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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 UHOOPMALIUA O XXYPHAIJE
International Journal

for Computational Civil and Structural Engineering
(Me>KAyHAPOAHBII J)KYPHAA IO PACYETY I'PA’KAAHCKHUX U CTPOUTEABHBIX KOHCTPYKIITI)

Me:xxayHapoaHblii Hay4HbIl KypHaJ “International Journal for Computational Civil
and Structural Engineering (MexayHapoaHblil ’KypHaJ 10 pacyeTy I'Pa:kKIAHCKHUX U CTPOM-
TeabHbIX KOHCTpYKIHii)” (IJCCSE) sBnsercs BeaylIuM HayYHbIM [IEPUOINYECKUM U3JaHUEM TI0
HanpasiieHUIo «HXeHepHble U TEXHUYECKUE HAyKW», N3/laBaeMbIM, HaunHas ¢ 1999 roga. B xyp-
HaJle Ha BHICOKOM HAay4YHO-TEXHHYECKOM YPOBHE PacCMaTPHUBAIOTCS MPOOJIEMbI YHUCIEHHOTO U KOM-
NBIOTEPHOTO MOJIEIIUPOBAHUS B CTPOUTEILCTBE, aKTyallbHbIE BOMPOCH pa3pabOTKH, UCCIEA0BAHNUS,
pa3BuTHs, Bepu(UKAIUK, arpodaluyi U MPUIOKEHUH YHCICHHBIX, YHCICHHO-aHATUTHIECKUX Me-
TOJIOB, MPOTPAMMHO-AITOPUTMUUECKOT0 00€CTIeYeHNs U BBIMOJIHEHUS aBTOMAaTH3UPOBAHHOTO MPO-
€KTUPOBAHUS, MOHUTOPUHIA U KOMILIEKCHOTO HAYKOEMKOTO PaCYETHO-TEOPETUYECKOTO U AKCIIEPH-
MEHTAJIbHOTO O00OOCHOBaHUS HANPSKEHHO-€()OPMUPOBAHHOTO (M MHOI0) COCTOSIHMSI, IPOYHOCTH,
YCTOMYMBOCTH, HA/IEXKHOCTU U 0€30I1aCHOCTU OTBETCTBEHHBIX 0OBEKTOB IPaXKAAHCKOTO U MPOMBbILI-
JICHHOTO CTPOMTENbCTBA, SHEPTeTUKU, MAIIMHOCTPOCHHUS, TPAHCIOPTa, OMOTEXHOIOTUN U IPYTUX
BBICOKOTEXHOJIOTHYHBIX OTpaCIIeH.

B penakunoHHbIN COBET *KypHasla BXOAST U3BECTHBIE POCCUIICKUE U 3apyOeKHbIE JIeATENN
HaykH ¥ TeXHUKH. OCHOBHOM KpUTepuili oT0opa cTaTei ams myOIrKaluu B )KypHalle — UX BBICOKUI
HAy4YHBIH YPOBEHb, COOTBETCTBUE KOTOPOMY OMpPEIENAETCS B XO/€ BBICOKOKBAIU(DUIIMPOBAHHOTO
peLeH3upOoBaHNs U OOBEKTUBHOM 3KCIIEPTU3bI, OCTYHAIOIINX B PEJAKLIUIO MaTEPUATIOB.

Kypnan exooum 6 llepeuenv BAK P® sedywux peyeH3upyemvix HAYYHbIX U30AHUL, 8 KO-
MOopbIX 00JINHCHBL ObIMb ONYOIUKOBAHBI OCHOBHBIE HAYYHbBIE Pe3VIbmambvl OUCCepmayuil Ha COUCKa-
HUe Y4eHOU cmeneHu KaHouoama HAyK, Ha COUCKAaHUe Y4yeHol cmeneHu ookmopa Hayk. B Poccuii-
ckoil Penepauuu >KypHald HHIAEKcHpyeTcsi PocCHHCKMM HMHAEKCOM HAy4YHOIO IUTHPOBAHUS
(PUHLY). Kypuan éxooum 6 6asy oanusix Russian Science Citation Index (RSCI), nonnocmuio uH-
mezpuposannyio ¢ niamegpopmoii Web of Science. XypHan umeer MeXTyHapOAHbII CTaTyC U BBICHI-
JaeTcs B Beyliue OUOIMOTEKH U HayYHbIE OPraHU3alMi MUpA.

M3patenan xkypHaaa — M3narenbcTBo AccolMaluy CTPOUTENbHBIX BBICIIUX y4EOHBIX 3a-
Beaenuit /ACB/ (Poccus, r. MockBa) u Usnarensckuii gom Begell House Inc. (CHIA, r. Heio-
Wopk). [apTHepamMu u3aaHus SBICTCS Poccuiickas akademus apXumeKkmypbl i CrpOumenbHbix
Hayk (PAACH) u Hayuno-uccneoosamenvckuti yeump Cma/{uO (3A0 HULL Cta/luO).

Lesan xkypHaaa — JeMOHCTPUPOBATh B MYOJUKALUAX POCCUICKOMY M MEXIYHAPOJHOMY
npohecCuOHaTBLHOMY COO0OIIECTBY HOBEHUIIINE JOCTHKEHUSI HAYKU B 00JIACTH BBIUHUCIUTEIbHBIX Me-
TOJIOB pelIeHUs] PyHIaMEHTAIbHbBIX U MPUKIAJAHBIX TEXHUUECKUX 3aJad, Mpexke Bcero B o0iacTu
CTPOUTEIIBCTBA.

3agauu KypHaja:

— MPEIOCTABJIEHUE POCCUUCKUM M 3apyOE€KHBIM YUEHBIM U CHEIHAINCTaM BO3MOXHOCTH
nyOJIMKOBaTh Pe3yJbTaThl CBOUX MCCIEI0BAHUM;

— MpUBJICYEHUE BHUMAHMS K HanOosee akTyaJlbHbIM, MEPCIEKTUBHBIM, POPHIBHBIM U WH-
TEPECHBIM HAIpPABIICHUSAM PA3BUTHUSI U MPUIIOKEHUN YUCICHHBIX M YHUCICHHO-aHATUTUYECKUX Me-
TOJIOB penieHus! GyHIaMeHTaIbHBIX U MPUKJIAJHBIX TEXHUYECKUX 3a7a4, COBEPIICHCTBOBAHUS TEX-
HOJIOTH MAaTeMaTHYEeCKOT0, KOMITBIOTEPHOTO MOJICIMPOBAHUS, pa3pabOTKU U BepUPHUKAILIMU peaTu-
3YIOIIEr0 MPOrpaMMHO-AITOPUTMUUECKOT0 00eCeYeHH S,

— o0ecnieueHre 0OMEHa MHEHUSIMU MEXAY UCCIIEeIOBATENIMU U3 Pa3HbIX PETMOHOB U IOCY-
JapCTB.
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Tematuka xypHasa. K paccMoTpeHuio u myOnukanuy B )KypHaje NPUHUMAIOTCS aHaTu-
TUYECKHE MaTepuaibl, Hay4yHble CTaTbU, 0030pbI, PEIICH3UU U OT3BIBbl HAa HAyYHBIE MYOJIUKAIIUH 110
(GyHIaMEHTAIBHBIM U MPHUKIIAIHBIM BOIIPOCAM TEXHHUYECKUX HAYK, MIPEXk/Ie BCEro B 00J1acTH CTPOU-
TenbCcTBa. B skypHane Takke myOnuKyroTcsl THPOPMAIIMOHHBIE MaTepualbl, OCBEIAIONINEe HayYHbIe
MEPONPUSITHUST U TIEPEIOBbIe TOCTHXKEHUST Poccuiickol akaJeMuu apXUTEKTYpbl U CTPOUTEIbHBIX
HayK, HAy9HO-00pa30BaTeIbHBIX U MPOEKTHO-KOHCTPYKTOPCKUX OpraHU3alni.

Tematuka craTeil, HpUHUMAEMBbIX K ITyOJUKAIIMH B )KypHAJe, COOTBETCTBYET €r0 Ha3BaHUIO
Y OXBAaThIBACT HAIMPABJICHUS HAYUYHBIX UCCIIEIOBAaHUI B 007acTH pa3pabOTKH, UCCIEIOBAHUS U MIPU-
JIOKEHUN YMCIIEHHBIX W YUCIIEHHO-aHATUTHYECKUX METOIOB, IPOrPAMMHOI0 00ECIIeUeHus], TEXHO-
JIOTH KOMIIBIOTEPHOTO MOJICIMPOBAHUS B PEIICHUH MPUKJIAJHBIX 33a7a4 B 00JaCTH CTPOUTENIBCTBA,
a Tak)Ke COOTBETCTBYIOIIUE MPO(UIBHBIE CIIENUAIbHOCTH, MPEICTaBIEHHbIE B AUCCEPTAIIMOHHBIX
coBeTax MpoUIbHBIX 00pa30BATENbHBIX OPraHU3aUAX BBICIIETO 00pa30BaHUS.

Pepakuuonnas nonuruka. [loauTuka pegakinoOHHON KOJUIETHH KypHana 0azupyercs Ha
COBPEMEHHBIX IOPUIUYECKIX TPeOOBaHMIX B OTHOIIEHUH aBTOPCKOTO MpaBa, 3aKOHHOCTH, TIarua-
Ta U KJIEBETHI, U3JOKEHHBIX B 3aKOHOJaTenbcTBe Poccuiickoii denepanuu, U STUYECKUX MPHUHIIU-
nax, MmoAJePKUBAEMBIX COOOIIECTBOM BEAYIIMX H3/1aTeNIei HAydHOW NEPUOTUKH.

3a nybnuxayuio cmameii niama ¢ agmopos He ésvimaemcs. Ilyonruxayus cmameil 8 xHcyp-
Hane becniamuas. Ha mnaTHOW OCHOBE B ypHaie MOTYT OBbITh OMYOJHMKOBAHBI MaTepUalbl pe-
KJIAMHOTO XapaKTepa, IMEIOIINe MPSIMOe OTHOIIEHHE K TEMATHKE KypHaa.

ABTopam. [Ipexxae yem HalpaBUTh CTAThIO B PEAKIUIO KypHAJa, aBTOPaM CJeyeT O3Ha-
KOMUTBCSI CO BCEMHU MaTepualaMy, pa3MeIleHHbIMH B pa3feNiax caiiTta »ypHaua (MHTepHEeT-CalT
Poccuiickoii akagemMun apXUTEKTYpbl U cTpouTedbHbIX Hayk (http://raasn.ru); moapasznen «M3nanus
PAACH» nmu unteprer-caiit M3narensctBa ACB (http://iasv.ru); moapasnen «Kypuan [JCCSE»):
C OCHOBHOI MH(opMaIueil o xypHaie, ero IelssMUA U 3aJa4yaMy, PeJaKlIMOHHON MOIUTUKOH, Mo-
PSAKOM PEleH3MPOBAHUS HANPABIISIEMBIX B *KYPHAJ CTaTeH U Tp.

Moanucka. Xypnan 3apeructpupoBan B @enepaabHOM areHTCTBE MO CPEICTBAM Macco-
BOI MH(pOpMaIlMU U OXpaHbl KyIbTypHOro Hacieaus Poccuiickoit @enepauuu. MHaeke B obiiepoc-
cutickoM katainore POCIIEHATD — 18076.

[To Bonpocam moAnucky Ha MEXAYHapOAHbIN HayuHbIH xypHan “International Journal for
Computational Civil and Structural Engineering (MexxayHapoHblii KypHaJl IO pacyeTy IpaxaaH-
CKHUX U CTPOUTENIbHBIX KOHCTPYKIHIA)” oOpamaiitech B AreHtcTBo «Pocneuats» (OduimanbHbIi
caiit B cetu MurtepHet: http://www.rosp.ru/) uim B U34aTeIbCTBO ACCOIMAIIUU CTPOUTEIBHBIX BY-
30B (ACB) B COOTBETCTBUU CO CIEAYIOIIMMHU KOHTAKTHBIMU JTAHHBIMU:

000 «H3z0amenvcmeo ACB»

KOpuanaeckuii anpec: 129337, Poccus, r. MockBa, fpocnasckoe 11., 1. 26, opuc 705;

®aktuueckuit aapec: 129337, Poccus, r. Mocksa, fpocnasckoe 1., a. 19, kopm. 1, 5 atax,
oduc 12 (TL] Mebenb Poccun);

Tenedonst: +7 (925) 084-74-24, +7 (926) 010-91-33

WuTepHeT-caiiT: www.iasv.ru. Afpec 3JeKTPOHHOM MOYTHI: 1asv(@iasv.ru.

KonTakTHasi uHpopmanus.

ITo Bcem BonpocaM paboThI pelaKIluK, PELIeH3UPOBAHUS, COIJIAaCOBAaHUSI MPABKU TEKCTOB U
nyOnIMKaIMy cTaTell cneayeT oOpaiiaThes K TIaBHOMY peaakTopy xkypHana Cudoposy Braoumupy
Huxonaesuuy (e-mail: sidorov.vladimir@gmail.com, iasv(@iasv.ru, sidorov(@raasn.ru) win TE€XHH-
YECKOMY pelakTopy xypHana Kaumyxosy Tatimypasy bampazosuuy (aapeca 3IeKTPOHHOW MOYTHI:
kaytukov(@raasn.ru; tkaytukov@gmail.com). Kpome Toro, mo ykasanHeIM BOIpOCaM, a TaKXe IO
BOIPOCAM pa3MeLIEeHUs B JKypHaje peKJaMHBbIX MaTepUalioB MOKHO 00OpalaThCs K T€HEpPaIbHOMY
nupexropy OO0 «M3narensctBo ACB» Huxumunoii Haoescoe Cepeeesne (ampeca 3JIEKTPOHHON
HOYTHI: 1asv(@iasv.ru, nsnikitina@mail.ru, ijjccse@iasv.ru).
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Kypnan cranoBurcs TexHosjoruunee. MznarensctBo ACB ¢ centsa6ps 2016 rona siBis-
eTcsl YwieHOM MeXIyHapoIHOH accolmanuy u3aareneid HaydHou smrepatypbl (PILA), ocymiecTs-
JSIFOIEH CBOIO JiesiTeNnbHOCTh Ha miatdopme CrossRef. OpuruHanbHbBIM CTaThsIM, TTYOJUKYEMBIM B
KypHaisie, OyIyT mpHcBauBaThCcsl yHUKanbHBIe HOMepa (MHaekcsl DOI — Digital Object Identifier),
YTO 3HAYUTENBHO OOJErYUT MOUCK METaJaHHBIX M MECTOHAXOXJIEHHE MOJHOTEKCTOBOTO MPOU3Be-
nenusi. DOI — 3To cuctema onpeeneHusi HAay4HOTO KOHTEHTa B ceTH MIHTepHeT.

CrossRef — He3aBucumas opranuzamus, oopasoBanHas B 2000 roxy mo WHUIIMATUBE TPYTI-
bl HAYYHBIX W3naTenei. HunmaTopom pazpaboTKu TEXHOJIOTHH cTano uzaarensctBo Wiley. Tex-
HOJIOTHs ucioib30Banus cchutok (DOI) mpuHannexut arearcTBy CrossRef.

Publishers International Linking Association (PILA) — MexmyHapoaHast accoIruamus mo
CBSI3SIM M3JaTeseil — ABIseTcs ynpaBisonel ctpykTypoii arentctBa CrossRef — arperaropa u pe-
ructparopa DOI, a Taxke MeXAyHapoAaHOW 0a30ff HaydHBIX CTaTe€l W HMX METaJIaHHBIX
(www.crossref.org). Ha Hactosiuit MOMEHT B 6a3e HECKOJIBKO JIECATKOB MHJIJTMOHOB MaTEpHUAJIOB.

Hcnonb30BaHue ATOW TEXHOJOTHH MO3BOJHUT MPEACTaBUTh MHMOPMALIMIO O KypHale Ha
MEXyHapoaAHOH Iuiatdopme m3nareneil HaydyHoil nureparypsl CrossRef, obecneunt ymnoOHbIN U
IPUHATHII B MUPOBOM HaYYHOM COOOILIECTBE JOCTYIM K MOJHOTEKCTOBOM AJIEKTPOHHOM BEPCUH. DTO
3HAYUTEIBHO OOJIErYUT MOMCK HAYYHOH MH(OPMAIUH, YTO CIIOCOOCTBYET MOBBIIICHHIO HAYKOMET-
pPHUYECKHX TMOKa3aTesel aBTOpOB cTaTel, myOonuKyeMbIX B xKypHane. Ecnu, Hanpumep, y mpousBee-
HuUs poccuiickoro aBropa ectb DOI u eciu Ha ero paboTy uMeercs ccbUika B MyOJIMKALUHU 3apy-
0eKHOTO KOJUIETH B XKypHaje, BKiItoueHHOM B Web of Science u Scopus, To Takoe Mpou3BeIeHHE
ABTOMATUYECKU TOMAJAeT B 3TU 0a3bl JAHHBIX U IMOJy4aeT B HEM COOCTBEHHBIM MHACKC IIUTHUPYeE-
MOCTH.

Bce xypHaibl, HHIEKCHpYyeMble B MEXIyHapOaHOH 0aze HaydHoro mutupoBanuss Web of
Science ¥ GONBIIMHCTBO MEPUOAMYECKUX H3TAHUM, HHACKCUPYEMBIX B MEXKIAYHApOIHOU 6aze Sco-
pus, umerotr DOI. Mcnonp3oBanue nudpoBoro naeHTU(UKATOpa TOBOPHUT MPEXK]IE BCETO O TEXHOIO-
TMYECKOM KayeCTBE HAyYHOTO M3/IaHUS U SIBISIETCS HEOTHEMIJIEMBIM aTpUOYTOM CUCTEMbl HAYUHOU
KOMMYHHKAIHH 32 cueT 3(QPEeKTUBHOTO 0OeCIeueH s IPOIECCOB 0OMEHA HAyYHOU NH(OPMAIIHEH.

