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Abstract: The critical element for sustainable growth in the construction industry is the development of alternative cements. A
new technological process called geopolymerization provides an innovative solution, and the presence of aluminum and silicon
oxides in fly ash has encouraged its use as a source material. Many previous investigations have involved curing the binder in a
heated environment. To reduce energy consumption during the synthesis of geopolymers, the present study investigated the
properties of ambient cured geopolymer mortar at early ages. An experimental program was executed to establish a relationship
between the activator composition and the properties of geopolymer mortar in fresh and hardened states. Concentrations of sodium
hydroxide and sodium silicate were ascertained that are advantageous for constructability and mechanical behavior. Scanning

electron microscopy, energy dispersive X-ray spectroscopy and X-ray diffraction techniques were also used to characterize the
material. Test results indicate that there is potential for the concrete industry to use fly ash based geopolymer as an alternative to

portland cement.
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1. Introduction

Concrete is the most widely used construction material
and the second most consumed resource in the world (Seal
et al. 2011). The principal component and binder in concrete
is portland cement. To supply the material on such a large
scale, the portland cement industry in the United States
consumes over 500 petajoules of energy per year (Worrell
and Galitsky 2008). The production of portland cement is
consequently one of the largest global sources of combustion
and chemical process related carbon dioxide emissions,
accounting for 5 % of global carbon dioxide production or
approximately 1.5 gigatonnes per year (Pearce 1997; Hanle
et al. 2011; PCA 2012).

The current trend in the construction industry is leaning
more towards sustainable practices every year, making
research valuable by providing a means to limit waste
and recycle material. The use of recycled materials
and byproducts has ecological effects that benefit the
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environment by lowering energy consumption and saving
valuable landfill space while also accrediting new buildings
in accordance with Leadership in Energy and Environmental
Design standards (USGBC 2005). The use of recycled
materials in concrete research has been limited to recycled
admixtures, recycled reinforcement fibers and recycled
aggregates. The critical element for sustainable growth,
however, is the development of alternative cements to
replace conventional portland cement (Davidovits 2011).

Fly ash is a term used to describe the fine particulate material
precipitated from the stack gases of industrial furnaces that burn
solid fuels. Hundreds of millions of tonnes of this byproduct are
produced worldwide every year in coal burning power plants.
Fly ash was initially used in concrete as an admixture to
enhance rheological properties and reduce the alkali aggregate
reaction (Mindess and Young 1981). As a pozzolan, fly ash also
exhibits cementitious properties when combined with calcium
hydroxide. However, fly ash from different sources may have
varying effects due to chemical composition (Popovics 1982).
Despite the variation, there are many research efforts and
industry applications that focus on replacing portland cement
with recycled materials such as fly ash.

An alternative method of reducing the use of portland
cement is by incorporating fly ash into a new technological
process called geopolymerization (Silverstrim et al. 1999).
Geopolymers are formed when aluminum and silicon oxides
react with a strong alkaline solution. Due to its similarity to
natural sources of aluminum and silicon oxides, fly ash can
be combined with an alkaline solution to produce new
geopolymer binders (Jiang and Roy 1992). Consequently,
geopolymer mortar has the potential to become a low cost
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and low emission building material. By applying this new
technology, byproducts can be transformed into useful
construction materials, and the carbon dioxide from portland
cement production can be reduced by as much as 90 %
(Davidovits 1994). Like many innovative materials, how-
ever, the appropriate practices, properties and applications of
geopolymers have not yet been fully determined.

Many investigations of geopolymer synthesis have
focused on optimizing the quantity, constituents and con-
centration of the alkaline activator (Leelathawornsuk 2009;
Mustafa et al. 2011; Somna et al. 2011). In search of optimal
curing conditions, other studies have investigated the effect
of elevated temperatures on polycondensation and hardening
(Jaarsveld et al. 2002; Vijai et al. 2010; Guo et al. 2010).

2. Research Significance

Although previous investigations have shown that curing
geopolymers at elevated temperatures can hasten strength
development, the present study was conducted to develop
ambient cured geopolymer mortar for practical applications
in the construction industry. Additional investigation was
also undertaken with regards to the effect of the activator on
constructability and early age mechanical behavior.

3. Experimental Investigation

The present study experimentally analyzed the effect of
the activator composition on the fresh and hardened prop-
erties of geopolymer mortar based on Class C fly ash. By
developing information, specifically concerning geopolymer
mortar composition, the concrete industry can potentially
use fly ash based geopolymer as an alternative to portland
cement. Concentrations of sodium hydroxide (NaOH) and

sodium silicate (Na,Si03) were manipulated to optimize the
constructability and mechanical behavior of geopolymer
mortar. The binder content was also varied in relation to the
aggregate weight to lower the quantity of chemical
constituents.

