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AHOTAIISA

boiiko O.B. JlyxHi O€TOHM Ha OCHOBI PyXJMBUX OETOHHUX CyMIHIeH 3
M1JBUIIEHUMHU 3aXMCHUMHU BJIACTUBOCTSIMU 110 B1JIHOIIEHHIO JI0 CTAJIEBOi apMaTypH.
— KBamiikamiitHa HayKoBa mparis Ha IpaBax pyKOMIHUCY.

Jucepramiss Ha 3m00yTTS HAYKOBOTO CTyIeHs JokTopa ¢inocodii 3a
crietiayipHIicTIO 192 «BbyaiBHUIITBO Ta IUBUIbHA 1HXEeHEPis» (19 — ApxiTekTypa Ta
OyaiBHUITBO). — KWuWiBCbKMII HalllOHATBHUN  YHIBEPCUTET OYIIBHUITBA 1
apxiTekTypu MiHicTepcTBa OCBITH 1 Hayku Ykpainu, Kuis, 2023.

B nucepraiiiiaiit poO0OTI BCTAHOBJIEHO 3aKOHOMIPHOCTI CTPYKTYPOYTBOPEHHS
[UIAKOTYXKHUX IIEMEHTIB CHUCTEM «JIOMEHHHUU TpaHyJNbOBAaHMN INIIAK — COJAA
KaJIbIIMHOBAaHA» Ta «JOMEHHHM I'paHyJIbOBAHUH IUIAK — METACUJIIKAT HATPIIO» MPHU
BBEJ/ICHHI B HUX MIHEpaAJIbHUX 100aBOK, COJIEH CUIIbHUX KUCIIOT Ta MPU 3aMilIyBaHHI
iX MOpPCBKOIO BOJIOIO. 3a pe3yabTaTaMH JOCHIDKEHb MOJAEIBHUX CHUCTEM
BCTAHOBJIEHO, M0 (a30BUM CKIJIaJ TIApaTHUX HOBOYTBOPEHb IEPEBAKHO
MPEACTABICHUM TIIPOCUIIKATAMU KaJbI[iI0 Ta KAJIBIIUTOM. 3 METOI BHU3HAYCHHS
KOMITO3UINITHOTO CKJIaay HUIAKOJIYXKHOTO IIEMEHTY, Sikuii Oyne 3abesneuyBaTu
MaKCHMaJIbHE 3B’SI3yBaHHsS arpPECUBHUX J0 cTajeBoi apmarypu aHioHis Cl, SO,*
riIPAaTHAMA HOBOYTBOPEHHSIMHU JIOCHIIP)KEHO BIUIMB MIHEpaJIbHUX J00AaBOK Ta
MOPCHKOT BOAM Ha IMMOO1II3yI04y 3aTHICTh IIEMEHTY Ta BCTAHOBJICHO 3QJICKHICTD
BJIACTMBOCTEH IUIAKOMY>KHOTO I[EMEHTY CHCTEeMH «IOMEHHHUW TpaHyJIbOBaHHN
[UIaK — JIY)KHUH KOMIIOHEHT» BiJ BHUJy MIHEPaJbHOI J00aBKM Ta PO3YUHY
3amilryBaHHs. BBe1eHHs 10 cucTeMU 10OABOK MOPTIAHIIEMEHTY 1 KJITHOMTHIOMITY
NPU3BOAUTL 10 MiABUIIEeHHS mokasHuka THI', ane He BIUIMBaE€ Ha CTPOKHU
TyXaBjieHHs 1eMeHTy. Momudikaiis nodaskoro Ca(OH); crnpuse miaBUIIEHHIO
THI' Ta moI0OBXKEHHIO CTPOKIB TY»aBJICHHS HE3aJ€)XHO BiJl BUAY 3aTBOpIOBauya.
Bukopucranns [100aBok mopTiaHAleMeHTy, kiiHonTwionity Ta Ca(OH);
MPU3BOAUTH JO TOTIPIICHHS TOKA3HHWKIB MIIMHOCTI IUIAKOJIY)KHOTO IIEMEHTY,
HaNOUIbIII HETATUBHUM BIUIMBOM XapakTepu3yeTbes n1ooaBka Ca(OH)s.

JloGaBKa TIMHO3EMUCTOTO IIEMEHTY HECYTTEBO BIUIMBa€ Ha mokazHuk THI



[JIAKOJY>)KHOTO ~ LIEMEHTY, OJHAK NPHU3BOAUTH JI0 PO3TATYBAaHHSA CTPOKIB
Ty>KaBJIEHHs, 0COOJMBO KiHI. [Ipy 1bOMy CHOCTEpIraeThCs MO3UTUBHUI BIUIMB
N00aBKH TJIMHO3EMHUCTOTO IIEMEHTY Ha (OPMYBaHHS MIIHOCTI ILJIAKOIYKHOTO
[IEMEHTY CUCTEMH «JIOMEHHUHN I'pPaHyJIbOBAHHM IIJIAK — COJIa KAJIbLIUHOBAHAY.

