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CAMOYHPOYHEHHBIE I'MIICOBBIE KOMIIO3UIINU HA OCHOBE 30JI-YHOCA
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!Trepckoii rocyiapcTBeHHbINH TEXHHYECKHI YHHBEPCHTET

AHHOTALUS

Hannas paboma nocesuena uccie008aHUsIM CamoynpoOyHEHHO20 SUNCOB8020 KAMHSL, 001A0awe20 noGbIUEHHbIMU NPOY-
HOCMHbIMU NOKA3AMENSIMU U HUKOU NOJA3YHecmbio 611a200aps apMUuposaHuio cUnco8ot Mampuybl HUMeGUOHbIMU KPUCTNA-
aamu smmpunauma. OOHAKo npu OAHHOM CHOCObe CAMOYRPOUHEHUSL MOZYM BO3HUKAMb MPYOHOCHU ¢ 0becneyenuem 00cma-
MoOuH020 00beMa Wel04HOU CPpedbl NPU UCNONb30BAHUU HACBIWEHHO20 PACMBEOPA 2UOPOKCUOA KAbYUs, NOYYAeMO20 2aule-
HUeM B030VULHOU KAlbYUesol uzeecmu. Ynpowenue cnocoba oocmuzaemcsi npu 3ameHe HACbIUWEHHbIX PACEOPO8 U36eCu
NOPOWKOBUOHBIMU CMECAMU 301-YHOCA, YIABIUBAEMBIX DJIEKMPOPUILIMAYUOHHBIMU CUCTNEMaMU npu cocueanuu yenell Kancko-
Auunckoeo 6ypoy20n16H020 baccelina Ha Menaosbix IAeKMpOCmanyusx. I uncosvili KOMRO3UM HA OCHOGe 301-YHOCA 0baadaem
NOBbIUEHHOU NPOYHOCHIBIO, YO NOOMBEPAHCOAen 803MONCHOCHL IPHEKMUBHO20 UCNONBLIOBAHUS 30]1-YHOCA OM CIHCUSAHUSA
OypuIX yenell 8 CIMpOUmMenbHblX 2UNCOBBIX KOMNOSUMAX, NPUMEHACMbIX 05l CO30AHUSL KOHCIMPYKMUBHBIX INEMEHMO8 30AHUM.
Ilo dannvim uccnedosanust pe3yrbmamos MUKpPOCKONUYECKUX CbeMOK NONYUAEMOl CAMOYNPOUHEHHOU CMPYKIMYPbl, opMupy-
10WAsCs 2UNCOBASL MAMPUYA CIMAHOBUMCS 6oee NIOMHOU C PA3HOHANPASLEHHBIMU NO PACNOJIOHCEHUIO KPUCALIAMU U 8KIIO-
YEeHHBIMU 6 pabOmy MUKpoc@epamu 301bl-yHocd. Ymuauzayus omxo008 30J1-YHOCA 8 COCHAGe YNPOYHEHHBIX KOMHO3UMOS
NO360J51eMm He MOAbKO YNPOCMUMb CHOCOO CAMOYNPOYHEHUS, CHUSUMb 3AMPambyl, HO U Peuums npooiemy Ymunusayuu Xumi-
yecKu aKmueHOU 3016l
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SELF-STRENGTHENED GYPSUM COMPOSITIONS BASED ON FLY ASH
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ABSTRACT

This work is devoted to the study of self-reinforced gypsum stone with increased strength properties and low creep due to
the reinforcement of the gypsum matrix with filiform ettringite crystals. However, with this method of self-reinforcement, diffi-
culties may arise in providing a sufficient volume of an alkaline medium when using a saturated solution of calcium hydroxide
obtained by slaking air calcium lime. The method is simplified by replacing saturated lime solutions with powder mixtures of
fly ash captured by electrostatic precipitator systems during combustion of coals from the Kansk-Achinsk brown coal basin at
thermal power plants. Gypsum composite based on fly ash has increased strength, which confirms the possibility of effective
use of fly ash from the combustion of brown coal in building gypsum composites used to create structural elements of buildings.
According to the study of the results of microscopic imaging of the resulting self-reinforced structure, the forming gypsum
matrix becomes denser with differently directed crystals and fly ash microspheres included in the work. Utilization of fly ash
waste in the composition of reinforced composites allows not only to simplify the method of self-reinforcement, reduce costs,
but also to solve the problem of recycling chemically active ash.
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BBEJEHUE

CrpounTenbHbIE KOMIIO3UTH HA OCHOBE MUHEPATIBHON BSIXKY-
Imeil MaTpUIbl ¥ MUHEPATbHBIX HAIOJHHUTENEH XapaKTepH3y-
I0TCS PSIIOM HPEUMYIIECTB, 00YCIOBICHHBIX MX BHYTPEHHEH
cTpykTypoil. Tak, mpu coelMHEHHH HEMpPEepPBIBHOIO o0beMa
MaTpUYHOTO BEIIECTBA U NMPEPHIBUCTOM TBEpOH (a3bl B BHUIE
BBOJIMMBIX C(ePONAANBHBIX HITH OJIM3KUX K HUM 110 (hopMe ya-
CTHI] HAHO- WJIM MUKPOHHOTO pa3Mepa, KPUCTaJUIOB, UMEIOLINX
TaOIUTYATYIO, WTTIOMOAO0OHYIO WM BOJIOKHHCTYIO (HHTEBH-
Hy10) (OpMy WIH UX COYETaHWH B OTHOM oOBeMe hopMupy-
eTCsl MaTepHaj ¢ OCOOBIMHU CBOMCTBaMH, IpeXkIe Bcero — Gu-
3UKO-XMMHUYECKUMH W (DU3UKO-MEXaHHUECKUMHU. BBoamnmble
HAIOJIHUTEIH B 3TOM CIy4ae BBICTYIAIOT B POJIN aPMHUPYIOINX
/ YUpOUYHSIONIMX MaTepuasioB WM HAaHO- WM MHKpPOYACTHIL,
MOBBIMAIOIINX CTPYKTYPHYIO IUIOTHOCTH ITyTE€M 3aIllOJHEHUS
CBOOOJTHOTO TPOCTPAHCTBA MEXKIY 3JIEMEHTaMU MaTPUYHOTO
BEIIIECTBA.

M3BecTHO, uTO M000E MUHEpAIBHOE BSDKYILEE MOXKET Xa-
pakTepu3oBaThcs AeeKTaMu CTPYKTYPhl Ha pa3IMuHbIX Mac-
mTabHBIX YpoBHsX. CIepKUBATh 3TH Ne(EKThI IPU3BAHBI B CO-
BPEMEHHBIX KOMIIO3UTaX apMupyronme matepuansl [1] Orto
MOTYT OBITh Pa3HOOOpa3HBIE apMHUPYIOIINE CETKH, HETKaHbIC
Marepuaisl, BOJOKHa, ¢pubpa u 1.1 Ha MHKpo- m HaHOYpOB-
HSX, T.€. HA YPOBHE IIEMCHTHPYIOLIETO BEIIECTBA (BSDKYILECH
MaTpHIBl) TIOAX0A K apMUPOBAHUIO CHIIBHO BapbHpyeTCs, ITO
oTpezierseTcs BBIOOPOM BsDKyIero BemectBa. OTHaKo BOIIPOC
0 MPOYHOCTH MaTPHIIBI, T.€. O TOM, KaK OCYIIECTBISETCS apMH-
pOoBaHHE Ha MHKPO- U HAHOYPOBHSAX, OCTAeTCA IIPHUOPUTETHBIM
JUIA UCCIIEIOBaHMA.

KoMmo3uTs! Ha OCHOBE THIICOBOM MaTpHIbI SBISIOTCS OJI-
HHMH U3 CaMbIX COBPEMEHHBIX CTPOUTEIBHBIX KOMIIOHEHTOB
6naromapst cBoel 9KOHOMHUYHOCTH, 3HEPro3(h(heKTHBHOCTH, OT-
HECTOHKOCTH, YKOJIOTUYHOCTH, JOCTYITHOCTH, TEXHOJIOTHYHO-
CTH ¥ IIPOCTOTE.

