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/ This study analyzed the effects of the use of fly ash as a replacement for the quartz sand on the compressivx
strength, dry density, moisture content and thermal conductivity of the aerated concrete. Based on the production of Class
G2/04 aerated concrete, a commercially available wall construction element, aerated concrete samples were produced
using the fly ash as a replacement for the silica sand (quartz sand) at additive ratios of 5%, 10%, 15%, 20%, and 25%. After
steam curing the samples for 4 hours at 60 °C, they were cured in an autoclave for 6.5 hours at 180 °C under 11 bar
pressures. As a result, the samples showed an increase in their dry density directly proportional to the fly ash addition
ratio; and the highest dry density was found in the aerated concrete with 25% fly ash content. It was further observed that
the moisture content increases as the fly ash addition ratio increases. Compressive strength was reduced with the fly ash
addition. Thermal conductivity was found to be reduced up to fly ash addition ratio of 10%, however, it was then increased
again up to fly ash addition of 25%. 25% fly ash replacement ratio is recommended in this study in terms of thermal
conductivity, dry density, which are the most important properties of aerated concrete. Higher levels of fly ash
replacement with sand can be actualized which can further enhance to the utilization of fly ash, raise awareness regarding
waste minimization and reduce the overall costs of aerated concrete mixtures.
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1. Introduction

Autoclaved aerated concrete (AAC) is made
of fine silica-based materials, porosity inducing
materials, and binders such as cement and/or lime
combined with water. Raw material is mixed, and
the mixture is taken into molds where it will swell
and create the paste. After this step, the paste is
cut in desired size and cured in autoclave under
high-pressure steam conditions [1-5]. J. A. Eriksson
has taken the most important step in aerated
concrete production and his method patented under
the name of Durox in 1925 was started to be used
in production in Switzerland [6]. Although the
method did not attract much interest until the 50s,
starting from this decade both European nations
and others started to adopt this method [7]. Today,
there is a research interest in the use of fly ash, as
a waste material, in aerated concrete production.
There are a number of thermal power stations
operating in Turkey, Afsin-Elbistan, Catalagzi,
Cayirhan, Kangal, Kemerkoy, Orhaneli, Seyitomer,
Soma, Tuncbilek, Yatagan and Yenikoy, to name
some of them. A significant amount of fly ash is
produced in these plants operating in Turkey [8].
Globally, it can be repurposed only 25% of the fly
ash produced in the world. Nations such as
Germany, the Netherlands and Belgium use more
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than 95% of the fly ash produced, while the UK
uses approximately 50% [8,9]. Therefore, the
usage of fly ash in Turkey is increasing with each
passing day.

Literature contains a number of studies on
the use of fly ash in aerated concrete production.
Drochytka and Helanova [10] tested the physical
and mechanical properties and microstructure of
aerated concrete samples containing fly ash under
the effects of liquefaction and high temperature
after being stored for 2 years under laboratory
conditions. Song et al. [11] analyzed the effects of
Ca/Si ratio on aerated concrete with two different
types of fly ash. It was found that Ca/Si ratio had a
significant impact on AAC hydrates and pore
structure. Hausera et al. [12] explored the changes
in the strength of conventional aerated concrete
with fly ash content when replaced with lime
sulphate. AAC with lime sulphate mixtures resulted
in the highest compressive strengths. Walczak et
al. [13] stated the contribution of the use of
industrial waste to the environmental conservation
and evaluated the production of concrete with fly
ash at a density of 350 kg/m?3. Holt et al. [14] stated
that fly ash reacts with lime as it has pozzolanic
properties, which results in new bonds to reinforce
the microstructure. Narayanan et al. [15] explored
the structure of hydration products, the impact of fly
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ash addition on the pore structure, and transition
zone in the hollow matrix interface and found that
differences in the mixture ratios (sand to fly ash
ratio) and the curing method used (steam
curing/autoclave curing) have a significant effect on
the microstructural properties of the aerated
concrete. The authors suggested that aerated
concretes with sand and fly ash content vary
extensively in time due to their changing hydration
levels and that although only cement is hydrated
initially, this is followed by slow hydration of the fly
ash. Kunhanandan Nambiar et al. [16] found that
additive of sand with fly ash in aerated concrete
resulted in increased strength. The authors noted
that samples produced using cement and fly ash
offered a relatively higher water absorption ratio
when compared to cement and sand mixtures.
Literature interest in usage of waste materials and
fibers in relation to aerated concrete continues to
grow in the recent years [17-21].

