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AHOTALIA

Mapxie T.€. HaykoBi 3acagd OTpuMaHHA O€TOHIB 3  IIIJBUIICHOIO
TPIIIMHOCTIMKICTIO 32 PaXyHOK KEPYyBaHHS CTPYKTYPOYTBOPEHHSM Ha PI3HUX PIBHAX. —
Kgamidikamiitna HaykoBa mparis Ha IpaBax PyKOIHUCY.

Hucepraiis Ha 3400yTTS HAYKOBOTO CTYNEHsS JOKTOpa TEXHIYHMX HayK 3a
cnemianpHicTio 05.23.05 ByniBensHi MaTepianu Ta BUpoOu. - HarionanpHUM yHIBEpCUTET
«JIpBIBCHKA MONITEXHIKAY, JIBBIB, 2024.

JuceprariitHa poOoTa IPUCBAYEHA PO3POOTICHHIO TCOPETHYHUX OCHOB OJICPKAHHS
OCTOHIB 3 TIIJIBUIICHOI MIITHICTIO Ta TPIMIMHOCTIMKICTIO. Po3po0ieHo aiaroputM
OararonapaMeTpUYHOr0 MPOEKTYBaHHS OETOHIB KJaciB 3a MiIHICTIO Ha cTHCK C25/30-
C50/60, sxuii mepenbavae parioHAIBHUM MiAOIP Ta ONTHUMI3AII0 TEXHOJOTTYHUX
(dakTOpiB Ha PI3HUX CTPYKTYpPHUX PIBHSIX, 110 3a0e3neuye IMiJABUIICHHS
TPIMHOCTIMKOCTI. PO3p00IeHO CHCTEMHMI MiX1] 10 BUOOPY MiHEpaIbHUX A00ABOK 1
MOKa3aHo, IO JTOCHIJKEHI IMYII0JIAHOBI MaTepiajidi Ha OCHOBI MPHUPOAHMUX 1 IITYYHHUX
LEOJITIB MAalTh CYTTEBUWA MOTEHLIAd JI1 IOKPAUIEHHS BIACTUBOCTEH OETOHHHX
cymimeir Tta OeToHiB. BcraHoBieHo, mo 3a 3xatHicTio norimHatu CaO 3 iioro
HACHYEHOTO PO3UYMHY BUKOPUCTaHI MiHEpaJIbHI JO0AaBKM MOXXKHA PO3MICTUTH B TaKOMY
MOPSAIKY 3a 3pPOCTaHHSAM: TPaHYJbOBAaHWM JOMEHHUH IIIaK— 30J1a-BUHECEHHSI—
MPUPOIHI MyILIOJIaHU— IITYYHI MyII0JaHu. 3allPOTIOHOBAHO PO3ILIUTH €hEeKTH Jii TaKUX
MaTepiaiaiB Ha OCHOBHI 1 JIOJATKOBI, SIKi HEOOXIAHO BPAaXOBYBaTH IMpPH NPOEKTYyBaHHI
O0eToHiB. JlOCHIIPKEHHSIMUA TOKa3aHO, 1[0 BUBUCHHS KIHETHUKH MPOLECIB TiApartarii 1
TBEPJHEHHSI IIEMEHTHUX CHUCTEM 3 JOCIHIIKYBAaHUMH ITYIIOJJAHOBUMH Marepiajiamu, a
TaKOX TeHE3HUCY X MIKPOCTPYKTYPH MA€ BEJIMKE 3HAYCHHS, TOMY 110 BIIKPUBAE MUTSIX 0
HAyKOBOTO MIPOTHO3YBAHHS iX BIACTUBOCTEH. PO3KpUTO (h13UKO-XIMIUHI 3aKOHOMIPHOCTI
Ta MOXJIMBOCTI HarpaBjieHOro (opMyBaHHs (a30BOTO CKJIQQy IIEMEHTHOI MaTpulli
0eToHy 3 MyIOJaHOBUMHU MaTepialaMH, CTBOPIOIOYN YMOBH JIJIsl yTBOPEHHS JOJATKOBOT
KUIBKOCT1 PIBHOMIPHO PO3MOAUICHUX MOJU(DIKOBAaHUX APIOHOMAMCIIEPCHUX TMPOMYKTIB
rigparaiii, B TOMY YHCII TOJYaCTO-BOJIOKHUCTHX TIIPOCUJIIKATIB KaJbIilO, SK1
KOJbMATYIOTh TOPOBHM TPOCTIp IeMeHTHOTro kameHto. lle 3abesmeuye edekt ioro

caMOapMyBaHHS Ha PIBHI MIKPOCTPYKTYpH, 3MEHIICHHS KIJIbKOCTI Je(eKTiB,



3
HBUIICHHS ONOpPY PYWMHYBaHHIO Ta CUHTE3 MIIIHOCTI OETOHIB SIK HA PO3TSAT NPHU 3THHI,

TaK 1 Ha CTUCK, a TaKOX IMOKpaIleHl eKcIuTyaTalliiiHl BiacTuBocTl. [lokasaHa BaxinBa
poJib hpakIifHOTO CKIaAy MIHEpAThbHUX HO00ABOK IMyI0JAHOBOI MPUPOIN aKTUBHOCTI Y
MOKpAIIeHH] TpaHyJIOMETpii TBEPAHYUYHMX CHUCTEM Ha ME30CTPYKTYpHOMY PpiBHI.
BcTanoBieHo, 1110 BUKOPUCTAHHS MOJIIUCIIEpCHOTO 1ieomiToBoro Tydy dpaxiii 0,4-800
MKM CTBOPIOE YMOBH JISI HETIEPEPBHOCTI TPAHYJIOMETPUYHOTO CKJIATy 1 KOMIICHCYE
HeCTauyy 4YacTHHOK po3MmipoM 60-160 MKkM (BMICT B ILIE€OJITOBOMY Ty(]hi CTaHOBUTH
om3pko 50%) B 3BUYAliHOMY OCTOHI, SIKI 3HAXOISATHCA B CHUCTEMI “TIOPTIAHIIEMEHT-
1eoiToOBUl Ty(-apiOHui 3amoBHIOBau”. lle 3abe3reuye BHOPSAKYBaHHS ITOPOBOTO
MIPOCTOPY Ha PIBHI ME30CTPYKTYpHU OETOHY Ta IMUIBHIIITY YIaKOBKY 3epeH. [linTBepmkeHo
€(EeKTUBHICTh BUKOPUCTAHHS MOJIAUCIEPCHOIO LEOTITOBOTO Ty(Qy, KU € JHKEpeIom
JIETKOJIOCTYMHOI J0JJaTKOBOI BOJU JJI TOTJIMOJIEHOT Tiapartaliii mopTiaHIIeMeHTy, Ta
MOKJIMBOCTI OJEpKaHHA OETOHIB 3 MIJBUIICHOI MIIHICTIO B MOBITPSIHO-CYXHX
(t=40+3°C, ¢=40+3%) ymoBax TBepaHeHHs. [lomiaucnepcHuii eomiToBui Ty, Maroun
BHYTPIIIIHI pe3epByapu BOJM, 3a0e3leuye pIBHOMIPHUN Tepedir peakiiil rigparairii i
PO3BUTOK MIIHOCTI IIEMEHTOOETOHY B TaAKUX YMOBAX, IO MIATBEPKEHO JCIIO BUIIOIO
MIIHICTIO Ha CTHUCK MpHU 3aMiHl mopTirananemMenty Ha 10 mac.% 1iei MiHepalbHOI
no6aBku. CTBOpEHHS yMOB JIsl TOTJIMOJICHOT T1paTailii pu BBEACHHI 1IE0JIITOBOTO TY(Dy
JIa€ 3MOTY TIOTIEPEANTH PaHHE TPIITUHOYTBOPEHHS OCTOHY B MOBITPSHO-CYXHUX YMOBaX.
BcranoBneHo, 1110 Ipyu BBEJICHHI MOBITPOBTATYBAILHUX TOOABOK 3pOCTAE MIIACTUYHICTD
pPO3YMHOBOT YacTUHU OETOHHOI cymimn 3a paxyHok “ball-bearing” edekry, a ix
BUKOPHUCTAHHA Pa3oM 3 JI0JaTKOBUM IIEMEHTYIOUUMHU MaTepiajiaMu 3 MOAIOHUM eeKToM
(30J1a-BUHECEHHSI) MOXE TIPU3BECTHU J0 CUHEPTIYHOTO e(PEeKTy TX B3aEMO/Iii.
BcranoBneHo ~— MexaHi3M  MIABUIIEHHS  TPIMIMHOCTIAKOCTI  O€TOHY 3
NOBITPOBTATYBAJIbHUMH J00aBKaMU, SKUH TPYHTYEThCS HAa (OPMYBaHHI B CTPYKTYpl
O0eTOHy PIBHOMIPHO PO3MOAUICHUX TOBITPSIHUX TMOP 3 0OOJOHKOIO, C(POPMOBAHOIO 3
MPOAYKTIB Tijparaiii MOPTIAHAIIEMEHTY, 30KpeMa BOJIOKHHCTHUX T1APOCUJIIKATIB
KaJIBIIifO, SIKI MOYKHA PO3TJISIIATH SIK KOMIICHCATOPH HAIPYKEHb, IO 3/1aTHI rajJbMyBaTH
MONIMPEHHS  TPINIUMH, TOTJIWHAIOYM TPYXHY eHeprito. Komu HaBaHTaKeHHS

MIPUKIIAJIAE€THCS JI0 TAKOTO OCTOHY 3 MOBITPOBTATYBAJIBLHOIO JOOABKOIO Ta I[€OJITOBUM
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TypoM MiIKpOapMOBaHi MOBITPsiHI OynbOAlIKM MNPU3BOIAATH A0 JUCHMALl €Heprii

MIKPOTPIIIMHOYTBOPEHHS il HaBaHTaxeHHsSM. Lle cympoBOKY€eTbCS MiABUIICHHSIM
XapaKTePUCTHK TPIITMHOCTIHKOCTI Ta €KCIUTyaTalliHUX BIACTUBOCTEN OCTOHIB.

