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Abstract: The 21st century has witnessed a substantial increase in the demand for construction
materials, mainly influenced by the growing population. This increase in demand has resulted in
higher prices for these materials and has also placed considerable burdens on environmental resources,
prompting the search for eco-friendly and economically viable alternatives such as geopolymer
materials to replace traditional materials like cement. The benefits of geopolymer materials as
substitutes for cement in concrete extend beyond their exceptional durability. Initially, geopolymer
was introduced to address the environmental impact arising from carbon dioxide emissions and
the substantial consumption of fossil fuels through the production of cement. The current review
investigates recent advances regarding the durability characteristics of geopolymer materials. This
includes aspects such as water absorption, temperature resistance, sulfuric acid resistance, sulfate
resistance, chloride ion penetration, and freeze-thaw resistance, among others. The results of this
review highlight geopolymer concrete’s enhanced durability over traditional cement-based concrete.
Furthermore, this review offers recommendations and outlines potential research avenues for further
exploration of geopolymer concrete.

Keywords: abrasion; corrosion; durability properties; fire resistance; freeze-thaw resistance;
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1. Introduction

Climate change stands as one of humanity’s most pressing and serious challenges.
The greenhouse gases released, with carbon dioxide (CO,) being of particular concern,
primarily fuel the acceleration of climate change [1] and air pollution [2]. The climate and its
resources must be protected while environmentally friendly development is promoted [3].
In this modern world, environmental and economic concerns continue to rise regarding tra-
ditional concrete-based construction materials. In order to address these challenges, many
researchers have been actively involved in the investigation of substitute materials [4]. The
global manufacturing of cement is accountable for significant CO, emissions, contributing
approximately 7-9% of the total CO, emissions worldwide [5,6]. Cement, when mixed
with water and aggregates, gives rise to cement-based materials such as concrete and
stands as the most massively manufactured product on Earth [7-9]. Concrete ranks as
the second most widely used material worldwide, trailing only behind potable water in
terms of utilization. Its origins can be traced back to the Ancient Egyptian and Roman
civilizations [10-12]. It is made and transported with significant CO, emissions [13]. The
annual production of concrete is approximately 4.4 billion metric tons worldwide, and
this figure is projected to rise to 5.5 billion metric tons by 2050 [14,15]. The main ingre-
dient utilized in the creation of concrete is ordinary Portland cement (OPC) [16-19]. The
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growing demand for concrete demonstrates a predictable upward growth in cement man-
ufacturing, and it is expected to rise from 4.3 to 6.1 billion metric tons from 2015 to 2050,
respectively [20]. However, there is a depletion of natural resources due to OPC production,
where 1 ton of OPC production needs 1.7 tons of raw materials [20-23]. The annual CO,
emissions from OPC production are estimated to be around 4 billion tons [18,24]. In the
context of energy consumption and the decarbonization process applied in the conversion
of limestone, about 1 ton of CO; is released per ton of cement production [25-30]. The
International Energy Agency (IEA) reported that these emissions account for 5-8% of
total CO, emissions globally [31-38]. In addition, OPC emits nitrogen oxides and sulfur
oxides [39]. As a result, every nation is now obligated to contemplate regulations for and
reductions in CO, emissions [40]. On the other hand, in the context of the rising population,
economic growth, fast urbanization, and infrastructure development [41], waste production
has significantly increased globally in the last few decades. Statistical studies predicted that
by 2050, global waste production will have doubled the figure from 2016 to 3.40 billion tons
and tripled by 2100 [42]. As of late, a growing focus on sustainable construction materials,
particularly geopolymer concrete (GPC), has drawn considerable attention [43]. Looking
at its history, in the 1970s, Prof. Joseph Davidovits and French researchers invented the
term “geopolymer” [44-51]. Recently, GPC has gained recognition as the successor to
conventional lime and Portland cement concrete [3]. GPC formation requires the activation
of a pozzolanic material abundant in silicon (Si) and aluminum (Al) using an alkaline
solution [14,52]. This process is termed “geopolymerization” and it is a multistep process
that includes leakage, dispersion, reorientation, polymerization, and condensation [53].
Polymerization takes place through a condensation process where heat is liberated dur-
ing the endothermic reaction of geopolymer concrete [54]. An alkaline activator solution,
commonly composed of sodium hydroxide (NaOH) or potassium hydroxide (KOH) and
sodium silicate (Na;SiO3) or potassium silicate (K;SiO3), is crucial for the production of Si
and Al crystalline structures [55]. However, a mixture of NaOH and Na;SiOs is the most
popular alkaline solution due to the lower cost and better availability of sodium-based
compounds compared to potassium-based compounds [56]. The optimal curing of fresh
GPC is the linchpin of the entire geopolymerization process, as it plays a vital role in
maximizing compressive strength. Generally, GPC is cured using various methods, such as
oven curing, steam curing, ambient temperature curing, and so on [48,57,58]. GPC exhibits
excellent initial compressive strength, minimal shrinkage, and notable resistance to creep,
and it is well-suited for acidic environments [59,60].

