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1. INTRODUCTION

ABSTRACT

The applications of geopolymers as cementitious systems are becoming an alternative source
of cement daily. The use of potentially suitable aluminosilicate inorganic waste materials in-
corporated with agro-industrial waste in the production of suitable geopolymer binders has
been reported. Calcined clay and some agro-waste ash, such as coconut shells, are examples
of aluminosilicate materials that exhibit strong pozzolanic activity because of their high sili-
ca-alumina composition. The pozzolanic reaction is primarily caused by the amorphous silica
present in properly burned agricultural waste and clay. Based on a variety of available literature
on concrete and mortar including geopolymers synthesized from the by-product and agro-in-
dustrial waste and natural pozzolan, a critical review of raw materials and the mechanism of
synthesis of the geopolymer has been outlined in this work. Also, a brief review of the dura-
bility characteristics of this geopolymer concrete and mortar has been done. These include
resistance to chloride, corrosion, sulphate and acid attack, depth of carbonation, thermal per-
formance, Creep and drying shrinkage.

Cite this article as: Ngui, FM., Muhammed, N., Mutunga, FM., Marangu, JM., & Kinoti, IK.
(2022). A review on selected durability parameters on performance of geopolymers containing
industrial by-products, agro- wastes and natural pozzolan. J Sustain Const Mater Technol, 7(4),
375-400.

the potential to help resolve some of the world's binder and
environmental issues due to their well-known silica and/or

The worldwide search for a sustainable and environ-
mentally friendly alternative to today's dominant-natural
resource-depleting convectional cement supply is the result
of the rising binder innovations. Numerous agro-industri-
al byproducts and wastes as well as natural pozzolans have

*Corresponding author.
*E-mail address: festongu@gmail.com

alumina content. Numerous agricultural wastes have indeed
been reported to contain pozzolanic ash, including coconut
shell/fiber, olive stones, sugar cane bagasse, cotton stalks,
and grape seeds [1-4]. Other reported potential agro-waste
are from pine sawdust, almond, nut, hazelnut, and sunflow-
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er shells, corn, oat, and rice hulls [5], apricot, peach, and
cherry stones, sunflower stalk [5-9]. Amorphous silica and
the reactive element in the ash can be utilized as pozzolan
in cement manufacturing to provide inexpensive building
blocks and as cement, in addition to hardening hazardous
wastes [10-12]. Recent studies have shown that some of the
ashes can be used to create geopolymer and alkali-activated
materials (AAMs) [13].

Geopolymer is an aluminosilicate binder that is made
by the use of alkaline as an activator on solid precursor
materials that contain silica and alumina at or just above
room temperature. The alkaline solution is used to speed
up aluminosilicate solubilization for the development of
the material's cementing characteristics [14]. Similarly,
geopolymer can also be defined as either pure inorganic or
organic alkaline-solution substance with a high silica and
alumina content, according to Kim et al. [15]. These mate-
rials resemble zeolite with a polymeric Si-O-Al framework
and their binding properties depend on SiO,/Al O, ratio in
the framework. In recent decades, this group of minerals
has become one of the most important substitutes for con-
ventional cement (OPC) as a binder for the manufacture
of pre-cast concrete. This is due to their respectable dura-
bility qualities like low shrinkage, fire resistance, acid re-
sistance and environmentally sustainable for the construc-
tion industry [16-20]. They are environmentally friendly
materials since they have low manufacturing temperature
and CO, emission which is estimated to be nine times less
compared with OPC [16]. The demand for long-established
natural raw materials and aggregates in cement as a binder
and concrete is greatly brought to a minimal level by the use
of industrial by-products in the creation of geopolymers.
This directly reduces CO, emissions, landfilling, and energy
consumption as well [21, 22]. As a result, it has proved to
be a "green material," meaning that it utilizes little energy
during manufacturing and emits little waste gases [23]. Due
to this, geopolymer is now one of the contenders for resolv-
ing the conflict between societal growth and environmental
pollution caused by the production of binders [24]. There-
fore, geopolymer has applications in waste management,
biomaterials, fireproofing, building engineering, and other
fields [25, 26].

In comparison to PC, processing geopolymer cement
uses less fuel, less calcium-based raw material, and low-
er manufacturing temperatures. As much as 80% to 90%
less carbon dioxide is released as a result [16]. Alumino-
silicate AAMs are used to create geopolymers, which can
have stronger final products and do so more affordably
than OPC [18]. Typically, the first four hours of the setting
are when 70% of the final compressive strength is reached
[27]. Geopolymer constructions exhibit decreased perme-
ability, resilience to fire and acid attack, better unconfined
compressive strength, significantly less shrinkage, excellent
heavy metal ion solidification, and exceptional freeze-thaw

cycle resistance. It’s considered a high-strength concrete ap-
plication that demonstrates strong resistance to fire, acid,
and/or chloride penetration. So, for the chemical and nu-
clear sectors, geopolymers may offer a promising waste im-
mobilization solution.

The favorable effect of geopolymers on the durability
performance of the resulting cementitious composite is
their principal benefit. This is connected to their dimen-
sional stability, especially with geopolymer compositions
that have very low C-S-H levels [28]. The primary reac-
tion occurs when amorphous aluminosilicates in metaka-
olin-based materials and other amorphous aluminosilicate
materials, such as fly ash and volcanic ash with low calci-
um concentrations, are activated by alkalis. In essence, this
causes the creation of polysialates (M-A-S-H). The attack of
alkali on aggregates is the secondary reaction, although, in
the absence of calcium, this won't have much.

The nature and composition of the reaction products
produced by geopolymers or alkali-activated cementi-
tious materials typically rely on the type of agro-industrial
by-product of the aluminosilicate precursor used, and they
differ from those normally derived from OPC. The produc-
tion of each of these compounds depends on the Ca/Si and
Si/Al and the pH contents of the matrix. For hybrid cemen-
titious materials, Garcia-Lodeiro et al. [29], documented
the existence of several gels. This included calcium silicate
hydrate (C-S-H) from the usual hydration of PC, calcium
aluminosilicate hydrate (C-A-S-H), and (N, C)-A-S-H gels,
which are the main by-products of the alkaline activation
of aluminosilicate. In comparison to the same type of ce-
ment without activation, Palomo et al. [30], found a 50%
improvement in strength at an early curing age, a lower heat
of hydration, and an early setting time. They explained this
as being caused by the availability of C-A-S-H, N-A-S-H,
and (N, C)-A-S-H gels, which have previously been noted
from hybrid types of cement made of 7:3 of FA: OPC [31].

The alkali-activated gel is created as a result of the
exothermic reaction between solid aluminosilicates and
hydroxide, silicate, and sulfate solutions of alkali, which
promotes the ions dissolution of both Al** and Si** from
starting materials [32, 33]. This gel exhibits high-quality
mechanical and durable properties in the hardened phase.