C oktsa6ps 2016 roma cran BO3MOXKHBIM IPHEM CTaTe Ha pacCMOTPEHUE U PEeLieH3UpOBa-
HUE Yepe3 OH-JIaiiH cuctemy npuema crareir Open Journal Systems Ha caiiTe )xypHana:

http://ijccse.iasv.ru/index.php/IJCCSE

ABTOp MMe€EeT BO3MOXHOCTb CJIEIUTH 3a MPOJBWKEHUEM CTaThbU B PENAKIMM KypHala B
auyHOM kaOuHere Open Journal Systems M mosiyyaTh COOTBETCTBYIOIIME YBEIOMJICHHS IO 3JIEK-
TPOHHOM IOYTE.
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Abstract: The distinctive paper is devoted to contemporary problems of numerical modelling of unique struc-
tures, buildings and facilities and corresponding directions of activity of Scientific Research Center “StaDyO”
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1. INTRODUCTION

International and Russian experience, reflected
in the numerous papers and monographs, well-
known events in the recent years in various cit-
ies all over the world indicate that problem of
technological safety of metropolis is rather ac-
tual, science-intensive and, unfortunately, still
far from practical solution. An effective and
economically justified solution of these prob-
lems is normally based on predictive mathemat-
ical modeling of state (static and dynamic
stress-strain state, gas- and hydrodynamic state,
thermal state, etc.) of structures, buildings and
facilities with the use of corresponding univer-
sal and specialized software systems, realizing
numerical methods of mechanics (fluid mechan-
ics, gas dynamics, solid mechanics, structural
mechanics) [11,12, 18-22,24-26]. In accordance
with the state-of-the-art concept mathematical
models must accompany objects at all stages of
their life cycle (design and construction, opera-
tion, repair and reconstruction), providing an
adequate and complete analysis and forecast of
the state as part of computer-based structural
health monitoring systems [13]. Scientific
Research Center “StaDyO” (SRC “StaDyO”)
was founded in Moscow in 1991 as one of the
Russian pioneers offering and performing
computer-oriented computation services for
industrial purposes. Problems dealing with
effects of static, temperature and dynamic loads
on complex buildings, equipment and pipelines
of nuclear and hydro power plants, wind
structures, offshore structures etc. are under
consideration. SRC “StaDyO” develops and
distributes computer-aided design systems as
well as the respective specialized software.
Besides, SRC “StaDyO” distributes technical
software in the area of structural mechanics and
other related areas. During twenty six years
SRC “StaDyO” worked in the field of design
and numerical analysis of structures, equipment
and pipe systems of nuclear power plants, hydro
power stations and dam constructions, offshore
structures and other complicated systems.

2. DIRECTIONS OF ACTIVITY
OF SCIENTIFIC RESEARCH CENTER
“STADYO”

2.1. Contemporary problems of mathemati-
cal modelling of unique structures, buildings
and facilities.

Directions of activity of SRC “StaDyO” include

the following contemporary problems of math-

ematical modelling of unique structures, build-
ings and facilities:

e modelling of interaction of buildings and
structures with a foundation with allowance
for real properties, stage-by-stage construc-
tion and actual operation history;

e structural analysis with allowance for physi-
cal, geometrical and other nonlinearities
(plasticity of metal, creep and crack for-
mation of reinforced concrete, nonlinear rhe-
ology of the foundation, large displacements,
loss of stability, postbuckling behaviour, con-
tact problems (friction separation, etc.)) [15-
17];

e structural analysis with allowance for struc-
tural and technological specificity (structural
(constructive) nonlinearity, genetic nonline-
arity) of buildings and facilities (construction
sequence, stage-by-stage construction, sensi-
tivity of buildings and structures, assessment
of the quality of the constructive solution
from the position of the sensitivity of the
stress-strain state to corresponding design
deviations) [15-17];

e numerical modelling of wind flows and loads
(average and pulsation components, loads on
facade structures, pedestrian comfort, vortex
resonance oscillations), experimental valida-
tions of wind load analysis;

e seismic analysis (with allowance for acceler-
ation spectra (versions of the linear-spectral
theory), accelerograms, platform models,
wave effects) [14];

e progressive collapse analysis of buildings
and facilities with allowance for real dynam-
ic highly nonlinear effects of elastoviscoplas-
ticity and large displacements;
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Figure 1. Proprietary software systems based on superelement method
(substructuring method) :universal (STADYO) and object-oriented (ASTRA-NOVA).

e development and refinement of methods and
algorithms for solution of large-scale compu-
tational problems (direct and iterative solv-
ers, superelement technology, adaptive
schemes, parallelizing, etc.);

e development of calibratable mathematical
and computer models as part of structural
health monitoring systems at the stages of
erection and operation of buildings and fa-
cilities;

e application of algorithms of aerodynamics
for modelling of snow sedimentations, explo-
sion loads and distribution of hazardous
emissions;

e numerical modelling of three-dimensional
non-stationary problems of fire resistance;

e solution of coupled problems of aerohydroe-
lasticity.

2.2. Development and verification of software.

During twenty six years specialists from SRC
“StaDyO” successfully worked in the field of

Volume 13, Issue 2, 2017

design, development and verification of proprie-
tary software systems (Figure 1). STADYO is
the universal software system providing temper-
ature fields, static, stability and dynamic analy-
sis (including response spectra and accelerations
definition) as well as fracture mechanics and
strength analysis and optimization of arbitrary
combined 2-D and 3-D solid, shell, plate and
beam mechanical systems by the finite ele-
ments, superelement and other modern numeri-
cal methods. STADYO is verified and certifi-
cated in Gosatomnadzor RF (State Nuclear
Safety Commission of the Russian Federation),
it is applied in the leading design and research
institutes and plants (for instance, Atomener-
goproject (Russia), Hydroporoject (Russia),
Teploenergoproject  (Russia), Energoproject
(Bulgaria), Siemens AG (Germany), etc.)). AS-
TRA-NOVA is the software system for nuclear
power plants, fuel power plants, which provides
petroleum pipelines stress-strain analysis in ac-
cordance with existing Russian and international
design codes (Figure 3).
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SyMonEx is informational & diagnostic com-
puter system of monitoring and expert safety
evaluation of complicated power energetic
structures. These software systems have power-
ful pre- and postprocessors, which allow to pre-
pare input data and analyse results, correspond
to world standards and can work together with
various modern CAD/CAM systems and data
bases. Besides, it is vital to specify the follow-
ing activities:

e review of results of structural analysis with
the use of verified software;

e training of specialists-users of software sys-
tems which provide mathematical modelling
of structures, buildings and facilities;

e qualification tests and certification of special-
ists dealing with computational structural
analysis and corresponding experts reports;

e verification of numerical methods and soft-
ware used in design and structural analysis;

e construction and technical expertise of build-
ings and facilities (including cases of local
destruction).

2.3 Development and refinement of methods
of structural analysis.

Research and development of numerical (finite
element method, boundary element method, var-
iation-difference method, meshless method, fi-
nite volume method etc.) and semianalytical
(discrete-continual) methods of structural analy-
sis [1-10,23] are the most important aspects of
ensuring safety of structures and buildings.
Particularly the field of application of discrete-
continual methods (discrete-continual finite el-
ement method, discrete-continual boundary el-
ement method, discrete-continual variation-
difference method), which are now becoming
available for computer realization, comprises
structures with regular (in particular, constant or
piecewise constant) physical and geometrical
parameters in some dimension (so-called
“basic” direction (dimension)). Considering
problems remain continual along “basic” direc-
tion while along other directions discrete-
continual methods presuppose corresponding
mesh approximation.

Volume 13, Issue 2, 2017

Analytical solution along basic direction is ap-
parently preferable in all aspects for qualitative
analysis of calculation data. It allows investiga-
tor to consider boundary effects when some
components of solution are rapidly varying
functions. Due to the abrupt decrease inside of
mesh elements in many cases their rate of
change can’t be adequately considered by con-
ventional numerical methods while analytics
enables study. Another feature of discrete-
continual methods is the absence of limitations
on lengths of structures. Hence it appears that in
this context discrete-continual methods are pe-
culiarly relevant.

Solution of corresponding resultant systems of
equations with immense number of unknowns is
the most time-consuming stage of the compu-
ting, especially if we take into account the limi-
tation in performance of personal computers,
contemporary software and necessity to obtain
correct solution in a reasonable time. However,
high-accuracy solution at all points of the model
is not required normally, it is necessary to find
only the most accurate solution in some pre-
known domains. Generally the choice of these
domains is a priori data with respect to the
structure being modeled. Designers usually
choose domains with the so-called edge effect
(with the risk of significant stresses that could
potentially lead to the destruction of structures,
etc.) and regions which are subject to specific
operational requirements. It is obvious that the
stress-strain state in such domains is of para-
mount importance. Specified factors along with
the obvious needs of the designer or researcher
to reduce computational costs by application of
sophisticated correct discrete and discrete-
continual methods cause considerable urgency
of constructing of special algorithms for obtain-
ing local solutions (in some domains known in
advance) of boundary problems. Wavelet analy-
sis provides effective and popular tool for such
researches. Solution of the considering problem
within multilevel wavelet analysis is represented
as a composition of local and global compo-
nents.

13



Alexander M. Belostotsky, Pavel A. Akimov, Irina N. Afanasyeva, Taymuraz B. Kaytukov

2.4 Educational activities
Leading specialists of SRC “StaDyO” are close-
ly involved in development, updating and reali-
zation of Master of Science programs (in the
fields of “Applied Mathematics” and “Construc-
tion”) and PhD programs (in the fields of “In-
formatics and Computer Engineering” and “En-
gineering and technology of construction”). Be-
sides, we should also mention here the follow-
ing activities:

e “open lectures”, specialized training courses,
seminars, counseling (including counseling
in the preparation of graduate qualification
works);

¢ training of specialists within the programs of
supplementary vocational education in the
fields of large-span and high-rise buildings,
underground structures, nuclear, thermal and
hydroelectric power stations, pipeline sys-
tems for various purposes etc);

e organization and development of scientific
research & educational centers and laborato-
ries in leading Russian universities;

e organization and participation in Russian and
international scientific events (conferences,
symposiums, seminars, etc.);

e preparation of textbooks, tutorials and mono-
graphs on topical problems of mathematical
and computer simulation of the condition of
buildings, structures and complexes.

3. EXPERIENCE IN THEORETICAL AND
PRACTICAL COMPUTATIONAL
ANALYSIS

The reliability of research results, methods, algo-

rithms, software systems and results of analysis

is provided by multilevel verification and great

(more than 40-years) experience in theoretical

and practical computational analysis including

the following problems, specified below (Fig-

ures 4-21).

1. Three-dimensional thermal and stress-strain
state, stability, strength and reliability of
pipelines, technological, electrotechnical
and lifting-transport equipment, machines

and mechanisms, structures, coupled sys-
tems “equipment — pipelines”, “foundation
— overground structure”, “foundation —
subground structure” of buildings, facilities
and complexes, with allowance for design
and actual load combinations (including
temperature loads, static loads, wind loads,
operational load (vibrations), special dy-
namic loads (seismic, shock-wave, emer-
gency and other)):

e reactor compartments, engine rooms,
generator halls, turbine buildings, re-
serve diesel power plants and cooling
towers of nuclear power plants (NPP)
and waste storages (Armenian, Kursk,
Smolensk, Chernobyl, Leningrad, Ig-
nalina, Bilibino, Novovoronezh, Kola,
Balakovo, Volgodonsk, Kalinin, Zapo-
rozhye, Beloyarsk, Lovisa, Kozloduy,
Belene, Paksh, Temelin, Stendal, Ku-
dankulam, Tianwan, Bushehr, new gen-
eration NPP (AS-NP 500, AS-NP 1000,
NP 2006, NPP with WWER-TOI, etc.));

e arched, gravity and earth dams, under-
ground structures and buildings of hy-
droelectric power stations (Sayano-
Shushenskaya, Krasnoyarskaya,
Bratskaya, Boguchanskaya, Zeyskaya,
Bureyskaya,  Vilyuyskaya, = Katun,
Chirkeiskaya, Volzhskaya, Kamskaya,
Inguri, Khudoni, Namakhvani, Kurpsai,
Nurek, Rogun, Plyavinskaya , Gekhi,
Hoabin, Kapanda, Teri, Tang-E-Duk,
etc.), hydroelectric pumped storage
power stations (Zagorskaya), tidal hy-
droelectric  stations, coast protection
structures, other hydraulic strctures;

e unique and typical buildings and struc-
tures of civil engineering (roof of Grand
Sports Arena of Luzhniki Olympic
Complex (Moscow), the monument to
the 300th anniversary of the Russian
fleet (Moscow), underground parking of
shopping and entertainment mall
“Manezhnaya Square” (Moscow), sports
and fitness complex “Aquadrom”, ice
stadium “Megasport” located on Kho-

14 International Journal for Computational Civil and Structural Engineering
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Geometrical model
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Figure 4. Sample of computing of wind loads on load-bearing and facade structures and pedestrian
comfort of buildings of a residential complex , located at Pushkino, Moscow Region (ANSYS CFD,).
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Finite element mesh (Building 3 of Complex)

.
-

T

=

- <

Finite element mesh

.
-

Approximation mesh on the surrounding buildings and ground
Figure 5. Sample of computing of wind loads on load-bearing and facade structures and pedestrian
comfort of buildings of a residential complex , located at Pushkino, Moscow Region (ANSYS CFD,).
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200000 (m)

-
g 50000

10.88 million of cells 8.2 million of cells
Finite element meshes of the computational domain.
Mesh 1 is used for computing of wind loads on facade and load-bearing structures

of the Complex. Mesh 2 is used for assessments of pedestrian comfort in the area of the Complex.
= ANSYS

Structure of the mesh
in the pedestrian area
h=1.5m
from the upper level of the
stylobate

Figure 6. Sample of computing of wind loads on load-bearing and facade structures and pedestrian
comfort of buildings of a residential complex , located at Pushkino, Moscow Region (ANSYS CFD,).
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[Pa]

The upper envelope of the maximum values of wind pressure (Pa)
on facade structures of the Complex
(Maximum - 972 Pa, Minimum — -49 Pa).

The lower envelope of the maximum values of wind pressure (Pa)
on facade structures of the Complex
(Maximum - -171 Pa, Minimum —-2231 Pa).

Figure 7. Sample of computing of wind loads on load-bearing and facade structures and pedestrian
comfort of buildings of a residential complex , located at Pushkino, Moscow Region (ANSYS CFD,).
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0000000 RoR0

Angle of wind impact (°), at which the upper envelope
of the maximum values of wind pressure is realized on the facade structures of the Complex

|
0
8
s
]
5
r
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B

P

Angle of wind impact (°), at which the lower envelope
of the minimum values of wind pressure is realized on the facade structures of the Complex

Figure 8. Sample of computing of wind loads on load-bearing and facade structures and pedestrian
comfort of buildings of a residential complex , located at Pushkino, Moscow Region (ANSYS CFD,).
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Wind direction = 0 [ degree ]

00000000 4uussad
“NRIOANDOOANIONOND

Relative wind speeds with allowance for gusts
in pedestrian areas h=1.5 m. Angle 0° (North)

Zone of excess
of the first level

The first level of pedestrian comfort is the repeatability of wind speed in gusts 6 m/s (hour/vear),
utilization factor © = 2. Permissible value — 1000 hours.

Figure 9. Sample of computing of wind loads on load-bearing and facade structures and pedestrian
comfort of buildings of a residential complex , located at Pushkino, Moscow Region (ANSYS CFD).
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Zone of excess
of the second level

Hours12 on p&sh Zona
59

53
47

41
36
30
24

18
12

The second level of pedestrian comfort is the repeatability of wind speed in gusts 12 m/s
(hour/year), utilization factor © = 2. Permissible value — 50 hours.

Hours20 on pesh zona
0.059

0.053
0.048
0.042
0.036
0.030
0.024
0o.018
0.012
0.006
0.000

The third level of pedestrian comfort is the repeatability of wind speed in gusts 20 m/s (hour/year),
utilization factor © = 2. Permissible value — 5 hours

Figure 10. Sample of computing of wind loads on load-bearing and facade structures and pedestrian
comfort of buildings of a residential complex , located at Pushkino, Moscow Region (ANSYS CFD,).
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Geometrical model  Section along the axis of symmetry

Surface mesh on cooling towers
(model with 5.28 million of elements)
INNSYS

Computational domain(5.28 millions of elements)

INLET

Computational domain
with the indicated
boundary conditions.
Angle of wind impact
00

OUTLET

v ! Al
Figure 11. Wind aerodynamics. Evaporative cooling towers of Novovoronezh nuclear power
plant — 2 (sample). Three-dimensional CFD-model (ANSYS CFD,).
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R FE VR NE Y

The time is 7 seconds after the start of the
“movement” of the tornado. Pressure (Pa) on the
surface of the cooling towers, streamline pattern.

The time is 7 seconds after
the start of the “movement”
of the tornado.
Pressure (Pa) on the sur-
face of the cooling towers
and on the plane z = 10 m.

3000
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Figure 12. Wind aerodynamics. Evaporative cooling towers of Novovoronezh nuclear power
plant — 2 (sample). Three-dimensional CFD-model (ANSYS CFD).
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THITEREERRRNN

Three-dimensional finite
element model (724 000 nodes)

Shell finite element model
(14 000 nodes)

Three-dimensional finite element model

" . . T — Jor analysis of emergency situation
Three-dimensional finite element model of sector (49 000 nodes)

1/88 part with soil foundation (36 000 nodes)

Simplified finite element model of the system Three-dimensional finite element model of system

“Dynamic soil foundation — cooling tower “soil foundation — cooling tower” (1 300 000 nodes)
(shell) with allowance for contact

interaction (35 000 nodes)
Figure 13. Wind aerodynamics. Evaporative cooling towers of Novovoronezh nuclear power
plant — 2 (sample). Three-dimensional CFD-model (ANSYS CFD).
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Cracking Scheme

-26649.5

-17879.9

-9110.24

-340.611

842901

17198.6

250683

347379

435074

L &
STEP=2 X
SUB=10
TIME=2

57 (AYG)

Stress (tnf/m?) in column reinforcement.From -26650 to 43507 tnf/m’

Figure 14. Wind aerodynamics. Evaporative cooling towers of Novovoronezh nuclear power
plant — 2 (sample). Three-dimensional CFD-model (ANSYS CFD,).

