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Abstract: Geopolymer concrete is preferred over OPC due to its use of energy waste such as fly ash,
making it more sustainable and energy-efficient. However, limited research has been done on its
seismic characterization in confined masonry, highlighting a gap in sustainable earthquake-resistant
structures. Our study compares the performance of alkali-activated fly-ash-based geopolymer
concrete bare frame and confined masonry wall panels with conventional concrete. Experimental
results showed that geopolymer concrete bare frame has 3.5% higher initial stiffness and 1.0% higher
lateral load-bearing capacity compared to conventional concrete. Geopolymer concrete confined
masonry exhibited 45.2% higher initial stiffness and 4.1% higher ultimate seismic capacity than
traditional concrete. The experimental results were verified using a numerical simulation technique
with ANSYS-APDL, showing good correlation. Comparison with previously tested masonry walls
revealed that GPC confined masonry has similar structural behavior to cement concrete masonry.
This study demonstrates that geopolymer concrete made from waste energy such as fly ash is a
sustainable and low-energy substitute for OPC concrete, particularly in highly seismic-prone areas,
for a cleaner environment.

Keywords: GPC confined masonry; GPC bare frame; reverse cyclic loading; ANSYS; numerical simulation

1. Introduction

Load-bearing masonry has been the most widely used construction technology world-
wide since the beginning of building construction because of its affordability, ease of
implementation, and eco-friendly features [1]. However, these, non-engineered construc-
tion practices have led to a significant increase in the seismic hazard posed by masonry
caused by inherent deficiencies such as low tensile strength of masonry and weak connec-
tions between elements. Therefore, poor design and detailing can result in buildings that
are susceptible to earthquake damage [2,3]. Unreinforced masonry structures perform well
when subjected to gravity load, due to the reasonable compressive strength of masonry
units, but on the other hand, it becomes a challenge for the engineers to enhance the tension
and shear capacity of masonry structures to achieve improved sustainability during seismic
excitations [4,5]. Unreinforced masonry still finds broad use in existing structures across
most seismic regions. The assessment of the seismic vulnerability of such buildings is
of critical significance. Indeed, said buildings have exhibited poor behavior under past
earthquakes resulting in massive damage, structural failure, and casualties [6]. Japan,
China, Indonesia, Italy, Iran, India, and Pakistan are a few of the earthquake-prone regions,
which have suffered huge losses in past ground shakes [7].

A recent earthquake (October 2005 AJK) has highlighted the vulnerability of masonry
structures and resulted in substantial devastation and thousands of people losing their
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lives. The same earthquake left extensive destruction, snatching the lives of more than
73,000 people, ruthlessly injuring another 70,000, and making 2.8 million people shelter-less
with over 450,000 buildings fully or partially damaged [8]. The major causes of destruction
encompassed the fragile interlocking bond between out-of-plane and in-plane walls, low
quality of building material, and non-engineered construction practices [9].

To address these challenges, the implementation of modern seismic design codes can
help assess the mechanical response of both new and existing structures, thus improving
their resilience to seismic activity. Confined masonry (CM) is one of the best reinforcing
masonry wall systems. It was introduced in Italy and Chile in the wake of disastrous
earthquakes, namely the 1908 Messina and 1929 Talca quakes, respectively [10]. Confined
masonry, which is widely used for housing in Mexico [11] and most Latin-American coun-
tries [12–15], is also a common construction technique in several European countries such
as Italy, Portugal, and Slovenia [16–18], as well as Asian countries including Iran [19,20],
Indonesia [21], Pakistan [22], and China [16,23]. In areas with moderate to high seismic
activity, confined masonry has been used as a common building technique for low- to
mid-rise structures [24,25]. Confined masonry is a structural technique that improves the
load-bearing capacity of masonry walls against both vertical and lateral loads by using
tie-beams and tie-columns [26,27].

Seismic performance of confined masonry has been, undoubtedly, proved to be far
better than non-engineered conventional masonry structures [28–33]. At the same time,
the confined masonry does consist for the most part of cement-based materials, i.e., con-
crete, and mortar, representing a vital ingredient in the construction industry [34,35]. The
manufacturing of OPC results in significant emissions of anthropogenic carbon dioxide
that contribute towards global warming [36–41]. The International Energy Agency reports
that the manufacturing of OPC accounts for approximately 5–7% of global greenhouse gas
emissions and lays the foundation for the onset of global warming [42–46]. The Geological
Survey (2012) estimated that global OPC production is currently around 3.6 billion metric
tons, and projections suggest that it will exceed 5 billion metric tons in the near future [47].
Typically, manufacturing one ton of Portland cement (PC) needs approximately 1.5 tons of
raw materials, which results in the emission of approximately 0.9 tons of CO2 [48–51].

Over the last twenty years, considerable research efforts have been focused on finding
substitutes for OPC concrete. Geopolymer concrete (GPC) is one such alternative that
can be made using industrial waste materials such as fly ash and slags [52–54]. Recently,
geopolymer concrete has gained significant attention due to its potential to serve as a
replacement for ordinary Portland cement, leading to a substantial reduction in carbon
dioxide emissions [55]. GPC achieves strength through the polymerization process [56].
The reaction of aluminosilicate materials with a highly alkaline solution results in the
development of geopolymeric gel [57]. Past studies show that GPC can be produced using
fly ash [58], metakaolin [59], silica fume [60], ground granulated blast furnace slag [61],
and rice husk ash [62], among which fly ash is the most used waste material to produce
GPC due to its superior engineering and durability properties [63]. Furthermore, it is
pertinent to mention that both types of concrete are heterogeneous and their physical
properties at meso-scale may also impact the behavior that can be studied utilizing micro
X-ray computed tomography images [64].

Geopolymer concrete has been proven to be appropriate for use in Civil engineering
projects such as constructing roads, footpaths, and pipes. However, before it can be widely
used in structural applications and the establishment of national codes of practice, further
testing is necessary to assess its overall structural performance. Currently, most of the
research on geopolymer concrete has focused on material development and mechanical
behavior measurement [65–71], with relatively few studies examining the behavior of
geopolymer concrete in structural elements [72–75].

Geopolymer concrete offers several environmental, structural, and economic advan-
tages over traditional concrete, but the available literature is mostly limited to geopolymer
concrete elements and very little research has been extended to reinforced geopolymer con-
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crete members (beam/column/slab). However, no studies are yet reported on the seismic
characterization of geopolymer concrete confined masonry using fly ash as a precursor,
which highlights a huge gap in the research needed to produce a clean green environment in
highly seismic-prone regions. Therefore, it is a pressing need to study the seismic resilience
of geopolymer concrete at the structure level in the form of confined masonry.

