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ARTICLE INFO ABSTRACT

Keywords: This review paper presents and analyses the mechanical and durability properties of geopolymer
Geopolymer concrete concrete (GPC) which contain various waste materials. Significant findings have concluded that
Waste

the absence of guidelines for the mix design of GPC has resulted in a wide variance of design

gge?flzh parameters and therefore strength and durability properties. The purpose of this review is to
Duralfility compile recent research to highlight the inadequacy of the current literature and identify areas in

which the current mix design can be improved. The development of mix design guidelines that
focus on optimal Si/Al ratio, NaOH concentration and sodium silicate to sodium hydroxide (SS/
SH) ratio are required, as these factors are significantly affected by the addition of waste materials
with varying chemical compositions and morphology.

1. Introduction
1.1. Background

Concrete manufacturing consumes the largest amount of natural resources in the world due to its abundant use of sand, rock and
water [1]. Cement production poses significant environmental concerns as a result of greenhouse gas emissions and energy con-
sumption. Specifically, the production of cement accounts for 12-15 % of industrial energy use as well as 5-7 % of all carbon dioxide
emissions [2]. Furthermore, it is estimated that the production of 1 t of cement releases approximately 0.85-0.92 t of CO5 into the
environment [3-5]. To reduce these adverse effects, cement can be replaced with waste materials or industrial by-products that possess
pozzolanic or self-cementing properties. Commonly used industrial by-products include fly ash, blast furnace slag and silica fume. The
use of these materials in concrete reduces the waste associated with their industries while simultaneously reducing the carbon footprint
of concrete production. Therefore, the development of sustainable and green concrete that utilises recycled materials is a priority for
the construction industry [6-11].

Geopolymer concrete (GPC) is an innovative and environmentally friendly concrete that hardens through the reaction between
aluminosilicate waste materials and alkaline activating solutions rather than requiring a cement binder [12]. Precursor materials
include fly ash, blast-furnace slag and metakaolin, while alkaline activators consist of chemical compounds such as sodium hydroxide
and sodium silicate solution. The reaction between these two base materials facilitates the geopolymer reaction, resulting in a dense,
cross-linked polymer structure. A diagram describing the process of geopolymerisation is presented in Fig. 1.
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From an environmental perspective, GPC enables a reduction in the demand for cement production and provides additional outlets
for waste materials and industrial by-products. It is estimated that the use of GPC could reduce energy consumption by up to 43 % and
reduce greenhouse gas emissions by 9-80 % compared to cement-based concrete [5,13]. This significant variance is due to the
complexity associated with the calculation of emissions which relies on multiple factors including local conditions, transportation and
the mix design itself [5]. Furthermore, GPC offers improved durability properties compared to ordinary concrete, such as chloride
resistance [14,15], high temperature resistance [16], freeze-thaw cycles [17,18] and carbonation resistance [19]. It has been shown
that GPC can have adequate compressive strength [20-22] and tensile strength [23,24].

The use of recycled waste materials in GPC is a developing field. The production of fly ash will cease as a result of the phasing out of
coal power plants worldwide by 2040, as stipulated by the Paris Agreement [25]. The significance of this literature review lies in the
identification of suitable replacement materials for fly ash while also highlighting the inadequacy of the current state of GPC mix
design. This review includes studies on GPC that involve both the partial and complete replacement of fly ash. The merits of each
material are analysed in terms of their strength and durability properties, with references to their microstructure and chemical
composition to identify areas in which the mix design of GPC can be improved.

1.2. By-product and waste materials

A brief introduction to the various by-product and waste materials discussed in this review follows. Glass is a non-crystalline,
amorphous solid material produced through the heating of silica, sodium carbonate and calcium carbonate. From 2016 to 2017,
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Fig. 1. Geopolymer constituent materials [26].
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approximately 1.1 Mt of glass waste were produced in Australia, but only 57 % of it was recycled; the remaining unrecycled glass was
disposed of in landfills [27]. This poses a critical environmental problem, as glass is not biodegradable. Therefore, the identification of
alternative uses for unrecycled glass waste is important for ensuring future environmental sustainability. Recently, recycled glass has
found applications in GPC as a replacement binder material. Waste glass powder (WGP) is a source of silica and alumina; when ground
to very fine particle sizes (<150 pm), it can react in the presence of an alkaline solution to facilitate the geopolymer reaction.

