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Abstract
This study looked at the utilization of industrial by-products to create a workable geopolymer concrete (GPC) for construc-
tion work. The industrial by-products used in this study are bauxite residue (BR), fly ash (FA), and ground granulated blast 
slag (GGBS). Geopolymerization involves utilizing these industrial by-products as the basis for creating GPC, a sustainable 
and long-lasting alternative to conventional cement. In this study, BR was replaced with FA and GGBS. The mechanical 
and durability properties of the geopolymer concrete were analyzed. The maximum compressive strength obtained was 
65.56 MPa for RFG5 specimen, which can be used in construction applications. The specimens RFG5 shows the minimum 
water absorption, porosity, charge passed and mass loss to different environmental conditions. The gel formation of the GPC 
can be observed from the energy dispersion spectroscopic images and X-ray diffraction (XRD) to increase the strength of 
GPC. However, the problem faced in this study was developed during the preparation of the alkali solution and curing of 
the specimens.
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1  Introduction

Industrial by-products, often considered waste products, can 
be transformed into valuable resources through the develop-
ment of geopolymerization. Geopolymerization is a tech-
nique that utilizes these by-products as a raw material to 
produce geopolymer, a durable and environmentally friendly 
alternative to traditional cement. This innovative approach 
not only addresses the issue of waste disposal but also offers 

numerous benefits in various applications. Bauxite residue, 
also known as red mud, is a by-products generated during 
the extraction of alumina from bauxite ore in the Bayer pro-
cess (Mishra et al. 2020). It is primarily composed of iron 
oxide, silicon dioxide, titanium dioxide, and other minor 
elements (Alam et al. 2019). Traditionally, bauxite residue 
has been considered a waste material and stored in large con-
tainment areas, which can pose environmental challenges. 
However, in recent years, there has been growing interest 
in utilizing bauxite residue as a valuable resource in vari-
ous applications, including geopolymer production (Pratap 
et al. 2023c). Bauxite residue presents an attractive source of 
aluminosilicate material for geopolymer production, offering 
a sustainable solution for utilizing this abundant waste mate-
rial (Pratap et al. 2023a). The basic uses of bauxite residue 
in geopolymer applications is in the production of construc-
tion materials (Zhang et al. 2021). By substituting bauxite 
residue for traditional raw materials, such as FA or GGBS, 
in the geopolymer synthesis process, it is possible to create 
binder materials that exhibit excellent strength and durabil-
ity. Another potential use of bauxite residue in geopolymer 
technology is in the immobilization of hazardous (Sarath 
Chandra and Krishnaiah 2022). Geopolymer matrices can 
effectively encapsulate and immobilize toxic contaminants 

 *	 Somenath Mondal 
	 smondal.ce@nitjsr.ac.in

	 Bheem Pratap 
	 2018rsce007@nitjsr.ac.in

	 Pooja Kumari 
	 2021rsee005@nitjsr.ac.in

	 B. Hanumantha Rao 
	 bhrao@iitbbs.ac.in

1	 Department of Civil Engineering, National Institute 
of Technology Jamshedpur, Jharkhand 831014, India

2	 Department of Electrical Engineering, National Institute 
of Technology Jamshedpur, Jharkhand 831014, India

3	 School of Infrastructure, Indian Institute of Technology 
Bhubaneswar, Odisha 752050, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s40996-024-01425-6&domain=pdf


3214	 Iranian Journal of Science and Technology, Transactions of Civil Engineering (2024) 48:3213–3229

due to their excellent chemical resistance and long-term sta-
bility. By incorporating bauxite residue into the geopolymer 
matrix, it is possible to enhance its ability to immobilize 
heavy metals and other pollutants (Toniolo et al. 2018). This 
application has significant environmental implications, as it 
can help remediate contaminated sites and prevent the leach-
ing of harmful substances into the surrounding environment 
(Jatoliya et al. 2023). Bauxite residue can serve as a valuable 
precursor for the synthesis of geopolymer ceramics, enabling 
the development of advanced materials with enhanced per-
formance characteristics (Kumar and Kumar 2013; Liang 
and Ji 2021; Muraleedharan and Nadir 2021a; Sudhir et al. 
2020; Zhou et al. 2020).

FA is a fine powder produced from coal combustion in 
power plants. Traditionally, fly ash has been disposed of 
in landfills, posing environmental challenges (Koshy et al. 
2019; Liu et al. 2016; Ngarm et al. 2015; Tammam et al. 
2021; Xie and Ozbakkaloglu 2015). However, by converting 
fly ash into a geopolymer, its utilization potential is maxi-
mized. Geopolymer not only reduces the environmental 
impact of fly ash disposal but also presents several advanta-
geous properties.

A byproduct known as GGBS is generated in the blast 
furnace when iron is manufactured (Deb et al. 2014; Nath 
and Sarker 2017). Because GGBS has good pozzolanic 
qualities, it has been exploited as a supplemental resource 
(Liang and Ji 2021). Enhancing the mixture's workability 
is a noteworthy advantage of employing GGBS in geopoly-
mer (Alam et al. 2019). The geopolymer mixture is simpler 
to pour and put because GGBS increases flow and reduces 
viscosity. Enhancing GPC's strength and durability is one of 
the main applications of GGBS in geopolymer (Singh et al. 
2018). When combined with calcium hydroxide, GGBS is 
a great pozzolanic that produces calcium alumino-silicate 
hydrate gel (C-A-S-H), which increases the durability and 
strength of geopolymer concrete (Shahmansouri et al. 2021; 
Zhang et al. 2020a).

