AHOTANIA
Cmupnoé A. C. beroHH 3 BHKOPUCTaHHSAM KpPYMHOTO 3allOBHIOBAayYa
PELUKIIIHIOBOr0 MoXo/ukeHHs. — Kgamidikamniiina HaykoBa mpallsi Ha IpaBax
PYKOIIHUCY.

Hucepraiiss Ha 3100yTTS HAYKOBOTO CTymHeHs JOKTopa ¢utocodii 3a
crietianbHICTIO 192 «ByniBHUIITBO Ta HUBUIbHA 1HXKEHepis» (19 — «ApxiTekTypa
Ta OyJIIBHUIITBOY). — HaB4yaibHO HayKOBHM 1HCTUTYT «IIpuaHITPOBCHKA JIeprkaBHA
akajiemMis OyJIIBHUIITBA Ta apXITEKTypu» YKpaiHCHKOTO JEP>KaBHOTO YHIBEPCUTETY
HaYKH 1 TeXHOJOori#, M. J{Hinpo, 2024.

Jana nuceprartiiiina poOoTa MPUCBAYEHA BUPIMICHHIO BAKIMBOI HAYKOBO-
TEXHIYHOI MpobiemMu onepkaHHs OeToHIB kiaciB minHocTti C12/15, C16/20,
C20/25 3 kpymTHUM 3aMTIOBHIOBAYEM PELMKIITHIOBOTO MTOXOKEHHSI.

B yMoBax BeluKOi KUIBKOCTI pyHHYBaHb, CIPUYMHEHUX BIMCHKOBUMU A1SIMHU,
ICHy€ HEOOXI/IHICTh B MOBTOPHOMY 3aCTOCYBaHHI 3HAYHHMX 0OCATIB OyaiBEIbHUX
BIIXOAIB Micas BiANOBIAHOT mepepoOku. Cepej 3arajJlbHOr0O MacCHUBY BIJIXOJIB
JIEMOHTaXKY CYTTEBY YAaCTKy CKJIaJla€e OCTOHHUN OpYXT, KWW MiClIg TMOAPIOHEHHS
Ta (paKIioHyBaHHS MOXKJIMBO 3aCTOCOBYBATH SIK 3allOBHIOBAY JUisi OeToHy. Takum
YUHOM, IIOCTa€ THUTAHHS BPaxyBaHHS WOTO OCOOJMBOCTEH TpH PO3pPaxyHKY 1
BUOOPI1 CKJIaly OCTOHIB 3 3aJJaHUMH BIACTUBOCTSIMH.

B mepmomy po3aiii BUKOHAHO aHaji3 JPKepesn yTBOPEHHS OETOHHHUX Ta
3a;1i300€TOHHUX BIAXOMAIB. 3a pe3yJbTaTaMH BHMBUEHHS ICHYIOUMX B YKpaiHi
HOPMATHBHO-TEXHIYHHMX Ta JICKJIAPAaTUBHUX JIOKYMEHTIB BCTAHOBJICHO, IO TIiJ] Yac
JEMOHTaXy OKpeMHX OyHiBeTbHUX KOHCTPYKIIIN, 3HECEHHs Oy/iBenb 1 CIOpYI,
HOBOTO OyJIBHMIITBA TMPOEKTHI Ta OyiBEJIbHO-MOHTQXHI KOMIIaHIT MarOTh
3MIACHIOBATH 3aXOJlM, HAMpaBJCHI Ha MaKCHMaJbHE MOBTOPHE 3aCTOCYBaHHS
OyIiBeNbHUX BIAXOJIB, 3a HEOOXIIHOCTI TICHS BIAMNOBIAHOI TMEPEPOOKH.
Po3rnsiHyTo CBITOBHI JOCBIJ JOCHIIKEHHS BJIACTHMBOCTEH Ta 3aCTOCYBaHHS

PELMKIIHTOBUX 3aroBHIOBaYiB 3 1970-x pokiB XX CTOMITTS.



Ha ocHoOB1 aHamnizy JaHux 3 JITEpaTypHUX JKEpET BU3HA4YEHI OCOOJMUBOCTI
penuKIiHroBuX Kpymaux 3anoBHioBauiB (PK3), a Takox xapakTepHi BIacTHBOCTI
oeroniB 3 PK3. Becranosneno, mio B oMy (pi3MKO-MEXaHIUHI Ta €KCIUTyaTalliiHi
BnactuBocTi PK3 Ta OGetony 3 PK3 € gmemo HmwkyumMu B TOpPIBHSHHI 3
HaTypaiabHUMU 3anoBHIOBayamu (H3) Tta 6eronamu Ha H3. Ase B 3anekHOCTI Bij
Bmicty PK3, MeroniB moapiOHeHHS, SKOCTI COpTyBaHHS 1 (pakiioHyBaHHS
MO>KJIMBO JIOCSITTH 3aJ1aHi a00 3 HE3HAYHUMH TMOTIPIIEHHSIMH BJIACTUBOCTI OETOHY 3
PK3. B Toii ke yac BapTiCTb TaKOro OETOHY CYTTEBO HMX4Ya IOPIBHSIHO 3
OeToHaMH Ha HaTypaJIbHUX 3allOBHIOBAYAX.

