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Abstract: In reinforced concrete (RC) constructions, the beam-column junctions are very sensitive to
lateral and vertical loads. In the event of unforeseen earthquake and wind loads, this insufficient
joint performance can lead to the failure of the entire structure. Cement industries emit a large
amount of greenhouse gases during production, thus contributing to global warming. The nature
of cement concrete is fragile. Cement output must be reduced in order to ensure environmental
sustainability. Geopolymer concrete (GC), which is a green and low-carbon material, can be used in
beam-column joints. M30 grade BBGC was developed and employed in the current study. Alkaline
liquids are produced when sodium silicate and sodium hydroxide are mixed at room temperature.
The alkaline liquid to fly ash ratio was fixed at 0.5, and the concentration of NaOH was fixed at 8
M. The mechanical properties of the Binary Blended Geopolymer concrete (BBGC), containing fly
ash and GGBS, at proportions ranging from 0% to 100%, were investigated. This study was further
expanded to examine the behavior of two groups of binary blended geopolymer concrete (BBGC)
exterior beam-column joints, with cross sections of 230 mm x 120 mm and 170 mm x 120 mm.
The column heights and lengths were both 600 mm under reverse cyclic loads in order to simulate
earthquake conditions. The failure mechanism, ductility, energy absorption capacity, initial crack
load, ultimate load carrying capacity, and structural performance was evaluated. The test findings
showed that BBGC with 20% fly ash and 80% GGBS had the highest compressive strength and split
tensile strength. When compared with other beam column joints, those containing 20% fly ash and
80% GGBS performed better under cyclic loading. The test findings imply that GGBS essentially
enhances the joint performance of BBGC. The microstructural SEM and EDS studies revealed the
reasons behind the improvement in strength of the GGBS fly ash-based Geopolymer concrete.

Keywords: geopolymer concrete; beam column joint; cyclic loading; GGBS; ductility; energy absorp-
tion; SEM

