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Abstract
The utilization of Afşin-Elbistan fly ash (FA), which cannot be used in cement and concrete industry in production of geo-
polymers, has been studied with some preliminary trials. In this study, FA of Afşin-Elbistan thermal power plant, which does 
not fit any of FA classes according to ASTM C 618, was used as a geopolymer binder raw material. The main motivation of 
the study is to investigate the partial usability of this type of FA, which is not sufficient on its own and creates a large amount 
of waste, as a geopolymer raw material. FA was replaced with ground granulated blast furnace slag (GGBFS) by the ratios 
of 25% and 50% (by weights) in order to develop the properties of geopolymer concrete. Sodium silicate (SS) and sodium 
hydroxide (SH) (10 and 14 M) were used as activators. Three different activator to binder ratios (0.45, 0.55 and 0.65) and 
three SS/SH ratios (0.75, 1.0 and 1.5) were chosen. Unit weight, compressive strength, splitting tensile strength, and ultra-
sonic pulse velocity tests were performed for 28 and 60 days. In order to investigate the microstructure, scanning electron 
microscopy (SEM) analyses were performed. As a result, GGBFS incorporation enhanced the properties of Afşin-Elbistan 
FA-based geopolymer concrete. With the increase of GGBFS content, the compressive strength values increased. The highest 
strengths were obtained from 50% GGBFS groups. The results revealed that Afşin-Elbistan FA (AEFA), which has the high-
est waste reserve among the thermal power plant fly ashes in Turkey, could be evaluated as partial geopolymer raw material.
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Introduction

Global warming and climate changes are serious threats for 
all biological organisms. Gases like methane, nitrous oxide 
and carbon dioxide, which are called greenhouse gases, have 
led to environmental hazards. It is known that concrete is the 
most common construction material around the world [1]. 
Cement is one of the main constituents of concrete. How-
ever, the cement production process has some drawbacks for 
the environment such as  CO2 emissions. It was reported that 
the cement industry is responsible for 5–7% of the total  CO2 
emission in the world [2]. Hence, it is necessary to reduce 
 CO2 emission to the atmosphere. This reduction can be 
obtained by facing new binder materials or new techniques 
except for conventional cement production [3].

Geopolymer has been investigated since Davidovits 
used this term in 1978 [4]. It can be also named as low-
temperature aluminosilicates [5], alkali-activated cements 
[6], alkali-bonded ceramics [7], inorganic polymeric con-
cretes [8], and hydroceramics [9].

Geopolymer concrete is a cement-free material. There-
fore, it is often called “green concrete”. Industrial by-
products such as blast furnace slag, fly ash, and silica fume 
are commonly used as geopolymer concrete raw materials 
instead of cement. Geopolymer concrete not only reduces the 
 CO2 emission through cement production but also reduces 
the waste materials of the industrial processes [10]. These 
industrial waste materials generally constitute the alumino-
silicate sources for the geopolymerization reaction [11–13] 
such as fly ash (FA) and ground granulated blast furnace slag 
(GGBFS) [14]. The aluminosilicate sources can be obtained 
also naturally such as clays, red mud, and metakaolin [15]. 
Besides nano-materials such as nano-silica have been used 
recently for the modification of geopolymer concrete [16]. 
These materials are needed to be activated by an alkaline 
activator solution such as sodium or potassium hydroxide 
and sodium silicate [11].

The most suitable industrial by-product for geopolym-
erization is FA. It is produced in huge amounts every year 
by the thermal power plants and collected by the mechanic 
and the electrostatic filters [17]. It consists of amorphous 
silica and alumina. The size and the shape of this material 
increase the workability and this makes FA suitable for 
geopolymer concrete production [18, 19]. Sometimes the 
main aluminosilicate source FA can be partially replaced 
by GGBFS or other fines [16] in order to develop the prop-
erties of FA-based geopolymer concrete [20–22]. It was 
reported that GGBFS incorporation in the FA-based geo-
polymer concrete reduced the setting time and workability 
and increased the compressive strength.