Rice husk ash (RHA) is an agricultural waste product of the rice milling industry, which produces approximately 20 million t of it
annually. The environmental concerns of RHA are related to the air pollution associated with the combustion of rice husks, as well as its
disposal in landfills when alternative solutions exist [28,29]. RHA has a high silica content, which identifies it as a suitable precursor
material for GPC. However, its reactivity has been shown to depend on its mineralogy, where amorphous silica phases produce better
results than crystalline silica [30].

Ground granulated blast-furnace slag (GGBS) is a by-product of iron production and is produced through the quenching of molten
liquid in water. This process produces a fine powder that possesses cementitious properties. GGBS contains a large amount of silica,
alumina and calcium content, which makes it a suitable precursor material in GPC.

Metakaolin (MK) is produced through the calcination of natural clays which contain mineral kaolinite at approximately 700-900
°C. It is therefore not a by-product of other industrial processes and is specifically manufactured for use in concrete. Consequently,
there is a considerable amount of CO5 emissions associated with MK production, and it is only widely used in countries where kaolinite
isreadily available [31]. Nevertheless, MK has high silica and alumina content, which facilitates its use as a fly ash replacement in GPC.
While the application of MK is not encouraged, an overview of current research related to it is relevant to this discussion.

Red mud (RM) is a by-product of alumina production, with over 117 million t produced per year. Approximately 85 % of all RM is
discarded in landfills, polluting the surrounding environment due to its high alkalinity [32]. RM is a suitable precursor material for
GPC owing to its high silica and alumina content.

A ternary diagram depicting the range of chemical compositions for each of the aforementioned materials is presented in Fig. 2. A
scanning electron microscopy (SEM) analysis of raw precursor materials shows distinct differences in their microstructures. Fly ash is
generally characterised by its smooth and spherical shape, while other waste materials such as slag and WGP have irregular particle
shapes, as seen in Fig. 3 [33]. A SEM analysis of RHA and RM reveals angular particles with a range of particle sizes that are varied in
shape and porosity [30,34,35]. The wide variation in composition and microstructure results in a diverse range of effects on the
finished GPC that will be discussed in this review.
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a

Fig. 3. SEM images of (a) fly ash, (b) slag and (c) waste glass [33].

2. Strength properties
2.1. Workability and setting time

Numerous factors affect the workability of GPC. The rheology of GPC is quite different from that of ordinary concrete due to the
high viscosity of sodium silicate solution. Higher sodium silicate to sodium hydroxide (SS/SH) ratios exacerbate this effect, further
reducing the mobility of the mixture [22,36,37]. Similarly, an increase in alkali activator concentration tends to reduce workability
due to silica and alumina’s faster rate of dissolution, which accelerates the geopolymer reaction [38,39]. Additionally, an increase in
the volume of activator solution (up to 45 % of binder weight) has been shown to improve workability without significantly impacting
the compressive strength of the mixture due to an increase in its liquid-to-solid ratio [22]. However, the application of more activator

Table 1
Initial and final setting time of fly ash-based GPC [40].
Admixtures Dosage (wt%) Initial setting time (min) Final setting time (min)
Control 0 60 130
1 26 60
Cacl 2 35 45
1 58 115
CaSO, 5 56 105
1 82 135
NazS04 2 %0 130
Sucrose ! 60 210
2 60 230
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solution is not a desirable solution due to the substantial carbon emissions associated with the production of alkali activators [5].

The setting time of GPC strongly correlates with the calcium content of the fly ash. GPC mixtures usually set between one and two
hours; however, high calcium content can significantly shorten this time, decreasing setting time by 65 % with 2 % additional calcium
content by binder weight, see Table 1 [40]. Furthermore, the dissolution of fly ash happens slowly at room temperature, which results
in a slow rate of leaching of silica and alumina; however, calcium leaching is not affected, which increases setting time [41]. This
suggests that an understanding of the chemical composition of local fly ash sources is required when designing GPC mixtures. Class F
fly ash has low calcium content whereas Class C fly ash has high calcium content. It is therefore recommended to use Class F fly ash if
flash setting is a concern. Low sodium hydroxide concentration has been shown to reduce setting time due to the slow leaching of silica
and alumina, enabling the reaction with calcium to precipitate more rapidly [22,42,43]. As a solution, the addition of sucrose sugar has
a retarding effect on the final setting time of GPC without producing any negative effects on the compressive strength of the concrete
[40,44]. The sucrose acts to coat the surface of the precursor materials thus inhibiting the ability of the alkali solutions to bind and
precipitate the geopolymer reaction [40].

