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Abstract

Manufacturing of ordinary Portland cement is an energy intensive process that emits harmful greenhouse gases in the atmosphere
which pollutes the environment. With the surge in infrastructural activities across the world consumption of the concrete is also
expected to increase thereby increasing the OPC production. On the other hand, under-utilization of fly ash from thermal power
plants compare to its generation has created environmental and disposal problem. Utilization of fly ash based geopolymer
concrete in place of Portland cement concrete presents a suitable remedy to the environmental and land disposal problems.
Also, geopolymer concrete have less carbon footprint compared to Portland cement concrete. This paper presents a comprehen-
sive review of composition, mix design methods, production process, curing regimes, benefits, limitation, and applications of fly
ash based geopolymer concrete. It reports most notable research findings on properties of fresh and hardened state geopolymer
concrete over past decade. Lastly, it determines key factors to be considered for selecting appropriate curing regime for achieving
required performance of concrete. Compilation of such extensive volume of information may provide a valuable
insight for future research.

Keywords Geopolymer concrete - Alkali activated binders - Fly ash - Sustainable construction material - Supplementary
cementitious material

1 Introduction obtained from coal-based thermal power plants. According to
the survey in 2016, the worldwide production of coal combus-

Concrete is the world’s second most consumed material after  tion products (CCP) or coal ash was about 1.2 billion tons [3].

water [1]. Ordinary Portland cement (OPC) is conventionally
utilized as binding material for producing cement concrete.
Manufacturing of OPC is an energy-intensive process that
emits harmful greenhouse gases (such as carbon dioxide) in
the atmosphere thereby polluting the environment. According
to literature, cement manufacturing plants are responsible for
approximately 7 % of the world’s carbon dioxide emissions
[1, 2]. With the surge in infrastructural activities around the
world, cement demand is likely to increase and so its produc-
tion. On the other side fly ash is a traditionally waste material
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In India, fly ash production was about 226.13 million tons in
the year 2019-20 and it is predicted to be around 300—
400 million tons by the year 2025 [4—7]. Problems associated
with fly ash include menace to the environment and require-
ment of huge land for its disposal. So, to decrease the negative
impact of greenhouse gas emission out of OPC and resolve
troublesome fly ash disposal issues it is imperative to find a
suitable green alternative in terms of Geopolymer concrete
(GPC). Geopolymer concrete or alkali-activated concrete has
shown the potential to be an appropriate alternative to the
cement concrete as it partially or fully utilizes fly ash (in place
of cement) as binder material along with alkaline activator
solution and aggregates for its production [8—10]. GPC not
only addresses the environmental pollution from the cement
manufacturing process but also utilizes fly ash a waste product
obtained from coal-based thermal power plants [11-13]. This
paper aims to carry out a comprehensive review of the devel-
opment of geopolymer concrete. It covers the composition,
mix design, production process, curing regimes, properties,
benefits, limitations, and applications of geopolymer concrete.
It reports notable research findings on properties of
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geopolymer concrete of past decade and key factors that are to
be considered for selecting appropriate curing regime based
on the performance requirement. It also suggests future re-
search directions.

2 Geopolymer Concrete Composition

GPC primarily consists of binder paste, aggregates (both fine
and coarse), and admixtures as shown in Fig. 1. For fly ash-
based, GPC binder paste is made from fly ash and alkaline
activators [14-16]. Fly ash is a waste product obtained from
coal-based power plants. It is collected in electrostatic precip-
itators and transferred to silos [17]. As per American Society
for Testing and Materials, ASTM C 618, fly ash is classified
as Class ‘C’ and Class ‘F’ depending upon sum of total sili-
con, aluminum, and iron (Sio, + Al,O5; + Fe,03) content in
the ash. The sum lies between 50 and 70 % in Class ‘C’ fly
ash whereas for Class ‘F’ types fly ash it is more than 70 %.
Class ‘C’ fly ash is recommended for use in soil stabilizations
and circumstances where early strength is required because of
high calcium content i.e. more than 15 %. Class ‘F’ is mostly
utilized in places where higher early strength is required and
also recommended in situations where the concrete requires
high acid resistance [ 18, 19]. Alkaline activators are the chem-
ical solutions that are used along with fly ash to generate
binder paste. Generally, in geopolymer concrete, sodium-
based solutions such as sodium silicate (SS) and sodium hy-
droxide (SH) are utilized in place of potassium-based solu-
tions owing to its less price and easy availability in the market
(in liquid and pellets form) [20]. The optimum alkaline acti-
vator ratio i.e., sodium silicate (SS) to sodium hydroxide (SH)
ratio may be kept between 2 and 2.5 at constant molarity of
SH to obtain maximum compressive strength of concrete as
per past literature. With the increase in the molarity of SH,
strength of the concrete increases [21, 22]. In geopolymer
concrete, aggregates occupy 70-80 % of volume like
Portland cement concrete [23]. Careful selection of aggregate
type and total aggregate to fine aggregate ratio may enhance

Fig. 1 Composition of
geopolymer concrete (GPC)

Binder (Fly ash)
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strength, elasticity modulus, and Poisson’s ratio. Overall, op-
timal surface area and interfacial bonding between
geopolymer concrete constituents provide higher strength
concrete [23-25]. Admixtures are materials (Chemical) which
are added in fresh concrete to improve its characteristics like
durability, early setting, workability, strength etc. [26]. As per
literature, addition of superplasticizer typically in the range of
0.6-2.0 % by weight of binder enhances workability of con-
crete without affecting its strength characteristics. Addition of
superplasticizer, beyond 2 % may lead to strength degradation
of geopolymer concrete. However, the influence of
superplasticizer on strength of GPC depends on the type of
superplasticizer and activator. For instance, in case of fly ash-
based GPC polycarboxylates type superplasticizers are pre-
ferred which helps in improving workability without affecting
compressive strength [27, 28].

3 Mix Design

It’s a process of determining relative proportions of ingredi-
ents to produce concrete of desired strength economically.
Composition of GPC have a notable influence on its numer-
ous aspects such as strength, durability, workability etc. GPC
consists of one or more industrial waste materials (such as
ground granulated blast furnace slag (GGBS), fly ash, etc.),
alkaline activators (such as sodium hydroxide (SH), and sodi-
um silicates (SS)), aggregates and chemical admixtures. Many
variables such as raw materials (inconsistent), alkali activa-
tors, curing regimes employed in GPC production, results in
intricate mix design [29-32]. Therefore, properties of mate-
rials should be taken into account before designing concrete
mixture.

3.1 Mix Design Parameters
Several researchers have taken design parameters very similar

to plain cement concrete (PCC) owing to their similarity. In
some conditions GPC mix design is considered as sub section
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of plain cement concrete mix design [32, 33]. For PCC the
compressive strength is governed by water-binder (cement)
ratio which can be measure by compression testing machine,
workability by water content which can be determined by
slump test also the gradation of aggregates i.e. fine to total
aggregate ratio has significant impact on workability.
Though, PCC mix design methods accepted and employed
worldwide cannot be smoothly replicated in GPC. The impor-
tant parameters influencing GPC properties are water to solid
ratio, alkaline liquid - binder ratio, quantity of alkalis, curing
regime and molar ratio of Sio, to Na,O in sodium silicate [2,
34-39]. The contribution of these parameters towards the
strength of GPC is not completely known. However, it is
widely recognized that increase in water to solids ratio nega-
tively affects the GPC strength and increase workability, high
molar ratio of Sio, to Na,O in sodium silicate enhances the
strength but at the same time increases the cost of production
and increase in curing temperature and period improves the
GPC strength [35, 40]. It is a very challenging task to develop
the comprehensive mix design for GPC because of many var-
iables involved. The above parameters (but not limited to) can
be considered for GPC mixture proportioning. Due to wide
variations in raw materials and activators (alkaline) the iden-
tical mix design may result in different workability and
strength [40, 41].

