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Abstract. The article is devoted to the study of the potential of using ash from
thermal power plants (TPP) as a partial replacement for the main raw material in the
manufacture of hyper-pressed bricks. The relevance of the work is due to the need to
develop environmentally and economically feasible approaches to the disposal of
large-scale industrial waste, such as waste ash from thermal power plants, while
simultaneously creating building materials with improved characteristics. In the
course of the study, a number of samples of hyper—pressed bricks with different
concentrations of TPP ash were produced and analyzed - up to 40% by weight of
binder. To evaluate the effectiveness of the replacement and determine the optimal
composition, tests were carried out to determine the physical and mechanical
properties of the obtained products, in particular, compressive strength. It has been
found that the optimal composition of hyper-pressed bricks with the addition of TPP
ash makes it possible to obtain products with a strength grade (=M150) comparable
to the requirements for traditional building bricks. The most effective use of ash as a
filler is achieved when its concentration is up to 40% by weight of the binder
component. IR spectrometry and SEM analysis methods have been successfully
applied to confirm chemical and structural changes in the material. The results of IR
spectrometry clearly showed a decrease in the intensity of the peak of calcium
hydroxide (Ca(OH).) and the shift of the silicate gel peak (C-S-H) over time.
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AKbLTY JIEKTP CTAHIHUUAJIAPBIHBIH
KYJII KOJIJAHBIUITAH 'MITEPITPECCTEJII'EH KIPHIII
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Anparna. Maxana eunepnpeccmeneer Kipniui 6HOIpICiHOe He2i32l WUKI3ammbl
iwinapa ayvicmolpy peminoe JiCblly d21ekmp opmanvikmapuvinvly (AKI0) Kynin
KONOaHy aneyemin 3epmmeyze apHan2aH. KYMblCmuly 63eKminiel HCaKcapmoulieaH
CUNAMmMamanapoarn mypamvlH Kypoliblc Mamepuanoapvin any apxviisl K30 kyni
CUSIKMbL  Ipi  MOHHANCObI  OHEPKICINMIK  KATIOLIKMAPObl Kadeze  HcapamyOulH
9KONOCUANILIK ~ JHCOHE  DKOHOMUKANLIK ~ MYPEblOaH mMuimMoi  macinoepin  azipiey
Kasxcemminiciven oaunamvicmol. 3epmmey Oapvicvinoa KOO Kyniniy a2HumMymgsip
sammuly maccacvl obotivinuia 40% Oetiin apmypni KOHYeHMpayusaColHaH MyYpamvlH
eunepnpeccmeineer Kipniwumiy Oipkamap yaciiepi Hcacanovl HCoHe MAnI0aAHObI.
Anmacmuipy muimoiniein bazanay sHcone OHMAllIbl KYpamovl aHbIKMAY YULiH AIbIH2AH
OHIMOEPOiY  (UBUKATLIK-MEXAHUKANLIK — KACUemMmepiH, aman aumkaHoa KbulCy
Oepikmicin aHvlKmay OoublHWA colHakmap ucypeizindi. KO0 «kyni Kocwiieau
eunepnpeccmeinzer Kipniuimiy OHMAlibl KYpamvl O0CMypli KYpoulivbiC Kipniutine
KOUbLIAMbIH ~ MAIanmapmer  caivlicmulpvliamoli  oepikmiei  (>M150) mapkanv
OytibIMOapobl anyea MyMKIHOIK 6epemini anvikmanowvl. Tonmuipevius peminoe 40%-2a
Oellinel KOHYEeHMpayuscoulHoa Kynoi OapvlHua muimoi natioaianyea OHulH MYMmKbLp
KOMNOHEHMMmIiy Maccacvbl OOUblHWA KON dcemkizinedi. Mamepuanovly Xumusiivik
JiCoHe KYPblIbIMObIK 632epicmepin pacmay ywin UK cnexkmpomempuscor men COM
manoay adicmepi muimoi Konoawwviiovl. UK cnexmpomempuscolnbly Homudicenepi
kanvyui euopokcuodi woiyvinoly (Ca(OH)2) KapKbiHObLIbIZbIHbIY MOMEHOEYIH JHCIHE
yakwvim eme xene cunuxam 2eniniy (C-S-H) wbiybinbly mysinyin kepcemmi.

