AHOTAIISA

leawyuwun I'. C. HuzpkoeMmiciiiHi 3MilIaH1 IEeMEHTH Ta MoaudikoBaHl OETOHU 1
OyaiBenbHI PO3UMHU Ha iX OCHOBI. — KBamidikamiiiHa HaykoBa mpars Ha MpaBax
PYKOIUCY.

Jluceprartist Ha 3M00YTTS HAYKOBOTO CTYIICHS TOKTOpa (histocodii 3a CHerianbHICTIO
192. ByaiBaunTBOo Ta muBiLIbHA imkeHepis (19 — ApxitekTypa Ta OYIiBHHUIITBO). —
Hamionanpauit yHiBepcuteT «JIbBiBCchbKa momiTexHika», JIbBiB, 2020.

Hucepraniiitna po0OoTa MNpUCBSYEHA  BUPIMICHHIO  3aBAaHHSA  OJEp KaHHS
eKoe()eKTUBHUX OETOHIB 1 OY/IIBEIbHUX PO3YMHIB 3a PaxyHOK PO3pOOJICHHS
HU3BKOEMICIMHUX IIEMEHTIB, SKI OTPUMYIOTHCS MUIAXOM 3MIIIyBaHHS 3BUYAWHOTO
nopianaiuemMenTy (CEM [142,5R) 3 akTuBHMMHU MiHEpaJbHUMH J00aBKaMH PI3HUX
THUITIB, 110 BIIHOCITRCSA J0 lleMeHTo3aMminyrouux matepianis (L[3M). IlepeBaramMmu Takux
LIEMEHTHUX CUCTEM € BUCOKHUU pIBEHb €HEpro3zdepekeHHs Ta Hu3bKl Bukuau CO; mnpu
BUPOOHMIITBI [IEMEHTIB Y MOEJIHAHHI 3 BUCOKOIO JOBIOBIUHICTIO OETOHIB Ha iX OCHOBI.
[Tokazano, mo kombOiHOBaH1 mynonaHoBi mgo06aBku (KIIJ[) 3aBasku onTumizarii
PEYOBHHHOTO 1 TPAHYJIOMETPUIHOTO CKIIAJIIB MOXKYTh OyTH OKPEMHM CKJIAJIHUKOM TIPH
BUPOOHHUIITBI e(peKTUBHUX OETOHIB Ta OY/iBENbHUX PO3UMHIB. IX MOKHA Ge3rocepeIHbO
smimryBatu 3 CEM I B OGeToHO-po3unHO3MIilTyBadyl 200 BOHU MOXKYTh OyTH 4aCTUHOIO
3MINIAHOTO [IEMEHTY 3aBOJICKKOTO BUTOTOBIIEHHS. Bi3HaueHO, 110 MMiJT 9ac MyII0JIaHOBO1
peakiii MK BHCOKOAKTUBHUMHM CYIEPIICOJITOM 1 MIKPOKPEMHE3EMOM, a TaKOX
HU3BKOKAJIBI1€BOIO 30JI0F0-BUHECEHHS 3 TIAPOKCUAOM KaJbI1F0 CTUMYJIIOIOTHCS MPOLIECH
YTBOPEHHS T1APAaTHUX (a3 y MDK3EPHOBOMY MPOCTOP1 Ta YIIIILHEHHS MIKPOCTPYKTYPH
[IEMEHTYIOU01 MaTpuIli, 10 B TO€JHAHHI 3 jJo0aBkamMu TuIacTU(]iKyrOoUe-
NOBITPOBTATYBAJIbHOT [1i  3a0e3neuye TEXHIKO-TEXHOJOTTYHUM e(eKT 1 eKOoJIoro-
eKOHOMIYHY €(DEeKTHUBHICTb.

AKTYyallbHICTb ~ PO3POOJIEHHS  HM3bKOEMICIMHMX  3MIIIaHUX  IEMEHTIB  Ta
Mo (IKOBaHUX OETOHIB 1 OYJIBEIBHUX PO3YMHIB HA iX OCHOBI BIAMOBiJA€ CBITOBIN
KOHIIeMIIii cTtanoro po3BUTKy (Sustainable Development), BekTopoM pyxy siKoi €

palioHaJIbHE BUKOPUCTAHHsS Ta €KOHOMisl MaTepiaJbHHUX 1 €HEPreTMUYHHX PECYpCiB.



Po3po6iieHHs TakuX B’SKYUYHX 1a€ 3MOTY CTBOPUTH MPOTPECUBHI MOJIEN1 PaIliOHATIBHOTO
BUKOPUCTAHHSA MPUPOJHOI CHUPOBUHU, TMaJIMBa, EJIEKTPUYHOI EHeprii, yTHIi3yBaTU
B1JIXOJIM BUPOOHUIITBA, 3MEHIIIUTH BUKUAN MAPHUKOBUX rasziB. Takuil MiaxiJ J03BOJISE
BUPIIINTY HU3KY BaXJIMBUX €KOJIOTIYHUX, EKOHOMIUHUX 1 COIIIAIbHUX MPOOJIEM.

