§ sciendo

CIVIL AND ENVIRONMENTAL ENGINEERING REPORTS

E-ISSN 2450-8594 CEER 2020; 30 (4): 0001-0020
DOI: 10.2478/ceer-2020-0046

Original Research Article

EFFECTS OF SEPARATED FRACTIONS OF FBC BOTTOM
ASH ON SELECTED PROPERTIES OF CEMENT
MORTARS

Zbigniew KLEDYNSKI', Eukasz KRYSIAK?
12 Faculty of Building Services, Hydro and Environmental Engineering, Warsaw
University of Technology, Warsaw, Poland

Abstract

This paper discusses the effects of partial replacement of cement with fluidized bed bottom
ash on the properties of mortars. The analyzed ash samples originating from four Polish
power plants were separated by grain size selection into fine and coarse-grained fractions.
This process leads to a creation of derivative samples of differing physical properties and,
partially, phase compositions, as tested in XRD and TG analyses. Despite its high water
demand, the obtained fine-grained fraction has the potential for application in cement-
based composites as a reactive, pozzolanic additive. An acceptable activity index may be
reached when the sulfate content is limited, implying benefits of combining the ash with
low gypsum cements. The coarse-grained fraction is significantly less reactive, while a
high silica and aluminate content is related to improved mechanical properties of the
composite. It can, therefore, potentially be used as a quasi-inert additive or a substitute for
sand.
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1. INTRODUCTION

The share of coal in electricity production in Poland is extensive, exceeding 81%
in 2016 [13]. At the same time, the country is one of the leaders in fluidized bed
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combustion (FBC) technology [32]. As a result, the estimated quantity of FBC by-
products generated each year in Poland amounts to several million tons [31]. One
part of these is a fine-grained material carried along with flue gases and captured
on electrostatic precipitators — so-called fly ash. The second part is a mixture of
fine- and coarse-grained residues of the fluidized bed, collected from the bottom
of the furnace — the so-called bottom ash.

Many years of research and practical experience concerning the use of ashes from
conventional coal-fired plants (e.g. with pulverized fuel boilers) enabled
extensive, safe, and cost-efficient utilization of these waste materials as additives
in cement and concrete. This has been confirmed by numerous papers [2, 14, 16]
as well as standards governing their safe use such as EN 450-1 [20]. Ashes
originating from FBC have not been similarly researched or widely used. This is
due to certain properties deemed as disadvantageous in concrete technology such
as high variability of composition, high specific surface area, high water demand,
irregular grain shape (leading to low workability), and high sulfate content [8, 36].
On the other hand, FBC ashes exhibit properties crucial for concrete (and other
composites) — high pozzolanic activity and hydraulic binding capacity [8, 36].
Practical applications of the material, given the lack of standards and high
variability of properties, are usually limited to individual cases. Based on adequate
research, FBC fly ash can be used as a raw material in the production of cement
[8], as a concrete additive [26, 38], and as a component of cement-free binders
[12, 37] or hardening slurries [5]. FBC bottom ash, on the other hand, is used as a
component of hydraulic backfill in mining [11], a soil-stabilizing binder in road
construction [15], and a material applied in the process of geopolymerization [27].
The possibility of its conditional use in cement production [10, 29] and in concrete
mixes [7] has also been discussed.

In response to the observed problematic properties of FBC ashes, a number of
modification methods have been developed in order to increase the practical
applicability of the material. Modification may serve to alter the chemical
composition, e.g., by separation into grain size fractions [7, 10, 26]. Generally
speaking, the excessive sulfate content in FBC ash is considered problematic,
while the highly desired components are the pozzolanic SiO, and AlO;
compounds, as well as the hydraulically reactive CaO [7, 26, 34]. Another group
of modification methods is based on the change of certain physical properties
without altering the composition. For example, grinding results in the breaking of
larger grains of ash, leading to an increased specific surface area and potential
release of small reactive particles from larger clusters [9]. This process, also called
mechanical activation, leads to an increase in material activity, sometimes at the
expense of potentially increased water demand of the resulting mixtures [6, 9].
This research investigates FBC bottom ash and aims at a better understanding of
its properties as well as a potential mitigation of difficulties related to its use in
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cement-based composites. For this purpose, a simple modification method has
been proposed; a division into two fractions of grain sizes with a diameter limit of
0.1 mm. The intention of the authors is to obtain a fine, high specific surface area
fraction of 0-0.1 mm, the physical characteristics of which should resemble fly
ash in general, enabling the corresponding methods of analysis. At the same time,
fine fractions should concentrate most of the reactive components, especially
anhydrite and calcium oxide [7, 10]. The resulting coarse-grained fraction (> 0.1
mm) should be a material characterized by a lower reactivity due to a smaller
specific surface area and, potentially, different chemical composition. The
analysis of both derivative materials can serve as an initial assessment towards a
possible utilization of fine fractions as an active additive to composites and coarse
fractions as an inert additive or a substitute for aggregate, similarly to, e.g., the
studies of Rafieizonooz et al. [25] on conventional ashes as well as research by
Patra and Mukharjee [18] or Sunil et al. [28] on other waste materials.