[Ilono BmuBY BUAY 3aTBOpIOBaYa Ha BIACTHUBOCTI IIJIAKOJY>KHOTO LIEMEHTY
BHU3HAUEHO, IO 3aMINIyBaHHS [UIAKOJIYXXHOTO IEMEHTY MOPCHKOIO BOJIOIO
MPU3BOJUTH JI0 CIIOBUILHEHHS MPOIECY Ty>KaBlieHHs. [Ipu 1iboMy criocTepiraeTbes
HE3Ha4YHe MOTIPIIEHHS MIIIHICHUX BIACTUBOCTEH Ha 28 100y TBepaHeHH. OCKUTbKU
MOpCbKa BOJla MPEACTaBIIsie COOOI0 CyMIUI COJIeH, cepell SKUX IpPEeBajIOI0Th
XJIOpUAU 1 CyiabdaTv, OLIHUTH POJIb KOXXHOI CKJIag0BOI Ha BJIACTUBOCTI
[UTAKOTYKHOTO IIEMEHTY Ha OCHOBI COJM KAaJbI[MHOBAHOI MOMKJIHUBO TPHU
3arBoproBaHH1 HacuueHuMu pozurHamu NaCl 1 MgSQ,. IlokazaHo, 1o OuIbIIM
BIUTMBOM Ha CIIOBUIFHEHHS TYXKaBJICHHS XapaKTEpU3YEThCS Cylb(daTHa CKIAI0BA.
OpHak mpu 3aTBOPIOBAHHI IUIAKOJY>KHOTO IIEMEHTY HacudeHuM po3urnHoM NaCl
CIIOCTEPITAETHCS OUIbIIE MOTIPIICHHS MIIHOCTI IITYYHOTO KAaMEHIO.

3anponoHoBaHO  MOAM(DIKYBaHHS  IIJAKOJIYXKHOTO  IIEMEHTY  CHCTEMHU
«JOMEHHHMM TPaHyJbOBAaHUM MIJIAK — JYXXHUA KOMIIOHEHT» KOMIUJIEKCHOIO
N00aBKOIO CKIIAJly «TJTMHO3EMUCTUN LIEMEHT — MOPTJIAHIUEMEHT — KJITHONTHIIONIT
3 METOI0 MaKCUMAaIbHOTO 3B s3yBanns ioHiB Cl", SO,% 1 nomepemkeHHs Koposii
cTajgeBoi apMarypu B OctoHi. IloegHaHHA TJIMHO3EMHCTOrO IIEMEHTY 1
MOPTJIAH/ALIEMEHTY MpH criBBiAHOMIEHH] 2,17:1 cnpusie HalOUIbIl IHTECHCUBHOMY
dbopMyBaHHIO B CKJaJl MPOAYKTIB Tigpartaimii HUIAKOJIYKHOTO I[EMEHTY
BHCOKOOCHOBHOTO TrifipoanmominaTy kainbiiito 3Ca0-Al,03-10H,0, skuii 3a0e3nedye
38 s3yBanns ioHiB ClI, SO,* B Bomomeposumnni AFM-¢pasu. Buxopucranus
n00aBKM KIIIHOMTHJIONITY CYMICHO 3 TIOPTIAHAIIEMEHTOM 1 TJIMHO3EMUCTUM
LEMEHTOM CIpUs€ MiJACUICHHIO OKJIIOAYI04O0i (DYHKIII HUIAKOIYKHOTO LEMEHTY
BHacJi10k oOMiHy ioHamu OH™ Ha 1oHu Cl 1 SO~

JlochmipkeHHsT TOBEpPXHI CKOJy HITYYHOTO KaMEHIO II0Ka3ajlo, IO IMpH
3aMilllyBaHHI CUCTEM «JIOMEHHHMI T'paHyJbOBaHUM IUIAK — JTYHUH KOMIIOHEHT —

