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AHHOTANUA

B cmamve npedcmasnenvt pesynomamor ucciedo8anuil no NOIY4EHUIO YyemeHmos Huskou éodonompebrnocmu (L{HB) ¢ ucnonv3zosanuem
cbipbegblx mamepuanos Pecnyonuxu Kazaxcman: KOHOUYUOHHORO U HEKOHOUYUOHHO20 KaunKepa npoussoocmea TOO «Byxmapmunckas ye-
MEHMHAL KOMRAHUSLY, 307I0UNAK08bIX 0mx0008 Ycemb-Kamenozopckoii TOL], domennvix epanynuposannsix uiakos Ycmo-Kamernoeopckozo
u Kapazanounckozo memannypeuveckux kombunamos. L{HB noxyuaiu cosmecmnbim NOMONIOM YEMEHMHO20 KIUHKEPd, SUNCOB020 KAMHS,
ONIX0008 NPOMBIUAEHHOCIU U CYNEPRIACTUGUKAMOPA HA OCHO8E NOIUKAPOOKCUNAMOE 00 yoerbHotll nosepxnocmu 450-550 m?/ke 6 eubpa-
yuonnoi meavruye. O6OCHOBAH 6b1O0P MEXHOLEHHBIX OMX0008 PA3IUYHO20 COCMAsa @ Kavecmee Hanoanumens npu noaydenuu I{HB u no-
KA3ano, 4mo ux npumenenue no36ouaem Ymuiusupoeams KpynHOMOHHANCHbIE NPOMbIULIEHHbIE OMX00bL C NOTYYEHUEM BANCYIYUX BeWeCcmE
€ NPOYHOCMBIO, He YCIYRAIOWYI0 NPOUHOCTU NPOMBIUUTIEHHO20 YeMeHMA. Ycmanosaensl 3a8ucumocmu pu3UKo-mexaHuueckux nokazameinei
L{HB om xonuvecmea nanonxumernel, MoHKOCHU NOMOA GAICYUUX 8eujecms, pacxooa cynepniacmuguxamopa. Tonkoe usmenvuenue Kom-
NOHEHMO08 8 NPUCYMCMBUL CYX020 Cynepuaacmuguramopa nozeoauio noxyyums LIHB 70, LIHB 50 ¢ npounocmwio npu cocamuu 50-70 MIla.
Hccnedosanus nokazanu 603MOICHOCHb UCNONb30BANUSL HEKOHOUYUOHHO20 KIUHKEPA, 00paA3yemM020 HaA YeMeHMHOM 3a800e 8 pe3yibmame
HapYWeHus. MexXHON02UHeCKUX NPoYeccos U CKIaoUupyemo20 6 Omeanbl, b0 4acmuino 000asnsAemo20 6 MelbHUYy NOMONA YyeMeHma, Ymo
yxyouiaem e2o kavecmeo, ona nonyyenus LIHB: ycmanoeneno onmumanbhoe coomuouenue KOHOUYUOHHO20 U HEKOHOUYUOHHO20 KIUHKeEPA.
Jloxasano ucnonvsosanue 0o 35% 6 cocmase [[HB nexonouyuonno2o kaunkepa, ¢ npumeHeHnuem Komopo2o noayueHnsvl yemeHmsbl HU3Koll
600onompebHocmu ¢ npouynocmoio 45-55 Mlla.
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cmenenb OUCNepCHOCHU, YOeIbHAs NOBEPXHOCTb, HEKOHOUYUOHHBLI KIUHKED, NPOYHOCHIb NPU CoHCamuu
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ABSTRACT

The article presents the results of research on the production of low-water-demand cements (LWDC) using raw materials from the
Republic of Kazakhstan: conditioned and unconditioned clinker from LLP "Bukhtarma Cement Company," fly ash and slag waste from the
Ust-Kamenogorsk CHP plant, and granulated blast furnace slags from the Ust-Kamenogorsk and Karaganda metallurgical plants. LWDC
was produced by jointly grinding cement clinker, gypsum stone, industrial waste, and a polycarboxylate-based superplasticizer to a specific
surface area of 450-550 m%kg in a vibratory mill. The choice of industrial waste of various compositions as fillers for LWDC production is
substantiated, demonstrating that their use allows for the utilization of large-tonnage industrial waste while obtaining binders with strength
comparable to that of industrial cement. Physical and mechanical indicators of LWDC were found to depend on the filler amount, fineness
of binder grinding, and superplasticizer consumption. Fine grinding of components in the presence of a dry superplasticizer made it possible
to produce LWDC 70 and LWDC 50 with compressive strengths of 50—70 MPa.The research demonstrated the possibility of using uncondi-
tioned clinker, which is formed at the cement plant as a result of technological process violations and is either stockpiled or partially added
to the cement grinding mill, thereby deteriorating its quality, for LWDC production. The optimal ratio of conditioned and unconditioned
clinker was established. It was shown that up to 35% of unconditioned clinker can be used in LWDC composition, producing low-water-
demand cements with compressive strengths of 45-55 MPa.
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BBEJEHUE

B cepennne XX Beka B Hay4HOI! cpelie Havaiu 00CyK1aTh
NPUHIOMIB 3aMKHYTBIX IIPOM3BOJICTBEHHBIX IMKJIOB, II€ OT-
XOZbI OJHOW OTPACIIM CTAHOBSTCS CBHIPBEM IUIA Npyro. Ota
ujes, o3iHee pa3BUTasl B paMKax TEOPHUH IUKIMYECKOH IKO-
HOMUKH, HanipuMmep, B paborax Y. Craxena [1] u J. [Tupca [2],
JleTIa B OCHOBY COBPEMEHHBIX ITOAXOJOB K pecypcodddex-
TUBHOCTH. BHenpeHne penuknmHra B MPOM3BOACTBO CTPOH-
TEJIbHBIX MaTEPHAIOB HE TONBKO CHHMXKAET HArpy3Ky Ha IpH-
POIHBIE PECypChl, HO M CO3IaET CHHEPTHI0 MEXIY pa3ind-
HBIMH CEKTOpaMH SKOHOMUKH [3,4]. DTOT MOAXOM COOTBET-
CTBYET NPHHIMIIAM «3€JIEHON» XUMHUU U KOHLEMLUH «HOJb
OTXOJIOBY», T/Ie KaXK/Iblil TOOOYHBIA MPOIYKT HAXOAUT TPHUMeE-
HEHHE B HOBBIX TEXHOJOTMYECKHX LENouYKax, (OpMHUDPYs
YCTOWYMBYIO MOJENb Pa3BUTHS KaKk Ha PETHOHAIBHOM, TaK U
Ha I7100aJIbHOM YPOBHE.

B Pecniyonmke Kazaxcran (PK) ocHOBHBIE TpOMEBIIIICH-
HBIE OTXOJIbI 00Pa3yrOTCs OT (PYHKIMOHUPOBAHMUS MPEATIPHUs-
THI METaJUTypPTUYECKOTO ¥ SJHEPTETHIECKOTO KOMIUIEKCa, TOp-
HOMOOBIBAIONIEH W XUMHYECKOW MPOMEBIIUIEHHOCTH. He-
CMOTpsI Ha MPEANPUHIMAEMbIE MEPBI TI0 COKPAICHUIO OTXO-
JIOB, HAHOCAIINX YIIEepO OKpy’Karoliel cpene, MPOIeHT UX Hc-
MOJIb30BAHUSA B PA3NIUYHBIX OTPACIAX SKOHOMUKH JJIS IPOH3-
BOJICTBA KOHEYHOH NMPOIYKIIMU OCTAE€TCS HA HU3KOM YPOBHE -
10 10%. B ocHOBHOM OTXOBI BEIBO3STCS B OTBAJIBI B BUIE T10-
PO BCKPBIIIM, XBOCTOB OOOTAIEHHUS W METaJUTyprU4ecKhX
IIJIaKOB, Bce OOJbllle HAKaIUIMBasCh TaM M 3aHWUMasl 3HA4H-
TeNbHBIE TeppuTOpHH. Ilpmyem Oosbinas 4acTh OTXOJOB
(57,6%) npuxoauTCs HA IIBETHYIO M YEpHYIO METaJUIyprHIo,
cooTBeTcTBEeHHO 38,9 u 23,7% [5].