An important aspect of the presented research was the inclusion of ashes of several
origins. The aim is to assess whether the chosen modification method leads to
similar effects on samples of material stemming from different plants, in the
context of the well-known exceptionally high variability of physical and chemical
characteristics of FBC ashes.

2. MATERIALS

Ash samples were obtained from 4 large power plants in Poland in November
2016 (Table 1). From a formal point of view, they constitute industrial waste non-
hazardous to human health. The oxide composition of the analyzed ashes is given
in Table 2.

Table 1. List of bottom ash batches used in the research, along with the source boilers
characteristics

Ash code Circulating-FBC boiler type | Fuel

‘r Compact hard coal

‘2 Compact hard coal, coal slurry
‘3 Steam-cooled cyclone hard coal, coal slurry
‘4 Hot cyclone hard coal
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Table 2. Oxide composition of raw fluidized bed bottom ashes

Content in samples [% weight]
Oxide group ‘1 ‘2’ ‘3 ‘4 Average
SO3 5.5 9.9 15.8 15.2 11.6
Chlorides 0.042 0.052 0.036 0.104 0.060
P>0s [mg/kg] 2.3 0.9 2.0 2.2 1.9
SiO; total 48.1 323 33.8 24.5 34.7
SiO; reactive 17.4 14.8 10.8 11.6 13.7
Fe O3 4.5 3.1 3.9 3.1 3.7
Al O3 16.8 12.8 15.2 10.4 13.8
CaO total 11.3 31.9 22.2 36.3 25.4
CaO free 4.9 14.5 6.0 16.4 10.5
CaO reactive 73 24.6 14.5 28.2 18.7
Si0; + ALO;3 + Fe,O3 69.4 48.2 52.9 38.0 52.1
MgO 2.0 0.4 1.3 3.7 1.9
Total alkali 0.82 0.43 0.41 0.44 0.53
Loss on ignition 0.95 2.19 4.15 0.80 2.03

The average gradation curve for all four ash samples, obtained in the sieve
analysis, is shown in Fig. 1. The grain size composition of the material resembles
medium sand. The thick dashed line marks the limit of division into fractions (0.1
mm), achieved in the sieve shaker. As a result of the separation, the following
derivative ash samples were obtained:

o fine-grained - ‘1F’, ‘2F°, ‘3F’, ‘4F’ with grain sizes smaller than 0.1 mm,

e coarse-grained - ‘1C’, 2C’, ‘3C’, ‘4C’ - grain sizes greater than 0.1 mm.
The ratio of the masses of part ‘F’ to part ‘C’ is on average 1:10, so the resulting
division is strongly asymmetrical.
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Fig. 1. Gradation distribution curve averages for ashes ‘1’ — ‘4’. The dashed line
represents the division into two fractions, set at a grain size of 100 um

3. METHODS

3.1. Phase composition

The raw ash samples and the ‘F’ and ‘C’ type derivatives were analyzed by
powder X-ray diffraction (XRD). A Bruker D8 Advance instrument was used,
with a LYNXEYE detector working in Bragg-Brentano geometry, utilizing Cu-
Ko radiation (A = 0.15418 nm) with a nickel filter. Measurements were taken
within a 20 angle range of 8-75°, with a step size of 0.03° and a sampling time of
960 s/step. Samples ground by mortar and pestle were placed in a layer about 1
mm thick on crystalline silicon plates with orientation <7 1 1>,

Samples of fractionated ashes ‘F’ and ‘C’ were also subjected to
thermogravimetric analysis (TG/DTG) via TA Instruments SDT 2960 apparatus
at temperatures up to 1000°C, with growth rate 10°C/min, sample weight 15-25
mg, in air and nitrogen atmospheres. Type ‘C’ samples were ground and
homogenized before the test.

Based on the results of XRD and TG tests, the content of anhydrite in the tested
samples was estimated as it is a key component important for the practical
applications of the ashes.
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3.2. Physical properties
Basic physical characteristics of fine-grained ‘F’ samples were determined in
accordance with the Polish-European standard PN-EN 450-1:2012 [20], which
regulates the use of conventional fly-ash as a concrete additive. The tested
properties are:

e grain density according to PN-EN 1097-7 [19],

e Blaine's specific surface area according to PN-EN 196-6:2019 [24],

e fineness according to PN-EN 451-2:2017 [23].

