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a b s t r a c t

Last few decades, there has been a substantial advancement of geopolymer (GP) as a

Portland cement substitute. It is vital to investigate potential building uses for geopolymer

concrete (GPC). Six different mixes were cast for an alkaline to binder (A/B) ratio of 0.25

e0.50 with an interval of 0.05. Metakaolin-based geopolymer were cured at ambient tem-

perature and tested for 7, 14, 28, and 90 days. Metakaolin-Marble (MM00) mix was observed

to have a maximum slump. For an A/B ratio of 0.35, maximum compressive, split tensile,

flexural strength and modulus of elasticity was achieved. For elevated temperature resis-

tance, geopolymer concrete cubes were exposed to temperatures (T) of 200, 400, to 600 C. As

the temperature increased, compressive strength (CS) reduced. As the increase of the

alkaline to binder (A/B) ratio, the strength of geopolymer concrete increases up to a specific

limit beyond the limit strength decline. An empirical formula for split tensile (STS) value

prediction using compressive strength values is proposed, valid for determining split

tensile strength value. The correlation between compressive strength, split tensile

strength, flexural strength, and bulk density varies linearly for a quadratic polynomial.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the rising demand for shelter needs to the growing pop-

ulation, infrastructural expansion, and industrialization glob-

ally, there is aneed for innovative construction technologyand
(S.V. Ganachari), ksnisar
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alternative materials to meet these requirements [1]. Sustain-

ability andenvironment are twosignificant issues thatmust be

addressed while researching alternative construction mate-

rials [2]. In this context, geopolymer concrete (GPC) has

emerged as a trending and unexplored area for researchers [3].

GPC has several advantages over standard Portland concrete,
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including decreased carbon emissions, cheaper manu-factur-

ing amount, potential to use waste materials as binders [4].

The geopolymerization reaction mechanism of alumino-

silicate dissolution in the activator solution from a chemical

perspective (Fig. 1). Resource materials and an alkaline acti-

vation solution are the two most essential criteria for geo-

polymer (GP). The chemical composition of resourcematerials

must contain alumina-silicate, and these materials come

from waste by-products like Ground granulated blast-

furnaces slag (GGBS), fly ash (FA), and red mud (RM) [6]. Ac-

cording to prior research, the fineness of binders, the chemical

composition of binders and activator, the activator agent to

binder ratio, molar concentration, curing method, and tem-

perature are some of the factors which enhance the rate of

geopolymerization [7,8] shown in Fig. 1.

The SiO₂/Al₂O₃ ratio denotes the proportion of silica SiO₂ to

alumina Al₂O₃. The geopolymer compressive strength (CS) is

improved when this ratio is increased. The SiO₂/Al₂O₃ ratio

constraints the application domains [9]. The SiO₂/Al₂O₃ ratio

was employed to categorize different GP applications. As per a

past literature study, a substantial intensification in Si/Al SiO₂/

Al₂O₃ observed that setting time and the CS were decreased

[10,11]. The surface area of the binder is more, which tends to

accelerate the rate of the geopolymerization process, causing

enhancement of mechanical performances [12,13].

Many earlier experiments have shown that increasing the

concentration of the activator agent increases CS up to a

certain point, beyond which the CS drops [14]. Past literature

study is the only parameter for selecting the molar of the

activator. Several investigations have demonstrated that

curing temperatures of 12 M NaOH and 60 �C and 70 �C tend to

produce the optimum CS results. However, the research sug-

gested using 13 M NaOH for excellent workability. As per past

literature, 14 M NaOH has more excellent CS in concrete,

whereas 16 M NaOH has the best CS for geopolymer mortar

[15e17].
Fig. 1 e Schematic representation of geopolymeriz
Numerous investigations have established the maximum

activator/binder ratio for many precursors [18]. According to

literature research, the A/B ratio for GGBS and red-based

geopolymer should be between 0.40 and 0.55 [16]. According

to the study, for marble-based GPC, a water to binder (W/B)

ratio of 0.36 is better suited for achieving maximum CS. Ac-

cording to research, a W/B ratio of 0.30e0.40 is best for pro-

ducing FA-based GPC. When adding a filler material to FA-

based GPC, W/B ratios in the range between 0.35 and 0.55 is

the most suggested [15,17]. Enhanced mechanical properties

of GPC are achieved by increasing heat curing and its duration

until a specified value is obtained [9,18,19]. However, high

temperatures induce fractures in the geopolymer binder; for

GPC specimens, exposure to a long time for high curing tem-

perature results in a detrimental impact on mechanical

strength [20,21]. The optimum CS is attained with a 60e75 �C
as curing temperature, for a curing period of 5e7 days, for FA-

based GPC, and 1e4 days for GGBS-based GPC [22,23].

The calcination of kaolinite produces MK, a highly reactive

pozzolana (China clay). It must be processed in a burning

process similar to cement, albeit the manufacturing temper-

ature is between 700 and 900 �C rather than 1450 �C [27,28]. MK

is a dehydroxylated version of kaolinite, a clay mineral. MK is

clay that is often used in the manufacture of ceramics and

utilized as a cement substitute preparation of traditional

concrete [25]. Compared to Portland cement, MK has a lower

particle size (1e2 mm) and a higher surface area but a bigger

particle size than silica fume [26]. MK reacts fast and de-

creases the diffusion coefficient compared to regular Portland

cement because of its tiny particle size and large surface area

[27]. The chemical composition of a marble powder majority

consists of CaO, which helps develop better strength and

helps achieve lower permeability [28,29].

In general, waste generation atmany phases ofmining and

processing activities has contributed to severe environmental

concerns in the dimensional stone marble business [30] (see
ation process in GPC [recreated from Ref [5]].
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Fig. 2 e Schematic of production stages of marble.
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Fig. 2). The sludge produced between 20% and 30% of the

weight of the stone processed, depending on the type of pro-

cedure used. Marble dust as a binder and sand substitute was

studied on mechanical and durability properties. Most of the

studies have had favorable results [31]. This application may

be utilized to minimize the cost of GPC manufacturing by

using waste marble dust as an additive ingredient, affecting

mortar mechanical performance [32]. 10% sand replacement

with marble in the presence of additives yielded a maximum

CS equivalent to the reference combination for 28 days [33].

This research aims to usemarble as a binderwithMK in the

production of GPC. For the optimum percentage of marble

content, the fresh and mechanical performances of MK based

GPC were investigated in this article. The different pro-

portions of A/B ranging from 0.30, 0.40 and 0.50, were also

investigated for testing days of 7, 14, 28 and 90. An empirical

formula is proposed for STS value prediction using CS values

which were valid for the determination of STS value.
2. Materials and method

2.1. Materials

The marble powder was procured from the Belagavi, Karna-

taka, in this study. Table 1 shows the chemical composition

used in marble and metakaolin (MK). Fig. 1 Production stages

of marble. The MKwas collected fromMayuri Nagar, Miyapur,

Kachiguda, Hyderabad, and Telangana. MK is produced by

calcination of kaolin at high temperature. River sandwas used

for our work. The sand was procured from Mundari and

confirmed to IS 383 with specific gravity as 2.4 and fineness

modulus as 2.6. Coarse aggregate was procured from Belagavi

and confirmed to IS 383 with specific gravity as 2.65 and

fineness modulus as 6. Alkaline agents such as potassium

silicate (K₂SiO₃) and potassium hydroxide (KOH) were pro-

cured from the Shree chemical from Belagavi. K₂SiO₃ and KOH

were in pellet form. These pellets were converted in liquid of

required concentration by adding water to these pellets. The

activator was prepared with a 14 M concentration. After

combining the two solutions, they were left to remain for 24 h

before being used to finish the interaction. Fig. 3 represents

the various ingredients of GPC. Table 2 Represents the phys-

ical properties of ingredients of GPC.

2.2. Mixing, casting, and curing

The tested ingredients properties of GPC are shown in Fig. 4 in

which MM refers to the mixture marble/MK. In the current

study, six different MM mix proportions partially replacing

marble byMK (Table 3). A/Bwas used to prepare GPC as 0.25, to

0.50, with an interval of 0.05. As an activating agent, KOH

concentration was kept at 14 M and cured at 50 �C for 7, 14, 28,
Table 1 e Chemical composition of Metakaolin and Marble.