Volume 13, Issue 2, 2017 25



Alexander M. Belostotsky, Pavel A. Akimov, Irina N. Afanasyeva, Taymuraz B. Kaytukov

0104
089624
168343
248073
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488748

Stress (tnf/m?) in lateral reinforcement of shell.
The total displacement, From -8753 to 27054 tnf/m?

Maximum value 0.64 m

gradiR_tom_v3_162
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SUB=10
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Stress (tnf/m?) in meridional reinforcement of shell.
From -13655 to 43573 tnf/m?

Horizontal components Vertical component

o —_—a
200 1 |

° s 10 1% 20 % 30 s
Frequency, Hz Frequency, Hz

Response spectra (cm/s2) for the Basic NPP-2006 Project, intensity 6 on the MSK-64 scale

Figure 15. Wind aerodynamics. Evaporative cooling towers of Novovoronezh nuclear power
plant — 2 (sample). Three-dimensional CFD-model (ANSYS CFD,).
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The total displacement, maximum vaine 0.039 m

100382

103827

107273

110719

1141964

11781

121056

124501

Analysis with the use of linear-spectral method

Total displacement (m) af the timet = 8.85 s.
Structural analysis with allowance of accelerogram
based on direct dynamic method

Figure 16. Wind aerodynamics. Evaporative cooling towers of Novovoronezh nuclear power

plant — 2 (sample). Three-dimensional CFD-model (ANSYS CFD,).

dynka (Moscow), sports complex “Mos-
kvich” (Moscow), indoor swimming
pool of the “Iskra” sanatorium (Sochi),
ice palace “Bolshoi” (Sochi), bobsleigh
track “Sanki” and the ski complex “Gor-
ki” (Sochi, Winter Olympic Games —
2014), football stadiums of the World
Cup 2018 (“Zenit” (Saint-Petersburg),
“Spartak” (Moscow), stadiums located at

Volume 13, Issue 2, 2017

Volgograd, Samara, Nizhny Novgorod
and Rostov-on-Don); multifunctional
high-rise complexes (including Moscow
International Business Center “Moscow-
City”, Poklonnaya (Moscow), Profso-
yuznaya (Moscow), Leningradskaya
(Moscow), building located at Volgo-
grad, Omsk, Vladivostok, Krasnodar,
Kiev, Astana), multi-block shopping and
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Figure 17. Wind aerodynamics. Evaporative cooling towers of Novovoronezh nuclear power
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plant — 2 (sample). Three-dimensional CFD-model (ANSYS CFD,).
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Rostov-on-Don

Figure 18. Analysis of stress-strain state, strength and stability of load-bearing structures
of football stadiums of the World Cup 2018 (ANSYS). Samples.

entertainment centers, multi-storey panel
block sections and monolithic buildings,
schools and polyclinics, banners with al-
lowance for initial tension of ropes, wind
loads and other factors);

overground and underground pipelines
of heating systems, main oil and gas
pipelines, petrochemical and gas pipe-
lines and equipment (analysis of “Sakha-
lin — Khabarovsk — Vladivostok” gas
pipeline system is among the last com-
prehensive and “breakthrough” research-
es);

wind power plants of various types and
capacities;

loating structures and platforms for the
offshore extraction of oil and gas;

Volume 13, Issue 2, 2017

e arious bio- and nanostructures (for ex-

ample, double linear and closed DNA
(deoxyribonucleic acid) helices).

— complex mechanical engineering struc-
tures, machines and mechanisms includ-
ing aerospace systems, transport, ship-
building, power engineering, ferrous and
non-ferrous metallurgy, consumer elec-
tronics, etc. (analysis of stress-strain
state, dynamic response and strength of
the coupled system “Science power plat-
form — drive unit — solar batteries” and
subsystems of the International Space
Station (ISS) “Alpha” at the stages of
launch and orbital activity.
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Figure 19. Analysis of stress-strain state, strength and stability of load-bearing structures
of football stadiums of the World Cup 2018 (ANSYS). Samples.

2. Complex, including record-sized (up to 200
million unknowns) three-dimensional sta-
tionary and non-stationary problems of
building aerodynamics dealing with compu-
ting of average and pulsating components
of wind loads, wind loads on facade and
enclosing structures, pedestrian comfort of
numerous unique objects:

e high-rise buildings, structures and com-
plexes (Moscow International Business
Center “Moscow-City”, “Gazoil City”
(Moscow), “Zodiac” (Moscow), “Sky
Fort” (Moscow), “Dirigible” (Moscow),
“Rublevsky Lights” (Moscow), “Aqua-
marine” (Vladivostok), group of build-
ings of National Research Moscow State
University of Civil  Engineering,

e large-span buildings and structures (sta-

diums “Moskvich” (Moscow), “Zenit”
(Saint-Petersburg), railway station in
Adler, a ski jumping complex of Winter
Olympic Games — 2014, etc.);
monuments (monument on Poklonnaya
Hill (Moscow), monuments “Conquerors
of the Cosmos” and “Worker and Col-
lective Farm Girl” at the Exhibition of
Economic  Achievements (VDNKh,
Moscow), etc.);

complex of basic structures of nuclear
power plant with WWER (reactor com-
partments, engine rooms, evaporative
cooling towers, etc.) with allowance for
extreme (hurricane) wind and tornado.

Ostankino TV Tower in Moscow, build-
ings located at Saint-Petersburg, Kiev,
Astana, etc.);

Besides, contemporary problems of refined nu-
merical modelling and aircraft crashes are consid-
ered for the basic structures of nuclear power
plants of various types (WWER, RBMK and BN).
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Figure 20. Analysis of stress-strain state, strength and stability of load-bearing structures
of football stadiums of the World Cup 2018 (ANSYS). Samples.
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TUTACTUYECKas! TUCCHUTIAINS SHEPTHN

1. INTRODUCTION

The analyzed modified Mohr-Coulomb [1] and
modified Drucker-Prager [2] models differ from
the original plasticity models [3] by introducing
the eccentricity parameters allowing to avoid the
loss of smoothness at the apex points of the
corresponding  yield surfaces (meridional
eccentricity), and, for a Mohr-Coulomb model,
to eliminate losses of smoothness at the pyramid
edges (deviatoric eccentricity). Thus, the
modified Mohr-Coulomb model is characterized
by the two eccentricity parameters: meridional
and deviatoric eccentricities, while the modified

Drucker-Prager is characterized by the
deviatoric eccentricity only.

Both the original Mohr-Coulomb and Drucker-
Prager models can be characterized by the

following equation

£ (P-96-e 1)) = R(©.0) a0 -

(1.1)
—c(”aplu)—ptan(p =0

where ¢ is the cohesion, possibly depending on

the plastic strain measure Hsplu in a case of
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plastic hardening; ¢ is the angle of internal
friction; the pressure p is defined by

(1.2)
the deviatoric stress measure takes the form

%(Gmax ~ Omin )

Mohr-Coulomb

Is = (1.3)
2
i, -3p
‘-\—V—J
Drucker-Prager
in (1.3) Opax> Omin Aare maximum and

minimum principle stresses, respectively, and

R(©,¢) is the
depending on ¢ and the angle ® between the

meridional plane and the axis of one of the
principle stresses, the pressure. In the Mohr-

Coulomb model the coefficient R(©,¢) takes
the form

dimensionless parameter

sin(®+%)
R(@,(p) = \/§—+
cos o (1.4)
1
+§cos(®+%)tan(p

Similar formula for the coefficient R(©,¢) can

be introduced for the Drucker-Prager model.

1.1. Deviatoric eccentricity. The deviatoric
eccentricity is introduced by the following
equation that modifies the original Mohr-
Coulomb model:

Alexander V. Dudchenko, Sergey V. Kuznetsov

R,(©,9) =
[4(1 — ) cos2 @+ (2e— 1)2J(3 _sing)

6 cosq)[Z(l - e2)cos®+ (2e— 1)\/4(1 - e2)cos2 0+ 5¢? —46}

(1.5)

The smoothing parameter e varies in the

interval %<e£l, and while at e=1 the

coefficient R;(©,p) becomes independent upon
0

3—sin@

R1(®,(p) (1.6)

- 6 cosp+1

at e > % the smoothed curve tends to Rankine’s

triangle corresponding to the friction angle
e=90".

1.2. Meridional eccentricity. In the meridional
plane both the Mohr-Coulomb and the Drucker-
Prager model admit the following smoothness
that can be characterized by the hyperbolic
potential

¢(p.go |en)=

(1.7)

= \/(Re (0,9)q5 )2 + (z:c(O)tan(p)2 —ptanp=0

where ¢ is the smoothing parameter varied in
the interval 0<e<1. At € >0 the hyperbolic
approximation tends to the initial curve (1.1),
(for a modified Mohr-Coulomb model the

coefficient R(©,¢) should be replaced by the
smoothed coefficient R, (©,9)). At € —>1 the

smoothed curve in the meridional plane
becomes a hyperbola with locus at p = ¢(0).

2. FE SIMULATIONS

Herein, some results based on numerical
simulation of behavior of elastoplastic media are
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presented. The given results were carried out by
FE code using Drucker-Pruger and Mohr-
Coulomb models of plasticity (yield criteria).

2.1 Finite element model. The model is a cube
with the size of one finite element. The
displacements along the x axis on the face of the
cube which is parallel to YOZ are fixed, while
on the opposite face cyclic loading is applied,
Figure 1. This loading can be given as a
kinematic or force factor with the frequencyv.
Other faces of the model are free. In addition,
volumetric kinematic loading will be also
considered. In that case, the displacements along
the Z, X and Y axis are fixed on the three faces
which are parallel to XOY, YOZ and XOZ
respectively. On the opposite faces cyclic
kinematic loading are applied.

Y

A

Figure 1. Finite element model.

Comparing the energy dissipated by plastic
deformation (2.1) as well as strain-stress curves
gives the information on the influence of
variables included in the mathematical models
of plastic media (damping factor and
eccentricities).

AP = J.o'ijdg; 2.1

2.2 The influence of damping factor. Damping
factor is used for automatic stabilization of
static problems during the non-linear quasi-

Volume 13, Issue 2, 2017

static solution procedure. Viscous forces are
added to the global equilibrium equations in the
form:

F =dMv, (2.2)

where dis the damping factor, M is the mass
matrix,

L = Au/ At

is vector of nodal velocities (in the context of
this problem it does not have a physical
meaning). This value is used to ensure the
convergence of the solution. Nevertheless, there
is no guarantee that the value of damping will
be suitable for the problem. Therefore, it is
important to estimate whether the quantity is
appropriate for the convergence of the solution.

a. Hardening plasticity. The hardening, as a
result of the influence of symmetric and
asymmetric cyclic loading, was simulated using
Mohr-Coulomb plasticity model.

Variation of the character of stress-strain curves,
due to variation of the damping factor at other
fixed parameters in the model, subjected to
cyclic loading is presented in Figures 2 and 3.
The charts in figures 2 and 3 are plotted
atp=y =0, decc =1, mecc =0.land
¢=0.001, where ¢ (phi) is the angle of internal
friction, y (psi) is the dilation angle, ¢ is

cohesion, decc and mecc are deviatoric and
meridional eccentricities respectively.

As can be seen from the charts above, even
large values of the damping factor can ensure
the convergence of the solution procedure.
However, the large values are not suitable
because a further decline in the damping factor
affects the solution significantly. Thus, the
maximum value for damping is le-6, as further
decreases do not cause any substantial changes.
Similar results were obtained for asymmetric
loading (Figures 4 and 5). The charts in Figures
4 and 5 are plotted atp=y =0, ¢=0.001,

decc =1and mecc =1.
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Thus, to be suitable for the problem, the value
of the damping factor should not affect the
character of stress-strain curves when it
decreases.

MC-plasticity phi=00 psi=00 damping=1e-02

©
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l‘.J

o
S
P

-0.Q05 . s .0 0.005
C1oganthmlc strain
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=
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Figure 2. Stress-strain curves for symmetric
cycle loading at different values of damping.
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Figure 3. Stress-strain curves for symmetric
cycle loading at different values of damping.

As can be seen from the charts above, even
large values of the damping factor can ensure
the convergence of the solution procedure.
However, the large values are not suitable
because a further decline in the damping factor
affects the solution significantly. Thus, the
maximum value for damping is le-6, as further
decreases do not cause any substantial changes.
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Thus, to be suitable for the problem, the value
of the damping factor should not affect the
character of stress-strain curves when it
decreases.
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Figure 4. Stress-strain curves for asymmetric
cycle loading at different values of damping.

Similar results were obtained for asymmetric
loading (Figures 4 and 5). The charts in Figures
4 and 5 are plotted atp=yw =0, ¢=0.001,

decc =1and mecc=1.
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Figure 5. Stress-strain curves for asymmetric
cycle loading at different values of damping.
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Figure 6. Stress-strain curves for Mohr —
Coulomb model at different values of damping.
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b. Non-hardening plasticity. Figures 6 and 7
demonstrate the variation of the character of
stress-strain curves due to variation of damping
factor for Mohr-Coulomb model at fixed other
parameters. The charts in Figures 6 and 7 are
plotted atp =30, w =0,c=0.001, decc=0.56,
mecc =0.005 and v =5Hz.
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Figure 7. Stress-strain curves for Mohr —
Coulomb model at different values of damping.

Variation of the character of stress-strain curves
due to variation of damping factor for Drucker-
Pruger model at fixed other parameters is
presented in (Figures 8 and 9). The charts in
Figures 8 and 9 are plotted at ¢ =30, =0,
c=0.001, fecc=0.05, frat=0.778 and
v=5Hz. Here fecc is flow eccentricity and

frat is flow ratio.
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Figure 8. Stress-strain curves for Drucker —
Pruger model at different values of damping.
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The obtained results revealed that for both
hardening and non -—hardening types of
plasticity models, the damping ratio affects the
result of the solution dramatically. Any increase
causes substantial changes in the character of
stress- strain curves, while a damping factor
equal to or less than 10° may ensure the
convergence of the solution, meanwhile
negligibly influencing the final results.

DP-plasticity phi=30 psi=00 damping=1e-5
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Figure 9. Stress-strain curves for Drucker —
Pruger model at different values of damping.

2.2 The influence of eccentricities in Mohr-
Coulomb and Drucker-Pruger models.

The influence of deviatoric and meridional
eccentricities on the result can be estimated by
varying the energy dissipated by plastic
deformation.

Variation of the energy dissipated by plastic
deformation in the Mohr-Coulmb model due to
the variations of both meridional and deviatoric
eccentricities is shown in (Figure 10). The
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surface in (Figure 10) is plotted at tep =30,
w=0,c=0001v=5Hz.

As can be seen from the chart above, the
influence of deviatoric eccentricity on the
energy of plastic deformation is insignificant. In
addition, the variation of meridional eccentricity
does not cause the change in the energy of
plastic deformation, except in the case of
numerical errors. These effects can be observed
when the value of deviatoric eccentricity is
greater than 0.75. One possible reason behind
the energy independence from the value of
meridional eccentricity is that this eccentricity
may be fixed in the program complex. In this
case we can define it by comparing the stress-
strain curve with the yield surface.

The energy of plastic deformation in Mohr - Coulomb model
versus meridional and deviatoric eccentricities
friction angle 30, dilation 0, cohesion 0.001

Energy

Figure 10. Variation of energy dissipated by
plastic deformation due to the variations of
meridional and deviatoric eccentricities.

Similarly to Mohr-Coulomb model, we can
estimate the influence of the flow eccentricity
and flow rate in Drucker-Pruger model. The
variation of the energy dissipated by plastic
deformation in Drucker-Pruger model due to the
variations of flow eccentricitiy and flow rate is
shown in (Figure 11). The surface in (Figure 11)
is plotted at ¢ =30, =0, ¢=0.001 v =5Hz.
According to Figure 11, the variation of flow
potential eccentricity does not change the
energy of plastic deformation, while the flow
ratio affects this quantity significantly.
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The energy of plastic deformation in Drucker - Pruger
model versus flow ratio and flow potentional ccentricity
friction angle 30, dilation 0,
cohesion 0.001,

Energy

SEREZ
S g2

flow potential eccentricity

Figure 11. The variation of energy dissipated by
plastic deformation due to the variations of flow
eccentricity and flow rate.

In contrast to Mohr-Coulomb model there are
no such deviations from the mean energy in
Drucker-Pruger model. In addition, the value of
flow potential eccentricity may be estimated by
comparing the stress-strain curve and the yield
surface.

2.3 Yield surface.

The Mohr-Coulomb vyield surface and the
loading in meridional plane are shown in
(Figure 12). The curves in Figure 12 are plotted
at =30, w=0,c=0.001, decc=0.56,
mecc =0.005 and v =5Hz. The strain stress
curve for these parameters of the model and
loading is plotted in (Figure 13).

Meridional eccentricity can be solved by
equation (2.3):

p_yield ta
c

ne, (2.3)

mecc =

where p yield is the stress corresponding to
the beginning of the plastic flow.

Drucker-Pruger yield surface and the loading in
meridional plane are shown in (Figure 14). The
curves in Figure 14 are plotted atp =30, v =0,
c=0.001 v=5Hz. The strain stress curve for

these parameters of the model and loading is
plotted in (Figure 15).
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Figure 12. Yield surface for Mohr — Coulomb
model.
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Figure 13. Stress-strain curve for Mohr —
Coulomb model.
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Figure 14. Yield surfaces for Drucker — Pruger
model.
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Figure 15. Stress-strain curve for Drucker —
Pruger model.

Similarly to Mohr-Coulomb, flow eccentricity
in Drucker-Pruger model can be solved by the
following equation:

p_yield

fecc =———tang (2.4)
c

3. CONCLUDING REMARKS

According to the obtained results, the value of
the damping factor ensures the convergence of
the solution procedure (the solution was
obtained for all almost values of this quantity).
However, a large damping factor dramatically
affects the final results. Therefore, we should
decrease the damping factor to determine its
optimal quantity. In case this reduction does not
change the final results, the value of the
damping factor is suitable.

Deviatoric eccentricity in Mohr-Coulomb model
of plasticity does not affect the energy
dissipated by plastic deformation significantly.
Hence, it does not matter whether or not we
select this value for calculations. In addition, the
value of meridional eccentricity remained
constant for all the calculations carried out by
the authors.

