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Abstract: The emission of CO, and energy requirement in the production of Ordinary Portland Cement
(OPC) causes the continuous depletion of ozone layer and global warming. The introduction of
geopolymer concrete (GPC) technology in the construction industry leads to sustainable development
and cleaner environment by reducing environmental pollution. In this article, constituents of GPC
and their influence on properties of GPC has been reviewed critically. Fresh and hardened properties
of GPC as well as the factors influencing these properties are discussed in detail. Flow charts have
been proposed to show which factors have higher/lower impact on the fresh and hardened properties
of GPC. A comprehensive review on the mix design of GPC, nanomaterial-based GPC, 3D printing
using GPC, reinforced GPC and Global warming potential (GWP) assessment was conducted. Finally,
the practical applications of GPC in the construction industry are provided.

Keywords: aluminosilicates; activators geopolymer concrete (GPC); geopolymer OPC concrete;
Global warming potential (GWP); mix design; reinforced geopolymer concrete; graphene-based GPC;
3D printing

1. Introduction

Portland concrete is the most consumed product in the world because of its availability, versatility,
low cost, and high structural performance [1]. Ordinary Portland Cement (OPC) production in the
cement industry devours about 5% of industrial energy with a 7% release of CO, worldwide [2-4]. It is
well known that the emission of CO, in the atmosphere contributes about 65% of global warming [5].
Moreover, it is found that OPC production increases annually at the rate of about 3%, and the
manufacturing of 1-ton of OPC releases 1 ton of CO, [5]. Furthermore, global average carbon
dioxide volume mixing ratio is increasing and reached 146% of the preindustrial level. It is mainly
attributed to deforestation, cement production, and fossil fuel combustion [6]. According to the
recent research, it was reported that CO, reached to its highest record of 417.1 ppm and this year’s
value is 2.4 ppm higher than last year value. This value creates an alarming situation as increase in
CO;, level impacts the environmental conditions like an increment in atmospheric temperature and
pressure. This increment can affect the CO, adsorption on amorphous silica surfaces and can change
the amorphous nature of materials to crystallization phases. That is why the production of cement is
considered unsustainable due to the high emission of greenhouse gases [6]. Hence, sustainable building
materials” production and construction is the primary focus in the construction industry and the
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global housing, which encourages the researchers to develop alternative supplementary cementitious
materials that partially or fully replace the cement. One such alternative emerging technology in the
construction industry is geopolymer concrete (GPC). The introduction to GPC technology leads to
sustainable development by reducing the global emission of CO, and provides a cleaner environment
in the long term. It can reduce CO, emission by up to 80% as compared to OPC by using aluminosilicate
as a full replacement of OPC [1]. GPC is gaining acceptance due to its numerous benefits such as
sustainable construction, longer service life, low carbon emission, recycled industrial waste, durable
properties, and high strength [7] but, it has limited structural application, due to lack of standard
design codes and reliable data, high construction cost, high shrinkage, and rapid setting [8,9].

In literature, a lot of appreciable investigations and reviews are available on GPC. Therefore, it is
important to compare and critically analyze the previously published research works with this study.
For instant, Zhang et al. [10] reviewed only the mechanical properties (fresh, hardened, and durability)
of GPM. Connie et al. [11] studied the mechanical strength and microstructural properties of geopolymer
paste, GPM and GPC. Likewise, the mechanical properties of only Fly Ash (FA)/slag-based GPC were
reviewed by Zhang et al. [12]. Hassan et al. [7] also reviewed the fresh, hardened, and durability
properties of GPC along with some applications of GPC. Based on published literature, it was also
found that the effect on GPC properties were assessed with respect to addition of superplasticizers and
additives. For example, Jindal [13] studied the change in mechanical and microstructural characteristics
of GPC in the presence of different minerals additives. Reddy et al. [14] reviewed the effect of different
oxides compositions of binder on compressive strength of GPC. Furthermore, the comprehensive and
in-depth analysis of normal and foamed GPC [1], structural and material performance [9], FA-based
GPC [15], Rice Husk Ash (RHA)-based GPC [16], and ambient cured GPC [17] were reviewed by
researchers for providing solution to sustainable development.

In addition to this, Ning et al. [18] investigated the different mix design proportion of FA
and slag-based GPC in which 3 mix design categories were identified such as target strength,
statistical-based, and performance-based methods. However, until now, no review paper is available,
which has discussed in detailed mix proportion of different types of GPC. This paper presents the
inclusive investigation of GPC and GPM along with providing critical review on different mix design
procedures used for any binder-based GPC with highlighted input and output variables considered
for mix design procedure. Moreover, this paper focusses on recently published research on the
mechanical, durable, and microstructural properties of GPC and GPM. Figure 1 shows the papers
analyzed in this review paper published in the different time regimes. On the basis of critical review,
this study proposed the factors having the highest and lowest impacts on both fresh and hardened
properties of GPC. In addition, as per authors knowledge, for the first time, the nanomaterial-based
GPC, 3D printing using GPC, reinforced GPC and Global warming potential (GWP) assessment of
GPC are reviewed critically.

In this article, a comprehensive review on current investigation of GPC is presented (Figure 1).
A detailed explanation of GPC, including its constituents, activators, aluminosilicate precursor,
mix design, and the geopolymerization process is presented in Section 2. In Sections 3 and 4, fresh
and hardened properties of GPC as well as the factors influencing these properties are discussed
in detail. Flow charts have been proposed to show which factors have higher/lower impact on the
fresh and hardened properties of GPC. In Section 5, factors affecting properties of GPC are discussed
and their respective flow charts are proposed that represents the effect of properties on mechanical
behavior of GPC from fresh to hardened state. The effect of the addition of OPC in GPC is elaborated in
Section 6. A critical review on reinforced GPC and application of GPC are presented in Sections 7 and §,
respectively. The recent advances in geopolymer technology such as 3D printing, GWP assessment
and nanoparticle-based GPC are added in Section 9. Finally, the conclusions and research gaps in GPC
are highlighted in Section 10.
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Figure 1. Papers analyzed critically in this review paper published in the different time regimes.
2. Geopolymer Concrete (GPC)

GPC is an inorganic polymer produced by utilizing the agricultural and industrial by-products
with high silica and alumina content that are disposed-of openly. The GPC is the combination of
silica and alumina provided by thermally activated natural materials like kaolinite and bentonite or
industrial by-products like fly ash (FA), rice husk ash (RHA), wheat straw ash (WSA), and alkaline
activating solutions which polymerizes these materials into molecular chains and network to create
a hardened binder.

In general, GPC is often called alkali-activated materials (AAMs) but both systems have different
chemistry. The activation in AAM is not the long-term process forming unstable monomers,
while geopolymerization forms a 3-D stable polymer structure. The AAMs have high strength
but have poor durability when compared to GPC [19].

GPC may be one-part or two-part depending on the procedure of adding activator source.
In one-part GPC, also known as “Just Add Water”, the activators are used in solid form rather than
liquid and dry mixture is required with the addition of water. The dry mixture is the combination of solid
aluminosilicates along with solid alkaline activators [20]. In two-part GPC, also called conventional
GPC, the activators are added in liquid form with water in solid aluminosilicate precursor [21].

2.1. Constituents of GPC

Generally, GPC consists of a combination of activators and different sources of aluminosilicates
with or without the inclusion of OPC [7]. The aluminosilicates are obtained from the usage of
pozzolanic materials containing ample amount of silica and alumina. The pozzolans may be industrial
or agricultural wastes such as bagasse ash (BA), rice husk ash (RHA), fly ash (FA), palm oil fuel ash
(POFA), ground granulated blast furnace slag (GGBFS) that are used to reduce the pollution and
natural resources consumption [22]. These agricultural and industrial wastes are used individually or
in combination as the aluminosilicate source in geopolymers for sustainable construction.

Alkaline activators are the second crucial component of GPC needed to liberate silica and alumina
contents of aluminosilicate. The most commonly used alkaline activators are sodium silicate (NaySiO3)
and sodium hydroxide (NaOH) [23]; however, any hydroxide or silicate source such as potassium
hydroxide and potassium silicate can be used as activator. The geopolymerization process occurs at
a high rate if the alkaline liquid contains soluble silicates in addition to hydroxides as compared to the
use of only hydroxides [23]. The constituents of GPC are presented in Figure 2 [24].
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Figure 2. Constituents of geopolymer concrete (GPC): (a) Ordinary Portland Cement (OPC), (b) fly ash
(FA), (c) silica fume (SF), (d) NaOH pellets, (e) NaySiO3, (f) GPC aggregate.

2.1.1. Aluminosilicates

The aluminosilicates used in GPC are a natural and industrial by-product which contains
amorphous silica and alumina. These are various mineral admixtures including SF, GGBFS, BA, WSA,
FA [25,26], and chemicals in particular like calcium silicate and sodium aluminate [27] which have
been used as aluminosilicates [28]. In developing countries, the industrial and agro-waste materials
containing amorphous silica and alumina are commonly used for energy generation [29]. The resulting
ash disposal problem of these wastes is resolved by using them in the cement-based materials and in
the production of geopolymer technology.

Mostly six groups of aluminosilicates sources are used in GPC. These are FA-based, MK-based,
SG-based, RHA-based, HCWA-based, and a combination of either two of the earlier mentioned
aluminosilicates [9]. However, different GPCs show different performances depending on the content
of alumina and silica in the aluminosilicates used in geopolymer. The various types of aluminosilicates,
along with their sources and chemical composition are tabulated in Table 1. It is shown that different
aluminosilicates have different ions concentrations. However, the performance of an aluminosilicate
depends mostly on optimum percentage of silica and alumina available in the chain reaction of the
geopolymerization process.

Table 1. X-ray fluorescence (XRF) analysis of different aluminosilicates modified from [30].

Chemical Composition FA POFA MK Dolomite Kaolin
Sou;\c/[eastél;?amls raw From coal mining From oil palm industry ~ Natural Resources Natural Resources Natural Resources
SiO, 52.11 51.18 55.90 15.37 52.00
AlLO3 23.59 4.61 37.20 1.69 35.00
Fe;03 7.39 342 1.70 0.51 1.00
TiO, 0.88 - 2.40 0.015 0.90
CaO 2.61 6.93 0.11 23.00 <0.05
MgO 0.78 4.02 0.24 17.20 0.70
KO 0.80 5.52 0.18 0.195 2.00
Na,O 0.42 0.06 0.27 0.013 0.05
SO3 0.49 - 0.02 - -
P,05 1.31 - 0.17 0.019 -
Loss in ignition - 21.6 0.80 - -

The most commonly used aluminosilicate binder is fly ash (obtained from coal combustion
stations), which has been found to improve (or substantially improve) the mechanical and durability
properties of GPC [9]. It is actually the physical, chemical, and microstructural properties of FA,
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which are responsible and improve the mechanical properties in GPC. The particle shape and fineness
of FA in GPC plays an important role as the particle size distribution and fineness of FA, significantly
affect the reactivity of precursor and, thus, to the geopolymerization process [31]. As a result of the
higher surface area, the silica and alumina leached down quickly on the FA surface before condensation
that will result in a higher geopolymerization rate [32]. Increasing the fineness of FA results in the
lessening of porosity and thus provides superior resistance against aggressive environments [33]. It is
known that both silica and alumina content are the main constituents in the geopolymerization reaction.
The fast dissolution of reactive silica and alumina helps in the synthesis of aluminosilicate gel, which in
turn, enhances the mechanical strength of GPC [32]. Generally, the presence of silica and alumina
oxides in GPC is usually expressed by silica to alumina ratio. According to Kamhangrittirong et al. [34],
with the increase in silica to alumina ratio, the compressive strength of FA-based GPC increases.

