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ABSTRACT

This study systematically reviews the impact of key parameters such as alkali/binder ratio
(ABR), binder type, curing temperature (CT), and curing time on the compressive strength (CS)
of sustainable geopolymer concrete (GPC). The analysis reveals that CS increases as the ABR
decreases, with a ratio of 0.25 representing a critical level for optimizing both workability and
strength. An evaluation of different binders, including fly ash (FA), ground granulated blast
furnace slag (GGBS), metakaolin (MK), silica fume (SF), and ferrochromium slag (FS),
showed that GGBS delivered superior strength performance. A complete replacement of FA
with GGBS resulted in a CS increase of up to 397%. Conversely, adding FA, SF, or MK to

GGBS-based mixes reduced CS by 41%, 52%, and 58%, while increasing the initial setting
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time by up to 200%, 180%, and 120%, respectively. The optimal curing conditions for most
GPC mixes were identified as a temperature between 75 and 90°C, maintained for 24 to 48
hours. Notably, ambient temperature curing was found to be unsuitable, especially for Class F
FA-based GPC, underscoring the necessity of thermal activation for achieving practical
strength development.

Keywords: alkali/binder ratio, binder type, compressive strength, curing temperature and time,

geopolymer concrete.

1. Introduction

Today, concrete production is rising in parallel with population growth and housing demand.
Cement and aggregate components of concrete are also affected by this increase. Reportedly,
the annual cement production worldwide reached 4-5 billion tons in 2014 and has been
increasing by approximately 5% per year (Gok and Kiling, 2017; Ma et al., 2024). Based on the
European Cement Association's 2024 Activity Report, global cement output in 2023 was
estimated at approximately 4.03 billion tons, of which Tirkiye contributed approximately 2%
(The European Cement Association, 2025). According to 2023 data, China ranks first in the
world with 2.023 billion tons of cement, while Turkiye ranks fifth, with 81.5 million tons of
cement (The European Cement Association, 2025). Accounting other components of concrete,
global annual concrete consumption is estimated to reach 30 billion tons (Bertoldo et al., 2023;
Gok and Kiling, 2017).

Concrete production accounts for a significant percentage of the world's greenhouse gas
emissions, the most prevalent of which is carbon dioxide (CO:). Cement production emits
approximately 0.9-1 ton of CO: per ton of cement produced, which corresponds to 5%—-8% of
the world's anthropogenic CO: emissions (Cao et al., 2017; Frangieh et al., 2022; Nagi and

Jang, 2019; Nawaz et al., 2020; Tekle et al., 2020).



In light of these environmental concerns, alkali-activated materials (geopolymers) have been
proposed as environmentally friendly substitutes for traditional cement. The chemical processes
involved in geopolymerization can lead to significantly lower greenhouse gas emissions, and
improved mechanical properties and workability (Srinivasa et al., 2024). It is important to
emphasize that the high resistance of geopolymer mixtures usually demands the inclusion of
sodium silicate (Na2SiOs) in its composition, demonstrating a compromise between
sustainability and mechanical properties (Malathy et al., 2022). Geopolymers offer reductions
in carbon emissions and possess advantageous mechanical and thermal properties, making them
suitable for numerous construction applications. Material development through geopolymers
involves activating pozzolanic materials with high strength and durability properties
comparable to OPC at an equal environmental cost (Okeyinka et al., 2019). Moreover,
geopolymers can incorporate a wide range of thereby providing substantial resource savings
and enhancing structural sustainability (Bourzik et al., 2024; Huynh et al., 2020). The reactivity
of geopolymers stems from their unique, highly amorphous microstructure, which enables
them, when applied as binders, to effectively bind fine aggregates and increase their cohesive
strength (Bujang et al., 2023). Studies have shown that geopolymers exhibit superior long-term
durability and resistance to environmental agents compared to traditional cement-based
materials (Sadat et al., 2016). Existing studies report that geopolymers are used not only in new
construction but also for the rehabilitation of existing concrete structures, offering a
multipurpose technique to enhence sustainability in the built environment (Frangieh et al.,

2023; Maras, 2021).

Geopolymer concrete (GPC) has, in recent decades, attracted considerable interest as a
substitute for OPC because of its environmental benefits and improved mechanical properties,
particularly under varied curing conditions. The compressive strength of GPC can reach only

20 MPa after a curing period of 4 h under room temperature, and even up to 100 MPa at the age



of 28 days, indicating that it can be used where rapid hardening is necessary (Adeleke et
al.,2023; Tang et al.,2021).

Experimental observations examining the impact of material composition and curing conditions
on the strength and durability of GPC have confirmed these assertions. According to Wallah
and Rangan, an FA-based GPC blend incorporating an 8-molar NaOH solution achieved a CS
of approximately 58 MPa when dry-cured at 60°C and 56 MPa when steam-cured (Razak et al.,
2022). Increasing the molarity from 6 M to 10 M can increase compressive strength by 100%
(Rawat et al., 2024). Most notably, GPC exhibited reduced creep and improved resistance to
acids and sulfates compared to ordinary OPC concrete, thereby solidifying its long-term
performance advantages in aggressive environments (Yang et al., 2021). The use of diverse
source materials in GPC and the performance of GPC across various environments remain
under investigation (Malacatus et al., 2024; Marathe et al., 2025; Safari et al., 2024,
Thumrongvut et al., 2022).

The use of other materials also contributed to improved performance. Park et al. (2016)
investigated the effects of crumb rubber particles and calcium oxide on FA and found that CS
exhibited wide variation depending on the type of FA used; the highest value, 42.5 MPa, was
recorded in mixes without crumb rubber particles (Kim and Park, 2014). Glzelkigik and Demir
(2019) also demonstrated that changes in NaOH molarity, curing time, and curing temperature
had a significant influence on CS values, with optimal conditions yielding a CS of 46.76 MPa
at a molarity of 15.5 and 110°C after 24 hours of curing.

