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AIMS AND SCOPE

The aim of the Journal is to advance the research and practice in structural engineering
through the application of computational methods. The Journal will publish original papers and
educational articles of general value to the field that will bridge the gap between high-performance
construction materials, large-scale engineering systems and advanced methods of analysis.

The scope of the Journal includes papers on computer methods in the areas of structural
engineering, civil engineering materials and problems concerned with multiple physical processes
interacting at multiple spatial and temporal scales. The Journal is intended to be of interest and use to
researches and practitioners in academic, governmental and industrial communities.
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OBLIAA MHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(MeskAyHAPOAHBII J)KYPHAA IO PACYETY TPAXKAAHCKHX M CTPOUTEABHBIX KOHCTPYKIIHI)

Mexnynapoanblii Hay4Hbli :kypHaa “International Journal for Computational Civil and
Structural Engineering (Me:x1yHApOIHBbIN KyPHAJI 110 PAcYeTy IPAKIAHCKUX U CTPOUTEIbHBIX KOH-
crpykuuii)” (IJCCSE) siBisieTcst BeLyIMM Hay4HbIM IEPHOMYECKUM U3JaHUEM I10 HarpaBiieH o «Hxke-
HEpHBIE ¥ TEXHUYECKUE HAyKI», W3aaBaeMbiM, HaunHast ¢ 1999 roma (ISSN 2588-0195 (Online); ISSN 2587-
9618 (Print) Continues ISSN 1524-5845). B sxypHasie Ha BRICOKOM Hay9HO-TEXHMUYECKOM YPOBHE pacCMarpH-
BAIOTCs MPOOJIEMBI YMCIIEHHOTO U KOMITBFOTEPHOTO MOJIETTUPOBAHHS B CTPOUTENILCTBE, AKTyaJIbHBIE BOITPOCHI
Ppa3pabOTKH, MCCIIEIOBAHUS, PA3BUTHSL, BEpU(UKAIIH, apoOaIi U PHIIOKEHHH YMCIICHHBIX, YMCIIeHHO-aHa-
JIMUTHYECKUX METOJIOB, IPOrPAMMHO-AJITOPUTMHYECKOTO 00ECIIEUEHIS 1 BBITIOJHEHHS aBTOMAaTU3UPOBAHHOTO
MIPOEKTUPOBAHNS1, MOHUTOPHUHTA U KOMIUIEKCHOTO HAYKOEMKOIO pacy€THO-TEOPETUUECKOTO U IKCIIEPUMEH-
TaJTLHOTO 00OCHOBAHMS HAPSKEHHO-Ie(DOPMUPOBAHHOTO (M MIHOTO) COCTOSTHYISL, IPOYHOCTH, YCTOMYIHUBOCTH,
HAJISKHOCTH 1 0€30MIaCHOCTH OTBETCTBEHHBIX OOBEKTOB I'PAXKIAHCKOTO U IMIPOMBIIIJIEHHOTO CTPOUTEILCTBA,
SHEPreTHKH, MAITMHOCTPOEHHUS, TPAHCIIOPTa, OMOTEXHOIOTHIA U JIPYTUX BBICOKOTEXHOJIOTHMYHBIX OTpaciieil.

B penakumoHHbIN COBET XKypHaJla BXOIAT U3BECTHBIE POCCUNCKUE U 3apYOEKHBIE ESTENN HayKU
Y TEXHUKH (B TOM YHUCIIE aKaJIEMUKHU, YICHBI-KOPPECTIOHIEHThI, UHOCTPAHHBIE YICHBI, TOYETHBIC YICHBI
Y cOBeTHUKH Poccuiickolt akaieMuu apXUTEKTYPbl M CTPOUTEIBHBIX HayK). OCHOBHOM KpUTEPHil OT-
Oopa crateil 1y myOIMKalKy B )KypHaJie — X BBICOKUI HayYHbIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIpE/IETISICTCS B XOJI€ BHICOKOKBAJIM(DULIIMPOBAHHOTO PELICH3UPOBAHUS U OObEKTUBHON 3KCIIEPTU3HI,
MOCTYMAIONUX B PEAAKIIMIO MAaTEPHAJIOB.

Kypuan exooum 6 llepeuenv BAK P® sedywux peyeH3upyemvix HAyyHbIX U30aHUL, 8 KOMOPbIX
O0JIIICHBL ObIMb ONYOIUKOBAHBL OCHOBHbIE HAYYHbBIE Pe3YbIMambl OUCCEPMayUuli Ha COUCKAHUE YUeHOU
cmeneHu KaHouoama HayK, Ha COUCKAHUe YYeHOU Cmenenu 0OKmopa HAyK 10 HAyYHBIM CIIeLUab-
HOCTSIM U COOTBETCTBYIOIIUM UM OTPACIIsM HayKU:

* 1.1.8 — Mexanuka neopMupyeMOro TBEPOTO Tella (TEXHUUECKUE HAYKH ),

* 1.2.2 — Maremarnueckoe MOICTUPOBAHUE YHNCICHHBIE METO/IbI U KOMILJIEKCHI TPOrpaMM

(TexHUYECKHUE HAYKH),

* 2.1.1 — CTpouTenbHble KOHCTPYKIUH, 31aHUS U COOPYKEHUS (TEXHUUECKHE HAYKH),

¢ 2.1.2 — OcHoBanus U GyHAAMEHTHI, TOJI3EMHBIE COOPYKEHUS (TEXHUYECKUE HAYKH),

* 2.1.5 — CTpouTenbHble MaTepUaIIbl U U3/ENNS (TEXHUUECKUE HAYKH),

* 05.23.07 — 'mapoTeXHUYECKOE CTPOUTEITHCTBO (TEXHUYECKUE HAYKH ),

* 2.1.9 — CtpourenpHas MexaHUKa (TEXHUUECKUE HAYKH )

B Poccuiickort @enepannn )KypHaJI HHIEKCHpYeTCsl POCCHIICKMM MHIEKCOM Hay4HOTO LIUTH-
posanus (PUHII).

JKypran exooum 6 6azy dannwvix Russian Science Citation Index (RSCI), nonnocmosto unmezpu-
posannyio ¢ niamgopmoti Web of Science. JKypHan uMeeT MK TyHAPOTHBINA CTATyC W BBHICBIJIACTCS B
BeAylIre OMOIMOTEKN U HayYHbIe OpraHU3alluy MUpA.

M3narenn xypHaaa — Mzoamenbcmeo Accoyuayuu cmpoumenbHuiX 8blCUIUX YUEOHbIX 3a6e-
oenuti /ACB/ (Poccus, . Mocksa) u 1o 2017 rona Mzoamenvckuii oom Begell House Inc. (CUIA, 1.
Heto-Hopk). OpuimansHeIMU TApTHEPAMHI M3JAHUS ABNSETCS Poccuiickas akademus apXumexmypbl
u cmpoumenvuvix Hayk (PAACH), ocymiecTBisifoias HayYHOe KypupoBaHue u3nanus, u Hayuno-uc-
cnedosamenvckuul yenmp Cma/{uO (3A0 HULL CtaluO).

Llesin :xypHAaJIa — IEMOHCTPUPOBATH B MyOIHKALIUAX POCCUHCKOMY U MEXTyHapOIHOMY mpodec-
CHOHAJIbHOMY COOOIIIECTBY HOBEHIIINE JOCTHKEHUS HAYKU B 00JIACTH BHIUMCIUTEIBHBIX METOJIOB pele-
HUS QyHIaMEHTAIBHBIX U MPHUKJIATHBIX TEXHUIECKUX 3a/1a4, IPEXK/IE BCETO B 0OIACTH CTPOUTEIHCTBRA.
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3amaum xKypHaja:

* IPeI0CTABJICHNE POCCUMCKUM U 3apyOeKHBIM YUE€HBIM U CHIELIMATUCTAaM BO3MOKHOCTH ITyOJIH-
KOBATh PE3YJIbTaThl CBOUX MCCIIEA0BAHUM;

* IpUBJICUEHHUE BHUMaHHUs K Hambosee akTyalbHbIM, EPCIEKTUBHBIM, IPOPHIBHBIM U HHTE-
PECHBIM HAIPABJICHUSAM PAa3BUTHUS U MPUIOKEHUH YMCICHHBIX U YUCICHHO-aHATUTHYECKIX METO/IOB
pemeHust pyHIaMEHTAIbHBIX U MPUKIIAIHBIX TEXHUYECKUX 3a7a4, COBEPIICHCTBOBAHMS TEXHOIOTHIMA
MaTeMaTU4YeCKOro, KOMIIbIOTEPHOTO MOJIETTUPOBAHUS, Pa3pabOTKH U BEpUPUKALUU PeasIn3yIOLIETo
IIPOrPaMMHO-aJITOPUTMHUYECKOTO 0OecIeueH s,

* obecrieueHre 0OMEeHa MHEHUSIMHU MEX/Ty HCCIIEA0BATEIISIMU U3 PA3HBIX PETMOHOB U TOCYIaPCTB.

Temaruka sxxypHaJa. K paccMoTpeHuio u my0aMKaluy B )KypHalie IPUHUMAIOTCS aHATUTHYECKIE
MaTepHalbl, HayYHbIe CTaTbU, 0030pPbl, PELIEH3UU U OT3bIBBI HA HAy4HbIe MyOIUKaIMU 1O (yHIaMeH-
TAJbHBIM U TPUKJIAJHBIM BOTIPOCAM TEXHUYECKHUX HAyK, IPEXK/IE BCETO B 00IACTH CTPOUTENHCTBA. B
KypHaJIe TaKxKe MMyOIuKyoTCsl ”HGOPMAIIMOHHbIE MaTepHalibl, OCBEILAOIIUE HAyYHbIE MEPOIIPUSITUS
U TiepeioBble JOCTIKeHHs Poccuiickol akaieMuu apXUTEKTYPbl M CTPOUTEIbHBIX HAyK, HAyYHO-00-
pa30BaTEIbHBIX U IPOEKTHO-KOHCTPYKTOPCKUX OpraHU3aLMi.

Tematuka crateil, IpUHUMAaEMBbIX K ITyOJIMKAILMKU B )KypHaJle, COOTBETCTBYET €ro Ha3BaHUIO U
OXBAaThIBAET HAIIPABJICHUS HAyYHbIX UCCIIEIOBAaHUN B 001aCTH pa3pabOTKH, UCCIEAOBAHUS U MTPHUIIO-
YKEHHMH YMCIIEHHBIX U YNCIIEHHO-aHAJIMTUYECKUX METOJI0B, IPOrPaMMHOI0 00€CIIeUeHU s, TEXHOJIOT U
KOMITbIOTEPHOTO MOJICJIMPOBAHHUS B PELICHUH IPUKIIAIHBIX 33/1a4 B 00JIaCTH CTPOUTENBCTBA, & TAKXKE
COOTBETCTBYIOLIME MPOPHUIbHBIE CHELHATbHOCTH, MPEICTABICHHBIE B JUCCEPTALIMOHHBIX COBETaX
poMIBHBIX 00Pa30BATEIBHBIX OPraHU3AIMAX BBICIIEr0 0Opa30BaHusl.

Pepakumnonnas nonuruka. [lonurrka pegakimoHHON KOJUIETHH JKypHala 0a3upyeTcst Ha co-
BPEMEHHBIX IOPUIUUECKUX TPeOOBAaHUSIX B OTHOIIEHUWH aBTOPCKOIO MpaBa, 3aKOHHOCTH, IUIaruara
U KJIEBETHI, U3JIOKEHHBIX B 3aKoHonarenbCcTBe Poccuiickon denepanuu, U STUYECKUX MPUHIUIIAX,
MOJEPKUBAEMBIX COOOLIECTBOM BEAYLIMX M3AaTeIell HAyYHOU MEPHUOAUKH.

3a nybnukayuto cmameti naama ¢ asmopos He e3vimaemcs. Ilyonukayus cmameii 6 JHcypHae
becniamuas. Ha TIaTHOM OCHOBE B JKypHaJIe MOTYT OBITh OITyOJIMKOBAaHBI MaTe€pUaIbl PEKIAMHOTO
XapakTepa, UMEIOLIe NMPSMOe OTHOLIEHUE K TeMaTHKeE JKypHaJa.

XKypHnan npenocTaBiisieT HENOCPEACTBEHHBIH OTKPBITHIN JOCTYI K CBOEMY KOHTEHTY, HCXO/S U3
CJICAYIOIIETO MPUHIUIA: CBOOOIHBIN OTKPBITHIHM TOCTYH K pe3yJIbTaTaM UCCIIe0BaHHUNA CITIOCOOCTBYET
YBEJIMYEHUIO TII00aIbHOTO 0OMEHA 3HAHUSMHU.

HupexcupoBanue. [lyOnukaiyuy B )KypHaie BXOISIT B CUCTEMBI Pacye€TOB MHJIEKCOB IIUTUPOBAHUS
ABTOPOB U JKypHAJIOB. «VHIEKC IUTUPOBAaHUS» — YACIIOBOM IIOKA3aTellb, XapaKTepU3YIOLHI 3HAYUMOCTb
JTAHHOM CTaThH M BEIMUCIISFOIIIMIACS Ha OCHOBE TIOCIISYFOIIINX ITyOTMKAITIIA, CChUTAIOITMXCS Ha IAHHYHO paloTy.

Astopam. [Ipesxie yem HanpaBUTB CTATHIO B PEIAKLIMIO )KypHaJla, aBTOpaM CJIEAyeT O3HAKOMHUTBCS CO
BCEMU MaTepualiaMy, pa3MEIICHHBIMHU B pa3Jieiax caiTa )KypHaia (MHTepHeT-cailT Poccuiickoii akajgeMun
apXUTEKTYPbI U cTpouTenbHbIX HayK (http:/raasn.ru); moapazaen «3nanus PAACH» unu nHTEpHET-CaliT
W3narenscra ACB (http://iasv.ru); nonpasnen «OKypuan IJCCSEy): ¢ ocHoBHO# nH(opMmarueii o xypHaie,
€ro LEeJISIMU U 3a/1a4aMH, COCTaBOM PEJAKIIMOHHOM KOJUIETHU U PEAAKLIMOHHOIO COBETA, PEJAKIIMOHHON
TOJIUTHKOM, TOPSIIKOM PELIEH3UPOBAaHKsI HAIPaBIIsieMbIX B JKypHaJl CTaTel, CBEACHUSIMU O COOTIOACHUH
PEIAKIIMOHHOMN 3THKH, O TIOJIMTHKE aBTOPCKOTO MpaBa U JIMLEH3UPOBAHUs, O MPEJICTABICHUH KypHaja B
MH(POPMAITMOHHBIX cUCTEeMaX (MHICKCUPOBAHUH), MH(OpMAIMEH 0 OINHCKE Ha KypHAJ, KOHTAKTHBIMU
naHHbIME U TIp. XKypHain pabotaet no nauen3un Creative Commons tuna cc by-nc-sa (Attribution Non-
Commercial Share Alike) — JInnensus «C ykazanuem aBropcta — Hekommepueckast — Kormned».

PeunenzupoBanue. Bce HayuHble CTaThy, IOCTYNUBIINE B PEJAKIMIO JKypHaia, MPOXOAAT
o0s13aTesIbHOE JIBOMHOE CJIENOE PEleH3UPOBAaHUE (PELICH3EHT HE 3HAE€T aBTOPOB PYKOMMCH, aBTOPbI
PYKOIIUCH HE 3HAIOT PELICH3EHTOB).
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3auMcTBOBaHUS M IIaruar. PenakiumoHHasi KOJUIeTus KypHasa Mpu pacCMOTPEHUH CTaThbU
IIPOBOJUT MPOBEPKY MaTepuaja ¢ MOMOIIBI0 CUCTEMBI «AHTHIIAruaT». B ciiydae oOHapyxeHus
MHOT'OYHMCIIEHHBIX 3aMMCTBOBaHUM pelakiys 1eHCTBYeT B cooTBeTcTBUU ¢ nipaBuiamu COPE.

Monnucka. Xypnan 3apeructpupoBan B depepaibHOM areHTCTBE MO CPEACTBAM MacCOBOM
nH(pOpMAaIK 1 OXpaHbl KyasTypHOTO Hacienus: Poccuiickoit deneparn. MHaeke B 001iepoccuiickom
karanore POCIIEYATD — 18076.

[To Bompocam MOANUCKU Ha MEXIyHapOAHBIM HayuHbIN kypHan “International Journal for
Computational Civil and Structural Engineering (Me>xayHapoaHblIi )KypHaJl O pacyeTy rpa)JIaHCKHX
Y CTPOUTEILHBIX KOHCTPYKIHIA)” oOpamaiitech B AreHTCTBO «Pocmedarsy (OduimanbHbIi caiT B
cetu UHTepHeT: http://www.rosp.ru/) uiau B u3areabcTBO ACCOLMAIMN CTPOUTENBHBIX By30B (ACB)
B COOTBETCTBHHM CO CIIEAYIOUIMMH KOHTAKTHBIMHU JTaHHBIMHU:

000 «H30amenvcmeo ACB»

Opunnueckuii anpec: 129337, Poccus, . Mocksa, SIpocnasckoe 1., 1. 26, oduc 705;

®akruueckuit aapec: 129337, Poccus, . Mocksa, Spocnasckoe 1., 1. 19, kopm. 1, 5 stax,

oduc 12 (TL Cone Momn);

Tenedonsr: +7 (925) 084-74-24;

WuTepHeT-caiiT: www.iasv.ru. Aapec 371eKTpOHHON MOYTHI: 1asv(@iasv.ru.

KonrakTnas undopmanus. Ilo Bcem BompocaMm paboThl pelaklvi, PEeleH3UpPOBAHUSA, CO-
IJJaCOBAHMSI IPABKM TEKCTOB U MyONMKAllUU cTared cieayeT oOpamiarbes K NIABHOMY pPEAaKToOpy
xypHana akagemMuky PAACH Cuoopoey Braoumupy Hukonaesuyy (anpeca >I€KTPOHHON MOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) wix K TEXHHI€CKOMY
penakropy xypHaina coBeTHuky PAACH Kaiimykogy Tatimypaszy bampazosuyy (aapeca 3MeKTPOHHON
noutsl: tkaytukov(@gmail.com; kaytukov(@raasn.ru). Kpome Toro, no ykazaHHbIM BOIIpOCaM, a TaKXXe
10 BOIIPOCAM pa3MEeIeHHS B KypHaJIe PEKJIaAMHBIX MaTepUAIOB MOXXHO 00paIaTbes K FeHEPaTbHOMY
nupektopy OO0 «M13narensctBo ACBY» Hukumunou Haodexcoe Cepeeesne (aapeca dIEKTPOHHOM T10-
9ThI: 1asv(@iasv.ru, nsnikitina@mail.ru, ijjccse@iasv.ru).

KypHau cranoBuTcs TexHojornunee. Mznarenscteo ACB ¢ centsiOpst 2016 rona sBnsiercs
YJIeHOM MeXIyHapOoJHOUM accoluanuu u3aareneid HayuHou nurepatypsl (Publishers International
Linking Association (PILA)), ocymectBistonieii cBoro JesreabHocTh Ha miardgopme CrossRef.
OpuruHaIBHBIM CTAThsSIM, MyONMKYeMBbIM B JKypHase, OyayT NMPHUCBauBaThCs YHUKAJIbHbIE HOMEpa
(uanexcel DOI — Digital Object Identifier), 4to 3HaYMTENBEHO O0OIETYUT MOUCK METAJAHHBIX U MECTO-
HaX0XJIeHHE MOJIHOTEKCTOBOrO npoussenenus. DOI —3to cuctema onpeneneHust HayyHOro KOHTEHTa
B cetu HTEpHET.

C okTs16pst 2016 roma cTar BO3MOYKEH ITPUEM CTAaTEH HAa PACCMOTPEHUE U PEIICH3UPOBAHUE Yepe3
OHJIaliH cuctemy npuema crareit Open Journal Systems Ha caiite xypHaia (3JIeKTpOHHAasI peaaKIys):
https://ijccse.iasv.ru.

ABTOp MMeEeT BO3MOKHOCTb CJIEIUTh 3a POJIBUYKEHUEM CTaTbU B PEIaKIIMU 5KypHAJIa B INYHOM
kabunete Open Journal Systems 1 moay4aTh COOTBETCTBYIOLINE YBEOMIICHHS 110 3JIEKTPOHHOM MouTe.

B depane 2018 rona xypnain 6611 3apeructpupoan B Directory of open access journals (DOAJ)
(3TO OJMH M3 CaMbIX U3BECTHBIX MOMCKOBBIX CEPBUCOB B MUPE, KOTOPBII MPEJOCTaBIsAET OTKPHITHIN
JOCTYIl K MarepuajaM U MHAEKCUPYET He TOJbKO 3arojIOBKH JKypHAJIOB, HO M Hay4HbI€ CTaTbu), B
centsaope 2018 rona BxiroueH B mpoxykTsl EBSCO Publishing.

B HOs16pe 2020 roma )KypHaJl Hayall MHIEKCUPOBATHCS B MEXKTYHApOIHOM 6a3e Scopus.

XKypnan International Journal for Computational Civil and Structural Engineering Bxoaur B
IIEPBBIN YPOBEHb EIMHOIO roCcy1apCTBEHHOIO NIEPEYHs HayYHbIX U3faHuil — «benoro cnucka» — Mu-
Huctepersa Hayku u Beiciiero oopaszoBanust Poccuiickoit ®@enepanuu (EI'TIHI)
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STUDY OF THE DEFORMATION CHARACTERISTICS AND
CREEP COEFFICIENT OF HIGH-STRENGTH SELF-COMPACT-
ING HEAVY-WEIGHT AND LIGHT-WEIGHT CONCRETES AT
VARIOUS RELATIVE HUMIDITY OF THE ENVIRONMENT

Semyon S. Kaprielov %, Pyotr D. Arleninov %, Andrey V. Sheinfeld ',
Polina S. Kalmakova ', Nikita M. Selyutin'’

' A.A. Gvozdev Research, Design, and Technological Institute of Concrete and Reinforced Concrete, JSC Research
Center Construction, Moscow, RUSSIA
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
3 Master Beton Enterprise LLC, Moscow, RUSSIA

Abstract: The paper presents the results of an experimental study of the characteristics of high-strength self-
compacting heavyweight and lightweight concretes of strength classes B60—B100 at different ambient relative
humidity levels. The aim of the study was to evaluate the effect of environmental humidity on strength, elastic
modulus, shrinkage and creep strains, creep compliance, and creep coefficient of high-strength self-compacting
modified concretes. The tests were carried out in accordance with GOST 24452 and GOST 24544 in climatic
chambers at relative air humidity levels of 20, 60, and 90% for 240 days. A formula for the numerical determination
of the creep coefficient is proposed and recommended for inclusion in GOST 24544. It was found that a decrease
in ambient relative humidity may lead to an increase in creep strains by more than 1.7 times. It is shown that the
calculation procedure specified in GOST 24544 may, in some cases, overestimate ultimate creep strains, with the
overestimation becoming more pronounced as the concrete strength class increases and the ambient humidity de-
creases. The creep coefficient values of high-strength heavyweight and lightweight concretes do not exceed 1 and
are more than two times lower than the standard values specified in SP 63.13330.2018 and EN 12390. The obtained
results demonstrate that experimental determination of creep coefficients can significantly improve the efficiency
of using modern modified concretes in the construction of unique buildings and structures.

Keywords: high-strength concrete; self-compacting concrete; lightweight concrete; heavyweight concrete
relative humidity; shrinkage; creep; creep coefficient; elastic modulus; long-term deformations

NCCJEJIOBAHUE JTE®POPMAIIMOHHBIX XAPAKTEPUCTHUK
N KODPPOUILIMNEHTA MMOJI3YUECTH BBICOKOITPOYHBIX
CAMOYIUIOTHAIOIIUXCS TSIKEJIBIX U JIETKUX BETOHOB
IMTPU PASHONW OTHOCHUTEJIBHOM BJIAKHOCTHU
OKPYKAIOIIEN CPEJbI

C.C. Kanpuenoe 2, IL /. Apnenunoe ', A.B. Illeiingenvo 2, I1.C. Karmaxoea ',
H.M. Centomun '3

! HayuHOo-HCCIIE10BATENBCKUIM, TPOEKTHO-KOHCTPYKTOPCKUM M TEXHOJIOTHYECKUH MHCTUTYT OETOHA M 7KeJIe300€TOHa UM
A.A. I'Bo3geBa AO «HULL «CrpoutensctBo», I. Mocksa, POCCH
2 HanmoHaIbHO-UCCIICNOBATEIIbCKII MOCKOBCKUIt locynapcrennsiii Ctpoutensuslii YHuBepcuret, I. Mocksa, POCCH S
3 000 «IIpeanpusrue Macrep Beton», . Mocksa, POCCU

AHHOTalIl/ISIZ B crarbe OpeACTaBJICHBI PE3YJIbTAThl SKCIICPUMEHTAJIbBHOTO UCCJICJOBAaHUA XapaKTECPUCTUK BbBICOKO-

IIPOYHBIX CaMOYIUIOTHSIOIINXCS TSKEIIbIX U JIETKMX 0eTOHOB Ki1accoB B60—B100 npu pa3nuyHOi OTHOCUTEIBHON
BJIOKHOCTH OKpY>Karouieii cpenbl. L{enas paboThl 3aKiIo4aiach B OLEHKE BIMSIHUS BIAXXHOCTH CPE/bl HA IPOYHOCTb,
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Study of the Deformation Characteristics and Creep Coefficient of High-Strength Self-Compacting Heavy-Weight and
Light-Weight Concretes at Various Relative Humidity of the Environment

MOZYJIb YIPYTOCTH, 1e(OpMaNH YCATKH U TTOA3YIECTH, MEPY MOI3YIECTH U KOIPPHUIIMEHT MOI3y4ECTH BBICOKO-
MIPOYHBIX CaMOYILUTOTHSIOIINXCS MOAUGUIIMPOBAHHBIX OeToHOB. Mcmprtanus BemmonHsmch mo TOCT 24452 u
T'OCT 24544 B xIMMaTHYECKUX KaMepax IPH OTHOCUTENbHOHN BiakHOCTH Bo3ayxa 20, 60 n 90 % B Teuenue 240
cyTok. [lpennoskena Qopmyra i YUCICHHOTO ONpeaeneHns Ko3(QGUIMEHTa I0I3yYeCTH, KOTOPYIO PEKOMEHIY-
ercst BHecTH B OCT 24544. YcTaHOBIEHO, YTO CHIDKEHHE OTHOCHTEIBHON BIaKHOCTH CPEJIbI MOXKET PUBOANTH
K YBeJIM4eHHIO Jiepopmarninii monsydectu dosee uem B 1,7 pasza. [Tokaszano, uro pacuernas metoauka ['OCT 24544
B psijie CIIy4aeB 3aBbIIIACT MIpe/iebHbIC e(OpPMaIIMH M0I3y4ECTH, IIPHYEM B OOJIBIICH CTEIIEHH TIPH MOBBIIICHUH
Kjacca OETOHA M CHU)KCHUU BJIXKHOCTH CpeJibl. 3HaueHUsI KOA(PPHUIUESHTOB MOJI3Y4ECTH BHICOKOTIPOUHBIX TsKe-
JBIX W JIETKUX OETOHOB He mpeBblmaoT | u Oojee yeM B 2 pa3a HM)KE HOpPMAaTHBHBIX 3HadeHHi mo CII
63.13330.2018 u EN 12390. ITonmy4eHHbIe pe3ynbTaThl OKa3al, YTO SKCIICPUMEHTAIBHOE OIpe/IeieHHe Kod(-
(PMIMEHTOB TOJI3YyYECTH, TIO3BOINUT 3HAUYUTEIHHO ITOBBICUTH d((QEKTUBHOCTD HCIIONIB30BaHMS COBPEMEHHBIX MO-
TU(GUITMPOBAHHBIX OETOHOB TIPH CTPOUTEIHCTBE YHUKAIBHBIX 3/1aHUH M COOPY>KCHHH.

KotoueBble cj10Ba: BEICOKOIIPOUYHBINH OCTOH; CaMOYTUIOTHSIIOIINIICS OCTOH; JIETKNIT OETOH; TSKENbIH OETOH;
OTHOCHTENbHAs BIAXKHOCTB; YCaIKa; MON3y4eCTh; KO3()(OUIINEHT ITOI3ydecTH; MOAYIb yIPyTrOCTH;
JUINTEIbHBIE IeopManuu

INTRODUCTION

High-strength concretes based on highly fluid and
self-compacting concrete mixes are currently
widely used in civil, industrial, and transportation
construction, both in reinforced concrete and steel-
reinforced concrete structures [1-3]. However,
while the influence of various technological factors
on the structure, strength, and corrosion character-
istics of these concretes has been sufficiently stud-
ied [4-7], the influence of service conditions—pri-
marily relative humidity—on long-term defor-
mation characteristics still requires further investi-
gation [8—10].

The consideration of the long-term deformation
characteristics of concrete in the design of rein-
forced concrete structures according to SP 63.
13330.2018 is achieved by reducing the initial
modulus of elasticity of concrete according to
Equation (1) using a creep coefficient that de-
pends on the concrete’s compressive strength
class and the relative humidity of the ambient air.

E)

= (D
]+§0b,cr

Eb,T

where:

E} 1s the modulus of elasticity of concrete, MPa
E}, . 1s the effective deformation modulus of con-
crete under long-term loading, MPa;

@ b, 1s the creep coefficient

The creep coefficient @b.er is a parameter that re-
flects the ratio of ultimate plastic strains to elastic
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strains. It should be noted that no regulatory doc-
ument in the Russian Federation contains a for-
mula that expresses the physical meaning of the
creep coefficient (¢b.er). However, in [11], it is de-
rived by substituting the ratios of stresses to
strains (2) for the initial modulus of elasticity and
the modulus of deformation under sustained load-
ing, provided that the concrete specimens are sub-
jected to the same loading level during testing in
accordance with GOST 24452 and GOST 24544.

E ? E 7
b bt ’
el Eer + el

(2)
where:

o 1s the stress in a concrete specimen during
short-term tests for elastic modulus and long-
term tests for concrete creep, MPa;

&1 1s the elastic component of strains when load-
ing a concrete specimen to a constant stress ¢ in
accordance with GOST 24452, when setting it up
for long-term tests to determine concrete creep;
& - ultimate creep strains of concrete obtained
under long-term stresses ¢ in the specimen ac-
cording to GOST 24544.

Then, the formula for determining the creep co-
efficient is expressed as in (3), confirming its
physical meaning, which lies in the ratio of the
ultimate creep strains to the elastic strains of the
concrete.

(3)
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The method for determining the ultimate creep
strains of concrete is specified in GOST 24544 and
is based on probabilistic prediction of the behavior
of the decay curve of creep obtained from tests last-
ing 180 days, assuming an infinitely long time. For
this purpose, this function is linearized from the &—
t coordinates to the t/e—t coordinates. After con-
structing a regression line in these coordinates, the
ultimate value of the creep strains is determined as
the cotangent of the angle of inclination of this line
to the x-axis (t). This method of extrapolating de-
formation curves over time is not new. It was ac-
tively used by O. Ya. Berg [8] in the 1970s, but was
first proposed as early as the 1950s [12]. This ap-
proach first appeared in GOST 24544 in 1981, as at
that time it yielded satisfactory results that, on the
whole, did not contradict physical concepts regard-
ing the nature of concrete creep. It has remained
unchanged since then. However, the values of the
ultimate creep strains of modified high-strength
concretes obtained using this approach do not al-
ways correspond to experimental data for longer
test durations, as will be shown below.

Consider the evolution of the creep coefficient
values for concrete, including high-strength con-
crete, in the regulatory documents of the USSR
and Russia.

In 2002-2003, at the A.A. Gvozdev Research Insti-
tute of Civil Engineering Structures, A.S. Zalesov,
V.A. Klevtsov, and V.V. Shugaev conducted a re-
view of foreign literature, based on which the creep
coefficient @bcr for high-strength concrete of class
B60 was adopted at the following relative humidity
levels: over 75%—1.0, at 40—75% — 1.4, and at less
than 40% — 2.0. These values were included in the
subsequently published SP 52-01-2003 for B60-
class concrete. As a precaution, the authors recom-
mended extending these values to higher concrete
classes up to B100 [13].

As the Russian construction industry was already
producing high-strength concretes of classes B60—
B100 in the early 2000s, and these were in demand
for the construction of reinforced concrete struc-
tures for unique buildings, and there were no large-
scale experimental studies of the long-term defor-
mation characteristics of such concretes, based on
the above review, the creep coefficient values for

B60 concrete were extended in SP 63.13330.2012
to high-strength concretes of classes B70-B100.
Since then, the creep coefficients @ver for high-
strength concretes of classes B60 to B100, as spec-
ified in the currently valid standard SP
63.13330.2018, have remained unchanged.

Over the past 20 years, Russian researchers have
published data on the long-term deformation char-
acteristics of high-strength heavy concretes of clas-
ses up to B8O [9, 10, 13], which are not fully re-
flected in regulatory documents. However, that the
standards of the European Committee on Concrete,
as well as the regulatory documents of Norway,
Finland, the Netherlands, and Sweden already con-
tained extensive information on heavy-duty con-
crete of classes B90-B100; German standards al-
ready included information on concrete up to class
B115; and the Model Code 2010 already included
characteristics for concrete up to class B120.

The importance of differentiating the creep coeffi-
cient has already been noted by many experts [14,
15], since the constant values of creep coefficients
adopted in current codes which are overestimated
for classes B70-B100 on the one hand, assume an
insufficiently justified increased deformability of
building frame elements. To compensate for this, an
increase in the cross-sections of the elements is re-
quired. On the other hand, the actual redistribution
of forces changes in rigid joints, which will already
lead to a distortion of the calculation results relative
to the actual stress-strain state (SSS) of the building.
As high-strength, self-compacting lightweight
structural concretes of classes B60-B70 with an
average density grade of D1800—-D2000 were de-
veloped in Russia in 2023 [4, 16, 17, 18], evalu-
ating the deformation characteristics of such con-
cretes in comparison with those of heavy con-
cretes will provide a more complete view of the
behavior of high-strength modified concretes un-
der long-term loading.

This is relevant because, as noted in publications [ 18—
21], concretes of equal strength may differ signifi-
cantly in their deformation characteristics (modulus
of elasticity, ultimate strains, shrinkage and creep
strains, etc.) depending on technological factors. At
the same time, it should be admitted that publications
containing data on the influence of ambient relative
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humidity on the long-term characteristics of high-
strength concretes are few in number [22].
Therefore, the objective of this study was to conduct
comparative long-term tests in accordance with
GOST 24452 and GOST 24544 on high-strength,
self-compacting modified heavy and lightweight
concretes of classes B60-B100, determining their
strength, initial modulus of elasticity, shrinkage and
creep deformations, as well as the creep coefficient,
using various methods for calculating ultimate creep
deformations at different relative ambient humidity
levels (20, 60, and 90% in accordance with the clas-
sification in SP 63.13330.2018).

2. MATERIALS AND TEST METHODS

To produce high-strength self-compacting con-
crete, materials (Portland cement, organomineral
modifier, microfiller, aggregates) were used that
are mass-produced in the Russian Federation and
are employed in the production of concrete mixes
for various construction projects, including:

- Portland cement CEM 1 42.5 ZHI, compliant
with the requirements of GOST R 55224;

- MBI10-50S A-II-2 organomineral concrete
modifier, comprising microsilica (45%), fly ash
(45%), and superplasticizer (10%), complying
with the requirements of GOST R 56178;

- Microfiller — non-activated mineral powder
(ground limestone) grade MP-1, 0—1.25 mm frac-
tion, complying with the requirements of GOST
R 52129 and GOST R 56592;

- Class I quartz sand with a particle size modulus
of Mkr = 2.42, meeting the requirements of GOST
8736;

- Granite crushed stone, 5—10 mm fraction, meet-
ing the requirements of GOST 8267;

- expanded clay gravel, 5-10 mm fraction, bulk
density grade M500, strength grade P125, aver-
age density 910 kg/m?, complying with the re-
quirements of GOST 32496;

- water, complying with the requirements of
GOST 23732.

Under laboratory conditions, self-compacting con-
crete mixtures were prepared from the above mate-
rials, including three heavy concrete mixes of clas-
ses B70, B80, and B100, and one lightweight con-
crete mix of class B60, with a cement content of 349
—495 kg/m?, with the addition of the organomineral
modifier MB10-50S in an amount ranging from 14
to 26% of the cement mass and a water-to-cement
ratio (W/(C+MB)) ranging from 0.23 to 0.39.

It is worth noting that B60 lightweight concrete
has approximately the same composition and
volume of cement paste as B100 heavy concrete,
and the reduction in average density is achieved
by replacing 0.254 m? of heavy granite crushed
stone with a density of 2,700 kg/m?* with light-
weight expanded clay gravel with an average
density of 910 kg/m? [23]. At the same time, the
true water-cement ratio will also be approxi-
mately the same, due to the higher water demand
of porous expanded clay gravel, whose water ab-
sorption is 14.5% by mass.

The compositions and properties of self-compact-
ing concrete mixtures are presented in Table 1.

Table 1. Compositions and Properties of Self-Compacting Concrete Mixes

Compositions and Properties of Self-Compacting Con- Properties of Self-Compacting Concrete
Compo . 3 .
.. crete Mixes, kg/m Mixes
sition
No. c | MB | MP S | ¢S |GEC| W |SFcem kgl;;rﬁ Ve, m¥/m® | W/(C+MB)

1 349 50 150 818 | 868 - 155 63 2390 0.351 0.39

2 444 99 0 809 | 808 - 146 60 2405 0.334 0.27

3 497 129 0 745 | 914 - 144 62 2430 0.363 0.23

4 495 105 0 743 | 229 | 218 160 57 1950 0.355 0.27

Notes: C — Portland cement; MB — organo-mineral modifier; MP — microfiller; S — sand; CS — granite crushed
stone; GEC — expanded clay gravel; W — water; SF — standard cone slump; p — average density of the concrete
mix; Vcs — volume of cement paste; W/(C+MB) — water-cement ratio.
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The mixtures were prepared in a 0.050 m? forced-
action mixer and mixed for 5 minutes.

The test results for the mixtures showed (Table 1)
that the average density of the heavy concrete
mixtures falls within a narrow range of 2390—
2430 kg/m? and meets the requirements of GOST
26633 (2000-2600 kg/m?), while the average
density of the lightweight concrete mixture is
1950 kg/m? and meets the requirements of GOST
25820 (no more than 2000 kg/m?).

The slump of all mixtures, determined by the
spread of a standard cone according to GOST R
59715, ranges from 57 to 63 cm. This allows
them to be classified as self-compacting, taking
into account the absence of signs of bleeding and
segregation of the mixtures, in accordance with
GOST R 59714.

Specimens were cast from the prepared concrete
mixtures and stored under standard conditions (at
a temperature of 20£2 °C and relative humidity
of 95+5%)):

- 12 cubes measuring 100x100%100 mm for de-
termining average density and cube compressive
strength in accordance with GOST 27005, GOST
10180, and GOST 31914;

- 21 prisms measuring 100x100x400 mm for de-
termining prismatic compressive strength and
modulus of elasticity in accordance with GOST
24452, as well as shrinkage and creep defor-
mations in accordance with GOST 24544.

To better align the results of long-term tests with
the actual performance of structures using vari-
ous concrete classes and the design age typically
specified for them in the working documentation,
the specimens were tested at ages ranging from
28 to 90 days.

The modulus of elasticity was determined at a
load level of 30% of the prismatic strength (Rbv).
The prisms were loaded in increments of 0.1Rw,
with a 5-minute dwell time at each increment.
Tests of the specimens for shrinkage and creep
were conducted in standard spring-loaded test
rigs for one and two specimens in automated cli-
matic chambers at a constant temperature of
20+£2 °C, but with different relative humidity lev-
els of 20, 60, and 90% (+5%) over a period of

240 days [11]. During long-term testing, the de-
formation readings of the samples were deter-
mined using a portable deformometer, the oper-
ating principle of which is described in [25].
Moisture loss in concrete was determined by the
difference in the average density of the same cu-
bic specimens after curing under normal condi-
tions and after additional curing for 240 days at
various relative humidity levels [11].

The residual water content of high-strength con-
cretes was determined by drying the cube speci-
mens to a constant mass at a temperature of +105
°C after they had been cured at various relative
humidity levels for 240 days [11].

The water absorption of high-strength concretes
was determined in accordance with GOST
12730.3 on cube specimens after they had been
cured at various relative humidity levels for 240
days [11].

The ultimate creep strains of high-strength con-
cretes, required for calculating the creep coeffi-
cient, were determined using two methods for
comparison:

- using the calculation method specified in GOST
24544, with a regression line;

- based on experimental data obtained when the
creep strains reached a plateau.

The duration of exposing the samples to load dur-
ing the experimental determination of the ulti-
mate creep strains of concrete was carried out un-
til their attenuation—for 240 days, which ex-
ceeds the duration of tests according to GOST
24544 (180 days) by 33%. It was assumed that
the data from the experimental studies are the
most reliable results, since the use of a computa-
tional method for prediction can lead to signifi-
cant errors in the estimation of ultimate creep
strain values.

3. RESULTS AND DISCUSSION

Test results for heavy and lightweight modified
high-strength self-compacting concretes in terms
of: cube strength (R) and actual compressive
strength class (Bf), prism strength (Rb) and mod-
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ulus of elasticity (Eb), moisture loss (Ami), resid-
ual moisture content (Amc), and water absorption
(Awa) of the concretes before and after testing at

different ambient relative humidity levels (W)
are presented in Tables 2 and 3.

Table 2. Strength and deformation characteristics of high-strength concretes under short-term

loading and at various relative humidity levels

Properties of high-strength concrete before and after 240 days of testing, MPa
Composi- 0 R B¢ Ry Ep 1073
tion No W, % . after . after . .
prior to 240 prior to 240 prior to | after 240 prior to | after 240
testing days testing days testing days testing days
20 - - - - - 74,4 - 41,3
1 60 - - - - - 76,7 - 41,7
90 81,2 88,4 71 77 76,8 82,0 40,5 42,8
20 - - - - - 85,7 - 42,8
2 60 - - - - - 88,3 - 44,2
90 92,3 104,2 81 91 88,7 99,2 42,4 45,0
20 - - - - - 107,1 - 44,9
3 60 - - - - - 110,0 - 46,4
90 114,3 116,8 100 100 104,6 112,2 44,6 47,2
20 - - - - - 66,4 - 35,0
4 60 - - - - - 65,3 - 34,6
90 69,5 70,2 61 61 64,5 64,6 33,3 34,5

Notes: W — relative humidity; R — cube compressive strength; Bf — actual compressive strength class; Rb

— prism compressive strength; Eb — initial modulus

[T3EE]

of elasticity; — value not determined.

Table 3. Moisture characteristics of high-strength concrete after curing for 240 days under varying

relative humidity conditions

Composition W% Properties of high-strength concrete after 240 days of testing
No. B¢ Aml, mass.% Arwe, mass.% Awa, mass.%
20 - 0,67 2,99 0,85
1 60 - 0,47 3,24 0,50
90 77 0,18 3,98 0,25
20 - 0,46 2,38 0,46
2 60 - 0,33 2,72 0,28
90 91 0,15 3,10 0,12
20 - 0,33 2,04 0,33
3 60 - 0,25 2,24 0,16
90 100 0,01 2,80 0,08
20 - 1,00 4,91 1,21
4 60 - 0,62 5,32 1,05
90 61 0,00 5,98 0,97

Notes: W — relative humidity; Bf — actual compressive strength class; Ami — moisture loss; Arwe — residual

moisture; Awa — water absorption.

As shown in Tables 2 and 3, the curing of heavy-
weight concrete at the same temperature but un-
der different relative humidity conditions over a
240-day period results in a significant increase in
the concrete’s strength and initial modulus of

Volume 22, Issue 2, 2026

elasticity. As the concrete class and relative hu-
midity increase, moisture loss and water absorp-
tion decrease, while the residual moisture con-
tent, compressive strength, and initial modulus of
elasticity of the concrete increase. Thus, at an
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ambient relative humidity of 90%, the increase in
prism strength of heavy-duty concrete ranges
from 7% to 12%, and the initial modulus of elas-
ticity increases by 6%. When the ambient relative
humidity decreases from 60% to 20%, the in-
crease decreases and amounts to no more than
5% for prismatic strength and no more than 4%
for the modulus of elasticity.

The curing of lightweight concrete at a constant
temperature but under varying relative humidity
conditions over a period of 240 days results in a
slight increase in strength of up to 3% and in the
initial modulus of elasticity of up to 5% as shown
in Table 3. As relative humidity increases, mois-
ture loss and water absorption in lightweight con-
crete decrease, while residual water content in-
creases as shown in Table 4. At the same time,
unlike heavy concrete, when relative humidity
decreases from 90% to 20%, the prismatic

strength and initial modulus of elasticity of light-
weight concrete increase by 2—3%.

These results can be explained by the structural
characteristics of the cement paste in high-
strength modified concretes. Previous studies of
the structure of high-strength cement paste [5, 9,
25] have shown that it is characterized by a 30—
50% increase in the volume of gel pores at the
supramolecular level of dispersion with diame-
ters of 1:107... 5 x 10~° um, which are insensi-
tive to changes in the relative humidity of the en-
vironment. The formation of such pores is asso-
ciated with a 1.5-2.5-fold increase in the content
of highly dispersed CSH(I)-type calcium hydro-
silicates, which constitute an ultradisperse solid
structure of a lamellar (“scaly”) form with a size,
in one direction, of no more than 2.5 x 103 um
(2.5 nm), with the interlayer space filled with wa-
ter as shown in Figure 1.

Det WD Exp 1 1ym
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Figure 1. Structure of high-strength cement stone (a) and low-alkali calcium silicate hydrates’ of
the CSH(I) type (b)

1 The photograph of low-base calcium hydrosilicates was taken by B. Moser at the Finger Institute for Building Materials

The interlayer water, or hydration shell, has a density
of 12001350 kg/m?, which contributes to the sys-
tem’s stiffness and increases its modulus of elasticity
[26-29]. Taken together, this forms a high-density,
strong, and rigid gel-like tobermorite mass. The
structural feature described above determines the ul-
tra-low water absorption and permeability to water
and gases of modified cement stone and concretes,
as noted by N.K. Rosental et al. [6-7].

The minimal (3—5%) increase in the compressive
strength and initial modulus of elasticity of light-
weight concrete over time can be explained by

the fact that a significant volume of lightweight,
porous expanded clay gravel (0.240 m?*/m?3),
which has low strength and deformation charac-
teristics, reduces their increase due to the com-
paction of the cement paste.

The summary results of relative shrinkage and
creep deformations, as well as the creep modulus
and coefficient, obtained during long-term tests
of high-strength self-compacting heavy and
lightweight concretes at different relative air hu-
midity levels are presented in Table 4.
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Based on the results of long-term tests of heavy
and lightweight high-strength concretes, kinetics

relative shrinkage and creep deformations at var-
ious relative air humidity levels.

curves were plotted showing the increase in their

Table 4. Deformation characteristics of high-strength concrete under a load applied for 240 days at

different relative humidity levels

Composition | W, . Stress and creep strains Creep coeffi-
No o | &n 10 a, 5 Er 2 s | € 5 . cient,

: MPa &q1 10 105 g5+ 10 /5c2r C-10°, MPa (plly,cr/ (plzz,cr
20 38.0 24.5 57.0 50.6 40.5 1.25 1.65 0.89/0.71

1 60 28.5 24.5 55.0 28.6 27.5 1.04 1.12 0.52/0.50
90 4.5 24.5 54.0 18.1 17.3 1.05 0.71 0.33/0.32

20 36.1 28.0 62.0 55.6 39.7 1.40 1.42 0.89 /0.64

2 60 25.2 28.0 61.0 354 27.5 1.29 0.98 0.58/0.45
90 2.2 28.0 63.0 29.0 23.9 1.21 0.85 0.46/0.38

20 333 32.0 63.8 63.2 39.2 1.61 1.23 0.99/0.61

3 60 22.5 32.0 62.1 37.0 25.5 1.41 0.80 0.59/0.41
90 2.0 32.0 62.1 26.6 20.5 1.30 0.64 0.43/0.33

20 27.5 19.4 59.3 28.2 25.8 1.09 1.33 0.48 / 0.44

4 60 21.1 19.4 60.2 24.4 19.0 1.28 0.98 0.41/0.32
90 5.5 19.4 62.7 13.3 10.1 1.32 0.52 0.21/0.16

Notes: W is the relative humidity; o is the stress in concrete specimens under long-term loading; &sn is the shrinkage strains; €l is the
elastic component of relative strains when loading a concrete specimen to a constant stress o; £2, is the ultimate relative creep strains
calculated according to GOST 24544; €2, is the ultimate relative creep strains obtained experimentally after 240 days of testing; (pg’cr

and (pﬁcr are the creep coefficients obtained using formula (1) at different ultimate relative creep strains, calculated according to GOST

24544 and obtained experimentally; C is a measure of creep, determined by the formula C=¢2./ .

Figures 2 and 3 show approximate graphs of the
relative shrinkage and creep deformations of
high-strength self-compacting heavy concrete of
class B100 and lightweight concrete of class B60
under long-term loading at various relative air

humidity levels. The kinetics of shrinkage and

concrete of class B100.
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Figure 2. Shrinkage strains of high-strength self-compacting heavy concrete of class B100 (a) and
lightweight concrete of class B60 (b) over time at different relative air humidity levels

Volume 22, Issue 2, 2026

21




Semyon S. Kaprielov, Pyotr D. Arleninov, Andrey V. Sheinfeld, Polina S. Kalmakova, Nikita M. Selyutin

As shown in Table 5, relative humidity has a sig-
nificant effect on the shrinkage strains &sh of both
heavy and lightweight concretes, which is con-
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sistent with the results of determining the mois-
ture characteristics of high-strength concretes af-
ter curing for 240 days under various relative hu-
midity conditions as can be seen from Table 4.
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Figure 3. Creep strains of high-strength self-compacting heavy concrete of class B100 (a) and light-
weight concrete of class B60 (b) under long-term loading at different relative air humidity levels

s relative humidity decreases, the shrinkage de-
formation of high-strength concrete increases
significantly, ranging from 2.0-5.5 x 107 at 90%
humidity, 21.1-28.5 x 107> at 60% humidity, and
27.5-38.0 x 107 at 20% humidity, but do not ex-
ceed the value of 43.0 x 107 recommended in
[30] for B60-grade concrete. At the same time,
the strength and type of concrete have a signifi-
cantly smaller effect on the shrinkage defor-
mations of concrete as can be seen from Table 5
and Figure 3. However, while the shrinkage
strains of heavy concretes of classes B70—-B100
decay rapidly and stabilize at 120-140 days,
lightweight concrete of class B60 is character-
ized by relatively linear shrinkage deformation
curves up to 150-170 days of observation. This
is likely due to the fact that, in the presence of
porous aggregate in the composition of light-
weight concrete, in a partially water-saturated
state, two mass-moisture transfer processes over-
lap. On the one hand, there is moisture loss from
the cement paste due to evaporation at low rela-
tive air humidity. On the other hand, there is
moisture influx into the cement paste from the

porous aggregate, which acts as a reserve water
volume uniformly distributed throughout the vol-
ume of the lightweight concrete.

An analysis of the results of determining the
creep strains of high-strength self-compacting
heavy and lightweight concretes under long-term
loading (over a period of 240 days) revealed the
following patterns:

- the time-dependent growth of creep strains fol-
lows a decaying exponential function, which for
high-strength self-compacting heavy and light-
weight concretes stabilizes at 180-200 days, de-
pends on relative air humidity and does not con-
tradict known physical laws (see Figure 3);

- The values of elastic strain e for all four con-
crete mixtures fall within a fairly narrow range of
54.0-63.8 x 107, Despite a significant difference
in prismatic strength from 64.6 to 112.2 MPa and
elastic modulus from 34.5 to 47.2 GPa, they dif-
fer by no more than 18%. This circumstance is a
consequence of the wide range of specimen load-
ing levels, from 19.4 to 32.0 MPa, regulated by
GOST 24452 and GOST 24544 at 0.3 times the
prismatic strength as can be seen from Table 5;
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- As relative humidity decreases, the ultimate
creep strains &o” of high-strength heavy and light-
weight concretes, obtained experimentally at 240
days of age, increase and range from 10.1-23.9 x
1073 at 90% humidity, 19.0-27.5 x 107> at 60%
humidity, and 25.8-40.5 x 10~ at 20% humidity.
At the same time, the strength of heavy concrete
has virtually no effect on the ultimate relative
creep strains, which for concrete grades B70—
B100 fall within a narrow range: at 90% humid-
ity—39.2-40.5 x 107>, at 60% humidity—25.5—
27.5 x 107>, and at 20% humidity—17.3-23.9 x
107> as shown in Table 5;

- The ultimate creep strains &2 of high-strength
heavy and lightweight concretes, determined us-
ing the method specified in GOST 24544 with a
regression line, exceed the experimental values
by 4-9% to 21-61% as shown in Table 5. Con-
sidering that the duration of the long-term load
was 240 days and exceeded the 180-day duration
specified in GOST 24544 by 33%, as well as the
stabilization of creep strains after 180-200 days
of testing, it can be concluded that the values of
ultimate creep strains calculated according to
GOST 24544 are, in some cases, overestimated.
At the same time, the accuracy of the standard
method for calculating ultimate creep strains de-
creases with an increase in concrete class and a
decrease in relative air humidity. This is clearly
evident in a comparison of the values of ultimate
creep strains in Table 5 and Figure 3a. Accord-
ingly, the creep coefficients calculated using
Equation (3) will also be overestimated;

- The creep strains of lightweight high-strength
concrete of class B60 are lower than those of
heavy concrete of classes B70-B100 (see Figure
3 and Table 5). This result can be explained by
the fact that the composition and volume of the
cement paste, which characterizes creep strains
under long-term loading, were practically identi-
cal for heavy concrete of class B100 and light-
weight concrete of class B60, while the loading
levels applied to the specimens, taken as 0.3
times the prismatic strength of the concrete, dif-
fered by 65% and ranged from 32.0 to 19.4 MPa.
This is confirmed by the results of determining
the creep modulus of high-strength concretes,
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which are practically identical for heavy concrete
of class B100 and lightweight concrete of class
B60 as shown in Table 5 and Figure 4;

- the creep modulus of high-strength self-com-
pacting heavy and lightweight concretes of clas-
ses B60-B100 ranges from 0.52 to 1.65 x 107
MPa ! and does not exceed the value of 3.9 x
107> MPa ! recommended in [30] for B60 con-
crete in the absence of data on the characteristics
of the concrete mix composition. As relative air
humidity decreases, the creep modulus of high-
strength concretes increases and amounts to:
0.52-0.85 x 10> MPa ! at 90% humidity, 0.80—
1.12 x 107> MPa! at 60% humidity, and 1.23—
1.65 x 10 MPa ! at 20% humidity as can be
seen from Figure 4.

20
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BE0 - light-weight concrete
02 \ L
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Relative humidity?q%
Figure 4. Creep modulus of high-strength self-
compacting heavy and lightweight concretes un-
der prolonged (240-day) loading at various rel-

ative air humidity

Based on the obtained results for elastic and ulti-
mate relative creep strains, the creep coefficients
for high-strength self-compacting heavy and
lightweight concretes of classes B60—B100 were
determined using Equation (3), used for the de-
sign of reinforced concrete structures under long-
term loading, and a comparison was made with
the values given in SP 63.13330.2018 and EN
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12390. In this case, the values of the creep coef-
ficients were determined taking into account the
ultimate relative creep strains calculated accord-
ing to the GOST 24544 method (gl.) and ob-
tained from experimental data (2.) as shown in
Table 5.

