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This study aims to provide the experimental data on the sulphate and acid performance of geopolymer mortar containing
pozzolanic materials such as fly ash (FA), ground granulated blast furnace slag (GGBS) and natural zeolite (NZ). The
alkaline solution was the combination of sodium silicate and sodium hydroxide solution with the ratio (Na,SiOy/NaOH) of
1.0, 2.0 and 3.0. The molarity of sodium hydroxide was fixed as 10. The performances of geopolymer mortar were measured
in terms of sodium and magnesium sulphate resistance and sulphuric and hydrochlorich acid resistance with 5 % and 10 %
concentration after 24 weeks. The evaluations were measured as visual observation, measurement of weight change and
residual compressive strength. It has been observed that Na,SiOy/NaOH ratio is effective on residual compressive strength
of geopolymer mortar in both sulphate and acid exposure. The higher ratio of Na,SiO;/NaOH results in a higher residual
compressive strength. The GGBS based geopolymer mortar has a very good resistance in acid media in terms of weight loss
and residual compressive strength. The inclusion of FA in the GGBS based geopolymer mixture was found to be a suitable
base of geopolymer mortar under ambient curing conditions.

INTRODUCTION

The durability of concrete is an important require-
ment for the performance in aggressive environments
throughout its design life period. Sulphate attack is
known to produce significant degradation in concrete
structures. In hardened cement C;A reacts with sul-
phate ions in the presence of calcium hydroxide to
form ettringite and gypsum, leading to expansion and
degradation of concrete [1]. Geopolymer is a new
class of material generally manufactured by activating
an aluminosilicate source material in a highly alkaline
medium. Davidovits et al. [2] reported that geopolymer
possesses high early strength, better durability and has
no dangerous alkali-aggregate reaction. Geopolymers
can be produced out of industrial by-products such as
fly ash or slag, which are alkali activated and cured to
produce a polymeric base gel [3-5]. The researchers
concluded that the geopolymer concrete was proved to
have better mechanical properties and better durability
in aggressive environments as compared to conventional
cement concrete [6-9]. Davidovits et al.[10] reported that
geopolymers exposed to 5 % sulphuric and hydrochloric
acid were relatively stable with weight loss of in the
range of 5 — 8 % while the Portland based cements
were destroyed and the calcium alumina cement lost
weight about 30 — 60 %. Since geopolymers relies on
alumina-silicate rather than calcium silicate hydrate it
has been reported as being acid resistant. A large number

of studies were conducted on geopolymer concrete, but
there is still no consensus on the influence of different
parameters on the properties of geopolymer materials.
The main parameters which influence the properties of
geopolymer concrete include aluminosilicate source,
curing conditions, type and concentration of alkaline
activator and the alkaline activator to base ratio [11-14].
NaOH and Na,SiO; are commonly used to activate the fly
ash in geopolymer concrete [15]. Previous studies have
shown that the Na,SiO,/NaOH ratio and NaOH molarity
affects the compressive strength of the geopolymer
mortar [16]. The possible explanation of this increase
may be connected to the use of more sodium silicate
which led to more silica gel, and thus contributed to the
high strength. Hardjito and Rangan[17] also claimed that
a high ratio of Na,SiO,/NaOH by mass, results in high
compressive strength. The Na,Si0,/NaOH ratio, by mass,
was recommended at approximately 2.5 for fly ash-based
geopolymers. Conversely, when the Na,SiO;/NaOH
ratio was more than 3.0, the compressive strength tended
to decrease due to the excessive alkali content which
retards the geopolymerisation reaction. According to
various researches, Na,SiO; favors the polymerization
process leading to reaction product with more Si
and higher mechanical strength [18]. The increase in
compressive strength may be attributed to the increase
in the SiO, content of Na,SiO; solution than the NaOH
solution. Thokchom et al [19] investigated the effect of
sodium oxide content on durability of geopolymer in
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sulphuric acid. The specimen with higher alkali content
performed much better, than those with a lower alkali
content in terms of residual compressive strength.

There are limited researches on the effect of sodium
silicate to sodium hydroxide (Na,SiO,/NaOH) ratio on
durability properties of geopolymer mortar especially for
natural zeolite based mortar. The objective of the present
experimental research is to provide experimental data on
the effect of Na,Si0;/NaOH ratio of alkaline solution on

materials to produce geopolymer mortars in this study.
The chemical composition and physical properties of FA,
GGBS and NZ are shown in Tables 1 and 2, respectively.
Silica sand graded similar to standard sand [22] was used
as fine aggregate in production of geopolymer mortar.