Further studies supported the multifunctional performance of GPC. The architectural
application of GPC has also been realized, exemplified by the Institute of Global Change
Building at Queensland University, which demonstrates its use and long-term durability in real-
world contexts (Yang et al., 2021).

This study investigated the effects of alkali/binder ratio (ABR), binder type, CT and curing time



on the mechanical and durability properties of GPC. The effect of factors on the strength of the

GPC was determined by analyzing findings from previous studies.

2. Literature Review

To conduct this review, a comprehensive search of the literature was performed in major
scientific databases, including Scopus, Web of Science, ScienceDirect, and Google Scholar.
The search covered studies published between 2011 and 2025, with the majority of the selected
publications coming from the last decade, ensuring up-to-date coverage. Keywords and their
combinations were used such as: “geopolymer concrete (GPC)”, “alkali/binder ratio (ABR)”,
“compressive strength (CS)”, “binder type”, “curing temperature (CT)”, and “curing time”.
Only peer-reviewed journal articles and conference papers written in English were included.
The final set of studies considered in this review comprises those that directly address the
effects of ABR, binder type, CT, and curing time on the CS of GPC.

The effects of ABR, binder type, CT and curing time are critical to the mechanical and
durability properties of GPC. In this study, the effects of the following factors on the mechanical
and durability properties of GPC were investigated: ABR (0.25-0.94); source material (binder)
type (FA, bottom ash (BA), GGBS, FS, SF), and MK; CT (ambient temperature to 120°C); and
curing time (048 hours).

2.1. Alkali/binder Ratio (ABR)

ABR is the ratio of the total alkaline liquid used in GPC to the binder used as source material.
Based on experience gained from previous studies, the use of ABR, which usually ranges from
0.30 to 0.45, is recommended (Deb et al., 2014; Midhin et al., 2024; Pham et al., 2023; Ramesh
and Srikanth, 2020; Sangi et al., 2023). Figure 1 shows CSs obtained from GPC specimens
produced by multiple researchers using different ABRs.

Hadi et al. (2017) sought to determine, using the Taguchi Method, the optimum mixing ratios

of GGBS-based GPC cured under ambient conditions. For this purpose, the effects of the binder



amount (ABR), the ratio of Na»SiOsz to NaOH, and the molarity of NaOH in GPC were
investigated. 9 different concrete mixes were prepared by varying the binder amounts (400,
450, and 500 kg/m3), ABR (0.35, 0.45, and 0.55), the ratio of Na2SiO3 to NaOH (1.5, 2.0, and
2.5), and the molarity of NaOH (10, 12, and 14 M). The highest 7-day CS (60.4 MPa) was
obtained from the concrete mixture with a binder content of 450 kg/m3, an ABR of 0.35, a
Na2SiO3-to-NaOH solution ratio of 2.5, and a NaOH solution molarity of 14. An increase in
ABR decreased the CS of GPC. The 28-day CS averaged 55.8 MPa at 0.35 ABR and 38.09
MPa at 0.55 ABR. Based on the 7-day CS, an ABR level of 0.35 is the optimum value, and
ABR is the parameter with the greatest impact on the CS of GPC, with an impact level of
71.23%.

Reddy et al. (2018) aimed to develop a rational design method to produce F-class FA and
GGBS-based GPCs cured under ambient conditions. For this purpose, the absolute volume
method was used in OPC concrete mixture calculations, together with the water-cement ratio
and gradation curves. Five ABRs were used in the study: 0.4, 0.5, 0.6, 0.7, and 0.8. The highest
28-day CS (66.23 MPa) was obtained from the mixture with 0.4 ABR; the lowest 28-day CS
(32.73 MPa) was obtained from the mixture with 0.8 ABR. An increase in ABR to 0.8 resulted
in a 50% decrease in CS. On the other hand, as ABR increased, the slump value rose from 40
mm to 160 mm. The increase in slump value and the decrease in CS with increasing ABR
indicate that the behaviour of GPC is similar to that of OPC concrete. In addition, with an
increase in ABR, changes occur in the dissolution percentages and mineral phases of essential
elements, such as silica (Si), alumina (Al), calcium (Ca), and sodium (Na) in the mixture, which
affects the strength of the GPC.

Olivia and Nikraz (2012) aimed to determine the optimal values of factors affecting the
mechanical and durability properties of F-class FA-based GPC using the Taguchi Method. Four

parameters were studied: aggregate amount, ABR, the ratio of Na>SiO3z to NaOH, and the curing



method. In the experimental study in which 0.30, 0.35, and 0.40 ABR were used, the highest
28-day CS (54 MPa) was obtained from the mixture containing1896 kg/m? aggregate, 0.30
ABR, a NaSiOs-to-NaOH ratio of 2.5, 70°C CT, and a 12-hour curing time. The increase in
ABR from 0.30 to 0.40 caused a 21.4% decrease in CS. In addition, the slump values of the
optimum mixtures with respect to CS ranged from 180 to 250 mm.