The maximum compressive strength of 59 MPa was 
obtained of fly ash based geopolymer concrete (Naenudon 
et al. 2023). The possible application of fly ash in the pro-
duction of geopolymer was identified by Koshy et al. (2019) 
who also found that the FA was included into BR to increase 
the geopolymer's efficacy (Koshy et al. 2019). Hoang et al. 
(2020) investigation into BR as a precursor material for 
alkali activation looked at the process of combining BR with 
FA and discovered that the addition of active silica increased 
compressive strength by 20 MPa when 26.3 weight percent 
of BR was replaced with FA (Hoang et al. 2020). A prospec-
tive research on BR-FA for the production of geopolymer 
was carried out by Yang et al. (2019) and they found that a 
ratio of 1:4 was ideal. It may be possible to use the enormous 
quantity of PG waste in the building industry by combining 
fly ash with BR (Yang et al. 2019).

Moreover, geopolymerization can utilize other indus-
trial byproducts such as slag from the iron and steel indus-
try. By incorporating slag into geopolymer, its harmful 
environmental impact can be mitigated while creating a 
valuable construction material (John et al. 2021; Liang 
and Ji 2021; Ma et al. 2022; Ren et al. 2023; Vafaei et al. 
2021). Geopolymer materials exhibit excellent mechanical 
strength, chemical resistance, and durability. One of the 
most significant uses of geopolymer is in construction. 
Geopolymer concrete shows excellent resistance to cor-
rosion, and chemical attacks, making it a highly desirable 
material for infrastructure projects (Chen et al. 2021; Li 
et al. 2021; Muraleedharan and Nadir 2021b).

The mechanical and durability study of fly ash, GGBS, 
and BR has been analyzed in previous literature. However 
there is a research gap, researchers have typically focused 
on studying one or two industrial by-products. In this 
study, mechanical and durability analyses were performed 
by combining these three by-products. The objective of 
this study is to develop GPC by incorporating BR, FA, and 
GGBS, and evaluate its mechanical and durability proper-
ties for potential use as construction materials for pave-
ment and building. The BR was replaced with FA at fixed 
GGBS content with 5, 10, 15, 20, 25, 30 and 35%. The 
novelty of this research involves examining the compres-
sive strength, flexural strength, and split tensile strength 
of the developed GPC from industrial by-products BR, FA 
and GGBS. Additionally, the study investigates the GPC's 
performance in rapid chloride penetration test (RCPT), 
water absorption and porosity tests. The aggressive envi-
ronment studies were also conducted in acid, chloride 
and sulfate solution. Microcharacterization of the GPC is 
carried out using energy dispersion spectroscopic (EDS) 
and XRD analysis of the specimens after 28 days curing 
periods. Toxicity characteristics of leaching potentials 
is also study to analyse the leaching of the heavy metal 
concentration.

2 � Materials and Methods

The materials used in this study were sourced from differ-
ent locations. BR, fly ash and GGBS were collected from 
Muri, Usha Martin and TATA steel plant respectively in 
Jharkhand. The specific gravity of BR, FA, and GGBS 
were determined to be 3.16, 2.83, and 2.94, respectively. 
The NaOH and Na2SiO3 used in this study were purchased 
from local supplier of 98% purity. The coarse aggregate 
and fine aggregate used in this was also taken from local 
supplier. The oxides composition of the BR, FA and GGBS 
is given in Table 1.
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2.1 � Mix Procedure

Table 2 illustrates the substitution of different proportions of 
FA and GGBS for BR. The alkali solution was prepared with 
distilled water. To establish the optimum alkali solution to 
binder ratio, several tests were performed, and the ideal ratio 
was determined to be 0.4. The Na2SiO3 to NaOH ratio keep 
constant at 1.5 in all specimens at constant 12 M NaOH. The 
dry mixing of BR, FA, GGBS, CA, and fine aggregate were 
mixed for 5 min, followed by an additional 4 min of mixing 
with the alkali solution. After casting, all specimens were 
cured at 70 °C for 24 h, subjected to temperature of 27 °C 
curing for 28 days.

2.2 � Tests

2.2.1 � Mechanical Properties

Slump tests were performed to assess the workability after 
mixing (ASTM C143/C143M—10 2014). IS:10,086 (2004) 
specifies the criteria for moulds utilized in the casting of 
concrete cubes, cylinders, and beams, designed for con-
ducting tests on concrete materials. Series of strength tests 
conducted on different types of concrete samples as per 
the IS:10,086 (2004) standard. Cube-shaped samples with 

size of 150 mm × 150 mm × 150 mm are cast and cured for 
specific periods (3, 7, and 28 days). Prism-shaped speci-
men with size of 100 mm × 100 mm × 500 mm are cast and 
cured for the same durations as the compressive strength 
test. Cylindrical samples with a diameter of 150 mm and 
a height of 300 mm are cast and cured (IS:10,086 2004). 
In each of these tests, three specimens are tested and the 
average of the results is reported. The tests are carried out 
at different curing periods (3, 7, and 28 days) to assess how 
the strength of the concrete develops over time. The experi-
mental work of the mixing and casting of the specimens have 
been shown in Fig. 1.

2.2.2 � Durability Test

The rapid chloride penetration test (RCPT) is a test method 
specified by ASTM C1202 2012 to assess the resistance of 
concrete against chloride ion penetration (Fig. 2) (ASTM 
C1202 2012). The long-term performance of concrete infra-
structure is predicted by this test, which is essential to pre-
serving its durability (Fernando et al. 2023). This test was 
conducted on AAC specimens that were 50 mm thick and 
100 mm in diameter (Sahu et al. 2024). Figure 2 depicts 
the RCPT testing protocol and sample set. Every thirty 
minutes for duration of six hours, the current (I) pass was 
documented (Pratap et al. 2024). On the other hand, ASTM 
C642 2013 is followed to evaluate the porosity and water 
absorption characteristics of GPC samples (ASTM C642 
2013). On the other hand the aggressive environmental effect 
was performed in acid, chloride and sulfate solution. The 
chemical used for the acid, chloride and sulfate tests were 
H2SO4, NaCl and MgSO4 respectively. The concentration 
of the aggressive environmental solution were 5, 2 and 3% 
taken for chloride, acid and sulfate solution respectively for 
60 days. The GPC specimens of the same mix were cured 
in normal water for the comparative analysis of the speci-
mens. The test is performed on cured specimens of GPC 
after 28 days.