The second most widely used aluminosilicate is slag. The use of slag as an aluminosilicate in GPC
has been found to perform better both in temperature and ambient curing conditions. It was found that
slag-based geopolymer concrete at ambient curing exhibits high compressive strength at early age and
it can be used practically in road construction [35]. Slag-based GPC promotes to sustainable concreting
technique and can provide green concrete production when used at ambient curing conditions [36].
However, this production requires the effective selection of type and concentration of activators
along with consideration of other dominant ratios [37]. It is pertinent to mention here that slag can
be used along with other aluminosilicates in GPC to enhance both the mechanical and structural
properties [38,39].

2.1.2. Activators

Alkaline activators in GPC are used for polymerizing the aluminosilicates. These are strong
alkaline solutions such as sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium silicate
(NaySiO3), potassium silicate (K»SiO3), or combination of these hydroxides and silicates for dissolving
Al and Si atoms [40]. The geopolymerization process depends on the reactivity and concentration of
alkaline activator. The alkali-enrichment in GPC increases shrinkage and pore structure development
of the cementitious system, which considerably affects the sample with less water to binder ratio.
Furthermore, the increase in alkalinity results in the degradation of mechanical strength [41,42].
Therefore, the quantity of alkaline activators needs to be considered wisely while designing the GPC
mix. The list of different alkaline activators used by several researchers is given in Table 2.

Table 2. List of alkaline activators with various dependent parameters.

Reference Activator Used Molarity of Hydroxide Activator to Binder Ratio Silicate to Hydroxide Ratio
[43] Na,SiO3 + NaOH 10M 0.6 2
[44] Na,SiO3 + NaOH 13M 0.4 -
[45] Na,5iO3 + NaOH 14M 0.45 0.25
[46] Na,S5iO3 + NaOH 10M - 2.5
[47] Na,Si03 + NaOH 10M 043 -
[48] Na,5iO3 + NaOH 10M 0.7 -
[49] NaySiO3 +NaOH 8M+10M - 0.5-2.5
[50] Na,SiO3 + NaOH 12M 0.5 25
[51] Na,5iO3 + NaOH 10M +20 M 0.67-1.0
[52] Na,S5iO3 + NaOH 10M - 0.2
[53] Na,S5i03 + NaOH 14 M - 15-25
[54] NaOH 6M 0.35 -
[55] NaySiO3 +NaOH 14 M - 1.5-2.5
[56] Na,SiO3 + NaOH 12M 0.4 1:2.5
[57] Na,SiO3 + NaOH 0.35
[58] Na,SiO3 + KOH 7™M 0.3 -

Several researchers [39,59-61] have concluded that the composition and type of activator is the
major factor responsible for the strength development of GPC. According to these studies, the effect
of ratios of activator/binder and silicate to hydroxide plays an important role in geopolymerization
process and hence, a critical step in preparing the GPC/GPM. Generally, the most commonly used
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activators in GPC are Na;SiO3 and NaOH. The GPC sample prepared with Na;SiO3 and NaOH showed
better mechanical, durable, and microstructural properties [62]. The GPC, containing only hydroxides
as an activator, results in poor mechanical properties, contains pores and shrinkage cracks because
it only helps in the dissolution of Si and Al ions of precursor. However, inclusion of silicate source
as an activator in combination with hydroxide source results in the promotion of the condensation
process of GPC [63-65]. According to Reddy et al. [66], the excess use of silicates in GPC inhibits
the geopolymerization while the excess of hydroxides led to early and vigorous precipitation of
aluminosilicate precursors hindering the further formation of geopolymeric gel [66]. It has been found
by Deb et al. [55], with the decrease in silicate to hydroxide ratio, the workability and compressive
strength of GPC have been found to increase.

2.2. Mix Design

The development of appropriate and rational mix design is required to achieve the desired strength
and workable GPC. Mix design of GPC is a complex process because of the influence of numerous
variables like alkaline content [67], curing time and temperature [68], water to solid ratio [69], pH and
molarity of activators [70], aluminosilicate composition and type [71], aluminates to silicate ratio [72],
and silicate to hydroxide ratio [73] involved in the geopolymerization process [69].

Different researchers used different types of mix design for GPC based on the parameters
considered in their studies. They adopted mix design calculations that were based on the hit and
trial method [74], strength considerations [66], activator to binder ratio [66], or binder to sand ratio.
The different factors involved in different approaches of mix design calculations are discussed in the
following sections.

2.2.1. Hit and Trial Method of Mix Design

There are different hit and trial mix design studies followed by researchers [75,76]. Generally,
the hit and trial method is dependent on mechanical and rheological properties such as strength and
flow parameters. Mallikarjuna Rao et al. [74] studied the mix design based on the strength of GPC in
which alkaline to binder ratio was taken on a trial. The first step was to determine the required target
strength, given in Equation (1), and set the slump value. Then after the selection of alkaline/binder
and aggregate/binder ratio, the aggregate and alkaline content were determined. This mix design
procedure is more clearly presented by flow chart given in Figure 3. Furthermore, some studies of mix
design procedures are based on hit and trial method [77].

fo =fq +1.658Sg, 1)

where,

F; = target average compressive strength of GPC at 28 days,

Fo = characteristic compressive strength at 28 days,

Sq = standard deviation.

Taguchi’s method is also one of the hit and trial methods for mix design of GPC that is feasible
to determine the number of factors and their interaction [78]. The factors that need to be considered
are the activator to binder ratio, silicates to hydroxide ratio, binder content, activator concentration,
and molarity [79]. The main objective of this method is to design a high strength GPC while considering
different influential parameters. In this method, the number of trial mixes are prepared based on
different values of influential parameters, and the optimum mix is selected by calculating the response
index. Here, the response index is calculated by taking the average compressive strength of 7 days of
different trial mixes [79]. However, the response index might be calculated at later age strength due to
the dense microstructure of GPC.
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Set Target strength

3

Set slump value

Select binder content

v
Select alkaline to binder ratio

I

Aggregate content estimation

!

Calculate alkaline content

Figure 3. Flow chart by hit and trial method modified from [77], Springer, 2012.

2.2.2. Strength-Based Mix Design

There are several key factors that need to be considered in the strength-based mix design. Junaid
et al. [80] determined the strength-based mix design of GPC by acknowledging the crucial factors,
for example, water to binder and activator to binder ratios. In addition, another mix design procedure
was proposed while establishing graphs obtained from experimental data of strength and workability,
called G-Graphs, in which the parameters such as the water to binder, activator to binder, and silicates
to hydroxides ratios, the molarity of activators, silicate composition, aggregate types, aggregate grading,
curing temperature, and curing time were taken into considerations [80]. However, the novel mix design
approaches were developed by using a different designing tools based on the strength parameters.
One such tool used was Multivariate Adaptive Regression Spline (MARS) model, where mix design
was developed by using a contour plot based on four parametersi.e., water to binder, activator to binder,
silicates to hydroxides ratio, and molarity of activator [81]. Moreover, the strength-based mix design
was proposed based on ACI standard (ACI 211.4R-93) [82] with some modifications. This procedure
depends on activator to binder ratio, activator concentration, and aggregate gradation [83], as given
in Figure 4.
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Set Target strength
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|

| Final Mix Proportion

|

Strength Validation

Figure 4. Flow chart based on strength of GPC modified from [83], Elsevier, 2018.

2.2.3. Activator to Binder Ratio-Based Mix Design

The activator to binder ratio is the most crucial parameter for the determination of mix design
proportion. Reddy et al. [66] proposed a rational mix design using two different approaches by
considering alkaline to binder ratio and strength characteristics. In both the approaches, they fixed
the activator content to 200 kg/m?, enough to maintain the required workability. The parameters
like molarity of hydroxide, silicate to hydroxide ratio, and total activator content are predetermined
using literature in both methods. The next step is to determine the strength or activator to binder
content by the experimental curve. The factors to be considered in this rational approach are the
evaluation of binder content, water content, superplasticizer content, aggregate content, and its grading.
The respective equations for determining factors are given in Equations (2)—(6). In short, mix design
based on strength and activator to binder approach is presented in Figure 5.

Binder Content (BS.) = AAC/BS, 2)
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Hydroxide weight (Wy,) = Wa/(X + 1), 3)
Silicate weight (W) = W, — Wy, 4)
Water content in silicate = Wy (1 — SPy), 5)
Water content in hydroxide = Wy, (1 — SPy), 6)
where,
AAC = alkali activator content,
hydroxide weight (Wy,),
silicate weight (W),

BS = binder solids,

W, = total weight of AAC,

SPs = solid percentage in silicates,
SP}, = solid percentage in hydroxide.

|Binder Material Selection |
]
NaOH Molarity and
| Set the Parameters | Sodium silicate to NaOH ratio
Fixing the Total Alkaline
Activator Content

I
! |

I Strength Selection | Alkaline Activator Content to
Binder Solids Ratio Selection

A 4 l

! v
l l Determination of

Determination of Total
le—| NaOH Content & Sodium
silicate content

Determination of Alkaline | Aséiteaate Seleétion | .
Activator Content / Binder geres Compresst\{e Strength from
Solids ratio from the the experimental curve
experimental curve a A v
v Combination of Determination of Binder
. - different sizes of :
Determination of Binder Content ; Content by keeping total
by keeping total alkaline agg;lcgatfis 10, match alkaline activator content
: IN grading curve 3
activator content to 200 kg/m’ grading cu to 200 kg/m
chosen
v ¥
Calculation of water content Calculation of water content
in alkalinc activator content in alkaline activator content
¥ v

| Determination of Total Aggregate Content and Individual Aggregate Content |

}

| Determination of SP dosage; Trial Mixes and Tests for Strength parameters |

A
Check with the proposed experimental curve for strength vs. alkaline activator
content to binder materials ratio

___l Redesign the mix Don’t Satisfy Satisfy Go to Development of
Geopolymer Concrete

Figure 5. Flow chart representing mix design based on strength and activator to binder approach [66].
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2.2.4. Binder to Sand Ratio-Based Mix Design

Researchers also determined the mix design of GPC based on the binder to sand ratio because
of its considerable influence on the mechanical, rheological, and microstructural properties of GPC.
Kim et al. [84] determined the mix design based on the precursor to sand ratio and found the factors
influencing the mix design are the concentration of activators, activator to binder ratio, water to binder
ratio, silicates to hydroxide ratio, and temperature characteristics. In this mix design, the optimum
binder to sand ratio is obtained. Then, the hydroxide concentration and optimum silicate to hydroxide
ratio is determined. After establishing the activator molarity and ratios, the activator to binder and
water to binder ratios are considered as dependent parameters. The flow chart of the respective mix
design is illustrated in Figure 6. Moreover, different key factors considered in mix design by various
researchers is provided in Table 3.

