed from
the literature study that the main oxide composition present in
source material used for GPC are SiO,, Al,O3, CaO and Fe,O;
and their percentages may vary in different source material.
However, when GPC is produced by the combination of fly
ash + GGBS and fly ash + RHA etc., the parametric ratios (Si/
Al, alkaline solution/binder, CaO + Fe,O3, molar concentration
of NaOH and Na,SiOs/NaOH) will remain in the typical range of
ratio similar to fly ash-based GPC [112].

6 Conclusions

This study considers different oxide and alkaline solution ra-
tios of source materials utilized for GPC production and their
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Table 1  Effect of Si/Al ratio, alkaline solution/binder ratio, CaO + Fe,O3, molar concentration of NaOH and Na,SiO3/NaOH ratio on the compressive
strength of GPC

Material Oxide Compressive SiO,/  Alkaline solution/ Fe,O;+ NaOH Na,SiO;/ Ref.
composition strength AlL,O;  binder ratio CaO NaOH
(%) —_—
7d 28d
Class F-FA Si0,: 51.8 27 NDA 1 0.50 10.77 8 NDA When the system contains
AlL,O;: 27.8 excess amount of alkaline
Fe,05: 6.2 activator, the polysialte
Ca0: 4.6 reaction products tend to be
Dehydroxylated Si0O,: 58.8 15 NDA 1 0.75 2.74 8 NDA produced which is
white clay AlLO3:32.8 irrespective of the starting
Fe,05: 1.7 composition [72]
Ca0: 1.04
Class F-FA Si0,: 49.7 NDA 58.6 2.13 043 17.6 NDA NDA The fresh and hardened
AlLO;: 24.6 properties are greatly affected
Fe,05: 12.7 by morphology and origin of
Ca0: 4.9 the fly and as well as particle
Si0,: 59.9 NDA 324 213 043 7.6 NDA NDA size, alkaline metal content,
Al,O3: 21.6 calcium content and
Fe,05: 4.7 amorphous content [73]
Ca0: 2.9
Si0,: 50.1 NDA 514 175 0.20 12.2 NDA NDA
AlO5: 28.3
F6203: 4.0
Ca0: 8.2
SiO,: 61.4 NDA 7.3 1.75 0.20 1.7 NDA NDA
ALO;: 33.0
F6203I 1.1
Ca0: 0.6
Class F-FA Si0,: 60.02 24 NDA 3.29 2.50 224 16 2.5 The compressive strength is a
Al,O5: 34.25 function of alkaline solution
Fe,05: 1.2 to binder ratio, Na,SiO; to
Ca0: 1.05 NaOH ratio and molar
concentration of NaOH [74]
Class F-FA SiO,: 49.4 9.7 26.7 348 045 9.34 8 5 The fresh and hardened
AlLO;: 29.23 properties are effected by
Fe,05: 2.7 fineness and mineralogical
Ca0: 6.6 properties rather than by
Si0O,: 48.2 112 66.1 4 0.52 16.5 8 5.05 increasing the sodium silicate
Al,O5: 25.01 solution [96]
Fe,05: 1.3
Ca0: 15.2
Class C-FA Si02: 25.9 68.1 702 2.76 0.55 53.2 12 1 Na,Si03/NaOH ratio highly
Al203:12.3 effect the mechanical strength
Fe203:32.3 of GPC [97]
Ca0:20.9
Class F-FA Si0O,: 45.23 4292 5440 4.55 0.5 16.31 15 1 With the usage of higher NaOH
AL O;: 19.95 concentration, the
Fe,05: 13.15 compressive strength and
CaO: 1551 modulus of elasticity are
improved [98]
Class F-FA Si0O,: 50 15.18 26.10 1.77 25 15.29 14 2.5 The addition FA in GGBFS may
ALO;: 28.25 improve the setting time and
Fe,05: 13.5 compressive strength of the
CaO: 1.79 GPC [99]
FA+10%,20% Si0O,: 50 21.98 3498 1.80 2.5 NA 14 2.5
,30% of GGBFS ALO5: 28.25 2820 4528 1.84 2.5 NA 14 2.5
Fe,03: 13.5 4125 5530 1.89 2.5 NA 14 2.5
Ca0: 1.79
+
Si0O,: 32.46
AlLOs: 143
Fezo3: 0.61
Ca0: 43.1
Class F-FA Si0O,: 51.75 NDA 427 3 0.45 7.4 12 2.5 The optimal replacement level
ALO;: 34.75 of RHA with GGBFS is 5%
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Table 1 (continued)