3.2 Mix Design Methods

Ukraine published the first mix design standard (RSN 336 —
84) slag based GPC in 1984 [42]. Mix design methods in the
starting were mostly based on trial and error. Since then more
literature has been reported in the past decade on mix design
methods. Rangan devised a mix design method for fly ash
based GPC. In this method the density of the fresh concrete
mix was assumed 2400 kg/m>. While assuming the density the
author didn’t considered air content and effect of specific
gravity of different ingredients. The presence of different ma-
terials with varying specific gravity may have significant in-
fluence on the GPC density [43]. Anuradha et al. suggested a
design procedure for fly ash based GPC in accordance with
Indian standard. As per the target strength, fly ash (binder) and
alkaline solution to binder ratio (AS/B) were determined at the
same time fine aggregate to total aggregate (FA/TA) ratio was
fixed as per sand gradation [44]. Ferdous et al. further en-
hanced the design method for fly ash based GPC considering
air content, specific gravity of materials, workability, and re-
quired strength. The main concern in this design was the al-
kaline to binder ratio [45, 46]. Pavithra et al. developed the
mix design by fixing the activator content and provided much
needed flexibility in design mixtures on the required activator
content and strength. The method also considered the specific
gravities of ingredients and aggregate content was investigat-
ed by combined grading curve [47]. Li et al. suggested the

guideline for mix design of slag based GPC for 40 MPa,
60 MPa and 80 MPa strength, recommending appropriate set-
ting time and workability. The authors employed mix design
method based on the approach of high performance concrete
and the concept of Taguchi methods, excess paste thickness
theory and close packing [48]. Bondar et al. adopted a perfor-
mance based method for GPC mix proportioning rather than
normal water-binder based mix proportioning method. For
determining the suitability of the concrete the authors exposed
the concrete to the chlorides for ascertaining chloride diffu-
sion, examined the influence of water-binder (W/B) ratio and
binder content on the slump and strength [49]. Bellum et al.
developed the mix design where the authors followed the
standard method of mixture proportioning. In this method
the density of fresh slag based GPC mix was assumed
2400 kg/m® and corrected unit weight of coarse and fine ag-
gregate were utilized [50]. Recently, Rao et al. successfully
developed ANN prediction models (statistical model method)
for 20 MPa, 40 MPa and 60 MPa grade of geopolymer and
conventional concrete with varying proportion of recycled
aggregates and effectively correlated it with experimental re-
sults with minimum errors [51]. Longos et al. employed RSM
technique to obtain optimal proportions of nickel laterite
mine waste (50.1 %), activator to precursor ratio (0.428)
and sodium hydroxide (SH) to sodium silicate (SS) ratio
(0.52) to produce goepolymeric material of desired com-
pressive strength [52]. In addition to these, some mix
(modified) design methods based on prevailing methods
were reported. So according to the literature the mix
design methods can broadly be categorized in three
groups: target strength based method, performance based
method and statistical (factorial) model method. A sum-
mary of different mixture design methods with observa-
tions is presented in Table 1.

3.2.1 Target Strength Method

The main targets in this method of mixture proportioning are
strength and workability. Content determination of different
ingredients such as raw materials or binder, activators, aggre-
gates and water are based on these targets. In plain cement
concrete mix design method workability and compressive
strength can be regulated by binder content and water cement
ratio [49, 53, 64]. On the other hand, in GPC type, amount and
concentration of alkaline activator can be considered. The
target strength method includes following steps: (1) alkaline
to binder ratio selection as per required compressive
strength, (2) determine binder content as per require-
ment, (3) determine quantities of total aggregates, (4)
determine fine aggregates to total aggregates ratio as per
workability requirement, (5) add admixture (chemical) as per
workability requirement, (6) to meet the required performance
adjust mixture proportion.
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Table 1  Summary of GPC mix design methods

Author

Year

Mix Design Method

Observation

Rangan [43]

Anuradha et al. [44]

Ferdous et al. [46]
Pavithra et al. [47]
Lietal. [29]
Bondar et al. [49]
Bellum et al. [50]
Bondar et al. [53]

Turkmen et al. [54]

Hadi et al. [55]

Mehta et al. [56]

Li et al. [48]

Zain and Abd [57]

Lokuge et al. [58]

Hadi et al. [59]

Dao et al. [60]

Ling et al. [61]

Rao et al. [S1]
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2008

2012

2015

2016

2018

2019

2019

2018

2008

2017

2017

2018

2009

2018

2019

2019

2019

2020

Target Strength Method

Performance Method

Taguchi Method

Multivariate regression model

Attificial Intelligence Approaches

While assuming densities, air content and specific gravities
of various constituents were not considered.

In accordance with Indian standard (IS 10,262—2009) with
some minor modification to accommodate different grades
of GPC.

Enhanced the design method for GPC by considering specific
gravities of ingredients with focus on alkaline to binder ratio.

Devised mix design method by fixing activator content
with respect to target strength.

Employed concept of Taguchi method, excess paste thickness
theory and close packing of aggregates to obtain required strength.

Proposed mix design method based on packing fraction of
fine and coarse aggregates with different paste contents.

Considered corrected specific gravities of coarse and fine
aggregate in mix design.

In a bid to produce performance based GPC, author considered
chloride ion diffusion and water binder ratio in mix design.

Determined optimum conditions (parameters i.e., 10% Silica
Fume, 5% Blast furnace slag, 0.3 water binder ratio and
120 days curing period in lime water) to obtain most durable
concrete mixture.

Optimum parameters were obtained as Binder content — 450 kg/m”,
0.35 AS/B ratio, 2.5 SS to SH ratio and 14 M sodium hydroxide
concentration for GPC mix and attained maximum compressive
strength of 60.4 MPa, at 7 Day.

Optimum parameters were obtained as OPC content —20%, 15 M
sodium hydroxide concentration and 70°C curing temperature
for GPC mix and attained maximum compressive strength
of 64.4 MPa at 7 day.

Optimum parameters were obtained as Na,O/Binder ratio — 6 %,
water/binder ratio — 0.45 for GPC mix and attained maximum
compressive strength of 60 MPa at 28 day.

A statistical relationship between different variables (Cement,
Water, Silica fume, fly ash, coarse aggregate, and fine aggregate)
of GPC mixture was developed to attain compressive strength
of high performance concrete.

A statistical relationship between different variables (SH
concentration, water-binder ratio, AS/B ratio, and SS to SH ratio)
of GPC mixture was developed to attain compressive strength
using multivariable adaptive regression analysis.

A statistical relationship between different variables (water-binder
ratio, AS/B ratio, SS to SH ratio, and sodium silicate content) of
GPC mixture was developed to attain compressive strength using
multivariable polynomial regression model.

An ANN model was developed for prediction of compressive strength
of geopolymer concrete with sodium silicate solution, sodium
hydroxide, fly ash and water as input parameters and compressive
strength as output.

An ANN model was established based on the set of mix design
parameters data for predicting key properties (geopolymerization
heat, compressive strength and setting time) of high calcium fly ash
based geopolymer concrete. The ANN modelling method found to
be suitable for analyzing impact of different design parameters
on key properties of fly ash based geopolymer.

ANN prediction models for 20 MPa, 40 MPa and 60 MPa grade
of geopolymer and conventional concrete with varying proportion of
recycled aggregates (10%, 20%, 30%, 40% and 50 %) was
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Table 1 (continued)

Author Year Mix Design Method

Observation

Gao et al. [62] 2016 Response Surface Method

Zahid et al. [63] 2018

Longos et al. [52] 2020

developed and prediction were
effectively correlated with experimental results with
minimum errors.

