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AHHOTANUSA

C nomowbio npuMeHeHUs MHO20(AKMOPHO20 NIAHUPOSAHUS IKCHepuMenma no memooy Tazymu uzyueno enusiHue 000a80K MOOUpuKa-
Mopoe (wecmu XumMu4eckux coeOuHeHutl, OMaudarwuxcs no coemy CmpoeHuIo) Ha C8OUCMBA YEeMEHNO8 PA3TUYHO20 MUHEPALO2UHECKO20
U XUMUYecko2o cocmaea. M3zyuenvl yemeHmol, OMauLaouuecs cooepicanuem mpexxaivyuesoco cuaukama (3Ca0-Si0O2 — 68,9-72,9 %) u
odgyxkanvyuesoco cunuxama (2Ca0-Si0O2 — 8,6-11,8 %). B kauecmee MunepanbHulx 000aA80K U3YUEHO GIUSHUE U3BCCNHAKA U SPAHYIUPOBAH-
HO20 memannypaudeckoeo winaka. Iloxaszano, umo memoo Tasymu npumenum Onst U3y4eHus: 6IUSHUSL PATUYHBIX PAKMOPO8 HA NPOYECCyl
2uopamayuu u cmpykmypooopaso8anusi YeMeHmos. YCmanogneHo, 4mo 8 3a6UCUMOCHIU OM COCMAGA YeMeHMA, XUMUYEeCKue etecmed —
006a6KU MOOUPUKAMOPBL NO-PAZHOMY 0ELiCMEYIOM HA NPOYHOCMb YeMEeHMHO20 KamHsi. Tax, npumereHue mpusmanoiamMuHd U MUoyUoHama
Hampusi 6 6obwell cmenenu énusem Ha Y8eluyeHue panHel NPOYHOCMU, d UCHOb306AHUe MPUUZONPONAHOLAMUHA U MENACChl 8030et-
cmeyem Ha ygenudeHue KOHeUHOU NPOYHOCMU U3yHaeMblx yemenmos. IIpumenenue KoMOUHUPOBAHHBIX U30NPONAHOIAMUHOS, MAKUX KAK OU-
SMAHOIUZONPONAHONAMUH, COYEMAIOWUX 8 cebe C8OUCMBA 0N ANKAHOIAMUHOG, GIUAION HA YEeTudeHue paHtell NPOYHOCMU 3d CYem YCKo-
penus euopamayuu 3CaO-Al203, a makce Ha KOHEUHYIO NPOYHOCMb 3a cuem yeequueHus cmenenu euopamayuu 4CaO-Al203Fe20s,
3Ca0-Si02 u 2Ca0-SiOz. Iloxkazanvl 63aumMo0eticmaeusi XUMUYECKUX COeOUHeHUll — 000as0K MOOUpuramopos mexcoy cobou. Onpedenervl
onmumanbHble 003UPOBKU NPUMEHEHUs. Xumudeckux coeounenuil. Ilonyuenvt ypasnenus pespeccuu, 61a200aps KOMOPbIM CMAHOBUMCSL 603-
MOJICHBIM PACCUUMAMb NPOYHOCHIb YEMEHNO8 8 PAHHUE U KOHEYHbLE CPOKU MEEPOCHUs 68 3A8UCUMOCIU O UCHOAb3YEeMbIX 003UPOBOK 000a-
80K. 3a cuem 3¢hpexma ygenuuenus nNPOYHOCMU YOaemcs O0CIMUSHynMs CMAOUTbHO20 CHUNCEHUS COOEPHCAHUS YeMEHMA 8 COCTAee OemoH-
HOUL cMecl, Ymo NOJONCUMENLHO CKA3bLBACMCSL HA IKOHOMUYECKOL, d MAKICe IKOLO2UHECKOU COCMAGISIIOWelL.
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NPONAHONAMUHBL, MOOUPUYUPYIOUUEe 000A8KU
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ABSTRACT

The influence of modifier additives (six chemical compounds differing in their structure) on the properties of cements of different miner-
alogical and chemical composition has been studied using the Taguchi method of multifactor experiment planning. Cements differing in the
content of tricalcium silicate (3CaQ-SiO: - 68.9-72.9 %) and dicalcium silicate (2CaO-SiO: - 8.6-11.8 %) were studied. The influence of
limestone and granulated metallurgical slag as mineral additives was studied. It is shown that the Taguchi method is applicable to study the
influence of various factors on the hydration and structure formation processes of cements. It was found that depending on the cement
composition, chemical substances - additives modifiers act differently on the strength of cement stone. Thus, the use of triethanolamine and
sodium thiocyanate to a greater extent affects the increase in early strength, and the use of triisopropanolamine and molasses affects the
increase in the final strength of the studied cements. The use of combined isopropanolamines, such as diethanolizopropanolamine, combining
properties from alkanolamines, affect the increase in early strength by accelerating the hydration of 3CaO-Al:0s, as well as the final strength
by increasing the degree of hydration of 4CaO-Al:03Fe203, 3Ca0-SiO:2 and 2Ca0-SiO:z. The chemical compounds - modifier additives in-
teractions between each other are shown. Optimal dosages of chemical compounds application are determined. Regression equations are
obtained, thanks to which it becomes possible to calculate the strength of cements in early and final curing periods depending on the dosages
of additives used. Due to the effect of strength increase it is possible to achieve a stable reduction of cement content in the concrete mixture,
which has a positive effect on the economic and environmental components.
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additives
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BBEJEHHUE

CoBpeMeHHbIE TECHACHIMN IPOMBIIIIICHHOCTH CTPOHUTEINb-
HBIX MaTE€PHaJIOB HAMPABICHBI HA MOJyYCHNE TOTOBBIX M3AEIUI
U pelIeHuil 3a KOPOTKUI MPOMEeXyTOK BpeMeHU. B Hacrodiiee
BpeMs, CaMbIM PAaCHpPOCTPAHEHHBIM U OJHO3HAYHO HE3aMEHU-
MBIM CTPOUTEIBHBIM MaTE€pHaJIOM, 0€3 KOTOPOTO HEBO3MOXHO
NPE/ICTaBUTH COBPEMEHHBII MUp — siBisieTcst 0eTOH. OCHOBHBIMU
BUJIaMH OETOHHBIX CMECEeH SIBISIOTCS: TOBapHbIE OETOHBI, Oe-
TOHBI IS KENe300€TOHHBIX W3IEIHH, TaMIIOHa)KHBIE OCTOHBI,
BBICOKOIIPOYHBIE CAMOYTUIOTHSIOIINECST OCTOHHBIE CMECH, JKECT-
Kue OCTOHHBIE CMECH, NMpPEAHA3HAYCHHBIC AT IPOU3BOJCTBA
BHOpONpPECCOBaHHBIX H3enuil. PyHAaMEHTAIBHBIM BSKYIIUM
MaTepuaaoM, KOTOPBIH BXOJHUT B cOCTaB OCTOHHBIX CMECEH, sIB-
JsIeTCsI IEMEHT, MPOU3BOJCTBO KoToporo B Poccun mo cocros-
Huto Ha | stHBapst 2024 r oneHuBaetcs B 62,6 MIJUIHOHA TOHH [1].
M3BecTHO, YTO B MUK CTPOUTEIBHOIO CE30HA, MHOTHE LIEMEHT-
HbIE 3aBOJBI HE CIOCOOHBI YIOBJIETBOPUTH NOTPEOHOCTD B Iie-
MEHTe Ul BceX HyXJIaromuxcs norpeduteneit. [lomumo storo,
B Poccun HaunHalOT 1eHCTBOBATH HOPMBI Ha KOJIMUECTBO BBIOPO-
IIeHHOro napHukoBoro raza CO; npu npou3BoAcTBe 1 T MpoayK-
uuu [2]. Tak, npu nonydeHuu | T NOPTAAHALEMEHTHOTO KIIMH-
Kepa (OCHOBBI IIeMeHTa), BeIesiercs nmopsaka 900 kr yriekuc-
JIOTO Ta3a, KOTOPHIH BBIOpAcHIBacTCS B aTMOC(eEpy, TEM CaMbIM
ycyryOusisi sBIeHHE HapHHKOBOro 3¢dekra. Pactymas crom-
MOCTH YHEPTOHOCHUTEJNEH, a TaKkXKe AIICKTPOIHEPTUH 3aCTABISIET
MHOTHX NTPOM3BOANTEICH 33 JyMBIBAaThCS O TIOMCKAX HOBBIX, OT-
YJaCTH «3EJEHBIX» pellenuii [3].

Beienepeuncinensble GpakThl NPUBOAAT K TOMY, YTO TPOU3-
BOJIUTEIIN LIEMEHTA BBIHYX/IEHBI CHIXKATh KOJMUECTBA KIMHKepa
B COCTaBe I[EMEHTa, 3aMellasi ero pa3anyHeIMHU fobaBkamu. Ca-
MBIMH PacTIpOCTPaHEHHBIMU JT0OABKaMH Ha CETOAHAIIHUIN JE€Hb
ABJISIIOTCS: M3BECTHSKHM, IIAKH, MyIuosaHbl. HamuOro pexe
BCTpeUaeTcsi NPUMEHEHHE 30JIbI-yHOCa, MHKpPOKpEMHe3eMa M
JIPYTUX aKTHBHBIX MHHEpaltbHBIX no0aBok (AMJ). Opmnako,
CTOUT OTMETHTh, YTO IPUMEHEHHE TaKMX KOMITIOHECHTOB CKa3bl-
BAeTCsl Ha SKCIUTYyaTAMOHHBIX XapaKTEPUCTHKAX MOJydaeMbIX
neMeHToB. Eciim B cilydae mpuUMeHEHHs IUIaKa, ITyHIoaHbl U
apyrux AMJI IpouCXOAUT XMMUYECKOE B3aUMOJICHCTBUE MEKIY
KJIMHKEPHBIMI MUHEpaJlaMH U J100aBKOH (J1o0aBieHHe MIaka B
MOPTIAHIIEMEHTHBIN KIMHKEpP, HapsTy C MOBBIIIEHHEM IIe0Y-
HOCTH BOJBI 3aTBOpEHHs, oOecrednBaeT H30BITOK THAPOKCHIA
KaJbIYs, KOTOPBIH HEOOXOANUM IIJIaKy Ui BBICBOOOXKICHHUS JI0-
CTaTOYHOIO KOJIM4eCTBa TruapocuiukaroB kamerus C-S-H,
YTOOBI BHECTH CYIIIECTBEHHBIH BKJIa/l B IPOYHOCTH IIeMeHTa [4]),
TO B Cilyyae INPUMEHEHMs W3BECTHSIKA BMECTO MOHOCYJb(ara
KaJIbIsl HabJrotaeTcsi 00pa3oBaHUe reMuKkapOoHaTa TPeXKallb-
ueBoro amromuHaTa (C3A-0,5CaCOs-12H,0) u MoHOKapOoHaTa
TpexkanbiueBoro amomuHara (C3A-CaCOs- 11H,0) [5]. Cradu-
nr3anys 00bEMHOTO STTPUHTUTa BMECTO MOHOCYIb(aTa Kaib-
U] IPUBOUT K YBEIWYCHUIO 00IIero o0beMa MpoayKTOB TH-
paramun [6—8] U, TakuM 00pa3oM, MPUBOJAUT K YBEITUUCHUIO
MIPOYHOCTH CTPOUTEIHHBIX PACTBOPOB Ha cxartue [9—12].