In Drucker-Pruger model of plasticity, the value
of flow affects the yield stress as well as the
energy dissipated by plastic deformation.
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Therefore, the tuning is important for
calculations and may change the final results.
As with the meridional eccentricity in Mohr-
Coulom model, the value of flow potential
eccentricity remained fixed in program despite
the attempts to change it. Thus, we can only
estimate these values, comparing the stress-
strain curves and the yield surfaces in the
models.
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FORMULATION OF MATHEMATICAL PROBLEM
DESCRIBING PHYSICAL AND CHEMICAL PROCESSES
AT CONCRETE CORROSION

Sergey V. Fedosov, Varvara E. Roumyantseva, Igor V. Krasilnikov,

Boris E. Narmania
Ivanovo State Politechnical University, Ivanovo, RUSSIA

Abstract: The article deals with the relevance of new scientific research focused on modeling of physical and
chemical processes occurring in the cement concrete at their exploitation. The basic types of concrete corrosion
are described. The problem of mass transfer processes in a flat reinforced concrete wall at concrete corrosion of
the first and the second types has been mathematically formulated.

Keywords: cement concrete, concentration of calcium hydroxide, corrosion, mass transfer,
liquid environment, mass conductivity, mass output

MNOCTAHOBKA MATEMATHUYECKOH 3AJAUYU
OIIMCAHUSA OPU3NYECKUX U XUMHWYECKUX ITPOLHECCOB
P KOPPO3UU BETOHA

C.B. @eoocos, B.E. Pymanueesa, U.B. Kpacunvnukoe, b.E. Hapmanus

VIBaHOBCKMI TOCYAAPCTBEHHBIN TOMUTEXHUYECKUN YHUBEPCUTET, I'. IBanoBo, POCCU A

AnHOTauus: B HacTosimel cTatbe 0OTMEYAeTCsl aKTYaJIbHOCTh HOBBIX HAyYHBIX MCCIEAOBAHUN, OPUEHTHPOBAH-
HBIX Ha MOJCIUPOBAHUC (PU3MUCCKUX U XUMHYCCKHX MPOICCCOB, MPOUCXOSIIUX B OETOHE HA IIEMEHTE B YCIIO-
BUAX DKCIUTyaTalui. PaccMOTpeHbl M onucaHbl OCHOBHBIE THUITBI KOPPO3UH OeToHa. MarteMaTuiecku chopMyin-
poBaHa MpobIeMa MPOIECCOB MACCOINIEPEHOCA B IIOCKOH KeIe300€TOHHOM CTCHE B YCIOBUSIX KOPPO3HH OCTOHA
MIEPBOr0 U BTOPOr'O TUIIOB.

Kinrwuesble cj10oBa: 6¢TOH Ha HEMCEHTEC, KOHICHTpAaUud THAPOKCHUIA KaJIbld, KOPPO3Us, MaCCOIICPECHOC,
JKUJKas cpelia, MacCoBast MpOBOANMOCTDL, MaCCOBast BBIpaﬁOTKa

Concrete is a building material known to man
from the depth of centuries at the turn of the
third and fourth millennia BC, swiftly broke in-
to the 19th century and was named by the con-
temporaries the building material of the 20th
century. And in the beginning of the 21-st
century it remains the most popular material for
construction of unique structures and typical
buildings for industrial and civil purposes [1].

However, as a man-made synthetic composite,
concrete (reinforced concrete) remains the
subject of close attention of researchers. And
along with the solution of technological
problems of creating and life cycle of
exploitation of reinforced concrete structures,

researchers' attention to the problem of the
durability of concrete persists. Carrying out of
such researches will preserve unique building
structures for future generations, ensure the
safety of human life activity, as well as save a
lot of money for national economy.

Predicting the durability of construction is
rather complex analytical process, requiring
diverse system knowledge of several sciences:

physical chemistry, electrochemistry,
thermodynamics, theory and kinetics of
heterogeneous chemical processes, mass

transfer in capillary-porous bodies [2].
For 150 years of studying corrosion destruction
processes of  concrete  scientists  have
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accumulated a large amount of scientific
knowledge about corrosion processes in
concrete and reinforced concrete: basic schemes
of chemical reactions have been identified and
studied; mathematical description of certain
corrosion processes has been given; a system of
normative documents regulating corrosion in the
construction industry has been created.

The cumulative theoretical and practical
material makes it possible to describe concrete
corrosion processes in the form of mathematical
models that allow calculating with the required
accuracy the durability of concrete and
reinforced concrete structures.

According to generally classification proposed
by Professor V.M. Moskvin [3], corrosive
effects of any environment on concrete is
divided into three main types:

- corrosion of the 1st type includes processes
that occur in concrete under the influence of
low hardness water when the components of
cement stone are dissolved, washed out and
carried away by moving water environment;

- corrosion of the 2nd type includes processes
that develop in concrete when exposed to
liquids containing chemical substances that
come into exchange reactions with components
of cement stone to form easily water-soluble
products or amorphous, non-binding mass in
reaction zone;

- corrosion of the 3d type includes all the
processes of concrete corrosion under the
influence of liquid aggressive environment, the
development of which results in accumulation
in pores, capillaries and other concrete voids of
poorly soluble salts, crystallization of which
gives rise to considerable stress in cement stone
structure, limiting the growth of crystal
formations.

It should be noted that corrosion of any type is
rarely found in nature separately from the
others, but usually one type is predominant and
it is always possible to trace and consider the
role of the secondary in this case types of
corrosion.

It is known that the stability of highly basic
compounds of concrete (alite, belite, tricalcium

aluminate, tetracalcium alumoferrite) is due to
contained in concrete pores «free calcium
hydroxide», so it would be logical to predict the
service life of product in terms of its amount in
the body structure [4].

Herewith in terms of heat and mass transfer
theory [5, 6] transfer of calcium hydroxide
occurs in three stages:

- mass conductivity (diffusion) of calcium
hydroxide from the inner layers of concrete to
«concrete — liquid» phase boundary;

- mass transfer through the phase boundary;

- mass transfer from the phase boundary to the
volume of liquid medium.

The simulated system is schematically shown in
Figure 1, which also shows characteristic
profiles of transferred component
concentrations in concrete (dynamics of mass
transfer in  solid phase) and component
concentration change in liquid phase (kinetics
of mass transfer).

According to the theory of mass transfer of
academician Lykov A.V. [6,7], in general, for
corrosion of the first and second types, calcium
hydroxide diffusion in the porous structure of
concrete is described by the nonlinear second
order mass transfer equation:

oC (x,7)
or
= diV[k(X, T)gradC(X,T):I + qv (X, T) / pconcrete 2
(1)

in which: k(x,r) — coefficient of mass conduc-
tivity (diffusion), m?/s; C(x,t) — concentration
of «free calcium hydroxide» in concrete at time
T at an arbitrary point with  coordinate x,
kg CaO / kg of concrete; ¢,(x,t) — power of vol-
ume source of mass due to chemical or phase
transformations, kg CaO / (m? -

— density of concrete, kg / m>.

To obtain a correct solution of equation (1), it
must be supplemented with initial and boundary
conditions.

s); P concrete
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Figure 1. Scheme of liquid storage tank with characteristic profiles of transferred component
concentrations in concrete and in liquid phase.

Initial distribution of «free calcium hydroxide»
concentrations through the thickness of concrete
wall CO (x) is assumed to be uniform:

C(x7) _,=C(x0)=C)(x). (2)
Considering the fact that there is no substance
flow at the left boundary of concrete wall, we
write down the boundary condition at the point
with the coordinate x = 0:

oC(0,t
;gx = (3)

To describe the regularity of concrete and lig-
uid interaction process on the surface of phase
boundary, i.e. on the right side of the concrete
wall, we assume that the amount of «free calci-
um hydroxide» supplied from the inner layers of
concrete to its surface due to mass conductivity

in which: B. — coefficient of mass transfer in
liquid medium, m/s; Cy iiguia (t), C liguia (t) —
concentration of calcium hydroxide in the liquid
near the surface of phase boundary and in
stream core, respectively, at time 1, in terms of
CaO, kg CaO / kg of liquid; p concrete, P liguid -
density of concrete and water, kg / m>.
Expression (4) is a boundary condition of the
third type, its mathematical notation can be
modified by assuming that concentration of cal-
cium hydroxide varies proportionally in the lig-
uid near the surface phase boundary, in stream
core, as well as in concrete body at phase
boundary. For this we apply the approach pro-
posed in [8]:

pkacél LG (7)=C(607)]

[ Ciiquia ( T ) ~ Ciquia ( r )]

. . - . (%)
is equal to the amount of substance diverted Piquia C (s (
from the surface of the body to the outer phase P o [ r () =C( ’T)]
by means of convective diffusion: _ _
having designated:
oC (5 , T)
pcanrmek ax - * 1011qu1d ': nliquid T) B Cmc (f)] (6)

=p. [Cnliquid (T) - Cliquid (T)} Pliquid * 4)
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p - ,
e LG (7)=C(0:7)]
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we obtain a modified form of the third type
boundary condition:

aC(8,7)
Ox

k = B[ Cojearas ()= C(8,7) . (7)

here: C supjeciea (T) — 1s the equilibrium concentra-
tion of the transferred component on the surface
of a solid body, kg CaO / kg of concrete; p* -
the modified mass transfer coefficient in a liquid
medium, m/s.

The balance of transferred component mass
(«free calcium hydroxide») between the solid
and liquid phases is determined by the relation

[8]:

" oC(6,7)
oncrete ax

0 Cliquid ( Z')

= Viiquid * Pliquid * o7

—S-p.
(8)

In this equation, the left part is the amount of
the transferred component through the inner sur-
face of the tank S, m? per unit of time; the right
part is the mass increment of the component in
the liquid volume V jiguia of the reservoir, m3
per unit of time; C jiyuia (T) is the concentration
of calcium hydroxide in the liquid at time t, in
terms of CaO, kg CaO / kg of liquid; p concrete,
P liquia — density of concrete and liquid, respec-
tively, kg / m*. The «» sign indicates decrease
in the hydroxide calcium concentration in con-
crete.

Up to a certain «bound» concentration of
C liquid *, the equilibrium is subjected to Henry’s
linear law:

Csubjected (T) = mCliquid (T) . (9)

in which: m is Henry’s equilibrium constant, kg
of liquid / kg of concrete.

Thus, the formulated above system of differen-
tial equations of mass transfer, together with the
initial and boundary conditions, is a mathemati-
cal model of the real process of mass transfer
during cement concrete corrosion of the first
type for a closed "liquid-tank" system. The solu-

tion of this system allows to obtain a complete
picture of the distribution of substance in time
and to analyze the kinetics and dynamics of the
process.
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METHOD OF COMPENSATING LOADS FOR
SOLVING OF A PROBLEM OF UNSYMMETRIC BENDING
OF INFINITE ICE SLAB WITH CIRCULAR OPENING

Elena B. Koreneva
Moscow Higher Combined-Arms Command Academy, Moscow, RUSSIA

Abstract: Unsymmetric flexure of an infinite ice slab with circular opening is under examination. The men-
tioned construction is considered as an infinite plate of constant thickness resting on an elastic subgrade which
properties are described by Winkler’s model. The plate’s thickness is variable in the area ajoining to the opening.
Method of compensating loads is used. Basic and compensating solutions are received. The obtained solutions
are produced in closed form in terms of Bessel functions.

Keywords: infinite ice slab, circular opening, method of compensating loads, Bessel functions

METOJI KOMIIEHCUPYIOILINX HATPY30K
JIJIS1 PEHIEHUSA 3AJJAYU O HECUMMETPUYHOM U3I'UBE
BECKOHEYHO! JEJASIHOU MJINTHI
C KPYI'JIBIM OTBEPCTUEM

E.b. Kopenesa
MockoBcKkoe BhIcIIee 00IeBOHCKOBOe KoMaHIHOE opAeHOB JlennHa n OkTs0pbckoit Pepomonnn
Kpacno3namennoe yunnuie, r. MockBa, POCCU S

AHHoTanusi: PaccmarpuBaeTcst HECCUMMETPUYHOE M3rNO OECKOHEUHOMW JICASHON IUTUTHI ¢ KPYTIIBIM OTBEPCTHEM.
Yka3zaHHOE COOpY)KEHHE PacCMaTpUBAETCS Kak OECKOHEYHas IUIACTUHKA ITOCTOSIHHOM TOJIIUHBI HAa YIIPYTOM OC-
HOBaHHH, CBOMCTBA KOTOPOT'O ONMCHIBAIOTCS MOJebio Bunkiepa. TommuHa mimTel B 00J1aCTH, IPUMBIKAIOIICH
K OTBEPCTHIO, MepeMeHHas. [l pelleHus 3aJaud UCHOIb3yeTCsl METOJA KOMIEHCHpyroumx Harpy3ok. C npu-
BJICYCHHMEM arapara crenuaibHblx QyHkunil (pyHkuuu beccenst) monydeHbl 6a30Bble M KOMIIEHCHPYIOIIUE
peLIeHUsL.

KioueBble ciioBa: OecKOHEYHAs Jie/sHAsl TUTUTA, KPYTIIOe OTBEPCTHE, METO KOMIIEHCUPYIOIIUX HArPy30K,
dbynkuu beccens

1. INTRODUCTION

The present work is dedicated to the strength
analysis of an ice cover. Unsymmetric bending of
an infinite ice slab of constant thickness is exam-
ined. The plate’s thickness increases in the direc-
tion from an inner boundary in the area ajoining
to the opening. As usual similar constructions are
considered as plates resting on Winkler’s elastic
subgrade. Modulus of subgrade reaction is equal
to the volume of water’s weight. Related prob-
lems were considered in [1] and [2]. The present
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work gives another approach — the method of
compensating loads. The proposed method will
be more effective for plates with comparatively
large openings analysis.

2. ANTISYMMETRIC BENDING
OF INFINITE SLAB

First we will consider the outer part of the con-
struction under investigation — the slab of con-
stant thickness with circular opening (fig.1).
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with Circular Opening

The above-mentioned structure is resting on an
elastic subgrade and is subjected to an action of
antisymmetric loading. Radius of the circular
opening is Xx,.

The plate is subjected to an action of antisym-
metric loads

q(r,0) = q(r)cos@ or g(r,0) = g(r)sin 6.

2)61

——

Figure 1. Infinite plate with the circular
opening.

For example similar problems occur when wind
loading influence is under study.

The differential equation of antisymmetric
bending of a plate resting on Winkler’s elastic
subgrade is:

dZ
==+

(drz
where D is the flexural rigidity of a plate, ¢ is

the coefficient of soil reaction.
Let us introduce the following notation:

=42
c

and going over dimensionless coordinate

RS A AL

)

=

:_gg%m¢+bmw{mm—

[u (x) +

—(¢,"sin ¢ + dl'cosgo){f(x) +=C
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(ul (x) - “1(’“))} +(a,'sin @ + b'cos <o)[g] (x) -

€)

~ |

With the substitutions (2) and (3), the equation
(1) assumes the form:

2
)w+w:i
C

(d_2+id 1 )

dx* xdx i

The solution of homogeneous equation corre-
sponding to (4) is sought in the shape:

w = F(x)(4, sin ¢ + B, cos ).

The function F(x) satisfies the ordinary differ-
ential equation:

2
=
dx
The equation (5) can be reduced to the system
of two ordinary conjugate linear equations:

1d
x dx

1 2
~LIReR -0 )

d°F

2 1dF K £iF =0,
dx

x dx 2 (6)

It has been known [3] that the solution of the
equation (6) is expressed in terms of cylindrical
functions

w = (a, sin @ + b, cos @ )u,(x) +

+ (¢, sin @ + d, cos @), (x) +

+ (a,"sin @ + b,'cos @) f,(x) + )

+ (¢,"sin @ + d,'cos @)g,(x).

With use of certain derivation formulae [3] we
can obtain the following expressions for stresses:

( () - X )ﬂ—(qsmwdlcosmx

o pw- A9

-5
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M, = —a%{(al sin ¢ + b, cos go)[ul(x) + I?Ta(ul‘(x) - %}c)ﬂ + (¢, sin @ + d, cos @) x

|-+ 122 oy - 210

ﬂ + (a,'sin go+b1'cosg0){gl(x) + 1?70'(f1'(x) —@H + )

X

Harsing+dyeosg) - £+ 10 g - £

H =-H, = (1_0)%{(01 cos ¢ — by sin ¢)[”1'(X)_@:|+
X

+ (¢, cos @ — d, sin (p)[ul'(x)—@}+(a1'cosgo—b1‘sin q))[f]'(x)—

+ (CI'COS @ —d,'sin (ﬂ)[gl'(x) - gl)(CX):l}a

0 =- 623 [(a, sin @ + b, cos p)v," (x) — (¢, sin @ + d, cos plu,' (x) +

+ (al'sin @+ b'cos ¢)g1'(x) - (Cl'Sin @ +d,'cos Co)fl'(x)]a

0, =~ % [(a, cos ¢ — b, sin @), (x) — (¢, cos @ — d, sin Plu,(x) +

fi(0)
v }* (10)
(1)
(12)

+ (a1' cos ¢ — b,'sin (”)gl(x) - (01' cos ¢ — d,'sin (”)ﬁ(x)]

3. METHOD OF COMPENSATING
LOADS

To resolve the problem under consideration the
method of compensating loads is applied. The
result to be sought is represented as a sum of a
basic solution w, and a compensating one w, :
w=w, +w,. (13)
The basic solution satisfies to the differential

equation describing the problem under study.
The solution w, has singularities which are rel-

evant to the acting loads. For example for the
case of a plate subjected to an action of a con-
centrated force the sought basic solution w,

must have peculiarities of a concentrated force.
However the basic solution does not satisfy
boundary conditions.

The sought compensating solution w, complies

the homogeneous differential equation for the

plate’s domain. It is required that the sum of w,
and w, must satisfy boundary conditions.

4. THE DEVELOPMENT OF BASIC
SOLUTION

The decision of the problem of infinite plate
resting on an elastic subgrade and subjected to
an action of concentrated force is taken as basic
solution:

wy =L 1), (14)

The expression (14) is the main influence func-
tion when P =1. We can receive basic solu-
tions for certain particular problems by integrat-
ing of the formula (14).