This paper provides a comprehensive study on the alkali-activated fly-ash-based
geopolymer concrete bare frame under reverse cyclic load and its comparison with con-
ventional concrete. Upon successful concordance, the research has been extended to the
comparison of the structural performance of GPC confined masonry with that of cement
concrete. Benchmark walls tested under lateral in-plane loading are used to calibrate a
finite element modeling approach for reverse cyclic analysis. For this purpose, a numerical
solution based on the finite element method has been carried out to model the test results.
A comparison has also been drawn among the test specimens in this study and previously
tested confined and unreinforced masonry walls to estimate the difference of important
seismic parameters of GPC confined masonry compared with that of cement concrete
masonry. The present experimental and numerical observations and results make the basis
for further testing on fly-ash-based geopolymer concrete confined masonry rooms to study
different lateral and torsional behaviors to produce a green environment, especially in
seismic-prone areas.

2. Methodology
2.1. Experimental Setup
2.1.1. Test Specimens and Geometric Properties

The test specimens presented in this study are bare frame and confined masonry made
with alkali-activated fly-ash-based geopolymer concrete and their comparison with the con-
ventional concrete. All the test specimens were subjected to the quasi-static reverse cyclic
load. The nominal dimension of the bare frames and single wythe confined masonry walls
are 1870 mm × 1850 mm × 113 mm (length × height × width). In order to prioritize shear
failure over flexural failure, the aspect ratio of both bare frames and walls was kept approx-
imately equal to 1.0. A reinforced concrete pad measuring 2470 mm × 300 mm × 300 mm
(length × width × depth) was used to construct the specimen, simulating a sturdy founda-
tion for the sample. The footing beam extended 300 mm on each side of the main structure
to anchor the specimen with the testing floor, preventing any sliding or uplift at the base.
Instrumentation was set up to monitor the base for sliding.

In the case of bare frames, the steel reinforcement for the columns was developed by
embedding the steel cage into the footing beam before its casting. After the footing pad,
columns were cast followed by the beam. The bare frame was constructed with the same
dimensions of columns and beams as confining elements in the case of confined masonry
to produce similarity in geometry for the purpose of comparison of both structures.

The construction of confined masonry walls was similar to the bare frames except for
dowels of tie-columns embedded into the footing beam. The masonry was then assembled
using common clay bricks measuring 225 mm × 113 mm × 75 mm (length × width × height)
with 10 mm thick bed and head mortar joints. To improve the bond efficiency at the brick-
mortar interface, all bricks were soaked as dry bricks have high water absorption. Half brick
toothing was used on alternate brick courses during brickwork to ensure the masonry units
were tightly packed with confining elements. The walls were built up to their full height in
three stages with an English running bond, keeping the frog of bricks facing upwards to
establish a strong interface. All bed and head joints between bricks were properly filled
with mortar. After the masonry was constructed, tie-columns and a tie-beam measuring
225 mm × 113 mm and 113 mm × 225 mm (width × depth), respectively, were cast to fully
confine the wall. All confining elements had four No. 3 deformed longitudinal steel bars
and No. 2 transverse reinforcement. The thickness of the confining elements matched that
of the masonry wall, which was 113 mm.
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To measure the strain of longitudinal and transversal steel bars at critical sections of
the columns, strain gauges were glued with cyanoacrylate adhesive. Steel strain gauges
were also installed at critical sections of the beams to examine the strain of steel bars
during loading before casting. The slump for the tie-columns was kept a little bit high at
approximately 110 mm to allow easy flow of concrete into tooth gaps.

The OPC test specimens were water-cured for 28 days to ensure maximum shear
strength, whereas GPC test specimens were subjected to ambient curing. The prototype
test specimens’ reinforcement details and geometric properties are shown in Figure 1.

Figure 1. Schematics and reinforcement detailing of bare frame and confined masonry wall.

2.1.2. Materials and Properties

The material behavior of both types of concrete and mortar used in the construction of
bare frames and confined masonry panels were determined through experimental testing
according to the standards, given in Table 1. Margalla crush was used as coarse aggregate
having a particle size ranging from 10 mm to 20 mm with an average size of 12.5 mm.
The apparent specific gravity of coarse aggregates was determined as 2.66 g/cm3 and
the water absorption was 1.34% obtained by ASTM C127 [76]. The chemical composition
of fly ash is listed in Table 2. The mix proportions used forconventional concrete and
cement mortar were 1:2:4 with w/c 0.45 and 1:3 (cement: sand) with w/c 0.6, respectively,
whereas the mix design of fly-ash-based geopolymer concrete was taken from past studies
based on the optimal mechanical performance [77] and is given in Table 3. The same mix
proportion of geopolymer mortar was adopted as in the case of cement mortar, with cement
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replaced by fly ash along with alkaline activator solution provided in Table 3. The chemical
solution used as a composite activator consisted of liquid sodium silicate (Na2SiO3), and a
14-molarity solution of NaOH flakes. In both types of concrete and mortar, Lawrencepur
sand was used, with a fineness modulus of 2.6, determined experimentally conforming
to ASTM C136 [78]. Mortar cubes of 50 mm size were tested to obtain the compressive
strength of the mortar. For the purpose of concrete, Sargodha crush was used with a particle
size of 5–20 mm. The compressive strength of the masonry was determined by testing a
four-brick stacked prism, whereas its modulus of elasticity was estimated by the gradient
of the secant joining 5% to 33% on the compressive strength graph.

Table 1. Experimental material characteristics.

Properties Material Average Value (MPa) Reference Standards

Compressive
Strength,

Elastic Modulus

Brick fb = 19.74 [COV 7.4%] [79]

Cement Mortar fjc = 21.97 [COV 6.5%]
[80]Geopolymer Mortar fjg = 22.09 [COV 7.1%]

Masonry (with
cement mortar)

fm = 9.81 [COV 8.5%]

[81]
Em = 4700

Masonry (with
geopolymer mortar)

fmg = 9.78 [COV 4.9%]
Emg = 4691

OPC Concrete
fc’ = 31.37 [COV 4.4%]

[82,83]
Ec = 24794

GPC Concrete
fcg’ = 32.96 [COV 7.2%]

Ecg = 25102

Yield Strength

Steel Rebar fy = 483 [COV 2.1%]

[84]
(6φ) E = 188671

Steel Rebar fy = 537 [COV 1.3%]
(10φ) E = 191103

Table 2. Chemical composition of fly ash.

Category CaO
%

MgO
%

SiO2
%

SO3
%

Al2O3
%

Fe2O3
% L.O.I *

FA 7.6 2.1 79.92 0.35 3.22 2.31 3.1
* Loss of ignition.

Table 3. Mix proportions of geopolymer concrete and mortar.

