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AHHOTALUS

Tpancnopmuoe cmpoumenbcmao sIsemcst 6adCHOU, HO MAMEPUATOEMKOU OMPACIbIO HAPOOHO20 Xo3sucmea. [lia ycmpoicmea
Cl10€6 OCHOBAHUIL ABMOMODUNILHBIX 00PO2 UCNONLIVIOMCSA NPEUMYUJECGEHHO WeOeHb U3 NIOMHBIX 20PHLIX NOPOO U NECHAHO-2PAGUli-
Hble cmecu, Komopble AGNAIOMCA 0eQUYUMHbIMU MAMEPUAIamu. Anomepuamugoi nPpupoOOHbIM KAMEHHbIM MAMEPUANAM ABTAIOTNC
2PYHMbL, YKPENJieHHble MUHEPATbHLIMU 6AXCYWUMU. /15 YKpEenaeHus 2pYHMOo8 8 MpancnoOpmHOM CIPOUmMeibCmee 8 Kauecmee MuHe-
PANbHO20 BANCYWE20 UCHONLIYEMCS noOpmaanoyemenm. Jonyckaemes makoice UChoNb308anue 0 dMoil yeau KOMHIAEKCHbIX MuHe-
DANbHBIX GAACYWUX C 6MOPUUHLIMU pecypcamu. B Vpano-Ilosondicckom pecuone Kk maxum GMOPULHbIM pecypcam OmHOCAMCs Om-
X00bl MEMANTYPSUHECKOU NPOMBIUUIEHHOCTU — OOMEHHble U KOHeepmopHyle winaku Yenabunckoeo u Maznumo2opckozo memaniyp-
eudeckux komounamos. Taxoice UCnoab3yromes omxoobl XUMUYECKOU NPOMbIULIEHHOCIU — MUHEPATIbHbLI RPOOYKM CO008020 NPOU3-
6o0ocmea AO «Bawxupckas codosas komnanuay. Ha ocnose yxasanuvix eviuie 6moputHuix pecypcos 6viio paspadbomano KOMIIeKc-
HOe MUHEPANbHOE BAACYUjee, U320MABIUBAEMOE NYMEM COBMECNHO20 NOMONA MUHEPATLHO20 NPOOYKIMA CO008020 NPOU3B0OCEA NO-
cne npedsapumenvrozo obocuea npu memnepamype 950°C u winaka 0omenHo2o epanyauposannozo 4ersiounckozo memannypeuye-
cKko20 Kombunama. Pazpabomannoe KOMIIEKCHOE MUHEPATbHOE GAJICYUee XapaKmepusyemcs npouHocmoio na cocamue 22-24 Mlla
6 sozpacme 28 Cymok HOpMAaibHO20 meepoerust, m.e. coomeemcmeyem mapke 22,5 H no FOCT P 70196-2022 u moscem ucnoib3o-
8amMbCsl ONIsl YKPENNeHUs CEAZHBIX U HECBA3HBIX 2PYHINO0G NPU YCIMPOUCIEEe OCHOBANUL A8MOMOOUNILHBIX 00PO2.
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COMPLEX MINERAL BINDERS FOR SOIL STRENGTHENING BASED ON SECONDARY
RESOURCES OF THE CHEMICAL AND METALLURGICAL INDUSTRY
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ABSTRACT

Transportation construction is an important but material-intensive branch of the national economy. For the construction of road
base layers, crushed stone from dense rocks and sand and gravel mixtures are mainly used, which are scarce materials. An alternative
to natural stone materials are soils reinforced with mineral binders. Portland cement is used as a mineral binder to reinforce soils in
transportation construction. It is also allowed to use complex mineral binders with secondary resources for this purpose. In the Urals-
Volga region, such secondary resources include wastes of the metallurgical industry - blast furnace and converter slag from Chelya-
binsk and Magnitogorsk metallurgical plants. Waste from the chemical industry is also used - mineral product from the soda produc-
tion of JSC Bashkir Soda Company. On the basis of the above mentioned secondary resources a complex mineral binder was devel-
oped, produced by joint grinding of mineral product of soda production after preliminary firing at 950°C and granulated blast furnace
slag of Chelyabinsk Metallurgical Plant. The developed complex mineral binder is characterized by compressive strength of 22-24
MPa at the age of 28 days of normal hardening, i.e. it corresponds to 22,5 N grade according to GOST R 70196-2022 and can be
used for strengthening of cohesive and noncohesive soils in the construction of road bases.
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BBEJIEHUE

Pa3BuTHe TpaHCIIOPTHOW CHCTEMBI SIBIISIETCS] BAYKHOM CO-
CTaBJIAIONIe HSKOHOMHYECKOro pocra crpanbl. CoriacHo
TpancnoptHoii crpareruu Poccuiickoit @eneparuu go 2030
roja ¢ IporHo3oM Ha nepuon 1o 2035 roga, yTBep K IeHHOM
pacniopsbxenueM IlpaButensctBa Poccuiickoit ®eneparyu
ot 27 Hos6ps 2021 r. Ne 3363-p, oBbIIIEHNE TPAHCIOPTHOM
JOCTYITHOCTH TEPPUTOpPHUI, CHHXXEHHUE YTIICPOJHOTO Clieaa
OT TPaHCHOPTHOH OTpaciM M BHEAPEHHE KOHKYPEHTOCIO-
COOHBIX TEXHOJOTHH SBJISIOTCA BAKHBIMHA LEIAMH IS
YCTOWUYMBOTO Pa3BUTHUsI TPAHCIOPTHON oTpaciau. Hanwo-
HaJIbHBIM ITPOCKTOM «be3omacHble kKaueCTBEHHBIC Joporu» B
Ka4yCCTBC OHHOfI N3 IPUOPUTETHLIX 3aJa4 pa3sBUTUA TpaHC-
noptHO# cetu Poccuiickoit denepanun 0003HAUYECHO CyIIIe-
CTBEHHOE YBEJIWYEHHE JIOJH aBTOMOOHJIBHBIX JOPOT PEruo-
HaAJIbHOTO 3HAYeHUs U TOPOJCKUX arjioMepanuid MpHu Hc-
MOJIb30BAaHUU MECTHBIX CBIPbEBBIX PECYpCOB U OOIIEM CHH-
JKEHUH CTOMMOCTH JIOPO’KHOTO CTPOUTEIHCTBA.