Analysis of the results of determining the creep
coefficients of high-strength self-compacting
heavy and lightweight concretes under long-term
loading revealed the following patterns:

- As relative humidity decreases, the creep coef-
ficients (gb.er’ and @b.e) of high-strength heavy
and lightweight concretes of classes B60—B100,
obtained by calculation and experiment, increase
and range from 0.16 to 0.46 at 90% humidity,
0.32-0.59 at 60% humidity, and 0.44-0.99 at
20% humidity as can be seen from Table 5;

- The creep coefficients of high-strength heavy
concretes of classes B70—-B100 depend to a lesser
extent on the compressive strength grade than on
the relative humidity of the air, which can be ex-
plained by the similar quality of the cement paste,
determined by the use of the organomineral mod-
ifier MB10 -50S in an amount of 14-24% of the
cement mass, and the identical volume of cement
paste (334-363 m*/m?) in the composition of
self-compacting concretes;

- The creep coefficients of lightweight concrete
are 30—100% lower than those of heavy concrete,
which is clearly due to the lower loading on light-
weight concrete specimens during long-term
tests, while the quality, and the amount of cement
paste (MB10-50S dosage of 21% of cement mass
and true cement paste volume of 355 m?*/m?);

- The creep coefficients determined by calcula-
tion exceed the experimentally obtained values
by 4 to 62%. At the same time, the differences in
creep coefficient values for heavy concrete in-
crease with a decrease in relative air humidity
and an increase in strength, while for lightweight
concrete, they decrease with an increase in rela-
tive air humidity. These results show that the de-
termination of ultimate relative strains at low rel-
ative air humidity values using the calculation
method specified in GOST 24544 requires ad-
justment.

Table 5 and Figure 5 present a comparison of ex-
perimentally determined creep coefficients for
high-strength self-compacting heavy and light-
weight concretes at various air humidity levels
(20, 60, and 90%) and their standard values, ref-
erenced to the classification adopted in the code
of rules SP 63.13330.2018 and Eurocode EN
12390.

Table 5. Experimental and standard values of the creep coefficients for high-strength concrete at

different relative air humidity levels

Creep coefficient ¢, .. for high-strength concrete of B60-B100 grades
experimental data According to According to
W, % P CIT 63.13330.2018 EN 12390
B60Y B70? B80? B100? B60-100 A, % C60-C100 A, %
>175 0.16 0.32 0.38 0.33 1.0 -(62...84) 0.97-0.71 -(54...83)
40-75 0.32 0.50 0.45 0.41 1.4 -(64...77) 1.41-0.98 -(58...77)
<40 0.44 0.71 0.64 0.61 2.0 -(65...78) - -

Notes: W —relative humidity; 1) — lightweight concrete; 2) — heavyweight concrete; A — difference between

experimental data and standard values.

A comparison of the creep coefficients of high-
strength self-compacting heavy and lightweight
concretes of classes B60—B100, obtained experi-
mentally, with their standard values according to
SP 63.13330.2018 and EN 12390 showed that:

- The standard values of creep coefficients for
concrete classes B60-B70 according to SP

63.13330.2018 generally correspond to the val-
ues in EN 12390. However, for higher-grade con-
cretes (B80-B100), the standard values in EN
12390 are 30% lower than those in SP
63.13330.2018 (see Table 5);

- values of the creep coefficients (¢} ., and @7 )
for high-strength heavy concretes of classes
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B70-B100, obtained by calculation and experi-
ment at various relative air humidity levels (from
20% to 90%), do not exceed 1.0 and are more
than two times lower than the standard values
specified in SP 63. 13330.2018 and EN 12390
(see Figure 5);

- the insignificant difference in creep coefficients
for heavy concretes of different classes B70, B8O,
and B100 indicates that a single value can be used
for them at the same relative air humidity;

- The values of the creep coefficients (<pg’cr and
<p§’cr) for high-strength lightweight concrete of
class B60, obtained through calculation and ex-
perimentation at various relative air humidity
(from 20% to 90%), do not exceed 0.5 and are
four times lower than the standard values speci-
fied in SP 63.13330.2018 and EN 12390 (see Fig-
ure 5).

2.5
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0
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o 10 CI 63.13330.2018
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8 1,40 [ 1,41
& . |
o EN 12390 I
L5 [ ! 1,00
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. i Ep———
B80 TSIk 0,71
B100 \: .
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’ B60 x& h
_______ eavy concrete
eoa —
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-
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0
0 20 60 20
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Concrete creep coefficients calculated using formula (3)

- based on experimental data
- according to GOST 24544

Figure 5. Comparison of experimental creep coefficients for high-strength heavy and lightweight
concretes of classes B60-B100 at different relative air humidity levels with their standard values
according to SP 63.13330.2018 and Eurocode EN 12390

The results obtained are determined both by the
structural characteristics of the modified cement
paste and by its content in the concrete mixture,
which determines the concrete’s strength and de-
formation properties. It can be assumed that in
low-cement concretes of classes below B60, pre-
pared using organomineral modifiers of the MB
type or individual components included in its
composition (microsilica and fly ash), the values
of the creep coefficients (gb.cr ) at various relative

Volume 22, Issue 2, 2026

air humidity levels will be lower than those spec-
ified in the SP 63.13330.2018 code.

4. CONCLUSIONS

1. Comparative tests have been carried out on
high-strength self-compacting heavy and light-
weight concretes of classes B60—B100 with a
Portland cement content of 350-500 kg/m* and
an organo-mineral modifier MB10-50S added at
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a rate of 14-26% of the cement mass. The
strength (cubic and prismatic compressive
strength) and deformation (initial modulus of
elasticity, shrinkage and creep strains, measure
and coefficient of creep) characteristics of the
concretes during their curing before and after
prolonged (240 days) loading at various relative
ambient humidity levels of 20, 60, and 90% in
accordance with GOST 10180, GOST 31914,
GOST 24452, and GOST 24544.

2. A decrease in ambient relative humidity from
90% to 20% slows down, but does not halt, the
hardening processes of high-strength heavy and
lightweight concretes over a period of 240 days.
The increase in compressive strength and modu-
lus of elasticity of heavy concretes at minimum
humidity decreases from 7-12% to 4-5%, while
for lightweight concrete, it even increases
slightly by 1-3%, which is consistent with previ-
ous studies of the structure of high-strength ce-
ment stone with organo-mineral modifiers of the
MB type.

One of the main features of the pore structure of
modified cement stone is a shift in the balance
between the volumes of capillary pores at the
macro-level of dispersion, responsible for the mi-
gration (mass transfer) of moisture, and the so-
called gel pores at the supramolecular level of
dispersion with a diameter of 1-5 nm—toward
the latter. Thus, the 30-50% increase in the vol-
ume of more dispersed and less permeable to wa-
ter and gases gel pores in the cement stone struc-
ture makes high-strength concretes less sensitive
to changes in the relative humidity of the envi-
ronment.

3. The shrinkage strains of high-strength self-
compacting heavy and lightweight concretes of
classes B60—B100 increase significantly by a
factor of 7-13 as the relative humidity of the air
decreases from 90% to 20%, ranging from 2.0—
5.5 x 107 to 27.5-38.0 x 107°. At the same time,
the strength and type of concrete have a signifi-
cantly smaller effect on the shrinkage strains of
concrete. The shrinkage strains of heavy con-
cretes of classes B70-B100 decay rapidly and
stabilize at 120-140 days. For lightweight con-
crete of class B60, the shrinkage deformation

curves exhibit relative linearity up to 150-170
days of observation. This is likely due to the su-
perposition of two moisture-mass transfer pro-
cesses: moisture loss by the cement pastes due to
evaporation at low relative air humidity, and
moisture influx into the cement paste from the
porous aggregate, which acts as a reserve of wa-
ter uniformly distributed throughout the volume
of lightweight concrete.

4. The elastic strains of high-strength self-com-
pacting heavy and lightweight concretes fall
within a narrow range of 54.0-63.8 x 107>, and
despite a significant difference in prismatic
strength (from 64.6 to 112.2 MPa) and modulus
of elasticity (from 34. 5 to 47.2 GPa), they differ
by no more than 18%, which is a consequence of
the wide range of specimen loading levels (from
19.4 to 32.0 MPa), regulated by GOST 24452
and GOST 24544 at a uniform value of 0.3 times
the prismatic strength.

5. The ultimate creep strains of high-strength
heavy and lightweight concretes, obtained exper-
imentally at 240 days of age, increase with de-
creasing relative air humidity and range from
10.1-23.9 x 107 at 90% humidity, 19.0-27.5 x
107 at 60% humidity, and 25.8-40.5 x 107> at
20% humidity.

The ultimate creep strains, determined using the
method specified in GOST 24544, exceed the ex-
perimental values by 4 to 61 percent. At the same
time, the accuracy of the standard calculation
method decreases as the concrete class increases
and relative air humidity decreases, which neces-
sitates revisions to the method.

6. The creep modulus of high-strength selt-com-
pacting heavy and lightweight concretes of clas-
ses B60—B100 increases as relative air humidity
decreases and is as follows: 0.52-0.85 x 107
MPa ! at 90% humidity, 0.80-1.12 x 1075 MPa™!
at 60% humidity, and 1.23-1.65 x 107> MPa ™! at
20% humidity.

7. The creep coefficients of high-strength self-
compacting heavy concretes of classes B70—
B100, obtained by calculation and experiment,
increase with decreasing relative air humidity
and amount to 0.32—0.46 at 90% humidity, 0.41—
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0.59 at 60% humidity, and 0.61-0.99 at 20% hu-
midity, which is two times or more lower than the
standard values specified in Eurocode EN 12390
and the code of rules SP 63.13330.2018.

The creep coefficients of high-strength, self-
compacting lightweight concrete of class B60,
obtained through calculation and experimenta-
tion, increase as relative air humidity decreases,
ranging from 0.16 to 0.21 at 90% humidity, 0.32—
0.41 at 60% humidity, and 0.44—0.48 at 20% hu-
midity, which is four times lower than the stand-
ard values specified in Eurocode EN 12390 and
the design code SP 63.13330.2018.

8. Based on the results obtained, it is recom-
mended that GOST 24544 include a direct for-
mula for determining the creep coefficient of
concrete, extend the duration of long-term tests
on high-strength concretes to 270 days, and
amend the procedure for determining the ulti-
mate creep strains of concrete in Appendix G,
and to include in SP 63.13330.2018 a provision
regarding the possibility of experimentally deter-
mining the concrete creep coefficient, which will
significantly improve the efficiency of using
modern modified concretes in the construction of
unique buildings and structures.
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IMPROVING THE PROPERTIES OF CEMENT COMPOSITES
BY CURING THEM USING AGGRESSIVE INFLUENCES
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Abstract: It is noted that the curing of cement composites is impossible without effects and is a reaction to them.
In this case, the forces of the resulting resistance, according to the laws of thermodynamics, are aimed at
weakening the impact. Experimental prerequisites and arguments are given that by choosing the time, intensity
and duration of aggressive action on cement composites during their curing, it is possible to obtain more impact-
resistant or ordered and durable structures of the material. The creation of conditions for the hardening of cement
composites using liquid aggressive media leads to the formation of a dense inert layer on their surface, more
adapted to the effects of this type. Using temperature and humidity influences, freezing and thawing, and loads,
more durable composites were obtained. Thus, the curing of cement composites using time- and intensity-
determined harsh temperature and humidity conditions, freezing and thawing, aggressive liquids, and loads
makes it possible to obtain more durable or resistant structures of the material to specific destructive factors.

Keywords: cement composites, curing, aggressive effects, strength, loads, freezing and thawing, structure,
material

VJYUIIEHUE CBOUCTB HEMEHTHBIX KOMIIO3UTOB
IIYTEM UX OTBEP’KAEHWA C IPUMEHEHUEM
AT'PECCHUBHbLIX BO3AEUCTBUU

Al ®eoopuyos’, B.T. Epoghees *

! Hayuno-uccnenoBarebCKuii HHCTUTYT cTpouTenbHoi ¢pusuku PAACH, r. Mocksa, POCCHSI
2 HaupoHasbHBIH HCCTIeq0BaTeNbeknii MOCKOBCKHIA TOCYIaPCTBEHHBII CTPOMTENBHBINA YHUBEPCHTET, I'. Mocksa, POCCHSI

Annotanusi: OTMedaeTcs, YTO OTBEp)KJCHHE IEMEHTHBIX KOMIIO3UTOB HEBO3MOXKHO 0e€3 BO3/EHCTBUI U
ABIseTCd peakuuedl Ha HuX. [Ipy 3TOM CHIBl BO3HMKAIOLIETO COMNPOTUBIIEHUS, COIVIACHO 3aKOHAM
TEepPMOJMHAMUKH, HallpaBJICHBI Ha ociadyieHne Bo3aecTBys. [IpuBOAITCS SKCIIepUMEHTaIbHBIE TIPEIIIOCBUIKN U
JIOBOJIBI, YTO TOAOMpas BpeMs, HHTCHCUBHOCTh M UIMTEIBHOCTh ArpeCCHBHOTO BO3ACHCTBUS HA IIEMEHTHBIC
KOMITO3UTHl B MEPHOA MX OTBEPJCBAHMS MOXHO MONydaTh OoJjiee MPHCHOCOOJICHHBIE K BO3JICHCTBUSIM HIIH
YIOpsIAOUEHHBIE M ITPOYHBIE CTPYKTYpHI Matepuana. Co3aHne ycloBUil OTBEpAeBaHMUS IEMEHTHBIX KOMIIO3UTOB
C TIPUMEHEHHEM XHMIKUX arpecCHBHBIX Cpell NMPHUBOIUT K (DOPMHUPOBAHMIO HA MX IOBEPXHOCTH IUIOTHOTO
MHEPTHOTO CcJI0si, 0oJee MPHUCHOCOOIEHHOTO K BO3JCHCTBMAM Takoro Buaa. C NMpHUMEHEHHEM TeMIlepaTypHO-
BIIQKHOCTHBIX BO3JCHCTBHH, 3aMOpPaXXMBaHWA M OTTAaMBAHUs, HArpy30K OBUIM TIOJNydEeHBI OoJiee MpPOUYHBIC
KOMMO3UTHL. TakuM 00pa3oM, OTBEp)KACHHE IIEMEHTHBIX KOMITO3UTOB C IMPHUMEHEHHEM, YCTAaHOBICHHBIX IO
BPEMEHH ¥ HMHTEHCHBHOCTH, JKECTKHMX TEMIEpPaTypHO-BIAKHOCTHBIX BO3JACHCTBUH, 3aMOpPaXUBaHHUA U
OTTaMBaHMA, arpPECCHBHBIX MKHUJKOCTEH, HArpy30K MO3BOJSET IOJNydaTh Ooyiee MPOYHBIE WM CTOMKHE K
KOHKPETHBIM pa3pylIalomuM (pakTopaM CTpyKTypbl MaTtepuaia.

KiroueBble cj10Ba: 1[eMEHTHEIC KOMITIO3UTBI, OTBEPIKIACHUC, arpCCCUBHBIC BO3Z[eI71CTBPIH, IMPOYHOCTb, HAI'PY3KH,
3aMOpPAXKMBAHUC U OTTaMBAaHUC, CTPYKTYpPaA, MaTCpUal

INTRODUCTION aggressive media with concrete components can

lead not only to deterioration but also contribute
In the 1970s, Professor V.I. Solomatov to compaction, structural strengthening, etc.,
proposed the idea that the interaction of liquid 1i.e., improve their properties. We have termed
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processes of this kind "positive corrosion of
concrete” [1], and its consequences such as
compaction and strengthening are the “positive
effect of corrosion” [2].

These experimentally confirmed propositions
were further developed in the study [3] . This
was based on the fact that if liquid aggressive
media can cause effects such as compaction,
hardening, and increased physicochemical
resistance, then under the action of other
destructive  environmental factors (loads,
freezing and thawing, etc.), corresponding
positive changes are also feasible.

The scientific literature contains some instances
where the action of an aggres-sive factor was
thought to have improved or contributed to the
improvement of a material’s properties. For
example, according to L. A. Malinina [4],
reducing the relative humidity of the
environment during the initial hardening period
can regulate the evaporation of moisture from
concrete and result in a finer-pored structure.
According to our research [5], there is always
such an initial curing time for cement concrete
in air (t =20 £ 2°C, W = 65-75%), at which its
compressive  strength  during  subsequent
hardening in water is greater than that of a
material that initially hardened for 24 hours
under normal conditions.

Concrete curing also occurs through loading [6,
7, 8], freezing [9, 10, 11], and exposure to
aggressive liquids [12]. According to research
by A. V. Satalkin [6], concrete at an early age
under compressive stresses up to no more than
0.6 Rpr experiences an increase 1in its
compressive strength. It is evident that in this
case, the material is strengthened due to
resistance forces that contributed to the
formation of a structure better adapted to this
particular load.

Investigations by I. A. Kireenko, S. A.
Mironova, and I. N. Akhverdov show that
freezing cement concrete at specific stages of its
hardening can improve its structure and,
consequently, increase its strength [9]. However,
this should not occur before the induction period
has completed. According to the data in [13],
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cement concrete subjected to a single freeze-
thaw cycle after two weeks of storage in water
increased its strength by 17%. Studies by A. G.
Olginsky and V.L. Chernyavsky [14, 15]
indicate that cement composites can adapt to the
effects of a low-intensity  aggressive
environment even in their mature state. There
are cases where loading concrete, both in the
early and mature stages, with compressive or
tensile forces led to a corresponding increase in
strength of up to 20% [16].

Based on the above studies, the issue of
applying aggressive treatments to ce-ment
composites to improve their properties has not
been fully investigated. It is necessary to
determine the optimal age at which cement
concrete should be subjected to such treatments.
Furthermore, what is needed is not merely data,
but specific methodologies (protocols) for
applying aggressive treatments to composites to
improve their properties. In this regard, the
proposed study is relevant, as it aims to address
these objectives.

METHODOLOGY

This study presents the results of investigations
conducted to demonstrate that a cement
composite can more effectively resist a specific
destructive factor if, during a certain stage of its
evolution (hardening), it is exposed to that same
factor at a predetermined intensity and for a
predetermined duration. Thus, the following
objectives were stated:

- theoretical justification of the possibility of
improving the properties of cement composites
by applying aggressive environmental factors
during the hardening process;

- experimental studies to determine the effect
on cement composites of an initial “harsher” air
curing environment, as well as the effects of
freezing and thawing and exposure to
aggressive liquid media during a specified
period of hardening;

- analysis of the correlation between
experimental data and theoretical justification.
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Portland cement MS500 DO from the
Alekseevsky Cement Plant in Mordovia was
used to produce cement stone and fine-grained
concrete. The compressive strength of the
cement stone was determined by testing
specimens of 20 x 20 x 20 mm, while that of the
fine-grained concrete was determined by testing
halves of specimens measuring 40 x 40 x 160
mm in accordance with GOST 310.4-81.
The composition ratios of the cement stone and
fine-grained concrete are presented throughout
the paper. The following curing conditions were
adopted, including exposure to aggressive
environments:

Cement stone with W/C =0.33
e  Curing under normal conditions (t = 20 +
2°C, W =95-100%);
e 1 day under normal conditions, then 27
days in water (t = 20 + 2°C);
e 1 day under normal conditions, then 13
days in 0.5% H>SOs, then 14 days in water;
e 1 day under normal conditions, then 27
days in 2% (NHa4)2SOs4 solution;
e 1 day under normal conditions, then 27
days in 2% Al2(SO4)s solution.
Fine-grained concrete with mix proportion 1:3
and W/C =0.45
e 1 day under normal conditions, then 27
days in water (t = 20 + 2°C);
e 1 day under normal conditions, then 27
days in 0.5% H2SOx;
e 1 day under normal conditions, then 1 day
in water, then 26 days in 0.5% H2SO4;
e 1 day under normal conditions, then 3 days
in water, then 24 days in 0.5% H2SOa.
Other exposure conditions: The duration and
parameters of exposure to a "harsh" air
environment, as well as the number of freeze-
thaw cycles, are shown in the figures of the text.
Frost resistance was determined according to
GOST 10060-2012 (Method 1).

RESULTS AND DISCUSSION

A hardening cementitious composite is a
dynamic system which, according to [17],
contains more microstates than it would if it

Anatoly P. Fedortsov, Vladimir T. Erofeev

were in a mature state. This means there are
more competing structures, from which the ones
best adapted to the external environment can be
“strictly” selected.

Consider the possibilities of open systems from
the perspective of thermodynamics. The
tendency of physicochemical systems toward
irreversible motion toward equilibrium s
expressed by entropy (S). It is also a measure of
the system’s degree of order, i.e., a measure of
structure formation. The rate of change of
entropy for open systems can be determined by
the expression [18]:

dS_doS | diS
dt dt dt

&)

deS . .
where i is the rate of change in entropy due to

. dis .
external influences, j is the same due to

internal processes.
For isolated systems

deS

i’ (2)
Then

ds _ diS

o a 3)

The second law of thermodynamics states that
entropy is always produced by internal
processes, i.e.

a;S

o >0 4)
As a result, for an isolated system, we have
— =0 (5)

This means that the entropy of an isolated
system increases if the processes within it are
out of equilibrium. The disorder of the system
(material) increases, with the resulting negative

. ais .
consequences. While the value ﬁ is never

. deS o .
negative, i has no definite sign. This allows us
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to view evolution as a process in which the
system can reach a state of lower entropy
through the exchange of matter and energy with
the external environment. It is evident that by
adjusting mass and heat fluxes, one can
influence the entropy increase, i.e., achieve the
creation of an ordered or more adapted material
structure, which is then fixed as a result of
curing.

Thus, there are arguments that suggest that the
application of aggressive influences to improve
the properties of cement composites is most
effective  during the hardening phase.
Furthermore, it is recommended that the material
be adapted to aggressive environmental factors—
not only liquid ones—in advance, during the
hardening stages, to avoid disrupting the
equilibrium of its structure during service [5].
Based on the above, it is possible to determine
the timing, intensity, and duration of exposure
to a high-temperature air environment during
the curing of composites, when structural
formation processes will prevail over
degradation, and to consolidate the formed
structures through curing. Thus, by pre-curing
the molded fine-grained concrete with an open
surface at a temperature of 40 £ 3°C and a
humidity of 70-80%, followed by curing for up
to 28 days in water, an increase in compressive
strength in water of more than 20% was
achieved (Fig. 1).

For comparison, a material was used that
initially cured for 24 hours under normal
conditions and then for up to 28 days in water.
In Fig. 1, the strength value of such concrete
was taken as the initial reference point.

Figure 2 shows the results of studies in which
fine-grained cement concrete, af-ter two weeks
of storage in water, was subjected to three
cycles of alternating freez-ing and thawing,
followed by a 28-day immersion in water, and
gained approximately 18% in strength. The
increase in material strength is attributed to
more complete cement hydration resulting from
increased water penetration into the concrete
structure due to the rise in water pressure during
freezing and its activity during thawing.
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Figure 1. The relationship between the strength
of concrete with a 1:3 mix ratio (W/C = 0.45)
and the duration of initial air-setting at elevated
temperatures and relative humidity (RH) of 70—
80%: 1 — hardening at 40 + 3°C; 2 — same at
50 £3°C; 3 —same at 60 +3°C
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Figure 2. The effect of alternate freezing and
thawing of fine-grained concrete during its
hardening in water (after 14 days) on
compressive strength: 1 — composition 1:3 with
W/C = 0.45; 2 — the same with W/C = 0.5

According to [9], this is a result of the increased
density of the crystalline hy-drate structure and
the reduced porosity of the cement paste. It is
evident that freezing leads to the emergence of
structural features in concrete that, according to
established theory, contribute to increased
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resistance to this same type of stress. And the
curing of cement paste (W/C = 0.33) using a
0.5% sulfuric acid solution led to an increase in
its resistance in a 2% solution of the same acid

(Fig. 3).

1
2
808 i
206 2
L N
0.4 \! 1

14 21 28
Duration of exposure, days

35 42

Figure 3. Effect of curing conditions on the
stone’s resistance in a 2% H>SO4 solution: I —
cured for 1 day under standard conditions, 27

days in water;2 — I day under standard
conditions, 13 days in a 0.5% H>SO; solution,
14 days in water; 3 — I day under normal
conditions, 27 days in a 2% solution of
(NH4):804,4 — 1 day under normal conditions,
27 days in a 2% solution of Al2(SO4)s

Anatoly P. Fedortsov, Vladimir T. Erofeev

The physical and chemical resistance of
concrete also increases when the com-ponents
of the curing medium are merely individual
constituents of that medium. Thus, the curing of
cement paste (W/C = 0.33) using 2% acidic
salts—ammonium sulfate and aluminum
sulfate—contributed to a significant increase in
its resistance to a 2% H2SOa solution. It should
be noted, however, that the use of curing media
containing aggressive components in all cases
led to a partial loss of initial strength. The initial
strength values, according to Fig. 1, were: 1 —
68 MPa, 2 — 56 MPa, 3 — 54 MPa, 4 — 47 MPa.
At the same time, cement stone cured under
such conditions always exhibited higher
strength (by 18-22%) after aging in an
aggressive environment than that aged in water.
The table presents the results of a test on the
resistance of fine-grained concrete with a 1:3
mix ratio and a water-cement ratio (W/C) of
0.45 to a 1% H2SOs solution; which, during the
hardening period, was exposed at specified
intervals to the same medium but at a lower
concentration (0.5%) and under different
conditions than those applied to the cement
paste.

Table 1. The Effect of the Curing Environment on the Resistance of Fine-Grained Concrete to 1% H2S50.

Curing Environment 0o, Duration of | o, MPa | K,
MPa | exposure, days
1 days under standard conditions, 27 days in water 21.9 20 13.1 0.6
1 days under standard conditions, 1 days in water, 21.7 20 16.9 0.78
26 days under 0.5% solution of H,S0,
1 days under standard conditions, 3 days in water, 19.8 20 16.6 0.84
24 days under 0.5% solution of H,SO,

The table shows that concrete specimens
exposed to an aggressive agent of a specified
intensity and duration during the hardening
period are more resistant, once matured, to the
same type of environment but at a higher
concentration. Their compressive strength after
exposure to the environment is 27% and 29%
higher than that of concrete that hardened in
water.
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Cement paste and fine-grained concrete, which
were partially adapted to a weak sulfuric acid
solution, had a dense protective layer on their
surface, the main components of which were:
silicic acid gel, sulfates, and cement paste
minerals modified by them.

The condition for the formation of a composite
more resistant to a specific aggressive influence
during its hardening with the formation of
adapted bonds can be expressed as follows:
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(@) = Vi (D), (6)
where V,(t) is the rate at which defects are
eliminated and adapted bonds are formed as a
result of positive interactions over a period of
time At, V,(t) is the the rate of decay of initial
bonds over a time interval At.

Previous studies [5] also confirm the positive
effect of early loading on the performance
properties of concrete. At the same time, the
application of a bending load to the concrete
during the curing period—amounting to
approximately 5% of the ultimate load at the
moments of its application, which is
significantly less than in known studies—did
not lead to an increase in the average flexural
strength but contributed to a 5.2-fold reduction
in the coefficient of variation of the flexural test
results. At the same time, the flexural strength
guaranteed with 95% confidence increased by
13%, while deflections and their deviations
from the mean value decreased by more than
12% and 30%, respectively.

Studies have also shown that the duration of
load application during the concrete hardening
period depends on the magnitude of the load.
The failure factor should not lead to material
failure.

CONCLUSION

1. The hardening of cementitious composites
through the application of temperature and
humidity stresses, freezing and thawing cycles,
and  aggressive  liquids—with  precisely
controlled duration and intensity—enables the
creation of material structures that are stronger
or more resistant to specific destructive factors.
2. To produce a composite that would more
effectively resist a specific destruc-tive factor, it
is necessary for the composite to be exposed to
that same factor during a specific period of its
development, but at a predetermined intensity
and duration. In this case, the aggressive factor
must not lead to the destruction of the
composite.

Volume 22, Issue 2, 2026

3. Since exposure to liquid corrosive media of a
certain intensity and duration during the
specified curing periods of cement composites
can lead to their partial or complete adaptation
to the exposure, it can be concluded that during
the adaptation of the composite (system), a
selection of processes occurs that contribute to
increasing its resistance to a specific impact.
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EFFECT OF THE WAVE PROCESSES CAUSED BY EXTERNAL
INFLUENCE ON THE FILTERING OF AQUEOUS SOLUTIONS
IN THE EXPANDED LOADING LAYER

Yuri A. Chirkunov ', Yuri L. Skolubovich ’,

Viadimir N. Sidorov ?, Evgeniy V. Alekseev ?

! Novosibirsk State University of Architecture and Civil Engineering (Sibstrin), Novosibirsk, RUSSIA
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: In this paper, the influence of traveling waves arising from external action on the filtering process of
aqueous solutions in the expanded loading layer is investigated. A three-dimensional dynamic generalized model
of fluid motion in a porous medium under a nonlinear external influence is used as the primary mathematical
model. A model describing traveling waves is obtained. Nine particular cases of this model with three types of
nonlinearity process of filtering are examined: power, exponential, and logarithmic. The external influence is
also selected power, exponential, and logarithmic. The particular models describe both expansion and
contraction of the loading layer on the type of filtration nonlinearity, the type of external influence, and the
traveling wave parameters. For filtering with the expanding loading layer we found the time at which maximum
it's expansion is achieved. When the loading layer contaminates we found the time at which it will be destroyed.

Keywords: filtering of aqueous solutions, expanded loading layer, traveling wave, nonlinear external influence,
porous medium

BJIAUAHUE BOJIHOBBIX ITPOLHECCOB, BBI3BAHHBIX
BHEIIIHUM BO3JENCTBUEM, HA ®UJIbTPOBAHUE
BOJIHBIX PACTBOPOB B PACHIMPEHHOM CJIOE 3AT'PY3KU

I0.A. Yupkynos ', F0.J1. Cxonyboeuu !, B.H. Cuooposé *, E.B. Anexcees ’

! HoBoCHOMpPCKHIA roCy1apCTBEHHEIN apXUTEKTYPHO-CTPOUTENbHBIA yHuBepcuteT (Cubcrprn), Hosocubupek, POCCHS
2 HanmoHasbHBIH HCCIIe0BaTeNbCKNI MOCKOBCKHIT FOCYIaPCTBEHHBIH cTpouTenbHbI yauBepcuter, MOCKBA, POCCUS

AHHoTanus: B Hacrosmeil paboTe uccaexyercs BAMSHAE BOZHUKAIOMIMX MPU BHEIIITHEM BO3JCHCTBUH Oeryriei
BOJIH Ha TIporiecc (PriIbTpOBaHMs BOJHBIX PACTBOPOB B PACUIMPEHHOM CJIO€ 3arpy3KkH. B kadecTBe OCHOBHOM
MaTeMaTH4YeCKOW MOJIENN UCIIOIb3YeTCsl TPEXMEpHasi AMHaMU4ecKast 0000IEeHHAs MOJICIIb ABHKEHUS KHIKOCTH
B MOPUCTON cpele NpU HaIWYMM HEIMHEHHOro BHENIHEro BozfelcTBus. IlomydeHa Monens, OmHCHIBAaroIas
Oerymue BodHBL MccnenoBaHo 9 4acTHBIX CIydaeB 3TOM MOJAENM C TPeMs BHIAMH HEJIMHEHHOCTH IIpolecca
(UIBTPOBAHMS: CTETIEHHOM, SKCIOHEHIIMATBHON | JiorapudmMuieckoil. BHemHee Bo3eiicTBIE TIPH ATOM TaKxkKe
BBIOPAHO CTETIEHHBIM, SKCHOHEHIMAJIBHBIM M JIOTApU(PMUYECKHM. OTH YacTHBIE MOJEIHM OIMCHIBAIOT KaK
pacliupeHue, TaK M 3arps3HEHHE CIIOS 3arpy3KdM B 3aBUCMMOCTH OT BHUJA HEIMHEHHOCTH IpoLEecca
GuIbTpOBaHMS, BHAA BHEIIHErO BO3ACHCTBHSA M mapaMmeTpoB Oerymieid BosHbl [{ng ¢uiabTpoBaHus c
pPaCIIUPAIONMMCA CI0EM 3arpy3Kd Mbl HAIlIM BpEMs, NPU KOTOPOM JOCTHUTAETCS MAaKCHMAalbHOE €ro
pacumupenue. [Ipu 3arpsi3HEHUN €10 3arpy3KHU Mbl HALLLIM BpeMs, 32 KOTOPOE OH pa3pyLLUUTCSL.

KiroueBbie ciioBa: puibTpoBaHKE BOJHBIX PACTBOPOB, PACIIUPEHHBIN CJIOH 3arpy3Kku, OeryIias BoJHa,
HEJMHEWHOe BHEIlIHee BO3eCTBIEe, TOpUCTas cpeaa

INTRODUCTION hydromechanics. The object of study in

subsurface hydromechanics is filtration flow - the
The science of the movement of fluids, gases, and flow of a fluid (gas, gas- fluid mixture) in a
their mixtures in porous media iscalledsubsurface porous medium. Subsurface hydromechanics has
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of Aqueous Solutions in the Expanded Loading Layer

extensive applications in other sciences, including
hydrogeology, engineering geology, soil studies
during the initial stages of building and structure
construction, hydraulic engineering, and others.
The first experiments to study water filtration in
saturated soils were conducted by the French
scientist A. Darcy, who in 1856 formulated an
experimental law expressing the dependence of
filtration rate on pressure gradient. During this
same period, another French scientist, J. Dupuis,
published a monograph outlining the theory of
groundwater filtration, deriving formulas for well
flow rates, and solving other filtration problems.
American scientists C. Slichter and M. Musket
made significant contributions to the development
of subsurface hydromechanics. The founders of
the Russian school of filtration theory were N.E.
Zhukovsky and N.N. Pavlovsky. Underground
hydromechanics is one of the constituent theories
of oil and gas field development and oil and gas
production technology. The founder of Russian oil
and gas underground hydromechanics is L.S.
Leibenzon. He became the founder of
underground hydraulics, which played a major
role in creating the scientific foundations for oil
field development. Scientists S.A. Khristianovich,
B.B. Lapuk, I.LA. Charny, V.N. Shchelkachev and
others, made outstanding contributions to the
development of the theory of fluid and gas
filtration in oil-gas-water-bearing formations. All
these studies arebased on the classical
mathematical model of a porous medium. The
classical model of a porous medium and some of
its simple generalizations have been studied in
many works [1-7]. In these studies, boundary
value problems related to the motion of fluids and
gases in porous media were investigated using
analytical and numerical methods.

Studying the motion of fluids or gases in porous
media using classical models does not always
adequately describe real processes. This is due
to the fact that these models do not take into
account the presence of an external influence.
For more adequately describe real processes, it
is necessary to develop and study new, more
complex models with an external influence. The
study of a general three-dimensional nonlinear

Volume 22, Issue 2, 2026

dynamic model of fluid or gas motion in a
porous medium with a non-stationary source
was initiated in the works of the authors [8—11].
In our study, we investigate the influence of a
traveling wave on the filtering of aqueous
solutions in an expanded loading layer. As a
model for describing this influence, we used a
general three-dimensional nonlinear dynamic
model of fluid motion in a porous medium with
a nonlinear an external influence. This model is
defined by the following equation

P, =A<D(p)—f(p), (1

where p = p(t,x) is a pressure in the loading

3 2 2 2
layer, x —(x,y,z)eR , A —6x +6y +6‘Z,

¢t 1s a time, (I)(p) and f(p) are any
functions, which are determined empirically.

) ( p) > ( defines a nonlinearity of the process,

f ( p) defines nonlinear nature of the influence

of a traveling wave on the filtering of aqueous
solutions in an expanded loading layer. A case

f ( p) < 0 corresponds, for example, to the

presence of a source. A case f(p) >0
corresponds, for example, to the presence of an
absorption. The functions @ ( p) and f ( p)

satisfy to the condition

o"(p) s (p)#0.

This condition means that the process is
nonlinear and the influence is not a constant
value.

METHODS
The primary research method in our work is the

modeling of physically significant problems
using group analysis of differential equations,
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which is one of the most effective methods for
obtaining maximum information about solutions
to differential equations.

The concepts and algorithms of modern group
analysis of differential equations can be found,
for example, in [12—-16] and the references cited
therein.

In the specific examples considered, for each
obtained nonlinear model, the equation defining
this model is reduced to an equivalent system of
first-order differential equations. The resulting
Cauchy problem for each such system is solved
numerically using the Runge-Kutta-Felberg
method, the concepts and algorithms of which
can be found, for example, in [17] and the
references cited therein.

RESULTS AND DISCUSSION

The study conducted in this paper is new and
has not been previously reported in the
literature.

A general traveling wave for a porous medium
has the form

p=9¢(&), E=t+ax+Py+yz, (2)

Where «, f, y are arbitrary real numbers,
satisfying the condition a’+ ,82 + 7/2 #0.

Substituting (2) into (1) yields the following
differential equation

(a2+ﬂ2+y2)[i[d®(¢)MB_ 5

de\ dg
_d¢(¢) _
E + f(¢4)=0.

The functions ®(¢), f(¢) and constants

a, B, vy specifies each particular model of a

traveling wave.

We will be study at some particular models and
indicate what influence in these models have on
the filtering in the expanded loading layer.

1. First particular models
At O(¢)= u¢* where A, u are arbitrary real

numbers, satisfying the condition Au # 0,
equation (3) takes a form

ol L d?
du(a + 2477 )9 2( e .
42|42, ()=
2 1)[d§j ] we I 9)=0
This equation defined model depending

ona, f, 7, A, p and f(¢).

Equation (4) is equivalent to the following
system

dy ¢ v/ (9)
dé gﬂ(a%ﬁzwz)’

dg _ -
d§_¢ l/la

)

where y =y (&)is new unknown function.

Let at initial time /=1 2 0 at a fixed point

X, = (xo, Yo ZO) the pressure and the rate

of its change are given
(10, x0)=p >0, L1y, x)=p.. (6
Pllos Xo) =Py >V 5 \lo» Xo) = Py

We will find a function ¢ (&) satisfying system

(5) to solve this problem.
The initial data for system (5) has a form

A-1

¢(§0):p09 '//(50):(170) ) P .

&y =1, tax, +,8y0 +7z,.

(7)

Due to the smoothness of the right-hand sides of
system (5), the solution of the Cauchy problem
(5), (7) exists and is unique in the neighborhood

of the point &, .
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1.1.
solution at f (¢) = a¢b (a, b are arbitrary real

numbers). At a =1, =1, y=1, 1=2, u=1,
ty=L xy=1 yy=1 z,=1 py=1, py=-5,

In the first example, we obtain this

a=1, b=1 we solved numerically the Cauchy
problem (5), (7) by the Runge-Kutta-Fehlberg
method [17] (with order of accuracy 4). The
graph of the function ¢ = ¢(&) is shown in the

Fig. 1.

1.6+
141
1.2

1]

¢ 08
06
047
0.2

03 4 5 6 7
g
Figure 1. Pressure distributions for the model 1.1

This graph shows that the pressure in the
loading layer L increases at & € [3; 6,6]. This
means that the loading layer gets clogged. At
& =06,6 the pressure reaches its maximum
value and begins to decrease at & > 6,6. This
means that at £ = 6,6, filtering ceases and the
loading layer is
destruction time is:

destroyed. The onset of

t:supxeL(6,6—x—y—z).

1.2. In the second example, we obtain this
solution at f(¢)=aexp(bg) (a, b are
arbitrary real numbers). At a=1, =1, y=1,
A=5 u=1, =1 x, =1, Yo =1, zy =1,

po=L p=-55, a=1, b=0,5

numerically the Cauchy problem (5), (7) by the
Runge-Kutta-Fehlberg method [17] (with order

we solved

Volume 22, Issue 2, 2026

of accuracy 4). The graph of the function
¢ = ¢(&)is shown in the Fig. 2.

24
221

1.4
1.2

0 1 3 3 4
&
Figure 2. Pressure distributions for the model 1.2

This graph shows that the pressure in the
loading layer decreases. This means that the

loading layer expands. Let p_ is the pressure
at which the maximum expansion of the
loading layer L is achieved. And this pressure
is reached at the point xz(x,y,z) in the

loading layer at & =¢ (0 <g < 4). This

solution has a physical meaning at

& e(O; é‘*] The time to reach maximum

expansion of the loading layer is determined
by the formula

t, =supx€L((§*—x—y—z).

1.3. In the second example, we obtain this
solution at f(#)=alng (a is arbitrary real
number). At =1, =1, y=1, A=15, u=1,
Iy=1 Xy=1 Y,=L ;=1 p0=1, D =-0,05,

a=1, b=1 we solved numerically the Cauchy

problem (5), (7) by the Runge-Kutta-Fehlberg
method [17] (with order of accuracy 4). The
graph of the function ¢ = ¢(&) is shown in the

Fig.3.
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1.06

0 1 ) 3 4
g
Figure 3. Pressure distributions for the model 1.2.

From this graph, it follows that the pressure
increases briefly at & € (O; 1,2] and reaches its
maximum value at & =1,2, then the pressure at

& > 1,2 decreases. This means that the loading

layer L 1is heavily contaminated and is rapidly
beginning to deteriorate. The onset of
destruction time is:

t=supx€L(1,2—x—y—z).

2. Second particular models

At ®(¢)=pexp(Agp) where A, pu are
arbitrary real numbers, satisfying the
condition Au # 0, equation (3) takes a form
2
/Lu(az + ,82 + 7/2 )exp(/1¢)[d—g+
dg
it ds (8)
+H A -——+ =0.
[ dch ] dé 1@

This equation defined model depending on
a, B, v, A, p and f(¢).

Equation (8) is equivalent to the following
system

Z—ijexm—ww,

dy _exp(-A)y - f (1)
dg ﬂu(a2 +,32 +7/2)

©)

2

where v =y (f) is new unknown function.

We use the function ¢ (&) satisfying this system

and conditions (6).
The initial data for system (5) has a form

#(&) = Py, w (&)= p, exp(Apy),

&y =1, tax, +,ByO +72zq-

(10)

Due to the smoothness of the right-hand sides of
system (9), the solution of the Cauchy problem
(9), (10) exists and is wunique in the

neighborhood of the point & .

2.1. In the first example, we obtain this solution
at f(¢) = ag® (a, b are arbitrary real numbers
At a=1, =1, y=1, =5 u=1, 1,=1,
Xy=L Yy=1 z5=1 p, =1, p=-1 a=1,

b =2 we solved numerically the Cauchy problem
(9), (10) by the Runge-Kutta-Fehlberg method

[17] (with order of accuracy 4). The graph of the
function ¢ = ¢ (&) is shown in the Fig. 4.

1.6
151
144
¢ 1.3
1.2
1.1
1_

0 1 2 3 4

g

Figure 4. Pressure distributions for the model 2.1.

From this graph, it follows that the pressure in
the loading layer decreases. This means that the

loading layer expands. Let p_ is the pressure at

which the maximum expansion of the loading
layer L 1is achieved. And this pressure is

reached at the point x = (x, y,z) in the loading

layer at &=¢ (O <g < 4). This solution
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has a physical meaning at & e(O; f*]. The

time to reach maximum expansion of the
loading layer is determined by the formula

1 :supxeL(ﬁf*—x—y—z).

2.2. In the second example, we obtain this

solution at f(¢)=aexp(bp) (a, b are
arbitrary real numbers) At a=1, =1,
y=1 A=2, u=1, t, =1, X, =1, Yo =1, Z, =1,
po=1, py=-0,01, a=1, b=-1 we solved

numerically the Cauchy problem (9), (10) by the
Runge-Kutta-Fehlberg method [17] (with order
of accuracy 4). The graph of the function
¢ = ¢(&)is shown in the Fig. 5.

0957
0.9

¢, .85
0.8

.75

0.7
0 2 4 3 8 10

£
Figure 5. Pressure distributions for the model 2.2.

From this graph, it follows that the pressure

increases briefly at & e (0; 3] and reaches its

maximum value at & =3, then the pressure at
& > 3 decreases. This means that the loading layer

L is heavily contaminated and is rapidly beginning
to deteriorate. The onset of destruction time is:

t:supxeL(3—x—y—z).
2.3. In the second example, we obtain this solution

at f(¢)=alng (a is arbitrary real number). At
a=1, f=1, y=1, =2,

Volume 22, Issue 2, 2026

ty=1 x,=L y,=L z,=1, py=1 p =0,

a=1, b=1 we solved numerically the Cauchy

problem (9), (10) by the Runge-Kutta-Fehlberg
method [17] (with order of accuracy 4). The graph
of the function ¢ = ¢(&) is shown in the Fig.6.

14
1.2
¢

0.4
0 & 1 15

2 2% W 3B
'
Figure 6. Pressure distributions for the model 2.2.

From this graph, it follows that the pressure
increases at & € (0; 29] and reaches its
maximum value at £ =29, then the pressure at

& > 29 decreases. This means that the loading

layer L is heavily contaminated and is rapidly
beginning to deteriorate. The onset of
destruction time is:

t=supxeL(29—x—y—z).

3. Third particular models
At ®(¢)=2Alng where A is arbitrary real

nonzero number, , equation (3) takes a form

) ¢ (dgY
¢_2(a2+ﬂ2+y2)(¢d52_(d_5j ]_ (11)

49 _
d§+f(¢) 0.

This equation defined model depending on
a, B, v, A and f(4).

Equation (11) is equivalent to the following
system
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a9 _
d§—¢l//,

dy __ v-1(9)
dg /1(0(2+ﬂ2+72)’

(12)

where y =y (&)is new unknown function.

We use the function ¢ (&) satisfying this system

and conditions (6).
The initial data for system (12) has a form

_ _P
#(&) = py> v(&) Po’~ 13)

& =1, +ax, +ﬂy0 +7z,.

Due to the smoothness of the right-hand sides of
system (12), the solution of the Cauchy problem
(12), (13) exists and is unique in the

.neighborhood of the point &, .

3.1. In the first example, we obtain this solution
atf(p)=ag” (a, b
numbers). At a=1, =1, y=1, 1=5,
u=1 N =1, X, =1, Yo =1, Z =1, p,=1,

are arbitrary real

py=-1, a=1, b=-1 we solved numerically

the Cauchy problem (12), (13) by the Runge-
Kutta-Fehlberg method [17] (with order of
accuracy 4). The graph of the function
¢ = ¢(&) is shown in the Fig. 7.

121

o 1 2 3 4 5 6 7
£
Figure 7. Pressure distributions for the model 3.1.

From this graph, it follows that the pressure
corresponding to maximum expansion of the
loading layer L is reached  at

&=¢, (0 <¢g, < 6). This solution has a

physical meaning at & € (O; 5*]. The time to

reach maximum expansion of the loading layer
is determined by the formula

1 :SupxeL(f* —x—y—z).

3.2. In the second example, we obtain this

f(¢)=aexp(bp) (a, b
numbers). At a=1, =1,
y=1 A=5 u=11 =1, xO:l, y0=1, 20:1,

solution at are

arbitrary real

P, =1, p=0.1 a=1, b=-1 we solved

numerically the Cauchy problem (12), (13) by
the Runge-Kutta-Fehlberg method [17] (with
order of accuracy 4). The graph of the function

o= ¢(§) is shown in the Fig.8.
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Figure 8. Pressure distributions for the model 3.2.

From this graph, it follows that the pressure
increases at & e (0; 11] and reaches its

maximum value at & =11, then the pressure at
& >11 decreases. This means that the loading

layer L 1is heavily contaminated and is rapidly
beginning to deteriorate. The onset of
destruction time is:

t:supxeL(29—x—y—z).
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3.3. In the second example, we obtain this
solution at f(#)=alng (a is arbitrary real

number). At a=1, p=1, y=1, 1=6,
ILIZI, tozl, xo 21, yozl, ZO:L pOZI’

p;=-0,1, a=1, b=-1 we solved numerically

the Cauchy problem (12), (13) by the Runge-
Kutta-Fehlberg method [17] (with order of
accuracy 4). The graph of the function
¢ = ¢(&) is shown in the Fig. 9.
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Figure 9. Pressure distributions for the model 2.2.

From this graph, it follows that From this graph,
it follows that the pressure corresponding to
experimentally determined maximum expansion
of the loading layer L is reached at

&=¢ (0 <¢ < 5,5). This solution has a

physical meaning at & € (0; 5*]. The time to

reach maximum expansion of the loading layer
is determined by the formula

1 :supxeL(é‘* —x—y—z).
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CONCLUSION

In this paper, we investigate the influence of
externally applied traveling waves on the
filtering of aqueous solutions in an expanded
loading layer. To describe this process, we
used a three-dimensional nonlinear dynamic
generalized mathematical model of fluid
motion in a porous medium with a nonlinear
external influence. A  general model
describing traveling waves, defined by
equation (3), was obtained.

Specific cases of this model with three types of
filtering process nonlinearity werestudied:
power, exponential, and logarithmic. These
nonlinear models are defined by equations (4),
(8), and (11), respectively. For each of these
models, three special cases were examined, for
which the external influence was chosen as
power, exponential, and logarithmic. The
resulting nine models depend on seven arbitrary
constants, which are determined empirically
depending on the filtering process.

For each of these nine models, we investigated
the problem of determining the pressure of an
aqueous solution in a loading layer assuming
that the pressure and its rate of change at a fixed
point in the bed are known at the initial time.
For specific values of the constants on which
these models depend, this problem was solved
numerically. The results are shown in Figures 1,
2, 3, 4,5, 6, 7, 8, and 9. These solutions
describe both the expansion and fouling of the
bed, depending on the type of nonlinearity in the
filtering process, the type of external influence,
and the parameters of the traveling wave. For
filtering with an expanding loading layer, we
found the time at which maximum expansion is
achieved. For fouled loading layers, we found
the time it takes for the loading layer to
collapse.

The presence of seven arbitrary constants on
which the nine models studied depend allows
these models to beused to solve other physically
significant problems.
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Abstract: A series of large-eddy simulations (LES) was performed to investigate the effects of computational
domain size and grid resolution on flow prediction within an idealized urban street canyon. Three streamwise
domain lengths were examined in combination with coarse, medium, and fine grid resolutions. The building
height, H, was kept constant, and the canyon aspect ratio (street width to building height) was set to unity. Flow
statistics were evaluated at the central canyon of each configuration and compared with available wind-tunnel
data.The LES results indicate that the simulated mean velocity profiles agree well with experimental
measurements for all cases. Both domain size and grid resolution exhibited minimal influence on the mean
velocity components, suggesting that mean flow within a street canyon can be reliably predicted using a
relatively small computational domain when combined with medium or fine grid resolutions. This offers a
computationally efficient option for mean flow analysis. In contrast, turbulence statistics were found to be more
sensitive to grid resolution than to domain size. Fine grid resolution significantly improved the prediction of
velocity fluctuations and momentum transport, whereas smaller domains tended to produce less consistent
turbulence results. Consequently, while small or medium domains may be suitable for mean flow assessment,
they are not recommended for detailed turbulence analysis.Overall, this study highlights the importance of
balancing domain size and grid resolution to obtain reliable LES results while minimizing computational cost,
providing practical guidance for CFD-LES studies of urban street canyon flows.

Keywords: Computational Fluid Dynamic (CFD), Street Canyon, Turbulence flow, Large-eddy simulation
(LES), Wind-tunnel, Computational parameters
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AnHoTanusi: bouta BBINOTHEHA cepysl PacyeTOB C UCIIOIB30BAHUEM METO/a MOJICIMPOBAHUS KPYIHBIX BHUXpEH
(LES) mns mccrmenoBaHus BIMSHUS pa3Mepa pacdeTHON OONAaCTH W pa3pelieHHs CEeTKH Ha MPOTHO3WPOBAHHE
TEYCHUs B WIICATU3UPOBAHHOM T'OPOJCKOM YJIMYHOM KaHbOHE. BBUIM paccMOTpPEeHBI TPH MPOTOIBHBIX pa3Mepa
o0nacTH B COYETaHUM C TPyObIM, CPEJHUM M MEIIKUM pa3MepoM ceTkd. Beicora 3manmii H coxpassiach
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HOCTOSIHHOHU, a K03(¢ureHT GopMbl KaHbOHA (OTHOIICHUE LIMPHUHBI YJIULBI K BBICOTE 37aHMIT) ObUT IPHHAT
paBHbIM efuHuIe. CTaTUCTHYECKNE XapPaKTEPUCTHKU MOTOKA OLEHWBAINCH B IIEHTPAIbHOM KaHbOHE KayKIOU
KOH(UI'Ypalluy ¥ CPaBHUBAIINCH C JOCTYIHBIMH JAQHHBIMH MPOJIYBKH B a3pOAMHAMHYECKOIl TpyOe. Pesynbrarel
MojienupoBanust ¢ nomoiblo LES mokaspiBaroT, 4To paccuuTaHHble MpOQMIM CpeIHel CKOPOCTH XOpOILIO
COTJIaCyIOTCA C HKCHEPUMEHTAIBHBIMU HM3MEpEeHHsIMHM I Bcex ciaydaeB. Kak pasmep oOnactu, Tak |
paspellieHue CEeTKU OKa3aJd MUHMMAJIbHOE BIIMSHUE HA KOMIIOHEHTBI CpPEAHEH CKOPOCTH, YTO IIO3BOJISET
MPEAIOIOKUTh, YTO CpeJHEee TeUeHHWE BHYTPH YJIMYHOIO KaHbOHA MOJXKET OBITh HAJEKHO IPEJCKa3aHo ¢
UCIIOJIb30BAaHHEM OTHOCHUTEIBHO HEOOJBIIONH pacdyeTHOW 00JacTH B COYETAHWH CO CPEAHUM WM MEJKUM
pa3peleHueM CeTKH. DTO JaeT BBIYUCINTENbHO d((GEKTHBHBIN BapHaHT Uil aHanu3a cpenHero TedeHus. C
JIpyroil CTOpOHBI, OBUIO OOHAapYyXKEHO, YTO TypOYJICHTHBIE XapaKTEpPUCTHKH OoJjiee YyBCTBUTEIBHBI K
pa3pelieHnIo CeTKH, 4YeM K pasMepy oOmactu. Menkoe paspelieHHe CeTKH 3HAYUTENBHO YIIydllaeT
MIPOTHO3UPOBAHNE ITyJIbCAUI CKOPOCTH M TIEPEHOCA MMITYJIbCA, TOT/Ia KaK MEHBIINE OOJIACTH, KaK MPaBUIIO,
JIAf0T MEHEE COTJIACOBAaHHbBIC PE3yJbTaThl MO TypOysneHTHocTH. ClenoBaTeNbHO, XOTA Majble WIM CPEIHHUE
obylacTi MOTYT OBITh MPUTOIHBI JJISI OLEHKM CPEAHEro TEUCHUs, OHM HE PEKOMEHIYIOTCSl Al eTalbHOTO
aHanu3a TypOyJEHTHOCTH. B 1enom, naHHOE McclieoBaHUE MOJYEPKUBACT BAXKHOCTh OAJAHCHPOBKU pa3Mepa
o0J1acT! M pa3pelleHus] CeTKH Ul TOJIyYeHUs] HaJEKHBIX pPe3ylbTaToB NpH Hcnoib3oBaHMM LES ¢ yuerom
MHUHHUMH3ALUH BEIYUCIUTENBHBIX 3aTPaT, MPEJOCTABIIAA IPAaKTUIECKUE peKOMeHAau 1iis uccnenosanuii CFD-
LES TeueHui B TOPOACKUX YINYHBIX KaHbOHAX.

Karouesrble cioBa: BeranciaurensHas ruapoauHaMuka (CFD), ynuyHslil kaHbOH, TypOyJI€HTHOE TeUEHHeE,
MojenupoBanne KpynHsix Buxpeit (LES), asponunamuueckas TpyOa, pacueTHbIE ITapaMeTpbl

INTRODUCTION

Urban areas are major contributors to air
pollution due to dense human activities [1]. At
the same time, the urban mobility landscape is
undergoing rapid transformation as cities
confront increasingly complex challenges
related to transportation, sustainability, and
urban development [2]. A substantial portion of
this pollution originates from vehicular
emissions trapped within street canyons, one of
the most characteristic micro-environments of
contemporary cities [3]. A street canyon is
formed by rows of adjacent buildings flanking
both sides of a roadway, creating a confined
geometric unit within the urban canopy layer
[4]. The airflow within these canyons is strongly
influenced by wind-driven circulation patterns,
which  are  governed by  microscale
meteorological processes. Understanding these
flow behaviours is essential, as they directly
affect pollutant dispersion, thermal comfort, and
overall urban environmental quality as well as
better energy-efficient construction
implementation. [5-7].