YBenuueHne IOTHOCTH YITaKOBKU YaCTHIL B COCTAaBE BSXKY-
IIEr0 ¥ BBOAMMBIX HAIIOJIHUTEIICH SBIISETCS OJHUM M3 HanOo-
Jiee O4YEBHIHBIX METOJIOB MOBBIINICHHS MPOYHOCTH THUIICOBOM
MaTpHIlBl. 30J1a-yHOCa MOXET OBITh MCTIOIb30BaHa B Ka4eCTBE
TAKOTO HATTOJIHUTEIIS JIJIS THIICOBOTO KOMITO3UTa [2]. ATOT TOH-
KOJMCIIEPCHBIN MaTepuai o0pasyercs Py CKUTaHUN TBEPOTO
TOIUIMBA Ha JIEKTPOCTAHIMAX U YJIAaBIMBACTCS JIEKTPOPHIb-
TpamMu. XMMHYECKUN COCTAB 30JIbI-YHOCA OT CXKHUIaHUS TBEp-
JIOTO TOTIIIMBA ONPEAeIAeTCS XUMUYECKIM 1 MUHEPaIbHBIM CO-
CTABOM CXKUTAEMBIX yIJIed M TEXHOJOTWeW ux cxxuranus [3].
Ha m3meHeHune coctaBa M CBOWCTB 30JIbI BIMSET METO ee cOopa
[4]. 3ona-yHOCa MOXKET H3MEHSATH CBOU CBOMCTBA MPH JITUTEIb-
HOM XpaHeHuH. Tak, 30J1bl, XpaHsAIIHecs B 3aKPHITHIX PE3EPBY-
apax cpa3sy nociie ux coopa, OyayT OTINYaThCS OT 30J1, XpaHs-
IIAXCS B 30JI00TBajIaX Ha OTKPBITBIX IpocTpancTax [5]. Io-
CIIeZTHAE CTIOCOOHBI 3arps3HATh W BO3AYIIHYIO OKPYKAOIIYIO
cpeny, ¥ BOJHYIO, ITyTeM MHUTPAIMH, 9TO MPEBPAIIaeT 30J100T-
BaJIbl B UICTOYHUK MOBHIIIEHHOHN OMACHOCTH IS OKPY KaIOIIeH
cpensi [6], (Paguanus). [IpuMepoM TaKOro 3arpsA3HEHUS] MOTYT
CITy>KUTH 305100TBaIIBI bepezorckoit 'POC, ogHOi U3 KpymHEit-
KX IO TETJIOBOH MOIIHOCTH M MO BKJIaJy MHOTO()aKTOPHOTO
BO3JICHCTBHS CpeIH TeIIOBbIX cTanui B Poccuu [7]. [ToaTomy
HCIIOJIb30BAaHHUE 3TOW 30716 B COCTaBE T'MIICOBBIX KOMITO3HTOB
MOXET IMO3BOJIUTh PELINTh KOJOIMYECKHE MPOOJIEMBI peru-
OHa.

JlelicTBUTENbHO, YaCTHYHAs 3aMEHa BSDKYILIETO 30JI0i Ha
MIEPBBII B3I MOXKET IMOKA3aThCs KpailHE MePCTIeKTUBHOM.

INTRODUCTION

Construction composites based on a mineral binder
matrix and mineral fillers are characterized by a number
of advantages due to their internal structure. Thus, when
combining a continuous volume of matrix substance and a
discontinuous solid phase in the form of introduced sphe-
roidal or close to them in shape particles of nano- or mi-
cron size, crystals having a tabular, needle-like or fibrous
(filamentary) shape or their combinations in one volume,
a material with special properties is formed, primarily -
physical and chemical and physical and mechanical prop-
erties. In this case, the introduced fillers act as reinforcing
/ strengthening materials or nano- or microparticles that
increase the structural density by filling the free space be-
tween the elements of the matrix substance. It is known
that any mineral binder can be characterized by structural
defects at various scale levels. Reinforcing materials are
designed to contain these defects in modern composites [1]
These can be various reinforcing meshes, non-woven ma-
terials, fibers, fiber, etc. At the micro- and nanolevels, i.e.
at the level of the cementing substance (binder matrix), the
approach to reinforcement varies greatly, which is deter-
mined by the choice of binder. However, the issue of ma-
trix strength, i.e. how reinforcement is carried out at the
micro- and nanolevels, remains a priority for research.

Gypsum matrix-based composites are among the most
modern building components due to their cost-effective-
ness, energy efficiency, fire resistance, environmental
friendliness, availability, manufacturability and simplic-
ity.

Increasing the packing density of particles in the binder
and introduced fillers is one of the most obvious methods
for increasing the strength of the gypsum matrix. Fly ash
can be used as such a filler for gypsum composites [2].
This finely dispersed material is formed during the com-
bustion of solid fuels at power plants and is captured by
electrostatic precipitators. The chemical composition of
fly ash from the combustion of solid fuels is determined
by the chemical and mineral composition of the coals
burned and the technology of their combustion [3]. The
composition and properties of the ash are affected by the
method of its collection [4]. Fly ash can change its proper-
ties during long-term storage. Thus, ash stored in closed
reservoirs immediately after its collection will differ from
ash stored in ash dumps in open spaces [5]. The latter are
capable of polluting both the air and water environments
through migration, which turns ash dumps into a source of
increased danger to the environment [6], (Radiation). An
example of such pollution is the ash dumps of the Bere-
zovskaya SDPP, one of the largest in terms of thermal ca-
pacity and the contribution of multifactorial impact among
thermal power plants in Russia [7]. Therefore, the use of
this ash in gypsum composites can help solve the environ-
mental problems of the region.

Indeed, partial replacement of the binder with ash may
seem extremely promising at first glance.

However, the strength of such a composite may be
lower, and often significantly lower, than that of a pure
binder. T. Sitole et al. [8] in a study of the possibility of
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OpmHaKO MPOYHOCTH TAKOTO KOMITO3UTA MOKET OBITH HITKE,
a 3a9aCTyI0 U 3HAYUTENFHO, YeM y YHCTOTro BsoKymero. T. Cu-
ToJe U Ap. [8] mpw Hccef0BaHIH BOZMOKHOCTH IIPOM3BOICTBA
CTPOWTENFHOTO KHpIHYa M3 OTXOIOB THIICA M 30JBI-yHOCA
YCTaHOBWJIM, YTO. MPHW YAaCTHYHOW 3aMEHE THIICOBOTO BSIKY-
miero 30101 ot 0 1o 40 % NpoYHOCTh KOMIIO3UTHOTO MaTepH-
aja CHIDKAJACh W3-3a HHU3KOW PEaKIMOHHOHN CIOCOOHOCTU
307161 B TO e Bpems JI. [lanaa u C. [Jam [9] B cBOCH padoTe
YTBEPIKIAIOT, YTO JOOABJICHHUE JICTYYCH 301bI K IIEMEHTY B Oe-
TOHHOW CMECH CHIDKACT BOJOMOTPEOHOCTh CMECH (COOTHOIIIE-
HHUE BOZIA/IIEMEHT) U AaeT OoJiee BBICOKYIO MPOYHOCTH OCTOHA,
YeM YHCTHIA TOPTIAH/IICMEHT.

Heo0OxoanmMo Takke OTMETHTb, ITO IIPH OOJBIINX KOHIICH-
TpaLHUAX 30JI6I BOBMOXKHO €€ PAaCHIMpEeHHe, W3-3a Yero OHa He
MOJKeT OBITh IPUMEHEHA KaK BOKYIIee WK Kak 1o0aBka K Oe-
tony [10].

Hpyrue aBropbl [11] cuuTaroT BO3MOXXHBIM MPUMCHCHHE
30J1bI B KAYECTBE HATIOJHUTEIIS B COCTABE BSDKYIIHX, a JCCTPYK-
TUBHBIM NMOTEHIMAN 30Jbl NpPEAaratoT YCTpPaHATh MyTEM ee
TCPMOAKTHUBAIIUH.

O dekTuBHBIM CIIOCOOOM HCIIONIB30BaHUS 30JIbI-YHOCA 5IB-
JSICTCSL e¢ MPUMEHCHHE COBMECTHO C J00aBKaMU H3BECTH W
runca [12, 13, 14]. OgHako B 9THX CIyYasx pe3yJibTHPYIOIas
MIPOYHOCTh Ha cxKaTHe cocTaBisieT auib 1 — 7 MITa.