3po0JieHO aHANITUYHUHN OTJIAJl JIITEpATypHUX JIKEpeNl 1 MOKa3aHo, 110 peaizalis
KOHIIEMIiI HU3bKOBYTJICIIEBOIO PO3BUTKY B CEKTOP1 IEMEHTY Ta OETOHY, 3arajiom,
JOCATAETHCS 3aBISKH YJOCKOHAJCHHIO BUPOOHUYOTO MPOLECY 1 3HIKEHHIO KIIHKEp-
dakTopy 11eMeHTY. 31 CTOPOHH TEXHOJIOT1i BAPOOHUIITBA MOPTIAHIIEMEHTHOTO KITHKEPY
EKOHOMISI €HEPropecypCiB JOCITAEThCS 32 PAxXyHOK MEPEXOIy 3 MOKpPOTO CIOCO0Y
BUPOOHMIITBA Ha CyXWH, sIKUU yke peanizoBaHo Ha 90 %. ToMy HACTymHUM KPOKOM Yy
IIbOMY HanpsMKYy € pO3pOOJICHHS HHU3BKOEMICIMHUX IIEMEHTIB 3a PaxyHOK OiJIbII
IIMPOKOTO0 BHKOPUCTAHHS LIEMEHTO3aMINIYIOUMX MaTepiajiB 1 3aCTOCOBYBAHHS
CydyacHOro  oOjaaHaHHS.  Big3HaueHo, 10 OCHOBHI  CKJIQAHUKHA  IEMEHTY
XapaKTepU3yThC PI3HUMH KOe(DII[lEHTAMU PO3MENIO3IaTHOCTI, TOMY TP BUPOOHUIITBI
0araTOKOMIMOHEHTHUX IIEMEHTIB PEKOMEHIYEThCS 3MIMCHIOBATH PO3AUIBHUNA TOMEN,
OCKIJIbKU TaK JOCATAETHCS €(heKTUBHUN PO3MOIIT YACTHHOK 32 PO3MIPOM I KOKHOTO
KOMITOHEHTY.

[IpoanainizoBaHO HAMPSIMKKA BUKOPUCTAHHS [IEMEHTO3aMIIIYIOUUX MaTepiaiiB s
3HUKEHHSI KJIIHKEP-IHTEHCUBHOCTI OeToHIB. B KkpaiHax €BpoOmenchbKOro Cor3y
HalyacTime nonarTh L[3M mig yac BUpPOOHHMIITBA LIEMEHTY NPU CYMICHOMY YU
pO3AUTBHOMY TIOMENi. TakuM YHWHOM  PETJaMEHTYEThCS  PIBEHb  3aMIIllEHHS
MOPTIAHAIIEMEHTHOTO KJIIHKEPY i KOMIIOHEHTHUH CKJIaJ HOPMAaTUBHUMH JOKYMEHTaMHU
(EN 197-1, EN 413). B Toii sxe yac, Bce Oinbliie HaOyBae nomyisipaocTi gocsif CIIA, ne
BUTOTOBJISIIOTH JIUIIE 5 THITIB IIEMEHTIB 3 HOPMOBAHUM CIIiBBIHOIICHHSIM CKJIQTHUKIB
(ASTM C150, ASTM C595), a 1I3M noxaroth 6e3m0oCepeHbO IIi YaC BUTOTOBIICHHS
O0€TOHHOT YM PO34YMHOBOI cywmimii. [Ipu bOMy pO3BUBAETHCS BUPOOHUIITBO OPTaHO-
MiHepaidbHuX A00aBoKk (OM/]) Ha OCHOBI MICHEBHUX LIEMEHTO3aMINIYIOUMX MaTepiajiB,
K1 TO3BOJISAIOTh 3HU3UTH BUTpaTu CEM I 1 3a6€3ne4nTi MPOEeKTHI BJIACTUBOCTI TOTOBHX
KOMIO3UTIB. 30kpema, 10 Takux OMJI nanexuts PozzoSlag (CIIA), sikuii o1epKyroTh

Ha ocHOBI 3onu-BuHeceHHs 1 ['JIII, a Takox «ZeoSlag»y (CinoBauyumHa) — Ha OCHOBI



npuponuboro ueomity 1 I'IUI. Pazom 3 TuM, B IEMEHTHIM HPOMHCIOBOCTI YXKe
BIIUyBa€ThCS ACHIINUT rpaHyIbOBAHUX JOMEHHHUX IIJIaKiB, TOMY aKTyaJbHUM € IOIIYK
HOBHUX KOMOIHAIIIM IIEMEHTO3aMIIyIOUNX MaTepialliB Ui 3H)KCHHS MUTOMOI BUTpATH
MOPTIAHAIEMEHTHOTO KIIIHKEpPY B O€TOHAaX 1 Oy/IiBEbHUX PO3UMHAX.