[Ipu npuMeHeHNH pa3IYHBIX 100aBOK HEOOXOIMMO yBEIH-
YHBATh yJIENBHYIO MOBEPXHOCTH MOTYYa€MBIX IIEMEHTOB, UTO HE
BCErja MOJOXKHUTENbHO CKa3bIBAETCSI HA HKCILUTyaTAl[HOHHBIX Xa-
paKkTepUCTHKaX IeMeHTa U OeToHa. Tak, BhICOKasl yAeIbHas I110-
BEPXHOCTb MPUBOAUT K 3HAYUTEIBHOMY YBEIMYEHHIO BOJOILIE-
MEHTHOTO OTHOILIEHHS], YTO HETATUBHO CKa3bIBA€TCS HAa MPOYHO-
CTH noJry4aemoro uszzenusi. K romy sxe, CTOUT OTMETUTB, YTO Oe-
TOHBI Ha OCHOBE TAaKOT'0 ILIEMEHTa 00J1aJal0T KOPOTKHM CPOKOM
coxpaHseMocTu. Takxe BaKHO OTMETHTh, YTO NMPAKTHUECKH BCE

INTRODUCTION

Modern trends in the building materials industry are
aimed at obtaining finished products and solutions in a
short period of time. At present, the most widespread and
indispensable building material, without which it is im-
possible to imagine the modern world, is concrete. The
main types of concrete mixtures are: commodity con-
crete, concrete for reinforced concrete products, tamping
concrete, high-strength self-compacting concrete mix-
tures, stiff concrete mixtures designed for the production
of vibro-pressed products. The fundamental binding ma-
terial included in concrete mixtures is cement, the pro-
duction of which in Russia as of January 1, 2024 is esti-
mated at 62.6 million tons [1]. It is known that during
the peak construction season, many cement plants are
unable to meet the demand for cement for all consumers
in need. In addition, Russia is starting to apply norms on
the amount of emitted greenhouse gas CO, during the
production of 1 ton of products [2]. Thus, when produc-
ing 1 ton of Portland cement clinker (the base of ce-
ment), about 900 kg of carbon dioxide is emitted into the
atmosphere, thereby exacerbating the greenhouse effect.
The increasing cost of energy carriers, as well as elec-
tricity, makes many manufacturers think about finding
new, partly “green” solutions [3].

Cement manufacturers are forced to reduce the
amount of clinker in cement by replacing it with various
additives. The most common additives today are: lime-
stone, slag, pozzolans. Much less common is the use of
fly ash, microsilica and other active mineral additives
(AMD). However, it should be noted that the use of such
components affects the performance characteristics of
the resulting cements. When slag, pozzolana and other
AMDs are used, chemical interactions occur between
clinker minerals and the additive. The addition of slag to
Portland cement clinker increases the alkalinity of the
mixing water and provides excess calcium hydroxide.
This calcium hydroxide is required by the slag to release
sufficient C-S-H calcium hydrosilicates to contribute
significantly to the strength of the cement [4]. When
limestone is used instead of calcium monosulfate, the
formation of tris-calcium aluminate hemicarbonate
(C3A-0.5CaCOs5°12H,0) and tris-calcium aluminate
monocarbonate (C3A-CaCOj;-11H,0) has been observed
[5]. Stabilization of bulk ettringite instead of calcium
monosulfate leads to an increase in the total volume of
hydration products [6-8]. This leads to an increase in the
compressive strength of mortars [9-12].

When various additives are used, it is necessary to
increase the specific surface area of the resulting ce-
ments. This does not always have a positive effect on the
performance characteristics of cement and concrete. A
high specific surface area leads to a significant increase
in the water-cement ratio. This negatively affects the
strength of the resulting product. Concretes based on
such cement have a short shelf life. When the specific
surface area of cements increases, all the main chemical
processes of hydration are completed by 7 days of cur-
ing. There is practically no further increase in strength.
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OCHOBHBIC XHMMUYECKHE MPOLECCHl THAPATANH MPOXOIIT K 7
CyTKaM TBEPJCHHUS, COOTBETCTBEHHO, MANBHEHIIEro MpHUpocTa
MPOYHOCTH NMPAKTHYECKH HE PONUCXOIHT.

[Ipn momose meMeHTa NCTIONB3YIOTCSl Pa3INYHbIE HHTEHCH-
¢ukaTopsr momona (MII), KoTopsle HE TONBKO CHOCOOCTBYIOT
YBEJIMYCHUIO IPOM3BOAUTEIBHOCTH TOMOJBHBIX —arperaros,
YIIY4IIEHUIO TPaHyJIOMETPUH HOIyYEHHBIX IOPOLIKOB, HO M BITH-
SI0T Ha MPOLIECCHl THIAPATallMM U CTPYKTYpOoOOpa3oBaHHMs Iie-
MeHTa. B xauecTBe OCHOBHBIX KOMIIOHEHTOB, UCTIONbB3YIOIMIUXCS
B kauecTBe U1, SBISAIOTCS: STaHOJAMUHBI, aJTKHIITAHOJIAMUHBEI,
M30IIPONIAaHOIAMIHBI, MHOTOATOMHBIE CITHPTHI, MOIUTIIHKOIH,
JUTHOCYNB(OHAT COZEpIKAIINE KOMIIOHEHTHI, BEMIECTBAa Ha(hTa-
JMHOBOTO PsiJia, yIJIEBOBI, Pa3INYHbIE HEOPTAHUIECKUE COJIH H
MOJMKapOOKCUITaTHBIE d()UPEL.

B mHacTosmmii MOMEHT CyIIeCTBYeT MHOXECTBO pabot [13-
16] mo BAMAHUIO pa3IMYHBIX XHMUYECKUX COCTUHECHNH HA CBOH-
CTBa HEMCHTAa UMCHHO IIpHU €ro nomMoJjic, 0JHakKo, I/IHq)OpMaL[I/II/I
IO MPUMEHCHUIO JTaHHBIX JIOGaBOK B 6eTOHHI)IX CMCCAX OO0 CUx
HOpP HEJOCTATOYHO.

[TpumeHeHne TaKUX XMMUYECKHX COEIMHEHHH B OETOHE MO-
JKET MO3BOJIUTH YBCINYUTH NPOYHOCTHBIC ITOKA3aTCIIN HSHCHHﬁ,
YBEIMYUTH 000payrBaeMocTh GopM (P UCIIOIB30BAHUH B TEX-
Hooruu JKBU) unm CHU3HTH KOJIMYECTBO MOTPEOIIIEMOTO Iie-
MEHTa B COCTaBE TOBAPHBIX OCTOHOB (UTO IMOJIOXKHUTEIBHO CKa-
JKETCSI Ha 9KOJIOTHIECKON ¥ SKOHOMHYECKOH COCTABIIAIONIEH )

HIMeHHO 03TOMY, LeJIbI0 JAHHOH PadoThI SIBISETCS U3yYe-
HHE JIEHCTBUSI XUMHYIECKUX COCANHEHUH Ha IPOIECCH THpaTa-
I[N U CTPYKTYPOOOpa30BaHMS PA3IMIHBIX IIEMEHTOB, a TAKXKe
BHEJpeHHE J100aBOK MOIM(PHUKATOPOB B OCTOHHYIO IPOMBIIIIJICH-
HOCTb.

MaTepI/laJ'IbI M METOAbI HCCJICA0OBAHUSA

B nanHOW paboTe HMCHONB30BAIHNCH PA3IUUHBIC IIEMEHTHI:
LHEM 0 42,5 H, JEM 1I/B-U 32,5 H u LIEM II/B-11I 32,5 H
(manmenoBanme nementos mo [OCT 31108-2020), noxy4eHHbIE
MyTEM COBMECTHOTO TIOMOJIa KJIMHKEPA, THIICA U MUHEPAIbHBIX
nI00aBoK B mabopaTopHoii mapooii MenpHUIE LHIJIM-50CT.OK.
Bce marepuansr Osumn mpenocraBieHsl OIT OO0 «llemenTy™M
Hentp» (m. Depsukoro). CymmapHas HaBecka NpoObI ObLIa
paBHa 8000 r, Bpems momosa coctaBuiio 60 MUH IpU CKOPOCTH
BpatieHus MenbHuLbl 40 06/MuH. [Tpu nmomMore nemMeHTa He Hc-
MOJIH30BAJICSI HHTEHCU(UKATOP MOMOJIA, TaK KaK €ro BBEACHHE
MOJKET BIIMSTH Ha IPOIECCHI THAPATALMH, YTO HETaTHBHO CKa-
JKETCsl Ha YHCTOTY dKCIepUMeHTa B OyaynieM. B nemeHnrax, co-
JIepXKalliuX W3BECTHIK U IIJIAK, COAEp)KaHHEe MUHEPAIbHOW J0-
6aBku cocraBuiio 1o 20 % ot obmeit Macchl ieMeHTa. JlaHHbIe
N0 XMMHYECKOMY U MHUHEPAJIOTHYEeCKOMY COCTaBy LEMEHTOB
Hpe/ICTaBJIeHbI B Tabiuax 1 1 2 COOTBETCTBEHHO.

TABJIAIA 1 - XUMHAYECKHI COCTAB IIEMEHTOB
Table 1 - Chemical composition of the cements

Various grinding intensifiers (GI) are used in cement
grinding. Grinding intensifiers increase the productivity
of grinding units and improve the granulometry of the
obtained powders. They also influence the hydration and
structure formation processes of cement. The main com-
ponents of grinding intensifiers are: ethanolamines, al-
kyl ethanolamines, isopropanolamines, polyatomic alco-
hols, polyglycols, lignosulfonate containing compo-
nents, naphthalene series substances, carbohydrates, var-
ious inorganic salts and polycarboxylate esters.

At present, there are many works [13-16] on the in-
fluence of various chemical compounds on the proper-
ties of cement during grinding. However, the infor-
mation on the use of these additives in concrete mixtures
is still insufficient.

The use of such chemical compounds in concrete
may allow to increase the strength properties of prod-
ucts. Their use in the technology of reinforced concrete
products will increase the turnover of molds and or re-
duce the amount of cement consumed in the composition
of commercial concrete. This will have a positive impact
on the ecological and economic component of concrete
production.

The purpose of this work is to study the effect of
chemical compounds on the hydration and structure for-
mation processes of various cements, as well as the in-
troduction of modifier additives in the concrete industry.

Materials and methods of research

Different cements were used in this work: CEM 0
42.5 N, CEM II/B-1 32.5 N and CEM II/B-SH 32.5 N
(cement names according to GOST 31108-2020). The
cements were obtained by joint grinding of clinker, gyp-
sum and mineral additives in a laboratory ball mill
SHLM-50ST.OK. All materials were provided by OP
LLC “Cementum Center” (Ferzikovo settlement). The
total sample weight was equal to 8000 g, grinding time
was 60 min at a mill speed of 40 rpm. No grinding inten-
sifier was used in cement grinding, as its introduction
may affect the hydration processes, which will nega-
tively affect the purity of the experiment in the future. In
cements containing limestone and slag, the content of the
mineral additive amounted to 20% of the total cement
mass. Data on the chemical and mineralogical composi-
tion of the cements are presented in Tables 1 and 2, re-
spectively.

Tun neMeHTa

Copaep:xaHue okcuaoB, %
Oxides content, %

Type of cement

SiO: ALO3 Fe203 CaO MgO R0 SOs Cr

HEM 042,5H 21,17 5,74 4,67 65,54 1,50 0,71 0,23 0,01
LEM II/B-U 42,5 H 21,60 4,70 3,80 66,90 0,9 0,54 0,71 0,01
IHEM II/B-111 42,5 H 21,60 4,70 3,80 66,50 1,12 0,54 0,65 0,01
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TABJIAIA 2 - MUHEPAJIOTTYECKHWI COCTAB KJIMHKEPOB
Table 2 - The mineralogical composition of clinkers

Copaep:xaHue KJIMHKEPHBIX MUHEPAJIOB, %

Tun neMenTa . .
Clinker minerals content, %

Type of cement

CsS C:S CsA C4AF

LHEM 0 42,5 H 72,2 8,6 7,9 11,3
LIEM II/B-1 42,5 H 68,9 11,8 6,4 12,9
LHEM II/B-1II1 42,5 H 72,9 9,2 6,2 11,7

As chemical substances - additives of modifiers were
used: triethanolamine technical (TEA), diethanolizopro-
panolamine (DEIPA), triisopropanolamine (TIPA), so-
dium thiocyanate (NaSCN), crude glycerol (Glycerol)
and feed molasses (Melassa).

