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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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NUMERICAL MODELING OF CONCRETE CREEP UNDER
VARIOUS STRESS STATES

Petr D. Arleninov

Research, Design and Technological Institute of Concrete and Reinforced Concrete of the National Research
Center "Construction", National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The article addresses the problem of numerically modeling creep deformations in modern high-strength
modified self-compacting concretes. The relevance of the research is driven by the imperfections in the regulatory
framework, specifically SP 63.13330.2018, which offers an overly simplified and conservative approach to ac-
counting for creep. This approach fails to consider the specific characteristics of modern concretes and does not
enable reliable forecasting. Conversely, the existing, more detailed domestic recommendations from 1984 are
technically obsolete and inapplicable to high-strength concretes.

The aim of the study is to assess the applicability of modern and outdated computational creep models for predict-
ing deformations in high-strength concrete across different humidity conditions. The research was conducted using
numerical modeling in the ATENA software complex, with verification of the results against experimental data.
The results demonstrated that the direct application of even the most modern models (B3, MC 2010) leads to
significant errors (ranging from 13% to 130%), which vary depending on humidity. Models from the 1970s-80s
(exemplified by ACI-78) proved entirely inapplicable, showing discrepancies of up to 600% compared to experi-
mental data. The necessity of modifying models not only for the specific concrete composition but also for its
curing conditions and humidity levels is demonstrated.

The study concludes that the verification and calibration of computational models based on experimental data are
critically important before modeling complex stress-strain states. An action algorithm is proposed to enhance the
accuracy of creep prediction under multiaxial loads, which includes mandatory experimental verification of bound-
ary conditions.

Keywords: concrete creep, numerical modeling, high-strength concrete, ATENA, B3 creep model,
fib Model Code, finite element method, stress-strain state

YUCITEHHOE MOAEIMPOBAHHUE IMOJIBYUYECTHU BETOHA
IMPU PAZHBIX BUJAAX HAC

11.]]. Apnenunoe
HUWXB nm. A.A. I'BozaeBa AO «HULL «CtpoutensctBo», Mocksa, Poccusi; HUY MI'CY, Mocksa, POCCHA

AHHOTanus: B crathe paccmaTrpuBaeTcst IpoOiieMa YUCICHHOTO MOAEIUPOBaHUA AeopMannii MOI3ydecTH co-
BPEMEHHBIX BBICOKOIIPOYHBIX MOAM(PHUIMPOBAHHBIX CAMOYIUIOTHSIIOIIUXCSI OETOHOB. AKTYaJIbHOCTh HCCIIEHOBa-
HUs 00YyCIIOBJIEHA HECOBEPIICHCTBOM HOPMAaTUBHOM 0a3bl, B uactHOCTH, CII 63.13330.2018, KOTOpBIi Ipeaaraer
YPE3MEPHO YNPOLIEHHBIH U KOHCEPBAaTUBHBIN IOAXO K YyUETy IOI3yUeCTH, HE YUUTHIBAIOIUN OCOOCHHOCTH CO-
BPEMEHHBIX OETOHOB U HE II03BOJIAIONIUI BBIIOIHATE IPOrHo3upoBanue. CylecTByomue 6oj1ee JeTalbHbIe OTe-
4eCTBEHHbIC pekoMeHAauuu 1984 roxa, HapPOTUB, MOPATILHO yCTApeIn U He IPUMEHUMBI K BBICOKOIIPOYHBIM Oe-
TOHAaM.

Ienbro paOoTHI ABISIETCS OLICHKA TPUMEHHUMOCTH COBPEMEHHBIX U YCTapPEeBUIMX PACYETHBIX MOJCIICH MMOI3y4eCTH
JJIs1 TIPOTHO3UPOBaHU JepopmManiii BEICOKOIIPOYHOTO OETOHA Kilacca B Pa3JIMYHBIX YCJIOBHSX BiakHOCTU. Mc-
ciieZJoBaHUE MPOBOJUIOCH METOAOM YHCICHHOTO MOJCIMPOBaHMs B IporpaMMHOM Komiuiekce ATENA ¢ Bepu-
(ukarueil pe3ynbTaToB Ha SKCIEPUMEHTAIBHBIX JaHHBIX.

PesymbraThl mokaszainu, 94To IIpsSIMOE IPUMEHEHHUE JTake caMbIX coBpeMeHHBIX mozenei (B3, MC 2010) npuBoaut
K 3HAYUTENIbHBIM norpemHoctsm (0T 13% 1o 130%), BappupyrOIMMCs B 3aBUCUMOCTH OT BIIQKHOCTH. Mojenu
1970-80-x romoB (Ha mpumepe ACI-78) okazanuch MOJTHOCTHIO HEMIPUMEHUMEBI, JEMOHCTPUPYS PACXOXKISHHUS C
skcriepuMeHToM 10 600%. [TokazaHa HEOOXOIUMOCTE MOIU(MHUKAIMHA MOJIEIeH HE TOJBKO IMOJI KOHKPETHBIH CO-
cTaB O€TOHA, HO M ITOJI yCJIOBUS €r0 TBEPIACHHS U BIIAYKHOCTH.
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Numerical Modeling of Concrete Creep Under Various Stress States

CrnenaH BBIBOJ O KPUTHYECKON BaKHOCTH BepH(MKAIMK M KAITHOPOBKH BBHIYHCIUTEIHFHBIX MOJEIEH HA OCHOBE
9KCTIIEPUMEHTOB TIEPe/l MOAEIMPOBAHUEM CIIOKHOTO HANPSDKEHHO-AehopMHUpoBaHHOTO cocTosHus. [Ipeanoxen
ITOPUTM JAEHCTBUH /ISl TIOBBIICHUS TOYHOCTH NPOTHO3WPOBAHUS IMOI3YUYECTH NPH MHOTOOCHBIX Harpyskax,
BKJIFOUAIOIINH 00513aTeNbHYI0 3KCIIEPUMEHTAIbHYIO IPOBEPKY IPAHMYHBIX YCIOBHH.

KuroueBble cjI0Ba: MOI3y4ecTs OETOHA, YUCICHHOE MOJICIIMPOBaHNE, BRICOKONPOoUHbI 6eToH, ATENA,
mozesu nomydectu B3, Model Code

INTRODUCTION

The main regulatory document that governs the
calculation and design of reinforced concrete
structures in our country is SP 63.13330.2018. It
serves as the primary source for related docu-
ments such as SP 266.1325800.2016, which co-
vers the design and calculation of steel-rein-
forced concrete structures; SP
430.1325800.2018, which regulates the design of
cast-in-place structures; and the design code cur-
rently under development for reinforced concrete
structures with external sheet reinforcement.
Some formulas, tables, and provisions in these
design codes are identical to those in SP
63.13330.2018. In particular, this applies to the
description of the concrete creep process. How-
ever, the section on concrete creep accounting is
very short. SP 63.13330.2018 does not provide
any information on shrinkage accounting.

SP 63.13330.2018 does not offer a method for
predicting creep. It only includes one formula,
(1), for reducing the elastic modulus under pro-
longed loading while accounting for creep. For-
mula (1) includes only the initial modulus and the
creep coefficient. Formula (2) accounts for ine-
lastic deformations and rapid creep when speci-
fying the elastic modulus under short-term load-
ing. For shear, the code recommends taking the
modulus of elasticity as 0.4 of the initial value,
but does not specify whether this applies to long-
term or short-term effects. This code does not
provide any other recommendations for account-
ing for concrete creep. The creep coefficient,
©b.cr, iIncluded in formula (1), is a tabulated value
that depends only on the concrete class and am-
bient humidity. Furthermore, for high-strength
concrete (with a compressive strength of 60 MPa
and above, as per class designations), this coeffi-
cient is applied as a single, unified value. This
approach is conservative and has been criticized
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by many researchers [1, 2]. Its inclusion was not
based on experimental or theoretical substantia-
tion but rather on a review of foreign literature
(American and European documents) conducted
in the early 2000s during the development of the
then-new Russian concrete design code, SP 52-
101-2003. This was a practical solution, as the
technology and industry were ready for the use
of high-strength concrete, but its characteristics -
particularly its deformation properties - were
largely unstudied; nearly all scientific research in
this area within the country had ceased.
Eurocode 2 (1992), which was thoroughly exam-
ined during the preparation of the 2001 Russian
code, proposed the use of distinct creep coeffi-
cients for concrete grades up to class C100, with
differentiation at five-class intervals. Currently,
international research in this field has advanced
considerably [3-5]. Studies now investigate the
effects of creep not only under compression but
also under other stress-strain state conditions,
and there are ongoing efforts to utilize modern
software for developing creep models, among
other advancements [6-8]. In contrast, due to the
fact that creep testing can only be conducted in a
few organizations within our country, such re-
search remains sporadic [9,10].

Epp = —2 (1)
br 1+§0b,cr
Eb,l = 085 " Eb (2)

Before the publication of the design code SP 52-
101-2003, which was used alongside the existing
SNiP 2.03.01-84*, the Recommendations of the
NIIZhB for Considering Shrinkage and Creep
(1984) were also in effect. Interestingly, this doc-
ument has never been officially revoked and, par-
adoxically, remains valid to this day. This was a
fundamental body of work. A large number of
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specialists participated in its development, and
all its dependencies and tabulated values were
based on an extensive array of experimental re-
search conducted in the Soviet Union.

These recommendations allow predicting the
creep and shrinkage deformations of concrete up
to class B60, accounting for a wide range of input
variables (such as concrete mix composition,
loading age, and structure type). At the time of
their release, these recommendations were not
only highly relevant within the country but were
also competitive on a global scale. The creep
model they proposed was on par with leading Eu-
ropean and American models of thatera [11, 12].
Following the publication of these recommenda-
tions, some specialists continued in-depth re-
search on creep [13-15], and there were attempts
to introduce improved models [16, 17]. However,
these subsequent studies were never incorporated
into the regulatory documents. When attempts
were made to apply both the models from the
1984 recommendations and those from other
leading Russian and Soviet scientists to modern
concretes, certain contradictions and inconsisten-
cies were revealed [18]. Furthermore, direct at-
tempts to predict the creep deformations of high-
strength concrete using these models resulted in
significant inaccuracies, to the point of complete
inapplicability. This also applies to the acceler-
ated method for determining creep deformations
(which was present in GOST 24544-84) that was
removed during the latest update of that standard.
Later, this article will demonstrate the inade-
quacy of the 1978 American concrete creep
model when applied to modern concretes.

Over the past 15 years, the author has conducted
extensive experimental and theoretical research
on the deformation characteristics of high-
strength concretes. Some of these findings are
presented in this article. The study examines an
approach that combines the classical experi-
mental evaluation of creep deformations accord-
ing to GOST 24544-2020 with the use of modern
computational tools based on advanced software
complexes that have various built-in concrete
creep models. This work is critically important
because manually calculating the creep effects in
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a complex structural element or joint is practi-
cally infeasible when such an analysis is re-
quired.

METHODS

To assess the applicability of existing creep theo-
ries, enable three-dimensional computer modeling
of long-term experiments in analysis software,
and evaluate the feasibility of computer modeling
of complex stress-strain states under sustained
loading, a numerical simulation was performed.
This simulation imitated the deformation of prism
specimens under three different humidity condi-
tions using the most advanced creep models: B3,
B3 improved, MC 2010, and the American ACI-
78 model. The ATENA software package was
used as the computational tool.

This particular software package was selected
because its built-in model, which accounts for the
physical nonlinearity of concrete properties—the
Fracture—Plastic Constitutive Model
CC3DCementitious2 developed by Cervenka
Consulting—has proven highly effective in mod-
eling reinforced concrete elements under various
stress-strain states. These include concentric and
eccentric compression [19, 20], bending [21], bi-
axial compression, shear, punching shear [22],
steel-concrete composite structures of varying
complexity [23], and structures with external
sheet reinforcement [24, 25], including those
made of high-strength concrete. The model is
based on a combination of a tensile fracture
model (Rankine-Fracturing Model) and a com-
pressive failure model for the material (Men-
étrey-Willam). A review of the literature indi-
cates that calculation results obtained with the
built-in CC3DCementitious2 concrete model
generally show good agreement with experi-
mental data—the discrepancy in results from var-
ious researchers, both Russian and international,
typically remains within 10%.

For the computer simulation, a specific high-
strength modified self-compacting concrete mix
of class B75 (determined according to GOST
18105 and GOST 31914) was selected. Detailed
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studies of modified high-strength concretes with
similar characteristics, for which the authors of the
report conducted concurrent tests to determine
creep and shrinkage deformations under three dif-
ferent humidity conditions, are presented in [26].
The specimens were loaded at the age of 88 days.
(For some modified concretes, achieving the de-
sign strength class at an age of 60 days or more is
considered normal; the design age for this con-
crete was 90 days). Based on the test results for
density and slump flow, conducted in accordance
with the requirements of GOST 26633 and GOST
R 59715, the mix can be classified as self-com-
pacting. This particular composition was chosen
for the computer study to evaluate the applicabil-
ity of existing concrete creep models to modern
high-strength modified self-compacting con-
cretes. Given that practically all concretes with a
strength class above B60 fall into this category,
this research task is highly relevant.

Predicting creep deformations under different
humidity conditions for a single concrete mix is

an important task. This is because the same con-
crete, even within a single structure, can cure un-
der various conditions (e.g., an enclosed steel
section restricts moisture migration from the con-
crete, while exposed surfaces imply standard
temperature and humidity conditions). Further-
more, when using creep coefficients in calcula-
tions, it is essential to know their potential maxi-
mum values for the concrete class in question,
enabling a probabilistic forecast of worst-case
scenarios. (Conversely, the worst-case design
scenario may sometimes involve maximum stiff-
ness of structural elements, which corresponds to
minimum creep coefficients—see Formula 1).
Figure 2 presents the experimental deformation
curves for the concrete under sustained load at
different humidity levels. This figure also shows
the testing setups located in rooms with normal
humidity; the tests at elevated and reduced hu-
midity were conducted in separate climate-con-
trolled chambers.

W=20%

0 10 20 30 40 50 60 70 80 _ 90 100 110 120 130 140 150 160

Time, days

Figure 1. Experimental creep and shrinkage strains for various humidity conditions

The ATENA software package includes a built-
in module for considering concrete creep.
Within this module, it is possible to select vir-
tually any modern creep model, and the pro-
posed models can also be modified. The pro-
gram allows for the full exploitation of the sim-
ulation capabilities inherent in the calculation
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models. For example, it enables loading the
specimen at any age, modeling various curing
conditions prior to load application, and apply-
ing additional load during the test.

Figure 2 (left) presents a diagram illustrating the
algorithm for defining sustained load, alongside
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the results of verification calculations per-
formed using the B3, ACI, and CEB models
(right), based on data from studies [26-30].

As can be seen from this table, the average er-
ror when using the ACI model reaches 58%.
Furthermore, when evaluating individual ex-
periments, the error can reach 100% or more.
This assessment was conducted for each model

ATENA
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using data from 17 known experiments per-
formed by various researchers on different con-
crete mixes.

Figure 3 shows the calculation model of the
specimen with different configurations of the
finite element mesh, which was used for a sen-
sitivity test. Based on the results of this test, a
mesh with an element size of 30x30x30 mm
was selected for modeling the prism specimen.

Table 2.1: Coefficients of variation of errors (expressed as percentage) of basic
creep predictions for various models.

Model B3 | ACI | CEB
Test data @ w @
1. Keeton 19.0 | 37.5 | 428
2. Kommendant et al 153 | 318 | 81
3. L’Hermite et al. 49.4 | 1334 | 66.2
4. Rostasy et al. 152 | 47.6 5.0
5. Troxell et al. 46 | 139 | 62
6. York et al. 56 | 317 | 128
7. McDonald 6.9 | 484 | 222
8. Maity and Meyers 33.8| 30.0 | 157
9. Mossiossian and Gamble 18.6 | 51.5 | 47.3
10. Hansen and Harboe et al. (Ross Dam) 141 512 | 311
11. Browne et al. (Wylfa vessel) 44.7| 473 | 533
12. Hansen and Harboe et al. (Shasta Dam) 227 107.8 | 43.1
13. Brooks and Wainwright 126 | 149 | 154
14, Pirtz (Dworshak Dam) 12.5 | 582 | 325
15, Hansen and Harboe et al. (Canyon ferry Dam) | 33.3 | 70.2 | 56.9
16, Russell and Burg (Water Tower Place) 157 193 | 315
17. Hanson 14.1] 63.3 | 121
Dan 23.6 | 58.1 | 35.0

Figure 2. Algorithm for modelling loading regime in creep analysis using ATENA software (left),
comparison of various creep models with respect to experimental data (right)

v/

Figure 3. Finite element model of the tested specimen
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RESULTS

Following the preparation of the computational
model for a concrete prism specimen with dimen-
sions of 150x150x600 mm as a standard speci-
men for creep tests according to GOST 24544-
2020, restrained between two support plates with
axial load transfer (simulating load application
via a steel ball in a spring-loaded setup), a series
of numerical analyses was performed. These
analyses predicted creep deformations using
four distinct models: MC 2010 (the current
Model Code model), B3 (the most widely used
creep model globally at present, proposed by
Bazant in 1994), B3 improved (the latest en-
hanced B3 model, which allows for a greater
number of input parameters, particularly for
better accounting of early-age shrinkage), and
ACI-78 (the now-outdated model from the
American Concrete Institute). The 1978 ACI
model was included in the comparison to pro-
vide a general assessment of the applicability
of models from the 1970s and 1980s to modern
modified self-compacting high-strength con-
cretes. In this context, the calculation results
obtained with this model indirectly reflect the

025 4

applicability of the domestic model from the
1984 Recommendations for Considering
Shrinkage and Creep of Concrete. A direct ver-
ification of this latter model in any computer
software is impossible because all advanced
software packages capable of three-dimen-
sional modeling of long-term concrete tests are
foreign (e.g., Ansys, ATENA, Abaqus) and
lack integration with Soviet and Russian scien-
tific developments and regulatory documents.
Figures 4-6 present the results of the computer-
predicted creep deformations according to the
considered models for humidity levels of 20%,
60%, and 90%. For ease of comparing the ex-
perimental and calculated curves, the defor-
mation values are given in absolute terms. Next
to the model’s name, the percentage deviation
from the experimental results is indicated. Data
for the modified model based on B3 are labeled
"modify" on the graphs; the modifications to
the B3 model were implemented by adding a
set of coefficients to achieve the best possible
fit between the modified model and the experi-
mental results obtained under normal humidity
conditions.
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Figure 4. Calculated and experimental creep deformations at normal humidity conditions
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Figure 5. Calculated and experimental creep deformations at high humidity conditions

B3 (B3 imp)_13%

-
- -
-
-
-

MC 2010 :37%

[

0,00

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Time, days

Figure 6. Calculated and experimental creep deformations at low humidity conditions

As can be seen from the calculation results, the
direct application of any of the considered mod-
els for predicting the creep of modern concretes
can lead to significant errors. Models from the
1970s and 1980s, exemplified by the ACI-78
model, are entirely inapplicable.

Another noteworthy observation is that when
simulating the experiment in a high-humidity en-
vironment, all models showed a decreased level
of agreement with the experimental data. It
should also be noted that the results from the B3
model and the B3 improved model were virtually
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identical. This is because the main enhancements
in the more recent model are designed to more
accurately capture concrete deformation during
the first few months after loading. However, in
the experiment under consideration, the speci-
mens were loaded at the age of 88 days, which
completely nullified the new algorithms of the
B3 improved model. Furthermore, the experi-
mental data recorded in normal and high-humid-
ity conditions indicate an earlier stabilization (at-
tenuation) of creep deformations—a phenome-
non frequently observed in high-strength modi-
fied concretes—which none of the considered
models account for.

The most significant outcome of this modeling
effort, however, is the fact that the same model
exhibits varying degrees of error under different
humidity conditions. The creep curves that were
closest to the experimental results were not con-
sistently from a single model; this was also true
for the modified model based on B3. Although
this modified version was calibrated using data
from normal humidity conditions, it showed con-
siderable deviations from the experimental re-
sults in a high-humidity environment.

After performing these calculations with differ-
ent models and ultimately selecting the one that
most closely (perhaps after specific modifica-
tions) describes the experimental curve under the
required temperature and humidity conditions,
the software complex can be used to model long-
term experiments of any complexity under vari-
ous stress-strain states. However, the verification
of any additional parameters is absolutely essen-
tial.

For example, if it is necessary to simulate a creep
test under tension on a computer, but specialized
lever-type testing machines are unavailable (such
setups are currently very rare; according to the
author's information, such tests within the Rus-
sian Federation can only be conducted at the
Donbas National Academy of Civil Engineering
and Architecture, where they have been pre-
served), it is possible to conduct a long-term ver-
ification test on concrete beam specimens under
bending. Since the beams operate without crack-
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ing—part of the beam is compressed while an-
other part is tensioned—this can be done in ac-
cordance with Appendix E of GOST 24544-
2020. The chosen creep model could then be fur-
ther modified if necessary.

Consider another example: modeling triaxial
long-term compression. This type of stress-strain
state is relatively rare, but the construction pro-
jects for which experimental studies of concrete
creep are typically undertaken are unique and ex-
tremely complex. In such structures, accounting
for the actual stress-strain state under sustained
loads in their structural elements can be critically
important. Currently, there are no facilities in
Russia for determining creep under triaxial com-
pression (only a single such setup existed in the
entire USSR). However, it is possible, for in-
stance, to conduct long-term tests under biaxial
compression. The capability for such testing ex-
ists at the Gvozdev Research Institute of Con-
crete and Reinforced Concrete (NIIZHB), and
tests on high-strength concrete are currently un-
derway there, with results to be published soon.
The importance of such additional verification
can be demonstrated through computer modeling
of biaxial compression in the ATENA software
complex. Two additional distribution steel plates
were added to the sides of the previously used
model of a 150x150x600 mm concrete prism,
which already had top and bottom distribution
plates. These side plates were used to apply lat-
eral pressure. Depending on the magnitude of
friction at the interface between the side steel
plates and the concrete prism, the results will
vary significantly. Figure 7 shows the creep
curve for biaxial compression in the limiting case
where the steel plate is rigidly connected to the
concrete. In such a scenario, the plate can absorb
a portion of the compressive stresses from the
longitudinal load, potentially leading to underes-
timated total creep deformations. The true inter-
face condition that must be incorporated into the
computational model for such an experimental
setup can only be determined through physical
testing.

A simplified approach could involve conducting
a short-term biaxial compression test, simulating
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it on a computer, calibrating the interface param-
eters based on that short-term test, and then using
the calibrated model to simulate long-term tests.
The result obtained this way would certainly be
more accurate than one with no additional verifi-
cation, but it could still differ somewhat from a
real long-term biaxial compression test. The
flowchart presented in Figure 8 illustrates the

Deformations, mm
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recommended procedure for computer modeling
of concrete creep under complex stress-strain
states. Actions performed on the computer are
shown in dark blue, while the experimental part
of the work is shown in light blue. The more
comprehensive this experimental part, the more
accurate the final result will be.

Modify biaxial
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Figure 8. Flow-chart of the algorithm for concrete creep modelling at complex stress-strain state

CONCLUSIONS

Based on the results of the conducted work, the
following conclusions can be drawn:

Using modern software, it is possible to predict
concrete creep deformations based on advanced
calculation models. When employing the B3 and
Model Code 2010 models, the deviations from
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experimental results obtained under normal hu-
midity conditions (tests according to GOST
24544-2020 and corresponding international
standards) were within 30% — which is consid-
ered an acceptable result for predicting long-term
deformation.

Models from the 1980s, when applied to modern
high-strength modified self-compacting con-
cretes, can produce significant errors. For in-
stance, using the ACI-78 model in calculations
resulted in a deviation of 600% compared to ex-
perimental data. This indicates that predicting
concrete creep processes using classical theories,
which form the basis of current Russian codes
and, to some extent, some foreign standards, can
lead to critical inaccuracies. This pertains specif-
ically to the Recommendations for Considering
Shrinkage and Creep of Concrete from 1984,
which currently remain the only regulatory doc-
ument allowing for the prediction of creep defor-
mations, as these recommendations have neither
been reissued nor officially revoked.

Even the most up-to-date creep models, without
modification for a specific experiment, can yield
considerable errors. When using the three afore-
mentioned theories (B3, MC 2010, ACI-78), the
range of deviations varied from 13% (under re-
duced humidity) to 130% (under increased hu-
midity). This is corroborated by the verification
experiments conducted by the developers of
these models, shown in Figure 2, where devia-
tions ranging from 23% to 58% were considered
acceptable outcomes.

The modification of creep models should be per-
formed not only for a specific concrete mix com-
position but also for the specific temperature and
humidity conditions of the test. A model modi-
fied based on normal humidity data can produce
substantial errors when applied to conditions of
reduced or increased humidity. This also applies
to various loading scenarios that differ from
standard tests according to GOST or interna-
tional standards.

Prior to computer modeling of complex stress-
strain states in any structural elements, besides
verifying the creep models on simple prism spec-
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imens under the relevant temperature and humid-
ity conditions, the boundary conditions must also
be verified. An example is the friction from lat-
eral confinement plates when simulating biaxial
or triaxial long-term experiments. In the case of
lateral confinement, the distribution plates gener-
ating this pressure can act as an additional re-
straining factor against the vertical compressive
forces, which can significantly influence the final
result.
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ABOUT MULTISCALE MODELING WITH THE USE OF HAAR
DISCRETE WAVELETS FOR TARGETED DATA EXTRACTION
IN PROBLEMS OF STRUCTURAL MECHANICS

Mojtaba Aslami’?, Pavel A. Akimov'

'National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
2 Fasa University, Fasa, IRAN

Abstract: The distinctive paper is devoted to multiscale modelling of functions with the use of Haar discrete
wavelets. Numerical implementation is realized with the use of “Fortran” programming language (“Intel Visual
Fortran” software). Particularly several sample functions are under consideration. Three basic parts of corre-
sponding algorithm include full wave reconstruction (implementing the entire Hilbert space of the wave); extrac-
tion of wave components constructed solely by wavelet functions; isolation and visualization of the final wavelet
layer. Modeling wave behavior from multiple perspectives enables the extraction of highly valuable information,
which can reveal defects in mechanical or structural systems. The Haar discrete wavelet, due to its basis and
step-like wavelet functions, is particularly suitable for numerical implementation (programming, computation),
featuring straightforward algorithms.

Keywords: Haar wavelet, fault detection, modeling, structural analysis

O MHOI'OYPOBHEBOM MOJIEJIUPOBAHUH
C UCIIOJIb30BAHUEM JUCKPETHBIX BEMBJIETOB XAAPA
JJIA HEJIEBOI'O U3BJIEYEHUSA JAHHBIX
B 3AJIAYAX CTPOUTEJIBbHON MEXAHUKHU

M. Acnamu’?, I1.A. Akumos’

! HarmoHansHebIi BCCiIe10BaTebCKui MOCKOBCKH I TOCYIapCTBEHHBII CTPOUTENBHBIN YHUBEPCHTET, T. Mocksa, POCCUST
2 Vuueepcuter daca, 1. Paca, UPAH

AHHoTanusi: B HacTosiei ctaThe pacCMaTpUBACTCsl MHOTOYPOBHEBOE MOJICITHPOBAHNE (YHKIIHHA C HCIOIB30-
BaHHUEM AOUCKPETHBIX BEUBIICTOB Xaapa. YucieHnHas pcam3anusd BBIIIOJIHCHA HAa OCHOBE IMPUMEHCHUA A3bIKa
nporpammupoBanust “Fortran” (cooTBercTBylolee nporpamMHoe odecrieuenue “Intel Visual Fortran”). B wacr-
HOCTH, PACCMATPUBAIOTCSI HECKOIIBKO MpuMepoB (yHKIuMiL. Tpr OCHOBHBIC YaCTH COOTBETCTBYIOIIETO aIropuT™Ma
BKJIIOYAIOT MOJHYI PEKOHCTPYKIIMIO COOTBETCTBYIOLICH BOJHBI (peann3anusi BCEro ruiiboepToBa MpOCTPaHCTBA
BOJIHBI); M3BJICYCHHE BOJHOBBIX KOMIIOHEHT, OCTPOCHHBIX HCKIIOYUTEIBHO HA OCHOBE BEHBICT-(yHKIIHIH; BbI-
JICICHUE W BU3YaJIM3alii0 KOHCYHOTO BEHBIET-CI0sl. MOIeIMpOBaHie MOBEICHUS BOIHBI C Pa3HBIX TOYCK 3pe-
HESl TIO3BOJISIET M3BJICKATh LCHHYIO WH()OPMALHMIO, KOTOPAs MOXET BBIABIITH AC(PEKThl B MCXaHHYECKUX HIIH
KOHCTPYKTHBHBIX CHCTeMax. JIUCKpeTHbIN BelBIeT Xaapa HCKIIOYUTEIIBHO YI00CH IUIsl YUCICHHOM pealn3ann
(IpOrpaMMHUpPOBaHNSI, BEIYUCICHHH ), XapaKTEPHU3yETCsl COOTBETCTBYIOLIMMHE IPOCTHIMH aJrOPHTMAMH.

KiroueBbie cjioBa: BeliBieT Xaapa, BEISBICHUE Je(PEKTOB, MOICTHPOBAHHUE,
pacyeThl CTPOUTENILHBIX KOHCTPYKIUH

INTRODUCTION tical problems, including engineering. Notable

applications include image processing [1-3].
Wavelet analysis is a relatively recent mathe- This analysis offers flexible signal processing
matical tool that emerged in the late 1980s and techniques as an alternative to classical Fourier
i1s now widely applied to fundamental and prac- analysis [4-5].
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Figure 1. Decomposition of a function’s Hilbert space into subspaces V

Thus, it enables solutions to problems where
traditional Fourier methods are ineffective. A
key advantage of wavelet analysis is its ability
to detect highly localized variations in signals
(waves), including jumps and irregularities. In
contrast, Fourier analysis lacks the resolution to
track rapid, minute changes, as its coefficients
reflect wave behavior over an infinite range,
making it inefficient for analyzing fast-varying
signals or noise.

Wavelet analysis is a powerful tool for hierar-
chical mathematical decomposition, represent-
ing a wave’s overall space as a combination of
low- and high-frequency components. In this
study, we employ Visual Fortran [6] to examine
sample functions using Haar wavelet analysis
[7-11], presenting their mathematical space in
three distinct models. The presented modeling
of the mathematical space of a wave makes it
possible to examine the behavior of that wave
from different perspectives and monitor its
changes, whereas conventional wave observa-
tion often fails to capture expected data.

1. WAVE SPACE DECOMPOSITION
WITH THE USE
OF WAVELET THEORY

If a wave resides in a Hilbert space (L,(R)), it

can be constructed using simpler subspaces
(Figurel):

Volume 22, Issue 1, 2026

L(R)=®,. (1)

The accuracy of the reconstructed wave model
depends on the completeness of the selected
subspace V. This modeling requires subspaces

V, to satisfy the following conditions:
VocV,cV,c..c L,(R). 2)

In wavelet analysis, the target space is parti-
tioned into nested subspaces, transitioning to a
base space and complementary orthogonal sub-
spaces (Figure 2). Here, subspaces V, and W,

must meet the following criteria:

L(R)=V,OW,OW,®...; (3)
V.=V, ®W, jeZ; 4)
(7, =10}, (5)

jeZ

where Z is the set of integers.

In wavelet-based wave reconstruction, subspac-
es are mutually orthogonal and non-
overlapping. This unique property enables the
extraction of critical information not available
in other modeling techniques. Such information
can reveal mechanical or structural defects [12-
16], as healthy systems exhibit predictable har-
monic waves, while defective ones introduce
uncontrolled noise and anomalous frequencies.
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Figure 2. Decomposition of a function’s Hilbert space into subspaces V; and W,

y
A

V(x)=e(2x)-e2x-Iy

0 172 1

T e(x)F(2x)+e(2x-1)

Figure 3. First two stages of the scaling function (p) and wavelet function (y) in the Haar wavelet.

2. HAAR WAVELET

Mathematically, wavelet analysis permits di-
verse V, and W, subspaces for wave reconstruc-

tion, a distinctive feature of this method. The
discrete Haar wavelet [17] is one of the simplest
yet most effective wavelet tools, fully compati-
ble with computational implementation and ap-
plicable to mechanical and structural problems
[18-21] (Figure 3):

HO=2 Y hg2x-B: (O
v =2 Y hg@x-k): (D)
ho=—(-D'h_,, keZ. (8)

30

3. NUMERICAL MODELING
WAVES DECOMPOSITION
AND DATA EXTRACTION

Using “Intel Visual Fortran”, we modeled and
analyzed several sample functions via the Haar
discrete wavelet algorithm. The modeling was
implemented in three categories, each providing
distinct wave insights:

e full wave reconstruction (implementing

the entire Hilbert space);

e extraction of wavelet-only components;

e isolation of the final wavelet layer.
One application of this analysis is crack and de-
fect detection in structures.
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Figure 4. Implementation of sin(x)

By deploying seismic wave controllers at various
points, load-induced waves can be monitored and
decomposed via wavelets to detect frequency
deviations. The study tested the algorithm on
sin(x) (Figure 4), cos(x), and x> (Figure 5). Re-
sults show rapid convergence with increasing
wavelet resolution, a key advantage over Fourier
analysis. The method accommodates both regular
and irregular waves. Subspace-based models
yielded data fundamentally different from the
original wave, offering precise behavioral details.
For random or harmonic waves, temporal varia-
tions were accurately captured.

CONCLUSION

This paper employed Visual Fortran to analyze
functions using Haar wavelets in three distinct

Volume 22, Issue 1, 2026

models. Multi-perspective wave modeling ex-
tracts unique, actionable insights, enabling de-
fect detection in mechanical/structural systems.
Healthy systems exhibit controlled harmonics,
whereas defective ones introduce uncontrolled
noise. The Haar wavelet’s simplicity and nu-
merical efficiency make it ideal for engineering
applications.
Key Features of the Translation:
e formal academic tone with precise tech-
nical terminology;
e Jogical flow mirroring the original struc-
ture;
e figures and equations referenced per ac-
ademic conventions;
e concise yet comprehensive rendering of
complex concepts.
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Abstract: In the process of designing buildings and structures, the issue arises of ensuring their mechanical
safety under accidental loads. Furthermore, existing buildings and structures are often subjected to technogenic
impacts that may lead to complete or partial failure of the structural system. To provide a quantitative
characterization of the resistance of load-bearing structures to such factors, the concept of survivability has been
introduced in the modern scientific literature. However, the formalization of survivability in the form of specific
quantitative indicators remains a pressing and insufficiently explored problem for both steel and reinforced
concrete structures. This study proposes a methodology for computing the probabilistic survivability index for
frame structural systems. The calculation is based on a modified model of classical reliability theory, which
assumes that the failure of the frame system occurs through the formation of a mechanism with a minimum
number of plastic hinges. The assessment of structural failure or component degradation is performed on an
energy basis using the J-integral. To analyze the scatter of random parameters, statistical modeling based on
empirical data is employed. The article provides examples of survivability index calculations. Practical
implementation of the proposed method has demonstrated its effectiveness, allowing it to be recommended for
evaluating the mechanical safety of steel and reinforced concrete frame structures, including cases with increased
responsibility requirements and specific robustness criteria against progressive collapse.

Keywords: robustness, mechanical safety, deformations, steel structures, reinforced concrete structures,
emergency situation, progressive collapse, reliability, probability of failure

METO/] OHEHKH )KUBYUECTH PAMHBIX KOHCTPYKLIUIA
HA OCHOBE BEPOATHOCTHOI'O HHAEKCA

A.B. Anekceiiues, H.C. Kypuenxo

HarmmonansHbIH ncctenoBaTenbekuii MOCKOBCKHI TOCYAapCTBEHHBIN CTPOUTENTBHBIN YHUBEPCHTET, T. MockBa, POCCHA

AnHoTanus: B nporecce poeKTHpoBaHUs 3@aHNH U COOPYKEHUI BO3HHMKAET 3a/1a4ya 00ECIICYeHHs] X MEXaHUYECKOM
0€30MacHOCTH NP BO3/ICHCTBUY aBapuiHBIX HArpy3ok. Kpome Toro, cyiiecTByronme 31aHust U COOPYKEHHsI HEPEIKO
TIO/IBEPTalOTCsl  TEXHOTCHHBIM ~ BO3JCHCTBUSM, TIPUBOJAIIMM K TIOJHOMY WM YacTUYHOMY  pa3pyILECHUIO
KOHCTPYKTHBHOM cHcTeMbl. JJii KOJMYECTBEHHON XapaKTEePHUCTHKH CONPOTHBILIEMOCTH HECYIMX KOHCTPYKIHMI
JaHHBIM (paKTOpaM B COBPEMCHHOM HAy4HOM JIMTEpaType BBEICHO MOHATHE >kuBydecTH. OpHako (hopmanmm3anys
JKMBYYECTH B BHJIe KOHKPETHBIX KOJMYECTBEHHBIX TTOKa3aTelIeH, SBICTCS aKTyaIbHOM M HEJOCTATOYHO TPOpab0TaHHOM
Kak JUIsl CTAIbHBIX, TaK M JULI JKeIe300€TOHHBIX KOHCTPYKIMIL. B HacTosIeM HCCreoBaHUH TpeyIaracTcsi METOIMKa
BBIUHCIICHNS] BEPOSATHOCTHOTO MHIEKCA KUBYUECTH JUISI PaMHBIX KOHCTPYKTHBHBIX CHCTeM. B ocHOBe pacuéra Jexur
MOM(UIMPOBAHHAS MOJENb KJIACCHYECKOH TEOpUM HAAEKHOCTH, MNPEIONAraomas, 4Yro paspylleHHe pPaMHOU
CHCTEMBI IIPOUCXOIUT ITOCPEACTBOM (POPMHUPOBAHMS MEXaHU3Ma C MUHMMAJIBHBIM YKCIOM IUIACTUYECKUX HIAPHHPOB.
OueHKa pa3pylaeMOCTH KOHCTPYKIMI WM KOMITIOHEHTOB, MX COCTABJISIOLIMX, BBIMOJHSCTCS HA DHEPreTHYECKOH
OCHOBE C HCIONb30BaHUEM J-uHTerpanma. Jind aHamu3a pa3Opoca CiIydaliHBIX NIapaMeTPOB HCHOJIB3YETCS METOX
CTaTHCTHMYECKOTO MOJIEIIMPOBaHMs Ha 0a3e SMIMPHYECKUX JaHHBIX. B crarhe NpHBeeHs! MpUMephl pacyéra MHEKCa
XKuBydecTH. [IpakTHdeckas peanmzalysi NPEWIOKEHHOTO MeToja IoKazaga ero 3(¢eKTUBHOCTb, YTO MO3BOJISIET
PEKOMEH/IOBAaTh €r0 MPUMEHEHHE Ul OLEHKH MEXaHMYECKOH Oe301acHOCTH OOBEKTOB C KapKacaMH M3 CTIM WA
KeNe300€ToHa, B TOM 4HC/IE NPH HAJIWYMM TIOBBIIICHHBIX TPEOOBAHWHM MO OTBETCTBEHHOCTH M OCOOBIX KPHTEPHEB
YCTOHUMBOCTH K IPOTPECCUPYIOIIEMY Pa3pyLICHHIO.

KoueBbie ci10Ba: )XUBy4eCTb, MEXaHHUYECKasi 0€30MaCHOCTb, Ae()OpPMAIIH, CTATbHBIE KOHCTPYKIUH,

KeJe300€TOHHBIE KOHCTPYKIIUY, aBapUiiHasl CUTYaIlWs, IPOTPECCUPYIONIee pa3pylieHre, HaJeKHOCTD,
BEPOSTHOCTb OTKa3a
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1. INTRODUCTION

Current issues of ensuring the robustness of
frame structural systems in buildings and
structures represent one of the priority areas in
modern construction science. The analysis of
recent scientific research has made it possible to
systematize the key directions of this subject
area:

o assessment of the robustness of structural
systems based on the analysis of nodal
connections of elements;

e development and improvement of sets of
deterministic and probabilistic robustness
characteristics, as well as the integration of
intelligent predictive models influencing the
progression of progressive collapse;

e investigation of  progressive  collapse
processes in structural systems using limit
analysis methods and numerical simulation;

o analysis of types of accidental impacts and
loads;

e development of structural solutions aimed at
effectively preventing the development of
progressive collapse;

e development and enhancement of
methodologies for robustness assessment and
management  using search  optimization
algorithms combined with machine learning and
artificial neural networks.

A systematic review of scientific studies
covering the above-mentioned directions 1is
presented below, which confirms the necessity
of developing a probabilistic methodology for
robustness assessment, as proposed in this
research.

Progressive collapse and robustness criteria.
In [1], the influence of initial localized defects
on the ability of steel profiles to maintain their
functionality under accidental scenarios is
investigated. = Numerical simulations and
experimental observations have shown that
damage concentrated in limited zones leads to
accelerated formation of plastic hinges, which in
turn reduces the overall robustness of the
structure. It was established that an increase in
the number of stories in a building, as well as
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the removal of edge or end columns,
significantly increases the system’s
susceptibility to progressive collapse. An

alternative interpretation of the concept of
structural robustness based on plastic limit
analysis is proposed in [2], which is considered
more accurate compared to traditional quasi-
static and dynamic evaluation methods. This
approach makes it possible to account for the
actual reserves of the structure’s load-bearing
capacity without the need for labor-intensive
dynamic calculations.

Methods of load and damage identification as a
basis for quantitative evaluation of the real
robustness index of structures are also reflected
in a number of studies. For example, [3]
emphasizes the importance of accurate
diagnostics of the actual condition of a structure
for subsequent robustness assessment. In [4], an
algorithm based on decision-tree methods is
proposed, which employs vibration response
data in combination with a calibrated finite

element model. This approach allows
determining the hazard level of damages,
evaluating the residual service life, and

providing a quantitative measure of robustness
under potential accidental scenarios.

The evaluation of the load-bearing capacity of
steel elements under localized thermal loads is
addressed in [5], where the behavior of
structures in fire conditions is studied. Despite
the considerable number of studies devoted to
the deformational properties and patterns of
progressive collapse in frame systems, the
evaluation of structural strength as a factor
limiting the spread of failures still requires
further systematization both within
deterministic and probabilistic models.
Accidental Loads and Impacts. Research in
the field of robustness assessment of structural
systems under accidental loads is focused on
developing parameters that quantitatively
characterize the intensity of extreme actions,
including seismic ones [6]. Such parameters
include spectral accelerations and
displacements, which make it possible to
indirectly assess the stability of the system
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against progressive collapse. These data
demonstrate the multifactorial nature of
conditions  influencing  robustness.  The

distinctive feature of this approach lies in
comparing the parameters of the impact not only
by their amplitude characteristics but also
according to criteria of efficiency, feasibility,
and distance to the epicenter of the accidental
action.

In [7], emphasis is placed on the behavior of
steel frames under thermal effects caused by
fire. A methodology is proposed that involves
local evaluation of thermal impact on individual
elements of the structure, followed by a
generalized verification of the strength of the
entire system. Fire scenarios consider both the
removal of central (internal) and edge columns,
thereby allowing different failure configurations
to be analyzed.

The methodology of local-global analysis is
applied in [8], where the robustness of frame
structures under thermal heating is assessed. In
this approach, a single column is subjected to
dynamic loading, while the remaining part of
the frame is analyzed under static loading. It is
shown that such a method can be universally
applied to structures made of various materials
and improves the accuracy of evaluating system
behavior under accidental conditions.

Influence of Joint Connections on Structural
Robustness. The study [9] focuses on analyzing
the stability of steel frame buildings with bolted
connections depending on their height.
Buildings with 5, 10, and 15 stories were
considered, and the results showed that taller
buildings demonstrated better robustness
characteristics. Particular attention was paid to
probabilistic approaches, in particular, the
construction of fragility curves for various
progressive collapse scenarios. In [10], [11], it
is emphasized that the robustness of a structure
is a determining parameter of its safety,
especially in steel frame systems where the key
elements are beam-to-column joints. The Monte
Carlo method was applied to account for
stochastic variations in mechanical parameters,
which was used to analyze system vulnerability
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under accidental impacts. Tornado diagrams
were employed to evaluate the sensitivity of the
system to variations in parameters such as span
length, modulus of elasticity, and yield strength
of elements, considering statistical variability of
material properties. Studies [12], [13] are
dedicated to the behavior of frame joints
subjected to bending moments. The authors
highlight the importance of forming a ductile
failure mechanism of connections to increase
the overall robustness and reliability of the
system. Parameters promoting joint ductility are
proposed, enabling the effect of sequential
localization of failures. Publications [14], [15]
investigate the behavior of steel frames under
sudden column removal and in the presence of
flange end-plates. It was found that including
end-plates contributes to effective localization
of damage, thereby improving robustness.
Accident scenario analyses in [16], [17], [18]
demonstrated that the strength and design
characteristics of joints have a decisive
influence on the system’s ability to withstand
both instantaneous and progressive failures of
columns. Experimental data indicate that flange
geometry  significantly  affects  damage
localization and thus determines the level of
robustness. In [19], a solution is proposed to
enhance the ductility of beam-to-column joints
by using special slots, which enable a chain-
reaction mechanism and thereby increase the
overall robustness of the frame.

