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Abstract
This paper presents a study into the mechanical behaviour of Fluidized Bed Combustion
(FBC) fly ash based geopolymer. FBC fly ash is a by-product of a burning of a solid fuel
(hard coal in case of this study) in a furnace at a low temperature. FBC fly ash is a type
of a waste which is more difficult to recycle than pulverized fly ash. Using FBC fly ash in
geopolymers offers one possible way to recycle it. The main goals of the investigation
were to determine the influence of curing temperature and curing conditions on the
strength of FBC fly ash based geopolymer; to determine the changes of strength over
time and the changes of the temperature inside the geopolymer during the curing
process. Tests have shown that the strength of the geopolymer generally increases
in line with the increase of a curing temperature. The compressive strength stabilizes
after 5 days of curing and yet continues to gain extra strength over the longer term.
The flexural behaviour is not monotonic and therefore hard to predict. The temperature
inside the geopolymer rises rapidly until reaching around 27.5°C and then decreases
steadily.
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1. Introduction

Fluidized bed combustion (FBC) is becoming increasingly popular, especially in the
smaller factories. Thanks to the relatively low temperature of combustion (around 800-
900°C) and the low release of SO2 and NO𝑥 contents in the flue gas, the FBC is
perceived as more environmentally friendly than the other combustion processes. FBC
also offers the possibility of burning different types of fuels in an economical way [1, 2].
Non-spherical grains, the lack of the glassy phase, the relatively big content of an
unburned carbon, the variability of chemical composition and the high content of free
SO3 and CaO are factors differing FBC fly ash from ordinary fly ash and simultaneously,
limiting the possibility of its exploitation in the traditional concrete technology [2-4].
Nevertheless, because of the need of the utilization of FBC fly ashes, scientists are still
doing investigations and trying to use FBC fly ash in the concrete technology [5–8].
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Glinicki et al. [6] identified the influence of FBC fly ash coming from hard coal and
lignite combustion on the strength of the microstructure of the cement paste. Scientists
report that the addition of FBC fly ash can improve the flexural strength by about 13-
39% and the compressive strength by about 6-58% in dependence of the quantity and
type of FBC fly ash addition. During the tests, cement was replaced by FBC fly ash in
20% and 30% by mass. Samples containing FBC fly ash coming from the lignite burning
obtained slightly smaller compressive strengths than those with FBC fly ash coming
from hard coal burning.

The other investigations include the possibility of the exploitation of FBC fly ash in
the underwater concretes [3], in autoclaved aerated concrete [9] or together with slag
in the autoclaved bricks [10].

The geopolymers give plenty of potential utilization options for FBC fly ash. The
attributes and potential application for FBC coal fly ash in geopolymer was investigated
and described precisely by Wu et al. [11]. During this study, two different types of FBC fly
ash were examined and compared with conventional fly ash. The main differences were
depicted: bigger content of CaO, SO3, Fe2O3 and alkali metal; higher crystallinity; higher
water demand and coarser particles in FBC fly ashes in comparison to conventional
fly ash. The geopolymer binder was prepared by adding sodium hydroxide water
solution to each fly ash sample. Tests have shown that the conventional fly ash based
geopolymer obtains almost two times higher compressive strength than the FBC fly ash
based one. Themain possible reasons for this disproportion were: the finer particles, the
lower crystallinity and the higher Al and Si content of conventional fly ash [11]. Studies
done by Oyun-Erdene et al. confirm that mechanical activation of FBC fly ash improves
significantly the strength of the FBC fly ash based geopolymer [12]. Grinding of FBC fly
ash to improve its performance was also applied by Chindaprasirt et al. [1]. During this
research it was also found that the strength as well as an acid and salt attack resistance
of the FBC fly ash based geopolymer can be enhanced by the addition of pulverized
coal combustion high calcium fly ash to the mixture. Duan et al. [13] report that FBC
fly ash and the metakaolin based geopolymer has better high temperature and acid
resistance than the ordinary Portland cement concrete.

The FBC fly ash based geopolymers characteristics depend on many factors, among
the others on the chemical composition of fly ash, the composition of the mixture and on
the curing conditions. The paper presents results of the investigation of the geopolymer
based on FBC fly ash coming from Polish power plant located in Jaworzno.
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2. Laboratory Tests

The main goal of the laboratory tests was to establish the changes in the strength of
FBC fly ash based geopolymer in time. The paper presents also the influence of the
curing temperature and conditions on the mechanical behaviour of the geopolymer.
The changes of the temperature inside the geopolymer sample are also included.
The strength tests were done on the prismatic samples of dimensions 40x40x160 mm
according to the standard EN 196-1 [14].