Material FA
(kg/m3)

Coarse Agg.
(kg/m3)

Fine Agg.
(kg/m3)

NaOH
Solution
(kg/m3)

NaOH
(M)

Na2SiO3
Solution
(kg/m3)

Na2SiO3/
NaOH AA/FA Water

(kg/m3)

Concrete 368 1294 554 73.6 14 110.4 1.5 0.5 36.8
Mortar 368 - 1104 73.6 14 110.4 1.5 0.5 36.8

2.1.3. Instrumentation and Test Procedure

The experimental study was conducted in the Test Floor Laboratory of the UET Lahore.
A total of two bare frames and two confined masonry walls were tested using the test set-up
shown in Figure 2. Each of the bare frame and confined masonry walls was constructed
with conventional concrete and geopolymer concrete on a robust RC footing beam with a
cross-section of 300 mm × 300 mm, featuring an extended length of 300 mm on each side
of the specimen to securely anchor it to the test floor. During the test, five LVDTs were used
to record lateral, diagonal, and out-of-plane displacement as shown in Figure 2.
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Figure 2. Experimental test setup (a) Actual, (b) Schematic.

A uniformly distributed gravity load was applied to the wall through a steel girder
to simulate service roof load and was kept constant throughout the test. To allow for free
lateral displacement during loading, four 50 mm diameter rollers were placed above the
steel girder. Quasi-static in-plane reverse cyclic loading was then applied at the top of the
beam-column joint with a low frequency of approximately 0.02 Hz, using hydraulic jacks
on each side of the wall. Load cells were used to record lateral loads, and the lateral loading
was increased incrementally by 5 mm after each cycle until failure, as per ACI 374.1-05
(ACI 374.1-05, 2014), as shown in Figure 3. The test was terminated when the specimens
stopped taking further load and the strength degradation began together with considerable
widening of bed joint cracks.

Figure 3. Quasi-static cyclic displacement time history.
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2.2. Numerical Simulation

A numerical analysis was conducted to develop a three-dimensional finite element
model of the confined masonry walls tested experimentally in the present study. The
analysis utilized commercially available finite element software, ANSYS, which had been
employed in earlier studies on masonry walls [85–89].

Based on past studies, there are various techniques utilized to analyze the structural
response of masonry walls numerically. These techniques depend upon how accurately the
model is capable of predicting the failure mechanisms. These techniques are categorized as
detailed micro modeling, macro modeling, and simplified micro modeling.

The detailed micro modeling technique is very useful when most failure mechanisms
are required to be analyzed. In this method, the mortar and bricks are considered continuum
elements with defined failure criteria. The bricks and mortar interface are modeled with
distinct elements representing discontinuities. Since, each part of the masonry, i.e., brick,
mortar, and their interface, are modeled separately with their individual characteristics,
therefore, this numerical approach takes more time to process the data. In contrast to the
micro modeling technique, in the macro modeling approach the whole masonry panel is
considered as a homogeneous element, where mesh size is the same as that of brick and the
characteristics are assigned to a wall panel in place of mortar and brick separately. This
modeling method is used due to the requirement for shorter data-processing time, but
simultaneously, it is comparatively less accurate. Therefore, where more accuracy is not
a big concern, this technique can be utilized, for example, for larger structures. However,
in the simplified micro modeling, the general geometry of the wall including bricks is
maintained, as in the detailed micro modeling, but the mortar joints and interface elements
are modeled as discrete elements to represent a contact area. The compressive and shear
stress properties are assigned to the mortar with the help of spring elements, and for the
brick-mortar bond contact elements are used. This modeling technique requires less time
for data processing as compared to the detailed micro-modeling approach. Based on the
recommendations of previous research, a simplified micro-modeling technique was used
in this study [90–95].

Reinforced concrete and brick units were modeled using three-dimensional hexahe-
dron elements with eight nodes and three degrees of freedom at each node, with trans-
lational displacement along nodal x, y, and z dimensions, in ANSYS [95]. The SOLID65
element is capable of crushing in compression and cracking in tension and can incorporate
reinforcement rebar that is smeared throughout the reinforced concrete element. To model
the steel rebar, the LINK180 element, which is a uniaxial tension-compression element with
three degrees of freedom at each node, was used. The mortar joint was modeled using two
nonlinear spring elements (COMBIN39) in parallel and one contact element (CONTA178)
in series with the spring elements (Figure 4).

Figure 4. Brick-mortar joint detail.

The nonlinear springs represent the shear and axial response of the mortar, while the
contact element represents the bond between the mortar and brick and considers friction as
well. The properties of the spring and contact elements were determined directly from the
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materials, with the force-deflection curve defined from the stress-strain curve. The force
was defined by multiplying the stress by the tributary area over the node (Figure 5), and
the deflection was expressed as the strain multiplied by the length of the spring, which was
set to be 9/10 of the joint thickness, while the length of the contact element was 1/10 of the
joint thickness.

Figure 5. Tributary area on nodes for nonlinear springs.

The brick elements were meshed by dividing them vertically into two equal parts
to connect them with adjacent upper and lower courses (Figure 5). The nodes of two
bricks were connected with two spring elements in parallel and one contact element in
series to model the mortar joint and the bond between brick and mortar, respectively. The
two spring elements were assigned properties to express the longitudinal and transversal
response of the mortar, while contact elements were assigned properties associated with the
mortar and also friction to represent the bond between the brick and mortar. The confining
elements of the wall were also modeled using SOLID65, and the steel rebar was embedded
into the concrete using the LINK180 element. Before solving the analysis, all nodes of the
wall were restrained along the z-direction to prevent out-of-plane movement of the panel.
The lower nodes of the bottom course were restrained along all dimensions to provide
fixed support at the bottom.

3. Results and Discussions
3.1. Experimental Program
3.1.1. Material Behavior

The material behavior of both types of concrete, mortar, and masonry wallets is il-
lustrated in Table 1. Compressive strength is an important parameter to evaluate the
structural performance of concrete. GPC typically has higher compressive strength com-
pared to conventional concrete due to the strong chemical bonding between the binder
and the aggregate. Additionally, geopolymer concrete often contains a higher proportion
of fine aggregates, which contributes to the development of a dense and homogeneous
microstructure. However, it is worth noting that the compressive strength of both kinds
of concrete can be influenced by various factors such as mix design, curing conditions,
water-to-binder ratio, and the size and type of aggregate. Therefore, a direct comparison of
compressive strengths of two types of concrete in this study shows 4.94% more strength
for geopolymer concrete. Past studies also endorse the higher compressive strength of
geopolymer concrete compared to traditional concrete. For example, Neupane et al. [96]
carried out a detailed study on the compressive strength of geopolymer and traditional
concrete having different grades (40, 50, 65, and 80 MPa). With standard room-temperature
curing of all specimens, it was observed that the compressive strength gain of geopolymer
concrete was comparatively lower than conventional concrete at an early age; however, it
was significantly higher at a later age. Reddy et al. conducted an experimental comparison
of the compressive strengths of a novel steel-fiber-reinforced geopolymer concrete with
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conventional concrete. The study found that the steel-fiber-reinforced geopolymer concrete
had 13.4% higher compressive strength compared to the OPC concrete [97]. Moreover, the
geopolymer mortar carries more compressive strength than OPC paste, as experimentally
studied by Razak et al. [98]. It was concluded that the fly-ash-based geopolymer paste
possesses more resistance to aggressive environments and compressive strength than OPC.