Fly ash (FA) and glass-granulated blast-furnace slag (GGBS) have gained traction in
landfill sites, since they are widely available and possess high silica and alumina contents,
replacing metakaolin as the primary binding component in concrete [1,61,62]. FA is a
byproduct produced in thermal power plants, while GGBS is a waste material originating
from blast furnaces. Both FA and GGBS undergo suitable treatment processes before being
utilized as geopolymer materials in construction projects [47]. In addition, other waste
materials were used to produce GPC, such as rice husk ash [63], waste glass [64], palm
oil fuel ash [65], ceramic waste [66], bagasse ash [39], illitic clay [67], Moroccan clays [68],
clay minerals [69], and smectite clay [70], silica fume [65], waste clay brick [71], waste
bricks powder [72], sewage sludge ash [73], and basalt powder [74]. Alkali-activated
materials can generally be divided into two groups: (a) the high calcium system, where
GGBS is a representative precursor and results in the formation of a C—A-S-H type gel
as the main reaction product; and (b) the low calcium system, where class F FA and
metakaolin are representative raw materials and produce N-A-S-H type gels within a
three-dimensional network as the main reaction product [75]. Under alkaline conditions, a
rapid interaction between silica and alumina is necessary to speed up the polymerization
process. This occurrence leads to the formation of a 3D (three-dimensional) polymeric
bond chain called the Si-O-Al-O bond [76,77]. The polymerization process, as depicted in
Figure 1, can be used to describe the chemical reaction between aluminosilicate oxide and
alkali polysilicate [78].
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The chemical compositions of different materials used to produce GPC from various
sources were subjected to analysis through X-ray fluorescence (XRF), and the consolidated
data are presented in Table 1. In addition, natural resources like river sand and coarse
aggregate are needed in enormous quantities to produce such a massive volume of concrete.
According to the estimate, the world’s construction needs would require 35 billion tons of
cobblestone aggregates and sand [79]. Since aggregates make up more than 70-80% of the
concrete matrix, they are one of the main components of concrete. Natural aggregates that
are suitable for construction are scarce in many countries, although their consumption is
rising in other nations as a result of increased demand from the construction sector [80-82].
Both coarse aggregates (with particle sizes of more than 4.75 mm) and fine aggregates
(with particle sizes of less than 4.75 mm) are used as forms of aggregates [83]. As a result,
industrial waste such as copper slag can be used as an alternative. Figure 2 illustrates the
components found in geopolymer concrete.

n(Si> 0,.A1,0,) +2 nSiO> +4nH->O +NAOH (or) KOH
NA". K"+ n(OH);— Si— O —Al — O — Si — (OH);

(OH);
(geopolymer precursor)----------- (1)
n(OH);— Si — O —Al — O — Si — (OH); +NAOH (or) KOH

(OH),
NA*. K= (- Si — O —Al — O — Si —O-) +4nH,0

(geopolymer backbone)----------- (2)

Figure 1. Polymerization reaction [78,84].

Table 1. The chemical compositions of different materials used to produce GPC.

References Constituents (%) SiO, AL,O3 CaO Fe, O3 MgO Na,O K,O SO; LOI

[85] Fly ash 63.32 26.76 2.49 5.55 0.29 0.0004 0.0002 0.36 0.97
[33] 56.00 24.00 4.00 7.00 2.00 - - - 3.00
[86] 54.62 24.27 6.14 8.389 1.134 0.258 0.801 0.279 2.704
[87] 61.74 25.23 2.15 5.98 0.32 - - 0.27 2.15
[88] 58.60 23.60 3.13 7.45 0.90 0.18 1.65 0.80 2.015
[89] 53.04 34.70 2.32 2.53 0.86 0.48 1.75 084 2.52
[90] 52.86 34.19 2.57 3.85 2.01 - - - 1.30
[91] 60.11 26.53 4.00 425 1.25 0.22 - 0.35 -
[85] GGBS 35.05 12.50 34.64 0.30 6.34 0.9 0.6 0.38 0.26
[43] 34.80 15.78 36.81 0.38 7.09 0.27 0.44 2.53 1.5
[73] 37.73 14.42 37.34 1.11 8.71 - - 0.39 1.41
[87] 31.36 13.16 39.21 2.34 6.56 - - 1.4 1.68
[89] 34.60 15.99 37.72 0.46 6.18 0.43 0.34 0.10 0.39
[90] 36.70 12.61 47.32 0.22 2.05 - - - 0.93
[92] 3247 9.94 32.45 1.25 9.31 0.31 0.85 0.82 3.6
[91] 34.06 20.00 32.6 0.80 7.89 - - 0.90 -
[93] Metakaolin 71.74 20.67 0.04 1.73 0.83 0.36 3.12 - 0.63
[74] 56.65 34.45 0.12 2.16 0.01 - 0.47 1.89
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Table 1. Cont.

References Constituents (%) SiO, AL,O3 CaO Fe, O3 MgO Na,O K,O SO; LOI

[94] 47.70 50.53 0.03 0.23 0.02 0.26 0.11 - 8.34
[20] Silica fume 83.40 1.2 0.40 0.60 8.80 1.00 1.40 0.6 5.80
[15] 97.99 0.00 0.664 0.099 0.001 - 0.123 0.394 -
[65] 92.26 0.86 0.00 1.97 0.96 0.42 1.31 0.33 -
[71] WCB 69.0 8.7 34 12.1 0.1 - 4.5 0.3 -
[72] WBP 58.8 19.6 6.9 5.7 2.8 1.5 2.9 0.7 -
[73] SCBA 73.40 3.66 3.02 3.26 2.56 0.68 4.26 1.05 5.16
[34] 414 1.24 26.1 1.24 2.95 - 11.1 7.36 0.47
[73] SSA 35.40 9.56 24.70 5.56 4.06 0.72 2.57 5.19 3.50
[63] RHA 96.03 0.01 0.53 0.13 - - 1.67 0.19 1.45
[64] WG 83.34 - 7.28 - - 9.38 - - -
[74] BP 445 154 9.83 13.98 6.20 2.76 1.51 - 1.04

Legend: WCB = waste clay brick, WBP = waste brick powder, SCBA = sugarcane bagasse ash, SSA = sewage

sludge ash, RHA = rice husk ash, WG = waste glass, BP = basalt powder.