Composition Binder SiO2 Al2O3 CaO MgO

Metakaolin 55.7 38.6 0.39 2.08

Marble 1.28 1.38 50.10 1.72
and 90 days. The Marble and MK as binders were carefully

mixed manually until a homogeneous mixture was obtained.

Activators were poured into the binders, and the mixtures

were mixed using the concrete mixer. Binder and aggregates

were dry mixed, and then the activators were poured into the

mix. The mold's inner surface was applied with grease, and a

three-layer paste of GPC was poured into them. Cubes were

compacted using a table vibrator. The total mixing time was

20min. Cubeswere heated at 50 C for 1 h in the oven after 24 h

of the final set of cubes, cooled at room temperature, and

taken for testing at respectively days (see Table 4)
3. Experimental tests

The workability of GPC was carried out as per IS 1199 [34].

Workability such as slump (SV), compaction factor (CF), and

vee-bee consistometer (VBC) for a different proportion of

marble waste along with various A/B ratios was carried out

and results are shown in Fig. 5aec. The assembly consists of a

cone frustum and a tamping rod that has been certified to IS

1199 [38]. The inner surface of the slump cone was cleaned

thoroughly. GPC was filled in the four layers. After each layer

of GPC was poured into a cone, it was tamped for 25 strokes

applied using a tamping rod. After filling GPC in the cone,

surface was levelled using a trowel, and the final height of the

slump was measured. The SV value is the difference between

the two heights, i.e., final and initial (mm).

3.1. Slump

For different ratios of A/B values ranging from 0.25 to 0.50, an

interval of 0.05, GPC matrix was prepared. SV value observed

after experimentation ranging from 61 (minimum) to 89 mm

(maximum) refers to Fig. 5a. For the A/B ratio 0.25, SV range

from 61 to 76mm as theminimum andmaximum values. The

MM00 shown maximum slump, as 76 mm, and MM25 mini-

mum mix slump was observed as 61 mm. For an A/B ratio of

0.30, the SV range from 68 to 79 mm as the minimum and
K2O Fe2O3 Na2O SO3 CaCO3 LOI

2.43 2.03 0.26 1.1 e 1.74

e 0.54 0.29 0.21 44.1 0.39
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Fig. 3 e Schematic representation of ingredients of GPC.
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maximum values, respectively. For MM00 was shown

maximum SV, as 79 mm, and MM25 mix minimum SV was

observed as 68 mm. For the A/B ratio of 0.35, the SV value was

seen from 70 to 82 mm as the minimum and maximum

values. The MM00 shownmaximum SV, as 82 mm, and MM25

mixminimum SV was observed as 82 mm. For the A/B ratio of

0.40, the SV range from 75 to 85 mm as the minimum and

maximum values. The MM00 shown maximum SV as 75 mm,

and MM25 mix minimum SV was observed as 85 mm. For the

A/B ratio of 0.45, the SV range from 79 to 89 mm as the mini-

mum and maximum values. The MM00 shown maximum SV,

as 79 mm, and MM25 mix minimum SV was observed as

89mm. For an A/B ratio of 0.50, the SV range from 77 to 86mm

as the minimum and maximum values. The MM00 shown

maximum SV, as 77 mm, and MM25 mix minimum SV was

observed as 86 mm.

3.1.1. VeB consistometer (VBC)
For different ratios of A/B values ranging from 0.25 to 0.50, an

interval of 0.05 GPC matrix was prepared, as shown in Fig. 5b.

VBC value observed after experimentation ranging from 8 s

(minimum) to 24 s (maximum) for an A/B ratio of 0.25e0.50.

For the A/B ratio of 0.45, maximum VB-time was observed,

compared with ratios and mixes. VBC value was observed

from 15 to 24 s as the minimum and maximum values. The

MM00 shownmaximum VBC was observed as 24 s, and MM25

mix minimum VBC was observed as 15 s. As the marble con-

tent increased, VB time also increased to the specific limit, and

time was reduced beyond that point. Marble content up to

optimumusage of 20%,maximumVB timewas seen. For an A/

B ratio of 0.45, the MM00 mix proportion has the longest VB

time compared to other mixes. For an A/B ratio of 0.45, MM00

has a 37% VB time higher than MM25, indicating that MM00 is

37% more workable than MM25. Similarly MM00 has a 8.33%,
Table 2 e Physical properties of ingredients of GPC.

Materials Metakaolin Marble Aggregate R.Sand

Physical Properties

Specific gravity 2.60 2.55 2.65 2.6

Zone e e e II

Fineness modulus e e 7.0 3.0

Silt content e e e 4%
16.6%, 25%, and 29.1%, VB time higher than MM05, MM10,

MM15, and MM20 respectively.

3.1.2. Compaction factor (CF)
For different ratios of A/B values ranging from 0.25 to 0.50, an

interval of 0.05, GPC matrix was prepared, refer to Fig. 5c. For

the A/B ratio of 0.25, the CF value was observed from 0.68 to

0.75 as theminimum andmaximum values. When comparing

ratios andmixtures, the highest CFwas found for the A/B ratio

of 0.45. The lowest and highest CF values are 0.82 and 0.86,

respectively. The MM00 mix had the highest maximum CF of

0.86, whereas the MM25 mix have the lowest minimum CF of

0.77. CF increased to the specific limit as the marble content

increased, and CF was reduced beyond that point. Maximum

CFwas observedwithmarble content up to optimal utilization

of 20%. Compared to other mixes, the MM00 mix percentage

has the highest CF for an A/B ratio of 0.45. MM00 has a 4.6%

greater CF than MM25 for an A/B ratio of 0.45, implying that

MM00 is 2.3% more feasible than MM25. MM00 has a CF of

2.3%, 2.33%, 1.1%, and 1.16%, respectively, greater than MM05,

MM10, MM15, and MM20.

3.1.3. Effect of activators on the workability of GPC
GPC prepared with MK as a binder, shows more density dense

concrete than that of metakaolin GGBS as a binder. The par-

ticle shape and size of ingredients of GPC have greater influ-

ence in fresh and mechanical performances enhancement of

GPC. MK has high fineness resulting in enhanced workability

[35]. Aggregate content in the polymer paste affects the fresh

property of GPC, such as workability. When silicate reacts

with free Naþ ions in the gel, it undergoes soluble phases of

NASH gel due to excess KOH cracks developed in the matrix

[36]. The particle shape of the binder has a more significant

impact on the structure performances of GPC. Metakaolin was

observed to be irregular than spherical shape along with an

edged shape leading to a lower slump [37]. Higher concen-

tration of molarity significances that intensification in the

viscosity of KOH. As the molarity of an activator is increased,

the slump performances lower [38]. Higher content of SiO2 in

Metakaolin led to the rapid development of the setting timing

due to the formation of the C-A-S-H structure, which tends to

reduce the SV. Metakaolin indicates heterogeneous micro-

structure and particles from an agglomeration and makes

dense with diverse particles. MK and marble are rich in SiO₂

and CaO ions with increment KS/KH molar ratio during syn-

thesis progression. MK reacts with silica led to the formation

of a novel crystalline phase [39,40]. Alkali fusion of MK, some

mineral phases transformed into amorphous, and new crys-

talline phases formed in the GPC. Unreacted ions of

Na þ defined their paths in this way, either agglomerated or

migrated at the boundary of remained. Metakaolin particles

become less dense after the fusion process [41].

3.2. Compression strength (CS)

As per IS 516 code [42], the CS test was performed in a

compression testingmachine (CTM)with a 150mm3 specimen

size. The CS values for different proportions of GPC tested for

the 7, 14, 28, and 90 days as shown in Fig. 6aed.

https://doi.org/10.1016/j.jmrt.2022.08.020
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Fig. 4 e Flow chart for methodology of marble-metakaolin (MM) based GPC.
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The GPC was placed in the three-layer mixture into the

cubes. Each layer was compacted with a tamping rod with 35

strokes. After filling GPC into cubes, these cubes were

compaction using a table vibrator before the final concrete set.

CTM with a capacity of 2000 N and a 140 kg/cm2/min loading

rate was employed for crushing concrete.