Tyiin ce3nep: cunepnpeccmencen xipniwi, K30 xyni, UK cnexmpomempusicul,
nyyyonan peaxyuscol, C-S-H eeni, 6epixmizi, Kanovlkmapovl Kadeze ocapamy,
9KONO2USNILIK MA3d.
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TUNEPIIPECCOBAHHBIN KUPITUY C NCITIOJIb30BAHUEM
30J1Ibl TEHHVIODJEKTPO CTAHLIUU
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'Kazaxckuii arporexnuueckuii nccienoparenbckuii yausepcutet um. C. Celidymnmna,
010011, Acrana, Kazaxcran
2YaupepcuteT Hayku 1 TexHonorun AGH, 30-059, Kpakos, [Tonsmra

AHHoTauus. Cmamuvs nocésaueHa uUccie0o8anuio NOMeHyuala npuUmMeHeHus
30161 mennoanekmpoyeumpaneti (TOL]) 6 kauecmee uacmuyHol 3ameHbl OCHOBHO20
CbIPbEBO20  Mamepuana npu  U320MOGJIEHUU  2UNEPNpecco8AHHO20  KUpPRUUd.
Axmyanvnocmos pabomel 00yCcl081eHA HEOOXOOUMOCMbIO PA3PAOOMKU IKOIOSUHECKU
U IKOHOMUYECKU YenecooOpa3HblX NooxXo008 K YMUMU3AYUU KPYHHOMOHHANCHBIX
NPOMBIULTIEHHBIX  OMX0008, mMakux Kak 3ona yYHoca TOLl, ¢ oonoépemeHHbIM
coz0anuem CMmpoumenbHblX MAamepuanos ¢ YIyYueHHbIMU Xapakmepucmukamu. B
X00e uUccnedo8aHuss Obll  U320MOBIEH U NPOAHAIUSUPOBAH PO  00pa3yos
2UNepnpecco8anHno2o KUpnuya ¢ pasiuyHou konyeumpayueti 3o1vl TOL — 0o 40% no
Mmacce eaxcywezo. Jlna oyenku dggexmusHocmu 3ameHvl U onpeoeneHus:
ONMUMANTBLHO20 COCMA8a ObLIU NPOBeOeHbl UCNbIMAHUL NO ONpedeneHuo u3uKo-
MEXAHUYECKUX CBOUCME HNONYVUEHHbIX U30eNUll, 8 YACMHOCMU, NPOYHOCMU HA
colcamue. YcmaHoeneHo, 4mo onmuManibHblli COCMAag 2UNepnpecco8aHHo20 KUpnuia
¢ 0obasnenuem 3onvl TOL] nozeonsem noayuumos uzoenus ¢ MApkou no NPOYHOCMU
(=M150), conocmasumoii ¢ mpebosaHusMu K MPAOUYUOHHOMY CMPOUMETLHOM)
Kkupnuyy. Maxcumanono o¢hghekmuenoe ucnonvzosaumue 3016l 8  Kauecmee
HanonrHumens docmuzaemcs: npu ee Kowyeumpayuu 0o 40% no macce 6a1cyuie2o
xomnoneuma. Memoovr HUK-cnexmpomempuu u COM-ananuza Oviiu ycneuHo
npumeHenvl Ol NOOMBEPHCOCHUS. XUMUYECKUX U CHMPYKMYPHLIX UMEHeHUll 8
mamepuane. Pezynemamsr UK-cnekmpomempuu 0OHO3HAUHO NOKA3ANU CHUNICEHUE
unmencusHocmu nuxa euopoxcuoa kanvyus (Ca(OH)2) u cmewenue nuxa
cunukamuoeo 2ens (C-S-H) co epemenenm.

KuroueBble ciioBa: cunepnpeccosannvii  xkupnuy, 3sona 19L, HK-
cnekmpomempus, nyyyonamogas peaxyus, C-S-H cens, npounocms, ymunuzayus
0mMX0008, IKONO2UYHOCTb.