Ot temnoBsIx Anekrpoctannuii (TOC), padoratommx Ha
yrie u BeIpadaTsiBatomux okoso 70-75% siexTposHeprud,
exerogHo obpasyercs 6omee 10 — 15 MITH T 30JI0IIIAKOBBIX
orxonoB. Tonbko B ceBepHbIX pernoHax PK, rame pacmnoio-
KEeHbl KpymHeWmme yroipHele TOC, Takme kak Oxuba-
cty3sckue I'POC-1 u I'POC-2, ckonminocs B 305100TBasIax 60-
nee 10-20 MJIH. T 30JI0IIKOBBIX OTXO/IOB.

Vcnonp30BaHHE OTXOMOB METAIyprH4ecKOro KOM-
IUIEKCa, B YaCTHOCTU OTXOJOB UEPHOW METalTypruu, U 30-
nouutakoBeix oTxogoB TOC Ka3zaxcraHa B NpoU3BOACTBE
CTPOUTEIBHBIX MaTEpPHAJIOB SBIISIETCS. cMmpame2udecku yee-
€0006pa3HbIM PEILICHNEM C SKOJIOTHYECKOH, 3KOHOMUIECKON U
pecypcocOeperatomieit Touek 3peHus [6-12]. Omaum u3 mep-
CTIEKTUBHBIX HAMPABICHUH MCIIOIB30BaHMS 3TUX OTXOJIOB SIB-
JSIETCsl TIPOM3BOJICTBO LIEMEHTOB HMU3KOH BOAOMOTPEOHOCTH
(IHB), sBnsrommuxcs pa3HOBHIHOCTHIO KOMITO3UIIHOHHBIX
LEMEHTHBIX BSDKYIIMX W HAyYHO-TEXHOJOTMYECKHE OCHOBBI
KOTOPBIX OBLIN 3aJI0KEHBI COBETCKMMH Y4eHBIMH eImé B 80-
90* romax mpomwioro Beka [13-17]. I'maBHBIMH TDOCTOWH-
ctBamu TexHosoruu [[HB sBisiercst 6e30TX0QHOCTD, cOepe-
JKEHHE 3aI1acoB LIEHHOTO IPUPOIHOTO CHIPhsI, a TAKIKE «BCESI-
HOCTB», 00YCJIOBJICHHasi BO3MO>KHOCTBIO HCITOJIb30BaHMUS pas-
HOOOpa3HBIX OTXO/OB M HEPYAHBIX MCKOMACMbIX KaK aKTHB-
HBIX KOMIIOHEHTOB BsDKy1ero. [Ipu aTom B armocdepy He BbI-
OpachIBalOTCS HU YIJIEKUCIBIN Ta3, HU MbUIb, KaK 3TO MPOHC-
XOJIUT IPU MPOU3BOJCTBE MOpTiaaHALeMenTa [13].

Ha psne meMeHTHBIX 3aBOIOB B pe3ysbTaTe HapyLICHUS
TEXHOJIOTHYECKHX IIPOLIECCOB 00pa3yeTcs HEKOHANIMOHHBIN
noptnananemMenTHeid kmHKep (HITLK), ckmagupyemsrii B
OTBaJIBL, JINOO YACTHYHO 100ABISIEMBbI B MENBHUILY ITOMOJIA
[[EMEHTa [T TOJTY4YEHHUS MOPTIaHAIEeMeHTa C 60ee HU3KUMH
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INTRODUCTION

In the mid-20th century, the scientific community began
discussing the principles of closed production cycles, where
waste from one industry becomes raw material for another.
This idea, later developed within the frameworks of circular
economy theories, such as the works of W. Stahel [1] and D.
Pearce [2], formed the foundation of modern approaches to re-
source efficiency. Recycling integration into construction ma-
terial production not only reduces the burden on natural re-
sources but also creates synergy between different economic
sectors [3,4]. This approach aligns with the principles of green
chemistry and the zero-waste concept, where every byproduct
finds application in new technological chains, forming a sus-
tainable development model on both regional and global lev-
els.

In the Republic of Kazakhstan (RK), the primary industrial
wastes are generated by enterprises of the metallurgical and
energy sectors, as well as the mining and chemical industries.
Despite measures to reduce environmentally harmful waste,
the percentage of their utilization in various economic sectors
for the production of end products remains low—up to 10%.
Most of the waste is disposed of in dumps in the form of over-
burden rocks, beneficiation tailings, and metallurgical slags,
continually accumulating and occupying significant areas. The
majority of waste (57.6%) is from ferrous and non-ferrous
metallurgy, accounting for 38.9% and 23.7%, respectively [5].

Thermal power plants (TPPs) operating on coal, which
generate approximately 70-75% of electricity, annually pro-
duce more than 10—15 million tons of fly ash and slag waste.
Only in the northern regions of RK, where major coal-fired
TPPs, such as Ekibastuz GRES-1 and GRES-2, are located,
over 10-20 million tons of fly ash waste have accumulated in
ash disposal sites.

The utilization of waste from the metallurgical sector, par-
ticularly ferrous metallurgy waste, and fly ash and slag waste
from Kazakhstan's TPPs in construction material production is
a strategically feasible solution from environmental, eco-
nomic, and resource-saving perspectives [6-12]. One promis-
ing direction for utilizing this waste is the production of low-
water-demand cements (LWDC), a type of composite cement
binder whose scientific and technological foundations were es-
tablished by Soviet scientists in the 1980s—1990s [13-17]. The
main advantages of LWDC technology include waste-free pro-
duction, conservation of valuable natural raw materials, and its
"universality," characterized by the ability to use various waste
types and non-metallic minerals as active components of the
binder. Additionally, no carbon dioxide or dust is emitted into
the atmosphere, as is the case with Portland cement production
[13].

At several cement plants, technological process violations
result in the formation of unconditioned Portland cement
clinker (UPC), which is either stockpiled or partially added to
the cement grinding mill to produce Portland cement with
lower strength characteristics. This cement is distributed to
consumers for the production of mortars and concretes with
low physical and mechanical properties [18]. The formation of
unconditioned clinker is caused by the variability in the chem-
ical and mineralogical composition of raw materials for clinker
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MOKa3aTeJSIMHK 110 IPOYHOCTH U OTITYCKAEMOTO MOTPEOUTEIISIM
JUTS TIPOU3BOJICTBA PACTBOPOB U OCTOHOB C HEBBICOKUMH (HU-
3UKO-MeXxaHuueckumu mnokasareiasiMu [18]. ITlomyuenue He-
KOH/IMITUOHHOTO KIMHKEpa OOYCIIOBICHO HEMOCTOSHCTBOM
XUMHUKO-MUHEPATOTHUYECKOr0 COCTaBa MCXOJHBIX ChIPbEBBIX
MaTEepUaJIoB JUIsl MOITYYEHUs KIMHKEpa He TOJIBKO B Mpeenax
OJIHOT'O MECTOPOXKJIEHUS, HO U B Ipejenax oHou naptuu [19-
21].