Deterministic and Probabilistic Indicators of
Robustness.  Integration of  Artificial
Intelligence Technologies. In several studies
[20], [21], the problem of robustness of
structural systems is addressed using a
combined approach that integrates traditional
engineering calculation methods with modern
artificial intelligence tools. Data obtained from
the analysis of deformation characteristics of
structures under different accidental scenarios
are processed using machine learning
algorithms. This makes it possible to develop
predictive models that assess the influence of
structural parameters on overall robustness.
Results demonstrate that optimizing geometric
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configuration has a stronger impact on
improving robustness than the use of materials
with higher mechanical properties. In [22], [23],
the introduction of a structural safety index is
proposed, which incorporates uncertainties
inherent in design conditions. Such an index
allows for informed decisions regarding the
need to adjust design parameters, taking into
account the probability of progressive collapse
development. It was found that the inclusion of
uncertainties in calculations can reduce the
estimated robustness by up to 30% compared to
deterministic assessments. At the same time, the
strength of steel is particularly emphasized as a
key parameter influencing the final evaluation.
Modern approaches to structural health
monitoring also include damage detection
technologies employing neural network models.
For instance, [24] proposes a method of visual
image analysis that wuses artificial neural
networks to determine the degree of corrosion
damage in steel elements, enabling more
accurate  quantitative evaluation of the
robustness index. A comprehensive robustness
assessment of seismic-resistant structures is
presented in [25], where the robustness index is
defined as the difference between unity and the
sum of both material and non-material losses.
These losses are calculated based on failure
scenarios obtained through direct dynamic
simulation, fragility curve construction [26], and
probabilistic failure evaluation. Depending on
the obtained robustness index values, a
classification of seismic resistance levels of
multi-story steel-framed buildings is proposed.
In [27], robustness is considered through the
lens of strength loss in elements resulting from
structural vulnerability. Accidental scenarios in
this approach are modeled either as completed
events or with assigned probabilities. It is
concluded that systems with high ductility
demonstrate higher robustness indices. In [28], a
multi-criteria methodology for robustness
evaluation is proposed, which considers energy,
loading, and stiffness parameters, as well as
specific failure mechanisms. A system of
indices is introduced that comprehensively
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characterizes the mechanical safety of steel-
framed buildings and structures. Here,
robustness is defined as the ability of the system
to maintain stability in the presence of local
damages that could trigger cascading collapse.
Publication [29] provides a comparative
analysis of approaches to evaluating the
robustness of steel structures against progressive
collapse. Both a deterministic method, applied
in seismic design of buildings [30], and a
probabilistic method, based on event-tree
construction, are used. Simulation results led to
the formulation of a new robustness index that
accounts for both the potential of chain failure
and the deformational properties of frame joints.
Engineering Solutions Aimed at Preventing
Progressive Collapse. In [31], a structural
solution is proposed to enhance the robustness of
steel frame systems by incorporating an
additional roof truss. This truss redistributes
internal forces in cases of partial or complete
removal of beam or column elements under
different accidental scenarios. Results of
numerical modeling showed that under
accidental loading the system transitions into a
plastic state, with deformations forming due to
the development of plastic hinges. Optimal
stiffness values of truss elements were
determined, which provide the highest efficiency
under emergency conditions. The influence of
diagonal bracing on the robustness of steel
frames against progressive collapse is examined
in [32]. Two system configurations were
considered—with and without bracing. It was
found that including diagonal members
significantly increased the ultimate load-bearing
capacity of the structure—by 129.7% and 45.1%
in different cases. These results demonstrate the
substantial effect of bracing schemes on
robustness. It should be noted, however, that
robustness in this work was evaluated solely
within a deterministic framework. In [33], high-
rise buildings (50 stories) designed according to
ASCE 7 and AISC standards were analyzed.
Alongside assessing frame robustness, the effect
of building plan configuration on resistance to
progressive collapse was also studied. It was
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established that when the central column is
removed, the overall plan shape of the building
has a decisive influence on system behavior.
Conversely, when edge columns are removed,
local factors dominate and the plan geometry
plays a smaller role. Thus, plan geometry may be
considered an additional parameter affecting
robustness in certain collapse scenarios.
Publication [34] is also devoted to the robustness
of tall buildings, while [35] considers a combined
scenario in which the initial accidental action is
an earthquake, followed by fire. The research
focused on four- and eight-story steel frame
structures with V-shaped or diagonal bracing.
The obtained results highlight the importance of
considering combined impact scenarios when
evaluating robustness parameters.

Based on the literature review, the scientific
relevance of the task addressed in this study—
probabilistic robustness assessment of frame
structural systems—has been substantiated.

2. METHODS

The following assumptions are used as the main
prerequisites for checking the robustness of a
frame structure:

o the condition that the structure remains in a
final deformed state without transition into a
collapse mechanism after accidental loading;

o the condition of non-fracture of sections after
stabilization of the dynamic effect of the
accidental action;

o the condition of section strength under peak
dynamic loads.

2.1 Geometric Stability After Accidental
Loading. Such a state can be mathematically
expressed as follows:

(K146 = 2R} + {7}

/\((cona’OO [K])_l < /1) .
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where [K] is the global stiffness matrix of the
frame finite elements; {8} is the displacement
vector; {P,,} is the nodal load vector simulating

the application of moments at plastic hinge
formation points; {P} is the external nodal load

vector; a=FR)/Bi,, B

im > is the limiting load factor

im
at which equilibrium conditions are still satisfied.
The parameter A is presented in Table 1.

Table 1. Determination of parameter A

Characteristic of the system
Geometrically Instantly Geometrically
stable unstable unstable
A>100 | 1079 <2<107?] 2<107'°

Geometric instability of the system under
accidental action may arise not only due to the
applied loads but also because of member
failure. The coefficient A may be computed
through selection or by solving an extremal
combinatorial problem. The conditioning
number of the stiffness matrix is calculated
using the infinity norm:

cond,, [K] = ”[K]”OO X

1SN

2)

9
[0}
where [o|_ is the symbol for the infinite norm.

2.2  Condition of Non-Fracture After
Dynamic Effect of Accidental Loading. As a
rule, building structures use materials that
initiate  elastoplastic  fracture. For most
structures, this type of failure begins with the
formation of a crack. If the crack propagates,
the structure first undergoes local damage and
then complete failure. The condition of local
crack growth in fracture mechanics 1is

approximately  described by the Rice-
Cherepanov contour J-integral [36]:
oU;
J:l(Wdy—O‘iynya—xlijZJC,,, (3)
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where W is the strain energy density at the
crack tip; o, , U; are the equivalent stresses and
displacements at contour point C in direction y
perpendicular to crack propagation; J, 1is the

critical value of the integral defining the energy
required for crack growth.

2.3 Strength Condition of Structural Members.
Practical experience in analysis and design of
load-bearing structures has shown that the strength
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of members under peak dynamic loads can be
assessed in quasi-static form. The static equivalent
is obtained by multiplying the static load by a
dynamic coefficient, which wusually does not
exceed 2.0. Material strain-rate strengthening
should also be considered. In this case,
standardized design methods can be applied. For
reinforced concrete and steel structures, the main
formulas are summarized in Table 2.

Table 2. Strength assessment conditions for members under accidental action

Beams ‘

Columns |

Joints

Steel structures [37]

1. Strength in the span under | 1.
compression and  bending | element
according to formula (106).

sections according to formula
(42) for structural design class 1,
according to formulas (54)-(55)
for classes 2 and 3.

Overall stability of the
in accordance with
formula (109)

2.0verall stability of the element | 2.  Strength  check using | (186)-(188), (190)
according to formula (69) formula (106) for short
3.Shear strength in support | columns

1. Welded joints, formulas
(175)-(181)
2. Bolted joints, formulas

Reinforced concrete structures [38]

M, 1s the maximum moment

M <My, Ne<M,;;; N <Ny, | Condition IZ,>1,, of actual
Mis the bending moment M, = Rybx(hy—0,5x) + anchoring reinforcement.
Iti fi ' ' iti
resulting  from an emergency YR A (hy—d) Condition
impact. o, <R,

e 1is the eccentricity of the

. longitudinal force, N,N,, are |Of tensile strength of
absorbed by the cross-section s . ult: reinforcement
tensioned rebars by the cross-section, | 5778 '
’ respectively_ deSlgn resistance of
reinforcement.
2.3 Reliability Indices for Robustness | R |_|<7 |
y MN
Assessment B = z ,
2.3.1 Steel Structures. Two criteria are \/ S (é'MN )2 +S(1§’y )2
introduced for reliability indices: the probability é— L 1 L )
of failure due to normal stress exceeding limits v =N/AEM . y/I, N= fl(é) )
\
(Eq. 4), and due to shear stress (Eq. 5). These M. = (é)

failure types are typical for sections of steel
frame elements:
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R| -z,
\/S( SR

z( {fo/IxtW : 1 class of SSS
x 9
/A, :2,3 classes of SSS
0, = f(0)

where [, B, are reliability indices; oy, 7,

)

are mean values of normal and shear stresses in
critical sections; R, R, are design strengths in

bending and shear; S(g are standard deviation

Mx,éx,cg' ,z(xare values of
variants in samples of internal forces and

of wvalues,

stresses obtained by statistical modeling or
based on data monitoring of the technical

condition of structures; 4,S,/,t,,A4,,, y values

are the geometric characteristics of the section
under consideration, in particular for an I-beam,
this is the area, static moment, central moment
of inertia, wall thickness, web area, and the
coordinate of the point where the stress is

calculated; é is the value of the random
variable of the applied load; f, 7,/

analytical laws that determine the dependence
of internal forces on the load. The standard
deviation of the random variable o, (1) in the

arc

presence of longitudinal forces and bending
moments in the section is calculated as:

ya

S(O'MN):\/D(]Sf/A)+D(]\(4xy/1x)+2cov((lgf/A ),(A%xy/fx)),

((

cor((N /4 ).(R1,01,)) =L 3((Mr

i=1

where D(Q is the variance from the argument;
cov((g),(g))is the covariance, () is the mean

value for the sample population under
consideration, # is the sample size.

When beam elements of the structural system
fail due to stability conditions, the reliability
index takes the form:

\

F—
I Dp ch

B lou]

(8)
\/S(é- ) +S(1§)

where o, is conditional normal stress in the

beam, taking into account the longitudinal force;

W.., ¢, are values determined by regulatory

documents during stability
particular according to [37].
For columns loaded as a result of emergency
impact by longitudinal force and bending
moment, the stability reliability index is:

analysis, in

Volume 22, Issue 1, 2026

(6)
)/(1,4 ))i—(§/A )(]\</_[xy/lx), 7)
|R| |5N| é _i, )

JS(ém FS(k )

where o 1is conditional normal stress in the

column, taking into account the longitudinal
force; @, 1s stability coefficient under

compression  with  bending, determined
depending on the values of relative eccentricity

n and conditional flexibility 4 and relative

eccentricity, reduced to the cross-section shape
by a coefficient.

2.3.2 Reinforced Concrete Structures

The specific features of reinforced concrete
failure imply two principal failure mechanisms.
The first corresponds to section failure due to
the formation of a plastic hinge. The second
occurs when concrete is excluded from load-
bearing, resulting in a chain-type mechanism.
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For the first failure mechanism, the reliability
index [ of beams is calculated as follows:

|Mult|_|MmaX| (10)

Br= >
JS(M,)? +S(M

2
max )

b

where M, is the bending moment in the

section that can be resisted by concrete and

reinforcement; M, ,, is the maximum moment

in this section under accidental loading;
S(M,;;), S(M,,,,)are the standard deviations

of the random variables M,

For reinforced concrete columns, the reliability
index [ under accidental action is determined

It » Mmax .

as:

(|Vuze| = | Nimac|) -
Be = > >
VSN2 +S(eNay)

(1)

where N, N, are the maximum axial forces

max
carried by concrete and reinforcement in the
section and the axial force under accidental
loading; respectively; e is the eccentricity of
axial force; S(eN,;), S(eN, are the

max)

standard deviations.

In the absence of experimental data, the
standard deviations can be generated under the
assumption of a normal distribution of the
random variables. In the case of the chain-type
failure mechanism, columns subjected to
additional accidental loads generally do not fail.
Therefore, the reliability indices may only be
calculated for beams. In this case, rupture of
reinforcement and its slip in the intact part (loss
of anchorage) may occur. For reinforcement
rupture, the reliability index can be expressed as
(12), and for anchorage loss as (13):

max |

JS@E)? +S(ema)®

el -l

Bry1 =

(12)
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_ lan _ISJ;
RV2 — 5
JS(,) + 512

(13)

where ¢, is the rupture strain of reinforcement;

& is the tensile strain of reinforcement under

max

accidental load; /,, is the design anchorage

length determined according to standards; lf,],; is

the anchorage length of reinforcement after
formation of the kinematic chain under
accidental loading;S(¢,), S(&max) SU).

S(lf,{; )denotes the standard deviations of these

random variables.

2.4 Quantitative Assessment of Robustness

Robustness of structural systems in the works of
both domestic and international researchers has
most often been evaluated using deterministic
indicators. These were associated with the
analysis of transition into a geometrically
unstable system under accidental actions. For
frame structural systems, robustness can be
assessed using a probabilistic indicator. Its
physical meaning lies in the fact that the system
does not fail either under normal service
conditions or under accidental scenarios, that is:

(14)

E
Wg= PnoPdum s

where P

no

system under normal operation, and Py, is the

is the probability of no-failure of the

probability of no-failure of the system under an
accident or different accidental scenarios. In
conventional design, this probability is typically
within P, =0.95+1; in optimal design aimed at
minimizing costs without consideration of
robustness, it is 0.98+1. For a fully safe system
in the idealized case, W, =1, but in such a case

the cost of the
unacceptably high.
For a frame structural system with m beams, n
columns, and & joints, the probabilistic indicator
of robustness can be computed as:

structure may become
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mg

Wp= H(Pno,i (1 = Pam.i )) 8

i=1

xﬁ(Pno,j (I_Pdam,j ))X

J=1

m,,
XH (Pno,k (1 - Pdam,k ))
k=1

(15)

Here P

no,i>

P

wo.j» Do are the probabilities of
no-failure of beams, columns, and joints of the
frame in the absence of accidents under normal

service; By, ; is the probability of accidental
failure of column i; F,, ; is the probability of

accidental failure of beam j; is the same for
joint k. These probabilities are determined as:

Pdamzl_(oas—l'@(ﬂ)) (16)

where @(f)is the Laplace function, B is the
reliability index (Eqs. (4), (5), (8)—(13))
calculated for each structural element or joint. If

the condition of no-failure for one or more
groups of elements or joints is not satisfied,

q,
; v >
______ \ m I
1 %
q, 1 |
—
1"~-o0--
| |
| )
777 7”77 /J’ Yecd
a)

robustness of the system is considered not
ensured. In this case, it can be written as:

max

m, Pdam :075;
v H(WJ-)J\/ D(p)=0; =[O+0,6]
/= B=0.

(17)

[

In particular, if all beams and joints of the frame
remain functional but columns fail, the system
is not considered robust

Wgr=0,95-0,6-0,95~0,55<0,6.

Under different accidental scenarios, element
failures may be multiple and realized according
to a sequential scheme (Fig. 1a) or a parallel
scheme (Fig. 1b).

q,
v _ v
~ -1
I ~—oo—— |
q, |
v
=+
1
b)

Figure 1. Possible failure schemes: (a) failure of a beam, (b) failure of a central column; shaded
circles — zones of possible plastic hinge formation

For example, the probability of failure for a
system of two beams failing one after another in
sequence 1-2 can be determined on Fig. 1a as:

Volume 22, Issue 1, 2026

Prn = Piam1 + Piam1 - Piamo - 1f condition (1) is

not satisfied, or according to (2) the system is
geometrically unstable, then robustness is not

ensured Wy, =0.
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3. RESULTS AND DISCUSSION

A steel frame made of structural steel with a
yield strength of R, =375MPa is considered.

The scheme is shown in Figure 2. Each element
is assigned a number: beams and columns are
designated by digits. The cross-sections of
members were selected with a safety margin of
load-bearing capacity. It is assumed that this
reserve of strength may be mobilized under
accidental conditions. Potential accidental
scenarios are indicated with crosses. These
situations may be accompanied by the formation
of a system of plastic hinges. It is assumed that
such a mechanism ensures localization of failure
and prevents further progression.

The design of the structure was carried out with

Anatoliy V. Alekseytsev, Natalya S. Kurchenko

- self-weight (dead load) of reinforced concrete
slab and steel elements ¢ = 40 kKN/m;

-wind load including mean and pulsating
components, applied from both directions;

- snow load for Region I
(Moscow) s =13,2 kN/m;

- additional snow accumulation ds = 39,6 kN/m:;

- live load on floor slabs v =9kN/m;

- live load on the roofv, =3 kN/m.

Standard deviations of random load values,
corresponding stresses, and strength of S375
structural steel were determined using
statistical modeling. To obtain the required
standard deviations, a base random sample of
values uniformly distributed between 0 and 1
was generated. Sample values are given in
Table 3.

account of standard service loads. The
calculation included the following factors:
gtv,ts A-A
S—— 1
B 5 J
7 % g s 2.8m Lo 1T T g
qgtv giv,ts |
{ ] ) : |
3 4 IL 130 L 130 \f‘
], 260 T
4 5 6 28m HE260A
giv Ay qiv B-B
| ] il } }
A " .
1 2 - |
. 5 3 13.0m I Ty
Bl | B . |
184.5 ’5:‘ 1845
369
3 6 m 0 Sm .
« i > W360x370x134
a) b)

Figure 2. Calculation scheme of the frame (a): 1-8 — column numbers, 1-5 — beam numbers;
cross-sections of columns and beams (b)
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Table 3. Sample data for determining standard deviations under the normal distribution law

@10 @120 @130 3140 4150 ®51-60 W61-70 @71-80 @81-90 @91-100
0,980 0,112 0,733 0,266 0,212 0,140 0,740 0,847 0,233 0,368
0,070 0,370 0,017 0,540 0,028 0,757 0,336 0,611 0,812 0,355
0,115 0,209 0,591 0,708 0,896 0,438 0,885 0,981 0,961 0,189
0,069 0,896 0,250 0,715 0,926 0,567 0,458 0,187 0,917 0,904
0,938 0,463 0,396 0,623 0,753 0,674 0,010 0,701 0,093 0,989
0,329 0,969 0,398 0,627 0,914 0,486 0,471 0,836 0,759 0,500
0,079 0,127 0,843 0,105 0,245 0,025 0,742 0,050 0,565 0,629
0,810 0,441 0,831 0,752 0,327 0,022 0,293 0,574 0,419 0,003
0,196 0,935 0,960 0,149 0,981 0,667 0,525 0,066 0,297 0,016
0,958 0,166 0,248 0,937 0,705 0,453 0,368 0,052 0,431 0,761

Experimental data on the coefficient of
variation of steel strength under uniaxial
tension were used as initial input. Statistical
variants of stress o, and strength R, values

were calculated as:

R,;=wR,,
the normal stress and the design strength. Thus,
using the data of synthetic statistics based on
the normal distribution (or processing
experimental data when available), the
reliability indices can be calculated according
to formulas (4) and (5).

O .i = DO\ »
oyy» R, are the sample means for

3.1 Normal Service Conditions. For normal
service conditions of structural elements,
which from the perspective of structural
mechanics are considered long members,
normal stresses act as the determining factor
in strength evaluation. However, in critical
sections of beams, the influence of shear
forces additionally manifests itself. Therefore,
using only normal stresses for assessing load-
bearing capacity may lead to an incomplete
characterization of the stress state. To improve
the accuracy of analysis, it is advisable to
apply equivalent stresses according to the von
Mises criterion. This approach makes it

Volume 22, Issue 1, 2026

possible to account for the combined action of
normal and shear stresses. The distribution of
equivalent stresses is shown in Figure 3a. For
comparison, Figure 3b presents a frame
optimized according to the criterion of
minimum material consumption. These data
were taken as the initial input for calculating
the reliability indices, the values of which are
given in Table 4.

Analysis of the data presented in Table 4
shows that optimization of the structure
according to the criterion of minimum
material ~ consumption leads to  an
economically efficient design solution.
However, this significantly reduces the level
of structural reliability. The reduction reaches
several orders of magnitude. Under such
conditions, the probability of failure of load-
bearing elements increases, and even factors
arising from the statistical nature of the
mechanical properties of steel or variability of
applied loads may trigger failure. For
quantitative evaluation, calculations of the
probabilities of no-failure of columns and
beams were performed. The results of these
calculations are presented in Table 5.
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Table 4. For calculating the probability of element failure under normal service conditions

1N9 of Original structure, Optimal structure, i dD( ﬂR) P Jam.i
clement %e / ¢ , MPa M , MPa ﬂRopt q)(ﬂRopt) Pdam,i,opt
y y
Columns
1 56/337,5 119/300 Pr>5; 0,5 0
4,76 0,499997 3.107°
2 57/337,5 130/320 Pr>5 0,5 0
Bropi >3 E 0
3 28/337,5 83/280 Same Same Same
4 61/345,0 128/321 -//- -//- Same
5 53/345,0 94/342 -//- -//- Same
6 67/345,0 205/299 Br>5 0,5 0
2,47 0,4933 6,7-107
7 84/345.0 193/321 Pr>5 0,5 0
3,36 0,49955 4,5.107
8 86/345,0 196/342 Pr>5 0,5 0
3,84 0,499922 8,8-107
Beams
1 192/375 289/375 4,81 0,499997 3-10°°
2,26 0,4881 1,19-1072
2 163/375 260/375 ﬂR >5 0,5 0
3,02 0,49863 1,37-107
3 204/375 313/375 4,5 0,499997 3.10°°
1,63 0,4484 516-107
4 225/375 368/375 3,9 0,499948 5,2-107
m 0,0714 0,4286
5 224/375 313/375 4,0 0,499968 3.2.10°7
1,63 10,4484 | 516107

Table 5. For calculating the probability P,,

Original structure

Optimal structure

o Risk at a
Columns Beams Columns Beams Probability
loss of 1
8 5 8 5 of the frame million
H Pno,i H Pno,i Pno,c = H Pno,i Pno,b = H Pno,i nonfailure
i1 i1 i1 i1 rubles
1 0,999997x | 0,999997-0,9933 0,9881-0,99863-0,9484x | (0,9999] 90
x0,999997 x %x0,99955%0,999912 = | x0,5714-0,9484 = 0.5034 496600
x+0,999948 x =0,99276 =0,50714
x0,999968 =
=0,99991
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Table 5 shows that the design optimized solely
according to the criterion of minimizing
material consumption is characterized by a
significantly higher level of risk. In this case,
the probability of material losses exceeds the
corresponding indicator of the initial design by
several orders of magnitude. At the same time,
failure of the load-bearing system does not
necessarily lead to its complete collapse. The
most probable scenario is damage to the support
joint of the roof beam in the area of increased
snow accumulation. Based on the analysis of the
data in Tables 4 and 5, it is evident that designs
optimized only in terms of material efficiency
do not possess robustness.

3.3 Accidental Scenarios. Dynamic effects
arising from support removal are modeled in a
quasi-static formulation, using the well-known
formula of G.A. Geniev. In this study, only the
initial design is analyzed, without optimization.
It is assumed that in all variants of the frame
system, joints function without failure. The
probabilistic assessment of the robustness of the
frame is carried out step by step:

a)

a) The probability of no-failure of the system
under normal operation is determined. It is
computed as the product of the probabilities of

no-failure  of individual elements. In
conventional design, this probability is close to
unity (see Table 5).

b) The probability of no-failure of beams and
columns is calculated under the condition of
removing one column. In this case, the frame
elements follow a parallel failure scheme.

c) The probability of no-failure of beams is
determined under the condition of removing one
beam while all columns remain intact. In this
case, the beams of the frame follow a sequential
failure scheme.

3.3.1 Accidental Scenario A. The results of the
linear quasi-static analysis are presented in
Figure 4a. Analysis of the stiffness matrix of the
system showed that it is geometrically stable.
Verification of equilibrium conditions made it
possible to construct a calculation scheme with
a minimum number of plastic hinges. The
obtained data are used to form the initial
parameters presented in Table 6.

b)

Figure 4. Diagrams of equivalent stresses (MPa) of the frame: (a) linear analysis with plastic
hinges, (b) analysis considering physical and geometric nonlinearity

Volume 22, Issue 1, 2026
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Table 6. Calculation of failure probability for structural elements

Anatoliy V. Alekseytsev, Natalya S. Kurchenko

No of O'e_/(l) MPa ﬂR q)(ﬂb) Pdam,i
element R, ’
Columns
1 124/337.,5 p>5 0,5 0
2 169/337.,5 4,43 0,499997 3,0-107°
3 - - - -
4 102/345,0 p>5 0,5 0
5 85/345,0 To xe To xe To xe
6 108/345,0 -//- -//- -//-
7 54/345,0 -//- -//- -//-
8 133/345,0 -//- -//- -//-
Beams

1 249/375 3,31 0,49945 0,00055
2 288/375 2,28 0,4887 0,0113
3 281/375 2,47 0,4933 0,0067
4 246/375 3,39 0,4996 0,0004
5 317/375 1,52 0,4357 0,0643

Based on the data in Tables 5 and 6, it is determined:

Wy ~0,999997 - (1—-0,00055)-1-(1—0,0113)-0,999997 - (1—0,0067) - 0,999948 - (1 — 0,0004)

xo,999968-(1—0,0643)-1-(1—3-106) ~0,9179.

The robustness condition is satisfied:
Wpr~0,9179>0,6. Nonlinear analysis also

confirmed that the system retains robustness.
During deformation, two plastic hinges are
formed in the beams. The maximum deflection
reaches about 49 cm. With a story height of 280
cm, such a deflection does not hinder
evacuation of people and/or removal of
equipment. It should be emphasized that in this
case robustness is ensured by a structural
solution providing a partial cantilever
suspension effect realized by the beams.
However, with an increase in applied loading
this solution may prove insufficient. In such
situations, the installation of diagonal elements
is required to redistribute forces and enhance the
system’s resistance to progressive collapse.

3.3.2 Accidental Scenario B. The condition of
physical fracture of the beam is examined. First,
condition (3) is verified. If it is false, then at a
certain maximum value of kinetic energy and
under the actual stress—strain state, the beam is
capable of sustaining the accidental impact with
the formation of plastic hinges. In this case, a
kinematic chain is formed, and the element
continues to function as part of the frame
according to the principle of a cable system. If
condition (3) is true, a crack is initiated in the
beam. Its propagation leads to rupture of the
structural element. For definiteness, in this
practical calculation the presence of a micro-
defect in the support joint of the roof beam is
assumed. An approximate evaluation of the Rice
integral in this particular case, considering the I-
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section profile and the condition of lateral
bending, is carried out using the formula
obtained by transforming expression (3).

Al
Jzzz I (AI)Z +AGSOiRuh}dA
i=0 2hb’ bi Rs i
2
YJ +315, . (18)

2
c,+0 o,—0O
o= [%j +3[ZT

where Ao, 1s the increment of equivalent
AP, is the

1
increment of accidental load, 4, b, are the

(17)

stresses at each integration step,

section width and the height from the crack
mouth to the opposite edge of the section,
respectively; R,, R, are the temporary and

design strengths of steel; A;is the increment of

structural deflection corresponding to the value
AP.. It was established that under vertical

1
dynamic loading applied to the roof beam (Fig.
2), the magnitude of which after conversion to a
static equivalent with a coefficient of 2 amounts
to Py =120 kN, an uncontrollable crack growth

occurs, leading to rupture of the section. In this
case, part of the load is transferred to the beam
of the lower story. To describe such a failure
scenario, the computational model may be
modified by introducing contact elements.
However, since these modeling aspects are
beyond the scope of the present study, they are
not considered here. For simplification, it is
assumed that approximately 5/6 of the static
equivalent of the accidental load, i.e., about
100 kN, is transferred to the underlying beam
through the support node. The modified scheme
for analyzing the probabilistic robustness
indicator is shown in Figure 7. The
corresponding values of the reliability index are
presented in Table 7. Even the linear quasi-
static calculation (Fig. 7a) demonstrates that
rupture of the beam causes a significant
additional bending moment in the left column of
the two adjacent stories. Nonlinear analysis
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confirms that redistribution of bending forces
also occurs in the first-story beam, where a
plastic hinge forms in the support section (Fig.
7b). Taking into account the sequential failure
of beam 3 and beam 1, we obtain:

8
WR = H(Pno,i (1 - Pdam,i ))|:Pno,1 (1 - Pdam,lpdam,S )j| X
i=1
5

<1 (P (1= Pran, )) = 0,6318 >0,55.
j=2

In this accidental scenario, the system possesses
robustness, which is confirmed by the results of
nonlinear analysis.

The right-hand side of the robustness criterion
(Wr >0,6) for the load-bearing system can be

refined depending on the type of structural
scheme and the adopted serviceability criteria.
However, the performed calculations showed
that for reinforced concrete and steel frame
systems of buildings and structures subjected to
service loads, this condition is fulfilled.

The question of applicability of preliminary
quasi-static assessment for predicting robustness
remains debatable. Nevertheless, comparison of
results from geometric instability evaluation
with plastic hinges and multiple analyses
considering physical, geometric, and structural

nonlinearities revealed no  discrepancies
between the forecast and  subsequent
calculations.

Future research perspectives are associated with
extending the developed provisions to other
types of frame systems, including high-rise and
unique structures. At the same time, it is
reasonable to consider not only the design stage
aimed at preventing accidental states but also
the service period, during which damage
accumulation is possible. Such damages may
include defects caused by overloading, changes
in planning solutions, as well as environmental
impacts such as corrosion processes.

As potential accidental scenarios, alongside
column removal, standard fire exposures and
various degradation patterns of elements due to
corrosion may also be considered.
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CONCLUSION

1. A methodology for probabilistic robustness
assessment of frame systems in buildings and
structures has been developed. The approach is
based on an indicator that accounts for the
probability of maintaining the functionality of
part of the structural elements while allowing
for failure of individual members in the zone of
accidental  action  localization. =~ Through
calculations on steel and reinforced concrete
frames, an integral threshold value of the
proposed robustness criterion W, >0,6 was

obtained, at which the robustness of frame
systems is ensured under typical accidental
scenarios.

2. The applicability of the methodology has
been demonstrated using different schemes of
accidental action localization in a steel frame
with I-shaped profiles. This confirms its
suitability for analyzing both newly designed
and retrofitted steel systems.

3. The method allows evaluation of the
effectiveness of various strengthening measures
for the load-bearing system and for increasing
its resistance to progressive collapse. High
effectiveness of diagonal bracing in frames has
been established, which is consistent with other
research findings. At the same time, the limited
efficiency of merely increasing cross-sectional
sizes for localizing progressive collapse without

forming a kinematic chain has been
demonstrated.
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RELIABILITY OF ENCLOSING STRUCTURES ACCORDING TO
A GIVEN CRITERION OF THERMAL PROTECTION

Natalya L. Galaeva
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The requirements of thermal protection, along with the requirements of mechanical strength and
stability imposed on enclosing structures, are among the key requirements that must be taken into account, taken
into account and monitored not only when developing building projects, but also after their construction, since it
is these indicators that will determine the energy efficiency and cost-effectiveness of the construction projects
being implemented. These requirements are presented in the current regulatory documentation of the Russian
Federation and are described by certain mathematical models consisting of a set of parameters. When using these
models, the expert (or the designer) can conclude whether the enclosing structure meets a certain requirement, for
example, the requirement for reduced heat transfer resistance, or does not meet this requirement, however, he (the
expert) cannot say and assess how reliable this structure is by one or another criterion of thermal protection or by
a set of criteria. This article presents specific methods for determining the quantitative indicator of the reliability
of thermal protection of enclosing structures and proposes to reduce the reliability assessment to a value or range
of values that will range from 0 to 1. This approach will allow for a multifactorial assessment of the energy
efficiency of enclosing structures and allows experts, based on the results obtained, to draw conclusions about
reliability. enclosing structures according to various criteria of thermal protection.

Keywords: reliability, enclosing structures thermal protection, climatic parameters, resistance to heat transfer,
possibility, probability, probability of uptime, the need for trouble-free operation

HAJEKHOCTD OTPAXKIAIOIUX KOHCTPYKIHUW 11O
3AJIAHHOMY KPUTEPHUIO TEIJIOBOM 3AILIUTHI

H.JI TI'anaesa

HarwmonanbHeii nccnenoBaTenbekuii MOCKOBCKHIA TOCYTApCTBEHHBIN CTPOUTEIBbHBIN YHUBEPCUTET, T. MockBa, POCCHUS

AnHotanusi: TpeOoBaHMsi TEIUIOBOH 3allMTBl HAa PAAY C TPeOOBAHUSIMHU MEXAHWYECKOH IMPOYHOCTH U
YCTOHYMBOCTH, MPEIBSIBIIIEMBIC K OIPAXKIAOIIAM KOHCTPYKIUSM SIBIISTFOTCSI OJHUMU M3 KITFOUCBBIX TPEOOBaHUH,
KOTOpBIC HEOOXOJMMO MPHHUMATh BO BHHMAHHE, YYUTHIBATH U KOHTPOJIMPOBATH HE TOJBKO TPHU pa3padoTke
MPOCKTOB 3JIaHWi, HO M IIOCIC WX BO3BCACHUS, T.K. UMCHHO OT 3THUX IIOKa3aTelicii OyneT 3aBUCETh
SHEProdPPEKTUBHOCTh W SKOHOMHUYHOCTH OJKCIDTyaTalldd PEalM3yeMBIX CTPOUTCIBHBIX OOBEKTOB. JlaHHEIC
TpeOOBaHMUS MIPECTABICHEI B ICHCTBYIOIICH HOPMAaTUBHON JOKyMEHTAIu Poccuiickoit @enepaliuil M OMUCAHEI
OTIpeIeIICHHBIMI MaTEMAaTHICCKIMHA MOJICIISIME, COCTOSIIIMMH M3 Ha0opa mapaMeTpoB. [Ipu CIONb30BaHUN 3TUX
MoJIeel AKCIepT (WA MPOSKTHPOBIINK) MOYKET CIETATh BBIBOJ COOTBETCTBYET JIM OTPAKIAIONIAs KOHCTPYKITHS
OTIpe/IeIICHHOMY TpeOOBaHUIO, HAIPHMEP, TPEOOBAHUIO K MPUBECHHOMY COTPOTHBIICHUIO TEILIOTICPEIAYH, UITH
HE COOTBETCTBYET ATOMY TpeOOBaHHIO, OJTHAKO, OH (PKCIEPT) HE MOXKET CKa3aTh M OLICHUTH HACKOIBKO JaHHAsS
KOHCTPYKLMS HAJEXkKHa 110 TOMY WJIM MHOMY KPUTEPHIO TEIIOBOM 3aILUTHI WM 110 COBOKYITHOCTU Kputepues. B
HACTOSILIEH CTaTbe IMPENCTABIEHBl YAacTHbIE METOIMKH JJsl ONPENENICHUs KOJUYECTBEHHOIO IOKa3aTelst
HAJE)KHOCTH TEIUIOBOM 3alIUThl OrPakIAIOIIMX KOHCTPYKLUUHN U MpeaiaracTcs NpUBECTH OLEHKY HAJEKHOCTH K
3HAYCHHUIO WJIM MHTEpBATy 3HAUEHUH, KOTOopbie OyayT HaxoauThcs B nuamnazoHe or O mo 1. Taxoi moaxon
MIO3BOJIUT MTPOBOANUTH MHOTO(AKTOPHYIO OLIEHKY SHEPreTHYECKOH A(PPEKTUBHOCTH OrPayKAAIOIINX KOHCTPYKIUH
U JaeT BO3MOXHOCTb 3KCIIEpTaM, Ha OCHOBE IIOJIyYEHHBIX PE3YyJIbTaTOB, JEJaTh BBIBOABI O HAJEKHOCTH
OTpaXkIAIOIIMX KOHCTPYKIIUK TIO Pa3IMYHBIM KPUTEPUSIM TEIUIOBOH 3aIlUTHI.

KaroueBble ciioBa: HaJIC)KHOCTD, OTpaXKJA0IINE KOHCTPYKIUH, TCIIJIOBas 3allUTa, KIMMAaTUYCCKNUEC NMapaMETPhI,

CONPOTHBJICHHE TEIUIONEepeaye, BOSMOKHOCTb, BEPOSITHOCTh, BEPOSITHOCTh OE30TKa3HOM padoTHl,
HEOOXOANMOCTh OE30TKa3HOW PabOTHI
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Reliability of Enclosing Structures According to a Given Criterion of Thermal Protection

INTRODUCTION

The current regulatory documents of the Russian
Federation, the requirements of which must be
taken into account when designing enclosing
structures forming the heat-protective shell of
buildings to provide thermal protection, establish
a certain set of requirements, including a
requirement for the value of the reduced
resistance to heat transfer [1]. At the design stage
of the building, design engineers, based on the
initial data obtained in the terms of reference,
develop design solutions for enclosing structures,
which are confirmed not only by appropriate
engineering and technical calculations, but also
by the results of modeling temperature fields in
various specialized software packages, in
particular, it can be the Elcut software package,
which allows to accurately simulate the
distribution of temperatures along the thickness
of various types of enclosing structures [2-4,
etc.]. After the implementation of the building
project under development, its construction, or
after a certain period of time, after the facility is
put into operation, it is possible that the entire
enclosing structure or its individual fragments do
not meet the thermal engineering indicators
stated in the developed building project (i.e., the
values may be lower than those set by the
project), as well as the requirements stated in
current regulatory documents, which In the
future, the operation of the building will lead to
increased energy consumption. Such
discrepancies can be caused by various factors: a.
deviation from the accepted design decisions, for
example, the use of analog materials during the
construction of a building (in particular, external
enclosing structures), the thermal properties of
which may not correspond to the design values;
b. violation of production technologies during the
installation of facade systems; c. deterioration of
thermal engineering properties of external
enclosing structures as a result of exposure to an
aggressive environment, including atmospheric
influences, duration of operation of the enclosing
structure, etc. If the first two (a, b) of the above-
mentioned causes of deterioration of the thermal
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engineering properties of the enclosing structure
may arise as a result of the “human factor” and
can be eliminated by introducing stricter control
over the materials and structures used, as well as
the process of building construction, then the
third (c) possible cause may be the result of
natural deterioration of thermal engineering
properties resulting from: 1. wear and aging of
materials and components of the facade system,;
2. various possible adverse effects on the exterior
enclosing structure, i.e. natural processes occur
that occur during the entire period of operation of
the enclosing structure, leading to irreversible
changes in the properties of materials, in other
words, natural wear of the enclosing structure
occurs, which is not always possible to stop. At
the design stage of the enclosing structure, a
certain level of its thermal reliability is laid, the
value of which will change over time as a result
of changes in the properties of materials. It is
known that reliability is the property or ability of
an object, building element, or building structure
to maintain its functions that ensure its normal
operation over time. The existing regulatory
documents do not contain information on how to
quantify the reliability of thermal protection of
the enclosing structure. The issues of evaluation
and development of reliability calculation
methods are presented in a fairly large number of
scientific papers [5-12, etc.]. However, in most
cases they are aimed specifically at finding
methods for determining reliability and
evaluating it according to criteria such as
strength, stability, etc. From the point of view of
decision-making, a building or a certain structure
can be considered as a system that consists of a
certain set of elements, each of which will have
its own impact on the overall reliability of the
entire system. when assessing the overall
reliability, for example, of a building as a whole
or its individual external enclosing structure, it is
necessary to identify a list of criteria, including
not only criteria for mechanical strength and
stability of system elements, but also criteria
describing the requirements for their thermal
protection. In the proposed article: 1. the methods
of determining the quantitative indicator of the
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reliability of a fragment of an external enclosing
structure according to one of the criteria of its
thermal protection are shown (an element-by-
element requirement is considered), using the
provisions of mathematical statistics, probability
theories and fuzzy set theory; 2. it is proposed to
reduce the assessment of the thermal reliability
of enclosing structures to a value or range of
values that will range from 0 to 1.

METHODS

In the framework of this work, particular
methods for calculating the reliability of the
enclosing structure are considered according to
the criterion of meeting the element-by-element
requirement for thermal protection established by
the regulatory document SP 50.13330.2024,
respectively, for two variants of the initial data
set for controlled parameters. The mathematical
model describing the condition of the element-
by-element requirement in relation to the thermal
protection of a fragment of the enclosing
structure can be written as follows:

R,>RE, (1)
where R, and R/’ are the values of the reduced and
normalized heat transfer resistance, respectively,
m?°C/W. For a thermally homogeneous
fragment, condition (1) can be written as R,>R*.
To calculate a quantitative indicator that will
characterize the thermal reliability of a fragment
of the enclosing structure, it is necessary to
conduct a preliminary examination, during which
the following must be performed: 1. identification
of the enclosing structure according to the
available design documentation (installed: the
type of enclosing structure, the number of layers,
their compositions, components, for example,
which were used to attach thermal insulation
boards to a load-bearing base, etc.); 2. preliminary
thermal imaging examination in order to identify
thermal inhomogeneities; 3. assessment of the
multiplicity of room air exchange. Based on the
results of the survey, the expediency and
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possibility of conducting field tests of the selected
fragment of the enclosing structure is established
in order to collect the necessary information on the
controlled parameters. One of the options in
which a fragment of the enclosing structure cannot
be used for conducting field studies is the case in
which there are defects caused, for example, by
infiltration of the enclosing structures, etc. A
preliminary examination of the building's
enclosing structures in order to select the
fragments under study is an important step in
assessing their reliability, which helps to obtain
the most reliable calculation results. Since the
parameters included in equation (1) may be
variable, equation (1) can be written as:

Ri=R, (or Ry=R,"), )
where  R=(a((tyy-tn)zn)+b)m, (a, b are
coefficients taken depending on the building group;
m,=1 is a coefficient that takes into account the
specifics of the construction region) in the problem
considered in the article can be considered as a
deterministic value, because all the parameters
included in the formula for its determination can be
taken strictly in accordance with the requirements
of the current regulatory documentation, but it is
likely that it may be necessary to determine the
value of the parameter r/¢ for a certain location of
the construction site for which official statistics on
the required climatic parameters are not available,
in particular in this case, the parameter R, can be
considered as a random variable or a fuzzy
variable, for example, the parameters: a, b and ¢,
can be taken as deterministic quantities, and ¢#,, or
z, can be taken as a random variable or a fuzzy
variable, depending on the completeness and
quality of the initial set of information, according
to controlled parameters that can be used in
calculations. For example, in [8-11and et al.], the
issues of probabilistic and statistical modeling of
climate data arrays, including using artificial
intelligence, are raised and a conclusion is given on
the applicability and expediency of such an
approach. In other words, the parameter R, in
some cases can be represented as a certain set of
values: {R)S; RS, ..., Ry*} m*°C/W. Let's assume
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that there are no official climate data for the
geographical location on which the construction
object is located, while the specified object is
located at approximately the same but sufficiently
large distance from the nearest settlements for
which official climate statistics are available and
these data have a significant (for a certain situation)
difference in temperature values and may further
affect influence on the decisions made based on the
results of calculations, it is necessary to analyze the
available information, Mathematical data modeling
can be used. In some cases, fuzzy set theory can be
used to enable data description. To determine the
set of statistical information for the parameter %,
(or Ry), it is necessary to conduct field studies, as a
result of which a certain set of values will be
determined: for a thermally homogeneous
fragment — {R;;; Rz ... » Ry} m*°C/W or for
thermally homogeneous — {R;;; Ry ... , Ry}
m?-°C/W. For this purpose, depending on the task,
enclosing structures oriented to N, N-W or N-E are
selected in accordance with the requirements of the
national standard GOST R 59939-2021. As a result
of the research, sets of statistical data are obtained
on the following parameters: temperatures (1.
internal (#in/) and external (Zev) air; 2. internal (Zn)
and external (zew) surfaces of the surveyed
enclosing structure); actual heat flux density (q).
For a thermally homogeneous fragment of the
enclosing structure, the parameter R, can be
determined for each set of the above parameters

according to the equation:
E(): (;int:%int) + (%int'%ext) + (%ext‘;int) — (;int:;ext), mZ,OC /W

q q q
(written R, because the thermally homogeneous
fragment); for a thermally inhomogeneous

fragment of the enclosing structure — Rf = A/
(X A;/ Ry, m*>°C/W, where A4 is the area of the
enclosing structure under examination, m?; 4; is the
area of the characteristic isothermal zone, which is
determined by the results of thermal imaging of a
fragment of the structure under examination, m?;
R, is the heat transfer resistance of the
characteristic zone, m? °C/W. R, (or R,), depending
on the completeness obtained as a result of field
tests, statistical information about the parameters
Eints Lexts Tint> Texe and g can be represented as
random variables or fuzzy variables. Next, it is
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necessary to analyze the data on the parameters R,
and R! and, depending on the completeness of the
information received, methods of probability
theory can be applied to determine the reliability of
the enclosing structure (or its fragment) according
to the criterion of fulfilling the piecemeal
requirement for thermal protection. or fuzzy set
theory. Let's consider two options for calculating
reliability using the mathematical model (2):

1. Let the parameters K, and R, be used to obtain
complete statistical information, according to
which the law of their distribution (the normal
distribution law) and its parameters were
established: my;, mye, Spr, Spe= — i.e. K, and R,*
are random variables. In this case, the reliability
of the fragment under study will be characterized
by an indicator of uptime according to a given
criterion and a safety characteristic can be used:

m R -m R{r]eg

4 /SIZ?Z +S§reg
probability of uptime according to criterion (2)
can be determined using tables of normal
distribution functions:

, according to which the value of the

PRZRE)=D()), 3)

2. Let's assume that there are limited statistical
data available for the parameters R, and R, *, i.e.
the statistical information turned out to be
incomplete. In this case, R, and R,® are
considered as fuzzy variables that will be
characterized by the same opportunity

distribution function (ODF) of the form:

7r(R) :e-[(R-aR)/bR]2 4)
where az=R,ut Ryin)/2y br=Roax - Ryin)/(2N-In 1),
a€[0;1], a — the risk level. The use of this function
(ODF) to describe uncertainty and determine
reliability indicators (the possibility method) was
shown in the works of Doctor of Technical
Sciences, Professor V.S. Utkin, as well as in the
works of his students [13-15 et al.] applied to
building structure elements.For the case
considered in the article, for fuzzy variables R,
and R, we will have:
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Graphically, the functions s (RS) and mz (R,) can
be represented as shown in Fig. 1.

e (Ro)

e (RG®)

agr RT ay RCE, R
Figure 1. Graphical representation of functions:
e (R®) and Ty (R))

According to Fig. 1, if ay > ay«, then the
possibility of trouble-free operation will be equal
to R=1 (not to be confused with the designation
of heat transfer resistance). The value of the
possibility of failure can be found by finding the
abscissa of the intersection point R* ODF:
mpe=(Ry) and my (R;) and substituting this value
into any of the values specified in equations (4),
for example, Q=my (R° ):e-/ﬁ?*'”RZ)/bRZj . The need

for uptime: N=1/-0 and, therefore, the reliability
interval will have the form: [R;N].