( Geopolymer concrete )
A
A A A A A
Cemen’qhou s A11.<a11ne— Coarse Fine aggregates Adimxtures
materials activators aggregate
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Metakaolin
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K2SiOs

Figure 2. Geopolymer concrete constituents [95].

Contrary to traditional cement-based concrete, the use of GPC is estimated to poten-
tially reduce energy consumption by 44-64% and reduce carbon emissions by 9-80%. This
observation range of emissions reduction is attributed to the intricate nature of emissions
calculations, which vary based on numerous factors, such as local conditions, the specific
design and transportation mix, and so on [73,96-98]. As an illustration, the geopolymer
binder generates CO, emissions ranging from 0.184 to 0.218 tons due to the combustion
of carbon fuel, in contrast to 1 ton of CO, emitted by OPC [99]. The advantages of GPC
materials are the sustainability of the building, a longer useful life, reduced use of virgin
materials, recycling of industrial waste, significant life-cycle cost savings, and low carbon
emissions [100]. In general, GPC marked an essential innovation in the field of concrete
technology, specifically aimed at mitigating carbon dioxide emissions but also at elimi-
nating material from landfills, thus allowing sustainable construction [101-103]. Thus,
green cement-free GPC can be deemed a feasible substitute for traditional OPC concrete or
concrete [32,104]. Figure 3 illustrates the efficacy of GPC in construction.
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Figure 3. The efficacy of GPC in construction [100].

Pasupathy [42] reported that GPC has the potential to reduce embodied energy and
carbon emissions by nearly 60-80% compared with OPC concrete. Also, Munir [14] con-
cluded that the environmental impact of industrial waste processing and curing for concrete
formulations is less than 1%. In addition, Mashri et al. [65] utilized a significant amount of
palm oil fuel ash, eggshell ash, and silica fume in geopolymer mortar manufacturing, and
they concluded that geopolymer could offer a viable solution to address environmental
concerns and landfill disposal issues by promoting a greener alternative to Portland cement
binder, with the potential for enhanced properties and performance. Likewise, Sherwani
et al. [33] reported that slag and fly ash were used as binders and concluded that their
findings could lead to more environmentally friendly concrete using geopolymers rather
than OPC. Furthermore, Manikandan [105] stated that the use of geopolymer mortar for
structural repair has shown great promise and proposed that additional investigations be
carried out on the use of this mortar for structural repair. In the study by van Roosmale
et al. [106], the activation of metakaolin-based GPC within the context of stone preserva-
tion was examined. They noted that the specimens exhibited a substantial open porosity,
resulting in a lower density compared to findings in the existing literature about geopoly-
mers with aggregates. However, the outcomes were in line with those of non-aggregate
geopolymers. Occhipinti et al. [107] reported that combining Aeolian pumice with small
proportions (20-30 wt.%) of metakaolin is viable for creating lightweight geopolymers.
These geopolymers display an open porosity of up to 30%, approximately 18.0% water
absorption, and a favorable 28-day compressive strength reaching up to 12 MPa. These
figures provide evidence of excellent breathability and compatibility with the substrates
in the suggested formulations. In the research by Ricciotti et al. [108], the establishment
of a seamless connection between the geopolymer composite and both tuff and concrete
surfaces was noted, emphasizing the strong compatibility of the geopolymer binder with
diverse materials. These attributes signal significant potential for the use of these materials
in cultural heritage preservation.

In conclusion, waste materials are now facing hindrances to cement manufacturing due
to a lack of thorough knowledge regarding their impact on geopolymer materials. Therefore,
researchers may need to conduct further studies on various geopolymer materials.

2. Materials and Methods Adopted for the Review

Information was gathered from the Elsevier, Springer, MDPI, Taylor & Francis, Wiley,
Scopus, and ScienceDirect databases before a full discussion and evaluation of GPC’s dura-
bility performance, which includes the resistances to water absorption, high temperatures,
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sulfuric acid, sulfate corrosion, chloride ion penetration, abrasion, and freeze-thaw. The
needed data were obtained through analysis and evaluation of the data through tables,
graphs, and discussions leading to the formulation of conclusions. The methodology
selected for the review is illustrated in Figure 4.

[ sat )
___,___\
_____________ vy .

!_ | Selected criteria for review | i
| |Search keywords: geopolymer concrete, sodium chloride, sulfate resistance, water!
| |absorption, high temperatures, sulfuric acid, sulfate corrosion, chloride ion penetration,

| |abrasion, and freeze-thaw

! | Type of publication: Regular published papers were selected

|
|
!J_Selected database: Elsevier, Springer, Hindawi, MDP]I, etc. |J
R
SN 2
/" The paper used for the *
review after remove \

\ the duplicates
N P /

V' The bibliography of the /

\ paper was revised /
following a review of /
the titles and abstracts.

