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Fly ash-based geopolymer has recently gained attention of researchers due to its potential application, as well as
being an alternative binder with low emissions compared to ordinary Portland cement (OPC) in concrete pro-
duction. Studies which are conducted on the design and mechanical properties of structural members produced
from fly ash geopolymer concrete (GPC) are very important in terms of increasing the use of this concrete. The
aim of this study is to obtain experimental data on the effect of sodium silicate/sodium hydroxide (SS/SH) and
alkali activators/fly ash (AA/FA) ratios on the mechanical properties of a low calcium heat-cured fly ash geo-
polymer. In addition, it is to reveal the similarities and differences of OPC and GPC by comparing the mathe-
matical formulations in existing regulations and concrete models with experimental data. Thus, geopolymer
cylinder concrete samples were produced using 15 different mixtures with SS/SH ratios of 1.5, 2.5 and 3.5, while
AA/FA ratios of 0.4, 0.5, 0.6, 0.7 and 0.8. At the end of the study, the optimum SS/SH ratio was obtained as 2.5.
A decrease in the AA/FA ratio increases the compressive and splitting tensile strength, while an increment in-
creases the ductility and consuming energy. In addition, the relationship between the experimental data and the
splitting tensile strength and modulus of elasticity formulations depending on the compressive strength given in
other studies and regulations as a part of literature was investigated, and then, two alternative empirical for-
mulations considering the ratios of alkali activators were proposed at the end of the regression analysis. When
the stress-strain relationship of OPC concrete models and GPC mixtures were compared, the closest unconfined
concrete model for GPC concrete was the Hognestad model.

1. Introduction

The demand for concrete increases exponentially today as the con-
struction increases day by day. The production of Portland cement
concrete increases the emission of CO3, which has an important role in
increasing the effect of greenhouse gasses in the atmosphere. For this
reason, research on the use of fly ash material in the waste product class
in concrete production is important in terms of making concrete more
environmentally friendly. Studies conducted in recent years reveal that
geopolymer concrete (GPC) has superior properties compared to ordi-
nary Portland cement concrete (OPC).

Fly ash (FA) produced from coal-fired power plants, which are
known to significantly improve the mechanical and strength properties
of GPC, are the most widely preferred aluminosilicate binders [1]. The
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presence of silica and alumina oxides in GPC is generally explained by
the silica/alumina (SiO5/Al;03) ratio. Due to increase in silica alumina
ratio, the compressive strength of FA-based GPC increases [2]. In gen-
eral, it has been determined that the compressive strength increases with
the increase of the FA content (254 to 670 kg/m>) in the geopolymer
concrete mixture, while the fly ash with fine and glassy phase is more
reactive in most of the studies [3].

The composition and amount of silicate/hydroxide, activator/
binder, Si/Al and Na;0/SiO; ratios are the main factors which affect the
polymeric chains in the geopolymerization reaction [4]. The most
common activators used for the preparation of GPC are a combination of
NaySiO3 and NaOH [5,6]. The effects of activators on the polymerization
process are important. Polymerization occurs at a high rate when alkali
activators dissolve Si and Al from the binder material to form an
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N—A—S—H gel matrix. Activators prepared by using NaOH and
NaySiOs improve the reactivity in fly ash [7,8]. It has been observed by
many researchers [9-13] that alkaline activators are the main factor
which influence the strength development of GPC. According to these
studies, the effect of activator/binder and silicate/hydroxide ratios play
an important role in the geopolymerization process. The most commonly
used activators in GPC are NaySiO3 and NaOH. Na,SiO3 and NaOH
doped GPC samples show better mechanical, strength and microstruc-
tural properties [14]. Using only hydroxides as activators in GPC occurs
pores and shrinkage cracks that lead to poor mechanical properties due
to hydroxides only help dissolve precursor Si and Al ions. However, the
inclusion of a source of hydroxide and a source of silicate as activator
increases the fluidity of GPC [15-17]. While the excessive use of silicates
in GPC inhibits geopolymerization, excess hydroxide leads to early and
vigorous precipitation of aluminosilicate precursors, which inhibits
further formation of the geopolymer gel [18]. Vora et al. [19] investi-
gated the effects of curing temperature, NaySiO3/NaOH and alkali
activator/fly ash ratios on the compressive strength of GPC. It was
determined that the compressive strength increased with the increase in
curing temperature, and the compressive strength decreased with the
increase in the Na;SiO3/NaOH ratio and the alkali activator/FA ratio. In
addition, the dissolution of silicon and aluminum particles in the geo-
polymerization process depends on the molarity of NaOH. The higher
the molarity of NaOH, the higher the dissolution of silicon and
aluminum particles and, consequently, the higher the compressive
strength of GPC mixtures. As the molarity of NaOH is higher, the
dissolution of silicon and aluminum particles increase and, conse-
quently, the compressive strength of GPC mixtures increases [20]. The
optimum compressive strength of GPC was observed at 14 M NaOH
concentration, which can be attributed to the complete dissolution of
silicon and aluminum particles in the geopolymerization process [21].
However, it was observed that the GPC mixtures became sticky and the
workability of GPC decreased because of the increase of NaOH molarity.
It is figured out that water content plays an important role in the
dissolution of ions in the geopolymerization process [22]. Chi-
thambaram et al. [23] obtained the highest compressive strength at 14
M and 90 °C with increasing NaOH molarity and curing temperature and
observed that the compressive strength decreased at lower temperatures
and higher NaOH molarities. The literature shows that GPC has a lower
modulus of elasticity than OPC concrete for a given compressive
strength [24-26].

Many experimental and theoretical studies have been carried out by
different researchers and various behavior models have been proposed
in order to determine the behavior of OPC unconfined concrete. In line
with these studies, the ductility and the strain behavior of reinforced
concrete members constructed by the use of traditional concrete and
reinforcement together are calculated approximately by using moment
curvature analysis. The developed models provide great convenience
especially in the section design and analysis of the members [27]. One of
the first models developed according to the unconfined concrete
behavior is the Hognestad concrete model [28]. It was followed by Kent-
Park, Mander, Saatcioglu-Razvi unconfined concrete models [29-32].
Some empirical formulations are proposed for the calculation of
compressive strength, flexural strength, splitting tensile strength and
modulus of elasticity of GPC concrete samples [33-36]. However, there
are very few studies proposing a mathematical concrete model for the
entire stress-strain curve. Srivathsav et al. [37] compared the stress
strain curves obtained from the tests for traditional concrete samples
(OPQ) in concrete class M20 and geopolymer concrete samples (GPC) in
concrete class G20 according to the Indian regulations with the empir-
ical equations of the modified Saenz model. They concluded that the
graphs show a similar trend. Wang et al. [38] compared the stress-strain
curves of different alkali-activated geopolymer concretes and traditional
concretes for 3 different concrete strengths by obtaining them with the
help of various empirical formulations within the framework of Chinese
regulation GB/T 50010-2010. By this comparison, it has been revealed
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that there is no significant difference in the ascending curves of the
stress-strain graphs of all these different concretes whereas there are
significant differences in the descending curves. These studies in the
literature consider the models developed according to GPC concrete
classes and strengths prepared only within the framework of limited
regulations. In a more general context, a study that takes into account
the concrete classes for all regulations has not been carried out yet.
Therefore, in this study, stress-strain graphs of GPC concrete samples
were obtained by using some of the commonly used mathematical
concrete models for traditional unconfined concrete considering all
strength classes which are independent from the regulations. Comparing
these graphs with the graphs obtained from the experimental data, the
availability of these models used for OPC concrete was also investigated
for GPC concrete.