RESULTS AND DISCUSSION

As an object of research, we will take a fragment
of the enclosing structure, which is a fragment of
a blank exterior wall of a building with a hinged
facade system (type FTCS, facade thermal
insulation composite system). Let it be that, as a
result of a preliminary thermal imaging
examination of the fragment, the possibility and
feasibility of field tests were established, no
temperature anomalies were detected. The
geographical location of the construction site is
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Moscow, Moscow region. We will take the initial
climatic parameters based on the data from the
weather archive of the meteorological station No.
27612 (Exhibition of Achievements of National
Economy, Moscow) for the period from 2014 to
2023. The results of the analysis of the arrays of
climatic data obtained from the weather sensor for
the specified period are summarized in Table 1.

Table 1. Climatic parameters

the average Duration

temperature of of the

Ne Year the period at period,
text < 8 °C day
1 2014 -1.5 195
2 2015 0.17 198
3 2016 -1.9 195
4 2017 -0.32 210
5 2018 -3.28 183
6 2019 0.035 186
7 2020 1.11 192
8 2021 -1.93 203
9 2022 -0.9 194
10 2023 -1.33 181

In table 2, the values of the parameters are
determined based on the climatic data and the
data in table 1.: 1. degree-day of the heating
period (Da); 2. the normalized value of the heat
transfer resistance R,* for a given location of the
studied enclosing structure (Moscow).

Table 2. Parameter values: Da and R

° R,

Ne Year Da, °C-day m2oC/W
1 2014 4197.32 2.87
2 2015 3926.05 2.77
3 2016 4278.02 2.90
4 2017 4266.66 2.89
5 2018 4260.68 2.89
6 2019 3713.51 2.70
7 2020 3626.33 2.67
8 2021 4451.58 2.96
9 2022 4047.24 2.82
10 2023 3861.35 2.75
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Thus, the parameter R is represented as a certain
set of values.: {2.87;2.77;2.90; 2.89; 2.89; 2.70;
2.67; 2.96; 2.82; 2.75} m*°C/W. Let's consider
it as a random variable distributed according to
the normal distribution law, with distribution
parameters: my« = 2.82 m*x°C/W; Sp= = 0.091
m?-°C/W. Let's assume that in order to collect
statistical information on the parameter R, (or
R,), field studies were conducted, during which
arrays of data on the parameters were obtained:
1. the temperatures of the outer (%) and inner
surfaces (#inr) of the fragment under study; 2. the
density of the heat flux passing through the
fragment (¢) under natural conditions. Let's
assume that the period during which the changes
were carried out is 10 days. After the formation
and processing of the obtained arrays of
statistical data on the controlled parameters, the
sets of values of the parameter R, are determined.
For a more visual representation of the problem
being solved, we will generate a data array
consisting of 100 values of the parameter R, . For
the resulting set of values {R}; Ry, .- » Rb100}>
we carry out statistical processing and analysis of
data, after which we accept the parameter R:as a
random variable distributed according to the
normal distribution law, with distribution
parameters: my = 3.06 m?-°C/W, Sgr = 0.07
m?-°C/W. A fragment of the array will look like
this: {3.15;2.97; 3.13; ... ; 3.07; 3.12} m?-°C/W;
maximum value: R, ,. =323 m?°C/W;
minimum value: R;, ,,;, = 2.89 m*°C/W. Then, the
probability of trouble-free operation under the
condition of equation (2) using equation (3) will
be equal to

PR.=R)=d()=d (2222 )—0.9817. Let's
RZR)=2 (1) V0.07+0.0912

consider the same example, but let's take both
parameters R, and R,* as fuzzy variables that will
be characterized by a set of the form (4). The
parameters of the set are: 1. y (R,) — ag=3.06
m>°C/W; br=0.10 m>°C/W; 2. myes (RYS)

ap==2.82 m?2-°C/W; bp==0.11 m2-°C/W. The
possibility of trouble-free operation will be equal
to R=1, because a,=3.06 m>°C/W > ap==2.82.
The value of the abscissa of the intersection point
R*ODF: mes (R) and i (R)) will be equal to 2.95

o
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m?°C/W, then the value of the possibility of
failure is substituted by R* in any of equations
(5), and will be equal to Q = 0.27, and the need
for trouble-free operation will be equal to N=1-
0.27=0.73. The reliability of the studied fragment
of the enclosing structure under the condition of
fulfilling the piecemeal requirement for thermal
protection will be characterized by the interval
[0.73;1]. The value of the reliability indicator
P=0.9817, obtained using methods of probability
theory, is more convincing for experts from the
point of view of decision-making, since it is
unambiguous, compared with the value of the
reliability indicator in the form of an interval
estimate [N=0.73; R=1], obtained using fuzzy set
theory. In this case, the value of P=0.9817 falls
within the range [0.73; 1], i.e. the true reliability
value was inside the obtained range. The
example considered in the article shows that
when calculating reliability according to the
criterion described by equation (2) for a fragment
of an enclosing structure, some useful statistical
information was lost when using the probability
method. At the same time, one rather important
point should be noted: the use of this method may
be advisable in the absence of complete statistical
information on controlled parameters from
experts.

CONCLUSION

The proposed work presents methods for
determining the quantitative indicator of the
reliability of the enclosing structure according to
the criterion of fulfilling a piecemeal requirement
(requirements for reduced resistance to heat
transfer), using the provisions of classical
mathematical apparatus, namely the provisions
of mathematical statistics, probability theory and
theory of fuzzy sets. Depending on the amount of
information available to experts about the
controlled parameters obtained as a result of
technical inspections and monitoring studies, a
methodology is selected for calculating the
reliability indicator. The presented approaches to
calculating the quantitative indicator of thermal
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reliability make it possible to bring the reliability
estimate to a value that will be in the range [0; 1],
which facilitates a multifactorial assessment of
the energy efficiency of various types of
enclosing structures.
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NUMERICAL SIMULATION OF SWIRLING FLOWS
WITH SEPARATION ZONES

Vadim K. Akhmetoy
Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstact. A numerical study of axisymmetric viscous swirling flows of fluid was carried out at moderate
Reynolds numbers. The mathematical model is based on the use of the complete Navier-Stokes system
equations, written in terms of the stream function, vorticity and azimuthal velocity variables. Boundary value
problems for flows with different configurations are formulated. The numerical solution is carried out by the
finite-difference relaxation method using the Leonard scheme of the third order of accuracy for approximating
the convective terms in the transport equations and the method of incomplete reduction for solving the Poisson
equation. The flow streamlines and velocity distribution patterns were obtained. The results are compared with
available experimental data. The possibility of using the obtained results for the analysis of turbulent flows by
introducing effective parameters is considered.

Keywords: swirling flows, coaxial flows, finite difference method, recirculation zones, vortex breakdown,
effective parameters

YUCJEHHOE MOJIEJTUPOBAHUE 3AKPYUEHHBIX TEUEHUI
C OTPBIBHBIMU 30HAMHU

B.K. Axmemoe

HanuonaneHelil uccnenoBarenbckuii MOCKOBCKHM FOCYJapCTBEHHBIN CTPOUTENbHBIH yHUBepcuTeT, Mocksa, POCCUA

AnHoTauusi. [IpoBeneHO YHCIEHHOE UCCIEJOBAHUE OCECUMMETPUYHBIX 3aKPYUEHHBIX TEUEHUH BS3KOU
JKUIKOCTH NPU YMEPEHHBIX 4Mcaax PeliHombaca. MaTtemaTuueckass MOJEIb OCHOBAaHA HA HMCIOJNB30BAaHUHU
MOJIHOW cucTeMbl ypaBHeHWit HaBbe-CTOkca, 3allMCaHHON B NEPEMEHHBIX (DYHKIUHM TOKa, 3aBUXPEHHOCTH M
asuMyTaiabHOM ckopocTtu. ChopMyIHpOBaHBl KpaeBble 3amauyd i1 TCUCHHU C pa3iMYHON KOH(UTYpaIUCH.
UucieHHOE pelIeHue NPOBOAMUTCS KOHEYHO-PA3HOCTHBIM METOJIOM YCTaHOBJIEHUS C IIPUMEHEHUEM CXEMbI
Jleonapaa TpeTbero mopsiika TOUHOCTH IS alllIPOKCUMAIMN KOHBEKTHBHBIX YJICHOB B YPABHEHUAX IEepeHoca U
METOJla HEMOJHON peayKUMH Mpu pemieHuH ypaBHeHHs Ilyaccona. IlomyuyeHbl KapTUHBI JMHUH TOKa U
pacnpenieneHuss CKOpocTel B MOTOKe. Pe3ynbTaTbl CpaBHMBAIOTCS C HMMEIOIIMMUCS SKCIEPUMEHTAIbHBIMU
JTaHHBIMHU. PaccMoOTpeHa BO3MOJKHOCTH MCIIONIB30BAHMS MOYYCHHBIX PE3YJIBTATOB ISl aHAJIN3a TypOyJICHTHBIX
TEYEHHH 3a CUET BBEACHUS d(PPEKTUBHBIX ITAPAMETPOB.

KroueBbie c10Ba: 3aKkpydeHHbIE TEUCHNUS, KOAKCHATIBHBIE TIOTOKH, METOJ] KOHEYHBIX Pa3HOCTEH,
PEeUMPKYIISAIMOHHBIE 30HbI, pachajl BUXPs, 3PPEKTUBHBIEC TapaMETpPhI

1. INTRODUCTION

Swirling flows are widely used in various
technical devices [1, 2] and hydraulic
engineering structures [3-5]. The properties of
swirling flows are utilized for combustion
stabilization,  intensification = of  mixing
processes, gas cleaning from dust, particle
separation, thermal separation of flows, energy
dissipation in vortex drop shafts, in counter-
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vortex devices for reservoir aeration, as well as
in many other fields, particularly in the
petrochemical, microbiological, and food
industries. A distinctive feature of swirling
flows is the formation of separated recirculation
zones upon reaching a certain critical value of
the initial flow swirl. These zones can be
beneficial or may cause undesirable effects. The
aim of this work is to perform numerical
simulation of swirling flows with separation
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technical
hydraulic

zones in relation to various
applications and problems in
engineering construction.

2. PROBLEM STATEMENT AND
RESEARCH METHODS

Studies of the hydrodynamics of swirling flows
of a viscous incompressible fluid at moderate
Reynolds numbers are based on the complete
system of Navier-Stokes equations. Assuming
axisymmetry of the flow in a cylindrical
coordinate system r,¢@,z. Here, z-axis is

directed along the axis of the flow under study,
in terms of the stream function v, vorticity Q,
and azimuthal velocity V, , these equations can

be represented as follows:

2
107y oflov]_ o (0
r oz or\ror
2. 2 r.0)+Lro)-
ot 0z or
2 2 2
_1]2’a 9o Q+i(9j L2 L) @
Re| 022 o2 or\r r 0z
oV, o 10 ViV
—+—V Ve )|+ ——\rV, Vo )+ =
ot 82( (p) r@r(r (P)
2
:L 0V _,_li r% _V_‘P , (3)
Re| 0z2 rorl or ) 2
V=LV oy LV o O OV gy
r o0z r or oz oOr

The system of equations (1)-(4) is written in a
conservative dimensionless form. The axial V,
and radial V, velocities are referred to the
characteristic value Uy . The azimuthal velocity
Vo refers to the characteristic value Wy. The
coordinates refer to the characteristic size R,
time refers to the value R/Uj. The parameters
of the system are the Reynolds number
Re=UyR/v, where v 1is the kinematic

viscosity, and the swirl parameter G =W, /U,.

66

Vadim K. Akhmetov

These equations are essentially nonlinear.
Analytical solutions for specific problems can
only be obtained in a number of special cases.
The boundary value problem is formulated by
setting boundary conditions, which include a
given velocity distribution of the flow at the
inlet to the considered flow region, no-slip
conditions on solid surfaces, symmetry
conditions on the flow axis, and soft boundary
conditions at the outlet.

For an axisymmetric channel with solid walls, at
the inlet of which a swirling flow arrives with a
velocity distribution:

V20(r)= Do + Dy exp(—By rz), 0<r<np,
Vzo(r)=a0+a1r+a2r2, mn<r<li,

Voo(r) = éa —exp(=B> 1)), 0<r<n, )

Voo(r)=by +bir+byr?,

n<r<i

the set of boundary conditions is written as
follows:

v =vyo(r), V(p:V(pO(r)a

N _o, 0<rel, z=0, ©)

oz

v=yo()=y1, Vy=0,

8—W:0, 0<z<z, r=l, 0

or
y=0,V,=0 Q=0, 0<z<z, r=0, (8)
v _0Q _ Vo 4 g<r<l 2oz (9)
0z 0z 0z

To solve the boundary value problem (1)-(4),
(6)-(9) with the initial distribution (5), the finite
difference method was used, employing the
incomplete reduction method [6] for equation
(1) and approximation of the convective terms
in equations (2)-(3) using Leonard's scheme [7].
The calculations assumed the following values:
Dy=1, D;=0, B =0, B,=14, 4=0419,
1 =0.75, z;=10. The characteristic flow
pattern with two separation zones is presented in
Fig. 1.
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Figure 1. Streamlines for Re=150, G=2.6

If the flow is in a channel with permeable walls,
one can assume that additional inflow occurs at
a constant velocity —F; on a part of the lateral
surface 0<z<z,, r=1. Then the boundary
condition (7) for the stream function at
r = 1 must be replaced by the following:

0<z< 2z,
zoLz< zp.

v=Vz+vy, (10)

v =Vozo+yi,
The main effect in this case is that by setting the
appropriate inflow velocity, it is possible to
influence the boundaries of the reverse flow
zones, up to their complete elimination. Examples
of the calculated flows are shown in Fig. 2.

0.51

0.257

0.51

0 1

2 z 3

Figure 2. Streamlines for Re=150, G=2.6, zy =2.5,Vo=0.01, 0.03 (a, b)

To study the swirling flow in an unbounded
medium (without solid walls), a coordinate
transformation was used in system (1)-(4),
refining the mesh in the near-axis region of the
flow, and instead of r, a variable y was

introduced by the following transformation:

y :lln(1+r/b), rel0,n], yel0,1], (11)
a

Volume 22, Issue 1, 2026

where a and b are constants. A characteristic
pattern of separated flows is shown in Fig. 3.
In this case, the front part of the recirculation
zone becomes more pointed, its diameter
relative to its length decreases, and overall, its
shape corresponds more closely to the bubble-
type vortex breakdown observed in
experiments [8].
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0.5

Figure 3. Streamlines for Re=750, G=0.95

The problem of the interaction of two
axisymmetric swirling flows is relevant in
connection with the modeling of flows in
combustion chambers and gas turbines [2],
vortex chambers, and gas curtains [9]. We will
consider the case where the flow is organized as
follows. Two coaxial flows, separated by a thin
annular partition — an inner non-swirling flow
and an outer swirling flow — enter a cylindrical
channel and interact intensively within it.

For the calculations of the interaction between
the axial and annular swirling flows at the inlet z
= 0, velocity profiles with a uniform distribution
and the following values were specified:

Uo=1, Voo(r)=0, 0<r<p,

Ui =225Veo(r)=Wi=1,n<r<n, (12)

in which it was adopted that n =0.25, n=0.5
for R=1.

The most important properties of the flows
discovered during the study are the emergence
of a near-axis recirculation zone upon reaching
a critical swirl rate, the formation downstream
of this zone of a secondary recirculation region,
and the development of an annular recirculation
zone due to the splitting of the first zone by the
inner jet flow. Characteristic streamline patterns
are presented in Fig. 4.

N
LI

S
LI

Coaxial swirling flows are used in vortex
combustion chambers [1]. The resulting near-
axis recirculation zone serves as a kind of flame
holder and is an example of vortex breakdown

2 z 3
Figure 4. Streamlines for Re=150, G=2.25 (a), 2.75 (b)

[8]. Consider the flow in an axisymmetric
channel, at the inlet of which two coaxially
swirling flows are supplied: an inner flow
(0<7r<ry) and an outer flow (7o <r<ry). The
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rotation can occur in either the same or opposite
directions. The velocity distribution at z = 0 is
specified as follows:

1, OSI"S”C],

1—ki(r—1a)°, ra <r<l,
Vao(P) =1 V. —ka(r—r2)?, 1<r<r,, (13)

Vz*a ISI"SI"Cz,

Vi —ky(r—ns3)’, ra<r<n,

S17, OSI"SI"g],

1= s:(r—r1a)’, Tal S¥ <Fa2,

1= s3(r—12)%, Far <1<l
Voo(r) = V(;—s4(r—ra3)2, 1<r<r;s,

A = exp(=BO/ 1)), iy < 7 <1

r

b0+b1r+b2r2, Vs <r<n.
where rn=n/n=4, A=0554, B=8,
r1=094, 1r,=106, r3=394, 1,;=0.9,

Yup =0.94, 1,3 = 1.6, 1,4 =3.94.

The solution of the boundary value problem (1)-
(4) with the given distribution (13) depends on
four parameters: the Reynolds number Re, the
swirl parameter G, and the initial velocity

values of the outer flow VZ* and V(; . Flow

calculations were performed in the parameter
range: 30<Re <500, 0<G<L3,

0.1<V. <0.8, ~1.6<V, <1.4. An example of

the flow calculation for the case of initial swirl
in opposite directions is shown in Fig. 5. The
two-cell structure of the recirculation zone (Fig.
5b) has been noted for bubble-type vortex
breakdown in experiments [11] and numerical
studies [12]. The calculations established that
moderate swirl of the external flow in both the
same and opposite directions can lead to both a
reduction in the size of the near-axis
recirculation zone (up to its complete

disappearance at V, > 0) and an increase in its

size. Strong swirl of the external flow |V$ |>1

always leads to an increase in the size of the
recirculation zone.

S

0

Let us consider the possibility of describing
experimentally studied turbulent flows using the
above-proposed model of swirling flows based
on the concept of effective parameters. The
experiments [13] were conducted on an
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10 12
Figure 5. Streamlines for Re=250, G=1.8, V. =0.3, V, =-0.1,-0.8 (a, b)

aerodynamic stand, the working section of
which was a plexiglass tube with a diameter of
D = 14.5 cm. The inner jet was supplied into the
measured test section from a copper tube with
an outer diameter of 3.86 cm and an inner
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diameter of 3.43 cm. The Reynolds number,
based on the average flow velocity U, and the
tube diameter D, was Re = 2.5-10°.

We introduce into consideration the effective
values of the turbulent viscosity coefficients
v, and v, in the longitudinal and azimuthal
directions. Experiments [2] have shown that
strong anisotropy of turbulent viscosity is
observed in the flow, and v, ./v,, = 4.

We define the turbulent value of the Reynolds
number Re,, as follows:

Uy R 1

Relz - _\/E,
Vi 1 VA

where U,, is the average flow velocity, A is the

(14)

hydraulic resistance coefficient, and x 1is a

universal constant.

Based on the available experimental data, the
hydraulic resistance coefficient along the pipe
length is calculated using the formula of A.D.
Altshul:

x=01u51+§§W”=
D

Re
.02
=01u00-+ 685ﬂ%=oow,

145 2.5-10
where k,=0.02 mm - Kko3pduIHEHT
LIEPOXOBATOCTH  MOJUPOBAHHOTO  OPICTEKJIa.
Hcnonw3ys 3HAYECHUE YHUBEpCaAIbHOU
noctostHHOW 11t Bosmyxa o =0.07, u3 (14)
HaXO0JIUM Re,. =330. [TepecunThiBas
MOJY4YEHHOE YHUCIIO Peitnonbaca B

COOTBETCTBUM C XapaKTEPHbIMU BETMYMHAMH —
MAaKCUMAaJbHOM CKOPOCTH BHYTPEHHEH CTpyH
Uy B HauanbHOM ceueHuu z =0 u paauycy r,
MOJIyYUM:

where k, =0.02 mm is the roughness coefficient
of polished plexiglass. Using the value of the
universal constant for air y = 0.07, from (14)
we find Re,, = 330. Recalculating the obtained

Reynolds number in accordance with the

Vadim K. Akhmetov

characteristic values — the maximum velocity of
the inner jet U, at the initial section z = 0 and

the radius 7 — we obtain:

Re,. =330720 _ 1179,

Uy n

In the experiments [13], integral swirl
parameters for the inner and outer flows (S,

and S, respectively) were used, defined by the
relations:

[v.v,ridr
=t =01, (15)
}""J.VZ2 rdr

. . r__ " __ . .- __ . r __ " __
j=0:r=0,r=n;, j=1:1r=n,r=n.

In the series the ratio

V., =U,/U, of the average axial velocities at

of experiments,

the chamber inlet and the swirl parameter S, of
the inner flow varied insignificantly:
V. =0.69-0.74; So =0.59-0.71.
Recirculation zones were observed for five
cases under consideration, in which the values
of the initial swirl of the outer flow were:

S =-0.38,-0.19, 0, 0.21, 0.42. (16)
To conduct a comparison with the experiments,
we take the average values of the inner jet
parameters V. =0.7, S, =0.66. Substituting the
specified initial velocity distribution (13) into
(15) considering (16), we find the effective

swirl parameters for the calculation G =0.763
and:

Vo =—0.408,-0.25,0,0.27,0.43.  (17)
We determine, by analogy with [14], the
effective values of the flow parameters using the
expressions:
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Vtz

G. =G 20763-4~3, (18)
Vie
Re. =Re. @ - 179 35 (19)
Vis 4

Taking this into account, the numerical solution
of the boundary value problem (1)-(4), (13) for
comparison with the experiment [13] was

]
v /:_

*
*
*
0.5

*
0 [
U a
**
0 5 10 z 15
1
v,
/
° [ ]
0.5 ®

0 5 10 z 15

carried out for Re, =30, G, =3, V, =0.7, and
the values of V(: from (17).

The calculated and experimental distributions of
the axial velocity 7.(0,z) along the channel

length for the cases studied in [13] are presented
in Fig. 6. The good agreement confirms the
possibility of using the proposed model for
calculating turbulent flows.

1

v,
/
NES 8
0.5 L
A
A
A
0
A
A
2 6
0 5 10 z 15
1
v,
0.5
A A A
A A
A
A
0 AA
I
0 5 10 z 15

Figure 6. Comparison of the calculated (solid curves) and experimental [13]
distributions of the velocities V, at the channel axis; S =-0.38, —0.19, 0, 0.21 (a—d)

The influence of the outer flow swirl V(: on the

diameter d, of the near-axis recirculation zone
and the value of the maximum reverse flow
velocity V,is shown in Fig. 7 (calculated
curves 1 and 2). An increase in the swirl of the
outer flow in the opposite direction relative to
the inner flow leads to an increase in the
diameter d, of the recirculation zone and the

Volume 22, Issue 1, 2026

reverse flow velocity V). In the case of the
flows rotating in the same direction, an
increase in the swirl of the outer flow leads to a
decrease in the values of d, and V. The
obtained calculated results are in good
agreement with the experimental data [13] for
all five investigated cases of varying outer flow
swirl.
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Figure 7. Comparison of calculated and
experimental [13] dependencies of the
recirculation zone diameter (curve I and
experimental points) and the reverse flow
velocity (curve 2 and experimental points) on
the outer flow swirl

5. CONCLUSIONS

Based on the complete system of Navier-Stokes
equations, mathematical modeling of swirling
flows of various configurations has been carried
out. For the numerical solution of the boundary
value problems, a software package has been
developed that allows for the efficient calculation
of the structure of separated flows. Detailed
streamline patterns were obtained, the range of
parameters within which recirculation zones form
in the flow was determined, and the internal
structure of the separation zones was investigated.
A comparison of the presented calculations with
experimental data using the method of effective
parameters demonstrates the applicability of the
obtained results for the qualitative description of
turbulent separated flows.

CITMCOK JIMTEPATYPbI

1. 'ynta A, Jlmwuwm [, Caiipen H.
3akpyueHHble TOoTokHu. M.: Mup, 1987. 588 c.

72

~

10.

11.

12.

13.

Vadim K. Akhmetov

Kyrarenagze C.C., Bouaukos 3.1,
Tepexos B.H. AbspoauHamuka u
TEII0Macco0OMeH B OrpaHUYEHHBIX
BUXPEBbIX MOTOKaX. HoBocubupck:
Huctutyt Tennopusuku, 1987. 283 c.

. AxmeroB B.K., Bormanuk B.B., 3yiikos

A.JL, OpexoB I'.B. MopenupoBanue u
pacder KOHTPBHXPEBBIX TEUYCHUU.
Monorpadus. M.: M3n-so ACB, 2012. 252 c.
Bosmanuk B.B., 3yiikoB A.Jl., Mopaacos
A.IlL 3aKkpy4yeHHbIE MOTOKH B
TUAPOTEXHUYECKHX  COOPYXKEHUsX.  M.:
Oneproaromusaart, 1990. 280 c.
KuBoroBckuii B.A. BopocOpocHbie u
COTpSITAIOIINE COOPYXKEHUSI C 3aKpYTKOH
notoka. M.: 3g-Bo PYJIH, 1995. 190 c.
Camapckuii  A.A., Huxonaes E.C.
Meroasl pelIeHUs CETOYHBIX YpPAaBHEHUM.
M.: Hayxka, 1978. 592 c.

Leonard B.P. A stable and accurate
convective modeling procedure based on
quadratic upstream interpolation // Comp.
Meth. Appl. Mech. and Eng. 1979. V. 19. Neo
1. P. 59-98.

JleiitboBuu C. Pacnag Buxps // Buxpesbie
JIBIKEHUs xuakoctu. M.: Mup., 1979. C.
160-196.

Boakos 3J.II.,, I'apunos E.H., dyxux
@.I1. T'azooTBOmsIIIMe TPpYyOBI TOL] 1 ADC.
M.: Dueproaromuzaat, 1987. 278 c.
Lucca-Negro O., O'Doherty T. Vortex
breakdown: a review. Progress in Energy
and Combustion Science. 2001. V. 27. P.
431-481.

Faler J.H., Leibovich S. An experimental
map of the internal structure of a vortex
breakdown // J. Fluid Mech. 1978. V. 86. Ne
2.P.313-335.

Spall R.E., Gatski T.B., Ash R.L. The
structure and dynamics of bubble-type
vortex breakdown // Proc. Roy. Soc.
London. Ser. A. 1990. V. 429. Ne 1877. P.
613-637.

Vu B.T., Gouldin F.C. Flow measurements
in a model swirl combustor // AIAA J. 1982.
V.20. Ne 5. P. 642-651.

International Journal for Computational Civil and Structural Engineering



Numerical Simulation of Swirling Flows with Separation Zones

14. AxmeToB B.K., HIkaxoB B.11.
B3aumopneiictBue cTpyn € KOJIBLIEBBIM
3akpy4eHHbIM moTokom // W3pectus PAH.
MexaHnuka KUAKOCTH U raza. 1995. Ne 2. C.

39-46.

REFERENCES

1. Gupta A.K, Lilley D.G, Syred N. Swirl
Flows 1984 (Abacus Press)

2. Kutateladze S.S., Volchkov E.P.,
Terekhov V.I. Aerodynamics and heat and
mass exchange in bounded vortex flows.
Novosibirsk: Institute of thermophysics,
1987. 283 p. (in Russian).

3. Ahmetov V.K., Volshanik V.V., Zujkov
A.L., Orekhov G.V. Modelirovanie 1
raschet kontrvikhrevykh techenij.
Monografiya. M.: Izd-vo ASV, 2012. 252 s.

4. Volshanik V.V., Zujkov A.L., Mordasov
A.P. Zakruchennye potoki A%
gidrotekhnicheskikh sooruzheniyakh. M.:
Ehnergoatomizdat, 1990. 280 s.

5. Zhivotovskij B.A. Vodosbrosnye 1
sopryagayushchie sooruzheniya s zakrutkoj
potoka. M.: Izd-vo RUDN, 1995. 190 c.

6. Samarskij A.A., Nikolaev E.S. Metody
resheniya setochnykh uravnenij. M.: Nauka,
1978. 592 s.

7. Leonard B.P. A stable and accurate
convective modeling procedure based on
quadratic upstream interpolation // Comp.
Meth. Appl. Mech. and Eng. 1979. V. 19. Ne
1. P. 59-98.

8. Leibovich S. The structure of vortex
breakdown // Annual review of fluid
mechanics. 1978. V. 10. P. 221-246.

9. Volkov E.P., Gavrilov E.l., Duzhikh F.P.
Gazootvodyashchie truby TEHC i AEHS.
M.: Ehnergoatomizdat, 1987. 278 s.

10. Lucca-Negro O., O'Doherty T. Vortex
breakdown: a review. Progress in Energy
and Combustion Science. 2001. V. 27. P.
431-481.

11. Faler J.H., Leibovich S. An experimental
map of the internal structure of a vortex
breakdown // J. Fluid Mech. 1978. V. 86. Ne
2. P.313-335.

12. Spall R.E., Gatski T.B., Ash R.L. The
structure and dynamics of bubble-type
vortex breakdown // Proc. Roy. Soc.
London. Ser. A. 1990. V. 429. Ne 1877. P.
613-637.

13. Vu B.T., Gouldin F.C. Flow measurements
in a model swirl combustor // AIAA J. 1982.
V.20. Ne 5. P. 642-651.

14. Akhmetov V.K., Shkadov V.Ya.
Interaction between a jet and an annular
swirling stream // Fluid Dynamics. 1995. V.
30. Ne 2. P. 188-194.

Vadim K. Akhmetov, Doctor of Science, Professor,
Department of Computer Science and Applied
Mathematics, Moscow State University of Civil
Engineering, 26, Yaroslavskoe Shosse, Moscow, 129337,
Russia, e-mail: vadim.akhmetov@gmail.com

Volume 22, Issue 1, 2026

Axmemoe Baoum Karomoeuu, TOKTOp TEXHUUECKHX HayK,
npodeccop kadenpsl HHOOPMATHKM W NPUKIAJTHON
MaremMaTukn  HanmoHasbHOTO — MCCIIE0BATENbCKOTO
MoCKOBCKOTO rOCYAapCTBEHHOTO CTPOUTETHHOTO
yHuBepcurera, 129337, r. MockBa, SIpocinaBckoe 1iocce,
1. 26, e-mail: vadim.akhmetov@gmail.com

73



International Journal for Computational Civil and Structural Engineering, 22(1) 74-85 (2026)
DOI:10.22337/2587-9618-2026-22-1-74-85

APPLICATION OF COMPUTER VISION TO DETECT DEFECTS
IN WELDS

Marina E. Dement'eva
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: In the context of increasing wear and tear of utility pipelines, improving the quality of diagnostics of
their technical condition, as well as improving the quality of control over construction and repair work, is of
particular importance. Timely detection of defects and damage helps prevent emergency situations and negative
socio-economic and environmental consequences. Traditional methods of visual and instrumental control have a
number of disadvantages, in particular, high labor intensity, long information processing time, and insufficient
accuracy. This problem can be solved by using computer vision to identify and classify damage, which will
improve the quality of defect detection, reduce the likelihood of human error, and speed up the diagnostic
process. However, different levels of readiness of the developed machine learning algorithms require additional
research to confirm the effectiveness of their use in professional fields, for example, when inspecting structures,
which justifies the relevance of this study. The object of the study was the YOLO family of computer vision
models capable of identifying various classes of defects. The aim of the study was to train the YOLOVS,
YOLOVS, and YOLOI11 detection algorithms and to perform a comparative analysis of their speed and accuracy
of data processing using weld defects as an example. The results of the experimental studies show that the use of
the latest version of the model does not lead to significant improvements in the quality of defect detection
compared to previous versions. The results presented in the work allow us to assess the feasibility of using the
new YOLOI1 model to detect defects in radiographic images. Based on the experiments, researchers using
computer vision methods to control the quality of welds can make an informed decision about whether to use
this model or use previous versions of the algorithms.

Keywords: machine learning, lifecycle management, YOLO, radiography, predictive exploitation

HPUMEHEHUWE KOMIIBIOTEPHOI'O 3PEHUA JJIA
OBHAPYXEHUSA JE®EKTOB B CBAPHbIX IIIBAX

M.E. /lemenmoesa
HarwonanbHe1i recnenoBaTenbekuii MOCKOBCKHIA TOCYTapCTBEHHBIN CTPOUTENLHBIN yHUBEpCHTET, T. MockBa, POCCHS

AHHoTanmusi: B ycloBHsAX pacTyiiero wu3Hoca TPyOOIPOBOJOB KOMMYHAIBHON HHQPPACTPYKTYPBI OCOOYIO
3HAYMMOCTh MPUOOPETACT MOBBINICHUE KAa4YeCTBA TUATHOCTHUPOBAHUS HMX TEXHUYCCKOTO COCTOSHUS Ha HTarie
9KCIUTyaTallid, a TaKKe MOBBIIIEHHE KadecTBa KOHTPOJIS CTPOUTEIbHBIX U PEMOHTHO-BOCCTAHOBUTEIBLHBIX
pador. CBOEBpEeMCHHOE BBISIBICHHE AC(PEKTOB W TIOBPEIKACHUI ITO3BOJSET MPEAYNPEIUTh BO3SHHUKHOBCHHE
aBapUIHBIX CUTyalMd W MPEeAOTBPATUTh HETAaTUBHBIE COLUUAIBHO-DKOHOMHUYECKHE M  HKOJIOTMYECKUE
mociencTeus. [IpuMeHsemMble TpaauIOHHBIE METOMBl BU3YAJTFHOTO M MHCTPYMEHTAIBHOTO KOHTPOJS MMEIOT
P HEIOCTaTKOB, B YACTHOCTH, BBICOKYIO TPYAOEMKOCTh, IIUTEIbHOE BpeMs 00paboTKH HWH(OpMAIUH,
HEJOCTaTOYHYI0 TOYHOCTH. PemieHme NaHHOH NpPOONEMBI BO3MOXKHO WYTEM IIPHUMEHEHHS KOMIBIOTEPHOTO
3peHHs U BBIABICHUS M KIACCH(UKAIMK TOBPEKICHHHA, YTO MO3BOJUT MOBBICUTH KAadeCTBO OOHAPYKEHHA
Je(eKTOB, CHU3UTH BEPOSTHOCTH YEIIOBEYECKHUX OIIMOOK, a TaKkKe YCKOPUTH CaM MPOIECC AUArHOCTHPOBAHHMS.
OmHako pas3HbIi YpPOBEHb TOTOBHOCTH pa3palbaThIBAEMbIX alTOPUTMOB MAIIMHHOTO OOydYeHHus Tpedyer
JIOTIOJTHUTEIBHBIX ~ MCCIICAOBAHMMA, KOTOpPhIC MOATBEpAWIH Obl 3(G(GEKTUBHOCTh WX TNPUMEHCHHS B
poeCCHOHATIBHBIX 00JIaCTsIX, HAPUMEp, MPHU 00CIICIOBAHUH COOPYIKEHHI, YTO 0OOCHOBBIBAET aKTYaJIbHOCTh
JAaHHOTO HucclienoBanms. OOBEKTOM HCCIIEOBaHUS JAHHOW CTAaThH SIBIUIMCH MOJEIHA KOMIBIOTCPHOT'O 3PCHHUS
cemeiictBa YOLO, crmocoOHBIE ONpeNeisTh pa3idndHbIC KIAacChl OeeKkToB. Llenpio WcciieoBaHUs CTaIo
oOyuyenue anroputmoB aerekuun YOLOVS, YOLOvVS m YOLOI1l u cpaBHUTENbHBIH aHAIN3 CKOPOCTH H
TOYHOCTH 00pabOTKM MMH JaHHBIX Ha TpUMepe MePEeKTOB CBAPHBIX IIBOB. Pe3ynbTaThl dKCIIEPHMEHTAIHHBIX
WCCIICIOBAHUI ITOKA3BIBAIOT, YTO TPHMEHEHHE IOCICTHEH BEPCHH MOIENd HE TPUBOIUT K 3aMETHBIM
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YIY4IICHHSAM KadecTBa JAETEKIWH Je(PEKTOB IO CPaBHEHHWIO C MPEABIIYIIMMH BepcusMu. IlpakTrdeckas
3HAQUUMOCTh HCCIIC[IOBAHUS 3aKITIOYAETCS B TOM, YTO IIPEJCTABICHHbIE B PadOTE pe3yJbTaThl IMO3BOISIOT
BBITIOJTHATH OIIEHKY IEeJIeCO00pa3sHOCTH MCHONIB30BaHus HOBOM Mojenn YOLO11 s oOHapyskeHns 1eeKToB
Ha IpuMmepe paguorpaduueckux CHUMKOB. Ha OCHOBe NpOBEICHHBIX OKCIICPHMEHTOB HCCIIEA0BATENN,
UCTIOJIb3YIOIINE METO/bl KOMIIBIOTEPHOI'O 3PEHHMs Ul KOHTPOJSl KAaueCTBa CBAPHBIX IIBOB, MOTYT MPHHSATbH
B3BEIICHHOE PEIICHUE O TOM, CTOUT JIM MPUMEHATH 3Ty MOJIENb WM XK€ MCIOJIb30BATh MPEABIIYIINE BEPCUH

aJIrOPUTMOB.

KioueBble ciioBa: MammHHOEe 00yueHue, yrpaBieHne )Xu3HeHHbIM nukioM, Y OLO, panuorpadus,
MIpeJUKaTUBHAS SKCILTyaTalus

INTRODUCTION

According to Rosstat, the average wear and tear
of utility networks in the country corresponds to
an unsatisfactory technical condition. An
increase in emergency situations is recorded,
leading to a decrease in the quality of utilities,
loss of resources, deterioration of the
environmental situation and an increase in
operating costs. Consequently, the quality of
diagnostic measures during construction, repair,
as well as during operational control directly
determines the safety and uninterrupted
functioning  of the  country's utility
infrastructure. Particular attention should be
paid to quality control of butt joints, where
stress 1S most often concentrated, sealing
elements wear out, and corrosion occurs. In our
country, pipelines with welded seams are widely
used, not only in utility infrastructure systems,
but also for transporting gas, oil and other
aggressive liquids. Given the difficult operating
conditions, welded seams become one of the
main sources of problems leading to accidents
with serious socio-economic consequences.

To detect weld defects and prevent accidents,
various methods of both visual and instrumental
non-destructive testing are used [1-3]. The
radiographic testing method has high accuracy
and reliability of results compared to other
methods. Defects in welds are determined
during the study of welded joint images.
However, this work is characterized by high
labor intensity; therefore, automated
radiographic scanning methods of welded joints
are widely used in production. In this case, the
main difficulty lies in processing and
interpreting the radiography results, which
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requires exceptional attention and concentration
of the specialist checking the images. Some
defects may be barely noticeable even in high-
quality images. In this case, there is a high
probability that a non-destructive testing
laboratory specialist will miss the defect.
Therefore, one of the ways to increase the
reliability of weld diagnostics results, as well as
the speed of data processing on radiographic
images, is to use computer vision models to
detect defects [4-6]. The latest scientific
achievements in the field of artificial
intelligence and parallel computing open up
new opportunities for the use of computer vision
models in various fields [7, 8], including
construction and operation, to detect defects in
welds [9, 10]. At the same time, different levels
of technological readiness and market maturity
of high-tech areas, as well as gaps in legislative
regulation dictate the need to study emerging
new products from the point of view of their
effectiveness for practical application in the real
sector of the economy.

Therefore, the objects of this study were the
models of the well-known YOLO computer
vision architecture, in particular YOLOVS,
YOLOv8 and YOLOI11. The hypothesis of the
study was the assumption based on the
developer’s data about the increase in the
efficiency of the YOLO11 model compared to
previous versions, considered on the example of
processing weld inspection materials. The goal
of the study was to perform a comparative
analysis of the accuracy and speed of the YOLO
family of models in solving the problem of
detecting defects in welds on X-ray images. To
achieve this goal, a list of research tasks was
formed:
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1) Preparing a training and test set of images
with defects in welds;

2) Conducting an experiment to train YOLOVS,
YOLOvV8 and YOLO11 models on the training
dataset;

3) Processing the results of the experiment and
comparing the results of the models on the test
dataset using standard metrics for assessing the
quality of their work.

Literature Review

Improvement of the automated quality control
system for welded joints can be based on both
machine learning methods [11-13] and methods
based on pixel brightness and geometric
characteristics of welds [9, 14]. A review of
studies of the most well-known machine
learning algorithms allows us to assess their
advantages and disadvantages for solving
specialized problems. For example, the use of
the SVM machine learning algorithm allows us
to achieve fairly high accuracy, but small
defects often remain undetected by the model
[15]. The use of the AdaBoost algorithm has
shown that it does not allow us to achieve high
accuracy in detecting construction defects [16].
With the development of deep learning,
convolutional models have increasingly been
used to detect defects in welds [17, 18]. Quite
high accuracy is observed when using the Faster
R-CNN model, but the low image processing
speed (7-10 frames per second) does not allow
the model to be used to process a video stream
[13,19].

The YOLO deep learning model debuted in
2015 and has gained widespread adoption due to
its high detection speed and the large number of
versions released fairly quickly. The main
difference between YOLO models and previous
generation solutions [13, 19] is that they solve
the detection problem in one stage. The model
determines a set of bounding boxes based on the
original image, while older approaches relied on
pre-selecting candidate boxes from the image
before feeding them to the model.

The model's operating principle is based on
image processing by three consecutive blocks:
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Backbone, Neck, and Head [20]. Backbone
transforms the image into a set of feature maps,
which represent visual patterns of different
levels. Neck simultaneously analyzes high-level
and low-level patterns containing spatial and
semantic information and obtains features for
the final prediction of bounding boxes. The
Head block is responsible for predicting
bounding boxes and objects in them based on
the features extracted by the Neck block. Each
block, in turn, consists of standard layers used
in computer vision: convolution layers (Conv)
with batch normalization (BatchNorm) and
activation functions (SiLU, Sigmoid, Softmax,
etc.), pooling layers (MaxPooling), residual
connections, etc.

And if the first YOLOv1 model solved only the
detection problem, then subsequent models
began to recognize more classes, with each
modification the architecture of the model
became more complex [19, 21-24]. Thus, in the
YOLOVS model [20] the emphasis was placed
on optimizing computing resources, so it does
not achieve such a high quality as its
predecessors, but it works much faster, which
allowed it to be used in real time.

In the YOLOvV8 model, the architecture was
optimized towards compactness. A significant
change is the division of each branch of the
Head block into two parts (Decoupled Head),
one of which predicts the coordinates of the
bounding box, and the other the class of the
object located inside the box. This architectural
change improves the convergence of the model
and increases the quality of predictions. In [13,
25], a study of the YOLOvV8 model for detecting
defects in X-ray images was conducted, in [26],
a technique for improving the quality of
detection of this model was proposed.

The new YOLOI1l model was presented in
October 2024 [27, 28]. Modifications in this
version affected both the optimization of
computing blocks and the addition of quality
improvement mechanisms [29]. A significant
innovation was the addition of a new C2PSA
(Cross Stage Partial with Spatial Attention) block
with a spatial attention mechanism. Potentially,
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due to focusing on the most significant areas of
the image, this block should increase the accuracy
of object detection. For the latest version of the
YOLOI11 model, no studies were conducted on
the quality of its operation in detecting defects in
welded seams on X-ray images, which justifies
the relevance of this study.

METHODS

Dataset

The dataset provided by the authors [19] was
used to train the neural networks. The dataset is
available at
https.//github.com/huangyebiaoke/steel-pipe-
weld-defect-detection and is distributed under
the GPL-3.0 license, which permits the use of
data with a link to the original source. The
dataset contains 3408 X-ray images of defects in
pipeline welds.

The images represent 8 types of defects: slag
inclusion, weld pores, crack, undercut, and
build-up, lack of weld fusion, weld cavity, and
arc rupture. Examples of images of each type of
defect are shown in Fig. 1.

The number of images of each type of defect is
given in Table 1. The weld seam in the images
has different inclination to the image boundaries
and different zoom levels. All images in the data
set are marked.

Since training neural networks requires a large
amount of data, the original data was supplemented
with images obtained by transforming the original
images, which is a common practice in training
computer vision models.

