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AHHOTALNA

BBepeHue. [InutenbHasi akcnnyatauust 6ETOHHbIX U3OEeNUIA N KOHCTPYKLUMIA B YCIIOBUSIX MOBbLILLEHHOW TeMNepaTypbl 1 BNax-
HOCTU MPUBOAMUT K YXYALUEHNO (PU3NKO-MEXaHUYECKMX CBONCTB OETOHA, YTO OOYCrNOBMEHO N3MEHEHNEM CTPYKTYpbl U da-
30BOro COCTaBa LiEMEHTHOWN maTpuubl. B aTol cBsi3n onpefeneHHbIn UHTEpPEC NpeACTaBsSieT UCCieqoBaHe PO MENKUX
3anonHuTenen B npoueccax AeCTPYKUMU LEMEHTHON MaTpuLibl NpU BOAO-TEMMOBOM BO3AEVCTBUN.

Matepumanbl u Metoabl. Vicnonb3osanu noptnaHauemeHT LIEM | 42,5H 3A0 «OckonuemMeHT»; NPOMbILLMEHHbIA OTCEB
ApobneHns kBapuuTonecyaHuka JlebegnHckoro ropHo-oboraTuTenbHOro kKombuHaTta; Menkui 3anonHuTenb U3 ApobrneHoro
KBapuuTOnecyaHuKka 1 rpaHnTa B nabopaTtopHbix ycrnoBusix. [Npeaen npoYyHOCTM Npu cxatum n n3rnbe obpasuos onpeae-
nanu Ha rugpaenuyeckom npecce MNM-100MIM4. MukpocTpyKTypy usyyanu ¢ NOMOLLbIO PaCTPOBOIO 3NEKTPOHHOMO MUKPO-
ckona Tescan Mira 3. [ina aHanusa NnpoAyKToB ruaparaumm NpUMEHsNN CUHXPOHHbIN TepmoaHanusatop STA 449 F1 Jupiter
NETZSCH. UcnblTaHnst nocpeacTBoM yrnbTpasByKOBOrO KOHTPOSst MPOBOAMMU Ha npubope «Mynbcap 2.2».

Pesynbratbl. YcTaHOBNEHO, 4TO 00pa3Libl 6ETOHA Ha KBapLMTONECHaHNKe AEMOHCTPUPYIOT Goree BbICOKWIN MHAEKC TePMO-
BMa)XHOCTHOWM CTOWMKOCTU MO CPaBHEHMIO C obpasuamy Ha rpaHUMTHOM 3anonHuTene. OTo obbsicHseTCs Gonbluen akTUB-
HOCTbIO KBapLMTOMECYaHUKa Mo MOrMOLLEHNI0 U3BECTU, YTO NPUBOAMT K 0Opa3oBaHUIO TEPMOAUHAMUYECKN CTabUMbHbIX
COE[IMHEHWI B YCIOBUSAX MOBbILLEHHON BMAXXHOCTU U TeMNepaTypbl. HenpepbiBHOE yBENUYEHNE CKOPOCTM YrbTPa3ByKOBOIO
curHana B obpasuax 6eToHa TepMOBMaXHOCTHOTO TBEPAEHUSI C UCCreAyeMbIMU 3anofIHUTENSMU YKasbiBaeT Ha 3ameane-
HVe AeCTPYKTUBHBIX NPOLIECCOB, BbI3BAaHHbIX pekpucTannmaauunen rmapartHbix ¢as. [Mpu atom Gnarogaps B3aMmMoAencTBuio
MWHEeparoB 3anofniHuTenen ¢ rmapaTHbIMU ha3amu NOBbILIAKOTCS CLEMNEHNE C LEMEHTHOW MaTpuLen 1 NPOYHOCTHbIE Xa-
pakTepucTukm 6eToHa.

BbiBoabl. KoMnnekcHble nccnegoBaHust mokasanu, YTo Hanbornee cTabunbHble CTPYKTYPbl B TEPMOBIIAXHOCTHbBIX YCNOBUSIX
CO3[,al0TCSA B MENKO3ePHUCTLIX 6eTOHaxX Ha OCHOBE KBapuuTonec4aHuka. MNonyvyeHHble pe3ynbsraTbl CBUAETENbCTBYIOT O He-
06x0AMMOCTU TLLaTENbHOro NoAGopa 3anofHUTENEN C Y4eTOM MX CocoBbHOCTM 06pa3oBbIBaTL TePMOCTabunbHble rnapart-
Hble dasbl.
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ABSTRACT

Introduction. Long-term operation of concrete products and structures under conditions of elevated temperature and hu-
midity leads to deterioration of the physical and mechanical properties of concrete, which is caused by changes in the struc-
ture and phase composition of the cement matrix. In this regard, the study of the role of fine aggregates in the processes
of cement matrix destruction under water-thermal exposure is of particular interest.

Materials and methods. Materials used for research: Portland cement CEM | 42.5N manufactured by “Oskolcement”
CJSC; industrial screening of crushed quartzite sandstone by Lebedinsky Mining and Processing Plant; fine aggregate from
crushed quartzite sandstone and granite in laboratory conditions. The compressive and bending strength of the specimens
was determined using a hydraulic press PGM-100MG4. The microstructure was studied using a Tescan Mira 3 SEM. An STA
449 F1 Jupiter NETZSCH synchronous thermal analyzer was used to analyze the hydration products. Ultrasonic testing was
performed using a Pulsar 2.2 device.

Results. It was established that concrete specimens made of quartzite sandstone exhibit a higher thermal and moisture
resistance index compared to specimens made of granite aggregate. This is due to the higher absorption of lime by quartz-
ite sandstone, which leads to the formation of thermodynamically stable compounds under conditions of high humidity
and temperature. The continuous increase in the speed of the ultrasonic signal in the thermal and moisture-cured concrete
specimens with the studied aggregates indicates a slowdown in the destructive processes caused by the recrystallization
of hydrate phases. At the same time, due to the interaction of aggregate minerals with hydrated phases, the adhesion
to the cement matrix and the strength characteristics of concrete increase.

Conclusions. Comprehensive studies showed that the most stable structures in thermo-humidity conditions are created
in fine-grained concretes based on quartzite sandstone. The results obtained indicate the need for careful selection of ag-
gregates, taking into account their ability to form thermostable hydrate phases.

KEYWORDS: cement stone, fine-grained concrete, active mineral additives, thermal corrosion, strength, microstructure,
phase composition
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BBEJAEHUE