1. Introduction

Geopolymer concrete (GC) is a modern form of concrete generated from industry
waste. GC is being promoted as a viable alternative to traditional concrete, as well as a
way to turn a number of waste streams into valuable by-products [1]. Geopolymer con-
crete also exhibits excellent compression strength, minimal creep, superior acid resistance,
and low shrinking characteristics [2]. The curing process of geopolymer concrete has a
significant impact on the formation of microstructures, and therefore, on the mechanical
properties of geopolymer concrete [3]. The geopolymer’s overall strength and fire resistance
are influenced by the amount of fly ash in an alkaline solution. It was discovered that
the strength of a fly ash-based geopolymer concrete increases with exposure to different
temperatures. CO, emissions are lower in GC when compared with Ordinary Portland
cement (OPC) [4-8]. Fly ash-based GC mixtures were mechanically enhanced, and the
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C-S5-H gel formation was enriched with the addition of 30% GGBS, as it resulted in denser
microstructures in the geopolymer concrete [9]. The mechanical properties of geopolymer
concrete reached their limit after interacting with specimens that contained 30% fly ash
and 30% GGBS in an 8M sodium hydroxide solution [10]. Conventional concrete has a
longer setting time, it is denser, and a greater level of drying shrinkage occurs than with
Geopolymer Concrete (GPC). Although the GPC concrete had a significantly higher initial
three-day strength than the OPC concrete, the compressive strength of the two concretes
showed identical trends after 28 days [11]. The alkaline activator/fly ash ratio was found
to have a significant impact on the compressive strength of the fly ash-based geopolymer.
The alkaline activator/fly ash ratio of 0.4 was able to activate the geopolymerization of the
fly ash more quickly than the other ratios [12]. Increasing the slag replacement levels, and
reducing the alkaline activator concentration in Geopolymer concrete, reduces workability
when the NaOH solution has a higher molarity; for instance, when M = 14. The increase in
slag concentration from 10% to 50% resulted in a quick increase in compressive strength
for the mixtures until 28 days, at which point, the pace of development decreased [13].
The inclusion of fly ash at 10%, in accordance with the weight of the cement in conventional
concrete, increases the compressive strength, split tensile strength, and flexural strength by
19%, 46%, and 49% after 28 days of curing, respectively [14]. Geopolymer concrete with
a higher NaOH molarity, when used as an alkaline activator, has a higher compressive
strength; this has a major impact on the early strength of the concrete. The 1:1 ratio of NaOH
and sodium silicate (5iO, /NaO = 8) was found to initiate fly ash geopolymerization, and
it achieved exceptional strength development, with a compressive strength of roughly
47 MPa [15]. The Geopolymer concrete achieves its desired strength significantly faster
during heat curing than under normal curing conditions [16]. The compressive strength of
a fly ash-based geopolymer is visibly affected by changes to the modulus and the doses
of sodium silicate. When the modulus value was reduced and the sodium silicate dose
was raised, the strength of the geopolymer samples rose. When the sodium silicate was
activated, the strength reached an extreme value at a dose of 10%, and the strengths of the
3d, 7d, and 28d all exhibited similar trends [17]. The compressive strength of the geopoly-
mer concrete treated with NaOH at 14M in a hot air oven had a strength that was roughly
10% greater than that of the steam-cured geopolymer concrete that was composed of a
ternary mixture [18-21]. Geopolymer concrete containing pineapple fiber has a maximum
flexural strength of 9.209 MPa and a compressive strength of 41.468 MPa, with a percentage
of 0.50% at a concentration of NaOH 16 M [21]. The ternary blend geopolymer concrete
beams containing fly ash, GGBS, Metakaolin with 1% steel fibers, and 0.1% polypropylene
fibers showed an improvement in the first crack load and in the ultimate load, at 75%
and 28%, respectively, when subjected to flexure, compared with conventional beams [22].
When compared with a control RC beam, an experimental evaluation of fiber-reinforced
geopolymer concrete under monotonic loading revealed that it had superior engineering
properties in terms of its modulus of elasticity, Poisson’s ratio, and ductility ratio [23].
Reverse cyclic loading on geopolymer beam column joints showed that the first crack load
and ultimate load is the same when compared with conventional RC beams. The energy
absorption levels for the forward and reverse cycles were almost the same. Similarly, the
ductility factor was 1.4% greater than the ductility factor for the conventional beam column
joint [24]. The load deflection characteristics of the geopolymer reinforced beam column
joint were better than those of the conventional concrete reinforced beam column joint.
The geopolymer specimens showed a better performance under cyclic loading. The ultimate
load for the geopolymer reinforced beam column joint increased by 32% compared with
the conventional concrete reinforced beam column joint [25]. The anchoring performance
of the reinforced Geopolymer external beam column joints improved as the development
length of the beam flexural bars increased. Compared with typical RC beam column joints,
the joint specimens had better energy dissipation capacity and fewer shear fractures [26].
The hybridization of fibers significantly improved the joint performance of the Ternary-
mixed Geopolymer Concrete (TGPC) [27]. Due to the presence of steel, qualities associated
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with a higher degree of strength were observed in GGBS-Dolomite geopolymer concrete,
which demonstrated ductile behavior that was superior to cement concrete specimens.
The introduction of steel fibers, with a 0.75% concrete volume, enhanced the ductility index
by 73% [28]. Furthermore, the shear failure mode of the beam specimens in geopolymer
concrete was changed to a more ductile mode with the insertion of fibers [29]. According
to the test results, the cyclic behavior and fracture formation of the reinforced GC beam col-
umn joints differed from the RC beam column joints. With a joint shear demand-to-capacity
ratio of 0.96-1.01, increasing the axial compression ratio increased the seismic performance
of the reinforced GC beam column joints [30]. As the GC beam column joint increased the
column’s depth-to-beam rebar diameter ratio (hc/db) from 21 to 25, the bond performance
of the beam’s flexural bars increased in the reinforced GC internal beam column joints,
thus resulting in a significant increase in energy dissipation capacity [26]. When cyclic
loading is applied to hybrid fiber-reinforced ternary blend geopolymer concrete (HTGPC)
beam-column joints, they perform better in terms of ductility, energy absorption capacity,
initial crack load, and peak load carrying capacity than traditional beam column joints. [31].
Fly ash and GGBS are intriguing materials in terms of their potential for sustainable devel-
opment because their use in the alkali activation process does not require a great amount of
energy; hence, the generation of harmful CO; emissions is decreased. The use of fly ash and
GGBS in the alkali activation process (geopolymerization) also contributes to the reduction
in natural raw material exploitation, and thus, it is possible to meet the more demanding
needs of the construction industry in terms of the quality of construction materials [3].
The present study investigates the properties of GGBS fly ash-based Geopolymer concrete
that contribute to its strength, as well as the effects of those properties. As industrial waste
products, GGBS and fly ash were collected from steel mills and thermal plants. The GC mix
design was created using a ‘trial-and-error” process. Experimental studies were conducted
on hardened geopolymer concrete with varying proportions of GGBS and fly ash, ranging
from 0% to 100%. Moreover, based on the mechanical properties of GC, a combination
of GC beam column joints comprising 80% GGBS, 20% fly ash, 100% fly ash, and 0%
GGBS were employed to investigate their seismic performances. In order to conduct this
investigation, Geopolymer Concrete beam column joints were placed onto two types of
binary-blended geopolymer concrete (BBGC) exterior beam column joints, with cross sec-
tions of 230 mm x 120 mm and 170 mm x 120 mm. The column’s height and length were
both 600 mm. The structural performance was examined, including ductility and energy
dissipation capability. Microstructural analyses via SEM, EDS, and other assessments were
conducted for the 20% fly ash and 80% GGBS-based Geopolymer concrete to clarify the
strength development mechanism of the hardened specimens.

