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Abstract

Geopolymers are emerging construction materials with lower carbon dioxide emissions compared to the conventional cemen-
titious materials. In this paper, an experimental investigation on the strength, durability and microstructural characteristics
of GC blended with fly ash (FA), ground granulated blast furnace slag (GGBFS) and sodium-based alkaline solution. It was
observed that the addition of 40% GGBFES in FA-based GC increases the 91-day compressive strength by 37% compared to
control mix (cement-based concrete). The durability studies are revealed that the addition of FA with GGBFS has shown
great impact in the decrement of pore structure. The microstructure investigation of the GC using SEM, and XRD showed the
generation of steady and uniform geopolymeric reaction. The SEM images showed a closely packed and dense geopolymer
matrix, which explains the reason behind the strength attainment of FA-GGBFS based GC samples. This was confirmed
experimentally by the detection of the Ca-rich C-A-S-H gel in the interfacial transition zone. The experimental results showed
that the inclusion of GGBFS with FA (Class F) helped achieve enhanced compressive strength to those of ordinary Portland
cement. It was concluded that the fly ash and GGBFS combination did tend to form successful stable geopolymer concrete
with high mechanical durability properties.

Keywords Geopolymer concrete - Geopolymeric reaction - Strength characteristics - Durability studies - Microstructure

1 Introduction

Geopolymer technology has shows potential move towards
the sustainable use of industrial wastes into cement-less
construction materials. The geopolymers are produced by
the reaction of an dissolved alkaline solutions (sodium/
potassium based) with a alumino-silicate rich industrial
waste materials [1, 2]. The utilization of industrial wastes
such as fly ash (FA), slag and rice husk ash are rich in
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alumino-silicate have been identified constructive value
in the making of geopolymer concrete (GC) which has
become a substitute for ordinary Portland cement (OPC)
concrete with its superior mechanical properties, greater
bond strength, higher durability and denser matrix [3, 4].
However, GC has been considered as a low carbon foot-
print material compared to ordinary Portland cement (OPC)
concrete [5]. Among all the industrial wastes, FA (class-F)
and ground granulated blast furnace slag (GGBFS) have a
greater impact in the production of geopolymers because
these combinations are mainly reported by various research-
ers. Annually the production of these industrial waste mate-
rials are increasing abundantly as well as the comparatively
steady geopolymeric reactions were observed [6, 7]. The
geopolymeric reaction is a complex matrix that the research-
ers are still annoying to recognize the formation of geo-
polymer compounds. However, it is essential to understand
that published reports has showed that the strength perfor-
mance of GC is subjective by the chemical composition of
source materials, curing type, alkaline liquid ratios and the
molarity of NaOH [8-10]. The existing literature on the
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FA-GGBFS based GC has concentrated on the mechanical,
bond strength, durability, and microstructural characteristics
[10-13].

Bellum et al. [14] reported on the strength characteristics
of GC on addition of GGBFS. In the production of GC, five
dissimilar percentages of FA was replaced with GGBFS. It
was found that, higher the amount of GGBFS in the geopoly-
mer concrete, higher the strength was observed. However,
addition of higher percentages of GGBFS based GC mix
attained 90% of compressive strength under seven days of
open atmospheric curing. In contrast, 20% of strength loss
was noticed when the GC samples were exposed to 500 °C
of elevated temperature.

Hardjito et al. [15] and Venu and Gunneswara Rao [16]
researched on the replacement of GGBFS in the develop-
ment of strength and durability properties of FA-based GC.
The authors are claimed that the presence of higher quanti-
ties of CaO is helpful in the development of C-A-S-H gel
and other geopolymer products, particularly in the early
ages. However, the additional properties that influenced the
appropriateness of high calcium FA to be a GGBFS for the
development of GC are the particle size, amorphous content,
as well as morphology and the origin of fly ash and GGBFS.

On the other hand, most of the researchers reported that
the presence of higher calcium content in the FA is more
suitable for geopolymers as compared to lower calcium FA
[17, 18]. The formation of C-A-S-H gel is more predominant
in the high calcium based geopolymers. The greater quan-
tities calcium in the FA-based GC is lead to formation of
additional geopolymeric products which will provide better
mechanical properties. Besides, it has been reported that, for
GC containing higher calcium, the calcium enters into the
geopolymer matrix, relatively develops an charge-balancing
cation [19, 20]. In recent times, Karthik et al. [21] reported
the influence of GGBFS on the strength and microstructural
performance of FA-based GC samples under different envi-
ronmental conditions. The experimental results are revealed
that the addition of GGBFS has great impact on the strength
characteristics of FA-based GC. However, the FA-GGBFS
based GC samples have showed better morphology in the
formation of geopolymeric end products without any oven
curing.