2.1. Mixture composition

All samples contained FBC fly ash and aquatic solutions of sodium silicate and sodium
hydroxide. The chemical composition of FBC fly ash is given in Table 2. Sodium silicate
had a SiO2/Na2O molar ratio between 2,4 and 2,6. According to the producent, the
minimum content of oxides (SiO2 and Na2O) was 39%. The sodium hydroxide solution
was prepared for minimum 24 hours before the preparation of the mixture. The sodium
hydroxide pellets were dissolved in demineralized water in such amount to obtain the
solution of concentration 10 mol/l. The exact composition of the mixture used in all tests
is presented in Table 1. The particle size distribution of the FBC fly ash is presented in
Figure 1.

TABLE 1: Mixture composition.

FBC fly ash Sodium silicate Sodium hydroxide

[kg/m3] 997,4 700,5 233,1

[%] 51,7 36,3 12,1

2.2. Preparation of the samples

The preparation process was the same for all series of samples. Firstly, the activators
(sodium silicate and sodium hydroxide) were mixed for five minutes. After that, the
activators were mixed with FBC fly ash with the use of the mechanical mixer. The
mixture was placed in the prismatic moulds. The influence of the curing condition on
the strength of the samples was the subject of the first part of the research. In that
part, four series of samples were prepared. Two first batches were cured all the time at
the room temperature (about 20°C). The first batch was demoulded after 24 hours. The
second batch was demoulded in the day of strength tests. The third and fourth batches
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of samples were cured for the first 24 hours in the climatic chamber at humidity 40%
and temperature 40°C and 60°C consecutively. Both batches were demoulded after 24
hours and stayed at the room temperature for the rest 6 days.

Figure 1: The particle size distribution of the FBC fly ash.

The influence of time on the mechanical behaviour of the FBC fly ash based geopoly-
mer was determined on the samples cured for the first 24 hours at temperature 40°C.
For this purpose, the next four groups of samples were prepared. The groups were
tested after 1, 5, 14 and 100 days.

The one of the goals of the research was to measure the temperature changes
inside the FBC fly ash based geopolymer during the curing process at the room
temperature. The DS thermometers were used for the measurement of the temperature.
The thermometers were stabilized in the half of height of the mould, on two ends of
each sample (see Figure 2). The temperature was registered in the two samples. The
temperature was measured since for a while before the placing of the mixture into the
moulds what allowed registering of the temperature during the whole process of the
curing.

TABLE 2: The chemical composition of the FBC fly ash.

SiO2 Al2O3 CaO C Fe2O3 K2O MgO Cl

[%] 45,04 30,88 8,13 6,88 4,29 2,10 1,86 0,82
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Figure 2: The thermometers stabilized inside the moulds.

2.3. The tests results and the discussion

The strength test results are presented in form of the bar graphs. The average value
of the flexural or compressive strength from each group of samples is given above
each bar. The small black line segments represent the extreme values obtained in each
series of samples. The lower line segment state for the minimum value and the upper
one – for the maximum.

2.3.1. The influence of the curing temperature on
the geopolymers strength

The first graph (Figure 3) presents the influence of the curing temperature and curing
conditions on the strength of the FBC fly ash based geopolymer. The X axis describes
the temperature conditions in which samples were cured for the first 24 hours (after
this time all samples were cured at the room temperature). Samples described in the
graph as “20°C I” were demoulded after 24 hours while samples described as “20°C
II” were kept in the moulds until the end of the curing time. Samples from the “20°C I”
series were affected by the visible, significant shrinkage and efflorescence. After 7 days
they lost about 3mm of its length and 1mm of the width. The big shrinkage was caused
probably by the fact, that samples were demoulded quickly and in consequence all
surfaces had contact with the air before the reactions inside the geopolymer matrix
were finished. The cracks from the upper and side surfaces are shown in the Figure 4.

The graph shows that the compressive strength increases with the increase of the
curing temperature but the difference between the average compressive strength of
samples cured at 20°C and 40°C is almost negligible. In case of the flexural strength,
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it can be seen, that strength of the samples cured in the climatic chamber at elevated
temperature for the first 24 hours is higher than of samples cured all the time at the
room temperature.

Figure 3: Flexural and compressive strength of FBC fly ash based geopolymer cured in different
temperatures (after 7 days).

What is unexpected, the samples from the batch 20°C II (demoulded after 7 days),
obtained smaller compressive strength and almost the same flexural strength as sam-
ples from the batch 20°C I, which were demoulded after 24 hours. Surface of samples
cured at the room temperature and demoulded after 24 hours was covered with cracks
while surface of samples demoulded after 7 dayswas plain. It was expected that samples
from the second batch (20°C II) obtained higher strength.

Figure 4: Cracked, side and upper surface of samples cured in 20°C and demoulded after 24 hours.