To determine CS results, GPC was cast for different ratios

A/B ranging from 0.25 to 0.50, with an interval of 0.05 see

Fig. 6a. CS value observed after experimentation ranging from

30 (minimum) to 45 (maximum) MPa, for day 7. For an A/B
Table 3 e Mix proportions of GPC.

Mix ID Binder Fine Aggregate
(kg/m3)

C

Metakaolin (%) Marble (%)

MM00 100 0 552

MM05 95 05 552

MM10 90 10 552

MM15 85 15 552

MM20 80 20 552

MM25 75 25 552
ratio of 0.25, CS value was observed from 34 to 40 MPa as the

minimum and maximum value. The MM00 was the mix for

which maximum CS was observed as 40 MPa, and MM25 mix

minimum CS was observed as 34 MPa. For an A/B ratio of 0.30,

CS valuewas observed from 36 to 42MPa as theminimumand

maximum value. The MM00 was themix for whichmaximum

CS was observed as 42 MPa, and MM25 mix minimum CS was

observed as 36 MPa. For an A/B ratio of 0.35, CS value was

observed from 39 to 45 MPa as the minimum and maximum

value. The MM00 was the mix for which maximum CS was
oarse Aggregate
(kg/m3)

Alkali/Binder
Ratio

Alkaline Solution

KOH (kg/m3) K2SiO3

(kg/m3)

1290 0.25 14.66 52.4

1290 0.30 14.66 52.4

1290 0.35 14.66 52.4

1290 0.40 14.66 52.4

1290 0.45 14.66 52.4

1290 0.50 14.66 52.4

https://doi.org/10.1016/j.jmrt.2022.08.020
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Table 4 e Impact energy for various mixes.

Mix ID 1st crack
blows

Failure crack
blows

Impact
Energy- Nm

MM00 20 125 1960.17

MM05 31 135 1862.93

MM10 43 140 1747.43

MM15 36 138 1623.94

MM20 24 85 1430.45

MM25 21 60 1247.31
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observed as 45 MPa, and MM25 mix minimum CS was

observed as 39 MPa. For an A/B ratio of 0.40, CS value was

observed from 37 to 44 MPa as the minimum and maximum

value. The MM00 was the mix for which maximum CS was

observed as 44 MPa, and MM25 mix minimum CS was

observed as 37 MPa. For an A/B ratio of 0.45, CS value was

observed from 32 to 39 MPa as the minimum and maximum

value. The MM00 was the mix for which maximum CS was

observed as 32 MPa, and MM25 mix minimum CS was

observed as 39 MPa. For an A/B ratio of 0.50, the CS value was

seen from 30 to 37 MPa as the minimum andmaximum value.

The MM00 was the mix for which maximum CS was observed
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Fig. 5 e a. Slump results for different values of the A/B ratio. b. V

Compaction factor results for different values of A/B ratio.
as 37 MPa, and MM25 mix minimum CS was observed as

30 MPa.

To determine CS results, GPC was cast for different ratios

A/B ranging from 0.25 to 0.50, with the interval of 0.05 shown

in Fig. 6b. CS value observed after experimentation ranging

from 30 (minimum) to 45 (maximum) MPa, for day 14. For an

A/B ratio of 0.25, CS value was observed from 35 to 42 MPa as

theminimumandmaximum value. For MM00was themix for

which maximum CS was observed as 42 MPa, and MM25 mix

minimumCS was observed as 35 MPa. For an A/B ratio of 0.30,

CS value was observed from 37 to 44MPa as theminimumand

maximum value. MM00 was the mix for which maximum CS

was observed as 44 MPa, and MM25 mix minimum CS was

observed as 37 MPa. For an A/B ratio of 0.35, CS value was

observed from 44 to 50 MPa as the minimum and maximum

value. For MM00 was the mix for which maximum CS was

observed as 50 MPa, and MM25 mix minimum CS was

observed as 44 MPa. For an A/B ratio of 0.40, CS value was

observed from 42 to 49 MPa as the minimum and maximum

value. MM00 was the mix for which maximum CS was

observed as 49 MPa, and MM25 mix minimum CS was

observed as 42 MPa. For an A/B ratio of 0.45, CS value was

observed from 39 to 45 MPa as the minimum and maximum
MM00 MM05 MM10 MM15 MM20 MM25
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https://doi.org/10.1016/j.jmrt.2022.08.020
https://doi.org/10.1016/j.jmrt.2022.08.020


Fig. 6 e a. CS results for day 7 with various A/B ratio. b. CS results for day 14 with various A/B ratio. c. CS results for day 28

with various A/B ratio. d. CS results for day 90 with various A/B ratio.
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value. MM00 was the mix for which maximum CS was

observed as 45 MPa, and MM25 mix minimum CS was

observed as 39 MPa. For an A/B ratio of 0.50, the CS value was

obtained after experimentation, ranging from 41 to 47 MPa as

the minimum and maximum values. MM00 was the mix for

which maximum CS was observed as 47 MPa, and MM25 mix

minimum CS was observed as 41 MPa.

Similarly, as in previous cases, determine CS results, GPC

were cast for different ratios A/B ranging from 0.25 to 0.50,

with the interval of 0.05 shown in Fig. 6c. CS value observed

after experimentation ranging from 40 (minimum) to 53

(maximum) MPa, for day 28. For an A/B ratio of 0.25, CS value

was observed from 44 to 50 MPa as the minimum and

maximum value. MM00 was the mix for which maximum CS

was observed as 50 MPa, and MM25 mix minimum CS was

observed as 44 MPa. For an A/B ratio of 0.30, CS value was

observed from 42 to 48 MPa as the minimum and maximum

value. MM00 was the mix for which maximum CS was

observed as 48 MPa, and MM25 mix minimum CS was

observed as 42 MPa. For an A/B ratio of 0.35, CS value was

observed from 45 to 51 MPa as the minimum and maximum

value. MM00 was the mix for which maximum CS was

observed as 51 MPa, and MM25 mix minimum CS was

observed as 45 MPa. For an A/B ratio of 0.40, CS value was

observed from 47 to 53 MPa as the minimum and maximum

value. MM00 was the mix for which maximum CS was

observed as 53 MPa, and MM25 mix minimum CS was
observed as 47 MPa. For an A/B ratio of 0.45, CS value was

observed from 40 to 47 MPa as the minimum and maximum

value. MM00 was the mix for which maximum CS was

observed as 47 MPa, and MM25 mix minimum CS was

observed as 40 MPa. For an A/B ratio of 0.50, CS value was

obtained after experimentation, ranging from 38 to 45 MPa as

the minimum and maximum value. MM00 was the mix for

which maximum CS was observed as 45 MPa, and MM25 mix

minimum CS was observed as 38 MPa.

Following the CS results, GPC was cast for different ratios

A/B ranging from 0.25 to 0.50, with the interval of 0.05 shown

in Fig. 6d. CS value observed after experimentation ranging

from 40 (minimum) to 55 (maximum) MPa, for day 90. For an

A/B ratio of 0.25, CS value was observed from 44 to 51 MPa as

the minimum and maximum value. MM00 was the mix for

which maximum CS was observed as 51 MPa, and MM25 mix

minimum CS was observed as 44 MPa. For an A/B ratio of 0.30,

CS valuewas observed from 46 to 53MPa as theminimumand

maximum value. MM00 was the mix for which maximum CS

was observed as 53 MPa, and MM25 mix minimum CS was

observed as 46 MPa. For an A/B ratio of 0.35, CS value was

observed from 48 to 55 MPa as the minimum and maximum

value. MM00 was the mix for which maximum CS was

observed as 55 MPa, and MM25 mix minimum CS was

observed as 48 MPa. For an A/B ratio of 0.40, CS value was

observed from 47 to 54 MPa as the minimum and maximum

value. MM00 was the mix for which maximum CS was
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observed as 54 MPa, and MM25 mix minimum CS was

observed as 47 MPa. For an A/B ratio of 0.45, CS value was

observed from 41 to 48 MPa as the minimum and maximum

value. MM00 was the mix for which maximum CS was

observed as 48 MPa, and MM25 mix minimum CS was

observed as 41 MPa. For an A/B ratio of 0.50, CS value was

obtained after experimentation, ranging from 40 to 46 MPa as

the minimum and maximum value. MM00 was the mix for

which maximum CS was observed as 46 MPa, and MM25 mix

minimum CS was observed as 40 MPa.

