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AHHOTALUS

Togviuenue s¢ghpexmugnocmu Kepamuyecko2o KUpnuia u KamMHel Ces3aH0 CO CHUdICEHUeM cpeoHell NIOMHOCIU U30eaull U co-
omeemcmesyiowen menionpogooHocmvio. OOHUM B03MOJCHBIX NyMell A6NAemC s NOPU3AYUSL CIPYKMYPbL KEPAMULECKO20 U0 C
NOMOWBIO 8bI2OPAIOWUX 00OABOK UMY B6EOCHUS CNEYUATLHBIX NEH NPU NPULOMOGIEHUU KepaMUYecKol cmecu. [pyaas 603MOACHOCHIb
CBA3aHA € 88e0eHUeM 8 CINPYKMYPY 0COO0Ne2KUX 3anoaHumenel u, 8 4acmmocmu, 0pobneno2o nenocmexia. B cmamove npusooamcs
pe3yibmamvl peanuzayuu OAHHOU MexXHOA02UU U YUDPOBbIX IKCNEPUMEHINOE, YCAHABTUBAIOWUX 83AUMOCEA3L MENHCOY peyenmyp-
HbIMU XAPAKMEPUCUKAMU U CEOUCMEAMU 000IICHCERNO020 Kepamuyecko2o mamepuana. Mchonbsosanue yughposwix memooux no3eo-
JIslem 3HAYUMeIbHO COKPAMUMy 8peMs U MamepuaibHvle pacxoobl Npu NPoeedeHuu HAMmypHbIX IKCNEPUMEHNO8, a TAKICe UCHOTb-
308amb MEMOOUKU OYeHKU OOCMOBEPHOCIU NONYUAEMbIX pe3yIbmamos. B pe3ynsmame sxcnepumenma u 00pabomxu e2o pe3yibma-
MO8 NOIYUEHA HOMOSPAMMA C NOMOWBIO, KOMOPOU CMAN0 803MOIICHBIM PeuleHUe KAK NPOSHOCMU4ecKol 3a0aqu (npocHo3upoBaHs
c80lCME u30enull), max u 3a0a4u no06opa coCmasa UCXo0OHbIX 2nunsAHbIX cmecell. Obpasyvl 0boicocennble npu memnepamype 1000—
1005 °C umenu cpeonioio nnommocms 1300 ke/m’; npeden npounocmu npu cocamuu 14,5 MIla; mennonposoonocms 0,16 Bm/(m °C).
Jleaxuii kupnuy moogicem Obims UCNONB308AH 8 MENN0IPPEKMUBHbIX KNAOKAX CMEHAX, HO NPUMEHEeHUe e20 8 QYHOAMEHMAx He PeKo-
MEHOVIOMCAL.
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ABSTRACT

Improving the efficiency of ceramic bricks and stones is associated with a reduction in the average density of the products and
their corresponding thermal conductivity. One possible approach is to create pores in the ceramic structure using burnout additives
or by introducing special foams during the preparation of the ceramic mixture. Another possibility involves introducing ultra-light-
weight aggregates, such as crushed foam glass, into the structure. The article presents the results of the implementation of this tech-
nology and digital experiments that establish the relationship between the recipe characteristics and the properties of the fired ceramic
material. The use of digital methods allows us to significantly reduce the time and material costs of conducting field experiments, as
well as to use methods for assessing the reliability of the results obtained. As a result of the experiment and processing of its results,
a nomogram was obtained with the help of which it became possible to solve both the prognostic problem (predicting the properties
of products) and the problem of selecting the composition of the initial clay mixtures. Samples fired at 1000-1005 °C had an average
density of 1300 kg/m?3; compressive strength of 14.5 MPa, thermal conductivity of 0.16 W/(m-°C). Lightweight brick can be used in
thermally efficient masonry walls, but its use in foundations is not recommended.
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BBEJEHUE

OOXHTOBBIC N3METHS HA OCHOBE TIIMH NIPUMEHSIOTCS B CTPO-
UTENBCTBE B TEUCHNH ThICsUeneTnid. B Poccutio Texnomorus o6-
JKUTOBBIX KEPAMUYECKUX MaTEPHAIOB M TEXHOJIOTHS CTPOUTEIb-
CTBa U3 HUX Npuuuiu u3 Busantun. J{o HacTodIero BpeMeHH! co-
XPaHWINCHh (ParMeHThl KepaMUUECKON Kiaiaku B JlecITHHHOM
LepkBHU u Aelictyromas ¢ VI Bexa nepkosb B Kepuu. TexHoo-
THH Pa3BUBAIKNCH U OJHOBPEMEHHO MPOUCXOIWIO PACUIMpEHUE
BO3MOXKHOCTEH NMPUMEHEHHUs1 KepaMuueckoro kupnuya. Hanbo-
Jiee 3HaYMMBbI€ MOCTPONKU — 3TO OpIEHCKU 3aMOK Mapuen-
Oypr u CTeHBI pOCCHICKIX TOPOJOB M KPEIIOCTEH, B TOM YHCIIE U
cteHsl MockoBckoro Kpemis. B xKUIUIIHOM CTpOUTENBCTBE Ke-
paMuYecKUi KUPIUY 3apEKOMEHA0BAN ce0s KaKk MPOYHBIN, 10JI-
TOBEYHBIM 1 MOPO30CTOMKHUII M HETOPIOUUI MaTepUa, MO3TOMY
yxe ¢ XIV Beka u 10 HammX THEH OH SBISAETCSA OHUM U3 HAaubo-
JICC MPUMCHACMBIX CTPOUTECIIbHBIX MaTCPUAJIOB.

