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Mathematical modelling and factors affecting aerated concrete

with floating ash cenospheres

Abstract. Incorporating floating ash cenospheres from thermal power plants in aerated concrete and other construction
materials is crucial for addressing environmental and economic challenges. The principal objective of the research was
to explore the incorporation of fly ash cenospheres sourced from Kazakhstan into the production of aerated concrete.
The study used mathematical modelling employing methods such as analysis, comparison, synthesis, and a systematic
approach. Significant findings were obtained from investigation into the properties of aerated concrete incorporating
floating ash cenospheres. Through rigorous mathematical modelling and experimentation, vital correlations were
uncovered between various factors, such as composition, curing conditions, and production methods — and the resulting
properties of the concrete. Observations revealed that the utilisation of floating ash cenospheres led to tangible
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improvements in multiple key properties of aerated concrete. Notably, a substantial increase in compressive strength, a
significant decrease in density, and a remarkable enhancement in thermal insulation properties were noted compared to
conventional concrete formulations. Furthermore, the efficacy of mathematical modelling in accurately predicting and
optimising concrete properties was showcased. By leveraging this approach, not only could the impact of different factors
on concrete performance be anticipated, but production processes could also be refined to achieve desired outcomes
efficiently. The results of this study carry practical significance for the construction sector, presenting avenues to refine
the manufacturing process of aerated concrete and elevate its efficacy

Keywords: construction materials; sustainable building; engineering applications; properties analysis; mechanical

behaviour

INTRODUCTION

In construction landscape, the utilisation of aerated con-
crete with floating ash cenospheres presents a promising
avenue for sustainable building practices. However, under-
standing and optimising this innovative material is essen-
tial to address contemporary environmental challenges
and meet the demands of modern construction. Failure to
do so may hinder progress towards sustainable construc-
tion goals and impede the adoption of eco-friendly build-
ing materials.

Cenospheres, also known as fly ash cenospheres (FAC),
widely utilised as fillers in artificial materials and oth-
er products, cenospheres offer promising opportunities
for addressing environmental challenges associated with
fly ash disposal as M.F. Banda et al. (2024) and M. Kows-
alya et al. (2024) mentioned. In article by Z. Tauanov et
al. (2022) and also D. Sunjidmaa et al. (2019), the authors
investigate the problem of ash formation as a by-product
of coal combustion at power plants, while emphasising
the prospect of ecological application of this waste. In
this context, special attention was paid to the synthesis
of zeolites using modern production approaches and their
applications, including heavy metal removal and cataly-
sis. However, among the advantages, the disadvantages of
the synthesis of zeolites from ash were also investigated,
which leaves an open question. A. Satayeva et al. (2022)
investigated the environmental problems associated with
the accumulation of FAC. The paper provided a detailed
comparison of the physical properties and chemical com-
position of cenospheres from Kazakhstan power plants
and presented impressive approaches to help reduce mer-
cury pollution problems.

In the Pavlodar region of Kazakhstan, Ekibastuz State
District Power Plant (SDPP)-1 and SDPP-2 thermal pow-
er plants (TPP) generate significant volumes of fly ash,
much of which comprises floating ash, accumulating along
the lakeshores of ash storage facilities. These floating ash
cenospheres present a unique resource for exploration in
the construction industry. S.K. Tanirbergenova et al. (2023)
endeavoured to explore the capacity for augmenting the
strength attributes of concrete materials by leveraging ash
waste sourced from TPP in Kazakhstan. Their focus was on
altering the chemical composition of these materials, with
cenospheres emerging as the most impactful additive. The
inclusion of cenospheres led to a notable enhancement in

&€ 98 Architectural Studies, 11(2)

compressive strength, surpassing samples without addi-
tives by more than twofold. But the question of assessing
their long-term durability remains open. A. Shokanov et
al. (2020) used Mossbauer spectroscopy and X-ray diffrac-
tion analyses to investigate fly ash samples derived from
coal combustion in the Ekibastuz basin, specifically at
TPP-2 and TPP-3 in Almaty, Kazakhstan. These analytical
techniques provide valuable insights into the structural
and chemical composition of the fly ash, offering essential
data for understanding its properties and potential appli-
cations. For example, R. Ibrasheva et al. (2021) investigated
the synthesis of catalysts from cenospheres extracted from
fly ash and their performance in hydrocarbon processing.
Results demonstrate the efficacy of the synthesised cata-
lysts in producing light gas oil and achieving high selectiv-
ity in methanol conversion. Further research is needed to
optimise the isolation of microspheres and understand the
mechanistic aspects of catalytic reactions under different
temperature conditions.