Material Oxide Compressive SiO,/  Alkaline solution/ NaOH Na,SiO;/ Ref.
composition strength Al,O;  binder ratio Fe,O5 + NaOH
(%) CaO
7d 28d
Fe,0;: 6 at ambient curing and 15% at
CaO: 14 a curing temperature of 70 °C
GGBS SiO,: 34 NDA 488 5.19 0.45 40.2 12 2.5 [106]
ALO3: 143
F3203Z 0.5
Ca0: 39.7
Class F-FA Si0,: 51.7 44 50 3.53 0.41 13.6 8 2.5 The high temperature provides
AlLO3:29.1 an appropriate condition for
Fe,05: 4.76 fast dissolution of the
CaO: 8.84 monomers of silicate and
oligomer from RHA surfaces
that encourages the
development of
aluminosilicate solution in
geopolymer matrix [107]
Class F-FA Si0O,: 36.02 17 34 3.88 0.53 34.66 18 2.5 At Si0,/Al,05 ratio of 15.9,
AlLO;: 20.58 highest compressive strength
Fe,05: 1591 was achieved. Fly ash was
Ca0: 18.75 more reactive than RHBA
[108]
Class F-FA Si0,: 49.45 525 569 338 0.32 14.19 10 2.63 The compressive strength is
Al,0;5: 29.61 significantly increased by
Fe,05: 10.72 increasing the MS from 0.75
Ca0: 347 to 1.0 and 1.25 owing to the
increment in the dissolution
of FA and rate of reaction
[109]
Class F-FA Si0,: 55.3 429 448 413 0.5 8.4 12 1 The higher molarity of alkaline
AlLO;: 25.8 activators has considerable
Fe,05: 5.5 effect on the early strength
Ca0: 2.9 [110]
Class F-FA Si0,: 51.3 5226 53.08 3.49 0.5 13.3 12 2.5 Compressive strength and
AlLO;: 30.1 workability increases with the
Fe,05: 4.57 increase in the dosage of
CaO: 8.73 superplasticizer [111].
Class F-FA SiO,: 53 33.77 41.62 298 0.4 5.7 8 2 Replacement of FA with RHA
AlLO;: 33 in different percentages has
Fe,05: 4.2 not shown any positive sign
CaO: 1.5 regarding the mechanical
Class F-FA SiO,: 53 324 39.16 NA 0.4 NA 8 2 properties [112]
+10% RHA Al,O3: 33
Fe,05: 4.2
Ca0: 1.5
+
SiO,: 82.7
Ale:;: 0.15
Fe,05: 0.16
Ca0: 0.55
Class F-FA Si0,: 57.30 46 NDA 4.17 04 8.09 14 2 The Compressive strength of
Al,05: 27.13 GPC increases while
Fe,0;: 8.06 increasing the curing
Ca0: 0.03 temperature, curing time, rest
time, concentration of NaOH
solution. Whereas, it reduces
while increasing the water to
geopolymer ratio and
admixture dosage [113]
Class C-FA SiO,: 32.10 322 NDA 3.83 0.6 35.66 16 2.5 Corrosion and chloride
AlL,O5: 19.90 penetration of embedded steel
Fe,05: 1691 decreases with the increase in
Ca0: 18.75 NaOH concentration [114]
Class F-FA Si0,: 56.48 31 352  5.05 0.35 9.43 NDA 539
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Table 1 (continued)