Pan et al. (2011) examined the properties of GPC and mortar, such as fracture energy and
ductility, across various parameters. ABR (0.45, 0.5 and 0.58), Na,SiO3 to NaOH ratio (2.5, 2.9
and 1.1) and curing time (18, 72, and 168 hours) were studied. All concrete mixtures obtained
using these parameters were dry-cured at 60 °C. The 28-day CSs were 69.8, 72.1 and 77.9 MPa
for 0.45, 0.5 and 0.58 ABR, respectively. Contrary to previous studies, Figures 1 and 2 show
that CS increases as ABR increases. As shown in Figure 1, increasing ABR from 0.4 to 0.58
resulted in a 12% increase in CS. In addition, it has been determined that the CS of GPC is
slightly higher that of OPC concrete. Among other findings reported in this study, the presence
of soluble silicates contributes to the geopolymerization process and leads to rapid strength
development in concrete. It has been demonstrated that the fracture energy of GPC is lower
than that of OPC concrete, that it is more brittle.

Diaz-Loya et al. (2011) examined the CS, flexural strength, Poisson ratio and elastic modulus
of 25 different GPC mixtures using 25 FAs, sources which were obtained from other sources;
12 were C-class and 13 were F-class. In the study of various ABR levels, CSs of up to 80.37
MPa were obtained from GPC produced using C-class FA. In F-class FA-based GPC, the lowest
CS was observed in the mixture with 0.78 ABR (10.34 MPa), and the highest CS (49.24 MPa)
was observed in the mixture with 0.68 ABR. As shown in Figure 2, there is no consistent
decrease in CS with increasing ABR; moreover, the CS (46.79 MPa) of the concrete mixture
with 0.40 ABR is lower than the CS (49.24 MPa) of the concrete mixture with 0.68 ABR. Using

FA with varying chemical composition and particle-size distribution is considered effective in



this situation. The highest CS in C-class FA-based GPC was 80.39 MPa at the 0.4 ABR level.
As in F-class FA-based GPC, C-class FA-based GPC also exhibits serious inconsistencies in
CS at the same ABR levels. The chemical composition and particle-size distribution of FA are
responsible for this observation. The densities of the concrete specimens ranged from 1890 to
2371 kg/m3, and their flexural strengths ranged from 2.24 to 6.41 MPa.

Xie and Ozbakkaloglu (2015) investigated the behaviour of GPC produced with FA and BA
with low CaO content, cured at ambient temperature in the laboratory. In that study, CS values
close to zero were observed in BA-based GPC specimens, which included BA-based GPC, FA-
based GPC, and BA-FA mixture-based GPC. The highest CS at 28 days was 30.4 MPa, while
the strength at 70 days reached 48.2 MPa. In general, lower CSs were obtained with increasing
ABR. This can be explained by the increase in water content in the reaction medium that
accompanies rising ABR; the higher water content reduces friction between particles and
thereby decreases CS (Hardjito et al., 2011). This observation is in line with the view that the
CS of coal ash—based GPC decreases with increasing ABR (Choeycharoen et al., 2022; Hardjito
et al., 2011; Shilar et al., 2022). The CSs of the FA-based GPC for ABR values of 0.25, 0.30,
and 0.35 were 30.4 MPa, 34.3 MPa, and 27.2 MPa, respectively. The lower CS observed at the
0.25 ABR level can be explained by insufficient workability at this rate. Thus, problems arise
during the concrete settlement process and negatively affect CS. It was found that the slump
values of BA-based GPC, FA-based GPC, and BA-FA mixture-based GPC varied from 150 to

160 mm, 60 mm to 260 mm, and 165 to 220 mm, respectively.

2.2. Source Material (Binder) Type

In GPC, source materials (binders) generally include industrial wastes such as FA, GGBS, SF,
and rice husk ash, as well as materials of geological origin such as red mud, clay, and kaolin.
Materials to be used as binders should be rich in silica and alumina. In this part of the study,

previous studies using FA, GGBS, SF, MK, and FS as binders were compiled and analysed.



Studies in which binders such as FA, GGBS, SF, MK, and FS were used individually or in
combination were included.

Gok and Kiling (2017) replaced FA with 4%, 10% and 20% GGBS in GPC, based on a mixture
of F-class FA and GGBS; the mixtures were cured in the laboratory using a total of 670 kg of
binder. When the 4% GGBS ratio was taken as the reference, adding 20% GGBS increased the
CS of GPC by 177% to 42.70 MPa. In addition, the study compared the effects of laboratory
and outdoor curing conditions on the CS of concrete produced using GGBS at 15% and 25% of
the total binder content. Based on their 28-day CS measurement, concrete specimens under
laboratory conditions exhibited substantially higher CS than those under outdoor conditions.
Hadi et al. (2017) aimed to determine the optimum values of the factors affecting the strength
of GGBS-based GPC cured under ambient conditions using the Taguchi method. The setting
time of the GGBS-based GPC produced using the optimal values has been observed to be very
short. The start and end times of the setting were 25 and 55 minutes, respectively. GGBS was
partially replaced by F-class FA, SF, and MK at replacement levels of 0%, 10%, 20%, 30%,
40%, 50%, and 60% to achieve a setting time suitable for structural applications. All pozzolans
replaced with GGBS have increased the GPC's initial and final setting times. If FA is replaced
by 60% GGBS, the initial and final setting times increase from 25 to 75 minutes and from 55
to 105 minutes, respectively. When MK is replaced with 60% GGBS, the initial setting time
increases from 25 to 55 minutes, and the final setting time increases from 55 to 90 minutes.
When SF is replaced with 60% GGBS, the initial setting time increases from 25 to 70 minutes
and the final setting time increases from 55 to 100 minutes. In GPC, where only GGBS is used,
the short setting time is thought to be caused by the high CaO content of GGBS. Moreover,
with the addition of FA, SF, and MK, the slump of the concrete mixes increased. This situation
is thought to be caused by the addition of spherical FA and SF particles into GPC, in contrast

to the irregularly shaped GGBS particles. When the GGBS was replaced with UK, SF and MK



at 60%, the CS of the GPC decreased by 41%, 52%, and 58%, respectively. The decrease in
strength is attributed to a reduction in CaO content, which results from a lower amount of GGBS
with high CaO content. The reduction in CaO content causes a delay in the polymerisation
reaction and prevents the formation of amorphous Ca-Al-Si gel.

