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Abstract. This study examines the feasibility of producing sustainable ceramic materials
from locally available loess-like loam, fly ash from a thermal power plant, liquid glass, and ground
rice husk. The work is motivated by two parallel challenges: the need to reduce the consumption of
high-quality clay in traditional ceramic production and the need to valorize industrial and agricul-
tural wastes that are otherwise landfilled, stockpiled, or openly burned. In the proposed system, lo-
ess-like loam serves as the basic aluminosilicate matrix, fly ash acts as a fine mineral component
rich in silica and alumina, liquid glass functions as a fluxing and structure-promoting additive, and
rice husk plays a dual role as an internal fuel and a silica-bearing pore-forming modifier during fir-
ing. The investigated raw mixes contained 40.0-53.5 wt.% loess-like loam, 42.0-52.0 wt.% fly ash,
4.0-6.0 wt.% liquid glass, and 0.5-2.0 wt.% ground rice husk. Samples were prepared by semi-dry
pressing and fired at 900-1000 °C. According to the reported experimental results, the developed
compositions achieved compressive strengths in the range of 28-35 MPa, water absorption of 15—
18%, and frost resistance up to 62 freeze-thaw cycles. Compared with the reference composition,
the modified ceramic system showed a broader high-strength range, lower water absorption, and
better frost durability. SEM observations revealed a denser microstructure in the modified composi-
tions, while XRD analysis confirmed the formation of quartz, cristobalite, mullite, anorthite, and
hematite phases. The results demonstrate that the combined use of fly ash and rice husk contributes
to matrix densification, improved durability characteristics, and effective utilization of industrial
and agricultural waste in ceramic production.
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frost resistance, compressive strength.
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YIIMNA KYJI MEH KYPILI KAYBI3bI HET'BIHAET T
IKOJOTUSJIBIK TA3A KEPAMUKAJIBIK
MATEPUAJJIAPILIH KACUETTEPI
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'Kopxkpit ata atemnarst Kei3eitopaa yausepeureti, 120012, Keissutopaa, Kasakcran
2XaneIkapanslK OiniM 6epy xopropamusicel, 050043, Anmartsl, Kazakcran
3Camapa MeMJIEKeTTIK TeXHUKANBIK yHUBepcuTeTi, 443100, Camapa, Pecei

Anparna. byn zepmmey owcepeinikmi Koadxcemimoi necc mapizoi caz0aKxmat, JHColy NeKmp
CMAHYUACHIHbIY YIUNA KYTHEeH, CYUbIK WbIHbIOAH H#CoHe YHMAKMaleaH Kypiul Kaybl3vl He2iziHOe
MYPaKmol KepamuKkaiblk Mamepuaioap oHoipyoiy MymKinoiein kapacmeipaowl. 3epmmey exi He2izei
MaceneHi weutyee 0OALIMMAn2an: 0ICMYPli Kepamuka OHOIPICIHOe JHCOoapbl Canaivl Ca30bl
MYMBIHYObL A3aUmy JicoHe ademme KOMLNIN, YUiHOlepOe Cakmaiamvli Hemece auiblk mypoe
JHCARLIIAMBIH ~ OHEPKICINMIK ~ JiCIHE  aAyblIUapYAUbLIbIK — KATOLIKMAPLIH - MUiMOi  natuoanamy.
¥Ycvinvinean oicytiede necc mapizoi  cazoax Hezizei  ANIOMOCUTUKAMMbL MAMPUYA Kbi3Memin
amkapaosl, an Ywna Kya KpemMHull Men amiomunutiee 6ai Ycax MuHepanioblk KOMNOHeHm pemitnoe
KonoanwLnaosl. CYUblK WbiHbl OAIKbIMY KACUEMIH apmmblpamvli HCIHE KYPbLIbIM MY3yui Kocna
peminde Kbizmem emeodi, an Kypiui Kaybi3vbl KYUOipy Ke3iHOe IwiKi OmvlH api KpeMHULLl Keyek
mysywi moougpuxamop peminoe exi mypii pei amxapaowvl. 3epmmencen WuKizam Kypamoapul
40.0-53.5 mac.% necc mapizoi cazoaxkman, 42.0-52.0 mac.% ywna xkynoen, 4.0—-6.0 mac.% cyuivix
wviHblOaH dcane 0.5-2.0 mac.% ynmaxmangan Kypiui Kaybi3vlHaH mypobsl. Yieinep scapmoliail
Kypeax npecmey a0icimer Oativinoansin, 900—1000 °C memnepamypada Kyuoipindi. Anvinzau
maoicipubenix Hamuodicenepee calkec, a3IpieHsen Kypamoapowly Kvlcy kesinoeeli Oepikmizi 28—35
Mlla apanvizgvinoa, cy ciyipeiwmici 15—18%, an aazea me3simoiniei 62 mysoamy-epimy YukIvlHA
Oetiin orcemmi. Convimern kamap, COM mandayvr mooupukayusianean Kypamoapowvly aHARYPIbIM
Mblebl3  MUKPOKYPOLIbIMbIH — KOpcemmi, an penmeeHOIK azanviy manday (XRD) «keapuy,
Kpucmoobanum, Myiium, aHOPMUM HCoHe 2eMamum (azaniapuiibly my3iiyin pacmaovl. Anvineau
Hamudicenep Yuna Kyl MeH Kypiui Kaybl3siH Oipiecin nanuoaiasyobly Mampuyansly mulebi30d1ybind,
Oepikmik neH mO3IMOINIK KACUCMINEPIHIY JCAKCAPYbIHA — JCOHE OHEePKICINmIiK api  aybll
wWapyaublivlesbl KaioblKMAapblH KePAMUKAIbIK MAmepuaioap eHOIpicinoe muimoi kadeze dcapamyza
bIKNAJL eMemiHiH KOpCcemmi.

