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ABSTRACT

The article presents the results of studies aimed at assessing the possibility and effectiveness of using hydro-removal ash, hereinafter
referred to as HRA, as a component of composite cement binders. The structural characteristics of the HRA of the largest thermal power
plants located in the Irkutsk region such as: TPP-10, TPP-9, TPP-11, Novo-Irkutsk TPP are studied and presented in the article; the following
methods are used: X-ray structural analysis, X-ray fluorescence analysis, IR spectroscopy, elemental analysis, Romanov spectroscopy, laser
diffraction. In the course of the research, the most rational ways of obtaining composite binders by combined and separate grinding using
HRA and Portland cement CEMI-42.5N, which meets the requirements of GOST 31108-2020, were established. The optimal values of specific
surface area, water demand, pozzolanic activity and grindability coefficient of HRA have been determined, which in turn ensure the highest
strength indicators of cement stone on a composite binder. In particular: the compressive strength of cement stone of a composite binder
consisting of 50% HRA exceeds the strength of cement stone on ordinary Portland cement at the age of 28 days and is 110 MPa versus 93
MPa, respectively. The achieved strength indicators obtained as a result of the research allow us to draw a conclusion about the effectiveness
of using HRA as a component of composite cement binder and to recommend the developed compositions for use in commercial concretes
and mortars, taking into account the final requirements for the final quality indicators.
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BBEJIEHUE

OCHOBHBIM O0BEKTOM HCCIIEJIOBaHUS Hallell paboThI sB-
JIS0TCS 307161 ruApoyaanenus TOL, u 3To He ciryuaitno! B o1-
pacinu TennosHepretuku Poccuiickoit ®enepanuu, a KOH-
KpPETHO, B PErHMOHAaX, KOTOpbIe 00ECHeYHBAIOTCA TEIUIOM 32
CYET CXKMTaHUs TBEPJIOTO TOIUINBA, CIIOKHIIACh 0CO00 KpU3HC-
Hasl CUTyauusi BBHJIY OTCYTCTBUSI 3(D()EKTHBHBIX ITPHEMOB
MaccoBOM mepepabOTKH paHee HAKOIUIEHHBIX M BHOBL 00pa-
3YIOIIMXCS TBEPAOTOIUIMBHBIX OTXOJOB- Halle Ha3bIBAEMBIX
somamu TOII [1,2,3]. ¥V octpo obpazoBaBmieiicst mpobIemMbl
€CTh JIBa IyTH PEIICHH: IIEPBBIIi— CTPOUTENBCTBO HOBBIX 30-
JIOOTBAJIOB, BTOPOi— NpuMeHeHHe A(P(PEKTUBHBIX TEXHOJO-
THi, TIO3BOJIAIONINX OCYIIECTBUTh KPYITHOTOHHAXKHYIO Iepe-
pabotky [4,5].

CraepxuBaronMu  (pakTopaMy MEpBOrO IYTH PEIICHUS
npoOJIEMBI SIBIISIFOTCSI: CTOMMOCTB CTPOUTENHCTBA HOBBIX 30-
JIOOTBAJIOB, B KOTOpPhIE HEOOXOMMMO OYyJeT BIIOXKHTCS KOH-
KPETHO 3HEpreTrkam (1o NpuOIN3NTEIbHBIM OIIEHKAM CTOH-
MOCTH CTPOMTEINILCTBA OJJHOTO 30JI00TBaJIa COCTABIISIET OKOJIO
15 mup . pyOiteii, MOCKOJIBKY 30J100TBaJ ABJISIETCS BEChbMa He-
MPOCTBIM C TOYKH 3PEHHS NMPOHM3BOACTBEHHON peaM3aluu
WH)XKEHEPHBIM PELICHUEM).

BTtopoii nyHKT caep>KuBaHusI IEPBOTO IIyTH PELLECHUS— 3a-
KOoHozaTesbHas 6a3a PD u 3apaBblit cMbIc rpaxkaad. B yact-
HOCTH, BBIBOJI 3eMeJb U3 GefeparbHoro GoHIa U UX Mepenada
CEKTOPY TEIUIO3HEPTeTHKH JIJISl 3aXOPOHEHUS TBEPIOTOILINB-
HBIX OTXOJOB IPOTHBOPEYUT BCAKOMY 3[PaBOMY CMBICIY,
€CJIM IPUHATh BO BHUMAHUE, YTO HA CETOAHAIIHUMN 1eHb B PD
noJ 3onoorBanamu Haxonutcs 20000 I'a u B HUX HaKOIJIEHO
0K0JI0 1,5 MJApA TOHH 30JI0LIUIAKOB B LIEIOM U 0K0J0 90 MIH
ToHH B VpkyTckoii obnactu [6,7].