RSM technique used in optimizing liquid to solid ratio and amount
of alkali activator for achieving early compressive strength
of alkali activated slag-based concrete.

RSM technique used for obtaining optimal proportions of NaOH
molarity concentration, ratio of NaOH and Na,Sioj; ratio and
curing temperature for getting expected responses (flexural strength,
flexural toughness, elastic modulus, compressive strength, setting
time, first crack strength and ductility index) for engineered
geopolymer composite.

Employed RSM technique to get optimal proportions of nickel-laterite
mine waste activator to precursor ratio and sodium hydroxide to
sodium silicate ratio to produce goepolymeric material of
desired compressive strength.

3.2.2 Performance Based Method

A performance based method was proposed to achieve great
precision in producing GPC rather than following the tradi-
tional approach of mix design accepted by market. Bondar
et al. investigated chloride ion diffusion of slag-based GPC.
The authors observed that molar ratio of Na,O and Sio, and
Na,O% affected the chloride diffusion coefficients. Also, mo-
lar ratio of Na,O and Sio, and water binder ratio are important
parameters for mix design of GPC [53].

3.2.3 Statistical Model Method

The statistical model method is based on the correlation be-
tween different critical parameters such as amount of binder
(or precursors), alkaline concentration and amount, water to
binder (W/B) ratio, fine aggregate to total aggregate ratio (FA/
TA) etc. affecting the properties of fresh and hardened GPC.
Suitable values for individual parameter are obtained to deter-
mine appropriate mix proportion.

3.2.4 Taguchi Method

Taguchi methods uses a set of orthogonal arrays to investigate
several variables with as less experiments as possible which
renders it more effective than traditional methods [54]. Hadi
et al. employed Taguchi method and obtained optimum binder
content (450 kg/m™, alkaline to binder ratio (0.35), SS to SH
ratio (2.5) and SH concentration (14 M) for maximum com-
pressive strength (at 7 days) of 60.4 MPa at ambient curing
conditions [55]. Mehta et al. used Taguchi method to obtain
optimum values of ordinary Portland cement content (20 %),
sodium hydroxide concentration (15 M) and curing tempera-
ture (70°C) and achieved maximum compressive strength of

64.4 MPa (at 7 days) with lowest water absorption of 3.04 %
[56]. Taguchi methods has many advantages such as saving of
time and cost, performance of fewer experiments and good
results. However, the limitation of this method is that it does
not provide results beyond the mentioned factors and levels.
Therefore, Li et al. carried out additional experiments to ob-
tain relationship between important parameters and perfor-
mance of GPC beyond chosen levels [48].

3.2.5 Multivariate Regression Model Method

Multivariate regression model has been used in many studies to
predict the properties of Portland cement concrete [65, 57].
Hadi et al. suggested multivariable polynomial regression mod-
el to speculate the workability, initial setting time, and com-
pressive strength of GPC based on limited number of experi-
ments. The model studied four factors i.e., alkaline solution to
binder (AS/B) ratio, slag content, SS to SH ratio and water-
binder (W/B) ratio [59]. Lokuge et al. suggested a mixture
proportioning method for fly ash based GPC utilizing multivar-
iable adaptive regression splines model. Extensive data were
collected from past literature and examined to obtain optimum
value of AS/B ratio, SS to SH ratio, water-binder (W/B) ratio
and sodium hydroxide concentration. After obtaining the opti-
mum values a concrete was prepared which provided compres-
sive strength of 30-55 MPa [58]. Multivariate regression
models provide time efficiency for the fly ash GPC based con-
crete with necessary compressive strength.

3.2.6 Artificial Intelligence (Al) Approach
Arttificial intelligence (Al) approach (for e.g., artificial neural

networks) for the mix design of concrete has been used by
researchers in the past and over the time became popular
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because of its prediction ability (of mechanical properties of
concrete) [60]. Many researchers in the past decade utilized
same approach for predicting mechanical strength of GPC.
For instance, Ling et al. established artificial neural networks
(ANN) models based on set of mix design parameters data for
predicting key properties of high calcium fly ash based
geopolymer concrete. The authors were successfully able to
establish strong correlation between experimental measure-
ments and ANN model predictions based on test results of
72,273 and 36 geopolymer mixes for geopolymerization heat,
compressive strength and setting time, respectively. The ANN
modelling method found to be suitable for analyzing impact of
different design parameters on key properties of fly ash based
geopolymer [61]. Rao et al. developed ANN prediction
models for different grades (20 MPa, 40 MPa and 60 MPa)
of geopolymer and conventional concrete with varying pro-
portions (10 %, 20 %, 30 %, 40 % and 50 %) of recycled ag-
gregates. The authors conducted experimental analysis on dif-
ferent grades of geopolymer and conventional concrete. The
results gathered from experimental analysis then taken as
training data for generating prediction data by employing
ANN prediction model. The prediction data showed good
results with minimum error. The results are in conformance
with previous reported literature [51]. Overall, ANN modeling
method has been successful in providing desired predictions
for fly ash based geopolymer concrete. This method requires
substantial amount of data for good prediction.

3.2.7 Response Surface Method

Response surface method (RSM) is widely accepted tech-
nique for designing and analyzing of experiments in a system-
atic manner. RSM is used for modeling and optimizing exper-
imental outputs for Portland cement-based concrete. The tech-
nique helps in decreasing the design time and improves the
reliability and performance of existing process and product
[66]. Cihan et al. successfully utilized RSM to establish a
model (statistical) taking six distinct variables as input and
strength (compressive) as output [67]. Aldahdooh et al. suc-
cessfully used RSM technique to optimize utilization of silica
fume and Portland cement to produce ultra-high performance
fiber reinforced concrete [68]. Mohammed et al. utilized RSM
technique to model and optimize a particular type of self-
compacting polyvinyl alcohol (PVA) fiber reinforced com-
posite. The authors investigated the effect of fiber volume
fraction and nano silica on the elastic modulus, compressive
strength and energy absorption of concrete and suggested op-
timal quantity [69]. Overall, RSM technique has been success-
fully employed in the modeling and optimization of Portland
cement concrete, however, its use in field of geopolymer con-
crete is still new. Gao et al. employed RSM technique in
optimizing liquid to solid ratio and amount of alkali activator
for achieving early compressive strength of alkali activated

@ Springer

slag-based concrete [62]. Zahid et al. utilized RSM technique
to obtain optimal proportions of NaOH molarity concentra-
tion, ratio of NaOH and Na,Sio; ratio and curing temperature
for getting expected responses (flexural strength, flexural
toughness, elastic modulus, compressive strength, setting
time, first crack strength and ductility index) for engineered
geopolymer composite. The authors successfully obtained the
optimal proportions with desirability close to 1 and validated
the proportions with experimental results [63]. Longos et al.
employed RSM technique to obtain optimal proportions of
nickle laterite mine waste (50.1 %), activator to precursor ratio
(0.428) and Sodium hydroxide to sodium silicate ratio (0.52)
to produce goepolymeric material. The authors successfully
obtained the desired compressive strength (36.3 MPa) of
geopolymeric material [52]. Overall, the RSM technique is
useful in optimizing the input parameters for obtaining desired
responses for fly ash based geopolymer concrete.

Statistical modelling methods are able to ascertain the ef-
fect of important parameters on GPC. However, the demon-
strating the relationship between key factors or parameters and
concrete properties requires substantial database.

