Hindawi

Advances in Civil Engineering

Volume 2022, Article ID 5910701, 14 pages
https://doi.org/10.1155/2022/5910701

Research Article

@ Hindawi

The Impact of Molar Proportion of Sodium Hydroxide and Water
Amount on the Compressive Strength of Slag/Metakaolin (Waste

Materials) Geopolymer Mortar

Fatimah N. Al-Husseinawi ©,"? William Atherton®,’ Zainab Al-Khafaji A
Monower Sadique ,> and Zaher Mundher Yaseen

!Liverpool John Moores University, Department of Civil Engineering, Liverpool L3 3AF, UK

2Al-Turath University College, Baghdad, Iraq

*Liverpool John Moores University, Department of Civil Engineering, Peter Jost Enterprise Centre,

Byrom Street, Liverpool L3 3AF, UK

*Building and Construction Techniques Engineering Department, AL-Mustaqbal University College, Hillah 51001, Iraq
*Civil and Environmental Engineering Department, King Fahd University of Petroleum & Minerals,

Dhahran 31261, Saudi Arabia

Correspondence should be addressed to Zaher Mundher Yaseen; yaseen@alayen.edu.iq

Received 28 June 2022; Accepted 21 September 2022; Published 6 October 2022

Academic Editor: Md. Akter Hosen

Copyright © 2022 Fatimah N. Al-Husseinawi et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This investigation aimed to improve great early geopolymer mortar strengths under various parameters with various binder
proportions to reduce the use of cement since the OPC production process leads to high emissions of CO,. Hence, to solve this
problem, alternative materials were used. In this research, metakaolin (MK) and ground-granulated blast-furnace slag (GGBEFS)
waste materials were utilized and mixed together with the sodium hydroxide and alkaline activator sodium silicate (NaOH and
Na,SiO3). The performance of the various mixtures was assessed via compressive strength testing based on British standards. The
compressive strength was found to be highly affected by molar proportion and water amount. The optimum strength was
77.8 MPa for a mix design of 95% GGBFS +5% MK and a 2.5 mass proportion between Na,SiO3 and NaOH (12 Molar), together

with a 0.2 water/binder proportion.

1. Introduction

Owing to its excellent strength and durability, concrete
seems to be the most extensively used material in building,
with an expected current usage of 1 m® per person annually
[1]. Concrete is produced mostly of cement, gravel, sand,
and water, which has been used in the building of tunnels,
skyscrapers, airports, residences, and other constructions.
However, there are several challenges associated with the
usage of ordinary Portland cement (OPC), including du-
rability issues, including concrete disintegration when
attacked by aggressive substances such as acids, sulphates,
and chlorides [2-4]. In addition, the environmental

concerns were raised by the release of around 5-7% of total
global CO, emissions throughout the OPC manufacturing
process and the usage of 5% of natural resources owing to the
widespread use of cement in building [5-9]. The high
percentage of CO, emissions in the OPC manufacture
process is associated with the limestone calcination process
that is considered as one of the major cement ingredients
[10]. The consumption of heat energy resulting in tem-
peratures greater than 1400°C during the manufacturing
process of the raw materials in the kiln has led to a high
release of CO, [11-15].

Geopolymer cement has been used over the past decade
as an alternative solution to cement because it provides a
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suitable use for industrial wastes by converting them into
cementitious products via the alkali-activation process [16].
The use of geopolymer technology in building has greatly
reduced cement consumption, cutting carbon pollution by
up to 80 percent and therefore decreasing the cement
industry’s environmental impact. Also, to resolve concerns
arising from the disposal of industrial materials by pro-
cessing and repurposing them in geopolymer production
[17], geopolymer cements improve structural performance
by enhancing durability and compressive strength, im-
proving resistant against acid, and structural performance
under elevated temp curing conditions. The kind and
quantity of binder ingredients employed, the alkaline acti-
vator utilized, and the curing conditions utilized influence

Al2Si204 (OH4)