2. Materials and Mixture Proportions

In this investigation, coarse particles of crushed stone aggregates, measuring 12.5 mm
with a specific gravity of 2.75, were used. Moreover, sand derived from the riverbed, which
complied with zone III regulations, and had a specific gravity of 2.52, were used as per the
recommendations of IS 10262 2019 [31]. Class C fly ash, which passed through a 1.18 mm
sieve, thus satisfying IS 2386(3)-1963 [32], was used. Sodium Silicate and Sodium Hydroxide
were combined at room temperature to create the activated alkaline solution, which was
then utilized to produce homogenous conditions. Pellets formed by Sodium Hydroxide
were used, which had a purity rate of 97%. Moreover, Sodium Silicate, composed of
Si0, and NayO (65%) and H,O (35%), was also used. Indeed, a NaOH solution, with
an 8 molar concentration has 8 x 40 = 320 g of NaOH solids per liter of water, where
40 denotes the molecular weight of NaOH. The chemical composition of the binders is
shown in Table 1. It is worth noting that in both alkaline solutions, water plays a vital role.
The sodium silicate and sodium hydroxide solutions were mixed for at least a day before
the binder solution was added to the solid materials. The concrete mixture was designed
in accordance with 1510262: 2019, in order to produce a M30 grade material. The concrete
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mixture’s proportions were 1:1.6:2.85 (The details of the mix proportion are available in the
Supplementary Materials section). The mixture’s requirements are shown in Table 2.

Table 1. Chemical composition of binders.

Binders SIOZ A1203 Fe203 CaO MgO Ti02 SO3 LOI
Fly ash 65.6 28.0 3.0 1.0 1.0 0.5 0.25 0.29
GGBS 30.61 16.24 0.584 34.48 6.79 - 1.85 25

Table 2. Concrete Mixture’s Proportions.

Mix Fly Ash GGBS Fizeate AC°raer5:te Na,SiO;  NaOH

Designation (kg/m?3) (kg/m3) g<gg/11g13) (%(gg/nglf’) (g/m3) (g/m3)
GCF100G0 500 0 800 1425 180 72
GCF80G20 400 100 800 1425 180 72
GCF60G40 300 200 800 1425 180 72
GCF40G60 200 300 800 1425 180 72
GCF20G80 100 400 800 1425 180 72
GCF0G100 0 500 800 1425 180 72

First, fly ash, the fine aggregate, and the coarse aggregate were homogenized for
approximately one minute under dry conditions. Next, to produce a homogenous combi-
nation, an alkaline solution, which was prepared one day prior to the casting, was added,
and mixing continued for 2 min [33].