Nevertheless, the test has shown that the fly ash-based geopolymer should not be
demoulded after 24 hours while cured at the room temperature because cracks and
significant shrinkage are unwanted and dangerous features. Also, the divergence of the
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results within one batch was the most significant in the case of the cracked samples
probably because of the different extent of the damage.

Each sample was weighed and measured before the strength tests. The density of
geopolymers from each batch was obtained by dividing the mass of the samples by
its volume. Table 3 contains densities of the geopolymers cured in different tempera-
tures and in different conditions. It was observed that the density is decreasing with
the increase of the curing temperature. The higher density of the samples cured at
room temperature is probably caused by the greater amount of not evaporated water
inside the structure. No difference between density of the samples cured at the room
temperature, demoulded after 24 hours and demoulded after 7 days was noticed.

TABLE 3: Density of the samples cured in different conditions.

20°C I 20°C II 40°C 60°C

Density [kg/m3] 1750 1750 1580 1530

The dependence between the curing temperature and the strength of different kinds
of a geopolymer was a subject of many papers. Bakri et al. report that the compressive
strength of a fly ash based geopolymer is increasing significantly with the increase of
the curing temperature from 20°C to 50°C and further, to 60°C [15]. The strength of
samples cured at 70°C and 80°C is much lower than of those cured at 50°C and 60°C.
Tests were done after 7 days. Conversely, Hardjito et al report that the strength of a fly
ash based geopolymer increases with each growth in the curing temperature, however,
the difference between strength of samples cured at 30°C and 60°C is much bigger
than between 60°C and 90°C [16]. Sun et al. registered that the difference between
compressive strength (measured after 7 days) of the geopolymer cured at 60°C for
24 hours and at 40°C is much bigger (over 250%) than between samples cured at
30°C and 40°C (about 180%) [17]. However, the difference is decreasing in time and
after 96 days it is almost negligible. The flexural strength behaves in almost the same
way. Zhang et al. prove that after 7 days, compressive strength of a red mud-fly ash
based geopolymer is bigger for higher curing temperatures (range of temperatures used
during the test: 23°C, 50°C, 80°C) [18]. However, the long-term compressive strength is
not further monotonically dependant on the curing temperature. After 49 days, strength
of the samples cured at 80°C is lower than of samples cured at 23°C and 50°C. On the
contrary, after 90 days the strength of all samples is almost the same but after 120 days
there is an evident dependence: the higher curing temperature, the higher strength.
Zhang et al. also noticed also that the density of a geopolymer is decreasing with
the increase of the curing temperature what is consistent with results presented in the
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presented paper. Some investigations disagree with the statement that the strength is
increasingwith the increase of the curing temperature till some level. Rovnanik noted the
very similar strength (both compressive and flexural) of the metakaolin based samples
cured at 20°C and 40°C after 7 days and of samples cured at 10°C, 20°C and 40°C
after 28 days [19]. He noted also that the strength of the samples cured at higher
temperatures (60°C and 80°C) is significantly smaller. He reports the decrease of the
density with the increase of the curing temperature. By contrast, Yuan et al. indicate
that when metakaolin based geopolymer is cured longer at the elevated temperatures
(5 days), its strength increases considerably with the increase of curing temperatures
[20]. It is lower only for samples cured at 90°C. Almost the same dependence between
the curing temperature and strength was determined by [21]. The investigation was
done on the fly ash based geopolymer. Ekaputri et al registered the increase of the
strength of a metakaolin based geopolymer with the growth of the curing temperature
but the differences were small, especially considering the long-term effects [22].

It is proved that the influence of the curing temperature on the geopolymer mechani-
cal characteristics is dependant on the time of curing and the age of the tested geopoly-
mer. Investigation done by Swanepoel et al. shows that the seventh day compressive
strength of the geopolymer cured for 24 hours at different temperatures increases in
the following manner: 60°C=70°C<40°C<50°C while for samples cured for 72 days the
dependences are different: 40°C<50°C<60°C<70°C [23]. According to this study, the
density of a geopolymer measured after 7 days is decreasing with the growth of the
curing temperature. After 28 days, the density of all samples was almost the same.

2.3.2. The change of the temperature inside the geopolymer during the
curing process

Figure 5 presents a diagram of a temperature changes inside the FBC fly ash based
geopolymer during the first 18 hours of curing. The temperature was measured on
the two-opposite end of two samples. Four thermometers were used in that research.
The temperature inside geopolymer was measured since placing the mixture inside the
mould. The diagram starts with jump of the temperature what means that temperature of
the geopolymer mixture had to grow up already during the mixing of the fly ash with the
activators. The maximum temperature was registered after 1 to 2 min in dependence
on the thermometer. The maximum registered temperature ranged between 27.00°C
and 27.63°C. The maximum temperature continued for about 1 min and then started to
decline gradually until it reached the room temperature after about 16 hours of curing.
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The divergences between measurements done by thermometers are small (generally
smaller than 0.5°C).

