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Abstract

Today, concrete is the most widely used building material. Cement production releases about 7% of carbon dioxide gas into
the atmosphere and increases greenhouse gases, so it seems necessary to use an alternative to Portland cement. In recent
years, geopolymers have been considered a suitable and environmentally friendly alternative to conventional Portland cement.
Geopolymer concrete can be made from different sources of alumina silicate. The main goal of this experimental research
is to improve the properties of physical resistance and durability of geopolymer concrete, such as carbonation, chloride
ion penetration and water absorption, in order to produce sustainable materials and replace ordinary cement. It has been
determined that with the concentration of the alkaline solution of 12 M and the curing temperature of 90 degrees Celsius,
the properties of mechanical resistance, impact resistance (energy absorption) and durability of geopolymer concrete are
improved. Also, the results show that if alkaline solutions are combined, the sample containing 80% NaOH and 20% KOH
has better mechanical properties, durability and higher modulus of elasticity than other cases. Also, in terms of the correlation
matrix of the modulus of elasticity (percentage of compliance with the common concrete regulations), the best results are
related to the T-N80K20 mixing design with concentrations of 8 and 12 M and at curing temperature of 90 degrees Celsius
with the CEB regulations, and at a curing temperature of 25 °C was obtained according to ACI 365 and ACI 318 regulations.

Keywords Geopolymer - Carbonation - Depth of chloride ions - Mechanical properties - Energy absorption - Sodium
hydroxide - Potassium hydroxide - Common concrete regulations

Introduction

Concrete is the most widely used material in the construc-
tion industry, after water, due to its special characteristics
such as formability, availability of raw materials, and cheap-
ness. It is expected that the need to use concrete will increase
in the future, and this means an increase in the demand for
the production of Portland cement as the main material. But
the production process of Portland cement has disadvan-
tages. The production of Portland cement releases a large
amount of carbon dioxide into the atmosphere, so that the
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production of 1 ton of Portland cement causes the produc-
tion of approximately 1 ton of carbon dioxide. On the other
hand, climate change is one of the most serious concerns due
to the phenomenon of global warming. The main reason for
warming is the global emission of greenhouse gases. Car-
bon dioxide gas, with the emission of 65%, has the largest
role in global warming among greenhouse gases. One of the
ways to reduce pollution caused by cement production is to
use new materials with cement properties as a suitable sub-
stitute for common cements, which in addition to reducing
the harmful effects of the environment, also reduces energy
consumption. Geopolymers are one of the materials that can
be used in concrete as an adhesive material, also the use of
by-products and industrial waste as the primary source for
the production of geopolymeric concrete (GPC) not only
reduces the harmful effects on the environment, but also
leads to waste management (Aliabdo et al. 2019; Alireza
Esparham 2022a, b; Esparham and Ghalatian 2022; Espar-
ham and Moradikhou 2021a).

a
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The concept of geopolymer was first proposed by the
French scientist Joseph Davidoit in 1978 (Esparham et al.
2021). Geopolymers are inorganic polymers whose chemi-
cal composition is similar to zeolite materials, but unlike
zeolites, their microscopic structure is amorphous. Replac-
ing clinker with geopolymers as a bonding material may
be a suitable method to reduce the use of clinker in cement
and thus reduce the harmful environmental effects caused by
it and the construction of GPC. GPC is concrete that uses
alumina silicate materials rich in silicon (Si) and aluminum
(Al) and alkaline solution as binder. Compared to concrete
made from ordinary cement, this active alkali concrete has
several advantages, including low production energy and
much less environmental pollution due to the absence of
clinker (Alireza Esparham 2022a, b; Esparham et al. 2021).
Geopolymers are a suitable alternative to cement in concrete
because on the one hand geopolymers are cheaper than tradi-
tional cements and organic polymers and on the other hand
they are abundant. In addition, the temperature required
for their production is much lower than traditional cement,
which reduces the production and emission of CO2 (up to
80% reduction). Geopolymer materials are produced by acti-
vating aluminosilicate materials with alkaline solutions of
silicate and alkali hydroxide and processing in the ambient
temperature range up to 120 degrees Celsius. Depending on
the curing temperature, geopolymers can have an amorphous
to semicrystalline structure in nanodimensions (Esparham
et al. 2023). Of course, this type of concrete has weaknesses
and problems, including the lack of valid criteria for design,
proper performance, quick setting and the lack of compre-
hensive examination of permeability, durability and physical
properties, especially at ambient temperature. Matching the
results of the properties of this type of concrete with com-
mon regulations is one of the other things that have not been
investigated in other studies (Chau-Khun et al. 2018; Kumar
et al. 2018). The effect of molarity, the ratio of silicate to
hydroxide, the amount of glue and the amount of superplas-
ticizer and the effect of baking temperature on setting time

a 200

100 y=55x-115
R =0.9308

Initial Setting time (min)

NaOH Molarity (M)

a FA e FAS m FASS

have been investigated in several studies (Dineshkumar and
Umarani 2020; Elyamany et al. 2018; Esparham et al. 2020;
Nikvar-Hassani et al. 2022). Also, investigations in the field
of modulus of elasticity showed that the modulus of elas-
ticity also increased with increasing compressive strength
(Esparham and Moradikhou 2021b) (Saravanan and Elavenil
2018) (Nath and Sarker 2017).

The results of one of these studies are summarized in
the graphs of Fig. 1. According to the research results, the
setting time of GPC is significantly shorter than that of con-
ventional concrete.

Deep learning and machine learning can be used in
research to predict the mechanical properties of concrete.
Deep learning has the ability to understand the concepts and
algorithms between numbers and can help create numeri-
cal algorithms and determine the correlation matrix of a set
(Hasanzadeh et al. 2022; Rahman and Majumder 2013). In
this context, to predict the mechanical properties of high-
performance concrete reinforced with basalt concrete fibers,
Hasanzadeh et al. found that between the performance of
prediction algorithms and the formation of relevant correla-
tion matrices, the linear regression (LR) algorithm is com-
pared to other support vector regression (SVR) algorithms
and polynomial regression (PR) is better and has achieved
more reliability (Hasanzadeh et al. 2022).