[TokazaHo, 110 BHUKOPUCTAHHS MOJITUCIEPCHOTO LEOJITOBOrO Ty(dy sK
MyI0JJAHOBOTO MaTepially, He3BaXalouud Ha MOro MOPUCTY CTPYKTYPY, y MOEAHAHHI 3
XIMIYHUMH J100aBKaMM IJIaCTU(PIKYIOYOi Ta MOBITPOBTATYBAJIBHOI [1i poOHTH iX
e(peKTUBHUMU KOMIIOHEHTaMU OETOHHHMX CyMilIel pi3HOI KOHCHCTeHIii. Y OeToHax
(Mapka 3a ocajakoro KoHyca 6etoHHoi cymimni S4, B/I[=0,5) cnoctepiraerbcs aesike
3HIKEHHS MIITHOCTI mpoTsirom 90 ni6 TBepAHEeHHS, ane yepe3 180 116 MIIHICTh HA CTHCK
O€TOHIB, IO MICTATh MOJIIUCIIEPCHUN IICOJNITOBUN Ty, HaBITh mNepeBulrye Ha 2%
MIILHICTh O€eTOHYy 0e3 1eosiToBoro Tydy. [linBUIY€eThCS TaK0X MOPO3OCTINKICTD (IJIs1
F150 Afem =17,9%) nopiBHsIHO 3 6€TOHOM 0€3 MOJIAUCIEPCHOTO LIEOTITOBOTO Tydy Ta
MOBITPOBTATYBaIbHOT 00aBku (st F150 Afem =37,9%) Ta, sik HaCIiA0K, TOBTOBIYHICT,
3MEHILYIOThCS yCaJKa MpHU BUCUXaHHI Ta MIMOWHA TPOHUKHEHHS BOAM Maiixke Ha 34%.
BcranoBneHno, 1mo Kopo3siiiHa cTidkicTe OeToHiB 3 10 wmac.% momigucrnepcHoro
neomitoBoro Tydy MIABUILYETbCS sSK B arpecuBHoMy  cepenoBuiii  MgCls
(C(Mg?")=10 r/n), Tax i B Na,SO4 (C(SO4*)=10 r/n).

3anpomnoHOBaHO IO BUKOPUCTAHHS MapaMeTp MUTOMHUX €HEPrOBUTPAT Ha JIOKAIbHE
craTudHe neopMyBaHHs B 30HI MarictpanbHoi Tpimuuu G). Lleit mapametp, pazom i3
CTaHJAPTU30BAHUM IMOKa3HUKOM MUTOMUX €HEPrOBUTPAT HA CTATUYHE JehOpMYBaHHS
JI0 MOMEHTY ITOYaTKy pyXy MarictpaiabHoi TpimuHu (Gj), OUIBII TOYHO 1 B TOBHIN Mipi
XapaKTepHU3ye MOBEIHKY OCTOHY IiJi HAaBAHTAXXEHHSM B JOKPUTHUYHIN 1 3aKpUTUYHIN
obOnacTsax nedopmyBaHHS 1 BU3HAYa€e €(PEKTUBHICTh apMyBaHHsS. PekoMeHA0BaHO mpH
oJiep>KaHH1 OETOHIB 3 M1ABUIIEHOO TPIILIMHOCTIMKICTIO KEPYBATHUCS 3HAYEHHSAM KPUTEPIIO
KPUXKOCTI ¥, sikuii iepeBuiirye 140 M.

AHani3 mopoBoi CTPYKTypH OETOHY (Mapka 3a 0CaJKOI0 KOHyca OETOHHOI CyMilli
S1) 3 moniaucCrepCHUM LIEOTITOBUM Ty(hoM Ta miaacTU(iKyHOue-MOBITPOBTATYBaTbHUMU
n00aBKaMu 3 BAKOPUCTAHHIM KOMIT FOTEPHOT MiKpoTOMOTpadii CBIIUUTS, 110 TIPH 00’ €Mi
BTATHYTOTO TOBITpS 6,5% Taki Oynp0amKkyd TMOBITPS BHUCTYMAIOTh Aemidepamu

HaIpy>KeHb, a pa3oM 13 MOJU(DIKYBaHHSIM MIKPO- Ta ME30CTPYKTYpHU OETOHY PU3BOASATH
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0 3MEHNIEHHS MIKPOTPIMHOYTBOPEHHs Ha mokputuuHii (Gi=247,44 Jx/m?) Ta

CIIOBIIbHEHHS TIOMIMPEHHIO MaTiCTpabHUX TPIiUMH B 3akputHuHiil (Gj=492,28 Jlx/M?)
cramiax. Taki OETOHM TaKOXX XapaKTEpU3YIOThCS MOKPAIICHUMH MIIHICHUMHU Ta
eKCIUTyaTallliHUMU BJIACTUBOCTSIMU: MIIHICTIO 4yepe3 28 ni0 TBEepAHEHHS Ha CTHUCK
(fem=65,8 MITa) i po3rsr nipu 3ruHi (fen=9,3 MI1a), Hu3bkuM BogonorauHaHHIM (Wn=2,1
%), M ABHIIEHO0 MOp030- (1t F200 Afen=>5,3%) Ta kopo3iitHoro crikicTio (KC,=1,23).

[TpoBeneHO OIIHKY BITUBY IMCIEPCHOTO apMyBaHHS OETOHY pPI3HUMH BHUAaMU
¢i10pn Ha MIIHICHI BJIACTUBOCTI Ta XapaKTEPUCTHKHA TPIIMIMHOCTIMKOCTI OCTOHIB.
JlocmipkeHo, 110 TO€AHAHHA TMONINPOMIEHOBUX BojokoH tumy I (3
nedopmoBaHoo moBepxHew) Ta DI (mpami goexuHO 12 MM) € HaWOUIBII
e(eKTUBHUMU 1 JO3BOJISE MIABUIIUTH Maixke Ha 75 Ta 50% MIIHICTh Ha PO3TST NpU 3rHUH1
Ta CTATUYHUNA KPUTUYHHUI KOE(]IIIEHT IHTEHCUBHOCTI HANPYKEHb BIJIMOBIIHO. AHaII3
OeTOHy Ha PIBHI M€30- Ta MaKpOCTPYKTYpH IOKa3ye, 10 Il MOKAa3HUKU JOCITaloThCs
BHaciinok “Bridge” edekry, sKkuii CTBOPIOEThCS NMpH apMyBaHHI OeTOHY (iOpOBHM
BOJIOKHOM. IIpM LIbOMYy CHOCTEpIraeThCs CIOBUIBHEHHS PO3BUTKY MAaKpOTPIIIUH B
JOKPUTHYHIN cTamii nepopMyBaHHA Ta 3pocrae omip aedparmeHTanii 3pas3kiB B
3aKPUTHUYHIN CTafli pyHHYyBaHHS TakuxX 0eToH1B. BiOyBaeThcs cradimizaltis Aedopmartiii
ycaaku 4epe3 22 n1o0u TBEpAHEHHS Ta MOAAJIbIIE iX 3MEHIIEHHS Ha 26% TOPIBHSHO 3
HEaPMOBAaHUM OETOHOM.

OOrpyHTOBaHO HAyKOB1 3acaayd pO3pOOJEHHS TMPUHIIMIIOBO HOBOI KOHIICTIIi1
CTBOPEHHsI OETOHIB 3 MIJBUIIEHOIO MIIHICTIO 1 TPIIMHOCTIUKICTIO, sIKA TPYHTYETHCS HA
MOXJIMBOCTSIX PETYJIIOBaHHS TapamMeTpiB TPINIMHOCTIMKOCTI 3a pPaxyHOK 3MiHU
napameTpiB MPOEKTYBaHHS Ta PI3HUX TEXHOJOTTYHUX (PAKTOPIB, a came — IMyLI0JAHOBHUX
MaTtepiaiiB  IEOJITOBOrO THIY, IUIACTU(PIKYIOUE-TIOBITPOBTIATYBAIBHUX  J100aBOK
ONTUMAJIBHOTO CKJIay, BOJIOKOH PI3HUX THUIIIB Ta PO3MIPIB, M0 3a0€3MEeUNTh OTPUMaHHS
HIUVIbHOI HEMEepepBHO apMOBAaHOI HA BCIX PIBHAX CTPYKTYpU OCTOHY, SKUU
XapaKTEepU3y€EThCS MOKPAIIEHUMHU EKCIUTyaTal[liHUMH BIIACTUBOCTSIMH.

Bceranosineno, mo 6etoH, sikuil Mictuth 10 mac.% ueonitoBoro tydy, pi3Hi TUIU
BosokoH (1,05 kr/m® OIII, 8 kr/m® OIIAI), mmactudikyrouy (1,5 mac.%) i

noBiTpoBTATYBIbHY (0,4 ™mac.%) 100aBkM, HE3BaXalOYM Ha MEHIIUNA BMICT
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MOPTIAAHAIIEMEHTY, XapaKTePU3YEThCS MOAIOHOI0 MOBEAIHKOO 1] HABAHTAKEHHSAM Ha

cTajii micas YTBOPEHHs TPIIIWH, sIK 1 OCETOH, B CKJIaJl SKOro € TuUlbku ¢idpa. Takwmii
MYJIbTHKOMIIOHCHTHHH  OCTOH  XapaKTepU3Y€ThCS  IMOKPAIICHHAMH  MIITHICHUMH
BJIACTUBOCTSIMU Ta IapaMeTpaMH TPIIMIMHOCTIAKOCTI 31 30UIBIICHHSM EHeprii
pyiinyBanHs Ha 35,1% 1 kpurepis kpuxkocTi Ha 61,5% mOpPIBHAHO 3 €TaJOHHUM
3BUYAHUM OeToHOM. Bopomornmuuanus moaudikoBaHoro ¢iOpoOETOHY CTaHOBUTH 1,5
mac.%, crupasicts 0,2 r/cM?, Mapka 3a BOJOHEIPOHUKHICTIO Ta MOPO30CTiiikicTio W16
ta F300 BiamoBigHO.