[TepcrieKTHBHBIMU KaXKyTCS M HCITOITb30BAHNE XUMIUCCKOM
JOAKTHUBAIIMH 30JbI, M TIOJHOE €€ CBI3BIBAHUEC B CTPYKTYpE
KOMIIO3uTa. B mepBoM cirydae crioco0 mMeeT HeIOCTaTKHU, CBSI-
3aHHBIC C OMACHBIM FHCIIOJNF30BAaHUEM KOHIICHTPHPOBAaHHBIX
KUCIOT. BTopoit cmoco6 [15] ocHOBaH Ha BO3MOMHOCTH IPH-
MEHEHHS 30JIbI-YHOCA B KAYECTBE OJIHOTO M3 KOMIIOHCHTOB Ca-
MOApMHUPOBAHHON TUIICOBOW MaTpHUIIBl. ApMHPOBaHUE THIICO-
BOI'0O KaMHA KpuUCTaJJIaMU J3TTPUHIUTA B O6I.[IeM BUOE OCy-
HIECTRIISETCS MO CICIYIONICH peaKiuu:

Al2(SO4)3-18H,0+6Ca (OH)2+8H,0—3[CasAl (OH)s- 12H20]3/2[(SO4)s-3/2 H20]

JIJIst 3TOTO B COCTaB CHIPHEBBIX CMECEH IOMHMO CEepHO-
KHCJIOTO aJTFOMHHUS BBOIUTCS THAPOKCU]] KaJbIIHSA, TI0JTyYa-
€MBIif raleHreM BO3IyIIHOM KanbLueBol n3Bectu. OgHaKo
TIPY UCTIONE30BAaHUH HACHIIIEHHOTO PacTBOpa THAPOKCHIA
KaJbIXs MOTYT BOSHHKATH TPYIHOCTH C O0ECIIEYCHUEM JI0-
CTaTOYHOTO 00BbeMa IEeJIOYHOU cpefbl. PemuTs mpobiemy
BO3MOYKHO IPU 3aMEHE HACHIIIEHHBIX PAaCTBOPOB H3BECTH
MOPOUIKOBUIAHBIMA CMECSIMH  30JI-YHOCA, YJIaBIMBAEMBIX
ANEKTPOGUIBTAIIOHHBIMU CHCTEMaMH IPU COKUTAHHUU YT-
neit Kancko-AdnHckoro 0ypoyroiapHOro OacceifHa Ha Ter-
JIOBBIX JJIEKTPOCTAHIUAX. YUaCTBYIOIIUN B pEaKkLUU M-
pokcun kanpius Ca(OH), MoxeT ObITh TOTHOCTHIO 3aMelICH
MOPOLIKOM 30JbI-yHOoca. Takas 3aMeHa MO3BOJIUT MOJIYyYUTh
HEJIOPOTOH 3KOJIOTHYECKH Oe30MacHbIi KOMIO3HUT, a TaKkKe
3¢ PEKTUBHO HCIOJIB30BATH OTXOJbI TOIUIMBHOM ITPOMBIII-
JIEHHOCTHU.

He.m; HWJIMA 321294 UCCJIeA0BAHUA

Ilenpio maHHO#W PabOTHI SBISIOCH HCCIENOBAHUE BO3-
MOXXHOCTH TIOJyY€HHUS CaMOYNMPOYHEHHOTO THIICOBOTO
KaMHS Ha OCHOBE 30JIBI-yHOCa C BBICOKHM COJIEpKAHHEM
CBOOOJHOIO OKCH/IA KAJIBIIH.

JL1st ToCTHKEHMSI STOM e OBLITN MMOCTABJICHBI CIIEIYIO-
e 3a/1a4yu:

1. UccrnenoBaTh XapaKTEPHCTHUKU 30JIBI-yHOCA OT CIKUTa-

Hus yrreit Kancko-Aumnckoro OypoyroibHOro 6ac-

celiHa;
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producing building bricks from gypsum waste and fly ash
found that with partial replacement of the gypsum binder
with ash from 0 to 40 %, the strength of the composite ma-
terial decreased due to the low reactivity of the ash. At the
same time, L. Panda and S. Dash [9] in their work claim
that the addition of fly ash to cement in a concrete mixture
reduces the water requirement of the mixture (water/ce-
ment ratio) and provides higher concrete strength than
pure Portland cement.

It should also be noted that at high concentrations of
ash it is possible for it to expand, which is why it cannot
be used as a binder or as an additive to concrete [10].

Other authors [11] consider it possible to use ash as a
filler in binders, and propose eliminating the destructive
potential of ash by its thermal activation.

Another effective way to use fly ash is to use it together
with lime and gypsum additives [12, 13, 14]. However, in
these cases the resulting compressive strength isonly 1 -7
MPa.

Both the use of chemical additional activation of ash
and its complete binding in the composite structure seem
promising. In the first case, the method has disadvantages
associated with the dangerous use of concentrated acids.
The second method [15] is based on the possibility of us-
ing fly ash as one of the components of a self-reinforced
gypsum matrix. Reinforcement of gypsum stone with
ettringite crystals is generally carried out according to the
following reaction:

1)

For this purpose, in addition to aluminum sulfate, cal-
cium hydroxide obtained by slaking air calcium lime is in-
troduced into the composition of raw mixtures. However,
when using a saturated solution of calcium hydroxide, diffi-
culties may arise in providing a sufficient volume of an alka-
line medium. The problem can be solved by replacing satu-
rated lime solutions with powdered mixtures of fly ash cap-
tured by electrofiltration systems during the combustion of
coal from the Kansk-Achinsk brown coal basin at thermal
power plants. Calcium hydroxide Ca(OH), participating in
the reaction can be completely replaced by fly ash powder.
Such a replacement will make it possible to obtain an inex-
pensive, environmentally friendly composite, as well as ef-
fectively use waste from the fuel industry.

The purpose or objectives of the study:

The purpose of this study was to investigate the possibility
of obtaining self-strengthened gypsum stone based on fly ash
with a high content of free calcium oxide. To achieve this
goal, the following objectives were set:

1. To study the characteristics of fly ash from the com-
bustion of coals from the Kansk-Achinsk brown coal basin;

2. To study the effect of fly ash on the properties of self-
reinforced gypsum composite;

3. To analyze the structure and properties of self-rein-
forced gypsum rock.
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2. WccnenosaTh BIMSHUE 30JIBI-YHOCA HA CBOWCTBA CaMo-
YIPOYHEHHOTO TUIICOBOTO KOMITO3HTa;

3. TIpoBecTn aHanm3 CTPYKTYpHI B CBOMICTB CAMOYIIPOYHEH-
HOT'O THIICOBOTO KaMHSI.

MaTepuajibl 4 MeTOABI HCCIeTOBAHUS

B KauecTBE OCHOBHOTO BSDKYILETO B HCCIEIOBaHUAX
OBUIO MPHUHATO BBHICOKONPOYHOE TMIICOBOE BSDKYIEE MapKu
I'-16 mpousBoxcTBa «Samaragips» ¢ MUHUMaJILHOIM POYHO-
CTBIO 00pa31ioB Ha cxarue 16 MIla.

B kavecTBe 11€I0YHOTO HATIOJHUTENS OBUT HCIIOIb30BaH
TTOPOIIOK 30JIbI-yHOCA OT CxxHranus yriedl Kancko-AdwH-
ckoro Mectopoxxaerus (puc. 1). IlputeBnanHas 3oma mpen-
CTaBIsIa COOOH MHOTOKOMITOHEHTHYIO CHCTEMY, XapakTe-
PHU3YIOLIYIOCS TIEPEMEHHBIM XHUMHUKO-MHHEPaIbHBIM COCTa-
BOM, 3aBHCAIINM OT BH/Ia TOIUTHBA, CIIOCO0a U YCIIOBHSI €T0
coxurannsa Ha TOC, Mecta ee 0TOOpa Ha MYTH MPOXOKICHIS
JIBIMOBBIX Ta30B. XMMHUYECKHIM COCTaB NMPUMEHSAEMON 30JIbI
noka3zai (Ta6u.1), 9TO OCHOBHBIMU OKCHAAMH B €€ COCTaBe
SIBIIIIOTCS OKCUBI Kanblus (46,96 mac. %) u xenesa (27,97
Mac. %). B MeHbIIeM KOJHYECTBE HPUCYTCTBYIOT OKCHIBI
amomunus (11,09 mac. %), maraus (6,38 mac. %) u TuTaHa
(5,43 mac. %).

Materials and methods of research

The main binder used in the studies was high-strength
gypsum binder grade G-16 produced by «Samaragips» with
a minimum compressive strength of samples of 16 MPa.

Fly ash powder from the combustion of coals of the
Kansk-Achinsk deposit was used as an alkaline filler (Fig.
1). Dust ash was a multicomponent system characterized by
a variable chemical and mineral composition depending on
the type of fuel, the method and conditions of its combustion
at the thermal power plant, and the place of its selection
along the path of flue gases. The chemical composition of the
ash used showed (Table 1) that the main oxides in its com-
position are calcium oxides (46.96 wt. %) and iron (27.97 wt.
%). Aluminum oxides (11.09 wt. %), magnesium (6.38 wt.
%) and titanium (5.43 wt. %) are present in smaller quanti-
ties.

TABJIMLA 1. XUMUYECKHUA COCTAB 30.JIbI-YHOCA

Table 1. Chemical composition of fly ash

CoaepixaHue oKcuaoB, %
Oxide content, %

SiO2 AlOs3 Fe203 TiO2 CaO MgO SOs R20
0,81 11,09 27,97 5,43 46,96 6,38 0,07 0,01
PUCYHOK 1

BHEILHWI BU/J] 30JIbI-YHOCA OT C)KUTAHUS YIJIEHR
KAHCKO-AYMHCKOI'O BACCEMHA

Figure 1

Appearance of fly ash from coal combustion in the Kansk-
Achinsk basin

J11si KOpPEKTUPOBAHHSI CPOKOB CXBATHIBAHUS U MIOTHO-
CTH CMECH BBIOpaH MOJIMKApOOKCHIIATHBIN IIacTH(GHUKATOP
PC-1021 Espoxum. Copnepxanue miactudukaTopa B co-
CTaBe cMecH OBIJIO IIOCTOSHHBIM U cocTaBisuio 1 %.