KOMITJIEKCHA T0OaBKa» MOPCHKOIO BOJIOIO B CKJIAJII TTPOYKTIB TiApaTaIlii mTy4YHOTO



KaMeHto Ha 28 100y TBepaHeHHs 3riaHo JITA mopsj 3 KaablUTOM, T1APOCHITIKATaMU
Ta TiApoaqtoMiHaTaMM KaJbIliio, 1IEHTU(GIKOBAHO XJIOpuAo-cyabdaTHi AFmM-dazu y
Bursii coii Kysens 3Ca0-Al;03:0,5CaCly-0,5504- 10H20. 3a qormomMororo MeTo/1iB
(h13UKO-XIMIYHOTO aHaJI13y MTOKa3aHO €(PEKTUBHICTh BUKOPUCTAHHS B IIUTAKOTYKHUX
LIEMEHTaX CUCTEMH <(JIOMEHHMM I'DAHYJIbOBAHUM LIIAK — JYKHUM KOMIIOHEHT»
KOMIUIEKCHOI JTOOABKH CKJIaTy «IJIMHO3EMUCTHH LIEMEHT — MOPTIAHIUEMEHT —
KJITHOTITHJIOJITY, SIKa 3a0e3nedye GopMyBaHHS B CKJIal T1jipaTallii MaJIOPO3YNHHUX
AFmM-da3 s HamiiiHOTO 3B’ SI3yBaHHS arpeCUBHUX JI0 CTalieBoi apMatypH ioHiB Cl
ta SO4% 3 (OpMyBaHHAM IILIBHOT MIKPOCTPYKTYPH. BHKOPHCTAHHS KOMILIEKCHOT
n00aBKM  BU3HAUEHOTO CKJIQAy 3alpONOHOBAHO SIK METOJ  YIpPaBIiHHSA
TPAHCTIOPTHUMH BJIACTUBOCTSIMU OETOHY Ha OCHOBI IIIJIAKOJIY>KHOTO IIEMEHTY .

JlocIiIKEeHO BIUIMB COJIEH CHIILHUX KUCJIOT Ha MPOIIECH CTPYKTYPOYTBOPEHHS
IJIAKOJTYKHOTO IIeMeHTy . [Toka3ano, mo BBeaeHHs q00aBok NaNOs, NasPO,4 1 NaCl
70 CKJaay MNUIAKOMY>KHOTO IIEMEHTY MPHU3BOAUTH O JIOJATKOBOTO YIIUIbHEHHS
MIKPOCTPYKTYPH IITY4YHOTO KaMEHIO 1 TIJBUIIEHHS MIITHOCTI BHACIIJIOK
30UTBIIEHHSI CTYIEHS 3aKpPHCTAI30BAHOCTI TIAPATHUX HOBOYTBOPEHb, a TaKOXK
iHTeHcu(DiKalii KIHETUKH CTPYKTYPOYTBOPEHHS IIeMEHTy. BwusHadeHo, 1110
e(pEeKTUBHICTh COJIEH CHJIBHUX KHCJIOT 32 1X BIUIMBOM Ha KIHETHKY
CTPYKTYPOYTBOPEHHS ~ 3MEHIIYETHCS B PsAy:  HITpAT  HATPIFO>XJIOPHUJ
Hatpiro>docdar HaTpito. [Tokazano, mo mod6aBka NaNO; 3a6e3nedye HaWOLIBITNN
CTYMIHb 3aKPUCTATI30BAHOCTI MIKPOCTPYKTYpHU BHACHIJOK HAWIHTEHCUBHILIOTO
BIUITUBY HA PO3BUTOK KOHJICHCAIIMHO-KPUCTATI3AMIMHOI CTPYKTYypU MICIsA
CIIOBUIBIOIOUOTO €(DEeKTY Ha PO3BUTOK KOATYJISIIHHOI.

OTxe, TEOPETUUHO OOTPYHTOBAHO Ta EKCIIEPUMEHTAIBLHO IMiATBEPKEHO Ha
MOJICTIEHUX CHCTEMAaX MOKIUBICTE 3B’s3yBaHHs ioHiB Cl, SO4% B Manmopo3umHHi
AFmM-daszu y Burnsal coneit ®pinens, MOHOCYIb(HOATIOMIHATY KalbI[II0 Ta COJI
Ky3zens 13 3a0e3neueHHs M MiABUILICHUX 3aXUCHUX BIACTUBOCTEH IITYYHOTO KAMEHIO
JY>KHOTO IIEMEHTY TI0 BIIHOIIEHHIO JI0 CTAJIEBO1 apMaTypH.

B po6oTi gochikeHo 3anexHicts Tpancnopty ionis Cl', SO42 3 arpecuBHMX

CepelOBHILl BiJl OCOOJMBOCTEH MAaKpPOCTPYKTYpH IIJIAKOJMY>KHHUX OETOHIB,



OTPUMaHUX 3 BHCOKOpYXOMHMX cywmimeii (Mapka P4). 3 merow ynpapiiHHSA
TPAaHCIOPTHUMHU BJIACTHUBOCTSIMU OETOHY I[0JI0 arpeCUBHUX JIO CTAJIEBOI apMaTypu
ionie CI' i SO4* mugxoM iX 3B’A3yBaHHA TiAPATHMMHM HOBOYTBOPEHHSAMU
NUTAKOTY>KHUM ~ O€TOH  MOAu(iKyBadd  KOMIUIEKCHOIO  JI00aBKOIO  CKJIaay
«TJIMHO3EMHUCTUH [IEMEHT — MOPTIAHALIEMEHT — KIIHONTHIIONITY.