The following transformations were used:
horizontal and vertical reflection, rotation relative
to the central point of the image within (-
15°...+15°), brightness change in the range (-
15%...+15%), and noise introduction for up to
1.05% of the 1image pixels. Several
transformations can be applied to one image at
once. Transformations preserve the original
structure and content of images, since the changes
are simple geometric and color transformations.
Such image processing allows increasing the
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diversity in the dataset while preserving key visual
features for training the model, which improves its
ability to recognize and process real data, since it
becomes more resistant to "extra" details in the
image. After the addition, the dataset size was
7794 images. The Roboflow service was used to
transform the images.

Slag inclusion Pores in weld

Crack in metal

l N\

‘Metal influx

Undercutting metal

Incomplete weld fusion

Arc break
Figure 1. Examples of weld defects in images

Cavity in weld

Table 1. Number of images in the dataset for

each type of defect
Name of defect Number of images
Pores in weld 1339
Undercutting metal 35
Arc break 531
Crack in metal 119
Cavity in weld 613
Metal influx 219
Slag inclusion 136
Incomplete weld fusion 416
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To speed up model training, the number of channels
in the images was reduced from three (red, green
and blue) to one (grayscale), which allows for faster
model training without losing quality, since all
images in the set are black and white. Also, to
increase the speed of model training, the image size
was reduced to 640x640 pixels.

Configuration of the experimental stand

The online services Google Colab and Roboflow
were used to train the models, one Tesla T4
graphics processor with 16 GB of RAM was used.
The following libraries were used to train the
models: Ultralytics, Roboflow, [Python.

Three models were trained in the study: YOLOVS,
YOLOVS and YOLOI11. YOLOVS was trained to
correctly compare the results of the models due to
the lack of accurate data on image transformations
in the training sample in the study [19]. The
following versions of the models were selected
due to the close number of parameters:
YOLOvV5Sm — 21.2 million, YOLOv8m — 25.9
million, YOLO111 - 25.3 million.

When training the models, the data were divided
into training and validation sets in the following
proportions: 10.4:1. The number of images in
each set was: 6987 images for training, 672
images for validation, and 335 images for
testing the model. The images were divided into
groups in such a way that each group contained
images of each type of defect. Each model was
trained for 32 epochs (complete training cycles
for all data). This number of epochs was chosen
because it corresponded to the maximum
duration of a session in the Google Colab
service. The AdamW optimizer [30] was used
for training. The parameters used in training the
models are given in Table 2.

Table 2. Values of model parameters during

training
Parameter Value
learning rate 0.000833
momentum 0.9
batch size 16
warmup steps 3
dropout 0.0

Marina E. Dement'eva

Evaluation criteria

To determine the accuracy and completeness,
the following object detection outcomes are
introduced:

True Positive (TP) — correctly performed
detection, i.e. the frame suggested by the model
quite accurately coincides with the real frame
established during image marking. The criterion
for coincidence is the loU (Intersection over
union) area intersection coefficient:

Intersection area
IoU = : (1)
Union area

where [Intersection area 1is the area of
intersection of the true and predicted frames;
Union area is the area of union of the true and
predicted frames.

At an loU threshold of 50%, a model prediction
is classified as True Positive if the calculated
IoU value for that prediction is at least 50%.
False Positive (FP) — incorrectly performed
detection, the model predicted an object where
it does not exist, or the true and predicted
frames do not match well enough and the loU is
below the threshold.

False Negative (FN) — incorrectly performed
detection, the model did not detect the object in
the image.

Next, the precision and recall indicators are
calculated. Precision shows what proportion of
objects predicted by the model are actually
correct:

TP
Precision = ——— 2)
TP+ FP

where TP is the number of true positives; FP is
the number of false positives.

Recall measures what proportion of all real
objects in the image were correctly detected by
the model:

Recall = —TP (3)
TP+ FN
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where FN is the number of missed objects in the
image.

Next, the average precision for each defect class
is calculated — Average Precision (4P). Among
the class precisions, there is the mean Average
Precision (mAP):

k
mAP = éz Precision, - Recall, 4

where k is the number of classes.

The standard metrics mAP50 and mAP50-95
were chosen as criteria for evaluating the
performance of computer vision models. mAP50
is the average accuracy among all classes,
which is calculated at a fixed threshold of the
IoU intersection rate > 50%. mAP50-95 is the
average accuracy among all classes in the loU
range from 50% to 95% with a step of 5%.
These indicators allow us to determine the
ability of the model to detect objects of different
classes, taking into account the accuracy and
completeness of detection.

Using these metrics allows us to objectively
compare models by assessing both their ability
to accurately determine both the boundaries of a
defect and the total number of correct and
incorrect predictions.

RESULTS AND DISCUSSION

Comparison of model indicators

Based on the results of training the models over
32 epochs, graphs of changes in mAP50 and
mAP50-95 were constructed on the validation
sample (see Fig. 2 and 3).

Since in practice it is advisable to detect defects
in welds at an JoU threshold of 50% or less, a
more objective metric for the operation of
models is mAP50. For comparison of models,
metrics determined on the validation sample are
provided, since it was not used in training.
Analyzing the graphs, we can conclude that
after training, all models show very close
results, while the mAP fluctuations during
training are the smallest for the YOLOI11
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model. Also, the mAP50 graph indicates that 32
epochs are sufficient for training and comparing
models, since after the 25th epoch, there is a
slight increase in the metric. Among the models
considered, the highest defect detection speed
was achieved by the YOLOvVS5 model. A
comparison of the models' performance speed is
given in Table 3.

— YOLOv5
=== YOLOv8
—-= YOLO1l1

0 5 0 15 20 25 30
warmup steps
Figure 2. mAP50 values during validation
during training

0.70 4
0.65 -
0.60 A

9 0551
2

& 050
0.45

0.40 1

0.35 1

0 5 0 15 20 25 30
warmup steps
Figure 3. mAP50-95 values during validation
during training

Table 3. Model operating speed

Image Processing

Model processing time, frequency,

msec images/sec
YOLOvS 16.4 61.0
YOLOvVS 27.3 33.6
YOLOL11 24.8 40.4

All models demonstrate an image processing
rate of more than 30 images per second, which
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indicates the possibility of using any of them for
video stream processing. The optimization of
the YOLOI11l model compared to YOLOvVS
allows achieving a higher image processing rate.
Table 4 shows the metrics calculated for the
best-performing YOLO11 model training epoch.

Table 4. Best validation scores for the YOLOI1 1

model
Name of defect
(identifier) AP50 | AP50-95

Pores in weld (0) 0.933 0.437
Undercutting metal (1) 0.995 0.583
Arc break (2) 0.975 0.909
Crack in metal (3) 0.970 0.636
Cavity in weld (4) 0.979 0.812
Metal influx (5) 0.995 0.742
Slag inclusion (6) 0.995 0.662
Incomplete weld fusion (7) | 0.994 0.749

Analyzing the results of the experiment, we can
note the low accuracy of detection of pores in
the weld, which may be due to their small size
and low image clarity. For other defects, fairly
close values of detection completeness and high
accuracy are observed.

Figures 4-7 show examples of defect detection
by the YOLO11 model in images from the test
sample. In the upper left part of the frame
around the defect in the image, the defect
identifier (its number from 0 to 7) and the
confidence of the model in determining this
defect are indicated. It can be noted that the
model quite clearly determines the position and
boundaries of defects.

Figure 4. Detection by the model of a cavity (4)
and pores in weld (0)

Marina E. Dement'eva

Figure 5. Detection of metal influx (5) by the
model

Figure 6. Detection of a crack in metal (3) by
the model

Figure 7. Detection of Incomplete weld fusion
(7) by the model

In Tables 5 and 6 shows a comparison of the
training results of the models.

The YOLOvV8 model showed the greatest
stability in class recognition. The training
results show a more balanced detection of
defects, since there is not such a big difference
between the most poorly identified defects
(pores in the weld and cracks) and the rest of the
defects.
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Table 5. Comparison of models by class
recognition stability

AP50
Name of
defect YOLOvVS | YOLOvVS | YOLO11
Pores in weld 0.935 0,969 0.933
Undereutting | g9 0.986 0.995
metal
Arc break 0.986 0.983 0.975
Crack in metal 0.977 0.954 0.970
Cavity in weld 0.989 0.978 0.979
Metal influx 0.995 0.995 0.995
Slag inclusion 0.995 0.995 0.995
Incomplete 1 59, | (995 | 0994
weld fusion

Table 6. Comparison of mAP50 metrics based
on model training results

Model mAP50
YOLOvV5 0.983
YOLOvVS8 0.985
YOLOI11 0.979

Having analyzed the results of model training,
we can conclude that the YOLOII1 version
shows slightly worse results, demonstrating the
lowest mAP50 value. The YOLOvVS and
YOLOI11 models are similar in mAP50 metric
values for each type of defect. The worst results
shown by YOLOI11 compared to other models
may be due to the fact that this model relies on a
spatial attention mechanism when forming a
prediction, which allows it to focus on the most
important areas of the image. In our case, it is
impossible to distinguish the foreground or
background in the image, and the defect can be
anywhere along the seam. Also, the low quality
of the model can be affected by modifications to
the architecture aimed at increasing its speed.

CONCLUSION

1) Weld defect images were prepared for
training the models, and geometric and color
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transformations were performed on the images
to increase the diversity in the data set;

2) YOLOvS, YOLOv8 and YOLOI1 models
were trained for 32 epochs;

3) After training the models, a comparison of
their performance results was carried out based
on the standard metrics mAP50, mAP50-95, and
a comparison of the image processing speed of
each model was also performed.

The hypothesis put forward in the study, which
is that the YOLOI1 model will demonstrate
better results in processing weld defect images
than its predecessors, is partially refuted. The
study shows that the best mAP50 indicator in
defect detection is achieved by the YOLOvVS
algorithm. At the same time, the YOLOI1I
algorithm works slightly worse than other
models, which may be due to the fact that the
improvements made in the model cannot realize
their potential in weld defect images. It is worth
noting that the YOLOI1 algorithm works 9%
faster than the YOLOVS algorithm.

Quality control of welded joints is carried out
not only at the construction stage, but also at the
operation stage. Regular automated control of
welded joints can allow more accurate
determination of the mechanism of change in
the operational parameters of pipelines.
Systematic acquisition of data on corrosion and
defect formation in pipelines and their
processing using effective computer vision
algorithms will allow a transition to predictive
operation, forecasting the service life of
equipment and structures.
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SIMULATION OF THE OPERATION OF A PRESSURE PIPELINE

WITH AN INTERNAL LINING OF A PROTECTIVE COATING

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

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

Abstract. The article presents the results of alternative methods for determining the hydraulic characteristics of a
deteriorated pressure pipeline with a Subcote FLP spray-on protective coating applied to its inner surface. The
results were processed using automated programs, with an ultimate goal of determining and comparing a number
of hydraulic characteristics, resulting in energy indicators of pipeline’s performance during water transportation.
Approaches are presented for identifying the dynamics of possible transformations of certain pipeline hydraulic
parameters, specifically, hydraulic friction coefficients and equivalent roughness, when using the studied
protective coating after its service over a certain time interval and with changing ambient temperature conditions.
Dependencies for changes in these coefficients, and their impact on the pipeline's performance energy indicators
during long-distance water transportation were obtained by calculations.

Keywords: pipelines, coatings, hydraulic indicators, light imaging, mathematical modeling,
temperature parameters, energy saving

MOJEJAPOBAHHUE PABOTbI HAIIOPHOI'O TPYBOIIPOBOJA
C BHYTPEHHEU OBJIMIHOBKOMU 3AIIIUTHBIM IOKPBITUEM

Braoumup A. Opnos, Cepeeii I1. 3omkun, Mapus A. boarvwakosa
HanmonaneHslil uccienoparensckuil MOCKOBCKHI rocy1apCTBEHHBIN CTPOUTENBHBIN YyHUBEpCcUTET, I'. Mocksa, POCCUA

AnHoTanusa. [IpuBeneHsl pe3ynbTaThl

AJIBTCPHATUBHBIX MCTOAOB TII0 OHNPEACICHUIO THUAPABINYCCKUX

XapaKTEePUCTHK BETXOT'0 HAIOPHOTO TpyOOIIpoBOAa C HAHECEHHBIM HA €ro BHYTPEHHIOIO ITOBEPXHOCTh
HaIbUISIEMOT0 33U THOTO MOKpBITHA Subcote FLP. O6padoTka pe3ynbTaToB MPONU3BOIMIACE C UCTIOIB30BAHHEM
ABTOMATH3MPOBAHHBIX MPOIPaMM, I'7ie KOHEYHBIM UTOTOM SIBJISUIOCH OTIPE/IEIICHHE M CONOCTABUTEIbHBIN aHAIH3
psifa TUAPABINYECKUX XapaKTEPHCTHK C BBIXOJOM Ha YHEPreTHUECKHE MOKa3zaTelan paboTsl TpyOonpoBoa mpu
TPaHCIIOPTUPOBKE IO HEMY BOABI. [IprBeeHbI NOAXOIb! K BBIABICHUIO ANHAMUKI BO3MOXHOM TpaHC(hOpMaInu
HEKOTOPBIX THPABINYECKUX IIOKa3aTenell TpyOonmpoBOAa, B YaCTHOCTH, KO3()(HUIMEHTOB TI'MAPABINIECKOTO
TPEHHs U SKBUBAJICHTHON 1IEPOXOBATOCTH IIPU UCIIOIB30BAHUN HCCIIEIYEMOr0 3alUTHOTO MTOKPBITUS 110CIIE €ro
9KCIUTyaTallud B OINPEJCICHHOM BpPEMEHHOM HHTEpBAJe U IPU HM3MEHEHUH TEMIIEPATypHBIX YCIIOBUI
OKpy’Karolieil cpenbl. PacyeTHbIM IyTeM IOJNy4YeHBl 3aBUCUMOCTH M3MEHEHHS 3THX KOd()(DULIHEHTOB U
MPOU3BE/IeHA OIEHKA BIMSHUS NX Ha SHEPreTHYEeCKUe IoKa3areiu padoThl TpyOOIpoBOa B IEPUO €ro PaboThI
10 TPAHCTIOPTHUPOBKE BOBI Ha OOJIBIINE PACCTOSHHS.

KaroueBble ciioBa: pr6OHpOBOZ[I>I, 3alIUTHBIC TOKPBLITHS, TUAPABINYCCKUC MMTOKA3aTCIN, CBETOCKOIINA,
MAaTEeMaTU4€CKOC MOJACIINPOBAHNE, TEMIICPATYPHBIC [TAPAMETPHI, 3H€pFOC6€pe>K€HI/I€

INTRODUCTION

Given the significant wear and tear of pipeline
networks, where, in particular, according to data
from the Ministry of Regional Development, over
40% of water supply networks require prompt
repair, the question of the effectiveness of new
trenchless repair technologies is becoming

extremely relevant [1, 2]. An analysis of global
experience in the operation and restoration of utility
networks of water supply and sanitation systems
shows that the most promising solution to the
problem of extending their service life is
rehabilitation through the application of internal
protective coatings of various types, including
polymer spray coatings (PSCs). Unlike metal and
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ceramic linings, polymer coatings have a
hydrophobic surface, which positively affects the
hydrodynamics inside the pipe and prevents the
formation of surface contaminants [3]. Based on an
analysis of literature sources [4, 5], it can be
concluded that such protective coatings are
promising materials for pipeline protection.

To demonstrate the effectiveness of various types
of polymer protective coatings, as well as to
study the possible transformation of their
hydraulic properties over time (in particular, the
degree of surface roughness), and the impact of
temperature conditions on this process, it is
necessary to conduct full-scale studies under
dynamic conditions using appropriate models
and proven methodological approaches.
Automated programs are used to speed up
calculations and potentially predict the resulting
basic hydraulic and energy parameters.
According to available certificates of conformity,
protective polymer spray coatings do not alter the
composition of the pumped fluid, maintaining a
high level of reliability in water supply pipeline
networks and reducing the negative impact on the
urban environment during repairs. During pipeline
rehabilitation using PSCs, despite a layer thickness
of only 3-8 mm, it is possible to effectively seal
various defects and increase pipeline wear
resistance. Thus, the internal surfaces of restored
pipelines generally become less rough, which
improves the hydraulic characteristics of water
supply and wastewater disposal pipeline networks.

METHODS

A steel pipeline coated with a protective Subcote
FLP coating applied to its inner surface was used
for comprehensive hydraulic studies, including
modeling of the parameters under study using
automated software and modern light-profiling
and profilometry equipment.

Subcote FLP coating has sanitary and
epidemiological expert approval No.
77.01.12.P.014303.09.11 dated September 22,
2011, issued by the Moscow Office of the
Federal Service for Surveillance on Consumer

Volume 22, Issue 1, 2026

Rights Protection and Human Wellbeing,
permitting its application to the inner surface of
pipelines in drinking water systems.

The study involved physical testing (on a large-
scale 10-meter-long and a small-scale 1-meter-long
test bench) and then mathematical modeling of the
pipeline's performance with the protective coating
to determine its hydraulic characteristics at the
same ambient temperature (20°C) using
appropriate automated software [6, 7]. Hydraulic
bench testing of the initial protective coating
sample on a steel pipeline and processing of the
results using automated calculation systems were
conducted in the laboratory of the Department of
Water Supply and Sanitation on a large-scale
pressure rig (Fig. 1). The small-scale gravity rig
was made in the form of an open steel inclined
trough (gutter) with a nominal diameter of 100 mm
with a thin layer of the coating being tested applied
to it (Fig. 2), along which a mini-flow of water
moved in the form of a lens at the end (Fig. 3) [8].

Figure 1. General view of a large-scale
hydraulic test rig with 10 m long pipes with a
nominal diameter of 100 mm made of various

materials (the fourth pipe from the top is a steel
pipe with a protective Subcote FLP coating)

123a456789011123456783611234567896

i
Figure 2. Detail of the top view of a 1 m long
open inclined gutter with Subcote FLP coating
applied to it
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Figure 3. A fragment of the end section of a
sloped gutter with a Subcote FLP protective
coating and a mini-flow of moving water

To expand the experimental range, i.e., simulating
extended water presence duration in pipelines and
flumes, as well as elevated ambient temperatures, a
special compact setup was developed. It consisted
of a cylindrical vessel containing 1 liter of water,
mounted on a magnetic stirrer. A rectangular
coating sample of specified dimensions was
immersed into the vessel and firmly secured. The
coating samples were positioned at the periphery of
the cylindrical vessel. The angular velocity of the
stirrer armature was converted to linear velocity at
the sample boundary at the vessel periphery. This
design allowed for monitoring potential roughness
changes in the protective coating samples during
their prolonged immersion in water, and also at
different temperatures. It should also be noted that
chlorine was added to the water in the cylindrical
vessel, providing a disinfectant effect. This allowed
for the potential chemical interaction of the
resulting chlorides with the test samples to be
assessed. Thus, the process of water transportation
through a long pipeline was simulated in a
cylindrical vessel mounted on a magnetic stirrer,
with chlorine consumption analyzed.

In parallel, light (optical) microscopy
experiments were conducted on these samples
using an Olympus GX53 inverted electron
microscope (Japan), which provides high-quality
images difficult to achieve using conventional
optical microscopy methods.

The roughness of the samples was also studied
using a SEITRONIK PSh 8-3 (SS) profilograph-
profilometer, = which  allows  roughness
parameters to be determined digitally on a
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microprocessor unit. In both cases, experiments
were conducted over different time intervals.
The objectives of the study, when conducting
research using the listed above alternative
methods, included comparing the obtained
hydraulic parameters for identity and the degree
of their discrepancy. The final result of the study
was the calculation of possible energy losses
during water transportation as a result of
potential changes in the hydraulic characteristics
of the protective coating samples over time. In
general, the combination of methods and
measuring instruments used made it possible to
obtain a preliminary picture of the possible
transformation of the hydraulic parameters of
protective coatings over time.

RESULTS AND DISCUSSION

Below are the hydraulic test data for each of
alternative method and a comparative analysis.
The results of automated processing of hydraulic
tests of protective coatings on large and small
rigs at an ambient temperature of 20°C showed
similar results. Specifically, the average value of
the hydraulic friction coefficient A for the
Subcote FLP coating on the large rig was
0.01772, while on the small rig it was 0.0181, i.e.,
there is a difference of only 2.14%, indicating a
high degree of reliability of the obtained results.
Based on electron microscopy and profilometer
studies, the following equivalent roughness
coefficients ke were obtained:

- 0.03716 mm (light microscopy)

- 0.0386 mm (profilometry).

Using Prandtl's formula (1), the hydraulic
resistance coefficients A were calculated for a
pipeline with a Subcote FLP protective coating
as follows [9]:

L et 114 (1)
itk

where A is the hydraulic resistance coefficient of
the pipeline; d is the internal diameter of the
pipeline with protective coating (mm); ke is the
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equivalent roughness coefficient of the pipeline
(mm) equal to

- 0.01563 (light microscopy)

- 0.01575 (profilometry).

The difference in the results was only 3.73%.
Thus, the results of experiments on hydraulic test
benches and the data from light microscopy and
profilometry can be considered reliable for
determining the hydraulic friction coefficients
and equivalent roughness, where, for example,
the discrepancy between the largest absolute
value (ke=0.0181 mm) and the smallest
(ke=0.0163 mm) did not exceed 13.6%.

When modeling the evolution of hydraulic
parameters under tangential water flow
conditions in a cylindrical vessel with samples in
a prolonged contact with water, the following
dependencies for the equivalent roughness
coefficient were obtained (Fig. 4).

The graph in Figure 4 clearly demonstrate the
decrease in the equivalent roughness coefficient ke:
the higher the dose of chlorine introduced and the
longer the sample is exposed to the cylindrical
vessel, the lower the equivalent roughness value.
This trend can be explained, for example, by
incrustation, which in this situation should be
considered a positive phenomenon, as it ultimately
contributes to a reduction in the hydraulic friction
coefficient A by smoothing out microroughness
depressions, i.e., roughness peaks.

A reduction in the hydraulic friction coefficient
automatically leads to a reduction in energy costs
during water transportation through pressure
pipelines. This is confirmed by the graphs in Figure
5, where the calculation of electricity consumption
E (kW h per year) was carried out using formula (2)

E=0,81-Q31' % 24365 /(d 5 np),  (2)

where Q is the flow rate of water supplied by the
pipeline (m3/s), at which the flow velocity is 1
(m/s); d is the internal diameter of the pipeline
(m); 1 is the length of pipeline section (m) ; A is
the coefficient of hydraulic friction; np is the
efficiency of the pumping unit (0.95); 24 is the
number of hours the pump operates per day (h);
365 is the number of days in a year.
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Figure 4. Graph of the change in the equivalent
roughness coefficient ke (mm) as a function of the
sample's presence time T in a cylindrical vessel
with a stirrer (Points along the abscissa axis: I -
for the initial sample T = 0 min; 2 - after
treatment in 167 min with a single dose of
chlorine at 0.5 mg/l; 3 - after treatment in 334 min
with a single dose of chlorine; 4 - after treatment
in 167 min with a double dose of chlorine)

The graph in Figure 5 illustrates the reduction in
energy consumption depending on the duration
and dose of chlorine introduced into the water.

Energy consumption
(kWh per year)
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Sample's residence time T

Figure 5. Graph of the change in energy
consumption (E) (kWh per year) as a function of
the sample's presence time T in a cylindrical
vessel with a stirrer (Points on the abscissa
axis: 1 - initial sample T = 0 min; 2 - treatment
after 167 min with a single dose of chlorine; 3 —
treatment after 334 min with a single dose of
chlorine; 4 — treatment after 167 min with a

double dose of chlorine)

Single-run pilot experiments conducted using a
magnetic stirrer system to examine the effect of
ambient temperature on changes in the roughness
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of protective coating walls also revealed a tendency
toward a decrease in the equivalent roughness
coefficient as water temperature increased from 20
to 500°C. Therefore, the obtained results allow us
to draw a reasonable preliminary conclusion
regarding the need for continued experimental
modeling studies across wide temperature ranges
and durations of water presence in the water supply
network to confirm the hypotheses regarding the
transformation of the roughness of protective
pipeline coatings during pipeline operation. For
these purposes, a comprehensive and detailed
analysis of the chemical composition of water and
coating samples over time is envisaged.

CONCLUSIONS

1. The results of a study of the hydraulic
characteristics of pipelines coated with Subcote
FLP using alternative methods as well as promising
methodological approaches for determining the
possible transformation of equivalent roughness
parameters and other parameters during long-term
pipeline operation and changing temperature
conditions are presented.

2. The experimental results demonstrate the
validity of using various methods to determine the
set of characteristics required by designers for
pipes coated with protective coatings.

3. The focus of subsequent research will be on
analyzing and establishing strict patterns of
changes in the chemical composition of water and
samples of Subcote FLP protective coatings and
other types of polymer spray-on protective
pipeline coatings, in particular, Scotchkote 169
HB, which has also found wide application in
trenchless pipeline renovation.

REFERENCES

1. Primin O.G. Utechki vody.
MISI-MGSU 2022. 167 p.

2. Baymukanov M.A. O vazhnosti analiza
sostoyaniya vodoprovodnykh setey RF //
Polimernyye truby. 2016. T. 5 (14). pp. 26-29.

/] lzdatel'stvo

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

3. Zhuangzhu Luo, Zhaozhu Zhang, Wenjing
Wang, Weimin Liu Effect of
polytetrafluoroethylene gradient-distribution
on the hydrophobic and tribological properties
of polyphenylene sulfide composite coating.
Surface and Coatings Technology, Volume
203, Issues 10-11. 25 February 2009. Pages
1516-1522.

4. Nabil Anagreh, Lutz Dorn, Christine Bilke-
Krause Low-pressure plasma pretreatment of
polyphenylene sulfide (PPS) surfaces for
adhesive bonding. International Journal of
Adhesion and Adhesives, Volume 28, Issues
1-2. January-March 2008. Pages 16-22.

5. Jinghui Yang, Tao Xu, Ai Lu, Qin Zhang,
Hong Tan, Qiang Fu Preparation and
properties of poly (p-phenylene
sulfide)/multiwall carbon nanotube
composites obtained by melt compounding.
Composites Science and Technology, Volume
69, Issue 2. February 2009. Pages 147-153.

6. Orlov V.A., Zotkin S.P. Programma analiza
gidravlicheskikh kharakteristik napornykh
truboprovodov /! Svidetel'stvo 0
gosudarstvennoy registratsii programmy dlya
EVM Ne 2013610520 ot 09.01.2012.

7. Orlov V.A., Zotkin S.P., Dezhina I.S.,
Pelipenko A.A. Programma rascheta stepeni
gidrofobnosti i1 gidravlicheskikh parametrov
trub 1 ikh zashchitnykh pokrytiy //
Svidetel'stvo o gosudarstvennoy registratsii
programmy dlya EVM Ne RU 2017612281 ot
20.02.2017.

8. Dezhina LS. Povysheniye transportiruyu-
shchey sposobnosti samotechnykh
truboprovodov s uchetom gidrofobnosti i
rel'yefa ikh poverkhnosti // Avtoreferat kand.

diss. M. FGBOU VO «Natsional'nyy
issledovatel'skiy Moskovskiy
gosudarstvennyy  stroitel'nyy  universitet.
2021. 23. p.

9. Prodous O.A. Prognozirovaniye poter'
napora Vv truboprovodakh iz raznykh

polimernykh materialov // Vodosnabzheniye i
sanitarnaya tekhnika. 2018. Ne 11. pp. 60-64.

90 International Journal for Computational Civil and Structural Engineering



Simulation of the Operation of a Pressure Pipeline with an Internal Lining of a Protective Coating

CIIMCOK JIMTEPATYPbI

l. Opumun  O.I'.  VYTeuku  BOJBI. //
MzparensctBo MUCU-MI'CY. 2022. 167 c..

2. baiimykanoB M.A. O BaXXHOCTH aHanIMu3a
COCTOSIHUSI BOJONPOBOIHBIX ceTeid PD //
[Tonmumepnsie TpyOsl. 2016. T. 5 (14). C. 26-29.

3. Zhuangzhu Luo, Zhaozhu Zhang, Wenjing
Wang, Weimin Liu Effect of
polytetrafluoroethylene gradient-distribution
on the hydrophobic and tribological properties
of polyphenylene sulfide compositecoating.
Surface and Coatings Technology, Volume
203, Issues 10-11. 25 February 2009. Pages
1516-1522.

4. Nabil Anagreh, Lutz Dorn, Christine Bilke-
Krause Low-pressure plasma pretreatment of
polyphenylene sulfide (PPS) surfaces for
adhesive bonding. International Journal of
Adhesion and Adhesives, Volume 28, Issues
1-2. January-March 2008. Pages 16-22.

5. Jinghui Yang, Tao Xu, Ai Lu, Qin Zhang,
Hong Tan, Qiang Fu Preparation and
properties of poly (p-phenylene
sulfide)/multiwall carbon nanotube
composites obtained by melt compounding.

Composites Science and Technology, Volume
69, Issue 2. February 2009. Pages 147-153.

6. OpaoB B.A., 3orkumn C.II. IIporpamma
aHaIM3a THUAPABIMYECKHX  XapaKTEPUCTHK
HAIopHBIX TPyOorpoBo10B // CBUIETENBCTBO O
rOCYy/IJapCTBEHHOM PETHCTPALMKM  TPOrPAMMBI
st OBM Ne 2013610520 ot 09.01.2012.

7. OpaoB B.A., 3orkun C.II., dexuna U.C.,
Heaunenko A.A. Ilporpamma pacuera
cTerneHu ruipooOHOCTH U THAPABINIECKUX
napaMeTpoB TpyO U MX 3aLUTHBIX HOKPBITUI
/" CBUIETENbCTBO O  TOCYIApCTBEHHOMN
peructpauun nporpammsl it 9BM Ne RU
2017612281 ot 20.02.2017.

8. JleskuHa n.C. [ToBbiIeHNE
TPAHCTIOPTUPYIOTIIEH CIIOCOOHOCTH
CaMOTEYHBIX TpPYOONPOBOJOB C  y4ETOM

ruapopoOHOCTH U pernbeda UX MOBEPXHOCTH
/I ABTopedepat kana. nucc. M. ®I'bOY BO
«HanuonaabHBIN HUCCIIEI0BATEeIbCKUN
MockoBCKuUi rOoCy1apCTBEHHbIN
cTpouTeNbHbIN yHUuBepcuret. 2021. 23 c.

9. Ilpogoyc O.A. IIporHo3upoBaHue mOTEPH
Haropa B TpyOOmpoBOJax W3  pasHbIX
MOJIMMEPHBIX MaTepuaioB // BogocHabxeHne u
canutapHas TexHuka. 2018. Ne 11. c. 60-64.

Orlov Viadimir A., Professor, Doctor of Technical
Sciences; National Research Moscow State University of

Civil Engineering (NRU MGSU), Russia, 129337,
Moscow, 26 Yaroslavskoe Shosse; E-mail:
OrlovVA@mgsu.ru.

Zotkin Sergey P., Professor, Candidate of Technical
Sciences; Russia, National Research Moscow State
University of Civil Engineering (NRU MGSU), Russia,
129337, Moscow, 26 Yaroslavskoe Shosse; E-mail:
ZotkinSP@mgsu.ru.

Bolshakova Maria A., PhD student; National Research
Moscow State University of Civil Engineering (NRU
MGSU), Russia, 129337, Moscow, 26 Yaroslavskoe
Shosse; E-mail: haritonova_mariy@mail.ru.

Volume 22, Issue 1, 2026

Opnos Braoumup Anexcanoposuy, tmpodeccop, TOKTOp
TEXHHYECKNX Hayk; DenepaqbHOE TOCYAapCTBEHHOE
Or0/DKeTHOE 00pa30BaTENIbHOE YUPEKICHHE BBICIIETO
obpazoBanusi  «HanmoHambHBIM — HMCCIIEI0BATEIBCKUN
MockoBckuii roCyAapCTBEHHBIN CTPOUTEJILHBII
yausepcure™» (HIY MI'CY), Poccus, 129337, Mockaa,
SApocnasckoe mocce, 26; E-mail: OrlovVA@mgsu.ru.

3omxun  Cepeeti  Ilemposuu, 1ipodeccop, KaHIUIAT
TeXHUYeCKUX Hayk; Poccus, DenepanbHoe rocyJapcTBEHHOE
Olo/pkeTHOE  00pa3oBaTENbHOE — YUYPEXKICHHE  BBICIIETO
o0pa3oBaHUs «HarponanbHbIi HCCIIeIOBATEIbCKUI
MockoBckuit roCyJIapCTBEHHBIN CTPOUTENBbHBII
yausepcurer»  (HUY  MI'CY), 129337, Mocksa,
Spociasckoe miocce, 26; E-mail: ZotkinSP@mgsu.ru.

bonvwarosa Mapus Anamonvesna, acCIIMpaHT;
®denepanbHOe TOCYJapCTBCHHOE OrOKETHOE
o0pa3oBaTeNbHOE YUPEKIEHHE BBICIIETO O0Opa30BaHUS
«HamuonaneHbeIE ~ MCCIIENOBATEIbCKUH  MOCKOBCKHI
TOCyIapCTBEHHBIN CTpOUTENbHBIA yHHBepcuteT» (HUY
MI'CY), Poccus, 129337, Mocksa, SIpocinaBckoe miocce,
26; E-mail: haritonova mariy@mail.ru

91



International Journal for Computational Civil and Structural Engineering, 22(1) 92—-103 (2026)
DOI:10.22337/2587-9618-2026-22-1-92-103

MATHEMATICAL MODEL OF OPTIMIZATION OF THE
TRANSPARENT PARTITION THICKNESS IN THE TROMBE
WALL HEAT EXCHANGE SYSTEM

Ivan K. Andrianov, Elena K. Chepurnova, Sergey A. Kostikov
Institute of Machine Science and Metallurgy of the Far Eastern Branch of the Russian Academy of Sciences of the Kha-

barovsk Federal Research Center of the Far Eastern Branch of the Russian Academy of Sciences,
Komsomolsk-na-Amure, RUSSIA

Abstract: The study is devoted to the issue of mathematical modeling of effective heat transfer in a blood clot
wall, which is a structural element of passive solar heating of buildings. The problem of optimization the geometry
of the transparent partition wall of the Thrombus, partially absorbing and transmitting solar energy, is considered

in the work. The air temperature in the air layer is selected as the optimization objective function. A mathematical
model for optimizing the wall thickness of a transparent partition, at which the maximum air temperature in the
gap is reached, is built in the work. The model was constructed using the equations of thermal balance, the
Bouguer-Lambert-Beer lawlaw, and the necessary and sufficient conditions for the extremum of the objective
function. The determining ratios take into account the processes of convective and radiant heat transfer. The nu-
merical calculation method is implemented using the implicit differentiation method and the Newton iterative
method. The optimal values of the wall thickness of a transparent partition, at which the maximum value of the air
temperature in the wall layer of the Thrombus is reached, as well as the corresponding temperatures of the partition
and the surface of a massive wall coated with a phase transition material, are obtained based on the constructed
mathematical model. The constructed graphical dependences of the air temperature in the gap on the wall thickness
of the transparent partition clearly demonstrate the presence of a maximum of the objective function. The optimal
values of the wall thickness of the transparent partition and the air temperature in the interlayer decrease with
increasing absorption coefficient of the glass partition material according to the results of numerical experiments.

The constructed mathematical model and numerical calculation method will make it possible to increase the effi-
ciency of heat transfer in the Thrombus wall by reducing heat energy losses when choosing the optimal thickness

of the glass partition.

Keywords: Trombe wall, system of passive heating, solar radiation, convective heat exchange,
radiant heat exchange, optimization, implicit differentiation

MATEMATHYECKAS MOJEJIb ONTUMHN3AIIUN TOJIHINHBI
CTEHKU ITPO3PAYHOU HEPETI'OPOAKHU B CUCTEME
TEIIJIOOBMEHA CTEHBI TPOMBA

HU.K. Anopuanoe, C.A. Kocmukoes, E.K. Yenypnoesa
WNHCTUTYT MaIlIMHOBEACHUS U MeTaLTypruu JlansHeBocTouHOro oTaeneHus Poccuiickoii akagemun Hayk Denepals-
HOT'O TOCYZapCTBEHHOTO OHO[PKETHOTO YUpekIeHHs Hayku XabapoBckoro deaepabHOr0 UCCIeI0BaTeIbCKOIO LICHTpa
JaneHeBocTOUHOTO OTAENeHus Poccuiickoil akanemun Hayk, r. Komcomonbsck-Ha-Amype, POCCHU A

Annotanusi: ViccrenoBanue mocBsIIEHO BOMPOCY MATEMATHIECKOr0 MOJICTHPOBaHUs 3((HEKTUBHOTO TEILIONE-
penoca B creHe Tpomba, peICTaBIsoNIeH CO00i KOHCTPYKTHBHBIN 3JIEMEHT MACCUBHOTO COJTHEYHOTO OTOTLICHUS
3manuii. B pabGorte paccmarpuBaeTcs mpoGiieMa ONTHMH3AIHM TEOMETPHH MPO3PAUYHON MEPErOPOIKHA CTEHBI
TpombGa, YaCTHYHO MOTJIOIIAOIIEH U TIPOITY CKAIOIIEH COTHEYHYI0 SHEPTHIO. B KauecTBe 1esieBoi pyHKIMN ONITH-
MU3aIM{ BEIOpaHa TeMIiepaTypa BO3Iyxa B BO3AYIIHO# mpocioiike. [locTpoeHa MaTeMaTideckast MOJIENb OITH-
MU3AIMH TOJIIHHBI CTCHKH TPO3PAYHON TIEPETOPOIKH, TIPH KOTOPOH JTOCTHTaeTCsl MAKCHMANbHAsT TeMIIepaTypa
BO3/yXa B 3a30pe. [locTpoeHre MOIEH TIPOBOAMIIOCH C UCIIONB30BAHWEM YPaBHEHHUH TETIOBOTO Oaanca, 3aKoHa
byrepa-Jlam6epra-bepa, HCOOXOIUMOT0 U TOCTATOYHOTO YCIIOBHI SKCTpeMyMa IiesieBoi (yHKuu. Onpenessto-
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1€ COOTHOIICHHUS yUUTHIBAIOT IIPOIIECCH KOHBEKTUBHOTO M JIy4YHCTOTO TeTIoo0MeHa. UnclieHHas MeToiuKa pac-
YyeTa pealn30BaHa C MCIIOIb30BaHUEM METOa HessBHOTO MU (epeHInpoBaHs 1 UTEPAlMOHHOTO MeToaa Heto-
ToHa. Ha oCHOBaHMH MOCTPOEHHOH MaTEMaTHYECKOW MOJENH IOJy4eHbl ONTHMAlIbHbIE 3HAYEHHs TOJIIMHBI
CTEHKH ITPO3PAYHOMN MEPETOPOJKH, ITPH KOTOPBIX JOCTHIAETCS MAKCHMAIBHOE 3HAUEHUE TEMIIEPATypPhl BO3yXa B
npocioiike creHsl TpoM0a, a Tak’ke COOTBETCTBYIOIIHME 3HAUCHUSI TEMIIEPATYP NEPErOPOAKH M OBEPXHOCTH Mac-
CHBHOM CTEHBI C MOKPHITHEM M3 MaTepHaia ¢ (a3oBbIM nepexonoM. IlocTpoeHHble rpaduyeckrue 3aBUCHMOCTH
TeMIepaTypbl BO3LyXa B MPOCIOIKE OT TOJIIMHBI CTEHKH MPO3PAYHOI MEePEropoIKH HATJISTHO JEMOHCTPUPYIOT
HallMuhe Makcumyma reneBoi GyHkuuu. CoriacHo pe3ysibTaTtaM YHCICHHBIX SKCIIEPUMEHTOB NPHU yBEIHMYCHUH
k03¢ dHIIMEeHTa NOTJIOIEHHs MaTepHalla CTEKISIHHON MeperopoKH, ONTHMANIbHbIE 3HAYCHUS! TOJIINHBI €€ CTEHKH
U TeMIIepaTypsl BO3ayXa B Ipociolike ymeHblatoTcs. [locTtpoeHHas MaTemaTnyeckas MOJEIb M YUCJIEHHAs Me-
TOJIMIKA PacyueTa MO3BOJIAT MOBBICHTE () (PEKTHBHOCTH TeIlIoNepeHoca B creHe Tpomoba 3a cueT CHIKEHUS T0Teph
TETJIOBOW SHEPTHH MPH BHIOOPE ONTUMAIBHON TOJIINHBI CTEKJITHHON IEPETOPOIKH.

KaroueBsble ciioBa: creHa Tpomba, CHCTEMBI TTACCHBHOTO OTOILICHHS, COTHEYHOE U3ITyUYCHHE,
KOHBEKTHBHBIHN TETIOOOMEH, TyYHCTHIA TEIII000MEH, ONITUMH3AIH, HeIBHOE TU(PepeHIIMPOBAHNE

1. INTRODUCTION

Today, research on the use of heat exchange sys-
tems based on renewable energy sources is be-
coming increasingly common in civil and struc-
tural engineering. One such system is the Trombe
wall, which operates by accumulating solar en-
ergy. The operating principle of this system is as
follows: the flow of solar radiation, passing
through a transparent partition, is absorbed by a
solid wall, which is coated with a dark coating of
a phase-change material. The absorbed thermal
energy is then transferred to the air space be-
tween the transparent partition and the solid wall
[1-3]. In practice, the Trombe wall is used as a
source of passive heating in the design of resi-
dential structures.

In recent years, various approaches to optimizing
the Trombe wall have become widespread, re-
flected primarily in foreign studies. The most
comprehensive discussion of modern trends in
Trombe wall optimization is provided in [4]. In
addition, the main optimization issues addressed
in the study of heat transfer in a Trombe wall
should be noted: the choice of coatings and
phase-change materials that ensure the best heat
transfer in the Trombe wall [5, 6]; modeling the
operating conditions of the Trombe wall to en-
sure optimal thermal comfort [7]; reducing en-
ergy consumption and heat losses in the Trombe
wall [8, 9]; optimizing the geometry and intro-
ducing new design solutions in the Trombe wall
[10, 11]; developing software to control the heat
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transfer process in the Trombe wall [12, 13]. Ac-
cording to the conducted analysis, most of the
studied Trombe wall optimization problems are
solved by trying out various configurations using
either numerical methods, in particular the finite
element method, or with the help of full-scale ex-
periments. A few works are devoted to mathe-
matical modeling of heat transfer in the Trombe
wall, in particular the works [3, 14]. Some issues
related to improving thermal efficiency in con-
struction, as well as the use of phase-change ma-
terials, are discussed in [15-20].

One unexplored issue remains the mathematical
modeling of the optimal thickness of the trans-
parent partition in a Trombe wall. Today, a wide
variety of glass blocks, double-glazed windows
are used as transparent partitions in Trombe
walls, each with varying degrees of light trans-
mittance, which affects the amount of solar en-
ergy absorbed by the transparent partition. The
challenge of optimizing the thickness of the
transparent partition stems from the fact that, on
the one hand, it acts as a thermal barrier: the
thicker the transparent partition wall, the more
light it absorbs, and the higher its temperature.
On the other hand, as the thickness of the trans-
parent partition wall increases, the intensity of
solar radiation transmitted through the partition
and incident on the solid wall with a phase-
change material coating decreases. Since one of
the main functions of a Trombe wall is to heat the
air in the air gap between the transparent partition
and the solid wall, the development of a mathe-
matical model for optimizing the thickness of the
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transparent partition, ensuring the maximum air
temperature in the air gap of the Trombe wall, is
relevant.

When conducting mathematical modeling of the
optimal wall thickness of a transparent partition
in the heat transfer system of a Trombe wall, we
will use the following assumptions:

— the boundary surfaces of the transparent par-
tition and the solid wall are flat, the width of the
air gap and the thickness of the transparent parti-
tion are constant,

— the intensity of solar radiation incident on the
Trombe wall is constant over the period of time
under consideration,

— the reflection of solar radiation on the outer
surface of the transparent partition is negligible,
— the boundary surfaces of the transparent par-
tition and the solid wall are isothermal in the
studied region,

— the air temperature and the heat transfer coef-
ficient on the outer surface of the transparent par-
tition remain constant over the studied period of
time,

— the air temperature field in the studied region
of the air gap is uniform,

— the temperature of the outer surface of the
solid wall with a coating made of a phase-change
material does not exceed the melting point of the
material,

— heat transfer through the solid wall with a
coating made of a phase-change material is ex-
cluded.

2. METHODS

Let us consider the heat balance equations for a

transparent partition, air in the air gap and a solid

wall with a coating made of a phase-change ma-
terial [3]:

Qi — Qg = cgpgs (10 - T7), (1)

Q:ir = Qair = CairpairbS(Ta(i? - Ta(i?«))» (2)

Qi1 — O = curmw (T - T), (3)

where le, Qg — the amounts of heat supplied to

and removed from the transparent partition,
QS Qir — the amounts of heat supplied to and
removed from the air in the air gap, Qg Quy —
the amounts of heat supplied to and removed
from the massive wall with a coating made of
phase-change material, cgj, C,jr, Cw1 — the specific
heat capacities of the transparent partition, air in
the duct, and phase-change material, pgj, pair —
the densities of the transparent partition, air in the
duct, m,,; — the mass of the phase-change mate-
rial, § — the thickness of the transparent partition,

b — the width of the air duct, T, T2, T 9 — the

gl » “air’
initial temperatures of the transparent partition,

air in the duct, and phase-change material,
T(T) T(T)

gl ’ “air’
partition, air in the channel, material with a phase
transition after time T.
We will describe the attenuation of the luminous
flux when light radiation passes through the wall
of a transparent partition based on the Bouguer-
Lambert-Beer law:

TVE,TI) — temperatures of the transparent

I =1I,e"s,

(4)

where I — the intensity of the light flux incident

on the transparent partition, I — the intensity of
the light flux passed through the transparent par-
tition, L — the absorption coefficient of the me-
dium.