Jn1s o1leHKM XMMHUUYECKOI aKTHBHOCTH 30JIbI OBLIM TIPO-
BesieHbl n3mepenus pH, pCa nucnepcHoit cucTeMsl 3051a-11-
CTWIIMPOBaHHAs Bozaa. [ 3Toro, Mcxoas n3 npenesibHOM
pacTBopuMOCTH THIpOKcHaa Kajbiws — Ca(OH)y, mpuroro-
BIIH pacTBop u3 pacuera 0,2 T 30mb1 Ha 100 Mt Boasr (pH =
5,55), KOTOpBIN OBLT HCCIEIOBAH C TIOMOIIIBIO MUKPOIIPOIIEC-
copHoro noHomepa N-510 «AKBHIOH» C UCTIOJIB30BaHUEM
YHHUBEPCAIbHOTO ~ KOMOMHUPOBAHHOTO  JJIEKTpOJa ISt

To adjust the setting time and density of the mixture, the
polycarboxylate plasticizer PC-1021 Eurochem was se-
lected. The content of the plasticizer in the mixture was con-
stant and amounted to 1 %. To assess the chemical activity
of the ash, pH, pCa measurements of the ash-distilled water
dispersed system were carried out. For this, based on the
maximum solubility of calcium hydroxide - Ca (OH),, a so-
lution was prepared at the rate of 0.2 g of ash per 100 ml of
water (pH = 5.55), which was studied using an 1-510 «Ak-
vilon» microprocessor ion meter using a universal combined
electrode for measuring pH and an ion-selective electrode for
measuring the concentration of Ca?* ions.
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n3MepeHns PH 1 HOHOCENEKTUBHOTO 3IIEKTPOAA ISt U3MEpe-
HUS KOHIEHTpanui HoHoB CaZ*,

J1s1 TaHHOW KOHLEHTpaluu pacTBOpa BOJOPOIHBIN IO-
Kazartenb gocturan 3HadeHus pH = 11,78 ra 10-Toii MunyTe
pactBopenus u pH = 12,05 na 20-T0it MUHYTE PacTBOPEHHS
(puc. 2). pX ObLT U3MEPEH Ha 5-TO¥ MUHYTE M COCTABHI 60-
nee 10'° monn/n. TlonydeHHblE 3HAYEHUS COOTBETCTBYIOT
HACBIIIEHHOMY PacTBOPY M3BECTH, ITOJYYEHHOMY TpaHIH-
OHHBIM CIIOCOOOM C HCHOJIB30BaHUEM CTPOUTEIHHOW H3Be-
ctu, coorBerctBytomeit 'OCT 9179-2018 (I'OCT 9179-
2018 M3Bectb cTponTensHast. TeXHIYECKUE YCIOBHSA).

I'panynomeTprudeckuil aHanu3 3016l BBIIOJHSIICS C IO-
MOIIBIO JIA3EPHOTO aHAIM3aTopa pa3Mepa JacThi] Analysette
22 (puc. 3), c mporpaMMHBIM 00€CIICICHUEM.

I'panynomeTpudeckuil cocTaB 30JIbl HCCIENOBANICA C HC-
TTOJTF30BaHKEM I30IponiioBoro cimpra C3HgO, mockombKy
30J1a COJICPKUT OOJIBIIOE KOJIMUIECTBO Okcra Kajbims Cao,
OBICTPO THIpAaTUPYIOIIErocsi B BOAHBIX pacTBopax. Ilocie
3aInpaBKyu IPUOOpa U30TPOIHUIOBEIM CITUPTOM BBITIOIHSIACH
HITaTHAs ONTUYCCKas kamuOpoBka. [locie m3mepenus GpoHo-
BBIX [TOKa3aHUH B YCTaHOBKY IMOMEIIAJICS 00pasel MopoiiKa
30JIbI U BBIIIOJIHAJICSA aBTOMaTI/I?)I/IpOBaHHI)Iﬁ aHaJIu3 pasme-
poB HacTHIl. Pe3ynpTaTel ompeneneHuil NpeacTaBICHB B
TabmI. 2.

For this solution concentration, the hydrogen index
reached a value of pH = 11.78 at the 10th minute of dissolu-
tion and pH = 12.05 at the 20th minute of dissolution (Fig.
2). pX was measured at the 5th minute and was more than
1019 mol/l. The obtained values correspond to a saturated
lime solution obtained in a traditional way using construction
lime complying with GOST 9179-2018 (GOST 9179-2018
Construction lime. Technical conditions) (In Russian).

Granulometric analysis of ash was performed using the
Winner-2005A Intelligent Laser Particle Size Analyzer (Fig.
3), with software.

The particle size distribution of ash was studied using
isopropyl alcohol C3HsO, since ash contains a large amount
of calcium oxide CaO, which quickly hydrates in aqueous
solutions. After filling the device with isopropyl alcohol, a
standard optical calibration was performed. After measuring
the background readings, a sample of ash powder was placed
in the setup and an automated analysis of particle sizes was
performed. The results of the determinations are presented in
Table 2.

TABJIALA 2. TPAHYJIOMEMTPUYECKHU COCTAB 30JIbI-YHOCA

Table 2. Granulometric composition of fly ash

Copaep:xanue (ppaknmu 30JbI1-yHOCA (MKM)
HIO rﬁi:gfl’ Fly ash fractions (um)
D10 D50 D90
Pasmep sacri 3.139 27.995 83.660

Particle size
PUCYHOK 2 \ -
KOHJYKTOMETPUUYECKHU IPUBOP A B n ‘
«MYJBTUTECT KCJI-101» FoOEE a

Figure 2

Conductivity apparatus ""Multitest KSL-101"

PUCYHOK 3

JIASEPHBIA AHAJIM3ATOP YACTHI]
ANALIZETTE 22

Figure 3

Laser Particle Analyzer Analizette 22
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C 1enbIo UCCIIeIOBAHMSI BIUSHUS 30JIbI-yHOCA Ha OpPMHU-
pOBaHME YIUIOTHEHHON CTPYKTYpPHI KaMHS U €€ yJacTus B (u-
3UKO-XMMHUUYECKHUX MPEBPALICHISIX POBOIMIICH C HCIOIb30-
BaHMEM METOJA IUITAHMPOBAHHOTO HKCIIEPUMEHTA, TZIE BapbH-
pyeMBIMH (aKTOpaMu OBUIM BBIOpAHBI NPOILEHTHOE OTHOIIE-
HHE Macchl 30JIbI K Macce TBep1oH a3kl M OTHOIIEHHE 00beMa
pacTBOpa CEpHOKHCIIOrO allOMHHUSI K 00BbEMY JKHUAKOH (ha3bl.
ConeprkaHue 30161 YHOCA BapbUPOBAIOCH B Ipeaeiax ot 20 1o
40 % c marom 10 %. Conep:xaHie CEpHOKHCIIOTO aTFOMHHUS
HU3MEHSIOCH 0T 6,25 110 18, 75 % ¢ marom 6,25 %. BeIxogaeIiMu
KOHTPOJIMPYEMBIMH TIapaMeTpaMi ObUTH Ha3HAu€HBI Hpenen
MPOYHOCTH NPU CKaTHU U CPEIHSAS INIOTHOCTh CAaMOYIPOYHEH-
HOTO THIICOBOT'O KOMIIO3HUTA.

ChIpbEBBIE CMECH MPUTOTaBINBAINCE C HCIOJIB30BAHUEM
nabopaTopHoi Merranku. Cyx¥e CMecH IIOPOIIKOB 30JIbI U THII-
COBOTO BSDKYIIETO IEPEMEIINBAINCH 10 OJHOPOJHOCTH B CY-
XOM COCTOSIHWH, 3aT€M CMEIIMBAIKICH C KUIKOCTIMU. B xun-
KyH0 (pazy, cOCTOSIIY O U3 BOJIBL, INIACTU(UKATOPA U CEPHOKHUC-
JIOT0 aJIFOMUHHS BBOJIMIIACH TBEp/Iasi (ha3a MpH MOCTOSHHOM I1e-
pEeMeIIMBaHUH 3aTBOPEHHOI CMECH.

O6pa3sipi-kyouku pazmepom 20 x 20 x 20 MM U3roTaBIIMBa-
JIMCh TIO JIUTHEBOM TEXHOJOTUU B COOTBETCTBHHU C TPEOOBAHU-
smu [OCT.