RHA :sand
1:2
J
J
) NaOH
0 (7,8,9,10 M)
|

e

Z.
o
70

pe— D

w

J

Alkaline activator
solution to RHA ratio = 2.5%

N
Mixing
water to RHA ratio = (.5%
v

Moulding and drying

J Curing
Vv v
Ambient curing Thermal curing
(room temperature) (60°C for 24 h)

Figure 6. Mix design of GPC based on binder to sand ratio [84].

Table 3. Factors to be considered in mix design of different studies.

Reference Water to Activator to Silicate to Binder to Aggregate Content Superplasticizer
Binder Ratio Binder Ratio Hydroxide Ratio Sand Ratio and Grading Consideration
[85] 0.27 - 1 - 0.8% of binder
[86] - 0.42-0.49 - - - -
[87] 0.16-0.24 0.3-0.45 2.0-2.5 v 1.5-4% of binder
[80] 0.23-0.29 0.37-0.5 25 - v -
[88] - 0.5 25 - - 2-6% of binder
[81] 0.25 0.5 3 - v -

Based on the literature review, it is concluded that while determining mix design of GPC, all key
factors contributing to strength and durability properties such as molarity of activator, aluminosilicate
type, silica/alumina ratio, silicates/hydroxides ratio, activator/binder ratio, curing condition, binder/sand
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ratio, aggregate behavior, and addition of admixtures should be addressed. The summary of mix
designs of GPC is presented in Table 4.

Table 4. Summary of mix designs of GPC.

Name of Method Parameters Considered Constants Variables Output Remarks
as an Input

Designed for high strength
GPC. In addition, specific

Hit and trial method Slump value and target Target Strength Act}vator/Blnder Alkaline gravity of raw materials is not
strength Ratio Content considered and aggregate
content is fixed on weight
basis [66].
Target strength Target strength, Aggregate grading, specific
Strength -based Mix Silicate/Hy droxri de ratio Silicate/Hydroxide gravity, superplasticizer are
desion Molarity of activator ’ ratio, Molarity - Mix proportion  considered in it [66]. Based on
& Acore Z’te size ’ of activator, modification of ACI standard
88T¢8; Aggregate size (ACI 211.4R-93)
Mix proportion
including
. Binder content,  Specific gravity of raw
Activator/Binder-based SAiTitZZfet/(;-rI Cc(;?otiri\(;le ratio Activator B Water content, materials is incorporated in it.
mix design Molarit gf activator ’ Content Superplasticizer Based on strength and
y content, activator to binder ratio
aggregate
Content
Conc?ntratlon Based on binder/sand ratio
of activators, along with determining the
Binder/Sand Activator/Binder 8 &

Binder/Sand ratio Water/binder ratio Mix proportion  curing conditions. Water to
binder ratio governs the

ultimate strength [66].

ratio-based mix design ratio,
Silicates/Hydroxide

ratio

2.3. Geopolymerization Process

Geopolymers are alkali-activated cement manufactured by polymerizing aluminosilicates with
alkaline activators [21]. The polymerization process involves the quick reaction of silica and
alumina under an alkaline environment that results in a three-dimensional polymeric aluminosilicate
network [89]. Generally, the dissolution of silica and alumina species takes place in alkaline solution
followed by an orientation of these species to convert into a three-dimensional chain of silica aluminate
polymeric structure [90]. Depending on the composition of aluminosilicates, various geopolymer types
are obtained. As far as geopolymer OPC concrete (geopolymer concrete with the inclusion of OPC) is
concerned, it develops its mechanical properties based on both calcium silicate hydrate (CSH) bonding
and polymerization process [91].

The research studies on GPC and alkali activation emerged in the 1950s. Glukhovsky model [92]
has widely been used for alkali activation of aluminosilicates materials [93]. Later on, researchers have
conducted experimental investigations and extended the Glukhovsky’s theory on the geopolymerization
process involved in GPC [94]. The research of GPC has shown an increasing trend in recent years,
as shown in Figure 7. The data presented are from the year 2001 onwards.

In GPC, when aluminosilicates fully replace the cement, the polymerization process is involved
in the activation of aluminosilicates [95]. The geopolymerization process is an exothermic process
that involved the dissolution of aluminosilicate into aluminosilicate oxides under highly alkaline
conditions. These oxides are taken up into aqueous phase in which they are dissolved by high pH
solution and led to the formation of gel as oligomers species consisting of polymeric bonds of Si-O-5i
and Si-O-Al or both that then form the geopolymeric framework. This 3-D framework hardened into
the final polymeric structure by the bonding of filler materials and un-reacted solid particles [96,97].
Davidovits et al. [98] found that when aluminosilicates completely replace cement in geopolymer
concrete, the poly-condensation of silica and alumina species occurred rather than the formation of
C-S-H gel, as in the case of OPC. The process of geopolymerization is elaborated in Figure 8.
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3. Fresh and Hardened Properties of GPC

Several researchers have investigated the fresh and hardened properties of GPC. Table 5
summarizes the fresh and hardened properties of GPC as reported in literature.

3.1. Workability

Generally, the workability of geopolymer mortar is controlled by flowability. Depending on the
concentration of activators and their respective ratios, the workable flow ranges from 110 + 5% (mm)
to 135 + 5% (mm). The workability of GPC influences its hardened properties [51]. Jumrat et al. [105]
found that the flowability further depends on the fly ash/alkaline solution ratio and Na,SiO3/NaOH
ratio. The increase of the mentioned ratios results in more water demand to produce workable mix
due to the higher viscosity of Na,SiO,. It is reported that workability decreases with an increase in
the molarity of NaOH [81,106,107]. Malkawi et al. [108] studied the effect of the alkaline solution on
HCWA geopolymer mortars and observed that by increasing Na;SiO3/NaOH ratio or NaOH molarity,
the workability decreases owing to a substantial influence of NaOH concentration on the flowability
of geopolymer mortar. Ismail et al. [109] concluded while studying the type of activator, Ca/Si ratio,
and temperature effect on geopolymer mortar that the addition of Na;SiO3 with no percentages of
NaOH reduces the workability due to its higher viscosity. Musaddiq Laskar and Talukdar [110]
noticed that GPC with NaOH as an activator exhibits significant improvement in workability than
the mixes containing the blend of NaOH and Na;SiO3 [110]. According to Mehta and Siddique [111],
the workability depends on the fineness of the aluminosilicate particle and SiO,/Al,O3 ratio [111]
present in GPC. The more value of fineness, the higher the slump value of GPC and vice versa [83].

Several researchers studied the effect of superplasticizers and nanoparticles on the workability of
geopolymer pastes. Rangan et al. [112] found that with the use of naphthalene-based superplasticizer,
the workability of FA-based geopolymer increases. However, the use of water significantly improved the
workability than that of naphthalene-based superplasticizer but with a small reduction in strength [113].
According to Majidi et al. [114], the flowability of geopolymer mortar is reduced with the use of high
content of GGBFS due to the increase of non-spherical particles in FA. Deb et al. [115] investigated that
the use of silica nanoparticles decreases the slump value due to accelerated reaction and high demand
of nanoparticles. Figure 9 shows the effect of activator concentration and water to ash ratio on the
flow of geopolymer samples. It is clear that with the increase of water to ash ratio, the workability
increases while with a rise of NaOH concentration the workability decreases, due to an increase of
viscosity. In addition, a strong relationship can also be visualized between flow and water/ash ratio
with the coefficient of determination (R?) of 0.96. It is also observed that with the increase in silicates
to hydroxide ratio, flow decreases, and the decrease drops with the rise in hydroxide concentration.
The linear dependence exists between flow and hydroxide molarity with R? of 0.91 and 0.87 in case of
higher and lower silicate/hydroxide ratio, respectively.

From Table 5, it is observed that GPC has the highest workability when retarder is added.
According to Umniati et al. [52], also retarder affects the initial and final setting time along with
an insignificant change in strength development of GPC. Nath and Sarkar [53] reported that increasing
alkaline content increased the workability and the flow value. However, the GPC mix containing
OPC reduces workability and setting time and thus enhances compressive strength [53]. According
to Reddy et al. [66], the aggregate grading, type, and packing influence the workability of GPC.
The authors also found that GPC exhibits segregation when the coarse aggregate to sand ratio becomes
higher, while it exhibits excessive bleeding when the ratio becomes lower. To achieve good workable
concrete free from bleeding and segregation, combined grading is recommended.
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Table 5. Fresh and hardened properties of GPC.
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Compressive Strength

Tensile Strength (TS) and

Reference Precursor Activator Curing Condition Workability (mm) Setting Time (Min) (MPa) Flexural Strength (ES) (MPa)

[50] FA NaOH + Na,SiO3 Heat curing at 60-90 °C 710 - 47.54-53.99 -

[51] FA NaOH + Na;,SiO3 75°C 110 + 5%-135 + 5% - 10-65 -

- . IST! =405

[52] FA NaOH + Na,SiO3 - 240 FST2 = 570 47.21 -

- . . . IST = 66-112

[53] FA NaOH + Na;,SiO3 Ambient curing FST = 160-245 40 -

[99] FA NaOH + Na,SiO3 80 °C - - 48 -
[100] FA NaOH + Na,SiO3 Ambient curing - - 11.8-29.2 -

= . R 2 R 20% slag strength = +17%  20% slag strength = +55% of
[55] FA +GGBFS NaOH + Na;,SiO3 195-250 of 10% slag strength slag TS
[56] FA+GGBFS+POFA NaOH + Na;,SiO3 65 °C - - 66 -

. ) IST = 20-280 B
[101] FA+GGBFS+HCWA NaOH + Na,SiO3 - 145-160 FST = 90-360 36.56 FS=77
GGBFS+FA+OPC+CH
[102] Where, NaOH + Na;,SiO3 Ambient curing - IST = 110-607 26-58 -
CH=Calcium hydroxide
[103] FA+GGBFS+NS NaOH + Na,SiO3 Ambient curing - - 40.28-56.7 -
[104] FA+GGBFS NaOH + Na,SiO3 Ambient curing - - 30.5-80.5 1;1-55_2187'395;
) . TS =3.72-4.95
[4] FA NaOH + KOH + Na,SiO3 - - - 24.96-30.11 FS = 5.22-6.03

LIST = initial setting time; 2 FST = final setting time.
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Figure 9. Factors effecting workability. (a) Effect of water to ash ratio on flow. (b) Effect of NaOH
concentration on flow, adopted from [113]; Elsevier, 2009.