Heat supply and removal (Fig. 1) is ensured by
radiant and convective heat exchange, taking into
account the relationship (4):

Qf = Io(1—e™)St+ o) (T(T) — Tg(f)) St+

air
+¢0 ((Tv(v?)4 - (Tg(f))4) ST,
Qg = €0 ((Tg(f))4 - Tout4) St+
+ag (TS = Tour) ST,
Qe = (T} = T )5,

Quir = o(gl (T(T) — Tg(lr)) ST,

air
QY = I,e "5,
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Q1 = €0 ((Tv(v‘l))4 - (T;f)f) St+

© (®
e (T = T )st,
where To(a — the outside air temperature, ag, ag

— the heat transfer coefficients on the boundary

Tair

I

inner and outer surfaces of the transparent parti-
tion, a,; — the heat transfer coefficient on the sur-
face of a massive wall with a coating made of a
phase-change material, S — the area of the surface
under study, ¢ is the effective emissivity, o — the
Stefan-Boltzmann constant.

0 MO

Figure 1. Diagram of the heat exchange process in the Trombe wall (qg° , qg1¥, Qi

rad rad rad

— specific

radiant heat flux on the outer and inner surfaces of the transparent partition and on the surface of

con con con

the massive wall; qgi” , qg1y, qui — specific convective heat flux on the outer and inner surfaces
of the transparent partition and on the surface of the massive wall)

When constructing the optimization model, we
will consider an unconstrained optimization
problem. The objective function will be the air
temperature in the air gap between the transpar-
ent partition and the solid wall coated with a
phase-change material, and the optimization var-
iable will be the wall thickness of the transparent
partition. Thus, the mathematical formulation of
the air optimization problem in the gap, taking
into account heat balance equations (1) —(3) and

Volume 22, Issue 1, 2026

the Bouguer-Lambert-Beer law, will take the

form:
(O]
7;;"_ T;;
@, (8

(5 TH6), TP (8)) » max, (5)

T(6), T (6), TS (8)) = 0, (6)

> fair

, (TS (8), T (6), T (8)) =0, (7)

» Tair

5 (8,75 (6)

» fwl

TP @), 1) =0, (8)

95



Ivan K. Andrianov, Elena K. Chepurnova, Sergey A. Kostikov

where ®; = cgpg8 (T — T5”) = Io(1 -
e ")t —¢0 ((Tvg)y - (Tg(f))4) T+
+eo (1) = (152) ) e+

t+ag (10 - 10) T = oy (T - T3 %

out air

(DZ = Cairpairb(T(T) - T(O)) -

air air

— 0y (TVSTI) - T(T))‘t + o (T(T) - Tg(lT )) T,

air air

5 = cimaa(TS — TS ) — loe W5t +

4 4
+e0 ((Tvg)) — (Tg(f)) )S‘L‘
+ (TS — T )st.
To find the optimal value for the transparent par-
tition wall thickness, we use the necessary extre-
mum condition: F9Ty;./88|5=5+ = 0, where 8" —
the optimal value for the transparent partition
wall thickness. According to the system of equa-
tions (5) — (8), the air temperature in the air gap
is not explicitly expressed in terms of the wall

thickness. Therefore, we use the implicit
differentiation method:
do; 09, N GLONNGY
ds 08 = 0Ty, 08
0d, 0T, 0d, dT,
+ 1 wl 1 gl, (9)
0T, 06 ~ 0Ty 06
db, 00, 0P, 0Ty,
ds 98  OT,, 06
09, aT, 0d, aT,
+ 2 wl 2 gl' (10)
0T,y 08 0Ty 08
dP; 003 0P; 0Ty,
ds 98 = 0T, 08
05 9T, 0d; aT,
+ 3 wl 3 gll (11)
0Ty 08 0Ty 08

Solving the system of equations (9) — (11) taking
into account the conditions:

aTair/08|5=8* = 0 and dd)l/dS = O,
d‘bz/d& = O,dq)s/dS = O,

according to equations (6) — (8), and excluding
dTy1/08, 0Tg /98, we move on to the equation

for 6 = 6":

@, (5* T@(s*),Tv(v?(s*),T;P(s*)) =0, (12)

> fair

where

o 0Dy 0D, 0Dy /OD;

4 P ©)

08 gt 08/ 9T}

0b, 0D, 9D, ;0D
570 " 5r@ 570/ 57@ )

gl wl gl wl

D, 0b; /0D,

/ ( oD,
6) 6) o
Ty 987 ar |/ \oTy

0D, 9D, acb3>
C or(@ 4r (D @ )
0T,y 0Ty 0T,

wl

09,/065 = cupg (T — TSV -

3
—pl e ™M, (')d)l/OTvE,Tl) = —450(TVE,T1)) T,
3
chl/aTg(f) = cgpgd + 8eo (Tg(lt)) T+

+(ag + o) T, 6<1>2/6TVE,T1) = —0y T,
(v _
aq)z/aTng = —ang,

3
00, /0T = —4es (1) S,

3
66133/6va,11) = CyMy + 480(va,?) St+

+oy ST,  0D3/08 = ulye MST.

Thus, the optimization problem is reduced to
solving the system of equations (6) — (8), (12) for
6 = §". We introduce the vector of unknown pa-

rameters: X = {8 T(T) T(T) T(T)}. To calculate

’ Tair’ “wl T gl
the system of nonlinear equations, we use New-
ton's iterative method, then the linearized system
of equations (6) — (8), (12) will take the form:

4

0D, (x*
%Ax}‘“ +@;(x*) =0,i =14,
j=1 J

k+1 _ Ao k+1 k
X7 = A 4 xp

(13)
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where k — the iteration number.
The condition for the termination of the iterative

process can be represented as: max|x‘-’"Irl -
1<j<4

x}‘| < Ag, where Ae — the specified accuracy of
the numerical calculation.
The solution to the system of linear equations

(13) will be the values:
8", Tow (87, Toy (8%, Ty (8%), at which the air

temperature in the air gap reaches the optimal
value:

air

air

max TV (5 ) vafl) (8), Tg(lt) (5)) =

In order to estimate the obtained optimal value to
the maximum, we will use the sufficient condi-
tion for the extremum 02T,;./08%|s=5+ < 0. By
solving the system of equations (9) —(11), we ob-
tain an equation for finding 9T,;./d8in implicit
form:

D (5 T2 (®), T3 (6), T (5)) =0, (14)

» fair
where

ad, aTY

air

T 57® a5

alr

od, aTY /o,
T s )/ oo
air wl

b, O0d; db; /0D
+ _ 3 3 .

ot otV orP/ oty

gl wl gl wl

00, (995 0%, T\ /9%
orV\ 96 oT® 098 |/ o1V

oD, aﬂﬁ]/(mz D, 9D, 6CI>3>
PGS ©® 40 4@ @ )’
oT." 08 T, 9T,y aT,”/ oT,,;

air
oD, , 0D,
— = —T,———= = —0,|ST
() gl® (t wl° b
aa%ir air
2
aT(T) = CairPairb + (awl + O(jg—l)‘c'

air

o,
25

9D, (66133
)
aT,y \ 98

q)5=
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We introduce the notation Ta(i?' = (')T;i? /08. To
check the sufficient condition for the extremum
to be maximal, we use the implicit differentiation
method. Then, taking into account that

d®ds/dd = 0, we obtain an equation for calculat-
ing 97" /96:

air
dds oT

or'D" 08

alr ( )

T

GloN aTgl
™

aTgl 06

oD,
28

dde AT,
orY 08

=0, (15)

where
®
_ <ac1>3 L 9% GY
®
95 " o1 98

L 9%; 6Tg(f)>/ oD,

oryY 98 ) [ ot
_[o®, (6(133 , 0% OT;;))/ IDs
[\ @ ot )] gy

ad, aTY

air

ar™® 08

alr

(66132 b, 0D, aq>3)
®  47@ 40 (D
orY oty or("/ ot ]

Ty
95

™
aTgl

The solution to equation (15) for 6 = &" is
02T, /08%|5=5+. Due to nonlinearity, the nu-
merical solution to equation (15) can be found
using Newton's method, similar to the system of
equations (13).

To establish the dependence of the temperature
T(T) T(T)

change: T/, T, , Tg(lT )with a change in 6, we
consider the numerical solution of the system of
equations (6) - (8) with a vector of unknown pa-

T () T ™ T (™

rameters X = { air > Twi » Tl } for a given set of

values of the thickness of the transparent parti-
tion 8 ={§;},l =1,n. Applying Newton's
method for the numerical solution of the system
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of equations (6) - (8), we obtain the following it-
erative scheme for a fixed value of the partition
thickness § = §;,1 = 1, n:

= 0, (x*, 8,)

0x; Ax}‘+1 + ®;(x¥,8) =0, (16)

The condition for the termination of the iterative

process: max |x}c+1 — x}‘| < Ae. The initial ap-
1<j<3

proximations of the sought temperatures in the it-
erative processes (13) and (16) will be deter-
mined by the given values at the initial moment

of time: T(O) T(O) Tg(lo).

air ? “wl

3. RESULTS

Based on the constructed mathematical models,
we will carry out a numerical calculation using
the mathematical package Mathcad 15.0 with the
following input data: u = 1,05, I, = 350 W/m?,
t=300s, 0=25,67-10"8W/(M?-K*), €=
0,3, ag =8 W/(m* - K),
23 W/(m?-K), oy =8 W/(m?:K), ¢y =
3000 J/(kg - K), cg =840 J/(kg K), Cr =

a;l ==

1005 J/(kg-K), S=1m? b=0,1m, m,, =
7,2Kkg, pair = 1,5 kg/m?, pg = 2500 kg/m?,

To) =293K, T =293K T =293K,
7 = 288K, Ae = 0,01.

out
We will consider a glass partition as a transparent
partition. We will conduct a series of calculations
for various values of the glass absorption coeffi-
cient: 4 = W, 1, = 5y, 3 = 10y, gy = 20p. We
will take the initial approximation of the optimal
glass wall thickness in the iterative process (13)
as 8° = 1 mm.
According to the numerical solution of the opti-
mization problem (5) — (8) for different values of
the absorption coefficient of the glass, the fol-
lowing optimal values were obtained, presented
in Table 1.
To estimate the temperature changes of the
glass partition, the air in the air gap, and the
surface of a solid wall coated with a phase-
change material for various values of a given
set of glass  partition  thicknesses:
0={2,4,...,12,15,25,50, ...,100} mm, numeri-
cal solutions of the system of equations (6)—(8)
were obtained. Graphical dependences of the
change in the desired temperatures on the glass
partition thickness are presented in Fig. 2.

Table 1. Results of calculating the optimal parameters in problem (5) — (8)

Absorption coefficient, Optimal parameters
w(w,i =14 8", mm Tjir °C T, ° (P
W =u 53,89 21,96 24,23 19,80
u, = 5u 23,04 21,76 23,96 19,68
Hy, = 10p 15,87 21,67 23,78 19,66
Hy, = 20pn 10,93 21,58 23,55 19,69
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Figure 2. Dependence of the temperatures of a solid wall (1), air in the air gap (2), glass partition
(3) on the thickness of the glass partition with absorption coefficients:

t = W (a), py = 5u(b), puz = 10u (c), py = 20u (d)

4. DISCUSSION

According to the results presented in Table 1, opti-
mal values for the glass partition thickness were ob-
tained for achieving the maximum air temperature
in the Trombe wall air gap, as well as the corre-
sponding temperatures of the glass partition and the
surface of the solid wall coated with a phase-
change material. As the glass partition's absorption
coefficient increases, the optimal thickness and the
maximum air temperature in the Trombe wall air
gap decrease.

The graphical dependencies presented in Figure
2 clearly demonstrate the presence of a maximum
on the curve of the air temperature in the Trombe

Volume 22, Issue 1, 2026

wall air gap as a function of the glass partition
thickness. Moreover, the optimal values in the
graphs in Figure 2 correspond to the values ob-
tained in Table 1, confirming the accuracy of the
numerical calculations performed according to
the constructed mathematical model. Based on
the results presented in Figure 2, it can be con-
cluded that as the thickness of the transparent
partition increases, the air temperature in the air
gap initially increases, then reaches a maximum
value, and then decreases; With an increase in the
absorption coefficient of the glass partition, all
other things being equal, the maximum point on
the curve of the dependence for the air tempera-
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ture in the air gap shifts “to the left”, i.e. the op-
timal values of the thickness of the transparent
partition are achieved at smaller values.

5. CONCLUSION

This paper develops a mathematical model for cal-
culating the optimal wall thickness of a transparent
partition in a Trombe wall, achieving the maximum
air temperature in the air gap between a solid wall
coated with a phase-change material and the trans-
parent partition. The mathematical model takes
into account heat balance conditions for convective
and radiative heat transfer, as well as the Bouguer-
Lambert-Beer law. The numerical solution to the
optimization problem was constructed using the
implicit differentiation method and Newton's itera-
tive method. Numerical experiments yielded opti-
mal temperatures for the glass partition, the air in
the air gap, and the surface of the solid wall coated
with a phase-change material. These temperatures
were also plotted as a function of the wall thickness
of the transparent partition in the Trombe wall. Ac-
cording to the obtained results, as the absorption
coefficient of the glass partition used as a transpar-
ent partition in the Trombe wall increases, the opti-
mal wall thickness and the maximum air tempera-
ture in the air gap decrease. It should be noted that
in practice, a transparent partition can be a single-
chamber glass unit with an effective thickness of 25
mm. A transparent partition can also be a glass
block with an effective thickness ranging from 75
mm to 100 mm.
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NONLINEAR DYNAMIC ANALYSIS OF THE STEEL-RUBBER
VIBRATION ISOLATORS WITH PERFORATION
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Abstract: The paper presents a comparative study of nonlinear dynamic analyses of perforated and non-perforated
steel-rubber vibration isolators. Particular emphasis is placed on the nonlinear response of rubber, incorporating
hyperelasticity (via the Mooney—Rivlin model) and viscoelasticity (through a Prony series), under static preloading
conditions. The computational methodology is implemented in Python, integrating the finite element method
(FEM), the Newmark-f time integration scheme for dynamic equilibrium, and a Newton—Raphson iterative solver
enhanced with line search.

Keywords: vibration isolation, steel-rubber vibration isolator with holes, Mooney—Rivlin model,
Prony series, Newmark-3 method

HEJMHEWHBIA TUHAMUWYECKNHN AHAJIN3
MNEP®OPUPOBAHHBIX PE3UHOMETAJJIMYECKUX
BUBPOU30JIITOPOB

B.JI. Monopyc ', I.K. Cuzoe ?, T.M. Keacnuxoe '
HannonansHbIHM HcenenoBaTenbeKuii MOCKOBCKHIA TOCYTapCTBEHHBIH cTponTenbHbIH yHuBepeuteT (HUY MI'CY),
r. Mocksa, POCCHUA
2 000 «BubpoceiicmosammTa», T. Mocksa, POCCHUI

AHHOTanusi: B craThe mpeacTaBICHbI PE3y/IbTaThl CPABHEHUS HEJIMHEHHOTO JMHAMHUYECKOT0 aHaIu3a Pe3HHOME-
TAJUTHYCCKUX BHOPOU30JIATOPOB ¢ nepdoparusimu u 6e3. Ocob0e BHUMAHKE YACSICTCS HETMHCHHOMY MTOBEICHHIO
PE3UHBI C YYETOM THIIEPYIPYrocTH (Moaens MyHu-Pusiuna), Ba3koynpyroctu (psiabl [IpoHu) pu cTaTH4eckoM
MPEIBAPUTEIILHOM HArpyKeHuu. PacuéTHas METOIMKa peajii30BaHA C MOMOIIBIO S3bIKA MPOrPaMMHPOBAHUS
Python ¢ mpuMeHeHHEM MeTO/Ia KOHEYHBIX DJIEMEHTOB, CXeMbl HplOMapka U MTepalmoHHOro anroputma Hero-
tToHa-Padcona c line search

KaioueBbie c10Ba: BHOPON30IAINS, PE3HHOMETANIMYECKUH BUOPOU3OIISITOP C OTBEPCTHSIMH,
Mozenbs Mynu-Pusnmnaa, psanst [Iporn, meton Heromapka-f3

1. INTRODUCTION

Vibrations generated by underground rail
transport pose a serious threat to the serviceabil-
ity of buildings located in close proximity to sub-
way tunnels. These vibrations propagate through
the soil and are transmitted to building structures
via their foundations. The spectral composition
of the excitation is determined by several mech-
anisms: the relative motion of the train car body
and its suspension system, wheel bounce on the
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rails, and the resistance to motion caused by the
wheel-rail contact surface.

Introducing perforations into the structure of a vi-
bration isolator allows for the tuning of its dy-
namic characteristics and broadening of its isola-
tion band. However, this significantly compli-
cates the calculation of its stress-strain state. Fur-
thermore, rubber exhibits pronounced hyperelas-
tic and viscoelastic behavior, which necessitates
the use of advanced numerical analysis methods
that account for large deformations, nonlinear
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material models, and the interaction between pre-
stress and dynamic loading.

The objective of this work is the nonlinear dy-
namic analysis of three types of rubber-metal vi-
bration isolators. The methodology is based on a
multi-step calculation procedure: a static analysis
with a preload representing the load from a por-
tion of the building, followed by a dynamic anal-
ysis employing the Newton-Raphson algorithm
with line search and implicit Newmark time inte-
gration.

The computational core of the code, written in
the Python programming language, utilizes the
NumPy and SciPy libraries. The NumPy library
provides efficient storage for dense arrays and
enables vectorized operations, while the
scipy.sparse module is used to store the global
stiffness and mass matrices, which are highly
sparse in finite element analysis (FEA) problems.
To solve the systems of linear algebraic equa-
tions at each Newton-Raphson iteration, efficient
direct solvers available in scipy.sparse.linalg are
employed.

The general implementation algorithm in Python
is as follows:

Mesh generation was performed directly in Py-
thon, with the capability to export in VTK format
for subsequent validation in ParaView. The do-
main was discretized using cubic HEXS8 ele-
ments. Based on this data, a material class is cre-
ated, defining functions to compute the internal
force vector and tangent stiffness matrices, incor-
porating the hyperelastic Mooney-Rivlin model
and viscoelasticity implemented via Prony series.
The next step is the global assembly procedure,
which sums the contributions of individual finite
elements into the overall sparse system matrix.
A key stage prior to the dynamic analysis is the
preliminary static calculation, where the load is
applied in increments, and the nonlinear system
of equations at each step is solved using the New-
ton-Raphson method. This allows for the deter-
mination of the initial deformed state and the up-
dating of the tangent stiffness matrix to account
for the resulting geometric nonlinearity.
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The computational process concludes with the
application of the Newmark-f method for dy-
namic analysis. At each time step #:+1, a nonlinear
system of dynamic equilibrium equations is for-
mulated and solved using the iterative Newton-
Raphson method. Within each iteration, the cur-
rent kinematic parameters are estimated using the
Newmark relationships, after which the geome-
try, stresses, and tangent stiffness matrix are up-
dated. Upon achieving convergence, the material
history is updated, and the results are saved for
post-processing [1-4].

2. RESEARCH METHODS

Initial Excitation and Isolator Geometry

The challenge of correctly selecting the resonant
frequency of a vibration isolator requires a deep
understanding of the spectral composition of the
excitation generated by a shallow subway sys-
tem. The analysis was performed by processing
data obtained from a three-channel vibration me-
ter (sensors Knl, Kn2, Kn3) in octave frequency
bands from 2 to 250 Hz, located near the "Akad-
emicheskaya" subway station. Processing of the
experimental data showed (Figure 2) that the
spectrum of the vibration signal has a distinctly
uneven character with several key peaks. The
highest energy saturation of the signal was rec-
orded in the low-frequency range, which is char-
acteristic of the impact of rolling stock on the soil
mass. The dominant peak is in the octave band
with a center frequency of 31.5 Hz, where vibra-
tion levels reach maximum values (~72 dB). This
frequency can be critical for a number of vibra-
tion isolation tasks (especially for the natural fre-
quencies of floors and walls), creating a high risk
of structural resonance.

In addition to the main peak, significant vibration
levels were recorded in the 16 Hz and 63 Hz
bands. Specifically, the component at 16 Hz,
with a level of about 65 dB, presents a particular
challenge for isolation, as it requires the use of
vibration isolators with extremely low stiffness.
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Figure 2. Diagram of the input frequencies
spectrum according to gauge indications

Determining the first natural frequency of the
system is essential for preventing resonant phe-
nomena. If the first natural frequency of the sys-
tem is close to the external excitation frequen-
cies, this will lead to a sharp increase in vibration
amplitude, intensification of the vibratory impact
on structural elements, and potential material
failure. [5]

Three variants of the vibration isolator were
modeled: a classic rubber-metal type without
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holes (Type A, Fig. 3, 6), a version with a central
through-hole (Type B, Fig. 4, 7), and a modifica-
tion featuring a central hole plus four additional
holes arranged diagonally (Type C, Fig. 5, 8).

Figure 3. Finite element model of a rubber-
metal vibration isolator 650x400x350mm with-
out opening

Figure 4. Finite element model of a rubber-
metal vibration isolator 650x400x350mm with
central opening

600

Figure 5. Finite element model of a rubber-
metal vibration isolator 650x400x350mm with
five openings
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350 mm

Figure 6. 3D view of a rubber-metal vibration
isolator 650x400x350mm without opening

350 Mm

Figure 7. 3D view of a rubber-metal vibration
isolator 650x400x350mm with central opening

380 mm

Figure 8. 3D view of a rubber-metal vibration
isolator 650x400x350mm with five openings

The overall dimensions of the vibration isolator

are 650 x 400 x 350 mm. The structure consists
of alternating layers: steel plates with a thickness
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of 12.5 mm and rubber layers with a thickness of
100 mm.

The dimensions of the central hole are set at 150
x 100 mm, while the dimensions of the staggered
holes are set at 50 x 50 mm.

The steel plates are defined by the following pa-
rameters: £ = 210" Pa, v= 0.3, and a density of
p =7000 kg/m?.

Hyper elastic behavior

The hyper elastic behavior of the rubber is de-
scribed using the strain energy density function
in the Mooney-Rivlin model:

W= 610(111 —3)+Co1 (I —3)
+ = (o — 12 (1)
1
where:
I; = tr(C) is the first invariant of the right Cau-
chy-Green deformation tensor
I, = %[(tr(C))z — tr(C?)] is the second invar-
iant
Je1 = +/det (C) is the volumetric tension
Ci0=10.35 MPa and Co1 = 0.12 MPa are the ma-
terial constants.
The first sum describes the deviatoric part of the
energy, while the second considers the volumet-
ric part associated with compressibility.
Two-parameter Mooney-Rivlin model (N=1,
C11=0) is as follows:
W = Cyo(ly —3) + Coq (I — 3) 2)
This model is preferable to the simplest neo-
Hookean model, since the presence of the term

with Co1 allows one to describe the effect of rub-
ber softening under moderate deformations [6].

Viscoelasticity

The hyper elastic model describes the static be-
havior of the rubber. However, one of the key
functions of a vibration isolator is damping,
which in polymers has a viscoelastic nature. This
leads to the stress depending not only on the
strain, but also on the strain rate and the loading
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history. The hyper elastic part describes the equi-
librium response; viscoelastic effects are ac-
counted for as deviations from it and contribute
to both the static and dynamic response. [7]

In the frequency domain, this is expressed
through the complex shear modulus as follows

G*(w) =G'(w) +iG"(w) (3)

where G'is the storage modulus (elastic compo-
nent), and G" is the loss modulus (viscous com-
ponent). The tangent of the mechanical loss angle
(loss coefficient)

tand =G"/ G’ 4)

For the numerical analysis in the time domain,
which is necessary for solving nonlinear dynamic
problems using Newmark's method, the fre-
quency dependence is transformed into a shear
relaxation function G(f). The most convenient
approximation is the expansion into Prony series
(generalized Maxwell model).

The hyper elastic Mooney-Rivlin model de-
scribes the static behavior of rubber; however, a
critically important characteristic of a vibration
isolator is its damping capacity, which in rubbers
has a distinctly viscoelastic nature. These pro-
cesses cause the stress-strain state to depend not
only on the current strain, but also on the entire
loading history.

For numerical modeling in the time domain, the
frequency dependence of the complex shear
modulus G"(w) is approximated by the shear re-
laxation function G(7). In the present work, the
generalized Maxwell model is used, which is
mathematically expressed through Prony series.
[8,9]

The shear relaxation function G(¢) is defined by
the expression:

G(t) = Go[1 — Xk=1 gk (1 — e™/™)] )

where:

e Gy is the instantaneous shear modulus at =0,
related to the hyper elastic constants by the re-
lation:
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Go = 2(Cyp + Co1) (6)

e gk is the dimensionless relaxation weighting
coefficient (gk = G / Go), characterizing the
contribution of the k” branch to the overall re-
duction in rigidity;
Tk is the creep times;
e N is the order of the series, i.e., the number of
Maxwell branches [10].

The long-term shear modulus (G=), which deter-
mines the rigidity of rubber after the relaxation
processes are completed, is related to the instan-
taneous modulus by the ratio:

Geo = Gol1 = -1 1)) (7)
The coefficients are adopted on the basis of iden-
tification for high-damping rubbers: g1 = 0.436,
2= 0.058, 23 = 0.005, 71 =9.85 C, T2 = 98.5 C, T3
=9852c.[11]

Combined Hyper elastic - Viscoelastic Model
for Calculating Stress and the Tangent Stiff-
ness Matrix

In the present study, the hyper elastic and visco-
elastic models are used within a unified visco-hy-
perelastic formulation. The hyper elastic part
(Mooney—Rivlin model) defines the equilibrium
contribution to the strain energy and determines
the static (long-term) stress-strain state, while the
viscoelastic part in the form of Prony series de-
scribes the deviations from this equilibrium re-
sponse over time. In practice, this is implemented
as follows: at each solution step, based on the
known strain tensor, the equilibrium stresses and
the material tangent matrix are first computed us-
ing the Mooney—Rivlin model (considering G).
Subsequently, the non-equilibrium contributions
from each branch of the Prony series are added to
them. These contributions are determined by
their own relaxation equations (internal variables
dependent on the strain history). As a result, the
total stress tensor represents the sum of the hyper
elastic and all viscoelastic components, and the
tangent stiffness matrix (Krangenr) 1s formed as a
superposition of the material stiffness from the
Mooney—Rivlin model and additional derivatives
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from all branches of the Prony series. This ap-
proach ensures the correct accounting of both the
instantaneous nonlinear stiffness of the material
and the time-dependent relaxation and damping
under dynamic loading [12].

Software Architecture and System State
Transfer

To implement the numerical modeling in Python,
an architecture employing a single class was ap-
plied, ensuring the preservation of the system
state throughout the entire calculation. Avoiding
two independent calculations (static and dy-
namic) circumvents the difficulties associated
with the correct transfer of internal variables de-
scribing the history of viscoelastic deformation.
Instead, the model implements two sequential so-
lution methods: static and dynamic, both operat-
ing on unified variables and classes.

Upon completion of the static loading stage
Fstatic, the system records the displacement field,
the updated configuration of the mesh nodes, as
well as the stress and strain tensors at each inte-
gration point. It is important not only to save the
tangent stiffness matrix Kangen but also the com-
plete tensor field of stresses. These stresses are
responsible for the "geometric stiffness" effect,
which modifies the system's response. Omitting
information about the initial stresses while pre-
serving only the matrix K would lead to an incor-
rect calculation of internal forces in subsequent
steps of the dynamic analysis.

The transition from statics to dynamics is imple-
mented in Python as a change of solver without
recreating the vibration isolator model. The con-
verged solution obtained in the Newton-Raphson
loop is accepted as the initial condition =0 for
Newmark's method. This ensures the continuity
of the viscoelastic memory: the creep parameters
(Prony series terms) accumulated during the
static phase are passed as the initial state for the
first step of the dynamic calculation.

Accounting for Geometric Nonlinearity

To correctly account for geometric nonlinearity,
the stiffness matrix (K) must be recalculated at
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each time step based on the current nodal coordi-
nates (x = X + u). This implies constructing the
strain-displacement matrix (B) based on the de-
formed geometry rather than the original config-
uration.

The algorithm for a dynamic step includes the
following operations:

1. Calculation of total displacements (the
sum of static and current dynamic dis-
placements) and updating the coordi-
nates.

2. Updating the matrix (B) and computing
the current stresses.

3. Forming the geometric component of the
stiffness matrix (Kgeo), which depends on
the current stress-strain state.

The total tangent stiffness matrix is defined as the
superposition of the material and geometric com-
ponents:

Ktangent = Knaterial + ngo (8)

The presence of the component (Kgeo), reflecting
the influence of compressive stresses in the rub-
ber, is critically important for correctly modeling
the change in the frequencies of the rubber-metal
vibration isolator under load [13].

Structure of the Software Implementation
The practical implementation of the model is
built according to a modular scheme:

o StaticSolver: Performs the solution of
the nonlinear static problem, returning
the deformed mesh, the matrix (Krangenr),
the stress field, and the state of the visco-
elastic process.

o State: A module that receives all current
data after each iteration (mesh, matrix K,
material properties, internal variables).

e DynamicSolver: Conducts the dynamic
analysis based on the data from the State
module, adds inertial masses to the corre-
sponding degrees of freedom, and imple-
ments the numerical time integration pro-
cedure using Newmark's method.

The primary requirement is the strict transfer of
the mesh and stiffness to the dynamic module.
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Applying the load to the top surface exclusively
through mass is a necessary condition for gener-
ating correct inertial forces, without which a non-
linear dynamic analysis of the vibration isolation
is impossible..

3. STATIC ANALYSIS

The static load Flsaic = 2000 kN, simulating the
weight of a portion of the building, is applied to
the top plate of the vibration isolator as a uni-
formly distributed load. Given the pronounced
geometric nonlinearity (large deformations) and
the physical nonlinearity of the hyper elastic ma-
terial, applying the full load in a single step is im-
possible due to convergence problems.

To address this issue, an incremental loading pro-
cedure was implemented: Flswaric = 2000 kN was
divided into 1000 equal substeps (AF =2 kN). At
each substep, the equilibrium of the system was
sought using the iterative Newton-Raphson
method, with a convergence criterion based on
the relative norm of the force residual set to 107,

Analysis of the Stress-Strain State

As aresult of the static calculation, the field of pre-
stresses and the updated (deformed) mesh geome-
try were obtained. It is this stressed state that deter-
mines the tangent stiffness matrix (Krangenr), which
is recorded and passed as the initial condition for
the subsequent dynamic analysis [14].

Numerical Implementation of the Nonlinear
System Solution using the Newton-Raphson
Algorithm

The solution of the system of nonlinear equilib-
rium equations was carried out using the New-
ton-Raphson method, incorporating a line search
procedure to enhance the stability of the iterative
process. The load application procedure was dis-
cretized: at each stage, an increment of AF' = 2
kN was applied, totaling 1000 substeps until the
full load value was reached. [15]

During the iterative process, the Jacobian matrix
(tangent stiffness matrix) was updated at each
step:
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__0R

J=3, )

The force residual vector (R) was defined as the

difference between the external loads and the in-

ternal reaction forces of the system:

R = Foxt — Fine (W) (10)

The computational algorithm within each load-

ing substep was implemented according to the
following scheme:

1. Residual Calculation. The current force im-

balance vector is determined as follows:

R; = Fext — Fine(u;) (11)

2. Convergence Check. The norm of the residual

is evaluated against the relative convergence
tolerance &rel:

IRl
[l Fextll

< Erel (12)

where the convergence tolerance is taken as &res
=107
3. Solving the Linearized System. The displace-
ment increment vector is computed as fol-
lows:
Jidu; = R; (13)
4. Line Search (State Update). The current nodal
coordinates are corrected using a step size a:
Ui = U; + ady; (14)
The backtracking method was used to determine
the parameter a. In cases where the full algorithm
step (o = 1) did not lead to a decrease in the re-

sidual, a step reduction algorithm with a factor of
0.5 was activated.

Algorithm Efficiency

Analysis of the numerical simulation results
demonstrated the high efficiency of the specified
algorithm:
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e The number of Newton-Raphson itera-
tions per loading substep decreased from
18-22 to 7-12.

o Cases of solution divergence in situations
requiring step damping (a < 0.3) were
eliminated.

Transfer to Dynamic Analysis
The modeling of the inertial properties of the sys-
tem is carried out by modifying the global matri-
ces and vectors before initializing the dynamic
loop. During the static calculation stage, the ex-
ternal force vector (Fex) 1s formed, simulating the
gravitational load on the top nodes, and the sys-
tem of equilibrium equations is solved, with in-
ertial terms excluded from these equations [16].
Before starting the dynamic step, a procedure for
redefining the system of equations is performed:
1. The components of the external force
vector (Fexr) corresponding to the static
pressure are zeroed out, as this load tran-
sitions into the category of inertial forces.
2. The global mass matrix (M) is modified.
The calculated equivalent mass is distrib-
uted among the corresponding nodes of
the top face of the isolator.
In the Python code, this is implemented by add-
ing lumped masses to the diagonal entries of the
global matrix.
The equation of motion is written as a balance of
inertial and internal forces:
Mii + Fy (u, 1, history) = 0 (15)
The internal force vector (Fin) includes stresses
from both the hyper elastic Mooney-Rivlin
model and the viscoelastic model. An explicit
damping matrix C is not used, as energy dissipa-
tion arises automatically in the calculation of Fin
due to the dependence of stresses on the strain
history. The damping of viscoelastic materials is
strongly frequency-dependent. The Rayleigh ma-
trix (C = aM + BK) assumes damping propor-
tional to mass or stiffness, which provides a very
rough, non-physical approximation of the fre-
quency dependence [17, 18].
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4. DYNAMIC ANALYSIS

Numerical integration of the equations of motion
was performed using the implicit Newmark
scheme. The parameters B = 0.25 and y = 0.5
were used, corresponding to the constant average
acceleration scheme, which ensures stability and
the absence of numerical dissipation.

The time integration step was set to Az = 10 s.
The choice of step size is justified by the accu-
racy criterion for reproducing wave processes:

FnaxAt < 0.1 (16)

where fmax = 31.5 Hz is the upper bound of the
frequency range of the external excitation.

The kinematic parameters of the system at the
new time step (n+1) are determined through the
recurrence relations:

Displacement prediction

Ungs = Uy + Attty + (5= ) At?, +
PAt iy 4y (17)

Velocity prediction
Unt1 = Un + (1 = y)Atily, + yAtily,, (18)

To solve the nonlinear system of dynamic equi-
librium equations at each time step, the iterative
Newton—Raphson method was employed.
Linearization of the equation

Mii + Fy,(u, i, history) = 0 (19)

within the framework of the Newmark scheme
leads to the formation of an effective stiffness
matrix:

1
Keff + Ktangent + BAL2 M (20)

where the tangent matrix is as follows:
_ oF int
Kiangent = = 21)
It includes:
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e the material component from the equilib-
rium stress (Mooney—Rivlin),
o the material contributions
branches of the Prony series,
o the geometric stiffness resulting from
pre-existing stresses.
The damping matrix (C) is not formed explicitly,
as the energy dissipation properties of the system
are fully accounted for within the nonlinear vec-
tor (Finr) [19].
The line search procedure is activated if the norm
of the residual at the new iteration increases com-
pared to the previous one or decreases insuffi-
ciently rapidly (by less than a specified tolerance).

from all

IRzl > IRl (22)

5. RESULTS AND DISCUSSION

Vibration Isolator Settlement
At the moment of load application from the
weight of the building portion (#=0), the vertical
settlement (u:) values of the top face of the vibra-
tion isolator were obtained. The introduction of
perforation expectedly reduced the vertical stift-
ness of the element, leading to an increase in
static deformation:

e Type A (No perforation): Settlement
amounted to -10.2 mm. The vibration isolator
demonstrates maximum stiffness.

o Type B (1 central hole): Settlement increased
to -14.5 mm. The reduction in cross-sectional
area led to a moderate increase in settlement.

e Type C (5 holes: 1 center + 4 staggered): Set-
tlement amounted to -22.1 mm. Significant
perforations substantially reduced the stiff-
ness of the vibration isolator, providing the
softest response to the static load.

Displacement Time History

At time =0, the settlements start from the static
settlement values (-10.2, -14.5, and -22.1 mm,
respectively), rather than from zero, which con-
firms the correct transfer of the stress-strain
state from the Static module to the Dynamic
module.
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Spectral Analysis and Determination of Nat-
ural Frequencies

To identify the dynamic characteristics of the vi-
bration isolators in their working (compressed)
state, the time histories of vertical displacements
(u=(?)), obtained from numerical simulation of the
system's free damped vibrations after being dis-
placed from the static equilibrium position, were
processed.

Dynamic Analysis

The dynamic analysis of the loaded system re-

vealed a dependence between the perforation

types and the dynamic characteristics of the vi-

bration isolator:

e Type A (Solid): The spectral peak was rec-
orded at a frequency of 9.50 Hz.

e Type B (1 hole): The introduction of a central
channel led to a slight decrease in stiffness,
with a frequency of 9.43 Hz. This minimal
difference (less than 1%) is explained by the
fact that removing material from the center re-
duced the vertical stiffness of the system, but
simultaneously decreased the associated oscil-
lating mass of the rubber, resulting in the stift-
ness-to-mass ratio remaining practically un-
changed.

e Type C (5 holes): The maximum reduction in
dynamic stiffness was recorded for the config-
uration with five holes. The frequency shifted
to 8.06 Hz (a reduction of ~15% relative to
Type A).

The significant frequency drops for Type C by

1.44 Hz relative to the solid specimen. This con-

firms the effectiveness of perforation for reduc-

ing support stiffness without loss of stability.

Vibration Isolation Efficiency

The evaluation of vibration protection properties
was carried out for the dominant frequency of the
external excitation fex: = 31.5 Hz, corresponding
to the maximum spectral density of the signal
generated by the subway.

According to the theory of linear vibration isola-
tion, the transmission ratio (TR) is determined by
the ratio of the excitation frequency to the natural
frequency of the system [20]:
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N = fext/fn (23)
Effective isolator operation is ensured under the
condition:

n>+2 (24)
Comparative Efficiency Calculation:
For Type A (Solid):
Frequency ration =31.5/9.50 = 3.32.
The system is in the vibration isolation zone. The
theoretical transmission ratio is TR = 0.10.
For Type B (1 hole):
Frequency ration =31.5/9.43 = 3.34.
The indicators are practically identical to the
solid vibration isolator. A hole only in the central
zone had a minimal impact on the global vertical
mode, providing only a symbolic gain in isola-
tion efficiency (less than 1%).
For Type C (5 holes):
Due to the significant reduction in natural fre-
quency, the ratio 1 increased to 31.5/8.06 = 3.91.
The increase in frequency detuning leads to a de-
crease in the theoretical transmission ratio to TR
~ 0.07. This provides an additional reduction in
vibration levels compared to the base variant.

Analysis of Time Histories

Numerical simulation in the time domain con-
firmed the modal analysis data. For all isolator
types, a significant suppression of acceleration
amplitudes is observed. However, Type C
demonstrates qualitatively different response dy-
namics: due to its "softer" structure and fre-
quency of 8.06 Hz, it provides deeper filtering
not only of the fundamental harmonic (31.5 Hz)
but also effectively suppresses the high-fre-
quency "noise" (63 Hz and above), which is par-
tially transmitted by the stiffer models A and B.

Influence of Perforation on Dynamic Charac-
teristics

The analysis showed that introducing perforation
into the body of the vibration isolator is an effec-
tive tool for controlling stiffness without chang-
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ing the overall dimensions of the isolator. A com-

parative analysis of the three configurations un-

der a static load Fsar = 2000 kN revealed the fol-
lowing patterns:

1. Stiffness Reduction: The transition from the
isolator without holes (Type A) to the perfo-
rated structure with five holes (Type C) led to
an increase in static settlement from 10.2 mm
to 22.1 mm. This indicates a reduction in the
vertical static stiffness of the system by more
than a factor of two.

2. The natural frequency of the loaded vibration
isolator system shifted from 9.50 Hz (Type A)
to 8.06 Hz (Type C). The reduction of 1.44 Hz
is significant, as it allows for increased detun-
ing from the dominant excitation frequencies.

Effectiveness of Vibration Protection in the Fre-
quency Spectrum Excited by Subway Trains
Analysis of the transmission ratio (TR) for the
main excitation frequency of 31.5 Hz (peak of the
vibration spectral density) demonstrated the high
efficiency of the proposed solution:

1
1-n?

_ Jext

;Fﬂen_ f,

TR~ |

(25)

For all isolator types, the condition for post-res-
onance operation is met:

N = fext/In (26)
The frequency ratio is = 3.3 for the solid block and
increases to 1 = 3.9 for the perforated one (Type C).
The calculated transmission ratio for Type C was
TR = 0.07, corresponding to a vibration level reduc-
tion of 23 dB. This surpasses the performance ofthe
solid vibration isolator (TR = 0.10, 20 dB) and con-
firms the feasibility of using perforation [21].

Nonlinear Effects

Accounting for geometric nonlinearity and mate-
rial hyperelasticity allowed for the identification of
the rubber "stiffening" effect under large defor-
mations. Ignoring this effect would lead to an in-
correct assessment of vibration isolation efficiency
and errors in predicting resonant frequencies.
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6. CONCLUSIONS

This work presents a nonlinear dynamic simula-
tion of a rubber-metal vibration isolator sub-
jected to a static load from a building and dy-
namic excitation caused by vibrations from a
shallow underground railway. The main conclu-
sions of the study are as follows:

1. The introduction of a system of five vertical
holes (1 central + 4 peripheral) allows for a
reduction in the natural frequency of the vi-
bration isolator to 8.06 Hz. This ensures relia-
ble protection against the critical frequency
range (31.5 Hz — 63 Hz).

2. The developed configuration provides a trans-
mission ratio of TR = 0.07 at the dominant fre-
quency. In the frequency range of 31.5-63 Hz,
characteristic of vibrations from shallow sub-
way systems, a reduction in vibration levels
by more than a factor of 10 is achieved for a
building located near a shallow underground
railway.

3. It is demonstrated that the application of sim-
plified linear models is inadmissible when us-
ing rubber-metal vibration isolators. The use
of the Mooney-Rivlin model and the consid-
eration of large displacements revealed a sig-
nificant difference between the actual dy-
namic stiffness and linear extrapolation, con-
firming the necessity of employing the devel-
oped algorithm (Newmark method + Newton-
Raphson iterations).

The contribution of this study in practice lies in
substantiating the choice of the vibration isolator
configuration (Type C), which provides an opti-
mal balance between load-bearing capacity (up
to 2000 kN) and the required effective compli-
ance for suppressing low-frequency vibrations
generated by trains in shallow subway systems.
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HIGHER-MODE EFFECTS IN GLASS PANE RESPONSE TO
CLOSE-RANGE BLAST: A FINITE ELEMENT AND SDOF
MODEL COMPARISON

Ilham Nurhuda’, Nelson T.K. Lam?
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Abstract: The structural performance of glass panes under blast-induced pressures is commonly analyzed using
single-degree-of-freedom (SDOF) models, which assume that the response is governed by the fundamental mode
of vibration. However, in close-range explosion scenarios where the load duration is significantly shorter than the
natural period of the glass pane, higher-mode effects can become significant. To enhance the blast resistance of
glass panels, it is important to understand their behavior under a wide range of explosion scenarios, including
close-range blasts. Unlike previous studies that have primarily focused on long-distance explosions with relatively
long load durations, this study investigates the dynamic response of glass panes under short-duration blast loads.
The investigation is conducted using calibrated finite element (FE) simulations on glass panes with varying
dimensions and thicknesses, subjected to different blast intensities. Key response parameters examined include
deflection shapes, bending stresses, and shear stresses. Results indicate that while the SDOF model can reasonably
predict the maximum deflection of glass panes, it significantly underestimates peak bending and shear stresses in
short-duration blast scenarios. A power-law relationship is proposed to quantify the discrepancy between SDOF
and FE stress predictions as a function of the load duration-to-natural period ratio. These findings reveal the
limitations of conventional SDOF models and highlight the need to account for higher-mode effects in the design
of glazing systems exposed to close-in explosions.

Keywords: glass pane, close-range explosion, finite element, SDOF, higher modes

BJUSAHUE BbICIIUX ®OPM KOJIEBAHUM HA OTKJIUK
CTEKJISIHHBIX ITAHEJIEN TP BJINKHUX B3PbIBAX:
CPABHEHHUE MOJIEJIEU MK3 U SDOF

Hnovxam Hypxyoa ', Henvcon T.K. Jlam ?