Tyiin ce3mep: Kypiwi Kayvi3vl, KYI-YWNA, KePAMUKALLIK MAmMepudanoap, wuxizam
KOCNACBIHbIH KYpambl, 1ecc mapizoi ca30ax, cy Ciyip2iumik, asa32a me3iMoinix, colebliy Oepikmizi.
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CBOMCTBA YKOJOI'NYECKHU YUCTBIX KEPAMUYECKUX
MATEPHUAJIOB HA OCHOBE 30JIbI-YHOCA
U PUCOBOM JY3I'N
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'Kei3pumopmucknii yausepeuter nMenn Kopksit Ata, Keissiopaa, 120012, Kazaxcran
2MexmyHapoaHas oOpazoBaTenpHas kopropanus, 050043, Anmvarsr, Kazaxcran
3Camapckuii TocyIapcTBEHHEIH TeXHUUeCKHi yHuBepcHuTeT, 443100, Poccus

AHHOTamus. JlanHoe uccredoganue NOCGAULEHO OYEHKe BOIMONCHOCU  NOJYYEHUs.
VCMOUYUBLIX KePAMULECKUX MAMEPUATO8 HA OCHOBE MECHHO20 NeCCOBUOHO20 CY2IUHKA, 30bl-YHOCA
Menyiogoll INeKMPOCMAHYUL, IHCUOKO2O CMeKId U UMenbuéHHOoU pucoso Jayzeu. Paboma
00ycnosiena 08yMs AKMyanbHbIMU 3a0a4amu: CHUJICEHUeM NOMPeONeHUsl BbICOKOKAYECMBEHHOU
2IUHBL 8 MPAOUYUOHHOM KEPAMUYECKOM NPOU3800CEe U YMULUZAYUel NPOMBIUIEHHbIX U
CeNbCKOXO3ANUCMBEHHBIX OMX0008, KOMOpble 8 NPOMUBHOM CyUde CKAAOUPYIONCS, 3aX0PAHUBAIOMCS
UNU  COICUSAIOMCST HA OMKpuImMoM 8030yxe. B npednacaemoti cucmeme 1ecco8uOHbll CY2IUHOK
BbINONIHSIEM POb OCHOBHOU ANIOMOCUIUKAMHOU MAMpPUuybl, 3014-YHOCA GbICIYNAen 8 Kauecmee
MOHKOOUCNEPCHO20 MUHEPATbHO20 KOMNOHEHMA, 602amozo Kpemuezemom u enunozémom. Kuoxoe
cmeko Oelicmgyem Kak MNiaAGHesdAs. U CMPYKmMypoobpaszyiowas 000aska, a pucosas Jy3zd
BbLINONIHSIEM — OBOUMYIO  (DYHKYUIO:  6HYMPEHHE20  MONIUSA U  KPEMHe3EMCO0epicauyeco
nopoobpazyioweco mooupuxamopa 6 npoyecce obocuea. HMccnedoganuvie coOCmasvl CblpbeGblx
emeceti exmovanu 40.0-53.5 mac. % neccosuonoco cyenunxa, 42.0—52.0 mac.% 3onvi-ynoca, 4.0-6.0
mac.% orcuokoeo cmekaa u 0.5-2.0 mac.% uzmenvuénnou pucoeou ayseu. Obpasyvl ghopmosanu
MEMOOOM NOIYCYX020 NPecco8anus ¢ nociedylouum obocucom npu memnepamype 900-1000 °C.
CoenacHo nomyueHHbiM IKCNEPUMEHMATLHBIM OAHHbIM, PA3PAOOMAHHbIE COCMABLL 0DeCneyusaom
npoyHocms npu cocamuu 8 ouanazore 28—35 Mlla, sooonoznowenue 15—18% u moposocmoiikocmo
00 62 yuxnoe samopaxcuganusi-ommausanusi. Kpome moeo, pezynomamol COM-ananuza noxasanu
bonee NIOMHYIO MUKPOCHPYKIYPY MOOUDUYUPOBAHHBIX COCMABOS, M020a KAK PeHmMeeHopa306blil
ananuz (XRD) noomeepoun obpazoeaHue Keapya, Kpucmoobaiumda, MYyJLIUmd, aHOpmMuma u
eemamuma. Ilonyuennvle pe3ynvmamul c6UOEMeNbCMEYIOM 0 MOM, YO COBMECMHOe UCNOb308AHUE
30/IbI-YHOCA U PUCOBOU JIy32U CNOCOOCMEYem YHIOMHEHUI0 MAMpuybl, YIyYYueHulo noxasamenell
001208eUHOCU U IPDEKMUBHOU YIMUAUZAYUYU RPOMBIUUILEHHBIX U CENbCKOXO3AUCTBEHHbIX OMX0008
8 NPOU3600CMEE KePAMUUECKUX MAMePUaios.