As shown in research of the previous
studies, fly ash was tested both as an additive for
cement at specific ratios and as a total
replacement to quartzite. Nevertheless, the test
samples are most commonly treated with low
autoclave pressures. In this study, it has been
replaced quartzite, the main material, with fly ash
at specific ratios and used autoclave curing at high
temperature and high pressure. In this study,
based on the production of G2/04 (compressive
strength, 2 MPa, and density, 400 kg/m?®) class
aerated concrete, a commercially available wall
construction element, aerated concrete samples
were produced using the fly ash as a replacement
for quartzite at additive ratios of 5%, 10%, 15%,
20%, and 25% and their compressive strength, dry
density, moisture content, and thermal conductivity
values were investigated.

2. Materials and methods

2.1.Materials
Quartzite

Quartzite used in this study was obtained
from the Kirsehir-Boztepe quarry operated by AKG
Aerated Concrete. For the production of aerated
concrete, quartz sand is required to be of a certain
fineness and the silica content is high. In addition,
the clay content should be low. Chemical analysis
of the material is given in Table 1.

Fly Ash

As a by-product of lignite coal burning, fly
ash used in this study was obtained from Catalagzi
Thermal Power Station. The reason behind the
preference of this specific fly ash was that it
complies with the chemical component limits as
reported in EN 197-1, ASTM C618 standards and
that it has a high SiO2 content [22,23]. Chemical
analysis of fly ash was performed using XRF

Table 1
Chemical analysis of quartzite
Chemical properties Quartzite
SiO; 89.72
Al,O3 2.09
Fe.03 1.12
K20 1.05
CaO 1.14
MgO 0.18
SO, -
Na,O 0.12
Table 2
Chemical and physical properties of fly ash and cement
Chemical properties Fly ash Cement
SiO; 43.25 20.13
AlLOs 20.72 5.07
Fe,0s 18.65 3.52
CaO 3.55 62.04
MgO 2.31 2.34
SO, 1.48 2.60
Na,O 1.01 0.61
K20 8.20 0.77
Loss of ignition 1.07 2.36
Physical properties
Specific gurface 2820 3759
area(cm?/g)
Specific gravity 245 317
(unitless) ) )

Fig. 1 - F Class fly ash (a) optical image and (b) SEM image.
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Fig. 2 - EDX analysis of fly ash.

device, and chemical and physical properties of fly
ash are listed in Table 2. The total amount of
SiO2+Al203+Fe203 in the fly ash was 82.62% of
the material. According to ASTM C618, it is
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classified under Class F (low lime content) as its
SiO2+AlO3+Fe203 content was 82.61% and its
CaO content was lower than 10% [22,23].
Therefore, it can be said that the material is glassy
and contains low amounts of crystalline phases.
Crystalline phases consist of quartz, mullite, biotite
(mica group minerals) and hematite. Optical and
SEM image of fly ash are given in Fig. 1 and EDX
analysis of fly ash is given in Fig. 2.

Cement

Cement used in the mixtures was CEM |
42.5 R (ordinary portland cement). It was observed
that the physical and chemical properties of the
cement comply with the limits stated in the EN 197-
1 and EN 197- 2 standards [23,24]. Chemical and
physical properties of ordinary portland cement are
listed in Table 2. The Specific surface area of
cement used that is 3759 cm?/g. Optical and SEM
image of CEM | 42.5 R ordinary portland cement
are given in Fig. 3.

5

Fig. 3-CEM | 4.5 R ordinary portland cement (a) opticl i
image and (b) SEM image.