TBeprenne 00pa3noB-KyOHMKOB OCYIIECTBISUIOCH B BO3-
IYIIHO-CYXHX YClI0BHAX B TeueHue 28 cytok no I'OCT 23789-
2018 (I'OCT 23789-2018 Bsokymue runcoBbie. MeTombl uc-
IBITAHMIA).

Hcnbitanus 06pa3noB-KyOHUKOB Ha IPOYHOCTH M OIIpEAeIIe-
HHE CpelHel IUIOTHOCTH T'HIICOBOTO KaMHsI TaKke HMpPOU3BO-
qui o tpebosanmsam [OCT 23789-2018 (IOCT 23789-2018
Bsoxyiiue runcoBbie. MeTObI HCTIBITAHMN).

leomeTpuueckne XapakTepUCTHUKH  0Opa3loB-KyOHKOB
OTIPEIeNSIINCEH C TOMOIIIBIO MITAHICHIUPKYJIS ¢ TOUHOCTHIO 0,1
MM, Macca u3Mepsiack ¢ TouHocTeio 0,1 T Ha 1aGopaTopHBIX
JJIEKTPOHHBIX BECaX.

Cpensss MIOTHOCTh 00pa3loB-KyOOB OmNpeaensiach KC-
MEepUMEHTAIBHO-PACUETHBIM MeToJoM. Pacuer 1mIoTHOCTH
TPOM3BOIIIH 10 popmyie (2)

In order to study the influence of fly ash on the formation
of a compacted stone structure and its participation in physi-
cal and chemical transformations, a planned experiment was
conducted using the method of a planned experiment, where
the variable factors were the percentage ratio of the ash mass
to the mass of the solid phase and the ratio of the volume of
the aluminum sulfate solution to the volume of the liquid
phase. The fly ash content varied from 20 to 40 % with a step
of 10 %. The aluminum sulfate content changed from 6.25 to
18.75 % with a step of 6.25 %. The output-controlled param-
eters were the compressive strength and the average density
of the self-reinforced gypsum composite.

The raw mixes were prepared using a laboratory mixer.
Dry mixes of ash powders and gypsum binder were mixed
until homogeneous in a dry state, then mixed with liquids. A
solid phase was introduced into the liquid phase, consisting
of water, plasticizer and aluminum sulfate, with constant stir-
ring of the mixed mixture.

Cube samples measuring 20 x 20 x 20 mm were manufac-
tured using casting technology in accordance with GOST re-
quirements.

Hardening of the cube samples was carried out in air-dry
conditions for 28 days in accordance with GOST 23789-2018
(GOST 23789-2018 Gypsum binders. Test methods) (In Rus-
sian).

Tests of cube samples for strength and determination of
the average density of gypsum stone were also carried out in
accordance with the requirements of GOST 23789-2018
(GOST 23789-2018 Gypsum binders. Test methods) (In Rus-
sian).

The geometric characteristics of the cube samples were
determined using a caliper with an accuracy of 0.1 mm, the
mass was measured with an accuracy of 0.1 g on a laboratory
electronic scale.

The average density of the cube samples was determined
by an experimental and calculation method. The density was
calculated using formula (2)

p=m/(hbl) )

TJIe: p —CpenHss IIOTHOCTh 00pasia KyOuKa, r/em3;

m — macca obOpasia-kKyouka, T;

h,b,1 —cooTBeTcTBeHHO BBICOTA, MIMpPUHA U IJTHHA 00-
pa3mna-KyoukKa, MM.

HcnplTanus Ha TPOYHOCTh IPU CKATHU CaMOYTPOYHEH-
HOT'O KaMH$1 U KOHTPOJILHOTO COCTaBa MMPOM3BOAMINCE 110 CTaH-
napTHOU Metoauke. OOpasibl HOMENIAINCH 110 HEHTPY MEXILY
IUTMT MAIIMHbI HCIBITaTeNIbHOM Ha cxkatue mapku [1C-100-0 ¢
TOPCHOHHBIM CHJIOU3MEPEHUEM U THAPOMEXAHUYECKOH cucTe-
MOH 3aJJaHusl ¥ MOJIEPKAHMUS CKOPOCTHU MEPEMELICHUS! TUTUTHI.
O0pa3ipl HArpyKaJIMCh MPHU TOCTOSIHHON CKOPOCTH JI0 X KPH-
THYECKUX Ae(opMaruii 1 pa3pymeHus, KOTOpoe XapaKTepu30-
BaJIOCH TTaJICHUEM Harpy3Ku, 0TOOpakaeMoi Ha MEXaHHYECKOM
TabJI0 YacOBOTO TUMA. 3HAYSHUS TIPEJIEIIOB MPOYHOCTH 00pa3-
IOB-KyOWKOB TIPH CXATHH TI0 CIEAYIoEel popMyie:

where: p is the average density of the sample cube,
glcms3;
m is the mass of the sample cube, g;
h, b, | are the height, width and length of
the sample cube, respectively, mm.

Compressive strength tests of the self-hardened stone and
the control composition were performed using the standard
method. The samples were placed in the center between the
plates of the PS-100-0 compression testing machine with tor-
sion force measurement and a hydromechanical system for
setting and maintaining the plate movement speed. The sam-
ples were loaded at a constant speed until their critical defor-
mations and failure, which was characterized by a drop in the
load displayed on a mechanical clock-type display. The val-
ues of the ultimate strength of the cube samples under com-
pression are given by the following formula:

Rc=Pc/(hbl)  (3)

rae: Rc - mpoynocTs 06pasia Ha cxarue, MIla;

Pc — xpurndeckas Harpy3ka ais oopasiia, kH;

h-b-l- cooTBeTcTBEHHO BEICOTAa, MHPHHA W JUIMHA O0-
pasna-KyouKa, MM.

where: Rc - compressive strength of the sample, MPa;

Pc - critical load for the sample, kN;

h-b-1 - respectively the height, width and length of the
cube sample, mm.
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Paspymiennsie 00pa3nubl B aOCOMIOTHO CYXOM COCTOSTHHU
OBLTH U3MENBYEHBI 10 COCTOSIHHS OJHOPOIHOTO ITOPOIIKA JUIs
MPOBENEHUS H3MEPEHUIl HMCTUHHOM IIOTHOCTH THIICOBOTO
KamHsL. M3MepeHus] HCTHHHOHM IIOTHOCTH NPOU3BOAMINCE C
romo1bio kKostos! Jle Illatenbe o cTaHAapTHON METOIMKE.

HcTHHHYIO IUIOTHOCTH TUIICOBOTO KaMHS PacCUUTHIBAIN
o Gopmyie:

The crushed samples in a completely dry state were
ground to a homogeneous powder to measure the true density
of the gypsum rock. The true density measurements were
made using a Le Chatelier flask using a standard method.

The true density of the gypsum rock was calculated using
the formula:

pt=(mi-mz) /V 4)

rae: pt - UCTUHHAA IUIOTHOCTH 00pasma, r/em®;
m;,m, — Macca CyXoro MOpOINKa J0 U MOCIE 3aChINKH, T
V — 06beM IOpPOIIKa, 3aCHITAHHOTO B KOOy, cM®
P- o6mrast mopucrocts 06pasnua, %.

ITopucTocTh TUIICOBOTO KaMHS HAaXOIWIH C WCIOJIb30Ba-
HHEM PACUETHOI'0 METO/a MO NAHHBIM M3MEPEHUN CpeaHel u
HUCTHHHOW TUIOTHOCTH IMOJIyYEHHBIX 00pa3llOB KOHTPOJIHHOIO
COCTaBa U CaMOYIIPOYHEHHOTO THUIICOBOTO KaMHs. Pacuer mpo-
U3BOAMIICS 110 (hopMyJIe:

where: pt - true density of the sample, g/cm?;
m1, M, - mass of dry powder before and after
filling, g;
V - volume of powder filled into the flask, cm?®
P - total porosity of the sample, %.

The porosity of gypsum stone was found using a calcula-
tion method based on the data of measurements of the aver-
age and true density of the obtained samples of the control
composition and self-hardened gypsum stone. The
calculation was made using the formula:

P= (1-p/pt)*100 5)

DJeMEeHTHBIH XUMHYECKUIl aHaJIu3 00pa3IoB MPOBOAMICS
C TIOMOIIBIO AaHATUTHYECKON MPHCTaBKH K PacTPOBOMY 3JICK-
TPOHHOMY MHKPOCKOITY CHCTEMBI PEHTTEHOBCKOTO SHEPTOINC-
repcronHoTro MuKpoananm3a Oxford INCA Energy 350.