3.3 Properties of cement-based composites with the addition of bottom ash
The final part of the research considered selected properties of grouts and mortars
modified by a partial replacement of cement (25 or 30% of mass, depending on
the test) with ashes of types ‘F’ and ‘C’. The compositions and methods of mortar
preparation were in accordance with the provisions of the standards mentioned
below. CEM 142.5 R cement was used and the samples were cured in a water bath
at a temperature of 21°C. The tested properties included:
e water demand according to PN-EN 450-1 Annex B [20],

initial setting time according to PN-EN 196-3 [22],

soundness according to PN-EN 196-3 [22],

bending and compressive strength according to PN-EN 196-1 [21],

activity index according to PN-EN 450-1 [20].
Due to the grain size, the ‘C’ samples differ significantly in their properties
from the materials for which the above-mentioned test methods were developed,
therefore, in their case the results should be treated as roughly indicative.

4. RESULTS

4.1. Phase composition

The qualitative XRD analysis (Figs. 2-5) indicates the presence of similar
crystalline phases in all tested samples. The three main components are quartz
(8i0»), calcium oxide (CaO), and anhydrite (CaSO,). Secondary components
include aluminosilicates - muscovite, microcline, gehlenite, illite, and calcite
(CaCO03). Observable differences in peak sizes of diffractograms of raw, fine-
grained ‘F’, and coarse ‘C’ samples suggest some quantitative differences
between the analyzed materials and their separated fractions.
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Fig. 5. X-ray diffractogram, samples ‘4’, ‘4F’, and ‘4C’

XRD analyses confirm the complexity and diversity of the composition of the
analyzed ashes. The main components, observed in each ash sample in varying
amounts, can be reactive and influence the properties of cement-based composites.
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The unburnt calcium oxide in the FBC ashes, stemming from thermal
decomposition of calcite present in sulfur sorbent, reacts quickly on contact with
water and forms calcium hydroxide while releasing heat [8, 36]. Anhydrite,
resulting from the capture of gaseous sulfur oxides by calcareous sorbent
molecules, also reacts with water, forming dihydrate gypsum and ettringite, the
crystallization of which leads to binding of the ash grout [8]. Silica, considered to
be the most important pozzolanic component of conventional ashes, rarely occurs
in FBC ashes as a vitreous phase and therefore exhibits low reactivity [8, 34].
Dehydrated clay minerals (aluminosilicates), often highly porous, usually exhibit
significant pozzolanic properties [26]. Non-observable or relatively small peaks
characteristic for calcite (only ‘2’ ash) may indicate that the sulfur sorbent is spent
to a high degree, likely as a result of a prolonged stay in the furnace.

Based on the surface area under the anhydrite-related peaks obtained by XRD
analysis, the approximate mass content of this component in the test samples was
determined. A series of quartz-anhydrite samples with adjusted proportions, tested
using the same apparatus, served as a base for content estimation. The results are
given in Table 4.

The phase analysis was supplemented by TG/DTG tests, which again indicated
the presence of qualitatively similar components in all analyzed samples (Table
3). The measurements under an air atmosphere show weight loss in two distinct
ranges - in the temperature range of 450-620°C, which corresponds to the
combustion of carbon residues, and in the range of 650-730°C, corresponding to
the decay of carbonates. Under a nitrogen atmosphere, a barely visible decrease
in weight occurred at a temperature of about 400°C, corresponding to the
decomposition of Ca(OH); (less than 0.5% of total weight) as well as a significant
loss in the range 750-1000°C, associated with CaSO4 reduction [33]. There were
significant discrepancies in the total weight loss under air from less than 1% (‘1C’
sample) to more than 5% (‘2F’ sample), and under nitrogen from 3% (‘4C’
sample) to 18% (‘3F’ sample), which suggest a high diversity of sample
composition. The high variability was observed mainly in the context of
approximate anhydrite content in the samples, which is shown in Table 4.
Estimates of anhydrite content obtained independently by XRD and TG/DTG
methods are similar and were used in further quantitative analysis.
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Table 3. Weight loss of ‘F’ and ‘C’ type samples in TG analysis under air atmosphere in
given temperature ranges with corresponding decomposing chemical compounds

Temperature range -
corresponding chemical
compounds

Approximate weight loss of sample in a given

temperature range [%)]

Under air atmosphere 1F 1C 2F 2C 3F 3C | 4F 4C

450 - 620°C — unburnt | 3.5 0.0 4.0 2.5 2.5 30 | 1.5 0.0

carbon

650 - 730°C — carbonates | 0.5 0.5 1.5 1.5 1.0 1.0 |25 1.0

0 - 1000°C — total loss 4.0 0.5 5.5 4.0 3.5 40 |4.0 1.0
Table 4. Anhydrite content in XRD and TG analyses

Tested property Sample type by symbol

1IF |1C |2F |[2C |[3F |3C |4F |4C

Anhydrite content

[weight %] in XRD 73 |43 |52 |67 |21.8 |134 |89 |14.2

Anhydrite content %

[weight %] in TG 80 (3.0 [6.0 |6.0 |18.0 |12.0 |10.0 |3.0

* gross error, excluded from analysis

4.2. Physical properties

The basic physical characteristics of the fine-grained ‘F’ samples are presented in
Table 5. For reference, exemplary values typical for conventional and FBC fly ash
are also presented, according to other papers [1, 3, 4, 26].