_ /
N \ Nowmr
/ Research gap identified -|_
N after the papers ><——————______.
\ collected were analysis 7/
\____]____ S ———
G >\/ Discussions and \
\_Cinclus_ioi ) //
I
(" bnd je-—-—-

Figure 4. The methodology selected for the review.

3. Durability Performance of Geopolymer Concrete

Concrete materials are considered to have the capacity to endure and withstand ad-
verse conditions or surroundings [109]. Long-term durability has always been a significant
concern for OPC concrete in harsh surroundings. The assessment of concrete degradation
generally involves the examination of its resistances to acidic chemicals, sulfate attack,
elevated temperatures, chloride-induced corrosion, atmospheric influences, carbonation,
alkali-silica reaction, freeze—thaw attack, and related factors [109,110]. In addition, the
structural performance of concrete in harsh environments, particularly in coastal regions,
necessitates a crucial emphasis on durability [111].
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3.1. Water Absorption

The water absorption of the concrete structure significantly affects the durability of the
structure [111]. Water penetration leads to the degradation of both concrete and reinforce-
ment within the structure. For instance, the research by Saloni et al. [112] assessed the water
absorption of GPC using fine rice husk ash (FRHA) replacing OPC at various contents of 0,
5,10, 15, 20, 25, and 30%. They found a progressive decrease in water absorption with the
increase in the FRHA proportion to 15% for all the curing ages, suggesting improved dura-
bility performance. In the study by Nagajothi et al. [85], the water absorptions of GPC at 28,
56, and 90 days were evaluated via the use of aluminosilicate materials (fly ash and GGBS)
with alkaline activator solutions. The findings indicated that the reduction in the water
absorption percentage in GPC was less compared to traditional concrete. This reduction is
attributed to the pores occupied by fine slag particles, while the increase in water absorption
in fly ash-based alkali-activated mixtures with slag-based binders led to a decrease in water
absorption [113]. Moreover, the research by Mansourghanaei et al. [114] determined the
effect of silica nanoparticles on slag-based GPC containing 0-2% polyolefin fibers and 0-8%
nano-silica. In accordance with the results, the addition of nano-silica led to a notable reduc-
tion in both the permeability coefficients and water absorption, with decreases of up to 44,
and 24, respectively. This drop was linked to the concrete’s nano-densification silicas and
pore-filling properties. Also, in another study by Ojha and Aggarwal [115], the long-term
performance of low-calcium fly ash-based GPC with ordinary Portland cement concrete
was compared in terms of the water absorption, water permeability, and sorptivity. The
results demonstrated that, as compared with regular Portland cement concrete, geopoly-
mer concrete displayed lower sorptivity, shallower water penetration, and reduced water
absorption. These are the benefits of the presence of bigger voids in traditional concrete,
although the enhanced properties of geopolymer concrete can be linked to the development
of a denser microstructure. Likewise, Adam et al. [116] examined the effect of an alteration
in the activator-to-binder ratio, ranging from 0.45 to 0.60 in increments of 0.05, on the
water absorption of geopolymer concrete cured under ambient conditions. They observed
that geopolymer concrete achieved its lowest levels of water absorption and permeable
voids when the activator-to-binder ratio was at its highest value. Gupta et al. [87] studied
the water absorption characteristics of geopolymer concrete composites by altering the
concentrations of superplasticizers. Two sets of samples were created, each with varying
superplasticizer levels (1%, 2%, and 3%). The first set exclusively contained GGBS, whereas
the second set consisted of a 50% mixture of GGBS and fly ash. They concluded that the
water absorption decreased as the superplasticizer dosage increased, and as a result, a
3% superplasticizer dosage resulted in minimal water absorption, as shown in Figure 5.
Abbass and Singh [117] investigated the water absorption of geopolymer concrete-based
sugarcane bagasse ash (SCA) and RHA coupled with high-strength basalt (BS) fibers at
ratios of 0.5, 1.0, 1.5, 2.0, and 2.5%. The research results highlighted that exceeding 1% in
fiber content resulted in heightened water absorption. This is attributed to the increase in
air entrapment and decrease in bonding between the fibers and the GPC paste with the
increasing fiber volumes.

This review observed that the absorption rate of geopolymer concrete is much lower
than that of conventional Portland cement concrete. This is due to the amorphous form of
the particles filling the pores created by the geopolymerization process, which reduces the
porousness and density of the microstructure.

3.2. Fire Resistance

The residual compressive strength, also known as the post-damage compressive
strength, denotes the maximum load a damaged material can support during loading. The
capacity of geopolymer concrete to inhibit crack propagation has a significant impact on its
residual compressive strength. In general, exposure to heat is one of the most significant
factors that affect the properties, surface appearance, shape, and color of concrete [114].
For instance, in the research by Gupta et al. [87], the effect of elevated temperatures was
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examined between 100-700 °C at 100 °C intervals on high-strength geopolymer concrete
(HSGC) composed of FA, metakaolin, and granulated blast furnace slag. The results suggest
that the strength reduction observed in the GPC mixes subjected to temperatures from 200
to 700 °C is primarily due to thermal incompatibility between the geopolymer matrix and
aggregates. This incompatibility leads to the separation of the matrix from the aggregates,
resulting in internal cracks. One significant factor contributing to concrete spalling is the
buildup of pore pressure, and reducing the amount of evaporation water can mitigate
this issue. Luhar et al. [118] examined the compressive strength of fly-ash-based GPC
(as reference GPC) and rubberized GPC specimens. Figure 6 shows the trend in the GPC
specimens’ compressive strength growth. It can be seen that for all the temperatures, the
decrease in the rubberized GPC’s compressive strength was marginally less than that of the
reference GPC. At temperatures of 200 and 800 °C, respectively, the compressive strength
of the rubberized GPC exhibited reductions of 31.23% and 52.43%. However, at 200 and
800 °C, the decrease percentage values in the reference GPC'’s strength were found to be
27.38 and 45.22%, respectively. This was due to the rubber tire fibers” soft and lightweight
characteristics, which were known to cause cracks in GPC specimens during the early
compression stage. The rubberized GPC’s larger strength decreases at high temperatures
compared to the reference GPC are attributed to the tendency of rubber tire fibers to capture
air and form void.