CepbesHoil mpobiaeMoli kKepaMU4eCcKOro KUpIHya, KOTopast
cTaja 3aMEeTHOM Mocje NpUHATUSA B KOHIE XX BEKa HOBBIX TeI-
JIOTEXHUYECKUX HOPM CTaJla €r0 CPABHUTEIBHO BBICOKAS TEIUIO-
IMMPOBOJHOCTb U COOTBCTCTBYIOLIAsA en Cp€aHAA IIOTHOCTb. Or1-
METHM, 4TO KJIaJKa KUPIUYHON CTEHBI B 2-2,5 KUpIIHYa BIIOJHE
yZIOBIETBOpPsIa TpeOOBaHNH KOM(POPTHOCTH, HO C Y4E€TOM HO-
BBIX TpeOOBaHMII 1O TEPMHUYECKOMY CONPOTHBICHHUIO CTEH,
YCTaHOBJIEHHBIM HOPMBI OKa3alHCh HEJOCTHKUMBIMU [UIS CTEH
13 MOJIHOTENOoro Kupnuya [1, 2].

st perienust 310 mpoOIeMBl CyIECTBYIOT TPU BO3MOXKHO-
cTH. Bo-nepBhIX, 3TO MOBBIIEHUE yCTOTHOCTH U3AEIUI 1O HE-
KOTOPOTO TIpeJiesia ¥ He B yIepO MPOYHOCTHBIM XapaKTepUCTH-
KaM. Bo-BTOpBIX, 3TO IOpU3aLus MOJIHOTENIOr0 Kupnuya. B-tpe-
ThUX, KOMOUHHUPOBAHHBIN CIIOCO0, 00BETUHSIOIINH 1BA TICPBHIX.

YBenuyeHne MOPUCTOCTH KePaMHYECKOro KHPIUYa MOXKET
OCYIIECTBIISITHCSL HECKOJIBKUMH criocobamu. Knaccuueckum u3
HUX SIBJSIETCSI CHOCOO BBITOPAIOIINX H00aBOK, OCHOBaHHBIN Ha
BEJICHUU B IIMHSAHBIE CMECH KOMIIOHEHTOB, KOTOPBIE BHITOPAIOT
B rporiecce o0xkura. OCHOBHBIMH MOJU(HKAIIMSIMH 3TOTO CIIO-
coba cTanu MeToJbl BBEJCHHUS JIPEBECHBIX OIMJIOK MM OTCEBa
neHomnoucTrpona. [lepBoiii okazancss HedA)PEKTUBHBIM, B TOM
4HCcIIe U B BUAY BBICOKOI 30JIBHOCTH JpeBecHHBI. BTopoii crmo-
co0 okazajcst HepeHTaOeIbHBIM B CBA3H CO CHIDKEHHEM BBIXO0/1a
OTCEBA MO MPUYMHE BHECIAPCHHUA COBPEMCEHHBIX U 6630TXOI[HI)IX
TEXHOJIOTHH IpaHyIMPOBAHHOTO MOJIUCTHPOIIA.

BTOpI)IM [0 3HAYUMOCTH CIIOCOOOM SIBIIIETCS YBEJIMYCHUC
MOPHUCTOCTH KEPAMUYECKOTO KUPITHYA 33 CUET CO3/IaHHS SUeH-
cToii cTpykTyphl. [Topu3arus razoo0pa3zoBaHreM OKaszaaach Ma-
103 PeKTHBHOMN, a cMEeIIeHNe KePaMUUECKHX CMECeH CO CTOH-
KAMU NE€HAMHU MO3BOJIMIO MOIYYHUTh PsJ MOJO0XKHUTENBHBIX pe-
3ynbTaToB [3, 4]. OTO caenano BO3MOKHBIM MOTYyYEHHE TPYIIIBI
NEHOKEPaMUYECKUX MAaTEPHAIOB KaK TEIUIOM3O0SAIUOHHBIX, TaK
U TEIJIOU30JIALIUOHHO-KOHCTPYKIMOHHBIX. CI0XKHOCTU I Ma-
TEPHAJIOB ATOH IPYIIIEI 00YCIIaBIMBAIICH HEOOXOAUMOCTHIO CO-
3AaHUs CIICIIUAJIBHBIX TI€H, 4 TAKXKE MATKUX PEKUMOB CYIIKH, TO
€CTh IPH HEBBICOKMX TEMIIEpATypax M CKOPOCTSIX TEIUIOHOCH-
Tens [5, 6]. B mpoTuBHOM citydae cymiecTBoBajia OmacHOCTh He-
PaBHOMEPHON yCaaK! ¥ OCETAHUS WIIN PACTPECKNBAaHUE KepaMH-
YECKOTO ChIpLa. BBG}IGHI/IG B COCTaB TJIMHAHBIX IIECHOMACC JICT-
KUX HallOJIHUTEJICH, HallpuMep TOHKOIMCIIEPCHBIX CHEepHIECKUX
4acTUI] NO3BOMSIET KaK CHU3UTh BPEMsI CYIIKH, TaK U MOBBICHTh
NPOYHOCTh 3a cyeT apmupymouiero s¢dexra. dopmoBouHas
CMECh apMHUPOBANACh JOMNOJHUTEIBHO TOHKOJUCIIEPCHBIMH BO-
JoKHaMu. B kadecTBe MOJOOHBIX 3aIOJIHUTENEH HCIOIb30Ba-
JIMCH 30JIbHBIE MUKPOC(]EpBI, AUATOMUT U APYTUE NMOJOOHBIE UM

INTRODUCTION

Clay-based fired products have been used in construc-
tion for thousands of years. The technology of firing ce-
ramic materials and the technology of construction from
them came to Russia from Byzantium. Fragments of ce-
ramic masonry in the Church of the Tithes and a church in
Kerch, which has been in operation since the 6th century,
have survived to this day. Technologies have developed and
at the same time the possibilities for using ceramic bricks
have expanded. The most significant buildings are the Or-
der's castle of Marienburg and the walls of Russian cities
and fortresses, including the walls of the Moscow Kremlin.
In housing construction, ceramic brick has proven itself as
a strong, durable, frost-resistant and non-flammable mate-
rial, which is why, from the 14th century to the present day,
it has been one of the most widely used building materials.

A serious problem with ceramic bricks, which became
noticeable after the adoption of new thermal engineering
standards at the end of the 20th century, was their relatively
high thermal conductivity and corresponding average den-
sity. It should be noted that laying a brick wall of 2-2.5
bricks fully satisfied the requirements of comfort, but taking
into account the new requirements for the thermal resistance
of walls, the established standards turned out to be unattain-
able for walls made of solid brick [1, 2].

