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Abstract: Concrete is a versatile construction material used along with a reinforcement. Concrete is
made up of binder materials and aggregates. Cement is a primary binder material used to produce
conventional concrete. Carbon dioxide emissions in the atmosphere are a symptom of the issue
related to Portland cement manufacture. It is estimated that one ton of cement produced releases an
equal amount CO2 into atmosphere. On other hand, many industrial wastes are dumped in open
spaces, leading to land pollution. Researchers have developed a construction material known as
geopolymer concrete that uses industrial waste materials as a binder material to address these two
issues. Excellent mechanical and durability characteristics are displayed by geopolymer concrete.
For the creation of geopolymer concrete, fly ash is employed as a binder material. The drawback of
utilizing fly ash is the curing method. Due to increased setting time, concrete samples require either
heat curing or oven-curing. Geopolymer paste preparation is based on the type of binder materials
used. In this study, GGBS is partially added with fly ash to cure specimens in ambient temperature
due to presence of a higher amount calcium in GGBS. The present study investigates the consistency
of geopolymer pastes, their workability, and the compressive strength of cement mortars by varying
the amount of binder content (360 kg/m3 & 400 kg/m3). The molarity of NaOH was varied from 8 to
12. The ratio between binder material and alkaline to binder ratio were 0.45 and 0.50, respectively. The
specimens were cured in both ambient and oven temperatures to study their strength development
caused by temperature. A total of 396 specimens were cast to study the behavior of geopolymer
concrete made with fly ash and GGBS (FAG). The test results revealed that the substitution of 50%
GGBS with fly ash exhibited better strength properties during curing. Additionally, by increasing the
binder content to 400 kg/m3, the results of 80% GGBS and 20% fly ash revealed excellent consistency
among all other mixes. The oven-cured specimens showed more strength compared to specimens
cured in ambient temperature, but the ambient cured specimens (ACS) attained the required strength.
It was also not practically possible to cure the structural members by oven-curing in the field. The
mix with 80% of GGBS and 20% fly ash can be used for construction. The required strength can also
be achieved by increasing the molarity ratio.

Keywords: normal consistency; geopolymer mortar; geopolymer concrete; fly ash; GGBS; scanning
electron microscope; X-ray diffraction

1. Introduction

Conventional concrete comprises binding material, water, and fine and coarse aggre-
gates [1]. Moreover, cement emits carbon dioxide, which accounts for 8% of worldwide
emissions of greenhouse gases. It is known that more cement will be required for construc-
tion. Presently, 3% of the required cement is produced each year. New technology can
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mitigate the adverse effects of the cement trade [2–4]. In a search for new technologies,
ceramic powder made from calcium-rich ceramic tiles has more enhanced properties than
conventional concrete [5], but concrete that has been stretched is weaker than concrete
that has been compressed. Therefore, fibers should be added to strengthen concrete [6].
Measuring fire resistance at various temperatures is crucial in determining the resistance of
concrete [7]. Ensuing the longevity of concrete and keeping it eco-friendly is essential when
searching for an alternative that can replace cement. Using raw materials such as GGBS
and FA as sources, geopolymer concrete is constructed entirely of cement replacement.
Materials are brought to life and bound by an activator solution [8]. In many countries,
geopolymer concrete has replaced conventional concrete as it is more environmentally
friendly than OPC.

In 1970, Joseph Davidovits developed geopolymer to detect silica and alumina waste
chemicals using alkaline water. By substituting FAG for cement in GPC, CO2 emissions
were reduced, and so it contributes to environmental protection [9,10]. Loose particles
make up GPC, which, when combined with geopolymer, creates a strong, acid-resistant
substance. GGBS is obtained from the steel industry and contains calcium, magnesium,
aluminum, and silicon oxides [11]. At the same time, fly ash from power plants contains
silicon, calcium, aluminum, and iron. Despite the fact that there are two different types of
fly ash. Class F fly ash, which has less calcium, is used in this investigation. The hydration
process of GPC is similar to that of OPC [12]. However, water does not activate the silica and
alumina binders in geopolymer concrete. Therefore, as an alternative to water, an alkaline
solution is used to activate GGBS and fly ash to form a paste that quickly sets and becomes
complex, similar to cement paste. NaOH is combined with Na2SiO3 to manufacture an
alkaline activator solution. The solution is used in accordance with the sodium hydroxide
(NaOH) content and its molarity (M), which ranges from 6 to 18 [13].

