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Abstract: The topic of research included in this article was the evaluation of the influence of ceno-
spheres on selected parameters of mortar cement. Samples were designed as CEM I42.5 R Portland
cement with the application of different additive amounts. In the experimental work, the consistency,
compressive strength, and bending strength were tested after 28 and 56 days of maturation, and after
heating temperatures of 20, 300, 500, and 700 °C. The compressive strength was tested on half beams
(40 x 40 x 160 mm). Using the obtained results, the properties of the mortars were compared. The
research confirmed the possibility of producing cenosphere-modified cement mortars. Cenospheres
used in the preparation of cement mortar negatively affected the bending and compressive strength
with increasing temperature (20, 300, 500, 700 °C) and increasing content of this additive (10, 20, 30%).
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1. Introduction

Coal is currently one of the world’s basic energy resources, and will remain so for
the next few years [1]. In Poland, about 90% of electricity comes from coal. Its combus-
tion in industrial processes is a major source of CO,, SOp, NOx and dust emissions. To
maintain sustainable development, and thus a clean environment, increasingly stringent
requirements on pollutant emissions standards have been imposed by the EU [2]. Emerging
clean coal technology (CTW) processes are associated with the production of waste that
requires management or disposal. Due to the dynamic development of CTW processes
and technological progress, the waste in question is treated as a valuable product. Because
furnaces operate at high temperatures (1000-1800 °C), the organic matter of the coal com-
busted is decomposed into molten slag of morphologically variable size and shape [3].
This variability leads to the formation of various types of particles in coal fly ash (CFA),
such as plerospheres, ferrospheres, and cenospheres. Figure 1 illustrates cenospheres. A
necessary condition for the formation of aluminosilicate microspheres is the presence of
gases trapped inside the molten ash droplet [4,5].

The properties of aluminosilicate microspheres depend on the type and quality of coal,
and the temperature and time in the combustion and cooling zones. Plerospheres are large
microspheres with encapsulated particles filled with fine clusters of spherical particles
along with minerals and gases [5], while ferrospheres are spherical particles rich in iron [6].
Cenospheres (CS), similar to fly ash, are mainly aluminosilicate spheres filled with gases
from the coal combustion process: carbon dioxide and nitrogen with a Si/ Al ratio from 1.5
to 3.5 [7]. Cenospheres in the presence of a large amount of mullite [8,9] show low thermal
expansion, considerable thermal stability, and high creep and crack resistance [10]. Their
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quality depends primarily on the impurities generated in the basic process, i.e., the amount
of slag, ash, and unburned mazut or coal [11], while their efficiency depends on cooling
rate, melt viscosity, combustion temperature, and falling distance [12,13]. Cenospheres
provide an excellent insulating and filling material, used in composite technologies (special
rubber mixtures, refractory and insulating materials, ecological barriers, etc.) for the
production of light, high strength concrete [14-16]. The important features of cenospheres
are low bulk density of about 400 kg/ m? [17,18], real density of about 2.3 kg/ m? [19], low
thermal conductivity at room temperature of 0.60 (W/(mK)), and a high melting point of
1200 °C [20-22]. The outer diameter of the CS can vary from 1 to 500 um, with the majority
of particles having a size of 60—200 um, while their total fraction mass in CFA is about
1-2% [23]. It is known from the literature that the water absorption of porous CS is about
18 times greater than that of sand [4,23].

Figure 1. Cenospheres.

The mineralogical and chemical composition of cenospheres, depending on the concen-
tration of unburned carbon, can change their color from brown to gray or black. Taking into
account the ASTM C618 standard, depending on the raw coal, CS are divided into class C
from lignite combustion or class F from anthracite combustion. The main role in the activity
of CS is played by the combination of silicon, aluminum, and iron oxides, representing 70%
of activity for class F and 50% for class C [24,25]. Considering the morphology, elemental
composition, and viscosity of slag liquid, researchers have divided cenospheres of A-Si
and Fe-Al.-Si alloys into two types: magnetic and non-magnetic [26]. Some CS contain
large amounts of Fe exhibiting magnetic properties on the surface, while others are mainly
composed of Al and Si [26].

Cenospheres are used in many fields, including building and construction materi-
als [27], plastics [28], ceramics [29], construction [9], coatings [30], lightweight construction
materials [31], polymer fillers [32], and energy storage devices [33,34]. Due to their re-
sistance to high temperatures, they are used as a refractory material [35]. In the field
of building materials, CS enable a decrease in concrete density while maintaining me-
chanical strength [36], making them an appropriate production material for lightweight
concrete [37]. Additionally, the spherical CS particles act like miniature ball bearings in
fresh concrete mix. When added to the mixture in an amount between 1 and 5%, they
increase its workability [38].
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Souza et al. [39] used CS in the production of lightweight concrete with high tensile
strength. Concrete was produced with CS replacing aggregate in quantities of 33, 67
and 100% by volume. It was observed that the addition of CS improved the concrete’s
specific strength. Likov et al. [39] found that the crystallization of hydrated products
increased with increasing maturation temperature. Hanif et al. [40] developed a formula
for a cement composite using aerogel and cenospheres. The obtained material exhibited
decreased density. Properties such as particle size and bulk density accelerate the cement
hydration process [41]. Satpathy et al. [27] stated that in order to obtain the assumed
mechanical properties, it is necessary to determine the optimal percentage of aggregate
replacement by cenospheres. Additional thermal and acoustic insulation can be provided
by the introduction of spherical CS particles as an additive to concrete, with a positive effect
on the insulation properties of plasters, coatings [42], and mortars used in construction [42].
An increase of 100% in the acoustic insulation coefficient was achieved by adding up to
40% CS volume to the cement matrix [43].

A popular use for cenospheres is the production of lightweight structures made of
mortar and concrete [38]. The CS particles may be smaller than or similar in size to those
of Portland cement and sand, and their shapes may reduce the size and number of open
pores. In addition, at higher temperatures (80 °C) CS behave like pozzolana, absorbing free
Ca(OH); from hydrated Portland cement by filling the pores between the cement surface
and the CS particles with insoluble silicate hydrates [21,44-46]. The pozzolanic activity
strengthens the interfacial bonds between the aggregate and the cement matrix. Despite
their reactivity in an alkaline environment, they do not exhibit any harmful alkaline-silica
reaction effects in mortars [47].

Baronins et al. [48] observed that Portland cement containing cenospheres up to 40%
by volume showed a density reduction of 23% compared with cement mortars without CS,
and reduced the water absorption capacity to 3%. Mortar with lower water absorption can
positively affect the frost resistance and durability of the composite. In addition, it was
found that increasing the CS concentration in the range of 0 to 40 percent volume increased
the total volume of the open micrometric pores. In cold climates, this in turn may cause
cracks in structures to form more quickly during the processes of freezing and thawing.

