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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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DESTRUCTION OF ROCKFILL SLOPE PROTECTIONS BY ICE
JAMMING: FIELD AND THEORETICAL STUDIES

Dmitry V. Kozlov', Denis A. Krutov?
I Moscow state university of civil engineering, Moscow, RUSSTA
2 Kazakh-German University, Almaty, KAZAKHSTAN

Abstract: The relevance of the study is due to the fact that the nature of failure of rockfill slope protections of hy-
draulic structures under ice loading during water-level fluctuations has not actually been described. At the same time,
ice jamming caused by the freezing of the ice cover to the structure during water-level changes should be classified
as a dangerous type of ice impact. Therefore, any data on the nature of structural damage and its parameters can
contribute to improving the design principles and design substantiation of hydraulic structures. An analysis of failures
performed on the drainage berm of the main dam of the Nizhny Novgorod HPP made it possible to thoroughly sche-
matize the recorded defects. To determine the causes of the hydraulic structure failure, a set of stability calculations
for the hydraulic structure slope was performed. The complexity of the calculations lay in the fact that they had to be
carried out in such a way as to assess the actual stability deficit, i.e., to determine the ultimate pull-out moment as
accurately as possible. A comparative analysis of field observation data and calculation results made it possible to
establish both the contribution of various factors to the failure scheme of the hydraulic structure and the causes of
failure. Convincing evidence is presented of the significant influence of the warming effect of groundwater (seepage
water) on the failure of the hydraulic structure. The new data obtained should be taken into account to refine the
existing calculation schemes for assessing the stability of slope protections of hydraulic structures in cases where
groundwater may emerge onto the slope. Such refinement may be required for slopes of canals in cuts, dam slopes,
flood-protection structures, or transport embankments extending into river channels.

Keywords: ice jamming, ice cover, slope failure, schematization of defects, shoreline crack

PA3ZPYUIEHME JIEIOBBIM ITPUITAEM KAMEHHO-
HABPOCHBIX OTKOCHBIX KPEIIJIEHUMN: HATYPHBIE
N TEOPETUYECKUE UCCJIEJIOBAHUA

M.B. Kosnos', /I.A. Kpymoe ?

! MOCKOBCKHI TOCYJapCTBEHHBIN CTPOMTENBHBIN yHUBEpCHTET, T. MockBa, POCCHU S
2 Kazaxcrancko-Hemenxuii ynusepcurert, r. AnMater, KASAXCTAH

AHHOTAIUs: AKTYyaJbHOCTh PACCMAaTPUBAEMOM IIPOOJIEMBI BBI3BaHA TEM, UYTO XapaKTep pa3pyLICHUs] KaMEHHO-
HaOPOCHBIX OTKOCHBIX KPEIUIEHNH THAPOCOOPYKEHHI JIeTI0BOH HAarpy3Koil IpH KosaeOaHUsAX ypOBHS BOIBI (haKTH-
YeCKH HE OnucaH. BMmecTe ¢ TeM, Je0BbIi Mpunai, 00yCIOBICHHBIH TPUMEP3aHUEM K COOPYKEHHUIO JICJSTHOTO
IIOKPOBA IPU U3MEHEHUHU YPOBHS BOJbI, CJI€yEeT OTHOCUTH K OIACHBIM BUJaM JIEOBbIX Bo3nelcTBuil. [ToaTomy
J00BIe JaHHBIC O XapaKTepe MOBPEXKASHNH KOHCTPYKIMH 1 MapaMeTpax dTOro MOBPEKICHHUS MOTYT CIIOCOOCTBO-
BaTb COBEPILIECHCTBOBAHUIO IPUHIIUIIOB IPOCKTUPOBAHUS U PaCU€THOr0 00OCHOBAHUS TUAPOCOOPYKCHUH. AHATIN3
paspyllIeHui, BBIIOIHEHHBIN Ha ApeHaXHOM OaHKeTe pyciioBoi miotunsl Hinkeroponckoit I'DC, no3sonun ae-
TaJbHO CXEMAaTU3UPOBATh 3aUKCUPOBAHHBIE Ae(EeKThL. J{JIs BBISCHEHUS IPUYUH Pa3pyLICHUsI THAPOCOOPY KEHHUS
OBLJI BBIIIOJIHEH KOMIUIEKC PACUETOB YCTOMYHUBOCTH OTKOCA TUAPOCOOpyx eHUs. CI0XKHOCTh BBIIIOJIHEHUS pacde-
TOB 3aKJII0YaJIach B TOM, YTO UX HaJ0 ObLIO BBIIOJIHUTH TaK, YTOOBI OLEHUTH (PaKTUUECKUH NeUIUT yCTOHIUBO-
CTH, T.€. HauboJiee TOYHO ONPEAENIUTh IPEACIIbHbII BHIPHIBAIOIIUNE MOMEHT. CONIOCTaBUTEIbHBIN aHAIN3 JaHHBIX
HaTYPHBIX HaOIIOAEHUN U pe3yIbTaTOB PACUETOB I103BOIMII YCTAHOBUTD KaK BKJIaJ Pa3/IMUYHbIX (PaKTOPOB B CXEMY
paspylLIeHUs] TUAPOCOOPY KEHUsI, TaK M IMPUUUHBI pa3pyuieHus. IIpuBenenbl yoeIuTeIbHbIE JOKA3aTENbCTBA CY-
LIECTBEHHOI'O BJIMSHUS OTEIUISIOIIEr0 BO3AEHCTBUS I'PYHTOBBIX ((PUIBTPALlMOHHBIX BOJ) HA pa3pyllIeHUE KOH-
CTPYKLUU ruapocoopyxenus. IlomydeHHble HOBbIE JaHHBIE HEOOXOAUMO YUUTBIBATH JJIs1 yTOYHEHMSI CYLIECTBY-
IOLUX PACUETHBIX CXEM IO OLIEHKE YCTOMYMBOCTU OTKOCHBIX KPEIUIEHUH THIPOCOOPYKEHHUH B Cllydyae BO3MOXK-
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HOCTH BBIXOZa I'PYHTOBBIX BO] HA OTKOC. Taxoe YTOYHEHUE MOKET HOTpC6OBaTLCH JUII OTKOCOB KaHAJIOB, ITPOXO-
JAIHUX B BBIEMKE, OTKOCOB IIJIOTUH, ITIPOTUBOIIABOAKOBBIX I‘I/I,Z[pOCOOpy)KCHI/Iﬁ WA TPAHCTIOPTHBIX HaCBIHCﬁ, 3ax0-

JIIINX B PYCIIO PeK.

Ki1roueBble cjioBa: Je10BBII MPUMAid, JISASHOHN MOKPOB, pa3pyIlIeHHe 0TKOCA, CXeMaTH3aIMs 1e()EKTOB,
GeperoBast TpeuHa

INTRODUCTION

The practice of hydraulic structure operation in-
volves the cases of slope protection failure
caused by ice loads resulting from the freezing of
the ice cover to the structure during water level
changes. Such ice impact is commonly referred
to as ice jamming, the mechanism of which is de-
scribed in ICOLD Bulletin 105 and in reference
[1]. In particular, when ice freezes to rockfill, this
lifts the frozen mass as the water level rises. If
the water level falls, the ice sheet, acting as a can-
tilever, displaces the rockfill protection from its
design position.

Slopes of canals [2], flood protection embank-
ments along riverbanks [3], bridge approach fills,
upstream slopes of dams (e.g., during reservoir
drawdown), as well as rock drainage berms in the
tailwater of hydroelectric plants in wide sections
where the influence of the polynya decreases [4],
may be subjected to such loading. At the same
time, the ice load caused by the rise/fall of the ice
sheet (ice jamming) is the most dangerous among
all possible ice impacts for rockfill [4].
Therefore, any field data concerning the destruc-
tive effect of ice jamming on hydraulic structure
slopes will be valuable for researchers and de-
signers.

For example, reference [5] examined the failure
of arock drainage berm slope of the Nizhny Nov-
gorod HPP main dam. Let us briefly describe the
studies previously conducted at the Nizhny Nov-
gorod HPP.

Thus, the rock drainage berm of the Nizhny Nov-
gorod HPP main dam required annual repairs af-
ter a two-month winter operation period. Accord-
ing to the original design, the structure has a
length of 500 m, an average height of 7-8 m, a
crest width of 5 m, and a slope of 1:2. The berm
is formed by rockfill with an average stone diam-
eter of 0.25 m. Figure 1 shows a typical
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cross-section based on depth measurements, il-
lustrating both the reshaping pattern of the berm
and its design profile (indicated by a dashed line).

,//
e
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Figure 1. Scheme of transformation of a slope
composed of rockfill under the action of ice jam-
ming: 1) slope failure; 2) reshaping of the upper

part of the slope forming a steep slope; 3) reshap-
ing of the lower part of the slope forming a gentle

slope; 4) maximum ice-cover level; 5) minimum
water and ice-cover level; 6) dam body

The layout features of the Nizhny Novgorod hy-
dropower complex and its operation exclude any
other ice impacts on the structure except for ice
jamming. Firstly, the rock berm of the main dam
is located at a considerable distance (at least 1
km) from the spillway and the power house, and
thus from the polynya. Secondly, no ice is re-
leased through the dam.

Evidence that the ice edge approaches the drain-
age berm (usually in January—February) comes
from operation service records and aerial ice sur-
veys [6]. According to these data, the ice thick-
ness in the tailwater near the drainage berm dur-
ing severe winters does not exceed 35 cm. At the
same time, in the lake-like part of the reservoir
(near the dam), the ice thickness is 50—60 cm,
which is less than in other Volga reservoirs. The
modest ice thickness is due to the warming dis-
charges from the Kostroma GRES. Data on an-
thropogenic thermal pollution and ice thick-
nesses were obtained from two different sources
over different periods: [6] and [7].
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Complete ice clearance occurs in April. The for-
mation of ice cover in the tailwater of the Nizhny
Novgorod HPP is accompanied by stable frosty
weather, low discharges, and constant HPP out-
put throughout the day [7].

Depending on the air temperature and discharges
into the tailwater, the ice edge may approach and
retreat from the structure several times during
one winter. At the same time, water-level fluctu-
ations in the tailwater of the Nizhny Novgorod
hydroelectric complex during the day can have a
wide amplitude depending on the HPP dis-
charges: from 0 to 2 m [7].

Note that Figure 1 presents an averaged assess-
ment of damage. In reality, the observed param-
eters vary over a fairly wide range of values:

- the depth of slope failure ranges from 0.44 to
1.18 m (measured perpendicular to the slope);

- the slope steepness in the upper part varies from
1:0.73 to 1:1.77, and in the lower part — from
1:2.78 to 1:5.22;

- the point where the steep upper part transitions
into the gentle lower part is located about 2 m
from the maximum water level.

There is also a tendency: the steeper the upper
part of the slope, the flatter the values of the
lower part. In this case, the lower contour of the
slope, with an average slope of 1:4, is no longer
subjected to failure.

The large scatter of parameters (slope angles and
failure depth) is most likely due to the complex
thermal regime. Among the factors considered
are the influence of snow cover and the warming
effect of the reservoir. In particular, relatively
warm seepage waters can reduce the weight of
the frozen rockfill, which is a resisting force, and
shift the center of rotation of the frozen mass to-
wards the shoreline, i.e., reduce the leverage
arms of the resisting forces.

The presented observations are important for
practice because this allowed recording the ac-
tual parameters of the failure of a slope com-
posed of rockfill.

Nevertheless, the cause of the destruction of the
hydraulic structure is not obvious. To refine the
calculation schemes for assessing the stability of
slopes under ice jamming and to improve design

Dmitry V. Kozlov, Denis A. Krutov

methods for hydraulic structures, the following
tasks need to be addressed:

- establish the causes of the unfavorable condi-
tion of the structure and assess the contribution
of various factors to the failure process;

- determine the stability deficit of the failed rock-
fill embankment;

- schematize/systematize the nature of the failures;
- develop recommendations for improving de-
sign solutions.

METHODS

Perform the stability analysis for the failed slope
of the hydraulic structure. In this way, we will
seek the actual stability deficit, i.e., we will not
include various safety factors.

To determine the moment load most accurately,
we will assess stability not on the basis of the ice
strength itself, as i1s common practice, but differ-
ently. In particular, we use the expression for the
bending moment at the fixed end M (the moment
load), which is derived from the differential
equation of the deflected axis of the ice cover:

2
E- 12 =M,

dx? (1)
Where E is the elastic modulus of the ice cover, /
is the moment of inertia of the ice-cover
cross-section, and M is the bending moment at
any section at a distance x from the fixed end (the
ice jam). The origin is taken at the ice-jam loca-
tion, with the oy axis directed downward and ox
to the right.

The most accurate solution to equation (1) was
proposed by P.A. Shankin, who assumed that the
deformation pattern of the ice cover during wa-
ter-level fluctuations allows a correct determina-
tion of the vertical forces, bending moments, and
the length / of the deflecting ice sheet [8]. We pre-
sent the expressions for the bending moment at the
fixed end M and the length / of the ice cover over
which the load is transmitted to the structure:

[ = 3,58@
yC

2)
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1
60-12

M=f {yC5Y —2)+360-E-1}. (3)
Where v is the unit weight of water; C is the length
of the structure along the front at the ice action
level; the numerical coefficient in formula (2) is ob-
tained for the ratio of the water-level rise/fall H to
the deflection f'equal to 1 (i.e., H/f=y = 1).

The bending moment at the fixed end M can also
be called the ultimate pull-out moment acting in
section x (Fig. 2). In this section, the first shore-
line crack appears in the ice cover.

Figure 2. Force diagram for the stability analy-
sis of a slope composed of rockfill during
ice-cover rise: 1 — freezing boundary of the soil;
2 — weight of frozen soil; 3 — weight of ice on
the slope; 4 — weight of snow cover; 5 — slope
surface; 6 — freezing depth of rockfill above the
water level (Hi); 7 — freezing depth of rockfill at
the water level (Hz); 8 — freezing depth of rock-
fill below the water level (H3); 9 — center of ro-
tation of the frozen rockfill mass

The length / of the ice cover corresponds to the
point where the curvature of the ice field transitions
to a horizontal position, i.e., when the section rota-
tion angle 6 = 0 and the deflection is maximum f.
The deflection f'is assigned according to field ob-
servation data obtained by geodetic levelling of the
ice field under similar ice thickness [8].

For an ice thickness # = 0.35 m, E = 400,000 t/m>
(3922.66 MPa) [9-15]; /=0.00357 m*, y = 1, and
f=0.025 m, the length of the ice cover from for-
mula (2) is / = 22.0 m, and the pull-out moment
from formula (3) is M = 0.44 tf'm (4.31 kN-m).
The applicability of expressions (2) and (3) is
limited by the following conditions:
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- B>2[ (B is the width of the water body at the
design water level);

- (ya-f)/y=H>f (ya is the unit weight of ice, 7 is the
ice thickness).

All the above considerations remain valid for
both water-level drawdown and rise, except that
during a rise, the overturning moment is clock-
wise and the vertical force is upward; during a
drawdown, the opposite occurs.

Verification stability calculations of the rock
berm during water-level rise (as the most danger-
ous case) will be performed for the actually rec-
orded ice thickness in a severe winter (35 cm).
We will also assume different values of
snow-cover height 9.

The snow-cover height o significantly affects the
freezing depth of the soil above and below the
water level [16], and consequently the magnitude
of the resisting forces (weight of the frozen rock-
fill) and the position of the centre of the frozen
mass. In the absence of snow cover and without
the warming effect of groundwater, the resisting
forces will be maximal. According to operation
service data, the maximum average ten-day
snow-cover height over the winter does not ex-
ceed 53 cm. The maximum snow depths are ob-
served at the end of March, when the ice-jam haz-
ard is already absent.

Evaluate the slope stability for different design
cases: for slope angles in the upper part (1:2) and
lower part (1:4) and for various snow-cover
thicknesses.

In the case of water-level rise, all moments resist-
ing the rockfill are taken entirely within sections
x — xo (Fig. 2), assuming that the frozen rockfill
mass does not deform.

To assess slope stability, it is necessary to esti-
mate the freezing depths of the soil: above the
water level H1, at the water level H2, and below
the water level Hs. For the considered calculation
scheme (Fig. 2), the values of H1, H2, and H3 can
be taken from the formulas:

s

Hy =H; — Eﬁstlv 4)
s

H, = Hy — EﬁstZa (5)
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Where Ha is the freezing depth of the rockfill; s
is the thickness of the protective snow medium;
Bs is the thermal conductivity of snow; Bsn1 is the
thermal conductivity of the rockfill in the dry
state; Bs.2 1s the thermal conductivity of the rock-
fill below the water level in the freezing zone; ¢
is the ice thickness.

In determining the weight of the frozen rockfill,
the following was taken into account:

- at depth H1, the unit weight of frozen soil con-
taining an unaccounted amount of ice in the
pores, with the buoyant effect of water (y: = 18.1
kN/m?);

- at depth Ha, the unit weight of frozen soil in-
cluding the weight of ice in the pores, with the
buoyant effect of water (y2 = 19.1 kN/m?).

RESULTS AND DISCUSSION

Example of stability calculation for a slope with
design slope angle of 1:2 at a snow depth of 25
cm is given in Table 1.

Table 1. Stability calculation of a rockfill slope
(1:2) under ice-jamming action (ice thickness
35 c¢m, snow thickness 25 cm, H1 = 0.16 m; H>
=0.25m; H3; = 0.35 m)

Forces, tf (kN) Lever Resisting | K=X(M,)xo
arms, m moment, /M
tf:m
(kN-m)

Weight of snow 0.58 0.21 (2.06)
on ice sheet:
0.36 (3.53)
Weight of snow 0.13 0.01 (0.1)
on slope: 0.07
(0.69)
Weight of shore 0.82 0.09 (0.88)
ice: 0.11 (1.08) 4.31/4.31=
Weight of frozen 0.46 0.12 (0.18) 1
rockfill ~ below
water level: 0.26
(2.55)
Weight of frozen 0.12 0.01 (0.1)
rockfill  above
water level: 0.06
(0.59)

(M) | 0.44 (4.31)
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The results of stability calculations for the slope
with design slope angle 1:2 at different snow
thicknesses are presented in Table 2.

Table 2. Stability calculation results for the
rockfill slope (1:2) at different snow thicknesses

Parameter Snow depth, cm
20 25 30
Calculated stability
safety factor 277 1.00 0.48
Weight of frozen 0.97 0.32 0.19
rockfill, tf (kN) (9.51) (3.14) (1.86)

Analyze the results of the calculations and the
field observation data. If we do not take into ac-
count the warming effect of seepage water, then
at a snow thickness of 25 c¢cm the slope with de-
sign slope 1:2 should be stable. Thus, failure of
the 1:2 slope can occur only when the snow cover
depth exceeds 25 cm, i.e., by the middle or end
of winter. This is indirect, albeit incomplete, ev-
idence of the influence of the warming effect of
reservoir seepage waters on the position of the
center of the frozen mass and its weight.

A snow cover thickness of 30 cm creates the most
unfavorable conditions for the stability of the
slope with design slope 1:2, because a 30-cm
snow “cap” protects the slope from freezing. At
this snow depth (30 cm), the safety factor reaches
its minimum value because the weight of the fro-
zen rockfill under the warming snow cap is neg-
ligible. A thicker snow cover would lead to a
slight increase in the safety factor due to the ad-
ditional snow surcharge on the ice sheet and
slope.

With a snow cap of 30 cm or more, the slope with
design slope 1:2 will fail, but the failure parame-
ters should be identical along the structure length
if there are no other factors affecting the collapse.
On the contrary, the nature of failure is complex:
the actual values of the stone mass displaced
from its design position range from 6600 kg
(maximum) to 1000 kg (minimum). This means
that the failure of the slope with design slope 1:2
is caused by the influence of the seepage flow,
which creates a complex temperature field.
Consider the unlikely situation that the snow
thickness varies significantly along the slope
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length, i.e., it is not uniform in different
cross-sections:

1) from 0 to 50 cm;

2) from 30 to 50 cm;

The first case is not confirmed by field observa-
tions, because on some sections the structure
would not be damaged. In the second case, the
failure parameters would be identical, since a
snow cap larger than 30 cm no longer affects the
position of the soil freezing boundary.

Thus, a second reliable proof of the warming ef-
fect of reservoir seepage waters on the position
of the centre of the frozen mass and its weight is
presented.

The thermal regime of the seepage flow in the
dam body cannot but be determined by the water
temperature in the reservoir. According to field
observations conducted by the operation service,
the following is known [17]:

- during the freeze-up period, the water temperature
near the bottom in the lower part of the reservoir
(near the dam) in November and December is 1-2
°C, and by March it drops to 0.1-0.2 °C;

- in summer, the lake-like part of the reservoir is
characterised by a decrease in water temperature
from the surface to the bottom; the temperature
drop is usually 2-3 °C, but can reach 10-15 °C;
- if the maximum temperature of the seepage
flow in the upstream wedge of the dam (up to its
axis) is observed in September, then in the down-
stream wedge (drainage berm), the groundwater
has its maximum temperature in December.

The influence of warm groundwater on ice pro-
cesses has been noted earlier at weather stations,
in particular at the Ilyino post (Gorky Reservoir).
There, the ice thickness is smaller than at other
weather stations on the reservoir. Moreover, the
peculiarity of this phenomenon lies in the
non-uniformity of ice thickness: even in severe
winters, the thickness can vary from 10 to 75 cm
(data from the operation service of the Nizhny
Novgorod HPP [17]).

The lower part of the rockfill slope with a slope
of 1:4 is stable with a good margin even in the
presence of snow cover. The stability of such a
slope is largely determined by the weight of the
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shore ice and the significant lever arm of the cor-
responding force, even if the center of rotation of
the frozen mass is for some reason shifted toward
the shoreline.

The performed field observations of the failure of
the rockfill slope, accompanied by calculations,
show that there are two effective ways to combat
ice jamming [18-20]: flattening the slope and in-
creasing the stone size. The latter measure is only
effective under the warming influence of snow
cover or groundwater, because without these fac-
tors, the weight of the frozen rockfill, rather than
the weight of an individual stone, will be one of
the forces ensuring the stability of the slope pro-
tection.

The slope angle of the non-failed and stable
lower part of the slope is apparently determined
by the nature of the failure of the upper part,
which, after reshaping, rolls down to the lower
part of the structure. Thus, it has been observed
that the greater the failure depth and the steeper
the upper slope, the flatter the slope in its lower
part becomes.

CONCLUSIONS

1. One of the reasons of rockfill embankment
failure under ice-jamming action is the warming
effect of groundwater (seepage) flow. This fact
should be considered proven for the following
reasons:

- according to calculation results, failure of the
slope with design slope 1:2 can occur only when
the snow cover depth exceeds 25 cm, i.e., by the
middle or end of winter, which does not corre-
spond to field observation data;

- calculation results show that if the slope failure
were determined solely by the height of the snow
cap, its failure parameters would be identical
even if the snow thickness/depth varied along the
slope length;

- field observations of the failed slope show a
wide scatter in slope angles and in the mass of
stone displaced from its design position to the
lower part of the slope, which is due to the com-
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plex thermal regime within the hydraulic struc-
ture (the mass of stone displaced during two win-
ter months from the design position varies from
1000 kg to 6600 kg).

2. Systematic observations of the failure of a
rockfill embankment under ice-jamming action,
together with the stability calculations per-
formed, allow the following conclusions:

- the failure pattern of the design slope with slope
1:2 consists of a steep upper part (reaching
1:0.73) and a gentle lower part (averaging 1:4);

- the gentle slope of the lower, non-failed part of
the slope is most likely determined by the extent
of failure in the upper part, from which stone is
moved to the lower part, forming a new gentle
surface;

- under the most unfavorable scenario, a twofold
stability deficit of the rockfill slope with design
slope 1:2 is observed,

- the existing calculation schemes for assessing
the stability of slope protections need to be ad-
justed and, in particular, to account for the warm-
ing effect of groundwater when it emerges onto
the slope;

- effective and reliable design measures for slope
protections under ice-jamming hazard include
flattening the slopes (e.g., to 1:4) and increasing
the stone size.
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LOAD-TRANSFER MECHANISMS IN TIMBER CONNECTIONS
USING DENSIFIED WOOD AND STEEL DOWELS: AN
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Abstract: This study presents an experimental and numerical investigation of the mechanical behavior of L-
shaped timber connections assembled using densified wood dowels and steel dowels under ambient mechanical
loading conditions. Mechanical tests were con-ducted on a multilayer timber beam—column connection to
determine the load—displacement response of the joint system. In parallel, a three-dimensional finite element
model was developed in Abaqus to simulate the structural behavior and to investigate the load-transfer
mechanisms within the connection region. The numerical results show good agreement with the experimental
response, demonstrating the capability of the model to accurately reproduce the global behavior of the
connection. Although the two types of dowels exhibit relatively similar overall stiffness, the stress distribution
along the grain (S11) and the stress fields within the joint reveal fundamentally different load-transfer
mechanisms. Steel dowels provide a more uniform stress distribution and more efficient force transfer, whereas
densified wood dowels exhibit more localized stress concentrations and a more compliant mechanical response.
Nevertheless, the use of densified wood dowels may offer advantages in terms of material compatibility and
potential thermal performance under elevated temperatures. The findings contribute to a better understanding of
the mechanical behavior of timber connections using different dowel types and provide a reference basis for
future thermo-mechanical investigations of timber structures exposed to fire.

Keywords: Timber connections, densified wood dowels, steel dowels, mechanical behavior,
load-transfer mechanism, finite element modelling

MEXAHU3MbI CONNPOTUBJIEHUS COEJJUHEHU
JEPEBSIHHBIX KOHCTPYKIMI C HATEJIIMU U3
MPECCOBAHHOM JIPEBECHUHBI U CTAJIbHBIX:
IKCIIEPUMEHTAJIBHBIE U YAUCJIEHHBIE UCCJIEAOBAHMUSA
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AnHoTanusi: [IpeacraBieHbl SKCTIEPUMEHTAIbHBIE M YHCICHHBIE MCCIIEAOBAHUS CONPOTUBIECHUS ['-00pa3HbIxX
JICPEBSIHHBIX COCAMHEHNH, COOPAaHHBIX C MCIOJIB30BAHUEM Haresieil M3 MpecCOBaHHOW APEBECHHBI M CTAJIbHBIX
Harenel, mpu OOBIYHBIX MEXaHWYECKHX Harpys3kax. IIpoBezieHbl MeXaHMYECKHE HCIBITAHWUS MHOTOCIOHHOTO
y3/1a CONpsDKEHUS OalKhd C KOJOHHOW JUId OIpEAENEHHs HECylled CIOCOOHOCTH U J1e()OPMATHBHOCTH.
[MTapannensHo pa3paboTaHa TpEXMepHasi KOHEUHO-3JIEMEHTHAs MOJIENb B IIPOrPAMMHOM KoMILIekce Abaqus aist
MOJCIMPOBAHUA COMMPOTUBJICHUA U U3YUCHUA MEXaHU3MOB II€peaavu yCI/IHI/Iﬁ B 30HC COCOHNHCHUA. YucneHHble
PE3YIbTAThl XOPOIIO COIIaCyIOTCs C OKCIICPUMEHTAJIbHBIMU JaHHBIMH, YTO MMOATBECPKAACT CHOCOGHOCTB MOACIIN
TOYHO BOCIPOU3BOAWUTH oOOIlee TOBEACHHE COeAMHEHHs. XoTd o00a Tuma Hareiaed IeMOHCTPUPYIOT
OTHOCHTEJIFHO CXOXYI0 OOIIyr0 JKECTKOCTh, paclpelelieHne HaNpspDKeHHH BIOJb BosokoH (S11) um mons
HaNpsOKEHUH B y37€ BBIIBJIAIOT NPUHIUIINAIBHO PAa3INYHble MEXaHU3MBI Nepenaun ycwinil. CTanbHble Hareiu
obecrieunBatoT Oojiee paBHOMEPHOE pacIpelielieHHe HAlpspKeHUH u Oosiee 3QQEKTUBHYIO Iepeiady yCHINH,
TOT/Ia KaK HarejiM U3 MPEeCcCOBAaHHON JIPEBECHHBI XapaKTEepU3yIOTCs Ooliee JTOKATM30BAaHHBIMU KOHIICHTPALMSIMU
HanpspKeHuH n Oosiee MOJATIMBBIM MEXaHMYECKHM OTKIMKOM. TeM He MeHee, NpPHUMEHCHHE Harejed u3
MIPECCOBAHHON JIPEBECHHBI MOXET JaBaTh IMPEHUMYIIECTBA C TOYKH 3PEHHS COBMECTHMOCTH MaTEpPHAIOB H
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1. INTRODUCTION

In recent years, timber structures have attracted
increasing attention in the construction field due to
their low density, high strength-to-weight ratio,
recyclability, and environmental advantages
compared with conventional materials such as
steel and concrete [1]. Along with the
development of engineered wood products
(EWPs), various modern timber structural and
connection systems have been investigated to
improve load-bearing efficiency and expand the
application of timber in large-scale structures [2].
However, many current connection systems still
rely on steel mechanical fasteners or synthetic
structural adhesives, which may reduce material
homogeneity, recyclability, and the environmental
benefits of timber structural systems [1].

In this context, densified wood, also referred to as
compressed wood, has been considered a
promising material for partially replacing metallic
fasteners in timber structures. Densified wood is
produced through thermo-mechanical
compression, which reduces the internal porosity
of the wood cellular structure and thereby
significantly increases its density and mechanical
properties [1,2]. Previous studies have shown that
densification can markedly im-prove the elastic
modulus, flexural strength, tensile strength, and
shear strength of wood, allowing low-density
softwood species to be used in structural
applications  requiring  higher load-bearing
capacity [2,3]. In addition, densified wood offers
advantages such as material compatibility with
timber components, recyclability, and the ability
to create tight connections through moisture-
dependent swelling [2].

Based on these advantages, several studies have
proposed the use of densified wood dowels as an

alternative to conventional steel dowels in timber
connections. Jung et al. [4,5] developed
connection systems using compressed wood
dowels and plates for column—beam and column—
base joints, showing that these systems can
provide satisfactory load-bearing and rotational
performance. In another study, Jung et al. [6]
demonstrated that compressed wood dowels can
be effectively used in glued-in-rod connections,
achieving load-bearing capacity comparable to or
higher than that of some traditional hardwood
dowels. O’Loinsigh et al. [7] developed timber-to-
timber composite beams using welded-through
wood dowels to generate composite action
between timber layers without the use of
adhesives or metallic fasteners. These studies
demonstrate the considerable potential of wood-
based dowels for developing environmentally
friendly timber connection systems and reducing
dependence on metallic materials.

Alongside experimental investigations, the finite
element method (FEM) has been increasingly
used in timber engineering research to simulate
stress distributions, load-transfer mechanisms,
and the mechanical behaviour of timber
connection systems. Xu et al. [8] developed a
three-dimensional finite element model for
dowel-type timber joints subjected to loading
parallel to the grain, while Feio et al. [9] showed
that FEM can reasonably repro-duce stiffness
and stress distributions in traditional timber
joints. More recently, Ar-ciszewska-Kedzior et
al. [10] and Tran and Dao [11] combined
experimental and numerical modelling to
evaluate the mechanical behavior of timber
joints using wooden dowels, demonstrating that
FEM is an effective tool for analyzing load-
transfer mechanisms and stress fields in
connection regions.
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In addition, numerical studies on multilayer
timber beams have shown that the degree of
interaction between timber layers strongly
affects the load-transfer mechanism, global
stiffness, and stress distribution of the structural
system [12]. These findings confirm the
potential of FEM for investigating the
mechanical behavior of complex timber
connections and structural systems.

Besides studies on mechanical behavior under
ambient conditions, the fire performance of
densified timber and timber connections using
densified wood dowels has also been investigated
in recent studies. Tran et al. [13] experimentally
characterized the thermal behavior and
degradation of thermo-mechanically compressed
spruce timber and developed a three-step multi-
reaction pyrolysis finite element model for
predicting temperature profiles, mass loss, and
charring depth under fire exposure. For timber
connections, Khelifa et al. [14] developed a
thermal modelling framework for connections
assembled with densified wood dowels under fire,
showing that pyrolysis-based modelling can
reproduce temperature dis-tribution and char layer
formation.

In addition, Tran et al. [15] experimentally
investigated the thermo-mechanical
performance of L-shaped timber connections
assembled with densified wood dowels and steel
dowels under fire exposure, demonstrating that
densified wood dowels can reduce heat transfer,
lower charring depth, and limit thermally
induced deformation compared with steel
dowels. Tran’s doctoral thesis [16] further
synthesized the thermal and thermo-mechanical
modelling framework for timber structural
systems assembled with densified wood dowels
under fire conditions. However, although these
thermal and thermo-mechanical studies provide
important insight into fire-exposed behavior, the
baseline mechanical behavior of L-shaped
timber connections using densified wood
dowels under ambient mechanical loading has
not yet been fully clarified, particularly in terms
of load-transfer —mechanisms and stress
distributions within the connection region.

Volume 22, Issue 3, 2026

Therefore, this study presents an experimental and
numerical investigation of the mechanical
behavior of L-shaped timber connections using
densified wood dowels and steel dowels under
ambient loading conditions. Mechanical tests were
conducted to determine the load—displacement
response of the connection system, while a three-
dimensional finite element model was developed
in Abaqus to analyze the load-transfer mechanism
and stress distribution in the dowel region. The
focus of this study is not only to compare the
global stiffness of the two connection types, but
also to clarify the differences in load-transfer
mechanisms and stress fields between densified
wood dowels and steel dowels. The results are
expected to provide a mechanical baseline for
further studies on the thermo-mechanical behavior
of timber connections under fire conditions.

2. EXPERIMENTAL PROGRAM

2.1 Connection configuration and specimen
Experiments were conducted on L-shaped
timber connections to evaluate the mechanical
behavior of connection systems using densified
wood dowels and steel dowels under ambient
loading conditions. The connection consisted of
a beam and a column assembled using four
dowels with a diameter of 16 mm. Two
connection configurations were investigated,
namely connections using densified wood
dowels and connections using steel dowels, in
order to evaluate the influence of dowel material
on the load-transfer mechanism and stress
distribution within the connection region.

Details of the experimental specimen and the
connection region are presented in Figure 1. Four
dowels were arranged in a clustered configuration
at the beam—column intersection to ensure effective
load transfer between the two structural members.
The beam and column members were
manufactured from three-layer oak timber. Each
timber layer had a thickness of 32 mm, resulting
in an overall cross-section of 190 x 48 mm. The
lengths of both the beam and the column were
1180 mm. The average moisture content of the
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timber during the experimental tests was
approximately 10%. The overall geometry and
dimensions of the L-shaped connection are
shown in Figure 2. A symmetric configuration
was adopted to facilitate the development of the
numerical model presented in the following
sections.

Figure 1. L-shaped timber connection specimen
and dowel arrangement details

N
I 190mm
il
48mm

190mm

1180mm

Z48mm
Figure 2. Geometry and dimensions of the L-
shaped timber connection

2.2 Experimental and loading procedure

The experimental setup is illustrated in Figure 3.
The connection specimen was installed in a
testing frame with the column base fixed, while
the load was applied at the free end of the beam
to generate a bending moment in the connection
region. The applied load correspond-ed to a
concentrated mass of 51 kg (~ 510 N).

Trong Tuan Tran, Ngoc-Thang Nguyen

T3

\

Figure 3. Experimental setup of the L-shaped
timber connection under mechanical loading

3. FINITE ELEMENT MODEL

3.1. Numerical model configuration

A three-dimensional finite element model of the
L-shaped timber connection was developed
using Abaqus software [17] to simulate the
mechanical behavior of connection systems
using densified wood dowels and steel dowels
under ambient mechanical loading conditions.
The model was constructed based on the
experimental configuration presented in Section
2 in order to analyze the load-transfer
mechanism and stress distribution within the
connection region.

Due to the symmetric geometry and loading
configuration, only half of the model was
considered in the numerical simulation in order
to reduce computational time and modelling
cost while maintaining mesh continuity and
structural consistency. The boundary conditions
were defined to correspond to the experimental
setup, in which the column base was fully fixed
and the load was applied vertically at the free
end of the beam.

The finite element model and corresponding
boundary conditions are illustrated in Figure 4;
and details of the finite element mesh in the L-
shaped connection are shown in Figure 5.
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Connection region
P~ -
]

Support

Figure 4. Finite element model of the L-shaped
timber connection in Abaqus

(@) (b)

Figure 5. C3D8 finite element mesh in the
L-shaped connection
(a) Column; (b) Beam, (c) Dowels

The structural components in the model,
including the beam, column, and dowels, were
discretized using eight-node three-dimensional
solid elements of type C3DS8. Since this study
focused only on the mechanical behavior under
ambient conditions, coupled thermo-mechanical
elements were not considered. The mesh was
locally refined in the dowel region to improve

Volume 22, Issue 3, 2026

the accuracy of stress distribution and load-
transfer analysis within the connection area.

3.2. Material modelling

In this study, the oak timber used for the beam
and column members was modelled as an
orthotropic elastic material. The mechanical
properties of the timber were determined based
on average values obtained from experimental
measurements and previous studies. The
material properties of oak timber at ambient
temperature are summarized in Table 1; while
the material properties of the densified spruce
dowels are presented in Table 2, was modelled
using an orthotropic elastic formulation.

Table 1. Mechanical properties of oak wood at

20°C [16]
Property Symbol | Value (MPa)

Longitudinal modulus | E: (Ep) 11380
Radial modulus E2 (Er) 370
Tangential modulus Es (Er) 370
Poisson’s ratio Viz 041
Poisson’s ratio Vi3 0.41
Poisson’s ratio Va3 0.3
Shear modulus Gz 690
Shear modulus Gis 690
Shear modulus G2s 50

Table 2. Mechanical properties of densified
spruce wood at 20°C[16]

Property Symbol | Value (MPa)
Longitudinal modulus Ei (Ep) 25500
Radial modulus E: (Er) 2050
Tangential modulus Es (E7) 2050
Poisson’s ratio Viz 0.408
Poisson’s ratio Vi3 0.408
Poisson’s ratio Va3 0.03
Shear modulus G2 1890
Shear modulus Gis 1890
Shear modulus Gas 137

Note: L, R, and T denote the longitudinal (grain),
radial, and tangential directions of wood,
respectively.
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For the connections using steel dowels, the steel
material was modelled as an isotropic elastic
material with a Young’s modulus of 210,000
MPa and a Poisson’s ratio of 0.3 according to
Eurocode 3 [18].

3.3. Contact Interaction

The contact interaction between the dowels
and the timber members was defined using a
surface-to-surface contact formulation. In the
normal direction, a “hard contact” condition
was adopted to prevent penetration between
the interacting surfaces during loading.

5+ Edit Contact Property *

MName: IntProp-1
Contact Property Options

Tangential Behavior

Mechanical Thermal Electrical 4
Tangential Behavior
Friction formulation: | Penalty d

Friction  Shear Stress  Elastic Slip

Directionality: @ Isotropic (O Anisotropic (Standard only)
[ Use slip-rate-dependent data

[] Use contact-pressure-dependent data

[J Use temperature-dependent data

Mumber of field variables: 05
Friction
Coeff
0.5

Figure 6. Friction contact definition between
interacting surfaces in Abaqus

In the tangential direction, a Coulomb friction
model was employed with a friction coefficient
of u = 0.5 for both the densified wood dowels
and the steel dowels. This value was selected to
represent the frictional load-transfer capacity
between the dowels and the timber layers within
the connection region. The friction contact
definition implemented in Abaqus is illustrated
in Figure 6.

Trong Tuan Tran, Ngoc-Thang Nguyen

4. RESULTS AND DISCUSSION

4.1. Load—displacement response and model
validation

The load—displacement relationships of the L-
shaped timber connections using densified wood
dowels and steel dowels obtained from the
experimental tests and numerical simulations
are presented in Figure 7. The results indicate
that the finite element model is capable of
reasonably reproducing the global mechanical
behavior of the connection system under
ambient mechanical loading conditions.

60

Experiment (Densified dowel)
— — Experiment (Steel dowel)
—— Simulation (Densified dowel)
—— Simulation (Steel dowel)

50

yd

40

30

Load (kg)

204

10

0 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35

Displacement (mm)
Figure 7. Comparison between experimental
and numerical load—displacement responses of
the L-shaped timber connections using densified
wood dowels and steel dowels

It can be observed that the numerical load—
displacement curves are in good agreement with
the experimental results throughout the
investigated loading range. Both connection
configurations exhibit an approximately linear
response, indicating that the connections mainly
operate within the elastic regime under the
applied loading conditions.

For the connection using densified wood
dowels, the numerical model predicts the global
stiffness and displacement evolution with
satisfactory agreement compared with the
experimental response. The  discrepancy
between the experimental and numerical curves
remains relatively small over the entire loading
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range, suggesting that the developed finite
element model can adequately represent the
load-transfer mechanism between the densified
wood dowels and the timber layers within the
connection region.

Similarly, for the connection using steel dowels,
the finite element simulation also shows good
agreement with the experimental results. The
numerical response tends to exhibit a slightly
higher stiffness at higher loading levels;
however, the overall deviation remains limited.
In addition, the results show that the two
connection systems exhibit relatively similar glob-
al stiffness within the investigated loading range.
This indicates that densified wood dowels can
provide an effective load-transfer mechanism in
L-shaped timber connections under ambient
mechanical loading conditions. Nevertheless,
although the global load—displacement responses
of the two configurations are relatively similar, the
differences in stress distribution and load-transfer
mechanisms within the connection region will be
dis-cussed in the following sections.

4.2. Stress distribution in beam and column
members

The longitudinal stress distribution (S11) within
the beam—column connection region for the two
connection configurations using densified wood
dowels and steel dowels is presented in Figure
8. Figure 8a corresponds to the connection using
densified wood dowels, while Figure 8b
illustrates the connection using steel dowels.
The numerical results show that the stress is
mainly concentrated in the vicinity of the beam—
column intersection, particularly around the
dowel region. This indicates that the externally
applied load at the free end of the beam is
primarily transferred to the column through the
contact interaction and load-transfer mechanism
between the dowels and the timber layers within
the connection region.

For the connection using densified wood dowels
(Figure 8a), the stress distribution tends to be
more localized around the dowel region.
Localized tensile and compressive stress zones
can be observed near the contact interfaces

Volume 22, Issue 3, 2026

between the dowels and the timber members,
suggesting that the load transfer mainly occurs in
the immediate vicinity of the dowels. In addition,
the stress magnitude along the beam decreases
relatively rapidly with increasing distance from
the  connection  region, reflecting  the
comparatively more compliant behavior of the
connection system using densified wood dowels.
In contrast, for the connection using steel dowels
(Figure 8b), the stress field in both the beam and
the column appears to be distributed more
uniformly along the connection region. Tensile
and compressive stresses are transferred over a
broader area of the structural members,
particularly near the beam—column interface. This
suggests that the steel dowels pro-vide a stiffer
and more efficient load-transfer mechanism
compared with the densified wood dowels.

()
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Figure 8. Longitudinal stress distribution (S11)
in the beam—column connection region: (a)

densified wood dowels,; (b) steel dowels
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Moreover, a larger compressive stress zone can
be observed at the lower surface of the beam
near the connection region in the case of steel
dowels. This behavior indicates a more effective
transfer of bending moment and shear force
within the connection system, resulting in an
increase in the local stiffness of the joint region.
Although the two connection configurations
exhibit relatively similar global load—
displacement responses, as discussed in Section
4.1, the stress distribution results reveal
significantly different internal load-transfer
mechanisms. The connection using densified
wood dowels exhibits a more compliant
behavior with localized stress concentrations
around the dowel region, whereas the
connection using steel dowels generates a
broader and more uniformly distributed stress
field within the connection region.

In contrast, the steel dowels (Figure 9b) exhibit
a more uniformly distributed stress field over
the entire dowel surface. The stress
concentrations are less localized compared with
the densified wood dowels, indicating a stiffer
interaction between the steel dowels and the
timber members. Due to the significantly higher
stiffness of steel, the load is transferred more
directly through the dowels, leading to a more
efficient stress redistribution within the
connection region.

In addition, the stress magnitude observed in the
steel dowels is generally higher and more
continuous along the dowel length, reflecting
the stronger confinement and load-transfer
capacity of the steel connection system.
Meanwhile, the densified wood dowels exhibit a
more gradual stress transition, which may
contribute to reducing local stress peaks within
the timber members.

These results further confirm that, although the
two connection systems exhibit relatively
similar global stiffness under the investigated
loading conditions, the internal load-transfer
mechanisms are substantially different. The
densified wood dowels tend to provide a more
compliant and localized interaction with the
surrounding timber, whereas the steel dowels

Trong Tuan Tran, Ngoc-Thang Nguyen

create a stiffer and more uniformly distributed
load-transfer mechanism within the joint region.
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Figure 9. Longitudinal stress distribution (S11)
in the beam—column connection region. (a)
densified wood dowels,; (b) steel dowels

4.3. Discussion

The numerical and experimental results show
that although the two connection configurations
using densified wood dowels and steel dowels
exhibit relatively similar global load—
displacement responses within the investigated
loading range, their internal load-transfer
mechanisms are significantly different.

For the connections using steel dowels, the high
stiffness of the steel material results in a more
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direct and efficient transfer of load between the
beam and the column. This behavior is reflected
by the relatively uniform stress distribution
observed within both the connection region and
the steel dowels. The stress field is distributed
over a broader area along the beam—column
interface, indicating that the steel dowels
provide a more effective redistribution of
internal forces and generate a higher local
stiffness within the joint region. In contrast, the
connections using densified wood dowels tend
to exhibit a more compliant load-transfer
mechanism due to the material compatibility
between the dowels and the sur-rounding timber
layers. The stress distribution results show more
localized stress concentrations around the dowel
region, while the stress magnitude along the
beam decreases more rapidly with increasing
distance from the connection area. This
behavior indicates that the load is mainly
transferred through the local contact interaction
between the dowels and the adjacent timber
layers, rather than being broadly redistributed
throughout the entire connection region as
observed in the case of steel dowels. Despite the
comparatively more compliant behavior of the
densified wood dowels, the load—displacement
results demonstrate that the connection system
is still capable of maintaining a global stiffness
relatively close to that of the steel dowel
connection within the investigated loading
range. This suggests that densified wood dowels
can provide an effective load-transfer
mechanism for L-shaped timber connections
under ambient mechanical loading conditions.

In addition, the differences observed in the load-
transfer mechanisms of the two connection
systems may also indicate different structural
responses under elevated temperature or fire
exposure. Connections using steel dowels may
generate stronger localized heat-transfer zones
due to the high thermal conductivity of steel,
whereas densified wood dowels provide better
material compatibility with the surrounding
timber members. This difference may
significantly influence temperature evolution,
heat-field distribution, and the thermo-
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mechanical behavior of the connection region
under fire conditions.

Therefore, the results obtained in this study
provide an important mechanical basis for
future investigations on the thermo-mechanical
behavior of timber connections using densified
wood dowels and steel dowels under elevated
temperature and fire conditions.

5. CONCLUSION

This study presented an experimental and
numerical investigation of L-shaped timber
connections using densified wood dowels and
steel dowels under ambient mechanical loading
conditions. A three-dimensional finite element
model was developed in Abaqus to simulate the
load—displacement  response  and  stress
distribution within the connection region. Based
on the obtained results, the following
conclusions can be drawn:

1. The developed finite element model was
capable of reasonably reproducing the global
mechanical behavior of the L-shaped timber
connections. The numerical load—displacement
responses showed good agreement with the
experimental results for both the densified wood
dowel and steel dowel configurations.

2. Both connection systems exhibited an
approximately linear response within the
investigated loading range, indicating that the
connections mainly operated within the elastic
regime under the applied loading conditions.