Lime

Lime was obtained from Akyuz Lime.
According to the chemical analysis of lime, CaO
ratio was 94.75% and the loss on ignition was
3.21%.

Gypsum

Gypsum was obtained from Kilicoglu
Gypsum. CaO ratio was 29.50%, SOs3 ratio was
42.09% relative moisture content was 18.96%, and
the loss on ignition was 2.04%.

Aluminum Powder

Aluminum powder used in this study was
obtained from AKG Kirikkale Aerated Concrete
Manufacturing Plant. Aluminum/mixture water ratio
was taken approximately 1:3.75 to obtain
aluminum in suspension during aerated concrete
production.

2.2.Methods

Based on the production of G2/04 class
aerated concrete, a commercially available wall
construction element, aerated concrete samples
were produced using the fly ash obtained from
Catalagzi Thermal Power Station as a
replacement for the quartz sand at additive ratio of
5%, 10%, 15%, 20%, and 25%. The reason behind
this selection of additive ratios was that it was
attempted to obtain a minimum ratio of total SiO2
between 75-78%. Table 3 shows the SiO2 ratio of
the main material used in the experiments.

Table 4 shows the mix ratios of all the
materials used in the experiment. An experimental
mold of 15x25%20 cm? (length x wide x high) size
was used in this study.

In the preparation of the mixture, firstly; fly
ash, quartz sand and gypsum were taken into a
container and a third of the mixture water was
added; after mixing cement and lime in a separate
container, this mixture was added on the first
mixture and the remaining two-thirds was added
and the mixture was stirred until it is
homogeneous. Mixed with a specific amount of

Table 3
SiO;, ratio of the main material used in the experiments.
Additive Quartzite Fly Ash Total Raw SiO;
ratio (%) (kg) (kg) Material (kg) Ratio (%)
Control 168 0 168 89.72
5 160 8 168 85.25
10 151 17 168 82.89
15 143 25 168 80.79
20 134 34 168 78.43
25 126 42 168 76.33
Table 4
Material used in the experiment and mix ratios for 1 m®
Ingredient (kg) Control FAS5 FA10 FA15 FA20 FA25
Quartzite 168 160 151 143 134 126
Fly ash 0 8 17 25 34 42
Cement 91 91 91 91 91 91
Lime 31 31 31 31 31 31
Gypsum 29 29 29 29 29 29
Water 262 262 262 262 262 262
Aluminum 0.55 0.55 0.55 0.55 0.55 0.55
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water to obtain a paste, aluminum suspension was
then added to the mixture and it was stirred.
Aerated concrete mortar in a viscous form was
then taken into the greased molds. The reason
behind aluminum suspension being added to the
mixture at the end is that it initiates a reaction at
the moment it is introduced in the mixture. A
reaction between aluminum and lime takes place
and the aerated concrete mix starts to expand [25].
The chemical reaction of aerated concrete is
described below [26].

2Al + 3Ca(OH)2 + 6H20 —»
—>» 3Ca0-Al203-6H2 + 3H>

Hydrogen gas produced with this reaction
leads to expansion and pore formation. Crystals of
tobermorite, one of the most common in aerated
concrete, forms as a result of the reactions taking
place under high pressure and high temperature in
autoclave [26]. After samples were subjected to
steam curing for 4 hours at 60 °C, they were taken
out of molds. Samples placed in the steam curing
line rapidly started to expand and settling. A
partially hardened aerated concrete paste was
obtained having expanded due to the bubbles
created by the hydrogen produces as a result of
the reactions taking place in about 30 mins.
Samples were then placed in the autoclave and
were subjected to steam curing for about 6.5 to 7
hours at 180 °C under 11 bar pressure using
saturated steam. After the steam curing, samples
were light, porous and resistant to high pressure.

2.2.1. Testing of microstructural, physical and
mechanical properties

Compressive strength, specific weight,
moisture content of the produced aerated concrete
samples was defined, and they were subjected to
thermal conductivity tests and microstructural
analysis were analyzed using scanning electron
microscope (SEM).