Table 1. Chemical composition and physical properties of base
materials used.

durability performance of geopolymer mortar containing ~ Notation FA GGBS NZ
pozzolanic materials such as fly ash, ground granulated Chemical composition (%)
blast furnace slag and natural zeolite. The performances  SiO, 52.90 41.67 68.30
of geopolymer mortar were measured in terms of sodium Al O; 25.50 11.56 10.97
and magnesium sulphate resistance and sulphuric and  Fe,O; 8.70 0.90 1.02
hydrochlorich acid resistance. The evaluations were CaO 4.75 35.58 3.24
done through visual observation, measurement of MgO 3.10 5.28 1.01
weight change and residual compressive strength. The = Na,O 0.40 0.68 0.17
geopolymer technology shows considerable promise for ~ K;O 2.00 1.00 2.40
application in concrete industry as an alternative binder ~ SO; 2.90 0.10 -
to the Portland cement. In terms of reducing the global ~ CI' 0.002 0.0105 -
warming, the geopolymer technology could reduce the = FreeCaO 0.88 - -
CO, emission to the atmosphere caused by cement and ~ Reactive 8i0, 34.06 B 54.93
aggregates industries by about 80 %. Reactive CaO 0.60 82.53 -
LOI 0.53 0.01 12.90
Physical properties
EXPERIMENTAL
Retained on 45 um (%) 25 0.5 20
Materials Specific gravity (g-em™) 2.29 2.86 2.19
Low-calcium (ASTM Class F) [20] fly ash, ground Blaine Surface area (m*kg") 380 465 129
granulated blast furnace slag (GGBS) as a by-product  Strength activity index (%)
of the steel industry conforming to TS EN 15167 [21]  7-days 62 53 83
and natural zeolite—clinoptilolite (NZ) was used as base ~ 28-days 80 71 88
Table 2. Mix proportions of geopolymer mortars.
Extra Na,SiO,
Mix ID Nz FA GGBS Sand  water added solution =~ NaOH  Na,SiO,-to-NaOH
% kgm? % kgm® % kgm® kgm? kg'm™ kg'm™ kgm?®  ratio (by weight)
NZ 100 510 - - - - 1530 80 127.5 127.5
FA - - 100 510 - - 1530 40 127.5 127.5
GGBS - - - - 100 510 1530 - 127.5 127.5 10
NZ+FA 50 255 50 255 - - 1530 40 127.5 127.5 '
NZ+GGBS 50 255 - - 50 255 1530 40 127.5 127.5
FA+GGBS - - 50 255 50 255 1530 - 127.5 127.5
NZ 100 510 - - - - 1530 90 170 85
FA - 100 510 - - 1530 40 170 85
GGBS - - - 100 510 1530 - 170 85 -
NZ+FA 50 255 50 255 - - 1530 40 170 85 ’
NZ+GGBS 50 255 - - 50 255 1530 40 170 85
FA+GGBS - — 50 255 50 255 1530 - 170 85
NZ 100 510 - - - - 1530 90 191.25 63.75
FA - - 100 510 - - 1530 40 191.25 63.75
GGBS - - - - 100 510 1530 40 191.25 63.75 1.0
NZ+FA 50 255 50 255 - - 1530 20 191.25 63.75 ’
NZ+GGBS 50 255 - - 50 255 1530 20 191.25 63.75
FA+GGBS - - 50 255 - 255 1530 20 191.25 63.75
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The grading curve of used silica sand is presented in Fi-
gure 1. In order to activate the base materials, commercial
grade sodium hydroxide (NaOH) and sodium silicate
(Na,Si0;) solutions were used as alkaline activator.
The sodium silicate solution (8 % Na,O, 27 % SiO, and
65 % H,0) and sodium hydroxide (NaOH) in flakes
98 % purity were purchased from a local supplier in bulk.
Distilled water was used to dissolve sodium hydroxide
pellets to prevent any effect of unknown contaminants.
Sodium hydroxide solution of required molarity and
sodium silicate in liquid form were mixed and stored
at room temperature of 23 + 2°C and relative humidity
65 % for 24 h before its use.
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Figure 1. The grading curve of used silica sand.