A total of six samples were taken and analyzed over 7, 14,

28, and 90 days to determine CS. The average of the tested

specimen findings was recorded, and they are all repre-

sented in Fig. 6aed. According to a previous study, the re-

action rate of GPC is much faster than the hydration rates of

traditional concrete because of the tetrahedral structure.

With MM100%, the mixture maximum CS was 51 MPa. The

A/B ratio was increased, which boosted this number. The

maximum CS strength was achieved with MM100% binder

concentration.

3.2.1. Effect of the activator and A/B on CS
The CS and A/B ratio have a unique relationship. Initially, the

A/B ratio increased to a specific range of CS increases beyond

the limit. Because the KOH and KSi2O3 are acts as an alkaline

agent, it produces more SiO2 gel from MK, and GGBS stimu-

lates the formation of denser SieOeSi linkages during poly-

merization. The SieOeSi connection, on the other hand, is

much stronger than the SieOeAl and AleOeAl bonds. As a

result, CS is enhanced. The NaOH solution detaches the SiO₂

and Al₂O₃ in the matrix, leading to the monomer to polymer

bond formation [10,14,43]. The influence of the A/B ratio on CS

is shown in Fig. 6. The CS of a combination containing a

marble powder MM100% -based GPC increases when the A/B

ratio increases from 0.25 to 0.35, then decreases (in A/B ratio

0.50). The best A/B ratiowas different to producemaximumCS

for each combination type [44]. As a result, it was discovered

that the A/B ratio had a strong association with binder

chemical composition since binder were rich in SiO₂ and Al₂O₃

content, which led to strength development, causing accel-

eration of the rate of geopolymerization. The strength of

compression the CS of marble-Metakaolin based GPC develop

with a parameter such as A/B ratio to a particular value

reflecting the optimum-active ratio of A/B and then drops

more or less than this value [45].

Under extremely hot conditions, a comparison of FA based

GPC with NaOH and KOH activators was investigated. Ac-

cording to the findings, KOH based activators agent led to

produce GPC with higher CS than NaOH. The KOH is appro-

priate for structural uses. This is due to the better binding

properties of KOH with GPC than NaOH activators [46].

Compared to Na activators, KOH offers greater strength and

durability with little quantity to accelerate the geo-

polymerization reaction. Additionally, KSiO2 has less viscosity

than Na2SiO3 [47]. Potassium alkali agent decreased viscosity

results in greater strength and durability with less shrinkage

and porosity [50,51]. When compared the curing condition of

GPC with ambient and oven-cured conditions, it was

concluded that the oven curing condition shows a higher CS

value than the ambient condition [48]. When the A/B ratio
surpasses the active-optimum value, the activator agent skips

over the demands of the Geopolymerization process, resulting

in decreased CS [49e51]. For mixes (MM00, MM05, MM10,

MM15, MM20, and MM25), the optimum A/B ratio that pro-

vided the maximum CS was (0.35, 0.30, 0.25, 0.40, and 0.50).

3.3. Spit tensile strength (STS)

As per IS 5816 code [52], the STS test was carried out in a CTM

with a 150 � 300 mm cylinder specimen. GPC testing for STS

was carried out for 7, 14, 28, and 90 days are shown in

Fig. 7aed (results summarized in Table 5). IS 5816 was vali-

dated by a split tensile test. The cylinder measures 150 (Dia.) x

300 (Ht.) mm in dimension. The cylinder was tested using a

CTM with a 1.2e2.4 N/(mm/min) load rate. Eq (1) is a formula

for the computation of STS.

Fc¼ 2P

pLD
(1)

where, p ¼ 3.142, Fc-measured STS -maximum Load (N), L-

length of the specimen, D-cross-sectional diameter of the

specimen.

STS value observed after experimentation ranging from

3.05 (minimum) to 4.35 (maximum)MPa, for day 7, refer Fig. 7a

for A/B ratios ranging from 0.25 to 0.50. For the A/B ratio of

0.25, the STS value was observed from 3.25 to 4.15 MPa as the

minimum and maximum value.

Fig. 7a indicates STS results of GPC for day 7, for various

values of A/B ratios of 0.25e0.50. The STS value reduced as the

A/B ratios increased from 0.25 to 0.50. For the A/B ratio of 0.35,

a maximum STS value was observed. From the binder point of

view, the marble content increases, the STS value reduces.

MM00 has 0% marble; maximum STS was observed for an A/B

ratio of 0.35. For an A/B ratio of 0.50, CS value was observed

from 3.05 to 3.85 MPa as the minimum and maximum value.

MM00 was the mix for which maximum STS was observed as

3.85 MPa, and MM25 mix minimum STS was observed as

3.05 MPa when tested for day 7. STS value observed for MM00

mix is 12%,10.1% 12.98% 10.95%, 8% and 9.2% higher than

MM25 mix for A/B ratio ranging from 0.25 to 0.50 respectively.

MM00 for A/B ratio of 0.35 has a 12.98% higher STS value than

MM25.

STS value observed after experimentation ranging from

3.08 (minimum) to 4.48 (maximum) MPa, for day 14, refer to

Fig. 7b. For the A/B ratio of 0.25, the STS value was observed

from 3.28 to 4.08 MPa as the minimum and maximum value.

Fig. 7b indicates STS results of GPC for day 14, for various

values of A/B ratios of 0.25e0.50. The STS value reduced as the

A/B ratios increased from 0.25 to 0.50. For the A/B ratio of 0.35,

a maximum STS value was observed. From the binder point of

view, the marble content increases, the STS value reduces.

MM00 has 0% marble; maximum STS was observed for an A/B

ratio of 0.35. MM00 was the mix for which maximum STS was

observed as 4.38 MPa, and MM25 mix minimum STS was

observed as 3.58 MPa.For the A/B ratio of 0.50, the STS value

was observed from 3.08 to 3.78 MPa as the minimum and

maximum value. MM00 was the mix for which maximum STS

was seen as 3.78 MPa, and MM25 mix minimum STS was

observed as 2.08 MPa. STS value was seen for MM00mix value

is 7.3%, 5.1%, 7.9%, 8.15%, 8.3%, and 6% higher than MM25mix
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Fig. 7 e a. Variation of STS data for day 7, with various A/B ratios. b. Variation of STS data for day 14, with various A/B ratios. c.

Variation of STS data for day 28, with various A/B ratios. d. Variation of STS data for day 90, with various A/B ratios.
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for A/B ratio ranging from 0.25 to 0.50 respectively. MM00 for

A/B ratio of 0.35 has a 7.9% higher STS value than MM25.

STS value observed after experimentation ranging from

3.14 (minimum) to 4.54 (maximum) MPa, for day 28, refer

Fig. 7c for A/B ratios ranging from 0.25 to 0.50. Fig. 7c indicates

STS results of GPC for day 28, for various values of A/B ratios of

0.25e0.50. The STS value reduced as the A/B ratios increased

from 0.25 to 0.50. For the A/B ratio of 0.35, a maximum STS

value was seen. From the binder point of view, the marble

content increases, the STS value reduces. MM00 has 0%

marble; maximumSTSwas seen for an A/B ratio of 0.35. For an

A/B ratio of 0.25, the STS value was seen from 3.34 to 4.14 MPa

as the minimum and maximum value. For MM00 was the mix

for whichmaximumSTSwas seen as 4.14MPa, andMM25mix

minimum STS was seen as 3.34 MPa. For the A/B ratio of 0.50,

the STS value was seen from 3.14 to 3.84 MPa as theminimum

andmaximum value. MM00 was the mix for which maximum

STS was seen as 3.84 MPa, and MM25 mix minimum STS was

seen as 3.14 MPa.STS value was seen for MM00 mix value is

7%, 5% 7.8%, 8%, 8.2%, and 5.9% higher thanMM25mix for A/B

ratio ranging from 0.25 to 0.50 respectively. MM00 for A/B ratio

of 0.35 has a 7.8% higher STS value than MM25.