In the literature, the effects of various geopolymeriza-
tion parameters on the properties of geopolymer concrete 

were investigated [23]. These parameters are generally 
curing conditions [24–26], molarity of activator solution 
[27, 28], and activator/binder ratio (Ac/B) [8, 29, 30]. Niş 
and Altındal [31] subjected geopolymer mixtures contain-
ing different amounts of FA and GGBFS to 13 different 
curing types. These include laboratory, oven, and water 
environments, temperatures, and application times. The 
study's results showed that increasing the curing time 
increased the compressive strength. In the samples pro-
duced with GGBFS, the best results were obtained from 
the sample kept in the oven at 70 °C for two days and in 
water for 26 days. The worst results were obtained from 
the sample kept in the air for 26 days and in the oven 
for two days. When the molarity of the activator used is 
examined, it is seen that concentrations between 8–14 M 
are preferred in GGBFS-based mixtures [32]. While it was 
reported that the increase in  Na2O/SiO2 ratio had positive 
results on compressive strength, it was stated that increas-
ing the amount of alkaline solution in the mixture nega-
tively affected the strength [33, 34]. On the other hand, 
a study comparing 8, 12, and 16 M solutions stated that 
the increase in molarity increased splitting and bending 
strength [35].

Afşin-Elbistan thermal power plant (a coal-burning 
power plant in Kahramanmaraş region in Turkey) FA 
(AEFA) was used as the main aluminosilicate source for 
the geopolymer. This AEFA does not fit any of the FA 
classes according to ASTM C 618. The total amount of 
 SiO2,  Al2O3, and  Fe2O3 is lower than 50% and the amount 
of  SO3 is high. Therefore, it cannot be utilized in the con-
crete industry conversely to other FA types in Turkey. 
Besides, this thermal power plant has the highest energy 
generator and the highest FA production in the country 
[36]. The cement and concrete industry is the safest sec-
tor to use FAs, but this situation for AEFA causes a huge 
amount of FA remains as waste. AEFA, which cannot be 
used in the concrete industry due to its chemical composi-
tion and non-standard nature, has been evaluated in many 
ways by researchers and tried to be brought to the industry. 
For this purpose, its usability in various forms of cementi-
tious composites (shrinkage reducer, etc.) [37–39], in soil 
improvement and stabilization [40, 41], glass production 
[42], building materials such as bricks and briquettes [43], 
its use in light-weight building material production [44], 
and chipboard production [45] has been investigated. Only 
a few studies have been done on its use in geopolymers and 
alkali-activated materials. In these studies, it is observed 
that the use of AEFA has negative results in mechani-
cal properties or that it only produces acceptable results 
when used with a component such as silica fume at a rate 
of up to 25% [46, 47]. In another study conducted by the 
authors, the use of a certain amount of silica source (glass 
powder and silica fume) and the evaluation of AEFA in 



1437Iranian Polymer Journal (2024) 33:1435–1448 

geopolymer systems were investigated. In this way, the 
use of hybrids has provided partially effective results 
[48]. In another study, it was used with GGBFS, similar 
to this study. Here, a value as low as 6 MPa could be 
obtained [49]. The difference that distinguishes this study 
from the current study is that it does not contain chemical 
activators.

The usability of AEFA, which cannot be used in the 
cement and concrete industry, in the production of geopoly-
mers has been investigated with some preliminary trials. 
However, when compared with the strength values of geo-
polymers produced with FA in the literature, it was seen that 
AEFA resulted in significantly lower results. These findings 
have led to the idea that AEFA is not suitable for use as a 
geopolymer raw material. In the “Results and discussion” 
section, the results obtained from the samples produced 
with 100% AEFA are also given as reference values. The 
main purpose of this study is to examine the evaluability 
of AEFA, which is insufficient on its own, by using it as 
a hybrid with another geopolymer raw material (GGBFS). 
Thus, it is aimed that AEFA can be partially evaluated in 
geopolymer production. In this context, AEFA was replaced 
by 25% and 50% with GGBFS, and sodium hydroxide (SH) 
and sodium silicate (SS) were chosen as the activators. In 
order to determine the effects of geopolymerization param-
eters on the properties of geopolymers SS/SH ratio, the 
molarity of SH and activator to binder ratio (Ac/B) were 
changed. Unit weight, compressive strength, splitting tensile 
strength, and ultrasonic pulse velocity tests were performed 
on geopolymer concretes at different curing ages. Besides, 
the microstructures of the mixtures were investigated by 
scanning electron microscopy (SEM).