3nilicCHEHO TIPOMUCIIOBE BIPOBAIKEHHS po3pobienux 6eToHiB Ha T30B «Yrpunis
Exo ®epm» npu GeTOHYBaHHI BaHHU TBApPUHHHUIILKOTO KOMILIEKCY 13 3a0€3MedeHHSIM
kiacy minHocti C25/30, miiBUINIEHOT KOPO31iHOT CTIMKOCTI Ta TPIIMHOCTIMKOCTI. Takox
pesynbratu pobotu 3actocoBanl Ha IIIl «3acraBay Ta IIIl «3axig-beron-byn» mpu
OYIIIBHUIITBI TUIOMIAAKU JUIS CKJIaAyBaHHS OCTOHHUX BUPOOIB Ta IiJ i3HOI JOPOTH JI0
CKJIQJICBKUX TpuMillieHb y ¢. ManexiB JIbBiBchbkoi OTI' BiMOBIAHO 13 3a0€3MEUECHHSIM
M1JIBUIIEHOT MIITHOCTI Ta TPIIIMHOCTIMKOCTI O€TOHIB, a TAKOX MPEICTaBHULITBOM “‘J[por-
byn” Cn. 3 o0.0. Ta TOB «ABromarictpans-IliBAeHb» Npu OYIIBHUIITBI MOCTOBHX
nepexoAiB. E(eKTUBHICTb BHOPOBAJKEHHS pE3yJbTaTIB JOCHIIKEHb MiATBEPKEHA
JOBIIKAMU 1 aKTaMd TMPO I1X BHUKOPHUCTAaHHS. Po3paxoBaHO TEXHIKO-EKOHOMIYHY
e(eKTUBHICTh BUKOPUCTAHHS OCTOHIB 3 MIABUIICHOIO TPIIMHOCTIMKICTIO, OJIEPKAHUX 32
paxyHOK KepyBaHHS CTPYKTYpOYTBOPEHHSM Ha Pi3HHUX PIBHSX.

OtpumaHi B JaMcepTaliiiHIi poOOTI TEOPETUYHI 1 MPaKTU4YHI pe3yJbTaTh
BUKOPHCTaHI B HaBYAJIBHOMY MpOlleCi MpH BUKIAJAHHI JWCIUIUIIH JUIS CTYJICHTIB
nepuioro (6akaaaBpChbKOTo), APYroro (MariCTepchbKoro), a TakoxK TPEThOro (OCBITHBO-
HAyKOBOT'0) PIBHSI BHINOi OCBITH 3a chemiaibHICTIO 192 ByAiBHMIITBO Ta IMBUIbHA
1H)KEHepisl.

KuarouoBi cjioBa: 0eTOHM 3 MIABHUILEHOIO TPIIIMHOCTINKICTIO, ITYIIOJIaHOBI
Matepianu, 1eoJiTOBUM Ty, miacTudikyroyi Ta MOBITPOBTATYBajIbHI 100aBKU, (iOpa,

CTPYKTYPOYTBOPEHHS, TEXHOJIOT1YHI (JaKTOPH, CTPYKTYPHI PiBHI, TOBTOBIYHICTb.



ABSTRACT

Markiv T.Ye. Scientific principles of obtaining concretes with increased crack
resistance due to control of structure formation at different levels. — Qualifying scientific
work on manuscript rights.

The thesis for Doctor of Technical Sciences degree. Specialty 05.23.05 Building
materials and products. Lviv Polytechnic National University, Lviv, 2024.

The thesis is devoted to the development of scientific principles for obtaining
concretes with increased strength and crack resistance. An algorithm for multi-parameter
design of concretes of C25/30-C50/60 compressive strength classes has been developed,
which foresee the rational selection and optimization of technological factors at different
structural levels, which ensures increased crack resistance. A systematic approach to the
selection of pozzolanic materials was developed and it was shown that the investigated
pozzolanic materials based on natural and artificial zeolites have a significant potential
for improving the properties of concrete mixtures and concretes. It was established that
the used mineral additives can be placed in the following ascending order according to
their ability to absorb CaO from its saturated solution: granulated blast furnace slag —
fly ash — natural pozzolans — artificial pozzolans. It is proposed to divide the effects of
such materials into main and additional ones, which must be taken into account when
designing concrete. Researches have shown that the study of the kinetics of the hydration
and hardening of cement systems with pozzolanic materials, as well as the genesis of their
microstructure, is of great importance, because it opens the way to scientific prediction
of their properties. The physico-chemical regularities and possibilities of the directed
formation of the phase composition of the cement matrix of concrete with pozzolanic
materials are revealed, creating conditions for the formation of an additional amount of
evenly distributed modified finely dispersed hydration products, including needle-fibrous
calcium hydrosilicates that colmatize the pore space of cement paste. This provides the
effect of its self-reinforcement at microstructural level, the reduction of the number of
defects, the increase of resistance to destruction and the synthesis of the tensile strength
of concrete both in bending and compression, as well as improved operational properties

of concrete. The important role of the fractional composition of materials of the
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pozzolanic nature of activity in improving the granulometry of hardening systems at the

mesostructural level is shown. It was established that the use of polydisperse zeolitic tuff
fraction 0.4-800 um creates conditions for the continuity of the granulometric
composition and compensates for the usually lack of fractions 60-160 um (the content in
zeolitic tuff is about 50%) in ordinary concretes, which are in the system of "Portland
cement-zeolitic tuff-fine aggregate", which ensures the arrangement of the pore space at
the level of the mesostructure of concrete and denser packing of grains. The effectiveness
of the use of polydisperse zeolitic tuff, which is a source of readily available additional
water, to ensure deep hydration of Portland cement and the possibility of obtaining
concrete with increased strength in air-dry (t=40+3°C, ¢=40+3%) hardening conditions
has been confirmed. Polydisperse zeolitic tuff, having internal water reservoirs, ensures
the uniform flow of hydration reactions and the development of the strength of cement
concrete in such conditions, which is confirmed by a slightly higher compressive strength
when Portland cement is replaced by 10 wt.% of this mineral additive. Creating conditions
for deep hydration when introducing zeolitic tuff makes it possible to prevent early crack
formation in air-dry conditions. It has been established that the addition of air-entraining
admixture increases the plasticity of the mortar part of the concrete mixture due to the
"ball-bearing" effect, and their possible simultaneous use with pozzolanic materials with
a similar effect (fly ash) can lead to a synergistic effect of their interaction.

A mechanism for increasing the crack resistance of concrete with air-entraining
admixtures has been established, which is based on the formation of evenly distributed in
the concrete structure air pores with a shell formed from Portland cement hydration
products, in particular, fibrous calcium hydrosilicates, which can be considered as stress
compensators capable of inhibiting the propagation of cracks by absorbing elastic energy.
When a load is applied to such concrete with air-entraining admixture and zeolitic tuff,
the micro-reinforced air bubbles lead to the dissipation of microcracking energy under
the load. This is accompanied by an increase in the characteristics of crack resistance and
operational properties of concrete.

It is shown that the use of polydisperse zeolitic tuff as a pozzolanic material, despite

its porous structure, in combination with chemical admixtures of plasticizing and air-
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entraining action makes them effective components of concrete mixtures of various

consistencies. In concretes (slump class S4, W/C=0.5), some reduction in strength is
observed during 90 days of hardening, but after 180 days, the compressive strength of
concrete containing polydisperse zeolitic tuff even exceeds by 2% the strength of concrete
without zeolitic tuff. Frost resistance also increases (for F150 Af., =17.9%) compared to
concrete without polydisperse zeolitic tuff and air-entraining admixture (for F150 Afn
=37.9%) and, as a result, its durability, as well as shrinkage during drying and the depth
of water penetration decreases by almost 34%. It was established that the corrosion
resistance of concrete with 10 wt.% of polydisperse zeolitic tuff increases both in the
aggressive environment of MgCl, (C(Mg?")=10 g/l) and in Na,SO, (C(S04*) =10 g/l).

The specific energy consumption parameter for local static deformation in the main
crack zone G; is proposed for use. This parameter, together with the standardized indicator
of specific energy consumption for static deformation until the moment of the movement
of the main crack (G;), more accurately and fully characterizes the behavior of concrete
under load in the precritical and post-critical stages of deformation and determines the
effectiveness of reinforcement. It is recommended that the brittleness criterion of concrete
¥%r exceeds 140 mm to attribute it to the concrete with increased crack resistance.

Analysis of the pore structure of concrete (slump class S1) with a polydisperse
zeolitic tuff, plasticizer and air entraining admixtures using computer microtomography
shows that with an entrained air volume of 6.5%, such air bubbles act as stress dampers,
and together with the modification of the micro- and mesostructure of concrete lead to a
decrease in the formation of microcracks in the precritical (Gi=247.44 J/m?) and a
slowdown in the propagation of main cracks in the post-critical (G;=492.28 J/m?) stages.
Such concretes are also characterized by improved strength and operational properties:
compressive (f;n=65.8 MPa) and flexural (fs»,=9.3 MPa) strength after 28 days of
hardening, low water absorption (Wn=2.1%), increased frost (for F200 Af.n=5.3%) and
corrosion resistance (CRs,=1.23).

The influence of dispersed concrete reinforcement with different types of fibers on
the strength properties and crack resistance characteristics of concrete was evaluated. It
has been studied that the combination of polypropylene fibers of FPDP type (with
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deformed shape) and FPP (straight with length of 12 mm) are the most effective and allow

to increase flexural strength and static critical stress intensity factor by almost 75 and
50%, respectively. Analysis of concrete at the meso- and macrostructural levels shows
that these indicators are achieved due to the "Bridge" effect, which is formed when
concrete is reinforced with fibers. At the same time, there is a slowdown in the
development of macrocracks in the precritical stage of deformation, and the resistance to
defragmentation of samples in the post-critical stage of destruction of such concretes
increases. Shrinkage deformations stabilize after 22 days of hardening and their
subsequent reduction by 26% compared to unreinforced concrete is observed.

The scientific bases of the development of a fundamentally new concept of creating
concrete with increased strength and crack resistance are substantiated, which is based on
the possibility of crack resistance parameters regulation due to changes in design
parameters and various technological factors, namely the use of pozzolanic materials of
the zeolite type, plasticizing and air-entraining admixtures of optimal composition, fibers
of various types and sizes, which will ensure obtaining a dense, continuously reinforced
concrete structure at all levels, which is characterized by improved operational properties.

It was established that concrete containing 10 wt.% of zeolitic tuff, different types
of fibers (1.05 kg/m*® FPP, 8 kg/m® FPDP), plasticizer (1.5 wt.%) and air-entraining
admixtures (0.4 wt. %), despite the lower content of Portland cement, is characterized by
a similar behaviour under load at the stage after the formation of cracks, as concrete,
which contains only fiber. Such multi-component concrete is characterized by improved
strength properties and crack resistance parameters with an increase in fracture energy by
35.1% and brittleness criterion by 61.5% compared to reference ordinary concrete. The
water absorption of modified fiber concrete is 1.5 wt.%, abrasion resistance is 0.2 g/cm?,
classes of waterproofness and frost resistance are W16 and F300, respectively.