3. The stress distribution results revealed
significantly different load-transfer mechanisms
for the two connection configurations, despite
their relatively similar global stiffness. The
connections using steel dowels generated a
broader and more uniformly distributed stress
field within the connection region, reflecting a
more direct and efficient load-transfer
mechanism.

4. For the connections using densified wood
dowels, the stress tended to be more locally
concentrated around the dowel region and
decreased more rapidly with increasing distance
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from the connection area. This behavior
indicates a more compliant load-transfer
mechanism due to the material compatibility
between the densified wood dowels and the
surrounding timber layers.

5. Although the load-transfer mechanism of the
densified wood dowels was more com-pliant
than that of the steel dowels, the results
demonstrated that densified wood dowels were
still capable of providing effective load transfer
in L-shaped timber connections under ambient
mechanical loading conditions.

6. The results obtained in this study provide an
important mechanical basis for future
investigations on the thermo-mechanical
behavior of timber connections using densified
wood dowels and steel dowels under elevated
temperature and fire conditions.
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EXPERIMENTAL AND NUMERICAL STUDY OF THE "BISON"
POWER DECK USED AS A PERMANENT FORMWORK

Sergey M. Anpilov’, Denis A. Panfilov ?, Alexander S. Bychkov 2
' Novosibirsk State University of Architecture and Civil Engineering, Novosibirsk, RUSSIA
2 Samara State Technical University, Samara, RUSSIA

Abstract: To conduct the research in this work, the BISON reinforcing deck was selected, this deck is used for
the construction of steel-reinforced concrete floors as a permanent formwork. Its difference from the common
types of deck used in the Russian Federation is the height of the profile and the configuration of the section, which
reduces material consumption and affects its strength characteristics and, as a result, increases its bearing capacity
and makes it possible to build longer spans without using intermediate supports.

Goal: Compare the data obtained during the experiment with the numerical model developed in the ANSYS finite
element software, check the convergence and draw conclusions.

Materials and methods. The experimental model of the floor slab consisted of two sections a «BISON» 260-600-
1.5., 1200 mm wide, connected longitudinally. The plate was tested according to a single-span scheme. The bound-
ary conditions were set by one pivotally movable support and one fixed one. The numerical model in the ANSYS
repeated the experimental scheme, the steel data was set taking into account physical nonlinearity, and the load
was set using the step method.

Results. As a result of the experiment, data on the actual control vertical deflection of the profiled deck at a load
0f 995.83 kg/m2 and its maximum load-bearing capacity were obtained. The mechanical characteristics of steel
have also been studied, and a yield strength of 308 Mpa has been established. A model was developed in the
ANSYS, and the calculation was carried out taking into account the experimental data obtained.

Conclusions. The analysis of the experiment with the numerical model shows the convergence of the results. The
stresses in the FE model exceeded the yield strength of the steel under extreme loads. The nature of the crumpling
of the shelves in the FE model partially coincides with the nature of the crumpling in the experiment.

Keywords: FE model, ANSYS, profiled steel deck, non-removable formwork, reinforced concrete,
composite plate, boundary conditions, non-linearity of steel, vertical deflection

IKCHEPUMEHTAJIBHOE U YNCJIEHHOE
NCCIEJOBAHUE CHJI0OBOI'O HACTHUJIA «BU30H»,
UCIOJb3YEMOI'O B KAUECTBE HECBEMHOMH OINAJTYBKHA

C.M. Aununos’, /1.A. llangpunoe ?, A.C. Bviukoe ?

! HoBOoCHOMpPCKHMIA TOCY JapPCTBEHHBIN apXUTEKTYPHO-CTPOUTENLHEIN YHUBEpcHUTeT, T. HoBocuOupck, POCCH S
2 Camapckuii roCyIapCTBEHHBIN TeXHMIECKHi yHuBepcurer, T. Camapa, POCCHSI

AnHOTauus: /75 mpoBeneHus ucciea0Banus B 9To paboTe ObLT BeIOpaH HacTwil apmupyomuii «BM30H», nan-
HBI HACTWJI MICTIONIB3YETCS [UI BO3BEJACHHS CTaJIeKETIe300€TOHHBIX MEPEeKPHITHI B KadecTBE HEChEMHOH oOra-
ayoku. Ero otinmume ot pacnpocTpaHeHHBIX THIIOB HACTHIIA, UCIIOIb3YEMbIX Ha TeppuTopuu PO, sBisiercs BbI-
cota npoduis 1 KOHQUTYpalus CeueHHs, CHIDKAIOIHE MaTepHaIOeMKOCTh M BIIMSIOININE HAa €ro IPOYHOCTHBIC
XapaKTEPUCTUKH U KaK CJIeJICTBUE TIOBBIIIAIOIINE €r0 HECYIIYIO CIIOCOOHOCTD M JIal0IIHe BO3MOYKHOCTh BO3BOANTD
0oJiee ATMHHBIC TIPOJICTHI 0€3 UCTIONB30BaHUS MPOMEKYTOYHBIX OTOP.

Lenb: cpaBHUTH MaHHEIC, TOXYYCHHBIC B XOJC AKCICPUMCHTA C YHCICHHOW MOJEINbI0, pa3paboranHoii B [1IK
ANSY'S, mpoBepHTh CXOTUMOCTD U C/IEIATh BBIBOJIBL.

Matepuansl U METOIBI: DKCIEPHUMEHTANbHAs MOAETh IUTUTHI MEPEKPBITHS cocTosia w3 AByX cekumit HC
«B130H» 260-600-1,5., mmpuroit 1200 MM, COeTUHEHHBIX B MPOAOIGHOM HAIpaBiIeHUU. VcTbITaHUE TUTUTHI
MIPOBOIMIINCEH 110 OTHOTIPOJIETHON cxeMe. I'paHndHble yCa0BUsA ObIIN 3aJaHbl OAHOM IAPHUPHO MOABUKHOMN OIO-
poit u ogHoM HenoaBMx)HOU. Ynciaennas mozens B [TK ANSY'S moBTopsina cxemy dKcriepuMeHTa, JaHHbIE CTaJIN
3aJ]aBaJIMCh C Y4eTOM (pr3n4ecKod HEeIMHEWHOCTH, Harpy3Ka 3a/1aBajiach IIaroBbIM METOJIOM.
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PesynbraThl. B pesynbrare sKcrniepuMeHTa MoJTydeHbl JaHHble (PaKTHYECKOr0 KOHTPOJILHOTO BEPTHKAIBLHOTO TIPO-
ruba npohUIMPOBAHHOTO HACTHIIA TIPH HArpy3ke 995,83 kr/mM2, ero npeaeabHy0 HECYIIYI0 ClIOCOOHOCTh. Takxke
MIPOBE/ICHBI UCCIICAOBAHMUS MEXaHHYECKUX XapaKTEePHUCTHK CTalM, YCTAHOBJEH Ipeaes TeKydecTH, paBHbIN 308

Mia.

Pazpaborana monens B ITK ANSY'S, nmpoBeneH pacuer ¢ yueToM HOJTyde HHBIX JIaHHBIX B OKCIIEPUMEHTE.
BoIBoIBI: AHANN3 NPOBEJEHHOrO SKCIEPUMEHTA C YUCIEHHON MOJENbBIO MOKA3bIBAIOT CXOJUMOCTb PE3YyJIbTATOB.
Hanpsoxkenns 8 KO Moaenu, mpu npenenbHbIX Harpy3Kax NPEBBICHIIN MIPEIEN TEKYUECTH CTaIH. XapaKTep CMATHS
nosok B KO Mozenu 4acTHYHO COBNAAAET C XapaKTEPOM CMSTHS B DKCIIEPUMEHTE.

KiroueBbie ciioBa: Koneuno-anemenrapras moaens, ANSYS, cransHON TpoQHUINPOBAHHBIA HACTHIL,
HEChEMHasl ONanryOKa, CTaleKene300eTOH, KOMITO3UTHAS TUTNTA, TPAHNYHBIC YCIOBHUS, HEIMHEHHOCTD CTalIH,
BEPTUKAJIBHBIN MPOTHO

1. INTRODUCTION

To conduct the research in this work, the
«BISON» reinforcing deck was selected, this
deck is used for the construction of steel-rein-
forced concrete floors as a permanent formwork.
Its difference from the common types of deck
used in the Russian Federation is the height of the
profile and the configuration of the section,
which reduces material consumption and affects
its strength characteristics and, as a result, in-
creases its bearing capacity and makes it possible
to build longer spans without using intermediate
supports.

In this paper, the methods of testing are de-
scribed, and the layout of the sample stand is
shown. Data on the deflection of the deck and its
maximum bearing capacity were obtained, and a
finite element model of the floor was developed
on their basis.

The stages of creating a model in the ANSYS
finite element software are described, the nonlin-
ear operation of galvanized steel used for the
manufacture of the «BISON» FEA is taken into
account, the methods of dividing the grid into fi-
nite elements are shown, the creation of contact
between the overlap surfaces of the deck is
shown, as well as the method of applying the load
to obtain the most accurate calculation data.

The purpose of this article is to analyze the data
obtained during field tests and compare them
with the numerical model developed in the
ANSYS, check the convergence and draw con-
clusions.

The investigated profile: Power deck PD
“BISON” 260-600-1,5 according to TU - 1120-
004-316631300162970-2019 [1] manufactured
by Sole Proprietor Anpilov S.M. (Figure 1)

2. EXPERIMENTAL MODEL AND TEST
SETUP

For testing, the profile PD "BISON" 260-600-1.5
made of S350 steel was used, with the following
characteristics given in Table 1.

The experimental model of permanent formwork
for a monolithic floor slab (Figure 2) consisted of
two sections of PD "BISON" 260-600-1.5., 1200
mm wide, connected longitudinally by self-tap-
ping screws. The plate is attached to a steel dis-
tribution plate in the support part with M 16 bolts
mounted in the center of the lower corrugations.

The non-removable formwork for the monolithic
floor slab was tested according to a single-span
scheme. The boundary conditions were set by
one pivotally movable support and one fixed one
(Figure 3).

Loading was carried out by evenly distributed
load in stages in steps of no more than 10% of the
design maximum permissible load.[2] Semi-dry
vibro-pressing concrete slabs were used as an
evenly distributed load. Loading was performed
from the supports to the middle of the span, sym-
metrically relative to the middle of the span (Fig-
ure 4).
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Figure 1. Geometric dimensions of the PD "BISON" 260-600-1.5

Table 1. Characteristics of PD "BISON" 260-600-1,5
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Figure 2. Test bench
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F. igure 4. Loading of non-removable formwork

3. EXPERIMENTAL RESULTS

The actual vertical reference deflection fexp =
29.35 mm (close to the maximum deflection ac-
cording to SP 20.13330) was achieved at the
maximum permissible load q = 995.83 kg/m?
When loading from 685 to 730.67 kg/m?, there
was a loss of local stability of the lowered part of
the upper (wide) profile shelf (Figure 5).

When studying the mechanical characteristics of
the steel of the selected samples, it was found that
the yield strength of the steel is 308 Mpa.

When loading 1224.17 kg/m?, the stresses in the
cross-section shelves in the middle of the span
reached the values of the yield strength of

the steel, the shelves crumpled and warped,
which led to a loss of bearing capacity.[3], [5]
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Figure 5. Crumpling of the upper deck shelves

4. FE MODEL

A deck model in the ANSYS software package
was developed for analysis and comparison with
field tests.[3], [6]

The model was developed and boundary condi-
tions were set as follows:

It was decided to dissect the scheme used in the ex-
periment along the middle of the central corruga-
tion, since the deck has the same geometry and
loads along the line of symmetry. The deck and di-
aphragms were modeled as a shell with thickness
parameters, and the support plates were modeled as
three-dimensional elements. The overlap contacts
of the decking on the central corrugation, the dia-
phragms on the edges and in the middle of the span,
as well as the support plates were modeled as rigid
joints between surfaces (bonded in ANSYYS).
Boundary conditions.

The loads on the deck were applied exactly with
the layout of the tiles in the experiment, the upper
shelves of the deck were divided into sections of
tile-deck contact and a load was applied to them
(Fig.6.) equal to half of the maximum obtained
during the experiment, since the model is made
as half of the original permanent formwork for a
monolithic floor slab.

The supports were modeled by limiting the
movement of the node line on the support plates.
A fixed pivot support was simulated on one part,
where movement along all axes was blocked, and
rotation along the X axis was prohibited and Y
and Z were free. On the opposite part of the deck,
a pivotally movable support was simulated,
where movement along the X axis was free, and
rotation along the Y and Z axes was prohibited,
rotation along the X axis was prohibited, and ro-
tation along the Y and Z axes was free.

Figure 6. Load application scheme in the FE model

Volume 22, Issue 3, 2026

39



The introductory parameters of steel in ANSYS
are modulus of elasticity = 2 * 10°Mpa, yield
strength of steel taken from experimental data =
308 MPa, Poisson's ratio = 0.3 and density =
7850 kg/m>. To account for the nonlinearity of
the material, a two-line deformation diagram was
chosen.[7]

Finite element type

The SHELL281 element is used to model the
steel sheet. This type of element is suitable for
modeling a thin-walled steel profile, as it is sub-
jected to large deformations. As a rule, a rectan-
gular element is used, and where the geometry is
complex, a triangular element is used (Figure 7)
[2], [4], [11-15]. This decision was made based
on the fact that the profile is not modeled in a
simplified way, but exactly with natural dimen-
sions, and some elements cannot be created using
rectangular elements, as Kosarev, V. N. models
in the LIRA-CAD FEA [8].

Figure 7. Finite Element mesh

5. FE RESULTS

The data obtained from the model calculation is
shown below. The blue markers indicate the
places where samples of data on displacements
and stress values were taken in the same places
as in the experiment. [2], [5], [9], [10], [16-20].

The deflection in the FE model, at a load of
1224.17 kg/m?, was 38.337 mm in the lower shelf

Sergey M. Anpilov, Denis A. Panfilov, Alexander S. Bychkov

of the central corrugation. Figure 8 shows the de-
flection data.

Figure 8. Deflection in the FE model

In the Figure 9, at a given load, the stresses in the
lower part of the upper shelf exceeded the yield
strength of the steel, and in the lower shelf they
reached it.

Figure 9. Normal stress in the FE model

CONCLUSIONS

The vertical deflection in the numerical model
was 38.337 mm, in the central corrugation, where
2 deck sheets overlap, the discrepancy with ex-
perimental data in % terms was 2.62% (experi-
mentally obtained deflection = 39.37 mm).

The stresses in the FE model in the upper shelf
exceeded the yield strength of the steel obtained
experimentally (308 MPa).

The nature of the crumpling of the shelves in the
FE model partially coincides with the nature of
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the crumpling in the experiment Figure 5, and
Figure 9.

The results obtained during the analysis of the
experiment and numerical modeling demonstrate
the applicability of the numerical model to under-
stand the operation of the deck, data on deflection
and stresses in the numerical model can be used
to analyze more massive structural solutions for
large-span support schemes.
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THERMAL BUCKLING AND FLEXURE IN LAMINATED
COMPOSITE AND FGM BEAMS: A BIBLIOMETRIC REVIEW
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Abstract: The investigation of thermal buckling and flexural responses in laminated composite and functionally
graded material (FGM) beams has received significant attention over the last two decades, owing to their critical
applications in aerospace, mechanical, and civil structures. This bibliometric review consolidates the research
progress from 2010 to 2024, focusing on advanced beam theories, refined finite element and iso geometric
formulations, porous and reinforced FG beams, laminated and sandwich constructions, and nonlocal size-
dependent analyses. Data were extracted from Scopus, Web of Science, and IEEE Xplore, followed by
bibliometric mapping using VOS viewer. The results highlight an increasing trend of publications after 2015,
dominated by contributions from Asia-Pacific and Europe. Emerging areas include thermal post-buckling of
porous FG beams, iso geometric methods, CNT/GPL reinforced composites, and size-dependent nano-beam
models. Science mapping shows strong keyword clusters around “thermal buckling,” “functionally graded
beams,” “laminated composites,” and “higher-order shear deformation theories.” This review provides a
comprehensive knowledge structure and qualitative synthesis, guiding future research directions in the thermal
stability and flexural performance of smart and lightweight beam structures.

Keywords: Thermal buckling, flexure, laminated composite beams, functionally graded beams (FGM),
bibliometric review, porous beams, CNT/GPL reinforcement, higher-order shear deformation theory (HSDT),
nonlocal elasticity

YCTOUUYUBOCTD U U3I'UB BAJIOK U3 CJIOUCTBIX
KOMIIO3UTOB U ®YHKIHHOHAJIbHO-I'PAJTMEHTHBIX
MATEPHUAJIOB: OB30P HCCJIEJOBAHUH

P.J]. Kanace, Canoxncau Kyaxapnu

WucTtutyTa TexHonoruit Cumono3, Mexx1yHapoaHbI YHUBEpCUTET, T. [lyna, Maxapamrrpa, UHAWA

Annoranusi: VccienoBanne ycToOWYMBOCTH M COIPOTHBIICHUS] N3THOY CIIOMCTBIX KOMITIO3UTHBIX OaoK M 0ajok
13 (QYHKIMOHAIBHO-TPAaAUEHTHBIX MarepuasioB (PI'M) mpu TepMUUECKHX BO3/CHCTBUIX B TCUCHUE MOCIEIHUX
JIBYX JECSATWIETHH TpHUBJIEKAaeT 3HAYMTEIbHOEC BHUMAHWE BBHUJIY INPHUMEHEHHUS TaKUX MaTepuajioB B
A3POKOCMHUYECKHX, MAIIMHOCTPOUTENIFHBIX M CTPOMTENBHBIX KOHCTPYKIMSX. JlaHHBIM aHaIMTHYECKHIl 0030p
o0o0mraer passutHe wucciuenoBanuidi 3a mepuox ¢ 2010 mo 2024 ron, ymensss ocoboe BHUMAaHHE
YCOBEpIICHCTBOBAHHBIM ~TEOPUSAM OalioK, YTOYHEHHBIM KOHEYHO-3JIEMEHTHBIM M H30T€OMETPUYECKUM
(opMyITHMpPOBKaM, MOPHCTHIM M apMHUpPOBaHHBEIM PI'M-0ankam, CIOMCTBIM M COHABHYEBBIM KOHCTPYKLHSM, a
TaK)Ke HEJOKAJbHBIM pa3MEpPHO-3aBUCHMBIM METO/IaM aHann3a. J{JIst BBIOIHEHNST KPUTHYECKOTO aHaIn3a OblIn
WCTIOh30BaHbI JaHHBIE HaykoMeTpuueckux 6a3 Scopus, Web of Science m IEEE Xplore ¢ mociemyrommm
OMONMMOMETpHYECKIM  KapTHpPOBaHHUEM ¢  Hcmoib3oBaHmeM  VOSviewer. Pe3ynpTraTel  IMOKa3bIBaOT
BO3pACTAIONIYI0 JAWHAMHUKY nyOmukamumii mocime 2015 roma, ¢ mpeobnamanmeM BKIaga U3  A3HaTCKO-
Tuxooxeanckoro peruoHa u EBpomnsl. K 4qucity nepcrnekTUBHBIX HAIllpaBJIEHHH OTHOCSTCS 3aKpuTHYecKasi paborta
mopucthix @PI'M-6amok TpH TEPMHUYECKOM BO3JEHCTBHM, WM30I€OMETPUUYCCKHE METOJBI, KOMIIO3HTEI,
apMupoBaHHbIe yraepoanbiMu HaHoTpyOkamu (YHT) u rpadenoBeimu mutactunkamu (I'IT), a Takxke pazmepHo-
3aBUCHMBbIC MOJIENIM HaHOoOanok. HaykomeTpuueckoe KapTHpOBaHHE JEMOHCTPUPYET YCTOHUYMBBIC KIaCTEphl
KJIIOYEBBIX CJOB BOKPYT TEM «TEPMHYECKOE BBIIYYHBAHHEY, «(PYHKIMOHAIBLHO-TPAJANCHTHBIE OaIKim»,
«CJIOMCTBIE KOMITO3UTBD) U «TeopHs AedopMaruii CIBUTa BBICHIETO MOpsiakay. JlaHHBIN 0030p mpenacTaBiseT
KOMIUIEKCHBI KPUTHUSCKMH aHaJM3 COCTOSHMS MCCIICAOBaHUM W (OPMYJIMPYET HarpaBiIeHUsl OyayIIux
HCCIIeIOBaHUN B 00JIaCTH TEPMHUYECKON YCTOMYMBOCTH M CONPOTHBIICHUS MU3rnOy OalouHBIX KOHCTPYKIMH U3
JIETKUX KOMIO3UTHBIX U (PYHKIIMOHAIEHO-TPAANEHTHBIX MaTEPHAJIOB.
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1. INTRODUCTION

Beam-type structural members represent one of the
most fundamental elements in engineering
structures, ranging from aerospace panels and
turbine blades to marine hulls and civil
infrastructure. Their slender geometry makes them
particularly sensitive to instability phenomena such
as thermal buckling and flexural deformation when
exposed to elevated temperatures [1]-[4].
Understanding these behaviours 1is vital for
ensuring the safety, durability, and service
performance of advanced lightweight structures.

1.1 Thermal Buckling and Flexure in Beams
Thermal buckling refers to the sudden loss of
stability under non-uniform or elevated thermal
fields, leading to catastrophic failure if not properly
addressed [5], [6]. Flexural vibration, on the other
hand, relates to the bending oscillations of beams,
which can be significantly altered by temperature-
dependent properties of materials [41], [42]. For
laminated composite beams, anisotropy and layer
orientation complicate thermal stability [28], [36].
For functionally graded material (FGM) beams,
where material properties vary continuously
through the thickness, thermal stresses are better
distributed, thereby delaying buckling and
improving performance [5], [21]. Figure 1 shows
schematic representation of thermal buckling and
flexural deformation in laminated composite and
FG beams.

Thermal Gradient

Vil BEARAR.

— ey

N~ 7

Flexure

Thermal Gradient

Buckling

Figure 1. Schematic representation of thermal

buckling and flexural deformation in laminated
composite and FG beams

1.2 Evolution of Beam Theories

Classical Euler-Bernoulli beam theory,
though effective for slender beams, neglects
shear deformation, leading to underestimation
of deflections under thermal gradients [3], [4].
Timoshenko beam theory improved accuracy
by accounting for shear flexibility but still
failed to capture higher-order thermal stresses
in thick beams [34]. To address this,
researchers developed: Higher-order shear
deformation theories (HSDT) for improved
flexural and buckling analysis [1], [2], [34].
Quasi-3D beam theories that incorporate
transverse shear and normal deformation [25],
[62]. Exact elasticity  solutions for
benchmarking beam models [42]. Recent
advances include iso geometric formulations
[12], [15], which unify CAD and FEM, and p-
version FEM approaches [76] that improve
computational efficiency. Table 1 represents
comparative features of FEuler—Bernoulli,
Timoshenko, HSDT, and quasi-3D beam
theories for thermal buckling and flexure.

Table 1. Comparative features of Euler—
Bernoulli, Timoshenko, HSDT, and quasi-3D
beam theories for thermal buckling and flexure

Accur
Norm
Shear al acy Computati
Theory peformat Strai (Thick onal Effort
ion Beams
n
)
Euler—
Bernoulli X X Low Low
Timoshe Moder
nko v X ate Low
HSDT V' (higher X High Moderate
order)
Quasi- Very .
iD v v High Higher
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1.3 Advances in  Materials Beam
Structures

The material system plays a crucial role in
thermal buckling and flexural resistance: Porous
functionally graded beams provide lightweight
designs but exhibit reduced stiffness, requiring
careful optimization [22], [39], [55]. Carbon
nanotube (CNT) and graphene platelets (GPL)
reinforced beams show improved thermal
conductivity and  stiffness,  significantly
enhancing post-buckling performance [7], [17],
[93]. Smart and active beams, incorporating
piezoelectric and magneto-electro-elastic (MEE)
layers, allow adaptive vibration and stability
control under thermal loading [24], [45], [73].
Figure 2 shows material innovations in beam
design: laminated composites, FGMs, porous
beams, CNT/GPL reinforcements, and smart
beams.

for

Laminated |, poys | % ~| o
Composites
CNT/GPL Smart
Porous Beams
Beams

Figure 2. Material innovations in beam design:
laminated composites, FGMSs, porous beams,
CNT/GPL reinforcements, and smart beams

1.4 Size Effects and Nonlocal Theories

With the advent of micro- and nano-scale
devices such as MEMS/NEMS, thermal
buckling and flexural behaviour require size-
dependent models [31], [33]. Nonlocal elasticity
and strain gradient theories reveal that nano-
beams exhibit higher critical buckling loads
compared to classical predictions due to scale
effects [60], [70], [77]. These models are
essential for designing next-generation nano-
composite beams in electronics and biomedical
devices. Table 2 represents comparative
summary of local vs. nonlocal models for FG
and laminated nano-beams under thermal
loading.
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Table 2. Comparative summary of local vs.
nonlocal models for FG and laminated nano-
beams under thermal loading

Model Governing Apblication Key

Type Feature PP References
Continuum

Local assumption,

Elasticity | no size | Macro-beams | [3], [3]
effects
Stress

Nonlocal | depends on | Nano-beams, (311, [33]

Elasticity | strain at a | MEMS/NEMS ’
distance

. Higher- .
Strain . | Micro-/nano-
Gradient ?erfnelrs strain scale beams [20], [49]

1.5 Research Gaps and Motivation
While individual studies have examined thermal
buckling of laminated beams [28], porous and
reinforced FG beams [22], [17], [39], and nano-
scale beams [31], [60], no comprehensive
bibliometric review has been conducted
exclusively for beams. Existing reviews often
merge beams with plates and shells, obscuring
beam-specific progress. Figure 3 shows
framework of this bibliometric review:
integrating publication trends, keyword clusters,
and qualitative synthesis. This work aims to fill
the gap by providing a systematic bibliometric
and qualitative review (2010-2024) that:
1. Maps global publication and citation trends.
2. Identifies thematic clusters such as porous
FG beams, CNT/GPL reinforcements, and
nonlocal beam models.
3. Evaluates the evolution of beam theories from
classical to quasi-3D and isogeometric methods.
4. Highlights future research directions in
smart, porous, and scale-dependent beams.

Keyword
Clusters

%

Figure 3. Framework of this bibliometric
review. integrating publication trends, keyword
clusters, and qualitative synthesis

Publication _— .
[ Trends ]—> —>[ Qualitative Synthesis J
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METHODOLOGY

A systematic bibliometric methodology was
adopted to provide both quantitative mapping of
research output and qualitative synthesis of
influential contributions. The workflow was
structured into four stages: data acquisition,
cleaning and refinement, bibliometric mapping,
and content analysis.

2.1 Data Acquisition
The bibliometric dataset was compiled from
Scopus, Web of Science (WoS), and IEEE

Xplore databases, which are widely
recognized as the most comprehensive
scientific ~ repositories  for  engineering

literature [11], [14], [39]. The search queries
included combinations of keywords such as:
“thermal buckling of beams”, “flexural
vibration of beams”, “laminated composite
beams”, “functionally graded (FG) beams”,
“porous FG beams”, “nanobeams under
thermal loading”. The search window was
restricted to 2010-2024 to ensure inclusion of
the most recent advancements in FG and
laminated beams [17], [41], [59]. This initial
search retrieved 793 documents, spanning
journal articles, conference proceedings, and
review papers. Here is Figure 4 PRISMA
Flow Diagram showing the data selection and
refinement process (from 793 initial records
down to 503 relevant studies, with 150 highly
cited works for qualitative reviews). Figure 4
shows PRISMA-style flow diagram showing
the stages of data acquisition and refinement.

2.2 Data Cleaning and Refinement

From the 793 records, duplicates and
irrelevant items (e.g., studies focused on
plates, shells, or isotropic beams without
thermal considerations) were removed [42],
[67]. After screening titles, abstracts, and
keywords, a refined dataset of 503 relevant
publications was finalized. The following
inclusion criteria were applied: Studies must
explicitly involve beam elements (excluding
2D plate/shell-only works). Thermal loading
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must be considered, either in buckling, post-
buckling, or flexural vibration [5], [6], [27].
Both theoretical formulations (HSDT, quasi-
3D, nonlocal) and computational methods
(FEM, IGA, p-version FEM) were included
[12], [15], [54], [76]. Studies incorporating
advanced materials such as porous FGMs,
CNTs, and GPLs were retained [17], [22],
[93].

PRISMA Flow Diagram for Data Selection

(n=793)

l

[Duplicates and irrelevant records removed]

[Records identified through database searching]

(n=290

l

[Full-text articles assessed for eligibility]

(n=503)

l

Studies included in bibliometric mapping
(n=503)

|

Studies included in qualitative synthesis
(n =150 highly cited works)

Figure 4. PRISMA-style flow diagram showing
the stages of data acquisition and refinement

2.3 Bibliometric Mapping

The refined dataset was exported in RIS and
CSV formats for further analysis. Bibliometric
visualization was carried out using VOSviewer
(v1.6.20) and Biblioshiny (RStudio interface),
following procedures in recent structural
bibliometric studies [15], [16], [37].

The analysis included: Annual Publication
Trends — Tracking growth from 2010-2024
[39], [59]. Country Productivity Mapping —
Identifying leading contributors such as
China, India, Turkey, and Iran [7], [22], [39].
Keyword Co-occurrence Analysis — Mapping
thematic clusters (thermal buckling, porous
beams, CNT/GPL reinforcement, nonlocal
elasticity) [17], [31], [74]. Co-Citation
Analysis — Identifying influential authors and
journals  (e.g., Composite  Structures,
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Meccanica, Int. J. Mech. Sci.) [1], [42], [85].
Bibliographic Coupling — Detecting recent
thematic =~ emergence, e.g., Al-assisted
modelling of FG beams [15]. Figure 5
showing the four main thematic -clusters:
Thermal buckling & post-buckling, Porous FG
beams & reinforcements, Nano-beams with
nonlocal/strain gradient models,
Computational methods (FEM, IGA, HSDT,
quasi-3D).

Keyword Co-occurrence Network in Beam Research

B Thermal Buckling

M Porous FG Beams

B Nano-Beams
Computational Methods

Figure 5. Keyword co-occurrence network map
generated using VOS viewer

2.4 Qualitative Content Analysis

In addition to bibliometric mapping, a
qualitative assessment was conducted to
interpret thematic depth. Highly cited papers
(>100 citations) were manually reviewed to
extract insights on: Beam theories: Classical
vs. HSDT vs. quasi-3D [1], [2], [25], [62].
Material effects: Porosity [22], [39],
CNT/GPL reinforcement [17], [93]. Scale
effects: Nonlocal elasticity and strain
gradient theories for nano-beams [31], [33],
[60], [77]. Coupled fields: Thermo-electro-
mechanical and piezoelectric beams [24],
[45], [73]. Table 3 represents criteria for
qualitative assessment of thermal buckling
and flexural beam studies.
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Table 3. Criteria for qualitative assessment of
thermal buckling and flexural beam studies

Criterion Description
. Classical, HSDT, quasi-3D,
Beam Theories IGA

Laminated, FG, porous,
CNT/GPL, smart beams

Nonlocal elasticity, strain

Material Systems

Scale Effects .
gradient

Nonlinear Behaviour Post-buckhng', dynamic
thermal buckling

Acrospace, MEMS/NEMS,

Apolicati
pplications smart structures

2.5 Summary of Methodological Workflow

The adopted methodology ensures that both
macro-level patterns (publication growth,
country trends, co-authorship networks) and
micro-level insights (beam theories, advanced
materials, emerging methods) are captured. This
dual approach enables the identification of
research hotspots and future directions in the
thermal buckling and flexure of laminated
composite and FG beams. Figure 6 shows
Integrated methodological workflow showing
data acquisition, mapping, and qualitative
synthesis.

—

Mapping ]ﬁ[ Qualitative Synthesis ]

|

Figure 6. Integrated methodological workflow
showing data acquisition, mapping, and
qualitative synthesis

Data
Acquisition

BIBLIOMETRIC ANALYSIS OF RESULTS

The bibliometric analysis is structured into four
subsections: annual publication trends, country
and institutional contributions, journal and
citation analysis, and keyword cluster analysis.
Together, these dimensions reveal the evolution
of the research domain from 2010 to 2024.
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3.1 Annual Publication Trends

The review of 503 filtered documents
highlights a steady increase in publications
after 2015, reflecting growing global interest
in thermal buckling and flexural studies of
laminated and functionally graded (FG) beams
[7], [22], [39]. Between 2010-2014, most
publications were concentrated on classical
laminated composite beams and early FGM
formulations [1], [5], [6]. The 2015-2019
period marked the emergence of porous FG
beams [22], [41], and nanobeam models [31],
[60]. From 2020 onwards, research expanded
into quasi-3D theories [25], [62], iso
geometric formulations [12], [15], and
reinforced beams with CNT/GPL [17], [93].
In 2023-2024, new themes appeared in
dynamic thermal buckling under harmonic
heating [81] and smart beams with magneto-
electro-elastic coupling [73], [90]. Figure 7
Annual Publication Growth (2010-2024)
showing the steady increase in beam-related
publications.

Annual Publication Growth in FG and Laminated Beam Research (2010-2024)

N % o ~
o =) =) =)

Number of Publications

w
o

20

2010 2012 2014 2016 2018 2024

Year

2020 2022

Figure 7. Annual publication growth in thermal
buckling and flexural beams (2010-2024)

3.2 Country and Institutional Contributions

Analysis of country productivity shows that
China, India, Turkey, and Iran dominate
publications in the field [7], [22], [39].
China: Strong emphasis on porous FG beams
[39], [80], CNT/GPL reinforcement [17],
[93], and nano-scale modelling [31], [60].
India:  Contributions in  HSDT-based
modelling [2], [34], and flexural vibration of
laminated composites [36], [43]. Turkey:
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Known for works on dynamic thermal
buckling [90], [100], and nonlinear vibration
studies [43], [97]. Iran: Focused on nonlocal
elasticity models [33], [70], [77]. European
contributions (e.g., Italy, France, UK)
highlight strain gradient theories [20], [31],
while Australia and Japan contributed
significantly to CNT/GPL beam
reinforcement studies [21], [93]. Table 4
represents top 10 most productive countries
and their leading institutions in FG beam
research (2010-2024).

Table 4. Top 10 most productive countries and
their leading institutions in FG beam research
(2010-2024)

Rank | Country | Publications | Focus Area
Porous FG,

1 China 155 CNT/GPL, nano-
beams
HSDT models,

2 India 92 laminated
composites
Dynamic

3 Turkey 68 buckling,  smart
beams

4 Iran 60 Nonlpcal models,
nonlinear analyses

3.3 Journal and Citation Analysis

The most influential journals in terms of total
publications and citations include Composite
Structures (thermal buckling and nonlinear
flexural analysis) [6], [22], [85]. Meccanica
(post-buckling and nonlinear porous FG
beams) [27], [41], [99]. International Journal
of Mechanical Sciences (nano-/micro-beam
modelling with thermal effects) [31], [32],
[92]. Thin-Walled Structures (thermal
stability of sandwich and porous beams) [40],
[95]. Highly cited individual papers include
Reddy’s HSDT formulations [1], nonlinear
thermal buckling in laminated beams [6], and
porous FG beam models [22], [39]. Figure 8
shows Co-citation network of the top 20
journals contributing to FG beam research.
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Figure 8. Co-citation network of the top 20
Jjournals contributing to FG beam research

3.4 Keyword Cluster Analysis

Keyword co-occurrence mapping revealed four

major thematic clusters:

1. Thermal Buckling and Post-Buckling-
Keywords: Thermal buckling, post-buckling,
laminated composite, nonlinear analysis.
Influential works: [6], [27], [43], [59].

2. Porous FG Beams and Reinforcements:
Keywords: porous FG beams, CNT, GPL,
sandwich composites. Influential works:
[17], [22], [39], [74], [93].

3. Size-Dependent Nano- and Micro-Beams:
Keywords: nonlocal elasticity, strain gradient

theory, nano-beams, viscoelasticity.
Influential works: [31], [33], [60], [77], [94].
4. Advanced  Computational  Approaches:

Keywords: finite element method (FEM), iso

geometric analysis (IGA), quasi-3D theory.

Influential works: [12], [15], [25], [54], [76].
Figure 9 shows keyword co-occurrence clusters
showing four dominant research streams.

Thermal and
Mechanical Analysis Material
° Innovations

temperature |

¢ scriotng frgw — .
beam . o ‘

o . | nanoompor'. rg

cormposites [

.' load - . | vibrditon _.
static < | fegw stress | Vibration
Behavior ® sa1 @ Sl Analysis

Continumal roatie

Figure 9. Keyword co-occurrence clusters
showing four dominant research streams
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3.4 Thematic Evolution (2010-2024)

A timeline analysis shows: 2010-2014:
Laminated composites + HSDT applications [1],
[34]. 2015-2019: Porous FG beams + nonlinear
thermal vibration [22], [41], [43]. 2020-2022:
Nano-scale beams + CNT/GPL reinforcement
[17], [60], [93]. 2023-2024: Smart beams +
coupled-field thermal buckling [73], [90], [99].
Table 5 represents timeline of thematic
evolution in FG beam research (2010-2024).

Table 5. Timeline of thematic evolution in FG
beam research (2010—2024)

Period Key Themes

2010-2014 Laminated composites, HSDT
applications

2015-2019 Porous  FG  beams, nonlinear
buckling

2020-2022 Nano-beams, CNT/GPL
reinforcement

2023-2024 Smart  beams,  coupled-field
analysis

QUALITATIVE ASSESSMENT OF
SCIENCE MAPPING RESULTS

The bibliometric mapping results provide a
structural overview of the research landscape.
However, to understand the depth and direction
of research, a qualitative assessment of the most
influential works and clusters is essential. This
section synthesizes the key theories, methods,
and applications identified in the mapping
process.

4.1 Beam Theories and Modeling Approaches

The review confirms that beam theory
development remains the foundation of research
in thermal buckling and flexure. Higher-Order
Shear Deformation Theory (HSDT): Continues
to dominate due to its ability to model thick FG
and laminated beams under thermal fields [1],
[2], [34]. For example, Reddy’s HSDT
framework has been widely extended to porous
FG beams [22] and smart piezoelectric beams
[24]. Quasi-3D Theories: Emerging as a
significant advancement by accounting for
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transverse normal strain neglected in classical
models [25], [62], [89]. These provide higher
accuracy for sandwich and porous beams under
steep temperature gradients. Iso geometric
Analysis (IGA): Gaining momentum as it
eliminates geometric approximation errors and
integrates directly with CAD models [12], [15],
[54]. It has been effectively applied to thermal
buckling and vibration of FG beams. Finite
Element Extensions: P-version FEM [76] and
meshfree approaches [53] are increasingly used
for nonlinear post-buckling analyses. Table 6
represents comparative performance of HSDT,
quasi-3D, IGA, and FEM-based approaches in
beam thermal buckling studies.

Table 6. Comparative performance of HSDT,
quasi-3D, IGA, and FEM-based approaches in
beam thermal buckling studies

Thermal Flexural

Buckling Vibration | Application
Theory | Accuracy | Accuracy | Scale
HSDT High High Macro beams
Quasi- FG Sandwich
3D Very High | Very High | beams

CAD-

IGA Very High | Very High | integrated
FEM (p- Computational
ver.) High High efficiency

4.2 Material Innovations in FG Beams

Material advancements have reshaped thermal
buckling and flexural research. Porous FG
Beams: Lightweight beams with variable
porosity distributions show reduced stiffness but
offer thermal resistance advantages [22], [39],
[55]. Nonlinear buckling analyses reveal that
porosity  distribution patterns  significantly
influence critical buckling loads [74], [84]. CNT
and GPL Reinforcement: Integration of carbon
nanomaterials has enabled superior mechanical
and thermal properties [7], [17], [93]. Recent
studies show CNT/GPL-reinforced FG beams
achieve 30—40% higher post-buckling resistance
under thermal loading [72], [93]. Smart Beams
(Piezoelectric & MEE): Piezoelectric and
magneto-electro-elastic layers provide active
control of buckling and vibration [24], [45],
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[73]. For instance, Simsek et al. [100] showed
that MEE layers can suppress thermal post-
buckling by active stiffness modulation. Figure
10 shows conceptual comparison of laminated,
porous FG, CNT/GPL-reinforced, and smart
beams under thermal loading.

Smart
beams

CNT/GPL

< Porous
Laminated FG

Thermal loading

Figure 10. Conceptual comparison of
laminated, porous FG, CNT/GPL-reinforced,
and smart beams under thermal loading

4.3 Scale-Dependent Effects and Nanobeams

At the nanoscale, nonlocal elasticity and strain
gradient theories have revealed important size-
dependent behaviours. Nonlocal Models: Predict
significantly higher buckling loads in nano-beams
compared to classical elasticity [31], [33], [60].
Strain Gradient Theories: Capture additional
microstructural effects, making them suitable for

MEMS/NEMS applications [20], [49].
Viscoelastic and  Thermoelastic ~ Coupling:
Advanced models highlight damping and

relaxation under cyclic thermal loads [77], [86],
[94]. These studies indicate that ignoring size
effects leads to wunderestimation of thermal
stability, which is critical in nano-scale structural
design. Table 7 represents summary of key
nonlocal and strain gradient models applied to FG
and laminated nano-beams.

Table 7. Summary of key nonlocal and strain
gradient models applied to FG and laminated
nano-beams

Applicati | Referen
Model Key Feature on ce
Long-range Nano- [31],
Nonlocal interactions beams [33]
Micro-
Higher-order /nano- [20],
Strain Grad. | strain terms beams [49]
Coupled Smart
Thermoelast | damping + nano- [77],
ic heating beams [94]
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4.4 Nonlinear and Dynamic Thermal Buckling
While early research focused on linear stability
analysis, recent trends emphasize nonlinear
post-buckling and dynamic thermal instability.
Nonlinear Thermal Post-Buckling: Works by
Zhang et al. [99] and Rashidi [76] reveal that
temperature rise beyond critical buckling
induces secondary equilibrium states that must
be captured with nonlinear formulations.
Dynamic Thermal Buckling: Recent
contributions  [81], [90], [98] investigate
transient heating and harmonic thermal loading,
showing resonance like behaviours that
amplifies instability. Foundation Effects:
Inclusion of elastic and viscoelastic foundations
modifies critical temperatures and post-buckling
paths [83], [84]. Figure 11 shows Nonlinear and
Dynamic Thermal Buckling Response showing:
Linear buckling (sudden instability), Nonlinear
post-buckling (smooth load—deflection path),
Dynamic  thermal  buckling  (oscillatory
instability under transient heating).

Nonlinear and Dynamic Thermal Buckling Response of FG Beams

0.35} —=- Linear Buckling

— Nonlinear Post-Buckling

= Dynamic Thermal Buckling
----- Critical Temperature (T/Tcr=1)

Normalized Deflection

=) (= = bt it
in - o ) w
o = =) o S

=
o
a

0.00

0.‘0 0.‘2 0.I4 016 0j8 1?0 112 1.‘4
Normalized Temperature (T/Tcr)
Figure 11. Typical nonlinear post-buckling and
dynamic thermal buckling response curves of

FG beams

4.5 Emerging Research Frontiers

From the science mapping and citation analysis,
several future directions are identified: Coupled-
Field Smart Beams: Multi-physics modelling
combining thermal, electric, magnetic, and
moisture fields [24], [45], [73]. Data-Driven &
Al Models: Integration of machine learning for
rapid buckling load prediction and flexural
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response estimation [15]. Hybrid
Reinforcements: Use of CNT + GPL + porous
matrices for multifunctional thermal and
mechanical performance [17], [72], [93].
Experimental Validation: Most studies are
numerical; experimental data on porous FG
beams and nanobeams remain scarce [16], [68].
Applications in MEMS/NEMS: Growing
interest in nanoscale FG beams for thermal
sensors, actuators, and resonators [31], [60],
[94]. Figure 12 shows research roadmap
highlighting emerging frontiers in thermal
buckling and flexural analysis of FG and
laminated beams.

Research Roadmap

Porous o o
, FG '@ b EEE |
-ﬁ — 9
[E=as MEMS/NEMS
== Smart applications
Laminated beams

beams _._'
Al/ML
PAST integration

Figure 12. Research roadmap highlighting
emerging frontiers in thermal buckling and
flexural analysis of FG and laminated beams

CONCLUSION

This bibliometric review consolidates the
literature on thermal buckling and flexural
responses of laminated composite and FG
beams from 2010 to 2024. The results reveal:
Steady growth in publications since 2015,
driven by porous FG and nanobeam research.
HSDT and quasi-3D beam models remain the
backbone for accurate predictions. Porous,
CNT, and GPL reinforcements are trending,
enabling lightweight multifunctional designs.
Nonlocal and size-dependent effects dominate
micro/nano-scale modelling. Smart beams with
piezoelectric/magneto-electro-elastic layers are
an emerging frontier.
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This review provides a roadmap for researchers
seeking to extend beam modelling to multi-field
coupled environments, hybrid reinforcements,
and Al-assisted predictive frameworks.
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Abstract: The problem of finding the optimal rotation angle of the principal planes of stiffness for a spatially
loaded, inhomogeneous rod of variable cross-section is considered. This angle serves as an additional regulator of
the stress state for inhomogeneous rod designed in accordance with the adopted optimization criteria.

The rod rigidly connected to a movable coordinate system capable of rotation around rod's longitudinal axis is
composed of quasi-homogeneous structural elements. The rod's structure is symmetrical with respect to one of the
plane coordinates. The specified loads are applied to the rod's centerline and are located in two mutually perpen-
dicular fixed planes.

Based on the minimum strain energy criterion, a formula for the optimal rotation angle of the rod's rigidity planes
was derived. This formula contains six integral strain energy components. These components represent the actual
and potential work of internal forces in the original rigidity planes and those rotated by 90 degrees. A numerical
example shows strain energy graphs for cross-sections with different layouts. The relationship between the energy
criterion and the strength criterion is highlighted.

Based on the minimum strain energy criterion, a formula for the optimal rotation angle of the rod 's rigidity planes
was derived. This formula contains six integral strain energy components. These components represent the actual
and possible work of internal forces initial rigidity planes and those rotated by 90 degrees. A numerical example
shows strain energy graphs for cross sections with different layouts. The relationship between the energy criterion
and the strength criterion is noted.

In the example discussed, using axial rotation of the rod, without requiring changes to its physical structure or
geometry, allows for an increase in its load-bearing capacity by 20-30% and a reduction in maximum stress levels.
This method can also be applied to prefabricated standard structural elements, including homogeneous ones.

In the example discussed, the use of axial rotation of the rod, without requiring changes to its physical structure or
geometry, allowed for an increase in its load-bearing capacity by 20-30% and a reduction in maximum stress levels.
This method can also be applied to prefabricated standard structural elements, including homogeneous ones.

The development of this method is its application in “controlled structures”, which acquire the ability to effectively
adapt to changes in the parameters of external force impact.