B kxauecTBe XMMHUYECKHX BEIIECTB — J00aBOK MOANU(PHKATO-
POB HCIONB30BalM: TpUAITaHOJAMHMH TexHuuyeckuil (TDA), nu-
sta"onu3onponaHonamMus  (JJOUIIA), TpumsonpomnaHosaMuH
(TUITA), tnonmonat Hatpust (NaSCN), rimnepun coipoit (-
LepHH) U Menaccy kopmonas (Menacca).

B pabore ObuT HCIIONTB30BaH MHOTO(aKTOPHBI AKCIIEPUMEHT
no meroxmy Tarytm. MaTpuma IUTaHUPOBaHMS SKCIIEPHMEHTA
IpescTaBiIeHa B Tabuue 3.

A multivariate experiment using Taguchi method
was used in this work. The experiment planning matrix
is presented in Table 3.

TABJIUILA 3 - MATPULA IIJTAHUPOBAHUS DKCIHIEPUMEHTA ITIO METOAY TAI'YTH
Table 3 - Taguchi method experiment planning matrix

3akoaupoBaHHbIe GaKTOPbBI
Coded factors
Ne TOA JDUIIA THUITA NaSCN Cinuepun Meacca
TEA DEIPA TIPA Glycerol Melassa
0 0 0 0 0 0

1 0 0 0,5 0,5 1 1
2 0 0,5 0 1 1 0,5
3 0,5 0,5 0,5 0,5 0,5 0,5
4 0,5 0,5 1 1 0 0
5 0,5 1 0,5 0 0 1
6 1 0 1 0,5 0,5 0
7 1 1 0 0 0,5 0,5
8 1 1 1 1 1 1
9 0 0,5 1 0 0,5 1
10 0 1 0,5 1 0,5 0
11 0 1 1 0,5 0 0,5
12 0,5 0 0 1 0,5 1
13 0,5 0 1 0 1 0,5
14 0,5 1 0 0,5 1 0
15 1 0 0,5 1 0 0,5
16 1 0,5 0 0,5 0 1
17 1 0,5 0,5 0 1 0
18

JlaHHBII METO/ MO3BOJISIET BBIOPATh TPU Pa3INYHBIX METO-
JIMKHM pacyeTa ONTHUMAIbHBIX 3HAaYEHUH: «OojbplIe — Jrydiney,
«MEHBIIIE — JyYIle» U «ONTUMAIBHBIN BapHaHT — Jydme». B
3aBHCHMOCTH OT HUCCIIEyeMOT0 ITapaMeTpa ObIIIN BEIOPAHbI Me-
TOJIMKH pacyeTa NOJyUICHHBIX 3HAaYEHUH 110 BapHaHTY «OoJIbIIe
— JIyYIIe» WIH «MEHBIIIE — JTyqIIe).

Kak BugHO M3 TaObmuIp! 3, SKCIEPUMEHT OIIEHUBAET Kpaii-
HHUE W CepeIMHHBIC MHTEPBAIBI N3ydaeMbIX (pakTopoB. [lo3u-
poBku 106aBok coctasisuta 0,00 %, 0,04 % u 0,08 % oT Macchr
1eMeHTa. B cooTBeTCTBMM C JaHHBIMU TaOIMIB! 3 OBUTH TPH-
TOTOBJICHBI PacTBOPBI, KOTOPBIMH 3aTBOPSIM LEMEHT. Jo3u-
POBKH J100aBOK pacCuMTaHbl TaKUM 00pa3oM, 4TOOBI B XOJe

This method allows you to choose three different meth-
odologies for calculating optimal values: “more is better”,
‘less is better’ and ‘optimal variant is better’. Depending on
the parameter under study, the techniques for calculating the
values obtained for the “more is better” or “less is better”
option were selected.

As can be seen from Table 3, the experiment evaluates
the extreme and middle intervals of the studied factors. The
dosages of additives were 0.00 %, 0.04 % and 0.08 % of
cement weight. In accordance with the data in Table 3, mor-
tars were prepared for cement mixing. The dosages of addi-
tives were calculated in such a way that the water-cement
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3aTBOPEHUS COOJIIOANIOCH BOJOIIEMEHTHOEe OTHomeHne B/I]
paBHoe 0,5. CTOUT OTMETUTb, YTO B KOXKIBIH COCTAB TOMIOJIHU-
TenbHO BBOAWH Tpuu3oOytmwidocdar (TiBP) B xauectse me-
HOTACHTeJs, TaK KaK 4acTh UCCIEAYEMBIX XUMUIECKUX COEIH-
HEHHH OO0NamgaeT CIOCOOHOCTHIO ITOBBIMIEHHOTO BO3IYXOBO-
BJICYEHHS B IIEMEHTHYIO CMECh.

Bce ximHKepa npeaBapuTeNIbHO APOOMIIN Ha T1a00paTOpHON
IIEKOBOM NPOOHIIKE MPOCTHIM ABHKEHHEM ILEKH C Pa3MEpoOM
BBIXOHOTO OTBEepCTHst 10 1 MM. [{eMeHTBI rOTOBMIIM COBMECT-
HBIM TIOMOJIOM B J1abopaTopHoii OapabaHHOW MeNbHUIE 00be-
MoM 50 51 MmaTepuana. MemouuMu TENaMy CIIyKHIN CTajdbHbIE
Tena guaMeTpoMm ot 15 1o 50 Mm.

CooTHOIIEHHE H3METHYaEMOT0 MaTEpPHaIa U CTAIIBHBIX Me-
JIFOIIKX TeJ cocTaBiswio 1:3. Macca Matepuaia, 3arpykaeMoro
B MeNbHULY, cocTaBisiia 10 kr. [Tomon npoBoaunu 10 octaTka
Ha cute Ne 008 5-6 mac. %.

O6pasist iemenTa popmosaiu o 'OCT 6139-2020 [17] ¢
UCIIONIb30BaHUEM TIOJIMPPAKIMOHHOTO Tecka. B kadecTBe
BOJIbI 3aTBOPCHHUA BBICTYIIAJIM PACTBOPLI, IMMOJTYUCHHBIC HA OC-
HOBaHMH TaOJIMIIBI 3.

O6pa3isl emenra-6anouex 40x40x160 MM mocie pacmna-
JTyOKHM XpaHWJIM BO BJIQXKHBIX YCJOBHSAX (IIOJIHOCTBIO TOTPY-
JKEHHBIX B Boje). VicTibITaHMs HA TPOYHOCTD MPOBOIIIH B BO3-
pacte 1,7 u 28 cyr.

W3mepenne yaenbHOW NOBEPXHOCTH M TOPUCTOCTH MPOBO-
JITNCHh Ha aBTOMaTHIeckoM aHanmzatope Gemini VII ¢pupmer
Micrometrics. B kagecTBe ancopbaTa HCHONB30BajCS a30T, U3-
MepeHHUs poBoAMInCh pu Temnepatype 77 K. Pacuer yneins-
HOW MOBEPXHOCTH ocyIecTBisIica MmetonoM BOT.

HccnenoBanus npooguian Ha obopyzoBanuu LIKIT um.
J.WN. Mengneneena.

Pe3yJ’leaTl)l H UX oﬁcym)]elme

Panee ObUI0 M3yUeHO BIMSHHUE OT/JEIBHBIX XUMHYECKUX CO-
€/IMHEHUH Ha 3KCIUTyaTallMOHHBIC XapaKTEPUCTHKU LIEMEHTOB
pa3IMYHOro MUHepajoruueckoro cocrana [18]. Tak, npu no-
6aBnennn TOA HpONCXOIUT YCKOPEHHE MPOIECCOB THApaTa-
IIMM TPEXKAIBIIMEBOTO AIIOMHHATA 32 CUET ero Mopgoornye-
CKHUX NPEBPAIICHHH, a TAKXKe 3a CUeT YCKOPEHHOTo 00pa3oBa-
Hus otTpuHruTa. [Ipm mcnonp3oBanun TUIIA nHabmonaercs
yYBEJIMYEHUE CTETeHN TUApaTaluu B Oojiee MO3JHHE CPOKU
TBEPACHUS 33 CUET yMEHbINEHUsI abcopOunu o0pa3yomerocs
noptinauauta Ca(OH),, a Takxke yBeTHYCHHs CTENEHHU THIpa-
Taluu TpexKajbIlueBoro cuaukara. Vcmons3oBanue [IDUITA
MO3BOJISIET YCKOPUTH IPOLECCH THAPATAIINH Ha PaHHUX U KO-
HEUYHBIX CPOKax 3a CUYET CBOEr0 KOMOMHHPOBAHHOIO CTPOCHHUS
mexay TOA u TUITA.

Ha nepBoMm stane paboThl ObUIO U3YYEHO BIMSHHE LIECTH
XMMHUYECKHX COEIMHEHMI Ha CBOWMCTBAa 0e3100aBOYHOTO Iie-
MeHTa. [loy4eHHbIH IeMeHT OblT 3aTBOPEH B (PUKCHPOBAaHHOM
B/L1=0,5 c npumeHeHneM 100aBOK IO MaTpPHIIE ITIAHUPOBAHUS
(Tabmuma 3). O6pasibl IeMeHTa TBep e B BOAHOH cpene. [To-
JydeHHBIC JaHHBIE IT0 TIPOYHOCTH 00pa3IoB B Bo3pacTe 1, 7 u
28 cyT mpencTaBiIeHBI Ha PUCYHKE 1.

Kak BHIHO M3 TMONyYeHHBIX TAHHBIX, BBEJCHHE XHMHUYE-
CKUX COEIMHEHHUH B COCTAB [IEMEHTA MOJI0XHUTEIBHO BIHSIET Ha
MPOYHOCTh B Bo3pacte 1 cyr. HamGonpmuM mpupocToM 1o
NpOYHOCTH, Xapakrepusyercs obpasen Ne 11 (Rex=21,4 MIla
npotuB Re=11,1 MIla y koHTpossHOTO cocTaBa). B Bo3pacte
28 cyT TaxKe BCE COCTaBbl XapaKTepU3yIOTcs OoJbLIel Mpoy-
HOCTBIO, YeM KOHTPOJIBHBIH oOpaszen. OJHAKO, JHIIb TPH CO-
ctaBa Ne 2, Ne 10 u Ne 14 umeror npounocts Bbiie 60 MIla
(Rex=50,7 MIla y konrtpossHOro obpasua). [IpumeneHue
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ratio B/C equal to 0.5 was observed during mixing. Triiso-
butyl phosphate (TiBP) was additionally added to each
composition as a defoamer, since some of the chemical
compounds under study have the ability of increased air en-
trainment in the cement mixture.

All clinkers were pre-crushed on a laboratory jaw
crusher with a simple jaw movement with an exit opening
size of up to 1 mm. Cements were prepared by co-milling
in a laboratory drum mill with a volume of 50 liters of ma-
terial. Grinding bodies were steel bodies with diameters
from 15 to 50 mm.

The ratio of the material to be ground to the steel grind-
ing bodies was 1:3. The mass of material loaded into the
mill was 10 kg. Grinding was carried out to the residue on
the sieve Ne 008 5-6 wt. %.

Cement samples were molded according to GOST 6139-
2020 [17] using polyfractional sand. The solutions obtained
on the basis of Table 3 served as mixing water.

Cement beam specimens of 40x40x160 mm were stored
in humid conditions (fully immersed in water) after disinte-
grating. Strength tests were carried out at the age of 1.7 and
28 days.

The specific surface area and porosity were measured on
an automatic analyzer Gemini VII from Micrometrics. Ni-
trogen was used as adsorbate and measurements were car-
ried out at 77 K temperature. The specific surface area was
calculated by the BET method.

The studies were carried out on the equipment of the D.1.
Mendeleev Central Research Center.

Results and discussion

The influence of some chemical compounds on the per-
formance characteristics of cements of different mineralog-
ical composition was studied earlier [18]. Addition of TEA
accelerates the hydration processes of tricalcium aluminate
due to its morphological transformations, as well as due to
accelerated formation of ettringite. When using TIPA, there
is an increase in the degree of hydration in the later terms of
hardening due to a decrease in the absorption of formed
portlandite Ca(OH)2, as well as an increase in the degree of
hydration of tricalcium silicate. The use of DEIPA allows
to accelerate the hydration processes at early and final terms
due to its combined structure between TEA and TIPA.