Na2SiO3/NaOH ratio, curing period and molarity influence geopolymer concrete’s
properties [14–16]. Geopolymer is a concrete binder that is strong, long-lasting, inexpensive,
and environmentally friendly. Fly ash contains silicon and aluminum, which dissolve faster
and add weight. Fly ash can be replaced by GGBS to increase both strength and the rate of
polymerization [17]. To begin with, it is necessary to understand the term “geopolymers”,
coined in 1978 by a Frenchman to describe mineral-based binders. GPC power gel contains
silicon dioxide and alumina that have been alkali-solved. Fly ash, metakaoline, and GGBS
are used in geopolymer concrete constructed of high Ca and low-calcium fly ash, along
with slag that has been alkaline-activated [18–20]. The sodium silicate is added (0, 1, 1.5,
2, and 2.5) for 24 h in a sodium hydroxide solution to form the alkaline activator. Due to
their homogeneity, the less porous matrix has a higher compressive strength due to having
a ratio between sodium and silicate of 1 [21]. FAG alters alkaline activator mixtures [22].
Curing temperature, silicate modulus (0, 1, and 1.5), and the Na2O concentration (6 and 8%)
all affect the strength of geopolymer mortar cubes. GGBS has a higher Na2O content than
fly ash. Similar to this, geopolymer concrete’s strength qualities are improved by nano-
silica [23,24]. As concrete glue, geopolymer can be used in place of cement. Si and Al were
excellent forerunners [25]. In their research, fly ash was an excellent base material for GPC
but required 24 h at 60 ◦C to harden, making it difficult to use on construction sites. Hence,
the development of geopolymers with different mineral binders with similar chemical
properties [26]. The Si and Al in geopolymer gel are strengthened by alkaline solutions.
Fly ash-based GPCs are cured for 24 to 48 h at 40 to 70 ◦C for early polymerization [27].
Geopolymer concrete possess excellent properties against acid resistance [28]. At heat
changes from 30 ◦C to 60 ◦C and also 90 ◦C, normal consistency and setting times from 8 to
16M and strength proportions of 1, 2, 3, and 4 revealed good workability properties [29].
When the sodium hydroxide (NaOH) concentration was raised, setting time was reduced.
This showed the temperature affected the initial as well as final setting property. However,
higher temperatures accelerated the setting process.

Geopolymer concrete made with 8M, 12M, and 16M for 1440 min at room temperature
and at 60 ◦C in oven-curing showed that GGBS shortened the time required for setting
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due to oven-curing [30]. However, ambient curing can also help with strength improve-
ment. Geopolymer concrete cured between 40 ◦C and 70 ◦C temperature showed excellent
strength properties [31]. Therefore, after evaluating various studies, this study looks into
the peculiarities of geopolymer mortar and demonstrates how collecting and utilizing
carbon emissions in novel ways can produce astounding results. The literature reveals that
fly ash may work well as a GPC base material. Processing fly ash reduces greenhouse gas
emissions by 80% to 90%, and it is also both cost-effective and environmentally friendly as it
treats waste and emits few greenhouse gases [32,33]. Researchers investigated geopolymer
concrete with various molarities and GGBS substitutions and found that increased GGBS
improved the mechanical properties of GPC, but studies on 100% replacement are scarce. It
becomes difficult to use when the alkaline-to-binder ratio decreases. The implications of
this research effort are examined in this paper. Additional research is needed to treat GGBS
conditions. Three molarities were tested (8M, 10M, and 12M), with a Na2SiO3: NaOH
ratio of 1.0, and five GPC mixes. Five combinations replaced the slag percentage from
fly ash (0%, 30%, 60%, 90%, and 100%). The strongest concentration was 12M sodium
hydroxide, as a higher amount quickened the polymerization process by dissolving FAG
particles [34,35]. This was why geopolymer concrete was weaker at low molarity and
stronger at high molarity. Compressive strength was tried with various GPC grades in
ambient curing as heat curing caused practical issues [36]. In contrast to most studies,
they used fly ash with cement-like properties. Each grade tested four different molarity
combinations to see how the grades were affected. Compressive strength increases with
increasing NaOH molar content.