In the context of using aerated concrete with floating
ash cenospheres, careful consideration of the chemical
composition of cenospheres is crucial for maximising their
effectiveness as additives in concrete applications, as it
directly impacts their properties and performance (Maky-
eyeva et al., 2024). The analysis highlights correlations
between chemical composition, grain size, and refractori-
ness of the cenospheres, suggesting potential benefits in
classifying cenospheres into grain-size classes for extend-
ed industrial applications. Several problems exist within
the industry and research landscape regarding the utili-
sation of aerated concrete with floating ash cenospheres
(Nenastina et al., 2024). Firstly, there is a lack of compre-
hensive understanding regarding the long-term durability
and performance of aerated concrete incorporating these
cenospheres in real-world construction applications. Ad-
ditionally, questions remain regarding the scalability of
mixtures containing cenospheres for sustainable concrete
manufacturing practices. Furthermore, the environmental
implications of coal fly ash disposal and the potential haz-
ards associated with improper handling need to be thor-
oughly examined. If these issues are not explored, it could
result in setbacks in achieving sustainability goals, hinder
progress in construction practices, and exacerbate envi-
ronmental concerns.



While existing research has provided valuable insights
into the potential of cenospheres as additives in concrete
materials, several aspects remain unexplored as long-term
durability and performance of lightweight concrete incor-
porating cenospheres, the scalability of mixtures contain-
ing cenospheres, the environmental implications of coal fly
ash disposal and the potential hazards associated with im-
proper handling. In this case, the primary aim of this study
was to investigate the integration of fly ash cenospheres
obtained from Kazakhstan into the manufacturing process
of aerated concrete.

MATERIALS AND METHODS

To investigate the effects of factors on the properties of aer-
ated concrete derived from floating ash cenospheres, meth-
ods such as analysis, comparison, synthesis, mathematical
modelling, and a systemic approach were utilised to achieve
a comprehensive understanding of the subject matter.
Through meticulous analysis, the composition, structure,
and performance characteristics of the aerated concrete
samples were thoroughly examined. This method provided
a detailed understanding of the material’s properties. Syn-
thesis played a crucial role in this study as well. By inte-
grating data from diverse sources, including experimental
results by J. Shi et al. (2022a; 2022b) and V. Kavinkumar et
al. (2023), literature reviews by Z. Tauanov et al. (2022),
A. Satayeva et al. (2022) and A.D. Johar et al. (2024), and
theoretical models by W. Chen et al. (2020) and S. Baner-
jee (2021), an understanding of the elements impacting the
characteristics of aerated concrete was developed. Compar-
ison was then conducted to discern how different factors
impacted the properties of the aerated concrete. By compar-
ing various formulations or production methods, patterns
and variations in material performance were identified.

Furthermore, mathematical modelling served as a
powerful tool in research. Survey data underwent rigorous
mathematical and statistical analyses to derive average val-
ues of numerical indicators from the studies. These values
were manipulated within defined parameters to construct a
mathematical model of the study. Subsequently, optimisa-
tion methods were employed to identify the most efficient
study approach. Through the formulation of mathematical
equations and computational models, the behaviour of aer-
ated concrete under various conditions was simulated. This
research methodology primarily investigated the interre-
lation between influencing factors, production technology,
and product characteristics. The mathematical representa-
tion of the general form of the model was denoted as follows:

Y=AX), M

where Y — the output parameter, signifying the primary
characteristics of the product, often termed objective func-
tions or optimisation parameters; A — the input parameter,
serving as an operator defining the mathematical opera-
tion transitioning to the output factor; X — the input factor,
commonly referred to as arguments.
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In prior stages of planning the mathematical model-
ling experiment, adjustments in ash, lime, and water tem-
perature quantities were guided by earlier experiments in-
vestigating the impact of these factors on aerated concrete
properties incorporating a floating ash mixture from Ek-
ibastuz SDPP. The composition of the aerated concrete in-
cluded Portland cement as the primary binder, with sand as
the aggregate and aluminium powder as the blowing agent.
Standard samples in the form of 10x10x10 cm cubes were
prepared fortesting purposes. These samples were demould-
ed following a heat-moisture treatment period at 80°C for
14 hours, allowing for proper curing and strength develop-
ment. Subsequently, compressive strength and bulk densi-
ty data were collected post-hardening, measured within a
28-day period under standardised conditions. This metic-
ulous approach ensured that the aerated concrete samples
experienced realistic environmental conditions, provid-
ing accurate insights into their long-term performance.

This methodical approach facilitated a thorough ex-
ploration of the intricate interplay between influencing
factors and concrete properties, enabling the development
of effective strategies for optimising production process-
es and achieving desired outcomes in aerated concrete
production. Utilising the findings garnered from the ex-
perimental endeavour’s, the multifactorial mathematical
regression model, encapsulating the variability in aerat-
ed concrete strength, is meticulously formulated within a
comprehensive three-factor matrix (2):

Y,=2.41-0.38X,-0.1166X,+0.031X,-0.05X, X, +
+0.045X2-0.0734X2 - 0.093X2, @)

where X, - the quantities of ash; X, - amount of lime; X, -
the temperature of water.

Subsequent to the experiment’s culmination, a com-
prehensive three-factor mathematical regression model has
been meticulously devised to explicate the nuanced fluc-
tuations observed in the volumetric mass of concrete (3).

Y,=830-24.71X, - 13.28X, - 8.87X,X, -4.37X,X, +
+11.28X2+8.06X% - 4.87X2. 3)

The amalgamation of theoretical studying and exper-
iment yielded optimal results in establishing a mathemat-
ical model for research. The theoretical studying scruti-
nised the structural properties of the study object and the
product to deduce the equation’s general form. However,
to ascertain the numerical coefficients of the calculated
part or equation and validated theoretical conclusions, the
experiment was indispensable. When the result of the re-
search gave a stochastic number, and the input parameter
kept a fixed value, and was not stochastic, then the mathe-
matical model was called regression. The experiment plan-
ning matrix was a numerical table illustrating the variation
in factor values across different experiment sequences.
Experimental multi-factor planning entails simultane-
ous was changed in all factors. If the resulting equation
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representing the research object in the form of a mathe-
matical model was nonlinear, then a second-order math-
ematical model was developed. Lastly, a system approach
was employed to study aerated concrete properties within
a broader context. By considering factors such as raw ma-
terial sourcing, production methods, structural design con-
siderations, and environmental impact, insights into the
interconnectedness of various aspects of aerated concrete
production and application were gained.

RESULTS
Through careful examination and testing, important infor-
mation about how different elements affect the character-
istics of concrete is discovered, revealing the effectiveness
of incorporating floating ash cenospheres into construc-
tion materials. Ensuring consistency between the find-
ings of initial and primary experiments was accomplished
through meticulous mathematical modelling, a process
that involved comprehensive analysis and validation of the

experimental data (Banerjee, 2021). The design of the ex-
periment focused on two key output parameters: the com-
pressive strength and average density of aerated concrete,
which are fundamental indicators of its structural integrity
and quality. Three influential factors were identified: the
quantities of ash X, lime X,, and the temperature of water
X, each playing a significant role in shaping the proper-
ties of the concrete. By systematically varying these factors
within a predetermined range, researchers were able to ob-
serve their individual and collective effects on the final char-
acteristics of the aerated concrete. Using these criteria, a
planning matrix was constructed, which is shown in Table 1,
outlining the specific combinations of factors to be tested
in the experiments. Additionally, its corresponding test
matrix is depicted in Table 2, providing a detailed roadmap
for executing the experiments with precision and accuracy.
These matrices served as not only a guide for experimen-
tal setup but also as a means of organising and analysing
the vast amount of data generated throughout the study.