Considering the mentioned materials and the challenges
in the production of environmentally friendly active alkaline
concrete (geopolymer), this experimental research was car-
ried out with the aim of improving and comprehensively
investigating the mechanical properties and durability of
active alkaline concrete. It should be noted that concrete
geopolymer (GPC) was activated by alkaline solutions of
potassium hydroxide and sodium hydroxide together with
sodium silicate, as well as a combination of KOH and NaOH
(with different percentages to achieve optimal properties),
and for curing the manufactured samples, temperatures of
90 degrees Celsius and room temperature (25 °C) were con-
sidered for 24 h. GPC samples were prepared in accordance
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Fig. 1 Changes in time: a primary, b secondary with changes in base material (Elyamany et al. 2018)
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Table 1 XRF analysis of slag Lol Cl

SO3 MnO MgO K20 Na20 Fe203 CaO AlI203 SiO2 Chemical analysis

05 002 12 158 98

068 062 0.6 372 112 344 wt%

Table 2 Sieve analysis Sieve analysis

Coarse aggregates

Fine aggregates

Sieve (mm) 19 9.5
Percent Passing 100 45

4.75 4.75 2.36 1.18 0.6 0.3 0.15
72 100 100 99.8 78.2 25.6 3.5

Table 3 Specifications of the aggregate used in the samples

Fine aggregates Coarse aggregates Properties

1.62 6.8
97% 38%

Fineness modulus
Absorption

with the design of the mixtures obtained in the continua-
tion of the research. Also, in order to obtain mechanical
properties, the amount of impact energy absorption was cal-
culated from GPC samples, compression, flexural, tensile
and impact tests, and then, the samples were used to check
the durability properties, including water absorption, water
penetration depth and chloride ion penetration depth. Accel-
erated and carbonation were tested. Finally, the test results
were collected, analyzed and reported. Also, in this research,
in addition to conducting the relevant tests, the conform-
ity of compressive, tensile and flexural strength results was
checked and the modulus of elasticity was measured with
common regulations (for the purpose of design and use in
the structure) using the correlation matrix.

Materials and methods

In this research, the slag of Isfahan Iron Smelting Furnace
was used as the raw material. Slag was purchased from Isfa-
han Zob Ahan Company, whose XRF analysis is shown in
Table 1. For this purpose, NaOH with 98% purity and KOH
with 90% purity and liquid Na,SiO; with a weight ratio
of SiO, to Na,O equal to 2 were used to prepare alkaline
activating solutions from Merck. The specifications of the
aggregates used are given in Table 2 and 3. Also, superplas-
ticizer (SP) was used to reduce water in the mix plan and
increase the efficiency of the concrete. The water used was
the tap water of the city of Tehran.

Mixing procedure

Within the to begin with part, the impact and comparison
of the sort of alkaline activator solution on the compressive

strength of the fabricated samples have been examined. For
this purpose, first, 5 mixing designs of N, K, T-K50N50,
T-K80N20 and T-N80K20 are considered with the char-
acteristics listed in Table 4. The concentration of all solu-
tions is 12 mol, and the weight ratio of Na2SiO3 solution to
hydroxide solution is considered equal to 1 in all designs.
Also, in all designs, the weight ratio of alkaline solution
to slag is assumed to be 0.5. The ratio of sand to gravel is
assumed to be 1.

First, NaOH and KOH solutions of M12 concentration
were prepared. In the designs N, K, T-K50N50, T-K8ON20
and T-N80K20, hydroxide solutions were added to the
Na,Si0; solution according to the mixed designs 24 h before
the test. On the day of the test, dry materials including slag,
sand and sand were dry mixed for 3 min, then alkaline acti-
vator solution and SP were added to the mixture according
to the mixing schedules, and concrete was mixed for 10 min.
After mixing, the GPC samples were shaped and compacted.
At this stage, the samples were processed in two ways (one
at 90 °C for 24 h and the other at room temperature (25 °C)
for 24 h). Then 7- and 28-day compressive strength tests
were performed on the GPC samples according to BS1881:
Part 116 (B. Standard 1983). In the second part of this study,
to study the effect of the concentration of NaOH and KOH
solution on the compressive strength of GPC and to achieve
the optimal concentration, eight different mixing designs
were considered, shown in Table 4.

As given in Table No. 4, different concentrations have
been used in KOH or NaOH solutions, which include 8, 10,
12 and 14 M. It should also be noted that the weight ratio
of Na2Si03 solution to KOH and NaOH is assumed to be
1.5. In this mixing designs, the percentage of sand is the
same and other values are the same as the first case. After
preparing the samples and curing them at 90 °C and 25 °C,
we prepare the samples for the 7-day and 28-day compres-
sive strength test, and they are subjected to the compres-
sive strength test. We are based on the BS1881: Part 116
standard.

In the next part of this study, the optimal ratio of sodium
silicate to hydroxide solution is examined. For this purpose,
8 mixing plans according to Table 5 were considered.

]
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Table 4 First part mixture design

Mix ID Slag NaOH 12M KOH 12M Na2SiO3 Coarse Fine sand Sp Unit Weight ratio of
aggregates Na2SiO3 to KOH and
NAOH

N 400 100 0 100 840 840 8 Kg/m3 1

K 400 0 100 100 840 840 8 Kg/m3 1

T-K50N50 400 50 50 100 840 840 8 Kg/m3 1

T-N80K20 400 80 20 100 840 840 8 Kg/m3 1

T-K80N20 400 20 80 100 840 840 8 Kg/m3 1

KR 1.5 400 0 80 120 840 840 8 Kg/m3 1.5

KR 2 400 0 65 135 840 840 8 Kg/m3 2

KR 2.5 400 0 57 143 840 840 8 Kg/m3 25

KR 3 400 0 50 150 840 840 8 Kg/m3 3

MR 1.5 400 80 0 120 840 840 8 Kg/m3 1.5

MR 2 400 65 0 135 840 840 8 Kg/m3 2

MR 2.5 400 57 0 143 840 840 8 Kg/m3 25

MR 3 400 50 0 150 840 840 8 Kg/m3 3

Table5 Mixerdesigntoachieve  npyp gl KOH NaOH  Na,SiO; Coarse  Finesand SP Unit  Molar

optimal hydroxide concentration aggregates ity
K8 400 80 20 120 840 840 8 Kgm® 8
K10 400 80 20 120 840 840 8 Kgm® 10
K12 400 80 20 120 840 840 8 Kgm® 12
K14 400 80 20 120 840 840 8 Kgm® 14
N8 400 20 80 120 840 840 8 Kgm® 8
N10 400 20 80 120 840 840 8 Kgm® 10
NI12 400 20 80 120 840 840 8 Kgm® 12
N14 400 20 80 120 840 840 8 Kgm® 14