The main causes of degradation in cement composites at high temperatures are micro-
cracks resulting from different properties of the cement matrix and thermal properties of
the aggregate [49]. Arizmendi-Morquecho [50] conducted research into the properties of
cenosphere-based protective coatings when exposed to high temperatures. The specified
thermal expansion coefficient of the microsphere in the temperature range 20-1000 °C
reached a value half that of concretes (6.13 x 107°/°C), indicating better thermal com-
patibility of the cement matrix and the aggregate. The research allowed formulation of a
hypothesis about the increased fire resistance of cement composites made with cenospheres.
The use of a new lightweight cement composite with low thermal conductivity and high
strength may be a promising direction in increasing fire resilience during construction.
Cenosphere-based cement composites have been tested at room temperature [51-53] and at
high temperatures [48,54-57].

Szymku¢ and Toktowicz [58,59] conducted experimental tests on a light cement com-
posite with the addition of cenospheres. After more than 90 days of maturation, the test
samples were heated to temperatures of 105, 200, 400, 600, 700, 800, and 1000 °C. The
tests demonstrated a significant improvement in compressive strength compared with
traditional concrete. When heated to 60 °C, the samples retained 92% of the initial strength
measured at a temperature of about 20 °C, and about 60% when heated to 1000 °C. The
obtained material was characterized by low density (1450 kg/m?) and reduced thermal
conductivity (0.60 W/(mK)) at a temperature of 20 °C. Additionally, numerical analysis
was carried out on selected elements of the structure. The results showed an increase in
the fire-resistance time for individual parts that were composed of lightweight cement
composites that included cenospheres. This indicates the possibility of using lightweight
composites in the construction and fire engineering of buildings.
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Pursuant to Regulation (EC) No. 1272/2008 (CLP), cenospheres are not classified
as hazardous in terms of toxicological and ecotoxic risks [59]. Additionally, they are
not classified as hazardous waste according to Commission Decisions 2000/532/EC and
2001/118/EC. If possible, CS should be recovered for further use as part of recycling
processes [60,61].

The concept of this research work included evaluating the possibility of using ceno-
spheres as a cement substitute in the production of cement mortars. This research was
also aimed at determining the influence of elevated temperatures on designed mortars’
mechanical properties. Annealing temperatures were chosen to correspond to the different
phases of fire in rooms of different heights. The selection of temperatures for observation
was determined by the points where structural changes of the mortars occurred. The aim
of the experiment was to determine the effects of the applied mortar additives on bending
strength under compression, under normal and initial thermal load conditions. The heating
of the samples was carried out in accordance with the adopted temperature distribution
curve, similar to the model curve used in the fire-resistance tests for the structural elements
of buildings) [62-64].

2. Materials and Methods
2.1. Cement Mortar with Cenospheres

Cement mortars were made of aggregate with a fraction of 0-2 mm (Kwarcmix,
Tomaszéw Mazowiecki, Poland), CEM I 42.5 R Portland cement (Cement Ozaréw SA,
Ozaréw, Poland), water, and the addition of cenospheres (Eko Export SA, Bielsko- Biata,
Poland).

In order to determine the effect of cenospheres on the mortar strength, two types of
samples were prepared:

e  MC—ordinary mortar,
MCC—mortar with the addition of cenospheres at 10, 20, and 30% by weight of cement,
respectively.

The compositions of cement mortars with different contents of cenospheres are pre-
sented in Table 1.

Table 1. Cement mortars mix proportions by weight.

Mass of Concrete Ingredients [g]

Specification
Aggregate Water Cement Cenosphere
MC 1350.0 225.0 450.0 -
MCC 10% 1350.0 225.0 405.0 45.0
MCC 20% 1350.0 225.0 360.0 90.0
MCC 30% 1350.0 225.0 315.0 135.0

The samples for the experimental tests were made of CEM I 42.5 R cement, meeting
the requirements specified in Table 2, and CEN sand. The values provided are the average
values for the year 2021 specified by the manufacturer. CEN standard sand is certified
compliant with PN EN 196-1: 2016- 07 [64]. It is a natural quartz sand extracted from
the “Biata Gora” sand deposits near Tomaszow Mazowiecki. Its grains are rounded, and
the mass content of silicon dioxide (SiO5,) is 98%. The size distribution of standard sand
(Table 3) was assumed.
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Table 2. Chemical, mechanical, and physical properties of cement [65].

Standard Requirements

Parameters PN-EN 197-1 Average Values Achieved
Compressive strength [MPa]

after 2 days >20 29.9
after 28 days >42.5, <62.5 56.6
Loss on ignition [%] <5.0 2.98
The residue is insoluble [%] <5.0 0.77
Sulphate content SO3 [%] <4.0 3.22
Chloride content CI” [%] <0.10 0.05
Start of setting time [min] >60 196
Consistency [mm] <10 0.5
Specific surface area [cm?/g] no requirements 4138

Table 3. Sand granulation distribution [66].

Square mesh side
[mm]

Total sieve residue [%] 0 7+5 33+5 67 £5 87 +5 9 +1

2.00 1.60 1.00 0.50 0.16 0.08

2.2. Cenospheres

White cenospheres W-300 with the following chemical composition were used for
the tests: Al,O3 (34-38 wt%), Feo, O3 (1-3 wt%), SiO, (50-60 wt%), CaO (1-4 wt%), K,O
(0.1-2 wt%), TiO; (0.5-3 wt%), MgO (0.2-2 wt%). White cenospheres are more resistant
to temperature than their gray counterparts. Physical and chemical properties, and the
number of individual fractions declared by the producer are presented in Tables 4 and 5 [66].

Table 4. Properties of the cenospheres [67].

Parameters

Physical condition Constant

Smell Almost imperceptible

pH (raw leached cenospheres) 5.5-6.4 (30 min—-24 h)

PH (processed leach cenospheres) 6.5-6.9 (30 min—24 h)

Melting temperature 1.260-1.560 °C

Sintering temperature 1300 °C

Optical density 1 g/cm3 raw cenosphere
0.7 g/cm?® processed cenospheres (drying at 105 °C)

Water solubility Q.OSl—Q.O68 g/L (0.17—0.23% by weight). Remarks: main
ingredients do not dissolve in water

Volume density 0.4 g/cm?® raw and processed cenospheres (drying at 105 °C)

Bulk density 0.360-0.450 g/cm?

Humidity 0.50%

Table 5. Particle size specification [67].

Min% Max%
+500 pm 0 0
+300 pm 0 4
+150 pm 20 90
+63 um 5 60
<0.63 um 0 5

2.3. Methodology of Testing

The bending strength was determined after 28 days of maturation on 40 x 40 x 160 mm
trabeculae, subjected to the bending moment in the three-point bending scheme. During
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the test, the samples were positioned so that their concreting surface was perpendicular to
the direction of the load application. Seven samples of each type were tested.