Experimental

Materials

The FA used in the study was obtained from the Afşin-
Elbistan thermal power plant in the Kahramanmaraş region. 
The GGBFS used in the study was obtained from Iskenderun 
Steel and Iron Factory. Physical and chemical properties of 
AEFA and GGBFS were determined by X-ray fluorescence 
(XRF) analysis and given in Table 1 and the XRD patterns 
of the materials are given in Fig. 1. The SEM images of 
materials are given in Fig. 2. In the study, calcareous coarse 
aggregates with 8 mm maximum grain size and 0–4 mm 
crushed sand were used. The specific gravities of coarse and 
fine aggregate are 2.78 and 2.71, respectively.

As activators commercially obtained  Na2SiO3 and NaOH 
solutions were used. Properties of sodium silicate are given 
in Table 2.

Mix design

The mixture series are given in Table 3. GGBFS was used 
instead of AEFA by the ratios of 25% and 50% by weights. 
As alkaline liquid, SH and SS solutions were used. SH was 
obtained as commercial flakes and the SH solution was 
prepared with distilled water with 10 and 14 molar concen-
trations. SS is commercially obtained as liquid. The ratio 
of SS/SH was selected as 0.75, 1.0, and 1.5. Three differ-
ent Ac/B ratios were selected, which were 0.45, 0.55, and 
0.65. 81 different mixture series were produced according 
to the selected geopolymerization parameters (Table 3). In 
the figures, three main codes were used. These are “FA” 
for 100% AEFA-containing samples, and “S25” and “S50” 
for 25% and 50% GGBFS-containing samples, respec-
tively. Also, codes have numbers according to Ac/B and 
SS/SH amount. For example, S50-0.65/1.5 indicates the 
sample with 50% GGBFS, 0.65 Ac/B, and 1.5 SS/SH.

Production of samples

Due to its exothermic nature, the SH solution was prepared 
the day before the production of geopolymer concrete. 
Aggregates and the raw materials (AEFA and GGBFS) 
were dry mixed in a laboratory-type mixer for 3 min. SH 
and SS solutions were mixed and this liquid mixture was 
poured on the dry mixture and was mixed for another 
4 min. Fresh mixtures were cast into 50 × 50 × 50 mm 
molds and compacted using a vibration table. Fresh mix-
tures were cured in a laboratory oven at 85 °C for 24 h. 
Preliminary trials showed that the fresh mixtures could not 
be set at room temperature in a sufficient time. Therefore, 
heat curing was applied. After the heat curing, samples 
were demolded and kept at 20 ± 2 °C and 60 ± 5% relative 
humidity for 28 and 60 days.

Table 1  Physical and chemical properties of AEFA and GGBFS

Compounds (%) AEFA GGBFS

Chemical analysis results
  SiO2 22.73 44.31
  Al2O3 9.67 10.07
  Fe2O3 4.63 1.43
 CaO 42.94 31.18
 MgO 1.99 8.54
  SO3 9.01 –
  Na2O +  K2O 0.83 –
 Loss on ignition 5.21 –

Physical analysis results
 Specific gravity 2.42 2.88
 Fineness  (cm2/g) 2200 5500
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Testing procedure

Fresh and hardened unit weights of mixtures were tested. 
Ultrasonic pulse velocity (UPV) tests were performed on the 
samples according to ASTM C 597. After the UPV test, the 
uniaxial compressive strength test (TS EN 12390-3, 2010) 
and splitting tensile strength test (TS EN 12390-6, 2010) 
were performed on the samples at 28 and 60 days. Figure 3 
shows various images from the experimental study.

Fig. 1  XRD patterns of materi-
als: a AEFA, and b GGBFS 
(A: Anhydrite, C: Calcite, Q: 
Quartz, Al: Alumina, L: Lime)

Fig. 2  SEM images of materials 
a AEFA, and b GGBFS

Table 2  Properties of sodium silicate

Parameter

Appearance Clear liquid
Origin Alkali sand
SiO2 (%) 22.56
Na2O (%) 10.94
Module  (SiO2/Na2O) 1.94
Béo 38
Density (g/cm3 at 20 °C) 1.37
Viscosity (cP at 20 °C) 115

Table 3  Mixture series 
according to the selected 
geopolymerization parameters

Ac/B 100% FA 75% FA + 25% GGBFS 50% FA + 50% GGBFS

0.45 0.55 0.65 0.45 0.55 0.65 0.45 0.55 0.65

10 M SS/SH 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

14 M 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
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Results and discussion