The application of slag into fly ash-based mixtures results in decreased workability and setting time due to its high calcium content.
Numerous studies have identified this phenomenon, which tends to increase the rate of reaction [45-48]. However, the workability of
GPC that contains WGP is generally better than that of fly ash-based control mixtures. This improvement in workability can be
attributed to the smooth surface and low water absorption of glass [49-51]. However, a reduction in flow has been identified when
WGP completely replaces fly ash precursor; this is attributable to the coarse and irregular nature of WGP particles, which reduces the
mobility of the mortar [50,52]. When slag is used as a precursor, there is a negligible change in flow due to the similar morphology and
structure of WGP and slag [50].

RHA has been shown to decrease the workability of GPC which contains fly ash, as seen in Fig. 4. This can be attributed this to the
difference in shape between fly ash and RHA particles, which are spherical and angular, respectively [30]. Additionally, water can be
stored in pores, causing the mixture to become more cohesive [30,53]. Furthermore, RHA has a high water requirement due to the
absorption characteristics of the RHA particles. Insufficient water content can result in more rapid hardening and thus decreased
workability and setting time [53].

The literature on the workability and setting time of MK- and RM-based GPC is limited. An increase in MK content tends to improve
workability due to the smooth morphology and small particle size of MK [20,54]. MK also increases the setting time of slag- and fly
ash-based GPC by approximately 15 % due to its low calcium content [20,54]. Similarly, the addition of RM to fly ash-based GPC
increases setting time, as shown in Fig. 5 [55].

The setting time of MK-based GPC increases significantly with the addition of WGP from 615 min to 1,245 min at 40 % replacement
[56]. WGP has a smaller surface area than MK due to its larger particle size, which reduces the amount of reactive content for the
activator solution. This reduces the dissolution rate of silica and alumina and results in increased setting time [49]. Fig. 6 demonstrates
the increase in setting time associated with additional WGP replacement.

2.2. Compressive and tensile strength
The primary parameters which affect the strength properties of GPC are alkaline liquid to binder (AL/B) ratio, the type and

concentration of alkali solution and the molar ratio of SiO5 to NayO. While the exact effect of each of these parameters on GPC is not
fully understood, there are some well-accepted properties [57,58]:
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Fig. 4. Workability of GPC containing RHA [30].
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1 Increasing AL/B decreases strength.
2 Increasing the molarity of alkaline activators increases strength.
3 The optimal molar ratio of SiO, to NaO is approximately 1.0-2.0.

In GPC, AL/B ratio is a critical factor in determining its strength and workability; therefore, the type, amount and concentration of
the alkaline activator must be considered [59]. High alkali concentration generally correlates with improved compressive strength [60,
61]. However, excessive molarity can reduce ion mobility, which slows the geopolymer reaction [62]. Additionally, the AL/B ratio
controls the amount of liquid in the mix, such that lower values produce stronger concrete due to the relative increase in binder
content; this phenomenon is highlighted in Fig. 7 [63,64].

Another important factor in the design of GPC is the SS/SH ratio. There are numerous conflicting studies on the optimal ratio of AL/
B and SS/SH, which range from 0.4 to 0.45 and 1.5 to 2.0, respectively [22,63]. Fig. 8 demonstrates the relationship between AL/B,
SS/SH and compressive strength. The compressive strength of GPC mixes tends to increase with SS/SH until a certain maximal point,
after which it decreases. This can be attributed to an increase in Si-O bonds that significantly improve the strength of the GPC, while
excess, unreacted silica prevents water evaporation and structure formation, reducing the strength of the geopolymer [49,63,65].

Prolonged exposure to high curing temperatures as well as the presence of excessively alkaline solutions can cause the disinte-
gration of the geopolymer gel, an effect which is demonstrated in Fig. 9 [66]. Similarly, pores and voids can result from the presence of
air bubbles during the mixing and casting process and the evaporation of water during the curing process [34,35,67]. Additionally,
cracks can result from shrinkage due to high temperature curing and applied stress during compression tests [34,68].