4 Production Process

To get a fine mix, alkaline solutions must be prepared one day
in advance before casting. Diffusion of sodium hydroxide
(NaOH) in water triggers an exothermic reaction which gen-
erates huge amount of heat which overall helps in polymeri-
zation process [70, 71]. Majority of researchers have adopted
conventional mixing technique (of plain cement concrete) for
GPC production as shown in Fig. 2. First of all, raw material
or binder along with aggregates are dry mixed to get uniform
color for about 3 to 5 min. Thereafter, alkaline solution along
with admixture is added to the dry mixture and mixing con-
tinued for another 3 to 5 min until uniform mix slurry is ob-
tained [24]. However, large scale production of GPC depends
upon the binder material, mixture condition (speed of rotation)
and setting time of the mixture. Class ‘F’ fly ash takes more
time to set as compared to Class ‘C’ fly ash. Therefore, mixing
time is not uniform for all batches and type of GPC. Lastly, the
obtained mix is casted in the desired shape.

5 Curing Regimes

There are broadly three methods which are utilized in curing of
GPC i.e. Oven (heat) curing, Steam Curing and Ambient curing.

5.1 Oven (heat) Curing

In oven curing regime the GPC is cured at desired temperature
and period in order to gain strength. Vijai et al. reported that
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heat curing helps GPC develop early strength. The authors
achieved greater strength of GPC cured at 60°C for 24 h
[72]. Adam and Horianto suggested that curing period and
temperature plays very important role in hardening of GPC
[73]. Patil et al. cured GPC samples at ambient curing condi-
tions and oven (heat) curing conditions. The authors observed
that oven (heat) cured samples showed better compressive
strength over ambient cured samples [74]. Venkateswar Rao
et al. made fly ash based GPC and cured it in oven. The
authors observed rapid strength development in early stage
but no significant increase in strength after 28 days [75].

5.2 Steam Curing

Limited number of studies has been conducted in this domain,
Karunanithi and Anandan employed steam and hot air curing
regimes for curing GPC samples. The authors reported that
steam cured samples showed better compressive strength over
hot air cured samples [76]. Srinivasan and Sivakumar en-
dorsed steam curing and low binder-aggregate ratio for creat-
ing GPC. The authors observed surge in mechanical proper-
ties of GPC [77]. Yewale et al. obtained optimum value of
steam curing which is 80°C. The authors also concluded that
elevated temperature helps in developing early strength in
GPC [78]. Azarsa and Gupta created GPC by mixing equal
proportion of fly ash and bottom ash and subjected it to steam
curing (accelerated, 24 h) at 30°C, 60°C, and 80°C. The au-
thors achieved highest compressive strength at 80°C after 28
days [79].

5.3 Ambient Curing

Ambient curing means the concrete sample cured at ambient
conditions. Vijai et al. noticed that rate of setting of
geopolymer paste is slow at ambient temperature. The authors
also reported that after 28 days of ambient temperature curing
and heat curing, GPC samples achieved lesser compressive
strength at ambient condition compared to heat curing i.e.

Fig. 2 Production of geopolymer
concrete (GPC)

Aluminosilicate
source

Binder
(Fly ash)

about 20 MPa and 33 MPa respectively [72]. Kumaravel S
produced 40 MPa grade of GPC cured at ambient environ-
ment. The author reported better strength (compressive) as
compared to the cement concrete of similar grade [80]. Rao
and Venu made GPC composite (20 % GGBS and 80 % Fly
ash) and employed ambient curing method. The authors re-
ported low strength development in early phase up to 7 days,
in-between 7 and 28 days the strength development was no-
table which kept on increasing up to 90 days. Rao and Venu
developed GPC of desired strength with the help of ambient
curing regime [81].

5.4 Microwave Radiation Curing

Microwave technique of curing provide fast and uniform
heating which helps in promoting dissolution and polycon-
densation of the precursor and resulting in development of
early strength in the concrete. Chindaprasit et al. produced
fly ash based geopolymer mortar and subjected it to different
curing methods combination such as, oven heat curing (for
24 h at 65°C), oven heat curing (for 24 h at 65°C) + micro-
wave curing (for 5 min at 90 W), microwave curing (for 5 min
at 90 W) then oven heat curing (for 12 h at 65°C) and room
temperature curing). The authors observed higher compres-
sive strength (42.5 MPa) with microwave curing (for 5 min
at 90 W) then oven heat curing (for 12 h at 65°C) combination
out of all curing methods combinations [82]. Hong and Kim
developed coal bottom ash based geopolymer concrete which
was first pre-cured at 75°C for 24 h and then cured at different
microwave irradiation power (200, 400, 600, 800, and 1000
watts) and time (in ranging from 1 min to 20 min). The authors
observed increase (3 times approximately) in compressive
strength of geopolymer concrete compared to control concrete
(cured at 75°C for 24 h) with increase in microwave irradia-
tion until samples reach their critical moisture content (4—
6 %), after that compressive strength of concrete decreases.
The increase in compressive strength attributed to evaporation
of redundant free water from concrete matrix and the decrease

Alkaline Solution
(Na;Sio; + NaOH)

Aggregate (Fine
+ Coarse)

Geopolymer
Concrete
Samples

Superplasticizer
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in the strength is attributed to the thermal stress induced from
over-evaporation of water from concrete matrix [83].
Kastiukas et al. developed fly ash (both regulated and unreg-
ulated) and GGBS based geopolymer concrete and subjected
them to oven heat curing (60, 80 and 120 degrees) for 7- and
24-hours durations and microwave curing (with 350, 540 and
750 Watts) for 5 min duration. The authors observed early
strength gain in case of microwave oven curing method com-
pared to oven heat curing method (on all durations) for both
fly ash and GGBS based geopolymer concrete. The reason for
attaining early strength is attributed to uniform and fast
heating process enabling faster production of binder gel
[84]. Optimization of power and time is crucial in achieving
better results in microwave curing method compared to other
curing methods (oven heat and steam) which is also men-
tioned in previous reported literature [82—84].

Overall oven (heat) curing, steam curing and microwave
curing methods are employed where early strength gain is
required i.e., precast application whereas, ambient curing
method is mostly employed where there is no requirement of
early strength and where heat/steam curing is not feasible. A
summary of the different curing regimes for GPC has been
presented in Table 2.

6 Properties of GPC

Properties of GPC concrete in wet and dry state are compared
in this section as observed by various researchers.