Preparation of geopolymer
mortar specimens

Geopolymer mortar can be produced by adopting
the conventional techniques used in the manufacture of
cement mortar. The weight ratio of sand to base material
was fixed at 3.0 for all mixtures. Gopolymer mortars
were prepared with a fixed alkali solution to base material
ratio of 0.5. Extra water demand of mortar mixtures was
determined with a standard flow table by flow diameter
of 110 = 5 mm according to ASTM C230 [23] The mix
proportions of geopolymer mortars are described in
Table 2. The concentration of alkaline solution used
was 10 molar. The ratios (by weight) of sodium silicate
(Na,Si0;) to sodium hydroxide (NaOH) were 1, 2 and 3.
In the laboratory the base materials and sand were dry
mixed in Hobart mixer for about three minutes. Then
alkaline liquid was added along with extra water to
maintain the workability of geopolymer mortars. The
liquid component of the mixture was mixed for another
five minutes. The mixing was carried out at room
temperature at room temperature of 23 + 2°C. After the
slump flow test, the fresh mortar was cast and compacted
by the usual methods used in the case of cement mortar.
The specimens were wrapped with plastic sheets to
prevent from moisture loss. After 24 hours cured in the
molds at room temperature, all mortar specimens were
demoulded and cured at room temperature of 23 + 2°C.

Testing

Sulphate resistance

Sulphate exposure testing procedure was conducted
by immersing mortar specimens after the 28 days curing
in a water tank containing 5 % and 10 % sodium sulphate
and magnesium sulphate solutions for 24 weeks. The
aggressive solutions were made by dissolving regent
grade chemicals in tap water and test solutions were
renewed every week. The test solution was kept in plastic
containers with space between the mortar specimens
at 23 + 2°C during the test period. Control mortar
specimens were also immersed in the water during the
same period and results were compared. Change in
weight of specimens was measured after selected periods
of exposure up to 24 weeks. On the day the weight was
measured, the specimens were removed from the sulphate
solution, and wiped clean prior to the measurement. The
weight change of mortar specimens were measured until
24 weeks of exposure. The specimens were returned to
the sulphate solution container immediately after the
measurement was done. Average values were calculated
from the measurements of three replicates.

Acid resistance

Acid resistance of geopolymer mortar was studied
by immersing mortar specimens in 5 % and 10 % con-
centrations of acid solution up to 24 weeks and by eva-
luating the behaviour in terms of visual appearance,
change in weight and change in compressive strength
after exposure. The resistance to acid attack was deter-
mined in accordance with ASTM C-267[24]. The 50 x
x 50 x 50 mm geopolymer mortar specimens were
prepared and cured at room temperature. Three speci-
men of each mortar mixture immersed either in 5 %
and 10 % sulphuric acid (H,SO,) or in 5 % and 10 %
hydrochloric acid (HCl). After being subject to acid
attack, the mortar specimens were cleaned with water
and then the acid attack evaluated through measurement
of the weight loss of the specimens. In order to maintain
the concentration, the solution was replaced every week.
For comparison, control specimens were soaked in tap
water in the laboratory ambient conditions. All specimens
were room temperature-cured at 23 + 2°C. The residual
compressive strength evolution of geopolymer mortar
was calculated as percentage of initial compressive
strength.

RESULTS AND DISCUSSION

Visual appearance

The visual appearances of the test specimens after
different exposures are shown in Figure 2-6. It can be
seen that the visual appearance of the test specimens
after soaking in sulphate solutions up to 24 weeks
revealed that there was no change in the appearance of
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a) 5 % H,SO, solution
a) 5 % Na,SO, solution

b) 10 % H,SO, solution

Figure 4. Visual appearance of geopolymer mortar specimens
b) 10 % Na,SO, solution after 24 weeks exposure in: a) 5 % and b) 10 % H,SO, solution.