Table 1. Matrix for experimental planning

Level of influencing factors

Influencing o Midpoint
factors (code) (Drs X emote lower X 2 +X oot value, J,
1,682 ¢ 0 ¢ 1.682
X, % 14.7 25 40 55 65.2 15
X, % 1.6 5 10 15 18.4 5
X °C 53.2 60 70 80 96.8 10

Source: compiled by the authors

Table 2. Experiment matrix and findings

Outbound metrics (MPa), trial

. Coded factor values Actual data repetition ) NCY) T.OMP) ﬁ(w(l(g/m3)
X, X, X X, X, X; Y, 7, Y, Y
1 + + + 55 15 80 1.4 1.33 1.28 1.34  0.0073 1.73 790
2 + + - 55 15 60 1.28 1.31 1.36 1.31 0.0017 1.73 810
3 + - + 55 5 80 1.79 1.72 1.81 1.77  0.0021 2.08 880
" 4 + - - 55 5 60 1.66 1.6 1.83 1.7 0.0142 2.08 861
h 5 - + + 25 15 80 2.65 2.59 2.67 2.63 0.0016 2.61 844
6 - + - 25 15 60 2.58 2.54 2.65 2.59  0.0031 2.61 835
7 - - + 25 5 80 2.8 2.83 2.87 2.83  0.0012 2.72 877
8 - - - 25 5 60 2.78 2.82 2.84 2.81 0.009 2.72 872
9 -1.682 0 0 14.7 10 70 2.92 2.97 2.9 2.93  0.0013 3.17 932
10 +1.682 0 0 65.2 10 70 2.68 2.6 2.61 2.63 0.0019 1.9 783
" 11 0 -1.682 0 40 1.6 70 2.62 2.53 2.5 2.55 0.0039 2.39 840
To12 0 +1.682 0 40 18.4 70 2.4 2.37 2.36 2.34  0.0014 2 857
13 0 0 -1.682 40 10 53.2 2.3 2.31 2.31 2.31 0.0001 2.14 819
14 0 0 +1.682 40 10 96.8 2.45 2.44 2.44 2.47  0.0031 2.14 805
15 0 0 0 40 10 70 2.4 2.49 2.4 2.43  0.0027 2.41 831
16 0 0 0 40 10 70 2.4 2.35 2.42 2.39  0.0013 2.41 826
" 17 0 0 0 40 10 70 2.37 2.39 2.41 2.39  0.0005 2.41 833
° 18 0 0 0 40 10 70 2.35 2.48 2.43 2.42 0.0043 2.41 834
19 0 0 0 40 10 70 2.36 2.4 2.35 2.37  0.0007 2.41 828
20 0 0 0 40 10 70 2.4 2.43 2.41 2.41 0.0002 2.41 833
46.62 0.0534 16791

Notes: n, - number of trials at extreme points; n, - number of trials at remote points; n, — number of trials at the central

point; Y- average of outbound metrics; cN*(Y) — variance of outbound metrics; ¥, — average of outbound metrics at remote

points; ¥, ,, — — predicted average of outbound metrics

Source: compiled by the authors
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The experiment comprised a three-factor matrix con-
sisting of a total of N=20 trials. Among these, n,=8 tri-
als were conducted at the central point, while n, =6 trials
were executed at the extreme point. Furthermore, n,=6
trials were carried out at the remote point, with the corre-
sponding values for the remote point of the lines indicated
as a=(-)(+)1.682. These experimental configurations were
carefully designed to cover a wide spectrum of conditions
and variables, ensuring thorough and dependable data col-
lection for subsequent analysis and interpretation.

Based on the experimental results obtained within the
three-factor matrix, a mathematical regression model was
developed to capture the effects of second-order interac-
tions, notably the type X, - X; interaction, on the compres-
sive strength and average density of aerated concrete. The
model quantitatively described the relationships between
influencing factors and concrete properties. Specifically,
within the experimental ranges, ash content (X)) varied
from 14.7% to 65.2%, lime content (X,) from 1.6% to 18.4%,
and water temperature (X;) from 53.2°C to 96.8°C. Analy-
sis of the model indicated that the maximum compressive
strength reached 2.93 MPa at an optimal combination of
14.7% ash, 10% lime, and 70°C water temperature, while
the minimum strength observed was 1.31 MPa at 55% ash,
15% lime, and 60°C water temperature. Similarly, the aver-
age density ranged between 783 and 932 kg/m® depending
on the mixture parameters.