PK3 oTpumyeThcss HIISAXOM MOAPIOHEHHS Ta MEepepoOKH BUKOPUCTAHOTO
oerony. Biamosigno, PK3 cknagaerbes 3 OBOX TONOBHUX (ha3 — HATYpaJbHOTO
3alOBHIOBAYa Ta 3aJMIIKOBOrO po3uMHy. Takum yuHOM, O6etoH 3 PK3 € Oinbr
CKJIQIHOIO CHCTEMOIO uepe3 HasBHICTh JOAATKOBHUX (ha3 — 3aJIMIIKOBOTO PO3YHHY
Ta MixkdazHoi koHTakTHOI 30HM (MK3) M’k HUM 1 HATypaJIbHUM 3aIIOBHIOBAYEM, —
gkl 1 BU3Ha4yaroTh ocobmuBocti PK3 1 OeroniB 3 PK3. IlpoananizoBaHi icHyroul
METOIU pO3paxyHKy ckianiB 6etony 3 PK3. BuspneHo, mo Taki MeToau Ha JaHUN
MOMEHT HOCSTH OUIbLIE TEOPETUUYHHI XapakTep 1 € JOCUTh TPYJIOMICTKMMH Ta
noTpeOyIOTh 3HAYHUX BUTPAT Yacy.

Posrnsnyto TpamumiiiHuii B YKpaiHi po3paxyHKOBO-EKCIIEPUMEHTATbHUN
METOJ MiA00pY CKIaAy Ba)KKOro OETOHY, MOKJIAJEHHI B OCHOBY HaIllOHAJBHUX
cTaHjapTiB. BcTaHOBIEHO, 10 ICHYIOUl MIAXOAW HE JO3BOJISIIOTH BpaxyBaTH
ocobnuBocTti PK3 Ta 3akoHoMipHOCTI (hopmyBaHHS cTpyKTypu O6etony 3 PK3. Ha
MiJICTaBl 1OTO BHCYHyTa HAyKOBa TiMOTe3a NP0 MOXKIUBICTH BpaxyBaHHS
ocobmuBocteit PK3 npu po3paxyHky 1 BUOOpI CKJIaay OCTOHY IIISIXOM BBEJICHHS
EKCIIEPUMEHTAJIFHO BU3HAYECHUX IOIMPABOK Ha TMOXOHKEHHS 1 (I3MKO-MEXaHIvHi
BrnactuBocTi PK3. Takox B po3miji BCTAaHOBJIEHI OOMEXEHHs, MPUNHATI B JaHIN
po0OTI, 11010 OTpUMaHHA BaXKuX 0eToHiB 3 PK3 ajist meBHOro BUAY KOHCTPYKIIIH,
110 MPAIIOI0Th Ha CTUCK Ta 3THH.

B npyromy po3gim HaBeneHI XapaKTEPUCTUKH 3aCTOCOBAHUX T dac

JOCII/DKEHHST ~ MICIIEBMX  MarepialiB, a  TaKOX  ONHWCaHl  METOJMKHU
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eKCIepUMEHTAIBLHUX JochixkeHb BiactuBocteit PK3 ta 6erony 3 PK3. HaBeneno
36pHOBUM CKJaJ HATypaJbHUX 3alOBHIOBAYiB, BHU3HAUEHO XIMIYHUN Ta
MiHepanoriyauil ckiaau noprnanauementy [ [I/b-1-400 (CEM II/B-S 32,5 N)
BupoOHnunrea Heidelbergcement, ™. KpuBuit Pir Ta HOpmanpHa rycToTa
IIEMEHTHOTO TicTa. BcraHoBneHo, mo 3epHoBUil ckiaaa H3 B #oro mpupoaHomy
CTaHl HE BIJMOBiIa€ BUMOTAM HAIllIOHATBHUX CTaHAAPTIB, IO TOTpPeOye HOro
Kopekiii. Po3paxoBaHi ckiiagu OETOHIB, 3pa3KH 3 SKUX MJIATald HACTYITHOMY
NOIPIOHEHHIO, Ta OMUCaHI METOJ, 3aCO0H, 00JIaIHAaHHS, [0 3aCTOCOBYBAJIHCS IS
1o ipiOHEHHSI.