Ozcan (2018) investigated the resistance of FS and GGBS-based GPC against acid, sulfate, and
salt effects by replacing Elazig FS with 0%, 25%, 50%, 75% and 100% GGBS. The highest 28-
day CS was 61.53 MPa from the concrete mixture containing 100% GGBS. The lowest CS was
obtained, 17.35 MPa, from the concrete mix with 100% FS. There is a decrease in CS with the
increase of FS in all concrete mixtures. As with CS, after holding GPC in 5% sodium chloride
(NaCl) and 5% magnesium chloride (MgCl2) salt solutions, the highest and the lowest
performance was obtained from the concrete mixture with 100% GGBS and 100% FS,
respectively. The minor size change, a reduction, among the concrete mixtures in 5% sodium
sulfate (Na2S0O4) solution was found to be 0.045% in the concrete mix with 100% FS.
Kurtoglu et al. (2018) examined the mechanical properties of F-class FA-based GPC, GGBS-
based GPC, and OPC concrete and found that the highest CS (99.3 MPa) occurred in the GGBS-
based concrete mixture. FA-based GPC exhibited a minimum CS of 49.5 MPa, attributable to
FA's low activity and low CaO content. As shown in Figure 3, the CS of GGBS-based GPC
was twice that of FA-based GPC. In addition, GGBS-based GPC has shown superior
performance compared with FA-based GPC and OPC concrete against seawater, sulfate, and
acid attacks.

Memon et al. (2013) examined the effect of SF on the properties of F-class FA-based self-
compacting GPC. Replacing FA with SF at replacement levels of 0%, 5%, 10%, and 15%
resulted in a 6.9% increase in the CS of GPC at the 10% SF replacement level. The highest CS,
55.02 MPa, was recorded for the GPC mixture with 10% SF. Adding 10% SF increases GPC

tensile and flexural strengths by 12.8% and 11.5%, respectively. The slump-flow of the GPC



decreased by 4.3% with the addition of 10% SF.

Okoye et al. (2017) examined changes in the weight and CS of the specimens after exposure to
2% sulfuric acid (H2S0O4) and 5% sodium chloride (NaCl) solutions in GPC containing
different amounts of both SF and OPC. After 90 days of exposure to a 2% sulfuric acid (H2S04)
solution, a 36% loss of CS was observed in OPC concrete. The GPC containing 20% SF and
80% F-class FA exhibited an 8% loss in CS. After 90 days of exposure to a 5% sodium chloride
(NaCl) solution, OPC concrete exhibited an 18% loss of CS, whereas GPC containing 20% SF
and 80% F-class FA exhibited almost no strength loss.

Rajini and Rao (2014) examined the mechanical properties of this concrete at 7, 28, 56, and 90
days by curing the GPC produced using F-class FA and GGBS as source materials at ambient
temperature. Figure 3 shows that, among the concrete mixtures in which GGBS was replaced
by FA at 0%, 25%, 50%, 75%, and 100%, the highest CS at 28 days was observed in the mixture
containing 100% GGBS (60.23 MPa). When 100% FA replaced the GGBS, there was an 80%
reduction in CS. As the ratio of FA in the mixture increased, the CS consistently decreased. For
comparison, OPC concrete (51.39 MPa), designed according to IS 10262: 2009 and IS 456:
2000 standards, showed lower CS than GGBS-based GPC, but higher CS than FA-based GPC.
In addition, when the 28-day CSs are taken as a reference, the maximum increase in the 90-day
CS (112%) was observed for the concrete mixture containing 75% FA and 25% GGBS. This
indicates that the FA-based GPC should be cured for a longer period. The decrease in the tensile
strength of GPC with an increase in FA ratio in the mixture, similar to its effect on the CS,
coincides with the results of existing studies in the literature (Deb et al., 2014)

2.3. CT and Curing Time

CT and time are essential factors affecting the strength of GPC. Since the polymerisation
occurring in GPC is a chemical reaction, it is affected by reaction temperature and duration.

This situation affects GPC strength. Therefore, CT and curing time are of great importance in



the process applied to GPC. In the current literature, GPC is generally used for ambient, dry, or
steam curing. In this part of the study, research on GPC, cured at different CTs, is compiled and
analysed. For this purpose, the effects of CTs, from ambient temperature to 120°C, and of

varying curing times on the strength of GPC were investigated.

Nagral et al. (2014) investigated the effects of CT and curing time by applying CTs of 80°C,
90°C, and 100°C and curing times of 12 and 24 hours to F-class FA and GGBS mixture-based
GPC. As shown in Figure 5, the highest 7-day CS (76.53 MPa) was observed in specimens
cured at 90°C for 12 hours. CT above 90°C caused a decrease in the CS of concrete cured for
both 12 and 24 hours. Moreover, increasing curing time at temperatures above 90°C resulted in
a loss of CS in the GPC. During the curing period, water evaporates from the concrete, forming
voids that decrease the CS. Increased CT contributes to the polymerisation process and
transforms two-dimensional polymeric chains into a three-dimensional structure with stronger
bonds. The slump value of GPC was zero at a water/geopolymer solid ratio of 0.201 but

increased to 170 mm at a ratio of 0.40.