! Vausepcuter Junoneropo, Cemapanr, UHIOHE3W S
2 MenbOypHckuii yausepeutet, Mensoypu, ABCTPAJIVS

AnHoTanus: IToBeileHNe CTEKIISIHHBIX MTaHEeNeH MPH B3PbIBHBIX BO3AEHCTBUSAX OOBIYHO OMMCBHIBAETCS MOAEIAMU
SDOF, ocHoBaHHbIMH Ha (hyHAaMEHTAIBHOH (QopMme KoieObanui. OmHaKO MpH OJVKHUX B3PhIBaX C KOPOTKOM
JUINTEIBHOCTHIO MMITYJIbCa 3HAYMMBIMU CTAaHOBSATCSI Bbicmie (opmbl. B pabore ¢ ucmonb3oBaHneM Metona
KOHEUYHBIX 3JIEMEHTOB HCCIICZIOBAH JUHAMUYECKUN OTKJIMK MaHeJdeld pa3IuyHOW TOJNIIMHBI U pa3MepoB MNpu
KpaTKOBPEMEHHBIX Harpys3kax. PaccMoTpeHsl mporuOsl, H3rnOHbIC W KacaTelbHble HarpshkeHus. [lokasano, 4To
mozenb SDOF  ynoBIeTBOPUTENBHO MpPECKa3bIBAET MAKCUMAJbHBIH MPOrHO, HO CYIIECTBEHHO 3aHMKAeT
MUKOBBbIE HampspKeHUs. [l11 OLIEHKM pacXOoKICHMH NpeJIo’KeHa CTENEeHHAas 3aBUCHUMOCTb OT OTHOILEHHS
JUIMTENBHOCTH MMITyJIbca K COOCTBEHHOMY TIepuoiy KosiebaHuid. Pe3ynbTaTbl BBIABISIIOT OTPAaHHUYCHUS
knaccrmueckux mozener SDOF m HeoOxoammocTh yuéra BeICIIMX (OPM HPH MPOSKTHPOBAHMU OCTEKIICHUS,
MOABEPKEHHOTO OJIMKHUM B3pPBIBAM.

Ki1roueBble cjioBa: CTEKIISTHHAS TTaHENb, OJMDKHUHN B3PBIB, METOI KOHEYHBIX 2JIeMeHTOB, Mozenbs SDOF,
BbICIINE (POPMBI KOJIeOaHHI
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Higher-Mode Effects in Glass Pane Response to Close-Range Blast: a Finite Element and SDOF Model Comparison

1. INTRODUCTION

Buildings such as government offices, hotels,
and commercial facilities are often potential
targets of terrorist attacks. These types of
structures frequently incorporate large glass
panes in their fagades, which are widely
recognized as the most vulnerable components
during an explosion [1], [2]. Evidence from past
terrorist incidents shows that buildings designed
in accordance with modern codes of practice
generally experienced limited structural damage.
However, extensive damage to surrounding glass
facades was frequently observed. Flying glass
fragments from shattered panes have been
identified as one of the primary causes of injury
[3], [4].

The behaviour of glass panes subjected to
explosions can be analysed numerically using the
finite element method (FEM), as demonstrated in
previous studies [5], [6]. However, FEM
analyses typically require considerable time and
computational resources for both modelling and
simulation. Therefore, for practical purposes,
simplified single-degree-of-freedom (SDOF)
models are often used as an alternative [7], [8],
[9], [5]. Given that blast pressures generated by
long-distance explosions generally have longer
durations than those from close-range blasts, the
response of the glass pane in such cases is often
dominated by the fundamental mode of vibration.
As a result, SDOF models can be effectively
employed to estimate the response of glass panes
under long-duration blast loading, offering a
more practical alternative to complex numerical
simulations.

Long distance explosion scenarios are generally
valid in situations where security measures have
precluded the possibility of a large explosion
(generated by a car bomb or trick bomb, for
example) to be detonated at close range to a
protected target. However, the target, or part of it,
could still be susceptible to attacks by the use of
smaller explosion devices at close range.
Examples of such “minor” blast scenarios
include the parcel bomb incident in Paris in 2007
and the grenade attack on the US embassy in
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Greece in the same year. This paper focuses on
the dynamic behaviour of glass panes when
subject to close-range explosions in which blast
pressures of much shorter duration and higher
peak overpressure are generated. With load
duration shorter than that of the fundamental
natural period of glass panes, higher modes
effects can become significant and need to be
taken into account in the strength evaluation.

This paper investigates the influence of higher
vibration modes on the dynamic response of
glass panes. The response parameters of interest
include displacement, normal (bending) stress,
and transverse shear stress within the glass panes.
The main contributions of this paper are as
follows: (1) validation of finite element (FE)
modeling under short-duration loading; (2) a
comparative analysis of the responses obtained
from calibrated FE simulations and SDOF
models across varying ratios of load duration (td)
to the natural period (T) of the glass panes; and
(3) derivation of correction formulae for SDOF
stress estimates under higher-mode influence.

2. METHODOLOGY

2.1. Geometry of Glass Panes

This study examines the behavior of glass panes
supported on two opposite sides, a configuration
commonly found in fagade walls, interior
partitions, and display windows. This type of
support typically results in a relatively long
fundamental natural period compared to the
duration of a blast load.

Table 1. Dimension of glass panes

Pane Dimensions (mm) | Glass Thickness (mm)
500 x 500 4
1000 x 1000 10
1000 x 1000 4
2000 x 2000 19

The glass panes were analyzed in three size
categories: small (500 mm x 500 mm), medium
(1000 mm x 1000 mm), and large (2000 mm x
2000 mm). The thickness of each pane was

119



selected to meet wind load requirements in
accordance with the AS 1288 standard [10],
ensuring structural adequacy under normal
service conditions. The detailed pane dimensions
and thicknesses are listed in Table 1.

2.2. Finite Element (FE) Modelling and
Verification

In this study, the dynamic behaviour of the glass
panes was studied analytically using LS-DYNA,
an explicit, non-linear 3D finite element analysis
(FEA) code [11]. The glass panes were modelled
using shell elements. Figure la shows a finite
element (FE) model of a glass pane supported on
2 sides. The X, Y, and Z axes in Figure 1a are the
global axes in the FE model which are used as a
reference for calculating the distribution of blast
pressure and internal forces in the glass pane.
Point O denotes the centre of the pane, while
Point A is located at the support such that line
OA is parallel to the X-axis. Figure 1b shows a
typical shell element. Notations 7, s, and 7 in
Figure 1b refer to local axes in a shell element,
and ax denotes the element thickness at node .
The shell elements used in this analysis
considered both large deformation and transverse
shear in the elements [12], [11], [13]. Annealed
glass was used throughout the study. The glass
material was modelled as a linearly elastic
isotropic material with Young’s modulus =

support

ak

shell elements

H
(@)
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68,500 MPa, Poisson’s ratio = 0.23 and density =
2,500 kg/m’.

The analysis procedure was verified against
results from physical experiments. Physical tests
were conducted on a glass pane of size 1000 mm
x 1000 mm x 5 mm, which was simply supported
along two parallel edges. The glass pane was
subject to an impact load from an elastic ball with
a diameter of 27 mm. The elastic ball was
dropped from a heigh of 1400 mm onto the centre
of the pane. An accelerometer was attached to the
ball to record its acceleration during impact. The
deflection of the glass pane was measured using
linear variable displacement transducers (LVDTs)
positioned beneath the glass. The test set-up is
illustrated in Figure 2.

The impact load, illustrated in Figure 3, was
calculated by multiplying the measured
acceleration by the combined mass of the elastic
ball and the attached accelerometer. The duration
of the impact loading, also shown in Figure 3,
was approximately 3 milliseconds, significantly
shorter than the fundamental natural period of
vibration of the glass pane (T = 84 ms). This
impact duration is consistent with test results
reported in the literature for a single loading
cycle (Zhang et al, 2025). Since the load
duration was much shorter than the fundamental
period, the dynamic response of the glass pane
was strongly influenced by higher vibration
modes, as evidenced in Figure 4.

Mid-surface of

p shell element

(b)

Figure 1. Finite element model (a) FE model for glass panes supported on 2 sides,
(b) Shell element [15]
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Figure 2. The physical test set up
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Figure 3. Impact load
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Figure 4. Deflections of the glass pane (a) at LVDT 1, (b) at LVDT 2 (refer Figure 2)

Figure 4 presents a comparison between
deflections obtained from the physical
experiment and those predicted by the finite
element (FE) analyses. As shown, the FE
predictions align well with the experimental
observations, particularly during the early phase
of the response. However, in the physical test, the
glass pane experienced multiple impacts due to
the ball bouncing upon contact (Zhang et al.,
2025). Since this aspect of the experiment was
not incorporated into the FE model, the
numerical predictions could not fully match the
measured deflections throughout the entire
response. Nevertheless, the applicability of the
developed FE models for simulating the dynamic
behaviour of glass panes has been successfully
verified.
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2.3. SDOF Model Formulation and
Assumptions

Analysis using a representative finite element
(FE) model can provide accurate predictions of a
structure’s dynamic behaviour. However, such
analysis requires sophisticated FE software, such
as LS-DYNA. Simpler methods, such as single-
degree-of-freedom (SDOF) models, have been
widely used to predict structural responses under
blast loading. SDOF models have been shown to
provide reasonable estimates when the explosion
originates from a long distance [7]. However,
their applicability to glass panes subjected to
close-range explosions remains uncertain and
warrants further investigation to evaluate the
accuracy of the results obtained from SDOF-
based analyses.
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In SDOF model analyses, the dynamic properties
of the structure are -characterized by its
equivalent mass (m*), equivalent stiffness (k*),
and equivalent damping (c) as shown in Figure
Sa. The applied loads must also be transformed
into an equivalent force Methods for calculating
these SDOF parameters are well documented in
the literature [8], [16], [17]. In this study, the
SDOF parameters representing the glass pane
were calculated using Rayleigh’s method, which
is based on the principle of conservation of
energy. The blast induced pressure was defined
by Eq 1, and the deflection shape function of the
glass pane was of the sinusoidal form as defined
by Eq 2 forming part of the Rayleigh’s method.
The equivalent mass (m*) and equivalent
stiffness (k*) representing the glass pane were
calculated according to the deflection shape
function using Eqs 3 — 6. Once these parameters
were obtained, the fundamental natural period of

vibration of the glass pane (T) could be estimated.

p(x,y,t) = pr(t). 5
a

+pi(t) (1 -

Y(x,y) = sin %x
for plates supported on 2 parallel sides

™
Y(x,y) = sin— sin—

for plates supported on 4 sides

m* = foa fob m. Y(x,y)?dx.dy
Ry

[Py | Pvan)
B 0x? dy?
|y vy (2w )Y
B 0x? dy? dxdy

€)
(4)
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D = ER*/12(1 —v?) (5)
px() = [ [ p@y, ). pxydedy (6)

where y(x,y) is the deflection shape function, p*
is the equivalent force, x and y are coordinates on
the glass pane measured from the bottom left
corner of the pane (see Figure 1a), @ and b are the
width and length of the pane, 4 is the thickness, ¢
is time, p(x,),?) 1s the blast pressure function, pr(7)
is the reflected pressure at time ¢, pi(f) is the
incident pressure at time #, R is the distance from
the explosive to the centre of the target, m is mass
per unit area, £ is Young’s modulus, and v is
Poisson’s ratio.
For glass panes supported on all four sides,
membrane action has been found to dominate
under large deflections [17]. An SDOF model
that incorporates the contribution of membrane
stiffness 1s shown in Figure 5b, and its equation
of motion is presented in Equation 7. The
displacement x(t) in Equation 7 can be solved
numerically using the Central Difference Method
for step-by-step time integration.
mxxX(t)+cx(@t)+k*xx@t)=p*(@t) ()
where x(t), x(t), and X(t) are the displacement,
velocity, and acceleration at the centre of glass
plates, and ¢ is damping coefficient.

l p*(t)

k* (e

Figure 5. SDOF model

2.4. Blast Loading Model and Scenarios

Blast pressures result from the instantaneous
release of energy during explosive detonation.
The magnitude of the blast loading is typically
quantified in terms of the equivalent TNT weight
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of the explosive [18], [4], [19], [2]. For
explosives other than TNT, their weight can be
converted into an equivalent TNT weight using
Equation 8 [19].

WinT = WExp.(Qexp/QTNT) (8)

where Wrnt is the equivalent TNT charge weight,
WEexp is the weight of the explosive, Qexp is the
mass specific energy of the detonated explosive,
and Qrnr is the mass specific energy of TNT.
An explosion produces hot gases that expand
rapidly, displacing the surrounding air and
generating blast waves in the atmosphere. As the
blast wavefront reaches the ground, it is reflected,
and the interaction between the incident and
reflected waves results in even higher pressures.
When the blast wave strikes a target, its
expansion is constrained, causing a sudden rise
in pressure on the target surface, as illustrated in
Figure 6.

Preak %‘

v

PAMBIENT
PNEGATIVE } ——————————————————————————————

Positive phase (td) Eegative phase (tn)
| ] |
T I T

Figure 6. Typical pressure-time history

Nl

L IO

Figure 7. Distribution of blast pressure
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The blast-induced pressure then gradually
decreases to ambient levels at time #s, marking
the end of the positive phase. Following this, the
pressure may drop below ambient, creating a
negative (suction) phase, before returning to
normal atmospheric conditions. Since the
negative phase typically reduces the target's
deflection, its effect can be neglected, as is done
in this study.

The blast pressure parameters illustrated in
Figure 6 depend on various factors, including
charge weight (expressed as equivalent TNT
weight), stand-off distance, the location of the
detonation (in air or on the surface), and the
presence of obstacles between the explosive and
the target. Methods for estimating blast pressure—
time histories are well-documented in the
literature [19]. Existing analytical approaches
can generally be grouped into two main
categories: (1) analytical methods that use
empirical formulae and charts, and (2) numerical
simulations, such as computational fluid
dynamics (CFD), which are computationally
expensive and thus better suited for modelling
blast effects on structures with complex
geometries or in complicated environments [20],
[21]. Blast scenarios involving structures with
regular geometry in standard environments,
analytical methods based on formulae and graphs
are typically sufficient [13], [19].

In this study, the ConWep method [22] was used
to model the blast-induced pressures on the glass
panes. ConWep is based on empirical test data
and analytical approximations, and has been
widely adopted by both researchers and
practitioners. Furthermore, it has been shown to
provide reliable predictions of blast effects [23].

The distribution of blast-induced pressure on the
surface of a target is significantly influenced by
the stand-off distance. At long stand-off
distances, the distance from the explosive charge
to any point on the planar target is nearly uniform,
resulting in a small angle of incidence (0), as
illustrated in Figure 7. Under such conditions, the
blast pressure can be reasonably assumed to be
uniformly distributed across the target surface.
However, at short stand-off distances, this
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uniform pressure assumption is no longer valid blast load, Pj(t), on the glass panes is calculated
due to the increased variation in angle and using Equation 9 [24].
distance. In this study, the distribution of the

Scenario A Scenario B Scenario C Scenario D
400 g TNT 200 g TNT 50 g TNT 100 kg TNT
¥ | -
5 32m 1.3m 100 m
m 1 >‘\
P; 26.51 kPa 37.48 kPa 79.81 kPa 5.53 kPa
P, 58.57 kPa 85.77 kPa 208.4 kPa 11.27 kPa
td 3.1 ms 2.284 ms 1.188 ms 28.12 ms
Glass 500 mm x 500 mm X 4 mm 1000 mm x 1000 mm x 4 mm| 2000 mm x 2000 mm x 19 mm| 2000 mm x 2000 mm x 19 mm|
Panes (td/T =0.12) (td/T =0.02) (td/T =0.01) (td/T =0.32)
1000 mm x 1000 mm x 10 mm
(td/T =0.05)

Pj(t) = Pro(t). cos?(0) + Pio(t). (1- cos (8))?

Figure 8. Blast scenarios

)

duration of 2.3 ms (scenario B), or td/T = 0.05.

where Pro(t) and Pio(t) are the reflected and
incident pressures respectively at point “O” as
defined by ConWep, and 0 is the angle of
incidence as illustrated in Figure 7.

This investigation focused on analysing the
effects of explosions generated by handheld
bombs, such as grenades and parcel bombs, at
close range to the target. The equivalent TNT
weights in these scenarios ranged from 50 to 400
grams. In this study, explosives were positioned
directly in front of the centre of the glass panes at
four different stand-off distances: 1.3 m, 3.2 m,
5.0 m, and 100 m. Details of the blast scenarios
are presented in Figure 8. Scenario D represents
a case where a glass pane responds to a long-
range explosion at a stand-off distance of 100 m,
included for comparison purposes.

3. RESULTS AND DISCUSSIONS

3.1. Deflection of Glass Panes

Figure 9a presents the displacement-time history
at the centre of a glass pane measuring 500 mm
x 500 mm x 4 mm, subjected to blast-induced
pressure with a duration of 3.1 ms (scenario A)
or corresponding to a td/T ratio of 0.12. Figure
9b presents results for a glass pane of size 1000
mm x 1000 mm x 10 mm under a blast pressure
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Figures 9¢ and 9d present results of glass panes
of identical size (2000 mm x 2000 mm x 19 mm)
but subjected to different blast scenarios. The
glass pane in Figure 9¢ was exposed to a close-
range explosion, while the one in Figure 9d
experienced a long-range explosion. Across
Figures 9a — 9d, it is consistently observed that a
decrease in the td/T ratio increases the
contributions of higher modes, as indicated by
the wavy broken lines in the figures.

Results from the finite element (FE) analysis are
presented alongside predictions from the SDOF
models in Figures 9a—9d. The SDOF model used
in the analyses did not include membrane
stiffness (Figure 4a). Figures 9a—9d demonstrate
that the deflection profiles obtained from the
SDOF model without accounting for higher-
mode effects can still be representative of the
actual behaviour, particularly when the td/T ratio
1s not less than 0.05. However, when the td/T
ratio becomes smaller (as shown in Figure 9c¢),
the accuracy of the SDOF model predictions may
diminish. Furthermore, Figure 9c illustrates that
higher-mode effects can lead to noticeable
reduction in the maximum deflection of the glass
pane.

Since the parameters defining the SDOF
generalization are based on an assumed
deflection shape, it is important to compare this
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assumed sinusoidal function with deflection
profiles obtained from finite element (FE)
analyses. Figure 10a shows the normalized
deflection shape of the glass pane, as computed

from the FE analysis (along the OA section
defined in Figure 1a) at the moment of maximum
deflection.

Glass panel of size 500 mm x 500 mm x 4 mm Glass panel of size 1000 mm x 1000 mm x 10 mm
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Figure 9. Deflection-time history of glass panes (a) td/T = 0.12, (b) td/T = 0.05, (c) td/T = 0.01,
(d) td/T = 0.32

Figures 10b—10d present deflection shapes at
other time instances, as indicated in the
respective legends. Overall, the sinusoidal
deflection shape assumed in the SDOF
generalization shows reasonable agreement with
the FE results. However, a noticeable
discrepancy is observed in Figure 10c, where the
td/T ratio is very small (0.01).

3.2. Bending Stress

The strength of glass is commonly evaluated
based on the major principal stresses estimated
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on the surface of the glass pane [13], [25], [16],
[26]. For glass panes supported on two parallel
sides, these stresses are primarily governed by
bending. Figures 1la—11c present the time
history of the maximum bending stresses at the
centre of the glass pane. The results reveal a
highly fluctuating time-history of bending stress,
in contrast to the more predictable deflection
response. This fluctuation is indicative of the
significant influence of higher vibration modes
on the bending stress.
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Figure 11. Time history of the normalized bending stress at the centre of (a) a glass pane
measuring 2000 mm x 2000 mm x 19 mm, with td/T=0.32, (b) a glass pane measuring 500 mm x
500 mm x 4 mm, with td/T=0.12; (c) a glass pane measuring 1000 mm x 1000 mm x 10 mm, with

td/T=0.05, (d) a glass pane measuring 2000 mm x 2000 mm x 19 mm, with td/T=0.01
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Figure 1la demonstrates good correlation
between the predictions of the generalized
SDOF model and those from the finite element
(FE) analysis. In blast scenarios with lower td/T
ratios (Figures 11b and 1lc), the maximum
stress values predicted by the generalized SDOF
model are significantly lower than those
obtained from the FE analysis. While SDOF
analysis offers the advantages of simplicity and
lower computational cost, some limitations in
accuracy have been identified. As shown in
Figure 11, the magnitude of stress fluctuations
increases as the td/T ratio decreases. Therefore,
the accuracy of the SDOF model can be
improved by modifying its results to account for
higher-mode effects, whose significance has
been shown to depend on the td/T ratio. The
discrepancy between the FE and SDOF
predictions of bending stress can be expressed
as the ratio orea / ospor. Figure 12 illustrates
that this ratio increases as the td/T ratio
decreases. Furthermore, the relationship
between orea and cspor can be modelled using
the power function presented in Equation 8,
which is valid for rectangular glass panes
supported on two sides with td/T values ranging
between 0.01 and 0.12.

1,3
N

&

\\

e

0 0,020,040,060,08 0,1 0,120,14
td/T

Figure 12. Relationship between ore4/ospor and
td/T.

O-FEA = 127 O'SDOF.e_Z(td/T) (8)
The probabilistic strength of glass depends on the

effective area of the glass pane, which is
influenced by the surface stress distribution [27].
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Under dynamic conditions, surface stresses vary
over time, as illustrated in Figures 13a—13b, and
can be difficult to predict. Discrepancies between
estimates from the SDOF analysis and those from
the finite element (FE) analysis are particularly
pronounced when the td/T ratio is small. Even at
td/T = 0.32 (Figure 13a), notable differences
remain. For glass panes subjected to close-range
explosions (i.e., small td/T ratios), the time-
dependent variation of surface stress must be
considered when calculating the probabilistic
strength of the glass. However, detailed
considerations of failure probability are beyond
the scope of this paper.
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Figure 13. Maximum bending stress profile
along section OA in: (a) glass panes of size
2000 mm x 2000 mm x 19mm (td/T=0.32), (b)
glass panes of size 2000 mm x 2000 mm x 19mm
(td/T=0.01)
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3.3.  Transverse Shear Stress

In glass panes subjected to static loading, the
effect of transverse shear stress is often neglected.
This is because, under static conditions, the
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magnitude of transverse shear stress in thin glass
panes is typically much smaller than that of the
principal (bending) stresses. However, under
dynamic loading, the bending moment stress
profile varies with time, and its slope can be
significantly steeper than that in static loading.
Since transverse shear stress is related to the rate
of change of bending moment, its magnitude
under dynamic conditions can become substantial.
The significance of transverse shear stress in
dynamically loaded glass panes is illustrated in
Figure 14, where its intensity is expressed as the
ratio of maximum transverse shear stress to
maximum bending stress (TyZmax / Gbmax).
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Figure 14. Time history of the ratio of maximum
shear stress to the maximum major principal
stress (a) in glass pane of size 1000 mm x 1000
mm x 4 mm, (b) in glass pane of size 2000 mm x
2000 mm x 19 mm

Figures 14a and 14b present the time histories of
the ratio TYZmax / obmax for td/T = 0.02 and 001,
respectively. The shaded regions in both figures
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indicate the time intervals during which the
bending stress reaches its maximum. During
these periods of peak bending stress, the ratio
TyZmax / Gbmax 1s generally low and comparable to
values observed under static loading conditions.
However, the figures also show that the ratio
TyZmax / Obmax increases as the td/T ratio
decreases, emphasizing the growing significance
of transverse shear stress in short-duration blast
loading scenarios.

Figures 14a and 14b show that the ratio TyZmax /
obmax 1s very high during the initial stage of the
response. At this early phase, the magnitude of
the transverse shear stress can reach levels
comparable to the bending stress (i.e., TyZmax /
obmax = 1). This indicates that, in cases where the
explosion occurs at close range, the glass pane
may fail due to excessive shear stress. However,
it is important to note that such high shear stress
levels occur only for a very brief duration, on the
order of microseconds.

4. CONCLUSIONS

The findings of this study confirm the significant
influence of higher vibration modes on the
dynamic response of glass panes subjected to
close-range blast loading. The following key
conclusions are drawn:

1. The finite element (FE) models have been
shown to accurately simulate the short-duration
dynamic response of glass panes, particularly
during the critical early phase of loading. Despite
minor discrepancies caused by multiple impacts
in the physical experiment, the overall agreement
confirms the capability and validity of the FE
models for use in this application.

2. Comparative analysis between calibrated
finite element (FE) simulations and single-
degree-of-freedom (SDOF) models demonstrates
that SDOF models can effectively estimate the
maximum deflection at the centre of glass panes,
provided their limitations are acknowledged.

3. Higher-mode effects were found to
significantly influence the displacement, normal
(bending) stress, and transverse shear stress in
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glass panes, particularly under short-duration
loading conditions (i.e., low td/T ratios). A
correction formula was developed to improve
SDOF stress estimates by accounting for the
influence of higher vibration modes. This
correction enhances the accuracy of SDOF
predictions in short-duration blast scenarios
involving glass panes supported on two sides.
Furthermore, the simulations indicate that the
SDOF model provides reasonably accurate
results when td/T > 0.1.

4. At the early stage of response, very high
transverse shear stress was observed, particularly
near the centre of the pane. If the explosion
occurs at close range, this intense shear stress,
although short-lived, may cause shear failure.
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DETERMINATION OF THE SOIL RESISTANCE VALUE FOR
THE FOUNDATION DESIGN OF RECONSTRUCTED BUILDINGS
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Abstract: The calculation of bases and foundations of reconstructed buildings on sandy and clayey soils requires
taking into account the value of the design resistance of the soil R. It is known that in the process of long-term
operation of buildings, soil under the footings becomes compacted due to pressure from the foundations, and their
properties usually improve. Over this period, the value of R also increases, and in the following we will call it the
calculated resistance of the compacted foundation soil Rcomp. The authors have analyzed known methods of
determining R..mp, published by Russian scientists over the past 50 years.

The purpose of this work was to refine the method for determining the value of the design resistance of the
compacted soil Re.mp for the design of foundations for reconstructed buildings. Among the considered ones, the
most effective is the engineering method of determining Rco»p, based on the recommendations for calculating the
value of R according to the formula (5.7) of SP 22.13330.2016, which is supplemented by coefficients that take
into account changes in the physical and strength characteristics of soils. The greatest increase in the value of R to
Reomp (by 45-60%) is observed for shallow foundations on clayey low-plastic soils, while the smallest increase
occurs in cases of ground water saturation during the operation of the building (by 20-25%). However, if the
additional loading p from the foundation is insignificant (p/R < 0.6-0.7), then the value of R (for uncompacted soil)
decreases by 10-15% and more. The greatest compaction effect for clay soils during the building’s operational life
occurs when the pressure at the footings p is 80% or more of the calculated soil resistance R (p > 0.8 R). All these
factors must be considered when determining the reserve strength of the foundations of reconstructed buildings.

Keywords: design resistance of the foundation soil, shallow foundations,
compaction of the base by pressure from the foundations, improvement of soil properties

ONNPEAEJIEHUE PACYHETHOI'O COITPOTHUBJIEHUA I'PYHTA
OCHOBAHMUA 1TPU NPOEKTUPOBAHUHU ®YHIAMEHTOB
PEKOHCTPYUPYEMBIX 3IAHUU

AM. Honuwyx ', L. Banz?, H.C. Hukxumuna >, M.B. Mapunuuee '

! KybGaHcKkuii rocyIapCTBEHHBIH arpapubii yausepcuteT um. W. T. Tpyomiuna, r. Kpacaogap, POCCUS
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AnHotanusi. Pacuer ocHoBaHMI M (YHJIaMEHTOB PEKOHCTPYMPYEMbBIX 3[aHHI Ha TECYaHBIX M TIIMHUCTBIX
rpyHTax B Poccuu npenycMarpuBacT UCIONIb30BAaHUE BEIIMYMHBL PACUETHOI'O COIIPOTUBIICHUSI TPYHTA OCHOBAHUS
R. TIpu 3TOM YCTaHOBJIEHO, YTO B IPOIECCE JIMTEIBHON IKCIUTyaTallMM 37aHui (COOpY>KeHUIT) MPOUCXOIUT
YIUIOTHEHHE TPYHTOB OCHOBAHUS JIaBJICHHEM OT (PyHJaMEHTOB, W MX CBOICTBA OOBIYHO YIIy4IIAOTCS. 3a 3TOT
MEePUOJT MPOUCXOJUT TAKXKE yBEJIIMUYEHUE 3HAUCHUs R, KOTOPOE Ul yCIOBUN PEKOHCTPYKLMHU 3[aHUN HPUHATO
Ha3bIBATh PACYETHBIM COMPOTHBICHHEM YIJIOTHEHHOIO IPYHTA OCHOBAHUS Ry;. ABTOpaMH NpOaHAIU3UPOBAHbI
N3BECTHBIC METO/IBI OTIPENIENICHNUS Ry, OITyOJIMKOBAaHHBIE B PA0OTAaX OTEUECTBEHHBIX YUCHBIX 3a rocyeanue 50 et
(c 1971 1.). CpaBHUTENBHBIN aHAIN3 MOKA3aJ, YTO METONBI pacdyera Ry, B HACTOSIIEE BpPeMsI HYKHAIOTCS B
JanpHedIeM pa3BuTud. llenp pa®oTel 3aKkimodanack B YTOUHEHHM METOJA OIPEJENIeHUs] PacdeTHOro
COIPOTHBIICHUS YIUIOTHEHHOT'O IPYHTa OCHOBAHHUS Ryy U1 IPOCKTUPOBAHMA (PYHIAMEHTOB PEKOHCTPYUPYEMbIX
3maHuid. M3 gmciaa paccMOTpeHHBIX Hanbosee 3()()EKTUBHBIM SBIISICTCS MHXKCHEPHBIH METOI pa3pabOTaHHBIN B
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TIACY (Tomck), momy4mBmuii cBoe passutue B mepuox ¢ 2007 mo 2021 rr. Meron y4HuTHIBaeT HE TOJIBKO
yJIy4IICHHEe CBOMCTB IPYHTOB I10JI MOJOIMBOW (JyHIAMEHTOB 3a CUET HMOCTEHNEHHOTO IOTPYKEHHS JIaBICHUEM OT
3/1aHus, HO U UX ocnabieHue (yXy/AlIeHNe), BBI3BaHHOE 0OBOTHEHHEM OCHOBAHUS B MEPHOJL €TI0 HKCILTyaTaIIH.
PaccmaTpuBaemblii MeTOx ompeneneHust Ry, 0azupyercs Ha peKOMEHJAlUUsIX K BBIYMCICHUIO 3HaueHHs R 10
tdopmyne (5.7) CII 22.13330.2016 (Poccust), B KOTOPYIO BHOCATCSI JIOTIONHEHHS B BHIC KOA(PPHUIMEHTOB,
YUUTBHIBAIOIINX W3MEHEHUs (PU3MYECKUX M NPOYHOCTHBIX XapaKTEPUCTHK IpyHTOB. Hampumep, Hanbombliee
MOBBILIEHHE 3HAYCHUS R 10 Ry, (Ha 45-60%) Habromaercst 1ust yHAaMEHTOB MEJIKOTO 3aJI0KESHUS Ha TIIMHUCTBIX
IPYHTax TYTOIUIACTHYHBIX, & HAUMEHbILee — ISl ClIydas OOBOJHEHHS 3TUX I'PYHTOB B IIEPUOJ] SKCILTyaTaluH
snanust (Ha 20-25%). Eciu sxe morpysxeHue rpyHTa OCHOBAaHUS JABJICHUEM p OT (hyHIaMCHTA HE3HAYUTEIILHO (p/R
<0,6-0,7), To 3HaYeHUE R (HEYIUIOTHEHHOTO TpyHTa) moHmkaercs Ha 10-15% u Gonee. Ciemyer Takxe 3aMETUTh,
4yro HauOoJbIMK AP(EKT YIUIOTHEHUS! TIIMHHUCTBIX T'PYHTOB OCHOBAHUS 3a IEPUOA OKCIUTyaTallUH 3JIaHWUH
MIPOMCXOIUT B TOM CIIydae, Kor/ia AaBJIeHHe 110 1o rouiBe (GpyHaaMeHToB p coctasisieT 80% u Oosee 0T pacyeTHOTO
COIIPOTUBJICHHSI €CTECTBEHHOTO TpaHTa ocHoBaHus R (p > 0,8 R). Bce 3T0 HE0OXOIMMO YYHTHIBATH TPH
OTIpEeJICTICHNH Pe3epBa MPOYHOCTH OCHOBAHMS (PYH/IaAMEHTOB PEKOHCTPYHPYEMBIX 3[aHHUH, B Ka’KIOM KOHKPETHOM
cilydae, B 3aBUCHMOCTH OT BHJa (Pa3HOBUIHOCTH) IPYHTA, CPOKA MX SKCILTyaTaIHH.

KoarodeBble ci10Ba: peKOHCTPYKIHS 37aHUH, pacIeTHOE CONPOTHUBIICHHUE TPYHTA OCHOBAHUS,
(yHIaMEHTBI MEJIKOTO 3aJI0KCHUS, YIUIOTHEHNE OCHOBAHUS JaBJICHUEM OT (DYHIaMEHTOB,
yIIydIIeHHE CBOHCTB TPyHTa

INTRODUCTION

In Russia, when -calculating the bases and
foundations of reconstructed buildings on sandy
and clayey soils for the second group of limit
states, the parameter of design soil resistance R
is used in accordance with SP 22.13330.2016. It
is known that during the long-term operation of
buildings, the foundation soils become
compacted under the pressure from the
foundations, and their properties usually
improve (P. A. Konovalov, 1986; A. L
Polishchuk et al., 1997, and others). Due to the
compaction of the soil and the improvement of
its properties, there is also an increase in the
parameter R, which for the conditions of
reconstruction of buildings is usually called the
calculated resistance of the compacted soil of
the foundation Rcomp. The authors of the article
have analyzed known methods for determining
the parameter Rcomp, published in the works of:
B. 1. Dalmatov et al. (1985-1990), V. A.
Zurnadzhi & M. P. Filatova (1970), P.A.
Konovalov et al. (1986-2011), A.V. Pilyagin
(2005-2017), A. 1. Polishchuk et al.
(1997-2023), A. G. Roitman et al. (1971-1990),
N. G. Smolenskaya et al. (1979), E. A.
Sorochan & Yu. I. Dvorkina (1976-1986), V.
M. Ulitsky et al. (1986—-1993), G. 1. Shvetsov &
I. V. Noskov et al. (1991-2002), V. B. Shvets,
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V. V. Lushnikov et al. (1981-1995) and others
[1, 2, 13—18]. The comparative analysis showed
that the current methods for calculating Rcomp
require further development.

This work aimed to substantiate a method for
evaluating the design resistance of compacted
subsoil (Rcomp) to support foundation design in
building reconstruction projects. This article was
prepared with the participation of T.N. Gutnik.

DESIGN METHODOLOGY AND
THEORETICAL APPROACHES

Currently, existing regulatory documents
contain limited information on methods for
determining the design bearing capacity of
compacted foundation soils (Rcomp) for building
reconstruction projects. This results in frequent
use of natural soil characteristics obtained from
geotechnical investigations for new construction
when designing (assessing loading conditions
for) shallow foundations on sandy and clayey
soils. In such cases, the improvement (change)
in soil properties due to long-term compaction
under foundation loads is frequently neglected.
Let us consider the main methods used in
Russia for determining the Rcomp parameter at
the stage of justifying design solutions for
foundation systems of reconstructed buildings.
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When designing foundations for reconstructed
buildings, parameter R [Method (5.7) of
SP 22.13330.2016] is frequently used as for new
construction conditions. However, at the same
time, prior to the design process, during the
preparation of a report on the technical condition of
a reconstructed building, an engineering and
geological survey is conducted at the site (either
fully or partially, as a means of verification),
including a survey of existing foundations and their
foundations. During this stage, samples of
compacted soils are collected from under the bases
of foundations to determine their physical and
mechanical properties. The properties of the soil
thus determined allow for the calculation of the Rp
parameter, which is used to assess the loading
capacity of the foundations under consideration.
This method can be described as experimental
method. The physico-mechanical properties of
foundation soils for reconstructed buildings can
also be determined through alternative methods
such as geophysical surveys, sounding, or
penetration tests. The determination of the Rp
parameter based on actual soil characteristics
established experimentally during foundation
investigations, readers may refer to works by P.A.
Konovalov, E.A. Sorochan, Yu.l. Dvorkina, A.IL
Polishchuk et al., V.M. Ulitsky et al., and A.G.
Roitman et al. [1,3,5,6,10,12,14, etc.]. The
experimental method for determining the Rcomp
parameter discussed above is based on current
regulatory documents, has undergone verification,
and has proven effective in the design practice of
foundations for reconstructed buildings. However,
its implementation requires a significant amount of
time-consuming preparatory work related to
collecting samples, soil samples taken from under
the foundation base and determination of their
physical, strength, and deformation characteristics
under specified loading conditions.

The experience of increasing loads on building
structures, including foundations, due to the
addition of extra floors has shown that the soils
supporting the foundations often have a reserve
of strength. These issues were first addressed in
scientific publications as early as the 1930s [1,
9, 12, 16, 17]. However, these publications
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provided only general recommendations
regarding potential additional loading of
existing foundations and subsoils without

specific quantitative guidelines. For example,
Professor P. A. Konovalov (1980) suggested
that increased ground pressure during building
reconstruction should be determined based on
the allowable pressure R (used for new building
design) with enhancement factors ranging from
1.1 to 1.5 depending on soil type [1]. In the
1941 building regulations, which were
developed for construction under military
conditions, it was recommended that the R -
value be increased by 40%  during
reconstruction, provided that there were no
cracks were observed in walls or other structural
elements due to differential foundation
settlement. In subsequent regulatory documents,
the pressure on the foundations varies from 20%
to 25% depending on the duration of their
operation and the absence of defects, provided
that they are at least 20 years old. The 1974
(SNIP P-15-74) and 1983 (SNIP 2.02.01-83%)
documents on the design of foundations for
buildings and structures no longer contain any
recommendations regarding potential increases
in R for soils beneath existing buildings [11].
In 1970, V.A. Zurnadzhi and M.P. Filatova
proposed a method for determining the
increased allowable ground pressure R”, in their
work [4]. According to the authors, their method
should be considered as preliminary, and the
following formula was provided:
R"= K; op, (1)
where: op — design soil pressure beneath an
existing building, kPa;
K; — the increasing coefficient is determined
depending on the type of soil, its humidity, the
calculated pressure at the base of the foundation
op and the operating time of the building.
According to the tabular data [4] for loess—like
loams with a humidity from 5 to 20%, a design
pressure of op from 100 to 300 kPa, and
building service life of 5-25 years, the
enhancement factor values (Ks) vary within
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1.0-1.4. If the base contains sands of various
sizes and densities, regardless of their humidity,
at op from 100 to 400 kPa and the service life of
the building from 5 to 25 years or more, the &
values range from 1.1 to 1.5.

For cases where data on the actual soil
characteristics in the compacted area under the
foundation base is unavailable, P. A. Konovalov
and A. G. Roitman, (1970-1972) and later E. V.
Polyakov and V. K. Sokolov (1972) developed a
method for determining parameter R’, which
takes into  account the  compression
(pre-consolidation) effect of foundation soils
during construction maintenance. The equation
developed by P. A. Konovalov and A. G.
Roitman is as follows:

R’=R m'ks, (2)
where: R’ - calculated ground resistance of the
base, taking into account the effect of
compression (compaction) of the base by
pressure from the foundation of the
reconstructed building, kPa;

R — the calculated resistance of the soil of the
base  during its  natural  occurrence
(unconsolidated state), determined by SP
22.13330.2016, kPa;

m — the coefficient that takes into account the
change in the physico-mechanical properties of
the soils (the degree of compression of the soils)
of the foundation under the foundation during
the period of operation of the building;

ks — a coefficient that takes into account the
degree of realization (using) of the maximum
precipitation of the foundation during the period
of operation of the building (determined by the
ratio of the calculated precipitation at a pressure
equal to the -calculated to the maximum
allowable precipitation). The values of the &
coefficient for different types (varieties) of soils
are determined according to the tables (P. A.
Konovalov, 2011).

The coefficient m in formula (2) depends on the
ratio of the foundation pressure before vertical
extension po to the design soil resistance R.
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At po/R > 0.8 (more than 80%), the coefficient
m = 1.3, at po/R = 0.7-0.8 (equal to 70-80%), the
coefficient m = 1.15, at po/R < 0.7 (less than
70%), the coefficient m = 1.
The ratio po/R equaling 1 signifies the complete
utilization of the calculated soil resistance in the
foundation for calculations pertaining to the
second group of limiting states [1, 14].
The formula of E.V. Polyakov and V.K.
Sokolov for determining R’ has the following
form:

R = kR, 3)
where: R, R — the same as in formula (2);
k — the coefficient of increase in the resistance
of the base soil, depending on the ratio po/R
(here po is the actual pressure on the base soils
up to the superstructure, kPa); The values of
the coefficient £ vary from 1.0 to 1.5 and are
taken according to the tables (P.A. Konovalov,
1980).
Formula (3) may be applied when the building
being vertically extended has been in service
for at least 3 years for sandy soils, 5 years for
sandy loams, and 8 years for clayey soils. In
contrast to the method of P. A. Konovalov and
A.G. Roitman, formula (3) includes only a
single coefficient k£, which accounts for the
amount of load/magnitude of pressure
transmitted to the soil by the foundation. The
difference between the two methods also lies
in the absence of a parameter in formula (3) to
account for changes in foundation settlement
during the operation of the structure. The
values for the k£ coefficient are derived from
tables (P. A. Konovalov, 1980).
In AO TSNII Promzdaniy (Moscow), research
was conducted (1965) into the strength
characteristics of sand soils at the bases of
existing buildings (operating period from 20
to 120 years). Based on the research findings,
a linear correlation was identified between the
strength properties of soil and the duration of
its loading, followed by the development of
empirical formulas for determining the angle
of internal friction and specific cohesion of
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sands at given time intervals after initial
loading [5-7]. The considered methodology
allowed:

- to determine design bearing capacity values of

foundation  soils  accounting for their
time-dependent consolidation;
- to address the issue of necessity for

strengthening foundations and bases for the
reconstruction of buildings, considering changes
in strength properties of the soil.
Based on the data obtained by Yu.l. Dvorkin
and E.A. Sorochan from AO TSNII
Promzdaniy (1972), a method has been
developed for calculating the calculated
resistance of compacted soil in the foundation
base for sandy soils. The proposed method
takes into account the time-dependent
improvement in the building properties of
sandy soils and is determined using the
following formula for foundation design:
Rcomp: R .KE, (4)
where: R — the calculated resistance of the soil
of the base during its natural occurrence
(unconsolidated state), determined by SP
22.13330.2016, kPa;
KE — a coefficient accounting for the improvement
of soil engineering properties, adopted from
tabulated data (E. A. Sorochan, 1986).
In TSASU (Tomsk), researches were
conducted (1997-2000) to evaluate the load on
the clay foundation of reconstructed
(long-operating), buildings led to the
development of a method for determining the
compacted soil resistance parameter Rcomp (by
author A.l. Polishchuk), considering its
compressibility [8,9]. The method is based on
formula (5.7) for calculating the designed
resistance of natural soil base R, as per SP
22.13330.2016. Coefficients K, , K., Ky, Kj
are included in formula (5.7), taking into
account  changes in soil strength
characteristics during compaction and wetting
(soaking) during building operation. The

Volume 22, Issue 1, 2026

formula, considering the accepted coefficients,
takes the following form:

Rcomp :)/Clki [Mykzby”Ky + qu1VI,I +

(Mq - 1)dbyl,] +Mccy; - Kc] ) Ks, (5)
where: K,, K. - coefficients that take into
account the change in the characteristics of
density p (specific gravity) and specific
adhesion to the soil of the foundation under the
foundation during the period of operation of the
building (Table 1);

My, M,, M:— coefficients accepted according to
SP 22.13330.2016, depending on the
characteristics of the angle of internal friction
(@m) of the foundation compacted by pressure
from the operated building:
Q= @i -Ky, (6)
where: gi7— the angle of internal friction of the
natural (uncompacted) soil of the base, deg;
K, — the coefficient that takes into account the
change in the characteristic of the angle of
internal friction ¢II over the period of
operation of the building (Table 1);
Ks— a coefficient that takes into account the
degree of realization (use) of the maximum
precipitation of the foundation during the
period of operation of the building (Table 2).
The remaining designations in equation (5) are
the same as in SP 22.13330.2016.
The values of the coefficients K,, Ky, K
should be selected depending/based on the
ratio of the average pressure along the sole of
the exploited foundation p to the calculated
resistance of the natural (unconsolidated) soil
of the base R, which was assumed during the
initial design of the facility (they were
obtained experimentally for clay soils).At the
same time, the coefficients K,, K,, K. were
established as the ratio of the characteristics
of compacted (pressure foundations) and
natural soils with a building life of more than
15 years [9].
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Table 1. Values of coefficients Ky, Ky, Kc for determining the design resistance of the compacted soil
of the Rcomp base (data by A.1. Polishchuk)

Ne The foundation soils of the Parameter Coefficients
/1 reconstructed building p/R K, K, K.
1 Clayey soils with index 7, < 0.5 and more 0,8 1,07-1,17 1,10 1,6
building service life exceeding more 0,5-0,8 1,03-1,05 1,05 1,32
15 years less than 0,5 1,0 1,0 1,05
2 Clayey soils with index /; > 0,5 and more 0,8 1,05-1,15 1,08 1,45
building service life exceeding more 0,5-0,8 1,0-1,05 1,04 1,25
15 years less than 0,5 1,0 1,0 1,05
3 Clayey soils with groundwater present more 0,8 1,03 0,97 1,3
at foundation level and building 0,5-0,8 1,03 0,88 1,06
service life exceeding more 15 years less than 0,5 1,0 0,8 0,85

Note. The use of coefficients Ky, Ky, K is provided for soils that do not have specific unfavorable properties (subsidence, swelling,
etc.); p is the average pressure along the sole of the foundation under consideration before the reconstruction of the building; R is the
calculated resistance of the natural (uncompacted) soil of the base.