KiwueBble caoBa: pucosas ayzea, 301a-yHOCA, KepamudecKue Mamepudanvl, COCmMas
CHIPLEBOU CMeCU, JIeCCOBUOHDIL CY2IUHOK, B000N02TOUjeHUe, MOPO30OCMOUKOCHb, NPOYHOCHb NpPU
colcamui.

* ABTOP-KOPPECHOHACHT
Aobuesa I'ynaana, e-mail: guldanal967@mail.ru

131
https://doi.org/10.51488/1680-080X/2026.2-07


https://doi.org/10.51488/1680-080X/2026.2-07
https://удк.xyz/widget
https://orcid.org/0000-0003-4492-8364
https://orcid.org/0000-0002-0101-2252
https://orcid.org/0000-0001-6729-1920
https://orcid.org/0000-0002-3920-3919
https://orcid.org/0000-0001-5323-9769

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne2 (100), 2026. Architecture & Construction

1. INTRODUCTION

The development of sustainable ceramic materials has attracted increasing attention due to the
growing demand for resource-efficient construction products and the need to utilize industrial and
agricultural waste. Conventional ceramic products are commonly manufactured from high-quality
clay raw materials and require energy-intensive firing processes. Therefore, considerable research
efforts have focused on the partial replacement of traditional clay with waste-derived materials such
as fly ash, rice husk, and rice husk ash, which can reduce raw-material consumption and contribute
to more sustainable ceramic production [1-4].

A recent study by [4] demonstrated that rice husk ash can be successfully incorporated into
clay ceramics as a secondary silica source. The authors reported that moderate additions of rice
husk ash improved processing behavior and enabled the production of ceramic blocks with satisfac-
tory physical and mechanical properties.

Fly ash is one of the most widely studied industrial by-products in ceramic and cementitious
technologies. Owing to its high silica and alumina content, fine particle size, and partially amor-
phous structure, fly ash can act as both a mineral filler and a chemically active constituent in ther-
mally treated systems. Previous studies have shown that fly ash can improve packing density, modi-
fy vitrification behavior, reduce the consumption of natural clay, and contribute to the production of
ceramic materials with satisfactory mechanical and durability properties [1; 5-7].

Rice husk and rice husk ash have also received considerable attention as renewable waste-
derived materials. Rice husk is rich in organic matter and contains a substantial amount of silica.
During thermal treatment, the organic fraction decomposes and can contribute internal heat, while
the silica-bearing residue may participate in the formation of glassy or reactive phases depending on
combustion conditions. In many studies, rice husk-derived materials have been used either as pore-
forming agents, fuel additives, or silica-rich modifiers. The challenge is that their effect is strongly
dosage-dependent: a small addition may improve thermal efficiency or pore refinement, whereas
excessive contents can raise porosity and reduce strength [1; 2-4].

Recent literature continues to confirm the relevance of this research direction. For example, a
2024 study on eco-friendly clay ceramics with rice husk ash reported that the appropriate dosage of
rice husk ash must be carefully selected to maintain acceptable processing conditions and final per-
formance. In parallel, a 2025 review on fired clay bricks with organic additives emphasized that the
best-performing systems are obtained when the addition level, firing regime, and target property
profile are balanced rather than optimized for only one parameter. These studies reinforce the idea
that waste-derived ceramic bodies should be designed as integrated systems in which chemistry,
processing, and pore formation are considered simultaneously [3; 4; 9].

Another important research direction is the utilization of low-grade local soils such as loess-
like loam in ceramic production. Such materials are abundant in many regions of Central Asia, in-
cluding Kazakhstan, yet they are often underutilized because of their variable mineralogy and lower
plasticity compared with conventional ceramic clays. Nevertheless, when combined with industrial
by-products and properly selected additives, loess-like soils can serve as alternative aluminosilicate
raw materials for the production of sustainable ceramic products while reducing the consumption of
high-quality clay resources [10-14].

The present study investigates ceramic materials produced from loess-like loam of the Ky-
zylorda region, fly ash from the Kyzylorda thermal power plant, liquid glass, and ground rice husk.
The proposed composition combines industrial and agricultural waste materials within a single ce-
ramic system. Loess-like loam serves as the primary aluminosilicate matrix, fly ash provides silica-
and alumina-rich mineral components, liquid glass acts as a fluxing additive promoting liquid-phase
formation during firing, and rice husk functions as a pore-forming and silica-bearing modifier. The
combined use of these components aims to improve the physical and mechanical properties of ce-
ramic materials while reducing the consumption of conventional clay raw materials.
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Compared with the current literature, the value of this work lies less in the isolated use of fly
ash or rice husk and more in the region-specific integration of these materials into a semi-dry
pressed ceramic composition based on local loess-like loam. In addition, the study targets a techno-
logically practical firing range of 900-1000 °C, which is lower than the temperatures often associ-
ated with conventional high-strength ceramic processing. From a manufacturing perspective, this is
important because energy demand and production cost are strongly related to maximum firing tem-
perature and soaking time [8; 9].

Investigated ceramic bricks incorporating rice husk and thermal power plant ash [15]. The au-
thors demonstrated that the combined use of agricultural and industrial waste additives can improve
the physical and mechanical properties of fired ceramic materials while reducing the consumption
of conventional clay raw materials.