3riTHO OTPUMAHUM 3HAYCHHAM KOe(ili€HTIB KOPO31MHOI CTIMKOCTI (OIU3BKO
1,0) 3pa3ku ApiOHO3EPHUCTUX IUIAKOIYKHUX OeTOHIB micyst 90 110 TBepIHEHHS B
arpeCUBHUX CEPENOBUIIAX XapaKTEPU3YIOTHCS HIUIBHOI0 MaKpOCTPYKTYPOIO, sIKa
3anofirae pyHHYBaHHIO INTYYHOTO KaMEHIO BHACIHIJIOK MPOHUKAHHS arpeCUBHUX
10HIB Cl- 1 SO42-. 3HaueHHs KOe]IIIEHTIB XIMIYHOI CTIMKOCTI JPiOHO3EPHUCTHX
IUTAKOTY>KHUX O€TOHIB, sKi jaemo MeHm 3a 1,0, oOyMOBJI€HI CHOBUIbHEHHSIM
riipaTtaiiiHuX MPOIECIB BHACIIIOK MOJU(PIKYBaHHA CKIIAJiB TOBEPXHEBO-
AKTUBHUMHU PEYOBHHAMHU Ta KOMIUIEKCHOIO 100aBKoi0. [Iyisi BU3HAUEHHS TIIHMOWHU
IPOHUKHEHHS XJIOPUA-10HIB Ha MOJOBUHU 3pa3KiB APIOHO3EPHUCTUX UIAKOTYKHUX
O€TOHIB, K1 3HAXOAUIIUCh B MOPCHKIH BOI1, po3npuckyBaiu po3urH 0,1 M AgNO3
3rigHo 3 Nordtest NT Build 492, a nng Bu3HaueHHS TVIMOWHU TPOHUKHEHHS
CyJib(haT-10HIB HA MMOJIOBUHHM 3Pa3KiB APIOHO3EPHUCTUX MIIAKOIYKHUX OCTOHIB, 5K
3HaXouiuCh B po3unHi Na2S04, posnpuckyBaiu po3uuH 0,5 H aneraty cBUHIIIO
(IT). I'mnOvHa TPOHUKHEHHS XJIOPUJ- Ta CYIb(PaT-I0HIB BUMIPIOETHCA 3a OLTUMU
ocanamu xyopuay cpibna ta PbSO4 BinnosigHo. BiacyTHiCTh Ha miepepizax Ou1oro
ocagy CBIIYUTH PO BiACYTHiCTH TpaHcmopty ioHiB Cl- 1 SO42- B 3paskax
JpiOHO3EPHUCTUX NUIAKOIYKHUX OeTOoHIB Ha 90 mo0y TBEpIAHEHHS B arpeCMBHUX
CEpelOBHUIIAX BHACIIIOK IIUJIBHOI CTPYKTYpH, 00yMoBJeHOi opmyBaHHSIM AFm-
(a3 3a yyacTio B mpoliecax riaparaiiii KOMIUIEKCHOI T00aBKH.

JlocmipkeHo BITMB YyMOB €KCIUTyaTallli Ha BJIACTHMBOCTI MOJU(IKOBAHOTO
IIJIAKOJTy>)KHOTO 0eToHy. Bu3HaueHo 0coOiaMBOCTI KapOoHi3alii B CTPYKTYpi
I1acTU(IKOBAHOTO IIIAKOIY>KHOrO OeTOHy mnpu ioro monaudikauii poGaBkamu
CoJiel CWIBHHMX KHCJIOT, BHUSABJICHHMX 3a 1X edekToM il Ha yIIUIbHCHHS
MIKPOCTPYKTYPHY BHACIIIOK MiBUILCHHS CTYIEHS 3aKpUCTAII30BAHOCTI T1IpaTHUX

HOBOYTBOPEHb.



[Toka3aHo BIJIMB 100AaBOK COJIEH CHIIBHUX KUCJIOT 1 MOPCHKOI BOAM HA MIITHICH1
BJIACTUBOCTI Ha 28 1100y TBEpJHEHHs IUIaKOIy>KHOro OeToHy. Tak, Moaudikarris
IIJIAKOTYKHOTO OETOHY Ha OCHOBI COJIU KaJIbIIMHOBAHO1 JOOABKOIO HITpPATy HATPIIO
3abe3reuye MiIBUIICHHS MIITHOCTI Ha CTHCK Ha 9,5 % (3 33 mo 35 MIla) BigHOCHO
KOHTPOJIBHOTO CKJIaay. 3MEHIIEHHs MOKa3HMUKIB MilHocTi Ha 9,8 % (3 33 mo 29
MIla) crnocrepiraeTbest mpu MoAUQIKaIli MITAKOIy>KHOTO 6eToHY H00aBko0 THO.
[Inakomy>kxHuid  OETOH, 3aMillaHUM MOPCHKOIO BOJOI0, XapaKTEePU3YEThCS
HANOUTBIIINM 3HIKEHHSIM BITHOCHO KOHTPOJBHOTO CKJIQAY OKa3HUKIB MILIHOCTI Ha
ctuck —Ha 19,7 % (3 33 no 26 Mlla).