Curing temperature influences geopolymer strength. It is an excellent concrete binder
as it is strong and long-lasting and can be used in various molarities, curing conditions, and
GGBS concentrations without changing. As alkaline activator sources are cheap and easy
to find, they are perfect for making geopolymer concrete. GGBS has a higher pozzalonic
content than fly ash. A few studies on thermo gravimetric analysis (TGA) results were
attained and described how geopolymer materials lose mass when heated up to 1000 ◦C
higher [37]. Due to free water evaporating, a sharp decrease in mass was noticed before
200 ◦C. Mass loss at temperatures above 200 ◦C was attributed to the dehydroxylation of
chemically bonded water. Fly-ash-cement-based GC’s DTA curve did not exhibit proper
thermal resistance for temperatures above 600 ◦C, according to the TGA/DTA research. The
DTA curve showed a mass loss of 15–18% for blends that were ambient-cured. Likewise,
weight loss in oven-cured fly ash-cement-based GC specimens was 12–13%. There are
various studies performed on geopolymer concrete prepared with fly ash. However, only a
small number of experiments were conducted to examine how well geopolymer concrete
performed in addition to GGBS with fly ash under various curing conditions by altering
the binder concentration. The present research aims to investigate the performance of
geopolymer concrete in ambient- and heat-curing conditions. This study used sodium
hydroxide in different concentrations (molarities) other than 8, 10, and 12. The workability,
consistency, and strength properties were studied by varying the binder content with
respect to different percentages of FAG.

2. Experimental Study
2.1. Materials

GGBS and fly ash (FA) procured locally were used as binder materials. The calcined
materials had specific gravity values of 2.9 and 2.2. The exact chemical proportions, on the other
hand, are listed in Table 1, which shows that fly ash is rich in Al2O3 and SiO2 content, but GGBS
has a higher amount of calcium content which enhances the setting and strength properties.

To enhance the strength, structure, and performance of GPC, a fine powdered sub-
stance called fly ash was used as a required ingredient. The workability was increased by
using a super plasticizer based on sulfated naphthalene formaldehyde [38]. This chemical
was produced during the burning of pulverized coal at electricity generating plants. As
a result, as coal burns, mineral impurities such as shale, quartz, and clay float out of the
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burning chamber with the exhaust fumes. When pulverized coal is burned, a finely divided
residue known as fly ash is created, which exhaust gases carry out of the combustion
chamber. Given its cementitious qualities, GGBS is utilized in concrete. The micro charac-
terization of FAG was analyzed using SEM, as shown in Figures 1 and 2. The SEM pictures
provide for a general estimation of fly ash’s form, angularity, size, and surface roughness.
Straight, elongated and flaky, with sharp edges, rough surfaces, and a range of sizes, GGBS
particles are also elongated and flaky. The tiniest FA particles, which are one to ten microns
in size and correspond to a tenth of the largest FA particle, are available.

Table 1. GGBS and FA: Chemical Composition.

Chemical Composition GGBS Fly Ash

Fe2O3 0.82 4.31
Al2O3 20.23 26.49
SiO2 33.90 59.90
SO3 0.89 0.37

Na2O Nil 0.24
MgO 7.91 1.26
CaO 32.36 4.13
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The mineralogy of materials was investigated by the authors using the X-ray diffraction
(XRD) technology to explain their properties [39]. Powder diffractometers with Bragg–
Brentano geometry and the previously mentioned radiation parameters of 30 mA, 40 KV,
and CuK were used to collect the XRD data. The XRD scans were from 10 to 90 degrees in
stages of 0.05 degrees at a rate of one degree per minute. The XRD had a wavelength of
0.154 nanometers. Figures 3 and 4 show the fly ash XRD patterns and GGBS, respectively.
To make it easier to understand, the XRD pattern of unprocessed fly ash is shown in
observations with just one letter. The mullite and quartz (SiO2) crystalline phases were
visible in the diffractogram. There are ring lines with 26-degree peaks in the crystalline
fly ash. GGBS is composed of crystalline silica and alumina and has a more amorphous
XRD pattern than the crystalline phases of fly ash. Its temperature range is between 20 and
40 degrees, and it has a diffuse band with a broad spectrum and a reactivity of 2.
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Fine aggregate that met Zone-2 requirements according to BIS 383-1970 was used.
Locally supplied fine aggregate was used. The necessary quantities of each size fraction
were combined to produce Zone-2 sand, as presented in Table 2, and physical properties,
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as presented in Table 3. The fineness modulus of FA from Table 3 reveals that particle sizes
fall under the category of fine sand.

Table 2. Ratios of various sand fraction sizes conforming Zone II.