The scope of this study is to obtain experimental data on the effect of
sodium silicate/sodium hydroxide (SS/SH) and alkali activators/fly ash
(AA/FA) ratios on the mechanical properties of low calcium fly ash
geopolymer. Besides, it is aimed to reveal the similarities and differences
of OPC and GPC by comparing existing regulations and concrete models
with experimental data. For this purpose, modulus of elasticity and
splitting tensile strength values were calculated by using some empirical
formulations given in the literature and regulations and then, experi-
mental results were compared with these calculations. In addition,
empirical formulations have been developed for both the modulus of
elasticity and the splitting tensile strength, as a result of the regression
analysis performed by considering the alkali activator mixture ratios and
the compressive strengths. By comparing the concrete models in the
literature for OPC concrete with the stress-strain curves obtained from
the experimental data, it has been investigated whether it can be used
for geopolymer concretes as well. Also, the energy consumption ca-
pacities of the geopolymer concrete samples were obtained by calcu-
lating the areas under the curves obtained. Thus, compressive strength,
modulus of elasticity, splitting tensile strength and energy consumption
capacity of geopolymer concrete samples were calculated according to
different mixing ratios and the effect of mixing ratios on these values
was revealed.

2. Experimental program
2.1. Materials

Different GPCs have different effects depending on the alumina and
silica content in the aluminosilicates used in the geopolymer. Besides,
the performance of an aluminosilicate mostly depends on the optimum
percentage of silica and alumina in the chain reaction of the geo-
polymerization process [39]. The fly ash used in this study was obtained
from Isken Sugozii Power Plant with low calcium and is Class F ac-
cording to ASTM C618 [40]. The color of the fly ash is dark green, and
the specific gravity measured by using the Blaine Air Permeability
method is 2.32 g/cm® [41]. The chemical composition of the fly ash-
based aluminosilicate used in the study is as given in Table 1.

Table 1

Chemical components of fly ash.
Components %
Si0,, 1 55.9
Al,O3, 2 20.7
Fe,03, 3 9.31
Sumof1, 2,3 85.9
CaO 3.98
MgO 2.33
SO3 0.33
NayO 1,35
K20 2.19
Cl- 0.05
LOI (loss of ignition) 2.22
Fineness (>45 pm) 17.4
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A mixture of NaOH and NaySiO3 was preferred as the alkaline acti-
vator solution. NaOH grains in pallet form used to prepare 14 M sodium
hydroxide solution are 98 % pure. The NaOH solution was left at room
temperature for at least 24 h before use. The ratios of the components in
the Na,SiOs3 solution are Na,O = 14.41 %, SiO5 = 29.64 %, H,0 = 55.73
% and the bulk density is 1510 kg/m°>. Crushed stone with a diameter of
7-14 mm was used as coarse aggregate and river sand with a diameter of
3-4 mm was used as fine aggregate. In order to reduce the absorption of
water and chemicals, the moisture content of the fine and coarse ag-
gregates is adjusted as close to the saturated dry surface as possible.

2.2. Mix proportions

Alkaline enrichment in GPC significantly affects the samples with
less water/binder ratio by increasing the shrinkage of the mortar system
and the development of the pore structure and causes deterioration of
the mechanical strength [42,43]. Therefore, the amounts of alkaline
activators should be well mixed in the correct proportions when
designing the GPC mix. The formulations with different alkali activator
ratios used in the study are given in Table 2.

2.3. Mixing and casting

Firstly, coarse and fine aggregate with a saturated dry surface and fly
ash were mixed for 2 min for the production of concrete mortar. After
the Na,SiO3 solution, one of the alkali activators, was completely poured
into the mixture, the NaOH solution prepared 24 h before was added to
the mixture slowly for 5 min. After a total of 8 min, no extra water or
plasticizer was added to the mixture. The concrete mixture was casted in
?100x200 mm cylinder molds by compacting at three stages. Each of the
test samples given in Table 2 were produced as 4 numbers, three of
which were used in the compression test while one in the splitting tensile
test.

The manufactured samples were cured in the mold at a constant 90°
C in the oven for 24 h after casting. Afterwards, the samples removed
from the molds were stored at room temperature for 28 days until
strength tests. Within the scope of the research, a total of 60 cylinder
samples in 15 different formulas were produced (Fig. 1).

The workability of fresh concrete varies depending on the AA/FA
ratio. The mean values in the slump test were measured as 18.6 cm for
AA/FA ratio 0.4, 19.8 cm for 0.5, 21.2 cm for 0.6, 22.4 cm for 0.7 and
23.6 cm for 0.8, respectively. The setting time of fresh concrete varies
depending on the ratio of AA/FA and SS/SH. For the SS/SH ratio of 1.5,
when the AA/FA ratio increased from 0.4 to 0.8, the time was increased
by another 5 min and the setting time was measured between 10 and 15

Table 2
Formulations and mixture amount of test samples (kg/mg).
Sample Sample FA SS SH Fine Coarse

No Name Aggregate Aggregate
1 A1.5W0.4 406 97 65 643 1194
2 A1.5W0.5 406 122 81 643 1194
3 A1.5W0.6 406 146 97 643 1194
4 A1.5W0.7 406 171 114 643 1194
5 A1.5W0.8 406 195 130 643 1194
6 A2.5W0.4 406 116 46 643 1194
7 A2.5W0.5 406 145 58 643 1194
8 A2.5W0.6 406 174 70 643 1194
9 A2.5W0.7 406 203 81 643 1194
10 A2.5W0.8 406 232 93 643 1194
11 A3.5W0.4 406 126 36 643 1194
12 A3.5W0.5 406 158 45 643 1194
13 A3.5W0.6 406 189 54 643 1194
14 A3.5W0.7 406 221 63 643 1194
15 A3.5W0.8 406 253 72 643 1194

FA: Fly Ash, SS: Sodium Silicate Solution (Na»SiO3), SH: Sodium Hydroxide
Solution (NaOH).
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min. For the SS/SH ratio of 2.5, when the AA/FA ratio increased from
0.4 to 0.8, the time was increased by another 10 min and the setting time
was measured between 15 and 25 min. For the SS/SH ratio of 3.5, when
the AA/FA ratio increased from 0.4 to 0.8, the time was increased by 95
min and the setting time was measured between 25 and 120 min.