Figure 2. Visual appearance of geopolymer mortar specimens
after 24 weeks exposure in: a) 5 % and b) 10 % Na,SO, solution.

a) 5 % HCl solution
a) 5 % MgSO, solution

b) 10 % MgSO, solution b) 10 % HCI solution

Figure 3. Visual appearance of geopolymer mortar specimens  Figure 5. Visual appearance of geopolymer mortar specimens
after 24 weeks exposure in: a) 5 % and b) 10 % MgSO, solution.  after 24 weeks exposure in: a) 5 % and b) 10 % HCI solution.
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the specimens compared to the condition before they
were exposed. There was no significant damage to the
surface of test specimens after exposure to sodium
and magnesium sulphate solution up to 6 months. The
surface became a little softer as the duration of the
test progressed but could not be easily scratched with
finger nails. Bhutta et al. [25] also found that there was
no significant damage to the surface of test specimens
after exposure to 5 % sodium sulphate solution up to one
year. The geopolymer mortars were less susceptible to
the attack by 5 % magnesium sulphate solution. Figure
4 shows the visual appearance of the geopolymer mortar
specimens after soaking in sulphuric acid solution for
a period of 24 weeks. The specimens seemed to be
slightly damaged at the surface and around the edges of
specimens. In particular, it was observed that the surface
of the NZ specimens exposed to 10 % sulphuric acid was
badly defeated and the aggregates were clearly visible
(Figure 6). Other geopolymer spcimens compared to
NZ specimens have suffered less damage in sulphuric
acid solution. GGBS based specimens showed the best
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Figure 6. Visual appearance NZ specimens in water, 10 %
H,SO, and 10 % HCI after 24 weeks of exposure.

performance in sulphuric acid resistance, followed by FA
based specimens in terms of performance of sulphuric
acid. As can be seen from Figure 5, the specimens
exposed to hydrochlorich acid solution have similiar
appearances with sign of slight deterioration. Even in
the 10 % hydrochloric acid solution, the geopolymer
samples were not much damaged compared to the
samples exposed to sulphuric acid. The damage to the
surface of the specimens increased as the concentration
of the acid solution.

Weight change

The weight changes of geopolymer mortar speci-
mens in sulphate solution are presented in Figure 7 and 8.
The weight of all specimens was gradually increased
within the exposure period up to 24 weeks in sulphate
solution due to absorption of the exposed liquid. Rapid
increase in weight occurred for all specimens up to
4 weeks of exposure and after 20 weeks, a decreasing
trend was observed for all specimens. Maximum in-
crease in weight was observed in NZ specimens and
least gain in weight occurred in GGBS specimens. After
24 weeks NZ specimens slowly gained the weight of
6.94 %, 6.54 % and 6.14 % for Na,SiO,/NaOH:1.0,
Na,Si05/NaOH:2.0 and Na,Si0O,/NaOH:3.0, respectively
in 10 % Na,SO, solution. GGBS specimens gained the
weight of 1.23 %, 1.02 % and 0.99 % for Na,SiO,/
/NaOH:1.0, Na,SiO,/NaOH:2.0 and Na,SiO,/NaOH:3.0,
respectively in 10 % Na,SO, solution. NZ specimens
gained the weight of 5.67 %, 4.98 % and 4.66 % for
Na,Si05/NaOH:1.0, Na,SiO,/NaOH:2.0 and Na,SiO,/
/NaOH:3.0, respectively in 10 % MgSO, solution after
24 weeks. The results showed that NZ based geopolymer
mortar specimens had gained weight to 6.26 % and
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Figure 7. Effect of Na,SiO,/NaOH ratio in the alkaline solution and exposure period on weight gain of geopolymer mortars

exposure to 10 % Na,SO, solution.
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4.09 % in first month of exposure in sodium sulphate
and magnesium sulphate solution, respectively. The
increase in weight might be due to white deposits within
the surface pores. These deposits were flaky or needle
like during the early stages of exposure. The Na,SiO,/
NaOH ratio has effective on weight gain of geopolymer
mortars. The gain of specimen weight when immersed in
sodium and magnesium sulphate depends of the Na,SiO,/
NaOH ratios. The pattern of weight gain is almost similar
in three different Na,SiO;/NaOH ratios. The maximum
weight gain was produced by specimen with minimum
Na,Si0,/NaOH ratio. On the other hand, the specimens
immersed in acid solution, a sudden loss of weight was

noticed initially during 4 to 12 weeks. Figure 9 represents
the weight change of specimens exposed to sulphuric
acid. After 24 weeks exposure period the weight of
geopolymer specimens had gradually decreased with an
increase in concentration and exposure period. Beyond
12 weeks the weight dropped in the specimens. Weight
change is the most important criteria to investigate the
effect of specimens after being exposed to sulphuric
acid. The weight loss at the end of 24 weeks was found
to be 17.53 % for NZ specimens and 3.67 % for GGBS
specimens for Na,SiO;/NaOH:1.0 ratio. These values
were as 6.89 % for NZ specimens and 2.36 % for GGBS
specimens for Na,SiO;/NaOH:3.0 ratio. Geopolymer