B macrosmmeit paboTe mpoBeneHa OIEHKAa IPUTOIHOCTH
MPUMEHEHHUs OTXO0I0B mpoMbinuieHHOCTH PK: 301mb1, momeH-
HOTO TPaHYJIMPOBAHHOTO IIJIaKa, a TAKXKe HEKOHIUIIMOHHOTO
MOPTIAHAIIEMEHTHOTO KJIMHKEpPAa B KadeCTBE KOMITOHEHTOB
MIPH MOJTYYSHUH [IEMEHTOB HU3KOM BOJOMOTPEOHOCTH.

MaTepnamﬂ M METOAbI HCCJIeT0OBAHUIA

Jnst uccnenoBanus Bo3moxHocty nonydenus LIHB ¢ uc-
M0JIb30BaHUEM OTXO0JI0B IpoMbIluieHHOCTH Pecryonmuku Ka-
3aXCTaH UCIIOJIb30BAIM NopTiIaHAueMeHTHBIH KinHkep (TTLK)
npousBoactBa TOO «byxTapMHMHCKas LEMEHTHas KOMIIa-
HUs», 30714 (30s1a-yHoca) TOO «¥Ycrb-Kamenoropckoit TOL»,
JIOMEHHBIN TpaHymupoBaHHE muak AO «Qarmety, THIICO-
Boi kameHb TOO «Kuay¢ I'mnc Tapas» (YaskeH-Bypynra-
YCKOE MECTOPOXK/ICHHE), XUMHUUECKHUI COCTaB KOTOPBIX Mpes-
crapiieH B Tabnuie 1. MuHepanorudeckuii cocTaB MOPTJIaH/I-
IIEMEHTHOTO KIIMHKEpa MpeAcTaBiieH B Ta0uIe 2.

production, not only within one deposit but also within a single
batch [19-21].

This study evaluates the feasibility of using industrial
waste from RK, including fly ash, granulated blast furnace
slag, and unconditioned Portland cement clinker, as compo-
nents for the production of low-water-demand cements.

Materials and Methods

To explore the feasibility of producing low-water-demand
cements (LWDC) using industrial waste from the Republic of
Kazakhstan, the following materials were used: Portland ce-
ment clinker (PCC) produced by LLP "Bukhtarma Cement
Company," fly ash (fly ash residue) from LLP "Ust-Kameno-
gorsk CHP," granulated blast furnace slag from JSC "Qarmet,"
and gypsum stone from LLP "Knauf Gypsum Taraz" (Ulken-
Burultau deposit). Their chemical compositions are presented
in Table 1, and the mineralogical composition of the Portland
cement clinker is shown in Table 2.

TABJIAIA 1 YCPETHEHHBIA XUMHUYECKHU COCTAB CBIPLEBBIX MATEPHAJIOB JIJIS

MOJIYYEHMS IIHB, mac. %.

Table 1 Average Chemical Composition of Raw Materials for LWDC Production, wt. %.

Marepuan

Material Si0:

AlO3 Fe203

CaO MgO SOs K20 Na:O LOI

ITopTiianaieMeHTHBIN KIMHKEP

Portland cement clinker 20,10

4,80 5,23

65,11 1,30 0,85 0,87 0,52 0,17

Hexonmurmonnsrit [TIK
Unconditioned Portland cement
clinker

21,02 5,37 4,29

64,58 1,31 0,55 0,89 0,54 0,56

I'uncoBeIii KAMEHB

Gypsum stone 4,36

0,63 0,38

31,06 2,69 36,33 . . 23,1

3oma

Fly ash 62,66

17,71 5,87

3,02 2,65 0,59 0,91 1,07 0,06

JloMeHHBI! TpaHyIupOBaHHBIN
LTk
Granulated blast furnace slag

35,31 14,86 0,21

38,67 10,01 0,31 . . 0,22

TABJIMIIA 2 MUHEPAJIOTHYECKHAA COCTAB MOPTJAHJAIEMEHTHOI'O KJIMHKEPA
TOO «byxTapMuHCKAasi leMeHTHAS KOMIIAHUS
Table 2 Mineralogical Composition of Portland Cement Clinker from LLP "Bukhtarma Cement Company."

Buj nopTiiaHIIeMeHTHOr0 KIIMHKepa Coaep:kanne 0CHOBHBIX MHHEPAJIOB, B Mac. %

Type of Portland Cement Clinker CsS C2S CiA C4AF
OO6sbransIit (ITLK)
Standard (PCC) 70,31 14,43 3,85 15,90
Hexonauumonnstit (HITLK)
Unconditioned (UPCC) 60,75 4,58 6,95 13,04

AHanu3 mapaMeTpoB COCTOSHUS M TpaHyJIOMETpHUeE-
CKOT'0 COCTaBa 30JI0MIIAKOBOI CMeCH, 00pa3yeMOoi IPH CHKH-
rauuu kameHHoro yria Kapa-’Kupa, nokassiBaer, 4To co-
CTaB 30JbI IPEACTaBICH MPEHUMYIIECTBEHHO MEJIKUMH Ya-
ctunamu, pasmepoM 0,14 MM U MeHbIIIe, U OHAa XapaKTepH-
3yeTCsl 3HAYMTEIIBHOM MyCTOTHOCTHIO (TA0I. 3).

Analysis of the condition parameters and granulometric
composition of the fly ash and slag mixture, formed during
the combustion of Kara-Zhyra coal, indicates that the ash is
predominantly composed of fine particles, measuring 0.14
mm or smaller, and is characterized by significant porosity
(Table 3).
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Ta6auna 3. MAPAMETPBI COCTOSIHUSI U TPAHYJIOMETPUUECKHUI COCTAB

30JI0LJIAKOBO CMECH

Table 3. Condition Parameters and Granulometric Composition of the Fly Ash and Slag Mixture.

HaumeHoBaHMe moKa3aTeel dakTHYeCKUEe BeJJHNYMHBI OKa3aTelel
Name of Indicators Actual Values of Indicators

VlcTHHHAS IIOTHOCTB, T/CM> 21
True Density, g/cm? ’
V nenbHas MOBEPXHOCTh, CM2/T 1280
Specific Surface Area, cm*/g
HacpInHas I0THOCTb, T/cM> 0.76
Bulk Density, g/cm? ’
ITyctoTHOCTSB, %
Porosity, % 63,8
Ionusre ocratky, B %, Ha cUTax (MM)
Total Residues, %, on Sieves (mm)
20 -
10 -
5 -
2,5 -
1,25 0,2
0,63 0,6
0,315 2,2
0,14 83,8
menee 0,14 13,2
Ocrarok Ha cute Ne 008 5.6%
Residue on Sieve No. 008 i )
Monyib KpymHOCTH 0.91
Fineness Modulus i

I'uncoselil kamens 11 copta Yineken-bypynrayckoro me-
cropoxnaerus ¢ppakunu 0-30 MM, BBOAHMIH B KoJ4decTse 2,1
% B mepecuere Ha SOs.

B kauectBe MOBEPXHOCTHO-AKTUBHBIX BECHICCTB IPHUMC-
Hsutuch cynepruiactudukaropsl @OPT VII-2M u [uocun,
IMPOU3BOAUMBIC Ha OCHOBC MO[ll/lq)I/ILII/IpOBaHH])IX IMOJIMKap-
OokcunaroB ortedecTBeHHOW Kommanueit OO0 «DOPTy.
KonmuectBo cymnepriacTu(ukaropoB BappbUpOBAJIOCH OT 1
110 4 % OT Macchl BSXKYILETO.