AHaJti3 1aHux y 001acTi XiMii Ta TEXHOJIOTIT IIEMEHTIB Ta OETOHIB, a TAKOXK BIIOMHX
3aKOHOMIpPHOCTEH (OpMyBaHHS CTPYKTypH INTYYHOTO KaMEHIO 13 3aJaHUMU
BJIACTMBOCTSIMHU J03BOJISIE BUCYHYTH poOOUy TIMMOTE3y MPO JAOULIBHICTH PO3pPOOJICHHS
HU3BKOEMICIHHHMX 3MIMIAHUX IIEMEHTIB, 1110 OTPUMYIOTHCS IUITXOM PO3A1LTHBHOTO ITOMEITY
Ta PaliOHAIBHOIO MPOEKTYBAHHS TI'PaHYJOMETPUYHOIO 1 PEYOBHUHHOIO CKJIadiB
KOMOIHOBaHUX J00AaBOK IMyILOJaHIYHOT [ii, SKI MOpH I1X TO€IHAHHI 3 J00aBKaMH
1acTU(IKYI04e-TIOBITPOBTATYBAIBHOI J1i CTBOPIOIOTH MOXKJIUBICTD OJIEP>KaHHS KIITHKEp-
e(eKTUBHUX MOJU(DIKOBAHUX OETOHIB 1 OyAiBEIbHUX PO3YMHIB 3 33JJaHOIO0 MPOEKTHOIO
MapKOI 3a MIIHICTIO MPU CTUCKY, MPOSKTHUMHU IMOKAa3HUKAMHU SKOCTI, MOKpAIICHUMHU
EKCIUTyaTallliHUMU  BJIACTUBOCTSAMHU, 30KpEMa KOPO31MHOIO CTIMKICTIO, a TaKOoX
3HMKEHHSAM noka3zHuka CO2-1HTEHCUBHOCTI Ha OJMHULIIO TIPOJIYKTY.

Hapeneno pe3ynpraTi JOCIIIKEHHS BIUIMBY HIEMEHTO3aMIIYIOYMX MaTepiaiaiB Ha
CTPYKTYpOYTBOpPEHHS Ta (hp13MKO-MEXaHIUH1 BJIACTUBOCTI HU3bKOEMICIMHUX 3MIIIAHUX
[IEMEHTIB. AHAJI3 TpaHyJOMETPUYHOTO CKJIaJy BHXIJHUX MaTepialliB JI03BOJISE
BCTAHOBUTH, 1110 BMICT pEakL1MHO3IaTHUX YaCTUHOK po3MipoM meHIe 10 mxm amst I
1 3omu-BuHeceHHs (36,19 1 22,13 %) 3nayno MeHmmid nopiBassHO 3 CEM I 42,5 R
(43,41 %), cyniepueoiitom (48,86 %) i mikpokpemuezemom (100,00 %). Lle o6ymoBit0€
HEJI0OCTaTHBbO BUCOKI KoedilieHTH noBepxHeBoi akTuBHOCTI ' 1 3011-BUHECEHHS, 1110
BH3HAYa€ CIOBIILHCHHS KIHCTHMKH HApPOCTAHHS MIITHOCTI IIEMEHTIB 3 BMICTOM TaKHX
[I3M.

ExcnepuMeHTaTbHUMU TOCTIKEHHSIMH MMOKa3aHO, IO MiJIBUIIEHHS JUCIIEPCHOCTI
I'PaHyJIbOBAHOTO JOMEHHOTO IUIAKy JO03BOJISE 30UIBIIMTH BMICT PEaKIIHHO3IaTHUX
YaCTUHOK, IO MiATBEPUKYEThCS 3POCTAHHSAM HMOTO 1HAEKCY aKTUBHOCTI 4epe3 28 10
TBepaHEeHHS Ha 35 %. [Iporte Bim3HaYeHO, 110 miaBUIeHHs AucnepcHocTi [I3M cyTTeBO
BIUTMBAE HA 1X (PI3MUHI BIACTUBOCTI, @ CaMe MPU3BOJIUTH J0 3HIKCHHS BOIOBIITIJICHHS 1

M1JIBUIIICHHS BOJIOTIOTPEOH.



[Tpoenenumu  gociimkenusmu  3rigno  EN  450-1:2009 BcraHoBieHo, IO
MOKAa3HUKU MyIoJaHoBoi akTUBHOCTI (PSAIl) nmmsa BHCOKOAMCHEPCHUX JT00aBOK
MIKpOKpEMHEe3eMY 1 cynepiieoniTy yepe3 90 116 TBepaHeHHs AopiBHIOOTH 1,28 1 1,09. 3a
MOKa3HUKaMu MIItHOCTI TipH 3ruHi (Ry > 0,5 MIIa) i ctucky (Rer > 2,5 MIla) BanHsHO-
nyionadoBoro Ticta (B:I1=1:3) depe3 28 mi0 TBepAHEHHS 3TiIHO METOJUKH «NOrmMa
wloska» mikpokpemuesem (R, = 4,6 MIla, R,=9,5 MIla) Ta cynepueonit (R = 3,2
MlIla, R;=7,9 MIla) BimHOCATHCS 1O BUCOKOAKTUBHUX ITyIoJiaH. B Toii ke gac, yepes
HU3bKY KUIBKICTh peakifiitHo3aatHol ¢pakiii 0-10 mxm 3omu-BuHecenns (PSAI=0,80)
3rijgHo «norma wloska» BoHa He HaJIeXKHTh 10 BHCOKOAKTUBHUX my1oiaH (R, = 0,6 MI1a,
Re:=1,8 MIla). 3po6sieHO BUCHOBOK, 110 MIPUCYTHICTh B CKJIa/I1 30JIM-BUHECEHHS 3HAYHO1
KUIBKOCT1 KpyHHHUX, chepudHOi (OpMHU YACTUHOK JO3BOJISE 1l BUKOHYBATH POJb
MIKpOHAIIOBHIOBaYa MIACTU(DIKY040i Jii («e(EeKT pOIUKO-IIIIUITHUKA ).