More recently, [16] investigated ceramic materials produced using clay, thermal power plant
ash, and rice husk ash from the Kyzylorda region. The authors reported that the optimal composi-
tion containing 70% clay, 20% thermal power plant ash, and 10% rice husk ash achieved the highest
compressive strength of 15.45 MPa, reduced water absorption, and improved densification. Micro-
structural and phase analyses confirmed that the improved performance was associated with partial
vitrification and the formation of crystalline phases such as mullite, cristobalite, and anorthite.

Building upon these previous studies, the present work investigates a ceramic system based
on local loess-like loam, fly ash, liquid glass, and ground rice husk. Unlike the previous formula-
tions, the proposed composition incorporates liquid glass as a fluxing additive and utilizes loess-like
loam as the primary aluminosilicate raw material, enabling the production of ceramic materials at
firing temperatures of 900-1000 °C.

Recent studies have demonstrated the growing interest in the utilization of industrial waste
and advanced ceramic materials in sustainable construction. The use of ash and slag waste from
thermal power plants for building ceramics was investigated by [16]. The potential application of
CHP ash in the production of fired ash gravel was reported by [17]. In addition, the development
and optimization of porous ceramic materials based on SiO.—SiC systems were studied by [18-20].
These studies confirm the growing interest in resource-efficient and environmentally sustainable
construction materials.

The scientific novelty of the present study lies in the combined utilization of fly ash, liquid
glass, and ground rice husk in a ceramic system based on local loess-like loam from the Kyzylorda
region. While previous studies have mainly focused on the separate use of fly ash or rice husk ash
in conventional clay-based ceramics, the present work investigates their synergistic interaction
within a semi-dry pressed ceramic composition produced at a relatively low firing temperature of
900-1000 °C. In addition, the study demonstrates the feasibility of replacing a significant portion of
traditional clay raw materials with locally available industrial and agricultural waste resources while
maintaining satisfactory mechanical and durability properties.

Therefore, the objective of this work was to investigate the feasibility of producing sustaina-
ble ceramic materials from loess-like loam, fly ash, liquid glass, and ground rice husk, and to evalu-
ate how this raw-mix concept affects compressive strength, water absorption, frost resistance, and
firing behavior. The study also aims to provide a clearer technological interpretation of the roles
played by each component and to identify the practical advantages and current limitations of the
proposed material system.

2. MATERIALS AND METHODS
2.1. Raw materials

Four principal raw materials were used to prepare the ceramic bodies: loess-like loam, fly ash,
liquid glass, and ground rice husk. Loess-like loam obtained from the Kyzylorda region was used as
the principal aluminosilicate component replacing conventional high-grade clay. The material was
selected because of its regional availability and potential for low-cost large-scale use in wall ceram-
ics.
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Fly ash was collected from the Kyzylorda thermal power plant. According to the chemical da-
ta reported in the study, the ash contained approximately 45.45-46.37% SiO2, 16.62—17.70% ALOs,
1.66-2.20% CaO, 0.86-1.12% MgO, 2.98-3.41% Fe20s, and 0.80-1.04% alkali oxides. Such com-
position allows the ash to be considered a silica- and alumina-bearing semi-acid ceramic raw mate-
rial with potential to participate in sintering and phase development.

Liquid glass (sodium silicate solution) with a density of 1.3-1.5 g/cm?3 was used as a fluxing
additive. Its expected function in the ceramic body was to facilitate early liquid-phase formation,
improve particle bonding, and support densification during thermal treatment.

Rice husk was used as a structure-modifying additive. Before use, it was ground in a laborato-
ry drum mill to a specific surface area of approximately 1000-1200 cm?/g in order to promote more
uniform distribution in the mixture and more stable combustion during firing. In the present work,
rice husk was not treated merely as a combustible organic addition; rather, it was considered a mul-
tifunctional component capable of affecting internal heat release, pore formation, and silica availa-
bility.

Table 1 — Reported oxide composition of the fly ash used in the study [Author’s materials].

Ne Oxide Content (%)
1 SiO2 45.45-46.37
2 AlOs 16.62-17.70
3 Ca0 1.66-2.20
4 MgO 0.86-1.12
5 Fe.0s 2.98-3.41
6 Alkali oxides 0.80-1.04

2.2. Raw-mix design

The investigated raw mixes were designed to contain 40.0-53.5 wt.% loess-like loam, 42.0—
52.0 wt.% fly ash, 4.0-6.0 wt.% liquid glass, and 0.5-2.0 wt.% ground rice husk. The formulation
logic was to keep loam as the base matrix, use fly ash as the main corrective mineral component,
apply liquid glass as a sintering aid, and vary the rice husk content in order to evaluate its effect on
strength, water absorption, and frost resistance.

In the present manuscript, the rice husk fraction is treated as the principal variable of interest
because the reported trends clearly show that its addition affected both compressive strength and
water absorption. The available experimental results suggest that the investigated range of 0.5-2.0
wt.% is sufficiently low to avoid excessive weakening while still allowing the additive to influence
firing behavior and pore development.

Table 2 — Reported composition range of the investigated raw mixtures [Author’s materials].