Table 1   Major oxides composition of the materials

Oxides compositions BR FA GGBS

SiO2 17.32 58.43 30.24
Fe2O3 36.45 17.52 10.45
Al2O3 16.36 25.45 14.61
CaO 2.18 2.62 33.38
Na2O 14.71 0.56 0.78
TiO2 8.11 1.17 0.84
K2O 0.37 0.48 0.52
SO3 0.19 0.17 1.57
P2O5 0.43 0.57 –

Table 2   Mix design of GPC Mix ID BR  
(Kg/m3)

FA  
(Kg/m3)

GGBS 
(Kg/m3)

Coarse aggregate 
(CA) (Kg/m3)

Fine aggregate 
(Kg/m3)

NaOH 
(Kg/m3)

Na2SiO3 
(Kg/m3)

RFG1 374 22 44 1150 640 72 108
RFG2 352 44 44 1150 640 72 108
RFG3 330 66 44 1150 640 72 108
RFG4 308 88 44 1150 640 72 108
RFG5 286 110 44 1150 640 72 108
RFG6 264 132 44 1150 640 72 108
RFG7 242 154 44 1150 640 72 108
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2.2.3 � Toxicity Characteristics of Leaching Procedure

The Toxicity Characteristics Leaching Procedure (TCLP) 
is a standardized method used to determine the potential 
for hazardous waste to leach toxic contaminants into the 
environment (Alam et al. 2019). The TCLP test assesses 
the mobility of specific heavy metals present in the waste, 
providing valuable information to ensure proper waste 
management and protect human health and the environ-
ment (Ren et al. 2023). The TCLP test was developed by 
the United States Environmental Protection Agency (EPA) 
and is now widely adopted and recognized internation-
ally (EPA 1996). The test is conducted on a representa-
tive sample of the waste material using an acidic leaching 
solution that simulates the conditions found in specimens 
(Apithanyasai et al. 2020). The sample is dried and sieved 
to remove coarse particles. It is then mixed with an acidic 
leaching solution that mimics the pH. The mixture is agi-
tated for 18 h. During the leaching process, heavy metals 
and organic compounds present in the waste can dissolve 

into the leachate solution (Mishra et al. 2020). The lea-
chate is then analyzed to determine the concentration of 
specific toxic contaminants. The photograph of the experi-
ment has been shown in Fig. 3.

3 � Results and Discussions

3.1 � Fresh Properties

Workability is the simplicity with which a freshly mixed 
concrete may be handled, placed, compacted, and fin-
ished. Concrete's workability is often evaluated using the 
slump test. The standard slump test in accordance with 
ASTM C 143 was used to measure the workability of fresh 
geopolymer concrete shortly after the concrete had been 
mixed. According to Fig. 4, the slump rises first, then falls, 
and reaches a maximum of 97 mm at 25% FA concen-
tration. The morphological impact of FA is one factor. 
The majority of FA particles have spherical shapes and 

Fig. 1   Photograph of experimental work during mixing and casting of specimens

Fig. 2   RCPT test set up with 
specimens
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smooth surfaces. FA added to GPC functions like a ball 
bearing, lubricating the particles of uneven material (Yin 
et al. 2022). The fineness of FA is also more superior than 
that of BR and GGBS. It is conjectured that the operating 
performance of the GPC would vary depending on the 
FA's fineness. Less alkali is needed as FA particle size and 
spherical particle concentration increase (Fareed Ahmed 
et al. 2011). At 5% FA concentration, the slump measured 
71 mm, which is 28 mm less than at 25% FA level. A cor-
rect FA concentration will enhance GPC density, which 
will cause the alkali solution to discharge into the pores 
and produce a thicker film. The alkali film thins and the 
slump lessens as the FA concentration exceeds the crucial 
amount of 25%. In other words, FA as a fine aggregate 
can simultaneously increase the strength and fluidity of 
the backfilled sample within a limited dose range (Li et al. 

2020). This state is mostly attributable to the usage of FA 
as a fine aggregate to fill the waste skeleton rather than to 
reduce the need for BR and GGBS. The inclusion of FA 
improves the material's compactness while also promoting 
the growth of strength.

3.2 � Compressive Strength

Figure 5 presents the compressive strength results of GPC 
at different curing periods. The graph shows that the com-
pressive strength of all the geopolymer samples increases 
over time and with the adding of fly ash. This growth in 
strength can be endorsed to the production of geopolym-
erization process (Lian et al. 2023; Pratap et al. 2023c; Sun 
et al. 2022; Tanyildizi and Yonar 2016; Zakira et al. 2023). 
The compressive strength values of geopolymer samples at 
3, 7, and 28 days after casting have been provided (Fig. 5). 