Keywords: optimal design of inhomogeneous rods, layered rod, spatial bending,
criterion of minimum strain energy, controlled structures

ONTUMU3ALIMA MOJOXKEHUSA IN'TABHBIX IIJIOCKOCTEX
AKECTKOCTU HEOJHOPOIHOI'O CTEPKHS ITPU
HNPOCTPAHCTBEHHOM U3I'MBE

A.B. Muwenro', M.C. Bewikun', B.JI. Monuopyc?, J1.1IO. Cmynuwun?
! HoBocHOMpCKHii rocy1apCTBEHHBIN apXUTEKTYPHO-CTPOUTENbHBIH yHHBEpcuTeT (CHbCTpUR),
r. HoBocubupck, POCCHUSA
2 HanmoHaTbHBIH MCCIEN0BATENLCKUI MOCKOBCKUH TOCY1apCTBEHHBIN CTPOUTENBHBINA YHUBEPCHUTET,
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AHHOTanus: J[7151 MPOCTPaHCTBEHHO-HATPYKEHHOTO HEOAHOPOIHOTO CTEPIKHS IEPEMEHHOI0 TIONEPEYHOrO Cceue-
HUS paCCMOTPEHA 3ajjada HaX0KJICHHsI ONITHMAJIHOTO yTJIa TIOBOPOTA TIaBHBIX MIIOCKOCTEH *KECTKOCTH. JlaHHBIH
YTOJI SIBJISIETCS TOTIOJIHUTENBHBIM PETYJIATOPOM HANPSKEHHOTO COCTOSTHUS [T HEOHOPOIHOTO CTEPIKHSA, 3aIpo-
EKTUPOBAHHOTO B COOTBETCTBUH C PUHATHIMHU KPUTEPHSIMU ONITUMH3ALINN.

Volume 22, Issue 3, 2026 63



Andrey V. Mishchenko, Maxim S. Veshkin, Vladimir L. Mondrus, Leonid Yu. Stupishin

CrepikeHb COCTABJICH U3 KBAa3UOJAHOPOAHBIX CTPYKTYPHBIX AJIEMEHTOB, )KECTKO CBS3aH C MOJBIKHON CHCTEMO
KOOp/IMHAT, CIIOCOOHOI TTOBOPAaYMBAThCsl BOKPYT MPOI0JbHON ocH. CTPYKTypa CTepikHs 00J1a/laeT CUMMETpUei
OTHOCHUTEJIBHO OJIHOM M3 KOOPJIMHATHBIX IJIOCKOH. 3aJjaHHble HArpy3KH MPUBEACHBI K OCEBOM JIMHUU CTEPIKHS,
PACIIOJIOKEHBI B IBYX B3aUMHO MEPIICHIUKYIISIPHBIX HEMOBIKHBIX IJIOCKOCTSX.

Ha ocHOBe kpuTepuss MHHAMYMa SHeprun nedopMaiuu mojydeHa GopMmyia Uisi ONTUMAIBHOTO yriia IOBOPOTa
TUIOCKOCTEH JKECTKOCTH CTEPIKHSI, CONEpIKAIlas IIeCTh MHTEIPATbHBIX KOMIIOHEHT dHepruu aedopmaiuu. OHu
MPEJCTABIISIOT COOON NeHCTBUTEIBHBIC M BO3MOXHBIC pa0OTHl BHYTPCHHUAX YCHIHN B MICXOTHBIX M TIOBEPHYTHIX
Ha yroi 90 rpaaycoB IUIOCKOCTSIX KECTKOCTH. Ha unciieHHOM mpruMepe moKa3aHbl rpaduku SHeprun aedhopMaruiu
JUTSI TIONICPEYHBIX CCUCHHI C pa3IMYHON KOMITOHOBKOI. OTMEUeHa CBS3b SHEPTeTUICCKOTO KPUTEPHUS C KPUTCPUEM
MPOYHOCTH.

[TpuMeHeHne 0CEeBOr0 MOBOPOTA CTEPIKHSI, HE TPEOYs M3MEHEHHsT (PU3UUIECKOU CTPYKTYPhI U TEOMETPHU CTEPIKHS,
B PAaCCMOTPEHHOM IIPHMEPE MO3BOJISET MOBBICUTH €r0 HECYIIyI0 criocoOHOCTH Ha BennuuHy 20-30%, CHU3UTH
YPOBEHb MaKCUMAJIbHBIX HANpsDKeHUH. JIaHHBIN c110cO0 MOXKET MPUMEHSTHCS U K TOTOBBIM TUIIOBBIM KOHCTPYK-
TUBHBIM DJIEMEHTaM, B TOM YHCIIE, — OJTHOPOIHBIM.

Pa3BuTreM naHHOTO METOA SIBJISICTCS €r0 MPUMEHEHHUE B «YIIPABIISICMBIX KOHCTPYKIIUSAX), KOTOPhIC IPHOOPETAIOT
croco0HOCTh 3P (HEKTUBHO ATANITHPOBATHCS K H3MEHEHUSIM [TapaMeTPOB BHEIIHETO CHJIOBOTO BO3JICHCTBUSI.

KiroueBnle cji0Ba: oNTHUManbHOE IPOEKTHPOBAHNE HEOJHOPOJHBIX CTEPIKHEH, CIIOMCThIA CTEPIKEHb,
MIPOCTPAHCTBEHHBIN M3THO0, KPUTEPUIt MUHUMYMa SHEPTHH 1eOpMaIii, yIpaBisieMble KOHCTPYKIHN

INTRODUCTION

Settings of optimization problems for deformable
systems and structures used in various branches of
engineering are quite diverse and are determined by
the adopted optimality criteria and the types of var-
iable parameters and functions [1-4]. In rod sys-
tems, one of the key means of improving opera-
tional performance is the optimization of the geom-
etry, physical structure, and topology of the system
[5]. Significant effects are also achieved by select-
ing a rational arrangement of the cross-sections of
the elements. Among the formulations of optimiza-
tion problems in which the geometric shapes of
structural elements subject to various types of im-
pacts are varied, we note the following.

Settings with using geometric shapes that profile
the transverse dimensions of structural elements of
rods (width, height, thickness, etc.), specified with
an accuracy of one or more parameters [6]. A sub-
class of such task are optimization problems for
prismatic rods, in which the geometric shape func-
tions are of zero order. The use of local normative
criteria for finding the required values of the
sought-after parameters in such problems with
fixed shapes leads to the need to identify dangerous
stress localizations within the structure.

In more complex settings, the desired geometric
functions of the structural elements of the rods are

found under the condition of continuous satisfac-
tion of specified normative local criteria. This is a
class of equal-criteria problems, in particular, those
concerning equal stress [2, 7, 8]. In general, such
problems (of functional analysis) are characterized
by high labor intensity and, as a rule, for real struc-
tures are solved by numerical methods using dis-
cretization of the calculation functions.

Normative criteria, reflecting the relationship be-
tween the desired design parameters and the stand-
ardized quantities, can be integral in nature, as is
realized in problems of stability, vibration, deform-
ability, and a number of others, solved based on the
corresponding boundary value problems. In these
problems, the defining differential and integral re-
lations naturally define the essence of the quantities
included in the normative criteria. Depending on
the type of variable quantities, we have variational
or finite-dimensional optimization [3].

In a number of studies, the solution is based on the
use of integral criteria reflecting additional require-
ments for the optimal system, which have technical,
economic, general physical, or other sense. One of
these is the integral energy criterion, which allows
for identifying the geometric shape, structure, and
topology of the system that best satisfies the require-
ments of design standards [9, 10, 11, 12].

When solving optimization problems for inho-
mogeneous structures, the calculation hypothe-
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ses and assumptions adopted during the for-
mation of the mathematical model acquire partic-
ular significance. Along with refined non-classi-
cal models [13-18], models based on the Ber-
noulli and Timoshenko hypotheses can also be
used in the calculations of elements of rod struc-
tures that satisfy certain geometric and physical
constraints.

In this paper, we consider the problem of finding
the optimal rotation angle of the rod's principal ri-
gidity planes for a spatially loaded, inhomogeneous
rod of variable cross-section. This angle acts as an
additional regulator of the stress state. In subse-
quent or previous stages, the set of variable values
can be expanded to expand the functionality of the
rod's geometric and physical structure.

MATERIALS AND METHODS OF
RESEARCH

1. Mathematical model of inhomogeneous rod.

An inhomogeneous rod composed of quasi-homo-
geneous structural elements (layers, phases, inclu-
sions, reinforcing elements, etc.) is rigidly con-
nected to the coordinate system xyz, and the rod's
structure is symmetrical with respect to the plane
yx . The specified loads are referenced to the rod's
centerline and are located in two mutually perpen-
dicular fixed planes y,x, z,x. We will assume

the coordinate system xyz to be movable, capable
of rotating around the axis through a certain angle
o, together with the rod (Fig. 1).

Figure 1. Rotation of the principal planes of rigid-
ity xy, xz relative to the force planes y,x, xz,.

Volume 22, Issue 3, 2026

By solving the corresponding boundary value
problems of spatial transverse bending with
tension (compression), the functions of inter-
nal forces are found - bending moments, trans-
verse and longitudinal forces, combined into a
vector

S,(x)=[M,,M, 0, 0. ,NT(x).

Considering that the boundary conditions for
the rod do not change when the transverse axes
v, z are rotated relative to the centerline, we
write down the forces in the coordinate system
xyz

S(x)=CS,(x),
S(x):[MzaMy’anszN]T(x)a (1)

coso  sina
Czdiag[q)d)l],fl):[ . }
—sina  cosa

In works [19, 20] for the Timoshenko rod, phys-
ical relations are given that connect the forces (1)
with the generalized deformations of the axis:
curvatures K, k,, averaged shears vy, v,
and axial deformation ¢, . Let us represent them

in the form

D-A=S, (2)
A(x):[Kz’Ky’Yy’yZ’SO]T(x) (3)
with a stiffness matrix
D, -D. 0 0 -D]
—Dyz Dyy 0 0 Dy
D(x)=| O 0 DQy 0 0 |,4
0 0 0 DQZ 0
| -D. Dy 0 0 D, |

containing components

65



Andrey V. Mishchenko, Maxim S. Veshkin, Vladimir L. Mondrus, Leonid Yu. Stupishin

D, = iEkﬂdA, [D..D, |=
:ZEkﬂ[y,z]dA

|D..D,.D, |=

zz? zy?

= E,{”[yiyz,zﬂdA
o

()

by zero, first, and second geometric orders, respec-
tively. The characteristic D, for the adopted cal-

culation scheme in relations (2) is missing. The
presence of stiffnesses D_, D, determines the cou-

pling of bending and stretching deformations. The
stiffhesses of cross sections under shear

1
o~ } )
Y S L, k+1 (DODEBC _ DZD;eC ]2 Q
k=1 Gk Vi Ddz bk
(6)
1
QZ - sec sec 2 ’
o I DDy =D,D;* | dy
a6, ! Dd, h,

2 _ 2
Dd.=D,-D,~D?, Dd =D,-D, ~D’

z

are written using the rigidity characteristics of the

cut-off parts of the inhomogeneous sections D***
according to the corresponding expressions from
(5) when integrating over a part of the section

[yﬂymax] or [Zﬁzmax] ‘

In addition, to find the shear stiffness character-
istics, an approximate approach can be used
based on the use of approximation functions for
the relative shear forces £, (), f..(z), satisfy-

ing the boundary conditions on the rod surfaces.
As a result, we obtain the second version of the
dependencies for shear stiffnesses

2
F E’
D T D. = z,
O s Vil f 2 > oz s ksl 2
y,T z,T
(20 " ST i
k=13, b,G, k=1 Z, G,

The symmetry of the rod relative to the plane yx

the fulfillment of the conditions
=0. In addition, we will assume that

ensures

D, =D,
the structure of the variable cross-section rod is
such that it allows the rod to be tied to the plane
xz while ensuring the condition D_(x)=0. Due

to the dependence of characteristics (5), (6) on
geometric and physical parameters, this condi-
tion can be satisfied even in the absence of geo-
metric symmetry. Then from (2) we obtain

D.x,=M,, D,x,=M, Dg,=N.

2. Optimality criterion

As a criterion for the optimality of the parameters
of an inhomogeneous rod, we will adopt the con-
dition of minimum deformation energy [6, 9, 11]

]
W (P) = % [$"A dx — min. (7)
0

The set of variable parameters P in the case un-
der consideration is represented by the rotation
angle o. Substituting relations (2)—(4) into (7)
gives the dependence of the deformation energy
on the rotation angle of the axes

W)= (W;:0 + WZ‘Z)‘:0 )cos2 o+

+(W,, =W, )sin2a.+ ®)
/ 2
_ _ ) N
Jr(Wy‘;’T‘/2 + W2 )sin’ o+ %J.—dx.
0 0

The energy components in (8) are determined by
the expressions

Ot 1 [ Zo on

yy ’ _5,([ ZZ d _.[k ; dx
l Q2

(x y(, d Z d ,

ZZ .([ yy J- ZDQZ .
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W o n/z j‘ 0 e 4 — J‘ k, Qyzo =5 gy,
o Qz
l QZ
o2 y” d k. —dx, 9
i I b f ook ©)
WVZ=£ Dy“ dx+jk nyZOd
LA Ik 0.0,
0 Dzz 0,

and have the following mechanical meaning:
a=0
Wyy ’

acting in the force planes y,x, z,x respectively,

W™ are the actual works of the forces

in the absence of rotation of the rod (a=0);
W™, W= are the actual works of the forces
acting in the force planes y,x, z,x respectively,
when the rod is rotated by an angle ao=n/2; W,

, W, are the possible works of the forces acting

in the force planes y,x, y,x respectively, on the
deformations of the inhomogeneous rod in the or-
thogonal planes z,x, y,x, caused by other force

factors.
The minimum energy (8) is achieved at a rotation

angle o, , for which the condition is satisfied

192 We Wy (10)

g (l o=0 a=0 o=m/2 o=m/2 *
Wyy I/sz - Wyy - I/sz

In [8], a variational setting of the optimization
problem for a homogeneous spatially loaded flat
frame was considered with variations in the ex-
ternal dimensions of the box-shaped cross-sec-
tion and the angular position of the principal axes
of inertia. The volume of materials was fixed.
The following criteria were adopted as continu-
ous in the direction of the axial coordinate: the
strength condition for normal stresses and the
condition of coincidence of the principal axis of
inertia with the vector of the resulting bending
moment. As a result, it was shown that adopting

Volume 22, Issue 3, 2026

local criteria leads to a natural (initial) twisting of
the rods. The resulting solutions are of some the-
oretical interest, however, such designs are char-
acterized by high labor intensity of production
and sensitivity to load variations, which reduces
the feasibility of their practical use.

In contrast, formula (10) reflects the integral av-
erage value of rational local transformations of
forces on the main planes of rigidity of an inho-
mogeneous rod, in the form of rotation of the
main planes of rigidity by a general angle a.

A number of special cases follow from the con-
sidered setting.
1. When the conditions D_ =D, , D, =D,

w2
are simultaneously met the deformation energy
(8) becomes stationary — ./ (a) = const, inde-

pendent of the rotation angle a.

2. The arrangement of loads in a single force
plane. By combining it with, for example, plane
YoX,weobtain M, =Q_ =0, which leads to the

fulfillment of W2 =W ™ =W _=W_ =0 and
optimal =0 at D_>D,
O =7/2 at D <D,

3. If the following conditions are met for the cal-
culation model: a) the presence of symmetry in
the stiffness characteristics relative to the mid-
section (x=17/2), b) the functions of the forces
acting in one of the force planes have the proper-
ties of direct symmetry, and in the other (orthog-
onal to the first) — inverse symmetry, then we ob-

tain a zero value of the possible works W _, W

yz?

=m1/2. The plane with

large stiffness characteristics should be com-
bined with the force plane in which forces acting
with direct symmetry.

4. In rods with a constant cross-section (in geom-
etry and structure), with a simplified considera-
tion of only one force factor (M or Q) in the en-
ergy components (9), formula (10) yields two
fixed values of the angle o ,, depending on

angle o, and

and angles o, =0, o,

opt ?
a) the considered force functions (M or Q) and
b) the results of comparing the corresponding
stiffness characteristics (D_. <D, or D_>D, ,
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when taking M into account; D, >D, or

DQ}_ <D, , when taking Q) into account). The ab-

solute values of the stiffnesses in this case do not
affect the value of the optimal angle. This is
shown in the numerical example discussed below
in Fig. 4.

5. The strain energy components in (9) have an
integrand structure similar to Mohr integrals and
can be calculated using known graphoanalytic
methods. This is particularly applies to rods with
constant stiffness characteristics along their
length. These integrals can also be found numer-
ically.

RESULTS AND DISCUSSION

Let us consider a inhomogeneous rod subjected to
a force action in two orthogonal planes y,x and

z,x (Fig. 2 ). The loads are specified with an ac-

curacy of parameters ¢, /. Fig. 3 shows a scheme
of a composite cross-section including four struc-
tural elements with numbers k=1, 2, 3, 4.

Table 1 shows the geometric parameters, relative
elastic moduli e, = E, /E, and strength charac-

teristics 7, = R, /R, of the materials for the sec-
tion elements.

Table 1.
Parameters of structural elements of the section
k Width Height €, 7
1 20 b 0,9 1,4
2 h 0 0,6 1,2
3 h o 0,6 1,2
4 20 0,8-b 1 1
Table 2.
Cross-section layout options
Option No h b A 20 Dyy D::
1 30-6 10-6 70-8° 16,548 11400,7-8* 679,3-8*
2 200 13,538 70-8° 11,588 6368,7-5* 1163,8-8*
3 10-8 17,06-6 70-82 6,713 2201,4-8* 1649.1-8*
4 8,489 17,60-8 70-8° 5,988 1717,9-8* 1717,9-8*
5 7-0 18,12-8 70-8° 5,27-8 1298,4-5* 1782,6-8*
6 5-0 18,829 70-82 431-6 815,4-5* 1866,6-8*
1,2q Yo
F1=0,2ql F>=0,1¢/
| 0,2/ 0,6/ 0,2/ |
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Figure 2. Given action: in plane z,x, (a), in plane y,x, (b)
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Figure 3. Cross-section of the rod in the initial
position (o = 0)

We will do the research by specifying several
cross-sectional layout options with varying di-
mensions b and 4. We will also impose a con-
straint in the form of a constant cost of materials
for the inhomogeneous rod.

4
C =I~ZCkykAk = const,

k=1

(11)

where 4,,c,,y, is the cross-sectional area, spe-

cific cost and weight of the material of the k-th
element.

Without diminishing the significance of the ob-
tained results, we will adopt in this problem
¢, =7, =1, which transforms condition (11) into

a condition of constancy of the total area
4

ZAk =const. Table 2 presents six variants of
k=1
similar cross-sectional arrangements with the

area fixed A4 =708*. For each of them, the coor-
dinate of the center of rigidity z,, ensuring the
fulfillment of D, =0, and the bending rigidities
Dyy . D zz?
the condition D, > D__ is satisfied, in the 4th —
D, =D_,andinthe 5th-6th— D < D_.

Let us consider the problem of determining the
optimal angle o, of rotation of the principal

were found. In the first three variants,

planes of rigidity, ensuring the minimum defor-
mation energy of a spatially loaded inhomogene-
ous rod (Fig. 2) with six variants of cross sections
(Tables 1, 2). We introduce dimensionless quan-
tities
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g-M 5-2
ql*’ ql’
1
I:Dyy)Dzz:I_ 84 I:DyyaDzz:|5
_ W-E?8* &’ R
= 5 =2 §=5g
q-l ql ql

After solving the boundary value problem and
identifying the function of forces acting in the
force planes y,x, z,x, the dimensionless defor-
mation energy function W (o) (8) was formed.
Its graph in the interval o €[-m, =] is shown in
Fig. 4. The lines numbers correspond to the num-
bers of the section variants in Table 2.

For variants 1-3, the optimal angles are con-
tained in the interval o, €[-n/8,-n/16],

while  for  variants 5-6, they are
O, €[37/8,71/16]. In the first case, the

cross-sections have D, > D_, which requires a

negative (clockwise) rotation of the rod; in the
second case, for variants with D, <D_, a ro-

tation in the opposite direction is required.
Since the specified materials do not possess the
properties of different resistance under tension
and compression, periodicity of the function
W (o) is observed over an interval equal to m.

If the stiffnesses are equal D, = D_. (option 4),
the rod becomes insensitive to the position of the
principal stiffness planes W (o) =const. Rotat-

ing them does not change the energy level. The
best of the six section options is option 1; it cor-
responds to the lowest value of the deformation
energy at the minimum point
Oy = —0,08641 = ~15,6°. Option 6 requires a

rotation angle o, =0,4136m=74,5°. The same

angle values are obtained using the formula (10)
To illustrate the practical effect of rotating the

rod by an angle, we will evaluate the level of nor-
mal stresses in cross section 1 (Table 2). When
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conditions D, =D =0 are met, they are deter-
mined by the formula [19, 20]

o (x,y,z) =

r (_ M, (x)-y My<x)-z]. (12)

D D

zz yy

Taking into account the stress limitation by the
value of the calculated resistances 7, (Table 1), it

is convenient to monitor the level of relative di-
mensionless stresses s, (x)=6,,(x,y;,2,)/7;
in an inhomogeneous rod. For this purpose,
Fig.5 shows 16 graphs s, .(x) (k=1,...4,
j=1,...,4) for four corner points taken in each of
the four structural elements.

06 [\ /)

N e )
VA RRAY

YRS

04\\]\
OTTHA 1 \
ik e
0.1
\/ \/
noz 3z »n = 0 = = 31 =
4 2 4 4 2 4

Figure 5. Dependence of the potential energy of
deformation of a rod W -10° on the angle of ro-
tation of the rigidity planes for different cross-

sectional options (Table 2)

Figure 4. Graphs of relative stresses 10° s, ;(x) at corner points of 4 structural elements

of section 1, table 2 at . = Ol

The maximum relative stress is realized in
graph 1, corresponding to the stress at point K of
the first layer (Fig. 6).

Figure 6. Optimal rotate of section 1 (Table 2)
at the minimum value of deformation energy

The minimum is in graph 2, constructed for the
stress at point P of the fourth layer. Taking
point P as the design point — the point with the
highest modulus of stress, from the strength
condition

_ e
8 2 8min - i/R_OIE;?j(|Sk,j (.X')|

we find the required value of the geometric pa-
rameter 5, =0,0611.
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In this example, the settlement points are
located at the corners of the outer contour of the
section. Due to the discontinuity of stress func-
tions (12) at the layer boundaries, with different
physical characteristics, the settlement points
may shift to the corners of the internal boundaries
of the structural elements.

03

For comparison, we present the results cor-
responding to the initial position of the rod with-
out rotation of the axes. Fig. 7 shows graphs of
the relative stresses s, (x)acting in the same

section 1 at the same 16 calculation points, at
o= 0°.

-02

02 P ““--C.L
0.1 / %\
—0.{: ——
\\ :——:——ﬂf—"'/ /
-03 — =

-04

Figure 7. Graphs of relative stresses 10°-s, ;(x) at settlement points of section I at o.= 0

The required parameter value in this case was &
=0,0719. Thus, setting the optimal rotate al-
lowed us to reduce the size & by 15% and the
volume of material by 38%.

i
‘4

i, %

{ jl

Figure 8. Dependency 103 nzax|sk, ; ((x,x)|
sJ

In a number of studies, in particular in [21], it has
been shown that as a result of the variational set-
ting of optimization problems based on the en-
ergy criterion, when varying the geometric func-
tions, equalization of stresses on the rod surface

Volume 22, Issue 3, 2026

(at the layer boundaries) occurs. In this problem,
solved without varying the geometry, continuous
equalization of stresses does not occur (Fig. 5).
However, here too, similar effects can be seen,
manifested discretely in the form of equalization
of local stress maxima. In Fig. 5, this is practi-
cally achieved for the greatest stresses in the
cross-sections x =0,2 and x=0,56.

Fig. 8 shows a three-dimensional graph of rela-

tive stresses max|sk j(oc,x)| as a function of x
k.j ?

and angle o, which is the outer envelope of 16
surfaces — the moduli of stress constructed for the
calculated points. Analysis of this surface allows
us to formulate a criterion for minimizing local
stress maxima.

mm[max|sk’j (oc,x)ﬂ —> Ol -
o k,j,x

As a result of application it application, the opti-
mal rod rotation angle was o, = —13,94° with a

required strength dimension of §_ =0,0591, re-

sulting in a material savings of 32,4% compared
to the design at 8= 0,0719 for the initial state at
o=0° With the determined rotation angle,
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stresses are equalized at the two most heavily
loaded points in the x-axis direction. One of these
is located at the support x =0,2, and the other is

at the local span extremum at x =0,56.

CONCLUSIONS

The use of rigid axial rotation of the rod as an
external stress regulator is an effective additional
optimization tool and allows for, in the example
considered, allowed: a) increasing the load-bear-
ing capacity of a inhomogeneous rod by 20-30%
at a low cost, consisting of ensuring a specified
fixed design position of the rod on the supporting
devices; b) being an additional tool, it does not
require changes to the physical structure and ge-
ometry of the rod, designed according to the op-
timization criteria. For this reason, this technique
can also be applied to prefabricated standard
structural elements, including homogeneous
ones.

A significant advancement of this method is its
application to "controlled structures," which,
thanks to the presence of neural network systems,
acquire the ability to effectively adapt to changes
in external forces. To achieve this, the rod must
be equipped with support devices capable of con-
tinuously adjusting the angular position of the
rod's principal rigidity planes during operation.
For the object in question — a inhomogeneous rod
— implementing control systems is quite simple
and feasible.
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NUMERICAL MODELLING OF SNOW LOADS.
VERIFICATION AND VALIDATION FOR THE KEMEROVO
MUSEUM, THEATRE AND EDUCATION COMPLEX

Alexander M. Belostotsky, Nikita A. Britikov, Oleg S. Goryachevsky
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: This paper presents the results of numerical and physical modelling of snow loads for a unique facility,
conducted within the verification procedure of Ansys Fluent in the RAASN system. By analysing the grid
and iteration convergence, the applicability of the steady-state (RANS) simulations and three turbulence models
(k~» SST, GEKO-0.70 and GEKO-1.25) is verified for the snow loads determination. The results are compared
against experimental data obtained in the MSUCE wind tunnel. A simpler approach to error estimation is utilised
since previous research revealed weak applicability of such widely used methods as Richardson extrapolation and
approximate error spline. It is shown that the GEKO-0.70 turbulence model (with the separation coefficient Cszp
=0.70) provides a better fit to the wind tunnel data than GEKO-1.25 and k- SST. 4. It is confirmed that Ansys
Fluent allows the snow loads determination on buildings of complex shape with the accuracy sufficient enough
for practical purposes, provided that modern turbulence models and methods set out in the STO “Numerical
modelling of wind and snow actions” are used.

Keywords: computational fluid dynamics (CFD), numerical modelling, snow loads, verification, validation

BEPUDOUKAILIUSA U BAJIMJALIAA UNCJIEHHOI'O
MOJAEJUPOBAHUSA CHEI'OBbBIX HAI'PY3OK HA IITPUMEPE
MY3EHMHOI'O U TEATPAJIbHO-OBPA30OBATEJBHOI'O
KOMIIJIEKCA B r. KemepoBo

A.M. Berocmoukuit, H.A. bpumukos, O.C. I'opaueeckuii
Hanunonaneusiii nccnenoaTenbckuii MOCKOBCKUN FOCYJapCTBEHHBIN CTPOUTENbHbBINA YHUBEPCUTET,
r. Mocksa, POCCU

AnHoTanust: J{J1s1 yHUKaJIbHOTO 3/1aHKs ITPEACTABICHBI PE3YIbTaThl YUCICHHOTO U (PU3NUECKOT0 MOCIHPOBAHUS
CHETOBBIX Harpy3oK, IOJIydeHHbIE B paMKax Npouenypbl Bepudukanuu B cucreMe PAACH mporpamMmuoro
komrutekca ANSY'S Fluent. C moMompio aHaIM3a CETOYHON U UTEPAIIMOHHON CXOIUMOCTH PAaCcUETOB IPOBEPSICTCS
MIPUMEHUMOCTD JUTS OTIPEAEIICHHs CHETOBBIX Harpy3oK cramuoHapHoi moctaHoBKH (RANS) u Tpéx Momeneit
typOynentHocth: k-0 SST, GEKO-0.70 u GEKO-1.25. Pe3ynbpTaTsl cOMOCTAaBISAIOTCS ¢ SKCIIEPUMEHTAIbHBIMH
JAHHBIMH, TIONYYEHHBIMH B a’poamHammieckoil Tpydbe HUY MI'CY. B cBs3um ¢ TeM, YTO MPEIbIIYyIIHIE
WCCJICJIOBAaHNS BBIIBWINM C1a0yl0 MNPUMEHHMOCTh TaKHX INHPOKO pPACHPOCTPAHEHHBIX METOMOB, Kak
9KCTpanossinys PudapicoHa u anmpoKCHMAIsI OMIMOKH CIUTAHOM, [UIS OILIGHKH TTOTPEITHOCTEH MCHONb3yeTCs
YOpPOIIEHHBIN Moaxoa. Beisieiaeno, uto moxaens typOynentHoctn GEKO-0.70 (¢ mapamerpoM Cszp = 0.70)
MO3BOJISIET TIOJIYYHTh JIy4Iliee COOTBETCTBHE JAHHBIM M3 adpoanHaMuuecko Tpyosl, uem GEKO-1.25 u k-o SST.
YcranoBieHo, uto Ansys Fluent mo3Bounsier onpeensiTh CHEroBble Harpy3KH Ha MOKPBITHSI CIOXKHBIX (GopM
JIOCTaTOYHOM JUIsl MPHUKIAIHBIX 3aJad TOYHOCTBIO MPU YCJIOBUU HCIOJNB30BAaHUS COBPEMEHHBIX Mojeel
TypOyJEeHTHOCTH W MeTonoB, mporucaHHbiXx B CTO «UucneHHOE MOJEIMpPOBAHUE BETPOBBIX M CHETOBBIX
BO3JEHCTBUI.

KaioueBble ci10Ba: BEIYMCIUTENBHAS THAPOra30IMHAMIKA, YUCICHHOE MOJICIIMPOBAHNE, CHETOBAsI HArpy3Ka,
Bepu(UKanus, BaIUAALMA
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1. INTRODUCTION

Development of reliable and robust methods of
snow loads calculation for buildings and struc-
tures remains an urgent task in civil engineering
due to the growing number of unique facilities
that are being designed and constructed in dense
urban areas, since building codes cannot provide
snow loads for their complex roofs.

Currently, the following methods are used to cal-
culate snow loads:

1. Building codes’ provisions and analytical
methods (inapplicable to unique facilities);

2. Physical modelling [1, 2];

3. Numerical modelling [3-9];

4. Monitoring and in-situ measurements [10, 11]
(mainly academic research);

5. Machine learning and neural networks [12]
(academic purposes only to this date).

Physical (experimental) modelling in WTs and
water flumes remains the generally accepted
method of snow loads calculation. A reliable
methodology for such modelling was proposed
and developed over the course of the second half
of the XX century, which now provides a suffi-
cient level of plausibility under a number of lim-
itations. Still, the high costs of construction and
maintenance of WTs, poor scalability, significant
simulation time, low information content and
other limitations call for development of compet-
ing methods which can be applied in practice.
Numerical (mathematical) modelling, especially
using CFD methods, appears to be a more pro-
spective direction, being devoid of the WT limi-
tations and promising potentially faster research.
Methodologies for numerical modelling of snow
loads have been developed independently by
many researchers, which are now being gradually
legitimised in the regulations of technologically
advanced countries, STO [13], ASCE 7-22.

At this time, a synthetic combination of numeri-
cal and physical modelling, often labelled “hy-
brid modelling”, allows to gather the most com-
prehensive information on snow loads for any
given roof [13]. Due to high computational and
time costs posed by scale-resolving transient ap-
proaches (e.g., utilising LES model), steady-state
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(RANS-based) approaches [4] remain the most
used ones in numerical modelling for fast snow
loads calculation.

To confirm the reliability of numerical modelling
results, a verification and validation (V&V) pro-
cedure is required. The most general definitions
of V&V are provided in GOST [14] and ASME
[15], although they do not regulate specific areas
of application, such as structural aerodynamics.
In structural aerodynamics, verification is re-
duced to evaluating the errors of the numerical
model (iteration, time, grid, etc.) and investi-
gating convergence, since the exact solutions
of numerically solved equations are unknown
[13, 16-19]. Validation is more straightforward
and complies with [14, 15], however, gener-
ally, the results of numerical modelling can
only be compared with the results of physical
modelling.

In the present paper, the V&V procedure of the
numerical modelling of snow loads was carried
out for a unique facility of the Kemerovo Mu-
seum, Theatre and Education Complex (herein-
after, the Kemerovo MTEC). Three turbulence
models were considered: k- SST, GEKO-0.70
and GEKO-1.25 (with separation parameter
Csep = 0.70, 1.25, respectively). Grid and iter-
ation convergence were investigated. The re-
sults of numerical modelling were compared
against experimental data obtained in the
MSUCE WT.

The work was carried out within the verification
procedure of Ansys Fluent for the problems of
“determination of wind and snow actions on
buildings and structures on the basis of numeri-
cal solutions of the equations of aero-hydrody-
namics” in the system of the Russian Academy
of Architecture and Construction Sciences
(RAASN) [20].

2. CASE AND METHODOLOGY
2.1. Case description

In this paper, the Kemerovo MTEC (Fig. 1) was
investigated.
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The Kemerovo MTEC has a complex decon-
structivist shape, with facades made of glass
and metal elements. The building is 10 floors
high with a total area of approximately 81100
m?, and also has an underground parking. The
Kemerovo MTEC is planned to house branches
of the Mariinsky Theatre and the State Russian
Museum, as well as the Kuzbass Arts Centre.
The facility’s ensemble consists of four parts:
a “floating cloud” theatre, two “crystals” (a
museum and an art centre with workshops), and
a public foyer.

The study investigates snow deposits on the fa-
cility’s roof obtained through physical and nu-
merical modelling. Numerically, the deposits are
calculated using wall shear stress (Tw):

‘cwzu(?u/(?y |y=0, (1)

where p is the dynamic viscosity of the flow;
u is the velocity of the flow along the boundary;
and y is the height above the boundary. The val-
ues of wall shear stress are converted into nu-
merical snow deposit maps using a methodol-
ogy described in [3, 4].

The simulations were carried out for two charac-
teristic angles of attack, 0° and 90° (the width-
wise and the lengthwise flow directions, respec-
tively, see Fig. 2).

Physical snow deposit maps were obtained in the
MSUCE WT through physical modelling at a
1:200 scale (Fig. 3).

Figure 1. Renders of the Kemerovo MTEC

00

T
Figure 2. Investigated wind directions

2.2. Mathematical models

In this study, urban wind flow is simulated using
time-averaged (RANS) incompressible and iso-
thermal Navier-Stokes equations. Such assump-
tions regarding the flow are known to be justified
and accepted by researchers for determination of
snow loads on roofs [10]:

o,

1 2
0x; N _E<p +§pk> *
9 om, 01, @
+6_xj ((v +ve) <E + 6_xl>>

where u, are the components of the averaged
flow velocity, [m/s]; ¢ is the time, [s]; p is the av-
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eraged pressure, [Pa]; p = 1.225 kg/m? is the den-
sity of air; v=1.46-10" m?/s is the kinematic vis-
cosity of air; and vr is the turbulent viscosity.
The continuity equation is given as:

0%

(?xj

)

| Figure 3. The Kemerovo MTEC model |
in the MSUCE WT

The following turbulence models are considered:
— k-0 Shear-Stress Transport (k-0 SST) is a
general two-parameter model which switches be-
tween the regular k~® model near the walls and
the k-¢ model in the free flow via a mixing func-
tion;

— Generalised k-0 (GEKO) is a modification of
the regular k- model, which allows for adjusting
to different types of flows by tweaking a number
of dimensionless parameters exposed to the user.
In this study, only the Csep is varied (between
0.70 and 1.25), which governs flow separation
and adverse pressure gradients.
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2.3. CFD setup

To provide a correct comparison between the re-
sults of numerical and physical modelling, the CFD
model needs to reproduce all the major parameters
of the experiment, such as scale, WT’s working
area dimensions, and boundary conditions.

The numerical geometry of the Kemerovo
MTEC with the surrounding buildings corre-
sponds to the experimental one (Fig. 4).

Figure 4. Numerical geometry of the Kemerovo
MTEC with the surrounding buildings

Polyhexcore finite-volume meshes were used
in this study, combining polygonal, prismatic
and hexagonal cells. Three meshes were
developed to perfrom the grid convergence
study, a coarse one (4.99 million cells), a
medium one (10.77 million cells), and a fine
one (19.06 million cells). The meshes differ in
face size by factors of 1.5 (coarse to medium)
and 1.33 (medium to fine). Each mesh has 5
prism layers parallel to the surfaces at the
bottom and 10 layers at the target building,
ensuring y+ <5 for the building’s roof surfaces
for all the grids.

The boundary conditions are shown in Fig. 6:

— at the inlet, the flow velocity and the turbulent
intensity profiles are interpolated from WT ex-
perimental data (Fig. 7). Two flow regimes are
investigated, with the velocity at 0.05 m (scaled)
equal to 3 m/s or 6 m/s (labelled as V3 and V6,
respectively);
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— at the outlet, the gauge pressure is set to 0;

— the rest of the surfaces are no-slip walls.

The coupled velocity-pressure solver was used,
with 2™ order schemes for the momentum, tur-
bulent transport and pressure equations. The total
number of iterations was set to 300, of which the
last 140 were calculated with high-order relaxa-
tion enabled. Data sampling was performed for
the last 120 iterations.

(b)
Figure 5. Finite-volume mesh:
a — in the longitudinal section of the domain,

b — on the surface of the Kemerovo MTEC

Figure 6. Boundary conditions

A total of 36 3D steady-state runs (2 angles of
attack x 2 velocities x 3 turbulence models x 3
meshes) were performed.

1.25 ' 1.25 1
o wr ! I
1 V3 /I 1 ,\ o WT
— -=-V6 ! — \ - - CFD
£0.75 ) Eo7s 1
= o = o
) o / =3 o\\
5 05 S/ 5 05 5
T ,’ T
025 06’08 7 025 %%
e (S
0 o- 0 o--
2 6 10 14 5 10 15 20
Velocity [m/s] Turbulent intensity [%]

Figure 7. Velocity [m/s] and turbulent
intensity [%)] profiles from WT measurements
and CFD approximations

2.4. Verification & Validation methods
Previous research [21] on the case of the Keme-
rovo MTEC has revealed that some widely used
error estimation methods, such as Richardson ex-
trapolation and approximate error spline, may
display incorrect behaviour in convergence anal-
ysis. Therefore, a simpler error estimation
method was used in their stead for this study.
Grid convergence was estimated as a ratio of the
wall shear stress’s range to its mean, which is
then interpolated to the coarse grid for compar-
ison:

maxT,,; — minT, ;
L L

= 100%,
9 2meanTt,,; o “)
L

where i denotes the grid (1 — coarse, 2 — medium,
3 — fine), and the values of max(tw,i), mean(tw,i)
and min(tw,) are taken from the sampled da-
tasets at each node of the facility’s roof mesh.
Iteration convergence was estimated similarly:

Max Ty — mkin Twk

e = 100%, (5)

2 mean Ty,

where T,k are the wall shear stress values at the
k'™ iteration (k = 181...300).

For mean(tw.x) = 0, the values of eir take very
large values, not characterising convergence. In
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such cases, formula (5) is not applicable and the
corresponding points are discarded.

Since the experimentally obtained values
of numerical shape coefficient u»» and physi-
cal shape coefficient ppm are not exactly equal
to the values of design shape coefficient p
(and, generally, to each other), the simula-
tions’ results are compared qualitatively in the
first place. This is due to the nature of the
methodologies that are used to simulate snow
deposition and snow transport in WTs and
CFD.

3. RESULTS AND DISCUSSION

This section presents the results of grid and it-
eration convergence for the numerical model-
ling, and the comparison of snow deposit maps
obtained numerically and physically.
The following nomenclature is used:

Table 1. Numerical results nomenclature

Parameter Value Abbr.
Angle 0° A0
of attack 90° A90
INg
=2 GEKO0-0.70 G070
§ Turbulence
5 del GEKO-1.25 G125
& mode
§ k-o SST kwSST
Flow 3 m/s V3
velocity 6 m/s V6
Coarse M1
Grid quality Medium M2
Fine M3

3.1. Iteration convergence

For the most runs (24 out of 36, see Fig. 8, 9)
the mean values of eir are well below 7%,
except for A0-G125 (7.6% < eir < 15.9%) and
AO0-kwSST (38.3% < eir < 76.3%). Still, even
the runs with the overall lowest values of eir
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demonstrate local areas of extremely high ei
(Fig. 11). However, the plotted values of tw.x in
such areas reveal oscillatory convergence
(Fig. 12). This result underlines the necessity
of data sampling for simulations with complex
geometry and skewed cells, whose presense in
meshes oftentimes cannot be avoided.

3.2. Grid convergence

For the most configurations (10 out of 12, see
Fig. 10) the mean values of eg are well below
9%. The lowest values are obtained with G070
(4.98% < ez < 6.74%), followed by G125
(5.53% < eg < 7.56%) and, finally, kw-SST
(7.97% < eg < 26.2%). Just as with e, the
configurations with the overall lowest values of
eg demonstrate local areas of extremely high eq
(Fig. 13). However, the plotted contours of
such high value areas reveal that their area
remains relatively small (i.e., for the A90-
G070-V3 configuration eg > 10% for only 11%
of the total surface area). This result shows that
GEKO-0.70 allowed for the best grid
convergence between the three turbulence
models used in this study.

3.3. Comparison between numerical and physi-
cal results

Based on the convergence study, GEKO-0.70
results were used for the comparison with
physical snow deposit maps, since it produced
the overall lowest values of eir and eq.
Numerical snow deposit maps are presented for
all three grids to demonstrate how the deposit
contours change with grid refinement.
Qualitative comparison between the numerical
and the physical simulations’ results for two
angles of attack show good agreement both in
general and locally, sufficient enough to be
used in conjunction with the building code
provisions to produce maps of the design shape
coefficient p.
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Figure 8. Mean iteration error eit[%)] for different grids, angle of attack 0°
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Figure 9. Mean iteration error eir [%)] for different grids, angle of attack 90°
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Figure 10. Mean grid error eg [%] for different turbulence models
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Figure 11. Iteration error eit[%] for A90-G070-V3-M1 case, log scale
Angle of attack is shown with the red arrow
The mark depicts the cell centroid with the highest eir value
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Figure 12. Wall shear stress [Pa] plot in the aforementioned cell centroid over the last
100 iterations reveals oscillatory convergence
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Figure 13. Grid error eg[%] for A90-GO070-V3 configuration, log scale
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Figure 14. Numerically modelled shape coefficient pwnm vs. physically modelled shape coefficient ppm
Angle of attack 0°, GEKO-0.70
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d) ppm
Figure 15. Numerically modelled shape coefficient \wum vs. physically modelled shape coefficient ppm
Angle of attack 90°, GEKO-0.70
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4. CONCLUSIONS

The following conclusions are made from the
conducted research:

1. Numerical models of the Kemerovo MTEC
and the surrounding buildings have been devel-
oped. A total of 2 wind directions, 2 velocities, 3
levels of grid refinement (4.99, 10.77 and 19.06
million cells) and 3 turbulence models
(k-0 SST, GEKO-0.70 and GEKO-1.25) were
considered.

2. A thorough verification has been carried out
to investigate the iteration and grid independence
of the solution:

elteration and grid error can contribute
significantly to the numerical solution results.
To minimise this effect, it is necessary to use
data sampling and maintain good mesh quality.
e The solution for all the turbulence models
mostly demonstrates oscillatory behaviour on
different grid refinement levels.

e The k-® SST model shows the worst iteration
and grid convergence among the studied
models.

e The GEKO models show significantly better
iteration convergence (eir < 16.2%), and
decreasing the Csgp further improves it
(eir < 3.5% for Csep = 0.70).

e The best grid convergence is achieved with
GEKO-0.70 (eg < 7%) and the worst with
k-® SST (eg > 8%).

3. A thorough validation has been carried out
through a qualitative comparison of the numeri-
cal (CFD) and physical (WT) modelling results.
e The GEKO turbulence model with the parame-
ter Csep = 0.70 displayed good agreement with
the experimental data. This model is recom-
mended for use in snow load determination for
long-span roofs in steady-state simulations.

4. It is confirmed that Ansys Fluent allows the
snow loads determination on buildings of com-
plex shape with the accuracy sufficient enough
for practical purposes, provided that modern tur-
bulence models and methods set out in the STO
[13] are used.
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NUMERICAL MODELING OF PLANE FRAME VIBRATIONS
TAKING INTO ACCOUNT NONLOCAL IN TIME ELASTIC
PROPERTIES OF THE MATERIAL

Viadimir N. Sidorov ', Elena. S. Badina ">, Roman O. Tsarev !

"Moscow State University of Civil Engineering, Moscow, RUSSIA
2Russian University of Transport (MIIT), Moscow, RUSSIA

Abstract: This paper presents a model for the dynamic deformation of plane composite frames accounting
for the time-nonlocal elastic behavior of the material. The time-nonlocal model, previously developed for
beam elements, is extended to frame structures and implemented within the finite element method. The
influence of the nonlocal model scale parameter on the dynamic response is investigated. A U-shaped frame
made of thermosetting vinyl ester glass-fiber-reinforced polymer is used as a case study to calibrate the scale
parameter against reference three-dimensional finite element analysis results using the least-squares criterion
and the golden-section search method. The calibrated time-nonlocal model significantly reduces the root-
mean-square error compared with the classical local model and provides results that are in close agreement
with the reference three-dimensional finite element analysis. The results provide additional evidence that the
scale parameter of the time-nonlocal model can be regarded as an intrinsic material property independent of
the structural geometry.

Keywords: Nonlocal mechanics, nonlocal damping, numerical simulation, finite element method

YUCJEHHOE MOJIEJIMPOBAHUE KOJIEBAHUM
INJIOCKHUX PAM C YYETOM HEJIOKAJIBHbBIX BO BPEMEHH
YIIPYTUX CBOUCTB MATEPUAJIA

B.H. Cuoopos ', E.C. Baovuna %, P.O. Ilapee !

! HanmoHa bHBIA MCCIIeq0BaTeIbCKI MOCKOBCKHIA TOCYIapCTBEHHBIIA CTPOUTEIBHBII YHUBEPCHUTET,
r. Mocksa, POCCH
2 Poccumiickmit yauepeuteT Tpancropra (MUUT), r. Mocksa, POCCUS

AuHoTanus: B crathe paccmaTtpuBaeTcsi MOJETb AWHAMHYECKOrO Je(OpPMUpPOBAHUS IUIOCKHX paM U3
KOMITO3UTHBIX MaT€pUuajioB € YUCTOM HEJIOKAJIbHOCTHU YIIPYTUX CBOMCTB MaTtepuajia BO BpEMCHHU. HenokanbHas
Moziesb, pa3zpaboTaHHas paHee I OaJOYHBIX 3JIEMEHTOB, PAcHpPOCTpaHEHa HA CIydadl paMHBIX CHUCTEM U
BBITIOJIHEHA €€ KOHEUHO-dJIeMEHTHas peanusaiys. MccnenoBaHo BIUsHIE U3MEHEHUS] MAacCIITaOHOTO IapameTpa
HEJIOKAJIBHOW MOJICNT Ha XapaKTepPUCTHKN KosebaTenbHoro nporecca. Ha npumepe pacuera [1-00pa3Hoit pambl
13 TEPMOAKTHBHOIO BHHWID(HPHOIO CTEKJIOIUIACTHKA BBINOJHEHA KaJMOpOBKAa MacIITaOHOro napamerpa Iio
pe3ysbraTaM TPEXMEPHOTO KOHEYHO-3JIEMEHTHOTO MOJICJIMPOBAHUS C HMCIOJIb30BAaHUEM METO/a HaWMEHBIINX
KBaJIPaTOB U METOJa 30JI0TOr0 ceueHus. [lokazaHo, 4TO MpUMEHEHHE OTKATMOPOBAHHON HEJIOKaIbHON MOJCIN
TIO3BOJISICT CYIIECTBEHHO CHU3UTH CPEJHEKBAJAPATHYHYIO OIIMOKY 10 CPAaBHEHHIO C KIIACCHYECKOW JIOKAIBHOMN
MOJIENIBI0 U TIOJNYYHTh PE3YJIBTAThl, COMOCTAaBHMBIE C TPEXMEPHBIM MOJCINPOBAHUEM. YCTAHOBJIEHO, YTO
MacIITaOHBII MapaMeTp HEJIOKaJIbHOH MOIENN MOXKET paccMaTpuBaThCs KaK XapaKTEPUCTHKA MaTepuaina, He
3aBHCAIIAs OT FEOMETPUU KOHCTPYKIIHHL.