Vora and Dave (2013) examined factors affecting the CS of F-class FA-based GPC and
investigated the effects of 60°C, 75°C, and 90°C CTs. The 7-day CS of GPC at CTs of 60°C,
75°C, and 90°C were 38 MPa, 46 MPa, and 49 MPa, respectively. CTs exceeding 75°C
produced only minimal increases in the CS of GPC. In the study, the slump of fresh FA-based
GPC increased from 170 mm to 240 mm as the percentage of superplasticisers in FA-based
GPC rose from 2% to 4%. Small decreases in CS have been reported when the percentage of
superplasticisers exceeds 2%. The workability of fresh concrete increased as additional water

was added to the mixture.

Al Bakri Abdullah et al. (2012) produced a C-class, FA-based, lightweight GPC using a
foaming agent. The 28-day CSs of the concrete mixtures at ambient (room) and 60°C CTs were

18.1 MPa and 18.2 MPa, respectively. The density of the concrete mix cured at ambient



temperature was 1650 kg/m3, and that of the mix cured at 60°C for 24 hours was 1667 kg/m3.

Tuyan et al. (2017) investigated the mechanical properties and resistance to elevated
temperatures of C- and F-class FA-based GPCs. They cured C-class FA-based GPC with a
water-to-binder ratio of 0.52 under separate conditions at 70°C and at ambient temperature
(25°C). As shown in Figure 5, 30 MPa CS was obtained from the concrete mixture cured at 70
°C for 120 hours, whereas 35.1 MPa CS was obtained from the concrete mixture cured at
ambient temperature for 28 days. The F-class FA-based GPC with a 0.38 water-to-binder ratio
was cured at 70 °C for 120 hours, resulting in a CS of 40.3 MPa. They cured the mixed FA-
based GPC (50% C-class and 50% F-class) with a 0.46 water/binder ratio at ambient
temperature and found its CS to be 25.1 MPa. It has been determined that the CS of GPC with
50% C-class FA and 50% F-class FA by weight is lower than that of concrete obtained using
C-class FA or F-class FA separately. The reason was that F-class FA could not develop binding
properties because it did not react at ambient temperature. The study found that F-class FA-
based GPC was more resistant to elevated temperatures than OPC concrete. In contrast, C-class
FA-based GPC was less resistant than OPC concrete.

Noushini and Castel (2016) investigated the effect of heat curing on the conduction properties
of F-class FA-based GPC. The concrete mixtures produced were cured at ambient temperature,
60°C, 75°C and 90°C CTs for 8, 12, 18 and 24 hours. Figure 5 shows the 28-day CS of concrete
mixtures cured at ambient temperature, 60°C, 75°C and 90°C CTs for 8 and 24 hours. The 28-
day CSs of the concrete mixtures cured at 60°C, 75°C and 90°C CTs for 8 hours of curing time
were respectively 27.4 MPa, 44.8 MPa and 52.2 MPa, while the 28-day CS of the concrete
mixture cured at ambient temperature was 41.7 MPa. The CSs of the concrete cured at 60°C,
75°C and 90°C for 24 hours of curing time were found to be 50 MPa, 62.3 MPa and 60.7 MPa.
When 60°C CT is taken as the reference, the CSs of concrete mixtures, subjected to 8 and 24-

hour curing times at 90°C, increased by 91% and 21%, respectively. It has been revealed that



the long curing time reduces the difference caused by different temperatures on the CS of the
GPC. Previous studies have stated that some of the aluminosilicates in the source material in
hardened GPC cannot react without applying a certain CT, and thus, they will remain
unresolved. It is stated that the amount of these undissolved solids can only decrease with high
CTs (Cai et al., 2020; Yu et al., 2025). In addition, the optimum strength in longer heat curing
times (18 and 24 hours) was obtained at 75°C CT. This result is consistent with the studies
indicating that subjecting GPC to a longer curing time at high temperatures (such as 90°C)
weakens its microstructure and causes lower CS (Nadelman and Kurtis, 2014). The highest CS
for 28 days was found at 62.3 MPa from concrete specimens applied at 75°C CT and 24 hours
curing time. However, it has been demonstrated that curing for 18 hours at the same temperature
results in only a slight decrease (4%) in CS. Therefore, the optimum economic curing condition
for F-class FA-based GPC can be accepted as 18 hours at 75°C. On the other hand, it has been
revealed that the 1-day CS of GPC cured at ambient temperature has a very low value, like 3
MPa, and the strength development rate is very slow. This situation revealed that ambient
temperature curing is unsuitable and practical for F-class FA-based GPC. Therefore, heat curing
is essential for F-class FA-based GPC. Other studies have reported similar results (Tuyan et al.,
2017).

Saleh (2018) aimed to determine the optimum mixing ratios of F-class FA-based GPC for
different CSs. To examine the effect of CT, the concrete mixtures were cured at 30 °C and 70
°C, and tested for CS at 3, 7, 28, 56, and 90 days. For this purpose, they cured the concrete
mixtures at 30°C and 70°C and measured the CSs at 3, 7, 28, 56, and 90 days to investigate the
effect of CT. Figure 5 shows the 28-day CS of concrete mixtures cured at 30°C and 70°C.
Considering their 3-day CS, concrete cured at 30°C did not attain a particular strength, whereas
concrete cured at 70°C exhibited a CS of 36.05 MPa. The 28-day CSs of concrete cured at 30°C

and 70°C were 16.37 MPa and 41.11 MPa, respectively. These results showed that concrete



specimens cured at or below 30 °C exhibited a slower rate of strength development and lower
strength than specimens cured at higher temperatures. In contrast, the 90-day CS of specimens
cured at 30°C increased by 85% compared with the 28-day CS, whereas specimens cured at
70°C exhibited almost no change in CS. Because the specimens cured at temperatures close to
ambient (e.g., 30°C) gain strength slowly, the 90-day strength of F-class FA-based GPC should
also be examined. These findings are consistent with previous studies reporting that the silica
and alumina components in F-class FA-based GPC cured at ambient temperature are not fully
dissolved, and thus concrete gains strength slowly and to a limited extent (Cai et al., 2020;
Rajini and Rao, 2014; Tuyan et al., 2017; Yu et al., 2025). In the study, increasing the added
water in the concrete mixture from 10 to 50 kg/m”3 increased the slump value of GPC from 51

mm to 114 mm.