Ne Component Content (wt.%0)
1 Loess-like loam 40.0-53.5

2 Fly ash 42.0-52.0

3 Liquid glass 4.0-6.0

4 Ground rice husk 0.5-2.0

2.3. Sample preparation and firing regime

The ceramic specimens were prepared by the semi-dry pressing route, which is widely used in
industrial brick production. The loess-like loam and fly ash were first dried at 105 °C to constant
mass and sieved to remove coarse particles. The mineral components were then dosed and homoge-
nized in a disintegrator-type mixer. Liquid glass was introduced under continuous agitation, fol-
lowed by the gradual addition of the ground rice husk. The moisture content of the final mixture
was adjusted to approximately 9%, after which the specimens were formed by semi-dry pressing.

The reported specimen dimensions were 120 x 60 x 30 mm. After shaping, the samples were
dried and then fired in a laboratory furnace. The firing program included a heating rate of 5-10
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°C/min, a peak temperature in the range of 900—1000 °C, a holding time of 1-2 h at the maximum
temperature, and natural cooling inside the furnace. The temperature interval was selected to evalu-
ate whether the combination of liquid glass and rice husk could support the formation of sufficiently
strong ceramic bonds at lower firing temperatures than those often used in conventional systems.

2.4. Test methods and data treatment

The key response parameters considered in the study were compressive strength, flexural
strength, water absorption, and frost resistance. Compressive strength was determined according to
GOST 8462, while water absorption and frost resistance were evaluated according to the relevant
GOST procedures for ceramic materials. Frost resistance was assessed by cyclic freezing and thaw-
ing.

For each composition, three specimens were prepared and tested under identical conditions (n
= 3). The reported values represent the arithmetic mean of the measured results. Due to the unavail-
ability of the complete primary dataset, standard deviations, confidence intervals, and other statisti-
cal indicators could not be reliably reconstructed and therefore are not reported in the present study.

The present manuscript relies on the experimentally reported property ranges rather than on a
full specimen-by-specimen dataset. Therefore, the charts included in the revised version are intend-
ed to visualize the reported ranges and trends and to support interpretation of the results rather than
to present a new statistical analysis. Additional experimental details such as replicate number,
standard deviation, and full mix-by-mix property matrices would further strengthen the manuscript
and are recommended for future expanded reporting.

2.5. Microstructural and phase composition analysis

The microstructure of the fired ceramic samples was examined using a JSM-6390LV scan-
ning electron microscope (JEOL, Japan). Fractured surfaces of representative specimens were ana-
lyzed to evaluate the morphology, pore distribution, and structural features of the ceramic matrix.
Energy-dispersive X-ray spectroscopy (EDS) was additionally employed to determine the qualita-
tive elemental composition of the investigated samples.

The phase composition of the ceramic materials was determined by X-ray diffraction (XRD)
using an X'Pert PRO diffractometer (PANalytical, Netherlands) with CuKa radiation (A = 1.5406
A). Diffraction patterns were recorded in the 20 range of 10-80°. The obtained diffraction peaks
were compared with reference diffraction data to identify the crystalline phases formed during fir-
ing.

The combined SEM, EDS, and XRD analyses were used to establish the relationship between
microstructure, phase composition, and the physical and mechanical properties of the developed ce-
ramic materials.

3. RESULTS AND DISCUSSION

The developed raw-mix composition and technological approach are protected by patent of
the Republic of Kazakhstan [21] which confirms the novelty and practical applicability of the pro-
posed solution. The patented compositions are based on the use of loess-like loam, fly ash, liquid
glass, and ground rice husk within optimized content ranges, which ensure improved mechanical
and durability properties of ceramic products. The technological parameters reported in the patents
indicate that the use of such compositions allows reducing the firing temperature and obtaining ma-
terials with controlled density and water absorption [16]. These data are consistent with the experi-
mental results obtained in the present study, confirming the feasibility and practical applicability of
the proposed raw-mix design.
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3.1. Overall performance of the developed ceramic system

The reported experimental results indicate that the developed ceramic compositions based on
loess-like loam, fly ash, liquid glass, and rice husk achieved a compressive-strength range of 28-35
MPa. Although the ranges partly overlap, the developed system shows a clear shift toward higher
strength values and, importantly, maintains improved durability-related indicators at the same time.
This suggests that the proposed formulation strategy does not merely enhance one isolated property,
but affects the material system more broadly.

A similar trend is observed for water absorption and frost resistance. The developed composi-
tions showed water absorption in the range of 15-18%, whereas the reference composition was re-
ported at 17—-20%. Even a moderate reduction of several percentage points is technologically mean-
ingful in fired ceramic materials because water absorption is closely linked to open porosity, capil-
lary transport, and long-term durability. The reported frost resistance of up to 62 freeze—thaw cycles
further indicates that the pore structure formed during drying and firing is not excessively coarse or
interconnected.

The reported experimental results indicate that the developed ceramic compositions achieved
compressive strengths ranging from 28 to 35 MPa. A similar trend is observed for water absorption
and frost resistance. The developed compositions showed water absorption in the range of 15-18%,
whereas the reference composition was reported at 17-20%. Even a moderate reduction of several
percentage points is technologically meaningful in fired ceramic materials because water absorption
is closely linked to open porosity, capillary transport, and long-term durability. The reported frost
resistance of up to 62 freeze—thaw cycles further indicates that the pore structure formed during dry-
ing and firing is not excessively coarse or interconnected.