In the last part, the analysis and comparison of the type
of alkaline activation solution on compressive, flexural
and tensile strength were performed based on the results
of the previous steps. For this purpose, 5 designs N, K,
T-K50N50, T-K80N20 and T-N80K?20 are considered. In
this part, the concentration of all solutions is equal to 12
and 8 mol (optimal concentration and lowest concentra-
tion), and also, the weight ratio of Na2SiO3 solution to
hydroxide solution is equal to 1.5 in all designs, and the
weight ratio of lye to slag is equal to 5. Sand to sand is
considered equal to 1. Following the previous steps, the
samples were cured at 90 °C and room temperature (25 °C)
for 24 h to calculate the 7-day and 28-day compressive
strength according to BS1881: Standard Part 116, 7- and
28-day flexural strength. Based on ASTM C293 standard
(Testing and Materials, 2001a) and the indirect tensile test
(Brazilian) is performed based on ASTM C09 (A. L. C. C.
o. Concrete and Aggregates, 2017). It should be noted that
the dimensions of the bending specimens are 10%10%40 cm

@ Springer

and the dimensions of the cylindrical tensile specimens are
20*10 cm. The mixing schedules at this stage are given
in Table 6.

In addition, the modulus of elasticity was measured
according to the procedure of ASTM C469/C469M-10 (A.
Standard 2010) for cylindrical samples 10 cm in diameter
and 20 cm in height. The test was performed for 3 designs
N, K, N80k20 and 3 cylindrical specimens were used for
each design (Fig. 2).

Slump test

In this research, the slump test was performed to determine
the psychoactivity and design applicability of polymer
concrete mixes according to the standard BS EN 12350-2
(EN, 2009). Also the apparatus of this test, which is an
incomplete cone, and the implementation of the settling
test are shown in Fig. 3.
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ir:sizlgait Mixed design of the Mix ID Slag NaOH 12M KOH 12M Na2SiO3 Coarse aggregates Fine sand SP  Unit
N 400 80 0 120 840 840 8  Kg/m?
K 400 O 80 120 840 840 8  Kg/m?
T-K50N50 400 40 40 120 840 840 8  Kg/m?
T-N80OK20 400 65 25 120 840 840 8  Kg/m?
T-K80ON20 400 25 65 120 840 840 8  Kg/m?
Mix ID Slag NaOH8M KOH8M  Na2SiO3 Coarse aggregates Finesand SP  Unit
N 400 80 0 120 840 840 8  Kg/m’
K 400 O 80 120 840 840 8  Kg/m?
T-K50N50 400 40 40 120 840 840 8  Kg/m?
T-N80OK20 400 65 25 120 840 840 8  Kg/m?
T-K80ON20 400 25 65 120 840 840 8  Kg/m?

Fig.2 Samples of prepared concrete

Fig.3 Slump test

Impact resistance test of falling weight

The falling weight impact test is one of the tests that deter-
mine the mechanical properties of concrete. There is no
standard method for determining the impact strength of
concrete. Projectile impact test, Sharpie test, falling weight
test and Hopkinson stick test are sequential tests proposed

by the ACI 544-2R committee (Ahmad 1998) to verify the
impact performance of concrete. In the repeated impact drop
weight tester, the number of impacts is achieved to produce a
specified breaking strength, which is a measure of the energy
absorption capacity of the material. This test is conducted
by dropping a 4.54 kg weight from a height of 457 mm and
applying repeated impacts until specified levels of crack-
ing (initial cracking and final cracking) persist. This test
was carried out on concrete samples with disk dimensions
of 15X 16.36 cm obtained from GPC on the basis of blast
furnace slag treated at ambient temperatures of 25 °C and
90 °C aged 28 days, and also based on Eq. (1), calculation
of impact energy absorption capacity is performed, where
N is the number of impacts causing the initial crack, W is
the weight of the hammer and H is the height of fall (Chen
et al. 2023).

E=N(WH) ()

Correlation matrix

The meaning of correlation between two variables is to
measure the amount of prediction of the values of one based
on the other. In other words, the higher the correlation coeffi-
cient, the higher the possibility of predicting the value of one
of the variables in terms of the other. Correlation matrix by
showing the degree of relationship between variables causes
the formation of clusters so that the variables within each
cluster are correlated with each other, but there is no correla-
tion between the variables in different clusters.

The correlation coefficients according to Pearson and
Spearman are between 1 and -1. In this way, when the
correlation coefficient is close to or equal to 1, there is
a strong relationship and the same direction between the
two variables. In this case, it can be said that the direction
of change of both variables is similar. This means that as
one increases, the other also increases. This relationship

* @ Springer
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is also based on reduction, i.e., if one of the variables is
reduced, the other is also reduced. In this case, one speaks
of a direct relationship between two variables (Hasanzadeh
et al. 2022; Rahman and Majumder 2013).

Concrete water absorption test

One of the important properties of concrete against envi-
ronmental influences and durability is the water absorption
of the concrete. The lower the water absorption of the con-
crete, the lower the possibility of harmful ions penetrating
the concrete, and eventually reinforcement corrosion or
destruction will be reduced. To perform this test according
to ASTM C642 standard (Testing and Materials, 2001b),
100 100 x 100 mm cubic GPC samples after 28 days of
processing were first dried in a heater with a temperature
of 105 degrees Celsius for 72 h. Is. After this time and
cooling the samples in the laboratory environment, first
their weight is measured, and then, the samples are put in
water and their wet weight after half and 24 h is measured
and the water absorption of the samples is calculated in
the mentioned times.

Water penetration depth test

According to the standard DIN 1048-Part 5 (fur Nor-
mung, 1991), to carry out this test, cubic specimens of
150*%150*150 mm are placed in the testing machine after
28 days of processing and the specimens in the machine
are subjected to a pressure of 5 atmospheres for 72 h
exposed. After this time, the samples are taken out of the
machine and broken with a pressure jack, and the depth
of water penetration into the concrete is measured. The
apparatus of this experiment is shown in Fig. 4.