Hamo orMeTuTpb, 94TO CIOXMBIIASCS CUTYallUsl B OTPACIIN
He octaynach 0e3 BHMMaHUS DexepanbHBIX U PErHOHATBHBIX
BJAacTell, B pe3yibTaTre 4ero ObUTH pa3padOTaHbl U YTBEp-
JKZICHBI PSII TOKyMEHTOB, B TOM uucie: DeaepanbHbIil IPOEKT
«DKOHOMHKA 3aMKHyTOTO ImKiay, IloctanoBnenue [IpaBu-
tenscTBa Poccuiickoit @enepamuu NelS57-p ot 15. 06. 2022
I., B KOTOPOM YKa3bIBaeTCsI HEOOXOJMMOCTh COKpAIlCHHS
HaKOIJICHHBIX OTXO0JIOB OT CKHTaHMs TBEPAOT0 TOILIMBA B 1BA
pa3za k 2035 r., Ctparerus pa3BUTHUS IPOMBIIUIEHHOCTH CTPO-
UTENbHBIX MaTepuanoB Poccuiickoii ®enepamuu u HMpxyrt-
CKOM 00J1aCTH B TOM YHCIIE, B OCHOBE KOTOPBIX 3aJI0KEHO UC-
MOJIb30BaHNE TEXHOTEHHBIX 0TX0J0B, CTpaTerus Hay4HO-TeX-
Hu4eckoro pasBuTus Poccuiickoit ®enepauuu, a UMEHHO:
«Hcromenne mnpupoaHBIX pecypcoB», «IIpnopurerHbie
HanpaBJICHUS] HAyYHO-TEXHOJIOTHYECKOro pas3BUTUS PD»
Ne529 u «IlepeueHpb BaKHEHIINX HAYKOEMKHX TEXHOJIOTHID)
Ne529, Brunrouaromux B cebst «BBICOKOADHEKTHBHYIO H pe-
CypCcOCOeperaronylo 3HEPTeTHKY», «DKOIOTHUECKH UYHUCTHIE
TexHoJoruu Y PEeKTUBHON TOOBIYH U TITyOOKOH TIepepadoTKH
CTpaTernveckux M Ae(UIUTHBIX BUJIOB IOJIE3HBIX HUCKOMAe-
MBIX», @ TaK)Ke CO3/IaHUS HOBBIX MaTEepHAJIOB C 3aJaHHBIMHU
CBOWCTBAMM M 3KCIUIyaTallUOHHBIMH XapaKTepUCTUKaMH,
yTBEepKJeHHbIE yka3oM mpesuneHta PO ot 18. 06. 2024 r.
Belme nepeuricieHHble 3aKOHOIATENbHBIC HHUIIMATUBBI YKa-
3BIBAIOT HA HEOOXOANMOCTD PELIEHHs] BO3HUKIIEH MPoOIIeMbl
MyTeM IpUMEHEHNUs 3P PEKTUBHBIX TEXHOJIOTHI epepabOTKH
HAKOTUICHHBIX TBEPAOTOILIMBHBIX O0TX00B [8,9,10].

Jlnis npuMepa peann3aiiy Takoro IPUHIUITA PELISHHS 110-
CTaBJIEHHOH 3a/1au¥l BIIOJHE JIOTUYHO MEPEHATH OIBIT APYKe-
ctBerHoro Ham nmaptHepa KHP. Ha ceromnsmuanii neHb 06eM
BBIX0/Ia TBEPAOTOIIMBHEIX 0TX010B 600 MJIH. T. B TOJI, B TOXKE
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INTRODUCTION

The main object of our research is the ash from thermal
power plants, and this is no coincidence! In the thermal power
industry of the Russian Federation, and specifically in the re-
gions that are provided with heat by burning solid fuel, a par-
ticularly critical situation has developed due to the lack of ef-
fective methods for the mass processing of previously accu-
mulated and newly generated solid fuel waste - more often
called thermal power plant ash. [1,2,3] There are two solutions
to the acute problem: the first is the construction of new ash
dumps, the second is the use of effective technologies that al-
low for large-scale processing [4,5].

The restraining factors of the first way to solve the problem
are: the cost of building new ash dumps, which will require
investment from power engineers (according to rough esti-
mates, the cost of building one ash dump is about 15 billion
rubles, since an ash dump is a very complex engineering solu-
tion from the point of view of industrial implementation).

The second point of restraint of the first solution is the leg-
islative base of the Russian Federation and the common sense
of citizens. In particular, the withdrawal of land from the fed-
eral fund and its transfer to the thermal power sector for the
disposal of solid fuel waste contradicts all common sense, if
we take into account that today in the Russian Federation there
are 20,000 hectares under ash dumps and about 1.5 billion tons
of ash and slag have accumulated in them in total and about
90 million tons in the Irkutsk region [6,7].

It should be noted that the current situation in the industry
has not gone unnoticed by the Federal and regional authorities,
as a result of which a number of documents were developed
and approved, including: the Federal Project "Closed Cycle
Economy", Resolution of the Government of the Russian Fed-
eration No. 1557-r of 15. 06. 2022, which indicates the need
to reduce accumulated waste from solid fuel combustion by
half by 2035. The Strategy for the Development of the Con-
struction Materials Industry of the Russian Federation and the
Irkutsk Region, including those based on the use of man-made
waste, the Strategy for Scientific and Technological Develop-
ment of the Russian Federation, namely: "Depletion of Natural
Resources", "Priority Areas of Scientific and Technological
Development of the Russian Federation" No. 529 and "List of
the Most Important Science-Intensive Technologies" No. 529,
including "Highly Efficient and Resource-Saving Energy",
"Environmentally Friendly Technologies for the Efficient Ex-
traction and Deep Processing of Strategic and Scarce Types of
Minerals", as well as the creation of new materials with spec-
ified properties and performance characteristics, approved by
the Decree of the President of the Russian Federation dated
June 18, 2024. The above-mentioned legislative initiatives in-
dicate the need to solve the problem that has arisen by using
effective technologies for processing accumulated solid fuel
waste [8,9,10].

As an example of the implementation of such a principle
for solving a given problem, it is quite logical to adopt the ex-
perience of our friendly partner, the PRC. Today, the volume
of solid fuel waste output is 600 million tons per year, while
the volume of disposal is 400 million tons per year, 90% of
which is consumed by the building materials industry (360
million tons) [6].
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BpeMs 00beM yrunusanuu 400MiH.TOHH B rof, 90% u3 xoTo-
PBIX MOTPEOISET MTPOMBIIUICHHOCTh CTPOUTENBHBIX MaTepHa-
noB (360 muH. T.) [6].

VY4uTeIBas BCE BBIIIE CKA3aHHOE, HAIIEH HeJIbI0 UCCIEN0-
BaHMS B HACTOSIIEH paboTe cTaja OlleHKa BO3MOXKHOCTH U 3(h-
(heKTHBHOCTH TIPHMEHEHUs 301 THApOYyJAleHHs Hambolee
kpynsbix TOLl MpkyTckoit obinacTi B KauecTBEe KOMIIOHEHTA
IIpU pa3paboTKe COCTABOB KOMITO3UIIMOHHBIX [IEMEHTHBIX BS-
xkymx [11,12,13].