Table 2. Values of coefficient Ks for determining the design resistance of compacted foundation soil

Ne Foundation soils regardless of density and moisture content coefficient Kj
/T when S/S,
0,2 0,7
1 Coarse and medium sands 1,4 1,0
2 Fine sands 1,2 1,0
3 Silty sands 1,1 1,0
4 Cohesive (clayey) soils with index Iy <0 1,2 1,0
5 Cohesive (clayey) soils with index I, < 0.5 and building service life
exceeding more 15 years 1,1 1,0
6 Cohesive (clayey) soils with index I > 0,5 and building service life
exceeding more 15 years 1,07 1,0
7 Clayey soils with groundwater present at foundation level and building
service life exceeding more 15 years
1,05 1,0

Note. 1. In Table 2, the following designations are used: S — is the settlement of the foundation under a pressure p at the sole,
corresponding to the estimated resistance of the natural ground at the base (p=R); Su — is the maximum permissible settlement for the
type of structure under consideration. For medium-rise buildings, the K- factor is estimated by interpolation based on the S/Sy ratio.
2. In Table 2, figures 1-5 present data on coefficients obtained by NIIOSP experts in collaboration with Moszhilniiproekt (P. A.
Konovalov, A. G. Roitman, et al., [11], [14]). The values of Ks numbered 6 and 7 were proposed by A.I. Polishchuk.

RESULTS AND DISCUSSION

Analyzing the methods discussed above for
determining the design resistance of compacted
foundation soil at the Reomp reveals that all are
applicable only to specific soil types (or
varieties.

The method proposed by Yu. I. Dvorkin and E.
A. Sorochan (1976-1982, 1986) is applicable
only to sandy soils with different granulometric
compositions and humidity.
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The method by P.A. Konovalov and A.G.
Roitman (1972-1980), as well as the method by
E.V. Polyakov and V.K. Sokolov (1972), are
applicable not only to sandy soils but also to
cohesive (clayey) soils with a liquidity index JL
< 0.5 and building service life of at least 15
years.

According to the authors themselves, the
method proposed by V. A. Zurnadzhi and M. P.
Filatova (1970) should be considered only as
preliminary.
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The method developed at TGASU (1997-2000),
unlike the previously described methods by P.
A. Konovalov et al. (1972-1980), E. P.
Polyakov et al. (1972), and V. A. Zurnadzhi et
al. (1970), has a broader application range and
is applicable to clayey soils ranging from hard
to soft-plastic (plastic) consistency.

It should be noted that the method developed at
TSASU 1997 - 2000 takes into account not only
the improvement of soil properties beneath the
foundations of reconstructed buildings as a result
of compaction, but also the weakening caused by
flooding during the operation of these buildings.
For instance, the largest increase in R to Ry is seen
for shallow foundations on clay soils with an J. <
0.5, which is 45-60%, and the smallest increase is
for the case where these soils are flooded during
the operation, which is 20-25%. If the
compression of foundation soil due to pressure
from the foundation is negligible (p/R < 0.6-0.7),
the value of R for unconsolidated soils decreases
by 10-15% or more [2, 9].

It is also important to note that, in some cases,
the actual pressure exerted at the base of the
foundations of reconstructed buildings may be
20-30% of the calculated bearing capacity of the
natural, unconsolidated soil. In such instances,
the effect of the compressive load from the
foundations on the base is negligible. The
greatest impact of compression on the
foundation soil during the operational life of the
structure occurs when the pressure applied to
the base of the foundation is equal to 80% or
greater than 80% of the bearing capacity of the
unconsolidated soil (p > 0.8 R).

All these factors must be considered when
determining the required strength reserve for the
foundations of reconstructed structures, taking
into account the specific characteristics of the
soil and the anticipated service life of the
building [19-25].

CONCLUSION
1. It has been determined that for the design of

foundations and shallow foundations (ribbon,
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isolated, dense) for reconstructed buildings, it is
essential to determine the parameter of
calculated resistance of compacted soil at the
base of the structure. Engineering methods for
calculating the R, are based on
recommendations from regulatory documents
for calculating R for natural (uncompacted)
foundations  (in  accordance  with  SP
22.13330.2016) that have been supplemented to
account for changes in soil properties beneath
foundations due to compaction during building
operation.

2. A review of experimental and theoretical
studies suggests that the methods currently used
for determining Rcomp are applicable to certain
soil types (sands, clays, loams, and sandy
loams) and have limited applicability. Of the
domestic methods considered for determining
Reomp, the most effective is the engineering
approach proposed at TSASU, which considers
not only the improvement of soil properties
under foundations due to compaction, but also
the weakening (deterioration) caused by soil
flooding during building operation [8, 9]. This
method has broader applicability, covering clays,
loams, and sandy loams from hard to soft-plastic
(plastic) consistency states.

3. For the design foundations of reconstructed
buildings on clay soils, it is necessary to further
develop methods for determining the Rcomp. In
particular, this requires the development of a
method for calculating the resistance of
compacted soil Rcomp for foundations with
various shapes of the base in plan (e.g.,
T-shaped, trapezoidal, etc.), as well as
foundations with a partially deepened slab along
the perimeter.
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BINDER MODIFIED BY PLASTICIZERS

Sergey V. Shashkin, Tatyana A. Matseevich
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Abstract: This paper considers an approach to improving the service performance of fiberglass composite pipe-
lines under seismic conditions by modifying the thermosetting binder with plasticizing and toughening additives
aimed at increasing fracture toughness and reducing the material’s tendency to brittle failure under alternating-
sign and impulse actions. The relevance of the study is driven by the fact that conventional pipeline materials
(steel, reinforced concrete) have significant limitations when operated in seismically hazardous regions, whereas
fiberglass reinforced plastics manufactured by continuous filament winding are characterized by high specific
strength, corrosion resistance, and durability, but often demonstrate linear-clastic behavior up to failure. The ob-
ject of the study was fiberglass composite pipes with a three-layer wall (surface, structurally reinforced, and liner
layers). The following binder modifiers were considered: Polyplex; a modifier produced by JSC “Poliplast”
(PoliPlast M); and a powder impact modifier of the “core—shell” type Clearstrength® XT100, introduced in dif-
ferent mass percentages. For each formulation, a series of repeated measurements was performed to ensure com-
parability and statistical evaluation of the results. The experimental program included determination of the initial
specific ring stiffness and resistance to initial ring deflection, the initial hoop tensile strength and tensile modu-
lus, the initial axial tensile strength and tensile modulus, as well as Charpy impact toughness in accordance with
the applicable standards. Based on the combined indicators, the necessity for multi-criteria selection of binder
composition is discussed, enabling preservation of the design stiffness—strength characteristics while improving
the dynamic resistance of the material.

Keywords: fiberglass composite pipe, continuous winding, plasticizer, impact modifier, seismic resistance

HNCCIETOBAHUE ®U3UKO-MEXAHUYECKHUX
CBOUCTB TPYbbI U3 MOANDPULIUPOBAHHOI'O
IHNNIACTU®PUKATOPAMU CTEKJITOKOMIIO3UTA

C.B. lllawikun, T.A. Maueesuu

HarmonanpHbIi HccnenoBatensckuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENBHBIN yHUBEpCHTET, T. Mocksa, POCCH S
Wuctutyt [Ipobnem Mexanuku nMm. A 1O. Mnumuckoro PAH, r. Mocksa, POCCUA

AnHoTanus: B pabote paccMOTpeH MOAXO0J K MOBHIIIEHUIO pabOTOCIIOCOOHOCTH CTEKIOKOMITO3UTHBIX TPYOO-
IPOBOJOB B CEHICMUYECKHX YCIOBHUSAX 33 CYET MOAM(HKALMU TEPMOPEAKTHBHOIO CBSA3YIOLIETO IIACTH(HHLUPY-
IOIUMHA 1 YIIPOUHATOMIUMUA }106aBKaMI/I, HalnpaBJICHHBIMU Ha YBCJIMYCHHC BA3KOCTU paspylICHHA U CHUIKCHHUC
CKJIOHHOCTHM MaTepuaya K XpylnKoMYy Pa3pyLICHUIO MPU 3HAKOIIEPEMEHHBIX M UMITYJIbCHBIX BO3IEHCTBUAX. AK-
TYaJIbHOCTb MCCIEJOBaHU 00yCIOBIEHA TeM, YTO TPAAUIMOHHbIE MaTepUajbl TPyOOIIPOBOIOB (CTallb, KelIe30-
0eToH) 00JaIaf0T CYIIECTBEHHBIMH OIPAaHWYEHUSIMU TIPU IKCIUTyaTalliy B CEHCMOOIIACHBIX pailoHax, TOraa Kak
CTEKJIOIUIACTUKH, MOIydaeMble METOJJOM HENPEPHIBHONH HAMOTKH, XapaKTepU3YIOTCS BBICOKOH yJIENbHOM Mpoy-
HOCTBIO, KOPPO3MOHHON CTOMKOCTBIO W JIOJNTOBEYHOCTHIO, HO INPH 3TOM YacTO JEMOHCTPHPYIOT JIMHEHHO-
yIpyroe MoBeJCHUE 10 MOMEHTa pa3pymeHns. OObEKTOM HCCIIEAOBAHNUS SBISUINCH CTCKIOKOMIIO3UTHBIE TPYOBI
C TPEXCIIOWHOW CTEHKOH (IOBEPXHOCTHBIN, CTPYKTYPHO-apMHUPOBAHHBIN W (YTEpOBOUHEIN ciion). B kadecTBe
MOTU(PHUKATOPOB CBsA3yIomIero paccMoTpeHsl Polyplex, momndukarop AO «Ilomummact» (ITomullmact M) u mo-
POIIKOBBIN MOTU(PHUKATOP YAAPHOU BSI3KOCTH THTA «Iapo-obomouka» Clearstrength® XT100, BBoguMeie B pas-
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Plasticizers

HBIX TIPOIICHTHBIX COOTHOMICHISIX. JJIT Ka)KIOTO COCTaBa BBIMIOJHAIACH CEPHs TIOBTOPHBIX M3MEpPEHHIA, obecte-
YUBAIOMIAsl COMOCTAaBUMOCTh M CTATHCTHUYECKYIO OICHKY PE3yNbTaTOB. DKCICPUMEHTAIbHAS TIPOTpaMMa BKITIO-
yaja ONpeJesIeHne HauyajJbHOM yAEJbHOW KOJBLEBOW KECTKOCTH M YCTOMUMBOCTH K HayajJbHOW KOJbLEBOU Je-
(hopmarnmy, Ha49aTBHOTO OKPYKHOTO Mpezesia MPOYHOCTH M MOAYJIS YHIPYTOCTH HPU PACTSHKEHUH, HaYaIbHOTO
0CEBOTO TIpeJieNia MPOYHOCTH M MOYJISL YIIPYTOCTH MPH PACTSHKEHUH, a TAaKXKe yIapHOH BI3KOCTH IO METOY Ma-
atauKoBoro yaapa (ILlapmm) B cOOTBETCTBHHU C ASHCTBYIONIMMH CTaHAapTaMu. Ha 0oCHOBE COBOKYITHOCTH ITOKa-
3aresell 00CyKIaeTcsi HeOOXOMMOCTh MHOTOKPUTEPHAIBHOTO MO00Pa COCTaBa CBA3YIOIICTO, MO3BOJIIOIICTO
OJIHOBPEMEHHO COXPAHATh PACUETHBIE KECTKOCTHO-TIPOYHOCTHBIE XaPAKTEPUCTUKH U MOBBIIIATH JUHAMUYECKYIO

CTOMKOCTh MaTepuaa.

KoaioueBble ci10Ba: cTeKIIOKOMITO3UTHAS TPYOa, HEMIPEPhIBHAS HAMOTKA, IIacTH(UKaTOp,
MOIU(PUKATOP YAAPHOH BSI3KOCTH, CEHCMOCTONKOCTh

INTRODUCTION

Modern trends in construction are characterized
by continuously increasing complexity of archi-
tectural, planning, and structural solutions, driv-
en by growing economic and social require-
ments. Under these conditions, the task of en-
suring comprehensive safety of buildings and
structures becomes particularly relevant; it goes
beyond accounting for individual extreme ac-
tions and requires considering their combina-
tions [1, 2]. The importance of the present re-
search is additionally oGycnosiena by the im-
plementation of the national project “Infrastruc-
ture for Life” [3], aimed at modernizing and im-
proving the reliability of engineering and
transport infrastructure facilities, including wa-
ter supply, wastewater disposal, and other pipe-
line networks, whose serviceability largely de-
termines the resilience of territorial systems.

For pipeline systems, which are critical infra-
structure elements, the issue of combined ac-
tions is especially important. The high seismici-
ty of a significant part of the territory of the
Russian Federation (more than 26% of the area,
including the Caucasus, Crimea, Altai, Sayan
Mountains, Transbaikalia, Kamchatka, and the
Kuril Islands) creates prerequisites for the reali-
zation of various scenarios of extreme impacts
[4]. Statistical data confirm that regions with
high seismic activity show an increased fre-
quency of technogenic accidents, including
damage to pipeline systems [5].

Traditional materials for pipelines—steel and rein-
forced concrete—have several serious disad-
vantages under seismic conditions: high mass,
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susceptibility to brittle fracture, and low corrosion
resistance [6]. Composite materials, in particular
fiberglass reinforced plastics manufactured by
continuous filament winding, represent a promis-
ing alternative combining high specific strength,
corrosion resistance, and durability [7-10].
However, conventional epoxy and polyester fiber-
glass composites are characterized by predomi-
nantly linear-elastic behavior up to the moment of
brittle failure. This means that under complex al-
ternating-sign and impulse loads typical of earth-
quakes, such structures cannot effectively redis-
tribute peak stresses through plastic deformations,
which increases the probability of sudden cata-
strophic failure [11]. In this context, the impact
toughness becomes a critical controlled parameter,
since it reflects the material’s energy absorption
capacity under dynamic loading and its resistance
to crack initiation and unstable crack propagation.
Consequently, ensuring a stable and sufficiently
high level of impact toughness is essential for pre-
venting the transition from local damage accumu-
lation to rapid, brittle, and system-level failure in
seismic conditions.
Specialized studies on the seismic stability of
pipelines are presented in [12-21]. The authors
established that the main earthquake-related
damage mechanisms for polymer composite
pipelines are associated with:
e Stress concentrations in joint and branch
zones [17];
e Failure under bending deformations [18];
e Loss of stability (buckling) of wne pipe wall
under compression [19];
e Fatigue failure under repeated cyclic actions
[20, 21].
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Study [22] raised the issue of predicting the
physical and mechanical properties of polymer
materials. The authors described a property pre-
diction methodology; however, optimal compo-
sitions were not determined.

Thus, it is necessary to develop a composite
pipe material with enhanced resistance to im-
pact cyclic loads, while maintaining the required
stiffness and strength characteristics for safe op-
eration under combined extreme actions.

MATERIALS AND METHODS

The investigated object — a fiberglass compo-
site pipe—consists of the following main com-
ponents:

e Binder: unsaturated polyester resin on an
orthophthalic base (PN-1 grade), isophthal-
ic base (Depol X-400 grade), or vinyl ester
base (Divinyl 911 grade);

e Reinforcement: fiberglass in the form of
continuous and chopped E, ECR rovings;

e Filler: enriched quartz sand of grade VS-
050-1;

o Plasticizer.

A plasticizer is a substance thermodynamically

compatible with a polymer that reduces the den-

sity of intermolecular interactions in the poly-
mer phase. This additive makes polymer materi-
als less brittle and more ductile.

The following plasticizers were considered:

e Polyplex — a flexible unsaturated polyester
resin modifier for UPR matrices.

e Clearstrength® XT100 (Arkema) — a
powder ‘“core—shell” impact modifier for
thermosetting binders.

Sergey V. Shashkin, Tatyana A. Matseevich

e Flexible isophthalic UPR resin modifier
(JSC “Poliplast”) — an isophthalic unsatu-
rated polyester resin modifier for thermo-
setting binders used in continuous winding
(PoliPlast M).

In addition, a number of auxiliary components
were used in small amounts: cobalt octoates,
methyl ethyl ketone peroxides, C-glass surface
veils, and others.
Fiberglass composite pipes (Figure 1) were
manufactured with plasticizer addition based on
the need to increase the impact toughness of
each specimen. For each formulation (Table 1),
a series of at least three measurements was per-
formed for the key indicators, enabling statisti-
cal assessment of result scatter.
The pipe cross-section consists of three layers:
(1) surface layer, (2) structurally reinforced lay-
er, and (3) liner layer. The surface and liner
serve as protective layers for the external and
internal pipe surfaces against weathering, UV
radiation, and aggressive and/or abrasive service
fluids, while the reinforced layers provide me-
chanical strength.

Figure 1. Specimens with modified binder

Table 1. Experimental series of binder formulations for a DN1000 pipe

Series Plasticizer Plasticizer content, wt.%
of resin

Control No plasticizer 0

PoliPlast M UPR modifier (JSC “Poliplast™) 10; 15; 20

Polyplex Elastomeric additive (Polyplex 10; 15; 20

Flexible)
Clearstrength XT100 “Core—shell” particles 10; 15; 20
146 International Journal for Computational Civil and Structural Engineering




Analysis of the Physical and Mechanical Properties of a Fibreglass Composite Pipe with Binder Modified by

Plasticizers

For each formulation, a series of at least three
measurements was performed for the key indi-
cators, enabling statistical assessment of result
scatter. The pipe cross-section (Figure 2) con-
sists of three layers: (1) surface layer, (2) struc-
turally reinforced layer, and (3) liner layer. The
surface and liner protect the pipe from environ-
mental impacts, UV exposure, and aggressive
and/or abrasive fluids; the reinforced layers
provide mechanical strength.

Figure 2. Wall structure of a fiberglass compo-
site pipe

The specimen preparation scheme for the fiber-
glass composite pipes studied is shown in Fig-
ure 3. Specimens were cut from the manufac-
tured pipe for: (1) impact toughness determina-
tion, (2) ring stiffness and resistance to initial
ring deflection, (3) initial hoop tensile strength

and tensile modulus, and (4) initial axial tensile
strength and tensile modulus.

1

Figure 3. Specimen preparation scheme

RESULTS AND DISCUSSION
Determination of initial specific ring stiffness

Specimens for testing the initial specific ring
stiffness by Method A specified in [23] and re-
sistance to initial ring deflection according to
[24] were rings cut from the fiberglass compo-
site pipe with a width of 300 mm.

Test results are presented in Table 2. Plots of
initial specific ring stiffness are shown in Figure 4.

Table 2. Initial specific ring stiffness SN, N/m?

Series Plasticizer con- Meas. 1 | Meas.?2 | Meas.3 | Meas. 4 | Average
tent, wt.% of resin

Control 0 10682.5 | 10449.2 |10738.0 | 10782.0 | 10702.5
10 10265.3 | 10782.6 |10165.6 | 10433.9 | 10399.9

PoliPlast M 15 10021.2 | 9669.0 10688.2 | 9602.5 10039.7
20 10248.7 | 9894.3 9943.4 9661.9 9900.6
10 9936.4 9535.2 10067.0 | 9863.2 9694.0

Polyplex 15 9516.1 9720.6 9639.4 9926.2 9664.3
20 8604.2 9293.0 8692.2 9069.2 9070.2
10 11201.2 | 10099.9 |10114.8 | 10161.7 | 10529.9

Clearstrength XT100 | 15 10145.8 | 9651.3 10205.7 | 9488.2 9974.7
20 10011.0 | 10431.3 | 10210.6 | 9409.9 9960.9
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Figure 4. Plots of initial specific ring stiffness
SN versus plasticizer content

Sergey V. Shashkin, Tatyana A. Matseevich

Determination of initial hoop tensile strength
and tensile modulus

Specimens for testing initial hoop tensile
strength and tensile modules by Method B spec-
ified in [25] were cut from fiberglass composite
pipes in the circumferential direction as rings 25
mm wide with a reduced section (stress concen-
trator) 10 mm wide.

Results are given in Table 3. Plots of initial
hoop tensile strength and tensile modulus are
shown in Figures 5 and 6.

Table 3. Results for initial hoop tensile strength and tensile modulus

Series Plasticizer content, | Specimen | Initial hoop strength, | Hoop tensile modulus,
wt.% of resin No MPa MPa
1 205,3 16853
Control 0 2 2043 16561
3 205,6 16561
10 1 204,6 16236
2 203,0 16041
3 203,0 16041
1 196,1 15450
PoliPlast M 15 2 197,9 15564
3 195,7 15464
20 1 191,2 15252
2 191,1 15134
3 191,4 14980
1 194,4 15084
10 2 191,2 14861
3 191,7 15126
Polyplex 1 190,1 15033
15 2 189,0 15028
3 189,7 14843
1 184,8 13935
20 2 182,2 14260
3 182,6 14019
1 201,8 16179
10 2 202,3 16195
3 202,0 16041
Clearstrength 1 196,2 15300
XT100 15 2 197,0 15352
3 196,0 15452
1 196,3 15467
20 2 194,7 15226
3 196,8 15419
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Testing of initial specific ring stiffness SN
showed that introducing plasticizers into the
binder generally reduces pipe ring stiffness
compared with the control formulation
(SN_avg = 10702.5 N/m?), and the reduction
degree depends on the plasticizer type and con-
tent. Values closest to the control level were

obtained for Clearstrength XT100 10%
(SN_avg = 10529.9 N/m? ~1-2% decrease)
and PoliPlast M 10% (SN _avg = 10399.9
N/m?; ~3% decrease); PoliPlast M 15% main-
tains SN near the required level (SN _avg =
10039.7 N/m?). When increasing content to
20%, some formulations fall below SN =
10000 N/m? (PoliPlast M 20%—9900.6 N/m?;
“PESU” 15-20%—9974.7-9960.9 N/m?), and
the most pronounced stiffness drop is recorded
for Polyplex (down to 9070.2 N/m? at 20%).
Therefore, from the standpoint of maintaining
ring stiffness within this section, formulations
with 10% (PoliPlast M, Clearstrength XT100)
and 15% (PoliPlast M) are the most preferable,
whereas increasing content to 20% and using
Polyplex are accompanied by a significant de-
crease in SN.

Determination of initial hoop tensile strength
and tensile modulus

Specimens for testing initial axial tensile
strength and tensile modulus were determined in
accordance with Method B described in [26];
they were cut from fiberglass composite pipes in
the axial direction as strips 25 mm wide and 450
mm long.

Results are presented in Table 4. Plots are
shown in Figures 7 and 8.

Table 4. Results for initial axial tensile strength and tensile modulus

Series Plasticizer content, | Specimen | Initial axial strength, Axial tensile
wt.% of resin No. MPa modulus, MPa
Control 0 1 103,5 7155
2 102,6 7291
3 102,9 7133
4 103,9 7205
5 103,4 7193
PoliPlast M 10 1 102,0 7010
2 99,4 6885
3 99,9 6926
4 101,0 7036
5 101,0 6961
15 1 99,9 6865
2 97,4 6743
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3 97,9 6783

4 97,5 6794

5 99,1 6858

20 1 96,8 6684
2 94,4 6565

3 94,8 6605

4 95,3 6753

5 95,2 6697

Polyplex 10 1 98,8 6793
2 96,4 6672

3 96,9 6712

4 96,3 6694

5 96,0 6636

15 1 95,7 6504
2 93,4 6388

3 93,8 6426

4 94,7 6353

5 96,8 6570

20 1 91,6 6215
2 89,3 6104

3 89,7 6141

4 89,6 6185

5 92,7 6146

Clearstrength 10 1 103,0 7118
XT100 2 100,5 6991
3 101,0 7033

4 103,0 6977

5 100,5 7066

15 1 100,9 6973
2 98,4 6849

3 98,9 6891

4 96,0 6907

5 99,0 6846

20 1 98,8 6829
2 96,4 6707

3 96,9 6748

4 99,5 6715

5 98,1 6806

Based on the average values (Figures 4.12 the Polyplex formulation at 20% content,
and 4.13), introducing the considered plasti- whereas the Clearstrength XT100 modifier
cizers leads to a decrease in axial tensile better preserves strength characteristics with
modulus and initial axial tensile strength. The a moderate decrease in stiffness.

most pronounced reduction is observed for
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Determination of the impact toughness

Impact toughness was determined by the Char-
py pendulum impact method on notched and/or
unnotched specimens in accordance with [27].
To ensure comparability, the specimen size rec-
ommended by the standard was used: Type 2,
length 80 mm, width 10.0 mm.

Test results are presented in Table 5. The impact
toughness plot is shown in Figure 8.

727(-e- Control

~&— PoliPlast M

70 4|~ Polyplex

—e— Clearstrength XT100

s, kj/m?

Impact toughnes:

0 10 15 20
Plasticizer content, wt.% (relative to resin)

Figure 8. Impact toughness versus plasticizer

er content
content
Table 5. Charpy impact toughness, kJ/m?

Plasticizer
Series conotent, Meas. 1 Meas. 2 Meas. 3 Meas. 4 Average

wt.% of res-

in
Control 0 56,6 55,6 56,8 58,2 56,8

10 62,1 62,1 65,3 63,9 63,4
PoliPlastM | 15 67,6 69.4 67,6 67,6 68,0

20 67,6 63,8 64,1 66,2 65,4

10 59,1 61,5 59,3 58,4 59,6
Polyplex 15 68,7 65,7 66,2 63,5 66,0

20 70,5 71,7 69.4 72,2 71,0
Clearstrength | 10 62,3 62,9 62,3 66,7 63,6
XT100 15 67,0 65,1 68.5 64,8 66,4

20 68,6 64,7 65,8 68,6 66,9

The most pronounced increase in impact
toughness was obtained for the Polyplex se-
ries at 20% content: 71.0 kJ/m?, correspond-
ing to an increase of about 25% relative to
the control level. For PoliPlast M, the maxi-
mum is achieved at 15% content (68.0 kJ/m?,
increase about 19.7%); with a further in-
crease to 20%, the value decreases to 65.4
kJ/m? (increase about 15.1%), which can be

Volume 22, Issue 1, 2026

interpreted as manifestation of an “over-
toughening/over-plasticization” effect of the
matrix and deterioration of interfacial inter-
action at excessive additive content. For
Clearstrength XT100, a steady increase in
impact toughness is observed with increasing
content from 10 to 20% (up to 66.9 kJ/m?,
increase about 17.8%).
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CONCLUSION

The performed study established that intro-
ducing plasticizing and elastomeric modifiers
(including dispersed “core—shell” systems)
into the thermosetting binder of fiberglass
composite pipes is an effective tool for target-
ed increase in material impact toughness. In-
creasing this parameter is considered one of
the determining factors in improving crack
resistance and, consequently, the performance
of pipe elements under seismic actions charac-
terized by impulse nature and alternating-sign
loading.

At the same time, it was revealed that the in-
crease in impact toughness is accompanied by
a decrease in stiffness—strength characteris-
tics; the changes are systematic and dose-
dependent and are governed by the nature of
the plasticizer and its concentration in the ma-
trix.

The maximum increase in impact toughness
was recorded for the Polyplex formulation at
20% content; however, this series also exhib-
its the most pronounced decrease in ring stiff-
ness, which limits its applicability where
stiffness requirements are regulated. Formula-
tions modified with PoliPlast M and Clear-
strength XT100 demonstrate a more rational
“toughness—stiffness” compromise: at moder-
ate dosages, ring stiffness remains comparable
to the control material, while a statistically
significant increase in impact toughness is
achieved.

The obtained data confirm the prospects of
using plasticizing additives for purposeful
modification of the viscoelastic response and
for improving resistance to dynamic failure of
fiberglass composite pipes under seismic ac-
tivity.
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BOCTHM K HayaJbHOHM KOJIbIEBOW nedopma-
U,

I'OCT P 54925-2012 TpyOs! u peranu u3
PEaKTOIUIaCTOB, aPMHUPOBAHHBIX CTEKJIOBO-
JIOKHOM. MeTo/bl Onpe/iesieHHs] HadalbHO-
0 OKPYXHOIO Tpeleia MPOYHOCTH TIpU
pacTsHKCHUU.

. TOCT P 54924-2017 TpyOsl u neranu u3

PCAKTOIIaCTOB, apMUPOBAHHBIX CTCKJIOBO-
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Abstract: This article presents numerical modeling results of prognosed dynamic response for load-bearing
structural elements of constructing business complex building to railway transport vibration excitation. The
transport vibrations are measured on existing pile foundation heads. The obtained response vibration acceleration
evaluated by its spectra in accordance with Russian sanitary normative document.
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YUCJIEHHOE MOAEJIUPOBAHUE IUHAMHWYECKOI'O
OTKJHUKA HECYUIUX KOHCTPYKLUI 3JIAHUA OT
BUBPAIIMOHHOI'O BO3JIEMCTBUSA PEJIbCOBOI'O
TPAHCIIOPTA

A.M. bBerocmouxuit, A.H. Hacuooeuu, /I.C. /Imumpues, A.A. Ayn, T.H. Bacunvesa
HaumonanbsHslil uccnenoBatensckuil MOCKOBCKHIM TOCYapCTBEHHBIN CTPOUTENBbHBIN yHUBEpcUTeT, I. MockBa, POCCUA
AO «Hayuno-uccnenosarensckuit nentp Cra/luO», r. Mocksa, POCCUA

AHHoTanusi: B Hacrosmiel crartbe MpenCTaBIeHbl PE3yNbTaThl YHCICHHOTO MCCIEAOBAHUS MPOTHO3HPYEMOTO
JMHAMHYECKOTO OTKJIMKAa HECYIIMX KOHCTPYKHIHMH cTposimierocst 3aaHus JlemoBoro komriekca B T. MockBa OT
BHOPALIMOHHOTO BO3JEHCTBHS PEILCOBOTO TPAHCIIOPTA, OMPENCAEHHOTO M0 Pe3yIbTaTaM HAaTYPHBIX U3MEPEHUH
Ha OTrOJIOBKax CBaifHOro (yHAaMEHTa, M OLEHKa KOM(pOPTHOCTH NPEOBIBAaHWSA JIIOAEH B COOTBETCTBHU C

POCCUICKMMH HOPMAaMH.

KaioueBble ci10Ba: METO/I KOHEUHBIX DJIEMEHTOB, BUOPAIMOHHOE BO3JICHCTBIE, TPAHCIIOPTHBIC BUOpAIHH,
JMHAMHYECKUI aHalli3, MOAAJIbHBIN aHAIIN3, IMHAMUYECKUI OTKJIMK, OTBETHBIE aKCEJIEPOrPaMMBbl,
KoM(OPTHOCTB PeOBbIBAHMS JIIOACH

1. INTRODUCTION

Currently building constructing and designing
in railway influence area more often happens in
metropolises with highly developed railway
infrastructure. Besides this infrastructure
extension leads to worsened exploiting
building structures vibrational state due to new
railway tracks laying closer to existing building
and structures. Constructing and existing

Volume 22, Issue 1, 2026

buildings and structures turn out to be under
the rail transport vibration influence caused by
land passenger and freight transportation trains,
high-speed trains and underground. There are a
few  1illustrations:  residential = complex
Dominion in Moscow, Russia [1] arranged
above shallow subways and the Xi’an Bell
Tower in China also arranged above four
shallow subways lied in 14 meters from Bell
Tower foundation, as well [2].
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It is known that the wheel and railway cuts
impacts causes the railway transport vibration.
Its spectrum and amplitude vary due to different
railway construction and vibration waves
propagation in the ground and also initial
vibration amplitude may increase [3]. Railway
transport vibration frequence mostly consists of
impact excitation 25-50 Hz components [3].
Transformed transport vibration reaches
buildings foundations and according to main
vibration excitation frequence leads to various
effects on buildings structural elements, such as
steel structures fatigue resistance diminution
(Bauschinger effect), cracking in concrete and
masonry structures (see Fig. 1) [2], finish
peeling. Periodic transport vibration leads to
worsened well-being of people and equipment
malfunctioning.

2. PROBLEM FORMULATION

Evaluation of constructing building load bearing
structures dynamic response to vibrations
induced by railway transport using numerical
modeling approach is processed in 2 stages. The
first stage consists of the following steps:

— measuring transport vibration excitation on
pile foundation heads with further processing
and evaluating;

— selecting smaller excerpt from the whole
measured and processed vibration signal for
usage as initial data at the next stage.

The second stage consists of the following
steps:

— designing the finite element model of load
bearing structures of a building;

— processing numerical research of load
bearing structures dynamic response in building
representative part;

— evaluating obtained in representative parts
response structures vibrations according to limit
vibration values given in Russian building codes
and regulations.
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Figure 1. The Xi’an Bell Tower foundation
cracking due to periodic forced vibrations
caused by underground railway transport

In the current paper the object of study is the
constructing business complex building located
in Moscow, Kulneva street and Kutuzovsky
avenue intersection (see Fig. 2). Subject of
research is the people residence vibration
comfort for the premises of the object exposed
to transport vibration excitation caused by land
Moscow underground (Metro) trains and
Moscow Central Ring (MCR) trains. Currently
under construction building block lettered “B”
(further “Block B”) located in railway influence
area. The smallest distance between MCR rail
tracks and Block B wvertical load bearing
structures is equal to 22 meters (see Fig. a).
Beside location near railway tracks Block B has
following characteristics:

— Block B building is constructed above
already existing basement floor structures (5
floors deep). Vertical load bearing structures of
Block B placed on existing piles and take only
vertical load from existing basement flood slabs
(see Fig.3);

— load bearing structures of the Block B are
steel frame with steel decking monolithic
reinforced concrete floor slabs and reinforced
concrete structural cores;

— the maximum span between two load bearing
columns rows is equal to 30 meters;

— the complex node connection between
fourbranched steel part (above the ground) and
reinforced concrete part with circle cross section
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(below ground) (see Fig. 4). The underground
concrete column part bear to pile grid.

b)

Figure 2. The business complex render:
a) an assembly view, b) the Block B render
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Figure 3. Cross-sectional plan of a five floors
basement. New reinforced columns are colored
in blue, existing load bearing structures are
colored in black
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b)

Figure 4. The fourbranched steel bearing
column reinforced concrete bearing column
node connection: a) an assembly view of column
steel part, b) the connection part

3. STAGE 1. MEASURING VIBRATIONS

Taking in account the fact that Block B columns
will bear to existing pile grid it was decided to
take railway transport vibration measurements
on the pile heads (see Fig 4). That provides the
lack of need to conduct mathematical modelling
of vibration waves propagation in soil mass
between Block B pile foundation and railway
tracks.
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Figure 5. Vibration measurements.
a) Points of measurements location.
Constructing Block B contour is colored green;
b) An accelerometer position on a pile head

The measurements of railway transport
vibration acceleration were conducted by
experts Gecha V.la., Grabilin A.O., Derishev
D.V. from CJSC «Moscow Engineering
Agency» taking in account Russian standards
[4]. The utilized accelerometers (see Fig. 5b)
have from 0.05 up to 750 Hz frequence range
and sensitivity in range 100 — 107 mV/ms?. The
vibration signals measurement and analyzation
were made using LMS SCADAS Mobile
system. The series of measurement were made.
According to the LMS SCADAS Mobile ADC
limits and characteristics the sampling rate for
each measurement in series was chosen fs = 256
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Hz with frequency step Af = 0,001953 Hz.
Therefore, sampled  acceleration  signal
had Ns = 131 080 values. According to those
characteristics the maximum duration of
measured railroad transport vibration signals
T = 256 s, the discretization step Az =2 ms. The
measured in each point (see Fig. 5a) vibration
acceleration signals consist of five recorded
sequentially signals because the 256 seconds are
barely enough to register at least one of Metro
or MCR trains passes by nearest railway tracks.
Total vibration acceleration signal duration is
1280 s which allowed to measure vibration from
at least 5 Metro trains and 3 MCR trains passed
in both directions. Railway transport vibration
acceleration was measured in 3 directions (see
Fig. 6).

Figure 6. The Block B finite element model.
The direction axes of railway transport
vibration excitation are located in the left
bottom corner:

— Xand Y direction: horizontal
perpendicular and parallel to column
rows respectively vibration components;
— Zdirection: vertical vibration component

The following measured vibration excitation
features were obtained based on its analysis
results:

— all measured vibration acceleration signals
have low-frequency (significantly lower than 1
Hz) components;

— some of the obtained acceleration signals
recorded in few points have an unsignificant
extraneous noise (lower than 50 dB);
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— some of the obtained acceleration signals
recorded in a few points have a significant noise
from working vibration and impact equipment.
Measured  railway  transport  vibration
acceleration signals were filtered before further
research. Filtration was obtained by extracting
components with frequency from 1 to 200 Hz,
the components with frequency lower then 1 Hz
and higher then 200 Hz were deleted. Besides
components of noise with 50 Hz frequency were
cut too. Obtained in point 1 at the axis 35 pile
head example of railway transport vibration
acceleration signal before and after filtration
presented on Figure 7.

The moments when MCR and Metro trains
passing by Block B are easy to define on
processed vibration acceleration signals. The 10
seconds and 50 seconds fragments for MCR and
Metro trains with highest acceleration amplitude
were  chosen  from  filtered  vibration
accelerations signals (see Fig. 7, 10 seconds
fragments highlighted pink, 50 seconds
fragments highlighted yellow). 1/1 octave
spectra were obtained for each of these 10 s and
50 s fragments for further railway transport
vibration evaluation.

According to [5] the vibration evaluation must
be proceeded with vibration logarithmic grade.
This method is commonly used for experimental
and numerical studies, as example [6]. The
limits for our problem are designated for
vibration acceleration logarithmic grade value
La (in dB) for every of 2 — 63 Hz 1/1 octave
band of vibration acceleration. The limit values
for each 1/1 octave band took from [5] with
amendment in «-10 dB» because the transport
vibration excitation is inconstant or periodic
excitation. The whole signal, 10 s and 50 s
MCR and Metro fragments vibration
acceleration obtained in point 1 octave spectra
comparison with limit logarithmic grade values
presented in Tables 1-3. As it shown for
representative point 1, measured and filtered
railway transport vibration acceleration octave
spectra values do not exceed limit logarithmic
grade values.
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Figure 7. Acceleration history: a) measured;
b) filtered. Fragments highlighted pink and
vellow were used to obtain vibration signal

spectra

Table 1. 1/1 octave spectra for measured in
point [ railway transport vibration
acceleration. X direction

Hz 2 | 4 1 8 |16 315 | 63| 125

«Limity, dB | 70 | 71 | 73 | 79 85 91 -

1280 s 46 | 44 | 45 | 50 61 63 57

MCR 10s |39 |39 |47 56| 68 71 68

MCR 50s | 36 | 37 | 45|52 63 66 64

Metro 10s | 20 | 20 | 25 |36 | 50 |52 38

Metro 50s | 19 | 20 | 23 | 32 44 | 46| 33

Table 2. 1/1 octave spectra for measured in
point [ railway transport vibration
acceleration. Y direction

Hz 2 | 4 1 8 |16 315 | 63| 125

«Limity, dB | 70 | 71 | 73 | 79 85 91 -

1280 s 49 | 47 | 51 56 | 63 65 57

MCR 10s | 31 | 46 | 55 | 61 72 77 71

MCR 50s | 44 | 45| 52 | 58 66 71 64

Metro 10s | 12 | 11 | 22 | 31 42 53 52

Metro 50s | 22 | 25 | 30 | 38 47 47 32
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Table 3. 1/1 octave spectra for measured in
point 1 railway transport vibration
acceleration. Z direction

Hz 2 1 4 18 16| 315 [ 63| 125

«Limity, dB | 70 | 71 | 73 | 79 85 91 -

1280 s 3413314045 53 55 49

MCR 10s | 44 | 41 | 45 | 50 61 65 60

MCR 50s | 38 |37 |44 |47 | 56 60 55

Metro 10s | 11 | 22 | 31 | 42 53 52 38

Metro 50s 15119 23] 32 44 44 33

The 20 seconds fragment with highest
amplitude, that cut from measured and filtered
railway transport vibration three-component
acceleration history obtained in point 1
(630 — 650 seconds), was chosen for the
second stage dynamic response research
design data. Three components of chosen
vibration acceleration fragment illustrated on
Figure 8.

4. STAGE 2. STRUCTURAL DYNAMIC
RESPONSE NUMERICAL MODELING

The finite element model utilized for Block B
dynamic response analysis were designed in
ANSYS Mechanical Software. It consists of
spatial discretization of Block B above ground
structural load bearing elements and below
ground new reinforced concrete columns and
structural cores). The reinforced concrete and
steel columns and beams are modelled with
the 3D 2-node beam BEAMI88 finite
elements (the element is based on Timoshenko
beam theory which includes shear-
deformation effects), the steel decking
monolithic reinforced concrete floor slabs,
walls and structural cores are spatially
discretized with the elastic shell SHELL63
finite elements (has both bending and
membrane capabilities). The FE model
consisted of 846 158 nodes and 282 903 finite
elements. Every node has 6 degrees of
freedom.
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Figure 8. Three components of railway
transport vibration acceleration 20 seconds
history utilized for the next stage numerical
research

Element material properties are presented in
Table 4.

Table 4. Material properties

Elastic . ) .

Material Modulus POIS.SOH s Dens1ty$

E. GPa ratio v p, kg/m
Reinforced concrete 36 0.2 2500
Steel 206 0.3 7850

There were designed two options of railway
transport vibration excitation (taken as the 20
seconds three-component acceleration history
according to stage 1 measurements) distribution
scheme to evaluate people residence vibration
comfort for the premises of Block B. The first
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load distribution scheme (further Option 1)
illustrates  the platform  vibration load
distribution, hence vibration acceleration history
is simultaneously applied to the all of
underground columns lowest nodes right where
the reinforced concrete underground load
bearing columns bear to the existing piles (see
Fig. 9a). And the second load distribution
scheme (further Option 2) illustrates the non-
platform vibration load distribution, unlike
Option 1, the vibration acceleration applies only
to the closest to the railway tracks vertical
underground load bearing structures lowest
nodes (see Fig. 9b). Besides, it’s expected that
Block B structural elements dynamic response
obtained with Option 1 will be higher due to soil
railway transport vibration waves damping.

@

[N

b) & @
Figure 9. The railway transport vibration load
distribution schemes. Nodes to which three-
component vibration acceleration history
applied to marked with red areas.

a) Option 1. Platform vibration load
distribution scheme;

b) Option 2. Non-platform vibration load
distribution scheme.

Volume 22, Issue 1, 2026

The numerical model of the Block B load
bearing structures vibration dynamic response
problem consists of finite element method semi-
discrete equation of motion (see Eq.1). That
equation solution can be conducted using direct
implicit Newmark method updating equation
step by step (see Eq. 2 and 3). The chosen for
equations solving time step is equal to 0.002 s.
Similar numerical modeling approaches to
people residence vibration comfort for the
premises of the object exposed to railway
transport vibration excitation are presented in
articles [1] and [7].

() +[C (o)} +
(k) [ K o)} =)} + (R}

where
[M],[C],[K]u[K,] — the finite element model

structural mass matrix, the structural damping
matrix, and the linear (initial) and geometrical
stiffness matrixes, respectively;

t — time;

{F (t)} — the applied static and dynamic load

vector;
{R(u,u)} — the restored load vector utilized for

material nonlinear equation solving;
{u(t)} — the obtained general

displacement vector.

The Newmark time integration method is based
on finite difference method. Each Af time step
following velocity and displacement vectors
updated as it shown further (see Eq. 2 and 3).

nodal

(2)
3)

{0} ={u, }+ i, } - Ar+
{[%—a}-{iinha-{ﬁw}] A7

where

a, 0 — Newmark's integration parameters chosen
with the accuracy and stability conditions. The
optimal parameters (6 = 0.5 and a = 0.25)
satisfying to both conditions make the Newmark
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constant  average  acceleration = method
unconditionally stable;
At = tn+l _tn ’

{u,} and {u,,} the vectors of nodal
displacements at time #, and #,+: respectively;
{a,} m {ui,,} — the vectors of nodal velocity at
time 7, and #x+/ respectively;

i} w {i,,} the vectors

acceleration at time #» and f,+/ respectively.

of nodal

5. OPTION 1 (PLATFORM SCHEME)
RESULTS

The Block B load bearing structures exposed to
railway transport vibration specified by three-
component vibration acceleration history
dynamic response spectra obtained with
numerical simulation are compared to limit
values represented in [5]. According to this
Russian regulation document the determined
vibration response acceleration of the structural
elements evaluation must be conducted using

certain  parameter (acceleration) spectral
(frequency) analysis. Hence, the logarithmic
grade parameter (vibration response

acceleration) values must not exceed limit value
for each of 1/1 octave bands, given in [5]. The
limit logarithmic grade values have been taken
with «-10 dB» amendment, due to the transport
vibration excitation inconstant nature.
Logarithmic  acceleration  grade  values
La formula is given below (See Eq. 4). The La
units are decibels (dB).

2 4)

L,=20 lgl-IO_(’ ,
where

a —mean average vibration acceleration, m/s*
1-10° — reference vibration acceleration, m/s’.
The steel frame by axis 22 (frame 22) was
chosen as representative for numerical modeling
results evaluating due to structural core absence

le4

by 22 axis and frame 22 structures span, that is
the largest in whole Block B structure. The
obtained Option 1 (see Fig. 9a) response
vibration acceleration history for representative
points in bearing and span areas of frame 22
(see Fig. 10) illustrated in Figure 11. Moreover,
the obtained logarithmic grade response
vibration acceleration values evaluation for
some of these points given in Table 5.