AHaJ3 moBepXxoHb QYHKIIIT BIATYKY BOAOTIOTPEOH, BOJOBIIIICHHS 1 MyI0JaHOBO1
AKTUBHOCTI JO3BOJISIE BU3HAYUTU ONTHUMAaJbHI CKJIagd KOMOIHOBaHUX IyILIOJAHOBUX
no6asok KIII-02 (3B — CI0) 1 KIIJI-03 (3B — CII — MK) 3 HI'T= 31,5 i HI'T=33,0 Ta
Ko6=13,5 % 1 Ky6=6,4 %, npu 1bOMy IMOKa3HUKH ITyII0JaHOBOT aKTUBHOCTI CTAHOBIIATH
PSA|28=94 %, PSA|90=126 % 1 PSA128:99 %, PSA|902134 % BiI[HOBiI[HO.

TeopeTnyHO OOTIPYHTOBAHO Ta EKCIEPUMEHTAJIBHO IMATBEPIKEHO MOXKIHUBICTD
OJICpKaHHS HHU3bKOEMICIHHMX 3Mmimanux meMeHTiB tuny CEM [V/B 3a paxyHok
ONTHUMi3alli PEYOBUHHOTO Ta IPaHyJIOMETPUYHOTO CKJIA/IB HEKJIIHKEPHUX CKJIAJHHKIB
pI3HOI  TUCIIEPCHOCTI KOMOIHOBaHO1  MYyIIOJIAHOBOT JOOABKM 3  ypaxyBaHHSIM
O0COOJIMBOCTEH PO3MOILITY PO3MIPIB YaCTMHOK Ta iX MOBEPXHEBOi eHeprii. PesynpTatu
JNTA 1 POA miarBepmkyioTh, 1o aktuBHUE SiOy cynepueomiTy OuUIbII
peakiiiftHo3aaTHUl TOpiBHAHO 3 SiO; IHIIKUX MYI[OJIAHOBUX TOOABOK, TOMY DPEaKIlis 3
Ca(OH),; akTuBHO IPOTIKA€E y paHHIN 1 MI3HIN nepioau TBepAHeHHs. [le mpu3BoaUTH 10
YTBOPEHHS J0JIATKOBOI K1TbKOCTI C-S-H-Temto 1 cripusie 301IbIICHHIO BITHOCHOTO 00CSTY
riIpaTHUX HOBOYTBOPEHb B MI’K3€PHOBOMY ITPOCTOPI.

TakuM 4YMHOM, ONTHUMI3OBaHI CKJIaad KOMOIHOBaHUX MYIIOJAHOBUX J00aBOK 1
smimanux 1emenTiB Tuiry CEM IV/B Ha iX 0CHOBI CTarOTh parlioHAJIBHUM BUPIMICHHIM

npoOJieMH TOKpaIlleHHs] eHeproeeKTUBHOCTI IIeMEHTHOro BUpoOHuITBA. CTpateris



TAKOro pO3BUTKY Imependavae, mo KomOiHyBanHs L[3M mynomaniunoi aii pizHOT
JMCIIEPCHOCTI Ha OCHOBI CYTIEPIIEOJITY, MIKPOKPEMHE3EMY Ta 30JU-BUHECEHHS CIIPUsIE
3HIKeHHIO eMicii CO; Ta 30epekeHHI0 MaTepialbHUX pecypciB. Takuil Mmiaxia Takox
nependavae onTUMizamio (i3UKO-MeXaHIYHUX BiacTuBocTed. [Ipum BHPOOHHUIITBI
HU3BKOEMICIMHUX 3MIIIAHUX IIEMEHTIB 3a0€3MeUy€eThCsl CYTTEBA €KOHOMIS MaJUBHO-
SHEPreTUYHUX pecypciB 13 3HMKeHHAM BUKUIIB CO,. B Tol ke uac, iX paHHS MIITHICTD €
HIDKUOIO TOPiBHSAHO 3 mopTiaHaueMeHToM tunmy CEM I, ToMy 1js mOBHOI OIIIHKHU
e(eKTUBHOCTI pO3pOOJIECHUX IIEMEHTIB IPOBEICHO AOCIIHKEHHS BIUTUBY MOIU(DIKATOPIB
Ha KIHETHUKY HAPOCTaHHS MIITHOCTI O€TOHIB Ha iX OCHOBI.