Table 5. Test results of the physical properties of fine-grained ‘F’ samples. Common
values reported for conventional and FBC fly ash included for comparison

Sample type by symbol Conventional fly ash
Class C ash | FBC fly
Tested propert
PYOPETY 1 yp |2r |37 |4 €128 F ash) o icium  [ash
(silica rich) rich)
Fineness [%] 53.7 |47.4 |57.2 |39.9 |35-45 35-60 30-60
Particle density
[kg/m3] 2910 | 2880 | 3120 | 3180 [2200-2400 | ~2700 ~2700
Specific _ surface | 33, | 4350 | 3450 [4040 | 3600-4600 | 28003800 | 2000-
area [cm®/g] 9000

The results of tests conducted on the ‘F’ samples suggest that their basic physical
characteristics resemble those of conventional or FBC class C fly ash (lime ash).
However, they are characterized by a higher particle density, which may be
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attributable to the fact that the grains of lower density were mostly lifted from the
fluidized bed by the flue gases. Thus, further testing by methods derived from
standard PN-EN 450-1 [20] seems justified in the case of fine-grained ‘F’ samples.
Still, it should be noted that the material under analysis has numerous features
different than conventional fly ash and that, due to its composition, 'lime-sulfate
ash' would be a more appropriate name.

4.3. Properties of cement-based composites with the addition of bottom ash

The selected properties of cement-based composites with the addition of the tested
ashes are presented in Table 6. The value of water demand higher than 100%
means that the partial replacement of cement with ash makes it necessary to add
increased amounts of water to achieve the desired consistency. The value
described as soundness is a measure of undesirable swelling of the grout samples
with the addition of ash as a result of the binding reaction under boiling water
conditions. Herein, a higher value means higher swelling. The so-called initial
setting time indicates how the addition of ash affects the rate of setting of the grout
— a higher value indicates a delay in the process.

Table 6. Test results of cement-based slurries/mortars with addition of ‘F’ and ‘C’ type
ash. CEM — pure cement control sample

Cement-based composites with the addition of ash sample type by
symbol

IF |1c* |[2F |2¢c* [3F |3C* |4F |4C* |CEM
?ﬁ;“]ter demand |}, 036 (1111 |103.1 |110.7 | 103.6 |105.8 | 103.6 | 100
0

Soundness 24 (47 |15 |17 |13 |as |17 |20 |05
[mm]

Initial setting )\ 530|570 45 [205 [223 |195 |247 |190 |217
time [min]

* results obtained on type ‘C’ ash samples might only serve as a rough comparison

All tested ash samples are characterized by a high water demand typical for FBC
ashes, resulting from the irregular particle shape and relatively high specific
surface area. Values of the order of 110% may be problematic and necessitate the
use of plasticizing admixtures or have a negative impact on the mechanical
properties of hardened composites.

Grouts with the addition of ashes are not at risk of excessive volumetric expansion
as defined by PN-EN 196-3 [22], the maximum permissible value is 10 mm. The
test method is designed to determine the presence of burnt calcium oxide, which
may be responsible for problematic swelling of conventional ashes. In the case of
FBC ashes, it would be more appropriate to test the long-term swelling, affiliated,
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for example, with the crystallization of ettringite that is associated with the
presence of excessive amounts of sulfates.

The addition of ash in place of cement delays the setting of the grout slightly, but
in a way that is acceptable according to PN-EN 450-1 [20] — the values do not
exceed twice the time measured for the cement control sample. According to the
literature, the influence of FBC ashes on the cement composite setting is
ambiguous — the presence of active calcium oxide has an accelerating effect, while
anhydrite may delay the cement setting [34].

Strength values of mortars with a replacement of 25% of cement mass with
respective ash samples are presented in Table 7 and Figs. 6 and 7. Mortar prisms
were cured in a water bath and the tests were carried out 28 and 91 days after
mixing. The value of the so-called activity index was determined as the ratio of
the compressive strength of mortar with an addition of ash, to the strength of pure
cement mortar.