The plate subjected to an action of the forces
g cos @ distributed along circumference with
the reduced radius is under consideration. The
principle of composition of actions is utilized.
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with Circular Opening

The plate’s deflection in the point with the co-
ordinates x, y can be represented in the follow-

ing form:
_qal’
~4p
27
X jfo(\/a2 +x° = 2ax cos(f — go))cos odo.

0

(15)

For calculation of (15) we will use the formula
of cylindrical functions compositions

ZO(\/O(Z +x° = 2ax cos(6 — (p)) =
., (16)
=22"J,(0)Z,(x) cos n(6 - @),

where the sign ' denotes that when n = 0 we
The expression

(16) is fulfilled when o < x. When a > x we
must interchange the position of ¢ and x in
the right-hand part of (16).

Let us assume that

introduce the coefficient %

Z, = HOWiJa® + x* = 2ax cos(6 — ) )

we integrate and separate the real part. Then we
obtain:
when x < «

W=, = T4 L (0 /(@) -

2D (17)
- v,(x)g,(a)]cos @,
when x > «
W = S @A -

— v (@)g,(x)]cos .

Let us consider a plate subjected to an action of
the loading

q =a,cosf+b sn 6,
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which is distributed along the circumference
with the reduced radius «.

By use the formulae (17), (18) we receive the
solution:

when a < x

w =T fa (@) £,(4) - (@), (9]
xsin ¢ + b, [ul (@) /,(x) —v(a)g, (0]x (19

X Cos ¢},

when o > x

wz%%ﬁWMﬂﬂ@—%um#mx

xsin @ + b, [u] (x)fi(@) — v (0)g, ()] x (20
X COS ¢}.

Using the theory of Bessel functions we can re-
ceive basic solutions for different kinds of
loads. For instance we can obtain the solution
for the loads distributed over ring surface by
integrating the expressions (17) and (18).

5. THE COMPENSATING SOLUTION

The compensating solution will be represented
in the following form:

w, = (a,'sin @ + b,'cos ) f,(x) +

) (21)
+ (¢,"sin @ + d,"cos ¢)g,(x).

We assume that the origin of coordinates is in
the midpoint of an opening. The radius of the
opening is equal to x,. Therefore the solution
can contain only finite values of Bessel func-
tions f, g and their derivatives. The domain
under consideration does not include the mid-
point x = 0 where the Bessel functions f and
g have certain singularities.

The compensating solution for the plate with
free circular opening is:
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T T 0 G)e ™ () - £ ()2 @ ()
+ (00,190 () L2 (x)) cos 9] - g, ([N, (x) — K, (x,))sin ¢ +

Uollen, 199 () = K /9 (x))sin @ +

(22)

+(¢0,g™ (x) — L,g!? (x,)) cos o]},

The notation for fl(M)(x), gl(M)(X), fl(Q)(x)a

2% (x) are given in [3].

6. CALCULATION OF THE INTERIOR
PART OF THE PLATE HAVING
VARIABLE THICKNESS

An inner part of the plate adjoining to the circu-
lar opening is examined. This part has variable
thickness increasing along the direction from
the internal boundary. This part is considered as

a ring plate with inner radius x, and the outer
one x,.
The differential equation describing the anti-
symmetric flexure of the circular plate of varia-
ble thickness resting on elastic Winkler’s sub-
grade is:

szvzw+d_D[2d3w+2+0'd2w_
dx | dy’ X dx’
2 2
3 iW}rdD[dv“_

X dx* | dx*

1 d 1
+ 0(; —;V 7 Wﬂ = (G — CW)ro4a

(23)

where x = =, r, - constant.

r

0
Let us assume that the flexural rigidity varies
according to the power law:

D = Dx", 24)

where D, is the constant.

The producted analysis showed that for the
problem under study there is no way to obtain
solutions in closed form in particular in terms of
Bessel functions. This fact is distinct from the

case of the similar plate symmetric bending.
The exception is the case when in (24) m = 4.
Then the equation (23) by means of certain sub-
stitutions is reduced to the equation with con-
stant coefficients of Euler class. The mentioned
equation has the solution expressed in terms of
power functions:

w= x‘l(Alx”’l + A,x" + 4,x"+ A4x“4)><

25
x c0s 0, @)

where

Op34 = i\/2(2 —o)* \/20_2 - B, (26)

Furthermore the conditions of conjugation of
two parts when x = x, are to be fulfilled. For
this aim the deflections, angles, bending mo-
ments, transversal forces of inner and outer
parts are equating.
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RELIABILITY ANALYSIS OF EXISTING REINFORCED
CONCRETE BEAMS ON NORMAL CRACK LENGTH
CRITERION

Vladimir S. Utkin, Sergey A. Solovyev
Vologda State University, Vologda, RUSSIA

Abstract. The article discusses a problem of the crack length influence on the reliability (safety) of reinforced
concrete beams under conditions of limited statistical information about controlled parameters in the design
mathematical models of limit state. Numerical examples revealed the possibility of practical application of the
reliability analysis methods for inspections and determining the category of the technical condition of buildings
and structures. The article offers the methods for reliability (probability of non-failure) analysis and the residual
resource of reinforced concrete beams according to the criterion of the normal crack length in the tensile zone of
reinforced concrete beams. The methods of reliability analysis constructed on the basis of possibility theory and
fuzzy set theory. The algorithms of reliability analysis of reinforced concrete beams are presented on numerical
examples of reliability analysis.

Keywords: reliability, crack length, reinforced concrete beam, possibility theory, residual resource,
fuzzy sets theory

PACHET HAJEXKHOCTH KEJIE3OBETOHHbBIX BAJIOK
1O KPUTEPUIO AJIMHBI HOPMAJIBHOU TPELHIUHBI
HA CTAIUU DKCIUVIYATALUU

B.C. Ymkun, C.A. Conoeves

Bonoroackuii rocynapcTBeHHbI yHUBEpCUTET, I'. Bonorga, POCCUA

AunHotanusi. B cratee paccmarpuBaercs mpoGiemMa BIUSHUS JUTHHBI TPEIMHBI HA HAJIE)KHOCTH (6€30MacHOCTb
IKCILUTyaTaI[MK) JKeJIe300€TOHHBIX 0AJI0K B YCIOBUSAX OTPAaHMYEHHON CTATUCTUYECKON MH(DOPMAIHH O KOHTPOIIH-
PYEMBIX mapaMe€Tpax B PaCYCTHBIX MATEMATUYCCKUX MOACIIAX IMPCACIbHBIX cocrossHui. Ilo pe3yiabTaTaM 4uc-
JICHHBIX TPHMEPOB BBISIBIIEHA BO3MOMKHOCThH MPAKTHYECKOTO MPHUMEHEHHUs] METOJI0B pacdera HaJe)KHOCTH IMpH
00CIIe/IOBaHUHU U BBISBJICHUHM KAaTErOPUH TEXHUYECKOrO COCTOSHUS 3[aHuil U coopyxeHuil. [Ipeoxkensl MeTo-
Il pacueTa HaJIe)KHOCTH (BEPOSTHOCTH 0€30TKa3HOUW paboOThI) M OCTATOYHOTO BPEMEHHOTO pecypca kene3o0e-
TOHHBIX OAJIOK 10 KPUTEPHIO JJIMHBI HOPMAJIbHOHN TPEIIMHBI B PACTSHYTOH 30He OeToHa Oaliku, MOCTPOSHHbIC Ha
OCHOBE TEOPHU BO3MOXKHOCTEH U TEOPUH HEUETKHX MHOMKECTB. AJITOPUTMBI pacyera HaJeKHOCTH JkKeJie300eTOH-
HBIX OAJIOK TIPE/ICTABIICHBI HA YHCICHHBIX IIPUMEpPaX PacyeTOB HAICKHOCTH.

KaioueBble ci10Ba: HaJIeKHOCTD, JUIMHA TPELMHBI, JKelle300eTOHHAast OajKa, TEOpHsl BO3MOXKHOCTEH,
OCTaTOYHBII PECypC, TEOPUsI HEUETKMX MHOKECTB

1. INTRODUCTION

The new Interstate Standards (GOST 27751-
2014 “Reliability of structures and founda-
tions”, GOST 31937-2011 “Buildings and struc-
tures. Principles of inspection and monitoring”
etc.) and Russian Federation Federal Law No.
384 “Technical Regulations on the Safety
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of Buildings and Structures” contain require-
ments for the safety of existing buildings and
structures (and structural elements). The key
term in these documents is "mechanical safety"
- is the state of building and structures, in which
there is no inadmissible risk of exceeding the
limit states. Mechanical (or structural) safety
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must be provided at the design stage and at the
stage of buildings and structures operation.
Currently, the design of reinforced concrete
structures in Russia is regulates by the building
code SP 63.13330.2012 "Concrete and rein-
forced concrete structures" (hereinafter SP). The
limit state criteria for reinforced concrete beams
by SP are the strength of concrete and rein-
forcement bars, the stiffness (deflection) of the
beam, the cracking and the width of the normal
cracks. However, the crack length affects on the
stress-strain state of reinforced concrete struc-
tures, and consequently on the level of safety,
even when the normal crack width less than
normative values by SP. It is known [1] that the
normal cracks growing affects on the position of
the neutral axis in the beam, which leads to
growth of stresses in the concrete and in the re-
inforcement bars of RC beams. When the nor-
mal crack reached critical value of it length -
there is a spontaneous crack growth and the
possible failure of the element due to the accu-
mulated potential energy in the crack tip region
under the current loads.

2. LITERATURE REVIEW

The study of works of reinforced concrete struc-
tures with cracks is engaged in a relatively new
science — fracture mechanics [2, 3, 4, etc.]. K.A.
Piradov and N.V. Savitsky [4] noted that theory-
based design of reinforced concrete beams with
cracks is not developed presently. And the exist-
ing limit state design (introduced in 1955) is
based on a large number of empirical coeffi-
cients. In this regard, it is proposed to proceed
to the design of reinforced concrete structures
using the methods of fracture mechanics.

International scientists also see prospects of de-
sign development of RC structures through ap-
plication of the provisions of fracture mechanics.
Bazant Z.P. [5] noted that extensive experimental
studies in the 70s revealed the coordination of the
results of collapses (failures) of reinforced con-
crete structures with the fracture mechanics prin-
ciples. The reinforced concrete in the elastic-
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plastic stage can also be described using the theo-
ry of fracture mechanics. It is noted [5] that the
linear fracture mechanics can be used for engi-
neering design of reinforced concrete structures
now. The cracking and cracks growth - is an im-
portant design feature of the concrete and RC
concrete structures [6], which should be consid-
ered in the inspections and structural safety eval-
uation. The description of reinforced concrete
work from the standpoint of fracture mechanics
seems quite obvious to experts in the field of
fracture mechanics, but still its provisions are not
embedded in the building codes of the reinforced
concrete structures design.

3. MATHEMATICAL MODEL
OF LIMIT STATE

The article proposes using of fracture mechanics
method in the reliability analysis of reinforced
concrete beam with normal cracks at the opera-
tion stage. A mathematical model of the limit
state can be represented as:

~ ~

lC}"C S

(1)

cre,ult»

where /... — measured length of crack in con-

crete; lcrc,ul t

— critical (ultimate) crack length.
Wavy line above the symbols indicates that
these parameters of conditions (1) are random
variables in terms of probability theory.

When the crack length reach a value of

lcrc,ult = 0’3]10 »

where /, — distance from extreme compression

fiber to centroid of longitudinal tension rein-
forcement (in ACI 318-14 terms), then [2] there
are conditions to change the direction of crack
propagation from transverse to longitudinal,
which can lead to breakaway of the RC beam
concrete part bounded by cracks and to the re-
ducing of the load-bearing capacity of rein-

57



forced concrete beams or to the failure. The ul-
timate length of crack is adopted in [7] as

[ =0,5h,

cre,ult

where 4 — is the overall height of RC beam. It is

possible to take /., as deterministic value in

both cases because of the small variability of the
results of /4 and Ay measurements.

The authors of this article has been developed a
method of reliability analysis of reinforced con-
crete beam according to the criterion of "dan-
gerous" crack length (/ =0,3h) [8] and a

method for evaluation of load-bearing capacity
of RC beams with cracks [9]. These methods
were focused on their implementation in prac-
tice for operational safety assessment of existing
reinforced concrete beams.

The article [10] gives a different wording of the
ultimate crack length in concrete of reinforced
concrete beams, obtained on the basis of test
results and their analysis, in which there is a
complete shutdown of tensile concrete. In this
case, the critical crack length is proposed to cal-
culate by the formula:

cre,ult

s
)

(2)

. (E AN +4E,bhyE A, — E, A
2E,b

/

creault =

where s — overall height of RC beam; E -

modulus of elasticity of reinforcement and
structural steel; A, — total area of flexural rein-

forcement bars; » — overall width of RC beam;
E, — modulus of elasticity of concrete; h; —

distance from extreme compression fiber to cen-
troid of longitudinal tension reinforcement.
However, the article [10] is not focused on the
reliability analysis of reinforced concrete elements
taking into account the proposed value of the criti-
cal crack length. This paper aims on this task.

A mathematical model of the limit state (1), tak-
ing into account the variability of some con-
trolled parameters, can be written as:

Vladimir S. Utkin, Sergey A. Solovyev

IN <h— \/(ESAS)Z +4Ebbh0EsAs _ESAS
cre = 2Ebb

€)

Random (measurable) parameters in (3) are
marked with a wavy line above the symbols.
The remaining parameters in (3) can be taken as
deterministic due to the low variability of the
results of their measurements. The coefficient of
variation of the modulus of elasticity of steel

E, is less than 0.05 [11]. Therefore, we can

N
take it as deterministic value. The geometric
parameters of the beam  cross-section

(h,b,hy, A,) yield measurements with a small

coefficient of variation, so we also consider
them as deterministic variables.

The crack length is proposed to measure by the
patented method [12], which will allow us to
more accurately determine crack length and to
consider the pre-fracture zone and loosening of
the concrete at the crack tip, the form of which
is shown in Figure 1.

It is proposed to analyze the reliability of RC
beam using the possibility theory [13], by the
reason of the small amount of statistical infor-
mation about controlled parameters in (3) at op-
eration stage, and consequently incorrect using
of the probabilistic methods for reliability anal-
ysis in this case. In accordance with [13], we

denote fuzzy variables as: 1~ch =Xy, 2F yb=Y

and for the sake of brevity we will take
E A, =k, which is deterministic value. Math-

ematical model (3) will take a form:

XY —hY <—k? + 2Yhok +k,

or Z-Y(h-X)<k, 4

Z =\k* + 2Yhyk |

where

4. RELIABILITY ANALYSIS

The reliability analysis of RC beam by the con-
dition (3) will be carried out by using the prin-
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Nmax

TF

Tmax

lere,ult

Figure 1. The model of a crack [2] in the beam's cross-section area with pre-fracture zone.

]TX(X)/ \

1

TTx(x<ax) lleft branch)

L

T X(X>c2’x) (right branch)

|

0 x a,

min

X X

max

Figure 2. Graph of possibilities distribution function 7 y (x) .

ciple of generalization by L. Zadeh from theory
of fuzzy sets [14]. Fuzzy variables in (4) de-
scribes by the most common in practical analy-
sis of reliability [15] distribution function of
possibilities 7y (x), represented in Figure 2,

with the analytical form:

2
7y (x) =exp —(H’X] :

where
a, =05 (X ox +Xpmin )
- «conditional meany;
b, =0,5(X 1y — X o )/ N—Inar

— measure of «dispersion», where X, and

X — the maximum and minimum value in

min
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the set of values {x} of fuzzy variable X,
a €[0;1] — the cut (risk) level, the value of

which are specified by the recommendations in
[16], for example. The reverse function of
7y (x) from (5) is

x=a,*tb.  |-Ina or x=a,tb. f,
where f=+-Ina .
Let us denote in (4)
X:h—Xl
with

a, =h—0,5(X;ux ¥+ Ximin)
and

b, =05(X pax —Xmin )/ V—Ine .
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Fuzzy variable T from fuzzy variables X, Y, Z
will take a form:

T=7-YX <k, (6)

By (6):

0, if Z-YX <0
max(0,Z —YX) = 7 _YX. else -

Algorithms of reliability analysis of the struc-
tural elements can be found in numerous works
[15, 16, 17, etc.]. Let’s consider the reliability
analysis of reinforced concrete beam according
to the criterion of crack length by method based
on fuzzy set theory.

Reverse function from 7y (y), 7,(z) by anal-

ogy with 7y (x), will be:

y=a,tb,f,z=a,tb.f.

Let

a, =~k +2khgb- 0.5V +Yisin )
b, = k2 + 2khyh - 0,5V — Yiin )/ N—Incr .

Reverse function from 7 is determined using
inverse functions from X, Y, Z:

tleﬁ =(az _bzﬂ)_(ay +byﬂxax +bxﬂ)

for the left branch of function 7, (r) with 7 <aq,
and

tright :(az +bzﬂ)_(ay _byﬁxax _bxﬂ)

for the right branch of 7z, (r) with 7>gq,. If
t=a,, then 7y (f)=1. Graph of z;(¢) is un-
known, but it parameters a, and b, can be
found from the parameters of functions: 7 y (x),
7y (¥), 7z(2).So
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-b,b

ayay, b, =b.—b,b,.

a,=a,—a,

We should find smallest absolute value

B=y-Ina. =/-Inz; (1)

by condition (6) with #,,, =k as most dangerous

situation. By £ value from

tyy =(a. +b.p)~la, b, B)a, —b.B)=k,

the possibility of the beam failure Q will be
2
Q — e_ﬂmin .

If the condition a, <k is true, as the most real

situation in the existing RC beams, then possi-
bility of non-failure is R=1. The necessity of
non-failure calculated as N=1-0Q. Reliability of
reinforced concrete beam according to the crite-
rion of crack length will be characterized by the
interval [N; R=1] or in probabilistic terms
[P;P], where P,P - the lower and upper values
of probability of non-failure of a reinforced
concrete beam.