Po3pobineno cknaan moaudikoBaHUX OCTOHIB 1 OYJIIBEJIBHUX PO3YMHIB HA OCHOBI
HU3BKOEMICIMHMX 3MIIIAHUX IIEMEHTIB Ta JOCIIIKEHO iX OyAiBeJIbHO-TEXHIUHI
BJIACTUBOCTI. BCTaHOBIEHO, IO TEXHOJOTIYHUN €(PEeKT, OTpUMaHUN Bl JO/IaBaHHS
cyneprutactudgikaropa 0  CKiaay — ApiOHO3epHUCTOrO  OETOHY Ha  OCHOBI
HU3BKOEMICIHHOTO 3MIIIAHOTO IIeMeHTY, cTaHOBUTh APK=94 % 06e3 3HukeHHs MIIIHOCTI
IpU CTUCKY. 3a paxyHOK Bojaopeaykyroudoro edekty (AB/LI=20 %) Texniunuii edext
(AR¢;) uepes 2; 7 1 28 ni6 BignoBigHo ctanoButh 31; 19 1 24 %. Exonoriunuit edexr
3mimanoro uementry CEM IV/B cknagae 47 % 3a paxyHok 3HmxkeHHs emicii COp,
OCKIJIbKM BHMKHUIM BYTJEKUCIOTO Ta3y ckopouytoThbes 3 865 kr/t nementy (CEM I,
kiiHKep-haxkTop 0,95) no 456 xr/T uementy (kiminkep-daxrop 0,50).

BcraHoBiieHo, 1110 3acTOCyBaHHsS KOMOIHOBaHOi myuonaHoBoi no6asku KII/-03 B
ckiafl aApidHo3epHUCTOr0 O6eTony 3amicth 50 % moptnanaiementy CEM I B kommiekci
3 1,50 mac.% PCE no3Bosisie ojiepaTy BHII MOKa3HUKH MilHOCTI Ha 16,5 % uepes
28 116 TBepaHEHHS MOpiBHAHO 3 O6etoHamu Ha ocHOBI CEM I 42,5 R, mo He MICTATH
HEMEHTO3aMIIyI0UHX MaTepiaiiB.

Peamizaniss npuHIUIIB  CTBOPEHHs MOAMGIKOBAaHUX OETOHIB Ha OCHOBI
HU3BKOEMICIHHUX 3MIMIAHUX IIEMEHTIB J03BOJISE OTPUMATH KOMIUIEKC SKICHO HOBUX
MOKA3HUKIB (JIETKOYKJIadalbHICTh, TTOHUKEHE TEIJIOBUIJICHHS, MIJABUIIIEHA KOPO31iHA
CTIHKICTh, aTMOC(EPOCTIMKICTh Ta 1H.), IO 3a0€3MeUyI0Th TEXHOJOTTYHUHN, TEXHIYHUH,
eKOHOMIYHUI Ta eKoJoriyHui epextu. MoaudikoBani KiiHKep-e(PeKTUBHI OETOHH Ha

ocaoBi CEM IV/B 32,5 R xapakTepu3yroThCs MiABHIIEHOI BogoHenpoHukHicTio (W10)



Ta Mopo3ocTiikicTio (F150), mo Bu3Ha4yae 30UIbLICHHS JAOBTOBIYHOCTI KOHCTPYKIIiH,
3HIKEHHSI iX BapTOCTI Ha BCIX €Tamax >KUTTeBoro nukiy. [lpu npomy nuroma BUTpaTa
KJIIHKEpY Ha OJUHUII0 MIIHOCTI Ta CO2-1HTEHCUBHICTh KIIIHKEp-€()EKTUBHUX OETOHIB
cknanae 2,9 kr/(m>MIla) ta 2,5 kr COy/(m>MIla) BigmnosigHo.

[TinTBepkeHO  €(EKTUBHICTH  OJIEpXKaHHS  CaMOYIIUIbHIOBAILHUX  OETOHIB
(ILILI=1:1,27:1,69, B/11=0,30) Ha OCHOBI HH3BKOEMICIHHOTO  IIEMEHTY
CEMIV/B 32,5 R 3 Butpatoro 525 xr/m® GeToHy (KIiHKep-iHTEHCUBHICTE 2625 Kr/m®
OeToHy). 32 paxyHOK OINTHUMI30BAaHOTO TPAHYJIOMETPHYHOTO CKJIaJy HU3BKOEMICIHHOTO
3MIIIAHOTO IIEMEHTY 1 palloHalIbHO MiAIOpaHux MoAU(IKATOPiB, 3a0€3MeUy€eThCs
CTaOUIbHICTh MOKA3HUKIB TEXHOJOTTYHOCTI 1 BIICYTHICTH SIBUIIA cerperailii. Bij3zHaueno
BHUCOKI TOKa3HUKM MIITHOCTI CaMOYIIIJIbHIOBAIBHUX O€TOHIB uepe3 2; 7 1 28 mib
TBEPIHEHHSI — MIIHICTh NIPU CTUCKY cTaHoBuWia 19,5; 44,6 1 76,4 MIla BianoBigHO, 110
BiJIMOBIIa€e kiacy MiniHocTi C45/55. [pu iboMy muTOMa BUTpaTa KIIHKEPY Ha OJTMHUIIIO
minaocTi — 3,4 xr/(M*MIIa); Bignosimao CO,-IHTEHCHBHICTh CaMOYIIIJIBHIOBAILHOTO
6erony cknagac 2,9 kr COp/(M>MIla).