The poor understanding of the unsteady and
intermittent wind field inside the canyon has

been considered as one of the major obstacles
that cause the build engineer not sufficiently
able to minimize and avoid the creation of an
inhospitable environment within the urban area.
Thus, the extensive investigation and particular
guideline for the analysis of atmospheric
processes in the street canyons should be
continued as an active and growth research
within this century [8].

The majority of the previous studies focus on a
street with perpendicular background wind
conditions, as this is the worst case situation for
ventilation and pollutant removal [9-13]. On
regards to street canyon geometries, Oke [9]
reported the occurrence of three distinct flow
regimes inside a street canyon at various aspect
ratio threshold, namely isolated roughness flow,
wake interference flow and skimming flow. The
skimming flow was shown to be the most
adverse effect for the ventilation and pollution
removal while comparing with the three flow
regimes profile. The normal velocity in the
street canyon is often a significant degree lower
than the free-stream velocity in the atmosphere
in this flow regime. Thus, a wind vortex forms
inside a street canyon when the mean wind
direction is perpendicular to the street [10].
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Furthermore, the pollutant concentrations are
higher on the leeward side rather than the
windward side due to flushes effect by the
vortex flow pattern. Meanwhile, according to
Meroney et al., [11], a constant rotating vortex
has been generated within the urban canyon
under perpendicular wind direction, limiting the
ventilation process and trapping pollution inside
the canyon. Vardoulakis et al. [12] further
claimed that when the wind speed is greater
than 1.5 to 2 m/s and the flow is perpendicular
to the canyon, the free-stream velocity over the
canyon in typical canyons results in the
skimming flow, which is identifiable by the
formation of a single vortex within the canyon.
According to research conducted by Li et al.
[13], the perpendicular inflow wind direction to
the street had the worst effects on pollution
transport in street canyons due to the formation
of a recirculating vortex within an even street
canyon and a significant shear layer at the roof
level.

The fluid stream pattern inside the street
canyons has govern the mechanism of passive
and inert pollutant. Previous literature have
looked on the characteristics of stream flow and
mechanism pollutant dispersion in urban street
canyons using field measurements, laboratory
experiments, and CFD [13-18]. On-site
measurement is a useful research method for
demonstrating the real-world microclimate of a
street canyon, such as the reduced wind speed
and enhanced pollution levels. However, a
number of factors influence this approach,
including the continuously changing
meteorological conditions [15]. Wind tunnels,
on the other hand, have been widely employed
in both industry and research for many years.
Wind tunnels have been used to verify
aerodynamic theories and facilitate the design of
aircraft, as well as to build new aircraft, wind
turbines, and other designs that included
dynamic interaction with an airflow [16].

The field measurement and wind tunnel
measurement have a distinct drawback since
most of the data sampled only a one-point
measurement [17]. In addition, due to the time
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and cost issues associated with in-field
measurement and wind tunnel testing, CFD has
become the primary tool used to explore and
predict flow fields. CFD can provide a
comprehensive data of the flow structure and
pollutant distributions in temporal and spatial
scale, whereas other methods are still lack of
this criteria [18-19]. The three type of CFD
methods that have been adopted and
successfully used in urban street canyon
environment are include Direct Numerical
Model (DNS), Large Eddy Simulation (LES),
and Reynolds-Averaged Navier-Stokes (NS)
equations (RANS) modelling.

By resolving the full field of spatial and
temporal scales of turbulence, the DNS
technique directly simulates, computes, and
solves the Navier-Stokes equation. This
signifies that no turbulence model was used. As
a result, DNS providing a high-fidelity
resolution for fluid flow simulation and has
frequently regarded as a numerical experiment.
However, in term of computing resources, the
DNS method acquires highly cost as compare to
RANS and LES and thus not really used for
industrial flow computations [20]. As a
consequence, the most comprehensive
applications of CFD is seen to be the RANS
equations and the LES.

The RANS method, in general, is based on
mean flow properties where the time-averaging
of the Navier-Stokes equations has been
applied. Due to its minimal computational
resource requirements and reasonably computed
accurate flow field, this method has been widely
employed in engineering flow computations
throughout the previous few decades [21].
Several previous studies used RANS for various
flow conditions in street canyon have been
reported; Mishra et al. [22] looked on the
influence of street canyon configurations on the
pollutant dispersion and ventilation performance
with various aspect ratios and different street
length. Lien [23] has been studied of the
disrupted flow for buildings immersed in a
neutrally stratified deep rough walled turbulent
boundary-layer flow, Cheng et al. [24] focused
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on how street canyon geometry could affect the
ventilation and pollutant removal process, Ai et
al. [25] investigates the buildings located in
long street canyon under a wind-caused single-
sided natural ventilation and Cui et al. [26]
looked on the impact of three type of envelope
features on wind flow and pollution exposure to
occupants within street canyon. However, the
conventional k-model has an obvious flaw in
terms of model correctness, despite the fact that
most RANS models serve the most economical
cost in terms of computational resources. One of
the significant flaws in the model assessments is
the concept of a steady-state solution that could
be the major source of the inconsistencies.
Meanwhile, LES used the separated filtered in
the transport equations where it permitted only
bigger eddies to be resolved, in the meantime
the smallest eddies are being modelled. [27].
The use of LES to accommodate the
inadequacies of RANS has recently gained
popularity. Due to its consistency and precision,
the LES approach has been more superior than
the RANS method [28].

A list of LES-based studies on flow structures
and pollution related issues in street canyons
that has been published; Alwi et al. [29]
conducted the LES model to investigated the
effect of wvarious eave design on the
modification of flow structure and turbulent
characteristic for 2D semi-open street canyons.
Meanwhile, Liu et al. [30] used model of street
canyon for various aspect ratio to simulate the
performance of air and pollutant exchange rate,
Li et al. [31] further explored the pollutant
dispersion process for deep canyons geometries,
Mohamad et al. [32] looked on the mechanism
of average and fluctuation for air flow for
building with overhang and Munixta et al. [33]
performed the evaluation of  mean and
turbulence structure flow under building
geometry effect such as roof and facade aspect.
Base on literatures, it is noticed that CFD is one
of the most widely used tools for studying such
flow problems in an urban environment due to
its ability to provides detailed information on
the relevant flow variables under controlled

conditions [34]. However, the accuracy and
reliability of the data have found to have some
skepticism issue involve while applying
numerical modelling to problems associated
with wind engineering [35-37]. Due of their
limitations and errors, CFD models still require
further improvement [37].

The fundamental objection to this issue,
according to Franke et al. [38], is the approach's
availability of various physical and numerical
factors that can be freely chosen by the user.
The physical modelling based on models of
turbulence used and the type of boundary
conditions are considering as one of sources of
error in CFD results accuracy. Meanwhile, the
second contribution is made by numerical
simulation factors such as size of computational
domain, design for grid resolution, and
numerical iteration method. While CFD models
have been widely used to examine atmospheric
processes in street canyons, the need for
adequate computational parameters is one of the
most essential elements to determine predictive
accuracy. The computational dimensions, as
well as the grid design and quality, are some of
the computational parameters that have a
considerable impact on the predictability and
accuracy of the flow field.

Liu and Barth [39] used an LES model to
explore the flow and turbulence scalar transfer
mechanism in a 3D-idealized street canyon.
Before validating the results, a grid dependence
analysis was performed to ensure grid solution
accuracy. Cui et al. [40] investigated a turbulent
structure flow within a three-dimensionally
modelled street canyon. The comparison of grid
resolution (fine and coarse only) and initial
wind profile, as well as the variation of
Smagorinsky constant for the LES model, was
carried out for the purpose of accuracy and
validation.

Cheng and Liu [41], on the other hand, used a
two-dimensional idealized street canyon to
evaluate the flow field and pollutant dispersion
case using the LES model simulation. The study
is motivated by the concept of the influence of
computational domain size, which suggested
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that increasing the domain size would result in
higher resolution data. Meanwhile, Michioka et
al. [42] investigated the impact of the
computational domain size on the flow field
within the street canyon. The LES simulation
analysis was used to predict the effects of the
coherent structure on pollutant removal in
general. Meanwhile, Dai et al. [43] show
application of LES to realistic building
problems and discuss setup/validation best
practices that translate to street-canyon studies.
The accuracy performance of the CFD models
was found to be affected by parameter
characteristics such as computational domain
and grid resolution in previous research.
However, to the author's knowledge, no specific
and rigorous examination of the effect and
correlation for both parameters on the accuracy
of flow statistics has been done. By knowing the
proper approach for the selection of those
computational setting is certainly useful to
optimize the time and cost consumption for
CFD simulation particularly for the LES model
for instance [44].

Therefore, the motivation for the overall current
study is to use the LES model as a tool to
validate and statistically analyses in detail the
correlation of the two  computational
parameters; computational domain and grid
resolution towards the accuracy of the flow field
within the 1idealized urban street canyon
environment.

The LES method was chosen primarily because
of its capacity to provide deeper insights into
the mean flow and statistics of the resolved
fluctuation, which were obviously appropriate
for the study's goals. Finding should be
expected to enrich the fundamental
understanding and also increase the confidence
in the used of CFD simulations.

METHODS

2.1 Governing Equations
By applying a filter operation, the flow
equations that consists of the continuity (1),
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momentum and mass conservation equations (2)
as follow is assumed to be isothermal and
incompressible,

6.1',-_
6]
E_l_ﬁﬁ;ﬁ,-: AP, 2 ( aa,-)_ﬁ

— %

ay Ox; dxy  dxy dx;

(2)

where the filtered value is indicated by the
overbar, u is the velocity vector and P is the
pressure and v is the fluid kinematic viscosity.
For this study, the sub-grid scale (SGS) stress
was modelled by the standard Smagorinsky
model with Smagorinsky’s constant Cs of 0.12
to reproduce the turbulent nature due to
elements of roughness. The Reynolds number is
defined as Re = uH/v for this study (/4= square
block height) and all the terms are calculated
and analyze by using an open-source software
of OpenFOAM v2.3.1.

2.2 Simulation Domain

Three different computational domains are
adopted in this study as shown in Fig. 1 (a and
b). Each domain is characterised by the length
in each direction in term of streamwise (Lx),
spanwise (Ly) and vertical (Lz) directions.
Casel is defined as 2H x H x 6H (one canyon:
small), 6H x H x 6H for Case2 (three canyons:
medium) and /0H x H x 6H for Case3 (five
canyons: large) (see Table 1). Casel with a grid
size of H/16 is used for validation with the wind
tunnel experiment by Michioka [42] and Brown
[45] as depicted in Fig. la.

To investigate the correlation of the domain size
and grid resolution size, three runs are
implemented (see Fig. 2, 3 and 4) for coarse
(H/8), medium (H/16) and fine (H/32)
resolution run where define as G8C, G16C and
G32C, respectively. A uniform height (H=0.12
m) of square arrays are arranged at the bottom
surface corresponds with the domain size. As
the aspect ratio of all simulations is unity, the
height of the domain was set to 6H as proposed
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by Franke [46] and the spanwise domain length
was kept at H, since the effects of the spanwise
direction was not concerned in this study, which
adopted the two-dimensional analysis.

Free Slip
———— __
—) >
Wind
Flow J
|
_ >/ _
Cycelic o/ Cyclic L.=6H
z y
¥
> = Lijﬁ_ -
Ly=H
0.5H H
(a)
L~=10H(Case3)
L,=6H (Case2)
L.=2H (Casel)
<=
| | L.=6H
z
al
—>
Leeward  Windward
05H H H wall wall
(b)

Figure 1. Schematic of the computational domain
adopted in this study (a) Case 1 for validation
purpose (b) Configurations of simulated urban
street canyon for Case 1, Case 2 and Case 3

Figure 2. Diagrams of the Run Case 1 for Grid
Size Resolution of H/8, H/16 and H/32

Table 1. Computational Domains and Total

Grids
G8 Case 1 Case 2 Case 3
L«/H 2 6 10
Ly/H 1 1 1
L,/H 6 6 6
Nx 16 48 80
Ny 8 8 8
N, 48 48 48
Number of 5632 45056 229376
cells
Gl6
L«/H 2 6 10
L,/H 1 1 1
L/H 6 6 6
Ny 32 96 160
Ny 16 16 16
N, 96 96 96
Number of 16896 135168 688128
cells
G32
L/H 2 6 10
L,/H 1 1 1
L/H 6 6 6
Nx 64 192 320
Ny 32 32 32
N, 192 192 192
Nurnt1>1er of 28160 225280 1146880
cells

Figure 3. Diagrams of the Run Case 2 for Grid
Size Resolution of H/8, H/16 and H/32

Figure 4. Diagrams of the Run Case 3 for
Grid Size Resolution of H/8, H/16 and H/32
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To simulate infinitely repeated street canyons
cyclic boundary conditions are applied for both
directions of streamwise and spanwise. The
bottom surface and building surfaces are
subjected to no-slip boundary conditions, while
the velocity components at the top boundary are
subjected to free-slip boundary conditions. This
conditions allowed for the velocity normal to the
boundary and the velocity gradient along the wall
to be zero. The summary inflow boundary
condition for the LES model is shown in Table 2.

Table 2.
LES Boundary Conditions
Boundary condition Velocity (u)
Inlet Cyclic
Outlet Cyclic
Top Slip
Bottom Non-slip
Side Wall Cyclic
Block Non-slip

To keep the mean velocity over a cross-section
at 2 m/s, an additional source term in the
Navier-Stokes (NS) equations is used to drive
the flow. The time step is set to 1.0 x 10 to
ensure the mean Courant number is less than
one. The sampling frequency of the data is
500Hz. For all cases of simulations for this
study, the Reynolds number was in the range of
10000-12000, indicating that a fully developed
turbulence flow was produced by using current
LES model.

RESULTS AND DISCUSSION

3.1 Model Validation

As is well known, the validation process is
required to determine the accuracy and
dependability of the CFD simulation results. The
degree to which a model accurately represents the
real world from the perspective of the intended
model uses can be defined through validation.
One of the most effective approaches to get
perfect practice with a CFD is to compare it to
published or experimental data Oberkampf [47].
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For this study, the dimensions of the building
model and computational domain were chosen
to compare the obtained results of this study
with the experimental study results of Michioka
[42] and Brown [45]. Michioka [42] performed
the research in the Central Research Institute of
Electric Power Industry's wind tunnel facility
(CRIEPI) for two-dimensional street canyon
model. The wind tunnel was built in a bigger
test section (170 m x 3.0 m x 1.7 m) and
consisted of a series of 25 evenly spaced bars.

Meanwhile, Brown [45] -carried out the
experiment in the US Environmental Protection
Agency's meteorological wind tunnel. An

idealised street canyon with unity aspect ratio
are made up of six identical canyons formed
from seven identical square cross-section
building components (0.15 m x 3.8 m x 0.15 m).
The turbulent flow sample was taken at the sixth
street canyon, which features fully developed
wind profiles.

Fig.5 shows a vertical profile of the streamwise
mean velocities of current LES at three vertical
plane positions within a target street canyon
together with the wind tunnel experiments. As
mentioned before, the validation has been
performed by using Case 1 (one street canyon).
The current LES results agree well with the
previous wind tunnel by Brown [45] and
Michioka [42] particularly inside the canyon. At
(z/H<1), the reversed flow 1is successfully
reproduced at all measured positions. However,
approximately at (z/H>1), the profile of mean
vertical velocity for current LES is quite steep
compared to the profile of wind-tunnel
experiment by Michioka [42] and more obvious
in Brown [45]. The difference may have
resulted from the coarse roof-level mesh
resolution near the roof level where strong wind
shear is present as well as due to limited domain
size as suggested by Cui [40] The current LES
does not have a refined mesh structure near the
building level and thus attribute to the
insufficient numbers of small eddies within the
LES system.

On the other hand, the current LES adopts a
limited domain size that allows only those eddies
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whose sizes are smaller than half the canyon
width (e.g. 0.12 m) to be developed where this is
not the case in the wind tunnel experiments. The
larger eddies whose sizes are larger than canyon
width can be properly produced by the roughness
elements and instability of flow in upstream
locations resulted from the fact that those
maximum eddies are confined by the dimension
of the cross-section of the tunnel itself.
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Figure 5. Vertical profiles of streamwise mean
velocity at x/H=0.25, x/H=0 and x/H=-0.25
respectively. Current LES: solid line, Michioka
etal, [42]: empty circle and Brown et al., [45]:
empty triangular

Therefore, with the availability of these extra
eddies, more intensive momentum transfer from
the mean wind to inside the canyon could happen
and thus developed a stronger primary vortex.
Apart from the differences, considering the
profiles of current LES become smoother across
the building height as predicted in the wind-tunnel
experiment, it is acceptable that the current LES
reproduces the mean flow field inside and over the
street canyon and the fully developed wind
profiles have been sampled. It should be noted
that the limited domain size has been selected for
this study for economic reasons as well as due to
limitations of computer resources.

3.2 Flow and Turbulent Statistic
This section analyzes the influence of two key
computational parameters; domain size and grid

resolution on the turbulent flow structure within
the idealized street canyon. The subsequent
discussion also examines the corresponding
effects on momentum transport statistics. The
LES results were obtained by decomposing
instantaneous flow variables into mean and
fluctuating components, as the mean values
provide a more reliable representation of overall
flow characteristics. Due to computational
constraints, the analysis was conducted along
the central plane of the domain, excluding
variations in the spanwise (y) direction.
Comparisons among cases were performed
along five vertical lines within the canyon to
assess velocity and turbulence distributions as
shown in Fig. 6. To characterize the overall
flow behavior, spatial and temporal averages of
the flow field were evaluated in the x—z plane at
the centerline (y/H = (). Results are presented in
statistical profiles for each grid resolution (C1G,
C2G, C3G) and domain size (G8C, G16C,
G320).

x=-043H x=-023H x=0H x=025H x=045H

z M\

v
|

Figure 6. The Positions for Data Comparison
where the Blue Line is x/H = —0.45, Red Line is
x/H = -0.25, Black Line is x/H= 0, Purple Line

is x/H = 0.25 and Green Line is x/H = 0.45

3.2.1 Mean Velocities Components

Fig. 8 and Fig. 9 presents the vertical
distribution of the normalized streamwise
velocity (u) and vertical velocity (w) at five
positions within the target street canyon of unity
aspect ratio. The first measurement point (x/H =
—0.45) corresponds to the upstream wall on the
leeward side, while the subsequent positions at
x/H = —0.25, 0, 0.25, and 0.45 represent the
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leeward quarter line, canyon centerline,
windward quarter line, and windward wall,
respectively. The vertical coordinate (z) was
normalized by the building height (H), and the
velocity statistics were normalized by the
reference velocity (uref)) measured at z = 2H,
where the flow field was relatively uniform and
the wind speed remained nearly constant. The
comparison includes all three computational
domains—Case 1, Case 2, and Case 3—ecach
simulated with coarse (G8C), medium (G16C),
and fine (G32C) grid resolutions.

As shown in Fig. 8, all cases produced similar
streamwise  velocity (u) profiles. LES
effectively captured the reversed flow region
(zH < 1.0), indicating the primary vortex, and
the shear layer formation near the building
height due to flow separation similar to previous
studies by Cui et. al. [40], Michioka et. al. [42]
and Liu & Wong [48]. Above the rooftop, the
velocity gradients became smoother across all
cases, reflecting frictional damping. Variations
above the canyon (z/H > 2.5) were more
pronounced for coarse grids, where the
streamwise velocity gradient was noticeably
steeper. At z/H = 5, the mean velocity
differences between coarse and fine grids
ranged from 8.5-10.3% (C1G), 2.9-11.2%
(C2G), and 1.9-74% (C3G), confirming
improved consistency with grid refinement.

Fig. 9 shows the wvertical velocity (w)
distribution, where all cases exhibited
comparable trends within the canyon (z/H <
1.0). The upward flow transported aged air
outward, while the downward motion
recirculated cleaner air toward the canyon core.
However, coarse-resolution runs slightly
underestimated w values, reflecting limited
resolution accuracy. At z/H = 0.5, variations
between coarse and fine grids ranged from
50.7-60.1% (C1G), 65.5-70.3% (C2G), and
31.7-46.8% (C3G). Overall, finer and medium
grids produced smoother and more stable
profiles compared with the coarse grid.

These findings highlight that LES performance
strongly depends on grid resolution. The coarse
grid failed to resolve the full range of large
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eddies responsible for momentum and scalar
transport, leading to deviations in the velocity
fields. Since LES resolves large, energy-
containing structures while modeling smaller
eddies via subgrid-scale closure, adequate grid
density is essential. Hence, finer meshes (H/16
and H/32) yielded better prediction accuracy
and more realistic flow representation within the
street canyon [49].
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Figure 8. Vertical Profiles of the Mean
Streamwise Velocity for All Cases of Domain
Sizes, (a) Casel (b) Case2 and (c) Case3 with
Different Grid Resolution at x/H=-0.45, -0.25,

0, 0.25 and 0.45. The Square Dot Lines Refer to
the: Grid 8 (Coarse), Dash Line: Grid 16
(Medium) and Solid Line: Grid 32 (Fine)
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Figure 9. Vertical Profiles of the Mean Vertical
Velocity for All Cases of Domain Sizes, (a)
Casel (b) Case2 and (c) Case3 with Different
Grid Resolution at x/H=-0.45, -0.25, 0, 0.25 and
0.45. The Square Dot Lines Refer to the: Grid 8
(Coarse), Dash Line: Grid 16 (Medium) and
Solid Line: Grid 32 (Fine)

3.2.2 Standard Deviation Components

Fig. 10 and Fig. 11 show the vertical distributions
of the standard deviations of streamwise and
vertical velocities (o) and ow)), highlighting the
effect of grid resolution on LES performance
within the 2D street canyon with various size
domains. Within the canyon (z/H < 1.0), all runs
produced comparable results, except for the coarse
grid, which exhibited noticeable deviations in c,
(Fig. 10). The maximum ocu, and ow) occurred
near the rooftop, representing strong shear-
induced turbulence, and were well captured in the
medium and fine grid cases but underpredicted by
the coarse grid.

Both cu) and ow) decreased toward the canyon
floor due to the no-slip boundary condition, where
viscous effects dampened velocity fluctuations
and suppressed turbulence generation. Above the
canyon (z/H > 1.0), stronger variability in cu
appeared, particularly in the small domain (C1G).
At z/H =5, o, for the coarse grid (G8) was about
20% lower than for the medium (G16) and fine
(G32) grids, while percentage differences for C2G
and C3G ranged from 3.2-11.4% and 2.4-28%,
respectively. A steeper ou) gradient was also
observed for the fine grid in the large domain
(C3G) above z/H > 4, indicating improved
resolution of shear structures.
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Figure 10. Vertical Profiles of the Streamwise
Standard Deviation for All Cases of Domain
Sizes, (a) Casel (b) Case2 and (c) Case3 with
Different Grid Resolution at x/H=-0.45, -0.25,
0, 0.25 and 0.45. The Square Dot Lines Refer to
the: Grid 8 (Coarse), Dash Line: Grid 16
(Medium) and Solid Line: Grid 32 (Fine)
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As shown in Fig. 11, ow) exhibited similar
behavior with greater variation above the canyon.
At z/H = 5, differences among grid resolutions
were 20.5-42.8% for C1G, 14.2-25.5% for C2G,
and 3.7-16.7% for C3G. Both ocm) and ow)
magnitudes increased from leeward to windward,
reflecting intensified shear and recirculation near
the windward wall. Overall, coarse grids
dissipated small-scale turbulence and
underestimated velocity fluctuations, whereas
finer grids more accurately resolved the energy-
containing eddies and provided higher fidelity in
representing the canyon flow dynamics.
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Figure 11. Vertical Profiles of the Vertical
Standard Deviation for All Cases of Domain
Sizes, (a) Casel (b) Case2 and (c) Case3 with
Different Grid Resolution at x/H=-0.45, -0.25,
0, 0.25 and 0.45. The Square Dot Lines Refer to
the: Grid 8 (Coarse), Dash Line: Grid 16
(Medium) and Solid Line: Grid 32 (Fine)
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3.2.3 Turbulence Kinetic Energy (TKE)

Similar to the mean velocity components, the
turbulence  kinetic energy (TKE) was
normalized using the reference velocity (uref))
measured at z = 2H, as shown in Fig. 12. The
decomposition of instantaneous flow into mean
and fluctuating components produced variance
terms, whose square roots represent the velocity
fluctuations. Half the sum of these variances
corresponds to the mean kinetic energy per unit
mass contained in the turbulent motions. TKE is
a key parameter for evaluating LES
performance, as it reflects the ability of the
model to capture energy-containing eddies. To
examine the effects of grid and domain size,
TKE values were extracted at zH = 1.0 (roof
level) and z/H = 5.0 (above the canyon) for all
simulation cases.

Fig.12 shows the vertical profiles of TKE
inside and above the street canyon. A distinct
TKE peak appeared near the rooftop (z/H =
1.0) for all simulations except the coarse-
resolution case (G8), where only a mild peak
was observed. Large discrepancies were
evident among the coarse-grid runs (CIG,
C2G, and C3G), confirming the resolution
sensitivity of LES results. In general, TKE
values above the canyon were substantially
higher than those within the canyon, as the
shear layer generated strong turbulence over
the roof, while the weaker recirculating flow
below produced relatively uniform and low
TKE distribution [48].

To quantify the grid resolution effect, the
TKE variation ratio between coarse and fine
grids was computed. At z/H = 1.0, variations
of 27-55.6%, 23.2-30.2%, and 25.5-32.0%
were recorded for runs C1G, C2G, and C3G,
respectively. Above the canyon, the coarse-
grid profile exhibited a steeper gradient than
the finer-resolution cases, indicating less
stable turbulence representation. Despite
general agreement below roof level, the
differences near z/H = 1.0 highlight the
critical influence of grid size on LES
performance in urban canyon flows.
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Figure 12. Vertical Profiles of TKE for All
Cases of Domain Sizes; (a) Case 1 (b) Case 2
and (c) Case 3 with Different Grid Resolution at
x/H=-0.45, -0.25, 0, 0.25 and 0.45. The Square
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Line: Grid 16 (Medium) and Solid Line: Grid
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The TKE peak near the windward wall
corresponded to the shear layer formed by flow
separation at the leeward building edge—
recognized as the primary source of turbulence
in isothermal canyon flows. High TKE values at
the roof corners confirm this mechanically
driven turbulence production. Conversely,
smaller and more uniform TKE distributions
near the leeward wall indicated low local
velocity gradients. Among the simulations, C3G
(fine resolution, large domain) produced the
most consistent and realistic TKE distribution,

while  coarse-grid  runs  systematically
underestimated TKE  magnitudes. These
discrepancies align with the observed

underprediction of velocity (Fig. 8-9) and
standard deviation components (Fig. 10-11),
suggesting that coarse grids failed to fully
capture the energy exchange between the high-
momentum flow above the canyon and the low-
momentum recirculating air below, as similarly
reported by Cui et al. [40].

3.2.4 Reynold Shear Stress

Fig. 13 presents the Reynolds shear stress
profiles obtained from the LES simulations for
different grid resolutions (C1G, C2G, and C3G)
at five locations within the target street canyon.
An increase in Reynolds shear stress magnitude
was observed above the canyon for all cases as
grid resolution improved from coarse to fine.
The coarse and medium grid runs generally
underestimated the Reynolds shear stress and
failed to capture a distinct peak near the
building height. In contrast, the fine grid
simulations produced well-defined profiles,
showing clear maxima at the windward roof
edge, consistent with the expected location of
strong shear-layer formation.

The most pronounced increase in Reynolds
shear stress with grid refinement occurred in the
small-domain case (C1G), as shown in Fig. 13
(a). At zZH = 1.0, the coarse grid predicted
values approximately 32.4-59.9% lower than
the medium and fine resolutions. For C2G and
C3@G, the variation was less significant, with
percentage differences of 25.4-36.8% and 27.3—
32.6%, respectively. At higher elevations (z/H >
4), the shear stress profiles tended to converge
across all cases, indicating improved agreement
above the canyon except for the coarse grid in
the small domain. Within the canyon, all
simulations showed relatively small shear stress
values compared to those above the rooftop,
consistent with weaker turbulence intensity
below the shear layer.

The discrepancies observed for coarse and
medium grids were consistent with the low TKE
values reported in Fig. 12. This correlation

62 International Journal for Computational Civil and Structural Engineering



Les Sensitivity to Domain Size and Grid Resolution in Idealized Urban Street Canyon

suggests that reduced TKE production is
associated with lower Reynolds shear stress,
highlighting the coupling between turbulent
kinetic energy and momentum transport in the
flow field. The insufficient grid resolution limits
the ability of LES to resolve small-scale eddies,
resulting in underpredicted shear stress
magnitudes.
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Figure 13. Vertical Profiles of Reynold Shear
Stress for All Cases of Domain Sizes, (a) Case 1
(b) Case 2 and (c) Case 3 with Different Grid
Resolution at x’H=-0.45, -0.25, 0, 0.25 and
0.45. The Square Dot Lines Refer to the: Grid 8
(Coarse), Dash Line: Grid 16 (Medium) and
Solid Line: Grid 32 (Fine)

Overall, the fine grid resolution (G32) yielded

the most accurate and consistent representation
of Reynolds shear stress, effectively capturing

Volume 22, Issue 2, 2026

the momentum exchange between the velocity
fluctuations within and above the canyon.
Furthermore, regardless of the domain size
(Case 1, Case 2, or Case 3), the Reynolds shear
stress profiles were in good agreement when
simulated with fine grid resolution, confirming
that grid refinement has a more dominant
influence on LES performance than the
computational domain size.

3.3 Data Comparison: Computational
Domain and Grid Resolution

The streamwise mean velocity and velocity
fluctuation of standard deviation as well as the
Reynold shear stress components were used to
represent the performance of the LES data. The
percentage variation of ratio value for each
component cases are presented in graph to
determine the contribution of both parameters
that could influence the accuracy of LES
simulation inside and above the street canyon.
Secondly, comparison was then conducted on
those three components using the results from
the wind tunnel data by Michioka et. al., [42].

3.3.1 Mean Velocity

Fig. 14 compares the streamwise mean velocity
profiles from the LES simulations with the wind
tunnel measurements of Michioka et al. [42] at
x/H = 0. All simulation cases showed good
agreement with the experimental data,
particularly within the canyon and near the
rooftop level. Noticeable variations among
cases appeared only at higher -elevations,
especially for the grid resolution runs (Figures
14 a—c).

Overall, the current LES successfully
reproduced the mean velocity distribution and
yielded comparable results regardless of the
computational domain size. In contrast,
variations in grid resolution had a minor but
consistent effect, where refinement from coarse
to fine grids slightly increased the mean velocity
magnitude without significantly altering the
overall statistical profile. This suggests that the
mean velocity field is relatively insensitive to
both domain size and grid resolution, a trend
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consistent with the findings of Cui et al. [40]
and Cheng and Liu [41]. Considering
computational efficiency, the use of a smaller
domain with medium or fine grid resolution is
deemed sufficient and reliable for predicting
mean flow characteristics in a two-dimensional
urban street canyon.

x/H=0 xH=0 xH=0

6 5 T 6 5 6

] H ] ]
5 H 5 5 ]

] il ]
= A +
= ] ]
7.:]3; 3 3;
2] 2 2 ]
1] 1 1]
04 01 01

0505 15 25 -0505 15 25

0505 15 25
W/ Upeg Wipep W/ Upeg
(a) (b) ()

Figure 14. Comparison of Vertical Profile
Streamwise Mean Velocity by Domain Run and
Grid Resolution Run, (a)(b) and (c) with Wind
Tunnel Experiment by Michioka et al., (2011)
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3.3.2 Standard Deviation

Fig. 15 compare the streamwise velocity
fluctuation components (standard deviation) for
different computational domains and grid
resolutions. Larger variations were observed in
the coarse-resolution (G8C) and small-domain
(C1G) simulations compared to other cases,
indicating stronger grid dependence under
limited domain conditions.

When compared with the wind tunnel
experiment by Michioka et al. [42], the LES-
predicted standard deviations were generally
lower, as shown in Fig. 15. This discrepancy
can be attributed to the restricted computational
domain and the absence of a refined mesh near
the roof level, where strong wind shear and
turbulent mixing occured. The smaller domain
may have constrained the shear layer
development above the buildings, resulting in
weaker resolved velocity fluctuations [50].
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Additionally, the exchange of high-momentum
air above the canyon and low-momentum air
within the canyon was less active in the coarse-
grid simulations compared with the fine-
resolution cases [40], further reducing
turbulence intensity.

Despite these limitations, the overall profile
patterns indicated that fine-grid LES runs
successfully captured the dominant turbulent
velocity fluctuations inside the canyon, largely
independent of domain size (Fig. 15 (a)—(c)).
This finding suggests that a medium
computational domain combined with a fine
grid resolution offers a practical balance
between  computational  efficiency and
simulation accuracy. Such a configuration was

able to reproduce the essential turbulent
characteristics within the street canyon while
minimizing  computational cost  without
significant loss of fidelity.
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Figure 15. Comparison of Vertical Profile
Streamwise Standard Deviation by Domain Run
and Grid Resolution Run, (a)(b) and ¢ with
Wind Tunnel Experiment by Michioka et al.,
(2011) [6]. Symbol Refer as Previous

3.3.3 Reynold Shear Stress

Fig. 16 presents the comparison of Reynolds
shear stress for the different computational
domains and grid resolution cases. As observed
in Fig. 16 (a), the trend closely mirrors that of
the velocity fluctuation results discussed in
Section 3.3.2, where larger variations occurred
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in the coarse-resolution (G8C) and small-
domain (C1G) simulations compared with other
cases. The Reynolds shear stress within the
street canyon showed minimal sensitivity to
domain length, indicating that extending the
computational domain did not substantially
enhance turbulence representation. However,
grid resolution had a more pronounced effect on
the momentum transport characteristics within
the urban boundary layer. The fine-grid
simulations (G32) provided better-resolved and
more comparable results, effectively capturing
the shear-layer dynamics and momentum
exchange processes above the canyon.

These results also aligned well with the wind
tunnel data, although the LES slightly
underpredicted the Reynolds shear stress
magnitude. This difference is likely due to the
limitations in grid resolution and subgrid-scale
modeling, which may dampen small-scale
turbulence production.
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Figure 16. Comparison of Vertical Profile
Reynold Shear Stress by Domain Run and Grid
Resolution Run; (a)(b) and (c) with Wind
Tunnel Experiment by Michioka et al., (2011)
[6]. Symbol Refer as Previous

Overall, grid resolution was found to have a
greater influence on LES performance than
domain size. While the small-domain simulation
adequately reproduced the general fluctuation
trends, it exhibited less smoothness compared
with the medium and large domains. Hence, the
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present study suggests that a medium
computational domain, coupled with a fine grid
resolution, offers an optimal balance between
computational efficiency and accuracy for
momentum transport analysis in urban street
canyons.

CONCLUSION

This study evaluated how grid resolution and
computational domain size influence LES
predictions of turbulent flow within an idealized
street canyon. The results show that mean
velocity profiles were only marginally affected
by grid refinement and were largely
independent of domain size, with all simulations
agreeing well with available wind-tunnel data.
Mean flow characteristics could therefore be
captured reliably even with a small domain
when medium or fine grid resolutions were
used.

In contrast, turbulence quantities such as
velocity fluctuations, Reynolds shear stress, and
momentum transport, were strongly dependent
on grid resolution. Domain size had a weaker
influence, and LES systematically
underpredicted these turbulence  statistics
compared with wind-tunnel measurements. This
discrepancy was attributed to limited domain
extent and insufficient mesh refinement near the
roof level, which restricted the formation of
large eddies and reduced momentum transfer.
Overall, grid resolution played a more critical
role than domain size in reproducing the
turbulent structure of canyon flow. For accurate
turbulence analysis, a fine grid combined with a
sufficiently large domain is recommended.
However, a medium domain with fine resolution
may offer an acceptable balance between
computational cost and accuracy, particularly
when mesh refinement is applied in key regions.
These findings provide practical guidance for
optimizing numerical resources in LES studies
of urban street canyons without compromising
predictive reliability.
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CORRECTION FACTOR FOR HEAVY CONCRETE MIX DESIGN
USING LOW-QUALITY AGGREGATES
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Abstract: This study investigates an experimental-analytical approach to improving the accuracy of calculating
the nominal composition of heavy concrete using a database of test protocols from NEFU (2015-2025). Particular
attention is paid to working with low-quality aggregates — sand with a fineness modulus below 1.4. Significant
discrepancies between the calculated and actual concrete compositions were identified, reaching up to £250 kg/m°.
A corrective coefficient linking the cement-to-water ratio (C/W) with the proportion of aggregates is proposed. Its
application reduced the error to +60—150 kg/m* and improved the convergence of results to 1.5% without loss of
strength. It is shown that the strength of concrete incorporating very fine sand (fineness modulus < 1.4) exhibits
higher sensitivity to variations in the C/W ratio within a narrow range of 1.3-2.7. The discrepancy between calcu-
lated and actual concrete density varies widely, leading to material overconsumption and reducing the reliability
of computational mix design methods. An empirical relationship has been established linking the key variable mix
parameters (water-cement ratio and aggregate proportion), which can be used as a correction factor. Without the
coefficient, the deviation range was 1.8-5.0%, while with its application it ranged from —0.6% to 1.5% without
deterioration of concrete mixture properties or physical and mechanical characteristics.

Keywords: heavy concrete, mix design, experimental coefficient, experimental data, C/W ratio, database

MONMPABOYHBIN KO®®ULUEHT JJISI IOABOPA COCTABA
TSKEJOTO BETOHA HA HU3KOKAYECTBEHHBIX
3ANOJHUTEJSX

AJL Ionos’, J.®. @eoopos ', I'ao Llyaii ', B.B. Cmpokoea ’

! Unkenepuo-rexundeckuii uHCTUTYT CeBepo-BocTounoro denepansroro yuusepcutera umenn M.K. AMmocosa
(CB®Y), r. Sdxytck, POCCHUA
2 UmKeHEPHO-CTPOMTENBHBIA HHCTUTYT BENropoIcKOro rocy1apCTBEHHOTO TEXHOJIOTMYECKOTO YHUBEPCUTETA
um. B.I'. Hlyxosa (BI'TY), r. Bearopoa, POCCUA

AHHoTanms: B cTaTbe ucciemyercs SKCIepUMEHTANbHO-aHATUTHIECKUH MOAXO0/ K TIOBBIIIIEHHIO TOYHOCTH pacuéra
HOMHHAJIBHOTO COCTaBa TSDKENOTo OETOHA C MCIIONB30BaHMEM 0a3bl NAaHHBIX MPOTOKOIOB mcnbiTaHmid CBOY 3a
2015-2025 rr. Ocoboe BHUMaHHUE YACICHO Pad0Te ¢ HU3KOKAYECCTBCHHBIME 3aIOJHUTEIIAMHE — [IECKOM C MOJYJICM
KpynHOCTH MeHee 1,4. BbIsBIIeHBI CyIleCTBEHHbIC PACXOXKICHUSI MKy PACUETHBIM M (JaKTHYECKHM COCTaBaMu Oe-
ToHa, focturatonpe £250 kr/v?. [pemioxkeH KoppeKTupyoommii KooGUIUEHT, CBI3bIBAIONIMN IEMEHTHO-BOJAHOE
ornomenwue (LI/B) ¢ noxeit 3anonuauteneii. Ero npuMeHeHne nNo3Boimio CHU3UT OmHOKy 10 £60—150 kr/M® n yiyu-
HIUTH CXOIUMOCTh Pe3ynbTaToB 10 1,5 % 6e3 morepu npouHoctu. [TokazaHo, 4To NPOYHOCTH OETOHA HA OUEHB MeJl-
kux reckax (Mxp < 1,4) nposiBIIsieT MOBBIIICHHYIO YyBCTBUTEIFHOCTh K M3MeHeHuIo LI/B oTHOIIEHNs B y3KOoM JHa-
nazone 1,3-2,7. PacxoxxaeHne Mexay pacuéTHOM M (paKTHIECKOH IUIOTHOCTHIO OETOHA BapbUpyeTCs B IMPOKHX
npesierniax, 9To BeAET K Mepepacxoy MaTepHalioB U CHIDKACT HaJEKHOCTD BBIYNCIUTEIBHBIX METOIOB O100pa co-
CTaBa. Y CTAaHOBJICHO SMITMPUUECKOE BHIPAKECHHE, CBSI3bIBAIOIIEE BAPbUPYEMbIE TTAPAMETPBI CMeCH (BOIOLIEMEHTHOE
OTHOIIIEHHUE M JIOMIO 3aIMOIHUTENEH), KOTOPOE MOKET HCIIOIb30BATHCS B KAYECTBE MOMPABOYHOTO KO3((HIUEHTA.
be3 koapdummenta quanason otxiioneHnit coctaBimsul 1,8-5,0 %, a ¢ ero mpumenernem — ot —0,6 % 1o 1,5 % 6e3
YXY/ALICHHS] CBOHCTB OETOHHON CMECH M (PH3UKO-MEXaHHIECKHX XapaKTEePUCTHK.

KuaroueBble ciioBa: TsoKENBINM OETOH, 110100p COCTaBa, SKCIIEPUMEHTAIBbHBIN KOd(dumeHT,
9KCIEPUMEHTAIIbHBIE JJaHHbIE, [IEMEHTHO-BOAHOE OTHOIICHHE, 0a3a JaHHbBIX
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INTRODUCTION

Modern construction technologies demand precise
design of concrete mixtures considering multiple
factors: strength, workability, durability and cost-
effectiveness [1, 2]. However, traditional mix de-
sign methods based on manual calculations and
trial batches remain labor-intensive and prone to er-
rors, making experimental-analytical approaches
incorporating statistical data processing and com-
puter modeling particularly relevant [3, 4, 5].
Research across various scientific fields demon-
strates that combining experimental data with
mathematical modeling significantly improves
calculation accuracy [6, 7]. Promising develop-
ments include integration of material databases
[8], application of semi-empirical models [9] and
automation of trial batches, which together with
advances in artificial intelligence and big data
open new possibilities for construction materials
design[10, 11, 12]. In concrete science, the main
challenges of manual mix design stem from com-
ponent variability (cement, aggregates, admix-
tures), multiple influencing factors (water-ce-
ment ratio, curing conditions) and calculation
complexity [12], prompting development of spe-
cialized software like the Borland Delphi 7 pro-
gram automating heavy concrete mix design con-
sidering required strength and component prop-
erties [12]. Successful implementation of such
methods requires comprehensive databases with
well-defined dependencies for use as adjustment
coefficients in calculated concrete mixes.
Practical experience in concrete design shows that
when using low-quality aggregates (fine aggregate
fineness modulus below 1.4), producing quality
concrete mixtures requires high-performance
chemical admixtures and reduced proportion of
such inferior components. This aspect remains in-
sufficiently addressed in scientific literature. While
existing concrete design guidelines recommend de-
creasing fine aggregate content with increasing ce-
ment quantity, for concretes with fine aggregate
fineness modulus below 1.4 this proportion must be
further reduced to control workability - a non-
standard case not covered by current recommenda-
tions, leading to significant discrepancies between

design and actual compositions [13, 14]. It should
be noted that concrete research advancements have
introduced increasingly diverse components into
concrete mixtures [15-18]. However, concrete the-
ory considers water-cement ratio and aggregate
proportions as primary variables significantly af-
fecting concrete properties, meaning other mix pa-
rameters' influence can only be determined through
data analysis.

This study aimed to improve accuracy of nominal
concrete mix design calculations using an exper-
imental-analytical approach incorporating data-
base analysis. The research addressed the follow-
ing tasks: compiling a database from concrete
mix design protocols conducted at NEFU; ana-
lyzing data for compliance with formal logic and
determinability through nominal mix design
methods; deriving sufficiently reliable dependen-
cies for use as adjustment coefficients in nominal
concrete mix design calculations.

SUBJECT, OBJECTIVES, AND METHODS

The database was compiled from records of mix
design and testing of heavy concretes obtained at
NEFU (North-Eastern Federal University) be-
tween 2015 and 2025. The dataset included 95
mix design protocols for heavy concretes, featur-
ing concretes with compressive strengths ranging
from 11 to 63 MPa, fresh concrete mixture den-
sities from 2274 to 2534 kg/m?, and concrete
slump values from 6 to 17 cm, corresponding to
workability grades P2—P3 (Figure 1). According
to the protocols, the concretes were produced us-
ing: sands with bulk density of 1211-1511 kg/m?,
true density of 2600-2714 kg/m* and fineness
modulus of 1.14-1.34 (Figure 2); crushed stone
with bulk density of 1366-1438 kg/m?, true den-
sity of 2600-2680 kg/m?* and fractional composi-
tion of 5-10, 5-20, 10-25 mm (Figure 3).

The heavy concrete mix design calculation is
based on GOST 27006 and its methodological
manual "Recommendations for mix design of
heavy concrete and fine-grained concrete mix-
tures".
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Equation (1) determines the cement-water ratio
(C/W) that approximately provides the required
average strength of concrete class at design age
(28 days).

28_0,06xR2%+13
0,24xR28+13

cw =28

(D

rae C/W — the cement-water ratio providing the
required concrete strength;
R:*® — the cement strength (activity), taken equal
to the cement class indicator upon its compliance
after laboratory tests, MPa;
Rv*® — the required average strength of normally
cured concrete class at 28 days age, MPa.
During mix design, the average class strength is
set equal to the concrete strength at variation co-
efficient Vn = 13,5%. For this purpose, the speci-
fied concrete class is multiplied by the specified
strength coefficient Kt equal to the specified var-
iation coefficient (formula 2).
R2® = B X Ky, (2)
rne B — strength value corresponding to the
adopted concrete class, MPa
Kr— specified strength coefficient.
The water consumption (W) is determined based
on the water demand of the concrete mixture, de-
pending on the required workability and the type
of plasticizing admixture.
With known water content (W) and cement-wa-
ter ratio (C/W), the cement content (C) per 1 m?
of concrete can be calculated.
C=(C/W)yxWw, 3)
where C/W — cement-water ratio;
W — water content.
The absolute volume of aggregates, Va (L), is
then calculated using the formula:
V, = 1000 — W/p,) — (C/po), (4
where pc — true density of cement, kg/L;
pw — density of water, taken as pw =1 kg/L.

The quantity of fine aggregate (S) in the absolute
volume of aggregates is calculated by the for-
mula:
S ="Va X1 Xps, (5)

where S — sand content, kg/m?;
1s — proportion of sand in the aggregate mixture;
ps — true density of sand particles, kg/L.
The quantity of coarse aggregate is calculated by
the formula:

CA = Vg X (Tca) X Pcas (6)
Where CA — coarse aggregate content, kg/m?;
rca — proportion of sand in the aggregate mixture;
Pca — average density of crushed stone particles,
kg/L.
According to concrete mix design rules, after ob-
taining the nominal mix composition with speci-
fied properties, its average density is determined
according to GOST 10181, and for each compo-
sition the actual material consumption per 1 m?
of concrete is calculated using the formula:

CS.CAW.Ad=Z2X g canar, ()
Where C, S, G, W, and Ad — actual consumption
of cement, fine aggregate, coarse aggregate, wa-
ter, and admixture per 1 m* of concrete, respec-
tively, kg;
ge, @5, Gea, @w, ad — Mass of cement, fine aggre-
gate, coarse aggregate, water, and admixture in
the batch, respectively, kg;
pmix — density of the concrete mixture, kg/m?;
g — total mass of all materials in the batch, kg.
The objective of this study was to derive an ex-
perimental coefficient that would allow for closer
alignment between the nominal mix proportions
and the actual material consumption per 1 m?* of
concrete. This approach enables more accurate
prediction of the physical and mechanical prop-
erties of concrete in non-standard mix designs.
To establish the relationships, a period was se-
lected in accordance with GOST 18105, which
requires at least 30 values obtained over a period
not exceeding three months. For the experimental
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validation of the analytical results, the following
raw materials were used:

For heavy-weight concrete, in accordance with
GOST 26633, Portlandcement grade CEM 1
42.5N was used. The cement was produced by
JSC "Yakutcement" and complies with the re-
quirements of GOST 31108-2016 (Table 1).
Fine aggregate: Natural river sand from the
floodplain of the Lena River was used. The prop-
erties of the sand are presented in Table 2.
Coarse aggregate: Limestone crushed stone
(fraction 5-20 mm) produced by LLC "Yakutce-

ment" was employed. The characteristics of the
coarse aggregate are provided in Table 3.
Testing of the obtained concrete mixtures and
hardened concrete was conducted in accordance
with the following standards:

- GOST 10181-2000 "Concrete mixtures. Test
methods" (controlled characteristics of fresh con-
crete)

- GOST 10180-2012 "Concrete. Methods for
strength determination using control specimens"
- GOST 12730.1-78 "Concrete. Method for den-
sity determination"

Table 1. Properties of Portland cement

No Cement quality parameter Unit Value
1 Cement strength class MPa 42,5
2 Standard consistency % 26,5
3 Mass fraction of sulfur (VI) oxide (SOs) % 2,55
4 Mass fraction of chloride ions (CI") % 0,026
5 Initial setting time min 135
6 Signs of false setting — HET
Table 2. Characteristics of river sand
. Requirements according to | Actual
Ne Parameter name Unit d GOST 8736-2014 & values
| Bulk density kg/m? Not standardized 1444
2 Fineness modulus M Over 1.0 t(,), 1.5 (for "very 1,09
fine" group)
3 | Content of dust and clay particles % Max. 5 (for Grade II sand) 0,25
4 True density g/cm? 2,0-2.8 2,62
5 Organic impurities content Reference color Lighter than reference Lighter
6 Void content % Not standardized 44,89

Table 3. Characteristics of limestone crushed stone

. Requirements per | Actual
No Parameter Name Unit G OqST 269.0 _%7 Values
Grain size distribution, full sieve residues:
- 10 mm 90-100 99
1 - 15 mm % 30-60 68
-20 mm <10 5
-25 mm <0.5 0,4
2 Content of dust and clay particles (by mass) % <2 |
3 Content of flaky and elongated grains (by mass) % | Group2 (>10to 15) 13
4 Crushability grade o, Grade M600 14
Mass loss during dry testing (>12to 16)
5 Content of weak grains (by mass) % <10 2
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RESULTS AND DISCUSSION Table 4. Mix design requirements for heavy
concrete
According to the initial mix design requirements | Parameter Specifications
(Table 4), a theoretical calculation of the baseline | Compressive strength B2
composition of heavy concrete was performed | class
following the existing method described above. | Workability grade P3
The calculation was carried out considering a | Production conditions:
sand ratio (r) taken as 0.41, as recommended by | - Molding Vibration
the manual, and as 0.35, based on experience in ] Normal curing (28
designing concrete mixes using the available | - Curing days)
sand. Using the calculated compositions, con- | Raw materials:
crete mixtures were produced, and their techno-  [Bipder: Portland cement
logical propc?rties—workability and density— _Type/grade CEM 142.5N
were determ1'n'ed (Table 5). Subsc?quently, for  [Fipe aggregate River sand
qach composition, the actual material consump- _Fineness modulus (Mk) | 1.09
tion per 1 m?® of concrete was calculated. After - 3
. . -Bulk density, kg/m 1444
that, the concrete mixture was molded into - 3
. . -True density, g/cm 2.65
100%100x100 mm cubes, with 6 specimens per
o . . Coarse aggregate Crushed stone
composition. Following hardening under normal :
. . -Fraction, mm 5-20
conditions for 28 days, the concrete properties— -
. . -Bulk density, kg/m? 1425
average density and compressive strength—were - ;
determined. -True density, g/cm 2.65
Table 5. Properties of concrete mixture and concrete depending on the composition
Ne 1 2 3
C/W ratio 2,2 1,9 2,5
Sand ratio (r) 0,41 0,35 |041 |035 |041 |[0,35
Calculated [ 200 |200 |200 |200 |200 (200
Water (W)
Actual 206 | 210 |205 |[204 [205 |207
Calculated | 440 |[440 |380 |380 |500 (500
Cement (C)
Actual 455 463 | 390 |387 |[513 [518
Calculated | 728 |622 |762 |650 |694 |[593
Sand (S)
Actual 750 | 654 | 800 |662 |711 |[614
Calculated | 1048 | 1154 | 1096 | 1208 | 999 [ 1101
Coarse aggregate (CA)
Actual 1121 | 1214 | 1150 [ 1229 | 1023 | 1140
. . Calculated | 2416 | 2416 | 2438 | 2438 | 2394 | 2394
Density of concrete mixture, kg/m?
Actual 2532 | 2541 | 2545 | 2482 | 2452 | 2479
A, % 4,6 4,9 4,2 1,8 2,4 3.4
Workability (slump, cm) 9 13 6 15 11 15
Density of concrete, kg/m? 2335 | 2432 | 2330 | 2357 | 2327 | 2385
Compressive strength, MPa 32 33,1 |23 22,7 |33 36,7
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Based on the test results, concrete mixtures
obtained from compositions with a sand ratio
(r) of 0.41, as recommended by the manual,
did not meet the workability requirements of
the mix design requirements. Compositions 1
and 3 with a sand ratio (r) of 0.35 fully com-
plied with the design requirements; however,
a significant deviation between the calculated
and actual concrete compositions was ob-
served, ranging from 1.8% to 3.4%. With such
a deviation, the actual cement consumption
may be 18 kg higher per 1 m? than the calcu-
lated value, which is a substantial discrep-
ancy. Therefore, our next task was to derive an
experimental coefficient from the existing da-
tabase that would allow the nominal composi-
tion values to approximate the actual material
consumption per 1 m* of concrete.

To establish the relationships, a period was se-
lected in accordance with GOST 18105, com-
prising 30 values obtained over a three-month
period. In general, the analyzed database sup-
ports the theory of a positive effect of the wa-
ter-to-cement (W/C) ratio (or its inverse, C/W)
on the 28-day compressive strength of concrete
(Figure 4). Notably, the analyzed concrete
compositions show a higher sensitivity of
strength to the C/W ratio (C/W range: 1.3 to
2.7) compared to the relationship presented in
the reference guidelines (C/W range: 0.9 to
2.9). This may be attributed to the poor quality
of sand used in the concretes [13].
Furthermore, the deterministic relationship
between the density of freshly placed concrete
mixture and hardened concrete density (Figure
5) raises questions. The lack of a stable corre-
lation may be attributed to air-entraining and
foam-suppressing admixtures, which cause in-
stability in the early-stage concrete mixture
density (first 15 minutes). Since concrete mix-
ture density values are crucial parameters for
calculating actual mix proportions, subse-
quent work employed the calculated fresh con-
crete density determined by formula (8),
which depends on the average hardened con-
crete density:

Volume 22, Issue 2, 2026

Pmix = 1,01 X pp — 0,26 X C+W  (8)
Thus, more deterministic values of calculated
fresh concrete density can be obtained from the
recorded average hardened concrete density
(Fig. 5).

The data show (Fig. 6) that the difference be-
tween the nominal composition and actual mate-
rial consumption per 1 m? in the analyzed proto-
cols varies widely from -250 to 150 kg per 1 m>.
This represents a significant error leading to ma-
terial overconsumption and reduces the reliabil-
ity of computational methods for obtaining con-
crete mix designs. Given the substantial discrep-
ancy between nominal mix proportions and ac-
tual material consumption per 1 m* of concrete,
the critical task was to derive an experimental co-
efficient that would align these values and, con-
sequently, enable more effective prediction of the
physical-mechanical properties of concrete in
non-standard mixes.

According to concrete theory, the water-ce-
ment ratio (W/C) and aggregate proportion are
considered as the variable mix parameters that
significantly influence concrete properties.
However, there is a lack of research establish-
ing the relationship between these parameters
when determining concrete composition. We
believe that establishing an empirical relation-
ship between these parameters will allow more
efficient calculation of concrete mix designs
using the absolute volume method and reduce
the error between nominal composition and ac-
tual material consumption per 1 m?.