* ABTOP-KOPPECTOHAEHT
Aiitnyp U6:xanoBa, e-mail: ibzhanova83@mail.ru

https://doi.org/10.51488/1680-080X/2025.4-09
IMoctynuna 06 HosOps 2025; [lepecmoTpeno 28 HosOps 2025; [punsaro 11 nexabps 2025

145


https://www.muctr.ru/
https://www.muctr.ru/
mailto:ibzhanova83@mail.ru
https://doi.org/10.51488/1680-080X/2025.4-09
https://orcid.org/0009-0001-3573-0439
https://orcid.org/0000-0001-6768-3262
https://orcid.org/0000-0001-8688-1408
https://orcid.org/0000-0001-6297-7632
https://orcid.org/0000-0002-0203-5149

QazBSQA Xa6apumbichl. Ned (98), 2025. Kypblibic

ACKNOWLEDGEMENTS/SOURCE OF FUNDING

The research was carried out within the grant funding of the Science Committee of the Ministry
of Science and Higher Education of the Republic of Kazakhstan AP26193815 “Development of
scientific and technical bases of refractory materials technology using wastes of power
engineering enterprises".

CONFLICT OF INTEREST

The authors state that there is no conflict of interest.

During the preparation of this manuscript, the authors used artificial intelligence tools
(ChatGPT) solely for editorial assistance, such as improving phrasing and checking grammar,

spelling, and punctuation. All ideas, interpretations, and conclusions are the responsibility of the
authors, who take full accountability for the content of the article.

AJIFBIC / KAPXKBIJIAH/BIPY KO3I1

3eprrey Kazakcran PecnyOmmkacel FoeimpiM koHE JkOFapbl OutliM  MuHHCTpaIri Feutbim
komuTeTiHIH AP26193815 "DHeprernka KOCIMOPBHIHIAPBIHBIH KaIJABIKTAPBIH —IaiiiajgaHa
OTBIPBIN, OTKA TO3IMII MaTepuaijap TEXHOJOTHICHIHBIH FBHIIBIMU-TEXHUKAIBIK HETI3EPiH
a3ipiiey" rpaHTTHIK Kap KblIaHAbIPYy HIeHOepiH e )KYPri3 Uil

MYJJAEJEP KAKTbIFBICHI
ABTOpIAp MYIENIEep KAKTBIFBICHI JKOK JCT MAIIMICH/TI.

MakanaHnbl JaibIHAay OapbICBIHIA aBTOPIAp JKacaHabl WHTEIICKT KypanmapbiH (ChatGPT)
TEK pENaKIMsUIBIK KOMEK  MaKCaThlHIa  MaWJalaHibl:  TYXKBIPBIMIAPIALI  KETULAIPY,
rpaMMaTHKaIBIK, OpGOrpadusiIbIK KOHE THIHBIC OCNriuIepiHAeri Kareiaepal TeKcepy YIIiH.
Bapnbik  waessiap, MHTEpHpeTalysiap MEH KOPBITBIHABUIAD aBTOpJapFa THUECLTI, JKOHE oJiap
MaKaJaHbIH Ma3MYHBIHA TOJIBIK KayaIThl.

BJIATOJAPHOCTU/MCTOYHUK ®PUHAHCHPOBAHUA

HccnenoBanue MNpOBOAMIOCHE B paMKax TI'paHTOBOTO (HHaHCHpoBaHMs Komurera Hayku
MunuctepcTBa Haykl u Bbicmiero oOpasoBanus Pecnyonuku Kazaxcran AP26193815
“PazpaboTka HaydYHO-TEXHHYECKMX OCHOB TEXHOJOTMH OTHEYIIOPHBIX MaTEepHaloOB C
UCIIOJIB30BaHMEM OTXOJIOB MPEANPUATHIA SHEPTETUKH .

KOH®JIUKT UHTEPECOB

ABTODBI 3asIBIISIOT, YTO KOH(IUKTa UHTEPECOB HET.