The second most important characteristic of a material contributing towards resis-
tance to the applied load, Young’s modulus of elasticity, also known as elastic modulus,
is a measure of a material’s stiffness and its resistance to deformation under load. In
general, fly-ash-based geopolymer concrete has a higher Young’s modulus of elasticity
compared to conventional concrete. This indicates that fly-ash-based geopolymer concrete
is stiffer and stronger than conventional concrete. However, the exact value of Young’s
modulus of elasticity of these materials can vary based on the specific mixture propor-
tions and curing conditions used. The present study illustrates a 1.23% greater modulus
of elasticity of geopolymer concrete compared to that of conventional concrete. In the
literature, a large variety of experimentally-determined values of modulus of elasticity
has been found for geopolymer concrete ranging from 30% lower to 20% higher than that
of OPC. Bondar et al. [99] investigated the engineering properties of concrete made with
alkali-activated natural pozzolan. The comparison of geopolymer concrete with traditional
Portland cement concrete resulted in alkali-activated GPC possessing 5% to 20% higher
modulus of elasticity after 14 days of ambient curing, making it a promising alternative
to traditional concrete. However, Olivia et al. [100] experimentally evaluated a total of
nine mixture variations by considering the impact of the ratio of sodium silicate to sodium
hydroxide, the ratio of alkaline solution to fly ash, aggregate content, and curing method.
The findings reveal that the modulus of elasticity of geopolymer concrete was 14.9–28.8%
lower compared to ordinary Portland cement concrete. This suggests that a high content of
silicate might enhance the elasticity of geopolymer concrete. Nath et al. [101] investigated
eleven geopolymer specimens of different mix designs and two OPC cylinders to evaluate
the modulus of elasticity at 28 and 90 days of ambient curing. The geopolymer concrete of
similar grade to the OPC concrete achieved about 25–30% less modulus of elasticity than
that of OPC at the age of 28 days, whereas at the age of 90 days’ ambient curing, GPC
could achieve modulus of elasticity in the range of 21.6% to 31.1% less than the value of
conventional concrete. In view of the material behavior examined in the present research
and previous studies, most of the findings endorse the superiority of alkali-activated fly-
ash-based geopolymer concrete to ordinary concrete, which demonstrates the potential for
developing and utilizing this alternative to traditional Portland cement concrete.

3.1.2. Hysteretic Response

The load-deflection hysteretic behavior of OPC-BF is given in Figure 6. During the
early stages of loading and unloading, the hysteresis curves were nearly linear. As the
lateral loading displacement increased, the specimen gradually entered an elastoplastic
state, and its stiffness steadily declined due to the concentration of cracks at the columns
and the beam-column joint. The flexural cracks initiated at the beam-column joint, at which,
severe distress was noticed at increased load. In the later stages, more flexural cracks were
produced at the column cross-section. The frame responded with almost symmetrical
hysteresis loops by a difference of 7.8% between the peak positive and negative loads in
the last cycle. The seismic resistance of the frame was discovered to escalate with each
hysteresis, reaching a high of 25.39 kN and then declining to 22.81 kN during the final
pushover, which corresponded to drifts of 2.30% and 3.16%, respectively. In the last cycles
of load, the cracks started widening at the beam-column joint. It is important to note that
the strength degradation of the bare frame was caused by plastic damage in the beam-
column joints and column cross-section. A sudden decrease in seismic strength was noticed
in the frame after reaching the maximum drift value, leading to the termination of the
test. On the whole, the hysteretic curve of the specimen was pinched at higher drift levels.
Additionally, the drift level at the peak load (δm) of the conventional concrete bare frame
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was calculated to be 3.16% during push and 0.93% during pull cycles. The initial stiffness
(Kc0) was recorded as 8.47 kN/mm.

Figure 6. Experimental results of OPC-BF (a) Hysteretic response (b) Envelope curve.

The lateral load-displacement curve of GPC-BF is displayed in Figure 7. Initially,
the specimen was in the elastic phase, with the load-deflection curve exhibiting a linear
relationship. As lateral drift increased, cracks appeared near the beam joint, causing the
hysteresis curve to slightly bend and display nonlinear behavior. This indicated that the
specimen had entered the elastoplastic phase, with the enveloping area of the hysteresis
loop increasing. The last push and pull load exhibiting peak positive and negative values of
lateral load carrying capacity of the frame showed almost no difference. During the inelastic
phase, the lateral load of the specimen gradually increased in each cyclic load, reaching
a maximum value of 25.51 kN in the last pushover and gradually decreasing to 24.90 kN
corresponding to 3.13% and 3.19%, respectively. Up to 58.9 mm lateral displacement, the
geopolymer concrete frame resisted maximum loads. By further escalating the lateral
displacements, large cracks were developed in the beam-column joint, due to which lateral
load-carrying capacity decreased suddenly signaling the termination of the test. From the
figure, it can be seen that the hysteresis loops are narrow at the beginning and wider at the
end of the displacement cycles. This indicates that, at lower lateral displacements, crack
widths were smaller, and less energy was dissipated. However, as lateral displacement
increased, crack widths also increased, leading to greater energy dissipation. GPC-BF
illustrated a good and stable hysteresis behavior with a slight pinching effect. The drift
level at the peak load (δm) of the geopolymer concrete bare frame was estimated to be
3.19% during push and 1.34% during pull cycles. The initial stiffness (Kc0) was recorded as
8.77 kN/mm.

Approximately, all the seismic characteristics of the conventional concrete bare frame
and alkali-activated fly-ash-based geopolymer concrete have shown good concordance
with each other. The GPC frame has exhibited better lateral properties than the traditional
concrete frame. The initial stiffness of the GPC frame has been observed 3.5% more than
that of the OPC frame. However, the initial stiffness of the two frames has been found very
close to the past studies [102–104]. Similarly, the ultimate positive and negative load of
the GPC frame has been estimated 0.47% and 4.4%, respectively, higher than that of the
cement concrete frame. The maximum lateral load strength of the OPC-BF and GPC-BF
were found to be 1.37 and 1.54 times the cracking load.
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Figure 7. Experimental results of GPC-BF (a) Hysteretic response (b) Envelope curve.