Fresh and hardened unit weight

The fresh and hardened unit weight results are given in 

Figs. 4 and 5. The fresh unit weight values of the mixtures 
varied between 2.22–2.41 g/cm3. The fresh unit weights 
of the mixtures increased with increase of GGBFS con-
tent. For a conventional hardened concrete, unit weight 
generally changes between 2.3–2.5 g/cm3 [50, 51]. The 
unit weights of 100% AEFA-containing hardened sample 

Fig. 3  Images from experi-
ments: a oven curing, b heat-
treated samples, c UPV test, and 
d compressive strength test

Fig. 4  Fresh and hardened unit 
weight of 10 M SH containing 
samples
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group changed between 1.98–2.09 g/cm3, for both ages 
and molarities. 25% GGBFS-containing sample groups 
have shown unit weight values between 2.09–2.14 g/cm3. 
This range is 2.14–2.26 g/cm3 for 50% GGBFS-contain-
ing group. It is seen that GGBFS-containing groups have 
higher unit weight values than 100% AEFA-containing 
groups and they have given more similar results to con-
ventional concrete. According to the results, geopolymer 
concretes produced completely with AEFA are lighter than 
slag-containing samples. These results can be related to 
the higher specific gravity of the GGBFS compared to 
AEFA (Table 1). One other possible reason is the degree 
of geopolymerization reactions of the samples containing 
GGBFS. An increase in the degree of the reaction also 
means more reaction products and less pores. From Figs. 4 
and 5 it is possible to conclude that the results of the unit 
weight tests were not significantly affected by the concen-
tration of SH, Ac/B, and the age of the samples.

Ultrasonic pulse velocity test results

UPV test results are given in Figs. 6 and 7. UPV strongly 
depends on the pore structure and density of the material. 
Hence, there is a strong relationship between the mechanical 
properties and the UPV results [52].

In the series containing 10 M SH for 28 day samples, 
the UPV value varied between 1266–1613 m/s in the sam-
ples containing only AEFA, while adding 25% GGBFS 
increased this range to 1493–2565 m/s. 50% GGBFS addi-
tion increased this range to 2033–3049 m/s. In the 60-day 
series, these values were slightly higher and the range of 
all samples was 1275–3368 m/s. In the series containing 
14 M SH, 60 day samples containing only AEFA gave a 

range of 2475–3029 m/s, samples containing 25% GGBFS 
2561–3884 m/s, and samples containing 50% GGBFS gave 
a range of 2794–4581 m/s. It is seen that the 60-day sam-
ples have slightly higher values than the 28 day samples. 
The lowest UPV result was obtained from the 100% AEFA 
sample with 10 M SH, 0.45 Ac/B ratio, and 0.75 SS/SH 
ratio. The highest result was obtained from the 50% FA 
sample with 14 M SH, 0.65 Ac/B ratios, and 1.50 SS/SH 
ratio. According to the UPV results, GGBFS-containing 
samples have higher UPV results. For example, the addi-
tion of GGBFS to samples containing only AEFA in 60 day 
samples resulted in an increase from 11 to 101%. The UPV 
results also increased with the increase of SS/SH ratio. The 

Fig. 5  Fresh and hardened unit 
weight of 14 M SH containing 
samples

Fig. 6  UPV values of 10 M SH containing samples
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increase in SS/SH ratio from 0.75 to 1.5 provided an increase 
between 6.6% and 37% for the same sample group. Another 
parameter that improves the results is the increase in the 
Ac/B ratio. Increasing the Ac/B ratio from 0.45 to 0.65 in 
the same sample group increased the results between 1 and 
69%. In addition, the increase in SH concentration was also 
effective in increasing the UPV values. The increase in SH 
concentration from 10 to 14 M in 60 day samples resulted in 
an increase between 13 and 94%. As mentioned before, it is 
known that there is a strong relationship between mechanical 
properties and UPV [52]. Therefore, it can be said that the 
parameters affecting variations in UPV and the mechanical 

properties are similar. The reasons for the variation in results 
are therefore discussed in the next section.

