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Geopolymer concrete is sustainable, economical, eco-friendly, durable, and high-strength concrete. Geopolymer is a name for the
bonding that occurs during the binding of materials in alkaline conditions. Due to the presence of high silica and alumina content,
pozzolanic materials could be used as bindingmaterials in the GPC.�is research aims to check the sustainability and cost analysis
of both GPC and conventional concrete with their physical, chemical, and mechanical properties. �e experimental investigation
analyzes both GPC and OPC concrete’s physical, chemical, and mechanical properties for the M30 mix design and analyzes the
concrete’s cost and sustainability. �e experimental investigation shows that the setting time, density, and drying shrinkage of
conventional concrete are higher than the GPC. �e compressive strength of the GPC and OPC concretes both showed similar
trends at the 28-day strength, but the initial three-day strength of the GPC concrete was much higher than the OPC concrete. �e
splitting tensile strength and �exural strength of the GPC specimens are slightly higher than the OPC concrete mix specimens.�e
OPC concrete’s elastic modulus is slightly higher than the GPC mix design, whereas the Poisson’s ratio of the OPC concrete is
slightly lower than the GPC specimens.�e GPC specimens have higher thermal stability up to 800°C.�e GPC utilizes industrial
solid waste like �y ash and slag as a binding material and is activated by an alkaline solution containing NaOH and Na2SiO3 in the
design mix. �erefore, the GPC has less embodied energy compared to the OPC concrete. �e cost of the GPC at a bulk level
reduced the cost of up to 40% of the OPC concrete.

1. Introduction

GPC has become a perfect alternative to the world’s sus-
tainable construction industry because the concrete demand
is the second largest in the world after water. �e expansion
of infrastructure accelerates the development of the country
and society. So, concrete production will increase expo-
nentially in the future with development. A comparable
amount of carbon is emitted into the environment during

the production of OPC cement. In the GPC, industrial solid
waste, �y ash, and slag are used. Fly ash is generated in
thermal power plants as a waste product in vast amounts, but
the utilization of �y ash is limited to up to 50% of the
production [1]. GPC shows better physical, chemical, and
mechanical properties compared to OPC cement concrete.
�e durability properties of the GPC are also higher than
those of OPC concrete. GPC concrete is more sulfate-re-
sistant than OPC concrete [2–5]. �e geopolymerisation
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reaction plays a vital role in developing the strength of the
GPC, and some factors affect the geopolymerisation process,
like curing conditions, alkaline solution content, and
binding material content in the design mix.

Due to the high silica and alumina content composition,
pozzolanic materials like fly ash, GGBFS, metakaolin, and
rice husk ash were used as binding materials in the geo-
polymer. *e compressive strength increases with the Si/Al
ratio [6]. *e sodium hydroxide and sodium silicate mix
solutions were used to activate the pozzolanic material to
work as a binding material for the geopolymerisation re-
action. *e GPC mix’s strength increases with NaOH’s
molarity increment, reducing workability [7–12]. *e geo-
polymerisation reaction develops the concrete’s strength,
which is affected by various factors and parameters. *e
alkaline ratio also affects the mix’s strength, increasing with
the Na2SiO3/NaOH ratio [13].

*e curing condition is an essential parameter for
gaining strength, and the strength increases with the in-
crement of the curing temperature up to 100°C [14, 15]. *e
replacement of fly ash by the GGBFS develops the GPCmix’s
strength in ambient curing conditions [16]. *e fineness of
the flux plays a vital role in the development of strength; it
increases strength and decreases the mix’s setting time
[17, 18]. *e fineness of fly ash reduces porosity directly by
increasing the number of small particles in the mix [19, 20].
In the geopolymerisation reaction, curing time affects the
mix’s early strength development, and a longer curing time
gives better end products after the reaction [21]. *e water
present in the mix was not used in the geopolymerisation
end products, so water evaporation made the specimens
crack-free [22, 23]. As a result, the water content of the mix
increases, reducing the strength of the mixed specimens, and
slag has a high potential for reactivity and bond formation
for strength development [9, 24]. *e GPC has a very high
potential to resist the acidic or sea-water environment and
other extreme weather conditions [25], and it shows the
future scope of the geopolymer paste as a repair of the
concrete structure due to its efficiency and performance [26].
GPC specimens aremore resistant to high temperatures than
OPC concrete samples [27]. Manufacturing sand or stone
dust has a high capacity for fine aggregate in concrete
without lowering its strength. It also contributes to the
formation of high-strength GPC [28, 29]. All alternative
materials used in building construction components have a
lower energy level than conventional building materials
[28–46].