Karthik et al. [21] studied the strength behavior and
hydration products of fly ash/slag pastes and found that the
compressive strength reached more than 50 MPa at 28 days
by the mix having a high fly ash/slag ratio of 1.0, activated
with 10 M NaOH solution and cured at the temperature

of 25 °C. Bellum et al. [14] concluded that the early-age
strength of fly ash/slag mixtures activated by NaOH and
sodium silicate can be increased significantly by adding a
small amount of hydrated lime. In regards to the durability
properties, slag blended fly ash geopolymer showed good
resistance to permeation [22], elevated temperature and fire
[23] and sodium sulfate attack [24], but suffered deterio-
ration in magnesium sulfate attack and showed increased
shrinkage [25]. The rate of deterioration was reported to
decrease with the increase of slag in the fly ash-slag blend.

The main objective of this paper is to investigate the
mechanical, durability and Microstructural properties of
FA-GGBFS based GC samples under ambient curing. The
most favorable combination of FA and GGBFS was estab-
lished based on the strength properties found from the GC
mixes with various replacements of FA with GGBFS. The
mechanical properties are like compressive, splitting ten-
sile and flexural strengths were tested for 7, 14, 28, 60 and
91 days of ambient curing and compared with OPC (con-
trolled mix). On the other hand, the durability studies are
conducted on FA-GGBFS based GC samples such as poros-
ity, water absorption, sorptivity, rapid chloride permeabil-
ity test (RCPT) and acceleratory corrosion test (ACT). To
analyze the micro-level reactions the SEM and XRD studies
were also conducted on GC samples after 28 days of curing
period.

2 Materials

In this study, locally available industrial by-products such
as FA (class-F) and GGBFS are used as binders according
to ASTM C 618-19 [26], ASTM C 989-2018 [27]. Fly ash
is obtained from NTPC located at Vijayawada, while the
GGBEFS is purchased from JSW cements limited located at
Guntur, Andhra Pradesh, India. Table 1 presents the chemi-
cal composition of FA and GGBFS. The specific gravity of
FA and GGBFS are 2.30 and 2.81, while fineness modulus
values are 478, 670 m%/kg, respectively. The sodium-based
chemicals such as sodium silicate (Na,SiO;) and sodium
hydroxide (NaOH) are used to prepare alkaline solution;
there are obtained from Kiran Global solutions limited,
Hyderabad, India. The Na,SiO; solution contained 27.8%
Si0O,, 8% Na,O and 64.5% water, while more than 98%
purity of NaOH pellets was used. The 8 M NaOH solution
is used for all the geopolymer mixes. The sodium silicate to
sodium hydroxide ratio was considered as 2.5:1, this ratio

Table 1 Chemical composition

CaO MgO Na,0 K,0 MnO P,0; SO, TiO, LOI

of FA and GGBES Material AlL,O; Fe,0O; SiO,
Flyash  25.08 4.56
GGBFS 12.14 1.10

58.28
32.25

287 121 041 087 294 02 1.16 0.83 1.59
447 423 0.87 - 1.96 - 084 - 1.91

@ Springer



Journal of Building Pathology and Rehabilitation (2022) 7:25

Page3of 15 25

is considered as a constant for all the geopolymer mixes
because of better results observed in previous literature [4,
11]. However, an alkaline solution to binder ratio (S/B ratio)
was taken as 0.4 for all geopolymer mixes. Nearby avail-
able sand and compressed granite particles were utilized as
aggregates in the production of GC.

The SEM analysis was conducted to identify the micro-
tracts in raw FA and GGBFS. Figure 1 depicts that the FA
particles are in spherical shape while the GGBFS particles
are irregular in shape [28]. Figure 2 shows the XRD pat-
terns of raw FA and GGBFS. The amorphous peaks like
quartz and mullite phases are detected in FA. The major
peaks quartz and mullite were identified at a 2-theta angle of
26.72° (20~26/72°, d~3.34 [A]) and 16.87° (20~ 16/87°,
d~5.72 [10\]), respectively. Similarly, the major peaks
detected in GGBFS are calcite and quartz at a 2-theta
angle of 27.09° (20~27/09°, d~4.91 [A]) and 21.24°
(20~21/24°, d~5.72 [A]).