2.4. Test setup

During the cylinder compressive strength test, the stress-strain
behavior was calculated with the help of a compressometer. The
average of two potentiometer measurements was used to determine the
longitudinal deformation. The load values were determined by the load
cell placed under the cylinder sample. The measured values were
transferred to the computer with the help of a data logger (Fig. 2).

2.5. Test variables

Na,SiO3/NaOH (SS/SH) ratios were selected as 1.5, 2.5 and 3.5,
respectively based on previous research [44-49]. Al Bakri et al. [50]
obtained the highest compressive strength from samples with SS/SH
ratio of 2.5 and AA/FA ratio of 0.5. Accordingly, alkali activator/fly ash
(AA/FA) mixing ratios were used as 0.4, 0.5, 0.6, 0.7 and 0.8 considering
the workability in the study. As ratios, the values below 0.4 were not
preferred because they were too solid to be processed and those above
0.8 were liquid at a level that would cause separation [51]. The mixing
ratios of the chemicals that carry out the geopolymerization process are
given in Table 3.

The dissolution of silica and alumina in the geopolymerization pro-
cess that constitutive the aluminosilicate gel is very important to
determining the stability of the geopolymer during the hardening pro-
cess, which contributes to the high compressive strength of the geo-
polymer. The ratios affecting the dissolution of silica and alumina were
chosen as variables in this study. No water was added to the mixture
other than the specified ratios.

2.6. Mathematical model for stress- strain behavior

For concrete models, empirical formulations have been developed by
using experimental data and models that determine the 6-¢ relationship
of OPC concrete are proposed in order to find out the behavior. Thus, the
o-¢ curves obtained from the test results are idealized and simplified in
order to facilitate the mathematical solution. Idealized and simplified
c-¢ curves are called “mathematical models” [27].

Stress-strain relations (Table 4) of Hognestad, Kent-Park, Mander,
Saatcioglu-Razvi unconfined concrete models, which are the most
widely used as unconfined concrete models in the literature, were used
in the study. Stress-strain graphs were obtained from experimental re-
sults of GPC concrete of compressive strength tests of 15 groups with
different mixing ratios. The equations of the concrete models used are
given as follows [29-32].

o-¢ curves were drawn for each concrete model by using the above
equations. The amounts of consumed energy were obtained by calcu-
lating the areas under the stress-strain curves for each model relation.
The amount of energy consumed by concrete samples under load is
expressed as a measure of ductility. Thus, the relationship between the
amount of energy consumed, which is an important parameter in terms
of building elements, is revealed by using experimental data and con-
crete models.

2.7. Analytical formulations for splitting tensile stress and modulus of
elasticity

According to studies and regulations in the literature, the modulus of
elasticity has a direct relationship with the compressive strength
[21,52,53]. However, the density is also taken into account in some
regulations and studies [54,55]. In addition to the compressive strength,
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Fig. 2. Experimental set up for compressive strength test.
Table 3 Table 4
Mixing ratios of chemicals for test samples. Empirical formulations for obtaining stress-strain curves.
Sample Sample SS/ AA/ NaO/ Si0y/ w/ Concrete Model ~ Parabolic Curve Linear Curve No
N N SH FA Sio AlLO. FA
° — o2 2 Hognestad 2¢. e \? o. =0.85x f; 1)
1 ALSW0.4 150  0.40 0.18 3.03 0.25 (1951) o=t - (a) |
2 A1.5W0.5 1.50 0.50 0.22 3.12 0.30 2f,
3 A1.5W0.6 1.50 0.60 0.25 3.20 0.36 Eco= E_c
4 A1.5W0.7 1.50 0.70 0.28 3.29 0.42 E. = 12680 + 460 x f.
5 A1.5W0.8 150  0.80 0.31 3.38 0.47 Kent-Park 2 (62 oe=fi[l — Zulec — £c0))Zu = @
6 A2.5W0.4 2.50 0.40 0.16 3.10 0.25 (1971) oc :fc[a ey ] 05
7 A2.5W0.5 2.50 0.50 0.19 3.20 0.30 E50u—¢
8 A2.5W0.6 2.50 0.60 0.22 3.30 0.36 34029
9 A2.5W0.7 2.50 0.70 0.24 3.40 0.42 esou = 145f. — 1000
10 A2.5W0.8 2.50 0.80 0.26 3.51 0.47 Mander (1988) _ feoxr _ 2r (3)
11 A3.5W0.4 3.50 0.40 0.15 3.14 0.25 O "C’f‘"(r -1+ 2,)
12 A3.5W0.5 3.50 0.50 0.17 3.25 0.30 x = ir _ E. x = E_cr _ E.
13 A3.5W0.6 3.50 0.60 0.20 3.36 0.36 £co E¢ — Egec £co E¢ — Egec
14 A3.5W0.7 350  0.70 0.22 3.47 0.42 Eue = 7B, —5000%  Ey =7®E, —5000x NI
15 A3.5W0.8 3.50 0.80 0.24 3.58 0.47 £co £c0
. . - . - . fe
FA: Fly Ash, SS: Sodium Silicate Solution (Na,SiO3), SH: Sodium Hydroxide ioglu- vk 2
- e - ’ Saatcioglu L2 P o —f (&)(5 ~ &) “@
Solution (NaOH), AA: Alkali Activator Solution (Na,SiO3 + NaOH), W: Water. Razvi (1992)  O¢ ﬂfc[a e ] e e e e T 0

the Na,ySiO3/NaOH (SS/SH) ratio of alkaline activators and the ratio of
alkaline activators to fly ash (AA/FA) were considered in the study.
While the modulus of elasticity increased with the increase in
compressive strength, the increase in the ratio of alkaline solutions
decreased the modulus of elasticity. Therefore, a regression analysis was
performed in accordance with the relationship between the modulus of
elasticity, the compressive strength and the ratios (SS/SH) and (AA/FA).
By using the equation developed from this result, the results obtained
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o.. compressive stress of concrete; f.: longitudinal concrete stress; feo:
compressive strength of unconfined concrete.

£.85: 85 % of longitudinal stress; €. = longitudinal concrete strain; €., = strain at
maximum stress fco of unconfined concrete; £c85: strain at 85 % of maximum
stress of unconfined stress €é50u: strain at 50 % eu85: strain at %85 strength
levels beyond the peak; E.: modulus of elasticity of concrete; Eq. = secant
modulus of unconfined concrete at peak stress.
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from the experimental data and analytical formula were calculated as
percent error value for each group of geopolymer concrete samples. By
using the equation developed, the results obtained from the experi-
mental data and empirical formulations were calculated as percentage
error value for each group of geopolymer concrete samples.