The results of OPC-BF and GPC-BF show good match with the past studies. The
study conducted by Sumajouw et al. [105] investigated the performance of slender columns
made of fly ash concrete (measuring 175 mm × 175 mm × 1500 mm) when subjected to
axial compression and uniaxial bending. The research focused on several key parameters,
including compressive strength (40 MPa and 60 MPa), longitudinal reinforcement ratio (1.47
and 2.95), and load eccentricity (15, 35, and 50 mm). The study revealed that columns made
of fly ash geopolymer concrete demonstrated behavior similar to that of ordinary Portland
cement (OPC) concrete. Consequently, the existing design provisions contained in current
standards and codes can be employed to design reinforced fly-ash-based geopolymer
concrete columns.

Similarly, Rahman et al. [106] conducted a study on twelve slender columns made of
fly ash concrete (measuring 175 mm × 175 mm × 1500 mm) that were subjected to axial
compression and different combinations of biaxial load eccentricities. The study focused on
several key parameters, including compressive strength (ranging from 37 MPa to 63 MPa),
longitudinal reinforcement ratio (1.47 and 2.95), load eccentricity in the x direction (15, 30,
35, 50, and 70 mm), and load eccentricity in the y direction (15, 30, 35, 50, and 70 mm). The
results of their study demonstrated the potential for fly ash geopolymer concrete to be used
in structural applications instead of conventional concrete structures.

The in-plane load vs. deformation of the conventional concrete tested specimen is
shown in (Figure 8). The hysteretic response of the OPC-CM wall panel illustrated almost
proportional cycles in pushing and pulling directions. The seismic strength of the wall
specimen was found to increase in each hysteresis reaching a maximum value of 114.3 kN
and then decreasing to 109.1 kN in the last push load corresponding to 1.73% and 2.02%
drifts, respectively. After the peak drift value, a sudden drop in seismic strength was
observed in the wall panel, which was the main reason for the test termination. The
pinching behavior was witnessed during the seismic performance of the panel at a larger
drift level because of confinement. The distribution of the lateral load along the cross-
section of the masonry Aw caused the development of the shear stress in the masonry panel
(Vmax/Aw), i.e., 0.67 MPa. Further, the drift level at peak load (δm) of the confined masonry
wall was estimated as 1.73% at push and 1.35% during the pull cycles. The initial stiffness
(KC0) was observed as 35 kN/mm.
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Figure 8. Experimental results of OPC-CM (a) Hysteretic response (b) Envelope curve.

The hysteretic behavior of the GPC-CM test specimen exhibited slight irregular and
asymmetric loops in the push and pull cyclic loads as shown in (Figure 9). The wall speci-
men showed almost symmetric loops until the onset of bed joint cracks in the second loop
of lateral load, after which the structural behavior of the wall shifted to an elastoplastic state
and the wall stiffness steadily degenerated owing to the development and concentration of
more and more cracks in the masonry pier. As with the cement concrete wall, the GPC wall
also showed increasing seismic load capacity in each cycle reaching a maximum value of
119.10 kN at the drift of 2.32% in the last push load, after which the wall stopped taking
further load and the lateral load carrying capacity of GPC-CM started decreasing and a sud-
den drop in lateral strength was observed, at which point the test was terminated to avoid
any accident or damage to the equipment attached to the wall. The initial stiffness (KC0)
and the development of the shear stress in the masonry pier (Vmax/Aw) were estimated as
55.45 kN/mm and 0.66 MPa, respectively.

Figure 9. Experimental results of GPC-CM (a) Hysteretic response (b) Envelope curve.

As with bare frame structures, GPC confined masonry has also shown a good match of
seismic characteristics with the traditional concrete wall. The initial stiffness of the GPC wall
specimen was estimated 45.2% higher than that of OPC wall masonry, whereas wall shear
stress was calculated as 1.5% greater in OPC-CM. As far as peak lateral load is concerned,



Energies 2023, 16, 3579 13 of 27

GPC confined masonry has exhibited a 4.11% greater peak lateral load than the OPC wall.
The higher seismic capacity of alkali-activated fly-ash-based geopolymer concrete confined
masonry is certainly due to more compressive strength and Young’s modulus of elasticity
of geopolymer concrete as determined experimentally in the present study. Approximately
similar behavior is also evident from the previous research as discussed in the material
behavior section. The backbone curves of both walls were plotted by joining the peak
resistance of the adjacent displacement cycles (Figures 8 and 9). The maximum lateral
load-bearing capacity of the OPC-CM and GPC-CM were found to be 1.52 and 1.66 times
the cracking load, which are slightly more than the squat wall tested by Borah et al. [107].

The maximum seismic strength (Vmax) of all the specimens determined experimentally
and the corresponding drift (δm) are presented in Table 4. The cyclic stiffness (Kc) was cal-
culated for the first hysteresis loop at every drift level as the gradient of the line connecting
the maximum points of positive and negative curves. The stiffness degradation (Kc/Kc0)
at each drift level was drawn concerning the drift δ normalized with regard to the drift
level in the first loading cycle, δ0 (Figure 10a). The strength variation factor (Csv = V/Vmax)
obtained from the normalization of seismic loads determined against various drift points
with Vmax was plotted against δ/δm (Figure 10b). The plot shows that the increment in
strength was found in the specimen due to confining elements in the wall.

Table 4. Hysteretic response of test walls.

Specimen Vcr
(kN)

Vmax (kN) Vmax/Aw
(MPa)

δm (%)
µd

Push Pull Avg Push Pull Avg

OPC-BF 18.52 25.39 21.34 23.36 - 3.15 0.93 2.04 1.29
GPC-BF 16.56 25.51 22.30 23.90 - 3.19 1.34 2.26 1.02

OPC-CM 75.7 114.3 98.2 106.2 0.67 2.02 1.35 1.68 15.42
GPC-CM 51.14 85.10 58.25 71.67 0.44 2.32 1.08 1.70 3.27

Figure 10. (a) Stiffness degradation (b) Strength variation.

3.1.3. Strain in Longitudinal Reinforcement

The strain in longitudinal reinforcement was determined at the most critical sections of
the tie-columns, where plastic hinges were expected to develop, to evaluate the nonlinearity
of the structures, with the help of a data logger. The strain gauges installed at the bottom of
each tie-column recorded large strains related to the yielding of longitudinal reinforcement.
The lowest values of the lateral drift level with respect to the yielding of the reinforcement
rebars are shown in Figure 11. The drifts corresponding to the yielding of steel rebars in
all test specimens were observed to be approximately comparable to each other due to
the fact that the same steel was used in all specimens. It is pertinent to mention that the
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yielding phenomenon in steel rebars is the same regardless of the type of concrete used in a
structure, therefore the occurrence of close values of drift level related to the steel yielding
is certain.

Figure 11. Locations of reinforcement yielding and corresponding drift values (a) OPC-CM (b) GPC-CM.