Fig.4 Water penetration depth test

* @ Springer

Rapid chloride permeability test

Chloride ion penetration into concrete is known as the most
destructive factors of concrete structures, therefore deter-
mining the amount of chloride ion penetration is of particu-
lar importance (Mousavinejad and Sammak 2021). To meas-
ure the resistance of the samples to chloride ion penetration,
the accelerated chloride ion penetration test was performed
on the samples at 28 days of age. This test is based on the
ASTM C1202 standard (C, A 2012). This test measures the
amount of flux passed in Coulomb units, thereby qualita-
tively determining the specimen's resistance to penetration
by chloride ions. According to the standard of this test, an
impregnated concrete disk, 100 mm in diameter and 50 mm
thick, is subjected to 60 V DC for 6 h. A 3% NaCl solution
is poured into one tank of the machine and a NaOH solution
with a concentration of 0.3 M is poured into the other tank,
and then, the total flow through the concrete is measured.

Carbonation test

Carbonation is the reaction between the carbon dioxide
penetrated into the concrete and the alkaline products that
result from the hydration of the cement in the concrete and
the production of calcium carbonate (Mousavinejad and
Sammak 2021). To determine the resistance of the prepared
samples to carbonation, a chamber connected to a CO2 gas
capsule was used as shown in Fig. 5. In order to determine
the carbonation depth more quickly, for the environmental

Fig.5 Carbonation test devices



International Journal of Environmental Science and Technology (2024) 21:6615-6636

6621

conditions of the tank, the CO2 concentration is 40.1%,
the relative humidity is 655%, and the temperature is 223
degrees Celsius. The depth of infiltrated CO2 was meas-
ured according to the RILEM CPC-18 standard (Commitee
1984) using a Phenolphthalein detector dissolved in ethanol
alcohol.

Results and discussion
Slump

Depending on the concentration of the active ingredient
and the relevant ratios, the flowability of GPC is between
110 and 135, and the flowability or workability of GPC also
affects the properties of fresh concrete (Meesala et al. 2020).
Investigations have shown that as the molarity of NaOH
increases, the workability decreases (Lokuge et al. 2018;
Mehta et al. 2017; Ranjbar et al. 2020; Shadnia et al. 2015).
The results of the slump test of geopolymer concretes are
shown in the diagram of Fig. 6. Depending on the design of

the mixtures used, the results obtained for the slump of geo-
polymer concretes show that the samples containing KOH
have more slump (more fluidity) than the samples containing
NaOH. The cause of this phenomenon is due to the differ-
ent reactivity of these two substances. Because KOH has
a larger atomic radius than NaOH, it reacts more slowly
and requires more activation energy. On the other hand, the
initial setting time is delayed in the geopolymer gelation
process. Also, the results show that with the increase in the
concentration of NaOH and KOH solutions, the amount
of slump and workability decreases, which is because the
amount of water in the solution decreases with the increase
in concentration (Esparham 2022a, b; Nguyen et al. 2020;
Sipos, Hefter, and May, 2000; Tennakoon et al. 2016; Verma
and Dev 2021) (Fig. 7).

Impact resistance test of falling weight

The amounts of impact energy to reach the first crack and
the final crack are shown in Table 7 and 8. Samples made
at a curing temperature of 90 degrees Celsius have higher
impact resistance than samples cured at room temperature.
For example, the increase in fracture energy absorption
strength of samples from K to N§0OK20 (12 M) is 18, 19,
16, 18 and 27%, respectively, for samples cured at 90 °C

~ 200
§, Table 7 GPC 8 M crack impact energy at different temperatures
& 150 LR
g u12M Sample First crack Ultimate crack
w
= 250 C 900 C 250 C 900 C
=) K 16 20 154 208
0 - N 21 28 229 270
T-K50N50 T-KSON20 T-N8SOK20 T-K50N50 12 17 125 176
T-K80N20 17 21 173 252
Fig.6 Effect of different combinations of alkaline activation solu- :
tions with concentrations of 8 and 12 M on slag-based GPC slump T-N80K20 24 30 288 321
Fig. 7 Energy absorption 800
(impact) in the first moment of
cracking 700
= 600
S
= 500 mK
g
2 400 EN
<
= 300 m T-KSONSO
@ T-K8ON20
S 200 B
mil-
100 T-N80K20
0
(8Mm) 25 (8Mm) 90 (12m) 25 (12m) 90

Celsius Degree
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Table 8 GPC 12 M crack impact energy at different temperatures

Sample First crack Ultimate crack
250C 900 C 250 C 900 C

K 23 28 239 291

N 22 27 230 281

T-K50N50 18 25 218 260

T-K80N20 28 32 270 333

compared to those cured at room temperature (Fig. 8). In
this regard, the greatest increase in strength is related to
the N80K20 sample (cured at 90 °C). According to the
results, it can be said that the high activation energy and
the reaction tendency of potassium to form very dense
oligomers (in the geopolymer matrix) and the high dis-
solution rate of sodium compared to potassium in alumina
silicate gel lead to the dissolution of AI203 and SiO2 in
raw materials in solution. It becomes active. These rea-
sons can lead to greater continuity of bonding in the joint
transition area and the formation of a stronger structure
of hydrated gels and greater participation of particles in
the geopolymerization process, which in turn improves
the adhesion between particles at a curing temperature of

Fig. 8 Energy absorption 8000

(impact) in fracture crack
7000

6000

4000

3000

Energy Absorption (J)

2000

1000

(8M) 25

90 °C (Esparham 2022a, b; Shilar et al. 2022; Sipos et al.
2000).