The mortar consistency was tested by the fall cone method according to PN-EN1015-3:
2000 [68], and density according to PN-85/B-04500. [68]. The consistency determination
involved determining the spread of the mortar sample on the shaking table. When assess-
ing the influence of the cenospheres on the properties of the obtained mortars, bending
and compressive strength tests were carried out for two maturing periods in accordance
with the PN-EN 196-1: 2016-07 standard [69]. Cuboidal samples with dimensions of
40 x 40 x 160 mm were placed horizontally between the breaking supports. They were
bent with increasing load until the destruction point. The halves of the beams formed after
the test were then used for testing the compressive strength, using the ADVANTEST-9
control and hydraulic console (Controls, Warsaw, Poland).

Water absorption of the mortars was carried out according to PN 85/B-04500 [69],
and the heating of samples according to PN-EN 1363-1:2020-07 [70]. The temperature
distribution (300 °C, 500 °C, and 700 °C) was similar to conditions corresponding to fire.
Thermal distribution in the elements was described by the standard temperature-time
curve according to PN-EN 1363-1:2020-07 [68].

Annealing (Figure 2) was carried out on 7 samples with dimensions of 40 x 40 x 160 mm,
intended for testing the bending strength.

Figure 2. Samples during annealing at 300 °C.

Heating of the hardened cement mortars was carried out at high temperature in
accordance with the adopted “temperature-time” distribution. Figure 3 refers to the
heating of the samples in a special furnace.

The analysis of the influence of temperature on elements made of the designed cement
mortars was carried out over a specified time period, without the cooling phase. After
reaching the desired temperatures, i.e., 300 °C, 500 °C, or 700 °C, the samples were fur-
ther annealed for 30 min to equalize the temperature in the entire volume of the element,
followed by free cooling to ambient temperature. The loading time of the elements de-
pended on the temperature (300 °C, 500 °C, or 700 °C) and amounted to 60, 120, or 180 min,
respectively. Then, selected mechanical properties of the cement mortars were examined.



Sensors 2022, 22,7518

7 of 18

——300°C 500°C 700°C

800
_ 700 |
o
£ 600
v 500
3
® 400 ~T
g 30 .oy
E 200 =
[t

0 - !

0 20 40 60 80 100 120 140 160 180 200
Time [min]

Figure 3. Temperature distribution in the elements.

2.4. Statistical Analysis

Basic statistical analysis was performed using the Statistica 14 analytical tool (TIBCO
Software Inc., Palo Alto, CA, USA). Quantitative research was carried out and selected
descriptive statistics were presented for the analyzed variables, including measures of
occurrence, location, and variability. Using these data, the number of observations, mean
results, observation differentiations, etc., were determined.

To predict the compressive and flexural strength of the cenospheres, a regression
model was constructed in the form of a unidirectional neural network, described by a non-
linear activation function (sigmoidal). Multilayer perceptron networks (MLP networks)
consisting of several layers of neurons were trained to determine the neurons’ response
signals. The multilayer perceptron solves its task with the use of hyperplanes, by dividing
the space of input signals into disjointed areas assigned to different values of the output
signals.

3. Results
3.1. Consistency

It can be stated that cenospheres influence the density and consistency of fresh ordinary
mortar. The largest diameter of flow, equal to 14.3 cm, was observed for the ordinary mortar,
and the smallest for the mortar 30% C, at 9 cm. The results for 10% C and 20% C mortars
were 10.5 cm and 9.5 cm, respectively (Figure 4). On the basis of this research, it was found
that the higher the content of cenospheres, the denser was the mortar and the smaller the
spreading diameter. The ordinary mortar obtained the highest volumetric density, equal to
2.15 g/cm?, the lowest was 1.75 g/cm3 in the 30% C mortar. The bulk densities of the 10,
20, and 30% C samples decreased by 7, 12, and 19%, respectively, compared to the standard
mortar. Analysis indicated that the increase in the content of microspheres lowered the
bulk density of the hardened mortar.

3.2. Volumetric Water Absorption

The highest volumetric water absorption, 20.44%, was achieved by the 10% C mortar,
and the lowest, 17.01%, by the ordinary mortar. The mortar with the highest content of
cenospheres obtained the lowest result among mortars with additive. The results showed
that with the increase in the content of microspheres, the water absorption increased. The
opposite was observed in the case of volumetric water absorption—an increase in the
proportion of the additive caused a decrease in water absorption. The 30% C mortar
achieved 14% higher volumetric water absorption compared with the standard value, and
6% lower than the 10% C mortar. The analysis confirmed that the increase in the proportion
of microspheres had a beneficial effect on the volumetric water absorption. Figure 5 shows
the results obtained for water absorption.
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Figure 4. Consistency test—from left to right, 10, 20, and 30% MCC mortars.

25.0
— 20.0
=
5
= 15.0
2
=
=]
v
o
< 10.0
ot
2
<
= 5.0

0.0

MCC 10% MCC 20% MCC 30%
Type of sample

Figure 5. Weight and volume saturation.

3.3. Compressive and Flexural Strength after 28 and 56 Days of Maturation

The averaged results are shown in Figure 6. The mean compressive strength was
calculated from 14 measurements obtained from testing the beam halves. The results are
presented in Figure 7. The measurement uncertainty is marked in the graphs in the form of
vertical error bars indicating error values of 5%.

The highest bending strength after 28 days of maturation, equal to 8.4 MPa, was
achieved by the ordinary mortar samples, the lowest—2.6 MPa—by the mortar samples in
which 30% of the cement was replaced with cenospheres, i.e., MCC30%. Mortars with the
lowest content of microspheres (MCC10%) achieved strength 35% lower than the standard
average value, while the strength for MCC20% mortars showed a decrease of 48%. The
greatest decrease in bending strength, of 69%, was recorded for the MMCC30% samples.
For the bending strength after 56 days of maturation, it was observed that the highest
strength of 8.0 MPa was achieved by the ordinary standard mortar, and the lowest, equal
to 3.3 MPa, by the MCC30% mortar. The composite with the lowest content of cenospheres
(MCC10%) obtained strength 32% lower than the ordinary mortar.
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Figure 6. Bending strength after 28 and 56 days of maturation.

