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h i g h l i g h t s

� Portland cement addition, fly ash content and solution resting time were studied.
� The study focused on curing temperature and curing period.
� Performance and mechanical properties of GPC were evaluated for all factors.
� Portland cement addition up to 15% improves GPC properties except workability.
� Solution resting time for 30 min yields higher performance.
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a b s t r a c t

Fly ash based geopolymer concrete (GPC) is an environmentally friendly concrete made from alkali acti-
vated aluminosilicate and aggregate. Generally, geopolymer concrete needs several approaches before
and after casting which limits its applications. Development of geopolymer concrete became a necessity
to widen its applications beyond precast concrete. This paper intends to examine the influence of fly ash
content, additional Portland cement content, alkaline solution resting time, curing period and curing tem-
perature on fly ash based geopolymer concrete. The evaluated properties of (GPC) were workability, com-
pressive strength, splitting tensile strength, modulus of elasticity, absorption and thermal gravimetric
analysis (TGA). The study results show that, generally, adding cement improves all fly ash based geopoly-
mer properties except workability. The increase of fly ash content enhances geopolymer concrete prop-
erties. Using 30 min resting solution has a significant effect on geopolymer properties compared with
using 24 h resting solution. Geopolymer concrete properties significantly affected by curing approaches
which are represented in curing time and temperature.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete has become one of the largest production materials
with an annual global production of about one cubic meter for
every person on earth [1]. Concrete is a composite mixture con-
taining cement paste and aggregates as its main components. Port-
land cement is conventionally used as primary binder to produce
concrete. The production of cement is increasing about 7% annu-
ally. Portland cement is manufactured using limestone and clay
mixed in definite proportions to produce chemical reaction burnt
at very high temperature. To produce one ton of Portland cement,
1.6 tons of raw materials are needed and the extraction of raw
materials from the earth is 20% faster than the earth replenishing

it, so raw materials consumed in 12 months will take 14.4 months
to be filled back [2]. Ergo, the production of cement is becoming
the source of environmental degradation.

On the other hand, in the last decades the climate change due to
global warming has become a major concern. The global warming
is caused by the emission of greenhouse gases to the atmosphere
by human activities. Among the greenhouse gases, CO2 contributes
about 65% of global warming [3]. The cement industry is held
responsible for some of the CO2 emissions, because the production
of one ton of Portland cement emits approximately one ton of CO2

into the atmosphere [4]. Approximately, the contribution of
cement industry to the CO2 emissions is about 5–7% of the global
CO2 emissions [5].

The reduction of cement production rate will reduce the degra-
dation of rawmaterials and also reduce the amount of released CO2

to the atmosphere which will affect the hazard of global warming.
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The blended cement (cement mixed with pozzolanic or non poz-
zolanic materials) is used to reduce the amount of produced
cement. The blended materials to cement, in most cases, are waste
materials which they causes also environmental problems.

Fly ash is considered one of these materials. Fly ash which is
widely available worldwide also possesses pozzolanic properties
and it is rich with alumina and silicate and yet its usage to date
is very limited. Fly ash is a by-product of burning anthracite or
bituminous coal. Although coal burning power plants are consid-
ered to be environmentally unfriendly, the extent of power gener-
ated by these plants is on the increase due to the huge reserves of
good quality coal available worldwide and the low cost of power
produced from these sources.

Nevertheless, a technique of geopolymer is used to reduce the
amount of produced cement. Geopolymer concrete is a type of
polymer concrete which is made without Portland hydraulic
cement. Inorganic polymer which is used in production of geopoly-
mer is aluminum-silicate polymer [6]. Fly ash and other mineral
admixture are considered rich sources of aluminum and silicate.
So, not only does geopolymer concrete reduce the CO2 emissions
by the cement industries, but also it utilizes the waste materials
such as fly ash. Hence, the development of geopolymer concrete
is an important vision towards the production of environmentally
friendly concretes.