3. Experimental Investigation
3.1. Mehcanical Properties of Concrete

The experimental inquiry entails casting concrete cubes, sized at 15 x 15 x 15 cm,
and cylinders, sized at 30 x 15 cm, for each of the scenarios listed in Table 2. At 27 °C,
the specimens were exposed to ambient curing. After 28 days of curing, the cast cubes
were evaluated for compressive strength, and the cylinders were assessed for their split
tensile strength under static loads. The compression strength analysis was performed in
a compression machine with a load cell limit of 1000 kN. The split tensile strength of the
concrete was ascertained by assessing the concrete cylinder sized at 30 x15 ¢cm, which was
tested in a universal testing machine with a load cell limit of 1000 kN.

3.2. Flexural Behavior of the Beam Column Joints
3.2.1. Specimen Details

Exterior beam column joints, with Cross Sections of 230 mm x 120 mm and
170 mm x 120 mm, were employed for this investigation. The column’s height and
length are both 600 mm. Figure 1 depicts the reinforcing detail of the beam—column junc-
tion that was employed in the investigation. The junction was created using the strong
column-weak beam design concepts. The beam was designed with 3 columns with 10 mm
diameters in both the tension and compression zones; this acted as the main reinforcement
and the spacing for the transverse reinforcement of the beam. For spans of up to 300 mm, a
spacing of 30 mm c/c was given. For the remaining 150 mm, a spacing of 60mm c/c was
given. For the longitudinal strengthening of the column, eight 8 mm diameter bars were
used. Moreover, 6 mm diameter bars, with a spacing of 30 mm c/c at the midsection, and
60 mm c/c at the end of the column, were used as ties.
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Figure 1. Reinforcement Details of the Beam Column Joint.

The samples were primarily intended to withstand seismic loads, in accordance with
IS 1893 (Part 1):2002 and 1S513920:1993 [34] standards. To be favorable for the test facilities
and loading arrangements, the specimen was scaled down to the 1/4th scale.

3.2.2. Casting and Curing of Specimens

Based on the mechanical qualities of concrete, the beam column joints were cast with
20% fly ash and 80% GGBS, which was found to be the best concrete combination. Using
a concrete mixer, the fly ash and GGBS were first mixed with fine and coarse particles.
The alkaline liquid was made by combining the sodium silicate solution with an 8 M
sodium hydroxide solution 24 h before casting.

The alkaline liquid was poured into the mixer and vigorously mixed to create a
homogeneous mixture. In order to condense the slurry, a needle vibrator was used. After
24 h of casting, the specimens were moved to a flat surface for air curing by using a plastic
sheet, which was placed on top of the specimens. The concrete specimens were cured
at room temperature, in the open, without exposure to sunshine. The specimens were
placed in the shade for 28 days, in open air curing conditions. In the thin film wrap-up
curing process, the concrete specimens were cured with plastic thin film sheets, which were
wrapped around them. This ensured that the moisture content was captured inside the
covers. The specimen was then exposed to sunlight for 28 days in an open area. Figure 2
depicts the curing of the BBGC beam column junction.

Figure 2. Curing of the Beam Column joint specimen.
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3.2.3. Experimental Setup and Testing Procedure

To examine the beam column joints, a loading frame with a capacity of 100 tons was
used, and the axial load was applied using a screw jack with a capacity of 50 tons. The load
was applied at the end of the beam, cycled at regular intervals, and the deflection was
measured under loaded conditions. The applied loads were recorded, and corresponding
deflections were measured. Downward and upward displacements were measured using
the Linear Variable Differential Transformer (LVDT) and dial gauges. The load setup of the
beam column joint is shown in Figures 3 and 4.