The compressive strength of GPC that contains WGP is varied and inconclusive. As seen in Fig. 10, compressive strength is greatest
at 12.5 % WGP replacement, regardless of NaOH concentration [69]. Other studies have shown various optimal replacement per-
centages ranging from 5 % [49] to 50 % [66]. As Si-O-Si are the strongest bonds, it is expected that an increase in silica-to-alumina ratio
would improve the strength of the concrete [33,70]. However, further addition of WGP results in a decrease in compressive strength.
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This is due to a reduction in the release rate of silica and alumina ions, which results from the slow rate of dissolution of WGP [69].
Further increases in WGP content result in a larger number of unreacted glass particles, thus decreasing the potential of the geopolymer
reaction [56,69]. Therefore, the high silica content of WGP can result in decreased strength beyond an optimal replacement per-
centage. Furthermore, excessive silica content can decrease the amount of sodium in the binder, thus reducing the formation of the
N-A-S-H gel that is responsible for the formation of a compact and dense microstructure [45,49,71].

Although longer curing times tend to increase the compressive strength of GPC, it is notable that, beyond 12.5 % replacement,
compressive strength has been reported to decrease at 28 days compared to seven days [69]. This loss in strength can be attributed to a
change in morphology and an increase in the porosity of the geopolymer over time when the WGP content exceeds 25 % [72].
Additionally, SEM micrographs have identified sodium-rich porous areas, which potentially resulted from the production of
sodium-silicate gel instead of aluminosilicate gel [73]. It is notable that the excessively high alkalinity of NaOH can cause the
disintegration of the geopolymer gel [66].
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(d)

Fig. 9. SEM of WGP-based GPC under (d) heat curing for 24 h and (e) heat curing for 48 h [66].

(a) mmStrength - 1 day CStrength - 28 days
-e-Apparent density - 1day -&-Apparent density - 28 days
24 « r 1800
—
[
a T 4\._____.—-4 o
S 20+ ¢ b 1500 £
S ~
£ g
Eo 16 + b 1200
g 2
(%]
V12 + 900 5
4 o
>
= -
c
3 8 = F600 @
=
1
g 2
4 4 + 300 Q.
]
S <
0 4 T T v T 0
0 125 25 37.5 50
Waste glass (%)
(b) m Strength - 1 day [Strength - 28 days
-8-Apparentdensity - 1day ===Apparent density - 28 days
24 4 r 1800
©
Q. @
2 204 k1500 £
St ~
L oT4]
=
Eo 16 4 L 1200 =
g £
w
n 12 b 900 5
4 <
>
= -
c
v 8 4 + 600 Qv
v S
1
e 3
g 44 300 Q
S <
0+ 0

0 12.5 25 37.5 50
Waste glass (%)

Fig. 10. Density and compressive strength of GPC with WGP replacement of MK using (a) 10 M and (b) 12 M NaOH solution [69].



Z. Podolsky et al. Case Studies in Construction Materials 15 (2021) e00637

The effects of RHA replacement in GPC are equally variable. In slag-based GPC, the compressive (see Fig. 11) and tensile strength of
the concrete increases up to 15 % replacement, then decreases beyond that point [67]. The same trend can be observed in fly ash-based
GPC where the optimal replacement percentage is 35 % (see Fig. 12(b)) [35].This improvement in strength can be attributed to the
additional silica content provided by the RHA as well as its smaller particle size compared to slag, which increases the surface area
available for the reaction [34,38,67,74]. The addition of RHA further amplifies the number of Si-O-Si bonds, thus strengthening the
geopolymer [33,34,70]. However, a corresponding decrease in strength with further RHA replacement can occur due to oversaturation
of unreacted RHA particles and silica content, which hinder the formation of geopolymer structures [35]. Furthermore, the differences
in solubility between RHA and slag can cause a reduction in the rate and extent of geopolymerisation [67,75].

By contrast, some studies have demonstrated that the compressive strength of RHA groups was lower even at 10 % RHA
replacement compared to the control. This sharp decrease in strength is attributable to the low quantity of alumina in RHA, which
causes an imbalance in the Si/Al ratio of the precursor materials [30]. Above a concentration of 10 M, the compressive strength of
RHA-based GPC has been reported to decrease, as shown in Fig. 12(a) [35]. This conflicts with numerous earlier studies that showed an
increase in compressive strength associated with increased sodium hydroxide concentration, which resulted from the greater disso-
lution of silica and alumina in more concentrated solutions [34,38]. The decrease in compressive strength can be explained by the
higher viscosity of the 12 M and 14 M sodium hydroxide solutions, which prevents the silica and alumina from reacting, as well as
excess hydroxide ions, which form aluminosilicate gel at early stages and reduce the effectiveness of geopolymerisation [34,35].