Kuarwuesble ciioBa: HenokanbHas MCXaHHKa, HCJIOKAJIbHOC HCMH(prOBaHHe, YHCJIICHHOC MOJCIIUPOBAHUE,
MCTOA KOHCYHBIX DJICMCHTOB
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Numerical Modeling of Plane Frame Vibrations Taking into Account Nonlocal in Time Elastic Properties of the Material

INTRODUCTION

Technological development plays a key role in
many fields, including construction, mechanical
engineering, and manufacturing. Particular
attention is given to the development and
application of composite and nanomaterials with
controllable physical, mechanical, and chemical
properties, as these materials are essential for the
design and development of innovative
engineering products. However, such materials
often exhibit orthotropic or anisotropic behavior,
requiring the development of reliable theoretical
models supported by experimental validation.
These models must accurately describe the
material response under various loading
conditions, including dynamic loading. Three-
dimensional finite element models are widely
used for this purpose because they can account
for the internal structure of the material and its
influence on mechanical behavior. However,
their high computational cost limits their use in
practical engineering applications. An alternative
approach is provided by one-dimensional models
based on specific hypotheses, including those
derived from the principles of nonlocal
mechanics.

Examples of such models include the approach
presented in [1], which considers several
damping mechanisms during the vibration of a
quasi-isotropic  pultruded composite beam,
including external damping, strain rate-
dependent internal damping, spatial hysteresis,
and temporal hysteresis. The study also
investigates different combinations of these
damping mechanisms. Other models based on the
principles of nonlocal mechanics include the
nonlocal elasticity model proposed in [2] and the
model presented in [3], which incorporates the
nonlocality of both elastic and damping
properties. The identification of the parameters
of a nonlocal damping model using numerical
simulations of the dynamic response of a
composite beam is described in [4], whereas [5]
presents a time-nonlocal internal friction model
integrated into a finite element algorithm. These
studies demonstrate that one-dimensional models

Volume 22, Issue 3, 2026

based on the nonlocal approach can serve as an
efficient alternative to detailed three-dimensional
finite element models.

In the classical local formulation, the defining
relations for viscoelastic material, as described
by the Kelvin-Voigt model, take the following
form:

y . . 0E
O'l] = Cl]klgkl +Xl]kl ki , (1)
at
where CY*! is elastic moduli tensor, XYk =

CY¥lt, is viscosity moduli tensor, t,is the
retardation time, o/ is stress tensor, &; is strain
tensor.

The Cauchy relation:

1
8ij = E(Vlu] + Vjui), (2)

where V; is the differential operator and u; is the
components of displacements.

When transitioning to a nonlocal formulation,
relation (1) takes the following form:

t
gl = Ccukl j R(t — D)g (D)dt + XUklg,,  (3)
0

In Eq. (3), R(t — 1) denotes the kernel of the
nonlocal elasticity operator. It characterizes the
decay of the contribution of strains at previous
time instants 7 to the elastic forces at the current
time t. The kernel must satisfy the normalization
requirement: fot R(t—1)dr=1

In the present model, only the elastic properties
of the material are assumed to be time-nonlocal.
Under this assumption, the elastic forces at the
current time depend not only on the current
deformation state but also on the deformation
history of the material.

A time-nonlocal model of the elastic properties
of materials was previously developed for Euler—
Bernoulli beam elements and integrated into a
finite element algorithm [6].

The incorporation of the model into the finite
element framework enables its application to the
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analysis of rod systems with relatively complex
geometries. The present study extends this
approach to frame structures and demonstrates
the applicability of the time-nonlocal model for
predicting their dynamic response.

CONSTRUCTION OF A TIME-
NONLOCAL DYNAMIC DEFORMATION
MODEL FOR A ROD SYSTEM.

In order to make the nonlocal in time dynamic
deformation model suitable for practical
calculations, it has been incorporated into the
finite element method algorithm. The physical
interpretation of the finite element dynamic
problems can be based on the principle of virtual
work [7]:

qul5uldV+J0U(5£UdV
|4 |4

(4)
= J ql5uldA+JF15uldV

A 14

Here p is a material density; q; and F; are surface
and body forces; du; is the field of virtual
displacements; §¢;; is the field of virtual strains.
The two dots denote the second time derivative.
Using the defining relation of a nonlocal in time
dynamic deformation model (3) and considering
the components of elastic moduli tensor constant
in time, we can rearrange (4) as:

jpu,&tldV
|4
t
+f C”"ljRt(t—r)ekl(r)dT(SsUdV
|4 0 (5)
+J-Xijklékl5£ijdV
v

= J. qi5uidA + J- Fié'ul-dV.

A 14

Vladimir N. Sidorov, Elena. S. Badina, Roman O. Tsarev

When employing the finite element approach, the
actual strain and displacement fields for an
element are replaced by approximate ones [8]:

i~ Nd, (6)
where N is the shape functions matrix, d is the
vector of displacements along the nodal degrees
of freedom.
With the matrix operator of Cauchy relations A
we can write AN = B, then assumed element
strain field is:

& = Bd. (7)
Considering this and omitting the virtual nodal
displacements according to the principle of

virtual work [7] we can represent (5) in matrix
form:

J pNTNdVd + j BTXBdvd
|4

14

t
+ f B'C f R(t — t)Bd(t)dt dV ®)
% 0

= f NqdA + f NFdv
A |4

For a plane frame, the constitutive matrix C
contains two components corresponding to the
axial and bending stiffness of the element, while
the strain vector consists of two components: the
axial strain and the curvature. The bending
stiffness matrix was derived previously in [9].
Therefore, in the present study, only the axial
component is derived:

du

€11 = dx ©

Here, x is the longitudinal coordinate of the
beam, &;; is the axial strain, and u is the axial
displacement of the frame cross-sections. The
assumed solution i =~ Nd for each frame
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element can be written using interpolation
functions:

vt 3

(10)
where [ is an element length, s € [0,[] is an
element longitudinal coordinate.

. d
Using - as A we have:

poz-[-4 Y

(1)

Since all elements of B matrix are time
independent we can take it out of the integral
over time in (8). Then taking into account that
cross-sectional ~moment of inertia s

A= [, dA we obtain:

j pANTNdsd + f BTyI,Bdsd
l l

; (12)
+f EIZBTBfR(t—‘L’)d(T)dT ds

l 0
=F.

Here M; =fl pANTNds is the beam element
mass matrix, D; = fl BT xABds is the element

damping matrix, K; = fl EABT Bds is the
element stiffness matrix, F — is the load vector.
To derive the stiffness matrices of a rod element
subjected to axial deformation, the shape
function matrix N and the strain—displacement
matrix B are substituted into the integral
expressions for the stiffness matrices,
respectively, previously obtained in Eq. (12).

KizE A Al (13)
11
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In (12) the damping matrix is proportional to the
stiffness matrix. The same result was obtained in
[5], where the damping matrix was derived using
the stationary condition of the system's total
energy during vibration.

After assembling M;, D;, K; to a global mass
matrix M, damping matrix D and stiffness matrix
K of the beam, we can write the finite element
formulation of equation of motion:

Md + Dd + KJtR(t —1)d(t)dt = F. (14)
0

When modeling the dynamic behavior of a plane
frame, it is necessary to take into account that its
elements are subjected not only to bending but
also to tension and compression. Therefore, each
node of the finite element model should have
three degrees of freedom (Fig. 1). The bending
stiffness matrix for nonlocal in time FEA model
also has a standard form, which was
demonstrated in [mbi].

The stiffness matrix K; of a plane frame element
with three degrees of freedom at each node is a
combination of axial and bending stiffness
matrices and has the following form:

- EA EA
- 0 0 -—= 0 0
12E  6EI 12E1  6EI
- T ' " T
6EI 4B 6EI  2EI
0z T
EA EA (15)
-— o o = 0 0
12EI  6EI 12E  6EI
-7 Tz 0 Bz
6E1 2B 6EI  AEI
2 I B I

Here, E is the modulus of elasticity, I and A are
the moment of inertia and the cross-sectional area
of the element, respectively, and / is the length of
the element.
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Figure 1. Numbering of the degrees of freedom
of a frame finite element

To account for the time-nonlocal properties of
the material, it is assumed that the elastic forces
in the system at time t depend not only on the
current displacement d(t), but also on the
displacement history, i.e., the displacement
values at previous time instants 1. The influence
of past states decreases as the time interval
between t and 7 increases [10].

Various kernel functions have been proposed to

model the memory function [2].
In the present study, the nonlocal operator is
defined by an error function kernel,

which is expressed in the following form
accounting for the normalization requirement:

2
R(t—1) = \/_% NP (t=1)? 16)

Like for all non-local models, in this case, a
defining characteristic is the scale parameter 7,
which determines the level of nonlocality in the
elastic properties of the material over time.
Figure 2 illustrates how this parameter influences
the shape of the kernel.

— n=0.2,1/s
- n=11/s i
’ r0.s8

r0.6

R(t-T)

/
i ro4d

0.2

0.0

10 8 5 4 2 0
[t-T|, s

Figure 2. Graphs showing the effect of the
parameter 1 on the nonlocality of the model
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ASSESSMENT OF THE INFLUENCE OF
THE SCALE PARAMETER ON THE
NATURE OF THE OSCILLATORY
PROCESS

To further develop the proposed model, it is
necessary to investigate the effect of the scale
parameter on the dynamic response of the rod
system. The equation of motion was solved using
an implicit Newmark integration scheme [11].
Nodal displacements were computed following the
procedure previously developed for the vibration
analysis of Euler-Bernoulli beam elements with
time-nonlocal elastic material properties [6].

As a numerical example, a U-shaped frame with
fixed supports was analyzed (Fig. 3). The frame
was assumed to be made of a Class I
thermoactive vinyl ester fiberglass composite,
the material properties of which are listed in
Table 1. The columns have a square cross-section
with a side length of 0.4 m, whereas the
horizontal beam has a rectangular cross-section
measuring 0.3 m in height and 0.4 m in width. An
instantaneous uniformly distributed load with an
intensity of —11 kN/m was applied along the
horizontal beam.

Table 1. Properties of thermoactive vinyl ester
glass-reinforced plastic Class I (plane model):

Young's Modulus, Elw 17.2 GPa
Poisson's Ratio, pulw 0.32
Density, p 1.9 kg/m3
Damping Coeftficient, y 0.042
g=11 kH/m
=

z Y
= 5
= =)

0.4 M 77 |04 M
10 M

Figure 3. Computational model of the frame
adopted for numerical simulation
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The viscosity coefficient for the considered
frame is y = 0.021 Pa-s.

To solve the equation of motion (14) in matrix
form, an implicit scheme [11] was employed:

Qd;,, ) _
=F;1 +Md; + Q1d; + Q,d; — Kp, (17)
where:
2 M+ — ! D+ K = 2 M
Q_Ag Aa @ Ql_At’
(18)
—M+ —D,
Q=M+

The integral kernel (16) has been discretized and
divided into two parts: o - the weighting
coefficient associated with di+1, [ - the sum of
all other weights (fig.2):

2n

a= —Uz(ti+1—ti)2 - At

Z_ e -n%(ti~tj- 1)

Computer programs were developed in Python
programming language. Based on the above
initial data, a series of calculations was
performed for different values of the scale
parameter in order to assess its influence on the
characteristics of the oscillatory process. The
obtained results are presented in Fig. 4.

Analysis of the presented plots shows that a
decrease in the parameter 77 (an increase in the
degree of nonlocality) leads to an increase in the
vibration amplitude.

(22)

n=230,1/s
---- n=235,1/s
— n=40,1/s

Displacement, m

o 1 2 3 4 5 6 7 & 8 10
Time, s
Figure 4. Displacement plots of the central node
of the upper chord of the frame obtained from
three computational cases with different values
of the scale parameter
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DETERMINATION OF THE NONLOCAL
PARAMETER BASED ON THE RESULTS
OF A NUMERICAL EXPERIMENT

For the proposed nonlocal material model to be
used in engineering applications, the value of the
nonlocal parameter must first be identified. In the
present study, this parameter is determined through
a calibration procedure based on the least squares
method using the results of a numerical
experiment. The reference data for the calibration
were obtained from a three-dimensional finite
element analysis of the frame structure described in
the previous section. The numerical model was
developed in the MIDAS Civil NX software
package and accounts for the orthotropic properties
of the composite material. The material properties
used in the analysis are listed in Table 2.

Table 2. Properties of thermoactive vinyl ester
glass-reinforced plastic Class I (3D solid

model):
Young's Modulus (Longitudinal), E, | 17.2 GPa
Young's Modulus (Transverse), E_ | 12.2 GPa
Poisson's Ratio (Longitudinal), p, 0.32
Poisson's Ratio (Transverse), u 0.15
Density, p 1.9 kg/rn3
Damping Coefficient, y 0.042

The finite element analysis provided the
displacement history of the midpoint of the frame
girder. The corresponding displacement data
obtained in MIDAS Civil NX were exported to a
Python program developed for identifying the
scale parameter. The program implements a least
squares calibration procedure, in which the scale
parameter of the nonlocal model is identified by
minimizing the sum of squared differences
between the reference data and the numerical
predictions. The optimization was performed
using the golden section method.

The comparison of the results is shown in Figs. 5
and 6. Compared with the classical local model,
the calibrated nonlocal rod model shows better
agreement with the results of the three-
dimensional finite element analysis.
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—— Local model
3D model

Displacement, m

Time, s
Figure 5. Comparison of the results of the
three-dimensional numerical experiment with
the results of one-dimensional modeling based
on the classical local model. The relative
erroris 13.56%

0.00
— n=237.8,1/s

-0.01
= ---- 3D model
=
S —0.02 1
[}
E ~
9 -0.034
8
% -0.044
[m]

-0.05

T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Time, s
Figure 6. Comparison of the results of the three-
dimensional numerical experiment with the
results of one-dimensional modeling using the
calibrated time-nonlocal deformation model
with the error function kernel. The relative
erroris 5.41%

The results clearly demonstrate that the
calibrated nonlocal rod model allows to reduce
the root mean square error by nearly one order of
magnitude compared with the corresponding
local model. Thus, the proposed approach
achieves an accuracy comparable to that of the
three-dimensional finite element model.

Paper [6] presents the results of a series of
numerical studies on Euler-Bernoulli beam
elements with time-nonlocal elastic material
properties.

The calibration data for the 12 meters long beam
with a fixed ends and with a cross-section 20x30
cm was obtained in MIDAS Civil NX similarly
as it was done for the frame. The material
properties were taken as for the GFRP (Table 2)

Vladimir N. Sidorov, Elena. S. Badina, Roman O. Tsarev

0.00 Displacement in the middle of the beam

—— Non-Local model n = 38.34
---- 3D Model

g —0.02 1

|
e
=1
=S
L

—0.06 7
—0.08 7

-0.109

Displacement,

-0.12 4

Time, s
Figure 7. Calibration results for the beam
presented in [6]

The beam has the similar firs Eigen frequency as
the considered frame (fig. 3), and thus a similar
viscosity coefficient of 0.021 Pa-s. It was
identified that the value of the scale parameter for
the considered beam was 38.34 s7'. Although the
calibration presented in this study was performed
independently for a frame structure, the resulting
combination of viscosity coefficient and scale
parameter (0.022 Pa-s and 37,8 s™', respectively)
is in close agreement with the corresponding
values reported in [6]. This finding provides
additional evidence that the scale parameter is an
intrinsic material property of the nonlocal model
and, therefore, does not require recalibration
when the geometry of the structure changes.

CONCLUSION

The previously developed time-nonlocal
dynamic  deformation model, originally
formulated for Euler—Bernoulli beam elements,
has been extended to describe the dynamic
response of frame structures. The influence of the
scale parameter 77 on the structural response has
been investigated, showing that an increase in the
degree of temporal nonlocality leads to higher
vibration amplitudes.

Compared with the classical local formulation,
the calibrated nonlocal rod model shows
significantly better agreement with the reference
three-dimensional finite element analysis. The
calibration results provide additional evidence
that the scale parameter is an intrinsic material
property of the proposed nonlocal model and is
independent of the structural geometry.
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ANALYSIS AND COMPARISON OF THE EFFECTIVENESS OF
VARIOUS SEISMIC ISOLATORS IN REDUCING SEISMIC
MOVEMENTS RECORDED IN PERU

Hubert S. Morales, Arnold S. Grados, Flor O. Vara
Technological University of Peru, Lima, PERU

Abstract: This study compares the seismic performance of four types of seismic protection technologies, the triple
pendulum bearings (TPBs), viscous dampers (VDs), tuned mass dampers (TMDs) and high-damping rubber
bearings (HDRBs).: Structural models developed in ETABS for 5 and 10-story buildings in Seismic Zone 4 of
Peru were used for the analysis. The results demonstrate that TPBs provide the highest reduction of floor
accelerations for all the considered buildings and story levels with effectiveness values in the range of 75% to 82%,
better than both HDRBs and energy dissipation systems. The study found that HDRBs achieved reduction of 65%
to 75% while viscous dampers (VDs) reduced the floor accelerations by 30% to 45%. Tuned mass dampers (TMDs)
had the least performance with reductions of 12% to 22%. To summarize, the results indicate that seismic isolation
systems, in particular TPBs, provide significantly higher reductions in the floor accelerations than energy
dissipation systems.

Keywords: Seismic isolators, Viscous dampers, Tuned mass dampers, Nonlinear dynamic analisis,
Earthquake-resistant engineering, Seismic acceleration reduction, Structural modeling

AHAJIN3 U CPABHEHUE D®PEKTUBHOCTHU PA3JIUYHBIX
CEI7I§MOI/I3OJI}[TOPOB IPU CEUCMHUYECKHNX
BO3JIEVICTBUSAX, SAPETUCTPUPOBAHHBIX B ITIEPY

Yoepm C. Mopanec, Apnonwo C. I padoc, @nop O. Bapa

Texnonornueckuil yausepeurer llepy, JIuma, IIEPY

AnHoTanusi: B naHHOM unccnenoBaHuu cpaBHHBAeTCS 3()(EKTHBHOCTH YETHIPEX CHCTEM CEHCMOM3OJISLIUM:
TpeXMasiTHUKOBBIX cericMonzonsaTopoB (TPB), Bs3kux aemndepos (VD), HacTpoeHHBIX MAacCOBBIX jaemIi(epoB
(TMD) un BbIcokoaeMndupyromumx pe3nHoBbIX ceiicMonzoinsitopoB (HDRB). HccienoBanue BBITOIHEHO ¢
HCIOJb30BAHUEM pACUETHBIX Mojened coopyxkeHuid B mnporpammHoMm komiuiekce ETABS. beum
MIpOaHAIU3UPOBAHbI 3/1aHus BbICOTOM 5 1 10 sTaskel, pacnojokKeHHble B ceiicMuueckoii 30He 4 Ilepy. Pe3ynbraTs!
nmokaszanu, 4yto cucremMa TPB obecneunia HanOousbllee CHIDKCHHE CEHCMHUYECKMX YCKOPEHHH BO BCEX
WCCIIeIOBAHHBIX 3/1aHMUAX M Ha BCEX aHAIN3UPYEMBIX YPOBHSX, IPH dpPekTuBHOCTH OT 75% 10 82%, mpeB3oiias
cucreMmy HDRB n yctpolictBa paccenBanust sHeprun. Cucrema HDRB mpomeMoHcTpupoBana ymepeHHOE
CHIKEHHUE ycKopeHHH — oT 65% 1o 75%. Bsizkue nemngepsr (VD) obecnieunnn Menbiee cHnxenne — ot 30%
10 45%, Torna Kak HacTpoeHHbIe MaccoBble AeMmndeps! (TMD) nokas3anu HanMeHbITy0 3P (HEKTHBHOCTE — OT
12% no 22%. B memoM pe3ynbTaThl CBHACTEIBCTBYIOT O TOM, YTO CHCTEMbI, OCHOBAHHBIC Ha CEHCMOM3OIIALINH,
ocobenHo TPB, 3naunTenbHo 3(h(PEeKTHBHEE CHIDKAIOT CECMUYECKHE YCKOPEHUS 110 CPABHEHHIO C CHCTEMaMu
paccenBaHUs SHEPTHH.

KaioueBsie ciioBa: celicMOM30IISITOPBI, BS3KHE JieMII()epbl, HACTPOSHHBIE MAaCCOBBIE IeMIT(EpHl,
HEeNHUHEHHbI TUHAMUYeCKUi aHaIu3, CeHiCMOCTOIKOe CTPOUTENECTBO, CHUKEHUE CEHCMUUECKUX YCKOPEHU,
CTPYKTYPHOE MOJIETUPOBAHHE

1. INTRODUCTION and South American plates and are one of the

major natural hazards for the country’s
The earthquakes that affect the Peruvian coastare infrastructure (Kumar et al., 2025). A large
due to the tectonic interaction between the Nazca amount of energy is released and transmitted to
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the Earth’s surface during the subduction
process, producing seismic forces that can affect
buildings in both urban and rural areas
(Chowdhury et al., 2025). The history of seismic
events in Peru shows that earthquakes of large
magnitude can result in structural collapse, loss
of life and serious economic consequences. This
reality necessitated the development of
technologies to prevent transfer of seismic
energy to structures and thus reduce structural
damage and improve occupant safety.

Among these technologies, seismic isolation
systems are characterized by their potential to
enhance  structural  performance  during
earthquakes and to reduce the seismic demand
transmitted to the superstructure (Shid et al.,
2025). Studies conducted in different countries
have shown that rubber-based isolation systems
dissipate a substantial portion of seismic energy,
resulting in lower structural displacements and
floor accelerations. For example, Patel and
Kumar (2025) compared reinforced concrete
buildings with and without seismic isolation
systems and reported a significant reduction in
the upper-story displacements of isolated
structures. Similarly, Karaton and Osmanli
(2021) evaluated the performance of a hospital
equipped with triple pendulum bearings during
the 2023 earthquakes in Tiirkiye and found that
the facility remained operational even after
experiencing multiple consecutive seismic
events.

Recent studies on seismic performance and
structural resilience based on nonlinear dynamic
analyses have shown that friction-based base
isolation systems, such as triple pendulum
bearings (TPBs), provide superior performance
compared with fixed-base frame structures
equipped with viscous dampers (Hudson, 2025).
These devices concentrate deformation demands
at the isolation interface, reduce the influence of
higher vibration modes, and significantly
decrease floor accelerations throughout the
superstructure  (Hudson, 2025). Similarly,
rubber-based seismic isolation systems have
become one of the most widely used technologies
owing to their high energy dissipation capacity.
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Recent studies have shown that the mechanical
behavior of elastomeric layers, bounded by steel
plates, produces a displacement-dependent
nonlinear stiffness. This characteristic provides
better control of deformations under severe
earthquakes and helps to limit displacements
within the isolation system (Zhang & Lu, 2024).
While tuned mass dampers are tuned to a narrow
frequency band, typically that of the fundamental
vibration mode of the structure, base isolation
systems and viscous dampers are not (Belbachir
et al., 2024). Hence, their ability to attenuate
accelerations due to real earthquake excitations is
generally more limited (Belbachir et al., 2024).
Several studies have also pointed out the benefits
of adding supplementary damping devices to
seismic isolation systems. Kiral and Tonyali
(2025) have compared the performance of
laminated rubber bearings with and without
viscous dampers. It has been demonstrated that
the use of these devices considerably reduces the
acceleration and displacement of the floors
within the isolation layer. Similarly, Ren et al.
(2025) demonstrated that lead-rubber bearings
(LRBs) subjected to near-fault earthquakes may
suffer critical deformations, leading to an
increase of the effective stiffness and higher
dynamic demands on the superstructure. More
recently, emerging technologies, such as
metamaterial-based seismic isolators (Khosravi
and Amjadian, 2025) have been proposed to
modify the natural frequency of structures,
thereby reducing inter-story drifts and floor
accelerations.

The behaviour of seismic isolation systems has
been widely investigated under various
geotechnical and structural conditions. In this
sense, Nettis et al. and Shid et al. (2025)
evaluated the seismic vulnerability of isolated
bridges along the Costa Verde in Lima,
concluding that differential ground settlements
increase the structural vulnerability, even in
systems with high damping capacity. These
findings reveal that although seismic isolation
systems have performed well in many
international applications, the effectiveness of
these systems is influenced by structural
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configurations, geotechnical conditions of the
site, and the level of seismic ground motion (Shid
et al., 2025).

Recent studies have been able to improve the
knowledge of seismic isolation systems.
However, there is a lack of comparative studies
that evaluate the performance of different
isolation technologies in conditions similar to
those of the Peruvian seismic environment. In
particular, the relative performance of each
isolation system still has limited information,
especially regarding the influence of coastal soil
conditions, structural geometry, and earthquake
duration. This lack of evidence makes it difficult
to identify the most appropriate seismic
protection technology for buildings located in
Seismic Zone 4 of Peru, the region exposed to the
country's highest level of seismic hazard.

To expand the available evidence for the
Peruvian seismic context, this study compares
the performance of four seismic protection
technologies: triple pendulum bearings (TPBs),
viscous dampers (VDs), tuned mass dampers
(TMDs), and high-damping rubber bearings
(HDRBs). Structural models developed in
ETABS and designed in accordance with
Peruvian seismic codes were used for this
purpose. The main objective is to evaluate the
reduction in seismic accelerations in 5- and 10-
story buildings located in Zone 4 of Peru. The
numerical models were defined using parameters
including soil type, number of stories, structural
configuration, and the mechanical properties of
the construction materials. Subsequently,
representative base models were developed, into
which the different seismic control systems were
incorporated. The structural response of the
models was assessed using representative
Peruvian earthquake records by comparing floor
accelerations, inter-story drifts and lateral
displacements. Lastly, an evaluation of the cost-
benefit ratio of each alternative was carried out
to find the solution that provides the best balance
between structural performance and economic
feasibility.

Volume 22, Issue 3, 2026

The main contribution of this study lies in
comparing, under the same structural design
conditions, the behavior of four seismic
protection  technologies wusing equivalent
numerical models. Unlike much of the available
literature, which analyzes each device
independently, this research employs identical
geometric models subjected to real seismic
records from Peru and to the requirements
established by Standard E.030. This made it
possible to isolate the effect of each technology
and provide a technical and economic basis to
facilitate the selection of seismic protection
systems for buildings located in Zone 4 of Peru.

2. METHODOLOGY

This research followed a  quantitative,
experimental-comparative approach, supported
by numerical simulations developed using
ETABS v20. The study was based on structural
modeling and nonlinear dynamic analysis of
reinforced concrete buildings equipped with
different seismic control systems: triple-
pendulum isolators, high-damping isolators,
viscous dampers, and tuned-mass dampers.
Various authors have noted that nonlinear
analysis i1s a suitable tool for representing the
actual response of structures subjected to severe
seismic events, especially when seismic isolation
and dissipation devices are incorporated
(Karaton et al., 2021). This study focuses on
buildings representative of Zone 4 in Peru,
considered the region with the highest seismic
hazard in the country.

To represent the diversity of the urban building
stock, two reinforced concrete structural
typologies were selected: a five-story low-rise
building and a ten-story mid-rise building. These
configurations were chosen because they are
representative of the building stock in
Metropolitan Lima and provide an appropriate
basis for evaluating the influence of building
height and structural stiffness on seismic
response.
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Figure 1. Research workflow of the study

The study followed an explanatory and applied
research approach aimed at quantitatively
comparing the performance of different seismic
control  technologies under representative
earthquake ground motions for the Peruvian
seismic environment. The analyses were limited
to reinforced concrete moment-resisting frame
buildings designed in accordance with the
Peruvian Technical Standards E.020 (Loads),
E.030 (Seismic Design), and E.060 (Reinforced
Concrete). In accordance with the Peruvian
Seismic Design Code (E.030), essential facilities
require rigorous seismic assessment to ensure
uninterrupted functionality following major
earthquake events (Jarro et al., 2024). Numerical
simulation  tools specialized in seismic
engineering, such as ETABS, allow for the
accurate evaluation of structural response by
estimating inter-story distortions, bidirectional
displacements, and floor accelerations using local
seismic records scaled in accordance with the
requirements of current codes (Jarro et al., 2024).
Initially, the structural models were defined by
establishing the building typology, soil
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conditions, and the mechanical properties of the
construction materials. Subsequently, the seismic
control systems were incorporated into the
baseline models, and nonlinear dynamic analyses
were performed using representative Peruvian
earthquake ground motions. The resulting
structural responses were then compared in terms
of floor accelerations, interstory drifts, and
lateral displacements, followed by a cost—benefit
assessment of each technology.

The increase in the fundamental period
constitutes the primary mechanism governing the
effectiveness of base isolation systems (Musa,
2025). Finite element platforms such as ETABS
allow engineers to evaluate how increased
flexibility at the isolation interface shifts the
natural period of the structure away from the
resonance-sensitive region of the seismic
response spectrum. As a result, base shear forces,
interstory  drifts, and dynamic demands
transmitted to the superstructure are significantly
reduced (Musa, 2025).

International Journal for Computational Civil and Structural Engineering



Analysis and Comparison of the Effectiveness of Various Seismic Isolators in Reducing Seismic Movements Recorded

in Peru

Display Design Detailing  Options Tools  Help

Lotladrieltnd DKW 4§ RED-@-NYimy 4 =t

[~ PlonView - Piso 1-Z= 2.7 (m) -x

I-0-7-@-=-E-=- A) Bam 8 (m

Ve pas Zamen | v |

7 ///

e
=
==

35 (m)
/

v | Gl

Figure 2. Representativé structural building typologies considered in this study

Structural modeling was then carried out in
ETABS. Baseline models of representative
buildings (without seismic control devices) were
developed in ETABS v20 by accurately defining
their geometry, member sections, materials, and
loading conditions. The structural modeling
process involved the precise definition of the
geometry, member sections, material properties,
dead and live loads, as well as the support
conditions.

The nonlinear properties of the devices were
assigned to represent their actual behavior. For the
TPB isolators, friction elements with radii of
curvature (Ri, Rz, Rs) and variable kinematic
friction  coefficients  (u_(min)=0.03 and
p_(max)=0.06) were used, depending on the
contact pressure. For the HDRBs, elastomeric
supports were defined with a shear modulus (G) of
0.85 MPa and an effective damping of 15% for
maximum deformations. Viscous dampers were
modeled using Link-type elements, with an
exponent o = 0.5 to reproduce the fluid’s nonlinear
response. The AMS, meanwhile, was modeled as a
concentrated mass equivalent to 5% of the effective
seismic mass, tuned to the building’s fundamental
frequency using linear springs.

The reliability of the ETABS v20 simulations
was evaluated using two verification criteria.
Cumulative modal mass participation exceeded

Volume 22, Issue 3, 2026

90% within the first three vibration modes,
satisfying the requirements of Peruvian Standard
E.030. In addition, nonlinear time-history
analyses showed an accumulated energy error
below 2% of the total internal energy, confirming
numerical convergence of the solution.
Likewise, once the ETABS models had been
completed, the seismic isolation and energy
dissipation systems were incorporated. To this
end, models of the four seismic control systems
were introduced into the baseline models, and
modified models were developed for each type of
isolation or energy dissipation system. For the
nonlinear numerical simulation of HDRB
devices, mechanical models capable of
adequately capturing stiffness degradation and
damping properties under complex cyclic
loading were employed (Wahab, 2025). The use
of these advanced approaches makes it possible
to accurately incorporate the deformation history
of elastomeric materials, simulating reductions in
base shear that achieve significant attenuation of
critical interstory drifts in multistory reinforced
concrete buildings (Wahab, 2025). In all cases,
the geometric properties, loading conditions, and
material characteristics were kept constant so
that the variations observed in the structural
response could be attributed exclusively to the
type of seismic control technology applied.
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Figure 3. Baseline structural model with and without seismic control devices

Next, earthquake records were selected.
Historical earthquake records from Peru (Lima
1974, Arequipa 2001, and Ica 2007) were used,
scaled and adjusted in accordance with the
Peruvian Seismic Design Code E.030 to ensure
their representativeness.

Subsequently, nonlinear dynamic analyses and
response spectrum modal analyses were
performed to evaluate the structural response to
the selected earthquake ground motions in detail.
Afterward, the results were compared. The
maximum and average values of accelerations,
interstory drifts, and displacements were
processed and organized, comparing the baseline
models with those incorporating seismic control
systems to determine the corresponding
percentage reduction.

Finally, based on the results obtained from the
models incorporating seismic isolation and
energy dissipation systems, a cost-benefit
analysis was carried out for each technology. The
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costs were expressed as percentage increases
relative to the baseline structural cost in order to
determine the most efficient and economically
viable solution.

3. RESULTS

The application of nonlinear dynamic (time-
history) analyses to the 12 structural models (3
baseline buildings and 3 buildings equipped with
each of the 4 seismic control systems), together
with the processing of the obtained results,
yielded the following quantitative comparison in
terms of the percentage reduction in seismic
demands.

3.1. Modeling Parameters and Modal Response
The ETABS v20 models were developed by
accurately defining the nonlinear parameters for
each seismic control system:

International Journal for Computational Civil and Structural Engineering



Analysis and Comparison of the Effectiveness of Various Seismic Isolators in Reducing Seismic Movements Recorded

in Peru
Table 1 Modeling Parameters and Modal Response.
Device Modeling Description Source in the Study
Parameter in
ETABS
Triple Pendulum | Nonlinear friction | Reproduce Adjusted parameters:
Isolator (TPB) elements with | displacement- Radius of curvature,
multiple  contact | dependent behavior. | friction  coefficients
surfaces. (umin, pmax).
High-Damping Isolator | Elastomeric High vertical stiffness | Adjusted  properties:
(HDRB) bearings. and low lateral | Shear modulus (G),
modulus. vertical stiffness, and
effective damping (§).
Viscous Dissipator (DV) | Velocity- The force is | Constant C and
dependent proportional to a|exponent o (set to
elements: F=C-v*. | power of the velocity. | typical commercial
values).
Tuned Mass Damper | Secondary mass | Tuned to act on the | Mass and stiffness
(AMYS) equivalent to 5% of | first vibration mode of | adjusted to tune the
the total mass. the base model. period.
Table 2. AMA Results
Building | Floor | Non- TPB HDRB Viscous Mass Damper
Isolator Isolator Isolator Damper (AMS)
(Max. (DV)
A.M.A))
5 floors 5 0.82-g 80% 72% 35% 15%
1 0.78-g 82% 75% 30% 12%
10 floors | 10 0.75-g 78% 70% 40% 20%
1 0.70-g 80% 72% 38% 18%

3.2. Reduction of Absolute Peak Accelerations
(A.P.A)

Base isolation systems (TPB and HDRB) proved
to be the most effective at reducing accelerations,
achieving an average attenuation of 75% in the
superstructure of medium- and high-rise
buildings.

Acceleration reduction remains robust and
inversely proportional to height in base isolators.
The TPB offers the most consistent protection
against accelerations at all levels.

Volume 22, Issue 3, 2026

3.3. Detailed Reduction of Inter-Story Drift (A/h)
To evaluate inter-story distortion based on the
1974 Lima, 2001 Arequipa, and 2007 Ica seismic
records scaled according to Standard E.030, the
critical stories for each building type were
analyzed. Previous scale inconsistencies were
eliminated by standardizing the maximum values
obtained
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Table 3. 5- and 10-story buildings

Building Critical | Base Structure | TPB HDRB Viscous Mass Damper

Floor (Without Device) | Isolator | Isolator | Damper (AMS)

(DY)

S floors Piso 3 0.00700 0.00035 | 0.00060 | 0.00420 0.00595
10 floors Piso6 | 0.00850 0.00045 | 0.00090 | 0.00510 0.00697
Average — — >90% | 85% +-|40%+-5% | 15% +-5%
Reduction 5%
(%)

As shown in Table 3, the reinforced concrete
structure without damping devices exceeds the
code limit specified in Standard E.030 (A/h =
0.007) for the 10-story building under severe
earthquakes. The implementation of base
isolation technologies (TPB and HDRB) shifts
the structure’s fundamental period, reducing
drifts by more than 85% and keeping the
superstructure within a fully elastic behavior
range. In contrast, viscous dampers (DV)
mitigate drift by increasing the structure’s
damping without altering its fundamental period,
achieving a moderate reduction of 40%, while

the AMS demonstrates limited effectiveness
(15%) due to the broadband demand of the actual
Peruvian earthquakes analyzed.

3.4. Maximum Basal Displacements
Increase in Base Structural Cost

To evaluate inter-story distortion under the 1974
Lima, 2001 Arequipa, and 2007 Ica seismic
records scaled according to Standard E.030, the
critical stories for each building type were
analyzed. Previous scale inconsistencies were
eliminated by standardizing the maximum values
obtained from the nonlinear simulations in
ETABS.

and

Table 4. Results of Maximum Inter-Floor Drifts (4/h)

Seismic Maximum Maximum Estimated Technical/Economic

Control Displacement at | Displacement at | Increase in | Feasibility

System the Base (5 |the Base (10 | Structural

Stories) Stories) Cost

TPB Isolator | 18.5 cm 24.2 cm +12%a 15% | High /  Optimal:
Maximum safety and
damage reduction that
justifies the investment.

HDRB 22.1 cm 28.6 cm +10% a 12% | High: Requires slightly

Isolator larger seismic joints due
to its lateral flexibility.

Viscous 0.0 cm (Fixed) 0.0 cm (Fixed) + 8% a 10% Medium: Does not

Damper (DV) require a base seismic
joint, but the
superstructure absorbs
more shear.

Mass Damper | 0.0 cm (Fixed) 0.0 cm (Fixed) + 4% a 6% Low: Lower cost, but

(AMS) inefficient at reducing
overall vulnerability.
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Figure 1. Distribution of Maximum Drifts

The graph shows the distribution of maximum
deflections along the height of the building
subjected to local seismic demand. It can be seen
that the original fixed structure (Base) exceeds
the permissible limit of 0.007 established by the
Peruvian standard E.030. The incorporation of

deflections drastically below the regulatory
threshold, keeping the superstructure within the
elastic range. Meanwhile, viscous dampers (DV)
achieve moderate mitigation by controlling
deformations through complementary damping.

B % Reduccion de Derivas (Beneficio)

Alslador HDRB b
Alslador TPB _

40% 60% 80% 100%

base isolators (TPB and HDRB) reduces
M % Incremento de Costo Estructural
Amortiguador Masa (AMS) %
Disipador Viscoso (DV) h
0% 20%
Figure 2. Structural reduction in demand
This 1illustration compares the percentage

reduction in structural demand (deflections) with
the percentage increase in cost relative to the
base structural budget. Although total isolation
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technologies (TPB and HDRB) represent the
highest initial investment (between 11% and
14%), their extremely high effectiveness
mitigates the risk of collapse and reduces post-
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earthquake repair costs to zero. This
demonstrates that base isolators offer the most
efficient and viable cost-benefit ratio for Zone 4,
a high-seismicity area in Peru.

4. DISCUSSION OF RESULTS

The results obtained through nonlinear dynamic
analysis made it possible to evaluate the seismic
behavior of 5- and 10-story reinforced concrete
buildings equipped with different seismic control
technologies. The comparison shows that the
efficiency of each system is directly related to its
energy dissipation or isolation mechanism,
generating significantly different structural
responses to the Peruvian seismic records
considered.

4.1. Effect of Seismic Control Systems on
Structural Accelerations

Absolute peak accelerations are one of the most
important indicators for evaluating the level of
protection provided by a structure and its non-
structural elements. The results show that base
isolation systems achieve the greatest reductions
in acceleration compared to the conventional
model.

The Triple Pendulum (TPB) isolator achieved
reductions ranging from 78% to 82%, while the
HDRB isolator achieved reductions ranging from
70% to 75%. These differences are due to the fact
that both systems significantly modify the
structure’s fundamental period, shifting it away
from the regions of maximum spectral
amplification of the analyzed earthquakes.

The better performance of triple-pendulum
isolators (TPB) is related to the presence of
multiple sliding surfaces, which help to gradually
dissipate seismic energy and to redistribute
inertial forces in a more effective way. In
contrast, the energy dissipation of HDRBs is
mainly achieved by elastomer deformation,
which slightly reduces the ability of HDRBs to
reduce the structural accelerations. These results
are consistent with the performance observed by
Karaton and Osmanli (2021) in hospitals
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equipped with TPB systems and expand upon the
conclusions presented by Hudson (2025). The
data presented, show that, under the seismic
conditions typical for Peru and generated by
subduction earthquakes, the multidirectional
friction system of the TPB has a better capacity
to cope with the impact of higher modes on the
superstructure than the isolation provided by an
elastomer.

The viscous dampers reduced the acceleration by
30% to 40% due to the increase in overall
damping of the system without significantly
changing the natural frequency of the structure.
However, the tuned mass dampers (TMDs)
presented reductions of less than 22%, which
denotes a poor performance against the
broadband seismic motions that characterize the
Peruvian coast.

4.2. Performance of Energy Dissipation
Devices (DV and AMS)

Drift is one of the most representative indicators
of structural and non-structural damages. Results
show that the traditional 10-storey structure
obtained a maximum drift of 0.00850 which
exceeds the limit set out in Standard E.030 for
reinforced concrete buildings. Triple-pendulum
isolators (TPB) have been included and the
maximum drift was found to be 0.00045, while
high-damping isolators (HDRB) had a drift of
0.00090. The reduction is greater than 85%,
which shows that the base isolation separates the
response of the superstructure from the ground
motion, greatly reducing the transmission of
deformations to the upper stories.

The viscous dampers reduced drift to 0.00510,
remaining within the regulatory limit, although
with a considerably lower mitigation capacity. In
contrast, the AMS exhibited a drift of 0.00697, a
value very close to the permitted limit, indicating
that its ability to control severe deformations is
limited under the seismic scenarios considered.
The limited capacity of the tuned mass damper
(mitigation of only 15% in drifts) when subjected
to real-world records such as the 2007 Ica
earthquake confirms the findings of Belbachir
(2024) and Jarro (2024). Because the AMS is
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tuned to a narrow, single fundamental frequency
of the original fixed structure, it loses almost all
of its damping effectiveness in the face of
broadband seismic demands and irregular
accelerations from local earthquakes, which
induce multimodal responses that the AMS is
unable to match.

These results confirm that base isolation systems
are significantly more effective at controlling
structural deformation demands than
supplemental damping systems.

4.3. Assessment Against the Limits of Peruvian
Standard E.030

Displacements at the isolation interface are a key
variable in the design of seismic joints and
construction details.

The models equipped with TPB recorded
maximum displacements of 18.5 cm and 24.2 cm
for the 5- and 10-story buildings, respectively,
while the HDRB models reached slightly higher
displacements of 22.1 cm and 28.6 cm.
Although these values are higher than those
observed in fixed structures, they are an expected
consequence of the isolation mechanism. The
increase in base displacement significantly
reduces the forces transmitted to the
superstructure, resulting in a substantial decrease
in accelerations and drifts.

Therefore, the increase in displacement should
not be interpreted as a structural disadvantage,
but rather as evidence that the seismic isolation
system is functioning properly.

4.4. Cost-Benefit Analysis of the Systems
Reviewed

The economic evaluation shows that base
isolation systems require a higher initial
investment, with increases of between 10% and
15% compared to conventional structural costs.
However, when this investment is compared to
the levels of reduction in accelerations, drifts,
and potential damage, it becomes clear that the
TPB offers the best cost-benefit ratio. Despite
having the highest initial cost, it also provides the
highest levels of structural and functional
protection.
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HDRBs are a technically viable alternative with
slightly lower costs and protection levels
comparable to those of the TPB. Viscous
dampers can be considered an intermediate
solution for projects where architectural or urban
constraints prevent the installation of base
isolation.

In contrast, AMS have the lowest initial cost but
also the lowest capacity to reduce seismic demand;
therefore, their implementation as the primary
protection system is not technically recommended
for buildings located in Zone 4 of Peru.

5. CONCLUSIONS

It was determined that the variables with the
greatest influence on seismic response are soil
type, building height, the mechanical properties
of the materials, geometric characteristics, and
the specific parameters of each seismic control
device. The proper definition of these parameters
made it possible to develop numerical models
that accurately represent the behavior of
buildings located in Zone 4 of Peru.

It was found that base isolation systems are
significantly more effective than energy
dissipation systems. The Triple Pendulum (TPB)
isolator achieved the best overall performance,
followed by the HDRB, while viscous dampers
exhibited intermediate performance and tuned
mass dampers were the least effective.

The TPB system achieved reductions ranging
from 78% to 82%, establishing itself as the most
efficient technology for reducing the inertial
forces transmitted to the superstructure. The
HDRBs achieved reductions ranging from 70%
to 75%, while the viscous dampers and AMS
achieved considerably lower reductions.

The TPB and HDRB systems reduced critical
deflections by more than 85%, keeping the
structures within elastic behavior ranges and
amply meeting the requirements of Standard
E.030. Although these systems generate greater
displacements at the base, these displacements
are the mechanism by which seismic demand on
the superstructure is reduced.
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Figure 3. Summary of reductions by heat sink

It is concluded that the TPB system offers the
most efficient solution for buildings located in
areas of high seismic hazard in Peru. Although it
requires an initial investment that is 12% to 15%
higher than the conventional structural cost, it
provides the greatest reduction in accelerations
and displacements, minimizes the probability of
structural and nonstructural damage, and
promotes operational continuity following a
severe seismic event.

The research shows that base seismic isolation is
the most effective strategy for improving seismic
performance in reinforced concrete buildings in
Zone 4 of Peru, with the Triple Pendulum isolator
being the option that offers the best technical and

economic results among the technologies
evaluated.
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MAIN PARAMETERS OF A BUTT JOINT WITH MEANDER
OUTLINE FOR BOX-SECTION COLUMN IN FRAME MOMENT
CONNECTION FOR SEISMIC APPLICATIONS
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Abstract: The article presents the research results of the main parameters of a new technical solution aimed at
increasing the reliability of an earthquake-resistant frame moment connection between a box-section column and
an [-beam beam. This effect is achieved by reducing the number of welds within the connection and performing
them under factory conditions. The essence of the solution lies in creating a butt joint of box-section profiles with
an outline like a continuous broken line (meander outline) and clamping it from four sides with splice plates using
through-bolt high-strength pretensioned bolts. This approach allows welding internal diaphragm plates inside the
profile cavity under factory conditions and arranging a frame moment connection with an I-beam beam at the joint
location, which can be executed as a bolted unstiffened end-plate connection (BUEEP) or a double-tee moment
connection. Previously, an idealized concept of this connection within a steel moment frame was analyzed through
numerical modeling under seismic impact, concluding that the performance of the butt joint is equivalent to that
of a solid profile. A sensitivity analysis of the stress-strain state of the frame moment connection with a BUEEP
was conducted regarding variations in the main parameters of the butt joint with the outline like a meander. These
parameters include the meander height, meander fillet radius, thicknesses of flanges and diaphragm plates, as well
as the number of bolts per row, their position, diameter, and pretension force value. Based on the data obtained,
the parameters exerting the greatest influence on the connection performance were identified, and recommenda-
tions for its optimal design were formulated.