Fig. 3   TCLP test set up with specimens

Fig. 4   Slump variation of geopolymer concrete Fig. 5   Compressive strength variation with days
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At 3 days, the compressive strength values range from 9.24 
to 19.53 MPa for different samples (RFG1, RFG2, RFG3, 
RFG4, RFG5, RFG6 and RFG7). These values demonstrate 
the initial strength of the geopolymer concrete and show 
that it increases with the addition of fly ash. Fly ash, being 
a pozzolanic material, contributes to the geopolymerization 
process, resulting in improved early-age strength (Durak 
et al. 2021). Moving on to the 7-day results, the compres-
sive strength values have significantly increased compared 
to the 3-day results. The values range from 29.21 MPa to 
50.26 MPa for the same samples. This substantial strength 
gain over the 7-day curing period indicates the progression 
of the geopolymerization process and the continued develop-
ment of the binding matrix (Iqbal et al. 2023). As the reac-
tion between the aluminosilicate materials and the alkaline 
activator continues, the geopolymer concrete gains more 
strength. Finally, at 28 days, the compressive strength values 
reach their peak values, ranging from 37.64 to 65.56 MPa for 
the respective samples. As per IRC 58 (2011) the minimum 
compressive strength of the concrete is 40 MPa (IRC 58 
2011 2011). Hence based on the results the developed com-
posite materials can be used in rigid pavement application. 
These values represent the ultimate strength attained by the 
geopolymer concrete after the full curing period. The mix 
RFG5 resulted maximum compressive strength. These val-
ues represent the ultimate strength attained by the geopoly-
mer concrete after the curing period (Bellum et al. 2020a). 
The results demonstrate a continuous increase in strength, 
reflecting the progressive development of the GPC.

When examining the impact of fly ash content on the 
compressive strength of bauxite residue mixed with a con-
stant 10% GGBS, some interesting trends can be observed. 
Initially, as the FA content increases from 5 to 25%, the 
compressive strength of the mixture shows an improvement 
(Fig. 5). This can be attributed to the beneficial properties of 
fly ash, such as its pozzolanic nature, which allows it to react 
with calcium hydroxide in the presence of water, resulting in 
the formation of additional geopolymer compounds (Bellum 
et al. 2020b; Chen and Yuan 2022; Kuri et al. 2021; Mes-
kini et al. 2022). These compounds contribute to the overall 
strength development of the mixture. However, beyond a fly 
ash content of 25%, a different trend emerges. The compres-
sive strength starts to decrease as the FA content increases 
further (Fig. 5). The excess FA particles may start to inter-
fere with the packing and interlocking of the particles in the 
mixture, leading to a less compact structure (Badkul et al. 
2021). This can result in reduced strength. It is worth not-
ing that the specific percentages mentioned (5%, 25%, and 
beyond) may vary depending on the specific composition of 
the bauxite residue and GGBS used, as well as other factors 
such as curing conditions and testing methods (Pratap et al. 
2023d). Therefore, 25% is the optimum fly ash content for 
achieving the desired compressive strength.

3.3 � Flexural Strength

Figure  6 presents the flexural strength results of GPC 
samples at different ages. The data shows that the flexural 
strength of all GPC samples follows a similar pattern to the 
compressive strength. At the initial curing period of 3 days, 
the flexural strength values for seven GPC samples, namely 
RFG1, RFG2, RFG3, RFG4, RFG5, RFG6, and RFG7, were 
measured and recorded. These values ranged from 1.86 
to 2.91 MPa. It is observed that as the curing period pro-
gresses to 7 days, there is a significant increase in the flex-
ural strength for all samples. The flexural strength values at 
7 days were between 4.42 to 6.85 MPa, representing a nota-
ble improvement over the initial curing period. Continuing 
through the curing period to 28 days, the flexural strength of 
the GPC samples continued to improve. The flexural strength 
values at 28 days ranged from 6.14 to 9.35 MPa. As per IRC 
58 (2011) the minimum flexural strength of the concrete is 
5 MPa (IRC 58 2011 2011). Hence based on the results the 
developed composite materials can be used in rigid pave-
ment application. This trend indicates that the curing process 
plays a crucial role in enhancing the mechanical proper-
ties of the GPC samples, making them more resilient and 
suitable for pavement application. It is important to note 
that these GPC mixes differ in the composition and propor-
tions of materials used, specifically BR, FA, and GGBS. 
The uppermost flexural strength of 9.35 MPa at 28 days was 
achieved when bauxite residue was substituted with 25% 
FA and 10% GGBS, as seen in the RFG5 sample. This indi-
cates that the insertion of FA in the GPC mix enriched the 
strength.

The observed rise in flexural strength with curing time 
can be attributed to the growth of the geopolymer matrix 
(Sarath Chandra and Krishnaiah 2022). Geopolymerization 
is a chemical process that occurs when alkali activators, such 
as sodium hydroxide and sodium silicate, react with source 

Fig. 6   Flexural strength variation with days and mix ID
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materials with BR, FA, and GGBS. As the geopolymeriza-
tion reaction progresses, the binder matrix undergoes further 
hardening and gains strength. The incorporation of FA in the 
GPC mix positively influenced the flexural strength. Fly ash 
is known to contain reactive components that contribute to 
the geopolymerization process. These reactive components, 
such as silica and alumina, react with the alkali activators, 
forming a geopolymer gel that enhances the binding proper-
ties and overall strength of the specimen (Adamu et al. 2022; 
Ryu et al. 2013; Shi et al. 2022).