IIpn moAroToBKE pyKOMMCH aBTOPBI MCIOJIb30BAIM UHCTPYMEHTHI HCKYCCTBEHHOIO MHTEIIEKTA
(ChatGPT) uCKIIOUMTENBHO A PElAaKTOPCKOM MOJIEPKKU: KOPPEKTUPOBKH (HOPMYIHUPOBOK,
MPOBEPKH I'paMMaTHYECKUX, opdorpaduyeckux M MyHKTYAllMOHHBIX omuOoK. Bce wupuew,

HHTCpHOPCTAlIM W BBIBOJbI NPUHAJICKAT aBTOPaM, KOTOPBIC HECYT NOJHYIO OTBETCTBCHHOCTDH
3a COJACPIKAaHUC CTAaTbH.

146



QazBSQA Xa6apumbichl. Ned (98), 2025. Kypblibic
1 INTRODUCTION

The study of the production of hyper-pressed bricks with partial replacement of raw materials
with ash from thermal power plants in Kazakhstan has scientific and practical significance aimed at
resource conservation and improving the environmental situation in the country. The modern
construction industry faces a double challenge: the need to reduce CO2 emissions in the production
of traditional binders (primarily Portland cement). One of the most significant wastes in terms of
volume is ash and slag waste generated as a result of coal combustion at thermal power plants
(TPPs). The annual volume of solid waste generation is estimated at millions of tons, and their
storage occupies vast territories and creates environmental risks. Kazakhstan, being a major
producer of coal-based electricity, is facing an acute problem of accumulation of ash and slag waste
(ASW) generated as a result of the operation of thermal power plants (TPPs) and state district
power plants (SDPPs). The low level of utilization (only 3-8%) indicates that 92-97% of the waste
generated annually ends up in ash dumps.

A promising direction for the disposal of such technogenic materials is their use in the
production of building products as an active or inert filler. The hyper compression method (semi-
dry pressing under high pressure followed by curing) is optimally suited for working with ASF.
Unlike traditional kiln-fired bricks, hyper-pressed products do not require high-temperature
processing, which significantly reduces energy consumption and the cost of finished products. Fly
ash, having a fine dispersion and amorphous phase, can act as a pozzolan additive by interacting
with calcium hydroxide (Ca(OH)2) cement binder with the formation of an additional durable
silicate gel (C-S-H).

However, despite the obvious advantages, the widespread adoption of hyper-pressed bricks
with a high ash content is hindered by a lack of understanding of the kinetics of curing and the long-
term stability of the microstructure, especially when using non-activated ash. Detailed scientific
evidence is required that the pozzolan activity of ash under super pression conditions guarantees the
required strength properties and durability.

The objective of the present work is to scientifically substantiate the strength and structural
characteristics of hyper-pressed building bricks using thermal power plant ash.

In order to achieve the objective, the following main tasks were formulated:

1.To determine the optimum content of TPP ash in the hyper pressed mixture, providing
maximum strength gain.

2.To carry out a comprehensive assessment of physical and mechanical properties
(compressive strength) of the obtained samples.

3.Analyze the microstructure of the samples using scanning electron microscopy (SEM) to
evaluate the distribution of ash particles and the nature of their interaction with the cement matrix.

4.Using infrared spectrometry to analyze the phase composition of cement stone at different
curing times to quantitatively confirm the course of the pozzolanic reaction and the formation of
secondary binding products (C-S-H gel).

Scientific novelty of the work consists in the establishment of quantitative correlation
between ash content, dynamics of phase composition change (confirmed by IR spectrometry) and
development of strength of hyper-pressed products, which allows to scientifically substantiate the
mechanisms of their hardening.

The practical value of the work lies in the development of specific recommendations on the
composition and technology of production of high-strength hyper-pressed bricks with a high degree
of cement replacement for ash, which opens the way to the creation of an environmentally friendly
and economically profitable building material.
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2 LITERATURE REVIEW

Numerous works by domestic and foreign scientists have been devoted to the study of the
properties of fly ash and its interaction with various binders and mineral components. Special
attention in these studies is paid to the effect of fly ash on the strength characteristics, water
absorption, frost resistance and durability of building materials. The analysis of scientific sources
makes it possible to systematize data on the methods of ash activation, the conditions of its use, as
well as on the compositions of mixtures containing this component.