3.1 Materials

3.1.1 Physical Properties

Class C fly ash from the Calaveras Power Station in San
Antonio, Texas, was used as the primary component of the
geopolymer mortar. Limestone sand was the source of fine
aggregate, and the activator was composed of NaOH and
Na,SiO5. The benefit of incorporating NaOH into geopoly-
mer mixtures is its exothermic capacity as a strong chemical
base to react with the source material. The addition of
Na,Si0O; allows the quantity of the mineral component to be
reduced, and including it in the mixture is also advantageous
for faster hardening of the binder. Table 1 presents the
physical properties of the geopolymer constituents.

The specific gravity, density and absorption of the lime-
stone sand were calculated as per ASTM C128, and a sieve
analysis was also performed in accordance with ASTM
C136 and C33 (ASTM 2006, 2011, 2012). Table 2 presents
the physical properties of the limestone sand, and Fig. 1
illustrates the results of the sieve analysis.

3.1.2 Characterization

Scanning electron microscopy and energy dispersive
X-ray spectroscopy were performed with a FEI Helios
Nanolab 400. For characterization of the geopolymer,
50 mm cube specimens of paste were cast with a NaOH to
fly ash ratio of 0.10 and Na,SiO; to fly ash ratio of 0.10 by
mass. Samples were taken from hardened specimens after
28 days to reduce their size for preparation and examination.
The moisture content of the samples was lowered by placing
them in an oven at 110 °C for 1 h. Manual polishing was

Table 1 Physical properties of geopolymer constituents.

Material Provider Chemical composition Specific gravity Retained on #325 sieve
Class C fly ash Boral Material >80 % CaAl,Si,Og 2.65 11 %
Technologies =15 % FeyMgO,
<5 % Na,K,S0s5
NaOH pellets Fisher Scientific >95 % NaOH 2.13 -
<3 % Na,COs3
Na,SiO5 solution PQ Corporation 14.7 % Na,O 1.53 -
29.4 % SiO,
55.9 % H,0

Table 2 Physical properties of limestone sand.

Material Oven dry specific gravity Saturated surface dry Absorption Fineness modulus
specific gravity
Limestone sand 2.46 2.57 4.6 % 291
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Fig. 1 Sieve analysis of limestone sand.

then performed using 1,200 grit and 2,000 grit silicon car-
bide paper. Scratches caused from polishing were reduced by
switching to the finer abrasive and rotating the samples 90°
for each abrasive size. Finally, samples were mounted on a
stage for examination using carbon tape.

The scanning electron microscope images presented in
Fig. 2 depict the characteristic morphology of the original
Class C fly ash and the product of geopolymerization. The

fly ash consisted of spherical microparticles of various sizes.
Changes in morphology were observed as a consequence of
activation and ambient curing.

According to the ASTM C618 test report received from
the supplier, the primary components of the fly ash were
silicon oxide, aluminum oxide and calcium oxide (ASTM
2012). The chemical analysis of the fly ash and geopolymer
are shown in Table 3. The analysis confirms the ASTM
C618 chemical test results with oxygen, aluminum, silicon
and calcium being the principal elements. Additionally, a
larger amount of sodium was measured in the geopolymer
cement after activation due to the composition of the
activator.

A Bruker D8 Focus was used for measuring the X-ray
diffraction pattern of the geopolymer cement. Samples were
taken from hardened specimens after 28 days and ground to
a fine powder using a mortar and pestle. A thin and level
layer of powder was then placed on the stage for determi-
nation of the crystalline structure. Figure 3 shows the X-ray
diffraction pattern of the geopolymer cement. The main

Fig. 2 Scanning electron microscope images of fly ash (left) and geopolymer (right).

Table 3 Chemical analysis of fly ash and geopolymer.