Example 1. Let ZNCFC =X, = {0,24;0,22;0,23} m;
h=08 m; E,=2-10"" Pa; 4,=379-107
m?% b=0,3 m; hy=0,77 m; E, =1{20,1921}
MPa, (risk) a=0,05
k=E. A, =2-10".0,00379=7,6-10°. Param-
eters of fuzzy arguments of fuzzy function T
a, =057 m; b, =00058 m; a,=12-10"

Pa*m; b, =0,346-10"" Pa*m; a, =3,82-10°

cut level and

N; b, =9,91-10% N. Then
a,=382-10° —=1-10'° .0,57=-3,02-10°
<k=7,6-10% N, therefore R=1.

The roots of the equation

(a. +b.8)-(a, —b,p)a, ~b.B)=k
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is B={3,624},50 Byn =—3.
Possibility of failure is

0=e" ~0,00013.

Necessity of non-failure is N=1-
0,00013=0,99987. Reliability of reinforced con-
crete beam according to the criterion of crack
length characterized by the interval [0,99987; 1].
For comparison, let’s consider the reliability
analysis of RC beam according to the criterion
of crack length, if to take /.,.,;, =0,3hy [2] in

condition (1). In this case:
X, <0,3Ah,. (7)

Let’s assume for X; distribution function (5).
Then

ay1 =05 (X pax + X1 min )3
bx,l =0’5(X1,max _Xl,min )/\/—lna .

If a, <0,3k,, then R=1. Possibility of failure:

0,3h0 — ax71 2
b

o0-ox-|

x,1

Example 2. According to the example 1:
L.=X,=1{0,24022023} m; hy=0,77 m.

a.; =0,5-(0,24+0,22)=0,23 m;
bey =0,5(0,24-0,22)/1/-1n0,05=5,78-107°
m; a=0,05. Let
Liveuis =03hg =0,3-0,77=0,232. If

a, =0,230<0,3h, =0,232 m,

then R=1. Possibility of failure:

0,232-0,230

2
5.78-1073 J - 00007

O=exp —(
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Necessity of non-failure is N=1-0=1-
0,0007=0,9993. Reliability of reinforced con-
crete beam characterized by the interval
[0,9993; 1].

Let consider example 2 with ¢ =0,1. Then

b1 =0,5(0,24-0,22)/ J-1n0,1=6,57-107 m.
If
a, =0,230<0,3h, =0,232 m,

then R=1. Possibility of failure:

0,232-0,230

2
657107 ] - 0008,

Qzexp—(

Necessity of non-failure N=1-0=1-
0,0006=0,9994. Reliability of reinforced con-
crete beam characterized by the interval
[0,9994; 1].

Several tests to calculate the reliability in the
form of interval should be performed for im-
portant structures. Statistical processing of a
subset of intervals can be done on the basis of
the theory of evidence by Dempster and Shafer
(theory of random sets) [18, 19, 20, etc.].

The results of calculations by models (3) and (7)
are very close. Consequently, the reliability anal-
ysis of reinforced concrete beam models (3) and
(7) confirms the applicability of reliability analy-
sis by the considered methods. Reliability analy-
sis on the model (3) is more time-consuming, but
it allows to take into account the variability of a
larger number of monitored parameters.
Reliability of reinforced concrete beams (as
conventional sequential mechanical system in
terms of reliability theory) by all of the criteria
of limit state for reinforced concrete beams in
theory of possibilities method of reliability
analysis is defined as: Q=maxQ and
R =min R;, where i=1,2...n is the number of lim-
it state criteria for reinforced concrete beams.
However, this method is time-consuming, and it
can be recommended for the individual ele-
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ments, from which depends progressive collapse
of the structure.

The residual resource of a RC beam can be de-
termined by the results of the monitoring meas-
urements of the crack length and the known
values of the critical (ultimate) crack length ac-
cording to (2), as shown in Figure 3.

|
|
|
| |
| b4
| \
[ R | ‘
| I |
[ p— | | ‘
| | |
0 f.' f—’ f" f4 fu” f
Figure 3. Determination of the residual
resource T .

The residual resource of a RC beam on a set of
limit state criteria of a RC beam can be obtained
with greater precision according to the schedule
of dependence

QO=maxQ or N, =l-maxQ

and the time ¢ at a known limit value N, .

However, this method is more time-consuming,
and can be recommended for important RC
structural elements, from which depends the
progressive collapse of the structure.

5. CONCLUSIONS

1. The article presents the method of reliabil-
ity analysis for reinforced concrete beams
on the crack length criterion using the pos-
sibility theory and the fuzzy set theory;

2. The proposed method can be used by
maintenance organizations to assess the

Vladimir S. Utkin, Sergey A. Solovyev

level of safety of reinforced concrete beams
or other structural elements on the crack
length criterion;

3. The algorithm of reliability analysis consid-
ered in the numerical examples and can be
used by specialists in the field of RC struc-
tures maintenance.
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THE RELIABILITY ANALYSIS OF EXISTING REINFORCED
CONCRETE PILES IN PERMAFROST REGIONS

Viadimir S. Utkin, Leonid A. Sushev
Vologda state university, Vologda, RUSSIA

Abstract. The article describes the general problem of safe operation of buildings and structures with the dy-
namics of permafrost in Russia and other countries. The global warming on Earth will lead to global disasters
such as failures of buildings and structures. The main reason of these failures will be a reduction of bearing ca-
pacity and the reliability of foundations. It is necessary to organize the observations (monitoring) for the process
of reducing the bearing capacity of foundations to prevent such accidents and reduce negative consequences, to
development of preventive measures and operational methods for the piles reliability analysis. The main load-
bearing elements of the foundation are reinforced concrete piles and frozen ground. Reinforced concrete piles
have a tendency to decrease the bearing capacity and reliability of the upper (aerial) part and the part in the soil.
The article discusses the problem of reliability analysis of existing reinforced concrete piles in upper part in per-
mafrost regions by the reason of pile degradation in the contact zone of seasonal thawing and freezing soil. The
evaluation of the probability of failure is important in itself, but also-it important for the reliability of foundation:
consisting of piles and frozen soil. Authors offers the methods for reliability analysis of upper part of reinforced
concrete piles in the contact zone with seasonally thawed soil under different number of random variables (fuzzy
variables) in the design mathematical model of a limit state by the strength criterion.

Keywords: permafrost; foundation; reinforced concrete piles; compression; theory of possibility;
evidence theory; buildings; construction

PACYET HAJIEXKHOCTH KEJIE3OBETOHHBIX CBAH
HA CTAJIUMU DKCIIVIYATAIUUA B YCJIIOBUAX BEYHHOU
MEP3JIOTbI

B.C. Ymkun, J1.A. Cywes

Bonoroackuii rocynapcTBeHHbI yHUBEpCHUTET, I'. Bonorga, POCCUA

AnHoTanus. PaccMatpuBaercs o0mas mpoodiema 0e301acHOCTH AKCILTyaTallud 30aHUH B COOpPY>KEHHU B yCIIO-
BUSIX TMHAMUKH BEYHON MEp3JIOTHI MPUMEHHUTENbHO K Poccuiickoit @eneparn u ipyrum crpanam. [mobansHOe
MOTEIJICHHE Ha 3eMile IPUBEJET K IMI00abHBIM KaTtacTpodaM B BUJE pa3pylIeHUN 37aHuid U coopykeHuit. Oc-
HOBHOM MPUYHMHOKN pa3pylieHuil OyJaeT CHIKEeHUEe Hecyleld cltocOOHOCTH M COOTBETCTBEHHO HAJESKHOCTH OCHO-
BaHWH QyHIaMEeHTOB. [ mpeaynpexIeHns TaKUX aBaphil M CHIKCHUS HETaTHBHBIX MOCIEACTBUI HeoOXoamma
OpraHM3aIys HaOJIOIeHUH (MOHUTOPHHT) 32 TIPOIIECCOM CHIDKEHUS HECYIIed CIIOCOOHOCTH OCHOBaHMMA (QyHIA-
MEHTOB, pa3paboTKa MPEAYNPEeIUTeILHBIX MEPONPUSATHI W ONEepaTHBHAS OIEHKAa HAJEKHOCTH (0OEe30MacHOCTH)
CBalHBIX OCHOBaHUI. OCHOBHBIMH HECYIIIMMH JIEMEHTAMH OCHOBAHUS SIBIISIIOTCS JKeJIE300€TOHHBIC CBAaW M Mep3-
761 rpyHT. CBau MMEIOT TEHJECHIMIO K CHIDKEHUIO HECYIEel CIIOCOOHOCTH M Ha/IS)KHOCTH BepXHel (Haa3eMHOiN)
YacTH W YaCTH HaxoJillelcs B rpyHTe. B pabote paccMmarpuBaercs mpodiiemMa pacueTa HaJIe)KHOCTH BepXHel va-
CTH JKeJIe300€TOHHBIX CBail Ha CTaJWM SKCILTyaTallMH 3[aHUIl U COOPYXKEHUI B yCIOBUSX BEYHOI MeEp3lOTHI B
CBSI3U C UX CHIDKCHMEM HeCyIeld CIOCOOHOCTH B 30HE KOHTAKTA CE30HHOTO OTTaMBaHMA U 3aMep3aHUs TPYHTA.
OleHKa UX BEPOSITHOCTH 0E30TKa3HOW paboThl BaKHA cama 1o cebe, a Takke HeoOXoauMa JUisi ONpeieseHHs
HAJEKHOCTH BCETO OCHOBaHHSA, COCTOSIIETO M3 CBail M MEP3IIOro TpyHTa. PaccMOTpeHBI METONBI IS PacyeToB
HAJICKHOCTH BEPXHEH YacTH KeJIe300€TOHHOW CBaM B 30HE KOHTAKTa C CE30HHO OTTAUBAOIINM IPYHTOM TIPH pas-
JIMYHOM YHCIIe CIYYalHBIX BETHYHH (HEUCTKUAX MMEPEMCHHBIX) B PACUCTHOIN MaTeMaTHIECKOW MOJIEIH MpeaeIbHO-
TO COCTOSTHFISI ITO KPUTEPHIO MMPOYHOCTH cBau. [lomydeHHas B pe3ynbTaTe padoThl HHPOPMAIHS SIBISETCS HEOOXO0-
JIMMO¥ 9acThIO JUTS OIPECIICHUS HaIe)KHOCTH CBAHOTO OCHOBAHWSI 3[JTAaHUI M COOPYKCHUH.

KuroueBrblie ci1oBa: BeuHast MEp3Ji0Ta, CBalHbIC OCHOBaHMUsI, JKEJIe300€TOHHBIC CBau, CXXaTtue,
TEOpU BO3MO)KHOCTCI>'I, TEOPUA CBUACTCIILCTB
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1. INTRODUCTION

The Russian State Standard GOST 31937-2011
came into force in 2010. According to this
GOST, the safety of buildings and structures is
characterized by a residual resource (lifetime)
and technical condition category. The same re-
quirements are specified in the International
Standard ISO 2394:1998, «General principles
on reliability for structures». Measures of struc-
tural safety are risk value, reliability, residual
resource (lifetime) by all limit state criteria. The
assessment of technical condition category and
reliability requires the development of new
methods for implementation of requirements of
new Russian State Standards: GOST 31937-
2011, SP 25.13330.2012, SP 63.13330.2012,
etc. The special difficulty in realization of these
requirements shows up when it applies to build-
ing in the conditions of the permafrost, which
occupied more than 60 percent of territory of
The Russian Federation, large area of Canada
and some other countries. The significance of
the problem for global warming (RIA News
«Round table») was declared by the MES Depu-
ty Minister of Russian Federation - R. Tsalikov,
who noted that "more than a quarter of the hous-
ing stock may be subjected to failures", and
"with increasing mean annual temperature by 1-
2 degrees bearing capacity of piles in the perma-
frost regions will be reduced by 50 percent" [1].
The article [2] presents the results of testing the
hanging precast piles for their bearing capacity
depending on the temperature of the soil. Tem-
perature increasing from - 10 to - 0.3 C reduces
its bearing capacity of the middle-sized sand by
almost nine times, and almost seven times for
clay soils. The article [3] presents the dynamics
of the modern climate of the North and the
Northern territories with permafrost. The article
[3] also notes that a moistening of the seasonal-
ly thawing layer of soil (sharply increased in
recent) and the thawing of the upper horizons of
permafrost has a great impact on the engineer-
ing structures. As a result, about 300 buildings
in Norilsk (Russian Federation) had to be dis-
mantled due to the reduction of their reliability.
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The number of structures with deformations
from the differential settlement of frozen soils is
increased by 42% in Norilsk (in 61% Yakutia)
in 1990-1999. All this is due to the climate
change and to the poor performance of inspec-
tion services [3]. The problems of reliability
analysis of structures in the permafrost regions
were considered in the foreign papers [3-8].

In the conditions of permafrost and global
warming, which currently observed on the terri-
tory of the Russian Federation, the greatest rele-
vance is an ensuring of the safe operation of
buildings and structures are their foundations.
As a result of warming, the bearing capacity of
foundations is reducing [9]. Most of the struc-
tures in permafrost regions have pile founda-
tions. Accordingly, the main problem in the area
of structures safety management now is devel-
oping methods for technical condition assess-
ment and the periodic reliability analysis of the
pile foundations. Quantitative measure of the
technical condition of foundations and piles is
their bearing capacity, which is characterized by
the ultimate load which does not lead the foun-
dation or individual piles to the limit state. The
measure of the reliability of pile foundation is
the probability of non-failure. It should be noted
that one part of the pile is in the frozen ground,
and the other part of it is in the layer of seasonal
thawing soil and in the air to the pile cap.

2. PROBLEM STATEMENT

The pile foundation includes piles, the largest
part of its length is in the surrounding soil. Ac-
cordingly, the bearing capacity of the pile foun-
dation depends on bearing capacity of piles and
the soil. In the contact of the up-
per part of piles with the surface of soil in the co
nditions of the seasonal thawing there is a deg-
radation of materials in reinforce concrete piles.
It leads to the reduction of the bearing capacity
of the piles and their reliability [10]. In terms of
the reliability theory, the construction of pile
foundation is represented as a sequential system
consisting of two elements: the piles at the level
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of seasonal thawing with access to the pile cap
and the permafrost soil with the piles. The relia-
bility (probability of non-failure) of the sequen-
tial system in probabilistic-statistical methods of
reliability analysis is calculated as the multipli-
cation of the probabilities: P=F -P,, where

P, — the probability of non-failure of the piles at

the level of seasonal thawing and higher; P, —

the probability of non-failure of the permafrost
soil with the piles (i.e. P=PA-P,). The most
dangerous time of year for such foundations is
the summer, when reducing of bearing capacity
(as a result of thawing of the upper soil layer
and as a result of weakening of the pile from
degradation of pile materials by periodic freez-
ing and thawing of soil around the piles results
in lower level of safety of the foundations and
structures in general. In this regard, the reliabil-
ity analysis of the RC piles and the soil with the
piles is an important and actual problem current-
ly. The present article describes the problem of
the reliability analysis of only the upper part of
the pile.

3. LITERATURE REVIEW

In State Standard GOST 27751-2014 “Reliabil-
ity of structures and foundation soils” it is noted
that probabilistic-statistical methods is applica-
ble for reliability analysis "even there sufficient
data about the parameters variability are availa-
ble" in a design model. Academician V. V. Bo-
lotin [11] also points to the necessity for “find-
ing the distribution functions and other proba-
bilistic characteristics of random variables” in
the reliability analysis, which requires a "full"
statistical information about the parameters in
the design model. Using of continuous uniform
distribution for extremely small information to
describing random variables, in which the two
values of a random variable it is already possi-
ble to find an unambiguous value of probability
of an event, in the task of evaluating the level of
safety and for other important tasks cannot be

Vladimir S. Utkin, Leonid A. Sushev

recommended because of the low accuracy of
the results.

The calculation of the upper part of the pile ac-
cording to the criterion of the bearing capacity
(strength criterion) overlaps with the calculation
of short reinforced-concrete columns. The paper
[12] contains the results of research and reliabil-
ity analysis of reinforced-concrete columns, but
with full statistical information using probabilis-
tic methods. The reliability analysis of rein-
forced-concrete columns was conducted in the
article [12] with limited information, using dis-
tribution functions based on Chebyshev inequal-
ity. The reliability analysis of reinforced con-
crete columns was conducted in the paper [13]
with limited information, using interval truncat-
ed distribution function. However, these distri-
butions require more detailed information about
the monitored parameters, in particular, the
knowledge of the expected value and standard
deviation, and the extreme values of the sample.
In addition, all the above works do not consider
the equality of strain of concrete and reinforce-
ment in reinforced-concrete columns in the de-
sign mathematical model of limit state in the
column when it is compressed.

4. RELIABILITY ANALYSIS

The article describes a new method for the reli-
ability analysis (/) of the existing RC pile part,
located in the upper active layer of the soil. The
proposed method of reliability analysis is addi-
tion to existing methods for reliability analysis,
which based on probabilistic and statistical
methods with full statistical information about
the random variables in the design mathematical
models of limit states (recommended by GOST
27751-2014). The solution to this problem will
allow using it in reliability analysis of rein-
forced-concrete piles in all conditions of their
work, i.e. outside the permafrost regions, and
also determining the risk (measure of danger),
which expands the relevance of the article. It is
known [15] that the bearing capacity of com-
pressed concrete piles above the surface of the
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frozen soil on the strength criterion is defined
(without taking into account the various factors)
by the formula [15]:

Npile = RbAb +RSAS’

(1)

where R, — the design compressive strength

(resistance) of the concrete piles, which defined
at the stage of operation by non-destructive test;
taking into account the limited number of these
tests for singe RC pile, it is advisable to use in-

stead the R, average compressive strength ob

obtained by 3-5 non-destructive tests. So, we
use average compressive strength o, in (1) in-

stead R,; R

S

— the design strength (re-
sistance)of steel reinforcement, which is taken
by the standards depending on the type of rebar;
4, and A, — cross-section area of concrete and
steel reinforced in pile.