Scientists have found that adding ash, especially in small amounts (up to 20%), increases the
strength of concrete. The main purpose of the study was to determine the possibilities and
limitations of using TPP ash as a mineral additive in concrete, as well as to evaluate its effect on
physical and mechanical properties, primarily on strength characteristics (Ferraro et al., 2021).

The addition of activated ash in doses of 5-10% can significantly improve the frost resistance
of these materials. The aim of the study was to determine the effect of addition of activated ash
from thermal power station on the frost resistance of concrete and brick products, and to identify the
mechanisms underlying this improvement. In the course of the work the dependence between the
amount of ash in the mixture and its influence on the resistance of materials to cyclic freezing and
thawing was established (Lachheb et al., 2023).

Thermal activation of ash from TPPs (calcination at 600-800°C) significantly increases its
pozzolanic activity, which makes it a more effective additive in hyper-pressed bricks and cement
mortars. The calcination of ash at 700°C significantly increases its activity by eliminating carbon,
resulting in the formation of stronger bonds in cement stone. Mechanical activation (grinding of
ash) reduces its particles to microscopic size, which also helps in increasing the activity. However,
the high cost of calcination and the need to optimize the temperature and time of activation remain
problems (He et al., 2023).

The utilization of TPPs ash as an additive in building materials was analyzed. The author
came to the conclusion that the use of ash reduces the load on ash dumps and allows efficient waste
processing, which reduces the negative impact on the environment. Besides, the economic benefit
was noted, as the use of ash instead of cement significantly reduces the cost of production of
construction materials (Ghouleh et al., 2023).

The work of emphasized on the fact that the use of ash in building materials contributes to the
reduction of CO, emissions, as a large amount of carbon dioxide is emitted during cement
production. The use of ash reduces the cement demand, which is directly related to the reduction of
carbon footprint (Salamanova et al., 2021).

The economic and environmental efficiency of hyper compression technology, which allows
the use of large volumes of industrial waste (such as ash and slag from thermal power plants, waste
from mining or metallurgical industries) as the main raw material component for the production of
building material were discussed in detail (Li et al., 2022).

Environmental assessment has shown that the use of fly ash from TPPs as a secondary raw
material for the production of construction materials is one of the most effective ways to reduce the
burden on the environment, as it simultaneously reduces the volume of industrial waste storage and
reduces the need for extraction and processing of natural resources (Samantasinghar & Singh,
2020).

Studies have shown that the introduction of thermal power plant ash into the composition of
hyper-pressed bricks contributes not only to the utilization of large-scale industrial waste, but also
provides a significant increase in strength and a decrease in water absorption of the final building
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material, which proves the high efficiency of using ash in the technology of production of fats-free
binders (Bo et al., 2021).

The urgency of introducing secondary resources, such as TPP ash, into the technological
cycles of construction production is due not only to the environmental need to reduce waste
disposal, but also to the potential for creating composites with improved properties, subject to strict
requirements. technological modes (Guanlei et al., 2022).

The introduction of innovative approaches to recycling waste from combined TPPs allows not
only to solve acute environmental problems, but also to create a new generation of efficient
and resource-saving building materials, thus integrating the concept of circular economy into the
construction industry (Maria Harja et al., 2022).

The use of ash from thermal power plants as a secondary raw material in the production of
building materials (e.g., bricks) leads to significant savings of natural resources and reduction in the
cost of final products. This approach allows enterprises not only to reduce the cost of raw materials,
but also to solve the problem of utilization of large volumes of industrial waste (Mukhtar et al.,
2022).

The use of TPP as a mineral additive in construction mixtures allows not only to reduce the
need for expensive Portland cement, but also comprehensively improve the technological and
operational characteristics of final materials, including density and durability (Cretescu et al.,
2021).

Some authors have investigated the effect of activated fly ash on the characteristics of hyper-
pressed bricks. They found that using these industrial wastes not only makes it possible to
efficiently dispose of ash, but also significantly increases the strength and durability of hyper-
pressed bricks (Ana Maria Ospina Salazar et al., 2023). Thus, activated ash acts as an effective
technogenic component that improves the quality of building material (Khamit et al., 2024).