Compressive strength results

Compressive strength test results are given in Fig. 8. Accord-
ing to the 28 day compressive strength results, for mixtures 
produced with 100% AEFA and 10 M SH, the lowest result 
is 2.52 MPa and the highest result is 5.63 MPa. The incre-
ment is 123% with the increase of SS/SH and Ac/B ratio. 
When 14 M SH was used, the lowest strength increased 
to 2.66 MPa and the highest value increased to 6.85 MPa. 
The increment in strength between is 157.5%. The low-
est value was obtained as 4.47 MPa and the highest as 
12.69 MPa when 25% of GGBFS was used in the mixture 
with 10 M SH. The strength increment in the 10 M group is 
184%. The highest value of 100% AEFA-containing group 
(10 M-0.65/1.5–5.63 MPa) increased to 16.42 MPa with 
50% GGBFS addition. The increment is 191.7%.

When the molarity increased to 14 M, the lowest strength 
value increased to 9.35 MPa and the highest value increased 
to 30.57 MPa. The highest value of 100% AEFA-containing 
group is 15.26 MPa (14 M-0.65/1.5). This value increased 
to 30.57 MPa by 50% GGBFS addition. The increment is 
100.3%. It can be seen that the compressive strength of sam-
ples significantly increases by the addition of GGBFS. In 
the literature, it is reported that GGBFS addition into fly 
ash-based geopolymer mixtures increases the compressive 
strength. This is associated with the rapid reaction of very 
fine GGBFS particles and alkaline solutions. This reac-
tion mainly forms hydrated phases such as calcium silicate 
hydrates (C–S–H) and calcium–aluminum–silicate–hydrate 

Fig. 7  UPV values of 14 M SH containing samples

Fig. 8  Results of compressive strength test: a 28 day, and b 60 day
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gels (C–A–S–H) and contributes to the compressive strength 
of the material [53–55]. On the other hand, the GGBFS used 
in the study has finer grains compared to the fly ash. This 
increases the specific surface area and results in an incre-
ment in the reactivity of the mixture.

On the other hand, it was observed that the increase in 
the SS/SH ratio increased the compressive strength of the 
AEFA-based samples. The highest values in the groups were 
obtained from the 1.50 SS/SH ratio. The increment range in 
the compressive strength with the increase of SS/SH ratio 
from 0.75 to 1.5 in 100% AEFA series is 23.4–49.8%, for 
25% GGBFS group is 25–65.8% and for 50% GGBFS group 
is 19.2–57.6% in 28 day tests. In 60 day tests, these values 
are 23.3–60%, 21.3–71.7% and 23.9–73.7%, respectively.

At all mixture series the compressive strength results 
were increased with the increase of Ac/B ratio. 0.65 is 
the highest strength giving group in different Ac/B ratios. 
In 28 day results, for 100% AEFA-containing group the 
strength increment range with the increase of Ac/B ratio 
from 0.45 to 0.65 is 13.9–81%, for 25% GGBFS group 
17.9–136.5% and for 50% GGBFS group 37.8–87.4%. For 
60 day tests these results are 20–108.8%, 22.1–155.2% and 
36.4–86.5%, respectively.

The increment in the Ac/B ratio leads to a better dis-
solution of the aluminosilicate ions. In this way, it became 
possible to produce more reaction products [56]. Moreover, 
reaction kinetics and stability are known to be affected by 
the Ac/B ratio. In addition, it has been stated in the litera-
ture that the increase in sodium concentration in the activa-
tor solution increases the ionic strength and provides better 
deflocculation of anhydrated GGBFS grains [55]. Besides, 
the increase of SS/SH ratio provides sufficient SS for the 
geopolymerization reactions and this leads to an incre-
ment in the formation of the geopolymeric gel [57, 58]. It 
is reported that SS usually leads to the highest mechanical 
properties [59].

The increase in SH concentration appears to have a 
serious effect on the results. When the 28 day results are 
examined, the minimum increase obtained by increasing the 
molarity from 10 to 14 M in the samples produced using 
AEFA alone is 143.5%, while the highest is 277.8%. These 
values were 28.7% and 175.7%, respectively, in the group 
containing 25% GGBFS, and 51.7% and 96.5%, respectively, 
in the group containing 50% GGBFS. The increment values 
of the 60 day samples are very close to the 28 day increase 
values. High NaOH concentration increases the alkalinity of 
the activator solution. This accelerates the dissolution of Si 
and Al ions and causes an increase in the amount of hydra-
tion products [58].

It can be said that the curing time does not have a very 
serious effect on the results. The increase in compressive 
strength between 28 and 60 days in the sample group con-
taining 10 M SH ranged from 2% to 21.7%, while the same 

rate varied from 2% to 16.4% for the groups containing 14 M 
SH.