IIpob6nema paspyuieHus: OETOHHBIX KOHCTPYKITHI
MPU SKCTPEMaTbHBIX TEeMIIEPATyPHBIX U BIaXHOCT-
HBIX yCJIOBUSIX B OCHOBHOM 3aKJIFOYAETCsl B IECTPYK-
UM 0eToHa MPHU BO3JACUCTBUU HUZKHX TEMIIEpaTyp
BCJIC/ICTBUE 3aMEP3aHUs BIIATH B TeJie OSTOHA WIIH BBI-
COKHX TemIiepaTtyp npu noxapax [1-8]. CymecTtByet
PAIl TPOMBIIIIIIEHHBIX 00BEKTOB, YKCIUTYaTUPYIOIIUXCS
B YCJIOBHSAX MTOBBIIIICHHOM TEMIIEpaTyphl OKPY KaIOIICH
Cpe/ibl IPU OJHOBPEMEHHOM BO3/I€HCTBUU BJIAXKHOCTH,
onuskoit k 100 %, uTO OKa3bIBaeT OOJBIIOE BIUSHUE
Ha (pU3UKO-MEeXaHWYECKHE MapaMeTpPhl U JOJITOBEY-
HOCTh OCTOHHBIX KOHCTPYKIMU. [Ipr 3TOM poucxoast
WHTEHCHUBHBIC U3MEHEHHUS B CTPYKTYpE, BHI3BAHHBIC
POCTOM IMOPUCTOCTH 3a CYET MEepPEeKPUCTAIITNU3AIAN
TEPMHUYECKU HECTAOMIBHBIX THIPATHHIX (Da3 1eMeHT-
HOW MaTpHUIIbI, YTO MPUBOJUT K yXYAIICHHUIO MPOU-
HOCTHBIX XapaKTEPUCTHUK, CHIKCHHUIO HAJC)KHOCTH
u ycroiunBoctu [9—16]. [TomoOHbIE yCIOBHS BO3HH-
KaloT MPU KOHTAKTe OETOHHBIX SJIEMEHTOB C TOpstaeit
BOJIOH FUT TTApPOM B TPATUPHSAX TEIUTOBBIX M aTOMHBIX
anekTpocTaHiui [17—19], nepuBalluOHHBIX TOHHEIAX
ruaposaekTpocTanuuii [20] u Ipyrux o0beKTax KOM-
MYHAJBHOTO XO3s#CTBa. PEMOHT M BOCCTaHOBIICHHE
TaKUX KOHCTPYKIIUN OTIMYAIOTCS BBICOKOU TPyL0eM-
KOCTBIO M 3HAYUTEIFHONW CTONMOCTBIO, 3a4acTyIO Mpe-
BEIMIAFOTICH TTepBOHAYATBHBIC KAaTUTATbHBIC 3aTPaThI
Ha CTpoUTENbCcTBO. [lonTBepxkacHUEM 3TOU TIpOOIIe-
MBI MO’KHO YCJIOBHO CUYHUTATh HOPMHUPOBAHHYIO TIEPH-
OMYHOCTD KAIMTAIFHOTO PEMOHTA JKeIe300C TOHHBIX
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rpagupen: Kaxabie 3—4 roga'. CrieruaancraMu 0TMe-
gaeTcs [21], 4TO B yCIOBHUAX BBICOKOH TeMIepaTyphl
U BIQKHOCTH pa3pylieHHuEe OCTOHHBIX KOHCTPYKIUH
MOXET Ha4aThCsl yKe uyepes3 rol.

[l OBBILLIEHUS] TEPMOBIIAXKHOCTHON yCTONYHBO-
CTH LIEMEHTHBIX CHCTEM IIeJIeCO00Pa3HO MCIOJIb30BaTh
KpeMHEe3eMcoJIepiKallne MIUHepaJlbHble 100aBKH, Y4TO
CHocoOCTBYeT 00pa30BaHHIO TEPMOCTAOMIBHBIX HH3KO-
OCHOBHBIX THJIPOCHIIMKATOB KaJbIus [22] n 3amense-
HHIO (ha30BBIX MEPEXONOB. B cBA3M C TeM, UTO B TEpMO-
BJI&YKHOCTHBIX YCJIOBHSIX Ipolecchl (a3oobpasoBaHums
MPOTEKalT 00Jiee NHTEHCHBHO, YeM B HOPMAaJIbHBIX,
MOXKHO MTPENOJIOKUTE, YTO MUHEPAIIBI, BXOJSIINE B CO-
CTaB 3amoJHHUTENEH, OyayT Oojiee aKTHBHO BCTYyTAaTh
BO B3aMMOJICHCTBUE C THAPOKCHUJIOM KaJibLIMs JKUJIKON
(das3el OeToHA ¢ 0Opa3oBaHUEM TEPMOIUHAMHYCCKU
YCTOHYMBBIX TPOLYKTOB TBEpAEHUs. B 3T0# CBsI3H oco-
Oblii MHTEpEC NMPECTaBISIET 3aMOIHUTENh U3 KBapIUTO-
MECYAHUKA, OTIINYAIOIIUICS TOBBIIIEHHON aKTUBHOCTBIO
IO MOTJIOIICHUIO U3BECTH, O0YCIIOBICHHOI He3aBepIICH-
HOCTBIO KPUCTAJUIMYECKOH CTPYKTYPBI, [10 CPABHEHHIO
C TPAJIMIIMOHHBIM TPAaHUTHBIM 3aITOJTHUTEIICM.

Jannast paboTa MOCBSIIIIEHa NCCIEA0BAHUIO TPAHC-
(hopManmy CTPYKTypHO-MEXAaHHYIECKUX CBOMCTB MEIKO-
3EpPHHUCTOr0 OETOHA Ha 3alOJHUTENSIX Pa3IudHOro
COCTaBa B YCJIOBHUSIX TIOBBIIICHHOM TEMIIEpaTypHO-BIIaXkK-
HOCTHOH Harpy3kH. [IpaBmiibHbIH BBIOOp 3aroiHUTENeH
TIO3BOJIUT pa3padoTarh 3H(HEKTUBHBIC MEPHI IEPBUIHON

! TTonoxxenue. TexHUYECKas SKCIUTyaTalust POMBIIIIICHHBIX
3nannii U coopyxernit. [IOT PO 14000-004-98 : ytB. MuHn-
skoHOMHUKH PO 12.02.98.
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3alIUTHI U MOBBILICHHS J0JITOBEYHOCTH OETOHHBIX KOH-
CTPYKIMH MPH KCIUTyaTalllX B yCIOBUSIX MHOTO(AKTOP-
HOTI'0 BOJIO-TEIJIOBOIO BO3JACHCTBUSL.

MATEPHAJIBI U METO/JbI

B kagecTBe BSKYIIETO MCTIOJIB30BAJIN MOPTIAH]-
neMeHT LIEM 1 42,5H 3A0 «Ocxkommement» (IOCT
31108-2020) (C,S = 61,59 %, C,S = 14%, C,A =
=6,83%, C,AF = 13,73 %; HI' =26 %; ¢ =230 mun,
akTUBHOCTH 56,2 MIla). B xauecTBe 3amosnHuTENEH
MEJIKO3EpHUCTOrO OETOHA MCIOIb30BATH: HMPOMBIII-
JICHHBIH OTCEB APOOJICHUS KBapLUTOICCUYaHUKA; M-
KW 3aTI0JIHUTEb, TOJYYCHHBIN APOOJICHNEM KBapIH-
TOTIECYaHWKA U TPAHNTA B JTAOOPATOPHBIX YCIOBHUSAX.
3epHOBOIi COCTaB 3aNOJIHNTENICH MpuBeieH B Tadu. 1,
XMMHUUYECKUIH — B TaOI. 2.

WsroraBnuBanu o0pa3iel pazmepoM 2,5 x 2.5
x 10 cMm u 4 x 4 x 16 cM Menko3epHUCTOrO OetoHa 1:3
13 cMecu HopMasbHOM KoHcucteHmy (ITOCT 310.4-81).
Yactp 00pa3IoB TBep/eaa B HOPMAIBHBIX yCIoBmsx (20
°C), 9acTh B TEIUIOBIAXKHOCTHBIX ycinoBusx (80 °C) B na-
GoparopHoii BomsHOI 6ane LOIP LB-163. B ycranosieH-
Hble cpokH (1, 3, 6 1 12 Mec) onpeaessim npeiesn MpoYHo-
CTH IIPU CKATHHU U M3rU0E C MOMOIIIBIO THIPABIMYECKOTO
npecca [ITM-100MI"4. MUKpOCTPYKTypHEIE XapaKTepH-
CTHKU LIEMEHTHOIO KaMHsI HCCJIE0BANIU € IOMOILBIO Pac-
TPOBOTO 3IEKTPOHHOTO MUKpockora Tescan Mira 3. J{is
AHAJTI3a TIPOYKTOB THPATAINH HCTIONB30BAIN CHHXPOH-

Taoa. 1. [panynomMeTpuuecKuii cocTaB MEIIKHX 3allOTHUTEICH

HbIil Tepmoananmuzarop STA 449 F1 Jupiter NETZSCH.
WcnbiTanns o0pa3ioB METKO3EPHUCTOTO OCTOHA INpH
TMOMOIIM METOAA YJIBTPA3BYyKOBOI'O KOHTPOJIA IMTPOBOANIIN
Ha nipudope «Ilymscap 2.2». OOpasIsl MEITKO3EPHICTOTO
OeToHa pazmepoM 4 X 4 x 16 cM ToJBEpraiy yiIbTpasBy-
KOBOMY KOHTPOJTIO B TEYEHHE BCETO CPOKA UCTIBITAHHH (24
Mec) ¢ IEPHOJMIHOCTRIO | pa3 B HEMEIO.

