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ABSTRACT

Introduction. Improving the efficiency of ceramic bricks and blocks involves reducing their average density and corresponding
thermal conductivity. One possible approach is to introduce porosity into the ceramic structure using burnable additives or special-
ized foams during the preparation of the ceramic mixture. Another option is incorporating ultra-lightweight aggregates, particularly
crushed foam glass. The aim of this study was to develop a method for determining and optimizing the formulations of lightweight
ceramic bricks based on regulatory requirements for strength characteristics, density, and thermal conductivity. Methods and
materials. The raw materials used included medium-plasticity loam, a fluxing component (finely ground glass waste), and crushed
foam glass gravel. The properties of the samples were assessed using standardized methods, while statistical and digital techniques
were employed for experimental planning and data processing. Results. It was found that the optimal conditions include drying
at 80 °C and 55% air humidity, followed by firing at 900-950 °C with the introduction of a fluxing component. The optimal values
of the factors were determined as follows: foam glass density: 150 kg/m?; foam glass consumption: 30 kg/m? optimal particle
size of crushed foam glass: 0.68-0.69 mm; fluxing additive content: 8.3-8.4% of the clay mass. These parameters correspond to
the following material properties: Average density: 1320-1360 kg/m®; Compressive strength: 15-16 MPa; Thermal conductivity:
0.15-0.16 W/(m-°C); Frost resistance grade: F35. Discussion. The use of digital methods revealed the influence of variable factors
on the material's properties (strength, density, and thermal conductivity), which was confirmed through model validation in active
experiment series and structural analysis of the material. Conclusion. This research has established a methodological framework
for predicting the properties of ceramic products and optimizing their composition using digital methods. Requirements for opti-
mizing the properties of foam glass based products were determined, including guidelines for the consumption of foam glass and
fluxing agents. The resulting materials fully comply with the relevant standards for such products. The lightweight brick exhibits
both structural and thermal insulation properties, making it suitable for use as a wall material.
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AHHOTALMA