Geopolymer cement can be classified as fly ash, slag,
rock, or ferro-sialate-based geopolymer types of cement.
Alkali-activated binder, an inorganic polymer, mineral
polymer, hydro ceramics, and alkali-bonded ceramic are
some further names for this substance [34, 35]. Substitut-
ing waste for Portland cement in the industrial manufactur-
ing of activated alkali materials or geopolymer binders will
have positive economic and environmental effects. It would
also resolve the issues related to the removal of significant
amounts of garbage from industry and building sites that
could otherwise threaten the environment, such as coconut
shells and calcined clay brick waste.
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2. RAW MATERIALS FOR GEOPOLYMER SYNTHESIS

In addition to the alkaline solution, silica-aluminum
sources are used as raw ingredients in the production of
geopolymer concrete. For the synthesis of geopolymers,
there are two types of raw materials. Along with the alka-
line activating solution, which is often an alkali metal hy-
droxide or silicate solution, this also includes the reactive
aluminosilicate particles such as fly ash and calcined clays.
One-part geopolymer precursors have generated interest
[36-38] however, the strength of the materials do not match
the requirements for the majority of construction applica-
tions. Different aluminosilicate industrial waste materials
have traditionally been shown to pose effective options for
the synthesis of geopolymer. These include building dem-
olition debris, metallurgical slag, coal fly ash, and a variety
of biomass ashes like rice husk ash, coconut shell ash, palm
oil fuel ash, and others [39, 40]. The two most often used
starting materials in the synthesis of geopolymers for use in
the building are fly ash and calcined clay. Industrial waste
or by-product created during the production of coal-fired
energy is called fly ash [41]. For geopolymers production,
a wide range of raw materials with high silica and alumi-
na contents can be employed. Depending on where they
come from, the raw materials are categorized into three
classes. Among them are primary raw materials, which are
composed of natural minerals and secondary raw materi-
als, which are industrial by-products and their wastes and
by-products raw materials of natural origin [42].

Natural minerals from the earth's crust, which compris-
es 65% Al-Si elements, are the main suppliers of raw ma-
terials [23, 43]. Several Al-Si minerals and clays, primarily
kaolinite and metakaolin, have been found to polymerize in
the past [23]. A purer and easily described starting material
for geopolymerization is provided by metakaolin. Due to
its predictable qualities and stable chemical make-up, it is
also commonly employed for industrial and scientific ap-
plications. Poorly activated kaolin produces geopolymers
based on metakaolin, which are too soft and water-inten-
sive to be of much use in building applications [44-47]. The
reactivity of kaolin can be improved by either mechanical
or thermal treatment. Mechanical activation involving pro-
longed grinding decreases the degree of crystallinity and
surface energy and hence increases the chemical reactivity
[48]. Dehydroxylation of kaolinite at 600-800 °C for 2-5
hours results in metakaolin [44, 47], depending on purity
and crystallinity, as shown in Equation (1).
ALO,28i02H 0 -» ALO,25i0, + 2H,0 (1)

Metakaolin is a highly reactive anhydrous aluminosili-
cate-metastable clay that can be produced by calcining ka-
olin to temperatures between 650 °C and 700 °C, according
to [49, 50]. According to earlier studies, the reactivity of
metakaolin changes as a result of heat treatment at calci-

Table 1. Typical chemical composition of metakaolin

Chemical compounds wt %
$i0, 55.62
ALO, 39.67
Fe,O, 0.96
CaO 1.41
MgO 0.18
K,0 0.87
50, 0.00
TiO, 0.41
Na,0 0.08
LOI 2.01

nation temperatures between 450 and 600 °C [51, 52]. Ac-
cording to [53] Table 1 displays the normal chemical com-
position of metakaolin.

Burnt clays' ability to acquire pozzolanic properties is
influenced by the raw material’s quantity and kind of clay
minerals present, the calcination conditions, and the fine-
ness of the finished product [54-57].

Wastes and by-products from industry are secondary
raw resources. The secondary raw materials are used in
making more environmentally friendly geopolymers which
also help in preserving natural resources [58, 59]. These in-
clude waste broken bricks, waste glass, fly ash, red mud, and
blast furnace slag [60, 61]. Fly ash and slag are the second-
ary raw materials that are used and studied the most [42].
Fly ash and blast furnace slag are examples of secondary
raw materials that are heterogeneous and contain contam-
inants like calcium and iron. This opens up more chemical
pathways during polymerization, which may have an im-
pact on the final product's setting times, slump, strength,
and shrinkage [19, 62, 63].

Fly ash which is a by-product of power plants fueled
using coal, mostly consists of SiO, and Al O,, along with a
few minor substances like CaO, Fe,0,, MgO, etc. Since it has
high alumino-silicate, better workability, low water demand
and readily available thus has been a material of concern for
geopolymer synthesis. Geopolymerisation of fly ash with al-
kaline media forms a cementitious material that comprises
of alumino-silicate-hydrate (A-S-H) gel [64]. This geopoly-
mer product has improved durability and strong mechanical
strength [65]. However, the low reactivity of the material has
limited the manufacture of geopolymers by delaying early
setting and strength development [64]. Studies in micros-
copy and microanalysis of residual fly ash particles found
in geopolymer cement show that mullite available in fly ash
remains unreacted and that calcium appears to be active in
the process of alkali activation of fly ash blends [66, 67].

Cooling quickly the molten iron slag from a blast furnace
in water or steam, a glassy granular material known as gran-
ulated blast furnace slag (GBFS) is produced. This is usual-
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Figure 1. Geopolymerization process [82, 81].

ly very reactive with a mineral composition of SiO,, Ca0O,
AlZO3 and MgO [42, 67, 68]. Due to its small particles, it has
effectively increased its strength. As a result, GBFS has been
used as a replacement material for making cement for over
75 years [19, 67-69]. A hydrated calcium-silicate (C-S-H)
gel with a low C/S ratio is produced as the main reaction
product during the alkali activation of GBFS. The strength
and setting properties of the geopolymer are enhanced by
this gel [70-72]. Hadi et al. [72], worked on a blend of GBEFS
with fly ash (FA), metakaolin (MK) and silica fume (SF) in
nine mix designs. Their formulations gave a better early
7-day compressive strength and setting time compared to
conventional cement. In another investigation on the effect
of curing conditions on the performance of granulated blast
furnace slag and metakaolin-based geopolymer concrete, it
was concluded that the use of the GBFS/MK reported good
mechanical performance degradation [73].

Red mud is another industrial waste produced during
the extraction of alumina from bauxite ores. It mainly con-
sists of ALO,, SiO,, and NaOH [74]. It is suitable for the
synthesis of geopolymers owing to its high alkalinity as well
as the presence of alumina [75]. Since its silica component
is non-reactive, it is typically utilized in conjunction with
other alumino-silicate compounds like fly ash or metaka-
olin. Roadway building using red mud geopolymers may
be a viable option for cementitious materials, helping to
lessen the harm that waste has on the environment and hu-
man health [16, 76]. Due to its density and resistance to ion
penetration, red mud-blast furnace slag geopolymer mor-
tar was found by Liang & Ji [77] to be more durable than
PC mortar in terms of protecting steel bars from corrosion.
Substitution of 10-15% red mud to alkali-activated fly ash,
improved the compressive strength increased by 2.5 times.
This was linked to changes in phase composition and acti-
vator ratio which inhibits zeolite formation [78].

Wastes and by-products of mineral origin are natural
by-products that are produced during the manufacturing
process from raw materials. Perlite is an amorphous volca-
nic glass that contains some crystalline phases and is high
in SiO, and ALO,. It is reduced in size and heated to cre-
ate a porous product, which is then used as an agricultural
water-absorbent [42, 79]. The perlite that is too fine or has
an insufficient ultimate porosity, for example, to be used
further, is regarded as trash. Waste perlite that has been
geopolymerized, can be utilized to make effective thermal-
ly insulating materials, or it can be combined with fly ash
or other waste aluminosilicates to make building materials
and immobilize hazardous waste [80]. A study by Vance et
al. [79], on the use of perlite waste in the preparation of geo-
polymer, reported that perlite waste in small particles acted
as a fairly reactive aluminosilicate constituent with a strong
alkali solution in geopolymer formation. Vaou & Panias
[80] investigated the foamy geopolymers from perlite. They
found that this material had very good thermal insulation
and compressive strength of 780 kPa at 2% deformation and
a fracture behavior resembling one of the rocks. In addi-
tion, it had high fire-resistant properties.