Haddad and Alshbuol (2016) investigated the mechanical properties of GPC obtained using
Jordanian natural pozzolan, a basaltic tuff. At ambient and at 40°C, 80°C, and 120°C CTs, the
3-, 7-, and 28-day strengths of GPC mixtures were determined after 24 and 48 hours. Figure 5
shows the 28-day CS of the specimens subjected to these CTs and curing times. Increasing the
CT from 40°C to 80°C for both 24- and 48-hour curing times caused only slight increases in
the CS of the GPC. Increasing the CT from 80°C to 120°C caused the CS of concrete mixtures
to decrease by 22% and 31% for 24- and 48-hour curing times, respectively. For the materials
and parameters used in the study, the optimum temperature for short curing times was 80°C. In
the SEM examination of GPC at 80°C, the aluminosilicate gel that formed appeared dense, with
continuous but limited microcracks, contributing to a significant increase in the CS of the
concrete. In addition, the 28-day CS of GPC cured at ambient temperature ranged from 9 to
24.1 MPa.

3. Analysis and Evaluation of Literature Studies

3.1. Analysis of ABR



Based on a compilation of studies by various researchers, Figure 1 shows the CS values of GPC
designed at different alkali-to-binder ratios (ABR). A graph showing the correlation between
ABR and CS of these studies, constructed using the data in Figure 1, is shown in Figure 2.
When the results in Figures 1 and 2 are considered together, the CS of GPC generally decreases
as ABR increases. However, an ABR of 0.25 is considered a critical threshold for the worka-
bility of GPC. Since workability cannot be achieved at this rate, concrete cannot be placed,
leading to voids. This adverse situation reduces strength. High CSs are generally obtained in
the range 0.35-0.6 ABR, whereas CSs decrease significantly above 0.6 ABR. However, Diaz-
Loya et al. (2011) achieved an excellent strength of 49.24 MPa even at an ABR level of 0.68
using F-class FA. The study suggests that variation in FA chemical composition may explain
the lack of a consistent decrease in CS with increasing ABR. Figure 2 shows that the low cor-
relation coefficient (0.61) between ABR and CS in that study indicates how significant changes
in the chemical composition of the binder are for CS. Among the studies, the correlation coef-
ficient between ABR and CS ranged from 0.61 to 1.0. The correlation coefficients were gener-
ally equal to 1, which reveals the importance of the effect of ABR on the CS of GPC.

Among other results obtained in the studies, the presence of soluble silicates contributes to the
geopolymerization process and leads to rapid strength development in concrete. The increase
in ABR causes a change in the dissolution percentages and mineral phases of essential elements
such as silica (Si), alumina (Al), calcium (Ca), and sodium (Na) in the mixture affect the
strength of the GPC (Reddy et al., 2018). It has been revealed that the increase in ABR has a
negative effect, generally causing a decrease in strength; however, this can be compensated by
increasing the applied curing time, and even higher CSs can be achieved.

High-calcium binders such as GGBS or Class C FA tend to react more readily under alkaline
conditions; therefore, moderate increases in ABR may enhance CS by accelerating dissolution

and gel formation. In contrast, low-calcium binders (for example, Class F FA and MK) are less



reactive; consequently, excessive ABR often results in excess free alkali and reduced CS. This
explains why opposite ABR-CS trends are reported depending on the binder type.

Finer binders (for example, SF and highly ground FA) facilitate faster geopolymerization even
at lower activator levels, while coarser or less reactive ashes require stronger activators or ele-
vated CTs. The differences in fineness and reactivity therefore account for variability in out-
comes observed when ABR is adjusted.

The concentration of NaOH (8-10 M, and in some cases up to 14-16 M) and the
Na2SiO3/NaOH ratio strongly influence gel chemistry (e.g., N-~A-S—H and C-A-S—H). Higher
alkalinity may initially increase CS, but can also cause microcracking, shrinkage, or premature

precipitation at high ABR, leading to divergent results across studies.
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Extremely low ABR values (for example, 0.25) reduce workability and create voids, lowering
CS despite a higher concentration of activators. Conversely, high ABR values improve fluidity
but dilute the reacting system, reducing strength. The balance point is therefore mixture de-
pendent.

3.2. Analysis of Binder Type

Figure 3 compiles studies by various researchers and shows the CSs of GPC obtained using
different binders. Evaluation of the studies indicates that GGBS yields the best results among
binder types in GPC. GGBS-based GPC also exhibited superior durability. Adding FA, SF,
MK, and FS to GGBS-based GPC has reduced its CS. However, with the addition of FA, SF,
and MK to the GGBS-based GPC, the setting times and slump values of the concrete mixtures
increased. Studies that show the setting time and workability of concrete decrease with the
addition of GGBS to FA-based GPCs support this result (Aliabdo et al., 2016; Nath and Sarker,
2014).

Adding FS to GGBS-based GPC resulted in a 72% reduction in CS. Unlike GGBS, increasing
the percentage of FS increases CS when FS is used together with FA (Nath, 2018). When GGBS
was partially replaced by 60% MK, the CS of GPC was reduced by 58%. This finding is
consistent with other studies in the literature. In addition, the literature states that the degree of

reaction decreases as the percentage of MK increases (Kumar et al., 2018).