B Hacrosiee BpeMs B Ka4ecTBE NMPAKTUYECKH Oe3ailb-
TEpHATUBHOTO MaTepuaa Al yCTPOHCTBAa OCHOBAHUH aBTO-
MOOMIIBHBIX TOPOT HCTIONIB3YETCsI EOEHb U3 TUIOTHBIX Top-
HBIX TIOPOJI, @ TAKXK€ 10OBIBaEMBIE B Kapbepax MeCYaHO-Tpa-
BuitHble cMmecH. OJIHAKO, y4UTbIBas ACUIUT U BBICOKYIO
CTOMMOCTb TPAJUIIMOHHBIX KaMCHHBIX MAaTEpHUalOB B pAIC
PETHOHOB (B YaCTHOCTH, B psje obnacteit u pecryomuk [o-
BOJ'I)KI)S{), CJIO)KHOCThb UX JOCTABKH B OTOAJICHHBIC paﬁom)l, a
TaKke HEOOXOJMMOCTh DKOHOMHH TPHPOJHOTO ChIPbHS,
OYC€Hb BaXHbIM SBJIACTCA BOIIPOC IMOUCKA U NMPUMEHCHHUSA
IBTEPHATHBHBIX PEIICHUH K IPOEKTUPOBAHUIO JIOPOT C y4e-
TOM BO3MOXXHOCTEH YJIyYIIEHHS TEXHHKO-IKCILIyaTal[lOH-
HBIX CBOWCTB M MUHHMMH3aIMU CTOMMOCTHBIX IOKa3aTeiei
CTPOUTENBHEIX 00BheKTOB [1, 2]. [l pernoHoOB, XapaKTepH-
3YIOIUXCS Ne(PUIIUTOM MPHUPOJHOTO KaMEHHOTO CHIPBS, C
LIENBIO CHIDKEHHS €0 Pacxojia LEeIeCO00pa3HbIM SIBISIETCS
WCTIONIB30BaHNE BO3MOXKHOCTEH 0a30BOrO OCHOBaHHA —
TPYHTOB Pa3INYHOTO IPOUCXOXKJCHHUS, COCTaBa M CBOMCTB
[2]. OmHako TpPyHT, SBIASACH MECTHBIM MATEPUAIOM IS
CTPOUTEIIbHBIX ueneﬁ, B OOJIBIINHCTBE CJIy4acB HE OTBEYACT
OMpPEACIICHHBIM TCXHUYCCKUM Tpe6OBaHI/I$IM, KakK 9TO CBOM-
CTBCHHO APYIUM CTPOUTEJIbHBIM MaT€puaiaM, CICUaJIbHO
M3TOTOBJICHHBIM JUIS CTPOUTENbCTBA [3]. BBUnY cienuduku
CBOWCTB TPUPOJHBIX T'PYHTOB (BBICOKas HPOHHUIIAEMOCTH,
BBICOKAsl BJIAXXHOCTb, HU3Kasl IPOYHOCTD U Jp.), IIPH UX HC-
MOJIb30BaHUM B KAauyeCTBE OCHOBAaHHS JOPOXKHBIX OJEXKI
HEO0OX0ANMO ITPOBOANTH YKPETUIEHHE TPYHTOB JUIS TOBBIIIE-
HUSI X (QU3UKO-MEXaHWIECKUX XapaKTePHCTHK 1 obecrede-
HUSI HaJIS)KHOCTH ¥ JIOJITOBEYHOCTH JOPOXKHOW KOHCTPYK-
1uH B 1esiom [2]. Ilpu 3ToM, corlacHO NeHCTBYIOIUM HOP-
MaTtuBHBIM qokyMeHTaM (ITHCT 265-2018, TOCT P 70452-
2022), yKperieHHBIH TPYHT MOXKET HCIOJIb30BaThCSA U KaK
0oJiee MPOUYHBIN TPYHT pabovero ciosi 3eMIITHOTO TIOJIOTHA
JIOPOTH, YTO TIO3BOJISIET CHU3UTh PAcX0/i KAMEHHBIX MaTepH-
QJIOB JUIsl YCTPOWCTBA BBILIEIEKAIINX CIIOEB OCHOBAHUS J10-
POTH, ¥ B KQUeCTBE OJHOTO U3 CIIOEB OCHOBAHUS JIOPOKHOU
OJICIKIbI BMECTO OTCHITIIKH U3 IPUPOJHOTO KAMEHHOTO MaTe-
puana.

B 1O0po’kHOM CTPOHTENBCTBE B OCHOBHOM HCIOJIB3YETCS
TEXHOJIOTHS MTOCIOWHOTO YKPEIUICHNS! TPYHTOB C TIPHMEHE-
HHUEM MHHEPIBHBIX BSKYIINX, KOTOPYI CXEMaTHYHO
MOJKHO TIPEACTaBUTH CeayroumM obpa3om. Ctabmmu3aTop-
pecaiikiep ¢ mMpUHON OapabaHa OKOJIO 2,5 M IMO3BOJSET
MIPOU3BOJIUTH MepeMennBanne rpyHTa riryounoit 10-50 cu.

INTRODUCTION

The development of the transport system is an important
component of the country's economic growth. According to
the Transport Strategy of the Russian Federation until 2030
with a forecast for the period up to 2035, approved by the
Order of the Government of the Russian Federation dated
November 27, 2021 No. 3363-r, increasing the transport ac-
cessibility of territories, reducing the carbon footprint of the
transport industry and introducing competitive technologies
are important goals for the sustainable development of the
transport industry. The national project “Safe High-Quality
Roads” has identified as one of the priority tasks for the de-
velopment of the transport network of the Russian Federation
a significant increase in the share of regional roads and urban
agglomerations using local raw materials and a general re-
duction in the cost of road construction.

Currently, crushed stone from dense rocks, as well as
sand and gravel mixtures mined in quarries, are used as a vir-
tually uncontested material for constructing road bases.
However, given the shortage and high cost of traditional
stone materials in a number of regions (in particular, in a
number of regions and republics of the Volga region), the
difficulty of their delivery to remote areas, as well as the need
to save natural raw materials, the issue of finding and apply-
ing alternative solutions to road design, taking into account
the possibilities of improving technical and operational prop-
erties and minimizing the cost indicators of construction pro-
jects, is very important [1, 2]. For regions characterized by a
shortage of natural stone raw materials, in order to reduce its
consumption, it is advisable to use the capabilities of the base
foundation - soils of various origins, compositions and prop-
erties [2]. However, soil, being a local material for construc-
tion purposes, in most cases does not meet certain technical
requirements, as is typical for other building materials spe-
cially made for construction [3]. Due to the specific proper-
ties of natural soils (high permeability, high humidity, low
strength, etc.), when they are used as the base of road sur-
faces, it is necessary to strengthen the soils to improve their
physical and mechanical characteristics and ensure the relia-
bility and durability of the road structure as a whole [2]. At
the same time, according to the current regulatory documents
(PNST 265-2018, GOST R 70452-2022), reinforced soil can
be used both as a stronger soil for the working layer of the
roadbed, which reduces the consumption of stone materials
for the construction of overlying layers of the road base, and
as one of the layers of the road base instead of backfill from
natural stone material.

In road construction, the technology of layer-by-layer
soil strengthening with the use of mineral binders is mainly
used, which can be schematically represented as follows. A
stabilizer-recycler with a drum width of about 2.5 m allows
mixing of soil to a depth of 10-50 cm. As the recycler moves,
its milling drum cuts off the road surface layer, after which
it is mixed with a cement-water suspension in a mixing
chamber, while the water supply is adjusted so that the per-
centage of moisture is sufficient for the required compaction.
After mixing, the soil-cement mixture is fed back to the road,
after which it is leveled by a grader to a certain height level
and compacted by rollers.
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IIpu nBukeHUU pecaiikiep cBouM (pe3epHbIM OapabaHOM
cpe3aeT MOKPHIBHOM CIION T0pOTrH, MOcie Yero B kKaMepe 1Jis
CMCIIIUBAHHS MIEPEMEIINBACT €ro C IIEMEHTHO-BOJHOM CyC-
MEH3UCH, MPH 3TOM TOoJada BOJIBI KOPPEKTUPYETCS Tak,
9TOOBI TIPOLIEHT BIIATA OBUT JOCTATOYHBIM JJIS HYXKHOTO
ymotHeHus. [locne mepeMemmBaHUS TPYHTOIEMEHTHAs
cMech mo1aeTcs 00paTHO Ha JOPOTY, IMOCIE Yero pa3paBHU-
BaeTCs IpeiIepoM 10 OMPEeNICHHOTO BEICOTHOTO YPOBHS H
VIUTOTHSIETCSI KATKaMH.

[Ipobneme moBbIIICHUS YPPEKTHBHOCTH H KadecTBa
TPYHTOB, YKPEIIJICHHBIX MOPTIAHAIIEMEHTOM (IIEMEHTOTPYH-
TOB), IIOCBAIIICHBI MHOT'OYHCIICHHBIC pa6OTI:-I OTCYCCTBCH-
HBIX ¥ 3apyOexHBbIX uccienosareneii: B.M. bespyka, B.M.
Morunesuua, FO.M. Bacunsesa, JI.B. I'onuaposoii, O.B.
Tromenuesoit, I'.A. Jlesuanosckoro, JI.LA. MapkoBa, B.M.
Knateko, B.A. Kensmana, B.B. Oxoruna, M.M. ®uiarosa,
C.W. Correns, C.S. Dunn, J. Hashimoto, J.K. Mitchell, A.
Herzod, G.H. Hilt, D.T. Davidson, J.G. Laguros, T.W.
Lambe, R.C. Mainfort u np. Aranu3 umerormxcs padot [4-
14] moka3pIBaeT, 9T0 OCHOBHOE BHHUMaHHUE MCCIeIoBaTeNei
CBOJIMIIOCh K KOMIUIEKCHOMY YKPEIUICHHIO TPYHTOB HOPT-
JAHIIEMEHTOM C Pa3INYHBIMUA aKTHBHBIMH J00aBKaMU, IPH
3TOM B HEKOTOPBIX CIy4asx M MPUOAHUSA TPyHTaM 3aJaH-
HBIX CBOWCTB HEOOXOAWM HYpE3MEPHBIM Pacxol BsDKYIIUX
MaTEepHaJIOB, YTO HE OMPaBIaHHO YKOHOMHUYECKH. B CcBs3M ¢
O9TUM BCE 60nbmee MMPUMEHCHHUEC HAXOAAT KOMIIJICKCHBIC M-
TOJIbl YKPEIUICHHS TPYHTOB LIEMEHTOM U JI00aBKaMH JIPYTUX
AaKTUBHBIX BeIecTB [15], olHaKO BOIPOCHI, CBS3aHHBIE C
YKPCIUICHUEM MECTHBIX TPYHTOB KOMILUICKCHBIMH BSDKY-
IIMMH Ha OCHOBE OTXOJIOB ITPOMBIIICHHBIX IPOU3BO/ICTB, B
YaCTHOCTH, METAJUTyPrHYCCKUMU ILTAKa, TOILUTUBHBIMH 30-
JIaMH, OTXOJIaMH MTPOU3BOJICTBA acOECTa U JIp., PACKPBITHI HE
B IIOJIHOM Mepe [16].