When analyzing compressive strength, it was observed in two maturation periods
that the strength decreased with the increase in the content of microspheres (Figure 7).
The standard mortar obtained the highest strength, equal to 38.8 MPa, while the smallest,
11.3 MPa, was recorded for the MCC30% mortar. Mortar samples with the lowest content
of cenospheres (MCC10%) obtained 56% lower strength than the standard samples, while
MCC20% mortar showed 60% lower strength compared to MC. After 56 days of maturation,
the highest compressive strength of 46.4 MPa was achieved by the ordinary mortar, while
the lowest, 14.1 MPa, was achieved by the MCC30% mortar. The best results among
composites with microspheres were achieved by mortar samples in which cement was
replaced with cenospheres at a quantity of 10%. This series demonstrated 51% lower
compressive strength than the ordinary mortar, while the MCC20% samples achieved a 60%
lower result. The research showed that the inclusion of cenospheres negatively affected the
compressive strength of mortars.
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Figure 7. Average compressive strength after 28 and 56 days.
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After adding 30% cenospheres, the compressive strength decreased by about 70% after
28 and 56 days of maturation. A similar phenomenon was described in [71]. The decrease
in strength was due to the low strength of the cenosphere and the reduction in Portland
cement within the mortar. Moreover, according to research [72], the compressive strength
of cement-based composites is correlated with porosity. The incorporation of MCC into
mortars increases their porosity, because the additive is characterized by a hollow structure.
In this study, the bending strength of the mortars gradually decreased when increasing the
cenosphere to 30% of the cement mass, despite the fact that MCC has a filling effect and
high pozzolanic activity. During the pozzolanic reaction, large quantities of amorphous
C-S-H gels and crystal are produced, favoring the formation of hydration products [73,74].
The cenospheric coating in the cement slurry was broken due to the low strength of the
MCC during mixing. This phenomenon may explain the decrease in the strength of cement
mortars that accompanied the increase in the content of cenospheres. The structure of the
transition zone between the cement slurry and the cenospheres was loose, and the density
was low. The strength of mortars without cenospheres was higher than that of other cement
mortars without addition, at any age, clearly indicating the negative influence of MCC on
the mechanical properties of these cement composites [75].

3.4. Temperature and Material Strength

The average bending strengths are shown in Figure 8. The results were obtained from
seven measurements. The average compressive strength was calculated from 14 measure-
ments. The results of the analysis are presented in Figure 9. Error bars with a value of 5%
are marked on the chart.

M20°C W300°C WS00°C w700 °C
9.0 -

g
=}
—
%
K

w o g
=} =} =}

»
=)

Flexural strength [MPa]

[ w
=} =}

=
o

0.0 +

MCC10%  Type of sample MCC 20% mCC 30%

Figure 8. Flexural strength of mortars exposed to heat.

The research showed that the highest bending strength of 3.5 MPa after 28 days of
maturing was achieved by mortar samples (MC) heated at 300 °C. Among the mortars
with the addition of cenospheres, the MCC20% samples demonstrated the highest bending
strength. Compared to the reference samples, the decrease in strength was 25%. Significant
amounts of the samples heated at 700 °C were damaged—the mortar fell apart when
handled. In terms of bending strength, the strength was found to decrease with increasing
temperature. The best strength parameters of 2.4 MPa (MCC10%) and 1.5 MPa (MCC30%)
were obtained at 300 °C. Compared with the reference samples, however, these values
represented decreases of 31 and 57%, respectively.
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Figure 9. Average compressive strength obtained by the remaining halves of the beams.

After heating at 300 °C, the highest compressive strength, equal to 17.3 MPa, was
obtained by the MMC10% mortar, the lowest, equal to 11.8 MPa, by the mortar with the
highest amount of additive, i.e., MCC30%. When exposed to a temperature of 500 °C, the
results were analogous. The mortar obtained the highest strength, equal to 11.5 MPa, when
10% of cement was replaced with cenospheres. The lowest strength, equal to 5.7 MPa, was
obtained by MCC30% mortar. After heating at 700 °C, the highest compressive strength of
5.8 MPa was achieved by the MCC10% mortar, the lowest—2.8 MPa—by the mortar with
30% replacement of cement with additive. It was observed that the highest compressive
strength results were achieved by MCC10% mortar, and the lowest by MCC30% mortar.
Among the MCC10% mortars, after heating at 300, 500, and 700 °C, compressive strength
decreased by 22, 49, and 74%, respectively.

Figures 10 and 11 show the average bending values and compressive strength as a
function of temperature. The strengthening effect is indicated for mortars heated to 300 °C
with 20 and 30% cenospheres content, amounting to 0.6 for flexural strength and 1.1 for the
compressive strength.

¢ MC ® MCC10% A MCC20% X MCC30% — — Wielom.(MC) — — - Wielom. (MCC30%)
1.20 -
Reference value in 20 °C:
T 100 | B MC-8.4 MPa
g Nt y = 6x10% - 0.0023x + 1.0687 MCC 10% - 5.5 MPa
< s R = 0.9635 MCC 20% - 4.3 MPa
= 0.80 | Vs MCC 30% - 2.6 MPa
E N
© b T
> . T
o ~ N
2 0.60 N
. Sry R
5 '~
0 “B ~
g 0.40 L IR
> Sl
E Sl
E] y = 6x10°x? - 0.0023x + 1.0391 NN
2 0.20 R?=0.9958 S
m Y ~
. T~
0.00 . . . . . ‘ ~»
0 100 200 300 400 500 600 700 800

Temperature [°C]

Figure 10. Flexural strength of heated cenospheres: relative ftT/ft20 values [-] with reference ftT
values in MPa.
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3.5. Statistical Analysis

Calculations for two prognostic models were made by the automatic neural networks
method (ANN)—one per given strength group. Two input independent variables, i.e.,
temperature and percentage of cenospheres, and one dependent variable of compressive
and bending strength were assumed as predictors, according to the calculations (visible
on the last output). The regression pattern was not generated. The five networks with the
lowest frequency of errors in learning, testing, and validation were obtained. Tables 6 and 7
present the calculation results of the ANN models.

e MC ®m MCC10% MCC20% X MCC30% — — Wielom.(MC) — —  Wielom. (MCC30%)
1.20 Reference value in 20
y =-2x10°x? + 0.0003x + 1.0244 °C: MC - 38.8 MPa
> : :
R*=0.9149 ¥ MCC 10% - 16.9 MPa
Ti100-{ @ Tt~ MCC 20% - 15.7 MPa
S S S MCC 30% - 11.3 MPa
2 e ~.
S - -
s ~ ~
2 0.80 - ~ e
E B N
3 - 5
g y =-5x107x - 0.0011x + 1.0173 ™ .
3 0.60 R?=0.9981 ¥ e e
] ~ N
3 ey X N
E ~ "
% 0.40 | e A
v < N
£ ¢ S m
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= ~ <
~ %
§ 0.20 S
0.00 : : . T : - >
0 100 200 300 400 500 600 700 800

Temperature [°C]

Figure 11. Changes in compressive strength for cenospheres after thermal load: relative fcT/fc20
values [-] with reference fcT values in MPa.

Table 6. ANN model for compressive strength.