In areas close to the pile cap could be used the
formula (1). But, taking into account the strain
equality of concrete ¢, and reinforcement ¢, in
pile and a significant (about 10 times) the dif-
ference of the modules of elasticity of concrete
and steel, and the ability to deform steel and af-
ter reaching the yield strength(which is not al-
lowed by R value), the calculation of the pile

bearing capacity /N according to the strength

criterion in compression should be based on a
formula, which takes into account equality of
strains of concrete and reinforcement

&), = &;according to the formula:

N pite = b Ay + €4E (A, )
where E, — modules of elasticity of steel rein-
forcement accepted as the determined value be-
cause his small variability [15]: E; =2-10°
MPa; o, - concrete compression strength,

which is calculated by the value of strain in
concrete piles in compression&, and modules

of elasticity of concrete £, as: o, = &,E,.
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Based on all remarks, the bearing capacity of
RC pile on (2) is possible to present as:

N pite =& (E, 4, +E A,). 2%
Accepted in Russian State Standards (SP and
SNiP) limit strain of rebar by the possibility of
losing rebar stability with the formation of lon-
gitudinal cracks in concrete does not prove to be
correct in this case because of the short part of
pile between soil and pile cap for structures in
the permafrost regions.

Thus, the problem is taken to determining the

value of existing load N, , when determin-
ing]\Nl ox DYy collecting loads it is impossible to
determine the stress on concrete pile. Moreover,
it is difficult to determine the most damaged or
the most loaded pile taking into account uneven
distribution of the loads on piles.

It is therefore proposed to determine the bearing
capacity of piles by experiment, in all condi-
tions and in permafrost regions only in summer
time. The most loaded or most damaged pile (as
a rule, being in the corner of structure at the
same amount of floors or on an area with the
large number of floors) are selected for tests.
Then resistance strain gauges are glued at dif-
ferent height in a reinforced-concrete pile above
the ground surface and above the degraded pile
site on four of its surfaces (for piles of square
section) and measure their ohmic resistanc-
es R . Then milled flat layer of concrete (with

no rebar) above and below the gages to the
depth, at which the imperceptible change in the
resistance of gauges, and re-defined their ohmic

resistance as R;. The engineering strain can be
calculated as:

IRy —R|
Rk

E =

b

where k — the factor of the strain gauge sensitiv-
ity. The engineering strain of the concrete is
calculated at the all faces of the pile. Then it is
calculated the average value
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22025(81 +r92 +r93 +84).

Statistical analysis of the results of ohmic re-
sistances R; (i=1, 2, 3, 4) or strains &; measure-
ments is carried out by probabilistic methods.
However, the results of reliability analysis by
probabilistic methods may not be correct with
such a small size of statistical information about
&; of one pile. In this regard, it is proposed to

carry out the reliability analysis of piles based
on the theory of possibilities [17-22] with a
small amount of experimentally acquired data
about the test parameters (random variables).
Random variable or fuzzy variable (in terms of
possibility theory [17-22]) is described by a dis-
tribution function of possibilities 75 (N) or (in

general) 7y (x). The greatest using has received
a fuzzy function [17-22]:

2
7y () = exp —[x;axJ ; (5)
where
(X, —X,)
a, =05 (Xoux + Xppin )3 b, = — 24—~
) e Nl
X max and X — the maximum and minimum

value of fuzzy variable X; « €[0;1] — the cutoff

level, which value are set [20].

Figure 1 shows the form of this function (5)
with its parameters.

More information about the fuzzy functions can
be found in the articles [17-22].

If a condition

a, Sgb(EbAb +ESAS)

is executed, then the pile possibility of non-
failure R according to the criterion (4) it is
deemed to be equal to one. For existing build-
ings and structures, this condition usually per-
formed.

Vladimir S. Utkin, Leonid A. Sushev

Txle) A FX{x/:]TX(x)
R (x)=1

/\/\Fx(x}—' 7—]Tx(x)

0 men dx Xmax o .
Figure 1. Fuzzy function 7y (x). F(x), F(x) —
the lower and upper (boundary) distribution
function of the fuzzy variable X. 1 — the left
branch, 2 — the right branch.

The possibility of failure Q in this case is equal
to

2
€p (EbAb +ESAS )_ Ay J

7 x (X) = exp —( 5

X

The necessity of non-failure is calculated as
N=1-0Q. The value of reliability of the piles ac-
cording to the criterion (4) will be characterized
by the interval [N; R]. It can be represented in
probabilistic terms as [P;P], where P and P —
the lower and upper values of probability of
non-failure.

In responsible cases, it is impossible to use reli-
ability analysis for the one pile. Then the de-
scribed method of reliability analysis is used for
several piles. As a result, we have a set of val-

ues of the reliability intervals [PI-;I_D,' ], i=l.n.

It is possible to find the statistical expected val-
ue of reliability on the evidence theory [22-25]

as an interval [P; P], where

n
P=EX =) m(4;)inf 4,
i=1

and
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Tyly)
TTx(x) J'Ty/y} Tz(z) Tx(x)
]Tz(z/1 - -
NN/
|
| BN |
!/ | |
) VAN
T ji
| |
0 Ymm mln Ymax a, m/n max dx X max XJz

Figure 2. Illustration of the subtraction of fuzzy variables 7t y (x) — 7wy (¥) = 77 (2)

P=EX = Zm
i=1
Example 1. Let following

sup A;.

val-
ues are conditionally known: E, =2-10'" Pa;
E,=2-10°  Pa; A, =0.3-03=0.09v7%
4,310 m?;
N,y =& (Epdy +E A, )=10.46-10° N. We
will set the value of load on a pile by results the
N, ={89,10,11}-10° N
a, =9.5-10° N;
b, =(11-8)/2JIn0.01=0.7-10° N  with
a=0,01.As a, =9.5-10° <10.46-10° N, then

R=1.
2
0= exp{—{%} } =exp(—1.88) =0.15.

Then necessity of non-failure is N=1-0O=1-
0,15=0,85. The reliability interval is [0.85; 1].

pile tests in a form:

If the modulus of elasticity of concrete E, is
evaluated by nondestructive testing too, then a
fuzzy variable E, is described by the function

(5). A mathematical model of the limit state (5)
takes the form:

ﬁex < Eult (EbAb +ESAS ) (6)
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Multiplication of fuzzy variable by deterministic
value - is a fuzzy variable. We’ll denote

Y =&,,E A4, . The Y will be described by the

fuzzy distribution function (%).
We will transform expression (6) as:
X-Y<g,,EA, (7)

where the right part of inequality is determinis-
tic value.

Figure 2 shows the function of fuzzy variable
Z=X-Y obtained by subtracting the functions
ﬂx(X)_ﬂy(y) [26] with ay > ay .

As a result we have Z_; =X —Yiux
Zox = Xpax — Vs

max max min *

and

The uncertainty of infor-

mation about the fuzzy variable Z increases in
comparing with X and Y. At the same

timea, =a,—a,. If a, <N;=¢,,EA, then
R=1 (as conventionally shown in Fig. 2 with

ek Ay = N for compactness). The possibil-
ity of failure Q calculated as Q=r_(z=N;,), or
in the wide form

where b, =b, +b, .

69



The necessity of non-failure is calculated as
N=1-0Q. The reliability will be characterized by
the interval [N; R].
Example 2. Let following
ues are conditionally

val-
known:

N, =&,,Ed, =42-107.2.10".0.03=252-10°
kN; @, =30-10°kN; @, =11.34-10°kN;
b, =3-10°kN; b, =1-10°kN. Then

a, =30-10° —11.34-10° =18.66-10°kN

<N, =252-10°kN and possibility of non-
failure R=1. b, =b, +b, = 4-10°kN. The pos-
sibility of failure 1s

f— 2 . 3— . 3 2 .
0o _[N,m az] ey [ 252210 1§.66 10°) | 060
b, 4-10

The necessity of non-failure is N=1-
0,069=0,931. The reliability will be character-
ized by the interval [0.931;1].

A more realistic assessment of the reliability of
piles can be obtained from a wider set of test
piles of the same structure. In this case, we will
have a subset of intervals of reliability. For their
statistical analysis uses of evidence.[22-25], as
noted above.

Let’s consider the evaluation of the statistical
expected value of reliability on information as
subset of the intervals of reliability.
Let following values of reliability inter-
vals are conditionally known [0,91; 1]; [0,92;
1]; [0,93; 1]; [0,93; 1]; [0,90; 1]. By condition
of example: C; =1, N =5. For the data given in
intervals, we will have

1 1 1 1 1
m(Al)=g;m(Az)Zg;m(f%):g;m(f‘h)=§;m(A5)=g-
So

Ey o (1+1+1+1+1):1
5
and

Vladimir S. Utkin, Leonid A. Sushev

EX - (0.92+ 0.91+52 -0.93+0.90)

=0.918.

The statistical expectation value of reliability
will be presented in the form of interval
[0.918;1].

CONCLUSIONS

1. The problem of influence of global warming
on Earth is considered for the reduction in
the reliability (safety) of piles in permafrost
regions as a result of reduction of the bearing
capacity of reinforced concrete piles from the
degradation of the concrete.

2. The methodology of reliability analysis of
reinforced-concrete piles is first represented
according to the strength criterion with lim-
ited statistical information on controlled pa-
rameters, with refinement of existing design
formulas for RC piles in compression;

3. Two cases are considered for the reliability
analysis of reinforced-concrete piles with dif-
ferent number of fuzzy variables in the math-
ematical design models of limit state;

4. Examples of reliability analysis of RC piles
are given as an algorithm for calculations;

5. Possibility of account of reliability analysis
of a few piles is first shown with the use of
evidence.
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TPEXUHBAPUAHTHBINA KPUTEPUN TEKYUECTHU B 3AJIAUE
ITPOBUBAHWSI IVIACTUHBI U3 AIIOMUHHUEBOT O CILIABA
J16(A)T KECTKUM TEJIOM

B.B. Bepuiunun'?, B.JI. Monopyc'
! HannoHaIbHBIH HCClen0BaTeNbCKIH MOCKOBCKHIA TOCYapCTBEHHEIN CTPOMTENBHEIN YHUBEPCHTET,
r. MockBa, POCCU S
2 Mucturyt okeanonorud uM. ILI1. Illupmosa Poccuiickoii akanemun Hayk. T. Mocksa, POCCHSI

AnHoTtanmsi: PaccmarpuBaercs 3aa4a npoOUBaHUsS CBOOOJHBIX KPYIJIBIX IUIACTHH U3 aJIOMHHHEBOIO CILIaBa
J16(A)T unm ero 3apybexnoro aHamora AA2024-T3(51) pa3numaHON TONMIMHBI JKECTKUM CPEPUICCKAM TEIIOM,
YAApSIOIIUM I10 IICHTPY MHIICHH HOPMAaJbHO K €€ MOBepXHOCTH. OCYIIECTBIIETCS YUCICHHOE MOICINPOBAHUE
paccMaTpuBaeMoil 3aJa4i ¢ IOMOLIBI0 METOAa KOHEYHBIX 3JIEMEHTOB, HCIIONB3Ys UL ONMCAHHS 3aKOHOB Je-
(bOopMHUPOBaHKA U pa3pyLICHHs MaTepHaia MHUIICHH (EHOMEHOJIOINYeCKue TPEXUMHBAPUAHTHBIC KPUTECPUH TEKY-
YeCTH U MPOYHOCTH, COOTBETCTBEHHO, COBMECTHO C aCCOLMMPOBAHHBIM 3aKOHOM ITACTUYECKOTO TCYCHHS U JIU-
HEWHBIM 3aKOHOM HAKOIUICHHS MaTepUaIOM MOBPEKACHHA. [IpOBOUTCS CpaBHEHUE MOJTYUYEHHBIX PE3yJIbTaToOB C
IKCIIEPUMEHTALHBIMU JaHHBIMHU, & TAKKE C YMCICHHBIMH PE3yJIbTaTaMH, MOJYYEHHBIMU C UCIIOIb30BaHUEM 00-
Jee IpoCThIX (PeHOMEHOJIOTHYECKUX Moenel MaTepuana. OueHnBaeTcs HeoOX0JUMOCTh OJHOBPEMEHHOTO y4é-
Ta B paMKaxX KpUTEPHUs TEKY4eCTH BCeX TPEX MHBAPUAHTOB HAIPSHKEHHOTO COCTOSHUS JUIs 00ECIICUCHHUs] TOUHO-
CTHU Pe3yJIbTaTOB YUCICHHOTO MOJCIUPOBAHHUS.

KuaroueBble ciioBa: peHOMEHOIOrNYECKUI TPEXUHBAPUAHTHBIN KPUTEPUI TEKYy4eCTH, TPOOUBAHHE TIIACTHHBI,
AJFOMUHMEBBIN CIUIAB, YUCIEHHOE MOACIUPOBAHUE

PRESSURE- AND LODE-DEPENDENT YIELD CRITERION
WITHIN THE PROBLEM OF 2024-T3(51) ALUMINUM ALLOY
PLATE PERFORATION BY A RIGID PROJECTILE

Viadislav V. Vershinin'?, Viadimir L. Mondrus'

! National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
2 Shirshov Institute of Oceanology, Russian Acudemy of Sciences, Moscow, RUSSIA

Abstract: The problem of perforation of free circular plates made of 2024-T3(51) aluminum alloy or its Russian
analogue D16(A)T with various thicknesses normally impacted at their centers by a rigid spherical projectile is
considered. The considered problem is numerically simulated through the finite element method utilizing phe-
nomenological pressure- and Lode-dependent yield and fracture criteria along with an associated flow rule and a
linear damage accumulation law to describe the target material deformation and fracture. Comparison of the ob-
tained results with the experimental data as well as with the numerical results calculated using less sophisticated
phenomenological material models is made. Necessity of a yield criterion pressure and Lode dependence to pro-
vide accuracy of numerical simulation is assessed.

Keywords: phenomenological pressure- and Lode-dependent yield criterion, plate perforation, aluminum alloy,
numerical simulation

1. BBEJEHUE ro crutaa JI16(A)T u ero 3apyOexHOro aHano-

ra AA2024-T3(51), npencraBinennsie B [1-9],
DKCrepuMEHTAIbHbIE HCCIEAOBAHUSA 3aKOHOB  IOKa3aiH, 4TO JAe(pOopMallMOHHBIE U MPOYHOCT-
nehOpMUPOBAHUS U Pa3pyIICHUS] ATIOMUHUEBO-  HBIC XapaKTePUCTHKHU JAHHBIX CIUIABOB 3aBHUCST
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OT TpE€X HMHBAPUAHTOB HANPSHKEHHOIO COCTOS-
Hus — /[, J, U J;, — TaK 4TO JJISI UX ONHCAHUS

HEOOXOAMMO HCIIONBb30BaTh TPEXMHBAPHUAHTHBIC
KPUTEPHH TEKYyYeCTH W TMPOYHOCTU. B TO *xe
BpeMs TPH YHCICHHOM MOJEIMPOBAHHMU 337134
npoOuBaHus nedopMHpyeMoii TBEPION Tperpa-
IBl JKECTKMM WK 1e(hOPMHUPYEMBIM TBEPIBIM
TEJIOM OOJIBIIOE YHCIIO HCCIeoBaTeIe Moib-
3YIOTCSl YIPOIIEHHBIMU KPUTEPHAMHU TEKYYECTH
¥ TIPOYHOCTH, 3aBUCALIMMH TOJIBKO OT J, WIIH,

910 pexe, oT I, u J,. CoBpeMeHHOEe COCTOSIHHE

BOIIPOCA cOyJapeHust 1epOpMHUPYEMBIX U JKECT-
KUX TBEPJBIX TeJl, B TOM YUCIIE U U3 paccMaTpu-
BaeMoro B Hacrosien padore crnasa J16(A)T
i ero 3apybexHoro ananora AA2024-T3(51),
MoApoOHO HM3JIAaraercs B HEIABHO BbIIIEIICH
monorpacduu PozenGepra u [lekens [10], rme
TaK)Ke WMeeTcsl OOmMpHBIA Oubnmorpaduye-
CKHUH CIIHUCOK IO JaHHOM TEME.

B pabotax [11-12] uccnenoBaiicsi BOMpoc YUCICH-
HOT'0 MOJIEJIMPOBAHMS C MTOMOILIBIO METO/Ia KOHEU-
HBIX SJIEMEHTOB 3a/1a4 TPOOMBAHUS CBOOOIHBIX
KpyribIx TiactuH u3 crasa J[16(A)T wmum ero
3apyOexxHoro anayora AA2024-T3(51) paznuu-
HOI TOJIIMHBI KECTKUM chepuyecKuM TesioMm. B
YAaCTHOCTH, ObUIO ONpENeNICHO, YTO TPEXUHBAPU-
AHTHBIN KPUTEPUI pa3pyLIEHUS, IIPEITIOKEHHBIN B
[13], maér mydiee coBMAJeHNWE KAUYECTBEHHBIX U
KOJIMUECTBEHHBIX PE3yJIbTATOB YHCIEHHOTO MOJIE-
JIMPOBAHUS C 3KCIIEPUMEHTOM, YeM KpUTEpHU pa3-
pymenus Jxoncona-Kyka [14], 3aBucaumii
ToJKO OT [, m J,. OgHako Ui OIKMCaHus He-

yIpyroro eopMHUpOBaHUS MaTeprasia MUILIEHEN
B pabotax [11-12] ucnonb3oBaics IHIb KIAacCH-
yeckuil Kputepuil Tekydectu Museca [15], pac-
mmpeHHbld JxoHconoM u Kykowm [16] Ha cimyyqait
3aBUCHMOCTH TIpefiesia TEKY4eCTH OT CKOPOCTH
nedopMUpoBaHUS U TEMIIEPATYPBI.

B mHacrosmelr pabore wuccnemyercs BIHMSHUE
yuéTa B paMKax KpUTEpHUsl TEKY4YEeCTU BCEX TPEX
WHBAapUAHTOB HAMpPsDKEHHOTO COCTOSHUS Ha
TOYHOCTb YHUCJIEHHOTO MOJEJIUPOBAHUS MPOOH-
BaHus TutacTuHbl U3 criaBa J[16(A)T umm ero
3apyoexxHoro anamora AA2024-T3(51) xéct-
kUM TesioM. [lomydeHHble pe3ysbTaThl CpaBHU-
BalOTCA C JKCHEPHUMEHTAIbHBIMU JaHHBIMH H

B.B. Bepumnun, B.JI. Monnpyc

AIbTEPHATUBHBIM YHCJICHHBIM PEIICHUEM, MO-
IpoOHO omrcanHbIME B [11-12].