Similarly, regression analysis was performed for splitting tensile
strength and a strength formulation was developed in accordance with
the model that was designed at the end of the analysis. The independent
variable in this formulation is not only the compressive strength, but
also the ratios of alkaline solutions (SS/SH) and (AA/FA) are taken into
account in the formulation as an independent variable, slightly different
from what is expressed in the studies and regulations in the literature
[56,57]. Accordingly, splitting tensile strengths developed for geo-
polymer samples of 15 different groups in total were calculated
analytically and compared with experimental data and some other for-
mulations given in the literature.

R?, standard error values were calculated in order to determine to
what extent the equations produced according to the results of the
regression analysis of both the modulus of elasticity and the splitting
tensile strength are compatible with the dependent and independent
variables, that is, the performance of the model. The P value was
calculated to reveal the correlation between the variables, that is,
whether the changes in the variables affect each other. The fact that this
value is less than 0.05 indicates that there is a correlation between the
variables. The standard error, on the other hand, is a criterion that shows
the distribution of the means of samples of the same size to be selected
from the same population and is obtained by dividing the standard de-
viation value by the square root of the number of subjects. The standard
error of the mean refers to the variation of the mean in the distribution
and decreases with increasing sample size. The low standard error value
is crucial for estimating the population parameter and finding out a
narrower confidence interval [58]. The correlation coefficient R is the
coefficient indicating the direction and size of the relationship between
the independent variables and takes a value range from —1 to +1. As this
value diverges from zero and converges to 1 or —1, this indicates that the
correlation between the variables is so good. According to Cohen
(1988), this value is &+ 0.50 or above; it indicates that there is a high
correlation between these variables [59]. The determination coefficient
RZ s defined as the ratio of the explained variation to the total variation.
It is a measure of the goodness of the regression model which fits the
dependent and independent variables. This value is between 0 and 1,
and as it gets closer to 1, it shows that the fitness between the variables
increases [58].

mA1.5 (SS/SH)

70
£ 60

EI I
2 S0

50 40

as

5 30 -

/0]

z o

2 10

o

a 0

- WO0.4 W0.5
O

= A2.5 (SS/SH)

Structures 48 (2023) 2048-2061

3. Result and discussions
3.1. Compressive strength

Cylinders with dimensions of ?#100x200 mm were used for ASTM
C39 compressive strength tests [60]. The expression “A” denotes the
ratio of alkali activators to each other NaySiO3/NaOH (SS/SH) whereas
the expression “W” is the ratio of alkali activators to fly ash (AA/FA).
The compressive strengths of the mixtures in which low calcium fly ash
is activated with activators at different rates are given in Fig. 3.

The highest strength is the A1.5W0.5 mix. When the ratio of alkaline
solutions increased the strength decreased. The lowest compressive
strengths were obtained from the samples with SS/SH ratio of 3.5. Ac-
cording to AA/FA, the highest average strength was obtained from 0.5
ratio, and the lowest strength average was 0.8 ratio. According to SS/SH,
the highest average strength was obtained from 2.5 ratio, and the lowest
average strength from 3.5 ratio.

During the experimental study, segregation started with the AA/FA
ratio exceeding 0.6. This became more evident when the ratio increased
to 0.7 and 0.8. The amount of water ratio increased with the increase in
alkaline activator solution. This may decrease the strength by causing an
increase in the pore structure of the concrete.The compressive strength
of geopolymer concrete is inversely proportional to the water/geo-
polymer binder ratio. The compressive strength of geopolymer concrete
decreases with increase in water to geopolymer binder ratio. It is
informed that the optimal value of water to binder ratio varies from 0.25
to 0.35 for geopolymer concrete. Higher ratio leads to segregated mix,
whereas lower ratio causes viscous and dry a geopolymer concrete mix
[61]. When the mechanical and physical properties of the geopolymer
concrete are evaluated in terms of the water/binder ratio, alkaline
activator to fly ash ratios of 0.7 and 0.8 are out of these values. It ex-
plains one reason for the segregation in the geopolymer process with
AA/FA ratios of 0.7 and 0.8.

A slight increase in the alkali activator content provides a high
activation of the fly ash, and it produces a highly reacted dense alumi-
nosilicate gel matrix. In this case, it indicates an improvement in the
compressive strength. However, excessive increase in the amount in the
mixture leads to the inhibition of the geopolymerization process and
reduces the compressive strength. Therefore, there is a large number of
unreacted or partially reacted silicate phases in the geopolymer matrix.
However, an increase in the AA/FA ratio causes an increase in porosity,
especially in mixtures cured at high temperatures. As a result of all these
reasons, the compressive strength of geopolymer concrete decreases.
Hadi et al. reported that the alkali activator ratio required to obtain

A3.5 (SS/SH)

I
I II III

WO0.6 WO0.7 WO0.8

AA/FA

Fig. 3. Compressive strength of mixtures using solutions in different ratios.
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optimum compressive strength is 0.5 and 0.6 according to the amor-
phous component content and particle size of the fly ash in the mixture.
Accordingly, each type of mixture has an optimum AA/FA ratio required
to achieve the high compressive strength. In the study, this ratio was
obtained as 0.5 [62].

3.2. Splitting tensile strength

Cylinders samples with dimensions of #100x200 mm were used for
ASTM C496 splitting tensile strength tests, respectively [63]. The tensile
strength of conventional concrete varies between 10 and 15 % of its
compressive strength [64]. Experimental data, the equations proposed
in different regulations, and modulus of elasticity values calculated from
previous research articles in the literature are compared in Table 5. The
splitting tensile strength values were calculated by using Egs. (5) and (6)
with respect to ACI363-R92, CEB-FIP, respectively [65,66]. In addition,
the modulus of elasticity for geopolymer concrete was calculated by
using the Egs. (7) to (10) suggested by some researchers [67-70].

ACI 363-R92

fir =059 x \/fo (5)
CEB-FIB

fip = 0301 x (1) (6)
Gardner et al.

fop = 0.6 x (£)° )
Raphael et al.

fsp —02x% (fc)m ®)
De Larrard et al.

fip = 0.640.06 X (f.) 9
Ryu et al.

fop = 0.17 x (£.)** 10

The highest splitting tensile strength was obtained from the
A2.5W0.5 mix in the study. When the ratio of alkaline solutions
increased, the compressive strength decreased. According to AA/FA, the
highest average strength was obtained from 0.5 ratio, and the lowest
strength average was 0.8 ratio. With respect to SS/SH, the highest
average strength was obtained from 2.5, and the lowest average strength
from 3.5 in this study. Splitting tensile strengths of mixtures in which
heat-cured fly ash is activated with activators at different ratios are
given in Fig. 4.