Compressive Strength

Experimental samples were prepared in
accordance with EN 679 standard and were
subjected to compressive strength tests. For the
compressive strength test, a total number of 6
samples, one from each group, with the size of
10x10%x10 cm® was used. Compressive strength
test was performed using a computer-assisted
testing device of the AKG Kirikkale Aerated
Concrete Labs [27]. Aerated concrete samples
were collected from autoclave, and size of
10%10%10 cm? for compressive strength test. In the
compressive strength test, after the test samples
were rested at 60 °C stove for a day, they were
removed from the stove and waited for about 2 h to

cool to ambient temperature. During the test, the
load was applied perpendicular to the expansion
direction. The compressive load was then
increased at a rate of 0.05 N/mm?/s. The highest
compressive load of experimental sample could
carry was read at 0.01 N/mm?2 (MPa) accuracy.
This method was then replicated for other samples
and the compressive strengths were obtained.

Dry Density

Experimental samples were prepared in
accordance with EN 678 standard and were
subjected to dry density tests. Experimental
samples were kept in a drying oven at 105 °C until
their masses are stable and then their weight was
recorded using a precision scale. Similarly, their
sizes were measured and recorded with caliper
[28].

Moisture Content

Experimental samples were prepared in
accordance with EN 772-10 standard and were
subjected to moisture content tests. Samples,
before being subjected to drying process, were
weighed to define their moist weight and their
densities were calculated [29]. This was then
followed by drying the samples in a ventilated
drying oven at 105°C £ 5°C temperature until their
masses are stable and their densities were
calculated.

Thermal Conductivity Test

Thermal conductivity test was performed
accordance to ISO 8301 standard. "Lasercomp
Fox 314" thermal conductivity testing device in
Mechanical Engineering Labs of the Engineering
Department of Kirikkale University, was used to
measure thermal conductivity coefficients (A) of the
samples [30]. The samples subjected to thermal
conductivity test were 300x300%35 mm3 (length x
wide x high) in size.

Microstructural Analysis

Jeol JSM 5600 30kV Scanning Electron
Microscope found in Scientific and Technological
Research Labs of Kirikkale University, was used to
take SEM images of the experimental samples.
Firstly, the samples were coated with gold to
prepare their surface for SEM and then SEM
images were taken using the Scanning Electron
Microscope.

3.Results and discussion

Dry density, compressive strength, thermal
conductivity and moisture content tests were
conducted on the references sample (Control)
Class G2/04 aerated concrete, and samples with
fly ash additive ratios of 5%, 10%, 15%, 20% and
25%. The results are also given Table 5.
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Table 5
Physical properties and compressive strengths of the AACs
. Compressive Dry Moisture Thermal
Additive . .
ratio (%) Strength Density Content Conductivity
(MPa) (kg/m?) (%) (W/m-K)
Control 2.47 406.0 8.37 0.105
5 2.28 409.7 8.70 0.095
10 2.02 413.5 10.45 0.092
15 1.93 410.3 12.10 0.097
20 1.86 411.2 13.68 0.098
25 1.85 407.4 13.79 0.102
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Fig. 4 - Compressive strength and dry density diagram of the AACs.

3.1.Compressive strength and dry density
properties

As shown in Fig. 4 and Table 5,
compressive strength of control sample was found
to be 2.47 MPa while the same was found in the
range between 2.28 MPa and 1.85 MPa for the
aerated concrete samples having fly ash. The
highest value of the sample was obtained with 5%
fly ash content and this finding was about 8% lower
than reference sample. The lowest compressive
strength, 1.85 MPa, was obtained from aerated
concrete with 25% fly ash content and this finding
was about 25% lower than reference sample. Fly
ash containing samples offered compressive
strengths consistently lower than reference
sample. This decrease in the compressive strength
was sharp up to the sample with 10% fly ash
content while it was slower in aerated concrete
samples with fly ash replacement ratios of between
10% and 20%. However, a slight increase in the
compressive strength was reported for the ratio
higher than 20%.