3.2. Setting Time

Several researchers investigated the effect of molarity, silicates/hydroxide ratio, binder content,
and superplasticizer content on setting time. The setting time of geopolymer decreases with an increase
in molarity of NaOH from 10M to 16M due to the faster dissolution rate of aluminosilicates that
enhances the geopolymerization process. Elyamani et al. [116] observed the setting time behavior of
FA-based geopolymer with 100% FA, Fly Ash-Silica fume (FAS) mixed geopolymer with 50% FA and
50% silica fume, and the Fly Ash-Silica fume-Furnace Slag (FASS)-based geopolymer containing 50% FA,
35% GGBFS, and 15% silica fume. It was found that with rise in NaOH molarity, the final setting time
of both FAS and FASS geopolymer mix linearly increases (Figure 10). Contrarily, the FA mix showed
linear decline with the rise in molarity in the initial setting time, while remain constant in the case of
final setting time. The increase in setting time might be due to effect of composition of silica fume added
or because of slower rate of geopolymerization process [117-119]. Several researchers [105,120] have
concluded that activator to FA ratio and Na,SiO3 /NaOH ratio have no significant impact on the setting
time of FA-based geopolymer mortar. However, it is clear that the setting time of FA-based geopolymer
mortar decreases with increasing molarity [120,121]. While studying the effect of superplasticizer
on workability, Talukdar et al. [110] investigated the setting time effect of ultrafine slag-based GPC
with superplasticizers having both NaOH activator and blend of NaOH and Na,SiOj_ It has been
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confirmed that the NaOH activator considerably delays the setting time as compared to the geopolymer
containing a blend of both NaOH and Na,5iO5 This might be due to the instability of superplasticizers
in a high alkaline environment. In addition, the effect of micro-encapsulated phase change materials
(MPCM) on setting time of FA and slag GPC was studied by Pilehvar et al. [122]. It was found that the
initial setting time increases and final setting time decreases with decreasing concentration of MPCM
and depends on samples viscosities, the absorption capacity of microcapsules and the latent heat.
The behavior of setting time on GGBFS content was studied by Nath et al. [102]. It was found that with
the increase in the GGBFS content, the initial and final setting time decreases due to an increase in
viscosity. In addition, the inclusion of additives in GPC accelerates the setting time depending on the
type of additive added.
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Figure 10. Effect of NaOH molarity on setting time of FA, FAS, and FASS-based geopolymer. (a) Effect
on initial setting time, (b) effect on final setting time, adopted from [116]; Elsevier, 2018.

From above discussion, it is determined that, in general, the setting time decreases with an increase
in molarity. However, the inclusion of superplasticizers in GPC reduces the workability which in turn
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causes an increment in setting time (Figure 11). This increment could provide an economical solution
during formwork when GPC is used practically.
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Figure 11. Effect of alkaline concentration on setting time [110].

3.3. Heat of Hydration

The heat of hydration of GPC is higher than that of OPC concrete due to the vigorous
geopolymerization process of aluminosilicates activated with alkaline activators [123,124].
Singh et al. [125] investigated the effect of alkaline activator on strength properties of FA/slag
geopolymer concrete. The authors found that the heat release was not substantially affected during
paste formation beyond optimum dosage of 14M activator concentration. Rangan et al. [112] concluded
that metakaolin-based geopolymer exhibits a direct relationship between compressive strength and
exothermic reaction while FA-based geopolymer at ambient temperature does not exhibit an exothermic
reaction during the first 25 h due to the difference in geopolymerization process of FA-based and
metakaolin-based GPC. Figure 12 shows the effect of sodium silicate to FA ratio and hydroxide to
FA ratio on the temperature of FA-based geopolymer [126]. It was found that with an increase in
Na;SiOs/fly ash and NaOH/fly ash ratio, the temperature increases which might be due to the vigorous
exothermic reaction with an increase in alkali content. The increase of temperature was enormous in
the case of hydroxide activators as shown by a slope of 26.8 compared to 7.6. However, temperature
rose linearly in the case of both the activators. In short, the type of activator used has direct effect on
the temperature of FA-based geopolymer.

3.4. Structural Changes over Time

Geopolymers have a wide range of microstructural changes due to its various types of raw sources,
exposure conditions, and type of activators. As discussed earlier, both the early and later age strength
of GPC/GPM depends on the composition of aluminosilicates and activator which are involved in
geopolymerization reaction. This reaction is a complicated process and mainly depends on input
sources and their compositions along with temperature conditions.
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Figure 12. Effect of sodium silicate/FA ratio and hydroxide/FA ratio on the temperature, adopted
from [126]; SciELO, 2014.

The composition and amount of silicate/hydroxide, activator/binder, Si/Al and Na,O/SiO, ratios
mainly influence the polymeric chains in the geopolymerization reaction. It was reported that the
GPC containing NayO in polymerization process has greater impact on microstructural and durability
properties [127]. Hongen et al. [128] investigated the long term strength of FA-based GPC at 480 days
and found that to some extent, the concentration of NaOH affect the Si/Al ratio in polymerization
reaction that directly influence the microstructure and hence, mechanical and durability properties.
Further, the later age strength increase with increment of Na,O/SiO; ratio was due to a better binding
mechanism involved in alkali activation process.

Apart from the composition, the temperature condition also influences the mechanical behavior
of GPC. The samples cured at ambient temperature have less early age strength than temperature
cured samples but have greater later age strength. According to Mo et al. [129], the temperature cured
samples exhibit fast evaporation along with vigorous geopolymeric reactions that provide higher
strength at early stage but with time, the dissolution of silica and alumina disturbs, that in turn,
increases problems of shrinkage and porosity [129].

3.5. Compressive Strength

The compressive strength of FA-based geopolymer is directly affected by source material and
its particle size distribution [130]. Islam et al. [56] studied the compressive strength of GGBFS and
POFA-based geopolymers and found the maximum compressive strength of approximately 66 MPa at
the binder composition of 70% GGBFS and 30% POFA, respectively. Ranjbar et al. [131] determined
that while increasing the dosage of POFA, the 5iO,/Al,O3 ratio increases, and this result reduced
compressive strength due to delayed geopolymerization process. According to the authors, it can be
explained by the reaction of alumina at the early stages and thus there exists a scarcity of Al,O3 at the
later reaction stage. Compressive strength also depends on the sand type and binder to sand ratio.
The effect of limestone sand on compressive strength of geopolymer was studied by Aguilar [132]
and it was observed that compressive strength of geopolymer mortar decreased with the inclusion of
limestone sand; however, by using limestone sand with sand/binder ratio of 7:1, the green construction
material can be produced. In addition, Wazien et al. [133] inspected the strength and density of
ambient cured geopolymer samples and found that with the rise in the binder to sand ratio from
0.25 to 0.5, the compressive strength increased while it decreased when this ratio was above 0.5.
Iswarya et al. [134] studied the effect of fly ash/slag ratio on the compressive strength of GPC and found
that the strength was higher at fly ash/slag ratio of 2:1 when compared to 4:1 and 3:1. This increase was
due to the denser microstructure.



Appl. Sci. 2020, 10, 7838 19 of 56

Several researchers [63,135] have found that the compressive strength of FA-based GPC increases
with the increase in the molarity due to improved polycondensation process. Vora et al. [135] further
considered the effect of curing temperature Na,;SiO3/NaOH and alkaline liquid/FA ratio on the
compressive strength of GPC. While increasing curing temperature, the 7th day’s compressive strength
increases; conversely, with a rise of Na;SiO3/NaOH ratio, the compressive strength decreases. However,
the alkaline liquid/FA ratio has shown no significant effect on compressive strength, as shown in
Figure 13.
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Figure 13. Effect of early compressive strength on: (a) NaySiO3/NaOH ratio, (b) alkaline liquid/FA
ratio, (c) curing temperature, modified from [135]; Springer, 2019.

Aliabdo et al. [2] summarized the different factors that affect the compressive strength of GPC.
The authors defined the distinct factor levels as 0, 1, and 2 while determining the compressive strength
as presented in Table 6. The effect on the compressive strength of different factor levels is displayed
in Figure 14. It can be seen that with an increase in NaOH molarity and Na,;SiO3/NaOH ratio,
the compressive strength of alkali-activated slag increases while an increase in alkaline solution to
slag ratio results in a decrease in compressive strength. However, heat curing is not recommended for
slag-based GPC because the increment in dry curing temperature leads to more water evaporation,
which negatively affects the amount of CSH formation. In addition, the increase in alkali content from
35-45% of the total binder decreases the compressive strength of samples [53]. Likewise, the inclusion
of nanoparticles enhances the compressive strength of geopolymer mortar at different curing age [136].

Table 6. Factor description [2].

Factor Description

A (Molarity) Moles B (AL/Slag) by Weight C (Curing Temp) °C D (Curing Time) Days E (NaOH:Na;SiO3)

Factor Level

0 10 0.40 30 1 1:1.75
1 12 0.45 60 2 1:25
2 14 0.50 90 3 1:3.25

From Table 5, it is concluded that the strength development of FA-based GPC at ambient
temperature enhanced due to the addition of external agents like superplasticizers or additives.
The addition of calcium hydroxide improved the dissolution process of FA in alkaline activator media
due to precipitation of CSH or CASH phases [100]. Further, the incorporation of additives in GPC up
to optimum content enhanced the strength, flow, and other mechanical properties. The 70% GGBFS
content or 30% POFA content increases the compressive strength (up to 66 MPa), while further increase
in content did not yield desired results [56].
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Figure 14. Factors affecting compressive strength after 28 days, modified from [2]; Elsevier, 2019.
3.6. Tensile and Flexure Strength

Tensile strength, an imperative mechanical property used in design facets of concrete structure
is determined by direct tension, splitting tension (ASTM C496) [137], and flexural tension (ASTM
C78) [138]. According to Deb et al. [55], tensile strength of GPC has a direct relation with compressive
strength. Hence, the effect of different variables on tensile strength was the same as in case of the
compressive strength. Kolli et al. [139] concluded that the spilt tensile strength of heat-cured GPC is
similar to the corresponding strength of OPC concrete, and its relation with the compressive strength of
GPC was also well comparable to that of ACI-318-99 for Ordinary concrete as expressed by regression
analysis. Sarkar et al. [140] recognized the effect of nano-silica (NS) on strength and durability
characteristics of GPC and concluded that the tensile strength of GPC at normal curing enhanced
with the inclusion of 56% nano-silica. In addition, while increasing slag content, the tensile strength
increases [114]. It was reported that under ambient curing conditions, the mechanical strengths such
as compressive, tensile, and flexural strength increases with the addition of 6% nano-silica [140]
(Figures 15 and 16). Lee et al. [141] evaluated the effect of sand/FA ratio on FA-based GPC and found
that with an increase in the sand/FA ratio, the tensile strength at 7, 14, and 28 days decreased.
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Figure 15. Relation of flexural strength with molar concentration, modified from [140]; Elsevier, 2014.
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As far as the flexural strength of geopolymer mortar is concerned, Elyamany et al. [116], found that

it increases with the enhancement of compressive strength (Figure 17). The figure summarizes the
relationship between the square root of compressive strength and flexural strength of different mixes.
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Figure 17. Relationship between square root of compressive strength and flexural strength of different
mixes, adopted from [116]; Elsevier, 2018.