Compressive, tensile and flexural strength

Factors influencing the compressive strength of active alkali
concrete (geopolymer) include the type of raw materials and
the type of activating solution. In this research, the effect
of KOH and NaOH solution concentration on compressive,
tensile and bending strength is shown in graphs 9, 10, 11
and Tables 9, 10, 11 and 12. As shown in Fig. 9a, b, by
increasing the concentration of KOH and NaOH solutions,
the compressive strength of 7 and 28 days in each curing
mode at 90 °C and 25 °C increases up to a concentration
of 12 M and then lasts. The decreasing trend and the best
ratio of sodium silicate composition to sodium or potassium
hydroxide is equal to 1.5 (Figs. 9c, d). According to the
results obtained in diagrams 10a, b and 11a, b, it can be seen
that in general the tensile and flexural strength of concrete
samples are directly related to its compressive strength, so
the best tensile and bending performance occurred in 12 M
concentration (Farooq et al. 2020; Hardjito and Rangan
2005; Noushini et al. 2016). Increasing the molarity of the
activating solution increases the dissolution rate of the raw
material. As a result, the compressive, tensile and flexural

N =K
_ .
= T-KSONS0
T-K8ON20
= T-N802K20
0

(8M) 90

(12M) 25
Celsius Degree

(12M) 90

Table 9 Summary table of
results obtained for 8 M

Compressive strength (MPa)

Tensile strength (MPa) Flexural strength (MPa)

samples at 90 degrees Celsius 7 days 28 days 7 days 28 days 7 days 28 days
N 63.6+0.1 93.3+0.6 3.5+06 5+0.2 5704 8.2+0.3
K 52.9+0.3 85.3+0.3 29+0.3 4+0.3 48+0.6 6.5+04
T-K50N50 49+0.2 60+0.3 2.7+09 33+05 44+04 54+04
T-K80N20 59.8+0.6 68.7+0.3 33+03 38+0.3 54+05 6.2+0.2
T-N80K20 96.6+0.1 113.4+0.6 53+0.6 6.2+0.1 83+0.3 10.2+0.5
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Table 10 Summary table

. Compressive strength (MPa)
of results obtained for 8 M

Tensile strength (MPa) Flexural strength (MPa)

samples at 25 degrees Celsius 7 days 28 days 7 days 28 days 7 days 28 days
N 44.8+04 72.3+04 25+04 43+0.1 4+0.2 7.1£0.2
K 37.6+0.4 62.2+0.2 2.1+0.5 39+02 34+05 5.6+0.5
T-K50N50 35.6+0.4 54.4+0.3 2+04 3+0.2 32+0.5 49+0.3
T-K80N20 42.1+04 59.1+0.5 23+0.1 32+0.1 3.8+0.2 5.3+0.5
T-N80K20 80.5+£0.5 96.7+0.3 44+04 53+05 7.2+0.2 8.7+0.5

Table 11 Sl.lrnmary table of Compressive strength (MPa) Tensile strength (Mpa) Flexural strength (Mpa)

results obtained for 12 M

samples at 90 degrees Celsius 7 days 28 days 7 days 28 days 7 days 28 days
N 948+05 116+04 52+0.6 6.9+0.1 83+0.3 10.9+0.5
K 71.8+04 105+04 3.9+0.1 5.9+0.6 6.1+0.5 10.2+04
T-K50N50 682+02 948+03 3.8+0.4 52+02 5.8+0.5 8.8+0.3
T-K80N20 89.1+0.5 102.3+0.4 49+0.6 5.6+0.1 7.9+0.2 9+0.6
T-N80K20 106.2+0.5 127.4+0.3 5.8+0.2 7+0.6 9+0.2 11+£0.4

Table 12 ngmary table of Compressive strength (Mpa) Tensile strength (Mpa) Flexural strength (Mpa)

results obtained for 12 M

samples at 25 degrees Celsius 7 days 28 days 7 days 28 days 7 days 28 days
N 74.1+£04 96.8+0.2 4+04 59+0.3 6.7+04 9+0.4
K 56.9+0.5 84.2+0.2 3.2+0.6 5+04 51+04 79+0.4
T-K50N50 54.8+0.5 77.6+0.4 2+0.3 3+£0.1 49+03 7+0.3
T-K80N20 67.8+0.2 88.6+0.3 23104 32+03 6.1+£0.2 7+0.5
T-N80K20 90.4+0.3 109.2+0.2 44+02 53+06 8.1+0.4 9.8+0.2

strengths increase with the increase in the concentration of
the hydroxide solution. The reason for this is that with higher
concentrations of A1203 and SiO2, the materials in the raw
material dissolve faster in the activation solution, and as a
result, larger amounts of geopolymer gel are formed, which
leads to an increase in compressive strength. The reason
for the decrease in compressive strength at concentrations
higher than 12 M is that when the concentration of NaOH
and KOH increases to 14 M, after a very short time after the
start of geopolymerization, more hydroxide ions are precipi-
tated in the aluminate gel. This process delays the subse-
quent reaction, resulting in reduced the compressive, tensile
and flexural strengths (Jan et al. 2022; Rehman et al. 2020).

In the following, according to the test results, the effects
of the percentage of KOH and NaOH solutions on the com-
pressive, tensile and flexural strengths of concrete samples
are shown in the graphs of Figs. 9f, e, 10c, d, 11c, d. As
can be seen in the graphs, the highest compressive, tensile
and flexural strength values of 7 and 28 days correspond
to the T-N80OK20 design, and it can also be seen that the
T-K50N50 design is the least. For example, the highest
compressive strength values are 7 and 28 days. The day is
related to the T-N80OK20 mixing design (12 M, curing at 90

degrees Celsius) whose values are 106.2 and 127.4 MPa,
respectively, and the lowest compressive strength values of
7 and 28 days are related to the T-KSON50 mixing design
(8 M, curing at 25 degrees Celsius) whose values are equal
to 35.8 and 54.7 MPa, respectively. These results are due
to the much lower activation energy of sodium hydroxide
compared to potassium hydroxide and its faster dissolution
in aluminosilicate gel, which itself causes the interference
of the reactive tendencies of potassium and sodium, which
results in a decrease in the degree of polymerization (Jafari
Nadoushan and Ramezanianpor 2019). On the other hand,
the highest strength value of 7 and 28 days is related to the
T-N80K?20 design, and from this point of view, it can be
said that the T-N8OK20 sample has eliminated the interac-
tion effect of sodium and sodium reactivity. Considering the
reactivity of potassium to form dense agglomerates, potas-
sium has strengthened the geopolymer matrix to a favora-
ble extent (Esparham and Moradikhou 2021c; Huang et al.
2022; Jafari Nadoushan and Ramezanianpor 2019; Abdel-
moamen and Abdelsalam, 2020). The noteworthy point in
these graphs is the 7-day compressive strength of the potas-
sium mixing plan (k) compared to its 28-day resistance. The
size of sodium ions is 116 pm and that of potassium ions is
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Fig.9 Compressive strength diagram of samples with a. NaOH and
b. KOH cured at 90 and 25 degrees Celsius and the compressive
strength diagram of samples in different proportions of Na2SiO3 with

152 pm. The larger size of potassium ion causes the forma-
tion of larger oligomers than aluminum hydroxide, and also
because of the need for more activation energy than sodium,
it enters the reaction later and dissolves in the aluminosili-
cate gel, which means that this design is used to achieve
Its maximum strength requires more curing time and tem-
perature (Jafari Nadoushan and Ramezanianpor 2019; Sipos
et al. 2000; Tennakoon et al. 2016).