Kaolin clay seems to be a fine, white clay mineral that is
often used in porcelain production [22]. The type and
chemical composition of these basic minerals greatly depend
on their source. In addition to other elements such as al-
kaline activators and curing conditions, this variation has a
significant influence on the pace of strength development
and chemical processes of geopolymer cement [23]. As a
result, in terms of generating a product with consistent
precise desirable qualities, the manufacturing process of
geopolymers necessitates a higher level of quality control
than that of traditional Portland cement [24]. Once Portland
cement is completely substituted by alkaline activated ce-
ments, Bernal and Provis [25] and Juenger et al. [26] found
that GGBFS-based geopolymer concretes have strong me-
chanical performance and generate durable concrete with a
low environmental impact. Despite this, the alkali-activated
GGBFS-based geopolymer sets quickly and has poor
workability significant microcracks, eftlorescence drying
shrinkage, and dry shrinkage [27, 28], and low carbonation
resistant [29]. MK was employed in the early geopolymers
improvement owing to its strong reactivity with alkaline
activators and pure alumina-silicate amount that aids create
a greater degree of geopolymerisation since its high amor-
phous phase amount and finer particle size [24]. Once
heated, the geopolymer-based MK caused more matrix
degradation than the fly ash geopolymer. The major source
of the damage was discovered to be the prominent meso-
pores in the geopolymer-based MK matrix, which prevent
moisture from escaping when heated. Although in the sit-
uation of fly ash, the geopolymer matrix has a significant
number of micropores that allow moisture to escape once
heated, causing little degradation to the geopolymer matrix
[30, 31]. The fly ash-based geopolymer, on the contrary,
revealed a problem with the curing conditions. To establish
structural integrity and increase strength, a high-tempera-
ture curing process is required [32].

Owing to the facts presented throughout the introduc-
tory section, several researchers have investigated the for-
mulations of novel blended binders made from two different
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and govern these qualities [17]. Geopolymers seem to be
inorganic alumina-silicate materials that have been formed
into three-dimensional polymeric chains using alkaline
activator solutions [18]. GGBEFS, a granular by-product,
nonmetallic, and glassy from the iron producing industry, is
one of the most frequently utilized alumina-silicate com-
ponents in the preparation of geopolymer cement. Alumina,
silicates, and calcium, as well as other bases, make up the
majority of it [19, 20].

Metakaolin (MK) is an amorphous alumina-silicate clay
that is formed thermally by calcining kaolinite clay at
500-800 degrees centigrade in a dehydroxylation process
[21]:

—700 - 800°C Al203.25i03 + 2H20Kaolin Metakaolin. (1

materials in order to overcome the aforementioned short-
comings of such binders [33-35]. The new binders have been
created by mixing aluminosilicate elements with the slag
binder, including MK and fly ash (FA). In comparison to
binders in which only the aluminosilicate precursors have
been activated, the activation of these two materials leads to
enhancements in several characteristics; additionally, such
mixed binders advance an original microstructure with the
coexistence of Ca-rich and Na-rich reaction products [25].
Once comparison with binders made from a raw material,
including geopolymer-based-MK, laminar structures com-
position, and blending GGBFS with alumina-silicate sub-
stances under great alkalinity situations resulted in a greater
dissolution rate of siliceous structures, thus enhancing the
system’s durability and stability [24].

A study conducted on the mechanical properties of
GGBFS and MK geopolymer mortar found that the mixture
of 20% GGBEFS and 80% MK gave the highest compressive
strength [36], while the difference in NaOH amount had
affected the resultant compressive strength in relation to
GGBFS amount; it has been detected that increasing the
NaOH amount from 2.0M to 1.2M reduces compressive
strength unless more GGBFS amount is added to the
mixture. Whilst Bernal [25] discovered that the addition of
MK caused a substantial increase in the compressive
strength. Burciaga-Diaz et al. [37] detected that the com-
pressive strength for the GGBEFS and MK geopolymer pastes
increased with high GGBFS amounts up to 100%, and Rao
and Raja [38] found the same for GGBFS and MK geo-
polymer concrete. The maximum compressive strength was
also obtained at 0% MK+ 100% GGBFS of 52.0 N/mm?.
Nevertheless, studies looked only at the impact of a low
molar proportion of NaOH, but they did not investigate the
strength of the results under a high molar proportion such as
12 M.