K 3amauam rccnenoBaHus OTHOCSATCS ONPENEIICHNE CTPYK-
TYPHBIX XapaKTEPHCTHK HCCIIEAYEMBIX 30J1, yCTAHOBIICHUE OII-
TUMaJIbHBIX 3HAYEHUHN YAEIbHOM MOBEPXHOCTH, MYIIIOJIAHO-
BOM aKTHBHOCTH, BOIOMOTPEOHOCTH, K03 duitmeHra pazmo-
JIOCIIOCOOHOCTH, a TAKXKE ITPUHIIUIIOB MOJTY4EHHs] KOMITO3HIIH-
OHHBIX BSOKYIIUX, IIPUMEHSIST Pa3/ieNIbHBIA U COBMECTHBIH I10-
MOJI C YCTaHOBJIEHHUEM ONTHMAJBHOIO 3HAYEHUs CylepIuia-
crudukaropa Al 00ecHeYeHUs] MaKCUMaJbHO BO3MOMKHBIX
UTOTOBBIX MOKa3aTeJIel IPOYHOCTH MPH C)KATHH IIEMEHTHOTO
kamus [14,15].

MaTepuajabl 4 METOABI HCCIETOBAHUS

[Ipu npoBeaeHNM HCcCaEA0BaHUN HCITOJIb30BATIHN 30JIbI THI-
poynanenus Upkyrckoit oomactu TOL-9, TOL[-10, TOL-11 u
Hoso-Upxkytckoit TOLl. B xauecTBe KIMHKEPHOTO KOMIIO-
HEHTa NpH pa3pabOoTKe COCTAaBOB KOMITO3UITHOHHBIX IIEMEHT-
HBIX BSDKYIIUX MpUMeEHsUTH mopTiananement [[EMI-42,5H,
otBeyatomero Tpedosanusam 'OCT 31108-2020. B xauecte
TUTACTU(QHUIUPYIOMIUX JT00ABOK HCIOJIb30BAIN CYNEPIIacTH-
(ukaropel Ha OCHOBE IOJMKApOOKCHIATOB, TaKue Kak
Tolstoplast ST-1, sika VC 225, PC5300. Tolstoplast ST-1 u
sika VC 225 ucnonp3oBanuck B cyxom Bune, PC5300 B Buje
50% BOAHOrO KOHLIEHTpATAa.

Pa3paboTka cocTaBOB KOMITO3HIIMOHHBIX BSDKYIIHUX CBO-
JAITach K OIEeHKe d()(HEKTUBHOCTH WX IMONYUYCHHUS METOIOM
COBMECTHOTO FIJIH pa3fe’bHOTO ITOMOJA BXOISIIUX B COCTaB
KOMIIOHEHTOB B IPUCYTCTBHH CYyTEPIIaCTU(OUKATOPA U TIPH
€ro BBEJCHHUH C BOJIOW 3aTBOPEHHS, a TaKXKe OIECHKE d(Pdek-
TUBHOCTH BapHaIlii MeXIy YIeIbHOW MOBEPXHOCTHIO 30JIBI
THIpOYyJaJIeHHsI U MOPTIAHALIEMEHTa IIPU MPOBEACHUU pas3-
JICIIBHOTO TIOMOJIA.

XUMHUYECKUN COCTaB 301 TMAPOYAAJICHHS OLEHUBAIU C
TIOMOIIBI0 PEHTTeHO(IIYOPECHEHTHOTO crekTpomerpa S4
Pioneer. ®a3oBsiit coctaB 3['Y olleHUBAIN METOJOM PEHTTE-
HOCTPYKTYpPHOTO aHanm3a Ha npubope Shimadzu XRD-7000
(Tabmuua 1 u 2 cootBercTBeHHO). [IporieHTHOE ComepikaHue
yraepona B coctaBe 3['Y OllEHHBAIN C TIOMOIIBIO AIICMCHT-
Horo aHanm3a CHN Ha nmpubope CHNS-ananmmsarope Euro EA
3000. CocrosHEE yriiepona, conepxamerocs B 3['Y, oneHun-
Bl METOJOM POMAHOBCKOH CIIEKTPOCKONIMM Ha TpHOOpe
LabRAM HR evolution, npupoxay B3anMoaeHCTBHE TOTHKAP-
O6okcmiiaTtoB ¢ moBepxHocThio 3I'Y onenuBanu merogom NK-
cniekTpockonuu Ha npudope OT-80, ocHaleHHOM MPUCTaB-
KOl HapyIIeHHOTO TIIOJIHOTO BHYTPEHHETO OTpPakKEHUS.
O1eHKY M3MEHEHHs Pa3MepoB YacTHUIl OL[EHUBAIM METOIOM
Jla3epHOM U paKkuu Ha npubope FRITISCH
ANALYSETTE 22. YaenbHy0 HOBEPXHOCTh KOMIIOHEHTOB
n3Mepsuy Ipy oMoy npudopa Xonakosa [ICX-12. ITymmo-
na”oByr0 akTHBHOCTE 3I'Y ompenensiu o F'OCT P 59536-
2021. Hopmanshyto ryctoTy Tecta u3 3I'Y U HeMeHTHOro Te-
cramo OCT 310.3-76.

Jlns M3roToBICHHS OOpPaslOB HCHOIB30BATH TECTO HOP-
MaJIbHOW TYCTOTHI KOMIIO3UITHOHHOTO BSDKYIIIETO C ITOCIIEAy-
fomei  (OpMOBKOM 00pasioB KyOoB 2%X2x2 cM, mgaiee

Taking into account all of the above, our research objec-
tive in this paper was to assess the possibility and effective-
ness of using ash from hydraulic removal of the largest ther-
mal power plants in the Irkutsk region as a component in the
development of composite cement binders [11,12,13].

The objectives of the study include determining the struc-
tural characteristics of the studied ashes, establishing the opti-
mal values of specific surface area, pozzolanic activity, water
demand, grindability coefficient, as well as principles for ob-
taining composite binders using separate and combined grind-
ing with the establishment of the optimal value of the super-
plasticizer to ensure the highest possible final indicators of
compressive strength of cement stone [14,15].

Materials and methods of research

The research was conducted using ash from hydraulic re-
moval from the Irkutsk region CHPP-9, CHPP-10, CHPP-11
and Novo-Irkutsk CHPP. Portland cement CEMI-42.5N,
which meets the requirements of GOST 31108-2020, was used
as a clinker component in the development of composite ce-
ment binders. Superplasticizers based on polycarboxylates,
such as Tolstoplast ST-1, sika VC 225, PC5300, were used as
plasticizing additives. Tolstoplast ST-1 and sika VC 225 were
used in dry form, PC5300 in the form of a 50% aqueous con-
centrate.