PE3YJUBTATBI HCCJEJOBAHUSA

HccnenoBanu BIUsiHUE 3alIOJIHUTENEN HA TEpMO-
BJI&YKHOCTHYIO KOPPO3HIO O€TOHOB. Pe3ynbrars! iepuo-
JTUYECKUX OTPENeNIeHUH mpeerna MpoYHOCTH 00pa3IoB
nipu u3rude u cxarun nocie 1, 3, 6 u 12 mec TBepaeHUs
npuBeacHbI B Ta0i. 3. OOpasiisl MEIKO3EPHUCTOTO Oc-
TOHA Ha OCHOBE T'PaHUTA, TBEPICBIINE B HOPMATHHBIX
YCIIOBHSIX, TIOKA3aJIM HaWOOJIBUIYIO TPOYHOCTD, & MPH
TBepaeHun B Boae mpu 80 °C Goree BBICOKHE MPOY-
HOCTHBIE ITOKa3aTeNn MOJy4YeHbI sl 00pa3ioB, U3ro-
TOBJICHHBIX Ha KBapPIIUTOIICCUAHUKE.

[Toy4yeHHbIC TaHHBIC TOKA3BIBAIOT, YTO B YCIIO-
BHSIX TCPMOBJIAXXHOCTHOTO TBEPJCHHUS 3AMOJHUTEIb
MPUHUMAET aKTHBHOE yYacTHe B POPMUPOBAHUH TTPOYI-
HOCTH.

[To maHHBIM MPOYHOCTH TIPH CKATHH PACCUNUTAH
K0d(h(PULIMEHT TEPMOBIIAKHOCTHOH CTOHKOCTH (Talu. 4),
KOTOPBIA IEMOHCTPHUPYET OTHOIICHHE Ipeeia Mpod-
HOCTH TIPU CKaTHH 00Pa3IloB, TBEPICBIINX B BOJC MPH

Omces Opobrenus KeapyumonecuaHuxa

Howmep cura 2,5 1,25 0,63 0,315 0,16 <0,16
Yacrtable ocTaTKH, %0 51,7 12,36 18,86 8,29 7,32 1,47
Ilonusie ocratku, % 51,7 64,06 82,92 91,21 98,53 100
Kesapyumonecuanux
Homep cura 2,5 1,25 0,63 0,315 0,16 <0,16
YacrtHble ocTaTku, % 26,2 14,17 15,23 23,27 19,47 1,66
ITomusle ocratku, % 26,2 40,37 55,6 78,87 98,34 100
Ipanum
Howmep cura 2,5 1,25 0,63 0,315 0,16 <0,16
YacTHble ocTaTKH, % 42,31 16,72 13,24 9,28 17,31 1,14
TTomnabie ocratku, % 42,31 59,03 72,27 81,55 98,86 100
Taodu. 2. XuMHUECKHUI cOCTaB 3arl0IHUTENCH
Kesapyumonecuanux
Conep:xanue okcua0B, Mac. %
SiO, TiO, ALO, FeO, FeO CaO MgO Na,0 +K,0 P,O, S
86,24 0,27 2,39 2,16 1,58 0,89 1,34 0,69 0,11 0,06
I panum
Conep:kaHue OKCUI0B, Mac. %o
ILILIL Na,O MgO ALO, Sio, K,0 CaO TiO, MnO Fe,0, PO, S
0,24 3,82 1,57 15,59 63,57 4,65 2,90 0,62 0,094 6,31 0,21 0,03
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Ta6u. 3. Kuneruka TBepAeHHs 00pa3loB MEIKO3EPHUCTOr0 OETOHA B PA3IMYHBIX TEPMOBIQKHOCTHBIX YCIOBHSIX

3anoaHUTEb R, Mlla, B cpoku, mec R, MIla, B cpoku, Mec
L] o3 | s | 2 L o3 | e | o2
20 °C

g::;;;%ﬁzggm 4,04 5,04 10,2 13,98 34,46 40,5 40,37 | 39,07
Tpasut 2,52 9,48 8,47 10,2 37,73 46,21 43,44 | 54,66
KBapruronecuanuk 3,52 7,14 9,91 16,7 32,49 43,82 47,04 48,05
80 °C

S::;L‘:Hif’;iizﬁfm 7,36 8,32 11,03 12,39 272 29,71 39,21 46,7
Ipasut 2,1 13,36 12,78 16,33 29,0 36,0 38,98 38,7
KBapLyTOnecyanuK 8,82 10,08 17,62 18,5 272 44,09 57,08 | 63,37

temmeparype 80 °C, k mpeneny MpoYHOCTH IPH CKATHH
npu Temneparype 20 °C: K, = R®_/R® .

Kak BumHO 13 Ta0i1. 4, HaMMEHBIIHI KO3 dUITHEHT
CTOMKOCTH y 00pa3iioB 6€TOHA Ha IPaHUTHOM 3aIlOJTHU-
TeJe, 4TO CBUACTEILCTBYET O JAETpajalliil MaTepuaia
Ipu JJIMTCIbHOM TECPMOBJIAXKHOCTHOM BOSHeﬁCTBHH.
OOpa3ipl 6eToOHAa Ha KBAPIUTONECYAHUKE MOKA3aIH
MOHOTOHHBIA POCT KOA((UIIUEHTA TEPMOBIAKHOCT-
HOM CTOMKOCTH B TEUEHHE BCETO NMEPUOJa UCTIBITAHUI:
ot 0,84 (1 mec) o 1,32 (12 mec), 9TO yKa3bIBaeT Ha BbI-
COKYI0 YCTOMYMBOCTb CTPYKTYPbl K BOAO-TEIIOBBIM
BO3JCHCTBUSAM.

J171s1 TOCTOSIHHOTO KOHTPOJIS TIPOLIECCOB IECTPYKIIUH
0eToHa MCIOJIb30BAIM METO/| YJIBTPa3ByKOBOMW JIUArHO-
cruku. [logbeM 1 nepuonrueckoe CHUKEHHE CKOPOCTH
y3-I/IMHyﬂbca HaXoOATCA BO B3aUMOCBA3U C SIBJICHUSIMU
nepekpuctamauzanuu. Ckopocts Y3-curHana npea-
CTaBIsET COOOM MHTETpalbHBIA MapaMeTp, XapaKTepH-
3yIOLIMI KOMIUIEKC CTPYKTYPHO-MEXaHUUECKUX CBOMCTB
Marepuana (POYHOCTH, TIOPUCTOCTH, TPELMHOOOpa30Ba-
HUA U T.1.). Pe3ynsTarsl npuBeneHs! Ha puc. 1, 2. ITo gan-
HbIM MOHUTOPUHIA CPEIHEH CKOPOCTH MPOXOXKICHHUS
V3-curaana yepe3 00pasiibl MEJIKO3EPHUCTOTO OETOHA,
TBepeBire B Boje npu 80 °C, ycTaHOBJIEHO, UTO 3a BECh
MIEPHO/T HAOFONCHUH MPUPOCT CKOPOCTH COCTABUIT Y 00-
pa3iioB Ha KBapiTonecyanuke +A538 m/c u Ha rpaHuTe
+A471 m/c. Y 00pa3iioB BceX COCTABOB HICT HHTCHCHB-
HOE YBEJIMUEHHE CKOPOCTH MPOXOXKICHUS ¥Y3-CUrHana
10 810 mec npeObIBaHUS B Topsiueii Boze, MOCie 4ero
HacTymaeT crabmiunsanus 10 24 mec. OTO CBUICTEIb-
CTBYET O TOM, YTO ACCTPYKTHUBHLIC ITPOLCCChI, CBA3aHHbLIC
C PeKpHUCTAININ3ALMEH THAPATHBIX (a3, MPOTEKAI0T O4eHb