PecnyOnmuka Bamkoprocran u Ypano-IloBomkckuit pe-
THOH B IIEJIOM XapaKTePU3YIOTCSA Pa3BUTOW METaJUTypriye-
CKOM U XMMMYECKON IPOMBILUIEHHOCTBIO, IO pe3ysbTaTaM
JIEATETPHOCTH KOTOPOM 00pasyeTcss OOJbIIOe KOJIUYECTBO
IMPOMBINUICHHBIX OTXOJ0B. B YaCTHOCTH, METAJLTypruyc-
CKHe IUTaKK (JOMEHHBIE U KOHBEPTOPHBIC) HMEIOTCS B BUJIE
oTBajioB Ha Yensbunckom, MarautoropckoM v HoBorpouii-
KOM METaJLTypPrUYeCKUX KOMOMHATaX, (OCHOTHIIC IBISCTCS
MHOTOTOHHOXHBIM 0TX070M AQ «Meney3oBckue MUHE-
paibHBIC yI0OPEHUs, IUIAMOHAKOITUTENU C TUCTHIUICPHOMN
JKUIKOCTRIO 3aHMMAIOT 3HAYHUTENBHBIC IUIOMIAAH BOKPYT
npousBojcTBeHHON Tuiomanku AO «bamkupcekas conoBas
KOMIaHUsD». V3 TepeunciieHHBIX BBIIIE OTXOJOB HAWOONb-
U WHTEPeC IUTS U3TOTOBJICHUS KOMIUICKCHBIX BSDKYIIIUX
JUTS YKPETIJICHUS TPYHTOB B JOPO’KHOM CTPOUTEIHCTBE MPE-
CTaBIIAIOT JIOMEHHBIC TPAaHYJIMPOBAaHHBIC NUIAKW M MHUHE-
pabHBIE OTXOJBI COMOBOTO Mpou3BojcTBa [17], KOTOpBIE
6])IJ'II/I HUCIIOJIb30BAHLI B I[aHbHeﬁHIPIX HUCCIICAOBAHUSX.

Heaslo uccaenoBaHMs sBIsIETCS pa3pabOTKa KOM-
IJICKCHOI'0 MHMHEPAJIBHOI'0 BSDKYHICTO JIsA  YKPCIIJICHUA
TPYHTOB Ha OCHOBE BTOPHYHBIX PECYPCOB XMMUYICCKOHN U Me-
TaJUTyPTUYECKOM MPOMBIIUICHHOCTH.

3amauu McCiIeIOBaHUS:

1. TlpoBecTn aHAN3 OTXOMOB MPOMBIIUICHHBIX MPOU3-
BOJCTB Ypano-IIoBOKCKOT0 pernona, NOTCHIUAIBHO MPH-
TOTHBIX B KA4ECTBE KOMIIOHEHTOB ISl KOMILUIEKCHBIX MUHE-
PaNBHBIX BSDKYIITHX.

[IpoBecTr aHaMM3 MHUHEPAITBHOTO MPOAYKTa COJOBOTO
npousBojcTBa (MIICIT) — Bropmunoro pecypca AO «bari-
KHpCKasa COA0Bast KOMITaHUS.
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The problem of increasing the efficiency and quality of
soils reinforced with Portland cement (cement soils) is the
subject of numerous works by domestic and foreign re-
searchers: V. M. Bezruk, V. M. Mogilevich, Yu. M. Vasiliev,
L. V. Goncharova, O. V. Tyumentseva, G. A. Levchanovsky,
L. A. Markov, V. M. Knatko, V. A. Kelman, V. V. Okhotin,
M. M. Filatov, C. W. Correns, C. S. Dunn, J. Hashimoto, J.
K. Mitchell, A. Herzod, G. H. Hilt, D. T. Davidson, J. G.
Laguros, T. W. Lambe, R. C. Mainfort, and others. An anal-
ysis of existing works [4-14] shows that the main attention
of researchers was limited to the complex strengthening of
soils with Portland cement with various active additives,
while in some cases, in order to impart the required proper-
ties to soils, an excessive consumption of binders is required,
which is not economically justified. In this regard, complex
methods of soil strengthening with cement and additives of
other active substances are increasingly being used [15],
however, issues related to strengthening local soils with
complex binders based on industrial waste, in particular,
metallurgical slag, fuel ash, asbestos production waste, etc.,
have not been fully disclosed [16].

The Republic of Bashkortostan and the Ural-Volga re-
gion as a whole are characterized by a developed metallurgi-
cal and chemical industry, the activities of which generate a
large amount of industrial waste. In particular, metallurgical
slags (blast furnace and converter) are found in the form of
waste dumps at the Chelyabinsk, Magnitogorsk and Novo-
troitsk metallurgical plants, phosphogypsum is a large-ton-
nage waste of JSC Meleuzovskie Mineral Fertilizers, and
sludge storage ponds with distillation liquid occupy signifi-
cant areas around the production site of JSC Bashkir Soda
Company. Of the wastes listed above, the most interesting
for the production of complex binders for soil stabilization in
road construction are blast furnace granulated slags and min-
eral waste from soda production [17], which were used in
further research.

The aim of the study is to develop a complex mineral
binder for soil strengthening based on secondary resources
of the chemical and metallurgical industries.

Research objectives:

1.Conduct an analysis of industrial waste from the Ural-
Volga region, potentially suitable as components for com-
plex mineral binders.

Conduct an analysis of the mineral product of soda pro-
duction (MPSP) - a secondary resource of JSC Bashkir Soda
Company.

2. Conduct an analysis of granulated blast furnace slag
from PJSC Chelyabinsk Metallurgical Plant.

3. Develop a composition of a mineral binder based on a
mineral product of soda production and granulated blast fur-
nace slag for use as soil modifiers in the construction of high-
ways.
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2. IlpoBecTu aHanu3 nulaka JTOMEHHOT'O MOJIOTOTO Tpa-
HyaupoBaHHOTO [TAO «YensiOMHCKUI MeTaTyprudecKuii
KOMOUWHATY.

3. Pa3paboTarh COCTaB MUHEPAIBHOTO BSDKYIIETO Ha OC-
HOBE MHHEPAIbHOI'O MPOAYKTa COIOBOrO MPOU3BOJACTBA U
1ulaka TOMEHHOTO MOJIOTOT'O TPaHyJIMPOBAHHOIO AJISL MIPH-
MEHEHHUS B KadeCTBE MOIM(PHKATOPOB TPYHTA MPH CTPOH-
TEJIHCTBE aBTOMOOMIIBHBIX JOPOT.

MaTepuajbl 1 MeTOABI HCCIeTOBAHUS

MuHepanbHbplii  IPOAYKT COLOBOIO  IPOU3BOACTBA
(MIICTI) sBstercst BTopraHBIM pecypcoM AO «bamkupcekas
COJIOBast KOMITAHUSI» U TIPEJICTABIISIET COOOU TBEPABI KYCKO-
BO¥ HETOPIOYUII MaTepra Ceporo 1BeTa, MPHOOPETAIOIIHIA,
CO BpEMEHEM, I10J1 AeHCTBUEM aTMOC(EpHBIX SBICHUN BH
pBIXJIOr0 Marepuaia oxHopojHoro usera. dortorpaduu
MIICII B cOCTOSIHUM €CTECTBEHHOU BIAXKHOCTH, BBICYIIECH-
HOTO JIO TOCTOSTHHOW MACCHI M TIOCJIEC O0KUTA MPEICTABIICHBI
Ha pUcyHKe 1.