Relationship between UPV and compressive 
strength

The relationships between UPV and compressive strength 
are shown in Figs. 9 and 10. From Fig. 9 it can be seen that 
there is a good relationship between UPV results and the 
compressive strength results of the geopolymer concretes at 
28 days. As response parameters, the compressive strength 
values were considered and UPV results were taken as pre-
dicted factors. A linear regression method was used and very 
high  R2 values were obtained, which are between approxi-
mately 0.93 and 0.99. This means there is a good correlation 
between UPV and compressive strength results. The linear 
regression equations can be seen in the figures.

Figure 10 shows the relationship between UPV and com-
pressive strength at 60 days. There can be seen a good cor-
relation similar to 28 day results. The determination coef-
ficients  (R2) were also between approximately 0.93 and 0.99.

The porosity of the material and the cracks in the struc-
ture directly affect the UPV results. High amounts of cracks 
and high porosity lead to lower UPV values. It is known 
that the UPV results of the mixtures indicate mechanical 
properties such as compressive strength, flexural strength, 
and elastic modulus [60, 61].

Splitting tensile strength results

The splitting tensile strength test results are given in Fig. 11. 
According to the splitting tensile strength results at 28 day, 
for 100% AEFA-containing geopolymers with 10 M SH, 
only two samples gave results. It was not possible to read 
a strength value from the other seven series. The obtained 
values are 1.22 and 1.31 MPa. 14 M SH group results vary 
from 1.92 to 2.89 MPa. 25% GGBFS-containing group has 
results between 1.22 and 2.77 MPa for 10 M SH and 2.24 
and 3.91 MPa for 14 M SH. 50% GGBFS-containing group 
has shown the highest values which are between 1.67 and 
3.16 MPa for 10 M and 2.62 and 4.97 MPa for 14 M.

At 60 day tests, the highest value was obtained from 
14S50-0.65/1.5 again as compressive strength and the value 
is 5.36 MPa. The lowest value was obtained from 10S25-
0.45/0.75. The result is 1.15 MPa. However, from Fig. 11b, 
it should be taken into account that strength values could 
not be obtained from most of the samples produced using 
only AEFA.

The highest values were obtained from 1.50 SS/SH. The 
results increased with the increase of this ratio. For 28 day 
results, according to SS/SH ratio change, the highest strength 
increment in the 10 M group for 25% and 50% GGBFS are 
45.1%, 53.9%, respectively. Adequate results could not be 
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obtained in the group containing 100% AEFA. These ratios 
are 60.9% and 47.7% for the 14 M group, respectively. The 
highest increment for the 100% AEFA group is 28.6%. For 
60 day results, similar increment ratios were obtained chang-
ing from 12.3% to 78.8% for all series.

When the changes that occur with the increase of the 
Ac/B ratio were examined, the highest values were obtained 
from the 0.65 ratio, just as in the compressive strength. In 
28 day results, for 10 M 25% and 50% GGBFS-containing 
groups, the strength increment with the increases of Ac/B 

ratio from 0.45 to 0.65 is 118% and 52.7%. For the 60 day 
series, these values are 120% and 92%, respectively. For 
14 M 28 day tests, the highest increase for 100% AEFA, 
25% GGBFS and 50% GGBFS groups, is 21.4%, 35% and 
62.2%, respectively. These values are 26.4%, 40.9%, and 
59.6, respectively, for the 60 day group.

It is possible to see that there is not a significant differ-
ence between the 28 day and 60 day values, but there is a 
slight increase in the 60 day values. In a study, researchers 
used SH solution between 8 and 16 M and examined the 

Fig. 9  Relationship between UPV and compressive strength for 28  day tests: a 10  M-100% FA, b14  M-100% FA, c 10  M-25% GGBFS, d 
14 M-25% GGBFS, e 10 M-50% GGBFS, and f 14 M-50% GGBFS
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splitting tensile strength results of the high calcium-based 
geopolymers they produced. The values varied between 
1.40–3.87 MPa for different molarity values [62]. In an arti-
cle evaluating high calcium fly ash and silica resources, all 
the splitting tensile test results obtained when using 10, 12, 
and 14 M SH were below 4.5 MPa [48]. The values obtained 
in this study are compatible with those in the literature, and 
all values except three samples were below 4.5 MPa. It has 
been stated in the studies that the results are generally paral-
lel to the results obtained in the compressive strength tests 

[63]. The compressive and splitting tensile strength results 
in this study have the same trend. Therefore, it is thought 
that the factors affecting the changes in compressive strength 
results also affect the splitting tensile strength.