Embodied energy is used to calculate the carbon foot-
prints of various material production methods [47]. *e
GGBFS and fly ash content in the concrete’s mix design
reduce the concrete’s embodied energy [48, 49]. *e opti-
mum point for mechanical properties is a GGBFS/Flash ratio
of 20/80 [46]. *e SNF-based superplasticizer is efficient for
the mechanical properties of GPC [37], and the liquid-to-
binder ratio plays a vital role in strength development [34].
*e PCE-based superplasticizer is used to self-compact
conventional concrete [31]. *e study successfully reused
waste rubber tyres and waste wood ash by developing
sustainable geopolymer concrete that could be utilized for

construction industry applications to create various con-
struction and concrete products [50]. GPC is more resistant
to various durability conditions than OPC concrete
[33, 51, 52].

2. Experimental Program

2.1. BindingMaterials. All the constituents used in forming
the GPC and OPC concrete specimens for the experimental
analysis are explained separately in the paragraphs. *e
preliminary test on the material samples was to identify the
concrete laboratory properties in the civil engineering
department, DTU, Delhi. *e SEM and EDS tests of the
samples were done in the nanotechnology lab, Jamia Millia
Islamia, New Delhi, whereas the XRD test was done in the
central facility laboratory, DTU, Delhi. *e OPC 43 grade
of cement was purchased from JK Cement to experiment
with a controlled mix design [53]. In the preliminary check,
the cement’s quality is determined by testing consistency,
initial and final setting time, specific gravity, fineness of the
particle size, and soundness. *e cement passes all pre-
liminary tests as per Indian standard codes [56–62]. *e
cement’s properties are identified through the testing of
samples in the concrete laboratory in the civil engineering
department, DTU, Delhi. Fly ash is an industrial solid waste
produced by a thermal power plant from coal ash fumes
and electrostatic precipitation. *e particle size of the fly
ash is slightly smaller or similar to that of the OPC particle
size, and the composition contains a high concentration of
silica and alumina. Fly ash was brought from the national
thermal power plant, Dadri, Gautam Budh Nagar, Uttar
Pradesh, India.

GGBFS is produced in the steel manufacturing plant by
quenching the slag from the molten iron steel material. After
separating the waste from steel manufacturing, the waste
material present in the iron or steel ores is slag. GGBFS also
contains a high silica and alumina content in the compo-
sition. GGBFS was brought from the Bhilai steel plant in
Bhilai, Chhattisgarh, India, to test and produce the GPCmix
specimens. Figure 1(a) shows the XRD graph of the GGBFS,
which shows the sample’s amorphous nature, whereas Ta-
ble 1 shows the chemical composition present in the GGBFS
sample. In addition, Figure 1(b) describes the SEM image of
the GGBFS sample at a resolution of two microns and shows
the irregular shape of the particles, whereas Figure 1(e)
shows the EDS graph, which describes the elements pres-
ent in the samples.

*e fly ash used in the test is a mix-design class-c fly ash
[54]. *e particles of the fly ash are spherical and porous, as
confirmed by the SEM image. Figure 1(a) shows the
amorphous nature of the fly ash sample in the XRD graph,
whereas Figure 1(c) shows the porous spherical particles of
the fly ash in the SEM image at a 5-micron resolution.
Table 1 shows the composition of the chemical constituents
present in the fly ash as explained by the XRF test, and
Figure 1(d) shows the EDS graph, which describes the el-
ement content present in the fly ash as conducted in the
nanotechnology lab at Jamia Millia Islamia, New Delhi,
India.
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2.2. Alkaline Solution. *e alkaline solution plays a vital role
in the geopolymerisation reaction because it activates the
reaction’s pozzolanic binding materials and finds the end
products. For sampling, the alkaline solution contains

sodium hydroxide and sodium silicate solution, and it is
mixed for 20–24 hours. Sodium hydroxide was purchased
from Fisher Scientific in the business park, Powai, Mumbai,
Maharashtra, India. Figure 2(a) shows the sample of sodium
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Figure 1: (a) XRD pattern of fly ash and GGBFS; (b) SEM image of GGBFS; (c) SEM image of fly ash; (d) EDS graph of fly ash; and (e) EDS
graph of GGBFS.
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hydroxide flakes used in the mix design, whereas Figure 2(b)
shows the sodium silicate sample purchased from the
Central Drug House (P) Ltd.