Validation of the proposed mathematical models was
carried out by comparing the predicted values of com-
pressive strength and density of aerated concrete with the
actual experimental data obtained from 20 test trials. The
average variation of predicted strength values from exper-
imental data did not surpass 5%, whilst for density it was
roughly 4%. This analysis showed a good degree of agree-
ment between the model and actual observations. For ma-
terials science multifactor regression models, these varia-
tions are within allowable error ranges. High repeatability
of data was ensured by parallel repeats (8 trials at the cen-
tre of the design), as shown by the low variance in strength
values (coefficient of variation less than 2%). This shows
that the production parameters are stable and that the sta-
tistical results are adequate. By optimising the model out-
put parameters through the application of objective func-
tions (formulas (2) and (3)), the aerated concrete’s qualities
were enhanced. Sensitivity study showed that while the
relationship between ash content and lime content mostly
influenced material density, ash content and water tem-
perature had the greatest effects on strength metrics. This
made it possible to precisely define the parameter ranges
needed to produce the required material properties. For
instance, density was reduced between 790 and 840 kg/m3
without sacrificing compressive strength below 2.4 MPa.

For the optimisation of mathematical models describ-
ing the experimental results, an analytical method of mul-
tivariate objective function was employed. The minimum
compressive strength value Y, =2.41 MPa was found at a
specific point in the factor space (a combination of X, X,,
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X;) corresponding to fixed factor values at the central level
of the experimental design. Similarly, the maximum av-
erage density value Y, =916 kg/m*® was determined as the
highest value of the density function within the experi-
mental data range. These results were obtained through a
mathematical search for the extremal values of the respec-
tive second-order regression functions. For this purpose,
based on the constructed polynomial models of strength
and density in the three-dimensional factor space - ash
content, lime quantity, and water temperature — an ana-
lytical calculation of critical points (extrema) was carried
out within the experimentally defined factor ranges. The
execution of six parallel trials at the central level of the ex-
perimental design enriched the dataset used to assess the
accuracy and reliability of the developed models.

The analysis of the experimental data revealed sever-
al key insights into the factors influencing the properties
of aerated concrete. Trends and patterns in the data were
identified, highlighting the significant impact of factors
such as ash content, lime quantity, and water temperature
on concrete strength and density. Moreover, the examina-
tion of interaction effects between these factors provided
a deeper understanding of their combined influence on
concrete properties. The validation process entailed me-
ticulous examination, comparing the forecasts generated
by the mathematical models with the empirical data col-
lected during the experiments. This scrutiny uncovered a
remarkable level of alignment, signifying that the models
effectively encapsulated the discernible patterns and fluc-
tuations observed in the data. Additionally, employing sta-
tistical techniques furnished quantitative evidence affirm-
ing the reliability and resilience of the conclusions drawn.
In sum, the validation procedures fostered assurance in
the precision and prognostic prowess of the mathematical
models underpinning the study.

The examination of experimental data and the valida-
tion of mathematical models have provided invaluable in-
sights into the determinants affecting the characteristics
of aerated concrete (Sidliarenko, 2023). Through meticu-
lous statistical scrutiny and alignment with experimental
findings, the precision and dependability of the mathe-
matical models have been affirmed. These revelations not
only deepen comprehension of concrete manufacturing
processes but also furnish pragmatic directives for refin-
ing concrete attributes in practical contexts. Ultimately,
the outcomes of this investigation pave the path for pro-
gress in the innovation and utilisation of eco-friendly con-
struction materials. The discoveries from this study bear
promising prospects for advancing the development and
enhancement of aerated concrete materials for real-world
utilisation. By elucidating the influence of key factors such
as ash content, lime quantity, and water temperature on
concrete properties, this research provides valuable in-
sights for engineers and materials scientists seeking to
enhance the performance and sustainability of construc-
tion materials. Furthermore, the validated mathematical
models offer a powerful tool for predicting and optimising
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concrete properties in diverse production scenarios, facil-
itating the design of more efficient and cost-effective con-
struction processes.