B tperbomy po3mimi  mpeAcTaBieHlI  pe3ydbTaTh  (PiI3MKO-MEXaHIYHHMX
BurpoOyBanb PK3, orpumanux micnsa noapiOHeHHs 3pa3kiB OeToHy y Bimi 28 110,
90 ni6 Ta 180 ni6. BcraHoBieHO, 110 3€pHOBUM CKJIaJ YTBOPEHUX MICIs
nospiOHeHHs1 cymimen ¢pakuiii He Bignosigae Bumoram JICTY b B.2.7-75-98
yepe3 HaaMmipHuit oocsr ¢paxiii 10...20 mm Ta 0...5 mM. B Toli e yac 3epHOBUI
CKJIaJ KpynHUX (pakiii, mo 1 € PK3, B niomy BiANOBiIa€ BUMOraM HOPMaTHUBHOI
nokymenTarii. [Ipu BMmicTi kpynmHuX (pakiii (>5 mMm) B cymimax 82,9...84,9%
BMmicT koxHOi (pakuii B PK3 cknagae: 0,8...5,7% (20...25 mm), 63,3...70,1%
(10...20 mm), 28.9...31,2% (5...10 mm).

Bcranosnieno, mo rojoBHUM (DakToOpoMm, IO Ma€ BU3HAYAJIbHUNA BIUIMB Ha
practuBocti PK3, € HasBHICTh 3aJIMIIKOBOrO PO3YMHY Ha 3epHax meGHs. Moro
MacoOBHHM BMICT 3pOCTa€ pa3oM 31 3MEHIIEHHSIM KPYMHOCTI (pakiii, 1o
MPU3BOJUTH JO 3MEHIICHHS HAcWUMHOI Ta cepeanboi ryctuHu PK3. Hacunna
ryctuna PK3 ¢paxuiii 5...10 mm cranosmna 1,05...1,1 r/em?, ppakuiii 10...20 Mm
— 1,2...1,27 r/em?®. Cepenns ryctuna 3epes: ¢pakuiii 10...20 mm — 2,44...2,55
r/em®, ¢paknoii 5...10 MM — 2,29...2.38 r/cM’. MinHicTh 3a NOKa3HHKOM
JPOOUIIBHOCTI TAaKOXX 3MEHIIYETHCS pa30M 13 3MEHIICHHSIM PO3MIpy 3epeH: 3
11,6...17,4% y ¢dpakuisx 10...20 mm go 15,6...21,0% y ¢pakuisax 5...10 mm. 3a
PaXxyHOK HAasiBHOCTI MOPHUCTOrO 3aJHUIIKOBOrO po3uumHy BojonoTpeda PK3 B

7,8...8,7 pa3iB Buia 3a Bogonotpedy H3.



BpaxoByroun BUsiBIEHI 3aKOHOMIPHOCTI y BiacTtuBocTsaX PK3, po3pobieni
pekoMeHparli moao (GopMyBaHHS palioHAILHOTO 3epHOBOTO ckiany PK3, sxi
MOJISITAIOTh Y JIOCATHEHHI HAWOLIBIIOT HACUMHOI TYCTUHHM Ta HANMOUIBIN IIIILHOTO
NaKyBaHHs 3epeH. ExcriepuMeHTaabHO BCTAHOBIIEHO, IO Pa30M 31 3MEHIIICHHSIM B
PK3 Bwmicty ¢pakiii 5...10 MM 3a Macorw A0 MIHIMQJIBHO JOIYCTUMOTO Ha piBHI
20% s3rigno 3 HACTY-H b B.2.7-299:2013 pocsraeTbcs HalOlIbIIa HACHITHA
I'YCTHHA 3 HaMEHIIIOK MOPOKHUCTICTIO. Ha OCHOBI UX pekoMeHaarlii miaiopaHi
Tpu cymim PK3, siki BiIpi3HAIMCS MIIHICTIO Ta CKIAA0M OETOHY-Kepena.