HYDRAULIC JACK:

LOAD CELL——{ ‘

HINGE

DIAL GAUGE——~]|

LVDT— =y

LOAD CELL—{

= HYDRAULIC JACK———

-

Figure 3. Schematic diagram of the test setup.

(b) Reverse loading setup of the beam column joint.

Figure 4. Experimental test setup; (a) forward loading; and (b) reverse loading.
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The specimens were bleached to enhance the visibility of the fracture patterns. Then,
they were loaded at a particular point in the positive direction. To complete one cycle of
reverse cycling loading, they were emptied in the other direction, at the same magnitude,
and loaded again in the first position [32]. After each cycle, the degree of the stress increased,
and this method was continued until the joints failed.

4. Results and Discussion
4.1. Compressive Strength

The effect of fly ash and GGBS integration on the compressive strength of concrete,
with different quantities of fly ash and GGBS, was investigated. The compressive strength
results, which were obtained with different percentages of fly ash and GGBS, after 28 days,
were given in Figure 5. From the chart, it is evident that the maximum compressive
strength was attained for GCF20G80, which achieved 41 N/mm?; this is 54% higher than
the results obtained for GCF100G0, which comprised 100% fly ash. Similarly, a rise in
compressive strength for the concretes with 16%, 29%, 45%, and 47% fly ash was noted for
GCF80G20, GCF60G40, GCF40G60, and GCFOG100, respectively. After 28 days of curing,
the inclusion of GGBS increased the compressive strength; however, a higher proportion of
fly ash decreased the compressive strength because it reduced the bond tension between
the binder matrix and the aggregate [35]. Similar results were found in Mortar et al., where
the compressive strength increased by 56% in the mixture containing 20% fly ash and 80%
GGBS compared with the mixture containing 100% fly ash [36].

GCF100GO GCF80G20 GCF60G40 GCF40G60 GCF20G80 GCF0G100

Mix Designation

)
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o
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[
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N
o
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Figure 5. Compressive strength of the binary blend geopolymer concrete.

4.2. Split Tensile Strength

The effect of fly ash and GGBS on the split tensile strength of concrete was studied.
Figure 6 shows the split tensile of concrete specimens, which were incorporated with
different percentages of fly ash and GGBS. From the figure below, it is evident that the
tensile strength of concrete improved with the addition of fly ash and GGBS; however, the
incremental improvements in tensile strength stopped when the GGBS percentage was
100%. This is due to the fact that as the sand /ash ratio increased, the split tensile strength
decreased. With regard to geopolymer concrete comprising 100% GGBS, similar results
can be found in the work of Verma et al. [11] and Abdullah et al. [13]. The maximum
split tensile strength obtained for GCF20G80 was 4.2 N/mm?, which was 60% higher than
the tensile strength of GCF100GO0. The split tensile strength of concrete improved as the
GGBS content increased to 80%, beyond which, the tensile strength declined. In contrast to
fly ash-based GC, fly ash GGBS-based Geopolymer concrete, combined with an alkaline
solution, showed more substantial results after 28 days of ambient curing; this prompted
the tensile strength to steadily decline [9].
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4.3. Beam Column Joints

The results of the cyclic loading test, which was performed on the GCF100G0 and
GCF20G80 beam column joints that were subjected to film wrap-up curing, are shown in
Figures 7 and 8. Loading was applied gradually, at 0, 4.5, 9, 13.5, 18, 22.5, 27 KN, and so
on, in both forward and reverse directions, in incremental cycles, where the beam column
joints took 22.5 KN of the ultimate load bearing capacity in the third cycle.

30

20

10

-30
Displacement (mm)

Figure 7. Load versus Deflection graph for the GCF100G0 beam column joint under Cyclic Load-
ing conditions.

ad (KN)

Displacement (mm)

Figure 8. Load versus Deflection graph for the GCF20G80 beam column joint under Cyclic Load-
ing conditions.