B coorBercTBum ¢ TY 2149-334-00203312-2015, macco-
Bas goins (CaCO3 + MgCO3) B MEHEpaTIbHOM HPOIYKTE CO-
JIOBOTO TPOM3BOJICTBA JOJDKHA COCTaBIATH He MeHee 60%,
MaccoBasl 10Jis Biaaru — He 6oiree 35%, MaccoBast 10JIs XJI0-
PHUI-MOHOB B BOJHOU BEITSKKE JOJDKHA COCTABIIATH He Ooree
0,5%.

PUCYHOK 1

OBIIWA BUJI MUHEPAJIBHOI'O IPOAYKTA
COJJOBOI'O IMPOU3BOACTBA:

a - B COCTOSIHMH €CTeCTBEHHOMH BJIasKHOCTH,

0 - BLICYLIEHHOI0 10 MIOCTOSIHHOM Macchl,

B - II0CJIE 00KUTa

Figure 1

General view of the mineral product of soda pro-
duction:

a - naturally moist,

b - dried to constant weight,

¢ - post-firing

MuHepansHBIH POAYKT COZOBOTO IMPOM3BOJCTBA 00pa-
3yeTcs B pe3ynbTaTe OT)KAMa Ha mpecc-QrIbTpax A0 BIaXK-
HoctH 30-35% mImaMoB AUCTHIUIEPHOM KUAKOCTH, KOTOPHIE
SBIISIIOTCSL  OTXOJOM TIPOM3BOACTBA KaJbIIMHUPOBAHHOM
COIBl, MaHHAs TEXHOJIOTHS HCIoab3yeTcs 3aBogoM AO
«bamikupckasi costoBasi Kommanus» B ropoje Crepiuramax
(Pecny6nmka bamkoprocran). Ha onHy TOHHY MpoayKIMU
npuxoautcst 8-10m3 11I1amMoB, cojiepKalX B CBOEM COCTABE
200-250 xr TBEpaOH (a3sl. Exxeroansiii cOpoc 0TX00B co-
JioBoro mpousBojicTBa oueHuBaercss oT 300 mo 400 Teic.
TOHH, a 00IHui1 00beM HAKOIUICHHUH (B Iepecdére Ha cyxoe
BEIIIECTBO) COCTABJISIIOT 1O pa3HbIM omeHkaM oT 20 mo 30
MiH. T. [18]. IIpoBoguMbIMI paHee UCCIETOBaHUIMH MTOKa-
3aHO, YTO MHHEPAJIBHBIN MPOAYKT COAOBOTO MPOM3BOICTBA
mocie 00e3BOKHMBAHUS M OOXKHTA TIPH TEMIepaType OKOJIO
900°C mposIBIIsIET aKTHBHBIE CBOMCTBA aHAJIOTUYHO U3BECTH
[19] u sBRsieTCSl MOTEHIIMATBHBIM HCTOYHUKOM CBIPBS IS
MMPOU3BOACTBA CTPOUTECIILHBIX MAaTCPUATIOB — KOMIIJICKCHBIX

Materials and methods of research

Mineral product of soda production (MPSP) is a second-
ary resource of JSC Bashkir Soda Company and is a solid,
lumpy, non-combustible, gray material that, over time, under
the influence of atmospheric phenomena, acquires the ap-
pearance of a loose material of uniform color. Photographs
of the MPSP in a state of natural moisture content, dried to a
constant weight and after firing are shown in Figure 1.

In accordance with TU 2149-334-00203312-2015, the
mass fraction of (CaCO3 + MgCO3) in the mineral product
of soda production must be at least 60%, the mass fraction of
moisture must be no more than 35%, the mass fraction of
chloride ions in the aqueous extract must be no more than
0.5%.

a(a)

B(c)

The mineral product of soda production is formed as a
result of pressing on press filters to a moisture content of 30-
35% of distillation liquid sludge, which is a waste product of
soda ash production; this technology is used by the plant of
JSC Bashkir Solovaya Company in the city of Sterlitamak
(Republic of Bashkortostan). One ton of production contains
8-10 m® of sludge, containing 200-250 kg of solid phase. The
annual discharge of soda production waste is estimated at
300 to 400 thousand tons, and the total volume of accumula-
tions (in terms of dry matter) is, according to various esti-
mates, from 20 to 30 million tons [18]. Previous studies have
shown that the mineral product of soda production after de-
hydration and firing at a temperature of about 900°C exhibits
active properties similar to lime [19] and is a potential source
of raw materials for the production of building materials —
complex mineral binders [20], sand-lime brick, aerated con-
crete, building mortars [19].
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MUHEPAIBHBIX BOKYIUX [20], CUITMKaTHOTO KUpIIHYa, Ta30-
0eTOHA, CTPOUTEIHLHBIX PacTBOPOB [19].

Mumnepanoruyeckuii cocras MIICII Ob11 onpenenen my-
tem uccienoBanus 10 mpod MIICII, oToOpaHHBIX TIOCIE OT-
JKMMa IIUTaMOB JUCTHIUICPHOH )KMIKOCTH Ha Ipecc-HiIbTpe,
B MlHHOBanmoHnHOM 1ieHTpe «JIabopaTopust HAHOTEXHOJIOT Ui
[EMEHTHBIX cucTeM uMeHd npodeccopoB A.D. Tlomaka u
H.X. KapumoBa» ApXHUTEKTYPHO-CTPOUTEIBHOTO HHCTH-
tyra YITHTY, ¢ ncnoxp3oBaHueM PEeHTTC€HOBCKOTO Auppax-
tomerpa BRUKERD?2 Phaser.

Pentrenorpamma oanoit u3 nmpo6 MIICII mpencraBiena
Ha PUCYHKE 2, pe3yIbTaThl UCCIEIOBAHMIN BCeX MPoO mpea-
ctasnieHsl B Tabiuue 1. Takxe ObII IPOBEICH CHHXPOHHBIN
tepmudeckuii ananu3 npod MIICII ¢ ucnosabp30BaHHEM CHH-
XpoHHOTO TepMuueckoro anammza STA 449 F3 Jupiter c
KBaJpOYroNbHbIM  Macc-ciekTpoMerpom QMC  409C
Aecolos, KOTOpBI TpPencTaBiIsSeT COO0M COBMEICHHBII
TT'A/ICK/CTA ananu3arop, pe3yabTaThl 10 0JJHOH 13 Ipo0
IIPE/ICTaBIIECHBI HA PUCYHKE 3.

PUCYHOK 2
PE3YJIbTATBI KOJMYECTBEHHOTI'O

PEHTTEHO®A30BOI'O AHAJIU3A MIICIT
(mpoba Ne2)

Figure 2

The mineralogical composition of the MPSP was deter-
mined by studying 10 samples of MPSP, taken after pressing
out the sludge of the distillation liquid on a press filter, in the
Innovation Center "Laboratory of Nano-technologies of Ce-
ment Systems named after Professors A.F. Polak and N.Kh.
Karimov" of the Architectural and Civil Engineering Insti-
tute of Ufa State Petroleum Technological University, using
a BRUKERD?2 Phaser X-ray diffractometer.

An X-ray of one of the MPSP samples is shown in Figure
2; the results of the studies of all samples are presented in
Table 1. Also, a synchronous thermal analysis of the MPSP
samples was carried out using a synchronous thermal analy-
sis STA 449 F3 Jupiter with a quadrangular mass spectrom-
eter QMC 409C Aeolos, which is a combined
TGA/DSC/CTA analyzer, the results for one of the samples
are presented in Figure 3.
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Results of thermal analysis of MPSP
(sample No.3)
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O0xur oobpaszuoe MIICIT (nocie mpeaBapUTENbHOI
CYIIKH) MPOM3BOAMWICA B My(eJbHOHM Ieuu IpU TemIiepa-
type 950°C (HeoOxommmas Temmeparypa oOxwura Obuia
oTpejiesieHa 0 pe3yJbTaTaM TePMUYECKOoro aHanmmsa). s
obxxura Obuta mpuHsATa ycpenHenHas npoba MIICII, Beicy-
IIEHHAs1 10 TocTostHHOM Macchl. Pororpadus MIICII nocne
o0>kura mpescTaBiIeHa Ha pucyHKe 1B. Pe3ynpraTel pentre-
Ho(azoBoro ananmza MIICII mocne o0kura mpeacTaBIeHBI
B TabmIe 2.