JIii HEKOHIMIMOHHOTO KIIMHKEPAa XapaKTEpHO MOBBI-
IIEHHOE COJEpXKAHNE [BYXKAJIbIIMEBOTO CHJIMKATA, YTO
JIOJDKHO TIPUBOAXT K CHIKEHHIO CKOPOCTH Habopa IMPOYHO-
CTH IIEMEHTa Ha OCHOBE TAKOTO KIMHKEPA B PAaHHHE CPOKH
TBepaeHus — 1- 3 cyrok TBepaeHus. Cremyer Mpeamnono-
KHUThb, YTO TOHKOE HM3MEJIbYEHHE KOMIIOHEHTOB BSIKYIIETO
JIOJDKHO YCKOPHTB MPOLIECC UX TBEPICHUS, YTO XapaKTePHO
npu nonydenuu [{HB.

AHanu3 XMMHYECKOTO COCTaBa 30Jbl MOKa3ajl, 4TO OT-
XOJpl UMEIOT IIOTEHU Al 1)1 IpUMeHeHus B cocrase [[HB
Onarogapst BBICOKOMY cozepkanuio okcuaioB SiO2 u ALOs.
[Tymonanuyeckast akTHBHOCTD 30JIBI ITO KOJIMYECTBY MOTJIO-
menHoro CaO W3 HACBIIICHHOTO pacTBOpa THIPOKCHAA
kaneuyst mo 'OCT 25592-2019 - 35 mr CaO/r 301151, 4TO CO-
OTBETCTBYET AKTUBHBIM MHWHCPAJIbHBIM }106aBKaM CO Cpea-
HUMHU NYIIOJIAHNYCCKUMU CBOMCTBaMH.

JloMenHslii rpanynupoBaHHbld mmak (IO AO
«Qarmet» - cpimyunii Matepuan ceporo nsera. CpeqHuid Mo-
nynb ocHoBHoctu [T cocraBasier 0,96, uTo COOTBET-
CTBYET IIIaKy KHCIIOMY, OJM3KOMY K HeHTpanbHOMY. [lna-
1a30H BO3MOXHOTO KoJieOaHUs 3HAYSHUH MOy OCHOBHO-
ctu ot 0,90 mo 0,98. Koadpdumment xauecta nmpu MgO
>10% cocrasnsier 1,8. Ilo 3TOMy moKa3arento B COOTBET-
ctBun ¢ [OCT 3476 nmak oTHOCHTCS K 1 COPTY M COOTBET-
ctByeT TpeboBanusM EN 197-1. Ilpu OpIcTpOM OXITaXICHIH
IIJJAKOBOTO  pacljaBa B IIPOLECCE €ro TpaHyISIIHU
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Grade II gypsum stone from the Ulken-Burultau deposit
(0-30 mm fraction) was introduced in an amount of 2.1% re-
calculated to SOs content.

The surfactants used were superplasticizers FORT UP-
2M and Diosil, produced by the domestic company LLC
"FORT" based on modified polycarboxylates. The super-
plasticizer dosage ranged from 1% to 4% by the binder mass.

Unconditioned clinker is characterized by an increased
content of dicalcium silicate, which is expected to reduce the
early strength gain (1-3 days of curing) of cement based on
such clinker. It can be assumed that fine grinding of the
binder components should accelerate their hardening pro-
cess, as is typical for LWDC production.

The analysis of the chemical composition of ash showed
that the waste has a potential for use in CNF composition due
to the high content of oxides SiO2 and Al.Os. Pozzolanic ac-
tivity of ash by the amount of absorbed CaO from saturated
solution of calcium hydroxide according to GOST 25592-
2019 is 35 mg CaO/g ash, which corresponds to active min-
eral additives with medium pozzolanic properties.

Granulated Blast Furnace Slag (GBFS) from JSC
"Qarmet" is a loose gray-colored material. The average ba-
sicity modulus of the GBFS is 0.96, which classifies it as an
acidic slag, close to neutral. The possible range of basicity
modulus values varies from 0.90 to 0.98. The quality coeffi-
cient, at MgO >10%, is 1.8. According to this indicator and
in compliance with GOST 3476, the slag belongs to Grade 1
and meets the requirements of EN 197-1. During the rapid
cooling of the slag melt in the granulation process, the glass
phase content reaches 65-97% (see Fig. 1). Thus, based on
its chemical composition and studied microstructure, GBFS
is classified as slag with excellent hydraulic properties.
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coziepkanue creknodaspl pocruraer 65-97% (puc. 1). Ta-
KM 00pa3oM, M0 XUMHUECKOMY COCTAaBY M HCCIEIyeMOM
mukpoctpykrype AT oTHOCHTCS K IHITIaKy ¢ XOPOLIMMH
THIPABIMYCCKHUMH CBOHCTBAMH.

PUCYHOK 1
MHUKPODPOTOI'PAOUN

BAHHOI'O HIJIAKA
AO «Qarmet».

JOMEHHOI'O TI'PAHYJINPO-

Figure 1

Microphotographs of Granulated Blast Furnace Slag from JSC
"Qarmet".

VcxonHbie ChIpbeBbIE MaTEepPHAIBI (3011a, TOMEHHBIH Ipa-
HYJMPOBAaHHBIN IIIAK) MPEIBAPUTENBHO CYIIMINCh B Cy-
mnbHOM mikady. s nomyuenns LIHB noprianmiement-
HBIA KJIMHKEpP — OOBIYHBIA U HEKOHAUIIHOHHBIN, TUIICOBBIN
KaMeHb CHaJaja IoABEPTraluch ApOOJICHHUIO, 3aTEM U3MENb-
YaJHCh COBMECTHO C 30JI0H MO0 ¢ TOMEHHBIM I'paHyJIUpPO-
BaHHBIM IIUIAKOM B JJa0OPaTOPHOM JIByXKaMepHOW BUOpaIy-
OHHOM MenbHMLIE Nepuogudeckoro aeiicteusa tuna CBY-2
npousBoacTBa Ycrb-Kamenoropckoit xommanun TOO
«BUBPOMAII YK» konctpykunu Kosmka A.B. (puc. 2),
JI0 JOCTIIKEHMs yIenbHOW moBepxHocTH He MeHee 4500
CM?/T B 3aBUCUIMOCTH OT cocTaBa meMeHTa. 3oy u AT’ BBo-
i B konmmaectse 30-70% oT mMaccsl KiMHKepa. B cocrase
ITHB 6e3 namomuuteneir ucnons3zoBanue HITLK cocras-
ssu1o ot 0 10 50 %. Conmeprxanne HITLK B coctae [IHB-30,
I[IHB-50 u [ITHB-70 ¢ HamoxHUTEIIMH (30712 100 JOMEH-
HBI TpaHyJIMPOBaHHBIN IUTaK) BapbUPOBaIOCh OT 9% 1o
35%. KonnuectBo cynepruiactTudukaropa, peKOMEHIOBaH-
HOEe Ipou3BoaUTENEeM — B Ipenenax 1-4%.