Sustainability 2023, 15, 2327

9of 15

Figure 7 shows the load versus deflection of the GCF100G0 beam column joint under
cyclic loading conditions. Initially, the load was applied in a forward direction, from 0 to
9 KN then, the displacement measurements were noted. The load was then applied in
the reverse direction, from 0 to 9 KN. The displacement measurements in the first cycle
were low (i.e., 0,1.33,1.11,0.77, —0.52, —2.9, —2.31, and —1.43 mm). The second cycle load
varied from 0 to 18 KN in both the forward and reverse loading directions; the displacement
measurements in this cycle were —0.52, 0.67, 2.07, 4.03, 3.77, 3.15, 2.47, 1.67, 0.22, —1.29,
—2.23,-3.52, =3.16, —2.85, —2.38, and —1.7 mm, respectively. In the third cycle, the load
varied from 0 to 27 KN in both the forward and reverse loading directions; the displacement
measurements in this cycle were -0.4, 0.8, 2.1, 3.7, 5.25, 6.66, 6.13, 5.13, 4.08, 3.22, 2.67, 1.97,
—0.66, —2.39, —4.62, —7.43, and —10.51 mm. Here, the ultimate load carrying capacity of
27 KN in the forward loading direction, and —22.5 KN in the reverse loading direction,
resulted in a specimen failure measurement of 10.51 mm.

Figure 8 shows the load versus deflection of the GCF20G80 beam column joint under
cyclic loading conditions. Initially, the load was applied in the forward loading direction,
from 0 to 9 KN; then, the displacement measurements were noted. The load was then
applied in the reverse direction, from 0 to 9 KN. The displacement measurements in the first
cycle were low (i.e., 0,0.38, 1.78,1.54, 0.8, 0.13, —0.99, —0.69, and —0.05 mm). The second
cycle load varied from 0 to 18 KN in both the forward and reverse loading directions; the
displacement measurements in this cycle were 0.53, 1.22, 2.88, 4.82, 4.52, 4.02, 3.13, 2.24,
0.52, —1.62, —3.68, —5.58, —5, —3.93, —2.83, and —1.81 mm, respectively. In the third cycle,
the load varied from 0 to 27 KN in both the forward and reverse loading directions; the
displacement measurements in this cycle were —0.16, 0.64, 2.08, 4.35,7.11, 9.24, 8.69, 7.44,
6.89,591,4.91,4.17,2.27, —2.58, —7.31, and —14.54 mm. Here, the ultimate load carrying
capacity of 27 KN in the forward loading direction, and —18 KN in the reverse loading
direction, resulted in a specimen failure measurement of 14.54 mm. A similar cyclical
loading pattern was observed in Deepa Raj et al., wherein the geopolymer beam column
had cross sections of 150 mm x 200 mm and 200 mm x 200 mm, for the beam and column,
respectively [28].

The maximum load deflections of the GCF100G0 and GCF20G80 beam column joints,
under forward and reverse cyclic loading conditions, are compared in Figure 9. With
regard to the GCF100GO0 specimen, it underwent three loading cycles to ensure that it could
withstand the ultimate loading capacity of 27 KN. Furthermore, regarding the GCF20G80
specimen, the same process occurred to ensure that it could withstand the ultimate loading
capacity of 27 KN in the third cycle. Comparing both specimens, the geopolymer concrete
obtained slightly higher displacement measurements than the GCF100GO0 specimen that
underwent the same load pattern; however, it was also found to have a higher load
carrying capacity after consecutive loading applications. The overall specimen failure
measurements were found in the reverse loading direction in both cases. Similar load
deflection characteristics were observed in the work of Saranya et al. [26], wherein the
beam column joint had dimensions of 150 mm x 200 mm for the beam and column, and
the height of the column was 1000 mm.
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Figure 9. Comparison of Load versus Deflection graph and the GPC beam column joint.