The development of compositions of composite binders
was reduced to an assessment of the efficiency of their pro-
duction by the method of joint or separate grinding of the con-
stituent components in the presence of a superplasticizer and
when it is introduced with mixing water, as well as an assess-
ment of the efficiency of variations between the specific sur-
face area of hydro-removal ash and Portland cement when sep-
arate grinding is carried out.

The chemical composition of hydro-removal ash was as-
sessed using an S4 Pioneer X-ray fluorescence spectrometer.
The phase composition of the HRA was assessed by X-ray
structural analysis on a Shimadzu XRD-7000 device (Table 1
and Table 2, respectively). The percentage content of carbon
in the HRA was assessed using CHN elemental analysis on a
Euro EA 3000 CHNS analyzer. The state of carbon contained
in the HRA was assessed by Romanov spectroscopy on a
LabRAM HR evolution device. The nature of the interaction
of polycarboxylates with the HRA surface was assessed by IR
spectroscopy on an FT-80 device equipped with an attenuated
total internal reflection attachment. The change in particle size
was assessed by laser diffraction on a FRITISCH
ANALYSETTE 22 device. The specific surface area of the
components was measured using a Khodakov PSKh-12 de-
vice. The pozzolanic activity of the HRA was determined ac-
cording to GOST R 59536-2021. Normal density of dough
from HRA and cement dough according to GOST 310.3-76.

To prepare the samples, a normal-density composite binder
dough was used, followed by molding of 2x2x2 cm cube sam-
ples, then the samples were kept under normal conditions and
subjected to compression testing at the age of 1, 7, 28 days.
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00pa3ibl BBIIEPKUBATUCH B HOPMAJIBHBIX YCIOBUSAX M MOJ-
BEprajuch UCTBITAHUIO Ha CxaTHe B Bo3pacte 1, 7, 28 cyToxk.

IKCIIepUMEHTBI H 00Cy:KIeHHe Pe3yabTaTOB

[To pe3ynbraTaM peHTreHO(IyOPECLEHTHOTO U PEHI€HO-
CTPYKTYPHHOT'O aHAJIN3a yCTAHOBIICH XMMUYECKHUN U (ha30BBIH
coctaB uccuenyemsix 3['Y (tabin.1 u 2). /lanHbIE YKa3bIBAIOT
Ha CXOXECTh XHMHYECKOTO M (Pa30BOro cocraBa HCCIEHye-
MbIX 3I'Y ¥ MO3BOJISIOT X OTHECTH I10 IMOKazatelto M, (Mo-
IIy7Tb OCHOBHOCTH) K YIIBTPAKHCIBIM 30JIaM, COCTOSIINM B
3HAYUTEIBHON cTeneHn n3 cTekiIodassl oT 62 1o 69%.

Experiments and discussion of results

Based on the results of X-ray fluorescence and X-ray struc-
tural analysis, the chemical and phase composition of the stud-
ied HRA was established (tables 1 and 2). The data indicate
the similarity of the chemical and phase composition of the
studied HRA and allow them to be classified according to the
Mo (basicity modulus) indicator as ultra-acidic ashes, consist-
ing largely of a glass phase from 62 to 69%.

TABJIALA 1. XUMUYECKHA COCTAB UCCJIEYMBIX 30J1 TUJIPOYJIAJTEHUS
Table 1. Chemical composition of the studied hydraulic removal ashes

HaumeHoBaHnue
3ry NaO MgO ALO3 SiO: SO3 K:O CaO Fe203 M, M.
Name of HRA
To1-9
TPP-9 0,11 1,33 23,19 59,07 0,108 0,721 6,372 10,174 0,09 0,39
TIII-10
TPP-10 0,22 1,68 25,19 58,01 0,341 0,78 4,823 6,642 0,08 0,43
TIL-11 0,16 0,944 28,76 54,83 0,655 0,717 4,981 9,81 0,07 0,52
TPP-11
Hoso-UpkyT-
ckas TIII
Novo-Irkutsk <0,2 1,516 24,75 57,37 2,56 0,745 6,471 7,14 0,09 0,43
Thermal Power
Plant
TABJINIIA 2. ®A30BBII COCTAB 3I'Y
Table 2. PHASE COMPOSITION OF HRA
IIpoueHTHOE cogep:kanue, %
Percentage content, %
HanmenoBanue Amopdnas | Kpucramim-
3ry
Name of HRA Thg)::::or- q;)c;;zﬂ KBapu Kaabuur Mynnur I'ematur | Marnerur AabOuT
Quartz Calcite Mullite Hematite | Magnetite Albite
phous The crystal-
phase line phase
TIII-11
TPP-11 69,4 30,6 23,7 - - 2,5 4,4 -
TI1-9
TPP-9 64,7 35,3 7,2 0,4 27,7 - - -
TIII-10
TPP-10 62,2 37,8 20,3 - 12,6 0,4 0,6 4
Hoso-UpkyTckas
T30
Novo-Irkutsk Ther- 63 37 24,6 0,8 7,7 3,1 0,8- -
mal Power Plant

B mnponecce mpoBelneHuss UCCIENOBaHWM, yCTaHOBIECHA
MyLI0JIaHOBast akTUBHOCTH 3I'Y U ee M3MEHEHHUE B 3aBUCHMO-
CTH OT yIeNbHOU moBepxHoctu (puc.l). Hanbonee BbicOKOE
3Ha4YeHUE MyNIL0JaHOBOM aKTUBHOCTH, B paMKaxX IPOBEJCH-
HBIX UCCIEIOBAHUMN, MOTYYEHO MPHU yIENbHOW MOBEPXHOCTH
3I'Y Sy, = 6000 cm?*/r. B cBOIO 04€pE b, HAMOOIBIIYIO MyIIIO-
JIAHOBYIO0 aKTHUBHOCTH Nnokasana 3I'Y Hoso—Mpkytckoit TOL]
— 75 mr/t.
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During the research, the pozzolanic activity of HRA and its
change depending on the specific surface area were established
(Fig. 1). The highest value of pozzolanic activity, within the
framework of the conducted studies, was obtained with a spe-
cific surface area of HRA S, = 6000 cm?/g. In turn, the highest
pozzolanic activity was demonstrated by the HRA of the
Novo-Irkutsk Thermal Power Plant — 75 mg/g.
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CHmxenune BogonorpedHoctu 3I'Y (muc.2) npu yBennde-
HUH €€ yNIeNbHOM MMOBEpXHOCTH, 110 HallleMy MHEHHIO, CBS-
3aHO CO CHIDKEHHEM MOPUCTOCTH B MPOLIECCEe U3MENIbYEHUS 1
YBEJIMUYEHUEM COJIep)KaHHsl YIJIeposia Ha BHOBb 00Opa3oBaH-
HOH moBepxHocTH 4acTul 3[Y myTeM MeXaHHYecKOro €ero
HAHECEHUS B MIPOLECCE U3MENBUYCHUS.