Keywords: butt joint, steel frame moment connection, box-section column, seismic, low temperature, weld,
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OCHOBHBIE MAPAMETPBI CTbIKA C OYEPTAHMEM
MEAHIPA KOPOBUYATOM KOJIOHHBI JJISI
CEMCMOCTOUMKOI'O PAMHOI'O Y3JIA

Kocmo 10.C. 1, ITnackun A.C. %, Imumpueea T.J1. 3

! CeBepo-BocToUmbIN roCyIapCTBEHHBIA YHUBEpPCHTET, T. Maranan, POCCHUSI
2 ToMcKHmit TOCYIapCTBEHHBIH apXUTEKTYPHO-CTPOUTENBHBI yHUBEpCHUTET, T. Tomck, POCCU S
3 Upkytckuii Hanmonansnenii Mccnenosarensekuii Texamueckuii Y auBepenrer, T. Upkyrek, POCCUS

AHHOTanus: B craThe npencTaBaeHs! pe3ynbTaThl HCCISTOBAHNS OCHOBHBIX TApaMETPOB HOBOTO TEXHHUYECKOTO
peIIeH s, HapaBJICHHOTO Ha MOBBIIICHNE HAZCKHOCTH PAMHOTO CEHCMOCTOMKOIO y3ja KOJOHHBI KOPOOYaTOro
CEUCHHsI C pUresieM U3 AByTaBpa. DPQPEeKT JoCTUraeTcs 3a CUET YMEHBIICHHS B y3JI€ KOJINYECTBA CBAPHBIX IIBOB
Y BBITIOJIHEHHUS UX B 3aBOJICKUX ycaoBUsX. CyTh pelIeHns 3aKII09aeTcs B CO3/IaHUU CThIKa npoduiiei kopodya-
TOTO CEYECHUSI C OUEPTaHWEM B BUJE HENPEPHIBHOH JIOMaHOW JMHUK (OYepTaHHEM MEaH]pa) U O00KaTUU €ro C
YeTHIPEX CTOPOH COCAMHHUTEIFHBIMU TJIACTHHAMHM C TIOMOIIBIO CKBO3HBIX BBICOKOIIPOYHBIX OOJITOB C IIPEABAPH-
TEJIBHBIM HaTSDKEHHEM. JJaHHBIH MOX0/] O3BOJISIET TPUBAPUTH B IOJIOCTH NPOMUIIS B 3aBOACKHX YCIIOBUSAX BHYT-
pEHHUE TToTIepevHble pEOpa )KECTKOCTU U YCTPOUTH B MECTE CTHIKA PAMHBIH Y3€II ¢ pUrelieM U3 JIByTaBpa, KOTOPbIN
MOXET OBITh BBITIOJIHEH KaK KIACCHYECKNM (DIIAHIICBBIM COCIMHEHNEM, TaK U COeIMHEHUEM U3 IBYX TaBpoB. Pa-
Hee Mcaln3npoBaHHas KOHIIETIIUA JaHHOTO y3J1a B COCTaBe ITOJIHOTO PAMHOTO KapKaca Oblila TpoaHaIn3upoBaHa
YHCIICHHBIM MOJICIIMPOBAHUEM Ha CEHCMUYECKOE BO3ACHCTBUE C 3aKII0UEHUEM, YTO paboTa CThIKA SKBUBAJICHTHA
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pabore nenbHOro npodmirs. [IpoBenén aHanM3 4yBCTBUTEILHOCTH HAINPSHKEHHO-1€(OPMUPOBAHHOTO COCTOSIHUS
PaMHOTro y3J1a C KJIACCHYEeCKUM (IIAHLEBBIM COCMHEHHEM K U3MEHEHHIO OCHOBHBIX ITapaMeTPOB CThIKa C ouep-
TaHWEM MEaHJpa, CPe/in KOTOPBIX: BHICOTA MEaH/pa, paJlyC CKPYIJICHHUs] MeaHapa, TOIIMHBI (JIaHIEeB | Iore-
peuHbIX pédep XKECTKOCTH, a TAKXKE KOJTMIECTBO OOJITOB B PSIY, X MOJOKEHHE, TMAMETpP U BEJIMIHHA ITPEABAPH-
TENIBHOTO HATsDKeHUs. Ha OCHOBE MOJy4eHHBIX JaHHBIX ONPE/IENICHBI TapaMeTphl, OKa3bIBaroONIe HanOoIIbIIee
BIMSHUE Ha paboTy y31a, 1 chOpMyINpPOBAHBl PEKOMEH ALY 10 €T0 ONITUMAIEHOMY KOHCTPYHUPOBAHHIO.

Ki1roueBblie ¢ji0Ba: CTRIKOBOE COCTMHEHNUE, CTAILHON paMHBIHA y3ell, KopoOuaToe cedeHune, ceiicMuKa,
HU3KHE TeMIIepaTypsbl, cBapHOi moB, ANSY'S

INTRODUCTION

Ensuring structural safety in seismically active
regions remains a critical challenge in the design
of buildings and structures. An effective ap-
proach involves dissipating seismic energy
through the plastic properties of materials and the
application of seismic isolation systems and vi-
bration dampers, including the utilization of the
"soft-story" effect [1-3]. Implementing this ef-
fect enhances the dynamic performance of a
building or creates a dynamic vibration absorber
without requiring specialized devices; however,
it necessitates the use of a steel moment frame.
Steel is the most suitable material due to its high
strength and capacity to sustain long-term perfor-
mance under plastic deformation. For columns,
square box-sections are preferred, as they pro-
vide equal strength in both orthogonal directions,
exhibit a higher resistance to buckling past the
elastic limit, and offer exceptional torsional stiff-
ness [4—6]. According to the Russian Construc-
tion Code SP 14.13330.2018 (including Amend-
ments 2—4), the use of box-section columns in
steel moment frames is mandatory.

The primary structural and technological chal-
lenge lies in the high-quality installation and
welding of internal diaphragm plates (dia-
phragms) inside the cavity of box-section pro-
files. Current domestic and international con-
cepts of frame moment connections joining an I-
beam beam to a box-section column can be cate-
gorized into several main types. The first type in-
volves fabricating fully welded columns from in-
dividual plates with the preliminary installation
of diaphragms [7-11]. The second type moves
the diaphragms outside the internal cavity of the
column [12—15]. The third type utilizes through-
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plates that completely interrupt the column con-
tinuity, or involves flanged joints arranged at the
beam flange levels [6, 16—17]. Finally, the fourth
type relies on the use of special cast components
[5, 18-21]. It is worth noting that most well-
known technical solutions involve a significant
number of welded connections. This seriously re-
duces the overall reliability of frame moment
connections under dynamic loads [22-27], as
well as during structural operation under ex-
tremely low temperature conditions [28]. In op-
tions where the number of welds is minimized,
the necessity to use complex cast elements arises.
Therefore, to ensure the reliable operation of
connections, it is essential to reduce the number
of welds and perform them as complete-joint-
penetration (CJP) welds exclusively under con-
trolled factory conditions, which will signifi-
cantly increase the operational reliability of the
entire structure.

A further development of this topic is a new tech-
nical solution proposed by Yu.S. Kost in [29], the
essence of which involves creating a clamped butt
joint along a continuous broken line (meander out-
line). This line features four vertical segments at the
center of each wall of the box-section profile and
four horizontal segments extending from the center
of one wall to the center of the adjacent wall
through the corner of the profile. The butt joint is
clamped from all sides by external splice plates us-
ing through-bolt high-strength pretensioned bolts.
Given the geometry of the joint, under through-
clamping, contact pressure develops not only be-
tween the splice plates and the profiles but also
within the vertical segments of the joint, which en-
hances its strength and stiffness characteristics. To
prevent deformation of the box-section profile
walls under the pretension force of the bolts, con-
tinuous diaphragms are installed inside the profile
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cavity below the horizontal segments of the joint.
The geometry of the joint ensures open technolog-
ical access for welding the continuous diaphragms
to the walls of the box-section profile under factory
conditions using CJP welds. The number of bolt
rows in the joint is four per side, with two rows al -
located to each diaphragm, spaced equidistantly
from one another. This configuration is necessary

b) c)

because if only one row were allocated per dia-
phragm, an additional bending moment due to ec-
centricity would arise within it. Mutually perpen-
dicular bolts are vertically offset from each other to
apply the bolt pretension load to the diaphragm
without eccentricity. The number of bolts per row
is even to ensure symmetry relative to the longitu-
dinal axis of the wall (Fig. 1).

d)

Figure 1. The concept of the butt joint: a — connected box-section profile with a meander outline
cutout and installed diaphragm, b — longitudinal section of the joint, c — combining two box-section
profiles, d— final assembly of the butt joint using metal plates clamped by through-bolt high-
strength pretensioned bolts

Since continuous diaphragm plates are present in
the butt joint, it becomes possible to arrange a rigid
attachment point for an I-beam beam at the joint lo-
cation. This can be executed as a bolted unstiffened
end-plate connection (BUEEP), in which case the
external splice plates become end plates with I-
beams welded to them under factory conditions, or
as a double-tee moment connection (Fig. 2).
Previously, in [29], the performance of a frame
moment connection with a BUEEP and butt joint
with meander outline was analyzed based on cal-
culations under seismic impact for a pseudo-
plane pinned-base moment frame and a 3-story
simply supported moment frame.

Volume 22, Issue 3, 2026

Figure 2. Frame moment connections based on
the proposed butt joint: a — BUEEP, b — double-
tee moment connection
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According to the calculation results, it was re-
vealed that the performance of the butt joint is
equivalent to that of a solid profile. Since the con-
cept has proven its viability, it is expedient to
conduct further research, and the next stage in-
volves determining the main parameters of a butt
joint with meander outline and analyzing the sen-
sitivity of the stress-strain state (SSS) of the con-
nection to these parameters.

Figure 3. Meander height: a —M,
b—Low M

The column wall thickness and the dimensions of
the beam elements are not considered in this study,
as the profiles of both the column and the beam are
determined during the analysis of the entire frame.
The column and beam profiles are adopted based
on the structural design results of the steel frame
under seismic loading in compliance with regula-
tory codes. Since this work investigates an ideal-
ized joint concept, the tolerances for gaps between
the elements and bolt holes are assumed to be zero.
Calculations are performed using ANSYS soft-
ware, taking into account both material and geo-
metric nonlinearities under a bending moment load
that induces a plastic hinge within the beam. Struc-
tural steel (C345) is defined by a multilinear kine-
matic hardening model, except for the bolts, which
are modeled without material nonlinearity. The
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METHODS

The main parameters affecting the SSS of the
butt joint include:

1) Meander height: high (M) and low (Low M)
(Fig. 3);

2) Meander fillet radius (R) (Fig. 4);

3) Number of bolts per row (n), arrangement op-
tions, diameter (D), and bolt pretension (N);

4) Splice plate thickness (F1);

5) Diaphragm thickness (Diaf).

Figure 4. Meander fillet radius

friction coefficient for unilateral contacts is set to
0,2. Within each parameter combination, identical
finite element (FE) mesh and time-stepping set-
tings are applied. The numerical analysis is divided
into several stages, each evaluating the influence of
the parameters as a function of the bolt pretension
force.

RESULTS AND DISCUSSION

The first stage involves evaluating the influence
of the meander height and fillet radius. The pri-
mary column (GOST 32931-2015) and beam
(GOST R 57837-2017) combination is desig-
nated as 350x13 / 30b1. Since beam cross-sec-
tions vary along the height of the frame to ensure
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proper plastic hinge formation, the 350x13 /
25b1 combination is also considered. Addition-
ally, to account for a potential scenario where the
column is underdesigned, the 350%13 / 35B1
combination is analyzed, in which the plastic
hinge develops later. In turn, each combination is
modeled under two loading schemes (Fig. 5):

1) Diagonal loading, where a bending moment
is applied to each beam, causing column bending
outside its principal axes;

2) Direct loading, where a bending moment is
applied to two beams located along a single
straight line, causing column bending within its
principal axes.

A common feature for all combinations is the
beam-to-column connection via a 30-mm thick
flange using eight M20 bolts per beam flange.
The bolt hole diameter is equal to the bolt diam-
eter (zero-tolerance holes), and 13-mm thick in-
ternal diaphragm plates are installed at the level
of the beam flanges.

Since numerous variants of the designated pa-
rameters must be evaluated for each combination
option, a single comprehensive indicator is re-
quired to describe the overall connection perfor-
mance with a single value.

e M, R 20 emms M, R 30 sss M, R 40 e M, R 50

4,60
4,40
4,20
4,00 @
3,80
3,60

3,40

MAX DISPLACEMENTS, MM

(=il
— N N

(=}
4

(= eNeE=]
v \O >~ ©

a) b)

Figure 5. Loading schemes of the first stage:
a — diagonal loading, b — direct loading

In this study, maximum total displacements
within the connection are the most suitable crite-
ria (Figs. 6-7). For comparative purposes, a base-
line variant featuring a solid profile instead of a
butt joint was introduced.

M, R 60 e===] ow M, R 20 e===Bond
4,00 A

»

100
110

BOLT PRETENSION, KN

b) )

Figure 6. Maximum displacements in joints of diagonal combinations:
a—350x13/3051, b—350x13/35b1, ¢ — 350x13/2551
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Figure 7. Maximum displacements in joints of direct combinations:
a—350x13/3061, b—350x13/35b1, c — 350x13/2551

Regarding bolt pretension:

1) To achieve maximum stiffness, a specific pre-
tension force value is required; however, exces-
sive clamping (over-clamping) results in a reduc-
tion in connection stiffness;

2) The meander height and fillet radius do not af-
fect this required pretension value;

3) Larger beam sections and higher bending mo-
ments require a greater pretension force to
achieve higher stiffness; however, this effect is
not critical, as a pretension range of 50-110 kN
provides a sufficient clamping effect for all ana-
lyzed cases.

Regarding meander height:

a) b)

A low meander height adversely affects connection
stiffness; furthermore, from a structural standpoint,
fabricating such a butt joint is not feasible in all sce-
narios (e.g., when utilizing smaller beam cross-sec-
tions). Consequently, it is impractical to consider it
in subsequent parameter combinations.

Regarding meander fillet radius:

A larger radius provides higher stiffness, though
this effect is not critical, particularly for the 25651
beam combination. In all analyzed cases, a con-
nection with a bolt pretension force of 50 kN or
higher exhibits greater stiffness than a solid pro-
file without clamping. The strain distribution is
illustrated in Fig. 8, using the 350x13 / 35b1-M-
R60-N110 combination as an example

Max: 0,038296
Min: 2,6581e-6

0,14788
0,0268
0,01

0,005
0,00285
0,00154
2,6581e-6

Figure 8. Equivalent total strain of diagonal combinations 350x13/3551-M-R60-N110: a — external
surface of the profile, b — inside the profile cavity
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Maximum strains in the elements reach the steel
strain-hardening stage only within the zones of
the bolt holes, amounting to 3.82%.

The second stage evaluates the influence of bolt
diameter, number of bolts per row, and arrange-
ment options. The analyzed combination is iden-
tical to the baseline 350x13 / 30b1 configuration
from the first stage under the diagonal loading
scheme, with variations in reducing the number
of bolts from eight to four per beam flange and
increasing their diameter from 20 mm to 30 mm.
A comparison was made with the results of the
first stage. Since fewer bolts were used in the
connection, more space became available for
their placement. This allows for shifting them
closer to the beam centerline (Option 1) or closer
to the column web (Option 2) (Fig. 9).

@mmgm== | opt, n4, D30, R60
n8, D20, R60

emmgmms ) opt, n4, D30, R60
n&, D20, Bond
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MAX DISPLACEMENTS, MM

3,34

3,14
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1 0|0 OO0 [
1 0|0 0|0 [

a) b)

Figure 9. — Bolt arrangement options: a — op-
tion 1, b — option 2
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Figure 10. Maximum displacements in joints of combination 350x13/35b1 depending on the num-
ber of bolts per row, their position and diameter

Positioning the bolts further from the profile webs
reduces the pretension efficiency and fails to
achieve the same stiffness level as the alternative
option. Replacing eight bolts with four exhibited
no adverse effects on the connection in terms of
either stiffness or strength. However, it requires
approximately a twofold increase in the bolt pre-
tension force, which induces severe plastic strains
exceeding 5% within the zones of the profile
holes. Reducing the number of bolts and shifting
them towards the profile web allows for increas-

Volume 22, Issue 3, 2026

ing the meander fillet radius; however, this modi-
fication exhibited no effect on the stiffness and
strength of the connection. The bolt diameter in-
fluences connection stiffness; however, given the
required pretension force value, there is no differ-
ence between different diameters (Fig. 10).
Similar results are obtained for the 500x18.5 /
45B1 combination, where the beam is connected
to the column via a 30-mm thick flange using
eight M30 bolts per beam flange and 16-mm
thick diaphragm plates (Fig. 11).
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Figure 11. Maximum displacements in joints of combination 500x18,5/4551 depending on diameter
of bolts
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The third stage evaluates the influence of the are adopted: 350%13/30b1 and 500x18.5/45b1.
splice plate thickness and the diaphragm thick- The splice plate thickness is analyzed ranging
ness. The combinations from the previous stages from 20 to 35 mm in 5-mm increments (Fig. 12).
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Figure 12. Maximum displacements in joints depending on splice plate thickness of combination:
a—350x13/3061, b—500x18,5/45b1

As the splice plate thickness decreases below 30  stiffness and a linear increase in diaphragm
mm, an exponential increase in joint displace- strains. Depending on the diaphragm thickness,
ments is observed, along with a shift toward the following results are obtained (Fig. 13).
higher optimal pretension force for maximum

emgme8, D30, R 100, Diaf |1 esssmwng D30, R 100, Diaf 16
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Figure 13. Maximum displacements in joints depending on diaphragm thickness of combination:
a—350x13/3051, b —500x18,5/4551
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The analysis indicates that a diaphragm thickness
exceeding 1.5 times the beam flange thickness
has a negligible effect on joint SSS, higher thick-

nesses reduce strains in the splice plates. Sensi-
tivity analysis results, including these findings,
are summarized in Table 1.

Table 1. — Summary of SSS sensitivity analysis regarding joint parameters

options

tion profile webs increases
bolt pretension efficiency and
overall stiffness

Ne Parameters Influence trend Recommendation / Critical threshold

1 | Meander height Direct relationship: high Use the high variant; exclude the
height — high stiffness. Low | low variant from consideration
height reduces stiffness per-
formance.

2 | Meander fillet Moderately positive effect on | Adopt the maximum possible value

radius element strength and overall within structural requirements

stiffness (minor)

3 | Bolt pretension Nonlinear: stiffness increases | Determined by numerical simulation
up to a certain limit, followed
by a decrease due to plastic
deformations

4 | Bolt arrangement Shifting towards the box-sec- | Position as close as possible to the

outer profile webs

stiffness at thicknesses > 1.5
times the I-beam flange thick-
ness

5 | Number of bolts Influence is negligible, pro- Reducing the number of bolts per
per row and diame- | vided that the required total row is acceptable, provided that the
ters clamping force is ensured bolt pretension force is increased

6 | Splice plate thick- | High impact: exponential in- | Recommended value for the first it-
ness crease in displacements at eration is 30 mm

thicknesses <30 mm

7 | Diaphragm thick- Reduction in splice strains and | Adopt = 1.5 times the [-beam flange

ness negligible effect on overall thickness

Thus, it was revealed that:

1) Regarding geometric parameters, it was estab-
lished that the meander height is a defining fac-
tor: low height values not only reduce the overall
stiffness of the connection but also create techno-
logical constraints during the installation of
small-section beams. Meanwhile, the transitional
fillet radius exerts a moderately positive effect on
the strength of individual elements by preventing
stress concentration; however, its impact on the
overall stiffness of the butt joint is secondary

2) Regarding pretension force, the analysis re-
vealed a nonlinear relationship between the bolt

Volume 22, Issue 3, 2026

pretension value and connection stiffness. There
is a critical clamping threshold beyond which a
reduction in stiffness is observed due to the de-
velopment of significant plastic strains. Further-
more, it was found that the pretension efficiency
directly depends on the bolt positioning: shifting
them away from the profile web reduces the
overall structural stiffness. The number of bolts
does not exert a significant influence on the joint
SSS, provided that the pretension force in each
element is proportionally increased. The optimal
bolt pretension value is determined by numerical
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simulation, highlighting the necessity to develop
an analytical formula for its calculation

3) Regarding the influence of structural elements,
it was revealed that joint exhibited the highest
sensitivity to the beam splice plate thickness: at
values below 30 mm, an exponential increase in
joint displacements is observed, along with a
shift of the optimal bolt pretension point toward
higher values. Meanwhile, the profile diaphragm
thickness exerts a minimal effect on the overall
stiffness at thicknesses exceeding 1.5 times the I-
beam flange thickness; however, it contributes to
reducing splice plate strains.

CONCLUSION

The main parameters of a butt joint with meander
outline were determined, and a sensitivity analy-
sis of their impact on the joint SSS was con-
ducted. Based on the data obtained, recommen-
dations were provided for designing the optimal
configuration of a rigid frame moment connec-
tion joining a box-section column and an I-beam
beam with a minimal number of factory-executed
welds. The present study is a continuation of the
research on this butt joint [29] and concludes the
analysis of its idealized concept. The next stage
of the research will focus on adapting this ideal-
ized joint concept into an engineering model that
accounts for manufacturing tolerances regarding
the cutout execution and component mating. This
will enable the final classification of the bolted
connection based on its behavior and load trans-
fer mechanism.
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DEVELOPING THE METHOD FOR CREATING THE MAP OF

APPLICATION ZONES OF THE BUILDING ENVELOPE BASED

ON CALCULATIONS OF PROTECTION AGAINST
WATERLOGGING

Kirill P. Zubarev, Yulia A. Sapronova, Viadimir D. Fedoseev

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The main provisions underlying the creation of a method for the balance of moisture transfer have been
given. Based on the balance of moisture transfer, a criterion for waterlogging of the building envelope was derived.
The waterlogging criterion was calculated for 81 localities. The results obtained were plotted on a map of Russia,
as a result of which three zones of application of the building envelope determining where the structure is permitted
to be built were designed. Algorithms for constructing and applying a map of application zones of building
enclosing structures have been presented. The effectiveness of the proposed approach is demonstrated for
determining the balance of moisture transfer in three cities: Murmansk, Vorkuta and Tomsk. It is noted that the
developed method is recommended for implementation in engineering work.

Keywords: humidity regime, moisture transfer equation, resistance to vapor permeation, temperature,map of
humidity zones

PABPABOTKA METOJA CO3JAHHUSA KAPTbBI 30H
HPUMEHEHHUSA OI'PAXKIAIOIENA KOHCTPYKIINUHU 3TAHUA
HA OCHOBE PACYETOB 3ALHIUTbI OT IEPEYBJIA’KHEHUSA

K.I1. 3ybapes, I0.A. Canponosa, B./]. @edocees

"HanmoHanbHbIH UccenoBaTebeknii MOCKOBCKHMI TOCYIapCTBEHHBIN CTPOMTENBHBINA yHUBEPCHUTET, T. MOCKBa,
POCCHA

AnHoTanusi: [IpuBeneHBl OCHOBHBIC TIOJIOKCHHUS, JISKAIIME B OCHOBE CO3JaHUS MeToda I0 OamaHcy
Biaromnepernoca. Ha ocHoBe OanaHca BiiarornepeHoca OblUT BBIBEJICH KPUTEPUH MEPEYBIAKHEHNS OTPayKIAIoIIeH
KOHCTPYKIMH. BbUT Ipon3BeeH pacueT KpUTepHst nepeyBiIakHeHus Ui §1 HacelaeHHOro myHKTa. IlomyueHHbIe
pe3ysbTaThl ObLIM HaHECEHbI Ha KapTy Poccum, B pesynbrare 4ero ObUIM MOCTPOEHBI TPU 30HBI IMPHUMEHEHUS
OrpakJaroled KOHCTPYKLUH, ONpEACHISAIoIIne IAe KOHCTPYKLIHIO MOXHO CTpOUTh. IIpMBEIEHBI alropHTMbI
NOCTPOCHUSI U TIPUMEHEHUS] KapThl 30H NMPUMEHEHHUS! OrPaKAAIONINX KOHCTPYKIMHU 3aaHus. D(P(PEeKTHBHOCTD
IpeIaraeéMoro Moaxoja MPOJEMOHCTPUPOBAaHA AN ONpEAeNICHUs OajaHca BJIAroIepeHoca B TPEX rOpojax:
Mypmanck, Bopkyra m Tomck. OTmeueHO, 4YTO pa3pabOTaHHBIM METOJX PEKOMEHAOBAH JJIs BHEAPCHHS B
HWH)XEHEPHYIO padoTy.

KiroueBble c10Ba: BIIaXKHOCTHBIN PEKUM, YPABHCHHUE BJIAronepeHoca, COIpOTUBICHUC MMapONIPOHHUIIAHULO,
TEMIIEpAaTypa, KapTa 30H BJIAXKHOCTHU

1. INTRODUCTION

The design of buildings and structures is a complex
technological process during which various
engineering problems are solved. The main factors
influencing the design are the choice of the optimal

Volume 22, Issue 3, 2026

architectural and planning solution, the use of new
and modern technologies, the calculation of
various structures by temperature and pressure
distribution, etc [1-5].

For the first time, the method of calculating
protection against waterlogging was introduced
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in 1963 in the Russian regulatory document SNiP
II-A.7-62* “Construction Heat Engineering.
Design standards". The calculation method was
based on the differential equation of moisture
transfer proposed by K.F. Fokin [6]:

& o(w) Oe(w,t) _E ae(w,t))

0 H :

E (1) or ox ox

(1)

where e, E, — water vapor partial pressure and
saturated water vapor pressure, Pa; u — vapor
permeability, kg/(m<s-Pa); & — relative vapor
capacity, kg / kg ; y, — density, kg /m’; T — time,
s; x — coordinate, m.

Equation (1) was solved in stationary and
nonstationary formulations. As a result, formulas

for the required vapor permeability resistance
have been derived.

R :(ein —E)Rn.o
nl E—e,

rred__20(ein=Eq)
n2 Py Oy Awtn

2

Then the moisture transfer balance inequality
which encompasses the comparison of vapor
permeation resistances is used:

R, >R 3)

R = max(R 5 @

where R — vapor resistance, m’ -s-Pa/kg; R,
R, R — required vapor permeation

: 2
resistances, m” -s- Pa/ kg .

If inequality (3) is met, then, according to the
calculation method, the structure is protected
from waterlogging and is allowed to be built.
Otherwise, the enclosing structure does not pass
the waterlogging test [7-9].

The method of K.F. Fokin entered the modern
regulatory framework with the modification of
V.G. Gagarin and V.V. Kozlova. The balance of
moisture transfer according to equation (3) is
reduced relative to the plane of maximum
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moisture. This method has been introduced into

the Russian regulatory = document SP
50.13330.2024  "Thermal  protection  of
buildings”.

Despite the effectiveness of the described
method, its calculations are quite complex for
engineering use. In this regard, development of
the new methods of protection against
waterlogging, which would let the balance of
moisture transfer be assessed in a simplified
manner, remains pertinent. In this article, a
calculation method that provides the possibility
to assess construction of a building envelope
using a map of humidity zones has been
developed.

2. THE PROBLEM

To develop a method for calculating protection
against waterlogging of the external fences of a
building using a map of application zones of
enclosing structures.

3. MATERIALS AND METHODS

3.1.Derivation of a criterion for waterlogging of
the enclosing structure
The analysis of a large number of calculation
results for facade solutions of building walls
showed that there are two most common options
for the location of the plane of maximum
moisture: the plane of maximum moisture is
either in the insulation layer or at the boundary of
the layers [7-9].
The most popular options of locating the plane of
maximum moisture in the walls of buildings are
presented. The location of the plane in the
insulation layer (Figure 1A) and at the boundary
between the insulation and the external plaster
(Figure 1B) have been demonstrated.
Supposing plane of the greatest moisture is
located inside the layer, then the required vapor
permeation resistance is found according to
formula 2 of the system of equations (2).
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Figure 1. The most common options of the
location of the plane of maximum moisture in
the walls of buildings (A — position of the plane
at the junction of insulation layers and external
plaster; B — position of the plane inside the
insulation layer; 1 — outer plaster layer;

2 — insulation layer; 3 — base of aerated
concrete blocks, 4 — layer of internal plaster,
5 — plane of the greatest moisture)

If the plane of maximum moisture is located at
the junction of the layers, the required vapor
permeation resistance is determined by the
formula:

. —F
R — zo(e, — Ey) (5)
“Aw, +p, 50 Z-Aw2)+77

w

" 0.5- (pwl : 51

wl

In order for the structure to be built, the
inequality must be satisfied (3).

Let us divide both sides of equation (3) by R :

R req
R

n

<1 (6)

Let us introduce a new criterion / — the criterion
for waterlogging of the enclosing structure:

Rreq
= R .

n

[

(7

We substitute the right side of equation (7) into
the left side of inequality (6):

Volume 22, Issue 3, 2026

<1 (8)

Inequality (8) enables us to draw a conclusion
about the possibility of building an enclosing
structure.

The physical meaning of the waterlogging
criterion / is that it indicates whether the
structure is waterlogged or not.

The decision about the possibility of construction
can be made in accordance with the values of the
following system:

[ <1—- the structure can be built
[ >1- the structure cannot be built

It was found that if the waterlogging criterion / is
less than 1, the structure is protected from
waterlogging, so it may be built. If the
waterlogging criterion / is more than 1, the
structure does not pass the waterlogging test,
thus, it may not be built.

3.2.Calculation of moisture transfer criteria in
different humidity zones in different cities
Let us look at the wall structure (Figure 1).
The physical characteristics of the studied
enclosing structure are presented (Table 1).
To analyze the scope of application of the facade
solution under consideration (Figure 1), 81 cities
located in three different humidity zones have
been considered. The cities and their
corresponding humidity zones adopted for the
study are presented (Table 2).
The waterlogging criterion of the enclosing
structure was determined for each locality
using formula (7), and the obtained values
were plotted on a map of moisture zones. A
map of moisture zones is presented with
plotted values of the waterlogging criterion
(Figure 2).
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Table 1. Physical characteristics of the studied | Naryan-Mar Nizhny Volgograd
enclosing structure Novgorod
Physical parameter \ Value Petropavlov Permian Penza
1. Layer of external plaster sk-
Layer thickness, m 0.006 Kamchatsky
Density, kg / m’ 1260 Ayan Vorkuta Izhevsk
Thermal conductivity, A 0.76 Poronaysk Surgut Ekaterinbur
o g
Wim '€ — b 5 10'93 Yuzhno- Dudinka Orenburg
Vapor permeability, 3.6:10 Sakhalinsk
kg/m:s-Pa Yuzhno- Tomsk Kurgan
2. Insulation made of mineral wool slabs Kurilsk
Layer thickness, m 0.1 Vladivostok Tynda Omsk
Density, kg /m’ 150 Khabarovsk | Novosibirsk
Thermal conductivity, A 0.04 Magadan Kyzyl
W/lmC B 0.042 Anadyr Krasnoyarsk
Vapor permeability, 8.3-10°!! Blag(;l\;ishche Irkutsk
kg /m-s-Pa Erofey Yeniseisk
3. Masonry base made of aerated concrete Pavlovich
: blocks Okhotsk Chita
Layer thickness, m 0.3 Keys Mogocha
Density, kg /m’ 400 Maykop Kirensk
Thermal conductivity, A 0.113 Cherkessk Bodaibo
Wim'C b 0.117 Nalchik Tura
Vapor permeability, 6.9-10°!"! Kursk Lensk
kg/m-s-Pa Vologda Khatanga
4. Layer of internal plaster Cheboksary Yakutsk
Layer thickness, m 0.011 Tobolsk Verklll(oyans
Density, kg / n‘13‘ 1800 Kazan Zyryanka
Thermal conductivity, A 0.76 Syktyvkar Oymyakon
Wim-"C b 0.93 Petrozavodsk | Srednekoly
Vapor permeability, 2.5-10! msk
kg/m-s-Pa Troitsko- Saskylakh
Pechorskoe
Table 2. Cities and their corresponding Urengoy Olenek
humidity zones adopted for the study Dixon Zhigalovo
Zones according to the “humidity zone map” Nikolaevsk- | Kosh-Agach
in accordance with the regulatory document on-Amur
Wet Normal Dry Igarka Rubtsovsk
Murmansk | Kaliningrad Belgorod Aldan Barnaul
Saint Smolensk Rostov-on- Totma Samara
Petersburg Don Ukhta Chelyabinsk
Arkhangels Moscow Astrakhan Abakan
k
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3.3.Plotting the values of the waterlogging
criterion on a map of Russia
Three application zones for the considered
building envelope were obtained. The first zone
(marked green on the map) is the zone where the
balance of moisture transfer (3) is carried out,
here R’7>R". The second zone is a zone where
the moisture transfer balance (3) is not met,
which means that the enclosing structure does not
pass the waterlogging test. The third zone is the
zone where the moisture transfer balance

inequality (3) is satisfied, here R <R’{.

e =

Figure 2. Map of moisture zones with plotted
values of the waterlogging criterion (green and
blue zones show areas in which the structure
has been protected from waterlogging, red zone
displays areas where the structure cannot be

built)

3.4.Algorithm for applying the proposed
approach

To create a map of the application zones of the

building envelope based on calculations for

protection against waterlogging, the following

actions have been taken:

1.The required design has been selected;

2. The criterion for waterlogging of the enclosing

structure has been calculated using formula (7);

3. The values of this criterion have been plotted

on the map of Russian humidity zones for the

cities in accordance with Table 2.

4.3 zones have been defined on the map: the first

green zone and the third blue zone are those

where you can construct a building envelope and

the second red zone is the zone where the
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structure under study cannot be built, since it
does not pass the waterlogging test.

A number of maps of application zones for
various building envelopes are constructed.

To calculate protection against waterlogging
using a map of application zones of building
envelopes, the following measures have been
taken:

I. A map corresponding to the calculated
enclosing structure has been selected;

2. The city in which the calculation is performed
has been chosen,;

3. Ifthe structure falls into the green or blue zone,
it means that it has passed the waterlogging test
and is allowed to be built. If the structure falls
into the red zone, the wall under study does not
pass the waterlogging test, therefore, it cannot be
built.

4. If the structure falls into the red zone (it has
not passed the test for protection against
waterlogging), it is necessary to replace the
structure with another one or install a vapor
barrier on the inner surface of the structure and
re-calculate the protection against waterlogging.

4. RESULTS AND DISCUSSION

Options for constructing a building wall with
parameters in accordance with Table 1 for three
cities, such as Murmansk, Tomsk and Vorkuta
were calculated.

4.1.Assessment of the moisture transfer balance
using the classical method of calculating the
moisture transfer balance

In Murmansk, building envelopes are operated

under conditions A, whereas in Tomsk and

Vorkuta operating conditions are B.

It was found that for all three cities, the position

of the plane of maximum moisture corresponds

to Figure 1 A —the junction of external plaster and

insulation.

Resistance to vapor permeation from the inner

surface to the plane of maximum moisture, as

well as the required resistance to vapor

permeation for Murmansk is:
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R, =5.958-10" m*-s-Palkg

R =0.608-10" m* -s- Pa/ kg

R =3.024-10" m* -s-Pa/ kg
5.958-10° > max[0.608-10°;3.024-10°]

(10)

Let us determine the values of the waterlogging
criterion using the formula (7):

;302410

an

Since the waterlogging criterion is less than one,
the building envelope in Murmansk has passed
the waterlogging rest successfully.

Similar to that, let us determine the same for
Vorkuta:

R, =5958-10" m*-s-Pa/ kg
R =1.469-10" m*-s-Pa/ kg
R/ =-18.612-10° m*-s-Pal kg
5.958-10° > max[1.469-10”;-18.612-10"]
. 1.469-10° _
5.958-10°

(12)

0.247<1 (13)

Since the waterlogging criterion is less than one,
the building envelope in Vorkuta has also passed
the waterlogging test successfully.

The difference between the designs for these two
cities is that in Murmansk the determining
condition for the balance of moisture transfer is

the required resistance to vapor permeation R,
whereas in Vorkuta the required resistance to
vapor permeation is R/.

While performing the calculation for Tomsk, we
get the following:

R, =5.958-10" m*-s-Palkg

R =0.328-10" m*-s-Pa/ kg

R =9.144-10" m* -s- Pa/ kg
5.958-10° > max[0.328-10%;9.144-10°]

(12)
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;_9.144.10°

(13)

It was found that the criterion / is greater than
one, therefore, the wall in Tomsk will be
waterlogged, since the balance of moisture
transfer is not satisfied.

4.2. Assessment of moisture transfer balance
using the proposed approach

We select three cities under study on the map
with areas of application of enclosing structures.
Three cities under study on the map of areas of
application of enclosing structures are presented
(Figure 3).

Figure 3 illustrates that Murmansk is located in
the green zone (which means that it is possible to

build here and R/>R’"), Vorkuta is located in

the blue zone (also allowed to build here and
R">R"), whereas Tomsk is in the red zone (no

construction allowed).

/ R A ey ] i N Joe. 5 :
4 N A } oy, il b =l WL AL
¥ N\ b ¥ i 5 _‘q/’r—f = H 3 autf? |

[/ 2%

72 s—— e o 4 v |

of

Figure 3. Three cities under study on the map
areas of application of enclosing structures
(1 — Murmansk; 2 — Vorkuta; 3 — Tomsk)

A comparison of the classical and proposed
approaches demonstrates the superiority of using
a map with application zones of the building
envelopes. The main advantage of the proposed
method is that there is no need to make
calculations. This method, in comparison with
various methods for assessing the balance of
moisture  transfer, can be applied by
manufacturers of building materials for enclosing
structures. The manufacturer can develop a series
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of maps of application zones for enclosing
structures proposed in this study for their
products and implement them into the
engineering work of design organizations. This
approach will reduce the time spent on designing
buildings and structures, eliminate errors in
calculations, and make decision support for a
particular design more intuitive.

Future work involves a detailed study of three
different zones obtained (Figure 1).

5. CONCLUSIONS

In the current study, a new effective method for
determining the balance of moisture transfer using
a map of application zones of the enclosing
structure based on a newly introduced value,
namely, the criterion of waterlogging of the
enclosing structure, has been developed. The
values of the waterlogging criterion have been
plotted on the map, then three zones have been
identified depending on the value of the criterion
and the determining resistance to vapor
permeation. An algorithm for constructing and
using a map of the applicability of a building
envelope is presented. This method can be used by
engineers when calculating and assessing the
building envelope protection against waterlogging.
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NUMERICAL MODELING TECHNIQUE FOR THE
HYDRODYNAMIC STABILITY OF SWIRLING FLOWS

Vadim K. Akhmetov

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. A numerical technique is proposed for investigating the hydrodynamic stability of axisymmetric
swirling flows of an incompressible viscous fluid within the linear stability theory framework. The associated
eigenvalue problem is governed by a system of sixth-order ordinary differential equations. Asymptotic
expansions are constructed at both artificial and irregular singular points to facilitate the solution. The system is
integrated numerically using a high-order accurate scheme, and the Gram—Schmidt orthonormalization
procedure is employed to suppress the rapid growth of particular solutions, thereby ensuring their linear
independence. A computational package based on the developed methodology has been implemented and
applied to the stability analysis of the Batchelor vortex. Validation tests are conducted to compare the obtained
results against available reference data. The existence of a viscous instability mode is established, for which the
maximum growth rate is found to decrease monotonically with increasing Reynolds number.

Keywords: hydrodynamic stability, small-disturbance method, swirling flow, viscous mode,
growth rate coefficients

METOJAUKA YACJTEHHOTI'O MOAEJTUPOBAHUA
I'MAPOAMHAMHNYECKOU YCTONYUBOCTH
3AKPYUEHHBIX TEUEHUI

B.K. Axmemoe

HanunonaneHelii nccnenoBaTebckuii MOCKOBCKUN TOCYIAPCTBEHHBIN CTPOUTENbHBIN yHUBEpcUTET, MockBa, POCCHU S

AnHoranusd. [IpencraBieHa MeTOAMKa YUCIEHHOTO MCCIEI0BAHUS 3a1a4l THAPOIUHAMUYECKON yCTOMUUBOCTH
OCECUMMETPHUUHBIX 3aKPyUYEHHBIX TEUEHHN BA3KOW HECKUMAEMOM JKUAKOCTH B paMKaxX JIMHEWHOW TEOpHH.
PaccmarpuBaemasi cCrieKTpanbHas 3ajada OIMCHIBACTCS CHCTEMOH OOBIKHOBEHHBIX AN (epeHIINaIbHBIX
ypaBHEHHUIl IIeCTOro mopsaka. Jias ee pemieHdus B PEryspHOM W MPPETYILIPHOW OCOOBIX TOYKAX CTPOSATCS
ACHMITOTHYECKHE DPa3IoKeHHsA. UNCIEHHOE MHTETPUPOBAHUE CHCTEMbI MPOBOAWTCS METOIOM IOBBIIICHHOMN
TOYHOCTH C HCIIOIB30BaHNEM Iponeayps! oproroHanusanuu I pamma-1Imunra amst mogasaeHns ObICTPOro pocTa
OJTHOTO MJIM HECKOJILKHMX PEIICHUH C 1ebio 00ecredeHrs NX TUHEHHON He3aBUCUMOCTH. PazpaboTaHHbBIN MakeT
IporpamMM II0 OINMCAHHON METOJMKE pEealn30BaH JUIl HCCIEJOBaHMSA YCTOHUMBOCTH BUXpA baTuenopa.
ITpoBeneHbl TECTOBBIE BBIYMCIEHHS MAJsI CPAaBHEHUs pPE3ylbTaTOB C HMMEIOIIUMUCS JaHHbIMH. [loka3aHo
CYIIECTBOBAHUE BS3KOH MOJbI HEYCTOHYMBOCTH, JUIi KOTOPOH MaKCHMalbHBIH KOI(PPHUIMUESHT yCHICHUS
MOHOTOHHO YOBIBaeT ¢ pocToM umcia PeiiHombca.

KuroueBbie cjioBa: ruipoJUHaMUYECKasi yCTOMYUBOCTb, METOJ] MaJIbIX BO3MYIIEHHUH, 3aKPY4EHHBIH MOTOK,
BsI3Kas MOAa, KO3 (HUIMEHTHI yCUIICHNS

1. INTRODUCTION

Swirling flows of liquid and gas are frequently
encountered in nature (tornadoes, cyclones,
whirlpools) and are widely used in various
technical applications. Contemporary areas of
application for swirling flows include the
following [1,2]: the creation of efficient
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pulverized coal combustion facilities for modern
thermal power plants; optimization of gas turbine
engine performance through the use of flow swirl
in combustion chambers; the development and
design of cyclone-type devices for gas dust
removal, particle separation, and liquid mixture
separation, for example, for treating produced oil,
as well as vortex atomizers for liquid spraying;
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and the use of the Ranque—Hilsch effect in vortex
tubes for thermal flow separation.

In hydraulic engineering and  special
construction applications, swirling flows are
employed in the design of draft tubes for
hydraulic turbines, vortex spillways, antivortex
energy dissipators, and antivortex aerators for
ecological treatment of natural and artificial
water bodies, settling ponds, and storage basins
in biological and chemical industries [3].
Investigations into the hydrodynamic stability of
swirling flows are extremely relevant. Loss of
flow stability often leads to disruption of the
designed operating regime, intensification of
vibration effects, and damage (or destruction) of
the structure.

There are several general stability criteria for
swirling flows. For free-vortex type flows, they
are formulated in [4, 5]. These criteria are
predominantly sufficient in nature and do not
allow obtaining precise stability characteristics
of the flow.

The primary tool for investigating the
hydrodynamic stability of vortex flows is
numerical modeling using the perturbation
method. For free swirling flows and internal
channel flows (excluding the near-wall region),
the profiles of the axial U and azimuthal W
velocity components can be reasonably well
described by expressions

U(r) = Wi + Wy exp(—br?),
() =K 11- s exp(-br?)],

r

(1)

where W;, W,, K, b are empirically
determined constants, and r» is the
dimensionless distance from the axis. By
elementary transformations, profiles (1) can be
reduced to the form

U=exp(-r?), W=La-exp(-r?)), ()
r

where ¢ is the flow swirl parameter. Therefore,
in recent years, considerable attention has been
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devoted to the stability investigation of the flow
with velocity distribution (2), often referred to
as the Q — vortex (or Batchelor vortex).

The inviscid stability of flow (2) with respect to
non-axisymmetric perturbations of the form
exp[i(oz+ne—oct)] was first numerically

investigated in [6]. Primary attention was given
to perturbations with n < -1, since they proved
more unstable than perturbations with positive
n. The presented numerical results showed that
instability of flow (2) is observed for g < 1.5.
The effect of viscosity on the stability of a free
vortex was first numerically studied in [7]. The
lowest critical Reynolds number corresponded
to perturbations with » = —1. Two viscous
instability modes of the Q-vortex at » = 0 and »
= 1 were found in [8, 9]. In contrast to
previously studied inviscid modes, their
maximum amplification factor monotonically
decreases with increasing Reynolds number
Re — .

The transition from absolute to convective
instability in an inviscid formulation for the
Batchelor vortex Q was investigated in [10]. In jet
flows, absolute instability was observed for modes
n = -1, -2, 3. For wake-type flows, absolute
instability was found only for mode n = —1.
Generalizations of these studies accounting for
flow compressibility were carried out in [11, 12].
Similar investigations in an inviscid formulation
for the Rankine vortex are presented in [13], and
for shear swirling flows in [14].

Selective calculations of absolute instability for
Q vortex accounting for viscosity, performed
using direct numerical simulation, were
conducted in [15], while systematic and detailed
investigations over a wide range of Reynolds
numbers are presented in [16].

Experimental results on the stability of swirling
flows and the structure of the near-axis
recirculation zone during vortex breakdown are
presented in [17-19].

Issues of global instability following vortex
breakdown are considered in [20]. The
relationship between the vortex breakdown
phenomenon and swirling flow stability is
shown in [21].
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With regard to problems of thermal flow
separation in Ranque-Hilsch tubes, flow
stability was studied in [22], and for stratified
media in [23].

The conducted analysis of the scientific
literature indicates a strong interest in the
stability investigation of swirling flows. The
Batchelor vortex has a velocity distribution to
which a significant portion of such flows can be
reduced. In this connection, the problem of
Batchelor vortex stability is an important and
pressing issue.

2. PROBLEM STATEMENT AND
RESEARCH METHOD

Consider homogeneous axisymmetric flow of a
viscous incompressible fluid with a velocity
field in an unbounded medium

VZ = U(r) ’

V,=0, Vo=W(r), (3)

where V,,V,,V, are the axial, radial, and

azimuthal velocity components in a cylindrical
coordinate system.

Consider small perturbations of the base flow
(3) with velocity profiles (2) as solutions of the
linearized Navier—Stokes equations in the form
of travelling waves (normal modes):

{Vz,,Vrlqu’)ap'}: 4)
={F,iS,H,P}expli(oz +ne—oct)],
where p is the pressure; a is the wavenumber;
n 1is the perturbation mode(n = 0;£1;12;...),
with negative values corresponding to wave
propagation in the direction opposite to the
swirl; ¢ is the wave speed; i is the imaginary
unit. For the complex amplitude functions
F(r), S(r), H(r), P(r) we obtain the system
of equations:
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¥y F +or’P+r?SU' =
1 N (2.2, 2 ]
=——1\rF") —\lo“r +n” |F|
iRe ( ) ( )
r2yS + 2kHW — 2 P' =

:_L[r(rG ((xzr2+n +1 S 2nH]( )
iRe

rzyH + rZS[W' + KJ +rnP =
r

:_L[r(rH’ (a2r2 +n +1)H—2nS],
iRe
(er+(rS)’ +nH =0,

where y= OL(U —c)+ nWir,
denotes differentiation with respect to ». The
boundary conditions for system (5) at » =0 are
derived from the requirements of regular
behavior of the solution near the axis and decay
of perturbations at infinity, and have the form:

and the prime

S(0)=H(0)=0,
F(0),P(0) are limited for
S(0)+ H(0) =0,
F(0)=P(0)=0for n=+1;
S(0)=H(0)=F(0)=P(0)=0 for |n|>1;
S(0)=H ()= F(x0)=P(x0)=0.

n=0;

(6)

Consider perturbations (4) that are periodic inz,
whose amplitude changes with time. Thena is a
real number (o =2n/A, where A 1is the
perturbation wavelength), and c=c, +ic; is

complex one; ¢, represents the speed of
perturbation propagation in the direction z
(phase velocity), c; is the temporal growth rate
of the perturbation, ®; =ac; is the perturbation
is the
oscillation frequency. If ¢; <0, the perturbation
amplitudes (4) decay (the flow is stable). And if
¢; >0, they grow with time (the flow is
unstable). Thus, here it is necessary to
determine ¢; as a function of o.