AxtuBHOCTE MIICII mOocne obura ompenersuiach IO
meronuke 'OCT 30744-2001 u T'OCT 22688-2018. Ilpu
OTpEe/ICTICHUN aKTHBHOCTH MAaTepHAaJOB IUIACTUYHBIA pac-
TBOp (HOpMaJIbHas TYCTOTa KOTOPOTO OIpeAesIsiach o Me-
tonuke ['OCT 310.4-81) mpuroraBnuBajics IyTeM
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The firing of the MPSP samples (after preliminary dry-
ing) was carried out in a muffle furnace at a temperature of
950°C (the required firing temperature was determined based
on the results of thermal analysis). An average sample of
MPSP, dried to a constant weight, was used for firing. A pho-
tograph of the MPSP after firing is shown in Figure 1c. The
results of X-ray phase analysis of the MPSP after firing are
presented in Table 2.

The activity of the MPSP after firing was determined ac-
cording to the methods of GOST 30744-2001 and GOST
22688-2018. When determining the activity of materials, a
plastic solution (the normal density of which was determined
according to the method of GOST 310.4-81) was prepared
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CMEIIMBaHMS BSXKYIIETO ¢ HOpManbHbIM IeckoM no 'OCT
6139-2020. PacTtBOop M3roraBnuBaiu B 1a00paTOPHOM CMe-
cutene AUTOMORTAR MIXER E093 ¢ aBTomarnyeckum
PEKMMOM IepeMelInBaHus. M3 miacTHaHOTo pacTBopa HOp-
MaJIbHOM TyCTOTBI B METAJUTMUECKUX (hOpMax M3rOTaBIIMBaA-
JMCh 00pa3nbl-0aJI04YKH MPU3MATHUECKOTO CEUCHHUS pa3Mme-
poM 40x40x160 MM UIS UCTIBITAHUS HA U3THO B 00pa3IbI-
KyOBI pazmepoM 30%30%30 MM IJIsl HCIIBITAaHUS Ha CXKaTHE.
YIUTOTHEHNE pacTBOPOB IPOU3BOIMIIOCH Ha JTaOOpaTOpHOM
BuOpomnomiangke MATEST. BrinepsxuBanue oO6pas3roB Bcex
COCTaBOB IPOW3BOJWIOCH B HOPMAIbHO-BJIAXKHOCTHBIX
YCIOBHSIX B KaMepe HOPMaJIbHOTO TBEPACHUS IIPH TeMIlepa-
Type Bo3ayxa 20-25 °C u OTHOCHTEIHHOM BIaKHOCTH BO3-
nyxa 90-95%.

by mixing the binder with normal sand according to GOST
6139-2020. The solution was prepared in a laboratory mixer
AUTOMORTAR MIXER E093 with automatic mixing
mode. From a plastic solution of normal density, beam sam-
ples of prismatic cross-section measuring 40x40x160 mm
were made in metal forms for bending tests and cube samples
measuring 30x30x30 mm for compression tests. The com-
paction of the solutions was carried out on a MATEST labor-
atory vibration platform. The samples of all compositions
were cured under normal humidity conditions in a normal
curing chamber at an air temperature of 20-25 °C and a rel-
ative air humidity of 90-95%.

TABJIMIA 2. PE3YJIBTATBI PEHTTEHO®A30BOI'O AHAJIN3A ITPOB MIICII ITIOCJIE OBKHUI'A

ITPU TEMITEPATYPE 950°C

Table 2. Results of X-ray phase analysis of MPSP samples after roasting at 950°C

HanmeHoBaHMe MHHepaJa U ero Xumuveckasi gpopmya Name of KoaunuecTBenHoe conep:xanue, %
the mineral and its chemical formula Quantitative content, %
Lime CaO 58 - 60
Anhydrite CaSOg4 5-6
Periclase MgO 10-12
Calcite CaCO3 2-3
C2S alpha CazSiO4 0,5-1
C2S beta Ca2Si0O4 12-14
Halite NaCl 1-2
C2AS Gehlenite Ca2ALSiO7 4-5
C3S triclinic Ca3SiOs 3-4

HcnpiTanne 00pa3lioB MaTepHaloB II0 IOKA3aTEIsIM
«IIPOYHOCTH Ha U3TUO» U IIPOYHOCTH HA CHKATHE) IIPOU3BO-
nuiock no cranpaptHod meroauke ['OCT 310.4-81 ¢ wuc-
MOJIb30BaHKEM TuapaBinyeckoro mpecca [II'M-500MI4 no-
cie 3, 7 u 28 CyTOK HOPMAJILHOTO TBEp/IeHUs (1ajee H.T.), a
TaKXkKe MOCJIe TEIUIOBIAXKHOCTHOU 00padoTku mpu 80-90 °C.
PesynbTaThl HCTIBITAHUHN [TOKA3aJIM, YTO THAPABIMYECKas ak-
tuBHocTs MIICII B Bo3pacte 28 cyT. He npesbimaer 5 MITa.

W3 Bcex BUIIOB METAILTYPrHYECKUX [IJIAKOB, MMEIOIIIXCSI
B XOpOUIEH TPAHCIIOPTHON NOCTYMHOCTH OT IPOMBIIIICH-
HBIX IIeHTpoB PecmyOmuku bamkoprocran, Obul BeIOpaH
IIJTaK TOMEHHBIH MOJIOTHIN TpanynupoBaHHbiil [TAO «Yes-
OMHCKHH MEeTaITyprU4ecKuii KOMOWHAT», IMOCTaBISIEMBIN
000 «Meuen-Marepuanbl» B Buie 100aBKH MUHEPATHLHOM
aktuBHOH GreenCems GGBS-450 (TY 38.32.22-012-
99126491-2017). AxkTuBHas MuHepajbHas Jo0aBKa
GreenCems GGBS-450 npencrasnseT coboil cyxoit menko-
JIUCTIEPCHBIN TOPOIIOK CBETIO-CEpOro LBETa, U COTJIACHO
TpeboBanusM TV, NomKHa UMETh YAEIBHYIO ITOBEPXHOCTh
ne MeHee 4800 cM>/T, MPOYHOCTL Ha CXKAaTHE B Bo3pacTe 28
CYTOK HOPMAJBHOTO TBepAeHH — He MeHee § MI]a.

PentrenodazoBsiii aHaau3 mpoObl H00aBKM MUHEpaIb-
Hoit aktuBHOM GreenCems GGBS-450 6bu1 poBeieH B Ja-
OopaTopuu  ApPXUTEKTYpHO-CTPOUTEIHLHOTO  HMHCTUTYTA
YI'HTY ¢ ucnonb3oBaHHEM PEHTTEHOBCKOIO AU(PaKTo-
merpa BRUKER D2, npencrasien B tabnune 3.

AKTHUBHOCTH MOJIOTOTO JJOMEHHOTO T'PaHYJIMPOBAHHOTO
niaka ompenensanacek takxe no meroauke 'OCT 30744-
2001, B pe3ynbTare OBUIO YCTAHOBJIEHO, YTO OH SIBIISIETCS
MeUIEHHOTBEPICIONIM MaTepPHAJIOM: ITPOYHOCTD Ha CIKaTHe
B BO3pacTe 7 CYyTOK H.T. cocTaBisieT okoyio 5 MIla, a B BO3-
pacre 28 cytok H.T. — 15 MI]a.

Testing of material samples for the indicators “flexural
strength” and “compressive strength” was carried out ac-
cording to the standard method of GOST 310.4-81 using a
PGM-500MG#4 hydraulic press after 3, 7 and 28 days of nor-
mal hardening (hereinafter n.t.), as well as after heat and
moisture treatment at 80—90 °C. The test results showed that
the hydraulic activity of the MPSP at the age of 28 days does
not exceed 5 MPa.