As seen, only the compressive strength is taken into account in all the
formulations used in the literature for the calculation of splitting tensile

Table 5
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strength. However, it is observed from the calculations obtained by
using the equations in Table 5 and the graphs plotted from the experi-
mental data in Fig. 5 that the alkali activator solution ratios also have an
effect on the splitting tensile strength of the geopolymer concrete sam-
ples. Therefore, an empirical formulation is proposed in the study that
considers not only the compressive strength but also the alkali activator
ratios (SS/SH) and (AA/FA) used as an independent variable. The results
obtained by using the formulation in Equation (11) are given in Fig. 5.

B ) Y AA 0.295
o= o gz osss () /(1)

The correlation coefficient R, the determination coefficient R?, the
standard error and P values are calculated in order to check the accuracy
of the regression model and whether the variables are related to each
other, and they are given in Table 6. As observed from the model, the P
values for the independent variables remained below 0.05. The corre-
lation coefficient is very close to 1 as the value of R 0.98 and also the
determination coefficient R? equals to 0.96 [34,59].

It is found out from the Root Mean Squared Error (RMSE) values
calculated for all groups in Table 7 that the model proposed in the study
gives results closer to the experimental data than other models in the
literature. It is seen that the proposed formulation gives close results and
the use of alkali solution ratios in the formulation improves the calcu-
lated values numerically [59].

an

3.3. Modulus of elasticity

Modulus of elasticity is an important mechanical property showing
the linear strength of concrete material and is determined according to
ASTM standard C469M-14 [71]. It is reported that kiln-cured fly ash-
based geopolymer samples have lower modulus of elasticity values
compared to traditional concrete [72,73]. Experiments have shown that
the modulus of elasticity values of kiln-cured fly ash-based geopolymer
concrete samples with an average compressive strength of approxi-
mately 55 MPa are between 14.9 % and 28.8 % compared to traditional
concrete [74].

Experimental data, equations given in different regulations, and
modulus of elasticity values calculated from some previous studies in
literature are compared in Table 8. Hence, the modulus of elasticity was
calculated by using Egs. (12) to (14) according to ACI318-14, CEB-FIP
and TS 500-2000, respectively [54,66,75]. Also, the modulus of elas-
ticity for geopolymer concrete was calculated by using the Egs. (15) to
(19) proposed by some researchers [21,36,52,53,55].

ACI 318-14

E.=0.043 x p'% x \/f.
CEB-FIB

12

Splitting tensile strength of GPC from regulations, literature and experimental study (MPa).

Sample Name ACI363 R-92 CEB-FIB Model Gardner et al. Raphael et al. De Larrard et al. Ryu et al. Experimental (28 Days)
A1.5W0.4 4,31 4,32 8,50 3,24 3,80 1,24 5,70
A1.5W0.5 4,35 4,38 8,61 3,28 3,86 1,25 4,84
A1.5W0.6 3,62 3,43 6,75 2,54 2,86 1,04 5,55
A1.5W0.7 4,40 4,45 8,75 3,34 3,94 1,27 4,83
A1.5W0.8 4,09 4,04 7,94 3,01 3,49 1,18 4,34
A2.5W0.4 4,24 4,23 8,32 3,16 3,70 1,22 4,98
A2.5W0.5 4,38 4,41 8,68 3,31 3,90 1,26 6,19
A2.5W0.6 4,04 3,97 7,80 2,96 3,41 1,16 4,77
A2.5W0.7 4,07 4,00 7,87 2,98 3,45 1,17 5,34
A2.5W0.8 3,99 3,90 7,68 2,91 3,35 1,15 4,34
A3.5W0.4 4,35 4,38 8,61 3,28 3,86 1,25 4,78
A3.5W0.5 3,60 3,40 6,69 2,51 2,83 1,04 4,91
A3.5W0.6 3,54 3,32 6,53 2,45 2,75 1,02 4,72
A3.5W0.7 4,03 3,95 7,77 2,95 3,40 1,16 5,37
A3.5W0.8 3,39 3,13 6,17 2,31 2,58 0,98 4,53
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Fig. 4. Splitting tensile strength of mixtures using different ratios of solution.
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Fig. 5. Comparison of experimental and numerical strengths and percentage error values.

Table 6 E.=0.85x2.15x 10* x y Je (13)
Regression statistics values obtained for the splitting tensile 10
strength formula. TS500-2000
Regression Statistics Values
E. = 3250 X +/f. + 14000 14)
Correlation Coefficient R 0.98
Determination Coefficient, R? 0.96 Diaz Loya et al.
Standard Error 5.38
P-value of Strength 0.048 E.=0.037 x p'° x \/f_C (15)
P-value of Alkali Solution 0.003
Sample Number 15 Hardjito et al.
E. = 2707 x \/f. +5300 (16)
Table 7 Lee-Lee
RMSE values calculated by considering the error values of all samples of the
empirical formulations used in the splitting tensile strength calculation. E. = 5300 x Vfc a7
Splitting Gardner Raphael De Larrard Ryu In this Nath-Sarker
Tensile et al. et al. et al. etal. study
Strength E. = 3510 x \/f. (18)
RMSE 58,41 41,43 32,78 76,76 5.02 Red dy-Muniraj
E.=3282x\/f. 19
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Modulus of elasticity of GPC from regulations, literature and experimental study (MPa).

Sample Name  ACI 318-14  CEB-FIB Model = TS 500-2000  Diaz Loya et al. Hardjito et al. Lee-Lee  Nath-Sarker = Reddy-Muniraj Experimental (28 Days)
A1.5W0.4 35,386 31,929 37,734 30,448 25,068 19,950 25,633 23,968 22,896
A1.5W0.5 36,096 32,395 38,256 31,059 25,503 20,241 26,197 24,495 22,854
A1.5W0.6 35,254 32,259 38,103 30,335 25,376 20,156 26,031 24,340 26,691
A1.5W0.7 31,211 30,350 35,995 26,856 23,620 18,963 23,755 22,212 17,881
A1.5W0.8 27,506 27,984 33,474 23,668 21,521 17,485 21,032 19,666 16,457
A2.5W0.4 35,883 32,131 37,960 30,876 25,257 20,076 25,877 24,196 23,329
A2.5W0.5 33,183 30,863 36,555 28,553 24,087 19,283 24,360 22,777 23,992
A2.5W0.6 32,508 30,590 36,257 27,972 23,839 19,113 24,038 22,476 23,919
A2.5W0.7 34,326 32,125 37,953 29,536 25,251 20,072 25,869 24,189 23,612
A2.5W0.8 31,604 30,535 36,196 27,194 23,788 19,078 23,972 22,415 21,814
A3.5W0.4 29,278 28,444 33,956 25,193 21,922 17,772 21,552 20,152 22,329
A3.5W0.5 34,159 31,584 37,350 29,393 24,749 19,734 25,218 23,580 22,339
A3.5W0.6 31,761 30,724 36,404 27,329 23,961 19,197 24,196 22,624 20,973
A3.5W0.7 28,160 28,317 33,823 24,230 21,811 17,693 21,409 20,018 18,394
A3.5W0.8 26,544 27,204 32,666 22,840 20,847 16,998 20,159 18,850 14,127

The highest modulus of elasticity was obtained from the A1.5W0.6
mix. When the ratios of alkaline solutions increased the modulus of
elasticity values decreased. According to AA/FA, the highest average
elasticity was obtained from 0.6 ratio while the lowest average elasticity
was 0.8 ratio. According to SS/SH, the highest average elasticity was
obtained from 2.5 ratio, and the lowest average elasticity was 3.5 ratio
in the study. The modulus of elasticity of the mixtures in which the heat-
cured fly ash is activated with different ratios of activators are given in
Fig. 6.