Material Oxide Compressive SiO,/  Alkaline solution/ NaOH Na,SiO;/ Ref.
composition strength Al,O;  binder ratio Fe,O5 + NaOH
(%) CaO
7d  28d
AlLO;: 20.34 Alkaline solution to binder ratio
Fe,05: 6.61 of 0.35, GPC possesses better
Ca0: 2.82 durability and mechanical
properties as compared to
other various ratios [115]
Rice husk ash SiO,: 90 21.50 3833 1.1 NDA 1.53 12 1 Basalt fibers had a positive
Al,O5: 0.46 influence on fiber-matrix
Fe,05:0.43 transition zone as a result
Ca0: 1.10 compressive strength,
Basalt Si0,:46.5 73.12 9412 25 NDA 32.19 12 1 flexural strength, initial
Fiber Al,03:13.4 setting time, final setting time
Fe,05:0.79 and bulk density increases
Ca0:314 [116]
Sugar cane Si0,: 66.7 18 21.5 NDA 035 11.58 12 2.5 The combination of SBA and PP
bagasse ash AlL,0;:9.24 composite can provide
Fe,05:1.53 alternative ways to achieve
Ca0: 10.07 sustainable GPC [117]
Metakaolin Si0,: 52.8 36.8 NDA 2 0.89 0.6 NDA NDA The compressive strength of
Al,03:43.7 GPC at different Si to Al
Fe,03: 0.6 ratios depends upon the
Ca0: — development of N-A-S-H gel,
instead of the silicate
derivatives or zeolitic nuclei
[118]
Class F-FA Si0O,: 43.7 52 65 5.1 0.12 27.35 NDA NDA Significant change has been
ALO;: 21.0 observed in compressive
Fe;05:22.5 strength by changing
CaO: 4.85 Si0,/Al,05 from 4.0 to 6.0
[119]
Class F-FA SiO,: 56.01 4326 482 4 0.50 5.94 NDA NDA SEM and XRD results shows
AlL,O;:29.8 formation of a new
Fe,05: 3.58 amorphous alumina-silicate
Ca0: 2.36 phase i.e. hydroxysodalite
and herschelite which may
affect the development of
compressive strength [120]
Class F-FA Si0,: 55.15 4436 NDA 4 0.3 5.6 12 NDA The compressive strength and
AlLO;: 30.85 microstructure of GPC is
Fe,05: 3.15 dependent on alkaline
Ca0: 2.45 content, silica content and
water to binder ratio [121]
kaolin clay Si0,: 52.3 29 40 2.8 0.51 3.04 NDA 2 The kaolin based geopolymer
Al,05:39.8 concrete will be competitive
Fe,05: 1.29 to the cement concrete [122]
Ca0: 1.75
Class F-FA+Copper Slag  SiO,: 50.47 NDA 67.8 5.004 0.38 NA 14 24 Investigation on inclusion of
+ Crusher dust AlLO;: 28.76 copper slag to fly ash based
Fe,05: 4.3 geopolymer and their design
Ca0: 0.81 parameters [123]
+
SiO,: 10.98
ALO3: 2.35
F6203Z 37.41
Ca0: 0.67

Where, NDA, no data available; FA, fly ash; GPC, geopolymer concrete; RHA, rice husk ash; SBA, sugar can baggas ash; PP, polypropylene; GGBFS,
ground granulate blast furnace slag; NA, not applicable

corresponding influence on the compressive strength. From
the past studies, it was found that different ratios of Si to Al,

alkaline solution to binder, Na,SiO5; to NaOH, molar concen-
tration of NaOH and combined percentages of CaO and Fe,O3
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used in GPC has a significant impact on the compressive
strength. Thus, special attention is required while selecting
the above-mentioned ratios to be used for the production of
GPC. Besides, while achieving higher compressive strength, it
is very essential to find out the optimum level of each ratio.
The ratio of Si to Al, alkaline solution to binder, Na,SiO5 to
NaOH, the molar concentration of NaOH, used in geopolymer
concrete should be in the range of 1-5.2, 0.2-2.5, 1-5.4, 8-18
and combined percentage of CaO and Fe,O; should not be
more than 10 to 25%. As SiO, and Al,O5 are the two main
oxides of source material and their ratios predominantly gov-
ern the formation of geopolymerization gel which ultimately
affects the compressive strength. Thus, knowledge of typical
ranges of oxide compositions in the source material employed
for GPC is of prime importance. It can be concluded from the
literature studies that SiO, and Al,O;5 in the ranges of 40 to
65% and 20 to 35% respectively, would result in higher com-
pressive strength in case of fly ash-based GPC but for other
material it may varies. The typical range of various parameter
and oxides ratio is extremely important in choosing the correct
source materials to be used for GPC when different source
materials are available. The authors encourage further studies
regarding, the mix design of GPC, based on the oxide ratios
and alkaline solution ratios in order to know a fixed range of
these parameters for a fixed value of compressive strength just
like in ordinary concrete mix design.
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