Thus, this investigation aimed to determine the molarity
impact of sodium hydroxide on strength under low and high
alkalinity. It also focused on the significant role that water
plays in the dissolution stage of the geopolymerisation
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TaBLE 1: Chemical analysis of undisturbed materials used using EDXRF.

Ingredients CaO Al,O3 SiO, Na,O

MgO K,0 TiO, Fe,0; BaO SO,

OPC 65.829
GGBFS 38.744
MK 0.166

1.704
4.673
41.720

24.476 1.414
36.467 3.124
41.193 —

0.405
0.808
1.402

2.524
0.064
0.331

0.177 —
0.150 —
0.121 0.067

1.342 0.688
4.056 0.528
— 0.088
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Ficure 1: XRD diffractions forms for the utilized materials, GGBFS and MK. G =gypsum and Q = quartz.

process and, consequently, the compressive strength. The
work sets out to investigate various water amounts that were
added to various binder proportion mixes. The study also
aimed to discover the influence of combined factors (molar
proportion, water amount, and binder proportion) on the
strength of the mix to optimize the mix design proportions.
This research focuses on finding how far can geopolymer
replace cement by studying the compressive strength, setting
time, and microstructure of the produced samples.

2. Research Methodology

2.1. Materials Used and Mix Constituents. Commercially,
GGBFS powder was obtained from Hanson Cement Ltd. in
the UK on January 11, 2017, whilst MK powders were
obtained from BASF Chemical Company, Canada. GGBFS
and MK at chemical analysis demonstrated in Table 1 were
utilized as the main raw materials. MK consists mainly of
41.193 percent silica and 41.720 percent alumina with just

0.166 percent CaO, though GGBEFS consists mostly of cal-
cium oxides with a ratio of 38.744 percent and silica amount
of 36.467 percent with just 4.673 percent alumina. The
powder XRD pattern of raw materials demonstrated that
both MK and GGBFS are amorphous with only a noticeable
semi-crystalline peak of quartz (Q) was detected at 25° (2
theta) in MK, whereas gypsum (G) and lime (CaO) at around
28° (2 theta) were detected in GGBES, as shown in Figure 1.
Alternatively, SEM analysis of the raw materials (Figure 2)
illustrates that GGBES consists primarily of angular parti-
cles, whereas MK seems to have a platy particle shape;
additionally, the MK particle seems to have a large surface
area with a small size, which increases its water requirements
and reactivity when compared to GGBFS.

To make the geopolymer mortar-based slag/metakaolin,
GGBFS was chosen as the primary binder (b) in this re-
search, and it has been partially substituted by MK, as in-
dicated in Table 2. The reference mixtures (C refers to the
reference sample with cement only, while CS refers to the
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FIGURE 2: SEM observations for powders (a) GGBFS and (b) MK.

reference sample with cement and superplasticizer) for the
comparison with geopolymer mortar were made with or-
dinary Portland CEM II (32 grade). In the preparation of the
mortar mixes, natural dry sand with a specific grav-
ity =2.62 Mg/m’ and a particle size=0/2 FP washed plas-
tering sand Gf85 [39] has been utilized as fine aggregate. As
an alkaline solution (Al), a combination of sodium silicate
(SS) and sodium hydroxide (SH) has been employed to
prepare the geopolymer specimens. The sodium silicate
solutions had a molar ratio of SiO,:Na,O of 2:1, a water
content of 60%, and a specific gravity of 1.5. Sodium hy-
droxide has been created from pellets (98 percent pureness)
dissolved in water (w) at two different molar amounts, 12 M
and 0.3 M, which have been selected after conducting many
trials to obtain the best molar amount (12 percent amount of
solutions) to see the impact of concentrations in different
molarities and percentages on the compressive strength.
Distilled water was added to all mixtures, and to keep on
workability, superplasticizer (S) has been utilized at 1% in
select mixtures, as indicated in Table 2.