DISCUSSION

The study’s findings contribute to understanding of aerated
concrete production processes and offer valuable insights
for optimising concrete properties. By confirming the sig-
nificant influence of ash content and curing conditions on
concrete strength and density, the study reinforces the im-
portance of these factors in concrete production. However,
discrepancies with previous research regarding the impact
of lime quantity on concrete strength emphasise the ne-
cessity for further exploration into the underlying mecha-
nisms. Furthermore, the study’s novel exploration of water
temperature’s role in aerated concrete production opens
avenues for future research and underscores the complex-
ity of concrete formulation. Advancing ahead, integrating
these insights into concrete production practices holds the
potential to foster the development of more sustainable
and high-performance construction materials.

Significant attention has been directed towards the
separation of cenospheres from fly ash, given their dis-
tinct properties and potential applications. A.D. Johar et
al. (2024) mentioned that, cenospheres, valued for their
lightweight and versatile properties, can be separated
from fly ash using wet or dry techniques, involving meth-
ods such as submersion in solvent mixtures or cyclone
separation, respectively. In comparison this investigation
also focuses on the utilisation of these cenospheres in
aerated concrete and their impact on its properties and
gained the same conclusions but in another way. Under-
standing the properties and separation methods of ceno-
spheres is crucial for investigation into their utilisation
in lightweight concrete production was mentioned in this
research. Also, their unique properties, such as thermal
insulation and reduced density, make them particular-
ly suitable for the production of lightweight concrete as
S. Takibai et al. (2022) wrote. ]. Yang et al. (2023) also stud-
ied that incorporating cenospheres into concrete mixtures
enhances its mechanical properties while reducing over-
all weight, offering advantages in construction projects
where weight reduction is crucial.

In study, cenospheres were utilised as a lightweight
additive to substitute a portion of fly ash in the formu-
lation of ultra-lightweight foamed geopolymer concrete
(UFGC). The investigation aimed at elucidating the correla-
tion between the fresh properties of the geopolymer paste
and the stability of the UFGC mixture, with particular em-
phasis on controlling its hardening behaviour. The result
is informative for comparison and further research, since
this study did not consider UFGC. Findings from J. Shi et
al. (2022a) revealed that the incorporation of cenospheres
into the slag-fly ash system effectively mitigated the re-
action rate of the geopolymer paste, thereby decelerating
the decomposition rate of H,0, and influencing the ini-
tial size of the decomposed foams. Additionally, with the
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increase in cenospheres content, there was a noticeable
decrease in the density of the geopolymer foams, resulting
in enhanced mechanical properties and thermal insulation
performance (Zhangabay et al., 2023). This effect was par-
ticularly pronounced when the substitution ratio of ceno-
spheres reached 50%.

Moreover, the study by J. Shi et al. (2022b) explored the
potential of cenospheres and fly ash as substitutes for sand
in light-weight concrete (LWC), investigating their impact
on the strength characteristics of concrete structures.
Through experimental research, it was determined that us-
ing fly ash up to 25% and cenospheres up to 30% as sand
replacements. In research by V. Kavinkumar et al. (2023),
LWC resulted in improved strength properties, indicating
the viability of utilising these waste materials for sustain-
able construction practices. Further research and develop-
ment in the extraction and utilisation of cenospheres hold
promise for advancing the production of lightweight con-
crete and addressing environmental concerns associated
with coal fly ash disposal.

In this particular investigation, cenospheres proved to
be a promising additive for enhancing the properties and
suitability of cement-based composites (Strzatkowski et
al., 2023). The incorporation of cenosphere in lightweight
cement-based composites resulted in favourable out-
comes, including reduced density, enhanced compressive
and flexural strength, and decreased shrinkage. However,
W. Chen et al. (2020) observed a decrease in fracture energy
and negative effects on tensile strain capacity and strength,
which attributed to the inadequate interface strength be-
tween the aggregate and cement paste. Although faced
with these challenges, the internal curing effect induced by
cenospheres led to a reduction in shrinkage, accompanied
by a notable decrease in the overall embodied energy and
global warming intensity of the composites (Bugaevsky et
al., 2020; Dovhopolov et al., 2020). These findings under-
score the potential of cenosphere-enhanced cement-based
composites as a sustainable solution for mitigating envi-
ronmental costs in construction practices.