4.4. Ductility

The ability of a structure to withstand further inelastic deformations, while preserving
load resistance, is known as ductility. A quantitative measure of ductility must be based
on a nearly horizontal load deformation response. The ratio of ultimate deformation to
deformation at the start of the horizontal route (of first yield) may therefore be used to
calculate ductility. This is illustrated in the load versus deflection diagram, shown in
Figures 7 and 8. The ductility factor values for the various load cycles of the GCF100G0
and GCF20G80 beam column joints were calculated and are presented in Table 3. The table
shows that the inclusion of 20% fly ash and 80% GGBS enhanced the ductility factor. As
per the table, GCF20G80 had 22% higher ductility compared with GCF100G0. The results
are similar to the findings of Saranya et al., which demonstrated that energy absorption
increased by 18% for the beam column joint that included a geopolymer comprising 70%
GGBS and 30% dolomite. The various cumulative ductility factors for all the cycles are
shown in Figure 10.

Table 3. Test results of the beam column joints.

Mix First Crack Ultimate Load Deflection at Ultimate Load Ductilit
Designation Load (kN) Forward Reverse Forward Reverse y
Cycle (kN) Cycle (kN) Cycle (kN) Cycle (kN)
GCF100G0 13.5 27 22.5 6.66 10.51 3.22
GCF20G80 13.5 27 18 9.24 14.54 4.49
12
10

—o— GCF100G0

o GCF20G80

Cumulative Ductility factor
an

Load Cycle

Figure 10. Cumulative ductility factor.
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4.5. Energy Absorption Capacity

When the beam column junction is exposed to reverse cyclic loading (for instance,
during a strong wind or an earthquake), some energy is absorbed in each load cycle. This
energy absorption has the ability to strain or deform the structure to its limit of deflection.
The total of the areas beneath the hysteric loops, from the load versus deflection diagram,
was used to calculate the relative energy absorption capacities during various load cycles.
Regarding GCF100G0, the cumulative energy absorbed during the first cycle of loading was
calculated as 22 kNmm, and during the 3rd cycle of loading, it was calculated as 89 kNmm.
Similarly, for GCF20G80, the energy absorption capacity was observed as being 25 kNmm
and 107 kNmm for the first cycle and third cycle, respectively. The variations in the relative
energy absorption capacity curve for all the cycles are shown in Figure 11.

-
N
o

2

80

—e— GCF100G0
40 o GCF20G80

Cumulative Energy absorption(kNmm)

o

0 1 2 3 4
Load Cycle

Figure 11. Cumulative energy absorption.

4.6. Mode of Failure

Forward and reverse cyclic loading tests were conducted on GCF100G0 and GCF20G80
using film wrap-up curing; then, the load deflection results were noted.

Figure 12 shows the initial cracks in the beam column joint. Initially, in the early stages
of loading, no cracks were found until the second cycle, with regard to both the forward
and reverse cycles. The first crack was found during forward loading cycle 11, at 13.5 KN,
at the top of the beam in the column joint, 450mm from the free end of the beam. Then, the
cracks started to grow as the load increased, at the top and bottom of the beam’s free end.

Figure 12. Initial cracks in the beam column joint.
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The most common failures of the GCF100G0 and GCF20G80 beam column connectors
can be seen in Figure 13. Regardless of the fly ash and GGBS concentration, both specimens
created an initial fracture at the point where the beam and column met. When the load
increased, the microcracks spread, and new cracks formed on the beam. The beam segment
at the joint was riddled with fissures, and it collapsed as the fissures continued to grow.
When compared with other GCF20F80 beam column junctions, the cracks in the GCF100G0
specimen were found to be more severe. No fractures were formed on the columns
throughout the test, and no joint failure was observed in the tested specimens. This might
be related to the fact that both the fly ash and GGBS may be responsible for fracture control.
The energy absorption of a beam column junction can be enhanced by employing fly ash
and GGBS [35]. Beam flexural failure occurred in the exterior beam column joint specimens,
and the concrete was crushed at the beam plastic hinge zone. Similar observations may
be found in Mao et al., wherein the beam column joint that included the geopolymer
comprising 30% fly ash and 70% slag was used [26]. After comparing the load deflection
envelope plot with the point where the curve’s initial linearity diverged, the first fracture
load was estimated.

Figure 13. Failure mode of the beam column joint.