STS value observed after experimentation ranging from 3.2

(minimum) to 4.56 (maximum)MPa, for day 90, refer Fig. 7d for

A/B ratios ranging from 0.25 to 0.50. Fig. 7b indicates STS re-

sults of GPC for day 90, for various values of A/B ratios of
0.25e0.50. The STS value reduced as the A/B ratios increased

from 0.25 to 0.50. For the A/B ratio of 0.35, a maximum STS

value was observed. From the binder point of view, themarble

content increases, the STS value reduces. MM00 has 0%

marble. MM00 was the mix for which maximum STS was

observed as 4.4 MPa, and MM25 mix minimum STS was

observed as 3.5MPa For the A/B ratio of 0.50, the STS valuewas

seen from 3.2 to 3.9 MPa as the minimum and maximum

value. For MM00 was the mix for which maximum STS was

observed as 3.9 MPa, and MM25 mix minimum STS was

observed as 3.2 MPa. STS value was observed for MM00 mix

value is 7.1%, 5%,7.6%, 7.8%,8.1%, and 5.8% higher than MM25

mix for A/B ratio ranging from 0.25 to 0.50 respectively. MM00

for A/B ratio of 0.35 has a 7.6% higher STS value than MM25.

3.3.1. Effect of activators on STS
As the ratio of (KS/KH)was increased from 0.25 to 0.50, the STS

value decreased (more details see Table 5). For KS/KH ratio of

0.35, maximum STS value was observed for 7,14,28 and 90

days of testing. It was also observed that percentage incre-

ment of STS value from 90 days of testing to 7 days were in the

range from 0.60 to 1.0 MPa MM00 i. e, MK as binder with 100%,

showsmaximumSTS, but as the percentage ofmarble powder

was increased the STS value will deline. The curing condition

and the K₂SiO₃ and KOH (KS/KH) ratio influence the STS of the

GPC. The maximum STS for varied KS/KH ratios ranging from
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Table 5 e Comparison of STS results values for various codes and proposed empirical formula.

Study Expt.CS Expt.STS IS-code AS3600 CEB-FIP ACI 363 Verma and Dev Proposed Ref.

Current Study 55.0 4.60 5.19 2.97 4.22 4.38 7.54 4.62

54.0 4.40 5.14 2.94 4.17 4.34 7.43 4.58

53.0 4.30 5.10 2.91 4.12 4.30 7.32 4.53

52.0 4.20 5.05 2.88 4.07 4.25 7.21 4.48

50.0 4.10 4.95 2.83 3.97 4.17 6.98 4.38

48.0 3.80 4.85 2.77 3.86 4.09 6.76 4.28

0.00 58.2 5.54 5.34 3.05 4.51 2.14 7.88 4.77 [92]

49.5 4.82 4.92 2.82 4.05 1.97 6.93 4.36

35.4 2.79 4.16 2.38 3.23 1.67 5.30 3.60

28.9 2.66 3.76 2.15 2.38 1.51 4.51 3.21

46.1 4.00 4.75 2.72 3.86 1.90 6.54 4.18

36.1 3.81 4.21 2.40 3.28 1.68 5.38 3.64

40.4 4.14 4.45 2.54 3.54 1.78 5.89 3.88

41.3 4.19 4.50 2.57 3.59 1.80 5.99 3.93

33.5 3.37 4.05 2.32 3.12 1.62 5.07 3.49

30.5 3.57 3.87 2.21 2.93 1.55 4.70 3.31

35.1 3.28 4.15 2.37 3.21 1.66 5.26 3.59

37.1 3.26 4.26 2.44 3.34 1.71 5.50 3.70

37.6 3.60 4.29 2.46 3.37 1.72 5.56 3.73

35.2 3.20 4.15 2.37 3.22 1.66 5.28 3.59

1.00 28.5 2.10 3.74 2.34 3.16 1.64 4.46 3.19 [20]

36.6 3.20 4.23 2.33 3.13 1.63 5.44 3.67

47.9 4.10 4.84 2.32 3.10 1.62 6.75 4.28

33.1 2.60 4.03 2.30 3.08 1.61 5.02 3.47

45.3 2.20 4.71 2.29 3.05 1.60 6.45 4.14

43.8 2.50 4.63 2.27 3.02 1.59 6.28 4.07

2.00 44.0 3.60 4.64 2.26 2.99 1.58 6.31 4.08 [87]

46.0 3.90 4.75 2.24 2.96 1.57 6.53 4.18

47.0 4.00 4.80 2.23 2.93 1.56 6.65 4.23

54.0 4.10 5.14 2.21 2.90 1.55 7.43 4.58

46.0 3.00 4.75 2.20 2.88 1.54 6.53 4.18

44.0 3.60 4.64 2.18 2.85 1.53 6.31 4.08

42.0 3.50 4.54 2.17 2.82 1.52 6.08 3.97

3.00 20.3 2.70 3.15 2.16 2.79 1.51 3.40 2.63 [92]

24.0 3.50 3.43 2.14 2.76 1.50 3.88 2.89

25.0 3.60 3.50 2.13 2.73 1.49 4.01 2.96

25.4 3.80 3.53 2.11 2.70 1.48 4.06 2.99

25.8 4.00 3.56 2.10 2.68 1.47 4.12 3.01

4.00 21.2 2.92 3.22 2.08 2.65 1.46 3.52 2.70 [93]

25.3 3.14 3.52 2.07 2.62 1.45 4.05 2.98

33.3 3.34 4.04 2.05 2.59 1.44 5.04 3.48

44.3 4.41 4.66 2.04 2.56 1.43 6.34 4.09

25.3 3.18 3.52 2.03 2.53 1.42 4.05 2.98

30.2 3.95 3.84 2.01 2.50 1.41 4.66 3.29

46.3 4.21 4.76 2.00 2.48 1.40 6.56 4.19

48.3 4.75 4.86 1.98 2.45 1.39 6.79 4.29

5.00 65.0 2.30 5.64 1.97 2.42 1.38 8.61 5.08 [46]

72.0 3.50 5.94 1.95 2.39 1.37 9.35 5.38

74.0 3.67 6.02 1.94 2.36 1.35 9.55 5.47

60.0 2.08 5.42 1.92 2.33 1.34 8.08 4.86

66.0 3.32 5.69 1.91 2.30 1.33 8.72 5.13

65.0 3.47 5.64 1.89 2.28 1.32 8.61 5.08

53.0 4.00 5.10 1.88 2.25 1.31 7.32 4.53

57.0 4.32 5.28 1.87 2.22 1.30 7.75 4.72

59.0 4.58 5.38 1.85 2.19 1.29 7.97 4.81
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0.5 to 3.0 with intervals of 0.5 at 90 days for ambient-curing is

in the range of 2.7e3.6 MPa. At 90 days of ambient curing, the

maximum STS for varied KS/KH ratios ranging from 0.5 to 3.0

with intervals of 0.5 is in the range of 3.5e5.0 MPa. Compared

to lower molarity, GPC performance for STS improves with

increasing molarity. In comparison to standard concrete
specimens, the potassium activator-based GPC exhibits sig-

nificant strength qualities. This is because the reaction be-

tween aluminium silicate components and an alkaline

solution gives GPC an excellent binding property and boosts

its STS [50,53]. The activator requires an alkaline compound in

an aqueous form. The mixture of silicates and hydroxides is
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often employed. The resulting solution's silicate serves as an

additional source of SiO2, while the hydroxide ensures the

solution's high alkalinity. The alkaline solution is vital during

geopolymerization and influences STS growth. The SiO₂/Al₂O₃

ratio, the efficacy of the geopolymerization reaction, kind of

cation utilized, molar concentration, and curing conditions all

significantly impact the STS of geopolymers [54e56].

On the other hand, SiO₂/Al₂O₃ were engaged in the forma-

tion of CSH and CASH gel, improving mechanical strength.

The STS of samples activated with 12 M NaOH solution was

5.12MPa, whichwas greater than the STS of samples activated

with higher or lower molarity solutions, which were 4.43 and

5.08 MPa, respectively, for 10 M and 14 M. The most essential

are reactive silica content and particle size (Ganachari, 2019).

Changes in the quantity of SiO₂ and Al₂O₃, according to specific

research, have a considerable effect on the characteristics of

the geopolymers. Reactivity of the binder and the chemical

composition of the activator is required for the speedy accel-

eration of the geopolymerization process [57].

3.4. Flexural strength

Flexural strength (FS) test was conducted as per IS 516 code

[42], in UTM. The FS test was performed following IS 516

specifications. 100� 100� 500mmwas taken as the specimen

size. Load of 180 kg/cm2/min was applied to the specimen up

to it failed.