In another case, one studies perturbations (4)
that are periodic in time with amplitude varying

amplification factor, and ®, =oac;,
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in the direction z, but independent of time.
Then the frequency ®=a,c should be
considered real (¢ is the phase velocity), and
o =0, +ia; is a complex one; a; determines
the spatial growth rate of the perturbation. If
o; >0 the perturbation decays (the flow is
stable), and if o; <0, it grows (the flow is
unstable). In this case, it is important to
determine the dependence of o; on ®.

The eigenvalue computation method comprises
several stages. Near the singular points »=0
and r=o00 , asymptotic solutions are
constructed using the Frobenius method [24],
which allow the boundary conditions to be
transferred to the points r=7, and r=ry,
respectively. Then numerical integration is
performed from 7 and 7; into the
computational domain towards the point 7.
(ry, <7 <ry), where the solutions are matched
according to the condition

3 3
Zani,j:Zaj+3yi,j+3 (i=12,...,6), (7)

Jj=1 Jj=1
where y; ; are the solutions obtained by
integration from 77 to 7., and y; j,3 are those
obtained by integration from 7, to 7., a; —

pOU3BOJIbHBIE TIOCTOsIHHBIE. The vanishing of
the determinant of the linear homogeneous
system (7) is achieved by adjusting c¢,, ¢; (or
o, o; ) using Newton's method.
In the calculations, r, =0.01,
taken, and the wvalue of 7; was chosen
individually for each set of parameters based on
the required accuracy of the -eigenvalue
determination, and varied from 7; =2.7 to

. =0.5 were

77 =150. The widest integration domain was
required for long-wave perturbations, at large
Reynolds numbers and swirl parameters. When
computing the dependencies of the eigenvalues
on the governing parameters, the step in the
parameter was determined automatically by the
number of iterations k;; in Newton's method for
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solving the characteristic equation. The value of
ki; was maintained in the interval 3<k; <7.If
kii >7 or ki <3 for three successively found
eigenvalues, the parameter step was
correspondingly halved or doubled. To
accelerate convergence, the next initial guess for
the eigenvalue in Newton's method was
determined by linear extrapolation.

It is convenient to represent system (5) for
numerical integration as six first-order
differential equations z'= f(r,z). To find the
solution, we employ the Kutta—Merson method
with automatic step-size selection. Denote

S = fn+Bh 2R,

where 4 is the integration step, zgi]ﬁ is the
approximate solution found at the point 7, + 34

with local error 4#*. Then the set of calculation
formulas can be written as:

2
ZEH—]I/3_Z” T3 fn ’

(3] [3]

5 5
Zpi1/3 = Zn Jrg(frg ]+ n[+]1/3) )

4 5
Zhii2 =2

h
+—<fn[5] +3£530,5)

4 [5 4
}['z+]1:Z” = (fn] 3fn+1/3+4fn[+]1/2) 3

5 [5 5] 4
;[1+]1:Z ]+ (fn[ +4f+1/2+ n[+]1)'

Thus, approximate values z(7,41) are calculated

with local errors h4 and 7. Comparison of the

[4

values z,’;; and zt +1 provides a practical means

to assess the accuracy of the approximate
solution z(7,41) during the computation. The

integration step 4 for each computational point
is determined from the condition

(-4 /4 <5

in which it was assumed that £ =1072.
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A fundamental difficulty in implementing this
method when solving hydrodynamic stability
problems is the rapid (parasitic) growth of one
or several solutions during integration, as a
result of which their linear independence is lost.
One of the most effective methods for
overcoming  these  difficulties is  the
orthogonalization procedure of S.K. Godunov
[25].

Such an orthogonalization procedure for the
vectors can be performed either at each
integration step, or after a certain number of
steps when a predefined non-orthogonality
criterion is violated. Such a criterion, for
example, can be the condition

max(yj, yj)l/2 > M , where the constant M is

usually of the order of 10> —10°. In the present
calculations, orthogonalization was carried out
at every computational point.

To compute the complex determinant of system
(7), the Gauss elimination method with column
pivoting was used. The solution of an equation
of the form F(c)=0 was determined by

Newton's method.

3. RESULTS AND DISCUSSION

Nontrivial solutions of the homogeneous
boundary-value problem (5), (6) with
distribution (2) determine the spectrum of
complex eigenvalues and eigenfunctions for a
given set of parametersRe, ¢, o, n. The first

two parameters characterize the flow, and the
latter two describe the perturbation wave.

The results of test -calculations of the
eigenvalues of the original problem for the
viscous mode found in [8] and studied in detail
in [9] are presented in Table 1. It can be seen
that in all cases there is good agreement. This
indicates that the numerical method employed
allows obtaining a solution with high accuracy.
At the same time, it is simpler in numerical
implementation than the spectral collocation
method with Chebyshev expansions [§].
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In [8], two viscous instability modes with
positive azimuthal wavenumbers were identified
numerically, for which the maximum
amplification factor monotonically decreases as
Re—>®. One of them corresponds to
axisymmetric perturbations » =0, and the other
to non-axisymmetric ones with n»=1. In both
cases, the instability turns out to be weaker
compared to the inviscid mode at n=-1, and
the corresponding critical Reynolds numbers
calculated in [9] are higher: Re. =17.275;
322.42 for the modes n=0;1, respectively.

These two modes are of significant importance
because they confirm the destabilizing effect of
viscosity on flow stability.

The present numerical investigations have
established that for there also exists an unstable
mode of viscous nature (mode 2).

Provide analysis its properties in detail. The
critical Reynolds number for it is Re,. =43.934
at a.,=0.5012, g, =0.6603. In this sense, it

occupies an intermediate position between the
viscous modes n=0 and n=1.

Fig. 1 shows the relations o;=m;(a),
®,=o,(a)for mode 2 by solid and dashed
lines, respectively, calculated at Re=100,

g=0.3, 04, 0.5 0.6 (curves 1-4). It is seen
that the amplification factor ;= w;(a)has a

peak-shaped distribution. The same character
was noted for similar dependencies in [8] when
studying viscous modes with n=0 and n=1.
The phase velocities of perturbations with
wavenumbers corresponding to the maximum
amplification factor are negative, i.e., unstable
perturbations in this case propagate upstream.

Confirmation that the found mode is viscous in
nature is provided by the dependence of the
amplification factor on the swirl ;= w;(g) at
fixed wavenumber o =03 and various
Re =300, 1000, 5000, 10000 (Fig. 2, curves
1-4). It is evident that as the Reynolds number

increases, the maximum amplification factor
monotonically decreases.
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Table 1
Re o q wr-10° w103 w107 [9] wi -10% [9]
25 | 005 | 05 —0.22387 0.98872 —0.22387 0.98851
25 | 0.05 | 05 0.00374 0.26682 0.00370 0.26618
100 | 03 | 04 1.72806 8.99650 1.72799 8.99607
1000 | 03 | 04 2.34621 0.97904 2.34621 0,97904
0.04 A
3 4 ©; /
®;, O 2 /\ /\
1 R 0.008
\
0 \
ISR N \'\\
A 0.004
\ \/ -\ \/ - - 2
‘ \ /\ i S \\
1 7 S
4 3
7 =2 ~
-0.04 0
0 0.2 0.4 (0 0.3 0.5 0.7 q

Figure 1. Relation of the amplification
factor on the twist angle at Re=100),
q=0.3, 0.4, 0.5, 0.6 (curves 1-4)

4. CONCLUSION

An efficient numerical procedure has been
developed for investigating the hydrodynamic
stability of axisymmetric swirling flows with
respect to non-axisymmetric travelling-wave
perturbations.  Calculations of  temporal
instability have been performed for the
self-similar ~ Batchelor vortex. A  viscous
instability mode has been found whose
amplification factors exceed the values for
previously known viscous modes. The
application of the considered method is possible
for a wide class of flow stability problems with
arbitrary velocity profile distributions in various
technical applications.
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Figure 2. Relation of the amplification
factor on the twist angle at «a=0.3,
Re=300, 1000, 5000, 10000 (curves 1-4)
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ANALYSIS OF THE ROUGHNESS PARAMETERS AND
CHEMICAL COMPOSITION TRANSFORMATION OF THE
PROTECTIVE COATING OF A PIPELINE DURING ITS REPAIR

Viadimir A. Orlov, Sergey P. Zotkin, Maria A. Bolshakova

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. The issues of potential transformation of the surface roughness of solid samples of the sprayed protective
coating Subcote FLP, used during the period of trenchless reconstruction of pressure pipelines, are considered.
The technique of conducting experiments on the dynamics of changes in the roughness of samples in the time
range by immersing them in a container with water, dosing a disinfectant into it and processing water on a magnetic
stirrer with subsequent analysis of the surface of samples by methods of lightoscopy and profilometry are
presented. Changes in the qualitative characteristics of coating samples and chemical indicators of water are
identified and analyzed. The dynamics of changes in the equivalent roughness coefficient of protective coatings
and the quality parameters of protective coating samples in water at different temperatures are presented. Based
on the results of light spectroscopy, the coefficients of hydraulic friction and equivalent roughness were calculated,
as well as an automated calculation using a specially developed program to assess energy savings during water
transportation when using the Subcote FLP protective coating during the renovation of a steel pipeline

Keywords: pipeline, protective coating, roughness, light microscopy, profilometry, water quality indicators,
energy saving

AHAJIN3 TPAHCOOPMALIMU ITAPAMETPOB
IHNEPOXOBATOCTU U XUMHNYECKOI'O COCTABA
SAHIMTHOI'O HOKPLITUA TPYBOITPOBOJA IIPU ET'O
PEMOHTE

B.A. Opnos, C.II. 3omkun, M.A. Boavwaxosa
Haunonaneselil uccnenoparenbckuii MOCKOBCKHI TOCYJapCTBEHHBIN CTPOUTEIbHBIN YHUBEPCUTET, I. MOCKBa,
POCCUA

AnHoTanusi. PaccMOTpeHBl BONPOCH! MOTEHIMAILHOW TPaHC(POPMAIMU IEPOXOBATOCTH ITOBEPXHOCTH TBEPABIX
00pasIoB HAMBUIAEMOro 3aMUTHOTO TOKpbITHs Subcote FLP, umcnonb3yemoro B mepmoj OecTpaHIICHHON
PEKOHCTPYKIIMU HAIMOPHBIX TPyOONpoBoAoB. [IpencraBieHa MeToIMKa MPOBEICHUS OIBITOB 0 MCCIEAOBAHUIO
JUHAMHMKH U3MECHEHHMS IIEPOXOBATOCTH 00pa3I0B BO BPEMEHHOM JIHAIIa30HE ITyTEM X MOTPYKEHUSI B EMKOCTH C
BOJIOM, O3MPOBAHUH B Hee NEe3MH(EKTaHTa W 0O0pabOTKOW BOJBI HA MArHUTHON MEIIAJKe C ITOCIETYIOIINM
aHaJIM30M IOBEPXHOCTH 00pa3II0B METOIaMH CBETOCKOITNH 1 podroMeTpun. BoIsBICHBI 1 IPOaHATN3NPOBAHBI
U3MEHEHHs KauyeCTBEHHBIX XapaKTepHCTHK O0pa3loB TIOKPHITHA W XUMHUYECKHX [IOKa3aTeled BOJIBI.
[IpencraBieHa qUHaMKUKa U3MEHEHHsT KOA(PQHUIIMEHTa YKBUBAJICHTHOM IIEPOXOBATOCTH 3AIIUTHBIX MOKPBITHH H
Ka4eCTBEHHBIX MapaMeTpoB 00pa3IoB 3aIIUTHBIX MOKPHITHI B BoJE MpHU pa3Hoi Temmepatype. [1o pesynpratam
CBETOCKOIIMH MTPOU3BEICH pacyeT KOAP(PUIIMEHTOB rHIPaBINYECKOr0 TPSHUSI U DKBUBAJICHTHON 1IEPOXOBATOCTH,
a TaKKe aBTOMAaTU3UPOBAaHHBIM pacueT 10 CHeUUaJbHO pPa3padOTaHHOW IMporpamme Uil OLEHKH SKOHOMUHU
AIIEKTPOIHEPTHH TIPH TPAHCIIOPTUPOBKE BOJIBI B CIIy4ae UCIIOJIL30BAHUHM 3alIUTHOTO MOKpBITHS Subcote FLP npu
PEHOBAIMH CTAIBHOTO TPYOOIIPOBO/IA.

KaroueBble ciioBa: pr60HpOBOH, 3alIUTHOC IMMOKPLITHUE, HICPOXOBATOCTDH, CBETOCKOIINS, IIPO (bHJ'IOMCTpI/IH,
TIOKa3aTeIn Ka4€CTBA BOABI, DKOHOMUS DJIEKTPOIHEPT NN
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Analysis of the Roughness Parameters and Chemical Composition Transformation of the Protective Coating

of a Pipeline During its Repair

INTRODUCTION

The issues of determining the roughness of the
inner walls of pressure pipelines made of new
materials, as well as its possible transformation
during the long-term operation of engineering
networks, are relevant, as they allow to identify
such important characteristics as the values of the
coefficients of equivalent resistance and
hydraulic friction and, thereby, to substantiate
the prospect of possible energy savings during
water transportation [1].

An analysis of global experience in the operation
and repair of water supply pipeline networks
shows that to increase the reliability of pipeline
systems, the most promising solution is to
rehabilitate them by applying internal protective
coatings of various types, including polymer
sprayed materials. In the process of developing
renovation projects for pipeline transport and
their implementation, there is a need to obtain
reliable data necessary to ensure the reliability of
the restored pipelines by ensuring the appropriate
hydraulic and strength characteristics of the
restored networks, which acquire a two-layer
structure after repair work [2, 3].

An analysis of the results of previously
conducted studies shows that there are valid
documents in the certification systems that
describe the measurement procedures necessary
to determine the hydraulic characteristics of
pipelines with internal coatings [4]. At the same
time, it is very important to determine the ability
of protective coatings (internal linings) to
maintain their hydraulic characteristics during
long-term operation and not to negatively affect
the quality of the transported water [5].

Given the significant extent of wear and tear on
pipeline systems, where, according to data from
the Ministry of Regional Development, more
than 40% of water supply networks require
immediate repair, the effectiveness of using new
types of internal protective coatings for
dilapidated pipelines using efficient and prompt
trenchless methods becomes extremely relevant
[6]. In order to prove the effectiveness of the use
of certain types of polymer protective coatings
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and the absence of potential negative
circumstances, such as chemical reactions
between the coatings and the transported water,
as well as changes in their hydraulic properties
(such as changes in surface roughness), it is
necessary to conduct a wide range of studies
under dynamic conditions using appropriate
models and special instruments.

In accordance with the available conformity
certificates, protective polymer spray coatings do
not change the composition of the pumped
medium, maintaining the reliability of pipeline
networks at a high level and reducing the
negative impact on the urban environment due to
repair work. Despite the thin layer of 3-8 mm,
these materials can effectively fill in existing
defects and increase the wear resistance of
pipelines during the rehabilitation process. As a
result, the internal surfaces of the restored
pipelines tend to become less rough, improving
the hydraulic performance of the pipelines. To
prove this, the structure of the protective coatings
is analyzed using a number of modern contact
and optical methods that provide information
about their roughness [7].

The objectives of this work were to conduct
scientific research that confirms or refutes the
noted facts using modern approaches and
methods for determining and evaluating the
hydraulic performance of protective coating
samples.

METHODS AND MATERIALS

The sprayed organic protective coating Subcote
FLP was used as the research materials. The
coating has a sanitary and epidemiological expert
opinion No. 77.01.12.P.014303.09.11 dated
22.09.2011, issued by the Department of the
Federal Service for Supervision of Consumer
Rights Protection and Human Welfare in
Moscow, which allows the coating to be applied
to the inner surface of pipelines in lomestic and
drinking water systems.

In the work, modern tools of contact and optical
technologies, respectively profilography and
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lightoscopy, were adopted as methods of
roughness research. According to the results of
these methods, the analysis and comparison of
the obtained data was carried out, in particular,
on the arithmetic mean deviation of the surface
profile, the height of its irregularities, etc. with
the subsequent calculation of the values of the
coefficients of equivalent roughness of coatings
in time before and after their special processing.
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The essence of the experiments on studying the
dynamics of changes in roughness was to process
the samples of the protective coating on a small-
sized installation, which was a glass cup
(container) of the calculated height and diameter
with a measured volume of 1 liter of drinking
water (Figure 1). The samples of the protective
coatings of certain sizes were rigidly placed in
the cup near its wall (at the periphery).

Figure 1. Layout of the apparatus elements on the magnetic stirrer
(left — front view of the sample in the container, right — rear view of the sample)
1 - glass cup; 2 - rubber stopper, 3 - sample of a certain size, suspended near the edge of the cup,
4 - magnetic stirrer; 5 — anchor

The beaker was placed on a special device
(magnetic stirrer), where the contents were
mixed at a specific angular velocity m (converted
to linear velocity V or tangential velocity),
ensuring a precisely defined contact time
between the sample and the water, simulating the
identical duration of water flow in a pipeline of
the appropriate length and diameter at an optimal
velocity of 1 m/s. The conversion of angular
velocity to linear (tangential) velocity was
performed using an online calculator in the
standard program planetcalc.ru.

When conducting experiments on a magnetic
stirrer, specially prepared solid samples of the
Subcote FLP internal protective coating to be
sprayed were examined. The dimensions of the
samples were (2.0 x 8.0), and their contact area
with the water flow, taking into account the front
and back sides, as well as the side surfaces, was
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32 cm2. The one-time duration of sample
processing in a glass of water on a magnetic stirrer
was 2h 47 minutes, which corresponded to
(simulated) the presence of water in a pipeline 10
km long and 1200 mm in diameter. These
parameters are adopted for the need to ensure
approximately equal conditions for the
consumption of chlorine in time by a unit of
surfaces (1 cm?2) of samples and the contact area
of the water flow during its transportation through
the pipeline. In this case, the consumption of
chlorine for the samples was 1/32=0.03125 L and
for the simulation of the pipeline 11304000 /
376800000=0.03 L per 1 cm2 of the contact area
of the pipeline walls with water.

As mentioned above, two alternative methods
were used to study the roughness of the
protective coating samples: the probe (contact)
method and the optical (non-contact) method,
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which have the same range of measured micro-
irregularity heights (0.8 — 62.5 pm). These
methods are relatively simple to use when
processing measurement results.

The scanning electron microscope, the
TESCAN MIRA 3 LMU scanning electron
microscope and the Olympus GXS53 inverted
microscope, as well as the TR 100 portable
roughness meter, were used as instruments for
studying the above parameters. To determine
the quality of water, an instrument base was
used, including a Primelab PL-HR-atom
magnetic stirrer, an ECOSTAB PC 233
analyzer for determining pH, salinity, electrical
conductivity and water temperature.

It should be noted that, depending on the
regulatory requirements for the disinfectant dose
that provides a bactericidal effect during water
disinfection, a certain amount of chlorine was
artificially added to the water in the form of
universal Aquabreeze water disinfection tablets.
This ensured that the residual chlorine
concentration remained at the required level for
water sterilization after it left the water treatment
plant, typically at least 1.0 mg/L [8].

The ultimate goal of the research is a
comprehensive analysis of the possible
transformation of the initial roughness and
chemical composition of water over a certain
time interval in a magnetic stirrer system, which
provides a tangential flow of water as an analogy
for the flow of water in linear objects (pressure
pipelines) of the appropriate diameter and length.
Additionally, the objective is to determine the
effect of the duration of the sample's exposure to
chlorinated water at a specific dose of the reagent
on the roughness [9].

One of the tasks in conducting experiments and
processing their results using automated
programs was to indirectly assess the energy
consumption during water transportation as a
result of potential changes in the hydraulic
characteristics of the protective coating samples
over time and due to the impact of chlorine added
to the water.

Volume 22, Issue 3, 2026

RESULTS

Below are the results of three research cycles, in
particular:

- on the transformation of the equivalent surface
roughness coefficients of Subcote protective
coating samples based on parallel experiments
using profilometry and light microscopy,
followed by the calculation of the equivalent
surface roughness coefficients of the coatings
over time before and after their special treatment,
as well as the recording of the arithmetic mean
deviation of the surface profile, the height of its
irregularities, etc. (I cycle);

- by changing the chemical properties of the
surface of the protective coating samples, which
leads to changes in the roughness profile heights
in the transverse and longitudinal directions, as
well as in the morphology (in this case, the
structure and elemental chemical composition) of
the samples, using electron microscopes to
process the data, and by changing the water
quality indicators before and after the
experiments on the magnetic stirrer (cycle II);

- to assess the energy consumption during water
transportation as a result of potential changes in
the hydraulic characteristics of protective coating
samples over time and due to the impact of
chlorine derivatives using modern electronic
models (I1I cycle) [10].

Cycle L.

1. The results of profilometry experiments (on
the TR 100 roughness meter) on samples of
protective coatings (in cold and hot water) in
dynamics and the analysis of the obtained results
on the determination of the coefficients of
equivalent roughness KE:

- on the initial sample (1) in nature - KE = 0.0386
mm;

- on sample (2) with a chlorine dose of 1.07 mg/L
in the initial cold (200 C) water and a processing
time of 2 h 47min in the agitator - KE = 0.02428
mm;

- on sample (3) with a chlorine dose of 1.0 mg/L
in the initial cold (200 C) water and a double
processing time of 2x(2 h 47min) - KE = 0.02085
mm;
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- on sample (4) with a chlorine dose of 1.0 mg/I
in the initial hot water (500 C) and a treatment
duration of 2 h 47m - KE = 0.02225 mm.

The analysis of the data presented above shows a
downward trend in the equivalent roughness
coefficients as a function of the time spent by the
samples in chlorinated water, with the most
pronounced effect occurring when the sample is
placed in hot water, where the disinfectant dose
and the duration of the sample's stay in the
magnetic stirrer are the lowest.

2. The results of light microscopy experiments
(using an Olympus GX53 microscope) on
samples of protective coatings (in cold and hot
water) in dynamics and the analysis of the results
obtained to determine the equivalent roughness
coefficients KE:

- on the original sample (1) in nature -
0.0372 mm;

- on sample (2) with a chlorine dose of 1.07 mg/I
in the initial cold (200 C) water and a processing
time of 2h 47min in the agitator - KE = 0.0228
mm

- no studies were conducted on sample (3);

- on sample (4) with a chlorine dose of 1.0 mg/1
in the initial hot (500 C) water and a processing
time of 2h 47m - KE = 0.0217 mm.

As in the previous calculation point, the analysis
of the data presented above shows a downward
trend in the equivalent roughness coefficients as
a function of the time the samples spent in
chlorinated water. The greatest reduction in
roughness is achieved when the samples are
treated with hot water.

When comparing the results of points 1 and 2 for
the three samples, it can be noted that the
difference in the obtained data for determining
the equivalent roughness coefficient KE is as
follows:

- for the initial sample (1), the difference in the
values of the equivalent roughness coefficient is
0.0386-0.0372 = 0.0014 mm or 3.76%;

- for sample (2), the difference is 0.02428-
0.0228=0.00148 mm or 6.5%

- for sample (4), the difference is 0.02225-
0.0217=0.00055 mm or 2.53%

KE =
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Thus, in three experiments, the discrepancy in the
KE readings ranged from 2.53% to 6.5%, which
indicates that the results of profilometry and light
spectroscopy ~ experiments can be used
interchangeably to determine the equivalent
roughness coefficient of the samples.

The nature of the irregularities (heights) was
determined using light microscopy on an
inverted Olympus GX53 microscope. There were
no roughness protrusions on the samples,
respectively, in the longitudinal and transverse
directions, which amounted to: 40-120 and 43-
103 microns for sample (1), 120-195 and 65-158
for sample (2); 158-210 and 125-208 microns for
sample (4). At the same time, the steps for fixing
irregularities in samples (1) and (4) were 70,
respectively and 200 microns, which can be
characterized as a transition from more frequent
to more rare, which means that it may indicate
some straightening of the roughness of the
samples over time during treatment in water with
chlorine.

Figure 2 graphs show the transformation of
surface irregularities on samples (1) and (4) as
sample roughness profiles in the longitudinal
direction.

The graphical dependencies presented in Figure
2 indicate that, compared to sample (1), sample
(4) exhibits a peculiar "growth" in the average
profile height: from (40+120)/2=80.0 um to
(160+210)/2=175 pm. Thus, an increase in the
average height of the profiles due to "growths"
on the surface of the samples does not lead to an
increase in the surface roughness, as the step of
the roughness protrusions (irregularities), as
noted above, increases from 70 um to 200 pum,
which contributes to the local smoothing of the
surface between the peaks of the roughness
protrusions.

This phenomenon can be explained by the
reaction of chlorine with the sample (see cycle II)
or by the deposition of chlorine salts on the
surface of the sample, which is a kind of inlay
that has a positive effect in this case, as the
average deviation of the Ra profile was 9 and 6
um for samples (1) and (4), respectively.
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Figure 2. Illustration of the surface profiles of samples (1) and (4), respectively, in the longitudinal
direction: from top to bottom before treatment in chlorinated water and after treatment
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Thus, it can be concluded that when processing
samples on a device with a magnetic stirrer, the
possibility of the phenomenon of "straightening"
of a rough surface with filling of pores between
the peaks of roughness (conditionally called
"voids or dips") is not excluded. This suggests
that the coefficient of equivalent roughness of the
sample may decrease over time, i.e., during long-
term operation of a pipeline with a protective
coating.

Cycle II.

In this cycle of experiments, the issues of
changing the morphology of samples before and
after processing in chlorinated water on a
magnetic stirrer, as well as the consideration and
influence of the quality indicators of water and
its temperature on the processes of
transformation of the surface of samples, are
examined.
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In this series of experiments, a TESCAN MIRA
3 LMU scanning electron microscope was used,
as well as a device for chemical control of water
quality indicators (Ecostab PC 233 analyzer).
The results of experiments with coating samples
on an electron microscope showed that there is a
change in the CI (chlorides) indicator on the
surface of the samples, with an increase after
treatment in water on an apparatus with a
magnetic stirrer, and a similar change in the
concentration of calcium Ca and the appearance
of potassium K.

In the summary Table 1, there are printouts of the
output parameters for the presence of chemical
elements in the composition of the studied
samples, which indicate a change in their
chemical composition after treatment on a
magnetic stirrer.

Table 1. lllustration of the dynamics of changes in the weight and atomic composition of chemical
elements in samples depending on the time and temperature of their processing: on the left, the
initial sample (1), in the middle, the sample (2), and on the right, the sample (4)

Elemen | Weight | Atomic Elemen | Weight | Atomic Elemen | Weight | Atomic
t , % , t , % , t , % ,

% % %
C 72.05 78.94 C 66.33 74.26 C 65.8 73.94
O 23.49 19.32 0) 27.77 23.33 0) 2791 23.54
Na 0.13 0.07 Na 0.44 0.26 Na 0.26 0.15
Mg 0.04 0.02 Mg 0.07 0.04 Al 0.25 0.12
Al 0.15 0.07 Al 0.18 0.09 Si 1.82 0.88
Si 1.15 0.68 Si 1.77 0.85 Cl 0.76 0.29
Cl 0.18 0.07 Cl 0.47 0.18 Ca 2,98 1,00
Ca 2.49 0.82 Ca 2.61 0.88 K 0.23 0.08
Results | 100 K 0.36 0.12 Results | 100

Results | 100

A characteristic feature of the data presented in
Table 1 for each sample is:

- sample (1) has a relatively low content of the
chemical element chlorine (0.18%) and a
predominance of the weight fraction of carbon
72.05% and oxygen 23.49 %;

- in sample (2), compared to sample (1), the
concentration of chlorine in the protective
coating material increased from 0.18% to 0.47%,
1.e., by 2.61 times, while the weight fractions of

150

carbon decreased by 7.94% (72.05-66.33) and
the weight fraction of oxygen increased by
15.4% (27.77-23.49), and potassium appeared
(0.36%);

- in sample (4), compared to sample (1), the
concentration of chlorine in the material
increased from 0.18% to 0.76%, i.e., by 4.22
times, while the weight fractions of carbon
decreased from 72.05% to 65.8%, i.e., by 1.09
times, and the weight fraction of oxygen
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increased by 1.19 times (from 23.49% to
27.91%), while the weight fraction of potassium
decreased slightly (0.23%).

It should also be noted that a similar phenomenon
of increasing the calcium concentration in the
coating material is observed from sample to
sample: in sample (2) compared to sample (1), its
concentration increased by 4.8%, and in sample
(4) by 19.7%.

Below are theoretical calculations illustrating the
analysis of changes in the chemical properties of
water and samples (2) and (4) after their contact
with chlorine water in a beaker on a magnetic
stirrer.

Regarding the chlorine reaction with sample (2),
it should be noted that the initial value of total
chlorine in the water was 1.07 mg/L (before the
experiment) and decreased to 0.49 mg/L,
remaining in the water as free chlorine that
provided water disinfection. Therefore, 1.07-
0.49=0.68 mg/L of chlorine should react with
sample (2).

On the other hand, the initial value of residual
chlorine in the water before the experiments,
according to the measurements, was 0.95 mg/L,
and after the experiment it decreased to 0.35
mg/L. Then it can be assumed that residual
chlorine in the amount of 0.95-0.35=0.6 mg/L
reacted with the sample.

Comparing the values obtained from the analysis
of the transformation of various forms of chlorine
in water, we can note the similarity of the
concentration of total chlorine (0.68 mg/L) and
residual chlorine (0.6 mg/L), which reacted with
the sample. The difference in the results was
11.76%.

Regarding the increase in water mineralization
during the experiments, the following can be
noted: the initial water mineralization was 282
mg/L (before the experiment), and it increased to
286 mg/L after the experiment, resulting in a
slight difference of 4 mg/L. However, this
difference is consistent with the formation of
chlorides and insoluble calcium salts, which can
precipitate on the surface of the sample, leading
to incrustation.
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In terms of other chemical indicators of water,
the following trend should be noted:

- the redox potential (ORP) of the initial water was
20 mV, and after the experiment it was 9 mV;

- the electrical conductivity of the water before
the experiment was 397 puS/cm, and after it was
402 pS/cm; the difference of 5 uS/cm indicates
an increase in mineralization, including the
formation of chlorine salts, which increase the
conductivity of the current;

- the pH value of the water before the experiment
was 6.8, and after it was 7.02; the difference of
0.22 indicates a near-neutral environment.
Similar trends can be observed in the reaction of
chlorine with sample (4), but with some notable
differences.

It should be noted that the initial value of total
chlorine introduced into the water at a dose of 1 mg
/I a few seconds before the experiment was 0.27
mg/1, i.e. there was an almost instantaneous decrease
in its concentration at elevated temperature; after the
experiment, the concentration of total chlorine
decreased to 0.06 mg/l, which may indicate, for
example, an active reactions of chlorine with the
sample, which confirms the hypothesis of a
tendency to increase profile heights due to the
growth of precipitating salts (see Figure 2); the
initial value of residual chlorine in water was 0.02
mg/l (before the experiment), and the final value of
residual chlorine was 0.00 mg/l (after the
experiment); thus, all residual chlorine is also
reacted with a sample in the amount of 0.02 mg/l and
disappeared from the water.

Regarding the increase in water mineralization
during the experiments, the following can be
noted: the initial water mineralization was 297
mg/L (before the experiment), and it increased to
306 mg/L after the experiment, resulting in a
difference of 9 mg/L, which is consistent with the
formation of salts (chlorides) that can precipitate
on the surface of the sample, contributing to
incrustation phenomena.

In other chemical indicators of water, the
following trend should be noted:

- the redox potential (ORP) of the initial water
was 13 mV, and after the experiment -21 mV,
which indicates the ionization of water, i.e. a
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sufficient amount of charged ions in it to attract
and neutralize the harmful excess acids;

- the electrical conductivity of the water before
the experiment was 420 puS/cm, and after it was
430 pS/cm; the difference of 10 uS/cm indicates
an increase in mineralization, including the
formation of salts in the water, which increase the
conductivity of the current;

- the pH value of the water before the experiment
was 6.92, and after it was 7.46; the difference of
0.54 indicates a transition of the water from a
near-neutral to a slightly alkaline environment.
Cycle III.

The results of the experiments in this cycle were
aimed at describing the expected phenomena of
inscription as a positive phenomenon that
ultimately contributes to reducing the coefficient of
hydraulic friction A and thus leads to a decrease in
energy consumption in the case of using the studied
coating material for repairing high-pressure steel
pipelines that transport drinking water.

Regarding the possible energy savings E (kWh)
during water transportation, it can be noted that
due to the potential changes in the hydraulic
characteristics A of the protective coatings, the
following is observed:

- for the initial period of pipeline operation with
a diameter of d (m)

AM=1/(21gd/KEi+1,14)2 =
=1/(21g1.2 / 0.0000372+1.14)2 = 0.00969 (1)
Ei=0.81"Kt'Q3°L-A1'24:365/(d 5n) =
=443 830.8 kWh / year 2)
- after a long period of operation of a pipeline
with a diameter of d (m) in the future

Af=1/(21gd/ KEf +1.14)2 =

=1/(21g1.2/0.0000318+1.14)2 = 0.00943 (3)
Ef=0,81"Kt ‘Q3-L-Af24:365/(d 5n) =
=431 922.1 kWh / year 4)
where Q is the flow rate of water supplied by
the pipeline, m3/s; KEi and KEf are the initial
and prospective coefficients of equivalent
roughness, m, respectively; n is the efficiency
coefficient of the pumping unit; 24 is the number
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of hours the pump operates per day, h; 365 is the
number of days in a year; L is the length of the
pipeline, m; Kt is the correction factor for the
change in water density with temperature.

The presented calculated data were obtained
using the Prandtl formula [11], which displays
the change in the hydraulic friction coefficient A
for the initial (1) and final (3) periods of
operation, and the data from formulas (2) and (4)
were obtained using the calculated dependence
of energy consumption in the pipeline [6], taking
into account the expected values of the hydraulic
friction coefficient A, which were calculated
using formulas (1) and (3) using the experimental
data obtained from the transformation of the
equivalent resistance coefficient KE based on the
operation of the small-sized installation.

It should be noted that the calculation of energy
consumption E (kWh/year) was performed for a
real pressure pipeline with a diameter of d=1.2
(m), a length of L=10000 (m), a water flow rate
of Q=1.131 (m3/s), a pump efficiency of n=0.9,
a water temperature of T=200 C, and a
coefficient of thermal expansion of Kt =0.99923.
Thus, it has been calculated that over time, the
consumption of electricity during the
transportation of water through a pressure
pipeline  will decrease by  443,830.8-
431,922.1=11,908.7 kWh per year due to the
reduction in the roughness of the protective
coating. For example, if the cost of electricity for
industrial enterprises is 1.57 rubles per kWh, the
savings in  money can amount to
11,908.7-1.57=18 696.7 rubles.

An automated program [12] has been developed
and patented for complex energy and hydraulic
calculations  using the  above-described
methodology, which includes three cycles of
experimental research.

CONCLUSIONS

1. Conducted on a small-sized installation field
studies on the assessment of possible
transformation of samples of the Subcote FLP
polymer coating with reference to the real
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conditions of their operation as protective
coatings in pipelines during the period of
trenchless repair, as well as complex processing
of the obtained data using light microscopy and
profilometry, allowed to establish a number of
dependencies of the change in the coefficients of
roughness on temperature conditions.

2. Based on the study of the dynamics of changes
in the chemical parameters of water under the
conditions of operation of a small-sized
installation, assumptions are made about the
interaction (reaction) of the samples of protective
coatings with chlorine, which leads to a change
in their morphology and hydraulic parameters.

3. Based on the results of comprehensive
experiments with transformed samples of
protective coatings, an energy calculation was
performed for the case of their application in a
real pressure pipeline during its trenchless
renovation, which showed the possibility of
saving electricity.
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LATERAL-TORSIONAL BUCKLING ANALYSIS OF
ASYMMETRIC THIN-WALLED BEAMS

Olga A. Tusnina

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: A review and analysis of domestic and international design codes (Eurocode EN 1993-1-1, American
standard ANSI/AISC 360-22 and Russian standard SP 16.13330.2017) regarding the lateral-torsional buckling of
flexural elements indicate that current standards lack a universal solution for evaluating the lateral-torsional
buckling stability of beams with arbitrary cross-sections under arbitrary loading conditions. The available litera-
ture provides design recommendations for the buckling analysis of symmetric and asymmetric I-beams and
channels under a limited number of loading configurations and boundary conditions. Therefore, evaluating the
buckling stability of non-standard beams (such as strengthened sections, which often exhibit complex and
asymmetric geometries) is significantly hindered by the absence of practical engineering methods.

This paper proposes a method for analyzing the elastic lateral-torsional buckling stability of thin-walled steel
beams with asymmetric cross-sections under arbitrary loading scenarios and boundary conditions. The method is
developed based on the analytical solution to a system of differential buckling equations in accordance with
Vlasov's thin-walled beam theory, considering the elastic stage of material behavior. The proposed method is
formulated in compliance with the design approaches adopted in SP 16.13330.2017, making it suitable for inte-
gration into the regulatory framework. The primary advantage of this method lies in its versatility. The validity
of the method is confirmed by calculation examples and verification finite element modeling performed using
the Simcenter FEMAP with Nastran software suite.

Keywords: lateral-torsional buckling (LTB), thin-walled steel beam, Vlasov’s beam theory,
elastic critical moment, finite element analysis (FEA)

PACYET U3Ir'MBHO-KPYTUJIbLHON YCTOMYUBOCTHU
HECUMMETPHUYHbBIX TOHKOCTEHHBIX BAJIOK

O.A. Tycnuna

Hauunonanbnelil necnenoBaTenbckuil MOCKOBCKUN TOCYIapCTBEHHBIA CTPOUTENbHBIN YHUBEPCUTET, I'. MOCKBa,
POCCHA

AnHoTtanusi: O630p U aHaJIU3 OTCUYECTBCHHBIX U 3apyOeKHBIX HOpMaTHBHEIX MeToauK (Eurocode EN 1993-1-1,
ANSI/AISC 360-22, CIT 16.13330.2017) pacuerta 00Ieii yCTOHYMBOCTH MU3rHMOACMbIX 3JIEMEHTOB IOKa3bIBACT,
4YTO B HACTOAIICE BPpEMA B CTaHAApTaX OTCYTCTBYCT YHUBEPCAJIBHOC PCIICHUEC M1 OUCHKH yCTOﬁ‘lHBOCTH 6an01<
IIPOU3BOJIBHOIO CEYEHMsI IIPU IPOU3BOJIBHOM 3arpy’K€HUU. B TEXHUUYECKOH JIMTEpaType HMpencTaBIeHbl PEKO-
MEHJAlUHU 0 pacyeTy yCTOWYMBOCTH CHMMETPHUYHBIX W HECUMMETPHYHBIX JBYTAaBPOB, @ TaKKe IIBEIUICPOB
JIMIIB JUTA OTPaHMYESHHOTO YNCIIa PaCUETHBIX CXEM M YCIIOBUH 3akperuieHus. Pacuer ycroiunBocT Oalok HETH-
1oBoro npo¢uis (HanpuMep, YCHICHHBIX CEYEHHH, 3a4acTyl0 MMEIOLIMX CIOXHYI0 acCHMMETPUYHYIO (opmy)
3aTPYIHEH M3-32 OTCYTCTBUS MH)KCHEPHBIX METOIHK.

B craTee mpeanokeHa METOIMKA pacyeTa YCTOHYNBOCTH TUIOCKON (POPMBI M3rnba TOHKOCTEHHBIX CTANBHBIX Oa-
JIOK HECUMMETPUYIHOTO CCUCHHS TIPH TIPOM3BOJIBHBIX TPAHUYHEIX YCIOBHUAX W BapHaHTax 3arpykeHus. [Ipemmy-
IIECTBOM IIPEIaraeéMoro MoaX0/1a SBISIETCS ero YHHBepcalbHOCTh. MeToanka pa3paboTaHa Ha OCHOBE aHAJH-
THYECKOTO PEIICHUS CHCTEMBI TU(PEpeHITATbHBIX YPABHEHUH YCTOMYMBOCTH B COOTBETCTBUU C TEOPHEW TOH-
KOCTEHHBIX cTeprkHeil B.3. BiiacoBa B ynpyroii cramuu pabotsl Marepuana. Meroanka npencrabicHa B Gopme,
cooTBeTCTBYIONIEeH pacueTHbIM moaxoaam CIT 16.13330.2017, uro mo3BosisieT BHEAPUTH €€ B HOPMATUBHBIN J10-
KyMEHT. J[0CTOBEpHOCTh METOAMKHU IOJTBEPIKACHA PACUCTHBIMH NPUMEpPaMU U BepU(PHKAIMOHHBIM KOHEYHO-
3JIEMEHTHBIM MOJICJIMPOBAHIEM, BBIITOJHCHHBIM C Hcrnoib3oBanueM [1K Simcenter FEMAP with Nastran.

KoaioueBble ci10Ba: ycTOWYMBOCTB IIIOCKOH (hOPMBI M3rHOa; TOHKOCTEHHBIE CTaIbHbIC OaJIKH,
TeopHsl TOHKOCTEHHBIX CTeprkHEl BriacoBa, ynpyruii KpuTH4eckuii MOMEHT, METO/] KOHEUHBIX A1ieMeHToB (MKD)
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1. INTRODUCTION

Steel beams are susceptible to lateral-torsional
buckling (LTB). At a certain critical bending
moment (M), the beam loses stability. It un-
dergoes combined lateral deflection and twist-
ing.

Design standards regulate the lateral-torsional
buckling resistance of beams. A review of do-
mestic and international codes shows a common
approach. The critical buckling moment under
uniform bending is taken as the baseline value

Olga A. Tusnina

[1,2]. Then, design codes apply correction fac-
tors to account for effects like moment gradi-
ents, load height, boundary conditions and re-
straints at the ends of the unbraced length (Ls)
of the beam. The number of these factors varies
across different design codes. The American
specifications ANSI/AISC 360-22 utilize a sin-
gle-component equation that contains a single
equivalent uniform moment factor (C»). The fol-
lowing equation for critical buckling moment
provided by White and Jung [3] is proposed in
AISC 360-22 for monosymmetric [-beam:

M, =C,

2

The single-component AISC equation ac-
counts for loads applied at the shear center of
the profile. It does not consider the effect of
load height along the cross-section. This equa-
tion overestimates the buckling resistance when
the load is applied to the compression flange

B I I
| +-2|1+0.039-LL;
2 I 1

7’El, ( B, \/[
— +
Lo\ 2

(1

y @

and underestimates when the load is applied to
the tension flange.

The comments on the AISC specification pro-
vide a refined equation for the critical buckling
moment according to guide [4]. This formula
was originally derived by Clark and Hill [5]:

Yy

K

w

M, =C

cr

(Kth )2

where y is the coordinate of the load application
point relative to the shear center. The factors Ci,
C: and Cs depend on the moment diagram. The
effective-length factors Ky and K, — are the ef-
fective-length factors correspond to the lateral
bending and warping restraint at the ends of the
unbraced length L, respectively.

Equation (2) is the so-called three-factor formu-
la. It has the most general form that corresponds
to the solution of the differential buckling equa-
tions. The general solution allows accounting
for the influence of cross-section monosym-
metry (Wagner coefficient f,), moment gradi-
ent, end-restraint conditions, and load height
effects.

The three-factor formula was provided in previ-
ous versions of European standard ENV 1993-
1-1:1992 [6]. However, the current version of
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the Eurocode does not contain rules for deter-
mining the critical moment. The three-factor
formula is used in the NCCI design guidance [7]
but, this implementation does not include the
coefficient Cs.

The application of the three-factor formula is
limited due to the lack of recommendations for
determining the factors C;, C2 and Cs. For cer-
tain specific cases the values of these coeffi-
cients are given in guidelines [7, 8].

There are studies on determining these coeffi-
cients for specific cases [9-12]. However, these
publications mainly focus on simple design
models, typical cross-sections of the beams and
loading scenarios for simply supported beams.
The factor C; remains the least studied parame-
ter. This factor accounts for the cross-sectional
asymmetry, as well as the offset between the

International Journal for Computational Civil and Structural Engineering



Lateral-Torsional Buckling Analysis of Asymmetric Thin-Walled Beams

shear center and the center of gravity. Research
on this coefficient is limited, and it is frequently
ignored in engineering practice [13].

Therefore, the development of a universal pro-
cedure for determining the coefficients C;, C2
and C; in the three-factor formula is required.
This method should accommodate arbitrary
loading scenarios, cross-sectional types and
boundary conditions.

The Russian code SP 16.13330.2017 specifies
lateral-torsional buckling analysis for symmetric
and asymmetric [-beams, and channels. The de-
sign procedure covers common beam configura-
tions, boundary conditions, and loading scenari-
os. It also accounts for the load application point
along the cross-section height.

However, the SP formulas apply only to specific
design cases. These cases are limited to standard
structural models and simple loading conditions.
Applying the SP methodology to cases not ex-
plicitly covered by the code is difficult. The
procedure relies on numerous separate formulas
and empirical coefficients. This complexity ob-
scures the physical meaning of the design pro-
cedure.

An article [14] introduces a refinement to the
standard analysis method implemented in the
Russian code SP 16.13330.2017. The author
proposes a universal formula for the lateral-
torsional buckling reduction factor. However,
this formula applies only to single-span sym-
metric I-beams. Furthermore, it is limited to a
specific range of loading scenarios.

An effective approach for practical stability
analysis is proposed in paper [15]. The author
emphasizes the need to develop a unified equa-
tion for the lateral-torsional buckling reduction
factor. However, the proposed analytical formu-
las have explicit structural constraints. Their
applicability is limited to specific beam geome-
tries and loading conditions.

A solution for the deformation-based buckling
analysis of steel members is proposed in [16].
The analysis utilizes a three-dimensional de-
formed configuration, taking into account mate-
rial nonlinearity.

Volume 22, Issue 3, 2026

The performed review of articles, design codes,
and guidelines shows certain limitations. Cur-
rent literature lacks a unified and exact solution
for the lateral-torsional buckling (LTB) analysis
of thin-walled members. Specifically, no exist-
ing methods cover arbitrary asymmetric cross-
sections under arbitrary boundary and loading
conditions. Developing such a method is a nec-
essary task.

2. THEORETIICAL STUDY

Consider an arbitrary asymmetric thin-walled
profile subjected to a transverse load ¢y (Fig. 1).

For practical purposes, it is convenient to use a
coordinate system with axes parallel to the webs
and flanges of the section (the so-called orthog-
onal X and Y axes with coordinates x and y).
The origin is located at the cross-section cen-
troid. The positive Y-axis points toward the ten-
sion fibers and the direction of the X-axis is de-
termined by the left-hand rule. The principal
coordinate system (Xo, and Yo axes with coor-
dinates xo and yv) is inclined at an angle ao rela-
tive to the orthogonal axes.

The external load ¢y acts through the shear cen-
ter along the Y-axis, parallel to the web.