Element Fly ash Geopolymer
Weight (%) Atomic (%) Weight (%) Atomic (%)
(¢} 43.98 62.06 43.89 59.15
Na 1.71 1.68 15.06 14.13
Mg 2.67 2.48 1.61 1.43
Al 9.64 8.07 7.10 5.68
Si 10.48 8.42 11.14 8.55
P 1.19 0.86 0.82 0.57
S 1.05 0.74 0.62 0.42
K 0.32 0.19 0.31 0.17
Ca 23.21 13.07 15.35 8.26
Ti 1.47 0.69 1.05 0.47
Fe 4.29 1.73 3.06 1.18
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crystalline component of the binder was SiO,, which is
characterized by the Bragg peak at 26.6°. A large portion of
the structure was amorphous, which resulted in a broad
diffuse halo rather than sharp peaks. The slight increase in
intensity from 20° to 40° is characteristic of the amorphous
geopolymer matrix.

3.2 Specimens

To determine the effects of activator composition and
geopolymer content on physical properties, geopolymer
mortar was mixed and cast into 50 mm cube specimens.
Concentrations of NaOH and Na,SiO3; were manipulated in
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Fig. 3 X-ray diffraction pattern of geopolymer.

mixes #1 through #16 to optimize the constructability and
mechanical behavior of geopolymer mortar. After deter-
mining the optimum activator composition, the binder con-
tent was also varied in relation to the aggregate weight in
mixes #17 through #20 to lower the quantity of chemical
constituents. Table 4 presents the composition of the mix
designs. An H,O to fly ash ratio of 0.5 remained constant for
all geopolymer mortar mixtures. H,O content of the Na,SiO3
solution was included in the ratio and accounted for during
mix design calculations.

3.3 Procedures

3.3.1 Mixing, Casting and Curing

The materials were stored in sealed containers in a labo-
ratory setting at approximately 23 4 2 °C. Prior to begin-
ning the mixing procedure, each component was measured
as per the mix design specification. First, the fly ash and
limestone sand were dry mixed manually for 1 min, and then
the H,O and Na,SiO; solution were added and mixed for
2 min. Finally, the NaOH pellets were incorporated, and the
geopolymer mortar was mixed manually for an additional
10 min. This mixing procedure was performed for mixes #1
through #16 and was based on previous investigations. An
18.9 L planetary mixer was used for mixes #17 through #20

Table 4 Geopolymer mortar mix designs.

# NaOH:fly ash | Na,SiOz:fly | Sand:fly ash Fly ash Limestone | H,O (kg/m®) | NaOH pellets Na,SiO;

ratio ash ratio ratio (kg/m3) sand (kg/m3) (kg/m3) solution

(kg/m’)
1 0.050 0.025 1.0 720 720 337 36 41
2 0.050 0.050 1.0 720 720 314 36 82
3 0.050 0.075 1.0 720 720 292 36 122
4 0.050 0.100 1.0 720 720 269 36 163
5 0.075 0.025 1.0 720 720 337 54 41
6 0.075 0.050 1.0 720 720 314 54 82
7 0.075 0.075 1.0 720 720 292 54 122
8 0.075 0.100 1.0 720 720 269 54 163
9 0.100 0.025 1.0 720 720 337 72 41
10 0.100 0.050 1.0 720 720 314 72 82
11 0.100 0.075 1.0 720 720 292 72 122
12 0.100 0.100 1.0 720 720 269 72 163
13 0.125 0.025 1.0 720 720 337 90 41
14 0.125 0.050 1.0 720 720 314 90 82
15 0.125 0.075 1.0 720 720 292 90 122
16 0.125 0.100 1.0 720 720 269 90 163
17 0.100 0.100 1.5 630 945 235 63 143
18 0.100 0.100 2.0 560 1,120 209 56 127
19 0.100 0.100 2.5 500 1,250 187 50 113
20 0.100 0.100 3.0 450 1,350 168 45 102
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with a slightly different process. First, the fly ash and
limestone sand were dry mixed for 30 s. Then, the H,O,
Na,SiO; solution and NaOH pellets were mixed together in
a separate container prior to adding them to the mixture.
Finally, the constituents were mixed mechanically for an
additional 5 min. The fresh geopolymer mortar was cast into
50 mm cube and 25 x 25 x 285 mm prism specimens then
subjected to external vibration for 1 min if required in
accordance with ASTM C109 (ASTM 2011). Specimens
were sealed with plastic wrap, stored in ambient conditions
and demolded immediately before measuring hardened
physical properties.

3.3.2 Fresh Property Tests

The temperature of the freshly mixed geopolymer mortar
was measured with a digital stem type thermometer in
accordance with ASTM C1064, a flow table was used to
measure the flow in accordance with ASTM C1437, and
digital scales were used to measure mass in order to calculate
density (ASTM 1437 2007; ASTM 1064 2011).

