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ABSTRACT

Nowadays, besides the important properties such as strength, durability and costs for construction
materials, criterion such as environmental and sustainability have gained importance. For this
reason, projects related to the production of cementless concrete especially in the academic field
are being carried out. These well-meaning works take place in the media and create an
expectation. In the concept of cementless concrete, Portland cement is generally replaced by
geopolymers. Geopolymer represents one of the most effective environmental friendly
alternatives to the conventional Portland cement binders. Reducing the need for cement, thus
saving energy, bringing this waste by-product to the market, will help to reduce industrial and air
pollution. In this study, the mechanical properties of geopolymer samples produced by using
different amounts of fly ash and metakaolin were investigated with sodium and magnesium
sulfate effects. 7 and 28 days compressive and flexural strength and ultrasonic pulse velocity
results were investigated for 4 series samples with together unit weight, water absorption and
porosity results. The highest yielding series sample was exposed to 10% magnesium and sodium
sulfate solutions for up to 56 days. Geopolymer mortars were placed in an oven at 105°C for 24
hours to improve absorption of sulfate ions before being exposed to the solutions. The results of
weight change, ultrasonic pulse velocity, compressive and flexural strength after 14, 28 and 56
days immersion in each sulfate solution were compared.
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INTRODUCTION

Under the influence of sulfate solution, in concrete or cement systems, sulfate ions enter the
cement matrix and react with cement hydration products and cause expansion, spalling and cracks
[Neville, 2004], [Nie, 2015]. Specifically, ettringite, gypsum, thaumasite and monosulfate are
formed as a result of this reaction and these products lead to expansion, cracking, loss of strength
and serious deterioration of concrete and cement [Hossack and Thomas, 2015]. In order to solve
the problems relating to Portland cement, the researchers tend to produce a cement-free binder.

Geopolymer was first developed by Davidovits and produced from an aluminosilicate source such
as fly ash, slag, metakaolin. In a high alkaline environment, the binders are then mixed with alkali
silicate solution [Davidovits, 1991]. Geopolymer is favoured for early compressive strength, good
resistance to chemical effects, high temperature resistance and low permeability. Geopolymer is a
sustainable building material that is an alternative to traditional Portland cement in the presence of
sulfates.

Although it is possible to use different binders in the production of geopolymer samples, the most
advantageous binding material in this regard is the fly ash produced in thermal plants [Duan et al.,
2015]. When metakaolin with high pozzolanic properties and fine particles is used as binder
material, early setting time occurs and a high compressive strength can achieved [Kannan and
Ganesan, 2014]. Therefore, recently metakaolin has been widely used in geopolymer systems.

Metakaolin, which is used as the main binding material for the production of geopolymer, is
produced de-hydroxylation of kaolin [Duxson et al., 2007]. The basic components of metakaolin
are Al2Os and SiO2 and it is widely used in geopolymer production due to their mechanical,
porosity and durability properties [Cheng et al., 2012]. The performance of metakaolin-based
geopolymer depends on the type of metakaolin, the amount and concentration of activator, and the
curing system [Roviello et al., 2015]. Researchers have studied the mechanical and durability
properties. The metakaolin used in the geopolymer production is also used as a substitute in
cement based products [Zhou et al., 2016].

Fly ash is used for geopolymerization as a source of aluminosilicate because it is rich in SiO. and
Al>Oz3 which are essential oxides for geopolymer [Nguyen et al, 2016]. Fly ash has been studied in
many geopolymer surveys as pozzolanic materials because of the worldwide widespread waste
material [Nath et al, 2016].

Numerous studies have been published on the durability of geopolymer composites. Researchers
agree that geopolymer has high early compressive strengths, excellent fire resistance and low
permeability. Recently, through to their ceramic-like microstructure, geopolymer composites offer
a promising solution to sulfate attack. There are limited studies on sulfate effect in geopolymer
samples when fly ash and metakaolin are used as binding materials. In this study, the mechanical
properties of geopolymer samples produced by using different amounts of fly ash and metakaolin
were investigated with sodium and magnesium sulfate effects. 7 and 28 days compressive and
flexural strength and ultrasonic pulse velocity results were investigated for 4 series samples with
together unit weight, water absorption and porosity results. The highest yielding series sample
was exposed to 10% magnesium and sodium sulfate solutions for up to 56 days. Geopolymer



mortars were placed in an oven at 105°C for 24 hours to improve absorption of sulfate ions before
being exposed to the solutions. The results of weight change, ultrasonic pulse velocity,
compressive and flexural strength after 14, 28 and 56 days immersion in each sulfate solution
were compared.

MATERIALS AND METHODS

Materials

Fly ash, metakaolin and slag. In this study, metakaolin, fly ash (F class) and slag, were provided
from Kaolin EAD (Turkey, Istanbul), Cates electrical production Inc., Catalagzi/Zonguldak and
Bolu Cement Company (Bolu /Turkey), respectively. The specific gravity of slag, metakaolin and
fly ash was 2.91 g/cm?, 2.52 g/cm? and 1.96 g/cm?3, respectively. The chemical components of the
binder materials are given in Table 1.