There are three possible solutions to this problem. First,
increasing the void content of the bricks to a certain limit
without compromising their strength. Second, porosity of
solid bricks. Third, a combined method combining the first
two.

Increasing the porosity of ceramic bricks can be accom-
plished in several ways. The classic of these is the method
of burnout additives, based on the introduction of compo-
nents into clay mixtures that burn out during the firing pro-
cess. The main modifications of this method were the meth-
ods of introducing wood sawdust or polystyrene foam
screenings. The first one turned out to be ineffective, includ-
ing due to the high ash content of the wood. The second
method turned out to be unprofitable due to the decrease in
the output of screenings due to the introduction of modern
and waste-free technologies of granulated polystyrene.

The second most important method is to increase the po-
rosity of ceramic bricks by creating a cellular structure.
Porization by gas formation turned out to be ineffective, and
mixing ceramic mixtures with stable foams made it possible
to obtain a number of positive results [3, 4]. This made it
possible to obtain a group of foam ceramic materials, both
thermal insulation and thermal insulation-structural. The
difficulties for materials in this group were caused by the
need to create special foams, as well as soft drying modes,
that is, at low temperatures and coolant speeds [5, 6]. Oth-
erwise, there was a risk of uneven shrinkage and subsidence
or cracking of the ceramic adobe. The introduction of light-
weight fillers, such as finely dispersed spherical particles,
into the composition of clay foams allows for both a reduc-
tion in drying time and an increase in strength due to the
reinforcing effect. The molding mixture was additionally re-
inforced with finely dispersed fibers. Ash microspheres, di-
atomite, and other similar substances were used as such fill-
ers. The products are fired for 26-28 hours at a maximum
temperature of 1100°C [7, §].
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BermecTBa. OOXKHT M3AETHHA OCYIICCTBISIETCS B TeUeHHE 26-28
4acoB IpU MakcuManbHoi Temmeparype 1100 °C [7, 8].
Ilony4yenue n3nenuii MOBBIIIEHHON ITyCTOTHOCTH OCYILECTB-
JSUIOCH MapajuIeNIbHO ¢ yBEIWYECHHEM nX oOobema. Bmecto onu-
HapHOI'0 KHpIIMYa JIE1ajd NOJyTOPHBIM WIH JBOMHOM, a Aajb-
Helilliee COBEPIICHCTBOBAHNE TEXHOIOTUH CIIENAI0 BO3MOKHBIM
M3TOTOBIICHHE KepaMHueckuX KamHed. Hemoxume pesynbrarsl
OBUTH TIOJTy4YeHBI B Pe3yJbTaTe OObEIUHEHHUS TEXHOJIOTUH MHO-
TOIMyCTOTHBIX KAMHEH ¢ IEHOBBIM criocoboM (puc. 1) [9, 10].

PUCYHOK 1

KEPAMUYECKHWE KAMHMH [9.10]:
a — NMyCTOTHBII;
0 — MyCTOTHO-MOPHCTHII

Figure 1

Ceramic stones [9.10]:
a — hollow;
b — hollow-porous

Jlerkue KepaMHUECKHE KAMHH 3apEKOMEHJOBAIIN ce0s Kak
MaTepuall, KOTOPbII MMEET MHOXKECTBO IOJNE3HBIX CBOMCTB.
OHM OuYeHb MPOYHBIE, SBJIAIOTCS XOPOILINM TETJION30JIATOPOM
Y MOTYT OBITh HCIIOJIB30BaHBl B CAMBIX Pa3HBIX cepax deno-
BEUECKO# aesrenbHOCTH. [IpobieMoit B 3TOM ciydae craia
TEXHOJIOTHSI MOHTa)ka CTeH. Bo-TepBBIX, BEC OJJTHOTO KepaMu-
YEeCcKOro KaMHs He MO3BOJISUI €ro pa3MemaTh B KIaJKe TakkKe
JIETKO KaK OAWHAPHBIM WM TOJYTOPHBIA OOJIETYeHHBIH KHp-
4. Bo-BTOPBIX, B MyCTOTBHI MOT NIPOBAIMBATHCS KIIaJOYHBINA
pacTBOp, 4TO ¢ OJHOM CTOPOHBI MPUBOAMIIO K €O MOBBIIIEH-
HOMY pacxojy, a ¢ Ipyroil — CHMXaJI0 TEPMHUYECKOE COMPO-
TUBJIEHUE KOHCTPYKIIMU 3a CYET YACTHUYHOTO 3aIOJIHEHHS ITy-
CTOT pacTBOPOM.

OpmHUM U3 HaIlpaBJIeHUH peIeHusI Ipo0IeM MoTydeHHs 13-
JIeNIUA OTHOCUTENBHO HU3KOW IJIOTHOCTBIO U TEILIOIPOBOIHO-
CTBIO TIPH COXPAHEHUH NPOYHOCTHBIX M 3KCIUIyaTallMOHHBIX
XapaKTEepUCTHK MOTJIO CTaTh BBEACHHUE JIETKUX 3aIllOJTHHUTENEH
B KepaMH4ecKHe cMecH. PaccmaTpuBanuch paszinyHbIE BapH-
AQHTHI ¥ IPUEMJIEMBIM CTaJIO IPUMEHEHHEM BCITyYEHHOTO Iep-
JMTOBOTO TIECKa, YTO TO3BOJIMIO c(hOPMOBATH €IIe OJHO TEX-
HOJIOTHYECKOE HANPABICHUE — TEXHOJIOTUIO NEPIUTOKEPAMU-
yeckux u3znenuil. [lepnuToBblil mecok o0nanaeT o4eHb BHICO-
KOH M OTKPBITON MOPUCTOCTBIO, YTO MPEIIONArajgo HCIoJIb30-
BaHUEM CMecell C MOBBIIIEHHBIM BOJOCOAEPKAIINM, a CIE0-
BaTEJIbHO, U JUIMTEIbHYIO CYHIKY chipua [11, 12].