In the first stage of the work, the effect of six chemical
compounds on the properties of the additive-free cement
was studied. The obtained cement was set in fixed B/C=0.5
with additives according to the planning matrix (Table 3).
The cement specimens were hardened in aqueous medium.
The obtained data on the strength of specimens at the age of
1, 7 and 28 days are presented in Figure 1.

As can be seen from the data obtained, the introduction
of chemical compounds into the cement composition has a
positive effect on the strength at the age of 1 day. The great-
est increase in strength is characterized by sample No. 11
(Rcj=21.4 MPa against Rcj=11.1 MPa in the control com-
position). At the age of 28 days all compositions are also
characterized by higher strength than the control sample.
However, only three compositions No. 2, No. 10 and No. 14
have strength above 60 MPa (Rcj=50.7 MPa in the control
sample). The use of such additives allows increasing the
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TakuX 100aBOK TO3BOJIAET YBEIMIUTh MAPOUYHYIO MPOYHOCTH
[IEMEHTa Ha OJUH KJIACC, HE TTOBBIIIAS €TO YACIBHYIO ITOBEPX-
HOCTB, YTO SKOHOMHYECKH IeJIecO00pa3HO TP ero MPOU3BOJI-

CTBC.

strength of cement by one class without increasing its spe-
cific surface area, which is economically feasible in its pro-
duction.
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PUCYHOK 1

HNPOYHOCTD MPU C)KATUU OBPA3LI0B 60

LIEMEHTA IIEMO 42,5 H
S50

40
Figure 1
30
Compressive strength of cement samples
CEMO0 425N

IIpounocTs npH cskaTAH, MIla

20

10

Bicyr BH7c¢yr O28cyT

2 3 4 5 6 7 8 9 10 11
CocTaBbl

12 13 14 15 16 17 18

[pu U3y4eHHH KOMIUIEKCHOTO BIMSHHUS XUMUUYECKHUX J10-
0aBOK Ha CBOHCTBa 0€3700aBOYHOTO IIEMEHTa OBLIO OTIpeie-
JIEHO, YTO BBEIEHUE NO00ABOK B COCTAB LIEMEHTA IIOJIOYKH-
TEJILHO CKa3bIBACTCS HA MPOYHOCTHBIX XapaKTEPHCTHUKAX Ha
Bcex 3Tamax TBepiacHus. CTOUT OTMETHTh, YTO JAHHBIC IO
MPOYHOCTH MOJHOCTHIO KOPPEIUPYIOT C Pe3yIbTaTaMH II0T-
HocTH (Tabnuua 4).

When studying the complex influence of chemical addi-
tives on the properties of additive-free cement, it was deter-
mined that the introduction of additives into the cement
composition has a positive effect on the strength character-
istics at all stages of curing. The strength data are fully cor-
related with the density results (Table 4).

TABJIUIIA 4 - MUKHOMETPUYECKAS IIVMIOTHOCTDb U3YUEHHBIX OBPA3IIOB IEMEHTA
Table 4 - Pycnometric density of the studied cement samples

Jo3upoBka 100aBoK InoTHOCTH, KI/M3
Dosage of additives Density, kg/m3
e TOA | JOUIA | THOA | o FJ;E:‘:‘ Menacca | I[EM 0 1111/11231-\1/51 I%}]l;:_l\fu
TEA DEIPA TIPA Glycerol Melassa 42,5 H 32.5H 32.5H

1 0 0 0 0 0 0 2334 2307 2314
2 0 0 0,04 0,04 0,08 0,08 2366 2344 2334
3 0 0,04 0 0,08 0,08 0,04 2377 2309 2332
4 0,04 0,04 0,04 0,04 0,04 0,04 2346 2320 2324
5 0,04 0,04 0,08 0,08 0 0 2357 2261 2328
6 0,04 0,08 0,04 0 0 0,08 2338 2288 2348
7 0,08 0 0,08 0,04 0,04 0 2342 2295 2326
8 0,08 0,08 0 0 0,04 0,04 2359 2310 2336
9 0,08 0,08 0,08 0,08 0,08 0,08 2346 2298 2321
10 0 0,04 0,08 0 0,04 0,08 2369 2305 2342
11 0 0,08 0,04 0,08 0,04 0 2344 2300 2342
12 0 0,08 0,08 0,04 0 0,04 2363 2305 2344
13 0,04 0 0 0,08 0,04 0,08 2356 2317 2342
14 0,04 0 0,08 0 0,08 0,04 2338 2294 2325
15 0,04 0,08 0 0,04 0,08 0 2312 2317 2316
16 0,08 0 0,04 0,08 0 0,04 2348 2305 2342
17 0,08 0,04 0 0,04 0 0,08 2361 2302 2328
18 0,08 0,04 0,04 0 0,08 0 2336 2319 2330

B naHHON MHTepnperanuu pe3yJbTaTOB JOBOJBHO Ts-
JKEJIO ONpEAeNNTh, KaKOH MMEHHO KOMIIOHEHT CHOCOOeH
BIMATh HA T€ WM MHBIE CBOMCTBa Ipoaykra. MIMeHHO mo-
9TOMY TMIOJy4Y€HHbIE pe3yJbTaThl ObLTM 00paboTaHbl C

In this interpretation of the results, it is rather difficult to
determine which component is able to influence certain prod-
uct properties. That is why the obtained results were pro-
cessed with Minitab software using the Taguchi data
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nomonipio 1O Minitab, ucrmonb3ys MeTon oOpabOTKH TaH-
Heix 1o Taguchi. B xome paGoTel ObT BEIOpaH MeETOX
«OO0JIBIIIE-ITyYIIIe), KOTOPBI MOXKHO BBIPa3HUTh CIICIYIOMIUM
ypaBHEHUEM:

S/N = —1010g[ ?:1%],

Pe3ynbraToM AaHHOW MHTepHpeTallMu SBISAIOTCA Ipa-
(UKH, TOKA3bIBAIONINE BIUSHUE TO3UPOBKU U3YYEHHOT'O XU~
MHYECKOT'0 COSJIMHEHUsI Ha CBOWCTBA IIeMEHTa (PUCYHOK 2).

Kax BuHO 13 M0JTy4eHHBIX JaHHBIX, OCHOBHOE NOBBIIIIE-
HHE POYHOCTH HAOMI0AaeTcs npu ucrnonb3oBanmu JJOUITA
U THOLUMOHATA HATPHA B MAKCUMAalbHO HM3y4E€HHOW IO3H-
poBke. Takoe sBIEHHME CBS3aHO C TEM, YTO THOLMOHAT
HaTpHUsl BIMSAET Ha MHTEHCU()MKAIMIO MPOIECCOB I'MIpaTa-
1Y KJIMHKEPHBIX MUHEpaoB. IIporcxoqur ysenndeHue co-
JEpAKAHUSA HOHOB KalbLUs B CUCTEME, YTO NMPHUBOAMT K II0-
BBIIIICHUIO PACTBOPUMOCTH MHHEPAJIOB M KaK CIIEICTBHE —
CHIDKCHME TIeJIeBOM M KalWUIIPHOM IOPUCTOCTH LIEMEHT-
HOT'O KaMHS.

processing method. In the course of the work, the “more is
better” method was chosen, which can be expressed by the
following equation:

)

The result of this interpretation are the graphs showing
the effect of the dosage of the studied chemical compound
on cement properties (Figure 2).

As can be seen from the data obtained, the main increase
in strength is observed when using DEIPA and sodium thio-
cionate at the maximum studied dosage. This phenomenon is
due to the fact that sodium thiocionate affects the intensifi-
cation of hydration processes of clinker minerals. There is an
increase in the content of calcium ions in the system, which
leads to an increase in the solubility of minerals and, as a
consequence, a decrease in gel and capillary porosity of ce-
ment stone.

PUCYHOK 2 2504
BJIUSAHUE JOBABOK U UX JO3UPOBOK
HA IMPOYHOCTDb HEMEHTA
IIEM 0 42,5 H IIPU C’KATUN

2454

B Bo3pacre: a — 1 ¢cyT, 0 — 28 cyT

2354
Figure 2
Effect of additives and their dosages on the oY
strength of cement CEM 0 42.5 N in compres-
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DddeKT moBwImeHUsT MPOYHOCTH MpHu BBeaeHuu JIOUITA
CBSI3aH C TEM, YTO AMITAHOJIN3OMPOIIAHOIAMUH CIIOCOOCTBYET
yCKOpeHuto ruaparanuu Mmunepana C3A ¢ o6pa3zoBaHUEM TeK-
CaroHaJbHBIX AOMUHATOB Kaibius (Amt-da3), a mozgHee —
kyomueckoro C3;AHg. Yckopsiercss Takke o0Opa3oBaHHE IT-
Tpunrura. K romy e, B Hauane ruapatauuu JOUITA moxer
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The effect of strength increase at introduction of
DEIPA is connected with the fact that diethanolizopro-
panolamine promotes acceleration of hydration of mineral
Cs;A with formation of hexagonal calcium aluminates
(AFm-phases), and later - cubic C3AHe. The formation of
ettringite is also accelerated. In addition, at the beginning
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YCKOPHTH pacTBopeHue u ruaparaiuio C4AF myrem obpa3osa-
Hus KomIuiekca Fe’” B runparaimorHOM CyCceH3uu ¢ BEICOKHM
3HaueHneM pH, 4TO NMpHBOOUT K YBEIWYEHHIO COJCPIKAHHA
MpOAyKTOB peakuunu [19].

[Ipn ncrionp30BaHUM MENAcChHl B HU3KUX JO3UPOBKAX TAKKE
HaOJI0AaeTcsl MOBBIIIEHUE POYHOCTH Ha PaHHHE CPOKHU TBEP-
JeHus (pUCYHOK 2, a). DTO MOKHO OOBSCHHUTH TEM, YTO B CO-
CTaB MeJacchl BXOAUT 10 15 % opraHumueckux a3oTocoaepixa-
IIUX COEAMHEHUH, KOTOphIE, IO BCEH BUAMMOCTH, BCTYNAIOT B
XUMHMYECKHE PEeaKLUU C KIMHKEPHBIMU MHUHEpaJaMHU, TeM ca-
MBIM BJIMSISL HA yCKOPEHHE MPOIECCOB ruapatanun. JlampHei-
IIee TOBBIIICHUE COICPKAHMUSA MENAcChl PE3KO CHIDKAeT
HavyalbHYI0 MPOYHOCTh U3-3a CHIBHOW OJIOKHPOBKH IIEHTPOB
KPHUCTAJUTH3alUH 33 CYET 0Opa3oBaHUS BOKPYT KIMHKEPHBIX
MHHEPAJIOB THAPATHON 0OOIOUKH.

IIpn paccMOTpeHHH NPOYHOCTH LIEMEHTA MpPH CXKATHH B
Bo3pacte 28 cyT (pUCYHOK 2, 0), TO BHAHO, YTO OCHOBHOU
BKJIaJ] B yBeIrueHue NpoyHOCTH BHOCAT JIDUIIA, TUITA u me-
nacca. OcTaabHbIC XUMUYECKHE COSMHEHHS BHOCAT MEHBIIHNH
BKJIa/l B IIPOLIECCHI TBEPACHUS IEMEHTA.

IToMrMO yCKOpEHUS NMPOIECCOB TUAPATAIMH KIMHKEPHBIX
munepanoB C4AF u C3A, npumenenue IOUIIA u TUIIA mpe-
ISTCTBYET afcopOLMM TPOAYKTOB THApPATAUH (TaKWX Kak
Ca(OH),) Ha 3epHax meMeHTA.