Table 1. Chemical composition of fly ash, metakaolin, and slag (wt%)

SiO2 | AlbO3 | Fe203 | TiO2 | CaO | MgO | K2O | Na.O | L.O.I,

Fly ash 54.08 | 26.08 | 6.68 - 200 | 268 | 454 | 0.79 | 1.36
Metakaolin 56.10 | 40.23 | 085 | 055 | 019 | 0.16 | 051 | 0.24 | 1.10
Slag 4055 | 1283 | 1.10 | 0.75 | 3558 | 587 | 0.68 | 0.79 | 0.03

Activator. The sodium hydroxide solution was prepared one day before the mixture and mixed
with sodium silicate on the same day of the experiment. Sodium hydroxide and sodium silicate
solutions were used as alkali activators. They were provided from Merck. The molar ratio of the
sodium silicate solution was 3.29 (Na2O = 8.2%, SiO, = 27%). Sodium hydroxide solution was
prepared as 12M.

Aggregate. A standard sand according to BS EN 196-1 was added.

Experimental Study

Table 2 shows the amounts of materials for geopolymer mortars. Geopolymer mortars were
produced with fly ash and metakaolin. The binding material was first mixed with the activator
prepared the day before mixing. The binding material/activator ratio was determined as 1:0.6.
Then, as a calcium source, a blast furnace slag was added to the mixture. The standard sand was
added to the geopolymer paste as an aggregate, and the ratio of aggregate/binding material was
2.5:1. The mortar mixture was subjected to vibration after being placed in the molds. Curing was
done in an oven at 80 °C for 24 hours.



Table 2. Geopolymer mortar mixing proportions (g)

Fly Ash | Metakaolin | Standard sand | NaOH (12M) Na>SiOs Slag
Series 1 450 0 1125 90 180 60
Series 2 427.5 22.5 1125 90 180 60
Series 3 405 45 1125 90 180 60
Series 4 382.5 67.5 1125 90 180 60

The compressive and flexural strength and ultrasonic pulse velocity results of geopolymer mortars
determined at 7 and 28 days were compared. Magnesium and sodium sulfate were used as a
solution. Geopolymer mortars were immersed in solutions of 10% sodium sulfate or 10%
magnesium sulfate for up to 56 days and the results of weight change, compressive and flexural
strength, ultrasonic pulse velocity after 14, 28 and 56 days were compared. Before immersion in
each sulfate solution, geopolymer mortars were placed at 105°C for 24 hours to better absorb the
sulfate solutions.

EXPERIMENTAL RESULTS

When water absorption, porosity and unit weight results were examined, it was observed that
water absorption and porosity values decreased and unit weight values increased because of the
more intensive structure with the contribution of metakaolin (Table 3). The results of
compressive and flexural strength and ultrasonic pulse velocity of geopolymer mortar samples at
7 and 28 days are given in Table 4. When the results were examined, it was observed that there
was an increase in all of the mixtures in 28 days according to 7 days. The increase rates in the
compressive strength results were between 2.92% and 3.28%, while the increase in flexural
strength results were between 6.50% and 12.58%. On the other hand, the rates of increase in
ultrasonic pulse velocity were between 1.05% and 1.36%. The highest results were obtained in
15% metakaolin + 85% fly ash mixture results. Because a denser structure of geopolymer
specimens containing metakaolin can be found. However, using metakaolin at a higher rate is not
sustainable due to its cost. Results found are compatible with those from other studies [Duan et
al, 2015].

Table 3. Physical properties of geopolymer mortars

Water absorption | Unit weight (g/cm?) Porosity (%)
(%)
Series 1 7.72 2.38 14.51
Series 2 7.56 2.40 14.13
Series 3 7.34 2.43 13.89
Series 4 6.85 2.45 13.67




Table 4. Compressive and flexural strength and ultrasonic pulse velocity results of geopolymer

mortars at various days of curin
Compressive strength Compressive strength
(MPa) 7 Days (MPa) 28 Days
Series 1 49.68 51.31
Series 2 50.75 52.23
Series 3 55.84 57.62
Series 4 57.45 59.25
Flexural strength (MPa) | Flexural strength (MPa)
7 Days 28 Days
Series 1 8.05 8.78
Series 2 8.27 9.31
Series 3 9.18 9.89
Series 4 9.54 10.16
Ultrasonic pulse Ultrasonic pulse
velocity (m/s) 7 Days velocity (m/s) 7 Days
Series 1 3494 3532
Series 2 3518 3555
Series 3 3539 3587
Series 4 3564 3612

The mixture consisted of 15% metakaolin + 85% fly ash was exposed to magnesium and sodium
sulfate solutions at the end of 28 days. The results are given in Figure 1-4. Samples were
removed from the solutions after 14, 28 and; 56 days and allowed to dry at room temperature.
Then the surfaces were cleaned with a wire brush and weight, strength and ultrasonic pulse
velocity changes were evaluated.