Tao6u. 4. Koo hurueHT TepMOBIaXKHOCTHONW CTOUKOCTH

Bpewms, mec
3arnoIHUTEIb
1 3 6 12
OtceB apoOneHus 079 | 073 0.97 12
KBapIUTOIICCYaHUKA
I'panur 0,77 0,78 0,9 0,71
KBapruuronecuanuk 0,84 1,01 1,21 1,32
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MEJJICHHO BO BCEX CIy4asiX, CyLIECTBEHHOIO POCTa I10-
pucTocTH He oTMedaeTcsi. CXOKeCTh KPUBBIX CKOPOCTH
V3-uMnynsca CBUACTENBCTBYET 00 aHATIOTHYHOCTH TIPO-
IECCOB CTPYKTYpO- U (ha3000pa3oBaHusL.

[IpuBenieHHbIE TaHHbIE TTOKA3bIBAIOT, YTO ITPOLIECCHI
(hazo- u cTpyKTypooOpa3oBaHus 00pPa3OB MEJIKO3Ep-
HHCTOTO OETOHA Ha Pa3JIMYHBIX 3aMOJHUTENSX B TEPMO-
BJIQKHOCTHBIX YCJIOBHSIX ITPOTEKAIOT 110 APYTHM 3aKOHO-
MEpHOCTSIM, YeM B YCJIOBHSX HOPMAJIBHOTO TBEPJCHUSL.
[IpomomkuTenbHBIN HA0OP CKOPOCTH TPOXOXKICHUS Y 3-
cUrHaza B oOpasiax oOycIIOBJIEH TeM, Y4TO KBaply, MoJie-
BbI€ IIMAThI U CIIOABI KUCJIOTO COCTaBa, BXOAAIINE B CO-
CTaB KBapIUTONECYAHNKA U TPAHUTA, B BEICOKOIIEIIOUHOM
cpene (¢ pH cpenpt 12—12,5) nonsepraiorcs aKTUBAIH
B TOUM WM UHOM cTteneHr. OHU aKTUBHO B3aUMOJICHCTBY-
0T C TUJIPOKCHJIOM KaJIbLIHSI, BXOJISIIIIM B COCTAB YKHJIKOM
(ha3bl OeToHa, ¢ 00pa30BaHUEM MMAPOCUIIMKATOB M THIPO-
AJIFOMOCHIIMKATOB KaJbLIUsl, KOTOPbIE B PA3HOM CTENEHU
COACHCTBYIOT YIUIOTHEHUIO LIEMEHTHOM MATpPHULIbI U KOH-
TAaKTHOW 30HBI MEKY 3allOJIHUTEIEM U LEMEHTHON Ma-
TpuLeil 6eToHa. B cooTBeTCTBHM ¢ TaHHBIMU TEPMOJIH-
HAMHYECKHX PACYETOB aKTUBHOCTDH KBApIa MPEBOCXOIHUT
AKTUBHOCTh MUHEPAJIOB I'PYIITHI OJIEBIX MIITATOB [23].
Pesyrbrars! 3TOT0 NpOIIEcCa OTYSTIIMBO MPOCIIEKUBAIOTCS
10 JaHHBIM Y 3-IMarHOCTHKH.

st mcenenoBanus npoueccos (hazoo0pa3oBaHus
B IICMCHTHOM KaMHE TOTOBMJIMCH MPOOBI st audde-
peHnmagbHOro TepMudeckoro ananmmsa (JTA) nmyrem
CYHIKM 00pa3loB B CYIIWIBHOM HIKady U UX Jpodie-
Hus. OTaeneHye rupaTupoOBaHHOIO IIEMEHTa OT 3aMoJ-
HUTEJISI IPOU3BOIMIIOCH JICTKUM pacTupanueM B hapdo-
poBoii ctynke. HekoTopoe KoinuecTBO U3MENBYEHHOTO
3aIOJIHUTEIS OCTaBaJIOCh B IPOOE C [IEMEHTOM, HECMO-
Tpsl HA OCTOPOXKHOE MPOCEUBAHUE Uepe3 cuTo. B 3ol
CBsI3M TepMorpaduueckuii aHaau3 JaHHBIX MPo0 Oosee
HAJISKEH C KaUECTBEHHOM CTOPOHBI.

YV 00pa3noB MeIKO3EepHUCTOTO OETOHA, COmepKa-
WX TPAHWUT U KBAaPLUTONECUYaHNK, B HOPMAJIBHBIX YC-
noBusx TBepreHus (20 °C) HabIIOTAIOTCS CXOKUE Tep-
Mudeckue d3QpQexTrl. B Teuerne 12 mec coxpaHsOTCSA
suporepmudeckue dpdextsr mpu 400-500 °C, cszan-
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Puc. 1. CkopocTb IPOXOXKICHNS YIBTPa3Byka B 00pa3iiax MeIKo3epHUCTOro 6eToHa (1:3) Ha pa3nuYHBIX 3aMOJHUTEIIX, TBEP-

nesmmx npu Temneparype 20 °C (a) u 80 °C (b)

HBIE C Pa3JIOKEHUEM THIPOKCHIA KaJbIys, Oosee BbI-
paxxeHbl y oOpasna ¢ rpaHuToM. Ha KpruBOii HarpeBaHus
HAOJIFOMAETCs IBOMHOM SHIOTEPMUIECKHUN d3PPEKT mpu
temneparypax 95,8 u 139,2 °C, cBs3anHbIii ¢ BblIeINe-
HHEM CBOOOIHOM BOJIBI M JIeTHIpaTaniell BBICOKOOCHOB-
HBIX TpoxaykToB Trma C-S-H, C-A-H u C-A-S-H (puc. 2).
[TpocnexuBaroTcst cllabOBBIpaKEHHbBIE dHAOTEPMHUYE-
ckue addexrsr nmpu 575 °C, cBI3aHHBIE C IEPEKPHUCTATI-
nm3anyen kpapra. OTMEdaroTCst 3HI0TEPMHUYECKUE THKH
B nuanaszone 640-750 °C, cBs3anable ¢ 00€3BOKHBA-
HHUEM THIPOCHIIMKATOB PA3IMYHOTO COCTaBa, KOTOpPHIE
MOT'YT HaKJIaJbIBaThCsI Ha SHIO0TEpMHUUIECKHE 3P PEKTHI
pas3ioKeHMs KalblUTa, 00Pa3yIoIerocs: BCIEICTBHE
kapOonusanmu Ca(OH), 1 IByXKanblIMEBOTO CHIIMKATA.
K 24 mec MHTEHCHBHOCTH JaHHBIX YHIOTEPMUICCKUX
s dexToB ymeHbIaercs. DK30TepMHUYECKUX IPPEKTOB
He HaOJIIoaeTcs.