MK replacement in slag-based GPC can improve compressive strength; however, this effect is diminished at 50 % or greater
replacement. This can be attributed to the greater silica content of slag compared to MK, which is alumina-rich [54]. However, other
studies found the opposite result, in which the addition of MK significantly decreased strength at any replacement. This strength loss
can be explained by the decrease in calcium content associated with smaller proportions of slag, which causes a delay in the geo-
polymer reaction [46,48,76]. This relationship is demonstrated in Fig. 13, which shows a reduction in strength with fly ash
replacement compared to the 100 % slag-based control GPC. Furthermore, slag replacement increases early age strength and results in
fast setting times due to the rapid formation of calcium-silicate gel [47].

There have also been conflicting reports on the effects of adding RM to GPC. Some studies have identified decreased compressive
strength due to the low silica content of RM, which reduces the number of strong Si-O bonds in the mixture [77]. However, this can be
attributed to the particle size of RM (stated as <100 pm), which is small relative to the base precursor material [77]. On the other hand,
there have been reports of increased strength up to 50 % replacement of slag with RM [32]. One study found an increase in strength in
fly ash-based GPC with RM replacement up to 10 %, then a decrease in strength with additional replacement (see Fig. 14). This can be
attributed to the achievement of an optimal ratio of Si/Al ions for the geopolymer reaction [55].

At optimum replacement of slag with RHA, SEM micrographs show GPC that is characterised by a compact and dense micro-
structure due to the presence of calcium hydration products [35,67]. SEMs indicate that the geopolymerisation reaction occurs in both
fly ash and RHA; however, increased magnification indicates the existence of unreacted particles. Specifically, the structure of the 8 M
NaOH geopolymer in Fig. 15 consisted of large particles with excessive gaps, while the 10 M geopolymer had a denser structure [35].
The 12 M and 14 M samples had large numbers of unreacted silica particles on the surface, which explains the corresponding reduction
in compressive strength. Additional RHA replacement leads to an oversaturation of silica content, resulting in the presence of
unreacted silica and a more porous microstructure [35,67].

Table 2 summarises recent research on the compressive strength of GPC that contains waste materials. There is a notable spread in
particle size, optimal replacement percentage and maximum strength. The lack of clear guidelines for the mix design of GPC has led to
widely varying results even when similar parameters were tested, with compressive strength ranging from 15.5 MPa to 72 MPa.

2.3. Elastic modulus

There is limited literature on the elastic modulus of GPC which contains waste materials. The elastic modulus of GPC is generally
low; however, this is not a rule as the mechanism is not well understood. There is some variance in reported values, which range from
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Table 2
Summary of literature on the compressive strength of GPC containing waste materials.

Base Precursor Replacement Material Particle Size of Replacement Material (pm) Optimal replacement (%) Maximum strength (MPa) Source

FA WGP <74 10 19.24 [33]
FA WGP 30 20 25.68 [78]
FA WGP 47.9 30 28 [50]
MK WGP <75 12.5 15.5 [69]
MK WGP 13 5 35 [73]
FA WGP 20 50 35 [66]
MK WGP 7.5 5 41 [49]
Slag RHA 10.73 10 25 [30]
RM RHA <150 50 20.5 [34]
FA RHA 10 35 35.4 [35]
FA RHA 8.3 10 28.4 [79]
FA RHA 16.76 3 72 [75]
MK RHA 12.5 30 57 [80]
Slag RHA 7 15 69.4 [671
FA MK 3.5 40 51 [41]
Slag FA - 20 58 [46]
FA Slag 23 100 64 [471
Slag MK - 30 51.16 [54]
Slag RM <100 30 48 [771
Slag RM - 50 52 [32]
FA RM 1.57 10 30 [55]
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as high as 23.0-30.8 GPa [58] to as low as 10.70-18.4 GPa [81]. Therefore, GPC is more ductile due to its low elastic modulus.
However, the elastic modulus can be increased by using more highly concentrated activating solutions [82,83]. Critically, elastic
modulus tends to correlate with compressive strength; this trend can be observed in Fig. 16 [84,85]. Furthermore, there is a negligible
difference in elastic modulus when fly ash is replaced with slag up to 60 % [84].