The industrial implementation of the developed concretes at Ugryniv Eco Farm Ltd
was carried out in the concreting of animal husbandry complex baths with concrete of
C25/30 strength class, increased corrosion and crack resistance. Also, the results of the
work were implemented at the construction sites of PC «Zastava» and PC «Zahid-Beton-

Bud» for the storage of concrete products and the access road to the warehouses in the
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village of Malekhiv of the Lviv OTG in accordance with the provision of increased

strength and crack resistance of concrete, as well as the representative office of «Drog-
Bud» Sp. with 0.0. and «Automagistral-Pivdeny» Ltd during the construction of bridge
crossings. The effectiveness of the implementation of research results is confirmed by
certificates and acts on their use. The technical and economic efficiency of using concrete
with increased crack resistance, obtained as a result of structure formation regulation at
different levels, is calculated.

The theoretical and practical results obtained in the dissertation were used in the
educational process when teaching disciplines for students of the first (bachelor), second
(master's), and third (educational and scientific) level of higher education in the specialty
192 Construction and civil engineering.

Keywords: concretes with increased crack resistance, pozzolanic materials, zeolitic
tuff, plasticizing and air-entraining admixtures, fibers, structure formation, technological

factors, structural levels, durability.
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HEPEJIIK YMOBHUX ITIO3HAYEHb

BH —BogoHacuueHui;
BIIM - BucymieHuii 10 NOCTIHOT MacH;
B/I1 — BoiOLIEMEHTHE BiTHOIIICHHS,
['ILI — rpanynbOBaHN JOMEHHHM 1IJIAK;
3B — 30151a-BUHECEHHSI.
s — KOe(IIEHT KOPO31HHO1 CTIHKOCTI y BiIll N 1i0;
Ki — cTaTUuHUIA KpUTUYHUIA KoedillieHT iHTeHCUBHOCTI HanpyskeHb, MITam*?;
KOI" — kpuBa onTUMalIbHOI TPaHyJIOMETPI;
Kia —K0e(ilieHT my1oJiaHiuHoi aKTUBHOCTI,
K. — KpuTi4Huil KoedillieHT iIHTEHCUBHOCTI HanpykeHb, MITamY?;
[1/IC — moBHa giarpama cTaHy,
[1I1 — nonigucnepcHuii mepaiT;
[IT — nmepaiT TOHKOAUCTIEPCHUH;
[MIT — nonigucnepcHuii eoaiToOBUM Ty };
PIIT — pryTHa iHTpY3iiiHA TOPO3UMETPIS;
PYP — po3noaisi YaCTUHOK 3a po3Mipamu;
THT — ToHKOAUCHIEPCHUM LIEOTITOBUH Ty (D;
@b - ¢i6pa 6a3anbTOBA;
®M - (piOpa meTanena;
OITIIT — dhidpa nomimporiyiieHoBa 3 1e(OpMOBaAHOIO TOBEPXHEIO;
@IIIT - ¢i6pa mominpornigeHOBa MPAMA;
T — ueonitoBuii Tyd;
fem.cube — MIIIHICTB Ipu cTHCKY, MI]a;
fetfm — MIIIHICTH HA pO3TST TpH 3ruHi, MIla;
Gi — mATOMI CHEPrOBUTPATH HA CTaTHYHE JNe(POpMyBaHHS O MOMEHTY IOYATKy PyXy
MaricTpanbHOi TpimmHH, JIK/M?;
G| — nUTOM1 €HEproBUTPATH Ha JIOKAIbHE CTaTUYHE Je(hOpMYyBaHHS B 30HI MariCTpaibHOI

Tpityny, JHK/M2;



Gr — nuTOMi e()eKTHBHI EHEPrOBUTPATH HA CTATHYHE pyiHyBaHHH, JIK/M?;
LWA — nopucTuii 3anoBHIOBaY;

SEM - ckanyroua eleKTpOHHA MIKPOCKOTIIS;

X% — KpUTEpill KPUXKOCTI, M;

XRD — pentreniBcbka au(pakToMeTpis.
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BCTYII

AKTyaJbHicTh TemMHu. CydacHUN JOCBIJ OyIIBHUIITBA Ta €KCIUTyaTallii Oy IiBelb 1
CTHOPY/l CBIIYUTH, IO B IEMEHTHOMY O€TOHI B MPOIIECi yKIalaHHs 1 TBEPAHEHHS MOXKYThb
3’ ABNATUCS NedEeKTH, K1 3yMOBIIOIOTh HEOO0Ip MPOEKTHOT MIITHOCTI, OJHIEIO 3 IPUYUH
SKOTO € TPIIIMHOYTBOPEHHS, BHACHIJIOK CHJIOBUX 1 HECWJIOBUX BIUIUBIB, 110 MOXYTb
MIPU3BECTH HABITH JI0 TIOBHOTO HOTO pyiHYBaHHSA. beTOHM 3 MiIBUINEHOIO MIIHICTIO, SIKI
BUKOPUCTOBYIOTHCS B CYy4acCHHX OYJIBIISAX 1 CIOPYJIax MPOEKTYIOTHCS 3 MOKPAIIEHUMU
MOKa3HUKaMH JOBrosiuHOCTI. Ockuipkn OetoHM KiaciB C25/30 1 BuIEe MarOTh OUIBII
KPUXKUWA XapakTep pPYWHYBaHHs, HIDX 3BUYaHUNA OETOH, TOMYy [Jisi OLIHKU Ta
MPOTHO3YBaHHS TOBEMIHKM O€TOHY TIIiJi HABAHTAXKEHHSM BHUKOPUCTaHI CHJIOBI Ta
€HEpreTUYH1 NapaMeTpy TPIIMHOCTIAKOCTI.

VY3aranpHeHHs pe3yJbTaTiB HAYKOBUX JOCTIIKEHb Yy TEXHOJIOTIT OETOHIB CB1T4aTh,
[0 MPUHITUIIOBO HOBHUM MIAXOJOM IIIJIBUIICHHS iX JOBIOBIYHOCTI 1 HAJIIMHOCTI €
BIIPOBA/DKCHHSI KOHIENIli PEryJroBaHHA TPIIIMHOCTIMKOCTI, IO TPYHTYEThCA Ha
BUKOPHCTaHHI TPUIOMIB HAIIPABJICHOTO (hOPMYBaHHS MIKpO-, ME30- Ta MAaKPOCTPYKTYpHU
OCTOHY 3a paxXyHOK palllOHAJbHOTO MiA00py MYIIOJIAHOBUX MaTepiaiiB, MO0
XapaKTEPU3yIOTHCS OCHOBHUM Ta JJOJATKOBUM MO3UTUBHUMH €PeKTaMH 1 3a0€31euyoTh
caMoapMyBaHHsI O€TOHY Ha P1BHI MIKPOCTPYKTYPH, 3aCTOCYBaHHS TOBITPOBTITYBALHUX
n00aBOK, SIKI TOKpAIllyIOTh BJIACTUBOCTI Ha ME30CTPYKTYpHOMY PpiBHI, Ta
TMOJTIIMCTIEPCHOTO apMyBaHHS (DiOpOr0 pi3HUX BHJIIB HA MAKpOPiBHI, 110 B KOMIUIEKCI
JIO3BOJIIE PETYJIOBAaTH Ta 30UIBIIMTH TIOKa3HUKH TPIMIMHOCTIMKOCTI OETOHIB 3
MIJBUIIICHOK MIIHICTIO. 3aCTOCYBaHHS 3alpOINOHOBAHOI KOHIIEMII aKTyali3ye
EKCIIEpUMEHTAIbHI JOCHIDKEHHSI B I[bOMY HANpSAMKY Ta BIAKPUBAE IUISAX JI0
pPO3pOOJICHHS] HAYKOBHX 1 TEXHOJOTIYHMX 3acaJi CTBOPEHHsI OCTOHIB 3 MIJABUILIECHOIO
MIIHICTIO Ta TPIIUHOCTIMKICTIO 3 HEOOX1THUMU MOKa3HUKAMH SKOCTI, 110 B Pe3yJIbTaTI
MPU3BOJUTh IO EKOHOMIi CHPOBHMHHHMX Ta C€HEPreTUYHUX PEeCcypciB, HaIIAHOCTI
OyIiBEJbHUX KOHCTPYKIIIH il HABAaHTAXKEHHSM Ta B PI3HUX YMOBAX €KCIUTyaTallii.

3’5130k po00OTH 3 HAYKOBHUMM MpOrpamMamMu, IUIAaHAMHM, TeMaMu. Tema

JUCEPTAIlil € CKJIaJOBOK YaCTUHOI HAayKOBO-AOCHITHUX poOIT Kadeap OyaiBeTbHOTO
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BUPOOHUIITBA 1 aBTOMOOUIBHUX JOpIr Ta MOCTIB HallloHaJIbHOTO YHIBEPCHUTETY
«JIpBIBChKAa TMOJITEXHIKa» 1 BHUKOHYBajdach B Mekax KadeapalbHUX TEeMaTHK
«Po3po0neHHs] CydacHHX TEXHOJIOTI eHeproeeKkTUBHOro OyaiBHHUIITBA, OCTOHIB Ta
pPO3UYMHIB  TOM(YHKIIOHATHHOTO TMPU3HAYCHHS, ©€(OEKTUBHUX TEIUIOI30JISIIIIHHUX,
03/100IIOBAJIbHUX,  TIAPOI3OJAIMIMHMX ~ MarepianiBy  (HOMep  JepKpeecTparii
0118U000275) 1 «Po3pobnenns eeKTUBHUX TEXHOJOTIN 1 MaTepiaiB /i Oy/1IBHUIITBA
Ta PEMOHTY JIOPOKHIX OJISITIB; 11arHOCTUKA KOHCTPYKTUBHUX €JIEMEHTIB aBTOMOO1TBHUX
JIOpIT Ta AOCHIIKEHHS JOPOKHIX MaTepialiB, BUpOOiB, KOHCTPYKIIiHl 1 TpyHTIB» (HOMEp
nepxpeectpaii 0119U103557), mixkaapoanoro rpaaty Ne [PBU.01.01.00-06.570/11-00
«Po3po06sieHHsT 1HHOBAIIHOT MO TPAHCKOPJIOHHOTO BUKOPUCTAHHS IICOJIITOBOTO
TyQy», a TaKOX HayKOBO-AOCHIIHOI poOoTH 3a MiKHapoaHuMm npoektoM NAWA
«IlytionaHoBi Martepiaiu, OTPUMaHi 3 30JIM-BUHECEHHS, SIK JI00ABKU HOBOT'O MOKOIIHHS,
0 BHKOPHUCTOBYIOTBCS B TEXHOJOrIi BUPOOHHIITBA «3EJIEHOrO» OETOHY» (IOTOBIp
Ne M/93-2023). ABTop OyB BHKOHABIIEM Ta BiJIOBiJaJIbHUM BHKOHABIIEM 3a3HAYCHHUX
pOOIT.