BBepeHume. MNoBbiweHMe 3GPEKTUBHOCT KEPAMUUYECKOTO KAPMMYA U KAMHEN CBA3aHO CO CHVXKEHMEM CpeAHel NNOTHOCTU 13-
LEennin 1 COOTBETCTBYIOLLEN TeNNOoNPOBOAHOCTbIO. OAHNM 13 BO3MOXHbIX NyTel ABNAETCA MOPU3aLNA CTPYKTYPbl KepaMU4eCcKoro
M3Aenus C NOMOLLbIO BbIropatoLLmx 400aBOK 1Y BBeAeHWA CreLnasbHbIX NeH Npy NPUroToBeHN KepaMmumyeckon cmecu. ipyras
BO3MOXHOCTb CBfi3aHa C BBEJEHNEM B CTPYKTYpPY 0COO0 Nerkux 3arnonHuTenen v, B YaCTHOCTY, ApobnieHoro neHoctekna. Lenbio
nccnefoBaHui ABNANACh pa3paboTka METOAMKM ONpeaeneHns 1 ONTMMU3aLUM peLenTyp IErkoro KepaMmyeckoro Kupnmya,
OCHOBaHHas Ha HOPMAaTUBHbIX TPeBOBaHMAX MO MNPOYHOCTHBIM XapaKTePUCTMKaM, MAOTHOCTU 1 TenyionposoaHocT. MeTogbl
1 MaTepmarnbl. B KauecTBe Cblpbs NCMOMb30BANNCh CYTNMHOK CPpefHeN NIacTMYHOCTU U GRoCyoW Ml KOMMOHEHT (TOHKOMOMOTbIN
601 CTeKNA), a TaKXKe M3MeJIbUYEeHHbIV MEHOCTEKOSbHBIN LwebeHb. CBOMCTBa 06pa3LoB onpeaenannch No HoOpPMaTMBHLIM METOANKAM,
npwv NaaHMpPoBaHUK 1 06paboTKe pe3ynbTaToB IKCNePUMEHTA NCMONb30BaNINCh CTaTUCTUYECKNEe U UndpoBble MeToAbl. Pe3ynbra-
Tbl. YCTAaHOB/EHO, UTO ONTVMasIbHbIMU ABAATCA CyluKa npun 80 °C 1 BNaXKHOCTW Bo3ayxa 55% v 06Xur B HTEpBane Temnepatyp
900-950 °C npu ycnosuu BBegeH A GrocyoLero KOMNoHeHTa. YCTaHOBIIEHO, UTO OMTHMAJIbHbIMU ABAAITCA 3HaYeHNA GaKTOPOB:
CpefHss NNOTHOCTb NeHocTekna 150 Kr/m3; pacxop neHocTtekna 30 Kr/m%; oNTUManbHbI pa3mep YacTyL M3MenbYeHHOro NeHocTekna
0,68-0,69 mm; coepaHue dntocytowwein fobaBky (NnasHs) 8,3-8,4% OT MacChl MNHbL. ITVM 3HAYEHUAM COOTBETCTBYIOT: CPeHAA
nnoTHOCTb 1320-1360 Kr/m? NpoYHOCTb Ha CKaThe 15-16 MIMa; TennonpoeoaHocTb 0,15-0,16 BT/(M+°C); MapKa No MOpPO30CTOM-
kocTtu: F35. 06¢cyaeHue. MNprmeHeHne LndpPoBbIX METOLOB NO3BONIO YCTAHOBUTL XapakTep BAUSHUA BapbrpyeMblx GakTopoB
Ha CBOWCTBA MaTepurana: ero MPoYHOCTb, MAOTHOCTb M TEMIONPOBOAHOCTb, UTO OblfIO NOATBEPXKAEHO NPY NPOBEPKe afeKBaTHOCTY
MoZenel Kak B Cepusax akTMBHOIO SKCNEPUMEHTa, Tak 1 NPy UCCIef0BaHUN CTPYKTYpbl MaTepurana. 3aknoueHune. PazpaboTtaHbl
OCHOBbI METOAUKM NMPOrHO3MPOBaHNA CBONCTB KepaMMUecKmX n3gennii n nogbopa ero coctaBa ¢ NOMOLLbio LdPOBbIX METOLOB,
chopmrpoBaHbl TpeboBaHUA MO ONTUMU3aLMY CBOWCTB M3LENNIA U3 MEHOCTEKA, @ TaKXKe MO pacxofam neHocTekna 1 GocyoLlero
KOMMoHeHTa. [onyuyeHHble MaTepuasbl BIIOJSIHE COOTBETCTBYIOT TPeOOBaHUAM K M3enuam. JIerkuin Kupnmy aBnaeTcs KOHCTPYKL M-
OHHO-TEMNOU30MALNOHHBIM 1 MOXET NCMONb30BaTbCA Kak CTEHOBOW MaTepuarn.

KJTIOYEBDIE CJIOBA: kepaMmnyeckuii Kupnud, gpobneHoe neHocTekno, 6o ctekna, uudpoBasa onTuMmn3auna, CTaTucTnyeckoe
nnaHupoBaHue

BNATOAPHOCTU: VccnenoBaHua NpoBOAUANCH B pamMKax peanvsauum HayuyHo—1ccneaoBaTenbcko paboTbl no Teme ®HW PAACH
N2 3.1.2.1 «Pa3BuUTUE TEOPETUYECKIMX OCHOB NOJTyYeHNA 0COOONErknx HeopraHNYeCcKMX CTPOUTENbHbIX MaTepranoB 1 UCCNefoBaHne
BIVAHWA NOPUCTON CTPYKTYPbI Ha UX Tennodursnyeckme 1 akyCcTuuecKme XxapakTeprucTrKIMy, BbIMOTHAEMO Mo 3agaHunio MyUHcTpoi
Poccun. iccnepoBaHus npoBogunnch Ha akcnepumeHTanbHon 6ase 3A0 POKBYJI. YacTtb nccneposaHuin BoinonHeHa 8 HAY MICY
B pamkax peanusaumnm Nporpammol passutna yHusepcuteta «[MIPUOPUTET 2030». MpoekT 3.1 «<HayuHbI NpopbiB B CTPOUTENIbHOWN
OTpac/v — HOBble TEXHOMOI MM, HOBbIE MaTepuarbl, HOBble METOAbI».
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INTRODUCTION

Ceramics have been used in construction for millennia.
At the end of the 20" century, with the adoption of new
thermal engineering standards, ceramic wall paneling met
the requirements for heat conductivity and cladding for
thermal resistance. Note that the construction of a brick
wall in 2—2.5 bricks met the requirements of comfort,
but the new regulations were unattainable for walls made
of solid brick. In this regard, for most regions, laminated
cladding was recommended, which includes effective heat
insulation elements: stone cotton-based tiles or extruded
polystyrene foam, with the cost of construction increased
significantly [1-3].