B derBepTrOoMy po3miii €KCIIEpUMEHTAIBHO BCTAHOBIICHI (Di3MKO-MeXaHIuHI
BiacTuBocTi O6eToHiB 3 PK3. Ha ocHOBI aHamizy TpaauIliiiHOrO pPO3paxyHKOBO-
EKCIIEPUMEHTAILHOTO METO Ty OYJI0 3p00JICHO MPUITYIICHHS PO Te, 10 BpaxyBaTH
ocobmuBocti PK3 (HasgBHICTH 3amumikoBoro po3uumHy ta MK3, MeHmi ryctuHa
3epeH, HACUIHA TYCTHMHA Ta MIIHICTh, MIJBUIICHI MOPUCTICTh Ta JIEHIATHICTD)
MOJKJIMBO IIJISIXOM BBEJIEHHS TOMPABOK J0 KOE(iIll€HTa SKOCTI 3allOBHIOBAYIB A,
SKUW BIUIMBAE HA BOJO-IIEMEHTHE CITIBBIJHOIICHHS, Ta JO 3arajJbHOI BUTpPATH
Boau. EkcnepuMmeHTanbHE BHU3HAYEHHS 3a3HAYCHUX I[IONMPABOK BHUKOHYBAJOCH,
BUXOJISIYM 3 YMOB PIBHOMILIHOCTI OE€TOHIB Ta PIBHOPYXJIMBOCTI OETOHHUX CyMIIIEH
Ha H3 ta PK3. 3 mieto meroro OyB 3amnanoBaHuil ABO(aKTOpHHI ekcriepuMeHT. B
SAKOCT1 (paKkTOpiB, IO BapilOIOTHCS, BUCTYIAINU IIEMEHTHO-BOJIHE CITIBBITHOIIICHHS
(IYB) ta Butpata Bomu B OeronHux cymimax Ha PK3. 3a pesympraTamu
eKCIIEPUMEHTY  OTpUMaHl  pPIBHSHHA  perpecii Mepuioro  MOpsAKy, — sKi
BCTAHOBJIIOBAIA 3aJICKHICTh PYyXJMBOCTI OeToHHMX cyMimier 3 PK3 ta minHicTh
oeroniB 3 PK3 Bix hakTopiB, 1110 BapiroBajmcCs.

Jist  oTpuMaHHST TPOEKTHUX 3HAYEHb PYXJIMBOCTI Ta MIIHOCTI OyB
po3paxoBaHuii Ta miniOpanuii ckiag 6erony kinacy C20/25 3 pyxJmBiCTIO OETOHHOT
cymiimi 3 OK=7 cm. Ilpu upomy mns 3a0e3medeHHs] 1AEHTHYHOCTI 3€PHOBOTO
cknany H3 3 otpumannmu cymimamu PK3 3a1iicHIOBaIOCH KOPUTYBaHHS BMICTY B
H3 ¢pakmii 5...10 mm g0 piBast 20%. Otpumanuii cknan 6erony Ha H3 npuiinsTo

K 0azoBuil ans ananoriunux ckianiB 3 PK3 Ha HmkHIX pIBHAX BapilOBaHHS
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¢dakropiB. Ha iHmumx piBHsAX BapitoBaHHs ckiaja 6eToHiB 3 PK3 BusHauaBcs nuiie
1HTepBajIaMH BapitOBaHHs (PaKTOPIB.

ExcrniepuMeHT BHKOHYBaBcs 1isi  KoxkHoi cymimi  PK3  okpemo. 3
3alpOEKTOBAHUX CKJIaAiB OETOHY /il KOXKHOI TOYKM IUIAHY EKCIEPUMEHTY
BUTOTOBJICHI 1O 3 3pa3ku Oerony 3 PK3. Jlns koxxHOi 6€TOHHOI CymiIi mepes
dbopMyBaHHSIM BH3HAYAJIACh T'yCTHHA Ta PYXJMBICTH 3a PO3IUIMBOM KoOHyca. [l
CyMmilIe 3 BUTPATOI BOJAM Ha BEPXHHOMY PIBHI BapilOBaHHS PO3IUIMB KOHYCA
cranoBuB 15,2...17,7 cm, mo BigmoBigano OK=8...10 cm; 3 BUTpaTOO BOAM Ha
HIDKHBOMY DpIBHI BapilOBaHHS pO3IUIMB KoHyca crtaHoBuB 10,8...12.4 cm, 1m0
BiamoBigano OK=5,5...6 cm. [I'yctuHM O€TOHHHUX  CyMIllIeH CTaHOBWJIU
2,33...2,41 r/em® mesanexno Bim cymimi PK3. OTpumani I'yCTHMHHM BHUSBUIKCH
BUIMMHU 3a PO3paxyHKOBI. O4eBUIHO B IMpoIECl 3aMilllyBaHHS CyMilleld B
3MilTyBayl Bi1OyJI0Cs J0JaTKOBe pyWHyBaHHs ciaOkux 3epedH PK3, mo pasom 3
MEXaHIYHUM BIUIMBOM ITiJl YaC MEXaHIYHOI'O YIIIJILHEHHS CyMilIl Ta BIOpaIiiHuM
BIJIMBOM CIIPHSUIO 301IBIIEHHIO NIUIBHOCTI NTaKyBaHHs 3epeH PK3.