B 4 weeks B 12weeks ® 20 weeks

B 8 weeks M 16 weeks m 24 weeks ||

6]

N

w

Weight gain (%)

NZ + FA
NZ + GGBS
FA + GGBS

Na,SiO3/NaOH = 1.0

Na,SiOz/NaOH = 2.0

NZ + FA
NZ + GGBS
FA + GGBS

NZ + FA
NZ + GGBS
FA + GGBS
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Figure 8. Effect of Na,SiO;/NaOH ratio in the alkaline solution and exposure period on weight gain of geopolymer mortars

exposure to 10 % MgSO, solution.
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Figure 9. Effect of Na,SiO,/NaOH ratio in the alkaline solution and exposure period on weight loss of geopolymer mortars

exposure to 10 % H,SO, solution.
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specimens with the highest Na,Si0;/NaOH ratio had the
minimum weight loss after 24 weeks. As the Na,SiO,/
/NaOH ratio decreased in the specimens, weight loss also
increased correspondingly in acid solution. Davidovits
[1] found that geopolymer cements have very low
weight loss of 5 — 8 % when samples were immersed
in 5 % sulphuric acid and hydrochloric acid solutions.
In contrast, Portland cements were completely destroyed
in the same environment. The effect of Na,SiO;/NaOH
ratio in the alkaline solution and exposure period on the
weight loss of geopolymer mortars exposure to 10 %
HCI solution is presented in Figure 10. The weight loss
of NZ specimens was 14.34 %, 9.48 % and 6.55 % for
Na,Si0;/NaOH:1.0, Na,SiO,/NaOH:2.0 and Na,SiO,/
/NaOH:3.0, respectively in 10 % HCL solution after
24 weeks. The minimum weight losses were obtained in
GGBS based samples while the maximum weight losss
were obtained in NZ based specimens. Pacheco-Torgal
and Jalali [26] mentioned an average weight loss of just
2.6 % after being submitted to the attack of (sulphuric,
hydrochloric and nitric) acids during 28 days, while the
weight loss for Portland cement concretes is more than
twice that value.

Residual compressive strength

The effect of Na,SiO;/NaOH ratio by weight on
the resigual compressive strength of geopolymer mor-
tar can be seen in Figure 11 and 12. Figure 11 repre-
sents the variation of residual compressive strength
of geopolymer mortar specimens exposed to sodium
and magnesium sulphate solution. After 24 weeks of
exposure, all the specimens exhibited a decrease in re-
sidual compressive strength. Test results showed that

the loss of compressive strength of geopolymer mortar
decreases when the Na,SiO;/NaOH ratio increases.
For three Na,SiO,/NaOH ratios, NZ specimens have
the lowest residual compressive strength, while GGBS
specimens have the highest residual compressive
strength in sulphate exposure. The residual compressive
strengths of NZ specimens were 26.32 % and 24.31 %
in 5 % Na,SO, and 10 % Na,SO, solution and 29.06 %
and 28.13 % in 5 % MgSO, and 10 % MgSO, respecti-
vely, for Na,SiO;/NaOH:3.0. The residual compressive
strengths of GGBS specimens were 94.33 % and 87.11
% in 5 % Na,SO, and 10 % Na,SO, solution and 100 %
in both 5 % and 10 % MgSO, respectively, for Na,SiO,/
NaOH:3.0. It was observed that high calcium presented
in the base material makes the main geopolymerization
products less susceptible to sulphate attack. As shown
in Figure 12 exposure to acid caused degradation on
compressive strength, extend of degradation depended
on the concentration of acid solution. NZ specimens
have the least residual compressive strength values for
three Na,SiO,/NaOH ratios. The residual compressive
strengths of NZ specimens were 38.73 %, 42.29 % and
48.11 % for Na,SiO,/NaOH:1.0, Na,SiO;/NaOH:2.0 and
Na,Si05/NaOH:3.0, respectively in 5 % H,SO,. These
values were 18.03 %, 21.06 % and 22.62 % for Na,SiO/
/NaOH:1.0, Na,SiO,/NaOH:2.0 and Na,SiO,/NaOH:3.0,
respectively in 10 % H,SO,. Among geopolymer mortars,
GGBS specimens performed significantly better than the
others. Next in performance was FA specimens which
had a slow strength loss about after 24 weeks of exposure.
The residual compressive strengths of GGBS specimens
when exposed to 10 % H,SO, were 61.73 %, 66.82 %
and 71.42 % for Na,Si05/NaOH:1.0, Na,SiO;/NaOH:2.0
and Na,Si0;/NaOH:3.0, respectively. These strength
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Figure 10. Effect of Na,SiO;/NaOH ratio in the alkaline solution and exposure period on weight loss of geopolymer mortars