3.4 � Split Tensile Strength

Figure 7 displays the split tensile strength of GPC. The 
results indicate that the split tensile strength of all GPC 
developed using different combinations of BR, FA, and 
GGBS follows a similar pattern as the compressive and 
flexural strength. This suggests that the factors influenc-
ing the development of split tensile strength are simi-
lar to those affecting compressive and flexural strength. 
At 3 days of curing, the split tensile strength values are 
relatively low for all GPC mixes, ranging from 1.15 to 
2.86 MPa. This initial strength is typical for young con-
crete, and it is still gaining strength as the hydration pro-
cess progresses. As the curing period extends to 7 days, 
there is a notable increase in split tensile strength for all 
GPC mixes. The values now range from 2.42 to 3.85 MPa, 
showcasing a considerable improvement compared to the 
3-day strength values (Fig. 7). This surge is attributed to 
the continued hydration of cementitious materials, result-
ing in increased bonding and interlocking of concrete par-
ticles (Özkılıç et al. 2023). After 28 days of curing, the 
split tensile strength values see another significant rise. 
Now, the strengths range from 3.76 to 6.12 MPa (Fig. 7). 
The 28-day mark is often considered a benchmark for con-
crete strength as it signifies the majority of the hydration 

process is complete. The prolonged curing period allows 
for more complete cement hydration, leading to a denser 
and stronger concrete matrix(Meesala et al. 2020). Among 
the tested GPC mixes, RFG5 exhibits the highest split 
tensile strength of 6.12 MPa after 28 days (Fig. 7). This 
result indicates that the specific combination of materials 
used in RFG5 resulted in the most favorable conditions for 
strength development during the curing period. The inclu-
sion of FA in the GPC mix resulted in improved strength 
development, as evidenced by the significant increase in 
split tensile strength for the RFG5 mix.

The interaction between FA and the other materials, 
such as BR and GGBS, likely contributed to enhanced 
bonding and interlocking of the geopolymer matrix, lead-
ing to improved tensile strength (Tammam et al. 2021). 
Overall, the results show the influence of material com-
position and curing time on the split tensile strength of 
geopolymer concrete. The data demonstrate that increasing 
the curing duration promotes strength development, and 
incorporating FA in the mix can significantly enhance the 
splitting resistance of GPC.

3.5 � Relation Between Mechanical Properties

Understanding the mechanical properties and behavior of 
geopolymer concrete requires a comprehensive analysis 
of the correlation between compressive strength, flexural 
strength, and split tensile strength. This innovative con-
struction material's 28-day strength properties are particu-
larly important to examine. To predict the flexural and split 
tensile strength of geopolymer concrete, it is crucial to 
investigate the relationship between these strengths. Estab-
lishing such a correlation enables the estimation of flexural 
and split tensile strengths based on the known compressive 
strength. The graphical representations of these findings 
can be observed in Figs. 8 and 9. From Figs. 8 and 9, the 
flexural and split tensile strength can be obtained from the 
known compressive strength.

3.6 � Durability Test

3.6.1 � RCPT Test

The variation of charge transmitted as measured using a geo-
polymer specimen is shown in Fig. 10. The provided results 
describe the variation of charge passed, measured using a 
test called the rapid chloride penetration test (RCPT), with 
different geopolymer specimens labeled as RFG1, RFG2, 
RFG3, RFG4, RFG5, RFG6, and RFG7. The results are 
reported for three different durations: 30, 60, and 90 days. 
According to the given results, the electrical conductivity 
(charge passed) values for each of the geopolymer specimens Fig. 7   Split tensile strength variation with days and mix ID
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vary over the three time periods. For instance, at 30 days, 
the electrical conductivity values for RFG1, RFG2, RFG3, 
RFG4, RFG5, RFG6, and RFG7 are 3142, 2967, 2254, 1965, 
1685, 1754, and 2038 C, respectively. These values decrease 
at 60 days, with electrical conductivity values of 2924, 2772, 
2148, 1852, 1556, 1669, and 1984 C for the same mix. Simi-
larly, at 90 days, the values further decrease to 2776, 2674, 
2023, 1754, 1467, 1587, and 1856 C, respectively. The trend 
depicted in the results suggests that as the geopolymer speci-
mens undergo longer curing periods, their electrical conduc-
tivity, and consequently their permeability to chloride ions, 
decreases. This trend is generally desirable as it indicates 
an improvement in the material's durability and ability to 
withstand chloride-induced corrosion.

From the provided results, it is observed that the electri-
cal conductivity (charge passed) decreases as the strength 
of the geopolymer concrete increases. The higher strength 
of the geopolymer material corresponds to lower values of 
charge passed. This suggests that geopolymer specimens 
with higher strength exhibit lower electrical conductivity 
and, therefore, better durability against chloride ion penetra-
tion. The relationship between concrete strength and resist-
ance to chloride ion penetration is well-known in the field of 
construction materials. High-strength concrete typically has 
a lower porosity, which restricts the movement of chloride 
ions through the material (Badkul et al. 2021; Chen et al. 
2021; Gupta and Siddique 2020). As a result, less electri-
cal charge passes through the specimen during the RCPT, 
indicating a higher resistance to chloride ion penetration and 
improved durability. The presented results indicate that the 
geopolymer specimens with higher strength (RFG5) have 
lower charge passed values, suggesting better durability 
against chloride ion penetration. On the other hand, geopoly-
mer specimens with lower strength (RFG1) exhibit higher 
charge passed values, indicating reduced durability.

3.6.2 � Water Absorption and Porosity Test

Figure 11 displays the water absorption and porosity char-
acteristics of the geopolymer concrete following a 28-day 
period of curing. Both porosity and water absorption exhibit 
a similar trend. The porosity values for different formula-
tions, labeled as RFG1, RFG2, RFG3, RFG4, RFG5, RFG6, 
and RFG7, are recorded as 13.13, 11.32, 10.54, 8.76%, 7.11, 
8.28, and 9.16%, respectively. Similarly, the water absorp-
tion values for the same formulations are documented as 
5.13, 4.45, 4.17, 3.18, 2.52, 3.18, and 3.67%, respectively. 
Notably, the porosity and water absorption display their min-
imum values when 25% of bauxite residue is replaced with 
fly ash at a constant 10% GGBS content. Analyzing the data 
presented in the figure, it is apparent that the substitution of 
bauxite residue with fly ash at a fixed GGBS content of 10% 
results in a decrease in both porosity and water absorption in 

Fig. 9   Correlation of compressive strength with split tensile strength

Fig. 10   RCPT of GPC at different duration

Fig. 8   Correlation of compressive strength with flexural strength
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the geopolymer concrete. The lowest porosity value among 
the investigated formulations is achieved when 25% of baux-
ite residue is replaced with fly ash. This implies that this 
specific combination of materials leads to a denser concrete 
with fewer interconnected voids, consequently reducing the 
permeability of water into the material (Durak et al. 2021; 
Pouhet and Cyr 2016; Zhang et al. 2018).