MeTonoM MaTeMaTHYHOTO IJIAHYBAaHHS €KCIIEPUMEHTY MPOBEICHO MPOCKTYBaHHS
CKJIaJIIB Oy/IBEJIbHUX PO3UYMHIB Ha OCHOBI HU3bKOEMICIMHOTO 3MIIIAHOTO IIEMEHTY ISt
mypyBannass MC 22,5X. BcranoBiieHo, 1110 Tpy ONTUMaIbHOMY BMICTI 1IeMeHTY (390 kr
Ha 1 M micKy) Ta KOMIUIEKCHOT XiMi9HOi 100aBKH I1acTH(IKyH04€e-MOBITPOBTATYBATBEHOT
nii Master Air 81 (0,11 mac. %) 3a0e3neuyeTbCss BHCOKA PYXOMICTh PO3YHHY Ta
OJIeP)Ky€eThbcs HeoOxigHa wMapka 3a MimHicTIo M100. Bucoka (yHKIIIOHATBHICTD
OyliBEIbHUX PO3YMHIB HA OCHOBI HU3bKOEMICITHOTO 3MIIIIAHOTO IEMEHTY BU3HAYAETHCS
TaKOXX TEPMIHOM TMPHUAATHOCTI PO3YMHOBOI CyMIllll B HEOOXIHMX MEXax IMpHU
3a0e3MeYeHH]l MOBHOI BIAMOBIIHOCTI €KCIUTyaTalliHUX MOKa3HUKIB HOPMATHBHUM
BUMOraM JJisi OyJiBEeTbHUX MYpyBalbHMX po3uMHiB. Kpim 1poro, Taki OyniBesbHI
PO3YMHM XapaKTEPU3YETHCS MMOHMKEHIUM BUCOJIOYTBOPEHHSM.

[IpencraBiieHO MPOMUCIOBUI BUITYCK KOMOIHOBaHOT My1iojiaHoBoi qo6aBku KIT/I-
03 na T30B «®epo3iT» 1 HU3BKOEMICIMHOTO 3MIIIAHOTO IEMEHTY ISl OyaiBEeIbHUX
poszuuniB UBP 300 ICTY b B.2.7-124-2004 na IIpAT “IBano-®paHKiBCbKIIEMEHT, a

TaKOX BIIPOBAPKCHHS MOIU(IKOBAHUX O€eTOHIB 1 IITPUEMCTBOM



T30B «TIIK»BY ACITOPT» 1 OyaiBeIbHHUX PO3UKHIB H1ATPUEMCTBOM
T30B «BECTBETOHBY [I» Ha ocHOBI pO3p00JIeHUX B’ SIKYUHUX.

Kiaw4oBi cjgoBa: HU3BKOEMICIHHUN 3MIIIAHUN IIEMEHT, IIEMEHTO3aMIIIy0ul
MaTepianu, CymnepIeoiiT, KoMOiHOBaHA IyI[0JIaHOBA J00ABKa, IMyII0JIAHOBA aKTHBHICTH,
1HJIEKC aKTUBHOCTI 3a MIITHICTIO, KJIIHKeP-e(EeKTUBHHUI OCTOH, MUTOMA BUTpaTa IIEMECHTY

Ha ouHUITIO MIIHOCTI, CO,-1HTEHCHUBHICTD.
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ABSTRACT

Ivashchyshyn H. S. Low-carbon blended cements and modified concrete and
building mortars on their basis. On rights of the manuscript.
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Polytechnic National University, Ministry of Education and Science of Ukraine. — Lviv,
2019.

The dissertation is devoted to solving the problem of obtaining eco-efficient
concretes and mortars due to the development of low-carbon cements, which are obtained
by blending Ordinary Portland cement (CEM 1) with active mineral additives of various
types related to supplementary cementitious materials (SCMs). The advantages of such
cement systems are the high level of energy saving and the low CO, emissions of cement
production combined with the high durability of concrete on their basic. It has been shown
that the combined pozzolanic additives thanks to optimizing the material and particle size
distribution can be a dedicated component in the production of efficient concretes or
mortars. They can be directly blended with CEM I in the concrete mixer or be part of
factory blended cement. It is noted that during the pozzolanic reaction between high-
activity superzeolite and micro silica, low-calcium fly ash with calcium hydroxide
stimulate the processes of formation the hydration phases in the intergranular space and
the compaction of the microstructure of the cement matrix. It and combination with
additives of plasticizing and air-entering action provides the technical&technological
effect and eco-economic efficiency.