2.3. Aggregates. Aggregate is used as the concrete’s skeleton
because it occupies up to 85% of the concrete. *e aggregate
used in the mix is primarily classified into two categories:
fine aggregates and coarse aggregates. In the coarse aggre-
gate, the two types of aggregates used are 10mm and 20mm
in the design mix, whereas the fine aggregate is used as
crushed stone dust in the mix of both concrete. To test the
aggregate use quality in the mix design using Indian stan-
dard codes. In the preliminary test, check the gradation of
the aggregates, zone, fineness modulus, specific gravity,
water absorption, silt content, bulk density, crushing value,
impact value, abrasion value, flakiness index, and elongation
index of the aggregate samples [55–60]. Figure 2(d) depicts
the raw material of stone dust used as a fine aggregate in the
mixed design. Figure 3 describes the grain-size curve on the
logarithmic graph and the particle size distribution or
gradation of the m-sand by the sieve analysis.*e stone-dust
properties were found through the tests conducted in the
concrete lab.

As the percentage passing the 600μ sieve is between 35
and 59, the sand belongs to gradation II. From the gradation
curve, we find D10 � 0.1, D30 � 0.4, and D60 �1.2.

(a) (b) (c)

(d) (e)

Figure 2: Picture of rawmaterials of the GPC (a) sodium hydroxide flakes, (b) sodium silicate solutions, (c) superplasticizer, (d) stone-dusts,
and (e) coarse aggregates.

Table 1: Composition of fly ash and GGBFS.

Characteristics SiO2 Al2O3 CaO Fe2O3 MgO SO3 LOI
Flyash (%) 45.8 21.4 13.7 12.6 1.3 1.9 .1
GGBFS (%) 34.52 20.66 32.43 .57 10.09 .77 .3
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Figure 3: Grain size distribution curve.
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Cu�D60/D10 �1.2/0.1� 12> 6.
Cc � (D30) 2/(D10 x D60)� 0.42/(0.1× 1.2)� 1.33.

*us, the sand is well-graded.
Locally available materials, coarse aggregates, are used in

all mixes of concrete. *e particle size of aggregates present
in the sample was determined by their percentage and found
the coarse aggregate’s fineness modulus. *e coarse aggre-
gate properties were discovered through laboratory tests
under Indian standards. Figure 2(e) depicts coarse aggregate
sample images, whereas coarse aggregate properties are
discovered through laboratory tests following Indian stan-
dards. *e fineness modulus of the coarse aggregate is 7.29,
calculated through the sieve analysis of the samples.

2.4. Superplasticiser. *e superplasticiser enhances the
concrete’s performance by reducing the mix design’s water
content and increasing the fresh mix’s workability [61]. *e
SNF-based superplasticizer is used in the mix design of both
concrete made by the Fosroc industry named SP Conplast-
430 in the market. Figure 2(c) shows that the picture of the
superplasticizer used in the experimental investigation.

2.5. Sampling and Test Setups. Specimens made of the
controlled OPC concrete mix usually mix all constituents
into the pan mixture for around 2 to 5 minutes and are cast
in the specimen mould for 24 hours. In GPC, the alkaline
solution mixes before 20–24 hours of mixing the concrete
constituents in the pan mixture and is cast in the mould of
the specimens with the proper compaction of the casted
samples [62–65].*eOPC concrete specimens were cured in
the water tank, but the GPC specimens were cured in the
oven at 60°C for 24 hours. *e cubical, cylindrical, and
beam-shaped specimens were cast out of both types of
concrete for testing. Physical and mechanical properties
were tested for both types of concrete. Table 2 describes the
mixed proportion of all constituents used in GPC and OPC
concrete’s mixed design.

2.6. Physical Properties. *e slump and compaction factor
tests are used for the identification of the workability of the
concrete. Slump is most commonly used for testing the
workability of concrete on-site or in the laboratory, whereas
the compaction factor is only used in the laboratory. *e

slump is conical in shape, but the compaction factor setup
comprises two conical-shaped buckets fitted in vertical
alignment with a standard gap, allowing the buckets’ surface
to be opened. *e compaction factor checks the self-com-
paction ability of the concrete with gravity force [64, 66].
Self-compacting concrete is made using a PCE-based
superplasticizer in the concrete mix design.

2.6.1. Chemical Properties. *e weight of the specimens was
calculated from the density of both mixed specimens before
the destructive tests. *us, the cube specimen’s weight de-
termines the mixed density 28 days after the casting, and the
mass calculates the density-to-volume ratio of the cube
specimens [67].

2.6.2. Mechanical Properties Tests. *e compressive strength
of both types of concrete mixes was tested by the cube
sample test under the CTM machine at the 5.25 kN/sec rate
of the loading statically applied to the specimens. *e cube
sizes of 150mm× 150mm x 150mm follow the Indian
standard code. *e mixed samples were tested 3, 7, 14, and
28 days after the specimens were cast [68, 69].