FS¼ PL
ðB D^2Þ (2)

P-Failure load of the specimen, L-Length of the specimen-

Width of the specimen.
Fig. 8 e a to d. Beam
D-Depth of the specimen.

After subjecting the beam under UTM, failure crack is

observed in beam specimen refer to Fig. 8aed. After viewing

Fig. 8c, it is clear that maximum impact was observed at the

central portion of the beam. Failure of the beam has taken

place at the mid-span of the beam. Fig. 9 shows the cross-

section of the beam. Fig. 9b closed-loop observed are aggre-

gate and surrounded by GPC matrix.

Beams were cast to calculate FS for A/B ratios ranging from

0.25 to 0.50, with a 0.05 interval. Fig. 10a shows the FS value

following testing, ranging from 3.05 (minimum) to 4.35

(highest) MPa on day 7. Fig. 10a showsGPC FS findings on day 7

for different A/B ratios ranging from0.25 to 0.50. The STS value

decreased as the A/B ratios increased from 0.25 to 0.50. A

maximum FS value was obtained for the A/B ratio of 0.35. The

marble content increases as the FS value decreases from the

binder's perspective. ThemaximumSTSwas foundwith an A/

B ratio of 0.35 in MM00, with 0% marble. The minimum and

highest FS values were recorded for an A/B ratio of 0.50,

ranging from 3.38 to 4.08 MPa.

The highest FS for MM00 was found to be 4.08 MPa, and the

minimum FS for MM25 was found to be 3.38 MPa. For A/B ra-

tios ranging from 0.25 to 0.50, the FS value observed for MM00

mix is 9.3%, 5%, 7.6%, 7.8%, 8.1%, and 5.8% greater than MM25

mix. MM00 has a 7.6% higher FS value than MM25 for an A/B

ratio of 0.35.

FS for A/B ratios ranging from 0.25 to 0.50, with a 0.05

interval. Fig. 10b shows that the FS value measured

following experiments varied from 3.68 (minimum) to 4.91

(highest) MPa on day 14. Fig. 10b shows GPC FS findings for
cast for FS tests.
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Fig. 9 e a and b. Cross-section view of the beam.
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day 14 for different A/B ratios ranging from 0.25 to 0.50.

The STS value decreased as the A/B ratios increased from

0.25 to 0.50. The lowest and highest FS values for the A/B

ratio of 0.35 were 4.18 and 4.91 MPa, respectively. The

highest FS for MM00 was found to be 4.91 MPa, and the

minimum FS for MM25 was found to be 4.18 MPa. The
Fig. 10 e a. FS results for different values of A/B ratios. b. FS res

different values of A/B ratios day 28. d. FS results for different v
lowest and highest FS values for an A/B ratio of 0.50 were

3.48 and 4.18 MPa, respectively. The highest FS for MM00

was found to be 4.18 MPa, and the minimum FS for MM25

was found to be 3.48 MPa. For A/B ratios ranging from 0.25

to 0.50, the FS value observed for MM00 mix is 6.6%, 4.6%,

7.1%, 7.3%, 7.5%, and 5.4%, respectively, greater than MM25
ults for different values of A/B ratio day 14. c. FS results for

alues of A/B ratios day 90.
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Fig. 11 e Impact tests result for different mix ID for GPC for

A/B ratio of 0.35.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 0 : 3 2 0 8e3 2 2 83220
mix. MM00 has a 12.98% higher FS value than MM25 for an

A/B ratio of 0.35.

FS for A/B ratios ranging from 0.25 to 0.50, with a 0.05 in-

terval. Fig. 10c shows the FS value following testing, ranging

from 3.68 (minimum) to 4.91 (maximum) MPa on day 28.

Fig. 10c shows GPC FS findings for day 28 for different A/B

ratios ranging from 0.25 to 0.50. As the A/B ratios grew from

0.25 to 0.50, the STS value decreased. The lowest and highest

FS values for the A/B ratio of 0.35 were 4.24 and 5.04 MPa,

respectively. The highest FS for MM00 was found to be

5.04 MPa, and the minimum FS for MM25 was found to be

4.24 MPa. The lowest and highest FS values for an A/B ratio of

0.50 were 3.56 and 4.26 MPa, respectively. The highest FS for

MM00 was found to be 4.26 MPa, and the minimum FS for

MM25 was found to be 3.56 MPa. For A/B ratios ranging from

0.25 to 0.50, the FS value observed for MM00 mix is 6.5%, 4.5%,

7%, 7.2%, 7.3%, and 5.3%, respectively, higher than MM25 mix.

The FS value of MM00 with an A/B ratio of 0.35 is 7% higher

than that of MM25.

FS for A/B ratios ranging from 0.25 to 0.50, with a 0.05 in-

terval. Fig. 10d shows the FS value following testing, ranging

from 3.68 (minimum) to 5.15 (highest) MPa on day 90. Fig. 10d

shows GPC FS findings for day 28 for different A/B ratios

ranging from 0.25 to 0.50. As the A/B ratios grew from 0.25 to

0.50, the STS value decreased. The FS value for the A/B ratio of

0.35 ranged from 4.35 to 5.15MPa as theminimumand highest

values. The highest FS forMM00was found to be 5.15MPa, and

the minimum FS for MM25 was found to be 4.35 MPa. The

lowest and highest FS values for an A/B ratio of 0.50 were 3.68

and 4.38 MPa, respectively. The highest FS for MM00 was

found to be 4.38 MPa, and the minimum FS for MM25 was

found to be 3.68 MPa. For A/B ratios ranging from 0.25 to 0.50,

the FS value observed for MM00 mix is 6.4%, 4.4%, 6.8%, 7%,

7.1%, and 5.1%, respectively, greater than MM25 mix. The FS

value of MM00 with an A/B ratio of 0.35 is 7% higher than that

of MM25.

3.4.1. Effect of activators on FS
Quicker dissolution of alumina and silica from the binder into

the solution, allowing for the creation of higher volumes of

alumino-silicate polymeric gel and hence increased mechan-

ical strength [58]. It's also clear from the data that with the

increase of A/B ratio, FS increase up to specific values, later

declining. Incremental in strength development of GPC with

curing age which they ascribed to the dissolution of non-

complexed species such Potassium ions, which led to frame-

work instability in the aqueous environment [59]. Due to the

high shrinkage in the matrix, this matrix includes a higher

quantity of unreacted MK particles. Lower water requirement

and the gel environment of the binder, a better quality of GPC

than conventional concrete. GPC has a lower rate of hydration

while setting [60e62]. Another significant factor is the devel-

opment of micro-cracks in ITZ. These micro-cracks influence

FS as associated with CS, decreasing the FS with age. FS

specimens were cured at ambient temperature does not

withstand their weight after demoulding. Failure of beam

specimens was found to be the brittlemode [63]. The presence

of a more viscous activator agent reduces the amount of

unreacted MK in the matrix, resulting in the formation of

strong bonds between silica and alumina ions. The K₂SiO₃/
KOH ratio is reduced, which causes potassium silicate to be

less viscous than potassiumhydroxide, resulting in a decrease

in FS [36,64].

3.5. Impact tests

The impact resistance of cylindrical specimens was explored

with a 150� 50mm, i.e., dia x ht. A steel ball weighing 3 kgwas

dropped freely from a height of 457 mm to evaluate impact

resistance. Initial crack blows are the number of blows that

generate a visible first crack, while failure blows are the

number of blows that induce total crack propagation was

noted [65,66].

Equation E ¼ Nmgh was used to compute impact energy

(Nm).

Whereas N: number of strikes that cause the specimen to

fail,

m: weight of the steel ball,

h: freely falling height of the ball, and

g: acceleration due to gravity.

Fig. 11 shows the impact test results for the A/B ratio of

0.35. The impact test is performed using an A/B ratio of 0.35.

since it has been experimental that this ratio shows better

mechanical performances than other ratios. The impact test is

the measure of impact energy that GPC resists. TheMM00mix

ID shows maximum impact energy and MM25 as minimum

impact energy with 1960.17 Nm and 1247.31Nm, respectively.

From Fig. 11, it can be clearly seen that as marble content

increases, the impact energy decrease.