Merta poGoTu i 3aBAaHHS JOCJaiXKeHHs. MeTorw aucepTainiiHoi poOOTH €
PO3pO0IICHHS HAYKOBHX 3acaj OTPUMAaHHS OCTOHIB 3 ITiIBUIIICHOIO TPIIIIUHOCTINKICTIO 32
paxyHOK KepyBaHHS CTPYKTYpOYTBOPECHHSM Ha PI3HUX PiBHSX.

JInst JOCSTHEHHS MOCTaBJICHOI METH HEOOX1THO BUPIIIUTH TaKi 3aBJaHHS:

—  OOrpyHTYBaTH aKTyaJIbHICTh BUPIIICHHS MPOOJIEMHU OJepKaHHS OETOHIB 3
M1JBUILIEHOK MILIHICTIO Ta TPIIIMHOCTIMKICTIO 3@ paxyHOK HampaBlIEHOTO (hOpMyBaHHS
CTPYKTYpH Ha Pi3HUX PIBHSIX;

—  BHU3HAYUTH HaNpsSMd MOAU(IKyBaHHS OCTOHIB 3 IMiJABUIICHOIO MIIHICTIO
MIHEpaJIbHUMU JO0OAaBKaMU Ha PIBHSAX MIKpPO-, ME3OCTPYKTYpPH OETOHY Ta PO3pPOOUTH
[IUISIXY HAMPaBJICHOTO KEPYBAHHS HOTO BIACTHUBOCTSIMU;

—  PO3KpUTH  (I3MKO-XIMIYHI  3aKOHOMIPHOCTI mpoueciB  (hopmyBaHHA
CTPYKTYpH Ha Me30piBHI O€TOHIB 3 MiJABUIIEHOI0 MIIHICTIO Ta TPIIMIMHOCTIMKICTIO,
Mo (IKOBaHHUX J0OABKaMU TIACTH(IKYIOUe-TIOBITPOBTATYBAIBHOI Ji1;

— BCTAaHOBUTH MEXaHI3M MOKpAILEHHA TPIIIMHOCTIHKOCTI OETOHIB 3

1BUIIEHOIO MIITHICTIO, BHACIIIOK BUKOPUCTAHHS MPUPOJTHUX MYII0JIaH B KOMIUIEKCI 3
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M1acTU(PIKYIOUe-TIOBITPOBTATYBAILHUMHU 100aBKaAMH;

—  BCTAHOBHUTH 3aKOHOMIPHOCTI IOJIIUCIIEPCHOIO apMyBaHHs OETOHIB Ha
Me30- Ta MAaKpOPIBHAX 3 BUKOPUCTAHHSAM CUCTEMHOTO MiAX0AY 10 BUOOPY BUAIB hi0pu;

—  pO3pOOUTH aJITOPUTM OJepKaHHS OETOHIB 3 IIJBUIICHOIO MIIHICTIO Ta
TPIIMHOCTIMKICTIO, SAKUI Tmepenbadae pamioHaJbHUN Mmia0lp 1 BUKOPHUCTaHHS
MiHEpaTbHUX, MIACTU(]IKYIOUe-OBITPOBTATYBAIBHUX J00AaBOK Ta TMOJIAUCIIEPCHE
apMyBaHHsI p13HUMH BUJaMU (PiOpH 3 OAATIBIIOO 1X ONTUMI3AIIIETO;

—  pO3poOMTH KpuTEpii OIIHKK TPIMIMHOCTIMKOCTI OETOHIB ITiIBHINCHOT
MIITHOCTI 13 33JIaHOI0 HAIMHICTIO 33 paXyHOK PEryJIIOBaHHS TEXHOJOTIYHUX YMHHUKIB
Ha TOJIICTPYKTYPHHUX PIBHSX;

— pocimigutd  (GI3UKO-MEXaHIYHI  BJIACTUBOCTI  Ta  XapaKTEPUCTUKHU
TPIITMHOCTIMKOCTI OCTOHIB 3 MiABUIIEHOI MIIHICTIO Ta BCTAHOBUTH MOJKIIMBICTH 1X
PEryJIIOBAHHS 33 PAXYHOK 3MIHM TEXHOJIOTTYHHX (DAKTOPIB;

—  3IIACHUTH TIPOMUCIIOBE BIPOBAKEHHS OCTOHIB 3 MiJABUIIECHOIO MIIHICTIO
Ta TPIIMHOCTIMKICTIO, @ TaKOXX OOTPYHTYBATH TEXHIKO-€KOHOMIUHY €()EeKTHUBHICTH iX
BUPOOHHMIITBA 1 HAMOUTBII €()EKTUBHI HAIPSIMKA BUKOPUCTAHHS.

O0’€eKT DOCJiIKEeHHsI - MPOIECH HAMPABICHOTO PETYJIOBAHHS MIKPO-, ME30- Ta
MaKpOCTPYKTYpHU OETOHIB 3 TMiJBUIICHOI TPIIIMHOCTIMKICTIO, a TaK0X OCOOJIMBOCTI
dbopmyBaHHS iX Pi3UKO-MEXaHIYHUX Ta EKCIUTyaTaI[iIiHUX BIACTUBOCTEH.

IMpeamer pociaigxeHHss - OETOHM 3 MIJABUIICHOI TPIMIMHOCTIAKICTIO Ta
MOKPAIIeHUMH EKCIUTyaTalliHUMHM BJIACTUBOCTSMM 1 JOBTOBIYHICTIO, OTpUMaHi 3a
paxyHOK KepyBaHHS CTPYKTYpOYTBOPEHHSM Ha PI3HUX PIBHSAX.

Metroau  pocaigxenb.  ExcriepuMeHTanbHI — pe3yibTaTH  OTPUMaHi 13
BUKOPUCTAHHSAM CYYaCHUX METOJIB (PI3MKO-XIMIYHOIO aHaji3y, a caMe€ PEHTTE€HIBChKO1
mudpakToMeTpii, Jla3epHOI  TpaHyJIOMETpii, KOMIT'IOTEpHOI  MikpoTomorpadii,
€JIEKTPOHHOT MIKpPOCKOMIT 3 MIKPO30OHJOBUM aHaIi30M Ta PTYTHOI HOPOMETPii.
BusHnaueHHst  (Pi3UKO-MEXaHIYHUX, OY/IBEJIbHO-TEXHIYHUX Ta  EKCIUTyaTaliiHUX
BJIACTMBOCTEH OCTOHIB 3IIMCHIOBAIM 3T1IHO 3 3araJlbHONPHHHATHMH METOIUKAMHU Ta
YUHHUMHU HOPMATHBHO-TEXHIYHUMHU JIOKyMEHTaMH. JLost JOCTIKEHHS

TPIIMHOCTIMKOCTI OETOHIB BUKOPHUCTAHO METOJIM MEXaHIKU pyrHyBaHHSI. ONTHUMI3aIIiI0
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CKJIaJIIB PO3pOOJIEHUX OETOHIB BHMKOHAHO 13 BHKOPUCTAaHHSM EKCIEPUMEHTAJIbHO-
CTATUCTUYHHUX METO/I1B TUIAHYBAHHS €KCIIEPUMEHTY.

HaykoBa HOBHM3HA ojJep:KaHUX pe3yabTaTiB. OCHOBHI HAayKOBI pe3yJIbTaTH,
MIPEICTaBJICHI Ha 3aXUCT, MOJIATAIOTh B TOMY, IIO:

- po3p00JIEHO HAYKOBI OCHOBHM KOMITO3HUIIIMHOI TTOOY/10BH OCTOHIB 3 I1JBHUIICHOIO
TPIIMHOCTIMKICTIO, sIKI 0a3yloThCsi HAa KOMIUIEKCHOMY BpaxXyBaHHI TMpOIIECIB
CTPYKTYpPOYTBOPEHHSI Ha MIKpO-, M€30- Ta MAaKpOPIBHAX MpH IIECHPSIMOBAHOMY
Mo M (DiIKyBaHHI MyIIOJIJAHOBUMH MaTepiajJjaMyd Ha OCHOBI II€OJITIB, MNIACTH(IKYIOUYUMU 1
MOBITPOBTATYBAILHUMH JOOABKaMH, a TAKOXK JUCTICPCHOMY apMyBaHHI PI3HUMH BHIAMA
$iGpw;

- TMOJANBIIUN PO3BUTOK OTPUMAIM HAYKOBO-KOHIIETITyaJIbHI 3acajd KepyBaHHS
pollecaMu CTPYKTYPOYTBOPEHHSI Ha MIKPO- Ta ME30PIBHAX IUISXOM PAIliOHATBHOTO
nig0opy MyIOJaHOBUX MaTepiaiiB, a HA MaKpOPIBHI — BBEJEHHSM IUIACTU(PIKYIOUUX 1
MOBITPOBTITYBAIbHUX JO0ABOK Ta JUCIHEPCHUX BOJIOKOH. 3MiHA TEXHOJOTTYHHUX
dakTopiB Ta THapaMmeTpiB MPOEKTYBAHHA Ja€ 3MOTY pEryJioBaTd Ta MPOTHO3YBaTH
MOBEAIHKY OETOHIB B IOKPUTUYHIN Ta 3aKpUTUYHIN CTaAisX 1eopMyBaHHS;

- pPO3pO0JIEHO AaJIrOpUTM OaraTomapamMeTpUYHOr0 MPOEKTYBaHHS OETOHIB 3
MIJBUIICHUMH MIITHICTIO 1 TpimmHOCTiMKicTIO. [lokazaHo, 1m0 NMpu BUKOPHUCTAaHHI B
OETOHI MYILOJAaHOBUX MaTepiayiiB Ha OCHOBI MPUPOJHMX 1 IITYYHUX LEOJITIB,
m1acTU(IKYI04e-TTOBITPOBTATYBAILHUX J100aBOK 1 (piOpU pI3HUX THUIIB CIOCTEPITAETHCS
CUHEpPTiYHEe MIiJACWICHHS iX CYMICHOI Aii, 1[0 JIa€ 3MOTYy TMOKPAIIUTH SK CHJIOBI, TaK 1
CHepreTUYH1 XapakTepUCTUKH 0eTOHY (fem.cube= 67,3 MIla, fum=9,0 Mlla, mpu F.=3834
H: x%=176 mm; Gg=350,47 JIx/m?), a Takox ¥oro gosrosignicts (F300, W16, K,.=1,23);