Concrete strength and density values were considered for the
modulus of elasticity formulations developed by various researchers
above and included in some regulations. The results obtained by using
these formulations are given in Table 8. As seen from the results ob-
tained, not only the compressive strength or additional density, but also
the alkali activator solution ratios have some effects on the elastic
modulus of the geopolymer concrete. Thus, a regression model was
designed for the numerical calculation of the elastic modulus of the
geopolymer concrete samples, and a formulation was developed by
using the compressive strength and alkali activator ratios (SS/SH) and
(AA/FA) for the analysis. The results obtained by using the formulation
in Equation (20) are given in Fig. 7.

45
<0.s70x1n(f,,)+|.24x10*5 [(%) / (%) } +6,593)
E=e

Regression statistics such as R, R?, standard error and P values were
calculated in order to reveal the accuracy of the regression model, which

(20)

mAl1.5 (SS/SH)

< 30000
(ol
:Sl 25000
2 20000
5
S 15000
>
> 10000
= 5000
<
m 0

WO0.4 WO0.5

= A2.5 (SS/SH)

enables Egs. (20) for the modulus of elasticity calculation, and whether
the variables are related to each other. The values of regression statistics
are presented in Table 9. It is observed that the model has a very low
standard error, and the P values for the independent variables remained
below 0.05. The R? value was obtained as a very close value to 0.80. The
correlation coefficient R is above the value of 0.80, it is a measure of the
good correlation between the variables [34,59].

It appears in Table 10 that the model proposed in the study yields
closer results to the experimental data compared to other models by
calculating RMSE values for all geopolymer concrete groups. In partic-
ular, R and R? values are around 0.80 mentioned in the literature, and P
value is less than 0.05, which indicates that the independent variables
used in the modulus of elasticity formulation are related to each other
and the dependent variable and have a high correlation. According to
the calculations, the results are both so close to the experimental data
and yield better results than other formulations used in this study. Thus,
it is found out that the use of alkali solution ratios in the formulation
makes a positive contribution to the numerically calculated modulus of
elasticity values.

3.4. Ductility

It was found out that GPC concrete shows more bending and soft-
ening behavior under axial loading compared to ordinary OPC concrete.
Thus, it exhibits a more ductile behavior. This ductility is due to the
presence of a higher amount of finer aluminosilicate particles in the GPC
mixture [76,77]. Accordingly, the ductility of the mixtures in which low

A3.5 (SS/SH)

1 1 I .
|| |||| |

WO0.6
AA/FA

WO0.7 WO0.8

Fig. 6. Modulus of elasticity of mixtures using different ratios of solution.
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Fig. 7. Comparison of experimental and analytical modulus of elasticity and percent error values.

Table 9

Regression statistics values obtained for the Modulus of Elasticity

formulation.
Regression Statistics Values
Correlation Coefficient R 0.88
Determination Coefficient, R? 0.77
Standard Error 0.088
P-value of Strength 4.48x107°
P-value of Alkali Solution 0.039
Sample Number 15

Table 10

RMSE values calculated by considering the error values of all samples of the
empirical formulations used in the calculation of the modulus of elasticity.

Modulus of Diaz Hardjito Lee- Nath- Reddy- In this
Elasticity Loya et al. Lee Sarker Muniraj study
et al.
RMSE 33,49 18,89 15,03 18,32 13,11 7,93

calcium fly ash is activated with different ratios of activators is given in

Fig. 8.

The highest ductility was obtained from the A3.5W0.7 mixture. By

Ductility

2.50

2.00

1.50

1.0

(=]

mAL5 (SS/SH)

= A2.5 (SS/SH)

increasing the proportion of alkaline solutions, the ductility of the GPC
samples increased. According to AA/FA, the highest ductility average
was obtained from 0.7 ratio, and the lowest ductility average was 0.6
ratio. According to SS/SH, the highest ductility average was 3.5 ratio,
and the lowest ductility was 1.5 ratio.

3.5. Stress- strain behavior of geopolymer concrete (GPC)

The stress-strain graphs were obtained from the experimental data of
15 different group GPC samples produced by activating low calcium fly
ash with different ratios of activators. Then, the curves plotted by using
the empirical c-¢ relations of the Hognestad, Kent-Park, Mander,
Saatcioglu-Razvi unconfined concrete models are compared in Fig. 9.
Accordingly, there are some differences between the graphs obtained
from the experimental data and the curves calculated from the concrete
models. These differences are expected in terms of results due to
mathematical models and experimental data. Another factor leading to
these differences is that the experimental graphics are plotted by
calculating the averages of the 6-¢ values of 3 samples for each group, as
required by the standards. Therefore, the experimental curves are more
linear than the curves calculated from the concrete models.

When the graphs are investigated, it appears that the peaks where the
maximum stress is reached and the strain values where the rupture

= A3.5 (SS/SH)

0.5

o

0.0

(=]

Wo0.4 WO0.5 WO0.6 WO0.7
AA/FA

Fig. 8. The ductility values of the mixtures using different ratios of solution.
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Fig. 9. Comparison of ¢-¢ graphs of different GPC concrete mix groups with c-¢ curves of concrete models.

occurs are compatible with each other. While the Saatcioglu-Razvi
model is the most different graph with respect to the experimental
data, Kent-Park and Hognestad are the most similar concrete models in
terms of the graphs. Especially, the Hognestad model exhibits a very
similar behavior with the descending slope after the peak of the curve.
The Mander model, on the other hand, is a curve located between the
nearest and farthest curves, and it has a different slope from the
experimental data after the maximum stress value due to the empirical
relations of the model. The curve of the Mander model located between
the nearest and farthest curves has a different slope from the experi-
mental data after the maximum stress value due to the empirical

2057

relations of the model. Thus, the Hognestad concrete model was the
model that provides the most fitted stress-strain curves for geopolymer
(GPC) concretes, among the most widely used unconfined OPC concrete
models in the literature.