6.1 Fresh Concrete
6.1.1 Workability

Workability is the ease with which a freshly produced con-
crete can be transported, placed and compacted to a dense
mass. The freshly produced GPC possess stiff consistency
and glossy appearance. Hardijito et al. reported that the work-
ability of GPC can be enhanced by adding 2 % of naphthalene
based superplasticizer by weight of binder [85]. Addition of
naphthalene sulphonated based superplasticizer (up to 4 % by
weight of binder) enhanced the workability of GPC. However,
slight reduction in compressive strength is observed at higher
doses beyond 2 % [86]. Memon et al. prepared self-
compacting GPC and observed increase in workability with
increase in superplasticizer dosage as shown in Fig. 3a. As per
EFNARC (2002), “Specification and Guidelines for Self-
Compacting Concrete” the maximum and minimum work-
ability of self-compacting concrete should be 650 mm and
800 mm [87]. The consistency of the GPC depends up on
the sodium hydroxide and sodium silicate ratio by mass and
maximum flow value can be acquired in the rage of 95-
145mm [9]. Memon et al. observed increase in workability
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with increase in extra water content (by weight of binder).
Further, Sanni and Khadiranaikar concluded that increase in
concentration (Molarity) of sodium hydroxide in GPC in-
creases strength but decreases workability due to reduction
in water and water to geopolymer solids (W/GS) ratio [88].
Joseph and Mathew reported that for a given alkali solution to
the binder (fly ash) ratio if W/GS ratio increases workability
increases which can be observed from Fig. 3b. Further, in-
crease in AS/B ratio results in increase in workability [23].
Nath and Sarker reported increase in workability by increasing
alkaline liquid (without adding extra water) from 35 to 45 %
and decrease in workability with increase in SS to SH ratio for
a given AS/B ratio in the GPC mixture. The authors obtained
200mm of slump value [89]. Deb et al. reported decrease in
workability with increase in ground granulated blast furnace
slag (GGBFS) percentage and decrease in AS/B ratio [90].
Yasir and Iftekar concluded that workability increases with
the increase in alkaline solution to fly ash ratio and observed
stiffness if the ratio (alkaline to fly ash) falls below 0.3 as
shown in Fig. 4a. which are in line with the studies conducted
by Joseph and Mathew and Nath and Sarker [91]. Singhal
et al. studied workability of fly ash based GPC with alccofines
and observed that for a given AS/B ratio and SS to SH ratio
workability decreases with increase in SH concentration (in
molarity) which can be observed from Fig. 4b. which in agree-
ment with Sanni and Khadiranaikar [92]. Gomaa et al. utilized
class C fly ash with varying calcium content (21-37 %) calci-
um for making GPC and obtained highest workability (slump
value =200mm) at 0.34 water to fly ash ratio. Further, the
authors reported that fineness of fly ash also plays important
role in the workability of GPC (refer Fig. 5.) which was also
reported in past studies [93, 94]. Overall, superplasticizers
(SP), water to geopolymer solids ratio (W/GS), sodium sili-
cate to sodium hydroxide (SS to SH) ratio, alkaline solution/
liquid to binder (AS/B) ratio, sodium hydroxide (NaOH) con-
centration (in molarity, M) are important parameters which
affects the workability of freshly prepared fly ash based
GPC. For instance, surge in consistency is observed with ad-
dition of optimum quantity of superplasticizers, increasing
water content (water to binder ratio), and increase in alkaline
activator solution, whereas increase in NaOH concentration
(in molarity), decrease in alkaline to binder ratio (from opti-
mum value), and increase in Sodium Silicate to Sodium hy-
droxide ratio for a given AS/B ratio results in loss of consis-
tency in GPC [85-92]. The freshly prepared GPC is stiffer
compared to PCC. However, the higher slump value (230—
270 mm) of the GPC is quite attainable with the help of selec-
tion of optimum values of parameters.

6.1.2 Density

Density is an estimation of mass (of matter) occupied in the
volume or space. Hardjito and Rangan noted that density of
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GPC with granite coarse aggregates lies in the range of 2330
to 2430 kg/m’ [95]. Olivia and Nikraz obtained the density of
GPC in the range of 2248-2294 kg/m® [96]. Shetty et al. ob-
tained wet and dry GPC densities of about 2350 kg/m® and
2270 kg/m® respectively [97]. Nath and Sarker reported den-
sity of GPC mix about 2420 kg/m® [89]. Abdullah et al. pro-
duced lightweight fly ash based GPC using foaming agent and
obtained average density of 1650 kg/m® (cured in ambient

conditions) and 1667 kg/m® (heat cured). The authors attrib-
uted higher density of GPC (cured at elevated conditions) to
lower water absorption and porosity [98]. Omar et al. pro-
duced lightweight aggregate geopolymer concrete using river
sand as fine aggregates and expanded clay as coarse aggre-
gates and obtained density of 1438.7 kg/m3 [99]. Khalil et al.
manufactured light weight GPC by replacing natural sand
with artificial light weight sand in varying proportions (25,

Table 2 Summary of different curing regimes for GPC

Author Year Type of Curing  Curing Temperature and Compressive Observation
Regime Time (°C and hours) Strength (MPa)
Heat 65 and 24 32.7

Chindaprasirt et al. [82] 2013 Heat+Microwave (65 and 24) + (90 W for 5 min) 32.4 The authors observed higher compressive
strength in microwave curing followed
by oven heat curing combination over
other curing/ curing combinations regimes.

Microwave+Heat (90 W for 5 min) + (65 and 12) 42.5
Heat 60 and 24 24.50 (at 12 days)

Kumaravel [80] 2014 Steam 60 and 24 19.34 (at 12 days) Highest compressive strength of fly ash
based GPC (M20 grade) is observed in
heat curing regime.

Ambient 30-40°C 18.25 (at 12 days)

Vijai et al. [72] 2010 Heat 60 and 24 33.22 (at 28 days) Higher compressive strength in heat
curing regime is obtained. In this study
authors have taken 5 days of rest period.

Ambient 25-30°C 17.69 (at 28 days)
Karunanithi and 2014 Heat 100 and 6 29.2 (at 28 days) Higher compressive strength in steam
Anandan [76] curing regime as compared to heat
curing regime is obtained.
Steam 75 and 6 29.3 (at 28 days)
Heat 80 and 24 40 (at 7 day)

Yewale et al. [78] 2016 Steam 80 and 18 25 (at 7 day) The authors achieved target strength
through heat curing regime as compared
to steam and ambient. The authors also
observed increase in strength increases
rate of strength development in GPC.

Ambient 25-35°C 10 (at 7 day)

Hong and Kim [83] 2019 Microwave At 200 (Watts) for 1215 min 70 Greater compressive strength in microwave
curing method is observed compared to
heat and ambient curing methods.

Azarsa and Gupta [79] 2020 Heat 80 and 24 23 (at 28 days) Higher compressive strength in steam curing
regime as compared to heat curing regime
at 30, 45, 60 and 80°C is obtained.

Steam 80 and 24 35 (at 28 days)
Heat 60 and 24 35

80 and 24 355

120 and 24 37

Kastiukas et al. [84] 2020 Microwave 350 (Watts) for S min 42 The authors obtained better compressive
strength with microwave curing method
compared to oven heat curing method
for GGBS based geopolymer concrete.

540 (Watts) for 5 min 28
750 (Watts) for 5 min 38
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50, 75 and 100 %). The authors obtained density (fresh con-
crete) in the range of 1860 kg/m’ and 1725 kg/m® and dry
density (after heat curing) in the range of 1780 kg/m’ to
1640 kg/m® [100]. Top et al. manufactured light weight
GPC with expanded perlite and acidic pumice as coarse ag-
gregates. The authors obtained density in the range of
1250 kg/m*® and 1700 kg/m® [101].