3.0
2.5
2.0

1.54

1.0 1

Water absorption (%)

0.5

0.0 -
Q S 2
& & & & o ol 9 9
0\@ 0\@ 0\@ 0\@ 0@“ N N N
Sample

Figure 5. Water absorptions at 28 days for different dosages of superplasticizer [87].

60

54 Il Reference GPC
I Rubberized GPC

50

40

30 1

204

Copressive strength (MPa)

0 200 400 600 800
Temperature

Figure 6. Compressive strengths of the test specimens made of reference and rubberized geopolymer
concrete after being exposed to high temperatures [118].
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It is observed that, unlike OPC hydration products, geopolymer concrete is chemi-
cally stable and does not experience chemical structural breakdown when subjected to
high temperatures.

3.3. Sulfuric Acid Resistance

In terms of GPC, scientists are looking into how the breakdown of the aluminosilicate
network structure is caused by the release of silicic acid (Si(OH)4) in acidic
environments [119]. While it has been discovered that cementation particles and calcium-
rich aggregates inside OPC concrete can dissolve and cause acid-induced degradation,
when subjected to an acidic surrounding, OPC concrete is equally deteriorated. This could
be the result of the development of water-soluble calcium compounds as a result of the
acid-leaching effect on the OPC concrete. In order to ensure durability, assessment of the
acid resistances of GPC and OPC concrete is essential [32]. For example, Ariffin et al. [120]
explored a GPC mixture that included alkaline activators, a solution containing a certain
percentage of sulfuric acid, and a combination of pulverized fuel ash (PFA) and palm
oil fuel ash (POFA). This mixture was subjected to a sulfuric acid solution for a period
exceeding one year. They concluded that the geopolymer concrete performed better than
OPC concrete, as illustrated in Figure 7. The main reason for this is that the GPC creates
a more durable cross-linked aluminosilicate polymer structure. Moreover, Lavanya and
Jegan [111] examined the resistance of high calcium fly ash- and alkaline activator-made
geopolymer concrete for up to 45 days in a solution of 2% sulfuric acid. The grades M20,
M40, and M60 were used for the study. The findings revealed that the specimens’ edges and
surfaces appeared to be slightly harmed. Figure 8 demonstrates this. Furthermore, small
and isolated cracks were detected. Similarly, with prolonged exposure, the density of the
geopolymer concrete specimens steadily declined. The interaction between the acid and the
specimens treated with calcium hydroxide can generate tensile stresses, potentially leading
to the cracking and scaling of the concrete. As can be seen, the OPC density decreased
by 5-7%, while the GPC density decreased by 2.5-4%. The fly ash’s siliceous components
also interacted to create a more stable C—-S—-H product, which further filled the pores in
mortars. Also influencing the density drop was the fly ash’s fineness [121]. In the research
by Bakharev [122], the long-term performance of geopolymer materials incorporating al-
kaline activators and class F FA when subjected to 5% acetic and sulfuric acid solutions
was assessed. The research revealed that the geopolymer materials produced with sodium
hydroxide and subjected to high-temperature curing exhibited the most favorable perfor-
mance. The improved performance of this material was credited to the development of a
stronger cross-linked aluminosilicate polymer structure within it.

Albitar et al. [123] assessed the efficacy of GPC produced from either class F fly ash or
a combination of fly ash and granulated lead smelter slag (GLSS) concerning their response
to sulfuric acid exposure. The findings revealed that sulfuric acid had a more adverse effect
on OPC concrete, resulting in a 26.6% reduction in the compressive strength, whereas fly
ash and GLSS geopolymer concrete exhibited reductions of 10.9% and 7.3% in compressive
strength, respectively. Also, Mehta and Siddique [124] exposed fly ash-based GPC to
sulfuric acid, while OPC was employed as a fly ash substitute to raise the calcium content
of the geopolymer system (0, 10, 20, and 30%). The samples were subjected to a solution of
sulfuric acid at a concentration of 2% for 365 days before being assessed for deterioration
based on the preserved compressive strength and weight loss. The findings of the study
reveal that the samples with 0, 10, 20, and 30% OPC each gained 1.61, 2.34, 2.89, and 4.26%
of their initial mass during the acid exposure. This is because the GPC specimens were
cured in an oven for 24 h at 80 °C, producing more pores in the concrete matrix. These
pores absorbed the sulfuric acid solution when the specimens were subjected to it, thereby
increasing the resulting mass at an early age. However, as the exposure time increased, the
mass loss increased, as shown in Figure 9.
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Figure 7. Compressive strengths of the concrete samples after being subjected to sulfuric acid [120].