3. MECHANISM OF GEOPOLYMER SYNTHESIS

According to research, the geopolymerization process
involves three steps: (1) using an alkaline solution to dis-
solve (2) diffusion and ion reorganization along with the
formation of minute coagulated structures; and (3) soluble
species are polycondensed to create hydrated products [18,
81]. The Figure 1 illustrates the geopolymerisation process.

The amorphous, zeolite-like geopolymers are created by
the high-pH dissolution of silica- and alumina-containing
parent materials. Aluminosilicate raw materials containing
§i,0, and AL O, (or other compatible Metal Oxides such as
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Fe,0,) are reacted with a soluble alkali such as K or Na.
The §i,0, and Al O, oxides undergo dissolution into atoms
forming a gel. The free atoms within the gel move, forming
monomers that form polymers and oligomers. The latter
forms 3-dimensional chain networks if the correct ratio
of Si: Al is present within the mix expelling water to form
the bond, i.e. dehydroxylation. The polymeric bonding
continues until a solid hardened structure emerges [83].
Dissolution of these leads to co-polymerization of individ-
ual alumino and silicate species [27, 84, 85] to form sili-
co-aluminates i.e poly(sialate). According to Figure 2, Poly
(sialates), which can be amorphous or semi-crystalline and
feature Si** and AI** in IV-fold coordination with oxygen,
are chain and ring polymers.

To create the sialate network, AlO, and SiO, tetrahe-
dra are linked alternately by sharing all of the oxygens. The
framework cavities contain positive ions, such as Na*, K*,
Ca™, Li+, Ba*, NH*, or H,O" to counteract the negative
charge of Al3+ in IV-fold coordination. The written empiri-
cal formula for poly(sialates); M, {(SiO,),AlO,} wH, O.

Where, Z is 1, 2, 3.., M is a cation like calcium, so-
dium, or potassium and x is a polycondensation degree
[86]. Geopolymerisation is an exothermic process and in-
volves polycondensation of orthosialate ion monomers as
in Equations (2) and (3).

)
n(Si,05AL,0,) + 2nSi0; + 4nH,0 NaOH/KOH, n(OH);-Si-0-Al-0-Si-(OH); (2)

(OH),

©) @ | (ORI
n(OH)3-$i-0-A1-O-Si-(OH); NaOH/KOH (Na/K)-(-Si-0-A1-0-Si-O-) + 4nH,0 3)
—_—
‘ | | |
(OH), O O O
| | |

4. DURABILITY ASPECTS OF GEOPOLYMERS

Alumino-silicate waste can be geopolymerized to pro-
vide a variety of mining and construction materials with
superior chemical and physical qualities. These characteris-
tics include resistance to fire, chemical stability, acidity, salts
such as chlorides and sulfates [40, 87] resistance to humid-
ity or water, freezing action, and weathering [88-90]. The
stability and durability characteristics of geopolymers are
similar to those of more conventional cements like Portland
or blast furnace cement since they have an alkaline nature
[91, 92]. Durability is a crucial factor since it measures a
material's capacity to operate both temporarily and perma-
nently despite abrasion, chemical attack, and weathering
while retaining the necessary qualities [93, 94]. To under-
stand the geopolymers’ chemical reactions when exposed
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Figure 4. Visual characteristics of non-wood biomass ash-based geopolymer in acid attack on ordinary Portland cement

concrete [98].

to aggressive substances, it is required to investigate their
durability properties. When materials' compositions alter,
the geopolymer degrades, and the paste dissolves and dete-
riorates when it is exposed to aggressive environments [95],
as seen in Figure 3.

4.1. Acid Attack

Cementitious materials are susceptible to reaction with
acidic chemicals in a range of applications, including efflu-
ents, sewage treatment facilities, power plants, agriculture
and in addition to transportation and raw material storage
facilities [96]. One of the qualities that building materials
should have is resistance to acidic environments. Such an
acidic environment can be a result of acid groundwater,
acid rain, the acid solution from the sanitary sewer, animal
feed and manure, waste stabilization applications, chemical
and mining industries [91, 97]. OPC and geopolymer bind-
ers are acid attack-prone due to their alkaline nature. As pH
decreases, calcium hydroxide and calcium sulfoaluminates
breakdown first in the case of PC binder, then C-S-H decal-
cifies. The hydrated PC paste's main C-S-H component has
a comparatively high Ca to Si ratio, leaving a porous struc-
ture on its outer layers that is vulnerable to further acid
attacks. The typical alkaline earth or alkali aluminosilicate
hydrate polymeric binder component, on the other hand,
forms a thick silica gel protective layer on its outermost
layer in an acidic environment. This slows down additional
acid attacks, giving geopolymer binders a better acid attack
than PC binders. Matalkah et al. [98], used visual com-
parisons to contrast normal PC cement concrete concrete
specimens with nonwood biomass ash-based geopolymer
concrete specimens that were immersed in 5% sulfuric acid
solutions for up to 28 days. Figures 4 and 5 show that the
PC concrete exhibited significant surface degradation and
mass loss in comparison to geopolymer concrete made of

102 —

99 —

96 —

93 B

90 —

Percentage of Initial Mass

'—"- Portland cement concrete
87 | |map= Nonwood bi based based pol; T

0 3 6 9 12 15 18 21 24 27 30
Exposure Time (Days)

Figure 5. Mass measured against time immersed in acidic
solution [98].

nonwood biomass ash. They attributed this to the geopoly-
mer's nonwood biomass ash base's stable chemistry and
good barrier properties.

On geopolymer made from palm oil fuel ash, metaka-
olin or calcined kaolin, fly ash, bottom ash, rice husk ash
and slag studies of acid resistance have previously been con-
ducted [99-104]. The method of acid attack varies depend-
ing on the type of acid and the characteristics of the calcium
salt generated, according to [105]. The structural integrity
of the geopolymers will also depend on the dissociation of
the cations in either the alkali or acid environments. For in-
stance, the precursor material's iron compounds are prone
to acid degradation since they play a little role in the geo-
polymerization procedure and may dissolve leaving pores
[106]. The amorphous aluminosilicate spheres are vulnera-
ble to both alkali and acid damage when left unreacted. This
is because Al dissolves more in acids than Si. Also, both Al
and Si disintegrate in alkali with Si having the highest solu-
bility. Thus, the amount of amorphous precursor materials
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in the geopolymers determines the alkaline or acid resis-
tance behavior. The amorphous compounds have generally
a weaker resistance to chemical attack compared to their
crystalline counterparts [97].

Conventional concrete constructed with OPC does
not offer acid resistance. Alkali-activated or geopolymer
concrete has also started to gain favor as most researchers
work toward sustainable development because research has
proven that it is stronger and more durable than regular
concrete [72]. The cementitious materials acid resistance
is affected by the concrete matrix's impermeability and the
strength-forming phases' resistance [107]. Several approach-
es have been used to improve the impermeability of the con-
crete matrix such as the decrease in w/c ratio with minimal
impact. According to research, creating a more stable phase
is the greatest way to increase acid resistance. For instance,
lowering the amount of clinker in Portland cement-based
binders by using supplementary materials like metakaolin
results in a decrease in the acid-soluble Ca(OH),. This
also leads to the formation of C-A-S-H -phases with lower
C/S ratios, hence low leaching property [107, 108]. CASH
phases offer more acid resistance than regular CSH phases
made from other pozzolanas, such as fly ash.