Lower water absorption indicates that the concrete is less 
susceptible to water ingress and, consequently, provides 
improved durability. The observed trend can be attributed 
to the properties of fly ash and its influence on the geopoly-
merization process. When fly ash used as a partial replace-
ment for bauxite residue in geopolymer concrete, it reacts 
with alkaline activator, to form a geopolymer matrix. This 
matrix fills the voids in the concrete and contributes to the 

densification of the material (Durak et al. 2021). The reac-
tion between fly ash and the alkaline activators generates 
additional binding compounds, resulting in reduced poros-
ity and water absorption. Furthermore, the constant GGBS 
content of 10% in all formulations suggests that GGBS plays 
a secondary role in affecting the porosity and water absorp-
tion characteristics. Additionally, excessive fly ash can lead 
to more porous structure formed increased water absorption. 
The higher water absorption can negatively affect the over-
all strength development, as it show the increased porosity 
and reduced density of the hardened material (Zhang et al. 
2020b).

3.7 � Relationship Between Compressive Strength 
and Durability Properties

Figure 12 illustrates the correlation between the strength 
and durability properties of geopolymer concrete. The data 
presented in the figure were collected at various time inter-
vals: the compressive strength was measured after 28 days, 
while the RCPT and water absorption were evaluated after 
90 days and 28 days, respectively. Upon analyzing the fig-
ure, it becomes evident that there is an inverse relation-
ship between the strength of the concrete and both RCPT 
and water absorption. In other words, as the compressive 
strength increases, the RCPT and water absorption decrease. 
This finding suggests that higher strength levels are indica-
tive of improved durability properties in geopolymer con-
crete. To further quantify the strength-durability relation-
ship, statistical analysis was performed using the coefficient 
of determination, denoted as R2. The R2 value is a measure 
of how closely the data points fit the regression line. In this 

Fig. 11   Porosity and water absorption of the GPC

Fig. 12   Relation between 
strength vs durability properties
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case, the R2 value for the relationship between compressive 
strength and RCPT is determined to be 0.90, while the R2 
value for the relationship between compressive strength and 
water absorption is 0.91. These R2 values, both above 0.9, 
indicate a strong correlation between compressive strength 
and durability properties. A high R2 value suggests that 
approximately 90% of the variation observed in the RCPT 
and water absorption can be explained by changes in com-
pressive strength. Therefore, the compressive strength of 
geopolymer concrete is a reliable indicator of its resistance 
to chloride penetration and water absorption. The signifi-
cance of these findings lies in the implications for practical 
applications. Geopolymer concrete with higher compressive 
strength values can be expected to exhibit reduced RCPT 
and water absorption properties. This implies that structures 
constructed using geopolymer concrete with greater strength 
will be more durable and resistant to the ingress of chloride 
ions and water.

3.8 � Effect of Salinity, Acid and Sulfate Environment 
on the Geopolymer Concrete

3.8.1 � Mass Loss

The mass loss of hardened GPC specimens under the influ-
ence of chloride, acid, and sulfate attack are depicted in 
Fig. 13. The incorporation of Fly Ash (FA) in all the GPC 
mixes resulted in a decrease in mass loss. The specific GPC 
mixes, namely RFG1, RFG2, RFG3, RFG4, RFG5, RFG6, 
and RFG7, were subjected to chloride attack, and their 
respective mass losses were found to be 6.15, 5.83, 5.25, 
4.94, 3.92, 4.13, and 4.32%. This indicates that the inclusion 
of FA led to reduced mass loss in all the mixes. A similar 
trend was detected when the GPC specimens were subjected 
to acid and sulfate attack. The mass loss in the acid and 

sulfate-rich environments was also lower for all the con-
sidered mixes when FA was incorporated. However, it was 
noted that the RFG5 mix performed exceptionally well in all 
three environments: chloride, acid, and sulfate. In compari-
son to the other mixes, RFG5 suffered less than 9% mass loss 
in acid attack, whereas specimens exposed to chloride ions 
experienced a noteworthy loss of about 6% and for sulfate 
around 8%. It should be noted that acid attacks involve both 
physical and chemical degradation mechanisms. Therefore, 
the GPC sample exposed to acidic environment exhibited 
a higher mass loss compared to those exposed to chloride 
and sulfate solutions. Based on these findings, it can be con-
cluded that the RFG5 mix of GPC shows promising perfor-
mance in aggressive environments containing chloride and 
sulfate environment.

3.8.2 � Strength Loss

The results are presented in Fig. 14, which shows the loss in 
strength of the GPC specimens when exposed to sulphate, 
acid, and chloride attack. From the figure, it can be observed 
that GPC exhibits better resistance to chloride environments 
compared to acid and sulfate solutions. The strength loss 
percentages for different GPC mixes for specimens RFG1, 
RFG2, RFG3, RFG4, RFG5, RFG6, and RFG7, in sulphate, 
acid, and chloride attack. The strength losses for these mixes 
range from 8.27 to 14.26%, 11.56 to 17.45% and 10.74 to 
16.24% in chloride, acid and sulphate solution respectively, 
indicating that the GPC mixes have suffered some reduction 
in strength when exposed to aggressive ions. Furthermore, 
the passage mentions that the percentage loss in strength of 
the GPC mixes is higher than the loss in mass for the same 
mixes. This suggests that the deterioration of compressive 
strength is more significant than the loss of material mass in 
GPC RFG5 specimens subjected to aggressive ions.