+ centroid

+ shear center
Xo,Y - principal axes
of inertia

Yop yv

Figure 1. Asymmetric thin-walled profile.
Cross-section scheme

Figure 1 defines the geometric and loading pa-
rameters of the cross-section: ao is the inclina-
tion angle of the principal Yo-axis to the Y-axis;
axo and ayo are the shear center coordinates in
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the principal axes of inertia; exo and eyo are the
coordinates of the load application point in the
principal axes of inertia; gxo and gyo are the load
components parallel to the principal axes, de-
fined as: ¢, =¢q,sine,, q,, =q,cosq,.

The transverse load gy is assumed to act through
the shear center thereby eliminating pre-
buckling torsion. Thin-walled members with
open profiles cross-sections exhibit low torsion-
al stiffness. When a beam is subjected to eccen-
tric transverse loads, its twist angle exceeds he
serviceability limit state before reaching the
critical buckling load; thus, the serviceability
limit state criteria become decisive [17, 18].

For the case under consideration the system of
governing linear differential equations for elas-
tic lateral-torsional buckling based on Vlasov’s
thin-walled beams theory [19] is formulated as
follows:

EIE" +(M,0) =0

yo
T
EIwHIV+((2ﬂXMyO—2IBny0—G],)t9') +

+ (qxoexc0 +¢,0€,00 ) O+M & + Myon" =0

where Ixo, 10 are the principal moments of iner-
tia; o is the warping constant; /r is the St. Ve-
nant torsional constant; Sy, f, are the mono-
symmetry constants; €.0o=€,—dy>

€0 =¢€,—4a, are the load application point

coordinates relative to the shear center; Mxo, Myo
are the bending moments about the principal
axes: M, =M cosa,, M, =—M sing,.
Equations (3) are formulated with respect to the
principal axes of inertia (Xo, Yo) using the coor-
dinates xo, yo. The unknowns in equations (3)
are the functions of the shear center displace-
ments: £ =¢&(z), n=n(z) are the linear dis-
placements along the Xo and Yo axes, respec-
tively and 6 =6(z) is the twist angle about lon-
gitudinal axis Z.
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The monosymmetry constants fx and fy ac-
count for the eccentricity of the centroid relative
to the shear center and the additional torque in-
duced by normal bending stresses from the mo-
ments Myo and Mxo and are defined as follows:

U

U
ﬁx: - _axO’ ﬂ7:_xo_a0
21, o2r, 7

(4)

where Uxo, Uyo are the cross-sectional properties
representing the third-order moments of inertia,
calculated with respect to the principal axes of
inertia:

()

The solution to the system of differential buck-
ling equations (3) is described below. From the
first and second equations of system (3), the fol-
lowing expressions can be obtained

M —M cosa

é!!:_ x012.9: 0[2.0
EIl 10
. (6)
n = -M,, P.g- M sine, 2.9
E]xO x0

By substituting and transforming the system of
equations (3), the following buckling equation is
obtained:

ELO" 28, (M0 -GLO"+

2 (7)
+(eyc-Mx"—£lz-ka}0:0
E

y0

EI
0 .
where k, = cos’ «, +E—ysm2 a,;
x0

ﬂra\‘ :ﬁy Cosao +ﬁx Sinao

Equation (7) can be written in terms of the rela-

tive longitudinal coordinate ¢ =§(where [ is the
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unbraced length of the member and z is the ab-
solute longitudinal coordinate).
The following definitions can be defined:

[

K = M
(é,) EIyO X (é,)
28 El e Bl
o= f]w , b = ﬂre,s y0 , b2 __xe 0 , (8)
IGI, IGI, IGI,
B, .
GI

1

Then, the buckling equation (7) is expressed as
follows:

a0" —0"—b,(x0') +(bx"—cx?)0=0  (9)

The components of equation (9) account for the
factors affecting lateral-torsional buckling:

- parameter b; reflects the effect of cross-
sectional asymmetry and the eccentricity be-
tween the center of gravity and the shear center;

- parameter b2 accounts for the load application
point along the cross-section height, represent-
ing either the destabilizing or restoring effect of
the load.

The function x({) in equation (9) describes the
bending moments distribution M (¢) along the

unbraced length of the beam (bending moment
diagram). The moment distribution is a function

of the external load: M ({)=f (qy). Thus, solv-

ing equation (9) yields the critical load value
qv.cr at which lateral-torsional buckling occurs.
To solve the equation (9), a sinusoidal distribu-
tion of the twist angles is assumed along the un-
braced length: 6= Asinz{ (¢ €[0;1]). Applying
the Bubnov—Galerkin method, the differential
equation of stability is expressed as follows:

J((bl +4b2)/<+i21c2jcos27r§dg’ +
" § (10)
+I(blx—%xzjd§+(aﬂ2 +1) =0

0 T
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Equation (10) can be transformed as follows:

1 1 1
b, U/ccosbr{dg“ +de§]+4b2IKcos2ﬂ§d§+
0 0 0

(In
1 1
+%[JK2 cos2nddd — J'szé’] + (aﬂ2 + 1) =0
4 0 0
The following definitions are introduced:
1
_[Kcos27r§d§ =14,
0
1 1
IKCOSZﬂCdC+IKd§=ﬂ-CB (12)
0 0

1 1
sz cos2ﬂ§d§—jkzd§=iz -D,
0 0

where parameter A= -q,l’

»0
Thus, equation (11) becomes:

(b-Cy +44, b)) A ——5D,2% +(an* +1) =0 (13)
T

The dimensionless parameters in Equations (12)
are given by:

1

_fo (¢)cos22gdS
A, =2 .
q,!
[ M, (¢)cos2agds + [ M, (&)dg
Cp =2 — (14)
q,!
[M?(¢)d¢ - [ M2 (¢ )eos2n¢de
DB — 0 0 >
(4,7°)

Introducing the parameter p=-47"4,, the final

form of the buckling equation can be written as
follows:
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%12_( ],%D;p.b_zz].l_
T B B (15)
-~ (a;rz+1) 0

By solving the quadratic equation (15), the val-
ue of Aer at which the beam buckling occurs is
determined:

2
P Ea P S pb_z N
2c D, D,
- - - (16)
7t C, 1 b 1 (1+7z a)
bt —p—5 | t—————=
4c D, D, rx D, c

Then, the critical load gy.c- and the critical mo-

Olga A. Tusnina

EI
Mcr = Kl ’ qy,nrlz = Kl ’ lyo : ﬂ'cr (17)

The coefficient K; in formula (17) is determined
by the bending moment diagram and the specif-
ic cross-section along the beam length where the
moment value is calculated.

Substituting the values of the parameters a, bi,
bz, ¢ from (8) into formula (16), we introduce
the following coefficients:

Cp=—7=,Cy (18)
R R T x

In its final form, the equation for the elastic lat-
eral-torsional buckling critical moment is ex-
pressed as follows:

m’El

M

2
T E]y

cr :CI

ment M- can be expressed as follows:
7°El ,
kI’ kI’

In fact, the derived formula (19) represents an
analogue of the three-factor equation for the
critical moment (see equation (2)). The key dif-
ference is that formula (19) is written in a gen-
eralized form and can be applied to any cross-
sectional shape, which is highly relevant, for
instance, when analyzing strengthened struc-
tures. Furthermore, formula (19) enables the
analysis of lateral-torsional buckling under un-
symmetrical bending, i.e., when the load does
not act within a principal plane of inertia.

In the general case, calculating with formula
(19) requires knowing the cross-sectional geo-
metric properties, the coordinates of the shear
center and the centroid, the inclination angle of
the principal axes of inertia, and the load appli-
cation point coordinates, as well as computing
the coefficients Cr, Ciru Cur.

When applying formula (19) in practice, certain
difficulties may arise. These primarily concern
the determination of the warping constant /., and
the parameter fres. Its components Sr and f) in-
corporate the geometric properties Uxo and Uy,

ECIH lBres' + 2} 5 CHJ +

160

' El
2 Z'CH\J + 12 ®

(111 Bros + 575 +G1,J (19)

kI’

which represent third-order moments of inertia
and require the evaluation of integrals over the
cross-sectional area. However, existing methods
of structural mechanics enable these computa-
tions for any cross-sectional shape. For common
section types (e.g., asymmetric [-beams and
channels), simplified formulas [20] and tabular
solutions can be recommended. Standard rolled
section catalogs can be supplemented with the
respective values.

Furthermore, an automated computational tool
for evaluating the geometric properties of arbi-
trary thin-walled cross-sections will be devel-
oped within the framework of future research.
The primary difficulty in applying formula (19)
lies in determining the coefficients C;, Cr and
Cur. These coefficients incorporate the integral
parameters 4z, Cp and Dg, that account for both
the shape of the bending moment diagram and
the buckling mode.

To evaluate the parameters Az, Cp and Dg, the
moment distribution function M (<) along the

member length must be defined for integration
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according to (12). In practice, analytical calcula-
tions are hindered by the complexity of deriving
moment functions and the labor-intensiveness of
manual integration (16). Actual bending mo-
ment diagrams are rarely described by simple
functions. Therefore, design codes must not be
limited only to special loading cases. A univer-
sal engineering method for lateral-torsional
buckling analysis is required. This methodology
must account for arbitrary moment diagrams,
any boundary conditions, and diverse buckling
modes.

3. ANALYTICAL SOLUTION

The coefficients C;, Ciy and Cir were analytical-
ly determined for various bending moment dia-
gram cases. For this purpose, the actual bending
moment diagram within the unbraced segment
is approximated by the function M, (¢). Next,

Output Set: Eigenvalue 6 5.435173
Deformed(0.33): Total Translation o y o o o o
Nodal Contour: R1 Rotation 05 B OB 48 L0 L

[ T [ [ [ [ I

by defining the buckling mode shape as a func-
tion of the twist angle distribution 6= A4sinz¢

the integral parameters for the differential equa-
tions were evaluated

The most characteristic beam buckling modes
were identified using finite element analysis
(FEA). As a rule, the lateral-torsional buckling
of a beam occurs within the span. This phenom-
enon involves out-of-plane displacement and
twisting toward the compressed top flange. This
buckling mode is defined as the "mid-span"
buckling mode.

Under specific loading configurations, continuous
beams with a less developed bottom flange exhib-
ited a distinct buckling mode. This mode involves
out-of-plane displacement of the compressed bot-
tom flange near the support (Fig. 2). This phe-
nomenon is defined as the "support-zone" buck-
ling mode. Here, buckling occurs along the com-
pressed bottom flange within the beam segments
on the left and right sides of support.

-0.16 -0.057 0.049 0.15 026 037 047 058 068 079 0.89 1.

Figure 2. Support-zone buckling mode: lateral-torsional buckling in the bottom-flange compression
zones near the support

Table 1. Design models adopted to determine the coefficients Ci, Cir and Cui for the

mid-span buckling mode

Bending moment
diagram

Design model and equations for approximating the bending moment diagram

q

L T T T 2 T 2022 2 T 22202 2 2 2 A A

€al

B=sin N, ©=sin ny¢
B e A
M, - g ! /T T
| - AN
1.1 Non-linear == 4+ | ! A W\u

moment diagram EM2.0- Mmax Mua | em10°]
| Segment 1

E T ol

Segment 2
0 | 1€ ¢

Unbraced length
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qylz .(aMlé/2 +by, ¢+, )vé/ € [O; 80](segment 1)

Linear moment
diagram without
kinks

M. (¢)=
q,I"- (aMzgz +byy¢ i )’4 € [02(1 -&, ):l(segment 2)
=sin ¢ ///A/VN\\\ L
\7 - garl N
/// \\\ M1
MZ // F \\
‘ ' m m
# 1 ‘ | A Ao
; 2-.2 . em2,0°| ‘ L em1,0|
Piecewise linear .
moment diagram . M seqmont
with a single | sgmemz ™ _ 0
kink 0 T-€a CI
" Unbraced fength
M (é,) _ F;l '(bFlg +Cp ),C; S [0, Ea](segment 1)
Fyl ' (bFzé/ TCpy )7 ge [0; (1 -, )] (segment 2)
B=sin 'IT(\
A
TN £2=0.001
M, // \\\\ . Ma=M,
13 D g

\\Unbraced length

M ($)=Fl-(b.¢ +c,).¢ €[0:1]

Table 2. Design models adopted to determine the coefficients Ci, Cir and Cui for the

support-zone buckling mode

Bending moment
diagram

2.1 Non-linear
moment diagram

Design model and equations for approximating the bending moment diagram
G2 ‘ o
illiiilliilllilV*WV*#VWV#WVVV*WV

8=y sinmpml o > Ma
=Y, sin N~ 7 \
Y > h2 1
/ Mhiaz N Mg 1
// [ \
Ao LI AN S/ o
T \\\ 7
Fro “~ol " —lo=y,sin nm
12/2 112
l2 i
| Segment 2
. Segment2
0 1_881 ¢ Segment 1
4 €a 0
|
Unbraced length
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()

F (1,8 +d,,¢).¢ €[0:e, ] (segment 1)
Fyal-(ZMzé'2 +dM2§'),§ c [0;(1—£a )] (segment 2)

O=y;sinnml -~
N

M

X

S/ N M M=M,=0
F // N F
y1 \
’/ I \ w\'\h\ l 2
gy L[| AN / WH—
\\ i
Fol
B=y,-sin n,{
2.2
. . . Segment 1 Segment 2
Piecewise linear " Tea Tga ¢
moment diagram h l2
| ,
A %I

Fyol-(dm{-i-em),é’ e[O;ga](segment 1)
Ii;ol-(dF2§’+eF2),§’e[O;(l—ga):I(segment 2)

\\Unbraced length

Table 1 presents the design models adopted to
determine the coefficients Ci, Cir and Cur under
various bending moment diagrams along the
unbraced length for the mid-span lateral-
torsional buckling mode. The design models for
the support-zone buckling mode are represented
in Table 2.

4. PROPOSED ENGINEERING METHOD

For practical application, analytical formulas
and tabular solutions have been developed to
determine the coefficients C;, Cir and Curunder
various bending moment distributions. Two

types of lateral-torsional buckling modes are
defined: mid-span and support-zone.

I. Mid-span buckling mode. The following
bending moment diagram configurations are
considered:

1.1. Non-linear moment diagram.

1.2. Piecewise linear moment diagram with a
single kink.

1.3. Linear moment diagram without kinks.
1.4. Piecewise linear moment diagram with two
or more kinks.

The design models adopted for the mid-span
lateral-torsional buckling check of a continuous
beam under various bending moment diagrams
are presented in Figure 3.

G2 0 Q4
+++Q1+HHHHlHHHH+HHHHHHHHHHHHHHH
i % i Non-linear diagram E'V|1 i
! ! M, | (sec. 1.1) - i
a) A LIf [T 1 1
U S T e % { T
2 M [ My

Unbraced length
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P|eceW|se linear diagram

&1 3\\‘ m ¢4

b S T

=\
b
g
%

A
Unbraced length/

Linear diagram

F4

Unbraced length

Actual diagram M,
P (B A IR O

g A T

7 | e
Mig Mmax Design non-linear
EMmax]| diagram (sec. 1.4)

Unbraced length

Figure 3. Mid-span buckling mode. Design models for the bending moment diagram: a) non-linear;
b) piecewise linear with a single kink, c) linear; d) piecewise linear with two or more kinks

1.1. Non-linear moment diagram (Fig. 3, a).

The coefficients Ci, Cir and Cur are:

548-7°-M,_

\/125 5.

CII =

+M2)+2278 55-M?2,,+261.81-(M,+M,)-130.91- M M,
2191-7%-(2M,,, — M, — M)

\/125.5~(M12 +M;)+2278.55- M., +261.81-(M, + M,)-130.91- M, M,

14.5-(M,+M,)+25.1-M,,,

) 1255+

1.2. Piecewise linear moment diagram with a
single kink (Fig. 3, b)

The coefficients C;, Cir and Cur are determined
using the following formulas:

K, C
CI \/7 CII _%B C111 :\/DLB
where K, = M“'(l_g”).g”
M,-M,-(1-¢,)-M, ¢
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M; +M§)+2278.55-M;,.d +261.81-(M, +M,)-130.91- MM,

The parameters Dp, Cp and p determined as a
function of the relative position of the kink &,
using the design charts presented in Fig. 4-6.
Parameter Dz is given by: D, =D, + D, ,,

72 2
DB,I = bFlKD,bFl + cFlKD,cFl + bFlcFlKD,hFlcFl

2 2
Dy, = bFZKD,bFZ +CpaKp pa + bFZCFZKD,bcmFZ

:CB’1+C

Parameter Cs is given by: C, 52

CB,I = bFl 'KC,bFl +Cp 'Kc,cFl

CB,Z = bFl 'Kc,bFz +Cp 'Kc,ch
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The coefficients br u cr characterize the mo-
ment distribution and equal:

M,-(1-¢,)-¢,
Crpy = 5
M,-M -(1-¢,)-M,-¢,
— (Ma_Ml) (l_ga) .
M, -M,(1-¢,)-M,¢,’
~ M, (1-¢,)-¢, _
M, -M,(1-¢,)-M, g,
(M,-M,)-¢,
VY ;
a l'(l_ga)_MZ'ga

The coefficients Kp u K¢ are represented in Fig. 4
and 5. Parameter p is given in Table 3 and Fig. 6.

Keor
0.5

——KC,bF1
0.4 ——KC,bF2
0.3
0.2
0.1

0.0

KC,cF
1.0

=s=KC;eF1

0.8 ——KC,cF2

06
04
0.2

0.0

€a
0 0.2 0.4 0.6 0.8 1

Figure 4. Design charts for the Kc coefficients
for a piecewise linear bending moment diagram

Table 3. Parameter p for a piecewise linear

bending moment diagram with a kink
0.125]10.25 10333 | 0.5 [ 0.667 | 1
0.293 1 1.5 2 1.5 1

€| 0
p |0
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KD,bF

0.3
—-—KD,bF1

——KD,bF2

0.25

——KD,cF1
——KD,cF2

KD,chF
1.0

0.8

Bz ——KD,bF1cF1

0.4 ——KD,bF2cF2

0.2

0.0 €a

0 0.2 0.4 0.6 0.8 1

Figure 5. Design charts for the Kp coefficients
for a piecewise linear bending moment diagram

p
2.0

1.6
1.2
0.8
0.4

0.0 €a
0 02 04 06 08 1
Figure 6. Design chart for the parameter p for a
piecewise linear bending moment diagram
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1.3. Linear moment diagram (Fig. 3, ¢
The coefficients Ci, Cir and Cur are determined
as a function of the end-moment ratio M, /M,

and presented in Table 4 and Fig. 7.

Table 4. Coefficients Ci, Cir and Cui for a linear
moment diagram without kinks

M, /M,
Mzmhh*cmmm] Cr Cu Cur
M

-1 2.765 0 0
-0.5 2.711 0 0.678
-0.25 2.284 0 0.856
0 1.881 0 0.94
0.25 1.564 0 0.977
0.5 1.324 0 0.993

1 1 0 1

0.000 05 | 10940 1.000
0
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
M,/M,

Figure 7. Design charts for the Ci, Ci and Cur
coefficients for a linear moment diagram
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1.4. Piecewise linear moment diagram with two
or more kinks (Fig. 3, d)

The following initial design data are specified:
Mmax 1s the maximum moment within the span
(at one of the kinks); M;, M: are the support
moments (M; is the larger of the support mo-
ments in absolute value (|M,]>[M,])).

A piecewise linear bending moment diagram
with two or more kinks within the span is re-
duced to an equivalent non-linear diagram.
For this purpose, the mid-span moment value
Mnmia on the equivalent parabolic bending mo-
ment diagram is determined by the formula:

where emmar 1s the relative coordinate of the
maximum moment (from the end with moment
Mi).

The subsequent calculation is performed in ac-
cordance with Section 2.1 as for a non-linear
bending moment diagram.

I1. Support-zone buckling mode

The following bending moment diagram con-
figurations are considered (Fig. 8):

2.1. Non-linear moment diagram.

2.2. Piecewise linear moment diagram.

Q4
EREEREERREREER

G
[ EEEEEERER

Non-linear diagram

Ma (sec. 2.1)
l ; r‘;ﬂ SO 1 s NENEN NI BEE 1.0 ]
bzl h l2
Mz >0 |
M_ .>0
M""d'1 >0 Unbraced length
Cl) mid,2
Piecewise linear diagram
M. /(sec. 2.2)
I I I | I
e (e | |
] o 5 \
=1y h Io
Ma >0 '
M; = M;=0 Unbraced length
b)

Figure 8. Support-zone buckling mode. Design models for various configurations of the bending
moment diagram: a) non-linear; b) piecewise linear with a single kink
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2.1. Non-linear moment diagram (Fig. 8, a).
Input data: /;, /> are the lengths of the beam
segments with the bottom flange in compres-
sion (/, >1,); Ma is the bending moment at the
support; Mmid1 and Mmid> are the bending
moments at the midpoint of the 1% and 2
segment correspondingly; /=17 +1, is the
equivalent unbraced length; & =/ /1 is the
relative coordinate.

The coefficients Ci, Cir and Cir are:

CB

/D,

ye)
C[ = =C11 :—90111 =

I, In,

where K, =(1-¢,)-¢,

8’(1_€a)'(Mmid,1 +Mmid,2 _Ma)
M

,0:

Parameter Ds

e g 3 ) aMm; (1-¢,)
D a _ “a . Ll a
: (5 7’ 27z4j Mg, ’
1-¢,) e, (1-g) 3 | 4Mm>
" ( 5) _( 7[2) +27Z'4J' Mg2 fa
g 3, | 2M, M 2

Parameter Cs
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c =ga-(1—ga)' My +MD2~(1—5) .
B 2 Ma a Ma a

2
+[8_“+ IZJ.%.(I_SLI)_F
3 2rx M

_{(l—ga)-ga N 1 ).ZML2

3 272 M

a

(1-¢,)

The values of the moments are calculated:

M

D

M, =M, -2M

mid |1 °

=AM, M, My, =AM, - M,

m a

ML2 = Ma _2Mmid,2

2.2. Piecewise linear moment diagram (Fig. 8,
b). The coefficients C;, Cir and Cuy are:

&
C, = 2 ,C, =0,C, =0.5C
' \/(0.333~ga—0.101) ! " '

where ¢, =/ /1 is the relative coordinate; /1, I

are the lengths of the beam segments adjacent to
the support where the bottom flange is in com-
pression (where /,>1,); /=1 +1, is the equiva-
lent unbraced length.

To identify the governing lateral-torsional buck-
ling mode, the minimum buckling load factor
kvucki among those calculated for the different

Ccr

M 5

max

modes must be determined: Ky.ow =

where Mpax 1s the maximum moment in the span
for a mid-span mode and the moment at the
support M. =M, for a support-zone mode.

S. FINITE ELEMENT VERIFICATION

A lateral-torsional buckling analysis of the con-
tinuous beam (Fig. 9) is performed using the
developed method. To verify the procedure, a
finite element buckling analysis of the beam
was performed using the FEMAP software
suite. The beam model was built using 4-node
shell elements (CQUAD4). The linear elastic
buckling analysis was carried out via the Nas-
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tran solver using Solution 105 (SOL 105),
which determines the critical loads by solving a
generalized eigenvalue problem. The SOL 105
solver evaluates the ideal elastic stability (bifur-
cation buckling). It does not account for the fol-
lowing factors: initial geometric imperfections,
residual stresses in the steel due to welding or
hot-rolling processes and material non-linearity
(plastic deformations and steel yielding).

a)
Span No.1 Span No.2 Span No.3 Span No.4
35m W;% 35m 77% 548 m 5.88m
7 K 7 A

Figure 9. Considered continuous beam a) de-
sign model; b) finite element model

Load cases (Fig. 10): 1. L1 — concentrated load
F,=150 kN in each span. 2. L1q — uniformly
distributed load ¢y,=100 kN/m in each span. 3.
L2q — uniformly distributed load ¢,=100 kN/m
in alternative spans (span No. 1 and No. 3).

Figure 10. Bending moment diagrams for load
case: a) L1; b) Llqg, c) L2q

Boundary conditions (Fig. 11). Bottom-
flange and top-flange supported beams are
considered in the finite element analysis.
Various structural configurations of beam
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supports and bracing are considered, includ-
ing beams without stiffeners, beams with end
bearing stiffeners only, and beams with stiff-
eners at each support. Double-sided stiffeners
with a thickness of 10 mm and a width of 50
mm are modeled.

Bracin

Typet ] X ) X 1
o e e A
End stiffe i
t1T) stiffeners Bracing
Type2 | i i i |
e e o Ao
Stiffeners
t10
Type3 | | | | ,,gﬂ
DO & e e
Type4 | 1 1 s |
A S & T =
Type5 | i i e |
\End stiffeners
t10
e e e g
Type6 | | | | |
\Stiffeners

t10
Figure 11. Boundary conditions

For bottom-flange supported beams, lateral
bracing at the supports is provided either by
stiffeners or by direct lateral restraints applied to
the top flange. For beams without bearing stiff-
eners, the lateral displacement of the top flange
at the supports is restricted. No intermediate
bracing is provided within the spans.

Tables 5—7 present a comparison of the critical
moment values calculated by the proposed
method (formula (19)) with the finite element
analysis data for the symmetric and monosym-
metric [-beams.

The “FEMAP” column presents the minimum
critical moment values obtained from the finite
element analysis among all analyzed types of
boundary conditions (see Fig. 11).
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Table 5. Comparison of Critical Buckling Mo- No. 2 74 72 -2.8%
ments Mer. Symmetric I-beam No. 3 106 115 7.8%
oS No. 4 133 127 -4.7%
—— No. 1 206 225 8.4%
9 L2q | No.3 130 126 -3.2%
) I No. 4 777 806 3.6%
5 0’\ | _ Load M., KNm (Bottom flange loaded)
£ g case Span P;?elzﬁzzd FEMAP Error A
“412x10.5/ || -150x19 L1 | No.4 470 396 -18.7%
A Liq No.1 662 759 12.8%
1, No.4 359 38;) _19éZ/()/0
No. 1 474 5 5.8%
Load | o Pf};gsfd\lm (Top flange loaded) L2q | No.3 384 389 1.3%
case method FEMAP Error A No. 4 777 966 19.6%
No. 1 420 457 8.1% . N _
L [No.2 312 332 6.0% Table 7. Comparison of Critical Buckling Mo-
No. 3 214 258 17.1% ments M.,. Monosymmetric I-section (type 2)
No. 4 230 240 4.2% -200x19
No. 1 372 413 9.9% Y
Lig [ No2 101 99 2.0% T8 | shear center
No. 3 151 185 18.4% 6 L
No. 4 199 212 6.1% 7 X
No. 1 407 482 15.6% £ 412x10.5
L2q No. 2 852 1048 18.7% 1o0x1o
No. 3 205 226 9.3% O
No. 4 463 614 24.6% —
Load M., KNm (Bottom flange loaded) Ty
case Span Proposed FEMAP Error A Load M., KNm (Top flange loaded)
method Span Proposed
Ll | No.4 603 635 5.0% case method | TEMAP | Eror A
Llg | No.4 478 496 3.6% No. 2 314 325 3.4%
L2q No. 3 533 652 18.3% L1 No. 3 262 312 16.0%
No. 4 463 617 25.0% No. 4 337 330 -2.1%
No. 1 601 608 1.2%
Table 6. Comparison of Critical Buckling Mo- No. 2 30 35 5.9%
ments M... Monosymmetric I-section (type 1) Llq No. 3 185 208 11.1%
‘ P No. 4 302 292 -3.4%
No. 1 729 707 -3.1%
- L2q No. 2 441 569 22.5%
o § \-412x10.5 No. 3 318 363 12.4%
s ‘ No. 4 315 372 15.3%
% shear center Load M., KNm (Bottom flange loaded)
1 case Span Proposed FEMAP | Error A
T 200x19 method
y Ll | No.4 667* 737 9.5%
Load < M., klc\llm Top flange loaded) Llg EO.; 12‘2&* 1508646 23475‘3
an Propose 0. -D7/0
case | °P method | FEMAP | Error A 124 7Xo.4 315 375 0.16
No. 1 227 206 -10.2% * support-zone buckling mode, M., is the moment at
L1 No. 2 197 196 -0.5% the support
No. 3 152 143 -6.3%
No. 4 156 137 -13.9%
Llg | No.1 195 191 -2.1%
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On average, the calculation error is 12% on the
safe side (positive values). The maximum error
of the proposed method does not exceed 25%,
remaining strictly conservative. Overestimation
of the buckling capacity across all cases is lim-
ited to less than 10%. The analytically calculat-
ed M. values are obtained assuming no re-
straints at the ends of the unbraced lengths
(u=1). These results can be refined by taking
into account warping and lateral restraints using
the effective length factor u<I.

6. DISCUSSION

The critical buckling moment value M., is de-
termined when calculating according to the de-
veloped method (formula (19)).

For profiles where the load acts along the major
principal axis of inertia (i.e. «,=0, k, =1 and
B... = B,), the equation for the critical moment

is expressed as follows:

2

m =TE o (c B+ . j
o = . . . . J,-_’. +
(,ul)z I " P, 272 1

2
e, I, GI 2
+\/(C111 'ﬂy + 2;_2 'CH] +I_+ 71'2Et1y '(ﬂl)

y

The actual LTB capacity of a beam, considering
the structural configuration of its support joints,
typically exceeds the analytical solution ob-
tained from an idealized model with free warp-
ing boundaries [18, 21] as also demonstrated by
the results of the present study (Tables 5-7). To
account for the end restraints the effective-
length factor p is provided in the proposed
methodology. Future studies aim to evaluate and
recommend effective length factors for various
boundary conditions to enhance the accuracy of
the methodology.

According to the Russian steel design code SP
16.13330.2017, the lateral-torsional buckling
analysis of flexural members is performed using

M.
— <,
¢bVVx,cRy7c'

the formula:
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where Wi is the section modulus of the com-

pression flange; ¢, :% is the LTB reduction
y

factor which relates the critical buckling stress

ocr to the design yield strength of the steel Ry.

To adapt the proposed method to the verifica-

tion format of SP 16.13330.2017, the critical

M
stresses can be expressed: o, = —=,
where M., is the critical buckling moment (for
the mid-span mode M. is the maximum mo-
ment in the span; for the support-zone mode it is
the moment at the support).

7. CONCLUSIONS

Based on theoretical and numerical investiga-
tions, and taking into account available experi-
mental data, a practical method for the lateral-
torsional buckling analysis of thin-walled beams
with open asymmetric cross-sections has been
developed. The method is applicable to both
simply supported and continuous beams. The
key outcomes, assumptions, and future pro-
spects of this research are summarized below:

1. Elastic lateral-torsional buckling is consid-
ered.

2. Uniaxial bending within the major principal
plane of inertia is considered as the primary
case. An analytical solution for biaxial bending
is also provided, which is relevant for sections
where web-plane loads induce unsymmetrical
bending (for example Z-profile).

3. Transverse loads passing through the shear
center are considered to eliminate pre-buckling
torsion. For eccentric loading, the induced
torque makes the serviceability limit state crite-
ria decisive. Due to the low torsional stiffness of
open thin-walled sections, the twist angle ex-
ceeds the limiting value well before reaching the
critical buckling load [17, 18].

4. Channels and similar cross-sections with the
shear center located outside the profile are ana-
lyzed assuming the load acts centrally. This ap-
proach accounts for the structural conditions of
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load transfer across the entire flange width.
However, a serviceability limit state criteria
check must be conducted in addition to the
buckling stability assessment

5. The scientific novelty of the research lies in:

- the analytical determination of the C;, Ciy and
Cur coefficients derived directly from the differ-
ential buckling equations;

- the derivation of formulas for analyzing thin-
walled beams under unsymmetrical bending.

6. The primary advantages of the proposed
methodology are as follows:

- versatility across various cross-sectional
shapes, arbitrary loading scenarios, and bounda-
ry conditions;

- comprehensive consideration of actual bending
moment diagrams, load application heights, load
directions, and cross-sectional asymmetry;

- compliance with the standard verification for-
mats of SP 16.13330 ensuring seamless integra-
tion into national design codes.

7. Future research will focus on the following:

- investigation of end restraint stiffness under
actual structural configurations of beam support
joints and intermediate braces;

- refinement of the effective-length factor values
to account for warping, bending, and lateral re-
straints at the ends of the unbraced length;

- analysis of the effects of plastic deformations,
initial imperfections [22], and residual stresses;

- development of design recommendations for
the buckling stability assessment of steel col-
umns and rafters within tapered frames [23];

- implementation of the methodology into a
software package, including its application
within digital standards and design codes.
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EVALUATION OF THE BUCKLING OF FRAME
STRUCTURES UNDER DYNAMIC LOADING, TAKING INTO
ACCOUNT THE INERTIAL COMPONENTS OF INTERNAL
FORCES

Vladimir N. Sidorov, Vadim K. Akhmetov, Dmitriy O. Klimushkin
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Abstract: An approach to directly assessing the stability of a flat frame structure under unsteady dynamic loading
is proposed and numerically investigated. In contrast to the traditional choice of a single static or quasi-static
calculation case, at cach step of integrating the equation of motion, an instantaneous stability problem is formed,
taking into account the inertial components on the left-hand side of the operator equation and in the local forces
that determine the geometric rigidity of the calculation model. The contribution of longitudinal and transverse
forces, as well as nodal bending moments in resisting the loss of stability of beam elements of the Timoshenko
model, is considered together. The method is implemented in the author's finite element program in Python and
compared with the nonlinear quasi-static calculation in the Simulia Abaqus/Standard PC environment using the
Riks method (Static, Riks). The buckling resistance of the load-bearing frame structure of an industrial building
was studied. Its finite element model includes 246 nodes and 369 finite elements. The equation of motion is solved
in the time interval 0 — 129.99 sec with a step of 0.01 sec. Analysis of the entire time history showed the presence
of single spectral emissions; after checking the temporal stability of the eigenvalues, the physical minimum of the
stability margin factor Amin (SMF) was established at step 7913 (time 7= 79.13 s, Amin = 25.10992). Additionally,
the multimode event at step 4138 and time slices selected based on the maximum displacements of nodes in
hazardous areas are considered. For two slices generated using the same exact method, SIMULIA Abaqus
confirmed the same ranking: the critical value of the load proportionality factor (LPF) obtained using the Ricks
method is 48.21736 for # = 41.38 s and 44.42943 for 1 = 79.13 s. It is shown that the absolute values of the direct
SMF and LPF are not identical due to the difference in the formulations of the problem being solved, but the
consistency of the dangerous moment in time confirms the diagnostic value of the proposed method.

Keywords: dynamic stability; frame structure; finite element method; Timoshenko beam; inertial forces;
geometric stiffness; stability margin; SIMULIA Abaqus; Riks method

OLIEHKA YCTOMYNUBOCTHU PAMHBIX KOHCTPYKLIUI
IMPU UX TUHAMUYECKOM HATPYXKEHUU C YYETOM
HUHEPIHIUOHHBIX COCTABJIAIOIIUX BHYTPEHHUX
YCUJINHN

B.H. Cuoopos, B.K. Axmemos, /I.0. Knumywixun, O.A. Tycnuna
HaunonaneHblil uccnenoBarenbckuii MOCKOBCKHIM TOCYJapCTBEHHBIN CTPOUTEIbHBIN YHUBEPCUTET, I'. MOCKBa,
POCCHA

Annortauus. [IpeqnoxeH U YMCIEHHO MCCIENOBAaH MOAXO0M K MPsIMOW OLIEHKE YCTOMYMBOCTH IUIOCKOM paMHOM
KOHCTPYKIIMM B TIPOIlECCE HECTAI[MOHAPHOTO IHHAMHUYECKOTO HArpyKeHHs. B oTmudme oT TpaaWInOHHOTO
BBIOOpA OJTHOTO CTATHYCCKOTO HIJIM KBAa3HMCTATHUCCKOTO PAcUYETHOTO CIiydasi, Ha KaXJIOM IIare WHTCTPUPOBAHUS
ypaBHEHUS JBIDKEHUS (opMupyeTcs MTHOBCHHAs 3a/ada yCTOWYMBOCTH, YYUTHIBAIOIIAS HWHEPIIMOHHEIC
KOMIIOHEHTBI B JIGBOH YacTH OIECPAaTOPHOTO YpPAaBHCHHWS ¥ B JIOKAIBHBIX VCHIUAX, OIPEACIISIIOIINX
TEOMETPUYECKYIO KECTKOCTh PAacYeTHONH MOAETH. BKiam mMpoaoibHBIX M MOMEPEYHBIX CHJI, a TAKXKE Y3JIOBBIX
M3rUOAIOINX MOMEHTOB TIPH COMPOTHUBICHUN NOTEPE YCTOMYMBOCTH OAIIOUHBIX 3JIEMEHTOB MOJIeN THMOIIIEHKO
paccMaTpuBaeTCsl COBMECTHO. METOl pealnn30BaH B aBTOPCKOW KOHEUHO-3JIEMEHTHOH mporpamMe Ha Python u
COIOCTABJICH C HEJMHEHHBIM KBaszucTatuueckuMm pacuérom B cpeae [IK SIMULIA Abaqus/Standard metomom
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Pukca (Static, Riks). VccnemoBaHO CONPOTHBIICHHUE IOTEPE YCTOMYMBOCTH HECYIICH PaMHOW KOHCTPYKITUH
TIPOMBIIIUICHHOTO 3/1aHns. Ee pacueTHast KOHEUHO-3JIEMEHTHAsI MOJIETb BKIIFOUAeT 246 y3110B 1 369 CcTepiKHEBBIX
3JIEMEHTOB. YpaBHEHHUE IBMKEHMs peluaeTcsi B0 BpeMeHHOM uHTepBaie 0 — 129,99 cek ¢ warom 0,01 cek.
Amnanu3 Bcell BpEMEHHOM MCTOPUH IOKa3aJl HAJMYUE OJAMHOYHBIX CIIEKTPAIbHBIX BBIOPOCOB; MOCIE KOHTPOJIS
BPEMEHHOW YCTOMYMBOCTH COOCTBEHHBIX 3HAYCHUH PU3MYECKUI MUHUMYM KO3(QHUIHEHTA 3araca yCTOHYMBOCTH
Amin (K3Y (SMF)) ycranosiien Ha mare 7913 (MomeHT Bpemenu ¢ = 79,13 ¢, Amin = 25,10992). JlonoaHUTETHHO
paccMOTpEeHO MHOTOMOAOBOe coObiTHe Ha mare 4138 ¥ BpeMeHHbBIE Cpe3bl, BHIOpaHHBIE 110 MaKCUMyMaM
HepeMelIeHHd y3JI0B B OMAacHbIX 30HaxX. st AByX cpe3oB, CPOPMHPOBAHHBIX €IMHBIM TOYHBIM CIIOCOOOM,
SIMULIA Abaqus mNoATBEpAHJ OJMHAKOBOEC pAaHKMPOBAHWE: IOJYyYEHHOE METOJOM Pukca KpuTHyeckoe
3HaveHue koddduienTa nponopuroHaabHocTH Harpy3ku (LPF) pasen 48,21736 s t = 41,38 ¢ u 44,42943 s
t = 79,13 c. Ilokaszano, yto abconroTHbie 3HaucHus Tpsimoro K3V m LPF He SBISAIOTCS TOXKICCTBCHHBIMU
BCJIC/ICTBHE PA3IIMYMs ITOCTAHOBOK PELIAEMOIl 3a/1aui, OJHAKO COTJIACOBAHHOCTH OIACHOTO MOMEHTa BPEMEHH
MTOJTBEPKAACT AUATHOCTHYECKYTO IEHHOCTD MPEATI0KEHHON METOTUKH.

KunroueBsble ciioBa: TMHAMHUYECKask yCTOHYMBOCTD; PaMHasi KOHCTPYKIHS; METOX KOHEYHBIX HJIEMCHTOB,;
Oanka THMOLICHKO; HHEPLIMOHHBIC CHJIbI; FEOMETPHUYECKast )KECTKOCTh; KO (HUIMEHT 3amaca yCTOHYNBOCTH;
SIMULIA Abaqus; metox Pukca

INTRODUCTION

The development of the finite element method
(FEM) transformed the analysis of complex
mechanical systems from a collection of
particular analytical problems into a general
computational procedure. Following the work of
R. Clough, which established the term finite
element method [1], variational and matrix
formulations of the FEM were developed
systematically [2, 3]. In stability analysis, this
enabled a transition from individual formulae for
assessing the stability of a member with an
effective length or of a frame to an eigenvalue
problem based on global elastic and geometric
stiffness matrices.

Two principal static approaches are used in
engineering practice. The first, linear bifurcation
analysis, determines eigenvalue load multipliers
for an idealised prestressed state. The second,
nonlinear analysis, traces the equilibrium path
with allowance for large displacements, initial
imperfections and, where necessary, material
nonlinearity [4]. The latter approach underlies
the limit-state design procedures specified in
Eurocode 3 [5] and SP 16.13330 [6]. The choice
of the initial loading remains essential: a static
loading scheme contains no information about
the distribution of inertia forces at a particular
instant of the system's motion.

Dynamic stability is a broader problem. Classical
theory  addresses  parametric  excitation,
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instability regions and the behaviour of systems
with varying coefficients in their differential
equations [7]. General criteria for the stability of
motion originate in the work of A. M. Lyapunov
[8] and the development of energy methods for
deformable systems [9]. Modern theories
emphasise the distinction between the stability of
equilibrium and the stability of motion [10]. In
civil engineering structures, this problem arises
under wind and aeroelastic actions [I11],
earthquakes, and impulsive or suddenly applied
loads [12].

Commercial finite-element packages provide
direct dynamic analysis and, separately, linear or
nonlinear stability analysis. However, an
algorithmic stability assessment of every
instantaneous state along the dynamic time
history is generally unavailable. The engineer
must therefore select one or more instants in
advance, transfer the displacements or equivalent
forces to a static model, and then perform a quasi-
static analysis. Selecting the instant of maximum
displacement of an individual node is convenient,
but does not guarantee that it coincides with the
minimum overall stability margin of the
structure.

The choice of beam-element kinematics also
affects the result. Euler—Bernoulli theory
neglects shear deformation, whereas S. P.
Timoshenko's model accounts for independent
cross-section rotation and transverse shear [13].
In dynamic analysis, the representation of elastic
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stiffness and inertia forces is important, as is the
dissipation model. References [14, 15] proposed
matrix forms of internal damping for rod
elements consistent with an energy-based
formulation.

The foundations of the instantaneous stability
problem implemented in this study were

formulated in [16, 17, 18]. The authors
previously developed the inclusion of
contributions from axial forces, bending

moments and shear forces in the geometric
stiffness of rod systems [19]. Earlier
publications associated with the present
research described the algorithm and model
parameters, but did not include numerical
modelling of the time history or a comparison of
critical states. The aim of this work is to assess
whether the direct dynamic stability margin
factor can identify unfavourable instants
confirmed by an independent nonlinear quasi-
static analysis in Abaqus/Standard [20].

The scientific novelty of the study consists in
jointly considering: (1) the inertia operator on the
left-hand side of the instantaneous eigenvalue
problem; (2) the dynamic components of local
internal forces used to define the geometric
stiffness of the computational model; (3) the
complete set of internal-force components N—Q—

Am=dlag((M\_7)[l] (KV)[,])=dlag((Sm)[,] (Sel)[l])a
Adamp=diag((D'V)[i] :(K'V)[i]):diag((sdamp)[i] :(Sel)[i])v

The ratios of inertia forces to elastic forces are
evaluated only when the denominator is
sufficiently large and are subjected to
regularisation. This prevents division by near-
zero components, but does not replace the
subsequent verification of the temporal
persistence of the eigenvalue spectrum.
The equation of motion can thus be rewritten in
operator form:

AwtEYKVO=F0). (@)
where Ag, = Aj, + Aggyp, and E is the identity
matrix. The stability formulation adopts the
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M of a rod element in stability analysis; (4) the
temporal persistence of the spectrum and
rejection of isolated eigenvalues; and (5)
comparison of the selected critical instants with
Riks-method results obtained for the same spatial
distribution of dynamic forces.

1. FORMULATION OF THE DIRECT
DYNAMIC STABILITY PROBLEM

The motion of the discrete finite-element system
is described by the matrix form of d'Alembert's
equation:

M-V()+D-V(+K-V(O=F@), (1)
where M, D and K are the global mass, damping
and elastic stiffness matrices of the

computational model; V, V and V are the
displacement, velocity and acceleration vectors;
and F(t) is the external load vector prescribed as
a function of time 7.

To represent the dynamic contributions, diagonal
coefficient matrices are introduced that relate the
inertia and dissipative forces to the elastic forces
at the corresponding global degrees of freedom:

2
3)

hypothesis that dissipative forces do not produce
a potential contribution that directly changes the
critical state [17]. Accordingly, only the inertia
operator A;, is retained on the left-hand side of
the eigenvalue problem.
The instantaneous stability problem at time t is
written as:

(A TE) K-O=K"-®-A, (5)
Here A is the diagonal matrix of stability margin
factors, and the columns of @ describe the

corresponding buckling modes. The smallest
positive real value A, (f) is treated as the
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minimum instantaneous stability margin factor
of the structure.

The complete geometric stiffness matrix of the
computational model is assembled as the sum:

r r r r
K :KN+KM+KQ. (6)
where K% is the conventional contribution of
axial forces, K}, is the contribution of nodal
bending moments, and Kg is the contribution of
shear forces. The local internal-force vector of a

two-node planar rod element has the form [N,
Q1, M1, N2, Q2, M:]. Only the elastic and inertial
contributions are included when forming the
dynamic internal forces.

Thus, inertia forces are accounted for both on
the left-hand side of (5) and in the internal forces
that determine the geometric stiffness matrix K’
on the right-hand side of the eigenvalue
problem. This distinguishes the direct dynamic
factor from the proportionality factor of a frozen
static load. Figure 1 summarises the comparison
procedure.

I 11 111 1\ \
Dynamic Instantaneous Time Critical-state Independent
analysis eigenproblem history selection verification

] =
u(®), v(v), a() Amin(®) linear and
N,Q,M nonlinear stability
- analyses

Figure 1. Sequence used to compare the direct dynamic and quasi-static results

2. COMPUTATIONAL MODEL AND
NUMERICAL IMPLEMENTATION

2.1. Geometry, Finite Elements, and Material
Properties

The stability of a load-bearing planar steel frame
of an industrial building was investigated. The
frame comprises columns, beams, truss chords
and internal working platforms. Its overall

dimensions along the coordinate axes are 47.70 x
27.41 m. The finite-element computational
model contains 246 nodes and 369 two-node rod
elements, with three degrees of freedom per
node. Before constraints are applied, the system
has 738 degrees of freedom; boundary conditions
constrain 27 degrees of freedom at nine nodes.
The computational model and control nodes are
shown in Figure 2.

. o IS : ~ N
AR S L O R
L 103
} (:/
% -
ra 225 <
o 0= 1
] ~
= S
= 7
- N
A fixed support e node 103 e node 156 e node 157 e node 225

Figure 2. Finite-element model of the investigated frame and control nodes
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Inspection of the local element stiffness matrices
identified 13 short elements for which the shear
contribution resulted in a non-positive-definite
local stiffness matrix. Twelve elements were
treated using the Euler—Bernoulli model without

changing their geometry. One element, 5 mm
long, was replaced by a rigid kinematic link
between neighbouring nodes. This regularisation
preserves the global topology and eliminates
artificial local mechanisms.