PesynbraT BHU3HAYEHHS PYXJMBOCTI OETOHHMX CyMIIIEH OYIKyBaHO
KOpEJIIoBaJM 3 BUTPATOl BOAHM. B pe3ynpTaTi po3B’S3Ky OTpHUMaHUX 3a
pe3ynbTaTaMu BU3HAYEHHS PYXJIUBOCTI OETOHHUX CyMIIIEH pIBHSIHb perpecii,
BCTAHOBJICHO, 1110 MTONPAaBKa Ha BUTPATy BOJU JJisl 3a0€3MeUeHHs] PIBHOPYXJIUBOCTI
6eronnoi cymimri 3 PK3 cranosuts 1,4...1,6% Big macoBoro Bmicty PK3.

Uepes 28 nmi6 3pasku-kyou 3 Oetony 3 PK3, mo BuTpumyBaiuch B
HOPMAJIbHUX TEPMOBOJIOTICHUX YMOBAX, MIJISITajay BUMIPOOYBAHHIO HA MIIHICTh Ha
cTHCK. Bu3Hawanach TakoX TycTHHa O€TOHy, sika ckiama 2,2...2,33 r/em’.
OTtpumani ryctuHu 0eToHy KopentoBanuch 3 LI/B Ta BuTpaToro Boau: HalOUIbINA
TYCTUHA y 3pa3KiB 3 HalO1apmuM 11/B Ta HaliMeHII010 BUTPATOO BOJIH.

3a pesynbraTamMu BHU3HA4YeHHS MilHOCTI OetoHy 3 PK3 BcranoBieno
HacTynHe. OvikyBaHO 3pa3ku 3 OulblMM LI/B manu Oinbiny MIHICTE OETOHY:
29,74...32,45 Mlla B 3pa3zkax Oerony 3 LI/B Ha BepXHBOMY piBHI BapilOBaHHI,
24,14...26,77 MIla B 3pa3kax 6etony 3 1I/B Ha HUXKHBROMY piBHI BapiroBaHHS. 3a

oanakoBoro II/B MimHicTh 0€TOHY 3pa3KiB 3 MEHIIOI BUTPATO BOJM BUSBHUIIACH



7

OUIBIIIO, HIXK Y 3pa3kax O0€TOHY 3 OUIbIIMM BMICTOM BOoJU. KpiM 11b0TO OTpHUMaHi
MIIHOCTI 6eTony 3pas3kiB 3 PK3 Ha HIKHBOMY piBHI BapitoBaHHS (PaKTOPIB, IO
BIJIMOBIJIATIO CKJIaQy LIJIbOBOro OetoHy Ha H3, HaBITH nepeBUIyBald 3HAUCHHS
minHOCTI Oetony Ha H3. lleit edexT cmocTtepiraBcsi He3alexKHO BiJ CKIATy
cymimeit PK3, 3 axux BUrotoBisiucs 3pa3ku. Takum 4rMHOM, OyiIM BCTaHOBJICHI
3aKOHOMIpHOCTI (popmyBanHs cTpykTypu Oetony 3 PK3. Bpaxoyroum mnpsmy
3asexxHicTh MK LI/B Ta MimHicTIO 6€TOHY, BCTaHOBJEHO, 10 peanbHe 1I/B B
CyMiIIax 3 MEHIIOI KUTBKICTIO BOAM BUSBUJIOCS OUTBIIUM BiJl PO3PaXyHKOBOTO.
OueBuaHo, Takuii eexT moB’s13anmid 3 HasBHICTIO B PK3 mopucToro 3aaumkoBoro
pO34MHY, 3 SKMUM BOJa 3aMIlIyBaHHS MHUTTEBO B3a€MO/IIsJIA, 3aIIOBHUBIIU MO0
nopu, i, TakuM yuHOM, TinBuinytodn LI/B B konTakTtHuMxX 30Hax Mik PK3 Ta
MaTPHIICIO HOBOTO PO3UHHY.

JI1st po3paxyHKy MONpPAaBKU Ha SKICTh 3allOBHIOBaYa po3paxyHkose LI/B Oyno
BI/IKOPUTOBAHE  I[UISIXOM  3MEHIIIEHHS  BUTpPAaTH BOJAM HA  BEJIIMYUHY
CKCIIEPUMEHTAIFHO BH3HAYCHOI TMOIMPaBKM Ha BUTPATy BOIW. Po3B’s3aBmm
OTpMMaHi pIBHSAHHA perpecii BigHocHo II/B Ta BukopuctoByrouu Qopmyiry
Bonomest oznepkaHa BelMYMHA TOMPaBKU J10 KOe(ilieHTa SIKOCTI 3alOBHIOBAYiB
AA=-0,05.