The adopted direction to improve energy efficiency
gave an incentive to develop ceramic products with lower
density while maintaining the level of strength and frost
resistance of materials: vacuum products and porous wall
ceramics. Light pottery products had lower heat con-
ductivity, which increased their thermal performance
and reduced weight, reducing the load on the founda-
tion [4—6]. The production of light (heat-insulating and
structural) wall materials could be carried out in several
ways. First, by increasing the emptiness of the articles to
some limit. Second, by polarizing the article during the
stages of forming, drying, and firing. The third (com-
bined) method, combining the first two [7—9].

The formation of a high-porous ceramic skull can
be carried out by means of burn-out additives, by intro-
ducing wood sawdust or sieving polystyrene. The sec-
ond most important method is to increase the porosity
of the ceramic brick by creating a cellular structure as in
the gas formation process or mixing with special foams
[10—12]. How a variety of this method can be considered
for obtaining ceramic aerogels [13, 14]. The difficulties
for materials in this group are due to the need to create
special foams, as well as soft drying modes, that is, with
low temperatures and heat transfer speeds. Otherwise,
there was a risk of uneven placement and sedimentation
or cracking of the ceramic billet.

The solution to the problem of obtaining light materi-
als while maintaining quality characteristics is possible
through the introduction in their composition at the stage
of preparation of mixtures of light fillers. For such a light
filler, granular mining waste of various types [15, 16] and
waste from thermal power plants [17, 18] can be used.
Promising results are obtained by using a particularly light
microsphere of different nature [19—21]. High-porous
aggregates may be used for refractory vermiculite and
refractory perlite sand. Perlite sand has high water absorp-
tion, which significantly increases the drying time of the
semi-processed material. Some researchers have noted the
advisability of using heating foam [22—24]. Plate foam is
not produced on an industrial scale in the Russian Fed-
eration, but it is produced in the form of a foam stone,

the usefulness of which is due to its relatively low water
absorption and comparability with the characteristics of
a ceramic skull.

The technology of ceramic products includes tech-
nological retooling of raw materials, forming, drying and
firing [25—27]. The drying duration of articles depends on
the properties of the clay mixture, relative humidity of the
heat carrier, size, shape and configuration of the article,
temperature drying mode, structural features of the drying
devices. The drying time of products varies in industrial
dryers or dry sheds from 2 to 20 days, and in laboratory
drying cabinets from 6 to 48 hours. The temperature
regime of burning brick and effective ceramic stones is
conditionally divided into four periods: leisure (tempera-
ture up to 200 °C), heating (700—800 °C), burning itself
(900—1050 °C), cooling (cooling up to 40—50 °C). In the
case of use of ground foam, it is important to correct the
temperature of the ceramic head sintering, which can be
carried out by inserting a thread. Including fine-grained
glazing [28—30].

Taking into account data analysis of formulations and
technologies of heat-insulating and structural building
ceramics, the aim of the research is formulated: devel-
opment of a methodology for defining and optimizing
formulations of light ceramic bricks, which is based on
regulatory requirements for the strength, density and ther-
mal conductivity of articles.

METHODS AND MATERIALS

The main components of a mixture for making light
ceramic bricks are: suckling, crushed foam glass, ground
glazing; for correcting the temperature of the sintering,
fine-grained glass waste (fluxous component), which is
similar in composition to the raw material for the produc-
tion of foam glass. Raw material preparation was carried
out according to the generally accepted technology. Ce-
ramic brick forming was carried out in a plastic manner,
with a 22—24% molded moisture content.

Loam has a highly dispersed structure, a commotion
texture. It is easy to crush and soaks well in the water.
Loam belongs to the group of moderately plastic raw ma-
terials (plasticity number 12—19), which are not very dry.
Loam is a poly-mineral raw material. The content of SiO,
and AL O, oxides is 52—53% and 11-12%, respectively;
losses at calcination are 7—8%. The clay substance is rep-
resented by kaolinite (6—15 %), montmorillonite (10—
18 %), hydromica (5—12 %) and quartz as an impurity.