The use of thermal power plant fly ash as an active mineral component of construction
mixtures allows not only to reduce the material intensity and cost of the final product by replacing
part of the cement, but also to achieve an improvement in technological and strength characteristics
(Pashkov and Bogdanov 2016). In particular, introduction of ash contributes to the increase of
density, frost resistance and resistance of cement systems to aggressive media (Syndarbekova et
al., 2025).

3 MATERIALS AND METHODS

The following components were used to manufacture samples of hyper-pressed bricks:

Cement of M-450 grade according to GOST 31108 (Cements for general construction.
Technical conditions) was used. Portland cement was used as the main binding agent. Tap water
complying with the requirements of GOST 23732 (Water for concrete and mortars) was used.
Fly ash (fly ash) of class F (high silica) according to GOST 25818 (Fly ash from thermal power
plants for concrete. Technical conditions) was used. The ash was used without additional
activation with minimal drying. Chemical composition (by XRF method, using the spectrometer
ARL QUANT'X (Thermo Scientific, USA) and dispersibility (specific surface area by Blaine) were
determined. Quartz sand was used as the main filler, which was partially replaced by ash.
Optimization of composition and ratio. The percentage of cement replacement with ash (by weight
of binder) was the main variable parameter and was 0% (control sample), 20%, 35 % and 40%.
Water cement ratio: was kept constant (or optimum for hyper compression) in the range of 0.08-
0.12.

The components (cement, fly ash, aggregate) were dosed to an accuracy of £0.1% by weight.
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Mixing was carried out in a laboratory forced-action mixer. Initially, the dry components were
mixed for 3 minutes, then water was added and the process continued until a homogeneous semi-
dry mixture with optimum moisture content for pressing was obtained.

Brick or bar shaped specimens of 4x4x16 cm (for laboratory tests) were produced using a
hydraulic press (HTP-100, produced by Hydraulic Systems (Russia). Uniaxial pressure in the range
of 20-30 MPa (typical for hyper-pressing) was applied. The specimens were molded from the
calculated mass of the mix, providing a standard density.

After pressing, the specimens were removed from the molds. The specimens were cured under
normal conditions (temperature 20+2°C, relative humidity > 95%). Tests were carried out at
durations: 7, 28 and 90 to evaluate the kinetics of strength gain.

Physical-mechanical tests: Compressive strength was determined according to GOST 10180
(Concretes. Methods of determining strength by control specimens) on cube specimens or half
beams, using a hydraulic press.

Micro structural analysis: scanning electron microscopy (SEM) (JEOL JSM-6490LV) with
energy dispersive analysis system (EDS/EDS). Small cement stone fragments (size <1 cm) at
specified curing times. Infrared spectrometry (Fourier-transform infrared spectroscopy, Alpha Il
FTIR): Powdered cement stone samples at different curing times were mixed and pressed into
tablets to identify the phase composition and quantify the pozzolanic reaction. The sharp peak of
Ca(OH); at 3640 cm™ was monitored (decrease in its intensity indicates consumption). Analyzing
the shift and intensity change of the C-S-H (valence vibrations of Si-O) peak in the 950-1000 cm'*
region (shift to and enhancement indicates secondary gel formation).

4 RESULTS AND DISCUSSION

When TPPs ash is used for the production of building materials, those impurities that can be
harmful to human health or the environment, as well as those that can impair the durability of the
building material itself, are considered hazardous.

The chemical composition of ash determined by X-ray fluorescence analysis (XRF) is critical
for the evaluation of pozzolanic activity (Table 1).

Table 1
Chemical composition of ash [author’s material]
No Component Content (% wt.)
1 SiO; 46,3
2 Al20s3 28,5
3 F8203 4,9
4 Ca0o 5,2

Such key components as SiO2, Al,Os, Fe2Oz, and their high content indicate a good pozzolan
ability of ash. In turn, this ability allows it to enter into a chemical reaction with calcium hydroxide,
which is formed during the hydration of cement (the main binder in hyper-pressed bricks). A high
CaO content can give the ash independent astringent properties that affect the setting speed.
However, excess can lead to instability (expansion) of the material. The content of calcium oxide in
the ash is 5.2%, which will actively interact with Ca(OH). cement to form a secondary C-S-H gel,
which over time will lead to an additional increase in strength and compaction of the structure. No
high sulfate content was found, which can cause sulfate corrosion and destruction of the cement
stone in the long term. No impurities of As, Pb, Hg, Cd, Cr, Ni were found in the ash.
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The specific surface of ash was determined by the air permeability method (according to
Blaine) according to the corresponding standard (GOST 310.2 Cements. Methods of
determination of grinding fineness) (Table 2).