Scanning electron microscopy analysis

In order to investigate the microstructure of the geopolymers 
produced, scanning electron microscopy (SEM) analyses 

Fig. 10  Relationship between UPV and compressive strength for 60  day tests a 10  M-100% FA, b14  M-100% FA, c 10  M-25% GGBFS, d 
14 M-25% GGBFS, e 10 M-50% GGBFS, and f 14 M-50% GGBFS
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were carried on. Figure 12 shows the SEM images of vari-
ous 60 day samples.

Figure 12a belongs to the sample containing 10 M SH 
produced with 100% AEFA. From the figure, it can be seen 
that the matrix phase is quite loose and porous. At the same 
time, there is no sufficient interlocking between the aggre-
gate particle and the matrix, and there is a large crack-like 
opening. When the SH concentration increased to 14 M 

in the same sample (Fig. 12b), no major changes could be 
observed in the matrix phase. When the interfacial transi-
tion zone (ITZ) between aggregate and matrix is examined, 
it is seen that there is still a weak interlocking, but the sig-
nificant gap between aggregate and matrix is not as clear 
as that shown in a Fig. 11a. From Fig. 11c it is seen that 
the aggregate matrix interface is in a much better condi-
tion when 50% GGBFS is added to the sample containing 

Fig. 11  Results of splitting tensile strength test: a 28 day, and b 60 day

Fig. 12  SEM images of the 
selected geopolymer samples: 
a 10FA-0.45/0.75, b 14FA-
0.45/0.75, c 10S50-0.65/1.5 and 
d 14S50-0.65/1.5
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10 M SH and SS/SH and Ac/B inceased to 1.5 and 0.65, 
respectively. In the matrix phase, an irregular and porous 
structure is observed. A regular, dense, and void-free matrix 
phase is seen when examining the sample using both 50% 
GGBFS and 14 M SH (Fig. 12d). At the same time, it can 
be said that the ITZ of the aggregate particle and the matrix 
is much more ideal when compared to other images. It is 
thought that the increase in the strength of the samples is due 
to this improvement between the aggregate and the matrix. 
At the same time, it is observed that there is a development 
in the matrix phase. For example, when the compressive 
strengths of the samples whose SEM images were investi-
gated are examined, it is seen that they are 2.66, 9.53, 19.31, 
and 34.49 MPa, respectively. This may also be related to 
the presence of GGBFS in the structure. The reaction of the 
GGBFS and the alkaline solutions forms additional C–S–H 
and/or C–A–S–H gels and this leads to a denser and com-
pacter microstructure [55, 64].

Conclusion

The effects of various geopolymerization parameters on 
the strength properties of AEFA-based geopolymers and 
GGBFS admixed geopolymers were experimentally inves-
tigated. According to the experimental study, the following 
conclusions can be drawn:

• Unit weights of 100% AEFA-containing geopolymers 
are lower than unit weights of conventional concrete but 
with the GGBFS addition these values came closer to the 
conventional concrete.

• 100% AEFA-based geopolymers have the lowest UPV 
results, and on the other hand, GGBFS incorporation 
increased the UPV results. 50% GGBFS-containing sam-
ple with 14 M SH, 0.65 Ac/B ratio, and 1.50 SS/SH ratio, 
has given the highest UPV result.

• With the increase of GGBFS, the compressive strength 
values increased. The highest strengths were obtained 
from 50% GGBFS groups. This can be related to the 
additional reactions of GGBFS. Compressive strength 
results increased with the increase of SS/SH and Ac/B 
ratio at all mixture groups.

• Splitting tensile strength results are similar to compres-
sive strength results. These results also increased with 
the increase of GGBFS amount, SS/SH, and Ac/B ratio.

• The results indicated that AEFA, which has the highest 
waste reserve among the thermal power plant fly ashes in 
Turkey, was evaluated as partial geopolymer raw mate-
rial. It can be seen that Afşin-Elbistan fly ash, which 
gave lower strength results by itself, can be evaluated by 
combining with GGBFS in various amounts. This com-
bining may play an important role in utilizing the AEFA 

which is not being preferable for the cement and concrete 
industry.
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