To provide a more detailed presentation of the experimental results, the compositions investi-
gated in this study and their corresponding performance indicators are summarized in Table 3. The
table includes the composition of each mixture together with compressive strength, water absorp-
tion, and frost resistance values.

Table 3 — Experimental results of the investigated ceramic compositions [Author’s materials].

Ne Mix  Loess-like Fly ash Liquid Rice husk Compressive Water absorp- Frost re-
loam (Wt.%)  (wt.%) glass (wt.%) strength (MPa) tion (%) sistance (cy-
(wt.%) cles)
1 M1 53.5 42.0 4.0 0.5 28 18 45
2 M2 495 45.0 45 1.0 30 17 50
3 M3 455 49.0 5.0 1.5 32 16 56
4 M4 40.0 52.0 6.0 2.0 35 15 62

Note: All reported values correspond to the average of three specimens (n = 3).

Table 3 presents the experimental results obtained for the investigated ceramic compositions.
An increase in rice husk content from 0.5 to 2.0 wt.% was accompanied by an increase in compres-
sive strength from 28 to 35 MPa and a decrease in water absorption from 18% to 15%. Frost re-
sistance also improved from 45 to 62 cycles, indicating a more favorable pore structure and en-
hanced durability of the ceramic body.

In addition to the experimental results, the developed material system is supported by a pa-
tented technological approach. Patent No. 36668 describes a method for manufacturing artificial po-
rous materials based on loess-like loam and fly ash with the addition of a finely dispersed or-
ganomineral mixture containing rice husk . According to the patent, the use of such an additive sys-
tem contributes to a reduction in firing temperature and allows obtaining lightweight materials with
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controlled density and water absorption . These characteristics are consistent with the results ob-
tained in the present study, confirming the technological feasibility of the proposed approach.

Figure 1 — Appearance of fired ceramic specimens produced from the investigated raw mixtures. [Author’s materials]

3.2. Physical and mechanical properties of the investigated ceramic compositions

This finding is noteworthy because organic additives often weaken fired clay bodies when
used in excessive quantities. The fact that a small rice-husk addition increased compressive strength
while simultaneously reducing water absorption suggests that the additive did not simply generate
large open pores. Instead, the observed behavior is more consistent with a controlled thermochemi-
cal contribution. During heating, the rice husk likely decomposed gradually, released internal heat
inside the ceramic body, and left behind a fine silica-bearing residue. Under suitable firing condi-
tions, this can help improve the uniformity of sintering and support the formation of a finer pore
network rather than a severely damaged one.

Table 3 and Figure 2 present the physical and mechanical properties of the investigated ce-
ramic compositions. As the content of fly ash, liquid glass, and rice husk increased and the propor-
tion of loess-like loam decreased, compressive strength increased from 28 MPa for composition M1
to 35 MPa for composition M4. At the same time, water absorption decreased from 18% to 15%,
while frost resistance increased from 45 to 62 cycles.

The observed improvement in properties indicates that the modified compositions developed a
denser and more stable ceramic structure during firing. The combined action of fly ash, liquid glass,
and rice husk contributed to enhanced densification and reduced open porosity, which resulted in
higher strength, lower water absorption, and improved frost resistance. Among the investigated
formulations, composition M4 demonstrated the most favorable balance of physical and mechanical
properties.
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»
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Figure 2 — Physical and mechanical properties of the investigated ceramic compositions. [Author’s materials]
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3.3. Microstructural observations

Microstructural observations were performed using scanning electron microscopy (SEM).
Figure 3 presents SEM micrographs illustrating the microstructure of the control sample and the ce-
ramic composition containing fly ash and rice husk additives.

The microstructure is characterized by a heterogeneous but relatively compact matrix consist-
ing of partially sintered mineral particles and fine-grained reaction products. The observed mor-
phology indicates the presence of both dense regions and isolated micropores formed during the
thermal decomposition of rice husk. Fly ash particles appear to be well integrated into the ceramic
matrix and contribute to particle packing and densification. No large interconnected pores or major
structural defects were observed, which is consistent with the relatively low water absorption and
satisfactory compressive strength obtained for the developed compositions. The formation of a
compact microstructure supports the assumption that liquid glass promoted liquid-phase sintering
and improved interparticle bonding during firing.

Compared with the control sample (Figure 3a), the modified composition (Figure 3b) exhibits
a denser microstructure with a more uniform distribution of fine particles and a reduced number of
large pores. This observation is consistent with the experimentally observed increase in compres-
sive strength and decrease in water absorption. The incorporation of fly ash and rice husk appears to
promote particle packing and improve the compactness of the ceramic matrix.

r 1 T 1

80 MKm 80 MKM

Figure 3. SEM micrographs of ceramic materials: (a) control sample without additives; (b) ceramic composition con-
taining fly ash and rice husk additives (magnificationx220, scale bar 80 um) [Author’s materials]

Table 4 — Qualitative EDS analysis of selected regions [Author’s materials].

Ne Spectrum Main elements
1 S2 Si, Al, O

2 S3 Si, Al, Ca, O

3 S4 Si, O

4 S5 Si, Al, Fe, O

EDS analysis confirmed the predominance of Si, Al, and O, indicating the formation of an
aluminosilicate ceramic matrix. The presence of Ca and Fe in some regions reflects the contribution
of fly ash components to the development of the ceramic structure.
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The SEM and EDS results support the proposed mechanism of ceramic structure formation
and confirm that the incorporation of fly ash and rice husk contributes to matrix densification, re-
duced porosity, and improved performance of the developed ceramic material.