Index Net. Training Perf Test. Validation  Training Test Error Validation Train.ing Erro'r Hi'dde'n O?ltul')t
Name Perf. Perf. Error Error Algorithm Function Activation Activation
1 12\/_[;__ 11) 0.960985 0.997594 0.981888 10.98046 0.525142 4,710,196 BFGS 35 SAUCE Exponential Tanh
2 12\/_%_ 1; 0.957127 0.991793 0.982990 12.04051 1.824148 5.194732 BFGS 38 SAUCE Exponential ~ Exponential
3 12\/_[;“_ Il) 0.951878 0.993628 0.982332 13,47917 1.532365 5,050,331 BFGS 50 SAUCE Exponential Tanh
4 12\/-[;- 1; 0.955105 0.994594 0.985742 12.60690 1.231266 3.784681 BFGS 58 SAUCE Logistic Identity
5 12\/_[31:_ 1; 0.949582 0.994971 0.992680 14.16327 1.097697 2.615503 BFGS 49 SAUCE Exponential Identity

The best SANN prognostic models were MLP 2-9-1 (for compressive strength) and

MLP 2-8-1 (for flexural strength). The MAPE errors were 10.394% and 13.521% < 15%,
respectively.

The interactive relationships between strength, temperature, and cenospheres content
are shown in categorized 3D surface charts. The mapping of the compressive and bending
strength as a function of two input variables is presented in Figures 12 and 13.
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Table 7. ANN model for bending strength.
Net. Training Validation = Training Validation Training Error Hidden Outupt
Index Name Perf. Perf Test. Perf. Error Test Error Error Algorithm Function Activation Activation
1 2/_[;“_ 1; 0.973513 0.989465 0.980619 0.272368 0.126738 0.170937 BFGS 28 SAUCE Logistic Logistic
2 ]2\/_[;‘_ 1; 0.978121 0.989089 0.979227 0.221242 0.111589 0.190512 BFGS 30 SAUCE Logistic Logistic
3 12\/_[;_ 1; 0.982814 0.984995 0.981190 0.174354 0.132705 0.171876 BFGS 50 SAUCE Exponential Logistic
4 g/_[;“_ 1; 0.983389 0.985912 0.979608 0.168353 0.125472 0.181284 BFGS 84 SAUCE Logistic Exponential
5 12\/_[,; IlJ 0.982979 0.987203 0.981242 0.173414 0.122459 0.166404 BFGS 53 SAUCE Exponential ~ Exponential

Figure 12. Compressive strength mapping by MLP network.
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Figure 13. Bending strength mapping by MLP network.

4. Discussion

In Poland and internationally, research on the use of cenospheres in cement composites
has been carried out by only a few research centers, and a very limited number of scientists.
As such, limited reliable scientific research is available. In the available literature on the
subject, authors suggest the use of fine-grained aggregate with cenospheres, and in the
presented research, cement with this additive was mentioned. The conducted research
has shown that cenospheric additives affect various parameters of the concrete mix and
properties of concrete samples. The current study confirmed that cenospheres reduce the
diameter of the flow of the mixture, which was also confirmed by the studies conducted
by Baronins et al. [53]. The current research also showed that the addition of cenospheres
increased the volumetric absorbability of mortars. This finding was inconsistent with the
results of studies published by other authors; in previous works [51,52] it was shown that
replacing Portland cement with cenospheres reduced the water absorption capacity to
3%, which may lead to an increase in frost resistance. However, this was not confirmed
by the research carried out in this study. The current research also indicates that the
addition of cenospheres negatively affects the strength of mortars during compression
and bending. As the number of cenospheres increases, strength decreases. This effect was
especially noticeable at a temperature of 20 °C. The research to date [36-38] has shown that
in the production of lightweight concrete with the addition of cenospheres, it is possible to
increase both compressive and bending strength, and also high tensile strength. It should
also be noted that under the influence of thermal load, Portland cement slurry decomposed
the C4AH;j3 phase (170-180 °C) and calcium monosulfate (190-200 °C), and the C3AHg lost
water (340 °C). Ca(OH), decomposes at 500-550 °C. Further decomposition took place at a
temperature of about 750 °C [74-77].
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5. Conclusions

This research did not confirm the possibility of the rational use of cenosphere additives
in the production of cement mortars. The results and their analysis allow us to formulate
the following final conclusions:

1.  Cenospheres used as filler at amounts of 10, 20, or 30% of cement mass negatively
affected the strength of the samples during bending and shearing. This was noticeable
at room temperature of 20 °C and after thermal preloading at 300 °C, 500 °C, and
700 °C.

2. After 28 and 56 days of maturation, the bending strength of mortars with 30% ceno-
spheres was respectively 69% ower than that determined for the reference mortar.

3. The compressive strength determined for samples with 30% addition of cenospheres
was lower than that of mortars without addition after 28 and 56 days of maturation,
by about 70%.

4. The compressive and flexural strength decreased with increasing annealing tempera-
ture and increasing amounts of additive in the mortar in the form of cenospheres.

5. The best SANN prognostic models were MLP 2-9-1 (compressive strength) and MLP
2-8-1 (flexural strength). The estimation showed that the correct regression model was
adopted. The MAPE errors were 10.394% and 13.521% < 15%, respectively.

Author Contributions: Conceptualization, G.R., PO., M.Z. and KK; methodology, P.O., G.R.; vali-
dation, P.O., G.R,; formal analysis, G.R. and A.P; investigation, G.R., A.P., PO. and M.Z.; resources,
G.R. and M.Z.; data curation, PO., A.P. and G.R; writing—original draft preparation, G.R.; writing—
review and editing, G.R. and A.P; visualization, G.R. and A.P;; supervision, G.R.; project administra-
tion, M.Z.; funding acquisition, M.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Poland’s Energy Policy until 2030. Warsaw, Ministry of Economy 2009. Available online: http://www.mg.gov.pl/Gospodarka/
Energetyka/Polityka+energetyczna/ (accessed on 20 May 2022).

2. Serzysko, A. The Importance of the Development of CCS Technology in Poland. Climate Change—Challenges for the Economy; Center for
International Relations: Warsaw, Poland, 2008.

3.  Dziku¢, M,; Kuryto, P.; Dudziak, R.; Szufa, S.; Dzikué, M.; Godzisz, K. Selected Aspects of Combustion Optimization of Coal in
Power Plants. Energies 2020, 13, 2208. [CrossRef]

4. Nisha, C,; Virendra Kumar, Y.; Parth, M.; Samreen Heena, K.; Gajendra Kumar, I.; Suriyaprabha, R.; Bijendra, S.; Yadav, A.K.;
Raman Kumar, R. Recovery of Natural Nanostructured Minerals: Ferrospheres, Plerospheres. Cenospheres, and Carbonaceous
Particles From Fly Ash. In Handbook of Research on Emerging Developments and Environmental Impacts of Ecological Chemistry;
Gheorghe, D., Ashok, V., Eds.; IGI Global: Hershey, PA, USA, 2020; pp. 450-470.

5. Fenelonov, V.B.; Mel’gunov, M.S.; Parmon, V.N. The properties of cenospheres and the mechanism of their formation during
high-temperature coal combustion at thermal power plans. KONA Powder Part. ]. 2010, 28, 189-208. [CrossRef]

6.  Strzatkowska, E. Morphology, chemical and mineralogical composition of magnetic fraction of coal fly ash. Int. J. Coal Geol. 2021,
240, 103746. [CrossRef]

7.  Fomenko, E.V.; Anshits, N.N.; Pankova, M.V. Fly Ash Cenospheres: Composition, Morphology. In Proceedings of the Structural
Helium Permeability Conference, Denver, CO, USA, 9-12 May 2011.