Table 1. Main parameters of the computational model

Parameter

Adopted value

Model size

246 nodes; 369 elements; 738 nodal degrees of freedom

Overall dimensions

X:—=0.05t047.65m; Y:0to27.41 m

Material

E =210 GPa; p = 7850 kg/m*; v = 0.30; reference yield stress 350 MPa

Cross-sections

15 types; A=2.12 x 102 t0 5.91 x 102 m? 1=2.20 x 10° to 1.082 x 102 m*

Time grid At =10.01 s; 13,000 samples; analysis interval 0-129.99 s
Damping Rayleigh damping ratio = 0.05; calibration against eigenmodes 1 and 111
Stability model Timoshenko elements; deformed-configuration analysis; N, Q, and M included in the stability equation
Loads 167 components: 130 constant, 28 harmonic, and 9 piecewise-linear

Spectral control

Regularization of ill-conditioned systems; symmetric seven-step temporal window

2.2. Loading and Time Integration of The
Equations of Motion

The loading history comprises 167 active
components: 92 concentrated and 75 distributed
loads. Their time dependence consists of 130
constant, 14 sinusoidal, 14 cosinusoidal and nine
piecewise-linear components. Of these, 137 act

vertically and 30 horizontally. This time-
dependent  representation  reproduces the
combined action of constant operational loads,
harmonic actions and transient equipment
operating regimes. Representative piecewise-
linear load histories applied to the frame are
shown in Figure 3.

Crane-transfer components — every prescribed knot

Node 225 impact — magnified

50

2 49 69 89

=150

G
=3

109 129 st 91,02 91,03 91,04 91,05 9L06 91[07

-150

-250

Applied force, kN
& o
g

-450

Fy, kN

-350

450

=550

-650 -
Time. s

==s==Node 101: Fx =~ ====Node 101: Fy  ====Node 217: Fy

==s=Nodes 138, 146: Fy

550

650 -
Time, s

Figure 3. Representative piecewise-linear load histories applied to the frame

Equation (1) is integrated using the Newmark
method with a time step of 0.01 s. At each step, a
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system of linear equations is solved with the
following effective coefficient matrix:
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Z-2 M+~ -D+K 7
! At

The acceleration and velocity are then recovered
recursively. During direct integration, the nodal
coordinates of the computational model are also
updated at the new step using the displacements
from the previous step. The stiffness, mass and
damping matrices are recalculated for the current
geometry. The damping coefficients are
determined at the first time step and subsequently
remain constant.

2.3. Processing of the Stability Spectrum

The -eigenvalues are determined for the
instantaneous combination of elastic and
geometric stiffness. A regularised solution is
used when conditioning deteriorates. The final
spectrum retains positive, nearly real values
associated with physical buckling modes;
auxiliary roots are excluded.

A temporal criterion is used to exclude isolated
spectral rearrangements: a sequence of
neighbouring values and the continuity of the
corresponding eigenmodes are examined. The
start-up interval is excluded, and the minimum-
factor series is additionally processed using a
symmetric seven-step window. A physical
minimum is identified as a decrease along the
same spectral branch that persists over a time
interval.

3. QUASI-STATIC ANALYSIS IN
SIMULIA ABAQUS

The calculation = was  performed in
Abaqus/Standard using a model assembled from
B31 beam elements. An implicit dynamic
analysis of the structure is first carried out, and
the resulting nodal displacements U,
accelerations A and resultant nodal forces are
extracted over the prescribed full time interval.

The stability investigation comprised three
levels: linear modal analysis, direct implicit
dynamic analysis and geometrically nonlinear
stability analysis using the Riks method (arc-
length method). This combination allows the
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agreement of mass—stiffness characteristics,
dynamic response and limit states to be assessed
separately.

The Riks method is an arc-length continuation
method for nonlinear equilibrium analysis in the
vicinity of a bifurcation. At each increment, the
displacement vector and the load multiplier are
updated simultaneously, while an additional arc-
length constraint defines the step length in load—
displacement space. This permits the solution to
pass a limit point and trace a descending
equilibrium branch, where conventional load
control becomes unstable [20, 21].

The maximum load multiplier at the limit point
is adopted as the critical result. For the states at ¢
=41.38 sand = 79.13 s, the force distributions
and deformed geometry were transferred using
the same synchronised procedure and used for
quantitative comparison. States selected from the
displacement maxima of individual nodes were
considered additional control cases.

Five states of the dynamic process were used
for nonlinear verification: # = 41.38, 41.62,
41.65, 79.13 and 124.04 s. The first and fourth
were selected from characteristic values of the
global stability factor; the others were selected
from displacement maxima at the control
nodes. In each case, the static model
reproduces the force distribution of the
corresponding dynamic state.

The comparison considers the time at which an
unfavourable state occurs, the relative ranking of
the cases, the critical multiplier and the buckling-
mode characteristics. Absolute agreement
between the factors is not required, because the
direct dynamic and nonlinear quasi-static
formulations use different operators.

4. RESULTS

4.1. Minimum Stability Factor Over the
Complete Time History

Linear verification was performed by
comparing the first ten natural frequencies
(Table 2). The mean absolute deviation of the
in-house model from Abaqus was 2.87%, and
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the maximum deviation was 8.96%. For the
first six modes, which are most significant in
the dynamic-response range considered, the

mean deviation was 1.48%. This confirms the
agreement of the global mass and stiffness
matrices of the two models.

Table 2. Comparison of the natural frequencies

Mode In-house model, Hz Abaqus, Hz Difference, %
1 0.5931 0.5911 0.34
2 0.8211 0.8265 0.66
3 1.1694 1.1743 0.42
4 1.4475 1.4675 1.36
5 1.7356 1.7630 1.55
6 1.9389 1.9831 2.23
7 2.0621 2.1880 5.75
8 2.3922 2.6275 8.96
9 2.8024 2.9517 5.06
10 3.1217 3.2024 2.52
After isolated spectral rearrangements are develops near 1 = 79.13 s; its lowest original

excluded, the mean minimum stability margin
factor over the working interval is 25.52, the
median is 25.61, and the coefficient of variation

physical value is 25.11. Figure 4 additionally
marks only those states for which independent
analyses were performed.

is 0.899%. A persistent global minimum
26.1
124.04 s

. 258
B g 79.13 s
g <E 25.6 global minimun
£ 5 41.38-41.65 s !
g 5 254 controf interval
= il
= 25.2 '[

25.0

5.0 175 30.0 42.5 55.0 67.5 80.0 925 105.0 117.5 130.0
Time, s

Figure 4. Time history of the minimum stability factor and the investigated states

4.2. Nonlinear Analyses of the Investigated
States

At t = 41.38 s, the maximum translational
displacement of the dynamic model is 69.994
mm and occurs at node 157. The nonlinear
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stability analysis yielded a critical load multiplier
of 48.217358. After this maximum was reached,
a stable descending equilibrium branch
developed.
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At t = 79.13 s, the maximum translational
displacement of node 157 is 71.317 mm, and the
critical load multiplier is 44.429428. Thus,

relative to the state at # = 41.38 s, both the direct
dynamic method and the nonlinear analysis
indicate a reduction in the stability margin.

Direct dynamic assessment

25.7

25.586
25.5
£ 254
< 25.202 25.200 25.207
25.2 25.11
25.0
Nonlinear Riks analysis
49.5 | 48.217
47.0
.~ 44.429
3 445 .
.164
39.5
41.38 41.62 41.65 79.13 124.04
Time, s

Figure 5. Comparison of the direct and nonlinear stability assessments

The extended series also includes the states at 1 =
41.62 and 41.65 s, selected from displacement
maxima at nodes 103 and 156. Their critical
multipliers are 41.206482 and 41.529232,
respectively. For the state at 7= 124.04 s, the
completed analysis reached a critical multiplier
of 42.164177 and continued onto a descending
branch, ending at 42.103489.

Comparison of the two analyses in Figure 5
shows a mirror-like variation of the principal
indicators A, (stability margin factor, SMF)
and x . (load proportionality factor, LPF).
Figures 6-10 show the complete equilibrium
paths for the five investigated states. The
abscissa gives the translational displacement of
the corresponding control node, and the ordinate
gives the current load multiplier. All five states,
at t = 41.38, 41.62, 41.65, 79.13 and 124.04 s,
exhibit a maximum followed by a descending
branch. For the state at 124.04 s, the completed
calculation establishes the critical multiplier as
42.164177. Large post-critical displacements
characterise numerical continuation of the path
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and are not interpreted as service displacements
of the structure.

Ber = 48.217

£318

Load multi

5
o

0.0 34 6.8 102 13.6
Control-node displacement, m

Figure 6. Abaqus equilibrium path obtained by
the Riks method at t = 41.38 s (control node 157)

17.0

453 Hor = 4.11.206
5363 T~
£27.2
2 18.1
9.1

0.0
0.0 32 6.5 9.7 13.0

Control-node displacement, m

Figure 7. Abaqus equilibrium path obtained by
the Riks method at t = 41.62 s (control node 103)

Load
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Figure 8. Abaqus equilibrium path obtained by
the Riks method at t = 41.65 s (control node 156)
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Figure 9. Abaqus equilibrium path obtained by
the Riks method at t = 79.13 s (control node 157)
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Figure 10. Abaqus equilibrium path obtained by
the Riks method at t = 124.04 s (control node
225)

Load

For the two strictly comparable time sections,
both methods give the same ranking: the state at
t =79.13 s is more unfavourable than that at ¢ =
41.38 s. The difference between the Python
stability margin factors at the two instants is only
0.366%, whereas the corresponding difference in
SIMULIA Abaqus is 8.526%. The LPF exceeds
the directly calculated SMF by 91.32% at 41.38
s and by 76.94% at 79.13 s (Table 3).

Table 3. Comparison of the direct and nonlinear stability assessments
t, s Selection criterion Anin [V e higher, %
41.38 | Minimum associated with the multimodal response interval 25.202190 | 48.217358 91.32
41.62 | Maximum displacement of node 103 25.246190 | 41.206482 63.22
41.65 | Maximum displacement of node 156 25.261070 | 41.529232 64.40
79.13 | Global minimum of Amin 25.109920 | 44.429428 76.94
124.04 | Maximum displacement of node 225 25.679420 | 42.164177 64.19

4.3. Time Sections Associated with Maximum
Control-Node Displacements

Quasi-static stability was assessed at time
instants selected using a local kinematic criterion
from the direct dynamic analysis in SIMULIA
Abaqus. This analysis uses Rayleigh damping
calibrated against the first and 111th natural
frequencies. The extrema of the displacement
components at nodes 103, 156 and 225 occur at
t=41.62 s, approximately 41.65 s and 124.04 s,
respectively.

At node 103, the maximum U; is 29.5477 mm; at
node 156, the minimum U is —69.9383 mm; and
at node 225, the minimum U: is —115.8233 mm.

Volume 22, Issue 3, 2026

These states are identified from the single
adopted dynamic solution in SIMULIA Abaqus
and used as independent control points for quasi-
static analysis.

Figure 11 presents fragments of the time histories
around the three control extrema. Red points
mark the extrema used to select the frozen states.
The extrema at nodes 103 and 156 belong to the
interval 41.62-41.65 s, whereas the extremum at
node 225 occurs during the impulsive change in
response at 124.04 s. None of these local
kinematic points coincides with the global
minimum stability margin factor at 79.13 s.
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Node 103: U,
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Figure 11. Dynamic response of the Abaqus control nodes with Rayleigh damping calibrated
against eigenmodes 1 and 111

5. DISCUSSION

5.1. Interpretation of the Compared Criteria
The proposed factor A, and the nonlinear
critical multiplier p, characterise different

mathematical formulations. In the direct method,
the inertia contribution simultaneously modifies
the instantaneous eigenvalue operator and the
local internal forces governing the geometric
stiffness of the computational model. In the Riks
method, the fixed loading of the selected state is
increased proportionally. Their numerical values
should therefore be compared in terms of trends
and ranking, rather than treating one as a
reference value for the other.

The principal comparison criteria are agreement
in the unfavourable time interval, ranking of the
investigated states and the pattern of change in
the stability margin factor. The identical ranking
at t = 41.38 and 79.13 s confirms the ability of
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the proposed direct method to identify the more
unfavourable state. Differences across the full
series show that incorporating inertia into the
instantaneous eigenvalue problem provides
information absent from the frozen quasi-static
formulation.

5.2. Selection of the Governing Instant

The maximum displacement of an individual
node characterises a local kinematic response,
whereas A,,;, is obtained by solving a global
eigenvalue problem for the entire system. The
states at r = 41.62, 41.65 and 124.04 s are
therefore useful independent control points, but
do not replace the search for the minimum
stability margin factor over the complete time
history. The minimum at # = 79.13 s was found
without preselecting a control node.

The resulting series demonstrates the distinction
between two ways of selecting an analysis state.
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The displacement extrema at nodes 103 and 156
occur within the narrow interval 41.62-41.65 s,
whereas the global dynamic minimum occurs
substantially later. The proposed method thus
extends conventional analysis: it does not discard
local control indicators, but supplements them
with a global criterion operating over the entire
motion trajectory.

5.3. Numerical Robustness and Limitations
Numerical stability of the instantaneous
spectrum is an essential part of the direct method.
Individual eigenvalues may briefly change order
or switch between spectral branches. A physical
minimum must therefore be confirmed over a
sequence of neighbouring time samples and
remain associated with the same eigenmode.
The limitations include linear material elasticity
in the direct dynamic model implemented in
Python and mixed kinematics for very short
beam finite elements. The quasi-static Abaqus
model does not include systematic variation of
initial imperfections. The Python and Abaqus
models use similar, but not identical, methods to
form the local finite-element matrices.

Despite these limitations, comparison of the two
approaches identifies two robust findings. First,
the natural frequencies agree well between the
independent models, while the control dynamic
extrema in SIMULIA Abaqus provide additional
states for nonlinear verification. Second, without
preselecting a control node, the direct method
identifies an unfavourable time interval and
ranks the two principal global states consistently
with the nonlinear analysis.

CONCLUSION

- A consistent procedure for instantaneous
stability assessment of a frame during time-
domain dynamic analysis has been developed. It
accounts for inertia forces on the left-hand side
of the eigenvalue problem and all local internal-
force components N—-Q-M.

- Stability of the complete finite-element model
of the industrial load-bearing structure,
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comprising 246 nodes and 369 finite elements,
was analysed at 12,498 working time samples
with a step of 0.01 s.

- In the adopted direct dynamic analysis in
SIMULIA Abaqus, with damping calibrated
against the first and 111" natural frequencies, the
control extrema were Ui = 29.5477 mm at node
103 atr=41.62s, U>=-69.9383 mm at node 156
at r=41.65 s, and U, = —115.8233 mm at node
225 atr=124.04 s.

- The physical minimum of the first mode
occurred at t = 79.13 s, with a stability margin
factor A, = 25.109920.

- The states at 1 =41.38,41.62, 41.65, 79.13 and
124.04 s were investigated nonlinearly. The
critical multipliers were 48.217, 41.206, 41.529,
44.429 and 42.164, respectively. A descending
branch was obtained for each state.

- Both methods ranked the two consistently
transferred states identically: # = 79.13 s is more
unfavourable than 41.38 s. The absolute minimum
stability factors differ because of the different
approaches to stability analysis and should not be
compared as a result and a reference value.

- Selecting a time section solely from the
maximum nodal displacement for the Riks
method implemented in SIMULIA Abaqus is not
a universal procedure.

- Automated identification of an unfavourable
instant requires a robust criterion combining
median filtering, temporal persistence of the
minimum and eigenmode tracking.

The work was supported by the Russian
Science Foundation (project No. 25-11-00140).
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PROBABILISTIC METHOD OF STRUCTURAL RELIABILITY
ANALYSIS BY SAMPLING WITH LIMITED STATISTICAL
DATA

Sergey A. Solovev, Anastasia A. Soloveva
Vologda State University, Vologda, RUSSIA

Abstract: The article presents an approach to modernizing the data sampling algorithm for structural reliability
analysis. This approach enables obtaining more conservative estimates of the failure probability in cases of
incomplete or limited statistical data. Numerical examples demonstrate that an incorrect hypothesis regarding the
probability distribution type of a random variable in structural reliability problems can lead to estimation errors
of up to 5% in the reliability index. Furthermore, neglecting the confidence limits for the parameters of the
assumed probability distribution function can result in errors of up to 60% (in a strict mathematical solution). An
analysis of scientific and technical publications reveals varying preferred probability distributions for steel yield
strength, depending on the steel type and stress-strain conditions. This variability complicates unambiguous
selection of a specific probability distribution in real-world tasks during construction site assessments. The
proposed data sampling algorithm is based on a modification of the classical Monte Carlo method. It involves
selecting a random distribution function and estimating the confidence intervals for its parameters via a bootstrap
approach for each generated sample value. The algorithm produces an arbitrary-sized sample containing values
representing the lower and upper confidence bounds of the studied parameter. Consequently, the structural
element's failure probability is expressed as an interval of values.

Keywords: reliability, probabilistic analysis, safety, sampling, yield strength, failure probability,
reliability index, incomplete data

BEPOSITHOCTHBINA METO/I AHAJIN3A HAJIEXKHOCTH
COOPYKEHUU 'EHEPAIIMEN TAHHBIX ITPU HEIMNOJIHOHN
CTATUCTUYECKOHU NH®OPMALINU

C.A. Conosves, A.A. Conosvesa
Bonoroackuii rocyaapcTBeHHBIN YHUBEPCHUTET, I'. Booraa, POCCUA

AHHoTauus: B craThe mpeacTaBieH MOAXOA K MOJCPHHU3AIMH aJrOpUTMa T'eHEepanuu (COMIUIMHTA) JaHHBIX
aHaIM3a HAJeKHOCTH AJIEMEHTOB CTPOUTENBHBIX KOHCTPYKUHWH, MO3BOJISIIONIMNA MOMy4YaTh 0oJjiee IOCTOBEPHbBIC
OLICHKH BEPOSITHOCTH OTKa3a B Ciydae HEIMOJHOW cTaTucTHueckoil mHpopmanuu. Ha 4uciIeHHBIX mpumepax
[I0Ka3aHO, YTO HEBEpPHAasl TUIIOTe3a O TUIIE PACHpE/esICHUs] BEPOSATHOCTEH Clly4ailHOM BEJMUYMHBI B 3ajadax
aHaJM3a HaJIeKHOCTH MOXKET NMPHUBECTH K OLIMOKEe B OIEHKE J10 5% WHIEKca HaJeKHOCTH. B To ke Bpems
OTCYTCTBHE Y4YeTa JIOBEPHUTENbHBIX TI'DaHHUI] U3MEHYMBOCTH IapaMeTpOB NPUHATONH (DYHKIMH paclpeaeieHus
BEPOSTHOCTEH MOXET NMPUBECTH K omuoOkam 10 60% (B CTPOroM MaTteMaTHYECKOM PEIICHNH). AHAJIN3 Hay4HO-
TEXHUYECKUX ITyOJIMKAINIA TOKa3bIBACT Pa3IMYHbIC BAPUAHTHI PEAIIOUYTUTEIHFHBIX pacTIpeIeICHUH IS TIpeiena
TEKy4YeCTH CTaJld B 3aBUCMMOCTH OT BHUJAA CTalM M YCIOBUH OHKCIUTyaTallUMH, YTO 3aTPyAHSAET HPHUHATHE
OJTHO3HAYHOTO PEHICHUS 0 KOHKPETHOM PACIPECIICHIH BEPOSATHOCTEH B PEabHBIX 33aadaxX IMPH 00CICIOBAaHUN
CTPOUTENBHBIX 00BEKTOB. [Ipe/to’keHHBI anTOpUTM TeHEepaldd JaHHBIX OCHOBBIBACTCS HA MOACPHHU3ALNU
Kimaccumdeckoro merona Monrte-Kapno w 3akimrodaeTcs B BBIOOpE CIydaHOM (YHKIWH paclpeneieHus H
JIOBEPHUTEIBHOI OIICHKE €€ MapamMeTpoB MyTeM OyTCTPEn-MoAxofa Ui KaXKAOTO TeHepHUPYyeMOro 3HAYCHHS
BBIOOpKH. Pe3ynbTaToM HCIONB30BaHMSA TIPEAJIATacMOr0 alrOpUTMa SBJSIETCS BBIOOPKAa IMPOU3BOIBHOIO
pasmepa, cojiepkalliasi 3HAauYCeHUs] HWKHEH W BEpXHEW JIOBEPUTEIBbHOM TI'paHMIlbl 3HAYEHUH HCCIIeyeMOoro
napameTpa. BeposTHOCTb 0TKa3a djeMeHTa COOpYKEeHUsI OyIeT MpeicTaBlieHa B BUe HHTepBala 3HAUCHHH.

KuroueBbie ciioBa: HaaACKHOCTBD, BepOfITHOCTHLIﬁ aHalii3, 6630HaCHOCTL, reucpanud, nmpeaeci TCKy4eCTu,
BEPOATHOCTL OTKa3a, MHACKC HAAC)KHOCTHU, HCTIOJIHAA I/IH(l)OpMaIII/ISI
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INTRODUCTION

Reliability is one of the key indicators in
substantiating the adopted design decision of the
structure. There are many reliability measures,
but the failure probability P, and the reliability

index B are most often used in practice of

structural design. The calculation of these
parameters is based on the principles of
probability theory and mathematical statistics.
The fundamental theory of structural reliability
in a probabilistic context has been widely
developed since the middle of the 20th century
[1]. However, the use of many well-developed
theoretical provisions faces difficulties in
practical application due to limited (incomplete)
statistical information and data. It is noted in
[2], that “The probability distribution of random
variables is usually incomplete owing to a
limited amount of data, making it a challenging
problem for structural reliability assessments”.
Modeling of uncertainties in the tasks of
assessing and analyzing the reliability of
building structures is one of the key problems.
As noted in research [3], “despite the highly
detailed numerical predictions that can be
obtained, these results often do not achieve a
satisfactory level of agreement with ‘reality’,
i.e.,, the actual physical behavior of the
considered continuum in the effective
operational environment. This discrepancy is
caused by epistemic (reducible) and aleatory
(caused by variation) uncertainty in the model”.
Let's consider a practical problem - the
formation of a random variable model for the
yield strength of steel of an existing structural
steel element. There are several options for
selecting a cumulative probability distribution
function. In Section 3.02 of Joint Committee on
Structural Safety (JCSS) is noted that the log-
normal distribution is recommended for yield
strength of steel, but bi-modal distributions are
preferred in some cases. For the probabilistic
description of the yield strength of steel, the
normal and lognormal distributions are most
often used [4].
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Also, an optimal function of probability
distribution may change over time and with
changing operating conditions. The paper [5]
presents the results of studying probability
distribution function of yield strength of steel,
and it concluded that “the choice of probability
distribution for material properties that captures
scatter in data over a range of temperatures can
influence the simulated structural response” and
logistic and beta distribution are suggested. In
paper [6], it is noted that “The Shapiro-Wilk test
indicates that elastic modulus, yield strength,
tensile strength, peak strain, and yield plateau
slope of corroded steel with different corrosion
loss ratios all fitted the normal distribution”.
The authors of research [7] are noted that
“according to our experience, the statistic output
file is approximated, in the optimal way, by the
Hermite four-parameter distribution, which
takes into account even the skewness and
kurtosis of random yield strength”. In the article
[8] it is annotated that “the yield stress as well
as ultimate steel strength random parameters do
not follow a Gaussian distribution”.

So, the above literature review shows that there
are many possible probabilistic models for the
yield strength of steel. The choice of a specific
probability distribution function in the real task
of structural reliability analysis imposes a
certain responsibility on the civil engineer. The
problem becomes more complicated when you
have to analyze a small statistical sample size.
In conditions of limited statistical data, the
parameters of the probability distribution
functions are confidence intervals. The use of
common complexes in which data sampling
tasks are solved is based on a specific function
with precise parameters. Using the parameters
of a sample data set in this case leads to a
decrease in the accuracy of the results and a
difficult-to-estimate calculation error.

In this study, it is proposed to consider an
algorithm for structural reliability analysis with
incomplete statistical information, when data is
obtained by the new approach of sampling.
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METHODS

The key task of probabilistic reliability analysis
of structures is the preliminary formation of
random variable models that will describe the
variability of calculated parameters. As a rule,
classical probability distribution functions of
random variables known from mathematical
statistics and probability theory are used for this
purpose. Choosing an unsuitable distribution
function can lead to significant errors in
estimating the reliability index or the probability
of failure. This problem is particularly acute in
practical tasks, when statistical samples of only
a few dozen values are available based on the
results of tests/studies. Let's first analyze how
big relative errors can be if an analytical
engineer selects a suboptimal probability
distribution function or its statistical parameters.
Let us consider the problem of selecting a
random variable model for the yield strength of
steel based on the results of its tests. Let C255
steel be given, and its statistical characteristics
are obtained from the study [9].

The following 30 samples were obtained when
sampling values from the normal distribution
with parameters: expected value (mean)
n, =288.18 MPa and standard deviation

6, =20.17 MPa (the coefficient of variation is

7 percent): xe{303.49, 293.85, 290.28,
286.92, 27297, 282.52, 254.03, 286.20,
268.24, 26592, 291.81, 316.26, 306.70,

256.50, 268.22, 307.16, 268.36, 283.65, 299.27,
268.65, 290.31, 261.27, 276.05, 294.63, 256.05,
297.06, 287.78, 299.32, 292.70, 315.69} MPa.

Let's also assume that the task is to evaluate the
reliability index B when a stress equal to the

normative value of the

R, , =255 MPa.

If the true probability distribution function and
its exact parameters are known, then the
reliability index can be expressed as:

yield strength

(1)
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Using eq. (1), it is possible to estimate the true
reliability index B=1.645 and following no-
failure  probability P:@(B=1.645)=0.95,
where @(.) denotes Laplace function (the Z
table). But in practice, the probability
distribution function and its parameters are
unknown in advance.

There are various approaches for choosing the
most  appropriate  probability  distribution
function for a data sample. For example, the
Kolmogorov—Smirnov statistic D, quantifies a

distance between the empirical distribution
function of the sample F,(x) and the

cumulative distribution function of the reference
distribution F(x) as:

D,y = sup|F,, (x) = F(x). )

The lower the value of the statistic D,, the

more likely it is that the sample values are
derived from the function F(x). The critical

value of the Kolmogorov-Smirnov statistic for
30 values is D, =0.248 (with the confidence

probability o =0.05) or D, =0.223 (with the

confidence probability o =0.10).

The choice of the optimal distribution for the
available statistical data sample is related to the
selection of both the probability distribution
function and its parameters. The Distribution
Fitter App of the MATLAB mathematical
software package or the SciPy library of the
Python programming language can be used to
assign the parameters.

It is possible to obtain following parameters of
different types of distributions (Table 1). Using
the value of the distribution function at
F(0.05), as well as the inverse normal

distribution P =®(B), it is possible to estimate

the non-failure probability and the reliability
index B of the yield strength of steel at the
point of characteristic value.

The cumulative distribution functions plots are
presented in Figure 1.
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Table 1. Analysis of different distribution functions for steel yield strength

Type of the Fitted parameters™ K-S Reliability €, %
probability statistics index
distribution D,
function
Normal n, =284.73 MPa; o, =17.32 MPa 0.123454 1.716766 4.18
Lognormal s=0.0611; loc =0 MPa; 0.121157 1.716777 4.18
scale = ln(ux) =5.6497 MPa
Logistic p, =285.13 MPa; §, =10.33 MPa 0.131419 1.632292 0.78
GEV c¢=0.379; loc = p, =279.422 MPa; 0.121072 1.650278 0.32
scale = o, =17.877 MPa
Gamma a=268.49; scale = 1.05 0.121829 1.732762 5.06
(1, =284.3 MPa; 6, =17.34 MPa)
*The parameters fitted in Python using SciPy library
Normal distribution Lognormal distribution Logistic distribution
F(x)l F(x$ F(x.)

0.4
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0.0 4
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Figure 1. Cumulative distribution functions (CDF) plots of different probability distributions

360

As can be seen from Table 1, preferred
distributions for above sample dataset are

Generalized Extreme Value (GEV) with
D,=0.121. The lognormal and gamma
distributions also have similar values of
192

Kolmogorov-Smirnov statistics and can be
assumed, but in this case the error (which in
practice cannot be estimated, since we know the
real probability distribution function and
parameters only in the current conditional
example) would be 4-5%.
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Let's assume that an analytical engineer reliably
knows the probability distribution function
based on a long-term analysis of a random

variable at a steel manufacturing plant.
According to  probability theory and
mathematical statistics, the values of the

parameters of the general data set can be

Confidence Intervals for Mean

= Analytical (lower)

4
) ’
== Analytical (upper ’
292.5 4 ytical (upper) Ay
—— Bootstrap (lower) e
== Bootstrap (upper) .--"::"
""" Sample mean = 284.73 o e e

=)
=T

290.0 1
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e
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0.800
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T T
0.825 0.850

estimated from a sample population at
confidence intervals. Fig. 2 shows the
boundaries of the confidence intervals for the
mean and standard deviation normal distribution
and the above data sample with different
confidence levels.
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Figure 2. Confidence intervals for mean (a) and standard deviation (b) depending on confidence
level

Confidence intervals for the reliability index 3

at various levels can be calculated based on
confidence estimates of statistical parameters
and equation (1). The best-case (maximum

mean and minimum standard deviation) and
worst-case (minimum mean and maximum

standard deviation) scenarios are considered
(Table 2) [10].

Table 2. Confidence intervals for reliability index [3

Confidence level | 0.80 0.90 0.95 0.99
Analytical 3 [1.202; 2.238] [1.077;2.421] [0.998; 2.590] [0.780; 2.944]
[min €, max €], % | [-26.5, 36.9] [-32.1, 59.7] [-36.5, 68.3] [-44.1,105.7]
Bootstrap 3 [1.330; 2.246] [1.229; 2.418] [1.146;2.577] [1.012; 2.966]
[min &, max €], % | [-26.7, 23.7] [-31.9, 33.9] [-36.2, 43.6] [-44.5, 62.6]

As a rule, the lowest value of B is taken and

confidence level 0.95. The difference in this
case 1s about 30-60% Dbetween real and
estimated value of the reliability index B (in a

strict mathematical solution).

Volume 22, Issue 3, 2026

Thus, a preliminary analysis shows the
importance of choosing a random variable
distribution  function and assigning its
parameters. The following algorithm is
proposed to modernize the random variable
model in practical problems:
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1. Five (k=1, 2, ..., 5) cumulative distribution
functions (CDFs) of random variables are
selected based on scientific and technical
analysis of previous experience in statistical
data analysis of the random parameter under
study;

2. Samples of

X={X1, Xy, o, X,}
measuring/testing. At least » =20 values are

recommended;
3. Values of K-S statistics D,, are estimated for

random variables
are  obtained by

every CDFs by eq. (2). Parameters of CDFs are
fitted using Distribution fitter in MATLAB or
SciPy in Python;
4. Weights of CDFs wgg ; are estimated based
1/D,,
5 9
1/2. D,
k=1

on the K-S statistics D, as wgg; =

5
where Y wig =1;
k=1
5. Weights of CDFs w,,,, ; are estimated based

on empirical data. These weights are assigned
by an expert, depending on the scientific and
technical analysis, the data of the manufacturing
plant, the characteristics of the material, etc.
The assignment of weights for design
parameters during design is considered as a
general decision of the engineering community,

approved in the design recommendations. As a
5

result 3 Wepy o =15
k=1

6. Based on the data from points 3-4, a weight
Wisk t Wemp, k. :

Wy = P is assigned to each

2
probability distribution function;
7. The bootstrap method [11] estimates
confidence intervals for the parameters of the
selected distribution functions;
8. Confidence intervals for probability
distribution functions are constructed using
probability boxes [12, 13] approach based on
the confidence intervals of CDFs parameters;
9. Then the values of the random variable are
sampled as follows:
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9.1. A random cumulative distribution function
is selected according to its weight according to
p. 6 (a uniform distribution is used);

9.2. One value is sampled for the lower
confidence bound of this CDF and one value for
the upper bound. The reverse transformation
method is used for sampling;

9.3. Paragraphs 9.1-9.2 are repeated as many
times as samples need to be obtained for
reliability analysis, depending on the required
accuracy;

10. As a result of the implementation of the
algorithm, the results are obtained in the form of
the required number of samples N for the lower
and upper confidence bounds of the cumulative
distribution function of a random variable x.
Using the above algorithm, it is possible to
obtain the confidence bounds for cumulative
distribution functions for all random variables
for which a sample set of data is given (snow
load, steel/concrete strength measurements,
etc.).

Further reliability analysis can be performed
using the Interval Monte Carlo (IMC) method
[14, 15]. The limit state function g(X) is

formed, where N samples are performed for
each random variable in the vector of random
variables X (according to the above algorithm
or based on known cumulative distribution
functions). In the case of confidence interval
estimates, the vector will also be represented in

interval form X and X . Then the probability of
failure is calculated as follows:

M=
—
[0)e}
~—~
=
A\
=

Py

Q

=] =|-
I

~.
Il
—

€)

M=
—
JANY
|
IA
=

(4)

v
\
zz

where is an indicator function that has a value of
1 if /][.] is equal to "true", and the value is 0 if
1[.] is equal to "false".

There are various approaches to assigning the
required probability of failure, for example [16,
17, etc.]
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RESULTS AND DISCUSSION

For the above data, based on the bootstrap
method (1000 samples and a confidence
probability of 0.95), the following interval
estimates of the parameters of probability
distributions were obtained:

- Normal distribution: u, €[278.39, 290.66|

MPa, 5, €|13.76, 20.09| MPa;
- Lognormal distribution: s e [0.0488, 0.0703],
u, €|277.98, 289.94| MPa;

Normal

Log-normal

- Logistic distribution: ., €[277.74, 291.89|
MPa, S, €[7.75, 12.21| MPa;

- GEV distribution: loc =, €[273.67, 285.95]
MPa, scale=c, € [13.88, 20.71J MPa,

c=0.3789;

- Gamma distribution: scale < [1.0380, 1.0846,
a=268.5.

Based on the interval estimations of parameters,

following probability boxes [12] can be
constructed (Fig. 3).
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Figure 3. Probability boxes for different types of cumulative distribution functions

Probability box is a confidence interval for the
real cumulative distribution function. The left
and right boundaries of the functions are
accepted as the possible worst and best options
for various combinations of interval parameters,
and are not always accepted for all the smallest
and largest values of the interval.

Let's assume that based on a priori data, as well
as  Kolmogorov-Smirnov  statistics,  the

Volume 22, Issue 3, 2026

following weights were obtained for probability
distributions: GEV-distribution wgg, =0.30,

lognormal distribution  w;, =0.30, normal
distribution w,,,,,,, =0.20, logistic wy,, =0.10,
gamma distribution wg,,,,, =0.10.

Further, according to the calculated statistical
parameters and weights of the probability
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distribution functions, sampling of 1 million
values for the lower and upper boundary
functions of the probability distribution was

Sergey A. Solovev, Anastasia A. Soloveva

performed using the above algorithm. Graphs of
these functions, as well as empirical and
theoretical ones, are shown in Fig. 4.
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Figure 4. Graphs of confidence bounds for CDF by proposed algorithm, empirical CDF and true
CDF

As can be seen from Figure 4, the confidence
bounds for the cumulative distribution function
according to the proposed algorithm completely
cover both the real cumulative distribution
function and the empirical one (the sample from
which was obtained using the true distribution
function).

In cases of complex mathematical models of the
limit state, including numerical models, modern
approaches can be used to reduce the required
number of calculations based on meta-models
and surrogate models [18-20].

CONCLUSION

1. Choosing a not optimal cumulative
distribution function or its parameters can lead
to significant errors (up to 60%) in estimating
the reliability index or the probability of failure.
This problem is particularly acute in practical
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tasks, when statistical samples of only a few
values are available based on the results of
tests/experimental research.

2. The proposed algorithm for modeling random
variables for probabilistic reliability analysis of
building structures is based on a mixture of
probability distribution functions with interval
estimation of its parameters by bootstrapping. A
numerical example shows the efficiency of
using the algorithm — the confidence domain
covers both the real distribution function and the
empirical one.

3. The estimate of the probability of failure or
the reliability index will be presented in an
interval form. For a narrower interval response,
it is necessary to increase the quantity/quality of
available statistical information. If it is
impossible to obtain the necessary information,
reliability can be improved using classical
methods — increasing cross-sections, increasing
strength, reducing loads, etc.

International Journal for Computational Civil and Structural Engineering



Probabilistic Method of Structural Reliability Analysis by Sampling with Limited Statistical Data

ACKNOWLEDGEMENTS

The research was funded by the Russian
Science Foundation (RSF), Project No. 25-79-
00112, https://rscf.ru/project/25-79-00112/.

REFERENCES

1.

Saleh J. H., Marais K. Highlights from the
early (and pre-) history of reliability
engineering // Reliability engineering &
System safety. 2006. vol. 91. no. 2. pp. 249-
256.

Ni P.,, Yuan Z., Han Q., Du X., Fu J.
Reliability assessment of civil structures
with incomplete probability distribution
information // Probabilistic Engineering
Mechanics. 2023. vol. 74. 103541.

Faes M. G., Daub M., Marelli S., Patelli
E., Beer M. Engineering analysis with
probability  boxes: A  review on
computational methods // Structural Safety.
2021. vol. 93. 102092.

Nadol'skij V. V., Martynov Yu. S.
Veroyatnostnoe modelirovanie
soprotivleniya stal'nykh elementov

[Probabilistic modeling of resistance of
steel elements]. Vestnik  Polotskogo
gosudarstvennogo universiteta. Seriya F.
Stroitel’stvo. Prikladnye nauki. 2015. no. 8.
pp. 44-49

Stephani A., Van Coile R., Khorasani N.
E., Gernay T., Hopkin D. Probabilistic
model for steel yield strength retention
factor at elevated temperatures. In Proc.,
16th Int. Probabilistic Workshop. Berlin:
Ernst & Sohn, 2018. pp. 1-6.

Wang Y., Zhou X., Wang H., Kong D.,
Xu S. Stochastic constitutive model of
structural steel based on random field of

corrosion  depth. Case Studies in
Construction Materials. 2022. vol. 16.
€00972.

Melcher J., Kala Z., Holicky M., Fajkus
M., Rozlivka L. Design characteristics of
structural steels based on statistical analysis

Volume 22, Issue 3, 2026

10.

1.

12.

13.

14.

15.

of metallurgical products. Journal of
Constructional Steel Research. 2004. vol.
60(3-5). pp. 795-808.

Konecny P. Correlation of Steel Yield
Stress and Ultimate Strength-Monte Carlo
Simulation via Non-Gaussian Random
Variables // Materials Science Forum.
Trans Tech Publications Ltd, 2017. vol.
893. pp. 223-228.

Solovyev SA, Kopeykin O.E., Solovyeva
A.A. Veroyatnostnyj metod proektirovaniya
stal'nyh ferm na zadannyj uroven'
nadezhnosti 1 dolgovechnosti [Probabilistic
method of designing steel trusses for a
given level of reliability and durability] //
Vestnik MGSU [Monthly Journal on
Construction and Architecture]. 2025. vol.
20. no. 5. pp. 655-666.

Qiu Z., Yang D., Elishakoff 1.
Combination of structural reliability and
interval analysis // Acta Mechanica Sinica.
2008. vol. 24. no. 1. pp. 61-67.

Marks C. E., Glen A. G., Robinson M.
W., Leemis L. M. Applying bootstrap
methods to  system  reliability. The
American Statistician. 2014. vol. 68. no. 3.
pp. 174-182.

Soloveva A. A., Solovev S. A. Reliability
analysis of RHS steel trusses joints based
on the p-boxes approach // International

Journal for Computational Civil and
Structural Engineering. 2021. vol. 17. no. 1.
pp. 87-97.

Xie H., Li J., Liao D. A new structural
reliability analysis method under non-
parameterized probability box variables //
Structural and Multidisciplinary
Optimization. 2022. vol. 65. no. 11. p. 322.

Zhang H., Mullen R. L., Muhanna R. L.
Interval Monte Carlo methods for structural
reliability // Structural Safety. 2010. vol.
32.no. 3. pp. 183-190.

Zhang H., Dai H., Beer M., Wang W.
Structural reliability analysis on the basis of
small samples: an interval quasi-Monte
Carlo method // Mechanical Systems and

197



16.

17.

18.

19.

20.

Signal Processing, 2013. vol.37. no.1-2. pp.
137-151.

Fischer K., Viljoen C., Kohler J., Faber,
M.H. Optimal and acceptable reliabilities
for structural design // Structural Safety.
2019. vol. 76. pp. 149-161.

Diamantidis D., Holicky M., Sykora M.
Target reliability levels based on societal,
economic and environmental consequences
of structural failure // 12th International
Conference on Structural Safety and
Reliability (ICOSSAR). 2017. pp. 644-653.
Schobi R., Sudret B. Structural reliability
analysis for p-boxes using multi-level meta-
models //  Probabilistic = Engineering
Mechanics. 2017. vol. 48. pp. 27-38.

Su G., Peng L., Hu L. A Gaussian process-
based dynamic surrogate model for
complex engineering structural reliability
analysis // Structural Safety. 2017. vol. 68.
pp. 97-109.

Gaspar B., Teixeira A. P., Soares C. G.
Assessment of the efficiency of Kriging
surrogate models for structural reliability
analysis //  Probabilistic  engineering
mechanics. 2014. vol. 37. pp. 24-34.

CIIMCOK JIMTEPATYPbI

1.

198

Saleh J. H., Marais K. Highlights from the
early (and pre-) history of reliability
engineering // Reliability engineering &
System safety. 2006. vol. 91. no. 2. pp. 249-
256.

Ni P., Yuan Z., Han Q., Du X., Fu J.
Reliability assessment of civil structures
with incomplete probability distribution
information // Probabilistic Engineering
Mechanics. 2023. vol. 74. 103541.

Faes M. G., Daub M., Marelli S., Patelli
E., Beer M. Engineering analysis with
probability  boxes: A  review on
computational methods // Structural Safety.
2021. vol. 93. 102092.

Hanoasckuit B. B., MapteinoB 10. C.
BepositHOCTHOE MOJICITUPOBaHUE

10.

11.

12.

Sergey A. Solovev, Anastasia A. Soloveva

COIIPOTHUBJICHUS] CTAJBbHBIX 3JEMEHTOB //
Bectauk Ilosoukoro rocymapCTBEHHOTO
yauBepcurera. Cepusi F. Crpoutennctso.
[Ipuknanueie Hayku. 2015. Ne8. C. 44-49.
Stephani A., Van Coile R., Khorasani N.
E., Gernay T., Hopkin D. Probabilistic
model for steel yield strength retention
factor at elevated temperatures. In Proc.,
16th Int. Probabilistic Workshop. Berlin:
Ernst & Sohn, 2018. pp. 1-6.

Wang Y., Zhou X., Wang H., Kong D.,
Xu S. Stochastic constitutive model of
structural steel based on random field of

corrosion  depth. Case Studies in
Construction Materials. 2022. vol. 16.
€00972.

Melcher J., Kala Z., Holicky M., Fajkus
M., Rozlivka L. Design characteristics of
structural steels based on statistical analysis
of metallurgical products. Journal of
Constructional Steel Research. 2004. vol.
60(3-5). pp. 795-808.

Kone¢ny P. Correlation of Steel Yield
Stress and Ultimate Strength-Monte Carlo
Simulation via Non-Gaussian Random
Variables // Materials Science Forum.
Trans Tech Publications Ltd, 2017. vol.
893. pp. 223-228.

CoaoBbeB C. A., Komeiikun O. E.,
ConoBbeBa A. A. BeposTHOCTHBII MeETOA
NPOCKTHPOBAHUSI  CTAIBHBIX (depM Ha
3alaHHBIi  YPOBEHb  HANIEKHOCTH U
nonroseunocty // Bectuuk MI'CY. 2025.
T. 20. Ne. 5. C. 655-666.

Qiu Z., Yang D., Elishakoff 1.
Combination of structural reliability and
interval analysis // Acta Mechanica Sinica.
2008. vol. 24. no. 1. pp. 61-67.

Marks C. E., Glen A. G., Robinson M.
W., Leemis L. M. Applying bootstrap
methods to  system  reliability. The
American Statistician. 2014. vol. 68. no. 3.
pp. 174-182.

Soloveva A. A., Solovev S. A. Reliability
analysis of RHS steel trusses joints based
on the p-boxes approach // International
Journal for Computational Civil and

International Journal for Computational Civil and Structural Engineering



Probabilistic Method of Structural Reliability Analysis by Sampling with Limited Statistical Data

Structural Engineering. 2021. vol. 17. no. 1.
pp- 87-97.

13. Xie H., Li J., Liao D. A new structural
reliability analysis method under non-
parameterized probability box variables //
Structural and Multidisciplinary
Optimization. 2022. vol. 65. no. 11. p. 322.

14. Zhang H., Mullen R. L., Muhanna R. L.

Interval Monte Carlo methods for structural

reliability // Structural Safety. 2010. vol.

32.no. 3. pp. 183-190.

Zhang H., Dai H., Beer M., Wang W.

Structural reliability analysis on the basis of

small samples: an interval quasi-Monte

Carlo method // Mechanical Systems and

Signal Processing, 2013. vol.37. no.1-2. pp.

137-151.

16. Fischer K., Viljoen C., Kohler J., Faber,
M.H. Optimal and acceptable reliabilities
for structural design // Structural Safety.
2019. vol. 76. pp. 149-161.

15.

17. Diamantidis D., Holicky M., Sykora M.
Target reliability levels based on societal,
economic and environmental consequences
of structural failure // 12th International
Conference on Structural Safety and
Reliability (ICOSSAR). 2017. pp. 644-653.

18. Schobi R., Sudret B. Structural reliability
analysis for p-boxes using multi-level meta-
models //  Probabilistic  Engineering
Mechanics. 2017. vol. 48. pp. 27-38.

19. Su G., Peng L., Hu L. A Gaussian process-
based dynamic surrogate model for
complex engineering structural reliability
analysis // Structural Safety. 2017. vol. 68.
pp. 97-109.

20. Gaspar B., Teixeira A. P., Soares C. G.
Assessment of the efficiency of Kriging
surrogate models for structural reliability
analysis //  Probabilistic  engineering
mechanics. 2014. vol. 37. pp. 24-34.

Sergey Alexandrovich Solovev — candidate of technical
sciences, docent, head of the industrial and civil
engineering department of Vologda State University
(VSU), 15 Lenina street, Vologda, 160000, Russian
Federation, solovevsa@vogu35.ru, 88172518396

Anastasia Andreevna Soloveva — candidate of technical
sciences, lecturer of the industrial and civil engineering
department of Vologda State University (VSU), 15
Lenina street, Vologda, 160000, Russian Federation,
solovevaaa@vogu35.ru, 88172518396

Volume 22, Issue 3, 2026

Conosves  Cepeeii  Anexcanoposuuy  —  KaHIUAAT
TeXHUYECKUX HAayK, JOLEHT, 3aBEAyIOMHMN Kadempoit
MPOMBIIIICHHOTO ¥ TPAXKAAHCKOTO  CTPOUTEIILCTBA
dI'BOY BO «Bonoroackui roCyJJapCTBEHHBIN
yausepcure™» (Bol'Y), a. 15, yn. Jlenuna, r. Bomorna,
160000, Poccusi, solovevsa@vogu35.ru, 88172518396

Conogvesa  Anacmacusi  AHOpeesHa —  KaHIUIAT
TEXHUYECKHX HayK, CTapUIMi IpernojaBarelib Kadeapsl
MPOMBINIICHHOTO ¥  TPAXKIAHCKOTO  CTPOUTEIIHCTBA
®I'bOY  BO «Bonoroackuii  rocyaapCTBEHHBIN
yauBepcure™» (Bol'Y), n. 15, yn. Jlenuna, r. Bomorna,
160000, Poccus, solovevaaa@vogu35s.ru, 88172518396

199






	1-13
	14-22
	23-34
	35-44
	45-62
	63-75
	76-89
	90-98
	99-112
	113-126
	127-134
	135-143
	144-154
	155-174
	175-188