3.1.4. Failure Mechanism

Figure 12 displays the cracking pattern of OPC-BF, denoting the ordinary Portland
cement bare frame. In the OPC-BF specimen, the initial crack appeared at the beam-
column joint at 18.52 kN push load corresponding to the drift level of 0.67%. On further
displacement in the pulling direction, the first flexural crack appeared at the column cross-
section near the bottom, against the lateral load 19.7 kN at 0.76% drift. Few flexural cracks
appeared to spread on both column cross sections at increased lateral load. At the end of
the last pushover, shear cracks at the beam-column joint and a flexural crack at the bottom
of the right column widened and propagated. The frame specimen achieved maximum
seismic strength as 25.39 kN and 21.34 kN in the push and pull cyclic loads against the drift
levels of 3.15% and 0.93% respectively. The maximum lateral displacement noted in the
test specimen was 58.4 mm in the last pushover. The beam-column joint shear crack width
was measured as 37 mm, whereas the maximum width of the flexural crack at the bottom
of the column was recorded as 11 mm.

Figure 12. Crack pattern of OPC-BF (a) failure pattern of actual sample, (b) crack pattern diagram.
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The fly-ash-based geopolymer concrete bare frame, denoted as GPC-BF, exhibited a
ductile behavior and plastic hinges were fully produced at the beam-column joints and
bottom of the columns as shown in Figure 13. The first crack appeared near the beam joint
at the lateral load of 16.56 kN at 0.72% drift. Further, an increase in load to 19.75 kN against
0.97% lateral drift caused the appearance of flexural cracks in the columns. These flexural
cracks were produced mostly near the bottom of columns. The most vulnerable places to
failure in a bare frame are usually the bottom of columns and beam-column joints. At the
lateral load of 22.32 kN push cycle corresponding to the drift level of 1.2%, the shear cracks
at the beam-column joint widened significantly. The maximum lateral strength achieved by
the geopolymer concrete frame specimen were 25.51 kN and 22.3 kN corresponding to the
3.18% and 1.34% drifts in the push and pull load cycle, respectively. The ultimate lateral
displacement attained by the specimen was recorded as 58.9 mm in the final pushover.
The maximum flexural crack width near the bottom of columns and shear crack width
at the beam-column joint were measured as 10 mm and 29 mm, respectively. Both the
test specimens have shown very similar failure modes and crack patterns with a slightly
smaller crack width in the case of GPC-BF.

Figure 13. Crack pattern of GPC-BF (a) failure pattern of actual sample, (b) crack pattern diagram.

The specimen OPC-CM. denoting a confined masonry wall panel made of ordinary
Portland cement concrete, was dominated by the shear failure of confining elements and
crisscross mortar joints (Figure 14). At a drift level of 0.22%, corresponding to a lateral
load of 75.74 kN for the pushing direction, the first crack initiated at the bed joint of mortar
near the top. On further increasing lateral load, the cracks started propagating downward
through the bricks-mortar joints at 0.54% drift against 89.85 kN. Diagonal stair-stepped
cracks spread from the column-beam joint to the bottom of the other column through
the bricks interface at 1.08% drift and a lateral load of 103.21 kN. On increasing further
lateral drift, flexural cracks appeared in one tie-column. The possible reason for flexural
cracks is the rocking of the masonry panel after the reinforced tie-column approaches the
maximum tension capacity at the base. Most of the diagonal cracks developed passed
through the mortar joints and only a few went through the bricks. The wall specimen
achieved maximum lateral load-bearing capacity in pushing and pulling direction as
114.29 kN and 108.48 kN against drift levels of 1.73% and 1.35%, respectively. The peak
lateral displacement recorded in the test specimen was approximately 37.4 mm in the last
pushing direction. The diagonal crack width was measured as 24 mm, whereas the largest
width of flexural cracks in tie-column was noted as 9.0 mm. The damage in the specimen
was mostly concentrated in the top one-third part.
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Figure 14. Crack pattern of OPC-CM (a) failure pattern of actual sample, (b) crack pattern diagram.

The failure mode in the GPC-CM wall, designating GPC confined masonry, may be
characterized by the shear failure of masonry as well as confining elements including the
tie-beam (Figure 15). The very first crack developed at the bed joint of bricks near the top
left of the masonry close to the tie-column at 0.25% drift and 71.73 kN lateral load in the
pushing direction. On increase in load, until 86.50 kN corresponding to 0.49% drift, the
cracks’ dissemination started downward along the bed and head joints. The first crack
developed, spread upward, and entered the tie-column against 0.81% drift and 98.75 kN
lateral load. The diagonal crisscross cracks produced propagated upward into the tie-
column and downward into masonry. At 1.08% drift and 94.95 kN seismic load in the
pulling direction, the right column-beam joint failed badly with considerable crack size.
Further increase in lateral displacement led to shear cracks in the tie-beam and flexural
cracks in the left tie-column at 1.11% drift and 107.98 kN lateral load in the sixth cycle of
load. At the same load, the mortar spalled off at the center of the masonry wall. Almost all
the cracks passed through the brick interface due to weak brick-mortar joints. The crack
distribution was observed uniformly across the test wall. The wall specimen exhibited peak
load carrying capacity of 119.1 kN and 95.0 kN in pushing and pulling directions at 2.32%
and 1.08% drifts, respectively. The ultimate lateral displacement noted was 42.97 mm in
the last push. The maximum shear crack width measured in the test specimen was around
28 mm and the width of flexural cracks in the tie-column and shear cracks in the tie-beam
were recorded as 8.0 mm and 4.0 mm, respectively.

In both walls, the failure mode may be considered as the shear failure in form of
diagonal cracks in the masonry panel propagated in slanted directions. The failure mecha-
nism and the damage pattern were very similar to the research conducted by El-Diasity
et al. on confined masonry under cyclic load [108]. The existence of the confining elements
prolonged the occurrence of shear cracks in the masonry panel [109]. It is pertinent to
mention that no separation was noticed at the toothed interface between confining columns
and the masonry panel, clearly illustrating a significant advantage of confined masonry
over infilled masonry structures [110]. The test experiments were terminated at the stage
when the collapse prevention (CP) level of wall performance was attained as mentioned in
ASCE/SEI 41-06 [111].

The cracking load of OPC-CM was observed to be 5.44% greater than that of GPC-CM.
In GPC-CM, almost all the cracks propagated through the masonry joints separating the
mortar from the brick interface instead of the crack passing through the geopolymer mortar.
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Figure 15. Crack pattern of GPC-CM (a) failure pattern of actual sample, (b) crack pattern diagram.