3.6. Modulus of elasticity (MoE)

MoE was carried out as per IS 516 [42]. Concrete cylinders with

a diameter of 150 cm and a length of 300 cmwill be used as test

specimens. Other sizes of cylinders or square prismsmay also

be utilised, as long as the height/diameter or height/width

ratio is at least two. BEESWARM graph is plotted for repre-

sentation of MoE data. For 7, 14, 28, and 90 days strength of

MoE, MM00mix showsmaximum,with CS of 30e40MPa for 90

days, MoE among all the mixes as shown in Fig. 12. As the
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marble content increases in the mix, the MoE decline. As the

curing day increases, the MoE also increases. From experi-

mentation observation, MoE results for 90 days strength were

marginal increases comparedwith 7, 14, and 28 days. A/B ratio

of 0.25 shows maximum MoE among all curing days.

Several variables influence the MoE of GPC, including the

kind of alkali utilized, Kþ or Naþ, chemical composition, SiO₂/

Al₂O₃ ratio, curing time, and temperature [67]. An increase in

MoE is due mainly to good uniformity. Furthermore, differing

viscosities and alkaline silicates of different cations might

affect the processes throughout the geopolymerization pro-

cess, resulting in variable microstructures and mechanical

characteristics [68]. The microstructure of the GPC materials

produced with potassium silicate was considerably denser

(less porous) than that of the sodium silicate mortars. This, in

turn, impacted the longitudinal MoE. Mixed mortars made

from different elemental silicates and hydroxides exhibited

intermediary [69].

3.7. Water absorption and bulk density

Water absorption (WA) test for GPC was carried out as per

ASTM c1585 [70] code. The ASTM C1585-20 standard was used

to conduct the water absorption test. At room temperature,

the dry weight of the GPC cubes was noted, say (A). At room

temperature, cubes were soaked in clean water for 24 h.

Remove the specimen and use amoist towel to wipe away any
Fig. 12 e BEESWARM plots represent MoE for MK-based G
traces of water on the GPC surface. The specimen weight was

recorded (B).

Eq’n 3 was used to compute the % of water absorption.

Water Absorption ¼ðB� AÞ=A�100 (3)

WA value observed after experimentation ranging from 8

(minimum) to 19 (maximum) %, for day 90 as shown in Fig. 13a

for A/B of 0.25e0.50. TheWA value ranged from 8 to 13 percent

as a minimum and maximum for an A/B ratio of 0.25. The

highest WA for MM25 was observed to be 13%, whereas the

minimum WA for MM00 was 8%. For an A/B ratio of 0.50, the

WA value ranged from 12 to 19 percent as a minimum and

maximum. The highestWA for MM25was observed to be 19%,

while the minimum WA for MM00 was observed to be 12%.

The WA value observed for MM25 mix is 3.33%, 3.03%, 2.8%,

2.66%, 2.9%, and 3.15% respectively, greater than MM00 mix.

TheWAvalue ofMM25with anA/B ratio of 0.50 is 3.15%higher

than that of MM00.

WA value observed after experimentation ranging from

2212 (minimum) to 2316 (maximum) kg/m3 for day 90, as

shown in Fig. 13b for A/B of 0.25e0.50. For an A/B ratio of 0.25,

BD value was observed from 2212 to 2278 kg/m3 as the mini-

mumandmaximumvalue. ThemaximumBDwas 2278 kg/m3

for the MM25mix, while the minimum BDwas 2212 kg/m3 for

the MM00 mix. With an A/B ratio of 0.50, the BD value ranged

from 2250 to 2316 kg/m3 as the minimum and maximum

value. Maximum BD was observed for MM25 at 2316 kg/m3,
PC for (a)7, (b)14, (c)28, and (d)90 days, respectively.
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Fig. 13 e a. WA findings for various A/B ratios. b. BD

findings for various A/B ratios.
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andminimal BDwas observed forMM00 at 2250 kg/m3. The BD

value observed for MM25 mix is 1.7%, 1.71%, 1.6%, 1.66%,

1.79%, and 1.8%,respectively, greater than MM00 mix. The BD

value of MM25 with an A/B ratio of 0.50 is 1.66% higher than

that of MM00.

Abundant silicon the MK and marble also consists of a

certain extent of CaO. Reactive alumina led to react with the

alkaline agent to produce geopolymer gel. While access of vi-

brationcarriedoutduringmakingGPCresults inbleedingof the

geopolymer paste and brings gel upward [71,72]. Effect of

aggregate inhibits gel fromdissipatingcausinghighgel content

into the aggregate bottom.Thepresenceof gel belowaggregate

leads to lower activator molarity and weaker alkalinity, and a

slower rate polymerization, developing a binder with a porous

structure. An increase in A/B ratio reduces the absorption

property of GPC. The enhancement in PC properties is a cause

of the increasing A/B ratio [73]. The increase in the A/B ratio

increases the content of Si SiO2because theactivator contained
KOH, which led to an enhancement in the SiO2/Al2O3 in the

matrix and made SieOeSi bonds stronger [74].

3.8. Elevated temperature resistance (ETR)

For six differentmix proportions, GPCwas cast for A/B ranging

from 0.25 to 0.50. Each specimen was heated in an elevated

oven for 1 h at 200, 400, and 600 �C and then chilled to room

temperature. The purpose of the test is to see how high tem-

peratures affect GPC specimens and test the CS property.

Fig. 14a shows the loss of CS for when GPC was exposed to

200 �C.
Cubes of 15 cm3 were cast with an A/B ratio ranging from

0.25 to 0.50 to determine ETR. ETR value observed after

experimentation ranging from 31 (minimum) to 61

(maximum) MPa for the A/B ratio of 0.25. The minimum and

maximum ETR values were observed to be 34 and 54 MPa,

respectively. The maximum ETR measured for MM00 was

54 MPa, and the minimum ETR measured for MM25 was

34 MPa. The lowest and highest ETR values for the A/B ratio of

0.30 were 37 and 61 MPa, respectively. Maximum ETR was

measured at 61 MPa for the MM00 mix, while minimum ETR

wasmeasured at 37MPa for theMM25mix. The ETR valuewas

observed from 32 to 50MPa as the lowest andmaximum value

for the A/B ratio of 0.35. Maximum ETR was measured at

50 MPa for the MM00mix, while minimum ETR wasmeasured

at 32 MPa for the MM25 mix. The lowest and highest ETR

values for the A/B ratio of 0.40 were 29 and 48 MPa, respec-

tively. The greatest ETR measured for MM00 was 48 MPa, and

the minimum ETR measured for MM25 was 29 MPa. The

lowest and highest ETR values for the A/B ratio of 0.45 were 25

and 43 MPa, respectively. The highest ETR for the MM00 mix

was 43 MPa, while the lowest ETR for the MM25 mix was

25 MPa. The ETR value was recorded from 21 to 40 MPa as the

lowest and maximum value for the A/B ratio of 0.50. The

greatest ETR measured for MM00 was 47 MPa, and the mini-

mum ETR measured for MM25 was 41 MPa.

Fig. 14bdepicts the lossofCSwhenGPCwasheated to400 �C.
After testing, ETR values ranged from 26 (minimum) to 58

(highest)MPa for 400C,withA/B ratios ranging from0.25 to 0.50.

ForA/B ratiosof 0.25, the lowest andgreatest ETRvalueswere 33

and 58 MPa, respectively. Maximum ETR was measured at

58 MPa for the MM00 mix, while the minimum ETR was

measured at 33 MPa for the MM25mix. The lowest and highest

ETR values for the A/B ratio of 0.30 were 30 and 53 MPa, respec-

tively. The highest ETR for MM00 was measured to be 53 MPa,

while the minimum ETR for MM25 was observed to be 30 MPa.