Table 6, which summarizes the fresh and hardened properties of GPC, shows that the geopolymer
mix having lower flexural strength is due to the absence of calcium oxide amount that enables the
CSH and CASH formation in geopolymer process [101]. The increase in additive content enhances the
tensile and flexural strengths [56].

3.7. Elastic Modulus of GPC

Elastic modulus is a significant mechanical property that determines the material stiffness of
concrete and is measured according to ASTM standard C469M-14 [142]. For the prediction of modulus
of elasticity, the aggregate behavior, curing temperature, binder type, and curing time plays an
important role [143]. Literature shows that for given compressive strength, the GPC has a lower
modulus of elasticity than OPC concrete [144-146], This might be due to the effect of aluminosilicate
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composition, and other processes involved in the geopolymerization process. Haq et al. [147] concluded
that with the enrichment of NaOH content, the elastic modulus of bottom ash-based GPC increases
and the increase is linear with R? value of 0.96 depicting strong relation between the NaOH and elastic
modulus, as shown in Figure 18. Contrarily, Ban et al. [148], found that with the enhancement of
HCWA in GPC at different curing times, the elastic modulus of FA-based GPC decreases.
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Figure 18. Effect of NaOH content on elastic modulus, adopted from [147]; Elsevier, 2016.
3.8. Shrinkage

Drying shrinkage has a significant role in the development of the cracks of hardened GPC [149].
Several researchers have found that GPC exhibits higher shrinkage than OPC concrete. Lee et al. [150]
studied the shrinkage characteristics of alkali-activated FA-slag (AFS) GPC and showed that AFS paste
shows higher drying shrinkage than OPC due to presence of large mesopore volume in AFS paste as
compared to OPC paste. Moreover, the alkali-activated binder has two times more shrinkage than OPC
(Figure 19); however, this shrinkage can be reduced to OPC level with the usage of additives [149].
In addition, cracks in both types of pastes are visually presented in Figure 20 [149].
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Figure 19. Shrinkage with respect to time of both OPC and alkali activator binder [149].
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Figure 20. SEM image of (a) OPC paste and (b) alkali activated binder paste [149].

Hojati et al. [151] determined the effect of FA and GGBFS proportions on strength and shrinkage
characteristics of geopolymer pastes. It was found that the inclusion of slag decreases the setting
time and enhances the compressive strength and bulk modulus, but also results in higher autogenous
shrinkage. Furthermore, Sumesh et al. [152] studied the effect of different content of MK/GGBFS ratios
on shrinkage of GPC. They appraised that GPC after 28 days exhibits lowest drying shrinkage with
25-30% MK content and 70-75% GGBES content. Hence, it is concluded that the shrinkage of GPC can
be reduced by addition of optimum content of aluminosilicate and admixture.

At the end of Section 3, Figures 21 and 22 are proposed to highlight the several parameters
which significantly alter the fresh and hardened properties of GPC. Molarity of activators was
found to significantly contribute towards both fresh and hardened properties. Figure 21 shows the
factors influencing the compressive strength, tensile strength, workability, and setting time of GPC,
while Figure 22 represents factors contributing to elastic modulus and drying shrinkage of GPC
properties from top to bottom on different parameters. The highly desirable factor is represented by
red color to the least desirable factor with a light orange color. Moreover, the fresh and hardened
properties of GPC in term of its different influential parameters are summarized in Table 7. This table
critically analyzes and concludes the crucial considerations taken for development of both fresh and
hardened properties.
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Table 7. Overview on fresh and hardened properties on GPC.

26 of 56

Property Test Methods Reference Code * Used For Dependent Parameters Remarks
Activator molarity, precursor type, its Increase in molarity of hydroxides in GPC results in
Slump test/Compaction Flow and compaction fineness and morphology, silica/alumina  lower workability. Further, increase in water/binder
Workability p p ASTM C143 . p ratio, silicate/hydroxide ratio, ratio the workability increases. However, the effect of
factor test properties of GPC . . L . - .
activator/binder ratio, binder/sand ratio, addition of superplasticizer depends on type of
addition of superplasticizer precursor and activator source in GPC
Actwator molarity, precursor type, 1t§ Increase in molarity of activator decreases the setting
. . . fineness and morphology, silica/alumina . . . .
S . . Determines the setting time R, . . time. However, the setting time could be increased by
Setting time Vicat needle setting ASTM-C191 L - ratio, silicate/hydroxide ratio, . . L
properties in field applications . . A . . controlling the water/binder ratio, binder content, or
activator/binder ratio, binder/sand ratio, L
. superplasticizer content.
aggregate grading, and type
. . . I . . The i i larity of hydroxid d curi
Determines the micro-pores Activator molarity, silica/alumina ratio, teni lref;fi:: ;2;5?;;1 3,1 Oorozxsrsjcl)g:r?:ic i:;é?igons in
Sorptivity Sorptivity test ASTM C1585-20 and immersed water absorption  silicate/hydroxide ratio, activator/binder P 8

of GPC

ratio, curing temperature, curing time

geopolymeric process that results in micro and macro
pores, which further caused the higher sorptivity rate.

Water absorption

Water absorption test

ASTM C1585-13

Determines the pores structure,
shrinkage, and absorption
capacity of GPC

Activator molarity, silica/alumina ratio,
silicate/hydroxide ratio, activator/binder
ratio, curing temperature, curing time,
heat of hydration, superplasticizer
addition.

Greater heat of hydration due to higher molarity or
curing temperature cause the shrinkage in GPC samples
that results in higher absorption rates.

Primary indicator for strength

Activator molarity, precursor type, its
fineness and morphology, silica/alumina
ratio, silicate/hydroxide ratio,

Increase in molarity of activator up to its optimum
amount increases the compressive strength of GPC.
Higher percentages of activator/binder ratio or
silicate/hydroxide ratio results in reduction of

Compressive Strength Compressive Strength test  ASTM C39 development and mechanical . . Lo . compressive strength. Hence, these ratios should be
g activator/binder ratio, binder/Sand ratio, X i R
properties R Lo controlled to their optimum amounts by taking
curing temperature, curing time, heat of . . .
. L. o consideration of precursor and activator type. Further,
hydration, superplasticizer addition. . . X L
increase in curing temperature results in higher early
age strength but lower later age strength.
Activator molarity, precursor type, its
Determines the strength fineness and morphology, silica/alumina
Tensile and Flexural strength Flexural strength test ASTM C496/ASTM C78 behavior of GPC in terms of rah‘o, Slhca.t e/hydroglde.ratlo, . Tensile an.d flexural strength has direct relation with
bendin activator/binder ratio, binder/sand ratio, ~compressive strength.
& curing temperature, curing time, heat of
hydration, superplasticizer addition.
Volume of permeable E:g:u;z?; typ;é t‘s::zfgffj;?d Reduction in micro pores and shrinkage of GPC would
voids (VPV]; test/Rapid ASTM C642/ASTM Determines the resistivity and ac tifa tor /bgi}r,{ der ratio, curing ty results in durable geopolymer concrete. Hence, it is
Durability Chloride permeability test  C1202/ASTM C267 protection against aggressive temperature, curing time, heat of important to control activator content,

(RCPT)/Acid Attack test/

environments

hydration, weight loss, microstructure,
porosity.

silicate/hydroxide ratio, activator/binder ratio and
curing conditions.

* The reference code is used for normal concrete and can be used for GPC.
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4. Durability Properties of GPC

Durability of any structural component is its ability to resist weathering action, chemical attack,
abrasion, or any process of deterioration. It is considered as an important component for structural
performance in aggressive environments. The durability of GPC can be determined by the properties
like sorptivity, immersed absorption, water absorption, apparent volume of permeable voids (AVPV),
chloride ingress, sulphate, or other acid attack [153]. In general, GPC has significant higher durability
compared to ordinary OPC [154-157]. The summary of properties that are used to determine the
durability of GPC is presented in Table 8. The impact of each properties is analyzed and scaled from
‘very strong’ to ‘strong’ and ‘average’.

Kurtoglu et al. [158] compared GPC prepared with FA and slag and found that slag-based
GPC exhibit better durability performance than FA-based GPC due to stable geopolymeric structure.
However, FA-based GPC showed better performance than ordinary concrete that might be due to
the presence of chemical activity of Na* and K* ions when exposed to acidic environment. Likewise,
inclusion of both slag and black rise husk ash (BRHA) improves the microstructural properties.
Venkatesan et al. [159] found that the increase in BRHA content improved the durability of GPC
because of reduced chloride ingress and sorptivity. The durability performance of GPC replaced with
recycled coarse aggregate were studied by Koushkbaghi et al. and Shaikh [61,160]. It was reported that
ordinary concrete deteriorates more when exposed to an aggressive acidic environment than recycled
aggregate GPC. It was found that with an increase in silicate/hydroxide ratio, the microstructural and
durability performance of MK-based GPC increases because of strong interfacial transition zone (ITZ)
between recycled aggregates and binder [61]. Hence, it is concluded that durability performance of
GPC compared to OPC concrete is higher due to the presence of a complex geopolymeric structure that
enables the GPC to resist the acid attacks.

Table 8. Properties effecting the durability of GPC.

Durability Parameters Relationship with Durability Impact on Durability Remarks

Higher rate of sorptivity results in greater
Sorptivity Inverse relation Strong capillary rise of water in micro and macro
pores of GPC mixture.

Higher the water absorption lower will be the
durability of GPC mixture. Higher water
absorption rate will reveal the transport
mechanism for water in GPC.

Water Absorption Inverse relation Very strong

Higher amount of weight loss in specimen will
result in deterioration and decrease in
durability specially when specimens immersed
in sulphuric acid solutions, sodium chloride
and sodium sulphate + magnesium sulphate
Weight loss Inverse relation Strong solutions. Initially, when these chemical
penetrate in concrete the weight of GPC
increased. It also cause expansion in concrete
volume which will form the micro-cracks
inside GPC [161]. The expansion mechanism
will have a detrimental impact on durability.

Same effect as water absorption and sorptivity
AVPV Inverse relation Strong of GPC. Increase in AVPC will expose the GPC
for environmental impacts and deterioration.

Discontinuous entrained air voids will enhance
the workability and durability in GPC
especially exposed to extreme environmental
conditions.

Discontinuous pores and voids Direct relation Strong

Greater shrinkage cracks will make it

hrink: I lati A . X .
Shrinkage cracks nverse relation verage susceptible for deterioration.

Degradation in compressive, flexural and
splitting tensile strength of the GPC specimens
exposed to different chemical solutions will
indicate the compactness of the GPC.

Strength degradation Inverse relation Strong

Chloride ingress in GPC depends both on
physical and chemical conditions on which the
GPC samples are exposed. Greater chloride
ingress in GPC results from greater micro and
macro cracks that will further impacts the
durability of GPC.