6.2 Hardened Concrete
6.2.1 Compressive Strength

Compressive strength is the ability of a material to resist com-
pression forces. Hardijito et al. concluded that curing temper-
ature, curing period, SS to SH ratio and water content were the
important parameters which influence the compressive
strength of GPC. The authors achieved the target strength at
60°C after 24 h of curing. Further, compressive strength in-
creased with the surge in curing temperature and curing period
up to 48 h beyond which the gain in strength was insignificant.
Heat cured GPC gain compressive strength faster than ambi-
ent cured GPC because of faster rate of geopolymeric reac-
tions which produces more binder gel [85]. Leung and
Pheerapha concluded that heat curing led to the elimination
of water from freshly prepared GPC which resulted in dense
microstructure [102]. Palomo et al. noticed that the prolonged
curing at higher temperature may lead to the collapse of struc-
ture (granular) resulting in excessive loss of moisture from
concrete and shrinkage [103]. Ahmed et al. observed that at
constant temperature compressive strength increased with in-
crease in curing period up to 48 h beyond which the gain was
not significant (as shown in Fig. 6.) this is in line with the
previous studies [104]. Joseph and Mathew reported that in-
crease in curing temperature yields higher compressive
strength up to 100°C thereafter it starts decreasing as shown
in Fig. 7. Also, by selecting appropriate curing period and
temperature early compressive strength of the GPC can be
attained i.e., 96.4 % of 28-day strength can be attained in 7
days with 100°C curing for 24 h. Increase in the alkali solution
to fly ash ratio up to 0.55 and SS to SH ratio up to 2.5 results in
surge in compressive strength thereafter it slumps. The surge
can be due to increase in SS content and decrease may be due
to unavailability of SS at higher ratios. Further, increase in
total percentage of aggregate (TA) (by volume) results in in-
crease in compressive strength and fine aggregate to total ag-
gregate ratio (FA/TA) plays an instrumental role in develop-
ment of compressive strength in GPC (as depicted in
Fig. 8a, b). GPC made with alkali solution to fly ash ratio
0.55, 10 M SH solution, SS to SH ratio 2.5, fine to total
aggregate ratio 0.35, 70 % of total volume occupied by aggre-
gates and cured at 100°C attained compressive strength of
52 MPa after 28 days. As the molarity of SH increases com-
pressive strength increases and loss in compressive strength
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occurs when for a given alkaline solution to fly ash ratio tem-
perature exceeds from 100°C which can be observed from
Fig. 7 [23, 103]. Shetty et al. obtained 46 MPa of strength
from G40 grade of GPC after 28 days of open air curing
compare to control mix (PCC) which showed 53 MPa [97].
Duxson et al. and Sagoe-Crentsil and Weng reported that so-
dium hydroxide solution concentration has constructive influ-
ence on condensation, hydrolysis and dissolution reactions
during geopolymerization. However, increase in the concen-
tration above the optimum value discourage the condensation
of silicates. Optimum ratio of SS and SH is proposed to be 2.5
below or beyond which strength gets affected this is in con-
formity with previous studies [91, 105-107]. It is also ob-
served that rest period up to 5 days before the heat curing,
increased SH molarity, increased SS to SH ratio enhanced
compressive strength. GPC strength gets negatively affected
with the increase in W/GS ratio (by mass) which is consistent
with studies previously reported. Fly ash based GPC possess
better resistance to acid, sulphate, creep, and drying shrinkage.
Hou et al. reported that increase in modulus of sodium silicate
up 1.4 increases the compressive strength beyond which com-
pressive strength drops because of decrease in sodium silicate
breakdown. Further, the authors obtained maximum compres-
sive strength at 32 % sodium silicate concentration beyond
this concentration the compressive strength decreases [108].
Hardijito and Rangan observed surge in modulus of elasticity
with the surge in compressive strength fly ash based GPC and
Poisson ratio to be in the range of 0.12—0.16. Also, the behav-
iour and failure mode of the fly ash based GPC was quite
similar to PCC and failure strain (maximum) remain in the
range of 0.0024-0.0026 [95]. Water content plays similar role
in GPC and PCC, increase in water content of GPC results in
increase in workability and decrease in compressive strength.
Further, the aggregate shape and grading has quite similar
impact on the compressive strength of GPC just like PCC
which is in agreement with studies conducted by Joseph and
Mathew [96]. Panias et al. observed that reduction in water
content in GPC system leads to increase alkaline activators
which accelerates the geopolmeric reactions and which results
in quick gain of strength. When aggregate to solids ratio raised
from 3.5 to 4.7 the compressive strength slumped from 48.06
to 25.44 MPa [109]. Fernandez-Jimenez and Palomo noticed
that the optimum amount of aggregate, fly ash and reduction
of water content were the important factors which helps in
enhancing the compressive strength [110]. Jaydeep and
Chakravarthy reported that GPC sample with heat curing
shows higher strength than sunlight curing. Also, appropriate
selection of FA/TA content and TA content for GPC may
provide equivalent or better modulus of elasticity and
Poisson ratio than PCC which is in agreement with Joseph
and Mathew studies [111]. Chindaprasit et al. investigated
compressive strength and setting time of high calcium fly
ash based GP mortar under ambient cured condition by
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Fig. 3 a Slump value with
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incorporating three different calcium rich materials (calcium
hydroxide ordinary Portland cement and calcium oxide). The
authors reported increase in compressive when calcium hy-
droxide and ordinary Portland cement were added and de-
crease in compressive strength when calcium oxide is added.
It was concluded that 5-15 % calcium hydroxide and 15 %
Portland cement were suitable for repair material [112]. Nath
and Sarker produced GPC by adding Portland cement,
GGBFS and hydrated lime and cured in ambient curing con-
ditions. The authors reported that flexural strength of the pre-
pared GPC samples improved compared to control mix made
with ordinary Portland cement. However, the modulus of elas-
ticity of the samples found to be lower than the control mix
samples. The authors observed that compressive strength of
GPC reduced beyond the 14 M of SH solution because of
variation in phase composition at interface (aggregates and
bulk matrix). Also, the compressive strength increases signif-
icantly with age [89, 90]. Vijai et al. reported that age of GPC
has significant effect on the compressive strength of GPC this
is in conformity with the previous reported literature. The
authors reported significant increase in compressive strength
(for both ambient and heat curing methods) between 7 days to
28 days. As depicted in Fig. 9 [72]., Patil et al. reported that
compressive strength increases with increase in age of GPC
which is consistent with previous reported literature [33, 73,
95]. Nagalia et al. investigated impact of curing environment,
fly ash types and concentration of alkali hydroxide on micro-
structure and strength of GPC. The authors reported that great-
er concentration of calcium oxide in fly ash (utilized for GPC
production) yields higher GPC strength. Also, out of different
alkali hydroxides (sodium, potassium, barium and lithium)
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utilized for GPC production sodium hydroxide was the only
one resulted in higher compressive strength. Also, greater cal-
cium content, longer curing period, higher temperature results
in higher compressive strength [113]. Deb et al. produced
GPC (80 % Fly ash and 20 % GGBFS) with 0.4 alkaline to
binder ratio and cured conditions at 20°C, obtained compres-
sive strength (maximum) of 51 MPa. The authors observed
increase in compressive strength with age upto 28 days then
the increase was insignificant which is consistent with previ-
ous studies [90]. Singhal et al. studied compressive strength of
Fly ash based GPC with alccofines (10 %) and reported in-
crease in compressive strength (obtained 37.5 MPa at 28 days,
12 M NaOH) with increase in fly ash content and molarity of
sodium hydroxide [92]. Van and Trinh investigated fly ash
based GPC with replacement of natural coarse and fine aggre-
gates with slag aggregates. The authors obtained compressive
strength in the rage of 34.8 to 44.85 MPa [114]. Hardjasaputra
et al. reported maximum compressive strength of ambient
cured fly ash based GPC as 61 MPa after 28 days. The authors
observed increase in SH concentration as driving factor for
gain in strength [115]. Gomaa et al. used class C fly ash with
varying calcium content (21-37 %) for making GPC and ob-
tained highest compressive strength (41.2 MPa, at 21 % cal-
cium content) at 28 days. The authors observed faster gain in
compressive strength with heat curing at constant alkali con-
centration [94]. Overall, it shows that age, concentration of
alkali (in Molarity), curing temperature, curing period, sodium
silicate to sodium hydroxide (SS to SH) ratio influence the
compressive strength of the GPC. Optimum values of above
parameters must be selected to obtain maximum compressive
strength.
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Fig. 5 Variation in slump value 205
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6.2.2 Splitting Tensile Strength