By making the evaluation on the stress strain graph, in general, the
increase in the AA/FA ratio increased the strain, while decreased the
strength. Similarly, the strain of the samples decreased, and the strength
of the samples increased due to decrease in the AA/FA ratio, except the
sample A2.5W0.7. On the other hand, the findings obtained from the
changes in the AA/FA ratio for all SS/SH ratios validate this statement.
When the effect of SS/SH ratios on stress strain behavior according to
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AA/FA ratios are investigated the highest strength was obtained from
samples with SS/SH ratio of 1.5 for AA/FA ratios of 0.4, 0.5 and 0.6 as
well. The AA/FA ratio is 0.7 and 0.8, the samples with SS/SH ratio of 2.5
perform higher strength. The strains corresponding to the maximum
stress also completely overlap with each other in terms of SS/SH ratio,
except for the A3.5W0.8 sample. The lowest strength was obtained from
the samples with SS/SH ratio of 3.5, except for the A2.5W0.5 sample.
The highest values in terms of strain corresponding to the maximum
stress were obtained from the samples with the SS/SH ratio of 1.5.
Although the increase in the water/binder ratio for each of SS/SH ratios
did not provide significant results in terms of stress, it resulted in an
increase in strain. As the AA/FA ratio increased, the strain values cor-
responding to the maximum stress increased, especially for the SS/SH
ratio of 3.5 with the ratio of AA/FA around 0.7 and 0.8. The unit weight
of geopolymer concrete, maximum compressive strength and fracture
pattern are similar to traditional concrete, however, behavior and
ductility can change according to the change in alkaline ratio [78,79].

3.6. Consuming energy of geopolymer concrete (GPC)

The energy values consumed by the structural members under the
load effects are associated with the ductility. Ductility is an important
parameter in design, especially for structural members [51]. In this
context, the amount of energy consumed by each sample was calculated
by the areas under the 6-¢ curves obtained from the average values of the
experimental data [80]. The area under the ¢ — € curve, which indicates
the total energy per unit volume consumed by the sample is calculated
by using the Equation (21);

/ PdL = ] o(e)de

where P is axial load, V is volume, Ao is cross-sectional area, and Lo is
the length of the specimen. ¢ and ¢ represent the stress and strain values
at any point on the stress-strain curves of geopolymer concrete,
respectively. By calculating the areas under the curves drawn using
concrete models, it was tried to determine the accuracy of the ap-
proaches of these models regarding the consumed energy. The amounts
of consumed energy by the geopolymer concrete samples were calcu-
lated by using the experimental data and the values obtained from the
analytical concrete models in order to evaluate the availability of these
concrete models, which are used for traditional concrete, for geo-
polymer concrete samples and are presented in Table 11.

As seen in Table 11, the consumed energy values calculated from the
concrete models are higher than those obtained from the experimental
data, depending on the stress-strain curves, as expected. The energy
values calculated from the Saatcioglu-Razvi concrete model have the
maximum value in all groups. The lowest energy values are calculated

vl
%

L
PdL

AoLo @D
0

Table 11
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with Hognestad for some samples, while it varies as Mander or Kent-
Park for others. Since the groups are evaluated in general, the model
that calculates the lowest amount of energy for a larger number of
samples is Kent-Park. The reason is that the graph of this model gener-
ally proceeds with a lower slope up to the maximum stress value and
then descends immediately and with a small slope after this point. Fol-
lowed by the Kent-Park model, Mander is the model that yields the
lowest energy value according to the number of samples. The reason is
that the sample reaches the failure strain value in a short time after it
reaches the maximum peak due to the nature of the model.

When the samples are evaluated according to their mixing ratios,
Mander for W0.6 samples and Kent-Park concrete models for W0.7
samples provide the lowest energy values. The highest consumed energy
value was calculated for the sample with A2.5W0.4 mixing ratio, while
the lowest consumed energy value was obtained for the sample with
A3.5W0.4 mixing ratio. The values of the experimental data and the
values calculated from the concrete models were compared for the
consumed energy by calculating the percentage error formulation, and
these differences are given in Table 12.

As investigated the percentage error values in Table 12, it is seen that
the highest difference was obtained from the Saatcioglu-Razvi model, as
expected. On the other hand, the Kent-Park model gives very close re-
sults to the experimental data for some sample groups. Thus, it can be
said that the Kent-Park model calculates closer results for a larger
number of samples according to the overall number of groups. These
results were followed by the Hognestad and Mander models. However, it
should be noted that the values obtained from the Mander or Hognestad
model are closer to the experimental values for some samples. The Kent-

Table 12
The differences of consuming energy of GPC for concrete models and experi-
mental study (%).

Sample Hognestad Kent-Park Saatcioglu-Razvi Mander et al.

Name (%) (%) (%) (%)
A1.5W0.4 32.30 36.87 62.41 32.30
A1.5W0.5 14.80 4.84 44.65 21.42
A1.5W0.6 38.74 28.28 53.89 24.27
A1.5W0.7 23.92 7.21 49.27 30.23
A1.5W0.8 19.43 35.69 46.46 27.17
A2.5W0.4 16.48 5.48 41.26 20.92
A2.5W0.5 22.27 39.14 47.07 19.94
A2.5W0.6 29.15 83.61 47.36 21.57
A2.5W0.7 17.89 2.05 44.86 23.27
A2.5W0.8 21.03 21.91 44.59 22.12
A3.5W0.4 31.17 61.71 55.18 31.31
A3.5W0.5 19.91 5.51 42.70 21.44
A3.5W0.6 28.09 64.90 59.32 25.97
A3.5W0.7 11.16 10.87 27.01 14.69
A3.5W0.8 12.04 9.21 33.03 23.43

The amount of consuming energy of GPC from concrete models, regulations and experimental study (J).

Sample Name Hognestad Kent-Park Saatcioglu-Razvi Mander et al. Experimental (28 Days)
A1.5W0.4 95227.93 98516.53 116903.68 95225.93 71978.65
A1.5W0.5 110363.93 100785.91 139064.77 116726.07 96137.53
A1.5W0.6 108205.40 100052.66 120024.46 96926.37 77994.29
A1.5W0.7 102268.56 88478.88 123185.71 107470.91 82525.93
A1.5W0.8 68572.11 77910.94 84090.10 73017.76 57416.71
A2.5W0.4 120849.96 98069.33 146560.28 125454.60 103751.82
A2.5W0.5 82306.70 93663.24 99002.37 80739.87 67317.52
A2.5W0.6 65394.86 92971.88 74615.37 61556.05 50635.80
A2.5W0.7 117342.35 97493.47 144192.73 122698.06 99537.05
A2.5W0.8 90501.23 91158.92 108115.11 91315.78 74775.63
A3.5W0.4 66324.55 81766.93 78466.17 66397.97 50564.38
A3.5W0.5 109694.29 96519.14 130540.82 111092.83 91478.40
A3.5W0.6 71777.82 92407.63 89278.99 70590.58 56038.80
A3.5W0.7 99957.82 80149.66 114214.36 103135.61 89926.21
A3.5W0.8 90806.99 73586.41 107815.93 100037.86 81047.40
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Park concrete model presents closer results, of which the difference is
maximum of 30 %, to the experimental data in terms of energy
approach.