B ucnons3yeMoM NOMOJBHOM arperaTte MeXaHHYeCKUe
BO3/ICHCTBYSI HA N3MENTbUACMBIH MaTepHal - yiap U HCTHPa-
Hue. Kopryc ycraHoBIIeH Ha psii BEPTUKAIBHBIX CIIHPAb-
HBIX TIPY’KHH, PacIliojIOXKEHHBIX 110 rnepumerpy Oapabana u
MOCaKCHHBIX Ha IITHIPH, 3aKPEIUICHHBIE Ha paMe MEJTbHHIIBI.
CozganHas TakuM 00pa3oM W3 MPYXKUH YIpyTras CHCTeMa
obecmieunBaeT cB0OO Iy KoJeOaHMs KOpIIyca U IPEnsTCTBYET
nepenade BHOpAlMM OCHOBAaHMIO YCTaHOBKH. MemOMMMHU
TEJIAMH CITy’KaT CTalIbHbIC POIHKH.

PUCYHOK 2

BUBPOMEJIbHUIIA CBY-2

Figure 1

Vibratory Mill UVS-2

The raw materials (fly ash and granulated blast furnace
slag) were pre-dried in a drying oven. For the production of
LWDC, Portland cement clinker—both standard and uncon-
ditioned—and gypsum stone were first crushed, then ground
together with fly ash or granulated blast furnace slag in a
two-chamber laboratory vibratory mill of periodic action,
model SVU-2, manufactured by the Ust-Kamenogorsk com-
pany LLP "VIBROMASH UK," designed by A.V. Kovshik
(see Fig. 2). The grinding was carried out until a specific sur-
face area of at least 4500 cm?/g was achieved, depending on
the cement composition. Fly ash and GBFS were added in
quantities ranging from 30% to 70% of the clinker mass. In
LWDC compositions without fillers, the proportion of un-
conditioned clinker (UPC) ranged from 0% to 50%. In
LWDC compositions with fillers (fly ash or granulated blast
furnace slag), designated as LWDC-30, LWDC-50, and
LWDC-70, the content of UPC varied from 9% to 35%. The
recommended amount of superplasticizer, as advised by the
manufacturer, ranged between 1% and 4%.

The grinding equipment employed applied mechanical
impacts to the materials being ground—through both impact
and abrasion. The mill body was mounted on a series of ver-
tical spiral springs arranged around the drum's perimeter and
seated on studs fixed to the mill frame. This spring system
created an elastic suspension that allowed the mill body to
oscillate freely while preventing vibrations from being trans-
mitted to the installation's base. Steel rollers were used as
grinding media.
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Crenens mucnepcHoctu LIHB orenuBanu MeTo oM BO3-
JyXOTIDOHHMIIAEMOCTH Hepe3 CJIOW Marepuasia Ha mpudope
IICX-10A.

W3 BSOKYIMX pa3iMuHOM CTETeHH JUCIEPCHOCTH HM3r0-
TaBJIMBAIIMCH Y UCTBITHIBAINCH 00pa3Lbl INIACTUYHOTO QOp-
MOBaHUs pasmepoM 2x2x2 cMm nmo meroxy LTHUIIC-2, npu
HOopMasbHOM rycrore 0,27-0,31.

s ompeneneHusl MPOYHOCTH U3TOTABIUBAIHCH 12 00-
pa3moB (nBe cepuu o 6 06pasnos). [leprre 20 wacos mocie
W3TOTOBJICHHSI BCE OOpasIbl TBEPACTH B IIOMELICHUH IPH
temneparype 20+2°C ¥ OTHOCHTEIHHOI BIaKHOCTH BO3-
nyxa 95-100%. 3atem oxny hopmy (1ectb 00pas3IoB) mome-
1AM B IPOMApPOYHYI0 KaMepy U MOJABEpranu ee 6-u 9aco-
BOMY MPOIPEBY HaJl KUITSIICH BOIOM, ITOCIIE Yero o0pasisl 1
yac octeiBany. [locne aToro nBe cepuu 00pas3IoB UCTIBITHI-
BaJIM Ha UCIBITATEJILHON MalllMHEe Ha MPOYHOCTh IPH CHKa-
UK. J{11s KaXk1oi cepun BBIYMCISUTN CPEHUM Ipesielt Mpod-
HOCTH TIpH CXKaTHH, ONpeAessuii KodhduuneHt 3¢hexTus-
HOCTH TIpONIapHBaHMs [IEMEHTA, a 3aTeM I10 rpaduKy Haxo-
I epexoaHoi koag¢unuenT K oT pe3ynapTaToB ycko-
PEHHOTO ONpENENICHNs] aKTUBHOCTH IIEMEHTA K PE3YIbTaTaM
CTaHIAPTHBIX 28- CyTOYHBIX HCITBITAHHH.

Jlnst mombopa konmmuecTBa miacTudukaTopa u ero BIus-
HUsI Ha TIPOLIECC TOMOJIa 307161 OBUTH MTPOBECHBI HCCIIEI0BA-
HUS 110 OIPEAETICHUIO €€ pa3MOoI0CIOCOOHOCTH.

Pe3y.11 bTAaTbl U 06cy>l<11 CHHUE

Ha pucynke 3 npeacTraBieHbl KHHETUYECKUE KPUBBIE TO-
MoJia TIOPTIAH/IIEMEHTHOTO KIMHKEpa, 30JIbl, 30JIbI U IjIa-
cruukaropo (POPT YII-2M u Auocun).

PUCYHOK 3
KPHUBBIE PA3MOJIOCIIOCOBHOCTHA
MATEPHAJIOB JJIs1 THB .
E: L
g
. ;‘1 &y
Figure 3 E
£
Grindability Curves of Materials for LWDC B

Spealic Surface Area, em'f

AHanmu3 pe3ynbTaToOB OINPEIEIICHUS Pa3MOIOCIOCOOHO-
cty KomnoHeHToB Uit IIHB mokaseiBaer, 4To BUI KPUBBIX
HUIACHTUYCH, IPOABJIACTCA JIMIOb PA3JIN4YueC B Pa3MOJIOCIIO-
COOHOCTH: pa3MaJIbIBaHHE 30116l IPOUCXOIUT OoJtee dddek-
THBHO, 4yeM pa3MaJibIBaHUE MOPTIaHALUCMECHTHOT' O
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The dispersion degree of LWDC was assessed using the
air permeability method on a PSKh-10A device. Samples of
plastic molding measuring 2x2x2 cm were prepared and
tested from binders with varying degrees of dispersion, fol-
lowing the TSNIIPS-2 method, with a normal consistency of
0.27-0.31.

To determine strength, 12 samples (two series of six sam-
ples each) were fabricated. For the first 20 hours after prep-
aration, all samples were cured in a room at a temperature of
20+2°C and a relative humidity of 95-100%. Subsequently,
one mold (six samples) was placed in a steaming chamber
and subjected to six hours of heating above boiling water,
after which the samples were cooled for one hour. Afterward,
the two series of samples were tested on a testing machine
for compressive strength. For each series, the average com-
pressive strength was calculated, the cement steaming effi-
ciency coefficient was determined, and a transition coeffi-
cient, K, was identified from the graph to correlate acceler-
ated cement activity determination results with standard 28-
day testing results.

To optimize the superplasticizer dosage and evaluate its
effect on fly ash grinding, studies were conducted to deter-
mine its grindability.

Results and Discussion

Figure 3 illustrates the kinetic grinding curves of Portland
cement clinker, fly ash, and fly ash with superplasticizers
(FORT UP-2M and Diosil).