YBenuueHne MpoIeHTHOTO COIepKaHUs yIiIepoa Ha I1o-
BepxHocTH 4actull 3['Y B mporecce maMenbyeHus (puc.3)
CBs3aHO C I(PPEKTOM KAlCyISAIUH, B YaCTHOCTH, IPHUCYT-
CTBHEM YaCTHI], B KOTOPHIX YaCTHIIEI MEHBIIIETO pa3Mepa 3a-
KITIOYEHBI B YaCTHIIBI OOJIBIIETO pa3Mepa «IIPUHIIHI PyCCKOit
MaTpemkn» (puc.4). IlockompKy KamncylnnpOBaHHE IMPETIsT-
CTBYET MHTCHCHBHOMY OKHCICHHIO YIJepojia B IIpolecce
C)KWTaHMA YT B TONKaX KOTJIOB, YACTHYHO YTJIEPOA HaXo-
JIUTCS B YCJIOBUAX NMPENATCTBYIONUMM €TI0 OKHCICHUIO U yBe-
JIMYUBAET CBOE COJEPKAHUE ITPU U3MEIbYEHUH Ha TIOBEPXHO-
ctu yactunl 3['Y (puc.5), 4TO B TOM YKCIIE OTYCTIMBO BUIHO
no u3MeHeHuro nsera 3['Y, ux uepHeHHE C yBEIUYEHUEM
YAEIbHOHN OBEPXHOCTH.

IIpu npoBeeHNH CIIEAYIOIIEro Tana UCCAEI0BAHUH, MTO-
CBSIIIEHHOTO pa3padO0TKe COCTABOB KOMIIO3HIIMOHHBIX BSIKY-
mUX, OBIO PEIICHO HCIONB30BaTh B KA4eCTBE OCHOBHOTO
komnoHeHTa Bspkymero 3I'Y Hoso-Upkytckoit TOL, ocHo-
BBIBasICh Ha HauOoJIee BRICOKOH MYIIIOIaHOBOH aKTHBHOCTH.

e !4—
=
2000 4000 6000

YnejqbHast NOBEPXHOCTh, CM2/T

== TJIII-9 == T3II-10

The decrease in the water demand of HRA (Fig. 2) with
an increase in its specific surface area, in our opinion, is as-
sociated with a decrease in porosity during the grinding pro-
cess and an increase in the carbon content on the newly
formed surface of HRA particles by its mechanical applica-
tion during the grinding process.

The increase in the percentage of carbon on the surface of
the HRA particles during the grinding process (Fig. 3) is due
to the encapsulation effect, in particular, the presence of par-
ticles in which smaller particles are enclosed in larger parti-
cles, the “Russian Matryoshka principle” (Fig. 4). Since en-
capsulation prevents intensive oxidation of carbon during the
combustion of coal in boiler furnaces, some of the carbon is
in conditions that prevent its oxidation and increases its con-
tent when crushed on the surface of the HRA particles (Fig.
5), which is also clearly visible by the change in the color of
the HRA, their blackening with an increase in the specific sur-
face.

During the next stage of research devoted to the develop-
ment of compositions of composite binders, it was decided to
use HRA Novo-Irkutsk TPP as the main component of the
binder, based on its highest pozzolanic activity.

PUCYHOK 2 47 1 46
. N

H3MEHEHUE HOPMAJIBHOM I'YCTOTBI + 45 -
TECTA 3TY HOBO-UPKYTCKOM TOI[ B £ " 44
3ABUCHMOCTH OT EE VAEJBHO! MMO- £ T 43,25
BEPXHOCTH o 431

Z 427 41

E 41 4
Figure 2 g 40 1

ga 39 A
Change in the normal density of the HRA test = 38 T T T ]
of the Novo-Irkutsk TPP depending on its spe- 4000 4800 5700 7750

cific surface

Yaeabnas nopepxuoctsb 3LIC, em2/r
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Ha mepBoM 5srTame oOLEHHMBaIM KUHETHKY H3MEHECHUS
YIEJIBHON MOBEPXHOCTH M KOI(PHHUIHMEHT Ppa3MoJIOCHOCo0-
Hoctr 3I'Y B mpucyTcTBUM cynepracTiudukaTopa u 6e3 cy-
nemactudukaropa (puc.6 u 7). OueHnBas KHHETHKY H3-
menbueHns 3I'Y, HaMu He BBISIBIICHO CYIIECTBEHHBIX Pa3iv-
YU B YHCICHHOM 3HAYCHHW KOX(PPHUIMEHTa Pa3MOIIOCIIO-
COOHOCTH M CKOPOCTH IPHUPAIICHUS YACIbHON TOBEPXHOCTH
3T'Y. Ucxops u3 BhlllIeCKa3aHHOTO, ObLIO IPUHSTO PEIICHNE
MIPOU3BOAUTH NTOMOJ KOMIIOHEHTOB B MPUCYTCTBUH CyTIEp-
1acTu(UKATOpa, TTOCKOIBKY 3TOT MPUEM YITPOIAET TEXHO-
JIOTMYECKUii mporecc 0e3 CHUKEHHsI PU3HKO-MEXaHHUYECKUX
CBOMCTB MCCIIEyEMBIX MAaTEPHAJIOB.