AHaJOT14H1 3aKOHOMIPHOCTI BIUTMBY COJIEH CUIIBHUX KHUCIIOT 1 MOPCHKOI BOJIH
Ha MIIHICHI BJACTHBOCTI HUIAKOJY>)KHOTO OETOHY CIIOCTEpIratoThCs 1 MpHU
BUKOPUCTAHHI METACHUJIIKATy HATPIil0 SK JIY>KHOTO KOMIIOHEHTY. BukopucrtanHs
HITpaTy HaTPIIO MPU3BOJIUTH 10 30UIBIIEHHS MIHOCTI Ha cTUCK Ha 9,3 % (3 53 1o
56 MIla) BimHOCHO KOHTpOJIbHOTO ckiiany. JlobaBka TH® oO0yMoBIIOE 3MEHIIICHHS
MIIHOCTI Ha cTUCK Ha 3,8 % (3 53 mo 50 MIla). 3aminryBaHHs MOPCHKOIO BOJIOIO
MPU3BOAUTH 10 3MEHIIEHHSI MIITHOCTI Ha cTUCK — Ha 14,9 % (3 53 no 44 Mlla).

Buznaueno, mo BBeneHHs no0aBku NaNOs; mo ckiany miacTugikoBaHOTO
IIJIAKOJIy>)KHOTO OE€TOHYy  Ha OCHOBI METAacWJIKaTy HaTpiio, IO 3a3Hae Mii
arpecUBHOTO cepeoBuIa KoMOiHOBaHOTO Kiacy BBy XC4+XS3 Bupoaosxk 90
110, 3a0e31euye yIIJIbHEHHS CTPYKTYPH, a TaKOK 3HUKEHHS 3arajibHOi MOPUCTOCTI
Ha 24,6 %, 110 00yMOBIIOE TIBUIIECHHS MIIHOCTI HA 3TUH 1 MIITHOCTI Ha CTHUCK
matepiany Ha 8,3 1 7,5 %. 3amina no6aBku NaNOs; na NazsPOs mpusBoguths 10
HE3HAYHOT0 MMaIHHA MIITHOCTI Ha 3TMH 1 MIITHOCT1 Ha CTUCK Ha 8,3 15,2 % BHACIIIJIOK
CIOBUIbHIOIOUYOTO e(eKTy 100aBKM Ha KIHETHUKY CTPYKTYPOYTBOpPEHHsS. Y pasi
BUKOPUCTAHHS SK JIy>KHOTO KOMIIOHEHTY COJY KaJbIIMHOBAHO! Mpu MOAMdIKAIli
nutakoykHoro O6erony coisimu y Bursiai NaNOs; 1 NasPO,s cmoctepiraerses
VIIUIBHEHHS. ~ CTPYKTYPHM  BHACIHIJOK  3allOBHEHHS  IMOPOBOTO  IPOCTOPY
riipocumikaTHuM reneM. [Ipu 1boMy Ha 3HIKEHHS 3araJIbHOI TOPUCTOCTI €eKTy
coJiell He 3a(piKCOBaHO.

3anponoHOBaHO METOJMKY BHMPOOYyBaHHS KapOoHizarii miacTudikoBaHOTO



IJIAKOJTY>KHOTO OETOHY, SIKUH BUKOPUCTOBYETHCS B KOHCTPYKIIISIX, TOBEPXHI SIKUX
NEepIOJINYHO 3HAXOSATHCA B KOHTaKTI 3 MOpPCHKOIO BOJIOI0. BkaszaHe arpecuBHe
cepenoBuIle KiIacu(piKyeThes K KOMOiHaris kiaciB BBy XC4 (mepioaudHMiA
KOHTAKT 3 MOPCHKOIO BOj0I0) + XS3. JIoHIIBHICTE METOAUKH OO0yMOBJIEHA
BIJICYTHICTIO 00’€KTHBHOI OIIIHKM CTaHy KapOOHI3allii IIJaKOIy>KHOTO OETOHY B
yMoBax miaBuieHoi konuentpaiii CO».

[Toka3zano, mo moaudikaris 6erony no6aBkamu NaNOs1 NasPO, npu3BoauTh
710 3MEHIIICHHS IITMOUHU KapOoHizallii 3 2 1o 1 MM Ha 90 100y TBepAHEHHS B yMOBax
MOTIEPEMIHHOTO 3BOJIOKYBAaHHSI Ta BHUCYIIyBaHHS. 3aMilTyBaHHS IMIJIAKOJIYKHOTO
0eTOHYy MOPCHKOIO BOJIOI0 HE 3a0e3rnedye 3MEHIICHHsS TIMOMHU KapOoHi3allii, 110
TaKoXX OOYMOBJIIOE JIOIIJIBHICTh BKMBAaHHS 3aXOJIB MO 3B’SI3yBaHHIO COJIEH
MOPCHKOT BOJIU IS MIABUIICHHS €(pEKTUBHOCTI i BAKOPUCTAHHSI.