Working on the acid corrosion resistance of various ce-
menting materials, Shi & Stegemann [109], proposed that
the permeability of hardened cement pastes was less im-
portant for cement paste resistance to acidic corrosion than
the composition of the hydration products. Alkali-activated
blast furnace slag cement, lime, and fly ash paste primary
hydration product was C-S-H with a low C/S ratio, whereas
hardened PC paste primary hydration products was C-S-H
with a high C/S ratio and Ca(OH),. Acid exposure had a
deleterious effect on the latter, hardened mortar [109]. As
a result of sulphuric acid attack, cementitious phases in the
matrix disintegrate and decalcify and sulphate salts crystal-
lize on the exposed surface [110, 111]. This affects both the
mechanical and physical characteristics of the concrete, in-
cluding its porosity and strength, in addition to its density
[110, 112]. These alterations in the matrix allow acid to per-
meate deeper into the concrete layers and neutralize them.

Geopolymer concretes have the potential to replace or-
dinary PC concrete in construction sites exposed to an ag-
gressive environment [113]. The aluminosilicate secondary
raw materials, such as metakaolin, fly ash, and ground gran-
ulated blast-furnace slag (GGBS), react with an alkaline ac-
tivator comprised of metal hydroxide or silicate solution
to produce the binders. Highly cross-linked alkali-alumi-
nosilicate is created during the alkali reaction with alumi-
nosilicate and is referred to as geopolymer [114, 115]. The
microstructure is made of a three-dimensional network of
randomly connected negatively charged (AlO,)~ and (SiO,)
* tetrahedrons that are balanced by cation M+ (K* or Na*).
Geopolymer binder formed from low calcium aluminosili-
cate precursor and sodium silicate or hydroxide solutions as

an alkaline activator has shown to form an amorphous form
of N-A-S-H gel which has shown resilience to an acidic en-
vironment [99]. As seen in equation 4, the disintegration
of this amorphous gel matrix caused by the liberation and
substitution of a proton (H+) with an alkali cation (M+) is
what gives geopolymer its chemical resistance.

[Si-O-Al-O...JH+ M* > [Si-O-Al-O...]M+ H* (4)

This occurs following the breakdown of the Si-O-Al
network and the elimination of alumina. This Al delinking
from the aluminosilicate structure results in the formation
of Si vacancies, which when combined form an unfinished
weak silicic acid [99].

Alkali-activated binders have in recent times shown re-
silience against aggressive environments like hydrochloric
acid, sulphate, sulphuric acid, nitric acid, or acetic acid [97,
116-119]. This contradicts the observation by Lloyd et al.
[118], that acid attacks inorganic polymer binders by sur-
face corrosion. Deterioration of inorganic polymer binders
is well tested by corroded depth instead of a change in mass.
This is because the extremely interconnected aluminosili-
cate bonds of an inorganic polymer binder are attacked by
acid. Instead of wearing away, as has been the case for other
binder types, this causes the creation of a physically unsta-
ble and porous but intact layer on the sample surface [118].

Acidic corrosion known as nitric acid attack reduces the
volume of the damaged layer as a result of the creation of
the extremely soluble calcium nitrate salt [120]. According
to Thokchom et al. [121], three different specimens made
by alkali initializing fly ash with a mixture containing sodi-
um hydroxide and sodium silicate solution containing sodi-
um hydroxide from 5% to 8% of fly ash were tested for the
durability of fly ash-based geopolymer mortar samples in
nitric acid solution. The researchers submerged samples in
a 10% weight solution of nitric acid for 24 weeks. Analyses
were carried out in terms of overall aspect, weight change,
and compressive strength change. Adjustments in mineral-
ogy and micro-structural caused by nitric acid threat were
also investigated. Geopolymer mortar specimens demon-
strated outstanding durability in aspects of relatively low
weight loss and high compressive strength retention. Also,
specimens with a greater alkali content were more resistant
to nitric acid.

Previous analysis indicates that geopolymer mortars
outperform ordinary Portland cement mortars in terms of
sulfuric acid resistance, with lower shrinkage and reduced
compressive strength. Similar patterns were seen by Pur-
basari et al. [122], who studied the resilience and micro-
structure of geopolymer mortars formed from co-combus-
tion residues of bamboo and kaolin after being subjected
to a solution of sulfuric acid at 5% for 2, 4, and 6 weeks.
The researchers discovered that when compared to con-
ventional Portland cement mortars, geopolymer mortars
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had superior sulfuric acid resistance in terms of lower
mass and compressive strength loss. When subjected to a
2% sulphuric acid solution for up to 45 days [123], inves-
tigated the durability of geopolymer concrete made with
high calcium fly ash and alkaline activators. The findings
demonstrated a compressive strength drop of 20% and 28%
in the geopolymer concrete and the conventional Portland
cement concrete respectively. Song et al. [124], conducted
an experiment to see how long concrete made with fly ash
will last when exposed to 10% sulfuric acid solutions. With
an evaporation rate of less than 3%, the study demonstrat-
ed the remarkable sulphuric acid resistance of geopolymer
concrete. Furthermore, the Geopolymer cubes were struc-
turally sound and still had a sizable load capacity even after
the entire portion had been neutralized by sulfuric acid.
Geopolymer concrete subjected to acid and salt was exam-
ined for strength by Kumaravel & Girija [125]. The workers
claimed that the GPC specimens exhibited outstanding re-
sistance to acid and salt, with a little higher concentration
of NaOH as alkali, or 12 M.

The strongest leaching and subsequent quick loss of
thickness are caused by citric acid, which has proven to be
the most aggressive of all organic acids [126]. Citric acid's
polyacidity and the precipitate's lack of protective qualities
may be to blame for this. The solubility and acid buffering
properties of the organic salts may potentially contribute
to the increased harmful effect [127]. Acetic acids found in
effluents and damping sites can be aggressive as an acid at-
tack. At equivalent concentrations, the corrosion process is
comparable to that of strong acids such as sulphuric acid but
less aggressive than that of citric acid [105]. Ukrainczyk et
al. [128], did a degradation comparison of GP, Calcium Alu-
minate and OPC mortar on acetic acid. The results showed
that GP concrete was least affected by the exposure to the
acetic acid in terms of mass loss, hardness, and porosity. The
workers attributed this to the strong aluminosilicate net-
work structure of GP which remains stable after the leach-
ing of alkali ions. The penetrating acid species are highly
soluble in the OPC binder phases such as CH, C-S-H, AFt,
and AFm, creating a very porous binder matrix. As a result,
geopolymer-based mortars have better acid resistance and
may be a viable substitute for conventional cement con-
cretes used in a variety of agro-industrial settings.