F-class FA-based GPC generally exhibited low CS. The CS of F-class FA-based GPC is low
because F-class FA exhibits low activity and low CaO content. Other researchers reported
similar findings (Chi and Huang, 2013). However, it has emerged that improved strength can
be obtained when F-class FA-based concrete and mortar are cured at higher CTs (Atis et al.,
2015). When FA was replaced with 100% GGBS, the CS of GPC increased by 397%. While
the addition of 10% SF to FA-based GPC provided a 6.9% improvement in the CS of the GPC,

it yielded a substantial improvement in durability properties, specifically resistance to acid,



sulfate, and chloride attack. Generally, C-class FA-based GPC exhibited superior mechanical
properties than F-class FA-based counterparts. FA's chemical content and particle size
distribution have an essential role in the strength of GPC. Strengths close to zero were obtained
from BA-based GPC. Other researchers have reported that BA yields lower strength in GPC
because of a low degree of polymerisation (Aneja et al., 2021; Hosseini et al., 2021; Jin et al.,
2021; Osholana et al., 2020; Zhang et al., 2024).

In the literature, there are studies on GPC or mortars obtained using binder types, such as
pumice, perlite, and clay (Guzelkicuk and Demir, 2019; Muhammad Faheem et al., 2012;
Okoye et al., 2015). Faheem et al. (2012) stated that clay-based geopolymer bricks can be
manufactured. Still, the CS of clay-based geopolymer bricks is lower than that of geopolymer
bricks produced using other waste materials, such as FA.

Okoye et al. (2015) investigated the mechanical properties of FA/kaolin-based GPC. Replacing
50% of FA with kaolin improved the geopolymerization process. The CS was much higher than
that of OPC concrete. In addition, the CS of GPC, consisting of 50% FA and 50% kaolin,
increased with temperature up to 100°C but decreased at 120°C. The correlation coefficient and
the equations describing the relationship between the percentage of binder and CS are shown
in Figure 4. Figure 4 shows the relationship between the ratio of added to total binder material,
and the CS. For example, Gk and Kiling (2017) used a total of 670 kg of binder material in the
FA-GGBS mixture-based GPC; GGBS was added at 4%, 10%, and 20%. The percentage of
GGBS in the total binder material of the mix is expressed as the ratio GGBS/(GGBS + FA) and
is shown in Figure 4. When the results shown in Figure 4 are examined, a strong relationship is
observed between the binder percentage and the CS of the GPC. The correlation coefficients

between these two variables ranged from 0.92 to 1.00.
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3.3. Analysis of CT and Curing Time

Figure 5 presents the variation in the CS of the GPC reported by different researchers as
a function of CT and curing duration. Examination of the graph reveals a clear trend of
increasing CS with rising CT. Under ambient temperature conditions (23-28 °C), CS values
range from approximately 18 MPa to 42 MPa, depending on the mix composition and curing
duration. Increasing the CT to a range of 40-75 °C significantly enhances CS by accelerating
polymerization reactions. In particular, curing at 75-80 °C for 24-48 hours yielded CS values

above 50 MPa in most studies, with some cases reaching around 60 MPa.

The maximum CS values were reported at approximately 90 °C (CT). Nagral et al. (2014)
achieved 76.53 MPa after 12 hours of curing, while Noushini and Castel (2016) reported 60.91
MPa after 8 hours of curing. This indicates that heat curing at approximately 90 °C accelerates
the dissolution of reactive aluminosilicate phases and promotes the formation of a dense N-A—
S—H gel, thereby densifying the microstructure. However, increasing the CT to 100 °C or above,
particularly at 120 °C, led to a significant reduction in CS (approximately 22—24 MPa). This
decrease can be attributed to rapid moisture loss, internal drying, shrinkage-induced stresses,
and microcracking. In addition, premature precipitation of the gel at high temperatures may

result in a porous and loosely packed matrix.

The literature reports a wide range of curing durations, from 8 to 120 hours. The general trend
shows that extending the curing duration from 8-12 hours to 24-48 hours improves CS;
however, further extensions beyond 48 hours (e.g., up to 120 hours) have only a limited effect.
This suggests that the majority of polycondensation is completed within the first 24—48 hours

and that additional gains at longer durations are marginal.
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The differences in reported CS among studies are likely due to variations in raw material type
(FA, GGBS, MK, etc.), activator solution composition (NaOH molarity, Na>SiO3s/NaOH ratio,
total Na2O content), water-to-binder ratio, specimen size, heating—cooling rate, and curing
environment (sealed container, steam curing, dry oven, etc.).

In conclusion, analysis of Figure 5 suggests that the optimum CS for most GPC systems is
achieved at CT values of 75-90 °C and durations of 24-48 hours, while very high CT (>100
°C) can adversely affect CS due to microstructural degradation. This finding aligns with the
commonly emphasized approach in the literature that employs “moderately high CT and

controlled duration” curing conditions.

Figure 6 presents the relationship between CS and CT for GPC, based on data obtained from
various researchers, together with the coefficients of determination (R?). Several datasets in the
graph exhibit R2? values approaching 1, indicating a strong correlation between CT and CS and
that the selected regression models explain the data almost entirely. For datasets with R? values
in the range of 0.85-0.88, the correlation remains high; however, in addition to temperature,
factors such as raw material composition, curing time, moisture content, and activator

concentration influence CS (Skane et al., 2025; Yurt and Bayraktar, 2025).