Splitting tensile is used to find the indirect tensile strength
of the concrete. According to the Indian standard codes used
to determine the splitting tensile of concrete mix specimens,
the cylindrical shape of the size diameter x length is
150mm× 300mm. For the splitting tensile test of the con-
crete, a loading rate of 4.5 kN/sec was applied in the transverse
direction of the cylindrical specimens [70]. As a result, the
splitting tensile is greater than the direct tensile but less than
the flexural strength of the same concrete mix design.

Flexural strength, also known as concrete rupture, is
used to determine the bending capability of concrete
specimens. If the maximum aggregate size is less than
20mm, a beam of the standard size of 100mm× 100mm x
500mm is used to analyze the flexural strength of the cast
specimens. A two-point load was applied along the speci-
mens’ transverse direction for the test on the flexural testing
machine [71].

*e elastic modulus and the Poisson’s ratio of the
concrete mix are analyzed by testing on the cylindrical
specimens. First, the uniaxial static load was applied verti-
cally to the cylindrical specimens and found the cylinder’s
vertical and horizontal displacement and strength. *en, the

Table 2: Mix proportion of GPC and OPC concrete.

Constituents OPC concrete mix content (kg/m3) Geopolymer concrete mix content (kg/m3)
OPC 370 00
Flyash 00 303.75
GGBFS 00 101.25
NaOH 00 40.5
Na2SiO3 00 101.25
Fine aggregate 683 683
Coarse aggregate 1289 1269
Water 148 40.5
Superplasticiser 3.7 4.05
Total 2493.7 2543.7
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Poisson’s ratio was calculated through the horizontal strain
ratio of the vertical strain from the displacements.*e elastic
modulus is found through the load applied to the cylindrical
specimens at about one-third of their strength and release,
and going continuously through the same procedure often
draws the stress-strain graph and finds the elastic modulus
through the chord modulus as per the American standard
code. Figure 4 shows the mechanical properties test pics of
4(a) compressive strength, 4(b) splitting tensile, 4(c) flexural
strength, and 4(d) Poisson’s ratio and elastic modulus.

2.7. Nondestructive Tests. *e nondestructive test is also
used to identify the specimen’s strength without any de-
struction, and it primarily uses the rebound hammer test and
the UPV test. *e rebound hammer test based on the
specimen’s surface penetration is reflected by the specimen’s
surface hardness [72]. *e UPV test propagates the ultra-
sonic pulse in the sample and measures the time travel
duration to pass the specimen. *e transducers are con-
nected on two opposite sides of the specimen, where one
works as an emitter and the other works as a receiver of
ultrasonic pulse waves as per the Indian standard [73].
Figure 5 shows the nondestructive test pics of (a) rebound
strength and (b) UPVT.

3. Results and Discussion

All the cast specimens of both concrete mixes were tested in
the machines compared to the concrete mix’s mechanical
properties. In addition, the specimens of cubical, cylindrical,
and beams were tested as per the Indian standards. *e
experimental work on GPC and OPC concrete mixes was
conducted in the concrete laboratory of the Civil Engi-
neering Department, Delhi Technological University, Delhi.
It includes the slump value, compaction factor, setting time,
density, drying shrinkage, compressive strength, splitting
tensile, flexural strength, Poisson’s ratio, elastic modulus,
rebound strength, and UPV.

3.1. Physical Properties. *e slump and compaction factor
tests are used to analyze the workability of the fresh concrete
mix. In both types of concrete, the slump values of both OPC
and GPC concrete are the same at 75–100mm, and the
compaction factor of the OPC concrete is .89, whereas the
GPC is .87 after mixing in the pan mixture for 3–5minutes.
*e concrete mix’s workability is increased by adding a
superplasticizer to the mix without reducing the concrete’s
strength. *e SNF-based superplasticizer does not harm the
GPC specimen’s strength [74]. It also increases micro-
structure development [75], but it is not beneficial at ele-
vated temperatures [85–89]. *e workability of the GPC
decreases with the increment of the fineness of the fly ash
[76], whereas it increases with the increment of the ratio of
alkaline solution to fly ash [77]. *e workability decreases
with an increment in the alkaline ratio or molarity of the
sodium hydroxide [78].*e setting time of the GPC is higher
than that of conventional concrete. Figure 6(a) shows both
the initial and final setting times.*e setting time of the GPC

decreases with the increment in the molarity of sodium
hydroxide and GGBFS content in the mix design [79, 80].