Table 7. Tensile strength and activity index results of cement-based mortars with the
addition of ‘F” and ‘C’ type ash. CEM — pure cement control sample

Cement-based mortars with the addition of ash sample
Tested property types by symbol

IF |1C |2F |2C |3F |3C |4F |4Cc |CEM
Tensile strength after 28
days of curing [MPa] |05 |72 |66 [39 39 |42 |61 |29 |98
Activity index after 28| (o ol cc 4 1670|450 [353 [42.5 | 58.4 |29.4 [ 100.0
days of curing [%]
Activity index after 91 .4 -1 ¢o 1751 | 589 [38.1 [69.5 | 71.1 |35.3 | 100.0
days of curing [%]
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Fig. 6 Development of compressive
strength of mortars with the addition of
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Fig. 7 Development of compressive
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type ashes. CEM — pure cement control
sample
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The addition of all tested ash types reduced the strength of cement-based mortars
after 28 and 91 days of curing. Indeed, very significant discrepancies in activity
were observed, taking into account the replacement of only 25% of the cement
mass - after 91 days, ‘4C’ type ash reduces strength by 65%, while ‘1F’ type ash
does so by only 20%. There are also significant differences between ash fractions
of one origin - the activity index after 91 days of ‘4F’ type ash is over 70%, while
that of “4C’ type ash is 35%. Despite such a drastic individual difference, the effect
of separation on activity is quite different depending on the material’s origin.
Three out of four analyzed ‘F’ samples are characterized by similar activity rates,
ranging from about 60-70% after 28 days, to 70-80% after 91 days. These values
are not far from the values required by the standard for ash additives in concrete
PN-EN 450-1 [20], i.e. activity rate not less than 75% after 28 days and 85% after
91 days of curing. They also exhibit a visible delayed strength increase, which is
illustrated by the graph in Fig. 6.

S. DISCUSSION

5.1. Factors affecting the activity of FBC bottom ash

The discrepancies in the results of tests carried out on bottom ash samples of
different origins confirm the notion of inherently high complexity and diversity of
their composition and properties. Therefore, it seems important to determine the
reasons for the observed differences, especially in the context of the critically low
activity of some samples. A correlation analysis has been performed to identify
the material characteristics that seem to have a decisive influence on the
development of strength of cement composites modified with the addition of
bottom ash. The so-called ‘p-value’ was used to assess the significance of linear
correlation. This can be defined as the probability of randomly obtaining an
observed or better association of the features, assuming the lack of actual
association between those features. The lower the p-value, the stronger the linear
correlation. The apparent dependencies were assessed in the context of the
mechanisms of binding of ash grouts that are described in the literature.
Correlations are illustrated in Figs. 8-11, along with the p-values. The contents of
compounds used for graphs in Figs. 10 and 11 come from Table 2. They were
applied, in an approximate manner, to the ‘C’ fraction of ash as it represents, on
average, 90% of their original mass. Moreover, the distribution of components
during separation is not drastic (see Table 4).
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The anhydrite content of the samples of type ‘F’ and ‘C’ is negatively associated
with the ash activity index after 28 days, and also after 91 days in the case of ‘F’
type samples. The possibility of obtaining the correlation randomly is limited
because the estimates determined independently by XRD and TG analyses are
similar. This association can be explained by the fact that although gypsum (also
anhydrite) is a reactive component used in cements as a setting time regulator
(about 2-5% by weight), its excess may adversely affect the course of hydration,
significantly reducing the strength and durability of the cement composite [30].
Based on the trend shown in Fig. 8, it can be estimated that achieving an activity
index after 28 days that is close to 75% or after 91 days that approaches 85% for
a type ‘F’ ash sample would require anhydrite content below 2% or 3% by weight,
respectively. Similar requirements are placed on conventional ash when used as a
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concrete additive, as in PN-EN 450-1 [20]. However, FBC ash is inherently richer
in sulfur compounds, mainly anhydrite, which may make such an approach
impractical. Limiting the excess calcium sulfates in composites is potentially
possible, e.g., by utilizing cement with purposely reduced gypsum content, even
pure clinkers. In such a mixture, the setting time regulation function would be
fulfilled by the sulfate present in the FBC ash — but such an application requires
additional detailed research.

Coarse-grained ‘C’ type samples are characterized by a weaker anhydrite content-
activity index relationship after 28 days of curing, and generally lower
repeatability of results, which may be due to their lower uniformity and different
grain size scale. In general, it can be concluded that with the same anhydrite mass
content, they achieve an activity index 10-20 p.p. lower than fine ‘F’ samples after
28 days of curing. This difference probably results from diverse physical
characteristics, including mainly grain size and the specific surface area of ashes
of different fractions, on the development of strength. Thus, an indirect positive
effect of activation of the material is observed, imitating in a way the grinding
effect. The strength of mortars modified with ‘C’ ash after 28 days is strongly
positively influenced by the total SiO, content (Fig. 10) (or the sum of
Si0,+ALO;, p=0.019). In the case of reactive silica, the correlation is significantly
weaker, p = 0.146. One possible reason could be that a high content of an inert,
mechanically strong component (de facto aggregate) is beneficial for coarse-
grained samples — as it replaces the potential reactive phases that influence the
course of hydration.