Figure 5: The temperature changes in geopolymer samples during the first 18 hours of curing.

2.3.3. The change of geopolymer strength in time

The influence of the time on the strength of the FBC fly ash based geopolymer was
determined on the samples cured for the first 24 hours at temperature 40°C. The
strength results of the samples cured in that conditions were relatively high and stable.
In addition, the lower curing temperature, the better for an environment.

Figure 6 presents flexural and compressive strength of the FBC fly ash based
geopolymer tested after 1, 5, 7, 14 and 100 days. According to the graph, the compressive
strength is gained quickly. Immediately after demoulding (after 24 hours of curing)
the average compressive strength was equal to 25.2 MPa. In the following 4 days,
the compressive strength increased to about 30 MPa and stabilized. The long-term
compressive strength test showed the increase in strength by over 26% in comparison
to the strength measured after 14 days. It means that probably the FBC fly ash based
geopolymer is not losing its strength in time. However, the strength should be measured
after even longer time to prove this trend.

The flexural strength behaves in less stable way. The differences are bigger, and it
is hard to determine the clear dependence between the age and the flexural strength
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Figure 6: Flexural and compressive strength of FBC fly ash based geopolymer after 1, 5, 7, 14 and 100 days.

of the FBC fly ash based geopolymer. The smallest flexural strength was registered
during the first day of curing. Then, the flexural strength increased and dropped again
significantly after 7 and 14 days. The big differences show that the flexural strength
should be examined carefully once again in the future on the greater amount of samples.

Table 4 contains densities of geopolymers measured after 1, 5, 7, 14 and 100 days. It
can be seen that the density is generally decreasing in time. The only exception is the
density after 7 days which is smaller than the density after 14 days. The difference can
be possibly caused by the less compaction. It should be noticed that the FBC fly ash
based geopolymer is generally characterized by the small density what can be treated
as a big advantage of this material.

TABLE 4: Changes of the density in time.

1d 5d 7d 14d 100d

Density [kg/m3] 1730 1660 1580 1620 1490

Swanepoel et al. [23] reports a big increase between 7th day and 28th day compressive
strength of the fly ash-based samples cured at elevated temperatures for the 24 hours.
He also mentions the decrease in the density in time. By contrast, results obtained by
Chindaprasirt et al. [1] show almost negligible differences in compressive strength of
an FBC fly ash based geopolymer tested after 7, 30, 90 and 180 days. The strength
of the geopolymer tested after 30 days is slightly greater than of this tested after 7
days. After 90 days the strength falls down by about 1 MPa and then increases again
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after 180 days. The geopolymer was cured at a room temperature. Hardjito et al. [16]
also present results proving almost negligible influence of age (tests done in the range
3-90days) of a fly ash based geopolymer on its strength. Almost final compressive
strength was registered after 3 days. The later changes do not exceed a few percent.
The maximum compressive strength was registered after 14 days. The samples were
cured at 60°C for 24 hours. Criado et al. indicate that the exact behaviour of a fly ash
based geopolymer in time depends on the kind of activators and the curing method
[24]. Nevertheless, in all showed cases, the compressive strength is increasing in time.
Tests were done after 5, 12 and 20 hours and after 7 days. Sun et al. presents results
which show prominent changes of both flexural and compressive strength of a fly ash
based geopolymer in time, especially in case of samples cured at 30°C and 40°C [17].
According to the research, the compressive strength of these samples stabilizes only
after 96 days of curing. The flexural strength is still growing after 96 days, but more
steadily than before. The samples cured at 60°C reach high compressive strength just
after 3 days, then the increase is not very big, and it is steady.

3. Conclusions

The paper presents a research on the fluidized bed combustion (FBC) fly ash based
geopolymer. The three main issues were considered during the research: the influence
of the curing temperature on the geopolymer strength; the changes of the geopolymer
strength in time and the changes of the temperature inside the geopolymer during the
curing process. The following main conclusions were drawn:

The compressive strength increases with the increase of the curing temperature. The
behaviour of the flexural strength is not monotonic and not strictly dependent on the
curing temperature.

Samples cured all the time at the room temperature and demoulded after 24 hours
were affected by significant shrinkage and cracks.

The temperature inside the FBC fly ash based geopolymer increases rapidly during
mixing of the mixture. Then, the temperature is falling down steadily until it reaches the
room temperature. The highest registered average temperature was equal to 27.34°C.

The compressive strength of the FBC fly ash based geopolymer cured at 40º for the
first 24 hours, gained the high compressive strength after 1 day and almost the final
compressive strength after 5 days. In long time perspective, the compressive strength
has tendency to increase. The general trend of the flexural strength is hard to be
predicted.
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