Figure 8. Geopolymer specimens exposed to 2% sulfuric acid solution [111].
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Figure 9. Mass losses of GPC samples subjected to a sulfuric acid solution [124].
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Cevik et al. [125] examined whether nano-silica affected the GPC specimens’ short-
term severe durability performance. GPC and OPC concrete specimens were subjected to
sulfuric acid concentrations of 5% (H,SO4) for 1 month, as shown in Figure 10. The surface
erosion on the GPC specimens treated with H»SO4 solution was moderate, while the OPC
specimens had severe surface erosion as a result of their greater CaO content. Likewise,
Jena et al. [11] explored the properties of fly ash-based GPC with silica fume additions
of 5%, 10%, and 15% by mass for long-term durability. In order to achieve this, concrete
samples were subjected to corrosive chemical solutions containing 5% sodium chloride, 2%
magnesium sulfate, and 2% sulfuric acid. The inclusion of silica fume in the GPC signifi-
cantly enhanced its resistance to chemical attack. Additionally, blending silica fume and fly
ash into GPC led to strength improvements and demonstrated positive performances in
challenging environmental conditions. Moreover, Nnaemeka and Singh [126] investigated
the effects of kaolin on fly ash-based GPC in 2% sulfuric acid by tracking variations in the
weight and compressive strength, and the effects of acid exposure on the samples were
evaluated. The results show that all the concrete samples experienced varying degrees
of weight loss, with the loss increasing over time. Also, Alomayri et al. [127] evaluated
GPC made from raw RHA and blast furnace slag (BFS). It has been observed that the
raw RHA mixture, which replaced BFS by 10%, was more resistant to acid attack than the
control mixture, which used BFS as the only precursor. Figure 11 illustrates the comparison
between FA-GPC and PC concrete following 60-day acid immersion.

Figure 11. FA-GPC and PC concrete samples submerged in acid for 60 days [115].

In conclusion, it has been shown that geopolymer concrete exhibits better chemical
stability than OPC concrete because the geopolymerized bonding of the former is more
resilient to deterioration caused by sulfuric acid than the Portland cementation bonding.

3.4. Sulfate Corrosion Resistance

Cevik et al. [125] evaluated the effect of nano-silica on the short-term durability
performance of GPC composed of fly ash (FA-GPC) with conventional concrete. The
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samples were subjected to solutions comprising seawater (NaCl), magnesium sulfate,
and sulfuric acid (H,SOy) at concentrations of 0.5%, 1.5%, and 3.5%, respectively. The
findings reveal that, due to their lower calcium content, FAGPC concrete exhibited superior
resistance to chemical attacks compared with OPC concrete. The visual appearances of
the specimens are shown in Figure 12a,b. Manhanpally et al. [99] demonstrated that
the durability performance of GPC is unaffected by the inclusion of recycled particles.
Nnaemeka and Singh [126] indicated how kaolin affected the durability of fly ash-based
GPC when exposed to a solution of sodium sulfate at a 5% concentration. The results show
that, in comparison to traditional OPC concrete, geopolymer concrete generally exhibited
superior resistance to chemical deterioration. Likewise, Bellum et al. [128] investigated how
long-lasting GPC compared to typical Portland cement concrete. GGBFS was integrated
into FA, and the specimens were subjected to a solution of 5% salt sulfate. The results
show that GPC outperformed standard concrete in terms of sodium sulfate resistance. Also,
Chindaprasirt et al. [121] studied how the fineness of fly ash impacts the resistance to
sulfate attacks and water requirements in hardened mortar. Their findings suggest that,
except for coarse fly ash, all the fineness levels exhibited significant enhancements in sulfate
resistance. Ziada et al. [129] examined the impact of bacterial healing on geopolymer
concrete subjected to simultaneous exposures to sulfate and freeze-thaw conditions. Their
findings provide a practical approach to crack repair in marine structures, dams, and
buildings directly in contact with water. In order to enhance the mechanical properties and
reduce the water absorption capacity of these structures, the use of bacterial solutions is
recommended, particularly in regions near the cold sea where both sulfate and freeze-thaw
effects are prevalent.

FAI4NS

@

)

Figure 12. The visual appearances of the test specimens exposed for 30 days to chemical attack [125]:
(a) samples subjected to magnesium sulfate, and (b) samples subjected to seawater.
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It can be seen that GPC has a higher sulfate resistance than OPC concrete because
of the stability of its cross-linked silicate gel compared to C-5-H gel. In contrast to the
C-5-H gel in OPC concrete, which dissolves in sulfate solution and decalcifies to produce
gypsum or ettringite, the structure of aluminosilicate gel is nearly insoluble in sulfate
solution. However, the GPC breakdown mechanism varies slightly amongst different
sulfate solutions, and GPC’s sulfate resistance is greatly influenced by the alkali activator
employed, the chemical makeup of the source material, and the curing environment.