To establish the actual proportions of sand and
coarse aggregate in concrete compositions using
derived equations (9) and (10) from formulas (5)
and (6), we utilized the experimental data pre-
sented in Table 6.

N

TS = s )]
CA
Tea = VaXpca (10)
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Table 6. Data used in calculations for determining aggregate proportions

. True densi ty o £ Bulk density of |Mixture component mass, kg Conc‘rete 28-day
No mix 5 coarse aggregate, density, | strength,
sand, kg/ m kg/m? gc | s | Lca | 8w | Zpl | ad kg/m? MPa
1 2640 2620 47216831186 (203 - | - 2366 35,5
2 2650 2660 491(677|1186|185/3,419,8| 2362 38,8
3 2650 2600 471]688|1172(190/2,8| - 2335 32,7
4 2700 2660 476(672|1183 197 - | - 2375 33,7
5 2620 2630 462|76111138 200 - | - 2335 35,9
95 2680 2650 314|873]11020 |182] - | - 2106 12,4

The analysis demonstrates that the total aggre-
gate fraction does not consistently equal unity
(Figure 7). Notably, a distinct correlation exists
between the increased aggregate content and ce-
ment concentration in the mix. This relationship
can be mathematically expressed by equation
(11) and subsequently employed as a correction
factor for mix design optimization.

K = (0,007 x C + 0,731) (11)

1,20

A similar trend can be observed in external data-
bases using coarser sands (fineness modulus of
the fine aggregate greater than 1.4) (Figure 8)
[19]. It is noticeable that the rate of increase in
the aggregate fraction with higher cement con-
tent is greater when using fine sands.

The application of the derived coefficient to ex-
isting theoretical mix designs reduced the error
range from -250 to 150 kg/m? down to -60 to 150
kg/m? (Fig. 9).

For practical validation, concrete compositions
for class B25 were calculated according to the
method using the obtained coefficient (Table 7).

y =0,0007x + 0,731

R?=0,85

1,00
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Figure 7. Aggregate content in concrete mixes as a function of cement dosage

Volume 22, Issue 2, 2026

81



Alexander L. Popov, Dmitry F. Fedorov, Shuai Gao, Valeriya V. Strokova

o 12 y =0,0007x + 0,7307

3

13} R2 = 0,8564

e 1

) [ N ) [)

‘é y =0,0004x + 0,8133
= 0,8 R?=0,772

1]

3

)

& 0,6

[0

&

% 0,4

c kaggle.com database

£ NEFU database

8

e o

& 100 200 300 400 500 600 700

Cement content in concrete

Figure 8. Proportion of aggregates in concrete compositions depending on cement content
according to different databases

® 200
[ )
58 150
5% 100 1 So .3 o das
°
S 8§ od V% 20 ¢ o o
e 2 50 ' e o o oot
s Concrete Density LY ° ° ® o
28z O ?T"—C .
S 3% 502200 2250 2300 o 2350 240 .%0 24509 2500 o ¢ 2550 2600
$ 53 100 ¢ °
s c B
2 150 ® o °
58 -0 o ®
(©
28 250
[a]

® Difference between the actual density of the concrete mixture and the sum of its components

©® Difference between the actual density of the concrete mixture and the sum of its components,
accounting for the introduced correction coefficient

Figure 9. Deviation between designed concrete composition and measured concrete density

Table 7. Concrete properties depending on mix composition

Sand Coarse | Fresh Density, Hardened Strength
v ra(lgo (c\gfffco (Cc;lrcr;ilctt) (szli?gct) © 35%\' ) (Clglgé ;nA3C N @5 Slllﬁp’ le;,ilitgy ’ (ifgz’
122035 / 220003 /4:407 / 665654 / 11115741 /224fi§95 13 12 2432 331
2| 19035 /220003 /338806 / 665790 / 11220289 /2244:1878 17 14 2357 227
323 0% /210909 / 540907 / 663373 / 111(;)915 /22443284 06 15 2385 367

According to GOST 27006-2019, the actual ma- sumptions were obtained. Based on the obtained
terial consumptions of the concrete compositions data, it can be seen that by applying the coeffi-
were determined, and the average deviations be-  cient, better convergence between the actual and
tween the calculated and actual component con-  calculated compositions can be achieved. With-
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out the coefficient, the range of deviations was
from 1.8% to 4.9%; with the coefficient applied,
the deviations ranged from -0.6% to 1.5%. More-
over, no deterioration occurs in the technological
properties of the concrete mixture or the physical
and mechanical characteristics.

CONCLUSION

This study aimed to improve the accuracy of
nominal concrete mix design calculations using
an experimental-analytical approach involving
database analysis. The key findings are as fol-
lows:

1. The strength of concrete incorporating very
fine sands (with a fineness modulus <1.4) shows
relatively high sensitivity to variations in the
C/W ratio within a narrow range of 1.3 to 2.7.

2. The discrepancy between the calculated den-
sity of concrete using very fine sands and its ac-
tual density varies significantly, ranging from -
250 to 150 kg/m?. This substantial error leads to
material overuse and reduces the reliability of
computational mix design methods.

3. An empirical relationship has been estab-
lished between the key variable mix parameters
that significantly influence concrete properties -
the water-cement ratio (W/C) and the proportion
of aggregates in the concrete. This relationship is
expressed as a formula that can serve as a correc-
tion coefficient when calculating sand and coarse
aggregate quantities in concrete mixes. The data
demonstrate that applying this coefficient yields
better agreement between actual and calculated
mix proportions. Without the correction coeffi-
cient, the discrepancy range was 1.8-5.0%, while
with the coefficient it reduced to -0.6-1.5%, with
no reduction in compressive strength observed.
The study thus demonstrates that concrete mix
design efficiency can be improved and discrep-
ancies between nominal compositions and actual
material quantities per m? reduced by establish-
ing empirical relationships between key variable
mix parameters. Future research should focus on
developing numerical models to correlate con-
crete characteristics with the quantitative and

Volume 22, Issue 2, 2026

qualitative composition of components, along
with experimental validation, to establish a more
reliable methodology for proportioning heavy-
weight concrete mixes when using aggregates of
varying quality.
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ANALYTICAL CALCULATION METHOD FOR REINFORCED
CONCRETE COLUMNS UNDER LATERAL IMPACT
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National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: This paper presents an analytical method for the calculation of compressed-bent reinforced concrete
(RC) columns subjected to emergency transverse impact, characteristic of relevant anthropogenic hazards such
as collisions with vehicles or other impacting objects. The proposed approach accounts for two primary failure
mechanisms: flexural failure and diagonal shear failure, and enables the assessment of the ultimate horizontal
load capacity, considering the dynamic strengthening of both concrete and reinforcement. The method is based
on constructing ultimate capacity curves, which reflect the relationship between the maximum lateral force and
the applied axial compressive force. It also introduces coefficients for the confinement of transverse
deformations and parameters for the load intensity resisted by the transverse reinforcement. Particular attention
is given to modeling the confinement effect on concrete, the influence of the pitch, diameter, and grade of the
transverse reinforcement, and the potential for preventing progressive collapse. The proposed methodology
serves as an effective tool for analyzing the robustness of buildings and structures under emergency mechanical
impacts of anthropogenic origin. The developed approach can be applied in designing preventive measures to
enhance column resistance against transverse impacts and contributes to the evaluation of the mechanical safety
level of RC structures. This is especially important for columns with high slenderness and for elements with
various types of initial or acquired damage.

Keywords: reinforced concrete columns, transverse impact, dynamic loading, shear failure, flexural failure,
dynamic strengthening, confinement effect, structural safety, progressive collapse, robustness

AHAJIMTUYECKUHN METOJI PACUETA )KEJE30BETOHHBIX
KOJIOHH HA MOINEPEYHBIH YJIAP

A.B. Anexceiiues, B.M. Tycnuna

HarnmonanbsHbIif ccnenoBaTenbckuii MOCKOBCKHIA TOCYIAPCTBEHHBIN CTPOUTENBHBIN YHUBEPCUTET, T. MockBa, POCCHS

AHHoTanusi: B craThe mpencTaBIieH METOJ aHAIUTHYCCKOTO pacueTa CKATO-H30THYTHIX IKele300€TOHHBIX
KOJIOHH, TIOJIBEPTaOIINXCSl aBaAPUIHOMY IIOIICPEYHOMY VAapy, XapaKTepPHOMY ISl aKTyallbHBIX TEXHOTCHHBIX
BO3ICHCTBUIL, TAKUX KaK CTOJIKHOBEHHUE C TPAHCIIOPTHBIMHU CPEICTBAMHE WA APYTUMH yIAPIIONTIME 00BEKTaMU.
IIpemnokeHHBIE TOAXOM YYMTHIBACT JIBa OCHOBHBIX MEXaHHM3Ma pa3pyILICHHS: IO HOPMAJTbHOMY MW TIO
HaKJIOHHOMY CEYEHHWIO, M IIO3BOJISICT OICHWBATH TIpeAeTbHBIC 3HAYCHHS TOPH30OHTANBHBIX CHJI C yYETOM
JIMHAMUYECKOTO yMpouHeHus: 0eTOHa W apMaTypbl. MeToj OMHpAaeTcsi Ha TOCTPOSCHUE KPHBBIX IMpeaeTbHOU
HECyIIel CIIOCOOHOCTH, OTPAKAIOMIMX 3aBHCHMOCTh MaKCHUMAIbHBIX YCHIHMH OT ACHCTBYIOUIEH MpPOIOIBHON
CKMMAIOIICH CHJIBI, 8 TaKXXe BBOJUT KOX(P(HUIIMECHTHI CTECHCHHS IONEPEUHbIX aehopManuii U IapameTphbl
WHTCHCHUBHOCTH HArpy3KH, BOCIIPHHHMAceMOil morepeyHoil apmarypoil. Oco0oe BHUMAHHUC VYACICHO YUeTy
CTECHEHUsI TONEePEYHBIX jaedopmaruii OSTOHA, BIMSHUSA Ha MPOYHOCTH IIara, JuaMeTpa M Kilacca MOMepeuHon
apMaTypbl, a TaKXe BO3MOXHOCTH MPEIOTBPAIICHUS MPOTPECCUPYIOIIETO pPa3pyIICHUST KOHCTPYKIIHH.
[IpemtoxkeHHass METOAMKA CITY’)KUT S(GGEKTUBHBIM HWHCTPYMEHTOM JUIS aHalW3a JKUBYYCCTH 3JaHUM U
COOpPY)KCHUH TIPH aBapUHHBIX MEXaHUYECKHUX BO3ICHCTBUSIX TEXHOTCHHOTO IMPOUCXOXAeHUs. Pa3paboTaHHBIN
MOJTXO/I MOKET OBITH MPUMEHEH IPH MPOSKTHPOBAHUU MPOPIIIAKTHUCCKUX MEP, MOBBIMIAIINX YCTOHUYUBOCTh
KOJIOHH K TIOTIEPEYHBIM yIapaM, W CIIOCOOCTBYeT OIICHKE CTEIIeHH MEXaHW4YecKoi O0e30macHOCTH
JKEIIe300€TOHHBIX KOHCTPYKIMHA, YTO OCOOCHHO BaXXKHO MJISI KOJIOHH OOINBIION THOKOCTH W DIIEMEHTOB C
Pa3TUYHBIME BUAMH HAaYaJIbHBIX WM IPUOOPETEHHBIX MTOBPEKICHUH.

KiroueBble cj1oBa: jxene300eTOHHbIE KOJIOHHBI, IONEPEYHBbIi yaap, IMHaMUYecKas Harpys3Ka,

pas3pylleHUEe [IPU CABUIE, PA3PYIICHUE TIPU U3TUOE, TMHAMHYCCKOS YCHUIICHHE, 3P PEKT OrpaHuICHUs,
0€3011aCHOCTb KOHCTPYKIMH, IPOTrpeccupyloliee 00pyeHne, IPOYHOCTh
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Analytical Calculation Method for Reinforced Concrete Columns Under Lateral Impact

1. INTRODUCTION

1. Theoretical research review. The problem
of ensuring the bearing capacity of reinforced
concrete columns under transverse impact loads
is one of the key issues in the field of building
and structure safety. Modern theoretical
research is focused on developing models that
enable the quantitative assessment of the
dynamic strength and energy absorption
capacity of structures under impulsive loads.
The main trends in the theoretical analysis of
strength are outlined in many studies. Let us
consider some of them.

Article [1] presents a comprehensive analytical
model for the dynamic response of axially
loaded reinforced concrete columns subjected to
transverse impact. The model accounts for the
nonlinear interaction of inertial, eclastic, and
plastic components of the response, as well as
the influence of the axial force on damage
progression. The authors demonstrated that an
increase in axial force accelerates damage
accumulation and reduces the residual load-
bearing capacity, which has direct implications
for safety analysis under impact. In [2], an
analytical approach was proposed to assess the
response of both reinforced concrete and
composite columns under lateral impact. The
method is based on a simplified elastoplastic
response theory and allows for differences in the
energy absorption capacity of reinforced and
composite elements. The work emphasizes that
combining reinforcement with composite
materials enhances not only impact resistance
but also the column's ability to maintain its
shape wuntil failure, which 1is critical for
preventing progressive collapse. The authors of
[3] investigated resistance mechanisms and
developed a methodology for analyzing the
reliability of reinforced concrete columns under
lateral impact. Their results showed that
structural safety under such impacts depends on
the interaction of flexural and shear failure
mechanisms, as well as the nature of impact
energy transmission through the reinforcement.
The authors proposed introducing a dynamic
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stability coefficient to estimate the probability
of exceeding ultimate deformations. Research
[4] contributes to the field by assessing the
residual  strength of  corrosion-damaged
elements. Their models showed that the
degradation of reinforcement and concrete
properties significantly reduces the impact
toughness and damping capacity of columns,
which is  particularly  important  when
considering progressive collapse scenarios.
Article [5] proposes a simplified method for
predicting the degree of damage in circular
reinforced concrete columns under axial load
and lateral impact. The model is based on the
principles of equivalent stiffness and plastic
deformation energy, allowing for the estimation
of the threshold between elastic and catastrophic
response. A number of works address the
influence of axial load on the nonlinear response
of elements. For instance, [6] showed that an
increase in compressive force intensifies local
instability and leads to brittle failure modes.
Similar results are presented in [7], which
highlights the dependence of the failure
mechanism on the impact type: bending
deformations dominate under soft impact,
whereas shear damage prevails under hard
impact. Theoretical studies [8] extend strength
analysis to elements damaged by corrosion and
subjected to impulsive transverse loads. Similar
works note that accounting for cross-section
degradation and reduced bond between
reinforcement and concrete leads to a significant
reduction in the load-bearing capacity reserve,
especially under short-term, high-intensity
pulses. Work [9] demonstrates that bending
deformations and stability loss depend not only
on geometric parameters and reinforcement but
also on boundary conditions, enabling the
refinement of computational models for real-
world operating conditions.

Thus, modern theoretical research is focused on
refining physic-mechanical models of failure,
introducing dynamic safety factors, and
developing approximate methods for assessing
the load-bearing capacity of reinforced concrete
elements under short-term transverse impacts.
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2. Experimental research. Experimental data
play a key role in verifying theoretical models
and ensuring the reliability of calculations for
the design of impact-resistant structures.
Systematic testing of columns under transverse
impact is presented in works such as [10], which
investigated the behavior of square columns
under axial compression and low-velocity
lateral impact. The authors identified
characteristic response stages—from elastic
bending to crack formation and diagonal shear
failure. In [11], the authors conducted a series of
experiments to determine the residual load-
bearing capacity of circular columns after
impact. The results confirmed that up to 70% of
the initial bearing capacity can be preserved
under moderate impact energies, which is highly
significant for assessing building safety after
partial damage. Article [12] investigated the
influence of reinforcement percentage on
column resistance to lateral impact. The
experiments showed that increasing the
reinforcement ratio enhances the ultimate
energy absorption, but this effect saturates
beyond a certain level. The authors of [13]
compared the results of physical tests and
numerical modeling, revealing a high
correlation in deformation distribution and
response velocities. Their subsequent work [14]
enabled a detailed examination of the damage
formation process under repeated impacts,
which is particularly important for analyzing
progressive collapse in emergency scenarios.
Article [15] focused on columns with
insufficient  shear  reinforcement.  Their
experiments revealed a sharp reduction in
energy absorption capacity and strength when
shear failure mechanisms prevailed. In [16], a
study was conducted on the nonlinear response
and shear behavior of columns under lateral
impact. The experiments showed that the
transition from a flexural to a shear mechanism
i1s accompanied by localized concrete crushing
and loss of section stability. Composite
reinforcement is also actively investigated. The
authors of [17] studied the use of GFRP bars in
reinforced concrete columns under lateral
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impact. The  experiments demonstrated
improved energy absorption and failure
resistance compared to traditional steel

reinforcement. Researchers [18] showed that
external strengthening with carbon fiber-
reinforced polymer (CFRP) significantly
enhances the ability of columns to resist static
and impact lateral loads, preventing loss of
bearing capacity and providing a structural
damping effect. Experimental data on the
dynamic response of reinforced concrete
elements, obtained in [19], demonstrate similar
patterns of impact energy redistribution and the
role of reinforcement stiffness in preventing
through-failure. Thus, experimental research
confirms the significant influence of geometry,
reinforcement, prestressing, defects, damage,
and external strengthening on the ability of
columns to withstand transverse impact loads.

3. Dynamics, Damping, and Protection
Against Progressive Collapse. Dynamic
aspects of reinforced concrete column behavior
under impact loads are related to the processes
of energy transfer and dissipation, which largely
determine the likelihood of progressive
collapse. The most important aspect here is the
accounting for damping. The authors of [20]
proposed a modified Rayleigh damping function
for the numerical simulation of internal
damping in frame structures. Subsequently,
colleagues in [21] advanced this approach by
proposing a non-stationary time-domain model
of dynamic deformation that accounts for the
material's delayed response. This allows for
more accurate reproduction of oscillatory
processes and critical states of reinforced
concrete elements. The work of the authors [7]
examines the dynamic behavior of columns
under soft impacts and proposes criteria for
damage assessment based on strain rate and
residual stiffness. The authors emphasize that
the structure's ability to dissipate energy through
microcracking plays a key role in preventing
progressive collapse. Research [15] showed that
a lack of shear reinforcement sharply reduces
the ability of columns to dampen impact energy,
leading to rapid, cascading failure and loss of
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load-bearing capacity in adjacent elements.
These results are complemented by data from
[16], which noted that proper design of
transverse reinforcement can ensure a controlled
plastic deformation mechanism, preventing
instantaneous (brittle) failure.

Thus, modern approaches to ensuring dynamic
stability rely on a combination of constructive
measures, numerical modeling of damping, and
analysis of nonlinear response, all aimed at
preventing sequential (chain) failures. The
conducted literature analysis demonstrates that
research on the behavior of reinforced concrete
columns under transverse impact is rapidly
evolving towards the integration of theoretical,
experimental, and computational approaches.
Despite significant achievements, tasks related to
the simple and rapid safety assessment of
reinforced concrete elements, particularly columns,
based on engineering methods remain unsolved.
One such method is proposed in this article.

2. METHODS

2.1 Problem formulation. Let us consider a column
made of heavy-weight concrete with steel
reinforcement, subjected to a compressive axial
force, where the influence of the bending moment
is negligible. That is, the column can be
conventionally  considered as  eccentrically
compressed with a small eccentricity. As a result of
an anthropogenic event, the column is subjected to
an emergency impact. This impact could be
initiated by a collision with a vehicle or another
impacting body. For this scenario, the limit state
condition of the first group will be as follows:

JIN@),F, ()< f(N@), Q@0), M @), (1)
where: () is load effect functional; N(¢),F), ()
are longitudinal forces and transverse loads
varying in time; f(),, is resistance functional
of the column in the limit state; N(¢),Q(t), M (¢)

are ultimate longitudinal force, ultimate
resultant transverse force, ultimate resultant
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(principal) moment that the reinforced concrete
structure can withstand.

The dynamic loading process for analytical
calculation can be represented by equations
incorporating maximum static forces adjusted
for dynamic effects and possible dynamic
overloading:

klemax <

koM, . <

max —

cd ,ult

2)

cdult »

kd3 Qmax < cd ult

where k,,k;, k;; — coefficients accounting for

dynamic effects under emergency impact; N, ,

O =02 402 My =\[M? + M2+ M? are

longitudinal force, principal transverse force,
and principal moment induced by the combined

(service and emergency) loads; N, ;s Qo uir>

M., are corresponding internal forces resisted

by the structural materials, considering dynamic
strengthening.

Under the assumption that the force impact on
the column does not cause extensive local
damage leading to global failure (i.e., effects
such as punching or scabbing are absent, which
may occur at relatively low impact velocities
during the contact between the impactor and the
column), failure is expected to occur either in
the normal section (Fig. 1a) or in the inclined
section (Fig. 1b).

It is assumed that the ultimate values of the
horizontal load nonlinearly depend on the
magnitude of the compressive axial force for
both flexural failure and shear failure
mechanisms. This relationship is described by
the ultimate load capacity curve (Fig. 1c), which
demonstrates that under the same service
compressive force N,, the maximum loads

and shear failure

preceding flexural failure £,

F, , differ. If a given load combination £}, lies

below these curves, the column maintains its
load-bearing capacity under the actual force N, .
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Figure 1. Problem formulation: failure schemes under horizontal impact - diagonal shear failure
(a); flexural failure (b); I - impactor, 2 - reinforced concrete column, 3 - concrete crushing zone;
ultimate capacity curves (c); 1 - moment failure, 2 - shear failure

2.2 Calculation Methodology for Normal
Sections

For the analytical substantiation of the column's
strength with respect to the inclined section, the
general strength condition and the specific
inequality derived from it are used:

maximal. Point C is located at the intersection
with the N-axis. Here, the horizontal impact is
minimal under the maximum compressive
longitudinal force. Points Bj; i=I..n are
intermediate and describe the shape of the curve.
Let us consider the construction of this curve.

F,(N,,t) e Q< F,(N,),;; € Lgc = 3 Point 4, F, =0,:
2 2
—>(F, s < F) ’ n°E ., /1y, A>50;
(P = i), kN, (2) = . @
§0|:RbAb +RscAs,tot:|’ﬂ’ <50
where F,(N,,t) — horizontal force from

emergency impact at the actual value of N, at
time #; Q- range of permissible emergency

load values; F,(N,),,— ultimate horizontal

force resisted by the reinforced concrete column
in the critical normal section, considering
dynamic strengthening of materials under the
condition N =N, ;Lz-— curve of the ultimate

values of this force.

Thus, to assess the section strength, it is
necessary to construct the ultimate load capacity
curve. Let us define this curve by characteristic
points 4, Bi, C. We assume that point 4 is
located at the conditional intersection of curve 1
with the Q-axis (Fig. 1c). Suppose the
longitudinal force in the column cannot be zero,
and its value is Nuin (e.g., the self-weight of the
column). At this point, the horizontal impact is

Here:/, = ul— design length, accounting for the

variation in the geometric length / of the
column depending on its support conditions
(considered through the coefficient u);

R, A, Ry, A, — design strengths and cross-

sc o “Ts tot *
sectional areas of reinforcement and concrete,
respectively; ¢ — coefficient determined

according to SP 63.13330 for the case of small
eccentricities of the compressive force; 4 —
slenderness of the column.

Condition (4) specifies that slender columns
lose their load-bearing capacity due to Euler
buckling instability, while conventionally
designed columns are primarily governed by
material strength. Calculations have shown that
for columns with 4 <50 and under transverse

impact, k;; > 1.
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Points B, — B, . After calculating the ultimate

value N, =N, ,using (4), values N

u e,
assigned, for which the ultimate values

P € Ly are computed. For each value N,

i, e,i’

arc

the depth of the concrete compression zone x in
the critical section is calculated, and equilibrium
equations are formulated considering a unit
horizontal load. Subsequently, its ultimate value
is determined. This can be expressed as:

LN,
x =x . ted el red
AredM

m

X, =A@ (p, + 1) + 2, (u, + 11l 1) -

—at, (phy + ). (5)
o - 0.0015E, A, A
’ Rb,ser o bhO s bhO ’

M=M,+M,. 4, :bh+%(As +4.);

b

Here: M ,— bending moment from service

loads; M ,— moment caused by the longitudinal

force due to accidental eccentricity. Other
designations of calculated parameters are
generally accepted and provided in SP
63.13330. The equilibrium equation under a unit
horizontal load for a rectangular column section
is as follows:

max, i

+k,R - A, -(hy—a)

M i+ Neje, = kiR, -b-hig -ty +

M =max{( M + M(F,)+ M, )} ©)

m

1 ho_a'
““T1=N_IN (f+ 2 ]
e,i A|ﬁ>50

Where £k, k,

coefficients of concrete and reinforcement,
respectively; M (F),)is the moment from the

are the dynamic strengthening
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horizontal load F, =1, e, is the eccentricity of
the force N,;
induced by the force F, .

The deflection f is determined considering the

considering the deflection f,

curvature 1/r of the element and its stiffness.
The stiffness for a rectangular cross-section
element is calculated using the known formula:

0.15E,1

D=——""20_10.7E I,
20,345, ™
where: £}, [, — initial modulus of elasticity and

moment of inertia of concrete; ¢, — coefficient

accounting for the duration of load action, taken
as 1 for this design case; O,— relative

eccentricity, taken as 0.15 for the case of small
eccentricities; £, /. — modulus of elasticity and

R
moment of inertia of reinforcement.
The deflection of the column when divided into
m sections of equal length A/ is then

m Al 1
f’ZIMW)(]ﬁZ
Jj=10 r;
o (®)
=—3 jM(F) xM(F) dz
D Jj=10
where D is the element stiffness, and the

product of the sub integral functions can be
evaluated using Simpson's formula. Solving
equations (6) yields the value k;,F ;.

Point C. The value P, is determined from the

condition:
kd2 max( lt) < M (9)
where M . (P,) is the maximum bending

moment in the section from the vertical force,

M, 1is the ultimate moment resisted by the

reinforced concrete section under bending. For a
rectangular  section, it is  determined
conventionally:
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Dynamic loads can have various pulse shapes
(Fig. 2), while equations (6) and (9) allow
determining the dynamic equivalents of

F (DA
QF
Ve
/|
U E— T
At
b)

Figure 2. Pulse shapes under dynamic loading: triangular (a), rectangular (b)

the loads without considering their duration. To
compare the values of loads specified as
impulses with those obtained from the
mentioned equations, the following formula can
be used:

P=QF,/At, (11)

where QF; is the area under the pulse, At is the
actual impact duration on the structure.

2.3 Calculation Method for Inclined Sections.
Under dynamic impact on a column, particularly
in the presence of rigid restraints at the supports,
the strength of the inclined section may be
exhausted either by the action of the transverse

force or by the bending moment. The curve Ly,
is constructed without specific characteristics
for different values of N,;, following the
methodology below. To assess the strength of

the inclined section, the system of inequalities is
written as:

e
knQi O + Qv >
M o <M, +M  +M

s,inc

(12)

where the first equation is necessary to
determine the value of F), based on the dynamic

increment of transverse force AQ,, while the

second serves a verification function. Here, in
the first equation, k]”\’, is a coefficient accounting

for the level of compressive force, confinement
of transverse deformations, and the kinematic

constraints of the column. The quantities

sh,Qst,QbN,stN are represent the transverse

forces resisted by the section under dynamic
loading, static service loading, concrete under
service loads, and reinforcement under service
loads, respectively. In the second equation,
M,, M M_, denote the bending moments

SW2 s,inc

resisted by concrete, longitudinal reinforcement,

transverse reinforcement, and inclined bars
(bent-up bars), respectively.
The ratio k% :
—\Y!
1 N fP”’
ke + e Ne ,
\/ 13 5— H Nult Pult
N

k]‘\i[ = fOl" €< 0.6, , (13)

ult

ult -l
(Pﬂ+keJ , for ;\Ye

> 0.6,

ult ult

where P’ is the value of transverse impact
load initiating flexural failure under force
N,#0,P,

,P, 1s the same under force N,=0.
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The value of N, is determined using the second
equation of system (4); k, is the coefficient of

transverse deformation confinement.
For a square section, it can be determined using
Fig. 3 and the dependency provided below.

A
4

BN A |
ad] 2. g
*M v
a) j dISI .

Figure 3. Determination of the deformation confinement level: column cross-section (a);
section s-s (b); 1 — boundary of the deformation confinement zone, 2 — core of the deformation
confinement zone, 3 — longitudinal reinforcement, 4 — transverse reinforcement

where y..,d,, are the reinforcement percentage

considering core area 2 and the area of
longitudinal reinforcement only, and the
diameter of the transverse reinforcement bar;
dis the length of the transverse bar in the
impact plane, as shown in Fig. 3.

When the projection length of the inclined
section onto the vertical axis does not exceed
twice the effective depth of the section, the

following formula is proposed for Q'" :

U ] VNC/NMZ
dlt = \/3klet (1+ke)( : 1 )bhgqsdw ’ (15)

where R, — design tensile strength of concrete,
b, h,— width and effective height of the section,

qsdw — distributed per length load resisted by

transverse reinforcement under impact, within
the vertical projection of the inclined section. It
is defined as:

Volume 22, Issue 2, 2026

. R.A N
g, S [ 1024k )—e |,
dhe =k =% (0.2+k,) N (16)

w

The value of Q,,, in formula (12):

O,y =1.5¢ R, bh; | c,

0.50, R, bhy < Oy < 2.5R, bl a7

where ¢ — projection of the inclined section
onto the vertical axis, ¢ is calculated as:

. 1.5¢,R,,bh; o<
0,755,

1,25, 0.25R, <o, <0.5R,

2h0 9

on= 2.5{ —ﬁj,o.SRbs@bSRb’ (18)
Rb
o, = Ne
’ Ab +%Asc
Rb
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All notations in the formula are standard and
provided in SP 63.13330, the value of ¢, is

determined by (16), assuming that &, =1.

3. RESULTS

3.1. Comparison with Experiment. Calculation
for Normal Section. To verify the proposed
method, we use the experimental results from
[10], shown in Fig. 4. For the calculation, in
accordance with recommendations from various
studies, including [8], we adopt the following

AAJ’

155

h 4

15 P,=407kN
R,=29.8 MPa
A=4,6.09 cm’

> R=442 MPa
X

=

%)

>

»|
>

212.5

a’=27 mm
y N,=480 kN

I ¢
(]
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dynamic  strengthening  coefficients  for
materials: k,=1,15, k,=1,2, k;, =1.5 The load

is considered as suddenly applied with a
rectangular pulse shape. The distance between

the supports is 1.38 m, a =E_/ E; =6.66 .The

equilibrium equation (10) applied to this
experimental task is

M, +Ne, =kR,-b-hi -y +
+k,R, - A -(hy—a'),

Figure 4. Experimental data for verification of the calculation methodology: material and load
characteristics, cross-section in the experiment (a), design model (b), the crushed specimen (c)

The boundary values of the relative height of
the concrete compression zone under bending
are calculated as

£ =0,8/(1+(442/2-10%)/0,0035) = 0,49,
ap =0,49(1-0,49/2)=0,37. The
moment is M, , =F,1,38/6=0,23F, (kHm).

The eccentricity e,is calculated using (6). For

bending

this, the moment of inertia and Euler force are
determined:

Ly =23.7°-15.5/12+6.66-2-6.09-(18.5/2) =

=24134 cm”.
N, =73-107-24134-107° /1.38% =37520 kN.

The system deflection is determined using Mohr
integrals:

f=207F,P /11164E, I, = F,-207-1,38°10° /
/11164 -(48-0.85-3000x24134) = F, -0.01774 cm.
e, =1/(1-480/37520)(F,-0.01774+18,5/2) =
=9,361+0,0181F,.

Substituting all values into equation (10), we
have 31.68 F,=8489+5975-4493, F, =314 kN,

P=F,-1,5=314-1,5=471xN. The theoretical

result satisfactorily corresponds to the
experimental one. The error is less than 15.7%.
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3.2. Example of Column Calculation for
Inclined Section. Let a column (Fig. 5, a) be
subjected to an emergency impact load P. The
structure is made of concrete with compressive

strength class B25 (R, =11,5MPa,
R,, =0,9MPa), reinforcement A500
R, =435MPa R, =300MPa, with dynamic

strengthening coefficients as in Section 3.1:
k=1,1, k,=1,2, and coefficient £ =0,7. The
4228
transverse

area 1s
the

reinforcement consists of 48 bars forming a

longitudinal  reinforcement
A} =24,63 em”

sc0 and

AZ

N =2000 xH
B%ﬂnr

closed contour, spaced at 250 mm along the
height 4% =0,503 cm*.  The
N, =2000 kN, and the transverse force (under

conditionally centered loading of the middle
column) is Q,=0xN. It is necessary to

load is

evaluate the maximum bearing capacity of the
column under horizontal impact.The given load
arrangement suggests that the most probable
failure mechanism will be the loss of strength of
the inclined section (Fig. 5, c). Taking this and
the above loading into account, we write (12) in

the form AQ, < k$Q4" .

40m

2 P
S -
¥ A
Qb+ sw 3 ] 7 %
. : - ~| 2
;‘ q4>‘w~ ; ,-[’ (.|,|1 %
: 7‘,' 2|
. O =
'}
IR
l' @
d —> h 4
) / r7rrry
d=300
, M
SJ| P=1
17,92 ea—
e)
77 57,6

Figure 5. Reinforced concrete column with calculation parameters: design model (a),
cross-section S (b); 1 - contour of the deformation confinement zone, 2 - core of this zone,
3 - longitudinal reinforcement, 4 - transverse reinforcement,; cross-section s-s (c),
inclined section (shear) failure scheme (d), bending moment diagram caused by unit impact (e)

It is calculated: 1, =24,63/30-30=2,73%,

d=30 cm - the dimension of the deformation
confinement zone (Fig. 5, b, ¢).
It is solved (14):

Volume 22, Issue 2, 2026

2
- 1 l_SW—dW _
1—p, 2d

1 (1_25—2.8

2
=0,408,
1-0.0273 2-30
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Nult = q)(RbAb + RSCASCO) =
=0.9(1.15-40-40+43.5-24.64) = 2620 kN

The ratio N, /N, =2000/2620=0,763>0,6,

therefore in formula (13) using the last equality.
Next, it is determined the ultimate horizontal

forces for flexural failure at forces N, =0 kN,
N, =2000 kN . For the bottom support fixation,
the equation (12) is:
Moo+ Noey =kRy bl -y + kR, - A2 x
x(ho —-a )
The maximum moment is determined from Fig.
5, e, with the value e, =((35-5)/2)=15cm.

The value «, ensuring the absence of brittle

failure, is determined in the conventional way:

£, =0,8/(1+(435/2-10°)/0,0035) = 0,493 ,
@y =0,493(1-0,493/2)=0,37 .

Solving equation (12), it is obtained:
0,144-400P" +2000-15=1,1-1,15-40-35> x
x0,37+1,2-43,5-12,32-(35-5) -

— P =212,74 KN.When solving the same

equation for N,=0—> P, =733,1 kN, next,

k¢ =(0,403+212,74/733,1)" =1,4427 Thus,

it is determined the value ¢ , considering the

impact resistance provided by the 2d8 lateral
rebars (5):

q?W:1’2.30-1,01 1_(0’2+0,403)(Mj =
25 2620

1,4544(1-0,422) = 0,78493 kN / cm.

Anatoliy V. Alekseytsev, Valentina M. Tusnina

checked:
q > g min- For this, it is calculated the

The constructive requirement is

elasticity coefficient:
vy = R, | Eyeg, =11,5/(27,5-0,002:10%) = 0,209
Normal stresses

o=N/A,,=2000/(40-40+0,209" x
x(2/2,75)-10-24,64) =1,017 kPa;

0, =2,5 1= | =25/ 11917 | _ ¢ 250,
R 115

8 b

q:’w 2 q‘yw,min = 0’25¢antb =
0,25-0,289-0,09-40=0,2601.
The condition is satisfied. The ultimate value

of the dynamic transverse force using
expression is (4):

a_ [311-0,00-(1+0,403) 2%
ult
X4O‘352'0,7849
=146,8 kN.

The value

AQ, =04 -k =146,8-1,4427 =211,8 kN.
This value of the horizontal dynamic force is the
ultimate at N, = 2000 xH .

3.3 Numerical Verification of Calculation
Results. Let us perform a calculation of a solid
finite element model, Fig. 6.
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Figure 6. Some results of the numerical analysis: solid finite elements of concrete (a), bar elements
of reinforcement (b), results of the assessment of shear strains in concrete and von Mises equivalent
stresses in the reinforcement; the scales are given for time 0.19 s

Concrete was represented as hexahedral
elements deforming according to the Drucker-
Prager model with the capability to simulate
element failure. Reinforcement was modeled as
bars following bilinear diagrams. The
characteristics of concrete used in the
calculation are as follows: cohesion stress 3.3
MPa, internal friction angle 38 deg., dilation
angle 28 deg., tensile stress 0.9 MPa,
compressive stress 11.5 MPa, ultimate tensile
strain 0.0001, wultimate compressive strain
0.0035. For the reinforcement, the following
was adopted: ultimate tensile strain 0.025, yield
stress of longitudinal bars 435 MPa, yield stress
of transverse bars 300 MPa.

The parameters of the computational process are
as follows: overall damping — 5%; when solving
the nonlinear problem, 25 iterations of the

Volume 22, Issue 2, 2026

Newton-Raphson method were used at each
integration step, with stiffness matrix updates
every 5 iterations. The convergence criterion
was set as a tolerance for nodal force residual
equal to 0.1%. The integration time was taken
as 1.5 sec, with a step A7z =0,05 sec.

Analysis of Figure 6 allows us to note the
following features. When resisting only the
longitudinal force at time 7=0.0 sec before the
impact, the stresses in the longitudinal
reinforcement are significantly lower than when
assessed using the formula from SP 63.13330,
while concrete, conversely, carries most of the
load. During the realization of the impact, which
is accompanied by an increase in the value of P
at time ¢=0.1 sec, a wave of deformations
corresponding to the flexural failure mechanism
initially forms, and an increase in equivalent
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stresses is observed in both longitudinal and
transverse reinforcement. In the limit state at
t=0.19 sec, the shear strains in concrete exceed
the limits for elastic behavior, meaning cracks
form. In addition to the fan of cracks along the
inclined section, cracks caused by bending and
shear also form on the impact side along the
height of the column. The stresses in the
longitudinal reinforcement at this point are at the
level of 50% of the design resistance, while the
transverse  reinforcement undergoes  plastic
deformation  with stresses equal to
R, =300MPa. This indicates the initiation of the

shear failure mechanism. Significant plastic
deformations of these bars lead to a substantial
reduction in bearing capacity and the formation of
a kinematically unstable system. A comparison of
the ultimate compressive force is performed. The
analytical method gives

N, = o(R, A4, + R A,) = 2620 kN (calculated

above). The calculation of the solid FEM model
yielded a value of 2778 kN. For the column under
consideration, the load-bearing capacity curves
using points (N,;F,,) € Lye (see Fig. 1, ¢) is
constructed. The results are presented in Fig. 7.

The figure shows that the scope of the
methodology is 0.14< N,/ N, <0.8, however,

with a column strength reserve of less than 20%

P, kN

Anatoliy V. Alekseytsev, Valentina M. Tusnina

and during an emergency situation, it will most
likely fail, so the necessity of calculation in this
range is not in demand for practice; usually,
columns, based on structural considerations
(bearing possibilities), have a strength reserve of
30-50%.

4. DISCUSSION AND DIRECTIONS FOR
FURTHER RESEARCH

The proposed methodology describes one of the
possible failure scenarios for a column. In this
case, the dynamic load increases gradually at a
low rate, and the stresses in the concrete do not
exceed the value corresponding to its local
crushing strength. The strain rate also remains
below the critical level; therefore, fan-shaped
cracks do not form, and there is no spalling or
punching of concrete in the contact zone. Design
models for compressed elements, including those
presented in regulatory documents, do not yet
account for a number of important effects. These
include concrete dilation, energy dissipation
during the dynamic process and its consideration
in modeling, confinement of transverse concrete
deformations, and the emergence of additional
stresses in the transverse reinforcement due to this
confinement.

800

!
700 R

600

500
400
300
200
100

0 500

1000
Figure 7. Load-bearing capacity curves of the column: L,. — calculation using the solid FEM

\| NV, kN

1500 2000 2500 2620

model, L,.,— calculation according to the methodology of this article
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However, numerical calculations demonstrate
that these effects indeed influence the strength
of reinforced concrete columns. The results of
numerical modeling confirm that the load-
bearing capacity of a compressed column at an
inclined section under transverse impact is
determined by the stress-strain state of the
concrete. The proposed model partially accounts
for the effect of the «closed transverse
reinforcement contour through the parameter of
the load intensity it resists. Nevertheless, the
process of microcrack formation and the
associated concrete dilation are not considered.
The developed approach can serve as an
additional tool in analyzing the robustness of
buildings and structures subjected to
emergency mechanical impacts of
anthropogenic origin. Further development of
the method is associated with its refinement
for pylons and highly slender reinforced
concrete  columns.  Another  promising
direction is the consideration of various types
of initial and acquired damages, as well as the
influence of existing strengthening systems on
the load-bearing capacity of columns.

CONCLUSION

1. A method for the analytical calculation of
compressed-bent reinforced concrete elements
under transverse impact has been developed,
considering the bending and shear failure
mechanisms.

2. The determination of load-bearing capacity
accounts for the confinement of transverse
concrete deformations under compression. This
considers the spacing, diameter, and class of the
transverse reinforcement. Limitations for the
method's application have been defined — the
design compressive force must be less than 80%
of its ultimate value.

3. The proposed approach enables a
significantly  faster  assessment of the
mechanical safety level of reinforced concrete
columns under horizontal dynamic loads
compared to solid finite element modeling. The

Volume 22, Issue 2, 2026

developed relationships can be applied in
designing preventive measures aimed at
enhancing the resilience of buildings and
structures to progressive collapse.
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Abstract: The purpose of this work is to study the effect of synthetic polysaccharides on the structure formation
and properties of lime coatings. Information is provided on the influence of synthetic polysaccharides on the
structure formation of lime coatings. It has been shown that due to the water-retaining effect of the additive,
more favorable conditions are created for lime carbonation. Using X-ray phase and thermographic analysis,
optical and infrared spectroscopy, the presence of inter- and intracrystalline organic compounds was established,

which modify the (nano)structure of newly formed calcite crystals and increase the strength of lime coatings.

Keywords: lime, polysaccharides, structure, crack resistance, strength, carbonation

BJIUAHUE JOBABOK CUHTETHYECKHUX INTOJIMCAXAPUIOB
HA CTPYKTYPOOBPA3OBAHUE U3BECTKOBBIX
KOMIIO3UTOB

B.U. Jlozanuna ', Anv Jynaitmu Canman /Jaeyo Canman’, H.B. Epogpeecsa ’,
C.A. Cepzeeg *

! [lensencKuii rocy1apcTBEHHBIN YHUBEPCUTET apXUTEKTYPBI U CTpOMTENbCTBa, [lensza, POCCU S
2 MUHHCTEPCTBO BBICIIErO 00pa30BaHysl U HaYUHBIX Hccnenosanuii, Barman, UPAK

3 HaumoHanbHbIN HCCIen0BaTeNbCKUui MOCKOBCKHI rOCYIapCTBEHHBIN YHHBEPCUTET MPakJAHCKOIO CTPOUTENLCTBA,

Mocksa, POCCHUS

Annotanusi: [lenblo naHHOW pa0oOTHl SIBISETCS W3y4YEHUE BIMSHMS CHHTETHYECKHX IIOJIMCAXAapHIOB Ha
CTPYKTYpoOOpa3oBaHWE M CBOMCTBA W3BECTKOBBIX IOKpBHITHHA. [IpercraBiena wuHbOpManys O BIHSHUH
CHHTETHYECKHX TOJINCAXAPHUIOB Ha CTPYKTYpooOpa3oBaHHE M3BECTKOBBIX MOKPHITHH. [Tokazano, yTo O6maromaps
BOJOYICPKHUBAOMEMY YPPEKTy m00aBKH CcO3malOTCs Oollee OJArONPHSITHBIE YCIOBUSA IS KapOOHU3AINH
mBecTd. C TIOMOIIBIO PEHTTCHO(A30BOTO W TEPMOTPAPHUSCKOTO aHaIM3a, ONTHUYECKOW M WH(pPaKpPacHOH
CTEKTPOCKOMHHN YCTAHOBJIEHO HAINYNE MEK- U BHYTPUKPUCTAIIIMIECKUX OPTaHWYECKUX COCIMHEHUH, KOTOpBIC
MOIUGUIIPYIOT (HAHO)CTPYKTYPY BHOBBH OOpPA30BAHHBIX KPHCTAIJIOB KAaJdbIIUTAa M TIOBBIIIAIOT TPOYHOCTH
M3BECTKOBBIX ITOKPBITUH.

KiroueBble cjioBa: N3BECTh, MOJIMCAXAPHIBI, CTPYKTYPa, TPCIITHOCTONKOCTh, TPOYHOCTD, KapOOHU3AIH

INTRODUCTION

Of the many types of binders, along with
polymer and cement, lime compositions are
used in some cases. Lime-based binders are
widely used for the restoration of cultural
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heritage sites [1]. During operation, coatings
applied to brick, concrete and other walls are
adversely affected by cyclical temperature and
humidity factors, biocorrosion, etc. [2, 3, 4, 5].
An effective method of increasing the durability
of building materials is the introduction of
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various additives [6, 7, 8], activation of the
sealing water and other components [9, 10, 11,
12]. Given the low resistance of lime binder
coatings, various modifying additives are
introduced into the formulation [13, 14, 15, 16,
17, 18]. In a number of studies, various organic
additives based on blood albumin, casein,
natural resins, egg proteins, decoctions of grain
grains, and vegetable oils were noted in the
composition of plaster bases of ancient
paintings [19]. The role of organic additives
remained unclear for a long time, due to the
difficulty of determining them in gypsum and
lime binders using existing analytical methods.
Until now, organic adhesives have been
considered as plasticizing and retarding
additives for binding materials. Only the effect
of glue additives on the setting time of gypsum
binders was studied.

The ancient masons of the Maya tribe used plant
extracts in the manufacture of solutions [20, 21].
The works [22, 23, 24, 25] describe the
properties of lime plasters with additives of
natural polysaccharides. The authors have
established the adsorption of organic substances
on the surface of calcite crystals. It is of interest
to study the possibility of using synthetic
polysaccharides in the manufacture of lime
formulations for the restoration of cultural
heritage sites.

METHODS

Slaked lime (fluff) with a true density of 2230
kg/m?, a bulk density of 280 kg/m?, an activity
of 83 %, and a specific surface area of 559
m?/kg were used in the work. The water-soluble
modified polysaccharides Atren Cem LV and
Atren Cem HV (TU 2458-062-63121839-2014)
were used as an organic additive.

The cohesive strength of the coatings was
determined by the axial tensile strength on

samples measuring 10x10x50 mm and
calculated by the formula
P

Ry =" (1)

106

where P is the destructive force, H;

F is the cross—sectional area of the sample
before the test, m>.

The Vickers hardness was calculated using the
formula

__ 2Psin«/2

HV — (2)
where P is the load on the indenter, N;

o 1s the angle between the opposite faces of the
Vickers indenter;

d is the diagonal of the Vickers indenter print,
mm.

The surface area of the print was determined by
the diagonal d of the print, which was measured
under a microscope.

The rate of carbonization of lime paste was
studied by changing the thickness of the
carbonized layer. The kinetics of carbonization
of control samples and with the addition of
Atren Cem LV polysaccharide were determined.
The thickness of the carbonized layer was
determined by applying a 1% alcohol solution
of phenolphthalein to a chip of the test sample.
Areas of non-carbonated lime react to
phenolphthalein,  turning  purple. = Lime
carbonation took place under natural conditions
at a temperature of 20 °C.

RESULTS AND DISCUSSION

Formulations = with ~ the  addition  of
polysaccharides are characterized by a slightly
higher water retention capacity of 98 %. The
research results indicate that lime formulations
with the addition of polysaccharide in an
amount of 1 % by weight of lime are
characterized by delayed drying times. For
example, the drying time to degree 3 on a
concrete substrate is 15-20 minutes, while the
control composition (without additives) is 7
minutes. An increase in the frost resistance
grade from F25 (control) to F35 (with the
addition of  polysaccharide) has been
established.
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Table 1. Properties of the finishing composition
with the addition of polysaccharides

Name of indicators Value
Water retention capacity,% 98
Drying time to degree 3 on a| 15-20
concrete base, minutes

Tensile strength at the age of 3 0.547
months, MPa (Atren Cem LV

additive in the amount of 1% by

weight of lime)

Relative deformations, mm/mm 0.392
Frost resistance, brand F35
Adhesion strength to concrete, MPa | 1.1-1.3
Modulus of elasticity, MPa 0.925

An X-ray phase analysis of lime samples was
performed on a D8 Advance powder
diffractometer (Germany). It was found that the
calcite content increases in samples with the use
of polysaccharide additives. Obviously, due to
the water-retaining effect of the additive, more
favorable conditions are created for the
carbonization of lime. The amount of calcite in
the control samples is 87.4 %, and in the
samples prepared with the additive - 88.87 %.
The diffractograms show a slight increase in the
width of CaCOs peaks, which indicates the
possible incorporation of organic molecules into
calcite (Table 2).

Table 2. Crystal Lattice Parameters

Composition
Crystal Lattice Parameters

CaCO; | Ca(OH): | SiO>
control

4.98700 | 3.58440 | 4.90000

17.05800 | 4.89620 | 5.40000

Slaked in the presence of an additive

499100 3.58620 | 4.91580
17.06200 | 4.88010 | 5.40910
With an addition

4.98700 3.58620 | 4.91000
17.05800 | 4.88010 | 5.40000
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Fig. 1 shows micrographs of the hardened lime
binder. Chains of rounded Ca(OH):-crystals are
found (Fig. 1, a), as well as elongated
polyhedral plates of calcium carbonate. The
analysis of the images shows low-contrast
nanometer-sized regions in individual calcite
crystals with inhomogeneities corresponding to
the amorphous (organic) phase (Fig. 1, b),
similar to those observed in several CaCOs3
biominerals with occluded organics.

The inclusion (adsorption) of polysaccharide
additives in/onto calcite is confirmed by the data
of polysaccharide adsorption on calcite. The
adsorption value was determined by the change
in the surface tension of the Atren Cem LV
additive solution of different concentrations. It
was found that the adsorption value of the Atren
Cem LV additive on calcite is 0.000457 g/cm?

a
Figure 1. The structure of calcareous hardened
stone: a — control composition; b - with the
addition of polysaccharide Atren Cem HV

Taken together, these results confirm the
presence of both inter- and intracrystalline
organic compounds that modify (nano)the
structure of newly formed calcite crystals at
various scales reproduces the multilevel
hierarchical mesocrystalline features observed
in many CaCOs biominerals and their
biomimetics, which include inter- and
intracrystalline (bio)macromolecules.

Fig. 2-3 show photos of the kinetics of
carbonation of lime samples.
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a b
Figure 2. Change in the thickness of the
carbonized layer of lime samples at the age of 4
days: a - control composition; b - with the
addition of polysaccharides; 1 — carbonized
layer; 2 — non-carbonated layer

a b
Figure 3. Change in the thickness of the
carbonized layer of lime samples at the age of
10 days: a - control composition; b - with the
addition of polysaccharides, 1 — carbonized
layer,; 2 — non-carbonated layer

It is evident from Fig. 2 and 3 that the
carbonization process begins in the surface layer
of the material (the carbonized areas are colored
lighter purple), gradually moving inside the
sample. The highest degree of carbonization is
observed in samples with the addition of Atren
Cem LV at a humidity of 21 % (Fig. 3, b). Only
a small area in the center of the sample is
colored dark purple. The humidity of the control
samples was 14 %, the thickness of the
carbonization layer is significantly less.

The results of the assessment of the degree of
carbonization of lime composites are also
confirmed by the data of X-ray phase analysis. The
mineralogical composition of the lime composite
was determined using a powder diffractometer
D8Advans (Germany). It was found that the
amount of calcite in the control samples is 87.4 %,
in the samples prepared on lime slaked in the
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presence of the additive Atren Cem HV — 92.266
% and in the samples prepared with the additive
Atren Cem HV — 88.87 %.

Polysaccharides cause a hardening effect,
contributing to plastic deformation and,
consequently, preventing catastrophic
destruction caused by external factors.

The obtained results indicate that lime
compositions with the addition of Atren Cem
LV polysaccharides are characterized by higher
cohesive strength. As the hardening age
increases, the cohesive strength of the samples
with the addition of the synthetic polysaccharide
Atren Cem LV increases to a greater extent.
Thus, at the age of 28 days of hardening, the
cohesive strength of the samples based on the
control composition is R 0.22 MPa, and with the
addition of polysaccharide — 0.24 MPa. At the
age of 3 months of hardening, differences in the
values of cohesive strength are more
pronounced. The cohesive strength of the
control samples is 0.264 MPa, and samples with
the addition of Atren Cem LV in the amount of
1% by weight of lime — 0.47 MPa, with the
addition of Atren Cem LV in the amount of
0.5% by weight of lime — 0.379 MPa.

Taken together, these results indicate that organic
substances induce a hardening effect by
promoting plastic deformation and therefore
inhibiting failure. The presence of crystalline
organic molecules between and inside the lime
coating gives higher deformative properties. This
is evidenced by the data of the modulus of
elasticity and hardness of the coatings. It was
found that the modulus of elasticity of a sample of
lime coating with the addition of Atren Cem LV
in an amount of 1 % by weight of lime is 0.925
MPa, and the control is 0.987 MPa. This is also
evidenced by data on the hardness of lime
coatings. It has been established that the Vickers
hardness of samples based on the control
composition is HV = 1.649 MPa, and the hardness
of coatings based on the composition with the
addition of Atren Cem LV is 1.144 MPa.

It has been established that coatings based on
compositions  with  the  addition  of
polysaccharides are characterized by reduced
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shrinkage deformations. After 85 days of
hardening, shrinkage deformations of coatings
based on the control composition amount to
6.56 %, and on the basis of the composition
with the addition of Atren Cem LV —2.82 %.

CONCLUSION

It was found that diffractograms of calcareous
samples with additives of Atren Cem HV show a
slight increase in the width of CaCO3 peaks, It has
been established that the introduction of
polysaccharide additives into the formulation of
lime compounds causes the formation of inter-
and intracrystalline organic compounds that
modify the (nano) structure of newly formed
calcite crystals at various scales, which helps to
increase the strength of the composite. The results
of the conducted studies confirm that the
introduction of additives based on polysaccharides
Atren Cem LV and Atren Cem HV into the
formulation of lime compositions contributes to
an increase in the carbonization front.
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USING THE PSO ALGORITHM

Majid Alipour ', Mojtaba Hosseini >, Peyman Beiranvand?

! Supervision of Bank Maskan of Lorestan, Khorramabad, IRAN
2 Department of Civil Engineering, Lorestan University, Khorramabad, IRAN
3School of Civil Engineering, Iran University of Science and Technology, Tehran, IRAN

Abstract: Above-ground storage tanks are significantly more vulnerable to damage from blast loading compared
to bury or semi-buried concrete and steel tanks, primarily due to their exposed nature. To accurately assess the
real behavior of above-ground tanks, it is essential to account for fluid-structure interaction (FSI) effects.
Accordingly, in this study, 24 finite element models of cylindrical reinforced concrete tanks were developed in
ABAQUS software and subjected to blast loading, incorporating FSI effects. The key variables considered
include explosive mass, explosive distance, fluid fill level, tank wall height, and mesh size. The investigated
responses encompass circumferential (hoop) stress and radial displacement. The design constraints were set as
maximum allowable hoop stress (30MPa) and maximum displacement (20mm). The optimal tank was designed
using C30 concrete and steel with a yield strength of 400 MPa. The tank dimensions were 15m in height and
33.85m in diameter. The explosive mass and explosive distance were set at 1000kg and 10m, respectively. The
objective function was to minimize the tank weight while simultaneously satisfying the stress and displacement
constraints. Using the Particle Swarm Optimization (PSO) algorithm, the minimum weight of the cylindrical
reinforced concrete tank was determined to be 23933kN, which was achieved after approximately 25 iterations.