3.3.3 Hardened Property Tests

Compressive testing was performed with a Test Mark
CM400 compressive machine in accordance with ASTM
C1009. Digital scales and calipers were also used to measure

mass and dimensions in order to calculate the density of
hardened geopolymer mortar specimens.

3.4 Analytical Techniques

The data was subjected to an analysis of variance
(ANOVA) using SPSS statistical software. This method
establishes the magnitude of the total variation in the results
and distinguishes the random variation from the contribution
of each variable. A conventional level of significance
(p < 0.05) was used for the statistical analysis.

4. Experimental Results

The fresh and hardened properties measured for each
geopolymer mortar mix design are presented in Tables 5 and
6, respectively.

4.1 Temperature

The properties of fresh geopolymer mortar are considered
to be important due to the relation they have with the
workability of the material. Figures 4 and 5 show the test
results for temperature, which ranged from 32 to 54 °C. The
temperature increased with higher levels of NaOH and
Na,SiO; due to the caustic nature of the strong chemical

Table 5 Fresh properties of geopolymer mortar.

# NaOH:fly ash ratio| Na,SiOs:fly ash | Sand:fly ash ratio | Temperature (°C) Flow (%) Fresh density
ratio (kg/m®)
1 0.050 0.025 1.0 32 >150 2,210
2 0.050 0.050 1.0 33 >150 2,142
3 0.050 0.075 1.0 34 >150 2,144
4 0.050 0.100 1.0 37 >150 2,150
5 0.075 0.025 1.0 35 >150 2,177
6 0.075 0.050 1.0 37 >150 2,182
7 0.075 0.075 1.0 39 >150 2,179
8 0.075 0.100 1.0 41 132 2,145
9 0.100 0.025 1.0 43 >150 2,178
10 0.100 0.050 1.0 42 >150 2,230
11 0.100 0.075 1.0 44 >150 2,197
12 0.100 0.100 1.0 46 120 2,193
13 0.125 0.025 1.0 53 134 2,148
14 0.125 0.050 1.0 54 128 2,133
15 0.125 0.075 1.0 49 112 2,164
16 0.125 0.100 1.0 52 94 2,156
17 0.100 0.100 1.5 38 107 2,084
18 0.100 0.100 2.0 37 83 2,129
19 0.100 0.100 2.5 37 57 2,182
20 0.100 0.100 3.0 36 32 2,254
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Table 6 Hardened properties of geopolymer mortar.

# NaOH:fly ash ratio | Na,SiO5:fly ash ratio | Sand:fly ash ratio 7 day hardened 7 day compressive
density (kg/m3) strength (MPa)
1 0.050 0.025 1.0 2,117 5
2 0.050 0.050 1.0 2,113 8
3 0.050 0.075 1.0 2,121 10
4 0.050 0.100 1.0 2,134 20
5 0.075 0.025 1.0 2,161 16
6 0.075 0.050 1.0 2,161 26
7 0.075 0.075 1.0 2,158 32
8 0.075 0.100 1.0 2,138 32
9 0.100 0.025 1.0 2,174 26
10 0.100 0.050 1.0 2,167 32
11 0.100 0.075 1.0 2,187 35
12 0.100 0.100 1.0 2,186 40
13 0.125 0.025 1.0 2,119 23
14 0.125 0.050 1.0 2,136 25
15 0.125 0.075 1.0 2,151 27
16 0.125 0.100 1.0 2,138 33
17 0.100 0.100 1.5 2,041 32
18 0.100 0.100 2.0 2,091 39
19 0.100 0.100 2.5 2,136 36
20 0.100 0.100 3.0 2,220 36
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oo 0100 125 0 . . . . .
NaOH : Fly Ash Ratio 1.0 1.5 2.0 2.5 3.0 3.5

. . - . . Sand : Fly Ash Ratio
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base. However, the temperature lowered gradually as fine
aggregate content increased, thereby improving the ability to
handle the material.

4.2 Flow

Flow was measured as the resulting percentage increase in
average base diameter of the fresh geopolymer mortar.

Lower levels of NaOH and Na,SiO; produced mixtures with
flow greater than 150 %. However, the flow decreased as a
result of increasing the NaOH component. Additional OH™
ions accelerated dissolution, causing the matrix to precipitate
earlier. Higher viscosity and rapid formation of the binder
also resulted from increasing the Na,SiO; component.
Figure 6 shows the effect of geopolymer content on flow,
which decreased gradually as a consequence of increasing
the fine aggregate content.