3 Mix proportions

The FA-GGBFS based GC mixes were prepared with respect
to the previous literature [20, 21, 28]. Table 2 presents the
mix proportions of materials used in the production of geo-
polymer concrete. The mix M1 (OPC) represents the control
mix prepared with cement. The mixes M2-M6 are prepared
with 8 M NaOH solution while the mixes M7-M11 are pre-
pared with 10 M NaOH solution (Fig. 3).

4 Methods

The Aimil-AIM-246 slump cone was used to determine
the workability of fresh GC according to ASTM C143-
15 [29]. The mechanical properties such as compressive,

WD: 30.92 mm

SEM HV: 5.0 kV

Fig. 1 SEM analysis of source materials a FA and b GGBFS
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Fig.2 XRD patterns of raw binders used in this study

splitting tensile and flexural strength tests (150 mm cube,
150 %X 300 mm cylinder and 100 x 100 x 500 mm prism
moulds are used respectively) are performed as per BS
EN 12390-3-09 [30], ASTM C496/C496 M-17 [31] and
ASTM C78/C78M-18 [32], respectively. After testing of
GC samples the broken pieces are used to find the micro-
structural properties such as SEM, EDS and XRD. All the
GC samples strength properties were tested after 7, 14,
28, 60 and 91 days of open air curing in the laboratory at
a relative humidity of 52-58%.

ARF-2568 RCPT equipment was used to determine the
rapid chloride ion penetration into GC samples according
to ASTM C1202-07 [33]. The size of the cylindrical mould
used for this test is 100 X 50 mm disk. The RCPT test was
performed by placing GC sample in a cell enclosed by
0.3 N NaOH solution (one side) and 3% of NaCl solution
(another side). The following Eq. 1 can be used to find the
charge passed through each test sample. Figure 4 shows
the setup for RCPT test.

WD: 30.89 mm

A p
SEM HV: 5.0 kV
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Table 2 Mix proportions in the preparation of GC

Mix id Series Binder (kg/m3 ) Sand (kg/m3) Coarse aggre-  Solution (kg/m3) Molarity of

gate (kg/m®) — NaOH solu-
Cement FA GGBFS Na,SiO4 NaOH tion

M1 OPC 411 - - 822 1233 - - -

M2 F100-8M - 411 - 822 1233 117.43 46.97 8

M3 F90G10-8M - 369.9 41.1 822 1233 117.43 46.97 8

M4 F80G20-8M - 328.8 82.2 822 1233 117.43 46.97 8

M5 F70G30-8M - 287.7 123.3 822 1233 117.43 46.97 8

M6 F60G40-8M - 246.6 164.4 822 1233 117.43 46.97 8

M7 F100-10M - 411 - 822 1233 117.43 46.97 10

M8 F90G10-10M - 369.9 41.1 822 1233 117.43 46.97 10

M9 F80G20-10M - 328.8 82.2 822 1233 117.43 46.97 10

M10 F70G30-10M - 287.7 123.3 822 1233 117.43 46.97 10

Mil1 F60G40-10M - 246.6 164.4 822 1233 117.43 46.97 10

Na,SiO,

Il

i_U_/

'NaOH (8M
& 10 M)

Fig. 3 Production of geopolymers

Fly ash J

G Alkaline x
solution

Fig.4 RCPT test setup to test the GC samples
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Q =900(I + 2I30 + 2Igy + ++ + 2I330 + Lz, 1

where, Q =Charge passed (Coulombs).

Io, 130, 160’ ceey 1330, I36O= current at 0, 30, 60, ceey 330,
360 min.

CRF ACT-8-Cell ACT test apparatus was considered
to calculate the struggle of GC samples in corrosion test.
The test samples were prepared with a cylindrical mould of
size 100 X200 mm. The test samples were placed a cham-
ber contain 3% NaCl solution. After that a constant current
was applied to find the NaCl ions penetration into the GC
samples up to the failure. The failure of the samples identi-
fied through the crack formation on the GC samples as well
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Fig.5 ACT test setup for geopolymer and OPC concrete samples

as the sudden drop in the current passage. Figure 5 presents
the ACT test setup to find the corrosion resistance of GC
samples.