exposure to 10 % HCI solution.
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values were 53.59 %, 55.62 % and 58.13 % for Na,SiO,/
/NaOH:1.0, Na,SiO;/NaOH:2.0 and Na,SiO,/NaOH:3.0,
respectively in Figure 12 also shows the evolution
of the compressive strength of the specimens exposed
to the hydrochloric acid solution. In contrast exposure
in sulphuric acid, the geopolymer specimens had least
strength loss in hydrochloric acid exposure. Geopolymer
mortar specimens experienced loss in strength which was

100

highest in the specimen manufactured with minimum
Na,Si0,/NaOH ratio. However even after 24 weeks in
10 % hydrochloric acid the least residual compressive
strength measured was 43.06 % for NZ specimens for
Na,Si0,/NaOH:1.0 ratio. GGBS specimens have the
highest residual compressive strength as 58.13 % and
82.36 % in exposure of 10 % sulphuric and hydrochloric
acid, respectively.
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Figure 11. Effect of Na,SiO;/NaOH ratio in the alkaline solution on residual compressive strength of geopolymer mortars after
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It has been observed that Na,SiO;/NaOH ratio is
effective on residual compressive strength of geopoly-
mer mortar in both sulphuric acid and hydrochloric
acid exposure. Geopolymer mortar specimens prepared
with different Na,SiO;/NaOH ratios showed varying
degree of deterioration when exposed to sulphuric acid.
The Na,SiO,/NaOH ratio increases as residual com-
pressive strength increases. This increase is related
to the dissolution of silicates and aluminates from the
base materials. Basically, the increase in the Na,SiO,/
/NaOH ratio was result in the increase of sodium content
in the mixture. Sodium is important for the formation
of geopolymers as it acts as charge balancing ions. The
higher amount of sodium silicate improves the geopoly-
merisation when compared to sodium hydroxide content.
The Na,SiO,/NaOH ratio, by weight, was recommended
at approximately 2.5 for fly ash based geopolymers.
Conversely, when the Na,SiO,/NaOH ratio was more
than 3.0, the compressive strength tended to decrease
due to the excessive alkali content which retards the
geopolymerisation reaction [17]. Shankar and Khadira-
naikar [27] observed that for the ratio of 2.5 the strength
was maximum when compared with 3.5 in 10 %
sulphuric acid. Parthiban and Saravana [28] declared
that the compressive strength of the geopolymer mixes
increases with the increase in the alkaline ratio and the
result with an alkaline ratio of 2 was found to be in the
range of 21 % to 25 % than that of the mix with the
alkaline ratio of 1.0. In this study, the highest residual
compressive strength of geopolymer mortars was obtai-
ned when the Na,SiO;/NaOH ratio was 3.0, in both
sodium sulphate and magnesium sulphate solution expo-
sure. Test results showed that the compressive strength
of geopolymer mortar increases when the amount of
Na,Si0; increases. The possible explanation of this
increase may be connected to the use of more sodium
silicate which led to more silica gel, and thus con-
tributed to the high strength recorded at a Na,SiO,/
/NaOH ratio of 3.0. GBBS was found to be more acid
resistant, since the specimens even after 24 weeks of
immersion in both 5 % and 10 % sulphuric acid and 5 %
and 10 % hydrochloric acid solutions, remained almost
intact. GGBS contains higher CaO, and, as a result, it
is a good potential base of soluble Ca in the mixture.
The quantity of soluble Ca in the mixture has a direct
effect on the compressive strength. FA and NZ contained
much less Ca but when they were mixed with GGBS, the
compressive strength of geopolymer mortar increased.
Previous studies have shown that the addition of calcium
has a positive effect on the mechanical properties
of the geopolymeric binder [29]. But the exact role
of calcium during the geopolymerization process is
not fully understood. It was also declared by some
researchers the addition of calcium from other bases to
produce ambient cured geopolymer mortar improved its
mechanical strength [30]. Meanwhile, some researchers
claimed that the presence higher elements CaO causing