ITowck anpTepHATUBHBIX BHOB 3aIOJIHUTENICH OCYIIECTB-
JISUICS KaK B HAIIPABJIICHUSAX WCIOIB30BAHUS IPUPOTHBIX MTOPH-
CTBIX MAaTEPHANIOB (YTO HE MIPHUBETIO K TOIOKUTEIEHBIM PE3yiIh-
TaTaM), TaKk U B HAIPABJICHUSIX HCIIOJIB30BAHUS ITPOMBIIIICH-
HBIX TPOAYKTOB WM IPOMBIIUICHHBIX OTXOAOB. B cBs3M ¢
9THM Ha HaIll B3TJIsL OBUIO N3yYeHNE BO3MOXKHOCTH HCIIOJIb30-
BaHMs JPOOIICHOTO EHOCTEKOIBLHOTO MIeOHs, IPUMEHEHUE KO-
TOPOTO B HACTOSIIIEE BPEMs aJalITHPYETCs] B KAUECTBE JIETKOTO
3aIOJHUTENS sl LIEMEHTHBIX WM OECIIEMEHTHBIX OETOHOB
[13].

IMopu3anyst CTpyKTyphl IIUPOKO NPUMEHSETCA IPH TOIy4de-
HHUH CTPOUTEIBHBIX MaTePHAJIOB Pa3IMIHOTO HAa3HA4YeHus [14-

18].
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a(a)

The production of products with increased emptiness
was carried out in parallel with the increase in their volume.
Instead of single bricks, they made one-and-a-half or double
bricks, and further improvements in technology made it
possible to produce ceramic stones. Good results were ob-
tained by combining the technology of hollow stones with
the foam method (Fig. 1) [9, 10].

Lightweight ceramic stones have proven themselves to be
a material with many beneficial properties. They are very du-
rable, are good thermal insulators and can be used in a wide
variety of areas of human activity. The problem in this case
was the technology of wall installation. Firstly, the weight of
one ceramic stone did not allow it to be placed in the masonry
as easily as a single or one and a half lightweight brick. Sec-
ondly, the mortar could fall into the voids, which, on the one
hand, led to its increased consumption, and on the other, re-
duced the thermal resistance of the structure due to the partial
filling of the voids with mortar.

One of the directions for solving the problem of obtaining
products with relatively low density and thermal conductivity
while maintaining strength and performance characteristics
could be the introduction of lightweight fillers into ceramic
mixtures. Various options were considered and the use of ex-
panded perlite sand became acceptable, which made it possi-
ble to form another technological direction — the technology
of perlite ceramic products. Perlite sand has a very high and
open porosity, which required the use of mixtures with in-
creased water content and, consequently, long-term drying of
the raw material [11, 12].

The search for alternative types of fillers was carried out
both in the areas of using natural porous materials (which did
not lead to positive results), and in the areas of using indus-
trial products or industrial waste. In this regard, in our opin-
ion, the possibility of using crushed foam glass aggregate, the
use of which is currently being adapted as a lightweight filler
for cement or cement-free concrete, was studied [13].

Porization of the structure is widely used in the produc-
tion of building materials for various purposes [14-18].

Thus, based on the results of the above review, a number
of conclusions can be drawn:

- firstly, building ceramic products retain their position as
one of the most widely used materials.
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TakuM o0pa3zom, O pe3ysibTaTaM TPUBEIEHHOTO 0030pa
MOJKHO CIIeJIaTh Psif 3aKIIFOYCHU]:

- BO-TICPBBIX, H3JIENINS CTPOUTEIFHOW KEPaMHUKH COXpa-
HSIOT CBOU ITOJIOKEHHWE KaK OTHOTO W3 Hamboyiee mpuUMeHse-
MBIX MaTEpHAIIOB.

- BO-BTOPBIX, B CJIy4ac UX MPUMCHEHHUS KaK CTCHOBOI'O Ma-
Tepuana HeOOXOJMMO CHU)KATh MX IUIOTHOCTH U TEIUIOIPOBO/I-
HOCTBH MPH COXPAHCHHUH IKCILTYyaTAI[MOHHBIX XapaKTCPUCTHUK.

- B-TPETBUX, HAaNOOJICe IEPCIICKTHUBHBIM SBJIICTCS HCIIOJb-
30BaHUE JICTKOTO 3aIIOJHUTEIIS, KOTOPHIH MO3BOJIUT COXPAHUTh
OCHOBHBIE XapaKTEPHCTHUK IPOM3BOJCTBEHHOTO IIpollecca U
MO3BOJIMT M3TOTABIIMBATh M3ENUS HA TOM e 000pyIOBaHUN
NPY YCIOBUH COXPAaHCHHS MAaTEepPHalIOM SKCIUTyaTallMOHHBIX
XapaKTepUCTHK MPH CHIHKEHUH TEIUIOIPOBOAHOCTD U CpeIHEN
IJIOTHOCTH.

Henbro nccaenoBanmii, N3J0KEHHBIX B CTaThe, CTAJIO MPO-
BEJICHUC KCCIICIOBAHUH MO pa3pabOTKe PEelenTyp U TEXHOJO-
THU TIICHOCTCKOJIBHBIX KepaMI/I‘IeCKI/IX MaTepI/IaJ'IOB.

MeToabl ucciaeT0BaHMI

OCHOBOI1 METOJOJIOTUHM HCCIIeNOBaHui ObUTM LU(pOBbIC
METOJIMKH TUIAHUPOBaHUS U 00pab0TKU pe3yIbTaTOB IKCIEPH-
MEHTa, a TaKXKe MEeTOJ aHAIUTHYECKOW ONTUMH3AIUHU, pa3pa-
ooranusii B HUY MI'CY. KoHuenuus aHaTUTUYECKONH OIITH-
Muzauuu [19,20] ocHoBaHa Ha ABYX MOJOXKEHUSAX. Bo-nepBbIX,
MOJTyYeHHAs] MaTeMaTH4YecKasi MOJeNb (B BUAE MOJIMHOMA) CO-
OTBETCTBYET pealbHOMY IPOLECCY, T.€. OIUCHIBAET €TO C OIpe-
JIETICHHOH TOYHOCTBIO. BO-BTOpBIX, MareMaTHYecKasi MOJEIb
ABIISICTCS anreOpandeckoil HeIMHEHHON (QyHKIMEH HECKOIh-
KHUX TIEPEeMEHHBIX, KOTOpass MOXKeT OBITh MCIOJb30BaHA IS
BBINOJIHEHHS BCEBO3MOKHBIX OIEpaluii ¢ anmnapaToM MaTema-
THYECKOTO aHAJIN3a.