To estimate the percentage of air and water voids of FA-
GGBFS blended GC samples the porosity and water absorp-
tion experiments were performed as per ASTM C642-13
[34]. The following Eqgs. 2 and 3 were used to find the aver-
age porosity and water absorption percentages of the GC
samples after 28 days immersion in the water.

. Wa - Wd
Porosity(%) = | ———— ) x 100, 2)
Wa - Ww

. < W, - Wd)
Waterabsorption(%) = | ——— | x 100, 3)

W,
where, W, =saturated sample wt (g), W,=dry sample wt
(g), and W, =saturated sample wt in water (g).

The sorptivity test was conducted to estimate water
absorption of GC samples as per ASTM C 1585-13 [35].
The cumulative water absorption values were used to esti-
mate the sorptivity of the concrete samples. This test was
performed by placing the GC samples in water by covering
all the surfaces except bottom surface of the sample. The
following Eq. 4 can be used to estimate the sorptivity of the
GC samples.

. i
Sorptivity = ﬁ’ 4)

where, t=time in minute and i=cumulative water
absorption.

5 Research methodology

The flow chart related to methodology followed to carry out
this research work is presented in Fig. 6.

6 Result and discussions
6.1 Workability

Figure 7 illustrates the workability properties of differ-
ent molarities of NaOH solution based fresh GC samples.
From the slump cone that it was clear that the increase
in the GGBFS quantity in the GC mixes the workability
was decreased. Compared to GC samples conventional
concrete has shown better workability. However, it was
noticed that the increase in the molarity of NaOH solu-
tion the workability of GC was decreased. The GC mixes
prepared with 100% FA has shown good slump values as
compared to all other geopolymer mixes. The 8 M NaOH
solution based GC mixes F100-8M, FO0OG10-8M, F80G20-
8M, F70G30-8M, and F60G40-8M slump values were 91,
83, 77, 72, and 68 mm respectively. Similarly, the 10 M
GC samples F100-10M, FO0G10-10M, F80G20-10M,
F70G30-10M, and F60G40-10M workability values were
85, 74, 67, 61, and 55 mm respectively. These values are
indicating that the increases in the slag quantity the work-
ability of the GC samples were lowered (observed in both
8 and 10 M GC samples). On the other hand, the GC mixes
produced with 40% GGBFS and 60% FA has shown lower
slump values in both 8 and 10 M samples. The available
literature was indicating that the replacement of FA with
GGBFS in the GC samples affects the workability in a
greater extent because of the finer particles in GGBFS
[36-38]. While the increase in the molarity leads to effec-
tive thickening of the alkaline solution (leads to early
hardening of binder) by reducing the water content in the
alkaline solution, because of this reason the increase in
the molarity of NaOH solution from 8 to 10 the workabil-
ity values were gradually decreased [39]. However, the
presence of 10 M NaOH solution and greater amount of
GGBFS based GC samples were shown lower slump val-
ues. But, compared to all the GC mixes the OPC concrete
mix has shown the good workability.

6.2 Compressive strength

The compressive strength of 8 and 10 M NaOH solution
based GC samples under ambient curing for 7, 14, 28, 60
and 91 days were presented in Fig. 8. The experimental
data revealed that the increase in the molarity of NaOH
solution from 8 to 10 the compressive strength was also
increased. It was also observed that the molarity of NaOH
solution plays a major role in the early strength attainment.
In contrast, it has been found that the enhancement in the
GGBFS quantity in the FA-based GC mixes the compres-
sive strength was increased. The increase in the GGBFS
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Fig.6 Flow chart to represent
research methodology
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was also helpful in the early age strength attainments
of the GC samples under ambient curing. The obtained
results are compared with the control mix (OPC) it was

100 - = Stump value clear that the presence of GGBFS has shown better impact
90 - in the strength of GC. However, as compared the 100%

o 80 1 FA based GC samples the OPC concrete has shown little
i Zg higher compressive strength in both 8 and 10 M samples.
= In contrast, the strength attainment of pure FA blended GC
< 40 - samples were very low at ambient temperature (25-29 °C).
é 30 - It was also one of the reasons for lower strength attain-
20 - ments of the FA-based GC samples. Nevertheless, the
10 4 incorporation of GGBFS in the GC mix with a 10 M
0 NaOH solution the strength was enhanced considerably
OQG \@fﬁx 0\°§\ ,\9%?\ 0“’69?\ 0@5@\ QQ/\@\@@\ P&/\@%@\@ @@\ from the early age of 7 days. At 91 days, GC mixes with
TS TS 8 M NaOH solution having 10, 20, 30 and 40% of GGBFS