OTxe, BU3HAYEHO 3HAYUMI YUHHUKH (Y31l BYTIIEKUCIIOTO Ta3y B CTPYKTYPY
1 EKCIIEpUMEHTAJIbHO OOIPYHTOBaHI €(EKTHUBHI 3aXOQu MO pPALlOHATILHOMY
O0OMEKeHHIO KapOoHi3allii B HOTro 3aXMCHOMY MIapi.

JocnimkeHo nmpouecu Kopo3ii apMaTypu B OETOHI IPUCKOPEHUM METOJIOM Ta Y
npupoaHiX ymoBax. [lokazano, mo micas 90 ni®6 TBepAHEHHS B ymoBax il
arpecMBHOTO  cepeloBUIa  KOMOiHOBaHOTro  kjacy BBy — XC4+XS3
MOAM(DIKOBAHUM ITAKOTYKHUA OETOH XapaKTEPU3YEThCS BUCOKMMH 3aXMCHUMU
BJIACTUBOCTSIMHU, IO MIATBEPIKYETHCS 3HAYCHHSIMU BTpPAaTH Macu CTPUXKHIB,
BOYJIOBAaHUX B 3pa3Ku MIIAKOJdyXHoro Oetony, B 1,8...2,7 pa3u MeHIIUMHU B
MOPIBHSHHI 3 HEMOJU(}IKOBAHUM aHAJIOTOM MPU BUKOPUCTAHHI METaCUJIIKATy
HATPIIO SK JIY’)KHOT'O KOMIIOHEHTY. J{oBroTpuBai TOCIiKEHHS JOBOAATD, 1O MiCIIS
180 Ta 360 116 TBepAHEHHS Y 3BUYAHIN Ta MOPCHKIM BOJI1 MOAM(IKOBAHUN COJISIMHU
CWIBHUX KHCJIOT Ta KOMIUIEKCHOIO JO00aBKOIO IUIAKONYXHUN OETOH TaKOoX
XapaKTEPU3YEThCS BHCOKHMMHU 3aXMCHHMH BJIACTUBOCTSAMH, IO IMiATBEPIKYETHCS
3HAYEHHAMM BTpPAaTH Macu CTpWxkHIB B 1,9...2.4 pa3u MEHIIMMH B MOPIBHSAHHI 3
HeMoaudikoBaHuM aHaoroMm. OTxe, MATBEPKEHO €PEKTUBHICTh BUKOPUCTAHHS
COJIEM CHUJIBHMX KHUCJIOT 1 MOPCBKOi BOJIM CYMICHO 3 KOMILJIEKCOM JT00aBOK, KU

MICTUTh TOPTJIAHIIEMEHT, TJIMHO3EMUCTUH IIEMEHT 1 KIIHOMTHJIONIT, SIK 3aco0y



3ano0iraHHs KOpo3ii cTajaeBoi apMaTypu B IUIACTH(IKOBAHOMY ILIAKOIY>KHOMY

O€TOoHI.

Kiro4oBi cioBa: JTy>KHUN LIEMEHT, JTy>KHUN OETOH, KOPO3is CTaleBOi apMaTypH,
XJIOPUA-10HU, Cyib(daT-ioHH, KapOOHi3allisd, 3aMillyBaHHS MOPCHKOI BOJIOIO,
XIMIYHE 3B’ SI3yBaHHS.
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ABSTRACT

Boiko O.V. Alkali activated concrete based on high-slump concrete mixes with
increased protective properties to steel reinforcement. — Qualification scientific
work on the rights of manuscript.

The thesis for scientific degree of the Doctor of Philosophy by specialty 192
“Construction and Civil Engineering” (19 — Architecture and Construction). — Kyiv
National University of Construction and Architecture of the Ministry of Education
and Science of Ukraine, Kyiv, 2023.

The PhD thesis covered the regularities of structure formation of alkali
activated cements in the systems «granulated blast furnace slag - soda ash» and
«granulated blast furnace slag - sodium metasilicate» when mineral additives, salts
of strong acids were introduced into them and when they were mixed with sea water.
According to the results of studies of model systems, it was established that the phase
composition of hydrated products is mainly represented by calcium hydrosilicates
and calcite. In order to determine the composition of alkali activated cement, which
will ensure the maximum binding of ClI, SO,* anions aggressive to steel
reinforcement by hydrated products, the influence of mineral additives and sea water
on the immobilizing capacity of cement was investigated and the dependence of the
properties of alkali activated cement system «granulated blast furnace slag — alkaline
component» on the type of mineral additive and the mixing solution was determined.
The introduction of Portland cement and clinoptilolite additives into the system leads
to an increase in the standard consistence of cement paste index, but does not affect
the cement hardening period. Modification with the addition of Ca(OH), contributes
to the increase of normal consistence of cement paste and lengthening of hardening
periods, regardless of the type of mixing solution. The use of additives of Portland
cement, clinoptilolite and Ca(OH), leads to deterioration of the strength indicators
of alkali activated cement, the most negative effect is characterized by the addition
of Ca(OH)s.