Keywords: Cylindrical Reinforced Concrete Tanks, Blast Load, Hoop Stress, Maximum Displacement,
Optimization, PSO Algorithm

OITUMMU3ANUA HAJBEMHBIX HUJINHAPUYECKHUX
"KEJIE3OBETOHHbBIX PE3EPBYAPOB IIPU B3PBIBHOI
HATPY3KE C YYETOM Y®PEKTOB B3AUMOJENUCTBUSA
AKUJIKOCTHU u KOHCTPYKIIUA C UCITIOJTb30OBAHUEM
AJI'OPUTMA PSO

Maoixcuo Anunyp ', Mooxcmaoa Xocceiinu % Ileiiman beiipaneano °
! Vrpasnenne baHka )KUIHAIITHOTO CTPOUTENHCTBA IpoBHHINH Jlypecrtan, T. Xoppemabdan, UPAH
2 Kadempsl rpax1aHCKOTO CTPOUTENBCTBA, Y HUBepcuTeT Jlypectana, r. Xoppemadan, NPAH
? [lIxosa Tpak1aHCKOIO CTPOUTENBCTBA, IpaHCKMil yHUBEpPCUTET HAyKH U TexHoJorul, 1. Terepan, UPAH

AnHoTanusi. HazemHble pesepByapbl ISl XpaHEHHs >KUAKOCTEH XapaKTEpU3YIOTCsSl CYIIECTBEHHO Ooiee
BBICOKOHM yA3BUMOCTBIO K BO3ACHCTBUIO B3pBIBHBIX HArpy30K II0 CPaBHEHHMIO C 3aridyOJEHHBIMH U
noiy3arnyOnéHHBIMA ~ OCTOHHBIMM M CTaJbHBIMU  pE3epByapaMHu, 4YTO OOYCJOBJIEHO HUX OTKPBITHIM
pacnioniokeHueM. [yt aleKBaTHOM  OLEHKHM  HANpsDKEHHO-Ae(OPMUPOBAHHOIO  COCTOSIHUSI  Ha3eMHBIX
pe3epByapoB HEOOXOANMO yUYHUTHIBaTh 3(Pp(eKTsl B3aumoaeHcTBUs kuaKocTd U KoHcTpykuuu (Fluid—Structure
Interaction, FSI). B cBs3u ¢ atum B mporpamMmmuom komruiekce ABAQUS Obiin pazpabotansl 24 KOHEYHO-
9JIEMEHTHBIC MOJICTIH LIMJIMHIPUYCCKHX JKEJIC300€TOHHBIX PE3E€PBYapoB, ITOIBEPracMbIX BO3/ICHCTBUIO B3pBIBHOM
Harpy3kn c yuéroMm FSI-addekro. B kauecTBe BapbHpyeMBIX MapaMETpPOB pacCMaTpUBAINCH Macca
B3pPBIBYATOTO BEILECTBA, PACCTOSHHUE /IO SIUIIEHTPa B3pbHIBA, YPOBEHb 3AIOJIHEHMS pe3epByapa >KUAKOCTHIO,
BBICOTA CTEHKH pe3epByapa M pa3Mep KOHEUHBIX JJIEMEHTOB pacuéTHOW CeTKH. B KkadecTBe McciemyeMblx
[apaMeTpoB OTKJIMKA aHAJIM3MPOBAIKCH KOJBIEBbIC (OOpyUYHBIE) HANPSDKEHHS W pajdalbHBIE MEPEeMELICHUs

Volume 22, Issue 2, 2026 113



Majid Alipour, Mojtaba Hosseini, Peyman Beiranvand

KOHCTpYKIMHU. [IpoeKkTHbIe OrpaHMYeHus ObUIM 3aJaHbl B BHJE MAaKCHMAIBHO JOIYCTHMOIO KOJBLIEBOTO
HanpsbkeHuss 30 MIla u mpemenpHO momyctmMoro mnepemenieHus 20 MM. OnTHMaidbHAsS KOHCTPYKIHS
pesepByapa Oblra pazpaboTaHa ¢ HCHONb30BaHMEM OetoHa Kiacca C30 m apMmaTypHOW CTaim ¢ TIpenesioM
texkyuectn 400 MIla. I'eomeTpudeckne mapameTpsl pe3epByapa cocTaBwiau 15 M mo Bwicote u 33,85 M mo
quaMeTpy. Macca 3apsiaa B3phIBYaTOTO BEIIECTBA U PACCTOSHHUE 10 00BeKTa ObIH NMpUHATH paBHBIME 1000 KT 1
10 M cooTBeTcTBEHHO. B KauecTBe 1eneBoi (GpyHKINMU paccMaTpuBalach MUHUMHU3ALUS MacChl pe3epByapa npH

OJTHOBPEMEHHOM  COOJIIOJICHUM OrPaHWYEHHH 10 MPOYHOCTH U Ae()OPMATUBHOCTH.

[Io pe3ynbratam

ONTHMHU3AIMK C MCIOJIb30BaHUeM airoputma pos uactull (Particle Swarm Optimization, PSO) ycraHoBieHo,
YTO MUHUMAJIbHBIN BEC IHJIMHIPUICCKOTO Kelle300eTOHHOro pedepByapa coctabisieT 23 933 kH. Jloctmwkenue
ONTHUMAJIBHOTO PEIICHUs ObLIO 00eCIeYeHO MPUOIU3UTENILHO TIOCTe 25 UTepaluii aaropuTMma.

KiioueBble c10Ba: UIMHAPHUYECKAHN KeIe300€TOHHBIN pe3epByap; B3pbIBHAS Harpy3Ka;
KOJIBLIEBBIC HAIPSHKECHUS;, PaMalbHOE TIEPEMEICHUE; ONTUMU3AINs KOHCTPYKIHiA; anroputm PSO

INTRODUCTION

Storage tanks are crucial structures for fluid
containment in transmission networks, typically
featuring fixed plan and elevation geometries.
Their design and analysis account for inflow
rates, site geotechnical conditions, and
static/dynamic loading. Therefore, a precise
investigation of tank behavior under blast
loading is essential. A key aspect of analyzing
such structures involves evaluating the effects
of fluid-structure interaction in response to
dynamic forces. For this purpose, the fluid
(water) is assumed to be a continuous,
incompressible, and irrational medium. Within
the tank domain, the equations of motion are
based on the governing differential equation for
hydrodynamic wave propagation and the
corresponding boundary conditions, which is
the Laplace equation [1].

The seismic response of liquid storage tanks has
been extensively studied by numerous
researchers. Early studies in this field assumed
rigid tank walls and considered both linear and
nonlinear fluid behavior. Pioneers in this area
were Jacobsen [2] and Housner [3], who
investigated hydrodynamic pressure effects in
tanks subjected to horizontal excitation.
Jacobsen focused his studies on cylindrical
tanks with rigid walls, while Housner modeled
rigid cylindrical and rectangular tank systems in
a manner practical for civil engineers. In
Housner's model, the fluid pressure is divided
into an impulsive component due to the part of
the fluid accelerating with the wall and a
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convective component resulting from fluid
sloshing. Subsequently, Epstein provided a
series of equations and tables, assuming the
convective component acts in the upper part of
the fluid, to determine maximum seismic forces
[4]. Later, Haroun and Housner, using the finite
element method, boundary solutions, and
computer programs, presented a new model of
the tank-fluid system, considering not only the
fundamental cos @ mode but also higher-
order cosnf modes [5]. Veletsos then modeled
the impulsive components of rigid and flexible
wall tanks by substituting a pseudo-acceleration
function for ground acceleration, followed by
Ramerathoffer who proposed a design
procedure for tanks considering both seismic
components [6].

As observed, most existing research has
considered earthquake forces as the dynamic
effect on fluid storage tanks. However, such
structures may also be subjected to other
loadings, such as blast waves. The analysis of
blast loading effects on structures began in the
1960s. In 1959, the U.S. Army published a
manual titled "Structures to Resist the Effects of
Accidental Explosions." A revised edition
published in 1990 has been widely used by
military and non-military organizations for the
design of structures to prevent blast propagation
and protect personnel and equipment [7].
Subsequently, numerous numerical and
experimental studies were conducted on the
effects of blast on various structures, including
fluid storage tanks [8, 9]. Among these, research
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by Wang et al. demonstrated that a tank
designed for seismic forces has lower resistance
to blast, resulting from increased internal energy
and reduced external work when adopting
constrained boundary conditions [10]. Mittal
researched the dynamic analysis of liquid
storage tanks under blast using a combined
Eulerian-Lagrangian formulation, showing that
stresses increase with higher fluid fill level,
decreased distance from the blast center, and
increased height-to-radius ratio of the tank [11].
Li et al. investigated blast overpressure
generated inside and outside groups of tanks.
They provided methods for calculating internal
and external pressures considering various
spacing's between tanks [12, 13]. Zheng et al.,
using numerical methods, presented the stress
and deformation in a gas tank subjected to a
TNT explosive blast load [14]. Hu and Zhao
modeled the effect of blast on a small-scale tank
in FLUENT software and compared it with
experimental specimens [15]. Peyman Safa
conducted a nonlinear dynamic numerical
analysis on ground-based floating roof tanks
under blast loading for 30 different blast
scenarios [16]. The obtained results indicated
that the examined tank shells are vulnerable to
some blast loading scenarios and would suffer
damage based on the failure criteria of the API
650 standard. Yasseri, through experimental
studies, proposed a relationship for obtaining
the external blast pressure distribution around
vertical pressure tanks [17]. The results of this
research are applicable to tanks with heights
smaller than their diameters. The numerical
study by Wang and Zhou on a water tank under
blast loading showed that water can mitigate the
tank's blast response [18]. Alipour and
colleagues, in their research, investigated the
effects of explosive distance, charge height
above ground, explosive mass, tank geometry,
internal fluid condition, and internal fluid
pressure distribution on both cylindrical and
cubic reinforced concrete tanks with an
equivalent cross-sectional area of 900 m?,
considering fluid-structure interaction effects
[19, 20, 21]. Hosseini et al. in a study, increasing
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soil density was found to intensify pressure and
stress on buried pipes under blast loading, whereas
low-density soil acts as a damper, reducing pipe
damage. Using the ALE method in LS-DYNA,
parametric analysis showed that soil with lower
density better mitigates explosion effects on
concrete pipes [22].

MATERIALS AND METHODS

This study aims to perform a sensitivity analysis
of parameters affecting hoop stress in above-
ground cylindrical reinforced concrete tanks
subjected to blast loading using the Monte Carlo
simulation method. All studied responses are
calculated and recorded at control points. In this
research, control points are defined along the
tank's peripheral surface at three elevation
levels: bottom, mid-height, and top of the tank
wall. The soil stiffness is assumed to be infinite
in this study, effectively neglecting soil-
structure interaction effects. (Figure 1) shows
the geometric parameters of the cylindrical tank.
The studied variables are as follows:

Explosive Mass: The loading in this study is of
the blast type. One of the key factors
influencing damage to the structure is the
magnitude of the blast force. Explosive mass is
one of the variables studied. Therefore, two
values of TNT equivalent explosive mass are
used: 500 kg and 1000 kg.

Explosive Distance: Another variable is the
distance from the explosive charge to the tank.
The closer the blast location is to the structure,
the higher the likelihood of damage. The
distances considered in this study are 10 m and
25 m. Internal Fluid Condition: To investigate
fluid-structure interaction effects, the tank's
behavior can be analyzed for three conditions:
empty, half-full, and full. Tank Height: Given
the nature of blast loading, which acts as
compressive waves on the tank's external wall, a
larger loaded surface area inevitably leads to
greater effects. Therefore, tank height, which
directly increases the loaded surface area, is
studied as a variable.
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Figure 1. Geometric parameters of the
cylindrical tank under study

Scaling Laws

The characteristics of a blast wave depend on the
energy released from the explosive material and the
propagation medium. These properties can be
measured under controlled laboratory conditions
and serve as a basis for obtaining information about
other explosions using blast scaling laws. In blast
loading, scaling blast wave properties is a common
practice, and several methods have been proposed
for estimating blast waves. Using scaling laws
based on experimental results, the properties of a
blast wave from any desired charge weight and
distance can be estimated, assuming a perfect gas

Majid Alipour, Mojtaba Hosseini, Peyman Beiranvand

and neglecting gravity and viscosity; however,
these laws are not suitable for very strong shock
waves or distances very close to the explosion
source. The Henrych scaling method used in this
study for designing cylindrical reinforced concrete
tanks is described below. According to Henrych's
scaling laws, if a charge weight W (kg of TNT)
detonates at a distance R from a structure, the peak
incident overpressure P, can be calculated from
the following equations:

R
7= R (€))
W3
14072 5.54 . 0.357 . 0.000625 0.05 <7 <03
7 7z T3 z* T -

p _)6194 0326 2.132
= . +ZZ +23 03<zZ<1

6.662 4.05 3.288

1<Z<10

Z +Zz+Z3

(2
Where Z is the scaled distance.

Preliminary Design of the Cylindrical Reinforced
Concrete Tank

In this section, a cylindrical reinforced concrete
tank was designed based on the initial problem
parameters. Table 1 presents the primary
specifications used for the tank design.

Table 1. Initial problem specifications for the design of the cylindrical reinforced concrete tank

Parameter Value
Total tank height I5m
Outer diameter of the cylindrical tank base 33.85m
Concrete class and compressive strength C30/30 MPa
Unit weight of concrete 25 kN/m?
Yield strength of reinforcement steel 400 MPa
Fluid height inside the tank 7.5m
Unit weight of fluid 10 kN/m?
Mass of explosive charge 1000 kg
Explosive distance of explosive from the tank 25 m
Based on the specifications in Table 1 and the cylindrical reinforced concrete tank was
provisions of Publication No. 123, the designed as detailed in  Table 2.
Table 2. Preliminary Design of the Cylindrical Reinforced Concrete Tank
Design Design Slab Vertical Horizontal Slab Wall
Tensile Bending Reinforcement Reinforcement ~ Reinforcement  Thickness Thickness
Force Moment
1523 kN/m 844 kN.m/m @16 @ 150mm @25 @100mm @20 @ 100mm  400mm 600mm
116 International Journal for Computational Civil and Structural Engineering
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Modeling the Tank and Fluid under Blast Loading

The modeling procedure for all studied models
in this research was similar and consistent. The
differences between models were solely in
numerical values, geometric parameters, and
research variables. Therefore, this section
presents the general modeling procedure for one
of the studied models. The first step in the
modeling process is creating the required parts.
In this study, according to the variables under
investigation, three parts were modeled: the
tank, the water, and the reinforcements (vertical
and circumferential). Concrete elements are of
type S4R, water elements are of type AC3D8R,
and reinforcement elements are of type T3D2.
After creating all three parts, the materials for

water, concrete, and steel are defined and
assigned to the created parts.

The water density is taken as 1 x 107¢ kg/mm? and
the water viscosity is set to 0.001. To define the
fluid behavior, the Us-Up equations (Mie-
Griineisen equation of state) are used. For this
purpose, the speed of sound C, = 1480000 mm/s
the slope coefficient of the Us-Up curve s = 1.79
and the Griineisen coefficient Iy = 0.5 are defined.
For the concrete tank, concrete with grade C30 is
used, with a unit weight of 2.4 x 1076 kg/mm3 a
Poisson's ratio of 0.2 and an elasticity modulus of
23.5GPa. To define the plastic properties and
damaged behavior of concrete, the parameters
related to the Concrete Damaged Plasticity model
were considered according to Tables 3 and 4.

Table 3. Parameters for Concrete Damaged Plasticity Behavior

Eccentricity Dilation Angle (°)

fo/feo

Eccentricity Dilation Angle (°)

0.0001 0.67

1.16

0.1 30

Table 4. Compressive and Tensile Behavior of Concrete in ABAQUS Software

Compressive Stress (MPa)

Plastic Strain

Tensile Stress (MPa) Plastic Strain

1 11.25 0.0000
2 18.75 0.0000
3 22.50 0.0000
4 25.00 0.0002
5 23.75 0.0005
6 21.25 0.0010
7 17.50 0.0020
8 12.50 0.0030
9 10.00 0.0040

2.80 0.0000
2.10 0.0001
1.40 0.0002
0.70 0.0003
0.00 0.0004

Steel is used to model the reinforcements in
concrete. The elastic properties of steel, including
unit weight, Poisson's ratio, and elasticity modulus
are7.85 x 107° kg/mm3, 0.3 and 210GPa
respectively. Since blast loads (as impulsive loads)
typically induce extremely high strain rates in the
range of 100 to 10,000 s, they alter the mechanical

mechanisms in the structure. According to Table
5, the plastic properties of steel are defined using
the Johnson-Cook hardening model to account for
strain rate effects on stress. According to Equation
(3), stress in the Johnson-Cook model is defined
as a function of plastic strain, strain rate, and
temperature. This feature can be readily defined in

properties of materials and the expected ABAQUS software.
Table 5. Johnson-Cook Model Parameters for Steel Plastic Behavior.
Parameters Value
A (MPa) 360
B (MPa) 635
n 1.03
m 0.114
Melting temperature (K) 1500
Transition temperature (K) 298
0.075

Epsilon dot zero

1
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o= (A+Be")(1+ C.Lne")(1 — T*™) 3)
Where ¢* is the dimensionless plastic strain rate
relative to the reference strain rate, and € is the
plastic strain rate;T* is the homologous
temperature; 4 is the initial yield strength of steel
at a reference plastic strain rate € = 1/s and
temperature of 298 K; B and » simulate the strain-
rate-independent ~ hardening  behavior  of
steel; Crepresents  the  strain-rate-dependent
hardening behavior; and m is the thermal softening
coefficient, obtained from mechanical tests for
steel and equal to 0.114. After assigning materials
to the parts, all parts are assembled, and the charge
weight and explosive distance are defined using
the ConWep method. Accordingly, the desired
points are defined as reference points using
the Offset from point option, and subsequently,
the charge weight is defined. It should be noted
that the tank base is modeled with fixed supports
and is fully constrained.

VALIDATION

To ensure the accuracy of the modeling performed
in this study, the results presented here were verified
against those from a reputable reference. For this
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purpose, one of the models examined by Moghadam
et al. was simulated, and the obtained results were
compared with those presented in that reference. It is
worth noting that previous studies have compared
different numerical modeling methods for applying
blast loads to water storage tanks to assess their
accuracy. In this section, the blast loading on the
tank is applied in ABAQUS software and compared
with the numerical modeling method proposed by
Moghadam et al. for evaluation. Steel water tanks
with various dimensions and fill percentages were
analyzed under a 100 kg TNT explosion at different
explosive distances [23].

In this case, a water tank with a height of 1 meter, a
radius of 1 meter, and 50% water fill was modeled
under a 100 kg TNT explosion at a distance of 5
meters from the tank and evaluated in ABAQUS
software to confirm the model’s validity. The graph
in Figure (2) shows the resulting hoop stress on the
tank wall under blast. The hoop stress distribution
along the wall at the peak blast time is examined,
and pressures are applied to the water tank. In this
case, the hoop stress value is determined for each
node and plotted. Table (6) compares the percentage
error in the study conducted by Moghadam et al.
with the present study. The comparison results
showed that the difference was less than 5%.

Table 6. Percentage Error of the Method by Moghadam et al. Compared to the Present Study [23]

10 9 8 7 6 5 4 3 2 1
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0 Depth(m)
112 184 217 288 321 379 440 496 538 549 Moghadam et al. [23]
115 192 214 295 330 389 432 510 546 564 Current study
2.7 43 1.4 24 2.8 2.6 1.8 2.8 1.5 2.7 Error (%)
700 T T
-

500 -

N
=]
]
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Figure 2. Comparison of hoop stress in the studied model with the research by Moghadam et al
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RESULTS

Analyzed of Models

Given the variables addressed in this study, which
include the water condition inside the tank (empty,
half-full, and full), tank height (10 and 15 meters),
explosive charge mass (500 and 1000 kg), and
explosive distance (10 and 25 meters), we will
examine the influence of each stated variable on
the behavior of the above-ground tank,
considering fluid-structure interaction effects. In

this process, other variables are held constant.
This procedure is repeated for each variable, and
the impact of all variables on the structural
response is studied and evaluated. Subsequently,
the effects of explosive charge mass, explosive
distance, internal water condition, and tank height
on the overall response of the above-ground tank
under blast loading are investigated and assessed.
The studied scenarios in this research are named
according to Table (7).

Table 7. Introduction and Nomenclature of the Studied Scenarios in the Present Research

Model Tank Height (m) Explosive Charge Mass (kg) Water Condition in Tank  Explosive Distance (m)
T1 10 500 Empty 25
T2 10 500 Empty 10
T3 10 500 Half-Full 25
T4 10 500 Half-Full 10
T5 10 500 Full 25
T6 10 500 Full 10
T7 10 1000 Empty 25
T8 10 1000 Empty 10
T9 10 1000 Half-Full 25

T10 10 1000 Half-Full 10
T11 10 1000 Full 25
T12 10 1000 Full 10
T13 15 500 Empty 25
T14 15 500 Empty 10
T15 15 500 Half-Full 25
T16 15 500 Half-Full 10
T17 15 500 Full 25
T18 15 500 Full 10
T19 15 1000 Empty 25
T20 15 1000 Empty 10
T21 (RM) 15 1000 Half-Full 25
T22 15 1000 Half-Full 10
T23 15 1000 Full 25
T24 15 1000 Full 10
ABAQUS Software Outputs

After simulating all 24 models in ABAQUS
software, contour outputs of hoop stress and
displacement are obtained.

Table 8. Maximum Hoop Stress and Displacement Values for All 24 Models

Maximum Displacement (cm) Maximum Hoop Stress (MPa) Model
1.12 17.4 T1
2.41 434 T2
1.40 24.8 T3
3.40 61.9 T4
1.62 29.7 T5
4.11 74.3 T6
1.20 21.7 T7
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3.00
1.70
4.30
2.00
5.10
1.10
2.80
1.64
4.15
1.90
4.80
1.40
3.55
2.09
5.00
242
6.12

542 T8
30.9 T9
77.4 T10
37.1 T11
92.8 T12
20.4 T13
51.0 T14
29.1 T15
72.8 T16
34.9 T17
87.4 T18
25.5 T19
63.7 T20
36.4 T21 (RM)
91.0 T22
43.7 T23
109.2 T24

Optimal Design of the Cylindrical Reinforced Concrete
Tank

The Particle Swarm Optimization (PSO)

algorithm is a population-based optimization

technique inspired by the social behavior of bird

flocking or fish schooling. Each "particle" in the

search space represents a potential solution. The

main parameters of this algorithm are as

follows:

e Population: A set of particles (n-particles).

e Position: The location of a particle in the
search space (positions).

e Velocity: The direction and magnitude of a
particle's movement (velocities).

e Personal Best: The best position experienced
by each particle so far (pBest).

e Global Best: The best position found within
the entire swarm (gBest).

The velocity and position of each particle are

updated using Equations (4) and (5).

“
vilt+ 1) =wxvi(t) + ¢, Xy X (pBesti - xi(t))
+cy X1y X (gBest — xi(t))
xi(t+ 1) =x;(t) +vi(t+ 1) €]

Where:

o v;(t) is the velocity of particle i at iteration t,

e x;(t) is the position of particle i at iteration ¢,

e w is the inertia weight,

e c1 and c2 are the cognitive and social
acceleration coefficients, respectively,

e 71 and 72 are random numbers uniformly
distributed between 0 and 1,

e pB est is the personal best position of
particle i, and

e gBest is the global best position.

In this section, using the results from Table 5, a

cylindrical reinforced concrete tank was designed

using the PSO algorithm. The algorithm

parameters were set as presented in Table 9.

Table 9. Initial parameters of the PSO algorithm

Maximum Number of  Cognitive Coefficient ~Social Coefficient  Inertia Weight (w)  Number of Particles
Iterations
100 1.5 1.5 0.7 50

It should be noted that the two design
constraints were set as the maximum allowable
hoop stress (30MPa) and maximum
displacement (20mm). The optimal tank was
designed for C30 concrete and steel with a yield
strength of 400MPa. The tank height and
diameter were 15 m and 33.85 m, respectively.

120

The explosive mass and explosive distance were
considered as 5000 kg and 50 m, respectively.
In this optimal design, the objective function
was to minimize the tank weight while
simultaneously satisfying the maximum stress
and displacement constraints. According to the
executed code provided in Appendix (C), the
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minimum weight of the cylindrical reinforced 23933kN, which, as shown in Figure (3), is
concrete tank using the PSO algorithm is achieved after approximately 25 iterations.

i
42"

42r

4k
38
3.6
34

32r

Total mass (kN)

3t

281

26

24
0 5

0
Iteration

20 25

Figure 3. Optimized weight of the cylindrical reinforced concrete tank versus PSO algorithm
iterations

Table 10 presents the geometric specifications
of the weight-optimized cylindrical reinforced
concrete tank.

Table 10. Geometric specifications of the optimal tank using the PSO algorithm

Parameter Value
Total tank height 15m
Outer diameter of the cylindrical tank base 33.85m
Concrete cover for floor and wall 50mm
Tank wall thickness 440mm

Vertical reinforcement
Horizontal reinforcement (hoops)
Maximum hoop stress
Maximum displacement

Two layers of ®25@150mm
Two layers of ®32@150mm

Determination of Fitted Curves for Problem Parameters
A fitted line (trend line) is a straight line that
represents the best linear relationship between
two variables. This line is drawn such that the
overall distance of all data points from the line
is minimized, while also passing through the
majority of the data. In this section, the fitted
line (regression) between various parameters
and the hoop stress is calculated. The goal is to
find the equation of a straight line y = ax + b
that best fits the data. To compute the slope and
intercept of this line using the least squares
method, Equations (6) and (7) are used.

Volume 22, Issue 2, 2026

26.76MPa
2.0lcm
0= 20 =) — ) ©)
1200(x; — %)?
b=y—ax 7

Where x¥ and y are the means of the n data
points on the horizontal and vertical axes,
respectively. According to Figure (4), an inverse
and approximately linear relationship is
observed between mesh size and hoop stress. As
the mesh size decreases from 0.3m to 0.03m, the
hoop stress increases from 5MPa to 55MPa.
Finer meshing is capable of estimating the
complex stress field resulting from the
interaction of the blast wave and sloshing
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phenomena with higher accuracy. This
relationship also indicates a strong dependence
of the finite element analysis results on the
mesh size.

a5

° ® data ‘
. sy = 13 66X + 20.19
20| & ~

35 -

30r-

251

Hoop Stress (MPa)

. . L . . .
0 0.05 0.1 0.15 0.2 0.25 0.3
Mesh Size (m)

Figure 4. Correlation between hoop stress and
mesh size

According to Figure (5), a parabolic relationship
is observed with maximum stress occurring at a
fluid height of 4-6 meters. At low fluid levels,
the impulsive effect of the blast wave
dominates. At moderate fluid heights, the
phenomena of fluid-structure resonance and
sloshing occur, while at high fluid levels, the
damping effect of the fluid and hydrostatic
pressure become significant.

Hoop Stress (MPa)

Fluid Height (m)
Figure 5. Correlation between hoop stress and
fluid height

According to Figure (6), an increase in tank
height has a negligible impact on the increase in
hoop stress, with only a mild slope of growth. In
contrast, as shown in Figure (7), increasing the
explosive distance of the explosive from the
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tank causes a reduction in the tank's hoop
stresses. Based on the present study, this
parameter (explosive distance) is the most
influential on the magnitude of hoop stress.

ar

® data ° °
— = 0.60X + 10.39

40 - ® .

Hoop Stress (MPa)

L . . . . . . . . .
10 105 11 11.5 12 12,5 13 135 14 14.5 15
Tank Height (m)

Figure 6. Correlation between hoop stress and
tank height

data
— = -1.67% + 47.19
40

Hoop Stress (MPa)

. .
10 15 20 25
Explosive Distance (m)

Figure 7. Correlation between hoop stress and
explosive distance

Hoop Stress (MPa)

500 550 600 650 700 750 800 850 900 950 1000
Explosive Mass (kg)

Figure 8. Correlation between hoop stress and
explosive mass

International Journal for Computational Civil and Structural Engineering



Optimization of Above-Ground Cylindrical Reinforced Concrete Tanks Under Blast Loading Considering

Fluid-Structure Interaction Effects Using the PSO Algorithm

As evident from Figure 8, increasing or
decreasing the explosive mass within the
variable distance range of 10 to 25 meters has
an insignificant effect on the magnitude of hoop
stress. This demonstrates the negligible
influence of charge mass on hoop stress at
larger standoff distances from the tank.

DISCUSSION AND CONCLUSION

In this research, the dynamic responses of
cylindrical reinforced concrete water storage
tanks under specified blast loading were
investigated. =~ The results indicate that
parameters such as the water fill level, tank
height-to-radius ratio, and distance from the
blast center significantly influence the dynamic
response of the tank structure. Specifically, the
horizontal impulse increases with a decrease in
water fill percentage and an increase in tank
height. Furthermore, hoop stresses increase with
a higher water fill level and a decrease in the
standoff distance of the explosive. The most
significant findings of this study are as follows:
= The optimal design of a cylindrical
reinforced concrete tank using the Particle
Swarm Optimization (PSO) algorithm for a
specified fluid volume resulted in a reduction
of the tank weight by approximately 4% after
25 iterations.
= A decrease in mesh size led to an increase in
hoop stress, which is primarily attributed to
stress concentration in the underlying elements.
= As the fluid height inside the tank increases,
hoop stresses exhibit a parabolic pattern of
increase.
= Increasing the tank height within the range of
10 to 15 meters does not significantly alter
the hoop stresses.
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OPTIMIZATION OF CONCRETE CURING CONDITIONS IN
MASSIVE MONOLITHIC FOUNDATION SLABS

Vasilina S. Tyurina, Anton S. Chepurnenko, Batyr M. Yazyev
Don State Technical University, Rostov-on-Don, RUSSIA

Abstract: The problem of controlling temperature stresses and preventing early cracking in massive monolithic foun-
dation slabs at the stage of their hardening is considered. Existing methods often fail to account for the lag in concrete
strength growth relative to the development of temperature gradients, which can lead to dangerous tensile stresses. The
objective of the study is to develop a method for optimizing curing conditions aimed at minimizing tensile stress to
strength ratio as an objective function. The method is based on combined numerical modeling of heat transfer and
stress-strain problems, taking into account the kinetics of heat generation and concrete strength gain. The variable pa-
rameters were a coefficient determining the kinetics of concrete heat generation and the heat transfer coefficient from
the upper surface of the slab. The interior point method, pattern search and particle swarm optimization were used to
solve the optimization problem. Calculation results for various slab thicknesses and climatic conditions showed that to
minimize the risk of cracking, it is necessary to reduce the heat transfer coefficient on the upper surface of the slab to
2.5-4.7 W/(m? °C), and to use normal- and rapid-hardening concrete rather than slow-hardening concrete. This is ex-
plained by the lag in tensile strength growth behind the development of temperature differences in slow-hardening
concrete. Optimization reduced tensile stress levels by 2.2-3.3 times compared to standard conditions, making it pos-
sible to concretize slabs up to 3 m thick without the use of artificial cooling systems.

Keywords: massive foundation slabs, early cracking, thermal stresses, curing optimization,
concrete heat release kinetics, heat transfer, particle swarm method, rapid-hardening concrete, thermal insulation

ONTUMMU3ALIUA YCJOBUN TBEPJEHUSI BETOHA B
MACCUBHBIX MOHOJIMTHBIX ®YHAAMEHTHBIX IIVIMTAX

B.C. Twpuna, A.C. Yenypneunko, b.M. A3viee

JloHCKOM rocyJapCTBEHHBIN TeXHUUECKUI YHUBEPCHUTET, I'. PocToB-Ha-/{ony, POCCUA

AHHoTanus: PaccMaTpuBaeTcs mpobiaemMa KOHTPOJISI TEMIIEPaTypHBIX HAPSHKCHUH U NP eA0TBPAIICHUS pAHHETO
TPEHIMHOOOPa30BaHNsT MAaCCUBHBIX MOHOJMTHBIX (DYHJaMEHTHBIX IUTUT Ha CTaJWHU MX Bo3BeaeHus. CymiecTBy-
IOIIME METO/BI YaCTO HE YYUTHIBAIOT 3aMa3AbIBAHUE B POCTE MPOYHOCTH OETOHA OTHOCUTEIBHO Pa3BUTHUS TEMIIE-
paTypHBIX TPaJMEHTOB, YTO MOKET NMPHUBECTU K ONACHBIM YPOBHSAM pPACTATMBAIOIIMX HampspkeHuH. Llensro uc-
CJICZIOBAHUS SBJISICTCS pa3paboTKa MeToJia ONTHMHU3AINHU YCIOBHH TBEpACHUs, HANPaBICHHOIO HA MHUHHUMH3a-
IIMI0 OTHOIICHUS PACTSATHBAIONIET0 HANPSDKEHHS K MIPOYHOCTH Ha pacTsDKEHHE B KauecTBE LENICBOM (DYHKIIHH.
Merton OCHOBaH Ha KOMOMHHPOBAaHHOM YHCIICHHOM MOJEJIMPOBAHWU 3a7ad TEIUIONEpeaud M HarpsHKeHHO-
neopMHUPOBAHHOTO COCTOSIHUS 3374, YIUTHIBAIOIIEM KHHETHKY TEIUIOBBIICICHNS U IIPHPOCTA TIPOTHOCTH Oe-
ToHa. [lepeMeHHBIME MTapaMeTpaMH ABJIUINCH KO(GOHUINECHT, ONpEeNeIOMNiI KHHETHKY TEIUIOBBIICICHNs Oe-
TOHA, 1 KO3(PHUIUECHT TEIUIONEPeIaun ¢ BEPXHEH MOBEPXHOCTH IUINTHI. [IJIs pemeHns 3a1a4n ONTHMHU3aINH HC-
MIOJIb30BAJIMCH METO BHYTPEHHEH TOUKH, METO/ HIa0JIOHHOTO TIOMCKA U METOJL posi 4acTull. Pe3ynbpTars! pacue-
TOB ISl PA3/IMYHON TOJIIIMHBI TUIUT U KIIMMAaTHYECKUX YCIOBUH MOKa3alu, YTO I MUHUMH3ALUN PUCKA PaHHE-
r'0 TPEIMHOOOpa30BaHud HEOOXOAMMO CHU3HTD KOI((UIMEHT TEIJIONepeiaud Ha BEpXHEH IOBEPXHOCTHU ILIUTEI
1o 2,5-4,7 Br/(M*°C) 1 ucnoib30BaTh OETOH HOPMAIBLHOTO M OBICTPOTO TBEPACHHS BMECTO ME/JIEHHO TBEpJe-
touiero 0eroHa. DTo 00BACHACTCS 33AEPAKKOH B POCTE IIPOUHOCTH HA PACTSKEHHE 110 CPABHEHHIO C Pa3BUTHEM
TEMIIEpaTyPHBIX MEPENa OB B MEUIEHHO TBep/eiolieM OeToHe. B pesynbraTe onTHMHU3aluy YpOBHU PacTATHBa-
IOIINX HANPSDKEHUH CHIDKEHBI B 2,2—3,3 pa3a 1o CpaBHEHHUIO CO CTAHAAPTHBIMH YCIOBUSIMH, YTO TTO3BOJIIET Oe-
TOHUPOBATH TUIUTHI TOJIIIMHOMN /10 3 M O€3 NCIIOIB30BAaHMS CHCTEM HCKY CCTBEHHOTO OXJIQXKIACHHS.

KaroueBbie ci1oBa: MaccuBHBIE (DyHIAMEHTHBIE TUIUTHI, PAaHHEE TPEIINHOOOpa30BaHNuE,

TeMIepaTypHbIe HAIPsHKCHUS, ONTHMHU3AINS TBEPICHNS, KHHETHKA TETUIOBBIACTICHNs OETOHA, TEIUIO0TIa4a,
METO]T POSI YaCTHUII, OBICTPOTBEPICIONTNI OETOH, TETUION3OJISIIHS
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INTRODUCTION

The problem of monitoring thermal stresses in
massive concrete and reinforced concrete
structures during their construction is a press-
ing issue in global construction practice [1-3].
When constructing high-rise buildings and
structures, as well as multi-story buildings,
foundation slabs at least 1 m thick are used,
which fall into the category of massive struc-
tures, necessitating an assessment of the risk
of early cracking and the development of
measures to prevent it [4-6].

Traditionally, the use of slow-hardening con-
crete is recommended to reduce the risk of early
cracking, which reduces peak temperature dif-
ferences [7-11]. However, this approach often
fails to account for the lag in the growth of
strength properties relative to the development
of temperature gradients, which can lead to
dangerous levels of tensile stress.

In recent years, considerable attention has been
devoted to methods of numerical modeling of
thermal and stress fields in massive structures
[12-14]. Studies [15-18] demonstrate the effec-
tiveness of using surface thermal insulation for
temperature control. However, most studies are
limited to analyzing temperature fields without
comprehensively considering the kinetics of
strength gain and the development of concrete's
mechanical properties.

Modern approaches to optimizing curing condi-
tions are based on the combined solution of heat
transfer and deformation mechanics problems
using numerical optimization methods. Simpli-
fied models for assessing the stress-strain state
of foundation slabs have been proposed in [19-
21]. However, the targeted selection of concrete
parameters and heat transfer conditions to min-
imize tensile stresses remains understudied. In
particular, there are no methods for simultane-
ously optimizing the kinetics of concrete heat
release and the intensity of surface heat transfer,
taking into account various climatic conditions
and geometric parameters of structures.

A literature review revealed a lack of compre-
hensive methods for optimizing the curing
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conditions of massive foundation slabs, aimed
at minimizing tensile stress as an objective
function. Existing recommendations for the
use of slow-hardening concrete do not take
into account the effect of delayed strength
characteristics on stress, which can lead to
suboptimal design solutions. Therefore, de-
veloping a method for determining optimal
heat generation and heat transfer kinetics from
the slab's upper surface for various concreting
conditions is a pressing scientific and practical
challenge. The results of this study will enable
informed selection of concrete compositions
and thermal insulation parameters that mini-
mize the risk of cracking.

The purpose of the work is to develop a meth-
odology for optimizing the conditions of con-
crete hardening in massive monolithic founda-
tion slabs, aimed at minimizing the risk of early
cracking by reducing the level of tensile stresses
in the initial period of hardening.

Within the framework of the set goal, the fol-
lowing tasks were solved:

1. To develop a calculation model describing the
combined influence of the kinetics of heat gen-
eration in concrete and heat exchange condi-
tions on the formation of temperature fields and
the stress-strain state in massive monolithic
foundation slabs.

2. To define the optimization objective function
and select the variable parameters.

3. To conduct a series of calculations for various
slab sizes and climatic conditions using nonlin-
ear optimization methods (interior point meth-
od, pattern search method, particle swarm
method).

4. To analyze the obtained optimal parameter
values, evaluate the effectiveness of various op-
timization methods and the influence of initial
conditions on the result.

5. To formulate practical recommendations for
the selection of concrete and optimal heat trans-
fer parameters to reduce tensile stresses in mas-
sive foundation slabs without the use of artifi-
cial cooling systems.
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METHODS

The maximum level of tensile stresses was
adopted as the objective function when solving
the problem of determining the optimal condi-
tions for concrete hardening in massive mono-
lithic foundation slabs:

£=2 " min, (1)

where o is the tensile stress, R, is the current

tensile strength of concrete.

The determination of the maximum level of ten-
sile stresses was carried out using a simplified
method given in [19]. In the first stage, the tem-
perature field was calculated in a one-
dimensional formulation using the equation:

2
/18—§+W:pca—T

s 2
0z ot @

where A is the thermal conductivity coefficient

of the material, 7 is the temperature,
00 . :
W:6—le the power of internal heat sources
t

for 1 m® of concrete, p is the density, ¢ is the

specific heat capacity.

The temperature field was calculated using the
finite element method in conjunction with a soil
massif whose thickness was assumed to be con-
stant and equal to 3 m. The values of the ther-
mophysical characteristics of the soil and con-
crete adopted in the calculation are presented in
Table 1.

Table 1. Thermophysical characteristics of soil
and concrete

Density | Specific Thermal con-
o heat ca- | ductivity co-
kg/m® | pacity c, | efficient A,
J/(kg-°C) | W/(m-°C)
Soil 1600 1875 1.50
Concrete | 2400 1000 2.67
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On the upper surface, boundary conditions of
the third kind were adopted (convective heat
exchange with the environment):

ia—T+hup(T—Too)=O, 3)

0Oz

where 7., is the ambient temperature, /,, is the

heat transfer coefficient on the upper surface.

At the lower surface of the soil massif, boundary
conditions of the first kind were adopted (the tem-
perature is constant and equal to 7;,,). The heat

release function of concrete was taken as [22]:
28"
O(t)=0pg-exp k'Ll—(Tj J ,

where 7 is the time in days, O,4 is the amount of

heat released during the first 28 days of harden-
ing (MJ/m?), the coefficients k and x depend on
the rate of hardening of the concrete.

When calculating temperature stresses, the de-
pendence of the mechanical characteristics of
concrete on the equivalent age 7,, was taken

into account. The equivalent age was calculated
by the formula:

t

1
teq :E!)‘T(T)d’[, (5)

7

where T, =20°C is the temperature corre-

sponding to normal conditions, 7'(7) is the

temperature at an arbitrary point of the founda-
tion slab at age 7.

The function of change in cubic strength under
compression was taken as [23]:

R =Ry exp(s(l— 2871, )) (6)

where 7,, is the equivalent age of concrete in

days, R,g is the compressive strength at the age
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of 28 days (when hardening under normal con-
ditions), s is a coefficient depending on the ki-
netics of concrete hardening.

Table 2 presents the values of the coefficients
k, x and s according to data [24].

Table 2. Values of coefficients k, x, s accord-
ing to data [24]

Classification of concrete according to EN
206.1
Rapid Normally | Slow Very
hardening | hardening | hardening | slow
hardening
k 1 <0.15 0.16-0.2 ] 0.21-0.24 | >0.24
x | 045 0.46-0.51 | 0.52-0.62 | >0.62
s | <0.25 0.25-0.43 1 0.43-0.7 | >0.7

This table shows a tendency towards an increase
in the coefficient s together with the coefficient
k. The same applies to the coefficient x. There-
fore, the coefficient & was chosen as the first
variable parameter determining the kinetics of
heat release of concrete, and the coefficients x
and s were expressed through the coefficient &
using approximating formulas:

x=17.2-k*-4.83-k+0.787;
s=494-k—-0.512.

()

The modulus of elasticity of concrete at equiva-
lent age 7,, was determined as a function of its

compressive strength based on the formula [25]:

R 0.28
E =22265- (—j : (8)
10

Until the equivalent age of 12 hours, it was con-
sidered that concrete was not yet a solid body
capable of withstanding stress, and the modulus
of elasticity was taken to be zero.

Tensile strength, like the modulus of elasticity,
was taken as a function of compressive strength
[26]:

R, =0.29R*. )
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The calculations were performed at R,g= 37

MPa, Poisson's ratio of concrete v =0.2, coeffi-
cient of  linear thermal expansion

a=10"1/°C. The value 0,3 was taken as

constant and equal to 130 MJ/ m?.
The second optimized variable was the parame-
ter A,,. In the calculation program, up to the

age of 12 hours, the heat transfer coefficient on
the upper surface was assumed to be 23
W/(m?-°C), as for an uncovered surface. Subse-
quently, the heat transfer coefficient was as-
signed the value /7, .

The search for the minimum of the objective
function f (k, hup)was implemented in the

MATLAB R2021b environment using three
built-in nonlinear optimization methods:

1. Interior point method.

2. Pattern search method.

3. Particle swarm method.
The parameters of the optimization algorithms
in MATLAB were set to default values. The

values k=0.18 and £, =23 W/(m2 -°C)Were

chosen as the starting point for the search,
which corresponds to normally hardening con-
crete and standard heat transfer for external
walls, roofs, and ceilings according to Russian
design codes SR 23-101-2004. Thermal perfor-
mance desing of buildings.

For input parameters k and /,, the following

constraints were adopted:

0.1<k<04;

0.5<h,, <23.

(10)

A series of nine calculations was performed for
different values of ambient temperature 7., soil

temperature 7}, , initial concrete mix tempera-
ture 7, and slab thickness /. The initial data

for each case, as well as the objective function
values f at the initial search point, are present-

ed in Table 3.
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Table 3. Considered variants of initial data for

Vasilina S. Tyurina, Anton S. Chepurnenko, Batyr M. Yazyev

Table 4. Results of solving the optimization

solving the optimization problem problem
h, o o o No. | Method k hup f
No-| o Lo "C| o, °C | Thors°C | S 1 | Interior point | 0.219 | 3.502 | 0.261
1 1 5 10 5 0.581 Pattern search | 0.219 | 3.474 | 0.261
2 1 15 15 15 0.724 Particle swarm | 0.220 | 3.436 | 0.260
3 1 25 20 20 0.927 2 Interior point | 0.202 | 4.726 | 0.280
4 2 5 10 5 1.528 Pattern search | 0.182 | 2.794 | 0.309
5 2 15 15 15 1.637 Particle swarm | 0.201 | 4.561 | 0.280
6 2 25 20 20 1.769 3 Interior point 0.159 |3.032 | 0.282
7 3 5 10 5 2.219 Pattern search | 0.149 | 2.510 | 0.288
8 3 15 15 15 2.239 Particle swarm | 0.159 | 3.032 | 0.282
9 3 25 20 20 2277 4 Interior point 0.138 [ 2.786 | 0.519
Pattern search | 0.138 | 2.795 | 0.519
Particle swarm | 0.138 | 2.786 | 0.519
RESULTS AND DISCUSSION 5 Interior point 0.121 | 3.011 | 0.523
Pattern search | 0.128 | 3.131 | 0.524
Table 4 shows the results of solving the optimi- Particle swarm | 0.121 | 3.034 | 0.521
zation problem in the form of optimal values of | 6 Interior point 0.113 |3.979 |0.562
parameters k and /.p, as well as the correspond- Pattern search | 0.115 | 4.000 | 0.562
ing value of the objective function f for each Particle swarm | 0.100 | 3.919 | 0.570
option considered using three methods. The best | 7 Interior point | 0.172 | 2.903 | 0.819
solutions for each option are underlined. Pattern search | 0.151 | 2.820 | 0.805
Table 4 shows that the three methods used Particle swarm | 0.127 | 2.645 | 0.802
yielded roughly the same results. The particle | g Interior point 0.131 |12.687 |0.798
swarm method proved to be the most stable for Pattern search | 0.144 | 2.750 | 0.806
this problem, providing the best solution in Particle swarm | 0.131 | 2.687 | 0.798
eight of the nine variants considered. HOW@VCI‘, 9 Interior point 0.122 | 3.235 0.852
this method has the highest computational com- Pattern search | 0.125 | 3.250 | 0.853
plexity, as it evaluates the objective function Particle swarm | 0.122 | 3.235 | 0.852

value at multiple search points rather than just
one at each iteration. It should also be noted that
the interior point method finds a local maximum
in the vicinity of the initial search point, but not
a global one, unlike the other two methods used.
As a result of optimization, the maximum values
of the tensile stress level were reduced from 2.2 to
3.3 times compared to the initial search point, cor-
responding to the average heat release kinetics of
concrete and the uncovered upper surface.

Based on the obtained solutions, optimal heat
transfer coefficient values range from 2.51 to 4.73
W/(m?°C), indicating the feasibility of insulating
the upper surface. This method for reducing the
risk of early cracking is generally accepted and
has been previously discussed in [15-18, 27].
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The required thickness of thermal insulation
can be calculated based on the formula for the
heat transfer coefficient from the insulated
surface [27]:

(11)

i surf

where /sy 1s the heat transfer coefficient from
an uninsulated surface, J; is the thickness of the
i-th insulation layer, i is the thermal conductiv-
ity coefficient of the i-th insulation layer.
For one layer of insulation, its required thick-
ness can be calculated using the formula:
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1 1

For example, for the “Penofol” insulation
(closed-cell polyethylene foam with a thin layer
of aluminum foil) at Asr = 23 W/(m?-°C) and
Ar=0.045 W/(m-°C), the optimal heat transfer
coefficient of 2.51-4.73 W/(m?*°C) corresponds
to a thickness of 7.5 to 16 mm.

The optimal values of the coefficient k, which
determines the heat release kinetics of concrete,
range from 0.1 to 0.22, indicating a preference
for normal and rapid-hardening concrete over
slow-hardening concrete. Furthermore, with in-
creasing slab thickness and ambient tempera-
ture, the optimal k value tends to decrease, sug-
gesting that under these conditions, rapid-
hardening and ultra-rapid-hardening concrete
are preferable.

This finding regarding the undesirability of us-
ing slow-hardening concrete in massive founda-
tion slabs contradicts generally accepted opinion
[7-9]. However, authors who postulate the ne-
cessity of using slow-hardening concrete in
massive structures use the maximum tempera-
ture within the structure and the temperature
difference between the center and surface of the
structure, rather than the level of tensile stress,
to assess the risk of early cracking.

Our finding regarding the undesirability of us-
ing slow-hardening concrete can be explained
by the fact that the rate of increase in strength
properties of such concrete lags behind the ki-
netics of heat release and, consequently, the de-
velopment of maximum temperature differences
between the center and surface of the structure.
Let's examine this in detail using option 6 as an
example. Figure 1 shows heat release curves
plotted for k& = 0.18 (initial approximation),
k=0.115 (optimal solution), and k = 0.24 (slow-
hardening concrete).

Fig. 2 shows the change in time of the maxi-
mum temperature difference AT between the
center and the upper surface of the structure for
the initial approximation, at & = 0.115 and
hup=4 W/(m?-°C) (optimal solution) and for
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slow-hardening concrete at k& = 0.24 and
huyp=4 W/(m?-°C). A decrease in heat transfer
on the upper surface leads to a decrease in the
maximum value A7 from 22 to 11 ° C. In the
case of using slow-hardening concrete, the max-
imum temperature difference, compared to rap-
id-hardening concrete, is reduced insignificantly
(by only 0.2 °C)

1,

0.6p —k=018,h =23
up

——k=0.115,h =4
up

08 k=024,h =4
g P
O
04
0.2
0 | | | | | |
0 5 10 15 20 25 30
t, days
Figure 1. Heat release curves
25 ¢
——k=0.18,h =23
up
——k=0115,h =4
20 up
k=024 h =4
up
g 5
Q
L
q 187 \
5
O L L L L L I}
0 5 10 15 20 25 30

t, days
Figure 2. Change in time of the maximum tem-
perature difference AT between the center and
the upper surface of the structure

The maximum temperature difference for rap-
id-hardening concrete at k= 0.115 is reached
at t=3.7 days, and at this age, the tensile
strength is 96% of the strength at 28 days
(Fig. 3). For slow-hardening concrete, the
maximum temperature difference is reached at
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t = 9.3 days , and at this age, the R/ value is
81% of the strength at 28 days, which is sig-
nificantly less than for rapid-hardening con-
crete. Moreover, Fig. 3 shows that the growth
of the concrete elasticity modulus outpaces
the growth of tensile strength. All this taken
together leads to the fact that the maximum
tensile stress level for slow-hardening con-
crete, with the same value of the heat transfer
coefficient, is significantly higher than for
rapid-hardening concrete (1.13 versus 0.56). A
comparison of the curves for the change in
stress level over time is shown in Fig. 4.
Another important feature should also be not-
ed in Fig. 4. The curves of change 6/R: at hup
= 4 W/(m?-°C) (yellow and red lines) have
two maximum points and a kink. The kink in
these graphs is due to the change in the posi-
tion of the critical point where the maximum
tensile stress is reached (the critical point
moves from the upper surface to the lower
surface). For the optimized curve (red line),
the maximum values at the two critical points
coincide, indicating that the structure is of
equal strength. It is well known that equal
strength of a structure is one of the criteria for
its optimality [28-30].

1 .

0.8

0.6

Rt/Rt,ZB

—R/R

(k=0.18,h =23)
(k=0.115,h =4)
up

04 t 1,28
Rt/Rt,ZB (k= 0.24, hup =4)
. - = ElE,y (k=0.18,h =23)
: - - E/E28 (k=0.115, hup=4)
E/E28 (k=0.24, hup =4)
O L L 1 L J
0 2 4 6 8 10

t, days
Figure 3. Curves of relative change in concrete
tensile strength and elastic modulus over time
(values are calculated based on the tempera-
tures of the upper surface of the slab)
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05
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t, days
Figure 4. Comparison of stress level change
curves over time

The use of the developed optimization method-
ology makes it possible to determine curing
conditions under which it is possible to concrete
foundation slabs up to 3 m thick or more with-
out the use of expensive cooling systems.

CONCLUSION

1. The methodology for optimizing concrete
curing conditions in massive monolithic founda-
tion slabs has been developed and tested. This
methodology aims to minimize the tensile stress
level 6/R: as an objective function. The method-
ology is based on a combined solution to the
heat transfer problem and the stress-strain state,
taking into account the kinetics of heat release
and concrete strength gain.

2. It has been established that the most effective
way to reduce the risk of early cracking is the
combined control of two parameters: the kinet-
ics of heat release from concrete (through the
coefficient k) and the intensity of heat transfer
from the upper surface of the slab (through the
coefficient /up).

3. Optimization showed that to minimize tensile
stresses it is necessary to:

- reduce the heat transfer coefficient Aup to val-
ues of 2.5-4.7 W/(m*°C), which corresponds to
the use of thermal insulation coatings on the
surface of the slab.
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- use normal and rapid-hardening concrete, not
slow-hardening concrete.

4. The obtained result contradicts the wide-
spread belief that slow-hardening concrete is
preferable for massive structures. It was shown
that when using slow-hardening concrete, the
increase in tensile strength lags behind the de-
velopment of temperature changes, leading to
higher tensile stress levels compared to rapid-
hardening concrete, all other things being equal.
5. The particle swarm method demonstrated the
best efficiency in solving the given optimization
problem, providing the lowest values of the ob-
jective function in 8 of the 9 considered vari-
ants, despite the increased computational com-
plexity.

6. The proposed method reduces tensile stress
by 2.2-3.3 times compared to typical conditions
(uninsulated surface, normally hardening con-
crete). This opens the possibility of concreting
massive foundation slabs up to 3 meters thick or
more without the need for complex and expen-
sive artificial cooling systems.

7. The equal strength criterion of the structure,
observed with optimal parameters (coincidence
of stress maxima at different points of the sec-
tion), confirms the correctness and effectiveness
of the proposed approach to the design of hard-
ening conditions for massive concrete struc-
tures.
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MODEL OF DEEP BED FILTRATION IN A POROUS MEDIUM
WITH HETEROGENEOUS POROSITY

Liudmila I. Kuzmina ', Yuri V. Osipov *

"HSE University, Moscow, RUSSIA
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: Modeling the transport and sedimentation of small particles of suspensions and colloids in porous rocks
is an important problem in subsurface hydromechanics. Particles entrained in fluid are transported and retained in
the rock pores. The filtration process is determined by the number and size of pores and is characterized by
porosity—the ratio of the void volume to the total soil volume. In homogeneous materials, porosity can be
considered constant. However, in practical problems describing filtration of suspended particles in multilayered
and heterogeneous soils, the rock porosity is variable, and a constant-porosity model is inapplicable. A one-
dimensional model of suspension and colloid filtration in a porous medium with nonuniform porosity is
considered. The problem includes a mass balance equation accounting for variable porosity and a kinetic equation
for sediment growth. The model describes the injection of a suspension or colloid of constant concentration into a
porous medium containing pure water without suspended or sedimented particles. Unlike the case of uniform
porosity, the transport velocity of suspended particles in pores is variable, and the boundary between the
suspension and pure water, called the concentration front, is curved. Previously, such problems were solved only
numerically. In this article, a system of filtration equations in a medium with variable porosity is solved analytically
using the method of characteristics. An explicit formula is obtained for the curved front of suspended and
sedimented particle concentrations, and exact analytical closed-form solutions are constructed ahead of and behind
the front. An explicit solution is found for a model with a linear filtration function.