3.4. Phase composition analysis

The phase composition of the fired ceramic materials was investigated by X-ray diffraction
(XRD). Figure 4 presents the XRD patterns of the control sample based on pure loess-like loam
(Figure 4a) and the investigated ceramic composition containing fly ash, liquid glass, and rice husk
(Figure 4b).

The control sample is mainly characterized by quartz as the dominant crystalline phase, to-
gether with minor reflections of cristobalite and mullite formed during firing. In contrast, the modi-
fied composition exhibits additional reflections associated with anorthite and hematite, as well as
increased intensities of mullite-related peaks. The formation of mullite, cristobalite, and anorthite
indicates phase transformations and interactions between silica-, alumina-, and calcium-bearing
components introduced by the additives.

The appearance of anorthite in the modified composition suggests the participation of calci-
um-bearing phases originating from fly ash during firing. Increased mullite reflections indicate the
development of a more stable aluminosilicate framework, which is commonly associated with en-
hanced mechanical strength and thermal stability. These phase changes contribute to the densifica-
tion of the ceramic matrix and are consistent with the improved physical and mechanical properties
observed for the modified ceramic material. The XRD results therefore support the proposed mech-
anism of ceramic structure development and confirm the beneficial effect of fly ash and rice husk
additives on phase evolution during firing.

54.0

E
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Q (b) 21:31 Q
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= 5 265 427 4‘80
A ¢ A M
120 c i27.3 29.0 31,‘0 32,9 54.0
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28 (%)
® Q - Quartz (PDF 46-1045) ¢ A - Anorthite (PDF 41-1486)
B C - Cristobalite (PDF 39-1425) ¥ H - Hematite (PDF 33-0664)

A M - Mullite (PDF 15-0776)

Figure 4 — XRD patterns of ceramic samples: (a) control sample based on pure loess-like loam; (b) investigated compo-
sition containing loess-like loam, fly ash, liquid glass, and rice husk [Author’s materials]

The performance improvement observed in the developed ceramic body is best understood as
a synergistic effect rather than the result of a single additive. Loess-like loam provides the bulk
aluminosilicate framework, but on its own it may not ensure the same level of densification or
property consistency as higher-grade ceramic clays. Fly ash contributes fine particles and oxide
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components that help fill voids in the green body and participate in phase development during fir-
ing. Liquid glass facilitates earlier softening and liquid-phase formation, thereby improving in-
terparticle bonding. Rice husk, finally, acts as a multifunctional additive whose behavior extends
beyond simple pore formation.

Compared with previous studies on fly ash- or rice husk-based ceramics, the present work dif-
fers in several important aspects. First, the investigated compositions are based on local loess-like
loam rather than conventional ceramic clay. Second, both industrial waste (fly ash) and agricultural
waste (rice husk) are simultaneously incorporated into a single ceramic system. Third, the reported
performance was achieved within a relatively low firing temperature range of 900—1000 °C. These
features distinguish the proposed material from previously reported ceramic compositions and
demonstrate the potential of region-specific waste utilization strategies for sustainable ceramic pro-
duction.

Figure 5 summarizes this synergistic concept. From a materials-engineering standpoint, the
important point is that each component addresses a different technological need: loam provides vol-
ume and regional availability, fly ash improves packing and chemistry, liquid glass lowers the re-
sistance to sintering, and rice husk affects internal heat evolution and microstructural organization.
Such division of functions is one of the reasons why the developed compositions can outperform
the reference composition even though they rely on non-traditional and low-cost raw materials.

The formulation is also relevant from a circular-economy perspective. Thermal power plant
ash and rice husk are both waste-derived resources that usually pose disposal challenges. Their in-
corporation into ceramic products redirects them into a value-added application and reduces the de-
pendence on virgin raw materials.

f 2\
Loess-like loam — main Liquid glass — fluxing additive and Fly ash — fine filler and
aluminosilicate matrix early liquid phase silica/alumina source

A 4
' B\

Ground rice husk — internal fuel and
silica-bearing modifier

— J/

A4

Improved packing, more effective sintering,
controlled porosity, and a stronger ceramic body

Figure 5 - Schematic illustration of the synergistic role of the main raw materials in the developed ceramic system
[Author’s materials]

The use of rice husk is especially important because it may influence the ceramic body in sev-
eral ways during heating. First, the organic fraction burns out and contributes internal heat. This can
improve temperature distribution inside the ceramic body, reduce the risk of uneven firing, and lo-
cally accelerate sintering. Second, the residue left after combustion may contain amorphous or fine
silica that can interact with the mineral matrix during firing. Third, the burnout process creates mi-
cro-pores, but when the dosage is low and the pores remain sufficiently fine, these pores may re-
main small and discontinuous rather than becoming large connected defects. The beneficial effect of
this mechanism depends strongly on the presence of other components. If rice husk were used in a
purely clay-based body without adequate mineral correction, the strengthening contribution could
be lost. In the present system, however, fly ash and liquid glass provide precisely the type of com-
plementary action needed to promote improved densification.
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The proposed interpretation is supported by the experimental results obtained in the present
study. SEM observations revealed a denser and more homogeneous microstructure in the modified
composition compared with the control sample, together with a reduced number of large pores. EDS
analysis confirmed the predominance of Si, Al, and O and indicated the presence of Ca- and Fe-
bearing regions associated with fly ash incorporation. Furthermore, XRD analysis identified quartz,
cristobalite, mullite, anorthite, and hematite phases in the modified ceramic body. The appearance
of anorthite and the increased intensity of mullite reflections indicate phase transformations pro-
moted by the interaction of silica-, alumina-, and calcium-bearing components during firing.