The topicality of developing low-carbon blended cements and modified concretes

and mortars based on them is consistent with the worldwide concept of Sustainable



Development, the vector of movement of which is the rational use and economy of
material and energy resources. The development of such binders allows to create
progressive models of rational use of natural raw materials, fuel, electricity, utilize
production wastes and reduce greenhouse gas emissions. This approach addresses a
number of important environmental, economic and social issues.

An analytical review of the literature is made, and it is shown that the realization of
the concept of low carbon development in the cement and concrete sector is mainly
achieved by improving the production process and reducing the clinker factor of cement.
Energy savings in Portland cement clinker production technology are realiz by 90 %
through the transition from wet to dry production. So, the next step is to develop low-
carbon cements through increased use of supplementary cementitious materials and
application of modern equipment. It is noted that the main components of cement are
characterized by different coefficients of grindability, so it is recommended to carry out
separate grindingin the production of multicomponent cements. This achieves an
effective particle distribution for each component of multicomponent cements.

The directions of supplementary cementitious materials using for reducing clinker
intensity are analyzed. In the countries of the European Union, SCMs is most often added
during cement production with compatible or separate grinding. In this way is control the
level of substitution of the Portland cement clinker and the component composition of
cement by regulatory documents (EN 197-1, EN 413). However, the experience of the
USA, where only 5 types of cement with a regulatory ratio of components (ASTM C150,
ASTM C595) are made, and SCMs are added directly during the manufacture of concrete
or mortar is gaining popularity. At the same time, the production of organo-mineral
additives (OMA) on the basis of local supplementary cementitious materials is being
developed, which allows to reduce the costs of CEM | and to ensure the design properties
of finished composites. In particular, these OMAs include PozzoSlag (USA), which is
obtained on the basis of fly ash and ground granulated blast furnace slag (GGBFS), as
well as «ZeoSlag» (Slovakia) — based on natural zeolite and GGBFS. However, the

cement industry is already experiencing a shortage of slag, so it is important to look for



new combinations of supplementary cementitious materials to reduce the specific
consumption of Portland cement clinker in concrete and mortar.

Analysis of data in the field of chemistry and technology of cements and concretes,
as well as the known patterns of formation of artificial stone structure with the given
properties allows to hypothesize the feasibility of developing low-carbon blended
cements, obtained by separate grinding and rational design of granulometric and
substance compositions of combined pozzolanic additives (CPA).The combination CPA
with additives of plasticizing and air-entering action provides create the possibility of
obtaining clinker-efficient modifided concretes and mortars with the a given design class
of compressive strength, design quality properties, improved performance properties.

Results of research of supplementary cementitious materials' influence on structure
formation and physical and mechanical properties of low-carbon blended cements are
presented. The particle size distributions analysis of the output materials revealed that the
content of reactive particles smaller than 10 um for the GGBFS and fly ash (36.19 and
22.13 %) were significantly lower compared to CEM | 42,5 R (43.41 %), superzeolite
(48.86 %) and micro silica (100.00 %). This causes insufficiently high coefficients of
surface activity, which determines the deceleration of the kinetics of the increase in the
strength of the cement with the content of low active SCMs.

Experimental studies have shown that increasing the dispersion of graund granulated
blast furnace slag allows to increase the content of reactive particles, which is confirmed
by an increase the strength activity index (SAI) of GGBFS by 35 % after 28 days of
curing. However, it is note that increasing the dispersion of SCMs significantly affects
their physical properties, namely, leads to a decrease bleeding and increase water demand.

Studies according to EN 450: 2009 shows that the pozzolanic activity (PSAI) for
highly dispersed micro silica and superzeolite additives is equal to 1.28 and 1.09 after 90
days of curing. According to the «norma wloska» method the flexural and compresive
strength (Rts> 0.5 MPa, Res > 2.5 MPa) of lime-pozzolanic paste (L: P = 1: 3) were
determined for micro silica (R = 4.6 MPa, R = 9.5 MPa) and superzeolite
(Rts= 3.2 MPa, Res = 7.9 MPa) after 28 days of curing. It allows them to be attributed to

highly active pozzolans. At the same time, for fly ash PSAI is 0.80 due to the low amount



of reactive fraction of 0-10 um, and according to «norma wloska» the FA does not belong
to highly active pozzolan (Rt = 0.6 MPa, Res = 1.8 MPa). It is conclud that the presence
large number of coarse, spherical particlesin in the composition of fly ash allows it to
perform the role of microfiller with plasticizing action («ball bearing effect»).

The analysis of the functions surfaces of water demand, bleeding and pozzolanic
activity allows to determine the optimal compositions of the combined pozzolanic
additives CPA-02 (FA — SZ) and CPA-03 (FA — SZ — MS) with WD=31,5 % and
WD=33,0 %; Kyv,=13,5 % and Ky=6,4 %. At the same time indicators of pozzolanic
activity are PSAlys = 94 %, PSAlg = 126 % and PSAlx = 99 %, PSAlg = 134 %
respectively.