Key words: deep bed filtration, porous medium, porosity, concentration front, exact solution

MOJIEJIb IJIYEHHHOFI PWJIbTPALIMU CYCIIEH3UN B
INOPUCTOHU CPEAE C HEOJHOPOJHOHU ITOPUCTOCTbBIO

JLH. Kyzvmuna ', FO.B. Ocunos
! HanyoHanbHbIH MCCIeI0BaTeNbCKUI YHUBEPCUTET «BhICIas MIKojIa SKOHOMHUKU», T. Mocksa, POCCUSI

2 HaumoHanbHBIA MCCenoBaTe bCKuii MOCKOBCKHI TOCY IapCTBEHHbIN CTPOMTENLHBIA YHUBEPCUTET, T. MOCKBa,
POCCHUA

AHHoTamms: MozenupoBaHue epeHoca U 0CaXIeHUsI MEJIKUX YaCTUL] CyCHEH3UH U KOJUIOUI0B B IOPUCTHIX NOPOJAX
SIBISIETCS BAKHOHM 3aqadedl MOA3EMHOM THMIpOMEXaHUKH. YacTHIbI, yBIEKAaeMble KUAKOCTBIO, MEPEMELIAITCI U
3aJIep)KUBAIOTCSL B TIOpax mopoabl. [Iponecc ¢GmibTpalyy OmnpenesnsieTcsi KOMMYEeCTBOM IOp W MX pa3MepamMH 1
XapaKTepHU3yeTCsl TOPUCTOCTHIO —OTHOIICHHEM 00beMa ITyCTOT K 00111eMy 00beMy IpyHTa. B ogHOpOAHBIX MaTeprarax
MOPUCTOCTh MOYKHO CUMTATH IMOCTOSHHOM. OTHAKO B MPAKTHYECKHUX 3a1a49aX, OTMCHIBAIOIINX (DHITBTPALHIO CyCIICH3UH
B MHOT'OCJIOHHBIX M HEOJJHOPOJHBIX IPYHTaX, TIOPUCTOCTH MOPO/IbI HEMOCTOSIHHA ¥ MOJIENb C TOCTOSTHHOM MOPHCTOCTBIO
HenpuMeHHMa. PaccmaTpuBaeTcst oqHOMepHas Mojiesb (GMIBTPAlK CYCIICH3MI M KOJUIOWIOB B NOPUCTOM Cperie ¢
HEOJJHOPOJHOM MOPHCTOCTHIO. 3ajaua BKIIIOYaeT ypaBHEHHE OalaHca MacC, YUHTHIBAIOIEE IEPEMEHHYIO OPHCTOCTb,
U KHHETUYECKOE ypPaBHEHHE POCTa Ocajika. Mozelb ONUCHIBAET BIPHICK CYCMEH3UH WIM KOJJIOWAA MOCTOSHHOM
KOHIIGHTPALIMH B TIOPUCTYIO CPey, COACPIKAIIYI0 YHCTYIO BOLy 0€3 B3BELICHHBIX U OCAXKICHHBIX YacTHll. B oTmmyue
OT ciy4as OJHOPOJHON MOPUCTOCTH, CKOPOCTh MEPEHOCa B3BEIIEHHBIX YACTHI[ B MOpaxX HEMOCTOSIHHA M I'paHHUIa
pasfena CyCleH3MH M YHCTOH BOABI KpUBOJMHEHHas. PaHee Takue 3aaun pellaguch TOJIBKO YMCIEHHO. B crathe
cHCTeMa ypaBHEHWH (WIBTpaMM B cpele C MEPEeMEHHOM IIOPHUCTOCTBIO pEIIeHa AHATUTHYECKH METOJ0M
xapaktepucTuk. [lomyuena sBHast popMyra Uit KpHBOJIMHEWHOTO ()pOHTA KOHIIEHTPALIMI B3BEIICHHBIX M OCAKICHHBIX
YacTul, repes; ppoHTOM U 3a (PPOHTOM TTOCTPOCHBI aHAJIUTUYECKHE TOYHBIC pelIeHHs B 3aMKHYTOH (opme. s
MOJIEIH C JIMHEHHOW (DyHKIMEH (rIbTpaliy HaliJIeHO perieHNe B SBHOM BHUJIE.

Kuarouesbie ciioBa: FJ'Iy6I/IHHaH (bHHLTpaHI/IH, nopucTras cpcaa, mopucTocCTb, (prHT KO}HICHTpaHI/Iﬁ, TOYHBIC PCHICHUA
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1. INTRODUCTION

Flows of fluid with small particles in porous
media are widespread in nature and engineering.
Modeling the transport of tiny particles by fluid
in rock is used in the strengthening of loose soil
and in the design of underground storage
facilities for hazardous waste, for tunnels and for
hydraulic structures [1-4].

Moving particles of suspensions and colloids in
porous media are affected by various forces:
mechanical, electrostatic, hydrodynamic,
gravitational [5-8]. Under the influence of these
forces, some particles settle on the framework of
the porous medium and form a stationary deposit.
The standard macroscopic model of long-term
deep bed filtration of a suspension in a porous
medium includes mass conservation for both
mobile and settled particulate matter, alongside
the formula governing how quickly sediment
accumulates. When the number of suspended
particles is minimal, the rate at which they
deposit is directly linked to their concentration.
The factor that quantifies this relationship
between deposition speed and suspended particle
density is known as the filtration function. Over
a short period of time, the filtration function can
be considered constant [11-13]. During long-
term deep bed filtration, the concentration of
sedimented particles increases and the number of
vacant sites for retained particles decreases.
Consequently, the filtration function depends on
the deposit size and decreases as it increases. If
the filtration function vanishes upon reaching a
certain limiting value, it is called blocking. In
many models, a linear decreasing function, called
the Langmuir coefficient, is used as the filtration
function [14-16].

The capacity of a rock as a reservoir for liquid
and gas is characterized by porosity - the ratio of
the pore volume to the total volume of the rock.
In a homogeneous rock, porosity can be
considered constant. To model the filtration of
suspensions and colloids in multilayered and
heterogeneous soils, one must acknowledge that
porosity varies with spatial position within the
porous medium. This incorporation of variable

Volume 22, Issue 2, 2026

porosity enables the filtration challenge to be
addressed within a non-uniform porous medium.
A similar model was studied in [17], but no
analytical solutions were obtained for the
problem with variable porosity.

This paper fills the gap. The study examines a
large-scale model of deep bed filtration within a
sample exhibiting non-uniform  porosity,
focusing on the process of injecting a suspension
or colloidal solution into a porous medium with
clean water. The transport of particles by an
incompressible carrier fluid in a plane-parallel
channel is described by a one-dimensional
model, including a quasi-linear system of first-
order differential equations, initial conditions
and boundary conditions at the inlet of the porous
medium [18, 19]. For the model in dimensionless
form, analytical and numerical solutions are
constructed, for the linear filtration function, an
explicit solution is obtained.

2. MATHEMATICAL MODEL

In the domain Q={0<x<1,7>0} consider a
quasilinear system

oC oC oS

(P(X)E'i‘g'i‘g 0, (1)
B _AS)C. )
ot

Here the porosity function @(x) and the filtration
function A(x,S) are continuous and non-

negative.

For system (1), (2), the boundary conditions are
established at the filter inlet x=0 and at the
initial time 7 =0:

C(x,t)|x:0 =1;
C(x,0)|_,=0; S(x,0)|_,=0.

)
(4)

According to condition (3), equation (2) at the
inlet x =0 has the form
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oS
— =A(S). )
ot
Divide both parts of equation (5) by A(0,S)and
integrate with respect to the variable #:

j S/at

A S) (6)

0

Using condition (4), transform the integral on the
left side of (6)

T ™
0 AS)
The concentration of particles entering the
porous medium Sy(¢#)=S(0,7) is given by
Formula (7).
The interface between the suspension and pure
water is marked by a concentration front. This
front migrates from the inlet to the outlet as the
injected suspension displaces the water. Because
conditions (3) and (4) are not met at zero, the
concentration solution C is discontinuous at the
front, while the solution § is continuous. The
domain Qg ={0<x<1,72>x} behind the front,
containing suspended and settled particles, has a
positive solution, whereas the pure water domain
={0<x<1,0<7<x} ahead of the front has
a zero solution.

A non-uniform porosity ¢(x) results in a
curvilinear concentration front. To find the front
line 7. (x), we pass to the characteristic variables

in equation (1) [20]. Let
'=o(x), x'=1, (8)

where the apostrophe (') denotes the derivative
with respect to the “internal time” the
characteristic variable t.

Substitute (2) into (1) and pass to the
characteristic variables in equation (1):

= A(S)C. (9)
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In the suspension domain €, the initial
conditions for equations (8) and (9) are

10)=1,, x(0)=0, C(0)=1.  (10)

Here ¢,>0 is the starting point of the

characteristic on the OT axis.
Solution of equations (8) with conditions (10) are

= [o)dy+1,, x=t.
0

In Cartesian coordinates, the characteristics in
the domain () are given by the relation

X

t=[o()dy+1,. (1)

(=1

The concentration front is a characteristic that
emerges from the origin of coordinates:

() = [ o(y)dy .

From the continuity of the deposit concentration
follows the condition on the concentration front

=0. (12)

=t (x)

According to condition (12), on the concentration
front, equation (1) takes the form

oC oC

O(0) =+~ =+ AO)C =0. (13)
ot ox

Equation (13) with the initial condition (3)
determines the solution on the concentration
front:

C=e MO, (14)
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3. EXACT SOLUTION TO MODEL WITH
NON-UNIFORM POROSITY

Consider the problem (1)-(4) in the suspension
domain €, where the solution is nonzero.
Express the unknown C from equation (2):

_0S/ot
A’

(15)

and substitute it into equation (1)
0 oS/ot oS/ot
o) | BLo), LA B g 45
ot\ A(S) 8x A(S) 6t

Using the ratio

(17)

o (as/ot)_
ox| AS) )
equation (16) takes the form
( x )6S/8tJ (as/ax}a_szo.
A(S) ) ot A(S) ) ot

Integrating equation (18) with respect to the
variable 7 from 0 to ¢ yields

A(S)

(18)

oS/ ot
—
A(S)

oS/ ox

o(x) AGS)

+§=K(x). (19

Substitute 7 =0 into (19), and from the initial
condition (4) obtain the integration constant:
K(x)=0. Equation (19) takes the form

oS/ ox
A(S)

oS/ ot
——
A(S)

+S5=0.

o(x) (20)

Pass to the characteristic variables in equation
(20):

S!
A(S)

+5=0.

(22)

The initial condition for equation (22) is set on
the OT axis:

S(T)L:O =Sy(), (23)

where the function S, is given by formula (7).
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0’S/otex  aS A'(S) 6S _ 0 ( aS/ex
or A*(S) ox

A(S)

The solution to equation (22) with condition (23)
has an implicit form:

SO ds
sA(s)

=—7. (24)

So(t9)

Express the initial characteristic coordinate ¢,
from equation (11):

ty=1=[o(y)dy. (25)

In Cartesian coordinates, the solution (24) is
given by the formula

S(x.0) ds

A(s)
]s

= —x. (26)

So[tjw(y)dy
0

If S(x,7) is known, the solution C(x,¢) can be

obtained from the formula (15). Let us derive
another relation that does not use derivatives of
the solution and specifies the relationship
between the solutions on the characteristics (11).
Differentiate the equality (26) with respect to the
variable #:

as/or  as,/or

27)
SA(S)  SyA(S,)
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Substituting the formulae (2) and (5) into
equation (27) yields

c_1_ (28)
S S,
Express the solution C from (28):
I ) (29)

Sy [z-fcp(ywa

Relation (29) is called the Riemann invariant
[21].

The formulae (24), (26) and (29) generalize the
known solution of the filtration model with
constant porosity [22].

In the case where the filtration function is equal
to the Langmuir coefficient

S(x,t) ds S(x,1)

sA(s) -

Sy tj[w(y)dy
0

Substitute the formula (32) into (26) and obtain
the solution:

Si{r—fcpu)dy]
m 0 _1
S(x,1) = S;"(ex L33
| (p(y)dyJ
eS'"[ ° +e -1
S”[sz(y)dy]
S le™ ? -1
C= s |1-

m

Skm[r— [otay

e 0 J+eM—1

The formulae (31), (33) and (34) define an
explicit solution to problem (1)-(4) in the

suspension domain Qg for the filtration function
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A(S)zk[l—sij, A>0, S >0, (30)

m

the solution of (26) and (29) can be obtained in
explicit form. Calculate the integral in the
formula (7):

SO dS SO

ds S, S,
R (1 S]:Tn{lij'

s

S

m

Now we can find the solution at the porous

medium inlet:
M
S,(tH)=S, Ll—e S ]

Calculation of the integral on the left-hand side
of (26) gives

€2))

(32)

m

Substitute the solutions (31) and (33) into the
Riemann invariant (29):

m

(34)

;[rj q»(y)dy]
e ° +e™ -1

(30). At constant porosity ¢(x)=1, the solution

to the filtration problem is known [23]. The case
of linear porosity was studied in [24].
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4. NUMERICAL SIMULATION

The numerical calculation of the model was
performed at A=1 S =1, ¢(x)=1.1-0.2x.

X

L L - L 1
0.0 0.2 0.4 0.e 0.g 1.0

— 075 |
— t=1 0el
— =15
— =2

I t=3 0z}

The solution profiles (how the solution changes
with position at a specific moment) are shown in
Fig. 1.

I t= 025 1_30_

t=0.5

t=5

0.0 0.z 0.4 0e 0e 1.0

Figure 1. Profiles a) retained particles concentration S b) suspended particles concentration C

Since the suspension spreads in the porous
medium from the inlet x =0 to the outlet x=1,
the profiles decrease monotonically. At 7 <1 the
profiles vanish before the concentration front.

Figure 2 shows the evolution of the solution (the
dependence of the solution on time for a fixed
spatial coordinate).

0 1 2 3 4 5 o 1

Figure 2. Evolution a) retained particles concentration S b) suspended particles concentration C

Before the front, the concentrations of suspended tuning of laboratory experiments and

and retained particles are zero, behind the front
the evolution increases and tends to the limiting
values: S—>S§,=1, C>C0,r)=1. The

discontinuity in the concentration of suspended
particles at the front is indicated by a vertical line.

5. DISCUSSION

The analytical solutions found for the problem
of filtration with variable porosity allow fine-

Volume 22, Issue 2, 2026

predicting the behavior of particles carried by
water in rock [25-27].

Comparison of solutions of models with variable
and constant porosity makes it possible to
estimate the averaging errors when replacing
variable porosity with constant porosity.

Exact solutions allow us to correctly solve the
inverse filtration problem — finding the porosity
and filtration function from a known solution
[28, 29].
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The general model of filtration in a
heterogeneous porous medium assumes the
dependence of porosity and filtration function on
the spatial variable. In the general case, the
analytical solution of the problem in closed form
is unknown; numerical solutions are used to
analyze the model [30-32].

The problem of particle migration in a porous
medium is of interest [33, 34]. The displacement
of a suspension by pure water from a sample with
variable porosity will be considered separately.

6. CONCLUSIONS

The study of particle transport in a porous
medium with variable porosity leads to the
following conclusions.

— A model of filtration with variable porosity
was studied.

— A new analytical solution to the model is
constructed, generalizing the solution of the
standard filtration problem with constant
porosity.

— For the linear filtration function (Langmuir
coefficient) a solution in explicit form is
obtained.
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NONLINEAR STABILITY AND IMPERFECTION SENSITIVITY
ANALYSIS OF HYBRID TIMBER BEAMS FORMULATED VIA A
MECHANISM-BASED ENERGY APPROACH

Le Thuy Nguyen, Hong Son Nguyen, Thi Thuy Van Tran
Hanoi Architectural University, Hanoi, VIETNAM

Abstract: This paper develops an advanced computational framework to investigate the nonlinear stability and
imperfection sensitivity of hybrid three-layer timber beams, specifically composed of high-stiffness Birch faces
and a relatively soft Pine core. By employing a rigorous variational energy formulation based on the principle of
minimum total potential energy, the study explicitly models the complex interaction between flexural
deformations and bending-induced membrane effects under large-scale initial geometric imperfections. A
distinctive feature of the proposed model is the derivation of a mechanism-based energy index (1), which
provides a robust mathematical criterion for identifying the transition from bending-dominated to membrane-
activated structural regimes. The numerical implementation is executed via an efficient MATLAB-based
algorithmic procedure, enabling a high-fidelity parametric exploration of imperfection amplitudes ranging from
infinitesimal values to L/50. Comprehensive numerical results reveal that substantial geometric deviations lead
to a significant "knock-down" effect on structural stability, with tangent stiffness degradation exceeding 60% in
the pre-critical stage as the load increases. The analysis of shear stress gradients and interface slip distributions
further highlights the susceptibility of hybrid members to local instability when membrane forces are activated.
Furthermore, a topographical stability transition map is constructed to visualize the synergistic effects of
interlayer slip stiffness and initial curvatures on the global buckling limits. The computational findings offer a
robust theoretical basis for the safety-limit design of slender hybrid composite members in modern civil
engineering applications, emphasizing the necessity of accounting for large-scale geometric nonlinearities in
structural reliability assessments.

Keywords: Computational mechanics; Hybrid timber structures; Nonlinear stability; Energy approach;
Membrane effect; Stability mapping; Stiffness degradation

HEJMHEWHBIN AHAJIN3 YCTONYUBOCTHU
U YYBCTBUTEJBHOCTU K HECOBEPILIEHCTBAM
T'MBPUJIHBIX JTEPEBSIHHBIX BAJIOK HA OCHOBE
MEXAHUCTUYECKOI'O DPHEPTETUUYECKOI'O ITOJAXOJIA

Jle Txyu Hzyen, Xone lllon Hzyen, Txwu Ban Yan Txu

XaHouckuil ApxuTekTypHblil Y HuBepcurer, Xanoid, BBETHAM

AnHotauusi: B nmamHON pabore pa3spaboTaHa yCOBEPIICHCTBOBAHHAS BBIYMCIUTEIbHAS MOJICND IS
UCCIIEJOBAaHNS HETMHEHHON YCTOHUMBOCTH M UyBCTBUTEIBHOCTH K HECOBEPIIEHCTBAM I'MOPUIHBIX TPEXCIOHHBIX
JACPEBAHHBIX 68._]'101(, COCTOAIIMUX H3 BBICOKOXCCTKHUX BHCHIHHMX CJIOCB U3 6epe31;1 U OTHOCHUTCIIbBHO MAT'KOI'O
ceplieYHMKa W3 COCHBI. IlyTeM mpuUMEHEeHHsi CTPOrod BapUAallMOHHON JHEPreTHYecKoil (OpPMYIHPOBKH,
OCHOBaHHOM Ha IMPUHIUIIC MHUHHUMYMa MMOJIHOM HOTCHL[I/IaHbHOﬁ OHCPIruv, B HUCCICIAOBAHUM B SABHOM BHJC
MOJICTIUPYETCs CIO’KHOE B3aUMOJICHCTBIE MEX/y M3THOHBIMU JepopManusiMu 1 dppekramu MeMOpaHHBIX CHII,
BBI3BAHHBIX H3rHOOM, B YCIOBHSX KPYHHOMACIITAOHBIX HayaJbHBIX T'€OMETPHYECKHX HECOBEPIICHCTB.
OTIMYUTENEHON 0COOEHHOCTBIO MPeAIaraeMoi MOJICTIH SIBJISIETCSI BBIBOJ] SHEPTeTHYECKOTO MHAEKCa MEXaHU3Ma
(1), KOTOPBIA CIYXKHUT HaJCKHBIM MAaTEMAaTHUECKUM KPHUTEpUEM JUIl MIACHTH(UKAIMN Tepexoa OT pexuma C
npeobiazaHueM n3rubda K peKHMy AaKTUBAIMM MEMOpPAaHHBIX cwil. UWCIIeHHas peann3alys BBINOJIHEHA C
nmoMoIeio 3hdekTHBHONW anropuTMHUYecKord mporenypsl Ha 0aze MATLAB, 4To mO3BOJSET MPOBOAWTH
BBICOKOTOYHOE TapaMEeTPUIECKOE UCCIIEI0BAHNE aMIUTUTY ] HECOBEPIIEHCTB B IMANa30HE OT OECKOHEYHO MaJIbIX
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Le Thuy Nguyen, Hong Son Nguyen, Thi Thuy Van Tran

BenmmurH 10 L/50. KoMIulekcHbIe YMCIIeHHBIC Pe3yJIbTaThl MOKa3bIBAIOT, YTO CYLICCTBEHHBIC T'€OMETPHYCCKUE
OTKIIOHGHUS TPUBOIAT K 3HauuTeIbHOMY »d¢dekty «cHmkeHnms» (knock-down effect) crpykrypHOit
YCTOWYMBOCTH, ITPU 3TOM JIErpajanus KacaTeIbHOH )KeCTKOCTH npeBbimaeT 60% Ha JOKPUTHYECKON CTauH T10
Mepe yYBGJMYCHUS HAarpy3kd. AHaIU3 TPajUeHTOB KacaTelbHBIX HANPsDKEHWH M paclpeneseHUs
[IPOCKaNb3bIBAaHUA Ha TpaHMIE pas3lela CI0eB JIONOJHHUTEIBHO IOAYEPKHBACT MPEIPacIiONOKEHHOCTh
THOPHIHBIX DIEMEHTOB K JIOKaJbHOW HEYCTOWYMBOCTH IPU AaKTHBAaIlMM MeMOpaHHBIX cwil. Kpome Toro,
NOCTpOeHa Tomorpaduueckas KapTa MEepexof0oB YCTOWYMBOCTH Uil BHU3yaJHM3allid CHHEPIeTHYECKOTO
BOSﬂeﬁCTBHﬂ JKECTKOCTH MEXKCJIOMHOTO CABUIa MW HaYaJlbHBIX KPUBU3H Ha O61HI/Ie npeaciibl  NOTEpU
YCTOWYMBOCTH. BblYMCINTENbHBIE peE3yJbTaThl OO0ECIEeYMBAIOT IPOYHYIO TEOPETUYECKYI0 OCHOBY IS
MIPOEKTUPOBAHMS TOHKUX TMOPHIHBIX KOMITO3UTHBIX DJIEMEHTOB I10 NPEJEIbHBIM COCTOSHHUSM B COBPEMEHHOM
TPaKIaHCKOM CTPOMTENBCTBE, TOAYEPKUBAs HEOOXOAMMOCTh YdYeTa KPYITHOMACIITAOHBIX T'€OMETPHYECKHX
HEJIMHEWHOCTEH IPH OLICHKE HAaJCKHOCTH KOHCTPYKIIHH.
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OHepreTrudecknii moaxon, MemopanssIii a3¢dext, Kapra ycroitamsocT, Jlerpaganus ;keCTKOCTH

INTRODUCTION

In the contemporary era of sustainable structural
engineering, the utilization of engineered timber
has undergone a significant transformation,
evolving from traditional lumber to high-
performance composite systems [l]. Among
these, hybrid three-layer timber beams-
typically configured with high-stiffness face
layers, such as Birch, and a relatively compliant
Pine core- represent a sophisticated solution for
mid-to-high-rise  applications in  modern
construction [2, 3]. The mechanical efficiency
of such hybrid members is derived from the
synergistic interaction between layers of
contrasting elastic moduli, which optimizes the
distribution of normal and shear stresses [4].
However, the increased slenderness associated
with these optimized sections introduces
complex challenges regarding their structural
stability and nonlinear response under service
loads [5].

The structural integrity of composite timber
members is fundamentally governed by the
interlayer shear interaction and the slip modulus
of mechanical fasteners [6]. Traditional
analytical frameworks, such as the y-method
established in Eurocode 5, provide a practical
basis for evaluating effective bending stiffness
under linear-elastic conditions [7]. While these
methods are robust for standard design, they
inherently neglect second-order geometric
effects that arise as transverse deflections
increase [8, 9]. Pioneering contributions in
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structural mechanics, particularly those by
Timoshenko [10] and Vlasov [11], highlighted
that for slender assemblies, the coupling
between axial strains and curvature leads to
significant load-path deviations. In hybrid
timber systems, this coupling 1is further
complicated by the discrete or continuous shear
slip at the interfaces, which necessitates a more
refined computational approach than classical
beam theories [12].

Geometric nonlinearity is a critical factor in the
safety assessment of timber structures,
especially when considering the absence of
externally applied axial forces [13]. A critical
phenomenon in the large-deflection regime of
slender beams is the activation of membrane
forces [14]. As a member undergoes transverse
displacement, the stretching of its neutral axis
induces axial tension, a mechanism referred to
as "membrane activation" [15, 16]. In
geometrically perfect beams, this effect often
provides a secondary stiffening mechanism;
however, in the presence of initial geometric
imperfections (eo), the transition from bending-
dominated to membrane-influenced behavior
becomes highly sensitive [17]. Real-world
timber elements are seldom perfectly straight;
they possess initial out-of-straightness due to
manufacturing tolerances or moisture-induced
warping [18]. For slender hybrid beams, even a
minor initial imperfection can trigger premature
stiffness degradation and significantly reduce
the critical buckling load-a phenomenon often
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quantified by "knock-down factors" in stability
theories [19, 20].

From a computational standpoint, the
assessment of these nonlinearities requires
robust numerical strategies. While high-fidelity
three-dimensional Finite Element (FE) models
are capable of capturing local stress states, they
often involve prohibitive computational costs
for extensive parametric sensitivity analyses.
Variational energy methods, established on the
principle of minimum total potential energy,
offer an elegant and efficient alternative. By
formulating a  mechanism-based energy
functional that explicitly includes bending,
membrane, and slip energy components,
researchers can identify critical transition points
in structural behavior. Despite its importance, a
robust framework that analytically links the
energy transition index to global stability limits
for hybrid timber remains under-explored in
current literature.

This paper addresses these gaps by developing
an advanced computational framework to
investigate the nonlinear stability of hybrid
Birch-Pine beams. The study focuses on
identifying the mechanical mechanisms
governing membrane-force activation and the
subsequent degradation of tangent stiffness. By
introducing a mechanism index (1), we propose
a quantitative criterion to distinguish between
response regimes. Furthermore, the
investigation establishes a numerical
relationship between large-scale imperfection
amplitudes and global stability limits, visualized
through topographical transition maps.

MATHEMATICAL FORMULATION AND
THEORETICAL FRAMEWORK

The nonlinear structural response of hybrid
three-layer timber beams is investigated using a
variational energy approach established on the
principle of minimum total potential energy.
This framework accounts for the synergistic
interaction between high-stiffness Birch faces
and a compliant Pine core, subjected to
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interlayer slip and large-scale geometric
imperfections.
Kinematic Relations and Geometric
Nonlinearity

To capture the geometrically nonlinear behavior
relevant to slender members, the von Karman
strain-displacement relationship is employed.
The total transverse displacement o(x) is defined
as the superposition of the initial sinusoidal
imperfection mo(x) and the additional deflection
wa(x) induced by the external load P.

o(x) = 0, (x) + @, (x) = ¢, sin (%] +o,(x) (1)

where eo denotes the imperfection amplitude at
mid-span. The longitudinal strain &x at the
neutral axis of the composite section,
considering the second-order effects of
curvature, is formulated as:

gx=@+l{("—”j —[‘”"ﬂ 3)
dx 2|\ dx dx

The fundamental geometric configuration of the
hybrid Birch-Pine timber beam is illustrated in
Figure 1. This model explicitly defines the
layout of the high-stiffness faces and the
compliant core, including the initial sinusoidal
imperfection profile used to simulate realistic
manufacturing tolerances.

Figure 1. Geometric and kinematic
configuration of the imperfect hybrid three-
layer timber beam showing material layers and
initial curvature eo
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The effective flexural stiffness Eler of the
hybrid section is calculated using an enhanced
y-method to account for partial interaction:

1
= 2
Ty )
1+
kL
El, =YEl +yXEla’ (3)

where a; represents the distance from the
centroid of each layer to the neutral axis of the
composite section.

Variational Energy Functional

The equilibrium state 1is determined by

minimizing the total potential energy functional

I1, which represents the internal strain energy

and the potential of external loads:
[1=U,+U,+U, -V (3)

The individual energy components are derived

as follows:

Bending Energy (Us): Represents the energy

due to curvature and effective flexural stiffness.

Under the assumption of sinusoidal deflection
shapes, it is expressed as:

2 4

1 ¢L d2a)a T Eleff 2
U, :EIO E]etf( e ] dx = e (0, —¢) 4
Membrane Energy (Um): Resulting from the
induced axial tension (membrane force (Nmem)

as the beam stretches due to large deflections:
L N? EA
[ Mgy EA

= 5
"o 2E4 EY) ©)

2

2 2\ 7
o —a)
L

Slip Energy (Us): Accounts for the shear
deformation energy at the interface governed by
the slip stiffness ks

Computational Mechanism Index (17)

A distinctive contribution of this study is the
introduction of a dimensionless mechanism
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index n. This index is derived to quantify the
relative contribution of membrane forces to the
overall structural resistance:

U
pPy=—1— 3
n(F) U,+U, @)
This  formulation enables a  rigorous

identification of the transition load P*, where the
structural behavior shifts from a bending-
dominated regime (m=0) to a membrane-
activated regime (n—1).

To visualize the physical significance of the
mechanism index m, Fig. 3 presents the
conceptual transition of the load-resisting
behavior. It depicts how the internal energy
shifts from a purely flexural regime at small
deflections to a membrane-activated state as the
geometric nonlinearities become predominant.

(a) Bending-dominated (n =0)  (b) Transition Phase (0 <1< 1) (c) Membrane-activated (n - 1)

P N,

l N Imem, v
M M M ety o)f M M
@:@l = § T éﬂ

+ Small deflection + Coupled Bending-Membrane + Large deflection

+ Dominant membrane
(catenary) action

+ Pure bending action

Figure 3. Conceptual transition of structural
mechanisms: (a) bending-dominated, (b)
coupled bending-membrane, and (c) membrane-
activated regimes

Algorithmic Implementation in MATLAB

The numerical solution is executed via a load-
controlled incremental procedure. At each load
step Pi, the nonlinear equilibrium equations are
solved to obtain the corresponding deflection
om. The tangent stiffness Kwn is consistently
updated as the second derivative of the potential
energy with respect to the deflection:

o’ 11

= P e

a

To ensure numerical stability across large-scale
imperfections, the algorithm employs a refined
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discretization of 100 nodes along the span
L=5.0m, providing high-fidelity convergence
for stress gradients and interface slip
distributions.

The numerical solution strategy follows a
systematic load-controlled incremental
procedure. Fig. 3 provides a detailed
computational flowchart of the implemented
MATLAB algorithm, highlighting the iterative
Newton-Raphson scheme wused to ensure
convergence in the presence of large-scale
geometric nonlinearities.

+

Input parameters
Geometric (L, b, t, t;, Ec, ks)
Imperfection en

v

1. Calculate Eles (y method)
2. Define Load Vector P
3. Setws=0

Incremental Load Loop

For each P: in P vector No
Nenlinear Solver (Newton-Raphson)
1. UpdateN
2. Calculate residual R < |
4. Update Ken. Solve Az and wa

Is A, and w,
< tolerance?

Convergence Check
1. Compute N=Um/Us+Um
2. Calculate 1y
3. Update Ken/Ko , Nmem/P

Figure 3. Flowchart of the computational
algorithm for nonlinear stability analysis and
mechanism index (n) evaluation

NUMERICAL STUDY AND PARAMETRIC
ANALYSIS

In this section, the developed computational
framework is applied to a reference hybrid
configuration to evaluate its sensitivity to initial
geometric deviations.
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Reference Configuration and Material
Properties
The analysis considers three distinct hybrid
configurations to ensure the robustness of the
findings. The primary case study involves a
Birch—Pine assembly with a span-to-depth ratio
representative  of modern mid-span timber
beams. The material and geometric constants
used in the simulation are:

- Faces (Birch): Er=22 GPa, tr=0.02 m.

- Core (Pine): Ec = 7GPa, tc = 0.10 m.
Connection: Slip stiffness ks = 0.8-10% N/m?,
representing a high-degree of partial interaction.

Results and Discussions

4.1. Nonlinear Equilibrium Paths and
Imperfection Sensitivity

The global structural response is  first
characterized by the load-deflection (P-A) curves
for varying initial imperfection amplitudes €o= 2,
50, 100 mm), as illustrated in Fig. 4. The
numerical results reveal that even for the
"infinitesimal" case €p= 2 mm), the equilibrium
path deviates from the linear-elastic prediction as
the load increases, indicating a soft-spring
behavior typical of slender hybrid members.
Notably, the high-fidelity simulation captures the
transition toward a horizontal plateau, signifying
the approach to the structural stability limit.

e0-2mm

Figure 4. Nonlinear load-deflection oL paths for
hybrid Birch-Pine timber beams with varying
initial imperfection amplitudes eo
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As shown in Fig. 4, the total deflection oL
reaches values up to 2.5 -10° mm,
demonstrating the large-displacement capability
of the proposed variational framework

For large-scale imperfections (eo = 100 mm or
L/50), the beam exhibits a significantly reduced
initial stiffness. The non-linear curvature of the
P-A path suggests that the structural resistance
is no longer purely flexural. As the deflection
approaches the beam depth, the load-carrying
capacity is increasingly bolstered by geometric
hardening a direct consequence of the activation
of membrane tension.

4.2. Tangent Stiffness Degradation and Knock-
down Factors

The degradation of tangent stiffness (Ktn) is a
crucial metric for evaluating the reliability of
timber structures. Fig. 5 demonstrates the
normalized stiffness ratio (Kwn/Ko) relative to
the applied load.

Small Imperfections: Kwn remains relatively
stable until a critical threshold is reached, where
it drops sharply.

Large Imperfections: A dramatic "knock-down"
effect is observed, with an immediate loss of
nearly 60% of the initial stiffness.

Figure 5. Normalized tangent stiffness
degradation (Kia/Ko) as a function of the
applied load P for different imperfection levels

This observation implies that for hybrid
members with realistic installation
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misalignments, traditional linear design methods
significantly = overestimate  the  structural
capacity, potentially leading to unsafe
serviceability assessments.

The transition between structural regimes is
quantified by the mechanism index m. Fig. 6
shows the evolution of n as a function of the
deflection.

Figure 6. Evolution of the mechanism index n
versus applied load P for various initial
imperfection amplitudes

In the early loading stages, n remains close to
zero, confirming that bending energy (Ub) is the
dominant resistance mechanism. As the
deflection exceeds ®/L=0.01, n  rises
exponentially. For eo = 100mm, the membrane
energy (Um) contributes over 80% of the
internal energy functional before the ultimate
load limit.

This transition identifies the "Catenary" effect in
hybrid beams, where the high-stiffness Birch
faces act as tension-resisting membranes,
compensating for the stiffness loss in the soft
Pine core.

To further clucidate the transition mechanism,
Fig. 7 illustrates the evolution of the normalized
membrane force (Nmem /P) with respect to the
applied load P. The numerical results indicate
that for all imperfection levels, the membrane
contribution remains negligible during the initial
loading phase. Tuy nhién, as the system
approaches the stability limit, a sharp
exponential growth in Nmem /P is observed,
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signifying that the structural resistance is being
fundamentally redistributed from bending to a
high-tension catenary state.

0=2mm

e0-s0mm

vvvvv

Figure 7. Evolution of the normalized
membrane force contribution Nmem /P as a
Sfunction of the applied load P

4.4. Shear Stress Concentration and Interface
Slip

The interaction between global nonlinearity and
the composite interface is analyzed through the
shear stress t and slip s distributions. Fig. 8
illustrates the distribution of shear stress
gradients along the beam span x (m). The
numerical results reveal a symmetric bell-
shaped gradient, showing that peak stress
concentrations occur at the mid-span. It is
important to note that although the horizontal
axis represents the position x, the peak values
are significantly amplified as the initial
imperfection eo increases from 2 mm to 100
mm.

Furthermore, the evolution of transverse shear
stress T (MPa) across the span x (m) is depicted
in Fig. 9. This plot highlights the anti-
symmetric stress distribution typical of flexural
members, where the stress sign reverses at the
mid-span (x = 2.5 m). Larger eo values lead to
steeper stress gradients near the supports and
mid-span, which may jeopardize the interlayer
integrity and trigger premature delamination.

Volume 22, Issue 2, 2026

Figure 8. Distribution of interface shear stress
gradients along the beam length for different
imperfection amplitudes ey

Figure 9. Evolution of transverse shear stress t
(MPa) across the span x (m) under nonlinear
loading conditions

4.5. Stability Mapping and Design Implications
The  relationship  between  the initial
imperfection magnitude eo and the structural
reliability is summarized in Fig. 10 through the
stability reduction (knock-down) factor.

The curve reveals an exponential decay, where
even a minor imperfection significantly
compromises the load-carrying capacity,
providing a critical reference for establishing
manufacturing tolerances.

Finally, a comprehensive topographical stability
map is constructed in Fig.11l. This 3D
visualization serves as a robust design tool,
allowing engineers to identify 'safety zones'
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where the hybrid Birch-Pine system remains
stable and 'risk zones' where the synergy of low
interface stiffness and large imperfections leads
to premature nonlinear failure

)

Figure 10. Structural stability reduction (knock-
down) factor as a function of the initial
imperfection amplitude eo (mm)

Figure 11: Global Stability Transition Map

200

200
150

120

50 J
10

9 100 100
50

7 0
Figure 11. 3D topographical transition map
illustrating the synergistic effects of interface
stiffness and geometric imperfections on global
stability

CONCLUSION

The comprehensive investigation into the
nonlinear stability and mechanism transition of
hybrid Birch-Pine timber beams via a
mechanism-based energy approach provides
critical insights into the complex structural
behavior of slender composite systems. The
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developed computational framework
successfully captures the high sensitivity of the
nonlinear equilibrium path to initial geometric
imperfections, where numerical simulations
quantify a drastic reduction of up to 60% in the
pre-critical tangent stiffness for realistic
fabrication tolerances. This phenomenon
highlights a fundamental requirement for robust
nonlinear solvers in the reliability-based design
of hybrid members, as traditional linear-elastic
predictions fail to account for the immediate
"soft-spring" deviation observed even under
infinitesimal misalignments. By implementing
an incremental-iterative procedure within a
variational framework, this study proves that the
structural integrity of hybrid timber systems is
governed by a delicate balance between material
architecture and geometric nonlinearity.
Furthermore, the study demonstrates that the
shift from bending-dominated to membrane-
activated regimes is a quantifiable physical
phenomenon, effectively characterized through
the proposed mechanism index $\eta$. As
geometric nonlinearities evolve beyond the
small-deflection regime, the internal energy
balance undergoes a fundamental redistribution,
leading to a "catenary effect" where membrane
tension eventually provides over 80% of the
total structural resistance in the advanced post-
critical stages. This computational resolution
extends to the hybrid interface, where the model
identifies steep shear stress gradients and
localized slip accumulations amplified by large-
scale deformations. Unlike previous simplified
models, the current approach explicitly couples
the global stability limits with localized
kinematic discontinuities at the interface,
revealing that large initial curvatures not only
reduce load-carrying capacity but also intensify
the risk of premature delamination between the
high-stiffness Birch faces and the compliant
Pine core.

The resulting topographical stability maps,
generated through the parametric efficiency of
the implemented algorithm, serve as a predictive
tool for identifying the synergy between
interlayer  slip  stiffness and  geometric
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imperfections. These maps establish a rigorous
basis for optimizing the material architecture
and establishing manufacturing tolerances in
modern engineering practice. While the current
model provides a robust foundation for static
stability analysis, the observed nonlinear
transition mechanisms suggest that future
computational research should incorporate time-
dependent creep effects and stochastic
imperfection distributions. Such advancements
will further refine the predictive capability of
the mechanism-based energy approach, ensuring
the long-term reliability of hybrid composite
structures in complex loading environments.
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ASSESSMENT OF THERMAL AND FORCE EFFECTS ON AN
ORTHOTROPIC SHELL WITH POSITIVE GAUSSIAN
CURVATURE

Alexander A. Treschev, Victor G. Telichko, Denis 1. Doroshenko
Tula State University (TulSU), Tula, RUSSIA

Abstract: A mathematical model of thermomechanical deformation is presented for a shell with positive Gaussian
curvature, made of an orthotropic composite that develops induced anisotropy during loading. The general formu-
lation of the boundary value problems, as substantiated in a number of studies, is carried out in an uncoupled
setting. The occurrence of a temperature gradient is assumed to be one-dimensional, normal to the shell surfaces.
Small temperature gradients are assumed, allowing the problem to be solved in a quasi-static manner. To account
for the effect of induced heterogeneity—manifested as the dependence of the deformation-strength properties of
composites on the nature of the stress state—state equations formulated by one of the authors in the principal
material axes of normalized tensor space are used. The developed model is implemented for the thermomechanical
analysis of a single-layer shell with positive Gaussian curvature. The main solution parameters are compared with
results obtained from similar problems using tested models for the theory of deformation of orthotropic materials
with differing resistance proposed by other authors, as well as from the equations of orthotropic linear elasticity
theory neglecting differing resistance.

Keywords: shell, orthotropy, thermomechanical impact, differing resistance, induced anisotropy,
Gaussian curvature

OLIEHKA TEMIIEPATYPHOI'O 1 CHJIOBOT'O BO3IENCTBUSI
HA OPTOTPOITHYIO OBOJIOUYKY NOJOKUTEJIBHOMN
TAYCCOBOUW KPUBU3HBI

A.A. Tpewes, B.I'. Teruuxo, /I.HU. /lopowenko
Tynwckuit rocymaperBernsiit yansepeuteT (Tynl'Y), r. Tyma, POCCUA

Annoranusi: [IpeacraBnena MaTeMaTniecKkast MOJIETIb TEPMOMEXaHUUECKOTO e(hOPMHUPOBaHMS 000I0UKH ITOJI0-
JKUTEIbHOH ["ayccoBOll KpUBU3HBI, U3TOTOBJIEHHON HA OCHOBE OPTOTPOIHOIO KOMIIO3UTA, B KOTOPOM Pa3BUBAETCS
HaBeJICHHasi aHM30TPOIHS B Ipoliecce ee HarpyskeHus. OOImas moctaHoBKa KpaeBbIX 3aj1ad, Kak 00OCHOBAHO B
psine paboT, OCYIIECTBICHA B HECBSI3aHHOW IOCTaHOBKE. BO3HMKHOBEHME TEMIIEpaTypHOTO Mepernaia MPHHATO
OJTHOMEPHBIM 110 HOPMaJIX K MTOBEPXHOCTSIM 000J104KH. [IpH 3TOM NMPUHATBI Majible TPaJeHThl PACHPOCTPAHECHHS
TEMIIEPaTyPHOTO BO3JICHCTBHS, OJaroapst 4eMy pelieHne 3a1a4 OCYIIECTBICHO B KBa3UCTATHYECKOM BapHaHTE.
Jnst ydera BOMSHUS HAaBOJUMOW HEOJHOPOAHOCTH, HPOSBIAOMIEHCA KaK 3aBUCHMOCTD J1€()OPMAIOHHO-TIPOY-
HOCTHBIX CBOMCTB KOMIIO3UTOB OT BH/Ia HANPSKEHHOT'O COCTOSIHUSI, MCIIOIb30BaHbl yPaBHEHHS COCTOSIHUS, Chop-
MYJIMPOBaHHBIE OJTHUM U3 aBTOPOB B TIIaBHBIX MATEPHAIBHBIX OCSIX HOPMUPOBAHHOIO TEH30PHOTO IPOCTPAHCTBA.
PazpaboTanHas MoJiesb peain30BaHa MPH TEPMOMEXAaHUYECKOM pacyeTe OJHOCIONHON 000IIOUKH TTOJIOKHUTEIb-
Holt ["ayccoBoil kpuBHU3HBI. OCHOBHBIE TapaMETPhl PEIICHUS CPABHUBAIOTCS € pe3yIbTaTaMi aHAJIOTHYHBIX pelle-
HUM, IOJTyYeHHBIX C UCIIOJIb30BaHUEM HauboJee anpoOMpOBaHHBIX MOJIENIEH TeOpHH JIe)OPMUPOBAHHSI OPTOTPOII-
HBIX Pa3HOCOIPOTHUBIISIIOLIMXCS MaTEPUANIOB, TIPEJUIOKEHHBIX JIPYTUMH aBTOpaMH, a TakKe 0a3upyrOLIUXCs Ha
YPaBHEHUSIX OPTOTPOITHOM JIMHEHHOM TEOpUH YIIPYyrocTH 0e3 ydeTa pa3sHOCONPOTHBIISIEMOCTH.

KaroueBble ciioBa: 060.]'[0‘11(3, OpTOTpOIIUA, TCPMOMEXAHUICCKOC BOBI[CﬁCTBI/IG, Pa3ZHOCONPOTUBIACMOCTD,
HaBCJICHHAA aHU30TPOIINA, rayCCOBAa KPHMBHU3HA
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INTRODUCTION

At the current stage of technological
development, there is widespread use of
advanced reinforced polymer composites
strengthened by dispersed or continuous fibers.
The key factor that has secured the leading
position of these materials is their ability to
combine  high strength and  stiffness
characteristics with resistance to aggressive
influences while maintaining minimal structural
weight.

Analysis carried out during experiments has
revealed a number of nonlinear and anisotropic
effects. These include: different resistance to
tension and compression, nonlinearity of
deformation curves, and a pronounced
dependence of deformation properties on the
dominant type of stress state.

The aforementioned features have led to the
development of accurate theoretical models
and comprehensive verified testing. Despite
significant advancements in solution methods
and testing means, the issue remains open and
is the subject of active scientific discussions
[1-16].

A critical analysis of existing phenomenological
theories intended for modeling bimodular
orthotropic media has been repeatedly
undertaken in scientific literature [17—19].

The identified shortcomings of the considered
theories include: discontinuities in constitutive
relations or on energy surfaces, insufficient
justification of the physical meaning of
phenomenological  parameters, lack of
accounting for the stress state type in
mathematical formulations, the need for a
priori constraints on material constants, and
high dimensionality of the space of
experimentally determined coefficients in
polynomial approximation [14—16]. A critical
factor reducing the practical value of these
models is their consistent discrepancy with

experimental data under multicomponent
loading [8—16].
Thanks to their identified competitive

advantages, fiber composite systems have
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become widespread in the design of thin-
walled spatial structures. Of particular interest
are coverings with synclastic geometry of the
middle surface (positive Gaussian curvature),
which operate under cyclic thermal loading
regimes. The constructional solutions of such
systems often provide for technological
openings for organizing the installation of
utilities.

In the practice of numerical modeling of
thermomechanical processes in structures,
both decoupled and coupled formulations are
used. Nevertheless, analytical assessments of
the degree of mutual influence of thermal and
mechanical fields for elements made of
materials with differing resistance indicate the
short-term nature of transitional coupling
processes, which decay after achieving
steady-state temperature changes. Therefore,
this  work proposes a  mathematical
formulation for the deformation process of a
thin-walled shell with positive Gaussian
curvature, made of orthotropic composite with
induced anisotropy, within a decoupled
(separate) framework. The theoretical basis is
an energy approach using a potential function
adapted for materials with nonlinear property
dependence on the stress state. This study
demonstrates that the correct identification of
all parameters of the energy expansion

requires  the  implementation of a
comprehensive test program with
simultaneous shearing in three mutually

perpendicular planes of anisotropy, which is
beyond the capabilities of modern testing
equipment. For this reason, as recommended
in [22-24], a simplified version of the energy
function in the normalized tensor space with
quasi-linear approximation is used. Applying
the Castigliano variational principle to this

function, the constitutive equations are
formulated as in [22—-24,30]:
{e} =[Cl{o} 1
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PROBLEM STATEMENT

An illustration of the structural solution for the
spatial shell system of double curvature is pro-
vided in the graphical material (Figure 1b). This
schematic presents a set of defining quantities:
the dimensional characteristics of the structure
and the parameters of the steady-state thermal re-
gime necessary for formulating the boundary
value problem.

Initial data:

1) external uniform normal pressure up to
g = 0,05 MPa is applied to the shallow shell (Fig-
ure 1b);

2) the initial temperature of the shell is assumed
to be uniform at 7, =22°C throughout its thick-

ness and across all surfaces, the outer surface is
then cooled to a temperature 7, =-20°C and

1
maintained constant; the inner surface of the shell
is heated to a temperature 7, =30°C (6" - the

2

temperature difference at a point on the shell, oc-
curring between the initial and final equilibrium
states);

3) the principal curvatures of the shell's middle
surface characterize its positive curvature:
k=1n,k,=1/r,, n=7,25 m, r, =26 m;

4) the plan dimensions of the shell are 2a =
10 m,2bh = 20 m (Figure 1b), with the rise f=
2 m (Figure 1b);

5) the shell thickness is taken as 2= 0,1 m (Fig-
ure 1b).

Figure la. General view of a shell with positive
Gaussian curvature
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Figure 1b. Calculation scheme of a shell with
positive Gaussian curvature

The choice of the kinematic model for the inves-
tigated problem is determined by the analysis of
dimensionless geometric parameters. Despite the
existence of alternative approaches—refined the-
ories by S. P. Timoshenko, V. Z. Vlasov, and S.
A. Ambartsumyan that account for transverse
shear deformations—in this particular case, the
thinness criterion (the ratio of thickness to a char-
acteristic radius of curvature) satisfies the ap-
plicability conditions of the classical hypotheses
of no transverse shear and normal stresses to the
surface (Kirchhoff-Lyav model).

For a shell with positive Gaussian curvature,
supported on a rectangular plan contour, the
kinematic relations between the components of
the displacement vector and the strains of the
middle surface are written in the following form:

Xii = W5 Xn = Wiy
X2 =—2Wy;

&, =u, —kw+ O,S(W,1 )2 ;

2)
Eyy =V, —k,w+0, 5(w,2 )2 ;

Vig = Uy tVy +Wy W, )

where ¢, &,,, 7;, — normal strains and shear

strains; u, v, w — displacement components;
k,, k, — curvature parameters of a surface

(k.=1/vr k =1/2)
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Under the condition of strict alignment of the
material's principal orthotropy axes with the axes
of the attached Cartesian coordinate system, the
constitutive equations (1) [30] can be
transformed into a simpler form that accounts for
the temperature terms:

e, =K, 0, +K,,0,, +@,0°;
€y = K21o-11 +K220-22 + a)2T9 ) (3)

e, =K1,
where

K, =4,,tB,,a,*
2 3
+0:5[Bn/1a11(1_an)_Bzzzzazz]"'
2 .
+B1122a22 (1 —O) Oy, ) ’

K,=K, =4, +B (e, +ay);

In the above relations: A4, B, 4> Buw —

iij > i
celastic constants of the material; o, =0,,/S,

a,, =0, /S — relative stresses; @, @,

oefficients of thermal expansion along the
anisotropy axes.

The algorithm for determining elastic properties
through mechanical testing of specimens
manufactured along the principal material axes
of the composite system 1is presented in
bibliographic references [22—-24].

In the considered studies, in addition to
conducting experiments, approximating
functions for processing experimental data were
obtained. Based on these, dependencies relating

the engineering constants 4, , By, 4> By; t0

the technical parameters of the material were
derived. For use within this two-dimensional
boundary value problem, the specified
dependencies were adapted and presented in the
following formi, j,k=1,2:

Ay, =(/E +1/E))/2;
Ay =~y 1 E; +v; 1 E})/2;

+ + L+ +.
vi lE; =V, | E;
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By, =(/E —1/E))/2;
By, =—(v; | El-v; 1 E})I2;v; | E =v,|E .

Furthermore, the bibliographic sources [22-24]
provide reference data on the mechanical con-
stants of a wide range of orthotropic materials
that exhibit different resistance to tension and
compression.

For the case of thin-walled curved structures, the
derivation of the resolving system of differential
equations, formulated in terms of displacements,
is based on the complete set of fundamental
equations of the mechanics of deformable solids.
This procedure requires inverting the physical
equations (3) to express the components of the
stress tensor through the corresponding defor-
mation characteristics.

on=Ee +E,e,—0;

0, =Epe +Eyne, — @, 4)

T, = Egen s
where £, =K,,/VY; E,, =K, /¥;

E,=-K,/¥:E,=1/K,:¥ =K, K, K2
Py = En@0,0" + E0,.0°;
oy = E,0,,0" + E,,0,,0".

The formulation of equilibrium conditions for
shell systems is implemented through integral
force variables of membrane and bending types.

In the axisymmetric case, the model includes N,

, N,,, M,,,M,, and Q,, . The numerical values

of the first two forces and moments are deter-
mined by integral averaging of stresses along the
normal to the middle surface (coordinate x; ):

2 h/2
Ny, = j ondxy; Ny = J. 0pd Xy ;
_h/2 —hj2
2 2
Ny, = I 0,dx; 5 M, = I 0, %dx; 5 (5)
—h)2 )
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/2
M, = I O, X,d X, .

—h/2

The transverse force Q,, is defined by differen-

tiating the moment M|, with respect to the coor-
dinate X7:

o, =M, ,+N,w,. (6)

By jointly using expressions (1)—(4), a functional
relationship is established between the given
forces/moments and the deformational-geomet-
ric parameters (components of the strain tensor
and changes in the principal curvatures) of the
middle surface of the shell:

Ny =Lyg, +J 00+ Lpgyn +J 02 =1y
Ny =Lpe + I 00+ Lpéyy + I Xon —Mors
N, = L&, +J X1 (7)
M, =J e+ R+ T80 + R = Virs
M, =Jne+ Ry +Jpnén + Ry oy = Vars
M, =Jg&, + R 21

hi2 h/2
where L, = I Edx;; J, = I E,zdx,;
—h12 —h12
h/2 hi2
Rij - _[ E[jzza’x3 s Mir = j Prdx;;
—h/2 —h/2
h/2
Vir = _[ Przdx;; (iajzloz)-
—h/2

Static equilibrium equations are invariant regard-
ing the type of constitutive relations. In the con-
text of the considered shell with positive curva-
ture, for small parameter zk <<1 [25], they are
expressed as follows:

Nijs+N 5, =0;
Niyy +N5,,,=0; (8)
Mll’ll +]\422’22 +2M12>12_N1 1(W’11+k1)_

=N,y (W +ky) 2N, W1, =55
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The nonlinear nature of the problem, identified
from the system of equations (1)—(8), manifests
itself in three aspects: material properties,
kinematics, and the nonlinearity of the
computational model. Therefore, the governing
system of differential equations is constructed
and solved using the two-step method of
successive parameter perturbations, developed
by V. V. Petrov [26]. The first step of this method
involves  approximating  the  nonlinear
dependencies with linear relations based on the
incremental loading technique.