Splitting tensile strength is a method of determining tensile
strength of hardened concrete. Joseph and Mathew obtained
3.45 MPa strength after 28 days and concluded that splitting
tensile strength increases with increase in total aggregate in
percentage by volume (TA) at constant fine aggregate to total
aggregate in percentage by mass (FA/TA) ratio content in
GPC mix which can be seen in Fig. 10a [23]. Shetty et al.
obtained 2.97 MPa of strength from G40 grade of GPC after
28 days of open air curing compare to control mix which
showed 2.79 MPa [97]. Yasir and Iftekar reported 2.56 MPa
strength after 28 days for G20 grade of GPC [91]. Singhal
et al. studied splitting tensile strength of Fly ash based GPC
with alccofines (10 %) and reported increase in splitting ten-
sile strength (obtained 3.5 MPa at 28 days, 12 M NaOH) with
increase in fly ash content and molarity of sodium hydroxide
[92]. Ganesh and Muthukannan studied the impact of adding
glass & polypropylene fibers (various proportions i.e., 0&1,
0.25&0.75, 0.5&0.5, 0.75&0.25, and 1&0) on mechanical
properties of GGBS based geopolymer concrete. The authors
observed increase in splitting tensile strength (achieved max-
imum of 5.5 MPa at 100 % glass & 0 % polypropylene fiber)
with increase in glass fiber proportion [116]. Moradikhou
et al. used polypropylene, 2-part hybrid polypropylene and
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4-part polyolefin fibers in various volume content (0.15, 0.2
and 0.25 %) to produce metakaolin based geopolymer con-
crete. The authors reported highest splitting tensile strength
(2.1 MPa for polypropylene, 2.3 MPa for 2-part hybrid poly-
propylene and 2.4 MPa for 4-part polyolefin) for all three
types of fibers at 0.2 % fiber content. At the same time addi-
tion of 4-part polyolefin fiber produced greatest splitting ten-
sile strength among all three fibers [117]. Gomaa et al. utilized
class C fly ash with varying calcium content (21-37 %) for
making GPC and obtained highest splitting tensile strength
(3.1 MPa, at 21 % calcium content) at 28 days [94]. In general,
sodium hydroxide concentration, total aggregate (in % by vol-
ume), curing temperature, curing period, SS to SH ratio, alka-
line solution to binder ratio, addition of fibers etc. influence
the splitting tensile strength. Figure 10b. shows splitting ten-
sile strength achieved in different studies.

6.2.3 Flexural Strength

Flexural strength of a material is its ability to resist distortion
under load. Joseph and Mathew obtained 4.74 MPa strength
after 28 days and concluded that flexural strength increases
with increase in total aggregate content in GPC mix as shown
in Fig. 11a [23]. Shetty et al. obtained 3.97 MPa of strength
from G40 grade of GPC after 28 days of open air curing

Curing Temperature 70°C
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compare to control mix which showed 5.59 MPa [97]. Singhal
et al. studied flexural strength of Fly ash based GPC with
alccofines (10 %) and reported increase in flexural strength
(obtained 4 MPa at 28 days, 12 M NaOH) with increase in
fly ash content and molarity of sodium hydroxide. Further,
Stress-Strain behavior found to be like PCC [92]. Van and
Trinh investigated fly ash based GPC with slag aggregates
instead of natural coarse and fine aggregates. The authors
obtained flexural strength in the range of 4.5 to 5.9 MPa
[114]. Nematollahi et al. utilized glass fiber (by volume of
concrete) in varying proportions (0.5 %, 0.75 %, 1 % and
1.25 %) in fly ash based GPC and observed 12 %, 18 %,
10 % and 34 % increase (compare to GPC without glass fi-
bers) in flexural strength at 0.5 %, 0.75 %, 1 % and 1.25 %
glass fibers content (by volume of concrete). The authors
achieved highest flexural strength of 9.1 MPa at 1.25 % of
glass fiber content [118]. Hardjasaputra et al. reported maxi-
mum flexural strength of ambient cured fly ash based GPC to
be 8.2 MPa after 28 days [115]. Ganesh and Muthukannan
studied the impact of adding glass & polypropylene fibers
(various proportions i.e., 0&1, 0.25&0.75, 0.5& 0.5,
0.75&0.25, and 1&0) on mechanical properties of GGBS
based geopolymer concrete. The authors observed increase
in flexural strength (achieved maximum of 7.5 MPa at

Fig. 8 a Compressive strength
with total aggregate (TA).

b Compressive strength with fine
aggregate to total aggregate
(FA/TA) ratio
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100 % glass & 0 % polyproplene fiber) with increase in glass
fiber proportion [116]. Lach et al. used carbon fiber (1 m long
and Smm width) in geopolymer composite and obtained flex-
ural strength of 8.3 MPa which was 15.1 % higher than control
geopolymer composite (without fiber) [119]. Moradikhou
et al. used polypropylene, 2-part hybrid polypropylene and
4-part polyolefin fibers in various volume content (0.15, 0.2
and 0.25 %) to produce metakaolin based geopolymer con-
crete. The authors reported highest flexural strength
(4.1 MPa for polypropylene, 5.6 MPa for 2-part hybrid poly-
propylene and 5.8 MPa for 4-part polyolefin) for polypropyl-
ene fibers at 0.2 % fiber content (by volume) and for2-part
hybrid polypropylene and 4-part polyolefin at 0.15 % fiber
content. At the same time addition of 4-part polyolefin fiber
(by volume) produced greatest flexural strength among all
three fibers [117]. Gomaa et al. utilized class C fly ash with
varying calcium content (21-37 %) for making GPC and ob-
tained highest flexural strength (4.4 MPa, at 21 % calcium
content) at 28 days [94]. Overall, it has been widely reported
in the literature that majority of factors that affects compres-
sive strength also influence flexural strength. It has been also
reported that addition of fiber enhances the flexural strength of
GPC compared to GPC without fibers. Figure 11b. shows
flexural strength achieved in different studies.
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Fig. 10 a Splitting tensile
strength with total aggregate.
b Splitting tensile strength, MPa
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6.2.4 Durability

Durability is the ability of the material to remain serviceable
during the useful life without deterioration and unforeseen
maintenance. Sanni and Khadiranaikar reported no changes
in the shape and no visible cracks on the GPC samples when
immersed in 10 % sulphuric acid solution for over 45 days.
However, in the beginning white powder deposition was ob-
served later it hardened. Further, reduction in splitting tensile
strength of about 845 %, compressive strength of about 7—
23 9% and slight weight loss was noticed for all the grades of
concrete as shown in Fig. 12a and b. The authors also im-
mersed samples in magnesium sulphate solution for a period
of 45 days and observed loss in compressive strength (3—
12 %) and weight (7-30 %) and no major visible changes
except minute amount of white deposit as shown in Fig. 13a
and b [88]. Sukmak et al. investigated sulphate resistance of
silt clay-fly ash based GPC by immersing samples in 5 %
magnesium sulphate and 5 % sodium sulphate solutions by
weight for 240 days. The authors observed 21.6 % and
10.8 % loss in compressive strength (as shown in Fig. 14.)
due to immersion in magnesium sulphate and sodium sulphate
respectively after 30 days, smooth surfaces and no visible
cracks [120]. Yasir and Iftekar observed depletion in compres-
sive strength (20.2 MPa to 12.96 MPa) when high alkaline
liquid to fly ash ratio geopolymer concrete samples immersed
in 10 % sulphuric acid. GPC have better resistance to acid