MK-based GPC also has low elastic modulus but high compressive strength, which can be attributed to the dense polymerised
crosslinked network associated with geopolymerisation [68]. The replacement of MK with WGP in MK-based GPC shows improved
elastic modulus, which can be attributed to the increase in silica-to-alumina ratio; this results in a denser gel structure at higher
replacement percentages due to the increase in the number of strong Si-O bonds in the mixture [49,65]. However, a decrease in elastic
modulus above a certain replacement percentage can be explained by the weak bond between the gel phase and the smooth surface of
the unreacted WGP [49,52]. Fig. 17 illustrates the relationship between elastic modulus and various contents of MK precursor.

It has been reported that low percentage replacements of MK in slag-based GPC result in higher elastic moduli. This is due to the
more rapid hydration of slag due to its high calcium content and the added stiffness associated with slag, whereas MK is associated with
plasticity [54]. The replacement of RM with RHA in RM-based GPC shows a correlation between compressive strength and elastic
modulus. However, elastic moduli as low as 0.76-1.89 GPa have been reported [34]. Thus, further research on the elastic modulus of
GPC which contains waste materials is recommended.

Table 3 summarises the literature on the strength properties of GPC which include waste materials

3. Durability properties
3.1. Alkali-silica reaction

The incidence of the alkali silica reaction (ASR) in GPC is significantly less of a concern than in cement-based concrete [88-90].
This is due to the presence of alumina in the pore solution which prevents the dissolution of the silica in the aggregates that would be
responsible for the expansion [91]. Notably, alkali activation is a necessary component of the geopolymer reaction that strengthens the
concrete. However, alkali activation of silica content does not cause the expansion of GPC, ASR is only a concern when the aggregate is
alkali reactive [90-92]. Furthermore, it has been observed that a worst-case scenario involving the use of highly reactive aggregates
and a high concentration of alkali activator resulted in only 5 % of the expansion seen in equivalent ordinary concrete [90]. Fig. 18
displays an overview of the expansion of GPC over time due to ASR.

ASR occurs more commonly in concretes with large glass particles, as glass is a source of amorphous silica which directly facilitates
the reaction [93-96]. There have been significant cracks in concretes with a large percentage of glass replacement, which could be the
result of ASR. However, the presence of these cracks has also been attributed to other factors, such as the irregular shape and change in
morphology of the glass (see Fig. 3), weak bond strength between the glass and matrix, and an increase in porosity arising from
unreacted silica [50,69]. Further research on this topic is recommended.

3.2. Acid resistance

Generally, GPC is less susceptible to chemical attack than ordinary concrete due to a lack of reactivity between aluminosilicate
oxides and alkali activators with sulphate [97]. Furthermore, fly ash-based GPC performs well in sulphate environments due to its
stable and crosslinked aluminosilicate polymer structure and its inherently low calcium content [98]. However, there are conflicting
reports regarding the effectiveness of GPC in resisting chloride attack. It has been reported that fly ash-based GPC is highly resistant to
chloride ingress [71], that its chloride resistance is the same as ordinary concrete [99] and that it has higher chloride penetration
[100]. However, bulk diffusion tests have found a high chloride content as deep as 25 mm from the surface, which indicates low
resistance to chloride diffusion due to the GPC’s low binding capacity and interconnected pore structures [101].

The use of WGP has been shown to result in a less porous concrete due to the strengthening of its microstructure, which improves its
resistance to acid attack by reducing permeability [102-104]. Similarly, it has been shown that increasing the amount of WGP
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Fig. 16. Comparison between compressive strength and elastic modulus of FA-based GPC with slag replacement and OPC [84].
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Fig. 17. Elastic modulus of GPC containing MK precursor replacement by WGP [49].