8.  Virendra, K.Y;; Pallavi, S.; Chagan, L.; Govindhan, G.; Nisha, C.; Bijendra, S.; Neha, T.; Haresh, K.; Pankaj, K. Synthesis and
Characterization of Mullites From Silicoaluminous Fly Ash Waste. Int. ]. Appl. Nanotechnol. Res. IJANR 2010, 5, 10-25.

9. Ngu, LN.; Wu, H,; Zhang, D K. Characterization of Ash Cenospheres in Fly Ash from Australian Power Stations. Energy Fuels
2010, 21, 3437-3445. [CrossRef]

10. Chavez-Valdez, A.; Arizmendi-Morquecho, A.; Vargas, G. Ultra-low thermal conductivity thermal barrier coatings from recycled

fly-ash cenospheres. Acta Mater. 2011, 59, 2556-2562. [CrossRef]


http://www.mg.gov.pl/Gospodarka/Energetyka/Polityka+energetyczna/
http://www.mg.gov.pl/Gospodarka/Energetyka/Polityka+energetyczna/
http://doi.org/10.3390/en13092208
http://doi.org/10.14356/kona.2010017
http://doi.org/10.1016/j.coal.2021.103746
http://doi.org/10.1021/ef700340k
http://doi.org/10.1016/j.actamat.2011.01.011

Sensors 2022, 22,7518 16 of 18

11.
12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

Pichér, W.; Petri, M. Properties of microspheres obtained as a by-product of hard coal combustion. Ceramics 2003, 80, 705-710.
Zyrkowski, M.; Neto, R.C.; Santos, L.F.; Witkowski, K. Characterization of fly-ash cenospheres from coal-fired power plant unit.
Fuel 2006, 174, 49-53. [CrossRef]

Wibberley, L.J.; Wall, T.F. An investigation of factors affecting the physical characteristics of flyash formed in a laboratory scale
combustor. Combust. Sci. Technol. 1986, 48, 177-190. [CrossRef]

Atmaca, N.; Abbas, M.L.; Atmaca, A. Effects of nanosilica on the gas permeability, durability and mechanical properties of
high-strength lightweight concrete. Constr. Build. Mater. 2017, 147, 17-26. [CrossRef]

Mo, K.H.; Alengaram, U.J.; Jumaat, M.Z. Bond properties of lightweight concrete—A review. Constr. Build. Mater. 2006, 112,
478-496. [CrossRef]

Zhang, M.H.; Gjvorv, O.E. Mechanical properties of high-strength lightweight concrete. Mater. J. 1991, 88, 240-247.

Chen, Z,; i, J.; Yang, E.H. Development of Ultra-Lightweight and High Strength Engineered Cementitious Composites. J. Conpos.
Sci. 2021, 5, 113. [CrossRef]

Li, Y. Ash Cenosphere Formation, Fragmentation and Its Contribution to Particulate Matter Emission during Solid Fuels
Combustion. Ph.D. Thesis, Curtin University, Curtin, Australia, 2008.

Wrona, J.; Zukowski, W.; Bradlo, D.; Czuprynski, P. Recovery of Cenospheres and Fine Fraction from Coal Fly Ash by a Novel
Dry Separation Method. Energies 2020, 13, 3576. [CrossRef]

Pichoér, W. Properties of fiber reinforced cement composites with cenospheres from coal ash. Brittle Matrix Compos. 2009, 9,
245-254.

ACA Association. Fly Ash Facts for Highway Engineers; ACA Association: Washington, DC, USA, 2004.

Mikkanen, P. Fly Ah Particle Formation in Kraft Recovery Boilers Recovery Boilers. Espoo VIT Chem. Technol. 2000, 1-71.
Barbare, N.; Shukla, A.; Bose, A. Uptake and loss of water in a cenosphere concrete composite material. Cern. Concr. Res. 2003, 33,
1681-1686. [CrossRef]

Jozic, D.; Zelic, J. The effect of fly ash on cement hydration in aqueous suspensions. Cerarm. Silik. 2006, 50, 98-105.

Ranjbar, N.; Kiinzel, C. Cenospheres: A review. Fuel 2017, 207, 1-12. [CrossRef]

Yadav, V.K,; Fulekar, M.H. Advances in Methods for Recovery of Ferrous, Alumina, and Silica Nanoparticles from Fly Ash Waste.
Ceramics 2006, 3, 384—420. [CrossRef]

Satpathy, H.P; Patel, S.K.; Nayak, A.N. Development of sustainable lightweight concrete using fly ash cenosphere and sintered
fly ash aggregate. Constr. Build. Mater. 2019, 202, 636—655. [CrossRef]

Nakonieczny, D.; Antonowicz, M.; Paszenda, Z. Cenospheres and their application advantages in biomedical engineering—A
systematic review. Rev. Adv. Mater. Sci. 2020, 59, 115-130. [CrossRef]

Nithyanandam, A.; Deivarajan, T. Development of fly ash cenosphere-based composite for thermal insulation application. Int. J.
Appl. Ceram. Technol. 2021, 18, 1825-1831. [CrossRef]

Adesina, A. Sustainable application of cenospheres in cementitious materials—Overview of performance. Dev. Built Environ.
2020, 4, 100029. [CrossRef]

Agrawal, U.S.; Wanjari, S.P. Physiochemical and engineering characteristics of cenosphere and its application as a lightweight
construction material—A review. Mater. Today Proc. 2017, 4, 9797-9802. [CrossRef]

Irtiseva, K.; Lapkovskis, V.; Mironovs, V.; Ozolins, J.; Thakur, VK.; Goel, G.; Baronins, J.; Shishkin, A. Towards Next-Generation
Sustainable Composites Made of Recycled Rubber, Cenospheres, and Biobinder. Polymers 2021, 13, 574. [CrossRef] [PubMed]
Brooks, A.L.; Fang, Y.; Shen, Z.; Wang, J.; Zhou, H. Enabling high-strength cement-based materials for thermal energy storage via
fly-ash cenosphere encapsulated phase change materials. Cem. Concr. Compos. 2021, 120, 104033. [CrossRef]

Rewatkar, M.R.; Shende, D.Z. Experimental investigation on cenosphere-based paper battery and electrochemical battery. Energy
Sources Part A Recovery Util. Environ. Eff. 2020, 42, 2018-2033. [CrossRef]

Hassett, D.J.; Kruger, R. The Use of Cenospheres in Refractories. Energeia 1996, 7, 1-7.