- TOrJMOJIEHO HAyKOBI YSBJIEHHS MPO BUKOPUCTAHHS IEOJITOBUX Ty(iB SK s
3an00IraHHs caMOOO€3BOAHEHHIO OCTOHIB 3 HU3LKUMH 3HAYECHHSIMU BOJOLIEMEHTHOI'O
BIJIHOIICHHS, TaK 1 IK KPUCTAJIOYTBOPIOIOYOi JOOABKH;

- YTOYHEHO MEXaHi3M JIMCIIEPCHOT0 apMyBaHHsI OE€TOHIB Ha PI3HUX CTPYKTYPHHX
PIBHAX $K 3a PaxXyHOK CaMOPETYJIOBaHHS (Da30BOro CKjIaay IEMEHTHOTO KaMEHIO
BHACIIJOK (POPMYBaHHSI BOJIOKHUCTHX T1IpaTHUX HOBOYTBOPEHb, TaK 1 B pe3yJbTaTl

BBEJCHHSA y CKiaa OeToHy aucrepcHoi (iOpu pi3HUX THIIB, IO Ja€ MOMKIIUBICTh
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OTpUMAaTH HETIEPEPBHICTh apMyBaHHs, CTBOpUTH «Bridge» edekT Ta miABUIIUTH MIITHICTh
(fem.cupe= 69,5 Mlla, foim=11,9 MIIa) i mokpaimTy napaMeTpH TPIIUHOCTIHKOCTI (TIpn
F=5400 H: G;=660,19 JI:x/m?, GF=840,44 JIx/M?; x°k=209 mm);

- pO3paxoBaHO 1 3alpPONOHOBAHO [JI0 BHUKOPHUCTaHHS MapaMeTp MUTOMHUX
CHeproBUTpAT Ha JIOKAJbHE CTaTUYHE ACPOPMYBAHHS B 30HI MariCTpajibHOI TPIIIMHU
(G, Ix/M?), sxuii pa3oM i3 CTaHAAPTU30BAHUM IIOKA3HUKOM IIMTOMHX €HEPrOBUTPAT Ha
cTaTu4yHe JedOpMyBaHHS JI0 MOMEHTY TMOYaTKy pyXy MariCTpajbHOI TPIIIUHU
(G, Ix/M?) 6inbIn TOYHO i B MOBHIM Mipi XapakTepusye IOBENIHKY O€TOHY Iif
HaBaHTAXEHHSM B JIOKPUTHYHIH 1 3aKpUTUYHIN 001acTsaX nepopMmyBaHHs. BeTaHoBieHO,
0 JUIsl OJiep>KaHHS OETOHIB 3 MiJBUINEHOI TPIMIMHOCTIMKICTIO 3HAYEHHS KpUTEPIs
KPUXKOCTI ¥°r Ma€ nepeBunryBatu 140 Mm.

IIpakTH4YHe 3HAYEHHS OJIeP:KAaHUX pPe3yJIbTATiB:

— po3po0IeHO OETOHW 3 PeryJbOBaHMMH XapaKTEPUCTUKAMH TPIIIMHOCTINKOCTI,
MIIBAMIEHUMA TTOKa3HUKAMH MIITHOCTI Ha po3Tar mpu 3ruHl (fum=9-11 MIla) Ta
JIOBrOBIYHOCTI (Mapka 3a Mopo3ocTiikicTio He MeHme F200, Bumil koedilieHTH
KOPO31MHO1 CTIHKOCTI1, IITMOMHA TPOHUKHEHHS BOJU 10 3,5 MM);

— 3a aNTOPUTMOM OaraTomapaMeTpUIHOTO MPOCKTYBAaHHS CKIIAIIB PO3pPOOJICHO Ta
BIIPOBAPKEHO MonudikoBanuii OeToH Kiacy 3a MinHicTIo Ha ctuck C25/30 Ta
N1JBUILIEHOI0 KOPO31iHOIO cTiiiKicTio HAa T30B «YrpuniB Exo @epm» npu OeToHyBaHH1
BaHHU TBAPWHHMIILKOTO KOMILUICKCY 13 3a0€3MEUYCHHSAM ITiIBUIIICHOT TPIIIMHOCTIMKOCTI,
BHACIIIJIOK ONTHUMI3aIlli TEXHOJIOTTYHUX (DaKTOPIB HA PI3HUX CTPYKTYPHUX PIBHAX, a caMe
BUKOPUCTAaHHS MYyIOJAHOBUX MaTepialiB 3 HEOOXIJHUMU OCHOBHHMM 1 JOJATKOBUM
edeKkTamMu Ta XIMIYHUX T00aBOK TIACTH(IKYIOUe-TTIOBITPOBTATYBAIBLHOI Jii;

— BIPOBAIHKEHO OETOHU 3 MIJBUIIEHOIO MIIHICTIO Ta TPIIIUHOCTIUKICTIO HA OCHOBI
BCI" B40P4F200W 10 na IIIT «3actaBa» npu OymiBHUUTBI MIIOMIAAKH ISl CKIIAAyBaHHS
6etonnux Bupo6iB Ta BCI" B40P4F200W 10 na I1IT «3axia-beron-byn» mpu Oy1iBHUIITBI
1171 13HOT IOPOTH JI0 CKJIQJICBKUX MpUMilleHb Y ¢. ManexiB JIbBiBcbkoi OTT;

— TIPOBEACHO  JOCIITHO-TIPOMHUCIIOBY  ampoOaifito  po3poOsieHnX OETOHIB 3
nigBuieHoro TpinmHocTivkicTio (G=350 H/M, %°¢=176 mm) npencraBaunTBOM “Jlpor-

byn” Cn. 3 0.0. ipu Oy 1IBHUIITBI MOCTOBOTO Tiepexoay B ¢. Kopuis;
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— BUKOPUCTAHHS Cy4YacHUX TIJIXOMIB TP TMPOEKTYBaHHI CKJIadAiB OETOHIB 3
M1JIBUIIICHOI MIIHICTIO JAJIO 3MOTY MOKPAIIUTH TPIIIMHOCTIHKICTh Ta €KCILTyaTallliHi
BJIACTMBOCTI OETOHIB, SIKI BUKOPHCTaHI JJisi OETOHYBaHHS MOHOJITHUX CTiHOK OTMOp,
pOCTBEpKiB, Tia(QEpMEHHUKIB, pUreliB, OypOHaOWBHUX IMajlb TPH OYJIBHHUIITBI
MOCTOBOTO Tiepexoay uepes p. 3axigauii byr Ha a/m 0141602 Coxans-CTOSIHIB Ha KM
1+693 TOB «ABTomarictpanb-IliBneHbY;

— ONTUMI3AIS TEXHOJOTTYHUX (AKTOpPiB HaA PI3HUX CTPYKTYPHHX PIBHAX
3a0e3neymsia oJiep>KaHHs OJHOPIAHUX CAaMOYIIUTBHIOBAJILHUX OCTOHHUX CyMillled Ta
OETOHIB 3 MM IBUILIEHOIO MILHICTIO, TPIITUHOCTIHUKICTIO, MOKpaIeHUMHU
eKCIUTyaTal[lfHUMU BJIACTUBOCTAMHM Ta JOCSTHEHHS BHCOKOI SIKOCTI O€TOHHUX POOIT B
yMOBaX 3HAKO3MIHHHUX Ta BiJl’EMHHUX TEMITEPATyp, IO CTBOPHIIO MOKIMBICTh BKJIaTaHHS
cymimieid Oe3 YIIUIbHEHHS MEXaHIYHUM CIOCOOOM Mpu OETOHYBaHHI MOHOJITHUX,
CKJIaJIHUX 3a (POpMOIO, CTIHIOK Omop Mpu OYJIBHUIITBI MOCTOBOTO MEPEXOy 4Yepe3 p.
3axinauid byr Ha a/n 0141602 Cokanb-CrosiHiB Ha kM 1+693 TOB «ABTOMAarictpasib-
[TiBneHbY;

— pe3ynbTaTH AUCEPTAlIiHOT POOOTH BUKOPUCTOBYIOTHCS B HaBUAJIBLHOMY MPOLEC]
HartionansHoro yHiBepcuteTy «JIbBIBChbKA MOJITEXHIKA» MPU BUKIAJAHHI JUCIUTUIIH
«bypiBenbHe MaTepialio3HaBCTBOY», «beToHu Ta OyiBeNIbHI PO3YMHU, 3aMIOBHIOBAY1 JIJIs
0eToHIB, 4.l Ta 4.2», « TeXHOJOrYHUI CyNpPOBIJl BUTOTOBJIEHHS MOHOJIITHUX O€TOHHHUX 1
3aJ11300€TOHHUX KOHCTPYKIII» A cTyAeHTIB 192 by AiBHUIITBO Ta MUBLIbHA 1HXKEHEP1ST
nepuioro (06akanaBpChbKOIro) piBHS BHUINOI OCBITH (BUOIpKOBUM 0ok «TexHosorii
OyIiBeNbHUX KOHCTPYKIIiM, BUpOOIB Ta maTepiaiiBy) Ta «TeXHOJOrIT MOJIeTIOBaHHS
iHdopmarttii y OyaiBensHOMY BUPOOHMIITBI» ISl CTYACHTIB IPYroro (MaricTepchbKOro)
piBag Bumoi ocBith (OIIIl «Texnonorii OyaiBeNbHUX KOHCTPYKIH, BUPOOIB Ta
MaTtepiaiiB»), a TaKOX MpPH IMIATOTOBIN 3700yBayiB TPETHOTO (OCBITHHO-HAYKOBOTO)
PIBHS BHIIOi OCBITH 3a criemiaibHICTIO 192 By 1iBHUIITBO Ta IIMBUIbHA 1HKEHEPIS.