It is theoretically substantiated and experimentally confirmed the possibility of
obtaining low-carbon blended cements type CEM IV / B by optimizing the material and
particle size distribution of non-clinker components with different dispersion of the
combined pozzolanic additive, taking into account the peculiarities of the particle size
distribution and their surface energies. The results of DTA and RFA confirm that the
active SiO, of superzeolite is more reactive than SiO, of other pozzolanic additives, so
the reaction with Ca(OH); is active in the early and late time of hardening. This leads to
the formation of an additional amount of C-S-H-gel and contributes to the increase of
relative volume of hydrated products in the intergranular space.

Thus, optimized formulations of combined pozzolanic additives and blended
cements CEM IV/B on their basis become a rational solution to the problem of improving
the energy efficiency of cement production. The strategy of such development implies
that the combination of SCMs pozzolanic action of different dispersion based on
superzeolite, micro silica and fly ash, reduces CO, emissions and conserves material
resources. This approach also involves optimization of physical and mechanical
properties. In the production of low-carbon blended cements significant savings of fuel
and energy resources while reducing CO, emissions are ensured. At the same time, their
early strength is lower than CEM I, therefore, to fully evaluate the effectiveness of the
developed cements, the study of the effect of modifiers on the kinetics of the strength

increasing of concrete based on them.



The compositions of modified concretes and mortars have been developed on the
basis of low-carbon blended cements and their construction and technical properties have
been investigated. It was found that the addition of superplasticizer to the composition of
fine-grained concrete based on low-carbon blended cement provides the technological
effect AW =94 % without reducing the compressive strength. The technical effect (ARcs)
after 2, 7 and 28 days, respectively, is 31, 19 and 24 % due to the water-reducing effect
(AW/C =20 %). The ecological effect of blended cement CEM IV / B is 47 % due to the
reduction of CO, emission from 865 kg per tonne of cement (CEM I, clinker factor —
0.95) to 456 kg per tonne of cement (clinker factor — 0.50).

It is established that the use of the combined pozzolanic additive CPA-03 in the
composition of fine-grained concrete instead of 50 % Portland cement CEM | with adding
PCE in the amount of 1.50 % allows to obtain higher strength values by 16.5 % after
28 days of hardening compared to the concrete based on CEM 1 42,5 R without
supplementary cementitious materials.

The implementation of the principles of creation modified concretes based on low-
carbon blended cements allows to obtain a complex of qualitatively new indicators
(workability, reduced heat of hydration, increased corrosion resistance, weathering
resistance, etc.), providing technological, technical, economic and environmental effects.
Clinker-efficient concretes based on CEM IV/B 32,5 R are characterized by reduced
water permeability (W10) and increased frost resistance (F150), which determines the
rise of durability of structures, their decrease the cost at all stages of the life cycle. A
significant reduction in the specific consumption of clinker per unit strength —
29kg/(m3MPa) and the CO;, intensity of clinker-efficient concrete is
2.5 kg CO,/(m3MPa).

The efficiency of obtaining self-compacting concretes (C: FA: CA =1: 1,27: 1,69,
W/C = 0.30) on the basis of low-carbon CEM IV/B 32.5 R cement with a consumption
of 525 kg per m® of concrete (clinker intensity 262.5 kg / m® of concrete) and was
confirmed. Due to the optimized particle size distribution of low-carbon blended cement
and rationally selected modifiers, the stability of the manufacturability indicators and the

absence of the segregation phenomenon are ensured. High strength indicators were



noted — after 2; 7 and 28 days of hardening the compressive strength were 19.5; 44.6 and
76.4 MPa, respectively, which corresponds to the strength class C45/55. Specific
consumption of clinker per unit strength — 3.4 kg/(m3-MPa); the CO, intensity of the self-
compacting concrete is 2.9 kg of CO,/(m3-MPa).

The design of building mortars compositions based on low-carbon blended cement
for mortars MC 22,5X by the method of mathematical planning of the experiment is
carried out. It is established that the optimum content of cement is 390 kg per 1 m? of
sand and the flow rate of the complex chemical additive plasticizing and air-entering
action — 0.11 %, in which the high workability of the system is ensured and the required
class of strength M 100 is obtained. The high functionality of building mortars on the basis
of low-carbon blended cement is also determined by the shelf life of the mortar within
the required limits while ensuring full compliance with the performance requirements for
building masonry mortars. In addition, such mortars are characterized by reduce the
efflorescence formation.

The industrial release of the combined pozzolanic additive CPA-03 at “Ferozit” LLC
and low-carbon blended cement for mortars MC 22,5X DSTU B B.2.7-124-2004 at PJSC
“Ivano-Frankivsk Cement” and the production of modified concretes by the enterprise
“TPK “BUDSPORT” LLC and building mortars by “VESTBETONBUD” LLC based on
the developed binders are presented.

Keywords: low-carbon blended cement, supplementary cementitious materials,
superzeolite, combined pozzolanic additive, pozzolanic activity, strength activity index,

clinker-efficient concrete, specific cement consumption per unit strength, CO; intensity.