Sieve Size (mm) % Passing Recommended
by IS 383 Adopted Grading % Weight Retained Cumulative %

Weight Retained
Weight Retained

in Grams

10–4.75 100 100 - - -
4.75–2.36 90–100 100 - - -
2.36–1.18 75–100 90 10 10 100
1.18–0.60 55–90 65 25 35 250
0.60–0.30 35–59 40 25 60 250
0.30–0.15 8–30 10 30 90 300

0.15 0–10 0 10 100 100

Table 3. Fine aggregate physical properties.

Property Value

Fineness modulus 2.59
Bulk density 1.45 gm/cc

Specific gravity 2.65

Crushed stone with an average size of 20 mm from a nearby crushing plant was used
as the coarse aggregate. In this experiment, 20 mm well-graded aggregate following IS 383
was used. The proportions of each size fraction that must be blended were determined
by the dimensions of the sieve set used to remove the coarser aggregate from the mines,
as illustrated in Table 4. Table 5 displays the physical characteristics of coarse aggregate.
Although the CA, fineness modulus was 6.9, it fell within the acceptable range (6.0–6.9) for
aggregates with a 20 mm size.

Table 4. Proportions of different size fractions of CA.

Size of Sieve (mm) Retained Weight (%) Weight Retained
Cumulative % Passing Weight (%) Graded Aggregate %

Weight Passing (IS 383)

80 0 0 100 -
40 0 0 100 100
20 0 0 100 95–100
10 70 70 30 25–55

4.75 30 100 0 0–10

Table 5. Coarse aggregate physical properties.

Property Bulk Density Fineness Modulus Specific Gravity

Value 1.5 gm/cc 6.9 2.80

2.2. Alkaline Activator Solution (AAS) and Geopolymer Paste Preparation

The potency of the GPC solution was governed by the NaOH content. The nominal
molarity range for GGBS and fly ash combinations is 2 to 10 M. A larger concentration of
sodium hydroxide is produced by high strength. Geopolymer samples were produced for
8 to 12 M of NaOH. The material properties were studied using geopolymer concrete and
8M sodium hydroxide. One liter of potable water contains 0.320 kg of sodium hydroxide
pellets dissolved. Before casting, for 1 day the Na2SiO3 was mixed 2.5 times with sodium
hydroxide and stored at temperature (room condition) (26 ± 2 ◦C) with 65% relative
humidity (RH). Sodium silicate solution was combined with 2.5 times the weight of the
NaOH solution. Figure 5 shows the mix of normal consistency.
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Figure 5. Geopolymer paste preparation for normal consistency test.

Dry resources, such as FAG ash, were blended in pan mixers in different amounts. The
mixture was mixed with the alkaline solution for 3 minutes to achieve homogeneity. Next,
various geopolymer pastes with variable quantities of alkaline activators were prepared
using different percentages of source material (sodium hydroxide).

2.3. Preparing and Curing Specimens

The ingredients were measured in a weighing machine and combined in a 100 kg
revolving drum pan mixer. After thoroughly blending the dry components, the alkaline
activator solution and super plasticizer were added. Continuous mixing, on the other
hand, provided uniform mixing for 5 to 7 min for the GPC to be workable. The table
vibration procedure was employed for 45 s when the newly mixed concrete was placed in
concrete molds of 150 mm cubic dimension followed by one-day settling. The specimens
were demolded and completely cured. The cured samples were left out in the open (room
temperature of 25 ± 2 ◦C and relative humidity of 65%). During the hot air micro oven-
curing procedure, the demolded samples were maintained at 60 ◦C for 1 day. Samples were
taken out from the oven the following day and allowed to cool for the required amount of
time (7 or 28 days).

To establish the normal consistency of the source material, 99 samples were made
with 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100% substitution of GGBS in fly ash for 8M, 10M,
and 12M. Another 99 samples were made with 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100%
substitution of GGBS in fly ash for 8M, 10M, and 12M, to examine the setting property. In
total, 198 samples were made with 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100% replacement of
GGBS in FA for 8M, 10M, and 12M under both oven- and room-curing and were cast to
measure the strength (compressive) of mortar. Table 6 presents the mix quantity details of
geopolymer concrete.

Table 6. Detailed mix proportion to cast specimens in kg/m3.