VY m’sToMy po3aunl MpeacTaBieHl pe3ysbTaTh BIPOBAKEHHS PE3yJbTaTiB
JOCIIDKeHHS Mij yac BUpoOHUIITBA OeToHy 3 PK3 nmis BrmamTyBaHHS MiAJIOTH B
omHOMY 31 ckiaacbkkux npumimieHsb B M. Juainpi TOB «/IHIITPO 36K». HaBenena
MOCIOBHICTh PO3paxyHKy ckiany Oerony 3 PK3 3rimHo 3 yaockoHajseHUM
MeTonoM. Po3paxoBanuit ekonomiunuii edekT Big 3aminenas H3 ma PK3 ckinanae
9,6% nnsa 6erony kiacy C12/15; 7,2% nns 6erony knacy C16/20; 7,4% Tta 6,9%
st 6etony kiacy C20/25 B 3aimexHOCTI BiJlT MapkKu LieMeHTy B Oeroni Ha H3.
3menmenas emicii CO, y Bumaaky 3actocyBanHsi PK3 ckmamae 11% mig gac
BUTOTOBJIEHHA OeToHy kiacy C16/20; 6,4% mia yac BUTOTOBJIEHHSI OETOHY Kjacy
minHOCTI C20/25 (32 yMOBM BUKOPHUCTaHHS LieMeHTy mapku M500, mopiBHSHO 3

oeronom Ha H3 Ha nementi mapku M500); 26,6% mig yac BUTOTOBJICHHS OETOHY



kinacy MinHocti C20/25 (3a ymMOBM BHUKOpUCTaHHA IieMeHTy Mapku M500,
nopiBHsAHO 3 6eToHoM Ha H3 Ha niementi mapku M400).

KurouoBi cioBa: O6eToH, OCTOHHI BiIXOAW, BUIPOOYBaHHS, BOAONOTpEOa,
EKOJIOTIUHMKM e(eKT, EKOHOMIYHHMI e(eKT, 3epHOBUH CKJaJ, MIIHICTh, HACHUITHA
TyCTHHA, PEIUKIIHIOBUN KPYIHHMM 3allOBHIOBAY, PO3PAXyHOK CKJIamay OCTOHY,

PYXJUBICTh OETOHHOI CyMilIl, CEpeHs I'yCTHHA

ABSTRACT

Smyrnov A. Concrete with the use of coarse aggregate of recycling origin. —
Qualifying scientific paper as a manuscript.

The thesis for PhD degree in specialty 192 «Construction and civil
engineering» (19 — «Architecture and construction») — Educational Scientific
Institute «Prydniprovska State Academy of Civil Engineering and Architecture» of
the Ukrainian State University of Science and Technology, Dnipro, 2024.

This dissertation work is devoted to solving the important scientific and
technical problem of obtaining concrete of strength classes C12/15, C16/20,
C20/25 with coarse aggregates of recycling origin.

In the conditions of a large amount of destruction caused by military actions
there is a need to reuse significant volumes of construction waste after appropriate
processing. Among the total mass of demolition waste a significant share is
concrete scrap, which after grinding and fractionation can be used as coarse
aggregate for concrete. Thus the question arises of taking into account the features
of that aggregate when mix designing and choosing the composition of concrete
with given properties.

In the first chapter the sources of concrete and reinforced concrete waste have
been analyzed. Based on the study of existing regulatory and technical and
declarative documents in Ukraine it has been established that during the
dismantling of individual building structures, demolition of buildings and

structures, new construction design and construction companies are required to
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implement measures aimed at maximizing the reuse of construction waste, after
appropriate processing if necessary. The global experience of researching the
properties and applications of recycled aggregates since the 1970s has been
considered.

Based on the analysis of data from literary sources the peculiarities of
recycled concrete aggregates (RCA) and the characteristic properties of concrete
with RCA have been determined. It has been established that overall, the physical,
mechanical, and operational properties of RCA and concrete with RCA are
somewhat inferior compared to natural aggregates (NA) and concrete with NA.
However, depending on the content of RCA, grinding methods, quality and
thoroughness of sorting and fractionation of RCA, it is possible to achieve the
specified properties of concrete with RCA, sometimes with slight deterioration. At
the same time the cost of such concrete is significantly lower compared to concrete
with NA.