Point 6 (node 553894)
column +73.8 m

Point 5 (node 590507) |
midspan +49.6 m

Point 4 (node 562252) |
column +49.6 m

Point 3 (node 597377) @
midspan +10.0 m 1

Point 2 (node 561502) |
column +10.0 m

Point 1 (node 516062)|
reinforced concrete
column top -0.15 m

b)
Figure 10. The representative frame by axis 22.
a) Its position in Block B finite element model
marked red;

b) The frame 22 structural elements. The
representative points in which response
vibration acceleration numerical modeling
results obtained marked red.
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Figure 11. Frame 22 response vibration
acceleration history:

011 12 13 14 15 16

a) Ax, points 1, 2, 4, 6. Axmax = 0.0572 m/s?
b) Ay, points 1, 2, 4, 6. Aymax = 0.1255 m/s?
¢) Az, points 1, 3, 5, 6. Azmax = 0.0333 m/s’

Table 5. The logarithmic grade vibration
acceleration values at the representative frame
22 points for Option I load distribution scheme

Octave
band gV wy | 4z | 4z | 4z .
geometric . . . ) ) Limit,
mean point | point | point | point | point dB
1,dB | 1,dB | 1,dB | 3,dB | 6,dB
frequency
, Hz
2 40.41 | 3579 | 32.67 | 35.41 | 47.53 70
4 59.40 | 44.05 | 36.32 | 60.83 | 58.32 71
8 51.84 | 61.90 | 46.15 | 68.35 | 74.48 73
16 75.97 | 80.52 | 52.86 | 68.07 | 69.85 79
31.5 7192 | 7493 | 69.67 | 71.47 | 68.91 85
63 80.87 | 86.97 | 77.06 | 71.79 | 59.20 91
125 73.40 | 70.26 | 60.98 | 50.08 | 29.12 -

*Note: values that exceed residence comfort limits values
marked blue.
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6. OPTION 2 (NON-PLATFORM SCHEME)
RESULTS

The  non-platform  vibration  excitation
distribution scheme (Option 2) let us obtain the
response vibration acceleration numerical
modeling results that are closer to the real
structural elements dynamic response due to
transport vibration waves dissipation in soil.

The Figure 12 presents the obtained using
Option 1 and Option 2 schemes vibration
acceleration history comparison for the specific
frame 22 representative points in which the
residence comfort values those exceed limits
were observed. The comparison of logarithmic
grade response vibration acceleration values
obtained using both platform and non-platform
excitation distribution schemes given in Table 6.

Acceleration, m/s"2 |

0.01

” Point 6 X (Option 1)|
Point 6 X (Option 2)
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Figure 12. The response vibration acceleration
history in X direction at point 6 of frame 22
obtained using Option 1 (platform) and Option
2 (non-platform) schemes.

a) The whole excitation duration response
vibration acceleration history (20 seconds),;
b) The 1.1 seconds fragment (13.5 — 14.6 s)
where the vibration acceleration maximum
amplitude was observed.
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Table 6. The logarithmic grade vibration
acceleration values at representative frame 22
6 point comparison for Option I and Option 2

load distribution schemes

Octave
band Ax, point 6, dB
geometric . . A% Limit,
mean Option 1 Option 2 > /0 dB
frequency (platform (non-platform
, Hz scheme) scheme)
2 47.53 35.25 -25.84 70
4 58.32 52.56 -0.88 71
8 74.48 61.71 -17.15 73
16 69.85 55.81 -20.10 79
31.5 68.91 58.85 -14.60 85
63 59.20 63.53 +7.31 91
125 29.12 20.57 -29.36 -

*Note: values that exceed residence comfort limits values
marked blue.

As expected, logarithmic grade values of
response vibration acceleration spectra obtained
with Option 2 railway transport excitation are
within the limit people residence comfort values
comparing to Option 1 response spectra
exceeding limit logarithmic grade values.

CONCLUSION

Firstly, for the business complex Block B there
were measured on existing pile heads and
evaluated the vibrations induced by railway
transport: land underground trains and MCR
trains. Secondly, the Block B dynamic structural
response to measured transport vibrations was
obtained using finite element model and two
vibration excitation distribution schemes:
platform and non-platform. The results are
described in more details below:

1. The measured on existing pile heads railway
transport  vibration acceleration octave
spectra do not exceed the limit logarithmic
grade ones taken according to [5]. For the
further object dynamic response numerical
research purposes, the 20 second fragment of
the three-component acceleration history
with maximum measured acceleration
amplitude was selected.

2. The two transport distribution schemes were
considered: platform (Option 1) and non-
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platform (Option 2). The Option 1 railway
transport vibration acceleration spectra were
obtained for the Block B representative steel
frame by axis 22 points located in frame
midspans and in load-bearing column areas.
The vibration acceleration spectra of point 1
and 6 are exceeding limit logarithmic grade
values, hence some of Block B premises are
uncomfortable  for  people  residence.
However, expected the implausible results
for Option 1 scheme.

3. The dynamic response spectra values
obtained for Option 2 scheme more likely
illustrating the real Block B dynamic
response to vibration induced by railway
transport are significantly less than limit
logarithmic grade vibration acceleration
values (reserve more than 10 dB).

4. The comparison of the
representative  points railway  vibration
acceleration logarithmic grade values
obtained for Option 1 and Option 2 schemes
shows the expected lower values for Option 2
than Option 1 with 29.36% difference.
Except the dynamic response vibration
acceleration value for 1/1 octave band with
63 Hz central frequency, for this octave band
the Option 2 value higher than Option 1 but
yet lower than limit value.
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CONSTRUCTION PROPERTIES OF SUBSIDIBLE SOILS IN
MONGOLIA UNDER CLIMATE CHANGE: PROBLEM AND
SOLUTION

Nyamdorj Setev, Uranchimeg Davaasuren, Sukh-Erdene Khureltsooj,

Erdenetsetseg Enkhbaatar
Technician and Technological University, Ulaanbaatar, MONGOLIA

Abstract:The main regional features of subsidence clay soils common in Mongolia are high porosity, low
humidity and underfilling within the seasonal deep freezing due to their heaving and sublimation loosening. Using
such soils as foundations for buildings and structures under conditions of increasing humidity is difficult at the design
and construction stages, as well as during operation. This paper examines the results of analytical calculations to
identify the dependence of a decrease in the physical and mechanical properties of subsidence soils on an increase in
humidity and constructs the corresponding dependence graphs. Numerical modeling of the quantitative and qualitative
assessment of the subsidence properties of sandy loam and loamy soils using the method of indirect signs and the
probability of the formation of a subsidence process during soaking is also carried out.

Keywords: global warming, sublimation loosening, underfilling, atmospheric precipitation,
sandy loam and loamy soils, deterioration of physical and mechanical properties

KOHCTPYKTUBHBIE CBOUCTBA HEYCTONMYUBBIX
T'PYHTOB MOHI'OJINA B YCJOBUSX N3MEHEHUS
KJIUMATA: TIPOBJEMMDbBI 1 PEIIIEHUS

Camae Hoamoopoic, /lasaacypin Ypanuumae, Xypanuoosc Cyx-Ipoins,
Iuxoaamap IpoInauiuire

TexHudeckuit 1 TEXHOJIOIMUECKUM yHUBEpCUTET, I. Ynan-barop, MOHI'OJIN A

AnHoTanusi. OCHOBHBIMH PETHOHAIBHBIMH ~ OCOOCHHOCTSIMH  MPOC3JOYHBIX TJIMHUCTBIX TPYHTOB, IIHPOKO
pacrpocTpaHEHHBIX Ha TEppUTOpUM MOHTOIMHM, SBISIOTCS BBICOKAs IIOPHCTOCTb, HH3Kas BIAXHOCTh U
HE/IOYIUIOTHEHHOCTh B YCJIOBHSX CE30HHOTO TIyOOKOro IpoMep3aHusi, OOYCIIOBJIEHHBIE MPOIECCAMH MOpPO3HOTO
My4eHUs] ¥ CyONMMannOHHOTO pa3phixieHus. lcrmonp3oBaHWE TakWX TPYHTOB B KauyeCTBE OCHOBAHMH 3HaHUH M
COOPY’KEHHH TIPH YBEIWIECHUH BIAXKHOCTH TPEJICTABIIACT 3HAUNTEIbHBIE TPYAHOCTH KaK Ha CTaMSIX MPOSKTUPOBAHUS U
CTPOUTENBCTBA, TaK M B MpOLECcCe IKCIUTyaTalMu. B HacTosmed paboTe paccMOTPEHBI Pe3yJsbTaThl aHATUTHYECKUX
pacu€ToB, HANPABICHHBIX HA BBIABICHHUE 3aBUCHMOCTH CHIDKCHHS (H3MKO-MEXaHWYECKHX CBOMCTB IPOCaJOYHBIX
TPYHTOB OT YBEJIMYEHHS BIAKHOCTH, & TAKKe MOCTPOCHBI COOTBETCTBYIOLIME IpadUKH 3aBHCHMMOCTEH. BblmomneHo
YHCICHHOE MOJICTUPOBAHNE KOJMYECTBCHHOM M KadeCTBEHHOM OLIEHKHM MPOCAJOYHBIX CBONCTB CyNECYaHBIX U

CYIIMHUCTBIX I'PYHTOB C MIPUMECHCHHUEM METOJa KOCBECHHBIX IMTPU3HAKOB, 4 TAKXKC OLICHCHA BEPOATHOCTDH (t)OpMMpOBaHI/IH
IpocajovYHoro mpouecca npyu 3aMa4yuBaHuu.

KiarwueBble cjioBa: riaodaisLHOE IIOTCILJICHUC, Cy6J'II/IMaHI/IOHHoe Pa3pbIXJICHUEC, HEJOYIINIOTHCHHE, aTMOC(I)epHBIe
0CaJiKi, CynneCuaHbIC U CYTJIMHUCTBIC I'PYHTHI, YXYAUICHUEC (l)I/I3I/IKO-MeX3,HI/I‘~IeCKI/IX CBOIICTB.
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INTRODUCTION

In recent years, the amount of precipitation has
increased sharply due to changes in climatic
conditions due to global warming almost all
over the world, including Mongolia. As a result,
the moisture content of the foundation soil
increases to the point of water saturation,
weakening and  disintegration  of  the
crystallization and cementation structural bonds
of clay soils, and, as a rule, deterioration of their
construction properties.

The problems of changing climatic conditions
due to global warming are the subject of many
researchers' works [1; 2; 3; 4; 5; 6; 7 and 8].

The territory of Mongolia is located at the
altitude of the Central Asian plateau, the
thickness of the vegetation layer and snow cover
in winter is relatively small, the average annual
temperature of the territory is about 0 °C, and the
average number of days with negative
temperature is more than 200. According to the
norm of BNBD (SNiP) "Climatology of the
territory of Mongolia", the depth of seasonal
freezing of soils is 3.5 ... 5.0 m and sometimes in
real conditions the depth of seasonal freezing of
water-saturated coarse-grained soils with sandy
loam and loamy filler reaches 6.0 meters, in rare
cases permafrost is found under it [9; 10].

As a rule, wet clay soils to the depth of seasonal
freezing are from weak to strong degree of
heaving, in the thawed state have high porosity,
relatively low humidity, undercompact.
Currently, in Mongolia there is an increase in
the number of deformed buildings and
engineering structures for the above-mentioned
reasons. In this regard, the task of identifying
the cause and developing a rational design
solution are relevant for the construction
industry of Mongolia.

Based on this, in order to clarify the pattern and
dependence of the decrease in the construction
properties of subsidence clay soils on the
increase in humidity, regional features of this
type of soil were identified.
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METHODS AND MATERIALS

A.Regional feature. Based on the results of the
studies, it was established that the main reason
for the increase in porosity, loosening and
decrease in the construction properties of soils is
the sublimation process occurring in seasonally
frozen clay soils [11]. The regularity of the flow
and the nature of the origin of the sublimation
process in frozen soils are reflected in the works
of many scientists [12; 13; 14; 15; 16; 17; 18;
19; 20].

As a result of the sublimation process of ice in
seasonally frozen soils, the structure becomes
loose, as a result of which the porosity n =
(50...65)%, the porosity coefficient e
(0.70...0.84), the density of dry soil pa =
(1.35...1.60) tons/m* or undercompacted, the
moisture content of sandy loam W =
(0.04...0.06) and loam W = (0.05...0.08), and
also as a result of repeated freezing and
thawing, cracking and crushing of the solid part
of the soil occurs, based on this, the content of
dusty parts is 50...60%.

In such loose and highly porous soils, with an
increase in humidity due to an increase in
atmospheric  precipitation, the process of
changing mechanical properties actively occurs.

B. Method for determining the pattern of
changes in mechanical properties from an
increase in humidity. According to the method
of Professor A.A. Mustafayev [21] carried out a
calculation to determine the patterns of change
in the mechanical properties of subsidence soils
during moistening of loess-like sandy soil of the
Darkhan-Selenga and Erdenet-Orkhon regions
in the form of a dependence graph (Fig. 1...4).
A.A. Mustafayev defined wet loess-like
sedimentary soil as a quasi-homogeneous and
quasi-inhomogeneous continuous structure, and
the equation of state of such a body has the
form:

g=c"'+a=d"; e=e"+e; e"=e"(1)
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where: U, V, P - index of the stress-strain state
taken into account in the viscous state.

After certain transformations and substitutions
in the above equation, the following equation is
obtained, expressing the stress state of the soil
massif.

de

o=C—-py(l+e)y+W(y,z) +1(ey -I-;#) (2 —f)a—; )

In the state W, =W < W, , the pattern of
change in strength and deformation can be
expressed by the mathematical law of the
second-order curve. For example: the
mechanical parameters of wet soil change

according to the following law:

Cyw = Cyg — CyJ QW + ‘{11;'::); (3)
Pw ZQDH_';OH]L(WSM“_?); (4)
Ew = Ey — Ey Ji(Wsqr + 0.5W); (5)

where: Cy - the adhesion force of soil with
natural moisture content; ¢, - the angle of

internal friction of soil with natural moisture
content; E - the modulus of deformation of soil
with natural moisture content; ,, W, W, J, are

the values adopted from the results of
engineering and geological studies; Wt - the
moisture content of water-saturated loess soil;

; (6)

Ps

where: e is the porosity coefficient of loess soil;

e — Ps_Pd,
Pd

(7)

CALCULATION RESULTS

The results of calculations using method
Mustafaev [21] are given in tables 1 and 2.
Approximate indicators for calculating the
loess-like sandy soil of the Darkhan-Selenge
region:

Volume 22, Issue 1, 2026

ps=1.62tonns/m3 W, = 0.18 e =0.62 ' =24
ps=2.38tonns/m3 W, =0.14 W, =021 @' =18
ps=1.47tonns/m3 [, = 0.11 C'=27kPa E' =13 MPa
W=0.06 Jo=+000 C"=21kPa E"=41MPa

Table 1. Dependence of mechanical parameters
(C, o, E) on humidity (W1) sandy loam soils of
the Darkhan-Selengi region

Ne W; ] L Cw, kPa, @, grad, | Ey, MPa,
according | according | according
to the to the | to the
formula formula Jormula
G “) ()

1 1004 |-0523 | 14.18 24.27 11.89
2 10.06 | -0256 | 12.23 24.13 11.76
3 10.08 | 0,000 7.95 23.35 11.27
4 1010 | 0328 7.06 21.31 10.85
51012 0615 6.83 18.90 5.18
6 | 0.14 | 1,000 6.24 17.81 3.91
7 1016 | 1,217 5.95 17.05 3.15

810.18 | 1,485 5.64 16.68 2.68
p=1.64tonns/m> | Wr=0.27 e=0.53 p'=21°
ps=2.51tonns/m® | Wp=0.18 C'=27xlla | ¢'"=16°
pa=1.48tonns/m*> | Wsat=0.31 | C"=19«Ila_| E'=14.2 MPa

W=0.11 Jp=0.13 E'"=4.6 MPa

Approximate indicators for calculating the

loamy soil of the Erdenet-Orkhon region:

Table 2. Dependences of mechanical indicators
(C,p,E) on moisture content (Wi) of loamy soils
of the Erdenet-Orkhon region

Ne Wi | ], Cy. kPa | @  grad, | E,, MPa,
according | according | according
to the | to the | to the
formula formula formula
(3) 4) (5)

1 0.06 | - 47.21 22.31 12.92

2 0.08 | -0,623 | 46.83 22.10 12.34

3 0.10 | -0,381 | 43.55 21.60 11.98

4 0.12 | 0,000 27.91 20.32 9.12

5 0.14 | 0,431 17.83 18.61 4.87

6 0.16 | 0,762 14.67 17.72 4.05

7 0.18 | 1.243 13.05 17.30 3.29

8 0.20 | 1,520 11.81 16.82 2.76

9 0.22 | 1,836 10.71 16.47 2.68

Based on the calculation results given in Tables
1 and 2, a graph of the dependence for
determining the value of mechanical indicators
was constructed (Figures 1; 2; 3 and 4).
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a. Graph of the dependence for determining
the value of the flow index J;

Figure 1. Graphics for determining the value of
the fluidity index depending on the increase in
soil moisture Ji=f(Wi)(Nyamdorj. 2021)

Based on the analysis of the [, = f(W,)
dependence graph, the following was
established:

- for sandy loam: with an increase in soil
moisture W = 0.04...0.08, the fluidity index
changes J. = — 60...0.00, with a further increase
in moisture W = 0.08...0.18, the index J. = —
0.00...1.50, i.e. it increases linearly
proportionally;

- for loam: with an increase in soil moisture W
= 0.08...0.12, the fluidity index changes J. =—
0.75...0.00, with a further increase in moisture

W = 0.12...0.22, the fluidity index Jo =
0.00...1.80, i.e. it increases linearly
proportionally.

b. Dependency graph for determining the value
of the adhesion force C,,

Based on the analysis of the graph of the
dependence C,, = f(W;), the following was
established:

- for sandy loam: with an increase in soil
moisture W = 0.04 ... 0.08, the adhesion force
changes Cw = 14.18 ... 7.95, with a further
increase in moisture W = 0.08 ... 0.18, the
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indicator Cw = 7.95 ... 5.64 decreases according
to a non-linear dependence;
- for loam: with an increase in soil moisture W
= 0.06 ... 0.14, the adhesion force decreases in
the range Cw = 47.21 ... 17.38, with a further
increase in moisture W = 0.14 ... 0.22, adhesion
Cw = 17.38 ... 10.71 decreases according to a
non-linear dependence.
CexMa
*1 Mem 2
- =@ LINeBaTan Cyneck
=—@—CYTNTHHOK

L1155

ke )

Figure 2. Graphics for determining the value of
the angle of internal friction Cw=f(Wi)
depending on the increase in moisture content
of clay soils (Nyamdorj. 2021)

c¢. Graph of the dependence for determining
the value of the angle of internal friction @,

o
o

0
0.04

g 8
(=] L=
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Figure 3. Graph for determining the value of the
angle of internal friction pw = f(Wi) depending
on the increase in moisture content of clay soils

ML . T2 ANNTN

International Journal for Computational Civil and Structural Engineering



Construction Properties of Subsidible Soils in Mongolia Under Climate Change: Problem and Solution

Based on the analysis of the graph of the
dependence ¢w = f(Wi), the following was
established:

- for sandy loam: with an increase in soil
moisture W = 0.04...0.18, the angle of internal
friction ow = 24.27...16.68 decreases according
to a nonlinear dependence;

- for loam: with an increase in soil moisture W
=W =0.06...0.22, the angle of internal friction
ow = 22.31...16.47 decreases according to a
nonlinear dependence.

2. Graph of the dependence for determining
the value of the deformation modulus E,,

Ex, MMa

15.0
129 12.90 nblneBatan
e — - -
12.5 =485
- wl  cyrnunOK
L — A
10.0 1
7 54
5.0
_—
= ~2.68
25—
0.0 - - H
ETEEFEEETTE L
Fo] = T - S O o o o o o o

Figure 4. Graphics for determining the value of
the deformation modulus E,, = (W)
depending on the increase in moisture content
of clay soils (Nyamdorj. 2021)

Based on the analysis of the graph of the
dependence Ew = f(W;), the following was
established:

- for sandy loam: with an increase in soil
moisture W = 0.02...0.18, the value of the
deformation modulus Ew = 11.89...2.53 MPa
decreases according to a nonlinear dependence;
- for loam: with an increase in soil moisture W
= 0.04...0.10, the value of the deformation
modulus Ew = 12.92...2.68 MPa decreases
according to a nonlinear dependence.

Based on the results of the analysis of the
numerical values on the graphs [, = f(W;),

Cw :f(m’;), Pw :f(l"l-’;), Ey :f(["l-’;)

Volume 22, Issue 1, 2026

depending on the properties of the subsidence
soil and the moisture state of the given site, the
possibility of application is established taking
into account the probability of change within
+5.0% and the compatibility of the numerical
values determined by the graph’s with the
classification characteristics established by the
standard, have an error of 3.0-9.0%.

B. Evaluation of subsidence properties by the
method of indirect signs. Loess-like clay soils,
common in some areas of Mongolia, do not
belong to the category of subsidence soils
according to the standards of soil classification
in other countries, including Russia, but at
different pressure values and an increase in
humidity, a significant subsidence is observed,
therefore, there is a need for classification by
indirect signs. The problems of the need to
classify subsidence soils by indirect signs are
devoted to the works of many researchers [22;
23; 24; 25; 26, 27; 28].

Based on the results of 231 laboratory tests to
determine the mechanical properties of loess-
like subsidence soils common in Mongolia, a
comparison was carried out in order to
identify the pattern of subsidence formation
and calculate the amount of subsidence under
the effects of various pressures and soaking,
and the results obtained are presented in Table
2.5[11].

Based on the analysis of the research results, it
is established that with the porosity coefficient
value within the range of (0.300 - 0.409) ...
0.910, under the action of pressure of 0.1; 0.2;
0.3 MPa, the probability of occurrence of
subsidence deformation increases. Based on the
results of the numerical analysis performed
using the R-Plus calculation program, the
following regression equations and a diagram
were compiled to assess the probability of
subsidence formation (Figure 5).

lo01=-1.74485+0.886€0-2.153; n=69;
S%oct(lgd2)=0.2116;

lg02=-1.8065,+0.855€0-2.093; n=121;
S%oct(lgd2)=0.2115;
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[g03=-1.6415/+0.922e0-1.9972; n=147,

S3oci(led3) =0, (8)

Py=1.0xre/en? Py=2 Orre/ex? Py=3.0krc/en?
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Figure 5. Diagram for assessing the probability
of subsidence

Mensmee 5%

RESULTS AND DISCUSSION

Currently, climate conditions are changing
dramatically around the world due to global
warming, as a result of which the construction
properties of clayey, especially subsidence soils
are deteriorating sharply, and there is a high
probability of further activation of these
processes. We observe that the number of
deformed buildings and infrastructure structures
for various reasons under the influence of
increased humidity of clayey soils of
foundations is noticeably increasing from year
to year.

In such situations, how reliable is the
calculation of a subsidence foundation and,
perhaps, foundations made of other types of
clayey soils for I and II limit states according to
the provisions of current standards and
regulatory literature? Maybe something needs to
be changed and supplemented? If necessary, in
what direction? Or is there nothing special, all
these situations are taken into account in the
calculation models, only reasonable use is
necessary? The solution and discussion of this
problem are important not only for Mongolia,
but also in other countries where there are
subsidence and non-subsidence clayey soils of
different origins.
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CONCLUSION

1. Analysis of numerical values on the graphs of
the dependence [, = f(W;), € =fWy),
ew = fF(W), E, =f(W) shows the
possibility of application taking into account the
probability of change within £7.0% and the
compatibility of numerical values determined by
the graphs with the classification characteristics
established by the standard with an error with a
convergence of 3.0...9.0%.

2. Based on the results of solving the regression
equations, the probability of occurrence of
subsidence of loess-like soil is determined by
indirect signs for the purpose of preliminary
assessment. At the same time, it is possible to
determine the probability of occurrence of
subsidence with sufficient accuracy by
nomogram (Figure 5).

3. Taking into account the established regional
characteristics and the regularity of changes in
mechanical indicators, a theoretical and
methodological justification has been developed
for the innovative use of scientific methods,
such as pile foundations, foundations in a
rammed pit, and artificial improvement of
subsidence  soil  foundations, including
compaction with heavy ramming, a soil cushion
with geosynthetic reinforcement, chemical
fixation by cementation and silicification
methods, taking into account the soaking of the
subsidence base of buildings and structures.
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ASSESSMENT OF THE INFLUENCE OF ADJACENT
EXCAVATION STEP LENGTH ON SHIELD TUNNEL
DEFLECTION

Nguyen Van Hung', Nguyen Trong Tam*
! University of Engineering and Technology (VNU-UET), Hanoi, VIETNAM
2 Ho Chi Minh City University of Transport, Ho Chi Minh City, VIETNAM

Abstract: Protecting existing underground structures in urban areas from adverse impacts caused by surface
construction activities is a significant challenge, especially when applying the open-cut sequential excavation
method. This paper proposes a simple analytical method to determine the deflection of the tunnel axis induced by
the sequential excavation of the overlying excavation pit segments. The method is based on identifying the changes
in soil stress at the tunnel cross-section during each construction stage, followed by using analytical techniques to
determine the corresponding tunnel deflection. The tunnel-soil interaction is modeled by an Euler-Bernoulli beam
on an elastic foundation represented by the Winkler model. Furthermore, the paper investigates the influence of
segmental excavation length on the tunnel deflection. The results show that with excavation step lengths of 3.6 m,
7.2 m, and 14.4 m, the maximum tunnel deflection increases by 135% and 193%, respectively. These results
provide a basis for optimizing construction methods, minimizing risks, and effectively protecting underground
structures.

Keywords: Existing shield tunnel, shield tunnel deflection, excavation step length, line 1 HCM metro,
Winkler model, Euler-Bernoulli beam, Analytical approach, MIDAS GTS

OLIEHKA BJIMSIHUSA JJIMHBI IIAT'A CMEXKHOMW BHIEMKH
HA IMPOI'YB IIUTOBOI'O TOHHEJIA

Hzyen Ban Xynz', Hzyen Yonz Tam
! Umxenepro-texnonormueckuii yansepeutet (VNU-UET), Xanoii, BBETHAM
2 XOmMMHUHCKAN yHUBEPCHTET TpaHcHopTa, I. Xommmul, BLETHAM

AHHOTanusl: 3aIInTa CyIIECTBYIOMINX IOJ3EMHBIX COOPYKEHHH B TOPOACKHX paiioHaXx OT HEOIarompusTHBIX
BO3JCHCTBHH, BBI3BAHHBIX IMOBEPXHOCTHBIMU CTPOHUTEIBHBIMHA pPAa0OTaMH, SIBISETCS CEPhE3HOW MPOOIEMOi,
0COOEHHO NPH ITPUMEHEHHH METO/Ia TIOCIIe/I0BATEIbHON BBIEMKH I'PYHTa OTKPBITBIM cliocoOoM. B gaHHoit cTarthe
npejaiaraeTcs IMpOCTOM  aHAIMTHYECKUIT METOJ| OIpEeAeieHHs Tpornda OCH TOHHEINs, BBI3BAHHOTO
[10CJIEJ0BATEIbHON BBIEMKOH BBILLIEJIEKALIMX CETMEHTOB KOTJIOBaHA. MeTol OCHOBAH Ha BbISBICHUU U3MCHEHUI
HaNpsDKEHUs TPYHTa B IIONEPEYHOM CEUEHMHM TOHHENS Ha KaXJOM JTale CTPOUTENIbCTBA € MOCIETYOLINM
WCIIOJIb30BAaHNEM AHAJMTHYECKMX METOJOB JUISl ONpE/CNEHHs COOTBETCTBYIONIEro Mporuda TOHHEIS.
B3anmopeiicTBue TOHHENS C TPYHTOM MoJeENHpyeTcs Oankol Dinepa-bepHyium Ha ynmpyroMm OCHOBaHWH,
MIPeICTaBIEHHOM Mojenbio Bunknepa. Kpome Toro, B ctaTbe UcclnenyeTcst BIMSHUE UIMHBI IIarOB BBIEMKH Ha
POTUO TOHHEINA. Pe3yIpTaThl MOKA3EIBAIOT, UTO MPH JITHHE IIATOB BEIEMKH 3,6 M, 7,2 M U 14,4 M MakCHMaNbHBIN
nporu® ToHHens yBennmumBaercss Ha 135% m 193% cooTBeTCTBEHHO. DTH pE3yNbTaThl CO3JAal0T OCHOBY IS
ONTHUMHU3AIINM METOJIOB CTPOMTENBCTBA, MHWHHMH3AIMK PHUCKOB M 3()(EKTHBHONW 3alMTBl MOA3EMHBIX
COOPYIKEHUM.

Kurouesbie ciioBa: CyliecTByOMUN TOHHENb, [Iporu6 mmToBOro TOHHEN I, TMHA 1ara BEIEMKH,
Jlunus 1 metpononurena Xommmuna, Mojens Bunkiepa, : banka Ditnepa-bepuynnu, AHanuTudecKuit moaxo,
MIDAS GTS
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1. INTRODUCTION

In recent years, rapid urban development in
major Vietnamese cities has coincided with the
construction of underground metro systems. This
has resulted in cases where foundation
excavations of adjacent structures (such as high-
rise buildings and utility infrastructure) are
carried out near shield tunnels (TBM tunnels).
Such adjacent excavation activities can impose
significant adverse impacts on shield tunnels by
altering their initial stress state, thereby posing
serious risks to operational safety. Documented
damages include cracking of reinforced concrete
tunnel segments, displacement and detachment
of the concrete invert slab from the tunnel lining
[1]. Excessive deformations of this nature may
reduce load-bearing capacity, induce water
leakage, and even threaten the overall stability of
the tunnel system, potentially leading to
cracking, leakage, reduced train speeds, or in
extreme cases, collapse.

To predict the behavior of shield tunnels under
the influence of adjacent foundation excavation,
numerous studies have been conducted, which
can generally be classified into three main
approaches: finite element methods, physical
modeling, and analytical methods.
Three-dimensional centrifuge model tests have
been employed to investigate the effects of deep
excavations or twin tunnels on existing tunnels
and pile groups [2-3]. This technique provides
valuable insights into complex soil-structure
interaction mechanisms under simulated gravity
conditions. Physical modeling offers important
experimental data; however, simplifications in
stratigraphic ~ conditions and  construction
sequences may introduce uncertainties when
extrapolating results to real projects, while also
being costly and time-consuming.

The finite element method is a widely used
approach that enables the modeling of complex
soil-structure interactions, including the elasto-
plastic behavior of soil and construction
sequencing [2, 4-10]. Software such as FLAC3D,
PLAXIS3D, and Midas GTS NX are commonly
employed to analyze the impacts of excavations
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on existing tunnels. The finite element method
provides in-depth analysis of deformations and
internal forces, with the capability to simulate
intricate processes in detail. However, this
method requires significant computational
resources, specialized software, and a
considerable number of assumed parameters,
making the modeling process complex.

The analytical method provides theoretical
formulas that allow rapid estimation of tunnel
deformations. In this approach, tunnels in soil are
commonly idealized as beam-on-elastic-
foundation problems, employing the Euler—
Bernoulli or Timoshenko beam models in
conjunction with Winkler, Pasternak, or Vlazov
foundation models [9], [11-17]. Due to its
simplicity, cost-effectiveness, and the ability to
produce quick forecasts, the analytical method is
considered a valuable tool in the early stages of
tunnel design and construction.

However, current analytical studies still have
limitations, as they have not fully considered the
load changes over a large range such as the entire
length of the excavation, nor have they evaluated
the effects of different excavation steps on tunnel
deformation. Meanwhile, optimizing
construction parameters such as depth and length
of excavation steps plays a key role in ensuring
the safety and efficiency of underground works.

In this paper, the authors propose an analytical
framework in which the shield tunnel is idealized
as an Euler—Bernoulli beam, while the surrounding
ground is simulated using a Winkler elastic
foundation model. For validation, the analytical
outcomes are benchmarked against a three-
dimensional finite element model, calibrated with
monitoring and design data from Metro Line No. 1
of the Ho Chi Minh City Urban Railway.

2. ANALYTICAL APPROACH

To approach the problem analytically, it is
necessary to accept the following assumptions. The
surrounding ground of the tunnel is considered as
an elastic foundation characterized by a Winkler
model coefficient. The TBM tunnel excavated in
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the soil environment is considered as a beam on

the beam is considered to have infinite length. In

elastic foundation problem. The consideration of addition, the deflection of the tunnel is within the

internal forces in the cross-section is ignored. And

ottom plane of ”
the excavation pit—" -~

~ ﬁZaZ’—v" L

elastic limit of the structure.

Figure 1. Force Distribution in a homogeneous elastic half-space

In this problem, the influence of the tunnel on the
stress generation, as well as the longitudinal and
shear stresses in the tunnel, is ignored.

2.1 Load acting on the tunnel lining

The process of excavating the upper excavation
segment, changes the load above the tunnel from
the complete unloading (state 1) of an excavation
segment of size 2q, *2b, with the value of p,(x) ,
to the completed state (state 2) which will be the
value of p,(x)=p,(x)-Ap(x), Ap(x)- the load
difference between the unloaded soil weight and
the completed stage load. The change in load on
the tunnel structure during excavation is shown
in Figure 1. The value of the bottom plane load
of an excavation element is shown by the
following formula (1):

Dis |x|£a1’|y_)’0|£b (1)
Dy |x|£a2,y—y0 <-b

p(x)=

in which, y,- coordinates of the center of the
excavation pit along the y-axis; 2q, - width of the
width of the permanent

structure placed in the excavation pit; 25 - length
of the excavation step.

excavation pit; 2a,-
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The problem of concentrated loads in half-space
was solved by Sneddon using the Fourier transform
in 1951 [18], the formula for the vertical stress
change at depth z under the action of a concentrated
load P, is determined by the following formula:

R=\x"+y"+z7° 2)

The generalization for vertical stress acting on the
tunnel axis due to uniformly distributed load with
varying intensity is determined as follows:

3P Z°
o =——,
= TR

ay yo+b

=] [

a4 Yo~

a, ob

3pl—dxdy+ j j pz—dxdy 3)

With the initial assumptions when approaching
the analytical method, the vertical stress at depth
H, due to the distributed load placed at the
bottom of the excavation hole in the upward
direction as shown in Figure 1, is determined by
the following formula:

o= ]l }!TbEJ/OHO (H_H°)3 dxdy
2z 5/2
—ay yo=b 4 [(x—x0)2+y2+(H—H0)2J (4)
ay yo=b _ 3
e (4 -1,) ddy

Zg 2o 27 |:(x_x0)2+y2+(H_H ) :|5/2

181



where: y, - the unit weight of the soil layer within
the excavation pit; H, - the distance from the
bottom of the excavation pit to the ground

surface; H - the distance from the existing tunnel
axis to the ground surface.

2.2 Tunnel deflection equation

The existing tunnel is considered as an Euler-
Bernoulli beam resting on a Winkler foundation
model. The Winkler foundation model is
regarded as a one-dimensional spring, with
individual springs acting independently of each
other. The differential equation for the beam on
the elastic foundation [14] is expressed as:

d 4w(x) 5
Eleq7+KDw(x):Daﬂ(x) (%)
where: D - the outer diameter of the existing tunnel;
EI,, - the equivalent bending stiffness of the existing

tunnel accounting for the influence of longitudinal
connections in the tunnel; K - the subgrade
coefficient of the surrounding soil environment;
w(x) - the displacement of the tunnel axis, o_ (x) -

the vertical stress acting on the tunnel.

The total solution of equation (5) is determined
based on the solution of the homogeneous
equation and the boundary conditions. With the
initial assumption, we consider this as an infinite
beam problem on an elastic foundation, from
which the deflection of the tunnel is determined
by the following equation:

w(x)= %gﬂ\x\ (cos ,B|x|+ sin,b’|x|), where: § = @
(6)

To analyze the effects of excavation above the
tunnel below, first consider the tunnel with a
concentrated load placed on the Winkler foundation.
The total vertical stress P is simplified to act at the
neutral axis of the tunnel and can then be transmitted
directly to the foundation as a concentrated load,
from which the deflection of the tunnel under the
force can be determined. Once the deflection of the
tunnel under the concentrated load has been
determined, this result can be used to deduce the
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deflection of the existing tunnel under the uniformly
distributed load. Based on the transformations, the
deflection of the tunnel due to the change of load in
the range (—o;+) can be determined by formula:

w(x)= I Egé,)ﬁ ’ﬂ""g‘(cosﬂ‘x—§‘+sinﬂ‘x—§‘)d§ (7

q

The convolution integral in equation (7) used to
determine the displacement will be performed in
MATLAB with a sufficiently large integration
interval.

2.3 Define the parameters

The tunnel axis deflection below depends on the
interaction between geology and the bearing
capacity of the existing structure. Therefore,
special attention should be paid to parameters
such as equivalent bending stiffness £7, and the

subgrade modulus coefficient K, as they
determine the resistance to deflection and
settlement of the foundation.

2.4 Equivalent bending stiffness of TBM
tunnel

Due to the segmental joints, the longitudinal
bending stiffness of the TBM tunnel is significantly
smaller than that of the continuous concrete tunnel.
According to Liao [15], the equivalent longitudinal
bending stiffness of the shield tunnel is only about
1/5 to 1/7 of that of the continuous tunnel, which has
been experimentally verified.

o B 7D -d") @®)
“ 507 64

where E_is the Young's modulus of the TBM tunnel

sections; D is the outer diameter of the TBM tunnel,
and d is the inner diameter of the TBM tunnel.

2.5 Subgrade modulus coefficient

The foundation modulus factor in Winkler
models for analyzing pipe—soil interactions was
originally proposed by Attewell et al. [19] based
on the expression of Vesic [20], usually with a
double value for buried pipes. To improve this
method, Yu et al. [13] developed a modified
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Winkler foundation modulus factor expression,
applicable to arbitrarily buried pipes subjected to
free ground displacements of any curve shape,
while considering the buried depth ratio (H/D) of
the pipe. The modified subgrade modulus
coefficient according to Yu et al., which is
employed in this study, is expressed as follows:

1,3E /ED4
K: s 5 12| s s
77D(1—,u ) El (9)
2,18 H/D<0,5
here:n =
yhere- 1+ ! H/D>0,5
1,7H /D

where: E, - the elastic modulus of the soil, x-

Poisson’s, D - the outer diameter of the existing
tunnel, H - the distance from the existing tunnel
axis to the ground surface, and EI is equal to EI,,

3. EXAMPLE VALIDATION

To provide a visual insight from the obtained
analysis results, the authors considered an
example from a real project in Ho Chi Minh City
and compared it with the results from the 3D
finite element model.

3.1 Case study

Ho Chi Minh City Urban Railway Line 1, with a
total length of 19.7 km, includes 2.6 km
underground and 17.1 km elevated. The
underground section includes two shield tunnels:
the East Tunnel (EB) and the West Tunnel (WB),
constructed by a pressure balance tunnel boring
machine (TBM). According to the geological
survey results of the Ben Thanh - Suoi Tien Urban
Railway Line 1 project, the hydrogeological data
used in the model were taken from experiments at
borehole U-175 (km 1+553), located about 2
meters from the center of the TBM tunnel [4].
Through analysis, the soil layers were classified
into three main groups: Fill soil, alluvial soil and
alluvial soil. More specifically, the soil layers at the
intersection area include five main layers: Fill soil,
AC2, AS1, AS2 and DC.

The geological and hydrogeological data were
obtained from the geological reports of the urban
railway, summarized in table 1. The intersection
point between the underground drainage system
project and the TBM tunnel of Line 1 is located
at km 1+555 (according to the centerline of the
urban railway). The parameters related to the
tunnel lining structure are presented in table 2.

Table 1. Properties of soils

Parameter L.ayer
Fill AC2 AS1 AS2 DC
E (kPa) 10000 3000 12500 37500 136000
v 0,3 0,3 0,3 0,3 0,3
7 (kN/m?) 19 16,5 20,5 20,5 21
K, 0,577 0,8 0,5 0,455 0,5
Yy (KN/MY) 19 16,5 20,5 20,5 21
k (m/s) 1x10° 1x107° 2x1073 2x107 1x10®
c (kPa) 10 0 0 0 170
9 () 25 24 30 33 35
Table 2. Parameters for tunnelling
Parameter Tunnel lining

Tunnel Inner Diameter, D, , (m)
Tunnel lining thickness (m)
Tunnel center line position, H (m)

Equivalent Elastic Modulus, E* (kPa)
Poisson's Ratio, v
Bulk Density, y (kN/m?)

Volume 22, Issue 1, 2026

6,05
0,3
11

7,2x106
0,2
24
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The E" values in the table are equivalent values,
indicating the reduction in the bending stiffness
of the shield tunnel in the model. The excavation
pit has the following dimensions: width 24, = 5m

; excavation pit depth: H, =1.6m ;the excavation
pit is located in the topsoil layer, y, =19kN /m’ .

The value of the uniformly distributed load due
to the process of unloading the soil mass in the
excavation pitis: p, =y, * H, =30.4(kPa) . The load

value after the soil is placed p,=0.5%p,; the
width of the culvert considered is 2a, =3.5m.

3.2 Analysis results and discussion

The finite element model and tunnel deflection for
comparison, are taken from the paper Nguyen, et al.
[4]. The finite element software used is MIDAS
GTS, with the properties of the soil layers
determined by the Mohr-Coulomb model, the tunnel
lining is a plate element, the tunnel material is
considered as isotropic elastic. Interface elements
are used to model the interaction between the soil
and the tunnel lining, with the strength reduction
factor Rinter=0.67. The tunnel axis deflection is
determined by the average value of the displacement
at the crown and bottom of the tunnel.

After performing calculations using MATLAB
software with the input data considered in section
A, the tunnel axis deflection determined by the two
methods is shown in Figure 2, with the maximum
displacement value of the tunnel according to the
analytical method being 4.7 mm, while according
to the finite element method it is 4.41 mm.

The displacement value of the tunnel is about 6.2%
larger according to the analytical method than that
of the finite element method (FEM), and the
deflection area according to the analytical method
is also larger. The area affected by the displacement
of the tunnel extends about 40 meters (about 10
times the width of the excavation) on both sides.
Beyond this 40m range, the displacement value
becomes negligible.

From the analysis results, this analysis method
provides a higher margin of safety in terms of
displacement. This can be explained by the
following reasons: (1) The soil model does not
consider the sliding interaction between layers (two-
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factor soil model), (2) The influence of different soil
layers is not considered in the model, affecting the
determination of the foundation coefficient.

4. PARAMETRIC SURVEY

To examine the influence of the excavation step
length on the displacement of the tunnel, the
authors conducted a survey with different
excavation lengths, respectively 2b=3.6m; 7.2m &
14.4m. The displacement of the tunnel when
moving with different segments is shown in Figure
3. When the excavation step changes from 3.6m to
7.2m, the maximum deflection of the shield tunnel
changes from 1.92 mm to 2.59 mm; the maximum
displacement value increases to 3.71mm when the
excavation step increases to 14.4m. The choice of
excavation length greatly affects the maximum
displacement value of the tunnel. When the
excavation step 1is doubled, the maximum
deflection of the tunnel axis increases by 135% &
193% respectively compared to the maximum
displacement value when the initial excavation step
length is selected. The graph also shows that when
the excavation/filling takes place within a range of
15m or more from the tunnel centerline, the
deflection of the tunnel axis does not change
significantly. This range can be the basis for
determining the scope of the model size survey
when modeling with finite elements. The residual
deflection of the shield tunnel centerline when the
excavation and filling process is completed is
recorded according to the model as ~1.6mm.

The change in the maximum deflection of the tunnel
when changing the width of the excavation pit is
shown in Figure 4. The change of the maximum
deflection of the tunnel when the width of the
excavation pit changes is shown in Figure 4. The
maximum deflection value changes rapidly when
the width of the excavation pit changes from 4-15m.
Then the maximum deflection value increases
gradually. When the width of the excavation pit is
from 25m or more, the maximum displacement of
the tunnel has a stable value, even though the width
of the excavation pit still increases. The maximum
deflection of the tunnel axis currently is 4.7mm.
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From the survey results, the relationship between
the width of the excavation and the maximum
deflection value of the tunnel centerline is
established, the results are shown through the
fourth-order function in Figure 4.

With the variance percentage R?=0.9988,
showing a good fit of the regression function, it
can be used to predict values in the middle of the
surveyed points.

5. CONCLUSIONS

The analytical approach for determining tunnel
axis displacement during staged excavation of a
foundation pit provides an important preliminary
assessment tool, supporting the selection of
suitable excavation step lengths. The results
indicate that when excavation step lengths of 3.6
m, 7.2 m, and 14.4 m, the maximum tunnel
deflection increases by approximately 135% and
193%, respectively, highlighting the significant
influence of excavation step size. Based on these
findings, an appropriate excavation step length
can be selected to optimize construction
performance.

This analytical method offers a simplified and
efficient means of estimating tunnel displacement
without the need for complex numerical tools
such as the finite element method (FEM).
However, the results obtained tend to be more
conservative compared to FEM, as the analytical
method neglects several influencing factors,
including foundation stiffness and advanced soil
constitutive models. Further research is therefore
required, particularly with the incorporation of
soil-structure interaction models such as the
Pasternak two-parameter foundation model, as
well as advanced structural models like the
Timoshenko beam theory.

Upon completion of the excavation process, the
maximum residual deflection observed at the
tunnel crown is approximately 1.6 mm,
regardless of excavation step length. Thus, when
assessing safety with respect to deflection limits,
both cumulative construction-induced deflections
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and long-term residual deflections during
operation must be taken into consideration.
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