Cremyromnye 3Tanbl BKIOYAIOT B ce0s1 HHTEPIPETALHIO 110-
JIy4eHHOTO ONTHMM3MPOBAHHOTO TOJHMHOMA (aHATUTHUYECKas,
¢usnueckas u rpaduueckas) ¢ IeNbio MPOBEPKU WM MTOTBEP-
JKIICHHUST PacyeTHBIX pe3ynbTaToB. Jlajee OCYIIeCTBISIETCS
(hopMHpOBaHUE AITOPUTMA TEXHOJIOTHIECKOTO ITPOIIecca C uc-
MOJIb30BaHNEM ONITUMU3UPOBAHHBIX (DYHKIUH 1 COCTABICHUEM
nporpamm i OBM.

[IpumeHeHne B KauecTBE HAMOJHHUTENS H3MEJIBLYEHHOTO
(npobnenoro) nmeHocTeKoIbHOTO meOHs. He Toapko u3MeHser
YCIIOBHSA TEIUIO- M MACCONIEPEHOCA MPH CYIIKE, HO U BIUSAET KaK
Ha CBOMCTBA MaTepHala, TaK U Ha PEKUMbI 00)KUTa JIETKUX Ke-
pamuyeckux u3nenuil. Kak mokaspiBaroT pe3ynbTaTsl IO ONTH-
MU3AIMX TapaMeTPOB MEPEMEHHOI0 PEKUMA CYIIKH, BBICOKOE
Ka4eCcTBO HM3AETHH IOy4YeHO NPH OrPAaHHYMBAIOIIMM CPOKE
cymikn 16 4. JIpoOieHblii MEHOCTEKOJIbHEIH IeOeHb MOIHO-
CTBIO COBMECTHM C KEPAMUYECKHM YEPENKOM (B TOM YHCIIE MO
MOKAa3aTessIM CIIEKaeMOCTH U TEMIIEPaTypHBIX Jedopmanuii) u
MIMEET HEBBICOKYIO CPEIHION MIIOTHOCTH (80 — 140 kr/m>).

TexHonornyeckue napamerpsl 00XKura JISTKOro Kepammude-
CKOTO CHIpIIa HETIOCPEACTBEHHO CBSA3aHBI C COCTABOM CHIpIA U
HCXOJHBIX KepaMHYECKHUX CMeced, 4TO W ObUI0 y4TeHO Ipu
(hopMHUpPOBaHMH IJIAHA HKCTIEPUMEHTA.

OnTuMu3aIys COCTaBa KepaMHUUECKOW CMECH C Y4EeTOM
CBOWCTB HAIOJIHHUTENS MPOBOIMIACH C MMOMOIIBIO IH(POBBIX
METOOB B Tpex(aKTOPHOM dKCIIepUMeHTe. B kauecTBe Bapbu-
pyeMbIX (paKTOpOB IPHHSATHI:

- CpeHss IIIOTHOCTh N3MENTbUEHHOTO neHocTeka (X);

- pacxoj U3MeJIbYEHHOT 0 NeHocTekna (X2);

- CpeIHUH pa3Mep JacTull neHocreka (X3).

B xauectBe QyHKUMIT OTKIMKA — IPOYHOCTH WU3AEIHS TPH
cxatuu (Y1) U ero cpequss mwioTHOCTh (VY2).

- secondly, if they are used as wall material, it is necessary
to reduce their density and thermal conductivity while main-
taining their performance characteristics.

- thirdly, the most promising is the use of lightweight
filler, which will preserve the main characteristics of the pro-
duction process and allow the manufacture of products on the
same equipment, provided that the material maintains its per-
formance characteristics while reducing thermal conductivity
and average density.

The aim of the research presented in the article was to
conduct research on the development of formulations and
technology for foam glass ceramic materials.

Research methods

The research methodology was based on digital methods
for planning and processing experimental results, as well as
the analytical optimization method developed at the Na-
tional Research University Moscow State University of
Civil Engineering. The concept of analytical optimization
[19,20] is based on two provisions. Firstly, the resulting
mathematical model (in the form of a polynomial) corre-
sponds to the real process, i.e. describes it with a certain ac-
curacy. Secondly, the mathematical model is an algebraic
nonlinear function of several variables, which can be used to
perform all kinds of operations with the apparatus of mathe-
matical analysis.

The next steps include the interpretation of the obtained
optimized polynomial (analytical, physical and graphical) in
order to verify or confirm the calculated results. Next, the
algorithm for the technological process is formed using opti-
mized functions and the creation of computer programs.

The use of crushed (crushed) foam glass aggregate as a
filler not only alters heat and mass transfer conditions dur-
ing drying but also influences both the material properties
and the firing conditions for lightweight ceramic products.
As the results of optimizing the parameters of the variable
drying mode show, high quality products were obtained
with a drying time limit of 16 hours. Crushed foam glass
rubble is completely compatible with ceramic shards (in-
cluding in terms of sintering properties and temperature de-
formations) and has a low average density (80—140 kg/m3).

The technological parameters for firing light ceramic
green bricks are directly related to the composition of the
green bricks and the initial ceramic mixtures, which was
taken into account when developing the experimental plan.

Optimization of the ceramic mixture composition, taking
into account the filler properties, was conducted using digi-
tal methods in a three-factor experiment. The following fac-
tors were used as variable factors:

- average density of crushed foam glass (X1);

- consumption of crushed foam glass (X>);

- average particle size of foam glass (X3).

The response functions are the compressive strength of
the product (U1) and its average density (U).