Fig. 13   Mass loss in different environmental condition Fig. 14   Strength loss in different environmental conditions
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3.9 � Microcharacterisation of the Geopolymer 
Concrete

Figures 15, 16, 17, 18 are energy dispersion spectroscopy 
(EDS) images that depict the microstructure of samples, 
RFG1, RFG3, RFG5 and RFG7. The images reveal distinct 
differences in morphology between the specimens, indicat-
ing the influence of fly ash (FA) addition to BR and GGBS 
in the specimens. In Fig. 15, the micrograph of RFG1, unre-
acted particle units are clearly visible in a round shape. This 
suggests that the reaction between the FA, BR, and GGBS 
may not have been complete, leaving behind some unreacted 
particles. Additionally, small gel formations can be observed 
within the RFG3 specimen (Fig. 16). These gel formations 
may indicate the presence of partially reacted materials or 
the formation of secondary reaction products. In contrast, 

Fig. 17 shows the EDS micrograph of RFG5. In this image, 
glare flocculent crystals are identified as C-A-S-H (calcium 
alumino-silicate hydrate) and N-A-S-H (sodium alumino-
silicate hydrate) gels (Pratap et al. 2023b). The presence of 
these gels recommends that the replacement of FA to BR 
and GGBS has contributed to the formation of geopolymer 
gels (Tammam et al. 2021). Fly ash is known to contain sig-
nificant amounts of Al3+ and Si4+ ions, which are essential 
components for the formation of geopolymer gels (Badkul 
et al. 2021). The formation of the gel in RFG5 may crucial 
to the increment of the strength of the specimen.

Energy dispersion X-ray (EDX) graphs that provide infor-
mation about the elemental composition of samples RFG1, 
RFG3, RFG5 and RFG7. In Fig. 17, the EDX graph shows 
that RFG5 has silicon (Si), aluminum (Al), and calcium 
(Ca) contents. The presence of these elements in different 

Fig. 15   EDS micrograph of 
RFG1 specimen

Fig. 16   EDS micrograph of 
RFG3 specimen
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quantities suggests that they played a precarious role in 
the creation of gels in RFG5 (Xu and Shi 2018). Notably, 
there is an increase of iron (Fe) element in RFG1 (Fig. 15). 
This high content of Fe can have significant implications 
for the properties of the GPC. Furthermore, the presence 
of excess iron in RFG1 can also have detrimental effects. 
In the process of geopolymerization, iron elements do not 
actively participate in the hydration reaction to yield C-A-S-
H/N-A-S-H gels (Badkul et al. 2021). Instead, they remain 
unreacted and can potentially weaken the overall structure 
of the geopolymer concrete. The high content of Fe seen in 
Fig. 15 indicates that RFG1 may have suffered from reduced 
strength due to the presence of elements. In contrast, Fig. 17 
represents the EDX graph for RFG5. In this case, the silicon, 
calcium, and aluminum contents are considerably higher 
compared to RFG1. The increased presence of these ele-
ments in RFG5 is beneficial for the creation of C-A-S-H/N-
A-S-H gels, which are essential in achieving higher strength 
in geopolymer concrete (Reddy et al. 2018). Therefore, the 

higher Si, Ca, and Al contents observed in Fig. 17 suggest 
that RFG5 is more likely to exhibit increased strength com-
pared to others specimens. It can be clearly observed that as 
the percentage of the fly ash increased then the loose parti-
cles can be seen in Fig. 18 (RFG7), that causes the strength 
loss of the specimen.

3.10 � XRD Analysis

Figure 19 displays the outcomes of XRD tests on different 
mixes of geopolymer concrete. The degree of amorphous-
ness and crystallization were considerably changed by geo-
polymerization, according to the identical XRD patterns for 
different mixes. The majority of the geopolymer was made 
up of amorphous alumino-silicate products, with only very 
small amounts of crystals, namely calcite and quartz from 
fly ash (Pratap et al. 2023c). Geopolymer's compressive 
strength rose as the amount of crystalline gels grew. The 
primary difference in the XRD patterns of the two materials 

Fig. 17   EDS micrograph of 
RFG5 specimen

Fig. 18   EDS micrograph of 
RFG7 specimen
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was the displacement of the amorphous quartz peak, which 
went from being around 25° to 30° for the geopolymer. This 
demonstrated the very chaotic nature of the silicate gel for-
mation in geopolymer(Ojha and Aggarwal 2023). Another 
interesting small peak was between 28 degrees, where the 
graphs of the geopolymers show the formation of the C-A-S-
H gels. The production of geopolymer gel may be the cause 
of the strength increment (Pratap et al. 2023a). Numerous 
huge and sharp peaks, which are associated with the min-
eral phases quartz and calcite, as well as medium to tiny 
peaks between 35 to 45 degree that are mostly related to 
calcite that help in the formation N-A-S-H gel at 35 degree 
after reaction with alkali solutions. Additionally, medium 
to tiny peaks between 2 of 25–50° may be seen, suggest-
ing the potential production of weakly crystalline C-A-S–H 
gel phases. In general, the existence of the minerals calcite, 
hematite, quartz and magnetite establishes the fact that the 
C-A-S–H and N-A-S–H gel structures were formed.