Oco0ucrtuii BHecok 3100yBaya. /lucepraiiitna po6ota rpyHTY€TbCS Ha MaTepianax
HAyKOBO-JIOCIIHUX pOOIT, BUKOHAHUX aBTOPOM Ha Kadenpi OyAiBeTbHOT0 BUPOOHUIITBA
HamionanpHoro yHiBepcutery «JIbBiBchbka momiTexHikay y 2007-2023 pp. ABTOpy

HaJeXXaTh MOCTAHOBKA METH 1 3aBJaHb  JUCEpTaIlii, BAKOHAHHS, 00OpOOJICHHS, aHaJIi3 Ta
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IHTepIpeTaliss pe3yJbTaTiB EKCTIIEPUMEHTATIbHUX  JOCHIKeHb, Yy3araJlbHEHHs
iHpopmMmarlii, (GopmyaroBaHHA BHUCHOBKIB. 3700yBau OpaB ydacTh Yy JOCHIIHUX Ta
JOCITITHO-TIPOMUCIIOBUX ~ BUMPOOYBaHHSIX pO3poOJEeHNX OETOHIB 3  IIiJBUIIECHOIO
MIIHICTIO Ta TPIIMIMHOCTIMKICTIO, OJCPKAHUX KEPYBaHHSM CTPYKTYpOYTBOPEHHSM Ha
pi3HuX piBHsAX. OCHOBHI HAayKOB1 pe3yJIbTaTh JUCEpTalli oOJep:kaHi 3700yBaueM
0COOHMCTO, OKpEMI CKJIa/I0B1 TEOPETUYHUX Ta EKCIIEPUMEHTAILHUX JOCIII)KEHb BUKOHAHO
13 CIiBaBTOpaMHU HAyKOBUX Tpallb, 10 BKa3aHO B COUCKY MyOiKaiii. Y4yacTtb aBTopa B
CHUIbHUX MyOMiKaIisx BioOpakeHa y CIUCKY OIyOIIKOBAHUX Mpallb.

Huceprariiiini po0OOTH, B SKUX BUKOPUCTAHO pPE3YyJbTaTH CHUIBHUX POOIT,
MpE/ICTaBICHO aBTOpedeparamu:

I'ynusax O. M. BucokoMiliHi OETOHU TPAaHCIIOPTHOTO MPU3HAYEHHS 3 MiJABUIICHOIO
JIOBTOBIUHICTIO: aBTOped. uc. kau. TexH. Hayk: 05.23.05 / HaioHanbHUI yHIBEpCUTET
“JIpBiBCHKa momiTexHIKa . JIbBiB, 2019. 21 c.;

Typba IO. B. TpiIMHOCTINKICTh JUCIIEPCHO-apMOBAHOTO OeTOHY: aBTOped. AMuC.
kaHa. TexH. Hayk: 05.23.05 / Hauionanbauil yHiBepcuTeT “JIbBIBCbKA MONITEXHIKA .
JIpBiB, 2021. 21 c.

Huceprariist 3m00yBadya HE MICTUTh MaTepialiB KaHIUAATCHKOI JUCEpTaIlliHO1
poboTH.

IMyoaikanii. 3a Temoro aucepraiii onmyOaikoBaHo 39 HayKOBUX Mpailb, 3 HUX 14
cTaTeil y HayKOBUX (paXOBHX BHUJAHHAX YKpaiHu, 12 — y BHUJAHHAX, SIKI BXOASTH JI0
MDKHApOJIHUX HayKOMETpuuHUX 0a3 (3 Hux 9 y Scopus), Ta y mepioguIHUX BHIAHHIX
1HIIUX JaepkaB, 1 mareHt, 1 HaBuanmbHMM mociOHuK, 11 myOmikariit ampoOarliiHoro
XapaKkTepy.

Crpykrypa Ta o00caAr aucepramii. OCHOBHAa YacTUHA AHUCEpPTAIiiHOT POOOTH
BUKJIaJIeHa Ha 269 cTOpiHKaxX JAPYKOBAHOTO TEKCTY Ta CKJIAAAE€THCS 13 BCTYITY, HIECTH
pPO3ALTIB Ta 3arayibHUX BUCHOBKIB. [IoBHUI oOcar nucepTariii cranHoBUTh 360 CTOPIHOK;
poboTta mictuth 57 Tabmuik, 141 puCyHOK, CIHMCOK BHKOpUCTAaHMX pkepen i3 381

HaliMeHyBaHHsI Ta 9 moaaTkiB Ha 21 CTOPIHIIL.
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PO3/1L1 1. NIPOBJIEMATHKA OJEPKAHHS BETOHIB 3
MIABUILEHOIO TPIIUHOCTIMKICTIO

1.1. ®daxkropu TpilIMHOCTIIKOCTI 0eTOHIB

PyiinyBanHsi OETOHY - 1Ie TIpOLleC YTBOPEHHS Ta pocTy TpimwH. Ha BiamiHy Bin
IHIIMX [IUPOKO TMOIIMPEHHX OYJIBEJIbHUX MaTrepianiB, OETOH € KBa3IKpUXKHUM
maTtepianoM. Lle o3Hauae, 1110 BIH MpaIlO€ OJTHOYACHO B JIBOX HAIPSIMKaxX: KPUXKOMY (SIK
CKJIO) 1 TPYXKHO-IUIACTUYHOMY (SIK cTaib). JloBelaeHo, 110 3acCTOCyBaHHS JIiHIMHO-
npy>xkHo1 MexaHiku pyitHyBauHs (Linear Elastic Fracture Mechanic (LEFM)) e xopomum
MEXaHI13MOM JUIsl IPOTHO3YBAaHHS Ta 3all00IraHHs pyHHYBAHHIO IITYYHUX KOHCTPYKLIIH
Ha OCHOBI NMOpTJIaHAUEeMEeHTY. ['pidiTc 3acHyBaB rajiy3b MEXaHIKU pyHHYBaHHS y CBOiX
OpHriHAIBHUX IyOuikamisx [228, 229]. Bin BCTaHOBHB 1 pO3BUHYB €HEPIreTUYUHI KPUTEPIi
pyHHYBaHHs MaTepianiB, 0 0a3yIOTHCS HA MEPIIOMY 3aKOHI TepMOAUHaMiK1. OCHOBHUI
BHCHOBOK HOTO JOCTI/PKEHB MOJISITa€ B TOMY, III0 CTBOPEHHS HOBHX MOBEPXOHb i Yac
pyHHYBaHHS NPU3BOJIUTH 0 TOTO, IO MpPYXHa €Hepris TuIa MepeTBOPIOETHCS HA HOTO
MOBEPXHEBY e€Heprito. BiH po3poOuB Teopito, 3riIHO 3 SKOK TPIIIMHA MOYUHAE
MOIIUPIOBATUCS, KOJU TIOBEPXHEBA EHEPTis Tija 30UIBIIYETHCS MPOIOPIIINHO 10
IIBUJIKOCTI, 3 SIKOIO BUBLJILHSIETHCSI €HEPTis MPYKHOT Aedopmarii.

[IutaHHs HanpyKeHO-Ae(hOPMOBAHOTO CTaHY MPYKHUX KOHCTPYKLIA 3 TPILIMHOIO
OTPUMAaJIO pealbHe BHUPIIICHHS B HaykoBuX myoOuikamisx [13, 109, 279]. PosrmsuyTto
npo0JieMy Hamnpy»KeHO-Ae(hOPMOBAHOIO CTaHy TiJ 3 TPIIIMHAMU Ta XapaKTep MOBEAIHKH
MOJISI HAINpY>KeHb HABKOJIO IXHIX BEPIIMH 3 ypaxXyBaHHSIM HaWHOBINIUX JIOCSTHEHBb
MEXaHIKU pyHHYBaHHS.

Teopito I'pibditca Bmepmie 3actocyBaB g0 Oerony Hesuwn [293, 294], skuii

M1JKPECINB YMOBHHM 3B'S30K MK TEOPi€0 1 0ETOHOM, MIIHICTh SIKOTO B TIEPIITY YepTy
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JTUKTYEThCS KIHIICBOO Ae(opMalli€ro, a He HanpykeHHsaM. [Lnyrin Ta iH. [242] BuB4amu
BIUIUB CTPYKTYPHUX XapaKTEPUCTHUK HA MIIHICTh OCTOHY IIiJl JMHAMIYHUMH BILIMBAMH.
3po0aeHo MpUITyIIEeHHS, M0 MYCTOTH Ta 1HII CTPYKTYpHI 1e()EeKTH € MePIIONPUIHHOIO
YTBOPEHHSA TPIIMH y 6eToHi. ToMy 70 THX TIip, TOKU HE OyAyTh JOCATHYTI JOCTAaTHBO
BHCOKI HABAaHTAXXEHHS, SK1 JO3BOJSATH BUIBHUUN PICT TPIIIMHU, MOIIUPEHHS TPIIUHU
MOCTIHHO 3yTHHSETHCA.

Bigomo, mo mnpu pylHYBaHHI O€TOH JEMOHCTPYE KBa3IKPUXKY IOBEIIHKY,
MOETHYIOUN SIK KPHXKi, TaK 1 MpyXHO-Tulactuui BiaactuBocti [155, 197]. Berton 3
MIJBUIIICHOK MIIHICTIO ISl 1HPPACTPYKTYpHOTO BUKOPHUCTAHHS IMOTPEOYy€E HIKYOTO
BOJIOIIEeMEeHTHOro BifHOmIeHH (<0,45), 1mo0 e(peKTUBHO MPOTHUIIISITH arpeCUBHOMY
BIUIMBY Pi3HUX (PAKTOPIB, € OUTbII KPUXKUHM, HIK 3BUYaiiHuid O6etoH 13 B/Il > 0,5. [dns
MPOTHO3YBAHHS Ta 3MEHIIECHHS PO3TPICKYBAHHS B TaKMX KOHIJTIOMEPATHUX CTPYKTypax
Ha OCHOBI MOPTJIAHALIEMEHTY BUKOPUCTOBYIOTHCS MIAXO/H, sIK1 0a3yI0ThCsl Ha JIIHIHHO-
npyXHiil MexaHini pyhHyBaHHS [315]. dyHaameHTanbHI BIACTMBOCTI PyHHYBaHHS
O0eTOHy, BKJIIOYAIOYM KPUTHYHUM KOE(DIIIEHT IHTEHCUBHOCTI HAIpY>KE€Hb, C€HEPTiI0
pYWHYBaHHS Ta XapaKTEPUCTUUHY JOBXKUHY (KpUTEPIH KPUXKOCTI1), MOYKHA BUHAYNTH 32
JIOTIOMOT'0F0 TIPOCTHX 3pa3KiB OAJIOK TPUTOYKOBUM 3THHOM 3 HajpizoM [53, 107].