RCA is obtained by crushing and processing of used concrete. Accordingly,
RCA consists of two main phases — natural aggregate and residual mortar.
Therefore, concrete with RCA is a more complex system due to the presence of
additional phases — residual mortar and the interfacial transition zone (ITZ)
between it and the NA. These phases define the characteristics of RCA and
concrete with RCA. Existing methods of mix design of concrete with RCA have
been analyzed. It has been found that these methods currently tend to be more
theoretical and are quite time-consuming.

The common in Ukraine calculation-experimental method of mix design of
heavy concrete, which is the basis of national standards, has been reviewed. It has
been determined that existing approaches do not adequately account for the
peculiarities of RCA and the regularities of the formation of concrete structure
with RCA. Based on this, a scientific hypothesis has been proposed regarding the
possibility of incorporating the features of RCA when mix designing and choosing
the composition of concrete by introducing some experimentally determined

adjustments that account for the origin and physical and mechanical properties of
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RCA. Also, the limitations adopted in this work have been established in the
chapter regarding the production of heavy concrete with RCA for some types of
structures operating in compression and bending.

In the second chapter, characteristics of the local materials used during the
research are given, along with a description of methods for experimental
investigations into the properties of RCA and concrete containing RCA. The grain
composition of natural aggregates is given, the chemical and mineralogical
composition of Portland cement PC II/B-Sh-400 (CEM II/B-S 32.5 N) produced by
Heidelbergcement, Kryvyi Rih, and the normal density of cement dough are
determined. It has been determined that the grain composition of NA in its natural
state does not meet the requirements of national standards, necessitating
corrections. The compositions of the concretes, the samples of which were to be
crushed, were designed, and the method, tools and equipment used for crushing
were described.

The third chapter presents the results of physical and mechanical tests of RCA
obtained after crushing concrete samples aged 28 days, 90 days and 180 days. It
has been established that the grain composition of fractions (fine and coarse)
formed after grinding does not meet the requirements of DSTU B V.2.7-75-98 due
to the excessive volume of fractions 10...20 mm and 0...5 mm. At the same time
the grain composition of coarse fractions, which is actually RCA, generally meets
the requirements of regulatory documentation. With a content of coarse fractions
(>5 mm) in mixtures ranging from 82.9% to 84.9%, the content of each coarse
fraction solely in RCA is as follows: 0.8% to 5.7% for 20-25 mm, 63.3% to 70.1%
for 10-20 mm, and 28.9% to 31.2% for 5-10 mm.

It has been established that the main factor significantly influencing the
properties of RCA is the presence of residual mortar on the crushed stone grains.
Its mass content increases as the particle size decreases, leading to a decrease in
bulk density and specific density of RCA grains. The bulk density of fractions
5-10 mm ranged from 1.05 to 1.1 g/cm?, while for fractions 10-20 mm it ranged

from 1.2 to 1.27 g/cm?. The specific density of grains was 2.44 to 2.55 g/cm? for
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fractions 10-20 mm and 2.29 to 2.38 g/cm? for fractions 5-10 mm. The strength, as
indicated by the crushing index, also decreases with a reduction in grain size from
11.6% to 17.4% in fractions 10-20 mm to 15.6% to 21.0% in fractions 5-10 mm.
Due to the presence of porous residual mortar the water demand of RCA is 7.8 to
8.7 times higher than that of NA.

Taking into account the identified regularities in the properties of RCA,
recommendations have been developed for forming a rational grain composition of
RCA, which consists in achieving the highest bulk density and densest grain
packing. Experimental findings indicate that reducing the mass content of the
5...10 mm fraction in RCA to a minimum permissible level of 20% according to
DSTU-N B.V.2.7-299:2013 results in the highest bulk density with the lowest void
content. Based on these recommendations three RCA mixtures were selected
differing in strength and composition of the source concrete.

In the fourth chapter the physical and mechanical properties of concrete with
RCA are experimentally determined. Based on analysis of the traditional
calculation-experimental mix design method for heavy concrete assumptions were
made that taking into account the features of RCA (presence of residual solution
and ITZ, reduced specific and bulk densities and strength, increased porosity and
content of flat particles) was possible by introducing adjustments to the quality
coefficient of aggregates A, which affects the water-cement ratio, and to the total
water consumption. The experimental determination of the mentioned adjustments
was carried out based on the conditions of equal compressive strength of concrete
and workability of concrete mixtures on NA and RCA. For this purpose a factorial
experiment with two factors was planned. The variables were the cement-water
ratio (C/W) and water consumption in concrete mixtures with RCA. According to
the results of the experiment, first-order regression equations were obtained, which
established the dependence of the workability of concrete mixtures with RCA and
the compressive strength of concrete with RCA on variables.