3.2. Chemical Properties. *e concrete sample cube’s weight
is used to calculate density before the compressive strength
test after 28 days of casting. *e density of the OPC concrete
mix design increases with time, whereas the density of the
GPC decreases at the same time. *e maximum density of
GPC is 2492 kg/m3 found three days after the casting,
whereas the maximum density of OPC concrete is 2462 kg/
m3 found 28 days after the casting.*e concrete density with
age is the inverse case in both concretes because GPC density
decreases with increasing time while OPC density increases.
Figure 6(c) shows the graph between the density and time in
which the GPC sample density decreases with increasing
time, but the OPC concrete density increases after up to 28
days of testing.*e density of the concrete is increased by the
addition of finer content in the mix-like nanoparticle ma-
terials. *e drying shrinkage of conventional concrete is
higher than that of GPC. Figure 6(b) shows the graph of the
drying shrinkage of both concrete specimens. *e con-
ventional concrete specimens’ drying shrinkage is initially
lower than GPC, but it increases and lowers the GPC
specimens’ drying shrinkage.

3.3. Compressive Strength. *e compressive strength of GPC
and OPC concretes is similar in trends at 28 days’ strength,
but the GPC strength is much higher in the first three days’
strength than the OPC concrete, but the compressive
strength of the concrete mix is similar around 28 days. *e
three-day compressive strength of GPC and OPC concrete is
23.2MPa and 14.4MPa, respectively, while the 28-day
compressive strength of GPC and OPC concrete is 35MPa
and 35.6MPa. Figure 6(d) depicts the compressive time
graph for both concretes. *e graph shows that the initial
strength of the GPC is higher than the OPC concrete samples
but shows similar strength at 28 days of compressive
strength. *e compressive strength of OPC concrete is in-
creased by reducing water content, the addition of super-
plasticizer, an increment in cement content, and silica fumes
in the mix design. *e compressive strength of the GPC
depends on various parameters such as the molarity of
NaOH, alkaline ratio, curing condition, curing temperature,
curing time, water content, and superplasticizer. *e
compressive strength of the GPC increases with the incre-
ment of NaOH concentration in the mix design [81, 82]. It
increases with the increment of the GGBFS content, curing
temperature, curing period, mixing period, and fineness of
fly ash [18, 83].

3.4. Splitting Tensile. *e splitting tensile strength of the
concrete mix designs was found by testing the mix design’s
cylindrical specimens in the compression testing machine at
a loading rate of 4.5 kN/sec statically. *e splitting tensile
strength of the GPC is higher compared to the OPC concrete
mix specimens. At 3, 7, 14, and 28 days, the splitting tensile
of the OPC concrete is 1.5MPa, 3MPa, 3.5MPa, and
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3.8MPa, respectively, whereas the splitting tensile of the
GPC is 2.6MPa, 3.2MPa, 3.9MPa, and 4.2MPa, respec-
tively. *us, the splitting strength of the GPC is slightly
higher than that of the OPC concrete for the same com-
pressive strength mix. Figure 6(e) depicts the time-depen-
dent splitting tensile of both concretes. It shows that the
GPC samples have higher splitting tensile compared to the

OPC concrete samples. *e GPC specimens show an initial
high strength after 7 days, but after 28 days, they show
similar trends. As the sand/fly ash ratio is increased, the
tensile strength gradually decreases [84]. *e comparison of
ACI standard code design strength and experimental test
results of geopolymer concrete tensile strength revealed that
the splitting tensile strength of GPC matched the design

(a) (b)

(c) (d)

Figure 4: Mechanical properties test pictures of (a) compressive strength; (b) splitting tensile; (c) flexural strength; and (d) Poisson’s ratio
and elastic modulus.

(a) (b)

Figure 5: Nondestructive tests pics of (a) rebound strength and (b) UPVT.
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specifications specified by the ACI standard [85]. In terms of
tensile strength, the geopolymer concrete outperformed the
OPC concrete [86, 87].

3.5. Flexural Strength. *e flexural strength of the concrete
mix designs is identified by testing the beam samples of the

mix design in the flexural testing machine under a two-point
load applied on the section of the beam in the transverse
direction of the specimens. *e flexural strength of the GPC
specimens is slightly higher than the OPC concrete mix
specimens.*e flexural strength of OPC concrete is 1.7MPa,
3.4MPa, 3.8MPa, and 4.2MPa after 3, 7, 14, and 28 days,
respectively, whereas the GPC flexural strength is 2.8MPa,

OPC concrete
Geopolymer Concrete

0
20
40
60
80

100
120
140
160
180

Ti
m

e (
m

in
ut

es
)

FinalInitial
Setting

(a)

OPC concrete
GPC

-100
0

100
200
300
400
500
600
700
800

D
ry

in
g 

Sh
rin

ka
ge

 (m
ic

ro
n)

20 40 60 80 1000
Time (days)

(b)

OPC Concrete
Geopolymer Concrete

5 10 15 20 25 300
Time (days)

2450

2460

2470

2480

2490

D
en

sit
y 

(k
g/

m
3 )