The adequacy of the models was tested using Fisher's
criterion; the significance of the coefficients of the regres-
sion equations was tested by comparison with the
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AJIEeKBaTHOCTh MOJeNIell TpoBepsulach Mo Kputeputo Du-
nrepa; 3Ha9UMOCTh KO3 (HUIIMEHTOB YpaBHEHUN PETPECCHH —
IyTEM CPaBHEHHMS C JOBEPHUTEIbHBIM HHTEPBAJIOM, OTIpEIesic-

confidence interval determined using Student's t-test and the
variance of parallel experiments.

Drying of 50x50x50 mm samples was carried out in a

MOM 110 KpuTeprio CThIOJICHTa U AUCIICPCHH TapaJlICIIbHBIX
OIIBITOB.

Cymka o6paszuoB 50x50x50 MM npoBouiack B CyIIMIIb-
HOM IKady 0 MOCTOSHHON Macchl npu Temmeparype 90 °C
HPU CKOPOCTH TETUIOHOCUTENS 4 M/C. JITUTENIEHOCTD CYIIKH CO-
craBisiia 6 yacoB. OOKHTr 00pa3IOB OCYIECTBISLICS B Jlabopa-
TopHOH nedu npu Temmeparype 1000-1005 °C. Ycnosus 3xc-
HEepUMEHTa MPEACTaBICHEI B Tabume 1.

drying oven to constant weight at a temperature of 90 °C
with a coolant velocity of 4 m/s. The drying time was 6
hours. The samples were fired in a laboratory furnace at a
temperature of 10001005 °C. The experimental conditions
are presented in Table 1.

TABJINIA 1 YCJIOBUSA TPEX®AKTOPHOI'O SKCIIEPUMEHTA

Table 1 Conditions of the three-factor experiment

Cpennee 3navenus paxropa Ha
3HAYeHUe HWuTepBan YPOBHSAX
Haumenosanue paxropa CumBoJI ¢akTopa, BapLI/IpOI?a- Factor values
Symbol Average Hus1, Varia- at levels
Name of the factor .
Xi value of the | tion interval
factor AX; -1 +1
Xi
Cpennss MIOTHOCTh W3MEJBYEHHOTO TIEHOCTEKIIA, KI/M3
Average density of crushed foam glass, kg/m? X 120 40 80 160
Pacxo H3MeIbUYEHHOTO TIEHOCTEKIIa, KI/M>
Consumption of crushed foam glass, kg/m? X 36 8 28 44
Cpennuit pa3Mep 4aCTHIl IEHOCTEKIA, MM X 0.5 0.2 0.3 0.7
Average particle size of foam glass, mm

Pe3yJ’leaTLl H UX 06cyﬂcz[e}me

Brutu nosydeHs! ypaBHeHUd perpeccu. [locie nposepku
3HAYMMOCTH KO3((UIIMEHTOB (C AOBEPUTEIBHBIM HHTEpBa-
som st ipounoctu 0,2 MIla u cpenneit mwiotnoct 9 kr/m?)
OBUTH MTOTyYEHBI CIEAYIOINEe MaTEMaTHIECKHE MOIEIIH:

Vi1=13,6 +0,8X; - 1,7X5 + 0,7X5 + 0,6 X2X3— 0,4X5?
V2 =1378 + 18X — 51X + 14X5 + 8XoX;3

MOHHUTOPHHT BBIYHCIICHUN PETPECCHH pa3pelaeT cAenaTh
ciietyroniie BoIBoAbl. Ha mpoyHOCTh IIpH cKaThu (TIOTMHOM
1) HanGompIIee BIUSHUE OKAa3bIBAET PacxXo]l M3MeIbYeHHOTO
ne"ocTexna (ko3 urpent mpu X»). Tak kak MPOYHOCTS Iie-
HOCTEKJIa HIKE TIPOYHOCTH KePaMHUYECKOro ueperka, To yBe-
JMYEHHE pacxoja IIEHOCTeKJIa OOYyCIOBIMBAeT CHUXKCHHUE
MPOYHOCTH. YBEJIMYEHHE IUIOTHOCTH MEHOCTEKIIA TpeJIoa-
raeT TaKKe yBEJIMYEHHE €T0 MPOYHOCTH, YTO MOJ0XKUTEIHHO
CKa3bIBaeTCsl Ha (YHKIMH OTKIMKA (KoadduiumeHT mpu X;).
BnusiHue cpenHero pasMepa yacTHIl IEHOCTEKJIA BJIMSET Ha
NPOYHOCTH 000XCKEHHOTO 00pasiia HeoHO3HauHO. [1pu yBe-
JUYEHUH Pa3MEPOB YaCTHIl 10 OIPEJEIICHHOTO 3HAYCHUS
NPOYHOCTH pacTeT (ko3¢ duuneHt npu Xsz), a IpH OONBIINX
3HAYEHMSAX HAYMHAET CHMXAThCA (kod(puuuenT mpu Xs2).
3TO MOXeET OBbITh CBS3aHO C INIOTHOCTHIO YNAKOBKH YaCTHII
MEHOCTEKIIa B KEPaMHUYECKOM MaTpuIie.

CpelHsisi IIIOTHOCTD JIETKOT0 KepaMUYeCKOro Marepuaia
(monmHOM 2) B HaNOONBIIEH CTETIEHH 3aBHCUT OT pacxojia u3-
MEJIBYEHHOTO TeHOCTekIa (Ko3dduiment npu X»), Tak Kak
TUIOTHOCTB TIEHOCTEKJIA HIDKE TUIOTHOCTH KepaMUYECKOH Mat-
pHLBL; NPU 3TOM NPH YBEJIMYEHHH IUIOTHOCTH IIEHOCTEKIIA
IUIOTHOCTh Marepuajia Bo3pacTaeT (KodpGHUUUEeHT mpu X»).
[Ipn yBenuyeHUM pa3MepoB YACTHIl MIEHOCTEKJIA IPOYHOCTD
HE3HA4YMTENIbHO, HO Bo3pactaeT (koaddurmeHt npu X3), 4ro
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Results and discussion
Regression equations were obtained. After checking the
significance of the coefficients (with a confidence interval for
strength of 0.2 MPa and an average density of 9 kg/m3), the
following mathematical models were obtained:

(M
2

Monitoring the regression calculations allows us to draw
the following conclusions. The consumption of crushed foam
glass (coefficient at X2) has the greatest influence on the com-
pressive strength (polynomial 1). Since the strength of foam
glass is lower than the strength of ceramic shards, an increase
in the consumption of foam glass leads to a decrease in
strength. An increase in the density of foam glass also implies
an increase in its strength, which has a positive effect on the
response function (coefficient at X1). The influence of the av-
erage particle size of foam glass on the strength of the fired
sample is ambiguous. As particle size increases to a certain
value, strength increases (coefficient at X3), but at larger val-
ues, it begins to decrease (coefficient at X3?). This may be due
to the packing density of the foam glass particles in the ceramic
matrix.