In 1979, Joseph Davidovits created and applied the term
geopolymer because polymerization process takes place in which
Si and Al, present in the source material, react with the alkaline liq-
uid to produce binders. In geopolymer, polymerization is a conden-
sation polymerization in which water is released during chemical
reaction. In geopolymerization, the polycondensation of alumino-
silicate oxides (Si2O5, Al2O2) with alkaline activators takes place
producing SiAOAAl bonds [7]. The chemical reaction follow three
steps [8] (see Fig. 1):

� Dissolution of Si and Al atoms from the source material through
the action of hydroxide ions.

� Transportation or condensation of precursor ions into
monomers.

� Setting or polycondensation/polymerization of monomers into
polymeric structures.

Geopolymer concrete showed good properties such as high
compressive strength, low creep, good acid resistance and low
shrinkage [9]. Fly ash-based geopolymer also provides better resis-
tance against aggressive environment. Hence, it can be used to con-
struct structure that is exposed to marine environment [10]. Also,
fly ash-based geopolymer displays increase in strength after tem-
perature exposure as a proof for its good fire resistance [11].

Several reports can be found in the literature on the properties
and applications of geopolymers. Previous studies show that water

plays an important role in geopolymer concrete not as much as in
normal concrete. The use of water in geopolymer is to improve the
workability, but it will increase the porosity in concrete due to the
evaporation of water during the curing process at elevated temper-
ature [12]. Compressive strength is an essential property for all
concrete where it also depends on curing time and curing temper-
ature for geopolymer concrete. When the curing time and temper-
ature increase, the compressive strength also increases with curing
temperature in range of 60�–90 �C for 24–72 h [10]. Curing process
of geopolymer concrete shows a great influence on the develop-
ment of the mechanical characteristics of geopolymer [10] which
make it not applicable for usage in situ. Also, the interaction
between geopolymer and Portland cement as addition need more
investigation.

This present work aims to study some suggested parameters
such as adding cement, fly ash content, solution resting time, cur-
ing temperature and curing time on the performance of workabil-
ity, mechanical properties and thermal gravimetric analysis of fly
ash-based GPC.

2. Experimental program

2.1. Materials

Geopolymers are formed by a dissolution and precipitation pro-
cess using aluminosilicates as precursor materials such as ther-
mally treated kaolin and fly ash in alkaline media and silicate
solutions [13].

In this study, fly ash (ASTM Class F) was used as the main source
material for aluminosilicates of geopolymer binder. The used fly
ash had a specific gravity of 2.2 and 95% of fly ash was passing
through the 45 lm sieve. Type I Ordinary Portland cement accord-
ing to ASTM C 150 was used in this research as additive in some
mixes. The chemical composition of used fly ash and cement is pre-
sented in Table 1. Natural siliceous sand with fineness modulus of
2.43 and crushed pink limestone of 9.5 mm nominal maximum
size were used as natural aggregates. Tables 2 and 3 present the
physical properties and sieve analysis of the used aggregates.

A mixture of sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3) solutions were used as the activator solution. Sodium
hydroxide solution of desired concentration was prepared by mix-
ing 97–98% pure NaOH pellets with tap water. The concentration of
sodium hydroxide solution was kept constant (16 M) for all mix-
tures. The specifications of sodium silicate are shown in Table 4.

Naphthalene-based chemical admixture (ASTM Type F) as high
range water reducer and accelerator was used to improve the
workability of the fresh concrete.

2.2. Test parameters

Four parameters were considered in this research program.
These parameters included studying the interaction between
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Fig. 1. Geopolymer manufacturing process.

Table 1
The chemical composition of fly ash and cement.

Chemical composition % Fly ash Cement

Silicon dioxide (SiO2) 62.30% 19.1%
Iron oxide (Fe2O3) 2.10% 3.42%
Aluminum oxide (Al2O3) 28.10% 5.10%
Calcium oxide (CaO) 0.50% 62.1%
Magnesium oxide (MgO) 1.00% 3.03%
Sulfur trioxide (SO3) 0.40% 2.20%
Na2O 0.50% –
K2O 1.00% –
Loss on ignition (LOI) 2.50% 2.4%
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