2.2. Specimen Synthesis and Experimental Procedures

2.2.1. Preparation of Alkaline Activator Solutions.
Sodium silicate and sodium hydroxide were used to make
the alkaline solutions. Sodium hydroxide has been initially
made by dissolving NaOH granules in distilled water and

letting it cool for 24 hrs at room temp. To test the effect of
solution molar ratio on compressive strengths, the NaOH
solution has been produced in two amounts: 12 molar so-
lution and 12 percent (0.3 molar). To make the 12 molar
solution, 480 gm of NaOH solid granules (12 x40 =480)
have been dissolved in one litre of pure water (in which 40
was the NaOH molecular weight). The 12 percent NaOH
solution has been made by dissolving 12gm of NaOH
granules in a litre of water. Sodium silicate has been applied
in two various proportions. First, it has been applied at mass
proportion of 2.5 (sodium silicate mass to sodium hydroxide
mass) and then added at 2.0 mass ratio. After that, water has
been inserted into the alkaline activator solutions in two
different quantities as given in Table 2, and the mixture has
been allowed to sit for a few minutes before being used in the
geopolymer mixture.

2.2.2. Mix Proportions of Specimens. The raw materials have
been mixed at specific mass proportions of GGBFS/
(GGBFS + MK) to make the cubic mortar samples as shown
in Table 2, and all mixtures were made with a total binder
amount of 775kg/m’. Dried sand was added at a mass
proportion of 1.5 sand to the binder (GGBES + MK), while
activator was added at a mass proportion of 0.4 activator/
binder, whiles water/binder ratio was first 0.4 and then
decreased to 0.2 with the addition of 1% superplasticizer, as
shown in Table 2.
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TabLE 2: Combination composition of mortars OPC and slag/MK-based geopolymer utilized in the current investigation.
MixID Ingredients’ quantity (kg/m?)

- Binder OPC  GGBFS MK  sand  SH(12%) SH(@2M)  sS  wb s Alb
100G 775 0 775 0 1162.5 88.57 0 221.43 0.4 0 0.4
900G 775 0 697.5 77.5 1162.5 88.57 0 221.43 0.4 0 0.4
80G 775 0 620 151 1162.5 88.57 0 221.43 0.4 0 0.4
70G 775 0 542.5 232.5 1162.5 88.57 0 221.43 0.4 0 0.4
60G 775 0 465 310 1162.5 88.57 0 221.43 0.4 0 0.4
50G 775 0 387.5 387.5 1162.5 88.57 0 221.43 0.4 0 0.4
100 GM 775 0 775 0 1162.5 0 88.57 221.43 0.4 0 0.4
90 GM 775 0 697.5 77.5 1162.5 0 88.57 221.43 0.4 0 0.4
80 GM 775 0 620 151 1162.5 0 88.57 221.43 0.4 0 0.4
70 GM 775 0 542.5 232.5 1162.5 0 88.57 221.43 0.4 0 0.4
60 GM 775 0 465 310 1162.5 0 88.57 221.43 0.4 0 0.4
50 GM 775 0 387.5 387.5 1162.5 0 88.57 221.43 0.4 0 0.4
100 GS 775 0 775 0 1162.5 88.57 0 221.43 0.2 7.75 0.4
90 GS 775 0 697.5 77.5 1162.5 88.57 0 221.43 0.2 7.75 0.4
80 GS 775 0 620 151 1162.5 88.57 0 221.43 0.2 7.75 0.4
70 GS 775 0 542.5 232.5 1162.5 88.57 0 221.43 0.2 7.75 0.4
60 GS 775 0 465 310 1162.5 88.57 0 221.43 0.2 7.75 0.4
50GS 775 0 387.5 387.5 1162.5 88.57 0 221.43 0.2 7.75 0.4
100 GMS' 775 0 775 0 1162.5 0 88.57 221.43 0.2 7.75 0.4
95 GMS 775 0 736.25 38.75 1162.5 0 88.57 221.43 0.2 7.75 0.4
90 GMS 775 0 697.5 77.5 1162.5 0 88.57 221.43 0.2 7.75 0.4
85GMS 775 0 658.75 116.25 1162.5 0 88.57 221.43 0.2 7.75 0.4
80 GMS 775 0 620 151 1162.5 0 88.57 221.43 0.2 7.75 0.4
75 GMS 775 0 581.25 193.75 1162.5 0 88.57 221.43 0.2 7.75 0.4
100C 775 775 0 0 1162.5 0 0 0 0.4 0 0
100 CS? 775 775 0 0 1162.5 0 0 0 0.2 7.75 0

100 refer to the GGBFS proportion used in relation to the total binder; G is GGBES; M refers to the use of 12 molar NaOH solution, S refers to the use of

superplasticiser. C is cement and S refers to the use of superplasticiser.