Fig. 11 a Flexural strength with
total aggregate. b Flexural
strength, MPa
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attack compared to PCC because of low amount of calcium
[91]. Nguyen et al. investigated the effect of rest period,
curing time and curing temperature on the acid resistance
and compressive strength of the GPC with varying molar-
ities (1, 2, 4 M) of hydrochloric acid at 80°C for 10 h. The
authors observed GPC’s better acid resistance capability
compared to PCC owing to the sluggish endosmosis
[121]. Wallah and Rangan studied the behaviour of low
calcium fly ash based GPC (cured at 60°C for 24 h) subject
to varying sulphuric acid concentration (0.5, 1, 2 %) for a
year. The authors reported 3 % loss in mass compared to
OPC [122]. Olivia and Nikraz investigated the void content
and water permeability of GPC and found them to be in the
range of 8.2-13 % and 2.46 x 10~ ' to 4.67x 10 '" m/s.
GPC considered of average quality when permeability is
in the range of 10! to 10™'? m/s [96, 123]. Bhutta et al.
produced GPC with waste fuel ash along with control mix
with ordinary Portland cement (OPC) and subjected it to
5 % sodium sulphate solution for 1.5 years. The authors
concluded that GPC samples incurred 4 % loss of mass
compared to 20 % in case of OPC samples. Further, GPC
resistance to sulphate attack and water absorption is better
than OPC [124]. Overall, the deterioration of the concrete
depends upon the concentration of acid and its exposure
period. Deterioration in compressive strength of GPC is
observed when it is subjected to acid attack but was signif-
icantly less compared to OPC.
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Fig. 12 a Reduction in
compressive strength with
sulphuric acid exposure.

b Reduction in compressive
strength with magnesium
sulphate exposure
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6.2.5 Drying Shrinkage

Shrinkage is the reduction in the volume of concrete with
passing of time. It is different from creep as it is not dependent
on the external loads. Wallah observed very low drying
shrinkage strain in low calcium fly ash based GPC. The value
of micro strains at one year measurement is about 100 com-
pared to 500-800 micro strain in OPC. Further, micro strain
values of all test series of samples showed no noteworthy
difference [125]. Shetty et al. concluded during initial 30 days
GPC showed slightly higher drying shrinkage compared to
same grade of OPC [97]. Davidovits and Hardjito and
Rangan reported that the presence of water in the micro pores
of hardened GPC is very less and evaporates under heat cur-
ing. Hence, GPC exhibits low drying shrinkage under heat
curing regime [95, 126].

7 Benefits

GPC is an innovative and appropriate sustainable construction
material. GPC has gathered attention of engineers and re-
searchers because of its low carbon footprint and ecofriendly
production process. In addition to this GPC has many other
noteworthy benefits with regard to mechanical property and
economy compared to conventional cement concrete [26].
Benefits of GPC include:

a) GPC requires low maintenance cost due to better durabil-

ity [26].
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b) GPC production results up to 90 % cutting in carbon

dioxide emission as compared to OPC [127, 128].

¢) GPC can be utilized as lightweight concrete [17, 129].

d) GPC possess higher freeze and thaw resistance [129].

e) GPC shows low drying shrinkage property and is better
corrosion resistant against sulphide and sulphate [130,
131].

f) Provides better compressive strength over OPC

[132-134].

8 Limitations

Apart from the benefits there are some limitations of GPC
which include:

a) Despite low priced fly ash compared to Portland cement
the overall cost of the GPC is more than the Portland
cement concrete. This is mainly due to costly alkaline
solution which amounts to approximately 60 % of total
GPC cost [135, 136]. However, in large scale production
the cost of GPC may be comparable to OPC.

GPC is brittle and cracks at peak load similar to conven-
tional concrete. Addition of fibers can prevent the rapid
propagation of cracks and improve tensile strength along
with ductility [137, 138].

GPC develops early strength at elevated temperature cur-
ing and at ambient temperature it takes time to gain
strength. This limits its application to precast structures

b)
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only where elevated temperature curing is possible [26].
However, there is limited number of studies which con-
cluded that ambient cured GPC also develop strength
comparable to OPC [139].

d) Due to wide variations in raw materials and activators
(alkaline) the same mix design may result in different
workability and strength which may have a negative im-
pact on the quality of the GPC mix [31, 40].

9 Applications

GPC can be utilized from small scale to large scale construc-
tions projects. The application of GPC can be in both rein-
forced concrete construction and Plain concrete con-
struction. VicRoads or Roads Coorperation of Victoria,
Victoria, Australia utilized GPC first time in 2009 for
an in-situ construction of landscape retaining wall at a
bridge site. Thereafter GPC was used to build bicycle
path, kerb and channel. VicRoads also constructed GPC
based reinforced retaining wall at M80 Western ring
road and underground storm water drains where they
have used steel reinforced GPC pipes [138]. GPC ex-
hibit exceptional durability properties such as high re-
sistance to acid attack, alkali-silica reaction, fire, limited
sulphate attack, and low carbonation. GPC are most
suitable for precast concrete elements such as girders,
beams, wall panels, railways sleepers etc. as elevated
temperature curing in GPC provide early strength gain
compared to the ambient curing.

10 Conclusions

With the boom in infrastructural development activities
around the globe the consumption of concrete has increased,
which further rocketed the cement production. This has led to
more carbon dioxide emission into the atmosphere. At the
same time thermal power plants have been producing enor-
mous amount of fly ash which is not fully utilized. So, in
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present scenario development of geopolymer concrete as an
alternative to plain cement concrete can give us a sustainable
remedy. This can reduce the requirement of cement
thereby reducing the carbon dioxide emission and at
the same time increase the utilization of fly ash.
Geopolymer concrete (GPC) as an alternative sustain-
able material to Portland cement concrete has significant
benefits in terms of environment, mechanical strength
properties, resistance to aggressive environment, low
maintenance cost etc. However, it does have some lim-
itations such as costly compared to Portland cement
concrete, intricate mix design, variation in results due
to inconsistent quality of raw materials and ambiguity
in application of type of curing regime. The limitations
can be overcome by bringing down the cost through
mass production, by developing and adopting consistent
mix design guidelines, utilizing uniform quality of raw
materials and adopting type of curing appropriate to the
work undertaken. Also, based on observation and anal-
ysis of comprehensive literature review following con-
clusion may be drawn.

» Composition of fly ash based geopolymer concrete differs
from Portland cement concrete except aggregates and ad-
mixtures. In GPC, binder paste is made from fly ash and
alkaline activators solution whereas, in PCC binder paste
is made from cement and water.

* There are no globally accepted uniform guidelines for
mixture design of GPC compare to PCC. This may be
due to involvement of many variables such as raw mate-
rials, alkali activators, different curing regimes in GPC
production, which make mix design process intricate.

* Type of curing regime, concentration and quantity of al-
kaline solution, rest period, period of heat curing, and
water content impacts the performance of fly ash based
geopolymer concrete.

» Compressive strength of fly ash based geopolymer con-
crete increases with increase in curing temperature, sodi-
um silicate to sodium hydroxide solution ratio (up to 2.5
only) and alkaline solution concentration but decreases
with increase inn water-geopolymer solids ratio, alkaline
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solution to fly ash ratio and superplasticizer beyond 2 %
by weight of binder content. Further, increase in rest peri-
od duration during heat curing regime results in enhanced
strength of GPC. Heat curing primarily employed when
early strength is required.

*  Workability of fresh geopolymer concrete found to be
less compared to Portland cement concrete. However,
the workability can be increased by the addition of
superplasticizers. For instance, polycarboxylates based
superplasticizer, naphthalene-based superplasticizers
etc.

» It has been observed that geopolymer concrete pos-
sess better resistance against drying shrinkage and
acids such as sulphuric acid, magnesium, and sodium
sulphate.

11 Future Scope for Research

Extensive research has been conducted in the field of fly ash
based geopolymer concrete in the past decade. Yet, there is
lack of uniform guidelines on mixture design of GPC, which
may be due to utilization of variety of inconsistent materials in
production of GPC. Hence, for industry acceptance of
geopolymer concrete development of uniform guidelines
(specially in India) may be undertaken. Investigations on
structural behaviour and durability studies of fly ash based
geopolymer concrete are limited. Hence, more studies may
be undertaken in this direction.
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