The overall trend suggests that CS increases with CT. Nevertheless, in certain studies, a
decrease in strength is observed at elevated temperatures (100-120 °C). This reduction can be
attributed to microcrack formation, rapid moisture loss, or accelerated polymerization reactions
at high temperatures, all of which may introduce defects into the binder structure.

In conclusion, high R? values demonstrate that the mathematical models employed are well-
suited to the corresponding datasets, while lower R2 values highlight the influence of additional
parameters beyond CT. These findings support the notion that CT must be carefully optimized

to achieve the best mechanical performance of GPC.
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For Class F FA-based systems, ambient curing typically results in incomplete reaction and low
CS, whereas curing at temperatures between 75-90°C produces much higher strengths.
Consequently, the same binder may appear inferior under ambient curing, yet competitive under
heat curing. At very high CTs (>100 °C), rapid water loss and microcracking often reverse the

strength gains, further contributing to inconsistencies.

It should be noted that the data and correlations presented in the graphs in Figures 1 through 6
are based on aggregate results from different studies conducted under heterogeneous
experimental conditions (e.g., raw material chemistry, binder type, ABR, water/geopolymer
solids ratio, Na>SiOs/NaOH ratio, activator molarity, curing regimes, and sample size).
Therefore, the relationships presented should be interpreted as indicative of general trends

rather than definitive predictive models. Numerous parameters influence the CS of GPC.

4. Conclusions
By compiling and analysing the studies in the literature, the following conclusions about
the effect of ABR, binder type, CT and curing time on the mechanical and durability properties

of GPC were obtained.
1.  Reducing ABR in GPC generally increases its CS by up to 50%. ABR is one of the
most important parameters affecting the strength.

2. Since an ABR level of 0.25 in GPC reduces workability, it may cause settlement
problems that could negatively affect its CS. Reducing the ABR from 0.30 to 0.25 may decrease

CS by up to 11%. Therefore, it is recommended that the ABR not be lower than 0.25 in GPC.

3. An ABR level above 0.6 significantly reduces the CS of GPC. Depending on the
chemical composition of FA, the reduction in strength can be as high as 97% when the ABR

increases from 0.40 to 0.85.

4.  The strength loss caused by an increase in ABR in GPC can be compensated by



extending the curing time, and even higher CS values can be achieved. The CS of the mixture
cured for 168 hours with an ABR of 0.58 was 12% higher than that of the mixture cured for 18

hours with an ABR of 0.45.

5. GPC using GGBS as a binder achieved the highest CS when FA, SF, MK, or FS

were used as source materials. GGBS increased the CS of GPC by up to 397%.

6. In GGBS-based GPC, replacing 60% of GGBS with FA, SF, and MK resulted in
decreases in CS of 41%, 52%, and 58%, respectively. However, the addition of FA, SF, and
MK increased the initial setting times by up to 200%, 180%, and 120%, respectively, and the

final setting times by up to 90%, 82%, and 64%, respectively.

7.  Replacing GGBS with FS resulted in a 72% decrease in the CS of GPC. When

GGBS was replaced with FS (100%), the CS of GPC decreased from 61.53 MPato 17.35 MPa.

8.  The addition of SF to FA-based GPC increased its CS by 7% and significantly

improving durability properties, such as resistance to acid, sulfate, and chloride.

9. GGBS-based GPC, with a CS of up to 100 MPa, exhibited greater stability and

durability than FA-based GPC and OPC. It can be up to twice as strong as FA-based GPC.

10. Because BA has a large particle size, low fineness, and weak binding properties,

the strength of BA-based GPC is negligible.

11. When used as a binder, The chemical structure and particle size distribution of a
material affect the strength of GPC. While soluble silicates contribute to the geopolymerization
process and increase the CS of the concrete, low CaO content in the source material can delay

geopolymerization, resulting in decreased CS.

12.  For most GPC systems, optimal CS is achieved at CT values of 75-90°C and at
durations of 24-48 h. However, CTs above 90°C generally disrupt the microstructure of GPC,

resulting in significant reductions in CS. Increasing the CT from 90°C to 100°C causes an



average 26.7% decrease in CS, while increasing it from 80°C to 120°C results in an average

26.2% reduction in CS.

13. The strength development rate of GPC cured at ambient temperature is relatively
low; therefore, its CS is also low. This indicates that ambient-temperature curing is impractical,

especially for F-class FA-based GPC.

14. As the dry curing time decreases, the difference in CS between ambient-cured and
dry-cured specimens also decreases. The CS difference between specimens cured at 90°C for
24 hours and those cured at ambient temperature is 45.5%, but it decreases to 25.1% when the

curing time is 8 hours.

15.  Curing time significantly increases the CS of GPC. The optimum curing time is 48

hours for low CTs and 24 hours for high CTs.

16.  When dry curing is applied to GPC, longer curing times at low temperatures and
shorter curing times at high temperatures are more appropriate. Therefore, 75°C for longer and

90°C for shorter curing times can be considered the optimal CTs.

Finally, the information presented in this study will be helpful in designing GPC for application
at ambient temperature or during dry curing. In addition to the type of binder, ABR, CT, and
curing time are important for improving the mechanical and durability properties of GPC. GPC
IS an important consideration when evaluating industrial wastes rich in silicon (Si) and
aluminium (Al). Dry-cured GPC can be a suitable, fast, and economical option for precast
structures since GPC reaches 85-90% of its strength within a few days. Dry-cured GPC may
be offered, particularly to address urgent post-earthquake housing needs. GGBS-based GPC
can achieve 100 MPa and be used in structures that require high strength. Materials such as FA,
FS, BA, perlite, and clay can be used as binders in structures requiring low strength and in the

production of wall materials.
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