Hanee, mpoBoauiu onieHKy BogonorpeoHocTr 3['Y B 3a-
BHUCHMOCTH OT €€ yJIeJIbHOM MOBEPXHOCTH, BU/Ia M IPOLIEHT-
HOTO COJIEp)KaHMs cylnepIuracTudukKaropa U crocoda ero
BBeJIeHUS (TabI.3).
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At the first stage, the kinetics of changes in the specific
surface area and the grindability coefficient of the ZGU were
assessed in the presence of a superplasticizer and without a
superplasticizer (Figs. 6 and 7). When evaluating the kinetics
of grinding of HRA, we did not find any significant differ-
ences in the numerical value of the grindability coefficient
and the rate of increase in the specific surface area of HRA.
Based on the above, it was decided to grind the components
in the presence of a superplasticizer, since this technique
simplifies the technological process without reducing the
physical and mechanical properties of the materials being
studied.

Next, an assessment was made of the water requirement
of the HRA depending on its specific surface area, the type
and percentage content of the superplasticizer and the
method of its introduction (Table 3).
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TABJIMLA 4. HOPMAJIBHASI T'YCTOTA TECTA 3I'Y, B3ABUCUMOCTMH OT EE Sy, COAEPKAHUS
CYHNEPIVIACTU®UKATOPA, EI'O BUJA U CITIOCOBA BBEJIEHUSI
TABLE 4. Normal density of HRA dough, depending on its Ss., content of superplasticizer, its type

and method of introduction

HaumeHoBanue YaeabHasi I0BEPXHOCTH, CM%/T HopmansHnas rycrora, %
Sample name Specific surface area, cm?/g Normal density, %
3I'V+Tolstoplast 0,2% 6100 37
3I'Y+Tolstoplast 0,4% 5850 28
3I'V+Tolstoplast 0,6% 6900 27,5
3I'V+Tolstoplast 0,6% 6200 29
3I'Y+PC 5300x 0,4% 5600 37
3I'Y+PC 7200 0,8% 5750 34
3T V+sika VC 225 0,2% 5750 35,5
3I'V+sika VC 225 0,4% 6850 37
3I'Y+sika VC 225 0,4% c Bozolt 3aTBOpeHHs 7400 35
3I'V+sika VC 225 0,4% c Bomoii 3aTBOpEeHUS 5750 27

3aKIIIOUNTEIIbHBIN 3Tall HCCICOOBAaHHUA COCTOSAJI B OLICHKE

3¢ GEKTHBHOCTH CrI0co0a MOTyUeHHsI KOMIO3UITUOHHBIX Bsl-
JKYITUX IyTeM COBMECTHOT'O MJIM Pa3/eIbHOIO IIOMOJIA C UC-
MOJIb30BAHMEM DPABHO3HAYHBIX M HEPaBHO3HAYHBIX 3HAUe-
Hull ynensHoi noBepxHoctu 3I'Y u nopTianaieMeHTa, BX0-
JIIAX B COCTaB KOMITO3UIMOHHBIX BsDKYIIUX. OCHOBHBIM
nokazaresnieM 3(p(HEeKTHBHOCTH SBJISIIACH IIPOYHOCTH HA CXKa-
THE LIEMEHTHOT0 KaMH4 B Bo3pacte 1, 7 u 28 cyTok HopMaJb-
HOTO TBepAcHUs (Tabm.4).

The final stage of the study consisted of assessing the ef-
ficiency of the method for obtaining composite binders by
combined or separate grinding using equivalent and unequal
values of the specific surface area of the HRA and Portland
cement included in the composition of the composite bind-
ers. The main indicator of efficiency was the compressive
strength of cement stone at the age of 1, 7 and 28 days of
normal hardening. (Table 4).
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IIpu npoBeneHHM HCHBITAHUN YyIeabHAas MOBEPXHOCTh
3I'Y u nopTianALneMeHTa OTIMYaNach OT 3HAaYEHUH, pHUBe-
JIEHHBIX B TAOIHIE HA BenuauHy +/- 200cM?/T.

HcnibiTanust IpoBOAMIIMCH Ha 00pa3nax-Kyoax 2x2X2 cm
npu BoxpotBepaoM cootHomeHnn 0,3. Ilmactuduxarop
(Tolstoplast ST-1) BBoguTcst ipu omodie. ComepikaHue ero
coctaBuiio 0,4% OT Macchl CyXuX KOMIOHEHTOB.

During the tests, the specific surface area of ZGU and
Portland cement differed from the values given in the table
by +/- 200 cm?/g.

The tests were carried out on 2x2x2 cm cube samples
with a water-solid ratio of 0.3. The plasticizer (Tolstoplast
ST-1) is introduced during milling. Its content was 0.4% of
the mass of dry components.

TABJIULA 4. MTIPOYHOCTb NOPTJAHAUEMEHTA U KOMIIO3UITUOHHBIX BSIXKYIIIUX
B 3ABUCUMOCTH OT YJIEJbHOM MOBEPXHOCTH U COCTABA
Table 4. The strength of Portland cement and composite binders depending on specific surface area

and composition

MapkupoBKa BSIKYyIIEro* Syxementa, eM?/r / Sy, 3TY, em?/r¥* R cpean, MIla Bo3zpacr, cyT.
Binder marking Ssa cement, cm?/g / Ssa HRA cm?/g R average, MPa Time, days

4500 18,5 !

KB50 m 53,2 7
119,7 28

4500 5.7 !

KB-30 m 229 7
49 28

31,5 1

KB-70 % 86,8 7
147.8 28

5,2 1

KB-30 % 18,7 7
32,2 28

15,3 1

KB-70 % 51,3 7
76,8 28

21,2 1

LHEMI-42,5 7000 56,3 7
84,2 28

12,9 1

KB-50 % 21,7 7
67,8 28

15,6 1

LHEMI-42,5 3200 67,2 7
92,3 28

* UnCIICHHBII HHACKC B MAPKUPOBKE BSDKYILETO YKa3bIBACT HA COZICPIKAHHE * The nume rical inde?( .in the binder marking indicates the cement
content in its composition
EEMeHTa B ero cocrase . ** the numerator contains the value of the specific surface area of ce-
B YUCIIUTEIN 3HAUYCHUE YICIIbHOU IIOBEPXHOCTH IIEMEHTA, B 3HAMCHATEIIE 3ry ment, the denominator contains HRA