Haustein, E.; Kurytowicz-Cudowska, A. The Effect of Fly Ash Microspheres on the Pore Structure of Concrete. Minerals 2020, 10,
58. [CrossRef]

Hanif, A.; Lu, Z; Li, Z. Utilization of fly ash cenosphere as lightweight filler in cement-based composites—A review. Constr. Build.
Mater. 2017, 144, 373-384. [CrossRef]

Lilkov, V.; Djabarov, N.; Bechev, G.; Kolev, K. Properties and hydration products of lightweight and expansive cements Part I:
Hydration products. Cem. Concr. Res. 1999, 29, 1635-1640. [CrossRef]

Souza, F.; Montedo, O.; Grassi, R.; Antunes, E.G.P. Lightweight high-strength concrete with the use of waste cenosphere as fine
aggregate. Materia 2019, 24, 1-12. [CrossRef]

Hanif, A.; Diao, S.; Lu, Z.; Fan, T.; Li, Z. Green lightweight cementitious composite incorporating aerogels and fly ash cenospheres—
Mechanical and thermal insulating properties. Constr. Build. Mater. 2016, 116, 422-430. [CrossRef]

Brooks, A.L.; Zhou, H.; Hanna, D. Comparative study of the mechanical and thermal properties of lightweight cementitious
composites. Constr. Build. Mater. 2018, 159, 316-328. [CrossRef]

Ozcivici, E.; Singh, R. Fabrication and Characterization of Ceramic Foams Based on Silicon Carbide Matrix and Hollow Alumino-
Silicate Spheres. . Am. Ceram. Soc. 2005, 88, 3338-3345. [CrossRef]

Tiwari, V,; Shukla, A.; Bose, A. Acoustic properties of cenosphere reinforced cement and asphalt concrete. Appl. Acoust. 2004, 65,
263-275. [CrossRef]


http://doi.org/10.1016/j.fuel.2016.01.061
http://doi.org/10.1080/00102208608923892
http://doi.org/10.1016/j.conbuildmat.2017.04.156
http://doi.org/10.1016/j.conbuildmat.2016.02.125
http://doi.org/10.3390/jcs5040113
http://doi.org/10.3390/en13143576
http://doi.org/10.1016/S0008-8846(03)00148-0
http://doi.org/10.1016/j.fuel.2017.06.059
http://doi.org/10.3390/ceramics3030034
http://doi.org/10.1016/j.conbuildmat.2019.01.034
http://doi.org/10.1515/rams-2020-0011
http://doi.org/10.1111/ijac.13767
http://doi.org/10.1016/j.dibe.2020.100029
http://doi.org/10.1016/j.matpr.2017.06.269
http://doi.org/10.3390/polym13040574
http://www.ncbi.nlm.nih.gov/pubmed/33672956
http://doi.org/10.1016/j.cemconcomp.2021.104033
http://doi.org/10.1080/15567036.2019.1607924
http://doi.org/10.3390/min10010058
http://doi.org/10.1016/j.conbuildmat.2017.03.188
http://doi.org/10.1016/S0008-8846(99)00150-7
http://doi.org/10.1590/s1517-707620190004.0834
http://doi.org/10.1016/j.conbuildmat.2016.04.134
http://doi.org/10.1016/j.conbuildmat.2017.10.102
http://doi.org/10.1111/j.1551-2916.2005.00612.x
http://doi.org/10.1016/j.apacoust.2003.09.002

Sensors 2022, 22,7518 17 of 18

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Landman, A.A. Aspects of Solid-state Chemistry of Fly Ash and Ultramarine Pigments. Doctoral Dissertation, University of
Pretoria, Pretoria, South Africa, 2005.

Toropovs, N.; Bajare, D.; Sahmenko, G.; Krage, L.; Korjakins, A. The formation of microstructure in high strength concrete
containing micro and nanosilica, Key Engineering. Materials 2014, 604, 83-86. [CrossRef]

Baroninsh, J.; Lagzdina, S.; Krage, L.; Shahmenko, G. Influence of the dosage of super plasticizer on properties of high performance
concrete. IOP Conf. Ser. Mater. Sci. Eng. 2016, 25, 1-6. [CrossRef]

Wang, ].Y.; Zhang, M.H.; Li, W.; Chia, K.S.; Liew, R.].Y. Stability of cenospheres in lightweight cement composites in terms of
alkali-silica reaction. Cem. Concr. Res. 2012, 42,721-727. [CrossRef]

Baronins, J.; Setina, J.; Sahmenko, G.; Lagzdina, S.; Shishkin, A. Pore Distribution and Water Uptake in a Cenosphere-Cement
Paste Composite Material, 2nd International Conference on Innovative Materials, Structures and Technologies. IOP Publ. IOP
Conf. Ser. Mater. Sci. Eng. 2015, 96, 012011. [CrossRef]

Domagata, L.; Hager, I. Influence of high temperature on compressive strength of structural lightweight concrete. Cem. Lime
Concr. 2012, 3, 138-143.

Arizmendi-Morquecho, A.; Chavez-Valdez, A.; Alvarez-Quintana, J. High temperature thermal barrier coatings from recycled fly
ash cenospheres. Appl. Therm. Eng. 2012, 48, 117-121. [CrossRef]

Chia, K.S,; Liu, X; Liew, J.Y.R.; Zhang, M.H. Experimental study on creep and shrinkage of high performance ultra lightweight
cement composite of 60Mpa. Struct. Eng. Mech. 2014, 50, 635-652. [CrossRef]

Rutkowska, G.; Klepak, O.; Podawca., K. Problems of heat loss in existing single-family buildings in the context of construction
errors. Rocznik Ochrona Srodowiska 2013, 15, 2625-2639.

Rheinheimer, V.; Wu, Y,; Wu, T,; Celik, K.; Wang, ].; De Lorenzis, L.; Wriggers, P.; Zhang, M.H.; Monteiro, P.J.M. Multi-Scale Study
of High-Strength Low-Thermal-Conductivity Cement Composites Containing Cenospheres. Cem. Concr. Compos. 2017, 80, 91-103.
[CrossRef]

Drzymata, T.; Jackiewicz-Rek, W.; Galaj, J.; éukys, R. Assessment of mechanical properties of high strength concrete (HSC) after
exposure to high temperature. J. Civ. Eng. Manag. 2018, 24, 138-144. [CrossRef]

Ogrodnik, P.; Zegardlo, B.; Halicka, A. Initial analysis of the possibility of using sanitary ceramic waste as aggregate for concretes
operating at high temperatures. Saf. Fire Technol. 2012, 1, 49-56.

Abramowicz, M.; Kowalski, R. The influence of short time water cooling on the mechanical properties of concrete heated up to
high temperature. J. Civ. Eng. Manag. 2005, 11, 85-90. [CrossRef]

Gawin, D.; Pesavento, F; Schrefler, B.A. Modelling of hygro-thermal behaviour of concrete at high temperature with thermo-
chemical and mechanical material degradation. Comput. Methods Appl. Mech. Eng. 2003, 192, 1731-1771. [CrossRef]

Szymkué, W.; Toktowicz, P. Properties of ultra lightweight cementitious composites containing cenospheres after exposure to
high temperature. Concr. Days Conf. 2018, 315-328.