Chloride ingress Inverse relation Strong
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Table 8. Cont.

Durability Parameters Relationship with Durability Impact on Durability Remarks

The wetting-drying and heating—cooling cycles
will influence the compressive strength and

Wetting-drying cycles Inverse relation Strong internal microstructure of GPC. Higher weight
loss in these cycles will result in poor durability
condition of GPC.

Any type of acid attack depends on the
exposure conditions of GPC samples. The acid
Acid attack Inverse relation Strong attack in GPC is dependent on both the
physical condition of GPC sample and chemical
composition of geopolymeric mixture.

5. Factor Affecting the Properties of GPC

5.1. Molarity of Activators

It is the most crucial step in preparing the geopolymer concrete because its type concentration, and
amount significantly affect both fresh and hardened properties of GPC. Different types of activators
along with varying molarities were studied in literature [49,55,57,125,126,134]. In addition, type and
concentration of numerous activators were also suggested for the different type of aluminosilicates-based
GPC. Aliabdo et al. [2] investigated the factors that affect the mechanical properties of GGBFS-based
GPC. They found that with the increase of NaOH molarity, the compressive strength of alkali-activated
slag increases due to a rise in alkalinity that results in the formation of a high amount of hydration
products. Elyamany et al. [116] evaluated the 7-day strength and setting time of GPC comprising
of various binders. The authors found ascending trend in the compressive strength and decline in
workability of fly ash-based geopolymer when molarity increased from 10M to 16M. The increase
showed strong correlation as shown in the Figure 23. According to the authors [116], this increase is
due to the improvement of dissolution rate of aluminosilicates that improve poly-condensation process
and geopolymeric structure (Figure 23). Conversely, Nath et al. [38] evaluated the effect of different
alkaline activator solutions having activator content of 35% (A35), 40% (A40), and 45% (A45) of total
binder weight on the fresh and hardened characteristics of GPC. It was noticed that increasing activator
content from 35-45% reduces the strength of both GPC and mortar (Figure 24), which might be due to
precipitation of aluminosilicate gel at higher alkali content. In addition, the reduction increases with
the age of the mortar upto more than 60% after 60 days in the case of A45. In addition, algorithmic
increase was found with respect to age (Figure 24).
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Figure 23. Relationship between molarity and compressive strength, modified from [116]; Elsevier 2018.
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Figure 24. Effect of activator content on compressive strength, adopted from [38]; Elsevier, 2014.

Palomo et al. [162] concluded that the alkaline liquids containing soluble silicates showed the
vigorous rate of reaction when compared to the hydroxides. Sharayu et al. [163] investigated the
strength effect of FA-based concrete with the use of different alkaline activators such as NaOH +
Na,SiO3, NaOH + K;SiO3, and KOH + Na,SiOs of different molarity at 90 °C. The alkaline activator
consisting of a combination of KOH and Na,SiO3 showed higher compressive strength when compared
to the other two mixtures, as displayed in Figure 25. Hence, it is concluded that the type and
concentration of molarity effects the compressive strength of GPC. In addition, with increase in
molarity, the compressive strength of GPC increases.

10M Molarity at 90°

50

7 Days
B 28 Days

EAN
o
1

w
o
1

20 +

10

Compressive strength (N/mm?)

KOH+Na Sio, NaOH+Na,Sio,  NaOH+K SiO,

Figure 25. Comparison of compressive strength of different activator combinations for 10M at 90 °C,
modified from [163], Morse Florse, 2016.
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5.2. Curing Temperature

Curing temperature results in high early strength but causes a porous geopolymer mix,
which reduces the strength at later age. The reduction in strength at later ages and at higher temperatures
is due to early and fast evaporation of water, which not only disturbs the geopolymerization process
and hinders the dissolution of Silica (5iO;) and Alumina (Al,O3), but also increases porosity [129].

Singh et al. [134] studied the effect of temperature curing (80 °C) and ambient curing (25 °C) of
a fly ash/slag aluminosilicates mix on the strength development. It was found that temperature cured
samples showed higher compressive strength than the samples cured at room temperature after 7 days
due to heat release during both alkali activation and temperature curing process. At 28 days, the samples
cured at room temperature possessed higher compressive strength than samples temperature cured at
80 °C due to formation of CSH or CASH. According to the authors, this behavior is expected to be
due to the inhomogeneity of microstructure and the increase of cumulative pore volume of GPC at
high temperature curing. The authors also investigated the microstructure of both temperature cured
and ambient cured samples and found that the temperature cured samples had rough microstructures
with voids distributed throughout the surface (Figure 26a). In contrast, the ambient cured samples
exhibited smooth, compact, and soft microstructure with low void content which could be responsible
for their superior strength at 28 days, as shown in Figure 26b.

Figure 26. SEM analysis. (a) Temperature cured sample; (b) ambient temperature cured samples [134].

Aliabdo et al. [2] also did not recommend heat curing for alkali-activated slag concrete because
the formation of C-S-H is affected by an increase of temperature as the rise in dry curing temperature
leads to more water evaporation. Likewise, Memon et al. [50] investigated that with an increase
in curing temperature of 10 °C from 60 °C to 70 °C, the compressive strength of SCGC increases,
but beyond 70 °C, the strength decreases. Unlikely, it was found that for FA-based geopolymer concrete
curing temperature accelerates the polymerization and significantly affects the mechanical strength
as presented in Figure 27 [162,164,165]. This might be due to different composition of fly ash and
slag aluminosilicates.
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Figure 27. Effect of curing age and curing temperature on compressive strength of FA-based GPC,
modified from [165], Academic journals, 2010.

5.3. Activator to Binder Ratio (A/B)

The activator to binder ratio is inversely related to strength parameters. The compressive strength
of GGBFS-based GPC diminishes with increase in alkaline solution to slag ratio [2]. Ishwarya et al. [134]
studied the rheology and strength characteristics of fly ash/slag geopolymer pastes and concluded that
the compressive strength of fly ash-based GPC decreased with the increase of activator to binder ratio.
At lower activator to binder ratio, the mix was not workable, resulting from insufficient wetting of
particles, while at a higher ratio, the hydroxylation of particles of fly ash was affected due to less Al
and Si species in the aqueous phase, that in turn, resulted in lower compressive strength. This trend
is shown in Figure 28. Xie et al. [166] studied the behavior of FA and bottom ash-based GPC. It was
found that better workability can be maintained with greater FA/ bottom ash and liquid/binder ratios.
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Figure 28. Relation between activator to binder (A/B) ratio and compressive strength at 2:1 fly ash/slag
ratio, modified from [134], Elsevier, 2019.

The flow charts presented in Figures 29-31 are proposed which summarize the properties to be
considered while determining the notable factors such as molarity, curing temperature, curing time,
silicate to hydroxide ratio, and activator to binder ratio. Fresh properties of GPC significantly depend
silica to alumina ratio, activator content and its molarity. However, curing temperature affects
the hardened properties, strength development, and crack generation. Moreover, each influential
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parameter effecting the GPC properties are presented in Table 9 with its advantages and disadvantages.

The pros and cons of each influential parameter are highlighted that help in determining the different
ratios in the mix design of GPC.

SILICA TO ALUMINA RATIO SILICATES TO HYDROXIDE RATIO
» Workability "
> Porosity "

» Water Absorption !

F

Sorptivity

FRESH ——— HARDENED

Figure 29. Fresh and hardened properties considered while determining the ratios of GPC.
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Figure 30. Fresh and hardened properties considered while determining activator to binder content

and molarity.
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Figure 31. Fresh and hardened properties considered while determining curing conditions.
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Table 9. Pros and cons of different parameters considered for GPC.

Parameters Advantage Disadvantage Remarks
Most crucial parameter in preparing GPC
mixture. In mix design, it is important to
. . . determine the optimum amount of
Increase in molarity increase the Higher molarity of activator can cause activator molarity for effective strength
Activator Molarity the shrinkage cracks and affects the

compressive and tensile strength.

strength and durability properties

development. Moreover, the type of
activator and its different molarities used
impacts differently on the microstructural
properties of GPC.

Increase in activator/binder ratio

Activator/binder ratio results in workable mixture of GPC

Higher content of activator/binder ratio
decreases the compressive strength

The optimum amount of activator/binder
ratio in any GPC mixture depends on the
type of precursor and activator used.

Increase in silicate/hydroxide

content provides a workable GPC
mixture along with an increase in
compressive and tensile strength.

Silicate/hydroxide ratio

-Increase in Silicate/hydroxide ratio
greater than 1 will result in porous
microstructure [167] and effect
compressive strength and durability,

The optimum amount of
silicate/hydroxide ratio in GPC mixture
depends on the type of precursor used.
The precursor containing higher amount
of silica and alumina requires less amount

of silicate/hydroxide ratio while
preparing GPC mixture and vice versa.

Important parameter considered for
high strength GPC. Higher the
.. . . silica/alumina ratio, higher will be
Silica/Alumina ratio the strength development due to B
increase in Si-O-Si bonds and

decrease in Si-O-Al bonds [168].

Higher curing temperature results
in greater early age strength
development

The silica/alumina ratio in GPC mixture
depends on precursor type and activator
composition and content.

Curing temperature used for GPC
depends on the composition of precursor
and reactants in geopolymeric process.

Greater curing temperature also results

Curing temperature in lower later age strength

6. Geopolymer OPC Concrete

When aluminosilicates partially replace the cement, the water firstly reacts with aluminosilicate;
however, further reaction stops due to the formation of the protective film coating of Ca+ ions. This film
breaks if a high pH value is supplied by hydrated cement products, i.e., Ca(OH),. The aluminosilicate
due to its pozzolanic property then forms secondary CSH by reacting with Ca(OH),. Hence,
three reaction components—hydration of cement, hydration of aluminosilicate, and the pozzolanic
reaction of aluminosilicate—are formed when aluminosilicate is partially replaced with cement in the
geopolymerization process [2].

Mehta and Siddique [111], studied the effect of GPC containing OPC as a partial replacement of
fly ash. They reported that GPC, with the inclusion of OPC, showed improved compressive strength
when compared to fly ash-based GPC. The addition of OPC in GPC densified the microstructure of
geopolymer paste due to the presence of hydration and poly-condensation products. Hence, it is
deduced that the porosity, water absorption, sorptivity, and chloride penetration of GPC improved
when compared to GPC not containing OPC [9,111]. The improved microstructure of GPC with
or without OPC can be seen in SEM (Figure 32). Figure 32b showed a more compact and dense
microstructure when compared to Figure 32a [9].

Figure 32. SEM images of GPC [9]. (a) Without OPC; (b) with OPC.
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In addition, the setting time and workability of GPC are also affected by the addition of OPC.
Nath et al. [53] investigated the setting time of GPC, which has been significantly reduced with
5% inclusion of OPC of total binder along with a slight reduction in workability. Consequently,
the microstructure has been improved with higher compressive strength at 28 days due to the presence
of a substantial portion of calcium-rich aluminosilicate gel. The effect of the OPC content on the setting
time and compressive strength of geopolymer OPC concrete is shown in Figure 33.
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Figure 33. Effect on (a) setting time with addition of OPC; (b) compressive strength with addition of
OPC, modified from [53], Elsevier, 2015.