(c)

OPC Concrete
GPC Concrete

5 10 15 20 25 300
Time (days)

15

20

25

30

35

C
om

pr
es

siv
e S

tre
ng

th
 (M

Pa
)

(d)

OPC Concrete
Geopolymer Concrete

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Sp
lit

tin
g 

Te
ns

ile
 S

tre
ng

th
 (M

Pa
)

5 10 15 20 25 300
Time (days)

(e)

OPC Concrete
Geopolymer Concrete

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Fl
ex

ur
al

 S
tre

ng
th

 (M
Pa

)

5 10 15 20 25 300
Time (days)

(f )

Figure 6: (a) Setting time of concretes; (b) drying shrinkage of the concretes; (c) density variations with time; (d) compressive strength of
GPC and OPC concrete; (e) splitting tensile of the GPC and OPC concrete; and (f) flexural strength of GPC and OPC concrete.
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3.6MPa, 4.1MPa, and 4.7MPa after 3, 7, 14, and 28 days.
Figure 6(f) describes the flexural strength and the time of
both concretes. It shows that the GPC has higher flexural
strength than OPC concrete samples in all tests. With
normal curing, the inclusion of 5–6% nano-silica enhanced
the tensile strength of GPC [88]. *e GPC experimental
findings using GGBFS and fly ash revealed that using GGBFS
in the GPC matrix had a good effect on the direct tensile
strength of GPC [89]. According to the literature research,
the tensile strength of GPC concrete is superior to that of
OPC concrete with the same compressive strength [90].

3.6. ElasticModulus andPoisson’s Ratio. *e elastic modulus
and the Poisson’s ratio of the concrete mix design are
identified by testing the cylindrical specimens of the mix in
the compression testing machine with vertical and hori-
zontal extension meters. *e load was applied along the
vertical direction of the specimens statically in the machine.
To calculate the lateral and linear deformation of specimens
subjected to strain after failure, the lateral strain ratio to the
linear strain shows the Poisson’s ratio of the concrete mix
design, whereas the load applied one-third of the failure load
to the specimens, reduced the load, and continued the same
procedure many times. *e slope of the initial stress-strain
curve describes the elastic modulus of the concrete mix
design. *e GPC and OPC concrete mix designs’ elastic
modulus was tested 28 days after casting the specimen
moulds. *e OPC concrete’s elastic modulus is slightly
higher than the GPC mix design, whereas the Poisson’s ratio
of the OPC concrete is slightly lower than the GPC mix
design. *e elastic modulus of the OPC concrete and GPC is
26.3GPa and 23.4GPa, respectively, whereas the Poisson’s
ratio of the OPC concrete and GPC is .15 and .17, respec-
tively. Figure 4(d) shows the setup to determine the Pois-
son’s ratio and elastic modulus of the concrete mix
cylindrical samples.

3.7. Nondestructive Tests

3.7.1. Rebound Strength. *e rebound strength test is gen-
erally used in the field as a nondestructive test. It is based on
the hammer striking on the specimen’s surface with some IS
code provisions and shows the rebound value. *e rebound
hammer is struck on the specimen surface ten times con-
tinuously, and the rebound gives the average rebound value
and the rebound strength of the specimens according to
Indian standards. *e rebound strength shows similar
trends to the mix’s compressive strength, but the rebound
strength shows a little higher value. For example, the initial
three-day strength of GPC is higher than the OPC concrete
mix but shows somewhat lower strength than the OPC
concrete. Figure 7(a) describes the graph of the rebound
strength of both GPC and OPC concrete.

3.7.2. UPV Test. *e UPV test is vital in the nondestructive
test method because it provides strength and crack infor-
mation for the existing structures. *e UPV test needs only

two opposite sides of specimens to propagate ultrasonic
pulse waves in a clean condition. Because rebound tests
are based on surface hardness, they are only used on
specimens with a thickness of up to 300mm.*e UPV test
is primarily used in consulting work on existing concrete
structures. *e UPV of the specimens increases with
hardness, which is directly proportional to their strength.
Figure 7(b) describes the graph of the UPV test results of
both GPC and OPC concrete mix samples. It shows
similar trends in GPC and OPC concrete to the rebound
strength graph.