WE/1272/2008; Regulation (EC) No 1272 /2008 of the European Parliament and of the Council of 16 December 2008 on Classification,
Labeling and Packaging of Substances and Mixtures, Amending and Repealing Directives 67/548/EEC and 1999/45/EC, and
Amending Regulation (EC) no. 1907/2006. European Parliament: Strasbourg, France, 16 December 1272. Available online:
https:/ /eur-lex.europa.eu (accessed on 20 May 2022).

WE/532/2000 2000/532/EC; Commission Decision of 3 May 2000 Replacing Decision 94/3/EC Establishing a List of Wastes
Pursuant to Article 1(a) of Council Directive 75/442/EEC on Waste and Council Decision 94/904/EC Establishing a List of
Hazardous Waste Pursuant to Article 1 of Council Directive 91/689/EEC on Hazardous Waste (Notified under Document
Number C(2000) 1147 (Text with EEA Relevance. European Parliament: Strasbourg, France, 3 May 2000. Available online:
https:/ /eur-lex.europa.eu (accessed on 20 May 2022).

WE/118/2001; Decision of the EEA Joint Committee No 118/2001 of 28 September 2001 amending Annex XIII (Transport) to the
EEA Agreement. European Parliament: Strasbourg, France. Available online: https://eur-lex.europa.eu (accessed on 20 May
2022).

PN EN 196-1:2016-07; Cement Test Methods—Part 1: Determination of Strength. Polish Standardization Committee: Warsaw,
Poland. Available online: https://sklep.pkn.pl (accessed on 20 May 2022).

PN-EN 197-1:2012; Cement—Part 1: Composition, Requirements and Compliance Criteria for Common Cements. Polish
Standardization Committee: Warsaw, Poland. Available online: https:/ /sklep.pkn.pl (accessed on 20 May 2022).

PN EN 196-1; CEN Standard Quartz Sand for Laboratory Testing of Cement Strength. It has a Certificate of Compliance with PN
EN 196-1, Kwarcmix. Polish Standardization Committee: Warsaw, Poland. Available online: https://sklep.pkn.pl (accessed on 20
May 2022).

Eko Export, S.A. The Leader of the European Microsphere Market. Bielsko-Biata, Poland. Available online: https://ekoexport.com
(accessed on 20 May 2022).

PN-EN 1015-3:2000; Mortar Test Methods for Masonry—Determination of Fresh Mortar Consistency (Using a Spreader Table).
Polish Standardization Committee: Warsaw, Poland. Available online: https://sklep.pkn.pl (accessed on 20 May 2022).
PN-85/B-04500; Building Mortars—Tests of Physical and Strength Properties. Polish Standardization Committee: Warsaw, Poland.
Available online: https:/ /sklep.pkn.pl (accessed on 20 May 2022).

PN-EN 1363-1:2020-07; Fire Resistance Tests—Part 1: General Requirements. Polish Standardization Committee: Warsaw, Poland.
Available online: https:/ /sklep.pkn.pl (accessed on 20 May 2022).


http://doi.org/10.4028/www.scientific.net/KEM.604.83
http://doi.org/10.1088/1757-899X/25/1/012005
http://doi.org/10.1016/j.cemconres.2012.02.010
http://doi.org/10.1088/1757-899X/96/1/012011
http://doi.org/10.1016/j.applthermaleng.2012.05.004
http://doi.org/10.12989/sem.2014.50.5.635
http://doi.org/10.1016/j.cemconcomp.2017.03.002
http://doi.org/10.3846/jcem.2018.457
http://doi.org/10.1080/13923730.2005.9636336
http://doi.org/10.1016/S0045-7825(03)00200-7
https://eur-lex.europa.eu
https://eur-lex.europa.eu
https://eur-lex.europa.eu
https://sklep.pkn.pl
https://sklep.pkn.pl
https://sklep.pkn.pl
https://ekoexport.com
https://sklep.pkn.pl
https://sklep.pkn.pl
https://sklep.pkn.pl

Sensors 2022, 22,7518 18 of 18

69.

70.

71.

72.

73.

74.

75.

76.

77.

Hanif, A.; Parthasarathy, P.; Ma, H.; Fan, T; Li, Z. Properties improvement of fly ash cenosphere modified cement pastes using
nanosilica. Constr. Build. Mater. 2017, 81, 35-48.

Chen, X.; Wu, S.; Zhou, ]. Influence of porosity on compressive and tensile strength of cement mortar. Constr. Build. Mater. 2013,
40, 869-874. [CrossRef]

Wang, T.; Ishida, T. Multiphase pozzolanic reaction model of low-calcium fly ash in cement systems. Cerm. Concr. Res. 2019, 122,
274-287. [CrossRef]

Hanif, A,; Lu, Z.; Diao, S.U.; Zeng, X.; Li, Z. Properties investigation of fiber reinforced cement-based composites incorporating
cenosphere fillers. Constr. Build. Mater. 2017, 140, 139-149. [CrossRef]

Jing, R,; Liu, Y.; Yan, P. Uncovering the effect of fly ash cenospheres on the macroscopic properties and microstructure of ultra
high-performance concrete (UHPC). Constr. Build. Mater. 2021, 286, 122977. [CrossRef]

Rutkowska, G.; Wichowski, P,; éwigor’\, K.; Sobieski, P. Properties of concrete with ash addition from sewage sludge thermal
treatment. Cem. Lime Concr. 2017, 2, 113-119.

Rutkowska, G.; Ogrodnik, P; Fronczyk, J.; Bilgin, A. Temperature influence on ordinary concrete modified with fly ashes from
thermally conversed municipal sewage sludge strength parameters. Materials 2020, 13, 5259. [CrossRef]
Szponder-Kotakowska, D.; Trybalski, K. Modern Methods and Measuring Devices in Examining the Properties of Raw Materials and
Mineral Waste; AGH Publishing House: Krakow, Poland, 2014.

Wdowin, M.; Franus, W. Analysis of fly ashes in terms of obtaining rare earth elements from them. Energy Univ. Technol. 2014, 17,
369-380.


http://doi.org/10.1016/j.conbuildmat.2012.11.072
http://doi.org/10.1016/j.cemconres.2019.04.015
http://doi.org/10.1016/j.conbuildmat.2017.02.093
http://doi.org/10.1016/j.conbuildmat.2021.122977
http://doi.org/10.3390/ma13225259

	Introduction 
	Materials and Methods 
	Cement Mortar with Cenospheres 
	Cenospheres 
	Methodology of Testing 
	Statistical Analysis 

	Results 
	Consistency 
	Volumetric Water Absorption 
	Compressive and Flexural Strength after 28 and 56 Days of Maturation 
	Temperature and Material Strength 
	Statistical Analysis 

	Discussion 
	Conclusions 
	References