Scanning electron microscope (SEM)

Images were taken by scanning electron microscope to
compare the structure of GPC samples activated with alka-
line solutions of sodium hydroxide (NAOH) and potassium
hydroxide (KOH) and the combination of these two solu-
tions (N80K?20, 80% sodium hydroxide and 20% potassium
hydroxide), and also, to analyze the electron microscope
images, Fig. 12 is provided.

The images a and b in Fig. 12 show the formation of gel.
Polymerization gels containing the following compounds,
hydrated calcium silicate (CSH, hydrated calcium alumi-
nate silicate (CASH) and hydrated sodium and potassium
aluminate silicate (K, NA-SH), grab the particles and cover
the empty space between them, and they combine the parti-
cles together and finally reinforce the geopolymeric network

* @ Springer

c. NaOH and d. KOH treated at 90 and 25 degrees Celsius and com-
pressive strength diagram of samples with concentration e. 8 M and f.
12 M at 90 and 25 degrees Celsius

(Lim and Pham 2021; Phoo-ngernkham et al. 2015) In image
C, the void space between the holes in the geopolymeric
matrix is reduced and finally, in picture d, the sample acti-
vated with NS§OK20 combined solution has the least empty
space in the polymerization process compared to other alka-
line activating solutions, which increases durability and
mechanical properties.

The hardened geopolymer consisting of three paste mate-
rials (blast furnace slag, hydroxide solution and sodium sili-
cate) is shown with the letter G in Fig. 13. The number of
main cracks in the N80OK20 design sample is between 40
and 90 microns, and in the fractured N design sample, the
amount of main cracks in Fig. 7 is at least 100 and at most
275 microns. According to the chemical composition of the
N8O0K?20 project and eliminating the interference of the reac-
tive desires of sodium and potassium, it was found that the
process of these reactions completes the formed geopolymer
with fewer and more uniform cracks.

XRD

Samples of the designs that achieved the highest (N80K20)
and lowest (N50K50) compressive strength were tested for
failure in the X-ray direction. The test results are shown in
Fig. 14. The principal materials found in the calcite test
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Fig. 10 Tensile strength diagram of samples with a. NaOH and b. KOH cured at 90 and 25 degrees Celsius and the compressive strength dia-
gram of samples with concentration ¢. 8 M and d. 12 M at 90 and 25 degrees Celsius

sample were albite and quartz. As shown in Fig. 14, quartz
had the highest intensity of X-ray reflection in both maps.
According to the diagram of plan a (N50K50), more inten-
sity of the reflected X-ray was obtained at an angle of 30
degrees (almost twice). This showed that in the N50K50
design the amount of unreacted slag was higher in the geo-
polymerization process and less resistance was obtained.

Modulus of elasticity
The results are presented in Table 13, 14, 15 and 16, which

are also compared with the calculation method of three
regulations:

e ACI 363 Ec28=3320 \/ fc28 + 6900 (Russell et al. 1997)

e ACI 318 Ec28 =4730\/f028 (318 and Institute, 1989)

e CEB 1990 Ec28=22,000\/fc28103 (F.1.B. L. E. S.
Concrete 1990)

The highest and lowest elastic modulus values were
calculated to be 50.3 and 36.12 GPa, respectively. Under
all conditions, the N80k20 design had the highest Young's
modulus, and at a concentration of 12 M and a curing
temperature of 90 °C, the designs had the highest Young's
modulus. The value of the modulus of elasticity is directly
related to the value of the compressive strength (Bellum
et al. 2020; Hassan et al. 2022; Ouyang et al. 2020).

* @ Springer



6626 International Journal of Environmental Science and Technology (2024) 21:6615-6636

12 12
~ I ~
£ 10 £ 10 d
2 = I ||2
= 8 L T = 8 = ik
oo = oo
g 6 II 5 6 i =
7 7 = 1
T 4 T 4 L
= =
L] L
2 2 2 2
(TR TP
0 0
| 7 days 28 days | 7 days 28 days | 7 days 28 days 7 days 28 days
90°C 25°C 90°C 25°C
a mSM ®m10M ®=12M =14M b m8M m10M =12M = 14M
12 14
£ 10 12
— —
S < 10
:oan %in S
6 2
] »n 6
T 4 T
5 5 4
S 5 <
w2 & 2
0 0
28 days 28 days 28 days 28 days
90°C 25°C 90°C 25°C
C uN =K #T-KS50NS0 #T-KSON20 WT-N§OK20 d EN mK #T-KSONSO ®T-KSON20 mT-NSOK20

Fig. 11 Flexural strength diagram of samples with a. NaOH and b. KOH cured at 90 and 25 degrees Celsius and the compressive strength dia-
gram of samples with concentration ¢. 8 M and d. 12 M at 90 and 25 degrees Celsius

Correlation matrix

Figure 15 shows that the design N at a concentration of 8 M
has the highest correlation with tensile and flexural strength,
and after that, T-N80OK20 has the highest correlation in
such a way that it has a correlation of more than 99% with
compression strength at room temperature and the flexural
strength has strength.

Like the samples prepared at a concentration of 8 M, the
samples prepared at a concentration of 12 M in the N plan
had a very high correlation with the resistances. Also, after
the N design, the T-N80K?20 design had the highest relation-
ship to tensile, flexural and compressive strengths (Fig. 16).

According to Figs. 17 and 18, the best correlation
results were obtained for the T-N80K20 design with
concentrations of 8 and 12 M and under the condition of
curing at room temperature with ACI 363 and ACI 318

* @ Springer

regulations and at 90 °C with CEB regulations. Ninety
best correlations were obtained for modulus of elasticity.