VYpasuenue runparaunu CsS u CoS MOKHO BBIpa3HTh clie-
JOYIOIINMH XUMHYECKAMH PEAKIMSIMU:

3Ca0-SiOz + xH0 =

of hydration DEIPA can accelerate the dissolution and hy-
dration of C4AF by formation of Fe** complex in hydra-
tion suspension with high pH value, which leads to an in-
crease in the content of reaction products [19].

The use of melassa in low dosages also shows an in-
crease in early curing strength (Figure 2, a). This can be
explained by the fact that in the composition of melassa
includes up to 15 % of organic nitrogen-containing com-
pounds, which enter into chemical reactions with clinker
minerals, thereby affecting the acceleration of hydration
processes. Further increase of molasses content sharply re-
duces initial strength due to strong blocking of crystalliza-
tion centers due to formation of hydrate shell around
clinker minerals.

When the compressive strength of cement at the age of
28 days (Figure 2, b) is considered, it can be seen that the
main contribution to the increase in strength is made by
DEIPA, TIPA and molasses. The other chemical com-
pounds contribute less to the cement hardening processes.

In addition to accelerating the hydration of clinker
minerals C4AF and C3A, the use of DEIPA and TIPA pre-
vents the adsorption of hydration products (such as
Ca(OH),) on cement grains.

The hydration equation of C3S and C,S can be ex-
pressed by the following chemical reactions:

3Ca0-Si0y'xH20, ©)

3Ca0-Si0x'xH20 = (0,8 - 1,5)Ca0-Si02'yH,0 + (1,5 — 2,2)Ca(OH), + (x — y)H20

(0,8 - 1,5)Ca0-Si02yH,0 + (0 — 1,2) Ca(OH),,

2Ca0-Si0; = xH,0+(1,6 - 1,9)Ca0-Si02xH,0 + (0,1 — 0,4)Ca(OH),,

Hcxo/1st 13 BBILIEONTMCAHHBIX XUMUYECKUX PEAKIHii MOKHO
cZienaTh BBIBOJ O TOM, UTO Nipu Tuaparanuu C3S cymmapHo 00-
pasyercs (1,5-3,4) Ca(OH),, B TOo Bpems Kak IpH THApaTanuu
C,S obpasyercst Bcero susb 0,1-0,4 Ca(OH),.

['uueprH MOBBIIIAET PACTBOPUMOCTh KIMHKEPHBIX MUHE-
paJioB M THUIIPOKCHA KaJbLIUs, a TAKKE YCKOPSIET HOHHBIN 00-
MeH B 000JI0YKaxX THApaTHUpYIOMHKXCcs 3€peH neMenTa. biaro-
Jlapsi TOMY TIOBBIIIAETCS CTETIEHb THAPATAlMN TPEXKaIbIIHe-
BOTO CHJIMKAaTa — OCHOBHOTO KJIMHKEPHOT'O MHHEpasa U CyIle-
CTBEHHO COKpalaercs JUIMTEIbHOCTh WHIYKIHOHHOTO TMepH-
ona. Kpome Toro, rimiepus 3a c4ét oOpa3oBaHUs pacTBOPH-
MBIX TJIMILEPATOB YBOAWT M3 30HBI PEAKIMH THAPOJIN3A YacTh
Ca(OH),, 4To yckopsieT mporecc THAPOIHN3a U JadbHEHIIyIo
THIPATAINIO [IEMEHTa, a TaKKe CO3/1aéT yCIOBUS UII 00pa3o-
BaHMsI HU3KOOCHOBHBIX THIPOCHIMKATOB KAJIbIIHS.

YBenudeHne NPOYHOCTHBIX XapPaKTEPHCTUK H3YyUCHHOTO
[IEMEHTa NP BBEJCHUU B €r0 COCTaB KapOoruapaToB (B JaH-
HOM CITy4ae MeJlacChl) MOKHO OOBSCHHUTH TEM, YTO MOJIEKYJIBI
MeJacchl, aIcopOMpysCh Ha MOBEPXHOCTH YACTHUI] KIIMHKEPHBIX
MHHEpAJIOB, CO3Jal0T T'MIpaTHYI0 000JI04Ky, KoTOopas oOua-
JlaeT BOAOYepKUBaroliel criocobHocThio. FiMeHHo 3a cuer Ta-
koro 3¢ddekxra MPOUCXOIUT 3aMeUICHHE HAYaIbHON TuIpaTa-
IIM, HO ¥ yBEJIMYEHHE KOHEUHOH MPOYHOCTH, B CBSI3H C TEM,
YTO BOJA W3 TUAPATHON 000JI0OUKH pacxomyeTcsi Ha JTOCTHXKe-
HHe 0oJiee MOTHOI rUIpaTalii MUHEPAIOB.

Ha ocroBanmm 06pabOTKH MOTyYeHHBIX JaHHBIX, OBUIN CO-
CTaBJICHBI YpaBHEHUS perpeccuul 1y | u 28 cyT TBepAeHUS:

3)
“4)

Based on the chemical reactions described above, it
can be concluded that the hydration of C3S produces a total
of (1.5-3.4) Ca(OH),, while the hydration of C,S produces
only 0.1-0.4 Ca(OH)..

The glycerine increases the solubility of clinker miner-
als and calcium hydroxide and accelerates ion exchange in
the shells of hydrated cement grains. Thanks to this, the
degree of hydration of calcium tri-calcium silicate, the
main clinker mineral, increases and the duration of the in-
duction period is significantly reduced. Besides, glycerol
due to the formation of soluble glycerates takes away a
part of Ca(OH), from the hydrolysis reaction zone, which
accelerates the hydrolysis process and further cement hy-
dration, as well as creates conditions for the formation of
low- basic calcium hydrosilicates.

The increase in the strength characteristics of the stud-
ied cement with the introduction of carbohydrates (in this
case melassic acid) into its composition can be explained
by the fact that melassic acid molecules adsorbed on the
surface of clinker mineral particles create a hydrate shell,
which has a water-holding capacity. It is due to this effect
that the initial hydration slows down, but also increases
the final strength, due to the fact that water from the hy-
drate shell is used to achieve a more complete hydration
of minerals.

Based on the processing of the obtained data, regres-
sion equations were prepared for 1 and 28 days of harden-
ing:
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F (1 cyr)=11,10 + 48,33 X; + 45,83 X, + 28,96 X5 + 35,83 X4 + 48,33 X5 - 9,792 X +296,9 X;2 +125,0 Xo* + 171,9
X352+ 31,25 X4? - 375,0 X5% - 296,9 X2 - 890,6 X1X5 - 1328 X1 X5 + 234,4 X1 X4 - 15,63 XiXs +234,4 XiXs,  (5)

F (28 cyT) =50,70 + 101,0 X; + 26,88 X; + 161,0 X5 + 18,33 X4 + 41,46 X5 + 37,50 X6 + 26,04 X2 - 349,0 X2 - 1120
X3z - 208,3 X42 +713,5 X% - 208,3 X + 52,08 X1 X2 - 218,7 X1 X3 - 385,4 X1 X4 - 2135 XX - 447,9 X Xe, 6)

Ine: X; — TOA, X, — IDUIIA, X3 — TUIIA, X4 — NaSCN, Where: X1 - TEA, X2 - DEIPA, X3 - TIPA, X4 -
Xs — raunepuH, Xe - Menacca NaSCN, X5 - glycerol, X6 - molasses
JlaHHBIC ypaBHCHHS PErpecCHH MO3BOJITIOT MaTeMaTHue- These regression equations allow to mathematically

CKH PacCUYHUTATh TEOPETHUYECKYIO MPOYHOCTD, KOTOpyIo MokHO calculate the theoretical strength, which can be obtained
MTONTyYUTh TIPHU HCIIONB30BAaHMH W3yYEHHBIX XMUMHYECKHX co- Wwhen using the studied chemical compounds depending
eMHEHW B 3aBUCHMOCTH OT UX JO3UPOBKH. on their dosage.

[IpencraBneHHbIC HIKE IUATPAMMEBI IPEACTABISIIOT 3aBH- The diagrams below represent the dependencies show-
CHUMOCTH, TIOKa3bIBAIOIINE BIMSHUE WCIIONB30BaHU xumude- ing the effect of chemical compounds on the strength prop-
CKHX COSIMHEHHWI Ha MIPOYHOCTHBIC XapaKTepuCTHKH Matepr- erties of the material (Figure 3). Thanks to the data ob-
ana (pucyHok 3). brmaromaps moJyd4eHHBIM JaHHBIM cTaHO- tained, it is possible to examine their influence on cement
BUTCSI BO3MOKHBIM 00Jiee MOIPOOHO paCCMOTPETh UX BAMSHUE properties in more detail.

Ha CBOMCTBA LIEMEHTA.

u,us‘l NaSCNST3A | NpouHects, Mia

PUCYHOK 3 H <
|_[RERSSET

JAUATPAMMBI BJIMSIHUSL U3YYEHHBIX = - 15
XMMHYECKHX COETUHEHHIA HA — il
CBOHUCTBA HEMEHTA LEM 0 42,5 H M oi7- 18
18- 19

Bpems TBepaenusi: a — 1 cyT, 6 — 28 cyT = > 19

Figure 3

Diagrams of influence of studied chemical com-
pounds on properties of cement CEM 0 42.5 H

Hardening time: a - 1 day, b - 28 days

a(a)
- [A3VNA®TIA | . TIA NpouHocTs, MMa
y < 550
0,04 0,04 I 550 - 575
0.c0 0,00

B 575 - 600
B 500 - 625

[AMUEDUH*
00 004

008"
0,04
0,00
o.
0,08

0,00 0,04 D,h& X 0,04 0,08 o.0e . 625 - 650
D.W\MMBCH'TEA‘ i TANA*OSHNA =] > 650
0,04
6 (b)
Crenyromum 3tarnoM paboThl OBUIO M3Y4EHHE MPOYHOCT- The next stage of the work was to study the strength

HBIX CBOMCTB q00aBouyHOTO 1iementa IIEM II/B-U 32,5 H. Jlan-  properties of the addition cement CEM II/B-I 32.5 H. This
HBIA [IEMEHT OBIT TOJIy4eH IMyTeM COBMECTHOT'O IIOMOJIa paHee  cement was obtained by joint grinding of the previously
M3YYEHHOTO KIMHKEpa, a Takxke rurmca u wu3BecTHsaka. studied clinker, as well as gypsum and limestone. The
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ConepxaHue H3BeCTHsIKa cocTaBisuio 20 % oT o0mel Macchl
nemenTa. Kak u panee, nemeHt Obu1 3aTBOpeH ¢ B/I1=0,5 ¢ uc-
MOJIb30BAHUEM Pa3IMYHbIX XUMUYECKUX COCAMHEHUH (Tab-
muua 3). INonydeHHbIe pe3yabTaThl MO MPOYHOCTH MPEACTaB-
JICHBI HA PUCYHKE 4.

PUCYHOK 4

IMPOYHOCTSD TP C)KATUHU OBPA3IIOB
IOEMEHTA LIEM 1I/B-U 32,5 H

th
=

o
(=]

Figure 4

Compressive strength of cement samples
CEM II/B-132.5N

IIpounocTs npn cxxaTHH, MIIa
w W
= (=]

[
=]

Kak u B cirydae ¢ 6e3100aBOYHBIM [IEMEHTOM — IIPUMEHE-
HHUE XHMUYIECKUX COCTUHCHUH IOJIOKUTETTHHO CKa3bIBaeTCs Ha
MPOYHOCTHBIX XapaKTepPHCTHUKaX 00pa3ioB. Hanbompmmii mpu-
POCT IO IPOYHOCTH B PaHHUE 3Tambl TBepAcHHA (1 cyT) oTHO-
CHUTEJILHO KOHTpOJIbHOTO obOpasua (Rex= 11,6 MIla) xapakre-
pusyrorcs obpasubsl Ne 3 (Rex=18,3 MIla) u NoS (Rex=17,7
MITa). BaxxHO OTMETHUTbH, UTO B CpaBHEHUH C lleMeHToM [[EM
0 42,5 H, xoropsblii ObLI ONKCaH paHee, IPUMEHEHHE XUMHYe-
CKHX COeIMHEHHH B ciydae ¢ oopaszmamu Ne 6, Ne 8, Ne 9 u Ne
10 moxa3zamu aHaJOTUYHOK MPOYHOCTH, YTO M KOHTPOJIBHBIN
obpazemn. B Bospacte 28 cyT, Tonpko obpazerr Ne 15 moka3si-
BaeT AHAJIOTUYHYIO IPOYHOCTH C KOHTPOJBHBIM 00pa3ioM
(Rex=41,2 MIla), B To BpeMs KaK BCE OCTaJIbHBIC COCTABHI Xa-
pakTepu3yroTcs Oonbiieii mpouHocThio. Tak, oOpasimsr Ne 2
(Rex=52,8 MIIa) m Ne 10 (Rex=50,5 MIla) moka3aim MakcH-
MaJIbHBIE 3HAUEHUS 110 TPOYHOCTH Ha JAHHOM LIEMEHTE.