3.2. Numerical Modeling

The validation of the numerical model through experimental testing is considered a
crucial aspect of FEA-based research to determine the accuracy of simulated parameters.
Two confined masonry walls were tested experimentally to validate the numerical models
used in this study. The wall panels built with confining elements of 225 mm depth and
longitudinal reinforcement of No. 10 were tested under reverse cyclic loading. The seismic
behavior of the test specimens was compared with that of the numerical models, which
showed good agreement.

The comparison of the numerical model and experimental results of OPC-CM showed
a difference of 10.81% in seismic capacity (Vnum) as shown in (Figure 16a). The numerical
validation also revealed very similar hysteretic behavior in initial cycles, with increased
energy dissipation at higher drift level. It is clear from the envelope curves that the
numerical model demonstrated an increase in lateral strength with an increase in lateral
drift, just as in the experimental results. The initial stiffness found from the numerical
analysis was closely comparable with the experimental result by a difference of 5.4%.

Figure 16. Comparison of experimental and numerical results (a) OPC-CM (b) GPC-CM.
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Figure 16b illustrates the validation of the numerical model of GPC-CM by experi-
mental results with a difference of 5.39% in peak lateral load. Similar to the OPC masonry
case, FE analysis of the GPC wall also depicted an increasing trend of lateral load capacity
with an increase in drift level as compared to the experimental results, evident from the
backbone curves. The initial stiffness calculated from the numerical analysis was almost
matchable to the experimental result by a difference of 6.1%.

Figure 17 displays the contour plot of both wall panels at the stage of failure. The
diagonal contours that appeared on the damaged shape, clearly indicate that two panels
failed in shear which matched with the failure mode of the tested walls. The FE model of
conventional concrete confined masonry reached its maximum compressive strength and
failed at the toe of the confining column, whereas the GPC model failed at the point of load
application after reaching the peak compressive strength. The principal stresses varied as a
result of loading and unloading during push and pull. The FE model, despite limitations in
showing bed joint cracks, provided an approximate agreement with experimental damage
as represented by stress contours in ANSYS (Figure 17).

Figure 17. Contour plots of damaged shape (a) OPC-CM (b) GPC-CM.

4. Comparison of Seismic Parameters

Geopolymer concrete confined masonry has shown considerable resistance to seismic
load in this study. The lateral load strength of the GPC masonry wall has presented
a good concordance not only with the conventional concrete confined masonry in this
study. It is pertinent to mention that the lateral load-carrying capacity of confined masonry
walls with an even higher reinforcement ratio has been observed to be less than that of
a GPC wall. From Table 5, it is observed that GPC confined masonry has proved to be
a seismically resistant structure in comparison to non-engineered masonry walls. The
results exhibited comparable seismic resistance to other confined masonry tested in the
past as given in Table 6. A comparison has also been drawn between the present study,
especially regarding GPC confined masonry, and the past studies on infill masonry and
bare frame in Tables 7 and 8, illustrating the significant advantages of GPC masonry over
cement concrete infill masonry and bare frame.
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Table 5. Comparison of the present study with past studies on unconfined masonry.

Sr. No Study Aspect Ratio
(H/L)

ρ

(%)

Cracking Load
Vcr

(kN)

Maximum Load
Vmax (kN) Vmax/Vcr Failure Mode

1 Ashraf [112]

1.08 - - 77.8 - Rocking

1.08 - - 103.1 - Rocking

1.08 - 47.0 120.3 2.55 Shear

1.08 - 39.5 131.7 3.33 Shear

2 Nadège et al. [113] 1.22 - - 12.0 - Shear-Flexure

3 A Hasnat et al. [114] 0.75 - 4.42 13.1 2.96 Rocking

4
Konthesingha et al.

[115]

1.0 - - 257 - Shear

0.5 - - 345 - Rocking

5
Mojsilovic et al.

[116]

1.0 - - 89.17 - Compression
(Toe Crushing)

1.0 - - 145.89 - Compression
(Toe Crushing)

1.0 - - 53.37 - Rocking

6 OPC-BF 0.99 1.08 18.52 25.39 1.37 Ductile

7 GPC-BF 0.99 1.08 16.56 25.51 1.54 Ductile

8 OPC-CM 0.99 1.08 75.7 114.3 1.51 Shear

9 GPC-CM 0.99 1.08 51.1 85.1 1.66 Shear

Table 6. Comparison of the present study with past studies on confined masonry.

Sr. No Study Aspect Ratio
(H/L)

ρ

(%)

Cracking Load
Vcr

(kN)

Maximum Load
Vmax (kN) Vmax/Vcr

Failure
Mode

1 Aguilar et al. [117] 1 1.51 103.1 140.6 1.36 Shear

2 Yáñez et al. [118]
0.61 1.12 68.5 127 1.85 Shear

0.61 1.12 128.5 185.5 1.44 Shear

3 Marinili et al. [119] 0.77 2.25 142.2 205.9 1.45 Shear

4 Zabala et al. [120]
0.97 0.79 82.6 118 1.42 Shear

0.97 2.01 140.76 207 1.47 Shear

5 Bourzam et al. [121] 1.62 2.01 70 81.4 1.16 Shear

6 Gavilan et al. [122]

1.52 2.82 71.3 75.8 1.06 Shear

0.98 2.82 100.5 157.0 1.56 Shear

0.67 2.82 250.2 320.8 1.28 Shear

7 Colunga et al. [123] 1.00 1.18 49.0 80.4 1.64 Shear

8 Borah et al. [107]

1.63 0.72 34.1 47.5 1.39 Shear

1.30 0.72 38.2 55.8 1.46 Shear

0.93 0.72 60.7 81.2 1.34 Shear

9 OPC-BF 0.99 1.08 18.52 25.39 1.37 Ductile

10 GPC-BF 0.99 1.08 16.56 25.51 1.54 Ductile

11 OPC-CM 0.99 1.08 75.7 114.3 1.51 Shear

12 GPC-CM 0.99 1.08 51.1 85.1 1.66 Shear
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Table 7. Comparison of the present study with past studies on infill masonry.

Sr. No Study Aspect Ratio
(H/L)

ρ

(%)

Cracking Load
Vcr

(kN)

Maximum Load
Vmax (kN) Vmax/Vcr

Failure
Mode

1 Kuang et al. [124] 0.60 2.57 248 432 1.74 Shear

2 Ozkaynak et al. [125] 0.75 1.00 48.5 89.7 1.85 Shear

3 Van et al. [126]
0.61 1.57 13.7 36.6 2.67 Shear

1.01 1.57 11.4 43.5 3.80 Shear

4 Li et al. [127]
0.74 1.09 - 261.1 - Shear

0.74 1.09 - 390 - Shear

5 Durrani et al. [128] 0.97 1.76 33.3 49.7 1.49 Shear

6 OPC-BF 0.99 1.08 18.52 25.39 1.37 Ductile

7 GPC-BF 0.99 1.08 16.56 25.51 1.54 Ductile

8 OPC-CM 0.99 1.08 75.7 114.3 1.51 Shear

9 GPC-CM 0.99 1.08 51.1 85.1 1.66 Shear

Table 8. Comparison of the present study with past studies on bare frame.