[Tpu TemI0BNAKHOCTHOM TBEPICHUH 00PA3II0B MeJl-
ko3epHucToro oerona (80 °C) mpoucxoauT U3MeHEHHE
TePMHUYECKHX (P (EKTOB, YTO CBUICTENHCTBYET 00 MHTEH-
CHBHBIX IPOLIECCAX XMMHYECKUX B3aNMOJICHCTBUH 1 00-

pa3oBanuu HOBBIX (a3 (puc. 3). Ha kpuBoil Harpesa-
HUS (0COOCHHO ¢ KBapIIUTOTICCYAHUKOM) HaOIIFOmaeTcs
yBEJIMYCHHE SHI0TepPMUIECcKOro 3¢ dekra B 1uana3oHe
90-280 °C, uTO OOBSICHSECTCSI BHICOKMM COZICpKaHHEM
¢aser Tnma C-S-H. Yepes 12 mec TBepaeHHs Ha TEPMO-
rpaMMax 00OMX COCTaBOB He OOHapy)KuBaeTcs d(PQeKT
ruzipokcuia Kanbiwst. [1pu aToM ukcupyercst SK30TepMu-
yecknii apdexr npu remneparype 860900 °C, cBunerens-
CTBYIOIIHIA 0 HATIYWH ruapocurkartoB Trma CSH(B). Du-
no3ddexrs ipu 720 °C xapaKTepHbI T HU3KOOCHOBHBIX
runpocuikaros (rupomut C S H, ), KoTopble cOBMEIIEHBI
C DHIOTEPMHUUYECKUMH d(peKTaMul pa3IoKEeHHS KaTbIi-
Ta. K OCHOBHBIM M3MeHEeHUsAM B HHTepBane 12-24 mec
MO)KHO OTHECTH CHM)KEHHE HHTEHCUBHOCTH SHIOTEPMH-
geckux 3¢dextoB mpu temmneparype 640-750 °C. Dr1o
CBHJIETEIILCTBYET O TOM, YTO MaKCUMaJIbHbIE (pa3oBbIe U3~
MEHEHUsI B [IEMEHTHOM KaMHe, HauaBILIMeCs Ha TIEPBUYHON
CTa/INM TBEPJICHHS ¥ IPOJIOJDKAOIIMECS IO OJHOTO Tof1a,
3areM MepexosT B a3y 3aMeIeHHOM TpaHc(opMaryH.
ABTOpaMH MPOBEICHBI ANEKTPOHHO-MUKPOCKOIIHYE-
CKHE HCCIIEI0BAaHNS 00PA3II0B MEIIKO3EPHICTOTO OETOHA
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Puc. 2. TepmMorpaMmbl IIEMEHTHOTO KaMHSI MEJIKO3epHUCTOro OeToHa, TBepaesiiero npu 20 °C. 3anonHutens: @ — rpanut, 12 mec;
b — rpanuTt, 24 Mec; ¢ — KBapUUTONECYaHNK, 12 Mec; d — KBapLUTONECYaHUK, 24 Mec

TF, % HCK, MKB/mMr TF, % I[CK, MKB/mMr
)
100 1 OK30 0,1 1 1 OK30 0.1
TMux
98 885,6°C 100 98 0,0
96
% rm%fb—/ 0,1 0.1
magcebt: —10,55 % | 94
94 02 Usvicnerme | 0,2
) maccel: —12,12 %
92 7242 °C Iux -0,3
1703 90 = 710,5 °C
90 113,5°C OCTan))‘{H Macea:i i 143,1/1[K°C OcrarSam . -0,4
89,45 % (999,7 °C) —0,4 88 87,89% (999,6 °C)
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temnepartypa, °C Temmneparypa, °C
a b
TT, % JCK, MxB/wr I, % JICK, MxB/mr
100 1 DK30 1 DK30
TInk 0.1 1001~ 0,1
08 873,2°C > I :
HK |
98 oc |00
0,0 878,4°C |
96 96 +-0,1
—0,1
H3menenune .
94 H7Hf 7°C l711“41(5 °C o aces: 10,90 % || 02
4 ’ 0,2 MMux  uk |
92 0°C 703,0°C 1-0,3
92 |
—-0,3
Tux 90 O 4
96,4 °C Ocraro Y
90 89,10 % (999,5 °C)
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temneparypa, °C Temneparypa, °C
c d

Puc. 3. TepMorpaMMbl IEMEHTHOTO KaMHS MEITKO3EPHHUCTOr0 OeToHa, TBepaenmiero npu 80 °C. 3amomHuTenb: @ — TPaHHT,
12 mec; b — rpanur, 24 Mec; ¢ — KBapUUTOIECYaHUK, 12 Mec; d — KBapIUTOIIECYaHUK, 24 Mec
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Puc. 4. MUKpOCTpYKTypa IIEMEHTHOU MaTpUIlbl OCTOHA, TUAPOCUIINKATHI Kanblus, 12 mec, 20 °C: @ — TpaHUTHBIN 3aTOJTHH-
TeNb; b — KBapIUTONCCYAHUK
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Puc. 5. MuKpoCTpyKTypa [IEeMEHTHOH MaTpHIbl OeTOHA, THAPOCHINKATHI Kambuus, 12 mec, 80 °C: @ — rpaHUTHBIH 3aM0THA-
Telb; b — KBapLUHUTONECYaHUK
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Puc. 6. MukpocTpyKTypa LEeMEHTHOM MaTpHLbl OETOHA HAa OCHOBE I'paHuTa, THAporpaHarsl, 24 mec, 80 °C

C 3aI0JTHUTEJIEM U3 FPaHKTa M KBAapLIUTOIIECYaHHKa, TBEP-
JeBImX 12 Mec B HOPMAJIBHBIX YCIIOBHSIX, KOTOPBIE TIO-
Ka3aJli, 9T0 MUKPOCTPYKTypa IEMEHTHOTO KaMHS B 000-
HX Clly4asix JOCTaro4Ho cxoxka (puc. 4). HaOmonaercs
Goree-MeHee PaBHOMEPHOE PACIIONIOKEHUE BOJIOKHUCTBIX,
XOPOIIO Pa3TUYUMBIX KPHCTAJUIOB BBICOKOOCHOBHBIX
TMIPOCUIMKATOB KaJIbLUSA B CTPYKTYype LIEMEHTHON Ma-
TPHIBI, TIOJIOXKHUTEIHHO BIUSIONIEE Ha MPOYHOCTh. He-
MIPEPBIBHBIN POCT XOPOMIO C(pOPMUPOBAHHBIX BOJIOKOH
BBICOKOOCHOBHBIX I'MAPOCHUIINKATOB KaJIbLIUA CBUACTCIIb-
CTBYET O Pa3BUTHH NIPOLECCOB CTAPEHHs IEMEHTHOTO
KaMH$1, TBEPJCIOILIETO B BOJE AJIUTENbHBIN cpok. Uepes
OJIMH TOJl HOPMAJILHOTO TBepAcHUs Kpuctamisl C,SH,
YBEJIMUMBAIOTCS B pa3Mepe /10 2—3 MKM, 00pasysi IPOUHbIE
cpoctku ¢ nopmranaurom Ca(OH), (puc. 4).