3akJ/ouenue

I[Ipu mnpoBeneHnn QyHIZAMEHTANBHBIX HCCIICIOBAHHM,
HaTpaBJICHHBIX Ha OIEHKY CTPYKTYPHBIX ocobenHocreit 3I'Y,
YCTaHOBJIEHA HX CXOXKECTh KaK [0 XMMHUYECKOMY, TaK 1 MUHE-
paJoruyecKoMy COCTaBy. YUUTHIBAsI MOYJIb OCHOBHOCTHU HC-
CJIe/TyeMBIX 30J1 M €ro OJM3KKe 3Ha4YeHUs, BIIOJHE 0O0CHOBAH
nporuo3 o npuuncieHun 3['Y K yabTpakuciIbiM 307aM, 3¢-
(heKTHBHOCTh HCIIOJIb30BAHUSI KOTOPHIX B KaueCTBE KOMIIO-
HEHTa B KOMIO3MLMOHHBIX BSKYIIMX CBOAUTCSA K MUKPOHA-
MOJIHEHHUIO U MIPOSIBICHUIO MYLII0JAHOBOM aKTUBHOCTH. Y CTa-
HOBJICHO MaKCHMaJIbHOE 3HAa4€HHE IYIII0IaHOBOH aKTHBHO-
ctu 3I'Y B pamkax ucciaeoBaHU, KOTOPOE AOCTUTAETCs IPU
00€eCIIeUeHNH COOTBETCTBYIOIIETO 3HAYCHUS! YIENBHOM I0-
BEPXHOCTH Sy, = 6000 cm?/r. JlanbHelimee pasBuTHE yIEb-
HOM MOBEPXHOCTH BHOCHUT JJONOJHUTEIbHBIE SKOHOMHUYECKNE
3aTpaThl, CBSI3aHHBIE C YXYIIICHHEM Pa3MOJIOCIOCOOHOCTH
gacTuIl. B cBoro ouepess, ONTHMAaIbHOE 3HAYEHHE BOJOIO-
TpebHocT 3I'Y B TaHHOM Clly4au COOTBETCTBYET ONTHMAIIb-
HOMY 3HAa4E€HHUIO BbIIIIE IIPUBEIEHHON yI€IbHON IIOBEPXHOCTH
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Conclusions

During fundamental research aimed at assessing the struc-
tural features of HRA, their similarity in both chemical and
mineralogical composition was established. Taking into ac-
count the basicity modulus of the studied ashes and its close
values, the prediction about classifying HRA as ultra-acid
ashes, the efficiency of using which as a component in com-
posite binders comes down to microfilling and the manifesta-
tion of pozzolanic activity, is fully justified. The maximum
value of pozzolanic activity of HRA was established within
the framework of the studies, which is achieved by ensuring
the corresponding value of the specific surface Si = 6000
cm?/g. Further development of the specific surface area intro-
duces additional economic costs associated with the deteriora-
tion of the grindability of the particles. In turn, the optimal
value of water demand of the HRA in this case corresponds to
the optimal value of the above-mentioned specific surface of
the HRA. During the implementation of the next stage of re-
search, the role of carbon contained in the composition of the