4.2. Chemical Attack

4.2.1. Sulphate Attack

The long-term endurance of a concrete structure may
be threatened by salts and solutions of sulphate-bearing
chemicals found in saltwater, industrial water effluents,
groundwater, or soils nearby [129]. Depending on the cal-
cium level, geopolymers in a sulphate environment erode
in different ways [130, 131]. High calcium alkali-activated
systems have similar eroding mechanisms to OPC because
hydration products resemble each other [95]. The form and

extent of damage to concrete will depend on the sulphate
concentration, the type of cation (e.g Na* or Mg2*) in the
sulphate solution, the pH of the solution, and the micro-
structure of the hardened cement matrix. Gypsum (Ca-
SO,.2H,0), ettringite ([Ca,Al(OH),12H,0],(S0,),2H,0),
or thaumasite ([Ca,[Si(OH),12H,0](CO,)SO,) or mixes
of these phases are precipitated as a result of sulfate ions'
reaction with the pore [132, 133]. These solid phases' pre-
cipitation may cause tension within the material, which
may result in expansion, strength loss, spalling, and severe
degradation [54]. Calcium hydroxide (CH) consumption
lowers pH, which can eventually cause the C-S-H to be-
come decalcified. When the magnesium sulfate solution
directly attacks the C-S-H, non-cementious M-S-H is
formed [134].

When geopolymer/AAM with little to no calcium con-
tent is attacked by sulfate, there typically is an exchange of
cations with the sulfate solution. This leads to the formation
of N-A-S-H, a less expansive crystalline phase structure
hence more resistant to sulfate attack [131]. Geopolymer
mortars outperformed Portland cement mortars in terms
of durability when exposed to magnesium sulfate solution,
according to studies by [135] on Magnesium sulfate resis-
tance. This phenomenon is attributed to the higher amounts
of Ca(OH), and C A in OPC thereby producing gypsum on
the attack by sulphate ions (Equation 5). Moreover, calcium
silicate hydrate abundant in OPC reacts with sulfuric acid
to form SiO, in an aqueous state weakening the structure’s
strength (Equation 6).

Ca(OH),

+ S02~ >  CaSO,2H,0 (5)

Ca0.5i0, + xH,SO, +xH,0 — xCaS0,2H,0 + SiO, (6)

The "sulfate attacking" process that occurs on geopolymer
binders is significantly influenced by the cation that the sul-
fate is connected with [136]. According to research by Ismail
et al. [137], it is important to distinguish between "magne-
sium sulfate attack and broader processes connected to the
presence of sulfate along with other, non-damaging cations.
It is important to note that both Mg** and SO,* are capable
of causing damage to a cement structure. The fly ash/slag
binders investigated here were more unfavorable in MgSO,
than Na,SO,, though not by as much. This was related to the
earlier situation's development of calcium sulfate (gypsum),
which expanded and damaged the material [138].

In a study by Albitar et al. [139], geopolymer concrete
durability parameters were studied against OPC by im-
mersing mortar cylinders into solutions containing 5% so-
dium chloride, 5% sodium sulfate, and 5% sodium sulfate
+ 5% magnesium sulfate and 3% sulfuric acid solutions for
9 months. To investigate the effect of chemical conditions
on the durability of the concrete, the authors reported that
the geopolymer concrete was most resilient to sulfuric at-
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tack. This phenomenon is attributed to the higher amounts
of Ca(OH), and C,A in OPC thereby producing gypsum
on the attack by sulphuric (Equation 5). Moreover, calcium
silicate hydrate abundant in OPC reacts with sulfuric acid
to form SiO, in an aqueous state weakening the structure’s
strength (Equations 5 & 6).

Gupta et al. [140], demonstrated a similar resistance
of geopolymer concrete to acid attack in a subsequent
study examining the mechanical and durability charac-
teristics of a geopolymer composite made of slag and cal-
cined clay. The researchers studied performance at 7, 28
and 56 days using 5% sulfuric and 5% magnesium sulfate.
Water permeability was however lower in geopolymer
concrete than in conventional, a disagreement with find-
ings by Albitar et al. [139]. This was so probably due to
the difference in experimental designs.

Concerns have often arisen concerning the effectiveness
of geopolymer concrete modifications due to the uncer-
tainty surrounding this process. Chithambar et al. [138],
worked on the durability of fiber-reinforced geopolymer
concrete against chloride penetration, sulfuric acid attack,
and hydrochloric acid attack among other tests. The geo-
polymer used in the study was synthesized using M-sand
and sodium hydroxide and silicate. The effect of glass and
polypropylene fiber on the performance of the concrete was
studied. Chloride resistance was reported to increase with
polypropylene fiber reinforcement. The reinforced concrete
also showed high resistance to acid and sulfate attacks.

According to investigations on geopolymer mortar
made of fly-ash produced with various alkali content by
Thokchom et al. [121] and Thokchom et al. [141] ex-
hibited variable degrees of degradation when exposed to
sulfuric acid. Using an optical microscope, the results
showed deterioration of mortar surface with advanced
effects on specimens with lesser alkali content.

4.2.2. Chloride Attack Resistance

Attack on the reinforcing steel by chlorides is the most
frequent cause of durability failure in reinforced concrete
(RC) structures. It adversely affects the service life of an
RC structure as a result of effects including reduced steel
cross-section, cracking, delamination, and spalling [142].
Therefore, the need to prevent steel corrosion is an import-
ant objective in ensuring the durability of steel RC struc-
tures. Chloride ions may come from a component of the
concrete matrix or an outside source, like saltwater or in-
dustrial wastewater. Chloride ions mostly enter concrete
under the influence of permeability and porosity [143].
In other words, ions will penetrate pores more deeply the
larger they are. The secondary precursor in AACs closes
the pores, preventing chloride ions from entering the sub-
stance. Additionally, the C-A-S-H gel's dense and compact
nature aids in the delayed transport of chloride into geo-
polymers, resulting in a greater chloride attack durability
than OPC paste [144, 145].

The porosity of the geopolymer matrix determines
how quickly chloride ions diffuse through it [146]. The
precursor that has a larger surface area, along with a high
concentration of amorphous silica and alumina, produces
an aluminosilicate gel that is denser and less porous. This
reduces the chloride ingress rate. Presence of CaO con-
tent influences the chloride binding capacity. This lowers
the rate of chloride intrusion by causing chloride ions to
adsorb on the gel's surface [147]. Ismail et al. [137], and
Zhang et al. [148], working on fly ash-slag-based geopoly-
mer found that the chloride binding depended mainly on
physical adsorption. Other studies on geopolymer con-
crete performance against chemical attacks are summa-
rized in Table 2.

4.3. Carbonation

When it comes to the major cause of concrete damage,
as a result of steel corrosion, carbonation of concrete is
regarded to be one of the most dangerous phenomena.
Concrete suffers from the carbonation process because
carbon dioxide diffuses through the pore structure and
lowers the pH of the pore solution. Rapid destruction of
the steel's passivation layer allows for unrestricted corro-
sion processes [155]. As a result of the internal expansion
stress and weakening of the steel bars, structures eventu-
ally fail [87, 156].

When gaseous carbon dioxide enters partially wet con-
crete at a pH >10, a sequence of processes is often trig-
gered. According to equations 8 and 9, it quickly dissoci-
ates into the alkaline pore solution before hydrolyzing to
HCO, and CO,* ions.

CO, + OH' > HCO, ®)

HCO3 - €05~ + H 9)

At pore solution of pH 8, CO, hydrates directly forming
carbonic acid (H,CO,) as shown in equation (10).