Ipu nurenbHOM TBepACHUH (OIMH TO1T) 00pa3ioB
MeJKo3epHucToro OetoHa B Boe mpu 80 °C mpowucxo-
IIUT YBEJIWYCHHE JOIU XOPOIIO 3aKpHUCTAIITH30BaH-
HBIX YacTHIl (pPUC. 5) IO OTHOILICHHUIO K relieo0pa3HoOi
marpune. OOpa3syrorcs 4eTKo 0(opMIIeHHbIE BOJIOK-
HUCTBIE KpucTaITH! 0,5—1 MKM, Hepenko B BUAE ario-
MEpaToB, C MEPEXOAHBIMHU Iejc0OpPa3HBIMU 30HAMU
Mexay HUMH. HaOmomarorces MONMMKpUCTAIITHYECKHE
Y9acTKH B BHJIC XaOTUYHO PACIIOIOKEHHBIX KPYITHBIX
IJIaCTUHYATBIX KPUCTAJIJIOB T'MAPOCUIIMKATOB KaJIbIIUs,
YTO TOBBIIIAET CTENIEHb HEOJHOPOIHOCTH CTPYKTYPBHI.
OpraHu3annoHHas CTPYKTypa IEMEHTHOTO KaMHs 00-
YCIIOBJICHA YIIOPSIIOYEHHBIM CTPOSHUEM Ha OT/IEIIbHBIX
MHKpoydJacTkax. Kpucrammm3amnus KPyITHBIX MOJIH-
KPUCTAJUINIECKAX CPOCTKOB IPU MX HEPABHOMEPHOM
pacrpeneseHlu B CTPYKType MHIPOCHIMKATHOTO Telis
He)KeJaTelbHa, TaK KaK 4acTo MPHUBOJAUT K JECTPYK-
TUBHBIM siBIeHUAM. C yBelIMYEHHUEM JIUTEIbHOCTH
TBEPACHUA MOBBIIIACTCA CTCIICHb KPHUCTAJJIMYHOCTHU
HOBOOOpa30BaHMWH KaK B TEPMOBJIAXHOCTHBIX, TaK
U B HOPMAJIBHBIX YCIIOBHUSX TBEPACHUS.

B ¢Bs131 ¢ NOBBIIIEHHBIM COZCPIKAHNEM aJTFOMHUHUA
B FPaHHUTE MPHU JUTUTEIEHOM TBEPICHHU B TEPMOBIAXK-
HOCTHBIX YCJIOBHSAX OH CBSI3BIBACTCS NPEUMYIIIECTBCHHO
B I'MJPOTpaHaThl, KOTOpPbIE, HECMOTPS HA yCTOWYUBOCTD,
MOT'YT CHIKaTh IPOYHOCTh M3-3a YCHIICHUSI HEOAHOPOI-

HOCTH CTPYKTYPHI (pHc. 6).
198

3AKJIOYEHHUE U OBCYXJIEHHUE

YcTaHOBIICHO, YTO 3aMOIHUTENN U3 TPAHNUTA U KBap-
IUTOINECYAHHKa MTOBBIMIAIOT TEPMOCTAOUIBHOCTD MeJl-
Ko3epHucTOoro OetoHa. HambGonpimii kodddunnent
TEPMOBJIAKHOCTHOH CTOMKOCTH y 0Opa3IOB Ha KBAapIHTO-
[IECYaHHKE K,‘épm =1,20-1,3), ueM Ha TpaHuTE (Kﬁmcr =
=0,71). 310 00YCIOBICHO MOBBIIIEHHONH aKTHBHOCTBHIO
TIO TTOTVIONIEHHUIO U3BECTH KBAPIUTONECYAHHKA 110 CPaB-
HEHUIO C TPAHUTHBIM 3aIIOJIHUTEIIEM, YTO CIIOCOOCTBYET
(hopMHPOBAHUIO TEPMOJMHAMUYECKH YCTOHYHMBBIX MTPO-
JTYKTOB TBEP/ICHHSI B YCIIOBHUSIX TIOBBIIICHHON BIQKHOCTH
U TeMIEepaTyphl.

[ToCTOSIHHBIN POCT CKOPOCTH MPOXOXKJICHUS Y 3-
cUTHaja yepe3 o0pa3ibl MEJIKO3CPHHUCTOrO OCTOHA,
TBepaeBIre B Boze mpu 80 °C, CBUAETENLCTBYET O TOM,
YTO JIECTPYKTUBHBIE TIPOIIECCHI, CBI3aHHBIC C PEKPUCTAII-
JM3alyel THAPATHBIX (a3, TPOTEKatoT OUYEHb MEIUICHHO
B 000ouXx ciydasix. [Ipy 3ToM 3a cueT XUMHYECKHX TPO-
[IECCOB HA MOBEPXHOCTH 3€PEH MEJKOTO 3arOIHUTEIS
MIPOMCXOANT YCUJIICHUE CPACTAHUS MEXIY HUMH H Iie-
MEHTHOW Marpullei, 4TO MOBBIIIAET IPOYHOCTH OCTOHA.

IIpomueccer pa3zoobpa3zoBaHus B EMCHTHONW Ma-
TPHILE MEJIKO3EPHHUCTOr0 OETOHA B TIOBBILICHHBIX TEp-
MOBJI&KHOCTHBIX YCJIOBHSX HPOTEKAIOT 110 JPYTUM
3aKOHOMEPHOCTSIM, YeM B YCJOBHSX HOPMaJbHOTO
TBepAeHus. ['naparHbie (pa3bl HEMEHTHOTO KaMHsl, Tpe-
xne Bcero Ca(OH),, mpy MOBBIIICHHON TeMIIEpaType
AKTUBHO BCTYHNAIOT B XUMHUYCCKOEC B3aUMOJCHUCTBUC
C MHMHEpaJlaMi MEJKHUX 3aloJIHHUTENIeH, o0pasys Tep-
MHUYECKN CTOMKHE HU3KOOCHOBHBIE TMIPOCHINKATHI
kanpuus CSH(B), nnentndunupyemsie mo 3K30Tep-
MugeckoMy 3¢dexty mpu 860-900 °C. ITpu TBepae-
HUU B HOPMaJIbHBIX YCJOBHSX CBOOOJHAs M3BECTh
MIPAaKTHYECKU He cBsA3bIBacTCs. OCHOBHBIM KOMITOHECH-
TOM LIEMEHTHOTO KaMHS SIBJISIETCS JIBYXOCHOBHBIN T'H-
JPOCWIINKAT Kajiblius. M3MeHeHus (a3oBoro cocrana
LIEMEHTHOW MaTpHIlbl OETOHA HAa KBapLUTOIECUaHUKE
1 IPpaHUTE JOCTATOYHO CXOXKHU.

IlonyueHHbIEe pe3ysIbTaThl UMEIOT BAKHOE IIPaAK-
TUYCCKOC 3HAYCHUEC U MO3BOJIAIOT CUUTATh KBAPIIUTO-
MECYaHUK [IEHHBIM CBIPBEM ISl U3TOTOBJICHUS OETOHA,
CTOMKOT'O K TEPMOBIIQXKHOCTHOM KOPPO3UH.
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INTRODUCTION

The problem of concrete structure failure under
extreme temperature and humidity conditions mainly
lies in the degradation of concrete when exposed to low
temperatures due to the freezing of moisture within
the concrete mass, or to high temperatures during fires
[1-8]. There are a number of industrial facilities op-
erating in environments with elevated ambient tem-
peratures whilst simultaneously exposed to humidity
levels close to 100 %, which has a significant impact
on the physical and mechanical properties and dura-
bility of concrete structures. This leads to significant
changes in the structure caused by an increase in po-
rosity due to the recrystallisation of thermally unstable
hydrated phases in the cement matrix, resulting in a de-
terioration of strength characteristics and a reduction
in reliability and stability [9—16]. Such conditions arise
when concrete elements come into contact with hot wa-
ter or steam in cooling towers at thermal and nuclear
power stations [17-19], diversion tunnels at hydroelec-
tric power stations [20] and other public utility facili-
ties. The repair and restoration of such structures are
highly labour-intensive and costly, often exceeding
the initial capital costs of construction. The standard-
ized frequency of major repairs to reinforced concrete
cooling towers every 3—4 years can be taken as indica-
tive of this problem!. Experts note [21] that, under con-

! Regulation. Technical operation of industrial buildings and
structures. POT RO 14000-004-98: approved by the Ministry
of Economy of the Russian Federation on 12 February 1998.
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ditions of high temperature and humidity, the deteriora-
tion of concrete structures can begin as early as one year
after construction.