Sr. No Study Aspect Ratio
(H/L)

ρ

(%)

Cracking Load
Vcr

(kN)

Maximum Load
Vmax (kN) Vmax/Vcr

Failure
Mode

1 Jiang et al. [129] 0.49 1.57 129.7 379.3 2.92 ductile

2 Peng et al. [130] 0.57 1.03 - 334.7 - ductile

3 Ozkaynak et al. [125] 0.75 1.00 20.6 41.6 2.02 ductile

4 Van et al. [126] 1.01 1.57 7.8 22.7 2.9 ductile

5 Penava et al. [131] 0.68 2.35 61.2 106.4 1.74 ductile

6 OPC-BF 0.99 1.08 18.52 25.39 1.37 Ductile

7 GPC-BF 0.99 1.08 16.56 25.51 1.54 Ductile

8 OPC-CM 0.99 1.08 75.7 114.3 1.51 Shear

9 GPC-CM 0.99 1.08 51.1 85.1 1.66 Shear

5. Viability of Geopolymer Concrete

Geopolymer concrete is a type of concrete that is made using industrial waste materials
such as fly ash, blast furnace slag, and other mineral admixtures instead of traditional
cement. The resulting material is known to have several advantages over conventional
concrete, including improved mechanical properties, increased durability, and reduced
carbon emissions.

Recently, sustainable, strong and durable concrete has become an important aspect of
the construction industry [132–135]. Geopolymer concrete is considered to be more envi-
ronmentally friendly than conventional concrete because it reduces the need for Portland
cement, which is a major contributor to carbon dioxide emissions during its manufacturing
process. By using industrial waste materials such as fly ash in geopolymer concrete, it
is possible to reduce the amount of waste that is sent to landfills while simultaneously
producing a material that is strong and durable.

One of the key benefits of geopolymer concrete is its strength and durability. In this
study, geopolymer concrete has shown higher compressive strength (3.89%) and Young’s
modulus of elasticity (1.23%) than traditional concrete, and the similar mechanical behavior
of geopolymer concrete is evident from past studies [96–101]. These attributes make it a
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promising material for a wide range of applications, including infrastructure projects such
as bridges, highways, and buildings [105,106,132].

In this paper, the research to investigate the structural performance of geopolymer
concrete bare frames against the seismic load has demonstrated 3.5% and 0.93% higher
values of initial stiffness and maximum lateral load carrying capacity, respectively, of
the GPC frame as compared to the OPC frame. The investigation was extended to the
experimental and numerical study of confined masonry with comparable results. The
findings highlight that GPC confined masonry has displayed 45.2% and 4.11% more initial
stiffness and peak seismic strength, respectively, than traditional concrete walls.

The topmost benefit of geopolymer concrete is its low carbon footprint. The production
of traditional Portland cement is responsible for a significant amount of carbon dioxide
emissions, and the use of geopolymer concrete can significantly reduce these emissions.
In addition, the use of industrial waste materials in geopolymer concrete can reduce the
amount of waste that is sent to landfills, which can help to reduce environmental pollution.

Overall, geopolymer concrete shows promise as a viable and green substitute for con-
ventional concrete. Its strength, durability, and low carbon footprint make it a promising
material for a wide range of infrastructure projects. However, more research and develop-
ment are needed to improve the production process and address the challenges associated
with its use.

6. Conclusions

The aim of the research was to compare the performance of fly-ash-based geopolymer
concrete bare frames and confined masonry wall panels with conventional OPC concrete.
The study aimed to provide valuable insights into the design and evaluation of GPC con-
fined masonry structures, especially in high seismic regions, to encourage cost-effective,
eco-friendly, sustainable, and earthquake-resistant construction. The experimental and nu-
merical program evaluated the seismic behavior of bare frames and single-wythe confined
masonry walls made with geopolymer and conventional concrete, with an aspect ratio
close to 1.0, subjected to displacement-controlled pseudo-static reverse cyclic loading. The
response of the test specimens was analyzed based on seismic parameters, such as lateral
load strength, initial stiffness and stiffness degradation, maximum drift level, failure mode,
and damage pattern. Finite Element models of confined masonry walls were established
using a simplified micro-modeling technique and validated based on the test results. The
study compared the significant structural parameters of the walls tested in this study with
those of unconfined masonry, confined masonry, infill masonry, and bare frame tested in
previous research.

The research yielded several inferences drawn from both experimental and numer-
ical analyses. Firstly, the mechanical strength parameters of the GPC and OPC concrete
mixtures were compared. The compressive strength and Young’s modulus of elasticity of
cylindrical specimens were 4.94% and 1.23% higher, respectively, in GPC compared to OPC
concrete. Afterwards, the wall panels were tested incorporating each of the materials. The
seismic characteristics of conventional concrete bare frame and geopolymer concrete bare
frame showed good concordance with each other. The GPC frame exhibited better lateral
properties than the traditional concrete frame. This initial stiffness calculated in the case of
the GPC frame was 8.77 kN/mm which was 3.5% higher than the corresponding value of
the OPC frame, 8.47 kN/mm. The maximum lateral load borne by both types was very
similar, i.e., 25.51 kN by GPC-BF and 25.39 kN by OPC-BF. Similarly, the GPC confined
masonry wall showed improved seismic properties compared to the cement concrete wall.
The ultimate load capacity of the GPC-CM wall was 1.66 times the cracking load, whereas
the OPC-CM wall was 1.52 times the cracking load, indicating that the GPC-CM wall bears
more percentage load from the initiation of cracks until failure. The GPC wall resisted up
to 119.1 kN load while the OPC wall resisted up to 114.3 kN of lateral load. Although the
difference of 4.2% is small, it might be considered enough to offer GPC confinement as
an environmentally-friendly alternative to conventional concrete. The failure mode was
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identified as shear failure in both walls with no separation at the toothed interface between
the tie-column and the masonry panel, demonstrating the superiority of the confined ma-
sonry compared to the infill masonry structures. The numerical models of the two confined
masonry walls were well-validated by the experimental results.

The research suggests that alkali-activated fly-ash-based geopolymer concrete is a
good substitute for OPC concrete and should be preferred in various applications to reduce
the global usage of OPC and mitigate its detrimental environmental effects. The structural
response of geopolymer concrete confined masonry made from fly ash is comparable to
that of OPC concrete, indicating that the current engineered masonry design can be com-
fortably adopted, especially in highly seismic-prone areas, to produce a green environment.
However, additional research is necessary to develop well-grounded seismic design criteria
to predict the lateral in-plane load strength for GPC confined masonry structures with
multiple stories.
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