The average density of a lightweight ceramic material (pol-
ynomial 2) depends to the greatest extent on the consumption
of crushed foam glass (coefficient of X2), since the density of
foam glass is lower than the density of the ceramic matrix;
however, with an increase in the density of foam glass, the
density of the material increases (coefficient of X2). With an
increase in the size of foam glass particles, the strength in-
creases slightly (coefficient at X3), which is explained by the
higher density of highly crushed foam glass particles.
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00BsACHsETCS OOMNbIIEH MIOTHOCTHIO CHJIBHO M3MEITbYCHHBIX
YaCTHIl TIEHOCTEKIIA.

M3roToBneHHbIE IO IPOBEAECHHOMN TEXHOJIOTUU KEpaMHUYe-
CKHE KaMHHU MPUOOPETAIOT yCPEIHEHHBIE MTOKA3aTeN TEIIo-
npoBogHocTH He 6oree 0,16 B1/(M*K) 1 MoryT OBITH HCITIOIB-
30BaHBbI [IPY BHITIOITHEHUHN BBICOKO3((EKTUBHOMN KIIaKN KUP-
MUYHBIX CTEH.

AHaJIuTHYECKAN onTuMu3lanus pe3dyjabTaToB aKTUB-
HOI'0 JKCIIEPUMEHTA

KBanparnunsle 3aBucumoctu no dakropy X3 (cpemHuid
pa3Mep 4acTuIl IeHOCTeka). 3aBUCUMOCTH (1 U 2) SBISIOTCS
KaK MOJEISIMH, aJeKBaTHO ONHCBHIBAIOIIUMH (YHKIUH OT-
KIIMKA, TaK U aNre0pandecKuMH ITOJIMHOMAaMH, 4TO JieflaeT Iie-
JIeco00pa3HbIM TPHMEHEHHE METOJa aHAJUTHYECKOH OITH-
MU3aIHH.

Ontumusanus 1o GakTopy Xs
(cpenHuii pa3Mep YacTHUIl IEHOCTEKIIA)

1). Onpenensem 4acTHyIO Ipou3BoAHYI0 GyHKuu Y (X,
X», X3), mpupaBHUBaeM pe3ynsTaT 0 M ompenenseM ONTH-
MaJIbHOE 3HAYeHHE CPEeJHEro pa3Mepa 4acTHUI] MEHOCTeKIIa

(dn):

Ceramic stones produced using the technology developed
have average thermal conductivity values of no more than 0.16
W/(m'K) and can be used in highly efficient brickwork.

Analytical optimization of active experiment results
Quadratic dependencies for factor X3 (average particle size
of foam glass). Dependencies (1 and 2) are both models that
adequately describe the response functions and algebraic pol-
ynomials, making it appropriate to use the analytical optimi-
zation method.

Optimization by factor X3
(average particle size of foam glass)

1). We determine the partial derivative of the function
Y1(X1, X2, X3), equate the result to 0 and determine the opti-
mal value of the average particle size of foam glass (dm):

6Y1/6Y2= 0,7—0,8X3 — X3 =7/8= 0,88

HarypanbHyto BENTWYMHY ONTHUMAalbHOTO pa3Mepa 4acTh
MICHOCTEKIIa OTIpeAeIieM, UCTIONB3YS TaHHbIe TaOIHIb! 1:

The natural size of the optimal size of a piece of foam glass
is determined using the data in Table 1:

dn=0,5+0,88x0,2 = 0,68-0,69 mm

2). Tlomy4yaem MoO[elH, ONTHMH3MPOBAHHBIC 10 OITH-
MalbHOMY pa3Mepy YacTHI[ MEHOCTEKIa U [0 TeMIeparype
o0xKura:

Vi=14,9+0,8X; — 1,0X,
V,=1404 + 18X, — 41X,

I'padrueckast MHTEpPIIPETAIMSI ONTUMU3UPOBAHHBIX 3aBH-
cumoctelt (3 u 4) gana BO3MOXHOCTh COPMUPOBATH HOMO-
rpammy (puc. 2). [To3BosIOIIyI0 MPOTrHO3UPOBATh CBOMCTBA
U3JENNi, a TaKXKe OCYIIECTBIATE MOI00P COCTaBa KepaMmye-
CKHX CMECEH JUII N3TOTOBIICHHS JIETKAX KEPaMHYCCKUX U3]Ie-
.

2). We obtain models optimized for the optimal size of
foam glass particles and firing temperature:

3)
“

Graphical interpretation of the optimized dependencies (3
and 4) made it possible to generate a nomogram (Fig. 2), which
allows for predicting the properties of products, as well as se-
lecting the composition of ceramic mixtures for the production
of lightweight ceramic products.

L
s
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i s\
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\

PUCYHOK 2
HOMOI'PAMMA JUIsI NPOTHO3UPOBAHUS 10 I
IMAPAMETPOB U IIOJBOP COCTABA 5
U3JEJUIA IIPA ONTUMAJIBHOM PA3BMEPE =
YACTHUII PABMEJBYEHHOIO MEHOCTEKJA 3., "Nz
(0,68-0,69 Mm) R
Cpeausisi ILIOTHOCTD, KI/M3: a — 13205 6 —1360; B — s
1400. MipounocTs npu ckaTun, MIMa: 1 —18;2—17; & 2 120
3-16;4—15;5-14; 613 gg

g

5 1004
Figure 2 :

(¥
Nomogram for predicting parameters and selecting 30:3

NN S

product composition with the optimal particle size of
crushed foam glass (0.68-0.69 mm).