Pangdaeng et al. [169] found that the properties of high calcium FA-based geopolymer have been
improved by OPC usage. The increase in early and later age strength resulted due to the presence
of both CSH and C-AS-H gel in the geopolymeric structure [169,170]. Nath et al. [53] studied the
effect of FA-based GPC with 10% and 50% OPC replacement. With the help of SEM, they concluded
that the GPC with 50% replacement exhibited more enrichment of C-AS-H, as compared to GPC
with 10% OPC replacement, along with few partially reacted or unreacted FA and OPC particles.
Hence, it is concluded that GPC containing OPC as partial replacement exhibits better mechanical and
microstructural properties due to the presence of C-AS-H gel in geopolymeric reaction.

7. Reinforced GPC

The reinforced GPC is an important structural component to be studied and analyzed for
its use in the construction industry. Different experimental investigations determined that the
reinforced GPC, when compared to reinforced OPC concrete, possesses better mechanical and durable
properties [7,171,172]. In reinforced GPC, the mechanical and structural properties depend significantly
on the bond strength between the concrete and reinforcement because it is an essential property in the
design of structural elements. From previous studies [172,173], it was found that the determination
of bond strength of reinforced GPC mainly depends on factors like concrete strength, bar diameter,
cover/bar diameter ratio, splice length, embedded length, and steel fiber reinforcement. Furthermore,
other characteristics like type of binder, activator/binder ratio, silicate/hydroxide ratio, water/binder
ratio, molarity and concentration of activator, and the curing conditions are considered for determining
the bond strength [174-176]. Castel and Foster [174] reported that GPC possesses better performance
than OPC concrete, with a 10% rise in bond strength of GPC. It was concluded that the bond strength
of FA-based GPC depends on the bar type (smooth or ribbed) and curing conditions (time and
temperature). Chang et al. [177] compared bond strength of reinforced GPC beams with ACI 318-02
and AS 3600 codes. It was reported that the experimental values of ratios are comparable with modeled
values. Chang et al. [177] proposed the best fit experimental values of bond strength from Equations (7)
and (8) proposed by Mo et al. [178].

0 = £ [2.07 + 0.2 X (/) + 4.15 X (9/1g)] @)
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0=212x (f) %° (8)

where,

o = bond strength of GPC,

f. = compressive strength of GPC,

C = concrete cover,

@ = bar diameter,

14 = developmental length.

The research trend of reinforced GPC has been practically applied to structural elements like
beams, columns, slabs, and walls. Several researchers [179,180] have found that reinforced GPC beams
showed similar mechanical performance when compared to reinforced OPC concrete. It has also been
reported that there is no disadvantageous effect of using reinforced GPC as the structural member in the
construction industry [173]. The performance of reinforced GPC beam is considerably enhanced by the
incorporation of steel fibers [181]. Chang et al. [177] analyzed the performance of bonding of lap-splices
and shear behavior of GPC. It was found that the techniques used to predict the shear behavior of
conventional OPC concrete can be applied to reinforced GPC. Furthermore, the code provisions and
different analytical models applied for calculation and prediction of normal OPC concrete can be sued
for reinforced GPC beams. Likewise, the code provisions of AS 3600 for determining the flexural
behavior of OPC beams could be used for GPC beams [179]. Nonetheless, more research efforts are
required to develop more desirable, realistic, and cost-effective design codes [172]. It has been reported
that the load deflection, crack patterns, crack width, flexural stiffness, ultimate load, and failure mode
of the reinforced GPC beams are similar to the OPC concrete beams [182,183]. Dattatreya et al. [182]
reported that the total number of flexural cracks and their developed spacing was found the same
for both types of beams. Likewise, the ultimate load and mid-span deflection of both reinforced GPC
and OPC concrete was reported. It was found that the mechanical properties of reinforced GPC are
comparable with that of OPC concrete [184]. In contrast, Yost et al. [185] reported brittle failure of GPC
during the crushing test when compared to OPC concrete. In addition, when reinforced GPC beam was
subjected to corrosive sodium chloride solution, it exhibited more flexural degradation than normal
concrete [186]. When GPC is used in columns; its behavior depends on the eccentricity of loads, ratios of
reinforcement, additional steel fibers, and compressive strength along with bond strength. Sumajouw
et al. [187] found that the loading capacity of reinforced GPC columns increased when the eccentricity
of loading was reduced. In addition, with high reinforcement ratio and concrete strength and lower
load eccentricity, the reinforced GPC columns exhibit brittle failure. Similarly, while increasing strength
and longitudinal reinforcement and decreasing load eccentricity, the loading capacity of the column
increased [179]. However, to further improve the ductility and load-carrying capacity of reinforced
GPC columns, the use of steel fibers and confinement was recommended [188,189]. In addition to
beams and columns, the structural member includes reinforced structure GPC slab panels. Rajendran
and Soundarapandian [190] performed flexural test on GPC and reinforced concrete slabs. It was
found that GPC reinforced slab has a higher ultimate load, yield load, and cracking load with more
micro-cracks and deflection when compared to the normal reinforced concrete. However, the number
of cracks in the GPC slab were more, but their average crack width and spacing were less than
conventional concrete, which might be due to improved microstructure of GPC.

In addition to the beams, columns, and slabs, one of the most important structural members to be
considered are GPC wall panels. It was found from previous researches [173,191] that GPC walls when
compared to normal OPC walls, exhibit more deflection and softening behavior under axial loading.
Thus, it behaved more in a ductile manner. This ductility was due to the presence of a higher amount
of finer aluminosilicate particles in the GPC mix [191]. This study also proposed equation 9 for finding
the ultimate strength of GPC walls.

Py, = 0.585 [foLt + (fy — £o) Asc] [1 + (/40 1) — (h/30 2] [1 — (h/18 L] )
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where,
Py = ultimate load,
L= length of wall,
t = thickness of wall,
ty = steel reinforcement strength,
Agc = steel reinforcement area,
H = height of wall.

8. Application of GPC and Geopolymer Concrete Mortar (GCM)

GPCis gaining acceptance in actual field applications like precast members, bridge deck, boat ramp,
retaining walls, road construction, and other structural members. In the year 2013, GPC was practically
used for the first time in the multi-storey construction of a building as the precast GPC beams at the
University of Queensland’s global change institute [192]. Furthermore, a comparison of OC and GPC
is provided in Table 10. It can be found easily that GPC can be used as replacement of OPC concrete.
Figure 34 shows the application of GPC in prefabricated bridges. In addition, geopolymer material
is gaining application in the form of a protective layer of concrete structures and road surfaces for
long-lasting applications [193].

GPC is most commonly known for durable and acid-resistant applications; therefore, it is most
suitable for marine structures. GPC durability is due to its resistance to freeze-thaw cycles, sulphate and
chloride attack, fire, heat, and efflorescence [194]. For anti-corrosion and durable property of GPC in
marine structures, the microstructure and chemical composition play an important role, which in turn,
are mainly influenced by curing conditions, alkali solutions, and addition of superplasticizers [195,196].
Further, the GPC provides efficient and sustainable construction of marine structures due to the
stability of amorphous aluminosilicate gel in GPC [197]. This stable structure leads to a dense
and compact microstructure of GPC that prevent penetration and other chemical attacks of sea
water on structures [198]. Likewise, Fan et al. [199] reported that GPM containing metakaolin as an
aluminosilicate efficiently performs when exposed to different aggressive environments. Furthermore,
the performance of GPC in the case of water-based structures is more effective against sulphate attack
than any other acid attack [200].

GPC and GPM have also been used for repair and retrofitting applications because it prevents
deterioration of reinforcement in structural members by sea water and de-icing compounds [201].
The geopolymer mix has been used as a bonding fiber material for structural members like bridges and
newly constructed buildings in Japan [202]. Further, it is used in seismic prone and hurricane areas
to strengthen the structures and prevent them from damage. [203]. It has been found that the repair
resistance of GPC is more when compared to cement and other commercial repair materials [204].
Several researchers [205,206] have reported that the abrasion resistance of GPC can be significantly
improved by the addition of steel slag.

GPC is the best alternative option for OPC concrete because it promotes sustainable development
and provides a cleaner environment by utilizing industrial and agricultural waste and through
immobilization of heavy metallic materials [207,208]. For example, GPC has been proposed as an
excellent immobilization material for poisonous heavy metals [209]. This property of GPC is due to the
complex and dense microstructure and low permeability property [7]. In the complex microstructure
of GPC, the heavy metals can be utilized chemically by accumulated anions present in the matrix in
order to balance the charge. Further, these heavy metals can be mobilized physically by their contact
with voids and pores of the matrix of GPC [210]. However, it was reported that the metakaolin- and
kaolin-based GPCs do not possess the immobilization property of heavy metals due to the presence of
excessive leaching [211].
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Table 10. Comparison between OPC concrete and GPC.

Properties OPC Concrete GPC Remarks
Generally GPC has faster rate of setting than ordinary concrete
Setting time Slower Faster but the setting time also depends on factors like aluminosilicate
source and activators
Compressive strength of GPC depends on number on factors
. . such as aluminosilicate source, precursor reactivity, activator
Compressive Strength Lower Higher type and curing conditions. Further, early age strength of GPC
is greater than normal concrete
Tensile strength usually higher than OPC concrete. Moreover,
. . tensile strength of GPC exhibits similar behavior to compressive
Tensile Strength Lower Higher strength and depends on the same factors on which compressive
strength depends
Water Absorption Slightly lower Moderate Water absorption depends on internal pore structure of GPC
Shrinkage Lower Moderate Shrm'k‘age cracks in GPC mainly depends on the curing
condition.
Porosity Lower Moderate Porosity depends on internal geopolymeric structure of GPC.
Acid Attack Lower resistance Higher resistance GPC have higher durability in terms of acid attacks than OPC

concrete due to the presence of alumino-silicate products

Freeze and thaw cycling

More susceptible

Less susceptible

GPC have higher physical and chemical resistance against
aggressive environment

GPC has higher durability than OPC concrete because of the

Durability Lower Higher chemical alumina and silicate products
. . . . . GPC can withstand heat without age degradation when
Fire Resistance Limited Typically higher compared to OPC concrete
. . . Usually have higher insulation but depends on type of
Insulating property Limited Higher precursor and activator along with curing conditions
CO2 Emission High Low GPC has lower global warming potential than ordinary concrete
Age Degradation High Low During heating OPC concrete has extreme age degradation and

carbonation when compared to GPC

Figure 34. Application of GPC. (a) Prefabricated bridge, (b) deck bridge [192].

GPC can also be used in cooling systems. For example, the aluminosilicates generated from

industrial and agricultural wastes in GPC employ in the applications of the evaporative cooling
systems. The compressive strength of these geopolymers was not high as compared to other GPC,
but was within the acceptable range for evaporative cooling applications [212].