4.3 Density

Density should also be considered when investigating
mechanical behavior, because it affects the material’s
elastic modulus. The fresh density ranged from 2,084 to
2,254 kg/m®, and the hardened density ranged from
2,041 to 2,220 kg/m3. No substantial variation in density
was measured due to specimen age or manipulation of the
activator components. However, higher quantities of fine

aggregate corresponded to denser geopolymer mortar as per
Fig. 7.

4.4 Compressive Strength

The compressive strength of geopolymer mortar is
commonly considered to be its most important charac-
teristic, although in some cases, the bond strength or
flexural strength may be more critical. Figures 8, 9, 10
and 11 illustrate the test results for compressive strength
as well as its correlation with temperature and hardened
density. The 7 day compressive strength ranged from 5 to
40 MPa. Strength increased gradually as a result of
incorporating additional NaOH and Na,SiO;. However,
increasing the NaOH to fly ash ratio only resulted in
higher compressive strength up to the 0.10 Ilevel.
Excessive OH- ions accelerated dissolution but decreased
polycondensation, causing the binder to precipitate early
and lose strength.

It is also important to consider specimen age to determine
the mechanical behavior of geopolymer mortar over time.
The strength was acquired gradually during the first 7 days
of geopolymer formation. Only a slight increase in com-
pressive strength was measured from 3 to 7 days. Minimal
variation in strength was also measured as a result of
increasing the fine aggregate content.

The correlation of temperature and compressive strength
indicates that strength improved as the temperature of fresh
geopolymer mortar increased. However, excessive NaOH
raised the temperature to over 50 °C and weakened the
matrix.

The correlation of hardened density and compressive
strength for geopolymer mortar is also typical of mortar
based on portland cement. Accordingly, higher strengths are
often characteristic of denser material.

The ANOVA for compressive strength is presented in
Table 7. Results indicate that the effects of NaOH and
Na,SiO; on compressive strength were statistically signifi-
cant (p < 0.01), signifying that the activator components
improved dissolution and polycondensation of the source

International Journal of Concrete Structures and Materials (Vol.9, No.1, March 2015) | 41



Table 7 Analysis of variance for compressive strength.

Source Sum of squares Degrees of freedom Mean squares F ratio p (significance)
NaOH:fly ash ratio 3,271.01 3 1,090.34 196.48 <0.01
Na,SiOs:fly ash ratio 1,252.84 3 417.61 75.25 <0.01
NaOH x Na,SiOs 182.93 9 20.33 3.66 <0.01
Error 177.58 32 5.55 - -
Total 4,884.36 47 - - -

material. Manipulated variables interact if the effect of one
of the variables differs depending on the level of the other
variable. An interaction effect between the variation sources
on compressive strength was also found to be significant
(» < 0.01), meaning that for each level of NaOH, variations
in strength were measured for every increment of the
Na,SiO; component.

5. Summary and Conclusions

An experimental program was executed to evaluate the
effect of the activator composition and fine aggregate con-
tent on the fresh and hardened properties of geopolymer
mortar. Based on the mix design parameters established
within the study, concentrations of NaOH and Na,SiO3 were
ascertained that are advantageous for constructability and
early age mechanical behavior.

The temperature of freshly mixed geopolymer mortar
increased with higher levels of NaOH and Na,SiO; due to
the caustic nature of the strong chemical base. However,
flow decreased as a result of increasing the NaOH compo-
nent. Higher viscosity and rapid formation of the binder also
resulted from increasing the quantity of Na,SiOs3. The con-
structability of the material was favorable, as it could be
molded by hand without difficulty.

Adequate strength was developed by curing the geo-
polymer mortar in ambient conditions. The strength of
hardened specimens increased as a result of incorporating
additional NaOH and Na,SiO;. Excessive OH™ ions
accelerated dissolution but decreased polycondensation,
causing the binder to precipitate early and lose strength.
Based on the parameters of the geopolymer mortar mix
design, the optimum NaOH to fly ash ratio was 0.10 and
Na,SiO; to fly ash ratio was 0.10. The strength of the
optimum geopolymer mortar mixture was 40 MPa after
aging 7 days, indicating that there is potential for the
concrete industry to use fly ash based geopolymer as an
alternative to portland cement.

Based on these conclusions, there is a need to investigate
the long term properties to determine if geopolymer mortar
can be applied in structural building applications. Addi-
tionally, a microstructural analysis is warranted in order to
further optimize the composition of the alkaline activator. An
experimental study should also be executed to evaluate the
application of ambient cured geopolymers in concrete
mixtures.
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