Diagram A
Grindability of Fly Ash with the Superplasticizer
DIOSIL
i Fiy Ay
-~ Flp A o 1% RIDEL
- / Fhg fdn & 25 LIDAIL
Fhy sl b 5% IS4
~
Ciher
2 n 0 3
Gﬂlllh'@ Time, Minaies
Diagram
Grindability of Fly Ash with the Superplasticizer B
FORT Un-2M
Fiytah
= Fiy Aok & 1% FORTUP-2M
/ By Ak + 2% FORTUP-IM
p 4 Fiv Bl o &% FERTURIM
Ve Cinter
] 0 &0 bl

Grindirg Time, Minutes

The analysis of the grindability results for LWDC com-
ponents shows that the shape of the curves is identical, with
only differences in grindability observed: the grinding of fly
ash is more efficient than that of Portland cement clinker.
The addition of superplasticizers slightly reduces the
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kiauHKepa. [Ipu nobaBneHun miacTu(UKaToOpoB pa3mMolioc-
MOCOOHOCTH 30JIbl HE3HAYMTENIFHO CHMXaeTcs. Bo3MokHO,
9TOT 3 eKT CBsI3aH ¢ TeM, YTO IPHU MOMOJIE B BUOPALIMOH-
HOW MEIbHULE IPOUCXOIUT pa3orpes Marepuana o 70 °C,
YTO NMPHUBOAUT K Pa3MATYECHUIO CylepruiacTuduKaropa Ha
MOJMKAapOOKCHIIATHON OCHOBE M, BCJICICTBHE ITOTO, K arpe-
ranuy YacTHUIl 30JIbl, 4YTO 3arpynHseT nomoi. CpaBHeHHe
Pa3MoIOCIOCOOHOCTH 30iIbI B MIPUCYTCTBUM CYIEPIIIACTH-
¢ukaropa /lmocnin MOKa3bIBaCT JIydIINE PE3YNbTAThl, B OT-
Iugue OT momoia ¢ cymepiuiactudukaropom ®OPT VII-
2M: cokpalnaercsi BpeMs IOMOJa U, COOTBETCTBECHHO, YHEP-
TeTUYECKHE 3aTPpaThl IPU OJUHAKOBOM TOHKOCTH momona. B
nanpHedeM s nonydeHuss [IHB ucnons3oBanu cynep-
ractudukarop JAuocu.

3amena B coctaBe LIHB100 xnnHKepa Ha HEKOHAUIIUOH-
HBI KnuHKep 10 50% mokas3bIBaeT 3aMeAIeHHe MPOLECCOB
TBEpACHUS IEMEHTa B 1-7 CYTKM M YMEHBIIEHHE TPOYHOCTH
B 28 cyTok TBepaeHus B cpenHeM Ha 20-30% (puc. 4). Bepo-
ATHOHM MPUYNHOH 3TOro 3¢h(heKTa ABIAETCS YMEHBIICHNE CO-
Jep>kaHus KoiudecTBa ocHoBHoro muHepana IIIK - CsS,
WJIN UMEIOTCS IEPEKTHI CTPYKTYPBI, UTO 3aMEAJISIET THAPA-
Taruio u oOpa3oBaHWe MPOYHBIX TruapaTHBX (a3 (CSH-
rens). Ciaeayer OTMETUTh, YTO HAUOOIBIINHA TPUPOCT MPOU-
HOCTH THUAPATHOTO KaMHsI JUISl BCEX BSDKYIIMX MPOHCXOIUT
MeXIy 7 1 28 cyTKaMu TBEpACHUS.

PUCYHOK 4

BJIUSIHUE KOJMWYECTBA HIIOK HA
MNPOYHOCTbH IIHB-100
(yresibHas noBepxHocTh 4500-4600 cm?/r)

Figure 4

Effect of the Amount of Unconditioned Portland
Cement Clinker (UPC) on the Strength of
LWDC-100

(Specific Surface Area 4500-4600 cm?/g).

PesynbraTh! ncciefoBaHMIA IO BIUSHAIO BUAA H KOJTMYC-
CTBa BBEICHHOTO HAIOJIHUTENSA Ha HAOOp MPOYHOCTH U Ma-
pounytro npouHocTe coctaBoB ¢ IIIK, ¢ comepxanuem
HIIIK B xomuuectse 30, 40 u 50%, npu 3amMecax ¢ HOpMaJIb-
HOM TycToTo# 27-31% mokazano B Tabnmiax 4-7.

AHanmm3 MOJy4YeHHBIX JaHHBIX [TOKa3bIBAET, YTO UCIIOJNIb-
30BaHUC 30JIbI KaK HAIOJHUTEINS IOJIOKUTEILHO BO3CH-
CTBYET Ha pasMajibIBACMOCTH BSDKYHIUX, COKpallasd BpEMs
moMosia Bsokyiero. [1ojoxuTenbHOe BIUSHUE 30761 00Y-
CJIOBJIEHO €€ BBICOKON MCXOAHOM JUCIIEPCHOCTBIO.

IemeHTBI ¢ MOOaBKOW NUIAKa Pa3MalbIBAIOTCS XYXKE 3a
CYEeT €ro TBePAOCTH: IS TOCTUKEHUS TPeOyeMOil TOHKOCTH
MOMOJIa BSDKYIIMX ¢ J00AaBKOHW mIaka HeoOXxomuMm Ooee
MIPOAOIDKUTEBHEIN ToMOJ. BomomoTpeOHOCTE ¢ cymeprnia-
CTH(QHUKATOPOM 3aKOHOMEPHO YMEHBINACTCS, HO Pa3Indne B
M3MEHEHHHU 3Toro nokasarens ans LIHB ¢ pasapiMu Hamon-
HUTEISIMH U BHUIOM HCIIOIB3yEMOT0 KIIFHKEepa BO3pacTaeT.

ITpu 3amene T11IK Ha HEKOHIWLMOHHBIN KIUHKEDP B KO-
nudectBe 30% MpOYHOCTH IEMEHTOB yMEHbIINIAch Ha 15%,
Ha 40% - Ha 27%, Ha 50% - CHUWXXEHHE MPOYHOCTH COCTa-
BuJio 38%.

g
i’_
i
S

grindability of fly ash. This effect may be due to the heating
of the material up to 70°C during grinding in the vibratory
mill, leading to the softening of the polycarboxylate-based
superplasticizer and, as a result, the aggregation of fly ash
particles, which complicates the grinding process. A compar-
ison of fly ash grindability in the presence of the superplas-
ticizer Diosil shows better results compared to grinding with
the superplasticizer FORT UP-2M: grinding time is reduced,
and energy costs are lowered at the same level of grinding
fineness. Consequently, the superplasticizer Diosil was used
for further LWDC production.

Replacing up to 50% of clinker in the LWDC100 compo-
sition with unconditioned clinker results in a slowdown of
cement hardening processes during the first 1-7 days and a
reduction in strength at 28 days of hardening by an average
of 20-30% (see Fig. 4). This effect is likely caused by a de-
crease in the content of the primary mineral in PCC—C;S—
or structural defects that slow down hydration and the for-
mation of strong hydrated phases (CSH gel). It should be
noted that the greatest increase in the strength of the hydrated
stone for all binders occurs between 7 and 28 days of hard-
ening.

Auarparnaa
BAmAMKE KONHMECTES HEKOHAMLMOHHOMD KNMMKEDE HA NpoYkccTs LHB-100
[nps yaensHcA noaepxHecTy 4500-4600 cm?r)

Cpos 10epREN

143 1] B Ty
FER: 14 114 08

The results of studies on the effect of the type and amount
of added filler on the strength development and grade
strength of compositions with PCC, containing 30%, 40%,
and 50% of unconditioned Portland cement clinker (UPC),
with normal consistency ranging from 27% to 31%, are pre-
sented in Tables 4-7.