Finally, GPC has been found to be efficient fire-resistant material when compared to conventional
concrete. The fly ash-based GPC exhibits stability when exposed to elevated temperatures [213].
Likewise, it was reported that GPC increased its strength when exposed to elevated temperatures
and hence has a superior fire resistance than conventional concrete that loses approximately all of its
strength when exposed to the temperature of 800 °C [214,215].
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9. Recent Advances in GPC

GPC is gaining acceptance in the construction industry because of its better mechanical properties
and eco-efficiency than normal concrete. Due to its eminent performance, researchers are performing
and analyzing different experimentations and techniques to promote the sustainable development.
However, recently researchers are focusing on some new advances in GPC like 3D printing using GPC,
nanomaterial-based GPC, self-compacting GPC, life cycle assessment (LCA), and GWP calculations.
Some of the topical developments are discussed below.

9.1. GWP Calculation and Assessment

GWP is the best tool to assess the global warming impact of different gases. Generally, it allows
the comparison of emission of any gas with CO, emission over a specified time interval. These days,
GWP of GPC is a hot topic as it justifies that GPC has less potential to produce global warming than
ordinary concrete. It has been reported by Intergovernmental Panel on Climate Change (IPCC) that
GPCs containing different binders have substantially less impact of global warming production than
OPC concrete [216]. Salas et al. [217] found that the GWP can reduced up to 64% when compared
to ordinary concrete due to the environmental sustainable use of NaOH obtained from local solar
salt. In Colombia, life cycle assessment (LCA) of natural volcanic pozzolan with 30% slag-based
GPC was studied [218]. It was concluded that GPC has 44.7% GWP less than ordinary concrete
with the same compressive strength. Ng et al. [219] evaluated the effect of GPC on global warming
production and durability characteristics by using practical applications of bridge and retaining wall.
The structures made with GPC and reactive powder concrete exhibit less GWP along with more
durability characteristics and design life when compared to structures made with OPC concrete.
Although GPC has less impact on global warming, it also has some other environmental impacts such
as fresh water ecotoxicity, marine toxicity, abiotic depletion, and eutrophication. These impacts, in turn,
are influenced by the type of binder and activator selection.

Researchers [217,220] made comparison between different binders to assess which aluminosilicate
has environmental impact. The environmental impact depends on the internal chemical composition
of binder and is influenced by the amount of silicate. For example, the binder that requires high
amount of sodium silicate has higher impact of GWP [216,221]. Heath et al. [216] found that FA and
GGBFS has lower CO, production and GWP than MK as MK requires more amount of silicates as
an activator. However, Abbas et al. [221] reported that GPC having 30% MK as a binder has high
mechanical strength along with low GWP compared to ordinary concrete. The comparison of binders
of GPC along with OPC concrete with respect to environmental impact is presented in Figure 35.



Appl. Sci. 2020, 10, 7838 40 of 56

10000% - - O - - Fly ash based geopolymers
—&— GBFS based geopolymers
- —&— MK based geopolymers
] E —»— Blended cement
g 2
£ S 1000%
o O
&
£0
g
=
£ -
28 100%
=g
=
10%
& i o : A I & &
o e}O p Q\‘\} ¥ é\o \g’\\‘\ \o\"ﬂ S \\.\ -l,..\o\ﬁ 3 Ib\\o s fa-s\o p \\0
Sl S AP S = P
B . Qog & ‘§" Kc < \o ,3\ "b@ \?0
& Y@ S ¢ & ©® &
> o > 5 & P
® & & & & S &
\6°b o & <8 ‘QO\
© -

Figure 35. Comparison of different GPC containing different binders and OPC concrete [220].

The calculation of GWP of different types of GPC depends on the various types of techniques
and methods involved in different studies. Louise et al. [222] studied the CO, emission of GPC
by considering all the activities involved in production of GPC from raw material selection to
manufacturing including transportation and other energy procedures. It was revealed that GPC has
only 9% of CO, emission less than ordinary concrete. The steps involved in the calculation of CO,
emission of GPC and alkaline activator are presented in Figures 36 and 37, respectively.
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Hence, it is concluded that the GPC containing any binder has less impact on global warming
production than ordinary concrete. However, there exist some other environmental impacts of GPC
like marine ecotoxicity, abiotic depletion, eutrophication, or acidification, as presented in Figure 38,
which should be considered.
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Figure 38. Comparison of GPC and OPC concrete with respect to environmental impacts [220].

9.2. 3D Printing Using Geopolymer

3D printing is gaining wide applications in different fields like aerospace, automotive
manufacturing, and in the construction industry due to its sustainable development. In the construction
industry, 3D printing is considered environment friendly due to designing freedom, automation,
less waste generation, reduced raw material consumption [223], and labor cost, while GPC reduces
carbon footprints as discussed earlier. Combining both the sustainable solutions is an innovative idea
for construction industry and can help in environmental management and technology development.

Different studies were conducted by researchers to determine the fresh and hardened properties
and mix design proportions of different types of geopolymers in 3D applications. The fresh properties
of geopolymer containing FA, slag, and silica fume as a binder were investigated and the effect of
activator percentage and water/binder ratios were assessed [224]. The study revealed that the better
mechanical properties with compressive strength of 50MPa at 21 days achieved at water/solid ratio of
0.33 along with 8% activator percentage. Likewise, the effect of addition of different superplasticizers
on mechanical, rheological, and microstructural properties of GPC were assessed under ambient
curing condition [225]. It was reported that with inclusion of slag in FA-based GPC improved the
microstructure and early age strength without significant improvement in rheology. However, addition
of silica fume improved both yield stress and viscosity of GPC that was due to its particle shape and
surface area.

Hence, changing activator or aluminosilicate type and content or effect of addition of
superplasticizer, etc.,, can influence the GPC mixture designs due to presence of unique
geopolymerization reactions involved. Further, the selection of appropriate 3D printing technique
is crucial step in concrete printing technology. For different field or lab scale applications, different
types of 3D printers are available with their advantages and limitation and selection of any printable
technology depends on application and usage.
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9.3. Graphene-Based GPC

Geopolymers are not only environmental ecofriendly but also improve mechanical properties
when compared to other binding materials [135,226,227]. GPC containing binders like FA or GGBFS
exhibit better mechanical and microstructural properties due to their chemical composition. However,
some of the binders such as clay minerals or other agricultural wastes have not much influenced the
mechanical properties of GPC due to their porous microstructure. Moreover, this porous microstructure
can cause brittleness, shrinkage, and cracking that in turn effects the structural properties. Therefore,
some mineral admixtures or external agents are added to improve their microstructural, mechanical,
and durability properties. One of the modifiers to improve the properties of GPC is graphene.

Graphene, derived from graphite, is a single layer carbon atom in a two dimensional
honeycomb structure [228]. It has excellent mechanical, optical, electrical, catalytical, and biological
properties [229-231]. In structural applications, a graphene-based product called graphene oxide is most
commonly used nanomaterial that greatly influence the microstructural properties of cement-based
material. The incorporation of this nanomaterial make the microstructure dense, reduces nano-cracks,
brittleness that directly impacts the durability properties of GPC [232]. Zhu et al. [233] found that
inclusion of graphene oxide in slag-based GPC performed better in terms of mechanical properties
with 20% increases in flexural strength. The optimum percentage of graphene oxide was found to be
0.01% by weight of slag. Ranjbar et al. [234] investigated the effect of inclusion of graphene nanoflake
on FA-based GPC and found that with the addition of 1% graphene nanoflake, both the compressive
and flexural strength increased by 2.16 and 1.44 times, respectively. However, it was found that the
additional amount of graphene and NaOH content in GPC reduces the bending strength as presented
in Figures 39 and 40, respectively [235]. Hence, it is important to determine the optimum amount of
graphene in GPC in order to achieve desirable properties.
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Figure 39. Effect of NaOH on bending strength [235].
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Figure 40. Effect of graphene amount on bending strength [235].

The addition of graphene oxide in geopolymers for the application of 3D printing is popular
amongst scientific community. However, with inclusion of graphene, there exists some negative
impacts on properties of geopolymers such as reduction in fluidity and workability of GPC.
Lui et al. [232] stated that these properties can be improved by the addition of superplasticizers
or silica fume. It was concluded that with inclusion of graphene oxide in GPC, the durability,
rheological, and mechanical properties were improved making it possible for geopolymers to be used
in 3D printing applications [236].

10. Conclusions and Recommendations

This review article covered the detailed discussion of GPC based on past research and investigations.
The main conclusions are as follows:

e  GPC canbe recognized as an eco-friendly construction material with better mechanical and durable
properties. It is considered to be an appropriate replacement of OPC concrete, which would be
possible with an efficient supply of agricultural and industrial waste products.

e Researchers assessed the performance of common aluminosilicates like FA, GGBFS, PFOA,
MK, HCWA, silica fume, and RHA or their combinations. However, most of the research was
carried out on FA-based geopolymer mortar and concrete since it gave the better mechanical
properties compared to other aluminosilicates-based geopolymers due to better physical and
chemical characteristics. The most widely used activators in GPC are NaOH and Na;SiO3 or their
combination. Several factors such as the concentration, amount, molarity, and reactivity play a vital
role in the development of the geopolymerization reaction. In order to achieve better mechanical
and durability properties, it is essential to find the optimum activator dosage in the geopolymer
blend. Moreover, it was found that the soluble silicates exhibit a fast geopolymerization reaction
compared to activators containing hydroxides.

e  GPC mechanical, durable, and microstructural properties are further dependent on mix design
proportion. While determining the mix design, all factors that are responsible to develop better
mechanical properties should be considered like activator to binder ratio, silicates to hydroxide
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ratio, binder content, activator concentration and molarity, aggregate type and grading, dosage of
superplasticizer, water to binder and binder to sand ratio.

e Inclusion of OPC in GPC creates both geopolymerization and C-S-H products that make a compact
and dense microstructure. Hence, compressive strength, durability, and microstructural behavior
improved along with the reduction in shrinkage, porosity, and water absorption.

e Previous investigations were carried out to evaluate the mechanical properties and
durability characteristics based on different factors like NaOH/Na,SiO3 ratio, NaOH/slag
ratio, activator/binder ratio, the combination of different activators, curing conditions,
curing temperature, curing duration, elevated temperature, molarity of activators, different binders
ratio, aggregate type, the addition of nanoparticles, reinforcement ratio, and effect of adding
different additives, nanoparticles, recycled aggregate, and steel fibers to find their optimum ratios
and amounts.

e Recent advances in GPC such as 3D printing and fiber-based GPC require further in-depth
investigations. GWP calculation and LCA techniques provide the way to analyze the sustainable
growths. However, further investigations based on different types of aluminosilicates and
activators are required.

e Experimental investigations are recommended on standard mix design procedure,
newly compatible aluminosilicates and activators, microstructure, brittle behavior, efflorescence
and shrinkage phenomenon, cost-effectiveness, practicality of easily handled and field-applicable
strength compatible GPC to be used in the construction industry.
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