The lowest and highest ETR values for the A/B ratio of 0.35 were

27 and 47 MPa, respectively. Maximum ETR was measured at

47MPa for theMM00mix,whileminimumETRwasmeasuredat

27MPa for theMM25mix.The lowest andhighest ETR values for

the A/B ratio of 0.40 were 25 and 43 MPa, respectively. The

highest ETR for theMM00mixwas 43MPa,while the lowest ETR

for theMM25mixwas25MPa.TheETRvaluewasobserved from

21 to 40MPa as the lowest andmaximumvalue for theA/B ratio

of 0.45. Maximum ETR was measured at 40 MPa for the MM00

mix,whileminimumETRwasmeasuredat 25MPa for theMM25

mix. The ETR value was recorded from 18 to 33 MPa as the

minimum and maximum value for the A/B ratio of 0.50.
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cast for 400 �C compared for ambient curing. c. Loss of CS

values for GPC cast for 600 �C compared for ambient curing.
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MaximumETRwasmeasuredat33MPafor theMM00mix,while

minimum ETR wasmeasured at 18 MPa for the MM25mix.

Fig. 14c depicts the loss of CS when GPC was heated to

600 �C. After testing, ETR values ranged from 24 (minimum) to
58 (highest) MPa for 600 C. With an A/B ratio of 0.25, the ETR

value ranged from 28 to 53 MPa as the minimum and highest

value. The highest ETR for MM00 was seen to be 53 MPa, while

the minimum ETR for MM25 was reported to be 28 MPa. The

lowest and highest ETR values for the A/B ratio of 0.30 were 27

and 52 MPa, respectively. The greatest ETRmeasured for MM00

was 52 MPa, and the minimum ETR measured for MM25 was

27 MPa. The lowest and highest ETR values for the A/B ratio of

0.35 were 25 and 43 MPa, respectively. The highest ETR for the

MM00 mix was 43 MPa, while the lowest ETR for the MM25mix

was 25 MPa. The ETR value was recorded from 23 to 40 MPa as

the minimum and maximum value for the A/B ratio of 0.40.

Maximum ETR was measured at 40 MPa for the MM00 mix,

while theminimumETRwasmeasured at 23MPa for theMM25

mix. The lowest and highest ETR values for the A/B ratio of 0.45

were 20 and 37MPa, respectively.MaximumETRwasmeasured

at 37 MPa for the MM00 mix, while minimum ETR was

measured at 20 MPa for the MM25mix. The lowest and highest

ETR values for the A/B ratio of 0.50 were 16 and 31 MPa,

respectively. The greatest ETRmeasured for MM00was 31MPa,

and the minimum ETR measured for MM25 was 16 MPa.

3.8.1. Effect of elevated temperature on GPC
According to the research findings, most research on the

thermal performance of MK-based GPC has been limited to

paste composites [75]. Because coarse aggregate accounts for a

considerable portion of the volume of concrete, the ITZ has a

significant impact on its behavior [76,77]. Furthermore, the

thermal incompatibility of the aggregate and the GPC matrix

influences the strength loss in concrete caused by exposure to

high temperatures [78,79]. The literature study on binders is

inadequate in several areas. As a result, the current work in-

tends to close this gap by evaluating the behavior of MK-based

GPC at ambient and increased temperatures of 200 �C, 400 �C,
and 600 �C [29,71,80]. All visual observations for fresh and

hardened specimens, CS development, STS, WA, and weight

loss % due to exposure to elevated temperatures were evalu-

ated [48,81]. The principal causes of strength loss after high

temperatures are mass loss and thermal deformation caused

by moisture evaporation. Water within the specimen,

including both free and chemically bound water, flows to the

outer surface and evaporates, producing internal micro-

structure damage and, as a result, strength degradation

[24,82,83]. This process happens predominantly in the tem-

perature range of 100e300 �C when water evaporation de-

creases, and hence the rate of strength deterioration

decreases. At higher temperatures, the evaporation of chem-

ically linked water continues. Although spalling due to pore

pressure decreases at higher temperatures, the phase transi-

tion and composition change impact the residual strength of

geopolymer [40,84,85]. Crack development between the

aggregate and GPC matrix significantly impacts substantial

strength loss, resulting in fractures and bond weakening at

the aggregateepaste interface [31,69,86]. Since KOH has a

more alkaline nature, its presence should cause rawmaterials

containing aluminium silicate to dissolve and polymerize

more readily, increasing CS. Additionally, it is claimed that

KOH cations are better at zeolitizing in geopolymer-forming

environments. This may be because they are smaller than

sodium cations and canmove more readily through the moist
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Fig. 15 e Regression analysis (a) for various STS values and

proposed formula. (b) For CS v/s STS. (c) CS v/s FS. (d) WA v/s

BK.
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gel network [20,87]. MK slurry samples were evaluated at KS/

KH molar ratios ranging from 1.03 to 2 at temperatures

ranging from 300 C to 600 C [8,88,89]. The residual CS dropped

(for KS/KH 1.5) and then rose (for KS/KH > 1.5) at 300 C. It was

proposed that the first reduction was caused by thermal

shrinkage, which resulted in fracture development [19,90].

The growing tendency for specimens with KS/KH > 1.5, on the

other hand, was related to matrix densification [91].

3.9. Correlation and regression analysis between CS and
STS in MK based GPC

The relationship between CS and STS, from Australian stan-

dard AS3600, is given by equation

ft ¼ 0:4
ffiffiffiffi
fc

q
(4)

From; European code; CEB� FIP; ft ¼ 0:3 fc 2=3 (5)

From; American Concrete Institute; ft ¼ 0:59
ffiffiffiffi
fc

q
(6)

For the current work, the suggested empirical formula

represented as

Proposed empirical formula ft¼ 0:4801� fc0:5652 (7)

where ft: STS,

fc:CS in MPa.

The values of Split Tensile strength value for experimental

and results collected and calculated from various literature

papers for different type codes are mentioned below in table.

It can be observed that, of the six equations tested, the

predicted results determined from column (6) were the

closest to the experimental ones. A regression analysis was

utilized to show correlations between the tested further and

projected findings to assess various STS values. Refer to

Fig. 15 for the linearity value (R2) derived from the proposed

empirical formula findings. The data points presented in

this graphic were gathered through GPC research. Exam-

ining these data reveals that the tensile strength values of

GPC grew with the rise of compressive strength and

remained virtually constant.

However, a previous study has demonstrated that GPC STS

grew at a decreasing rate with incremental increases in CS.

GPC's STS was proportionate to its CS multiplied by a special

power. The association between the CS and STS of GPC, on the

other hand, was linear (Fig. 11). The confidence intervals are

calculated using the experimental data and Equation (7), and

they represent the boundaries of the area where the accurate

prediction between GPC ft and fc should be located with 96%

certainty. The AS3600 model was the furthest away from the

confidence and prediction intervals. This forecast continued

to deviate from the actual points as its intensity increased.

Only a tiny portion of the prediction lines generated by CEB-

FIP and ACI 363 fell within the 95 and 97% confidence in-

tervals. The relationship between CS and STS was found to

vary linearly with R2 value 0.98577 refer to Fig. 10b, Similarly

for CS and FS, WA and BK, R2 value is 0.98485, 0.96887

respectively refer to Fig. 10(c and d).
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4. Conclusion

In present work Metakaolin based geopolymer concrete

studied intensively, CS was lost at a faster rate for practically

all mixtures when the temperature was raised from 200 �C to

600 �C; Although CS degraded as the exposure temperature

increased. Even though several geopolymer mixes developed

cracks, spalling, and corner breakage after being exposed to

high temperatures, none of the mixes exhibited apparent

cracks, spalling, or corner breakage. Since KOH is more alka-

line, its inclusion ought to make raw materials containing

aluminium silicate dissolve and polymerize more easily,

enhancing CS. The potassium activator-based GPC demon-

strates substantial strength properties as compared to ordi-

nary concrete specimens. This is due to the interaction of

aluminium silicate components with an alkaline solution,

which provides GPC an excellent binding property and in-

creases mechanical performances. During the curing process,

the water in the liquids tended to escape from the sample

bodies. It migrated towards the surfaces, causing tiny frac-

tures to emerge due to the movement. The increased creation

of microfractures was expected to boost the water absorption

rates of the samples. Dissolution, N-A-S-H gel formation, and

condensation are all steps in the geopolymerization process.

At SiO₂/Al₂O₃ ratios less than 2:1, it was observed that soluble

silicates accelerate metakaolin dissolution. When silicate is

employed as an alkaline activator, Al₂O₃ dissolution becomes

important in the creation of N-A-S-H gels, and large crystal-

line contents are generated at SiO₂/Al₂O₃ ratios less than 1:1.
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