To obtain the design values of workability and strength the mixture of

concrete class C20/25 was designed and selected with the Slump value of the
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concrete mixture 7 cm. Moreover, to ensure the identity of the grain composition
of the NA with the obtained RCA mixtures the content of the NA fraction of
5...10 mm was adjusted to the level of 20%. The obtained composition of concrete
with NA has been intended as a base for similar compositions with RCA at the
lower levels for factors. At other levels the composition of concrete with RCA was
determined only by the differences of factors.

The experiment was performed for each RCA mixture separately. For each
point of the experimental plan 3 samples of concrete with RCA were made from
the designed concrete mixes. For each concrete mixture the density and
workability (slump cone spread) were determined before pouring into the molds.
For mixes with water consumption at the upper level of factor the slump cone
spread ranged from 15.2 to 17.7 cm, corresponding to a slump value of 8 to 10 cm.
For mixes with water consumption at the lower level of factor the slump cone
spread ranged from 10.8 to 12.4 cm, corresponding to a slump value of 5.5 to
6 cm. The densities of the concrete mixes ranged from 2.33 to 2.41 g/cm’
regardless of the RCA mixture. The obtained densities turned out to be higher than
the calculated ones. It is evident that during the mixing process in the mixer there
was additional breakdown of weak RCA grains. This, along with the mechanical
compaction during the compaction process and the vibrational influence,
contributed to an increase in the packing density of RCA grains.

The results of determining the workability of concrete mixtures were found to
correlate as expected with water consumption. As a result of solving the regression
equations derived from the results of determining the workability of concrete
mixtures it was established that the water content adjustment required to achieve
appropriate workability of concrete mixes with RCA is 1.4% to 1.6% of the mass
content of RCA.

After 28 days the concrete cube samples containing RCA, which had
hardened under normal thermo-humid conditions, underwent compressive strength
testing. Also the density of the concrete was determined to range from 2.2 to

2.33 g/cm?. These densities were found to correlate with the W/C ratio and water
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content, with higher densities observed in samples with higher W/C ratio and
lower water content.

According to the results of compressive strength testing of concrete with RCA
the following was established. As expected, samples with a higher C/W ratio
exhibited greater strength of concrete: 29.74 to 32.45 MPa in samples of concrete
with a C/W ratio at the upper level of factor; 24.14 to 26.77 MPa in samples of
concrete with C/W ratio at the lower level of factor. Among samples with the same
C/W ratio those with lower water content showed higher strength of concrete
compared to those with higher water content. Additionally, the obtained strength of
samples of concrete with RCA at the lower level of factors, which corresponded to
the composition of the target concrete with NA, even exceeded the value of the
strength of the concrete with NA. This effect was observed regardless of the
composition of RCA mixtures used to prepare the samples. Thus, the regularities
of the formation of the structure of concrete with RCA have been established.
Considering the direct relationship between C/W ratio and concrete strength, it was
found that the real C/W ratio in mixes with a smaller amount of water turned out to
be greater than the calculated one. Obviously, this effect is related to the presence
of a porous residual mortar in RCA, which instantly interacted with water during
mixing, filling its pores and thereby increasing the effective W/C ratio in the
contact zones between RCA and the matrix of the new mortar.

For the calculation of the adjustment for the quality of the aggregate, the
estimated C/W ratio was adjusted by reducing the water consumption by the value
of the experimentally determined adjustment for the water content. Solving the
obtained regression equations relative to C/W ratio and using the Bolomey
formula, the value of the adjustment to the quality coefficient of aggregates
AA4=-0.05 was obtained.

The fifth chapter presents the results of the implementation of the research
results during the production of concrete from RCA for laying the floor in one of
the warehouses in the city of Dnipro by «kDNIPRO ZBK LLC». The sequence of

mix design of concrete with RCA according to the improved method is given. The
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calculated economic effect of replacing NA with RCA is 9.6% for concrete of class
C12/15; 7.2% for concrete of class C16/20; 7.4% and 6.9% for concrete of class
C20/25, depending on the cement type in concrete with NA. The reduction of CO;
emissions in case of using RCA is 11% during the production of concrete of class
C16/20; 6.4% during the production of concrete of class C20/25 (provided that
cement 42.5 R is used, as compared to concrete on NA using cement 42.5 R);
26.6% during the production of concrete of class C20/25 (provided that cement
42.5 R is used, compared to concrete on NA using cement 32.5 R).

Key words: concrete, concrete waste, tests, water consumption, ecological
effect, economic effect, grain composition, strength, bulk density, recycling coarse

aggregate, mix design of concrete, workability of concrete, specific density