It was found that compressive strength was
reduced with the fly ash addition. It is believed that
this effect can be accounted for by the reduced
C- S-H crystal formation due to the reduced
amount of SiO2 available in the concrete because

of increasing fly ash content as shown in Table 4.It
is also believed that the fact that fly ash absorbs
some portion of the water content disturbs the
water to cement ratio which can be a factor in this
effect [11,15,31]. For aerated concrete, it is
sufficient to have enough compressive strength to
carry its own weight [20,21]. The compressive
strength of aerated concrete samples with 25% fly
ash is sufficient to carry its own weight.

As shown in Fig. 4 and Table 5, dry density
of control sample was found to be 406 kg/m?3 while
the same was found in the range between 413.5
kg/m3 and 407.4 kg/m?® for the aerated concrete
samples with fly ash. All dry density results are
similar. According to the results, all the samples
were classified under 450 density class as
reported in EN 12602 [1]. It was observed that dry
density increases with fly ash replacement ratio.
And this is raised by the fact that the use of fly ash
restrains pore formation in aerated concrete
leading to a structure weak in porosity. The fact
that the SiO2 content of fly ash is lower than that of
quartz restrains the expansion of aerated concrete
leading to decreasing void structure [11,32]. The
compressive strength of aerated concrete samples
with 25% fly ash is enough to carry its own weight,
hence it is recommended to use 25% fly ash
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Fig. 5 - Moisture content and thermal conductivity diagram of the AACs.

additive in terms of compressive strength and dry
density.

3.2.Moisture content and Thermal conductivity
properties

As shown in Fig. 5, moisture content of the
experimental samples is calculated in accordance
with EN 772-10 standard [29]. Generally, it was
observed that the moisture content increases as
the fly ash additive ratio increases. The increase in
filled pores with increasing fly ash additive ratio
and increasing specific weight made it harder for
the samples to dehumidify [10]. As the
compressive strength decrease, void structure
increase, hence moisture content increase.

As shown in Fig. 5 and Table 5, thermal
conductivity coefficient of control sample, was
found to be 0.105 W/(m-K) while the same was
found in the range between 0.092 and 0.102
W/(m-K) for the aerated concrete samples with fly
ash content. It was found that fly ash additive
reduces the thermal conductivity coefficient up to
the ratio of 10% obtaining the lowest coefficient
0.092 W/(m-K), and this value was 13% lower than
reference sample. Moreover, 15-25% additive
ratios lead to increased thermal conductivity
coefficient. A lower thermal coefficient was
obtained using aerated concrete samples having
25% fly ash than the control aerated samples
without fly ash, therefore 25% fly ash additive is
recommended in terms of moisture content and
thermal conductivity.

3.3.Microstructural properties
SEM images of the samples were taken
using Jeol JSM5600 30kV Scanning Electron

Microscope found in Scientific and Technological
Research Lab of Kirikkale University, and the
microstructural properties of the aerated concrete
samples evaluated using difference fly ash additive
ratio. In Scanning Electron Microscopy (SEM), the
image is transferred to a screen of a cathode ray
tube by passing the effects of elastic and non-
elastic collisions between electron and sample
atoms during scanning of the electron beam, which
is accelerated by high voltage and focuses on the
sample surface.

In order to see the effectiveness of fly ash,
microstructural analysis of samples with control,
5%, 10%, and 20% fly ash additive rate were
carried out on 28-day aerated concrete samples.

Fig. 6(a) is 35%x magnification image of the
control sample, and shows that pores are formed
independently with sizes ranging between 1 and
1.5 mm. At 2000x magnification image given in
Figure 6(b) shows a porous structure and some C-
S-H (tobermorite) crystals. In the EDX analysis of
the control sample is shown in Fig. 7, its chemical
structure was found to be 47.211% CaO, 38.944%
SiO2, 4.748% P20s, 3.130% Al203, 2.876% SOs,
1.042% MgO.