The analysis of the obtained data indicates that using fly
ash as a filler positively affects the grindability of binders,
reducing the grinding time. This positive influence of fly ash
is attributed to its high initial dispersion. Cements with slag
additives exhibit lower grindability due to the hardness of the
slag: achieving the required fineness of binders with slag ad-
ditives necessitates prolonged grinding. Water demand with
a superplasticizer consistently decreases, but the variation in
this parameter for LWDC with different fillers and types of
clinker increases.

Replacing PCC with unconditioned clinker (UPC) at 30%
resulted in a 15% reduction in cement strength, at 40% - a
27% reduction, and at 50% - a 38% reduction in strength.
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Tadanua 4. PUSUKO-MEXAHUYECKUE ITOKA3ATEJIN IHB, IOJTYYEHHBIE HA OBBIYHOM MK
Table 4. Physical and Mechanical Properties of LWDC Obtained Using Standard PCC

HopmasnbHas m?;ie'];:';‘::h IpounocTs npu cxxatun, MIIa, nociie TBepaeHus],
CocraBbl rycrora, % cpM2 I i . CYTKH .
Compositions Normal Consistency, . Compressive Strength, MPa, After Hardening (Days)
% Specific Surface
Area, cm?/g 1 3 7 28
IIHB 70 (301a)
LWDC 70 (Fly ash) 27 4525 12,1 253 43,5 60,7
LIHB 50 (30ma)
WDC 50 (Fly ash) 31 4894 8.1 15,2 30,4 53,5
IIHB 30 (3011a)
LWDC 30 (Fly ash) 28 5218 57 10,1 203 45.4
HHB70 (A1)
LWDC 70 (GBFS) 27 4611 14,2 29,6 53,2 62,4
L(HB50 (L)
LWDC 50 (GBFS) 27 4513 10,4 19,5 48,9 67.2
1[HB30 (L)
LWDC 30 (GBFS) 29 5508 7.9 13,9 38,0 64,1

Tadanua 5. PU3UKO-MEXAHNYECKHUE ITIOKA3ATEJIN ITHB, IOJTYYEHHBIE ITPU JIOGABJIEHHUHU 50%
HEKOHAULIUOHHOI'O KJIMHKEPA
Table S. Physical and Mechanical Properties of LWDC Obtained with the Addition of 50% Unconditioned Clinker

HopmanbHas Yneannas IpounocTs npu cxxatun, MIla, nocsie TBepaeHus,
CocraBbl rycrora, % HOBecpl\::;:cn” . CYTKH )
Compositions Normal Consistency, . Compressive Strength, MPa, After Hardening (Days)
% Specific Surface
Area, cm?/g 1 3 7 28
IIHB 70 (3011a)
LWDC 70 (Fly ash) 27 4682 10,1 20,3 38,4 50,6
IIHB 50 (301a)
WDC 50 (Fly ash) 31 5051 6.8 12,2 253 40,5
IIHB 30 (30:112)
LWDC 30 (Fly ash) 27 5630 4,6 8,1 15,2 32,6
HHB70 (A1)
LWDC 70 (GBFS) 30 4504 1.8 238 44,9 59,2
[IHBS50 (')
LWDC 50 (GBES) 30 4871 8,7 15,6 38,4 61,8
LIHB30 (JITLL)
LWDC 30 (GBFS) 27 5210 6.3 11,2 27,2 54,9

Taoauna 6. PUINKO-MEXAHUYECKHUE I[IOKA3ATEJIN IHB, IIOJTYYEHHBIE ITPU TOBABJIEHUHU 40%
HEKOHIANIIMOHHOI'O KJIMHKEPA
Table 6. Physical and Mechanical Properties of LWDC Obtained with the Addition of 40% Unconditioned Clinker

HopmasnbHas Ynenrnast IpounocTs npu cxxatun, MIIa, nociie TBepaeHHs],
CocraBbl rycrora, % noneple/locn,, ) CYTKH .
Compositions Normal Consistency, G Compressive Strength, MPa, After Hardening (Days)
o, Specific Surface
° Area, cm*/g 1 3 7 28
IIHB 70 (3011a)
LWDC 70 (Fly ash) 28 4821 10,1 223 38,4 55,6
IIHB 50 (301a)
WDC 50 (Fly ash) 29 4921 7.9 15,2 283 473
IIHB 30 (30:112)
LWDC 30 (Fly ash) 31 5781 5,7 10,1 20,2 34,7
{HB70 (ATLL)
LWDC 70 (GBFS) 29 4609 11,8 26,1 44,9 64,9
[IHBS50 (')
LWDC 50 (GBES) 29 4518 10,1 19,5 36,2 62,2
LIHB30 (Ar'L)
LWDC 30 (GBFS) 31 5228 7.9 13,9 31,9 58.8
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Tadauna 7. PUSNUKO-MEXAHUYECKHUE IIOKA3ATEJIN IHB, IIOJTYYEHHBIE ITPU TOBABJIEHHHA 30%

HEKOHIANIIMOHHOI'O KJIMHKEPA

Table 7. Physical and Mechanical Properties of LWDC Obtained with the Addition of 30% Unconditioned Clinker

HopmaabHas m?;iei;lng MpounocTs npu ckatun, MIla, mociie TBepeHns,
CocraBbl rycrora, % cpMZ I i . CYTKH .
Compositions Normal Consistency, . Compressive Strength, MPa, After Hardening (Days)
% Specific Surface
Area, cm?/g 1 3 7 28
IIHB 70 (30m1a)
LWDC 70 (Fly ash) 31 4570 13,7 31,9 45,5 63,7
ITHB 50 (3011a)
WDC 50 (Fly ash) 29 4912 11,0 228 31,9 52,5
IIHB 30 (30:112)
LWDC 30 (Fly ash) 31 5416 7.9 14,7 24,5 39,3
LIHB70 (I
LWDC 70 (GBFS) 29 4632 16,0 373 53,3 71,6
1IHB50 (JITLT)
LWDC 50 (GBFS) 30 4754 14,1 29,1 40,8 66,3
1IHB30 (JI[11I)
LWDC 30 (GBFS) 30 5181 10,8 20,3 33,9 62,3

Ha ocHOBaHMM NpPOBEIAEHHBIX MCCIEIOBaHMWN YCTAHOB-
JICHO, YTO HMCIIOJIE30BaHHE 30JTBI (30JIBI-YHOCA) U JOMEHHOTO
TPaHyJIMPOBAHHOTO IIJaKa OKa3bIBACT 3HAYUTENBHOE BIIHA-
HHUE Ha IPOYHOCTHBIC XaPAKTEPUCTUKU LIEMEHTHBIX MaTEPH-
anoB. Onenka ux 3pQeKTHBHOCTH OBbIIa BBIOJHEHA C yué-
TOM HX ITyLLOJAaHUYECKON U TMIPaBINYECKON aKTUBHOCTH,
a TaKkKe CTPYKTYPHBIX U (a30BbIX OCOOCHHOCTEH.

3os1a-yHOCa XapaKTepH3YeTCsl BBHICOKHUM COZAEp)KaHHUEM
okcunoB kpeMHus SiO: u amromunus Al-Os, 4to onpezaenser
e€ BBICOKYIO ITYLIIOJIAHMYECKYI0 aKTUBHOCTb. DTH KOMIIO-
HEHTBI, HaXOJISICh IPEUMYIIECTBEHHO B amop¢HO# dase,
criocoOHsI B3aumozaerictBoBark ¢ Ca(OH)2, 006pa3ys nomnosn-
HUTENbHbIE BSOKyLIMEe coeauHenus B Buge CSH-reneit, uto
CIOCOOCTBYET YIYyUIICHHIO MEXaHHUECKHX XapaKTCPHCTHK
LIEMEHTA.