Foam glass is a heating material with an average den-
sity of 80 kg/m? to 200 kg/m?. For the production of heat-
insulating foam glass, glassware is most often used; its
chemical composition is similar to that of aluminium win-
dow glass. These glasses contain mass % of: SiO, 72—73;
ALO,0.5-1; MgO 3,5—4; CaO 6-6,5; Na,O 15,2—15,5;
S0, 0.3—-0.5. Glass thicknesses can be spun in tempera-
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ture ranges from 600 to 1000 °C. Bulk density of foamed
pebble 130-170 kg/m?; true density — 2180 kg/m?; water
absorption by volume 2.7—4.4%. The heat conductivity in
dry state is 0.08 W/(m °C); the increase of heat conductiv-
ity by 1% humidity — 0.001 W/(m °C%).

The achievement of the goal was based on the follow-
ing tasks. First, it was necessary to study the patterns of
drying of the designed products. Secondly, using statisti-
cal methods, to study the effect of formulation parameters
on product properties. Third, using digital methods, de-
velop a methodology for optimizing the composition of
light ceramic brick.

Theoretically, the drying process is characterized by
three periods: heating, constant and falling droughts.
In real products, due to the geometric factor and under
conditions of contact of a heat carrier with a product in
five planes (one stretcher plane is adjacent to the pal-
let), the constant drying rate period may be weakly pro-
nounced.

The overall dynamics of the drying process are shown
in Fig. 1. The shrinkage of articles in length and width is
not large, so it should be assumed that the articles have
limited sensitivity to drying. The dependence of drying
time on temperature and speed of heat transfer allows for
harsher regimes compared to foam ceramics. The initial
temperature of the heat carrier on the one hand intensifies
the drying process, and on the other has an impact on the
quality of the products. At a heat carrier temperature of

up to 80 °C, the sample reduction does not exceed 6%,
and the products maintain high quality.

The samples were made in size 50x50x50 mm. Dry-
ing was carried out in the laboratory drying cabinet at
a temperature of 80 °C and relative humidity 50—55 %;
drying time — 12 hours. The firing of items was carried out
in the furnace at a calculated temperature of 900—950 °C.
The firing mode: raising the temperature from 18 to
100 °C — 15 minutes, holding at 100 °C — 10 minutes,
raising the temperature to 650 °C — 120 minutes, hold-
ing at 650 °C — 60 minutes, holding the temperature up
to 120 minutes, Storage at the calculated temperature —
120 min; natural cooling in the furnace.

The basis of the methodology for studying the in-
fluence of the characteristics of foam glass and fluxous
component on the properties of products were digital
methods of planning and processing experimental results
[31, 32], as well as a method of analytical optimization,
Developed at MSUCE and tested for many types of con-
struction materials in the formulation and technology
applications [33, 34].

The characteristics of the shredded foam glass are
taken as variable factors: average density (X)), flow rate
(X,) and average particle size (X,), as well as the flow rate
of the thin-grain glass as a fluxing component fluxing
component (X,). The response functions are the strength
of the article under compression (¥, MPa), its average
density (V,, kg/m’) and heat conductivity in dry con-
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Fig. 1. Drying of ceramic samples on foam (heat transfer agent characteristics: temperature 80 °C, relative humidity
40%): 1 — curve drying; 2 — drying shrinkage; 3, 4 - top and middle temperature of the sample
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ditions (¥, = A 107*t/(m °C)). The values of response
functions were determined according to GOST 530-2012.
After conducting preliminary series of experiments,
the optimal heat treatment conditions were determined
and intervals for varying factors were established. The
conditions of the experiment are presented in Table 1.
A complete quadratic matrix D-optimal plane was ad-
opted in the experiment. In each line of the plan, the
experience was repeated 5 times (n = 5). Randomization
of the sequence of experiments was used to reduce the
likelihood of interference and unaccounted factors.
Regression equations derived from experimental data
processing in the Statistika program. The significance of
the coefficients was checked at confidence intervals for
strength and material density. The size of the confidence
interval was determined by the Student criterion for 5 ex-
periments and the dispersion of parallel experiments. The
confidence intervals (Ab) were for strength — 0.2 MPa,
mean density — 9 kg/m?, thermal conductivity — 9 kg/m?,
and thermal conductivity — 0.004 W/(m °C). The coef-
ficients of the regression equations, which are smaller in
absolute value than the respective confidence intervals,
were considered as non-significant and equated to 0.