3.8. TGA (8ermoGravimetricAnalysis). *e TGA test does
the thermal analysis of materials by increasing the tem-
perature by 10°C per second up to 900°C and checking the
derivative of weight reduction with the temperature. *e
apparatus shows notes of the weight reduction of the
material with increasing temperature in a graphical form.
*e two parameters are represented in a single graph with
different y-axes but a single x-axis, where one y-axis
represents the derivative weight percentage and the other
represents the weight percentage reduction with tem-
perature. *e GPC matrix is highly stable at elevated
temperatures without failure compared to the OPC
concrete matrix. Figure 8 describes the graph of TGA-
DTG of GPC concrete up to the temperature of 850°C. It
shows that the weight decreases with increasing tem-
perature, but the GPC matrix is highly stable up to 850°C,
and it shows the retained material is 92% of the original at
850°C. *e DTG graph shows that the weight reduction
with temperature is nonlinear, varying from negative to
positive.

4. Mechanical Properties Correlation

*e correlation is created by analyzing data on mechanical
properties obtained from destructive laboratory tests. *e
linear regression analysis of compressive strength, splitting
tensile, and flexural tensile strength showed the correlation
equation and compared it to the Indian standard correlation
equations.

4.1. Correlation between the Compressive Strength and
Splitting Tensile. *e correlation between splitting tensile
and compressive strength is proposed in equation (1). It is
produced as a result of regression analysis of data generated
by destructive testing in the laboratory. In the state-of-the-
art of high-strength concrete [91], the ACI committee gives
equation (2), and a committee of the European Code In-
ternational gives equation (3) in the model code of 1990 [92].
Equation (4) was introduced by an ACI standard and report
for building code requirements for structural concrete [93].
*e graph of the correlation between compressive strength
and splitting tensile strength is shown in Figure 9. A re-
gression analysis of the test data yields the correlation
equation.
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Propose d: fst � −63 + 14fck, (1)

ACI363R − 92: fst � 0.59
��

fc



, (2)

CEB − FIP: fst � 0.301f
0.67
c , (3)

ACI318 − 14: fst � 0.56f
0.5
c . (4)

4.2. Correlation between Compressive Strength and Flexural
Strength. *e correlation between the compressive strength
and flexural description by equation (5) is through the re-
gression analysis of the test data. In the publication of the
state-of-the-art of high strength concrete, the ACI com-
mittee included equation (6). A standard report presented
on the code for the design of concrete in a structure in-
troduces the equation (7) of correlation.*e Australian code

for reinforced concrete design presented equation (8), and
the Indian code introduced equation (9) between flexural
strength and compressive strength [94, 95]. *e flexural
strength is always about 10%–20% of the compressive
strength. *e tested data also lie between these values. *e
graph of the correlation equation between flexural strength
and compressive strength proposed by the tested data is
shown in Figure 10.

Propose d: ffs � −1.03 + 16fcs, (5)

ACI363R − 92: ffs � 0.94
��

fc



, (6)

ACI318 − 99: ffs � 0.62
��

fc



, (7)

AS3600: ffs � 0.6
��

fc



, (8)
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Figure 7: (a) Graph of OPC concrete and GPC rebound strength; and (b) graph of OPC concrete and GPC UPV test.
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IS456 − 2000: ffs � 0.7
��

fc



. (9)

5. Sustainability Analysis

Sustainable development is essential in the present sce-
nario. *is vast volume of industrial solid waste is now
created, necessitating this trash in development activities.
*e use of industrial solid waste decreases carbon foot-
prints and, as a result, indirectly lowers the use of high
embodied energy items. For example, the embodied
energy in the dry process of OPC cement is approximately
4.6MJ/kg, whereas fly ash and slag have no embodied
energy. By replacing the OPC, industrial solid waste fly
ash and slag are used as the binder in concrete, and those
wastes are activated by a chemical solution of sodium
hydroxide and sodium silicate. As a result, the GPC has
less embodied energy than the OPC concrete [96–98].
Table 3 shows the embodied energy calculation for both
concrete and concrete. *e embodied energy of all
constituents of concrete is calculated based on the ref-
erence papers.

6. Cost Analysis

*e concrete cost was calculated by the number of the
constituents present in the concrete mix design, and then,
after calculating the rate of all individual constituent prices,
the concrete mix design cost was found. *e cost of the GPC
at a bulk level reduced the cost of up to 40% of the OPC
concrete. *e cost of the OPC of 1m3 is Rs. 3758, whereas the
cost of the GPC of 1m3 is Rs. 2230. *e cost estimate only
includes the materials and excludes the human resources.
Table 4 describes all the calculations of the cost of the ma-
terials and concrete. Materials and concrete costs are critical
in the construction industry because construction projects are
always more expensive.*e project’s economy always matters
and goes to the optimum point, which is essential for the
project’s lower cost. When compared to OPC concrete, GPC
concrete is less expensive and emits less carbon dioxide. *is
is a new trend in the construction industry due to sustainable
development properties. *aarrini and Dhivya compared the
cost of GPC to cement concrete.