LINEARIZATION OF THE SYSTEM OF
DIFFERENTIAL EQUATIONS

As a result of the linearization of dependencies
(2), equations are obtained that relate the incre-
ments of the arguments and functions:

Ay ==Aw,,;
Ay ==AW,y,;
AY, =—28w,,;
Ag,, = Au, —kAw+w, Aw,, ;
Ag,, = Av, —k,Aw+w,, Aw,, ; 9)

Ag,, = Av, +Au,, +w, Aw,, +w,, Aw,;
Ae = Agy + XA,
Aey, = Agy, + X005,
Aey, = Ay, + X0,

where A — is the increment of the arguments.
Following the approach of [27], we will linearize
the constitutive equations (1) by expanding them
into a Taylor series and retaining first-order
smallness terms:

Ae,, = Oe, Ao, + Oe, A022+w1T%A0°;

1 0y

Oe oe oe
) 2 2 o
Ae,, =—= Ao, +—=A0,, + ©,, —=A0";
oy Oy

oe
_ 12
Ae, =—=Ar1,,
12

(10)
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By inverting equations (10) with respect to the
increments of stresses, we obtain:

Aoy, =D, Ae, + D,Ae,, —Apy;

Aoy, =D, Ae, + D,Ae,, —Ag,; (1)
A1, = DgAe, ;
rae D,=Q,,/Q;

D, =D, =-Q, /Q=-Q,,/Q;
D,,=Q,,/Q; D, =Q/Q;

oe, oe oe
Q,=—"-Q,=0Q, =—-="%,

Oy 0o,, 0o,
Q) = 8822 ; Qe = 6666 ; Qp = aell >

0o,, 00 06

oe
O =L,
py:2

Q= Qanz _QIZQZI ;
Apy = (2,0, —Q,;Q,,)/Q;
Ap,; =(Q,Q,, -Q,,Q,)/ Q.

The transition from stress increments (11) to in-
crements of forces and moments is carried out ac-
cording to the same rules as (5):

hl/2

AN, = [ Aoydx,:
—h/2
hl/2

AN, = | Acdx,
—h/2
hl2

AM,, = |
—h/2
hi/2

AM,, = I Ao,,zdx,;

~h/2

(12)

Ao, zdx,;

where AN, AN,,, AM,,, AM,, — the incre-

ments of the corresponding forces and moments.
By applying expressions (12) to the increment
equations (11), we obtain:
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AN,y = L Ay, +J, " Ay, + Ly Mgy, +
1, ALy = Aty
AN,, = L,"Aey, + J5, Mgy, + Ly, " Ae, +
+J 3, Mty = Aty
AN, = L *Ae, +J"Ay\ss
AM,, = J,"Agy, + R "Ay, +J, Aey, +
R, Mgy —AYirs
AM,, = J 1, Agy, + Ry “Agyy +J 3, Mgy +
+Ry, Aty =AYy
AM,, =J"Ae, + R Ay,

(13)

h/2 h/2
A A
where L, = I Dydx;; J; = I Dyzdx,;
~h/2 —h/2
hl2 h/2
Rﬁ = '[ Dijzzd)@; An, = j Ag, dx;;
—h/2 —h/2
hl2
Ay, = .[ Ap,zdx,; (i,j=1,2).

~h/2

The statics equations (8) after transformation
through increments are written in the form:

AN, ,,+AN,,,,=0;
AN,,, +AN,,,,=0;

—N, Aw, —AN W, AN,k — (14)
—N AW,y =AN,, W5, —AN k) —
—2N12Aw,12 —2AN12W,12 +

+AM, |, +AM,, ., +2AM ,,,, = Aq;;

1°11

where Ag, — increment of transverse load inten-
sity.

The linearized equations in increments of dis-
placements of the middle surface of the Gaussian
curvature shell were obtained by reducing ex-
pressions (9), (13), and (14) to a common form:

LY, [Au,, —k Aw+ w, Aw]+ L\ [Au,,, —k,Aw,, +
+w,,, Aw, +WAW, | 1— JIA1 0 Aw,, —JIAIAW,111 +
+ L [—Awk, +w,, Aw+ Av,, 1+ L, [-Aw,, k, +

A
FW, ., AW,, +W,, Aw,, [+ Av, , =J 35, Aw,,, —
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_JIAZAW’122 _A 771T o1 +L26 22 [W’l AW’IZ +AW’1 W’Z +
+Au,, +Av, 1+ L@G[w,12 Aw,, +w, Aw,, +
W,y AW, +AW, W, +AU,,, AU, , |-
_2L26[AW’122 1=0

(15)
Lﬁé,l [w,, Aw,, +Aw,  w,, +Au,, +Av, ]+
+L§6[w,11 Aw,, +w, Aw,, +w, | Aw,, +Aw, w,, +
+Au,,, +AV, ] - 2J6A6Aw,112 +L1A2,2 [Au,, —k,Aw+
+w, Aw]+ LIA2 [Au,,, —k,Aw,, +Aw, W, , +
+w,, Aw,,, |- JIAZAW,112 +L§2,2 [—wk, +w,, Aw,, +
+Av,, 1+ L5, ,, [-Aw,, k, + Aw,

+Av,,, |- JzAzAwazz _JzAzAWazn —A1,7,,=0

vpy TWoy AW, +

—AYi7r011 =AYV 2102 _RIAIAW’IIII +J1A2911 [—wk, +
+w,, Aw,, +Av,, ]+ +2J1A2,1 [-Awk, +w,,, Aw,,, +
+w,, Aw,, +Av,,, |+ JlAz[—Aw,]1 ky +w,,, Aw,, +
F2W, 15 AW, +W,, Aw,, , +AV, 1, |-

—2{L26,1 [w,, Aw,, +Aw, w,, +Au,, +Av, |-
—2J6A6Aw,12 w,, =L [u,, —kw+0,5(w,, ) ]-
=J\ Wy, +L,[v,, —k,w+0,5(w,, )2] -

=S, Wagy 10,7 AW, _{LIAI[Au’I —k,Aw+

+w,, Aw,, |- J]A]Aw,]1 +L]A2 [-Awk, +w,, Aw,,, +
+Av,, |- JlAzAszz Ty $Woy, =Ly [Au,, —k Aw+
+w,, Aw,, |- J]A]Aw,]1 +L]A2 [—Awk, +w,, Aw,,, +
+Av,, |- JlAzAW’zz M 3k =L, [u,, —k,w+

+0,5(w,, )2] —J 1y Woy +Lo[v,, —k,w+0,5(w,, )2] -

—J s Way =Ty YAW, ., —{ L3, [ Au, —k, Aw +

+w,, Aw,, 1= J5AW,, | + L5, [~Awk, +w,, Aw,, +
+AV,, 1= I AW, 5, —AT1 3 W,y —{L[Au,, —

—k, Aw+w,, Aw,, 1= J5AW, | + L5, [—Aw, k, +
+W,, Aw,, +Av,, 1= J 5 Aw,,, —17,, b, —

2 Lgg[ut,, =v, +w, Aw,, [ =2 w,, FAW,, —
=R}, Aw,, 2R\ Aw,,, +J 1, [Au,, —

—k, Aw+w,, Aw,, 1+ 2J[Au,,, —k,Aw,, +
W,y Aw, +w, Aw,,, 1+ TS [Auy,,, —k Aw,, | +
W, Aw, 2w, Aw,  +w, Aw, | 1+

+J1A2722 [Au,, —k,Aw+w, Aw,, |+
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+2J1A2,2 [Au,,, =k Aw,, +w,, Aw,, +w, Aw,, |+
+JIA2[Au,122 —kAw,,, +2w,,, Aw,, +

+AW’1 Woipy T Wy AW’122 ]_ RlAzAszz +

+ 3 00y [FAWK, +W,, AW,, +AV,, |+
+2J2A2[—Aw,2 ky + W,y AW,, +W,, Aw,,, +
+Av,,, |+ JZA2 [—Aw,,, k) +W,,,, AW,, +

F2W,00 AW,y +W,, AW,y +AV, ) |+
+2J6A6[w,112 AW,, +W,;, Aw,,, +2w, , Aw,,, +

W, AW, +W,10 AW,y AW, W, ), +

A
FAW, Wy 15 +AU, 5y AV, | = 4RGAW,) ) —
A A A
_RIZ °11 AW,22 _2R12AW9122 _Rleszz +
A
+2J 00 [Way) AW,, +W, AW, , +AW, |, W,, +

A
FAW, Wy, AU, FAV, 2 G [Wh, AW, +

W, Aw,,, +AW,, w,, +Aw, w,,, +
A A
+Au’22 +Av’12 ]_ R22 222 AW,22 _2R22 22 AW’222 -
A A
—RpAW, 5500 +2J 6015 [We) AW, +

+w,, Aw,, +Au,, +Av, = Aq

To ensure a closed formulation of the problem,
boundary conditions must be added to the differ-
ential equations (15), also expressed in terms of
increments of displacements.

The rigid clamping of the support contour is
specified by the following relations:

Aw, =0.  (16)

THE TEMPERATURE COMPONENT OF
THE PROBLEM

The differential heat conduction equation [28]
adequately describes the heat propagation pro-
cess in structurally orthotropic solids:

L,=A T, A, Ty +A- Ty, (17)

where A, A,, A, — thermophysical material

constants along the principal axes, defining the
thermal inertia of the material;;  — time; 7 — tem-
perature.

International Journal for Computational Civil and Structural Engineering



Assessment of Thermal and Force Effects on an Orthotropic Shell with Positive Gaussian Curvature

Within the framework of the given problem, the
temperature distribution is formed exclusively in
the cross-section of the shell, and the heat trans-

fer process is one-dimensional along the x; -axis.
In this regard, the differential heat conduction
equation (17) admits significant simplification
and can be presented in the following form:

T,=A;- Ty,

’t

(18)

where A;=A/c — thermal diffusivity coeffi-

cient in the direction normal to the shell surface
A — eat transfer coefficient; ¢ — specific heat ca-
pacity per unit volume.

The subject of numerical investigation were
shell systems made of fiberglass materials and
composites with similar properties, possessing
significant heat transfer coefficients. Due to
high thermal conductivity, in thin-walled
structures, the formation of a steady tempera-
ture gradient across the thickness occurs rap-
idly, and the spatial temperature distribution
is characterized by linearity. This fact allows
the related thermoelastic problem to be con-
sidered after reaching a steady-state regime
with a constant temperature gradient along the
coordinate x;. As a result, the temperature

across the shell section is determined by the
expression (Figure 1b):

T(x3):(Tz_7;)x3/h+(7; +1,)/2-T,. (19)

SOLUTION OF THE PROBLEM AND
ANALYSIS OF THE RESULTS

As a representative orthotropic material, fiber-
glass composite was investigated. The mechani-
cal property values used in this study, including
the tensile elastic moduli along the principal ani-
sotropy axes, are consistent with data from refer-
ences [13, 14]: E; =140 GPa, E; =280 GPa, at

axial compressions: E; =70 GPa, and E, =140

GPa; corresponding coefficients of transverse de-
formation: v;; =0,2; v, =0,3; coefficients of
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linear thermal expansion in the directions of the
principal material axes: @, =3,3-10°(°C)"';

w,, =4,0-107°(°C)™" [13, 14].

Integration of the linearized system of differen-
tial operators (15) satisfying boundary condi-
tions (16) and considering the temperature pro-
file through the thickness of the structure (19)
was implemented based on a high-order accu-
racy finite difference scheme, including central
approximations at internal nodes and one-sided
formulas in boundary regions. Spatial discreti-
zation was performed by placing 200 nodal
points along the radial coordinate with simul-
taneous division of the thickness into 21 layers
to implement Simpson's quadrature formula.
The resulting algebraic system of linear equa-
tions was solved by the Gauss-Seidel iterative
method with the application of Liisternik relax-
ation acceleration. Numerical integration along
the loading path was performed using Adams
extrapolation scheme. The developed computa-
tional algorithm with branched logic was im-
plemented as part of specialized software built
on the open environment "SCILAB".
Verification of the developed approach was car-
ried out by comparing the calculated data with
results based on alternative constitutive models
from publications [8—13]. A generalized analysis
was conducted in the following directions:

a) with results obtained using advanced constitu-
tive relations for orthotropic materials (Model 1);
b) calculation employing averaged mechanical
characteristics while neglecting induced defor-
mation anisotropy properties (Model 2);

c) results from the developed model with thermal
effects excluded (Model 3);

d) data obtained following the theory of C. W.
Bert — J. N. Reddy [8, 9] (Model 4);

e) solutions based on the model by R. M. Jones —
D. A. R. Nelson [10, 13] (Model 5).

f) with solutions of S. A. Ambartsumyan (Model
6).

Figures 2-5 and 8-11 show the calculated re-
sults of the normal stresses o, and o,,; Fig-

ures 14-18 show the displacements and deflec-
tions of the middle surface of the considered
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shell, obtained using various state equations for
structurally orthotropic materials exhibiting
deformational inhomogeneity (variable re-
sistance) during loading. Figures 6, 7, 12, and
13 present characteristic stress distributions
through the thickness of the shell in a specified
cross-section.

The results of calculating the stress-strain state of
a shell with positive Gaussian curvature under
combined transverse loading and temperature
gradient revealed their significant dependence on
the choice of constitutive relations for ortho-
tropic media that exhibit different behavior under
various stress state types.
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Figure 5. Normal stresses o, at the bottom
along the short side along the X axis, Pa

1,26E+07
7,59E+06
2,59E+06
-2,41E+06
-7,41E+06
(©
[«
_51,24E407
Ll
R1,74€+07
-2,24E+07
-2,74E+07

-3,24E+07
0 0,01 0,02 0,03 O,OAE1 0,05 0,06 0,07 0,08 0,09 0,1
, m
Model 1 e e Model 2 Model 3
— e \odel 4 Model 5 Model 6
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through the thickness, Pa
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Figure 9. Normal stresses o,, at the top along
the short side along the X axis, Pa
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Figure 15. Displacements W along the short
side, m
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Figure 16. Displacements U along
the long side, m
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Figure 17. Displacements U along
the long side, m

Through numerical analysis of the thermome-
chanical deformation of a positively curved or-
thotropic shell made of fiberglass, a set of char-
acteristic patterns was established:

1.The discrepancy in the values of normal
stresses o,, compared to the classical theory,

which ignores the anisotropy of deformation
properties and uses averaged constants, reaches
up to 41,5%, ignoring thermal effects yields de-
viations of 15,3%; compared to the theory of C.
W. Bert — J. N. Reddy, the deviation is 4,8%;
with the application of the relations by R. M.
Jones — D. A. R. Nelson, it is 39,3%; and under
all equal thermomechanical loading conditions, it
is 37,2% compared to calculations based on
equations by S. A. Ambartsumyan;
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2. For the normal stresses o,,, the differences

from the classical approach reach 45,9%; without
considering thermal effects, 13,7%; compared to
C. W. Bert — J. N. Reddy’s theory, 8,3%; using
R. M. Jones — D. A. R. Nelson’s relations, 39,8%;
and under equal thermomechanical loading con-
ditions, 38,8% relative to calculations by S. A.
Ambartsumyan;

3. For displacements W, the discrepancy reaches
23,1% relative to calculations by traditional or-
thotropic shell theory with averaged material
characteristics, 24,1% without thermal gradient
consideration, 23,9% compared to C. W. Bert —
J. N. Reddy’s model, 10% relative to R. M. Jones
—D. A. R. Nelson’s variant, and 15,7% compared
to S. A. Ambartsumyan’s theory;

4. For displacements U, the discrepancy is 12,5%
relative to traditional orthotropic shell theory
with averaged characteristics, 22% without tem-
perature gradient, 23% compared to S. A. Am-
bartsumyan’s theory, 6,5% compared to C. W.
Bert — J. N. Reddy’s model, and 17,5% relative
to R. M. Jones — D. A. R. Nelson’s variant.

CONCLUSIONS SUPPORTED BY
RESEARCH

The implemented computational experiment pro-
gram for evaluating the stress-strain state param-
eters of an orthotropic shell structure with posi-
tive Gaussian curvature, formulated in the nor-
malized tensor space of stresses, the correctness
of which was demonstrated by verification with
experimental data in publications [13], provides
the basis for the following conclusions:

1. The application of the proposed mathematical
model guarantees enhanced reliability and engi-
neering accuracy in the analysis of thin-walled
spatial systems compared to traditional ap-
proaches presented in other researchers’ works;
2. Computational experiments clearly demon-
strate that the correct accounting of induced de-
formational anisotropy in numerical algorithms
reveals significant limitations of traditional
methods for predicting the stress state of curved
shell elements. Ignoring this phenomenon can

Volume 22, Issue 2, 2026

generate substantial deviations in forecasting the
mechanical response of spatial structures.
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Abstract. The problem of automated diagnostics of defects in building structures is due to the high labor intensity
and subjectivity of visual inspections. The paper presents a prototype computer vision system based on an
architecture featuring a lightweight feature extraction encoder, designed for the binary semantic segmentation of
cracks in building surface images. The new proposal is to adapt the specified architecture to the problem of
detecting thin extended objects on a non-uniform background using a combined loss function that combines binary
cross-entropy and the Dice coefficient. The paper provides the mathematical formulation of the problem, a formal
description of the modified optimization criterion, a data preprocessing methodology that accounts for JPEG
compression artifacts, and the results of computational experiments. Evaluated on an independent test set, the
resulting metrics—specifically the Dice coefficient and Jaccard index (IoU)—validate the effectiveness of the
proposed approach and outline directions for further technological improvements.

Keywords: computer vision, deep learning, semantic segmentation, defects of building structures, cracks, U Net,
MobileNetV2, Dice loss function

BbIYNCJUTEJbHBIN METOJ BUHAPHOM
CEMAHTHYECKOW CETMEHTAIIUU JE®EKTOB
CTPOUTEJIBHBIX KOHCTPYKIIMI
HA OCHOBE CBEPTOYHBIX HEMUPOHHBIX CETEHN

M.O. bakanos, B.H. Cuoopos, E.A. Maxapoea, H.C. bonoapenko

HannonansHslil uccnenoBarenscknii MOCKOBCKHI TOCYAapCTBEHHBIN CTPOUTENBHBIN yHUBEpCHUTeET, I. Mocksa, POCCHUA

AnHoranus. IlpoGiema aBTOMAaTH3MPOBAHHON IHATHOCTHKH J€(PEKTOB CTPOUTENBHBIX KOHCTPYKIHN
00yCIIOBIEHAa BBICOKOH TPYIOEMKOCTBIO M CYOBEKTHMBHOCTBIO BH3yalbHbIX oOcienoBaHuil. B craThe
MPEAJIOKEH MPOTOTUII CUCTEMbBI KOMIIBIOTCPHOT'O 3pEHHA Ha OCHOBC apXUTCKTYPhI C 00JIErYCHHBIM OJI0KOM
W3BJICYCHUS] BU3YaJbHBIX MPU3HAKOB (PHKOAEPOM), NpEJHA3HAUYCHHBIH JJIsi OMHApHOW CEeMaHTHYECKOil
CerMEHTAIMH TPEUINH Ha N300pakeHUSX CTPOUTEIbHBIX MOoBepxHOCTeH. HoBoe mpenoxenue 3akiovyaeTcs
B aJanTalli¥ YKa3aHHOH apXWUTEKTypbl K 3ajadye BbIJCJICHHS TOHKHX MPOTSIKCHHBIX OOBEKTOB Ha
HEOJIHOPOAHOM (OHE C NMPUMEHEHHEM KOMOMHHMPOBAHHOW (YHKIHMH MOTEPb, OOBEAMHSIONICH OMHAPHYIO
Kpocc-sHTponuio 1 Ko3dduunent [Haiica. [IpuBenensl maTeMaTndeckas MOCTAHOBKA 3a1add, (popMalbHOE
omnHcaHne MOAM(PHUIMPOBAHHOTO KPHUTEPHs ONTHUMH3AINHM, METOJUKA IOJATOTOBKH JAHHBIX C YyYETOM
apredaxtoB JPEG-cxaTus, a TakKe pe3yJabTaThl BRIYMCIUTENBHBIX dKcriepuMeHToB. [loydennslie B paboTe
Ha HE3aBUCHUMOI TECTOBOW BRIOOpKE METpHKHU 3HaueHHS Koddpdununenta [aiica u nuanexca Kakkapa (IoU)
MOATBEPKJIAIOT PA0OTOCIOCOOHOCTD MPEUIOKEHHOTO TOJAX0Aa U ONPEEINIAIOT HAlPAaBJICHUS JaJbHEHIIETo
COBEPIICHCTBOBAHUS TEXHOJIOTUH.

KarwueBble c10Ba: KOMIIBIOTEPHOE 3pEHHE, TTIYOOKOE 00yUeHHE, CEMaHTHUCCKAs CerMEHTAIHS, 1e(DEKThI
CTPOUTEIBHBIX KOHCTPYKINUH, TpenuHbl, apxutektypa U Net, sukonep MobileNetV2, pyukuuns noreps [aiica
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1. INTRODUCTION

The methodological basis for technical
examination of the condition of building
structures is traditionally their visual inspection
followed by an expert assessment of the degree
of their damage [1-10]. This approach is
characterized by high labor intensity,
dependence on the specialist’s qualifications, and
the difficulty of achieving a sufficient level of
reproducibility of results. At the same time, the
development of remote sensing methods,
including aerial photography from unmanned
aerial vehicles, makes it possible to obtain high-
resolution digital images suitable for automated
analysis using deep learning algorithms. The key
task of automation is the so-called semantic
segmentation of cracks — identifying pixels in the
image that contain defects and separating them
from the background.

Initial approaches to automated crack detection
relied on classical computer vision methods —
thresholding, morphological operations, and
gradient filtering. These methods were
computationally efficient, but demonstrated low
resistance  to  non-uniform  backgrounds,
shadows, and textures of materials, primarily
concrete, due to their reliance on local brightness
features without taking into account contextual
information. The subsequent development of
machine learning methods with manual feature
construction partially compensated for these
limitations, but transferred the problem to the
vast area of subjectivity of feature selection by
the developer. In parallel with the evolution of
image processing algorithms, attempts were
made to solve problems of construction flaw
detection using expert systems designed to
accumulate and formalize the knowledge of
expert engineers for comprehensive damage
diagnostics [13-28]. However, such symbolic
approaches faced the classic "intellectual
bottleneck" problem of knowledge extraction
and required labor-intensive manual creation of
rigid productive rule bases. They typically lacked
built-in mechanisms for directly extracting
features from raw image data, which
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significantly limited their scalability and
practical use. The use of convolutional neural
networks, in particular their U-Net architecture
[29], provides the ability to simultaneously
extract hierarchical features and preserve spatial
localization in end-to-end learning mode.
However, the direct use of ‘“heavy” models
without taking into account the specifics of
building surfaces — small crack widths (down to
fractions of a pixel), noisy masks, high image
resolution — led to a compromise between
accuracy and computational efficiency: high-
performance models prove unsuitable for mobile
platforms, while lightweight architectures do not
achieve sufficient localization accuracy for the
aforementioned  defects.  Resolving  this
contradiction is the central objective of this
study.

The objective of this work is to develop and
experimentally verify a prototype of binary
semantic segmentation of cracks based on the U
Net architecture with the MobileNetV2 encoder,
trained using a combined loss function that
simultaneously optimizes pixel-by-pixel
classification and spatial overlap measure. The
article presents a formal statement of the
problem, a description of the architecture, a data
preparation methodology, and the results of
computational experiments confirming the
viability of the proposed approach. In order to
accurately place this work within the overall
structure of the field of research, it is necessary
to critically examine the key results achieved by
the global community in recent years.

2. PROBLEM AREA ANALYSIS

The evolution of methods for automatic analysis
of defects in building structures is characterized
by a consistent increase in the complexity of
problem statements. The initial stage focused on
the task of binary image classification, namely,
based on the presence/absence of a crack. This
approach, abstracting from the spatial
characteristics of the defect, made it possible to
achieve high accuracy rates. For example, a team
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led by S. Siva Rama Krishnan, using the
Inception V3 architecture, achieved an accuracy
(Accuracy =) of 99.98% on a dataset of 40,000
images [30]. However, the classification
approach does not provide spatial localization of
the defect, which limits its applicability for
quantitative damage assessment.

The next stage of development is associated with
the transition to semantic segmentation. In 2020,
S. Bhowmick et al. demonstrated the
effectiveness of the U-Net architecture for crack
detection in UAV videos followed by
morphological post-processing to quantify
geometric parameters [31]. In 2021, P. Kumar et
al. implemented a real-time system based on
YOLO-v3, achieving a detection accuracy of
94.24% with a frame processing time of 0.033 s
[32]. In 2022, V. Gharehbaghi et al. proposed a
12-layer deep network, FastCrackNet, optimized
for crack identification in noise and shadows
[33].

The analysis of the above key works indicates the
following limitations:

1. The contradiction between the accuracy of
segmentation, assessed by the coefficient of
geometric overlap of predicted and actual crack
contours (mloU > 0.7), and the high
computational complexity of such models.

2. Reduced segmentation quality due to training
on limited datasets with JPEG compression
artifacts and subjective labeling.

3. The limitations of the binary formulation of
the problem, which does not allow classifying
defects by type and degree of danger.

The current stage of research is characterized by
the development of integrated approaches aimed
at overcoming these limitations. On the one hand,
multi-class and multi-modal systems are being
developed — B. Giirer and M. E. Karsligil (2024)
obtained mloU = (.77 for damage segmentation
using the OneFormer model and mloU = 0.52 for
damage level classification using the SegFormer
model on data from the earthquake in Turkey
[34]. On the other hand, lightweight architectures
and combined loss functions are introduced to
simultaneously optimize pixel-by-pixel accuracy
and spatial connectivity. A significant factor in
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the development of the field is the emergence of
open multimodal datasets such as BRIGHT [35],
which provide an objective basis for training and
comparing algorithms. Additionally, work on
damage assessment based on post-event SAR
data [36], the use of visual language models for
damage classification [37], and the rapid
deployment of UAV-based Al systems in real-
world conditions [38] are noted. As a result, the
field is moving away from isolated classification
and segmentation solutions towards end-to-end
systems that integrate multimodality, post-
processing, and deployment on onboard
computing platforms. This work develops this
direction. The prototype proposed in this paper
retains the U-Net architecture with skip
connections to preserve spatial details, but uses
the lightweight MobileNetV2 encoder and a
combined loss function (BCE + Dice). This
choice is due to the need to ensure a compromise
between the accuracy of fine crack detection and
computational  efficiency  sufficient  for
integration into mobile platforms.

3. MATHEMATICAL STATEMENT OF
THE PROBLEM

The problem is formulated as follows. Let a set
of “image — true binary mask” pairs {X;, Y;})_, be
given, where X; € R¥*W*3 i5 a color image of
the surface of a building structure, and Y; €
RE*W is the corresponding mask (a pixel is equal
to 1 if it belongs to a crack, and 0 otherwise). It
is required to construct a parameterized mapping
f(G;0): REXWX3 5 [0,1]F*W  that associates
with each pixel the probability of its belonging to
the “crack” class. Thus, the binarized forecast ¥;
is obtained by applying the threshold t=0.5:

LG =

{1; pl'] 2 T, (1)

0, Pi,j <Tt’

where each pixel p; ; = P;(j) is interpreted as the
probability of belonging to the “crack” class.
The optimal parameters 6* are calculated by
minimizing the empirical risk:
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0" = arg;ninﬁz’iilaf(xi; 0),Y,). 2)

The choice of the loss function L is a critical
aspect of the formulation. When using
exclusively binary cross-entropy, where M =
H X W is the total number of pixels in the
image:

Lpcs = = 20, [yjlogp; + (1 —yplog(1 — )], (3)

the model optimizes pixel-by-pixel
classification, but does not take into account the
spatial connectivity of objects. For thin cracks
occupying a small fraction of the frame area, this
leads to fragmentation of the forecast. When
using a loss function based on the Dice
coefficient:

_ 2%jpjyjte
Yjpj+¥jvjte’

Lpice = e=107, “
the model focuses on the measure of spatial
overlap. This can result to blurring of boundaries
and reduced pixel accuracy.

To balance between local accuracy and global
shape, a combined loss function is used in this
work:

L(P, Y) = LBCE (P, Y) + LDice (P, Y), (5)

This  formulation provides simultaneous
optimization of pixel-wise classification and
spatial integrity of segmented objects.

The quality of the trained model is assessed on an

independent test sample using the Dice
coefficient and the Jaccard index (IoU):
. 239y
Dice = 59,45, JA’jA"'Zij, (6)
IoU = — 2191 %

Yivi+Xivi=Yi¥ivj

4. NEURAL NETWORK ARCHITECTURE
The U-Net architecture [29] includes an

analytical branch (encoder), which sequentially
compresses the image to highlight the
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characteristic features of the defect - its contrast,
shape and texture, and a restoration branch
(decoder). The latter one, based on these features,
forms the final segmentation map with the
original spatial resolution. Diagnostic bridges
(skip connections) between symmetrical levels of
the analytical and restorative branches ensure
direct transfer of geometric details. This is
critical for accurately detecting fine structures
such as cracks a few pixels wide.

The classic implementation of U-Net with a full-
size encoder is characterized by high
computational complexity, which limits its
applicability on mobile platforms. In this paper,
MobileNetV2 [39], pre-trained on the ImageNet
dataset, is used as the encoder. Using a pre-
trained model ensures efficient initialization of
low-level filters and accelerates convergence
when training a neural network on a limited,
specialized dataset.

The MobileNetV2 core block with expansion
factor 7 and kernel of size kxk transforms the
input tensor x € R¢n*H>*W into the output y €

! A . o .
RCoutXH™>W" yia operator composition:

y = LinearBottleneck(x) = BN (Convlcinl_)tcin(x)) °

ReLU6 o BN (DWCothC"" (x)) o ReLU6 o

kXk

o BN (Convlc;"l_’tc"" (x)) + skip(x),  (8)

where Conv is a regular convolution, DWConv
is a depthwise convolution, BN is a batch
normalization, ReLU6 is an activation function,
skip(x) is a residual connection (if the
dimensions are consistent). Pretraining on
ImageNet provides good initialization of low-
level filters, which speeds up convergence when
training on a small dataset. The decoding part of
the architecture sequentially increases the spatial
resolution of feature maps using bilinear
interpolation or transposed convolutions and
combines them with the corresponding encoder
maps via skip connections. The final layer is a
I1x1 convolution with sigmoid activation,
forming a single-channel probability mask of the
size of the original image (Fig. 1).
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[
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Figure 1. Architecture of the U Net neural network with the MobileNetV?2 encoder for binary crack
segmentation. schematic representation of the encoding and decoding branches, skip connections,
and the final sigmoid activation layer

The choice of MobileNetV2 as an encoder was
driven by the requirements for computational
efficiency for subsequent integration into mobile
platforms and on-board systems of unmanned
aerial vehicles.

5. DATA PREPARATION AND
AUGMENTATION

The experiments were conducted on a
specialized dataset [40] containing pairs of
images of concrete surfaces and corresponding
binary crack masks. The original masks were

saved in JPEG format, which introduced
compression artifacts near the crack boundaries.
To minimize the influence of artifacts,
preliminary binarization of masks was performed
with a threshold of 127: pixels with a value >127
were classified as belonging to a crack, the rest
were classified as background. This operation
reduced the noise level, but did not completely
eliminate the blurring of edges caused by losses
during JPEG compression. To increase the
diversity of the training sample and improve the
generalization ability of the model, augment-
tations were used: random horizontal and vertical
reflections, rotations at angles multiples of 90°.

\C— \ J

v
i By B ) IS ation using )
Original surface JPEG Threshold Geometric Tg;’;‘:&ﬁtg‘igtg‘zg
image with compression binarization augmentation
crack artifacts e
o visualization Oc
c € {R,G,B}
u = [0,485; 0,456; 0,406],
o = [0,229; 0,224; 0,225]

Horizontal Vertical
flip flip

90° 180° Resized to

_ rotation rotation Y,

180

448x448 pixels
Figure 2. Schematic of the dataset preprocessing pipeline for crack detection

International Journal for Computational Civil and Structural Engineering



Computational Method of Binary Semantic Segmentation of Building Structure Defects

Based on Convolutional Neural Networks

Geometric transformations were performed
synchronously for images and masks using
bilinear interpolation for images and the
nearest neighbor method for masks. The input
tensors were normalized based on RGB
channel statistics computed from the ImageNet
dataset (Fig. 2):

X, = %c € {R,G,B}, )

where
p=1[0.485; 0,456; 0,406], c =[0.229; 0,224; 0,225].

All images and masks are resized to a fixed size
of 448x448 pixels using bilinear interpolation
(images) and nearest neighbor (masks). The final
input tensor had dimensions 3x448x448, the
output mask — 1x448x448.

6. TRAINING THE MODEL

Training was performed using the stochastic
gradient descent method with the AdamW
optimizer, combining adaptive learning rate
adjustment with L2 regularization (weight
decay). The learning rate is set to 1+-107%, the
mini-batch size is 4 images. The maximum
number of training epochs is 30, with the best

model based on the Dice coefficient value on the
validation set being preserved.

The learning rate is set to 1-107* level, the
mini-batch size is 4 images. The maximum
number of training epochs is 30, with the best
model based on the Dice coefficient value on the
validation set being preserved.

The original dataset is randomly divided into
training (80%) and validation (20%) subsamples.
An independent test set, not involved in the
training process, was used for the final metrics
evaluation.

The dynamics of training demonstrates a
monotonic decrease in the loss function and an
increase in metrics during the first 10—15 epochs,
after which a plateau is reached in the region of
the Dice coefficient value: Dice = 0,70. The
absence of a significant discrepancy between
training and validation metrics indicates the
adequacy of the chosen architecture and the
absence of overfitting. The best model was
recorded at the 24th epoch.

7. EXPERIMENTAL RESULTS AND
DISCUSSION

The quantitative learning outcomes are presented
in Table 1.

Table 1. Quality metrics for binary crack segmentation

Metrics

Validation set
(at the best training epoch)

Test samples

Losses (BCE + Dice) 0,4984 0,4907
Dice coefficient (Dice) 0,7090 0,7118
Jaccard index (IoU) 0,584 0,5875

The comparability of validation and test values
confirms the high generalization ability of the
model. Visual analysis of the predicted masks on
test images showed stable detection of main
crack areas while correctly ignoring background
textures, including concrete roughness, shadows,
and local color changes.

However, the following limitations of the method
were observed:
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1. Blurring of boundaries in areas with a crack
width of 1-2 pixels, caused by both the
architectural limitations of the MobileNetV2
encoder (effective receptive size) and the original
quality of the masks (JPEG compression
artifacts) (Fig. 3). Fragmentation of extended
cracks in cases of local decrease in contrast or
intersection with shaded areas.

2. The achieved values: Dice > 0.7 confirm the
viability of the proposed prototype as a basis for
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further research. Increasing the accuracy to the
level of mloU > 0.85, necessary for an acceptable
quality level of practical engineering diagnostics,
involves solving the following problems:

— creation of a new data set with masks saved in
PNG format without lossy compression, and with
the involvement of expert markup from
professional builders;

Challenge of thin crack

segmentatlon
&8 '_' ” ]

Withohfékip connectionréi

Receptive field mismatch

. |

Prédicted crracizk mask

— transition to multi-class segmentation with
classification of defects by type (cracks, chips,
corrosion, etc.);

— use of more complex architectures
(DeepLabV3+, HRNet, models with attention
mechanisms) and specialized loss functions
(Focal Loss, Tversky Loss);

— implementation of morphological post-
processing, including skeletonization, closure,
and false-positive filtering.

Segmentatlon
mask

Binary mask

Image with overlaid crack mask

With skip connections

Figure 3. Visualization of the ultra-thin cracks segmentation problem:
the influence of the encoder receptive field and the role of skip connections
in maintaining spatial continuity of 1-2 pixel wide defects

8. CONCLUSION

The developed prototype of binary semantic
segmentation of cracks on concrete surfaces
based on U-Net with MobileNetV2 encoder,
trained using a combined loss function (BCE +
Dice), demonstrated robust ability to highlight
defects in real images of building structures. An
approach is proposed for adapting a lightweight
architecture to the task of segmenting thin
extended objects on noisy data, as well as for
experimentally substantiating the influence of
compression artifacts of the original masks on the
quality of the model. The obtained metrics (Test

182

Dice = 0.7118, IoU = 0.5875) meet the
requirements of the proof-of-concept stage and
define the basic parameters for the development
of a full-scale automated diagnostic system.
Promising research areas include the formation
of a representative dataset with high-quality
masks, the implementation of a multi-class defect
detector, and the integration of a prototype into a
software package for processing aerial
photography data. The practical result of this
stage of research is the automatic generation of
defect lists and damage cartograms in accordance
with the requirements of GOST 31937-2024.
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THE BENDING CAPACITY OF THREE-LAYER PRECAST
REINFORCED CONCRETE STRUCTURES ACCOUNTING FOR
THE CONTINUOUS VARIATION IN COMPRESSIVE STRENGTH
OF THE CONTACT LAYERS

Vu Dinh Tho ', Pham Thi Hien', Elena A. Korol?, Le Ngoc Lan ', Pham Tuan Anh'

! University of Transport Technology, Hanoi, VIET NAM
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: This paper presents the flexural strength of precast three-layer reinforced concrete structures made from
different types of concrete. The three-layer reinforced concrete structure consists of an outer layer of ordinary
concrete with strength grades from B12.5 to B30 and an inner layer of lightweight polystyrene concrete.
Experiments involving the fabrication of 150x150x150 mm concrete samples using two different materials — B25
normal concrete and B0.75 polystyrene concrete showed that when two layers are poured consecutively with a rest
time of less than 2 hours, a contact layer forms between the two materials. This contact layer has a structure with
decreasing density from the outer layer using normal concrete to the inner layer using lightweight concrete with
low compressive strength. This paper proposes a method for calculating the flexural strength of precast three-layer
reinforced concrete structures accounting for the continuous variation in the compressive strength of the contact
layer. Calculation results for the load-bearing capacity of three-layer reinforced concrete beam specimens using
traditional methods, proposed methods, and experiments have shown that considering the contact layer in the
bending behavior of three-layer reinforced concrete beams yields results closer to experimental values than
traditional methods. Increasing the thickness and characteristics of the contact layer increases the structure's
load-bearing capacity by up to 1%. When the compressive strength of the outer concrete layer is increased from
B15 to B25, the load-bearing capacity of the structural plate can increase by up to 59%. When the compressive
strength of the inner concrete layer is increased from B5 to B15 while keeping the outer layer's concrete type
unchanged, the load-bearing capacity of the three-layer structure can increase by up to 40.1%. The proposed
method for calculating three-layer reinforced concrete structures with different materials, accounting for the
material properties of the contact layer, accurately captures the phenomena observed during the practical
fabrication of such structures.

Keywords: three-layer reinforced concrete structures; the contact layer; normal concrete; lightweight concrete;
polystyrene concrete

HECYIIAA CIIOCOBHOCTbDb U3I'MBAEMBbBIX CBOPHbIX
TPEXCJIOMHBIX )KEJE30BETOHHBIX KOHCTPYKIHUM C
YUYETOM HENPEPBIBHOI'O UBMEHEHUA MIPOYHOCTHU HA
C)KATHUE BETOHA KOHTAKTHBIX CJIOEB

By Tunw Txo ', @am Txu Xuen *, Enena A. Koponw %, Jle Hzox Jlan ', @am Tyan Anob *
! VHUBEpCHUTET TPAHCHOPTHBIX TexHonorui, r. Xanoit, BLETHAM

? HanpmoHanbHBIN Hccne0BaTeNbcKuil MOCKOBCKUI roCy 1apCTBEHHBI CTPOUTENBHBINA YHUBEPCUTET, I. MOCKBa,
POCCHA

AHHoTanusi: B maHHOW cTaThe WpeACTaBICHBl MaHHBIE O IMPOYHOCTH Ha M3TUO COOPHBIX TPEXCIOHHBIX
JKeN1e300eTOHHBIX KOHCTPYKINH, U3TOTOBJICHHBIX U3 Pa3IMYHBIX THIOB OeToHa. TpexcioiiHas xene300eToHHas
KOHCTPYKIIMS COCTOMT M3 BHEIIHETo CJIOS M3 OO0BIYHOro 0eToHa C kiaccamu mpodHoctr oT B12.5 no B30 u
BHYTPEHHETO CJIOSl M3 JIETKOTO MOJIUCTUPOIOETOHA. DKCIEPUMEHThI ¢ W3TOTOBJICHHEM OETOHHBIX 00pasiioB
pasmepom 150x150x150 MM w®3 [BYX pasiMyHBIX MaTepHAIOB — OOBIYHOrO OeToHa kiacca B25 wu
nosucTuposideToHa kimacca B0.75 — mokasanu, 4yTo MpH MOCICIOBATEIBHON 3aJMBKE JBYX CJIOCB C MHTECPBAJIOM
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BBIIEP)KKM MEHEe 2 4acoB, MEKAY ABYMS MaTepHallaMH 00pa3yeTcss KOHTAKTHBIA CIIOW. DTOT KOHTAKTHBIA CIION
HUMEET CTPYKTYPY C yMEHBIIAIOMICHCS TNIOTHOCTBIO OT BHEIITHETO CJI0S U3 OOBIYHOT0 OETOHA K BHYTPEHHEMY CIIOI0
13 JIETKOTO OETOHA ¢ HU3KOM IMTPOYHOCTHIO Ha cxkaThe. B JaHHO cTaThe MmpeaaraeTcs METO paciyeTa IPOYHOCTH
Ha M3THO COOPHBIX TPEXCIOMHBIX KEIe300€TOHHBIX KOHCTPYKINH, YUUTHIBAIONINN HEMpPEpHIBHOE HM3MEHEHHE
MIPOYHOCTH OCTOHA KOHTAKTHBIX CIOEB Ha CxKaTue. Pe3ynpTaThl pacdeToB HECYIIEH CTIOCOOHOCTH TPEXCIOMHBIX
JKEJIE300€TOHHBIX 0aJloOK C  HMCIO0Jb30BaHHEM TpaAUIUOHHBIX METOHOB, TMPCATOKECHHBIX MCTOAOB U
OKCIIEPUMEHTOB II0Ka3ajH, 4YTO YYeT KOHTaKTHOTO CJOSi NpPU W3TMOHOM IOBEACHHM TPEXCIOHHBIX
KEJIe300€TOHHBIX OaJoK JaeT pe3yibTarhl, Oosiee OJM3KME K HKCIEPUMEHTAIBHBIM 3HAYCHHSIM, YeM
TPaJUIMOHHbIE METOJbl. YBEJIWYECHUE TOJIIMHBI M XAPaKTEPUCTUK KOHTAKTHOI'O CJIOA IOBBIMIAET HECYILYIO
CHOCOOHOCTh KOHCTPYKIMH 110 1%. IIpy yBenmmueHnn npoYHOCTH Ha cxxathe OeToHa HapyHOTo cios ¢ B15 no
B25, necymas cnocobHOCTh Oayikm MOXeT yBenuuuTbes 10 59%. [lpn yBenwdeHHM NMPOYHOCTH Ha CKaThe
BHYTpPEHHETO OeTOHHOTO ciost ¢ B5 mo B15 u npu coxpaHeHHH HEM3MEHHOTO THIIA OSTOHA HAPYKHOTO CIIOS,
HecyIasl CIIoCOOHOCTh TPEXCIOHHOM KOHCTPYKIMHM MokeT yBenuuuTbes 10 40,1%. IlpeanmoxeHHbIH MeTon
pacdeTa TPeXCIOHHBIX KeNe300€TOHHBIX KOHCTPYKUUH W3 Pa3TUYHBIX MaTEPHUAJIOB, YUUTHIBAIOIINN CBOHCTBA
Marepuaia KOHTaKTHOTO CJIOS, TOYHO OTpa)kaeT sIBJIEHHs, HAOMIoJaeMble MPH NMPAKTUYECKOM H3TOTOBICHUU
TaKUX KOHCTPYKIUH.

KuroueBbie cJI0Ba: TPEXCIIOMHBIC kKele300€TOHHBIC KOHCTPYKIIMA; KOHTAKTHBIN CIIOW; KOHCTPYKTHBHEIN OCTOH;
JIETKUY OETOH; TIOJIHCTUPOIIOCTOH

1. INTRODUCTION

Multilayer reinforced concrete structures with
different features are widely used in civil and
industrial works [1], [2]. These multilayer
structures are used extensively as enclosure
structures to ensure load-bearing, sound
insulation, and heat insulation requirements [3],
[4]. The structure of three-layer reinforced
concrete structures includes: the middle layer is
made from ordinary concrete material with
strength grade B12.5 to B30 [5], [6] and the
inner layer is made from lightweight concrete
types such as porous concrete [7-9],
Lightweight aggregate concrete [10], arbolite
concrete [11]. The thickness of the middle layer
is determined based on the calculation of sound
insulation, heat insulation or according to the
desired  performance  requirements. The
thickness of the outer layer is usually chosen to
ensure load-bearing requirements and to ensure

the concrete layer protects the steel
reinforcement [12, 13].
Currently, there are many methods for

calculating multi-layered reinforced concrete
structures. In the studies by the authors [14],
[15] this method for calculating multi-layered
reinforced concrete structures was presented
by converting cross-sections of various
materials into I-shaped cross-sections of the
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same material, based on the elastic modulus
ratio of the layers. This calculation method
does not account for the distinct strength and
strain characteristics of the various types of
concrete used in multi-layered reinforced
concrete structures. Therefore, the calculation
results wusing this method often have
significant errors.

The stress and strain state of multilayer
reinforced concrete under load is a complex
issue influenced by many factors. It has been
studied by many authors. In publications [16],
[17] the authors studied the influence of the
mechanical properties of concrete and the
geometric parameters of the inner and outer
layers of multilayer structures on the
structure's stress and strain. In research
[18,19], the authors studied the stress-strain
state of multilayer structures considering the
nonlinear properties of concrete. The inner

structural layer of multilayer reinforced
concrete is often made of lightweight,
low-strength concrete. Under load, this

structure can easily develop small cracks in
the inner concrete layer. To address this issue,
the author [20] studied the influence of cracks
appearing in the middle layer on the stress and
strain state of a three-layer structure.

To consider the influence of different
mechanical properties of different types of
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concrete on the stress-strain state of three-layer
reinforced concrete structures, the authors Korol
E. A and colleagues developed a method for
calculating three-layer structures [21, 22]. In
this method, the authors based their hypothesis
on the assumption that the strain in the
cross-section at the contact point between two
different materials is the same, but that the
relationship between strength and strain in each
layer is different. This method allows
consideration of the different mechanical
properties of different types of materials.

In the study [23, 24], based on experiments on
test samples of two-layer concrete structures
with different materials, the authors found that
during the production of these structures, a
contact layer forms between the two layers. This
bonding layer is formed on the basis of the
penetration of aggregate particles of the outer
layer into the inner layer and vice versa, the
penetration of aggregate particles of the inner
layer into the outer layer. Therefore, several
solutions have been developed to analyze
multilayer reinforced concrete structures with
different materials. Authors V. I. Andreev and
colleagues [25, 26] presented a method for
calculating three-layer reinforced concrete
structures with a thin contact layer,
homogeneous material with elastic or plastic
properties. This method for calculating
multi-layer structures does not accurately reflect
the material properties of the bonding layer and
their working state under the action of loads.

In studies [27, 28], the stress-strain state of
three-layer reinforced concrete beams was
analyzed using the finite element method (on
ANSYS). However, these studies were mainly
based on the assumption that the bonding layer
was either ignored or treated as a homogeneous
material. This is clearly limited. In studies [14],
[23, 24], [29] Tho VD and colleagues presented a
method for calculating three-layer reinforced
concrete structures that accounts for the contact
layer formed between different material layers.
The mechanical properties of the contact layer
were determined by assuming an average of the

Volume 22, Issue 2, 2026

concrete mixtures from the inner and outer
layers.

However, these studies have not yet captured the
nature of contact layer formation, which arises
from the penetration of aggregate particles from
the high-strength concrete layer into the
lower-strength concrete layer, and vice versa.
Consequently, the compressive strength of the
concrete in the contact layer decreases
continuously from the high compressive strength
of the outer concrete layer to the low
compressive strength of the inner concrete layer.
Therefore, studying the formation of the contact
layer and proposing a solution for calculating the
stress-strain behavior of three-layer reinforced
concrete structures, taking into account the
continuous variation in the compressive strength
of the contact layer, are necessary.

2. MATERIALS AND METHODS

2.1. Materials

In this study, in the outer layer of the three-layer
reinforced concrete structure, heavy concrete
with strength grade B12.5 — B30 was used [5],
[6] and in the inner layer, lightweight
polystyrene concrete with strength grade B0.75
[14] and lightweight concrete with strength
grades B5, B10, and B15 [30] were used.

The stress-strain relationship diagram of
concrete is described by equations (1), (2) & (3)
and Figure 1a [14], [27], [30].

Algebraic expressions for the three-line diagram
of the deformation of compressed concrete can
be represented as:

When 0<e <ep, with o, =E, .5,

(1
When eb1 < € < ebo, with
_ _ %1 %p1 (2)
% = [<1 R, )Ebo-fb1 + R, ]Rb
3)

When er< € <ep2, with o, =R,

Ung suit 651 =0.6 R

191



Vu Dinh Tho, Pham Thi Hien, Elena A. Korol, Le Ngoc Lan, Pham Tuan Anh

The stress-strain relationship diagram for the
reinforcement is described by equations (4) and
(5) and shown in Figure 1b [30].

When 0< ¢ < g, with

G.&' = EX 'gSO

(4)

Stress

\3‘\\arcthb 3 )
P Strain
&b

Epo

Ebl Eb2
Figure la. Diagram of concrete compression
Where: o» — compressive stresses of concrete;

R» — prismatic strength of concrete;

&» — the deformation of concrete;

ep1; epo; &2 — the deformation of concrete
corresponding to the stress a51=0.6*Rp; gr0=Rp» =

b2

2.2. A contact layer between layers of a
three-layer concrete structure

In the research results [14], [23,24] the authors
studied the formation of the contact layer

The esu value is taken as 0.025.
When &y < ¢ < gqu, with

O-ll

-0
Y
o, =0, + 2% () 5)
E,-€,
Gs, Stress
o e
Oy oo
\\\ar(,“ths )
L ! Strain
Ey Eu Es
Figure 1b.  Stress-strain  diagram  for

reinforcement

Where: oy — yield strength of steel,
ou — ultimate strength of steel,

&y — the deformation of steel when gy,
eu — the deformation of steel when ou.

between different types of materials: normal
concrete B25 and lightweight polystyrene
concrete B0.75. The concrete mix proportions
are described in the following table 1 [23,24].

Table 1. Composition of concrete mixtures

Crushed Expanded Chemical
. Sand polystyrene ..
. Cement limestone ) additives,
Class of | Density, Water, . (sizes from | granules .
37| (M400), (sizes from . SilkRoad
concrete | kg/m 1 0to2 EPS (sizes
kg 0.5to 1 cm), SR-5000F,
K mm), kg | from2to5
8 mm), kg 8
B0.75 346 330 105 - - 0.69 710
B25 2376 439 195 1121 621 - -

Research results published [23, 24] have shown
that, during the construction of concrete structures
from different types of concrete with a waiting
time of less than 2 hours, a bonding layer is
formed between the different material layers, due
to the movement of aggregate particles from the
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inner layer to the outer layer and aggregate
particles from the outer layer moving into the
inner layer, as shown in Figure 2. The thickness of
this bonding layer is from 0 cm to 1 cm.

Because the contact layer is formed by the
movement of aggregate particles of different

International Journal for Computational Civil and Structural Engineering
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types of concrete mixtures from the inner layer
to the outer layer and vice versa, determining
the mechanical properties of the concrete bond
layer is very complex. Based on microstructural
analysis, the authors in publications [23, 24]
also showed that the aggregate particles in the
heavy concrete mixture from the outer layer
penetrating into the inner layer gradually
decrease with the thickness of the bond layer
and conversely, the aggregate particles in the
polystyrene concrete mixture in the inner layer

g "1 External layer

70

T i + Contact layer
|~ External layer

Polystyrene
concrete
of internal layer

Concrete
of contact layer
—

Heavy concrete a0
of internal layer [ o 0.
a8

penetrating into the outer layer also gradually
decrease with the thickness of the bond layer.
This also forms the basis for the authors'
proposal of a model for calculating structures
with this type of bond under the action of a load.
Without loss of generality, we can assume that the
mechanical properties of the bonded layer between
two different types of materials are as follows:
Compressive strength of concrete Ry, Compressive
strength of concrete Ry and initial elastic modulus
Eb’; thickness of the bonded concrete layer h".

L)
RO .o. LA

o e (b, O}

. L]
e 0t o, 58 5.0% 4% a0

Figure 2. The contact zone of layers of multilayer reinforced concrete structures

2.3. Bending capacity of three-layer reinforced
concrete beams

2.3.1. Bending capacity of three-layer
reinforced concrete beams (without considering
the contact layer)

In the studies [14], [24], [29], the authors
presented a method for calculating the strength
and deformation of a three-layer reinforced
concrete structure with a monolithic section. The

As’

#2%,

b

th'_ [— é

main provisions of TCVN 5574-2018 [30] can be
applied after reducing the composite section to an
I-beam. The stress-strain state of three-layer bent
layers with a monolithic connection of sections
normal to the longitudinal axis is determined by
the positions of the elements' neutral axes under
load. Then, the stress and strain calculation
diagram of the structure before failure is shown in
Figure 3 [14].

g Rpt
-+ 1 A,
o A e L
12 X RpAp
hy
& AR,
+— —

T
(o

’IL ’IL b

(b)

Figure 3. Scheme 1 for calculating the stress and strain of a three-layer reinforced concrete structure
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The bearing capacity of the structure is With Mur — Limit bending moment of the

calculated on the following conditions: member;
M — Bending moment from loads.
M <M, (6) Moment M. determined by the formula:

scTs

My = Ry =22+ Ryb =22 (x = )by~ ~

bl

)+aA(h —a') (7)

The height of the compression zone of concrete is determined by the condition:

R A, = R, bh, +Rblb%(x_hl)+o-scA;‘ (8)

bl

2.3.2. Bending capacity of three-layer in Figure 4 [14]. The initial elastic modulus of
reinforced concrete beams (Considering the the concrete of the contact layer is determined:
contact layer, which is hypothesized to be a
homogeneous layer of material)

The research results of authors Tho V. D, Korol
E. A and colleagues have developed a method

for calculating three-layer reinforced concrete  vwith: h* is the thickness of the bonding layer;
structures with a middle layer of polystyrene Ry is the compressive strength of the bonding

concrete, taking into account the bqnd layer layer; Ry is the compressive strength of the
formed between two different material layers gyter concrete layer; Ry is the compressive

[23, 24]. The above studies are based on the strength of the inner concrete layer.

hypothesis that the mechanical properties of the  The thicknesses of the outer and inner material
bond layer are those of a homogeneous material
layer. Then, the stress and strain calculation ,
scheme for the structure before failure is shown and /7, =h, —h.

Rbl + Rb2

Ry ==

layers are changed as follows: A, =h, —0.5h,

. Ag g
g Ryt bt
Rb*A b*
o U RozAb2

glnt

Al

é‘ J obot — - AR

€s / \82* 0 S

Ritt

(0) (b) (c)
Figure 4. Scheme 2 for calculating of stress and strain of a three-layer reinforced concrete structure,
during destruction (with contact layers)
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The bearing capacity of the structure is
calculated on the following conditions:

With M. — Limit bending moment of the
member;
M — Bending moment from loads.

M <M, (9) Moment My determined by the formula:
h, . h
M, =R, bh.[hy——]+R,.bh [h,—h, ——
2 2
T (10)
R — b~ 1y = —h =L 4 o, A (hy—a)
The height of the compression zone of concrete is determined by the condition:
R A =R, bh.+R,.bh +R,b[x—h.—h]+0,A4, (11)

2.3.3. Development of a method for calculating
multi-layer reinforced concrete structures
considering the contact layer (Considering the
contact layer, which is hypothesized to be a
layer of material with continuously changing

properties)
Experimental results [23, 24] have shown that
this material layer undergoes continuous

changes from the outer layer to the inner layer.
Therefore, in this study, the authors hypothesize
that the compressive and tensile strengths of the
concrete in the bonding layer vary continuously
with height #*, with these mechanical properties

Es

gradually decreasing from the outer to the inner
layer.

e
R.=R, +IMdZ
0

*

The thicknesses of the outer and inner material
layers are changed as follows: A, =h —0.5h,

and h,=h, —h..