RESULTS AND DISCUSSION

The results of the active experiment give basic regres-
sion equations. The significance of the coefficients was
checked at confidence intervals for strength and material
density. The size of the confidence interval was deter-
mined by the t-criterion for 5 experiments (# = 5) and the
dispersion of parallel experiments. The confidence inter-
vals (Ab) were for strength — 0,2 MPa, mean density —
9 kg/m?, thermal conductivity — 9 kg/m?, and thermal
conductivity — 0,004 W/(m °C). The coefficients of the
regression equations, which are smaller in absolute value
than the respective confidence intervals, were considered
as non-significant and equated to 0.

The basic regression equations are obtained at inter-
vals of varying factors (Table 1) for strength and mean
density and heat conductivity:

V= 13,6 +0,8X, — 1,7X, + 0,7X, + 0,5X, +

V, = 1378 + 18X, — 51X, + 14X, + 8X X;; )
V.= 144 + 14X, — 7X, + 4X X, 3)

The assessment of adequacy at the initial level was
carried out by comparing calculated and experimental
values of the Fischer criterion (F-criterion) and further
as a result of the implementation of the control series of
the active experiment.

The analysis of the basic regression equations shows
that the most important influences on the strength of the
foam glass are its characteristics (ratios at X, and X,) and
its flow rate (ratio at X,), as well as the pair effect of the
flow rate and particle size (ratio at X,X,). Also significant
is the content of the fluent component (coefficient at
X,). The nature of this influence can be explained by the
structure of the resulting material (Fig. 2). The corrective
action of malting glass as a fluxing component that lowers
the temperature of the ceramic skull, which makes it pos-
sible to spin foam glass particles from the ceramic matrix
without breaking (melting) the particles of foam glass and
their preservation of the porous structure of the burned
material. The average density of the material and its ther-
mal conductivity are determined by the characteristics
and flow rate of the crushed foam (polynomials 2 and 3).

The values of the coefficients of polynomial 1 allow
to deduce the extreme influence of the particle size of
the foam glass and the flow rate of the fluid component
on the strength of the product (coefficients at X,> and X 2
are equal to —0,4 and —0, 3, respectively). Taking into ac-
count that testing of polynomials (1-3) according to the
F-criterion has shown their adequacy both as statistical
polynomials and as algebraic models, it is possible to ap-
ply methods of algebraic analysis of nonlinear functions
of four variables for their study. This makes it possible and
useful to use the analytical optimization method.

Factor X, optimization
(average particle size of fosterol)

1. Determine the private derivative function ¥ (X, X,
X,, X,) by variable X, equate the result with 0 and find
the optimal value of the mean particle size of the foam

+0,6X.X,—0,4X.2— 0,3X 2 (1) glass (dm):
Table 1. Conditions of the three-factor experiment
. Average Range, Factor values in levels
actor name Symbol, X, — xi AX > "
Average density of foam glass, kg/m*(p,) X, 120 40 80 160
Foam glass consumption, kg/m? (P.) X, 36 8 28 44
Average size of foam glass particles, mm (d ) X, 0.5 0.2 03 0.7
The Content of the fluid component, % (C,) X, 10 2 8 12
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Fig. 2. Structure of material (a) and ceramic skull (b) when enlarged: a — 50 times; b — 1000 times

Y, /0X,=0.7 — 0.8X, =>X,=7/8 = 0.88.

Determine the natural value of the optimal size of
a part of the foam glass by using the data from table 1:

d =0.5+0.88x0.2=0.68—0.69 mm.

2. Determine the private derivative function ¥, (X, X,
X,) by variable X, equate the result with 0 and find the
optimal flow rate of the fluid component (P (b):

Y /X, =0.5—0.6X, =>X, = 5/6 = 0.83.

The natural value of the flow rate of the fluxing com-
ponent (fluxing agent) is determined using the data from
Table 1:

P,.= 10 + 0,83 x 2 = 8.3 — 8.4 % from the mass of
clay.