TaBLE 3: The average compressive strengths in MPa after seven days.

Compressive strength (MPa)

Mix ID GGBFS/(GGBES + MK) (%) G GM GS  Mix IDGGBFS/(GGBFS+ MK) (%) GMS Mix ID  Control mixes
100 300 56.6 643 100 63.5 C 31.8

90 23.8 327 559 95 77.8 CS 8.4

80 4.0 8.6 49.6 90 60.4

70 2.0 7.3 15.1 85 69.1

60 1.8 7.5 9.2 80 61.8

50 1.8 8.5 4.8 75 69.4

Note: the mix designs given are found by the number in the first column with the letter in the first raw above to have the same mix design in Table 3.

2.2.3. Mixing and Casting Procedure. The alkali activators
were first prepared a few minutes earlier and blended to-
gether. After that, the free water was inserted to blend well.
GGBFS and MK were first weighted separately and then
blended together for approximately 2 min. The alkali acti-
vator solution was then added to the blended mixture of
GGBFS and MK and all mixed together for 2-3 minutes.
Next, dried fine aggregates are applied to the previous
combination and blended well for another 120 seconds.
Eventually, the samples have been poured into PVC cubic
moulds of 4 x4 x 4 cm dimensions, left uncovered at a temp
(27 +2°C with 0% RH) for 24 hours, and then demoulded
and cured under different temperature conditions.

TaBLE 4: Masses and compressive strengths for 95 percent GMS
amount at 28 curing days.

Specimens Compressive strengths (MPa) Masses (g)
1 86.1 133.5
2 70.5 133.3
3 91.7 134.3

Hardened geopolymer mortar: the average strength of
concrete of three 4 cm side cubes has been evaluated in
the laboratory utilizing a universal testing machine
(UTM) in line with BS EN 196-1 2005 [40] at a loading
rate of 0.40 MPa/sec.
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FIGURE 3: The impact of NaOH molar proportion on the compressive strengths at 7 curing days.
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FIGURE 4: The impact of superplasticiser and low water amount on compressive strengths at 7 curing days.

Analytical analysis of geopolymer: the MK and GGBFS
microstructure geopolymer combinations have been
studied using a scanning electron microscope (SEM).
To ensure that specimens seem to be fully free from
water, small pieces have been hammered from the
paste’s core and dried at 40 degrees centigrade for four
hours. The basic chemical analysis of OPC, MK, and
GGBFS, and the XRD forms for both GGBFS and MK,
have been determined using powder X-ray fluorescent
and X-ray diffraction examinations.

3. Results and Discussion

In this section of the research, we present, through the tables,
the compressive strength results for each of the previously
pelleted samples in Table 3, in which we used GGBS and MK
as alternative materials for cement, adding to them solutions
of sodium hydroxide and sodium sulphate in order to ac-
tivate the reaction between them. Also, tests were conducted
on two samples of cement as a binder in order to compare
with the previous samples. Therefore, the results showed the
following.

Table 3 shows the compressive strength obtained after 7
days for different mix designs.

In Table4, the masses have been taken for the mix design
of 95 GMS since it is the optimum mix design that gives the
highest compressive strength among the other mixes. And,
as shown in Table 4, the mass with a small amount can
change the compressive strength of the geopolymer.

3.1. The NaOH Molar Proportion Influence. Increasing so-
dium hydroxide concentration from 12% to 12 M enhanced
the compressive strengths of the geopolymer (Figure 3). The
compressive strengths at seven curing days increased sig-
nificantly from 30 MPa for the 100G mix to 56.6 MPa for the
100 GM mix and from 23.8 MPa for the 90G mix to 32.7 MPa
for the 90 GM mix, which have all been greater than
31.8 MPa for that of mix C (Table 3).