Mix-id has attained 19.6, 27.76, 40.17, and 57.23% superior

strength as compared to the pure FA-based GC sample

Fig.7 Workability of fresh GC mixes (F100-8M) respectively. Similarly, the 91 days strength of
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Fig.8 Compressive strength of 70 -

8 and 10 M based GC mixes
60 -
50 -
40 -

30 4

20 A

Compressive strength: MPa

10 |

GC produced with 10 M NaOH solution having 10, 20, 30
and 40% of GGBFS based samples attained 26.67, 37.12,
52.44, and 64.84% higher as compared to 100% FA based
sample (F100-10M) respectively. From these results it was
clear that the 91-days compressive strength was enhanced
about 5-10 MPa for every 10% augmentation of GGBFS
quantity in the FA-based GC mixtures. On the other hand,
it can be noted that the strength was gradually increasing
after 28 days also, because of the reaction of FA particles
in the later ages. From the microstructure of the geopoly-
mer samples it was clear that the most of the FA particles
are reacted and achieved maximum strength at the end of
91 days of ambient curing.

u7D

m14D m28D m60D ®m91D

6.3 Splitting tensile strength

The influence of GGBFS on indirect tensile characteristics
of FA-based GC samples after 7, 14, 28, 60 and 91 days
of curing (25-29 °C). Figure 9 illustrates the experimen-
tal splitting tensile strength results of different molarities
based GC samples. Increasing the molarity of NaOH in the
alkaline solution, the splitting tensile strength was improved
in both early and later ages. However, not only the molar-
ity of NaOH solution but also the increase in the GGBFS
content the splitting tensile strength values are increased.
On the other hand, the addition of GGBFS in the FA-based
GC samples with a 10 M NaOH solution the strength was
improved greatly even in the early ages also i.e. 7 days. At

Fig.9 Splitting tensile strength m7D m14D m28D ®m60D =91D T
of 8 and 10 M based GC mixes 10 -
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91 days, GC mixes with 8 M NaOH solution having 10, 20,
30 and 40% of GGBFS has attained 7.76, 22.41, 33.84, and
69.40% superior strength as compared to the pure FA-based
GC sample (F100-8M) respectively. Similarly, the 91 days
strength of GC produced with 10 M NaOH solution having
10, 20, 30 and 40% of GGBFS blended mixes attained 17.59,
32.57,54.93, and 78.75% greater splitting tensile strength as
compared to 100% FA based sample (F100-10M), respec-
tively. From experimental data it was clear that the 91-days
splitting tensile strength was improved about 2—-6 MPa for
every 10% increase of GGBFS quantity in the FA-based GC
samples. However, as compared to control mix (OPC) geo-
polymer samples attained superior tensile properties in all
curing ages with the combination of FA and GGBFS. But
the FA-based GC samples were taken more than 48 h to
harden and also strength gaining was very low compared to
OPC samples as well FA-GGBFS based GC samples.

6.4 Flexural strength

Figure 10 represents the effect of GGBFS on flexural
strength of GC after 7, 14, 28, 60 and 91 D of curing. From
the experimental results it was observed that the increase
in the molarity of NaOH solution the flexural strength was
improved in both early and later ages. However, not only
the molarity of NaOH solution but also the increase in the
GGBFS content the flexural strength values were enhanced.
However, the inclusion of GGBFS in the FA-based GC
mixes with a 10 M NaOH solution the flexural strength
was enhanced significantly even in the early ages also i.e.
7 days. The GC samples with 8 M NaOH solution with 10,
20, 30 and 40% of GGBFS mixes has attained 8.65, 24.71,
35.28, and 70.85% higher strength as compared to the 100%

Fig. 10 Flexural strength of 8 14
and 10 M based GC mixes

Flexural strength: MPa

@ Springer

FA-based GC sample (F100-8M) respectively. Similarly, the
91 days strength of GC produced with 10 M NaOH solu-
tion having 10, 20, 30 and 40% of GGBFS blended mixes
attained 18.72, 33.61, 55.18, and 80.69% greater flexural
strength as compared to FA based GC sample (F100-10M),
respectively. On the other hand, as compared to OPC mix,
geopolymer samples attained superior flexural strength in all
curing ages with the combination of FA and GGBFS.