disruption in the geopolymerization process [8]. It was
observed that the effect of FA on compressive strength
was more significant than the effect of NZ, which could
be attributed to the higher pozzolanic activity of FA
than that of NZ. NZ-based geopolymer may require
thermal activation in order to obtain a geopolymer
with good compressive strength properties [31]. GBBS
gives quick hardening behavior to geopolymer mortar
specimens. Higher calcium content may results in
faster geopolymerisation due to the formation of semi-
crystalline Ca—Al-Si gel [32]. The GGBS mortar was
permitted to stand at room temperature after mixing and
just before being put into molds for a particular amount
of time. The new geopolymer mortar is easily handled as
much as 120 minutes without distortion in the shape of
the specimens.

The most significant degradation was observed in
the sodium sulphate solution rather than the magnesium
sulphate solution. Bakharev [8] declared that this may
be connected to a migration of alkalies into solution. The
sulphuric and hydrochloric acid caused degradation in
compressive strength, the extent of degradation depends
on the type and concentration of acid solution and the
period of exposure. It can be concluded that the sulphuric
acid environment is more severe than the hydrochloric
acid since the strength loss is more in sulphuric acid.

CONCLUSIONS

Geopolymer mortar specimens prepared with
pozzolanic base materials with different Na,Si0,/NaOH
ratios showed varying degree of deterioration when
exposed to sulphuric acid. On the basis of findings during
the present study, following conclusions are drawn.

e There is no damage to the surface of test specimens
after exposure to sodium and magnesium sulphate
solution up to 24 weeks. The visual appearance of geo-
polymer specimens after 5 % and 10 % sulphuric acid
immersion showed that acid attack slightly damaged
the surface of specimens. The best performance in
different sulphate and acid solutions was observed
in the geopolymer mortar prepared GGBS cured at
ambient temperatures. It was observed that the surface
of the NZ specimens exposed to 10 % sulphuric acid
was badly defeated and the aggregates were clearly
visible.

e Geopolymer mortar specimens gained weight during
exposure to sodium and magnesium sulphate solu-
tions. Maximum increase in weight was observed in
NZ specimens and least gain in weight occurred in
GGBS specimens. The pattern of weight gain is almost
similar for three different Na,SiO,/NaOH ratios.

e The weight loss was observed to be gradually decrea-
sed with increase in Na,SiO;/NaOH ratio for all the
specimens immersed in sulphuric and hydrochloric
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acid. The maximum weight loss was obtained for NZ
based geopolymer mortar specimens in 10 % sulphuric
and hydrochloric acid solutions after 24 weeks.

e GGBS based geopolymer mortar was found to
possess much higher sulphate and acid resistance
when measured in terms of loss of weight and the
residual compressive strength. NZ based geopolymer
showed very weak performance in acidic medium, in
both weight changes and strength degradation. FA-
based geopolymer samples had moderate residual
compressive strength in both sulphate and acid
solutions.

e The inclusion of FA in the GGBS based geopolymer
mixture is found to be a suitable base of geopolymer
mortar under ambient curing conditions.

e It has been observed that the Na,SiO,;/NaOH ratio
is effective on residual compressive strength of
geopolymer mortar in both sulphuric acid and
hydrochloric acid exposure. The higher ratio of
Na,Si05/NaOH results in a higher residual compressive
strength.

e The most significant degradation was observed in the
sodium sulphate solution rather than the magnesium
sulphate solution.

e The sulphuric acid environment is more severe than
the hydrochloric acid since the strength loss was more
in sulphuric acid.

e When compared to acid and sulphate immersion, acid
was found to be aggressive indicating higher weight
and strength loss.

e Exposuretoacid caused degradation in the compressive
strength, the extent of degradation was related to the
type of acid, concentration and period of exposure.

Finally, the information presented in this research
will be beneficial in the design of geopolymer mortar
at ambient curing conditions in order to enhance the
durability of geopolymer mortar and, in particular, to
enhance its mechanical properties. The mixture of two
or more raw materials could also be used for strength
requirement. Furthermore, as an alternative material of
cement, the consumption of FA and GGBS in the presence
of alkali solution would be a probable and sustainable
solution to reduce the demand of cement which also
helps to achieve the goal of sustainable concrete.
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