Mix

M
ix

1
10

0:
0

M
ix

2
90

:1
0

M
ix

3
80

:2
0

M
ix

4
70

:3
0

M
ix

5
60

:4
0

M
ix

6
50

:5
0

M
ix

7
40

:6
0

M
ix

8
30

:7
0

M
ix

9
20

:8
0

M
ix

10
10

:9
0

M
ix

11
0:

10
0

Materials

Fly ash 880 792 704 616 528 440 352 264 176 88 0
GGBS 0 88 176 264 352 440 528 616 704 792 880

Fine agg. 880
NaOH 125.71

Na2SiO3 314.29
Alkaline liquid 440
SS/SH ratio * 2.5

* SS/SH—sodium silicate/sodium hydroxide.
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3. The Findings and Discussion
3.1. Geopolymer Paste Consistency

Table 7 presents the consistency for various amounts of replacement of the original
content. According to the findings, there was an increase in average consistency values for
a few mixes with an increase in GGBS concentration. Fly ash-containing geopolymer paste
needed less alkaline content than the GGBS-containing paste to achieve better consistency. The
addition of GGBS to intermediate mixes improved standard uniformity. As fly ash had less
internal friction due to its spherical form, Vicat’s plunger operated at a lower alkaline activator
level. As the surfaces of GGBS particles were elongated, straight, flaky, and sharp, they had
more internal friction than fly ash particles, which required a large volume of solution to attain
uniformity. When mixed with fly ash at 80%, GGBS had a consistency of 37%.

Table 7. Results of normal consistency.

Binder Material Normal Consistency (%)

Fly Ash GGBS 8M 10M 12M

100 0 28 28 27
90 10 27 27 28
80 20 31 30 31
70 30 33 31 32
60 40 33 33 32
50 50 33 33 33
40 60 33 33 35
30 70 33 35 38
20 80 37 37 39
10 90 37 37 39
0 100 37 37 39

The most substantial concentration was 12M sodium hydroxide as the higher amount
of sodium hydroxide quickened the polymerization process by dissolving the FAG particles.
This might be one of the reasons for the changing consistency values. Moreover, GGBS
particles had a sharp and elongated flaky morphology, resulting in substantially more
internal friction than that of the fly ash particles. As a result, a strongly alkaline solution was
required to attain the requisite normal consistency. Similarly, 100% fly ash needed minimum
alkaline activator solution to obtain the same 28 percent consistency as that manufactured
with 100 percent GGBS because fly ash particles needed less solution. Further, the normal
consistency increased when the GGBS level increased [40]. Typical viscosity rose from 28
to 33 percent when 70 percent fly ash and 30 percent GGBS were used (cement usually
has a consistency between 28 and 32 percent). The viscous nature of the alkaline activator
solution was substantially more than that of water, distinguishing it from cement paste.
Therefore, geopolymer concrete cannot be utilized in its green condition unless mixed with
an alkaline solution. Furthermore, enhancing the level of NaOH does not affect consistency.
As a result, increasing GGBS leads to higher than normal consistency.

3.2. Final Setting Time

Figure 6 shows how variations in sodium hydroxide concentration (8M, 10M, and
12M) and GGBS proportions in fly ash were utilized to evaluate the setting behavior
of geopolymer. Use of a sodium concentration of 12M quickens polymerization due to
dissolving both FAG particles. These findings pertain to the ultimate setting times of
geopolymer pastes composed of different GGBS and fly ash. The mix’s maximum setting
time changed as sodium hydroxide’s molarity varied with FAG [41]. The alumina content
had an extensive influence of geopolymer concrete’s setting time. Earlier studies mentioned
that the setting property of the mix was lower when the alumina concentration increased.
As a result, GGBS mixed with FA might be suggested to achieve the setting time required.
The standard consistency of 28% with 100% fly ash led to an estimated setting time of 0.85P
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(0.85 × 28 = 23.8%). Similarly, the AA used to compute the setting time behavior of 100%
GGBS-based paste was 0.85P (0.85 ∗ 37 = 31.45%). The reactive process of FA was lower
than that of GGBS, indicating more reactive molecules. Fly ash was slow to develop and
gain strength due to its poor reactivity. Fly ash frequently does not dissolve entirely before
hardening [40]. Mullite in fly ash did not react after alkali activation of ash/slag blends,
although calcium appeared to be active. Fly ash took longer to set than GGBS when used
with a solution. From the findings, GGBS was a better raw material source for geopolymer
materials with high early strength than fly ash.
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When GGBS was substituted by 20%, the setup time dropped from 200 to 125 min (for
8M sodium hydroxide). According to their test results, final setting time of GGBS with 8M
mix was significantly shortened than the value of 100 percentage fly ash. Geopolymers
cannot be employed in traditional buildings due to their rapid setting time. As a result,
GGBS and fly ash are an appropriate combination for improved setup behavior.