DJeKTPOHHO-MHKPOCKOITMYECKHE HCCIIETOBAHUS MHUKPO-
CTPYKTYPBI KOHTPOJIBHOTO COCTaBa M CAMOYIPOYHEHHOTO THII-
COBOT'0 KaMH$I POU3BOAMINCH C MCIOIb30BaHUEM PACTPOBOTO
anekTpoHHOro Mukpockona POM JEOL JSM-6610LV (puc. 4).

PUCYHOK 4

PACTPOBBIN AJIEKTPOHHBIN MUKPOCKOII
P3M JEOL JSM-6610LV

Figure 4

Scanning Electron Microscope
SEM JEOL JSM-6610LV

IKCIepUMEHTBI H 00CyKIeHHE Pe3yIbTaTOB

PesynbraTel MccienoBaHWN COBMECTHOTO BIIUSTHHS 30JIbI-
yYHOCa ¥ CEPHOKHCIIOTO aTFOMUHHS HA IPOYHOCTH U IOPHCTOCTh
CaMOYTIPOYHEHHOT'O THIICOBOTO KaMHs NPHUBE/ICHB HA PUCYH-
Kax 5, 6.

B pesynbraTe ucnbITaHUN yCTaHOBJIEHO, YTO MaKCHUMallb-
Hast MPOoYHOCTh 69,22 MIla mocturaeTcs Iisl cocTaBa KOMIIO-
3UTa ¢ MUHUMAJIBHBIM COJICPXKAHUEM 30JIbI-YHOCA U MaKCH-
MaJbHBIM COJICPKAHUEM CEPHOKHUCIIOTO AFOMUHUS CPEIU HC-
CJICZIOBAaHHBIX COOTHOIIICHUI.

MuHuMaIbHEIE PE3yJIBTATHI IO MPOYHOCTH JOCTUTHYTHI B
cJydae MUHHUMAIBHOTO COJICPXKAHUS CEPHOKUCIIOTO ATFOMUHUS
M MaKCHMAaJIFHOTO COJEp)KaHUS 30JbI-yHOCA, YTO, MO-BHUAM-
MOMY, COIpPSDKEHO C M30BITKOM mmienodn. [Ipu MUHIMAaITEHOM
colepkaHnn 00enx M00aBOK MPOYHOCTH MOBBIIIACTCS, YTO
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Elemental chemical analysis of the samples was carried
out using an analytical attachment to a scanning electron mi-
croscope of the Oxford INCA Energy 350 X-ray energy dis-
persive microanalysis system. Electron microscopic studies
of the microstructure of the control composition and self-
hardened gypsum stone were carried out using a JEOL JSM-
6610LV scanning electron microscope (Fig. 4).

Experiments and discussion

The results of the studies of the combined effect of fly
ash and aluminum sulfate on the strength and porosity of
self-hardened gypsum rock are shown in Figures 5 and 6.

The tests showed that the maximum strength of 69.22
MPa is achieved for the composite composition with the
minimum fly ash content and the maximum aluminum sul-
fate content among the ratios studied.

The minimum strength results are achieved in the case
of the minimum aluminum sulfate content and the maxi-
mum fly ash content, which is apparently associated with
an excess of alkali. With a minimum content of both addi-
tives, the strength increases, which is explained by the
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o0BsICHSIETCS GOJNBIMM TIPOSIBICHHEM OJMarompusaTHBIX ycio- — greater manifestation of favorable conditions for the for-
BUI U1 POPMHUPOBAHMS YUCTOTO THIICOBOIO KAMHSL. mation of pure gypsum rock.

MNMpounocre o6pazuos na 28-¢ cyrxu

PUCYHOK 5

3ABUCUMOCTDB NPEJAEJIA MTPOYHOCTH ITPU
CKATHUH OT KOHIHIEHTPALIUHN
30JIbI-YHOCA

Mpounocry, MMa

Figure 5 g 562
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V3meHeHre NMpPOYHOCTH TOA BIHUSHUEM CyJb(aTHOH no-
6aBku OoJjiee pe3Koe Mo JWHAMHUKE, 3aBUCUMOCTh SIBHO BBIpa-
JKEHa, B TO BpeMsI Kak apadoiaudeckas 3aBUCUMOCTh OT 30J1b-
HOHM N00OaBKH MEHEE BBIPAXKEHA B IIETIOM.

BrIsiBIEHHOE B MCCIEIOBAHHOM JMANa30HE BapbUPOBAHUS
CHIKEHHE TPOYHOCTH IIPU YBEINICHUH COJCPIKAHHS 30JIbI KAK
IIEIOYHOTO KOMIIOHEHTA MPOSBIICTCS IPU BCEX MCCIIENAO0BAH-
HBIX 3HAYCHHUAX COAEPKaHUSI CEPHOKHCIOTO alfoMHUHIA. Bo3-
MOXHO, ITPY MEHBLIEM COJCP)KAaHHUH IIEJTOYHOT0 KOMIIOHEHTA
OynyT co3naHbl Oonee GraronpusTHBIE YCIOBHS s (HOpPMU-
pOBaHMsI CaMOYIIPOYHEHHOT0 KoMIo3uTa. YTo Tpedyer npose-
JICHUS! TONIOJTHUTEJIbHBIN HCCIIEIOBAHHM.

[ony4eHHbIe pe3yIbTaThl O MOPUCTOCTH MOJITBEPIKAAIOT
MOJTyYSHHBIE PE3YJIBTAThl 110 MIPOYHOCTHU JUIsl 00JacTeld ¢ Mu-
HUMaJIbHBIM COZIEPXKAHUEM 30JIbl 1 MAaKCHMAaJIbHBIM COJEpIKa-
HHEM allFOMHHAaTHOM noOaBku. IlpmueM, yBenndeHWH MHOpHU-
CTOCTH IIPY BBEJCHUH 30JII TMPOSBIACTCS VI BCEX HCCIEHO-
BaHHBIX JMANIa30HOB N3MEHEHUS aIFOMHHATHOTO KOMITOHEHTA.
Jlo3upoBKa 30JIbHOTO KOMITOHEHTA MPEBBIIIAET HEOOXOIUMBII
00BeM MyCTOT, MPOUCXOANUT PA3yIJIOTHEHUE JUCTIEPCHOMN CH-
CTE€MBI, HECMOTPSI Ha CPABHUTENIBHO OO0JIBIIONH 00EM BBICOKO-
JqucnepcHo Gpakimu. Kak mokasan aHaau3 MUKPOCTPYKTYPBI
WCIIOJIb30BAaHHOW 30JIbI-yHOCA, NPUBEACHHON Ha puc. 7, B ee
3epHOBOM COCTaBE MPUCYTCTBYIOT KaK pazHopa3MepHble cde-
pOonaaIbHbBIC aTFOMOCUJIMKATHBIC YaCTUIbI, TaK U YIJIOBAThIC
CHJIMKATHBIE M YTJIIEpPOAHBIC YacTHIBl. Ecnm mepBble MOBHI-
MIAI0T yAOOOYKJIaABIBAEMOCTb BCEH CHCTEMBI, TO BTOpPBIE U
TPETHbH B OOJNBIIEH CTENIeHH Oy IyT MPENsITCTBOBATh (OPMHUPO-
BaHMIO HanbOoJiee IUIOTHON YMAaKOBKM 4dacTHIl. IIpoBeaeHHbIH
MHUKPOCTPYKTYPHBI CpPaBHUTEIBHBIN aHaIN3 KOHTPOJIHHOTO
cocTaBa (puc. 8) 1 caMOyIIPOYHEHHOTO KaMHsI Ha OCHOBE 30JIbI-
yHoca (puc. 9) mokaspIBaeT, 4TO B XOJI¢ CTPYKTYypoOOpa3oBa-
HHA CUCTCMBI C 30J10171-yHoca MPpOUCXOOUT YIIJNIOTHCHHUEC T'UIICO-
BOW MAaTpHIIbI C )KECTKUM 3aKPEIUIEHHEM B €€ «CKEeJeTe» 30JIb-
HBIX yacTuIl. HabaromaeTcst mpucyTCTBUE ATFOMOCHIMKATHBIM
YJacTHUI[ Jake HAHOPAa3MEPHOTO psijia — AUMETPOM MEHbIIe 1
HM, HE JICTEKTHPOBAHHBIX JIA3€PHBIM aHAIN3aTOPOM, YTO MO-
JKET OBITh CBA3aHO C PA3IMYHBIMH ONTHYECKUMU 3 dexTamu:
«3acIOHEHUs» OoJsiee KPYHMHBIMH YacTHIIAMH OoJiee MENKHX,
onTuyeckue Ae(eKTsl, CBI3aHHbIE ¢ OIM3KUMH ONTHYECKUMHU
XapaKTepUCTUKAMH CTEKJIOBHIHOM 000109KH, 00pa3yromencs
U3 OKCHJIOB KPEMHHS M aJIOMUHHS BOKPYT APYTHX YacTHII,
(hopMupoBaHHUE HEKOTOPOTO OOJIBIIEr0 00bEMa YACTHUI] IyTEM
(bOpMHpOBaHI/ISI «KMULCIIIBD) U APYTUMU IIPUIUHAMU.