The great amount of NaOH in alkaline solutions boosts
silica and alumina particle dissolution and promotes the
development of both CSH and geopolymer gels, which
enhances compressive strengths. Once the calcium content
is low, as in 80-50 percent GGBES, the content of hydroxyl
ions rises, preventing Ca®* dissolution. As a result, the
dissolved aluminum and silicate particles form geopolymer
gel, inhibiting CSH production and resulting in poor
compressive strength. However, once the calcium
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TaBLE 5: Various GGBES amount with various water proportions.
. Masses (g)
Mix IDGGBFS/(GGBFS + MK) (%)
G GS GMS
100 127.5 136.6 138.8
90 126.8 134.6 136.9

Note: the mix designs mentioned are found by the number in first column with the letter in the first raw above to have the same mix design in Table 3.

FiGURE 5: The impact of water amount and super plasticisers on different GGBFS amount mixture’s structure.

concentration is sufficient, as in 90 and 100 percent GGBEFS,
there might be enough dissolved Ca** to produce CSH and
geopolymer gels, leading to increased strengths. Once the
NaOH content is lower (12 percent), less hydroxyl ions have
been generated, causing more dissolved Ca** and less dis-
solved aluminum and silicates particles owing to the low
alkalinity environment, leading in more CSH gel and less
geopolymer gel, which lead to poor compressive strength
[36, 41]. Furthermore, as the amount of alumina-silicate
rises, the potential for Si-O-Si and Si-O-Al bonding in-
creases and, therefore, does the necessity for high alkali
content solutions to enhance the dissolution of Si-O-Al and
Si-O-Si bonds and thus the precipitation of cementitious
reactions [42]. The requirement for activator is substantially
lower at low MK concentrations (90-100 percent GGBEFS).

Furthermore, a progressive rise in compressive strength
was from 35.3 MPa at 50 percent GGBES to the optimal
magnitude of 44.0 MPa at 100 percent GGBFES, utilizing a

8 M sodium hydroxide solution at ambient curing temps
[38]. Although there was no substantial increase in com-
pressive strength between 50 and 80 percent GGBES in
Figure 3, there had been a considerable rise once GGBFS was
increased to 90 and 100 percent.

3.2. The Impact of Low Water Amount. Figure 4 shows the
impact of low water content with 1% superplasticizer on the
compressive strength of geopolymer mortar cubes.

The compressive strength was enhanced by halving the
quantity of water (0.2 water/binder proportion). It boosted
the strength of specimens 100GS=64.3MPa and
90GS =55.9 MPa, which is two times higher than the
strength of specimens 100G and 90G (Table 3), while it
increased the strength from 3.97 MPa at 80 G to 49.60 MPa
at 80 Gs with enough workability for moulding, which is
higher than the control mix C. Decreasing water amount
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(d)

F1GURE 7: The impacts of various NaOH molar proportion and water amount on the geopolymerisation processes (specimens with 80 and 20
percent of GGBS and MK, respectively) the pictures have been lected after conducting compressive strengths test; (a). 40% water proportion,
12% NaOH; (b). 12 M NaOH, 40% water proportion (c). 1% SP, 20% water proportion, 12% NaOH; (d). 12 M NaOH, 20% water proportion,
1% SP.

aided reduce pores and voids in the systems leads to higher by dispersing the particles and releasing entrapped water by
density structures (Table 5). The introduction of a super-  separating the agglomeration through the repulsion of
plasticizer helped give adequate workability for the reactions ~ similar charges [42]. However, raising the MK amount to
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FIGURE 9: The SEM images for 95 GMS geopolymer paste at 7 curing days.

more than 30 percent (70 percent GGBES or less) lowered
strength magnitudes even after lowering the water quantity
and applying 1% SP. It has been found that, at 30 percent
MK, the mixture gets extremely dry despite the inclusion of
superplasticizer. This is due to the increased surface area of
MK, which necessitates a larger water amount so as to
maintain sufficient water quantity and workability for the
dissolving process.