Table 2
Result of specific surface area determination [author’s material]
Raw material Determination method Specific surface,Sy) cm?/g)
TPPs ash (investigated material) Blaine 3673
Ordinary Portland cement (for comparison) Blaine 3462

The results of physical and mechanical tests, name lycom pressive strength (curing kinetics)
are summarized in Table3.

Table 3
Compressive strength (hardening kinetics) [author’s material]

Composition (Ash Substitution) Strength at 7 days (MPa) Strength at 28 days (MPa) Strength at 90 days (MPa)

Control (0% Ash) 19 25 34
Optimal Composition (20% Ash) 13 14,5 18,3
Optimal Composition (35%Ash) 15 17,6 26,3
Optimal Composition (40% Ash) 17 23,4 35,9

The ash samples show a decrease in strength at an early stage (7-28 days) compared with the
control composition. This is due to the slower initial hydration of cement due to the dilution effect
(reducing the proportion of cement in the total binder mixture) and the slower nature of the
pozzolan ash reaction compared to the rapid hydration of Portland cement..

By 28 days, specimens with optimum ash content (up to 40% by weight of binder) show
equalization or approximation of strength to that of the control mix. This effect becomes even more
pronounced at 90 days and beyond.

This confirms that the slow pozzolanic reaction between the amorphous SiO2 of the ash and
the released Ca(OH)2 successfully compensates for the initial strength deficiency. The formation of
a secondary, denser C-S-H gel provides additional strength gains at later dates, which is a key factor
for the durability of the hyper-pressed brick.

The resulting hyper pressed bricks are of grade >M150, confirming the suitability of the ash
for the production of high-strength products.

The results of microstructural and phase analysis are shown in Fig.1land 2 (a, b, c).

IR spectrometry (Fig. 1) provided quantitative evidence of the pozzolanic reaction occurring,
explaining the long-term strength increase.

In Fig. 1 (a) the observed position of the broad C-S-H peak (in the region of 900-1100 cm™)
shifts towards lower frequencies (960 cm™) during prolonged curing. This shift is a key indicator
that the C-S-H gel becomes more low-based due to reaction with SiO; ash, indicating the formation
of a secondary, denser binder.

The low intensity of the CaOH, band (870 cm™) in the ash sample confirms that most of this
hydroxide is consumed by the pozzolanic reaction rather than remaining free. The intensity of such
a peak is a marker: its decrease compared to the control composition or earlier times is direct
evidence of the consumption of Ca (OH)2 by the ash during the pozzolanic reaction.
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Figure 1 - IR spectrometry of samples with: a) sample with 20% fly ash; b) sample with 35% fly ash;c) sample
with 40% fly ash (author’s material)

The provided IR spectrum in Fig.1 (b) (red line with superimposed blue smoothing) of a
hyper-pressed brick sample with 35% ash shows typical signs of cement hydration and active
pozzolanic reaction, characteristic of high ash fraction systems. In contrast to the previous sample
with 20% ash, the higher ash content (35%) leads to a more pronounced formation of secondary
binding products in the later stages of curing. Bound water (3400-3500 cm™ and 1600-1650 cm™):
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The intense bands in these regions confirm the presence of hydroxyl groups (O-H) and water
molecules within the hydrate neoplasms (C-S-H gel), indicating successful hydration. Carbonization
(1400-1500 cm™): The presence of CO peak indicates natural carbonization of Ca (OH)2 on the
surface of the samples. Binder gel formation (900-1100 cm™): The intense and broad Si-O peak is
the main evidence for the formation of C-S-H gel, the main component providing strength. When
the ash content is increased to 35% (second spectrum), a further decrease in the intensity of the
calcium hydroxide peak (870-900 cm™?) is expected compared to the sample with 20% ash.