Table 3
Summary of literature on the strength properties of GPC with waste materials.
Base Replacement Particle size Experimental parameters Strength properties tested References
Precursor Material (Dso)
FA, slag WGP <74 pm % rep (10, 20, 30), 10 M NaOH, SS/SH = 1.5 Compressive strength [33]
FA, RM WGP <75 pm % rep (10, 20, 30), 10 M NaOH Compressive strength [86]
MK WGP - % rep (10, 20, 30, 40), 10 M NaOH, Si/Na Compressive strength, workability, [56]
(0.8-2.0), solid/liquid (0.4-1.0), setting time
FA, slag WGP 30 pm %rep (20), 8 M NaOH Compressive strength, workability, [78]
setting time
FA, slag WGP 47.9 pm % rep (30 % slag,100 % FA), 10 M NaOH Compressive strength, workability [50]
MK WGP <75 pm % rep (12.5, 25, 37.5, 50), 10 M & 12 M NaOH Compressive strength, workability [69]
MK WGP 13 pm % rep (5, 8), 5M, 8 M & 10 M NaOH Compressive strength, [73]
MK WGP 7.5 pm % rep (5, 10, 20), 15 M NaOH Compressive strength, workability, [49]
setting time, elastic modulus
Slag RHA 10.73 pm %rep (1, 3,5,7,10), 10 M NaOH, SS/SH = 2.0 Compressive strength, workability [30]
RM RHA <150 pm % rep (30, 40, 50, 60), 2 M, 4 M & 6 M NaOH Compressive strength, elastic modulus [34]
FA RHA - % rep (0-50), 8-14 M NaOH Compressive strength [35]
RHA Slag - % rep (5, 10), 16 M NaOH, SS/SH = 2.5 Compressive strength [87]
FA RHA 8.3 ym % rep (10, 15, 25), 5 M NaOH, SS/SH = 2.5 Compressive strength [79]
FA RHA 16.76 pm % rep (3, 7), 8 M NaOH, SS/SH = 2.5 Compressive strength [75]
MK RHA 12.5 pm % rep (10, 20, 30, 40), 12 M NaOH, SS/SH = Compressive strength [80]
1.5
Slag RHA 7 pm % rep (5, 10, 15, 20, 25, 30), 10 M NaOH, SS/ Compressive strength, tensile strength [67]1
SH =25
FA RHA 13.9 pm % rep (1.2, 2.4, 3.6), 8 M, 12 & 16 M NaOH, Compressive strength, tensile strength, [39]
SS/SH = 1.9-2.0 flexural strength
FA MK 3.5 ym % rep (30, 40, 50, 60, 70), 5 M NaOH Compressive strength [41]
Slag MK - % rep (30, 50), 8 M NaOH, SS/SH = 2.5 Compressive strength, workability, [54]
elastic modulus
Slag RM <100 pm % rep (30, 50), SS/SH = 3.0 Compressive strength [771
Slag RM - % rep (12.5, 25, 50), 6 M NaOH Compressive strength [32]
FA RM 1.57 pm % rep (5, 10, 15, 20, 25, 30, 35, 40), 6 M NaOH Compressive strength, setting time [55]
FA Slag - % rep (20, 40, 60), 14 M NaOH, SS/SH = 2.5 Compressive strength, flexural strength, [84]

elastic modulus

replacement in slag-based GPC results in less deterioration when the concrete is submerged in sulphate solution (see Fig. 19; Wang
et al., 2017). This can be attributed to the development of a denser microstructure resulting from the fine particle sizes of the glass and
precursor material [51,98]. However, 100 % glass replacement has been shown to result in approximately 38 % and 45 % more
deterioration compared to control specimens after submersion in chloride and sulphate solutions, respectively [105]. Fly ash-based
GPC exhibits significantly higher corrosion rates when immersed in chloride solution compared to equivalent Portland cement con-
crete. This can be attributed to a reduction in the pH of the pore solution in the geopolymer backbone due to the presence of hydroxide
ions, which increases the CI”/OH™ ratio [15].

The sorptivity and chloride permeability of RHA-based GPC improves steadily up to an optimal replacement percentage, beyond
which the properties start to worsen, as can be observed in Fig. 20 [67]. Similarly, the presence of RHA can increase the concrete’s
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Fig. 18. Expansion over time due to ASR in GPC [90].

resistance to water penetration, decreasing the depth of penetration by up to 13 % compared to a control [87]. This can be explained by
the fineness of RHA particles, which result in a denser microstructure [67,87]. However, with further RHA replacement, the pores and
voids associated with excess unreacted silica content result in a weaker matrix that is less resistant to permeable ions. Additionally,
MK-based GPC has a lower corrosion rate in a chloride environment compared to ordinary concrete, that can be explained by its high
alumina content which acts to fill excess pores, resulting in a less permeable concrete [106]. Table 4 summarises the literature on the
durability properties of GPC concrete that incorporates waste materials.