Of all the types of metallurgical slags available within
good transport accessibility from the industrial centers of the
Republic of Bashkortostan, the granulated blast furnace slag
of Chelyabinsk Metallurgical Plant PJSC, supplied by
Mechel-Materials LLC in the form of an active mineral ad-
ditive GreenCems GGBS-450 (TU 38.32.22-012-99126491-
2017), was selected. The active mineral additive GreenCems
GGBS-450 is a dry finely dispersed powder of light gray
color, and according to the requirements of the technical
specifications, it must have a specific surface area of at least
4800 cm3/g, and a compressive strength at the age of 28 days
of normal hardening of at least 8 MPa.

X-ray phase analysis of a sample of the mineral active
additive GreenCems GGBS-450 was carried out in the labor-
atory of the Architectural and Construction Institute of Ufa
State Petroleum Technological University using a BRUKER
D2 X-ray diffractometer and is presented in Table 3.

The activity of ground blast-furnace granulated slag was
also determined using the GOST 30744-2001 method, as a
result of which it was established that it is a slowly hardening
material: the compressive strength at the age of 7 days n.t. is
about 5 MPa, and at the age of 28 days n.t. — 15 MPa.
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TABJIUILIA 3. PE3YJBTATbBI POA JJIOGABKH MUHEPAJIbHOM AKTUBHOMW GREENCEMSGGBS-450
HA OCHOBE HIVTAKA MOJIOTOT'O TPAHYJIMPOBAHHOI'O JOMEHHOTI'O
YEJSABUHCKOI'O METAJLTYPITHYECKOI'O KOMBHUHATA

Table 3. Results of X-ray phase analysis of mineral active additive GreenCemsGGBS-450 based on ground

granulated blast furnace slag of Chelyabinsk Metallurgical Plant

HanmeHoBaHHe MHHEPAJIA M €0 XUMUYecKasi opmyJia KosnuyecTBenHoe conep:kanne, %
Name of the mineral and its chemical formula Quantitative content, %
C3S monoclinic (NISHI) CasSiOs 12,0-12,5

C3S rhombohedric (NISHI) Ca3SiOs 7,0—8,0
C3S triclinic (BELOV) Ca3SiOs 5,0-6,0
Anhydrite CaSOg4 14,0 -15,0
Gypsum CaSO4*2H>0 9,0-10,0
Microclinemaximum KAISi3Os 4,0-5,0
C28S alpha (MUMME) Ca;SiO4 0,5-0,8
C2S beta (MUMME) CazSiO4 32-35
C2AS Gehlenite 2Ca0*Al>03*Si02 40,0 — 45,0

ITonroToBKa HCXOJHBIX CHIPEEBBIX KOMIIOHEHTOB U U3T0-
TOBJIEHHE H3BECTKOBO-IIJIAKOBOTO BSDKYLIETO MPOU3BOAU-
JIOCh B CIEIYIOIEH MOCIeN0BaTEIbHOCTH:

- TIpeABapUTEIbHOE M3METbUCHHE MUHEPATBHOTO TIPO-
IYKT COJJOBOTO ITPOU3BOJICTBA (TIOCIIE 00KUTA TIPH TeMIIepa-
type 950°C) mo ¢ppakuun 0—5mwm;

- COBMECTHBIC TIOMOJI HM3MEIBUYEHHOTO OO0O0MCKEHHOTO
MIICII ¢ MOTIOTBIM TPaHYJIMPOBAHHBIM JTOMEHHBIM IIJTAKOM
B JTaOOpaTOPHOH MapOBON METBHHUIIE 10 OCTaTKa Ha cute No
0,08 MM He Goitee 5 % 1o macce.

JKCIepuMeHTHI U 00Cy:KIeHUue Pe3yabTaToB

OmnpeneneHue THAPABIMYECKONH aKTHUBHOCTH MOJTy4eH-
HOTO H3BECTKOBO-IIJAKOBOI'O BSDKYLIETO MPOBOAMIIOCH IO
metoauke I'OCT 30744-2001. IInacTu4HbIi pacTBOp NpUTO-
TaBJIMBAJICS ITyTEM CMEIINBAHHUS BSOHKYILETO ¢ HOPMAIBHBIM
(momadpakmonnsm) reckoM 1o 'OCT 6139-2020 B coot-
HomeHnn 1:3. PacTBop wm3roraBnuBaiM B J1aDOpaTopHOM
cmecutenie AUTOMORTAR MIXER E(093 ¢ aBromaTtuue-
CKUM pEXHMOM TIiepeMemnBaHus. HopmanbHas rycroTa
TUTACTHYHOTO pacTBOpa ompexaersuiack mo meroauke 'OCT
310.4-8 c ucmonp30BaHUEM BCTPSAXHMBAIOIIETO CTONMKA. Bo-
JIOLIEMEHTHOE OTHOILCHHE, MOTy4YE€HHOE IIPH PaCIUIbIBE KO-
Hyca 106—115 MM, npuHHMaIN IS TPOBEACHUS TalIbHEH-
KX HUccliefoBaHuN. M3 MmiuacTUYHOTO pacTBOopa HOpMallb-
HOW T'YCTOTHI B METAJUIMYECKHX (POpMax HM3rOTaBIMBAIHCH
00pa3ipl-0aJI0OYKN MPU3MATHYECKOTO CEYEHHs pa3MepoM
40%40%160 MM IS UCTIBITAHUS HA U3TUO (C TOCIETYIOUIM
WCIIBITAaHWEM TIOJIOBUHOK OalloueKk Ha c)kaThe) U 00pasIibl-
KyObI pazmepoM 30%30x30 MM [UIsl HCIIBITAHUS Ha CXKATHE C
VIUIOTHEHHEM  Ha  Ja0opaTopHOH  BHOpOILTOIIAIKE
MATEST. BrinepxuBanue 00pa3ioB BceX BSDKYIIUX TPOU3-
BOJIMJIOCH B HOPMAJIbHO-BJIQ)KHOCTHBIX YCIIOBHSX B KaMmepe
HOpPMAaJIbHOTO TBEPJAEHUS IpU TeMmieparype Bozayxa 20-25
°C 1 OTHOCHUTENBHON BlIaXXHOCTU Bo3ayxa 90-95 %. Ucnsl-
TaHHEe 00Pa3IOB BSHKYIIMX IO MOKA3aTEIsIM «IIPOYHOCTH Ha
M3rHO» U «IPOYHOCTH Ha CXKATHE» MPOU3BOANIOCH 110 CTaH-
naptaoit meroauke 'OCT 310.4-81 ¢ ucnosnb3oBaHUEM THII-
paBiauueckoro npecca I1-10 nocne 7 n 28 cyTok HOpMasb-
HOTO TBEPJCHUSL.

Kak BHIHO U3 pe3ybTaToB HCCIeOBaHUH (CM. TabIHITy
1), munepanorndyeckuii cocraB mcxogHoro MIICII mpexn-
CTaBJIeH TpeuMyInecTBeHHO KapOonatoM kaibimsa CaCOj
(ot 48 10 62 %), TakKe IPUCYTCTBYIOT KapOOHATHBIC MUHE-
paiel MoHOTHApOoKanbuT CaCOj3-H,O B konmmdecTBe OT 2 10
4,5 %, wmar"esuanbHblil KanbIUT (Mgo.03Ca0.97)(CO3) B
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The preparation of the initial raw materials and the pro-
duction of lime-slag binder were carried out in the following
sequence:

- preliminary grinding of mineral products from soda pro-
duction (after firing at a temperature of 950°C) to a fraction
of 0—5 mm;

- joint grinding of crushed fired MPSP with ground gran-
ulated blast furnace slag in a laboratory ball mill until the
residue on sieve No. 0.08 mm is no more than 5% by weight.

Experiments and discussion of results

The hydraulic activity of the obtained lime-slag binder
was determined according to the GOST 30744-2001 method.
The plastic solution was prepared by mixing the binder with
normal (polyfractional) sand according to GOST 6139-2020
in a ratio of 1:3. The solution was prepared in a laboratory
mixer AUTOMORTAR MIXER E093 with automatic mix-
ing mode. The normal density of the plastic solution was de-
termined according to the GOST 310.4-8 method using a
shaking table. The water-cement ratio obtained with a cone
spread of 106-115 mm was adopted for further research.
From a plastic solution of normal density, beam samples of
prismatic cross-section measuring 40x40x160 mm were
made in metal forms for bending tests (with subsequent com-
pression testing of the beam halves) and cube samples meas-
uring 30x30x30 mm for compression tests with compaction
on a MATEST laboratory vibration platform. The samples of
all binders were cured under normal humidity conditions in
a normal curing chamber at an air temperature of 20-25 °C
and a relative air humidity of 90-95%. Testing of binder
samples for the parameters “flexural strength” and “com-
pressive strength” was carried out according to the standard
method of GOST 310.4-81 using a P-10 hydraulic press after
7 and 28 days of normal hardening.