3.5. Resistance to Sodium Chloride Solution

In coastal and waterfront areas, structures are particularly susceptible to extensive
concrete corrosion due to processes involving ionic absorption and acidic reactions. One
type of bad chemical penetration in concrete is a chloride attack, which happens when
chloride ions get into the pore structure of the concrete through capillary action or hydro-
static pressure [130]. Generally, the ability to resist the penetration of chloride ions bears a
resemblance to the capacity to withstand sulfate attack [13]. For instance, Cevik et al. [125]
reported that exposing GPC and OPC specimens to seawater resulted in a weight increase
for GPC after two weeks and one month, while OPC decreased after one month. In compari-
son, the compressive strengths of the OPC specimens decreased more than those of the GPC
specimens. Referring to a study by Jena et al. [11], the presence of salt in the pores of the
concrete matrix influenced the increase in specimen mass as a result of solution absorption.
Although the compressive strength fell, the geopolymer specimens showed a strength that
was about 65% greater than that of the Portland cement concrete specimens. Moreover,
Bellum et al. [128] reported that GPC based on FA-GGBFS demonstrates superior resistance
to the chloride solution. For both 30 and 60 days, the specimen surfaces were exposed to
sodium chloride arrangements without any signs of deterioration. Furthermore, no signifi-
cant difference in the compressive strengths was found, which indicates the high GPC use
in construction in the marine zone. In research by Kumar et al. [131] involving submerging
geopolymer and OPC concrete in a 5% salt chloride solution (seawater), the results reveal
that the conventional OPC concrete specimens experienced more substantial mass loss com-
pared to the GPC specimens, demonstrating that GPC specimens exhibit greater stability in
seawater environments. Additionally, the GPC specimens showed greater strength than
the traditional concrete specimens after 3 months of seawater immersion, although both
continued to deteriorate after that time. These findings demonstrate that, in comparison to
OPC concrete, the GPC specimens are more resistant chemically to NaCl solution.

This review observed that chloride resistance was directly correlated with GPC’s
capacity to bind with chloride ions and prevent their entry and diffusion throughout the
body. The right alkali activator and improved curing conditions can lead to optimized
pore structure, increased degree of polymerization, production of more N(C)-A-S-H gels
capable of adsorbing free chloride ions, reduction in the amount of free chloride ions, and
ultimately, improved chloride resistance of GPC.

3.6. Abrasion Resistance

Abrasion is a mechanical process that occurs when two surfaces meet, where one
surface moves or slides against the other, and the other is exposed to friction, rubbing,
or scraping. This interaction between the surfaces can lead to the removal of materials
from either of the surfaces. It is considered one of the most important elements of the
durability of concrete surface wear [132]. Compressive strength, aggregate toughness, and
geopolymer binder hardness all generally influence the abrasion resistance of GPC [32].
Weight loss is a key aspect in determining abrasion resistance [13], and concrete can tolerate
rubbing, wear and tear. Currently, the BS EN 1338:2003 [133], IS 1237-2021 [134], and ASTM
standards (C-994-1999) [135] are being used to study the abrasion resistance of GPC [125].
For instance, Cevik et al. [125] assessed the pavement geopolymer concrete’s durability
and wear resistance in response to continuous traffic exposure by conducting an abrasion
resistance test on slabs measuring 500 mm x 500 mm x 100 mm after 28 days of curing. The
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findings revealed that the average abrasion on the upper surface was 1.08 mm, while the
lower surface exhibited an average abrasion of 0.92 mm. Generally, the lower concrete layer
displayed lower abrasion compared to the upper surface, primarily due to the superior
compaction in the lower portion. According to Ramujee and Potharaju [136], the abrasion
resistance of the GPC was higher than that of conventional OPC concretes. For a 12 h charge,
the average depth of wear is 61% higher for OPC than for GPC, and 64% higher for a 24 h
charge. Moreover, Wongsa et al. [137] examined the abrasion resistance of lightweight GPC
incorporating natural limestone, pumice and clay brick aggregates and river sand. They
observed that as the ratio of sodium silicate to sodium hydroxide increased in the GPC
samples, the specimens’ weight loss decreased. This observation was made regarding the
extent of wear after 28 days. In another study by Luhar et al. [138], the abrasion resistance
of high calcium fly ash GPC was investigated by changing the ratio of liquid alkaline to
ash and varying the amounts of recycled asphaltic concrete aggregate (RACA). This study
aimed to evaluate and contrast the OPC concrete abrasion resistance with rubberized GPC
concrete. The findings suggest that by increasing the proportion of rubber fibers in the
concrete samples, the wear depth diminished. The reduction in the wear depth was evident
in samples fabricated from both concrete types, demonstrating that the inclusion of rubber
fibers improved their abrasion resistance. Wongkvanklom et al. [139] reported that with
the increasing quantity of recycled asphaltic concrete aggregate, the weight loss caused by
surface abrasion in the GPC decreased. The addition of more recycled asphaltic concrete
aggregate to the geopolymer concrete mix tends to reduce the pore space, leading to the
most substantial enhancement of surface abrasion resistance. On this note, these results
indicate that the addition of strong and less porous particles significantly improves the
abrasion resistance of GPC. Also, Karaaslan et al. [140] replaced the calcium aluminate
cement (CAC) by pumice comprising up to 20% of the entire powder binder, and they
noted the enhanced abrasion resistance of geopolymer concretes (PGCs) made with 30 wt.%
of FA and 70 wt.% of pumice. Regardless of the CAC replacement level, PGCs had superior
abrasion resistance than OPC.

The review leads to the conclusion that the use of strong and less porous aggregates
may be significantly aided in the creation of high abrasion resistance geopolymer concrete.
In order to increase the abrasion resistance of geopolymer concrete, the usage of durable
raw materials such as recycled granite and basalt aggregates is intriguing.