Mopdosorust KpUcTaIoB XapakTepHa Ui TUIICOBBIX CH-
CTeM C aTIOMHHATHBIMH Jo0aBkamu. ChopMHupoBaHa METKO-
KPHUCTAJUTMUEeCKas CTPYKTypa C pPa3HOHANpPABICHHBIMH KpH-
CTaJUTaM¥ TaOMUTYATON M IPU3MATHUECKON (POPMBI.

PUCYHOK 7

MHUKPOCKOIIMYECKOE UCCJIIEJOBAHUE
30J1bI-YHOCA

Figure 7

Microscopic examination of fly ash
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The change in strength under the influence of the sul-
fate additive is sharper in dynamics, the dependence is
clearly expressed, while the parabolic dependence on the
ash additive is less pronounced in general.

The decrease in strength with an increase in the ash
content as an alkaline component revealed in the studied
variation range is manifested at all studied values of the
aluminum sulfate content. Perhaps, with a lower content of
the alkaline component, more favorable conditions will be
created for the formation of a self-reinforced composite.
Which requires additional research.

The obtained results on porosity confirm the obtained
results on strength for areas with a minimum ash content
and a maximum content of the aluminate additive. Moreo-
ver, an increase in porosity with the introduction of ash is
manifested for all studied ranges of change in the alumi-
nate component. The dosage of the ash component exceeds
the required volume of voids, there is a decompaction of
the dispersed system, despite the relatively large volume
of the highly dispersed fraction. As shown by the analysis
of the microstructure of the used fly ash, shown in Fig. 7,
its grain composition includes both spheroidal aluminosil-
icate particles of different sizes and angular silicate and
carbon particles. If the former increase the workability of
the entire system, then the latter and third will to a greater
extent prevent the formation of the densest packing of par-
ticles. The conducted microstructural comparative analysis
of the control composition (Fig. 8) and self-reinforced
stone based on fly ash (Fig. 9) shows that during the for-
mation of the structure of the system with fly ash, the gyp-
sum matrix is compacted with rigid fixation of ash parti-
cles in its «skeletony. The presence of aluminosilicate par-
ticles of even nano-sized series is observed - with a diam-
eter of less than 1 nm, not detected by the laser analyzer,
which may be due to various optical effects: «obscuring»
of smaller particles by larger ones, optical defects associ-
ated with similar optical characteristics of the glassy shell
formed from silicon and aluminum oxides around other
particles, the formation of a larger volume of particles by
forming «micelles» and other reasons.

The morphology of the crystals is typical for gypsum
systems with aluminate additives. A fine-crystalline struc-
ture with differently directed crystals of tabular and pris-
matic shape is formed.
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PUCYHOK 8

MUKPOCTPYKTYPA IT'HIICOBOI'O
KAMHSA KOHTPOJIBHOI'O COCTABA

Figure 8

Microstructure of the control gypsum
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PUCYHOK 9

MHUKPOCTPYKTYPA I'HIICOBOI'O
KOMIIO3UTA HA OCHOBE 30JIbI-YHOCA

Figure 9

Microstructure of gypsum composite based
on fly ash
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cocrapa cMmeceil. [IpuMmenenne 30J1bHOM J00aBKH B KAUE€CTBE IIIe-
JIOYHOTO KOMIIOHEHTa CaMOYIIPOYHEHHOT'O THIICOBOTO KaMHS
TpeOyeT MPOBEACHUS AOMOTHUTEILHBIX UCCIICIOBAHUI C MCHb-
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Conclusions

Thus, the conducted studies confirm the possibility of
using fly ash in gypsum systems. Fly ash can act as a
filler, participating in the formation of a compacted
structure of the gypsum-ash composite, in the case of the
correct selection of the grain composition of the mix-
tures. The use of an ash additive as an alkaline compo-
nent of self-strengthened gypsum stone requires addi-
tional studies with lower ash concentrations to achieve
the necessary ratios for the formation of filiform ettring-
ite crystals in the gypsum structure, which contribute to
strengthening the strength and improving the physical
and mechanical properties of materials

Jluteparypa:

1. Kopotkux JI.H. JlucnepcHoe apMHUpPOBAHUE CTPYKTYpPBI
0eToHa NPU MHOTOYPOBHEBOM TPEIIMHOOOpa3oBaHUH //
Crpourenbubie Matepuansl. — 2011, Ne 3. — C. 96-99.

2. Emerging waste-to-wealth applications of fly ash for en-
vironmental remediation: A review / T.N. Hong-Ha [et al.]
/I Environmental Research. — 2023. No. 227. — Pp. 115800.
DOI: 10.1016/j.envres.2023.115800

3. OropognukoBa E.H., Hukxonaesa C.K. Jlutorenernue-
CKHE 0COOCHHOCTH TEXHOT'€HHBIX OTIIOKEHHH 30JI0MIIAKO-
otBayioB // Bromerens Komucenn no m3ydeHuto 4erBep-
tuaHOoro nepuoa. — 2005. Ne 66. — C. 65-74.

References:

1. Korotkikh D.N. Dispersed reinforcement of concrete
structure during multi-level crack formation // Stroitel’nye
Materialy. — 2011. No. 3. Pp. 96-99 (in Russian).

2. Emerging waste-to-wealth applications of fly ash for en-
vironmental remediation: A review / T.N. Hong-Ha [et al.]
/I Environmental Research. —2023. No. 227. — Pp. 115800.
DOI: 10.1016/j.envres.2023.115800

3. Ogorodnikova E.N., Nikolaeva S.K. Lithogenetic fea-
tures of technogenic deposits of ash dumps // Byulleten'
Komissii po izucheniyu chetvertichnogo perioda. — 2005.
No. 66. Pp. 65-74 (in Russian).

271



Texnuxa u mexuonocus cuauxamos. Tom 31, Ne3, 2024

4. JlapmonoBa H.A. BiusiHue XMMHKO-MHHEPAILHOTO CO-
CTaBa aKTHUBHBIX 30JI Ha IPOUECCHI TBEPACHHUA 30JIbHBIX U
30JIOTPYHTOBEIX cMeceit // Imxkenepras reomorus. — 2018.
T. XIII, Ne 3. — C. 74-85. DOI: 10.25296/1993-5056-2018-
13-3-74-85.

5. OroponmuukoBa E.H., bapabomkuna T.A., Hukomnaesa
C.K. Ocob6eHHOCTH MUHEPATBHOTO COCTaBa 30JI0ILIAKO0T-
BAJIOB — MPOAYKTOB TexHoreHesa // Bectnuk PYJIH. Ce-
pI/ISI: Dkojiorusa 1 0e30IaCHOCTH KHU3HCACATCIIBHOCTHU. —
2011. Ne 3. — C. 20-24.

6. Vafaeva K.H., Shinkareva M. Overview of the world ex-
perience in using fly ash as a secondary resource and fea-
tures of its application in the Russian Federation //
AlfaBuild. — 2023. No.26. - Pp. 2604. DOL:
10.57728/ALF.26.4

7. 3atinieBa 1O I1. [ToBeneHre XMMHYIECKHUX 3JIEMEHTOB IIPH
CXKMIaHUU YIJIEH, TP TPAHCIOPTUPOBKE U XPAHEHUU 30-
nonuiakoB (Ha mpumepe bepesosckoit 'POC) // TIpobiembl
reoJIOruy U 0CBOeHU Help: Tpyasl XIX MexnyHapoaHoro
CHUMIIO3MyMa UMEHHU akazeMuka M. A. YcoBa CTyJeHTOB U
MOJIO/IBIX YYEHBIX, MOCBSIIEHHOTO 70-IeTHEMy rOOUIIE0
[To6enp! coBeTckoro Hapoaa Haj GamucTckoi I'epmanueii.
— Tomck: TITVY, 2015. — C. 619-620.