In Fig. 1 (c), the peak has high intensity and is shifted to low frequencies (960 cm™), which is
a direct evidence for the formation of secondary, low-base and high-strength C-S-H gel due to ash.
At 40% ash, this effect is maximized.

The SEM analysisis shown in Fig.2 (a, b, c).

SEM images confirmed the structural changes detected by IR spectrometry

Figure 2 - Microstructure of specimens with fly ash application: a) 20% fly ash (28 days), b) with 35% fly ash (28
days), ¢) 40% fly ash (28 days) (author’s material).

Early dates (7 days): the images are dominated by smooth, unaltered spherical ash particles
surrounded by primary cement gel. Large Ca (OH)2 crystals and relatively high capillary porosity
are observed.

Long Timing (28-90 days): Ash spheres have a rough, "ruined"surface and are covered with a
thin layer of secondary C-S-H gel (a product of the pozzolanic reaction). Ca(OH). crystals are
fragmented or completely absent, and the pores are filled with neoplasms. The overall
microstructure appears much denser and more homogeneous, which explains the increase in
strength and durability.

Thus, the SEM analysis convincingly confirms that the introduction of ash and slag waste into
polystyrene concrete leads to the formation of an optimal, homogeneous and dense microstructure
with a long curing time. This structure provides increased strength properties by increasing the
proportion of binder (C-S-H), and also significantly increases the durability and performance
properties of lightweight concrete, including its frost resistance and resistance to carbonation. Thus,
the use of fly ash not only disposes of waste, but also acts as an active modifier to improve the
structure of the composite material (Takirova et al., 2025 & Abildaeva et al., 2022).

The results confirm that the use of up to 40% of TPPs ash as raw material ensures effective
utilization of industrial waste.

Thus, hyper-pressed brick with TPPs ash is a promising material with high physical and
mechanical characteristics. Its high strength due to pozzolanic activity (verified by IR
spectrometry), combined with low raw material costs, confirms its suitability in construction.

The images taken after curing show that the spherical ash particles are no longer inert
inclusions, but have a cracked (rough) surface covered with new C-S-H gel formations. This is a
direct evidence of the reaction on the ash surface.

Visual filling of capillary pores and the space previously occupied by Ca(OH)2 crystals with
secondary C-S-H gel leads to a general densification of the microstructure.

Thus, the research proves that the hyper compression method in combination with TPPs ash
can produce a high strength material. Despite the delayed strength gain in the early stages, the long-
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term effect of the pozzolanic reaction - scientifically confirmed by IR spectrometry and SEM -
ensures that the product meets the required grade (Durdzi'nski et al., 2015 & Tolegenova et al.,
2023).

5 CONCLUSIONS

The conducted research has successfully demonstrated high efficiency and prospectivity of
utilization of thermal power plant fly ash in the production of hyper-pressed building bricks. The
following key conclusions were obtained on the basis of comprehensive analysis of physical-
mechanical and structural-phase characteristics:

1.Hyper-pressed bricks with optimum ash content (up to 35-40%) achieved the required
strength grade (>M150) by long-term curing time (90-180 days). Although there was a reduction in
strength in the early stages due to dilution effects, the long-term gain fully compensated for this
deficiency.

2.The application of IR spectrometry allowed for the first time to confirm at the molecular
level the curing mechanisms in hyper-pressed products with ash. Analysis of spectra showed that
with increasing ash content (up to 40%) there is a decrease in the intensity of calcium hydroxide
Ca(OH); peak (870 cm™), which proves its active consumption by ash. The main binding gel peak
C-S-H in the region 900-1100 cm™ becomes more intense and shows a shift to low frequencies. This
shift indicates the formation of a secondary, low-base and thus stronger C-S-H gel that compensates
for the initial strength deficit from cement dilution.

3.The results of SEM analysis visually confirmed that at late curing time, an active reaction
occurs on the surface of spherical ash particles. This leads to densification of the cement stone,
which in turn explains the improved durability and reduced water absorption.

4.The use of TPP ash in hyper-pressing technology allows to achieve utilization of industrial
waste and reduce energy consumption in comparison with roasting methods. Thus, the developed
material is an ecologically and economically favorable building product.
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