3amena 30% KIMHKEpa 30710 IEMOHCTPUPYET yBEJINYe-
HHUe npouHocT Ha 30%, uTo 00yciioBIeHO 3((HEKTHBHBIM
(hopMupoBaHUEM MHUKpPOCTPYKTYphl Marpuisl. [Ipu 3amene
50% xauHKEpa 307101 HAOIIOAaeTCA POCT MPOYHOCTH Ha 15—
31%, 4TO MOATBEPKAAET CIIOCOOHOCTD 30JIbI YACTHYHO KOM-
MIEHCUPOBATh YMEHBILIEHHE co/lepKaHusl KinHKkepa. OHaKko
npu 3amese 70% KIMHKepa 307101 IPOYHOCTh CHUXKAETCS Ha
2—6%, 4TO CBSI3aHO C yMEHBIICHUEM PEAKIIMOHHON CII0CO0-
HOCTH CHCTEMBI H3-32 N30BITKA ITyIIIOJaHUYECKOI0 KOMIIO-
HEHTA.

HawnGomnbmmas 3¢ (eKTHBHOCTh JOCTUTACTCS MIPH 3aMEHE
301l B KommuecTBe 30% AJst COCTaBOB € COOTHOIICHHEM
IMTHK: HITK = 50:50.

[Inak, kak rUpaBINYECKH aKTUBHBIH KOMIIOHEHT, 00J1a-
JlaeT BBICOKUM cojepkaHueM crekinodassl (1o 97%), uro
00yCIaBIIMBACT €ro COCOOHOCTh B3aUMO/ICHCTBOBATH C BO-
JIOM ¥ 00pa30BBIBATh I'MIPATHBIE COEAMHEHUS. DTO CBOWCTBO
0c00eHHO 3()(hEeKTHBHO NPH UCITOIH30BAHUN B KOMITO3UIIH-
OHHBIX IleMeHTax. 3aMmeHa 30% KJIMHKepa IUIaKOM MPHUBO-
JIIT K YBEJINYEHHIO MPOYHOCTH Ha 34—79% 3a cuéT MHTEHCH-
¢ukannu mponeccos ruapatanun. [Ipu 3amene 50% kinuH-
Kepa [IUIaKOM NPOYHOCTH Bo3pacTaeT Ha 44—79%, uro cBs-
3aHO ¢ oOpa3oBaHHeM 0oJiee TUIOTHOM U CTAOMIILHOM CTPYK-
Typbl THAPAaTHOM MaTpuubl. [Ipu yBennyeHUM 3aMEHBI 1O
70% HabI01aeTCs POCT MPOYHOCTU HA 38—66%, XOTSI BBICO-
Kasi JIONs IUIaKa MOXKET 3aMeUIsiTh HaOOp NPOYHOCTH Ha
pPaHHUX CTaIUsX.

The conducted research established that the use of fly ash
(fly ash residue) and granulated blast furnace slag signifi-
cantly impacts the strength characteristics of cementitious
materials. Their effectiveness was evaluated considering
pozzolanic and hydraulic activity as well as structural and
phase features.

Fly ash residue is characterized by a high content of sili-
con dioxide (SiO:) and aluminum oxide (Al-Os), which de-
termines its high pozzolanic activity. These components,
predominantly in an amorphous phase, can react with
Ca(OH): to form additional binding compounds in the form
of CSH gels, improving the mechanical properties of cement.

Replacing 30% of clinker with fly ash demonstrates a
30% strength increase, attributed to the efficient formation
of the matrix microstructure. Replacing 50% of clinker with
fly ash results in a 15-31% strength gain, confirming that fly
ash can partially compensate for the clinker content reduc-
tion. However, replacing 70% of clinker with fly ash causes
a 2-6% strength decrease, attributed to reduced system reac-
tivity due to an excess of the pozzolanic component. The
highest efficiency is achieved with 30% fly ash replacement
in compositions with a PCC:UPC ratio of 50:50.

Slag, as a hydraulically active component, has a high
glass phase content (up to 97%), which facilitates its ability
to interact with water and form hydrate compounds. This
property is particularly effective in composite cements. Re-
placing 30% of clinker with slag leads to a 34—79% strength
increase due to the intensification of hydration processes.
Replacing 50% of clinker with slag increases strength by 44—
79%, attributed to the formation of a denser and more stable
hydrated matrix structure. Increasing the replacement to 70%
results in a 38—66% strength increase, although a high slag
content may slow down early strength development.

Maximum efficiency is observed at 50% slag replace-
ment for compositions with a PCC:UPC ratio of 50:50.
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MakcumanbHasi 3pQeKTHBHOCT OTMEYEHA TP 3aMEHE
50% mnaka juis coctaBoB ¢ cooTHomenuem [THK: HITIK =
50:50.

OO0mme BHIBOABI

BeirosHeHHbIE WCCIEOBAaHMS TOKA3aJIM, YTO OTXOJBI
npoMeinuieHHocTH PecryOnukun Kazaxcran nmeror 3Ha4m-
TEJNBHBIA MOTEHINAN JJIS TIOTYYCeHUST KOMITO3UIIMOHHBIX Iie-
MeHTOB — [{HB ¢ ynydmeHHbIME QH3HKO-MEXaHHISCKIMH
MTOKa3aTeJsIMH, YTO MOBHIMIACT PeCypcocOeperaromune u SKo-
JIOTHYECKHE MTOKAa3aTeIN CTPOUTEIBHON OTpaciy.

Vcnonp30BaHue JOMEHHOTO TPaHYJIHPOBAHHOTO MIIAKa
B KaQUeCTBE HAMOJIHUTEIS 0oj1ee 3 (HEeKTUBHO 0 CPABHEHHUIO
¢ 30J10#, ocobenno mpu nonydenun [[HBS0 u [THB30. 3oma
MOKAa3bIBaET BBICOKYIO 3(()EeKTUBHOCTD NPH YaCTHYHOH 3a-
MeHe KinHKepa - 10 30%, Gmaronaps cBoeil myniojJaHnye-
CKOW aKTUBHOCTH. BBIOOp KOMIIOHEHTOB Ul TOJIyYEHUS
KOMITO3MILIMOHHBIX BSDKYIINX 3aBUCUT OT HPOEKTHBIX TpeOo-
BaHWH K IIEMEHTHOH CHCTEeMe, BKJIIOYasi IPOYHOCTHBIC Xa-
PaKTepUCTHKH, CPOKH TBEPIACHHUS M OSKOJOTHYCCKHE ac-
TIEKTHI.

BaaronapuocTn

Bripakaem OnaromapHOCTh aKKpEIWTOBAaHHOW CTPOU-
TeIbHOW HcmbITaTenbHOl TabopaTopuun TOO «SV Laby 3a
MPEOCTaBICHHYI0 BO3MOXKHOCTD BBIIIOJIHUTH SKCIIEPUMEH-
TaJIbHBIE UCCIIEOBAHNU.
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Conclusions

The conducted research demonstrates that industrial
waste from the Republic of Kazakhstan has significant po-
tential for producing composite cements (LWDC) with en-
hanced physical and mechanical properties, thereby improv-
ing the resource-saving and environmental metrics of the
construction industry.

Using granulated blast furnace slag as a filler proves
more effective compared to fly ash, particularly for produc-
ing LWDCS50 and LWDC30. Fly ash exhibits high efficiency
when partially replacing clinker—up to 30%—due to its poz-
zolanic activity. The selection of components for composite
binders depends on the design requirements for the cement
system, including strength characteristics, curing times, and
environmental considerations.
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