8. Sithole T., Mashifana T., Mahlangu D., Tchadjié L. Ef-
fect of binary combination of waste gypsum and fly ash to
produce building bricks // Sustainable Chemistry and Phar-
macy. — 2023. No. 31. - Pp. 100913. DOI:
10.1016/j.scp.2022.100913

9. Panda L., Dash S. Characterization and utilization of coal
fly ash: a review // Emerging Materials Research. — 2020.
Vol. 9, Iss. 3. — Pp. 921-934. DOL
10.1680/jemmr.18.00097

10. Usanova Y.K, Barabanshchikov Iu.G., Uhanov A.V.,
Kalachev A.l. Neutralization of high-calcium fly ash ex-
pansion // Construction of Unique Buildings and Struc-
tures. — 2022. No. 103. - Pp. 10302. DOLI:
10.4123/CUBS.103.2

11. Ypumuer B.M., Kanyctur ®.JI. KiimaKepHBIE BSIKY-
mue C ,Z[O6aBKOﬁ aKTHBHpOBaHHOfI BBICOKOOCHOBHOM 30JIBI
TOC // Cyxue crpoutenbhbie cmecu. — 2015. Ne 3. — C. 44-
45,

12. Ghosh A., Subbarao C. Microstructural Development in
Fly Ash Modified with Lime and Gypsum // Journal of Ma-
terials in Civil Engineering. — 2001. Vol. 13, Iss. 1. — Pp.
65-70. DOI: 10.1061/(ASCE)0899-1561(2001)13:1(65)
13. Puvvadi V.S., Moghal A.A.B. Role of Gypsum in the
Strength Development of Fly Ashes with Lime // Journal of
Materials in Civil Engineering. — 2010. VVol. 23, Iss. 2. — Pp.
197-206. DOI: 10.1061/(ASCE)MT.1943-5533.0000158
14. Drying shrinkage, strength and microstructure of alkali-
activated high-calcium fly ash using FGD-gypsum and do-
lomite as expansive additive / H. Sakonwan [et al.] // Ce-
ment and Concrete Composites. — 2020. No. 114. — C.
103760. DOI: 10.1016/j.cemconcomp.2020.103760

15. TlerponasnoBckuii K.C. CamoapMupoBaHHBIE THIICO-
BbIE MaTepUabl C KOMITIEKCHBIM MOJIU(UKATOPOM: JHC. ...
KaH[. TexH. Hayk: 05.23.05. M., 2020. 208 c.

4. Larionova N.A. Influence of the chemical-mineral com-
position of active ashes on the processes of ash and ash-soil
mixture hardening // Inzhenernaya Geologiya. — 2018. Vol.
XI1I1, No. 3. Pp. 74-85. DOI: 10.25296/1993-5056-2018-
13-3-74-85 (in Russian).

5. Ogorodnikova E.N., Baraboshkina T.A., Nikolaeva S.K.
Features of the mineral composition of ash dumps - prod-
ucts of technogenesis // Vestnik RUDN. Seriya: Ekologiya
i bezopasnost' zhiznedeyatel'nosti. — 2011. No. 3. — Pp. 20-
24 (in Russian).

6. Vafaeva K.H., Shinkareva M. Overview of the world ex-
perience in using fly ash as a secondary resource and fea-
tures of its application in the Russian Federation //
AlfaBuild. — 2023. No.26. — Pp. 2604. DOI:
10.57728/ALF.26.4

7. Zaitseva Yu.P. Behavior of chemical elements during
coal combustion, during transportation and storage of ash
and slag (using the example of the Berezovskaya GRES)//
Problems of Geology and Development of Subsoil: Pro-
ceedings of the XIX International Symposium named after
Academician M.A. Usov of Students and Young Scientists,
dedicated to the 70th Anniversary of the Victory of the So-
viet People over Nazi Germany. — Tomsk: TPU, 2015. — Pp.
619-620 (in Russian).

8. Sithole T., Mashifana T., Mahlangu D., Tchadjié¢ L. Ef-
fect of binary combination of waste gypsum and fly ash to
produce building bricks // Sustainable Chemistry and Phar-
macy. — 2023. No. 31. - Pp. 100913. DOI:
10.1016/j.scp.2022.100913

9. Panda L., Dash S. Characterization and utilization of coal
fly ash: a review // Emerging Materials Research. — 2020.
Vol. 9. Iss. 3. - Pp. 921-934. DOl
10.1680/jemmr.18.00097

10. Usanova Y.K, Barabanshchikov 1u.G., Uhanov A.V.,
Kalachev A.l. Neutralization of high-calcium fly ash ex-
pansion // Construction of Unique Buildings and Struc-
tures. — 2022. No. 103. — Pp. 10302. DOI:
10.4123/CUBS.103.2

11. Ufimtsev V.M., Kapustin F.L. Clinker binders with the
addition of activated highly basic ash from thermal power
plants // Suhie stroitel'nye smesi. — 2015. No. 3. — Pp. 44-
45 (in Russian).

12. Ghosh A., Subbarao C. Microstructural Development
in Fly Ash Modified with Lime and Gypsum // Journal of
Materials in Civil Engineering. — 2001. Vol. 13, Iss. 1. — Pp.
65-70. DOI: 10.1061/(ASCE)0899-1561(2001)13:1(65)
13. Puvvadi V.S., Moghal A.A.B. Role of Gypsum in the
Strength Development of Fly Ashes with Lime // Journal of
Materials in Civil Engineering. — 2010. Vol. 23, Iss. 2. — Pp.
197-206. DOI: 10.1061/(ASCE)MT.1943-5533.0000158
14. Drying shrinkage, strength and microstructure of alkali-
activated high-calcium fly ash using FGD-gypsum and do-
lomite as expansive additive / H. Sakonwan [et al.] // Ce-
ment and Concrete Composites. — 2020. No. 114. —
Pp.103760. DOI: 10.1016/j.cemconcomp.2020.103760

15. Petropavlovskii K.S. Self-reinforced gypsum materials
with a complex modifier: Cand. Diss. (Engineering):
05.23.05. M., 2020. 208 p. (in Russian).

Paboma evinonnena ¢ Tel' TY npu gpunancoeoii noooepicke Poccuiickozo nayunozo ¢ponoa 6 pamkax coziauieHus

Ne 24-49-03004.

272



Technique and technology of silicates. Volume 31, No3, 2024

The work was carried out at TvSTU with the financial support of the Russian Science Foundation under agreement

No. 24-49-03004.

ITemponasnosckuii Kupunn Cepzeesuy — KaHANIAT TEXHUUECKHUX
Hayk, noueHt, PI'bOY BO «TBepckoil rocyaapcTBEHHBIN TEXHU-
yeckuil yausepcutet, (TBI'TY),

E-mail: kspetropavlovsky@gmail.com

Kanackun Ilemp Anexcamdposuu — acnupant, ®I'BOY BO
«TBepckoil  rocylapCTBEHHBI  TEXHUYECKUH  YHHBEPCUTET)
(TeI'TY), E-mail: kaliaskinp@gmail.com

Ilemponagnoeckaa Bukmopus bopucoemna — OKTOp TeXHUYE-
CKUX Hayk, npodeccop, PI'BOY BO «TBepckoii rocy1apcTBeHHbIH
TeXHU4YecKkuil yHuBepcure™», (TBI'TY),

E-mail: victoriapetrop@gmail.com (aBTop aJs cBsi3H)

Hosuuenkosa Tamvana bopucosna — KaHANAAT TEXHUYECKUX
Hayk, noueHt, ®I'bOY BO «TBepckoil rocynapcTBEeHHBIN TEXHU-
yeckuit yausepcurery, (TBI'TY), E-mail: tanovi.69@mail.ru

Bkaan aBropos: /lemponasnosckas B.b. — HayuHOE PYKOBOJCTBO,
Hay4-HOe peJakTupoBaHue cratby; [lemponasnosckuii K.C., Hosu-
uenxosa T.b. — unes, o0paboTKa Marepuana, HalMCAHUE CTAThH,
Kanackun I1.4. — BbIIIOJIHEHUE YKCIIEPUMEHTOB, HAIICAHUE CTATbU.

Aemopbl 3a561510m 06 OMCYMCMBUU KOHPIUKING UHMEPECOB.

Petropavlovskii Kirill Sergeevich — Candidate of Technical Sci-
ences, Associate Professor, Tver State Technical University,
(TSTU), E-mail: kspetropavlovsky@gmail.com

Kalyaskin Pyotr Aleksandrovich — graduate student, Tver State
Technical University (TSTU), E-mail: kaliaskinp@gmail.com

Petropavlovskaya Victoria Borisovna — Doctor of Technical Sci-
ences, Professor, Tver State Technical University, (TSTU),
E-mail: victoriapetrop@gmail.com (author for contact)

Novichenkova Tatiana Borisovna — Candidate of Technical Sci-
ences, Associate Professor, Tver State Technical University,

(TSTU), E-mail: tanovi.69@mail.ru

Contribution of the author: Petropavlovskaya V.B. — scientific
guid-ance, scientific editing of the article; Petropavlovskii K.S., No-
vichenkova T.B. —idea, processing of material, writing of the article,
Kalyaskin P.A. — performing experiments, writing of the article.

The authors declare that there is no conflict of interest.

273


mailto:kspetropavlovsky@gmail.com
mailto:kaliaskinp@gmail.com
mailto:victoriapetrop@gmail.com
mailto:tanovi.69@mail.ru
mailto:kspetropavlovsky@gmail.com
mailto:kaliaskinp@gmail.com
mailto:victoriapetrop@gmail.com
mailto:tanovi.69@mail.ru