3. We optimize algebraic polynomials (1—3) according
to the optimal particle size of the foam glass and the flux-
ing component content, and we obtain optimized models:

v, =14,1+0,8X, — 1,2X;; (4)
v, =1390 + 18X, — 37X,; (5)
v, =144 — 14X, — 7X, — 4X X.. (6)

Dependencies (Formulas 4—6) became the basis for
forming a nomogram (Fig. 2). Variable factors are mean
density and foam flow rate; mean particle size of the
foam and fluid content have fixed optimization values.
In the nomogram sectors, a relationship is established
between the response function and varying factors: in

sector I — for medium density of burnt ceramics; in sec-
tor II — for strength to compression; in sector 111 — for
heat conductivity. Average particle size of the foam glass
0.68—0.69 mm; concentration of the fluxing component =
8.3—8.4% of clay mass.

The mean value of the result (mathematical expec-
tation) was determined, and deviation from the mean
(spread of results or discount) was taken to be closer
to the normal distribution (Gauss distribution). Using
a nomogram (Fig. 3), the direct task of digital model-
ing (predicting product properties by specified values of
variable factors) is solved graphically. The inverse prob-
lem (determination of optimal values of factors) is solved
analytically and as a result of the implementation of the
control series of the experiment.

According to product properties predictions derived
from the nomogram (Fig. 3). Control formulae (active
control experiment) were carried out, the results of which
are presented in the Table 2. The average density and the
flow rate of foam glass varied; the particle size of the foam
glass and the content of the fluxing agent were taken at an
optimal level. The compressive strength of samples was
taken as a parameter for evaluation.

The test series of the in-situ experiment allowed the
following conclusions to be drawn. First, the mean er-
ror, that is, the difference between calculated and experi-
mental values does not exceed 1.6%, which confirms the
model’s adequacy and the validity of the results obtained.
Second, the best strength values correspond to the condi-
tions of experiment No. 7; calculated strength from equa-
tion (4) — 15.9 MPa, experimental —16.1 MPa; A =1.3%.

The optimal values of factors are as follows. Variable in
the experiment: average density of foam glass 150 kg/m?;
flow rate of foam glass 30 kg/m?; optimal particle size of
ground foam glass 0.68—0.69 mm; fluid content (melt)
8.3—8.4% of clay mass. The following sample character-
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Fig. 3. A nomogram for predicting parameters and selecting the composition of products with an optimal particle
size of 0.68-0.69 mm foam and a melt content of 8.3-8.4% of clay mass. Mean density, kg/m3:a - 1320; b -1360;

in — 1400. Compressive strength, MPa: 1 - 18;2 - 17;3-16;4 - 15; 5 - 14; 6 — 13; mean density of the foam, kg/m?:
80, 120, 160; M — mean result (mathematical expectation); D — deviation from mean value

Table 2. Test results

Conditions of the experiment Compressive strength, MPa
Experience E A %
No. Average density Foam glass . ORCAL
5 . 5 Calculated Experimental
of foam glass, kg/m consumption, kg/m
1 150 42 13.7 135 1.5
2 120 42 13.0 13.2 1.5
3 90 429 12.3 12.5 1.6
4 150 36 14.8 14.6 1.4
5 120 36 14.1 14.4 2.2
6 90 36 13.4 13.6 1.5
7 150 30 15.9 16.1 1.3
8 120 30 15.2 15.0 1.4
9 90 30 14.5 14.2 2.1
Average A, % 1.6
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istics correspond to these values: average density 1320—
1360 kg/m?3; compressive strength 15—16 MPa; thermal
conductivity 0.15—0.16 W/(m °C). Separately, the brand
was determined by frost resistance: F35.

The laboratory-generated samples have properties
that are quite suitable for structural and thermal in-
sulation materials. The next stage of research will be
testing in the conditions of existing production, as well
as developing recommendations for the use of light ce-
ramics and exploring the possibility of heat-insulating
and structural ceramic products of lower density. Light
bricks can be used in wall cladding, but are not recom-
mended for foundations. It is possible to make ceramic
products both full-length and with voids, as well as the
production of modular ceramic bricks and large-format
ceramic stones.

CONCLUSION

The use of digital methods in the design and process-
ing of an experiment can significantly reduce the amount
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