Technique and technology of silicates. Volume 32, No2, 2025

3I'Y. ITlpu peanuzanuu ClIeAyIONEro 3Tana HCCIETOBAHUIMA
YCTaHOBJIEHA POJIb YTIIEPOa, cojiepxanierocs B coctase 3I'Y,
KOTOpasi CBeJIeHa K CHI)KEHHIO BojonoTpedHocTr 3I'Y BBUIY
YacTHYHOH TuApohOOHU3aIIMH YaCTHII B IIPOLIECCE IIPOBEICHHS
MIOMOJIa IIyTEeM MEXaHHYECKOTO €ro HaHECEHMs Ha MOBEpX-
HocTh. ClletyeT Takxke OTMETHTD, YTO B PE3yJIbTaTe NCCIe 0~
BaHUI1 HETATHBHOTO BKJIa/1a B (GOPMUPOBAHUE CTPYKTYPHI, Py-
KOBOJICTBYSICh 3HAYCHHEM MIPOYHOCTH Ha CKATHE [IEMECHTHOTO
KaMH$, OTMEUEHO He OBUIO. Y CTaHOBJICHO ONTHUMAaJIbHOE 3HAa-
YeHHE CYNeIIacTH(hUKaTopa U ero BIUSHIE IPU IPOBEICHUN
momonia 3I'Y. OnTtuManbHOEe 3HAYCHHWE CyIepIIacTU(UKa-
TOpa Ha OCHOBE MOJMKAPOOKCHIATOB, 00ECTIEUNBAIOIIETO MHU-
HUMAaJIbHYIO BoonoTpebHocTh 3I'Y, HaX0AUTCS B TUANa30He
0,4-0,6% B mepecuere Ha cyxoe BemiecTBo oT Macchl 3[Y.
OneHuBas KUHETHKY u3MenbueHust 31'Y, HaMu He BBIBICHO
CYIIECTBEHHBIX Pa3IM4YMi B YMCIEHHOM 3HAYeHUH KOd(PPH-
IIMEHTa Pa3MOJIOCIIOCOOHOCTH M CKOPOCTH NpHpaIIeHUs
yaenbHoi noBepxHocty 3I'Y. Mcxons u3 BhILIECKAa3aHHOTO,
OBLIO MIPHUHSATO PEIICHIE IPOU3BOAUTE ITOMOJI KOMIIOHEHTOB B
MIPUCYTCTBUH CYTIEPILIACTU(PUKATOPA, IIOCKOIBKY 3TOT IPHUEM
YOpOIIAeT TEXHOIOTHYECKUH mpormecc 0e3 CHIKeHHs (u-
3UKO-MEXaHHYECKUX CBOUCTB HCCIEIYEMBIX MATCPHAIIOB.
IIpu pazpaboTKe COCTaBOB KOMIIO3UIIMOHHBIX BSKYIIHX, B
YaCTHOCTH YCTaHOBJICHUs d(pHEeKTHBHOCTH PUMEHEHUS pa3-
JIEIbHOTO WJIM COBMECTHOTO [TOMOJIa KOMIIOHEHTOB, MOXKHO
C/IeNnaTh CIIEIyIOIIHE BHIBOIbI:
1. PaznenpHbIl TOMONT KOMIIOHEHTOB, B JIAHHOM CIIy-
yae, HanOoJiee MPeANOYTHTEIICH, TIOCKOJIBKY MOSIBIISETCS BO3-
MOHOCTbh BapbUpPOBAaTh COOTHOLICHUEM KOMIIOHEHTOB B CO-
CTaBe KOMITO3UIIMOHHOTO BSKYIIIETO, UX Y/ACIbHON TOBEPXHO-
CTBIO M, COOTBETCTBEHHO, OKa3bIBaTh HAIIPABIEHHOE BO3JEH-
CTBHE Ha UTOTOBEIC (PU3UKO-MEXaHUICCKUE CBOICTBAMHU KOM-
MTO3UIHOHHBIX BSOKYIINX.
2. Hamboiree BBICOKHME TOKa3aTeNN MPOYHOCTH JOCTH-
TaroTCs PH OONBIIIEM 3HAYCHUH yAeNbHOU moBepxHOCTH 3['Y
[0 OTHOIICHUIO TOPTIAHAIEMEHTa, Cy/Is 10 BCEMY, 3TO CBS-
3aHO C Ka4eCTBEHHBIM H3MEHEHHEM HUTOrOBOTO (a30BOTO CO-
CcTaBa IEMECHTHOI'O KaMHs, B YaCTHOCTU CHHXKCHUEM IIPOLCHT-
HOT'O COACPIKAHUA THAPOOKCH A KAJIBIUA U YBEJIMYCHHBIM CO-
Jiep>KaHHEeM HU3KOOCHOBHBIX HOBOOOPa30BaHMH.
3. VYBenuueHne yAeNnbHOW MOBEPXHOCTH LEMEHTHOTO
KaMHS 10 Sy, = 7000cM?/T B 3HAYNTEITHHOM CTEIICHH CHIKACT
MPOYHOCTh KaK YHCTOTO [EMEHTHOTO KaMHs, TaK U I[CMEHT-
HOT'O KaMHS Ha KOMITO3UIIIOHHOM BSDKYILIEM.
4. Bmomee o6ocHOBaHa 3(p()EeKTHBHOCTH MPUMEHCHUS
30J1 THOPOYHAJCHUS B KOMITO3WUIIMOHHBIX BSDKYIIUX, IIO-
CKOJIBKY TOCTUTHYT 3HAYUMBINA 3P PEKT MPH UX BBEACHUH KaK
C TO3UIHMA (PU3UKO-MEXaHHMUECKUX XapaKTEePUCTHK (TpoU-
HOCTh Ha CXaTus HemeHTHoro kamas KB50 mpeBocxomut
MPOYHOCTH IeMeHTHOTo KaMHs Ha [IEMI-42,5), Tak u ¢ mo3u-
LIUH SKOHOMUYECKON A PEKTUBHOCTH, IOCKOJIBKY JJIsl IPOU3-
BOJUTEIICH CHIDKEHHE pacxoja reMenTta 10 50% 6e3 cHibke-
HUA Ka4€CTBaA MPOAYKIIUN BECbMa 3HAYUMO.
5. B 3aBepuienun HEOOXOIMMO OTMETUTH, YTO IIPOBE-
JICHHBIC HCCIICIOBaHMS YKa3bIBAIOT HAa BO3MOXKHOCTH M 3(-
(heKTUBHOCTH HCIOJB30BAHUS HAKOIUICHHBIX 30JI THAPOYa-
JICHUS TIPU TIPOU3BOJICTBE KOMITO3UIIMOHHBIX [IEMCHTHBIX BSI-
JKYIIIX ¥ MaTepPHajIoB Ha X OCHOBE M MOTYT CITYKHTbh OIJHUM
U3 TMyTel WX yTHIH3aun

HRA was established, which was reduced to a decrease in the
water demand of the HRA due to the partial hydrophobization
of particles during the grinding process by mechanically ap-
plying it to the surface. It should also be noted that as a result
of the studies, no negative contribution to the formation of the
structure, guided by the value of the compressive strength of
the cement stone, was noted. The optimal value of the super-
plasticizer and its influence during the grinding of HRA have
been established. The optimal value of the polycarboxylate-
based superplasticizer, which ensures the minimum water re-
quirement of the HRA, is in the range of 0.4-0.6% in terms of
dry matter from the mass of the HRA. When evaluating the
kinetics of grinding of HRA, we did not find any significant
differences in the numerical value of the grindability coeffi-
cient and the rate of increase in the specific surface area of
HRA. Based on the above, it was decided to grind the compo-
nents in the presence of a superplasticizer, since this technique
simplifies the technological process without reducing the
physical and mechanical properties of the materials being
studied.

When developing compositions of composite binders, in
particular establishing the efficiency of using separate or com-
bined grinding of components, the following conclusions can
be made:

1. Separate grinding of components, in this case, is most
preferable, since it becomes possible to vary the ratio of com-
ponents in the composition of the composite binder, their spe-
cific surface area and, accordingly, to have a targeted effect on
the final physical and mechanical properties of composite
binders.

2. The highest strength indicators are achieved with a
higher value of the specific surface area of the cement stone
relative to Portland cement; apparently, this is due to a quali-
tative change in the final phase composition of the cement
stone, in particular a decrease in the percentage content of cal-
cium hydroxide and an increased content of low-basic neo-
plasms.

3. Increasing the specific surface area of cement stone to
Sy = 7000 cm?/g significantly reduces the strength of both
pure cement stone and cement stone on a composite binder.

4. The efficiency of using hydraulic ash in composite bind-
ers is fully justified, since a significant effect has been
achieved with their introduction both from the standpoint of
physical and mechanical characteristics (the compressive
strength of KV50 cement stone exceeds the strength of CEMI-
42.5 cement stone) and from the standpoint of economic effi-
ciency, since for manufacturers a reduction in cement con-
sumption of up to 50% without reducing product quality is
very significant.

5.In conclusion, it should be noted that the conducted stud-
ies indicate the possibility and effectiveness of using accumu-
lated hydro-removal ash in the production of composite ce-
ment binders and materials based on them and can serve as one
of the ways of their utilization.
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