6.5 Water absorption and porosity

Figure 11 shows the water absorption and porosity results
of FA-GGBFS based GC samples in order to access the per-
centage of pores. The experimental results were revealed
that the enhancement in the amount of GGBFS from 0 to
40% the water absorption and porosity percentages were
reduced considerably. On the other hand, raise in the NaOH
solution molarity the water absorption and porosity values
were also decreased. It was indication that the increase in
the molarity as well as GGBFS in geopolymer samples the
pore percentages was decreased. The GC samples with § M
NaOH solution with 10, 20, 30 and 40% of GGBFS mixes
has shown 2.8, 2.5, 2.1 and 1.4% of water absorption, these
values are much lesser as compared to the mix F100-8M
(3.1%) respectively. However, for 10 M NaOH solution hav-
ing 10, 20, 30 and 40% of GGBFS blended mixes shown
2.2, 1.8, 1.3, and 1% of water absorption as compared to
F100-10M (i.e. 2.7%), respectively. Similarly, the porosity
values were decreased with the increase in GGBFS quantity
and molarities of NaOH solution. It was understand that the
higher NaOH solution molarity based GC samples lower
void percentage. Moreover, there was a significantly better
correlation between water absorption, porosity and strength

7D ®m14D m28D ®m60D ©91D
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characteristics of GC specimens. With the enhancementin 6.6 Sorptivity
the GGBFS amount in the GC samples has shown denser

structure that was the major reason for the lower void ratios  Figure 12 presents the sorptivity values of FA-GGBFS based
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are indicated that the GC samples prepared with 10 M were
shown better sorptivity values compared to 8 M based sam-
ples. Moreover, the presence of higher quantities of GGBFS
has also shown lower porosity values compared to 100%
FA-blended GC samples. This evident reality indicated that
GC is good resilient in provisions of water entrée compared
to OPC samples. The GC mixes with 8 M NaOH solution
with 10, 20, 30 and 40% of GGBFS samples has shown 0.11,
0.09, 0.08 and 0.05 mm/min®? of sorptivity, these values are
much lesser as compared to the mix F100-8M (0.13 mm/
min®), respectively. However, for 10 M NaOH solution hav-
ing 10, 20, 30 and 40% of GGBFS blended mixes shown
0.09, 0.078, 0.05, and 0.03 mm/min®? of sorptivity as com-
pared to F100-10M (i.e. 0.11 mm/min®?), respectively. On
the other hand, it has been recognized that the inclusion of
slag to FA, improved the characteristics of GC in terms of
sorptivity.

6.7 Rapid chloride permeability test (RCPT)

RCPT was performed to identify the chloride ion perme-
ability of GC by the addition of GGBFS from 0 to 40%
(increment of 10%). The RCPT was performed according to
ASTM C 1202-07 and the standard values are presented in
Table 3. Table 4 illustrates the RCPT test results of geopoly-
mer and OPC concrete samples. The results are depicted that
the substitute of FA with slag has shown greater impact in
the decrement of chloride ion permeability through GC sam-
ples. However, higher chloride ion penetration was observed
for 100% FA-based GC samples in terms of charge passed
i.e. 2876 coulombs for 8 M NaOH solution based samples
while it was 2575 for 10 M NaOH solution based samples.
This difference indicates that the molarity of NaOH solution
was played an important role in the decrement of chloride
ion permeability.

On the other hand, the GC samples prepared with 100%
FA were indicated reduced resistance aligned with chloride
ion entrance. The current accesses into the GC mixes like
F100-8M and F100-10M are 2879 and 2573 C, correspond-
ingly. It has been understand that GC produced with the

Table 3 Standard values to identify the chloride ion permeability

S. no. Charge passed (C) Chloride ion perme-
ability (ASTM C
1202-07)

1. > 4000 High

2. 2000-4000 Moderate

3. 1000-2000 Low

4. 100-1000 Very low

5. <100 Negligible

@ Springer

Table 4 Chloride ion permeability values through GC samples

Mix id Current assessed (C) Chloride ion
permeability
OPC 2784 Moderate
F100-8M 2879 Moderate
F90G10-8M 2536 Moderate
F80G20-8M 2047 Moderate
F70G30-8M 1561 Low
F60G40-8M 1158 Low
F100-10M 2573 Moderate
F90G10-10M 1959 Low
F80G20-10M 1560 Low
F70G30-10M 1173 Low
F60G40-10M 824 Very low

combination of FA and GGBFS exhibited excellent chloride
ion battle as related to FA-based mixes.