The addition of alumina cement does not significantly affect the standard



consistence of cement paste index of alkali activated cement, but it leads to
stretching of the hardening period, especially the end. At the same time, there is a
positive effect of the addition of alumina cement on the formation of the strength of
alkali activated cement of the «granulated blast furnace slag - soda ash» system.

Regarding the effect of the type of mixing solution on the properties of alkali
activated cement, it was determined that mixing alkali activated cement with
seawater slows down the hardening process. At the same time, there is a slight
deterioration of the strength properties on the 28th day of hardening. Since sea water
Is a mixture of salts, among which chlorides and sulfates prevail, it is possible to
evaluate the role of each component on the properties of alkali activated cement
based on soda ash when mixed with saturated solutions of NaCl and MgSO,. It is
shown that the sulfate component has a greater effect on slowing down hardening.
However, when alkali activated cement is mixed with a saturated NaCl solution,
there is a greater deterioration in the strength of the artificial stone.

It is proposed to modify the alkali activated cement of the system «granulated
blast furnace slag - soda ash» with a complex additive of the composition «alumina
cement - portland cement — clinoptilolite» in order to maximally bind ClI-, SO,2- ions
to prevent corrosion of steel reinforcement in concrete. The combination of alumina
cement and portland cement at a ratio of 2.17:1 contributes to the most intensive
formation of highly basic calcium hydroaluminate 3CaO-Al,03-10H,0 as part of the
hydrated products of alkali activated cement, which ensures the binding of Cl-, SO,*
ions in the water-insoluble AFm phase. The use of clinoptilolite additive in
combination with portland cement and alumina cement helps to strengthen the
occlusive function of alkali activated cement due to the exchange of OH" ions for CI
and SO,* ions.

The study of the chipped surface of artificial stone showed that when mixing
the systems «granulated blast furnace slag - alkaline component - complex additive»
with sea water in the composition of artificial stone hydrated products for 28 days
of hardening according to DTA along with calcite, hydrosilicates and calcium

hydroaluminates, chloride-sulfate  AFm-phases in the form of Kuzel’s salt



3Ca0-Al,03:0.5CaCl,-0.5504-10H,0 were identified. Using the methods of
physico-chemical analysis, the effectiveness of the use in the «granulated blast
furnace slag - alkaline component» system of the «alumina cement - portland cement
— clinoptilolite» complex additive, which ensures the formation of poorly soluble
AFm phases in the hydrated composition for reliable binding of aggressive to the
steel reinforcement of ClI-, SO, ions with the formation of a dense microstructure
was shown. The use of a complex additive of a specified composition is proposed as
a method of controlling the transport properties of concrete based on alkali activated
cement.

The influence of salts of strong acids on the processes of structure formation of
alkali activated cement was studied. It is shown that the introduction of NaNOs,
NazPO,4 and NaCl additives into the composition of alkali activated cement leads to
an additional compaction of the microstructure of artificial stone and an increase in
strength due to an increase in the degree of crystallization of hydrated products, as
well as an intensification of the kinetics of cement structure formation. It was
determined that the effectiveness of salts of strong acids in terms of their influence
on the kinetics of structure formation decreases in the order: sodium nitrate>sodium
chloride>sodium phosphate. It is shown that the addition of NaNO3 provides the
highest degree of crystallization of the microstructure due to the most intense effect
on the development of the condensation-crystallization structure after the retarding
effect on the development of the coagulation structure.

So, the possibility of binding CI-, SO,% ions in poorly soluble AFm-phases in
the form of Friedel salts, calcium monosulfoaluminate, and Kuzel salt was
theoretically substantiated and experimentally confirmed on model systems,
providing increased protective properties of artificial stone of alkaline cement in
relation to steel reinforcement.

The paper examines the dependence of Cl-, SO,% ion transport from aggressive
environments on the macrostructure features of alkali activated concretes obtained
from high-mobility mixtures (P4). In order to control the transport properties of

concrete in relation to ClI- and SO,* ions, which are aggressive to steel



reinforcement, by binding them with hydrated products, alkali activated concrete
was modified with a complex additive of the composition «alumina cement -
Portland cement — clinoptilolite».