3.3. Compression Strength of Mortar

The 1:1 ratio of alkali binder to compressive strength are for fly ash + GGBS.
Figures 7 and 8 show the mortar findings at various sodium hydroxide concentrations.
Geopolymer mortar had a strength range of 39 to 75 N/mm2. Compressive strengths
changed from 39 to 70 N/mm2 when the molarity of the NaOH changed, especially for
the outside cured materials. Mortar strength was enhanced by adding more NaOH, which
could be due to the alkaline activator’s increased sodium hydroxide level. 8M, for example,
comprises 320 g of NaOH, whereas 12M contains 480 g. The increase in the percentage of
FA substitution in ambient curing specimens with GGBS increased mortar compressive
strength. Studies have shown that oven-curing makes specimens stronger than ambient
curing due to early polymerization. Our research concentrated on how GGBS and ambient
curing affected the specimen’s strength because heat curing was not a possibility on site.
The findings also showed that GGBS activity was essential to achieve oven-curing strength.
The homogeneity of the geopolymer paste and aggregates were strongly correlated by FAG,
indicating that the stronger material may have come about as a result of a chemical reaction
that took place during polymerization. There was a small change in strength between
outdoor and oven-curing as the GGBS concentration increased indicating the use of low
molarity salt.
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Compressive strengths for geopolymer mortars ranged from 39 to 75 MPa. Compre-
hensive strength increased by adding additional amounts of NaOH to the mortar. This
might be caused by the alkaline activator’s increased sodium hydroxide level. For instance,
8M contained 320 g of NaOH, while 12M had 480 g. The degree of FA and GGBS enhanced
the mortar strength in ambient curing. Premature polymerization, according to a previous
study, made oven-cured specimens more durable than ambient-cured specimens. We
concentrated on how GGBS and ambient curing affected specimen strength as heat curing
is not an option on the site. Finally, the findings showed that GGBS activity was essential
to achieve oven-curing strength [42]. Strength was approximately 48 MPa when GGBS
and FA were mixed in equal parts. Similarly, the compression strength of 10M and 12M
under outdoor and over-curing conditions was 66 percent, 70 percent, and 70–75 percent,
respectively. When GGBS concentration was raised from 0% to 50%, strength improved
by approximately 7 MPa. Geopolymer mortar had compressive strengths of about 75
and 70 MPa for 100% GGBS content after oven- and outdoor curing. When GGBS and
FA were used as the primary materials for geopolymers, they were as strong as concrete.
The increased calcium concentration of GGBS might account for its higher compressive
strength (32.6 percent). Geopolymer mortar based on fly ash surpassed the outdoor sample.
Thermal curing allowed for faster production of geopolymers. Heat curing accelerated
polymerization resulting in faster enhanced strength. When GGBS and FA were used as the
primary materials for geopolymers, they were as strong as concrete. Improved compressive
strength was due to increased calcium content in GGBS.
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3.4. Workability of FA-Based Geopolymer Concrete

Geopolymer concrete initially required a lot of effort to compact it due to its hard
consistency. Only water-reducing high-range admixtures, especially naphthalene-based
superplasticizers, could make geopolymer concrete practical. A binder dosage limit of
4% by mass was required to complete this trial. The slump test results of workability are
shown in Figure 9. Based on slump values, the fall was visible at higher percentage of
alkaline/binder ratios, binder concentrations, and fly ash levels. The alkaline/binder ratio
increased and decreased slump values with the same binder content. Due to the lower
alkaline concentration, an additional superplasticizer was necessary to achieve optimum
workability as GGBS particles were angular and reacted quickly. Substituting GGBS for fly
ash reduced slump values.
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3.5. Compression Strength Development of GPC