Figure 5 demonstrates four specimens blended with
various GGBFS amounts and constant water to binder

proportions of 0.2. As samples gave various coloured areas,
as shown in Figure 5, the darker sections relate to the reacted
areas while the light-coloured sections relate to unreacted
materials. Figure 5(a) demonstrates that the 70% GGBFS
specimen had light-coloured sections that indicate
unreacted areas. The sample failure seemed brittle in con-
trast to those with greater GGBES levels, and this was at-
tributable to a lack of water necessary to dissolve alumina-
silicate owing to the higher MK content in the combination.
As a result of the large number of open holes, it created a
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low-density geopolymer. Moreover, since MK possesses
properties comparable to clay, it expands and contracts once
exposed to water. As a consequence, specimens containing a
high-level of MK had more open pores [43].

In contrast, the reaction process improved and formed
more dark areas in samples with lower MK and higher
GGBFS amounts, as shown clearly on the 80% GGBFS
(Figure 5(b)), while it totally turned dark at 90 and 100%
GGBFS amount (Figures 5(c) and 5(d)). Though several
specimens lacked consistency in dark area distribution, it
can be seen in the centre of the 80 percent specimen and
around the margins of the 90 percent specimen. This in-
dicates that the geopolymerisation process is nonuniform, as
shown by the fact that the cubes’ masses from the same
mixture have been detected to be almost similar, despite the
compressive strength of each cube being considerably dif-
ferent (Table 4).

3.3. The Impact of Both Low Water Amount and High Molar
Proportion. As illustrated in Figure 6, the combined impact
of 12 M and 0.2 water amount with superplasticiser resulted
in a considerable improvement in compressive strength. For
the GGBFS amounts 100, 95, 90, 80, 85, and 75 percent, the
compressive strength of cubes with low water amount and
high molar proportion was spread around the magnitude
67 MPa. The overall impact of a 12M sodium hydroxide
solution and a little quantity of water increased the geo-
polymer’s compressive strength and doubled it, notably for
GGBFS and MK blended mixes, confirming MK’s prefer-
ential dissolving in high alkaline solutions [25]. Due to the
obvious high quantity of MK that has a large surface area and
results in a dry mix owing to the high water requirements,
the compressive strength cannot be evaluated at GGBES
levels lower than 75%. This resulted in inadequate work-
ability to pour and compact the mixture in the mould.
The influence of both a large molar percentage of NaOH
solutions and a small quantity of water on the geo-
polymerisation processing in terms of compressive strength
and reaction products is shown in Figure 7. Increasing the
molar proportions from 0.3 M to 12 M lead to production of
dark grey colored patches in the cubic specimen (as shown in
Figures 7(a) and 7(b)), which also caused a significant

FiGure 10: The SEM images for 90 GMS geopolymer paste at 7 curing days.
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increase in compressive strength, especially at high GGBEFS
levels (Table 3). Decreasing the quantity of water to half the
original value, on the contrary, resulted in substantially
greater compressive strength, as seen by bigger dark regions
in Figure 7(c). Despite this, the distribution of dark-colored
patches was uneven across the specimen, indicating a
nonuniform reaction process. Once the impacts of both low
water quantity and high molar proportion were combined,
the specimen fully changed color to a dark grey color
(Figure 7(d)), and the compressive strength increased to
greater levels (Table 3). As a consequence, the dark grey
spots represent reaction products of the geopolymerisation
process, which contribute to the high compressive strength.

3.4. Comparison between Optimized and OPC Control Mix.
In contrast to the two OPC reference mixtures, Figure 8
depicts the evolution of the optimal design proportions. The
95GMS mix design produced much more strength in
comparison with the two OPC mixtures. It possessed a
compressive strength of 77.8 MPa at 7 curing days, which
hovered around that amount till 21 days; then, the strength
slightly improved to reach 82.7 MPa at 28 days, and it
continued to increase till it reached 97.3 MPa at 60 curing
days. The OPC mixture specimen of 0.2 (water/cement
proportion) showed a little increase from 8.4 to 11.5MPa
between 7 and 14 days. After that, it held relatively stable
strength at 12 MPa at 28 days and climbed to 15.9 MPa at 60
days. At the same time, the OPC mixes with 0.4 w/c pro-
portion provide higher strength, reaching to 31.8 MPa at 7
days, while at 14 days the strength was 26 MPa since the
cubes that were tested at 14 days were not from the same
batch of the seven days’ mix (same mix design with various
cast dates); thus, the progress in the strength was not as
expected. Subsequently, there was a gradual increase in
strength to reach 38.4 MPa at 28 days.