1. IOCTAHOBKA 3AJJAYA

PaccmarpuBaercs 3amaya mpoOuBaHHS CBOOO/I-
HBIX KPYIJIBIX IUIACTHH W3 AJTIOMHUHHEBOTO
criaBa J116(A)T unm ero 3apyOekHOTO aHaIora
AA2024-T3(51) pa3nuuHOM TONIIUHBI KECTKUM
cheprudecKUM TeIoM, YAApSIONIUM TI0 IEHTPY
MUIIICHH HOpMaJbHO K e€ moBepxHocTh. Cde-
PUYECKUN YAApHUK BBITIOJIHEH M3 BBICOKOIIPOY-
HOM CTaJIM W HMMEET HOMHUHAJIBHBIA JTHAMETP
D =10.0 mm . AmroMHHUEBBIE TUTACTUHBI UMEIOT
HOMUHAJIbHBIN juametrp d =81.4 MM u TomIIH-
Hel H =1, 2, 3, 6, 12, 20 mm, Tak uTo Oe3pas-
MepHasl TONIIMHA MUIIEHEH U3MEHseTCs B ua-
nmasone H/D=0.1-2. DkcnepuMeHTaIbHbIE

UCCIIEIOBAaHUST B paMKax c(opMyTupOBaHHOM
3a/layil B YKa3aHHOM Juana3oHe 0e3pa3zMepHBIX
TOJIIIMH MUIIEHEH ObUIM BIEpPBBIE MPOBEIEHBI
3endom u Baiimannowm [17], a 3areM He3aBUCH-
Mo buBunbiM [18-19]. B pabote [11] 3Tn 3Kc-
NepUMEHTaIbHbIE JTaHHBIE OBUIH CYIECTBEHHO
JIOTIOJIHEHBI M CUCTEMAaTU3MPOBaHbl. belnu mo-
Jy4YEHbl KAYECTBEHHbIE KAPTHUHBI pa3pyLICHHS
MUIIEHEH ¢ pasiu4HbIMU OTHOINeHusMu H/D
(mompoOHo omucanbl B [11]), a Takxke ompeje-
JICHbI SMIIUPHUYECKUE COOTHOILIECHUS MEXY Oe3-
pasMepHol TonmuHOM Mutenn H/D wn Ganm-

CTUYECKMM IIpeaenoM V,, B M/c:

0.673 H
vo—622/ =] 33 mpm =019, (1
g [D] pu 21 (1)

v, =454 102 mpu 0.08< L <019, (2
D D

bamnmuctuyeckum npenenom Vb, Ha3bIBacTCs

HEKOTOpOE€ TMpEeJeIbHOE 3HAYEHHE CKOPOCTH
yAapHUKa, HHKE KOTOPOTO HE MPOHUCXOIUT
npoOuBaHue MulieHH. KadecTBeHHBIE M KOJH-
YECTBEHHBIE PE3YJbTATHl 3KCIIEPUMEHTOB BbI-
CTYNalOT B KayeCTBE <OATAJIOHHOT0» PEUICHUS
IIOCTaBJIICHHOHU 3aJIauu.
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TpexuHBapuaHTHBII KpUTEPUl TEKYUECTH B 3a]a4e MPOOMBaHMS IUIACTUHBI U3 allloMUHUeBOro crutasa J[16(A)T

KCCTKHUM TCJIOM

2. KPUTEPUU TEKYYECTHU U
PA3PYIIEHUS, 3AKOH
MJIACTHYECKOI'O TEUEHUSA U
3AKOH HAKOIIJIEHUST
MOBPEKJIEHUM

Jns hopMynHpOBKH KpPUTEPUEB TEKYYECTH H
pa3pylLIeHHs,, UCIOJIb3YEMbIX IPU YHCICHHOM
MOJIETTUPOBAaHUM, HEOOXOJUMO CHauyaja JaTh
olpesie/IieHuEe HEKOTOPhIM BEJIMYHMHAM, XapaKTe-
PHU3YIOIIUM HANpsHKEHHOE COCTOSIHHME Aedop-
MHUpPYEMOro TBEPOro Tena B Touke. Tak,

I=0, 3)
1

J, :ESI‘J‘SI‘/’ (4)
1

Jy = gSg‘ijkSki > (5)

rac O-if — KOMITIOHCHTBI TCH30pa HaHpH)KeHPII’I G,

S[j =0, -0, o.

mean ™~ ij
— KOMITIOHCHTHI AC€BUATOpa HaprDKeHI/Iﬁ S ,

Croen =1,/3

mean

— CpejiHee HOPMAlbHOC HANpPsUKECHHE, O, —

cumBonl Kponekepa. Taxke 31ech u janee 1o
TCKCTY UMCCT MCCTO CYMMHPOBAHUC I10 IMOBTO-
psromuMcest MHAeKcaM. CTOMT OTMETUTh, 4YTO
BMecTo BenuuuH (3)-(5) yale MCmnonb3yloT Ta-
KHE MapaMeTpbl HAPsHKEHHOTO COCTOSHUS, KaK
SKBUBAJICHTHOE HANpsDkeHHe 1o Musecy ¢
[15], yroa Jloge € u mapametp Jlome-Haman L
[20-22]:

q=+37,, (6)

1 33 J,

0= garccos(T WL j ) (7)
3tan(9)—\/§

L[=—\7 - 8
tan(9)+\/§ ®)

Volume 13, Issue 2, 2017

Kpurepuii Tekyuectu J[IxoHcona-Kyka [16]
MMEET CIEAYIOIIUNA BUA:

F(o)=g-[4+Bz,][1+CIn(2,/3,) |x
X 1—(T_T° js =0 )
T, -1,

rae A, B, C, n, s — napameTpsl kpurepus, 7,

— TeMmmeparypa Teja, Ipu KOTOPOW OIpesens-
JMCh mapaMmeTpsl A, B u n, 3anatonme nedop-
T, — teme-

m

MallMOHHYIO KPUBYIO Marepuara,
paTypa TUTaBJICHUS MaTepuala, CKOPOCTh DKBH-
BaJICHTHBIX IUIACTUYECKUX Jaedopmarimii &y

paBHa

(10)

- 2 . .
Em = E(epl )y (ep, ),, ’

KOMITIOHCHTBI

(),

IIACTHYECKUX Jieopmaruii € ,, HaKOIUICHHAs

ACBUATOpa CKOPOCTHU

OKBHBAJICHTHAA IINIaCTUYCCKas )Ie(l)OpMaI_[I/IH 5}7[

paBHa

(e),(¢),dr. (11)

t
z,=]
0

T — Texymas TeMneparypa Marepuana, a &, —

[FSH )

CKOPOCTh HKBUBAJIECHTHBIX JedopMaluii, MpH
KOTOPOH OINpEeNeSsUINCh 3HAYEHUS ITapaMeTpOB
A, Bun.

B pabore [23] BepumHuHbIM ObLT copMyu-
pOBaH HOBBIM TPEXMHBAPUAHTHBIA KpPUTEPUI
TEKYy4eCTH CJIECIYIOIIEro BUJA!

A= I

m+1) m

rae O'ZEGyt(é‘ Eos T)

Y pl>
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— 3aKOH JaedopmupoBaHUs MaTepHualia Mpu OJi-
HOOCHOM pAacTSDKEHMHM U Pa3HOMl CKOpPOCTH Jie-
(dbopMupoBaHMA U TeMmIepaType, nmapameTp c,.

OIIPCACIIACTCS KaK

_ Jc, pu 5_20
Car _{cc npu 6 <0’ (13)
rie 6 =1-66/ 7, a nepemMeHHas y — Kak
6
cos(7/6) 1 Sl e

7= 1—cos(7/6)| cos(0—7/6)

3akoH JnedopMHpOBaHHS —paccMaTPUBAEMOTO
QIIOMUHHUEBOTO CIIaBa 334a&TCs KaK JIMHEHHAs
koMOuHanus 3akoHoB CBudTa [24] u Bore [25],
JIOTIOJTHEHHAsT MHOXHTEISIMA, YYUTHIBAIOIIUMH
BJIIMSIHAE CKOPOCTU JIe()OPMHUPOBAHUS U TEMIIC-
patypbl Ha Tpeles TeKydyecTH MaTepuaia, B
¢dopme [Ixoncona-Kyka (9):

o, = [A(go +2,) +K+Q(1—exp(—B§p,))
Lo T-T Y\
x[1+Cln(gp1/50)] 1- T—YOB

(15)

Takum oOpazom, kpurepuil Texyuectu (12) c
3aKkoHOM AedopmupoBanus B popme (15) umeer

A’ 803 n’ K’ Q’ B’ C’ 8;09

T.,1,s,ac,c.,c,m.

16 mapamerpoB

Kpurepun texyuectu (9) u (12) pononustores
ACCOLIMMPOBAHHBIM  3aKOHOM  IIACTHYECKOIO
TeueHus [26-27]:

(16)

rae (ép,)“ — KOMIIOHEHTBhI TEH30pa CKOpPOCTHU
g

MIaCTUYECKUX JedopMaruit s':p,, F — nnactu-
YECKMM NOTEeHLHal (COBMAJAET C KPUTEPHUEM
TeKydecTH), A — MHOXHTENb, B CIydae KpHUTe-
pus Texydectu (9) paBHBII §p, , @ B clly4ae KpH-

B.B. Bepumnun, B.JI. Monnpyc

tepus Tekydecty (12) nMmeroruii ropasao 6omee
cnoxHyto hopmy (cm. [23]).

Jly, FOn u Xa B pabote [13] nmpemynoxumm Tpé-
XUHBAPUAHTHBIN KPUTEPUN pa3pyLLICHHUS:

-G
2

S Wy
1 3-L < 0D
+———+C,
1+C, 3NIP+3

rae 7=0,,,/q — TPEXOCHOCTh HAMPSHKEHHOTO

ean

COCTOSAHMA, Eplf — OKBHMBAJICHTHBIC IIJIaCTHYC-

ckue nedopManyy MpH paspylieHHH MaTepua-
ma, a C, G, G, C, — napameTpsl Marepuana.

HeoOxonuMo mnoauepkHyTh, 4YTO, TaK Kak B
IIPOLIECCE HArpyXKEHHUs HANpsKEHHOE COCTOS-
HUE MaTepuaja B OOIIEM cllydae U3MEHseTcs,
napameTpsl Kputepus paspyuenus (17) gomx-
Hbl ONpPEAENAThCSA ISl OCPEIHEHHBIX IO IMYTH
neOopMHUpOBaHUS ~ 3HAUEHHH  TPEXOCHOCTH
HANPSOKEHHOTO  COCTOSIHUS 77, M Iapamerpa

Jlone-Hanaun L, :

Epl.f
mvg=; j n(z,)dz, . (18)
gpl,f 0
Epl.f
wg:_gl [ 2(z,)dz,. (19)
plf 0

Tak xak B o01ieM cilyyae HanpsKEHHOE COCTO-
SHUE MaTepHala B TOUKE U3MEHsIETCs B IIpoLec-
ce HarpyxeHus, Kputepuil pazpyuenus (17)
JIOJDKEH OBITh peain30BaH B MHKPEMEHTAJIbHOM

dbopwme:

D:Z_Ai

A (20)
Zys (L)
rae D mpenctaBisieT coboil mapamerp moBpe-
KIACHHOCTH Matepuana. Cyuraercs, 4To Mare-
puan B TOuYKe paspymaerca, korna D=>1. B

BbIpakeHuu (20) BennuuHa &, (U,L) BBIYHC-
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TpexuHBapuaHTHBII KpUTEPUl TEKYUECTH B 3a]a4e MPOOMBaHMS IUIACTUHBI U3 allloMUHUeBOro crutasa J[16(A)T

KCCTKHUM TCJIOM

aseTcst i TeKymmx 3HadeHuid 7 u L. Coor-

HomeHue (20) mpeacraBiseT cOOOW JIMHEWHBIH
3aKOH HAKOIUICHUS MAaTEPHUAIOM MTOBPEIKICHHM.

3. METOJIUKA PACUYETA U
PACUYETHASI MOJIEJIb

YucneHHoe MoJeIMpOBaHUE MOCTABICHHOHN 3a-
Ja49d OCYIIECTBIISLIOCh C MPUMEHEHHEM METOa
KOHEYHBIX AJIEMEHTOB, PEalM30BaHHOTO B MPO-
rpammaoM kKomruiekce SIMULIA Abaqus. B
pamkax momayis Abaqus/Explicit mcronb3oBa-
Jach SIBHASI CXeMa HHTETPUPOBAHUS 110 BPEMCHH
YpaBHEHUW JBWKEHHS C aBTOMATHYECKUM
OTpesielIiCHUEM Iara 10 BPEMEHU WCXOMs U3
ycnoBusi ycroitunBoctu Kypanra-®Opuapuxca-
JleBu [28]. Jnst mpoCTpaHCTBEHHOW TUCKPETH-
3allMd yJapHUKAa U MUIICHU HUCIOJIb30BATHCH
00BEMHBIC BOCHBMHY3JIOBBIC KOHEYHBIE JJICMCH-
Tl C3D8R c nuHeitHOM (yHKIMENH GopMbl U
pPENyUMPOBAHHOM CXEMOM HMHTErPHUPOBAHUS.
Jl7is aneKkBaTHOTO CpaBHEHHUS PE3yJIbTaTOB YHUC-
JICHHOTO MOJICTMPOBAHUS HE TOJBKO C IKCITe-
PUMEHTAIbHBIMU JAHHBIMU, HO U C YUCIIEHHBIM
pelieHueM, noayyeHHbIM Bepmmnunbv B [11],
pa3OueHne ynapHUKa ¥ MUIICHH Ha KOHEUHBIE
AJIEMEHTHI OBLIO aHAJOTUYHBIM OIMCAHHOMY B
pabore [11]. Tak, MUIIEHH C OTHOUIEHUEM
H/D<0.3 pas6uanich no Ttonumue Ha 30

KOHEYHBIX 31eMeHToB, ipu H/D =0.6 — Ha 40
KOHEYHBIX d1eMeHToB, ipu H/D=1.2 — na 80

KOHEYHBIX DJICMEHTOB M, HaKOHEIl,
H/D=2.0 — Ha 125 KOHEUHBIX 3JIEMEHTOB.

npu

[Ipn seynpyrom npepopmMupoBaHuU TBEPIOTO
TeJa 4acTb HEYNPYrod SHEPrUM BBIIEISAETCS B
BUJIE TEIUIOTHL. Tak Kak mpolecc npoOuBaHUS
yIapHUKOM TOHKON MHILIECHU SIBISETCS OBICTPO-
MPOTEKAIOIIUM, €r0 MOXXHO C JOCTaTOYHOM
TOYHOCTBIO paccMaTpuBaTh Kak aauadaThye-
ckuil. B aTOM ciiydae g MatepraibHOM TOYKHU
B HCKOTOpLIfI MOMCHT BpPCMCHU CIIPABCAJIMBO
cleyioliee COOTHOLICHHE:

y—— o, (¢,), 1)

:pCV !

Volume 13, Issue 2, 2017

race o — IJIOTHOCTh MaTepualia, CV — yAcCJIbHasA

TEIJIOEMKOCTh MaTepuajia IpU MOCTOSHHOM
00béMe, a y — JOJIsl HEYNPYroi SHEpruu, mpe-
BPAIIIAIOIIAsCS B TEILIO.

JIiss MOAETMpPOBAaHUs KOHTaKTa MEXIY COyja-
PSIFOLIIMMUCS TeJIaMH TIPUMEHSUICS Pear30BaH-
Helid B Abaqus/Explicit meTon mrpados. Koad-
(GUIMEHT TPEeHUs] MEXIAy KOHTAKTUPYIOIIUMHU
MIOBEPXHOCTSIMU 3a/1aBajics paBHbIM 1 =0.2 .

VY napHUK 13 BBICOKONPOYHOM CTalId MOJEINPO-
BaJICsl KaK M30TPOIHOE JIMHEWHO YIpyroe TBEp-
noe Teno ¢ moxynem ynpyroctu E=2101Tla,
koaddurmentom Ilyaccona v =0.3 u mioTHo-
cThio p =7830 KF/M3.

AJNIOMHHHEBAsT MHIICHb MOICITUPOBAIACH KaK
U30TPOITHOE YNPYToIMIacTUYecKoe TBEPIOE Te-
n0. Pa3zpymenne mareprana MHUIIEHN B paMKax
YUCJICHHOTO pacyéra Y4YMTHIBAJIOCH MYyTEM HC-
KITIOUEHUS U3 PACUETHON MOJIENN TeX KOHEUHBIX
3JIEMEHTOB, U1 KOTOPBIX BBINOJIHAIOCH YCIO-
Bue D>1 (cm. coorHoueHue (20)). 3akoHBbI
neOpMHUpOBAaHUS U DPA3pyLIEHUs aTIOMHHHUeE-
BbiX cmiaBoB J{16(A)T u AA2024-T3(51) B Bu-
Je TpEXUHBAPUAHTHOTO KPUTEPHUS TEKy4ecTH
(12) c 3akonom nedopmupoBanus B popme (15),
ACCOILMMPOBAHHOIO 3aKOHA IJIACTUYECKOIO Te-
yeHus (16), TpEXMHBAPUAHTHOTO KpUTEpHSI pa3-
pyuienus (17) 1 IMHENRHOro 3aKOHa HaKOIJICHUS
MaTtepuaioM noBpexaeHuii (20) OblTH peann3o-
BaHbl B Abaqus/Explicit mocpeacTsom mosb30-
Barenbckor noanporpammbl VUMAT Ha si3bIke
nporpammupoBanust Fortran. Ornpenensronue
PEKYppPEHTHBIE COOTHOILEHUS M JAPYTUE OCO-
OEHHOCTHU pealin3alliil ONMCAHHOW BBILLIE MOJIE-
JM MaTepuaia MmoJpoOHO H3JI0XKEHbI B padoTe
[23].