Durability tests

The durability of any structural component includes the
ability to withstand weather conditions, chemical attacks,
abrasion or any other destructive process. The most basic
and common tests of concrete durability include things
such as: water absorption tests, changes in chloride ion
penetration depth and carbonation indicated. In the fol-
lowing, we will examine these tests and determine the
durability properties of active alkali concrete (Deepak and
Lakshmi 2020; Esparham and Moradikhou 2021a; Rehman
et al. 2020; Gunasekara et al. 2016).
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Fig. 12 Comparison of electron micrographs of geopolymer concrete samples activated with alkaline solutions of a KOH (scale 20 microns), b
KOH and ¢ NAOH (scale 5 microns), d N8OK20 (scale 20 microns)

B
190kV50 50x % SE 25 900kV50 20x SE 1391

AccV  SpotMagn ‘Det WD Exp ° I'—‘—’Tﬂ_‘tﬁ»-%oolujn AccV  Spot Magn  Det wi

Fig. 13 Electron micrograph taken for fractured samples of N80K20 and N designs

Water absorption tests and water penetration depth  test, the 12 M samples in both half- and 24-h time groups

of concrete have less water absorption than the 8 M samples; on the
other hand, among the 8 and 12 M samples, the T-N§0K20
The results of the concrete water absorption and penetra- ~ sample contains 80% of NaOH solution and 20% of KOH

tion test results are presented in the graphs of Figs. 19a,  solution, it has the lowest water absorption and the lowest
b and 20. According to the graphs of the water absorption ~ water penetration depth, and the highest water absorption

* @ Springer
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Table 13 Modulus of elasticity at a concentration of 8 M and a temperature of 90 °C

20 kY 40 $0 60

70 80 &

Mixture ID Experimental modulus of elas-  Modulus of elasticity accord- ~ Modulus of elasticity accord-  Modulus of elasticity
ticity (GPa) ing to ACI 363 (Gpa) ing to ACI 318 (GPa) according to CEB (GPa)
Average Standard devia-
tion
N 42.83 0.201 38.97 45.69 46.31
K 39.92 0.215 37.56 43.69 44.95
N80K20 45.1 0.278 42.25 50.37 49.43

Table 14 Modulus of elasticity at a concentration of 8 M and a temperature of 25 °C

Mixture ID Experimental modulus of elas-  Modulus of elasticity accord-  Modulus of elasticity accord-  Modulus of Elasticity
ticity (GPa) ing to ACI 363 (Gpa) ing to ACI 318 (GPa) according to CEB (GPa)
Average Standard devia-
tion
N 37.28 0.23 35.13 40.22 42.54
K 36.12 0.351 33.08 37.3 40.46
N80K20 43.56 0.297 39.55 46.51 46.87

Table 15 Elastic modulus at a concentration of 12 M and a temperature of 90 °C

Mixture ID Experimental modulus of elas-  Modulus of elasticity accord- ~ Modulus of elasticity accord- ~ Modulus of elasticity
ticity (GPa) ing to ACI 363 (Gpa) ing to ACI 318 (GPa) according to CEB (GPa)
Average Standard devia-
tion
N 47.23 0.39 42.78 51.12 49.92
K 44.17 0.413 41.05 48.65 48.3
N80K20 50.3 0.313 44.37 53.39 51.38

and water penetration depth in both 8 and 12 M concentra-
tions are related to the T-K50N50 sample. According to the
results, it can be seen that by increasing the concentration of
the solution (up to 12 M), decreasing the interference of the

¥ @ Springer

reactive desires of sodium and potassium ions and increas-
ing the alkalinity, more AI203 and SiO2 are dissolved in
the polymerization process and more geopolymeric gel is
created. These gels fill more capillary holes in concrete,
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Table 16 Young's modulus at a concentration of 12 M and a temperature of 25 °C

Mixture ID Experimental modulus of elas- ~ Modulus of elasticity accord- ~ Modulus of elasticity accord- ~ Modulus of elasticity
ticity (GPa) ing to ACI 363 (Gpa) ing to ACI 318 (GPa) according to CEB (GPa)
Average Standard devia-
tion
N 43.97 0.321 39.56 46.54 46.89
K 39.26 0.255 37.36 434 44.76
NB8OK20 4493 0.262 41.59 49.43 48.81

T-K50N50

T-N80K20

T-K80N20

Compressive Strength (MPa 90 C)

Compressive Strength (MPa 25 C)

Tensile Strength (MPa 90 C)

Tensil Strength (MPa 25 C)

Flexural Strength (MPa 90 C)

Flexural Strength (MPa 25 C)
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Fig. 15 Correlation matrix for geopolymer concrete with a concentration of 8 M

Compressive Strength (MPa 25 C) -

Tensile Strength (MPa 90 C) -

Tensil Strength (MPa 25 C) -

Flexural Strength (MPa 90 C) -

Flexural Strength (MPa 25 C) -
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Fig. 16 Correlation matrix for geopolymer concrete with a concentration of 12 M

and ultimately less water absorption and penetration depth
are observed in concrete (Amran et al. 2021; Esparham and
Moradikhou 2021c; Olivia et al. 2008; Quang Minh et al.
2019; Jindal et al. 2018; Li et al. 2022).

Rapid chloride permeability test

Therefore, it is important that in marine environments, chlo-
ride ion penetration into concrete and rebar corrosion dam-
age is known to be the most important destructive factor in
concrete structures, with determining the amount of chloride
ion penetration being of particular importance (Mousavine-
jad and Sammak 2021). Figure 21 shows the results of the

* @ Springer

accelerated chloride ion permeation test, which shows that
as the concentration increases from 8 to 12 M, the values of
the flux passing decrease, and therefore, the resistance to
chloride ion permeation increases. According to the obtained
results, it can be seen that the samples (1) T-K50N50, (2)
T-K80N20, (3) K, (4) N and (5) T-N80K?20, respectively,
have the maximum values of the passage flux. This test
measures the amount of flux passed in Coulomb units,
thereby qualitatively determining the specimen's resistance
to penetration by chloride ions. The results of the accelerated
chloride ion permeation test show that as the concentration
and processing temperature of the constructions increases,
due to the production of more gel, the amount of flux that
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Fig. 17 Correlation matrix for elastic modulus of geopolymer concrete with a concentration of 8 M

passes through decreases, and therefore, the resistance to
chloride ion penetration increases (Chindaprasirt and Chalee
2014; Jindal et al. 2018; Noushini and Castel 2018).

Carbonation test

The carbonization test was conducted as the fourth step
of the durability test. Carbonation of concrete is a chemi-
cal reaction between carbon dioxide penetrated into con-
crete and alkaline products resulting from hydration of
cement in concrete and production of calcium carbonate.
CO, infiltration reduces the alkalinity of the concrete and
destroys the alkaline protective layer around the reinforce-
ment, exposing the test equipment to corrosion (Fig. 22).