3.5. The SEM Analysis. Figures 9-11 illustrate the micro-
structure analysis of the three various blends at seven curing
days, involving the optimal one (depending on compressive
strength). The major reactions produced by GGBFS/MK
binder with alkali activation lead to the creation of CH
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Semi-reacted

MK grain

crystals and C-S-H gel, as shown in these images. The
85 GMS specimen microstructure is clearly illustrated in
(Figure 11) the N-A-S-H gel as identified in [44]. None-
theless, some unreacted MK particles and incomplete re-
action regions have been found in the specimens with the
produced gels, revealing the nonuniform reaction process
distribution (Figure 11) that explains the large variance in
the consequent compressive strength for the identical
mixtures (as observed in Table 4).

Based on the lack of technicians available to do the test
on that day, the SEM analysis for the next 28 days cannot be
acquired; as a result, it was postponed until the next
available day, that was 35 curing days after curing.

FIGURE 12: The SEM images for 95 GMS geopolymer paste at 35 curing days.
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Figure 12 shows that, after 35 curing days, more C-H
crystals emerged inside the microstructure, whereas at high
MK amounts, more C-S-H gel and sodium aluminosilicate
hydrated gel (N-A-S-H) have been created (Figures 13 and
14). Because MK seems to be the main silicate and alumina
source, increasing MK concentration increased the likeli-
hood of more N-A-S-H gel formation rather than CH for
the 90GMS and 85GMS specimens. C-H, as well as
C-S-H, has been the primary products at lower MK levels
(95 percent GGBES). In the SEM pictures, microcracks
were seen on the structural surface of all specimens. The
external force applied by the hammer to create small parts
appropriate for testing and the uncombined water
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evaporated from the specimens when dried sample at 40
degrees centigrade in the furnace and then put in the
microscope column vacuum, resulting in substantial
shrinkage and thus microcracking, have all been reasons for
their presence. Furthermore, the use of a low water/binder
ratio in the mixture seems to be blamed.

4. Conclusion

In this research, different mix designs of GGBS and MK were
prepared to seek the amount of compressive strength in
comparison with OPC samples as well as the optimum mix
design in terms of the compressive strength. The findings
were as follows:

(i) In terms of optimized aluminosilicate dissolution
species leading to the produced geopolymer, the
high molar fraction of sodium hydroxide increased
the cubes’ compressive strength.

(ii) Alternatively, using a superplasticiser to reduce the
quantity of water in the solution resulted in a denser
structure by eliminating gaps and holes generated
by leftover water and thereby increasing the me-
chanical qualities.

FIGURE 14: The SEM images for 85 GMS geopolymer paste at 35 curing days.

(iii) As a result of the combined influence of low water
amount and high molar proportion with low curing
temp, the optimal mixture (95 percent GGBFS + 5
percent MK) had been achieved.

(iv) The alkali-activated slag/MK geopolymer had a
solid microstructure with no holes or cavities but
some microcracks, according to SEM examination.

(v) C-S-H gel and CH crystals seemed to be prominent
in the structure after 7 curing days, whereas
(N-A-S-H) gel was found in the microstructure of
greater MK amounts (85 GMS), along with some
unreacted MK particles and incomplete reaction
regions.

(vi) More C-H crystals grew inside the microstructure
at 35 curing days, and more hydrated (N-A-S-H)
gel and C-S-H gel have been created at great MK
levels (90 GMS and 85 GMYS).

(vii) Because MK was the primary silicate and alumina
source, increasing MK concentration increased the
likelihood of more N-A-S-H gel formation rather
than C-H for the 90 GMS and 85 GMS specimens.
C-H, as well as C-S-H, was the dominating
product at lower MK amounts (95 GMS).
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