3aMelleHHe 4YacTH KJIMHKEpa H3BECTHSIKOM TPHUBOAMT K
TOMY, YTO U3MEHSIOTCS d9(PEKTUBHBIEC TO3UPOBKH JISl JOCTH-
JKEHUSI MaKCUMAJIbHBIX 3HAUEHUH MO MPOYHOCTH (PUCYHOK 5).
DT0 MOXHO OOBSICHHUTH TEM, YTO YaCTh KJIHHKEpa ObUIa 3ame-
[IeHA OTHOCHUTENBHO «HWHEPTHBIM» MaTepHaioM (M3BECTHS-
KOM), TEM CaMbIM KOJIMYECTBO 00aBKM Ha EJMHUIIBI MacChl
YBEJIMUUIOCh, U KaK CIEACTBHE — JJI JOCTIKEHMS LIETIEBBIX
3HAUYCHMH CHIDKAeTCsl HeoOXoanMmas J03MPOBKAa XUMHYECKHX
J00aBOK.

IIpu ananu3e 3aBUCUMOCTEH, MOMYYEHHBIX HA OCHOBAHUU
npoBeieHUs (haKTOPHOTO IKCIIEPUMEHTa N0 MeToay TaryTw,
OTIpeNIeNIeHO0, YTO Ha HAaYaJbHYIO0 NMPOYHOCTH B OOJBIIEH CTe-
nenu Biuster Beeaenne 0,04 % TEA, 0,04 % JIDUIIA, 0,04 %
MeJIacChl ¥ THOIMOHAT HATPUS B MaKCHUMAaJbHOM JO3MPOBKE.
IIpu coBmecTHO# runparanu murepana C3A u CaSO4 npowuc-
XOIUT 00pa30oBaHME ATTPHHTHTA, KOTOPBIH CIIOCOOCTBYET 3a-
MEAJIEHHIO NIPOLECCOB THAPATAlUHY, 32 CUET NePEKPBITUS LIEH-
TpoB Kpuctauizanuu C3A. B cBor ouepens MexaHu3M Jeil-
ctBust TEA ocHOBaH Ha Ipoliecce MacCONEPEeHOCa HOHOB Kajlb-
ums 3a cuet o6pazoBanus Ca?’-TDA KOMILUIEKCOB. Y CKOpEHHE
nporecca rugpatanuu C3A OPOUCXOIUT 3a CUET Maccomepe-
HOCa MOHOB C NOBEPXHOCTH YacTHIBI LIeMEHTa (PUCYHOK 0),

3 4 5§ 6 7 8

limestone content was 20% of the total cement mass. As
before, the cement was set with B/C=0.5 using different
chemical compounds (Table 3). The obtained strength
results are presented in Figure 4.

Hicyr B7cyr O28¢yT

9 10 11 12 13 14 15 16 17 18
CocTaBbl

As in additive-free cement, the use of chemical com-
pounds has a positive effect on the strength characteristics
of the samples. The greatest increase in strength in the
early stages of hardening (1 day) relative to the control
sample (R = 11.6 MPa) is characterized by samples Ne 3
(R=18.3 MPa) and Ne 5 (R = 17.7 MPa). In comparison
with cement CEM 0 42.5 H, which was described earlier,
the use of chemical compounds in samples No. 6, No. 8,
No. 9 and No. 10 showed similar strength to the control
sample. At the age of 28 days, only sample No. 15 shows
similar strength to the control sample (R=41.2 MPa),
while all other compositions are characterized by higher
strength. Samples No. 2 (R =52.8 MPa) and No. 10 (R =
50.5 MPa) showed the maximum strength values for this
cement.

The replacement of part of the clinker with limestone
leads to a change in the effective dosage to achieve the
maximum strength values (Figure 5). This can be ex-
plained by the fact that part of the clinker was replaced by
a relatively “inert” material (limestone), thus the amount
of additive per unit mass increased, and as a consequence
- to achieve the target values the required dosage of chem-
ical additives decreases.

In the analysis of the dependencies obtained on the ba-
sis of factor experiment by Taguchi method, it was deter-
mined that the initial strength is more affected by the in-
troduction of 0.04 % TEA, 0.04 % DEIPA, 0.04 % molas-
ses and sodium thiocyanate in the maximum dosage. At
joint hydration of mineral C3A and CaSOy; there is a for-
mation of ettringite, which contributes to the slowing
down of hydration processes, due to the overlapping of
CsA crystallization centers. The mechanism of TEA action
is based on the process of mass transfer of calcium ions
due to the formation of Ca?>*-TEA complexes. Accelera-
tion of the C3A hydration process occurs due to the mass
transfer of ions from the surface of the cement particle
(Figure 6), thereby reducing the thickness of the protective
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TEM CaMBbIM yMEHBIIIAeTCs TOJIIMHA 3aIIUTHOTO cios (3TTpuH-  layer (ettringite) and accelerating the hydration of clinker
TUTa) U IPOUCXOIUT YCKOPEHHE THIPATAIINH KIHHKEPHOTO M-  mineral [20].
Hepaina [20].

T3A [EANA THNA NaSCN__| TAnLEepuH | Menacca

PUCYHOK 5 =

2367
BJIUSAHUE JOBABOK U UX J0O3UPOBOK
HA MNPOYHOCTH LHEMEHTA HEM II/B-U
32,5 H IPU CXKATHAH B2

Pl S S e B S S B B

2347

B Bo3pacre: a — 1 cyT, 6 — 28 cyT
228

2269
Figure 5 2

2224

Effect of additives and their dosages on the

strength of cement CEM II/B-I 32.5 N in com- ]
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PUCYHOK 6 Eall) e
MEXAHU3M I'NAPATALIUU HEMEHTA
B NIPUCYTCTBHUHU TOA
L
Figure 6

& ’c.‘-' s =) 7
1)) o (1 oA Iv) e
The mechanism of cement hydration in

the presence of TEA c?.:‘;; Uemextnue sepna ) so/ @ <~ () Hauanbhsie 3apogbiwm C-S-H TEA-Ca™ Komnnexc T3A 4 okos Cal+
o ARt - MpoayKrs: tHAPTaLK LEMEHTS Ca06oaHIR BOAS L - PECTBOPENUE N Afm
Jlns meMeHTa ¢ 100aBKOM M3BECTHSIKA MaKCHMAaJIbHBIN For cement with limestone addition the maximum in-

MIPUPOCT TI0 MPOYHOCTH Ha CXKATHE B Bo3pacTe 28 CyT OCTH-  crease in compressive strength at the age of 28 days is
raercs npu gobasnernn TUITA n memaccsl B no3upoBke achieved with the addition of TIPA and melassa in the dos-

0,08 %. age of 0.08 %.
[Nomy4eHs! ypaBHEHUsI pErpecCHy Al IPOYHOCTHBIX Xa- Regression equations for compressive strength character-
PaKTEepUCTHK Ha cxkaTHe B Bo3pacTe 1 u 28 cyT. istics at the age of 1 and 28 days were obtained.
F (1 cyr) = 11,60 +99,17X; + 83,75X, — 23,54X5 + 32,29X4 — 34,38X;s + 26,46 X — 687,5X:2 — 833,3X,? +213,5X5% -
57,29X4% + 807,3X5% — 630,2X¢* — 427,1X:1 Xz + 197,9X:X3- 135,4X: X4 — 552,1X: X5 — 52,08 XX, @)
F (28 cyT) = 41,20 — 75,63X1 + 9,792X> + 80,21X5 + 55,00Xs — 27,92Xs + 73,54X + 1401X42 — 213,5X,% — 359,4X3% -
656,3X42 + 791,7X52 — 140,6X62 +93,75X1X0 — 177,1X1X3 —427,1 X1 X4 — 697,9X: X5 — 114,6X, X5, ()
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Tne: X, — TOA, X, — IBDUIIA, X3 — TUITA, X4 — THOLH-
OHAT HaTpus, Xs — IIIUMLEPUH, X¢ — Meslacca

YcTaHOBIIEHBI 3aKOHOMEPHOCTH COBMECTHOTO BIIHSHUS
XUMHYECKNX T00ABOK Ha CBOMCTBA IIEMEHTA C JOOABKOM M3-
BECTHSKA (PUCYHOK 7).

Where: X1 - TEA, X2 - DEIPA, X3 - TIPA, X4 - sodium

thioci-onate, X5 - glycerol, X6 - melassa

The patterns of joint influence of chemical additives on

the properties of cement with limestone addition were estab-
lished (Figure 7).

PUCYHOK 7

JAUATPAMMBI  BJUAHUA H3YYEHHbIX
XUMHNYECKHUX COEJUHEHHUU HA
CBOVICTBA IIEMEHTA IIEM II/B-M 32,5 H

Biga MNA®T3IA
0,04
0,00

000 004 .08

Bpems TBepaenusi: a — 1 ¢yr, 6 — 28 cyT

Figure 7

Diagrams of influence of studied chemical com-
pounds on properties of cement CEM II/B-I 32.5
N

Hardening time: a - 1 day, b - 28 days
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TpeTbUM H3y4YEHHBIM LEMEHTOM sBisieTcs: uemeHT LIEM
II/B-11I 32,5 H, momy4eHHbIH MyTeM COBMECTHOTO M3MeJbye-
HUS KIIMHKepa, TUTICA ¥ TPaHYJIMPOBAaHHOTO JOMEHHOTO IITaKa.
KomnuectBo MuHepaibHO# 100aBku coctasisiio 20 % ot 06-
et Maccel 1ieMenTa. [loaroToBka u gansHeiee GopMupoBa-
HHE 00pa3IoB MIPOBOIMIIOCH, KaK U B IPEABIAYIINX UCCIIeI0Ba-
HUSX.

[Tosry4yeHs! pe3yabpTaTh 10 MPOYHOCTH 00Pa3IoB OaroueK B
Bo3pacte 1-7-28 cyT (pucyHnok 8). B panHue cpoku TBepACHUS
KOHTPOJIBHBII 00pa3el] XxapaKTepu3yeTcss IPOYHOCTHIO paBHOU
11 MIla. Benenue B cocTaB IIeMEHTa 100ABOK 1101 HOMEPaMHU
Ne2 (Rex=10,3 MIla) u Ne 9 (Rex=5,7 MIla) npuBoANT K CHHU-
JKeHHIo mokaszateneit. Oopasisr Ne 6, Ne 10, No 14 u Ne 17 xa-
PaKTEPU3YIOTCSl AaHAJIOTUYHONW MPOYHOCTBIO, YTO U KOHTPOJIb-
HBII 00pazen. Hanboubeit mpouHoCTEIO B Bo3pacte 1 cyT xa-
pakrepmyroTcs obpasipl Ne 3 (Rexk=16,3 Mlla), Ne 5
(Rex=16,8 MIla), Ne 7 (Rcx=16,9 MIIa) u Ne 15 (Rex=16
MIIa). B Bospacte 28 cyrT Hamboibliel MPOYHOCTHIO Ha

0,00 0,00
oo o004 0,0

i [Trangpw® TWOA.
D.le
0,00

e
o.ce
0,

; )

000 o0od o8

| Mavsteelausaon |

o,08

0,04

6 (b)

The third cement studied is cement CEM 1I/B-SH 32.5
H, obtained by joint grinding of clinker, gypsum and gran-
ulated blast furnace slag. The amount of mineral admix-
ture was 20 % of the total mass of cement. Preparation and
further formation of samples was carried out as in previous
studies.