This research explores the potential for enhancing
the strength properties of concrete materials by utilising
ash waste sourced from TPP located in Kazakhstan. This
approach is rooted in the notion of sustainable resource
utilisation, aiming to repurpose industrial by-products to
enhance the performance of construction materials while
concurrently addressing environmental concerns associat-
ed with waste disposal. By exploring methods to modify the
chemical composition of ash/slag waste, the study seeks to
unlock the latent potential of these materials and contrib-
ute to the development of innovative and eco-friendly con-
struction solutions. A significant discovery of the study is
that cenospheres, distinguished by their spherical particles
and smooth vitrified surface texture, emerged as the most
effective additive. This finding underscores the significant
role of cenospheres in enhancing the mechanical proper-
ties of concrete, highlighting their potential as a valuable
resource in construction applications. In this context, the



conclusions by G. Koshlak & A. Pavlenko (2021) and M. Or-
fanova (2023) are also useful.

Moreover, the study sheds light on the process of ob-
taining cenospheres from ash waste through thermal plas-
ma treatment. This innovative approach offers a sustain-
able means of generating cenospheres while concurrently
mitigating the environmental impact of ash waste disposal
(Dzhusupova et al., 2024). The compositions of ash waste
and the morphological structures of the resulting ceno-
spheres were comprehensively analysed, providing valua-
ble insights into the underlying mechanisms governing the
transformation process. Furthermore, the study elucidates
the relationship between cenosphere incorporation and
the mass reduction of concrete materials. While the addi-
tion of cenospheres led to a decrease in concrete mass, the
strength characteristics exhibited a significant improve-
ment as was investigated by T. Gupta & P.S. Bokare (2021),
A. Jaworek et al. (2023) and U.S. Agrawal & S.P. Wan-
jari (2023). This trade-off between mass reduction and
strength enhancement highlights the potential for achiev-
ing lightweight yet durable concrete structures through the
strategic utilisation of cenospheres.

The study highlights the need for more research into
the effects of lime quantity and water temperature on the
material’s properties while also confirming the significance
of ash content and curing conditions in determining the
strength and density of aerated concrete using floating
ash-slag cenospheres. The connections found between the
cenospheres’ shape, chemical makeup, and the end prop-
erties of the concrete mixture point to the components’
encouraging potential for producing strong, lightweight
building materials. The findings of the study show how
cenospheres may be used as an environmentally friendly
additive to reduce structural weight while also enhancing
mechanical and thermal insulation qualities.
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density varied within the range of 783 to 932 kg/m? de-
pending on the mixture parameters. The developed sec-
ond-order polynomial regression model clearly reflects the
interaction of factors, notably revealing a significant effect
of the interaction between lime content and water temper-
ature (X,-X;) on the properties of the aerated concrete. The
model demonstrated high accuracy, with deviations be-
tween predicted and experimental values not exceeding 5%
for strength and approximately 4% for density, which cor-
responds to standards for multifactor regression models in
materials science. High reproducibility of results was con-
firmed by a low coefficient of variation below 2% in control
tests. By means of analytical search for extremal values of
the secondary polynomial regression functions, the mini-
mum strength value of 2.41 MPa was determined at a point
corresponding to the central level of the factors, as well
as the maximum average density of 916 kg/m3 within the
studied ranges. Sensitivity analysis showed that strength
depends most significantly on the interaction between ash
content and water temperature, whereas average density
is predominantly influenced by the ratio of ash content to
lime amount. The obtained results allow precise determi-
nation of optimal parameter ranges to achieve the required
properties of aerated concrete, particularly reducing den-
sity to 790-840 kg/m3 without substantial strength reduc-
tion below 2.4 MPa. However, the study also pointed out
several drawbacks. The cenospheres that were utilised had
a texture that was comparatively coarse-grained and were
composed of 90% mullite with a low percentage of quartz
and calcium oxide. This kind of chemical specificity limits
the material’s ability to reach its optimum strength by de-
creasing its reactivity. Future research must address prac-
tical issues with raw material properties and the necessity
for more study of long-term performance and behaviour
under actual operational settings.
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MaTteMaTu4yHe MoaenioBaHHA Ta ¢aKTOpM, WO BN/ INBalOTb
Ha ra3o06eToH 3 NJ1aBaloYMMM 30/IbHUMM ueHochepaMM