CO, + H,0 > H,CO, (10)

At a higher pH the carbonic acid normally dissoci-
ates into HCO," and CO,* ions [157]. To create CO*
ions may then attack calcium-containing phases, like
CaOH, C-A-H and. C-S-H. The calcium carbonate pre-
cipitates into either calcite, aragonite, or vaterite crystal
polymorphs, based on the internal concrete conditions
and the existence of impurities or additives [158, 159].
Under normal circumstances, calcite is the polymorph
that is the most stable. Attack of CSH normally happens
probably where the quantity of Ca(OH), is less especial-
ly in blended or geopolymer types of cement, as shown
in Equation 11.

CaSiOH,0 + CO, > 3CaCO,+SiO,+HO  (11)
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This lowers the alkalinity in the cementitious matrix,
which allows the corrosion of steel-reinforced bars to
spread and affects the mechanical performance of the ma-
terial. Thus, the durability of the concrete is compromised
[160, 161]. On the hand, this attack may be beneficial de-
pending on the time, the extent to which they occur and the
environmental exposure [162].

The disparities in the hydrate phase assembly, pore
solution chemistry, pore structure, and transport capabil-
ities between geopolymer carbonation concrete and Port-
land cement (PC) carbonation are related to variations in
the concretes' binder compositions, ages, and curing cir-
cumstances [163]. The concrete's saturation level and CO,
partial pressure, which in turn depend on exposure factors
such as temperature, relative humidity and the period of
contact with water, are all factors in the carbonation mech-
anism and kinetics [164].

The depth of the CO, penetration into cement pastes
or concrete at a given time is typically used to describe
the materials' resistance to carbonation. This is dependent
on the substance's ability to bind CO, as well as its po-
rosity and pore size distribution [165]. OPC has shown
better binding ability because of the high content of port-
landite. In their study of alkali-activated mortars con-
taining waste ceramic powder and GBFS only, Huseien et
al. [166], found that increasing the replacement of GBFS
with fly ash (FA), increased the carbonation depth. This
was attributed to a larger concentration of FA geopolymer
materials in the matrix, which resulted in the addition of
pore structure as gel formation was constrained to a small
amount of Ca, showing a higher permeability and porosity
to water than in the control [167, 168].

Compared to geopolymer concrete, ordinary silicate
concrete has a different microstructure. and it is impossible
to use the tools for carbonation analysis on ordinary con-
crete. However, geopolymer concrete's carbonation-proof
performance is not necessarily superior to that of regular
concrete. Prisms of fly ash-based geopolymer concrete were
cured in the air for 8 years before their durability test was
done by [169]. To assess the effects of carbonation, durabil-
ity, pore-size distribution, and permeation qualities, large
specimens from GPC culverts were compared to standard
PC concrete under the same exposure conditions. It was
shown that OPC concrete had greater carbonation resis-
tance than GPC. This was attributed to the mix composi-
tion or design and the material used in this study.

The curing temperature of geopolymer mortar has
been shown to influence the carbonation resistance. The
heat-cured GP concrete of HGPC showed greater alkali
leaching resistance and stronger carbonation resistance
in the wet-dry repeating scenario than the ambient air-
cured GP concrete of AGPC. Li & Li. [170], used the test
of accelerated carbonation at various intervals and on a
wide range of GP mortars and GP concrete to investigate

the carbonation depths. At room temperature curing, they
observed that the carbonation resistance of GP concrete
was lower than the convectional OPC concrete. Heat cur-
ing was one of the elements in this study that enhanced
GP carbonation resistance, along with other aspects in-
cluding precursor quantity and fineness, alkali concentra-
tion, W/C ratio, and use of retarder.

The alkali solution used to activate the geopolymeriza-
tion affects the carbonation resistance. The alkali solution's
strength and concentration considerably impact both the
formation of C-A-S-H gels and the crystallinity of calcium
carbonates after carbonation. According to the [171] report,
the NaOH slag activated was found to be more carbonation
resistant than the NaOH / Na SiO, slag activated.

It has recently been hypothesized that carbonation
affects the porosity and pore size characteristics of GPC
concrete [172] studied this phenomenon using three-di-
mensional thermal neutron tomography, as a conserva-
tive analysis technique. They confirmed that carbonation
lowered GPC porosity by approximately 30% and pore re-
gions were shifted to smaller regions. This could be asso-
ciated with the deposition of carbonation reaction prod-
ucts (CO, reacting with alkaline hydroxides in the GPC
matrix) onto the pores of the concrete. This improves the
GPC durability properties as the lower porosity discour-
ages chloride ingress, thereby sustaining strength and cor-
rosion protection [173].

In their investigation to assess the performance of GPC
in various exposure conditions, Pasupathy et al. [169],
showed that the source material type can also affect the
carbonation mechanism and alkalinity of geopolymers.
This might be explained by CaO's accessibility in various
precursors. In comparison to the GPC with a higher pro-
portion of slag, the fly ash-based geopolymer displayed a
lower initial pH value. It was discovered that GPC con-
crete had higher carbonation levels than OPC concrete in
all three environmental situations. However, as the slag
component in the geopolymer mix increased, the rate of
carbonation decreased. In comparison to the GPC with a
higher proportion of slag, the fly ash-based geopolymer
displayed a lower initial pH value. The researchers con-
cluded that as compared to OPC, geopolymer concrete is
more vulnerable to corrosion and carbonation. Law et al.
[174], studied the pH levels of pore water recovered from
geopolymer mortar specimens that had undergone 5%
rapid carbonation. They suggested a pH level of 11 to safe-
guard the reinforcing steel after carbonation. In a similar
investigation, Li & Li. [175], looked into the connection
between GPC's durability and carbonation resistance. The
authors reported that the increase in blast furnace slag in
the GPC matrix had a corresponding increase in carbon-
ation resistance. Other factors considered in this study
were the NaOH content, slag texture and activator solu-
tion to active filler ratio.
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Calcium carbonate precipitation forms on the OPC
concrete's surface as a result of carbonation. This raises the
concrete matrix's internal porosity and creates a barrier to
carbon dioxide diffusion [176]. Calcium carbonate precip-
itation in geopolymer may cause volume change because
of its poor volumetric stability in the ambient environ-
ment thus cracking. Additionally, the rate of carbonation
in OPC is lower than that in geopolymer concrete, which
is related to a higher Ca/Si ratio in the CSH gel [95, 176].
Based on all these factors, OPC concrete experiences less
carbonation-related strength loss compared to geopolymer
concrete. According to Marcos-Meson et al. [177], after car-
bonization, which causes N-A-S-H gel to develop, the com-
pressive strength of fly ash slag-based geopolymers drops
linearly. Further, it has been found that after carbonation,
the reaction extent and mechanical properties of geopoly-
mer concretes have decreased [156, 178, 179]. Other find-
ings in carbonation have been summarized in Table 3.

4.4. Creep and Shrinkage

Concrete creep and drying shrinkage prediction is still
an important parameter in the concrete specification, and
it's critical for the long-term durability and serviceability
of concrete constructions [183, 184]. While creep refers to
the distortion of hardened concrete caused by a steady load,
drying shrinkage relates to the cured concrete's internal
moisture loss [185, 186]. Most often, shrinkage is described
as the volume change in a matrix's geometry brought on
by the removal of water from its surface (plastic shrinkage)
and the gelling up of the matrix (drying shrinkage). It’s also
the matrix of a binder's self-desiccation and carbonation of
heavier molecules with lighter ones [187]. Non-autogenous
shrinkage includes, among other things, thermal deforma-
tion, carbonation, shrinkage, drying shrinkage and creep
shrinkage [188]. Drying shrinkage is the term used by oth-
er researchers to describe a macroscopic dimensional re-
duction of hardened binders brought on by the evaporation
of water or moisture within the products’ matrix. When
samples are subjected to a certain relative humidity (RH)
and ambient temperature, this type of deformation happens
[189]. In a comparable situation, plastic shrinkage results
from an imbalance in the moisture exchanges between a
specimen surface and its surroundings [190].