The results on the strength of beam specimens at the
age of 1-7-28 days were obtained (Figure 8). In early terms
of hardening the control sample is characterized by
strength equal to 11 MPa. The introduction of additives
numbered No. 2 (R =10.3 MPa) and No. 9 (R =5.7 MPa)
into the cement composition leads to a decrease in the val-
ues. Samples No. 6, No. 10, No. 14 and No. 17 are char-
acterized by similar strength as the control sample. The
highest strength at the age of 1 day is characterized by
samples No. 3 (R =16.3 MPa), No. 5 (R =16.8 MPa), No.
7 (R=16.9 MPa) and No. 15 (R = 16 MPa). At the age of
28 days, the greatest compressive strength is characterized
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cxarme xapakrepusyercs: oopaszerr Ne 2 (Rex=59,8 MIla mpo-
THB POYHOCTH KOHTPOIBHOTO oOpasia Rex=48,9 MIla). O6-
pas3met Ne 5, Ne 9, No 11, Ne 15 u Ne 18 xapaxTepusyrorcs aHa-
JIOTHYHOHN MPOYHOCTHIO, YTO M KOHTPOJIBHBIA oOpazer. Crout
OTMETHUTH, YTO B CIydae NMPUMEHEHHS IUIAKa 9acTh 00pasIoB
XapaKTepU3yIOTCsl MEHbLIEH POYHOCTHIO, YeM KOHTPOJIBHBIH
obpazerr (Ne 1). B maHHOM ciydyae 3TO SIBICHUE CBSI3aHO C
JIByMs (haKTOpaMu: MepBbIH (aKTop — yJeiabHas HOBEPXHOCTh
MOJyYSHHOTO LIEeMEHTa OKa3ajach HWXe, YeM Y LIEeMEHTa C JI0-
0aBJIeHUEM HM3BECHTSIKA, BTOPOH (hakToOp — B Ha4aje rujapara-
I[[VY IIJTAKOBOTO IIEMEHTA CHadaja 00pa3yroTcsi BBICOKOOCHOB-
HBIC THAPOCHIINKATHI KaJbIINs, KOTOPBIE B MOCIEAYIOIIEM TIe-
PEKPHUCTAJUIN30BBIBAIOTCSI B HU3KOOCHOBHBIC CHJIMKATHI, Xa-
paKTepu3yoImecs 60NbIIeii MPOYHOCTHIO.

PUCYHOK 8

-]
=

IMPOYHOCTD TP C)KATHUHU OBPA3IIOB

LEMEHTA IIEM II/B-II 32,5 H éﬁo
= 50
E
g
Figure 4 S 40
=
Compressive strength of cement samples @ 30
CEM II/B-SH 32.5 N 3
= 20
)
="
H 10

W3ydeHne BIUSHUS XUMHUYECKUX JOOABOK Ha CBOWCTBA
[EMEHTa ¢ J0OAaBKOH rpaHyTUPOBAHHOTO JOMEHHOTO [IUIAKa
MOKAa3aJio, YTO B HAYAIIbHBIC CPOKH THIPATAINH (PUCYHOK 9,
a) TIOBBIIICHUE TPOYHOCTH MIPOUCXOJTUT IPH BBeACHUU TOA,
JOUITA u tuonmonaTta Hatpusi B Jo3upoBke 10 0,04 %.
JanpHeiimee yBeTUUeHNE JO3UPOBKH XUMUIECKHAX TOOABOK
HEraTUBHO CKa3bIBAeTCsl HA MPOYHOCTHBIX XapaKTEePHUCTHKAX
nemenTa. Beenenne TUITA u menaccsl B 10001 T03UPOBKE
TaKKe MPUBOJUT K YMEHBIICHHIO U3y4aeMOro rapamerpa.

B Bo3pacte 28 cyT TBepAeHHUS IS JAHHOTO THIA Iie-
MEHTa YBeJIMUeHHEe MPOYHOCTH Ha C)KaTHUE HAOJIF0IAeTCs IPU
BBeneHuu TUITA u Tnonmonata Hatpus (10 0,04% oT Macchl
[IEMEHTa), a TaKKe MPH BBEICHUU Menacchl. [Ipmdaem mpu
BBEJICHUHW IIOCIICAHEH, yBEIMYEHHE MPOYHOCTH HAOIIOIA-
eTCs TPSMOIIPONIOPIIMOHATIFHO MOBHIIICHUIO €€ JO3UPOBKU
(pucyHok 9, 6).

Hwxe npencraBieHbl ypaBHEHUS! pErpeccHu Ul IIpod-
HOCTHBIX XapaKTEPUCTHK IUTAKOBOTO IIEMEHTA B Bo3pacte 1
u 28 cyT, MoJIyYeHHbIE HA OCHOBAaHUH IPOBEICHHBIX HCCIIe-
JIOBaHUM.

by sample No. 2 (R = 59.8 MPa against the strength of the
control sample R = 48.9 MPa). Samples No. 5, No. 9, No.
11, No. 15 and No. 18 are characterized by similar strength
as the control sample. When slag was added, some of the
samples are characterized by lower strength than the con-
trol sample (No. 1). This phenomenon is associated with
two factors: the first factor - the specific surface of the ob-
tained cement was lower than that of cement with the ad-
dition of slag, the second factor - at the beginning of hy-
dration of slag cement first formed high-basic calcium hy-
drosilicates, which are subsequently recrystallized into
low-basic silicates characterized by higher strength.

Bicyr B7cyr O28cyT

9 10 11 12 13 14 15 16 17 18
CocraBhl

6 7 8

The study of the influence of chemical additives on the
properties of cement with the addition of granulated blast fur-
nace slag showed that in the initial terms of hydration (Figure
9, a) the strength increase occurs with the introduction of
TEA, DEIPA and sodium thiocionate at a dosage of up to
0.04 %. Further increase in the dosage of chemical additives
negatively affects the strength characteristics of cement. The
introduction of TIPA and molasses in any dosage also leads
to a decrease in the studied parameter.

At the age of 28 days of curing for this type of cement,
the increase in compressive strength is observed with the in-
troduction of TIPA and sodium thiocionate (up to 0.04% of
cement weight), as well as with the introduction of molasses.
Moreover, with the introduction of the latter, the increase in
strength is observed in direct proportion to the increase in its
dosage (Figure 9, b).

Regression equations for the strength characteristics of
slag cement at the age of 1 and 28 days, obtained on the basis
of the conducted research, are presented below.

F (1 cyr) = 11,00 + 143,8X; + 68,75X2- 67,08X5 + 40,21X4 +30,00X;s + 40,62Xs- 708,3X,2 — 375,0X,% + 479,2X5% —

213,5X42 +270,8X52 -6l 9,8X62 —739,6X1X5 +239,6X:X3 —31,25X1 X4 — 697,9X1 X5 - 1094X X,

(€))

F (28 cyT) = 48,90 - 11,67X; - 51,67X> + 3,333X5 + 90,83X4 + 54,585 + 198,3X¢ + 453,1X,2 + 281,2X,? - 343,7X52 -

968,8X4% - 687,5X5% — 1031X¢> + 890,6X1 X5 + 1266X: X5 - 359,4X: X4 - 921,9X:Xs - 1734X: X6

Tne: X; —TOA, X, — IDUITA, X3 — TUITA, X4 — THOIIH-
OHAT HaTpus, Xs — ITUIEpPUH, X¢ - Mellacca

AHaJOrM4HO C MPEeAbIAYIIMMH HCCIEAO0BAHUSAMU, IS
nementa [HIEM II/B-1II 32,5 H Oblu moJTy4eHbI 3aBUCUMO-
CTH COBMECTHOTO BIMSHHUS XUMHYECKHX COCIMHEHUH Ha
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(10)
Where: X; - TEA, X, - DEIPA, X3 - TIPA, X4 - sodium
thiocionate, Xs - glycerol, X¢ — melassa

Similarly to the previous studies, for cement CEM II/B-
SH 32.5 N, the dependences of the joint effect of chemical
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MIPOYHOCTHBIE XapaKTEPUCTHKH MPU CKATHU B Bo3pacte 1 u
28 cyT tBepacHUA (prcyHOK 10).

PUCYHOK 10

compounds on compressive strength characteristics at the
age of 1 and 28 days of curing were obtained (Figure 10).

IAMA*TIA

JUAT'PAMMBI BJIMAHUS H3YUYEHHBIX
XUMHAYECKHUX COEIUHEHU HA
CBOVICTBA IIEMEHTA IEM II/B-1II 32,5 H

Bpems TBepaenusi: a — 1 ¢yT, 6 — 28 cyT
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Figure 7

Diagrams of influence of studied chemical com-
pounds on properties of cement CEM II/B-SH
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W3ydeHue BIHSHUS MISCTH PA3THYHBIX XUMHUYIECKUAX COC/IH-
HEHWA, KOTOpPBIE IHPOKO HCIONB3YIOTCS B LEMEHTHOU TPO-
MBIIUICHHOCTH, Ha CBOHCTBA Pa3IYHBIX THIIOB IEMEHTA, C I10-
MOIIBI0 MAaTEMAaTHYECKOTO TUIAHUPOBAHHS SKCIEPUMEHTA IO
Metony TaryTw, moka3ano, 4To B 3aBUCHMOCTH OT MUHEPAJIO-
THYECKOTO COCTaBa U MCIIOIB3yEMbIX aKTHBHBIX MHHEPATbHBIX
100aBOK, JaHHbBIE XMMUYECKHE COEIUHEHUST — J00aBKH MOIM-
(bUKaTOpHl O-Pa3HOMY BJIMSIOT Ha TPOYHOCTHBIE XapaKTEPH-
CTHKH LIEMEHTOB.

Tak, npuMeHeHUE TPUITAHOJIAMUHA TTOBHIIIAET HAYAIbHYIO
MIPOYHOCTH IIEMEHTOB 3a CYET YCKOPEHUS MPOIIECCOB MACCOTIE-
penoca noHos Ca?" ¢ MOBEPXHOCTH KIMHKEPHBIX MUHEPAIIOB 32
cuer obpasopanua Ca’’-TDA KoMIUIEKCcOB. MaKCHMalbHBIH
3¢ ekt oT BBeIeHHUS JOOaBKU HAOIIOAACTCS ISl IEMEHTOB C
BBICOKUM cojiepkaHueM C3A B cBOeM COCTaBe.

[Ipumenenne TpuusonponaHoiaMuHa dh(GheKTUBHEE BCETO
JUTSL IEMEHTOB C BBEICOKUM cozepikanuem MuHepana C4AF, Tak
KaK MpH €ro THapaTanud o0pa3yroTcs TPYAHOPACTBOPUMBIS
arOMO(EepPUTHl KaJbIUs, OJIOKUPYIOIINE AOCTYH BOIBI JIIS

ooe

HaSTNTTHNA ‘ L frayepu® THOA|

n.uo
Manaza® THIA

,08

6 (b)

Conclusion

The effect of six different chemical compounds which
are widely used in cement industry has been studied. The
properties of different types of cement are determined, us-
ing mathematical planning of experiment by Taguchi
method. It is shown that depending on the mineralogical
composition of clinker and active mineral additives used,
these chemical compounds - additive modifiers have a dif-
ferent effect on the strength characteristics of cements.

The use of triethanolamine increases the initial
strength of cements by accelerating the mass transfer of
Ca?" ions from the surface of clinker minerals due to the
formation of Ca?>"-TEA complexes. The maximum effect
of the additive is observed for cements with a high content
of C3A in their composition.