Average density, kg/m3: a — 1320; b -1360; ¢ —1400.
Compressive strength, MPa: 1 —18; 2 - 17;3 - 16; 4
-15;5-14;6-13

— MATeMATHNCCKOE ORTIANITC

32 36 40 4428 32 36 40 44
Pacxoa wimeanaennore nenocTeita, krie
CPeseKRAIPATHYSCKOE OTIONeHN e
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Homorpamma cocrout us 1Byx cektopos. B cexrope I ycra-
HABJIMBAETCSI B3aMMOCBS3b MEXIY CpelHEeH IUIOTHOCTBIO 000-
JOKEHHBIX U3EIUN U CpelHEN IIIIOTHOCTHIO, a TAKXKE PaCX0J0M
M3MEJIBUYCHHOTO IEHOCTEKONbHOTO ImeOHs; B cekrope I —
YCTaHABJIMBAETCS B3aUMOCBSI3b MEXY IPOYHOCTBIO IIPH CXKa-
TUH 000XOKEHHBIX M3JISJIUI U CpeIHEell IUIOTHOCTBIO, a TaKXKe
PacxoioM U3MENbYEHHOTO EHOCTEKOIBHOrO HIEOHS.

Kepamuueckue 00pasiibl, H3rOTOBJIECHHBIE B COOTBETCTBUH
C OTIMCAHHBIM BBIIIE METOAOM (pHC. 3), UMEIOT CPETHIOK Tell-
nonpoBogHocTh Menee 0,16 Bt/(m-°C). Mapka mo mMopo3o-
CTOMKOCTU TIMHAHOro kupnuua ot F35. Jlerkuil xupnuu mo-
JKET OBITh MCIOJIB30BaH B TEIUIOI((EKTUBHBIX KIIAJKaX CTe-
HaX, HO IPUMEHEHHE eT0 B (PyHAAMEHTaxX HE PEKOMEHAYIOTCS.
M3roraBnuBaTbcs KEpAMUUECKUE U3AETTUI MOTYT KaK ITOJHOTE-
JIBIMHU, TaK U € IIyCTOTaMHU, BO3MOKHO M3TOTOBJIEHUE MOMYJIb-
HOTO KEepPaMHYECKOTO KHPITHYa, a Takke KPYMHO(OpMaTHBIX
KEpaMUYECKUX KAMHEM.

PUCYHOK 3

OBOX/KEHHBIE KEPAMUYECKHUE OBPA3IIBI
HA OCHOBE IEHOCTEKJIA.

Temmneparypa o0:xura 1000-1005 °C;

Cpennss niotsocts 1300 xr/m3;

IIpenen npoynocTu npu cxatuu 14,5 MIla.

Figure 3

Fired ceramic samples based on foam glass.
Firing temperature: 1000-1005 °C;
Average density: 1300 kg/m3;

Compressive strength: 14.5 MPa.

3akaouenue

Hcnons3oBanne IU(POBBIX METOIUK IO3BOJISIET 3HAYH-
TEJIBHO COKPAaTHTh BPEMsI 1 MaTepHaibHbIE PAcX0/Ibl IIPH MPO-
BE/ICHUM HATYPHBIX SKCIIEPHMEHTOB, a TaKXKe HCIIOIb30BaTh
METO/IMKH OLEHKH JIOCTOBEPHOCTH IOJIy4aeMBbIX PE3YJIbTaToB.
B pesynbrare skcrnepuMeHTa U 00pabOTKH €ro pe3ysbTaToB
MOJydeHa HOMOrpaMMa ¢ TOMOIIBI0 KOTOPOH CTaao BO3MOX-
HBIM pellleHHe KaK MPOrHOCTHYECKON 3a1aun (IIPOTHO3HPOBa-
HHS CBOMCTB M3JIeJNil), TaK M 33/1a4y 110100pa cocTaBa UCXO/I-
HBIX TJIMHSHBIX CMECeH.

O6pasiupl oboxokeHHbIe pu Temmepatype 1000—1005 °C
HMEJH CPEHION INIOTHOCTE 1300 Kr/M3; mpemen mpoYHOCTH
mpu cxatun 14,5 Mlla; termonpoBoxuocts 0,16 B1/(M - °C).

Jlerkuii KUpIMY MOKET OBITH UCIIOIB30BaH B TEII03(hpek-
TUBHBIX KJIAJIKaX CTEHAX, HO IIPUMEHEHHUE ero B pyHIaMeHTax
HE PEKOMEHYIOTCSI.
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The nomogram consists of two sectors. Sector I estab-
lishes the relationship between the average density of fired
products and the average density, as well as the consumption
of crushed foam glass aggregate; Sector II establishes the re-
lationship between the compressive strength of fired products
and the average density, as well as the consumption of
crushed foam glass aggregate.

Ceramic samples manufactured using the method de-
scribed above (Fig. 3) have an average thermal conductivity
of less than 0.16 W/(m °C). The frost resistance grade of clay
bricks starts from F35. Lightweight bricks can be used in
thermally efficient masonry walls, but their use in founda-
tions is not recommended. Ceramic products can be manu-
factured as solid or hollow bricks; modular ceramic bricks
and large-format ceramic stones are also possible.

Conclusion

The use of digital methods allows for a significant reduc-
tion in the time and material costs of conducting field exper-
iments, as well as the use of methods for assessing the relia-
bility of the results obtained. As a result of the experiment
and processing of its results, a nomogram was obtained, with
the help of which it became possible to solve both the prog-
nostic problem (predicting the properties of products) and the
problem of selecting the composition of the initial clay mix-
tures.

Samples fired at a temperature of 1000—1005 °C had an
average density of 1300 kg/m3; compressive strength of 14.5
MPa; thermal conductivity of 0.16 W/(m-°C).

Lightweight brick can be used in thermally efficient ma-
sonry walls, but its use in foundations is not recommended.
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