A chemical reaction on the hydrated concrete, known
as autogenous shrinkage, as well as the loss of water as the
concrete dries, known as dry shrinkage, are the two main
causes of early-age shrinkage of concrete in the hours and
days after casting. Typically, autogenous shrinkage increas-
es when the water-to-cement ratio declines for concretes
with the same aggregate and binder types, meaning that
strength increases and drying shrinkage reduces. Other
factors known to influence both creep and drying shrink-
age of cement systems include cement type, aggregate type
and content, age, temperature, relative humidity of the sur-
roundings, curing, age, and particle size [191].

For moist-cured concrete, the drying shrinkage values
suggested in the ACI 209 committee's report shouldn't be
more than 800 microstrains, and for steam-cured concrete,
they should be between 730 and 788 microstrains [192].
Drying shrinkage causes cracking, and while this may not
affect structural integrity, it may raise durability issues,
making it one of the most detrimental features of cement
concrete. Studies on many components of mixed content
and engineering behavior of geopolymers (GP) systems,
such as shrinkage and creep, have just lately started to be
published. Hardjito & Rangan [193] discovered lower creep
coefficient values in their investigation of medium strength
GP concrete than the same grade of OPC concrete. These
researchers also discovered that as the compressive strength
of GP concrete increased, the specific creep dropped. This
finding is consistent with traditional OPC concrete. Normal
50 to 60 MPa PC concrete often has particular creep values
in the literature that range from 50 to 60 microstrain af-
ter one year, with this value decreasing for greater strength
concrete. In high-volume performance fly ash concrete, the
specific creep was in the range of 30 microstrains per MPa
after a year, according to [194].

While the effects of curing on the mechanical properties
of GP concrete have not yet been thoroughly established,
it has been observed that the drying shrinkage stress of
heat-cured concrete specimens is frequently lower than
comparable values recorded for ambient-curing concrete
[188]. This phenomenon was due to water that is generat-
ed during the chemical reaction process of ambient-cured
GPs and then evaporates over time, resulting in high drying
shrinkage strains, especially during the first two weeks. The
engineering performance of GP binders has also been in-
vestigated with other material-related features, such as pore
network distribution. In their analysis of the pore network
distribution of GP binders, Duxson et al. [195] found that
there are several clusters of pore diameters that are compa-
rable to those reported in OPC systems. To analyze the ba-
sic creep behavior of GP concrete at an early age, this study
used similar grade Portland cement concrete as a standard.
The studies measured the drying shrinkage response of
concrete specimens while assessing the influence of age and
stress on real creep at an early age. The drying shrinkage
rate was considerably high in the early ages of up to 28 days,
according to [196] studies. This research work which was
based on GPC based on FA or MK showed drying shrink-
age rate decreases beyond this age. They also noted a de-
crease in drying shrinkage values with an increase in FA
and MK contents in the GPC. This is related to the FA or
MK enhancing the polymerization process to create high
connectivity into the alkali-activated cement matrix. Prior
investigations that enhanced the structure have validated
the production of products like C-S-H, C-A-S-H, N-A-S-H,
and CN-A-S-H [197]. Also, this was due to the decreased
calcium content in the cement mix hence reducing the hy-
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dration rate of alkali-activated concrete. Other researchers
have shown similar results of GPC concrete exhibiting low-
er drying shrinkage with the standard sample concrete as
well as decreasing dry shrinkage values with an increase in
the replacement of alkali-activated concrete [91, 198].

The creep and shrinkage are highly dependent on the
curing conditions to which the concrete is exposed GPC
concrete can be heat cured or cured in ambient tempera-
tures, practices that induce varying creep and shrinkage
effects. To investigate the most suitable curing conditions
for GPC Khan et al. [199], studied early age shrinkage
and creep. Two GPC mixes were cured at temperatures
between 60 °C to 90 °C and ambient temperature. Axial
tension was applied to unreinforced dog bone specimens,
and it was shown that the curing temperature and time
had an impact on the GPC's tensile creep coefficient and
shrinkage. High temperatures were related to low early
age shrinkage and high tensile creep coeflicient. This was
in agreement with a study by Frayyeh & Kamil [200] who
observed that autogenous shrinkage would further be
improved by the use of hooked-end steel fibers. In their
study, an increase in hooked-end steel fiber content in
the matrix has a corresponding decrease in autogenous
shrinkage and tensile creep. They also went further to ex-
plore this concept by studying the effect of different rein-
forcing fibers on the dry shrinkage of geopolymer con-
crete. They used steel, propylene and carbon fibers. It was
reported that improvement was generally seen across all
the fibers, but steel fibers showed the highest effect. This
was so since metallic fibers are generally stiff and there-
fore improve the concrete’s flexural strength. Non-metal-
lic fibers have a larger surface area and can control plas-
tic shrinkage as a result [201]. Alkaline-activated natural
pozzolans geopolymer binder was studied by [202], who
claimed that the product's shrinkage was influenced by
the curing method and chemical make-up of the basic
materials. They also mentioned a connection between
shrinkage and the Si/Na ratio.

Another factor that directly influences the creep and
shrinkage of GPC is the void structure, which represents
the bleeding behavior of concrete. Nazari et al. [203] stud-
ied the concept of void distribution patterns and their
contribution to strength development in both OPC and
GPC. The researchers found a correlation between the
bleeding rate of concrete to dry shrinkage and concluded
that modification of the bleeding rate is a necessary step
to reduce early cracking in hardened concrete. They inves-
tigated the effect of slag content on the bleeding rate and
found that slag reverses the indirect effect of void volume
on the strength development of concrete. Similar conclu-
sions were drawn by Negahban et al. [204] who concluded
that pore structure and the distribution of voids are func-
tions of strength development. Other findings on creep
and shrinkage have been summarized in Table 4.

4.5. Thermal Performance

The global building and construction industry are
very concerned about the longevity of structures made
of cement. Cement-based materials are certified to be
structurally sound at room temperature. Each year, it is
reported that dangerous flames devastate a large number
of cement-based structures around the world, causing
staggering financial damage. Hazardous fires that affect
these structures are largely caused by residential fires and
electrical problems. In dangerous fires, these materials
are subjected to temperatures that can be destructive.
Due to thermal impacts on pore water and products, high
temperatures have an impact on the concrete/mortar ma-
trix's physical and chemical properties. Hazardous fires,
therefore, shorten the service life of structures made of
cement [206, 207].

In recent decades, research has increasingly focused
on issues related to building materials' thermal perfor-
mance and fire resistance. Thermal stability is essential
for ensuring that they are safe to use within a specific
temperature range with OPC beginning to lose strength
irreversibly at 200 °C [208]. This occurs as a result of
the principal binding phases, CSH, Ca(OH), and other
hydrated products, deteriorating and losing water. De-
spite this, Jeon et al. [209], found that the breakdown of
Ca(OH), did not result in a significant loss of strength.
However, the main cause of OPC strength reduction is
the expansion of lime after chilling.