3.11 � Leaching Analysis

While geopolymer concrete offers numerous advantages, 
its durability and mechanical properties must be thoroughly 
understood. One essential aspect of this understanding is the 
leaching characterization of geopolymer concrete. Leach-
ing refers to the process by which soluble toxic components 
in a GPC are dissolved and transported away by water. In 
the context of GPC, leaching is a concern because it can 
potentially release harmful substances into the surrounding 
environment and impact water quality (Mishra et al. 2019). 
Therefore, it is crucial to characterize the leaching behavior 
of geopolymer concrete to ensure its environmental safety. 
One of the primary concerns regarding leaching in geo-
polymer concrete is the release of heavy metals and other 

potentially toxic elements (Mishra et al. 2020). The concen-
tration of these elements must be kept below regulatory lim-
its to ensure the concrete's safety and environmental compli-
ance. Studies have shown that the leaching behavior of heavy 
metals in geopolymer concrete is typically lower compared 
to raw materials (Table 3). The concentration of the heavy 
metals in geopolymer concrete is reduced due to the solidi-
fication of the geopolymer gels (Pratap et al. 2023a). The 
developed gels help in the reduction of the heavy metals and 
pH. It can be clearly seen from the Table 3 that the reduced 
concentration of the heavy metals and pH is under the pre-
scribed limit (EPA 1996). Hence, the developed geopolymer 
concrete is eco-friendly.

4 � Applications and Recommendations

Geopolymer technology has emerged as a promising alter-
native to traditional cement-based materials in construction 
due to its advantageous mechanical and durability proper-
ties. In the context of rigid pavement, geopolymer concrete 
offers numerous benefits, including reduced carbon emis-
sions, improved long-term performance, and increased 
resistance to environmental factors. This study provide a 
comprehensive review of the application of geopolymer in 
rigid pavement, specifically focusing on its mechanical and 
durability properties. According to IRC codes, the minimum 
compressive strength requirements for rigid pavement are 
well within the reach of geopolymer concrete (IRC 58 2011 
2011). In this study have shown that geopolymer mixes can 
achieve compressive strengths exceeding 40 MPa, making 
them suitable for heavy traffic loads and industrial applica-
tions. Geopolymer concrete exhibits excellent resistance to 
acidic and alkaline environments, making it highly dura-
ble under various exposure conditions. This resistance is 

Fig.19   XRD pattern of the different composite mixes

Table 3   leaching characterisation of raw and geopolymer concrete

Elements Concentration (mg/L)

BR FA GGBS RFG5 USEPA (TCLP) 
hazardous waste 
limit

As 0.02 2.04 1.04 Not found 5.0
Cr 0.32 3.65 2.72 0.001 5.0
Co 0.04 1.17 1.06 0.002 –
Cd 0.02 4.18 0.48 0.001 1.0
Pb 0.40 0.67 0.28 Not found 5.0
Ni 0.01 2.08 3.15 Not found –
Hg 0.002 0.08 0.004 Not found 0.2
Zn 1.07 3.08 4.96 0.51 –
Cu 0.51 2.82 4.75 0.08 –
pH 10.12 8.73 10.26 7.42 6.5–8.5
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especially critical in industrial areas where chemical spill-
age is common. The IRC guidelines emphasize the need 
for durable pavements to minimize maintenance and repair 
costs over the life of the infrastructure. The application of 
geopolymer in rigid pavement based on the mechanical and 
durability properties as per the IRC 58 (2011) shows promis-
ing results (IRC 58 2011 2011). Geopolymer concrete out-
performs in terms of compressive strength, flexural strength, 
and meeting or exceeding IRC requirements for these prop-
erties. Moreover, geopolymer concrete's superior durability, 
including resistance to acids, alkalis, and chloride, makes it 
an excellent choice for long-lasting and sustainable infra-
structure. Adopting geopolymer technology in rigid pave-
ments can lead to reduced carbon emissions, extended pave-
ment service life, and lower maintenance costs. However, 
it's essential to continue research and development efforts 
to optimize geopolymer mixes and ensure consistent per-
formance under different site conditions. With ongoing 
advancements and growing awareness of sustainable con-
struction practices, geopolymer concrete is poised to play a 
significant role in the future of rigid pavement construction.

5 � Conclusions

This section highlights the conclusions of GPC which are 
developed by utilizing waste materials BR, FA, and GGBS.

•	 The compressive strength values of the GPC increase 
over time, with higher values observed at 28 days com-
pared to the 3-day results. The flexural strength also 
improves at 28 days, with the highest value achieved 
when 25% of bauxite residue is replaced with 25% fly 
and 10% ground granulated blast furnace slag (RFG5).

•	 After 28 days, the split tensile strength of the geopolymer 
concrete also increases, with the highest value obtained 
when 25% of BR is replaced with FA and 10% with 
GGBS (RFG5 sample). The electrical conductivity of the 
geopolymer concrete decreases as its strength increases. 
Furthermore, the porosity and water absorption values 
decrease when 25% of BR is replaced with FA and 10% 
with GGBS.

•	 The RFG5 specimen resulted minimum mass and 
strength loss in acid, chloride and sulfate environment, 
which has the maximum strength, was obtained.

•	 It can be observed from the EDS micrograph the pres-
ence of bright, fluffy crystals known as C-A-S-H and 
N-A-S-H gels. These gels indicate that the addition of 
FA to BR and GGBS has contributed to the creation of 
geopolymer gels. Fly ash is recognized for containing 
significant amounts of Al3+ and Si4+ ions, which are cru-
cial components for the formation of geopolymer gels. 

The development of the gel in RFG5 may enhance the 
strength of the specimen.

•	 Overall, the results demonstrate that the geopolymeriza-
tion process and the development of the binding matrix 
contribute to significant strength gains in the geopolymer 
concrete, and specific material compositions can influ-
ence the properties of the concrete, such as strength, elec-
trical conductivity, porosity, and water absorption.

•	 It can be concluded that geopolymer concrete exhib-
its lower leaching of heavy metals when compared to 
raw materials. The solidification of geopolymer gels is 
responsible for reducing the concentration of heavy met-
als in geopolymer concrete.
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