Fig. 8(a) is a 35x magnification image of
having 10% fly ash content and shows that pores
are unstable and formed independently. Fig. 8(b)
shows 1000x% magnification image of having 10%
fly ash content including pores in sizes ranging
between 0 and 10 um and some C-S-H
(tobermorite) crystals In the EDX analysis of the
sample having 10% fly ash is shown in Fig. 9, its
chemical structure was found to be 46.638% CaO,
36.018% SiO2, 8.016% P20s5, 3.355% Al20s,
2.736% S0O3, 0.82% MgO.
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Fig. 7 - EDX analysis of control sample.
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Fig. 10(a) is 35x magnification image of
having 20% fly ash content and shows that pores are
formed independently with sizes ranging between 1
mm and 2 mm. Fig. 10(b) shows 5000x magnification
image of having 20% fly ash content contains C-S-H
crystals resembling spongy. C-S-H gels are found
extensively in sizes ranging between 0 and 5 pym.
Also, pores can be seen prominently. In the EDX
analysis of the sample having 20% fly ash is shown in
Fig. 11, it was determined that 44.693% CaO,
39.804% SiO2, 6.693% P20s, 3.900% Al203, 2.094%
SOs, 0.396% MgO.

Figures 7, 9 and 11 show that SiO2 and
CaO are main component as we expect. However,
EDS analysis consists of components that do not
have a major effect due to impurity materials and
elemental analysis. These may also be due to the
fact that the place is not flat during EDS analysis,
the X-ray is reflected differently and gives different
mineral results. P20sis present in the raw material
of cement manufacture [33]. The influence of
P20s or calcium phosphate on the formation,
stability and properties of calcium silicates in
Portland clinker has already been investigated by
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Fig. 9 - EDX analysis of samples having 10% fly ash.
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Fig. 11 - EDX analysis of samples having 20% fly ash.

many authors [33-36]. It was demonstrated that
phosphate takes an active part in the reactions
during clinker burning process and shifts the
stability limits of individual phases with formation of
solid solutions [37].

As a result, a closer look into the

microstructures of control, and having 10%, 20%
fly ash additive showed that the pores are formed
independently at all additive ratios. C-S-H
(tobermorite) gels are formed in every additive
ratio and these are shown in Figs. 6-11. As seen in
the microstructure images, increasing additive ratio
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reduces the porosity, however, the pore diameter
increases. The decrease in compressive strength
can be explained by the increase in the pore
diameter [38-40].

4.Conclusions

The following results are obtained from this
study for reference sample Class G2/04 aerated
concrete, and samples with fly ash additive ratios
of 5%, 10%, 15%, 20% and 25%.

e There were no significant differences were
found in terms of sample density, and all of
the samples remained in the same density
class (450 density) as in accordance with EN
12602 standard.

e For aerated concrete, it is sufficient to have
enough compressive strength to carry its own
weight. The compressive strength of aerated
concrete samples with 25% fly ash is enough
to carry its own weight.

o Fly ash was replaced by cement in previous
studies. It has been shown that quartz sand
can be replaced by this study.

o A lower thermal coefficient was obtained
using aerated concrete samples having 25%
fly ash than the control aerated samples
without fly ash, therefore 25% fly ash additive
is recommended in terms of moisture content
and thermal conductivity.

o It is thought that the replacement of quartz
sand with fly ash in aerated concrete has an
adverse impact on its compressive strength,
however, this effect can be neutralized with
the use of fly ash with higher SiO2 content.

e When seen in the microstructure images,
increasing additive ratio reduces the porosity,
however, the pore diameter increases. The
decrease in compressive strength can be
explained by the increase in the pore
diameter

In conclusion, analysis of the compressive
strength, dry density, and moisture content of the
aerated concrete samples produced with the
replacement of quartz sand with fly ash additive
ratios of 5%, 10%, 15%, 20%, and 25% showed
that it is possible to use fly ash as a replacement
for quartz up to the additive ratio of 25%. The use
of 25% additive ratio is recommended in this study
when considering the only thermal conductivity
which is a very important feature for autoclaved
aerated concrete. Higher levels of fly ash
replacement with sand can be actualized which
can further enhance to utilization of fly ash, raise
awareness regarding waste minimization and
reduce the overall costs of aerated concrete
mixtures.
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