4.7. SEM and EDS of Geopolymer Concrete

SEM and EDS investigations were performed on specimens containing fly ash and
GGBS, as well as specimens which contained a combination of Sodium Silicate and Sodium
Hydroxide, the latter of which acted as an alkaline activator. These investigations were
conducted in order to detect the reactants of fly ash and GGBS, and to validate the interior
microstructure. Figure 14 depicts SEM pictures of the microstructure of GCF20G80 after
28 days of flexure testing. Figure 14a demonstrates that geopolymerization occurred in
the majority of the fly ash particles, thus suggesting the presence of C-5-H gels. The 20%
fly ash and 80% GGBS mixture had a denser structure, comprising a thoroughly reacted
matrix with few non-reacted fly ash particles. Non-reacted particles, it has been observed,
do not function as “fillers” in the mixture, but rather, they add to the strength of the mixture
as it ages [9]. Figure 14b shows an enlarged image of the reactant on the fly ash surface.
Reactants in the form of large prismatic cubes may be observed on the surface, as can the
formation of countless little granule-shaped reactants.
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Figure 14. SEM images of fly ash and GGBS-based Geopolymer concrete; (a) CSH gel formation; and
(b) reacted fly ash.

Figure 15 depicts the EDS analysis in relation to the SEM findings. It shows that the

chosen positions include considerable amounts of ‘S5i,” “Al,” “Na,” and ‘Ca.” The presence of
Na can be explained by the creation of reactants during the geopolymerization condensation
process. These reactants subsequently interact with the Na ions that have dissociated from
the external NaOH, thus enabling the reactant products to agglomerate; this allowed the
strength of the concrete to be built with fly ash particle combinations [15]. The EDS results
demonstrate that the addition of fly ash to GGBS enhanced the flexural characteristics of
Geopolymer Concrete.
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Figure 15. EDS images of fly ash and GGBS based Geopolymer concrete.

5. Conclusions

This experimental investigation has led to the following conclusions:

The maximum compressive strength and split tensile strength were obtained for
GCF20G80; they were 54% and 60% higher than GCF100GO0, respectively.

The addition of fly ash and GGBS increased the ultimate strength, ductility, and energy
dissipation capability. This demonstrates that binary blend geopolymer concrete may
be utilized efficiently in beam column joints.

The ductility factor for the beam column joint, with 20% fly ash and 80% GGBS
(GCF20G80), had 22% higher ductility compared with the beam column joint compris-
ing 100% fly ash.

The cumulative energy dissipation of the GCF20G80 was improved by a maximum of
16.8% compared with the cumulative energy dissipation of the GCF100G0 specimen.
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5. Numerous cracks were identified in the GCF20G80 specimens, and the width of cracks
was observed to be higher in the GCF100GO0 specimens than the GCF20G80 specimens.

6. It was found that by adding 80% GGBS to fly ash-based Geopolymer concrete, the
mechanical characteristics of the concrete improved, and the production of the C-5-H
gel increased, thus resulting in denser microstructures.

7. SEM and EDS pictures demonstrate that the Geopolymer is tightly packed, and it
has fewer pores; the pictures show that a partial replacement of fly ash with GGBS
enhanced the mechanical characteristics of the GC. This was primarily caused by the
production of additional geopolymeric gels.

8.  The microstructural study revealed that there were other crystalline state develop-
ments arising from different components, including Si, Ca, Al, and Na.

9. A binary mixture of geopolymer concrete can be used as a superior alternative to
traditional cement concrete for constructions that must withstand unforeseen events,
such as earthquakes and wind stresses.

10. By focusing on critical role areas, this report illuminated a path ahead for further
research and the development of GC in the construction field. The use of GC will
result in the sustainable utilization of industrial byproducts, and it can be employed
as a novel cementitious material that produces lower CO, emissions than standard
concrete. More research on commercially accessible activator solutions is required
to manufacture large quantities of GC and apply it to all ‘ready-mix” concrete plants.
The studies recommend using less than 20% fly ash for fly ash-GGBS-based GC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/5u15032327/s1. Annexure I. Mix Design for M30 Grade of Geopolymer Concrete.
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