Then, the stress and strain calculation scheme
for the structure before crack formation and

before failure is shown in Figure 5.
As'csc
RutAps
Rb*Ab*
RioAny

O
0. |91
X
b*
b2

i

|

Rots

(a) (b) (c)

Figure 5. Scheme 3 for calculating the stress and strain of a three-layer reinforced concrete
structure with contact layers

The bearing capacity of the structure is
calculated on the following conditions:

Volume 22, Issue 2, 2026

M =M, (12)
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With Mu: — Limit bending moment of the
member;

Moment Mur determined by the formula:

h,, h. 1 h,
M, = Rb]bhl'(ho - 71) + szbh*(ho —hy = ?) + E(Rb] - sz)bh1*(ho —hy = ?)

By -h

+Rypb(x= Iy =R )y == he = =) 40, A, (g~ )

M — Bending moment from load.

(13)

The condition determines the height of the compression zone of concrete:

R A =R, bh, +R,bh,+ %(R,,1 “R,,)bhy. + R,,b(x-h.-h)+0c A

3. RESULTS AND DISCUSSION

3.1. Experimental and theoretical results on the
load-bearing capacity of three-layer reinforced
concrete structures and a comparison of
analytical results

The results of stress-strain state analysis of
multi-layer reinforced concrete structures using
calculation methods according to Scheme 1,
Scheme 2, the proposed Scheme 3, and the

scTse

(15)

experiment were carried out on a beam sample
(B-1) of a three-layer reinforced concrete beam
with width b = 200mm, height # = 200mm, and
length / = 2200mm. The structural and material
parameters are shown in Figures 6 and 7 and in
Table 1 [14].

Parameters of reinforcement used in the test
beam: diameter 8mm, type of steel in test beam
CB400-V, shown in Table 2 [14].

Table 1. Geometric and material parameters of a three-layer reinforced concrete beams

Thickness off Class of | Thickness of | Class of | Thickness of
Test beam outer layers,|concrete of the| inner layers, | concrete of contact
mm outer layer mm the inner | layers, mm
B1 (B1-1; B1-2; B1-3) 50 B25 100 B0.75 h*
50, 550 . 1100 L 550 150,
T 1 1 1 T 1
150 \L P 160,150, 1| l/F) A0, =
o —— ® —— mﬁﬁ é/ /
3 ol o
NI = S 298
- N
mm 1 | Is W
400 400
200
15o$ 2200 JJ5O o
2500 )

Figure 6. Parameters and dimensions of the test beam
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Figure 7. The scheme of the layout instruments for bending testing

Table 2. Characteristics of steel in experimental tests

Diameter (mm) 1y, MPa fus, Mpa E; 1073, Mpa
8 390 560 206
Table 3. Characteristics of concrete in experimental tests
. Compressive strength | Ultimate tensile strength Young’s
g)llilcsze(:z le n/Sr;g > | at different ages of 28 | in bending at the age of 28 | modulus Ej,
& days R;,, MPa days Ry, MPa MPa
B0.75 346 0.75 0.23 570
B2S 2376 18.06 2.56 33200

The experimental results of the relationship under the action of load are shown in Figures 8,
between moment and deflection of test beam B1 9 [14] [24] and Table 4.

12

10 2 -

Momen M, kN.m
(=1}

0
0 3 10 15 20 25 30 35 40 45

Deflection f, mm
Figure 8. The relationship between the moment  Figure 8. Views of the destruction of the tested
and the deflection of test beam B1 beam samples
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Table 4. The results of the destructive bending moment

Destructive bending moment, kN.m
By using By using By using
NG Test | The test | Average the scheme 1 [14] | the scheme 2 [14] | the scheme 3 (¢)
beam | results value of :
When stress in steel
[14] test results
1 ,20y Ou 1 ,2Gy Ou 1 ,2Gy Ou

1 Bl-1 9.25

2 B1-2 9.56 9.55 8.43 9.92 8.48 9.94 8.50 9.95
3 B1-3 9.84

From the results obtained in Table 5, it has been
shown that the destructive bending moment by
the test beam is larger than the value calculated
according to scheme 1 (converted to the
equivalent cross-section of the letter I), scheme
2 and scheme 3, respectively, by 13.2%, 12.66%
and 12.4% (when stress in steel is 1,2cy). Based
on the results obtained, we make the following
observations: Using the proposed model to
calculate the strength and strain of multi-layer
reinforced concrete beams yields results
consistent with the beams' actual behavior.

3.2. Numerical analysis of the load-bearing
capacity of a three-layer reinforced concrete
beam considering the contact layer

Based on the analysis of experimental results
and applied theoretical models regarding the
performance of three-layer reinforced concrete

proposed in section 2.3.3 can be applied to
calculate  the load-bearing capacity of
multi-layer reinforced concrete structures made
of different materials, taking into account the
continuously changing characteristics of the
bonding layer between the material layers. The
authors analyzed the load-bearing capacity of
three-layer reinforced concrete beams using
beam specimens, as described in section 3.1,
accounting for variations in the concrete types
of the inner and outer layers. In particular, the
authors also considered variations in the
thickness of the contact layer formed when
constructing two layers of different concrete
types. The reinforcing steel bars used in the
analytical beam are 2 J 14, types of CB400V
[30]. The material properties and parameters of
the test beam are shown in Tables 6 & 7.

structures, the author finds that the model
Table 5. Characteristics of concrete in beam tests
. Ultimate tensile Young’s
STT (:l;)yr?cieoti Sﬁ(s:ie(‘i S tggrﬁgr?sﬁpa strength in bending | modulus Ep,
gth ft, Ry, MPa MPa
1 BI15 8.5 0.75 24000
2 Normal B20 115 0.9 27500
concrete
3 B25 14.5 1.05 30000
4 B5 2.8 0.37 5000
5 | Lightweight B10 6 0.56 8000
concrete
6 BI15 8.5 0.75 10500
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Table 6. Parameters of three-layer beams

i Concretei a(;,i;he outer Thickness Concrete of the inner layer
5 f1c tess | of inner . Ratio of
cam | Ol Outer | Class of |Compressi| layers, Class of |Compressiv|  Ry1/Ru
layers, mm| pormal |ve strength|  mm lightweight | e strength
concrete | Rp1, MPa concrete Ry, MPa
B2-1 50 B25 14.5 100 B5 2.8 5.18
B2-2 50 B20 11.5 100 B5 2.8 4.11
B2-3 50 B15 8.5 100 B5 2.8 3.04
B3-1 50 B25 14.5 100 B10 6 242
B3-2 50 B20 11.5 100 B10 6 1.92
B3-3 50 B15 8.5 100 B10 6 1.42
B4-1 50 B25 14.5 100 B15 8.5 1.71
B4-2 50 B20 11.5 100 B15 8.5 1.35
B4-3 50 B15 8.5 100 B15 8.5 1.00

The results of the load-bearing capacity analysis
of three-layer reinforced concrete beams under
varying concrete types in the inner and outer

layers, and with varying thickness of the
bonding layer, are shown in Table 7.

Table 7. The results of the destructive bending moment of a three-layer beams when changing the

thickness of the contact layer

. Destructive bending moment Mu, kN.m
B2-1 B2-2 B2-3 B3-1 B3-2 B3-3 B4-1 B4-2 B4-3
0 25.875 | 20.714 | 16.277 | 26.235 | 24.428 | 21.869 | 26.33 | 24.831 | 22.81
0.4 25.878 | 20.717 | 16.278 | 26.232 | 24.429 | 21.87 | 26.331 | 24.832 | 22.81
0.8 25.883 | 20.722 | 16.28 | 26.241 | 24.431 | 21.872 | 26.333 | 24.834 | 22.81
1 25.885 | 20.731 | 16.282 | 26.243 | 24.433 | 21.874 | 26.335 | 24.836 | 22.81
Ratio of
Ret/Res 5.18 4.11 3.04 2.42 1.92 1.42 1.71 1.35 1

The moment of failure values of the beam
samples described in Table 7 indicate that, as the
thickness of the connection layer increases, the
load-bearing capacity of the beam increases.
However, the difference in the beam's
load-bearing capacity when considering the

Volume 22, Issue 2, 2026

thickness of the connection layer versus not
considering it is negligible (less than 1%).

The results shown in Table 7 and Figure 9
indicate that the compressive strengths of
concrete in the outer and inner layers affect the
load-bearing capacity of a three-layer reinforced
concrete beam.
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Figure 9. Change of the ultimate bending moment of a three-layer beam when changing the types of
concrete in the outer layer and in the inner layer

With the same concrete grade of outer layer,
when the grade of lightweight concrete in the
internal layer increases from B5 to B15, the
ultimate bending moment of the test beam can
be increased from 16.28 kN.m to 22.81 kN.m
(increase by 40.1%). With the same concrete
grade of inner layer, when the grade of normal
concrete in the outer layer increases from B15
to B25, the ultimate moment of the test beam
can be increased from 16.28 kN.m to 25.89
kN.m (increase by 59%).

When the concrete grade of the inner concrete
layer is B15, changing the concrete grade of the
outer concrete layer results in the least change
in the ultimate moment of the three-layer
structure. This can be understood to mean that
when the difference in compressive strength
between the outer and inner concrete layers is
small, the change in the ultimate bending
moment is small.

4. CONCLUSIONS

Based on the results analyzed above, the author
draws the following conclusions:

200

- This paper has proposed a method for
calculating the load-bearing capacity of
three-layer reinforced concrete beams, taking
into account the continuous variation of the
strength of the contact layer. The results of the
load-bearing capacity analysis of three-layer
reinforced concrete beams using the proposed
method closely match the experimental results
of beam samples.

- The load-bearing capacity of a three-layer
reinforced concrete beam in cases where the
thickness of the connection layer is taken into
account differs insignificantly from the case
where the thickness of the contact layer is not
taken into account. The difference in limiting
moments in the analysis of three-layer
reinforced concrete beams in this study is less
than 1%.

- The compressive strength of the outer and
inner concrete layers significantly affects the
change in the load-bearing capacity of a
three-layer reinforced concrete beam. In the
structural analysis of this study, the difference in
load-bearing capacity can reach up to 59% when
varying the compressive strength of the
structure's outer concrete layer. For a change in

International Journal for Computational Civil and Structural Engineering
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the inner concrete layer of the structure, the
load-bearing capacity of the three-layer beam
can differ by up to 40.1%.

The research results have contributed to the
development of the theory of calculating the
structural design of three-layer reinforced
concrete structures using different types of
materials. Considering the properties of the
bonding layers helps to more accurately
describe the actual phenomena occurring during
the construction of these concrete structures.
However, this study only examined a few
specific cases. To make the research more
practically significant, a comparative analysis
with many other experimental cases is needed.
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NUMERICAL PARAMETRIC ANALYSIS OF AXIALLY
COMPRESSED CIRCULAR STEEL TUBE CONFINED
CONCRETE COLUMNS

Viadislav V. Vershinin

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: Axially compressed circular steel tube confined concrete columns have been parametrically analyzed
through numerical simulation with the general aim to confirm the effectiveness of concrete confinement and
quantitatively estimate it. Numerical models have been assembled using SIMULIA Abaqus finite element analysis
commercial software and its relevant tools, in particular Abaqus/Explicit module, the general contact algorithm,
and the concrete damaged plasticity model. The limit states of the first group and corresponding failure
mechanisms have been defined for the considered columns and investigated, qualitatively and quantitatively, with
regard to their dependence onto column structural scheme, steel tube thickness and concrete grade. Totally, 33

different cases have been simulated and analyzed.

Keywords: steel tube confined concrete column, numerical simulation, parametrical analysis, concrete damaged
plasticity model

YUCJEHHBIA MAPAMETPUYECKU AHAJIU3 HEHTPAJIBHO
C/XKATBIX TPYBOBETOHHBIX KOJIOHH

B.B. Bepuwiunun

HanmonanbsHslii nccnenoBarensckuil MOCKOBCKHI TOCYAapCTBEHHBIN CTPOUTENBbHBIN YHUBEpCHUTET, I'. MockBa, POCCHA

AHHOTaIUsI: BRIMONHACTCS YUCIICHHBIN TapaMeTPUYECKHH aHAIN3 LICHTPAILHO CHKAThIX TPyOOOETOHHBIX KOJIOHH
C LEJIBIO TIOJTBEPAUTH TOJIOKUTEIBHOE BIMSHUE CTECHEHHs MONEpedHbIX JedopMmanuii OeToHA HA HECYIIYIO
CIIOCOOHOCTH KOHCTPYKTHUBHOI'O 3J€MEHTa M KOJMYECTBEHHO OLEHUTH ero 3¢pdekr. IlocTpoenne ducieHHBIX
MOJIeNel BBIMOJMHACTCA B KOMMEPYECKOM MPOTPaMMHOM KOMIUIEKCE KOHEYHO-31eMeHTHOro ananmnza SIMULIA
Abaqus ¢ WHCIONB30BaHUEM COOTBETCTBYIOIIMX HHCTPYMEHTOB, B dYacTHOCTH Moxyns Abaqus/Explicit,
YHUBEPCAJIBHOI'O METOJa PCIICHUSA KOHTAKTHBLIX 3aJdad H MaTeMaTHYECKOMU MOJECJIM HEYIPYroro IOBCIACHUSA
OeroHa. Ompenensirorcsi MpeJeibHbIE COCTOSHUS IEPBOM TPYNIbI M COOTBETCTBYIONIME MM MEXaHH3MBI
pa3pylLIeHUss KOHCTPYKTUBHOTO 3yieMeHTa. [[poBoanTCs KauecTBEHHBIN U KOJIMYECTBEHHBIN aHAJIN3 3aBUCUMOCTH
3HAQUYEHWH WX MapaMeTpoB OT pacyETHOW CXEMbI KOJIOHHBI, TOJIIMHBI CTAJIbHOW TPYOBI M Kiacca OeToHa II0
IIPOYHOCTH Ha OJJHOOCHOE c:kaTHe. Beero paccmarpuBaroTes 33 pa3iauyHbIX ClTydas.

KaroueBble ciioBa: pr606eTOHHaH KOJIOHHA, YUCJICHHOC MOJACIIMPOBAHUE, HapaMeTpI/I‘{eCKI/Iﬁ aHaJus3,
MaTeMaTu4eCKas MOJAC/Ib HCYNIPYTroro nNoBESICHUA OeToHa

1. INTRODUCTION

Concrete, similarly to many other materials,
exhibits pronounced dependence of its strength
onto a stress state. For instance, according to
Russian building code SP 63.13330.2018
“Concrete and reinforced concrete structures.
General provisions” [1], the ratio of normal-
weight concrete strength under uniaxial
compression to its strength under uniaxial
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tension varies from 7.6 for grade BS concrete to
21.6 for grade B100 concrete, exhibiting non-
linear, viz. power, increase with concrete grade.
Typical experimental values of the ratio of
concrete strength under biaxial compression to
its strength under uniaxial compression are in the
range from 1.10 to 1.16 [2]. These concrete
strength properties were reflected into elaborate
strength criteria, developed in 1970s specifically
to describe concrete inelastic behaviour [3-6].
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Concrete, being relatively inexpensive and
available almost everywhere, is one of the most
widely used construction materials. In
construction, its strength properties described
above are utilized in conjunction with various
structural measures. The most common way is
using reinforced concrete instead of plain one, so
that tensile stresses in structural elements are
taken up by the reinforcement, while concrete
withstands to compressive stresses. Yet,
commonly employed structural measures do not
completely exploit concrete high compressive
strength, especially under complex stress states.

While most vertical structural elements
(columns, shear walls and composite elements)
experience complex loading — axial compression,
shear in horizontal direction, bending about a
horizontal axis, and torsion around the vertical
axis, — compressive stresses are predominant in
most cases, except, probably, an earthquake
excitation, when horizontal inertia forces can
result in shear stresses of the same order of
magnitude as the compressive stresses. The
corresponding stress state can be characterized as
close to the uniaxial one. And only for structures
with large length-to-width ratio the stress state is
close to the plane strain compression. Yet,
concrete strength under biaxial compression,
plane strain compression, and all-around
compression is significantly higher than that
under uniaxial compression. Hence, there is an
evident profit from changing the stress state of a
structural element from a uniaxial one to some
more complex through some structural measures.
An effective measure is to restrict lateral
straining of vertical structural elements, so that
their response becomes close to uniaxial
straining and, hence, triaxial compression. A
common way to provide concrete confinement is
to use a steel tube. Such a structural solution is
called “steel tube confined concrete” and is
commonly employed for columns, especially for
heavily loaded ones.

The steel tube confined concrete columns,
despite working mainly under uniaxial
compression, exhibit rather complex behaviour.

Volume 22, Issue 2, 2026

Complex response of such columns is caused by
several factors.

First of all, it is a structural scheme of the
considered element. Some structural solutions
provide loads acting onto ends of both steel and
concrete parts of the column, while in other cases
only a concrete core is loaded, and steel tube acts
only as a confinement. Evidently, this yields two
different schemes of interaction between the steel
tube and the concrete core.

Secondly, Young’s moduli of steel and concrete
differ from each other by almost an order of
magnitude, and values of their Poisson’s ratios
differ by 50%. Moreover, not only concrete
compressive-to-tensile strength ratio increases
with grade, so does its Young’s modulus.

In the third place, construction steel is a highly
plastic material, whose strains at failure exceed
unity under some stress states, while concrete is
a quasi-brittle material, which, being inelastically
deformed, experiences either cracking (under
tension) or crushing and pronounced dilation
(under compression or shear).

Finally, the level of strains under which concrete
loses almost all of its bearing capacity
(approximately 0.003-0.004) corresponds to the
very beginning of a plastic phase of straining for
construction steel, which retains its strength and
stiffness well beyond this level of plastic
straining.

In the present work, axially compressed circular
steel tube confined concrete columns have been
parametrically analyzed through numerical
simulation. The first group of column limit states
and corresponding column failure mechanisms
have been investigated, qualitatively and
quantitatively, with regard to their dependence
onto column structural scheme, steel tube
thickness and concrete grade.

2. PROBLEM FORMULATION

The steel tube confined concrete column with a
circular cross-section subjected to an axial
compressive load has been considered. The
reference cross-section diameter has been chosen
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to be equal to 720 mm. The column height has
been set equal to 3 m.

Axial loading of the column has been performed
through two rigid dies. The bottom die has been
fixed, and the top die has been able to move only
in vertical direction.

The top die has been loaded through the Kelvin-
Voigt viscoelastic element, that has allowed one
to obtain decreasing parts of a “force-
displacement” curve and damp out oscillations in
the curve, which have appeared due to concrete
cracking and crushing. This Kelvin-Voigt
viscoelastic element has been assumed to
simulate the actuator of the test machine and
have the following properties: the elastic

stiffness K =1.0-10" N/m, and the damping
factor C=1.0-10* N-s/m.

For each die an artificial associated mass has
been specified in the form of a point mass located
at its center and having the following properties:
20 kg for translational degrees of freedom and
0.02kg-m*>. A point mass with the same

properties has been specified for the free end of
the Kelvin-Voigt viscoelastic element.

Loading of the column has been carried out
through assigning a constant velocity of 0.4 m/s

in the vertical direction to the free end of the
Kelvin-Voigt viscoelastic element.

At the contact interfaces between the dies and the
column ends, the isotropic Coulomb friction has
been assumed to take place with the friction
factor 4 being equal to 0.2 for the contact

interfaces between the dies and the steel tube
ends, and 0.35 for the contact interfaces between
the dies and the concrete core ends.

The isotropic Coulomb friction has been
assumed to take place at the contact interface
between the concrete core and the steel tube as
well. The friction factor 4 has been assumed to

be equal to 0.35 at this contact interface.
Since the parametrical analysis has been
performed, a four index notation of the form

A-B-C-D (1)
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has been established to distinguish particular
cases.

The first index, A4, specifies the column structural
scheme. It equals to 1 in the case, when the axial
load acts onto ends of both steel and concrete
parts of the column, and equals to 2 in the case,
when only the concrete core is subjected to axial
loading, while the steel tube acts only as a
confinement.

The second index, B, specifies the concrete
grade. Totally, three normal weight concrete
grades have been considered — B30, B60, and
B90, — with index B taking these particular
values. Also a reference case with no concrete
core, but only steel tube has been considered to
be able to determine what fraction of a column
load-bearing capacity is provided by the steel
tube. In this case, index B equals to zero.

The third index, C, specifies the steel tube
thickness. Totally, three different steel tube
thickness values have been considered, — 10 mm,
20 mm, and 30 mm, — with index C taking these
particular values. Also a reference case with no
steel tube, but plain concrete column has been
considered to quantitatively determine the
effectiveness of concrete confinement. In this
case, index C equals to zero.

The fourth index, D, specifies the concrete core
diameter. According to the index C possible
values, the corresponding values of index D are
720, 700, 680, and 660.

All in all, 33 different cases have been simulated
and analyzed: 1-0-10-0, 1-B30-10-700, 1-B60-
10-700, 1-B90-10-700, 1-0-20-0, 1-B30-20-680,
1-B60-20-680, 1-B90-20-680, 1-0-30-0, 1-B30-
30-660, 1-B60-30-660, 1-B90-30-660, 2-B30-0-
720, 2-B60-0-720, 2-B90-0-720, 2-B30-0-700,
2-B60-0-700, 2-B90-0-700, 2-B30-0-680, 2-
B60-0-680, 2-B90-0-680, 2-B30-0-660, 2-B60-
0-660, 2-B90-0-660, 2-B30-10-700, 2-B60-10-
700, 2-B90-10-700, 2-B30-20-680, 2-B60-20-
680, 2-B90-20-680, 2-B30-30-660, 2-B60-30-
660, 2-B90-30-660.

In all the relevant cases, the ends of the concrete
core have been reinforced with a single rebar
mat. It has been assumed, that these mats have
had a 100100 mm grid and have been made of
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class A500C (according to Russian standards)
steel rods with the diameter of 6 mm. In the cases,
when the concrete core has been confined by the
steel tube, these rebar mats have been welded to
the tube.

The steel tube has been assumed to be made of
class C355 (according to Russian standards) steel
in all the relevant cases.

3. NUMERICAL MODELS

Numerical models of the considered steel tube
confined concrete column have been assembled
and analyzed using SIMULIA Abaqus finite
element analysis commercial software. Some of
them are presented in Fig. 1.

The considered problem has been solved quasi-
statically, with geometrical nonlinearity taken
into account, using Abaqus/Explicit module, in
which the central difference time integration
scheme of the second order of accuracy is
implemented. To fulfil the Courant-Friedrichs-
Lewy stability condition, a stable time increment
has been automatically determined by the solver
itself during the solution. (An interested reader is
referred to software documentation [7, 8] for
more details.)

At each contact interface a contact problem, with
all the features described above in Section 2, has
been solved through a General Contact algorithm
implemented into Abaqus/Explicit, within which
contact constraints are enforced through a
penalty contact algorithm. The surfaces of the
concrete core and the steel tube at their contact
interface have been smoothed using a Surface
Smoothing tool to preclude artificial contact
stress oscillations and high peaks appeared due to
approximation of a smooth curved surfaces with
faceted ones. (For more details on contact
formulations and numerical methods, interested
readers are referred to the software
documentation [7, 8].)

Spatial discretization of the problem has been
performed using finite elements of various types.
(For details on formulation of various types of
finite elements implemented into SIMULIA

Volume 22, Issue 2, 2026

Abaqus an interested reader is referred to the
software documentation [7, 8].)

The concrete core and the steel tube have been
discretized through, respectively, 17 280 and
7 680 continuum finite elements of the type
C3D8R (see Fig. 2(a)). Each die has been
discretized through four rigid finite elements of
the type R3D4 with the point mass finite element
of the type MASS located at its center. The
actuator is discretized through one spring finite
element of the type SPRINGA and one dashpot
finite element of the type DASHPOTA with the
point mass finite element of the type MASS
located at its free end. The rebar mats have been
discretized through structural finite elements of
the type B31 (see Fig. 2(b)). Depending on the
particular case, each mat has been meshed with
355, 372, 389, or 480 finite elements.

In all the relevant cases, the welded joints
between the rebar rods and the tube have been
simulated using a Tie Constraint tool (see Fig.
3(b)). To tie nodes of the beam finite elements
with six degrees of freedom to nodes of the
continuum finite elements with three degrees of
freedom, the internal surface of the tube has been
covered with 1 920 surface finite elements of the
type SFM3D4R which have zero stiffness. These
surface elements have been specified an artificial

areal density of 1 kg / m’ and tied in each node

to corresponding nodes on the tube internal
surface (see Fig. 3(a)).

Interaction between the reinforcement and the
concrete has been simulated through an
Embedded Element tool. Translational degrees
of freedom of embedded nodes belonging to the
reinforcement elements have been constrained to
the interpolated values of the corresponding
degrees of freedom of the host concrete elements,
while rotational degrees of freedom of the
embedded nodes have been remained free of
constraints. (For more information on the
Embedded Element tool an interested reader is
referred to the software documentation [7, 8].)
The steel elements of the column have been
modeled as made of homogeneous isotropic
elastic-plastic non-damageable material with the
Maxwell-von Mises yield criterion, an associated
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flow rule, and isotropic hardening, that instantly
fractures when an accumulated plastic strain
reaches its limit value.

b) X(Ln
Figure 2. Finite element mesh of: a) the steel
tube with the wall thickness of 20 mm and the

concrete core (the tube wall is discretized with
four continuum finite elements through the
thickness), b) the reinforcement mat (nodes are
labeled with small black circles)

¢) ,t. Figure 3. Tie constraints between: a) the
Figure 1. Numerical models for the cases: auxiliary surface with zero stiffness and the
a) 1-0-30-0; b) 2-B30-0-700, 2-B60-0-700, internal tube surface; b) the reinforcement mats

2-B90-0-700; ¢) 1-B30-20-680, 1-B60-20-680, and the auxiliary surface (an assembly used
1-B90-20-680, 2-B30-20-680, 2-B60-20-680, in the cases 1-B30-20-680, 1-B60-20-680, and
2-B90-20-680 1-B90-20-680 is presented)
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Elastic properties of steel have been described
through the Hooke’s law for isotropic materials

[9]:
6=C:8, =Atr(8,)1+2u8,, 2

where 6 is the Cauchy stress tensor, €, is the

A

Green-Lagrangian elastic strain tensor, C is the

elastic stiffness tensor of the fourth order, Iis
the unit tensor, tr( ) is the trace operator, and A

and p are the Lame constants.

The Maxwell-von Mises yield criterion adopted
for steel reads [10, 11]:

q)(&, ﬁk)=q—ay=0, 3)

where h, (&, fll.) (i, k=1, .., N; i#k) are
state variables, ¢ is the von Mises equivalent
stress, and o,=0, (Ep,) is the yield stress,

which, being the function of the accumulated
plastic strain measured, as mentioned above,
through the von Mises equivalent plastic strain
&, provides isotropic hardening.

The associated flow rule reads [12]:
. 0D

€ =A
[ A
r 06

; “

where a dot above a variable hereinafter denotes

its material time derivative, and A >0 is a scalar
function determined from the compatibility
condition [12]:

A

®(6, b )=0 (k=1, ., N), (5)

which implies that during yielding at some
material point the end of a stress vector must stay
on a yield surface.

To describe steel strength properties, a simple
constant fracture strain criterion, named after

Volume 22, Issue 2, 2026

Mariotte, Poncelet, and de Saint-Venant [10, 13],
has been adopted:

Ep = Epipe (6)

It states that fracture in a material point occurs
when the accumulated plastic strain (measured
through the von Mises equivalent plastic strain
€,,) reaches its limit value £, ,, the von Mises

equivalent plastic strain at fracture.

Damage of material microstructure, that occurs
during material plastic straining, and its influence
onto material elastic properties have not been
taken into account within the constructed
numerical models. It has been assumed that, once
the condition (6) is reached in a material point,
the material instantly fractures. Finite elements,
at which integration points the fracture criterion
had been met, have been eroded from the
numerical model, yet their nodes have been
retained, in particular as free-floating masses, if
all the adjacent finite elements have been eroded.
Properties of the reinforcement material have been
taken from the Russian building code SP
63.13330.2018 [1] and are given in Tables 1 and 2.

Table 1. Physical and mechanical properties of
the reinforcement material (A500C grade steel
according to the Russian standards)

Parameter Value

Density p, kg/m’ 7850
Young’s modulus E, GPa 200
Poisson’s ratio v 0.3
Initial yield (true) stress 300,45
o,(0), MPa :
Ultimate accumulated
(engineering) strain ¢, 0.024693
Von Mises equivalent plastic
strain at fracture &, 0.023155
Ultimate (true) stress

— 307.50
o, (gp,’f), MPa

It should be noted here, that material properties
in Russian building codes are provided in terms
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of engineering stresses and engineering strains.
Within the numerical models all stress and strain
variables have been defined in terms of true
stresses and true strains. Below in the text, both
engineering and true stresses and strains are used,
so that comments on whether this an engineering
or a true variable are given where necessary.

Table 2. True stress-true strain relationship of
the reinforcement material under uniaxial
tension or compression

o, MPa z &,

0 0 0
300.45 0.001498876 0
307.50 0.024693 0.023155

Table 3. Physical and mechanical properties of
the tube material (C355 grade steel according
to the Russian standards) of various thickness t
Value
t=10 mm | 7=20, 30 mm

Parameter

Density

p, kg/m’
Young’s
modulus

E, GPa
Poisson’s ratio
%

Initial yield
(true) stress
o,(0), MPa
Ultimate
accumulated
(engineering)
stramn &,

Von Mises
equivalent
plastic strain at

fracture ¢, ,

Ultimate (true)
stress

o, (Epl,/‘)’ MPa

7850

206

0.3

280.38 272.36

0.231073 0.225161

0.228308 0.222485

569.55 551.21
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Properties of the tube material have been taken
from the Russian building code SP
16.13330.2017 “Steel structures” [14] and are
given in Tables 3-5.

Concrete has been modeled as a homogeneous
isotropic elastic-plastic damageable material
with the non-associated flow rule, and isotropic
hardening and softening using the Concrete
Damaged Plasticity (CDP) model based onto
the works by Lubliner et al. [2] and Lee and
Fenves [15], and implemented into SIMULIA
Abaqus software with a thorough description
given in the software documentation [7, §].
Some basic relationships of the CDP model are
presented below.

Table 4. True stress-true strain relationship of
the tube material of thickness t =10 mm under
uniaxial tension or compression

o, Mlla g Ep/

0 0 0
280.38 0.001358 0
351.01 0.002884 0.001180
359.51 0.026822 0.025076
569.55 0.139783 0.137018
569.55 0.231073 0.228308

Table 5. True stress-true strain relationship of
the tube material of thickness t = 20, 30 mm
under uniaxial tension or compression

o, Mlla g Epl

0 0 0
272.36 0.001320 0
340.95 0.002802 0.001147
348.98 0.026065 0.024371
551.21 0.136049 0.133373
551.21 0.225161 0.222485
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Figure 4. True stress-true strain curve of the
reinforcement material (A500C grade steel
according to the Russian standards) under
uniaxial tension or compression
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Figure 5. True stress-true strain curve of the
tube material (C355 grade steel according to
the Russian standards) of various thickness
under uniaxial tension or compression

Damage of the material is characterized through
two independent variables, d, and d,, scalar

damage measures under tension and
compression, respectively, which are functions
of plastic strains, temperature and other field
variables. Being increasing functions of the

equivalent plastic strains £,, and &,

(accumulated during tension and compression,
respectively), these scalar damage measures
equal to zero for an intact material and equal to
unity for a completely damaged material. Yet, to
avoid problems with solution convergence, it is
recommended to limit values of the damage
variables to 0.99.

Volume 22, Issue 2, 2026

Within the CDP model, it is assumed that, under
a general stress state, concrete elastic stiffness
degradation due to its damage is isotropic. This
assumption allows one to use a single scalar
measure, d, to describe material damage. Using
effective stresses, instead of ordinary stresses, to
describe the material stress state, it appears to be
possible to keep the general form of the Hooke’s
law (see Eq. (2)) to describe concrete elastic
behaviour:

6=C:¢,, (7)

where © = 6/(1—d)
stress tensor, and a colon denotes a double tensor

contraction. The scalar damage measure d is
defined in the following way:

is the Cauchy effective

(1-d)=(1-s4d.)(1-5.4d,), 8)
where
s, =l-wr (OSWISI), 9)
—w,(1-r) (0<w, <1), (10)
o 2(e)
r(s)== (0<r<1) (11)

A

i=1

Here &, (i=1, 2, 3) are eigenvalues of the

Cauchy effective stress tensor o, < > is the

Macaulay brackets, and w, and w, are weight

factors, which are considered to be material
properties and determine the extent of stiffness
recovery of the damaged material during stress
sign change from compression to tension and
from tension to compression, respectively. For
instance, the value w, =1 means that material

damage accumulated during tension cycles has
no influence onto its compressive stiffness. And
vice versa, the w, =0 means that material

damage accumulated during tension cycles has a
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direct effect onto its compressive stiffness.
Intermediate values of the factor w, correspond

to partial compressive stiffness recovery. The
above becomes valid for the factor w, through

simple replacement of the term “tension” by
“compression”, and vice versa. (For more details,
an interested reader is referred to the software
documentation [7, 8].)

It is commonly assumed that, when the stress
sign changes from tension to compression,
complete concrete stiffness recovery occurs
through the crack closing mechanism, that is
w, =1. At the same time, it is assumed that in the

opposite case, when the stress sign changes from
compression to tension, there is no stiffness
recovery, i.e. w,=0.

It must be emphasized that, within the CDP
model, stress state parameters are defined in
terms of the effective stresses and
correspondingly denoted with an over-bar. (This
notation is applied only for stress variables. So,
one should not confuse it with the over-bar used
to denote the equivalent strain.)

Despite all the calculations within the material
code are performed using the equivalent plastic

strains ¢,, and &,  (accumulated during

tension and compression, respectively), that refer

O (3, b, )=——(\3T, +al+ f(3)-1(-5))-5. =0 (k=1, ..

where

p="c(1-a)-(1+a), (15)

~ |

I, is the first invariant of the Cauchy effective

stress tensor 6, J, is the second invariant of the

effective stress deviator S, o and y are non-

dimensional ~ material  parameters, and

o, =0, (5,,1,[) and o, =0, (spljc) are the
effective elastic limits under uniaxial tension and

compression, respectively.

214

Vladislav V. Vershinin

to the damaged state of a material, to input
material damage properties, the equivalent

cracking strain £, , and the equivalent inelastic

strain &, that refer to the intact state of a

in,c?

material, are utilized for tension and
compression, respectively. The relationships
between these strain measures under uniaxial
loading conditions are the following:

_ _ d o,
gpl,t e (l_dt)Fo’ (12)
_ _ d, o,
gP/,c :‘gin,c _m EO 4 (13)

where E; is the Young’s modulus of an intact
material, and o, and o, are the absolute values

of tensile and compressive stress, respectively.
(For some graphical representation of the given
relationships, an interested reader is referred to
the software documentation [7, 8].)

In the CDP model, the yield criterion
developed by Lubliner et al. [2] and modified by
Lee and Fenves [15], to take into account that
concrete  properties under tension and
compression are different, is implemented:

(14)

The parameter @ can be determined through the
following relationship:

O,,— O
a=20" %0
20,,-0,

(16)
where o, is the initial elastic limit of a material
under uniaxial compression, o,, is the initial

elastic limit of a material under uniform biaxial
compression. As experiments revealed [2], the
ratio o,,/0,, €[1.10, 1.16] is common for

concrete, that yields o €[0.08, 0.12].
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The parameter y can be defined as follows:

_3(1=K.)
Tk 1

(17)
where for points on the yield surface (14),
provided &, <0 and I, takes some compatible
value,

‘/372 )
9=0

e 18
37, (18)

K

0=r/3

A

n(s.

Here y is the dilation angle at high confining
pressure, ¢ is a parameter, referred to as the

eccentricity, that defines the rate at which the
function (20) approaches the asymptote.

(For some graphical information on the yield
surface (14) and the plastic flow potential surface
(20), interested readers are referred to the
software documentation [7, 8].)

To facilitate solution convergence, a viscoplastic
regularization of the constitutive equations, viz.
a  generalization of the Duvaut-Lions
regularization [16], is implemented into the CDP
model. Instead of an elastic-plastic material, an
elastic-viscoplastic one is considered, so that the
compatibility condition (5) may not be strictly
met, i.e. stresses are permitted to be outside the
yield surface (14). Governing equations are as
follows:

A

8vpl -

(épl _évpl)’ (21)

(d=d,).

N

d, = (22)

‘:|~

Here €, is the viscoplastic strain tensor, £ , is

the plastic strain tensor evaluated for the original
elastic-plastic material, d, 1s the viscous scalar

Volume 22, Issue 2, 2026

) \/(éa tan (y ))2+372+§71tan(w) (k=1, ..

Here @ is the effective Lode angle. A typical
value [2] for concrete is K, =2/3, that yields

y=3.
In the CDP model the non-associated flow rule is
adopted:

(19)

where the plastic potential IT is defined through
the hyperbolic function:

(20)

. n).

damage measure, d is the scalar damage
measure evaluated for the original elastic-plastic
material, and u is the viscosity parameter, that

represents the relaxation time of an elastic-
viscoplastic material. For such an artificial
elastic-viscoplastic material, the generalized
Hooke’s law (7) takes the following form:

6=(1-d,)C:(2-2,,). 23)

It must be emphasized, that in the CDP model the
total damage of a material is not allowed for, and,
hence, there is no element erosion during
solution of any problem. While cracks cannot be
modeled explicitly with such restrictions, they
still can be simulated through material stiffness
degradation due to damage along some planes.
At the same time, with the stiffness recovery
during stress sign change, implemented into the
material model, and without element erosion,
which forms a crack that have a finite dimension
in the direction of the normal to its edges, it is
possible to accurately simulate crack opening
and closing.

Adopted values of the CDP model parameters for
various concrete grades are given in Table 6.
Some of them have been taken from Russian
building code SP 63.13330.2018 “Concrete and
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reinforced  concrete  structures.  General
provisions” [1], while for other parameters
recommended values have been defined (see the
software documentation [7, 8]).

Table 6. Physical and mechanical properties of
concrete of various grades

Vladislav V. Vershinin

established based on the author’s experience and
provide scalar damage measures d, and d, being

increasing functions of the equivalent plastic

strains £, , and £, ., respectively.

Table 7. True stress-true strain and damage-
true strain relationships for B30 grade concrete

Adopted  stress-strain and  damage-strain
relationships for various concrete grades are
presented in Tables 7-12 and Figs. 6-11. The
stress-strain relationships are based onto data
from Russian building code SP 63.13330.2018
“Concrete and reinforced concrete structures.
General provisions” [1], which have been
recalculated in terms of true stresses and true
strains. The damage-strain relationships, also
specified in terms of true strains, have been

216

Value

Parameter B30 ‘ B60 ‘ B90 under uniaxial compression
Density p, kg/ m’ 2500 o., MPa & Einc .
Poisson’s ratio v 0.2 0 0 0 0
Young’s modulus 10.203 0.0003138 0 0
E. GPa 32.5(39.5 425 17.034 0.0019980 | 0.0014739 | 0.25
Dilation anele . ° 30 17.060 0.0034939 | 0.0029690 | 0.55

— ec v, 0.3417 0.0049875 | 0.0049770 | 0.99
Eccentricity  of the 0.1
plastic flow potential I1 . Table 8. True stress-true strain and damage-
Ratio o,,/0,, of initial true strain relationships for B30 grade concrete
clastic limit under under uniaxial tension
uniform biaxial 1.16 o,, MPa g, E s d,
compregsiqn to initial 0 0 0 0
elastic limit under 0.6900 | 0.00002123 0 0
uniaxial compression 1.1501 | 0.00010000 | 0.00006461 | 0.25
K, 0.67 1.1502 | 0.00014999 | 0.00011460 | 0.55
Relaxation time y, s 0 0.0230 | 0.00149888 | 0.00149817 | 0.99
Extent w_ of stiffness

Table 9. True stress-true strain and damage-
fthe d d —_—

IE;?;?S] (;)uri n; S?rr:;ge 1.0 true strain relationships for B60 grade concrete
sign change from tension under uniaxial compression
to compression o, MPa €. Eine d.
Extent w, of stiffness 0 0 0 0
recovery of the damaged 19.810 0.0005011 0 0
sign change from 33.116 0.0034939 | 0.0026555 | 0.55
compression to tension 0.6633 0.0049875 | 0.0049707 | 0.99

Table 10. True stress-true strain and damage-
true strain relationships for B60 grade concrete

under uniaxial tension

o,, MPa g, E s d,

0 0 0 0

1.0800 | 0.00002734 0 0
1.8002 | 0.00010000 | 0.00005442 | 0.25
1.8003 | 0.00014999 | 0.00010441 | 0.55
0.0361 0.00149888 | 0.00149796 | 0.99
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Figure 6. True stress-true strain curves for B30
grade concrete under: a) uniaxial compression;
b) uniaxial tension

Table 11. True stress-true strain and damage-
true strain relationships for B90 grade concrete
under uniaxial compression

o,., MPa &, Eipe d,

0 0 0 0

26.416 | 0.0006210 0 0
44.088 | 0.0019980 | 0.0009606 | 0.25
44.131 0.0029656 | 0.0019272 | 0.55
0.8844 | 0.0049875 | 0.0049667 | 0.99

Table 12. True stress-true strain and damage-
true strain relationships for B90 grade concrete
under uniaxial tension

o,, MPa g, E s d,

0 0 0 0

1.2900 | 0.00003035 0 0
2.1502 | 0.00010000 | 0.00004940 | 0.25
2.1503 | 0.00014999 | 0.00009939 | 0.55
0.0431 0.00149888 | 0.00149786 | 0.99
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Figure 7. True stress-true strain curves for B60
grade concrete under: a) uniaxial compression;
b) uniaxial tension

0,001

4. RESULTS

For each of the 33 cases considered a force-
displacement curve and stress-strain states at
different levels of axial compressive load, in
particular limit states of the first group
corresponding to local maxima of the force-
displacement curve. Several force-displacement
curves are presented in Fig. 12.

It has been revealed that the limit states are
qualitatively similar for the cases with similar
features. For instance, in the cases when vertical
load acts only onto the concrete (irrespective of
whether there is the steel tube or not), there is
only one extremum on the force-displacement
curve (see Fig. 12(c), (d)) and only one limit state
of the first group corresponding to it, at which
strains throughout the concrete part of some
cross-section along the column reach the value of
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limit strain of concrete under short-time

compression, &,,.

50 +
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o 30 +
o
=
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0 T T = =
0 0,001 0,002 0,003 0,004 0,005
a) &

n

0 f f i

0 0,0005 0,001 0,0015
b) &
Figure 8. True stress-true strain curves for B90
grade concrete under: a) uniaxial compression;

b) uniaxial tension

Such a state is also the first one of the first group
of limit states for the cases when vertical load is
applied onto both steel tube and concrete core. In
all such cases the corresponding force-
displacement curves have two extrema (see Fig.
12(b)). The second limit state of the first group
corresponds to failure of the steel tube at some
circumferential cross-section along the column.

In the cases when there is no concrete core and
vertical load acts only onto the steel tube, also
two limit states of the first group can be singled
out, yet the corresponding force-displacement
curves also have only one extremum (see Fig.
12(a)). The first limit state of the first group takes
place when some cross-section along the column
reaches plastic state throughout its area. The
second limit state of the first group, as for the set
of cases mentioned above, corresponds to failure
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of the steel tube at some circumferential cross-
section along the column and is identified by the
local maximum of the force-displacement curve.

1 +
0,8 +

0,6 +

ke
04 +

0,2 +

0 f f |
0 0,002 0,004 0,006

1 +

08 +
0.6 +
=)
04 +

02 +

0 f f |
0 0,0005 0,001 0,0015
b) &
Figure 9. Damage-true strain curves for B30
grade concrete under: a) uniaxial compression;
b) uniaxial tension

Examples of the limit states of the first group
obtained in the considered cases are given in
Fig. 13.

It is worth noting that the problem formulation
when the vertical load acts only onto the concrete
core can be translated into practice only within
limited deformation of concrete in the vertical
direction. After some deformation of the concrete
core such a column in the vertical direction
structural elements below and above it (for
instance, floors or girders) inevitably come into
contact with the ends of the steel tube. Evidently,
this will change the structural scheme of the
column and make it similar to the one when the
vertical load from the very beginning acts onto
the ends of both the steel tube and the concrete
core, so that the second limit state of the first
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group, viz. failure of the steel tube at some
circumferential cross-section along the column,
will eventually appear, if the vertical loading
continues.

1+
08 Tt

0,6 +

O

<
04 +

0,2 +

0 f f |
0 0,002 0,004 0,006

0 ; f !
0 0,0005 0,001 0,0015
b) &
Figure 10. Damage-true strain curves for B60
grade concrete under: a) uniaxial compression;
b) uniaxial tension

Moreover, in all the cases with the steel tube and
the concrete core failure of the tube at some
circumferential cross-section along the column
does not immediately lead to a complete loss of
structural element capacity. Even the fractured
tube continues retaining the concrete core, which
is totally crushed by this point, until it will be
ruptured by internal pressure created by the
concrete crumbles, that can be even considered
as the third limit state of the first group.

Since both of the issues mentioned above take
place only under very high deformation of the
concrete core in the vertical direction, they have
not been considered within the present research,
because it has no practical sense.
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Figure 11. Damage-true strain curves for B90
grade concrete under: a) uniaxial compression;
b) uniaxial tension

Parameters of the limit states of the first group
calculated for all the 33 cases considered are
given in Tables 13 and 14.

Below, in Figs. 14, 16, and 18, force-
displacement curves are presented for the
simulated cases, grouped by different shared
features to facilitate their comparison and
estimation of influence of various problem
parameters onto the steel tube confined concrete
column strength.

In Figs. 15, 17, and 19, parameters of the limit
states of the first group for the cases given in

Figs. 14, 16, and 18, respectively, are
depicted. Again, grouping the cases by
different shared features allows one to

identify, which problem parameters have the
largest effect onto the steel tube confined
concrete column strength and whether their
influence is monotonic or not.
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Table 13. Parameters of the first limit state of
the first group calculated for all the 33 cases

Vladislav V. Vershinin

where F is the steel tube confined concrete
column strength, and F| is the strength of the

In Fig. 20, and Tables 15 and 16 a steel tube
confined concrete column strength increase
factor k is given. It has been calculated through
the following relation:

k=F[F, 24)
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Case No. Displacement of | Load, column made of plain concrete with the diameter
the top die, m kN equal to that of the concrete core of the steel tube
1-0-10-0 0.0113 7851.377 | confined concrete column.
1-B30-10-700 0.0079 16867.18
1-B60-10-700 0.0083 21739.31 | Table 14. Parameters of the second limit state of
1-B90-10-700 0.0051 22855.93 the first group calculated for the relevant cases
1-0-20-0 0.0106 15001.11 Displacement of | Load,
1-B30-20-680 0.0081 24701.27 Case No. the top die, m kN
1-B60-20-680 0.0079 28890.05 1-0-10-0 0.5648 15972.75
1-B90-20-680 0.0056 29228.33 1-B30-10-700 0.5573 24272.70
1-0-30-0 0.0106 22199.15 1-B60-10-700 0.5560 25232.82
1-B30-30-660 0.0106 32186.44 1-B90-10-700 0.5462 25434.39
1-B60-30-660 0.0083 35736.06 1-0-20-0 0.4084 27563.00
1-B90-30-660 0.0057 35078.73 1-B30-20-680 0.5046 37025.38
2-B30-0-720 0.0032 5187.777 1-B60-20-680 0.5056 38384.91
2-B60-0-720 0.0031 9260.619 1-B90-20-680 0.5130 39368.96
2-B90-0-720 0.0027 11707.21 1-0-30-0 0.3573 37933.93
2-B30-0-700 0.0035 4856.732 1-B30-30-660 0.3857 45513.13
2-B60-0-700 0.0033 8747.732 1-B60-30-660 0.3878 47007.78
2-B90-0-700 0.0032 11234.92 1-B90-30-660 0.3836 47231.08
2-B30-0-680 0.0040 4761.817
2-B60-0-680 0.0033 8275.723 Table 15. Steel tube confined concrete column
2-B90-0-680 0.0028 10379.59 strength increase relative to that of the column
2-B30-0-660 0.0034 4195.609 made of plain concrete in the cases, when the
2-B60-0-660 0.0034 7837.114 vertical load acts onto both the steel tube and
2-B90-0-660 0.0029 9879.836 the concrete core
2-B30-10-700 0.0108 19250.89 Tube Concrete grade
2-B60-10-700 0.0104 24840.17 thickness, mm | B30 B60 B90
2-B90-10-700 0.0082 24992.45 0 1 | 1
2-B30-20-680 0.0125 29500.08 10 3.47 2.49 2.03
2-B60-20-680 0.0127 34545.12 20 5.19 3.49 2.82
2-B90-20-680 0.0101 31897.50 30 7.67 4.56 3.55
2-B30-30-660 0.0155 39266.76
2-B60-30-660 0.0150 43777.00 Table 16. Steel tube confined concrete column
2-B90-30-660 0.0107 36855.08 strength increase relative to that of the column

made of plain concrete in the cases, when the
vertical load acts only onto the concrete core

Tube Concrete grade
thickness, mm B30 B60 B90
0 1 1 1
10 3.96 2.84 2.22
20 6.20 4.17 3.07
30 9.36 5.59 3.73
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Figure 19. Parameters of the first limit state of
the first group in the cases, which force-
displacement curves are given in: a) Fig. 10(a);

b) Fig. 10(b); c) Fig. 10(c)
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Figure 20. Steel tube confined concrete column
strength increase relative to that of the column
made of plain concrete

5. DISCUSSION

First of all, the very concept of the steel tube
confined concrete column has been confirmed to be
viable and effective. Taking the calculated values
of the ultimate load for the first limit state of the
first group (see Table 13) in the cases, for instance,
1-0-20-0 and 2-B30-0-680, that are 15 001.11 kN
and 4 761.82 kN, respectively, one can see that
their sum, which equals to 19 762.93 kN, is less
than the values of the ultimate load (for the first
limit state of the first group) in the relevant cases 1-
B30-20-680 and 2-B30-20-680, that are 24701.27
kN and 29500.08 kN, respectively. The synergy
effect of the steel tube and the concrete core is
clear. (Using Table 13, one can ascertain that this is
true for all other combinations.)

Several important conclusions concerning effects
of concrete grade and steel tube thickness onto
column strength can be made already from Figs.
14 and 15. In the cases, when the vertical load
acts onto the ends of both the concrete core and
the steel tube, the strength of the steel tube
confined concrete column, measured through
parameters of both the first and the second limit
states of the first group, increases (as anticipated)
with the tube thickness and (or) concrete grade.
Yet, influence of these problem parameters is
non-linear.
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Considering the first limit state of the first group
and comparing the ultimate vertical load for the
steel tube confined concrete column with that for
the tubular steel column, one can see, that
concrete core contribution to the column strength
remains almost the same in absolute terms with
the tube thickness increase for all the considered
concrete grades, but diminishes in relative terms.
Moreover, increasing the concrete grade above
B60 has insignificant (even negative in the case
1-B90-30-660) effect onto the column strength
(see also Fig. 17(a)). The reason is simple. The
guideline value of the limit strain under short-
time compression &,, decreases with the grade

for the concrete grades above B60, i.e. the high-
strength concrete is more brittle. And this limit
strain decrease (almost) balances out the increase
of the concrete compressive strength with regard
to the amount of inelastic work being able to be
done by the concrete of a particular grade.

Looking at the shape of the force-displacement
curves given in Fig. 14, it becomes evident that
the second limit state of the first group is
governed by the strength of the steel tube. Yet,
the very existence of the concrete core has a
significant positive effect onto the tube strength,
and the thinner is the tube, the larger is the effect.
Despite the concrete core is totally crushed by the
time the second limit state of the first group is
reached, it still has a residual bulk stiffness and
facilitates tube stability. Since the second limit
state of the first group is governed by the tube
buckling, such an effect caused by the concrete
core is unsurprising. At the same time, the
concrete grade has a minor effect onto the
parameters of the second limit state of the first
group, that is clearly seen in Fig. 17(b). It is also
expected. The bulk stiffness of the concrete
crumbles is only a small fraction of that of intact
concrete, so that the difference between various
concrete grades is small in absolute terms.

One can see in Figs. 14 and 16 that, in the cases
when the vertical load acts onto both the steel
tube and the concrete core, the value of the
displacement corresponding to the second limit
state of the first group decreases with the tube
thickness, and it is almost independent of the
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concrete grade. This is caused by the tube
deformation pattern, that is buckling, during
which the tube wall experiences local bending
along the circumference. During single-axis
bending, providing the same curvature of the
neutral axis, the larger is the structural element
thickness, the higher is its strain along the neutral
axis. Hence, for a thick tube, the ultimate strain
i1s accumulated earlier during its buckling than
for a thinner tube.

As it can be seen in Fig. 17, in the cases when the
vertical load acts onto both the steel tube and the
concrete core, the ultimate load values for both
limit states of the first group vary almost linearly
with the tube thickness for all the considered
concrete grades. This linear dependence also
takes place in the case of the tubular steel
column, depicted in Fig. 17 as well.

It follows from Figs. 18 and 19, that the steel tube
confinement increases the column strength,
characterized by the first limit state of the first
group, several times compared to that of the
column made of plain concrete and having the
same diameter, as the diameter of the concrete
core. Moreover, in the cases, when the steel tube
acts only as a confinement (and the vertical load
acts only onto the concrete core), its effect onto
the steel tube confined concrete column strength
is even greater than in the cases, when the vertical
load acts onto the ends of both the steel tube and
the concrete core. The explanation is simple. The
steel tube is barreling under compression, that
decreases its confining effect.

From Fig. 20, it is clear that the steel tube
confined concrete column strength, associated
with the first limit state of the first group, varies
almost linearly with the tube thickness for both
considered structural schemes of the column, and
for all the considered concrete grades, as has
been already partially discussed above.

6. CONCLUSION
In the present work, the axially compressed

circular steel tube confined concrete columns
have been parametrically analyzed through
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numerical simulation. Several reference cases
with the plain concrete circular columns and the
tubular steel columns have also been simulated.
Totally, 33 different cases have been considered.
The general aim has been to confirm the
effectiveness of concrete confinement and
quantitatively estimate it.

To perform the parametrical analysis, two limit
states of the first group, characterized by values
of the vertical displacement of the column end
and the vertical load, have been defined for the
considered cases. The first limit state of the first
group has been associated with either concrete
failure throughout some cross-section along the
column or, for tubular steel columns, transition
of some cross-section along the column into the
plastic phase throughout its area. The second
limit state of the first group has been associated
with failure of the steel tube (in the relevant
cases) at some circumferential cross-section
along the column.

The first group of column limit states and
corresponding column failure mechanisms have
been investigated, qualitatively and
quantitatively, with regard to their dependence
onto column structural scheme (viz. whether the
vertical load acts onto the end of both the
concrete core and the steel tube or only the
concrete core is subjected to axial loading, while
the steel tube acts only as a confinement), steel
tube thickness and concrete grade.

The effectiveness of concrete confinement has
been clearly confirmed.

It has been revealed that the steel tube confined
concrete column strength, associated with the
first limit state of the first group, varies almost
linearly with the tube thickness for both
considered structural schemes of the column, and
for all the considered concrete grades. The
largest value of the column strength increase
factor £ (defined as the ratio of the steel tube
confined concrete column strength to the strength
of the column made of plain concrete with the
diameter equal to that of the concrete core of the
steel tube confined concrete column) amounts to
9.36 and has been calculated for the B30 grade
concrete and the structural scheme of the column,
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in which the steel tube with the thickness of 30
mm acts only as a confinement.

It has also appeared that, when the steel tube acts
only as a confinement and the vertical load acts
only onto the concrete core, the steel tube
confining effect is stronger and the column
strength is higher than in the case, when the
vertical load acts onto the end of both the
concrete core and the steel tube.

Finally, it has been shown that it is ineffective to
utilize concrete grades above B60, since the
high-strength concrete is more brittle.
Speculating onto directions for future research,
one may propose to extend the present one onto
eccentric compression and other shapes of the
column cross-section. Various techniques of
steel confinement anchorage into the concrete
core also seems to be a prospective area of
research.
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