The complete lack of anhydrite-activity association after 91 days of curing for ‘C’
samples suggests the potential existence of other dependencies that determine
individually or jointly the delayed activity of the material. This is usually caused
by compounds having pozzolanic properties that, in the case of FBC ashes, are
typically dehydrated clay minerals in a porous form [17]. This may explain the
positive linear relationship between Al,O; content and activity after 91 days for
the ‘C’ fraction. Although the correlation is not strong enough at the significance
level of 0.05, worth noting is a seemingly much weaker association of activity
after 91 days with the content of anhydrite (p=0.483), silica (p=0.224), and
calcium oxide (p=0.188). The lack of data concerning the oxide composition of
fine ‘F’ samples makes it impossible to verify this relationship.

The physical characteristics analyzed in the ‘F’ type samples, i.e. fineness, grain
density, and specific surface area, are not linearly correlated with the activity of
these ashes after 28 days of curing — p-values are 0.529, 0.328, and 0.771,
respectively. This fact does not exclude the possibility of such an association but
indicates the decisive influence of the chemical composition.
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5.2. The viability of bottom ash modification by grain size separation

The samples obtained by grain size selection have inherently different physical
characteristics (grain size, specific surface area, etc.), the influence of which on
ash activity in cement mortars seems to be confirmed (Fig. 8). In general,
separation of the phase composition between the different fractions of ash would
take place if the particular compounds present in the material existed in the form
of grains of different sizes. The data summarized in Table 4 indicates that a partial
separation of anhydrite is achieved by fractionation of the ash on a 0.1 mm sieve,
but the effect is not consistent with regard to ashes of different origin — and is
negligible in the case of sample ‘2’. These differences are probably due to
differing characteristics of individual fluidized bed furnaces, inter alia,
combustion conditions, types of sorbent and fuel used, temperature, pressure, and
burning time of bed materials. This means that in order to obtain repeatable and
desired effects of grain separation of a given ash, it may be necessary to
deliberately control combustion process parameters and the physical and chemical
properties of the sorbent and fuel. The existence of such relationships is indicated
by the strong positive correlation of the mass content of the 0-0.1 mm fraction in
the raw bottom ash with the anhydrite content (XRD) in respective ‘F’ type
samples (p = 0.023). A possible explanation is that the materials constituting the
fluidized bed that burn for relatively long periods of time experience greater
fragmentation as a result of chaotic particle movement. At the same time, the
limestone sorbent is then used to a greater extent and is transformed into anhydrite
in the form of finer grains.

There is another potential benefit of the removal of the finest particles from the
ash, regardless of the separation of the phase composition or a lack thereof.
Bottom ash is a source of environmental pollution, e.g., the concentrations of
sulfates in water leaching through this material may be several times greater than
acceptable according to standards [ 10]. Depriving them of the particles most easily
carried away by water and wind may help reduce the migration of pollutants to
the environment when the ashes are used, e.g., for earthworks or land reclamation.

6. CONCLUSIONS

The use of FBC bottom ash as an additive to cement composites requires
mitigation of some of its adverse properties, mainly high water demand and low
activity. The presented studies indicate the possibility of reducing the problem of
the latter by selective use of fine ash fraction, in this case of grains smaller than
0.1 mm. Such material is similar to fly ash in terms of physical characteristics,
and 3 out of 4 tested samples are characterized by an activity index slightly below
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the standard requirements, as well as a visible, delayed increase in strength over
28-91 days of curing.

The presented analysis suggests the possibility of further limiting the problem by
regulating the composition of ash or the whole composite made with its addition.
The high content of anhydrite in the mass of bottom ash negatively influences the
strength of cement-based mortars; however, the selection based on the 0.1 mm
grain size limit does not show consistent effects in the form of segregation of this
basic component. It seems possible to use FBC ashes in combination with cement
of purposely reduced gypsum content.

The coarse fraction of ash, with grains larger than 0.1 mm, is significantly less
active due to, among other reasons, low specific surface area. It can, therefore, be
used as an almost inert additive, e.g., by replacing part of the fine aggregate. This
requires further research, although, on the basis of the presented test results,
favorable mechanical properties of mortars with the addition of these ashes can be
linked to the high content of silicon compounds (mainly quartz) and aluminum
compounds (dehydrated clay minerals, amorphous aluminosilicates).

Grain size separation of FBC bottom ashes might lead to a separation of their
components and, as a result, regulate some properties, including activity.
However, the effect obtained on the 0.1 mm sieve is not consistent and probably
depends, among other issues, on combustion conditions, type of furnace, sorbent,
and fuel used.

The effective use of FBC bottom ashes in cement-based composites requires
expansion of the research, perhaps according to a new and original methodology
appropriate for the unique characteristics of the material.

REFERENCES

1. Aboustait, M, Kim, T, Ley, MT and Davis, JM 2016. Physical and chemical
characteristics of fly ash using automated scanning electron microscopy.
Construction and Building Materials 106, 1-10.
https://doi.org/10.1016/j.conbuildmat.2015.12.098.

2. Arezoumandi, M and Volz, JS 2013. A comparative study of the mechanical
properties, fracture behavior, creep, and shrinkage of high-volume fly ash
concrete. Journal of Sustainable Cement-Based Materials 2(3—4), 173—185.
https://doi.org/10.1080/21650373.2013.820156.