OPC concrete is 11% more expensive than GPC for
better quality concrete. GPC costs 1.7% more than cement
concrete for grades up to 30MPa [99]. *rough his
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Figure 10: Graph of correlation between compressive strength and flexural strength.

Table 3: Embodied energy calculation of GPC and OPC.

Constituents Embodied
energy (MJ/kg)

OPC concrete Geopolymer concrete

Mix content (kg/m3) Embodied energy
content (MJ/kg)

Mix content
(kg/m3)

Embodied energy
content (MJ/kg)

OPC 4.6 370 1702 — —
Fly ash 0.0 — — 303.75 00
GGBFS 0.2 — — 101.25 31.38
NaOH 20.5 — — 40.5 830.25
Na2SiO3 5.37 — — 101.25 543.71
Fine aggregate 0.02 683 13.66 683 13.66
Coarse aggregate 0.22 1289 283.58 1269 279.18
Water 0.0 148 00 40.5 00
Superplasticiser 12.6 3.7 46.62 4.05 51.03

Total 2493.7 2045.86MJ/m3 2543.7 1749.21MJ/m3
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experimental analysis, McLellan et al. discovered that using
fly ash-based GPC decreases building costs and greenhouse
gas emissions by 7% and 64%, respectively. *e cost of
producing GGBS GPC was discovered to be 7% more than
the cost of producing OPC-based concrete [100, 101]. Assi
et al. developed a novel mix design approach for fly ash-
based GPC that reduced construction costs by 50% [102].

7. Conclusions

After the experimental, sustainability, and cost investiga-
tions, they concluded the following:

(i) In both types of concrete, the slump value of both
OPC concrete and GPC is the same, 75–100mm,
and the compaction factor of the OPC concrete is
.89, whereas the GPC is .87 after mixing in the pan
mixture for 3–5minutes. *e setting time of the
GPC specimens is higher than the OPC concrete
specimens.

(ii) *e density of the OPC concrete mix design in-
creases with time, whereas the density of the GPC
decreases at the same time, and the drying
shrinkage of the OPC concrete specimens is higher
than the GPC specimens, but initially, its lower
value before the 28-days test.

(iii) *e compressive strength of the GPC and OPC
concretes is similar in trends at the 28-day strength
but not at the initial three-day strength; the GPC
strength is much higher than the OPC concrete,
but the compressive strength of the concrete mix
becomes more similar around 28 days.

(iv) *e splitting tensile and flexural strength of the
GPC is slightly higher than the OPC concrete mix
specimens. Similarly, the OPC concrete’s elastic
modulus is slightly higher than the GPC mix de-
sign, whereas the Poisson’s ratio of the OPC
concrete is slightly lower than the GPCmix design.

(v) *e rebound strength shows similar trends to the
mix’s compressive strength, but the rebound
strength shows a little higher value. *e UPV
results show similar trends in GPC and OPC
concrete to the rebound strength graph.

(vi) *e TGA test shows that the weight decreases with
increasing temperature, but the GPC matrix is
highly stable up to 850°C, and it shows the retained
material is 92% of the original at 850°C.

(vii) *e GPC has less embodied energy compared to
the OPC concrete.

(viii) *e cost of the GPC at a bulk level reduced the cost
of up to 40% of the OPC concrete. *e cost of the
OPC concrete of 1m3 is Rs. 3758, whereas the cost
of the GPC of 1m3 is Rs. 2230.

(ix) *e experimental results proposed that the cor-
relation equation between compressive strength
and splitting tensile was fst � −.63 + .14fck, and the
correlation equation between compressive
strength and flexural strength was
ffs � −1.03 + .16fcs.

(x) After the research, the conclusion is represented in
the graph form in Figure 11.

Table 4: Cost analysis of the GPC and OPC concrete.

Constituents Cost rate
(Rs./kg)

OPC concrete Geopolymer concrete
Mix content
(kg/m3)

Cost of the constituent
(Rs./m3)

Mix content
(kg/m3)

Cost of the constituent
(Rs./m3)

OPC 7.6 370 2812 — —
Fly ash 0.7 — — 303.75 212.62
GGBFS 2.5 — — 101.25 253.13
NaOH 10.05 — — 40.5 407.03
Na2SiO3 10 — — 101.25 1012.5
Fine aggregate 0.25 683 170.75 683 170.75
Coarse aggregate 0.525 1289 676.72 1269 666.23
Water 0.0 148 00 40.5 00
Superplasticiser 26.67 3.7 98.68 4.05 108.01

Total 2493.7 Rs. 3758.15/m3 2543.7 Rs. 2230.27/m3
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Figure 11: Picture of short description of the GPC conclusion.
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ization of these hybrid reinforced composites with low
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