The use of triisopropanolamine is most effective for
cements with a high content of C4AF mineral, since during
its hydration hard-to-soluble calcium aluminoferrites are
formed, blocking water access for further hydration of
clinker minerals. Introduction of TIPA increases the
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JlaTbHEUIIeH THApaTallii KIMHKEPHBIX MUHEpaJioB. Beenenue
¢ coctaB TUITA yBennumBaeT pacTBOPHMOCTH aIMOMOQeppH-
TOB KaJlbLMs, TEM CaMbIM YCKOpSsS IPOLECCHl TMApaTaluy U
YBEJIMUNBas €€ CTENEHb.

BBenenue B IEMEHT IUATAHOIM3ONPONAHOIAMHUHA [103BO-
JISIeT BIMATH HA Mpolecchl THapaTtauuu MuHepaioB C3;A u
C4AF, HO B MeHbILIEH CTENEHH, YeM MPU BBEJCHUH TPUITAHO-
aMHUHa U TPUH30IPOIIAHOJIAMIHA, TaK KaK COICPIKUT B cede 1Ba
paaukana 3TaHoJa U OJMH PaJIUKall U30MPOMAaHOA.

BHe 3aBUCUMOCTH OT MUHEPAIOTHYECKOTO COCTaBa IIEMEH-
TOB, BBEJCHHE THOLMOHATA HATPUSl OKAa3bIBAET IOJIOKUTEIb-
HO€ BJIMSIHUE HAa IPOYHOCTh LIEMEHTOB 3a CUET YBEIUUEHUS CO-
JIep’KaHusl MOHOB KaJIbLUS B CUCTEME, YTO NMPUBOJAUT K IOBBI-
LIEHUIO PACTBOPUMOCTH MUHEPAJIOB U KaK CIIECTBUE — CHUXKE-
HUE IeJIeBON U KalMUIIPHON OPUCTOCTH LIEMEHTHOTO KaMHSI.

I'munepun 6IaronpusATHO BIHSET HA MPOYHOCTHBIE Xapak-
TEPUCTHKH [IEMEHTOB 3a CUeT 00pa30BaHus PACTBOPUMBIX TJIH-
1epaToB Kanblus, 4To BeIBoAUT Ca(OH), u3 30HBI IpoBeAeHUS
XUMHUYECKON PEaKIuu, TeM CaMbIM MOBBIIIAETCS CTETIEHb TH/I-
paTalyy TPEXKaJbIMEBOTO CUJIMKATA, U CO3JAIOTCS YCIOBUSA
JUTst 00pa3oBaHusl HU3KOOCHOBHBIX THIPOCUIIMKATOB KAJIbIIUS.

Moaudukanus nmeMeHTa ¢ IOMOIIBI0 KapOooruapaToB (Me-
Jacchl) OOYCIIOBIMBAET CHIDKEHIE HAaYaIbHOW IMPOYHOCTH, HO
YBEIIMYHUBAET MMPOYHOCTH B 00JIee MO3THIE CPOKH 3a CUET TOTO,
YTO MOJICKYJBI MEJAacChl, aAcOpONPYsICh Ha TMOBEPXHOCTH Ya-
CTHIl KIMHKEPHBIX MHHEPAJOB, CO3MAIOT THAPATHYIO 000-
JIOYKY, 00JaNalonIyl0 BOJOYICPKUBAIOIIEH CIIOCOOHOCTBIO —
BOJIa M3 THAPATHOW OOOJOYKH PACXOMYETCS Ha JOCTHIKCHHE
0oJee MONHOM rUpaTalliu MUHEPAJIOB.

Hcnonp3oBaHne MaTeMaTU4ecKOro IJIAaHUPOBAHUS JKCIIe-
pUMEHTa N0 MeToAy TaryTd MO3BOJISIET W3YyYUTh BIMSHHE
OOJIBIIOTO YHCJIa XUMHYECKUX COEOMHEHHI Ha CBOMCTBA Iie-
MeHTa. Ha 0CHOBaHWHW TaHHOTO METOJ]a MOXHO MOJIOMPaTh CO-
CTaB MOTUPHUIUPYIOIICH T00aBKH B 3aBICHMOCTH OT MIPEIbsIB-
JSIEMBIX TPeOOBAaHUH K XapaKTEPUCTHKAM IIEMEHTA 1 H3ICTHIM
Ha ero OCHOBE.

BruiBoabI

1. MeromoM MaTeMaTHYECKOTO IUIAHUPOBAHUS SKCIECPH-
MeHTa TaryTu o METOAMKe OTPEICICHHUS IIeICBOTO 3HAYCHUS
«OoNbIIe-IIydIIe) U3yuyeHO BIUSHUE TPUITAHOIAMHUHA, TUITA-
HOJIM30MPONaHOAMUHA, TPUHU3OIPONAHOIAMHUHA, THOIMOHATA
HaTpUs, TIMIIEPUHA U MENAacChl Ha CBOMCTBA IIEeMEHTa pas3yiny-
HOTO MHHEPAIOTHYECKOTO ¥ XUMHUUECKOTO COCTaBa.

2. Ompeneneno, uto g nementa [IEM 0 42,5 H (uemenra
6e3 100aBoK), HAMOOIBIINI BKJIAJ B PAHHIOIO TPOYHOCTH BHO-
cuUT KoMIulekcHoe mnpumeHenue JIOUIIA wu TtHOUMOHATa
HATPHS, TOCKOJIBKY JTaHHBIC XUMHUYECKUE T00aBKU MoaupuKa-
TOPBI CIIOCOOCTBYIOT YCKOPEHHIO IPOIIECCOB TUApaTanuu. Tak,
KOMILUIEKCHas foOaBka Ne 11 mOBBIMIaeT paHHIOW MPOYHOCTH
uemenTa ¢ 11,1 MIla go 21,4 MIla. B Bo3pacte 28 cyT TBepAe-
HUS HanOONBIINI BKIJIAJ B TpouHOCTH BHOCAT JIDUIIA, TUITA
u Mmemnacca (o6paszer Ne 2, mpounocts noBeimaercs ¢ 50,1 o
65,3 MITa).

3. dnsa nementa ¢ nob6aBkoi m3BecTHska [IEM I1/B-U mo-
BBIICHWE paHHEW MPOYHOCTH MPOUCXOJHWT IPHU BBEICHUHU
TOA, IDUIIA, TnonmoHaTta HaTpus U Menacchl (obpaszerr Ne3,
yBeIuueHue npouyHocty Ha 6 MIla no cpaBHEHUIO C KOHTPOJIb-
HBIM 00pa3nom). B Bospacte 28 cyT Hanbonpmmii addexr no-
cturaercs Tobko nodasiaenun TUIIA u menacchr (oOpaserr No
2, yBenudeHue npovyHocty ¢ 41,2 no 52,8 MIla).

4. Uzyuenue niemMenTa ¢ qodapkoit nuraka [{IEM II/B-III mo-
Ka3aJlo, 4TO YBEJIIWYEHHE paHHEH MPOYHOCTH MPOUCXOIUT B
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solubility of calcium aluminoferrites, thereby accelerating
the hydration process and increasing its degree.

Introduction of diethanol isopropanolamine into ce-
ment allows to influence the hydration processes of C3A
and C4AF minerals, but to a lesser extent than at introduc-
tion of triethanoamine and triisopropanolamine, as it con-
tains two ethanol radicals and one isopropanol radical.

Regardless of the mineralogical composition of ce-
ments, the introduction of sodium thiocyanate has a posi-
tive effect on the strength of cements by increasing the
content of calcium ions in the system, which leads to an
increase in the solubility of minerals and as a consequence
- a decrease in gel and capillary porosity of cement stone.

The glycerine favorably affects the strength character-
istics of cements due to the formation of soluble calcium
glycerates, which removes Ca(OH)2 from the zone of the
chemical reaction, thereby increasing the degree of hydra-
tion of three-calcium silicate, and creating conditions for
the formation of low-basic calcium hydrosilicates.

Modification of cement with the help of carbs (me-
lassa) causes decrease of initial strength, but increases
strength in later terms due to the fact that melassa mole-
cules, adsorbed on the surface of clinker mineral particles,
create a hydrate shell with water-holding capacity - water
from the hydrate shell is used to achieve more complete
hydration of minerals.

The use of mathematical planning of experiment by
Taguchi method allows to study the influence of a large
number of chemical compounds on cement properties. On
the basis of this method it is possible to select the compo-
sition of modifying additive depending on the require-
ments to the characteristics of cement and products based
on it.

The Findings are

1. The influence of triethanolamine, diethanolizopro-
panoamine, triisopropanolamine, sodium thiocyanate,
glycerol and molasses on the properties of cement of dif-
ferent mineralogical and chemical composition was stud-
ied by the method of mathematical planning of Taguchi
experiment.

2 It was determined that for cement CEM 0 42.5 H (ce-
ment without additives), the greatest contribution to early
strength is made by the complex application of DEIPA and
sodium thiocionate, because these chemical additives
modifiers contribute to the acceleration of hydration pro-
cesses. Thus, complex additive No. 11 increases the early
strength of cement from 11.1 MPa to 21.4 MPa. At the age
of 28 days of curing, the greatest contribution to strength
is made by DEIPA, TIPA and molasses (sample No. 2,
strength increases from 50.1 to 65.3 MPa).

3. For cement with CEM II/B-I limestone addition, the
increase in early strength occurs with the addition of TEA,
DEIPA, sodium thiocyanate and molasses (sample No. 3,
strength increase by 6 MPa compared to the control sam-
ple). At the age of 28 days, the greatest effect is achieved
only by the addition of DEIPA and molasses (sample No.
2, strength increase from 41.2 to 52.8 MPa).

4 The study of cement with the addition of CEM II/B-
SH slag showed that the increase in early strength occurs
in the presence of TEA, DEIPA and sodium thiocionate
(samples Ne 3, No 5 and Ne 7, the increase in strength by 5
MPa), and the increase in final strength is achieved by the
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npucytctBuu TEA, JIDUITA u tHOIMOHAT HaTpHsl (00pa3ibl
Ne 3, No 5 u Ne 7, moBritieHune npoynocty Ha 5 MIla), a ysenu-
YeHHE KOHEYHOW MPOYHOCTH JOCTHIAaeTCs ITyTEeM BBEACHHS B
cocraB TUITA, TnonnonaTt HaTpus U Menacch (obpazer Ne 2,
Rex = 9,8 MIla npotuB Rex = 8,9 MIla y KOHTpOIBHOTO 00-
pasia).

5. Ha ocHoBaHMM 00pa0OOTKH IOJIyYEHHBIX IKCIIEPUMEH-
TaJIbHBIX JAHHBIX OBIJIM COCTaBIICHBI yPaBHEHHS PETPECCHUU U3~
MEHEHMsI NTPOYHOCTHBIX TOKa3areneil B Bo3pacte 1 u 28 cyr
TBEPACHMUS, C IOMOIIBIO KOTOPBIX MaTeMaTHYECKH MOYKHO pac-
CUNTATh TEOPETUYECKYIO NMPOYHOCTH IIEMEHTA IPH NPUMEHE-
HHUH TEX WIN WHBIX XMMHYECKUX COSIMHEHNH — MOIu(HKaTO-
POB KauecTBa B PAa3IMIHBIX JO3UPOBKAX.

6. AHanu3 TONYyYCHHBIX PE3yJbTATOB IIOKA3BIBAET, UYTO
NPUMEHEHNE METOAA IUIAaHWPOBAHUS JKCIEpHMeHTa TaryTtn
3¢ dexTUBHO I pa3pabOTKH cOCTaBa KOMIUIEKCHBIX T00aBOK,
TMOBBIIIAIOIIHNX TMPOYHOCTHBIC XapaKTCPUCTUKH LCMCHTOB Ha
PpaHHUX U KOHCYHBIX dTalax TBCPACHUA.
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introduction of TIPA, sodium thiocionate and molasses
(sample Ne 2, R = 9.8 MPa vs. R = 8.9 MPa in the control
sample).

5. On the basis of processing of the obtained experi-
mental data the regression equations of change of strength
indices at the age of 1 and 28 days of curing were made,
with the help of which it is possible to calculate mathemat-
ically the theoretical strength of cement at application of
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crease the strength characteristics of cements at the early
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