3. Baran, T, Drozdz, W and Pichniarczyk, P 2012. The use of calcareous fly ash
in cement and concrete manufacture (in Polish). Cement Wapno Beton
17/79(1), 50-56.

4. Blanco, F, Garcia, MP and Ayala, J 2005. Variation in fly ash properties with
milling and acid leaching. Fuel 84(1), 89-96.
https://doi.org/10.1016/j.fuel.2004.05.010.



18

Zbigniew KLEDYNSKI, Lukasz KRYSIAK

10.

11.

12.

13.

14.

15.

Falacinski, P 2011. Leak tightness of hardening slurries with fluidal fly ashes
in chemically aggressive environments. Archives of Environmental Protection
37, 115-134.

Falacinski, P, Garbulewski, K, Kledynski, Z, Skutnik, Z and Ziarkowska, K
2004. Fluidized fly-ash cement-bentonite cut-off walls in flood protection (in
Polish). Scientific Review Engineering and Environmental Sciences 2(29),
202-215.

Gaweda, A, Walkowicz, J, Szopa, K, Szwajda, P and Krzykawski, T 2013.
Practical application of bottom ash from the fluidized bed boiler of the Lagisza
power plant - a look from a distance (in Polish). Proceedings of the XX
International Conference - Ashes from Power Generation, Warsaw, October
23-25.

Gazdi¢, D, Fridrichova, M, Kulisek, K and Vehovska, L. 2017. The potential
use of the FBC ash for the preparation of blended cements. Procedia
Engineering 180, 1298—1305.
<https://doi.org/10.1016/j.proeng.2017.04.292>,

Hela, R and Orsakova, D 2013. The mechanical activation of fly ash. Procedia
Engineering 65, 87-93. <https://doi.org/10.1016/j.proeng.2013.09.016>.
Janecka, L and Siemiagtkowski, G 2012. Bottom ash from fluidized bed boilers
- physico-chemical characteristics, environmental risk assessment and
utilisation options for Portland clinker production (in Polish). Prace Instytutu
Ceramiki i Materiatdw Budowlanych 5(9), 89-101.

Jang, JG, Park, S-M, Chung, S, Ahn, J-W and Kim, H-K 2018. Utilization of
circulating fluidized bed combustion ash in producing controlled low-strength
materials with cement or sodium carbonate as activator. Construction and
Building Materials 159, 642—651.
<https://doi.org/10.1016/j.conbuildmat.2017.08.158>.

Kledynski, Z, Machowska, A, Pacewska, B and Wilinska, 1 2017.
Investigation of hydration products of fly ash—slag pastes. Journal of Thermal
Analysis and Calorimetry 130(1), 351-363.
<https://doi.org/10.1007/s10973-017-6233-4>.

Lelek, L, Kulczycka, J, Lewandowska, A and Zarebska, J 2016. Life cycle
assessment of energy generation in Poland. The International Journal of Life
Cycle Assessment 21(1), 1-14.
<https://doi.org/10.1007/s11367-015-0979-3>.

Lutze, D and vom Berg, W 2010. Handbook on Fly Ash in Concrete, Bau+
Technik GmbH, Essen, Germany.

Mejeoumov, GG, Shon, C-S, Saylak, D and Estakhri, C K 2010. Beneficiation
of stockpiled fluidized bed coal ash in road base course construction.
Construction and Building Materials 24(11), 2072-2078.
<https://doi.org/10.1016/j.conbuildmat.2010.04.055>.



EFFECTS OF SEPARATED FRACTIONS OF FBC BOTTOM ASH 19
ON SELECTED PROPERTIES OF CEMENT MORTARS

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Oner, A, Akyuz, S and Yildiz, R 2005. An experimental study on strength
development of concrete containing fly ash and optimum usage of fly ash in
concrete. Cement and Concrete Research 35(6), 1165-1171.
<https://doi.org/10.1016/j.cemconres.2004.09.031>.

Pacewska, B, Wilinska, I, Kubissa, W and Nowacka, M 2010. Fluidized bed
ash - advantages and risks of its application in cement composites (in Polish).
Proceedings of the XVI International Conference - Ashes from Power
Generation, Warsaw, October 24-26, 235-250.

Patra, RK and Mukharjee, BB 2017. Properties of concrete incorporating
granulated blast furnace slag as fine aggregate. Advances in Concrete
Construction 5(5), 437. <https://doi.org/10.12989/acc.2017.5.5.437>.

PN-EN 1097-7:2008 2008. Tests for mechanical and physical properties of
aggregates. Determination of the particle density of filler. Pyknometer
method. (Badania mechanicznych i fizycznych wtasciwosci kruszyw -- Czgs¢
7: Oznaczanie gestosci wypetniacza -- Metoda piknometryczna).