3.7. Performance comparison of geopolymer concrete

The effects of AA/FA and SS/SH ratios on the mechanical properties
of geopolymer concrete according to the results acquired from the
experimental study are listed as follows;

e As the AA/FA ratio increases, the compressive strength and the
splitting tensile strength decreases. Accordingly, the optimum ratio
was determined as 0.5. In terms of SS/SH ratio, the average
compressive strength was obtained as 2.5>1.5>3.5.

In cases where the AA/FA ratio exceeds 0.6 and the samples which
have SS/SH ratio ranging from 1.5 to 3.5, a significant decrease in
the modulus of elasticity was observed. Also, the optimum ratio was
determined as 0.6. In terms of SS/SH ratio, the average elasticity
modules were obtained as 2.5>1.5>3.5.

Contrary to the strength and elasticity modulus, an increase in the
AA/FA ratio increases the ductility. The ratio with the highest
ductility was determined as 0.7. Similarly, the mean ductility values
in terms of SS/SH ratio were obtained as 3.5>2.5>1.5.

The calculation of energy consumption values based on the stress-
strain curves enables both the evaluation of strength and ductility
together. The highest energy consumption average for AA/FA was
acquired from 0.7. The average energy consumption in terms of SS/
SH ratio was obtained as 2.5>1.5>3.5.

As a result, the samples with SS/SH ratio of 2.5 are less affected than
the samples with 1.5 and 3.5, regardless of the AA/FA ratio. Therefore,
the samples with an SS/SH ratio of 2.5 are considered advantageous in
terms of average values. A decrease in the AA/FA ratio increases the
compressive and splitting tensile strength, while an increase increases
the ductility and the energy consumed. The elastic modulus indicates
that the optimum AA/FA ratio is 0.6 in terms of strength and ductility.
The lowest and highest mechanical properties according to the mixing
ratios of the geopolymer concrete samples are presented in Table 13.

As seen in Table 13, it is seen that the alkali activator ratios SS/SH
and AA/FA affected the mechanical properties of the geopolymer con-
crete samples. Therefore, different from the formulations in the litera-
ture, two new formulations including AA/FA and SS/SH ratios are
proposed for the analytical calculation of splitting tensile strength and
modulus of elasticity. When compared with the experimental data and
other formulations in the literature, it appears that the modulus of
elasticity and splitting tensile strength values calculated with the help of
these formulations provide very close results.

4. Conclusion

The effects of SS/SH and AA/FA ratios on the mechanical properties
of a low calcium heat-cured fly ash geopolymer were investigated in this
article. Comparisons of the research, regulations, existing concrete
models and experimental data in the literature were made, and the

Table 13

Displaying the highest and lowest values according to the mixing ratios.
Mechanical Properties SS/SH AA/FA

1.5 2.5 3.5 0.4 0.5 0.6 0.7 0.8

Compressive Strength + - + _
Splitting Tensile Strength + - + _
Modulus of Elasticity + - -
Ductility - - +
Consumed Energy + - _ 4

+it shows maximum values and — it shows minimum values.
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similarities and differences of OPC and GPC were revealed. In the light of
the data obtained from the experiments and analytical formulations
were presented through the paper. When the stress-strain graphs ob-
tained by using the models developed for OPC concrete behavior are
investigated, it is seen that the peaks with maximum stress and strain
values at rupture are compatible, although there are some differences in
terms of curves. While the Saatcioglu-Razvi model provides the most
different graph to the experimental data, the unconfined concrete
models of Hognestad have the most similar graph.

As a result of evaluating the mechanical properties of geopolymer
concrete according to the different activator and fly ash ratios; the best
strength-strain relationship was obtained from 1.5 for AA/FA ratio 0.5
and 0.6, and SS/SH ratio 2.5 for AA/FA ratio 0.7. The reason for the
segregation, which indicates a decrease in compressive strength in the
mixtures of the samples with AA/FA ratios of 0.4 and 0.8, is presence of
fly ash, which does not react sufficiently due to the bond formation
between the products being reduced or not. Besides segregation, phys-
ical decomposition is also observed, and then the compressive strength is
decreased as a mechanical result. During the production of the test
samples, the samples with AA/FA ratio of 0.4 were not satisfactory in
terms of workability, while the samples with AA/FA ratio of 0.8 were not
found satisfactory in terms of consistency. In terms of ductility, samples
with SS/SH ratio of 3.5 have the largest values for AA/FA ratios of 0.7
and 0.8. Although the samples with SS/SH ratio of 3.5 do not have as
high compressive strength as the others (1.5-2.5), they have a reason-
able strength for reinforced concrete structures and may find a use for
themselves thanks to the advantage of ductility. For this reason, all SS/
SH (1.5, 2.5, 3.5) ratios, which are the main topic of the research, and
some AA/FA (0.5, 0.6, 0.7) ratios can be preferred in the production of
geopolymer concrete. There was no significant relationship between
strain and water/binder ratios. However, it can be said that the defor-
mation increases in parallel with the water/binder ratio. It is observed
that the water/binder ratio increases by the increase of the AA/FA ratio
in the mixtures without any extra water addition, except for alkaline
solutions, and it is more ductile in terms of deformation, which corre-
sponds to the maximum stress, especially for the SS/SH ratio of 3.5. The
findings of the study exhibit that the geopolymer concrete based on low
calcium fly ash holds good potential for construction applications thanks
to mechanical properties, reduced carbon emissions and sustainability
characteristics.

New advances are still explored in geopolymer concrete with prog-
ress in technology. Future researches focus on the fire resistance of
nanomaterial-based geopolymer concrete, 3D printing technology with
geopolymer concrete, life cycle assessment of self-compacting and high-
strength geopolymer concrete. However, the biggest challenge during
the research was the short setting time, especially for the SS/SH 1.5
ratio. The improvement of the setting time can be addressed in future
studies. In addition, it is evaluated that the volume and amount of
concrete mixes made for production and the waiting time before and
after heat curing affect the strength. Also geopolymer concrete can be
tested for long term creep and shrinkage properties as an industrial
product. Additional tests can be carried out to investigate all these ef-
fects or microstructural investigations on existing test samples can be
made in order to better understand the chemical reactions during the
activation of alkalis and benefit for future studies, which help to reduce
time and material consumption. By determining the optimum SS/SH and
AA/FA ratios after microstructural analysis, column behavior under
uniaxial eccentric bending effect and four-point loading beam tests can
be performed in further stages and the applicability of traditional rein-
forced concrete calculation and design in geopolymer concrete can be
investigated. The transition from the material size to the bearing system
size should be made with the help of the structural mechanics tests.
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