As can be seen from the research results (see Table 1),
the mineralogical composition of the original MPSP is rep-
resented mainly by calcium carbonate CaCOs (from 48 to
62%), also present are carbonate minerals monohydrocalcite
CaCOs H,0 in an amount from 2 to 4.5%, magnesian calcite
(Mgo.03Ca.97)(CO3) in an amount from 1.2 to 5%, magnesite
MgCO3 in an amount from 0 to 3.3%. The content of calcium
and magnesium hydroxides (CaO + MgO), is in the range
from 5 to 8%, but the content of MgO exceeds the content of
CaO. It should also be noted that there is a fairly significant
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konuuaecte oT 1,2 10 5 %, maruesutr MgCQO3 B Konu4ecTBe
ot 0 10 3,3 %. ConeprkaHue ruAPOKCUIOB KaJIbIUsI U MaTHUS
(CaO + MgO)ar HaXOAUTCS B pezenax oT S 10 8%, HO Tpu
aToM cogepxkanue MgO mpesbimaer conepxkanue CaO.
Taxoke cieayer OTMETHTh HAJIMYHUE JOCTATOYHO 3HAUUTENb-
Hoe conepxanue AByBoaHoro CaSO4-2H,0O n nomyBoxHOTrO
CaS04-0.5H,0 rumca (B cymme ot 10 1o 15%).

Mo pe3ynpraram peatreHodaszosoro anammza MIICII mo-
cie obokura pu Temnepatype 950 °C ycraHoBieHO, 9TO 00-
miee conepxanne cBoOOTHBIX okcuaoB (CaO + MgO)ar co-
craBisieT okojio 70%, U3 HMX CBOOOJHOIO OKCHIA KaJIbIIHS
CaO — 58-60 %, cBobogHOTO OKCcHaa Maruusg MgO — 10—
12%, 4T0 3HAYUTENHHO BBINIE AOMYCTHUMbIX 3HAYCHUN I
u3Bectu cormacHo I'OCT 9179-2018. B cocraBe mpucyT-
CTBYIOT TaK)K€ IIEMEHTHBIE MHHEPAIbl — JIBYXKaJIbIIHEBBIN
cunukat C,S B konnyectBe 12—14%, 1 TpexxanblHeBbINA CH-
mukat C3S B konmdectse (3—4%), a Taxke anruaput CaSO4
B KonuuecTtBe 5—6%. Munepanoruueckuii coctas MIICII
rocJie 00XHra MOKa3bIBaeT BO3MOXKHOCTH €0 HCIIOJIb30Ba-
HUSI B KA4ECTBE aHAJIOTa U3BECTH TPETHETO COPTA COTIIACHO
I'OCT 9179-77.

MuHepanoruyeckuii cocraB akTUBHOM MUHEPaIbHOU J10-
6aBkn GreenCems GGBS-450 Ha ocHOBe TpaHyIHpOBaH-
HOTO JIOMEHHOTO IIITaKa — 0TX0/1a Yeasi0MHCKOTo MeTalTyp-
IrMYEeCKOr0 KOMOMHAaTa — IPEJCTaBIeH B OCHOBHOM TpPEX-
KanblneBbIM cuinkatoM CsS (25 %) u AByXKaibIMEBBIM
amomocuinkaToM C,AS (4045 %), coneprxkanue IByXKajb-
nueBoro cuiukara C,S HE3HAYUTENbHO (HE MPEeBBIIaeT S—
10%). Takxe uMeeTcs 3HAYUTEIBHOE KOJUYECTBO AHTHJI-
puta CaSO4 — 14-15 % u nByBoaHoro rumnca CaSO4-2H,0 —
9-10 %, xoTopble ObUTH JOOABIEHB! K I'PaHYIMPOBAHHOMY
JIOMEHHOMY IIJIaKy Ha 3Talle N3rOTOBJICHHUS aKTHBHOW MUHE-
pampHOU n00aBKU. MWHEpalIOTHYeCKUH COCTaB W IOCTa-
TOYHO BBICOKAs THIPABINYIECKasi aKTHBHOCTh MHUHEPAILHON
nmobasku GreenCems GGBS-450 naét BO3MOXXHOCTB ITpUMe-
HATH €€ B KaueCTBE aKTHBHOW MUHEPANbHOW TOOABKH HpHU
MIPOM3BO/ICTBE OETOHHBIX M PACTBOPHBIX CMeEcel, a Taxke
coopHoro kene3oderona [21], ¥ B Ka4yeCcTBE KOMIIOHEHTA
KOMIUIEKCHBIX OECIIEMEHTHBIX M MaJIOLIEMEHTHBIX BSDKYIIHX
(B T.4. M3BECTKOBO-IILUIAKOBOTO, CYJIb(aTHO-IIIAKOBOTO U
ap.) [18].

OKcnepruMEeHTaIbHBIE HCCICIOBAaHUS aKTUBHOCTH THJI-
PaBJINYECKOTO M3BECTKOBO-IIAKOBOIO BSDKYILETO C LENBIO
noa00pa ero ONTHMaIbLHOW PELEeNTYPhI BHITOIHSIINCH ITyTEM
COBMECTHOTO TIOMOJIa TIPEIBAPUTEIFHO HM3MEITBYCHHOTO
MIICII (mocne ob6xwra npu Temmeparype 950 °C) ¢ meran-
JyprUYecKUM MOJIOTHIM IIUTAKOM B CIEAYIOIIUX IPOIOp-
LUSIX

- MIICII - 40 %, uutak — 60 %;

- MIICII - 50 %, uutak — 50 %;

- MIICII - 67 %, mak — 33,3 %

- MIICII - 75 %, mak — 25 %.

Pe3ynbraThl HCTIBITaHU 00PA31[0B KOMILIEKCHOT'O BSIXKY-
miero B Bo3pacte 7 U 28 CyTOK HOPMaJbHOI'O TBEPACHUS
NIPE/ICTaBIICHBI B TAbIHIE 4.

Kak BuaHO M3 pe3ynbTaToB HCHBITAHMH, aKTHBHOCTD
KOMIUIEKCHOTO OECIIEMEHTHOTO M3BECTKOBO-IINIAKOBOTO BSI-
s)kymero npu coornomenn MIICII : fomeHHBI rpaHyu-
poBaHHBIN IUTaK YenssOMHCKOTO METaUTyprH4ecKOro KOM-
Omnara B mpenenax or 2:3 mo 3:1 B Bo3pacrte 28 cyTOK co-
crasnsieT oT 15 mo 21 MIla, T.e. pa3paboTaHHBIE KOMITJIEKC-
HBIE BSDKYIINE B 3aBHCUMOCTH OT COOTHOILICHUSI KOMIOHEH-
TOB COOTBETCTBYIOT MapKaM I10 MPOYHOCTH Ha cxkatue M 150

content of dihydrate CaSO4 2H,0 and hemihydrate CaSO4
0.5H20 gypsum (in total from 10 to 15%).

According to the results of X-ray phase analysis of the
MPSP after firing at a temperature of 950 °C, it was found
that the total content of free oxides (CaO + MgO), is about
70%, of which free calcium oxide CaO is 58—60%, free mag-
nesium oxide MgO is 10-12%, which is significantly higher
than the permissible values for lime according to GOST
9179-2018. The composition also includes cement minerals
—dicalcium silicate C,S in the amount of 12—14%, and trical-
cium silicate C3S in the amount of (3—4%), as well as anhy-
drite CaSOy4 in the amount of 5-6%. The mineralogical com-
position of MPSP after firing shows the possibility of its use
as an analogue of third-grade lime according to GOST 9179-
77.