Compression strength was determined and is given in Figures 10–13. In addition,
different GGBS to fly ash alternatives, ratios between alkaline and the binder, and ambient
curing schedules were selected from the aforementioned mix, and a thorough analysis of
the impact of healing and aging was provided. Though concrete strengthens after 28 days,
it was frequently referred to as 28-day concrete strength. GPC’s 7-day and 28-day strengths
have significant correlations. The strength properties after 7 and 28 days is being studied.
The molarity of NaOH in geopolymer concrete is proportional to the binder concentration
and curing regime. When compared to when one is aged, strength increases more quickly
in early stage development. Strength was clearly improved for GPCs that were oven-cured
compared to GPCs that were cured outdoors for both forms of curing. The oven-cured
sample (OCS) outperformed the outdoor-cured sample in strength after curing of 7 days.
Although the early rate of strength growth was notable, it did not endure as long as with
traditional concrete. This was shown by the ratio of the compressive strength after 28 days
to 7 days. The strength test findings reflect that, for all binder formulations, increasing the
amount of GGBS improved compressive strength. As a rich calcium silicate hydrate gel
was produced when GGBS was substituted for fly ash, there was an increase in strength.

FA was gradually replaced with GGBS, increasing strength and speeding up the setting
process. Strength was the greatest when the alkaline/binder (Al/B) ratio was 0.5. The same
findings were obtained when oven-cured specimens were used. The results demonstrated
that when fly ash was substituted at a lower amount by 30%, the OCS showed higher
compressive strength. As the replacement level rises (40% and 50%), the values for the
strength of OCS and ambient cured specimens are practically identical. This means it is
possible to increase the applicability of GPC in field circumstances by substituting GGBS at
the proper percentages for fly ash.
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Using the obtained results, compressive strength and slump values for intermediate
binder contents at different curing temperatures, curing periods, and NaOH concentrations
can be estimated by varying aggregate/binder, proportion of FA & GGBS, alkaline/binder,
slump value, and compressive strength. It is critical to investigate how the mix’s compo-
nents affect the geopolymer concrete’s durability over time. A mix design is a specified
combination of fundamental components required to produce concrete with the desired
target strength. As a result, concrete’s composition is crucial to achieve strength at 28 days.
It is common knowledge that strengthening concrete involves raising its alkaline content.
Furthermore, the quantity of both the aggregates in the mix and the binder concentration
impact the concrete’s strength. A combined design strategy for FAG-based GPC is provided
based on expected compressive strength estimations. Design engineers may be able to build
GPC with any required compressive strength using this approach. Correlations between
the alkaline/binder and aggregate/binder were developed using data from the mixed
proportions and compressive strength. These links aided in the creation of mixed design
strategies for GPC under a range of curing circumstances.

3.6. Impact of Curing on Strength of GPC

In comparison to the outside, geopolymer had a higher strength in the range. At
temperatures greater than the ambient temperature, polymerization proceeded expedi-
tiously resulting in increased strength. As a result, in many real-world situations, concrete
should be allowed to cure at ambient temperature. The maximum strength of the GPC
specimens was achieved to be 8M (NaOH) at around 45 MPa for 400 kg/m3 as opposed to
47 MPa when curing was undertaken indoors. Ambient curing of FAG-based GPC was
possible even with a low NaOH molarity. Field oven-curing was thus difficult. Hence
without the need of an oven, GPC manufactured from GGBS, which substitutes for fly ash,
can be produced. When the level of GGBS in the mixture was altered with rising alkaline
content after 7 days it could be continued for 28 days. In terms of performance, geopolymer
concrete based on GGBS outperformed combinations based on 50% GGBS after 28 days.
The mixture’s strength was boosted due to GGBS’s higher calcium content. Soluble calcium
when added increased compressive strength and speeded up the hardening process [43].

4. Conclusions

The research results indicated that GPC can be made with FAG to reach the necessary
strength through ambient curing. The molarity of NaOH influenced the consistency of
the geopolymer paste, which was crucial in polymerization. Owing to fly ash’s particle
structure, it required less alkaline activator owing to decreased friction inside the substance.
Geopolymer made with 80% GGBS and 20% fly ash showed the excellent consistency



Buildings 2023, 13, 811 14 of 15

and strength properties due to higher amounts of GGBS. The quantity of binder content
influenced the strength properties of GPC as also polymerization. Compared to ACS,
the heat cured specimen’s showed good results but the desired strength was achieved in
ambient curing only. SEM images showed the morphology and shape of FAG. By ensuring
400 kg/m3 of binder content in outdoor curing circumstances, combining FAG could be a
viable solution to manufacture geopolymer concrete. Studies in the future can be extended
by varying binder materials and the types of alkaline activator solutions.
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