6.8 Acceleratory corrosion test (ACT)

The charge entered (mA) through the OPC and GC speci-
mens with point in time in number of days are presented in
Fig. 13. The experimental data shows that the current pas-
sage was study at the starting days, this phenomenon was
due to the development of an inert layer by the GC sample,
which results in the decrement of corrosion and corrosion
initiation time. After some days the sudden increase in the
current passage was noticed this indicates the failure of the
samples. The sudden raise of charge was found because to
the increase in the penetration of ‘Cl’ ions with moment and
gives in deactivation. The crack beginning time for the sam-
ple F100-8M was observed at the end of 17th day and failure
was found after 20 days. Similarly, the crack initiation time
for the sample F100-10M was found at the starting of 21st
day and failure of the sample was observed after 23 days.
The difference in number days taken for the failure of the
sample was indicates that the molarity of the NaOH solution
plays an important role in the crack initiation due to corro-
sion. It was found that the increase in the NaOH molarity
the crack initiation time was also increased.

On the other hand, substitute of FA with GGBFS in GC
mixes has attained enhanced resistance against corrosion
attack. The specific surface area of GGBFS is very high
compared to FA; this difference has shown the greater
impact in the chloride ion penetration in case of FA-GGBFS
based GC samples. The GC samples produced with 40%
GGBEFS and 60% FA with 10 M NaOH solution were shown
better resistance to chloride ions and the current passage was
low. The GGBFS particles are filled the gapes in between the
FA particles and forms a denser structure, this was the major
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Fig. 13 ACT results of OPC
and geopolymer concrete 70 4
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reason for lower chloride ion permeability into GC samples
with the combination of FA and GGBFS.

6.9 X-ray diffraction (XRD)

The mechanical changes were considered to analyze the
XRD mineral peak identification of geopolymer samples.

Fig. 14 XRD mineral peaks of
geopolymer samples

T 4 T ! T L T % T . T Y T Y T ! 1
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Figure 14 represents the identification of mineral peaks of
GC samples under ambient curing for 28 days. The first
major peak was identified in all the GC samples was Quartz,
while the second major peak identified in FA-GGBFS based
GC samples was Calcite. However, it was noticed that the
increase in the addition of GGBFS the calcite peak was very
sharp and study. This indicates the increase in the strength

1-Quartz, 2-Mullite, 3-Calcite, 4-C-A-S-H, 5-Alumina
6-Ha‘t|rurite
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characteristics of GC samples under the addition of GGBFS
to the FA-based GC samples. It was clear that there was a
good correlation found in between the XRD analysis and
mechanical properties of GC mixes. Quartz and calcite
are recognized at an angle of 20 =26.193 with 2.778 [A]
(d-spacing) and 26 =29.169 with 2.780 [A] (d-spacing),
respectively. The ‘Al’, ‘Ca’ and ‘Si’ in the FA and GGBFS
respond with a geopolymeric liquid and generating an C-A-
S-H gel initiations. In the meantime, ‘Si’, ‘Al’, ‘Ca’ was
detected in GC samples; these elements are mainly account-
able for the enhancement of various properties. On the other
hand, the mullite is detected at 2-theta angle of 16 with a
3.395357 [A] (d-spacing).

The geopolymerization matrix improves with the devel-
opment in the addition of GGBFS in FA-blended GC. The
majority of the sharp crystalline peaks were detected in
between 16° and 50° and these are the apparent confirmation
of occurrence of strong C-A-S-H gel. Geopolymerization
products were clearly identified in the mix M11, but in the
100% FA-based specimens the concentration has dropped
due to absence of GGBFS This difference was the main
reason for the enhancement of mechanical properties for
the specimen M11 as related to all other mixes of GC. The
increase in the molarity of NaOH solution from 8 to 10 M
was also one of the reasons for strength enhancement of GC
samples.