These experimental observations are consistent with the measured increase in compressive
strength from 28 to 35 MPa, the reduction in water absorption from 18% to 15%, and the improve-
ment in frost resistance from 45 to 62 cycles. Therefore, the improved performance of the devel-
oped ceramic material can be attributed not only to the individual contribution of each component
but also to the combined effects of matrix densification, phase development, and controlled pore
structure formation.

Figure 4 presents a conceptual firing pathway for the developed ceramic system. The figure is
intentionally schematic, but it helps explain why the reported firing interval of 900-1000 °C is
technologically plausible. The firing behavior of the developed ceramic system can be interpreted
considering the individual functions of its components. Rice husk acts as a combustible organic ad-
ditive and a source of silica-rich residue, while liquid glass promotes liquid-phase formation during
firing. The obtained SEM and XRD results suggest that these components contribute to the devel-
opment of a denser ceramic structure and favorable phase composition. However, the detailed ther-
mal mechanisms occurring during firing require additional investigation using thermal analysis
techniques and are beyond the scope of the present study.

Semi-dry raw mix — loam + fly ash + liquid glass + rice husk

4

Heating to 200-400 °C — moisture removal and initial decomposition

4

400-700 °C — rice husk combustion and internal heat release

900-1000 °C — liquid-phase sintering and pore-structure stabilization

$

Expected outcome: lower external firing demand, better heat distribution, controlled
micro-porosity, and improved balance between strength and durability.

Figure 6 — Conceptual firing pathway and expected role of rice husk during thermal treatment of the ceramic body
[Author’s materials]

The experimental results obtained in this study demonstrate that the proposed raw-mix con-
cept improves several important performance indicators simultaneously. The investigated composi-
tions achieved compressive strengths of 28-35 MPa, water absorption of 15-18%, and frost re-
sistance of up to 62 cycles. SEM observations revealed a denser microstructure, while XRD analy-
sis confirmed the formation of quartz, cristobalite, mullite, anorthite, and hematite phases. These
findings indicate that the combined use of loess-like loam, fly ash, liquid glass, and rice husk con-
tributes to the development of a durable ceramic material with satisfactory physical and mechanical
properties. Similar multi-waste ceramic strategies have been reported in the broader literature; how-
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ever, the resulting performance remains strongly dependent on local raw materials, dosage control,
and firing conditions.

3.5. Limitations of the study and future research

Despite the encouraging results obtained in this study, several limitations should be acknowl-
edged. First, the number of investigated compositions was limited to four mixtures within a rela-
tively narrow range of rice husk content. Second, the experimental program focused mainly on
compressive strength, water absorption, and frost resistance, whereas other important performance
indicators such as thermal conductivity, drying shrinkage, abrasion resistance, and long-term dura-
bility were not evaluated.

Although SEM, EDS, and XRD analyses provided valuable information on the microstructure
and phase composition of the developed ceramics, more detailed characterization techniques, in-
cluding quantitative porosity measurements, thermal analysis (DTA/TG), and image-based pore-
size distribution analysis, would provide a deeper understanding of the mechanisms governing ma-
terial performance.

Future research should focus on expanding the composition matrix, optimizing the firing re-
gime, evaluating additional durability-related properties, and performing advanced microstructural
characterization. In addition, the thermal insulation performance and large-scale industrial applica-
bility of the developed ceramic materials should be investigated to assess their potential for practi-
cal construction applications.

4. CONCLUSIONS

1. The study demonstrated the feasibility of producing ceramic materials based on loess-like
loam, fly ash, liquid glass, and ground rice husk.

2. The developed ceramic compositions achieved compressive strengths of 28-35 MPa, water
absorption of 15-18%, and frost resistance of 45-62 cycles, confirming their suitability for con-
struction applications.

3. Increasing the rice husk content from 0.5 to 2.0 wt.% increased the compressive strength
from 28 to 35 MPa while reducing water absorption from 18% to 15%, indicating the positive effect
of the additive within the investigated range.

4. SEM observations revealed a denser and more homogeneous microstructure in the modified
compositions compared with the control sample, while EDS analysis confirmed the predominance
of Si, Al, and O, and XRD analysis identified the presence of quartz, cristobalite, mullite, anorthite,
and hematite phases.

5. The formation of mullite and anorthite, together with improved matrix densification, was
consistent with the observed enhancement in mechanical strength and frost resistance.

6. The combined use of fly ash and rice husk enables the effective recycling of industrial and
agricultural waste while reducing the consumption of conventional ceramic raw materials.

7. Further research should focus on evaluating thermal conductivity, long-term durability,
quantitative porosity characteristics, and the optimization of firing conditions..
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