3.7. Freeze—Thaw Resistance

Concrete deterioration is caused by many freeze—thaw cycles and shows up as frac-
tures, concrete peeling, and surface spalling. Cross-sectional cracking can happen under
very severe freeze-thaw conditions, although surface damage is more common. Concrete
walls, walkways, and other surfaces are especially prone to severe surface deterioration [141].
When concrete’s tensile strength is exceeded, freezing at low temperatures may cause
the microcracks to enlarge in size. When the cycles of freezing and thawing are over, the
fissures gradually widen and expand, weakening the material [13]. To evaluate concrete’s
resistance to freeze—thaw conditions and estimate the surface peeling and spalling, various
testing procedures and evaluation approaches are available. For example, Zhao et al. [142]
assessed the freeze—thaw resistance involved evaluation of mass loss, changes in dynamic
elasticity modulus, and compressive strength reduction. The results indicate that after
five freeze—thaw cycles, GPC with 10% slag starts to deteriorate, despite high-temperature
curing that could have increased its resistance to freeze-thaw cycling. Moreover, in compar-
ison with the freeze-thaw resistance of OPC concrete, GPC containing 50% slag can endure
225 freeze-thaw cycles, while GPC containing 30% slag degraded after 50 freeze—thaw
cycles. Pilehvar et al. [103] examined the influence of freeze—thaw cycles on the mechanical
and physical characteristics of two dissimilar micro-encapsulated phase change materials
(MPCM) in OPC concrete and GPC. Microscopic analysis revealed that freeze-thaw cycles
could have a direct impact on the degradation of concrete because of the formation of
microcracks in the weak interfacial transition zones between the cement paste and aggre-
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gates or between the paste and MPCM. The inclusion of MPCM demonstrated remarkable
resistance to freeze-thaw cycles with only a slight reduction in the compressive strength,
in contrast to the samples without MPCM, which exhibited a more pronounced decrease.
In a research study by Ozdal et al. [141], ferrochrome slag (FS) and GGBFS were utilized
as source materials in GPC mixtures activated by sodium silicate (Na;SiO3) and sodium
hydroxide (NaOH). Two distinct slag-based geopolymer concrete (SGC) mixtures were
subjected to freeze—thaw (F-Z) cycles and examined by scanning electron microscopy (SEM)
analysis. The results show that as the proportion of GGBFS in the SGC mix increased, the
mechanical properties of the specimens were improved in terms of resistance to the F-T
effect, and samples containing 100% FS and 75% FS disintegrated after 150 and 200 F-T
cycles, respectively, as shown in Figure 13a—c. In addition, Zhang et al. [143] reported that
regardless of the replacement proportion, the addition of crumb rubber (CR) increased
the stiffness and freeze-thaw resilience of GPC. Compared with other concretes, 10% CR
concrete exhibited reduced dimensions and fewer internal cracks. Additionally, CR pos-
sesses remarkable energy dissipation properties that can mitigate damage resulting from
freeze-thaw cycles. In contrast, Kumar, et al. [131] found that as the number of freeze-thaw
cycles increases, it has been observed that both GPC and traditional concrete specimens
consistently experience mass loss. However, traditional concrete specimens demonstrated
greater stability when subjected to freeze—thaw conditions. In addition, in comparison to
GPC specimens, traditional concrete samples showed increases in the compressive strength
following the freeze—thaw cycles, while both types of concrete continued to degrade.

FO F25 F50 F75 F100

(a)

F50 F75 F100

(b)

FO F25 F50 F75 F100

Figure 13. Appearances of the samples after (a) 100 freeze—thaw cycles, (b) 200 cycles, and
(c) 300 cycles [141].

In freeze-thaw conditions, both the capillary absorption rate and degree of GPC satu-
ration increase. This can be achieved by developing a dense pore structure and increasing
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the degree of polymerization of the binder material, which, in turn, enhances the GPC’s
resistance to freeze—thaw cycles.

4. Conclusions and Future Recommendations

This review aims to offer an in-depth comprehension of the durability characteristics
of geopolymer concrete. However, it is important to note that various factors influence
the results obtained, making it challenging to arrive at conclusive decisions regarding the
waste materials used in geopolymer concrete production. From the analysis and findings
presented in this review, the following conclusions can be deduced.

e  The review has shown promising outcomes and holds significant potential for mitigat-
ing carbon dioxide emissions, streamlining the recycling and repurposing of waste
materials, and fostering the advancement of sustainability by incorporating industrial
and agricultural byproducts to produce geopolymer concrete.

e  Asamaterial with better durability, geopolymer concrete is a more sustainable substi-
tute and a more durable material for construction applications compared to conven-
tional concrete.

e ltis observed that geopolymer concrete exhibits greater chemical stability compared to
OPC concrete owing to the enhanced durability of its geopolymerized bonding, which
outperforms the Portland cement bonding in withstanding sulfuric acid deterioration.

e A high abrasion resistance might potentially be developed using geopolymer concrete
that has dense and less porous aggregates.

The recommendations for further study may be summarized as follows.

e  Further research should extend the exploration of geopolymer concrete resistance to
acids by encompassing other types of acids, including carbonic and hydrochloric acids.

e It may be interesting to investigate the acid resistance of geopolymer concrete made
from various aluminosilicate sources, such as volcanic ash, low-grade clay, bagasse
ash, wood ash, etc.

e In the future, the longevity of GPC foundations and prefabricated structural compo-
nents will need to be investigated.

o  Geopolymer concrete can be used to make structural elements, although more research
needs to be conducted to come up with more practical design suggestions. This will
make it easier to use this material in the real world in the future.
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