6.9.1 Scanning electron microscopy (SEM) with energy
dispersive X-ray spectroscopy (EDS)

Figure 15 illustrates the SEM images of geopolymer sam-
ples under 28 days of ambient curing. From the SEM
images it was clear that the increase in the GGBFS content
in the GC mixes the formation of geopolymeric products
are increased. This increase in the geopolymeric reactions
may lead to the development of additional strength proper-
ties to GC with the inclusion of GGBFS with FA. How-
ever, the increases in the molarity of NaOH solution lead
to the generation of extra C-A-S-H gel. Figure 15d is evi-
dent that the formation of C-A-S-H gel is higher as com-
pared to other SEM images of geopolymer samples. The
formation of extra C-A-S-H gel was directly involved in
the enhancement of mechanical properties of FA-GGBFS
based GC samples. On the other hand, most of the FA
particles are unreacted at the initial 28 days of ambient
curing incase of 100% FA-based GC samples, observed
in Fig. 15a, c. Moreover, the increase in the molarity of
NaOH solution from 8 to 10 M the unreacted FA particles
were decreased (ref. Figure 15¢). Because of the unre-
acted and semi-reacted FA particles observed in case of
pure FA-based GC samples the strength attainment was
low in the initial days of the curing. Furthermore, in the
formation of denser structure towards the enhancement of
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mechanical properties the GGBFS and molarity of NaOH
solution were played an important role. The denser micro-
structure was observed at a 40% replacement of FA with
GGBEFS along with 10 M NaOH solution. It was clear that
the pores were will by GGBFS particles and make the
structure strong and steady in order to formation of bet-
ter geopolymeric structure [43]. This important role was
filled by addition of GGBFS and it’s also leads to enrich
the strength at early ages.

7 Conclusions

In the present study, the effect of GGBFS and molarity of
NaOH on mechanical, durability and microstructural prop-
erties of FA-blended GC was thoroughly examined. The
FA and GGBFS were blended at dissimilar proportions (0,
10, 20, 30 and 40%) to manufacture GC. The mechanical
properties of FA-GGBFS blended GC was studied along
with durability characteristics such as RCPT and ACT. In
order to access the micro level properties the XRD and
SEM tests were conducted for geopolymer samples. The
experimental results on geopolymer concrete samples
revealed the following conclusions,

e The enhancement in the addition of GGBFS, the work-
ability of GC samples was decreased about 12-37%,
while the increase in the molarity of NaOH solution
was also played an significant role in the decrement of
slump value.

e The mechanical properties of GC is increased with
the increase in the replacement of 40% GGBFS. From
these results it was clear that the 91-days compressive
strength was enhanced about 5-10 MPa for every 10%
augmentation of GGBFS quantity in the FA-based GC
mixtures.

e The increase in the durability properties (such as poros-
ity, water absorption, RCPT and ACT) of GC was noticed
with the greater GGBFS content with 10 M NaOH solu-
tion.

e The presence of calcite in GGBFS holds the geopoly-
meric reaction in the pore structure, which is necessary to
improve the structure of Ca?*, Si**, and AI’* ions these
enhance the generation of geopolymer products. This
leads in the development of microstructural properties
of GC samples at a 10 M NaOH solution with the genera-
tion of enhanced C-A-S-H gels.

e The denser microstructure was observed at a 40%
replacement of GGBFS with FA along with 10 M NaOH
solution. It was clear that the pores were will by GGBFS
particles and make the structure strong and steady in
order to formation of better geopolymeric structure.
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Fig. 15 SEM images of geopolymer samples a F100-8M, b F60G40-8M, ¢ F100-10M, d F60G40-10M

8 Future recommendations

This research paper spotlights a way forward for further
research and development of GC in the construction field
by considering four key role points. First, the use of GC will
lead to sustainable utilization of industrial by-products, and
it can be used as a novel option of cementitious material,
which has a lower CO, emission than conventional concrete.
Second, more research is required on the fly ash-GGBFS
based geopolymer concrete to produce bulk quantity of GC
and to apply it to all ready-mix plants. Third, it minimizes
the use of cement-based concretes in all areas of civil engi-
neering applications. Four, from the results, it is recom-
mended to use GGBFS in the fly ash-based GC, in order to
achieve better mechanical and durability properties.
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