PN-EN 450-1:2012 2012. Fly ash for concrete. Definition, specifications and
conformity criteria. (Popidt lotny do betonu - Czes$¢ 1: Definicje, specyfikacje
1 kryteria zgodno$ci).

PN-EN 196-1:2016-07 2016. Methods of testing cement. Determination of
strength. (Metody badania cementu - Czgs¢ 1: Oznaczanie wytrzymatosci).
PN-EN 196-3:2016-12 2016. Methods of testing cement. Determination of
setting times and soundness. (Metody badania cementu -- Czg$¢ 3:
Oznaczanie czasOW wigzania i statosci objetosci).

PN-EN 451-2:2017-06 2017. Method of testing fly ash. Determination of
fineness by wet sieving. (Metoda badania popiotu lotnego -- Cze$é 2:
Oznaczanie miatkosci przez przesiewanie na mokro).

PN-EN 196-6:2019-01 2019. Methods of testing cement. Determination of
fineness. (Metody badania cementu -- Cze$¢ 6: Oznaczanie stopnia
zmielenia).

Rafieizonooz, M, Mirza, J, Salim, MR, Hussin, MW and Khankhaje, E 2016.
Investigation of coal bottom ash and fly ash in concrete as replacement for
sand and cement. Construction and Building Materials 116, 15-24.
<https://doi.org/10.1016/j.conbuildmat.2016.04.080>.

Roszczynialski, W, Stepien, P, Roszczynialski, W (jr), Bogusz, K and
Wisnios, E 2016. By-products of combustion from fluidized bed plants as
concrete additives (in Polish). Proceedings of the IX Conference — Days of
Concrete, Wista, Poland, October 10-12.

Slavik, R, Bednarik, V, Vondruska, M and Nemec, A 2008. Preparation of
geopolymer from fluidized bed combustion bottom ash. Journal of Materials
Processing Technology 200(1-3), 265-270.
<https://doi.org/10.1016/j.jmatprotec.2007.09.008>.



20

Zbigniew KLEDYNSKI, Lukasz KRYSIAK

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sunil, BM, Manjunatha, LS and Yaragal, SC 2017. Durability studies on
concrete with partial replacement of cement and fine aggregates by fly ash and
tailing material. Advances in Concrete Construction 5(6), 671.
<https://doi.org/10.12989/acc.2017.5.6.671>.

Telesca, A, Marroccoli, M, Pace, ML, Valenti, GL, Montagnaro, F and Naik,
TR 2012. Use of FBC bottom ash as a raw material for the synthesis of low-
CO; cements. Proceedings of the 21st International Conference on Fluidized
Bed Combustion, Naples, Italy, June.

Tzouvalas, G, Dermatas, N and Tsimas, S 2004. Alternative calcium sulfate-
bearing materials as cement retarders: Part I. Anhydrite. Cement and Concrete
Research 34(11), 2113-2118.
<https://doi.org/10.1016/j.cemconres.2004.03.020>.

Uliasz-Bochenczyk, A, Mazurkiewicz, M and Mokrzycki, E 2015. Fly ash
from energy production—a waste, byproduct and raw material. Gospodarka
Surowcami Mineralnymi 31(4), 139-150.
<https://doi.org/10.1515/gospo-2015-0042>.

Utt, J and Giglio, R 2012. Technology comparison of CFB versus pulverized
fuel firing for utility power generation. Journal of the Southern African
Institute of Mining and Metallurgy 112(6), 449—454.

Van der Merwe, EM, Strydom, CA, and Potgieter, JH 1999.
Thermogravimetric analysis of the reaction between carbon and CaSOy
2H»0, gypsum and phosphogypsum in an inert atmosphere. Thermochimica
Acta 340, 431-437. <https://doi.org/10.1016/S0040-6031(99)00287-7>.
Wilinska, I and Pacewska, B 2019. Comparative investigation of reactivity of
different kinds of fly ash in alkaline media. Journal of Thermal Analysis and
Calorimetry 138(6), 3857-3872. <https://doi.org/10.1007/s10973-019-08296-
4>,

Xia, Y, Yan, Y and Hu, Z 2013. Utilization of circulating fluidized bed fly ash
in preparing non-autoclaved aerated concrete production. Construction and
Building Materials 47, 1461-1467.
<https://doi.org/10.1016/j.conbuildmat.2013.06.033>.

Zahedi, M and Rajabipour, F 2019. Fluidized Bed Combustion (FBC) fly ash
and its performance in concrete. ACI Materials Journal 116(4), 163-172.
<https://doi.org/10.14359/51716720>

Zhang, W, Choi, H, Sagawa, T and Hama, Y 2017. Compressive strength
development and durability of an environmental load-reduction material
manufactured using circulating fluidized bed ash and blast-furnace slag.
Construction and Building Materials 146, 102—113.
<https://doi.org/10.1016/j.conbuildmat.2017.04.042>.

Editor received the manuscript: 07.07.2020