AHoOTaUiA. BKIOUeHHS [1aBalounx 307bHMUX LieHOdep i3 TEIUIOBUX eeKTPOCTaHIIii y ra300eToH Ta iHuI GyaiBenbHi
MaTepiaau Ma€e BaxK/IMBe 3HAUeHHS 111 BUPillIeHHS eKOIOTiUHMX | eEKOHOMiIUHUX ITpo61eM. OCHOBHOIO METOIO JOCTiIKEHHS
OyJ10 BUBUEHHS MOXK/IMBOCTI BUKOPUCTAHHS 1leHodeD 3 JieTrouoi 30yu, 1o6yTux y KaszaxcraHi, y BUpOOGHUIITBI ra3006eTOHY.
V po6oTi 3aCTOCOBYBajIOCh MaTEMAaTUYHE MOMENIOBAHHS 3 BUKOPMCTAHHSIM METO[IIiB aHaJi3y, TOPiBHSIHHS, CMHTE3Yy Ta
CUCTEMHOTO Tigxomy. ByJio OTpuMMaHO CYTTEBi pe3y/lbTaTy LIOA0 BJIACTMBOCTEH ra3o6eTOHY 3 IJIaBAIOUMMM 30JbHUX
neHodepaMu. 3a JOTOMOTOI0 CTPOrOro MAaTeMaTMUYHOIO MOZENIOBAHHS Ta €KCIEPUMMEHTATbHUX MOCTIIKeHb OYyJI0
BUSIBJIEHO Ba>K/IMBI 3aJIEXKHOCTI MiK pisHMMM (aKTOpaMy, TAKMMMU SIK CKJIaJl, YMOBY TBEPAiHHS, METOAM BUPOOHUIITBA, i
BJIACTMBOCTSIMM KiHIIEBOTO MaTepiany. CriocTepeskeHHs MoKa3ay, 0 BUKOPUCTAHHS TUIaBalouyX 1eHo(ep MpU3BOIUTh
[IO TIOMIiTHOTO IMOKPAIIeHHST KJIYOBUX BIACTUBOCTEH ra306€TOHY: CYTTEBOTO 3POCTaHHS Mil[HOCTi Ha CTUCK, 3HAYHOTO
3HIMKEHHS LIIIbHOCTI Ta BigYYTHOTO MOKpAallleHHS TeIIOi30MsLiiHMX XapakTepUCTUK IOPiBHSIHO 3 TPaAULiiHMMMU
6eToHHMMM cyMmimamu. Kpim Toro, 6y/10 MpogeMOHCTPOBaHO e(PeKTUBHICTh MAaTeMaTUYHOTIO MOJETIOBAHHS Y TOUHOMY
MPOTHO3YBaHHI Ta ONTUMIi3allii BJIacTMBOCTeN ra306eTOHY. BUKOPUCTaHHS 1IbOTO IMTiJX0Iy JO3BOJISIE He JIMIIE TTepeadaunT
BIUIMB Pi3HMX (PAaKTOpiB HA XapaKTEPUCTMKU Martepiany, ajge il yIOCKOHAJIUTU BUPOOHMYI Mpolecu AJsl JOCITHEHHS
OGa’kaHUX Pe3yJNbTaTiB 3 MaKCUMaJbHOIO e(eKTUBHICTIO. Pe3ynbTaTy JOCTIIKEHHS MalTh MMPaKTUYHE 3HAUEHHS MJIs
OymiBesibHOI TasTy3i, BiZKpMBaOUM IIJISIXM BIOCKOHAJIEHHS TEXHOJIOTii BUPOOHMIITBA ra306€TOHY Ta IMiJABUIIEHHS 710TO
edexTuBHOCTI

KniouoBi cnoBa: 6ynisenbHi MaTepiann; crajeBe OYAiBHMUIITBO; iHKeHepHi 3aCTOCYBaHHS; aHasi3 BIACTUBOCTE;
MexaHiuHa IoBeiHKa
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