According to the obtained values of corrosion resistance coefficients (about
1.0), samples of fine-grained alkaline concrete after 90 days of hardening in
aggressive environments are characterized by a dense macrostructure that prevents
the destruction of artificial stone due to the penetration of aggressive Cl- and SO4*
ions. The values of the coefficients of chemical resistance of fine-grained slag-
alkaline concrete, which are slightly less than 1.0, are due to the slowing down of
hydration processes due to the modification of compositions with surface-active
substances and a complex additive. To determine the depth of penetration of chloride
ions on half of the samples of fine-grained alkaline concrete that were in seawater,
a solution of 0.1 M AgNO3 according to Nordtest NT Build 492 was sprayed, and to
determine the depth of penetration of sulfate ions on half of the samples of fine-
grained alkaline concrete that were in a Na,SO, solution, a solution of 0.5 N lead
acetate (I1) was sprayed. The penetration depth of chloride and sulfate ions is
measured by white precipitates of silver chloride and PbSO4, respectively. The
absence of white sediment on the cross-sections indicates the absence of transport
of Cl- and SO42- ions in samples of fine-grained alkaline concrete after 90 days of
hardening in aggressive environments due to the dense structure caused by the
formation of AFm phases with participation in the hydration processes of the
complex additive.

The influence of operating conditions on the properties of modified alkaline
concrete was studied. The features of carbonization in the structure of plasticized
alkaline concrete during its modification with the addition of salts of strong acids,
revealed by their effect on the compaction of the microstructure due to the increase
in the degree of crystallization of hydrated products, were determined.

The effect of the addition of salts of strong acids and sea water on the strength
properties on the 28th day of hardening of alkaline concrete is shown. Thus, the

modification of concrete based on soda ash with the addition of sodium nitrate



provides an increase in compressive strength by 9.5% (from 33 to 35 MPa) relative
to the control composition. A decrease in strength indicators by 9.8% (from 33 to 29
MPa) is observed when alkaline concrete is modified by addition of sodium
phosphate. Concrete, mixed with sea water, is characterized by the greatest decrease
in strength indicators relative to the control composition - by 19.7%.

Similar regularities of the influence of salts of strong acids and sea water on the
strength properties of alkaline concrete are observed when sodium metasilicate is
used as an alkaline component. The use of sodium nitrate leads to an increase in
compressive strength by 9.3% (from 53 to 56 MPa) relative to the control
composition. The addition of sodium phosphate causes a decrease in compressive
strength by 3.8% (from 53 to 50 MPa). Mixing with sea water leads to a decrease in
compressive strength - by 14.9% (from 53 to 44 MPa).

It was determined that the addition of NaNOs to the composition of plasticized
alkaline concrete based on sodium metasilicate, exposed to the aggressive
environment of the combined XC4+XS3 exposure class for 90 days, ensures the
compaction of the structure, as well as a decrease in total porosity by 24.6%, which
causes an increase in strength on bending and compressive strength of the material
by 8.3 and 7.5%. Replacing NaNO; additive with NazPO, leads to a slight drop in
flexural strength and compressive strength by 8.3 and 5.2% due to the retarding
effect of the additive on the Kinetics of structure formation. In the case of using soda
ash as an alkaline component in the modification of alkaline concrete with salts in
the form of NaNO; and NazPO,, a compaction of the structure is observed due to the
filling of the pore space with hydrosilicate gel. At the same time, the effect of salts
on the reduction of the total porosity was not recorded.

A method of testing the carbonation of plasticized alkaline concrete, which is
used in structures whose surfaces are periodically in contact with sea water, is
proposed. This aggressive environment is classified as a combination of exposure
classes XC4 (periodic contact with seawater) + XS3. The feasibility of the technique
Is due to the lack of an objective assessment of the state of carbonation of alkaline

concrete under conditions of increased CO, concentration.



It is shown that the modification of concrete with NaNO; and NasPO, additives
leads to a decrease in the depth of carbonation from 2 to 1 mm per 90 days of
hardening in conditions of alternating wetting and drying. Mixing concrete with sea
water does not reduce the depth of carbonation, which also determines the feasibility
of measures to bind sea water salts to increase the efficiency of its use.

Therefore, significant factors of diffusion of carbon dioxide into the structure
have been identified and effective measures for rational limitation of carbonation in
its protective layer have been experimentally substantiated.

Corrosion processes of reinforcement in concrete by the accelerated method
and under natural conditions were studied. It is shown that after 90 days of hardening
in the aggressive environment of the combined influence class XC4+XS3, the
modified alkaline concrete is characterized by high protective properties, which is
confirmed by the values of the mass loss of the rods embedded in the samples of
concrete, which are 1.8...2.7 times smaller in compared with the unmodified
analogue when sodium metasilicate is used as an alkaline component. Long-term
studies prove that after 180 and 360 days of hardening in ordinary and sea water,
alkaline concrete modified with salts of strong acids and a complex additive is also
characterized by high protective properties, which is confirmed by the values of the
weight loss of rods 1.9...2.4 times lower compared to unmodified analog. Therefore,
the effectiveness of the use of salts of strong acids and sea water in combination with
a complex of additives containing portland cement, alumina cement and
clinoptilolite as a means of preventing corrosion of steel reinforcement in plasticized
alkaline concrete has been confirmed.

Key words: alkali activated cement, alkali activated concrete, corrosion of steel
reinforcement, chloride ions, sulfate ions, carbonation, mixing with sea water,

chemical binding.