Cnizx BiI3HAYMTH, IO TPU 3MiHI BiTHOCHOI JTIOBKHWHU TPINIMHU B Mexax 1/2...1/6
B'S3KICTh PYWHYBaHHS MPAKTUYHO HE 3aJICKUTH BiJ CXEMH HaBaHTAXCHHS OalKH Ta
BIJIHOCHOT JIOBKMHU TPINUHU. 31 30UIBIICHHSIM PO3MIpY 3pa3ka B'SI3KICTh PyWHYBaHHS
0eToHy 3pocTa€. Y 30HI BEJIMKOTO HAIPY>KEHHsI B MPOLEC] PYWHYBaHHS OCTOHY MOXE
BUHUKHYTH KIJbKa TPIINIUH, a PYWHYBaHHS HE OOMEXYETHCS TMOIIMPEHHSM OJHIET
TPIIIMHH.

Cnipg BiA3HAYMTH, IO B'S3KICTh PYHHYBaHHS 3aJ€XKHUTh BiJl BOJOLEMEHTHOTO
BIIHOIIICHHS Ta BMICTY JIpIOHOTO 1 KPYITHOTO 3alIOBHIOBAYIB 1 HE 3aJICKUThH BiJ] BITHOCHOT
noexunau TpimmHu. Ince and Alyamac [237] 3asBuiy, 110 3a paxyHOK 30inbmieHHs B/1]
BIJTHOIIICHHSI B’SI3KiCTh pyiHHYyBaHHS 3MeHInyetbes. Carpinteri and Brighenti [160]
BBAXKAIOTh, [0 MAaKCUMaJIbHA €HEPTrisl PYWHYBaHHS JOCATAETHCS MpHU cepennbomy B/L]
BiIHOIIEHH]. [Ipu4mMHOI0O MBOTO CTAJIO TE€, IO TPIIMIMHU YacTO 3 SIBISIOTHCSA 1

MOIIUPIOIOTHCS B IIEMEHTHOMY KaMeHi 1 ontuMaiibie B/1] BiHOIIIEHHS 1a€ MOXKIIUBICTh
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OTpUMATH LIEMEHTHUN KaMiHb 3 BUCOKOIO MIITHICTIO. [Ipu 0fHAKOBiH MIITHOCTI HAa CTHCK
ICHy€ HACTyITHAa TIOCIIJIOBHICTh 3HUKEHHS B'S3KOCTI pYWHYBaHHS: Ba)XKKHMl OETOH >
[EMEHTHO-TIIIAaHUN PO3YMH > [IEMEHTHHM KaMiHb. 3 I[bOTO MOKHA 3pOOUTH BUCHOBOK,
IO 3alOBHIOBAY Ma€ BIUIMB Ha KIHIIEBY B'S3KICTh pyilHyBaHHS OeToHy. B'si3kicTh
pyliHyBaHHS O€TOHY HE CYTTEBO 3aJ€KUTh BiJ BIKY, a IPOCOUYEHHS OETOHY MOJIIMEPOM
IPU3BOJUTH JI0 301IBIICHHS IILOTO MOKa3HUKa. B'SI3KICTh pyHHYBaHHS HE 3aJICKHUTH BiJ
BIJIHOCHOI JOBXWHU TPIIIUHU 1 pO3Mipy 3pa3ka. ICHye KOHIEMIls, 0 pyWHYBaHHS
BiIOYBA€ThCS, KOJIM HAMBHUIIA KOHIEHTpALis pPO3TATYIOUMX HANpPYXeHb HAaBKOJIO
SIMNTUYHUX TPIITUH HAOIMKAETHCS 10 MIITHOCTI OeToHY Ha po3Tsar. Ciijl BiA3HAYUTH, 1110
Ipy I[bOMY HE BpPAXOBYETHCS HANPYXKEHWWA CTaH Ha KIHIMX IUX TPINUH, a TaKOXK
cTabuibHa (pa3za MOIIMPEHHS TPIMIMHU, SKa TMEpeay€e pPyHHYBaHHIO IMPU CTUCHEHHI.
BuHMKHEHHS po3rayKeHUX TPIIIUH HE 3aBXK/U MPU3BOIUTH J0 MIBUIKOTO PYHHYBaHHS
CUCTEMHU, & PO3BUTOK OKPEMUX TPIIIMH CYTTEBO HE 3MIHIOETHCS MPU B3a€EMOJ11 TPILLIKH.
[Ipu BIOHOIIEHHI KPUTUYHOI JOBXKWHU TPIIIMHU O PO3MIPY KPYITHOTO 3allOBHIOBaya
Ounble 2, B'I3KICTh PYWHYBaHHS OCTOHY 3aJUIIAETHCS TOCTIMHOI, OHAK B 1HIIOMY
IHTEpBAJIl 1ILOTO  BIJHOIICHHS 3aKOHOMIPHICTHL HE 30epiraerbcs. [IIBUAKICTH
HABAHTAXKEHHA 1 TeMIiepaTypa OETOHHOTO 3pa3Ka BIUIMBAIOTh HA 3HAYEHHS B'A3KOCTI
pyHHYBaHHS.

Teopiss nedopmyBaHHS 1 MIIHOCTI O€TOHY, siKa po3risigac (i3UdyHI aACMEKTH
TPIIMHOYTBOPEHHS 1 pyHHYBaHHs, Oyjia CTBOpeHa Ha OcCHOBI koumentii ['piddirca-
IpBiHa Ta 1epapXiyHOi CTPYKTYpHOi CXeMH O€TOHY, SKa BKJIIOYAE XapaKTepHl
HeoaHopiaHocTi 1 aedexktn [229]. PosrisiHyTo mpobieMy JOBrOTPHBAOl MIITHOCTI
OeTOoHy 1 3alpPOIOHOBAHO PO3B'S30K, M0 0a3yeThCs HA amapati Teopli moB3y4yocTi. s
BCTAHOBJICHHSI TapaMeTpiB TPIIMHOCTIMKOCTI OETOHYy HEOOXITHO MpoaHali3yBaTH
MOBHICTIO PIBHOBAXkHI JlarpaMu AepopMyBaHHs 3pa3KiB 3 1Hiiaropamu TpimuH. CriagHa
riika giarpamMd jaeopMyBaHHS MOXe€ OyTH BUKOpPUCTaHA JUIsl BU3HAYEHHSI TPbOX
OCHOBHUX IapaMeTpiB ONOPY PyHHYBAHHIO - CHJIM, €Heprii Ta aedopmarii - Ha cTajii
CTaJIOTO PO3BUTKY TpimuHu. Ha cTasii ctanoro pocty TpiluHH, TOBKUHA HE BIUIMBAE HA
il pO3KPUTTS, sIK€ BiI0YBA€ThCA MPONOPLIMNHO MPOTUHY. SIK HACTIAOK, ICHYE OYEBUIHUMN

3B'SI30K MIXK IIPOTHHOM 3pa3Ka, JOBKHUHOIO Ta MIBUAKICTIO pocTy Tpimuau [126, 182].
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CTBOpEeHO MaTeMaTHUYHUHN anapar JJIsl MOJIETIIOBAHHS PO3BUTKY TPIIIMH 1 MPOIIECIB
PYHHYBaHHS KOMIIO3MIIIHUX MaTepialiB 3 Pi3HOI MOYAaTKOBOIO KoH]irypamieto [114].
BusiBieHo, 10 Ha CXWIBHICTH MaTepialy J0 YyTBOPCHHS TPINIUH BIUIMBAE HOTO
CTPYKTypHa HEOJTHOPIAHICTh. TaK, MOPIBHIHO 3 BaXKKUM OCTOHOM, IIEMEHTHHM KaMiHb 1
NpiOHO3EpHUCTUN OETOH, SIKI MAIOTh OJAHOPIAHY CTPYKTYPY, 3HAYHO OLIbIIE CXUIbHI 10
pyliHyBaHHS. BusBieHi 3ameXHOCTI OCOOIMBOCTEH MEXaHIKU pyHHYBaHHA BiJ
MaKpOCTPYKTYpH OCTOHY 3 MEBHUMHU MeXaHiYHUMH BiactuBocTsMu [107]. BusnadeHo,
0 KpuTH4HUHN KoedimieHT iHTeHcHBHOCTI HanpyxeHb (KKIH) Ta minHicTs Ha po3puB
(rpaHMIs MIIHOCTI MPH 3THHI) MalOTh MPSAMHUA B3a€MO3B'SI30K. [IpHHIMIN MeXaHIKK
pyiiHYBaHHS MOXKYTh OyTH 3aCTOCOBaHI J10 OETOHY mpu JociimKkenHi 3anexHocti KKIH
Big Hioro crpykrypu. Cononkum [106] Busineno, mo 3nauenns KKIH cnapatots 3i
30UTBIICHHSIM OJTHOPIJTHOCTI Martepiaiy, 10 MiATBEP/KY€ETbCS MOPIBHIHHSAM 3HAYEHBb
KKIH nns Baxkoro OeToHy, JIpiOHO3EpHHCTOrO OETOHY Ta IIEMEHTHOIO KaMEHIO.
JloBKMHA 30HM HENpPYXHUX JAepopMaliil y BEpIIMHI TPIUIMHU 3aJICKUTHh BIJ PAAY
3MIHHUX, BKJIFOYA0UH pO3Mip, MIIHICTh 1 MPUPOTY 3amoBHIOBa4Ya B 6etoHi [107].

OCKUIBKHM TPILIMHU PO3KPUBAIOTHCS 1 NOYMHAIOTH HEKOHTPOJIBOBAHO PO3BUBATUCS
P JIOCATHEHH1 KPUTUYHOTO PO3MIPY, MOCTIHHOTO JJIsi KOXKHOTO MaTepiaily, MoTpiOHO
OLIIHIOBATH TPIIMHOCTIMKICTH OETOHY 32 PO3MIPOM KPUTHUYHOI TPIIMHK. BaxkiauBa posb
KPYIHOT'O 3allOBHIOBaYa B OETOHI, SIKWM TaJIbMy€ pyHHYBaHHS, 30UTbIIYIOYM KPUTHUHY
JOBKUHY MaKpOTPIIIHHH.

BinHomieHHs: poOOTH pYHHYBaHHS 10 NPUPOCTY IOBEPXHI TPILIMHU BIIOME SIK
ryCTHHA eHeprii pyhHyBaHHA. [Ipy TpUTOUYKOBOMY 3THHI KPUTHYHA TYCTHHA €HEprii
pyHHYBaHHS [