The mineralogical composition of the active mineral ad-
ditive GreenCems GGBS-450 based on granulated blast fur-
nace slag — waste from the Chelyabinsk Metallurgical Plant
— is represented mainly by tricalcium silicate C3S (25%) and
dicalcium aluminosilicate C2AS (40-45%), the content of
dicalcium silicate C,S is insignificant (does not exceed 5—
10%). There is also a significant amount of anhydrite CaSOy4
— 14-15% and dihydrate gypsum CaSO4 2H,O — 9-10%,
which were added to the granulated blast furnace slag at the
stage of manufacturing the active mineral additive. The min-
eralogical composition and sufficiently high hydraulic activ-
ity of the mineral additive GreenCems GGBS-450 make it
possible to use it as an active mineral additive in the produc-
tion of concrete and mortar mixtures, as well as precast rein-
forced concrete [21], and as a component of complex ce-
ment-free and low-cement binders (including lime-slag, sul-
fate-slag, etc.) [18].

Experimental studies of the activity of hydraulic lime-
slag binder with the aim of selecting its optimal formulation
were carried out by jointly grinding pre-crushed MPSP (after
firing at a temperature of 950 °C) with ground metallurgical
slag in the following proportions:

- MPSP — 40%, slag — 60%;
- MPSP — 50%, slag — 50%;
- MPSP - 67%, slag — 33.3%
- MPSP — 75%, slag — 25%.

The results of testing samples of complex binder at the
age of 7 and 28 days of normal hardening are presented in
Table 4.

As can be seen from the test results, the activity of the
complex cement-free lime-slag binder with a ratio of MPSP:
blast-furnace granulated slag of the Chelyabinsk Metallurgi-
cal Plant in the range from 2:3 to 3:1 at the age of 28 days is
from 15 to 21 MPa, i.e. the developed complex binders, de-
pending on the ratio of components, correspond to the com-
pressive strength grades M150 and M200. When adding 10%
Portland cement to the lime-slag binder, the strength of the
binder at the age of 28 days n.t. increases to 22-24 MPa, i.e.
the developed complex mineral binder for soil strengthening
corresponds to class 22.5N in accordance with GOST R
70196-2022.
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u M200. ITpu noGaBieHNH K H3BECTKOBO-IIIIAKOBOMY BSIKY-
meMy 10% mopTinaHaieMeHTa IPOYHOCTD BSKYIIETO B BO3-
pacte 28 cyToK H.T. Bo3pacrtaeT 10 22—24MIlla, 1.e. pa3pado-
TaHHOE KOMIUIEKCHOE MUHEPAIIbHOE BSLKYILEe IS YKpere-
HUS TPYHTOB COOTBETCTBYET kiaccy 22,5H B cooTBeTcTBHU
cTTOCT P 70196-2022.

TABJIUIIA 4. PE3YJbTATbI UCIIBITAHUN OBPA3IIOB KOMILIEKCHOI'O U3BECTKOBO-
MIJIAKOBOTI'O BAXKYIIEI'O HA OCHOBE MIICIT
Table 4. Test results of samples of complex lime-slag binder on the basis of MPSP

[Ipouynocts npu c:xxatuu, MIla (cpeaHee 3HaYeHHUeE MO
CooTHoOIIeHHEe KOMIIOHEHTOB, %o pe3yJabTaT Tpex cepHii HCIbITAHNI)
Component ratio, % Compressive strength, MPa (average value based on the
results of three series of tests)
IHopTiaanauemMent . IIpouHocTs Ha cxaTHe no- | [IpoyHOCTH Ha cxkaTHE NO-
lI)II_l 152,5H B CEII DR G ITHETR Ene 7 cyTok H.T., MIla fne 28 cyTOK H.T., MIla
- 40 60 10,5 17,4
- 50 50 9,2 21,1
- 67 33 4,8 14,6
- 75 25 4,5 10,7
10 35 55 12,8 22,6
10 45 45 12,5 23,4

Ha Bsoxymee Opin pa3paboTtanbl TeXHUYECKHE YCIOBUS
TV 23.51.12-001-02069450-2022 «Bspkymiee rugpaBaude-
CKO€ M3BECTKOBO-IIIAKOBOE HA OCHOBE MHHEPAIHHOTO TPO-
IIyKTa COIOBOTO IMTPOU3BOCTBA. TeXHUIECKHE YCIOBH», CO-
TJIacHO IAaHHOMY JOKYMEHTY KOMIUIEKCHOE H3BECTKOBO-
[JTAKOBOE MHUHEPATbHOE BSDKYIee MPEIHa3HAueHO B Kade-
CTBE BSDKYIIETO MaTepuaia JJis YKpeIIeHHsI TPYHTOB B J10-
POKHOM CTPOMTENLCTBE, a TAKXKE JJIsI U3TOTOBJICHHS HU3KO-
MapOYHBIX OCTOHOB M PACTBOPOB, IPUMCHSIEMBIX B IPaXk/IaH-
CKOM, TPOMBIIUIEHHOM W JIOPOKHOM CTPOHUTENLCTBE, a
TaKKe JUIsl YKpEIUIeHHsI TPYHTOB. TeXHUYECKHE YCIOBHUS
YCTaHABJIMBAIOT TEXHUYECKHE TPeOOBaHWs, MpaBUIa TPHU-
€MKH, YIIaKOBKH, MAapKUPOBKH, TPAHCIIOPTUPOBAHUS U Xpa-
HEHUSI KOMIUIEKCHOT'O MHHEPAJIHHOTO BSDKYILETO.

3akjarouyenue

OpHUM U3 BO3MOXHBIX ITyTel CHUKEHHSI MaTepHaIoeM-
KOCTH ¥ 3KOHOMHH NPUPOAHBIX KAMEHHBIX MaTE€PUalIOB IPH
CTPOUTEIBCTBE aBTOMOOMIIBHBIX JIOPOT SIBIISAETCS UCIIONB30-
BaHME I'PYHTOB, YKPEIUICHHBIX MUHEPAIbHBIMU BSDKYIHMHU.
Ha ocHoBe BTOpHuHBIX pecypcoB Ypano-IloBomkckoro pe-
TMOHA — MUHEPAIbHOTO MPOAYKTa COAOBOTO MPOU3BOJCTBA
nocye obxura npu Temmeparype 950 °C u JOMEHHOTO Tpa-
HYJIMPOBAHHOIO IIUIaKa pa3paboTaHO KOMIUIEKCHOE MHUHe-
palibHOE BSDKYILEE, XapaKTepU3ylolleecs: MPOYHOCThIO Ha
cxarue 22-24 MIla B Bo3pacTte 28 CyTOK HOPMAalbHOIO
TBepJeHHs, uTo cooTBeTcTBYeT Kiaccy 22,5H nmo 'OCT P
70196-2022. Pa3paboTaHHOE BSDKYIEE MOXKET HCIIONIB30-
BaThCsl JUIA YKPEIUICHHs CBSI3HBIX M HECBSA3HBIX TI'PYHTOB
(eckoB, cymeceil U CyTTIMHKOB) IIPH YCTPOMCTBE CIIOEB OC-
HOBaHWH aBTOMOOWMJIBHBIX JIOPOT, a TAKXKe JUIS YKPETICHUS
TpyHTa pabodero Cjost 3eMJITHOTO MOJIOTHA.
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Technical specifications TU 23.51.12-001-02069450-
2022 “Hydraulic lime-slag binder based on a mineral product
of soda production” were developed for the binder. Tech-
nical conditions». According to this document, the complex
lime-slag mineral binder is intended as a binder for strength-
ening soils in road construction, as well as for the production
of low-grade concretes and mortars used in civil, industrial
and road construction, as well as for strengthening soils.
Technical conditions establish technical requirements, rules
for acceptance, packaging, labeling, transportation and stor-
age of complex mineral binders.

Conclusion

One of the possible ways to reduce material consump-
tion and save natural stone materials in the construction of
highways is to use soils reinforced with mineral binders.
Based on secondary resources of the Ural-Volga region - a
mineral product of soda production after firing at a temper-
ature of 950 °C and blast furnace granulated slag, a com-
plex mineral binder has been developed, characterized by a
compressive strength of 22-24 MPa at the age of 28 days of
normal hardening, which corresponds to class 22.5N ac-
cording to GOST R 70196-2022. The developed binder can
be used to strengthen cohesive and non-cohesive soils
(sand, sandy loam and loam) when constructing foundation
layers for motorways, as well as to strengthen the soil of the
working layer of the roadbed.
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