4. Conclusion

The application of alternative waste materials in GPC to partially or fully replace fly ash is a developing field. This paper reviewed
all the recent literature on this topic. The findings of this review, including recommendations for future research, can be summarised as
follows:

e Setting time is a function of the calcium content in the GPC mixture, with high calcium accelerating the rate of reaction. It is
therefore critical to perform an analysis of the chemical composition of the base materials to determine whether a retarder is
necessary. This is primarily a concern when using slag due to its naturally high calcium content. However, fly ash has variable
calcium content, depending on its source. Sugar has been used as a suitable retarder, but more research is required to identify a
commercially available solution for GPC mixtures.

e Workability is dependent on the shape, size and general morphology of particles in waste materials. Fly ash, MK and RM particles
are smooth and spherical, resulting in acceptable workability, whereas WGP, RHA and slag particles are coarse and irregular,
resulting in reduced workability.
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All waste materials have been successfully applied in GPC, and a wide variety of compressive strengths have been reported in the
literature, with values ranging from 15.5 to 72 MPa. Table 2 summarises the literature on compressive strength and optimal
replacement percentages.

Compressive strength can be improved with the replacement of fly ash with other waste materials; however, it is strongly
dependent on the mix design, which highlights the importance of Si/Al ratio, NaOH concentration and SS/SH ratio as factors. It is
critical to note that there are no official standards or guidelines for the development of GPC, which further exacerbates this un-
certainty. Further research on optimal mix design parameters is necessary to establish a methodology for consistent strength
development.

GPC is a ductile material due to its inherently low elastic modulus. This property remains unchanged with the addition of alter-
native waste products, and it has been shown to correlate strongly with the compressive strength of the GPC.

SEM enables the imaging of microstructures, including the identification of the morphology of waste materials and the overall
microstructure of the finished concrete. Compact and dense microstructures are seen in samples with high compressive strength,
while unreacted particles that cause pores and voids are also present and observable. SEM is an important tool for understanding
the effects of waste materials on GPC, and its use is recommended in all cases.
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Table 4
Summary of literature on the durability properties of GPC with waste materials.
Base Replacement Particle size Experimental parameters Durability properties tested References
Precursor Material (Ds0)
FA - 45 pm Steel fibres (0.25 %, 0.5 %, 0.75 %, 1.0 Water absorption, abrasion, acid resistance, [99]
%), 10 M NaOH, SS/SH = 2.0 sulphate resistance, bulk diffusion
FA - - 15 M NaOH, SS/SH = 2.6-8.7 Water absorption and permeability, chloride [71]
resistance
MK - 8 pm 10 M, 12 M NaOH, SS/SH = 1.5-1.9 Chloride resistance, [106]
Slag - - 3%, 5 %, 7 % & sulphate solution, SS/SH  Sulphate resistance [98]
=25
FA/slag WGP <75 pm 8 M NaOH, SS/SH = 2.0 Sorptivity, porosity, chloride penetration [104]
FA - - 14 M NaOH, SS/SH = 1.0 ASR [88]
FA MK - % rep (20, 30, 40), 14 M NaOH, SS/SH = Acid resistance, sulphate resistance [97]1
2.5
FA - 6-30 pm 12 M NaOH Chloride resistance, [101]
FA - - 14 M NaOH, SS/SH = 2.0,2.5 Porosity, chloride resistance [100]
FA - - 4M,6M,7M,8M,9M,10M,11 MNaOH  ASR [90]
FA - - Si02/Na20 = 1.4 ASR [91]

e ASR is generally not a problem for GPC. However, the high silica content of WGP and RHA is a concern. There is evidence of cracks
occurring in concretes with high percentages of these materials. Thus, further investigation is recommended.

e The application of waste materials has varying effects on the acid resistance of GPC. The presence of WGP and RHA tend to reduce
permeability, as they do not absorb water; there is evidence that this occurs in fly ash- and slag-based geopolymers, which results in
improved sulphate resistance. Similarly, the high alumina content of MK can improve chloride resistance. However, the literature
on this topic is limited, and more research is recommended.
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