To improve the thermal and humidity resistance
of cementitious systems, it is advisable to use silica-
containing mineral admixtures, which promote the for-
mation of thermally stable, low-basic calcium hydrosili-
cates [22] and slow down phase transitions. Given that
phase formation processes occur more intensively un-
der thermal and humidity conditions than under normal
conditions, it can be assumed that the minerals com-
prising the aggregates will interact more actively with
the calcium hydroxide in the liquid phase of the con-
crete, forming thermodynamically stable hardening
products. In this regard, quartzite sandstone aggregate
is of particular interest, as it exhibits increased lime ab-
sorption activity due to its incomplete crystalline struc-
ture, compared to traditional granite aggregate.

This study examines the changes in the structural
and mechanical properties of fine-grained concrete
made with aggregates of varying compositions un-
der conditions of elevated temperature and humidity.
The correct selection of aggregates will enable the de-
velopment of effective measures for the primary pro-
tection and enhancement of the durability of concrete
structures when operated under conditions of multi-
factor hydrothermal exposure.

MATERIALS AND METHODS

Portland cement CEM I 42.5N produced by “Os-
kolcement” CJSC (GOST 31108-2020) was used as
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the binder (C,S = 61.59 %, C,S = 14 %, C,A = 6.83 %,
C,AF = 13.73%; NC = 26 %; t, . = 230 min, activ-
ity 56.2 MPa). The following were used as aggregates
for fine-grained concrete: industrial screenings from
the crushing of quartzite sandstone; fine aggregate ob-
tained by crushing quartzite sandstone and granite un-
der laboratory conditions. The particle size distribution
of the aggregates is given in Table 1, and their chemical
composition in Table 2.

Specimens measuring 2.5 x 2.5 X 10 cm and 4 x 4 x
x 16 cm were produced from 1:3 fine-grained concrete

Table 1. Particle size distribution of fine aggregates

using a mixture of normal consistency (GOST 310.4-81).
Some of the specimens were cured under normal condi-
tions (20 °C), and some under warm and humid conditions
(80 °C) in a LOIP LB-163 laboratory water bath. At spec-
ified intervals (1, 3, 6 and 12 months), the compressive
and flexural strengths were determined using a PGM-
100MG#4 hydraulic press. The microstructural character-
istics of the cement paste were investigated using a Tes-
can Mira 3 scanning electron microscope. A NETZSCH
STA 449 F1 Jupiter synchronous thermal analyzer was
used to analyze the hydration products. Tests on fine-

Screening of crushed quartz sandstone

Sieve size 2.5 1.25 0.63 0.315 0.16 <0.16
Private sector balance, % 51.7 12.36 18.86 8.29 7.32 1.47
Total balances, % 51.7 64.06 82.92 91.21 98.53 100
Quartz sandstone
Sieve size 2.5 1.25 0.63 0.315 0.16 <0.16
Private sector balance, % 26.2 14.17 15.23 23.27 19.47 1.66
Total balances, % 26.2 40.37 55.6 78.87 98.34 100
Granite
Sieve size 2.5 1.25 0.63 0.315 0.16 <0.16
Private sector balance, % 42.31 16.72 13.24 9.28 17.31 1.14
42.31 59.03 72.27 81.55 98.86 100
Table 2. Chemical composition of aggregates
Quartz sandstone
Oxide content, % by mass
Sio, TiO, ALO, FeO, FeO CaO MgO Na,0 +K,0 P,O, S
86,24 0,27 2,39 2,16 1.58 0.89 1.34 0.69 0.11 0.06
Granite
Oxide content, % by mass
n/d Na,0 MgO ALO, Sio, K0 CaO | TiO, MnO Fe,O, P,O, S
0.24 3.82 1.57 15.59 63.57 4.65 2.90 0.62 0.094 6.31 0.21 0.03

Table 3. Setting kinetics of fine-grained concrete specimens under various temperature and humidity conditions

Filler R, » MPa, within the specified time R, MPa, within the specified time frame,
frame, months months
R 3 | e | 2
20 °C
Screening of crushed quartz 4.04 5.04 10.2 13.98 34.46 40.5 40.37 39.07
sandstone
Granite 2.52 9.48 8.47 10.2 37.73 46.21 43.44 54.66
Quartz sandstone 3.52 7.14 9.91 16.7 32.49 43.82 47.04 48.05
80 °C

Screening of crushed quartz 7.36 8.32 11.03 12.39 27.2 29.71 39.21 46.7
sandstone
Granite 2.1 13.36 12.78 16.33 29.0 36.0 38.98 38.7
Quartz sandstone 8.82 10.08 17.62 18.5 27.2 44.09 57.08 63.37
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grained concrete specimens using the ultrasonic testing
method were carried out on a “Pulsar 2.2 device. Fine-
grained concrete specimens measuring 4 x 4 X 16 cm
were subjected to ultrasonic testing throughout the entire
test period (24 months) at a frequency of once a week.

RESEARCH RESULTS

The effect of aggregates on the thermal and mois-
ture corrosion of concrete was investigated. The results
of periodic determinations of the flexural and compres-
sive strength of specimens after 1, 3, 6, and 12 months
of curing are presented in Table 3. Specimens of fine-
grained granite-based concrete, cured under normal con-
ditions, demonstrated the highest strength, while when
cured in water at 80 °C, higher strength values were ob-
tained for specimens made from quartzite sandstone.

The data obtained show that, under conditions
of hygrothermal curing, the filler plays an active role
in the development of strength.

Based on the compressive strength data, the hygro-
thermal stability coefficient has been calculated (Table 4),
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Table 4. Hygrothermal resistance coefficient

Time, months
Filler
1 3 6 12
Screening of crushed 0.79 073 | 097 12
quartz sandstone
Granite 077 | 0.78 | 09 0.71
Quartz sandstone 0.84 1.01 1.21 1.32

which demonstrates the ratio of the compressive strength
of specimens cured in water at 80 °C to the compressive
strength at 20 °C: K, =R% /R .

As can be seen from Table 4, the lowest durabil-
ity coefficient was observed in the concrete specimens
made with granite aggregate, indicating material deg-
radation under prolonged hygrothermal exposure.
The concrete specimens containing quartzite sandstone
showed a steady increase in the hygrothermal resistance
coefficient throughout the entire test period: from 0.84
(1 month) to 1.32 (12 months), indicating high struc-
tural resistance to hygrothermal effects.

4,698

4,656 4,691

4,492 \ 4,466 4 475
4,418

4,344

12 14 16 18 20 22
T, month

24

—o— QGranite —o— Quartz sandstone
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4,501 4,446 4421 4,533

s

12 14 16 18 20 22 24

—e— Granite —o— Quartz sandstone

Fig. 1. Ultrasonic velocity in fine-grained concrete specimens (1:3) using various aggregates, set at temperatures of 20 °C (a)

and 80 °C (b)
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Fig. 2. Thermograms of the cement paste in fine-grained concrete cured at 20 °C. Aggregate: ¢ — granite, 12 months; b —
granite, 24 months; ¢ — quartz sandstone, 12 months; d — quartz sandstone, 24 months
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Fig. 3. Thermograms of the cement paste in fine-grained concrete cured at 80 °C. Aggregate: ¢ — granite, 12 months; b —
granite, 24 months; ¢ — quartz sandstone, 12 months; d — quartz sandstone, 24 months
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Ultrasonic diagnostics were used to continuously
monitor the processes of concrete degradation. The rise
and periodic decrease in the velocity of the ultrasonic pulse
are correlated with recrystallisation phenomena. The ve-
locity of the ultrasonic signal is an integral parameter
characterizing the complex of structural and mechanical
properties of the material (strength, porosity, crack forma-
tion, etc.). The results are shown in Fig. 1 and 2. Accord-
ing to monitoring data on the average velocity of the ul-
trasonic signal passing through specimens of fine-grained
concrete cured in water at 80 °C, it was established that
over the entire observation period, the increase in ve-
locity amounted to +A538 m/s for the quartz sandstone
specimens and +A471 m/s for the granite specimens. For
specimens of all compositions, there is an intense increase
in the ultrasonic signal velocity up to 8-10 months of im-
mersion in hot water, after which stabilization occurs up
to 24 months. This indicates that the destructive processes
associated with the recrystallisation of hydrated phases
proceed very slowly in all cases; no significant increase
in porosity is observed. The similarity of the ultrasonic
pulse velocity curves indicates that the processes of struc-
tural and phase formation are analogous.