Carbonation test results are shown in the graphs of Fig. 23
and Table 17. The lowest depth of carbonation value at 14
and 28 days is for the T-N80K?20 blend at a concentration
of 12 M and treated at 90 °C, and the highest depth of
carbonation value is for the T-K50N50 blend at a con-
centration of 8 M and treated at 25C. From the obtained
results, it can be seen that samples with a higher alkaline
solution concentration show a lower carbonation depth
value compared to samples with a lower alkaline solution
concentration. This may indicate an increase in the degree
of geopolymerization, a decrease in pores and higher den-
sity of the structure and a decrease in the corrosion poten-
tial of reinforcing bars in geopolymer concrete samples at

* @ Springer



6632 International Journal of Environmental Science and Technology (2024) 21:6615-6636

T-N80K20

Modulus of Elasticity 25 (GPa)

Modulus of Elasticity 90 (GPa)

Modulus of Elasticity according to ACI 363 (25) (Gpa)

Modulus of Elasticity according to ACI 363 (90) (Gpa)

Modulus of Elasticity according to ACI 318 (25) (Gpa)

Modulus of Elasticity according to ACI 318 (90) (Gpa)

Modulus of Elasticity according to CEB (25) (GPa)

Modulus of Elasticity according to CEB (90) (GPa)

°
]
%4
=]
]
z
et

Modulus of Elasticity 25 (GPa) -
Modulus of Elasticity 90 (GPa) -

Modulus of Elasticity according to ACI 363 (25) (Gpa) -
Modulus of Elasticity according to ACI 363 (90) (Gpa) -
Modulus of Elasticity according to ACI 318 (25) (Gpa) -
Modulus of Elasticity according to ACI 318 (90) (Gpa) -
Modulus of Elasticity according to CEB (25) (GPa) -
Modulus of Elasticity according to CEB (90) (GPa) -

Fig. 18 Correlation matrix for elastic modulus of geopolymer concrete with a concentration of 12 M
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Fig.22 Carbonated samples

higher concentration and processing temperature (Khan
et al. 2017; Pasupathy et al. 2021; Zhuguo and Sha 2018).

Conclusion

According to the results obtained in this investigation, it
can be said that the samples containing KOH show more
slump than the samples containing NaOH and are therefore

more workable. By increasing the concentration of NaOH
and KOH solution, the amount of slump and workability
decreases. In terms of impact resistance (energy absorp-
tion rate), the samples that were cured at 90 degrees Cel-
sius had more energy absorption compared to the samples
that were cured at room temperature, and among the pre-
pared samples, the NSOK20 design had the highest gained
increased impact resistance. In the comparison section,
KOH + Na2Si03 solution with NaOH + Na2SiO3 solution
as GPC alkaline activation solution. In relation to the slag,
the use of NaOH + Na2SiO3 results in a higher 28-day
compressive strength. The use of NaOH + Na2Si03 leads
to an increase in 7-day compressive strength and an early
compressive strength. Also, the simultaneous use of the
combination of NaOH and KOH + Na2SiO3 solutions as
an alkaline activator solution for slag-based geopolymer
concrete leads to a significant reduction in the compres-
sive strength of 7 and 28 days due to the disruption of the
reactivity of Na+and K+ . On the other hand, the opti-
mum concentration of KOH and NaOH solution is 12 mol,
and increasing the concentration above this value reduces
the mechanical strength of the samples. Samples cured at
90 °C have higher mechanical strength than samples cured
at room temperature. Among the prepared samples, the
T-N80K20 sample eliminated the interference of sodium
and potassium reactivity to an optimal extent, and consid-
ering the reactivity of potassium to form larger hydroxide
oligomers and the rapid dissolution of sodium in alumino-
silicate gel, it can be seen that the resistance The mechani-
cal strength of T-N80K20 sample in 7 and 28 days is more
than other mixing designs.

Compared to other mixing designs, the N80k20 design
(12 M concentration) has the highest Young's modulus.
In chloride ion penetration (accelerated) and carbonation
depth tests, it can be said that absorption values, water pen-
etration depth and flow flux of GPC samples decrease with
increasing solution concentration and curing temperature.
According to the mentioned result, the lowest amount of
water absorption, the depth of water penetration, the depth
of carbonation, and the chloride ion penetrating flux are
related to the N80OK20 mixing design. In other words, the
N80K?20 design outperformed other mixing designs in terms
of durability.

In terms of the correlation matrix of the elasticity modu-
lus, the T-N8OK20 mixing design with 8 and 12 M concen-
trations and at a curing temperature of 90 degrees Celsius
with the CEB 90 regulation and at room temperature curing
conditions with the ACI 365 and ACI 318 regulations, this
mixing design achieved the most closeness in the results.
And also, in the results of compressive, tensile and flexural
strengths for mixing design N and then design T-N80K?20 (in
concentrations of 8 M and 12 M and at curing temperatures
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Fig. 23 Carbonation plot of samples a. 8 and b. 12 M cured at temperatures of 90 and 25 °C

Table 17 Carbonation test

Samples 25°C 90 °C Density (M)
results from samples cured at 90 . . . .
and 25 °C Carbonation depth Carbonation depth Carbonation depth Carbonation depth
at 14 days (mm) at 28 days (mm) at 14 days (mm) at 28 days (mm)
K 7.1 7.9 6.3 7.1 8
N 6.7 7.4 6.1 6.6
T-K50N50 8.1 9.0 7.2 8.1
T-K80N20 7.9 8.5 6.8 7.6
T-N80K20 6.3 7.0 5.6 6.3
K 6.8 7.7 6.1 6.8 12
N 6.4 7.3 5.8 6.5
T-K50N50 7.9 8.7 6.9 7.7
T-K80N20 7.2 7.9 6.3 7.1
T-N80K20 5.7 6.5 5.1 5.8
of room and 90 degrees Celsius, a correlation relationship References

showed the best results.

According to the results obtained in this article, in the
direction of sustainable development, it can be concluded
that active alkaline concrete (geopolymer) in addition to
environmental benefits has very good mechanical and dura-
ble properties; as a result, geopolymer concrete can be con-
sidered as a suitable alternative to conventional concrete
(made of Portland cement) and environmentally friendly
used in the construction industry.
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