Figures 1 and 3 show that the results of compressive strength and ultrasonic pulse velocity
continued to increase up to 28 days. The increase in compressive strength ranged from 3.41% to
7.43% in the 10% MgSOs solution up to 28 days, while the increase in compressive strength
ranged from 4.95% to 10.92% in the 10% Na.SO4 solution up to 28 days. After 28 days, the
strength results decreased in 56 days, although the increase continued according to the situation
that was not exposed to the solution. The increase was 6.21% in 56 days compared to unexposed
sample for 10% MgSOs solution, whereas the increase was 8.25% in 56 days compared to
unexposed sample for 10% Na>SOj4 solution.



The increase in ultrasonic pulse velocity ranged from 0.14% to 0.91% in the 10% MgSO4
solution up to 28 days, while the increase in ultrasonic pulse velocity ranged from 1.16% to
2.13% in the 10% Na>SO4 solution up to 28 days. After 28 days, the ultrasonic pulse velocity
results decreased in 56 days, although the increase continued according to the situation that was
not exposed to the solution. The increase in ultrasonic pulse velocity was 0.72% in 56 days
compared to unexposed sample for 10% MgSOs solution, whereas the increase in ultrasonic
pulse velocity was 1.55% in 56 days compared to unexposed sample for 10% Na>SOa solution.

The transitions between the solutions and the sample played an important role in the results of
compressive strength and ultrasonic pulse velocity. Alkaline ions migrated from the sample to
the solution and magnesium and sodium ions migrated from the solution to the sample and this
situation played a role in the continuation of geopolymerization. According to the sulfate effect,
fluctuations in compressive strength and ultrasonic pulse velocity results were observed up to 56
days. These fluctuations were due to the diffusion of Mg and Na to the matrix during the
transition of alkali ions from the samples to the solution. As already reported, the samples were
placed in an oven at 105 °C for 24 hours before the immersion test. Due to the this situation,
weight increase occurred (Figure 4). The flexural strength (Figure 2) decreased as it reacted with
the solution. The decreasing rates of flexural strength in the 10% MgSOg solution ranged from
4.72% to 18.80%, while the reduction in flexural strength in the 10% Na>SOs solution ranged
from 2.66% to 14.86%. After exposure to magnesium and sodium sulfate solutions for up to 56
days, in case of visual inspection of samples, no damage was observed. This shows that
geopolymer samples are highly resistant to sulfate solution. Magnesium sulfate is more effective
and stronger than sodium sulfate, so the results improved for the samples immersed in the in
sodium sulfate solutions. The results are consistent with the previous results [Duan et al, 2015],
[Elyamany et al, 2018].
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Figure 1. Compressive strength test results
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CONCLUSIONS AND RECOMMENDATIONS

The results of the experimental study are listed below:

* The highest results were obtained in 15% metakaolin + 85% fly ash mixture results. Because a
denser structure of geopolymer specimens containing metakaolin can be found. However, using
metakaolin at a higher rate is not sustainable due to its cost. The geopolymer mortar sample
obtained using 85% fly ash + 15% metakaolin exhibited a good performance when exposed to 10%
sodium sulfate and 10% magnesium sulfate solution. Geopolymer samples are produced using waste
material, fly ash, which is an important parameter in terms of sustainability and environmental
protection.

* The increase in compressive strength ranged from 3.41% to 7.43% in the 10% MgSQa4 solution
up to 28 days, while the increase in compressive strength ranged from 4.95% to 10.92% in the
10% Na>SO4 solution up to 28 days. The increase was 6.21% in 56 days compared to unexposed
sample for 10% MgSOs solution, whereas the increase was 8.25% in 56 days compared to
unexposed sample for 10% Na>SOs solution. The increase in ultrasonic pulse velocity ranged
from 0.14% to 0.91% in the 10% MgSQa4 solution up to 28 days, while the increase in ultrasonic
pulse velocity ranged from 1.16% to 2.13% in the 10% Na>SOs solution up to 28 days. The
increase in ultrasonic pulse velocity was 0.72% in 56 days compared to unexposed sample for
10% MgSOs solution, whereas the increase in ultrasonic pulse velocity was 1.55% in 56 days
compared to unexposed sample for 10% Na>SOs solution. The transitions between the solutions
and the sample played an important role in the results of compressive strength and ultrasonic pulse
velocity. Magnesium sulfate is more effective and stronger than sodium sulfate, so the results were
higher in sodium sulfate solutions.



* The flexural strength decreased as it reacted with the solution. The decreasing rates of flexural
strength in the 10% MgSOa solution ranged from 4.72% to 18.80%, while the reduction in
flexural strength in the 10% Na»SOj4 solution ranged from 2.66% to 14.86%.

* The samples were placed in an oven at 105 °C for 24 hours before the immersion test. Due to
the this situation, weight increase occurred.

¢ Since geopolymer is a product resistant to sulfate solution, the duration of exposure should be

increased even further for 56 days. It is useful to understand the behavior of the geopolymer matrix
under sulfate solution.
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