In past years, there have been a lot of studies done
on the thermal characteristic of geopolymers exposed to
high heat or fire. Geopolymers, like OPC, lose strength
when exposed to high temperatures. Despite this, they
maintained a substantially higher binding strength at
the temperature range tested. Rivera et al. [210], inves-
tigated the effect of elevated temperature on alkali-ac-
tivated geopolymeric binders compared to portland
cement-based binders. The alkali-activated geopolymer
showed minimal damage after the temperature exposure
of up to 565 °C.

Geopolymer weight decrease is associated with high-
er strength retention [184]. Geopolymer mortars with a
high concentrated slag showed increased strength loss at
high temperatures of 600 °C, owing to the decomposition
of CSH phases. Despite this, all blended geopolymer mor-
tars-maintained strength between 23 and 25 MPa after
being exposed to 600 °C. Compared to geopolymer mor-
tar, geopolymer concrete lost less weight but lost more
strength as the temperature increased. The difference in
the thermal increase in volume between coarse aggregates
as well as binder and the decreased binder concentration
in concrete to combat paste shrinkage lead to consider-
able microcracking. They stated that geopolymers outlast
regular concrete and even some high-performance con-
crete in terms of heat endurance.
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Furthermore, according to Jiang et al. [211], fly ash,
geopolymers preserved strength up to 400 °C and grew
stronger at temperatures above 400 °C. In alkali-activated
fly ash, crystallization of thermally stable minerals such as
sodalite and nepheline was found. XRD diffractograms of
geopolymer samples mostly revealed crystalline phases of
nepheline when exposed to high temperatures. The pres-
ence of thermally stable crystalline phases is critical for
geopolymer structure thermal stability. In addition, the
solidification of melted stages aided in the development of
strength. OPC, on the other hand, maintained compressive
strength up to 600 °C before rapidly deteriorating beyond
that temperature due to moisture loss and Ca(OH), break-
down. The transformation of amorphous aluminosilicates
into a geopolymer structure was revealed to be strongly
reliant on the geopolymer’s compressive strength. The re-
sistance of the material to high temperatures and burning
was influenced by the Si/Al ratio and iron content in the
fly ash. According to Wang et al. [144], metakaolin-fly ash-
based geopolymers have a strength of 46 MPa at 1000 °C.
The high-temperature performance was improved with the
addition of electrical porcelain as aggregates. The thermal
stability of potassium-based metakaolin geopolymers up to
1200 °C was also examined by Jaya et al. [212] in terms of
shrinkage and microstructural changes. The optimum den-
sification temperature increases with the addition of quartz
sand or alumina powder. When fly ash and metakaolin geo-
polymers were compared, it was shown that the latter are
more tolerant of high temperatures [213]. To improve the
thermal characteristics of geopolymer, fibers such as ash
wollastonite and basalt fibers could be incorporated. Fur-
thermore, porous materials could serve as a thermal barrier.
One of the most important research areas is the creation of
lightweight porous materials. Faster construction, improved
thermal performance, and fire resistance are all advantages
of lightweight building materials. During the foaming pro-
cess, small pores or linked voids can be added to lightweight
porous geopolymer materials which are also known as geo-
polymer foams. Air bubbles or endogenous gas production
could be used to introduce the foam like hydrogen peroxide,
aluminum powder or sodium hypochlorite. The gas-form-
ing ingredient in this experiment was hydrogen peroxide.
Equation (12) illustrates how hydrogen peroxide breaks
down into water and oxygen in an alkaline atmosphere.

HO, -~ (12)

2

2ZH, 0+ 0,

Regarding the foamed geopolymers' thermal character-
istics Cheng-Yong et al. [213], found that when the light-
weight porous geopolymer based on glass cullet and red
mud were subjected to temperatures between 600 and 800
°C, their volume increased. The foamed geopolymer has a
strength of more than 2 MPa and a density of less than 866
kg/m’. To create greater strength foamed fly ash geopoly-
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Figure 6. Geopolymer and OPC paste compressive strength
comparison [215].

mers of between 2 MPa to 30 MPa and with densities less
than 1000 kg/m’. Wang et al. [214], utilized 30 percentage
slag replacements. The fly ash geopolymer foam maintained
its strength well up to 400 °C, and it strengthened much
more at 800 °C. According to Cheng-Yong et al. [213], the
geopolymer foam did not break or crumble below 1000 °C.
Significant shrinkage and sintering are associated with high
thermal resistance at high temperatures. As far as we are
aware, there is not a lot of literature on the thermal perfor-
mance and fire resistance of foamed geopolymer materials.
Most people believe that porous geopolymer foam behaves
similarly to dense geopolymer foam when exposed to high
temperatures and fire.

In their research on the creation of MK-FA-based geo-
polymers for applications requiring fire resistance, geopoly-
mers' compressive strength was higher than OPC pastes’,
according to research by Zhang et al. [215]. As demonstrat-
ed in Figure 6, after exposure to 800 °C, geopolymer paste
retained 22% of its compressive strength while OPC paste
lost all of it.

According to this, MK-FA-based geopolymer paste
showed greater compressive strength than OPC paste at
room temperature or after being exposed to high tempera-
tures [168]. At temperatures above 400°, the compressive
strength of geopolymer concrete typically remains con-
stant and degrades at a rather gradual rate [216]. Work on
FA-slag GPL that was heated up to 1000 o C was done by
Chithambaram et al. [217]. The weight reduction rate in-
creased as the temperature rose from 200 °C to 1000 °C,
regardless of the alkali content. The reduction of the crys-
talline nature caused by the inclusion of GGBS resulted in
increased strength and polymerization. The rate of polym-
erization slows down as the temperature is raised above 600
°C, which results in a minor loss of strength.
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5. CONCLUSION

This study demonstrated that natural pozzolans, indus-
trial-by products and agro-wastes are a key precursor in the
production of geopolymers. The following conclusions are
based on the review articles;

1. The geopolymer mortar/ concrete exhibits high resis-
tance to both chemical and acid attack compared to
conventional cements

2. OPC concrete possess a greater carbonation resistance
than GPC because of its better binding ability associated
with high content of portlandite

3. Increasing the alkali activator concentration to some
extend demostrates an increase in resilience to both
acid and salts attack

4. Temperature, relative humidity and the period of con-
tact with water contribute to the carbonation mecha-
nism and kinetics

5. Geopolymers has shown excellent resistance to tem-
perature extreme compared to convectional cement.

6. AREAS OF FUTURE RESEARCH

There hasn't been any research done on the creation
of geopolymer binders using a binary of coconut shell
ash and waste from calcined clay bricks. Therefore,
based on the research reviewed here, the following
topics have been identified for further study in order
to decrease the consumption of natural resources and
to minimise other environmental effects related to the
manufacturing of OPC:

1. Mechanical and durability features of geopolymer ce-
ment using alkali-activated calcined clay brick waste
from production as well as building sites to ascertain
its potential as a geopolymer cement. High alkalini-
ty boasts a higher degree of reaction and maintains a
matrix density that tends to prohibit the permeation of
corrosive elements into the internal framework of geo-
polymer cements.

2. Mechanical and durability features of geopolymer ce-
ment using alkali-activated coconut shell ash as the
primary source materials to ascertain its potential as a
geopolymer cement.

3. A blend of alkali-activated coconut shell ash-calcined
clay bricks waste mechanical and durability properties
to evaluate its binding suitability.

4. Life cycle assessment of geopolymers resulting from co-
conut shell ash - calcined clay bricks waste to present
the sustainability of these products and the potential
benefit of such technology.
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