The data presented show that the processes of phase
and structure formation in fine-grained concrete speci-
mens using various aggregates under hygrothermal con-
ditions follow different patterns than those under normal
curing conditions. The prolonged increase in the ultra-
sonic signal velocity in the specimens is due to the fact
that quartz, feldspars and acidic micas, which are compo-
nents of quartz sandstone and granite, undergo activation
to varying degrees in a highly alkaline environment (with
pH of 12-12.5). They actively interact with the calcium
hydroxide present in the liquid phase of the concrete,
forming calcium hydrosilicates and calcium hydrous
aluminosilicates, which to varying degrees contribute
to the densification of the cement matrix and the interface
between the aggregate and the cement matrix of the con-
crete. According to thermodynamic calculations, the activ-
ity of quartz exceeds that of feldspar group minerals [23].
The results of this process are clearly evident from ultra-
sonic diagnostic data.

To investigate the phase formation processes in ce-
ment stone, specimens were prepared for differential ther-
mal analysis (DTA) by drying the specimens in an oven
and grinding them. The hydrated cement was separated
from the aggregate by gentle grinding in a porcelain
mortar. A small amount of ground aggregate remained
in the cement specimen, despite careful sieving. Conse-
quently, the thermographic analysis of these specimens is
more reliable in terms of quality.

Similar thermal effects are observed in specimens
of fine-grained concrete containing granite and quartz
sandstone under normal curing conditions (20 °C). En-
dothermic effects persist for 12 months at 400-500 °C,
associated with the decomposition of calcium hy-
droxide, and are more pronounced in the specimen
containing granite. A double endothermic effect is
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observed on the heating curve at temperatures of 95.8
and 139.2 °C, associated with the release of free wa-
ter and the dehydration of highly basic products of
the C-S-H, C-A-H and C-A-S-H types (Fig. 2). Weakly
pronounced endothermic effects are observed at 575 °C,
associated with the recrystallisation of quartz. Endother-
mic peaks are observed in the 640750 °C range, asso-
ciated with the dehydration of hydrosilicates of various
compositions, which may overlap with the endothermic
effects of the decomposition of calcite formed as a re-
sult of the carbonation of Ca(OH), and dicalcium sili-
cate. By 24 months, the intensity of these endothermic
effects decreases. No exothermic effects are observed.

During the heat-moisture curing of fine-grained con-
crete specimens (80 °C), changes in thermal effects occur,
indicating intense chemical reactions and the formation
of new phases (Fig. 3). On the heating curve (particularly
for the quartzite-sand mixture), an increase in the endo-
thermic effect is observed in the range of 90-280 °C, which
is explained by the high content of the C-S-H phase. After
12 months of curing, no calcium hydroxide effect is detect-
ed on the thermograms of either composition. At the same
time, an exothermic effect is recorded at a temperature
of 860-900 °C, indicating the presence of CSH(B)-type
hydrosilicates. Endothermic effects at 720 °C are char-
acteristic of low-basic hydrosilicates (gyrolite C,S.H.),
which are combined with endothermic effects of calcite
decomposition. The main changes in the 12-24-month in-
terval include a decrease in the intensity of endothermic
effects at temperatures of 640—750 °C. This indicates that
the maximum phase changes in the cement stone, which
began at the initial stage of hardening and continued for up
to one year, then transition into a phase of slow transfor-
mation.

The authors conducted electron microscopic studies
of specimens of fine-grained concrete containing granite
and quartz sandstone aggregate, which had cured for 12
months under standard conditions; these studies showed
that the microstructure of the cement paste was fairly simi-
lar in both cases (Fig. 4). A more or less uniform distribu-
tion of fibrous, clearly distinguishable crystals of highly
basic calcium hydrosilicates is observed within the cement
matrix structure, which has a positive effect on strength.
The continuous growth of well-formed fibres of highly
basic calcium hydrosilicates indicates the development
of ageing processes in the cement stone hardening in wa-
ter over a long period. After one year of normal harden-
ing, the C,SH, crystals increase in size to 2-3 um, forming
strong intergrowths with the portlandite Ca(OH), (Fig. 4).

During prolonged curing (one year) of fine-grained
concrete specimens in water at 80 °C, there is an increase
in the proportion of well-crystallized particles (Fig. 5) rel-
ative to the gel-like matrix. Well-defined fibrous crystals
of 0.5-1 pm are formed, often in the form of agglomer-
ates, with transitional gel-like zones between them. Poly-
crystalline regions are observed in the form of chaotically
arranged large plate-like crystals of calcium hydrosili-
cates, which increases the degree of structural heterogene-
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Fig. 4. Microstructure of the cementitious matrix of concrete, calcium silicate hydrates, 12 months, 20 °C: ¢ — granite ag-
gregate; b — quartz sandstone
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Fig. S. Microstructure of the cementitious matrix of concrete, calcium silicate hydrates, 12 months, 80 °C: a — granite ag-
gregate; b — quartz sandstone
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Fig. 6. Microstructure of the cement matrix in granite-based concrete, hydrogranite, 24 months, 80 °C

ity. The organizational structure of the cement stone is
determined by the ordered structure in individual micro-
regions. The crystallization of large polycrystalline ag-
gregates, when unevenly distributed within the structure
of the hydrosilicate gel, is undesirable, as it often leads
to destructive phenomena. As the setting time increases,
the degree of crystallinity of the new formations rises, both
under hygrothermal and normal setting conditions.

Due to the high aluminium content in granite,
during prolonged solidification under thermal and hu-
mid conditions, it is predominantly incorporated into
hydrogarnets which, despite their stability, can reduce
strength by increasing structural heterogeneity (Fig. 6).

CONCLUSION AND DISCUSSION

It has been established that aggregates made
of granite and quartz sandstone improve the thermal sta-
bility of fine-grained concrete. The highest coefficient
of hygrothermal resistance was observed in specimens
containing quartzite sandstone (K!} = 1.20-1.3)
compared to those containing granite (K)> = 0.71).
This is due to the increased lime absorption activ-
ity of quartz sandstone compared to granite aggregate,
which contributes to the formation of thermodynamically
stable hardening products under conditions of elevated
humidity and temperature.

The steady increase in the ultrasonic signal velocity
through specimens of fine-grained concrete cured in wa-
ter at 80 °C indicates that the destructive processes asso-
ciated with the recrystallisation of hydrate phases proceed
very slowly in both cases. At the same time, chemical
processes on the surface of the fine aggregate grains lead
to increased bonding between them and the cement ma-
trix, which enhances the strength of the concrete.

The phase formation processes in the cement ma-
trix of fine-grained concrete under elevated temperature
and humidity conditions follow different patterns than
those under normal setting conditions. The hydrated
phases of the cement paste, primarily Ca(OH),, actively
undergo chemical reactions with the minerals of fine
aggregates at elevated temperatures, forming thermally
stable, low-basic calcium hydrosilicates CSH(B), iden-
tifiable by an exothermic effect at 860900 °C. During
hardening under normal conditions, free lime is practical-
ly not bound. The main component of the cement paste
is dibasic calcium hydrosilicate. Changes in the phase
composition of the cement matrix in concrete made from
quartzite sandstone and granite are quite similar.

The results obtained are of significant practical im-
portance and allow quartz sandstone to be considered
a valuable raw material for the production of concrete
resistant to hygrothermal corrosion.
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